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Isolation of cellular membranes from rat mast cells

Lynn M. Amende * and Mildred A. Donlor
Biochemistry Department, Armed Forces Radiobiology Research Institute, Bethesda, MD 20814 (U.S.A.)

(Received May 30th, 1984)
(Revised manuscript received October 3rd, 1984)
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Large amounts of membranes enriched either in perigranular membranes or in plasma membranes have been
successfully isolated from rat peritoneal mast cells. A cycle consisting of a single sonication pulse to disrupt
the mast cells followed by centrifugation to separate the released granules was repeated until 90% of the mast
cells were disrupted. This technique resulted in a high yield of intact granules since the released granules
were only exposed to the single sonication pulse. The intact granules were separated from plasma membrane
fragments by centrifugation through a Percoll gradient. The perigranular membranes were then obtained by
osmotic lysis of the purified intact granules, The plasma membrane fraction was enriched 4.5-fold (range,
4.1-6.1) in 5'-nucleotidase activity, a plasma membrane marker enzyme. No suitable marker enzyme activity
was found for the perigranular membrane fraction. An important aspect of this procedure is its potential for
obtaining both a plasma and perigranular membrane preparation in high yield and purity from the same mast
cell preparation.

Introduction

The secretion of histamine is a membrane-medi-
ated process dependent on the presence of calcium,
It has been proposed that a calcium transport
mechanism located in mast cell membranes is an
integral component of this release process. As an
initial step in examining these transport processes,
the mas. cell plasma and perigranular membranes
must be isolated and their purity characterized.

Mast cell granules have been isolated and the
perigranular membranc. obtained by variety of
techniques [1-6]. We have re-cvaluated these tech-
niques with the aim of producing large amounts of
purified perigranular and plasma membranes from
rat peritoncal mast cells. We here introduce an
innovative technique that uses pulsed sonication

* Present address: NIADDK, NUH. Bethesda, MD 20205,
US.A,
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energy to produce a high yield of purified mast
cell perigranular membranes. In addition to high
yields of perigrant'ar membranes, this technique
also produces an enriched plasma membrang frac-
tion from mast cells, The isolated membranes have
been biochemically characterized using membrane
marker enzymes. The isolation of these mem-
branes is an important prerequisite for our studies
on the biochemical mechanisms controlling
histamine release from mast cells.

Muaterials and Methods

Materials

Aprotinin, leupeptin, ruthenium red, Percoll,
Tris-ATP, AMP, DCPIP, EDTA, glucose 6-phos-
phate, and Hepes were obtained from Sigma
Chemical Co. (St. Louis, MQO). Bovine serum al-
bumin (fatty acid free. fraction V) was obtained
from Miles Laboratories, Inc. (Elkhart, IN) and
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DNAase I from Calbiochem-Behringer (San Di-
ego, CA).

Preparation of rat peritoneal mast cells

Rat peritoneal mast cells were obtained from
300--400 g, male, Sprague-Dawley rats killed by
carbon dioxide inhalation. Suspensions of cells
were obtained by washing the peritoneal cavity
with 20 ml of Ca**, Mg?*-free Tyrode’s buffer
containing 10 units/ml heparin and 1 percent
bovine serum albumin. These cell suspensions con-
tained 3-7% mast cells and, following centrifuga-
tion through a 38% albumin gradient [7], they were
purified to greater than 95%. The preparative
scale-up for obtaining large amounts of membrane
required peritoneal washings from 120 rats.

Mast cell perigranular membrane preparation

All procedures were conducted at 0-4°C. Puri-
fied mast cells were resuspended in 10 mi (1.3 10
cells/ml) of buffer-A (4 mM Na,HPO,, 2.7 mM
KH,PO,, 150 mM NaC(l, 2.7 mM KCl, 0.9 mM
CaCl,, 0.175% bovine serum albumin (pH 7.2)),
preparcd as described by Kruger et al. [§] with
added leupeptir. (0.5 mg/500 ml), aprotinin (56
TIU /500 ml), and DNAase | (5 mg/500 ml), in a
50 ml Sorvall polycarbonate centrifuge tube, The
mast cell suspension was sonicated using a Heat
Systems (Ultrasonics, Inc.) cell disruptor (Model
W-225R) equipped with a microprobe set at 50%
duty cycle, pulsed energy. output energy control
set initially at *2°. After each single pulse, the cell
suspension was vortexed vigorously for 10 s and
the mast cell suspension centrifuged at 70 % g, 1
min. The supernatant (81). consisting of released
granules, cell debris and membranes, was pooled,
and the pellet (P1). consisting of intact mast cells,
resuspended (o 10 ml with buffer-A compaosition
with gentle vortexing. Pooled 81 were centrifuged
at 1000 x g. 2 min, following every second pulse to
concentrate the granules. The sonicator energy
output was incrementally increased 1o u maximum
setting of *6° for a total of 11 pulses,

After the last sonication pulse, the pellet (P1)
was washed with 20 ml bueffer-A and centrifuged
(70 X g. 2 min). The supernatant was added to the
pooled S1 supernatants and then centrifuged 1000
X g 10 min 1 yield 82 and P2, consisting of
granules and cell membrancs.

The P2 pellet was gently resuspended in 10 ml
buffer A and layered on top of 25 ml Percoll
diluted (9:1) with 1.5 M NaCl, 27 mM KCl, 9
mM CaCl,, 0.1 M Hepes (pH 7.5) to give final
concentrations of 150 mM NaCl, 2.7 mM KCl, 0.9
mM CaCl, and centrifuged at 27000 X g, 20 min,
in a Sorvall SS34 rotor. After. centrifugation, the
material appearing at the interface between the
buffer-A and the Percoll, consisting of plasma
membranes, and the bottom of the Percoll gradi-
ent, consisting of intact granules, were collected
and the Percoll removed by washing with buffer-A
(800 x g, 10 min) followed by resuspension in 50
mM Hepes (pH 7.5), and centrifugation.

The gradient pellet material was then osmoti-
cally lysed by resuspension in 50 ml cold deionized
water with vigorous vortexing [8]. After 10 min on
ice, the granules were vortexed and centrifuged
(1900 X g, 10 min) to pellet the membrane-free
granules. The supernatant was centrifuged at
50000 rpm., 60 min using a Spinco Ti 50.2 rotor
(200000 x g) to sediment the perigranular mem-
branes. The perigranular membranes were resus-
pended in 50 mM Hepes (pH 7.5), rapidly frozen
in liquid nitrogen, and stored at ~180°C. Total
preparation time including mast cell preparation
was less than 8 h.

Perigranular membranes were also prepared
from granules isolated as described by Raphael et
al. [4]. The perigranular membranes were obtained
by osmotic lysis [8]). The membrane fractions were
then compared using membrane marker enzymes,

Enzyme assays

Membrane marker enzymes and DNA content
were assayed as described by Evans [9). Two en-
zyme activities generally accepted as plasma mem-
brane markers are the (Na® + K ' »ATPase and
the 5'-nucleotidase. However, in the mast cell, the
(Na ' + K*)-ATPase. whether measured as the
ounbain-sensitive or sodium-dependent activity [9),
could not be detected in the whole mast cell soni-
cate or the final plusma membrane fraction. There-
fore, the enzyme used for the plasma membrane
marker was S-nucleotidase. The distribution of
intracellular membranes (Golgl and endoplasmic
reticnium)  was  assaved using  glucose-6-phos-
phatase. while the mitochonadrial membrane nvirker
enzyme was succinate dehydrogenase.
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The 5-nucleotidase activity was measured using
a reaction medium which contained, in 100 pl, 100
mM KCl, 10 mM MgCl,, 50 mM Hepes (pH 7.4),
10 mM potassium sodium tartrate, 5 mM AMP,
and the membrane protein (3-30 pg). After 1-2 h
at 37°C, the reaction was stopped by the addition
of 50 ul 10% SDS. The phosphate released from
both experimental and control assay tubes was
determined by an automated assay [10].

Glucose-6-phosphatase activity was measured
in 100 pl final volume containing 10 mM glucose
6-phosphate, 50 mM Hepes (pH 6.5), 4 mM EDTA,
1 mM KF, and the membrane protein (3-30 pg
protein). Appropriate blanks were also assayed.
After 1-2 h at 37°C, the reaction was stopped and
the phosphate released was determined as de-
scribed above.

Succinate dehydrogenase was assayed in a reac-
tion mixture (640 pul) which contained 50 mM
sodium phosphate buffer (pH 7.6), 1 mM KCN,
0.04 mM 2,6-dichlorophenolindophenol (DCPiP),
20 mM sodium succinate, and membrane protein
(36-150 pg). After 2-3 h at 37°C, the reaction was
stopped by transfer to an ice bath and quantified
by the decrease in absorbance (A 600 nm) due to
the reduction of DCPIP.

Chemical assays

Protein was estimated using a modification of
the Lowry et al. method [11). with bovine scrum
albumin as standard. Histamine was assayed by an
automated fluorometric assay {12,13). Ruthenium
red, which binds to the granule matrix, was used
to quantitatively assay granule integrity. Since
ruthenium red does not bind to granules with
intact perigranule membranes, the decrease in the
absorbance of ruthenium red-pranule suspensions
is quantitatively related 1o the number of dis-
rupted granules. The percent intact granules was
determined by ruthenium red binding in the ab-
sence und presence of Triton X100, as deseribed
by Kruger et al. [5]).

Results

Table 1 shows the results of the munbrane
marker enzyme analysis of various fractions pre-
pured uning the technigue of Raphael et al. {4).
The final fraction, the supernatant from osmotic
lysis of the granules (sucrose gradient pellet), con-
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tains the perigranular membrane. The yield of
perigranular membrane fraction was significant
(7% of the starting protein), as a result of con-
tamination with other membrane fractions. The
5'-nucleotidase specific activity of the perigranuiar
membrane fraction remained at 60% of the initial
homogenate activity, indicating substantial plasma
membrane contamination. No reduction in the
glucose-6-phosphatase specific activity was ob-
served in the perigranular membrane fraction and
a 60% decrease in the specific activity of succinate
dehydrogenase was found. Clearly the large
amount of protein in the perigranular fraction was
due to contamination by plasma membranes,
intracellular organelle membranes, and mitochon-

“drial membranes. This contamination may be the

result of inefficient separation of intact granules
from the broken cells and granules, as shown by
the high specific activity of the membrane marker
enzymes in the sucrose gradient pellet fractions.

To optimize the separation of intact granules,
we studied the effect of varying two parameters of
the isolation technique, the sonication energy and
buffer. First the sonication treatment conditions
were varied. A microprobe sonicator was used to
disrupt the mast cells and the granule preparaticn
technique of Kruger et al. {3] was then followed.
The microprobe allows the application of either
pulsed or continuous treatments of sonication en-
ergy. Initially, the effect of varving the number of
pulses per sonication treatment was determined by
measuring the percent intact cells and pereent
intact granules. As shown in Fig. 1, disruption of
the cells is not proportional to the number of
sonication pulses. Sonication has only an initial
disruptive ¢ffect, that is, there appears to be a
population of mast cells casily disrupted with only
a few pulses. The remaining mast cells require
increased sonication encrgy for disruption. The
results in Fig. 1 show that the mast cell is more
sensitive to sonication with 46 pulses per sonica-
tion treatment than 2-4 pubes per sonication
treatment. However, the proportion of intact gran-
ules to intact cells decreases with more pulses per
treatment. We therefore reduced the number of
pulses 0 one pulse per treatment in subsequent
expenmenis.

The methods of Kruger et al. [5] and Raphaet et
al. [4] rely on sonication but use different buffers.
Raphael et al. (4] specify a Ca* . Mp? " -frec bulfer
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Percent Intact Mast Cells or Granules

©
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Total Numbaer of Pulses

Fig. 1. Effect of varying the number of pulses per sonication
treatment on the disruption of mast cells and granules. The
preparation sonicated with 2-4 pulses per treatment is indi-
cated by filled symbols, the open symbols indicate the prepara-
tion with 4-6 pulses per treatment. The percent intact granules
(A, a) were meausured by ruthenium red binding. The percent
intact mast cells were determined by cell counts (O, @),

with the addition of EDTA, while Kruger et al. [}
added 0.9 mM CaCl, and 0.175% bovine serum
albumin. The effect of these two buffers on sonica-
tion efficiency was compared using only 1
pulse/sonication treatment. For these experi-
ments, the percent intact granules was measured
by histamine release and ruthenium red binding,
As shown in Fig. 2, these two methods of de-

100
90
80
70
80

60

3 4
Total Numbar of Pulsss

Fig. 2. Bltect of uddition of ¢alelum and hovine serum albumin
on granule preparation by sonication ot one pulse per treut.
ment. The percent intuct granules were determined by hise
mine releuse (O, @) and by rutheniom red binding (O, @), The
percent intact cells was determined by vell count (o, a). The
sonication buffer with added calvlum and hovine serum al.
bumin (open symbols) increased the yield of intact granules
compured to buffer without addition (solid symbols),

termining intact granules yield similar results. More
of the granules released by sonication in buffer
with added calcium remain intact than the gran-
ules in buffer without calcium. Thus, the calcium
containing buffer was used for our granule prep-
aration technique.

These new sonication conditions and the
calcium containing buffer were incorporated into
the perigranular membrane preparation described
in Methods. After each cycle of sonication/
centrifugation/resuspension, the percent intact
cells was determined from the decreased cell num-
ber. These results are shown in Fig. 3. The level of
sonication energy was kept constant with each
pulse until, as indicated by the arrow, the energy
level was increased. This results in a stairstep
effect whereby continued sonication at the same
energy level yields no further decrease in cell num-
ber, until the energy level per pulse is increased.
Sonication was terminated following 12 or 13
pulses, where less than 10% intact mast cells re-
mained.

The results of the characterization of the differ-
ent membrane fractions isolated using this proce-
dure are shown in Table I1. The plasma membrane
fraction (the fraction at the Percoll interface) con-
tained 13% of the total cellular protein while the
Percoll pellet contained 25% of the total cellular

N

1\5._%5‘

|
\L\.

8
Total Numbar of Pulses

Fig. . Bxumple of o typlcal mast cell disruption using con-
trofled sonication ut ong pulse per treatment, Sonication energy
was inereused by the pulses marked by urrows, starting ut level
2, Chunges in cell count indicate the percent intaet cells remain
ing ufter cach sonicition/centrifugation vycle. Values are means
of 4-4 counts. Ersor bars indicute standued ertor of the mean,
For the point without erroe bars, the stundard ereot is smaller
than the symbal.
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protein. Only 45% of the initial total protein was
associated with the perigranular membranes
(osmotic lysis supernatant).

Total histamine content averaged 3 mg for 1.2 -
108 cells. Our values for histamine content (22
g,/ 10° cells) are similar to published values (15-30
ug/10% cells, reviewed in Ref. 2). Nearly all of the
histamine in the S1 fraction was associated with
the P2 pellet, indicating that the granules were
90% intact after sonication. Following the de-
ionized water lysis of the intact granules, and
separation of the membrane-free granules, very
little histamine (0.2% of initial total histamine) was
associated with the perigranular membranes. This
remaining histamine may be removed by addi-
tional washing of the perigranular membranes.

The cycle of repeated sonication steps may have
disrupted mast cell intracellular organelles such as
nuclei. The released DNA may adhere to mem-
branes and be co-purified along with them to
contaminate the final membrane preparation. The
extent of DMA contamination was determined to
be minimal since the DNA content of the intact
mast cell was 30 ug/mg protein. The perigranular
membrane pellet contained very little DNA (less
than 2 pg/mg protein).

Also shown in Table IT are the results of the
membrane marker enzyme assays. The membranes
at the Percoll interface (plasma membranes) were
enriched 4.1-6.1-fold in ¥-nucleotidase with no
detectable activity remaining in the Percoll pellet
(intact granules). 60% of the, total $'-nucleotidase
activity was recovered in the top Percoll fraction.
The enzyme activity of the other membranc marker
enzymes was minimal in all fractions assayed. No
cnrichment of any of these enzymes was found in
the membrane fractions. Examination of the glu-
cose-6-phosphatase activity, a marker enzyme for
Golgi and endoplasmic reticulum membranes [9),
showed that the plasma membrane fraction re-
tained the same initial activity of the whole mast
cell homogenate while the perigranular membranes
contained 19% of the inital specific activity. Glu-
cose-6-phosphatase activity was increased in the
82 fraction, the soluble cytoplasmic protein frac-
tion. S0% of the mitochondrial membranes, as
indicated by the succinate dehydrogenase total
activity, were also lost in the 82 fraction. Fifteen
percent of the total succinate dehydrogenase active

T At Wb Atk R u i Rie WS

ity remained with tl.» plasma membranes, with
only 1% of the total activity in the perigranular
membranes. We could not detect monoamine
oxidase activity in any of the fractions.

The perigranulsc membranes were removed
from the granules following osmotic lysis with
deionized water. This was verified by electron
microscopy which demonstrated that the granules
were depleted of their membranes and were less
electron dense than intact granules. These results
were similar to the electron micrographs of gran-
ules isolated from their perigranular membranes
described by Raphael et al. (Ref. 4, Fig. 1b). While
membrane marker enzyme activities could not be
evaluated as specifically characterizing the peri-
granular membrane, this membrane could be
recovered by high speed centrifugation. Electron
microscopic examination of the perigranular mem-
brane pellet (200000 X g pellet) showed mem-
branous material contaminated with fragments of
granule matrix (micrographs not shown).

In the several preparations we examined, con-
tamination of this membranc fraction with granule
matrix was a consistent finding. This may reflect
an intimatc association of the granule membrane
with specific components of the granule matrix so
that highly purified perigranular membrane may
not be technically attainable at this time.

Discussion

High yiclds of intact granules are easily ob-
tained vsing the method proposed here. The most
important aspect of this technigue is the removal
of released granules immediately after a single
pulse of sonication by centrifugation. The granules
are not exposed to potential damage by released
protease enzymes, and do not clump together or
adhere to membranes., They remain intact since
they are not subjected to repeated damage by
prolonged sonication exposure. The second key
step in this method, separation of the intact gran-
ules from broken granules and plasma membranes,
is rapidly obtained with a Percoll gradient. The
Percoll gradicnt is self-generating at 15000 X g.
The use of Percoll has the additional advantage of
casy removal since the granules sediment at low
speeds and the plasma membrane fraction does
not penetrate the gradient, The advantages of Per-
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coll have also been utilized for the isolation of
adrenal chromaffin granules [14]. Finally, use of
this procedure allows the simultaneous isolation of
both plasma membranes and perigranular mem-
branes in high yield and purity from the same
mast cell preparation.

This procedure produces a significant yield of
mast cell plasma membranes, using a simple and
rapid technique. Until now, the only published
report of mast cell plasma membrane purification
[15]) used a laborious and time-consuming tech-
nique requiring a sucrose gradient, which was
potentially damaging to the isolated membranes.
Mast cell plasma membranes purified by Ishizaka
et al. [15], using flotation through a discontinuous
sucrose gradient [16], were 2.8-fold increased in
specific activity compared to the initial homo-
genate, using 5'-nucleotidase activity to determine
plasma membrane purity and yielded 5 pg pro-
tein/10% cells. Our preparations of plasma mem-
branes averaged 4.5-fold enrichment (some pre-
parations  vielded 6.1-fold enrichment) in §'-
nucleotiduse activity with 40 pg protein/10% cells.
These results were obtained using a single Percoll
gradient centrifugation step. Further improvement
in the plasma membrane purity should be easily
accomplished by using an additional Percoll or
sucrose gradient. Furthermwre, the rapidity of this
technigque reduces the amount of time the mem-
branes are exposed to the hansh volation condi-
tons,

Previous investigators reported that gentle sonis
cation provides a higher percentage of intact dense
granules. but with a lower percent yield {3.6]
However. these studies used continnous sonication
with either a bath sonicator or a probe sonicator,
The use of pulsed sonication has not been previ-
owly reported. Pulsed sonication is casily con-
trolled since the pulse duration is repeatable within
milliseconds and the energy tevel can be varied. By
using pulsed sonication with the mivroprobe set at
one pubse per sonicition treatment, in the presence
of caleiun, and by Tollowing the procedure  de-
seribed in Methods (moadified from Ref. §). we
were able o routinely achieve 0% disruption of
mast cells with mininal damage o the granale
membrane, as determined by histanine release.
Our Tinding that the use of fewer pulses per treeat-
ment vields a Lirger number of intact granules is in
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agreement with reports using the continuous soni- 5
cation technique. :
]

Raphael et al. [4] employed a Ca?*, Mg?* -free
sonication buffer, Use of other sonication buffers
yields decreased granule recovery. The deletion of
calcium and magnesium may increase the granule
yield by preventing the adherence of the released
granules to each other and to membranes. The
sonication protocol reported here is designed to
disrupt a high percentage of mast cells wnile leav-
ing the perigranular membrane intact. The results
demonstrate that sonication buffer containing ad-
ded calcium and bovine serum albumin increased
the percent disrupted cells without adversely af-
fecting granule integrity. The added calcium may
increase membrane stability, while the added al-
bumin may prevent granules {rom adhering to
other cellular membranes.

Perigranular membrane yields may be com-
pared to the similar membranes isolated from
adrenal chromaffin granules. Two different tech-
niques [17.18] yielded chromaffin granules that
contained 7 and 12% of the total original protein.
Osmotic Iysis of these granules gave vesicles or
ghosts with yields of 0.6-08% of towal protein.
Thus, the vield of mast cell granules (25%) is twice
that of the chromaffin granules and the resulting
vield of perigranular membranes (4.3%) is also
higher.

These membranes have been characterized using
established membrane marker enzymes, This is the
first biochemical assessment of the mast cell plasma
membrane or the perigranular membrane, The
membrane marker enzymes used for these studies
are commonly found in specilic membranes of
other cell types. 1t is not known, however, if these
are valid indicators of the same membranes in the
mast cell. For example. glucose-6-phosphatase is
considered as an endoplasmit reticulum mem-
brane marker enzyme. but it has also been ree
ported in nuclear membranes and Golgi mem-
branes [9). The (Na™ + K " )»ATPase 15 identified
as o plasma membrane marker in most cells. How-
ever, it s not a useful indicator here since no
(Na "+ K " )ATPase activity could be detected in
the mast cell. Therefore, we used the §-nucleou-
dase as the plisma membrane marker. Although
widely aveepted as a plasma membrane boumd
snzyme (9] and previously used as such for mast
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¥ cells [15], S-nucleotidase has been detected in 3 Uvnas, B. (1974) Methods Enzymol. 31, 395-403 »
™, intracellular membranes [19]. The mitochondrial 4 Raphael, G.D.. Henderson, W.R. and Kaliner, M. (1978) !
Y : PN Expt. Cell Res. 115, 428-431 -
- membrane enzyme markers (monoamine oxidase p : s
5 . y ( . . 5 Kruger, P.G., Lagunoff, D. and Wan, H. (1980) Expt. Cell 5
’ and succinate dehydrogenase) displayed low activ- Res. 129, 83.93
. ity in mast cell homogenates, which may be related 6 Anderson. P.. Rohlich, P.. Slorach, S.A. and Uvnas, B. |
b to the fact that rat peritoneal mast cells contain (1974) Acta Physiol. Scand. 91, 145-153 Y
.~: tow numbers of mitochondria. Helander and 7 Sullivan, T.J.. Parker, K.L., Stenson, W. and Parker, C. g
. Bloom {20}, using stereological methods, estimate (1975) J. Immunol. 14, 1473-1478
that [t L d g .g Iv 2% of the ) 8 Uvnas, B.. Aborg, C.H. and Bergendorff, A. (1970) Acta
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cell volume. 9 Evans, W.H. (1978) Preparation and Characterization of
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Summary

Rat peritoneal mast cells and mast cell granules were evaluated by
radioimmunoassay far the presence of B-thromboglobulin and platelet
factor 4. The initial assays Indicated that a B-thromboglobulin cross
reacting material was released from mast cells by compound 48/80 in a
similar dose-dependent manner as histamine release. The material was also
found to be associated with purified granules. However, the use of protease
Inhibitors In the buffers completely abolished the positive assays. Further
evaluation of the effects of various proteases on the B -thromboglobulin
assay indicated that elastase would also gsnerate a false positive assay which
could then be neutralized by the use of u-antitrypsin as a protease
inhibitor. There was no protease offect ‘on the platelet factor &
radioimmunoasaay which always showed no detectable amounts with mast
cells, granules or proteases, These results clearly Indicate the artifactual
positive assays which can arise when using certain radiolmmunoassay tests in
the presence of cell proteases. The use of protease inhibitors s a necessary
control when applying a radioimmunoassay to a system with potentlally

active proteases,

B ~Thromboglobulin (8 TG) and platelet factor 4 (PF4) are simall cationic proteins located
in the o granules of platelets and released upon actlvation of platelets, Both ATG and
PF4 have been localized almost exclusively to the o granules of platelsts (1), Although
their specific physiological functios are unciesr, they have been shown to have a
heparin binding capacity and may act as endogenous antiheparing (2). There I8 a report
of BTG inhibiting the production of prostaglandin I, from endothelial cells (3), and
reports of PF4 Inhibiting the enzyme collagenase (4) and stimulating leulocyte elastase
(5). Platelst factor 4 has also been shown to be a chemoattractant for monocytes,
neutrophils, and fibroblasts (6, 7). One study using peroxidase - antiperoxidase
Trmmunachemistry on fixed tissue sections demonstrated PF4 In human skin mast cells,
but could not demonstrate BTG (8, 9). This finding is of interest since mast cells are
known to contain heparin (10), The PF4 may be acting like a binding protein in
assoclation with the heparin in the mast cell granules, Human mast cells are difficult to
obtaln in sufficient quantity or purity to evaluate thelr granule contents, However, pure
preparations of rat peritoneal mast ceils (RPMC) are readily available and purified
granules can be obtained (11, 12). This study was Initially begun to evaluate the
possibility of BTG and PF4 association with RPMC and their granules. However, it
quickly became apparent that a positive result In the B -thromboglobulin
radiolmmunnassay was due to the presence of active mast cell granule protwases. The
study then sought to clarify the basis of the false positive results associated with the

8 TG radloimmunoassay of mast cells,
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Methods

Mast cells were obtained by peritoneal lavage from Sprague-Dawley rats. The cells were
purified ta > 95% following centrifugation through a 38% albumin gradient (11). There-
after, the cells were washed twice in a Hepes buffered Hanks balanced salt solution con-
taining calcium and resuspended in the same buffer to about 10° cells per milliliter. .
Granules were prepared from the purified mast cells by the sonication and differential
centrifugation technique as previously described (12). Granules prepared in this way
retain all histamine and specific enzymes. Histamine was imeasured fluorometrically
using the o-pthalaldehyde (OPT) reaction (13, 14).

The radioimmunoassay for B-thromboglobulin was performed in general as indicated in
the commercial kit package insert. Briefly, 50 ul of a standard or an u wn was
placed in a 12 mm x 75 mm plastic tube, Arntiserum to BTG (260 wul) and 4’1 tracer
BTG (200 ul) were added to all tubes, mixed and incubated at room temperature for 1
hour. The antigen-antibody complexes were precipitated by the addition of 500 ul of
saturated ammonium sulfate, mixing and standing for 15 min. The tubes were
centrifuged at 2000 x g for 20 min and the supernatant decanted. The tubes were placed
in a gamma counter to determine the bound radicactivity in the precipitate.

The radioimmunoassay for platelet factor 4 was perfarined in general as indicated in the
commercial kit package insert, Brieflv, 50 ul of a standard or an unknown waf glaced in
a 12 mm x 75 mm plastic tube. Antiserum to platelet factor 4 (250 ul) and 837 tracer
platelet factor 4 (250 pl) was added to each tube, mixed and incubated at room
temperature for 2 hr, The antigen-antibedy complexes were precipitated by adding 1 ml
of saturated emmonium sylfate, mixing and standing for 15 min. The tubes wee centri-
fuged at 2000 x g for 20 min and the supernatants decantad. The tubes were placed in a
gammu counter to determine the bound radioactivity im the precipitates, The 8-
thromboglobulin radioimmunoassay kit was abtained from Amersham (Arlington Heights,
IL), and the platelet factor 4 kit from Abbott (Chicago, ll.).
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Polyacryiamide gel electrophoresis was performed on a disc qe;} apparatus using 10%
polyacrylamide, 1% SDS 60 mm gels (15). 8-Thromboglobuiin <71 tracer (50,000 cpm)
was added to each of three gels after mixture in buffer or eiastasc or elastase and o)
antitrypsin, Gels were tun for 2 hr at 48 mA and then sliced.

A quantitative method with benzoy! tvrosine ethyl ester (BTEE) as a synthetic substrate
was used for the protease determination (16). Compound 48/80Q, elastase (porcine pan-
creas), thrombin (human), activated factor X (Xa, Russel viper venom activated, bovine),
plasmin (human), lysazyme (chicken egy white), oprotinin (Trasylol), feupeptin, and o
antitrypsin {human) were obtained from Sigma Chemical Co. (St. Louls, MO),

Regults

Rat paritoneal mast cells wore lysed by frosze-thaw x 3 and the cell debris pelloted at
10,000 x g for 10 min in o microfuge. The supernatant was assayed for histamine, BTG
and PF4, Similarly a magt cell granule prepacation was agsayed for histamine, BTG and
PFa. The PF4 assay gave no detectable reaction. The results of the BTG and histamine
assays shown in Table 1 seem to indicate tho presence of BTG in mast cells, possibly
localized to the granules,

Agsuming a rat mast cell cytoplasmic volume of 0.7 u! par 106 cells (17), the calculated
intracellular concentration of ¥ § -thromboglobulin® would be about 2.5 mg/ml.

Rat mast cells release histamine in o doss-dependent response to compound 48/80.
Flgure 1 illustrates a similar dose-dependent release of the apparent BTG,
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TABLE!

Apparent 8 -Thromboglobulin Content of Rat Mast Cells

" 8_Thromboglobulin® (ng)

Rat Mast Cells .75 + 0.82 ng/103 cells
0.060 + 0.025 ng/ng histamine

Mast Cell Granules 4.32 + 1.73 ng/ug protein
0.085 + 0.037 ng/ng histamine

-grG"

HISTAMINE

% RELEASED

-
0.01 0.05 a0 040 10 20 100
COMPOUND 48/80 (ug/mi

FiG, 1

Dose response curve for histamine and "8-thromboglobulin® release from rat
mast Fells by eompound 48/80, Rat mast cells were suspended in Hapes-+HBSS
to 10% cells/ml, Results are expressed in percent of total cell content. Total
content determined by assay of lysed specimens (freeze thaw x 3}

When protease inhibitors, aprotinin (Trasylol) or leupeptin were added to the cell suspen-
sion buffer prior to lysis, the BTG assay gave no reactions as shown in Table I, These
vesults suggested a protease artifact in the determination of 8TG by radioimmunoassay.

Various proteases that arve likely to be present in plasma were tested to determine if
they would generate a falae positive 67G reaults The data of Table HI clearly Indicate
that only elastase at greater than 2,8 u/mi yave a significant false positive BTG result.
Although tha other enzymes were tested at significant levels they had little or no effect
on the radioimmunoassay. Results are the average of two determinations.

The effact of elastase on the B <thrumbogobulin tracer was dese-dependent and wag
abolished in the presence of the protease inhibitor o) antitrypsin.  These results are
presentad in Table V.,
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TABLE II

Effect of Protease Inhibitors on g-Thromboglobulin
Radioimmunoassay of Rat Mast Cells

Brt o P e SRl >
X DL LGP OH SRS Y.

b 0.‘

P 6 Ta s e

"8-Thromboglobulin"
ng/103 cells

Buffer A 2.10 + 0.75
Buffer B 0.03 & 0.02

Buffer C 0.06 + 0.03

Buffer A: 50 mM Hepes, Hanks Balanced Sait Solution, pH 7.4.
Buffer B: 50 mM Hepes-HBSS pH 7.4, 0.1% v/v Aprotinin.

Buffer C: 50 mM Hepes-HBSS pH 7.4, 0.4% v/v Aprotinin, 1 ug/ml
leupeptin, 0.1% w/v bovine serum albumin.

Mean + 5.D. of three determinations.

TABLE HI

Effects of Proteases on B-Thromboglobulin Tracer

Enzyme " aThromboglobulin” (ng/ml)

Thrombin 10,0 U/ml
Thrombin 1.0 U/ml

0
Elastase 26,0 U/ml
Elastase 2.8 U/ml
0.28 U/mi
.0
L1
2.0

£.lastase

Uiml
Wml

Plasmin
Plasmin

Factor Xa U/l
Factor Xa 0.:: Ufmi

LLysozyme 20000 t/ml
L.ysozyme 2000 U/ml

, ._ _
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Hepes-HBSS buffer
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TABLE IV

Effect of oy Antitrypsin on the Elastase Interaction
With B-Thromboglobulin Tracer

"8 -Thromboglobulin® ng/ml

Elastase Elastase Elastase
. + + +
3 Elastase Buffer 9, antitrypsin BSA
i“ 50 U/ml >220 ng/ml 5.5 ng/mi >220 ng/ml
J 20 U/ml 34,1 2.6 31.5
Y 10 U/ml 5.2 2.0 4.5
5 U/ml 3.4 1.2 3.0

Elastase in G.1 M Tris pH 7.4 buffer
0y Antitrypsin (2.5 mg/ml)
Bovine Serum Albumin (BSA) (2.5 mg/ml)

Results are average of two determinations

Figure 2 illustrates the results of the SDS-PAGE of the BTG tracer after preincubation
with buffer ov elastase or elastase plus @, antitrypsin. It is clear in Figure 2B that the
elastase breaks down the tracer but that the presence of ) antitrypsin will prevent the
tracer breskdown (Fig, 2C).

A specimen of purified human lung mast cells was provided by Dr. Henry Meier and Dr,
Edward Schulman, These cells gave minimally detectable levels of BTG and PF4 by
radicimmunoassay in the absence of protease inhibitors,
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Discussion

I A W A

This study clearly indicates that certain proteases cen produce a false positive result in
the RTG radiolrnmunoassay. Mast cells are known to contain a small molecular weight
chymase which Is associated with the granules (16, 18, 19). Apparently the enzymes
degrade the tracer protein thereby raleasing a radiolabeled fragment which is not
immunoreactive. A similar artifact was abserved for corticotropin/8 endorphin Immuno-
reactivity of rat mast cells (20, 21). The effect may be relatively enzyme and substrate
specific since the PF4 tracer, which I8 similar in many structural sequences to BTG,
although not immuno cross reactive, did not generate false paositive results by the
enzymas tested,

i

WD SR 1.
T o e g

The addition to the cell suspension buffer of a standard amount of a general protease
inhibitor (aprotinin) was sufficient to abolish the false positive results, The practice of
using protease inhibitors in cell suspension buffer where radioimmuncassays will be
applied is encouraged.

. :‘.“_:".. E

2l

Some of the plasma proteasss likely to be active in plasma ware tested and shown not to
glve a significant false positive result. Therefore they would be very unlikely to contri-
bute to plasma BTG levels when a radioimmunoastay Is used, Although elastase did
generate a significant false positive vesult, it is unlikely thst a plasma specimen would
have elastase lovels In the range necessary to generate a falee positive result, The mast
cell enzymas are concentrated in the granules and thereby can cause a significant effect,
Rat mast cell chymase may represent 15% of the total granule protein (10, 19).
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FIG. 2

Py Y.

SDS-PAGE of B-thromboglobulin teacer. 50000 cpm of 1251 tracer premixed
with Hepes-HBSS buffer ?A) or elastase (30 U/ml) (B) or elastase (30 U/ml)
and j antitrypsin (2.5 mg/ml) (C). After a 10 min preincubation at room
temperature, the mixtures were made 1% SDS and loaded on the gels. Gels
were sliced and each slice counted in a gamma counter.

Reports of localization of PF4 In human tissue (skin) mast cells have relied on immuno-
chemical (peroxidase-antiperoxidase) assays In gluteraldehyde fixed tissue (8, 9).
Proteases may be active in the fixed tissue and therefore their results may not be
subject to a protease artifact. In addition, we did not show any protease effect on the
PF4 tracer. Our assay of the human lung mast cells did not demonstrate any BTG or
PF4. Human lung mast cells contain about 10% of the heparin and histamine content of
rat mast cells. Lung mast cells may lack detectable tevels of these proteins and/or tha
protease enzymes or enzyme levels may be different from rat mast cells such that no
tracer degradation occurred. Knauer et al, observed an increase in plasma platelet
factor 4 levels in asthmatic patients exposed to ragweed antigen (22). However,
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stimulation of human lung mast cells (85% pure) with antibody to IgE caused histamine
release but no detectable release of PF4 (23). Platelet factor 4 has been reported to
cause human basophils to release histamine (24). The specific functions of the platelet
proteins BTG and PF4 remain unclear.

——

- {3

In conclusion, caution should be used in applying radioimmunoassays in specimens in
which proteases are likely to be present. Protease inhibitors should be used to avoid
false positive results,
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Effect of y-Irradiation on the Healing of
Gastric Biopsy Sites in Monkeys

An Experimental Model for Peptic Ulcer Disease

and Gastric Protection

ANDRE DUBOIS, ETIENNE DANQUECHIN DORVAL,
LAWRENCE R. WOOD, JAMES E. ROGERS, LINDA O'CONNELL,
ASAF DURAKOVIC, and JAMES ]. CONKLIN

Department of Medicine, Uniformed Services University of the Health Sciences; and Radiation
Sclences Department, Armed Forces Radiobiology Research Institute, Bethesda, Maryland

The acute effects of y-irradiation on the gastric
mucosa have been studied in a primate madel.
Fiberoptic gastroscopies were performed in 6 rhesus
monkeys in the basal state as well as 3 h and 3, 7,
and 9 days after total body irradiation (800 rads).
Gastric biopsy specimens {diameter 1 mm) obtained
during each sessinn were examined using light mi-
croscopy and scanning electron microscopy: in ad-
dition, subsequent healing of the biopsy sites was
assessed visually. Gastric biopsy sites were com-
pletoly healed in 3 days in the basal state; in
contrast, ulcer craters (diameter 1 mm) were still
present at the site of the biopsies 3, 7, and 9 days
after the biopsios were performed in irradiated ani-
mals. Light microscopic examination of the biopsy
specimens demonstrated only lymphoceytic infiltra-
tion of the lamina propria. In contrast, scanning
electron microscopic examination revealed that the
size and number of microvilli of the gastric surfoce
epithelial colls were increased on the day of irradia-
tion compared to basal; 3-9 days later, numerous
gastric surfuce epithelial cells wore damaged or had
dissappeared so that bare arcas of the lamina pro-
pria were visible in the specimens takon outside of
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the ulcer craters. These changes may reflect inade-
quate protection or insufficient regeneration of gas-
tric mucosal cells which, in turn, would explain the
persistence of ulcers after gastric biopsies were per-
formed in irradiated monkeys.

Many experimental medels have been developed in
an attempt to clarify tho pathophysiology and the
treatment of gestric and duodenal ulcer disease.
Most madels have used rats, which have the advan-
tage of pormitting the study of a large number of
animals. However, the rodent stomach diffors mark-
edly from that of the human in its anatomic and
physiologic features. Furthermore, drug dosage re-
quired for experimental production, prevention, and
hoaling of gastroduadenal ulcer is much larger than
the dosage recommended in humans.

Thus, there is 0 need for an animal model closer to
humans that would permit the experimental study of
poptic ulcer disease. In the past 7 yr, we have usoed
rthesus monkeys to ovaluate basal and stimulated
gustric soeretion and gastric emptying (1) as well as
the effect of various prostaglandins (2--4) and apiold
peptidos (8). These studios demonstratod marked
similuritios of monkey and human gastrie functions
(6), and the drug dosage was close to that used in
clinfeal medicine. In this sume model, psychologic
contingencies coupled with delivery of elevtric
shocks consistontly produced superficial gastroduo-
donal erostons {7). although most lesions disap-
peared in soveral days despite the continuation of
stress: this effect is consistent with the habituation of
gastric function suppression found iu the same ani-
mal madel (81,

Abbreviations used in this paper: SEC, sudonplltm!hl c»il;.m
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The purpose of the present studies was to investi-
gate whether rhesus monkeys exposed to ionizing
radiation would develop chronic gastric ulcerations
either spontaneously or after endoscopic biopsies
were performed. In addition, we used light micros-
copy and scanning electron microscopy to evaluate
possible underlying changes of the gastric surface
epithelial cells.

Materials and Methods
Endoscopies

Six male rhesus monkeys were subjected to fiber-
optic endoscopy performed under ketamine anesthesia
using an Olympus GIF-P3 gastrointestinal fiberscope with
an outer diameter of 9 mm {Olympus Corporation of
America, New Hyde Park, N.Y.}. The experiments reported
herein were conducted according to the principles set
forth iu the “Guide for the Care and Use of Laboratory
Animals,” Institute of Animal Resources, National Re-
search Council, Department of Health, Education, and
Waelfare Publication No. (NIH)78-23. The gross appearance
of the gastric mucosa was assessed in the basal state, 3h
after irradiation, and 3, 7, and 9 days later. On the day of
irradiation, the animals were exposed to 800 rads (800
cGy) delivered bilaterally to the whole body using a large
10° Ci ®Co irradiator at 500 rads/min. In addition, pinch
biopsy specimens 1 mm in diameter were ohtained from
the gastric anirum at the time of each endoscopy and were
prepared for light and scanning electron mlicroscopy. Fi-
nally, the presence or absence of healing at the site of each
previcusly performed biopsy was assessed visually.

Light Microscopy

Biopsy specimens were fixed in 10% buffered for-
malin for ot least 6 h, dehydrated in ethanol and xylene,
and embedded in poraffin; 4-pm sections were stained
with hematoxylin and eosin and observed by o blinded
investigator (J.E.R.) using a Zeiss microscope {Carl Zolss,
Thornwood, N.Y.).

GASTROENTEROLOGY Vol. 88, No. 1, Part 2

Research) for examination on a JSM-35 scanning electron
microscope (JEOL, Peabody, Mass.) operated at 25 kV.
Scanping electron microscope pictures were taken by a
blinaed investigator (L.W.) using a locally developed com-
puter-assisted random number sequence program. This
program allows the random photographing of eight pic-
tures at X 1000 per biopsy, thus avoiding the bias present-
ed by taking one type of image rather than another. A few
cells in each area were then photographed at X5000 to
obtain a greater magnification. Finally, each picture was
analyzed blindly in writing by another investigator (A.D.).
These notes were subsequently reconciled with the type of
treatment.

Results
Gross Endoscopic Appearance

Endoscopies performed before and for up to 9
days after irradiation failed to demonstrate any spon-
taneous lesion of the gastric antrum. Immediately
after biopsies were performed, a small amount of
bleeding was observed; although no attempt was
made to quantitate precisely the hemorrhage, no
important difference was noted after irradiation
compared with the basal state.

Biopsies performed 10 to 7 days before irradiation
completely healed in 3 days and no scarring was
observed. In contrast, the site of biopsies performed
on the day of the irradiation appeared 3 days later as
a reddish ulceration, depressed in its center and
surrounded by a raised margin (Figure 1, left panel).
Seven days after the initial biopsy,. the center of the
erosion appeared white with a pink raised margin
(Figure 1, right panel). Nine days after irradiation,
the ulcer created at the site of the initial biopsy was
unchanged and a biopsy performed on day 7 had
produced an ulcor similar to that seen 3 days after
irradiation. These observations were consistent in all
6 monkeys.

s .-.v A-" r' &

Scanning Electron Microscopy Light Microscopy
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Biopsy specimens usually comprised the full
mucosa including the muscularis mucosae. In the
basal state, the surface of the gastric mucosa was
composed of cylindrical colls with a basully posi-
tioned nucleus and containing mucus in their apical
pole. Pits and glands were well delineated and the

Biopsy specimens were imnmodiately placed in 2%
ghutaraldehyde in 0.1 N sodium cacodylate and stored for
24 h at 4°C. To eliminate the layer of material coating the
gostric surface apithelial colls, each blopsy 2pecimoen was
then washed with phosphate-buffered saline and a glycosi.
duse enzyme solution {mixed glycosidase, T cornutus,
Miles Luboratories, Elkhart, Ind.} as proviously deseribed
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(9). Biopsy spechnens were then postfixed separately for 1
hoin 1% 050, in 0 N sodium cacodylate at 4°C, and
dehydeated using an othanol series of $0%. 209, 95%, and
100% with three chaages of absolute ethanol. Blopsy
spechnnns were dried in a critical-point dryviag apparatus
from laquid COy (Samded, pet-3, Tousimis Research, Roek-
ville, Md.), mounted on aluminum stubs, and sputter-
coated with gold palladium (Samspulter 2A, Toushuis
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lamina propria comtained only a few plasma cells
and lymphocytes. After irradiation, the generval ar-
chitecture of the mucosa was normal and the epithe-
lial colls were not significantly changed. However,
the diffuse lymphocytic infiltration of the lamina
propria was more pronounced in 2 of 6 animals, 3. 7,
and 9 days after irradiation (Figure 2). In addition,
biopsy spocimens obtained from 3 of these 4 mon-
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Endascopic appearance of the antral mucosa after irradiation. Left panel: ulcer observed at the site of the biopsy 3 days after it
was taken on the day of irradiation. Central depression is covered with a fibrinous necrosis and raised margins show discrete
inflammation. Right panel: 7 days after irradiation in a different animal, the center of the ulceration Is covered with white
fibrin whereas the margins are less prominent than 4 days earlier (arrow); in the left lower area, the sita of a biopsy performsd 4
days earlier has given way to a small ulgeration, which is intermediate between the two other ulcers shown on this figuse.

Figure 2. Light mlcroscople appearance of o gastriv blopsy specimen takent 7 days after lreadiation. Lelt pasel (= 400) demonstrates

diffuse Iymphouytie infilication ol the mina propria lorow); sight panel {4089 illustrates a aodulac nBlteate (double
aerowvs) located at the levs! of the musculads mucosae tsingle arrow),
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keys contained focal infiltration of the lamina pro-
pria (Figure 2). Biopsies of the ulcers showed a
center covered with a homogeneous layer of fibri-
noid necrosis covering the muscularis mucosae; the
margins of the ulcers demonstrated inflammation
and moderate granulation.

Scanning Electron Microscopy

In the basal state, gastric surface epithelial
cells (SEC) were clearly separated from each other
and arranged circularly around the openings of the
gastric pits (Figure 3); parts of the luminal mem-
branes of SEC were covered with microvilli sending
out short projections into the gastric lumen (Figure
3, inset). Three hours after irradiation, the microvilli
of many SEC were n:ore closely packed and larger
than in the basal state (Figure 4); in addition, the
valleys separating SEC from each other were less
prominent or even sometimes disappeared (Figure
5). In some areas, cavities entering the cytoplasm
were formed in the membranes of some SEC {Figure
5). Seven and 9 days after irradiation, many SEC
appeared damaged or had been shed (Figure 6); in
addition, some areas were devoid of SEC, leaving the
lamina propria exposed excopt inside the gastric pits
(Figure 6. inset). These different changes were seen
in at least one of the coded pictures obtained for each
animal.

s S—
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Discussion

The present studies demonstrate that, in mon-
keys, endoscopic gastric biopsies performed imme-
diately after total body irradiation with 800 rads lead
to the formation of gastric ulcers. As these small
ulcers do not heal spontaneously in up to 9 days, this
experimental model could be used in order to study
some of the factors involved in the pathophysiology
and treatment of peptic ulcer disease. However, this
dose causes the death of all animals within 2-4 wk;
therefore, such a model would require the use of
autologous bone marrow transplantation or of local
gastric irradiation if long-term studies were planned.

The mechanism of this absence of healing is un-
clear. Human gastric mucosa is known to be more
resistant to acute damage caused by y-irradiation
than the small intestine. In humans, doses of 800
rads administered in 5 days do not modify the upper
part of gastric glands, although the base of some
glands display discrete abnormalities such as eosin-
ophilia of parietal and chief cells, pyknotic nuclei,
and cell flattening (10). In addition, polymorphonu-
clear infiltration of the lamina propria is often pres-
ent (11). These latter changes are similar to those
observed by light microscopic examination of the
biopsy specimens taken from the stomach of our
monkeys.

However, light microscopic examination of gastric
biops=y specimens is not a sensitive method to detect

Figure 3. Nuanning eladiton mictnscopic appearative of gastrhe biogsy specition takes betute irtadiation { < 1000) nse? detail of une o
the ucosal colls seen in the * 1000 portion ( « Saii]
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Figure 4. Scanning electron microscopic appearance of gastric biopsy specimen taken 3 h after irradiation {x5000: note that the
microvilll of many surface epithelial cells appear mora closely packed and larger than on the inset of Figure 3.

patchy changes of the gastric mucosa. First, fixation  of six sections are usually performed for light mi-
and section for light microscapy is not always per-  croscopy, which is far from covering an area compa-
fect and gaps between epithelial cells are often  rable to the one examined with scanning electron
interpreted as technical defects: second, a maximum  microscopy. In contrast, our use of scanning electron
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iigyre 6. Scanning electron microscopic anpearance of gastri biopsy specimen token 7 days after irradiation [X1000): note that many
surface epithelial cells appear damagad. Inset shows an area devoid of surface upithelial colls, Jeaving the lamina propria

exposud except inside gastric pits (% 5000).

microscopy permits the observation of acute changes
of the gastric SEC within 3 h of total bedy exposure
{Figure 4). These changes are ebserved in coded
specimens examined blindly and are compatible
with the releass of mucus by SEC immaediately
following irvadiation (12). Seven and 9 days after
irradiation, SEC display evidence of damage and
exfoliation, which may explain why bare areas of ihe
lamina propria are visible. These late changes oceur
concurrently with a complete abolition of gestric
mucus output (12). Thus, scanning electron micros.
copy permits the demonstration of two successive
offects of wirradiation on the gastric mucusa which
are not detectable with light microscopy. The initial
hypertrophic response of the gastrie surface epithelis
al cells is followoed rapidly by destruction and des.
quamation of numerous epitholial cells. These sec.
ondary changes may reflect inadequate protection or
insufficient regeneration of gastric mucosal cells
which, in turn, would explain the persistence of
ulters aftor gastric biopsies in irradiated monkeys.
To our knowledgo. scanning clectron microscopy
haa not been previously used to assess gastric muio-
sal damage after irradiation. Using transmission
electron microscopy, however, Helander (13) has
reported stmilar altrastructural changes in the vat
gastric mucosa after total body irradiation.

Gastric ulcers occut spontancously atter exposure
1o doses of radiation much greater than the ones we
used. In dogs, Brecher ot al. (14) found marked
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alterations of gastric epithelial cells in the mid-third
of the stomach 6 days after total body exposure to
1200 rads: numerous cells ware “hyperchromatic
with centrally located, occasionally swollen nuclei
and prominent nuclevli rominiscent of the eurly
changes in the small intesting.” In rabbits, a solitavy
total body exposure to 1500 rads consistently pro.
duced gastric ulcerations in 2-4 wk (15.16) In
humans, radiation uleer is observed in only 7% of
patients receiving fractionated doses up to a total of
2500-3500 rads, this frequency increasing to nnly
15% with axposure to 4500-5400 vads (17.18). Over
all, 50% of patients exposea to doses > 3000 rads can
be expectad to develop significant gastric injury [19).
These acute changes of gastrie mucosal histology are
tauporasy thd 2an be followed by complete recovery
for low dosos of feradiation. With doses between
1500 and 2500 rads, the mucoss becomes atrophic
and acid secretion is supprossed [19,20). This acid-
suppressunt effect of gastrie, irradiation was used for
more than 20 yr in the treatment of peptic uleer
disease; interestingly, no acute perforation was ob-
served in these patients. In contrast, symplomatic
radiation gastritis characterized by fibroiteophy of
the mucosa and accompanied by dyspepsia devel.
oped in 32% of patients exposed to 5500--6400 rads
{18). The exact cavuse of these alterations is unknown
but con'd be rehited to lack of cell renewal or
vascular endothelial dasmage.

