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Isolation of cellular membranes from rat mast cells
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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'-nucleotldase 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 energy to produce a high yield of purified mast
cell perigranular membranes. In addition to high

N The secretion of histamine is a membrane-medi- yields of perigrant ar membranes, this technique
ated process dependent on the presence of calcium, also produces an enriched plasma membrane frac-
It has been proposed that a calcium transport tion from mast cells. The isolated membranes have
imechanism located in mast cell membranes is an been biochemically characterized using membrane

-, integral component of this release process. As an marker enzymes. The isolation of these mem-
initial step in examining these transport processes. branes is an important prerequisite for our studies

- the mas. cell plasma and perigranular membranes on the biochemical mechanisms controlling
must be isolated and their purity characterized. histanine release from mast cel, Is.

." Mast cell granules have been isolated and the

perigranular membrane. obtained by variety of Materials and Methods
techniques [1-61. We have re-evaluated these tech-
niques with the aim of producing large amounts of Materials
purified perigranular and plasma membranes from Aprotinin, leupcptin, ruthenium red. Percoll,

rat peritoneal mast cells. We here introduce an Tris-ATP. AMP. DCPIP, EDTA. glucose 6-phos-
innovative technique that uses pulsed sonication phate. and -lepes were obtained from Sigma

Chemical Co. (St. Louis, MO). Bovine serum al-

"rewnt addres NIADDK. N111. ik a4, MID 20205. bumin (fatty acid free. fraction V) was obtained
U.S.A. from Miles Laboratories. Inc. (Elkhart. IN) and
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DNAase I from Calbiochem-Behringer (San Di- The P2 pellet was gently resuspended in 10 ml
ego, CA). buffer A and layered on top of 25 ml Percoll

diluted (9: 1) with 1.5 M NaCl, 27 mM KCI, 9
Preparation of rat peritoneal mast cells mM CaC12, 0.1 M Hepes (pH 7.5) to give final

Rat peritoneal mast cells were obtained from concentrations of 150 mM NaCl, 2.7 mM KCI, 0.9
300-400 g, male, Sprague-Dawley rats killed by mM CaCI 2 and centrifuged at 27000 x g, 20 min,
carbon dioxide inhalation. Suspensions of cells in a Sorvall SS34 rotor. After. centrifugation, the
were obtained by washing the peritoneal cavity material appearing at the interface between the

* with 20 ml of Ca2 + , Mg 2+-free Tyrode's buffer buffer.-A and the Percoll, consisting of plasma
containing 10 units/mI heparin and 1 percent membranes, and the bottom of the Percoll gradi-
bovine serum albumin. These cell suspensions con- ent, consisting of intact granules, were collected
tained 3-7% mast cells and, following centrifuga- and the Percoll removed by washing with buffer-A
tion through a 38% albumin gradient [7], they were (800 X g, 10 min) followed by resuspension in 50
purified to greater than 95%. The preparative mM Hepes (pH 7.5), and centrifugation.
scale-up for obtaining large amounts of membrane The gradient pellet material was then osmoti-
required peritoneal washings from 120 rats. cally lysed by resuspension in 50 ml cold deionized

water with vigorous vortexing [8]. After 10 min on

Mast cell perigranular membrane preparation ice, the granules were vortexed and centrifuged
All procedures were conducted at 0-4 0 C. Puri- (1900 × g, 10 min) to pellet the membrane-free

fied mast cells were resuspended in 10 ml (1.3. 10 granules. The supernatant was centrifuged at
cells/ml) of buffer-A (4 mM Na,HPO4 , 2.7 mM 50000 rpm, 60 min using a Spinco Ti 50.2 rotor
KH2 PO4,, 150 mM NaCI, 2.7 mM KCI, 0.9 mM (200000 x g) to sediment the perigranular mem-

- CaCI2 , 0.175% bovine serum albumin (pH 7.2)), branes. The perigranular membranes were resus-
prepared as described by Kruger et al. [5] with pended in 50 mM Hepes (pH 7.5), rapidly frozen
added leupeptir, (0.5 mg/500 ml). aprotinin (56 in liquid nitrogen, and stored at -180C. Total
TIU/500 ml), and DNAase 1 (5 mg/500 ml), in a preparation time including mast cell preparation
50 ml Sorvall polycarbonate centrifuge tube, The was less than 8 h.
mast cell suspension was sonicated using a Heat Perigranular membranes were also prepared
Systems (Ultrasonics, Inc.) cell disruptor (Model from granules isolated as described by Raphael et
W-225R) equipped with a microprobe set at 50% at. (41. The perigranular membranes were obtained
duty cycle, pulsed energy, output energy control by osmotic lysis (8). The membrane fractions were
set initially at '2%. After each single pulse. the cell then compared using membrane marker enzymes.
suspension was vortexed vigorously for 10 s and
the mast cell suspension centrifuged at 70 x g, 1 En:vme asWays
itnh. The supernatant (SI), consisting of released Menbrane marker enzymes and DNA content
granules, cell debris and twimbranes, was pooled, were assayed as described by Evans 191. Two en-

- and the pellet (P1). consisting of intact mast cells. zyme activities generally accepted as plasma mere.
, resuspended to 10 nil with buffer-A composition brane markers are the (Na * 4, K' )-A'rPase and

with gentle vortexing. Pled SI were centrifuged the 5'-nuclcotidase. However. in the mast cell. the
at 1000 X g. 2 rain. following every second pulse to (Na + K* )-ATPase. whether measured as the
concentrate the granules. 11e sonicator energy ouabain-sensitive or sodium-dependent activity (91.
output was incrementally increased to a maximum could not be detected in the whole mast cell soni-
setting of 6' for a total of 11 pulses, cate or the final plasma membrane fraction. h'lere.

After the last sonication pulse, the pellet (f11) fore. the enzyme used for the plasma membrane
.was washed with 20 ml btffer-A and centrifuged marker was 5T-nuclotidase. Th1 distribution of

* (70 X g. 2 min). The supernatani was added to the intracellulair membranes (Golgi and endoplasmic
- jxoled SI supernatants and then centrifuged IOW reticulum) was assayed using gluco.c-6-phos-

X g. 10 loin to yield S2 and P2. consisting of phatase. while the mitochondrial membrane marker
granules and cell nembranei, enzyme was succinate dehydrogenase.

A .... ............................. 'l



It &II II i ........&. ..,b hi - I . . . *~ a. . .. . .. .

715

The 5'-nucleotidase activity was measured using tains the perigranular membrane. The yield of
a reaction medium which contained, in 100 xl, 100 perigranular membrane fraction was significant
mM KCI, 10 mM MgC12 , 50 mM Hepes (pH 7.4), (7% of the starting protein), as a result of con-
10 mM potassium sodium tartrate, 5 mM AMP, tamination with other membrane fractions. The
and the membrane protein (3-30 Mg). After 1-2 h 5'-nucleotidase specific activity of the perigranular 4,

at 370 C, the reaction was stopped by the addition membrane fraction remained at 60% of the initial
of 50 p1 10% SDS. The phosphate released from homogenate activity, indicating substantial plasma
both experimental and control assay tubes was membrane contamination. No reduction in the
determined by an automated assay [10]. glucose-6-phosphatase specific activity was ob-

Glucose-6-phosphatase activity was measured served in the perigranular membrane fraction and
in 100 pl final volume containing 10 mM glucose a 60% decrease in the specific activity of succinate
6-phosphate, 50 mM Hepes (pH 6.5),4 mM EDTA, dehydrogenase was found. Clearly the large
1 mM KF, and the membrane protein (3-30 Mig amount of protein in the perigranular fraction was
protein). Appropriate blanks were also assayed. due to contamination by plasma membranes,

, After 1-2 h at 37°C, the reaction was stopped and intracellular organelle membranes, and mitochon-
the phosphate released was determined as de- drial membranes. This contamination may be the
scribed above. result of inefficient separation of intact granules

Succinate dehydrogenase was assayed in a reac- from the broken cells and granules, as shown by
tion mixture (640 pI) which contained 50 mM the high specific activity of the membrane marker
sodium phosphate buffer (pH 7.6), 1 mM KCN, enzymes in the sucrose gradient pellet fractions.
0.04 mM 2,6-dichlorophenolindophenol (DCPIP), To optimize the separation of intact granules,
20 mM sodium succinate, and membrane protein we studied the effect of varying two parameters of
(30-150 Mg). After 2-3 h at 37C, the reaction was the isolation technique, the sonication energy and
stopped by transfer to an ice bath and quantified buffer. First the sonication treatment conditions .

by the decrease in absorbance (A 600 lan) due to were varied. A microprobe sonicator was used to
the reduction of DCPIP. disrupt the mast cells and the granule preparation

-* technique of Kruger et al. [5) was then followed.
Chemical assays The mnicroprobe allows the application of either

Protein was estimated using a modification of pulsed or continuous treatments of sonication en-
the Lowry et al. method [11), with bovine serum ergy. Initially, the effect of varying the number of
albumin as standard. Histamine was assayed by an pulses per sonication treatment was determined by
automated fluorometric assay 112,13). Ruthenium measuring the percent intact cells and percent
red, which binds to the granule matrix, was used intact granules. As shown in Fig. 1, disruption of

K to quantitatively assay granule integrity. Since the cells is not proportional to the number of
ruthenium red does not bind to granules with sonication pulses. Sonication has only an initial
intact perigrankile membranes. tile decrease in tile disruptive effect. that is. there appears to be a

" absorbance of ruthenium red-granule suspensions population of mast cells easily disrupted with only
is quantitatively related to tile number of dis- a few pulses. The remaining mast cells require

* rupted granules. The percent intact granules was increased sonication energy for disruption. The
determined by ruthenium red binding in the atw results in Fig. 1 show that the mast cell is more

* sence and presence of Triton X-100. as deseribed sensitive to sonication with 4-6 pulses per sonica-
by Kruger CI al. [51. tion treatment th.an 2-4 pulses per anication

- treatment. However. tile proportion of intact gran-
Reis ules to intact cells decrea.s with more pulses per

treatment. We therefore reduced the number of
Table I shows the re.sults of tile r'ncnhrane pulses to one pulse per treatment in subsequent

- marker enzyme analysis of various fractions pre- experimenis.
pared using the technique of Raphael et al. 141. The methods of Kruger et at. 151 and Raphael et
The final fraction. the supernatant from osmotic al. 141 rely on sonication but use different buffers.
lysis of tile granule% (sucrose gradient pellet), con- Raphael et al. [41 specify a Cal'. Mg '-free buffer

. .. . . .. . .. - .. . - -. . . .. -. .- - - ., , ., - * *-" - . .. .. . . .. *". - ={,*
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00 ,ytermining intact granules yield similar results. More
S",of the granules released by sonication in buffer

0 with added calcium remain intact than the gran-
0 ules in buffer without calcium. Thus, the calcium' - 60 "o
60 . containing buffer was used for our granule prep-

40 aration technique.

. .. 'These new sonication conditions and the
..20. calcium containing buffer were incorporated into

peaiosntdws p, the perigranular membrane preparation described

% 1 o 5 20 26 30 35 in Methods. After each cycle of sonication/

Total Number of Pulses centrifugation/ resuspension, the percent intact

Fig. 1. Effect of varying the number of pulses per sonication cells was determined from the decreased cell num-treatment on the disruption of mast cells and granules. The ber. These results are shown in Fig. 3. The level of
preparation sonicated with 2-4 pulses per treatment is indi- sonication energy was kept constant with each
cated by filled symbols, the open symbols indicate the prepara- pulse until, as indicated by the arrow, the energy
tion with 4-6 pulses per treatment. The percent intact granules level was increased. This results in a stairstep
(A. A) were meausured by ruthenium red binding. The percent effect whereby continued sonication at the same
intact mast cells were determined by cell counts (0, 0 energy level yields no further decrease in cell num-

ber, until the energy level per pulse is increased.
with the addition of EDTA, while Kruger et al. [5) Sonication was terminated following 12 or 13
added 0.9 mM CaCl2 and 0.175% bovine serum pulses, where less than 10% intact mast cells re-
albumin. The effect of these two buffers on sonica- mained.
tion efficiency was compared using only 1 The results of the characterization of the differ-
pulse/sonication treatment. For these experi- ent membrane fractions isolated using this proce-
ments, the percent intact granules was measured dure are shown in Table II. The plasma membrane
by histamine release and ruthenium red binding, fraction (the fraction at the Percoll interface) con-
As shown in Fig. 2, these two methods of de- tained 13% of the total cellular protein while the

Percoll pellet contained 25% of the total cellular
1 100 .........--i::~:4 % I. " .. o...... 0 ......... .

-(,D, ..... , . ........ I

~80 80o
II

-00o

r. 60 .

0 1 2 3 4 5 6 7 0 2 4 6 8 10 12

Total Numbt of Naas Total Number of Pute

Fig , 2. Effect of addition of calcium and bovine serum albumin Fig. 3. Example of a typical mast cell disruption using con-
on granule preparation by sonication at one pulse per treat- trolled sonication at one pulse per treatment. Sonication energy
ment. The percent Intact granule* were determined by hista- was tncrea.d by th.t pulses marked by arrows, starting at level
mine release (0. 0) and by ruthenium red binding (M. 0). The 2. Changes in cell count indicate the percent intact cells remain-
percent Intact cells was determined by cell count (a. a). The ing after each smicotion/centrfugation cycle. Values are means
sonicatlon buffer with added calcium and bovine serum al. of 4-6 vounts, Error bars indicate standard error of the mean,
bumin (open symbols) increased the yield of Intact granules For the point without error hars. the standard error is snaller
compared to buffer without addition (slld symbolsi). than the symbol.

11S*t
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protein. Only 45% of the initial total protein was ity remained with tL- plasma membranes, with
associated with the perigranular membranes only 1% of the total activity in the perigranular
(osmotic lysis supernatant). membranes. We could not detect monoamine

Total histamine content averaged 3 mg for 1.2. oxidase activity in any of the fractions.
108 cells. Our values for histamine content (22 The perigranuli" membranes were removed
tig/106 cells) are similar to published values (15-30 from the granules following osmotic lysis with
14g/10 6 cells, reviewed in Ref. 2). Nearly all of the deionized water. This was verified by electron
histamine in the S1 fraction was associated with microscopy which demonstrated that the granules
the P2 pellet, indicating that the granules were were depleted of their membranes and were les-
90% intact after sonication. Following the de- electron dense than intact granules. These results
ionized water lysis of the intact granules, and were similar to tl'e electron micrographs of gran-
separation of the membrane-free granules, very ules isolated from their perigranular membranes
little histamine (0.2% of initial total histamine) was described by Raphael et al. (Ref. 4, Fig. lb). While f
associated with the perigranular membranes. This membrane marker enzyme activities could not be
remaining histamine may be removed by addi- evaluated as specifically characterizing the peri-
tional washing of the perigra'nular membranes. granular membrane, this membrane could be

* The cycle of repeated sonication steps may have recovered by high speed centrifugation. Electron
disrupted mast cell intracellular organelles such as microscopic examination of the perigranular mem-

. nuclei. The released DNA may adhere to mem- brane pellet (200000 X g pellet) showed mem-
branes and be co-purified along with them to branous material contaminated with fragments of

-: contaminate the final membrane preparation. The granule matrix (micrographs not shown).
, extent of DNA contamination was determined to In the several pi'eparations we examined, con-

be minimal since the DNA content of the intact taminatiou of this membrane fraction with granule
* mast cell was 30 Ag/mg protein. The perigranular matrix was a consistent finding. This may reflect

membrane pellet contained very little DNA (less an intimate association of the granule membrane
than 2 pg/mg protein), with specific components of the granule matrix so

Also shown in Table II are the results of the that highly purified perigranular membrane may
membrane marker enzyme assays. The membranes not be technically attainable at this time.
-at the Percoll interface (plasma membranes) were
enriched 4.1-6.1-fold in 5'-nucleotidase with no Discussion
detectable activity remaining in the Percoll pellet

, (intact granules). 60% of the, total 5'-nucleotidase High yields of intact granules are easily ob-
activity was recovered in the top Percoll fraction. tained using the method proposed here. The most
The enzyme activity of the other membrane marker important aspect of this teclnique is the removal
enzymes was minimal in all fractions assayed. No of released granules immediately after a single
enrichment of any of these enzymes was found in pulse of sonication by centrifugation. The granules
the membrane fractions. Examination of the glu- are not exposed to potential damage by released
cose-6-phosphatast, activity, a marker enzyme for protease enzymes, and do not clump together or
Golgi and endoplasmic reticulum membranes 191. adhere to membranes. They remain intact since
showed that the plasma membrane fraction re- they are not subjected to repeated damage by
ained the same initial activity Of the whole mast prolonged sonication exposure. The second key

. cell homogenate while the perigranular membranes step in this method. separation of the intact gran-
- contained 19% of the inital specific activity. Glu- ules from broken granules and plasma membranes,
- cose-6-phosphatase activity was increased in the is rapidly obtained withi a Percoll gradient. The

S2 fraction, the soluble cytoplasmic protein frac- Percoll gradient is self-generating at 15000 x g.
tion. 50,% of the mitochondrial membranes, as The use of Percoll has the additional advantage of
indicated by the succinate dehydrogenase total easy removal since the granules sediment at low
activity, were also lost in the S2 fraction. Fifteen speeds and the plasma membrane fraction does
percent of the total succinate dehydrogenase activ- not penetrate the gradient, The advantages of Per-

2_,",.... .. ........... •..... -..- ". *" .... ,'"' , -'c..* -","-- .*-" e "- -'e 4- " - --"
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coil have also been utilized for the isolation of agreement with reports using the continuous soni-
adrenal chromaffin granules [14]. Finally, use of cation technique.
this procedure allows the simultaneous isolation of Raphael et al. [4] employed a Ca 2 , Mg"+-free
both plasma membranes and perigranular mem- sonication buffer. Use of other sonication buffers
branes in high yield and purity from the same yields decreased granule recovery. The deletion of
mast cell preparation. calcium and magnesium may increase the granule

This procedure produces a significant yield of yield by preventing the adherence of the released
mast cell plasma membranes, using a simple and granules to each other and to membranes. The
rapid technique. Until now, the only published sonication protocol reported here is designed to
report of mast cell plasma membrane purification disrupt a high percentage of mast cells while leav-
[15] used a laborious and time-consuming tech- ing the perigranular membrane intact. The results
nique requiring a sucrose gradient, which was demonstrate that sonication buffer containing ad-
potentially damaging to the isolated membranes. ded calcium and bovine serum albumin increased
Mast cell plasma membranes purified by Ishizaka the percent disrupted cells without adversely af-
et al. [151, using flotation through a discontinuous fecting granule integrity. The added calcium may
sucrose gradient [16], were 2.8-fold increased in increase membrane stability, while the added al-
specific activity compared to the initial homo- bumin may prevent granules from adhering to
genate. using 5'-nucleotidase activity to determine other cellular membranes.
plasna membrane purity and yielded 5 ptg pro- Perigranular membrane yields may be com-
tein/106 cells. Our preparations of plasma mere- pared to the similar membranes isolated from
branes averaged 4.5-fold enrichment (some pre- adrenal chromaffin granules. Two different tech-
parations yielded 6.1-fold enrichment) in 5'- niques [17,181 yielded chromaffin granules that
nucleotidase activity with 40 tg protein/10 cells. contained 7 and 12% of the total original protein.
These results were obtained using a single Percoll Osmotic lysis of these granules gave vesicles or
gradient centrifugzition step. Further improvement ghosts with yields of 0,6-0.8% of total protein.
in the plasma membrane purity should be easily Thus. the yield of mast cell granules (25%) is twice
accomplished by using an additional Percoll or that of the chromaffin granules and the resulting
sucrose gradient. Furthermore, the rapidity of this yield of perigranular memibranes (4.5%) is also

* technique reduces the amount of time the Mei- higher. '

branes are exwosed to the harsh isolation condi- These meitibranes have been characterized using
, tions. established membrane marker enzymes. This is the

Previous investigators reported that gentle soni- first hiochemical assessment of the mast cell plasma
cation provides a higher percentage of intact dense membrane or the perigranulat membrane. The
granules, but with it lower percent yield (5.61. menbrane marker enzymes used for these studies
l lowever. these studies used continuous sonication are commonly found in specific membranes of
with either a bath sonicator or a probe sonicator. other cell types, It is not known, however, if these
The use of pulsed sonication has not been previ- are valid indicators of tie same membranes in the
1- ousl- reported. Pulsed sonication is easily con- mast cell. For Mi1ie, gluCo Se--phoSphalaSe is

4. trolled since the pulse duration is repeatable within considered as an endoplaqnic reticulum mem-
milliseconds and the energy level can be varied. By brane marker enzyme. but it has also been re-
using pulsed sonication with the nmieroprobe set at ported in nuclear membranes iand Golgi tiem-
one pulse per sonication treatment. in the presence branes [9). 1e INa * + K P )-ATI'ase is identified
of calcium, and hv following the procedure tic- as a plasnla membrane marker in most cells. How-

, scribed in Methods (modified from Ref. 5). %e ever, it is not a useful indicator here since no
were able to routinely achieve 90!i disruption of (Na' + K' )-Al'Pase activity could be detected in
nu mast cells with minimal dlamage to die grianule the mast cell. Therefore. we used tie 5'-nucleoti-
membrane, as determined by histvimine release. dase as the plasina membranec marker. Although
Our finding that the use of fewer pulses per treat- widelv accepted as,, a plasma membrane bound
'llent yields a larger number of intact granules is in 1nzye e 191 and pr,'inuosly used as such for mast

N
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.4 cells [15], 5'-nucleotidase has been detected in 3 Uvnas. B. (1974) Methods Enzymol. 31, 395-403
intracellular membranes [191. The mitochondrial 4 Raphael, G.D.. Henderson. W.R. and Kaliner. M. (1978)

membrane enzyme markers (monoamine oxidase Expt. Cell Res. 115, 428-431

and succinate dehydrogenase) displayed low activ- 5 Kruger, P.G., Lagunoff. D. and Wan, H. (1980) Expt. Cell
ad)Res. 129, 83-93
ity in mast cell homogenates, which may be related 6 Anderson. P.. Rohlich, P., Slorach, S.A. and Uvnas, B.

to the fact that rat peritoneal mast cells contain (1974) Acta Physiol. Scand. 91, 145-153
tow numbers of mitochondria. Helander and 7 Sullivan, T.J., Parker. K.L., Stenson. W. and Parker. C.
Bloom [20], using stereological methods, estimate (1975)J. Immunol. 14, 1473-1478
that mitochondria comprise only 2% of the mast 8 Uvnas, B.. Aborg. C.H. and Bergendorff, A. (1970) Acta

Phvsiol. Scand. 78. Suppl. 336, 3-26
cell volume. 9 Evans. W.H. (1978) Preparation and Characterization of

* 'Mammalian Plasma Membranes, pp. 104-.127, North Hol-
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Rat peritoneal mast cells and mast cell granules were evaluated by
radloimmunoassay for the presence of 1-thromboglobulin and platelet
fatr4 h initial assays indicated that a 13-thromboglobulin cross

recigmaterial 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 $3-thromboglobulin
assay Indicated that elastase would also generate a false positive assay which
could then be neutralized by the use of ar1 antitrypsin as a protease
Inhibitor. There was no protease offect *on the platelet factor 4
radio Immunoassay 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 radilmmunoassay tests In
the presence of cell proteases. The use of protease Inhibitors Is a necessary
control when applying a radilimmunoassay to a system with potentially
active proteases,

B3 -Thromboglobuliri(1 TG) and platelet factor 4 (PF4) are smnall cationic proteins located
In the a~ granules of platelets and released upon activation of platelets, Both I3TG and
PF4 have been localized Rlmost exclusively to the a granules of platelets (1). Although
their specific physiological functio-is are unclear, they have been shown to have a
heparin binding capacity and may act as endogenous antiheparlns (2). There Is a report
of 13TG inhibiting the production of prostaglandin 1 2 from endothelial cells (3), and
reports of PF4 Inhibiting the enzyme collagenase (4) and stimulating leukcocyte elastase
(5). Platelet factor 4 has also been shown to be a chemoottractant for monocytes,
neutrophils, and fibroblasts (6, 7). One study using peroxidaso - antiperoxidose

* limmunochemistry on fixed tissue sections demonstrated PF4 In human skin mast cello,
but could not demonstrate 13TG (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
association with the heparin In the mast cell granules. Human mast cells are difficult to
obtain In sufflicient quantity or purity to evaluate their granule contents. However, pure
preparations of rot peritonea[ mast cells (RPMC) are readily available and purified
granules can be obtained (11, 12). This study was initially begun to evaluate the
polisibility of I3TG and PF4 association with RPMr. and their granules. However, It
quickly ber~arne apparent that a positive result In the R3 -ttiromboglobulin
radioim munnassay was due to the presence of active mast cell granule proteases. The
study then sought to clarify the basis of the false positive results associated with the

* 13 TG radio immunoassay of mast cells.
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Methods

Mast cells were obtained by peritoneal lavage from Sprague-Dawley rats. The cells were
purified to > 95% following centrifugation through a 38% albumin gradient (!1). 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 106 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 measured fluorometrically
using the o-pthalaldehyde (OPT) reaction (13, 14).

The radioimmunoassay for 0-thromboglobulin was performed in general as indicated in

the commercial kit package insert. Briefly, 50 pl1 of a standard or an ur r~wn was
placed in a 12 mm x 75 mm plastic tube. Antiserum to f3TG (2G0 pI) and - I tracer
_TG (200 11) 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 pl of
saturated ammonium sulfate, mixing and standing for 15 min. The tubes were
centrifuged st 2000 x g for 20 min and the suoernatant decanted. The tubes were placed
in a gamma counter to determine the bound radioactivity in the precipitate.

The radioimmunoaszay for platelet factor 4 was perforined in general as indicated in the
commercial kit package insert.. Briefly, 50 Pl of a standard or an unknuwn was lared in
a 12 mm x 75 mm plastic tube. Antiserum to plate!et factor 4 (250 p1) and i tracer
platelet factor' 4 (250 PI) was added to each tube, mixed and incubated at room
temperature for 2 hr. The antigen-antibody complexes were precipitated by adding I ml
of saturated ammonium sulfate, mixing arid standing for 15 min. The tubes wee centri-
fuged at 2000 x g for 20 min and the supernatants decanted. The tubes were placed in a
gamma counter to determine the bound radioactivity in the precipitates. The -

thromboglobulln radioimmunoassay kit was obtained from Amersharn (Arlington Heights,
IL), and the platelet factor 4 kit from Abbott (Chicago, I).

Polyacrylamide gel electrophoresis was performed on a disc qel apparatus using 10%
polyacrylemlde, 1% SDS 60 mm gels (15). $3-Thromboglobulin "1 1 tracer (50,00" cpm)
was added to each of three gels after mixture In buffer or eiastaso or elastase and a,
antitrypsin. Gels were run for 2 hr at 48 mA and then sliced.

A quantitative method with benzoyl tyrosine ethyl ester (BTE1) as a synthetic substrate
was used for the protease determination (16). Compound 48/80, elastse (porcine pan-

.. creas), thromnbln (human), activated faclor X (Xo, Russet viper venom activated, bovine),
plasmin (human), lysozyme (chicken egg white), aprotinin (Trasylol), leupeptin, and (t
antitrypoln (human) were obtained from Sigma Chemical Co. (St. Louis, MO).

* fResults

Rnt peritoneil mast cells wore lysed by frimze-thnw x 3 and the cell debris pelleted at
10,000 x g for 10 rain in a inicrofrige. The supernatant was essayed for histamine, B TG
and PF4. Similarly a 11 130t Lol granule prelpriation wan aJsayed Ft histamine, 13TG and
PFt. The P 4 assay gave no detectable reaction. The results of the 8 TG and histamine

rarays shown In Table I seem to indicate the presence of STG in mast cells, possibly
localized to the granules.

Assuming a rat ma,,t cell cytoplasrnic volume of 0.7 u! per 106 cells (17), the calculated
intracellular concentratlon of " B -thrombhoglobulin" would he about 2.5 mgq/ml.

Rat mast tells release histamine In i doo-deindent response to compound 401/80.
rigure I Illustrates a similar dose-dependent reloase of the apparent I3TG.

i.
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TABLE I

Apparent B -Thromboglobulin Content of Rat Mast Cells

!-Thromboqlobulin" (ng)

Rat Mast Cells 1.75 - 0.82 ng/103 Cells
0.060 + 0.025 ng/ng histamine

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

Mean + 2 S.D. of three determinations.
.+_
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80 0
4IISTAMIWE

W 70

COMPOUND 48'8) 1.0g20 10.
60

50
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FIG. 1

Dose response curve for histamine and "-.thromboglobulin" release from rat
.; I mast cells by compound 48/80. Rat mast cells were nuspended in Hepes-HBSS

to 10€' cells/mi. Results are expressed in percent of total cell content. Total
content determined by assay of lysed specimens (freeze thaw x 3).

When proteaso Inhibitors, aprotinin (Trasylol) or leupeptin were added to the call suspen-

nion buffer prior to lytils, thoe TG' assay gave no reactions as shown In Table Ii. These
results suggested a protease artifact in the determination of 6TG by radlolmmunoassay.

Various protonsea thot are likely to be present in plasma were tested to determine if
they would generate a falop positive f)TG i'esult The data of Table III clearly Indicate
that only elastnme at greater then 2.6 u/mt gave a significan, false positive OTG result.
Although the other enzymes were tested at significant levels they had little or nlo effect
on thw radioimrnunoassay. Results are tle average of two determinations.

The effect of flastas on the B-tt.ombognbulhn tracer was done-dependent and was
abollsh d in the presence of the proteaso inhtilbitor a, antitrypsin. These results are
presented in Table IV.
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TABLE 1I

Effect of Protease Inhibitors on B-ThromboglobuUln
, Radioimmunoassay of Rat Mast Cells

n

" -Thromboglobulin"

ng/103 cells

3uffer A 2.10 + 0.75

Buffer B 0.03 4- 0.02

Buffer C 0.06 + 0.03

Buffer A: 50 mM Hepes, Hanks Balanced Salt 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 vig/ml
leupeptin, 0.1% w/v bovine serum albumin.

Mean + S.D. of three determinations.

24

TABLE III

Effects of Proteases on 0-ThrombuglobulIn Tracer

Enzyme "gThromboglobulIn" (nq/ml)

Thrombln 10.0 U/ml 3.1
Thrombln 1.0 U/m1 < 2.0

Elastase 28.0 U/ml > 220
Elastase 2.8 U/ml 09
Elastase 0.28 U/ml < 2.0

Pleasmln 1.0 Ufml 5.7
Plasmln 0.1 U/ml < 2.0
Factor Xe 2.0 U/ml 2.5

Factor Xa 0.2 U/ml < 2.0

Lysozyme ZOO U/ml < 2.0

LIysozyme 2000 U/m| < 2.0

Hepes-HBSS buffer < 2.0
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TABLE IV

Effect of c1 Antitrypsin on the Elastase Interaction

With $-Thromboglobulin Tracer

"$-Thromboglobulin" ng/ml

Elastase Elastase Elastase
+ + +

Elastase Buffer 21 antitrypsin BSA

50 U/i > 220 ng/ml 5.5 ng/mi >220 ng/ml
20 U/ml 34.1 2.6 31.5
10 U/ml 5.2 2.0 4.5
5 U/ml 3.4 1.2 3.0

Elastase in 0.1 M Tris pH 7.4 buffer
a1 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 3TG tracer after preincubation
with buffer or elastase or elastase plus a antitrypsin. It Is clear In Figure 2B that the
elastase breaks down the tracer but that thIe presence of a, antitrypsin will prevent the
tracer breakdown (Fig. ZC).

-- 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 TG and PF4 by
radioimmunoassay in the absence of protease Inhibitors.

Discussion

.4 This study clearly indicates that certain proteases can produce a false positive result in
the TG radioirnmunoassay. 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 releasing a radiolabeled fragment which is not
immunoreactive. A 3imillar artifact was observed for corticotropln/B endorphin Immuno-
reactivity of rat mast cells (20, 21). The effect may be relatively enzyme and substrate
specific since the PF4 tracer, which is similar in many structural sequences to 6TG,
although riot Immune cross reactive, did not generate false positive results by the
enzymes tested.

The addition to the cell suspension buffer of a standard amount of a general protease
inhibitor (aprotlnin) was sufficient to abolish the false positive results. The practice of
asing protease Inhibitors in cell suspension buffer where radlolmmunoassays will be
applied is encouraged.

Some of the plasma proteases likely to be active in plasra were tested and shown not to
give a significant false positive result. Therefore they would be very unlikely to contri-
bute to plasma S3TG levels when a radloitmmunoassay is used. Although elastase did
generate a siqnificant false positive result, It Is unlikely thst a plasma specknen would
have elastas, levels in the range necessary to generate a false positive result. The mast
cell enzymes tre concentrated In the granules and thereby cart cause a significant effect.
Rat mast ell chymase may represent 15% of tne total granule protein (10, 19).
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FIG. 2

* SOS-PAGE of B-thromboglobulin tracer. 50000 cpm of 1251 tracer prernixed
with Hepes-HBSS buffer (A) or elastase (30 U/ml) (B) or elastase (30 U/ml)
and 1 antitrypsin (2.5 ng/ml) (C). After a 10 min preincubation at room

*: temperature, the mixtures were made 1% SOS and loaded on the gels. Gels
were sliced and each slice counted In a gamma counter.

4 Reports of localization of PF4 In human tissue (skin) mast cells have relied on immuno-
chemical (peroxidase-antiperoxidase) assays in gluteraldehyde fixed tissue (M, 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

PFt4 tracer. Our assay of the human lung mast cells did not domonAsrate any TG 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 levels of these proteins and/or thl

protease enzymes or enzyme levels may he 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 TG and PF4 remain unclear.

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
GasricBiopsy Sites in Monkeys

An Experimental Model for Peptic Ulcer Disease
and Gastric Protection

* ANDRE DUBOIS, ETIENNE DANQUECHIN DORVAL, i

LAWRENCE R. WOOD, JAMES E. ROGERS, LINDA O'CONNELL,
ASAF DURAKOVIC, and JAMES J. CONKLIN
Department of Medicine, Uniformed Services University of the Health Sciences, and Radiation
Sciences Department, Armed Forces Radioblology Research Institute, Bethesda, Maryland

-'The acute effects of y-irradiation on the gastric the ulcer craters. These changes may reflect inade-
mucosa have been studied in a primate model. quate protection or insufficient regeneration of gas-
Fiberoptic gastroscopies were performed in 6 rhesus tric mucosal cells which, in turn, would explain the
monkeys In the basal state as well as 3 h and 3, 7, persistence of ulcers after gastric biopsies were per-
and 9 days after total body irradiation (800 rods), formed lin irradiated monkeys.
Gastric biopsy specimens tdiameter I mm) obtained
during each session were examined using light ml. Many experimental models have been developed In
croscopy and scanning electron microscopy, in ad- an attempt to clarify the pathophysiology and thle
dition, subsequent healing of the biopsy sites was treatment of gastric and duodenal ulcer disease,
assessed visually. Gastric biopsy sites were com- Most models have used rats, which have thle advan-
pletoly healed in 3 days in tIe basal state, in tage of permitting thle study of a largo number of
contrast, ulcer craters (diameter I min) were still animals. However, thle rodent stomach differs mark-

*present at thle site of file biopsies 3, 7, and 9 flays odly fronm that of thle human in its anatomic and
after the biopsies wore performed in Irradiated cal- physiologic features. r-urthermore, drug dosage re-
mats, Light microscopic examination of the biop,-y quired for experimental production, prevention. and
specimens donmonsitratd only lymphocytic infiltra. healing of gastroduodonal iticor Is much larger than
flton of tile lemmia propria. In contrast. sconning tile dosage reconinended In humans.

*electron microscopic examination revealed that tile Thus, there is a need for ani animal model closer to
size anid number of microvilli of the gastric surface humians that would permit thle experimental study of
opithelicjl cells wore inlcreaIsed on tile day of Irralf- peptic Ulcer disease. In the past 7 yr. we have used
tion compared to basul; 3-9 dlays later, numerous rhesuis mnonkeys to evaluato basal and stimulated
gastric surfac6 oplthollal cells were damauged or had gastric secretion and gastric emoptying (1) as well as
dlsscippeured so that bue aras of thme laiminci pro. ft)e effect of various prostuglandins (2-4) aid opiold
pria were visible lin ft, specitens luken outside of peptides (5), Theo studlos demonstrated inarked

- similarities -if monkey and human gastric functions
Address osl i ,194 Arorlett: July~ (1, 1118. (6). .). and thle drug dosage was close to that ustid inAi~oattno tivi io Medopint. (it Aiit Dums M.P.. clinical InedicineA. In this same nmodel, psychologic:

WIMohae i Ofdg Rodethesda11. tfrltl okwd. nv"y 40 comimgomcies coupled wihm delivery of eletAric
'is work wits supploted, it, part. Iby theo 1,11nite &I(VIrCo shocks consistently produced suporficial gastrodnuo-

Univetsity of tho lelhSiete rottwot No. ftuaill. donal orosions '7), although most lesionjs dis~mp.
The Oiion tWtsilt astlettiot15 cona)imidtf hoill te,~? IIIIo Iprivalt pernmw in several days despite the coninuationm of

oiltgtevs of flt Qit 1w n arto ot o i'fILA offit-34 tit stress: this offect is consistent With t110 habituation oif
fuined Sorvices thliversiy Of 114 u1*111 801111W4A gastric function suppression found In tile sameo ani-

* The atithart thank L.. lwaiiycd end [ 0.ilrchers for wiltoril muat 1model (01.
u"ulstanct and S1. Flynnl, 1. stewart, 1. warrotNA1eis, an N. Flook.
W4a for support Wn aniaw tesatI1 Abbawmi s usei li hs poper: WEC. surfac upittwlial cW6l.
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The purpose of the present studies was to investi- Research) for examination on a JSM-35 scanning electron
gate whether rhesus monkeys exposed to ionizing microscope (JEOL, Peabody, Mass.) operated at 25 kV.
radiation would develop chronic gastric ulcerations Scanning electron microscope pictures were taken by a
either spontaneously or after endoscopic biopsies blinded investigator (L.W.) using a locally developed corn-
were performed. In addition, we used light micros- puter-assisted random number sequence program. This
cs g n c eprogram allows the random photographing of eight pic--.. copy and scanning electron microscopy to evaluate
-- l utures at X 1000 per biopsy, thus avoiding the bias present-possible underlying changes of the gastric surface ed by taking one type of image rather than another. A few
epithelial cells. cells in each area were then photographed at X5000 to

obtain a greater magnification. Finally, each picture was

Materials and Methods analyzed blindly in writing by another investigator (A.D.).
These notes were subsequently reconciled with the type of

Endoscopies treatment.

Six male rhesus monkeys were subjected to fiber-
optic endoscopy performed under ketamine anesthesia
using an Olympus GIF-P3 gastrointestinal fiberscope with Results
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 Endoscopies performed before and for up to 9
forth fi the "Guide for the Care and Use of Laboratory days after irradiation failed to demonstrate any spon-
Animals," Institute of Animal Resources, National Re- taneous lesion of the gastric antrum. Immediately
search Council, Department of Health, Education, and after biopsies were performed, a small amount of
Welfare Publication No. (NIH)78-23. The gross appearance bleeding was observed; although no attempt was
of the gastric mucosa was assessed in the basal state, 3h" made to quantitate precisely the hemorrhage, no
after irradiation, and 3, 7, and 9 days later. On the day of

S" irradiation, the animals were exposed to 800 rads (800 important difference was noted after irradiation
cGy) delivered bilaterally to the whole body using a large compared with the basal state.
101 Cl "'Co irradiator at 500 rads/min, In addition, pinch Biopsies performed 10 to 7 days before irradiation

- biopsy specimens I mm in diameter were obtained from completely healed in 3 days and no scarring was

- the gastric anirum at the time of each endoscopy and were observed. In contrast, the site of biopsies performed
prepared for light and scanning electron microscopy. FI- on the day of the irradiation appeared 3 days later as
nally, the presence or absence of healing at the site of each a reddish ulceration, depressed in its center and
previously performed biopsy was assessed visually, surrounded by a raised margin (Figure 1, left panel).

