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L. G. Cockerham, T. F. Doyle, E. L. Pautler, |. D. Hampton

Physiology Department, Armed Forces Radiobiology
Research Institute, Bethesda, Maryland

farly transient incapacitation (ET1r 1s the complete cessation of performance during
the first 30 min after radiation exposure. and performance decrement (PD) is a reduc-
tion in performance at the same time. Supralethal doses of radiation have been
shown to produce a marked decrease in regional cerebral blood flow in primates
concurrent with svstemic hypotension and a dramatic release of mast-cell histamine.
In an attempt to elucidate mechamisms underlying the radiation-induced ETI'PD phe-
nossena and the postradiation decrease 1n cerebral blood flow, primates were given
the mast-cell stabilizers disodium cromoglvcate (DSCG) or BRL 22321 (Beecham Phar-
maceuticals, Research Divisiont before exposure to 100 Gy whole-body gamma radia-
tion. Hypothalamic and cortical blood flows were measured by hydrogen clearance,
before and after radiation exposure. Systemic blood pressures were determined si-
multancously. The data indicated that DSCG was successful in diminishing postra-
diation decrease in cerebral blood flow. Irradiated animals pretreated with DSCG,
showed onlv a 10" decrease in hypothalamic blood flow 60 min postradiation. while
untreated, irradhated animals showed a 37% decrease. The cortical blood flow of
DSCG treated, irradiated animals showed a triphasic response, with a decrease of 38%
at 10 min postradiation, then a nse to 1% below baseline at 20 mun, followed by a fall
to 42° below baseline by 50 min postradiation. In contrast. the untreated, irradiated
animals showed a steadv decrease in cortical blood flow to 79% below baseline by 50
min postradiation. There was no sigmificant difference in blood-pressure response
between the treated and untreated, irradiated animals, Systemic blood pressure
showed a 60" decrease at 10 nun postradiation. talling to a 71% decrease by 60 min.
The effects of BRE 22321 altening postradiation blood flow in the cerebral cortex
! and hvpothalamus were intermediate between the irradrated controls and those pre-
treated with DSCG, but were not considered to be significant at the concentration
emploved. The overall results of this studv indicate that the postradiation decircase in
regronal cerebral blood flow may be partially alleviated by treatment with a mast-cell
stabihzer.

INTRODUCTION

Early transient incapacitation (ETI) is the complete cessation of
motor performance, occuring transiently and within the first 30 min

This study was supported by Armed Forces Radiobiology Research Institute, Defense Nudlear
Agency, under Research Work Unit M) 00033, The views presented in this paper are those ot the
authors: no endorsement by the Detense Nudlear Agency has been given or should be inferred.

The authors would hike to thank M. H. Owens tor preparation ot the manuscript.

Requests tor reprints should be sent to Lorns G Cockerham. Physiology Department. Armed
torces Radiobiology Research Institute, Bethesda, Manvland 20814.5145.
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92 L. G. COCKERHAM ET AL.

following exposure to supralethal doses of ionizing radiation (Kimel-
dorf and Hunt, 1965), and performance decrement (PD) is a reduction
in performance at the same time. Since supralethal exposure to ion-
izing radiation such as gamma photons results in postradiation hypo-
tension (Cockerham et al., 1984a) with the arterial blood pressure often
decreasing to less than 50% of normal (Doyle et al., 1974), this is a
possible explanation for ETI. In one investigation (Bruner et al., 1975)
the PD was closely correlated with postradiation hypotension, the dec-
rement following usually within a few minutes of the initial fall in blood
pressure.

Postradiation hypotension produces a decrease in cerebral blood
flow (CBF) even though the central nervous system (CNS) can other-
wise maintain CBF under conditions of severe hypotension through the
mechanism of autoregulation. One study (Chapman and Young 1968)
demonstrated a dramatic fall of CBF immediately following a single
25-Gy ®Co exposure, and another study (Cockerham et al., 1984c) re-
ported a precipitous drop in regional blood flow in the visual cortex of
primates exposed to 100 Gy ®Co radiation. It is, therefore, conceivable
that the ETI/PD phenomena following postradiation systemic hypoten-
sion may result substantially from a secondarily decreased cerebral
blood flow.