Thus, major changes ate observed in the gastric
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mucosa both acutely and chronically after exposure
to high levels of ionizing radiations. With the doses
used in the present experiments, however, a trau-
matic intervention such as biopsy is necessary to
make apparent a defect in the normal gastric healing
process. Although the pathophysiology of these ul-
cerations may be different from that of human peptic
ulcer disease, the present model appears to provide
an excellent opportunity to evaluate the efficacy of
the various therapies of this condition.
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CALCIUM- AND VOLTAGE-ACTIVATED POTASSIUM
CHANNELS IN HUMAN MACROPHAGES

ELAINE K. GALLIN
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ABSTRACT Single calcium-activated potassium channel currents were recorded in intact and excised membrane
patches from cultured human macrophages. Channel conductance was 240 pS in symmetrical 145 mM K* and 130 pS
in S mM external K*. Lower conductance current fluctuations (40% of the larger channels) with the same reversal
potential as the higher conductance channels were noted in some patches. lon substitution experiments indicated that
the channel is permeable to potassium and relatively impermeable to sodium. The frequency of channel opening
increased with depolarization and intracellular calcium concentration. At 107" M (Ca* *);, channel activity was evident
only at potentials of +40 mV or more depolarized, while at 107* M, channels were open at all voltages tested (—40 to
+60 mV). In intact patches, channels were scen at depolarized patch potentials of +50 mV or greater, indicating that
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the ionized calcium concentration in the macrophage is probably <107" M.

INTRODUCTION

Calcium-activated potassium conductances have been
described in a wide variety of cells (1, 11). Several
obscrvations indicate that macrophages also exhibit a
calcium-activated potassium conductance. First, macro-
phages exhibit spontancous membrane hyperpolarizations
associated with an increase in conductance, which can be
blocked by the addition of EGTA, verapamil, and cobalt
(2. 6). Second, injection of intracellular calcium or expo-
sure to the caleium ionophore, A23187, produces hyperpo-
larizations similar to the spontancously occurring ones (6,
10), However, because stable intracellular recordings
using standard microelectredes have been difficult to
obtain in macrophages, the conductance underlying these
events has not been well characterized. in this study, patch
clamp techniques were used to demonstrate the presence in
human macrophages of voltage- and calcivm-activated
potassium channels with a conductance of 130 pSin § mM
external potassivin, and 240 pS in symmetrical KCL The
frequency of channel opening increased with depotariza-
tion and increasing intracellular fonized calciwn in the
vange of 10 730 M. These channels are very similar to
the large-conductance caleium-activated potassium chan-
nuls deseribed in other cells (1,7, 13).

MATERIALSE AND METHODS

Human persphe sat blood monocytex were isolated by deasity cenrifuga-
sion o Ficolld ivpagque gradieats (5) amd coltvred at 37°C in RPML. 1640
containing $% fetad boving serum (heat inactivated a7 $6°C for M) min),
10000 & /ml pentcillin-siraptomycin, and $% glutamine, RPMI-1640, a
svathetic thdue cullure modium originally desigoed fur growisg leukomia
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cells, was developed at Roswell Park Memorial Institute. After various
periods of cultivation (up to 3 wk), cells were placed in recording solutions
and patch clamp experiments were performed at room tomperature
(21--23°C).

Recordings were obtained using a patch clamp with | kHz low-pass
filkering (EPC-S; List Industries, Inc. Mattcson, IL). Patch electrodes
had resistances of 3-6 MQ. Scals resistances ranged from 10 to 100 GR2.
The resting membrane potential of the cells was measured following the
destruction of the patch membrane by increased suction. Channef activity
was recorded on a chart recorder (Gould, Inc., Instrum. Div., Santa
Clara, CA) and an FM tape recorder (frequency response DC to § kHa2),
Channel data wers analyzed by hand after playing back as % speed into &
Gould chart recorder.

The ienic compesition of the medium i the pateh electrods and the
bath varied in different cxperimonts. NaCl-Hanks' contained 145 mM
NaCl 4.6 mM KCL 1L.1) mM MgCl,. 1.6 mM CuCly, and 10 mM
HEPES-NaOH pH 7.3, KCl-Hanks' contained 145 mM KO, 10 mM
NaCl, L1) mM MgCly, 10 mM HEPES-KOH, pH 1.3, and varions
coneenatrations of EGTA and calctum, K-aspartate-Hanks' contained 148
mM K-aspartate instead of KC. For free calelum levels «10°* M, 1.}
mM BGTA and various amounts of calelum wore added to the medium to
obtain the desired lovels of free calclum (1.08 mM calelum for o final
concentration of & x 10 *M Ca**; 106 M for 3 x 1A * M Ca* 1092
WM for 5 % VM Cat i 0SS mM for | x 1077 M Ca* '), The free
aalclum concentration was caloulated using 10 7 M as the apparent
dissochation constam for the Ca-BUTA complex (8). The free calcium
concentration in each solution was checked ustng a calcium-seasitive
elecirode callbrated with caleium buffers obtained from WP nstru.
meats, Ine. (New Haven, CT). The calevtated and measured ealolum
levels were in good agresment. The calctum woncantration of recording
medivm containing o calcium or BGTA was <10 M, ax doterinined by
a valciumssonsitive clectrode.

RESULTS

Cell-attached patches from cells bathed in KCl-Hanky'
exhibited large, briel (30 ms or less) outwaurd currents at
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FIGURE |

(A-E) Single-channel current traces. Both electrode and bath coutained KCl-Hanks’ (4 x 10°* M Ca**). (4) Current trace

obtained in the cell-aitached mode at a holding potential of +80 mV. (B-E) Current traces from the same patch as in A following excision.
Patch is inside-out. Potentials for each tracing and zero current level (dashed line) are indicated. Traces are typical exerpts of longer records.
Upward deflections represent outward current in this and other figures. (F) Current-voltage relationship of the same patch. Channel

amplitudes were read from the chart records.

depolarized patch potentials of +50 mV or greater. Chan-
nel activity increased with increasing depolarization. These
channels were rarely seen in cells bathed in NaCl-Hanks'
at voltages ranging from —80 to +80 mV. However,
channels were often recorded at potentials of +100 mV or
more depolarized. FFig. | A shows an in situ current-tracing
at a patch holding potential of +80 mV in a cell bathed in
KCl-Hanks’ (4 x 107*M Ca* '), No channe! activity was
noted at less depolarized holding potentials. Upon detach-
ment of the patch in the inside-out configuration, channels
were absent at voltages negative to —-20 mV. Fig. 1, B-E,
depicts channel activity recorded at various voltages. The
frequency of opening and apen-time increased as the patch
was depolarized. As shown in Fig. 1 D, channe! conduc-
tance {225 pS) was constant in the voltage range tested,
and reversed at 0 mV. The channel conductance of 13
patches in symmetrical potassium solutions ranged from
200 to 275 pS and averaged 240 pS.

.20J

Fritke 2 Siogle-chunnel current amplitude for large (@) und small ()
cunductance Nuctustions as o function of voltage. Excised inside-owt
pateh. Electrode contained Koaspartate- Hunks' and bath contained KCl
Hanks' (10 *M Cu**).
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Ninety percent of the patches from which recordings
were taken exhibited these chanuels, and patches often
contained three or more channels, as judged by the number
of conductance states. Smaller current fluctuations, with a
conductance of ~40% of the higher conductance state,
were noted in a number of experiments. The arrow in Fig.
1 B points 10 one of these events. These fluctuations were
only seen in patches exhibiting the 240-pS channels, and
they always had the same reversal potential as the larger
conductance channels, The current-voltage relationship of
both the high (240 pS) and low (100 pS) conductance state
from an excised inside-out patch is shown in Fig. 2. In some
studies, small outward currents with a much lower conduc-
tance (<20 pS) were also evident (Fig. 4 D). These
currents have not been characterized, but they occurred in
isolation and were often noted at lower calcium concentra-
tions, conditions under which the higher conductance
channels were not active,

A series of experiments to deu,rmme which ion(s) was
responsible for this conductance indicated that the channel
was permeable predominantly to potassium. The data from
one of these studies are shown in Fig. 3 4, in which an
excised outside-out patch with K-aspartate-Hanks' in the
electrode was exposed to extracellular solutions containing
different concentrations of potassium. The voltages are
given with respect to the intracellular sueface. Large
channels with a conductance of 200 pS, that inverted at
zero holding potential, were noted in 145 mM KC1outside,
indicating that the channsl was refatively impermeable to
chloride, which had a negative equilib:ium potential under
these conditions. Replacing hali’ the KCl in the bath with
NaCl decreased the conductance of the channel from 200
to 160 pS, and shifted the revercal potential by 15 mV.
Subsequent replacement of all the KCI with NaCl further
reduced the channel conductance, produced a nonlinear
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FiGure 3 Smgle~channcl current amplitude as a function of voltage. (4) Exc'sed outside-out patch. The eiectsode contained K-

aspartate-Hanks” (3 100°M Ca**)

). (@) Channel current amplitudes obtained with bathing solution same as electrode solution” except

K-aspartate was replaced with 145 mM KCI, Bath KCl was subsequently reduced initially to 76 mM KCi by increasing NaCl to 79 mM (W),
and finally to 10 mM KC} by increasing NaCl to 145 mM (A). (B) Excised inside-out patch. Elcctrode contained tie same solution as in 4.
(A) indicates channel amplitudes with bath containing KCl-Hanks' (4 x 10°* M Ca**). (@) Batk potassium reduced to 73 and Na to 83

mM.

I-V relationship, and shifted the reversal potential to a
more negative level, indicating that the channel was rela-
tively impermeable to sodium. The null potential could not
be obtained under these conditions, since channels did not
open at levels more negative than 20 mV current. This
experiment was repeated six times with similar resuits, The
average conductance of seven different excised patches
when NaCl bathed the outside of the membrane and KCl
the inside, was 130 pS. These results indicate that (a) the
channel behaves as if it is permeable to potassium and
relatively irapermeable to sodium or chloride, (b) ingreas-
ing the sodium concentration decreases the channcl’s con-
ductance, and (¢} in the presence of 145 mM extracellular
Na, the conductance is nonlinear, decreasing with hyper-
polarization,

Simitar experimients were performed on inside-out
patches. That s, the eoucentration of potassium in the bath
was decreased, white that of sodium was increased. The
current-voltage relationship from one of these studies is
shown in Fig. 3 B. Replacing 75 mM potassivim with
sodium shilted the reversal potential from-0to +12mV. In
addition, the conductance decreased, as would be expected
with the reduction of the permeant ion (potassium),

Changing the level of jonized calcium at the intracellu.
lar surface altered channet activity (the number of open-
ings per second and the open-time) without affecting
channel conductance or reversal potential, Changing the
wnized calcium in the extracellular medium had no effect
on the channels. Fig. 4 depicts single channel cuerents from

GALLIN - Caleium- and Yoltage-activated Potassiuv Channels

an inside-out patch at a holding potential of +40 mV with
various concentrations of jonized calcium in the hath. In
3x 10 *M Ca'' (Fig. 4 A) channels opened frequently.
Decreasing the free calcium to 5 x 1077 M reduced

20 pA[

28

Friure 4 Single channel surrent traces from an exeised inside-out
pateh a1 + 40 mV holding poventinl, Tracings obtained in KCt-$anks'
(3% 10 * M Ca ') in the electrode. Hith contained same medium as
electroae except ionized calcium concentration was 3 x 10 *Min tand
C.5x 10 "MinB,and i x 10 "M ind.
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channel activity (Fig. 4 B), which returned to the original
level when the medium was changed back to one contain-
ing 3 x 107% M calcium (Fig. 4 C). Subsequent reduction
of ionized calcium to 1 x 10~ M (Fig. 4 D) further
reduced channel activity. Similar records were obtained
with eight other patches. At a calcium concentration of
10~* M (calcium-free-CGTA-free Hanks), channels were
open at all holding potentials studied ( +60 to ~40mV). In
Fig. 5, the percent channel open-time at different holding
potentials is plotted for the patch shown in Fig. 4.

In a number of studies, the patch membrane was
destroyed following recordings in the cell-attached patch
configuration, Cells in NaCl-Hanks’ (recording electrodes
contained KCl-Hanks’ and 107®* M Ca** or less) had
resting membrane potentials averaging —43 mV (range
—25to —60 mV), Cells bathed in KCI-Hanks’ predictably
had potentials near zero (range +5to —3 mV).

DISCUSSION

The calcium- and voltage-activated potassium channel
described in this paper has a similar conductance and
voltage dependence to the calcium-activated potassium
channel described in a variety of cells (1,11, 13). The
calcium sensitivity of these channels in the macrophage is
similar to that of skeletal muscle (1). Two other channels
have been described in macrophages. The first is a large
conductance (> 100 pS) cation-nonselective and calcium-
independent channel (7), and the second is an inward-
rectifying channel with a conductance in the range of
16-30 pS (4). Both of these channels have properties
different from the channels described in this paper.

Membranc potential measurements of macrophages fol-
lowing destruction of the patch membrane yielded resting
potentials similar to those reporicd by McCann et al. (9).
From measurements of both resting membrane potential
and the electrode potential at wkich channel activity was
first evident in the cell-attached patch mode, the mem-
brane potential at which the calcium- and voltage-
activated potassium channels are activated in the intact
cell can be determined. Cells bathed in either XCl-Hanks'
or NaCl-Hanks' exhibited these channels at potentials of
+ 50 mV or more depolarized. Assuming that the proper-
tics of the channel, i.e., calcium sensitivity, are the same in
situ as they are in the excised patch, the intraceiiular
concentration of calcium must be 10 ™ M or less in the
intact macrophage.

The presence of calcium- and voltage-activated potas-
sium channels in macrophages is consistent with previous
observations that the injection of calcium induces hyperpo-
larizations, and that EGTA, cobalt, and D-600 (methoxy-
verapamil) block spontancously occurring hyperpolariza-
tions 1n macrophages (6, 10). 1tis likely that the channels
described in this paper represent the individual events that
produce these spontuncous and induced membrane hyper-
polarizations.
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FIGURE 5  Plot of percentage of time channels were open against holding
potential for the indicated (Ca)* *;. Channel open time was determined by
playing back 30-40 s of channel data at ' speed into a Brush chart
recorder and analyzing the data by hand. Data were obtained from same
patch as in Fig. 4.

The relationship of the calcium-activated potassium
conductance to macrophage function is unclear. Macro-
phages are well known for their secretory, phagocytic, and
motile properties. Changes in membrane potential and
intracellular calcium levels have been implicated in some
of these functions (5, 14). Both the calcium ionophore
A23187 and endotoxin-activated serum stimulate secretion
in macrophages and produce membrane hyperpolariza-
tions, presumably by activating a calcium-activated potas-
sium conductance (3, 6). However, it is not known whether
or not these changes in conductance play an important role
in the secretory response to these stimuli. The calcium-
activated potassiums conductance, once triggered, might
modulate other voltage-dependent conductances in much
the same way it does in neuronal cells. In addition,
potassium released from macrophages following activation
of this conductance may influence cells, such as T lympho-
cytes, that are often found in ciose physical contact with
the macrophage (12).

In summary, this paper demonstrates that both intracel-
lular calcium and voltage activate a potassium channel in
human macrophages that is similar to the large-conduc-
tance calcium-activated potassium channel in other cells
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Radiation abrogation of myelopoietic inhibitors found
in thymus-conditioned medium
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Summary. We have previously reported conditioned medium from cultures of murine
‘nonlymphoid’ adherent thymus cells to be a source of myelopoietic inhibitor sub-
stance(s). The inhibitor has a molecular weight of less than 1000 daltons. 1t is dialyzable.
and its effects are reversible with washing, but it is not significantly cytotoxic. The
inhibitor(s) abrogate both the 10-day granulocyte-macrophage colony-forming cell
(GM—-CFC) and the 25-day monocyte-macrophage colony-forming cell (M—CFC). \
Morphologically, cultures appear to be lymphocyte-free after 1012 days, and consist h
primarily (80%) of nonspecific esterase positive cells and epitheloid appearing (20%), :

nonspecific esterase negative cells. Radiation of thymic cultures at 12 days reduces levels - ¥
of inhibitor(s) found in the medium. Inhibitor levels from pooled samples collected over
4 days demonstrato reductions of 10% at 100 rads 15% at 200 rads, 25% at 300 rads, and
85% at 400 rads. The steepest area of radiation reduction occurs between 300 and 400
rads, with the Interpolated 50% radiation reduction level at 342 rads. Analysis of once- 3
harvested radiated culture supornates showed no significant inhibitors prosent when %

medium was examined S-10 days postradiation.
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Introduction

The radiosensitivity of thymic tissue is a known phenomenon [1]. This may
be due to the fact that ontogenetically most thymic tissue is lymphoidal.
Lymphomyelopoeisis {2, 3] has been shown to be responsive to homeostatic
perturbations, and the thymus is suspected as participating in the routine
maintenance of homeostatic hemopoiesis. Lymphoidal tumor involvement
has been ovident in many instances of hemopoletic dyscrasias. [4]) . Generally,
thymic epithelial cells have been considered to be the cellular source of thy-
mic humoral factors 5], although lymphocytes also have been implicated.
Reduction of the Thy 1.2 lymphocyte subpopulation resulted in a decrease of ;
both crythroid and granuloid splenic colonies [6] . Supernatants from thymic i4
epithelial cell cultures have been found to be capable of inducing theta
antigen expression on splenocytes from athymic mice [7), E-wosette forma-
tion on fractionated bone marrow cells (8], and an increase in the mitogenic
responsiveness of rat thymocytes [9].

Media conditioned by thymus (with or without radiation) were examined
for granulopoietic (GM~-CFC and M--CFC) inhibition because (a) thymus
tissue is uniquely susceptible to radiation, (b) its metabolites affect or reg-
ulate hemopoiesis, and (¢) the thymus has an obvious role in immunoregula-
tion.
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Materials and methods

Animals. Male (C57BL/6 X CBA)F1 Cum BR hybrid (B6CBF1) mice (Cum-
berland View Farms, Clinton, Tennessee) were used throughout the study.
Thymic cultures were prepared from mice 8 to 10 weeks old. All animals
were maintained on a 6 a.m. (light) to 6 p.m. (dark) cycle in filtercovered
cages. Wayne Lab-Blox and acidified water (pH 2.5) were available ad libitum.
All mice were housed for 2 weeks in quarantine until certified
free of histologic lesions and Pseudomonas sp.

Thymic epithelial and control cultures. In each experiment, thymuses from
six mice were aseptically removed, pooled in 4°C RPMI-1640 (Flow Labor-
aties, Rockville, Maryland), and minced with scissors into small fragments.
The organ fragments (15—-20) were explanted into 75-cm? tissue culture
flasks (Corning #25110, Corning Glass Company, Corning, New York) with
5 ml of starter medium. The medium components were RPMI-1640 tissue
culture medium (Flow Labs) supplemented with 10% (v/v) heat-inactivated
(56°C, 30 min) fetal calf serum (Grand Island Biological Company, Grand
Island, New York), 2 mM I-glutamine (GIBCO), penicillin (100 1U/ml)
streptomycin (100 ug/ml,) and fungizone (0.25 ug/ml, GIBCO). All cultures
were kept at 37°C in a humidified incubator and were gassed with 5% CO,
—~95% air. After 24 h, 3 ml of fresh medium was added to each flask. At-
tempts were made not to disturb explants during early medium rhanges.
On day 4, 4 ml of fresh medium was added (final culture volume 12 ml).
Subsequent medium changes were collected, pooled, and replaced volume for
volume with fresh medium. A maximum of 8 ml/flask was replaced asneeded.
Changing frequency generally increased as the monolayer moved toward
confluency. Under these conditions, monolayer confluency was generally
established by day 21.

Monolayer histology. All cultures were regularly observed with an inverted-
phase microscope (Opton Model, Zeiss, West Germany). Representative flasks
and cytocentrifuge preparations were fixed with 0.2 M phoshphate-buffereu
glutaraldehyde (pH 7.3) and stained with Wrights-Giemsa or a-napthy| acetate
to determine the presence and frequency of nonspecific esterase-positive colls.

Ultrafiltration. The TCM after collection was centrifuged at 250 X g for 10
min. The supernatant was filtered through a 0.45-micron filter unit (Nalge
Company, Rochester, New York) to remove cells or cellular debris. The fil-
trate was fractionated by molecular ultrafiltration by subjecting it to an
Immersible--CX  Molecular Separatortype PTGC (Millipore Corporation,
Bedford, Massachusetts) with nominal cutoft at 10500 daltons. The ultra.
filtrute was then passed though an Amicon Molecular Ultrafiltration Mem.
brane UM-2 (Amicon Corporation, Lexington. Massachusetts) with nominal
cutoff at 1000 daltons. The ultrafiltrate was adjusted to a pH of 7.3, und had
an osmolarity of 300 m Osm/kg.
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GM-CFC and M—-CFC assays. The soft-agar clonogenic assay was used to
assess the stimulating acitivites of TCM and L-cell-conditioned medium
(LCM) alone or in conjuction with each other on the granulocyte-macro-
phage and moncyte-macrophage progenitor cell populations. The bottom of
the two-layered system was 0.5% nutrient supplemented agar (Bacto-agar,
Difco Laboratories, Detroit, Michigan) containing known aliquots of CSF
and/or TCM. The top layer was nutrieni-supplemented 0.33% agar containing
2.2X 10* bone marrow cells. All plates were incubated in a humidified
incubator (Model 3016, Forma Scientific, Marietta, Ohio) at 37°C and were
gassed with a 5% C0,-95% air mixture. Plates were counted for GM-CFC
colonies (>50 cells) at 10 days and M—CFC colonies (>S50 cells) at 25 days,
using an inverted-phase microscope (Opton Model, Carl Zeiss Incorporated,
Oberkochen, West Germany) at a magnification of 25 X.

Reversibility of inhibitor. Bone marrow cells were incubated (37°C) with the
RPMI-1640 and 10% inactivated fetal calf serum previously described, and
divided into four aliquots. One aliquot received no additonal treatment for
90 min. The other three aliquots received 100 ul each (5% volume) TCM.
One of these three treated aliquots received no further treatment; one was
washed once with medium after 90 min and centrifuged at 250 X g for 10
min, and the third aliquot was washed twice after incubation and treat.
ment. The cells from all four aliquots were resuspended in culture medium,
counted, and plated in the usual manner in soft agar to determine proliferative
competency.

Culture radiation and collection. Cultures were bilaterally irradiated by a
9Co source at a rate of 40 rads/min. Media from irradiated cultures were
pooled (days 1-4 and 5-10), aspirated, centrifuged at 1500 rpm for 10
min at 4°C, passed through a 0.45-micron filter, and frozen at 0°C until
assayed.

Results

Monolayer growth. Outgrowths from thymus explants were visible on day 2 of
culture and were confluent by 21 days. The monolayers exhibited hetero-
geneous morphology composed mainly of what appeared to be epitheloid
polygonal cells and dendritic-type cells with cytoplasmic extensions. Micro-
scopic examinations of cytocentrifuge preparations of aspirated cells showed
the cultures to be lymphocyte-freo after approximately 12 days.

The monolayer constituents appcmd 10 consist mainly (80%) of non-
specific esterase positive cells resembling macrophages. The other cell type is
nonspecific esterase negative' epitheloid-type, which exists within the mono-
layer in small sggregates or colonies.
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Reversibility of TCM inhibition. Table 1 demonstrates the reversibility of
the TCM inhibitor as shown by the soft-agar clonogenic assay for GM—CFC
and M—CFC. Baseline control values were obtained for GM-CFC and M-
CFC in the presence of LCM. Addition of 5% by volume of TCM inhibits
almost all GM—CFC and M—CFC growth. Washing the TCM-treated bone
marrow cells once resulted in clonogenic mean values that were 77% (GM—
CFC) and 78% (M—CFC) of control values. A second washing resulted in
further improvement, giving 93% (GM-~CFC) and 95% (M—CFC) of baseline
control values.

TCM inhibition. Table 2 shows TCM inhibition, the results of which have
been seen in three successive replications. TCM appears to be a potent in-
hibitor of both GM—CFC and M—CFC when present initially in the bottom
layer. Vclumes as small as 1 part to 39 parts CSF are capable of significant
inhibiton. In an attempt to ascertain whether there was colony stunting,
TCM was added in varying amounts at 6 days after initiation. Results (Table
3) show a direct relationship between the volume of TCM added and the
degree of GM-CFC and M—CFC inhibition. There was no noticeable morpho-
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Table 1. TCM inhibition and reversibility demonstrated by GM—CIFC* and M—C vCb

Treatment GMCFC  %of M —~CI'C % of
(x £+ SEM) control (x £+ SEM) control

L-cell medium® 18809 100 19.2:¢ 08 100
L-cell medium, TCM® 0 0 0
L-cell medium, TCM., 1 washd . . 77 1§.2: 09 78
L-cell medium, TCM., 2 washes . . 93 18.2: 09 95

K

1“
SO

Al

]

10-day granulocyte-macrophage colony (> 50 cells) count per 2.2 x 10* live nu-
cleated cells plated

25 day monocyte-macrophage colony (> SO wolls) count per 2.2 X 10¢ live nucleated
cells plated

Thymus-conditiened medium ~ $% of final volume

¢ Washed in medium and contrifuged at 250 X g for 10 min

¢ Lecell medium, 200 pi per plate

b

¢

‘l\\ble 2. Graded dose inhibiton ol GM - -CF! )¢ and M -CIRCY by TCM

Treatment GM--CI’C M--CI'C
J— —_— (x ¢ SEM) (x £ SEM)

L-vell medium® 17. 8 214 182209
Lecell medium + 2.5 vol % TCM 100 1020

£ ocell medium + 8.0 vol %4 TCM 0 0

Levell medium + 10,0 vol % T¢CM ] 0

Lecell medium + 25.0 vol % TCM 0 0

% Qoe footnote a in Table 1
b Gee footnote b in Table |
¢ Lecell~onditioned medium, 200 ul/plate
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metric difference between colonies, normal colonies, and those receiving
TCM on day 6.

Radiation. Figure ! demenstrates the reduction of inhibitor by ®Co irradia-
tion. When compared to GM—CFC control values, radiation levels of 100 rads
decreased inhibitor levels by approximately 10%, 200 rads by 15%, and 300
rads by 25%. Between 300 and 400 rads, a steep reduction (60%) of control
values is demonstrated. It is in this range of 300—400 rads that the 50%
reduction level is interpolated (=342 rads). The highest level of radiation
(500 rads) in this experiment still contains 6% of control inhibitor levels.
Cultures radiated with 300 rads of ®Co radiation (40 rads/minute) were
found to possess 16X more inhibitor in samples pooled between days 1 and
4 than that found in samples pooled between days 5 and 10 (Figure 2).
At 400 rads and at 500 rads, 7 X and 15 X, respectively, more are found in
the earlier pooled sample, days 1—4. Preliminary data on the effects of ir-
radiated TCM on M—CFC have presented curves similar to the GM—CFC

Table 3. GM—CFC® and M«CFCb response to graded doses of TCM added six days
after initiation by L-cell medium®

Volume % GM-CFC % of M—-CFC % of
TCM added (x + SEM) control {x £ SEM) control

0 178z 14 100 18.2: 09
2.50 128+ 17 7 135+ 0.6
50 108 = 1.5 60 43205
12.8 4832056 27 45405
250 47:09 26 4203

3 Seo footnote a in Table ]
b See footnote b in Table }
¢ Lecellcondittoned medium, 200 #|

3

L L S S T Y JOTUR P T W .
0”80 100 7 Vb 300 300 342 400 400

Total fsmanion
Flgure 1. Reduction of TCM inhibitor levels in ruadruplicate cultures brradioted by o
$%Co source. Rosults are prosentad as o curve, gencrated over five assays, of the percent
prosence of TCM inhibitor based on the presence, or lack of, GM—-CFC inhibition.
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curves. Protein levels were equilibrated using heat-inactivated (57°C, 40
min) fetal calf serum.

Cytotoxicity. The cytotoxic effects of TCM on murine bone marrow cells
was followed through 48 h (see Table 4). Counts were established using stan-
dard hemocytometer and trypan blue exclusion techniques. Over the full
range of amounts (2%—25% TCM by volume) and iimes tested, TCM reduced
bone marrow viability by 10%—17% (mean 14.4%).

Discussion

Hematopoietic homeostasis is dynamic equilibrium reached when prolifer-
ative and inhibitor substances have exacted their influences on target cell

Culturg Days
W Culture y
7] Cultire Days
5.10

€
9
=S
2
£
£
©
=
g
]
(8]
-
3
.g
Iy
o

.
300 400 500

Radiation Dose
{Rate 40 rada/nunute)

Figure 2

Tabic 4. Percent viability of murine bone marrow grown in graded quantities of thymus-
conditiored medlum.

Volume % TCM® added Percent Viability® Tested at:
sontrol medi ;
to control medium 61 2 n | .30 h

0 99 "M 95
2 87 86 85
5 83 R2 80
10 82 82 80
25 83 LY 81

LS,

L]

4 OTOM, thymus<onditioned mediur,
Determined by homocy tometer und trypan blue exclusion
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polulations. Both thymic tissue and thymocytic derived factors have been
reported to play significant roles in the regulation of hemopoiesis. At the
augmentation portion of regulation, the presence of thymocytes and/or
factors have been reported to augment bone marrow and stem cell/progen-
itor cell growth [10—12]. Inhibitory type regulation has also been repor-
ted.

Lebowitz and Lawrence {13] reported that tissue culture medium condi-
tioned by PPD-stimulated lymphocytes possess a cytostatic property that
inhibits HeLa cell clonogenic formations. The term applied to that par-
ticular cytostatic property was ‘cloning inhibitory factor — CIF’ [14]. Fur-
ther, it was found that medium conditioned by phytohemagglutinin (PHA)-
stimulated lymphocytes contained factors that inhibited DNA synthesis in
HeLa cells. This capacity was teremed ‘proliferative inhibitory factor — PIF’
{15].

It is reported here that adherent thymus cells produce substances of low
molecular weight (1000 daltons) that are capable of abrogating the formation
of myeloid progenitor cell colonies. Application of *Co radiation (300400
rads at 40 rads/min) resulted in an 85% reduction in the levels of elaborated
inhibitor(s). The majority of inhibitor(s) produced are elaborated into the
culture medium within the first 4 days of culture. Medium that was collected
510 days after 300 rads and one medium harvest had no significant levels of
inhibitor present. The abrogatior: of inhibitor levels may indicate radiation-
induced cellular injury occurring at around 300 rads.

A number of investigators have implied that thymic humoral factors are
elaborated by cpithelial-type cells [8]. On the basis of histologic and mor-
phologie criteria, it appears that epitheloid cells represent only a small frac-
tion (20%) of the adherent cell culture population. The majority (80%) of
the cells appear to be of macrophagic lineage, based on their demonstration
of positive caterase stuining and their ingestion of lgG-coated bevine red
blood cells. Quantitatively, these observations agree with the morphological
descriptions of thymic microenvironmental cells reported by Jordan and
Crouse [16] and Jordan et al. {17].

Data presented here is in accord with observations of Maschler and Maurer
[17], who reported that ultrafiltrate fractions obiained from calf thymus in-
hibited the formation of lymphocytes and of granulocyte soft-agar colonies in
capillary tubes. Physiochemical characterization of the inhibitor shows it
to be different from CIF and PIF. It does not possess the thermolability
shown by CIF [19]; in contrast to PIF [20], the inhibitor is dialyzeble and
the inhibitox(s) are released in vitro in the absence of cither antigenic/mito-
genic stimulation.

It is anticipatod that further work wiii be vonducted to determine (a)
whether this fuctor is of monokine origin and (b) to what extent this regula-
tion may purticipate in trauma-related cnergy.
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Introduction

Since its discovery by Greer and Zamenhof {11} in 1957, the sensiti-
zation to ultraviolet (UV) light of cells containing Bromodeoxyuridine
(BrdU)-substiiuted DNA has proven to be a powerful tool for the
molecular biologist. The photolysis of DNA substituted with BrdU has
provided techniques for such diverse applications as mutant selection
(1}, gene mapping {2], and DNA repair ‘patch-length’ analysis [20). Also,
the increased mass of the BrdU-substituted DNA has formed the basis
for studies of semiconservative replication [9] and DNA repair replica-
tion [24, 30]. A third property of BrdU, its interaction with various fluo-
rescent dyes, has yielded increased sensitivity for the analysis of sister
chromatid exchange {15, 18]. The latter technique has also provided con-
sidecable information concerning in vitro cell ¢ycle kinetics [4, 8).

Although BrdU has shown merit for these in vitro assays, its use in
vivo has shown only limited success. The primary reason for this lack of
success in vivo is the rapid breakdown of BrdU in the host {16, 17).

¥ Supported by Armed Forces Radiobiology Research Institute, Defense Nuclear
Agoency, under Reseereh Work Unit MJ00C52. Views presented in this paper are those of
the authors; no sndorsement by the Defanse Nuclear Agency has been given or should be
inferred.
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Cell Proliferation Kinetics 385

As an example, the half-life of a 5-mg dose of BrdU injected intra-
venously into B6D2F1 female mice is less than 12 min (data not shown).
As a result, only those experimental techniques involving a BrdU infu-
sion have met with success [13, 15, 28]. For this reason, the invention of
the osmotically active ‘minipump’, permitting the routinc use of BrdU
infusion, now permits a wide realm of possible experiments {33]. The
material below draws upon previous in vitro studies to describe a method
for the observation and analysis of in vivo cell cycle kinetic paiameters.

BrdU Labeling

The replacement of thymidine (dT) residues by BrdU is accom-
plished with a constant subcutaneous infusion via an osmoiically active
Alzet 2000 minipump (Alza Corp., Palo Alto, Calif.). The infusate
consists of an aqueous solution of either bromodeoxyeytidine (BrdC) or
BrdU. For a 75 mM BrdU infusate, the infusion resuits in only a 2%
substituticn of BrdU for dT. In the infusate, however, the BrdU solution
is near the solubility limit. Switching to BrdC., a direct precursor of BrdU
in vivo {7}, allows the level of replacement to remain approximately the
same while the solubility limit is increased to approximately 0.65 M. For
example, using the techniques of 313-nm-light photolysis and alkaline
sucrose gradient seaimentation [32] of DNA from mice infused with a
150 mM solution of BrdC, the percent substitution of BrdU for dT was
determined to be 4.2% (data not shown). This level of replacement pro-
duces an easily deteciable seusitivity to 313-rum light, and 1s well below
the replacement level that has been associated with developmental
effects [19].

By incorporating radioactively labeled BrdU or BrdC in the in-
fusate, one may observe the ‘start-up' time for the pump. This time rou-
tinely lies between 6 and 8 h after the implantation. For these observa-
tions, the nucleoside labeled at the 6 position provides a longer plasma
fifetime {for the label, facilitating the measurement. On the other hand,
catabolism of the BrcU or BrdC can be more easily observed when the
molecule is labele d at the C-2 position, this portion of the molecule being
rapidly lost from the plasma [14) In mice, the rate of catabolism for
BradU is strain dependent, and must be measured to assure that no BrdU
build-up oceurs. The BrdU plasma half-life for BOD2F1 female mice is
under 12 min.
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Fig. 1. Spectra from FS20 sunlamp (Westinghouse). Spectra were determined with ay
spectroradiometer. @ = Unattenuated; O=filtered through cover of 100-mm Falcon
plastic Petri dish {0.98 mm polystyrene).

313-nm Light Irradiation

DNA-containing BrdU is more sensitive to light at all wavelengths
of absorption. However, as the wavelength increases from 260 nm, the
BrdU specificity increases until the drop in absorption beyond 320 nm
forces thie use of extremely high fluunces of light to achieve the same level
of DNA damage [27]. Because the action spectrum for cell killing falls
more rapidly for unsubstituted DNA above 300 nm [5], the band of
wavelengths between 300 and 320 nm is particuiarly useful for cell-
killing experiments incorporating BrdU.

Fortunately, one of the emission lines from Hg-arc sources lies at
~313 nm. This fact permits the construction of a 313-nm light source in
one of several ways. Three of the more practical sources are described
below. The most economical system consists of 2-4 Westinghouse FS
‘Sun Lamps’ either of the 20- or the 40-watt variety. When these lamps
are set on 1-% in centers at a distance of 44 cm above the sample, they
produce a fairly uniform beam {i.¢., 10% variation in intensity across the
field) and an average intensity of ~2 J/m? when properly fiitered, The
filtration should absorb the infra red (IR) component and wavelengths
below ~300 nm, A 1-in depih of water will effectively remove the heat, If
the water is held in a polystyrene dish (} mm polystyrene), then that por-
tion of the spectrum below 295 nm will be reduced by more than two
orders of magnitude. An example of this spectrum is shown in figure 1.
The disadvantages of this system are the low flux. which requires long
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Cell Proliferation Kinetics 387

exposure times, and the inability to exclude more of the spectrum below
313 nm. The exposure times can be significantly shortened by he con-
siruction of a source moderately more expensive. A Philips 500-watt Hg-
arc lamp can be focused through water and mylar film onto a standard
quartz cuvette. Here the intensity can reach 100 J/m?/s. This simple
arrangement has the added advantage of raising the high-energy end of
the spectrum to ~305 nm. Finally, the most sophisticated of these three
sources consists of a high-pressure Hg-arc lamp spectrum filtered
through a 1X10-* M solution of deoxyadenosine (dA). This removes
both the IR component and wavelengths below 285 nm. The resulting
light load can then be handled easily by a variety of monochromators.
With a Hanovia 1,000-watt Hg-Xe-arc lamp, 2-in optics, and an Oriel
£/3.7, 1,200 1/mm grating monochromator, a flux of 90 J/m?/s can be
obtained over a bandwidth of 10 nm centered on 313.7 nm. For this
N source, the sample should be held on an optical bench. The addition of a
3 water-jacket to the quartz cuvette permits better control of the condi-
tions of the irradiation.

- Irradiation and Culture of Cells

For irradiation, cells are suspended in Dulbecco’s phosphate-buf-
fered saline free of Mg?* and Ca?*. To reduce the likelihood of cell loss
due to adherence to vessel walls, 0.02% EDTA is also included in the sus-
pending medium. Cell culture conditions for mouse bone marrow cells
require that cells be irradiated at concentrations greater than 1x 10¢
nucleated cells/ml. At these high cell concentrations, the suspension is
turbid. a condition that requires vigorous stirring of the sample during
the exposure. The absorption of 313-nm light by mammalian cells is so
low that transmission losses may be attributed to light scatter. To com-
pute the average fluence at the center of the cuvette, Morowitz's correc-
uon is applied [23]. Table 1 shows the correction values for cell concen-

trations of interest.
N Before irradiation, the cuvette is sterilized by a *pen-light’ germicidal
N low-pressure lamp placed into the cuvette. At this time, the location of

the beam may be checked in subdued lighting by placing a sheet of
fluorescent bond paper behind the cuvette. The cell suspension is then
'y added to the cuvette and an electronically timed shutter is used to control
~ exposures,
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| % - Table I. Intensity correction factor for turbid suspensions?
oD, Normal marrow cellsb V79 Celisb Correction factor
)
- M 0.0t 0.99
‘ B 0.05 ~1.0X 105 0.94
& 0.10 ~2.0x%10 0.89
. 0.20 ~1.0x 108 ~4,0X 105 0.80
T 0.40 ~2.0x10¢ 0.65
" 0.60 ~3.0% 108 0.54
, - 0.80 ~4,0% 108 0.46
S 1.00 ~5.0% 106 0.39

» This correction is applicable for stirred solutions. The correction factor is appropriate for
transmission losses due to scattered light only when scattered light is lost from the sample.

X b Cell concentrations are shown for serum-free Dulbecco’s phosphate-buffered saline. Cell
concentrations are approximate values only.
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Cell suspensions used for the Till and McCulloch [34] CFU-S deter-
S . mination may be directly diluted for injestion. For GM-CFU-C [25]
determination, 20- to 500-pl samples of the suspension are pipetted into
tubes containing 8 ml of ‘top layer’ material. (Top layer: 2 m1 0.66% agar;
2 ml double-strength medium. Bottom layer: 2 ml 1.0% agar; 2 ml
double-strength medium; 150 ul mouse L-cell-conditioned medium [31];
100 pl of pregnant mouse uterus extract [6]. Double-strength medium:
Connaught Medical Research Laboratory 1066 medium containing 10%,
V/V, fetal calf serum, 5%, V/V, horse serum, 5%, V/V, trypticase soy
A broth, 30ug/ml L-asparagine, and antibiotics.) The top layer material, |
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now containing the cells, is vortexed and layered in 2-ml aliquots onto ;
b 4-ml bottom layers in 60-mm plastic Petri dishes. The concentration of ¢
irradiated cells is chosen to produce 100 colonies per ¢ish. This size dish ,
> allows the determination of GM-CFU-C survival below the second ;
, b, decade of survival. At these low levels of survival, the use of smaller ?
: . dishes produces poor growth and causcs a loss of linearity between the -
size of the inoculum and the numbcer of colonies obtained. For the data ¢
L described herein, GM-CFU-C were routinely determined on the 10th :
. day after inoculation; CFU-S were determined on the 8th day after tail \
3 vein injection, }
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Cell Proliferation Kinetics 389

Kinetics of a Cell Population with Simple Properiies

The interpretation of the results of the BrdU/313-nm light treat-
ment can be best understood using a simple cell system. With the V79
Chinese hamster cell line as an example, the kinetics of the BrdU-label-
ing period are straightforward. That is, after two separate experimental
procedures, three plots of the data obtained compiete the kinetics anal-
ysis available through the BrdU/313-nm-light technique. What follows
is a short description of each protocol.

In the first procedure, one observes the cellular uptake of BrdU in
the cell cycle observed immediately after the addition of the drug. Since
the BrdU-labeled cells are inactivated by 313-nm-light irradiation
immediately after they take up the drug, no effect of the BrdU incorpo-
ration on cell progression is observed. This allows the use of higher con-
centrations of BrdU.The upper limit for the BrdU concentration in this
case is that of feedback inhibition produced by the BrdU, much the same
as for dT. Feedback inhibition occurs at BrdU levels in the medium
greater than 100 pM [21].

For this experiment, V79 cells are seeded onto dishes at 300 cells per
dish and allowed to grow overnight. BrdU is then added to a final con-
centration of 10 pM, and the cells are exposed to 1 kJ/m? of 313-nm light.
After the exposure, the cells are trypsinized and respread for colony for-
mation. It was previously determined that this level of treatment would
reduce survival below 1% in the first cycle. As can be seen in figure 2b,
approximately 4 h of BrdU exposure is required to completely sensitize
the cell population. The data in figure 2a, show no change in the prolif-
eration rate during the BrdU exposure. The shape of the curve in figure
2b results from the initial sensitization of the S-phase compartment fol-
lowed by the sensitization of those cells iritially not in the S-phase as
they progress into the S-phase. Onc minus the Y-intercept of the slower-
component curve in figure 2b yiclds the S-phase cell fraction (F ... F. .
= fraction of cells in the S-phase; F,, . = fraction of the cell ¢cycle
occupied by the S-phase). This point is verified by a 2 mM-hydroxyurea
treatment of a nonirradiated cell culture; see open symbol in figure 2b;
the hydroxyurea treatment also inactivates cells in S-phase [29]). Also in
figure 2b, a seccond parameter, indentificd as the combined time for the
G, + G, + M phases (T7). is given by the X intercept of the same compo-
nent curve. Through the use of the simple expression shown below, the
generation time (GT) may be determined from these two values (the
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S-phase cell fraction and the S-phase time fraction are not precisely
equivalent; however, the use of one as an approximation of the other is
acceptable when no significant proportion of the cell population is lost
from the assay; for the V79 cells, F,, + F_., = 1.07 [29]).

GT =T; + (I-F,) ¢))

Thus this first procedure yields the S-phase cell fraction and an esti-
mate for the GT.

The second type of experiment is laborious and yields little new
information for an in vitro cell line. This procedure, primarily designed
for the analysis of cell proliferation in vivo, requires the determination of
complete survival curves after several increasing times of BrdU expo-
sure. This procedure requires further that the 313-nm-light fluence and
the BrdU concentration be rigorously controlled. In principle, the data
provided by this technique can show the generation times of the four cell
cycles occurring before the time of the irradiation. In practice, the
demonstration of two cell cycle times is reasonable. For the V79 cell line,
the GT is a constant so that the interpretation of the data is simple. This
will not be the case for the in vivo measurements discussed below.

The theoretical basis for this methodology relies on two observa-
tions. The first is that beyond ~ 1% substitution of BrdU for dT, the sen-
sitivity to near-UV light of cells labeled for two generaticas increases
linearly with dT replacement [3]. The second observation is that the near-
UV light sensitivity of BrdU-substituted cells increases in the first gen-
eration over a much wider range than during the generations that follow
[12]. The application of these observations in the determination of cell-
cycle kinetics is shown below,

A plot of a set of survival curves for V79 Chinese hamster cells is
shown in figure 3. In this figure the sensitivity changes in the first 12 h of
BrdU exposure can easily be seen to dominate the range of the total sen-
sitivity change. For example, for survival at the 0.1 level, the extrapo-
lated fluencesare 1,760 J/m*at4 h, 120J/m*at 12 h,and 75 J/m?at 120 h.
These changes in fluence of 313~-nm light required to reach a specified
level of survival are plotted in figurc 4. These isosurvival curves are shown
here for survival valugs of 0.5, 0.1 and 0.05. Because the increase in sensi-
tivity after the first cell cycle is linearly dependent on the level of BrdU
replacement [3], one obsert s an exponential increase in the near-UV
light sensitivity from the first generation through subsequent genera-
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Fig. 2. Increase in sensitivity to 313-nm light is shown for V79 Chinese hamster cells
in the first cell cycle after addition of 10 uM BrdU. A Average number of cells per micro-
colony for 50 microcolonies, B @ = Fractior: of cells surviving a | kJ/m? fluence of 313-nm
light administered at time indicated: O-fraction of cells surviving hydroxyurea exposure
(2 mM, 3 h at 37°C in growth mediumy); F-, cell-fraction of cell in G, + G, +M phases:
T, =combined time of the G, + G, + M phases. Error bars representing = | SE are shown
when they are larger than the datum symbol.

tions as the amount of unsubstituted DNA decreases by 50% at each
sucessive generation. After four generations, ~94% of tl.2 cell's DNA
should be substituted. If the BrdU concentration has remained constant
throughout the exposure, then the fraction of dT residues replaced by
BrdU will reflect the halving of the unsubstituted DNA during cach
generation,
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Fig. 3. Single cell survival curves for V79 Chinese hamster cells exposed to 313 nm
light at a flux of 5.1 J/m?/s. Cells were irradiated in suspension at 1 X 104 cell - ml-*. Time
of BrdU exposure before irradiation is shown in figure. Individual data are not shown for
23, 28, 35 and 120 h time points, Data shown for 46 h are plotted on curve representing 120-
hour survival data. Error bars representing = 1 SE are shown when they are larger than da-
tum symbol.

In principle, this pattern for the increase in BrdU substitution
should result in a predictable increase in the cell’s sensitivity to 313-nm
light. During the first generation of exposure, the light sensitivity should
rapidly increase to a level of 50% of its maximum value. After the first
generation, the rate ol sensitivity change should slow to an exponential
rate with a half-time cquivalent to the generation time. After 4 genera-
tior. times, assuming the variance of the survival determination to be
=0.01, ilicre should be no detectable further increase in sensitivity to
313-nm light. As shown in figure da for the V79 cells, the time for which
the 313-nm-light fluence just equals 2.0 times, the fluence valucat 120 h
(~10 generations) is between 11 and 12 h (the average value is 11.2 h).
This value agrees well with the generation time values determined by
direct cell count (10.9 h) and BrdU/313-nm-light suicide (11.9 h).
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r. b BrdU EXPOSURE PERIOD (h) '
N Fig. 4. Isosurvival curves for BrdU/313-nm-light inactivation of V79 Chinese ham-
X ster cells. Survival values are taken from figure 3. ¢ Uncorrected fluence values for survival
. -: values of 0.5 (1), 0.1 (@) and 0.05 (A). b Data in a have been replotted as ratio of fluence
value at time shown to fluence value at 120 h (DMF), I=Intercept value of the two com-
X ponent curves. Dashed line represeats an exponential curve {it to equation given in the text,
N Symbols are the same as for a.
:::
» If the time rate of change in the fluence required to produce a given
o level of survival is independent of the particular survival value chosen,
N then one may say that this change reflects a dose modification factor
e (DMF). A plot of the DMFs (i.e., the ratio of the fluence at the time of

interest to the limiting fluence value) for various survival levels should
then yield a single curve. To demonstrate this point, the data in figure 4a
have been replotted in figure 4b as DMF values. For this case, the fluence
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value measured at 120 h has been taken to be the limiting fluence. (The .
lack of a shoulder on the measured survival curves for 46 and 120 h may E
indicate an actual departure from rigorous adherence of dose modifica-

tion). This replot of the data has two advantages. First, the intercept of

the two component curves should be more easily determined. For

reasons stated above, this intercept should occur at a DMF value of 2.0

and should equal the GT value. Further, the data observed for times

greater than that associated with the intercept (figure 4b; ‘T’) carni be ana-

lyzed for goodness of fit with equation (2):

DMF = 1 + e-N, 2)
where
A =In2/GT. 3)

If the population of cells is homogeneous, each level of survival
chosen will yield a similar plot for the DMF. What is more, the GT will
correspond to other measurements for the GT, including the time asso-
ciated with DMF = 2. When fitted to the equation above, the data in
figure 4b fit best the dashed line drawn through the data points. This
curve is associated with a GT of 9.0 h and a correlation coefficient of
r = 0.86. Although the correlation is not remarkable and the estimate
for GT hardly impressive when compared with the other estimates
shown above, there is significant information here. The cell cycles that
gave rise to the estimate are those occurring 2-4 generations before the
313-nm light exposure.

For an in vivo cell population. ancestral ceils of 2-4 previous gene- »

rations may have been quite removed, by way cf both Kkinetics and b
function, from the cell present at the time of the assay. An exampie of

this disparity is shown later for the GM-CFU-C. We will now turn our ;
attention to the use of these methods in the analysis of cell kinetics of the ]
murine bone marrow. !

Kinetic Analysis of the CFU-S Population

3 )
& 'L
. . . ; . D
y The same types of curves described for the V79 Chincse hamster cell 3
! line can be plotted for the murine CFU-S. The BrdU/313-nm-light
suicide determination analogous to the curve shown in figure 2b shows
"§ an ~6% S-phase kill. This level of killing reflects an S-phase population :
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Fig. 5. Isosurvival curves for BrdU/313-nm-light inactivation of B6D2F1 female fe-
wur-derived CFU-S. Survival values are taken from mice infused with a 75 mM aqueous
solution of BrdU, a Uncorrected fluence values for the following survival levels: 0.8 (A);
0.6 (O); 0.4 (W), 0.3 (O); 0.2 (@); 0.1 (V). b Data m a are replotted as the DMF.

between 6 and 12% [22] for B6D2F | female mice (CFU-S in the S-phase
have been shown to seed less efficiently in the spleen of irradiated mice;
the decrease is approximately 50% [22)). The assumption of an ~6-h
S-phase [35] for this cell gives rise to two possible interpretations of the
6% survival level. The CFU-S could live in an extended cell cyele, 6-12%
of which corresponds to the approximate 6 h of S-phase. For this case,
the GT would be between 50 and 100 h in duration. This being the case,
the DMF plot should cross the DMF = 2 valuc at a value between 50
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Fig. 6. Survival curves for normal femoral marrow-derived CFU-S after BrdU/313-
nm-light treatment. B6D2F1 female mice were infused with 75 pM BrdU at 2 pl - h-! for
period shown in figure. Reprinted with permission from Exp. Hematol, (13}

and 190 h. Figure 5a shows the fluence values for CFU-S as a function of
time for up to 2 weeks of BrdU infusion. These data, replotted n figure
5b to show DMF values, depict an apparent GT of at least 130 h. If the
length of the S-phase has not been seriously underestimated, then this
first interpretation appears to be wrong.