Seven days after the initial biopsy, the center of the
- Light Microscopy erosion appeared white with a pink raised margin

(Figure 1, right pwel). Nine days after irradiation,
an Biopsy specimens were fixed in 10% buffered for- the ulcer created at the site of the initial biopsy was
mlnfor atleast 6 Ih, dehydrated In thanol and xylene,witembedded in easthdeydra ted 4 n setishere sayne, unchanged and a biopsy performed on day 7 hadS., and embedded in parafitun 4-.un sections were stained

with homatoxylIn and oosin and observed by a blinded produced an ulcer similar to that seen 3 clays after
investigator (.E.,R.) using a Zeiss iniroscope (arl ZOLss, irradiation. These observations were consistent in all

hornwood, N.Y.). 6 monkeys.

Scanning Electron Microscopy Light Microscopy

Biopsy specmons wore tonnodlatoly placed in 2% Biopsy specimens usually comprised the full
glutaraldohyde in 0. N sodium cacodylato and stored for mnucosa including the muscularis mucsue. In the
24 I at 4 C. To eliminale the layer of material coating the basal state, the surface of the gastric inucosa was
gastric surfae epitholial cells, a i:h biopsy specnIeO was composed of cylindrical coils with a basally post-
then washed with phosphat -bufforod saline and a glyrCosi. tioned nuclous and containing mucus in) their apical
(hos1 eazymne solution (mixed glycosidase, 1 cornutlus, polo. Pits and glands wore well delineated and the
Miles l.horutorlos. Wkhrlr, Ind.) as proviously described lWmhin iropria contained only a few plasma :oels
(0). Biopsy specimens wero then postlixed separately for I and lymphocyles. After irradiation, the general ar-
Ih it 1% OsO4 In 0.1 N soditun cacodylath at 4C, and "

dehydrated using an ethanol series of Sm.c 7%. mla and othe elthe-
100% with three 4:haiges of absolute ethanol. Bliopsy hal cells wore not ignificatly changed. Howevor.

% spe:irmms were dried in a critcal.poinl dryiag apparatus the diffuse lymnphocytlc Infiltration of the lmnia
froon liquid CO(. (Samndri, pt-3, "otshiis researth, Rock- propria was more prontouniced in 4 of 6 anitmals, 3. 7,

.- ville, Md.), mounted on alhlnuat sltubs, rad sputlltr- and ,q days after irradiation (Figure 2). In addition,
coated with gold palladium (Samsputter 2A. Tousiuis biopsy specimens obtained from 3 of these 4 motn-

14
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* Figure 1. Endoscopic 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. Rlight panel: 7 days after irradiation in a different animal, the center of thle ulceration Is covered with white
fibrin whereas the margins are less prominent than 4 days earlier (arrow); in the left lower area, the site of a biopsy perforrnid 4
days earlier has given way to a small ulceration, which is intermediate between the two other ulcers shown on this flgui-e.

J..
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., keys contained focal infiltration of the lamina pro- Discussion
pria (Figure 2). Biopsies of the ulcers showed a The present studies demonstrate that, in mon-
center covered with a homogeneous layer of fibri- keys, endoscopic gastric biopsies performed imme-
noid necrosis covering the muscularis mucosae; the diately after total body irradiation with 800 rads lead
margins of the ulcers demonstrated inflammation to the formation of gastric ulcers. As these small
and moderate granulation. ulcers do not heal spontaneously in up to 9 days, this

experimental model could be used in order to study
S some of the factors involved in the pathophysiology
Scanning Electron Microscopy and treatment of peptic ulcer disease. However, this
In the basal state, gastric surface epithelial dose causes the death of all animals within 2-4 wk.

cells (SEC) were clearly separated from each other therefore, such a model would require the use of
and arranged circularly around the openings of the autologous bone marrow transplantation or of local
gastric pits (Figure 3); parts of the luminal mem- gastric irradiation if long-term studies were planned.
branes of SEC were covered with microvilli sending The mechanism of this absence of healing is un-
out short projections into the gastric lumen (Figure clear. Human gastric mucosa is known to be more
3, inset). Three hours after irradiation, the microvilli resistant to actite damage caused by y-irradiation
of many SEC were more closely packed and larger than the small intestine. In humans, doses of 800
than in the basal state (Figure 4); in addition, the rads administered in 5 days do not modify the upper
valleys separating SEC from each other were less part of gastric glands, although the base of some
prominent or even sometimes disappeared (Figure glands display discrete abnormalities such as eosin-
5). In sonic areas, cavities entering the cytoplasm ophilia of parietal and chief cells, pyknotic nuclei,
were formed in the membranes of some SEC (Figure and cell flattening (10), In addition, polymorphonu-
5). Seven and 9 days after irradiation, many SEC clear infiltration of the lamina propria is often pres-
appeared damaged or had been shed (Figure 6); in ent (11). These latter changes are similar to those
addition, some areas were devoid of SEC. leaving the observed by light microscopic examination of the

*'" lainina propria exposed except inside the gastric pits biopsy specimens taken from the stomach of our
(Figure fi, inset), These different changes were soon monkeys.
in at least one of the coded pictures obtained for each However, light microscopic examination of gastric
'ri animtal, biopsy specimens is not a sensitive method to detect
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* Figure 4. Scanning electron vilcroscopic appoarane of gastric bioplsy specimen takeno 3 h aftetr irradiation fx sao:: noto that lteo
omicroviiii of many surfacet Opithoiiai ctlil$ appetar more closely packetd andi 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-
and1( section for light microsc *opy is not always per- croscopy. which is far from covering an area compa-

fectand aps etw e pithoiid cells are often ruble to the one oxamined with scanning Oloctron
intrpate a tehncaldeect-,secnd amaximum microscopy. Incontrast, oruse o scaittng electron

hi-o3 S'11ig0.tl pwrlu l oiltam i 111hcp .W ur 1w nrgt .ltl httevlq s

wSaig.1(dv011l-i lt 1 o ivc illtarI S ~iti ol 161 ilrpAi 1(41Il -- fealtttlpt w a
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* Jigur 6. Scaning electron rnicroscopic 'loarance of gastric hiopsy spocitmo tokon 7 days after irradiation ix l0U0); noite thait mainy
* surface opitholial ceils oppear damaged. Inset shows an arva devoid of surface opiteliui coils. leaving tike lamina propria

exposed except Inside gSmtric pits (x56i00).

* microscopy p~ermnits the observation of acute challes alteratiomi of gastric opithelial coils in the mid-third
of the gastric SE~C within 3 hi of total body exposure of the stomach 6i days after total body exposure to
(Figure 4). These changes are observed In Coded 1200 rads, numerous cells were "hyporchromittic
specimens examined blindly and are compatible with centrally located, occasionally swollen nuclei
with the releaso of mucus by 8f.-' immediatoly and prominent nucletili tomiitiscout of the ma.ly
following irradiation (12). Seven and 9 days after changes inl the small intoitie. In rabbits, a solitary
irradiation, SEC display evidence of damage and total body exposure to 1500~ rads consistently pro-
exfoliation, whih ay explain Wiy bare areas of the duced gastric ulcerations in 2-~4 wvk (15,16i) In
lamnina propria (ire visible. These late changes occur hu-11anls, radliationi ulcter is observed inl only 7% of

*concturrently with a complete abolitionl of gastfr patients roceiVing fractionated doses tup to ai total of
mcsoutput (1*9). Thus. scanninig electron mnicros- *'500-3,1f) rads, tis fruequenc~y incteasing to only

coypermits tedomon-stralutit of sticces81ve 15 ih-xpostiro to 4504-5400 rads (1. I.Ovo!r-
effects of r.lrradiatlon onl the gastric mouctma wich all. 50% of patienlts explosea to doses ">500 cads call
are) not detectable with light ictroscopy. The Initial ho oxpectod to doveIlp significant gastri(: itiryV f(19).

* hypertrophic response of the gastric surface upitlholi- Tlhose acute langos of gastrc nmucosal histology are
a)i cells is followed rapidly by dettrtionl and des, temporary atideta" heR followed by comlplet rteve
quanmationl of niumerous opitlial colls. Theste mtc. for low dloses of irradiation. With dose's betwei
andary chtanges may reflect inadeqjuate protection or 1,500 .4n"d 2500( rads, thet muoo becoines atrclphic

* insufficient regeneration of gastric anucosal cells and acid seretlion is suppretsSe (119.210. This adid.
which, inl turn, would explain the persistence of suppressakit Offto of pattrit. irradiationl was used for
ulcers after gastric biopsles in% Irradiatd mon01keys. mlore, thtan 20 yr inl the treatmenlt of l)iptir tOter
To our knowledge. scamnming electron microscopy dispase; interostingly. nso acuto perforakion was oh-
hatd not boo" previously use'd to assttss gastric mntico- sonrved in 114-m patits, hil coutrast. Symptomatic
,;al damage after irradiation. Usingt traltsilission rgadiatioll gstritis charar.tvrin.d by fibro~~troply of
electron Ilicroscopy. howver, ilelander (13) har. the mucnsa 11nd acOnpanied(1 by dyspepsia de..e-.
reported similar jiltrAstructuiral cllallgvs In the rtit aped inl :12% of patientis exposed to fsfintoo rads,
gastric 1111cosa after total bodity irradiation. (101). The exa&:t ciise of there alterationis Ws uiknloWn

Ga&stric talcors occur spontaneously allt exposure but coiu'i lif relatedi to lack of cell mmawal or
to (loses of radiation amuch greater tanmi tilt! on,,s wo vjsrtlar enduilholial damago.
ust.d. In dugs. Umbelr at al. (14) found marked Thus. ajor chamilges ate observed Ill the gastric;
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ulcer disease, the present model appears to provide BW. The early gastric response to irradiation: 1 serial biopsy

excellent opportunity to evaluate the efficacy of study. Gastroenterology 1954;27:1-20.
an11. Doig RK, F,,nder JF, V .' .iden S. Serial gastric biopsy studies in

* the various therapies of this condition. a case of duodenal ulcer treated by deep x-riy therapy. Med I
Australia 1951;38:828-30.

12. Shea-Donohue PT, Denquechin-Dorval E, Montcalm E, et al.
References Alterations in gastric mucus secretion in rhesus monkeys

following exposure to ionizing irr.diation. Gastroenterology
1. Dubois A, Natelson B, Van Eerdewegh P, Gardner JD. Gastric 1985 (in press).

emptying and secretion in the rhesus monkey. Am J Physiol 13. Helander HF. Early effects of x-irradiation on the ultrastruc-
1977;232:E186-92. ture of gastric fundus glands. Radiat Ras 1965;26:244-62.

- 2. Nompleggi D, Myers L. Castell DO, Dubois A. Effect of a 14. Brecher B, Cronkite EP, Conard RA, Smith WW. Gastric
prostaglandin E, analog on gastric emptying and secretion in lesions in experimental animals following single exposures to
rhesus monkeys. I Pharmacol Exp Ther 1980;212:491-5. ionizing radiation. Am I Pathol 1958;34:105-19.

3. Shea-Donohue PT, Myers L, Castell DO, Dubois A. Effect of 15. Engelstad RB. The effect of roentgen rays on the stom.ach in
prostacyclin on gastric emptying and secretion in rhesus rabbits. Am I Roentgenol 1938:40:243-63.
monkeys. Gastroenterology 1980;78:1476-9. 16. Haot J. Radiologically induced ulcers of the stomach. Rev

4. Shea-Donohue PT, Nompleggi D, Myers L, Dubois A. A Beige Pathol 1965:31:203-25.
prostaglandin endoperoxide analog increases gastric empty- 17. Bowers RF, Brick lB. Surgery in radiation injury of the
Ing and suppresses gastric secretion in rhesus monkeys. I stomach. Surgery 1974;22:20-38.
Pharmacol Exp Ther 1982;222:379-82. 18, Friedman M. Calculated risks of radiation injury of normal

- 5. Shea-Donohue PT, Adams N, Arnold J, Dubois A. Effects of tissue in the treatment of cancer of the testis. Proceedings of
Met-enkephalin and naloxone on gastric emptying and secre- the Second Nation.l Cancer Conference. Vol. I. Philadelphia:
tion in rhesus monkeys. Am J Physiol 1983;245:G196-200. Lippincott, 1952:390-400.

6. Dubois A, Van Eerdewegh P, Gardner 1, Gastric emptying and 19, Palmer WL. Templeton F. The effect of radiation therapy on
se;retion in Zollinger-Ellison syndrome. I Clin Invest i977; gastric secietion. JAMA 1939;112:1429-34,
59:255-63. 20. Ricketts WE, Kirsner lB, Humphrey SEM, Palmer WL, Effect

- 7. Natelson BH, Dubois A. Sodetz Fl. Effect of multiple-stress of roentgen irradiation on gastric mucosa. Gastroon- 'rology
* procedures on monkey gastroduodenal mucosa, serum gas. 1948;11:818-31,

% V..

,o

V

9 - . - • ., * • • . , - . .)' ' 9. , I' ' *" " %



ARMEO FORCES flAOIOSIOLOGY
RESEARCH INSTITUTE
SCIENTIFIC REPORT

SR85-4

BRIEF COMMUNICATION

CALCIUM- AND VOLTAGE-ACTIVATED POTASSIUM

CHANNELS IN HUMAN MACROPHAGES

ELAINE K. GALLIN
Physiology Department, Armed Forces Radiobiology Research Institute, B&thesda, Maryland 20814

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 5 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. Ion 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 10-' M (Ca 4), channel activity was evident
only at potentials of +40 mV or more depolarized, while at 10' M, channels were open at all voltages tested (-40 to
+ 60 mV). In intact patches, channels were seen at depolarized patch potentials of + 50 mV or grzater, indicating that
the ionized calcium concentration in the macrophage is probably <10' M.

INTRODUCTiON cells, was developed at Roswell Park Memorial Institute. After various
periods of cultivatioit (up to 3 wk). cells were placed in recording solutions

Calcium-activated potassium conductances have been and patch clamp experiments were performed at room temperature
described in a wide variety of cells (1, 11). Several (2l--230C).
observations indicate that macrophages also exhibit a Recordings were obtained using a patch clamp with I kHz low-pass

. calcium-activated potassium conductance. First, macro- filtering (EPC-5; List Industries, Inc, Matteson, IL). Patch electrodes
had resistances of 346 MO. Seals rcsi;tances ranged from 10 to 100 Gi,

phages exhibit spontaneous membrane hyperpolarizations The resting membrane potential of the cells was mesured following the
associated with an increase in conductance, which can be destruction of the patch membrane by increased suction. Channel activity
blocked by the addition of EGTA, verapamil. and cobalt was recoded on a chart recorder (Gould, Inc., Instrum. Div., Santa
(2, 6). Second, injection of intracellular calcium or expo- Clara, CA) and an FM tape recorder (frequency response DC to 5 kHz),
sure to the calcium ionophore, A23187, produces hyperpo- Channel data were analyzcd by hand after playing back at 'A speed into a

Gould chart recorder,
larizautions similar to the spontaneously occurring otes (6, The ionic composition of the medium ti the patch electrode and the
10), However, because stable intracellular recordings bath varied In different experiments., NaCI-Hanks' contained 145 mM
using standard microelectrodes have been difficult to NaCI, 4,6 mM KCI, 1,13 mM MgCI, 1,6 mM CaCl, and 10 mM
obtain in macrophages, the conductance underlying these HIPS !.NaOI pIt 7.3. K-lHanks' contained 145 mM KCh 10 mM
events has not been wlt characterized, in this study. patch NaCI, 1.13 mM MgCI,, 10 mM II"PPS.KOH, pI 7,3, and vaulous. coacntr atluasof F.GTA and calcium. K-aspartate-ttank' contained 145
claip techniques were used to demonstrate the presence in mM K.asalrlate WnteAd of KCI. For free al4um leves .0" M, I.

human macrophages of voltage- and calciemn-activated mM Ei'I'A and various amounts of Wlcium were added to the mtdium to
potassium channels with a conductance of 130 IpS in 5 mM obtain the desired levak of fre calcium (10$ iM calcium frt a final

% external potassium, and 240 pS in symmetrical KCI. The oceOtritwof4 X 10 1 M Ca'' 1,061"M for 3 xt )0 'M Ca'*';0,92

frequency of chan m ovning increased with depolari0- M for 5X I) ' MCa'a%0S5 mM for I x I0- M Ca"), The free
cacium co ncntratlo was calculated using 10 ' M as the apportnt

tion and increasing Intracellular ionized calciumu in the disuolalon constant for the Ca-EOTA comnplex (8), The free calcium
" range of 10 ".10 M., These channels tire very similar to .ccentratlin in each solut kn was checked uaing a calcium-sen.ltlve

the large-conduciance calclunactivated potassium can- electrode callbrted with cAlcium buffers obtlalnd ftm W.P lnstru-
ads described in other cells (1. 7. 13). ment, Inc. (New Haven, CT). thc calculted and ieasured calcium

-leels w.rc in gkoo agreenent. The calcium mncentration of rooording

MATERIAI.,' AND METHODS mediuttoaining nozalcium or EGTAwas -10' I dtmnined by
a wkliul-scuitivie lectrode.

Human pgerph' tat bWood non o yse were Imolated by density tntifuga.
lion on ficolt'i Iy!paque gradiA:nts, (5) and cultured at 37 in RPMI. 1640 RESU 1.1$

Acontaining 5% fetal bovinc scrum (heat inactivatcd a' 560C fOr M) Olin).
% 10,0X() /ml pemucilln.smreptomnycin and 5% glutnltne. RPMI.t1640, a Cell-attached patlches from cells bathed in KCI-tlanks'

synthet" t t culture awdieam origitally dsigned fur growing Icukemia exhibited large, brief (30 nis or less) outward currents at

t0tY4S1tNCAL JOURNAL VOtMu 46 December 1984 $21.25 $21

,% % ' % % %



A F
480 I(PA)

14"

2OpAL 1
B 160 ms 10.

460 .. -TI r 6-

C V(m2.
440 40 -20 A-2 0 60

D -
' 20 _.. -___________

+20 -

E--10
-10

,.14

FIGURE I (A-E) Single-channel current traces. Both electrode and bath contained KCI-Hanks' (4 x 10' M Ca '). (A) Current trace
obtained in the cell-attached 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- Ninety percent of the patches from which recordings
nel activity increased with increasing depolarization. These were taken exhibited these channels, and patches often
channels were rarely seen in cells bathed in NaCI-Hanks' contained three or more channels, as judgf.4 by the number
at voltages ranging from -80 to +80 mV. However, of conductance states, Smaller current fluctuations, with a
channels were often recorded at potentials of + 100 mV or conductance of -40% of the higher conductance state,
more depolarized, Fig, I A shows an in situ current-tracing were noted in a number of experiments. The arrow in Fig.
at a patch holding potential of + 80 mV in a cell bathed in I B points to one of these events. These fluctuations were
KCI-Hanks' (4 x 10' M Ca4 '). No channel activity was only seen in patches exhibiting the 240-pS channels, and
noted at less depolarized holding potentials. Upon detach- they always had the same reversal potential as the larger
ment of the patch in the inside-out configuration, channels conductance channels, The current-voltage relationship of
were absent at voltages negative to -20 mV. Fig. I, B-E, both the high (240 pS) and low (100 pS) conductance state
depicts channel activity recorded at various voltages. The from an excised inside-out patch is shown in Fig. 2. In some
frequency of opening and open-time increased as the patch studies, small outward currents with a much lower conduc-. was depolarized. As shown in Fig, 11), channel conduc- tahoe (<20 pS) were also evident (Fig. 4 D). Thesetance (225 pS) was cmistant in the voltage range tested, currents have not been characterized, but thuy occurred in

and reversed at 0 mV. The channel conductance of 13 isolation and were often noted at lower calcium concentra-
- patches in symmetrical potassium solutions ranged from tions, conditions under which the higher conductance

200 to 275 pS and averaged 240 pS. channels were not active,
*[ A series of experiments to determine which ion(s) was

IPA) 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 A, in which ,n
excised outside-out patch with K-aspartate-Hanks' in the
electrode was exposed to extracelular solutions containing
different coneentrations of potassium. The voltages are

VlM .........A..k.L._j given with respect to the intracellular surface. Large
"m_ ,channels with a conductance of 200 pS, that inverted at

zero holding potential, were noted in 145 mM KC outside,
indicating that the channal was relatively impermeable to
chloride, which had a negative equilibr'iuin potential under
these conditions. Replacing half the KCI in the bath with
NaCI decreased the conductance of the channel from 200

conduclrae Ilututttiois 0s a function of voltage. Excised inside-out to 160 pS, and shifted the rever al potential by 15 nV.
patch, , levirode contained Koatpartat.anks and bath ontuied KCI. Subsequent replacenient of all the KCI with NaCI further
flanks'(lO 'M Ca"), reduced the channel conductance, produced a nonlinear
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FIGURv. 3 Single-channel current amplitude as a function of voltage. (A) Excsed outside-out patch. The eiect-.ode contained K-
aspartat%'- Hanks' (3 x 10 ~'M Ca+) 0 Channcl current amplitudes obtained with bathing solution same as electrode solution except
K-aspartate wa replaced with 145 mM KCI. Bath KCI was subsequently reduced initially to 76 mM KCI by increasing NaCI to 79 mM (a),
and finally to 10 m~vt KC) by increasing NaCI to 145 mM (A). (R) Excised inside-out patch. Electrode contained the same solution ats in A.
(A) indicates charnel amplitudes with bath containing KCI-Han~s' (4 x 10" M Ca"). (*) Bath potassium reduced to 73 and Na to 83

* mM.

INV relationship, and shifted the reversal potential to a an inside-out patch at a holding potential of +40 mV with
more negative level, indicating that the channel was rela- various concentrations of ionized calcium in the bath. In
tively impermeable to sodium. The null potential could not 3 x 10 ' M Ca~ (Fig. 4 A) channels opened frequently.
b.- obtained under these conditions, since channels did not Decreasing the free calcium to 5 x 10- M reduced
open at levels more negative: than --20 mV current. This
experiment was repeated six times with similar results. The A
averAge conductance of seven different excised patches
when NaCI bathed the outside of the membrane and KCI
the inside, was 130 p$. These results indicate that (a) the
channel behaves as if it is permeable to potassium and
relatively iprmeabl to sodium or chltoride, (b) increas- B I111 .1 I lh~ iIIIi ~i
ing the sodium concentration decreases the channel's con-
ductance, and (c) in the presence of 145 mM extracellular

.4, Na, the conductance is nonlinear, decreasing with hyper-
Vpolarization. C

Similar experiments were performed on inside-out
* ',patches. That is, the concent ration of potassium in the bath

was decreased, while that of sodium was increased, The
curretnt-voltage relationship fromn one of these studies is ~ ~
shown tin Fig. 3 R. Replacing 75 mM potassium with A___________________________

sodium shifted the reversal poltential from-O to + 12 mYV. In
* addition, thie conductance decreased, as would be expetedr

with thQ reduction of the ptertneant ion (plotassium). 20 pA

Changing the level of ionized calcium ait the intracelluo
lar surfatce altered channel activity (the number of open- FuitJiki 4 Sitngle channel current traees from tan ocised inside-out
ings per second afld the open-tinie) without affecting patch at 1 40 mV holding ;xtetal. T racings. obtained ht WC-lHanks'
channel conductance or reversal potential. Changing the 0x1 iC nteoetol.Rt otid aeieima

iIoizted cancu net extraccllular riedium ha oeffect cICCtic except ionimed calcium concentratlon was 3 x 10) M in .4 and
on he hanck.1g.4 picts single channel currents fronm C. 5 X I0 M in 8. and I X It0 M in A.
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channel activity (Fig. 4 B), which returned to the original 100o

level when the medium was changed back to one contain- . 0 10-6 M

ing 3 x 10' M calcium (Fig. 4 C). Subsequent reduction t
of ionized calcium to 1 x 10-' M (Fig. 4 D) further o
reduced channel activity. Similar records were obtained 6 40 x10

7
M

with eight other patches. At a calcium concentration of
10' M (calcium-free-EGTA-free Hanks'), channels were 1020M

4,'* open at all holding potentials studied (+60 to -40 mV). In 020 1

Fig. 5, the percent channel open-time at different holding VlmV)
potentials is plotted for the patch shown in Fig. 4.

In a number of studies, the patch membrane was FIGURE5 Plot of percentage of time channels were open against holding
destroyed following recordings in the cell-attached patch potential for the indicated (Ca) "j. Channel open time was determined by

configuration. Cells in NaCl-Hanks' (recording electrodes playing back 30-40 s of channel data at 'A speed into a Brush chart
ckM orecorder and analyzing the data by hand. Data were obtained from same
contained KC1-Hanks' and 10-6 M Ca"' or less) had patch as in Fig. 4.
resting membrane potentials averaging -43 mV (range
-25 to -60 mV). Cells bathed in KCI- Hanks' predictably The relationship of the calcium-activated potassium
had potentials near zero (range + 5 to -3 mV). conductance to macrophage function is unclear. Macro-

DISCUSSION phages are well known for their secretory, phagocytic, and
,., Nmotile properties. Changes in membrane potential and

The calcium- and voltage-activated potassium channel intracellular calcium levels have been implicated in some
* described in this paper has a similar conductance and of these functions (5, 14). Both the calcium ionophore

voltage dependence to the calcium-activated potassium A23187 and endotoxin-activated serum stimulate secretion
channel described in a variety of cells (1, 11, 13). The in macrophages and produce membrane hyperpolariza-
calcium sensitivity of these channels in the macrophage is tions, presumably by activating a calcium-activated potas-similar to that of skeletal muscle (I). Two other channels sium conductance (5, 6), However, it is not known whether
have been described in macrophages. The first is a large or not these changes in conductance play an important role
conductance (>100 pS) cation-nonselective and calcium- in the secretory response to these stimuli. The calcium-
independent channel (7), and the second is an inward- activated potassium conductance, once triggered, might
rectifying channel with a conductance in the range of modulate other voltage-dependent conduetances in much
16-30 pS (4). Both of these channels have properties the same way it does in neuronal cells. In addition,
different from the channels described in this paper. potassium released from macrophages following activation

Membrane potential measurements of macrophages fol- of this conductance may influence cells, such as T lympho-
lowing destruction of the patch membrane yielded resting cytes, that are often found in clos, physical contact with
potentials similar to those reported by McCann et al. (9). the macrophage (1 2).
From measurements of both resting mc.mbrane potential In summary, this paper demonstrates that both intracel-
and the electrode potential at which channel activity was lular calcium and voltage activate a potassium channel in

N , first evident in the cell-attached paitch mode, the mem- human macrophages that is similar to the large-conduc-
brane potential at which the calcium- and voltage- tance calcium-activated potassium channel in other Cells
activated potassium channels are activated in the intact (1, I1).
cell can be determined. Cells bathed in either KCl-tanks'
or NaCl.lianks' exhibited these channels at potentials of I thank S. (reen for valuable technical asslstavJ, J, Metcalf for
+ 50 mV or more depolarized. Assuming that the proper- providing human monoytcs, and J. Frcsch for ad;eica on patch cdamp

N, ties of the channel, i.e., calcium sensitivity, are the same in techniques and critical review of the manuscript.
% situ as they are in the excised patch, the intracellular This work was supported by the Armed Forces Ratloblology Research
% concentration of calcium must be 10 ' M or less in the Institute, Defense Nuclear Agency, under Research Work tnil MJ

intact macrophage, 000M0. The views presented in this paper are thtc of the author, No
cndorwnwat by the Wcf¢u Nucler Agenc:y I t ¢ s~ iven or dmoWl be

The presence of calcium- and voltage.activated potas. Inertedr
sium channels in macrophages is consistent with previous inferrJn
observations that the injection of calcium induces hyperpo-

larizations, and that EGTA, cobalt, and )-600 (methoxy- R.I.ENCFS
verapamil) block spontaneously occurring hyperpolariza-
tions In macrophages (6, 10). It is likely that the channels I gl J N., K. 1., gmlcby, and ItS. callonta 192 Propertts of
described in this paper represent the individual events that cing J Ay'ol. (tiond). h n1d:211 23(-

produce these spontaneous and induced membrane hyper- 2. o Reis, (i. A,. and (1. M. OliveiroCstro. 1977, Ilectrophyslnlogy
polarizations. w2phasocytic Otneoldaca, 1. PONAUsludOpeluMk t 4W 1n94branc
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Summary. We have previously reported conditioned medium from cultures of murine
4 nonlymphoid' adherent thymus cells to be a source of myelopoietic inhibitor sub- I

stance(s). The inhibitor has a molecular weight of less than 1000 daltons. It is dialyzable. I

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 10-12 days, and consist
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
4days deosrt eutosof 10% no10 as 5 at 200 rads, 25% at 300 rads, and

85% at 40 as lcseps rao aito euto cusbetween 300 and 400
rads, with the interpolated 50% radiation reduction level at 342 rads. Analysis of once-

harestd rdiaed ultre uponats sowe nosigifiantinhibitors present when
medium was examined 5 -10 days postradiation.

Introduction

Thie radiosensitivity of thymiic tissue Is a known Oienonienon [ 11. This mlay
be due to the fact thlat ontoge-neticafly mnost thynhic tissue is lymipioidal.
Lymphiomyelopoeisis 12, 31 hias been shiown to be responsive to hioneostatic
perturbations, and the thiymus is suspected as participating in the routine
inainten aice of homeiostatic hiemopoiesis. Lyniphoidali tumior involvemlent
hias been evident in mnany instances of hiemopoletic dyscrasias. [4) . Generally,
thiynic epithielial cells hiave been considered to be the cellular source of thy.
ii hun-oral factors (5), althoughi lymnphocytes also h1ave been imiplicated.

S Reduction of thie Thty 1 .2 lymiphocyte subpopulation resulted in a decrease of
bothi erythroid and granuloid splenic colonies [61 . Supernatants fromt tliynili
epithielial cell eultures have been found to be capable of inducing theta
antigen expression onl splenocytes fromn athyinic mince (7)1 ,l-rowtte fornia.
tion onl fractionated bone mnarrow cells (81 , and an increase in the initogenic
responsiveness of rat thymnocytes 191.

Media conditioned by thymunts (with or withiout radiation) were exaniined
for granlulopuietic (GM --CF'C and M . CFC) inhibition because (a) tliynus
tissue is uniquely suscep~tible to radiation, (b) its nietubolites affect or reg-
ulate htniopoiesis. and (c) the thyinus has anl obvious role in iminunoregula-
tuio.

ir 4"'0%, %P



4

Materials and methods

Animals. Male (C57BL/6 X CBA)Fl 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 4C RPMI-1640 (Flow Labor-
aties, Rockville, Maryland), and minced with scissors into small fragments.
The organ fragments (15-20) were explanted into 75-cm2 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 1-glutamine (GIBCO), penicillin (100 IU/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% CO2
-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 changes.
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 as needed.
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-buffere.
glutaraldehyde (pit 7.3) and stained with Wrights.Giemsa or a-napthyl acetate
to determine the presence and frequency of nonspecific esterase-positlve cells.

U!trafiltration, 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
lInmmersible-,.X Molecular Separator.type VI'GC (Millipore Corporation,
Bedford, Massachusetts) with nominal cutoff at 10O daltons. The ultra.

" filtrate was then passed though an Amicon Molecular Ultrafiltration Mein-
brane UM-2 (Amicon Corporation, Lexington. Massachusetts) with nominal
cutoff at 1000 daltons. The ultrafiltrate was adjusted to a pl1 of 7.3, and had
an ostnolarity of 300 in Osm/kg.

-,% : . '''' .. * ', t,' ,}; '* ' ', , * ** %,'',,.. *.-.,''. .. .. '."..... -" .. " . ' . * -€ ,,, ,,.. ,"*'-' - ." .. N . o. ,o ,
*~~% %j , .~. ~ *~'* ~% .. .. , ,. ** . ..A ' .



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 nutrient-supplemented 0.33% agar containing

2.2 X 104 bone marrow cells. All plates were incubated in a humidified
incubator (Model 3016, Forma Scientific, Marietta, Ohio) at 370C and were
gassed with a 5% C02-95% air mixture. Plates were counted for GM-CFC
colonies (>50 cells) at 10 days and M-CFC colonies (>50 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 (370C) 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 Ml 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

GOCo 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 O°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 epithelold
polygonal cells and dendritic-type cells will cytoplasmic extensions. Micro-
scopic examinations of cytocentrifuge preparations of aspirated cells showed
the cultures to be lymphocyte-free after apl)proximately 12 days.

The monolayer constituents appeared to consist mainly (80%) of non-
specific esterase positive cells resmbling macrophages. The other cell type is
nonspeciftic esterase negative' epitheloid-type, which exists within the mono.
layer in small aggregates or colonies.

% .- w %. * t ..
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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 arid M.-
CFC in the presence of LCM. Addition of 5% by volume of TCM inhibits

1~ 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
4 been seen in three successive replications. TCM appears to be a potent in-
4.. hibitor of both GM-CFC and M-CFC when present initially in the bottom

layer. Volumes 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-

Table 1.T1CM inhibition and reversibility demonstrated by GM-CFCu and M=_CVCb

Treatment GM-Ci"C % of M -CFC % of
(x i SLM) control (x i SEM) control

L-cell mnedium 0l 18.8 t 0.9 100 19.2 ±0.8 100
-- L-cell mnedium., TCMC 0 0 0 0

L-coll incdlumi. TCM 1 wuslid 14.5 :t 0.6 77 15.2 *0.9 78
I.-cell inedim, TCM. 2 washes 17.4 i 0.5 93 18.2 *0.9 95

a 1O~ay prnlc~-arpaecolony (> 50 cells) count per 2.2 x 10' live flu.
cleated cells plated

I)25 day monocyte-inaerophage colony (> 50 wals) count per 2.2 x 10' live nucleated
* cells plated

Ili y i ts-conditioned niedlumn 51A of fInal volumie
tiWashed inin edim and centrifuged at 250 X g for 10 ini11
'~L-col inediuni 200A "tpe plate

Tale 2.(raded dose Inhibiton of' GM -CFCu and NIMC~ by 1CMI
Treatmlent GMN1-CFC N1 __CFC

(x____ i S EM) ON S1M

L-cell mnedlunc 17,8 t 1.4 18.2 t 0.9
L- bell mvediumvi + 2.5 vol 'It T0NI 1.01±0 1.0t ±

* 1-cell mnedli +. 5.0 Vol 15 TC%1 0 0
L-el i meditum + 10.0 vol 1.1 'fCNI 0 0
L-cel i mediumn + 25.0 vol 15 TCM 0 0

aSee ftiuliole a 1in Table I
See foot now b in lable I

LL-ik6ondltioned nedluni, 200 uil/pluto
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metric difference between colonies, normal colonies, and those receiving
TCM on day 6.

Radiation. Figure ! demonstrates the reduction of inhibitor by 60Co 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% l
reduction level is interpolated (f342 rads). The highest level of radiation
(500 rads) in this experiment still contains 6% of control inhibitor levels.
Cultures radiated with 300 rads of WCo 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 it-
radiated TCM on M-CFC have presented curves similar to the GM-CFC

Table 3. GM-CFCa and M-CFCb response to graded doses of TCM added six days

after initiation by L-cell mediumc

Volume % GM-CFC % of M -CFC % of
TCM added (x i SEM) control (x ± SEM) control

0 17.8 i 1.4 100 18.2 ± 0.9 100
2.50 12.8 t 1,7 72 13.5 t 0.6 74

* 5.0 10.8i 1.5 60 4.3 ± 0.5 23
12.5 4.8 : 0.6 27 4.5 ± 0.5 25
25.0 4.7 t 0.9 26 4.2 * 0.3 23

a See footnote a In Table I
b See footnote b in Table I
c L.coll-condltioned medium, 200!,,l

fi

%' 0 60to 0

T014

F Fgure I. Reduction of *I ibitor levels hi fudruplivte cultures irrudiated by a

" N,?"Vo source. Results are prtesentod as a curws, geneorated ovet 11va assays, ofl" h Percent
. %

~OO~COO ~to 3%
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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 times 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

% 1001" - Culture Days •
-

: rCulture Days
•O ,A 5.70

'80'

C

60
C

* 0 -

40

20

'Sim

060o 1 0 2 0 300 400 500
Radiatw Dose

Rate 40 radhl/nunuo)
"" Ili~ur 2

Table 4. Percent viability of' inurne bone marrow grown in graded quantities of' thynius-
conditlopedi medlum.

Volume % 'ICM added Percent Viabilityb Tested at.
'J. ~to conttiol inei|¢uni.. .

-*.5 t t6 h 24 h 30 h 48 h

0 99 97 95 9S
2 87 86 85 83
5 83 82 80 801

10 82 82 80) 79
-S _____ 83 81 81 79

I' TCM, thymus.conditnel inediutt,
•- ~ 'Detnnined by hemoO ytoter and trypan blue exdusion

% '4 N"

'4. 7'2 *% %I
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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-
i icular 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
[151.

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 w°Co radiation (300-400
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
5 - 10 days after 300 rads and one medium harvest had no significant levels of
inhibitor present. The abrogation 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 epithelialbtype cells [8]. On the basis of histologic and mor-
phologic criteria, it appears that epitheloid cells represent only a small frac-
tlon (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 eaterase stining and t1heir ingestion of IgG-coated bevine red
blood cells, Quantitatively, these observations agree with tie morphological
descriptions of thymic microenvironmental cells reported oy Jotdan mid
Crouse 1161 and Jordan et a). 17]

Data presented here is in accord with observations of Maschier and Maurer
, 17[ who zeported that ultrafiltrate fractions obiained from calf thymus in.
hibited the formation of lymphocytes and of granulocyte soft-agar colonies in
capillaty tubes. Physiochemical charactorIzation of the hihibitor shows it
to be different from CIF and PIF. It does not possess the thermolability
shown by CIF 1191j, in contrast to PIF (201, the inhibitor Is dialyzable and
die inhibitoq(s) are released in vitro in the absence of either antigenic/tto.
genie stimulation.

It is anticipated that further work will be conducted to determine (a)
whether this factor is of inonokine origin and (b) to what extent this regula.
tion may participate in trauma-related energy.

4,
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Introduction

Since its discovery by Greer and Zamenhof[1 11 in 1957, the sensiti-
zation to ultraviolet (UV) fight of cells containing bromodeoxyuridine

I.', (BrdU)-substiiuted DNA has proven to be a powerful tool for the
molecular biologist, The photolysis of DNA substituted witb BrdU has
provided techniques for such diverse applications as mutant selection

)1], gene mapping [2], and DNA repair 'patoch-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 115, 18]. The latter technique has also provided con-
sideabli information concerning in vitro cell cycle 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 i, the rapid breakdown of BrdU in the host [16, 17].

I Supported by Armed Forces Radiobiology Research Institute, Defense Nuclear
Agency, under Re.'rch Work Unit Ml 00(52. Views preented in this paper are tho,. of
the authors; .o .tndorsenwri by the Wuiw Nuclear Agency hms bem given or should be
i nferred.
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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 routin. use of BrdU
infusion, now permits a wide realm of possible experiments 133]. The
material below draws upon previous in vitro studies to describe a method
for the observation and analysis of in vivo cell cycle kinetic palameters.

BrdU Labeling

The replacement of thymidine (dT) residues by BtdU is accom-
* plished with a constant subcutaneous infusion via an osmotically active

Alzet 2000 minipump (Alza Corp., Palo Alto, Calif.). The infusate
consists of an aqueous solution of either bromodeoxycytidine (BrdC) or
BrdU. For a 75 mM BrdU infusate, the infusion results in only a 2%
substitution of BrdU for dT. In the infusate, however, the BrdU solution
is near the solubility limit. Switching to BrdC, a direct precursor of Brd U
in vivo [7], allows the level of replacement to remain approximately the

4! 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 sedimentation [321 of DNA from mice infused with a
150 mM solution of BMdC, the percent substitution of BrdU for dT was
determined to bu 4.2% (data not shown). This level of replacement pro-

--, duces an easily detectable sensitivity to 313-nm light, and is well below
the replacement level that has been associated with developmental

-, effects [t9].m

By incorporating cadioactively 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 tlte 6 position provides a longer plasma
lifetime for the label, facilitating the measurement. On the other hand,
catabolism of !he BreU or BrdC can be more easily observed when the
molecule is labelt ( at the (-2 position, this portion of the molecule being
rapiOt y lost fromn IL, plasma 114), In mice, the rate of catabolism for
BdU is strain dependent, and must be measured to assue that no 8rdU
build-up occurs. The BrdU plasma half-life for B6D2FI female mice is
under 12 min.
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Fig. 1. Spectra from FS20 sunlamp (Westinghouse). Spectra were determined with a y
spectroradiometer. *=Unattenuated; O= filtered through cover of 100-mm Falcon
plastic Petri dish (0.98 mm polystyrene).
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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
,B;rdU specificity increases until the drop in absorption beyond 320 nm
forces the use of extremely high flunces 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 particularly useful for cell-

-' killing experiments incorporating BrdU.
Fortunately, one of the emission lines from Hg-arc sources lies at

N ---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

owl% 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 1-4 in centers at a distance of 44 cm above the sample, they
produce a fairly uniform beam (i.e., 10% variation in intensity across the
field) and an average intensity of -2 J/m-' when properly filtered, The
filtration should absorb the infra red (IR) component and wavelengths
below -300 ni. A l-in dtpth of water will effectively remove the heat. If
the water is held in a polystyrene dish (I mm polystyrene), then that por-
tion of the spectrum below 295 inm 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

tit
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exposure times, and the inability to exclude more of the spectrum below
313 nm. The exposure times can be significantly shortened by the 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 2/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 1 X 10-1 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
f/3.7, 1,200 1/mm grating monochromator, a flux of 90 J/m 2/s can be
obtained over a bandwidth of 10 nm centered on 313.7 nm. For this
source, the sample should be held on an optical bench. The addition of a
water-jacket to the quartz cuvette permits better control of the condi-
tions of the irradiation.