There are reported elevations of circulating blood histamines in
humans undergoing radiation therapy (Lasser and Stenstrom, 1954).
Decreases in tissue histamine levels in rats (Eisen and Wilson, 1957), as
well as increases in canine plasma histamine levels (Cockerham et al.,
1984b, 1985) and primate plasma histamine levels (Alter et al., 1983;
Cockerham et al., 1986; Doyle and Strike, 1977), following radlatlon
exposu:e have also been reported. Histamine, stored in mast cells
throughout the body (Metcalfe et al., 1981), is released under the stim-
ulus of ionizing radiation and is implicated in radiation-induced hypo-
tension. One study (Doyle et al., 1974) even reported the prevention or
modification of radiation-induced performance changes and hypoten-
sion by the preradiation administration of an antihistamine. This study
was designed to determine if the radiation-induced systemic hypoten-
sion and decreased cerebral blood flow could be mitigated by the pre-
radiation administration of either disodium cromoglycate (DSCG)
(Fisons Corporation, Bedford, Mass.) or BRL 22321 (Beecham Pharma-
ceuticals, Research Division), two mast-cell stabilizers (Spicer et al.,
1983).

Two contrasting regions of the brain were selected for this study.
The supraoptic nucleus of the hypothalamus was selected as the first
region of interest, because mast cells are particularly numerous in the
hypothalamus (Edvinsson et al., 1977) and the hypothalamus contains
the highest histamine concentrations in the brain (Gross, 1982; Taylor
et al., 1972). In contrast, the second region of interest, the postcentral
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W
gyrus, is an area with little histamine (Taylor et al., 1972) and few mast 2
: cells (Edvinsson et al., 1977). by,
: '
: MATERIALS AND METHODS 4
h Twenty-five rhesus monkeys (Macaca mulatta), weighing between )
4 2.4 and 4.6 kg (3.3 = 0.13 SEM), were used in this study. The animals a2
were divided randomly into three groups of six animals each and one .
group of seven. The animals were grouped as follows: group |, 6 sham- N
’ radiated monkeys; group 11, 7 radiated monkeys; group lIl, 6 monkeys -
given the mast-cell stabilizer disodium cromoglycate (DSCG) by iv infu- _
' sion (100 mg/kg) 60 min before radiation; and group IV, 6 monkeys <
' given the mast-cell stabilizer BRL 22321 iv (0.1 mg/kg) 5 min before radi- =
. ation. These dosages were selected to approximate the levels reported .
. by Spicer et al. (1983) for maximum effectiveness in rats. :"
Research was conducted according to the principles enunciated in .
) the Guide for the Care and Use of Laboratory Animals prepared by the "
; Institute of Laboratory Animal Resources, National Research Council. >
' The monkeys were initially anesthetized in their cages with an im injec- .
¢ tion of 60 mg of ketamine hydrochloride with 0.04 mg atropine sulfate .
. and were then moved to the surgery, where the remainder of the ex- A
periment was conducted. -
Approximately 3 h before radiation or sham radiation, the animals 5
were intubated with a cuffed endotracheal tube and ventilated using a 3
forced-volume respirator to maintain a stable blood pH and oxygen >4
tension. After insertion of the endotracheal tube, each animal was ~4
placed on a circulating water blanket to maintain body temperature N
between 36 and 38°C. A rectal probe was inserted to monitor body tem-
perature. A femoral arterial catheter was used to withdraw blood for &
blood gas determinations and to measure systemic arterial blood pres- |
sure using a Statham P23 Db pressure transducer. A systemic venous \
) catheter was used to administer the DSCG, BRL 22321, physiological N
' saline, and maintenance doses of anesthetic (« - chloralose, as needed,
tor a total dose ot 100 mg/kg). a
The animal’s head was positioned on the headholder of a stereo- -
taxic instrument (David Kopf Instruments, Tujunga, Calif.) and the .
scalp was shaved and incised, allowing access to the skull. Using the N
stereotaxic micromanipulator, the skull was marked for insertion ot N
tour electrodes, and small burr holes were drilled through the skull at i
these marks. Again, using the micromanipulator, one electrode was e
placed in the left and one in the right supraoptic nucleus of the hypo- o
thalamus (Snider and Lee, 1961). In the same manner, one electrode o
was [ laced in the lett and one in the right posterior central gyrus of the !
parietal cortex, 4 mm each side of the longitudinal fissure. The latter )
two electrodes were placed so that the tips were 2 mm below the sur-
X
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94 L. G. COCKERHAM ET AL.