A secon 1 indication of the inappropriateness of the first interpreia-
tion can be seen in the divergence of the three DMF curves i figure 5b
for infusion periods of less than 3 days. Recall that a plot of the DMF
should be idependent of the survival level.

The second possible interpretation, and the one that is apropos for
the murine CFU-S, involves a parameter of the BrdU/313-nm-light sus-
vival data not yet discussed. As can be ssenin figure 6, cach of the CFU-8
survival curves eventually forms a plateau at fluence values above 250 J/
m, At siil higher fluences, these survival curves follow the same shape as
those for BrdU-free cells. Therefore, the platcau reflects the unlabeled
fraction of the CFU-8 [12]. I this plateau in survival refiects 2 nonpro-
liferative fraction (i.c.. a G, phase). thea the 6-12% S-phase kill for a
6-hour &-phase could reflect a 1-2%/7h commitment to cycle of the non-
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: ) Fig. 7. Kinetics for changes in labeled cell fraction as a function of infusion period.

o B Solid lines represent theoretical behavior discussed in text, Piateau survival values shown
) were taken from data presented in figure 6.

Xy -

:
el cycling subpopulation, This interpretation and that of the 50- to 100-
L hour GT actually form extremes of a continuum of possibilities, If the
BN actual kinetic behavior falls close enough to one of these extremes, then a
et o plot of the plateau survival value versus time will demonstrate the correct
NIRRT choice. On one hand, if the cell population exists in a long cell cycle,
i : every hour 1-2% of the population will enter the S-phase, become sensi-
ST > tized to 313-nm light, and eventually be killed, For this case, the plateau
HOAER :: A value for survival will decrease linearly with a slope of 1-2%/h. However,
PR - ' , if the CFU-S randomly exit a G, phase, cycle, incorporate Brdli, and
RN then return to the G, state, a plot of the plateau values will be exponential
' with a time constant of 1-2%/h. As can be seen in figure 7, the plot is

‘ exponential in nature and the slope is 1.9%/h.
PR The rate of decrease for the unlabeled {raction represents the third
4 N kinetic parameter that can be determined for a cell population after
K BrdU/313-nm-light treatment. Having examined both a simple cell
' population and a cell population with a G, phase, we will now examine a
_ cell population containing separate kinetic subpopuiations.
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R Fig. 8. Survival curves for normal femoral marrow-derived GM-CFU-S after BrdC/
- 313 nm-light treatment. B6D2F1 female mice were infused with 150 mM BrdCat 1 pul - h-!
B for period of time indicated on figure. Control mice were implanted with pumps lacking ¥
BRI BrdC. 7
: )
e ‘{\ N :“' .
g Kinetic Analysis of the GM-CFU-C Population
R Survival curves for GM-CFU-C are shown in figure 8. From these L.
- curves, a large decrease in survival is seen between the first and third 2
. e days of the BrdU infusion. From the 3rd to the 8th day, changes in the
‘ . shape of the curve involve (a) the development of a subpopulation with an A ’
o increased slope for survival values greater than 0.7 and (b) a decrease in the ‘
AR . size of the population most resistant to 313-nm light. The decrease in sur-
N vival after the Ist day of infusion is analogous to the data for the first cell
i cycle obtained with the V79 Chinese hamster cells. However, the existence
T - of subpopulations of GM-CFU-C with differing sensitivities to 313-nm ‘|
3 N light complicaies the figure, making a solution by inspection impossible. ;
L . The now familiar DMF replot of the data (figure 9), demonstrates
B that although the isosurvival curves were complex, the curves are com- o
L posed of but iwo separate kinetic components. The first component is
. N observed as the DMF drops quickly to a value of ~3.0. This value is
o g maintained until the 8th day, when the DMF again decreases. The GM-
] ¥ CFU-C then are » composite, of which approximately 60% cycles
; o quickly. In fact, this population cycles quickly enough that at the one
S data point per day level of resotution used here, the DMF curve appears
: W 10 have been completely developed by the 3rd day of infusion. From ;
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Fig. 9. Isosurvival curves, for GM-CFU-C derived from femoral marrow. wete plot-
ted fiom data cbtained as described for figure 8. These data are shown both as a fuaction of
the fluence (a) and as a function of the DMF (b). For DMF curve, survival at 14 days of
infusion was taken as estimate of minimum survival level.

these data, observe that determination of the kinetics for this subpopula-
tior: requires tnat a series of survival curves be measured at closer inter-
vals over the first 72-hour period. The remaining 40% of the GM-CFU-C
appear to vycle slowly, having compleied the first cycle only by the first
week of infusion. This cell population, observed as those cells resistant to
the 313-nm-light exposure, decreases in size throughout the '4 days of
the assay. The rate of decrease can thus be analyzed in u fashion analo-
gous to the one used for the CFU-S8-G, population.

There are obviously many more guestions to be answered for hoth
the CFU-8 and GM-CFU-C kinetics. It has not been the intent here to
solve these complicated kinetics. Rather, the above material serves to
describe a techuique that, upon the correct choice of parameters, can add
considerably to the solution process.
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A. Elutriation

John F. Jemionek, Rodney L. Monroy'

Experimental Hematology Department, Armed Forces Radiobiology Research
Institute, Bethesda, Md., USA

Introduction

Several basic methods of cell separation have been developed for the
isolation of a purified or enriched cell population from peripheral blood
or bone marrow. The basic techniques use variations of three fundamen-
tal separation procedures. The first is cell sedimentation at unit gravity
with or without prior sedimenting agents (such as dextran) to cause rou-
leau formation of the erythrocytes (RBCs), to increase the removal of
RBC from suspension. The second technique is the adherence or adhe-
sion: of cells to fibers, plastic surfaces, or glass surfaces and their subse-
quent removal by selective elution with solutions of salts or chelating
agents. The third technique involves density gradient centrifugation
using continuous or discontinuous gradients composed of salts, albu-
mins, or starch.

Other recent techniques of cell separation have evolved over the last
decade. One procedure uses bound monoclonal antibodies directed to
specific receptors so that either a positive (adhesion of the particular cell
of interest onto a bound antibody matrix) or negative (binding to the
bound antibody matrix of all other cells other than the cell of interest)
cell selection is achieved. A second technique is light-activated cell
sorting [Van den Eng and Visser, this volume). The third procedure is
couniterflow centrifugation-clutriation (CCE; centrifugal elutriation or

' The authors wish to acknowledge the assistance of Mark Behme for the preparation
of graphs and figures and Junith Van Deusen and Helen Speight Tor the editing and typing
of manuscript.
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Particle Interface

-

Interior Volume: 4.5 mi

Centrifugal
Force

Inlet from.Rotor

LY

Interior Force Vectors Determined by
Flow Rate and Rotor RPM

Fig. 1. Principle of CCE. Cells enter bottom of chamber with fluid flow in opposition
to centrifugal foree of rotor. Based primarily on cell size, cells of a small diameter exit from
chamber with fluid flow, while larger cells remain in suspension in chamber. By adjusting
either fluid flow rate or rotor speed, cells of various sizes can be recovered from chamber.

counter-streaming centrifugation). In this technique, cells are entered
into a chamber with a fluid-flow field in opposition to a centrifugal force
field (fig. 1). Based on cell size and density, the cells either exit the cham-
ber with the fluid flow or remain in suspension within the chamber under
the influence of the centrifugal force field. By either increasing the flow
rate or decreasing the centrifugal force field, various cell populations can
be selectively eiuted from the chamber. This chapter discusses the use of
CCE in cell separation, along with recent advancements and limitations
of the technique.

History cnd Theory of CCE

While the method of centrifugal elutriation to cell separation was
not widely used until the early 1970s, the basic process has been applied
by industry for particie size separation. The industrial procedure is dia-
grammed schematically in figure 2. A mixed particle suspension is
entered into a separatory funnel to which a fluid pump is connected. By
slowly increasing the flow rate, various particles of various sizes and
densities can be recovered.
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B
& Fluid i
b Reservoir 2 .
¥ Z
3
: Collect
Fractions
Variable
B Pump
7 A Sample
L - Entry
- ‘ Site
S "ﬁii Fig. 2. Basic use of counterflow sedimentation for separation of particles based on
, " cell size and density.
% The application of CCE to the separation of biological cells was first
R described by Lindahl [12] in 1948. The term ‘counterstreaming centrifu-
- 8 gation’ was coined by Lindahl to describe an instrument he constructed
N and used for the fractionation of yeast, eosinophils, sea urchin embryo,
and ascities tumor cells [12—14] into various cellular fractions. The Lin-
dahl cell separator operated with the centrifuge rotor mounted in a verti-
- cal plane, to negate gravitational effects when operating at low rotational
» speeds. The chamber was complex in design to overcome fluid flow and
B wall effects during cell separation.
Beckman Instruments, Inc., Spinco Division, began work in the
W mid-1960s to develop a simplified version of the Lindahl instrument that
. could be adapted to the research laboratory. After several research
;: modifications [4], a standard Beckman rotor (JE6 rotor) was first
described in 1968 by McEwen et al. [18] and used in initial experiments
N for separation of yeast cells. The basic Beckman separation chamber has
w, a total volume of approximately 4.3 ml. The cells enter at the base of the
K. chamber and rapidly fill it, approaching the level of the gasket. By in-
® bl creasing cither the flow rate or decreasing the rotor speed, cells are sclec- |
A tively eluted from the top of the chamber. ‘
. A second separation chamber (available from Beckman Instru-
e ments) was developed by Sanderson et al. [27), working at the Webb
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Backman Sanderson
Chamber Chamber

: Fig. 3. Differences in chamber configurations for standard Beckman chamber and
.. Sanderson chamber. Both chambers have significant differences that favor one chamber

h over the other in terms of cell collection or cell fractionation.
! .' "
. '°T Waring Lung Institute of the University of Colorado School of Medi-
R cine. The Sanderson chamber has several design modifications and dif-
LA fers significantly from the Beckman chamber (fig. 3). First, the bottom
R third portion of the Sanderson chamber has a sharply tapered side where
-3 the cells tend to collect after entry into the chamber. In contrast, the

Beckman chamber has gently tapered sides so that the cells tend to fill
- ® the entire volume of the chamber below the level of the gasket. Second,
R the nearly parallel walls in the middle third of the Sanderson chamber
permit a greater resolution of cell separation than the Beckman chamber
in the same region of the chamber. Third, in the Sanderson chamber, the
cells enter from the bottom of the chamber in direct line with the exit
channel at the top of the chamber. The entry port in the bottom of the
Beckman chamber is placed on the side of the chamber. The Sanderson
chamber in this respect appears to have two advantages over the Beck-
man chamber. First, there is a less likely chance for cells to form a clump,
which would fall to the bottom of the chamber and cause clogging of a
| side entry port. Second, the cells that enter the Sanderson chamber
R appear to establish a stable cell interface more rapidly than those enter-
. ing the Beckman chamber. In the latter case, the cells enter the chamber
and appear to ‘sweep up’ the opposite wall toward the top of the chamber
before looping back cdown into the chamber to establish a stable cell
interiace. The benefit of the Beckman chamber is the larger number of
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oA cells that can be entered into the chamber for separation or concentra-
o tion. Since the older RBCs appear to be distinguishable by density,

BN smaller size, and change in shape and membrane flexibility, Sunderson et
. ,,»;:
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Fig. 4. Fluid flow pattern during cell entry into chamber. Minimum number of cells
in the chamber are required to disrupt fluid flow and to establish a stable cell interface in
chamber.

al. [27] used his chamber to separate RBCs into various age-groups. The
chamber was also used for the isolation and characterization of blood
monocytes with a 40-50% recovery of monocytes of 90% purity from the
initial blood sample [28].

The behavior of cells in an area of opposing field forces (gravita-
tional and fluid flow) exerts a strong influence on the separation that is
achieved by CCE. When cells enter the Beckman chamber in opposition
to the centrifugal force field, no discernable cell front initially appears
(fig. 4). There is a fair amount of turbulence within the chamber due to
the initial unrestricted fluid flow during cell entry. As more cells enter
and fall back toward the base of the chamber (due to the gravitational
forces and reduced fluid flow force as measured by unit flow per cross-
sectional area), the unrestricted fluid flow becomes modulated due to the
presence «f cells near the base of the chamber. Eventually, a sufficient
number of cells enter the chamber to disrupt the unrestricted flow and to
set up a stable interface of cells in the chamber during subsequent cell
entry. During the course of a fractionation procedure, in which an
increase in flow rate or decrease in rotor speed will generate turbulence
in the chamber, conditions may arise where an insufficient number of
cells are in the chamber to maintain the stable cell interface. Therefore,
the elutriation system rsquires some minimal numbers of cells for entry
into the system to establish a stable cell interface.

The RBCs in the peripheral blood (for leukocyte isolation) act as
ideal cells for establishing the stable cell interface during subsequent
chamber loading with the leukocytes. It has been suggested by several
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investigators using CCE that incorporation of latex beads into a mixed S
. cell suspension of low total cell number may permit the latex beacs to
AR establish a stable front during entry of cells into the chamber. This would
e lessen the loss of cells during chamber filling and establishment of the
stable cell front, thereby enhancing cell resolution. The nuraher of cells
required for establishment of a stable front appears to be relatively
_ small; it is estimated by the authors to be in the range of 10 cells. The cell

T number required wiil depend on the visibility of cells in the chamber to A
' distinguish a cell interface, the medium viscosity, and the operating tem- "
perature in the centrifuge well. 3

T el ¥ ¢ ~ % Ay

e T o e L o

e

S Variations in CCE Protocol for Cell Isolation L

, . CCE can be used in either of two modes: (a) for the fractionation of
.. a mixed cell suspension based on cell size and density, or (b) for the iso- i
: lation or purification of a single cell type from a mixed cell suspension by
' selective elution or retention in the chamber.

¥ In the first instance of fractionation of a mixed cell suspension, the
> cell separation may be obtained by (a) increasing the fluid flow rate while !
., holding the rotor speed constant, (b) decreasing the rotor speed while :
: maintaining a constant flow rate, or (c) using media of varying densities :
S as a continuous or discontinuous gradient while maintaining a constant
. flow rate and rotor speed.
Precaution must be taken to avoid large variations in either the flow 3
\ rate or rotor speed if the fractionation of a mixed cell suspension is to g
. occur by variation in rotor speed or flow rate. This may necessitate the i
use of a rheostat connected to the peristaltic pump to permit small dis-
T ; crete changes in flow rate. If the change in rotor specd is used as a con-
N trolling mechanism of fractionation, then changes in the speed regula- f
N tion circuit may be required [19. 29]. Van Es and Bont [29] and Meistrich i
) and Hunter[19]indicated that changes in the speed ciccuit are required to *
’ ; eliminate ‘overshoot’ in attaining the desired rotor speed and to negate "
o any effect on the rotor speed duc to electrical interference from the
S refrigeration system. Perhaps the casiest variable to control is the flow 1
) rate while maintaining a constant rotor speed. Cell fractionation may A
R also be obtained by maintaining a constant rotor speed and flow rate and 3
R using solutions of various densities either as a continuous or discon- _
. B tinuous gradient [&, 11]. Figure 5 is a diagram of the assembly for cell ;
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PUMP

STIR COLLECTION
PLATE

GRADIENT
LKB | MAKER

Fig. 5. System used for cell fractionation based on continuous density gradient for-
mation controlled by an LKB Ultragrad gradient maker. This system precludes need to
alter either flow rate or rotor speed to achieve cell fractionation. Cell separation occurs as
factor of medium viscosity at constant rotor speed and flow rate,

fractionation using a continuous or discontinuous gradient controlled by
an LKB Ultragrad gradient maker. This arrangement permits cell frac-
tionation at a reproducible mode without disturbing a constant flow rate
or rotor speed. The introduction of a continuous gradient is perhaps bet-

“ter than a discontinuous gradient since there is less disruption of the cell

interface due to ‘jet sireaming’ when introducing a discontinuous gra-
dient.

In the second mode for the isolation of a single cell type from a
mixed cell suspension by selective elution or retention of cells within the
chamber, the degree of cell purification will depend on the size/density
relationship of cells in the mixed cell population. Purification or isola-
tion of a particular cell type occurs when the cells in the population of
interest are of greater or lesser density than the other cells in the mixed
cell suspension. An example of this situation is the isolation of gramilo-
cytes from peripheral blood. Granulocytes and monocytes have the
greatest volume/density value relative to the other cells present in pe-
ripheral blood, and therefore are easily retained within the chamber, At
a constant rotor speed, platelets, RBCs, and lymphocytes exit the
chamber in the initial stages of clutriation. As the flow rate gradually in-
creases, residual RBCs and lymphocytes are eluted from the chaniber,
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CARDIOVASCULAR
PUMP PRESSURE

EFFLUENT

MEDIUM JEB
RESERVOIR  MIXER MIXER  £5T0R

Fig. 6. System used for recovery of cells (granulocytes, monocytes) from a peripheral
blood sample. System describes various paris of elutriation systen: used for cell isolation.

followed by monocytes, thereby leaving a pure granulocyte suspension
in the chamber. Likewise, a particular cell type that is of the smallest
volume/density present in a mixed cell suspension would be the first cell
population to be eluted from the chamber, if chamber overloading does
not occur.

If the cell population of interest is not the cell of heaviest or lightes:
volume/density in the mixed cell suspension, then prior treatment of the
sample with agents or techniques (e.g. Ficoll. differential centrifugation)
is required to remove cells that have a heavier or lighter volume/dersity
than the cell population of interest. An example is the isolation of mono-
cytes from peripheral blood. where the granulocytes must be eliminated
from the sample by Ficoll-Hypaque. before elutriation of the mono-
nuclear cell fraction to recover a pure monocyte fraction in the chamber.
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The Elutriation System
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The basic components (fig. 6) of the clutriation system are: (a) the
centeituge (J21B or J21C) and the JEG rotor: (b) a peristaltic pump: (¢)n
sample entry site: (d) an elutriation medium site: (¢) a pulse suppressor
and/or bubble trap.

I order to cnter cells into the chamber and to maintain a ceastan
flow rate, various pumps have been used at various sites to propel fluids
through the system. The ability or fnability to pass cells directly through
the pump dictates the selection of a pump and the position of the pump
relative to the rotor and sample entry site. Figure 7illustrates some ol the

Cpump sites commonly used for clutriation.
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Llutriatior Madium
Reservoir

JEG Rotor

Ivg Location of pump to deliver medium and cells to rotor can be located in either
of two positions, depending on ability of cells to pass through pump. Position A presup-
poses .ability of cells to pass tlirough pump, which in essence pushes cells through the
syseen. 1f celis to be recovered remain in chamber and cannot pass through pump, then
pump can be positioned after rotor, which pulls cells through the system.

Seiection of a particular pump should be based on three factors:
(a) The ability to pass cells through the pump with no cell disruption
(e.g., cardiovascular pump). (b) A low peristaitic action in the fluid to
ensure ap even, continuous flow of medium through the system, espe-
cially the rotor chamber. (¢} The ability to adjust small incremental
changss in flow rate over the flow rate range required for a particular cell
separation. Some separation techniques may require flow rate ranges of

4-12 ml/min versus 18-35 ml/min.

"~ The elutriation rotor system is extremely sensitive to the introduc-
ticn of air into the system. The entry of an air bubble as small as 20 plinto
the rotor is capable of causing an air occlusion. The air bubble will stop
the tluid flow (resulting in pelleting of cells to the bottom of the cham-
ber) until a sufficient fluid back pressure develops to dislodge the air
bubble. This normally results in a pulsing of the pelleted cells out of the
chamber. To eliminate the accidental entry of air to the rotor, a bubble
trap is usually used just before the rotor (fig. 8). The bubble trap may
take two forms. In the first, a vertical “T" is inserted in the line and is filled
with elutriation medium through a bleed valve at the top of the ‘T".
Therefore, any air entering the system would be caught in the ‘T, dis-
placing an equal volume of medium. In the second form. the hubble tiap
is incorporated with a pulse suppressor chamber. A 50-ml closed flask
containing approximately 10-15 ml of medium is connected in {ine
between the pump and rotor, and serves as a bubble trap or as a pulse
suppressor for those pumps with a high peristaltic acticp (e.g.. a two-
roller cardiovascular pump).

The last component of the elutriation system to be discussed is the
sample entry site. The position of the sample entry site relative to the
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DR ' Sealed JE6 JE6 To Medium
S 0 o Ble‘ed Rotor Rotor and Sample
e Point Entry Sites
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2
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‘ . o Medium
L ) and Sample
N : Entry Sites
;. 'r‘ .’
_ K.
[ e N
- ’3 . Fig. 8. Two rsthods for elimination of bubbles entering rotor system. Use of either
e s o an inverted ‘T" or a flask filled with 10-15 ml of medium acts as bubble trap and mixing
R . chumber for density gradierts or cell entry site.
& fe 5 .:
T _! K Er:‘guj)é)ée Trap To Bubbie Trap
AR Rotor Pump and JEG Rotcr \
N / N
L . Varlable~
N & Speed
o7 3 Syringe
RS Ny Toggie infusion
Mo Switch Pump
N & 1 Sample Control
: R Entry
« Three-way . S
T - Valve Site /@
e
o * ; _: 1_7‘“"{- it
v To Medium To Msdium
Entry Site Entry Site
. o Fig. 9. Various modes of cell entry, depending on volume of sample to he entered and
o f: ability to pass cells through peristaltic pump. System A can be used for small or large cell
. sample tizes, and presupposes ability to pass cells through puip. System B uses a syringe
ok infusion ptamp for various cell sample volumes when cells are not able 1o be passed through
. ' penstaltic pump.
¥ R pump depends on two factors: the volume of sample to be entered, and
o ;:' the avility of the cells to pass through the pump without inducing cell
A disruption.
o . I sample volumes of 20 ml to 2 liters are to be entered and the cells
AR .. are capuble of passing through the pump, the diagram in figure 9a can be
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oo
- used. However, if a large sample volume of 10-150 ml is to be introduced
' and the cells cannot be passed through the pump, a variable-speed
’ syringe infusion pump can be used (fig. 9b). Both pumps must be
SR adjusted to the same initial flow rate and a toggle switch must be used io
O, control the activation of both pumps in order to obtain a continuous
pid fluid flow when switcking between pumps. For smaller volumes (less
BRI than i) ml), the sample can be injected directly into the pulse suppres-
’ - sor/bubble trap. For volumes less than 2 ml, the sample can be entered
directly in a line through a self-sealing port or three-way valve.
o 3
- ; * Techniques of Cell Isolation
| 7 Granulocyte Isolaticn from Peripheral Blood
. M The isolation of granulocytes from human {1, 9], canine[7, 8], guinea
. ‘ pig [17], and bak_)oon [16] donors‘ has been reported in the litqrature.
SEE Granulocyte purity averaged 96% independent of the donor species and
bR independent of sample voliime, which ranged from 5 ml of peripheral
R blood to 15U ml of leukapheresis concentrates. In all cases, the average
R cell recovery was 84% (range 80-100%). The absolute number of cells
X isolated ranged from 14X 10" granulocytes recovered from 5 mi of
= X peripheral blood [28] to 1.4 X 10°* granulocytes recovered from 150 ml
e canine leukapheresis concentrates [8]. As determined by various in vitro
<N assay procedures for physiological activity, the isolated granulocytes
S appeared to retain excellent morphological and physiological param-
. eters,
e As noted in the numerous reports. in addition to variations in the
selection of a rotor speed and flow rate, the individual investigator may
R have personal preferences for anticoagulant and sample pretreatment.
. The most commonly used anticoagulants are heparin (50--100 units/mi),
2 7.5% (v/v) of acid-citrate-dextrose or citrate-phosphate-dextrose, or a
X rapid tenfold dilution of the blood sample with the elutriation medium
; of choice.
’ 'fi.; The need for sample pretreatment (to reduce the number of RBCs)is
N generally dictated by the sample size of peripheral blood and therefore
_ N the time required for entry of the diluted cell suspension. We have found !
N that entry of peripheral blood with too high an RBC concentration
; reduces the PMN recovery and that a a.;mple RBC concentration not
N exceeding 4.3 X 100 RBC/ml permits at least an 80% granvloeyte yield.
. N
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Therefore, sample introduction into the CCE system may' take several
forms:

(a) No prior sample treatment except for dilution with elutriation
medium to an RBC concentration of 3.0-4.5X 102 RBC/ml.

(b) Centrifugation of the sample at 450 g for 15 min to reccver a
leckocyte-rich buffy coat layer, which is then diluted to the desired RBC
cell concentration.

(¢) Sedirsenting the RBC using 6% dextran (dissolved in normai
saline) T- 100 at 1/15 ratio of 6% dextran to whole blood. After 30-60
min, the leukocyie-rich supernatant can be decanied from the sedi-
mented RBCs. Following a one- or two-cycle wash of the leukocytes to
remove the dextran, the leukocytes may be resuspended in elutriation
medium for cell entry.

2 Qur preference for eiutriation medium is a 0.05 M phosphate-buf-
fered saline (PBS) containing 1-2 g% Cohn fraction V bovine serum
albumin (BSA) adjusted to a pH 7.2 and 325 mosm/kg.

For granulocyte isolation from canixne {7} or human [1] donors, the
following protocol may be followed. Adjnst centiifuge temperature and
rotor speed to 15°Cand 2,01 + 10 rpm, respectively. Set the initial entry
flow rate for cells at 9-10 ml/min. After completion of cell entiy, allow
clutriation medium to continue through the system at the same 1nitial
flow rate for 1015 min vntil the RBC interface in the chamber drops to
the level of the chamber gasket. Slowly increase the flow rate by 0.5 m!
per 3-min interval unti! a flow rate of 12-15 ml/min is achieved, The
final flow rate i8 affected by the number of granulocytes entered into the
chamber. The greater the nuniher of granylocytes, the lower the fival
flow rate required to clear RBCs and monocytes from the chamber. Once

\ the RBCs have been eliminated fro~ the chamber, the granulocytes can

3 _ be collected from the chember sffluent by decreasing the rotor speed
while increasing the fluid flow rute (cell coilected in 100150 mi of effiu-
cut). or by hemostating the entry ling to the rotor and turning off the
pump while shutting off the rotor speed. In the latter case, the ceils will
pellet to the bottom of the chamber, and the cells can thea be recovered
from the chamber in a volume of approaimately .2 ml

Hemopoietic Cell Isolation

CCE has been used for the purification and study of progenitor cells
. , responsible for megakaryopolesis in the mouse [21-23], for tmurine
' splenic CRU-E [24], and murine bone marrow CFU-S activity [6]. Meys.
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kens et al. [20] conducted a morplLological examination of human bene
marrow fractionated by CCE, and showed a significant separation of
mononuclear cells from more mature granulocytic cells. Jemionek et al.
[11] compared the granulocyte-macrophage colony-forming cell (GM-
CFC) activity in CCE-fractionated bone marrow aspirates obtained
from murine, canine, monkey, and human donors.

Murine CFU-S Isolation

The procedure by Inoue et al. [6] for murine CFU-S concentration
involved a preliminary erythrocytolysis using Gey’s salt solution, in
which ammeoenium chloride was substituted for sodium chloride. The
nucleated cell suspension was washed inn medium 199 containing 10%
fetal calf serum and layered over a discontinuous Percoll gradient, fol-
lowed by a 20-min centrifugation at 400 g. The highest CFU-S activity
relative to control was in association with densities between 1.058 and
1.066. The average enrichment of CFU-S in the Percoli fraction was
1.34::0.13 times that of the control. The CCE purification step was con-
ducted at a rotor speed of 2,500 rpm with an entry flow rate of 2.5 ml/
min using the Beckman separation chamber. Fraction | was collected at
a flow rate of 3-5 ml/min, and it contained RBC and cellular debris.
Fraction 2, recovered at a flow rate of 12.5 ml/min. contained primarily
lymphocytes. Fraction 3, collected at a flow rate of 13.5 ml/min, con-
tained a mixture of lymphocytes and granulocytes, and showed the
highest enrichment of CFU-S betweer 2.28 and 7.60 times that of
the control, depending on experimental protocol. Fraction 4, collected
at a flow rate of 14.0 ml/min, contained primarily mature granulo-
eytes,

Following the isolation procedures, there appeared to be no dif-
ference in the proporticn of spleen colony type or in the size of the ery-
throeytic colonies for the cell isolated by CCE. The size and sedimenta-
tinn veloeity for the cell population isolated at a flow rate of 13.5 mi/min
and having the highest CFU-S activity were caleulated 1o be for a cell
sedunenting at 4.056 0,124 mm/h/unit gravity with a diameter of

6,21 20,096 um and a cell volume of 12526 .

Megakaryocyie Lsolation from Rat Femoral Marrow

Nukeff and Worthington {23] reported a procedure for a rapid CCE
separation of monodispersed rat femoral marrow cells into a mega-
karvaeyte-rich fraction, Within 30 min, 2.3 X 10'marrow cells could be
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fractionated to yield a concentrate containing 10° megakaryocyte (80%
efficiency of recovery) of 7% purity for a 150-fold concentration of
megakaryocytes relative to the starting marrow suspension.

The rat femoral marrow was collected, dispersed, and nylon-mesh-
filtered (70 p) into 15 mM Tris-HCl saline (pH 6.5) chelated with 3 mM
EDTA and supplemented with 7.5 mM glucose, 5 mM KCl, and | mM
Na,S0, adjusted to a 300 mosm maintained at 12°C. The CCE proce-
dure required attention to several detailed preparatory steps in the CCE
system as outlined below:

(a) Between isolation attempts, the chamber was soaked for several
hours in KOH and adequately rinsed to remove all cellular ~ad particle
debris.

(b) The loading or mixing chamber, medium reservoirs, and all
tubing lines were immersed in a water bath at the same temperature as
the rotor and chamber (12°C).

(c) The Sanderson chamber was used rather than the Beckman
chamber.

(d) The cells were drawn rather than pushed through the system.
This eliminated the mechanical damage of cells when passed through the
pump.

The cell suspension was entered into the system at a flow rate of 20
ml/min and rotor speed of 2,130 rpm so that cells with a sedimentation
velocity of approximately less than 10 mm/h/unit gravity exited the
chamber. Cells of a greater sedimentation velocity were retained within
the chamber. The enriched megakaryocyte concentrate was obtained
from the fraction retained in the chamber, and it averaged 150-fold the
concentration in the .nitial sample.

3
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BFU-E and CFU-E Enrichment from Murine Spleen

Nijhof et al.[24] reported a three-step procedure for the isolation of a
CFU-E-eariched and BFU-E-enriched population. The three steps
were:

(a) Treatment of the raice with thiamphenicol for 4 days with con-
current bleeding of 0.5 ml/day/animal. 4 days after removal from
thiamphenicol, the spleen tissue was removed and dispersed through
100-mesh stainless steel 1o form a cell suspension. The cells were resus-
pended in a-medium plus 10 mM Hepes (pH 7.2.).

(b) Elutriation using an ethanol-sterilized Beckman chamber, All
tubing lincs and rotor were sterilized using 70% ethanol followed by ster-
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M ile water and a-medium supplemented with 5% fetal calf serum. The
. rotor speed was adjusted to 2,000 rpm with an initial flow rate of 20 ml/
PR min and rotor temperature set at 25°C. Approximately 10° nucleated
RN cells in 4 ml of medium was injected into a 25-ml bypass chamber. The
: .,,‘ flow rate was slowly increased to 30 and 40 ml/min. At each flow rate,

- five fractions of 35 ml each were collected, pooled, and concentrated to

L yield four individual fractions. Fraction 1, collected at 20 ml/min, con-

- tained approximately 60% of the total recovered nucleated cells and the
B bulk of the BFU-E and CFU-E activity. Fraction 2, collected at'30 ml/
N min, contained approximately 20% of the total recovered nucleated cells

. n and most of the CFU-E activity for an average three- to fourfold concen-

W tration of the CFU-E activity in this fraction. Fraction 3, collected at 40

" ml/min, contained approximately 5% of the total recovered nucleated

: cells and approximately 18% of the recovered CFU-E activity. Fraction 4

. b consisted of aggregate formed at the bottom of the chamber during the

_ . fractionation procedure. The pellet accounted for approximately 10% of
': the total recovered nucleated cell count, and contained approximately

R - 24% of the total recovered CFU-E activity.

v _;' 3’, (c) The fraction 2 cells were mixed with 35 ml of Percoll medium
o (54% Percoll) in a-medium supplemented with 15% fetal calf serum and

N 10 mM Hepes (pH 7.2). The density of the medium was 1.072 g/ml. The

suspension was centrifuged at 20 °C at 18,000 g for 40 min in a Ti60 rotor
AN - using a Beckman L5-65 centrifuge. After the Percoll gradient centrifu-

1 gation, 2-ml fractions were collected and concentrated by centrifugation
to 0.5-ml aliquots. The maximal CFU-E activity was recovered in the
Percoll gradient corresponding to a density of 1.068-1.072 g/ml. In these

N fractions, the CFU-E and CFU-C activity was less than 0.02 and 0.15%,
. ,\\ R respectively, of the total cell number,
N Nijhof et al {24] indicated that, from thiamphenicol-treated animals,
S ;" a spleen cell suspension containing an average of 7.78 X 10* nucleated
o cells was separated by a two-step procedure (CCE and Percoll gradier 1)
w: to yield a cell population containing an average 23x 10¢ CFU-E. The
C o time required for CFU-E isolation was approximately 2 h.
1:‘,; Separation of Mammalian Bone Marrow
n Meyskeny ¢t al. {20] reported the use of CCE for the separation of
3 human bene marrow cells, Using morphological analysis, he indicated
-\ not only that CCE separated mononuclear cells from polymorphonu-
N clear levh ocytes bu. also that subfractionation of the neutrophilic gran-
N _
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TR ulocytes occurred. The method of cell fractionation was to increase the
; flow rate from 4 to 28 ml/min in 1.5 ml/min increments while main-
' taining a constant rotor speed of 1,740 rpm. A total of 17 fractions of

50 ml each were collected for analysis.

Jemionek et al.[11] have used CCE in conjunction with a continuous
albumin gradient to examine the nucleated cell recovery profile and
associated GM-CFC activity for bone marrow aspirates from murine,
canine, monkey and human donors. During the CCE fractionation pro-
. cedure, the rotor speed and flow rate were held constant. The cell frac-
) tionation was achieved by using a continuous albumin gradient so that
cell separation occurred by density equilibrium. The arrangement used is
diagrammed in figure 5. All tubing lines, glassware and connections were
sterilized by steam autoclave. The media used for the gradient (2 and 15

ST A

oy g% [w/v] BSA in 0.05 M PBS, pH 7.2, and 325 mosm/kg) were both ster-
3 ilized by filtration through 0.2-um Nalgene filter units before use. The
common tubing lines through the pump, mixing chamber, and rotor were

3 sterilized using 50% (v/v)NaClO, and H,O (pH 7.5), followed by

copious amounts of sterile water and the 2-g% BSA-PBS medium. The
bone marrow samples from each species were diluted with sufficient 2
g% BSA-PBS medium to achieve an RBC concentration of 4 X 10* RBC/
ml. The diluted bone marrow sample was filtered through nylon mesh to
. remove cell debris and aggregates before sample entry into the CCE

: system.
. . For all fractionation studies, a rotor speed of 2,010 rpm was used
' with a centrifuge well temperature of 15°C. For murine bone marrow,
the flow rate used was 7.0 ml/min, for canine bone marrow the flow rate
was 8.0 ml/min, and monkey and human bone marrow were entered at a
_ flow rate of 8.5 ml/min. Sample collection every 5 min of approximately
5 35-45 ml (depending on species) was initiated once cells began to enter
3 the Beckman rotor. When the sample had entered the system, fluid flow
was returned to the 2 g% BSA-PBS medium via a threc-way valve. When
cell clearing in the mixing chamber/bubble trap occurred, formation of

sle aa s

the continuous albumin gradient was initiated. Therefore, the gradient
Yy N was initiated at different fraction numbers for each species, depending
s on sample volume and degree of RBC dilution required. In general, for
N mouse and monkey marrow, the gradient was initiated at the start of
o sample collection in tubes No. 2 and §, respectively; for human and

canine marrow, the gradient was initiated at the start of sample collec-
tion of tube No. 4.

e %

~

"I"c :')"_‘!‘,‘t

!

« TEE
»

N P W sn--u--...q "-‘-,.,
“.!.“l) "0‘ '.h Lt gte _‘a“- . .‘.\:!“ -.- u -, \

ey S -‘ LR ., 1S . u‘*‘._' .‘.k.‘“.“‘ .““ bR Q-
A% ’:"\ LN SR J ASRIAS o \‘ - o %) K \..'qf Ny '.9-.\* '&3..'.- ';\,“.“:’ "' Y e Y 3o ‘\‘ ’o" o *" \ ‘.’ . q “ % \~ LWy \ *d'\h - e s
’ .




Jemionek/Monroy

CANINE

T LEN B B

PERCENT OF PEAK FRACTION
PERCENT OF PEAK FRACTION

[
TUBE 1

REFRACT. %o

. 4 INDEX

MONKEY

T T T 1 l'll

n=3

80 80

60

/
!
40 [/ \
’ o
20 /V 204
t e
OM'-ab--b ‘ 0 ) 1 bodod
[} 8

1 1
TUBE 1 2 3 4 &8 6 72 8 9 10 V112 TUBEI?345 7 9 10 11 1213 1415

60

40

PERCENT OF PEAK FRACTION
PERCENT OF PEAK FRACTION

? [/ [ ¢ 4
REFRACT. | , 2 19, *a REFRACT, 23g, Vg, Vg, sy f9s. s
¢ INDEX |- 1390 gy gy Vg, INDEX 100 s 4 T S VS o

Fig. 10. Profile of various mammalian bone marrow aspirates fractionated by CCE
using a continuous albumin gradient at constant rotor speed and flow rate to aghieve cell
separation. Profile indicates nucleated cell recovery (@) and levels of (GM-CFC) activity
(Q) in cach of various fractions as function of medium density, « Mouse. b Dog. ¢ Monkey.
d Man,
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As indicated in figure 10, each species has a unique representative
profile of nucleated cell recovery and associated GM-CFC activity. The
percent nucleated cell recovery following fractionation averaged 52 and
85% for inurine and canine marrow, respectively; recovery for human
and monkey marrow averaged 89 and 92%, respectively.

Table I represents the various cell populations recovered in the
various tube fractions for human bone marrow. In agreement with the
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Table I. Morphological characterization of representative human iliac crest aspirate sepa-
rated by CCE

Initial Tube No.

sample

1 23456 78 9101112 131415
Erythroid series
Rubriblasts - I - - = = - - - 121 - ~ - -
Prorubricytes - - - - =2 -=-211 - - « - -
Normochromatic rubricytes 8 34529562213 6 - - - ~10
Polychromatic rubricytes - - - - - = - = - - = - 4 - -
Metarubricytes 9 103392 9112114 3 -1 - -5
Total 17 14 7 811 131417452912 1 § - -15
Mononuclear series
Lymphocytes 6 69 605371626646 1811 1 - - - - -
Monocytes 1 423341624 20351412 1 - - - - -
Total 7 7383878 8 813223 2 - - - - - -
Granulocytic series
Myeloblasts 3 - - - == = =--12136 6175
Progranulocytes 3 -2 - =« - = ~6321317 421
Neutrophil myelocytes 10 8§ 31 - - - -1313221312 3142
Eosinophil myelocytes 5 T R 115 - -
Neutrophil metamyelocytes 6 2 2 3 - - - 2 718 20 oS3 2
Eosinophil metamyelocytes - - e - - = - - = = - = - 16 43
Neutrophil bands 13 -l - - - - - 7172921 21911
Eosinophil bands - - - = = e = . . - 21 -
Neutrophil segmented 34 32 l - - -~ - IS 24 31 28 836 28
Eosinophil segmented - e = w = = = = = o= - 20 414
Total (L 1310 5 1 - ~ 12146859996 160 99 84

Data presenied as percent of total cells counted, Average of 250 cells counted per fraction,

results of Meyskens et al. [20], the RBC and mononuclear leukocytes
(primarily lymphocytes) are recovered in the carly tube fractions. In the
later tube fractions; the myelocytes + myeloblasts are predominant, fol-
lowed by the mature cells of the granulocytic series. Among the last cells
to be recovered from the chamber are cosinophils,
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Fig. 11. Profile of canine bone marrow aspirates fractionated by CCE using a con-
tinuous albumin gradient. @=Nucleated cell count/fraction; O=GM-CFC/fraction.
a Cells were pretreated with Ficoll-Hypaque to remove RBCs before cell entry into system.,
b Marrow cells diluted with medium to an RBC concentration of 4 X 108 RBC/ml (no other
cell pretreatment) and entered into system.

The average run time for a normal 5- to 10-ml bone marrow aspirate
sample 1s approximately 1 h. A maximum of 9 10% nucleated human
bone marrow cells in dilute suspension can be entered into the CCE
system for cell fractionation. However, a major point should be noted.
The bone marrow sample was fractionated without any prior attempt to
remove the RBCs by dextran or Ficoll-Hypaque. Table I presents those
data and figure 11 shows the fractionation profiles for canine bone mar-
row samples with and without prior RBC removal using Ficoll-Hypa-
que. As can be seen, pretreatment of the bone marrow with Ficoll-Hypa-
que produced a marked shift in the recoveiy profile for both nucleated
cell count and associated GM-CFC activity. We therefore suggest that
any attempt to further purify nucleated cells from a mixed cell suspen-
sion should occur after the CCE fractionation step.
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Mononuclear Cells

N .

Monocytes and Lymphocytes

CCE has been successfully used as a second step in the purification
of lymphocytes and monocytes. Since tins technique separates the lym-
phocytes from the monocytes of an original enriched mononuclear cell
fraction, the methods for purification of each cell type are combined in
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Table 11. Physical parameters of elutriation system for isolation of mononuclear cells

Reference Rotor chamber Centrifuge  Temperature Flowrate =~ Medium
speed rpm  °C ml/min
Contreras Beckman 2,020 i8 10-12 PBS (pH 7.4); 2% BSA
et al. [2]
Sanderson Sanderson 2,500 23 10-28 Hanks’ balanced salt solu-
et al. [23] tion minus Ca2+ and Mg?+;
EDTA
‘ (100 mg/0); 0.2 BSA
N - Weiner Sanderson 2,500 (a) 10 (a) 17 Hanks’ balanced salt soiu-
‘ and Shah [30] (b)22-24  (b)22 tion minus Ca?+ and Ma2+;
5 (c)28 EDTA (100 mg/o0)
Fogelman Beckman 2,000 15 (a) 10-12.5 Kreb’s-Ringer phosphate
' etal.[3] (b) 14-17.5  buffer (pH 7.4); 0.15 mM
b (c) 19.0 glucose;
1% BSA

this discussion. In the following paragraphs, the various methods of
mononuclear cell purification using CCE will be compared, and an
example of a methodology will be described in detail.
The physical parameters of the various CCE procedures used for
either lymphocyte or monocyte purification are summarized in table I1.
As previously discussed, two characteristic rotor chambers (Sanderson
and Beckman) are used for tae purification of other cell types. When the
Sanderson chamber is used, the centrifuge is run at the higher speed of
2,500 rpm, as compared with 2,000 rpm when using the Beckman rotor
chamber, The higher centrifuge speed requires a higher elutriation
medium flow rate in order to successfully elutriate the cells, The Sander-
son chamber and the Beckman chamber require a final flow rate of 28
‘ and 19 ml/min, respectively, to elutriate the cells. The higher flow rate
- and rotor speeds used in conjunction with the Sanderson chamber did
not appear to damage cell viability.

Results of the various investigators suggest that the rotor fempera-
ture for the most efficient puniication of either lymphocytes or mono-
cytes should be shightly less than room temperature, in the range of
15--18°C. Weiner and Shah{30] compared two rotor temperatures (10°C

-ﬁ

vs, 22- 24°C and showed that the purification of monocytes from lym-
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phocytes was significantly influenced by temperature. They reported a
5.9% lymphocyte contamination in the monocyte fraction when the rotor
temperature was at 22-24 °C, in contrast to a 1.3% lymphocyte contami-
nation at 10 °C. The authors did not indicate that the entering tempera-
ture should be maintained at the rotor temperature.

The elutriation medium with respect to its actual composition is a
variable that depends on the investigator. However, there are some com-
mon requirements for these media. The elutriation medium should be
devoid of both CA?* and Mg+, it should be at physiological pH, and it
should have a distinct protein content. Several of the investigators fur-
ther supplemented their media with EDTA (100 mg/1) to preclude any
chance of cellular aggregation.

The key physical parameter used in purification of the different
mononuclear cells is the flow rate of the elutriation medium. The control
of flow rate to bring about purification is not totally precise. As shown in
table i1, each laboratory uses a different range of flow rates, and the rate
of increase is not specified. The rate ot which the flow rate is increased is
variable between investigators. For example, Contreras ¢t al. [2] and
Sanderson et al. {28] made increases in the flow rate dependent on the
eluted cell type, where the eluted cell type was continvally monitored
using a Coulter Channelyzer. Contreras et al. [2] collected the first four
fractions (50 ml each) at a flow rate of 10 ml/min, after which the flow
rate was slowly increased until the eluted cell types were 50% lympho-
cytes and 50% monocytes in the eluate, At this point, the flow .ate was
not increased further, and only one additional fraction was collected.
The final flow rate at this point was 12 + 0.4 ml/min. The total number of

- fractions collected ranged from 9 to 14. In comparison, Sanderson et al.

(28] increased the flow rate increments based on the monitored fall-off of

aspecilic ceil population from the eluted cells. Al a starting flow rate of

10 ml/min, plaielets were eluted; at 15 ml/min, small lymphocytes were
recovered. A lymphocyte-monocyte mixture was eluted at a flow rate of
20 mi/min, and at 28 ml/min, the most concentrated monocyte fraction
was collected. The eluted medium volume using this method was not
reported. Thus, the clutriation methods of Contreras et al. [2) and San-
derson et al, [28] appear to adapt to sample v.xmhahly by allowing a given
cell type to be eluted before the medium flow rate is f urther increased.
Wemer and Shah {30} and Fogelman et al. (3] preferred to use a set
flow rate schedule based on the volume of miedium eluted. However,
cach investigator accomplished this with different procedures. Weiner
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and Shah [30] eluted three fractions (400 ml each) at three defined flow
rates. The first fraction, eluted at 17 ml/min, was shown to contain 85%
lymphecytes with a 5% monocyte contamination. The second fraction,
eluted at a flow rate of 20 ml/min, contained 94% monocytes with only a
1.3% lymphocyte contamination. The last fraction was eluted at 28 mi/
min and contained an insignificant number of cells.

Fogelman ct al. [3] also collected three fractions but of different
volumes and at different flow rates. Their first fraction (120 ml) was
eluted at a flow rate that was increased from 10 to 12.5 ml/min during its
collection. This fraction contained 98.9% lymphocytes. The second frac-
tion (100 ml) was eluted as the flow rate was increased from 14 to 17.5
ml/min, and it contained 33.4% monocytes, which were predominantly
contaminated with granulocytes. The final fraction was eluted at a flow
rate of 19 ml/min, and contained the cells remaining in the rotor cham-
ber. These cells were found te be mainly granulocytes. Hence, each labo-
ratory was able to obtain a high level of purity of a specific mononuclear
cell as long as due regard was given to flow rate and speed. Initial prepa-
ration of the sample is important for successful elutriation. An enriched
mononuclear cell is obtained from peripheral blood or leukapheresis
concentrates by isopyknic centrifugation with Ficoll-lHypaque. This
technique allows the investigator to enter an enriched cell nopulation
that is generslly free of RBC, plateiets and granulocytes. Fogelman et al.
[3) used Plasmagel instead of Ficoll-Hypaque. This change resnlted in
heavy granulocyte contamination of their monocyte fraction. Thus, the
efficiency of the initial preparation to obtain a pure mononuclear cell
fraction is critical in the purification of cither lymphecyu,s or mong-
cytes.

As shown in table 11, a wide range of monoonuclear cells (4.5 X 1040
7.2X 1P can be loaded into the rotor chambers and successiully elu-
triated. The various investigators report that approximately 90% of the
cells entered are recovered and are greater than 95% viable. No differ-
ence is apparent between the viability and recovery of cells isolated
using the Sanderson chamber versus those isolated using that of Beck-
man.

The isolated lymphocyte populations were between 85.0 and 98.9%
pure with monocytes and granulocytes as the major contaminants. The

- highest level of purity was reported by Fogelman et al. {3), who used Plas-

magel as an initial preparatory step before elutriation. This procedure
required the washout of RBCs before starting collection, which was not
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completely accomplished. This suggests that the remaining RBCs will be
a contaminant in the lymphocyte fraction. Thus, their reported purity
was possibly based only on the rucleated cells. This possibility was men-
tioned by Pretlow and Pretlow [26]. '

In comparison to the recovered monocyte fractions, all the investi-
gators, with thz exception of Fogelman et al. [3], had 90 and 95% purity.
The monocytes had only a minor contamination of lymphocytes and
granulocytes. Fogelman et al. {3] had a 33.4% monocyte purity with
granulocytes as the contaminant. As previously discussed, this contami-
nation can be attributed to the iritial preparation in which Plasmagel
was vsed instead of Ficoll-Hypaque.

The nrotocol for lymphocyte and monocyte isolation from canine or
human donors is as follows. [nitial preparation of an enriched mouo-
nuclear cell suspersion using standard Ficoll-Hypaque density centrifu-
gation is necessary. Theisolated cells are washed in Hanks’ balanced salt
solution without calciura and magnesium, and resuspended in elutria-
tion medium to a volume of 10~-20 ml. Centrifuge temperature and rotor
speed ereadjusted to 15 °Cand 2,616 * 10 rpm, respectively. Initial entry
flow rate for cells is set to 10 ml/min. After completion of cell entry, the
~elutriation medium is allowed to continue through the system at the

same initi! flow rate for 10—15 min. The flow rate is then increased at a
rate of 0.5 ml per 3-min interval until a flow rate of 12-13 ml/min is

.achieved. When the emerging cell population has an equal number of
lymphocytes and monaocytes, as determined by the Coulter Channelyzer,
then that fraction becomes the next-to-last fraction. The final fraction is
collected by stopping the rotor while maintaining a constant flow rate.
This lust fraction contains the purified monocytes. In comparison, after
the first 50 mi of eluate is obtained from the initiation of the elutriation
process, primarily purified lymphocytes are obtained. The volume of
medium collected in each run depends on the number of cells to be pro-
cessed.

Advances in CCE

While CCE has the recognized advantage over other cell-isolating
techniques such as unit gravity sedimentation, cell sorter, and gradients
for isolating relatively large numbers of cells (1 X 10°). these cell numbers
are still inadequate for conducting in vivo studies ir large-anima! models
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Fig. 12. Comparison of Beckman rotor and standard 4.3-ml chamber on left, and
AFRRI rotor and 13.3-ml chamber on right. :

such as the dog or monkey. The authors decided to attempt an enlarge-
ment of the Beckman chamber for cell isclation with several interests in
mind: (a) increasing the absolute number of cells that can be isolated;
(b) retaining the same level of purification and percent cell recovery from
the initial sample as was possible with the standard Beckman cnamber,
and (c) decreasing the time required for cell isolation by increasing the
fiow rate used for cell recovery.