It radiation and Culture of Cells

*" For irradiation, cells are suspended in Dulbec.-o's phosphate-buf-
fered saline free of Mg2  and Ca 2 , 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 I x 106
nucleated cells/ml. At these high cell concentrations, the suspension is
turbid, a condition that requires vigorous stirring of the sample during

1' 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-
ion is applied [23]. Table 1 shows the correction values for cell concen-

trations of interest.
Before irradiation, the cuvette is sterilized by a 'pen-light' germicidal

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
added to the cuvette and an electronically timed shutter is used to control
exposures.

---- ,,.
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Table L Intensity correction factor for turbid suspensionsa

OD313  Normal marrow cellsb V79 Cellsb Correction factor

0.01 0.99
0.05 -. Ox 105 0.94
0.10 -2.0 x 105 0.89

0.20 - 1.0 X 106  -4.0 x 105 0.80
0.40 -2.0 x 106 0.65
0.60 -3.0 x 106 0.54
0.80 -- 4.0 x 106 0.46
1.00 -- 5.0X 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.
h Cell concentrations are shown for serum-free Dulbecco's phosphate-buffered saline. Cell
concentrations are approximate values only.

'.4

Cell suspensions used for the Till and McCulloch [34] CFU-S deter-
mination may be directly diluted for injection. For GM-CFU-C [25]
determination, 20- to 500-p1 samples of the suspension are pipetted into
tubes containing 8 ml of 'top layer' material. (Top layer: 2 ml 0.66% agar;
2 ml double-strength medium. Bottom layer: 2 ml 1.0% agar; 2 ml
double-strength medium; 150 p.1 mouse L-cell-conditioned medium [31];
100 1 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
broth, 30pg/ml L-asparagine, and antibiotics.) The top layer material,
now containing the cells, is vortexed and layered in 2-nl aliquots onto
4-mil 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
decade of survival. At these low levels of survival, the use of smaller
dishes produces poor growth and causes a loss of linearity between the
size of the inoculum and the number of colonies obtained. For the data
described herein, GM-CFU-C were routinely determined on the 10th
day after inoculation: CFU-S were determined on the 8th day after tail
vein injection.

4N-A
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Kinetics of a Cell Population with Simple Properies

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 complete 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 zoncentration in this

I 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 ptM [211.

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 .iM, and the cells are exposed to I kJ/m 2 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-pase compartment fol-
lowed by the sensitization of those cells initially not in the S-phase as
they progress into the S-phase. One minus the Y-intercept of the slower-
component curve in figure 2b yields the S-phase cell fraction (F.,,,,; F,.,
= fraction of cells in the S-phase: F,,,,,I, = 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 second parameter, indentified as the :onbined time for the
(, + G, + M phases (1":), is given by the X intercept of the same compo-
nent curve. Through the use of the simple expression shown below, the

*4 generation time (GT) may be determined from these two values (the

.A. N
:;.
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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,., + Fce, = 1.07 [291).

GT = T,- + (1-Fj (1)

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

4' 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 inteipretation 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 - I % 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 fluences are 1,760 Jim2 at 4 h, 120 Jm at 12 h, and 75 in , at 120 h.
These changes in fluence of 313-nm light required to reach a specified
level of survival are ploted in figure 4. These isosurvival curves are shown
here for survival values 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 obser' ,s an exponential increase in the near-UV
light sensitivity from the first generation through subsequent genera-

5,
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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 p.M BrdU. A Average number of cells per micro-
colony for 50 microcolonies. B 0- Fraction, of cells surviving a I kJma fluence of 313-nml
light administered at time indicated: 0-fractionof cells surviving hydroxyurea exposure
(2 mM, 3 h at 37TC in growth medium); F;-, cell-fraction of cell in G, +G 2 +M phases..

* T;- =combined time of the G0I + Q2 + M phases. Error bars representing ± I SE are shown
when they are larger than the datum symbol.

tions as the aniount of unsubstituted DNA decreases by 50% at each
1%t sucessive generation. After four generations, -94% of ti.-. cell's DNA

.4 should be substituted. If the BrdU concentration has remained constant
throughout the exposure, then the fraction of dl' residues replaced by

ax' BrdU will reflect the halving of the unsubstituted DNA during each
oo generation.
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FLUENCE OF 313-nm LIGHT
(J/m2)
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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 2/s. Cells were irradiated in suspension at I X 104 cell" ml- 1. 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 hare plotted on curve representing 120-
hour survival data. Error bars representing t I 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 el sensitivity change should slow to an exponential
rate with a half-time equivalent to the generation time. After 4 genera-
tior, times, assuming the variance of the survival determination to be

." _ 0.0i, ihere should be no detectable further increase in sensitivity to
313-nim light. As sbnwn in figure 4a for the V79 cells, the time for which
the 313-nm-light fluence just equals 2.0 times, the fluence value at 120 h
(- 10 generations) is betkeen 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).

! V.

I

I

..............



Cell Proliferation Kinetics 393

1,800 . I I I / I

1,600 HAMSTER CELLS
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Fig. 4. Isosurvival curves for BrdU/313-nm-light inactivation of V79 Chinese lham-
ster cells. Survival values are taken from figure 3. a Uncorrected fluence values for survival
values of 0,5 (13), 0.1 (0) 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-
ponent curves. Dashed line represents an exponential curve fit to equation given in the text,
Symbols are the same as for a.

If the time rate of change in the fluence required to produce a given
level of survival is independent of the particular survival value chosen,
then one may say that this change reflects a dose modification factor
(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 figure4b as DMF values. For this case, the fluence

N .tp
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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
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; 'I') can be ana-
lyzed for goodness of fit with equation (2):

DMF = I + e-At, (2)

where
X = In 2/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 cells of 2-4 previous gene-
rations may have been quite removed, by way of both kinetics and
function, from the cell present at the time of the assay. An e:.ample 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 A nalysis oJ'the CFU-S Population

The same types of curves described for the V79 Chincee hamster cell
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 B602F I fema'e fe-
mur-derived CFU-S. Survival values are taken from mice infused with a 75 iuM aqueous
solution of BrdU. a Uncorrected fluence values for the following survival levels: 0.8 (A),
0.6 (0); 0.4 (N); 0.3 (0); 0.2 (6); 0.1 (V), b Data in a aic replotted as the DMF.

'I

between 6 and 12% [221 for B6D2F I 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 cycle, 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 value at a value between 50

4i,
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-. :4*. Fig. 6. Survival curves for normal femoral marrow-derived CFU-S after Brd U/313-
u nm-light treatment. B6D2Fl female mice were infused with 75 nM BrdU at 2 pI" h- ' for
period shown in figu-e. Reprinted with permission from Exp. Hematol. (131.

and 100 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 in figure
5b to show DMF values, depict an apparent a" 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 ;" 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"The second possible interpretation, and the one that is apropos for

udthe rine CFU-S. involves a parameter of the rd U/313-nm-light sur-
vival data not yet discussed. As can be seen in figure 6, oach of the CfU-S

* survival curves eventually forms a plateau at fluence values above 250 J/
in', At siill higher fluences. these survival curves follow the same shape as
those for BrdU-frce cells. Therefore, the plateau reflects the unlabeled

4- fraction of the CFU-S [121. If this plateau in survival reflects a nonpro-
liferative fraction (i.e.. a GQ phase). rhen the 6-12% S-phase kill for a

6-hour $-phase could reflect a 1-2%ih coiminient to cycle of the non-

946-.*
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Fig. 7. Kinetic5 for changes in labeled cell fraction as a function of infusion period.
Solid lines represent theoretical behavior discussed in text. Plateau survival values shown
were taken from data presented in figure 6.

cycling subpopulation. This interpretation and that of the 50- to 100-
hour GT actually form extremes of a continuum of possibilities. If the
actual kinetic behavior falls close enough to one of these extremes, then a
plot of the plateau survival value versus time will demonstrate the correct
choice. On one hand, if the cell population exists in a long cell cycle,
every hour 1-2% of the population will enter the S-phase, become sensi-
tized to 313-nm light, and eventually be killed. For this case, the plateau
value for survival will decrease linearly with a slope of 1-2%/h. However,
if the CFU-S randomly exit a G,, phase, cycle, incorporate BrdU, and
then return to the GQ 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 slupe is 1.9%/h.

The rate of decrease for the unlabeled fraction represents the third
kinetic parameter that can be determined for a cell population after
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 st.parate kinetic subpopuiations.

-i
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Fig. 8. Survival curves for normal femoral marrow-derived GM-CFU-S after BrdC/
313 nm-light treatment. B6D2FI female mice were infused with 150 mM BrdC at 1 I" h-
for period of time indicated on figure. Control mice were implanted with pumps lacking
BrdC.

Kinetic Analysis of the GM-CFU-C Population

Survival curves for GM-CFU-C are shown in figure 8. From these
curves, a large decrease in survival is seen between the first and third
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
increased slope for survival values greater than 0.7 and (b) a decrease in the
size of the population most resistant to 313-nm light. The decrease in sur-
vival after the 1st day of infusion is analogous to the data for the first cell
cycle obtained with the V79 Chinese hamster cells. However, the existence
of subpopulations of GM-CFU-C with differing sensitivities to 313-nm
light complicaies the figure, making a solution by inspection impossible.

The now familiar DMF replot of the data (figure 9), demonstrates
that although the isosurvival curves were complex, the curves are com-
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
maintained until the 8th day, when the DMF again decreases. The GM-
CFU-C then are a' composite. of which approximately 60% cycles
quickly. In fact, this population cycles quickly enough that at the one
data point per day level of resouion u-,ed here, the DMF curve appears
to have been completely develped by the 3rd day of infusion. From

AA
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Fig. 9. Isosurvival curves, for GM-CFU-C derived from femoral marrow. were plot-
ted fi om data obtained a described for figure 8. These data are shown both as a function of
the fluence (a) and as a function of the DMF (b). For DMF curve, -urvival at 14 days of
infusion was taken as estimate of minimum survival level.

these data, observe that determination of the kinetics for this subpopula-
tio requires that 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 c.ycle slowly, having completed 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 a fashion analo
gous to the one used for the CFU-S-G, popuhtion.

There are obviously many more questions to be answered for both
the CFU-S and GM.CFU-C kinetics. It has not been the inteat here to
solve these complicated kinetics. Rather, the above material serves to
describe a technique that, upon the correct choic, of parameters, can add
considerably to the solution process.
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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 lost
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
cournterflow centrifugation-elutriation (CCE; centrifugal elutriation or

I The authors wish to acknowledge the assistance of Mark Behrne for the preparation
of graphs and figures and Junith Va Dewen and Helen Speight for te editing and typing
of manuscript.
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Particle Interface

Interior Volume: 4.5 ml 4
- Centrifugal

Force

'0Outlet to Rotor

, 4- 4-.-- . --- Inlet from Rotor

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 force 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 eluted from the chamber. This chapter discusses the use of
CCE in cell separation, along with recent advancements and limitations
of the technique.

•i History c;nd 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 particle 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.

'i
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Fig. 2. Basic use of counterfiow sedimentation for separation of particles based on
cell size and density.

The application of CCE to the separation of biological cells was first
described by Lindahl [ 12] in 1948. The term 'counterstreaming centrifu-
gation' was coined by Lindahi to describe an instrument he constructed
and used for the fractionation of yeast, eosinophils, sea urchin embryo,
and asci ties tumor cells [ 12-141 into various cellular fractions. The Lin-
dahi 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

* wall effects during cell separation.
Beckman Instruments, Inc., Spinco Division, began work in the

mid-I 1960s to develop a simplified version of the Lindahl instrument that
:2: 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. [11 and used in initial experiments
for separation of yeast cells. The basic Beckman separation chamber has
a total volume of approximately 4.3 nil. The cells enter at the base of the

* ~* chamber and rapidly fill it, approaching the level of the gasket. By in-
creasing either the flow rate or decreasing the rotor speed, cells are selec-
tively eluted from the top of the chamber.

A second separation chamber (available fromi Beckman Instru-
* mients) was developed by Sanderson et al. [27], working at the Webb

Z

% V



Elutriation 15

It

Beckman Sanderson
Chamber Chamber

Fig. 3. Differences in chamber configurations for standard Beckman chamber and
Sanderson chamber. Both chambers have significant difference-, that favor one chamber
over the other in terms of cell collection or cell fractionation.

Waring Lung Institute of the University of Colorado School of Medi-
cine. The Sanderson chamber has several design modifications and dif-
fers significantly from the Beckman chamber (fig. 3). First, the bottom
third portion of the Sanderson chamber has a sharply tapered side where
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,
the nearly parallel walls in the middle third of the Sanderson chamber
permit a greater resolution of cell separation than the Beckman chamber

-4 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
appear to establish a stable cell interface more rapidly than those enter-
ins 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 clown into the chamber to establish a stable cell
* interlace. The benefit of the Beckman chamber is the larger number of

cells that can be entered into the chamber for separation or concentra-
tion. Since the older RBCs appear to be distinguishable by density,
smaller size, and change in shape and membrane flexibility. Sandei-son et

i ,
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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. Therefrc,
the elutriation system requires 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
cell suspension of low total cell number may permit the latex beaCE to
establish a stable front during entry of cells into the chamber. This would
lessen the loss of cells during chamber filling and establishment of the
stable cell front, thereby enhancing cell resolution. The number 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 i0 cells. The cell
number required will depend on the visibility of cells in the chamber to
distinguish a cell interface, the medium viscosity, and the operating tem-
perature in the centrifuge well.

Variations in CCE Protocol for Cell Isolation

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) f.r the iso-
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
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
rate or rotor speed if the fractionation of a mixed cell suspension is to
occur by variation in rotor speed or flow rate. This may necessitate the
use of a rheostat conc.te, d to the. peristaltic pump to permit small dis-
crete changes in flow rate. If the change in rotor specd is used as a con-
trolling mechanism of fractionation, then changes in the speed regula-

% tion circuit may be required [19. 291. Van Es and Bont [29] and Meistrich
and Hunter[ 191 indicated that changes in the speed circuit are required to
eliminate 'overshoot' in attaining the desired rotor speed and to negate
any effect on the rotor speed due to electrical interference from the
refrigeration system. Perhaps the easiest variable to control is the flow
rate while maintaining a constant rotor speed. Cell fractionation may
also be obtained by maintaining a constant rotor speed and flow rate and
using solutions of various densities either as a continuous or discon-
tinuous gradient [$, 11]. Figure 5 is a diagram of the assembly for cell

1 .4
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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 streaming' 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 col! 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 granulo-
cytes from peripheral blood. Granulocytes and monocytes have the
greatest volume/density value relative to the other cells present in pC-
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 cham ber,

~. N.
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Fig. 6. System used for recovery of cells (granulocytes, monocytes) from a peripheral
blood sample. System describes various parts of elutriation systenj 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 lightest
volume/density in the mixed cell suspension, then prior treatment of the

* .:sample with agents or techniques (e.g. FicolH. differential centrifugation)
irequired to remove cells that have a heavier or lighter volume/deniity

than thle cell population of interest. An example is the isolation of naono-
cytes from peripheral blood. where the granulocytes must be eliminated
from the mple tna Fcoll-Hypaque, before elutriation of the mono-
nuclear cell fraction to recover a- pure nmonocyte fr-action in the chamber.

The Elutriation Srsten,

STile basic components (fig. 6) of the clutriation system ae:. (a) fihe
cent~i-uoe 032 11 or J2) and thle JL.6 rotor:, (b) a peristaltic purilP: (c) at
sample entry site: (d) an elutriation mnedium sitc: (c) a pulse suppressor
and/or bubble trap.

In order to enter cells into thle chamber and to maintvlin it vo-slan
(1oW rilue. V31,100% pumlps have betn used at vaiu Nites to prtopel fluids

tlwogh te sstem Th abiityor iidahility to pass cells direct ly through

tile pumlp dictates thle seection of a pumlp and the Position of tile pumpll
:4 Clative to thle rotor aind ssamlple entry site. F~igure 7 illustrates.-oiue of thle

pump sites commonly used for clutriatiort.

...... ........... ~ ~ ,.u
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-Elutrdatior Medium
Reservoir

JE6 Rotor

Fig. 7. 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.abiliiy of cells to pass trougn pump, which in essence pushes cells through the
system. If 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.

- Selection 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 an even, continuous flow of medium through the system, espe-
cially the rotor chamber. (c) The ability to adjust small incremental
changes 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 l into
the rotor is capable of causing an air occlusion. The air bubble will stop
the fluid flow (resulting in pelleting of cells to the bottom of the cham-
ber) until a sufficient fluid back pressure develops to dislodge tile 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 lhe 'T'. dis-
placing, an equal volume of medium. In the second form, the bubble tiap
is incorporated with a pulse suppressor chamber. A 50-ml closed flask
containing approximately 10-15 ml of medium is connected in line
between the punp and rotor, and serves as a bubble trap or as a pulse
suppressor for those pumps with a high peristaltic actieo (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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To To
Sealed JE6 JE6 To Medium
Bleed Rotor Rotor and Sample
Point Entry Sites

To Medium
and Sample
Entry Sites

fig. 8. Two r ,thods for elimination of bubbles entering rotor system. Use of either
an inverted 'T' or a flask filled with 10-15 ml of medium acts as bubble trap and mixing
chamber for density gradients or cell entry site.

• [ ;, •.._ L __To Bubbe Trop
To Bbbland TE6 To Bubble Trap

Rotor Pump and JE6 Rotcr

-" Variable-
. !Speed

SyringeToggie InfusionSwitch Pump @

Sample Control
Three-way Entry ,

Valve Site

To Medium To Medium
Entry Site Entry Site

Fli 9, Various modes of cell entry, depending on % olume of sample to he entered and
ability to pass coils through peristaltic pump. System A can be used for small or large cell
sample sizes, and presupposes ability to pass cells through pump. System B uses a syringe
infusion pump for various cell sample volumes when cells aro not abl, to be passed dhrough
peristaltic pump.

pump depends on two factors: the volume of sample to be entered, and
the ability of the cells to pass through the pump without inducing cell
disruption.

If samplu volumes of 20 ml to 2 liters are to be entered and the cells
are capable of passing through the pump. the diagram in figure 9a can be

Fml,',
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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
adjusted to the same initial flow rate and a toggle switch must be used to
control the activation of both pumps in order to obtain a continuous
fluid flow when switching between pumps. For smaller volumes (less
than 10 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.

Techniques of Cell Isolation

Granulocyte Isolaticn from Peripheral Blood
The isolation of granulocytes from human [ 1, 9], canine [7, 8], guinea

pig [171, and baboon [161 donors has been reported in the literature.
Granulocyte purity averaged 96% independent of the donor species andindependent of sample volume, which ranged from 5 ml of peripheral

4 blood to 15U ml of leukapheresis concentrates. In all cases, the average
cell recovery was 84% (range 80-100%). The absolute number of cells
isolated ranged from 1AX 101 granulocytes recovered fron 5 ml of
peripheral blood [25] to 1.4x l0" granulocytes recovered from 150 ml
canine leukapheresis concentrates [8]. As determined by various in vitro
assay procedures for physiological activity, the isolated granulocytes
appeared to retain excellent morphological and physiological param-

," eters.

As noted in the numerous reports. in addition to variations in the
selection of a rotor speed and flow rate, the individual investigator may
have personal preferences for anticoagulant and sample pretreatment.
The most commonly used anticoagulants are heparin (50--100 units/mil).
7.5% (v/v) of acid-citrate-dextrose or citrate-phosphate-dextrose, or a
rapid tenfo!d dilution of the blood sample with the elutriation medium
of choice.

The :iecd for sample pretreatment (to reduce the number of RBCs) is
generally dictated by the sample size of peripheral blood and therefore
the time required for entry of the diluted cell suspension. We have found
that entry of peripheral blood with too high an RBC concentration
reduces the PMN recovery and that a sample RIC concentration not
exceeding 4.5 x 10 Rl3C/ml permits at least an 80% granulocyte yield.

A
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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 3.0-4.5 X 101 RBC/ml.

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

(c) Sedirmenting 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 leukocyte-rich supernatant can be decanted from the sedi-
mented RBCs. Following a one- or two-cycle wash of the Ieukocytes to
remove the dextran, the leukocytes may be resuspended in elutriation
medium for cell entry.

Our preference for elutriation medium is a 0.05 Al 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 canine [71 or human [1 donors, the
following protocol may be followed. Adjuint centrifuge temperature and
rotor speed to 15 °C and 2,01 V ± I0 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 initial
flow rate for 10-15 min ntil the RBC interface in the chamber drops to
the level of the chamber gasket. Slowly increase the flow rate by 0.5 ml
per 3-min interval until a flow rate of 12-15 mil/min is achieved. The
final flow rate is affected by the number of granulocytes entered into the
chamber. The greater the ntiraher of granylocytes. the lower the final
flow rate required to clear RBCs and monocytes from the chamber. Once
the RBCs have been eliminated fro ii the chamber, the granukxytes can
be collected from the chtmhr," ffluent by decreasirag the ro tor speed
while increasing the fluid flow rate (cell collected in 10- 150 ml of efflu-
eut). or by hermostating the entry line to tl, %,tor and turning off thepump while shuttirg olf the rotor speed. In the latter case. the ceils will

Spellet to the botiom of the chamber , and the cells can then be recovered
from the chamber in a volume of approxiitely d.3 ml,

temopoietic 0"e1 Isolation
CCEP ha, been used for the purification and study of progenitor cells

responsibl: for meg.akaryopoiesis in the mouse 121-23], for murine
splenic C, U -E {24]. atid murine nc marrow CFU-S activity 16J. MXvYs.
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kens et al. [20] conducted a morphological examination of human bone
marrow fractionated by CCE, and showed a significant separation of
mononuclear cells from more mature granulocytic cells. Jemionek et al.
[111 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 CELLS Isolation
The procedure by Inoue et al. [6] for murine CFU-S concentration

involved a preliminary erythrocytolysis using Gey's salt solution, in
which ammonium chloride was substituted for sodium chloride. The
nucleated cell suspension was washed itt medium 199 containing 10%
fetal calf serum and layered over a discontinuous Percoll gradient, fol-
lowed by a 20-mmn ce-ntrifugation 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/
mini using the Beckman separation chamber. Fraction 1 was collected at
a flow rate of 3-5 mI/mim, 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 mI/min, con-
tained a mixture of lymphocytes and granulocytes, and showed the
highest enrichment of CFU-S between 2.28 and 7.60 times that of
the control, depending on experimental protocol, Fraction 4. collected
at a flow rate of 14.0 mI/min, contained primarily mature granulo-
cytes.

F~ollowing the isolation procedures, there appeared to be tic dif-
ference in the proporticnn of spleen colony type or in thle size of the ery-
thrwpuytic colonies for the cell isolated by CCE.. The si ze and sedimenta-
tion velocity for the cell population isolated at at flow rate ot 13.5 ml/mia
and having the highest CFU-.S activity were calculated to be for a cell
seduienting 3t 4.056±0,124 mmi/h/unit gravity with a diameter of
.6.21 ± 0.096 pLjm and a cell volume (if Ji25=6 Vin'.

Alegakar)-tww 1vaaion ftwn Rat Femoral Mvarrow~
Nakef.4I~and Illo/tin go 21 eoted a procedure for at raipid (CCU.

separationi of monodispersed rat femoral marrow cells into a mlega-
4 karvocyte-i'iclj fraction. Within 30 in. 2.3 X 10, marrow cells could be

M :J
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fractionated to yield a concentrate containing 106megakaryocyte (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-HC1 saline (pH 6.5) chelated with 3 mM
EDTA and supplemented with 7.5 mM glucose, 5 mM KCI, and 1 mM
Na2SO, 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 oarticle
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 obtainid
from the fraction retained in the chamber, and it averaged 150-fold the,
concentration in the nitial sample.

BFU-E and CFU-E Enrichment from Murine Spleen
Nijhofet al. [241 reported a three-step procedure for the isolation of a

CFU-E-enriched and BFU-E-enriched population. The three steps
were:

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

(b) Elutriation using an ethanol-sterilized Beckman chamber. All
tubing lines and rotor were sterilizea using 70% ethanol followed by ster-

B
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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/
min and rotor temperature set at 25 'C. Approximately 101 nucleated
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
yield four individual fractions. Fraction 1, collected at 20 ml/min, con-
tained approximately 60% of the total recovered nucleated cells and the
bulk of the BFU-E and CFU-E activity. Fraction 2, collected at'30 ml/
min, contained approximately 20% of the total recovered nucleated cells
and most of the CFU-E activity for an average three- to fourfold concen-
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
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
24% of the total recovered CFU-E activity.

(c) The fraction 2 cells were mixed with 35 ml of Percoll medium
(54% Percoll) in a-medium supplemented with 15% fetal calf serum and
10 mM Hepes (pH 7.2). The density of the medium was 1.072 g/ml. The
suspension was centrifuged at 200 C at 18,000 g for 40 min in a Ti6O rotor
using a Beckman L5-65 centrifuge. After the Percoll gradient centrifu-

"" 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/nil. In these
fractions, the CFU-E and CFU-C activity was less than 0.02 and 0.15%,
respectively, of the total cell number,

Nyhofet al [24] indicated that, from thiamphenicol-treated animals,
a spleen cell suspension containing an average of 7,78 X 101 nucleated
cells was separated by a two-step procedure (CCE and Percoll gradier t)
to yield a cell population containing an average 23 X 10 CFU-E. The

*,:. time required for CFU-E isolation was approximately 2 h,

Separation of Mammalian Bone Marrow
*Alvskens et al. 120] reported the use olf CCE for the separation of

human bone marrow cells. Using morphological analysis, he indicated
not only that CCE separated mononuclear cells from polymorphonu-

, clear leukocytes bu; also that subfractionation (if the neutrophilic gran-

LL.zim
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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. [ 111 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
g% [w/v] BSA in 0.05 M PBS, pH 7.2, and 325 mosm/kg) were both ster-
ilized by filtration through 0.2-p+m Nalgene filter units before use. The
common tubing lines through the pump, mixing chamber, and rotor were
sterilized using 50% (v/v)NaCIO2 and H20 (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 101 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 mI/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
35-45 ml (depending on species) was initiated once cells began to enter
the Beckman rotor. When the sample had entered the system. fluid flow
was returned to the 2 g% BSA-PBS medium via a three-way valve. When
cell clearing in the mixing chamber/bubble trap occurred, formation of
the continuous albumin gradient was initiated. Therefore, the gradient
was initiated at different fraction numbers for each species, depending
on sample volume and degree of RBC dilution required. In general, for
mouse and monkey marrow, the gradient was initiated at the start of
sample collection in tubes No. 2 and 5, respectively; for human and
canine marrow, the gradient was initiated at the start of sample collec-
tion of tube No. 4.

N. . . . .
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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 achieve cell
separation. Profile indicates nucleated cell recovery (0) and levels of (GM-CFC) activity
(0) in each of various fractions as function of medium density. a Mouse. b Dog. c Monkey.
d Man.

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 murine 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 L Morphological characterization of representative human iliac crest aspirate sepa-
rated by CCE

Initial Tube No.
sample
saml 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Erythroid series
Rubriblasts - ------ 1 2 1 ----
Prorubricytes - -- 2 -- 2 1 1------
Normochromatic rubricytes 8 3 4 5 2 9 5 6 22 13 6 - - 10
Polychromatic rubricytes - ------- --- - 4 - - -

Metarubricytes 9 10 3 3 9 2 9 11 21 14 3 - I-- 5

Total 17 14 7 8 11 13 14 17 45 29 12 1 5 - 15

Mononuclear series
Lymphocytes 6 69 60 53 71 62 66 46 18 11 1--
Monocytes 1 4 23 34 16 24 20 35 14 12 1--

Total 7 73 83 87 86 86 81 32 23 2-------

Granuloqtic series
Myeloblasts 3- -------- 1 2 3 6 6 7 5

, Progranulocytes 3 - 2 ----- 6 3 2 3 7 4 '2 1
Neutrophil myelocytes 10 8 3 1 - - - - 13 13 22 13 12 3 14 20
Eosinophil myelocytes 5 -- ---------- 115 - -
Neutrophil metamyclocytes 6 2 2 3 - - - 1 2 7 18 20 'l 5 13 2

' Eosinophil metamyelocytos- ------------ 16 4 3
Neutrophil bands 13 - I ------ 7 17 29 21 2 19 11
Eosinophil bands - ------- ---- - 21 -.

Neutrophil segmented 34 3 2 1 1 - - - - 15 24 31 28 8 36 28
Eosinophil segmented - ------- ---- - 20 4 14

- Total 74 13 10 5 1 - 1 21 46 85 99 96 100 99 84

Data presented as percent of total cells counted. Average of 250 cells counted per fraction.

results of Mevskens et al. (20], the ROC and mononuclear leukocytes
(primarily lymphocytes) are recovered in the early tube frations. In the
later tube fractionsi 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. 0= Nucleated cell count/fraction; 0 = 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 is approximately I h. A maximum of 9 x 108 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 nixed cell suspen-

.. sion should occur after the CCE fractionation step.

*- Mononuclear Cells

'., lo~Mon tes and IAmnplhcytes
CCE has been successfully used as a second ,-'ep in the purification

of lymphocytes and tnonocytes. Since tus technique separates the lyre-
phocytt's from ihe monocytes of an original enricled mononuclear cell
fraction, the mnethods for purification of each cell type are combined in
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Table II. Physical parameters of elutriation system for isolation of mononuclear cells

Reference Rotor chamber Centrifuge Temperature Flow rate Medium
speed rpm 'C ml/min

Contreras Beckman 2,020 18 10-12 PBS (pH 7.4); 2% BSA
et al. [2]

Sanderson Sanderson 2,500 23 1-28 Hanks' balanced salt solu-
et al. [28] tion minus Ca2+ and Mg2+;

EDTA
(100 mg/o); 0.2 BSA

Weiner Sanderson 2,500 (a) 10 (a) 17 Hanks' balanced salt solu-
and Shah [30] (b) 22-24 (b) 22 tion minus Ca2 + and Mg2+;

(c) 28 EDTA (100 mg/o)

Fogelman Beckman 2,000 15 (a) 10-12.5 Kreb's-Ringer phosphate
et al. [31 (b) 14-17,5 buffer (pH 7.4); 0.15 mM

(c) 19.0 glucose;
1% BSA

this discussion. In the following paragraphs, the various methods of
mononuclcar cell purification using CCE will be compared, and an
example of a methodology will be described in detail.

The physical patameters of the various CCE procedures used for
either lymphocyte or monocyte purification are summarized in table II.
As previously discussed, two characteristic rotor chambers (Sanderson
and Beckman) are used for the purification of other cell types. When the
Sanderson chamber is used, the centrifuge is run at the higher speed of
,500 rpm, as compared with 2,000 rp~r 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
a1d 19 mi/min, respectively, to elutriate the cells, The higher flow rate
and rotor speeds used in conjunction with the Sandersov chamber did
not appear to damage cell viability.

Results of the various investigators suggest thai the rotor tempera-
ture for the most efficient purification of either lynphocytes or mono-
cytes should be slightly less than ron temperature, in the range of
15-18 1C. Weiner and Shah[ 30] compared two rotor temperatures ( 10 C
vs, 22-, 24 1C and showed that the purification of monocytes from lyre-

*4
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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 CA2" and Mg2+, 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 II, each laboratory uses a different range of flow rates, and the rate
of increase is not specified. The rate t which the flow rate is increased is
variable between investigators. For example, Contreras et 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 continually 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.
[281 increased the flow rate increments based on the monitored fall-off of
.a specific cell population from the eluted cells. At a starting flow rate of

i m/mi, piatelets were eluted; at 15 ml/inin, small lymphocytes were
recovered. A lymphocyte-monocyte mixture was eluted at a flow rate of
20 mil/min, and at 28 mi/min, the most concentrated monocyte fraction
was collected. The eluted medium volume using this method was not
reported. Thus, the clutriation methods of Contrertasv et al. (2) and San-
derson et al. [28) appear to adapt to sample variability by allowing a given
cell type to be eluted before the medium flow rate is further increased.

Weiner and Shah 1301 and Floyehnan et al, (31 preferred to use a set
flow rate schedule based on the volume of mzdiun cluted. However,
each investigator accomplished this with different procedures. Weiner
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and Shah [301 eluted three fractions (400 ml each) at three defined flow
rates. The first fraction, eluted at 17 ml/min, was shown to contain 85%
lymphocytes 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 mli
min and contained an insignificant number of cells.

Fogelman et 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 (t00 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 to 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-l-ypaque. This
technique allows the investigator to enter an enriched cell population
that is generally free of RBC, platelets and granulocytes. Fogelman et al.
[31 used Plasmagel instead of Ficoll-Hypaque. This change resulted in
heavy granulocyte contatn notion of their monocyte fraction. Thus, the
efficiency of the initial preparation to obtain a pure niononuclkat cell
fraction is critical in the parification of either lymphocytes or mono-

'+ cites.

As shown in table IM a widc range of tuononuclear cells (4.5 x 10 to
7.2 x 10, can be loaded into the rotor chambers and successfully elu-
triated. The various investigators report that approximately 90% of the
cells entered are recovered and are greater than 95% viable. No differ-
once is apparent between the viability and recovery of cells isolated
using he Sanderson chamber ver;us those isolated uiag diat of i3ck-

* The isolated lymphocyte populations were betwcen 85.0 and 98.9%
pure with monocytes and granulocytes as the major contaminants. The
highest level of purity was reported by lnge.iPnan ct al. 131, who used Plas-
magel as an initial preparatory step before elutriation. This procedure
required the washout of RBCs before starting ollection, 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 nucleated cells. This possibility was men-
tioned by Pretlow and Pretlow [26].

In comparisw) to the recovered monocyte fractions, all the investi-
gators, with the exception of Fogelman et al. [31, had 90 and 95% purity.
The nionocytes 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 initial preparation in which Plasmagel
was vsed instead of Ficoll-Hypaque.

The protocol for lymphocyte and monocyte isolation from canine or
human donors is as follows. Initial preparation of an enriched mono-
nuclear cell suspension using standard Ficoll-Hypaque density centrifu-
gation is necessary. The isolated cells are washed in Hanks'balanced salt
solution without calcium and magnesium, and resuspended in elutria-
tion medium to a volume of 10-20 ml. Centrifuge temperature and rotor
speed ,re adjusted to 15 'C and 2,010 ± 10 rpm, respectively. Initial entry
flow rate for cells is sef to 10 ml/min. After completion of cell entry, the
elutriation medium is allowed to continue through the system at the
same initia! flow rate for 1&-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 monocytes, as determined by the Coulter Channelyzer,
then That fraction becomes the next-to-last fraction. The final fraction is

S-collected by stopping the rotor while maintaining a constant flow rate.
This last fraction contains the purified monocytes. In comparison, after
the first 50 ml of eluate is obtained from the initiation of the elutriation
procef, primarily purified lymphocytes are obtained. The volume of
medium collected in eacO 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 (I x 10), these cell numbers

'. are still inadequate for conducting in vivo studies in large-animal models

:j:.
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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 isolation with several interests in
mind: (a) increasing the absolute number of cells that can be isolated;
(b) retaining the same level of pur fication and percent cell recovery from
the initial sample as was possible with the standard Beckman chamber,
and (c) decreasing the time required for cell isolation by increasing the

Sflow rate used for cell recovery.
Our initial attempt was a threefold increase in the granulocyte re-

covery from canine [101 or human [20] leukapheresis concentrates, using
a 13.3-ml chamber. The Armed Forces Radiobiology Research Institute
(AFRRI) rotor and enlarged 13.3.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 J2IC centrifuges. The AFRRI rotor system is

.. .therefore completely interchangeable with the standard Beckman
system. Although the Beckman chamber can isolate 0.9 x 10 and
1.2 x 10" human and canine granulocytes, respectively, the AFRRI 13,3-
ml chamber can isolate 3.0 x 10" and 4.4 x 10" human and canine granu-
locytes, respectively. The degree of granulocyte purity (97%) is the same

'S
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a

b

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 x 101 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 5 x 10" and
6.5 x 10" human and canine granulocytes, respectively. The degrees of
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Fig. 14. Possibe 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 chamber permitted

- a 50% reduction in isolation time compared to the Beckman chamber.
-, The AFRRI chamber permitted the recovery of 5-6 X 101 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 [101 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 leukaphere-
sis concentrates for cryopreservation analyses or even clinical studies
using radiolabeled granulocytes. The efficiency of granulocyte collection
in human bloed 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

.. s .... ._I ** .. . * , ' . . . * ***-* .~C '
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2' 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 leukapheresis 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 [ 121 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 skn-wounded mice were examinc I 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 trmuma. Granulocyte macrophage colony-
forming cells (GM-CFC) were significantly increased in the spleen toughout the 2-week period and

* were increased in the leg marrow during the first post-iraum~i 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. Tht~ peripheral blood contained significantly increased concentrations
of CFIU-s and GM-CFC but not M-CFC. Serum of wounded mice supported growth of G'M-CFC
but not M-CFC. The growth-promoting factor was extractable by CHC13 treatment. Serum C-reactive
protein concentrations were significantly increased for a 5-day period after wound trauma. w4: vj
Mw~ornmc Pvrs-. Inc.