QOur initial attempt was a threefold increase in the granalocyte re-
covery from canine [ 10} or human [20] leukapheresis concentrates, using
a 13.3-ml chamber. The Armed Forces Radiobiology Research Institute
(AFRRI) rotor and enlarged i3.3-mi chamber are compared in figure 12
to the standard Beckman rotor and 4.3-ml chamber. The AFRRI rotor
has the same physical dimensions as the Beckman rotor, can be used in
conjunction with the Beckman elutriation spindle, and fits into the stan-
dard Beckman J21B and J21C centrifuges. The AFRRI rotor sysiem is
therefore completely interchangeable with the standard Beckman
system. Although the Beckman chamber can isolate 0.9x10° and
1.2 X 10° human and canine granulocytes, respectively, the AFKKRI 13.3-
m! chamber can isolate 3.0 X 10" and 4.4 X 10" hurnan and canine granu-
locytes, respectively. The degree of granulocyte purity (97%) is the same
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Fig. 13. Comparison of Beckman 4.3-ml chamber (a) and AFRRI 13.3-ml and
28.3-ml chambers (b).

for both the Beckman and AFRRI chamber, However, the AFRRI
chamber permits the same absolute number of cells to be purified in one
third the amount of time of the Beckman chamber [9,10]. Using the
AFRRI rotor, 4.0 % 10° canine granulocytes can be isolated in approxi-
mately 3 h, in comparison to 4.5 h of multiple runs on the Beckman rotor
and chamber.

A second, larger chamber of 28.8 ml capacity (fig. 13) was fabri-
cated. This second chamber permitted the isolation of 5x 10° and
6.5x 10° human and canine granulocytes, respectively. The degrees of
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Fig. 14. Possibic system for simultaneous collection of purified human granulocytes
from a leukapheresis concentration during cell pheresis. Flow-rated tubing delivered blood
concentrate from collection pheresis bag and medium to dilute blood before entry into
enlarged CCE rotor system.

granulocyte purity (97%) and percent recovery (84%) were similar to
those expected with the Beckman chamber. However, in terms of abso-
lute numbers of cells recovered, the 28.8-ml AFRRI chamiber permitted
a 50% reduction in isolation time compared to the Beckman chamber.
The AFRRI chamber permitted the recovery of 5-6 X 10° granulocytes
from leukapheresis concentrates in 2-3 h compared to 6 h of multiple
runs on the Beckman rotor and chamber. Both in vitro analyses [7] and in
vivo analyses [10] of canine granulocytes isolated by a combined leuka-
pheresis and CCE procedure indicated no loss of physiological activity.

The advantage of purified granulocytes in research can be centered
around biochemical, physiological and clinical studies. The ability to
isolate sufficient quantities of granulocytes for both in vitro and in vivo
analyses is no longer limited by a time consideration. Sufficient quanti-
ties of human or canine granulocytes can be recovered from leukapliere-
sis concentrates for cryopreservation analyses or even clinical studies
using radiolabeled granulocytes. The efficiency of granulocyte collection
in human blocd banking might also be augmented by a dual tandem
pheresis-CCE granulocyte collection, if suitable methods of granulocyte
storage or cryopreservation were developed.

Although we do not espouse the existing Beckman system as appro-
priate for the collection of human granulocytes for transfusion purposes
with sterility considerations, we do believe that the principles of CCE




".

pisea® .
'.‘ . .A-. “ v

L )
k. 4

* 3 v,
- P

»
. v, %

- ¢
s
L)

-.'l-.!..l;: .

Elutriation 39

should be considered in the next generation of leukapheresis instrumen-
tation. If such instrumentation were not feasible, then the possibility of
adapting CCE instrumentation in tandem with existing leukapheresis
equipment may be another viable alternative for the collection of human
granulocytes for transfusion purposes. As indicated in figure 14, while a
leukapheresis was being conducted on current state-of-the-art instru-
mentation, flow rated tubing from the leukapheresis collection bag
through a peristaltic pump could dilute the leukapberesis concentrate
with medium and deliver it directly to CCE equipment for immediate
granulocyte isolation. In this manner, a tandem isolation would permit
both leukapheresis and CCE to be conducted simultaneously and effi-
ciently for cell isolation. Therefore, the applicability of CCE for the
isolation of large quantities of various cell types (bone marrow, granulo-
cytes, monocytes, etc.) for both basic research and clinical studies is
limited only by the current restraints of chamber size and not by the
basic principle of CCE. The basic field of investigation by Lindahl{12]in
1948 is just beginning to be recognized in the clinical field.
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The changes produced in the pluripotential and progenitor cell compartments of the hind leg bone
marrow and spleen of skin-wounded mice were examincd over a 2-week post-trauma period.
Pluripotent cells (colony-forming unit-spleen, CFU-s) were significantly increased in the spleen and
slightly reduced in the leg marrow the first week after trruma. Granulocyte macrophage colony-
forming cells (GM-CFC) weere significantly increased in the spleen throughout the 2-week period and
were increased in the leg marrow during the first post-trauma week. Macrophage colony-forming cells
(M-CFC) were significantly decreased in the spleen during the 2-week period and were slightly elevated
in the leg marrow during that time. The peripheral blood contained significantly increased concentrations
of CFU-s and GM-CFC but not M-CFC. Serum of wounded mice supported growth of GM-CFC
but not M-CFC. The growth-promoting factor was extractable by CHCl, trcatment. Serum C-reactive
protein concentrations were significantly increased for a 5-day period after wound trauma. « 1983

Academic Press, ing,
INTRODUCTION

Surgical trauma and wounding result in
he loss of mature cells from the blood at the
ite of injury and in their utilization in the
vound-healing process. For example, mac-
‘ophages and granulocytes migrate to the
traumatized area and assist in wound de-
bridement and neutralization of bacteria (7,
16). Erythrocytes are iost through the injured
tissue, and. platelets act to maintain homeo-
stasis by their adhesion and aggrsgation ca-
pacity [12].

In addition to the cffects of surgical trauma
upon mature cells, it was recently reported
that the circulating granulocyte progenitor
cell compartment was significantly altered
after abdominal hysterectomy [14]. In mice,
wound trauma provoked changes in both the

! Supported by the Armed Forces Radiobiology Re-
search Institute, Defense iNuclear Agency, under Work
Unit 8322-00018. Views presented in this peper are
those of the authors. No endorsement by the Defense
Nuclear Agency has been given or should be inferred.

 Rescarch was conducted according to the principles
enuncisted in the “Guide for the Care and Use of
Laboratory Animals,” prepared by the Institute of Lab-
oratory Aninual Resources, National Research Council.

myeloid progenitor cell compurtmeni- and
the proliferative potential of mature lymmpho-
cytes obtained from hematopoietic organs 24
hr after injury [S, 6]. In this study, we
cxamined the changes in the pluripotential
and progenitor cell compartraents in the
hematopoietic organs of mice during the
2-week healing period after a siandard wound
trauma. Additionally, data are presented on
some serum-borne factors that may be im-
plicated in the pathophysiologic changes
found in the hematopoietic tissues of mice
afier wound trauma.

MATERIALS AND METHODS

Animals. Female (C57BL/6 X CBA)FI
Cum BR mice were obtained fiom Cumber-
land View Farms, Clinton, Tennessce. All
mice were acclimated to laboratory conditions
in the following way. First, for a period of |
week, the animals were housed in groups of
20 muce each in a quarantined facility until
a random sample was found to be free of
histologic lesions of common murine discases
and until sterile water bottle cultures of all
animals werc found 10 be free of Pseudo-
monas spp. Second, the animals were housed
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in groups of five mice each for 2 weeks prior
to experimentation. The mice were 10-20
weeks old when used. At all times, the mice
were kept on a 6 AM (light) to 6 PM (dark)
cycle in filter-covered cages. Wayne Lab-Blox
diet was provided throughcut the quarantine
and experimental time periods. Chlorinated
(10 ppm) water was provided after the quar-
antine period.

Wounded mice. Groups of mice were
wounded under light Metafane (methoxy-
flurane, Pittman-Moore, Inc., Washington
Crossing, N. J.) anesthesia between the hours
of 10 AM and 2 PM. A 2.0- to 2.5-cm? circular
wound was cut in the anterior-dorsal skin
fold and underlying panniculus carnosus
muscle (between the shoulder blades) with a
steel punch. The punch was cleaned after the
wounding of each animal by immersion in
70% ethanol. Such a wound constitutes about
4% of the total skin surface area and is not
athal to the mouse. The wounds were left

ven to the environment and were not treated
in any way. However, subsequent to the
wounding procedure, all mice were placed in
sanitized cages that contained an rutoclaved,
commercially available, hardwood chip bed-
ding (Ab-Sorb-Dri, Maywood, N. J.)

Control mice. Age-r¢lated mice housed in
a similar manner as the wounded animals
were used in all experimental replicates. Con-
trol mice were subjected to anesthetic and
handling stress in the sam¢ manner as the
wounded anitnals except for the wounding
procedure.

Bacteriologic culture of wound sites. The
wound sites of mice were monitored for
bacteria 3, 7, 10, and 14 days after injury. A
sterile swab was moistened with sterile saline
and applied to the wound area. The swab
was aseptically transferred to thioglycolate
broth tubes and incubated for 18-24 hr at
37°C. Subcultures were made and bacterial
identification to the genera level was made
by standard microbiologic techniques.

Cell preparations. The spleen, both femurs,
and both tibia-fibular processes were removed
aseptically from cervically dislocated mice
and placed in Roswell Park Memorial fusti-

tute (RPMI)-1640 medium (Flow Labs,
Rockville, MD) on ice (+4°C). Bone-marrow
cells were expulsed with a syringe and a
25-gauge needle. The spleens were minced
with scissors in a glass vessel. All cell prepa-
rations were passed through six to eight layers
of nylon mesh and then washed three times
in RPMI-1640 at 250g for 10 min and resus-
pended in RPMI-1640. Viability estimates
and nucleated cell counts were performed in
a hemocytometer with 0.2% trypan blue dye
and Turk’s solution. The total nucleated
cellularity (TNC) was determined for each
tissue. Cell dilutions for the assays were done
with RPMI-1640.

Colony-forming unii-spleen (CFU-s) assay.
The CFU-s assay [19] was used to determine
the pluripotent cell corcentration and quan-
tity in the spleen and in the paired long
bones of the hind legs. Experimental groups
consisted of six to eight BGCBF1 mice. Within
4 hr of irradiation, each mouse was injected
iv with either 25 X 10* spleen cells or 25
X 10* marrow cells. The spleens were re-
moved 8 days later and fixed in Bouin’s
sotution for 2-4 hr. The surface colonies
wcre counted independently by three persons,
and the average number of CFU-s per spleen
was determined from the three counts, The
number of CFU-~s per 19° nucleated spleen
and marrow cells was determined by multi-
plying the average number of nodules per
spleen by the appropriate factor and then
preparing a grand mean from the adjusted
values for each group. The total tissue quan-
tity of CFU-s was determined by taking into
account the number of CFU-s per 10° nu-
cleated cells and the total number of nu-
cleated cells. Endogenous CFU formation:
was obviated by 1000 rad ®Co radiation
given at 40 rad/min.

Seeding efficiencies, The seeding efficiency
(16] perczntages were determined for femoral
marrow and spleen cells of mice 3 days after
wounding in accordance with the procedures
sugyested by Lord {8]. Endogenous CFU
fermation was obviated in all assay mice by
1000 rad %Co radiation. The concentration
and quantity of CFU-s in the injured and




LEDNEY ET AL. CFC IN WOUNDED MICE 57

control-treated animals (primary donor) was
estimated bv injecting groups of irradiated
mice with either 2 X 10° spleen cells or 2.5
X 10* femoral bone-marrow cells. The seeding
factor was determined by injecting additional
groups of irradiated mice (secondary donor)
with either 5 X 10° spleen or 2.5 X 10° fem-
oral marrow cells. Twenty-four hours later
these “secondary donor” mice were killed,
their spleens removed, and cell suspensions
prepared. Other groups of irradiated mice
were engrafted with 10 spleen cells derived
from the “secondary donor.” Eight days after
engraftment with cells, all assay mice were
killed, the colonies formed on the spleen
were counted, and the number of CFU-s
received per mouse was determined. The
percentage seeding efficiency was calculated
by dividing the number of CFU-s recovered
from each “secondary donor” by the number
injected. The number of CFU-s injected into
each “secondary donor” was determined from
the groups of irraciated mice engrafted with
cells from the “primary donors.”

Colony-forming cell in vitro assays. Soft
agar in vitro assays [11] were used to deter-
mine the committed progenitor cell concen-
trations and quantities of granulocyte mac-
rophage colony-forming cells (GM-CiC) and
monocyte macrophage colony-forming cells
(M-CFC). In cuiture, GM-CFC have a
growth lag period of 2-3 days and reach
maximal levels at 10 days of in vitro growth.
GM-CFC are found in cells derived from
adult mouse marrow, spleen, and peripheral
- blood. M-CFC have a growth lag period of
10-15 days and reach maximal numbers at
25 days of culture growth. M-CFC are de-
tectable in cells obtained from all lympho-
myelopoietic tissues.

GM-CFC and M-CFC were grown in &
double-layer agar culture with an optimum
concentration of 5% (v/v) pregnant mouse
uterine extract (PMUE), used us a growth
stimulator to culture medium plus agar. A
single preparation of PMUE was used
throughout this investigatior. Triplicate cui-
tures of 1 X 10° spleen anc 25 x !¢ bone-
marrow cells were perfrmed for each cell
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preparation. Colonies containing more thian
50 cells were counted at 10 days (GM-C.°C)
and 25 days (M-CFC) after culturing The
number of each colony type per 10° and the
total tissue quantity were determined in the
manner described in the sectioti on CFU-s.

Mobilization of clonogenic cells into pe-
tipheral blood. The CFU-s and CFC assays
were used to determine if cells wiis clono-
geaic potential had migrated from the centrai
lymphomyelopoietic tissues to the peripherat
blood after wound trauma. Peripheral blood
was obtained by exsanguination from the
axillary vessels while the mice were under
metaphane anesthesia. The blood was col-
lected in preservative-free heparin and mixed
with an equal amount of RPMI-1640. The
red blood cells were sedimented by layering
over Ficoll-Paque and centrifuging at #0g
at room temperature for 30 min. The nu-
cleated cell layers between the plasma and
the erythrocytes were collected and washed
three times for 10 min at 250g in RPMI-
1640, These cells were counted and diluted
and the concentration was adjusted as follows,
In CFU-s assays, groups of irradiated mice
received 1, 2, and 5§ X 10° cells each. In soft-
agar assays, 2 and 4 X 10° cells were cultured
from contro! mice, and 0.5, 1, and 2 X 10°
cells from wounded mice were cultured, The
assays were done as presented previously and
the data expressed as clonogenic cells per 10°
nucleated blood cells,

Colony-stimulating factor (CSF). Groups
of mice were exsanguinated via the axillary
vessels 2 or 3 days after either wounding or
contro! treatment. The blood was permitted
to clot at 4°C for 24 hr, centrifuged at 2000g
for 20 min, and the serum removed. The
serum samples were frozen at —20°C until
used. When tested for CSA activity, one haif
of the serum was used in its native state
subsequent to centrifugation of 2000g¢ and
passage through a 0.45-u filter. The other
half of the serum was treated with four
volumes of analytical grade chloroform in
gless tubes for | hr to remove colony-inhib-
iting factors (CIF) as descnibed by Granstrom
[3]). The extracted serum was removed by
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Pasteur pipette, centrifuged at 2000g, and
passed through a 0.45-u filter. All the sera
were tested for CSA without further freezing.
Analyses for CSA used the in vitro colony-
forming assays previously described in this
section.

C-Reactive protein (C-RP). Mouse sera
were reacted with anti-human C-RP (Dako-
Accurate Corp., Westbury, N. Y.). The tur-
bidity of the mixture was measured with
a laser nephelometer (Calbiochem-Behring
Corp., La Jolla, Calif.) afier a 1-hr incubation
period. Each serum C-RP concentration was
determined by using a standard curve devel-
oped by reacting several dilutions of a known
human C-RP standard (Cal Biochem-Behring
Corp., La Jolla, Calif) with the anti-human
C-RP. This procedure is a modification of a
technique which will be detaiied in a forth-
coming paper.’

Experimental design ard statistical testing.
Four replicate experiments were done over a
4-month period with the tissues of wounded
and nonwounded mice for the clonogenic
cel! data presented in Figs. 1-3. Each replicate
consisted of the pooled tissues from cach of
three mice. The animals selected for eack
month’s study were housed as indicated under
Animals; the unused cagemates were not
reentered into other experimenial replicates.

In the clonogenic cell assays (Figs, 1-3),
spleen and bone-marrow cells were obtained
for analyses on Days 3, 7, 10, and 14 after
wound trauma. These irtervals were chosen
for convenience and for times when wound
closure was completed (Day 105 and nearly
all evidence of tissue damage had disappeared
(Day 14).

Addiiionai special studies were done as
indicated in Tables 1-3 and Fig. 4. The
protocols for cach of these cxperiments are
presented in cach instance. Data expressed
as a response per 10¢ nucleated cells weie
used to identify sclective alterations in sub-
populations of cells from tissucs. Data that

"1 M Gelvton, Jr, W HL Baker. and G 1. Ledney,
eatt! s s Canine €C-Reaetive Protzin Determinations by
budsPomt  aser Mepiclometry,

take into account the total organ or tissue
cellularity were used to determine if the
responses were a manifestation of a general
change in cellularity. Differences between the
responses of cells from wounded and control-
treated mice were established by Student’s ¢
test.

RESULTS

Wound Healing and Wound Surface
Bacteriology

The wound increased 10-20% in size 1-2
days after trauma. Granulation tissue for-
mation was noted at this time. Wound con-
traction occurred thereafter with wound clo-
sure completed about 10-12 days after injury.
Hair growth encompassed the area about 14
days after wounding. The skin wounds from
four experimental series of mice, each totaling
60 animals, were cultured for bacteria. A
total of 286 positive bactenal cultures were
obtained from 240 mice. Single bacterial
isolates were obtained from 80% of the wound
surfaces while 20% of thc wound sites had
two to three organisms. Six genera were
identified, and their distribution percentages
were similar in all experiments. These in-
cluded a-Streptococcus (65%), Proteus (13%),
Staphylococcus  (8%), Lactobacillus (6%),
Acinetobacter (5%), and Bacillus (3%). No
detectable shift in bacteria genera were noted
over the time period examined. In all mice,
wound sepsis, identified cither as the forma.
tion and drainage of pus or overt lymph
node involvement (swelling) in the anterior
body arca, was never found.

Cellularity

The cellulanties of the splcens and the
long bones of the hind legs in mice were
not  significantly altered by the wound
trauma and subscquent healing provesses. In
wounded mice, the splenic and long-bone-
marrow cellularities ranged between 70 and
90 x 10° and 45 and 55 X 10%, mspectively.
In anesthetized control mice, the splenic and
long-bone-marrow  celiularities ranged be-




.G ” 'l ‘d .
LA SN R Y

L)
.
. ¥,

F, >

LEDNEY ET AL.: CFC IN WOUNDED MICE 59

tween 65 and 90 X 10° and 40 and 55 X 109,
respectively.

Colony-Forming Unit-Spleen (CFU-s).

Depicted in Fig. 1 are the CFU-s concen-
trations in the nucleated cells from the spleens
and the long bones of wounded and control
mice. A near twofold, statistically significant
(P <0.01) increase in splenic CFU-s was
noted on the third day after wounding. There
was a slight elevation in splenic CFU-s above
control-treated values (51 + 2 per 10® TNC,
N = 8) at 14 days after wound trauma,

The CFU-s concentration of the bone
marrow was decreased over the first week
after wound trauma, but this was not statis-
tically significant. The control bone marrow
CFU-s concentration per 10° TNC was 601
+ 20.

The 24-hr seeding efficiencies of splenic
and bone-marrow CFU-s were determined
for mice 3 days after wounding. The sceding
factors and observed and calculated CFU-s
Quantities are presented in Table 1. In these
experiments a three- to fourfold increase in
splenic concentrations of CFU-s was ob-
served. This supported our findings for Day
3 as presented in. Fig. 1. While the seeding

factor for spleen cells from wounded mice
appeared elevated, this was not statistically
significant from the control-treated animals
(3.9 +0.5 versus 2.4 + 0.8). The high vari-
ability in seeding factors for both wounded
and control mice resulted in the corrected
CFU-s concentration determinations for
woundzd (2675 = 402) and control (1832 *
433) to be statistically indistinct.

The seeding factors for bone-marrow cells
were determined with the same mice used to
estimate the seeding factors for spleen cells.
The bone-marrow cell-seeding percentages
were 1.8 * 0.5 for wounded mice and 2.4
+ 0.3 for control-treated mice. In this exper-
imental series, the marrow cellularity of
wounded mice was lower (P < 0.05) than
that for control-treated mice. This was not
in agreement with our findings on marrow
cellularity mentioned previously under Re-
sults. The explanation for this may be (1) the
different ages of the animals used in the test
experiments and (2) the limitation of the
harvesting technique regarding absolute cell
quantifications. The observed CFU-s/10°
TNC and the splenic sceding factors for
marrow cells were vaniable and this resulted
in differences in calculated values to be more
apparent than real,
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TABLE |

SPLEN;C SEEDING FACTORS (f') AND COLONY-FORMING UNITS-SPLEEN (CFU-S) OF SPLEEN AND FEMORAL
BoNE-MARROW CELLS FROM MICE 3 DAY3 AFTER WOUND TRAUMA

Spleen Marrow
Wounded Control Wounded Control

Total nuc.cated

cellula’ty (TNC) X 10739 136 + 98 131 £ 11 24 £ |o* 29+ 1
Observed CFU-s/10° NC 93 & 5 262 509 + 33 420 £ 53
24-hr splenic scuding

factor ()% 39 .05 24038 18205 2403
Calculated CFU-s/

10° NC (x1073)¢ 268 04 183+ 0.4 M7 215
Observed CFU-s per

tissue (1073} 12,510 x Q.62 313704 12382 1.0 1181 £ 14
Calculated CFU-s

per tissue (X305 360 & 54 254+ 70 803 + 212 619 = 175

% The cellularities listed here differ from those described under the Resuits section on ceilularity. In the experiments
reported heic, the femurs of 20-week-old mice were used to compile the data. In the data reported under Results,
marrow cells were obtained from both tibiac and femora of 10- to 12-week-old mice,

® Mcans | standard deviation from seven experiments. Tissues from three mice were used in cach experiment.

¢ sStatistically siguificantly different (P < 0.05) from coatrol value. **Statistically highly significantly different (P
< 0.01) from control value.

“Determined by dividing the observed number of CFU- by the scoding factor (/).

¢ All values indicated rounded (o next highest auraber.

In Vitro Colony-Forming Cells the GM-CFC concentrations in splenic cells
and marrow cclls from the long bones of

A. Granulocyte macrophage colony-form-  wounded and control-treated mice. A statis-
ing cells «iM-C#C). Presented in Fig. 2 are  tically sigrificant (P < 0.01) fivelold increase
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was found for splenic GM-CFC from
wounded mice versus control-treated mice
the third day after wound trauma (80 + 4
versus 16 £ 2). Thereafter, a 50-100% in-
crease in splenic GM-CFC was observed in
mice during the wound-healing period. On
Day 3, the GM-CFC concentration in the
marrow of the long bones of wounded mice
was significantly increased (P < 0.01) over
that of control-treated animals (1870 £ 139
versus 1328 + 116). On Days 7, 10, and 14
all marrow GM--CFC values from wounded
mice were within the control-treated range
of 1328 + 116/10° nucleated cells.

B. Macrophage  colony-forming  cells
(M-CFC). The M-CFC concentrations in
the spleen and bone marrow cells of wounded
and control-treated mice are seen in Fig. 3.
Statistically significant (P < 0.01) reductions
of 30-70% in splenic M~CFC were observed
for wounded mice at every time tested. The
control-treated splenic M-CFC value was
152 + 9/10° TNC. Contrary to the splenic
M-CFC values, the marrow concentration of
M-CFC tended to be increased during the
entire 2-week wound-healing period. Specif-
ically, 14 days after trauma, a 50% increase
(P < 0.01) was found for marrow M-CFC

from wounded mice compared to that de-
tected for control-treated mice (3224 x 403
versus 2136 + 157).

C. Clonogenic cell mobilization into pe-
ripheral blood. Day 3 after wound trauma
was a time point when either maximum or
minimum clonogenic cell quantities were
detected in the spleen and bone marrow. We
used that time period to determine the con-
centration of clonogenic cells in the peripheral
blood of wounded and control-treated mice.
The concentrations per 10¢ nucleated blood
cells of CFU-s, GM-CFC, and M-CFC are
reported in Fig. 4. Wounding resulted in
statistically significant (P < 0.01) increases
for CFU~s (71 £ 4 versus 16 = 4) and
GM-CFC 48 # 11 versus 6 = 2 in the
peripheral blood. However, the M~-CFC con-
tent of the blood of wounded mice was
similar to that of control-treated mice.

Colony-Stimulating Activity (CSA)

Unextracted sera from mice, taken 2-3
days after wounding, supported the growth
of normal mouse bone-marrow-derived
GM-CFC as is seen in three replicate exper-
iments presented in Table 2. Different
wounded mouse sera and normal mouse
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FIG. 3. Macrophage colony-forming cell (M-CFC) concentrations per 10° nucleated hind leg bone-
marrow and spleen cells in mice after wound trauma. Each point is the mean + 1 standard error. The
relative (concentration) and absolute (total organ population) M-CFC changes mirrored each other. Thus,
only the concentration values are depicted.
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FI1G. 4. Clonogenic cells in the peripheral blood of
mice 3 days after wound trauma. CFU-s = colony-
forming units spleen; GM-CFC = granulocyte macro-
phage colony-forming cell; M—-CFFC = macrophage col-
ony-forming cell. Number within or near each bar is the
number of replicate experiments. In each replicate, blood
was pooled from three to five mice. ™™ Statistically very
significantly different (P < 0.01) from control values.

marrow were used for each replicate experi-
ment. CHCl; extraction of the serum ap-
peared either to reduce or remove the factor(s)
responsible for supporting GM~CFC growth.
M-CFC growth in either the whole or ex-
tracted serum was minimal. While the serum
from wounded mice supported the growth of
GM-CFC from normal marrow, this growth
was not as good as that for cells grown in
pregnant mouse uterus extract (PMUE). The
growth of normal marrow cells in PMUE
resulted in 1250 = 200 GM-CFC and 2025
+ 200 M-CFC per 10® nucleated cells. Nor-
mal mouse sera did not support the growth
of either GM-CFC or M-CFC.

C-Reactive Protein (C-RP)

The C-RP concentration (micrograms/
milliliter) in the sera of wounded and control-
treated anesthetized mice are shown in Table
3. The C-RP level depended on both the size
of the wound and the time after wounding
when sera were assayed. Generally, however,
there was a significant increase (P <« 0.01)
(50-300%) in C-RP concentrations 2-4 days
after wound trauma, On Day 7 after wound-
ing, C-RP concentrations returned to normal
values (4.0 = 0.1 ug/ml) and remained there
throughout the rest of the 2-week wound-
healing period.

DISCUSSION

In this paper, we report for the first time
that alterations occur in the myeloid clono-
genic cell populations of the spleen and hind
leg bone-marrow cells of mice during the
post-trauma wound-healing period. These
proliferative cell changes include both relative
increases in concentration per 10% cells and
absolute changes {(data not presented) in the
cell populations examined.

Three explanations may be used in inter-
preting our data. These include (1) the mo-
bilization or migration of clonogenic cells
from one hematopoietic compartment to an-
other, (2) the differentiation of clonogenic
cells to meet the mature cell demands of the
wound site, and (3) the in sitic proliferation
of clonogenic cells.

Regarding mobilization, the CFU-s data
may be interpreted as follows. The two- to
fourfold increase in splenic CFU-s concen-
tration (Fig. | and Table 1) seen in two

TABLE 2

Mouse CLONAL CELLS GROWN WITH SERUM
FROM WOUNDED MICE

Unextracted
serum?®

CHCL; extracted
serum

Replicate® GM-CFC M-CFC GM-CFC M-CFC

-4
741
3

7%2 ND¢

¢ Test sera were obtained from either 10-20 B6CFI
mice or C57BL/6 mice 2-3 days after wound trauma,
Control sera were obtained from B6CBF! inice 2--3 days
after anesthesia. The PMUE used in the in vitro clonal
growth studies shown in Figs. 2-4 was used as a (SF
source with positive growth potential. All ix vitro cultures
used 25 X {0° femoral bone-marrow cells and 100 ul of
serurm or PMUE. No clonal cell growth was seen when
normal BOCBF! or C57B1/6 marrow cells were cultured
with the control sera. With the PMUE, 1250 + 200 GM-~
CFC and 2025 + 200 M-CFC —10% nucleated normal
marrow cells were cultured.

51n replicates | and 2 cells and serum products were
from BOCBE! mice. In replicate 3 the cells and serum
were from CS57B1/6 mice.

¢ND = Not done,
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TABLE 3

CONCENTRATIONS OF C-REACTIVE PROTEIN IN MOUSE
SERA AFTER SKIN-WOUND TRAUMA®

Size of wound area®
(Percentage of total
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Time (days) skin surface) Anesthetized

after untreated
wounding 4 6 conirols
1 446+ 0.2 64 £ 0.8 36201

2 7.6 £ 1.0% 130431 37+02

3 80+ LO™ 120x£28% 420

4 6.2 £ 0.7 (20427 46 0.1

5 49 £ 04* 4803 39+ 04

7 42 =04 50 £ 0.6 3.7+ 0.3

10 38+ 02 49 £ 02%* 45403

14 36 0.2 3301 46+ 0.5

« C-Reactive protein (C-RP) concentrations (ug/mi) are
based on standard curves obtained by reacting human C-
RP with rabbit anti-human C-RP, Since polyethylene gly-
col, a polymer enhancer, was used in the assay to facilitate
the cross reaction between mouse C-RP and anti-human
C-RP, the values shown are probably elevated. However,
the pattern demonstrated is indicative of the mouse C-
RP response to wound trauma.

b *Statistically significantly different (P < 0.05) from
control values. **Statistically very significantly different
(P < 0.01) from control value. Indiceted significance levels
are a result of f~test comparisons with poeled controls,
The t-test comparisons were made only if significance was
indicated by a one-way ANQVA {for each day) with the
a-level set at 1,25%. Values shown are means | standard
error for five mice per group.

€ Means + standard error for four mice tested at cach
time point. Normal range is 3.4-4.7 ug/ml (1 = 32). which
encompasses +! standard deviation from the mean of all
controi values. Pooled mean values 1 standard error for
all controls = 4.0 :+ 0,1 ug/mi.

independent sets of experiments may be the
consequence of mobilization of these cells
out of the marrow cell centers into the spleen.
This idea is supported by the four- to fivefold
increase in CFU-s concentration found in
the peripheral blood 3 days after wound
trauma (Fig. 4) and the small decrease in
hind leg bone-marrow CFU-s concentration
at the same time. Regarding the leg marrow
decreases i~ CFU-s concentration, it is noted
that the decreasec was not staustically signifi-
cantly reduced. It is not known if similar
reductions in CFlJ~s concentrations occurred
in other bone-marrow cell compartments
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such as the nb cage, skull, and humerous.
Nonetheless, the actual 15% reduction from
approximately 600 CrU-s/10® TNC for con-
trol-treated mice to 510 CFU-s/10° for mice
3 days after wounding could help explain the
near 100% increase in splenic CFU-s from
about 50 in control-treated to 95 in wounded
mice.

Another explanation of our data is that
the requirement for granulocytes [17] and
macrophages [7] at the wound site increases
the demand for differentiated progeny. In the
leg bone marrow, the early reduction in
CFU-s and early increase in GM~-CFC fol-
lowed by the late increases in M-CFC may
be interpreted as a demand for differentiation
at the levels of the pluripotent and progenitor
cell compartments to provide mature cells.
Indirect stimulation resulting from the differ-
entiation of cell progeny may also explain
our findings.

Regarding the differentiation demand after
wound trauma, it is difficult to interpret
clearly the splenic contribution to the ob-
served clonogenic cell responses. While mo-
bilization of clonogenic cells from the marrow
to the spleen can account for some of our
findings, it is important to note that the
spleen ig capable of significant proliferation,
particularly after undergoing hematopoietic
stress. Thus, a component of the increased
concentrations of splenic CFU-s and
GM-CFC could have derived from within
that tissue itself. Support for this comes from
studies of treatment of mice with lipid A
which increased the proliferative activity of
both splenic CFU-s and GM-CFC [10]. In
addition, our data on GM-CFC growth in
vitro in the presence of serum from wounded
mice (Table 2) point to a GM~-CSF which
could promote growth of such cells within
the spleen and the bone marrow. However,
in vitro demonstration of a CSA does not
imply that such a material is effective in vivo.
The data from other laboratories are equiv-
ocal as to an in vivo effect for CSA which
has a known capacity to stimulate clonal
growth in vitro (see Ref. [1] for review),

The M-CFC response patterns (Fig. 3) of
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splenic and marrow cells from wounded mice
were distinctly different from each other. It
is known that mature macrophages are re-
quired for repair of tissue damage at the
wound site(s). Thus, one plausible explanation
for our findings could be that the recruitment
 of macrophages at the wound site would
result in the production of M~CFC progenitor
cells in the bone marrow to meet the demand.
The significant reduction in splenic M-CFC
might be the result of the demand at the site
of injury being greater than the pooling of
such cells in the extramedullary site.

In addition to the mobilization and differ-
entiation, the in situ proliferation of cells in
mice after wound trauma may explain the
increased concentrations of clonogenic ele-
ments depicted in Figs. 1-4. We previously
reported that hydroxyurea (HU) treatment
of mice, at a specific time after wound trauma
and before irradiation, (1) ablated the endog-
enous colony-forming unit (E-CFU) response
seen in subiethally irradiated mice and (2)
obviated survival seen in mice wounded prior
to a lethal radiation dose [5]. Since (1) pro-
liferating cells are sensitive to HU and (2)
survival from radiation is dependent upon
pluripotential .cell proliferation, it may be
that wound trauma results in in situ clono-
genic cell proliferation. It should be stated
that the proliferating cells measured by the
E-CFU assay [5] and the cells measured by
the CFU-s assay in this report may or may
not be estim.ates of a similar clonogenic cell
population. Lastly, it is not known if GM-~
CFC and M-CFC generation occurred in situ
after wound trauma.

Our findings of increased serum concen-
trations of C-RP in mice up to 5 days after
wound trauma (Table 3) may be of signifi-
cance in interpreting our M-CFC data. There
is in vitro evidence that C-RP inhibits mac-
rophage colony growth [9]. It is interesting
to consider that the incrcased C-RP levels
noted after wound trauma might inhibit the
in vivo expression of M~CFC, However, it is
difficult to conceive how increased levels of
C-RP in vivo could simultancously inhibit
splenic M-CFC while marrow M-CFC
tended to be increased.

The myeloid proliferation recorded in this
paper may be the result of host responses to
infection. While bacteria were isolated from
the surfaces of the wounds, several lines of
evidence mitigate against the direct involve-
ment of bacteria in these responses. These
are as follows: (a) Abscesses and pus forma-
tion at the injury site were never found. (b)
Cell cultures for in vitro testing (as described
under Methods) and for microbial monitoring
never resulted in bacterial growth. (c) Histo-
pathologic examinaticn of the livers and
spleens in two animal series never revealed
microbial growth. (d) Plasma C-RP levels in
three series of mice always returned to normal
levels between S5 and 7 days after injury.
After the primary C-RP response subsided,
there were no secondary increases indicative
of delayed infection. Along these lines, the
C-RP response is severely increased after
infection compared to that noted here after
trauma [13]. (¢) We reported that the appro-
priately timed wounding relative to lethal
radiation exposure results in survival [S].
Survival from radiation is not possible if the
animals are infected. Lastly, there is no dif-
ference in the rate of wound contraction
between conventional and germ-free rats even
though the intensity of the inflammatory
reaction is greater in animals with a “normal”
bacterial flora {2]. Along these lines, in the
rat, skin wounds infected with various bac-
terial species prior to closure had a greater
tensile strength than uninfected wounds [15].
While our observations seem to limit any
direct effect of bacteria upon host clonogenic
myeloid responses, indirect effects may be
mediated by bacterial endotoxin. Bacterial
endotoxin is a known stimulator of myeloid
proliferative cells [{1] and may cross dis-
rupted intestinal cell-tight junction barriers
into the circulation after trauma [20). Also,
endotoxin released by bacteria at the wound
site into the circulation could contribute to
mycloproliferation. Experiments to detect
wound-related bacteria and their endotoxins
and their effects on myeloproliferation in
trauma situations remain to be done.

The pathophysiologic stimulus of wound
trauma may result in the release of other
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substance besides CSA and C-RP that can
modulate hematopoiesis. Among the most
physiologically important are adrenalcorti-
costeroids and prostaglandins.

Adrenalcorticosteroids have been impli-
cated in host adaptation to the stress of
wound trauma [18]. Corticosterone released
after trauma may control CFU-s populations
in vivo in mice since adrenalectomy prior to
wounding resulted in two- to threefold in-
creases in CFU-s over that for intact ani-
mals [18].

Prostaglandins of the E series (PGE) were
recently implicated in the modulation of
hematopoiesis [4] and they have been impli-
cated in the cellular events occurring after
wound trauma [21]. Along these lines
M-CFC are more sensitive to PGE in vitro
than are GM-CFC [22]. Thus, it may be
that in our study reported here that the M-
CFC responses were influenced by the en-
dogenous release of PGE after wound trauma.
Further testing along these lines is currently
being done to support this point.
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Introduction

Virtually all cells of hematopoietic lineage may be cultured in vitro.
The works of Bradley and Metcalf [4] and Pluznik and Sachs [42] have
ushered in an era of insight into the physical and functional characteris-
tics of morphologically unrecognizable hematopoietic progenitor cells.
These include multipotent stem cells {18, 37), progenitors of varying de-
grees of maturity in the erythroid (e.g., the 8-day and 3-day burst-form-
ing unit and colony-forming unit erythroid) [10, 14, 16, 35, 47] and gra-
nulocyte-macrophage lincage (the high proliferative potential colony-
forming cell, HPP-CFC [2, 3], the granulocyte-macrophage, GM-CFC,
and macrophage colony-forming cells, M-CFC [20, 25, 26, 28, 29)), in
addition to the megakaryocyte {38], cosinophil [39], and B and T lym-
phocyte colony-forming cells [40, 45).

This section will deal with the culture technique, growth charac-
teristics, and properties of the M-CFC, a CFC distinct in many ways
from the more primitive GM-CFC and HPP-CFC [2, 3]. There is abun-
dant literature on the growth characteristics and physical propertics of
the GM-CFC {review, 36] but much less information ou the new and
interesting HPP-CFC (2, 3).

The M-CFC was initially demonstrated by Lin and Stewart [26) in
the thiogiycollate-stimulated peritoneal exudate of mice {22, 23). These
initial observations were performed in agar cultures while subsequent
experiments in liquid culture demonstrated a greater cloning efficiency
and decreased lag time before initiation of growth, The ability to clone
macrophages in liquid culture has allowed these investigators and others
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[6, 8,9, 20-25, 44, 48] the opportunity to gain a great deal of information
on the identity and functional ability of the mononuclear and macro-
phage progeny of the M-CFC derived from the bone marrow and extra-
medullary sources. The point to be made here is that this technique
allows the investigation of macrophage populations cloned from
M-CFCs derived from a variety of sources, including peritoneal and
pleural exudate [9, 22, 23, 25], alveolar space [24], thymus and lymph
nodes [28, 30], and liver [8] as well as the bone marrow, spleen [9], and
peripheral blood [20, 29]. Undoubtedly, there is a significant advantage
when one is dealing with the question of macrophage heterogeneity and
the possible effect of tissue-specific microenvironment on phenotypic
expression of macrophage populations. However, if the requirement is
only for a source of marrow-derived macrophages, the most convenient
is the liquid culture technique for GM-CFC used with a macrophage
colony-stimulating factor such as L-cell-conditioned medium [1] or
pregnant mouse uterine extract (PMUE) [5]. The source of the macro-
phages in this technique are the GM-CFC and M-CFC induced to
amplify and differentiate through the action of a macrophage colony-
stimulating factor [46]. These may be separated from the progeny of the
M-CFC through the use of two differential properties exhibited by the
GM- and M-CFC. These will be discussed later. The basic ingredients of
the culture technique are the same when assaying for or deriving macro-
phages from the GM- und M-CFCs, The following is an outline of this
technique.

B St e i e G,

Culture Technique

"

There exists a great variation in media used today for culture of gra-
nulocyte and macrophage colonies, although the variation ¢xists mainly
in concentration of basic ingredients rather than in the number of basic
ingredients. The list of basics includes:

(a) A tissue culture medium such as RPMI, McCoys 5a, CMRL
1066. alpha MEM, or Eagle’s MEM. A 10X formula is required for
preparation of 2 X medium for agar cultures.

(b) Fetal calf serum. This is an essential ingredient in our hands, and
adeguate cloning efficiency and growth depend on a good batch of
serum, Most companies will let you assay samples of serveral lots or
batches before placing an order. This is routine in our faboratory.
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(c) Horse serum. It is also recommended that several ‘lots’ of horse
serum be tested to assure maximal culture conditions. Undoubtedly the
serum represents an ‘alphabet soup’ of growth regulators, and serves as
one of two sources of variab.lity in the culture medium. The other is the
source of coleny-stimulating activity (CSA) necessary for growth and
differentiation. Recent attempts have been made to replace the need for
the fetal calf serum and/or horse serum requirement for colony forma-
tion [11, 15, 19]. Kubota et al. [19] have shown that they can replace the
fetal calf serum in a culture medium required for efficient colony forma-
tion of GM-CFC through the addition of bovine serum albumin, trans-
ferrin, and cholesterol, L-a-phosphatidylcholine. Colony-forming effi-
ciency was 80% of that noted for control cultures containing 20% fetal
calf serum.

(d) A suitably prepared factor with macrophage-directed CSA
L-cell-conditioned medium [1, 46] or PMUE [5].

Preparation of the medium with 2 X osmolarity may proceed as fol-
lows:

Ingredient Amount Ingredient Amount

CMRL 1066 (10X) 150 ml L-asparagine 0.06 g
Fetal calf serum 200 ml Antibiotic-antimycotic (100X ) 10 ml

Horse serum 100 ml Tryptic soy broth 60¢g
Pyruvate (100%) 20 ml Sodium bicarbonate 44
L-serine 0042 g q.5. to 1,000 mi with 3 distilled water

Hints

(1) Careful check of the incubator for proper humidity and CO,
level. Incubators with ‘quick purge’ systems are a great heip in maintain-
ing CO, levels (5-7%) in a frequently used incubator. Use a water-jack-
eted incubator if the laboratory experiences large changes in tempera-
ture.

(2) We routinely place our 35-mm Petri dishes inside 150-mm Petri
dishes with covers. Seven 35-mm dishes will fit nicely, with one open dish
in the center containing distilled H,0. This aids in preventing drying as
well as organizing and handling of dishes.

(3) Use of the double-layer agar technique in the quantitative assay,
although using twice the medium, provides twice the nutrients, and may
aid growth by keeping poorly diffusible inhibitors in the bottom layer (7).
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(4) Measure the osmolarity of the prepared medium. Metcalf]36] has
provided an excellent summary of the semi-solid culture technique and
its specific requirements. He includes sections on general preparation of
cultures, special requirements, information on sources of CSA, incuba-
tion procedures, problem areas, and examination of colonies. It is cer-
tainly a must for anyone entering the field.

The culture technique used is dependent on the questions being
asked. The agar technique provides a quantitative assay for the number
of cells defined as M-CFC within a tissue responding to a particular
treatment. The technique is reproducible, with the advantage of a semi-
solid medium preventing migration and overgrowth of colonies. The
colonies can be removed for cytological and functional determinations
of the macrophages, but the presence of the agar that coats the cells does
make it somewhat difficult. The colonies may be aspirated from the
medium with a Pasteur pipette. They can be dispersed in tissue culture
medium or fixed for sectioning, and then examined by light and electron
microscopy techniques. The dispersed suspension of M-CFC progeny
can be either deposited on slides using a cytospin or replated onto Petri
dishes, They will adhere to the dish and can be assayed later for functio-
nal properties such as phagocytosis and microbicidal or tumoricidal
activity as well as surface markers, receptors, or specific enzyme content.

The liquid culture technique can provide large numbers of mononu-
clear phagocytes without the encumbrance of the agar. It is worth men-
tioning that the cells grown in agar have ingested a great amount of agar.
This should be considered when deciding cytological and functional cri-
teria used for identification. Adaption of liquid growth to large flasks
should provide quantities of M-CFC-derived macrophages for further
determination of heterogeneity as a function of tissue derivation and/or
exposure to growth factor. The assay of growth factors would best be
served initially using a microwell method, whereas further use of the
progeny would require large numbers of cells.
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Growth Characteristics of M-CFC

Colony Formation and Survival without CSA

All M-CFC exhibit two characteristies that allow us to distinguish
them from GM-CFC or HPP-CFC (22, 23, 28, 29]. These are tive lag
period or delay in initiation of colony formation (fig. 1) and their
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Fig. 1. The appearance of GM-CFC- and M-CFC-derived colonies with time in cul-
ture: characteristic GM-CFC- and M-CFC-derived colony growth from bone marrow {a),
and characteristic M-CFC-derived colony appearance from extramedullary sources such
as peritoneal exudate, thymus and lymph node (b).

resistance to the absence of CSA in the culture system (fig. 2). The dura-
tion of delay in initiation of proliferation is variable, but usually in the
agar system the initial clusters of cells derived from the M-CFC are not
observed until after 5-10 days of culture (fig. 1). This can vary with the
tissue source of M-CFC, CSA, and type of culture system (agar or
liquid). but the delay or lag is always present. Those using the liquid
system have noticed a consistently shorter delay, perhaps as a conse-
quence of the more readily available CSA and adherence of M-CFC.
Once colony formation is initiated, growth proceeds at a rate compa-
rable to the GM-CFC and HPP-CFC, with a plateau in total colony for-
mation occurring at approxitnately 25 days of culture in the agar system
and 14 days in the liquid system.

The M-CFC is also characteristically more resistant 1o the absence
of CSA in culture, although the presence of CSA is an absolute require-
ment (fig. 2). This resistance is most tikely a benefit derived from their
delay in initiation of proliferation. CSA withheld for 48 h reduces colony
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Fig. 2. The differential sensitivity of GM-CFC and M-CFC to the absence of CSA in
culture.

formation derived from GM-CFC to approximately 10-20%, while 100%
of colony-forming ability is maintained by the M-CFC, This charac-
teristic has proved valuable in separating the growth of colonies derived
from a tissue source (bone marrow, spleen, peripheral blood) that con-
tains both GM-CFC and M-CFC. In this situation, we use one culture

set to assay GM-CFC and another set (in which CSA is withheld for 2

days) to assay M-CFC,

Morphology of M-CFC-Derived Colonies

Examination of cells present in M-CFC-derived colonies at all sta-
ges of growth revealed only mononuclear cells and macrophages. Colo-
nies removed early in culture growth revealed mononuclear cells early in
the lineage of mononuclear phagocyte development, with macrophages
predominating as time in culture increased {28-30). The cells derived
from mature colonies were morphologically recognizable as mononu-
clear phagocytes or macrophages by both light and electron microscopy
as well as simple functional tests such as phagocytosis of bacteria, yeast
and sheep red blood cells, and the presence of Fe receptors.
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Incidence of M-CFC

Adult Tissues and Extramedullary Spaces

The murine system has been the most extensively examined. In the
mouse, M-CFCs have been detected in bone marrow, spleen, peripheral
blood, peritoneal and pleural exudate, alveolar space, liver, cervical and
mesenteric lymph nodes, and the thymus. We have also recently detected
M-CFC within adherent and nonadherent fractions of brain-derived
nerve tissue from both mouse and rat species [unpublished cbserva-
tions}. Shown in table I are relative and absolute values of M-CFC
detected in marrow, spleen, peripheral blood, thymus, and resident peri-
toneal exudate cells of the various strains of mice used in our laboratory.
Obvious strain differences exist, whith the highly significant variations
noted in femoral, splenic, and resident peritoneal exudate cells. At this
point it is an interesting observation that the C57BI/10ScN and C3H/
Hel strains, both ¢ndotoxin-resistant by virtue of possessing the defec-
tive LPS gene, have significantly higher content of M-CFC in bone mar-
row, spleen, and peritoneal exudate cells than do their paired endotoxin-
sensitive strains. Shown in table 1 for comparison are the relative and
absolute GM-CFC values obtained during the same culture period. It is
noted that, while GM-CFC are detected only within the bone marrow,
peripheral blood. and spleen, the M-CFC have been detected in at Jeast
nine different organs and tissue spaces of the mouse, It is also noted
that if we assume an equivalent plaung efficiency for both GM- and
M-CFC. the bone marrow, spleen, and peripheral blood contain
(vespectively) 2--3, 10-30, and 200-500 times the number of M-CFC than
GM-CFC, * : ‘ ,

Although we and others have used the mouse as a tissue source
-almost exclusively, we have also detected M-CFC in marrow and peri-
pheral blood-derived cells from the rat, dog [43). monkey, baboon, and
human [unpublished observations). The source of CSA used differs with
the species being investigated. The other general charactenstics of the
M-CFEC remain the same. All cultures, irrespective of species derivation,
show the lag in initiation of growth in culture, they are resistant to the
lack of CSA, and all of their progeny are mononuclear phagocytes. The
CSA used for rat and dog 15 endotoxin-stimulated serum or plasima,
while that for moankey, baboon, and human can be human placenta-con-
dittoned medium or giant cell tumor-conditioned medium (GIBCO

" Laboratories, Grand Island, N.Y.).
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Table I. The concentration! and total content! of M-CFC within various tissues and sites within different
strains? of adult mice

Strain Concentraiion
Content
femur spleen blood thymus peritoneal
exudate
C57Bl/6] 503 94 231 1.2
83,109+11,300 9,869+ 1,030 7,563 +673 1,020+ 75
C57B1/10Sn 338 94 216 1.8 1.3
68,653 +5,430 15,406 £1,100 7,776 =811 1,575+86 4011
C57Bl/108cN 856 39 200 24 26
211,414+16,540  62,228+7,410 10,700x1,245  2,117x405 1,022+48
B6D2F1 538 79 274 2.6 0
102,336 13,210 105,894+11,418  10.500+893 2,353£135 0
B6CBF1 854 43 210 24 2.2
108,225 £ 18,105  31,640%3,715 9,450£750 1,860 214 62x12
C3Heb/Fe) 599 37 303 20 32
86,004 £9,930 53.825£6,470 14,100%1.,075 1850185 100x17
C3H/HeN 979 77 225 38 0
103.475+£12,425  122,226%8,750 7875+ 825 35152310 0
C3H/Hel) 1,143 102 466 7 47
154,647 16,640 183,248£12,225 19,600 1,141 33862425 2,115x131§

' Concentration per 10° nucleated cells, total content is per femoral shafi, spleen, thymus, milliliter of blood
aind total exudate cells (£ SEM).

?BOD2F1 =C57BI/6) X DBA/2; B6CBF1 = C5781/6) X CBA.

YCSA was PMUE at 2.5% v/v.
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~ \ Table I1. The concentration! and total content of GM-CFC within various hematopoietic
‘ ‘: tissues of the adult mouse
“-:
' N Strain Concentration
g Content
N
: femur spleen blood
. C57BL/6] 243 0.9 0.4
" 29,463 +2,180 1,016 71 14+3
&
¥ B6D2F1 259 3.0 0.8
. 49,250 3,470 3,105+ 245 34+7
N C3Heb/FelJ 210 11.8 1.6
. 30,535 +2,450 5,525+610 619
C3H/Hel 281 8.5 2.5
37,208 +3,220 4,404 +870 909

Foh g TN AR i

y 3 |
Dl 8 SRR M)

! Concentration per 10% nucleated cells, total content per femoral shaft, spleen and milli-
liter of blood (+ SEM).

Shown in table I1] are the relative and absolute values of GM-CFC
and M-CFC derived from the bone marrow, spleen, thymus, and peri-
pheral blood leukocytes of young adult Sprague-Dawley rats. The
M-CFC are more numerous than GM-"FC in all of the organs tested.
M-CFC have also been detected in the lymph nodes and brain tissue
[unpublished observations), but are undetectable within resident perito-
neal exudate cells,

Fetal and Neonatal Tissue-Derived M-CFC

We have detected M-CFC in fetal bone marrow, spleen, liver, and
thymus {unpublished observations). Shown in table IV are the rclative
and absolute values for M-CFC in 16-day-old fetal tissues, The values
for GM-CFC detected in the same tissue cell suspensions are also shown.
M-CFC concentration and content are significantly greater in cach
organ, with the exception of the bone marrow where the values arc
equivalent. GM-CFC are not detectable in the thymus of the normal
mouse. The fetal spleen and thymus also have much higher numbers of
M-CFC than do the adult tissues (table 1), whereas content and concen-
tration of the femoral M-CFC increase with age. Table V shows the con-
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Table 111. The concentration! and total content! of GM-CFC and M-CFC within various
tissues of the adult rat2

Concentration

Total content

GM-CFC M-CFC TNC (x 107)

Bone marrow 124 %33 207+34 15.85+1.41
192,753 +£ 14,760 302,941 +21,900

Spleen 0.20+£0.04 18.6+£2.7 121.99£9.72
2,285+ 505 157,997+ 11,525

Thymus ND 10.7+4.1 66.82+1.54
75,983 % ;,8—05—

Peripheral blood 1.4%2 33x6 5.3 2042
7624 1749471

CSA is plasma from rats perviously injected with endotoxin (50 pg, 5% v/v).

! Concentration per 10° nucleated cells, total content is per femoral shaft, spleen, thymus
and per milliliter of peripheral blood (+ SEM). ND = None detected.

* Sprague-Dawley strain.

centration and content of M-CFC and GM-CFC in 1-, 7-, and 14-day
neonatal tissue. The liver shows a decrease in the number of M-CFC that
can be assayed after simply mincing and dissociating the hepatic tissue.
After approximately 10 days of age, the M-CFC harvested in this man-
ner will not form colonies in culture. The dissociation technique and
separation procedure of Chan et al. 7] must be used for the detection of
the large number of adult liver-derived M-CFC.

These fetal and neonatal M-CFC exhibit the same general charac-
teristics of the adult tissue-derived M-CFC. They require the presence of
CSA for growth, they are relatively resistant to the absence of CSA, they
exhibit a significant lag in initiation of proliferation in vitro, and their
progeny are all mononuclear phagocytes. We have yet to confirm wheth-
er these fetal organ-derived M-CFC are heterogencous with respect to
neonatal organ-derived and/or adult organ-derived M-CFC. Early fetal
liver GM-CFC have been shown to differ in density and size from the
adult GM-CFC and from the late fetal liver GM-CFC {13, 17, 41]. Sep-
aration of the carly fetal liver GM-CFC by velocity sedimentation has
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Table IV. M-CFC and GM-CFC: the realtive! and absolute! values in 16-day-old fetal tis-
sue of B6D2FI mice

Organ GM-CFC M-CFC

concentration total ~oncentration total
Spleen 27x£2.0 342 67 255448 2,850+ 530
Liver 30+3.5 16,032 £ 731 112+ 8 56,477 %9450
Femur i3+£0.8 200+ 43 12+ 3 214+ 48
Thymus - - 63x15 1,584+ 241

! Concentration is per 105 nucleated cells, total content is per spleen, liver, thymus and
femoral shaft (£SEM).

Table V. M-CFC and GM-CFC.: the relative! and absolute! valuesin 1-, 7-, and 14-day-old
B6D2F1 neonatal mice

rgan Age GM-CFC M-CEC
days
concentration total concentration total
Spleen 1 92 +18 1,470+ 185 167+21 \2,227: 373
7 43 = 9 11,121 589 50+ 6 18919+ 1,097
i4 26 £ 6 19,581 677 24330 86,779+ 17,450
Liver 1 105 21 25,888 = 1,281 50733 60,671 11,800
7 9.5+ 3 6,352+ 427 43+ 8 22956+ 2412
Femur 1 104 =12 728% 126 333+ 16 23332 407
7 45 = 6 1,905+ 204 92+ 9 2,836 600
14 119 %11 6431 793 39221 18,235+ 808
Thymus | - - 124+ 11 1,338+ 187
7 - - 107 7 3009 412
14 - - 17+ 7 5001 610

' Concentration is per 10° nucleated cells, total content is per spleen, liver, thymus and
femoral shaft (£ SEM).

shown these GM-CFC 1o have a very high sedimentation velocity with
two peaks at approximately 7.7 and 9.4 mm/h, whercas adult GM-CFC
sediment at a rate of 4.5 mm/h [13, 19]. Using adult marrow we have
shown the GM-CFC population to sediment at §.2 mm/h whereas the
adult marrow-derived M-CFC sedimented at two distinet rates, 4.1 and
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6.5 mm/h {34]. It would be of interest to examine the fetal organ-derived
M-CFCrelative to the adult tissues. The presence of the M-CFC in many
adult tissues would allow comparison of fetal M-CFC derived from mar-
row, spleen, liver, thymus, and brain. In addition, pure populations of
macrophages may be derived from fetal and neonatal tissue, making it
possible for the same issues concerning phenotypic heterogeneity and
specific tissue-derived inducing factors to be addressed in fetal versus
adult tissue and medulla-derived macrophages.

Response of M-CFC in Medullary-Extramedullary Tissue to
Antigenic Stimulus

~

Many studies have shown the influence of antigens, lipopolysaccha-
ride, and other bacterial cell wall products and bacteria on the GM-CFC.,
The general response is characterized by a transient rise in peripheral
blood content, followed by a marked increase in the spleen und stimula-
tion of marrow GM-CFC. GM-CFC are rarely detected outside of the
marrow, peripheral blood, and spleen. However, the M-CFC, as mentio-
ned earlier, has been detected in a variety of extramedullary organs and
tissue spaces including the blood, spleen, and bone marrow. The poten-
tial physiological significance of the M-CFC lies in its ubiquitous pres-
enceasaprecursor of the macrophage. Thislarge and widely disseminated
cell population would provide a maximal increase in potential effector
and/or activated macrophages throughout the mounonuclear phagocyte
system. Data accumulated in our laboratory suggest that the M-CFC,
just as the GM-CFC, forms part of the extensive cellular response of the
hematopoictic organs to agents such as lipopolysaccharide, Coryne-
bacterium parvum, and Bacille bilié de Calmette-Guérin [27, 31, 32).
However, the M-CFC also form part of the cetlular inflammatory ’
response of the organs and tissue spaces of the mononuclear phagocyte
system (27, 33]. Table VI shows the range values of peak responses for
organ content of GM-CFC and M-CFC responding to injection of killed
C. parvum [unpublished results, 27}, This is anincomplete list of respon-
sive organ-derived M-CFC, but it gives an indication of the numbers
responding to an inflammatory stimulus, The total number of M-CFC
potentially available within the organs of the monoauclear phagocyte
system is significantly greater than that for the GM-CFC population as
well as the HPP-CFC, although there is an obvious difference in amplifi-

T T la T

e T

#

!

$°, > S LS

oy

LIPS B nuu--'u“‘h“;\ . 1,00 v A
e A ‘\‘b AN .. \c h ‘lf‘\-‘\‘“‘." \

l
'
N LN wa

. I ~
AT \-*. *.'naw.-‘-\.\\\x * < A\ .'\
x Ny - .
M Phyetyrigeighrigpipipiirh ot




NI \2_:,

o G b T TS B s e o T ORI Sk VA0 e S0 W 50 o S, Pt FNAT o 0 A, T T R e

b

i MacVittie 124
Table VI. The response! of mouse GM-CFC? and M-CFC? to intraperitoneal injection of
. -: Corynebacterium parvum
L M-CFC GM-CFC
L A
B . ;: control  C. parvum saline C. parvum
AR
- ] : Femoral shaft 45 -80 55 - 90 18 =35 25 - 60
i».' 9 Spleen 21.5405 275 450 1.5-25 75 -120
’ ‘ Peripheral blood leukocytes 5 -i8 25.0- 330 0.03- 0.07 03~ 0.6
Thymus 1.5- 2.5 45- 82 ND ND
Lymph nodes 0.7- 1.5 6.0- 11.0 ND ND
Peritoneal exudate NDs 250 400 ND ND

! Range of peak responses of GM-CFC and M-CFC in bone marrow and extramedullary
organs to C. parvum. Values are ranges calculated from unpublished observations and
MacVittie [27].

2 Range values X 10? per organ, femoral shaft, milliliter of blood and peritoneal cavity.
*None detected.
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cation potential between these three CFCs as assayed in vitro. It is also
most likely that the organ-derived resident M-CFC are capable of lim-
ited self-renewal in the steady state as well as part of the inflammatory
response, and are not totally dependent on immigration of blood-borne,
marrow-derived M-CFC for maintenance of their number.
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Cell Lineage: Relationship to GM-CFC and HPP-CFC

In considering the hierarchy of these CFCs, results in our laboratory
as well as others [2, 20, 23, 24, 34, 44, unpublished results] suggest they
occupy a position somewhat distant to the GM-CFC and HPP-CFC.
These results also emphasize the heterogeneity of the M-CFCs with
respect to age or degree of maturation, Lin and Freeman[23) and Reppun
ct al. [44), in describing the population of M-CFCs found in peritoneal
exudate and alveolar space, have shown that the CFC, with relatively
high colony-forming efficiency, is contained within a homogeneous
fraction of separated cells identified morphologically as mature macro-
phages. Their presence in bone marrow, spleen, and peripheral blood
suggests that these CFCs are part of a morphologically unidentifiable
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Table VII. The cell cycle status' of bone marrow-derived HPP-CFC, GM-CFC, and
M-CFC: reduction in colony forming ability?

Femoral content HPP-CFC GM-CFC M-CFC

Control 5,390 £585 20,689 *864 74980 4915
Hydroxyurea 4,920 +809 11,844 +998 43,540 =2,603
% reduction 103+ 2.3 380+ 40 452 48

! Hydroxyurea injected i.p. (900 mg/kg) 2 h prior to sacrifice and assay for marrow-derived
CFCs.

2 Values are means+ SEM of five replicate experiments. All CFCs are assayed from the
same marrow samples.

population of mononuclear cells of different sizes, density [23, 34, 44],
radiosensitivity [20, 21, 24, 30, unpublished results}, and perhaps cycling
characteristics. We are in the process of determining the cell cycle char-
acteristics of M-CFCs derived from a variety of tissue sources. Qur pre-
liminary data using the phase-specific drug hydroxyurea [unpublished
results] to measure the effect on marrow-derived CFCs such as the HPP-
CFC, GM-CFC, and M-CFC show that the population of M-CFCs are
cycling to the same extent as GM-CFCs (table VII). In contrast, the
HPP-CFCs have a smaller percentage of the population in cell cycle, as
previously shown by Baines et al. [2]. Additional evidence suggesting the
M-CFC is a more mature cell is as follows: (a) A lower amplification
potential is shown in culture, M-CFC-derived colonies are significantly
smaller in size than the GM-CFC-derived and HPP-CFC-derived colo-
nies. Assuming that amplification potential correlates with the degree of
maturation, the HPP-CFC are the least mature, followed by GM-CFC,
and then by the M-CFC. (b) If HPP-CFC and GM-CFC colonies are
harvested after 7-12 days of culture,significant numbers of M-CFC are
detected upon reculture of the dispersed cells, whereas HPP-CFC and
GM-CFC are not observed. This suggests that as the younger HPP-CFC
and GM-CFC proliferate and differentiate in culture, M-CFC are part
of their progeny [unpublished resulis]. (¢) M-CFC are not transplanta-
ble. as assayed from the hematopoietic organs of bone marrow-, spleen-,
or peripheral blood-transplanted mice. Their presence in the spleen and
marrow of transplanted hosts coincides with the detection of GM-CFC
[unpublished results]. Considering the tissue distribution of M-CFCs
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and the available evidence, it is probable that the marrow-derived
M-CFC are a heterogeneous population of CFCs with limited self-
renewal potential and are derived from the HPP-CFCs and GM-CFCs,
while the tissue-derived M-CFC represent populations of a greater de-
gree of maturity and restricted self-renewal.

~ gnteietnlinti

Characteristics of M-CFC

The M-CFC are a class of CFCs with similar characteristics that
distinguish them from hematopoietic stem cells, GM-CFC, and HPP-
CFC. Yet they possess characteristics that separate them into subpopu-
lations, and indicate a strong degree of heterogeneity within the class or
population of M-CFC that is dependent on tissue derivation.

I is the heterogeneity of the M-CFC that may prove to be the most
illuminating aspect of the CI'Cs. From our standpoint, one of the most
interesting questions to be addressed over the next few years is the effect
of organ microenvironment on macrophage heterogeneity. Do the
M-CFCs derived from the hematopoietic organs differ functionally,
metabolically, morphologically, etc., from the M-CFCs derived from
extramedullary tissues such as thymus, lymph nodes, liver, and brain?
Are differences, once defined, phenotypically induced by the organ-spe-
cific microenvironment in which the M-CFCs reside? The ability of the
M-CFC to produce colonies of macrophage progeny, coupled with the
advent of monoclonal antibodies and better physical sorting capabilities,
will shed some light on these very basic and most interesting questions.

The heterogeneity of M-CFCs has already been indicated by a num-
ber of investigations [12, 21, 24, 30, 34, 44, 48]. M-CFCs derived from
bone marrow, spleen, perip' ral blood. and alveolar space can be sep-
arated based on size [34, 44]. We have shown that marrow-derived
M-CFCs are of two sizes, one sedimenting at 4.1 mm/h and the other at
6.5 mm/h. Spleen- and blood-derived M-CFCs are homogeneous in size
and sediment at 4.1 mm/h, while peritoneal exudate-derived M-CFCs
sediment at 6.5 mm/h. The marrow-derived GM-CFCs sediment at 5.2
mm/h [34). Reppun ¢t al. [44] also observed size differences between
alveolar- and blood-derived M-CFCs. The blood-derived M-CFCs sedi-
mented slower than the larger alveolar M-CFCs. These results confirm
ours regarding the blood-derived M-CFC, and place the alveolar-deriv-
ed M-CFC in a class similar to that of the peritoneal exudate.
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The radiosensitivity of these cells is another parameter that indicates
significant heterogeneity within the population of M-CFC that is depen-
dent on tissue origin. M-CFCs derived from marrow [unpublished],
spleen [unpublished], thymus, and lymph node [30] are most radiosen-
sitive, with D, values approximating 75 rad, and they fall into a class
with the stem cell, the GM-CFC, and the HPP-CFC [unpublished]. In
contrast, the M-CFCs derived from the liver, peritoneal exudate, and
pleural space [&, 21, 23] are intermediate in radiosensitivity, with D,
values of approximately 120 rad. The M-CFCs from blood and alveolar
space are the most resistant, with D, values of approximately 200 rad
[20, 24].

The application of monocional antibodies, fluorescent probes, and
cell sorting will allow correlation of specific macrophage progeny with
subpopulations of M-CFC, tissue derivation, state of maturation, and
activation. In addition, such techniques will enable insight into the
induction process of these markers by specifically derived growth, dif-
ferentiation, and/or inducing factors. !

The physiological significance of the cell (M-CFC) assayed in vitro
by its ability to form colonies of mononuclear phagocytes remains to be
determined. Does it simply represent a population of macrophages that
are able to respond to CSA and multiply in vitro? Are there differences
between M-CFC derived from hematopoietic tissue, marrow, and i
spleen, versus extramedullary tissues such as thymus, liver, alveolar and
peritoneal space, lymph nodes, and brain? Do these M-CFC represent
local tissue-specific subsets of macrophages or mononuclear cells cap-
able of local proliferation in steady state and in response to stress, or are
the tissue macrophages supplied by blood-borne. marrow-derived )
M-CFC? Can tissue-specific M-CFC be separated and isolated from
tissue macrophages as well as from other tissue-derived M-CFC? Do
tissue-specific CSAs exist that can induce a tissue-specific phenotype
upon M-CFC derived from different tissue sources? What are the micro-
environmental factors that induce macrophage heterogeneity? Can these
be detected at the level of the M-CFC? As mentioned carlier in the text,
the use of monoclonal antibodies and sophisticated cell-separating tech-
niques should shed light on some of these intriguing questions. Qur
laboratory is actively pursuing these questions, and with specific use of
the BudR labeling technique [Hagan, this book). we hope to determine
the in vivo turnover times of marrow-derived versus tissue-derived
M-CFC populations.
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Early kinetics of Ca’* fluxes and histamine release in rat mast
cells stimulated with compound 48/80
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Abstract

The kinetics of Ca?* uptake and efflux have been
measured In rat peritoneal mast cells stimulated with
compound 48/80 using rapid mixing and a silicone oil
centrifugation technique. Responses st one-second time
Intervals were resolved beginning as carly as three seconds
after initlal stimulation, The results clearly demonstrate that
Ca’t uptake ocours after the initiation of histamine release.
Ca* efflux occurs simuitancously with histamine reicase.
The implications of these findings arc dlacussed and the
technique Is described.

Introduction

As a part of our laboratory’s investigation of
the role of the mast cell in radiation injury we are
studying aspects of the biochemistry of the
secretion process. The absolute requirement for
calcium in many secretory processes including
histamine release by mast cells is well established
{1). In the mast cell there is an uptake and release
of Ca?* associated with the release of histamine
stimulated by a variety of releasing agents. There
have been several reports detailing the measure-
ment of the time course of histamine release in
compound 48/80-stimulatcd mast cells (2-4) and
the Ca?* fluxes associated with stimulation [$).
However, the fact that compound 48/80-
stimulated histamine release is completed in
approximately 10 sec has made it difficuit to
determine the sequence of events occurring in the
critical first few seconds after stimulation. Simul-
tancous measurements of compound 48/80-
stimulated histamine rclease and associated Ca?*
fluxcs which demonstrate the time relationship off
these events have not becn reported.

In this report we describe the simultancous
measurement of Ca?* fluxes and histamine
telease in the rat peritoncal mast cell in the period

immediately after stimulation with compound
48/80.

Materials and methods
Solutions

Tyrodes A buffer contained 137 mM NaCl, 2.7 mM
KCl, 0.33 mM NaH,PO, 12 mM NaHCO,, and 1 g/t
glucose (anhydrous), The buffer for peritoneal extractions
was Tyrodes A, containing 10 iu./mi of heparin (Riker
Labs, St. Louis, MQ) and 0.25% (w/v) bovine serum
albumin (fatty acid-free, fraction V, Miles Laboratories,
Elkhart, IN). Hanks buffer was prepared with Hanks
Balanced Salt Solution (Gibco Labs, Grand lsland, NY;
without Ca®*, Mg and pheno! red) to which was added 0.8
mM Ca?*, 0.8 mM Mg, and 1 mg/ml bovine serum
albumin  (fatty acid-free). Compound 48/80 (Sigma
Chemicals, St Louis, MO) was dissolved in Hanks buffer.
BCaCly (10 mCi/ml, 39.2 mCi/mg, New England Nucleae,
Boston, MA) was prepared as a 1.0 mCi/ml stock solution in
water,

Mast cell purification

Male Sprague-Dawloy rats (200-400 g) were sac:
rificed by carbon dioxide inhalation. Tyrodes A extraction
buffer (20 ml) was injected into the petitoneal cavity, and the
fluid was drained through an incision. The resulting cell
suspension contuined 3-T% mast cclls and after contri-
fugation through a 38% albumin gradient (6] mast celis were
recovered with a purity of greater than 95%. Cell viability
(irypan blue dye exclusion) was greater than 93%. Each
animal yielded 1-1.5 x 10* mast cells (direct cell count).

Prelncubation for Ca'* uptake experiments

For Ca®’ uptake experiments the purified cells were
fncubated at 37°C in Hanks buffer for 45 min to
re-cquilibrate Ta?* levels in the cell after the isolation
procedure. A minimum 30 min incubation in Hanks buffer is
trequired under these conditions for the cell 1o maximize the
Ca'* association. The cell suspension was then centrituged
at 1000 x g for § min at 8°C to pellet the cells. The
superaatant was removed and the pellel stored at 4°C :nul
used.
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Preincubation for Ca?™ efflux experiments

For Ca?* efflux experiments **Ca** (10.0 xCi/ml) was
added to the pre-incubation buffer during Ca’* re-
equilibration in order to label the cells with 4*Ca?*. The cells
were then separated from the radicactive medium by first
layering the cells over silicone oil {Versilube F50, General
Electric Co., Waterford, NY; 2 ral cells per 2 ml of oil) and
centrifuging the cells ut 2000 x g for 10 min at 25°C. The
radioactive incubation medium and oil layer were carefully
aspirated from over the cell pellet. The pellet was resuspended
in Ca**-free Hanks bufter (approximately 106 cells/ml) and
incubated an additional 15 min at 37°C to remove loosely
bound **Ca?*, This step reduces the background radioac-
tivity during efflux measurements. The cell suspension was
then centrifuged (1000 x g for 5 min at 8°C), the
supernatant removed, ai:d the peilet stored at 4°C until used.

Rapid sampling technic e

The sampling technique in these experiments is derived
from the silicone oil cenirifugation method of WOHLHUTTER
et al. | 7], modified by us to allow simuitaneous measurement
of histamine release and Ca?* luxes in the mast cell.

Hanks buffer (3.45 ml) containing 0.8 mM Ca?* (with
or without 1.8 xCi/ml “*Ca?*) was layered over 0.2 ml of
silicone oil in a microfuge tube (1.5 mi polypropylene
Eppendorf style). Up to 12 tubes were loaded into a
microfuge rotor (Brinkman, Model 5413) which was placed
into a water bath at 37°C for 10 min. Experiments were
begun by quickly retusning the rotor 10 the microfuge and
carefully injecting (see below) 0.05 ml of a mast cell
suspension (6 x 10* cells/ml, previously equilibrated to
37°C) into each tube. Samples were centrifuged (13,500 x
&) for 30 sec, which forces cells out of the reaction medium
and into the oil. stopping the reaction. The cells form a pellet
at the bottom of the microfuge tube. Both the pellet and the
aqueous phase were then processed independantly.

No detectable temperature change was observed in the
reaction medium during the time required to deliver and
react the cells. Measurements at 2 sec intervals wers
obtained in these experiments. However, it was found that 1
se¢ intervals could be casily and reproducibly votained.

Cell delivery technique

The cell suspension was delivered to the reaction
misture by means of a repeating syringe {(Model P600,
Hamilton Co.) fitted with a siliconized, 1 oyl gas-dght svringe
(Mode! 1001, Hamilton Co). A 1.5 in. no. 18 syringe needle
was modified to seeve as an injector nozale by removing the
puint and polishing the end before bending the mkedle 45
degrees off line at a point about § mm from the polished end.
This particulae construction secves (wo purposcs. First, the
injector has the proper overall feagth to provide controllable
access o the reaction misture in the mitrofuge tube, and.
second, the bead in the injector needle allows the direct
injection of the coll suspeasion into the medium withowt
disrupting the oil-aqueous phase interfzee. I is important
that the injector be held at an appropriate angle such that the
cell suspension, when injected, does not fora cell containing
droplets bencath the interface, Formation of these dropiets in
the ail can prevent the cells from being sdequately exposed
to the reactiun misture above the oil. In addition, some of
these cell-containing droplets can have sufficient density to
be carricd down to the pellet during centafugation, This can
tesult not only in a loose pellet that is casily disrupted when
the vil loyoer is aspirated. bt also, in the case of Ca?* uplake

. .
G AR

v g B ) N 3
2 ' . A : ' . v

5
] Sy S "
9200 e U I RIS A SR RS A 4 4 IR NI LN

Agents and Actions, vol. 15, 3/4 (1984)

experiments, *Ca?* carried from the reaction mixture can
contaminate the pellet with unincorporated **Ca?*. For these
two reasons improper injection technique can lead to errors
of sufficient magnitude to make good time resolution
impossible.

Microfuge tube proczasing

The following steps apply to both uptake and efflux
cxperiments unless otherwise noted. After completion of the
centrifugations, 0.10 ml of the reaction medium was
withdrawn to determine the amount of histamine released by
the mast cells. For the efflux experiments an additional 0.20

- ml was withdrawn to measure the amount of $Ca?* released

from the cells.

The remaining aqueous phase was removed and
discarded, using a Pasteur pipette attached to 2 vacuum
source. The nil jayer was aspirated using a circular motion
along the walls of the tube to help ensure, in the case of
uptake 2xperiments, that no **Ca?* medium travels down the
walls of the tube to contaminate the pellet. It is desirable to
remove as much oil as possible from the tube as long as the
pellet is not disturbed.

Befnre processing, the cell peilet was removed from the
microfuge tube by cutting off the tip using a rat guillotine
(Harvard Apparatus, Dover, MA). This avoids con-
tamination of the pellet with any radicactivity remaining on
the walls of the tube.

The peliet was then disrupted to deiermine the amount
of bistamine remaining in the cells, and, in the cass of Ca?*
uptake experiments, the amount of “Ca?* associated with
the cells. A solution {0.50 mi). containing 1% (w/v) Triton
X-100 (New England Nuclear) and 1% {v/v) Acationox
(American Scientific Peadiucts, MoGraw Park, L) was
added to a microfuge tube conmaining the cut tube tip and
peiles. The tube wes allowed 1o stand for at least an hour to
soften the peilet before the tube was vortexed to ensuee
suspension of the disrupted eells. A portion of this
suspension (0.10 oy} was thea removed, diluted to 1,00 m}
with watar, and used for histamins deterasination. In the case
of Ca¥* upnake measurements the remaiader of the suspen.
sion was comersed w0 msasure the ax\mum of “Ca®
incorporated nto ths pellet,

BCa* Deteomination

To determine the amount of Ca* released from the
cells during effux experiments an aliquot of the superratany
10,20 mb) was added to 18 mi of Aguasol Hiquid seinmiliation
cocktail (New England Nuctear). Por the uptake experi-
mams the entire wicrofuge tube containiog the processed
pellet fraction was place into g scintifiation vial with 15 wl of
Aquasol for counting. Radivactivity in the sainples was
deterinined with a  Hewlett-Packard Mark 111 Liguid
Scintilation Counter. Counting efliciences were gensrally
60% and constant for a given experiitient.

To caivulate the amount of Ca" taken vp or relesed
by the wmast cells, raw ¥Ca’ counts per minute (c.p.m.)
were first adjusted 1o account for the variable number of
cells present in vach assay tube. This was done by dividing
c.pam. by the total istamine preseat in both the supernstant
and pellet fractions fapprosimately 10 g per 3 x 10* cells)
and expressing the amount of Ca®™ as cpm. per 10 pp
histamitie. The c.pan. from untreated cells was sublracied
from that of cells exposed to compound 48780 to give et
c.pm. of Ca?* uptake or cfflux. Percent maximum response
was determined by compating the et ¢.pan. of Ca?* al cach
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sampling time to the average net c.p.m. measured at 20 and
22 sec after initial stimulation, which were plateau points in
all experiments.

Histamine determination

Samples were analysed fluorometrically for histamine
on a Technicon Auto-Analyzer Il system (Tarrytown, NY),
using the method of Siraganian [8, 9]. The amount of
histamine released was calculated as a percent of the total
histamine in the cell. Net histamine release was determined
by subtracting the histamine release from untreated cells
(approximately 4%) from the amount released from treated
cells. The percent maximum response of histamine release
was calculated by comparing the net histamine release at
each sampling time with that obsesved 20 and 22 sec after
initial stimulation (plateau points).

Calcium and histamine data were fitted by a logistic
curve fitting program derived from PARKER and WAuUD [10,
11]. The program calculates three characteristic parameters
which describe each curve (the plateau point: R ,,; the slope
function; and time of half-maximal response: £,,), computes
a. analysis of variance to test for a common slope function
among the group of curves to be compared, and computes
individual values of ¢, for each curve using the common
slope function. A direct comparison of iy, is allowed if there
is a common slope function and common R, (always
100% here, as the result of the normalization calculation).
The mean values of t,, for each group of curves are
calculated and the means of simultaneously derived his-
tamine and calcium data compared using the Mann-
Whitney U-test.

Results

Figure 1 shows the results of experiments
simultaneously measuring histamine release and
Ca?* uptake in mast cells stimulated with 1.0
ug/ml compound 48/80. Each curve shown is a
composite of 10 individual experiments with
common slope functions and R,,,. The mean +
SD of slope function for the histamine and
calcium composites, 4.97 + 0.33 and 4.18 +
0.25, respectively, were not significantly different
(Mann-Whitney U-test: P < 0.002). Cells in-
cubated withcut the secretagogue did not show
histamine release or Ca®* uptake above average
background levels (4.3 + 0.6% and 35 pmoles
per 10° cells, respectively) over the time period
tested, Data are expressed as a percentage of
maximum response vs time after stimulation. The
respective plateau levels represent a net histamine
release of 50.6 + 1.2% and a net Ca?* uptake of
56 pmoles per 10° mast cells. There is a finite
time between switching on the microfuge and the
cells becoming cffectively separated from the
incubation medium. This time has been estimated
to be 2 sec in a system similar to ours [7]. The
time intervals in ail ﬁgures reflect this delay.

Histamir:; release is completed within 12 to
14 sec with half of the release completed by 5.7 +
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Figure 1

Simultaneous measurement of histamine release and Ca?*
upiake in mast cells incubated with 1.0 ug/ml compound
48/80. Cells incubated without the secrctagogue showed no
net histamine release or Ca®* uptake over the time period
shown. Each point represents the mean + SE of 10
determinations.

0.5 sec (mean + SD). This is in the range of
previously reported observations [4]. Ca** up-
take is completed within 18 sec with half of the
association occurring by 6.9 + 0.7 sec (mean *
SD). Thus, Ca?* uptake begins after the initiation
of histamine release with a lag time of approxi-
mately 1.2 sec, This difference in #,, between the
curves is significant (Mann—Whitney U-test, p <
0.002).

It should be noted (Fig. 1) that although the
Ca?* uptake curve reaches an apparent platesu
by 22 sec, it does not reach an absolute plateau
over the short time course of these experiments.
This fast, stimulus-related uptake is followed by a
much slower association of **Ca?* with the cell
continuing for approximately 30 min [5, and
unpublished data}. It is likely that this reflects an
exchange of “Ca?* from the medium with
celluler Ca** pools not cquilibrated with the
isotope.

Figure 2 shows the results of simultancously
measuring histamine release and Ca** efflux from
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Figure 2

Simultaneous measurement of histamine release and calcium
efflux in mast cells incubated with 1.0 zg/ml compound
48/80. Cells incubated without the secretagogue showed no
net histamine release or calcium efflux over the time period
shown. Each point represent the mean * SE of 9
detsrminations.

cells preloaded with “Ca?* then stimulated with
1.0 ug/ml compound 48/80. Each curve shown is
a composite of 9 individual experiments with
common slope functions and R ,,,. The mean +
SD of slope function for the histamine release and
caleium efflux composite curves, 4.94 + 0.33 and
4.65 * 0.16, respectively, were not significantly
different (Mann-Whitney U-test: p < 0.002).
Ca?* efflux occurs simultaneously with histarine
release ard follows a similar time course until
completion of the reaction at 12 to 14 sec after
stimulation. The t,, for histamine release, 5.5 +
0.3 sec (mean + SD) and the ¢, for calcium
cffiux, 5.7 + 0.4 sec (mean + 0.4 sec (mean
SD) were not siguificantly different (Mann-
Whitney U-test, p < 0.05). Cells incubated
without the secretagogue did not show histamine
release or a Ca** efflux above the average
background levels (4.0 + 0.7% and 1495 ¢c.p.m.
of ¥Ca?* per 10° cells, respectively) over the time
period tested. In these experiments the platcau
level represents a net histamine release of 50.1 +
2.3%. Since we are unable to determine how
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effectively the intracedular calciuri pools are
saturated during the preincubation step with
4Ca?* we could not calculate the absolute
amount of Ca?t released upon stimulation. The
plateau level in Fig. 2 corresponds to a net release
of 5275 c.p.m. of Ca?* per 109 cells.

Histamine release and Ca?* uptake and
efflux appear to have a lag time of approxi-
mately 3 sec following initial stimulation. This is
consistent with previous observations (4]. No
attempts were made to interpret the nature of this
delay.

Discussion

Compound 48/80 is a non-immunologic
secretagogue commonly employed to study the
mechanisms involved in histamine release from
mast cells. Early attempts to measure the rate of
compound 48/80-induced histamine release were
unsuccessful since the techniques used were too
slow to detect the rapid changes occurring in the
cells after stimulation. MORAN et al. [2] reported
compound 48/80-induced release in mast cells
occurred within 20 sec at 22°C, but it was not
known how the time course of the release was
influenced by the non-physiological temperatures.
BrooM et al. [3] obtained a reproducible
measurement of histamine release as early as §
and 10 sec after stimulation with compound
48/80. These early time intervals were obtained
by terminating the incubation with the addition of
a tenfold excess of cold buffer, thus lowering the
temperature and diluting the concentration of
secretagogne to non-releasing levels. In these
experiments histamine release was shown to be
completed within 10 sec at 37°C. BLoom and
CHAKRAVARTY [4] later were able to obtain 3, 5,
and 8 sec samples using the same dilution
techniques. They showed histamine release to be
initiated in 3 sec and completed within 8 sec,
times roughly comparable to those we report
here. Their techniques were not suitable for
detecting the Ca?* uptake and efflux which
occurs as rapidly as histamine release in com-
pound 48/80-stimulated mast cells.

Attempts have been made to examine the
role of Ca®* in the secretion process by trving to
determine the relative sequence of histamine
release and Ca' uptake occurring in the
stimulated mast cell, but results were often con-
tradictory GROSMAN and DAIMANT (5] correlated
the binding of **Ca?* in rat mast cells stimulated
with compound 48/80 and other releasing agents
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with histamine release in parallel samples, using
the same pool of mast cells. Their measurement
techniques were not capable of elucidating events
occurring in the seconds immediately after
stimulation, but their results suggested histamine
release occurred more rapidly than Ca?* uptake,
a fact which seemingly contradicted some of the
notions of stimulus-secretion coupling as
originally proposed [12]. In support of these find-
ings SuGIYAMA [13] detected a late association of
Ca? in rat mast cells stimulated with compound
48/80. It was suggested that the Ca?* uptake
might be occurring as a result of exocytosis.
However, RANADIVE and DHanant ([14]
performed experiments which showed Ca?* did
not diffuse into cells previously degranulated with
compound 48/80. Therefore, whether Ca** up-
take represents the Ca?* which triggers secretion
or merely occurs as a consequence of exocytosis,
whereby non-specific binding sites for Ca** are
made available, is still a matter in dispute.

In our attempt to resolve sume of these
questions we have demonstrated the capability of
differentiating the temporal sequences of the
histamine release reaction and associated Ca*
fluxes at several consecutive time intervals during
the early stages of histamine release. This
technique allows the monitoring of both his-
tamine release and Ca?* fluxes in the same tube,
with the ability to correct the Ca?* data for the
number of mast cells present in the assay.

It is clear that Ca®* uptake begins after the
initiation of histamine release, suggesting that at
least the bulk of the Ca?* that becomes
associated with the cell after stimulation with
compound 48/80 is not responsible for triggering
histamine retease. The Ca®* association seen here
is not spontancous or non-specific since control
cells incubated without compound 48/80 did not
show any significant net Ca®* uptake or efflux
over the time course studied.

Compound  48/80-stintulated  histamine
release is in many ways different from the release
stimulated by other releasing agents. Therefore, it
is only speculation at this point to suggest that
the seguences of Ca?* fluxes and histamine
release observed with compound 48/80 might
reflect the sequences occurring in mast cells
stimulated with the more physiologically interest-
ing immunologic secretagogues. For example,
although compound 48/80 will stimulate the
uptake of Ca** from the incubation medium
when external Ca®* is available {15), histamine
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release will occur at almost optimal levels in the
absence of external Ca?* [16], provided the
internal stores of Ca?* are intact {17, 18). This is
unlike the histamine release stimulated by the
antigen—antibody reaction which requires Ca2* in
the incubation medium before any significant
histamine release will occur [19], though exep-
tions to this observation have been reported [20].
Other workers (21} have presented data support-
ing the stimulus-secretion coupling notion that a
Ca* influx precedes histamine release in
immunologically-stimulated cells, but their data
do not provide information at a stage early
enough in the release process to allow one to
determine whether Ca?* uptake or the histamine
release process begins first. The methods outlined
in this report will assist in answering this
question.

In terms of the time sequence of Ca?* efflux
relative to that of histamine release stimulated by
compound 48/80, these experiments show that
the efflux occurs simultaneously with histamine
release. This suggests that these two events might
occur as the result of some common process.
Recent findings [22, 23] suggests that the granule
matrix contains concentrations of Ca’* several
times greater than the cytoplasmic concen-
tration. It is therefore possible that granule-
associated Ca** is released at the time the granule
matrix is exposed to the external medium. The
extrusion of Ca?* from the granule may represent
one of the mechanisms the cell utilizes to return
cytoplasmic concentrations of Ca®** back to
pre-stimulation levels.

We report here a rapid sampling technique
for the simultaneous measurement of histamine
releasc and Ca?* fluxes in the rat mast cell during
the first several seconds following stimulation by
compound 48/80. It is an inexpensive and
reasonably simple technique that is quite precise
if samples are carefully processed. It allows the
resolution of one-sec time intervals beginning
approximately 3 scc after initial stimulation of the
cell, providing the most precise and accurate
measurcment  reported for Ca?* fluxes and
histamine rclease occurring in the stimulated
mast cell.
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Hexose Regulation of Sodium-Hexose Transport in LLC-PK, Epithelia:

The Nature of the Signal

A. Moran, R.J. Turnert, and J.S. Handlert
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Summary. We have shown previously that the concentration of
glucose in the growth medium regulates sodium-coupled hexose
transport in epithelia formed by the porcine renal cell line LLC-
PK,. Assayed in physiological salt solution, the ratio of the con-
centration of a-methyl glucoside (AMG) accumulated inside the
cell at steady state to its concentration outside. and the number
of glucose transporters, as measured by phlorizin binding, was
inversely related to the glucose concentration in the growth me-
dium. In this study, using a cloned line of LLC-PK, cells, we
provide evidence that the difference in AMG concentrating ca-
pacity is the result of a regulatory signal and not simply due toa
selection process where the growth of ceils with enhanved glu-
cose transport is favored by fow glucose medium or vice-versa.
By adding glucose to conditioned medium (collected after 48 hr
incubation with cells and therefore containing less than 0.1 mu
glucose), we demonstrate that the signal in the growth medium is
indeed the concentration of glucose rather than another factor
secreted into or depleted from the medium. Fructose and man-
nOSE, WO sugars not transported by the sodium-dependem glu.
cose transporter, can substitute for glucose as a carbohydrate
source in the growth mediwin and have 4 modest glucose-like
effect on the transporcer. Growth in medium containing AMG
does not affect the trapsporter, indicating that the regulatory
signal is not a direct effect of the hexose un ity carrier but ins
volves hexose metabolism,

hesose teunsport « transpast

Key Words  cultured epithelia

regulation

Introduction

LLC-PK, is a continuous epithelial cell line derived
from porcine kidney [§]. The cells grow with their
basal surface oriented toward the supporting sub-
strate and form confluent epithelia with many char-
acteristics of the proximal tubule [6, 12-14], In par-
ticular, they eoxhibit o sodium-coupled hexose
transport system in their apical plasma membrane
(1. 7. 9. 10) with properties similar to the apical
plusma membrane d-glucose transporter identified
in the late proxinal tbule 18, 9. 16, 17]. The ability
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of LLC-PK, cells to transport a-methyl glucose
(AMG), a nonmetabolized glucose analogue, de-
velops slowly with time after seeding, reaching a
maximum after 3 to 4 weeks [4, 9. 11]. These
changes presumably reflect increasing expression of
the sodium-coupled hexose carrigr. Recently we
have shown that sodium-dependent hexose trans-
port in this cell line is affected by the concentration
of glucose in the growth medium [10). Epithelia
grown in medium containing low concentrations of
glucose develop a much higher transport capacity
for AMG than cells grown in medium containing a
high concentration of glucose. Furthermore, this
phenomenon is reversible, When epithelia grown in
high glucose medium are switched to low glucose
medium, or vice versa, the transport capacity of the
epithelium for AMG increases or decreases accord-
ingly. These changes, like the development of the
sodium-coupled hexose transport system itself, are
slow, requiring more than 48 hr before significamt
effects on AMG transport capacity are apparent.
Phlorizin binding mecasurements indicate that it is
the number of sodium-dependent glucose trans-
porters that is affected: epithelia grown in low glu-
cose have more carriers than epithelia grown in high
glucose [10). In the present study, we investigate
tie mechanism underlying this phenomenon. We
provide evidence that the difference in AMG trans-
port cavacity is the result of a regulatory signal and
not simply due to a selection process where ihe
growth of cells with enhanced glucose transport is
favored by low glucose medium or vice-versa, Fur-
thermore, we show that the regulatory signal is the
giucose concentration itselt rather than the pres-
ence or absence of some other factor seereted into
or depleted from the medium as a result of the gl
cose concendration. Finally, we rult out the possi-
bility ihat the regulatory role of p-glucose is due to
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Fig. 1. Steady-state AMG-concentrating capacity of a cloned
cell line as a function of time in culture. The cells were grown in
media containing 5 mM (@) or 25 mM (4) glucose

a direct effect of transported substrate on the car-
rier.

Materials and Methods

Cells were grown in cluster-12 wells as previously described |9,
10). We assayed sodium-coupled hexose transport by measuring
the steady-state concentrating capacity for AMG us described
carlier {9, 10]. Briefly, on the day of the experiment the epithelia
were rinsed with phosphate buffered saline (PBS) and then incu-
bated with PBS containing 0.1 ms [HCIAMG and 0.1 mMm ['H)-
ruffinose (an extracellwlar marker) on o mechamenl shaker at
room tempernture for § hr until o steady-state condition had been
achieved, The incubmion medin were sampled and the eells
vimed and then solubilized using 0,54 Triton X-100 in water.
Sumples for counting radiougtivity and for protein determination
were tken. Cell vetume wis meusured using the nonmetabolizie
Wle sugnr 3O-methyl glucoside QOM) that does not uccumulate
wr these celb, Gluease concentrntion win mensured tining i
Bechnun ghivone nonlyzer, The AMG coneentiuting capacity i
expressed as the steady-state rutio of AMG accumulated in eell
witler o that o the incubation medivm, To extimite the number
of cellis in u plate the epithelin were suspended by trypsin und the
velly were counted with o hemoeytomster. The daty polots illus.
teated in the figures wre the mean snd standurd deviation deter.
mined from three wells, Renults of representitive experiments
ure shuwn,

MATERIALS

FRCTAMG, 3OM and P H]ratlinose were abtiined fram New
Englungd Nuclenr (oston. MA). Unlabeled ruffinosw and 30M
were Trom Cal Buwhen. tha Joln, CA) Unidine and unlabeled
mone harides were from Sigan Chemicals (S Lowns, MO)Y.
(hier chenueuly were of the highest puety avaduble from com-
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Fig. 2. Regulation of AMG-concentrating capacity in fresh and
conditioned media (medium collected after exposure to cells for
48 hr). Epithelia grown for 14 days in medium containing 5 mm
glucose were switched to different media: (A) switched to fresh
medium containing 25 mM glucose, (@) switched to conditioned
medium supplemented with 25 mm glucose, and (B) continued
growth in medium with 5 mM glucose

mercial sources. A cloned cell line of LLC-PK, was kindly given
1o us by Dr. John Cook of Oak Ridge, TN. The cells were cloned
by repeated limiting dilution by Dr. Kurt Amsler in Dr. Cook’s
laboratory, The cells were grown in medium containing 25 mMm
glucose for two passages and then subcultured into two different
media in Cluster-12 wells,

Results

In previous studies [10] we have observed that the
change in AMG concentrating capacity of LLC-PK,
epithelia in responsc to a shift in the concentration
of glucose in the growth mediu is not evident for at
least 48 hr. A slow response such as that might
result it the glucose concentration in the medium
selects cells from n heterogenous population. To
evaluate this possibility, we used a cloned line of
LLC-PK, cells. Figure 1 shows concentrating ca-
pacity of the cloned cell ling as a function of days in
growth media prepared to contain § or 25 mym gla-
cose. As we have previousty shown for the parent
cell line [10], cloned cells grown in § mm glucose
attained a much higher concentrating capacity than
the sume cells grown in medium containing 25 mam
glucose. Thus, it is unlikely that growth medium
with i low concentration of glucose acts merely by
selecting against cells with a low number of glucose
transporters.
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Fig. 3. Effect of glucose concentration on the AMG-concentrat-
ing capacity. Epithelia were grown (from day 0) in media con-
taining: 5 mu glucose + 5 mm uridine (¢, A) and 5 mM uridine
(@, W), and 25 mM glucose (*). Some epithelia (¢, @) were fed
every 8 to 12 hr; the others were fed every 48 hr

To identify the factor in the growth medium re-
sponsible for the regulation of glucose transport, we
compared the effect of fresh medium with that of
conditioned medium. The conditioned medium used
in these experiments initially contained 5 mM glu-
cose and was collected from LLC-PK, epithelia af-
ter 48 hr in culture. Consequently, it contained less
than 0.1 mM glucose. It should also contain or be
depleted of any other factors that signal the epithe-
lium to develop more hexose transporters. Epithelia
grown in the usual fashion in 5 mm glucose for 14
days were switched into either conditioned medium
supplemented with 25 mM glucose or into fresh me-
dium containing 25 mm glucose. As depicted in Fig.
2. conditioned medium supplenented with 25 mm
glucose caused the same suppression of the AMG
concentrating capacity as fresh medium containing
25 mMm glucose, Since the conditioned medium
should contain (or lack) any substance that was se-
creted into or depleted from the medinm by the
cells, we conclude that glucose, the only supple-
ment, is the cause of the suppression of concentrat
ing capacity observed in this experiment.

In an attempt to quantitatively relute the con-
centrating capacity of the cells 1o the concentration
of glucose in the medium throughout the growth
period, we used frequent feeding an n mans of
keeping the glucose concentration within known
limits (albeit not constant). Epithelia were ussigned
o two groups. One group was fed with medium
contiaining S mat glucose, the other with mediom
contiining no glucose, Hall the epithetin within
ciuch group were ted every 8<12 hr. the other us
usual, every 4R he. The concentration of glicose in
the medium wis monitored throughowt the experi-
ment. The glucose concentration in medivm pre-
pared to contian 5 ma awnd exchanged every 48 by
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Fig. 4. The effect of different substrates in the growth medium
on the AMG-concentrating capacity. 3 mMm glucose (A), 25 mm
glicose (#), 25 mMm glucose + § mM uridine (M), § mM uridine
(W), 25 mM mannose (@), and $ mM glucose + § mnm uridine (*)

decreased below 0.1 mm after 1S hr (data not
shown). By teeding the cells every 8-12 hr with
medium containing § mMm glucose, the concentration
of glucose in the medium was maintained above |
mM. All media in this experiment were supple-
mented with § mm uridine, which has been shown
to support cell growth in the absence of glucose or
other carbohydrates in the growth medium |3]. Fig.
3 depicts the result of this series of experiments.
There is no difference between the concentrating
capneity of epithelia fed in the customary fashion
(every 48 hr) with § mat glucose and those fed with
glucose-free medium containing uridine regardiexs
of how often the latter were fed (cells were in media
contaiming zero or fess than 0.1 ma glucose most off
the time). However, when the glucose coneentra-
tion in the growth medivm was kept above | ma by
i‘r«.qucm feeding, the AMG umucnlr.uing cupacity

wits lower, Celis which were grown in 23 ma glo-
cone (where glucose concentrition in the medium
wits always above S s attnined even fower AMG-
coneentrting capacity, which indicites that the
regulutory effect of the concentrution of ghicose s
monotonic: the higher the conceatration of glucose
in the medinm the lower the AMG-accumulating ca-
pacity achicved.

To test whether growth in the complete absence
of glucose would evoke a higher AMG-concentrat-
ing capucity than growth in § ma glucose. we mea-
sured the AMG-coneentrating capucity of epithelia
tfed medium without glucose but supplemented with
S mM uridine for over 2 weeks (the time AMG-con-
centrating capacity reaches a platcau). Figure 4
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Fig. 5. Density of cells in different growth media. Number of

cells per well (4 cm?) as a function of time in culture. Data from
experiment shown in Fig. 4

shows the concentrating capacity of cells as a func-
tion of days in culture in different media. Cells
grown in 25 mM glucose exhibit the lowest AMG-
concentrating capacity, whereas those grown in §
mM glucose the highest. When uridine is added to
medium containing 25 mM glucose it elicits a signifi-
cant increase in the concentrating capacity of the
epithelia. In contrast, when added to medium con-
taining 5 mm glucose uridine does not affect the
concentrating capacity of the epithelia over the first
2 weeks. The concentrating capacity of cells fed
with uridine alone (5 mm) is not significantly differ-
ent from the concentrating capacity of cells fed with
5 mM glucose alone. at least for the first 2 weeks
after seeding.

The different growth conditions result in the
formation of epithelia with different population den-
sities, which also change with age. To evaluate the
correlation between cell density and the AMG-con-
centrating capacity attained in these studies. we fol-
lowed the change in cell number as a function of the
carbohydrate concentration in the growth medium
and time after subculture. In Fig, S, we plot the
number of cells per well as a function of time in the
eX ‘puimcm depicted in Fig, 4. The number of cells
per well increases with the concenteation of carbo-
hydrate in the medium. Regardless of composition
of \he medivm, the density of cells in a well reaches
a plateau at appronimately the same tme as the
AMG-accumulating capacity. In Fig, 6. the concen-
trating capacity attained in the epithelin deseribed

in Fig. 4 is plotted as o function of the number of

cells per well from Fig. S, For cach growth condi-
tion the epithelin attnined u different concentrating
capacity despite comparable cell density. However.,
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{AMG in)
{AMG out)

Number of Cells x 10*

Fig. 6. The AMG-concentration capacity as a function of cell
density. Data from Figs. 4 and 5. Lines drawn by lincar regres-
sion analysis yield the following values for the accumulating ca-
pacity to 10 cell ratio (mean * SE): S mu glucose, 643 = 61 (W)
25 mM glucose, 46 = 6 (€); 25 mm glucose + 5 mM uridine, 83 *
17 () S mM uridine, 233 2 34 (4): 28 mM mannose. 143 * |4
(@)

in cach medium there is a linear relationship be-
tween cell density and the AMG-concentrating ca-
pacity achicved: the higher the cell density the
greater the AMG-concentrating capacity. This rela-
tionship appears to be independent of cell age: as
shown in Fig. §. in some cases cell density actually
decreased with cell age.