INTRODUCTION myeloid piogenitor cell compurtrneiW: and
Surgical trauma and wounding result in the proliferative potential of mature lymtpho-

he loss of mature cells from the blood at the cytes obtained from hematopoietic organs 24
iof izqiury and in thei utlztio in th hr after injury [5, 61. In this study, we

ivound-healing process. For example, mac- xmndtecagsi h lnoeta
-ophages and granulocytes migrate to the and progenitor cell compartments in the
traumatized area and assist in wound dc- hematopietic organs of mice during the
bridement and neutralization of bacteria 17, 2-week healing period after a standard wound

16) Erthrcyts ae lst hrogh he njued trauma. Additionally, data are presented on
16ssue and.hplytels acot thoughinthinjue oc-sme serum-borne factors that may be im-
tisue and ltheladesio act togeaitin oao. plicated in the pathophysiologic changes
stasisty thi adein2n ggeaio.a found in the hematopoictic tissues of mice

In addition to the effects of surgical trauma afewon tru .
upon mature ce's, it was recently reportedMAEIL AN M TH Dthat the circulating granulocyte progenitorMAEIL AN M TH D
cell compartment was significantly altered Animals. Female (C57BL/6 X CBA)FI
after abdominal hysterectomy [141. In mice, Cum BR mice were obtained fiom Cumber-
wound trauma provoked changes in bth the land View Farms, Clinton, Tennessee. All

mice were acclimated to laboratory conditions
Supported by the Armed Form Rail~k Rt. in the following way. First, for a period of I

sell h Institute, Defense Nuclea Agency, une Wwk week, the animals were housd in groups of
Unit 8322.00018. Views presented in this rope are 20 Mice eCwh in a quarantined facility until

4' those of the authors. No endorsment by the Defense a random sample was found to be free of
Nuclear Agency has been given Kw shiould be inferred, histologic lesions of common munine diseases

1Research was conducted accordng to the Prnipe and until sterile water bottle cultures of allenunciated in the "Guide for the Care and Use of
Laboratory Animals," prepared by the Institute Or Lab. animals werc found to be free of Pseudo-
=raor Atanal Resourcs, National Resarch Ccil. monas spp. Scond. the animals were housed
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in groups of five mice each for 2 weeks prior tute (RPMI)-1640 medium (Flow Labs,
to experimentation. The mice were 10-20 Rockville, MD) on ice (±4°C). Bone-marrow
weeks old when used. At all times, the mice cells were expulsed with a syringe and a
were kept on a 6 AM (light) to 6 PM (dark) 25-gauge needle. The spleens were minced
cycle in filter-covered cages. Wayne Lab-Blox with scissors in a glass vessel. All cell prepa-
diet was provided throughout the quarantine rations were passed through six to eight layers
and experimental time periods. Chlorinated of nylon mesh and then washed three times
(10 ppm) water was provided after the quar- in RPMI-1640 at 250g for 10 min and resus-
antine period. pended in RPMI-1640. Viability estimates

Wounded mice. Groups of mice were and nucleated cell counts were performed in
wounded under light Metafane (methoxy- a hemocytometer with 0.2% trypan blue dye
flurane, Pittman-Moore, Inc., Washington and Turk's solution. The total nucleated
Crossing, N. J.) anesthesia between the hours cellularity (TNC) was determined for each
of 10 AM and 2 PM. A 2.0- to 2.5-cm 2 circular tissue. Cell dilutions for the assays were done
wound was cut in the anterior-dorsal skin with RPMI-1640.
fold and underlying panniculus carnosus Colony-forming unit-spleen (CFU-s) assay.
muscle (between the shoulder blades) with a The CFU-s assay [19] was used to determine
steel punch. The punch was cleaned after the the pluripotent cell concentration and quan-
wounding of each animal by immersion in tity in the spleen and in the paired long
70% ethanol. Such a wound constitutes about bones of the hind legs. Experimental groups
4% of the total skin surface area and is not cohsisted of six to eight B6CBFl mice. Within
' thal to the mouse. The wounds were left 4 hr of irradiation, each mouse was injected
nen to the environment and were not treated iv with either 25 X 1W spleen cells or 25

in any way. However, subsequent to the X 101 marrow cells. The spleens were re-
wounding procedure, all mice were placed in moved 8 days later and fixed in Bouin's
sanitized cages that contained an -utoclaved, solution for 2-4 hr. The surface colonies
commercially available, hardwood chip bed- were counted independently by three persons,
ding (Ab-Sorb-Dri, Maywood, N. J.) and the average number of CFU-s per spleen

Control mice. Age-related mice housed in was determined from the three counts. The
a similar manner as the wounded animals number of CFU-s per 106 nucleated spleen
were used in all experimental replicates. Con- and marrow cells was determined by multi-
trol mice were subjected to anesthetic and plying the average number of nodules per
handling stress in the same manner as the spleen by the appropriate factor and then
wounded animals except for the wounding preparing a grand mean from the adjusted
procedure. values for each group. The total tissue quan-

Bacteriologic culture of wound sites. The tity of CRJ-s was determined by taking into
wound sites of mice were monitored for account the number of CPU-s per 106 nu-
bacteria 3, 7, 10, and 14 days after injury. A cleated cells and the total number of nu-
sterile swab was moistened with sterile saline cleated cells. Endogenous CR) formation
and applied to the wound area. The swab was obviated by 1000 rad 6wCo radiation
was aseptically transferred to thioglycolate given at 40 cad/min.
broth tubes and incubated for 18-24 hr at Seeding eficiencies The seeding efficiency
370C. Subcultures were made and bacterial 1 161 percentages were determined for femoral
identification to the genera level was made marrow and spleen cells of mice 3 days After
by 4andaid microbiologic techniques. %ounding in accordance with the procedures

Cell preparations. The spleen, both femurs, sug tested by Lord [8]. Endogenous CR)
" and both tibia-fibular processes were removed formation was obviated in all assay mice by

aseptically from cervically dislocated mice 1000 rad '0Co radiation. The concentration
and placed in RosweU Park Memorial Isti- and quantity of CFU-s in the injured and
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control-treated animals (primary donor) was preparation. Colonies containing more than
estimated by injecting groups of irradiated 50 cells were counted at 10 days (GM-C-C')
mice with either 2 X 101 spleen cells or 2.5 and 25 days (M-CFC) after culturinp The
X I04 femoral bone-marrow cells. The seeding number of each colony type per 106 and the
factor was determined by injecting additional total tissue quantity were determined in the
groups of irradiated mice (secondary donor) manner described in the section on ClFU-s.
with either 5 X 106 spleen or 2.5 X 106 fem- Mobilization of clonogenic cells into pe-
oral marrow cells. Twenty-four hours later ripheral blood. The CFU-s and CFC assays
these "secondary donor" mice were killed, were used to determine if cells wit-, olono-
their spleens removed, and cell suspensions genic potential had migrated from the central
prepared. Other groups of irradiated mice lymphomyelopoietic tissues to the peripheral

4 were engrafted with 106 spleen cells derived blood after wound trauma. Peripheral blocd
from the "secondary donor." Eight days after was obtained by exsanguination from the
engraftment with cells, all assay mice were axillary vessels while the mice were under
killed, the colonies formed on the spleen metaphane anesthesia. The blood was col-
were counted, and the number of CFLJ-s lected in preservative-free heparin and mixed
received per mouse was determined. The with an equal amount of RPMI-1640, The
percentage seeding efficiency was calculated red blood cells were sedimented by layering
by dividing the number of CFU-s recovered over Ficoll-Paque and centrifuging at P-10g
from each "secondary donor" by the number at room temperature for 30 min. The nL-
injected. The number of CFU-s injected into cleated cell layers between the plasma and

" each "secondary donor" was determined from the erythrocytes were collected and washed
the groups of irradiated mice engrafted with three times for 10 min at 250g in RPMI-
cells from the "primary donors." 1640. These cells were counted and diluted

Colony-forming cell in vitro assays. Soft and the concentration was adjusted as follows.
agar in vitro assays [11] were used to deter- In CFU-s assays, groups of irradiated mice
mine the committed progenitor cell concen- received 1, 2, and 5 X 10s cells each. In soft-
trations and quantities of granulocyte mac- agar assays, 2 and 4 X l0s cells were cultured
rophage colony-forming cells (GM-Cr"C) and from control mice, and 0.5, 1, and 2 X 10
monocyte macrophage colony-forming cells cells from wounded mice were cultured, The
(M-CFC). In culture, GM-CFC have a assays were done as presented previously and
growth lag period of 2-3 days and reach the data expressed as clonogenic cells per 106
maximal levels at 10 days of in vitro growth. nucleated blood cells,
GM-CFC are found in cells derived from Colony-stimulating factor (CSF) Groups
adult mouse marrow, spleen, and peripheral of mice were exsanguinated via the axillary
blood. M-CFC have a growth lag period of vessels 2 or 3 days after either wounding or
10-IS days and reach maximal numbers at control treatment. The blood was permitted
25 days of culture growth. M-CFC are de- to clot at 4C for 24 hr, centrifuged at 2000g
tectable in cells obtained from all lympho- for 20 min, and the serum removed. The
myelopoietic tissues. serum samples were frozen at -20 0C until

GM-CFC and M-CFC were grown in a used. When tested for CSA activity, one half
double-layer agar culture with an optimum of the serum was used in its native state
concentration of 5% (v/v) pregnant mouse subsequent to centrifugation of 2000g and
uterine extract (PMUE), used as a growth passage through a 0.45-u filter. The other
stimulator to culture medium plus apr. A half of the serum was treated with four
single preparation of PMUE was used volumes of analytical grade chloroform in
throughout this investigatior, Triplicat.e cui- glass tubes for I hr to remove colony-inhib-
tures of I X 106 spleen ans, 25 x 1' bone- iting factors (CIF) as descrbed by Granstrom
marrow cells were peufbried for each cell [3]. The extracted serum was removed 'by

ft ., *. * 4
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Pasteur pipette, centrifuged at 2000g, and take into account the total organ or tissue
passed through a 0.45-u filter. All the sera cellularity were used to determine if the

* were tested for CSA without further freezing. responses were a manifestation of a general
Analyses for CSA used the in vitro colony- change in cellularity. Differences between the
forming assays previously described in this responses of cells from wounded and control-
section. treated mice were established by Student's t

C-Reactive protein (C-RP). Mouse sera test.
were reacted with anti-human C-RP (Dako-
Accurate Corp., Westbury, N. Y.). The tur- RESULTS

* bidity of the mixture was measured with
a laser nephelometer (Calbiochem-Behring Wound Healing and Wound Surface
Corp., La Jolla, Calif.) after a 1-hr incubation Bacteriology
period. Each serum C-RP concentration was The wound increased 10-20% in size 1-2
determined by using a standard curve devel- days after trauma. Granulation tissue for-
oped by reacting several dilutions of a known mation was noted at this time. Wound con-
human C-RP standard (Cal Biochem-Behring traction occurred thereafter with wound clo-
Corp., La Jolla, Calif.) with the anti-human sure completed about 10-12 days after injury.
C-RP. This procedure i a modification of a Hair growth encompassed the area about 14
technique which will be detaitd in a forth" days after wounding. The skin wounds from
coming paper,3  four experimental series of mice, each totaling

Experimental design and statistical testing. 60 animals, were cultured for bacteria. A
. Four replicate experiments were done over a total of 286 positive bacterial cultures were

4-month period with the tissues of wounded obtained from 240 mice. Single bacterial
and nonwounded mice for the clonogenic isolates were obtained from 80% of the wound
cell data presented in Figs. 1-3. Each replicate surfaces while 20% of the wound sites had
consisted of the pooled tissues from each of two to three organisms. Six genera were

* three mice. The animals selected for each identified, and their distribution percentages
month's study were housed as indicated under were similar in all experimepts. These in-
Animals; the unus-J cagemates were not cluded a-Streptoc ccus (65%), Proteus (13%),
reentered into other experimental replicates. Staphylococcus (8%), Lactobacillus (6%).

In the clonogenic cell assays (Figs. 1-3), Acinetobacter (5%), and Bacillus (3%). No
* spleen and bone-marrow cells were obtained detectable shift in bacteria genera were noted

for analyses on Days 3, 7, 10, and 14 after over the time period examined. In all mice,
* wound trauma. Thewe ir-tervaNi were chosen wound sepsis, identified either as the tbrma-

for convenience and for times when wound tion and drainage of pus or overt lymph
, closure was complettd (Day 10' and nearly node involvement (swelling) in the anterior

all evidence of tissue damage had disaieare body area. was never found.
(Day 14).

* Additional special studies were done as Ceffudary
indicated in Tables 1-3 and Fig. 4. The
protocols for each ot these experiments are The cellulanities of the splkoini and the
presented in each instance, Data expressed long bones of the hind legs in mice were

% as a response per' 10 nucleatad cells wc-c not significantly altered by the wound
% used to identify selective alterations in sub- trauma and subsequent healing processes. In

populations of cell from tissues,. Data that wounded mice. the splenic and long-bone-
marrow cellularities ranged between 70 and

'I I t: Mehlon, Jr.. W. It. Baker, ard Us. 1). Ledney. 90 X 106 and 45 and 55 X 10, respectively.
1-.1161. 1 Caline C-Rv~aefivr Protin I~L-vnninatm by In anesthetized control mice. the splenic and
Ot,-'t. I lwr N cr.y hvlt. iong-bone-marrow cellulariuies ranged be-

. O.. . . . .



I

LEDNEY ET AL.: CFC IN WOUNDED MICE 59

tween 65 and 90 X 106 and 40 and 55 X 106, factor for spleen cells from wounded mice
respectively, appeared elevated, this was not statistically

significant from the control-treated animals

Colony-Forming Unit-Spleen (CFU-s). (3.9 ± 0.5 versus 2.4 ± 0.8). The high vari-
ability in seeding factors for both wounded

Depicted in Fig. 1 are the CFU-s concen- and control mice resulted in the corrected
trations in the nucleated cells from the spleens CFU-s concentration determinations for
and the long bones of wounded and control wounded (2675 ± 402) and control (1832 ±
mice. A near twofold, statistically significant 435) to be statistically indistinct.
(P < 0.01) increase in splenic CFU-s was The seeding factors for bone-marrow cells
noted on the third day after wounding. There were determined with the same mice used to
was a slight elevation in splenic CFU-s above estimate the seeding factors for spleen cells.
control-treated values (51 ± 2 per 106 TNC, The bone-marrow cell-seeding perceniages
N = 8) at 14 days after wound trauma, were 1.8 ± 0.5 for wounded mice and 2.4

The CFU-s concentration of the bone ± 0.3 for control-treated mice. In this exper-
marrow was decreased over the first week imental series, the marrow cellularity of
after wound trauma, but this was not statis- wounded mice was lower (P < 0.05) than
tically significant. The control bone marrow that for control-treated mice. This was not
CFU-s concentration per 106 TNC was 601 in agreement with our findings on marrow
±20. cellularity mentioned previously under Re-

The 24-hr seeding efficiencies of splenic suits. The explanation for this may be (1) the
and bone-marrow CFU-s were determined different ages of the animals used in the test
for mice 3 days after wounding. The seeding experiments and (2) the limitation of the
factors and observed and calculated CFU-s harvesting technique regarding absolute cell
quantities are presented in Table I In these quantifications. The observed CFU-s/106
experiments a three- to fourfold increase in TNC and the splenic seeding factors for
splenic concentrations of CFU-s was ob- marrow cells were variable and this resulted
served, This supported our findings for Day in differences in calculated values to be more
3 as presented in Fig. I. While the seeding apprent than real.
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TABLE 1

S:LENIC SEEDING FACTORS (f) AND COLONY-FORMING UNIT-SPLEEN (CFU-s) OF SPLEEN AND FEMORAL
BONE-MARROW CELLS FROM MICE 3 DAY3 AFTER WOUND TRAUMA

Spleen Marrow

Wounded Control Wounded Control

Total nu4..ated
cellular-ty (TNC) 10- 3"  136 ± 9 b 131 ± 11 24± 1'* 29 ± 1

Observed CFU-s/106 NC 93 ± 5cA  26 ±2 509 ± 33 420 ± 53
24-hr splenic .cxding

factor (f)% 3.9 --0.5 2.4 ± 0.8 1.8 ± 0.5 2.4 ± 0.3
Calculated CFU-s/

100 NC (xlO-3)d 2.68 ± 0.4 1.83 ± 0.44 34:± 7 21 ± 5
Observed CFU-s per

tissue (Xl0- 3) 12.510 ± 0.624" 3.37 ± 0.44 12.38 ± 1.0 11.81 L 1.4
Calculated CFU-s

per tissue (X10-3)0 360 ± 54 254 ± 70 803 ± 212 619 ± 175

'The cellularities listed here differ from those described under the Results section on cellularity. In the experiments

reported It.-'c, 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 tibiae and femora of 10- to 12-week-old mice.
Means ± I standard deviation from seven experiments. Tissues from tiree mice were used in each experiment.
'Statisticailly significantly diferent (P < 0.05) from control value. "Satistically highly significantly didetent (P

< 0.01) from control value.
I Determined by dividing the observed number of CFUM- by the scoding factw (ft.
* All vatlue indicaued rounded to neAt hix umber.

In Vitro G1,oo F&m1Aig Cells the GM-CFC concentrations in splenic cells
and maffow ells from the long bones of

A. Grandocyte macrophage cohmy-Jorm- wounded and control-tmated mice. A stalis-
ing cells "cii-CFC). Prcsenlcd in Fig. 2 ae tically sipifimat (P < 0.01) fivefold increase

10.4*

.. 2100i'60
.. 150.

-40 900 F.

*%

20,-.AOYI -W WI 6&2
37 10 14 3 7 10 1

" W AT14 WUND TRAUM

Ao. 2. Gmulocye marophie colooy-feomi* oe (GM-Ccd ionmtio per nuceated hind *..
k bone amv W ard spleen cft in mice a woad trum& Ea point is O ±an ± I msandard
en The rdativ (cocetratioa) and abswule (oual Omgn ppulation) GM-lYC chias aTored each
osber. T"u only the wamouato vines ae docaLded
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was found for splenic GM-CFC from from wounded mice compared to that de-
wounded mice versus control-treated mice tected for control-treated mice (3224 ± 403
the third day after wound trauma (80 ± 4 versus 2136 ± 157).
versus 16 ± 2). Thereafter, a 50-100% in- C. Clonogenic cell mobilization into pe-
crease in splenic GM-CFC was observed in ripheral blood. Day 3 after wound trauma
mice during the wound-healing period. On was a time point when either maximum or
Day 3, the GM-CFC concentration in the minimum clonogenic cell quantities were
marrow of the long bones of wounded mice detected in the spleen and bone marrow. We
was significantly increased (P < 0.01) over used that time period to determine the con-
that of control-treated animals (1870 ± 139 centration of clonogenic cells in the peripheral
versus 1328 ± 116). On Days 7, 10, and 14 blood of wounded and control-treated mice.
all marrow GM--CFC values from wounded The concentrations per 106 nucleated blood
mice were within the control-treated range cells of CFU-s, GM-CFC, and M-CFC are
of 1328 ± 116/106 nucleated cells. reported in Fig. 4. Wounding resulted in

B. Macrophage colony-forming cells statistically significant (P < 0.01) increases
(M--CFC). The M-CFC concentrations in for CFU-s (71 ± 4 versus 16 ± 4) and
the spleen and bone marrow cells of wounded GM-CFC 48 ± 11 versus 6 ± 2 in the
and control-treated mice are seen in Fig. 3. peripheral blood. However, the M-CFC con-
Statistically significant (P < 0.01) reductions tent of the blood of wounded mice was
of 30-70% in splenic M-CFC were observed similar to that of control-treated mice.
for wounded mice at every time tested. The
control-treated splenic M-CFC value was Colony-Stimulating Activity (CSA)
152 ± 9/106 TNC. Contrary to the splenic Unextracted sera from mice, taken 2-3
M-CFC values, the marrow concentration of days after wounding, supported the growth
M-CFC tended to be increased during the of normal mouse bone-marrow-derived
entire 2-week wound-healing period. Specif- GM-CFC as is seen in three replicate exper-
ically, 14 days after trauma, a 50% increase iments presented in Table 2. Different
(P < 0.01) was found for marrow M-CFC wounded mouse sera and normal mouse

SPLEEN BONE MARROW 3400
15o 0 -

CONTROL -TREA TED t152 4 9) ** 3200'I'1

-30000
tu ,, ,, WOUNDED m100- 280 !

Z 2600 c

0 I WOUNDED 2400
500

, I2200 M

CONTROL-TREATED (2138 - 157 2000

*3 7 10 14 3 7 10 14
TIME (days) AFTER WOUND TRAUMA

FIG. 3. Macrophage colony-forming cell (M-CFC) concentrations per 106 nucleated hind leg bone-
marrow and spleen cells in mice after wound trauma. Each point is the mean ± I standard error. Therelative (concentration) and absolute (total organ population) M-CFC changes mirrored each other, Thus,

only the concentration values are depicted.
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4BODY-SURFACE H~NA1mAoDSUSO
SI-N-- TO-RETDDSUSO

160 In this paper. we report for the first time
I Ithat alterations occur in the myeloid clono-

o 120 genic cell populations of the spleen and hind
120 t. leg bone-marrow cells of mice during the

80 t I post-trauma woundhealing period. These
I proliferative cell changes include both relative

. 4increases in concentration per 106 cells and
F 4

0 -absolute changes (data not presented) in the....-. CFU-s GM-CFC M-CFC cell populations examined.

FIG. 4. Clonogenic cells in the peripheral blood of Three explanations may be used in inter-
mice 3 days after wound trauma. CFU-s = colony- preting our data. These include (1) the mo-
forming units spleen; GM-CFC = granulocyte macro- bilization or migration of clonogenic cells

" phage colony-forming cell; M-CFC = macrophage col-

ony-forming cell. Number within or near each bar is the from one hematopoietic compartment to an-
number of replicate experiments. In each replicate, blood other, (2) the differentiation of clonogenic
was pooled from three to five mice.** Statistically very cells to meet the mature cell demands of the
significantly different (P < 0.01) from control values, wound site, and (3) the in sitU proliferation

of clonogenic cells.
marrow were used for each replicate experi- Regarding mobilization, the CFU-s data

marrw wre sed or achreplcat exen-may be interpreted as follows. The two- to',., ment. CHC13 extraction of the serum ap- myb nepee sllos h w-t
ment CHI3  xtratio ofthe eru ap fourfold increase in splenic CFU-s concen-

peared either to reduce or remove the tactor(s) fron ig.r1an Talei ) s io
responsible for supporting GM-CFC growth. tration (Fig. I and Table 1) seen in two

*. M-CFC growth in either the whole or ex-
tracted serum was minimal. While the serum TABLE 2

from wounded mice supported the growth of
GM-CFC from normal marrow, this growth MOUSE CLONAL CELLS GROWN WITH SERUM

FROM WOUNDED MICEwas not as good as that for cells grown in
pregnant mouse uterus extract (PMUE). The Unextracted CHCL 3 extracted
growth of normal marrow cells in PMUE serum serum
resulted in 1250 ± 200 GM-CFC and 2025
+ 200 M-CFC per 106 nucleated cells. Nor- Replicate6 GM.-CFC M.-CFC GM-CFC M-CFC

mal mouse sera did not support the growth 1 38 ± 4 0 to ± 1 3 ± I

of either GM-CFC or M-CFC. 2 07 t 1 0 0 0
3 20 ± 3 7 ± 2 ND e  ND

C-Reactive Protein (C-RP) aTest sera were obtained from either 10-.20 B6CFI

mice or C57BL/6 mice 2-3 days after wound trauma.
The C-RP concentration (micrograms/ Control sera were obtained from B6CBFI mice 2-3 days

milliliter) in the sera of wounded and control- after anesthesia. The PMUE used in the in vitro clonal
treated anesthetized mice are shown in Table growth studies shown in Figs. 2-4 was used as a CSF

3. The C-RP level depended on both the size source with positive growth potential. All in vitro cultures
used 25 x 101 femoral bone-marrow cells and 100 Ml of
serum or PMUE. No clonal cell growth was seen when

when sera were assayed. Generally, however, normal B6CBFI or C57B1/6 marrow cells were cultured
there was a significant increase (P < 0.01) with the control sera, With the PMUE, 1250 ± 200 GM-

(50-300%) in C-RP concentrations 2-4 days CFC and 2025 ± 200 M-CFC -106 nucleated normal

after wound trauma. On Day 7 after wound- marrow cells were cultured,
In replicates I and 2 cells and serum products wereing, fRP concentrations returned to normal Irom B6CBFI mice. In replicate 3 the cells and serum

values (4.0 ± 0.1 /ig/ml) and remained there were from C57B1/6 mice.
throughout the rest of the 2-week wound- 'ND - Not done.

healing period.
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TABLE 3 such as the rib cage, skull, and humerous.
CONCENTRATONS OF C-R.A(TIVE PRO'TEIN IN MOUSE Nonetheless, the actual 15% reduction from

SERA AFrER SKIN-WOUND TRAUM." approximately 600 CtLJ-s/106 TNC for con-
trol-treated mice to 510 CFU-s/ 106 for mice

Size of wound areab
(Percentage of total 3 days after wounding could help explain the

Time (days) skin surface) Anesthetized near 100% increase in splenic CFLJ-s from
after untreated about 50 in control-treated to 95 in wounded

wounding 4 6 controls mice.

. 4.6 ± 0.) 6.4 _ 0.8** 3.6 ± 0.1 Another explanation of our data is that
2 7.6 ± 1.0"* 13.0- 3.1** 3.7 + 0.2 the requirement for granulocytes [17] and
3 8.0 ± 1.0** 12.0 - 2.8** 4.2 ± 0 macrophages [7] at the wound site increases
4 6.2 ± 0.7** 12.0 ± 2.7** 4.6 ± 0.1 the demand for differentiated progeny. In the
5 4.9 ± 0.4* 4.8 .0.3* 3.9 ± 0.4 leg bone marrow, the early reduction in
7 4.2 ± 0.4 5.0 , 0.6 3.7 4 0.3

CFU-s and early increase in GM-CFC fol-
14 3.6 ± 0.2 3.3 0.! 4.6 ± 0.5 lowed by the late increases in M-CFC may

be interpreted as a demand for differentiation
"C-Reactive protein (C-RP) concentrations (ug/ml) are at the levels of the pluripotent and progenitor

based on standard curves obtained by reacting human G- cell compartments to provide mature cells.
RP with rabbit anti-human C-RP. Since polyethylene gly- Indirect stimulation resulting from the differ-
col, a polymer enhancer, was used in the assay to facilitate
the cross reaction betw,-en mouse ('-RP and anti-human entiation of cell progeny may also explain
C-RP, the values shown are probably elevated. However, our findings.
the pattern demonstrated is indicative of the mouse C- Regarding the differentiation demand after

lRl response to wound trauma. wound trauma, it is difficult to interpret
b' Statistically significantly different (P < 0.05) from clearly the splenic contribution to the ob-

control values. **Statistically very significantly different cerlydthe spenic conribon to.he o-
(P < 0.01) from control value. Indicated significance levels served clonogenic cell responses. While mo-
are a result of' -tcst comparisons with pooled controls. bilization of clonogenic cells from the marrow
The t-test comparisons were made only if significance was to the spleen can account for some of our
indicated by a one-way ANOVA (for each day) with the findings, it is important to note that the
-level set at 1.25%. Values shown are means ± I standard spleen is capable of significant proliferation,

error for five mice per group.
c Means ± standard error for four mice tested at each particularly after undergoing hematopoietic

time point. Normal range is 3.4-4.7 mg/ml (n - 32). which stress. Thus, a component of the increased
encompasses ± I standard deviation from the mean of all concentrations of splenic CFU-s and
control values. Pooled mean values ±1 standard error for GM-CFC could have derived from within
all controls = 4.0 A± 0. 1 g/ml. that tissue itself. Support for this comes from

studies of treatment of mice with lipid A
independent sets of experiments may be the which increased the proliferative activity of

& consequence of mobilization of these cells both splenic CFU-s and GM-CFC [10]. In
out of the marrow cell centers into the spleen. addition, our data on GM-CFC growth in
This idea is supported by the four- to fivefold vitro in the presence of serum from wounded
increase in CFU-s concentration found in mice ('able 2) point to a GM-CSF which
the peripheral blood 3 days after wound could promote growth of such cells within

, trauma (Fig. 4) and the small decrease in the spleen and the bone marrow. However,
hind leg bone-marrow CF.J-s concentration in vitro demonstration of a CSA does not
at the same time. Regarding the leg marrow imply that such a material is effective in vivo.
decreases i,- CFU-s concentration, it is noted The data from other laboratories are equiv-
that the decrease was not statistically signifi- ocal as to an in vivo effect for CSA which
cantly reduced. It is not known if similar has a known capacity to stimulate olonal
reductions in CFIJ.-s concentrations occurred growth in vitro (see Ref. (I] for review).
in other bone-marrow cell compartments The M-CFC response patterns (Fig. 3) of
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splenic and marrow cells from wounded mice The myeloid proliferation recorded in this
were distinctly different from each other. It paper may be the result of host responses to
is known that mature macrophages are re- infection. While bacteria were isolated from
quired for repair of tissue damage at the the surfaces of the wounds, several lines of
wound site(s). Thus, one plausible explanation evidence mitigate against the direct involve-
for our findings could be that the recruitment ment of bacteria in these responses. These

, of macrophages at the wound site would are as follows: (a) Abscesses and pus forma-
result in the production of M-CFC progenitor tion at the injury site were never found. (b)
cells in the bone marrow to meet the demand. Cell cultures for in vitro testing (as described
The significant reduction in splenic M-CFC under Methods) and for microbial monitoring
might be the result of the demand at the site never resulted in bacterial growth. (c) Histo-
of injury being greater than the pooling of pathologic examination of the livers and
such cells in the extramedullary site. spleens in two animal series never revealed

In addition to the mobilization and differ- microbial growth. (d) Plasma C-RP levels in
entiation, the in situ proliferation of cells in three series of mice always returned to normal
mice after wound trauma may explain the levels between 5 and 7 days after injury.
increased concentrations of clonogenic ele- After the primary C-RP response subsided,
ments depicted in Figs. 1-4. We previously there were no secondary increases indicative
reported that hydroxyurea (HU) treatment of delayed infection. Along these lines, the
of mice, at a specific time after wound trauma C-RP response is severely increased after
and before irradiation, (1) ablated the endog- infection compared to that noted here after
enous colony-forming unit (E-CFU) response trauma [13]. (e) We reported that the appro-
seen in subiethally irradiated mice and (2) priately timed wounding relative to lethal
obviated survival seen in mice wounded prior radiation exposure results in survival [5].
to a lethal radiation dose [5]. Since (1) pro- Survival from radiation is not possible if the
liferating cells are sensitive to HU and (2) animals are infected. Lastly, there is no dif-
survival from radiation is dependent upon ference in the rate of wound contraction
pluripotential cell proliferation, it may be between conventional and germ-free rats even

* that wound trauma results in in situ clono- though the intensity of the inflammatory
genic cell proliferation. It should be stated reaction is greater in animals with a "normal"
that the proliferating cells measured by the bacterial flora [2]. Along these lines, in the
E-CFU assay [5] and the cells measured by rat, skin wounds infected with various bac-
the CFU-s assay in this report may or may terial species prior to closure had a greater
not be estimates of a similar clonogenic cell tensile strength than uninfected wounds [ 15].
population. Lastly, it is not known if GM- While our observations seem to limit any
CFC and M-CFC generation occurred in situ direct effect of bacteria upon host clonogenic
after wound trauma, mycloid responses, indirect effects may be

Our findings of increased serum concen- mediated by bacterial endotoxin. Bacterial
trations of C.RP in mice up to 5 days after endotoxin is a known stimulator of myeloid
wound trauma (' able 3) may be of signifi- proliferative cells (11] and may cross dis-
cance in interpreting our M-CFC data. There rupted intestinal cell-tight junction barriers
is in vitro evidence that C-RP inhibits mac- into the circulation after trauma [20]. Also,
rophage colony growth [9]. It is interesting endotoxin released by bacteria at the wound
to consider that the increased C-RP levels site into the circulation could contribute to
noted after wound trauma might inhibit the myeloproliferation. Experiments to detect
in vivo expression of M-CFC. However, it is wound-related bacteria and their endotoxins
difficult to conceive how increased levels of and their effects on mycloproliferation in
C-RP in vivo could simultaneously inhibit trauma situations remain to be done.
splenic M-CFC while marrow M-CFC The pathophysiologic stimulus of wound
tended to be increased, trauma may result in the release of other
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substance besides CSA and C-RP that can Proliferative responses of lymphomyelopoietic cells
4 modulate hematopoiesis. Among the most of mice after wound trauma. .Trauma 20: 141,

physiologically important are adrenalcorti- 1980.
7. Leibovich, S. J., and Ross, R. The role of thecosteroids and prostaglandins. macrophage in wound repair. A study with hydro-Adrenalcorticosteroids have been impli- cortisone and antimacrophage serum. Amer. J. Pa-

cated in host adaptation to the stress of thol. 78: 71, 1980.
wound trauma [18]. Corticosterone released 8. Lord, B. I. The relationship between spleen colonywoun trauma [18] cotoFU-s populais production and spleen cellularity. Cell Tissue Kinet.
after trauma may control CFU-s populations 4: 211, 1971.
in vivo in mice since adrenalectomy prior to 9. Marcelletti, J. F., Johnson, C. S., Mortensen, R. F.,
wounding resulted in two- to threefold in- and Furmanski, P. Effect of C-reactive protein on
creases in CFU-s over that for intact ani- granulocyte-macrophage progenitor cells. J. Lab.
m 8 Clin. Med. 100: 70, 1982.

10. Mergenthaler, H. G., Staber, F. G., Hultner, L., andProstaglandins of the E series (PGE) were Doimer, P. The response of murine splenic granu-
recently implicated in the modulation of locyte-macrophage colony-forming cells to lipid A
hematopoiesis [4] and they have been impli- in vivo. Exp. Hematol. 10: 637, 1982.

' cated in the cellular events occurring after 11. Metcalf, D. Hematopoietic Colonies: In Vitro Cloning
wound trauma [21]. Along these lines of Normal and Leukemic Cells. New York: Springer-

a Verlag, 1977. P. 277.
M-CFC are more sensitive to POE in vitro 12. Moreno, H. Platelet function. In L. Menaker (Ed.)
than are GM-CFC [22]. Thus, it may be Biologic Basis of Wound Healing. Hagerstown, Md.:
that in our study reported here that the M- Harper & Row, 1975.
CFC responses were influenced by the en- 13. Morley, J. J., and Kushner, I. Serum C-reactive
dogenous release of POE after wound trauma. protein levels in disease. Ann. N. Y. Acad. Sci, 389:

406, 1982.Further testing along these lines is currently 14. Philip, M. A., Standen, G., and Fletcher, J, The
being done to support this point, effects of surgical trauma on human granulopoiosis,

Brit. J Haematol. 44: 263, 1980.
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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 lineage (the high proliferative potential colony-
forming cell, HPP-CFC [2, 31, 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 I 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 properties of
the GM-CFC [review, 361 but much less information on the new and

A' interesting HPP-CFC [2, 31.
The M-CFC was initially demonstrated by Lin and Stewart (261 in

the thioglycollate-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
imacrophages in liquid culture has allowed these investigators and others

I,
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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, 251, alveolar space [24], thymus and lymph
nodes [28, 301, and liver [81 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- and M-CFCs. The following is an outline of this
technique.

Culture Tedhique

There exists a great variation in media used today for culture of gra-
nulocyte and macrophage colonies, although the variation exists mainly
in concentration of basic ingredients rather than in the number of basic

* ingredients. Tihe list of basics includes:
(a) A tissue culture medium such as RPMI. McCoys Sa. 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
adequate 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 labtatory.

5%
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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 variability in the culture medium. The other is the
source of colony-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. [191 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-o-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, 461 or PMUE [5].

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

Ingredient Amount Ingredient Amount

CMRL 1066 (lOx) 150 ml L-asparagine 0.06 g
Fetal calf serum 200 ml Antibiotic-antimycotic (lOOX) 10 ml
Horse serum 100 ml Tryptic soy broth 6.0 g
Pyruvate (100X) 20 ml Sodium bicarbonate 4.4 g

_, L-serine 0.042 g q.s. to 1,000 ml with 3 X distilled water

Hints
(1) Careful check of the incubator for proper humidity and CO,

level. Incubators with 'quick purge' systems are a great help 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-mam 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 HO. This aids in preventing drying as

"a, 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).

'f
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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.

*. , Gr /l h Charac teristics o M-CFC

('oloi Fv ormation and Survival without CS,,1
All M-CFC exhibit two characteristics that allow us to distinguish

them from GM-CFC or HPP-CFC (22, 23, 28, 291. These are the lag
period or delay in initiation of colony formation (fig. 1) and their

I' d 4 a
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;'. Fig. 1. The appearance of GM-CFC- and M-CFC-derived colonies with time in cul-
i 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
i as peritoneal exudate, thymus and lymph node (b).
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.'. resistance to the absence of CSA in the culture system (fig. 2). The dura-
,:rlion of delay in initiation of proliferation is variable, but usually in tile

e .,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-

"el0 ,quence of the more readily available CSA and adherence of M-CFC.
Once colony formation is initiated. growth proceeds at a rate compa-rable toG the GM-CFC and FCP-b with a plateau in total colony for-

mation occ~urring at approxiniately 25 days of culture in the agar systenm
Sand 14 days in the liquid system.

', The M-CFC is also ch aracteri sticalfly more resistant to thetabsenceof CSA in culture although the presence of CSA is an absolute require-
tue:t (fig. 2), This resistance is most ikely a benefit derived fro their

t.
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Fig. 2. The differential sensitivity of QM-CFC and M-CFC to the absence of CSA in
culture.

* formation derived from GM-CFC to approximately 1020%, 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.
.4

Morphology of M-CFC-Dered Colonies
Exatnination of ,ells present in M-CFC-derived clonies at all sta-

ges of growth revealed only mononuclear cells and macrophages. Colo-
nies removed early in culture growth reveals:d mononuclear cells early in
the lineage of mononuclear phagocyte development, with inacrophages

-h predominating as time in culture increased 128-301. 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 Fc receptors.

"5%t
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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 observa-

• 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 C57B1/ 10ScN and C3H/
HeJ strains, both endotoxin-resistant by virtue of possessing the defec-
tive LPS gene, have significantly higher content of M-CFC in bone mar-
row, spleen, avid peritoneal exudate cells than do their paired endotoxin-
sensitive strains. Shown in table 11 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 least
nine different organs and tissue spaces of the mouse. It is also noted
that if we assume an equivalent plating efficiency for both GM- and
M-CFC. th bone marrow, spleen, and peripheral blood contain
(respectively) 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 [431, nonkey, baboon, and
human (unpublished observations. The siource of CSA used differs with
the species being investigated, The other general characteristics of th C
M.CFC 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 is endotoxin-stimuilated serum or plasma.
while that for nionkey. baboon, and human can be human placenta-con-
ditioned nedium or giau tell tumor-conditioned medium (GIBCO
Laboratorie. Grand Island. N.Y.).

10' VIoo q'Vm lm ! 4-'
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Table I. The concentration' and total content' of M-CFC within various tissues and sites within different
strains2 of adult mice

Strain Concentration

- Content

femur spleen blood thymus peritoneal
exudate

C57BI/6J 503 9.4 231 1.2 0

83,109 ± 11,300 9,869± 1,030 7,563 ±673 1,020±75 0

C57B1/1OSn 338 9.4 216 1.8 1.3

68,653 ±5,430 15,406± 1,100 7,776±811 1,575 ±86 40± 11

C57BI/IOScN 856 39 200 2.4 26

211,414± 16,540 62,228 ± 7,410 10,700± 1,245 2,117±405 1,022±48

B6D2FI 538 79 274 2.6 0

102,336±13,210 105,894± 11,418 10,500±893 2,353± 135 0

B6CBFI 854 43 210 2,4 2.2

108,225 ±18,105 31,640±3,715 9,450±750 1,860±214 62± 12

C3Heb/FeJ 599 37 303 2.0 3.2

86,004±9,930 53,825: 6,470 14.100±_ 1,075 1.850± 185 100± 17

C3H/HeN 979 77 225 3.8 0

103,475 ± 12,425 122,226± 8,750 7,875 ± 825 3,515 ± 310 0

C3H/HeJ 1,143 102 466 3.7 47

154,647±16,640 183,248 ± 12,225 19,600± 1,141 3,386.-±425 2,115 ±315

Concentration per 101 nucleated cells, total content is Per fernoral shaft, spleen, thymus, milliliter of blood
* and total exudate cells (± SUM).

2 B6D2FI = C57BI/bJ x DBA/2, B6CBF! C57B1/6J x CUA.

CSA was PMUE at 2.5% v/v.

V °
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Table 11. The concentration' and total content of GM-CFC within various hematopoietic
tissues of the adult mouse

Strain Concentration

Content

femur spleen blood

, C57B1/6J 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

C3Heb/FeJ 210 11.8 1.6

30,535±2,450 5,525+610 61 ±9

C3H/HeJ 281 8.5 2.5

37,208± 3,220 4,404+870 90±9

Concentration per 105 nucleated cells, total content per femoral shaft, spleen and milli-

liter of blood (±t SEM).

.1*.

Shown in table III 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.,erived M-CFC
We have detected M-CFC in fetal bone marrow, spleen. liver, and

thymus [unpublished observations]. Shown in table IV are the relative
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 each
organ, with the exception of the bone marrow where the values are

9 equivalent. GM-CFC are not detectable in the thymus of the normal
mouse. The fetal spleen and thymu. also have much higher numbers of
M-CFC than do the adult tissues (table I), whereas content and concen-
tration of the femoral M-CFC increase with age. Table V shows the con-

.,

*?
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Table III. 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 t 21,900

Spleen 0.20 ± 0.04 18.6± 2.7 121.99±9.72

2,285 ± 50S 157,997±11,525

Thymus ND 10.7 ±4.1 66.82± 1.54

75,983±7,805

Perioheral blood 1.4±2 33 ±6 5.3 ±0.42

76 ±4 1,749±471

CSA is plasma from rats perviously injected with endotoxin (50 rig, 5% v/v).
IConcentration per 105 nucleated cells, total content is per femoral shaft, spleen, thymus
and per milliliter of peripheral blood (± SEM). ND= None detected.
2 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 heterogeneous 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, 411. Sep-
aration of the early fetal liver GM-CFC by velocity sedimentation has

* -1
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Table IV. M-CFC and GM-CFC: the realtive' and absolute' values in 16-day-old fetal tis-
sue of B6D2F1 mice

Organ GM-CFC M-CFC

concentration total concentration total

Spleen 27±2.0 342± 67 255±48 2,850± 530
., Liver 30±3.5 16,032±731 112± 8 56,477 +9,450

Femur 13±0.8 200± 43 12± 3 214± 48
Thymus - - 63± 15 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' values in 1-, 7-, and 14-day-old
B6D2F1 neonatal mice

• Organ Age GM-CFC M-CFC
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 18,919± 1,097

14 26 ± 6 19,581± 677 243±30 86,779± 7,450

Liver 1 105 ±21 25,888± 1,281 507:±. 33 60,671± 11,800
7 9.5 ± 3 6,352± 427 43:t 8 22,956± 2,412

Femur 1 104 ±12 728± 126 333± 16 2,333± 407
7 45 ± 6 1,905± 204 92± 9 2,836± 600

14 119 ±11 6,431± 793 392±21 18,235± 808

Thymus I - - 124±11 1,338± 187
7 - 107± 7 3,009± 412

14 - - 77± 7 5,091± 610

I Concentration is per 105 nucleated cells, total content is per spleen, liver, thymus and
i! femoral shaft (± SEM),

shown these GM-CFC to have a very high sedimentation velocity with

two peaks at approximately 7.7 and 9,4 mm/h. whereas adult GM-CFC
sediment at a rate of 4.5 mm/h [13, 191. Using adult marrow we have
shown the GM-CFC population to sedimem at 5,2 mm/h whereas the
adult marrow-derived M-CFC sedimented at two distinct 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-CFC relative 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 Medullarv-Extramedullary Tissue to
A ntigenic 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 ind 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-
ence as a precursor of the macrophage, This large and widely disseminated
cell population would provide a maximal increase in potential effector
and/or activated macrophages throughout the moitonuclear 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, Cortne-
bacterium parvum, and Bacille bilks de Cahnette-Gu6rin [27, 31, 321.
However, the M-CFC also form part of the cellular 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 conterit of GM-CFC and M-CFC responding to injection of killed
C parvum (unpublished results. 27]. This is an incomplete 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 mononuclear phagocyte

, system is significantly greater than that for the (;M-CFC population as
well as the HPP-CFC. although there is an obvious difference in anplifi-

'I
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Table VI. The response' of mouse GM-CFC2 and M-CFC2 to intraperitoneal injection of
Corynebacterium parvum

M-CFC GM-CFC

* control C. parvum saline C. parvum

Femoral shaft 45 -80 55 - 90 18 -35 25 - 60
Spleen 21.5-40.5 275 -450 1.5 - 2.5 75 -120
Peripheral blood leukocytes 5 -18 25.0- 33.0 0.03- 0.07 0.3- 0.6
Thymus 1.5- 2.5 4.5- 8.2 ND ND
Lymph nodes 0.7- 1.5 6.0- 11.0 ND ND
Peritoneal exudate ND 3  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
Mac Vittie [271.
2 Range values X 103 per organ, femoral shaft, milliliter of blood and peritoneal cavity.
3 None detected.

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-
Aied 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.

Cell Lineage: Relationship to GM-CFC and HPP-(CFC

* In considering the hierarchy of these CFCs, results in our laboratory
1; 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
et 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 VIL The cell cycle status ' of bone marrow-derived HPP-CFC, GM-CFC, and

M-CFC: reduction in colony forming abilityz

Femoral content HPP-CFC GM-CFC M-CFC

Control 5,390 ±585 20,689 ±864 74,980 ±4,915
* Hydroxyurea 4,920 ± 809 11,844 ± 998 43,540 ± 2,603

% reduction 10.3± 2.3 38.0± 4.0 45.2_ 4.8

I 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, 441,
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. Our 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 HITPP-CFC are the least mature, followed by GM-CFC,
and then by the M-CFC. (b) If IIPP-CFC and GM-CFC colonies are
harvested after 7-12 days of culturesignificant numbers of M-CFC are
detected upon reculture of the dispersed cells, whereas H1P-CFC and
GM-CFC are not observed. This suggests that as the younger FiPP-CFC
and GM-CFC proliferate and differentiate in culture, M-CFC are part
of their progeny [unpublished results]. (c) M-CFC are not transpanta-
ble. as assayed from the hematopoietic organs of bone marrow-. spleen-.
or peripheral blood-transplanted nice, Their presence in the spleen and
marrow of transplanted hosts coincides with the detection of GM-('F'C
(unpublished resultsl. 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.

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-

.s lations, and indicate a strong degree of heterogeneity within the class or
population of M-CFC that is dependent on tissue derivation.

It is the heterogeneity of the M-CFC that may prove to be the most
illuminating aspect of the CFCs. 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, 481. M-CFCs derived from
bone marrow, spleen. perip' -ral blood, and alveolar space can be sep-
arated based on size 134, 44]. We have shown that marrow-deived
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 homogeneaus in size
and sediment at 4,1 mmih, while peritoneal exudate-derived M-CFCs
sediment at 6.5 mm/h. The marrow-derived GM-CFCs sediment at 5.2

mnn/h [34). Reppun et 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-CFs. 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 [8, 21, 231 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 monoclonal intibodies, 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 hematopoictic tissue, marrow, and
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 separaied 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 inacrophage heterogeneity? Can these
lie detected at the level of the M-CFC? As mentioned earlier in the text,
the use of monoclonal antibodies and sophisticated cell-separating tech-
niques should shed light on some of these intriguing questions. Our
laboratory is actively pursuing these questions, and with specific use of
the BudR labeling technique (Ilagan, this book]. we hope to determine
the in vivo turnover times of marrow-derived versus tissue-derived
M-CliC 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 immediately after stimulation with compound
The kinetics of Call uptake and efflux have been 48/80.

measured In rat peritoneal mast cells stimulated with
compound 48/80 using rapid mixing and a silicone oil
centrifugation technique. Responses at one-second time Materials and methods
Intervals were resolved beginning as early as three seconds Solutions
after Initial stimulation. The results clearly demonstrate that Tyrodes A buffer contained 137 mM NaCI, 2.7 mM
Call uptake occurs after the iiation of histamine release. KC1, 0.33 inM NaHPO,, 12 mM NaHCO,, and I 8/l
Call effiux occurs simultaneously with histamine release, glucose (anhydrous). The buffer for poritonecal extractions
The implications of tbws flndlnp are discussed and the was Tyrodes A, containing 10 iW./ml of heparin (Riker
""baquo Isdescribed. Labs, St. Louis, MO) and 0,25% (w/v) bovinec serum

albumin (fatty acid-free, fraction V, Miles Laboratories,
Jntroduction Elkhart, IN). Hanks buffer was prepared with Hanks

As a part of our laboratory's investigation of Balanced Salt Solution (Gibco Labs, Grand Island, NY;
the role of the mast cell in radiation injury we are without Cal", Mgl* and phoe) red) to which was added 0.8

niM Cal*. 0.8 muM Msg-, and I mt/mI bovine serum
studying aspects of the biochemistry of the albumin (fatty acid-free). Compound 48/80 (Sigmal
secretion process. The absolute requirement for Chemicals, St Louis, MO) was dissolved in Hanks buffer.
calcium in many secretory processes including 43CaC , (10 mCi/mi, 39,2 irCi/mg, New E~ngland Nuclear.
histamine release by mast cells is well established Boston, MA) was propared as ak 1.0 mCi/ril stock solution in
I 11. In the mast cell there is an uptake and release water.
of Cal+ associated with the release of histamine Mast cell pulification
stimulated by a variety of releasing agents. There MAIe Spraguet-DAWley rats 1,20"-00 &) Were sac,
have been several reports detailing the measure- rificed by carbon dioxide inhalation. Tyrodes A extraction

* ment of the time course of histaine release in buffer (20 vol) was injected into the potitoneal cavity, and the
compound 48/80-stlmulatcd mast cells 12-41 and fluid waN drained thtougli'tin incision. The resulting cell

Ca2 flues ssoiatd ithstiulaion(1. suspension conined 3-7% matt cells and 4fter ccntri-the Ca*fue soitdwt tmlto 5 fugation through a 38% albumin gradittnt 161 mast cells were
However, the fact that compound 48/80- recovered with a purity of greater than 95%. Cell viability
stimulated histamine re~lease is completed in (trypan blue dye exclusion) wai greater than 93%. E~ach
approximately 10 sec has made it difficult to animial yielded 1- 15 106 nums cci (direct cel count).
ceri rthfew seeco avter stimurtin Simul thoea utleexe
dctrine frtfew seuene ofteventsiocurrting Simu the uballllfd C al itp ia c ict"We uiid oswr
taneous measurements of compound 4880 or Call C titt xeimnsteprfideisw
stimulated histamine release and associated Ca2 re-equilibrate 'a'* lcvels in the cell after the isolation
fluxes which demonstrate the time relationship of procedure. A 1"iniuni 30 rnii incubation in Hanks buffer is
these events htavc not been reported. required under these conditions for the cell to maximirtc the

In this report we describe the simultaneous Call association. The cell suspnsion was then cesitriifuged
measurement of Cal' fluxes and histamine at 1000 X g for 5 inin at 81C to pellet the cells. The

supernatant was remnoved and the pellet stored at 401C -ntil
release in the rat peritoncal mast cell in thc period ued.
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4 Preltteubatlon for Ca't efflux experiments experiments, 41Ca2+ carried from the reaction mixture can
*For Ca2+ effiux experiments 45sCa2+ (10.0 pCi/mi) was contamtiatec the pellet with unincorporated *3Ca2+. For these

added to the pre-incubation buffer during Ca2+ re- two reasons improper injection technique can lead to errors
* equilibration in order to label the cells with 45Ca2+. The cells of sufficient magnitude to make good time resolution

were then separated from the radioactive medium by first impossible.
layering the cells over silicone oil (Versilube F50, General
Electric Co., Waterford, NY; 2 ril cells per 2 ml of oil) and Microfuge tube proctssing
centrifuging the cells ut 2000 x g for 10 mini at 250C. The The following steps apply to both uptake and efflux
radioactive incubation mnedium and oil layer were carefully experiments unless otherwise noted. After completion of the

*aspirated from over the cell pellet. The pellet was resuspended centrifugations, 0.10 ml of the reaction medium was
in 15Ca'-free Hanks buffer (approximately 106 cells/mI) and withdrawn to determine the amount of histamine released by

*incubated an additional 15 min at 370C to remove loosely the mast cells. For the efflux experiments an additional 0.20
bound 45Ca2+. This step reduces the background radioac- ml was withdrawn to measure the amount Of 43 Cal* released
tivity during effiux measurements. The cell suspension was from the cells.

*then centrifuged (1000 x g for 5 min at 80C), the The remaining aqueous phase was removed and
supernatant removvd, ai-.d the peilet stored at 40C until used. discarded, using a Pasteur pipette attached to Pa vacuum

source. The nil layer was aspirated using a circular motion
Rapid spmpling tecbnl mc along the walls of the tube to help ensurr, in the citse of.

The sampling technique in these experiments is derived uptake experiments, that no 41Ca2+ medium travels down the
* from the silicone oil centifugation method of WOHLUtTrER walls of the tube to contaminatt the pellet. It is desirable to

et al. 17 1, modified by us to allow simultaneous measurement remove as much oil as possible from the tube as long as the
of histamine release and Call fluxes in the mast cell. pellet is not disturbed.

Hanks bulTer (0.45 inl) containing 0.8 m.M Cal+ (with Before processing, the cell peilet was removed from the
or without 1.8 uCi/mI 'Ca2+) was layered over 0.2 mil of mierofuge tube by cutting off the tip using a rat guillotine
silicone oil in a microfuge tubt (1.5 mil polypropylene (Harvard Apparatus, Dover, MA). This avoids con-
Eppendorf' style). Up to 12 tubes were loaded into a tamination of the pellet with any radioactivity remainig on
microfuge rotor (Brink man, Model 5413) which was placed the walls of the tube,

* into a water bath at 371C for 10 mini. Experiments were The pellet was then disrupted to diztertnine the amount
begun by quickly returning the rotor to the microfuge aid of histamine remiing in the cell-, and. in the case (if Cal*
carefully injecting (see below) 0.05 ml of a most cell uptake experiments, the amount ol' "Cl associated withi
suspension (6 x 104 cells/nil, previously equilibrated to the cells. A solution OS mIl) containing 1% (w/v) Triton
370C) into each tube. Samples were centrifuged (13,500 x X-100 (New Lingland Nuclear) and 1% (vlv ) Aentionox
S) for 30 see, which forces cells out of tlte reaction medium (American Scientific Products, McGraw Park, 7L), was
and into thle oil. stopping the reaction. The cells formn a pellet added to a inivrofugo tube containing the cut tube tip And
at the bottom of lite microfuge tube. Both lte pellet aid (tic pellet. Tile tube w'yes allowed to stand (br at leost an hour to
aqueous phase were then processed Independently. softel lte pelilet weorc lte tube was vowtexed to ensure

No detectable temperature change was observed In (thc suspension of the disruptcd cells. A pvoun of this
reaction mtediumi during the time required to deliver and suslwreon (0,10 ofl) was then rentoved, diluted4 to .00 nil
react lte cells. Measurements at 2 -sec Intervals wero uith wnwe and used for histamiine determination. lit tht clase
obtained lin these experiments. However, It was found that I of Wt uptako maue til te remainder of the sutle U.
%cc itrvals could be easiy and reproducibly ubtalutd, sion was conAerVe nic11asure die wamount of 4*Calt

Ct dtlivery tectmique
lhe .l suspensi was delivered to the reaction 0Cal Uttitm a tkn

MINtur by means1 Of a reeatig Syringe (Model P600. To detemite lte amiount of Wa' released f'romt the
Hamnilton Co.) fitted with a siliconil-ed. I nil gas-tiglit s-rinige celli during eillux experiments anl aliquot Of the supennatat
(Model 1001, Hamviltoni CoA) A 1.5 ill. no. IS syringe necdle (0.20 ml) was addied to 18 ml (if Aquasol liquid scintillationl
was modifickd to serve As Ani injeLtor siottl by reillo-Villf tile Cocktail (New lulgland0 Nuclear). For thle Uptake expei-
lxoint and polishing thie end before bending (thc needle 45 ineas tht eutire nierofuge tube contsininig tile pro asead
degrees oftfline at a pioint about S man fron (tie polishecd tind. pellet fraction was place into a scintillation vial with 18 tol of
Thjis particular construction seives two purposes. F~irst. the Aqutasol for counting. RadiOactiVity il lte SAMPles Was
injector has time proper overall length to provide cootrollable deterilincd with a lIewlett.-Packard Mark Ill Liquid
access lit tile reaction mixture in tile nmvierofuge tube. And. scinitillationi Counter. Counting eflicienlces were generally
second, lte bend in lte injctior neetdle allows the direct 60% anld colstant frr a given expetiient.
injection Of the cell suspengioll into tile miediwn without To calculate thie amount of Ca"' taken up or Ncased

-disruptilig thie oil-aqueous phiase interfa-ce. It i% inmportant by th1C mnlas (XilS, raw 0"al couot% per minute (c.mn.)
that tile injector Ie hield at an appropriate An&g such that [lhe were 6irst adjusted to account for thle variable number of'
cell suspension, when injcted. does not fornm ecli-containing cell% rsn nccmasytbe hswsdn ydvdn
droplets beincath the ititrface. F~ormation of' these droplets 41 c.P.,n. by thle total histamine presen lt in both tIke suivrnnktant
ltme oil canl prevt thle cells front being adequately exposed and pllet fractiorns (approximiately 10 pg per 3 x 10, cclis)
to thie reaction mimtr above thie oil. lin addition. Wlnte of and expressinig thle amloutit of Call as c.p.m. per 10 Pg
thlewe cell-containilng droplets canl have smaifcicnt density to Ilistanilne. The c.p.m. from utntreated cells was %ulinaewd
be carried downt to thme pellet during centrifugation. 1iis con iroui tat of cells ekxosed to cwqpound 48180 to give #let
t10u1h not1 only ill U lOWAs Pellet that is easily disrupted whenh c.pnm. (if Cal' uptake or clllux. Percent anaximurn retponse.

* the oW Layer ma aspstte. but aso ill ltme case of Cal' uptake was deterntined by ocparig time net c.p.m. of Call at each
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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. 100

Histamine determination -

Samples were analysed fluorometrically for histamine 4/
on a Technicon Auto-Analyzer II system (Tarrytown, NY), + 0']~ll~lusing the method of Siraganian [8, 9]. The amount of Lu 80 /
histamine released was calculated as a percent of the total Z
histamine in the cell. Net histamine release was determined O /

by subtracting the histamine release from untreated cells 0W
(approximately 4%) from the amount released from treated CC
cells. The percent maximum response of histamine release 60
was calculated by comparing the net histamine release at ;
each sampling time with that observed 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 WAUD [10, 0

,* 111. The program calculates three characteristic parameters Il
which describe each curve (the plateau point: Rmx; the slope w

function; and time of half-maximal response: t5 0), computes M . . + UPTAKE
a, analysis of variance to test for a common slope function L. 20 -
among the group of curves to be compared, and computes -- a-- HISTAMINE RELEASE
individual values of 15 for each curve using the common
slope function. A direct comparison of 150 is allowed if there 1
is a common slope function and common R., x (always -

100% here, as the result of the normalization calculation). 0 . I I I I

The mean values of ts0 for each group of curves are 0 3 6 9 12 15 18 21 24
calculated and the means of simultaneously derived his- TIME OF REACTION (SEC)
tamine and calcium data compared using the Mann- Figure 1
Whitney U-test. Simultaneous measurement of histamine release and Ca +

uptake in mast cells incubated with 1.0 pg/ml compound
Results 48180. Cells incubated without the secrctagogue showed no

.Figure 1 shows the results of experiments net histamine release or Ca2 uptake over the time periods hesute ands hown. Each point represents the mean ± SE of 10simultaneously measuring histamine release and determinations.
Ca 2+ uptake in mast cells stimulated with 1.0
'pg/ml compound 48/80. Each curve shown is a
composite of 10 individual experiments with 0.5 sec (mean ± SD). This is in the range of
common slope functions and Rm X. The mean ± previously reported observations 141. Ca l - up-
SD of slope function for the histamine and take is completed within 18 sec with half of the
calcium composites, 4.97 + 0.33 and 4.18 + association occurring by 6.9 ± 0.7 see (mean +
0.25, respectively, were not significantly different SD). Thus, Ca2+ uptake begins after the initiation
(Mann-Whitney U-test: P < 0.002). Cells in- of histamine release with a lag time of approxi-

- cubated without the secretagogue did not show mately 1,2 sec. This difference in to between the
histamine release or Ca2+ uptake above average curves is significant (Mann-Whitney U-test, p <

*' background levels (4.3 ± 0.6% and 35 pmoles 0.002).
. per 106 cells, respectively) over the time period It should be noted (Fig, 1) that although the

tested. Data are expressed as a percentage of Cal" uptake curve reaches an apparent plateau
maximum response vs time after stimulation, The by 22 see, it does not reach an absolute plateau
respective plateau levels represent a net histamine over the short time course of these experiments.
release cf 50.6 ± 1.2% and a net Cal" uptake of This fast, stimulus-related uptake is followed by a
56 pmoles per 106 mast cells. There is a finite much slower association of '6Ca2 + with the cell
time between switching on the microfuge and the continuing for approximately 30 rain 15, and
cells becoming effectively separated from the unpublished data). It is likely that this reflects an
incubation medium. This time has been estimated exchange of 41Cal+ from the medium with
to be 2 sec in a system similar to ours 171. The cellulrr Ca- + pools not equilibrated with the
time intervals in all figures reflect this delay. isotope.

Histamin,: release is completed within 12 to Figure 2 shows the results of simultaneously
14 sec with half of the release completed by 5.7 ± measuring histamine release and Cal* efflux from

, ", + ' '":.. ' " "' ... '.€ '"¢ .. J .. ''; '" ". " -''.€e",.:.+._.,.: ... ,...%.
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effectively the intracelular calciurnt pools are
T __ _.. saturated during the preincubation step with00 -4 Ca + we could not calculate the absolute

amount of Cal+ released upon stimulation. The
plateau level in Fig. 2 corresponds to a net release

80 - of 5275 c.p.m. of 4 Ca2 + per 106 cells.
Histamine release and Ca 2+ uptake and

01 efflux appear to have a lag time of approxi-
mately 3 sec following initial stimulation. This is

x60 consistent with previous observations [4]. No
attempts were made to interpret the nature of this

-I delay.
X

,.40 Discussion
T-. Compound 48/80 is a non-immunologic

Z- secretagogue commonly employed to study the

SCa 2 EFFLUX mechanisms involved in histamine release from
-. 20 HISTAMINE RELEASE mast cells. Early attempts to measure the rate of

compound 48/80-induced histamine release were
unsuccessful since thu techniques used were too

Sslow to detect the rapid changes occurring in the
0 3 6 9 12 15 1 21 24 cells after stimulation. MORAN et al. [21 reported

TIME OF REACTION (SEC) compound 48/80-induced release in mast cells
Figure 2 occurred within 20 sec at 22 0C, but it was not
Simultaneous measurement of histamine release and calcium known how the time course of the release was
efflux in mast cells incubated with 1.0 pg/mI compound influenced by the non-physiological temperatures.
48/80. Cells incubated without the secretagogue showed no
net histamine release or calcium efflux over the time period BLOOM et al. [31 obtained a reproducible
shown. Each point represent the mean ± SE of 9 measurement of histamine release as early as 5
dot rminations, and 10 sec after stimulation with compound

4" 48/80. These early time intervals were obtained
cells preloaded with IsCa2+ then stimulated with by terminating the incubation with the addition of
1.0 pg/ml compound 48/80. Each curve shown is a tenfold excess of cold buffer, thus lowering the
a composite of 9 individual experiments with temperature and diluting the concentration of
common slope functions and R.. .The mean ± secretagogue to non-releasing levels. In these
SD of slope function for the histamine release and experiments histamine release was shown to be

' ~. calcium efflux composite curves, 4.94 ± 0.33 and completed within 10 sec at 370C. BLOOM and
4.65 ± 0.16, respectively, were not significantly CHAKRAVARTY (4] later were able to obtain 3, 5,
different (Mann-Whitney U-test: p < 0.002). and 8 sec samples using the same dilution
Cal+ efflux occurs simultaneously with histamine techniques. They showed histamine release to be
release and follows a similar time course until initiated in 3 sec and completed within 8 sec,
completion of the reaction at 12 to 14 sec after times roughly comparable to those we report
stimulation. The Iso for histamine release, 5.5 ± here, Theii techniques were not suitable for
0.3 sec (mean ± SD) and the t,, for calcium detecting the Ca + uptake and efAlux which
efflux, 5.7 ± 0.4 sec (mean ± 0.4 sec (mean ± occurs as rapidly as histamine release in comn-
SD) were not sigrificantly different (Mann- pound 48/80-stimulated mast cells,
Whitney U.test, p < 0.05). Cells incubated Attempts have been made to examine the
without the secretagogue did not show histamine role of Ca2 + in the secretion process by trying to
release or a Ca' + efflux above the average determine the relative sequence of histamine
background levels (4.0 ± 0.7% and 1495 c.p.m. release and Cal + uptake occurring in the
f. o'Ca per 106 cells, respectively) over the time stimulated mast cell, but results wexe often con-

period tested. In these experiments the plateau tradictory OROSMAN and DAtMANr 151 correlated
level represents a net histamine release of 50.1 + the binding of "3Ca2 + in rat mast cells stimulated
2.3%. Since we are unable to determine how with compound 48/80 and other releasing agents

1*4 t' - * ~' . . . . t -* * . . . S - f -_4 _
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with histamine release in parallel samples, using release will occur at almost optimal levels in the
the same pool of mast cells. Their measurement absence of external Cal + [161, provided the
techniques were not capable of elucidating events internal stores of Ca2+ are intact [17, 181. This is
occurring in the seconds immediately after unlike the histamine release stimulated by the
stimulation, but their results suggested histamine antigen-antibody reaction which requires Ca2+ in
release occurred more rapidly than Ca2+ uptake, the incubation medium before any significant
a fact which seemingly contradicted some of the histamine release will occur [1 1, though exep-
notions of stimulus-secretion coupling as tions to this observation have been reported [201.
originally proposed [121. In support of these find- Other workers [211 have presented data support-
ings SUGIYAMA [13] detected a late association of ing the stimulus-secretion coupling notion that a
Cal + in rat mast cells stimulated with compound Cal+ influx precedes histamine release in
48/80. It was suggested that the Ca2+ uptake immunologically-stimulated cells, but their data

' might be occurring as a result of exocytosis. do not provide information at a stage early
However, RANADIVE and DHANANI [141 enough in the release process to allow one to
performed experiments which showed Ca2 + did determine whether Ca2 + uptake or the histamine
not diffuse into cells previously degrianulated with release process begins first. The methods outlined
compound 48/80. Therefore, whether Ca2 + up- in this report will assist in answering this
take represents the Cal+ which triggers secretion question.
or merely occurs as a consequence of exocytosis, In terms of the time sequence of Ca2 + efflux
whereby non-specific binding sites for Ca2 + are relative to that of histamine release stimulated by
made available, is still a matter in dispute. compound 48/80, these experiments show that

In our attempt to resolve some of these the efflux occurs simultaneously with histamine
questions we have demonstrated the capability of release. This suggests that these two events might
differentiating the temporal sequences of the occur as the result of some common process.
histamine release reaction and associated Ca2+  Recent findings [22, 231 suggests that the granule
fluxes at several consecutive time intervals during matrix contains concentrations of Ca2  several
the early stages of histamine release. This times greater than the cytoplasmic concen-
technique allows the monitoring of both his- tration. It is therefore possible that granule-
tamine release and Ca 2+ fluxes in the same tube, associated Ca-+ is released at the time the granule
with the ability to correct the Ca2 data for the matrix is exposed to the external medium. The
number of mast cells present in the assay. extrusion of Ca2+ from the granule may represent

It is clear that Ca 2+ uptake begins after the one of the mechanisms the cell utilizes to return
initiation of histamine release, suggesting that at cytoplasmic concentrations of Ca2 + back to
least the bulk of the Ca2 + that becomes pre-stimulation levels.
associated with the cell after stimulation with We report here a rapid sampling technique
compound 48/80 is not responsible for triggering for the simultaneous measurement of histamine
histamine release. The Ca2 + association seen here release and Ca 24 fluxes in the rat mast cell during
is not spontaneous or nun-specific since control the first several seconds following stimulation by
cells incubated without compound 48/80 did not compound 48/80. It is an inexpensive and
show any significant net Cal+ uptake or efliux reasonably simple technique that is quite precise
over the time course studied. if samples are carefully processed. It allows the

Compound 48/80.stimulated histamine resolution of one-sec time intervals beginning
release is in many ways different from the release approximately 3 sec after initial stimulation of the
stimulated by other releasing agents. Therefore, it cell, providing the most precise and accurate
is only speculation at this point to suggest that measurement reported tor Cal+ fluxes and
the sequences of Cal+ fluxes and histamine histamine release occurring in the stimulated
release observed with compound 48/80 might mast cell.
reflect the sequences occurring in mast cells
stimulated with the more physiologically interest- ,4 ,. ,Iot'dIIt'

iFor example We wish to thank L. May mud J. K. Poplack for theiring immunologic secretagogues. Fe helpfil suggestions during the preparation of this
although compound 48/80 will stimulate the __auseript,

uptake of Ca2+ from the incubation nedium
when external Call is available 151, histamine Reeeive,. 25 July 1983; ccepte4 18 Noven ber 1983
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Hexose Regulation of Sodium-Hexose Transport in LLC-PK1 Epithelia:
The Nature of the Signal
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Summary. Wehave shown previously that the concentration of of LLC-PK1 cells to transport a-methyl glucose
glucose in the growth medium regulates sodium- coupled hexose (AMG), a nonmetabolized glucose analogue. de-
transport in epi~helia formed hy the porcine renal cell line ,lCt- velops slowly with time after seeding, reaching a
PKj. Assayed in physiological salt solution, the ratio of the con- mxmmatr3t ek 4 ,11 hs
centration of a-methyl glucoside (AMG) accumulated inside the mxmm atr3t ek 4 .1] hs
cell at steady state to its concentration outside, and the number changes presumably reflect increasing expression of
of glucose transporters, as measured by phlorizin binding, was the sodium-coupled hexose carrier, Recently we
inversely related to the glucose concentration in the growth me- have shown that sodium-dependent hexose trans-
dium. In this study, using a cloned line of LLC-PKt cells, we port tn this cell line is affected by the concentration
pro% idc evidence that the difference in AMG concentrating ca- of glucose in the growth medium [10). Epithelia
pacity is the result of a regulatory signtal and not simply due to a grown in medium containing low concentrations of
selection process where the growth of cells with enhankced glu- guoedvlpamc ihrtasotcpct
cose transport is favored by low glucose medium or vice-versa, lcs eeo uhhihrtasotcpct

'IBy adding glucose to conditioned medium tcollected after 48 hr for AMG than cells grown in medium containing a
incubation with cells and therefore containing less than 0. 1 i high concentration of glucose. Furthermore, this
glucose), we demonstrate that the signal in the growth medium is phenomenon is reversible. When epithelia grown in
indeed the concentration of glucose rather than another factor high glucose medium are switched to low glucose
secreted into or depleted fronm the medium. Fructose and man- medium. or vice versa, the transport capacity ot the
tiose, two sugars not transporteds by the sodium-dependent glu. ephlimfrA Gnrassodcessacr-
cose transporter, can substitute for glucose as a carbohydrate nlTeecagslietedvop ntfth
siource in the growth medium and have it modest glucosc-Rie iil.Teecags ietedvlpeto h
effeet on the transporter. Growth in medium containing AMC sodium-coupled hexose transport system itself, are
does not affect the transporter, indicating that the regulatory slow, requiring mlore than 48 hr before significant
signal is not it direct effect of the hexose on its carrier but in. effects on AMG trantsport Clkpacity 111rC ippilf-elt.
volves hcxo,, e t aboli sill, Phlorizit binditng measurements indicate that it is

the number of sodiumn-dependcrnt glucose trans-
K~y ord cuturd eithliahexse ratspot tansort porters that is affected, epithelia grown in low glu-

regulation cose have more carriers than epithelia grown in high
Intrducionglucose (101, lIn ihe presen study. we investigate
Introdctionthe mnechanism underlying this Phenomenon. Wc

provide evidence that the difference in ANIG tratis-
LLCP11<tis a continuous epithelial cell litle derived port canacity is, the reSUlt Of It regUlator01y sg and

fromporcne idne 15, Th cels gow ith hei notsimly de a itlctionl process wheredi
basal surfaice oriented toward the supporting sub- growth of' cells with enhtinced glucose transp'ort is
stritte and form confluent epithelih with miany char- favored by low glucose mredium or vice-veraa Vur-
acteristics of the proximal tubule 16. 12-141. lIn par- thermiore. we show that the regulatory signal is thle
tictllat, they exhibit at sodium-coupled he xose glucose concent rat ion itself rathler thani the pres-
transport system in th16ir apical plasmna membrane ence or absence of' some other -factor secreted into
I. 1. 7., 9, 101 with propel-ties similar to thle apical or depleted fr-om the mediim Lis it result of the gIlt-
plasmia memibranie 1)-glucose transporter identified cose concentration. Finally. we rule out the possi-
in the late proximal tubule (8. 9. 16. 171, The ability bility ihat the regulatory role of to-glucose is due to

<0 or -* - %,' % % * ,

~ 4 s 4 4 % ,,* *,\S ~ '% %
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Fig. 1. Steady-state AMG-concentrating capacity of a cloned Fig. 2. Regulation of AMG-concentrating capacity in fresh and
cell line as a function of time in culture. The cells were grown in conditioned media (medium collected after exposure to cells for

* media containing 5 mmi (0i or 25 mm (A) glucose 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, (0) switched to conditioned
medium supplemented with 25 inst glucose, and WU continued

a direct effect of transported substrate on the car- growth in medium with 5 mms glucose
Her.

Materials and Methods mercial sources. A cloned cell line of LLC-PKI was kindly given
to us by Dr. John Cook of Oak Ridge. TNX The cells were cloned

Cell, were grown in cluster-l2 wells ats previously described 19, by repeated limiting dilution by Dr. Kurt Amnsler in Dr. Cook's
* 101. We assayed sodium-coupled hexose transport by measuring laboratory. The cells were grown in medium containing 25 imm

the steady-state concentrating capacity for AMG its described glucose for two p~issages and then subeultured into two different
*earlier 19. 1011. Briefly. on the day of the experiment the epithelia miediia it Cluster-12 wells,

were rinsed with phosphate buffered saline (PBS) and then incu-.
bated with PUS5 containing 0. 1 nm I '4Cl-AMO and 0. 1 aim I'H I.
raffinose hiln extracellular mnarker) onl at mechanical shaiker t

room temperture for 5 hir until a steady-state condition had been Results
achieved. The incuibation miedia were sampled and lte cells
rinsed and then solijhilited using 05'q Triton X-ttN) inl water, In previous studies I 101 we have observed that the

*Sainples for counting radioaictivity and for protein determination
were taken. vokm a eeue on h hatige in AMG concentrating capacity of LLC-11KI
le sugar 3.0mehyl glucoside tO) that does not acuimulatte epithelia itt response ito it shift in the concentration

itti s ells I. Oluicose cnnttinwas mea:1suired tsilig a of glucose in lite growth niedia is not evident for tt
Ilcknn pttvow mualytit. Ihc AMOi Vocetrtiutcicty Is least 48 hir. A slow respotnse such ats that miight
explresed as thle s~tady-state ratio of AMO accumuklatrad Inl cell result it' lte glucose cotncetntration in the ineciun
"oater tot tOwt in the inicublation mediumn. To estiniate the ttnliler selects cells fromt it heterogenious Population. To
ofcellh in at plate thle epithelia werie suspiended by trypsin and thle eaut hspsi~lty eue lte ue
cells were countedl with a it ctmt The data pItits illNs
trated ill the figure, aire thle mean and standard deviation deter. 1.1.C-I1K, cells. Ftgure I shows cottcetitrttg ell-
miined from three well%, Rv~ut of rersnaieexperinett pacity of lte clotned cell line ats it function of days itt
are showst, growth inedia prepared to contaitn 5 or 25 trim glu-

cose. As we have previously showtn for the parent
.4cell line 1101. cloned cells growni in 3 1111 glucose

MA VERIALS. attainled it much highetr coticentrating capacity 1th111
l"C-AM. O~tan 1111rafinw %creobaintiI'vinNc~ lte sante cells grownt itt mediumi contaittitg 25 ami

E~ngland Nuclear I Boston. MAt. Unlabledc~ ruflinose an~d 30M glucose. lTtus, it is unlikely that growth inediutti
*were frima C'i1l Iltwhem. 11.41 Jolla. CAt. Otidine and tiniihvhed with at low cotcenltrali-Oti of'glucose acts mierely by

nttnosc~wrieswere from sigman Chlemicals (%I. l~m.MO). selecting against cells with at low number~l of glucose
*Other clictmttcals were tflt hthe m ltirtg ty viluble frstn coni- tran11sporter%.
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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- 0
taining: 5 mm~ glucose + 5 mm uridine (4, A) and 5 mmi uridine 0 5 10 15 20 25 30
(0, 0), and 25 mm glucose (*). Some epithelia (4, 0) were fed TIME IN CULTURE (days)
every 8 to 12 hr-, the others were fed every 48 hr

Fig. 4. The effect of different substrates in the growth medium
on the AMG-concent rating capacity. 5 mm glucose kA). 25 mm
glucose (*). 25 mm glucose + 5 mm uridine (0). 5 mut uridineTo identify the factor in the growth medium re. (V), 25 mm mannose (0). and 5 mm glucose + 5 mhs uriditle(*

sponsible for the regulation of glucosie transport, we
compared the effect of fresh medium with that of
conditioned medium. The conditioned medium used
in these experiments initially contained 5 mmt glu- decreased below 0. 1 mm after 15 hr (data not
cose and was collected from LLC-PKt epithelia af- shown). By feeding the cells every 8-12 hr with
ter 48 hr in culture. Consequently, it contained less medium containing 5 nm glucose. th~e concentration
than 0, 1 mm glucose. It should also contain or be of glucose in the medium wats maintained above I
depleted of any other factors that signal the epithe- mm. All media in this experiment Were supple-
hium to develop more hexose transporters. Epithelia mented with 5 mmnst-idine. which has been shown
grown in the usual fashion in 5 mmt glucose for 14 to support cell growth in the absence of glucose or
days were switched into either conditioned medium other carbohydrates in thle growth medium 131. Fig.
supplemented with 25 mms glucose or into fresh me- 3 depicts the result of this series of' experimlents.
diumn containing 25 mms glucose. As depicted in Fig. There is not difference between the concentrating
2. conditioned medium supplemtented Withi 25 mms Capacity of' epithelia fed in) thle customary fikshionl
glucose caused the same suppression of the AMCi (every 48 hr) with 5 am glucose and those fed Withi
concentrating capacity as fresh medium containing glucose-free mledium containintg uridinergadls
25 slim glucose. Since the conditioned medium of how often thle littler were fed (cells were in media
should contain (or lack) any substance that wits se- colitaining zero or less thtan 0. 1Il mtdglcowe mosItitf
creted into or depleted front the mediumn by thle tile litle), Ihowever, whenl thle glucose colncentral-
Cells, we conclude that glucose. the only supple- lion itt the growth miedium wasN kept above I isi by
Illent. is thle cause of thle suppression orfcotcetra. frequient feeding. tlte ANIG concentratintg capamcity
ittg capacity observed in this experiment, wasN lower. ("ells which Were grown in 25 Ins glu-

Inl lin attemlpt ito quanititatlively rellte lte Coll- cose (where glucose conelntioll ill tile Itediutl
cetttrating capacity of lte cells, to the concentration wasN alwatys above S inso attained even lower AM1(;-
of glucose in lte niedium thiroughiout tile growthi concentril'ung capaitiy. which indicates that lte
period, we used frequellt reeding its itla l (I~t' of rulatory effect of' thle Coticentration ti1' gillcosc iN
keeping tlie glucose concentration withini ktnown nionotonic: lthe higher the concentration of glueose

*limtits, (albeil tiot constant). I'pithelia Were assigiled inl thle mledium the lower lte AMIG'accuilatitg Ca-
to two groupls. One groupl wash red Wiit tilediti ixteity achlieved.
Containing 5 Illm glucosc. thle other Wilit nIedillil To test whether growth ill thle collete absencee
Containitng tno glitcose. 111 lite epitheclia within of glucose would evoke at higher ANMG-conctrt-
each group were fed every 8.-12 lit, the other as ing capacity than growth in 5 mmt glucose. we Inca-
usuall, every 4H h~r. The cocnrtofl glucose in stited lte AMG-cotietinating capaceity of epithelia
thle tnediui swas tnotimored throughout lte e-Apeti- fed medium without glucose hilt supplemlented Withi
ment. The glucose coticentritioti in medium tire- 5 Isms uridine for over 2 week-, (lte time ANIC-coll-
;tu'd to Conitainu 5 Illst and eCltCantged every 48 hrs centralting capacity reaches it platteau). Figure 4
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,4 Fig. 6. The AMG-concentration capacity as a function of cell
density. Data from Figs. 4 and 5. Lines drawn by linear regres-

shows the concentrating capacity of cells as a func- sion analysis yield the following values for the accumulating ca-

tion of days in culture in different media. Cells pacity to It) cell ratio tmean - sF1: 5 ms glucose. 43 - 61(Y):
25 mm glucose. 46 !: 6 ( 4*) 25 mm glucose + 5 mM uridine. 83 tgrown in 25 mm glucose exhibit the lowest AMG- 17 (r) 5 mm uridine. 23 t 3"' (A; 25 Mu mannose 143 -± 14

concentrating capacity, whereas those grown in 5 () u
mm glucose the highest. When uridine is added to
medium containing 25 mm glucose it elicits a signifi-

e, cant increase in the concentrating capacity of the
epithelia. In contrast, whenadded to medium con- in each medium there is a linear relationship be-
taining 5 mm glucose uridine does not affect the tween cell density and the AMG-concentrating ca-
concentrating capacity of the epithelia over the first pacity achieved: the higher the cell density the
2 weeks. The concentrating capacity of cells fed greater the AMG-concentrating capacity. This rela-
with uridine alone (5 mM) is not significantly differ- tionship appears to be independent of cell age: as
ent from the concentrating capacity of cells fed with shown in Fig. 5. in some cases cell density actually
5 fm glucose alone, at least for the first 2 weeks decreased with cell age.
after seeding. Does tl. regulation involve a direct effect of the

The different growth conditions result in the substrate on its carrier or is it a process in which the
formation of epithelia with different population den- glucose concentration serves as a primary trigger'?
sities. which also change with age. To evaluate the To address this question we replaced glucose in the
correlation between cell density and the AMG.con- growth medium with the metabolizable sugars man.
centrating capacity attained in these studies. we iol- nose and fructose, which are not transpo ted by the
lowed the change in cell number as a function of the sodium-dependent hexose transporter i 15l, and
carbohydrate concentration in the growth medium AMG. which shares the transporter but is not
and lime after subculture. In Fig. 5, we plot the inetaholizable. The AMG-concentrating capacity
number of cells per well as a function of time in the achieved with 25 nim mannose is higher than the
experiment depicted in Fig. 4, The number of cells concentrating capacity the cells reached when fed
per well increases with the cot;centration of carbo- with medium containing the same concentration of
hydrate in tie medium. Regardless of composition glucose (Fig. 41. Figure 7. shows the result of an
oftie medium. the density of cells in a well reaches experiment in which epithelia grown for 13 days in
a plateau at approxinately tie saame time as the 25 fnm glucose wete switched to media containing
AMG-accunulating capacity. In Fig, 6. the concen- either .5 i11 glucose. 25 IDNI nanose. or 2 fnM
frtling capacity attained in the epithelia decriled fructose or continued in 25 m-m glucose. Clearly,
in Fig. 4 is plotted as a function of the numllber of iflannose and fructose. sugar-s that are not sub-
cells per well from Fig. 5. For each growth conidi, strales for the sodium coupled glucose transiporter
tion the epithelia attained a different concentrating 1151. had a itloest ClTect like that of glucose in
capacity despite comparable cell density. Hlowever. down regulating the AMG-concentiating capacity.
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Fig. 7. AMG-concentrating capacity of epithelia grown for 13 Fig. 8. AMG-concentrating capacity of epithelia grown for 13
days in medium containing 25 mst glucose and then switched to days in medium containing 5 mm glucose and then switched to
media supplemented with different hexoses. (0) 25 mm fructose, media supplemented with different hexoses: (0) 25 mM fructose,
(A) 25 mm mannose, (U) 5 mm glucose, and (T) continued in 25 (A) 25 mM mannose. (V) 25 mm glucose, and (0) continued in 5
mm glucose mm glucose

In a similar experiment (Fig. 8), we observed that respectively). Thus a substrate-carrier interaction
switching epithelia grown in 5 mm glucose to media with substrate in high concentration during incuba-
containing 25 mm mannose or 25 mm fructose tion with low glucose did not suppress the develop-
results in a decrease in their concentrating capacity, ment of high AMG-concentrating capacity. In view
which was, however, less than the decrease in epi- of the effect of mannose and fructose and the ab-
thelia switched into 25 mm glucose. Thus the ab- sence of an effect of AMG on the regulatory pro-
sence of substrate-carrier interaction did not pre- cess, we conclude that the regulation does not re-
vent thp regulatory effect. quire a direct interaction of the sugar substrate with

Next we tested the effect of a high concentra- the carrier, but involves another mechanism,
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 Dscu&slon
third of the epithelia were switched to medium con-
taining 5 mM glucose, one third to medium contain- In this study we deal with two main questions con-
ing 5 mm glucose + 20 nmi AMG. and the remaining Corning dhe regulation of the sodium-coupled glu-
cells continued in medium containing 25 mi glu- cose transport system of LLC-PK epithelia in cul-
cose, Uptake measurements in epithelia growing in fure: (i) Is the concentration of glucose in the
media containing AMG will show a false reduction medium the factor responsible for the regulation of
in AMG-concentrating capacity. AMG accumulat- the transport system? (ii) Is the regulation mediated
ing in the cells interferes with the uptake measure- by the effect of the substrate on its carrier, or rather

' ments unless the excess AMG is eliminated from some other mechanism?
the cells preceding the assay for AMG-concentrat- Before addressing these two basic problems,
ing capacity. Therefore AMG was chased by incu- other questions inherent in the tissue culture tech-
bating the epithelia with medium containing 25 mM nique have to be resolved, in many cases, by ma-
glucose for 4 hr prior to the assay. As we showed nipulating the culture medium, one selects cells
previously, no change in the concentrating capacity with certain properties, The possibility that the con-
is detectable in less than 48 hr after changing the centration of glucose in the growth medium pro-
medium from one concentration of glucose to an- motes the growth of cells with certain glucose trans-
other 110. Thus, 4 hr of 25 tim glucose did not port characteristics is always a possibility that has
at'ect the raeasurenients. We found no difference to be taken into account. The fact that it cloned cell
between the concentrating capacity of cells growna line manifested the sante basic regulatory character o

in media containing either 5 imt glucose or 5 i:ist istic makes this possibility very unlikely. In addi-
glucose + 20 nim AMG (245 2 12 and 258 ± 10. lion. tie fact tat thie phenomenon of up and down

.1
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regulation is completely reversible upon changing the electrochemical gradient for sodium entry
the growth conditions also supports this conclusion, across the apical membrane, i.e., the driving force

Population density is also known to affect cell for this hexose transport, is also regulated. Further-
properties [I I]. In the present work we find a linear more, it remains to be determined whether regula-

*relationship between the population density and the tion occurs in mature cells or only in dividing cells.
concentrating capacity within each treatment: the

*higher the population density the greater the AMG- This work was supported by Armed Forces Radiobiology Re-
5concentrating capacity achieved. On the. other search Institute. Defense Nuclear Agency, under Research

had h ifrne nth M -ocnrtn a Work Unit MJ 00106. The views presented in this paper are those
pacity between cells grown in media containing 5 or of the author. No endorsement by the Defense Nuclear Agency
25 mm glucose are not the result of differences in has been given or should be inferred.