Does ti.2 regulation involve a divect effect of the
substrate on its carrier or is it a process in which the
glucose concentration serves as a primary trigger”?
To address this question we replaced glucose in the
growth medium with the metabolizable sugars man-
nose and fructose, which are not transported by the
sodium-dependent  hexose transporter [18), and
AMG. which shares the trunsporter but is not
metabolizable. The AMG-concentrating capacity
achieved with 25 mM mannose is higher than the
concentrating capacity the cells reached when fed
with medium containing the same concentration of
glucose (Fig. 4). Figure 7, shows the result of an
experiment in which epithelia grown for 13 days in
25 mM glucose were switched to media containing
cither § mMm glucose, 25 mm mannose, or 25 ma
fructose or continued in 25 mn glucose. Clearly,
mannose and fructose, sugars that are not sub-
strates for the sodimn coupled glicose transporter
14S]. hud a modest effect like that of glucose in
down regulating the AMG-concentrating capacity.
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Fig. 7. AMG-concentrating capacity of epithelia grown for 13
days in medium containing 25 mM glucose and then switched to
media supplemented with different hexoses. (@) 25 mM fructose,
(A) 25 mm mannose, (l) S mM glucose, and (V) continued in 25
mM glucose

In a similar experiment (Fig. 8), we observed that
switching epithelia grown in § mM glucose to media
containing 25 mM mannose or 25 mm fructese
results in a decrease in their concentrating capacity,
which was, however, less than the decrease in epi-
thelia switched into 25 mm glucose. Thus the ab-
sence of substrate-carrier interaction did not pre-
vent the regulatory effect.

Next we tested the effect of a high concentra-
tion of AMG on the development of the concentrat-
ing capacity. Epithelia were grown for 14 days in
medium containing 25 mM glucose, At that time one
third of the epithelia were switched to medium con-
taining 5 mum glucose, one third to medium contain-
ing § mM glucose + 20 mm AMG, and the remaining
cells continued in medium containing 25 mMm glu-
cose. Uptake measurements in epithelia growing in
media containing AMG will show a false reduction
in AMG-concentrating capacity. AMG accumulat-
ing in the cells interferes with the uptake measure-
ments unless the excess AMG is climinated from
the cells preceding the assay tor AMG-concentrat-
ing capacity, Therefore AMG was chased by incu-
bating the epithelia with medium containing 25 ma
glucose for 4 hr prior to the assay. As we showed
previously, no change in the concentrating capacity
is detectable in Jess than 48 hr after changing the
medium from one concentration of glucose to an-
other 110}, Thus, 4 hr of 25 mm glucose did not
affect the racasurements. We found no ditference
between the concentrating capacity of cells grown
in media contuining either S mat glucose or § fam
plucose + 20 mm AMG (245 = 12 and 258 = {0,

Fig. 8. AMG-concentrating capacity of epithelia grown for 13
days in medium containing § mM glucose and then switched to
mediu supplemented with different hexoses: (@) 25 mM fructose,
(A) 25 mM mannose, (V) 25 mM glucoese, and (M) continued in §
mM glucose

respectively). Thus a substrate-carrier interaction
with substrate in high concentration during incuba-
tion with low glucose did not suppress the develop-
ment of high AMG-concentrating capacity. In view
of the effect of mannose and fructose and the ab-
sence of an effect of AMG on the regulatory pro-
cess, we conclude that the regulation does not re-
quire a direct interaction of the sugar substrate with
the carrier, but involves another mechanism,

Discussion

In this study we deal with two main questions con-
cerning the regulation of the sodium-coupled glu-
cose transport system of LL.C-PK, epithelia in cul-
ture: (i) Is the concentration of glucose in the
medium the factor responsible for the vegulation of
the transport system? (ii) Is the regulation mediated
by the effect of the substrate on its carvier, or rather
some other mechanism?

Before addressing these two basic problems,
other questions inherent in the tissue culture tech-
nigue have 1o be resolved. In many cases, by ma-
nipulating the culture medium, one selects cells
with certain properties, The possibility that the con-
centration of ghacose in the growth medium pro-
motes the growth of cells with certain glucose trans-
port c‘lmruumsuu 15 alwiys a possibility that has
1o be taken into account. The tact that a cloned cell
line manifested the same basic reguiatory character-
istic mukes this possibility very ualikely. In addi-
tion, the fact that the phenomenon of up and down
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regulation is completely reversible upon changing
the growth conditions also supports this conclusion.

Population density is also known to affect cell
properties {11]. In the present work we find a linear
relationship between the population density and the
concentrating capacity within each treatment: the
higher the population density the greater the AMG-
concentrating capacity achieved. On the other
hand, the diiferences in the AMG-concentrating ca-
pacity between cells grown in media containing 5 or
25 mM glucose are not the result of differences in
population density.

To explore the nature of the extracellular regu-
latory signal, we used a conditioned medium in
which cells that expressed increased AMG-concen-
trating capacity had been grown. The results elimi-
nated all metabolites but glucose as the primary
cffector in the regulation. The only difference be-
tween the medium that caused an elevation in the
concentrating capacity and the medium that sup-
pressed it was the presence of a high concentration
of glucose in the latter. By using frequent feeding
for replenishment of consumed glucose, three
growth conditions were created: (i) the concentra-
tion of glucose in the medium was virtually zero, (ii)
it was maintained between 5 and | mm. and (iii) it
was between 25 and 5 mM. The three growth condi-
tions result in three different AMG-concentrating
capacities related inversely to the glucose concen-
trations in the media.

In nonpolarized cells, such as fibroblasts. there
is evidence that the metabolic state of the cell plays
a role in the regulation of glucose wransport {2, 18],
Our observation that sugars that are not transported
by the sodium-dependent glucose transporter do af-
fect the AMG-concentrating capacity of LLC-PK,
epithelia. whereas a sugar that is transported by this
transport system but is not metabolized does not,
tndicates that the regulation of this transport system
svolves hexose metabolism vnher than an interac-
tion with the transporter itself, One reasonable can-
didate for a second messenger in this regulatory
system s intra- o extraceliuiar pH, Since LLCPK,
epithehia have a high rate of glycolysis, cells grown
in high glucose acidify the medium more than cells
grown in low glucose, However, hydrogen ion con-
centration cannot completely explain the regulatory
effeet of medium glucose concentration since media
thut cortiined mannose o fructose besume us
acidic as the medium containing high glucose., yet
the concentrating cupacity was significantly higher
nmannose or fructose medin,

Although wspects ol the regulition ol the so-
divn-coupled hexose transport: hiave been estab-
lished, sadditiomad sisdies are requived for further
unslerstanding. For exiumple, i is oot clear whether
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the electrochemical gradient for sodium entry
across the apical membrane, i.c., the driving force
for this hexose transport, is also regulated. Further-
more, it remains to be determined whether regula-
tion occurs in mature cells or only in dividing cells.

This work was supported by Armed Forces Radiobiology Re-
search Institute, Defense Nuclear Agency. under Research
Work Unit MJ 00106. The views presented in this paper are those
of the author. No endorsement by the Defense Nuclear Agency
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Plasma histamine and hemodynamic responses following
administration of nalbuphine and morphine -

S.M. MuLpoon,* M.A. DonLon,T R. Topp,* E.A. HELGESON,T and W. Freas*

* Department of Anesthesiology, Uniformed Services University of the Heaith Sciences, Bethesda, MD 20814, USA
T Department of Biochemistry, Armed Forces Radiobiology Research Institute Bethesda, MD 20814, USA

Abstract

A comparative study of plasma histamine levels
following administration or morphine and nalbuphine in
pentobarbital anesthetized dogs was performed. Two
concentrations, 3 mg/kg and 0.3 mg/kg of these drugs were
investigated. High dose morphine cavsed an immediate
marked increase in plasma histamine from 5.0 + 0.4 to 340
+ 72 ng/ml. Simultancous with this increase in plasma
histamine was a marked dzcrease in mean arterial blood
pressure within the first minute, In contrast significant
alterations in plasma histamine levels were not observed with
high or low doses of nalbuphine, A low dose of morphine
(0.3 wg/kg) did not increase plasma histamine levels, Heart
rate was not changed by any drug treatment, The use of
sompound 48/80 a specific mast cell degranulating agent
allowed for the Identification of a specifie pool of mast cells
capeble of responding to morphine, In wWiro exposure of
purificd dog Jeukucytes to Mgh doses of morphine did wot
vesull in histamine relemse, These resuits Indicate that
aalbuphine does not increase plasma histamine, while

Moderate to large doses of opiates are being
increasingly used either as principal anesthetic
agents of 0 supplement general  anesthesia
particularly for patients with minimal circulatory
reserve  [1-d4). However, the usefulness of
morphine, & pure opiste receplor agonist is
Hmited  because of significant  hemodynamic
alterations, particlarly hypotension most com-
monly attributed to histamine release 15, 6). In
contrast, it hay been recently reported that the
syathetic narcotic agonist~antagonist analgesic
nalbuphine cven in high doses does not cause
significant hemodynamic alterations in man |7},
This wark hus been supported i part by NUH grant GM
25926 and USUHS grant ROBIX.

We postulated that the differences between
nalbuphine and morphine may be related to their
capability to release histamine in vivo. The
present study was undertaken to determine the
quantitative effect of intravenous administration
of nalbuphine, as compered to similar doses of
morphine on plasma histamine levels, and mean
arterial pressure. In addition selected in vitro
studies using purified dog leukocytes wers perfor-
med to delinate the source of elevated plasma
histamine following treatment with morphine,

Methods

Twenty-one mongrel dogs of either sex were anesthet:
ized with sedium pentebarbital 30 mg/kg iv. A femoral
artery cannula was utilized for continuous direct measure-
ment of arterial blood pressure and for periodic sampling of

? morptine does, snd that the source of the tncrease In plasma blood for gas analysis, Heart rate was ea'culated from the
s histamine s from tlssue mrast oells, arterial pressure traclng. The right femoral vein wos
cannutated for drug and fluld administration. All onimals

Introduction were given 3% dextrose in factated Ringer's solution at an

approsimate rate of 18 mi/kg/h for the duration of the
exponiment. To obtaln venous bloud for determination of
plasma histamine Jovels, the contealaternl femeral vein was
cannulated and the tip of this cannlae was adeanced into
the inferior vena cava, An endotracheal tube was inserted in
ol saimals snd ventilation conttolled with a Harvard
respivatory  pump. Arterial blood gases were repeatedly
chiecked and Pa0,. Paco, and pH was maintained within
normal limits. Apimals that beeame severely hypolensive
and developed metabolic scidosis were administeeed incre:
ments of sodium bicarbonate, 1o return pi (o notmal levels.
Rectal temperature was maintained a8 37°C by use of a
heating blanket.

BExpuritientsl design

The sffect of adminisiration of two concentrations (0.3
and 3 mpfkyg in 6.0 ml satine solution) of naibuphine or
morphine was determined in andsthelized dogs. Venous
blood sataples from plasta histamine detensinations were
oblained approximately 30 min post duction of anssthesia,
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Following administration of nalbuphine or morphine samples
for plasma histamine determinations were obtained at the
following time intervals: 0.5, 1, 5, 10, 15, 20, 30, 45, 60, and
120 min. Blood samples were removed with plastic syringes
via stopcocks connected to the catheters and transferred to
chilled collection tubes containing disodium ethylene-
diaminetetraacetate (EDTA). The tubes were inverted gently
and stored on ice. The blood was centrifuged for 10 min at
3000 r.p.m. within { h following removal from the dog. Then
plasma was transferred to polypropylene tubes and frozen at
—80°C until analyzed. Plasma histamine content was
determined after treatment with 0.4 N perchloric acid. The
samples were centrifuged at 13,000 x g for 45 min and the
supernatant was analyzed for histamine content u.ing the
Technicon [l automated fluorometric technique developed
by SIRAGANIAN [8, 9|. To verify that the fluorescent
compound in plasma seen after drug treatment was authentic
histamine, 7.5 units of diamine oxidase (DAQO) (Sigma
Chem. Co.) was added to 500 ! of plasma and incubated for
60 min at 37°C. The reaction was terminated by the addition
of perchloric acid (final concentration 0.4 N) and treated in
an identical ranner as the non-DAQO samples. DAO
degrades histamine and allows the subtraction of any
non-specific background fluorescence which is not attributed
to histamine. Busal plasma histamine values in each animal
were not alfected by morphine, nalbuphine or by addition of
the histamine releasing agent compound 48/80 to the
sample. Two hours post administration of nalbuphine and
morphine, the compound 48/80 (0.5 mg/kg iv.) was
administered. Bood samples for plasma histamine were
withdrawn at 1, &, 4, 7, and 10 min following this treatment.

Blood leukocyte histamine relcase

Histamine release measurements were made on dex-
tran purified leukocytes obtained by fractionation of 100 ml
of whole dog blood. The leukoeyte fayer was gollected and
washed twige in Hanks balanced salt solution (25°C) as
described by May et al. 110], and the cells counted on a
Coulter counter. Cell suspensions were then divided, centri-
fuged. and the cell pellets resuspended in prewarmed (37°C)
Tyrode's boffer (0033 fatty acid free bovine serum
albumin) containing cither morphine (1« 107 AN,
nalbuphine (1 % 10 * A7) or bulfer controls. The cells were
incubated (37°C) for 30 min. Tlu: reaciion was terminated
by cemteifugation (1000 r.pan., $ min) and the supernatants
were removed. The cell pellet was resuspended in distilled
water und heated at 90°C Do 10 mwn. The supernatants and
pellets werg stored frozen (- 707C) unti! histamine analysis.
Neither wmorphine nor natbuphine inferfered with the fuoro-
metric analysis of histaming uader the experimental con.
ditions emplosed. The percemt histamine release for each
sample was detertmned by caleulation according to the
following formula:

“a fustanmung relase -

supcmmnm histamine
——— -y 100,
mal Iusmmuc

Analysis of data

Mean values are given, with standard error of the
mean. For stabisieal evaluation of the data Student’s ¢ test
was used. 2 values less than 0.05 were coisidered sigaificant.
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Results

Plasma histamine levels and the associated
changes in mean arterial pressure (MAP) follow-
ing an acute administration of morphine (3 mg/kg
i.v.) are shown in Fig. 1. An immediate and
maximal increase in plasma histamine from 5.0 +
0.4 ng/ml to 340.5 + 72.2 ng/ml was observed
within the first minute post-injection. This was
followed by a continued gradual decline in plasma
histamine levels to 81.3 + 18.9 ng/ml at 10 min
with a return to pre-morphine levels after 60 min.
Simultaneous with the initial maximal increase in
plasma histamine levels was an immediate and
marked decrease in MAP from 115 + 7mmHg to
29 + 4 mmHg at | min post-injection. At this
time there was a significant correlation between
the change in plasma histamine levels and MAP
depression (r = —0.95). Following the initial rapid
decrease, MAP increased slowly to 34 + 2
mmHg at 5 min, and 64 + 8 mmHg at 30 min
post-injection. At 60 min when plasma histamine
levels had returned to basal levels, MAP (39 + 8
mmHg) had not returned to pre-injection levels
and even at 120 min MAP remained significantly
depressed. Morphine administration did not cause
a significant change in heart rate within the first
30 min; heart ratc was however significantly
elevated at 60 and 120 min post drug.

A strikingly different paticrn of plasma is-
tamine values and MAP was observed {ollowing

"

£t joaies)
Figure |
Tune course of plasma hstaonine @ (A) and MAP & (B)
measurements w dogs adnumstered 3 omg’kp morphine
sulphate 1y, 4 - 6) Daie presented as mean + SEM.

* Indicates signdficant difference froin pre-atorpline levels
P L0 P <001
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the i.v. administration of nalbuphine 3 mg/kg (Fig.
2). Significant alterations in plasma histamine
level were not observed in any of these animals at
any time intervals. However, in the six animals
studied a small decrease in MAP was observed
within the first minute from 108.7 + 9.9 mmHg to
98.7 + 8.7 mmHg, but at all subsequent intervals
the MAP remained constant. There was no sig-
nificant changes in heart rate.

Three animals served as contrel shams for
these studies and the results are presented in the
Table. Blood samples were drawn for plasma
histamine at similar time intervals as in the
drug-treated groups. There were no significant
changes in plasma histamine, heart rate or MAP
measurements during the duration of the experi-
ment.

Two other groups of animals (n = 3)
received a lower concentration of morphine (0.3
mg/kg) and nalbuphine (0.3 mg/kg i.v.). There
was no significant change in plasma histamine or
MAP with these concentrations.

A
g L2 P
w soF ©F * - o
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Figure 2

Time course of plasma histaminc @ (A), and MAP A
pressure (B) measurement in dogs administered 3 mp/kg
nalbuphine i.v. (n = 6). Results presented as mean + SEM
*Indicates significant difference from pre-nalbuphine value.
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In order to compare the response of mast cells
in the high dose morphine-treated and control
animals compound 48/80 a specific mast cell
degranulating agent was administered iv. (0.5
mg/kg) at 120 min. As shown in Fig. 3 at 1 min
post-injection there was no difference in the initial
rate of appearance of histamine in plasma
between the two groups. However, at all sub-
sequent time intervals the response of morphine-
treated animals was depressed as compared to
control animals. Nalbuphine-treated animals res-
ponded to 48/80 in a manner similar to control
dogs.

To further investigate the source of plasma
histamine in morphine-treated animals, canine
leukocytes were purified and exposed to high

700 -
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Figure 3

Comparison of plasma histamine response t¢ compound
48/80 (0.5 mg/kg i.v.) in dogs pre-treated with morphine (3
mg/kg i.v.) closed circles, and sham-injected animals (6 ml
suline) cpen circles (# = 3 in each group). Data presented as
mean + SEM. *Indicates significam difference betwsen the
control and morphine-treated groups.

Table
Effect of sham injection on plasma histamine and mean arterial pressure (MAP),
Minutes after ~5 l 2
sham injection
Histamine ng/ml  4.05 3.83 4.12
+0.26 +0.60 +0.24
MAP 98.7 96.7 96.7
+29 +5.7 +5.7

4 10 30 120
4.16 170 196 4.2
+0.11 +0.37 +0.13 +0.39
96.0 100.7 109.7 109.0
+4.0 +4.4 +0.5 +0.3

Results are e\prvssed as mean + SEM (i = 3).

Sham injection is 6 mi of normal saline {the vehicle for morphing snd natbuphine).
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concentrations (1 x 10=* M) of morphine
(Experiment I) and nalbuphine (Experiment II) in
vitro. Leukocytes were incubated (37°C, 30 min)
in either buffer only, nalbuphine, or morphine.
The percent histamine release in Experiment I
was 2.8%, 3.6% and 5.5% and Experiment II was
0.6%, 1.0% and 1.0%, respectively. The results
from two separate histamine release experiments
showed no substantial histamine release in cells
exposed to these drug concentration.

Discussion

This study demonstrates unequivocally that
nalbuphine even in doses up to 3 mg/kg does not
increase in plasma histamine when administered
to anesthetized dogs. In contrast, equivalent doses
of morphine elicit profound alterations in both
plasma histamine and mean arterial blood
pressure. Morphine has been shown to increase
plasma histamine levels both in man and animals
[5, 6, 11}, and this increase is considered to be the
main causative factor in hypotensive episodes
following morphine administration [6]. Further,
H, and H,receptor antagonists attenuate the
hypotensive response to morphine [12]. The
results of this study indicate a high correlation
between the initial increase in plasma histamine,
and the decrease in the mean arterial pressure
within the first minute following administration of
morphine. Correlations between these two
parameters after 1 min, however, did not demon-
strate a high correlation coefficient. Since the
metabolism of histamine in plasma occurs ex-
tremely rapidly (T, =~ 1.8 min) {13}, additional
expeniments  arc  necessary to  cxplain  the
substained decrease in blood pressure which was
unrelated to the plasma histaming levels.

For accurate fluorometric determination of
plasma histamine, non-specific backpround must
be subtracted from the sample fiuorescence. Two
methods for determining this non-specific back-
ground fluorescence involve the use of the
enizymes diamire oxidase (DAQ) and histamine
methyl transferase (HMT). Lorenz ct al. {14}
compared these two methods and demonstrated
that the procedure ytilizing HMT resuits in lower
authentic histamine values in plasma than those
obtained using DAQO. In the present studies the
basal plastaa histamine levels in the dog were not
treated with DAQ. These values (4 to 6 ng/ml)
are therefore higher than those reported following
treatment  with cither DAO or HMT [14].
Although the fluorescence assay of SIRAGANIAN

Agents and Actions, vol. 15, 3/4 (1984)

(8, 9] is not a highly specific test for authentic
plasma histamine, the reported increases in these
values with morphine and compound 48/80 are
attributed to authentic histamine, since DAO
treatment returned these to pretreatment basal
values. Further confirmation that the plasma com-
pound released by morphine and compound 48/80
is indeed histamine, is demonstrated by the simul-
taneous decrease in mean arterial blood pressure
coincident with the ¢levation in plasma hista-
mine. Decreases in arterial blood pressure with
elevations in plasma histamine obtained either by
release of histamine from endogenous stores [12],
or following administration of exogenous hista-
mine are well documented physiological res-
ponses [ 15].

Despite the fact that the plasma histamine
levels were markedly elevated and blood pressure
markedly depressed, the heart rate was un-
changed during the first 30 min post-morphine.
Histamine-induced increases in heart rate are
known to exhibit a high degree of species
specificity, and it has been previously reported
that dog heart rate is non-responsive to doses of
histamine that produce marked changes in blood
pressure {15, 16}, Furthermore, in dogs treated
with high doses of compound 48/80 (! mg/kg) no
increases in heart rate were observed in the first
15 min in spite of the fact that blood pressure had
decreased by more than 50% [17].

Systemic administration of compound 48/
80, a synthetic polyamine results in a markad
hypotensive response and increased plasma hista-
mine levels in a varietv of experimental animals
[181. This response is accompanied by a profound
degranulation of mast cells in specific tissues of
the body and a resultant depletion of histamine
content in these arcas [19-211. Compound 48/80
was used for two purposes in the experimental
design. First, to demonstrate that animals pre-
viously treated with high doses of nalbuphine were
indeed capable of responding to this specific mast
cell degranulating agent, and secondly, as a
oharmacological tool to identify the origin of the
plasma histamine observed following high dose
morphine administration. We reasoned that
morphine may deplete a preexisting pool of
compound 48/80 sensitive mast cells within these
animals and the subsequent administration of a
predetermined amount of compound 48/80 (0.5
mg/kg) may allow us to identify this pool. It is
well documented that the ability of compound
48/80 10 release histamine is tissue and species
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specific [22, 23]. For example, rat intestinal cells
are unresponsive to this compound [24], as well
as lung mast cells and circulating basophils in a
variety of species [25].

In the present experiments there is no
significant difference in the initial response to
corapound 48/80 during the first minute in both
control and drug-treated animals. However, after
the first minute a striking difference is seen in the
flattened response of the morphine-treated
animals which implies that morphine releases
histamine from the same mast cell stores as
compound 48/80 i.e. from skin and muscles as
has been shown by PATon [26].

Further evidence to support this hypothesis
is obtained from studies on histamine release
utilizing isolated dog leukocytes. The basophil is
another potential source of plasma histamine in
morphine-treated animals. Dogs have an ex-
tremely low whole blood histamine content due to
a low concentration of basophils in their blood
{27]. Administration of morphine to the in vitro
leukocyte preparation did not effect histamine
release from these cells. These in vitro results
together with the compound 48/80 in vive study
support the conclusion that the increases in
plasma histamine observed following systemic
morphine administration is derived from mast
cells.

Nalbuphine is a new narcou. analgesic that
is chemically and pharmacologically related to
both the opioid oxymorphine, and the narcotic
antagonist, naloxone |[28]. Following intra-
muscular injectiors in man BEAVER and FEISe
[29] reported that nalbuphine is as effective as
morphine with the same onset, peak and duration
of action. Its advantages over morphine are a
lower abuse potential, less respiratory depression
[301, and little hypotensive effect in patients with
acute myocardial infarction {31]. Lakk et al. {7]
examined the cardiovascular effects of nal-
buphine administered intravenously to patients
with myocardial disease. Acute administration
of a high dose of nalbuphine (2-3 mg/kg) did not
cause sighificant changes in any of the major
hemodynamic  variables:  however, at these
concentrations morphine does produce signifi-
cant changes in hemodynamic patterns {3, 12].

The small decrease in mean arterial pressure
following administration of nalbuphine is not
believed to be the result of small undetectable
changes in histamine levels {131, but rather to a
direct venodilating action of nalbuphine on the
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vascular tissue. High concentrations of nal-
buphine have been shown to inhibit release of
endogenous norepinephrine in isolated veins and
may therefore cause decrease in venomotor tone
{321

In summary, the results of this study
indicate that nalbuphine unlike morphine does not
increase plasma histamine or cause major de-
creases in arterial blood pressure, which suggests
that nalbuphine may be a logical alternative to
morphine when high dose narcotic anesthesia is
desired.

Received 25 June 1983.
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ABSTRACT

Exposure of rat brain synaptosomes to ethanol in vitro reduced
the neurotoxin-stimulated uptake of 2?Na*. This etfect of ethanol
was concentration-dependent, occurred with concentrations of
ethanol achieved in vivo and was fully reversible. The inhibitory
effect of ethanol on neurotoxin-stimulated sodium uptake was
due to a decrease in the maximal effect ¢t the neurotoxins.
Ethanol reduced the rate of batrachotoxin-stimulated sodium
uptake when measured at 3, 5 and 7 but not 10 or 20 sec after
the addition of 2Na*. In a series of aliphatic alcohols, there was
a good correlation between potency for inhibition of batracho-

toxin-stimulated #*Na* uptake and the membrane/buffer partition
coefficient, suggesting that a hydrophobic site in the membrane
was involved in the action of the alcohols. Ethanol did not affect
the scorpion venom-induced enhancement of batrachotoxin-
stimulated sodium upteke. The inhibitory potency of tetrodotoxin
was also unaffected by ethanol. These results demonstrate that
sthanol has an inhibitory effect on neurotoxin-stimulated sodium
l?ﬂux occurring in voitage-sensitive sodium channels of brain
tissue.

The exact mechanisms by which ethanol causes depression
of the CNS and the subsequent behavioral manifestations of
intoxification remain undefined. In recent years, a great deal
of research has focused on the effects of ethanol on the physical
propetties of artificial and biological membranes (Seeman,
1972; Goldstein et al.,, 1980). Through the use of techniques
such as electron paramagnatic resonance (Chin and Goldstein,
1977a) and fluorescence spectroscopy (Harris and Schroeder,
1981°, it has been demonstrated that pharmacologically rele-
vant concentrations of ethanol in vitro cause disordering of
membrane lipids as inferred from the measurements of the
properties of molecular probes insertad into membranes. By
using a variety of molecular probes that insert at different
depths in the membrane, it has been shown that the fluidizing
effect of ethanol is greater at the hydrophobic inner core then
at tho superficial membrane surface (Chin and Goldatein, 1931;
Harris and Schroeder, 1981). This is somewhat surprising be-
cause ethanol is a relatively small, neutral, hydrophilic mole-
cule.

Further evidence that raembrane disordering is involved in
the intoxicating effects of athanol has been based on a number

Received for pubticnl(ou Aprif 20, 1984,
' Suppomd in part by & Posidoctorat Fellowshlp from the Natlonal Acaiecy
of Sclences/National Ressarch Courcil.
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of studies that have provided genetic (Goldstein et al., 1982),
pharmacological {Lyon et al., 1981) and temnporal (Chin and
Goldstein, 1977b) correlations between in vivo effects and the
membrane disordering effect of echanol in vitro. However,
because the magnitude of membrane lipid disordering by
ethanol is relatively small (Chin and Goldstein, 1977a), it is
probable that membrane-mediated biological respanses would
involve functional entities in membranes. Consequently,
ethanol would be expected to interact directly or indirectly with
these entities, so that alterations in the functional properties
of membrane proteins may also play an important role in the
changes in neuronal activity and synaptic function associated
with ethanol-induced depression of the CNS. Alterations in
lipid fluidity are kaown to iniluence the activities of membrane
proteins (Lenaz, 1977) and this may represent a mechanism by
which the lipic disordering effest of ethanol could be translated
inte the biochemical and behavioral effects of ethanol,

In the present atudy, a basic functional unit related to neu-
tonal excitation was investigated with respect to its possible
involvement in the actions of cthanol on the brain. An impor-
tant mechanism in the control of neuroexcitability is the reg:
ulation of ion movements at the level of the excitable mem-
brane. Using the squid giant axon, Hodgkin and Huxley (15562)
demonstrated that the changes in membrane voltage associated
with an action potential were due to a transiont increased
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L \- :: J permeability to sodium followed by an increased permeability = min the sample. were diluted with a solution containing (final concen- .:
SR ' to potassium. Apparently, separate channels are utilized by tration) the indicated concentration of toxin (millimolar): KCl, 5.4; ‘\7
S . sodium and potassium ions (Hille, 1970; Ulbricht, 1977). The ~MgSO4, 0.8, glucose, 5.5, HEPES-Tris (pH 7.4), 50; choline chloride, N
1 = L inward movement of sodium ions during excitation occurs :ﬁf I\j;CI’ i‘ ouabain, 5;. andfl'sh” Ci lo ;i.:mer{;ﬁe'f. Naf ItP er (m I an‘: f
_ . o through voltage-sensitive sodium channels. The sodium chan- indicatec concentration of ethandl, Altera v.sec incubation fexcep
C o nels that traverse the excitable membrane are composed of where noted), uptake was termmatec.i by the addxtxox:: of 3ml 9f an ice-
e g * - : . . p . cold wash solution containing (millimolar); choline chloride, 163; o
| ) b complex glycoproteins with multiple polypeptide subunits and MgS0,, 0.8; CaCly, 1.8; HEPES-Tris (pH 7.4), 5; and bovine serum "
- ., contain three distinct receptor sites for various neurotoxins  albymin, 1 mg/ml. The mixture was filtered rapidly under vacuum
b S (Catterall, 1980). One receptor site, thought to be located on  through an Amicon 0.45-um cellulose filter (Amicon, Lexington, MA) 7,..
EA ) ’ . the extracellular side of the channel (Narahashi, 1966), binds  and the filters were washed twice with 3 ml of wash solution. The entire fh:
§ . . the specific inhibitors saxitoxin and TTX which inhibit the halt-filter-wash cycle took less than 10 sec to complete. The filters b
. ~ inward movement of sodium (Ritchie and Rogart, 1977). The were placed in scinti.llatic?n_ vials, 15 ml ot: scinti]]a%ior.x coc%(t,a.il were i
- second neurotoxin receptor site binds the lipid soluble toxins, added and filter radioactivity was determined by hqt_nd scintillation s
BTX and VER, which cause persistent activation of sodium spectrometry. The data are presented as corrected specxfi_c uptake after 'y
i .. . . .. subtraction of nonspecific uptake (TTX, 1 uM present in incubation i)
: ! - channels by tlocking the process of channel inactivation and and uptake buffers) N
% BN . by shifti ng‘the volt,age-depende‘nce of char?nel actlvatlf)n to Data analysis. Double reciprocal analysis of the data was performed N
i R more negative membrane potentials. The third neurotoxin re- ¢ gescribed by Catterall (1975) using a modified Michaelis-Menton .
SR ceptor binds small polypeptide toxins present in sea anemone  equation of the form:
) T and ScVs. The polypeptide toxins slow channel inactivation
v B and also enhance the effects of BTX and VER. Because the v=VA/ (Kos + A)
- “e‘"f’“’,"ms bind to their receptor sites with htgh-afﬁmty and where v is the uptake rate at various activator toxin concentrations 4,
: specificity, they have been widely used as chemical tools to v is maximal uptake rate and Ko is the apparent dissociation constant
x study the structure and functional properties of voltage-sensi- of the activator toxin. Statistical analysis was performed using Stu-
! tive sodium channels in a variety of excitable membranes dent's ¢ test for paired samples. Multiple comparisons with a control
¥ (Narahashi, 1974; Catterall, 1982). were done by analysis of variance and Dunnett’s test (1364).
- _ ] We have studied the effects of ethanol in vitro on the func- QOther methods. Drug conceqtrations in the aqueous and membrane
i B - tional properties of voltage-sensitive sodium channels in whole ~ Phases were calculated as described by Lyon et al. (1981). The mem-
b M. - rat brain synaptosomes. lon flux measurements were used as  Prane/buffer partition coefficients were derived from the data of
%”- “ \‘ an estimate of sodium (*Na*) ion permeability to assess the Mcé)reery Iand };;mA“g'a}:‘ b(;lufmnsfog,‘?‘c)y were prepargq ac?“}mg
L - function of synaptosomal sodium channels. to Catterall (18 ). A stock so ution o was prepared In a0solute
k , N . ethanol and aliquots were diluted in the appropriate buffer. The final
A = concentration of ethanol in the assay from the addition of BTX was
: 4 Methods never greater than 0.13 mM. Protein cancentrations were determined
; . ) ) by the method of Lowry ¢t al. (1951). Buvine serum albumin was used
k N Animals and chemicals. Mulo hprague‘Dawlo_v rats (200-400 g) g the protein standard.
- ; ", were ohtained from Charles River Breeding Laboratories, Inc. (Wil
i ~ o mington, MA) and were housed two per cage with free access to water Results
o ' N and standard lahoratory chow hefore being used for the experiments.
E . H\ . - Chemieals and suppliers were as follows: ScV (Leiurus quinquestriatus), Preincubation of whole brain synaptosomes with ethanol in

TTX and VER from Sigma Chemical Co. (8t. Louis, MO); earrier-free
o #Nal'l from New England Nuclear (Boston, MA). BTX was kindly

' q suppiied by Dr.John Daly (National Institute of Arthritis, Metabolism
and Digestive Dizeases, National Institutes of Health, Bethenda, MD).
Al other chemicals were obtained from commercial sources and were
ot analytieal yrade.

Preparation of synaptosomes. A crude synaptosomal (81 fraction
wis prepared by o modification of the method of Gray and Whittaker
(a6, Rats were decapitated and the whole brains were romoved and
humogenized in ive-cold 0.32 M sucrcee and 5 mM K;HPO,, pH 74
U0 wmlg wet wi), with 10 strokes of a motor-driven Teflon-glaas

vitro caused a concentration-dependent inhibition of BTX-
stimulated ¥*Na* uptake (fig. 1). Over the concentration range
of ethanol used, the reduction in *Na* uptake was a linear
function of the concentration of ethanol (r = =095). The
inhibitory effect of ethanol occurred at pharmacologically rel-
evant concentrations of ethanol and was fully reversible when
ethanol was removed from the sample by washing and centrif.
ugation {fig. 2). Neither tho nonspeeific (1 uM TTX present)
nor the passive, unstimulated (no toxins present) uptake of
#Na* were affected by ethanol in vitro (data not shown).
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\ humagenizer. The homuogenate was then centrifuged at 1000 X g for 10 . N i o .
e, \ :‘ rain. The resulting supeenazant was then contrifuged at 17,000 % g for The 0"90"“ of ”u"“‘“’l on’ Na "pm?“‘ were “l_““f).ﬁf“d'ed over
4 g 60 min. The linad pellet was resuspended in ice-cold incubation buffer @ Fange of concentrations of the alkaloid toxing B'T'X and VER, ;
k_ (8 10 mlbrain) containing tmillimolar): KOL 5.4 MgSO,, 08 plucose,  There was « 6-fold increase in synaptosomal sodium uptake !
A 6 HEPES Tris (pH 7.4, 50; aod choline chloride, 130, Ten strokes  when the concentention of BTX was raised from 0.1 to 5 uM, h
] . . of o Jue fithing giasaglass homogenizer were wsed o resugpend the  Ethanol (100 and 400 mM) inhibited *Na® uptake in synap- 9
E A‘_':, finn! pelivt .\‘,\fnupmmunvu were kept on ive and were used immedistely  yogomey exposed to more than 0.1 M BTX (fig. 3). When VER
3 “ alter preparation. iny o i ‘ wag used to activate sodium channels and promote ¥Na* up.
: . ! Mvuluuwmom of . l\a. uptake. .\,\‘muuusu?z‘nl soding uptake was take, o similat effect of othunol wan observed, as shown in
: g - determined by a modifiestion of the method of Tamkun and Catterall
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EG

LB, Aliguots 1H0 p) of the sy naptosamal suspension were preineu-
bated at 30870 for 2 min, exvept in the time course experitonts, with
wneubmtion balfer orincubation huffer eontaining the indicated coneen.

figure 4. In order to assexs indirectly the interaction of ethanol
with the ~hannel receptor site for BTX und VER, we performed
a double reciprocal unalysis of conconteation-effect curves for
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¢ teation ol ethanol. Immediately after the preincubation with sthanol, BTX. and VER-stimulated “Na* uptake in the ahsence (con
LA the indicated vorconteation of activatee toxin BTN or VER) was  trol) and presence of two concentrations of ethanol (100 and .
oY . . "t e " : : 1
. acddeed antd the sampley were incubated for 10 min at 386°C, Afler 10 400 mM). The data from the double reciprocal analysis ure
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Fig. 1. Concentration-eftect curve for inhibition of BTX-stimulated #Na*
uptake. Triplicate samples of whole brain synaptosomes were preincu-
bated for 2 min with the indicated concentration of ethanoi followed by
a 10-min incubation with 1 4M BTX. Symbols represent the means +
S.E.M., N = 5 experiments. The corrected specific uptake of *Na* during
a 5-sec period is shown on the ordinate. The concentration of ethanot is
shown on the abscissa, log scale, *P < .01 (Dunnett's test) compared
to uptake measured in the absence of athanol. prot., protein.
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Fig. 2. Roversibility of the inhibitory effect of othanol on BTX-stimulated
Na* uptake. After a 2-min preincubation with ethanol, one-halt of the
samples were centrifuged {1000 X g tor § min), washed and resuspended
in incubation buffer. BYX (1 uM) was added, samples were incubated at
36°C for 10 min anu *Na™ uptake was measured as described. The
data are expressed as the means = S.EM., N = 4 expariments. The
cotrected spacific uptake of #Na* is shown on the ordinate. Yhe con-
centration of ethanol is shown on the abscissa. *P < .01 (Dunnett's 1e5t)
compared 10 uplake in control samplas,

summarized in table 1. When sodium channels were activated
by BTX, ethanol acted as a noncompetitive inhibitor as the
maximum uptake of #“Na® was reduced with no change in the
concentration of BTX required for 50% of maximum uptake
1#:4). The effeets of ethanol on VER-stimulated **Na* uptake
are somewhat more difficult to interprot. Clearly, othanol sig-
nificantly reduced the maximum effect of VER. In addition,
ethanol reduced the K« values for VER but the ditference from
contral was not signiflcamt.

‘The time courses for “*Na® uptake with 1 sM BTX alone
and with 1 aM BTX plus 200 mM ethanol are illustrated in
figure 5. la the presence of ethanol, the BT X stimulated uptake
ol #Na* was significantly reduced at uptake times of 3, § and
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Fig. 3. Effect of ethanol on concentration-effect curve for BTX-stimulated
#Na* uptake. Synaptosomes were preincubated with buffer only or
buffer containing ethanol (100 and 400 mM) for 2 min. The indicated
concentration of BTX was added and samples were incubated for an
additional 10 min and *Na* uptake was measured for 5 sec as described
under “Mathods.” Symbols represent the means * SEM, N = 6
experiments. *P < .0§; **P < .01 (Dunnett’s test) compared to corre-

sponding control. prot,, proteln.

7 sec, but not at 10 or 20 sec. Thus, the effect of ethanol on
#Na* uptake is an inhibitory effect on the initiai rates of *Na*
uptake. We were unable to measure *Na* uptake at uptake
times shorter than 3 sec with acceptable precision. The results
in table 2 demonstrate that the duration of the preincubation
period with ethanol was not an important determinant of the
inhibitory effect of ethanol. An ethanol concentration of 200
mM reduced the specific uptake to 77.2, 79.3, 74.5 and 774%
after 0, 0.5, 2 and 10 min, respectively. Thus, the onset of
action was immediate and was unchanged over the time periods
studied.

The effect of increasing lipid solubility on potency for inhi-
bition of BTX stimulated *Na* uptake was studied for a series
of aliphatic alcohols. Membrane-buffer partition coefficients
were used to calculate the concentration of each alkanol that
would result in a similar eolar concentration in the nonagqueous
{memberane) phase {Lyon et al, 1081). Concentration-effect
curves were constructed for cach alkanol as percentage of
control uptake vs. log of the alkanol concentration. Linear
regression analysis was used to determine the correlation coef-
ficients, slopes and the concentration of olkano! that inhibited
control uptake by 50% (1Cw). These values are shown in table
3, For each alkanol tested, the reduction in ¥Na* uptake was a
linear function of the concentration of alkanol.

The 1Cw and membrane/huffer partition coefficient values
for each alkanol were plotted on a log-log seale (fig. 6). There
wai o ook correlation (r7 = 0.997) between the two parameters,
indicating that the ability to partition into a hydrophobic region
of the membrane was an important determinant of the potency
for inhibition of BTX stimulated **Na* uptake,
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Fig. 4. Effect of ethanol on concentration-curve for VER-
stimulated #Na* uptake. Synaptosomes were preincu-
bated with buffer only or buffer containing ethanol (100
= and 400 mM) for 2 min. The indicated concentration of
VER was added, samples were incubated for an additional
10 min and **Na* uptake was measured for 5 sec as
described under "Methods." Symbols represent the means
T * SEM., N = 4 experiments. *P < .05; **P < .01 (Dun-
nett’s test) nompared to comesponding control. prot., pro-
tein.
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TABLE 1

Double reciprocal analysis of alkaloid toxin activation of sedium
channels

Mralod Toun

EthanciConc. N
mM

BTX 0
BTX 100
BTX 400
VER 0
VER 100 3.30 % 0.29* 7830094
VER 400 2.50 % 0.12* 6.58 + 0.63

* Valuos for maximum uptake (V) and Koy were calcutated using a modified

Michaelis-Menton equation as deseribed under “Methods.”
®Values are means * S.6.M. N = number of experimants.
* Snuficantly ditterent from control, P < 01,

Vl
amolfmg prolein/§ sec
6.43 £ 0.27°
4.84 & 0.15°
4.09 x 0.10*
462 + 0.22

L

M

0.430 + 0.024

0.439 & 0.042

0431  0.022
9.33 % 0.70

ScV alone does not promote sodium influx, However, ScV
enhances alkaloid toxin-stimulated *Na* uptake, presumably
by an allosteric mechanism (Catterall, 1980; Tamkun and Cat-
terail, 1881), The effect of ethanol on the SeV-BTX interaction
s shown in figure 7. In control snmples, ScV at concentrations
of 1 and 10 ug/mi increared BTX-stimulated *Na* uptake by
26.6 & 1.6 and 625 = 1.7%, respectively. In the presence of
ethanol, a similar enhancement of RTX-stimulated *Na* up-
take was noted (1 pg/ml, 278 2 38 10 gg/ml, H4.2 2 3.4%).
Thus, ethanol does not have a significant effect on the allosteric
interaction of SeV and BI'X.

The effect of ethanol o he inhibition of BTX stimulated
“Na’ uptake by T°TX is shown in figure 8. An ethanol concen-
tration of 200 mM did not affect the poteney of the specific
inhibitor TTX. The concentration of T'X necessary for o 50%
reduction in BTX stimulated #Na* uptake in control samples
wag 12,72 2 061 oM. In the ;:2osence of ethanel, a similar value
{12,680 2 .59 nM) was measured.

Discussion

Incubation of sy aptosomes with ethanol in vitre caused o
significant inhibition of the initial rates of neurotoxin-stimu-
lated saddivm uptake. This effect of ethunol was concenteation-
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Fig. 5. Effect of ethano! on the time course of BYX-stimulated “*Na*
uptake. Synaptosomes were preincubated with butfer only or butter
containing ethane! (200 mM) for 2 min. BTX (1 “Ml was added and
sampies were Incubated for an additional 10 min and **Na* uptake was
measured for the indicated time. Symbols reprasent the means & S.E.M.,
N = § experimonts, *P < .08; **P < .01 (palred ¢ test) compared to
corrasponding control. prot.. protein,
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TABLE 2

Eftect of preincubation time with sthanol on Inhibition of BYX-
stimulated *Na* uptake; durstion of preincubation* 7
Qmn 05w ‘.’05“; 7 0
Contrid 4722035% 4822039 5222017 d465:028
EM. 200 mM 3(}4 £ 039 3@2& 038* 3692020 a6D=021
* fetors 1 the duralin of proincubation o LSsue with buttar of butlee contauing
Gthanol (200 mM) betore The addibon of BTX (1 WM}
* Values e means & SE ML N = 3 oxpaiments, unds are nanomaies of ¥Na*
v mulbgram of peolein e 5 sec
* Sagrulicantly cutisront trom cortespondatg contial, P < QY
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TABLE 3

Effects of aliphatic alcohols in vitro on BTX-stimulated ?Na* uptake

 Heohal Pmjp’ 1Cs® Slope® I
Ethanol 0.09 5828+518 -71.1+72 0980
Propanol 0438 1040£136 -728+69 0983
Butanol 1.52 35954 -65.1 £9.2 0.993
Pentanol 5.02 6.6+ 06 ~559+66 0.940
Hexanol 214 1.2+0.06 -600+96 0936
* Membrane/butfer partition coefficient (Pmp) values are from McCreery and Hunt

(1978).

#values are the means + S.EM., N = 4-8 experiments. In each experiment,
three or four concentrations of each alkanol were tested. ICeo, the concentration
of each alcohot necessary to reduce control BTX-stimulated uptake by 50%. Values
were derived from linear regression analysis of percentage of control uptake vs.
log [alkanol].

1000
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P

Fig. 6. Corrulation of the inhibitory potency of aliphatic alcohols on BTX-
stimulated **Na* uptake with thelr membrane/buffer partition (P..,) coef-
ficlent, The concentration of each alcohot that inhlbits BTX-stimulated
“Na* uptaka by 50% (ICse. miilimotar) is presented on the ordinate. The
PwS are shown on the abscissa. The number above each symbol
represents the chain length of the alcohol: 2, ethanol; 3, n-propana; 4,
n-butanol; 5, n-pentanol; and 6, n-hexanol, The line was fit by iinear
regression analysis with a correlation coefficlent, r* = 0.997. See table
3 tor detalls,
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Fig. 7. Tho etfect of ethanol in vitro 01 the BTX-ScV Interaction. An
aliquot of synaptosomes was preincubated for 2 min with buller {control)
or buffer containing ethanol, The indicated concentrations ot BTX and
ScV were added and ¥Na* uplake was measured as described. The
units of concentration for ScV and BYX were micrograms per milliliter
ard micromolar, respectively. The dai are presented as the means +

SEM. N = 4 pxperiments.

dependent, vecurred with pharmacologically relevant (50 mM)
conventrations ol ethanol and was fully reversible when ethanol
wan removed from the system. In addition, there was n good

correlution butween potency for inhibition of BTX-stimulated

AR n\

R 2 N QR AR A A A A L
) A X L " » 4 » i (TS O

Ethanol and ¥Na* Uptake 417

100
90
80
70
80
50
40
30

20

Percent Maximun Uptake

Tl PR *ETOH 200 mM ]
. e Control
N L .

1.6 3.0 60 156 3

[TTX] nM

Fig. 8. Effect of ethanol on the inhibition of BTX-stimulated ?Na* uptake
by TTX. Triplicate samples of whole brain synaptosomes were preincu-
bated for 2 min with buffer {control) or with buffer containing ethanol,
The indicated concentration of TTX was added and 3 min later BTX (1
uM) was added and all samples were incubated for an additional 10 min.
Symbols represent the means + S.E.M., N = 4 experiments. Maximum
uptake for control and ethanol sampies was 6.50 + 0.13 and 4.33 £
0.13 nmai of #Na* per mg of protein per S sec, respectively.

“Na* uptake and the membrane/buffer partition ~-efficients
for a series of aliphatic aleohols, suggesting that a hydrophobic
area of the sodium channel microenvironment was involved in
the action of the alkanols. Inasmuch as the neurotoxin-stimu-
lated uptake of sodium was blocked by the specific inhibitor
TTX with a Kos of approximate'y 13 nM, it appears that the
neurotoxin-stimulated sodium uptake that was irhibited by
ethanol occurred through voltage-sensitive sodium channels in
synaptosomes (Catterall, 1980). Qur results with ethanol are
consistent with the work of Harris (1984) which showed that a
variety of intoxicant anesthetics agents reduced neurotoxin-
atimulated sodium uptake.

In the CNS, ionic channels for calcium, potassium and so-
dium are involved intimately in the control of excitability and
each plays an essential role in gignal transduction and infor-
mation processing (Catterall, 1984). At the present time, the
structural and functionai properties of the voltage-sensitive
sodium channels are understood most completely. This is due
in part to the existence of a variety of neurotoxins that can be
used as tools to study the sodium channel (Narahashi, 1974),
In this regard, BTX has been defined us a full agonist (Catterall,
1980; Tamkun and Catterall, 1981) because it activates a larger
number of sodium channels and is also more potent (Kos value
is amaller) than the partial agonist VER,

There appeared to be slight differences in the effect of
ethanol when different neurotoxing were used to stimulate
sodium uptake. When BTX was used to stimulate sodium
uptake, the maximum effect of BTX was reduced by ethanol
with no change in the Koa value. Also, the minimum effective
concentration of ethanot was 50 mM and the concentration of
ethanol zequired for 60% inhibition (ICy) was approximately
583 mM. VER.stimulated sodium uptake was moro sensitive to
inhibition by ethanol because the minimum effective concen-
tration of ethanol was 26 mM and the ICy, value was approxi-
mately 345 mM (Mullin and Hunt, 1984). Ethanol reduced the
maximum effect of VER and there was also a clear trend toward
reducing the Ko value of VER. It would be desirable to perform
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more experiments with VER to investigate further this point,
but during the course of this study VER became unavailable
commercially. Even though it is well known that BTX and
VER compete for the same binding site in the channel (Catter-
all, 1975), the mechanism by which each neurotoxin stimulates
sodium uptake may be slightly different because of other prop-
erties of the toxins (Miller, 1983; T'anaka et al., 1983).

The action of ethanol on the voltage-sensitive sodium chan-
nels in synaptosomes appears to be ssmewhat selective for the
site that binds BTX and VER. Ethanol did not interfere with
the allosteric interaction that occurred between BTX and ScV.
Similarly, the presence of ethanol did not alter the concentra-
tion of TTX required to inhibit BTX-stimulated sodium uptake
by 50%. However, it must be noted that these findings concern-
ing the effects of ethanol on neurotoxin receptor sites I (TTX)
and III (ScV) are based on indirect measurements. Direct
measurement using radiolabeled neurotoxins should clarify
these points.

Recent studies with fluorescent derivatives of sodium chan-
nel neurotoxins (Angelides and Nutter, 1983, 1984) in conjunc-
tion with published biochemical evidence (Hartshorne and
Catterall, 1981, 1984; Ellisman et al., 1982) have advanced our
knowledge of the molecular arrangement of the functional
components of the sodium channel, Angelides and Nutter
(1984) have proposed a model wherein the T'TX binding site
resides in a highly polar, hydrophilic area at the extracellular
side of the membrane. The binding site for 8¢V may be located
in a more hydrophobic region that is not lipid in nature and
may extend 15 A into the cell membrane. The final neurotoxin
receptor site (for BTX and VER) is placed in a hydrophobic
area directly interacting with the subunit of the channel and
the interior of the lipid bilayer. Thus, in this model, the BTX/
VER binding site is located in the area of the membrane in
which the fluidizing effect of ethanol is greatest (Harris and
Schroeder, 1981). An explanation for the observed effects of
ethanol on neurotoxin-stimulated sodium uptake may involve
changes in the fluidity of the neuronal membrane as a number
of other membrane pesturbants inhibit sodium uptake with
potency for inhibition of sodium uptake being related to lipid
solubility (Harris, 1984), Ethanol may alter the arrangoment
of membrane lipids or hydrophobic proteins in a specific area
of the sodium channel microenvironment. In addition, disrup-
tion of important lipid-protein interactions by ethanol may
result in suboptimal conditions that would adversely affect
sodium channel function. Further studies of sodium channel
function in systems in which the lipid and protein components
are more tightly controlled may answer some of these questions,

It is difficult to determine how important the effect of ethanel
on sodium channels i3 to the intoxicating effect of ethanol, In
this study and that of Harris and Bruno (1985), an ethano)
concentration of 60 to 100 mM was required to produce a
sigaificant inhibitory effect. Previous work from our lchoratory
demonstrated that an ethanol concentration of 26 mM which
is commonly achieved in vivo and is assoviated with moderate
intoxication was sufficient to cause a significant inhibition of
VER-atimulated ¥Na* uptake (Mullin and Hunt, 1984). Addi-
tionally, it appears that brain regions differ in sensitivity to
this effect of ethanol (Harris and Bruno, 1985).