*population density. A.M. was supported by a National Research Council Fel-
*To explore the nature of the extracellular regu- lowship,

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 References
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*Plasma histamine and hemodynamic responses following
administration of nalbuphine and morphine
S.M. MULDOON,* M.A. DONLON," R. TODD,* E.A. HELGESON,t and W. FREAS*

Department of Anesthesiology, Uniformed Services University of the Health Sciences, Bethesda, MD 20814, USA
t Department of Biochemistry, Armed Forces Radiobiology Research Institute Bethesda, MD 20814, USA

- i Abstract We postulated that the differences between
A comparative study of plasma histamine levels nalbuphine and morphine may be related to their

following administration or morphine and nalbuphne In
* pentobarbital anesthetized dogs was performed. Two capability to release histamine in vivo. The
. concentrations, 3 mg/kg and 0.3 mg/kg of these drugs were present study was undertaken to determine the

investigated. High dose morphine caused an immediate quantitative effect of intravenous administration
marked increase in plasma histamine from 5.0 ± 0.4 to 340 of nalbuphine, as compared to similar doses of

±72 ng/ml. Simultaneous with this Increase In plasma o abpie scmee osmlrdsso'. "/ n~i. Smulaneus wth hb ncrese n F~mn morphine on plasmia histamine levels, and mean
histamine was a marked dtcrease In mean arterial blood
pressure within the first minute. In contrast significant arterial pressure. In addition selected in vitro
alterations in plasma hlsamlne levels were not observed with studies using purified dog leukocytes were parfor-
high or low doses of nalbuphine. A low dose of morphine med to delinate the source of ele ated plasma
(0.3 mg/kg) did not Increase plasma histamine levels. Heart histamine following treatment with morphine,
rate was not changed by any drug treatment, The use of
o mpound 48/80 a specific mast cell degranulatlng agent

allowed for the Identification of a specifie pool of mast cells Methods
capable of responding to morphine. In 40tro exposure of Twenty.one mongrel dogs of either sex were anesthet.

" purified dog jeuitcytes to Nhi doses of morphine did viot izcd with sodium pentobarbital 30 mg/kg i.v. A femoral
result In histamine roese, These results indicate that artery cannula was utilized for continuous direct measure.
nalbuphne does not Increase plasm@ histamine, while ment of arterial blood pressure and for periodic sampling of
Mot rpne does, and that the source of the ctes" In plams blood for gas analysis, leart rate was ca!culated from the

-h ,120100 Is from(Intssue t memlh, arterial pressure tracing. The right femoral vein was
canoulated for drug and fluid administration, All animals

lowere given 5% dextrose in lactated Ringer's solution it an
approximate rate of 18 mil/kg/h fir l te duration of the

Moderate to large doses of opiates are being exptrintiet. To obtain vtnoU blood for deternination of
increasingly used either as principal anesthetic plasma histamine levels. the eotralatcral fernoral vein was

agents of to supplenient general anesthesia ,notulated and the tip of this canmlae was advanwied into
ie inferior vena cava. An endotrachcal tube was inserted inparticularly for patients with minitnal circulatory all ainials and ventilation controlled wth a liarard

reserve 11-41. However. thc usefulness of respitatory pump, Arterial blood gases were repeatedly
morphine, a pure opiate receptor agonist is clieked and I'e)2. PaCo, and pH wa, niaitn ailled withill
limited because of' significant henodynainic normal limil. Animals that hecavue severely hypotnsive

alterations, particularly hypotcnsion ost coin- and developed nietabolic acido-sis were dminimtred incre.
mnt~ of sodium hicarboani. to return pH to normal levels,.iaonly attributed to histamine release I5. 61. In Rectal temperature was tuintaited at 37 0 C by use of a

contrast, it has been recently rcx)rted that the licatiag blanket.
synthetic narcotic agonist-antagonist analgesic
nalbuphine even in high doses does not cause Thap dne'taldesign oh twoThe effect of adnimsmtratinno w ~cnt.los(.
significant hentodyoaunic alterations in man 17!. anid 3 m1g/kg in 6.0 nl saline lution) of nalbuphile or

morphinc was diteratined in ansthlitcd dogs. Vcnou%
Tli, work has been supported in parn by NIHi grat GM blood sample% from plasa hiintamitie detninations were
25926 and USUHS grant ROttOO4. obtaitd approximately 30 ill post induction of alstheista.
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* Following administration of nalbuphine or morphine samples Results
for plasma histamine determinations were obtained at the Plasma histamine levels and the associated
following time intervals: 0. 5, 1, 5, 10, 15, 20, 30, 45, 60, and changes in mean arterial pressure (MAP) follow-

*120 min. Blood samples were removed with plastic syringes
via stopcocks connected to the catheters and transferred to ing an acute administration of morphine (3 mg/kg
chilled collection tubes containing disodium ethylene- i.v.) are shown in Fig. 1. An immediate and
diaminetetraacetate (EDTA). The tubes were inverted gently maximal increase in plasma histamine from 5.0±
and stored on ice. The blood was centrifuged for 10 min at 0.4 ng/ml to 340.5 + 72.2 ng/ml was observed
3000 r.p.m. within I h following removal from the dog. Then within the first minute post-injection. This was
plasma was transferred to polypropylene tubes and frozen at
-80*C until analyzed. Plasma histamine content was followed by a continued gradual decline in plasma
determined after treatment with 0.4 N perchloric acid. The histamine levels to 81.3 + 18.9 ng/ml at 10 min
samples were centrifuged at 13,000 x g for 45 min and the with a return to pre-morphine levels after 60 min.
supernatant was analyzed for histamine content uwing the Simultaneous with the initial maximal increase in
Techinicon 11 automated fluorometric technique developed
by SIRAGANIAN 18, 91. To verify that the fluorescent pam itmn eeswsa m eit n
compound in plasma seen after drug treatment was authentic marked decrease in MAP from 115 ± 7 mmHg to
histamine, 7.5 units of diamine oxidase (DAQ) (Sigma 29 + 4 mmHg at I min post-injection. At this
Chem. Co.) was added to 500#p1 of plasma and incubated for time ther~e was a significant correlation between
60 min at 371C:. The reaction was terminated by the addition
of perchloric acid (final concentration 0.4 N) and treated in the change in plasma histamine levels and MAP
an identical rtianner as the non-DAO samples. DAo depression (r = -0.95). Following the initial rapid
degrades histamine and allows the subtraction of any decrease, MAP increased slowly to 34 + 2
non-specific bac-kground fluorescence which is not attributed mmHg at 5 min, and 64 ± 8 mml~g at 30 min
to histamine. Basal plasma histamine values in each animal post-injection. At 60 min when plasma histamine
were not affected by morphine, nalbuphine or by addition of lvl a eundt aa ees A 8
the histamine releasing agent compound 48/80 to the lvl a eundt aa ees A 8
sample. Two hours post administration of nalbuphine and mmHg) had not returned to pre-injection levels
morphine, the compound 48/80 (0.5 mg/kg i.v.) was and even at 120 min MAP remained significantly
administered, U cod samples for plasma histamine were depressed. Morphine administration did not cause
withdrawn at 1. ', 4. 7. and 10 min following this treattuent. a significant change in heart rate within the first

30 min, heart rate was however significantly
Brloorid leukocyt sares rees elevated at 60 and 120 min post drug.

tra puiftd lukoytoobtinc byfratioatin o to miA strikingly different pattern of plasma his-
of' whole dot; blod. 'The leukocyte layer wvas collected and tanline values and MAP was observed following
washed twice in lianks balanced salt solution (25"C) as
described by MAY et al. 1101. and the cells counted on a
Coulter cone.'elsuspensimns were then divitied. ccnlri 3

* fuged. and thea cell pellets resuspended in prewarmed (370C) A
Tyrodc'i burl"~ (0.03YNi fatty acid free bovine scrum
Ulbumin) containing either mlorphiie 0I * 10' At).
nialbupihilie I I 10 )Al) tir buf(6- controls. The cells were IM

incubated 03710 Ar 30 min. 'ile reaction was tortninoted

by cootrifugaiion( IM) r.pin_. 5 min) and tiueraac

waier and licatcd at 901C rnr 10ntio. The nimants and
1WPelles were.stored froten (70110 unti! histainegi alnalysirs
Neither morphine nor nalbuphinc interfered with thie fluoro.
metric awialysik of intwmmnine unwder the experimenmtil con.
ditioits cmployed. I'i percent histtine release for each -

%a~mple was deierminted by calculation according to the
(ollowitig foriviula: I'

lus4taiie relaise

444

total histantie

T'it course of plaia Ilailmn 0 (A). andi 'dAP A (10
Analyuix oh'data inasurcint tin dog% administerck ged orh

Mean values are gooen, with standard crror or (the %ulliatc iSv. fit - 6). Data preenitel~ a%~k nicorplNI.
man. For %t tcevaluation of the daita %;uttc;t% a tes Indicates sigiicamit differeufc froin w pemuiotiphuic levch6

was used. P valucts ksm thtan 0.0$ were cwisudcred sigoificant. 0 05t)5 " P 0.01.
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the i.v. admirristration of nalbuphine 3 mg/kg (Fig. In order to compare the response of mast cells
2). Significant alterations in plasma histamine in the high dose morphine-treated and control
level were not observed in any of these animals at animals compound 48/80 a specific mast cell
any time intervals. However, in the six animals degranulating agent was administered i.v. (0.5
studied a small decrease in MAP was observed mg/kg) at 120 min. As shown in Fig. 3 at 1 min
within the first minute from 108.7 + 9.9 mmHg to post-injection there was no difference in the initial

J 98.7 + 8.7 mmHg, but at all subsequent intervals rate of appearance of histamine in plasma
the MAP remained constant. There was no sig- between the two groups. However, at all sub-
nificant changes in heart rate. sequent time intervals the response of morphine-

Three animals served as control shams for treated animals was depressed as compared to
- these studies and the results are presented in the control animals. Nalbuphine-treated animals res-

Table. Blood samples were drawn for plasma ponded to 48/80 in a manner similar to control
histamine at similar time intervals as in the dogs.
drug-treated groups. There were no significant To further investigate the source of plasma

- changes in plasma histamine, heart rate or MAP histamine in morphine-treated animals, canine
measurements during the duration of the experi- leukocytes were purified and exposed to high
ment.

Two other groups of animals (n = 3) 700
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 S0D

MAP with these concentrations.
500-
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Comparison of plasma histamine response tc compound
Figure 2 48/80 (0.5 mg/kg i.v.) in dogs pre-treated with morphine (3
Time course of plasma histamine 0 (A), and MAP A tug/kg i,v,) closed circles, and sham~injected animals (6 ml
pressure (B) measurement in dogs administered 3 mg/kg saline) epen circles (it :, in each group). Data presented as
nalbuphine i.v. (n = 6). Results presented as mean ± SEM mean ± SEM. *Indicates oignilicant difference betw-en the
*Indicates significant difference from pre-nalbuphine value. control and morphine-treated groups.

Table
Effect of sham inection on plasma histamine and mean arterial pressurc (MAP).

.- Minutes after -5 1 2 4 10 30 120
sham injection
Histamine ng/ml 4.05 3.83 4.12 4.16 3,70 3.96 4.22

M 0.26 ± 0.60 ± 0.24 . 0. 11 + 0.37 t 0. 13 t 0,39
MAP 98.7 96.7 96.7 96.0 100,7 109,7 109,0

±2.9 ±5.7 ±5.7 ± 4.0 t 4.4 ±6.5 ±0.3

Results are expressed as mean ± SEM (n a: 3).
Sham injection is 6 ml or normal saline (the vehicle for murphine and nalbuphine).
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concentrations (1 x 10' M) of morphine [8, 91 is not a highly specific test for authentic
(Experiment I) and nalbuphine (Experiment II) in plasma histamine, the reported increases in these
vitro. Leukocytes were incubated (370C, 30 min) values with morphine and compound 48/80 are
in either buffer only, nalbuphine, or morphine, attributed to authentic histamine, since DAO
The percent histamine release in Experiment I treatment returned these to pretreatment basal

" was 2.8%, 3.6% and 5.5% and Experiment II was values. Further confirmation that the plasma com-
0.6%, 1.0% and 1.0%, respectively. The results pound released by morphine and compound 48/80
from two separate histamine release experiments is indeed histamine, is demonstrated by the simul-
showed no substantial histamine release in cells taneous decrease in mean arterial blood pressure
exposed to these drug concentration, coincident with the elevation in plasma hista-

mine. Decreases in arterial blood pressure with
Discussion elevations iii plasma histamine obtained either by

This study demonstrates unequivocally that release of histamine from endogenous stores [121,
nalbuphine even in doses up to 3 mg/kg does not or following administration of exogenous hista-
increase in plasma histamine when administered mine are well documented physiological res-
to anesthetized dogs. In contrast, equivalent doses ponses [ 151.
of morphine elicit profound alterations in both Despite the fact that the plasma histamine
plasma histamine and mean arterial blood levels were markedly elevated and blood pressure
pressure. Morphine has been shown to increase markedly depressed, the heart rate was un-
plasma histamine levels both in man and animals changed during the first 30 min post-morphine.
[5, 6, 111, and this increase is considered to be the Histamine-induced increases in heart rate are
main causative factor in hypotensive episodes known to exhibit a high degree of species
following morphine administration [61. Further, specificity,, and it has been previously reported
H, and H2-receptor antagonists attenuate the that dog heart rate is non-responsive to doses of
hypotensive response to morphine [121. The histamine that produce marked changes in blood
results of this study indicate a high correlation pressure 115, 161. Furthermore, in dogs treated
between the initial increase in plasma histamine, with high doses of compound 48/80 (! mg/kg) no
and the decrease in the mean arterial pressure increases in heart rate were observed in the first
within the first minute following administration of 15 min in spite of the fact that blood pressure had
morphine. Correlations between these two decreased by more than 50% 1171.
parameters after 1 min, however, did not demon- Systemic administration of compound 48/
strate a high correlation coefficient. Since the 80, a synthetic polyamine results in a marked
metabolism of histamine in plasma occurs ex- hypotensive response and increased plasma hista-
tremely rapidly (T,, A- 1.8 min) 1131, additional mine levels in a variety of experimental animals
experiments are necessary to explain the 1181. This response is accompanied by a profound
substained decrease in blood pressure which was degranulation of mast ,ell3 in specific tissues of
unrelated to the plasma histamine levels, the body and a resultant depletion of histamine

For accurate fluorometric determination of content in these areas 119-211. Compound 48/80
. plasma histamine, non-specific backLround must was used for two purposes in the experimental

be subtracted from the sample fluorescenec. Two design. First, to demonstrate that animals pre-
methods for determining this non-specific back- viously treated with high doses of nalbuphine were
ground fluorescence involve the use of' the indeed capable of responding to this specific mast
enzymes diamine oxidase (DAO) and histamine cell degranuiating agent, and secondly, as a

- methyl tra.scrase (HMT). LORENZ et al. 1141 pharmacological tool to identify the origin of the
, compared these two methods and demonstrated plasma histamine observed following high dose

that the procedure utilizing HMT results in lower morphine administration. We reasoned that
authentic histamine values in plasmna than those morphine may deplete a preexisting pool ot"
obtained using DAO. In the present studies the compound 48/80 sensitive mast cells within these
basal plasi.ia histamine levels in the dog were not animals and the subsequent administuation of' atreated with DAO. These values (4 to 6 ng/nfl) predetermined amount of' compound 48/80 (0.5

, are therelbre higher than those reported following mg/kg) may allow us to identify this pool. It is
treatment with either DAO or H1MT 1141. well documented that the ability of compound
Although the fluorescence assay of SIRAGANIAN 48/80 to release histamine is tissue and species

.4.
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specific [22, 231. For example, rat intestinal cells vascular tissue. High concentrations of nal-
are unresponsive to this compound [241, as well buphine have been shown to inhibit release of
as lung mast cells and circulating basophils in a endogenous norepinephrine in isolated veins and
variety of species [251. may therefore cause decrease in venomotor tone

2 In the present experiments there is no [321.
significant difference in the initial response to In summary, the results of this study
compound 48/80 during the first minute in both indicate that nalbuphine unlike morphine does not
control and drug-treated animals. However, after increase plasma histamine or cause major de-
the first minute a striking difference is seen in the creases in arterial blood pressure, which suggests
flattened response of the morphine-treated that nalbuphine may be a logical alternative to
animals which implies that morphine releases morphine when high dose narcotic anesthesia is
histamine from the same mast cell stores as desired.

, . compound 48/80 i.e. from skin and muscles as
has been shown by PATON [261. Received 25 June 1983.
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ABSTRACT
Exposure of rat brain synaptosomes to ethanol in vitro reduced toxin-stimulated 2Na + uptake and the membrane/buffer partition
the neurotoxln-stimulated uptake of 2Na+. This effect of ethanol coefficient, suggesting that a hydrophobic site in the membrane
was concentration-dependent, occurred with concentrations of was Involved in the action of the alcohols. Ethanol did not affect
ethanol achieved in vivo and was fully reversible. The Inhibitory the scorpion venom-Induced enhancement of batrachotoxin-
effect of ethanol on neurotoxln-stimulated sodium uptake was stimulated sodium uptake. The inhibitory potency of tetrodotoxin
due to a decrease in the maximal effect of the neurotoxins. was also unaffected by ethanol. These results demonstrate that
Ethanol reduced the rate of batrachotoxln-stimulated sodium ethanol has an Inhibitory effect on neurotoxin-stimulated sodium
uptake when measured at 3, 5 and 7 but not 10 or 20 sec after influx occurring in voltage-sensitive sodium channels of brain
the addition of 22Na+. In a series of aliphatic alcohols, there was tissue.

*, a good correlation between potency for Inhibition of batracho-

The exact mechanisms by which ethanol causes depression of studies that have provided genetic (Goldstein et aL,, 1982),
of the CNS and the subsequent behavioral manifestations of pharmacological (Lyon et al., 1981) and temporal (Chin and
intoxification remain undefined. In recent years, a great deal Goldstein, 1977b) correlations between in vivo effects and the
of research has focused on the effects of ethanol on the physical membrane disordering effect of ethanol in vitro. However,
properties of artificial and biological membranes (Seeman, because the magnitude of membrane lipid disordering by
1972; Goldstein et aL, 1980). Through the use of techniques ethanol is relatively small (Chin and Goldstein, 1977a), it is
such as electron paramagnetic resonance (Chin and Goldstein, probable that membrane-mediated biological responses would
1977a) and fluorescence spectroscopy (Harris and Schroeder, involve functional entities in membranes. Consequently,
1981', it has been demonstrated that pharmacologically etoe- ethanol would be expected to interact directly or indirectly with
vant concentrations of ethanol in vitro cause disorderip'g of these entities, so that alterations in the functional properties
membrane lipids as inferred from the measurements of the of membrane proteins may also play an important role in the
properties of molecular probes insertad into membrares. By changes in neuronal activity and eynaptic function associated
using a variety of molecular probes that insert at different with ethanol-induced depremion of the CNS, Alterations in
depths in the membrane, it has been shown that the fl4idizing lipid fluidity are known to iniluence the activities of membrane
effect of ethanol is greater at the hydrophobic inner core than proteins (Lenaz, 1977) and this may represent a mechanism by
at the auperficial membrane surface (Chin and Goldstein, 1931; which the lipid disordering offect of ethanol could-be translated

' Harris and Schroeder, 1981). This is somewhat surprising be- into the biochemical and behavioral effects of ethanol,

cause ethanol is a relatively small, neutral, hydrophilic mole- In the present study, a basic functional tinit related to neu-

cule, tonal excitation was investigated with respect to its possible
* Further evidence that membrane disordering is involved in involvement in the actions of ethanol on the brain. An impor.

the intoxicating effects of ethanol has been based on a number tant mechanism in the control of neuroexcltability is the reg.
ulation of ion movements at the level of the excitable mene-

,"d f01brans. Using the squid giant axon, Hodgkin and Huxley (10,52)
Suppoed to pi by Poti( ctoral 20 lloihp(ra tw NdmW Ac1de4y demonstrated that the changes in membrane voltage associated

of lSc i p y alN .fN"a a A=ho ., with an action potential were due to a transient increased

AMEWtAY1ON8. CNS, o 1tral nervous system. TTX, tarodot,,n; BTX, bel acoloxin. VEA. vrab*dne ScV. scorp on venom IREPIES. 4(2.
tt"ni Acid. -_ _ _ _ __
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permeability to sodium followed by an increased permeability min the sample. were diluted with a solution containing (final concen-
to potassium. Apparently, separate channels are utilized by tration) the indicated concentration of toxin (millimolar): KCI, 5.4;

* sodium and potassium ions (Hille, 1970; Ulbricht, 1977). The MgSO4, 0.8; glucose, 5.5; HEPES-Tris (pH 7.4), 50; choline chloride,

inward movement of sodium ions during excitation occurs 128; NaC1, 2; ouabain, 5; and 1.3 pCi of carrier-free 22NaC1 per ml and

through voltage-sensitive sodium channels. The sodium chan- the indicated concentration of ethanol. After a 5-sec incubation (except
nthatg av ersenste exciabume rane. ae csed oh - where noted), uptake was terminated by the addition of 3 ml of an ice-
nels that traverse the excitable membrane are composed of cold wash solution containing (millimolar): choline chloride, 163;
complex glycoproteins with multiple polypeptide subunits and MgSO4, 0.8; CaCI 2, 1.8; HEPES-Tris (pH 7.4), 5; and bovine serum
contain three distinct receptor sites for various neurotoxins albumin, 1 mg/ml. The mixture was filtered rapidly under vacuum
(Catterall, 1980). One receptor site, thought to be located on through an Amicon 0.45-pm cellulose filter (Amicon, Lexington, MA)

- the extracellular side of the channel (Narahashi, 1966), binds and the filters were washed twice with 3 ml of wash solution. The entire
the specific inhibitors saxitoxin and TTX which inhibit the halt-filter-wash cycle took less than 10 sec to complete. The filters
inward movement of sodium (Ritchie and Rogart, 1977). The were placed in scintillation vials, 15 ml of scintillation cocktail were
second neurotoxin receptor site binds the lipid soluble toxins, added and filter radioactivity was determined by liquid scintillation

BTX and VER, which cause persistent activation of sodium spectrometry. The data are presented as corrected specific uptake after
by blocking the process of channel inactivation and subtraction of nonspecific uptake (TTX, 1 pM present in incubation

channels band uptake buffers).
by shifting the voltage-dependence of channel activation to Data analysis. Double reciprocal analysis of the data was performed
more negative membrane potentials. The third neurotoxin re- as described by Catterall (1975) using a modified Michaelis-Menton
ceptor binds small polypeptide toxins present in sea anemone equation of the form:
and ScVs. The polypeptide toxins slow channel inactivation
and also enhance the effects of BTX and VER. Because the v = VAt (K,,, + A)

neurotoxins hind to their receptor sites with high affinity and where v is the uptake rate at various activator toxin concentrations A,
specificity, they have been widely used as chemical tools to V is maximal uptake rate and Ko..5 is the apparent dissociation constant
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 t test for paired samples. Multiple comparisons with a control
(Narahashi, 1974; Catterall, 1982). were done by analysis of variance and Dunnett's test (1964).

We have studied the effects of ethanol in vitro on the func- Other methods. Drug concentrations in the aqueous and membrane
tional properties of voltage-sensitive sodium channels in whole phases were calculated as described by Lyon et al. (1981). The mem-

rat brain synaptosomes. Ion flux measurements were used as brane/buffer partition coefficients were derived from the data ofS an estimate of sodium (Na) ion permeability to assess the McCreery and Hunt (1978). Solutions of ScV were prepared according
n eto Catterall (1976). A stock solution of BTX was prepared in absolute

* fuctin ofsynptoomalsodum cannls.ethanol and aliquots were diluted in the appropriate buffer. The final
concentration of ethanol in the assay from the addition of BTX was

Methods never greater than 0.13 raM. Protein concentrations were determined
by the method of Lowry et al. (1951). huvine serum albumin was used

Animals and chemicals. Male Sprague-Dawley rats (200-400 g) as the protein standard.
were obtained from Charles River Breeding Laboratories, Inc. (Wil-
mingion, MA) and were housed two per cage with free access to water
and standard laboratory chow befrre being used for the experiments. Results
Chemicals and suppliers were as follows: ScV (Leiurus quinquestriatus), Preincubation of whole brain synaptosones with ethanol in
1TX and VER from Sigma Chemical Co. (St. Louis, MO); carrier-free r
"NaCl from New England Nuclear (Boston, MA). BTX wag kindly vitro caused a concentration-dependent inhibition of BTX-
supplied by l)r. John Daly (National Institute of Arthritis, Metabolism stimulated "Na* uptake (fig. 1). Over the concentration range
" nd )igestive Diseases, Nationa lInstitutes of Health, Bethesda, M)). of ethanol used, the reduction in "Na* uptake was a linear
All other chemicals wer6 obtained from comnmercial sources and wore function of the concentration of ethanol (r - -0.95). The
oe analytical grade. inhibitory effect of ethanol occurred at pharmacologically rel-

Preparation otsynaptosomes. A crude synaptosonal (.' fraction evant concentrations of ethanol and was fully reversible when
was prepared by o modification of the inethod of Gray and Whittaker ethanol was removed fron the sample by washing and centrif.
(1962). Rats were decapitated and the whole brains wore remove! and ugation (fig. 2). Neither the nonspecific (1 uM 17X present)
homnogtnied ial ice-cold tI.3t2 M sucrtse and 5 taM RHPO4 , pH 7.4 nor the passive, unstimulated (no toxins )resent) uptake of

' (Itt ml/g wet wt,t, with It0 strokes or a mnoto~r-driven Tlellut -glsss Na(it ml wtw..wt t toe f tioo-rvnTfoga8 " were affected by ethanol in vitro (datat not shown).
homiogenizer, The homnogenate was then centriftiged at 1t0 x g for 10
t.in, The reulting supe rmnatl wats then centrifuged at 17,1)00 X g for The effects of ethanol on "No* uptake were also studied over
(ti ain lihe fnal pellht was rispelnded in ice-told incubation buffer a range of concentrations of the alkaloid toxins HTX and VR.
1A 1l0 l brain containing (millinmolar): KI0, 5.4; MgSO,, 0,8; glucose, There wits a ti.fold increase in synaptosonal aodium uptake

Am ,: tEPESTris (pll 7.4), 5; tind choline chloride, 10. Ten strokes when the concentration of ITX was raised front 0.1 to 5 pM.
of t lti:;i' fitting giass.gla s notunogenizer were used to reosSpnd the l",thaiaol (100 and 400 iM) inhibited Na' uptake in syattp.

* final pllet 8-naptmmsonw wert kept on ice and were uimed tosoies exposed to more than 0, 1 pM ll'rX (fig, 3). When VIM
alte~r i~rtrat inl. was used to activate sotdium channels and promote ;'-Nil* up.

•Mtiastm neton of~t Na ° uptake. Syntapto~stial stliontl uptake as take. a similar effect of ethanol was observed, at shown in
din-ieriniuml b lit inoti ficmn inl of 1It met ho oflaink io and Catw t It
t Ith1dt . Altpmrtsd I) A (ifi l) ot yittn o ginshtal tuiwilsion Were pre inc. figure 4. In order to assess indirectly the interaction of ethanol
hated t 3t1Y fr 2 min. except in the time course expe-rinet, 0a, with with thc' ,hanalltl rtceptor site for II'X and VE.i|, we pt|rfortnted

i" mcilitlion huffer or 1ncuhation buffer conttaining tht indicitodCcocen, a dtuble re-iprocal itnalysis of concentration-effectt curve,%ror
traton o0 6 ! l lme. Iittldiately after the prticubtion with ethanol, HX and VERti litted "No uptake in the abence (con-
tht intdivcttd conceta nration of ativittor toxin tll'l or %Tl) waq trill) and presence of two concentrations of ethatnol (I(N and
dehld and thW s.tnple. wt'rt' inVubated for it) min tit :11'(. Alter 10 400 it1M). The data frot the double reciprocal analytis are

,t.
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Fig. 1. Concentration-effect curve for inhibition of BTX-stimulated 2Na *
uptake. Triplicate samples of wnole brain synaptosomes were prelncu- 0 I 1 1 lilt[
bated for 2 min with the indicated concentration of ethanol followed by
a 10-min incubation with 1 gM BTX. Symbols represent the means :t 107 10-6 10.5 10.4

S.E.M., N = 5 experiments. The corrected specific uptake of 22Na during [BTX] M
a 5-sec period Is shown on the ordinate. The concentration of ethanol is
shown on the abscissa, tog scale, *P < .01 (Dunnett's test) co pare0 l Fig. 3. Effect of ethanol on concentration-effect curve for BTX-stlmulated
to uptake measured in the absence of ethanol. prot., protein. 2Na* uptake. Synaptosomes were preincubated with buffer only or

4 buffer containing ethanol (100 and 400 mM) for 2 min. The indicated
6 concentration of BTX was added and samples were incubated for an

F additional 10 min and 22Na uptake was measured for 5 sec as described
under "Methods.* Symbols represent the means * S.E,M., N = 6

",/ / Unwahed experiments. P < .05; "P < .01 (Dunnett's test) compared to corre-
sponding control. prot,, protein.

-44

7 see, but not at 10 or 20 sec. Thus, the effect of ethanol on
0 "Na* uptake is an inhibitory effect on the initial rates of 22Na*

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
* o . inhibitory effect of ethanol. An ethanol concentration of 200

r, 1o 0 200 0e GO 2oo mM reduced the specific uptake to 77.2, 79.3, 74.5 and 77.4%.,Etmmi immi after 0, 05, 2 and 10 rain, respectively. Thus, the onset of
Fig. 2. Reversibility of the Inhibitory effect of ethanol on BTX.stlmulated action was immediate and was unchanged over the time periods
*No* uptake, After a 2-min preIncubation with ethanol, one-half of the waud i mue

samples were centrifuged (1000 x g for 5 mli), washed and resuspende studied
In incubation buffer. BTX (1 yM) was added, samples were incubated 4t The effect of increasing lipid solubility on potency for inhi.

* 360C for 10 min anU "Na" uptake was measured as described. The bition of BrX.stimulated 'Na" uptake was studied for a series
data are expressed as the means ± S,EM., N - 4 experiments, The f aliphatic alcohols. Membrane-buffer partition coefficients
corrected specific uptake of "Na Is shown on the ordinate, The con-
centratlon of ethanol is shown on the abscissa. P < .01 (Dunnett's test) were used to calculate the concentration of each alkanol that

•* comared to uptake in control s , would result in a similar molar concentration in the novaqueouat (membrane) phase (Lyon et at., 1981). Concentration-effect
simnmarizme in table 1, When sodium channels were activated curves wore constructed for each alkanol as percentage of
by IWTX, ethanol acted as a noncompetitivc inhibitor as the control uptake ts, lor, of the alkanol concentration. Linear
,waxintmnu uptake of "Na' wits reduced with no change in the regression analysis was used to determine the correlation coef.
concent rntin of IITX required for 507 of inaxhnum uptake ficients, slopes and the concentration of alkanol that inhibited
ilti. The effects of ethanol on V -lI.stihulated "Na" uptake control tmtake b1, 50% (1C). These values are shown in table

4 are Atrewwhat more difficult to interpret. Clearly, ethanol sig. 3, For each alkanol tested, the reduction in "No' uptake was a
nificantly red-ei the maxiinuin effect of VERl. In addition, linear function of the concentration of alkanol.
et hanol reduced the K. values for VER but the difference from The C.1 and membrane/buffer partition coefficient values
control woe, not significant. for each alkanol were plotted on a loglg scale (fig. 6). There

The time courses for Na' uptake with I pM lTX alone waa a .,,xx correlation (rl - 0,997) between the two parameters,
and with I pM I'TX plu4 2W) aiM ethaol are illustrated in indicatingl that the ability to partition into a hydrophobic region
figure 5, In the presence of ethantl, the 111TX.stimulated uptake of the membrane was an important determinant of the potency

i of uN" wao significantly reduced at uptake timst of 3, 5 and for inhibition of 8'X-stimulated "Na" uptake,

,'. . "*o, - "" - " ' o ," " 7 * - '%
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0. I
0. ~CONTROL

E 4
WJ* Fig. 4. Effect of ethanol on concentration-curve for VER-'a 1 0, ETOH 100 mM stimulated 'Na* uptake. Synaptosomes; were preincu-
E gobated with buffer only or buffer containing ethanol (100

* 3*- and 400 mnM) for 2 min. The indicated concentration of
ETN 00m VER was added, samples were incubated for an additionalW0EO 40m 10 min and 22Na* uptake was measured for 5 sec as20 01 described under "Methods." Symbols represent the means2~ -± S.EM., N = 4 experiments. *P < .05; -P < .01 (Dun-Ca.0 netts test) rompared to corresponding control. prot., pro-

0 041tein.

10- 12_ 041-

[VER). M

TABLE 1 7 . . .. II
Double reciprocal analysis of alkaloid toxin activation of sodium 1channels 0

ftloxf~ Toxin EtholCn N 64 -o CL
mMu nmnoi/m protein15 sec AUM

BTX 0 6 6.43 ± 0,271, 0.430±t0.024 U- WBTX 100 6 4.84 ± 0. 15* 0.439 ± 0.042
BTX 400 6 4.09 ± 0.10* 0.431 :t 0.022 0
VER 0 4 4,62±*0.22 9.33 ±0.70 E 4 0
VER 100 4 3.30 ± O,29* 7.83 ± 0.94
VER 400 4 2.50:t 0.12* 6.58 ± 0.63 W 3

.Vicluos tor maximum uptake (V) and K06 were calculated usin a mdte
MicraetsMenton equation as described under *Methods 4 4

4 Values are meanst &ESW.. N - number 01 experiments. CL 2Significantly different from control. P < .01.

8ecV alone does not promote sodium influx, tiowever, 8eV M I
* enhanvest alkaloid toxin-stimulated "Nit uptake, presumably 2

by an allosterie miechanisma (atterall, 1980; Taikun and Cat- 0terall, 1981). Theo eflet of ethantol on the ScV-BTX interaction 0 6 10 1 8 2 6 3is shtown in figure 7. fin control samnples. ScV at concentrations2 6 10 4 18 2 28 0of I aind 10 g/nfl increased WI'X-mimutlated 'Nn* utake by UPTAKE TIME (see)
26.5 :k 1.0 and 62.5 ± 13%, respectively. InI thle presence of FIg. 5. Effect of eithanol on the timie course of BTX-stlmulated ',Na*
ethanol, a similar enhancemeont of RTX.8imulated '-Na* up- uptake. Synaptosoms were preincubated with buffer only or buffer
take was ntoted (I pg/tnI,3 tI 3,91.; 10 Mg/hal, 54 2 ± 3150 containing ethanol (200 mM) for 2 mmn 8TX (I mMI was added and* samples were Incubated for an additional 10 min and "No' uptake wasThus, ethaniol does not have at significant effect oil thle ullosteric measured for the indicated time. Symbols represent the means * S.EM,interaction of Sev and IX N - 5 experiments, *P < .05, **P < .01 (paired t test) comnpared to*The effect of ethanol0 0 he inhibition of hT~tnlt c Corresponding contfol. prot.. protein,
"'Na' uptake by 17N' is shown in figure H. An etanol L'oncen-
tration of 2W0 otN did not affect the potency of the specific
inhtibitor *PTx. ip concentration of rrx itteesary for a 5o% TABLE 2

* reduct ion in 'Il~ s nuur Na' uptake in control SIwinpIOs Effect of ptulacubatlion time wifth ethaaoll on inhibition of BTX-
was 12.72 t 0.161 IN, Itt the -;,'vttce of ehunol, a slinilar value stimulawe U*mo uptake; duration of prllncubatlon'

* (12,60.) 10.5$9 All wag meaured. 0u awlv 201 5 W1 Afm 0tm
Control 472*t(35 82t.039 522it7l 465--025

Discussion Et~iAriJ200niM 364,0391 38?* 038* 3,89j-020' 360i02t
-1;eef to the dtration of pneicubaliKlo of I'!.xue With Ouffu 01 tutOr conta9ning*Illeubaition of. sy laptosomfesa with ethanol in t'itn) ctisedi at §UtN (200 r(W) bilonoe Io & Wof 13TX (1 64

.4igitifivant inhibition of the intitiol rates of neurotoxinl-slitiu W VfllucswlonWan(I W S EM.C. xew~t.wt oawo~o~* lateci mttium uptaike. This effect of othanul was; concentration. sigmCanity difcewna fom coirtosonakg cinvol. P -C 0 1

~~. . . .4 ~ ~ ~ ~ - A~ > Ao %t
3
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TABLE3 100 ''

Effects of aliphatic alcohols In vitro on BTX-stimulated "Na* uptake

lcol m/'______ Aw - r1 SSicpeb 28

Ethanol 0.096 582.8:± 51.8 -71.1 ± 7.2 0.980 80
Propanol 0.438 104.0 ± 13.6 -72.8 ± 6.9 0.983 70 -

, Butanol 1.52 35.9 ± 5.4 -65.1 ± 9.2 0.993
I Pentanol 5.02 6.6 ± 0.6 -55.9 ± 6.6 0.940 c 60
* Hexanol 21.4 1.2 ± 0.06 -60.0 * 9.6 0.936 50

* Membrane/buffer partition coefficient (Pp) values are from McCreery and Hunt a

(1978). 40
Values are the means ± S.E.M., N = 4-8 experiments. In each experiment, 3

three or four concentrations of each alkanol were tested. IC5o, the concentration 30 "
of each alcohol necessary to reduce control BTX-stlmulated uptake by 50%. Values
were derived from linear regression analysis of percentage of control uptake vs. 20 .
log [alkanol]. 10 ETOH200m

8-6 Control
1000 ,,. .1 - rI I.

2 1.5 3.0 6.0 15 30

[TTX] nM
Fig. 8. Effect of ethanol on the Inhibition of BTX-stimulated 2Na uptake

100 32 0.997 by TTX. Triplicate samples of whole brain synaptosomes were prelncu-
bated for 2 min with buffer (control) or with buffer containing ethanol.

W\ The indicated concentration of TTX was added and 3 min later BTX (1
", - ,M) was added and all samples were Incubated for an additional 10 min.

2 Symbols represent the means -t S.E.M., N = 4 experiments. Maximum
10 55 uptake for control and ethanol samples was 6.50 ± 0.13 and 4.33 ±

0.13 nmol of 2Na* per mg of protein per 5 sec, respectively.

22Na' uptake and the membrane/buffer partition -'efficienta
6 for a series of aliphatic alcohols, suggesting that a hydrophobic

i 0.0 0.1 1.0 10.0 100.0 area of the sodium channel microenvironment was involved in
Pmb the action of the alkanols. Inasmuch as the neurotoxin-stimu-

Fig. 6. Correlation of the inhibitory potency of aliphatic alcohols on BTX- lated uptake of sodium was blocked by the specific inhibitor
stimulated "Na" uptake with their membrane/buffer partition (P,,) cost- TTX with a Ko.s of approximate'y 13 nM, it appears that the
ficlent, The concentration of each alcohol that Inhibits BTX.stlmulated neurotoxin-stimulated sodium uptake that was inhibited by
2 Na' uptake by 50% (ICso, millimolar) is presented on the ordinate. The ethanol occurred through voltage-sensitive sodium channels in

, P.,,s are shown on the abscissa. The number above each symbol
represents the chain length of the alcohol: 2, ethanol; 3, n-propanol; 4, synaptosomes (Catterall, 1980). Our results with ethanol are
n.butanol: 5, n-pentanol; and 6. n-hexanol, The line was fit by linear consistent with the work of Harris (1984) which showed that a

. regression analysis with a correlation coefficient, r2 = 0.997. See table variety of intoxicant anesthetics agent4 reduced neurotoxin-
S3 for details. stimulated sodium uptake.

12 In the CNS, ionic channels for calcium, potassium and so-
3 ntr c lr dium are involved intimately in the control of excitability and

10.3 Ethanol each plays an essential role in signal transduction and infor-
200 nomation processing (Catterall, 1984). At the present time, the

.a structural and functional properties of the voltage-sensitive
.4~ Ii sodium channels are understood most completely. This is due

6 8- fl in part to the existence of a variety of neurotoxins that can be
4,- In this regard, BTX has been defined as a full agonist (Catterall,a, .used as tools to study the sodium channel (Narahashi, 1974).

jj "i 1980; Tamkun and Catterall, 1981) because it activates a largerIF LInumber of sodium channels and is also more potent (Kg. value
; is smaller) than the partial agonist VER.

*lsl 0 0 1 10 10 o 10 There appeared to be slight differences in the effect of

feyx) I I I I I t o 0 ethanol when different neurotoxins were used to stimulate

* Fig. V. The effect of ethanol In vitro o-i the 9TX-ScV Interaction. An sodium uptake. When WIX was used to stimulate sodium
aliquol of synaptosones was preincubated for 2 itn with bufler (control) uptake, the maximum effect of WIX was reduced by ethanol
or buffer containing ethanol. The indicated concentrations of BTX and with no change In the Ko, value, Also, the minimum effective
SeV were added and "Na' uptake was measured as described. The concentration of ethanol was 50 mM and the concentration of
units of concentration for ScV and BTX were micrograms per milliliter ethanol ,equired for 50% inhibition (lC) was approximately
and enileornolar, respectively. The data ae presented as the meaws * 58 mM. VHR.stinulated sodium uptake was more sensitive to
SE,M,, N -. 4 experiments. 1 M E-tnuao wiinutk a oesniiet

inhibition by ethanol because the minimum effective concen.

deolndent, w'currd with pharmacologically relevant (50 iaM) tration of ethanol was 25 mM and the IC value was approxi.
cottcentrations of ethanol and was fully reversible when ethanol mately 345 mnM (Mullin and Hunt, 1984). Ethanol reduced the
was removed from the sytet. lit addition, there was a good inaxinum effect of VER and there was also a clear trend toward
correlation between potency for inlhibition of BTX-tirnulated reducing the K value of VER. It would be desirable to perform

I4C6 _Q WNAA . ,'. .. "
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more experiments with VER to investigate further this point, the possibility that ethanol is interfering with the binding of
but during the course of this study VER became unavailable the toxins to their receptors in the channel. This could explain
commercially. Even though it is well known that BTX and the results we have presented. This question is currently under
VER compete for the same binding site in the channel (Catter- study in our laboratory using radiolabeled toxins.

- all, 1975), the mechanism by which each neurotoxin stimulates
sodium uptake may be slightly different because of other prop- Acknowledgments
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Soluble Polyglycans Enhance Recovery

from Cob alt-60-Induc ed

Hemopoietic Injury

M. L. Patchen, *N. R. DiLuzio, tP. Jacques, and T. J. MacVittie

Armed Forces Radiobiology Research Institute, Experimental Hematology Department,
Bethesda, Maryland; *Tulane University School of Medicine, Department of Physiology,

New Orleans, Louisiana, US.A.; and tCatholic University of Louvain, Biochemicazl
Cytology, Brussels, Belgium

Summary: Six solubl- 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 C3H/HeN mice when administered either I h before or
I h after 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
polyglyca previously shown to enhance recovery from radiation-induced hemo-
poietic injury). Compared with radiation controls, when ;%dministered before ir-
radiation, mannan-A, glucan-F, and glucan-S enhanced endogenous colony for-,Iation
4.2-5.1-fold (equivalent to glucan-P). and levan and schizophyllan -2.7-fotd.
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, lcvan, lentinanl, or
glucan-C. Key Words: Fructan--Glucani--Hemiopoiesis--Mannian-Polygly-
cans-Radiation recovery,

Glucan-P, a particulate 0~- 1.3-linked polyglycan isolated fromn the yeast Saccharo.
,nyces cerevi si w (1.2) has been shown to enhance a variety of biological responses
in mice, including reticuloendothelial functions (3,4), humoral- and cell-mediated

5' immune functions (5-8), and hemopoictic proliferation and diffkrenliation (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
progenitor cell (GM-CFU, M-CFU), and erythroid colony- and burst-forming cell
(CFU-e, BFU-e) recovery when administered either before or after exposure to a
hemopoietically damaging dose (6.5 Gy) of cobalt-60 radiation (14).

Despite all of these desirable effects, the intravenous use of glucan-P in humans
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
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
hemopoietically damaging dose of cobalt-60 radiation.

*m METHODS

Since, in previous studies, the endogenous spleen colony assay described by Till
and McCulloch (15) accurately predicted the overall ability of glucan-P to enhance
recovery of the various specific hemopoietic stem and progenitor 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
from radiation progresses (15,18-20). The number of colonies arising from E-CFU
is inversely related to radiation dose; at a chosen radiation dose, the ability of an
agent to increase the number of detectable colonies reflects its hemopoiesis-enhancing
capacity,

For each experiment five to eight female C3H/HeN mice, 6-8 weeks old, were
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 exposed to 6.5 Gy (0.4 Gy/
min) of bilateral, total-body irradiation from the AFRRI cobalt-60 source at either I
h before or I h after polyglycan treatment. Mice were exsanguinated 8 days later,
the spleens were removed and stained in Bouin's fixative, and the number of grossly
visible spleen colonies derived from E-CFU were counted. Data are expressed as the
mean ± I SEM of results obtained from three replicate experiments, and data were
statistically analyzed using nonparametric methods, Specifically, one-sided compar-
isons were made between each polyglycan-treated group of animals and radiation
controls using Dunn's Test (2 1) to determine if treatments elevated the E-CFU response
above that of radiation controls.

RESULTS

The effects of the various polyglycans on E-CFU response when administered
before irradiation are presented in Table 2. As can be seen, radiation controls (saline-
injected and irradiated) exhibited 4.5 t 1.2 E-CFIU per spleen, The various poly-
glycan-treated animals exhibited an E-CFU response that placed them into one of
thrue groups based on their degree of hemopoietic enhancement 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
Groupa Compound E-CFU factor" weight (mg)

Control Saline (radiation control) 4.5 ± 1.2 1.0 37 ± I

1 Mannan-A 23.0 ± 5.3 5.1 56 ± 5
Glucan-F 21.1 ± 3.6 4.7 49 ± 8
Glucan-S 18.9 ± 2.6 4.2 45 ± 4
.Glucan-P 17.8 ± 2.1 4.0 55 ± 5

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 2.3 41 ± 2
PSK 10.2 ± 2.2 2.2 42 ± 3
Mannan-R 6.4 ± 1.2 1.4 40 ± 6
Glucan-C 5.3 ± 1.2 1.2 39 ± 2

Abbreviations as in Table 1.
aWith respect to radiation control E-CFU values: group 1, p < 0.001; group 2,

p < 0.01; and group 3, no statistical difference.
bEnhancerient 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-fold over radiation controls, and resulted in 23.0 t 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 polyglycati-treated mice again
exhibited E-CFU numbers that placed them into one of three groups with respect to
radiation controls. Group I 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, respectively, exhibited 14,8 ± 2.3, 14.7 ± 2,7,
14.4 ± 2.6, 13.9 ± 2.2, and 13.6 ± 3.1 E-CP*U per spleen to produce a 3.-3.3-
fold increase in the number of endogenous colonies. Mice injected with iuainnan-R,
levan, lentinan, and glucan-C (group 3) exhibited no increase in E-CFU numbers
relative to radiation controls. As with preirradiated polyg'ycan-treated mice, the
spleen weights also reflected the progressive decrease in E-CFd numters froni groups
2 through 3.

J. Biol. Resp. ModV., Vol. 3, No. 6,1984
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TABLE 3. Effects of polyglycans on endogenous colony formation
(E-CFU) when administered I h after 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

I Glucan-F 17.6 ± 1.8 3.9 45 ± I
2 Glucan-P 14.8 ± 2.3 3.3 49 ± 7

PSK 14.7 ± 2.7 3.2 46 ± 5
Glucan-S 14.4 ± 2.6 3.2 45 ± 2
SPO 13.9 ±2.2 3.1 45± 2
Mannan-A 13.6 ± 3.1 3.0 44 ± 3

3 Mannan-R 8.2 ± 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 4.3 ± 0.7 1.0 41 ± 2

See Tables 1 and 2 for abbreviations and explanations.

DISCUSSION

There are obvious practical reasons for discovcring 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 example, as well as protection of those persons who
may have been exposed to external irradiation resulting from, for instance, occupa-
tional hazards or nuclear accidents.

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,
dvath following whole-body irradiation in the 700-I ,00-rad dose range usually occurs
10 days or longer after exposure, and results from~ irreversible bone marrow damage

(iethe hemopoietic synerome) (22-25). Thus, depletion of hernopoietic stem and
progenitor cells results in sustained erythrocytoperlia, lymphocytopenia, and grail-
ulocytopenia. Ultimately, death results from 'consequences secondary to the hemlo-
poietic injury, such as inimlunosuppression and the inability to resist evenl common
flifections. Hence, it is generally agreed that survival in the hemopoictic syndrome
radiation dose range depends primiarily on hertopoictic recovery.

Although many chemical and biological substances have been shown to enhance
V hemopoictic recovery'when administered before radiation exposure, fewecr compounds

* hav bee shon tobe ekctie wh ninistered after ir adiation . A classic example
of a biological radioprotectant that possesses both capabilities is bacterial lipopoly-

sacharde LPS (2-28). Recentty, the particulate polyglycans glucatr.P (14,16, 1P)
and -nannozym~ (M. L Patwhen. unpublished observations) have also been Shown to
enhance hemiopoiclic recovery when adniinistered either bebaro or after sublethal
radiation expo~sure.. In additiou, glucan-P has been shown to dramnatically enh~ance
long-termn survival of miice receiving an otherwise lethal dose of radiation ( 14). Glucan
P is capable of modifying host resistance to a variety of bacterial, viral, fingal, and
parasitic infections (29-31) and, in fact, the radiopivtetive effect of plucan-P appears
to result not only from its ability to enhance twinopoietic recovery but also fromn its
ability to decroiws iu~weptibility to inftections (32.
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Although the hemopoietic and radioprotective effects of LPS, mannozym, and
A glucan-P are impressive, the administration of th.-se agents to humans is not practical

owing to their undesirable side effects. Specifically, rnannozym and glucavi-P have
* side effects associated with their parxiculate nature (M. L. Patchen, unpublished ob-

servations), and bPS is toxic at high doses (33). The present study clearly indicates
that several immunomodulating polyglycans (all of which are solubic and most of
which are nontoxic even at doses as high as 5-10 mg/mouse) are al3o copable of
enhancing hemopoietic recovery wvhen administered either before or after radiwtion
exposure. The compounds shown to be effective were mannan-A, glucan-F, glucan-
S, SPG, and PSK.

It is iriterusting 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 Scierotium glucanium.

Based ott these preliminary studies, little can be concluded concerning the exact
mechanisms by which these soluble polyglycans enhance recovery fiomn hemopoiefic
radiation damage, or if these substances will effe-ctively enhance survival after ex-
posure to otherwise Icthai irradiation. Such studi~.s are currently in progress in our
laboratory. To date, the only soluble polyglycan able t&, enhance survival tollowing
an otherwise lethal doss of radiation as effectively as glucan-P has been glucati-F
(M. L. Patchen. unpubl'shed obs--rvtions). However, because of the overall similarity
in immunological and hemopoietic responses elicited by glucan-P and ihese soluble
polyglycans, and because of the obvious advantages of the soluble polyglycans over
historical hemnopoietic radioprotectants, we believe the potential for the use ot 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 erythroid progenitor cells, and hemopoietkc stronal cells
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* USA). !2 April 1Q83

Suin'nuir I. Glucan. at betit-I 3 polyglucose. was administered to mice either I h before or I h after a 650 rad
exposure to c )balt-60 radiation. Compared to radiation controls, glucan-treated mice consistantly exhibited a more
rapia recovery of pluripotent stem cells and committed granulocyte, macrophage, and erythroid progenitor cells.
This may partially explain the mechanism by which glucan also enhunceG survival in otherwise lethally irradiated
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Normal control (not irradiated and not glucan-treated) giemsa 4. A CFU-e was defined as an individual ag-
and radiation control (irradiated, but not glucan- gregate of 8 or more benzidine-positive cells. A BFU-e
treated) mice were injected with an equivalent volume was defined as a group of many large contiguous
(0.5 ml) of sterile 5%-dextrose. At 1, 3, 6, 8, 10, 14, and clusters of benzidine-positive cells.
21 days after irradiation, 2 mice from each group were Statistical analysis. In each experiment, the normal con-
killed by cervical dislocation, and the bones (2 femurs trol values were used to convert radiation control and
per mouse) and spleens were removed to be assayed for glucan values into percentages (i.e., percent of normal
total nucleated cellularity (TNC), HSC, CFU-s, GM- control). Percent values presented in tables 1-4 repre-
CFC, M-CFC, BFU-e, and CFU-e. sent the means of percent values obtained from at least
Cell supensions. Each cell suspension represented the 3 replicate experiments. Student's 2-tailed t-test was
poo! of tissues from 2 mice. Cells were flushed from used to determine the statistical difference between
bones with 3 ml of Hank's Balanced Salt Solution mean values obtained from radiation control and glu-
(HBSS) containing 5% heat-inactivated fetal bovine se- can-treated mice.
rum (H!FBS). Spleens were pressed through a stainless
steel mesh screen, and the cells were washed from the
screen with 6 ml of HBSS plus 5% HIFBS. The total Results
number of nucleated cells in each suspension was deter- Bone marrow hemopoietic recovery in mice administered
mined by counting the cells on a hemocytometer. glucan I h before irradiation is shown in table 1. It can
Hernopaietic 'ell assavs. The hemopoietic assays used be seen that recovery of the hemopoietic paramc~ers
have been described in detail elsewhere' 2 . Bone mar- commenced earlier in glucap-treated animals than in
row and splenic hemopoietic stromal cells were cultured animals receiving radiation alone (radiation controls).
according to the method of Wathen et al.'. On days 7 By 21 days post-irradiation, femoral TNC, HSC, and
and 14, respectively, bone marrow and splenic cultures CFU-c in radiation controls had reached levels compa-
were fixed in methanol, stained with Mallory's Azure 11 rable to those in glucan-treated mice, while CFU-s,
Methylene Blue, and the number of HSC colonies GM-CFC. M-CFC, and BFU-e in glucan-treated mice
( > 50 cells) counted. CFU-s were evaluated by the remained significantly elevated above radiation control
spleen colony assay" as previously described". 8 days levels. Like in the bone marrow, all aspects of splenic
after transplantation, the recipients were sacrificed and hemopoictic recovery commenced earlier in pre-irradia-
their spleens removed. The spleens were fixed in Bouin's tion glucan-treated mice than in radiation controls (ta-
solution, and the number of grossly visible colonies ble 2). Again, splenic HSC and CFU-e values in the 2
were counted. Committed granulocyte-macrophage groups of mice were comparable by 21 days post-irra-
hemopoictic progenitor cells (GM-CFC) were assayed diation, while splenic TNC, CFU-s, GM-CFC, M-CFC,
by MacVittie's modification'" of the semi-solid agar anti BFU-e levels in glucan-treated mice remained dec-

technique originally described by Bradley and Metcal" vated above radiation control levels. This was true even
and Pluznik and Sachs". Colonies ( > 50 cells) were when splenic CFU-s. GM-CFC and BFU-e numbers in
counted after 10 days of incubation in a 37'C humid- radiation controls exceeded those of normal control
ified environment containing 7.5% CO,. Committed mice (i.e., were. greater than 100%). Specifically, al-
pure macrophage hemopoictic progenitor cells (M. though an overshoot in CIFU-s, GM-CFC, and BFU-e
CFC) were assayed by the technique described by Mac- splenic values was observed in radiation controls by day
Vittie et al.". Cultures were incubated for 28 days at 21 post-irradiation, the overshoot in glucan-treated
37C in it humidified atmosphere containing 7,5% CO:, mice first bcame apparent as early as 10 days post-irra-
before scoring colony formation. Bone marrow and diation and remained above radiation control levels
splenic CFtJ-e and BFU-c were assayed by a modifica- through day 21 post-irradiation,
tion": of the originl plasma clot technique described by The results of experiments assaying the effects of post-
Stephenson el al.'. ('1olted CFU-e and BFU-e cultures irradiaton glucan treatment oil bone marrow and
were itcubatcd at 37'C in a humidified atmosphere splenic hernopoictic recovery are showo in tables 3 and
containing 5% CO. in air for 2 days and 7 days, respec. 4. respectively. In all instances except that of bone mar-
tively, Plasma clots were then harvested, fixed with 54/0 row liS(, hemopeietic lcovery again commenced ear-
glutaraldehyde. and stained with betidine and lier in glucan-treated dwn in radiation control nice,.
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* Table 2. Splenic hemopoietic recovery in 86D2F, mice given 1.5 mg of glucan at I h before 650 rads of total-body eobalt-60 radiation
(% of normal control)

TNC HSC CFU-s GM-CFC M-CFC BFU-e C'PU-c
Day post Radiation Radiation Radiation Radiation Radiation Radiation Radiation
irradiation control + Glucan control tGlucan control + Otucan control + Gtucan control I" 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
6 7 0C 4 3 0 2 0 214 0 6" 0 0 0

48 9 5S 10 13 0 4 0 34" 0 7" 0 2 I 19"
10 10 50, 13 88" 0 60V I 250' I 96" 0 180" 2 343'
14 65 84' 41 122a 32 190, 94 1207' 8 316' 40 326' 410 684'
21 76 88" 54 50 191 300a 744 2503" 60 31604 121 451' 920 918

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

* Table 3. Bone marrow hemopoietic recovery in B6D2F1 mice given 1.5 mg of glucan at I h before 650 rads of total-body cobalt-60 radiation
(%/ normal control)

TNC iuSe CFU-s GM-CFC M-CFC BI U-n 0-11-c
*Day post Radiation Radiation Radiation Radiation Radiation Radiation Radiation

irrediation control + Glacan control + Glncan control + Glucan control + Glacan control + Glncan osntrot + (;tncan control + Glucan

1 8 8 12 6 0 0 0 0 0 0 0 0 0 0
3 4 4 11 9 0 0 0 I 0 1 0 0 0I 0
6 8 11 11 10 0 0 I 3 0 I 0 0 9 3
8 19 23 18 13 1 0 3 4 2 2 I I 28 25

*10 23 34' 19 14 3 17' 5 24" 3 124 4 9 35 69?
14 27 43' 23 19 5 22" 29 41" 13 26" 14 45" 76 67
21 82 65' 60 45" 22 37" 41 71" 22 52" 57 94" 88 50"

*1.* ap > 0.01 with respect to the t. spective time matched radiation control value.

CPU-s, GM-CFC, M-CFC, and BFU-e bonc marrow ing 650-rad dose of total-body gamma radiation. For
contents and splcnic TNC, GM-CFC, M-CFC, BFU-e, example, the most severe depletion of all hemopoietic
and CPU-c contents in glucan-treated mice were all elements in both radiation control and glucan-treated
significantly elevated over those of radiation controls mice was observed 1-3 days after radiation exposure,
front days 10 to 21 post-irradiation. Howcver, several However, most hemopoictic eletments in glucan-treatcd

*other hemopoietic parameters in glucan-treated mice mice exhibited a major rebound within 6-14 days after
neither remained above nor evten equaled those of irradiation, while the major rebound in radiation con -
radiation controls. For example, in glucan-treated mice trol mice was not observed until 114-21 days after irra-

-s..at 21 days after irradiation, thle remoral INC. HSC. diation. It should be pointed out that although both
*and CFU-c contents and the splenic HSC and CPU-s pre-irradiation and post- irradia tion glucan treatments

*con tents were actually less than those of radiation con- significantly enhanced hemopoictic repopulation inl
%trol mice. comparison to that in radiation controls. !he pre-irra-

Thec splenic 'overshoot' phenomenon observed in) pre-ir- diation glucan treatment appeared to be more effective
radiation glucan-treated mice wats again observed in the thant post-irradiation glucan treament. These results
CFU-s;. GM-CFC. M-CFC. BPUI-e, and CPU-c post-ir- correlate well with our previous observations that al-
radiation gluican-treated mice. Interestingly, the over- though equal numbers of endlogentisly arising spleen

* shoot in CPU-s. GM-CFC, and NI-CFC in post-irra- colonies tE-CFtJ) were observed in both I-h pre- and
diation glucan-treated mnice wats less dramnatic than in I-h post-irradiation Slucati-treatcd mice"., thle size of thle
pre-irradiation glucan-treated mice, whereas thle over- U-CFU appeared to be larger in inice receiving glucan
shoot inl 10-U-C and CFU-c in post-irradiation glucan- before irradiation.
treated mice wits muore dratnatic than~ in pre-irradiation In addition it should be noted that tlie hemopojetic or.
glucaiti-treated mnice. fects of' glucan prittarily occurred within thle first 2

weeks after irradiation, since by 3 weeks post-irradia-
4. L~xt~uxh,,mtion heniopoictic values in radiation contro! and glu-

canl-treaited mnice inl mnany instailces were simlilar. This
- .Injection of' particulate glucanl inio niormal mnice hats wats true even in inqtanceq wheni recoveiy had not yet
-prevdously been shown it) result in increased numbers of progre,,sed to normal cotntrol values (i.c., 100%). and

bone marrow anior splenic ClVU-s. (OM-CPC. MI- ito explanation ror this apparent latent slow dtown ill
CVC, h)PU-c. aind CI-e' ", The studies presented here glucanl-induced heinopoicsis is propose-d ait this time.

-. demonstrate tile ability of glucati to speed bone marrow It is interesting ito note that additional particulate sub-
aind"or sp1lnic IISC. CP-.GM-CFC. M-CPC. lIEU- %tances leyg, 4 osan. C. parvitn. glass beads, Port-
o. and CPIJ-e recovery itt heniopoictically compromised land centent) have also been shown to enhlance hemo.
anlimals. slxcificlkly, glacanl was -.hownit) o nance tile Ioiesis whlen admninistered before amid in somle cases t-
recovery of these lientopoictic progenitor% when admin- ter sublethal irradiation. Ifoleever, we 6o not that feel
istercd either before or At a Itemopoictically dainag- tig encitauccd lietuooictic tecovcry obwrvd in% our

A." % %
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Table 4. Splenic hemopoietic recovery in B6D2F1 mice given 1.5 mg of glucan at I h before 650 rads of total-body cobalt-60 radiation
.1 (% normal control)

TNC H-SC CFU-s GM-CFC M.CFC BFU-c CFU-e
Day post Rrdiation Radiation Radiation Radiation Radiation Radiation Razliation
irradiation control -Glucan control + Glucan control + Glucan cor,ol + Glacan control + Glucan control + Glucan conttrol Cilalt

1 9 14 2 0 0 0 0 0 0 0 0 0 0 0
3 9 7 2 I 0 0 0 0 0 0 0 0 0 0
6 7 9 4 5 0 0 0 2 0 1 0 0 0 0
8 9 11 10 13 0 1 0 5- 0 3 0 2 1

10 10 21' 13 660 0 9a I 681' 1 20" 0 23, 2 10Y
14 65 1 00a 41 1490 32 1294 94 1338' 8 126' 40 468a 410 776
21 76 122' 54 44 h 191 1592 744 1706' 60 1984 121 5642 920 I51IS

a p >0.01 with respect to the respective time-matched radiation control value; hp > 0.05 with respect to the respective time-matched radiation
control value.

'Ai

studies is due merely to the particulate nature of glucan, post-irradiation survival remains to bc determined.
sinced we can easily reproduce thcse results using a Since death after irradiation often results from the
soluble glucan preparation (manuscript in preparation). surgence of opportunistic infections, glucan treatment
In addition, previous studies evaluating the hemopoietic may provide a critical advantage by early-on stimLI-
radioprotective properties of various other substances lating the repopulation of hemopoietic precursors (i.e.,
have primarily used enhancement of endogenous co- CFU-s, GM-CFC, M-CFC) capable of replenishing the
lony-forming Unit (E-CFU) numbers to indicate an granulocytes and macrophages necessary for resisting
agent's radioprotective capacity. Although E-CFU re- bacterial invasion. This may indeed be possible since in
covery does correlate well with CFU-s recovery, neither non-irradiated animals glucan has been shown to pro-
the E-CFU nor the CFU-s assays can reveal informa- foundly enhance the resistance of animals to at variety
lion about the recovery of the various committed hemo- of expurimental infections2 

>""'. Additionally, recent ex-
poictic progenitors cells (e.g., GM-CFC, M-CFC, periments in our laboratory have indicated that glucan-
CFU-e, BFU-e). Thus, our study has also demonstrated treated irradiated animals present fewer opportunistic
the radioprotective effects of glucan on these specific infections than do radiation controls (Patchen, Brook,
progenitor cells as well as on the pluripotent stem cells Walker, unpublished observations).
measured by the E-CFU and CFU-s assays.
Recently we have also shown that the administration of Although much remains to he understood concerning
glucan before exposure to lethal whole-body gamma the ability of glucan to enhance the recovery from
radiaition (e.g.. 900 fads) is capable of enhancing sur- radiation-induced hemopoictic aplasia, the implications
vival2'. The exact correlation between giucan's hemo- and possible applications of glueall treatment are in-
poietic enhancing capabilities and glucun's effects on triguing.

I MIaNIMt, W.. Jlkslyn, NI. A, and McCready. M., The moleulir 9 Nv~.knen, F. 0.. ltrgaleta. C.. Cltnc. MI.J .. mitt GJollde, 1) W., I-t,
vonstittion of it insoluble polysaeelturtde front yeat XSj thri. feetitf glitean. a tvacrophoige itctivator, on tiurirte littttpoiettv Vell
mrvvm% crevine. J. Ant. chien. Smc. 6,1 (19411 293 298. prolilerlliol tll diffusion ChallNts illitm. (anver Ro...~ J819714)

2 t)l-tdo. N. It.. williants. 1). . McNoitmee R. H1.. Fdw:Art, It. IF., 14t, 14119.
and K italtntma, A., Cotttpartit. ituntor~tthtbilory and ittilihaitral ID Piltvtelt, MI L... otit Ltoviot. E., Modulalton ill Inrirtu itmollot.

4 aOcttstly o1 soluble and ltantcuhav slucit. lilt i (ancr .14 (11,79) 'IN b Vlucati. I;... Mtinot. N5 (19801 409) 422.
773 779). 11 Ntwhett, Ni. 1. . imtt d Aclie 'U J ,.1o~eetet oie A
0113t1110.o N It. Pisart. J. V.. 4r10 Sthil, T MI, . htalttl Of ithe twtiritte pluntpoict tvi ct el.. ttd tiyeloid ond Vofo p~rid'rigettt.
ritechiItIIrit or Pglat Inducedi silttrtrttiaon 1tite lilt: eletohla lir VVells I,1olloti adrttrithoti Of tlt! ttttatitiitilsittv.tgt
*ystettt. 3. reilticttdoth. Smc. 7 11970) 11 I7.l2 igluciitltsttthrrtaltg ( 1983 1 1 l.

4 lDil.untl, N. It . kit Pltarnitolui or the Qetnomohla I'd. IV )~ctell, NiI-1 . ttd %111t VI It I, I' J.. letiII lofa reI ll tIttit 111
tvnI'.tccel itl o ltin; ttt I'le retciletdtlela syttit ut eailth 11 pluiivt...tvi e celsit tid tiv titid eqro rit proigentiVitor cIlII
atnd diseame Istitoit aitd elarcristie.., pp .11 .11 Ftd. S. ki. lokA-ditwk ptilvnc~ twinatttdt Avta teita '0t (14111 Is! 2t1
ROM14h1d. MI V Fwomr grild II lrtcdtittt PIettutti Pe. NeA J 1.1 Pa~ttn NI t... itttd kiltsi.,IE . I Ito roilem ,IllttteophOIta. 'tItd I.

At S~ Cotl,, J A, litylof. 1) . COhen. C. Itodrilc J . IMl&et V., itwd (litsdeo 14N 181 71 ?',
l)(.tijro, N It . I .ttlrra.e sluattort oft the roleti oll tt,.tro 14 Patchetio, NI L ,trtd MI:Vutte. I l . t W il1 tlltatt it' e'tlhtw r
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Alterations in Gastric Mucus Secretion in
-R-hesus Monkeys After Exposure to
Ionizing Radiation
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H. EL-BAYAR, A. DURAKOVIC, J. J. CONKLIN, and A. DUBOIS
Department of Medicine, Uniformed Services University of the Health Sciences, and Radiation

* Sciences Department, Armed Forces Radiobiology Research Institute. Bethesda, Maryland

The aim of the present study was to evaluate the changes in both the quantity and nature of the
effect of yt-irradiation on soluble gastric mucus. Six soluble mucus glycoproteins secreted into the gas-
conscious chair-adapted rhesus monkeys wer.- stud- tric juice. It is suggested tha,. these changes may
ied once before and twice after exposure to ionizing compromise the protective ability of gastric mucus.
irradiation (800 rads). Using a marker (991nTc-DTPA)
dilution technique, acidic glycoprotein (AG), neu- Exouethihdesfraain(>0 rds
tral glycoprotoin (NGJ, ion, and fluid output were Epoue doiarhaoinfectioaandtfluid o6s0within
determined during a basal period and after the wroduas arhe o f aotio anep ids ith inia cel. 1oe
administration of an 80-mI water load, Irradiation ovea, a recent otudyahase doeponthaeda t galstMric

2significantly increased the outputs of both AG and ovucasa biopntsty hcies deotaedo thet daytrof
NG during the basal period. After the water load, NG adiatio s exposur e n 800 a ed p odu he upe fa
output remained elevated but irradiation abolished raito ex sue(0 ldspoucsprfil
postload AG output thus inhibiting the normal rise ulceration which fail to heal within 7-9 days (1).
in AG output stimulated by the load. Two days after This observation could be related to many factors

irraiaton G otpu ha reurnd t cotro leels including the secretion of mucus, the presence of a
irato NO output had rtlure .to odntr m lees mucosal gel layer, the intragastric hydrogen ion
wndereassu A n outputs stirl upressed Sodiuma concentration, as well as the Integrity and rate of

datnd potaim aond ouputpeeuatered bygniia- renewal of epithellal cells. In the present study, the
diationhoidnte a fIrautputs weue siniiantr- effect of irradiation en changes In gastric soluble
tyuinhied cono thel dayhi of adation Th ad ret mucus and ion secretion were evaluated in primates.
turnce t a conrolleelditin prodayscese sigifcat Gastric secretion of glycoproteis was used as an

indiate tha irrdiaion prouces sigifiant index of both soluble and insoluble mucus produr.
tlon (2).

Received April 2, 1004. Accepted Septemnber 28, 1984.
Address roqluasti; for reprints to: 'leroz Shea-Donohue, Ph.D.. Methods

Department of Medicine, Uniformed Services Utilversity, 4301
Jones llridge Road, B~ethesda, Maryland. 20014-4799. Six mnale unanoithe'ized m~onkeys '%Mocaco mu-i

This work was supported In part by the Uniformed Services !oltu) weighing 3.-4 kg -Nere adapted to primate restrAining
University ot the Wealth Sciences Protocol No. C011343. chairs and housed In closod, ventilated, lightedI boothis

The1 opillions and assertions contained herein are the privat between1 9 AM and11 12 mst. The monkeys wow~ trained to
ones of thle authors and are not to be construed as official or acceptl a 1 2F (ioublo-lulnin nusogastric ventrol 1,evln tubo
reflecting the views of the Depaortment of Defense or tha 111. (National Catheter, Mallencradt, Argyle, NY.: bore, 4 min;
formed Services uiorsity of theo ieailh sciences, wvall thtckness, I aii). The experiments were, coidructod

The experimeints reporteud hereinl were conduicted according to after In. overnight fast and were started 45 mil after the
thle Principles set forthl inl thet "iCuido for thet Caro and Use of tuhodE beenl placed. Plroper ptaltioltilnt of the tubo Ill thel
Laboratory Animals,"' Institt of Animal Resources, National
Rseseurch Council, DHEW Publication No. (NullI 78.23, itiost (ieondezt part of the stomach was verified by

TIhe authors thank M. Flynn, 1, Stewart, 1, 'Varronfletz, and N. L. deonstrating that, aifter inlucting 15 ml of water Into a
Fleming (or thoir valuobl't suppold In Anlinlkil handling alnd radio.
pharmlaceutical preparatlind admininstration. They also thank
Linda lw&nyck, andi joy liarchiors for their expert editorial assist- Abliniviolioinq used inI this popitr: All, Aldean blue; AG. ;*cidic

Sect,.Slycoprotoln; NO, noutral glycaprotein.
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previously emptied stomach, the total volume could be tions were measured using a flame photometer (Instru-
recovered. mentation Laboratory, Inc., Model 443, Lexington, Mass.)

A marker (Y1mTc-DTPA) dilution technique previously and chloride (CI-) ion concentration was determined
described and validated in monkeys and humans (3-6) using an amperometric titration method (Corning 920 M,
was used to determine gastric ion and mucus output. The Medfield, Mass.). The intragastric mass of each ion (11,
animals were studied during a 40-rin basal period and for 12 ... .) was determined by multiplying the intragastric ion
60 in after the intragastric administration of an 80-ml concentration by the corresponding intragastric volume.
water load (pH 7.4, 37°C). Samples of gastric juice were The net rate of each ion output (RI) was then calculated
centrifuged and samples of the clear supernatant were using the equation
counted in a auto-y-counter (Ultragamma, LKB Instru-
ments Inc., Gaithersburg, Md.). Intragastric volumes of [12 - 11 x exp(-gt)] × gi[l - exp(-gtl].
fluid (V1, V2 .... ) and amounts of 9YmTc-DTPA were deter- The calculations were perfcrmed using a locally devel-
mined using the marker dilution principle (4,7,8). Net rate oped program and PDP-10 computer (Division of Comput-
of fluid output was determined for each 10-min interval (t) er Research Technology, National Institutes of Health,
between two dilutions assuming that it remained constant Bethesda, Md.). The assumptions involved have been
over the given interval and using the equation described and discussed elsewhere (3-6) and are based on

the original contribution of Hildes and Dunlop (8).--'i R,. = IV., - V, x exp(-gt)! x g/[i - exp(-gt)].V Vg xIn this study each monkey was studied on three separate

where g is the fractional emptying rate. days: once before (preirradiation), on the day of (irradia-
The concentration of soluble mucus in each sample was tion), and 2 days after (2 days postirradiation) irradiation;

estimated using two methods; the Alcian blue (AB) dye 800 rads were delivered bilaterally to the whole body
binding and the periodic acid-Schiff reaction. Alcian blue using a large 105 Ci "oCo irradiation at 500 rads/min.
is a caticuic dye that forms an irreversible complex with Values for gastric secretory parameters obtained during the
acidic glycoproteins and other negatively charged macro- first two 10-min intervals of each study were discarded in
molecules. A modification of the method of Piper et al. (9) order to allow for the establishment of a steady state.
was used for the determination of AB binding to acidic Those obtained during the third and fourth 10-min fasting
glycoproteins. Briefly 0.1 ml of gastric juice was mixed intervals were averaged for each study to obtain one
with 4.2 ml of Mcllvaine's citrate phosphate buffer (pH 5.8, fasting (basal) value per animal, and the mean (±SE) was
0.12 M NaHPO 4 and 0.4 M citric acid) and 0.2 ml of AB (10 calculated for each day of the study. Values obtained
mg/ml). The volume was then increased to 5 ml by adding during seven 5- or 10-rin intervals after the 80-ml water
distilled water. The concentration of AB in the reaction load (postload) we e also averaged for each study to
mixture was 0.4 mg/ml and the pH was 5.8. The reaction determine one postlcad value per animal. The ,nean (j. SE)
mixture was incubated at 22'C for 24 h and centrifuged at postload value was then calculated for each type of study.
2500 rpm for 10 rin. The concentrations of AB in the The statistical significance of differences observed fur each
supernatant fraction were estimated spectrophotometrical- measurement of gastric function (e~g., Na' output, mucus
ly at 615 nun (Gilford Microsample, Oberlin, Ohio) and output) was evaluated using a three-factor (treatment,
compared with a standard curvei constructed using porcine time, and monkey) analysis of variance with rpeated
gastric mucin (Sigma Chemical Co., St. Louis, Mo.). measures on the last two factors (11), the program LDU.