We have used an ion flux assay to study the offects of ethanol
on sodium channel function in synaptosomes in which electro-
physiological methods are not practical, Because it is necessary
to use toxina to activate the sodium channels, one must consider
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the possibility that ethanol is interfering with the binding of
the toxins to their receptors in the channel. This could explain
the results we have presented. This question is currently under
study in our laboratory using radiolabeled toxins,
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Soluble Polyglycans Enhance Recovery
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Summary: Six solublz polyglycans (glucan-C, glucan-F, glucan-S, krestin, len-
tinan, and schizophyllan), two soluble polymannans (mannan-A and mannan-R),
and one soluble polyfructan (levan) were assayed for their ability to enhance
hemopoictic recovery in CIH/HeN mice when administered cither 1 h before or
1 hafter a 6.5-Gy dose of cobalt-60 radiation. Hemopoietic recovery was measured
by the endogenous spleen colony assay and was compared with recovery in both
radiation control mice and irradiated mice treated with glucan-P (a particulate
polyglycan previously shown to enhance recovery from radiation-induced hemo-
poictic injury). Compared with radiation controls, when administered before ir-
radiation, mannan-A, glucan-F, and glucan-S enhanced endogenous colony foriiation
4.2-5.1-fold (equivalent to glucan-P), and levan and schizophyllan --2.7-fold.
Lentinan, krestin, mannan-R, and glucan-C did not enhance hemopoietic recovery
above radiation controls under these conditions, When polyglycan administration
was delayed until after irradiation, endogenous colony formation was enhanced
3.0-3.9-fold by mannan-A, schizophyllan, glucan-S, krestin, and glucan-F (at
least comparable with glucan-P) but not at all by mannan-R, levan, lentinan, or
glucan-C.  Key Words:  Fructan—Glucan—Hemopoiesis—-Mannan—Polygly-

cans—Radiation recovery.

W - <, LIPS

Glucan-P, a particulate $3-1,3-linked polyglycan isolated from the yeast Succharo-
myces cerevisiae (1,2) has been shown to enhance a variety of biological responses
in mice, including reticuloendothelial functions (3,4), humoral- and cell-mediated
immune functions (5-8), and hemopoietic proliferation and difterenuiation (9-13).
Glucan-P has also been shown to enhance murine endogenous and exogenous pluri-
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: potent stem cell (E-CFU, CFU-s), granulocyte-macrophage and pure macrophage
k- progenitor cell (GM-CFU, M-CFU), and erythroid colony— and burst-forming cell
L (CFU-e, BFU-e) recovery when administered either before or after exposure to a
L hemopoietically damaging dose (6.5 Gy) of cobalt-60 radiation (14).

e N Despite all of these desirable effects, the intravenous use of glucan-P in humans
X has been restricted because of possible side effects related to glucan-P’s particulate
.. nature. Granuloma formation and hepatosplenomegaly have been reported (3,12).
- Additionally, “occlusion-type” neurovascular side effects due to microembolism may
) also occur after intravenous administration of large doses of concentrated solutions
s of glucan-P. Recently, several soluble polyglycans have been produced, and prelim-
inary results suggest that at least some of these compounds also maintain reticuloen-
dothelial-, immunologic-, and hemopoietic-enhancing capabilities similar to those of
glucan-P. Thus, the purpose of this study was to screen and to compare nine such
soluble polyglycans for their ability to enhance hemopoietic recovery following a

,g hemopoietically damaging dose of cobalt-60 radiation.
N METHODS
Since, in previous studies, the endogenous spleen colony assay described by Till
2 and McCulloch (15) accurately predicted the overall ability of glucan-P to enhance

recovery of the various specific hemopoietic stem and progenijtor cells (16,17), this
assay was used to screen for the hemopoiesis-enhancing capacity of the soluble poly-
glycans. In this assay, following irradiation in the range of 450-900 rad, colonies of

& hemopoietic cells arise from the clonal proliferation of surviving pluripotent stem
;- cells (E-CFU) and become grossly visible on the spleens of irradiated mice as recovery
S from radiation progresses (15,18-20). The number of colonies arising from E-CFU
e M is inversely related to radiation dose; at a chosen radiation dose, the ability of an
[: agent to increase the nuinber of detectable colonies reflects its hemopoiesis-enhancing
X capacity.
. For each experiment five to eight female C3H/HeN mice, 6-8 weeks old, were
LS injected intravenously with 0.4 mg (~20 mg/kg) saline-diluted glucan-P or 0.4 mg

of the various soluble polyglycans (Table 1). Mice were cxposed to 6.5 Gy (0.4 Gy/
min) of bilateral, total-body irradiation from the AFRRI cobalt-60 source at either 1
n before or 1 h after polyglycan treatment, Mice were exsanguinated 8 days later,
the splecns were removed and stained in Bouin's fixative, and the number of grossly
visible splcen colonies derived from E-CFU were counted. Data are expressed as the
mean x 1 SEM of results obtained from three replicate experiments, and data were
statistically analyzed using nonparametric methods. Specifically, one-sided compar-
isons were made betweoen each polyglycan-treated group of animals and radiation
controls using Dunn's Test (21) to determine if treatments elevated the E-CFU response
above that of radiation conirols.
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2 The cffects of the various polyglycans on E-CFU response when administered p
A before irradiation are presented in Table 2. As can be seen, radiation controls (saline- 7
© N injected and irradiated) exhibited 4.5 + 1.2 E-CFU per spleen. The various poly- X
P glycan-treated animals exhibited an E-CFU response that placed them into one of l
' three groups based on their degree of hemopoietic cohancement when compared with ‘
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TABLE 2. Effects of polyglycans on endogenous colony formation
(E-CFU) when administered 1 h before 6.5 Gy cobalt-60 radiation

Enhancement Spleen

Group® Compound E-CFU factor® weight (mg)
Control  Saline (radiation control) 4.5 £ 1.2 1.0 37 =1
1 Mannan-A 23.0 £ 5.3 5.1 56 £ 5
Glucan-F 21.1 + 3.6 4.7 49 =+ 8
Glucan-S§ 189 £ 2.6 4.2 45 + 4
(Glucan-P i7.8 x 2.1 4.0 555
2 Levan 12.6 + 1.6 2.8 42 =1
SPG 12.0 = 2.1 2.7 45 + 2
3 Lentinan 10.7 £ 1.6 23 41 = 2
PSK 10.2 £ 2.2 2.2 42 = 3
Mannan-R 6.4 x 1.2 1.4 40 = 6
Glucan-C 53 1.2 1.2 39 +2

Abbreviations as in Table 1.

sWith respect to radiation control E-CFU values: group 1, p < 0.001; group 2,
p < 0.01; and group 3, no statistical difference.

SEnhancement factor = mean E-CFU polyglycan/mean E-CFU radiation control.

radiation controls. The first group consisted of mice treated with the polyglycans
mannan-A, glucan-F, glucan-S, and glucan-P. Endogenous colony formation in these
mice was enhanced 4.0-5.1- told over radiation controls, and resulted in 23.0 = 5.3,
21.1 + 3.6, 18.9 + 2.6, and 17.8 = 2.1 E-CFU per spleen, respectively. The sec-
ond group consisted of mice treated with levan and schizophyllan (SPG). These
compounds, respectively, produced 12.6 + 1.6 and 12.0 += 2.1 E-CFU per spleen
to enhance colony formation 2.8- and 2.7-fold. Lentinan, krestin (PSK), mannan-R,
and glucan-C (group 3) did not increase E-CFU colony formation above that of
radiation controls. When spleen weights were determined, the greatest increase was
observed in group 1, followed in decreasing order by groups 2 and 3. However,

- differences in spleen weights were not as obvious as differences in E-CFU numbers.

Thus, when administered before irradiation, three of the soluble polyglycans (mannan-
A, glucan-F, and glucan-S) provided hemopoiesis-enhancing effects at least equivalent
to those of glucan-P.

The effects of various polyglycans on E-CFU colony formation when administered
after irradiation are presented in Table 3. The various polyglycan-treated mice again
exhibited E-CFU numbers that placed them into one of three groups with respect to
radiation controls. Group 1 consisted of only glucan-F-treated mice, These mice
exhibited 17.6 = 1.8 E-CFU per spleen or a 3,9-fold increase over radiation control
E-CFU values. Group 2 was comprised of mice treated with glucan-P, PSK. glucan-
S, SPG, and mannan-A, These mice, rexpcctiv**iy exhibited {4.8 * 2.3, 14.7 = 2.7,
144 + 2.6, 13.9 % 2.2, and 13.6 = 3.1 E-CFU per spleen to produce a 3.0-3.3-
fold increase in the number of endogenous colonies. Mice injected with mannan-R,
levan, lentinan, and glucan-C (group 3) exhibited no ingcrease in E-CFU numbers
relative to radiation controls. As with preirradiated polyg'yean-treated mice, the
spleen weights also reflected the progressive decrease in E-CFJ numbers from groups
2 through 3.

J. Biol. Resp. Modif.. Vol. 3, No. 6, 1984
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TABLE 3. Effects of polyglycans on endogenous colony formation
(E-CFU) when administered 1 h after 6.5 Gy cobalt-60 radiation

Enhancement Spleen

Group Compound E-CFU factor weight (mg)
Control  Saline (radiation control) 45 £ 1.2 1.0 37 £ 1
H Glucan-F 176 £ 1.8 39 45 = 1
2 Glucan-P 148 = 2.3 33 49 + 7
PSK 14.7 £ 2.7 32 46 + 5
Glucan-S 144 + 2.6 32 45 = 2
SPG 13.9 = 2.2 3.1 45 = 2
Mannan-A 13.6 = 3.1 3.0 44 = 3
3 Mannan-R 82 £ 1.6 1.8 40 =3
Levan 8.0 £ 1.6 1.8 41 = 2
Lentinan 6.1 £ 3.0 1.4 43 = 7
Glucan-C 43 + 0.7 1.0 41 £ 2

See Tables 1 and 2 for abbreviations and explanations.

DISCUSSION

There are obvious practical reasons for discovering agents that can modify radiation
injury and/or the consequent sequelae in mammalian systems. Concern exists espe-
cially for the protection of humans who may have to be exposed to external irradiation
during medical treatment, for examnple, as well as protection of those persons who
may have been exposed to external irradiation resulting from, for instance, occupa-
tional hazards or nuclear accideits.

The type and severity of injuries produced by radiation depend on the dose, dose
rate, radiation quality, and type (e.g., local vs. whole body) of exposure, In mice,
death following whole-body irradiation in the 700-1,000-rad dose range usually occurs
10 days or longer after exposure, and results frora irreversible bone marrow damage
(i.e., the hemopoietic syncrome) (22-25). Thus, depletion of kemopoietic stem and
progenitor cells results in sustained erythrocytoperia, lymphocytopenia, and gran-
ulecympema Ultlmately. death results from consequences secondary to the hemo-
poietic injury, such as immunosuppression and the mabxluy to resist even common
infections. Hence, it is generally agreed that survival in the hemopoietic syndrome
radiation dose range depends primarily on hemopoictic recovery.

Although many chemical and biological substances have been shown to enhance
hemepoletic recovery when administered before radiation exposure, fewer compounds
have been shown to be effective when administered after irradiation. A ¢lassic example
of a biological radioprotectant that possesses both capabilities is bacterial lipopoly-
saccharide (LPS) (26-28). Recentiy, the particulate polyglycans glucar-P (14,16,17)
and mannozym (M. L. Patchen, unpublished observations) have also been shown to
enhance hemopoietic recovery when adminisiered either before or after sublethal
radiation exposure. In addition, glucan-P has been shown to dramatically enhance
long-term survival of mice receiving an otherwise lethal dose of ragdiation (14). Glucan-
P is capable of modifying host resistance 10 a variety of bacterial, viral, fangal, and
pacasitic infections (29-31) and, in fact, the radioprotective etfect of glucan-P appears
to result not only from its ability to enhance hemopoietic recovery but also fmm its
ability to decroase susceptibility to infections (32).

4 Biol. Reip, Modif., Vol. 3, No. 6, 1984
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Although the heniopoietic and radioprotective effects of LPS, mannozym, and
glucan-P are impressive, the administration of th=se agents to humans is not practical
owing to their undesirable side effects. Specifically, mannozym and glucan-P have
side effects associated with their pardculate nature (M. L. Patchen, unpublished ob-
servations), and LPS is toxic at high doses (33). 'The present study clearly indicates
that several immunomodulating polyglycans (all of which are soluble and most of
which are nontoxic even at doses as high as 5-10 mg/mouse) are also capeble of .
enhancing hemopoietic recovery when administered either before or after radiation
exposure. The compounds shown to be effective were mannan-A, glucan-F, glucan-
S, SPG, and PSK.

It is intercsting to note that no apparent correlation exists between the rcolecular
size of the various polyglycans and their ability to induce hemopoietic recovery.
However, when administered before irradiation, glucans isolated from S. cerevisiae
appeared to exert a greater effect on E-CFU response then did glycans isolated from
higher fungi or Sclerotium glusanium.

Based on these preliminary studies, little can be concluded concerning the exact
mechanisms by which these soluble polyglycans enhance recovery fiom hemopoietic
radiation damage. or if these substances will effectively enhance survival after ex-
posure to otherwise lothal irradiation. Such studies are currently in progress in our
laboratory. To date, the only soluble polyglycan able toc enhance survival tollowing
an otherwise lethal dosz of radiation as effectively as glucan-P has been glucaa-F
(M. L. Patchen, unpublished obssrvetions;. However, because of the overall similarity
in immunological and hemopoietic responses elicited by glucan-P and these soluble
polyglycans, and because of the obvious advantages of the soluble polyglycans over
historical hemopoietic radioprotectants, we believe the potential for the use of these
substances as radioprotectants is great and that research in this are - should be pursued.
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Effects of pre- and post-irradiation glucan treatment on pluripotent stem cells, granulocyte,
macrophage and erytkroid progenitor cells, and hemopoietic stromal cells

M. L. Patchen, T.J. MacVittie and L. M. Wathen

Experimental Hematology Department, Armed Forces Rudiodiolugy Research Institute, Bethesda ( Maryland 20814,

USA). 12 April 1983

Summary. Glucan, a beta-1,3 polyglucose, was administered to mice either | h before or 1 h after a 650 rad
exposure to cobalt-60 radiation, Compared to radiation controls, glucan-treated mice consistantly exhibited a more
rapia recovery of pluripotent stem cells and commitied granulocyte, macrophage, and erythroid progenitor cells,
This may partially explain the mechanism by which glucan also enhances survival in otherwise lethally irradiated

nmice.

Key words. Mice: glucan treatment; Co-irradintion: stem cells, plutipetent: grunulocytes; macrophages; erythroid

progenitor cells: hemopoictic stomal cells: hemopoiesis.

Introduetion

Gincun, u f£-1,3 polyglucose isolated from the inner cell
wall of the yeast Saccharamyces cerevisioe” is a potemt
stimulator of the reticulogndothelinl system'* and &
dose-dependent modulator of the cellular® and hu-
morl’ immune systems and  hemopoistic system® ¥,
Spceifically, in rerme of effecty on hemopoiesis, the ad-
winisteation of gluican to vormal mice results in up
averull incvease i the production of pluripotamt sigee
cells and also granulocyte-macrophage, pure mucros
phage. and erythroid progeniter cells. The nhanced
sranvloeyte and macroplage genesis viserved o gl
car-trented animals hus been ussoeiated with glucan's
abdlity 1o induced the preduction amdjor celease of
granuloeyle-macrophage  colony-stimulsting  sctivity
(CSAN Y AL this e, the mechunidms of gilean’s en-
hancement of other uspects of hetnopoiesix are not fidly
understood.

Because of glucun’s profound stimulwiory effects on
hemopuiesis at the sten cell dad progenitor cell levels,
s uge @s 0 thorapentic ageat in cases of hemopotetic
depletion induced by drups andfor vadintion hay been
suggested™ ' Recently, it hus been reported that glucun
induced increusedd numbers of endogenous pluripotent
splocn colony-donuing ity (E.CFUY and also ine

e

ereased numbers of periphers! blood granulovytes"
when administered either before or after hemopoivti-
cally dumaging doses {$50-650 rads) of gamma radia-
tion. The purpose of this study was 1o examing in detuil
the effects of pre- and post-ieradintion glucan treatiment
on the recovery of hemopoietic stromal cells (HSC),
transplantable  plusipotent  hemopoietic  stem cells
(CFLLs)  granulocyte-muceophuge  progenitor  cells
(GM-CFC), macrophuge progenitor cells (M-CEQ),
and erythvoid buest and colony-forming eells (BFU-e,
T§ JVEI

Marerialy and methods

10 to 12-week-old fenale BOD2F, mive were used in all
experiments. Alb mice were quarantined and acelimated
w lboratory conditions Tor 2 weeks befure experimen-
tation, Particwlate, endotoxin-free glucan wis obtained
from Atcurite Chemical und Scientific Corporatism
{Westbuey, N.Y.) und was prepured seeording to iiLa-.
An's modiffcntion’ of Hassid's origing prozedure’. Glu-
van was diluted i sterile 3% dextrose, and 1.5 mg (ap-
proximately 75 medkp) was intruvenously injected into
exporinentiul mice oither 1 i beloee or | b after expo-
sure to 050 rads of wital-body coball-6d radiation.
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Normal control (not irradiated and not glucan-treated)
and radiation control (irradiated, but not glucan-
treated) mice were injected with an equivalent volume
(0.5 ml) of sterile 5%dextrose. At 1, 3, 6, 8, 10, 14, and
21 days after irradiation, 2 mice from each group were
killed by cervical dislocation, and the bones (2 femurs
per mouse) and spleens were removed to be assayed for
total nucleated cellularity (TNC), HSC, CFU-s, GM-
CFC, M-CFC, BFU-e, and CFU-e.

Cull suspensions. Each cell suspension represented the
poo! of tissues from 2 mice. Cells were flushed from
bones with 3 ml of Hank's Balanced Salt Solution
(HBSS) containing 5% heat-inactivated fetal bovine se-
rum (H!FBS). Spleens were pressed through a stainless
steel mesh screen, and the cells ware washed from the
screen with 6 ml of HBSS plus 5% HIFBS. The total
number of nucleated cells in each suspension was deter-
mined by counting the cells on 2 hemocytometer.
Hemopoietic cell assays. The hemopoietic assays used
have been described in detail elsewhere'" ", Bone mar-
row and splenic hemopoietic stromal cells were cultured
according to the method of Wathen et al.'®, On days 7
and 14, respectively, bone marrow and splenic cultures
were fixed in methanol, stained with Mallory's Azure 11
Methylene Blue, and the number of HSC colonies
(> 50 cells) counted. CFU-s were evaluated by the
spleen colony assay' as previously described". 8 days
after transplantation, the recipients were sacrificed and
their spleens removed. The spleens were fixed in Bouin's
solution, and the number of grossly visible colonies
were  counted.  Committed  granulocyte-macrophage
hemopoietic progenitor cells (GM-CFC) were assayed
by MacVittie’s modification™ of the semi-solid agar
technique originally described by Bradley and Metcalf™
and Pluznik and Sachs™. Colonies (> 50 cells) were
counted after 10 days of incubation in a 37°C humid-
ified environment containing 7.5% CQ,. Committed
pure macrophage hemopoietic progenitor cells (M-
CFC) were assayed by the technigue described by Mac-
Vittie et al.”. Cultures were incubated for 28 duys at
37°C in a humidified atmosphere containing 7.5% CO,,
before scoring colony formation. Bone marrow and
splepic CFU-e and BFU-¢ were assayed by a modificu-
tion of the origina! plasma clot technigue described by
Stephenson et al.”, Clotted CFU-¢ and BFU-e cultures
were incubated at 37°C in o humidified atmosphere
contuining 5% CO, in air for 2 days and 7 days, respec-
tvely, Plasma clots were then harvested, fixed with §%
glutaraldehyde, and sthined  with  beazidine und
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giemsa™. A CFU-¢ was defined as an individual ag-
gregate of 8 or more benzidine-positive cells, A BFU-e
was defined as a group of many large contiguous
clusters of benzidine-positive cells.

Statistical analysis. In each experiment, the normal con-
trol values were used to convert radiation control and
glucan values into percentages (i.c., percent of normal
control). Percent values presented in tables 1-4 repre-
sent the means of percent values obtained from at least
3 replicate experiments. Student’s 2-tailed t-test was
used to determine the statistical difference between
mean values obtained from radiation contro! and glu-
can-treated mice.

Results

Bone marrow hemopoietic recovery in mice administered
glucan 1 h before irradiation is shown in table 1. It can
be seen that recovery of the hemopoietic parameicrs
commenced earlier in glucap-treated animals than in
animals receiving radiation alone (radiation controls).
By 21 days post-irradiation, femoral TNC, HSC, and
CFU-c in radiation controls had reached levels compa-
rable to those in glucan-treated mice, while CFU-s,
GM-CFC, M-CFC, and BFU-¢ in glucan-treated mice
remained significantly elevated above radiation control
levels. Like in the bone marrow, all aspects of splenic
hemopoictic recovery commenced earlier in pre-irradia-
tion glucan-trcated mice than in radiation controls (ta-
ble 2). Again, splenic HSC and CFU-e values in the 2
groups of mice were comparable by 21 days post-irra-
diation, while splenic TNC, CFU-s, GM-CFC, M-CFC,
and BFU-e levels in glucan-treated mice remained cle-
vated above radiation control levels. This was true even
when splenic CFU-s, GM-CFC. and BFU-e numbers in
radiation controls exceeded those of normal control
mice (i.e., were. greater than 100%). Specifically, al-
though an overshoot in CFU-s, GM-CFC, and BFU-¢
splenic values was observed in radiation controls by day
21 post-irradiation, the overshoot in glucan-treated
mice first hecame apparent as early as 10 days post-irra-
diation and remained above radiation control levels
through day 21 post-irradiation.

The results of experiments assaying the effects of post-
radiation glucan treatment on bone marrow and
splenic hemopoietic recovery are showa in tables 3 und
4, respectively. In all instances except that of bone mar-
row HSC, hemopeietic recovery again commenced ear-
lier in glucan-reated hun in radiation control mice.

Table 1. Hone marrew hetmoparetie recovery i BODF, miwe pven 1§ iy of glucan at | b befure 650 rad of whole-body cobalt:6h radiation

% normal vontrol)
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Table 2. Spienic hemopoietic recovery in B6D2F, mice given 1.5 mg of glucan at 1 h before 650 rads of total-body cobalt-60 radiation

(% of normal control)

TNC HSC CFU-s GM-CFC M-CFC BFU-¢ CFy-¢

Day post  Radiation Radiation Radiation Radiati Radiati Radiation Radiation
irvadiation controt + Glucan control + Glucan control + Glucan control + Glucan control + Glucan control + Glucan control + Glucan

1 9 9 2 0 0 0 0 0 0 0 0 0 0 0

3 9 8 2 2 0 0 0 0 0 0 0 0 0 0

[} 7 10 4 ki 0 2 0 21 0 6 0 0 0 ]

8 9 15 10 13 0 4 0 34 0 7 0 2 ! 19*

10 i0 50* 13 88" 0 60* i 250° ! 96* 0 180" 2 343*

14 65 84* 41 122% 2 190* 94 1207* 8 316" 40 326* 410 684"

21 76 88" 54 50 191 300% 744 2503* 60 360° 121 451 920 918

* p>0.01 with respect to the respective time matched radiation control value.

Table 3. Bone marrow hemopoietic recovery in B6D2F, mice given 1.5 mg of glucan at | h before 650 rads of total-body cobalt-60 radiation

(% normal control)

TNC HSC CFU-s GM-CFC M-CFC BFU.c CFU-¢
Day post Radiation Radiation Radiation Radiati Radiati Radiation Radiation
irradiation contsol + Glucan control + Glucan control + Glucan control + Glucan control + Glucan ¢ontrol + Glucan control + Gluean
1 8 § 12 6 0 0 0 0 0 0 0 0 0 0
3 4 4 t 9 0 [ 0 i 0 i 0 1] 0
6 8 il n 10 0 0 ! 3 0 1 0 0 9 3
] 19 23 18 13 | 0 3 4 2 2 1 | 28 25
10 23 3¢ 19 14 3 17 5 24 3 b4 4 9 35 69"
4 27 43 23 19 S hrs 29 41? 13 26* 14 45* 16 67
21 82 65 60 45! 22 ki 41 ne 2 52* 57 94* 88 50¢

*p > 0.01 with respect to the 1ospective time matched radiation control

CFU-s, GM-CFC, M-CFC, and BFU-e bonc marrow
contents and splenic TNC, GM-CFC, M-CFC, BFU-¢,
and CFU-e contents in glucan-treated mice were all
significantly elevated over those of radiation controls
from days 10 to 21 post-irradiation. However, several
other hemopoictic parameters in glucan-treated mice
neither remained above nor even cqualed those of
radiation controls. For example, in glucan-treated mice
at 21 days afier trradiation, the femoral TNC, HSC,
and CFU-e contents and the splenic HSC and CFU-s
contents were actually less than those of radiation con-
trol mice.

The splenic ‘overshoot’ phenomenon observed in pre-ir-
radiation glucan-trented mice was again observed in the
CFU-s, GM-CFC, M-CFC, BFU-¢, and CFU-¢ post-ir-
radiation glucan-treated mice. Interestingly, the over-
shoot in CFUss, GM-CFC, and M-CFC in post-irra-
diation glucan-treated mice wus less dramatic than in
pre-irradiation glucan-treated mice, whereas the over-
shoot in BFU-e and CFU-¢ in post-irradiation glucan-
treated mice was more dramatic than in pre-irrudiation
glucan-treated mice.

Dixeussion

Injection of pusticulite glucan inco normal mice hus
previously been shown to result in increased numbers of
bone marrow andfor splenic CFUs, GM-CFC, M-
CPC, BFU-e, and CFU<" . The studies presented here
demonstrate the ability of glucan to speed bone murrow
andior splenic HSC, CFUs, GM-CEC, M-CFC, BFU-
&, and CFU-e recovery in hemopoietically compromised
animals. Specifically, gluean wus shown to enhance the
recovery of these hemopoicetic progenitors when udmin-
istered cither before or after 4 hemopoietically damag-

value,

ing 650-rad dose of total-body gamma radiation. For
example, the most severe depletion of all hemopoietic
clements in both radiation control and glucan-treated
mice was observed 1-3 days after radiation exposure.
However, most hemopoictic clements in glucan-treated
mice cxhibited a major rebound within 6-14 days after
irradiation, while the major rebound in radiation con.
trol mice was not observed until '4-21 days after irra-
diation. It should be pointed out that although both
pre-irradiation and post-irradiation glucan treatments
significamtly enhanced hemopoietic repopulation in
comparisen to that in radiation controls, the pre-irra-
diation glucan treatment appeared to be more effective
than post-irradiation glucan treatment. These results
correlate well with our previous observations that al-
though equal numbers of endogenously urising spleen
colonies (E-CFU) were observed in both 1-h pre- and
1-h posteirradiation glucan-treated mice'", the size of the
E-CFU appeared to be larger in mice receiving glucan
before irradiation.

In addition it should be noted that the hemopoletic ef-
feets of gluean primarily occupred within the fiest 2
weeks aller irradiation, since by 3 weeks post-irradin.
tion hemopoietic vidues in radiation contro! and gl
can-treated mice in many instances were similar, This
wus trug even in instances when recovery had not yet
progressed to normal control values (e, 100%%), and
no explanntion for this apparent latent slow down in
glucan-induced hemopoiesis is proposed at this time.

Tt is interesting to note that additional particulate sub-
stances (e.g., Zymosan, C. parvam, gliss beads, Port
land cement) have also been shown to enhunce hemo-
poiesis when udministered before and in some cuses af-
ter sublethal irradintion. Ho ever, we do not that feel
the enchanged hemopoictic tecovery observed in oup
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Table 4. Splenic hemopoietic recovery in B6D2F, mice given 1.5 mg of glucan at | h before 650 rads of total-body cobalt-60 radiation

(% normal control)

TNC HSC CFUss GM-CFC M-CFC BFU-¢ CFU-e
Day post Ri-duation Radiation Radiation Radiution Radiation Radiation Radiation
irradiation control ~ Glucan control + Glucan control + Glucan conitol + Glucan contro! + Glucan control + Glucan controf + Gluean
! 9 14 2 0 0 0 0 0 0 0 0 0 V] 0
3 9 7 2 1 0 0 0 0 0 0 0 0 0 0
6 7 9 4 S 0 0 0 2 0 1 0 0 0 0
8 9 11 10 13 0 ] 0 5 0 3 0 2 i 1
10 10 P 13 66" 0 9 1 68" 1 20* 0 3 2 103
14 65 100* 4] 149° 32 129* 94 1338* 8 126° 40 468" 410 776
21 76 122° 54 44b 191 159* 744 1706* 60 198 121 S64* 920 1515*

* p > 0.01 with respect to the respective time-maiched radiation control value;

control value.

studies is due merely to the particulate nature of glucan,
sinced we can easily reproduce these results using a
soluble glucan preparation (manuscript in preparation).
In addition, previous studies evaluating the hemopoietic
radioprotective properties of various other substances
have primarily used enhancement of endogenous co-
lony-forming unit (E-CFU) numbers to indicate an
agent’s radioprotective capacity. Although E-CFU re-
covery does correlate well with CFU-s recovery, neither
the E-CFU nor the CFU-s assays can reveal informa-
tion about the recovery of the various committed hemo-
poictic progenitors cells (e.g.. GM-CFC, M-CFC,
CFU-¢, BFU-e). Thus, our study has also demonstrated
the radioprotective effects of glucan on these specific
progenitor cells as well as on the pluripotent stem cells
measured by the E-CFU and CFU-s assays.

Recently we have also shown that the administration of
glucan before exposure to lethal whole-body gamma
radiation (c.g.. 900 rads) is capable of enhancing sur-
vival™. The exact correlation between glucan's hemo-
poietic enhancing capabilities and glucan’s ¢lfects on
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6 > 0.05 with respect to the respective time-matched radiation

post-irradiation survival remains to be determined.
Since death after irradiation often results from the
surgence of opportunistic infections, glucan treatment
may provide a critical advantage by early-on stimu-
lating the repopulation of hemopoietic precursors {(i.c.,
CFU-s, GM-CFC, M-CFC) capable of replenishing the
granulocytes and macrophages necessary for resisting
bacterial invasion. This may indeed be possible since in
non-irradiated animals glucan has been shown to pro-
toundly enhance the resistance of animals to a variety
of experimental infections™* *. Additionally, recent ex-
periments in our laboratory have indicated that glucan-
treated irradiated animals present fewer opportunistic
infections than do radiation controls {Patchen, Brook,
Walker, unpublished observations).

Although much remains to be understood concerning
the ability of glucan to enhance the recovery from
radiation-induced hemopoietic aplasia, the implications
and possible applications of glucan treatment are in-
triguing.

9 Nuiskanen, £ 0., Burgaletn, C, Chines ML) and Golde, DLW, B
feel of plugan, 4 macrpphage activator, on myrine hemopoiene el
pralileration w difusion chambers in mice. Canver Res. I8 (1978)
1406 1409,

10 Patehen, ML, and Loteova, ., Moduliiion of munng hemopa
sy by glucan. Bap. Hemat & (1950) 309 422,

W Pachen, ML, and MacVitne, 1.1, Dovesdependent sespanses o
murme plunpotent stem cadls and myeload and ersthrond progem:
tor eelly followang admmstration of the mmuncmsdulating agent
glucan Jmmunopharmacology $ (1950 103 MY

1) Pawhen, M L oand MueVitte, T ), Temporal cospuinse o mnning
plunipetent stem eells und myelod and erythrod progemtar cells e
low g glucan treatiment Acta hemat "0 LUK I5) 28K

IV Parchen, ML, and Lotesvi, |, The roleof micraphages and 1+
Bmphovyies i glucan mediated alterstion of munne henopoteas.
Hiomediawe N 1980 7L 2T

W Patchen, ML, atd Mac¥itie, T 1, Use ol gluvan o enhanes
Remapiietiy rvenery alter expnane I eabalb bl rradaion,
Maveaphages and natural Killer wells, pp 67 272 Fda 81 Nons
man and E Sorkin Plenum Preas, New York 195

1Y Paspial, M Jay ), Nethova, ). oand Mareh, M, Gluvaans
dueed enhanceitent of hemoietv ey 1n gamnantradiated
mwe Eapetientra 18 41982 1202 120

i Waken, LK Koapp, 8 AL and DeCiowmn, B L Supprossivn of
aran stromal wlls and mceoenvironmental damage Tullowing
wquential radiaton and Gvlephisphaingde 1ot ) Radiat thaal
bl Pl T 9K 9% )

1208 Cand MeCullach, | AL A it imcasuement wt tadia-
on wiistivby ol aural bobe mattan il Radiat Rew 14
Nedy 24N 222

. \.-».,_.

\\.“" }. oy

WSARL Y

e e e TR LT N ¢ 2 YN E Wy R XY NN YIRS T e s S TN Y

e e




1244 Experientia 40 (1984), Birkhduser Verlag, CH-4010 Basel/Switzerland

g
° 3 ‘! 18 MacVittie, T.J.. Alterations induced in macrophage and granu- 25 Patchen, M.L.. Immunomodulation and Hemopoicsis. Surv. Im-
I ", locyte-macrophage colony-forming cells by a single injection of mun. Res. 2 (1983) 237-242.
g 4 mice with Corvnchacterium parvum. 3. reticuloendoth. Soc. 26 26 Kokosis, P.L.. Williams, D.L., Cook. J.A., and DiLuzio, N.R,,
> (1979 479- 490. Increased resistance to Staphylococcus aureus infection and en-
: "d 19 Bradley, T R.. and Metcalf, D., The growth of mouse bone mar- hancement in serum lysozyme activity by glucan. Science /99
,"'? row cells in vitro. Aust. J. exp. Biol. med. Sci. 44 (1966) 287- 300, (1978) 1340 -1342.
30 Pluznik, D.H., and Sachs. L.. The cloning of normal *mast’ cellsin -~ 27 Reynolds, J. A, Kastello, M. D.. Harrington, D.G., Crobbs, C.L.,
A tissue culture. J. Cell Physicl. 66 (1965) 319 324, Peters, C.J.. Jemski, J.V,, Scott, G.H., and DiLuzio, N.R., Glu-
) v~ 21 MacVittie, T. 1., and Weatherly, T. L., Characteristics of the in vitro can-induced enhancement of host resistance to selected infectious
N ¥ monocyte  macrophage colony forming cells detected in mousce discase. Infect. Immun. 30 (1980) 51 -57.
& thymus and lymph nodes, in: Expenimental Hematology Today, 28 DiLuzio. N.R., Wilhams, D.L., and Browder, W., Immunophar-
pp. 147 156. Eds S.3. Baum and G.D. Ledney. Spnnger-Vcrldg macology of giucan: The modification of infectious disease, in
New York 1977, press.
VE 22 Weinberg, S.R., McCarthy, E.G.. MacVitie, T.J.. and Baum,
: 5) S.1., Effect of low-dose irradiaticn on pregnant mouse hemopoie-
Y sis. Br. J. Haemat. 48 (1981) 127 135,
e 23 Stephenson. J.R.. Axeirad. A.A.. McLeod, [).L.. and Shreeve,
- .t M. M., Induction of colonies of hemoglobin-synthesizing cells by
. erythropoictn in vitro. Proc. natl Acad. Sci. USA 68 (1971) 1542 -
- 1546.
24 Mcleod, D L. Shreeve, M. M., and Axelrad. A.A., Culture sys-
XN tem in vitre for the assay of erythropoietic and megakaryocytic
- <. progenitors: in: In vitro aspects of erythropoiesis, pp.31 36. Ed. 0014-4754/84/111240-0581.50 + 0.20/0
i M.J. Murphy. Springer, New York {978, " Birkhiuser Verlag Basel, 1984
.‘a
-h
0 j
A\ ) :\‘ g
N
L4 L]
iy
i
p I“
. .:\.\
!.‘
-"‘,
'~|
q U-‘
L]
I # E* »
] ":h'

AN

o e «tatatata At AR .'.. Y b - D F R
n.l.'"l\‘\‘o \ ‘ “"- ‘ ‘ ‘fq_‘a. ~.‘ b e ™ . L% ) ¢ 9 » .s ‘, D‘\’l ‘.\'%,"“a,
.8 ! e
o .




GASTROENTEROLOGY

ARMED FORCES RADIOBIOLOGY
RESEARCH INSTITUTE

SCIENTIFIC REPORT

SR85-16

Alterations in Gastric Mucus Secretion in
Rhesus Monkeys After Exposure to

Ionizing Radiation
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H. EL-BAYAR, A. DURAKOVIC, J. J. CONKLIN, and A. DUBOIS
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Sciences Department, Armed Forces Radiobiology Rasearch Institute, Bethesda, Maryland

The aim of the present study was to evaluate the
effect of y-irradiation on soluble gastric mucus. Six
conscious chair-adapted rhesus monkeys wers stud-
ied once before and twice after exposure to ionizing
irradiation (800 rads). Using a marker (#9"Tc-DTPA)
dilution technique, acidic glycoprotein {AG), neu-
tral glycopratein (NG], ion, and fluid output were
determined during a basal period and after the
administration of an 80-ml water load. Irradiation
significantly increased the outputs of both AG and
NG during the basal period. After the water load, NG
output remained elevated but irradiation abolished
postload AG output thus inhibiting the normal rise
in AG output stimulated by the [oad. Two days after
irradiation NG output had returned to control levels
whereas AG output was still suppressed. Sodium
and potassium ion outputs were unhaltered by irra-
diation. Chloride and fluid outputs were significant-
ly inhibited on the day of irradiation but had re-
turned to control levels within 3 days. These results
indicate that irradiation produces significant
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changes in both the quantity and nature of the
soluble mucus glycoproteins secreted into the gas-
tric juice. It is suggested tha! these changes may
compromise the protective ability of gastric mucus.

Exposure to high doses of radiation {>600 rads)
produces diarrhea, infection, and fluid loss within 1
wk as a result of damage to epithelial cells. More-
over, a recent study has demonstrated that gastric
mucosal biopsy specimens obtained on the day of
radiation exposure (800 1ads) produce superficial
ulceretion which fail to heal within 7-9 days (1).
This observation could be related to many factors
including the secretion of mucus, the presence of a
mucosal gel layer, the intragastric hydrogen ion
concentration, as well as the integrity and rate of
renewal of epithelial cells. In the present study, the
effect of irradiation cn changes in gastric soluble
mucus and ion secretion were evaluated in primates.
Gastric secretion of glycaproteins was used as an
index of both soluble and insoluble mucus produs.
tion (2},

Methods

Six male unanestheized mionkeys {Macaca mu-
latta) weighing 3~4 kg were adapted to primate restralning
chalrs and housed In closed, ventilated, lighted booths
botwaen 8 am and 12 v, The monkeys wee trained to
accept & 12F double-lumen nasogastric ventrol Lavin tubg
(National Cathoter, Malloncredt, Argyle, N.Y.: bore, 4 nun;
wall thickness, 1 mm). The experimaents were conducted
after ar. ovornight fast and were started 45 min ofter tha
tube had been placed. Proper positioning of the tube in the
most depondont part of the stomack was verified by
demonstrating that, after injecting 15 ml of water lnto a

e v

Abbreviations used in this poper: AR, Aluuu blue; AG, acldic
glycoprotein; NG, neutral glycoprotela,
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previously emptied stomach, the total volume could be
recovered.

A marker (*™Tc-DTPA) dilution technique previously
described and validated in monkeys and humans (3-6)
was used to determine gastric ion and mucus output. The
animals were studied during a 40-min basal period anc for
60 min after the intragastric administration of an 80-ml
water load (pH 7.4, 37°C). Samples of gastric juice were
centrifuged and samples of the clear supernatant were
counted in a auto-y-counter (Ultragamma, LKB Instru-
ments Inc., Gaithersburg, Md.). Intragastric volumes of
fluid (V4, V5, . ..) and amouats of **™Tc-DTPA were deter-
mined using the marker dilution principle (4,7,8). Net rate
of fluid output was determined for each 10-min interval (t)
between two dilutions assuming that it rernained constant
over the given interval and using the equation

R. = [V. =V, X exp(—gt]] X g/[1 - exp(-gt}].

where g is the fractional emptying rate.

The concentration of soluble mucus in each sample was
estimated using two methods; the Alcian blue (AB) dye
binding and the periodic acid-Schiff reaction. Alcian blue
is a cationic dye that forms an irreversible complex with
acidic glycoproteins and other negatively charged macro-
molecules. A modification of the method of Piper et al. (9)
was used for the determination of AB binding to acidic
glycoproteins. Briefly 0.1 ml of gastric juice was mixed
with 4.2 ml of Mcllvaine's citrate phosphate buffer (pH 5.8,
0.12 M NaHPQ, and 0.4 M citric acidj and 0.2 m] of AB (10
mg/ml). The volume was then increased to 5 ml by adding
distilled water. The concentration of AB in the reaction
mixture was 0.4 mg/ml and the pH was 5.8. The reaction
mixture was incubated at 22°C for 24 h and centrifuged at
2500 rpm for 10 min. The concentrations of AB in the
supernatant fraction were estimated spactrophotomatrical-
ly at 615 mm (Gilford Microsampla, Oberlin, Qhio) and
compared with a standard curva constructed using porcine
gastric mucin (Sigma Chemical Co., St. Louis, Mo.).

The periodic acid-Schiff method described by Mantle
and Allen (10) was used to estimate neutral glycoproteins.
The reaction mixture consisted of 0.2 ml of gastric juice
and 1.8 ml of isotonic saline to make a volume of 2 ml
Then, 0.2 ml of fresh periodic acid solution (10 ul of 50%
pariodic acid in 10 ml of 7% acetic acid) was added to the
reaction mixture and was incubated at 37°C for 2 h
Subsequently, 0.2 ml of activa Schiff solution was added
and all tubes ware vortaxed immadiataly. The spacimens
stood for 30 min at room temperature after which the
opticul density was determined spestrophotometrically al
555 nm using porcine gastric mucin as a standard.

The inteagastric concentration of soluble mucus at the
sturt of the interval (M) and at the end of the interval (M)
ure exprossed as milligrams of mucin per nulliliter. The
not rate of soluble mucus sutput (Ry) expressed in mithi-
grnns of mucin equivalents was then calculated using the
aquation

Ba - [N - Myoxpl-wil] < @)t - oxpl - gl

The concentration and output of neutral glycoprotein
INGY and acidic glycoprotein [AG) were determined sepa-
rataly, Sodium (Nat') and potassium [K') lon concentra-
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tions were measured using a flame photometer (Instru-
mentation Laboratory, Inc,, Model 443, Lexington, Mass.)
and chloride (Cl”) ion concentration was determined
using an amperometric titration method {Corning 920 M,
Medfield, Mass.). The intragastric mass of each ion (I,

..} was determined by multiplying the intragastric ion
concentration by the correspending intragastric volume.
The net rate of each ion output (R;) was then calculated
using the equation

Ry = [I, - I, X exp(—gt)] x g/ [1 ~ exp(—gt)].

The calculations were perfcrmed using a locally devel-
oped program and PDP-10 computer (Division of Comput-
er Research Technology, National Institutes of Health,
Bethesda, Md.). The assumptions involved have been
described and discussed elsewhere (3—6) and are based on
the original contribution of Hildes and Dunlop (8).

In this study each monkey was studied on three separate
days: once before (preirradiation), on the day of (irradia-
tion), and 2 days after (2 days postirradiation) irradiation;
800 rads were delivered bilaterally to the whole body
using a large 10° Ci "Co irradiation at 500 rads/min.
Values for gastric secrstory parameters obtained during the
first two 10-min intervals of each study were discarded in
order to allow for the establishment of a steady state.
Those obtained during the third and fourth 10-min fasting
intervals were averaged for each study to obtain one
fasting (basal) value per animal, and the mean (*SE) was
calculated for each day of the study. Values obtained
during seven 5- or 10-min intervals after the 80-ml water
load (pustload) we e also averaged for each study to
determine one postload value per animal. The mean (2 3E)
postload value was then calculated for each type of study.
The statistival significance of differencas abserved fur sach
measuremant of gastric functicn (e.g.. Na' output, mucus
output} was evaluated using a three-factor (treatment,
time, and monkey) analysis of variance with repeated
measures on the last two factors (11), the program LDU-
040 (K.L. Dorn), and an IBM 570 computar (Division of
Gomputer Research and Technology. National Institutes of
Health),

Results

Befors irradiation, the basal cutput and con-
centration of AGs Is approximately twice that of NGs
(Figwos 1 and 2). In addition, the ontput and con-
centration of AG are significantly (p < 0.08) in-
creased by 270% and 88%. respectively, in response
to the water load (Figures 3 and 4 vs. Figures 1 and
2). In contrast, NG owtpul and concentration are
refatively unchanged by the administration ol the
water load. As a result of this difference. pustload
AG output is --7 times postload NG output and
postioud  AG concentration is 56 times that of
postioad NG concentration,

Exposure to irradiation significantly stimuluted
both the besal (Figure 1) and postload (Figure 2)
output of NG by 150%. In addition, NG concentra-
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n=6

* p<0.05 vs
Pre-irradisted

[

Basal Mucus Output {mg mucin eq/ min)

NG AG NG AG NG AG
Pre- Irradiated 2 days
Irradiated Postirradiated

Figure 1. Basal soluble rsucin output before, on the day of, and 2
days after exposure to irradiation. Each bar represents
the mean = SE of values obtained in 6 monkeys.

tion in the gastric juice was increased by 61% basally
(Figure 3) and was significantly enhanced by 270%
after the water load (Figure 4). However, both basal
and postload NG output and concentration had re-
turned to preirradiation levels within 2 days after
irradiation. Like NG output, the basal secretion of
AG was increased significantly by 250% after expo-
sure to radiation (Figure 1). In addition, basal AG
concentration was elevated by 137% (Figure 2).

12
n=ab
10k « p<ONH vs d
Pre-leradiated

Basal Mucus Concentration (mg mucin eq/mij

() Lmen S SN O R\ o
NG AG NG AG NG A(:
Pro: ireadiotod < days
tretcdtatod Posuitratated

Figure 2. Husul soluble mucin conveptration in the sscrotad julce
boture, on the day of, and 2 duyy after exposure e
teradiation. Bach bor veprosents the mean ¥ SE ol
values oblald i 6 monkeys.
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NG AG NG AG NG AG
Pre- lrradiated 2 days
Irradiated Postirradiated

Figure 3. Postload soluble mucin output before, on the day of,
and 2 days after exposure to irradiation. Each bar
represents the mean = SE of values obtained in 6
monkays.

However, in contrast to NG, postload AG »utput
{(Figure 3) and concentration in the gastric juice
(Figure 4) were significantly suppressed by irradia-
tion and remained suppressed aftac 2 days. Thus, the
increase in AG output and concentration stimulated
by the water load in the control state was abolished
after irradiation.

Na* and X" output and concentration were unal-
tered by irradiation (Table 1) but CI™ concentration
was significantly reduced afte= irradiation during the
basal period. Fluid and Gl secietion were signifi-

- u

nnb

» 8<0.08 vs d
Pro-ierathation

o
a2
I

Postivad Mocus Cuncentral:on (mg mucin eq/mi}

NG AG NG A3
Proy e athated 2 days
iteachatod Postetadiated

4. Postloaed soluble mucin conventeation in the seoratud
juice bufare, on e day of, and 2 doys aftes expostire to
irediation. Bach bae ropresents the mean & SE ol
valuus olitaiaed 1 6 monkoys.
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Table 1. Effect of Irradiation on Basal and Postload Fluid and lons

GCASTROENTEROLOGY Vol. 88, No. 3

Fluid output Na* output Na* conc K* output K" tonc Cl output Gl conc
Treatment {ml/min) {uEq/min) {uEq/ml) (nEqg/min) {:Eq/inin) {zEq/min) {uEg/ml)
Basal

Preirradiation 0.12 = 0.04 12,2 * 3.1 122 + 33 2.8 * 0.6 27 5 18.3 + 3.5 195 * 40
Irradiation 0.18 * 0.04 18.6 * 3.6 110 = 10 +.3* 1.3 20+ 3 16.9 * 3.2 119 = 31¢
2 days postirradiation 0.14 * 0.02 134 = 4.2 93 = 18 2908 20+ 4 28.5 * 5.0 221 * 44

Postload
Preirradiation 0.19 * 0.03 10.2 = 1.9 85 + 24 3306 247 24.6 £ 6.6 174 * 58
Irradiation 0.12 = 0.02% 108 £ 2.2 153 = 35 2.3 % 0.6 19 %6 11.0 + 1.5 228 * 89
2 days postirradiation 0.15 * 0.03 9.1x14 111 * 36 2.7+ 07 25+ 6 26.4 £ 6.3 311 * 143

Values are mean = SE of measurements it 6 monkevs, * p < 0.05 and " p < 0.01 when compared with preirradiation using a three-factor
{treatment, time. and monkey} analysis of variance with repeated measures ¢ the last two factors,

cantly inhibited by irradiation only after the water
load. However, 2 days after irradiation, fluid and ion
output and ion concentration were not significantly
different from preirradiation levels.

Discussion

The human gastric mucosa has several histo-
logically distinct cell types which secrete various
mucins. These cells include the mucus neck cells in
the fundus, the mucus cells of the cardiac and
pyloric glands, and the surface epithelia. The nornal
gastric mucosa is covered with a continuous thin
layer of adherent mucus. This film is not only a
product of the surface epithelial cells and mucus
neck cells of the adjacent area but also of the mucosa
higher in the stomach. Decroases in the quantity and
quality of mucus glycoproteins have been associated
with gastric mucosal injury and may reflect alter-
ations in the integrity of the surface epithelial cells
which produce the mucosal gel layer as well as the
cellular ability to synthesize glycoproteing and se-
crote mucus. Studies correlating changes in soluble
and insoluble mucus are inconsistent (2.12). Howev-
er, Lamont et al. (2) recontly found that incroases in
the AG concentrations of seluble mucus wern associ-
ated with increases in the AG concentration of the
adherent mucus gel. In addition, AG in both seluble
and insoluble mucus was inversely correlated with
gastric mucosal damage,

The present study demonsteates that, immediately
after tevadiation, both basal and postiosd NG sutpan
are significantly increasod. This, however, is a tran-
siont effect as 2 davs after ireadiation. NG output is
not signdficant!y different from coutrol output. n
costrast, AG output fo'lows a biphasic time course
after irendfution. Immediately after total body expo-
sure, AG output, like NG output, s significantly
stinubted: this early elevation of glvcoprotein out-
put daes not appeat to result from an increased acid-
pepsin digestion of the mucus ver, as it colneides
with an inhibition of gasteic acid secretion £33). Aller

.‘0\

the water load, hcwever, AG output is completely
abolished. This absence of the normal rise in post-
load AG output can be attributed to either a pro-
longed effect of irradiation at that time or to a
complete radiation-induced depletion of available
AG material during the preceding basal period. Un-
like NG output, AG outpui remains suppessed 2
days after irradiation. As AG output returns tq nor-
mal within 2 days in the absence of radiation, this
much longer lasting etfect on both basal and postload
AG output can be attributed directly to the effects of
irradiation on the gastric mucosa.