The periodic acid-Schiff method described by Mantle 040 (K.L. Dorn), and all IBM 370 computer (Division of
and Allen (10) was used to estimate neutral glycoproteins. Computer Research and Technology. National Institutes of
The reaction mixture consisted of 0.2 ml of gastric juice Health),
and 1.8 ml of isotonic saline to make a volume of 2 nml,
Then, 0.2 il of fresh periodic acid solution (10 Al of 50%
periodic acid In 10i ml of 7% acetic acid) was added to the Results
reaction mixture and was incubated at 37"C for 2 h.
Subsequently, 0.2 ml of active Schiff solution wits added Btefor:e irradiation, the basal out put and con-
anud all tubes wor vortoxed immediately. Teie specimens centration of AGs Is approximately twice that of NGS

toedl t r '30 mi itt roon tmperature after which the (Figutils I and 2). In addition, the oitput and con-

optical density was determined spt:trophtonletrically at centration of AG are significantly (p < 0.051 in-
555 inn using porcine gastri; iucin as it standard, crleased by 270,% alld 1)8%, respectively, ill response

The lntragastric concentration tcf soluble mucus at the to the water load (Figtres :3 and 4 vs. Figures 1 and
-:art (if the interval (MI) and at the nod of the intcrval (,A 2), In contrast, NG outtptt and cticentration are

* are expressod Its elilligramis of mu cin per nul iliter. ltho rolatively unchantigld by the administration o the
net rat of so!bu noucus outlput (li.ll xpressed in i water load. As a result of this diferenc, -stload
grams of mutcin tuilvalnts was then calculated using thei At oad. A is (-ifmesePstload p
equation AC,; ut is 7 ti tes posthlad NC otput and

postioad AG concentration is f5-6 times that of
* h, IM.- M, e.xpl -.9tl l g1 Pxpl - gl)l postlad NG concentration,

The colnlcllt rat loll and output of neutnral g y ilproteill lx pOsirme to irradiation signilicantly stiiulated
N() imd acidic glycoprotoio A(C. were detomimiod soppa- both the besal ( Fig ant i 11 d p1 load (Figurot 2)

1' rattlv. Sodium (Na') and potasslum (K ilot contleintr- oLtpt of I' NG by 150%. Il addition, NG concntlra-

. ,"%
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Figure 1. Basal soluble mucin output before, on the day of, and 2 Figure 3. Postload soluble mucin output before, on the day of,

days after exposure to irradiation. Each bar represents and 2 days after exposure to irradiation. Each bar

the mean ± SE of values obtaifiad in 6 monkeys. represents the mean ± SE of values obtained in 6
monkeys.

tion in the gastric juice was increased by 61% basally However, in contrast to NG, postload AG '-utput
(Figure 3) and was significantly enhanced by 270% (Figure 3) and concentration in the gastric juice
after the water load (Figure 4). Howevbr, both basal (Figure 4) were significantly suppressed by irradia-
and postload NG output and concentration had re- tion and remained suppressed aft3cr 2 days. Thus, the

turned to preirradiation levels within 2 days after increase in AG output and concentration stimulated
irradiation. Like NG output, the basal secretion of by the water load in the control state was abolished
AG was increased significantly by 250% after expo- after irradiation.
sure to radiation (Figure 1). In addition, basal AG Na' and K' output and concentration were unal-
concentration was elevated by 137% (Figure 2). tered by irradiation (Table 1) but C- ;oncentration

was significantly reduced alto- irradiation during the
basal period. Fluid and C secretion were signifi-

., 12[

n.5

g p<0.05 Vs - o2- n-C~ 10 - 1O, - -- -1

E 11'
n.

4A__ N 2•

2

NG AG NG AG NG AG 3 NUAG NG AG NG A3

P Ue, trtadia Pd 2 days Prt. houdlatod 2 dys t
Irradtiated Postittiliated Itlit od Potitftadduttel

Fialua 2. ulbl. l solbhi n li lt i litin II thosit :l'thtd Jice oiuret 4. 1islh tud solublh- U L num I rat Ion In hi. set.rotlmd
%'i bohort. on tho tly of, mid 2 doys aflhr ,xosurt to buce , Laint o i likay no, atd 2 days t o tint to'

IrrildialItn. la:h bar rtoproi t ho 11a. t h tll t .. l hIrradiation. ittb bar nresotils Itt inrtt -NE of
vttluo* oblewint i 111okoys. 0a1tws OhaWd In 6lb tnuatktts-
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Table 1. Effect of Irradiation on Basal and Postload Fluid and Ions

Fluid output Na* output Na' conc K* output K' wixn Cl output Cl (:anc
Treatment (nil/inin) (p.Eq/min) (IiEqjmll (IiEq/rninj t'Jliqfnin) (A.Eq~rnin) (1&~qlm11)

Basal0.222
Preirradiation 0.2± 0.04 122± 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 4.3 ± 1.3 20 ± 3 16.9 ± :3.2 1119 ± 311,
2 days postirradiation 0.14 ± 0.02 13.4 ± 4.2 93 18 2.9 ± 0.8 20 ± 4 2E.5 ± 5.0 221 ± 44

Postload
Preirradiation 0.19 ± 0.03 10.2'l ± 1.9 85 ±24 3.3 ± G.6 24 ± 7 24.6 ± 6.6 174 ± 58
Irradiation 0.12 ± 0.02" 10.8 ± 2.2 153 ±35 2.3 ± 0.6 19 ± 6 11.(] ± 1.5', 228 ± 89

* 2 days post irradiat ion 0.15 ± 0.03 9.1 ± 1.4 ill :3~6 2.7 ± 0.7 25 ± 6 26.4 ± 6.3 311 ± 14:3

Values are mean ± SE of measurements i G monkeys. " p 0.05 and p) < 0.01 when coumparedl with preirradiation using a three-factor
(treatment, time. and monkeyl analysis of varice with ueatedl measures ca the latst tw o fac.tors,

cantly inhibited by irradiation only after the water the water load, hcwever, AG output is completely
load. However, 2 days after irradiation, fluid and ion abolished. This absence of the nlormal rise in post-
output and ion concentration were not signlificantly load AG output can be attribute)d to either a pro-

* different from preirradiation levels, longed effect of irradiation at that time or to a
complete radiation-induced depletion of available

Discussion AG material during the preceding basal period. Un-
like NG output, AG output remains SUPPIesseild 2

The human gastric iIIucosa Ias several histo- days after irradiation. As AG output returns tQ nor*-
logically distinct cell types which secrete various tral within 2 days in thle absenlce of radiation, this
mucis. These cells include the muILcus neck cells in much longer lasting effect onl both basal atid postload

* the fundus, the miucuis cells of thle cardiac atld AG output can be attributed directly to tho effects of t

pyloric glands, and the Surface epithelia. The normal irradiation onl tile gastric mucosa.
gastric inucosa is covered with a continluous thin The radiation-induceid responso ill soluble mnucus
layer of adherent mnucuq. This film is not only at output may represent the secretory counterpart of
Product of thle surface epithelial cells and mnucus morphologic chantis deiscribed itt the samel model
neck cells of the adjacentt areia but also of the tlucoso (1). In1 this study, usitng ditiekrtt tnonkeys. not gross
hIigher in thle stomach. Docroasos, in1 the quantity and Itiucesal damlage (killdosco Pic viewi was apparent 3 I
quality of ntiucus glycoproteins have beenl associated after irradiation. Furthermnorei, light microscopit:
With gastric tnlucosal injury and tnay reflect alter- evaluation of biopsy specirtions taken ait this salut
ations in the integrity of the suirface e~pithelial cells time revealed no disruption of the linig oplhlvilt
which produce the mlucositl gel layeir as wvell as the cells or- tucuis-containig codls for upt to 3 days after
foelliular ability to svtithesi,.e glycoprotains and se- irradiation (1). However. SEMt showed at marked

* crete mutcus. Studies correlating tchangtis in soluble hyportrophv of thetlcrovilll fsmiufc pte
atid Insoluble lltcus arei inc~onsistent (2A12). 1 hjwov- Hal cells. Thbis is similar to the appoaratico of surface
or, 1,an11ltit ot al. (2) recently found that inc-reases InI colls before thek apical expulsion of mucus. Although
the AG concentrat Ions of solublo mlucus were assouci. earlier biopsy peinnswerel not obtiittd. this
ated wiht increases inI the At, couicentration of the hyportrophy may represetnt the fintal s;tagest of anl
adherenlt mucus gel. In addition. AG in both soluble Iitial extusion of mucuis from ucells. whic~h Is re-
anid Insoluble mulcus wits ilivorsely correilod with florted in the initial inctease in NG ind A; output
gastric 11u1cosall damlage. observed htniediltitly after irrildiation i In thle present

The presentl st tdy demnlotistraltis that, immed11aliately study. Interestingly, release of mucIus by apical ex.
after irradiation, both h.wisl and post bail NG olil p ilsionl is oftenl fol lowedi by cell devgenoriation antd
are significantly increas ed. Thils. however, is it trati. may ho tzharacterishic of it responise ito itijurtY (1411.
sient effect ats 2 doys aftin Irradiation. NG out put is Altclat blue binds not oniv to acidic glycolirolins
niot 81sIglificatny fifferentl froml conitrol out pu i. In but to other negilvelv chargmd tntonItue~As
cotitst. AG, out put fo'hiws at hi phasli: tim nw ourse well. Tb us. an ilwroate, iin AG out put io ild bet dtt i t)
after i-aidhthon. Immulediately afte'.r total hotly vxo an 1CIncreaSe itll I sheidig im11d ioately attmr irrit.
sure, AG output, 4We ING out put. is sigiificanlt ly diaiton. scanlning" el~ct rio ttliiuip .111(l Iilit
slt i- ulated: this (?ild ehvat ion of gI coprotei ti out - tllcro'tcoIpy. however, dto lt re'. I' signtificanlt iln
Put does not rippeart ito resu 1 froml all inlcreasod acid'. :rvasos in (,(!l shedding at fliw oppwoximawu fiti m(it
pepsiti diigestion of th1w mucuis iavitr. its it colaldevs thet rise ini AG oli o bserved adter irradialion in
with IIn it~tibition of gasti o cid s crtion 0)l. Alter tile prosvitI :'td>. Moroovor. if significtul ll Ahcle.

........... .' . ~ e~ * *
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ding occurred later onl, one would expect an increase bition of AG output observed after the water load is
in AG output rather than the observed decrease. similar to the previous findings of a reduction in

The differences between AG and NC output ob- glycoprotein content of the gastric juice within the
served 2 clays after irradiation may be related to a first 24 h (16,21,22). Earlier studies have shown that
differential effect of irradiation on mucus cells pro- AGs are the major type of glycoproteins secreted in
ducing biochemically distinct mucins. Zalewsky the rat (2). Although purified monkey mucin was not
and Moody (14) reported that in dogs, mucus cells used as o standard in the present study. A(;s also
located onl the sucface and in gastric pits contain a appear to be the major type of glycoproteins in the
highly sulfated mucin, as well as neutral glycopro- present model. Thus, even in the presence of anl
teins, whereas neck cells in gastric glands contain elevated post load NG output, the potent suppression
predominantly neutral glycoproteins. Although the of postload AG output results in a net reduction of
presence or function of sulfated mucin in nomal the mluc~us glyceprotein content of the gastric juice.
gastric mucosa of humans has been ouestioned (15). After the first 24 hi, rad ia tion-ind aced changes in
increased levels of sulfated glycoproteins have been soluble muicus, do not parallel those reported after
found in humans following stress (1.6). The results of other types of stress. Much of this difference call be
the present study support the distribution of AG and attributed to the more disruptive or perm-anent
NC proposed by Zalewskv and Moody (14). The changes in the gastric inucosal barrier that arise trom
surface epithelial cells extend into the gastric pits radiation exposure. Studies of experimental stcess
and are renewed approximatex'y ev'ery 3 days. The show a gradual increase in soluble mnucus glvLcopro-
mucus neck cells which lie deeper in the mnucosa teins and acid secretion during thle 5-Ii days po~st-
near the parietal cells are renewedI in about I wk. traumia (16). After irradiation, adid output was also
Cells with at high turnover rate are p~articularly found to returni to c~ontrol levels withinl 3 days (1.3).

-~ susceptil crdainijr 1 hs h C In the presenlt Stlud\, however, although NG output

Containing suface upithVlial c.ulls inl this model ex- retuirns to nlornmal. AG output is still deficient at this
hibit at markedly greater vulnerability to radiation tim0.
fiamagi, than do the NGcontaining mucus nock Ireadiation produices significanit changes in mucus
cells. This is further supported by the fact that both socretion. but does nlot appear to be atucompanhetd 4y
NG output and acid secreition, biut not iAC output. a "break" of the gastric tuucosal harrier. Such at
have returned to flornial withinl 3 days of radiation breakdown has beenl associated with thlt appV41ran*we
expesulre. '!hel shithicallcu of this observation is of Nil ini Ilt lumen mnd at back diffutsioni of IfI ionh.
ilustrated ov ShNI studile of gastritc biopsy speci. III the" present study, however Itaitoll dfid not

*. * mons. At 2 tillystirdain there is damlage or significanfly alter Nil or K' output or cutcetitra-
absenice oft nmerous surfact) cvlls. the presence of tin, sulgswstinig a lalck o~ sigsiificitit tilucoistl diatago
exposed lainla proprill ill sollit areals. andt aierit for 3 days' lalter irradlatioti. Thu significillt decrease"t

~~~ V ~ otent oif ulc-ratiol tit theo Site Where biopsy Spe 3l. inatngl ouerai ndnpstadlad
1*0I nnswetri Oblil."llm oil the daly of irradiationl Mt, fluiti output onl tho diay of iriadiationl relect the

The inc~reatse InI Soluble mucus~kl ouitput inl thet pros. repotted sutppre,,i4m of acidi secretion (131. Two
ent study may be part of it respotise to stress. Ali days Ofter irradiatioll thp observeid relltr of (3 and
inlcrease- ill the reltlese ) of J-oenorphili rtii the filuid output Ito contlrol Vatles lco a i t 1thepe.
pititlary has been Ohown it) accownpany other iypes Viowfly repurtod resofation of acid -ocrtoliii !ot
of experiliial sItr I I k1 That irr1"Itatioll is a iornlkt 1 1i3).
sltes is suipported by tile factl that It-111d bodyt iritdlia- Thesel stdiei. demllonstralte that iradiatifin pm1-
lion hap; been shown ito Fignlilh'KOWl V 011an1.0 plAWS1i dluos sigI06icant 'alleraltols In 111V imowl 'Itd type)
O-eudorphitl (2111. Thol inlitiial rike ill stvlubh' ImlutIN (fito-t lcrtinert isto thit gastrit:Ijhe
outillt ohstyrvtd 11111111iately after irradialiolt ill 11w It ii not likely that thies 1cb4111gon arto a re11spons Ili

* ~.preent tu~ Is Ot epoted n erlie stdiesof astir. mn'. n Oe w gal"Otic li wia'It bardrie
tt~~eit~eitl sre. T1his t'my be attributed Io Lifetw retnmiilts imiwt. owtxvot, the0y mary ~'-wisisl Offia.

'4,.**'viie~ n unih~dotg.InI previou, "Itidies, the stress tOw Prow-tw'* allnhity of gnstit Inmus
was appled for a 1(11ak'Ir pvriod tof time atid gastric

hours ifltr tOw slre~ss was jiiiied. i the turrid References;~
study. te nnmk vwre v~poseul to irraldioltion fls

21 mill old saillillos Alf Jttsric iluict worv ohitai'id hIi Ai.~iwiii 41.'ItiL.i.iiO" .

4, *. * ~ ~ w tlil t0 11141. 11111N. 1 his illitial rim! ill Stilulsd'A tp lIilb'~isi~.'''t t~At iu ti

ollwr% 1-d priiouisly. In (sotrilsl. thu i' igii l ilili- .AtAlmqt 11 Vseuk1 AS \iAsu1t VA S1461i N Okh'tlI1111 AsIMt
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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 quantities to

the required kermas 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

* 4- factors are discussed so that the reader will know not only what they

are but al'o 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 p'oviding consistency and long-term continuity

to the reactor dosimetry program at AFRRI, particularly in consideration

of the relatively frequent turnover of the scientific and technical

*staff.
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1.2. Review of Contents

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 garnma-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 Infonation

As mentioned above, this report does not give fonula deriva-

tions or definitions of standard terninology used 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 somie readers this may be a poor

assumption. To augment the infornation in this dosimetry guide, it is

4



'A recommended that the scientists and technical personnel making practical

use of this guide 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 is 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

m therapy," by Broerse et al. This journal paper presents

detailed derivations and rationale for the tormulas applied

1m 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 coamiuni ty.
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Protocol for Neutron Beam Dosimetry. This report is similar

to the European 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-

bers used in neutron dosimetry," by Mijnheer and Williams.

This paper, in a report of the International Atomic Energy

Agency, also gives many formulds and derivations applicable to

neutron dosimetry, and presents an analysis of the uncertain-

ties involved in different calibration methods.

Ion Chambers for Neutron Dosimetry. This monograph is based

on reports presented at a 1979 workshop of the Conmmission of

the European Conw-unities. 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 comimqrcial vendors),

the report also has discussions on calibrations, corrections,

cavity chamber theory, physical constants, and experimental

techniques. It is recotiuended as a source for detailed,

practical chamber data.

6

... ...- a t



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, calorimeters, 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
.4

gamma-ray kermas and absorbed doses. Reference I should be consulted

for information on other suitable instruments and methods.

Neutron dosimetry is more complex than gamma-ray dosimetry,

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 biologica0 effect compared to an equal absorbed dose of gamma

rays, it is necessary to 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 to gaimna

rays. Details of the wall and gas compositions are given in Appendix 8

of reference 1.

The second chamber is constructed with magnesium walls, and

uses a steady flow of argon gas. This instrument will be referred to as

the Mg-Ar chamber, and its response to neutrons is much less than its

response to gamina rays. The use of a graphite chamber with carbon

7



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 photon 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-
;.o

rfents. 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 coosidered 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 should be performed long enough to

obtain an electrcmAeter reading that is large with respect to system

instabilities. 't is good practice to make several weasurements in

succession to evaluate the response variance. Charges measured before



and after the chamber is 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. Ionization 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 on for transferring the calibration from the

- standards laboratory to the 60Co calibration source at AFRRI. The pro-

cedure for using such a transfer standard chamber is as follows. The

chamber is flushed with air and then left epen to the mbient atmos-

phere. It is irradiated at AFRRI in a fixed and reproducible arrange-

ment and its response is recorded along with the ambient temperature and

pressure. The irradiation source may be either a specially designed

check source or the 60Co ganvia-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 to an AAPM Accredited Dosimetry Calibration Labora-

* tory (ADCL) for calibration in a standard 6 OCo beam. This measurebment

will be performed with the chamber open to atmospheric air, and will he

in tenns of the exposure or air kerna required to produce unit response

9
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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, theI-

transfer instrument is then used to determine the exposure rate or air

kerma rate of the AFRRI 60Co machine. The transfer instrument is then

stored for future use to verify the 60Co 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 6OCo 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

i ,calibrate other AFRRI chambers (with their usual cavity gases) used

routinely for reactor dosimetry. These 6OCo chamber calibrations will

be in terms of the exposure or air kenua required to produce unit

* response fro n the chamber, i.e., the same as for the transfer instru-

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

" measureient with the check source. Section 3 discusses the conversion

of these calibrations to the tissue absorbed dose calibration factor.

-" 2.3. Calibration Verification
i.

It is good practice t', verify the proper operation of an ioni-

zatio i chamber prior to its use for making mixed-field measurements.

Two owthods are aescribed for making such checks.

10



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 ,t 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 Ouarded 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

fixed time intzrval. The second step is to make several measurements of

---- s11



CA

the charge accumulated in the fixed time while applying a change in

collecting potenial, 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 appl ied before the

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

induced into the collecting electrode by AV acting through the distri-

buted capacitance C, is recorded. The collecting potential should be

returned to the same initial value and the system allowed to stabilize

before each repeat measuremen, is made..

The final step is to make several more measurements of drift

.charge in the fixed time interval. The d.ift 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 = AQ/AV, where AQ is the net drift-compensated change in

charge corresponding to the voltage change AV. The magnitude 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 tie voltage to be changed at a moderate rate.

For example, for a 0.5-cm 3 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. It is recom-

mended that a log sheet of capacitance measurements be maintained for

each chamber. This may help in identifying a chamber that is undergoing

long-term dimensional changes.

1
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3.0. Calibration Formulas

p * j 3.1. Volume Calibration

It is possible to derive the radiation calibration of an ioni-

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

parallel-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, a which is the quotient of the

absorbed dose in tissue adjacent to the cavity of the chamber by the

a' corrected chamber response. It is defined as

=n A_€ (ft c
OIc Rc _( c ( nkR

c 3 Rc
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where the ratio X /R is the exposure calibration n which X is the
c C

exposure at the. geometric center of the chamber in the absence of the

chamber, and R is the chamber response. The subscript c denotes the
c

calibration radiatior, field. The conversion factor, which converts

exposure to tissu3-equivalentabsorbed dose, (ft~c, is discussed in

Section 5.2.

During 1985 NBS and the ADCL's will begin to supply air kerma

calibrations in addition to exposure calibrations, which later will be

discontinued. This change to (Kair )c/Rc for the air kerma calibration

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

tissue absorbed dose factor, (ft)c' as discussed in Section 5.2.

The product of several correction factors RkA compensates for

small distortions of the radiation field when measurements are made with

the chamber in free air, and is given by

lkA = kwkstkrnkan (2)

where k is the chamber wall attenuation and scatter correction
w

factor (Section 6.2),

kst is the stem-scatter correction factor (Section 6.4),

k rn is the radial nonuniformity correction factor (Section

';6.5), and

k an is the axial nonuniformity correction factor (Section

6.6).

-el
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jThe product of several correction factors Ilk converts the
R

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

IlkR  k pkfk h  (3)R kt,pselpf

where kt, p is the temperature and pressure correction factor (Section

6.1),

k is the saturation correction factor (Section 6.3),
k e s

ke is the electrometer correction factor (Section 6.7),

k1  is the leakage correction factor (Section 6.8),
k is the polarity correction factor (Section 6.9),
p

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-

L Iscript c, indicating that these factors are to be evaluated for the

calibration radiation field.

15



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 D n and D , respectively, the

relative responses of the two chambers are given by

R = kTDR + hTO 4
T TDn +hT Dy (4)

R =kuD + huD (5)
U n U Y

where the subscript T refers to the TE'-TE chamber and the subscript U

refers to the Mg-Ar chamber. The coefficients kT and k are theT U
responses of each chamber to the neutrons in the mixed field relative to
its response to the gamma rays used for the calibration, and hT 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, RT. and R 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

hR. - hR'
O u " (6)
n -hUkT - hTkU

k TR,' - k R(LL.LI(7)
DY hUkT - hTkU
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The relative gamma-ray responses hT and hU can be computed

from

h W (Sm~q) c  [( en/P)Ot/en/P)mc (8)h W (Sm )Y [U.en/p) t/(1 le/p)m ]
WY ( m,gy 0 n t en/Pmly

where c denotes the calibration gamma rays,

y denotes the mixed-field gamma rays,

t denotes tissue,

.2 m denotes wall material,

W is the average energy required to produce an ion pair in the

cavity gas (Section 5.3),

s Mg is the wall-to-gas restricted collision mass stopping power

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

conversion factor (Section 5.4), and

en /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  I is 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 en/p. Equations 6 and 7 may

then be simplified to

Dn k T kV (9)

k R k R'

kT= U (10)
Y k T  k U

-, 17



The relative neutron response kT of the TE-TE chamber is

computed in a manner similar to that used for hT. Thus

k WC  (Sm,q)c [("en/P)t/( "en/ P)mc
T Wn (r m,g) n  (Kt/K M)n

where the subscript n denotes the mixed field, rmg is the gas-to-wall

absorbed-dose conversion factor for the non-Bragg-Gray cavity conditions

generally produced by neutrons (Section 5.5), and (K t/K m)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 R6 are computed from the

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

= Rc (MkA) (kd)n (12)

The two products of correction factors IkR and JkA 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 evaluated for the mixed field.

When equations 9 and 10 are solved for the tissue kermas in free air,

then (IlkA) n should be evaluated. When these equations are used to

A Anobtain the absorbed doses in a phantom, then (~k A)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 (kd)n = 1, then the computed absorbed

doses will be at the effective center of the chertfber 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 dose is small relative

to 0n, say a few percent. This is, of course, a physical impossibility.

Assuming that the chamber responses have been measured accurately, a

negative value jf I) usually indicates that the value of kU used is too
Y

* large. Values of kU are determined only approximately by experiment,

and even then they apply only to the specific chamber configuration and

I " radiation field used.

More puzzling is the rare occasion wher, equation 9 yields a

computed value of Dn that is negative. This can occur in a radiation

field containing only a small neutron kerina or absorbed dose relative to

Dy, 'Fquation 6, which gives the relationship for Dn before the simpli-

fying assumption hT = hU = 1 was made, shows that 0 n depends on hT and

hu; and it can be concluded that the simplifying assumption used to

derive equation 9 is invalid if Dn < 0. It would be necessary to have

spectral data for the ganmma-ray component of the mixed field in order to

evaluate the relative gana-ray responses h T and hU of the two chambers

using equation 8.

19
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4.2 Total Kerma or Absorbed Dose

The total tissue kerma or absorbed dose, DT$ can be obtained
l1

- simply by summing the two components computed from equations 9 and 10,

i.e.,

D1  0n + D (13)
T n

An alternative is the simple expression

= T 1(14)
DT kT  1+6

D h -k
where 6 _ _ ' (15)

DT kT

Now, since k 0.95 and h is close to 1, if DYDT < 0,4 tnen
kT 1T T

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 DTs i.e.,

0 T M kT for 0TT < 0.4 (16)
kTT

Table 1 lists the errors produced in computing DT from equa-

; tion 14 when it is assumed that 6 = 0. Even for D/DT 1, the error

does not exceed 5% as a consequence of setting kT = 0.95. A potentially

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.

20
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Table 1. Errors produced in computing DT from equation 14 by assuming
*T

60

D /DT 0 ID % error in D
y n y T

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 D = 1, i.e., Dn O, equation 14 reduces to

D O RThT (17)

which is the same result as given by equation 4 with Dn = 0.

D 0 in a mixed field can be evaluated fron equation 5, with the

assumption hu = 1, as

D ' un (18)
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If the low values of k for a small Mg-Ar ionization chamber
U

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%:

D n / Dy < 2, 6 inches of Pb-shielded reactor;

Dy R6 for Dn / Dy <1, bare reactor; (19)

D / D < 0.8, 12 inches of wdter-shielded reactor.

4: It may be useful to note that (see also Table 1)

n T (20)

Y '

Equation 16 can be used to approximate 0T from measurements

"made with only a TE-TE chamber, and equation 19 can be used to approxi-

mate U from measurements made with only a Mg-Ar chamber. These

approximations are useful for making quick dosimetry evaluations or when
'4,

more conplete data are not available. However, the errors in these

approximations are not ranomi, and they result in errors that make 0 T or

0D systematically too high. It is reccimnended that the final dosimetry

evaluations 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)

Pat6P Shielding Configuration

Parameter 611 Pb Baret  12" H20I

En 0.45 0.8 1.55i in

Wn$ 1 MTEil sas 32.2 32.0 31.7

Wn/W 1.099 1.092 1.082

K,tt ICRU 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, Mg-Ar 0.01 0.02 0.025

kU , GM 0.002 0.0016 0.0027

Reactor core shielded with 6 inches of Pb

, Bare reactor roo t, i.e., no added shielding

SReactor core shielded with 12 inches of water

§Tissue-keniia-weiqhted it-alan neutron energy ir, MeV

W is in units of eV.n

MT denotes "iethane-based TL yas.

Wc a 29.3 eV.
ttKea factors a-e in units of 10-11 Gy cm2.

23
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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 tumputation from previously published or otherwise avail-

able data. The evaluation of these physical parameters yenerally

requires knowledge of the radiation spectrum for which the parameter is

* to be computed. In some cases only rough radiation quality information

is needed, whereas other cases require use of a reliable and detailed

spectrum. Table 2 gives the tissue-kenma-weighted mean neutron energies

for three reactor configurations. The data presented in Table 2 were

computed using neutron and ganma-ray spectral data from reference 9.

5.2. Exposure- and Air Kerma-to-Tissue Absorbed DOnse Conversion

. Factors, (ft) and (f

The factor (ft)c required to convert exposure to tissue-

absorbed dose for computing the calibration factor, c is defined as

Luen, ) air]

where subscript c denotes the calibration radiation quality, subscript t

denotes tissue, and e is the electronic charge. For dry air and ICAU

muscle or soft tissue, (f )c 3.3 J/C or (f 9.62 1)3 Gy/ f

either 60Co or 1"Cs in air (reference 10).
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Tne factor (ft)c required to convert air kerma to tissue

absorbed dose for computing the calibration factor, ac' is defined as

P en/tP)ai -

(y (en'/p airi [I-gc (22)

where g is the fraction of charged-particle kinetic energy lost to

bremsstrahlung in the material. For 6OCo and 137Cs gamma rays, the

ratio of the mass energy-absorption coefficients is 1.102 for either

ICRU striated muscle or ICRU soft tissue (reference 11). For 60Co and

13'Cs gamma rays, the fraction g is 0.003 and 0.001, respectively

(reference 12). With these values, equation 4 yields (ft) = 1.099 for

600 in air, and (f') = 1.101 for 131Cs 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 obtain thei
kerma or absorbed dose, 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 energetic gamma rays used for calibra-

tion, i.e., 60Co, a value of Wc 2-9.3 eV is appropriate for. methane-

based TE gas (reference 13).

Values of Wn for the secondary particles produced in ,mthane-

based TE gas by neutrons are given in reference 13, which also describes

the method of calculating Wn for a known neutron spectrum. Tcble 2

lists computed values of Wn and Wn/W for three reactor configurations.

25
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5.4. WalI-to-Gas Stopping-Power Ratio, smg

The wall-to-gas stopping-power ratio, sm, applies when the

ionization chamber can be considered to have a Bragg-Gray cavity. For

6 0Co gamma rays and for the gamma rays present in the mixed field,

Sm,g : 1.00 is a good assumption for the TE-TE chamber.

5.5. Gas-to-Wall Absorbed-Dose Conversion Factor, rm,g

The gas-to-wall absorbed-dose conversion factor, rmg, applies

to ionization chamber measurements of neutron fields for which tile gas

cavity contributes significantly to the secondary particle spectrum.

Attempts to compute rmog have yielded values that differ from unity by

1% or 2% and have uncertainties of about 2%. It is recommended that

ring = 1.00 be used for, neutron measurements with the TE-TE chamber.

5.6. Mass Energy-Absorption Coefficient Ratio, (ven / p)t/( en / P)m

Because of the good simulation of ICRU muscle or soft tissue

by the TE-TE chamber for 6 OCo gamma rays and for the gamma rays present

in the mixed field, it is recoimuended that (pen/ P)t/(en/ p 1.00 be

used for the mass energy-dbsorption coefficient ratio.

5.7. Neutron Kerma-Facto- Ratio, (Kt/Ki)n

Neutron kerW a factors, i.e., the quotients of kertia by

fluence, are given for a variety of elements, conipounds, and mixtures iP

reference 14. These values can be used to derive suitably weighted mean

kerma factors using oata on the neutron spectrum at the measurement

position. For the relatively low energy neutronis present in reactor

Spectra, the C hamber kerma Is due to both the wall and gas otaterials.
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Since the wall and gas compositions of the TE-TE chamber are very

similar, it is satisfactory to use the average of the wall and gas
kermas for the kerma in the chamber material, K . Kerma factors for
* m
ICRU muscle tissue, A-150 plastic, and methane-based TE gas are listed

in Table 2 for three reactor configurations. Spectrum chartges 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-d n
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, ku, for the My-Ar

chamber can be calculated using an equation similar to equation 11.

However, calculations of kU have large uncertainties due to the uncer-

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 kU for i Mg-Ar chamber, and reference 17 gives kU values

for a GM dosimeter. Since kU is a function of neutron energy, these

data must be appropriately weighted to derive values of kU applicable to

ieutron fields with known s;,pctra. Table 2 gives k values for a Mo-ArU
chamber and a GM dosimeter for three reactor configurations.
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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 instrumentation system.

6.1. Temperature and Pressure Correction Factor, kt

All 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

(220C) and one standard atmosphere (760 mm of Hg or 101.3 kPa). When

the chamber cavity temperature and pressure for a measurement are T i(C)

and Pm (mm of Hg), respectively, the correction factor is given by

k 273.16 + Tmi 6]LO(23

kto 295.16 (23)

To keep uncertainties less than 0.1%, the thermometer should

*:" be capable of being read with an overall uncertainty of 0.3% or less,

and the barometer should be capable of being read with an overall uncer-

tainty of 0.8 i i Hg or less. It is important to assure that the cham-

ber, gas supply, and phanton tUviperatures are in equilibrium with the

ambient temnperature, and that the gas-flow rate is not so large as to

!,cause the cavity oressure to be signiflcantly greater than the atmos-

pheric pressure (see Section 6.10).
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6.2. Chamber Wall Attenuation and Scatter Correction Factor, k
w

When a TE-TE chamber is used to make absorbed dose measure-

ments in a phantom, the chamber wall attenuation and scatter correction

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 implies 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 made to the mean

center of charged-particle production; however, for the low-energy

neutrons at tht relctor, this center is very close to the inner wall of

the chamber so that extrapolation to zero 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

measurenent 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 tL . directly

ionizing particles due to ini-tial (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- I against V-1 will enable ks to

be evaluated as the ratio of R at V-1 = 0 to R at the potential used to

make the kertua or absorbed dose measurements. Typically, I < ks < 1.01.

At high absorbed dose rates, general recombination may dominate

and then a plot of R- I against V- 2 is appropriate for performing the

extrapolation. For some intermdiate cases it may be necessary to fit

the data to a function of both V- 1 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 large amount of general ion recom-

bination that occurs in this mode of reactor operation. Calorimetric

30
4



dosimetry is recommended for this situation, and could be used to assess

the saturation correction factors for ionization chambers. However, this

approach must be used with caution since these factors will depend on the

pulse intensity, duration, and shape. Large factors, say greater than

5%, are acceptable, provided that the pulse characteristics do not vary

signi ficantly.

6.4. Stem-Scatter Correction Factor, kst

For measurements in a phantom, the stem-scatter correction is

kst 1.00. When measurements are made to determine tissue kerma in free

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 duiniy stein. 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

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 is not uniform, it may be necessary to apply a correction

factor k rn for this radial nonuniformity. In most calibration and

measurement situations, k U1.00.rn
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6.6. Axial Nonuniformity Correction Factor, kan

;an

Most measurements are made with the ionization chamber at a

large enough distance from the radiation source so 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

i 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 k
e"

6.8. Leakage Current Correction Factor, k1

i Electrometers, cables, and ionization 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, kI = 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 turrents, 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, k 1.00.
P

6.10. Gas Flov.-Rate Correction Factor, kf

It is possible to assess experimentally the variation in

chambep 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 extremes there

usually exists a broad plateau of uniform response not significantly

dependent on flow rate. Operation of the chamber in this range of flow

rates allows us to set kf = 1.00. For the 0.5 cm3 Exradin ionization

chamber, this range of flow rates is from about 10 to 100 cm3 min-d. A

good approach is to always use the same flow rate, say 30 cm3 Min 1.
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6.11. Humidity Correction Factor, kh

For a chamber flushed with TE gas 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 k-1 as function of
h

relative humidity which shows that kh differs from unity by 0.3%, at

most. In the United States, standardizing laboratories provide calibra-

tion factors for ambient air, so that kh = 1.00.

6.12. Summary of Correction Factors

The foregcing subsections have discussed 11 correction

factors; however, only kt' p and kw are usually large enough to require

careful evaluation. The other factors can be either neglected, deter-

mined approximately, or set equal to 1.00 by suitable measurement proce-,

dures. Thus, the evaluations of 1KA and tIKQ are rendered much less

U formidable. It is recommended that records be kept of these correction

factors as they are evaluated for spccific chawbers and radiation

fields, so that they will be available for future use.

As examples and for future reference, Table 3 lists correction

factors for two commercially available models of ionization chambers

irradiated in 6 OCo beams and in AFRRI reactor fields., These factors

were derived f ren measurements perforted at NBS and at AFUR!.

In the interests of accuracy and clarity in describing various items of
instrumentation, mention is made of conunercial sources. This In o 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-

raents.

7.2. Gas Composition and Verification

It is prudent when procuring TE gas to request an analysis 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 mixture can be evaluated by

computing the kena factor for the analyzed ('. position using the data

of reference 14. A deviation of a few percent from the kerina factors

shown in Table 2 for methane-based TE gas is acceptable, and the small

difference nay be taken into account in the evaluation of the neutron

kenna factor ratio dS discussed in Section 5.7.

If the composition of gas on hand and in use becomes suspect,

a sample of the gas can be drawn and analyzed. A gas sample alay be

obtained by connecting a suitable clean sample container to a gas mani-

fold to which a vacuum pump, pressure gauge, and the gas suply cylinder
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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 6OCo beams and

in AFRRI ERI reactor fields

Correction Factors

Chamber and
Radiation kw  k s kst

N"

Model T2

60Co 0.992 1.001 1.008

6"1 Pb 0.984 1.002

aret 0.976 1.002
"U1"H0 **

1211 H20 0,.995 1.002

Model MG2

, 60Co 0.9921 1.009 1.009

6" Pb 0.988 1.006

Baret  0,986 1 1.006
12" ttu 0.964 1.006 ;

...-

* At I m from nominnal center of reactor core with 6 inches ot- A
-Nj shielding"5n, *9e''n ..

At I (n from noti~nal center of reactor core with no added shieltin "

NAt 1 it fr. n nominal center of reactor core but wfth core displaced so
04 t .provide 12, inches of water shielIdi. ,

- §Factors with 400 V collec. in- potential

iFactor with I-mm-t hick cap of s=ap tmate'ial as Chamber wall

•Factor with 2--uiu-thick zap of same material as cho bew Ial I

-• Factor -with, 5-rm-thick cap o saue tterial as clarabo-r wal

36



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 thp 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 technique 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 versatile 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.
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Alltech Associates, Incorporated, Applied Science Labs,

2051 Waukegan Road, Deerfield, Illinois 60015, telephone (312)

948-8600. 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

or rubber.

7.4. Establishing and Checking Gas Flow

'4. Section 6.10 discusses the rationale for choosing an appropri-

ate gas-flow rate. Since low flow rates are required, only low gauge

pressures above atmospheric pressure are needed 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

with the desired gas. After flushing for a time long enough to assure
, 44that only clean cylinder gas flows through the chamber, the flow rate.

should be reduced to the desired low rate as indicated by a gas-flow

ireter having adequate resolution to permit repeatable settinys. Gas

flow throuqh the cavity can be verified by temporarily coninecting one

, end of a short length of tubing to the gas exhaust port and observing

the gas bubbles produced when the opposite end of the tube is placed in

water. Care should be exercised to prevent any water or its vapor from

* being introduced into an argon gas system, since the response of a Mg-Ar

chamber can be adversely affected by even small amounts of hydrogenous

material.
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