The radiation-induced response in soluble mucus
output may represent the secretory counterpart of
morphologic changes described in the same model
(1). In this study, using ditierent monkeys, no gross
mucosal damage (endoscopic view) was apparent 3 h
after irradiation.  Furthermore, light microscopic
avaluation of biopsy specimens taken at this same
time rovealed no disruption of the lining epithelial
cells or mucus-containing cells for up to 3 davs after
irradiation (1). Howaver. SEM showed a marked
hypertrophy of the microvilli of some surface epithe-
lial colls. This is similar to the appearance of surface
cells before the apical expulsion of mucus. Although
earlier biopsy specimens were not obtained, this
hyportrophy may represent the final stages of an
initial extrusien of mucus from cells. which is ro.
flectad in the initial increase in NG and AG output
observed immediately after ircadiation in the present
study. Interestingly, release of mucus by apical ex.
pulsion is often followed by cell degeneration and
may be characteristic of a response to injury (144

Aleian blue binds not only tw acidic glvcoproteins
but to other negstively charged macromoleculies ax
well. Thus, an inerease in AG output could be dus 1o
an increase in cell shedding imaediatedy after iera-
dintion. Scanning electror microscopy and light
wicroscopy. however, do not reveal sigeificam in-
creases in cell shedding at the spproximate time of
the rise in AG output observed alter irradiation in
the present study . Muoreover, H significant cell shed.
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ding occurred later on, one would expect an increase
in AG output rather than the observed decrease.
The differences between AG and NG output ob-
served 2 days after irradiation may be related to a
differential effect of irradiation on mucus cells pro-
ducing biochemically distinct mucins. Zalewsky
and Moody (14) reported that in dogs. mucus cells
located on the surface and in gastric pits contain a
highly sulfated mucin, as well as neutral glycopro-
teins, whereas neck cells in gastric glands contain
predominantly neutral glycoproteins. Although the
presence or function of sulfated mucin in normal
gastric mucasa of humauns has been cuestioned (15).
increased levels of sulfated glycoproteins have been
found in humans following stress (16). The results of
the present study support the distribution of AG and
NG proposed by Zalewsky and Moody (14). The
surface epithelial cells extend into the gastric pits
and are renewed approximately every 3 days. The
mucus nock cells which lie deeper in the mucosa
near the parietal cells are renewed in about 1wk
Cells with a high turnover rate are particularly
susceptible ic radiation injury {i7). Thus, the AG-
containing suface epithelial cells in this model ex-
hibit a markedly greater vulnerability to radiation
damage than do the NG-containing mucus neck
cells. This is further supported by the fact that both
NG output and acid secretion, but not AG output,
have raturned to norual within 3 davs of radiation
exposure, The significanes of this observation is
illustrated by SEM studies of gasteic biopsy spaci-
mens. At 2 days postivradistion, there is damage o
absence of aumerous surface cells, the presence of
axposed lamina proprin iy some areas, wnd o persis.
tence of ulcaration at the site where biopsy speci-
maens were obtained on the day of irradiation (1),
The increase in soluble mucus output in the pees.
ent study may be parl of ¥ response I stress. An
increase in the release of gamdorphin from the
pituitany hax been shown to aceompany other ivpes
of experimental stress {18.18) That irradiatitn s a
stress §s supported by the fuct that tal body ieradiue
o has been shown 1o significantle snkanae plasimag
S-endorphin (200 The initial rise in seluble mucns
output observed tnvaediatoly after rradiation in the
prsent study i not tepotied in carlior studiss of
axperimental stress. This taey be altviboted to dilfes
encey in midhodology, o provious stidies, e stress
was agiplind for & bevger period of tistie and gastric
shmples were gaualiy ot oblained uatid several
hours after the streas was tnitiated. In the current
study. the monkevs were exposiad to irradiation for
<2 min and samples of gastric juite wine obtiined
within 10 win, Thus, this initial fise in soluble
suucus ghveoprobsin seuntion may nut have been
vbsery il previousiv, s contrast, the signilivant inhi-
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bition of AG output observed after the water load is
similar to the previous findings of a reduction in
glycoprotein content of the gastric juice within the
first 24 h {16,21,22). Earlier studies have shown that
AGs are the major type of glycoproteins secreted in
the rat (2). Although purified monkey mucin was not
used as ¢ standard in the present study, AGs also
appear to be the major type of glycoproteins in the
present model. Thus, even in the presence of an
elevated postload NG output, the potent suppression
of postload AG output results in a net reduction of
the mucus glveeprotein content of the gastric juice.

After the first 24 h, radiation-induced changes in
soluble mucus do not parallel those reported afier
other types of stress. Much of this difference can be
attribuled to the more disruptive or permanent
changes in the gastric mucosal barrier that arise from
radiation exposure. Studies of experimental stiess
show a gradual increase in soluble mucus glvcopro-
teins and acid secretion during the 5-6 days post-
trauma (16]. After irradiation, acid output was alsa
found to retvrn to control levels within 3 davs (13).
In the present study, however, although NG output
returns to normal, AG output is still deficient at this
time.

Iriadiation produces significant changes in mucus
secration, but does not appear to be accompanied by
a “break” of the pastric mucosal barvier. Such a
breakdawn has been associated with the appearance
of Ma ™ i the Jumen and a back diffusion of H7 jons.
In the present study, however aradiation did not
significantly alter Na© or K7 outpul or concentra-
tian, suggesting a lack of significant mucosal damage
for 3 duvs after radiation. The significant decroase
in fasting G concentration and in postload G and
fuid output on the day of inadiation reflec) the
reported suppression of actd seeretion (131 Two
days ofter irradiation the observed return of G wnd
flnid output o cantrol values accompuios the pre
viously repurted restoration ol acid secretion o
normal [13).

These studivs duemopstante thit frradintian pro-
duces signiticant alierations i the amoen] and tepe
of tucas ghevaprotein sreted info the gasteic jaice
It i not likely that these changes are o respmnse
gastrie infury hecause the gastric wucesal baetier
fapaing itact, However, they may sotioushy affect
the prote dive ability of gastric mucus.
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1.0. Introduction

1.1. Purpose of Dosimetry Guide

This report was written to provide the dosimetrists at the
Armed Forces Radiobiology Research Institute (AFRRI) with practical
guidance on the use of ionization chambers in performing mixed-field
dosimetry at the TRIGA reactor operated in a steady-state mode. A large
part of the material presented is also applicable to dosimetry measure-
ments made at other ionizing radiation facilities.

This dosimetry guide discusses the essential information
needed to carry out ionization chamber measurements in the mixed neutron
and gamma-ray fields produced at the reactor, and describes the prac-
tical aspects that are often neglected in formal treatises on dosimetry.
Thus, the essential formulas needed to reduce the measured guantities to
the required kermds or absorbed doses are presented without derivations,
but the formulas and their various parameters are fully explained,
Similarly, definitions of standard terminology, such as kerma or
absorbed dose, are not given. However, the less familiar correction
factors are discussed so that the reader will know not only what they
are but aluo how to measure them and what magnitude of values to expect.

The thrust of this guide is to illuminate the practice rather
than the theory of ionization chamber dosimetry. This approach has been
adopted with the aim of providing consistency and long-term continuity
to the reactor dosimetry program at AFRRI, particularly ‘n consideration
of the relatively frequent turnover of the scientific and technical

staff,
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1.2. Review of Contents

Zi g

Following this Introduction, Section 2 discusses the general
principles of mixed-field dosimetry, including where and how ion zation
chambers are calibrated and checked for proper operation., The calibra-
tion formulas are discussed in Section 3., Section 4 describes how
measurements of neutron and gamma-ray kerma or absorbed dose are per-
formed. The required formulas are presented and explained, but details
on the required physical parameters and correction factors are deferred
to Sections 5 and 6, respectively. Section 5 describes the needed
physical parameters and gives their values for some of the routine
irradiation configurations used at the reactor, The correction factors
that need to be considered and possibly evaluated are discussed in
Section 6. This section describes the methods used to measure these
factors, and offers suggestions on which factors may be neglected or

avoided by suitable measurement procedures. Finally, Section 7 offers

advice on establishing and maintaining a reliable gas-flow system for

the ionization chambers. The reference list is given in Section 9,

1.3. Supplementary Information

As mentioned above, this report does not gyive formula deriva-
tions or definitions of standard terminoloyy wused in radiation
dosimetry. The author has assumed that the reader has at least some
familiarity with the physical principles, quantities, and units used in
ionization chamber dosimetry. For some readers this may be a poor

assumption, To augment the information in this dosimetry guide, it is
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recommended that the scientists and technical personnel making practical
use of this gquide acquire and become familiar with  the following
supplementary information (references 1-8) (Section 9 gives reference

details):

Neutron Dosimetry for Biology and Medicine. This is Report 26
of the International Commission on Radiation Units and
Measurements (ICRU), containing a wealth of information on
neutron dosimetry. It is recommended as a primer for those

who are new to this field.

Clinical Dosimetry for Neutrons. This ICRU Report is in prep-
aration, and may become available in the latter part of 1985.
It includes much information on the theory and practice of
neutron dosimetry as applied to the therapeutic application of
neutron beams of high energy in the clinical situation,
Nevertheless, it is a useful reference for reactor dosimetry
since it contains derivations and explanations of the formulas
used in the present report.

Radiation Quantities and Units, This 1is Report 33 of the
ICRU, and contains a concise exposition of the terminology,
quantities, and units used in radiation dosimetry, It is a
valuable reference giving both verbal and mathematical defi-
nitions,

“European protocol for neutron dosimetry for external beam
therapy," by Broerse et al., This journal paper presents
detailed derivations and rationale for the formutas applied
to the clinical use of fast neutron beams, and provides
helpful information to supplement the present report. It
was written for use by clinical neutron dosimetrists in the
European community.
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Protocol for Neutron Beam Dosimetry. This report is similar

to the Eturopean protocol but was written by a task group of
the American Association of Physicists in Medicine (AAPM)
for use by clinical neutron dosimetrists in the United States.
It is presently available as AAPM Report 7, but it is under-
going revision and should be reissued in modified form in the
near future.

“Determination of absorbed dose and kerma in a neutron field
from measurements with a tissue-equivalent ionization

chamber,*

by Mijnheer and Williams. This journal paper also
presents the derivations and rationale for the formulas used
in the present report. It is recommended for its clear and

concise presentation of neutron dosimetry information,

“Calibration procedures of tissue-equivalent ionization cham-
berz used in neutron dosimetry," by Mijnheer and Williams,
This paper, in a report of the International Atomic Energy
Agency, also gives many formuldas and derivations applicable to

neutron dosimetry, and presents an analysis of the uncertain-

ties involved in different calibration methods.

Ton Chambers for Neutron Dosimetry. This monograph is based

on reports presented at a 1979 workshop of the Commission of
the European Comwrunities. It reviews the status of ionization
chambers used for neutron dosimetry. In addition to discus-
sions of the characteristics of a variety of ionization cham-
bers (including those available from two commercial vendors),
the report also has discussions on calibrations, corrections,
cavity chamber theory, physical constants, and experimental
technigques. It is recommended as a source for detailed,
practical chamber data.

R T R L

[

3



2.0. General Principles of Mixed-Field Ionization Chamber Dosimetry

2.1, Instrument Selection and Use

In principle, any of several instruments or combinations of
instruments can be used for neutron dosimetry, including ionization
chambers, calcrimeters, proportional counters, and instruments for the
measurement of fluence and spectral data. This report discusses only
the use of a pair of ionization chambers for determining neutron and
gamma-ray kermas and absorbed doses. Reference 1 should be consulted
for information on other suitable instruments and methods.

Neutron dosimetry is more complex than gamma-ray dosimetey,
mainly because neutron fields always contain gamma rays produced by the
source and by field-defining structures, by the irradiation environment,
and by the irradiated object itself. Because neutrons can have a
different biologica! effect compared to an equal absorbed dose of gamma
rays, it 1is necessary tc report the separate values of these two
components, With ionization chambers this requires the use of the two-
dosimeter method, One of the chambers is constructed of A-150 tissue-
equivalent (TE) plastic, and it uses a steady flow of methane-based TE
gas through the cavity. This instrument, referred to as the TE-TE
chamber, has approximately the same response to neutrons and Lo yaiwna
rays. Uetails of the wall and gas compositions are yiven in Appendix 8
of reference 1.

The second chamber is constructed with maynesium walls, and
uses a steady flow of aryon gas. This instrument will be referred to as
the Hy-Ar chamber, and ity response to neutrons is wmuch less than 1its

response to gamma rays. The use of a ¢raphite chamber with carbon
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dioxide gas is deprecated because of the higher relative neutron
response (see Section 5.9) of this wall and gas combination, and because
the porosity of graphite makes it difficult to maintain gas purity with-

out excessively high flow rates. A photen energy-compensated Geiger-

Muller (GM) dosimeter is often used as the second dosimeter. However,

experience has shown that in the exposure rooms of the AFRRI reactor the
ambient gamma-ray background is usually excessive relative to the high
gamma-ray response of the GM dosimeter.

Two or more ionization chambers may be arranged laterally to
the radiation direction for simultaneous measurements. A few centi-
meters of separation between chambers having volumes of a few cubic
centimeters or less should suffice to make interchamber radiation
scatter negligible. The chambers should be oriented so that their axes
are perpendicular to the radiation direction since this will best define
the location of the center of the cavity volume with respect to the
radiation source, After the chambers have been mounted, the gas flow
adjusted, and the collecting potential applied, sufficient time should
be allowed for transient phenomena to subside before beginning measure-
ments, This practice should be followed whenever a chamber is disturbed
by repositioning, adding or removing a chamber cap, or changing the
applied voltage. The chamber may be consideced to be stable when the
electrometer response in the absence of radiation is fairly constant and
does not exceed a few percent of the anticipated radiation response.
Charge integration during irradiation shkould be performed long enough to
obtain an electroueter reading that is large with respect to system
instabilities, It is good practice to make several wmeasurements in

syccession to evaluate the response variance. Charges measured Lefore
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and after the chamber 1is irradiated should be integrated for the same
time as used during irradiation so as to provide an assessment of the
compensation required to compute the net charge accumulated during

irradiation.

2.2. lonization Chamber Calibration

This section discusses the general procedure for maintaining
ionization chamber calibrations that are traceable to a national
standard, and the procedures for routine verification of proper chamber
operation. The formulas needed to apply the chamber calibrations to

neutron dosimetry are presented in Section 3.

2.2.1. Calibration at NBS or ADCL. It is recommended that a

chamber be designated as the AFRRI transfer standard chamber and that
this instrument be used only for transferring the calibration from the
standards laboratory to the ©0Co calibration source at AFRRI. The pro-
cedure for using such a transtfer standard chamber is as follows. The
chamber is flushed with air and then left c¢pen to the Jmbient atmos-
phere. It is irradiated at AFRR] in a fixed and reproducible arrange-
ment and ts response i$ recorded alonyg with the ambient temperature and
pressure, The irradiation source may be either a specially designed
check source or the %0Co gamma-ray machine that will be later uses for
calibrations of other dosimeters.

The chamber is then transported to the National Bureau of
Standards {(NBS) or te an AAPM Accredited Dosimetry Calibration Labora-
tory (ADCL) for calibration in a standard $0Co beam. This measurement
will be performed with the chamber open to atmospheric air, and will be

in terns of the exposure or air kerma required to produce unit response
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from the chamber, i.e., roentgen per coulomb of charge collected (expo-
sure) or grays per coulomb of charge collected (air kerma). When the
chamber is returned to AFRRI, it should first be irradiated ir the fixed
check-source field to verify. that the trip to and from the standards
laboratory has not changed the chamber's response. Assuming that the
result of this second check-source measurement is satisfactory, the
transfer instrument is then used to determine the exposure rate or air
kerma rate of the AFRRI ©0Co machine. The transfer instrument is then
stored for future use to verify the ©0Co beam calibration periodically

or when a problem is suspected.

2.2.2. Calibration at AFRRI. The procedure outlined in the

previous subsection calibrates the gamma-ray beam from the ©%Co machine
in terms of the exposure rate or air kerma rate at one or more well-
defined positions in the beam. This calibrated beam is then used to
calibrate other AFRRI chambers (with their usual cavity gases) used
routinely for reactor dosimetry. These $0Co chamber ca!ibrations will
be in terms of the exposure or air kerma required to produce unit

response Trom the chamber, i.e., the same as for the transfer instru-

ment. Such calibrations should also be preceded by and tollowed by a

measurement with the check source. Section 3 discusses the conversioen

0f these calibrations to the tissue absorbed dose calibration factor.

2.3. Calibration Verification

It is yood practice to verify the proper operation of an ioni-
zation chamber prior to its use for waking mixed-field weasurements.,

Two methods are aescribod for making such checks.

10
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2.3.1. Verification With Check Sources. Using check sources

to verify the calibration of an ionization chamber is a comprehensive
test since this method not only checks the integrity of the chamber, its
cables, and the electrometer &ut also verifies the proper neutror and
gamma-ray response if a neutron and a gamma-ray source are used. Even
though the neutron source will also be a gamma-ray emitter, the response
of a TE-TE or a Mg-Ar chamber in the mixed field will serve to verify
that the gas in the TE chamber is TE gas and that the gas in the Mg
chamber is Ar (provided, of course, that the earlier check source data
used for comparison were obtained under appropriate conditions). The
check sources should be used in an arrangement that allows response
measurements to be made with a random uncertainty of 1% or less. It is
essential that a log sheet be maintained for each chamber, detailing its
history of calibrations and check source tests, Such records are
necessary for documenting a long-term drift or deterioration of chamber

response.

2.3.2. Verification by Capacitance Measurement. A simple and

quick method of verifying the integrity of a three-terminal chamber
(i.e., a Yuarded chamber), its cables, collecting potential supply, and
electrometer is by measuring the distributed capacitance between the
outer chamber wall (to which the collecting potential is applied) and
the inner collecting electrode. This is done as follows. With the

chamber connected to the electrometer system and a moderate collecting

potential applied, several measurements of drift charge are made using a

Tixed time intecrval. The second step is to make several measurements of




the charge accumulated in the fixed time while applying a change in
collecting potential, AV, during the charge accumulation time. This is
done by ungrounding the electrometer input and then slowly changing the
collecting potential at a rate so that AV has been applied before the

fixed time has elapsed. When thz fixed time is reached, tne charge, AQ,

induced into the co11ecting e]ectrode'by AV acting through the distri-

buted capacitance C, is recorded. The collecting potential should be
returned to the same initia: value and the system allowed to stabilize
before each'repeat measurement 1S made,

The final step 1s to make several more measurements of drift
charge in the fixed time nterval. The drift charges measured before
and after the AV charge measurements are then averaged and subtracted
from the charges induced by the AV changes. The capacitance is then
computed as C = A)/ &V, where AQ is the net drift-compensated change in
‘charge corresponding to the voltage change AV. The maynitude of aV
should be one that will produce a AQ‘with a small random uncertainty,
and the fixed time over which each of the measurements is made should he
chosen such as to allow the voltage to be changed at a moderate rate.
For example, for a 0.5-cm3 thimble chamber having C ~ 0.7 pF, the
initial potential can be set at 400 V with av = 100 V, the fixed time
being 30 s.

These capacitance check measurements should be repeatable on
the order of 1% between different measurement sessions. [t is recom-
mended that a log sheet of capacitance measurements be iaintained for
each chamber. This may help in identifying a chamber that is undergoing

long-term dimensional changes.




3.0. Calibration Formulas

3.1. Volume Calibration

It is possible to derive the radiation calibration of an joni-
zation chamber from detailed knowledge of the cavity volume, chamber
materials, and various physical parameters. The difficulty arises in.
knowing accurately the effective cavity volume in which ion production
and collection take place. Even for the relatively simple geometry of a
paraliel-plate chamber, the field distortion present in the region of
the guard electrode complicates a straightforward computation of the
effective cavity volume. The usual resolution to this problem is to
calibrate the chamber in a gamma-ray field of known exposure rate and to
use these data to derive the mass of cavity gas and hence its volume.
Details and formulas for such computations are given in references 4

through 7.

3.2. Radiation Sensitivity Calibration

Dosimetrists generally ignore the computation of chamber
cavity volume and instead focus their attention on deriving the tissue-
absorbed-dose calibration factor, as which is the quotient of the
absorbed dose in tissue adjacent to the cavity of the chamber by the

corrected chamber response. It is defined as

X (1K, )
= = (f,) AL (1)
% ™
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where the ratio Xc/Rc is the exposure calibration in which Xc is the
exposure at the geometric center of the chamber in the absence of the
chamber, and RC is the chamber response., The subscript c denotes the
calibration radiation field. The conversion factor, which converts

exposure to tissuz-equivalent absorbed dose, (f , 1s discussed in

t)c
Section 5.2.

During 1985 NBS and the ADCL's will begin to supply air kerma
calibrations in adaition to exposure calibrations, which later will be

discontinued. This change to (K /R, for the air kerma calibration

air)c
will require that (ft)C in equation 1 be changed to an air kerma-to-

tissue absorbed dose factor, (f%)c, as discussed in Section 5.2.

The product of several correction factors Ik, compensates for

A
small distortions of the radiation field when measurements are made with
the chamber in free air, and is given by

Ik, =k k . k_k (2)

A w st rn an
where kw is the chamber wall attenuation and scatter correction
factor (Section 6.2),

k js the stem-scatter correction factor (Section 6.4),

st

krn is the radial nonuniformity correction factor (Section
6.5), and

kan is the axial nonuniformity correction factor (Section
6.6).
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The product of several correction factors nkR converts the
reading, R, taken from the electrometer, to the electric charge produced
within an ideal cavity at a reference temperature and pressure, and is

given by

nkR = kt,pkskeklkpkfkh (3)

where k is the temperature and pressure correction factor (Section

t,p
6.1),
kS is the saturation correction factor (Section 6.3),
ke is the electrometer correction factor (Section 6.7),
k1 is the leakage correction factor (Section 6.8),
kp is the polarity correction factor (Section 6.9),
kf is the gas flow-rate correction factor (Section 6.10), and
kh is the humidity correction factor (Section 6.11).

This may appear to be a formidable list of correction factors,
but (as discussed in Section 6) many of these factors can be either
neglected or included in the method of making the measurements. Note
that in equation 1 the two correction factor products have the sub-

script ¢, indicating that these factors are to be evaluated for the

calibration radiation field.
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4.0. Mixed-Field Measurements

4.1. Neutron and Gamma-Ray Kerma and Absorbed Dose

At a point in a mixed field where the neutron and gamma-ray

tissue absorbed doses or kermas are Dn and DY, respectively, the

relative responses of the two chambers are given by

Ry = kD + hTDY (4)

kUDn + nUDY (5)

where the subscript T refers to the TE-TE chamber and the subscript U

refers to the Mg-Ar chamber. The coefficients kT and kU are the

responses of each chamber to the neutrons in the mixed field relative to

its response to the gamma rays used for the calibration, and h_ and h

T U
are the responses of each chamber to the gamma rays in the mixed field

relative to its response to the gamma rays used for the calibration.
Consequently, R+ and Rb are the readings of the two chambers in the

mixed field relative to their responses to the gamma rays used for the

calibration,

The separate absorbed doses are obtained by simultaneous solu-

tion of equations 4 and 5 to give

] t
5 hURI - hIRU

n hUkT - thU

i L]
i kIRU - kHRT

- hik

D =
LALTAS Sl LT
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The relative gamma-ray responses hT and hU can be computed

from
L o i (w c r g
Y ‘Tmeg’y en’ "t/ Y en’ Pmly
where ¢ denotes the calibration yamma rays,
Y denotes the mixed-field gamma rays,
t denotes tissue,
m denotes wall material,
W is the average energy required to produce an ion pair in the
cavity gas (Section 5.3),
S is the wall-to-gas restricted collision mass stopping power

m,d
ratio, commonly referred to as the gas-to-wall absorbed-dose

conversion factor (Section 5.4), and

uen/p is the mass energy absorption coefficient (Section 5.6).

The values of hT and hU are close to unity, and the simplify-
ing assumption hT = hU = 1 1s usually made, This is equivalent to
assuming that the effective quality of the gamma rays in the mixed field
is equivalent to the quality of the gamma rays used for the calibration
with respect to the values of W, sm‘g and uen/p. Equations 6 and 7 may

then be simplified to

Ry < R
D = ._L_.U. (9)
n ke -k
T U
k.-R' - k R!
D = B L VI Vi § (10)
Y kT - kU
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The relative neutron response k. of the TE-TE chamber is

T

computed in a manner similar to that used for h Thus

T.

W, (Sm,q)C [(uen/o)t/(uen/o)m]C

kr = (T g KK, (11)

where the subscript n denotes the mixed field, rm’g is the gas-to-wall
absorbed-dose conversion factor for the non-Bragg-Gray cavity conditions
generally produced by neutrons (Section 5.5), and (Kt/Km)n is the ratio
of neutron kerma in tissue to the neutron kerma in the chamber materials
(Section 5.7).

Due to the lack of data for the wall and gas materials of the
Mg-Ar chamber, the value of kU cannot be readily computed, so it is
usually evaluated by experimental methods (Section 5.9).

The relative chamber responses R+ and RG are computed from the

reading, R, obtained for each chamber in the mixed field.

(HKB)

A)” (kg)p (12)
n

R' = RQC (nk

The two products of correction factors nkR and nkA are defined the same
as in equations 2 and 3 except that the subscript n in equation 12
indicates that the factors are to be evaluatad for the mixed field.
When equations 9 and 10 are solved for the tissue kermas in free air,
then (ukA)n should be evaluated. When these equations are used to

obtain the absorbed doses in a phantom, then (nkA)n is set to unity.

18
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The displacement factor (kd)n corrects for the perturbation
produced by the chamber gas cavity when measurements of absorbed dose

are made in a phantom. If we set (k = 1, then the computed absorbed

d)n
doses will be at the effective center of the chamber rather than at its
geometric center. Section 5.8 discusses suitable values of this factor
for phantom measurements. For tissue kerma determinations in free air,
the displacement factor is unity.

Equation 10 sometimes will yield a negative value for DY,
‘particularly when the gamma-ray kerma or absorbed dJdose is small relative
to Dn, say a few percent. This is, of course, a physical impossibility.
Assuming that the chamber responses have been measured accurately, a
negative value uf DY usually indicates that the value of k used is too

U
large. Values of k, are determined only approximately by experiment,

U
and even then they apply only to the specific chamber configuration and
radiation field used,

More puzzling is the rare occasion when equation 9 yields a
computed value of Dn that is negative. This can occur in a radiation
field containing only a small neutron kerma or absorbed dose relative to
DY. tquation 6, which gives the relationship for Dn before the simpli-
fying assumption hT = hU = 1 was made, shows that Dn depends on hT and

h,,; and it can be concluded that the simplifying assumption used to

U;
derive equation 9 is invalid if Dn < 0. It would be necessary to have
spectral data for the yamma-ray component of the mixed field in order to
evaluate the relative yamma-ray responses hT and hU of the two chambers

using equation 8,
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4,2 Total Kerma or Absorbed Dose

The total tissue kerma or absorbed dose, DT’ can be obtained

simply by summing the two components computed from equations 9 and 10,

.

i.e.,
D =0y + D, (13)
An alternative is the simple expression
RI
S R
17k T (14)
D ho-k
where 6= X 11 (15)
DT kT

Now, since kT = 0,95 and hT is close to 1, if DY/DT < 0.4 tnen
we will have 6 < 0.021. Thus, in equation 14 if we set 6 = 0, then an

error of less than about 2% will be made in computing DT’ 1e€4,

R D
0y "II for ¥ < 0.4 (16)
T T

Table 1 lists the errors produced in computing D, from equa-

T
tion 14 when it is assumed that § = 0. Even for DleT = 1, the error

does not exceed 5% as a consequence of setting k. = 0.95. A potentially

I
more serious error in this case might be the failure to realize that DT

does not contain a component of absorbed dose due to neutrons.
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Table 1. Errors produced in computing D_ from equation 14 by assuming

5=0 !

DY / Dy D, / DY % error in Dy
0.02 49 0.1
0.05 19 0.3
0.1 9 0.5
0.2 4 1.0
0.3 2.3 1.6
0.4 1.5 2.1
0.6 0.67 3.1
0.8 0.25 4.0
1.0 0 5.0

*For this table, kT = 0.95 and hT = 1.00 were used.

When Dy/DT a2 1, 1.€., Dn = (), equation 14 reduces to
o ]
D, = Ry/hy (17)
which is the same result as given by equation 4 with an = 0,
DY in a mixed field can be evaluated from equation 5, with the

assumption “U = 1, as

0 = RU - kD (18)
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If the low values of kU for a small Mg-Ar ionization chamber
are considered (as shown in Table 2, page 23), then it is possible to

make the following approximation with an error of less than 2%:

Dn / DY < 2, 6 inches of Pb-shielded reactor;

D= RG for D, / DY < 1, bare reactor; (19)

Dn / D, < 0.8, 12 inches of water-shielded reactor.

It may be useful to note that (see alsc Table 1)

Uy

5 - 1 (20)
Y \

olo
=

Equation 16 can be used to approximate DT from measurements
made with only a TE-TE chamber, and equation 19 can be used to approxi-
mate DY from measuremnents made with only a Mg-Ar chamber, These
approximations are useful for making quick dosimetry evaluations or when
more complete data are not available. However, the errors in these
approximations are not random, and they result in errors that make 0T or
DY systematically too high, It is reccamended that the fina)l dosimetry

evaluaticns be made without these errors by using equations 9 and 10,
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Table 2. Values of physical parameters for three shielding configurations

used in Exposure Room 1 of the AFRRI reactor (reference 19)

Shielding Configuration

1t * T it l
Parameter 6" Pb Bare 127 H,0
£ § 0.45 0.8 1.55

n
B 1l .
wn, MTE ™ gas 32.2 32.0 31.7
e

Nn/wC 1.099 1.092 1.082
K,77 1CRU muscle 1.52 1.96 2,76
K, A-150 plastic 1.54 2.02 2.83
K, MTE gas 1.54 2.00 2.80
kU‘ My-Ar 0.01 0.02 0,025
ku, GM 0.002 0,0016 0.0027

*

Reactor core shielded with 6 inches of Pb
fBare reactor room, i.e., no added shielding
IRedctor core shielded with 12 inches of water

§Ti55ue~kenna-weighted imean neutron eneryy in Mev

awn is in units of ev.

uHTE denotes methane-based TE yas.

e .
Nc = 29,3 eV,

Myerma factors a~e in units of 10=t! Gy cm?,
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5.0. Physical Parameters

5.1. Spectral Information

The items discussed in the following subsections as physical
parameters are quantities whose values are usually obtained either
directly or by cumputation from previously published or otherwise avail-
able data. The evaluation of these physical parameters yenerally
requires knowledgye of the radiation spectrum for which the parameter is
to be computed. [n some cases only rough radiation quality information
is needed, whereas other cases require use of a reliahle and detailed
spectrum. Table 2 gives the tissue-kerma-weighted mean neutron energies
for three reactor configurations. The data presented in Table 2 were

computed using neutron and gamma-ray spectral data from reference 9.

5.2. Exposure- and Air Kerma-to-Tissue Absorbed Uose Conversion -

P )
Factors, (ft)c and (ft)c
The factor (ft)c required to convert exposure to tissue-
absorbed dose Yor computing the calibration factor, g is defined as
iy Yairle [(uenfp)t ] -
t'c e (Ue"/ ‘:)di."

<

where subscript ¢ denotes the calibration radiation quality, subscript t
denotes tissue, and e is the electronic charge. For dry air end [CRU
muscle or soft tissue, (ft)c = 37,3 J/C or (ft)c = 9.62 < 103 Gy/R for

either %0Co or 13/Cs in air (reference 10).
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The factor (f%)c required to convert air kerma to tissue

absorbed dose for computing the calibration factor, o is defined as

- (uan/ P)¢
(fi)e = [TTT_77EY~;;] (1 - gl (22)

en a
C

where ¢ is the fraction of charged-particle kinetic energy lost to
bremsstrahlung in the material. For ®0Co and 137Cs gamma rays, the
ratic of the mass energy-absorption coefficients is 1.102 for either
ICRU striated muscle or ICRU soft tissue (reference 11). For ©0Co and
13705 gamma rays, the fraction ¢ is 0.003 and 0.001, respectively
(reference 12). With these values, equation 2. yields (f')C = 1.099 for

t

60Co in air, and (fé)c = 1,101 for 137Cs in air.

5.3. Average Energy Required to Produce an Ion Pair, W

The basic quantity measured with an ionization chamber is the
electric charge or current produced in the gas cavity. To obtafn the
kerma or absorbed duse, this quantity is converted to energy by the use
of W, the average energy required to produce an ion pair in the gas..
For the electrons produced by the eneryetic gamma rays usedffor calibra-
tion, i.e., #%o, a value of Nc 2 29.3 eV is aporopriate for methane-
based TE yas (reference 13). |

Values of Nn for the secondary particles produced in méthane-
based TE gas by neutrons are given in reference 13, which also describes
the method of calculating wn for a known neutron spectrum, Teble 2

1ists computed values of Nn and Nn/uC for three reactor configurations,
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:. 5.4, Wall-to-Gas Stopping-Power Ratio, Sh

]

The wall-to-gas stopping-power ratio, S g’ applies when the

ionization chamber can be considered to have a Brayy-Gray cavity. For
60Co gamma rays and for the gamma rays present in the mixed field,
S = 1.00 is a good assumption for the TE-TE chamber.

m,g
o

5.5. Gas-to-Wall Absorbed-Dose Conversion Factor, r g

The gas-to-wall absorbed-dose conversion factor, o g’ applies

]

to ionization chamber measurements of neutron fields for which the gas

cavity contributes significantly to the secondary particle spectrum.

Attempts to compute r g have yielded values that differ from unity by
1

1% or 2% and have uncertainties of about 2%. It is recommended that

rm g = 1,00 be used for neutron measurements with the TE-TE chamber.
3

5.6. Mass Energy-Absorption Coefficient Ratio, (ug /e)./(uy /o)y

Because of the good simulation of ICRU muscle or soft tissue
by the TE-TE chamber for 50Co gamma rays and for the gamma rays present
in the mixed field, it is recommended that (“enID)t/(“en/°>m = 1,00 be.
used for the mass energy-absorption coefficient ratio.

5.7. Neutron Kerma-Facter Ratio, (Kt/Km)n

Neuvtron kerma factors, i.e., the quotients of Kerma by
fluenc&. are given for a variety of elements, compounds, and mixtures ir
reference 14, These values can be used to derive suitably weighted mean
kerma factors using aqata on the neutron spectrum at the measurament
pasition, For the relatively low enerdy neutrons present in redctor

spectra, the chamber kerwa s due to boti the wall and yas materials.
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Since the wall and gas compositions of the TE-TE chamber are very
similar, it 1is satisfactory to use the average of the wall and gas
kermas for the kerma in the chamber material, Km. Kerma factors for
ICRU muscle tissue, A-150 plastic, and methane-based TE gas are listed
in Table 2 for three reactor configurations. Spectrum changes as a
neutron beam passes into a tissue phantom will probably have little

effect on the kerma-factor ratio.

5.8. Displacement Factor, (kd)n

The displacement factor, (kd)n, corrects the measured ioniza-
tion charge or current to compensate for the differences in attenuation
and scattering of the primary radiation caused by the displacement of
phantom material by the ionization chamber cavity. Thus the charge or
current is obtained that wculd have been measured by a hypothetical
chamber of zero volume centered at the same ‘location., For high-energy
neutrons, (kd)n can be 1% or 2% less than unity. However, for the low-
energy neutrons produced by the reactor, experiment has shown that
(Kd)n = 1,00 is a good approximation (reference 15).

5.9 Relative Neutron Respcnse, kU

In principle, the relative neutron response, k , for the Mg-Ar

Ut
chamber can be calculated using an equation similar to eguation 11,

However, calculations of kU have larye uncertainties due to the uncer-

7T

tainties of the parameters needed for computation. Thus, values of ku

are usually obtained by a variety of experimental methods. Reference 16

gives values of k  for a Mg-Ar chamber, and reference 17 yives k. values

AL AL, T

U U
for a GM dosimeter., S$ince ku is & fuaction of neutron energy, these

g7

data must be appropriately weighted to derive values of ku applicable to

sy - m

seutron fields with known sprctra. Table 2 yives ku values for a My-Ar

B il
7

chamber and a GM dosimeter for thrée reactor contfigurations.
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6.0. Correction Factors

The correction factors discussed in the following subsections are
quantities whose values are usually determined by making measurements in

specific arrangements of radiation source and instrumentatien system.

6.1. Temperature and Pressure Correction Factor, kt b
3

A1l chamber readings have to be converted to a reference tem-
perature and pressure, which are usually chosen to be those used by the
standardizing laboratory at which the exposure chamber is calibrated,
In the U.S. the reference values used by NBS and the ADCL's are 295.16 K
(22°C) and one standard atmosphere (760 mm of Hg or 101.3 kPa). When
the chamber cavity temperature and pressure for a measurement are Tm(°C)

and Pm (mm of Hg), respectively, the correction factor is given by

273.16 + T 760

R TR TR (23)

K

To keep uncertainties less than 0.1%, the thermometer should
be capable of being read with an overall uncertainty of 0.3°C or less,
and the barometer should ve capable of beiny read with an overall uncer-
tainty of 0.8 amm Hg or less., It is important to assure that the chame
ber, gas supply, and phantom tomperatures are in equilibrium with the
ambient temperature, and that the gas-flow rate is not so large as to
cause the cavity pressure to be significantly greater than the atmos-

pheric pressure (see Section 6.10).
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6.2. Chamber Wall Attenuation and Scatter Correction Factor, kw

When a TE-TE chamber 1is used to make absorbed dose measure-

ments in a phantom, the chamber wall attenuation and scatter correction

. woe

factor is kw = 1.,00. This factor also applies for measurements in a
phantom with the Mg-Ar chamber, but in this case the magnesium wall
should be thick enough to stop the most energetic recoil protons gener-
ated in the hydrogenous phantom material., This factor, however, must be !
evaluated when chamber measurements are used to derive tissue kerma in
free air since such a determination 1implies that the radiation is
neither attenuated by the chamber wall nor augmented by scatter from the
chamber wall, First, it is important to establish that the chamber
wall, plus a buildup cap if needed, is of adequate thickness to assure
that transient secondary-particle equilibrium is attained in the chamber
for the kerma measurement. Measurements must then be made by adding
caps to the chamber to assess the effect of further increases in wall
thickness,

In general, attenuation is dominant over scatter, and increas-
ing wall thickness decreases chamber response, A graph of response
versus wall thicknesses beyond that required to produce secondary
particle equilibrium is extrapolated to zero wall thickness, and kw is
computed as the ratio of the response obtained with the wall thickness
usually used to the response obtained by the extrapolation to zero wall
th'ckness., Strictly, the extrapolation should be wade to the mean
center of charged-particle production; however, for the low-energy
neutrons at the resctor, this center is very close to the inner wall of
the chamber so that extrapolation to 2ero wall thickness is an accept-
able procedure. The factor kw is usually on the order of a few percent
less than unity, depending on the actual wall thickness used for the

measurement of tissue kerma in free air and on the radiation quality.
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6.3. Saturation Correction Factor, ks

The electric charge measured with an ionization chamber is
less than the charge liberated in the chamber cavity by th: directly
ionizing particles due to initial (intratrack) and general (intertrack)
ion recombination. Tests to determine the ionization saturation correc-
tion factor, ks’ should be made using an absorbed dose rate and radia-
tion field the same as or similar to that for which dosimetry is
required. The tests consist of making response measurements with sev-
eral values of collecting potential., One voltage polarity may be used
for all the measurements, but use of both polarities for each voltage
will increase the precision and reliability of the data. Using recip-
rocal response and voltage quantities, these data are extrapolated to
infinite voltage (reference 18). For neutrons, initial ion recombina-
tion usually dominates, and a plot of R-! against V=! will enable kg to
be evaluated as the ratio of R at V=! = 0 to R at the potential used to
make the kerma or absorbed dose measurements. Typically, 1 < ks < 1.01,

At high absorbed dose rates, general recombination may dominate
and then a plot of R-! against V=2 is appropriate for performing the
extrapolation, For some intermediate cases it may be necessary to fit
the data to a Function of both V=! and V=2 to make a reliable extrapola-
tion.

Although this dosimetry guide is not intended to cover dosime-
try for reactor pulses, it is appropriate to remark that the main problem
in performing such measurements with ionization chambers is the diffi-
culty of accurately accounting for the larye amount of general ion recom-

bination that occurs in this mode of reactor operation. Calorimetric
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dosimetry is recommended for this situation, and could be used to assess i
L‘

the saturation correction factors for ionization chambers. However, this E
&

approach must be used with caution since these factors will depend on the g
+ » ¥ h.

pulse intensity, duration, and shape. Large factors, say greater than 3
5%, are acceptable, provided that the pulse characteristics do not vary g
significantly. ]
?

;.

6.4, Stem-Scatter Correction Factor, kst E

For measurements in a phantom, the stem-scatter correction is b

'

kst = 1.00. When measurements are made to determine tissue kerma in free y

v

air, the effect of stem scatter is to augment slightly the chamber
response., The stem-scatter correction factor can be assessed by placing
a dummy stem on the chamber end opposite to the functional stem, and
measuring the charge produced relative to the charge produced without the

dummy stem. The value of kst is then the ratio of the response with the

dumny stem to that without the dunmy stem, Typically 1 < kst < 1.01, and
it is often difficult to attain the precision required for its determin-
ation, Since kst is close to unity and has about the same value for

the calibration and mixed radiation fields, an acceptable procedure is

o mammw - .o -

to neglect stem scatter for both measurements, i.e., assume kst = 1,00,

6.5, Radial Nonuniformity Correction Factor, krn

If the radiation field in the plane perpendicular to the axis
of the beam 1is not uniform, it may be necessary to apply a correction
factor krn for this radial nonuniformity. In most calibration and

measurement situations, Ky @ 100,

X}
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6.6. Axial Nonuniformity Correction Factor, kan

Most measurements are made with the ionization chamber at a
large enough distance from the radiation source s¢ that there is no
appreciable variation in kerma averaged over the axial extent of the
chamber relative to the kerma at the center of the chamber, If the
distance from the source to the chamber center is ten or more times the
chamber radius, the use of kan = 1,00 will be in error by less than 0.3%

(reference 19).

6.7. Electrometer Correction Factor, ke

The electrometer correction factor, ke, relates the reading of
the electrometer to the actual charge generated. If the same electrome-
ter is used for the calibration and for the measurements in the mixed
field, then the absolute accuracy of the electrometer is of no conse-
quence, and ke = 1.00. When different electrometers are used, either
they should be adjusted to measure charge accurately or their relative

calibrations should be measured to assess ke'

6.8, Leakage Current Correction Factor, k‘

tlectrometers, cables, and donization chambers should not
have significant leakage current relative to the charges or currents to
be measured. Electrometer drifts due to system instabilities or to
ambient background radiation have the same effect as a leakage current;
i.e., they increase or decrease the chamber response. An efficient

method of taking such drifts into account is to make several drift
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measurements before and after the measurements of the radiation field
are made, and then to add or subtract the average drift to the measured
charge produced by the radiation so as to compute a net charge. When

this is done, k1 = 1.00.

6.9. Polarity Correction Factor, kp

A change in the polarity of the collecting potential can
cause a change in the absolute value of the measured charge. Experience
has demonstrated that measurements in Exposure Room 1 of the AFRRI
reactor produce polarity effects that can be as much as 20% to 30% at
large distances (> 3 m) from the reactor core. These differences are
probably due to extra-cameral currents, and their effect can be essen-
tially eliminated by making several measurements at both polarities and

using the average response. If this procedure is followed, kp = 1.00.

6.10. Gas Flow-Rate Correction Factor, kf

It is possible to assess experimentally the variation in
chamber response with gas flow rate. Diffusion of air into the chamber
cavity is significant at low flow rates, and pressure buildup in the
cavity is significant at high flow rates, Between these extremés there
usually exists a oroad plateau of uniform response not significantly
dependent on flow rate. Operation of the chamber in this range of flow
rates allows us to set ke = 1.00. For the 0.5 cm3 Exradin ionization
chamber, this range of flow rates is from about 10 to 100 cm3 min-}, A

good approach is to always use the same flow rate, say 30 cm3 min-!,

3
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6.11. Humidity Correction Factor, kh

For a chamber flushed with TE ygas or argon, the humidity
correction factor is kh = 1.00. A humidity correction may be made for
an air-filled chamber open to the atmosphere when the standardizing
laboratory provides a calibration factor for the exposure standard
chamber for dry air, Reference 20 gives a curve of kgl as fgnction of
relative humidity which shows that kh differs from unity by 0.3%, at

most. In the United States, standardizing 1aboratories provide calibra-

tion factors for ambient air, so that kh = 1.00.

6.12. Summary of Correction Factors

The foregeing subsections have discussed 11 correction
factors; however, only kt 0 and kw are usually larye enough to require
» .

careful evaluation. The otherffactors can be either neglected, deter-

mined approximately, or set equal to 1.0 by suitable weasurement proces. ‘

dures. Thus, the evaluations of RKA and'ﬁxR are reqderaﬁ mach Tess
tormidable, It is recommended that records be kept 6?"1’.?13.5;‘3 torrection
féctors as they are evaluated for specific chambgss and radiation‘
fields, so that they will be available for future hsa.

Rs examples and for future reference, Table S'lisns'carréction |
factors for two commercially available models of ipnization Qhambers*
irradiated in %0Co beains and in AFRRI reactor fields, These factors

were derived from measurements performed at NBS and at AFRR!,

[ ] A A X e . - .
In the interests of accuracy and clarity in describing various items of
instrumentation, mention is made of commercial sources. This in.-ao way
implies endorsement of such products by the U.S. Government,
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7.0. Gas Flow Systems

7.1. Static Gas Filling Versus Gas-Flow Systems

Sealed ionization chambers containing a static gas filling are
sometimes used, For example, proportional counters can often be used
over moderate time periods with a static gas filling., The ionization
chambers routinely used at the AFRRI reactor have too low a ratio of
cavity volume to surface area for reliable operation as sealed instru-

ments.,

7.2. Gas Composition and Verification

It is prudent when procuring TE gas to request an anaiysis to
ensure that the cylinder of gas obtained has a composition close to that
desired, and that the components of the gas mixture have been thoroughly

-mixed. Commercial gas vendors mix the gas before a sample is taken for
analysis. Once mixed, thermal diffusion will prevent the gas components
from separating,

| The acceptability of a TE gas wmixture can be evaluated by
cunputing the kerma factor'for the analyzed ¢ ™Mposition using the data
of reference 14, A deviation of a few percent from the kerma factors
shown inrrab!e 2 for methane-based TE gas is acceptable, and the small
difference may be taken into account in the evaluation of the neutron
kerma Yactor ratio as discussed in-Section 5.7,

If the composition of gas on hand and in use becones suspect,
a sample of the gas can be drawn and analyzed, A gas sample ady b
obtairied by connecting a suitable clean sample containeé tu a gas mani- |

fold to which a vacuum puitp, pressure gauge, and the gas supply cylinder

35
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Table 3. Correction factors for two commercially available ionization
chambers (Exradin model 12 with TE cavity gas and Exradin

model MG2 with argon cavity gas) irradiated in ®0Co beams and
in AFRRI ER1 reactor fields

Correction Factors

Chamber and ' 5
Radiation K?

Model T2
GQCQ
*

6" Pb
E‘are’f

12" K08

Model MG2
60Cy 0.992°
6" pb" 0.988
Bare’ | 0~986“
12 1,08 0.964™"

Zamren
S

4
-

o s e
, - AV L g

At 1 m from nominal ;en;er of reacnor gure wvth 6 1ncna‘ 0% 9&
shielding

‘a1 from nontna) tenier of réactnrﬂcore with no'added shielding

5-‘At 1 frmn numrnal center of reactur core but with cor& dl&p%én&d 50
35 to D?ﬁv%de 12 inches of water shvezﬁwng

§ractors with 4“0 V‘colléﬁtlng putent1a1
a?autor with -mm~th;ak cap of san# matevwa! as ghember wali

ﬁinctOP uxth 24an~§hxck uaﬂ of same materta\ a5 ch&aher wall

;&actor uxth_ﬁfmm-thickvpdp-oz~sama material as ghanber ua!l
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have been connected. All connections to the manifold should be made via
shutoff valves, except for the gauge. The sample container, gauge, and
manifold are evacuated and then filled with the gas several times to
flush the air out of the system. Finally, the sample container is
filled with the gas to an appropriate pressure and then isolated via its
shutoff valve. In some cases it may be possible to transport the gas
supply cylinder to the analysis laboratory, which will then have the
responsibility of drawing the sample for analysis.

A quicker check of gas composition can often be made by using
a neutron source, such as 252Cf, to check the response of the chamber.
This technigue can reveal significant departures from the optimum hydro-
gen content of TE gas or the presence of hydrogenous contamination in

argon.

7.3. Flow System Hardware

The valves, flow meter, tubing, and connectors that comprise
the gas flow system should be chosen with care to achieve a reliable
system that can be readily assembled and modified as needed. All joints
should seal tightly to avoid leakage and waste of gas. Two systems of
gas fittings that have been found to be wersatile and reliable for use

with ionization chambers are:

Gra-Tec, Inc., 156 North Plymouth Avenue, Rochester, New
York 14508, telephone (716) 232-1180. Brass modular fittings
are available in a large variety of adaptors and interconnec-
tions using rubber O-ring seals. Manifolds, valves, and
starter kits are available for use with various sizes of

tubing.

kY
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Alltech Associates, Incorporated, Applied §cience Labs,

e s b - ld

2051 Waukegan Road, Deerfield, I11inois 60015, telephone (312)
9438-8600. Teflon modular fittings designed for use in liquid
chromatography are available for use with small-diameter

(1/16- and 1/8-inch) teflon tubing.

The components available from the latter supplier are particu-
larly suitable for use at and close to the chamber. Teflon tubing is

recommended for lengthy connections rather than tubing of soft plastic

_ IR N 2 T T e Y v e
. 2 ’ . . )
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or rubber,

7.4. Establishing and Checking Gas Flow

" . e

Section 6,10 discusses the rationale for choosing an aopropri-

-

ate gas-flow rate. Since low flow rates are required, only low gauge
pressures above atmospheric pressure dare neaded from the pressure-

reducing regulating valve at the gas cylinder. Gas flow should be

-

started at a high flow rate to flush all tubing and the chamber cavity

.W *

with the desired yas. After flushing for a time long enough to assure

el
-
o e

that only clean cylinder gas flows through the chamber, the flow rate

¥ oo
-t
%%

;v S .

should be reduced to the desired low rate as indicated by a yas-flow

.,

> TN

meter having adeyuate resolution to permit repeatable settings, Gas

'S

-

flow through the cavity can be verified by temporarily coanecting one

"y e

end of a short length of tubing to the yas exhaust port and observing

Pl
LAt P

the gas bubbles produced when the opposite end of the tube is placed in

water, Care should be exercised to preveat any water or its vapor from

e ® e % ¥ F >
o e e LAY e T

»® x

being introduced into an arygon gas system, since the response of a My-Ar

A "
Sl Wy Syt v Y

> s

chamber can be advarsely affected by evean simall amounts of hydroyenous

-

material,

-
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