face to insure that measurements would be taken from the cortical grey
matter. The electrodes were Teflon-coated, platinum-iridium wire of
0.178 mm diameter, encased in, but insulated from, rigid stainless-steel
tubing (22-gauge spinal needle) with exposed tips of approximately 2
mm. The exposed dura was covered with moistened pledgets, and the
electrodes were sealed and secured to the skull with dental acrylic. A
stainless-steel reference electrode was placed in neck tissue.

Regional cerebral blood flow was measured by the hydrogen clear-
ance technique for 30 min before radiation or sham radiation and for 60
min after (Aukland et al., 1964; Young, 1980). This technique is essen-
tially an amperometric method, which measures the current induced in
a platinum electrode by the reduction of hydrogen. The current pro-
duced has a linear relationship with the concentration of hydrogen in
the tissue (Hyman, 1961). Hydrogen was introduced into the blood via
inhalation through the endotracheal tube at a rate of approximately 5%
of the normal respiratory intake for 1-2 min for each flow measure-
ment. Blood flow was measured by each of the four electrodes every
5-10 min. The electrodes were maintained electrically at +600 mV in
respect to the reference electrode to reduce possible oxygen and
ascorbate interference. This method has been successfully employed
in several similar studies (Cockerham et al., 1986).

Measurement of currents from each electrode were fed through
the polarographic amplifier (Triangle Research and Development Cor-
poration, Research Triangle Park, N.C.) and then to a recorder, which
produced curves depicting the clearance of hydrogen from the tissues.
The clearance curves were then analyzed by a PDP 11/70 computer
equipped with a VT55 terminal and a Versatex plotter (Digital Equip-
ment Corporation, Maynard, Mass.). The first 60 s after the peak of the
curves was neglected to obviate contamination by arterial recirculation
(Martins et al., 1974). Data points were measured every second for 60 s.
The flow was calculated between every two points, and a linear regres-
sion was performed over the 60-s period.

After 30 min of baseline recording, the animals were disconnected
from the respirator and recording apparatus to facilitate radiation in a
separate room. After radiation, or sham radiation for controls, the an-
imals were reconnected to the respirator and recording apparatus at 4
min postradiation, and measurements were continued for a minimum
of 60 min. At 30 and 10 min before radiation or sham radiation, and at 6,
15, 30, 45, and 60 min after radiation or sham radiation, blood samples
were taken via the arterial catheter to monitor stability of blood pH and
oxygen tension, and respiration was adjusted to maintain preradiation
levels. Body temperature was monitored and maintained with the
water blanket. Mean systemic arterial blood pressure was determined
via the arterial catheter for the duration of the experiment. Atter termi-
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ALTERATION OF CEREBRAL BLOOD FLOW 95

nation of the measurements, the location of the electrodes was exam-
ined visually for verification of placement.

Irradiation was accomplished with a bilateral, whole-body exposure
to gamma-ray photons from a cobalt-60 source located at the Armed
Forces Radiobiology Research institute (AFRRI). Exposure was limited
to a mean of 1.38 min at 74 Gy/min steady state, free-in-air. Dose-rate
measurements at depth were made with an ionization chamber placed
in a tissue-equivalent model. The measured midline tissue dose rate
was 69 Gy/min, producing a calculated total dose of 100 Gy, taking into
account the rise and fall of the radiation source.

Blood pressure and blood flow data were grouped into 10-min in-
tervals, measured in relation to midtime of radiation, and plotted at the
middle of the interval. The Wilcoxon rank sum test was used to analyze
statistically the blood pressure and blood flow data. A 95% level of
confidence was employed to determine significance. Since all the an-
imals were treated identically before radiation or sham radiation, and
since the preradiation data for the control and test animals showed no
significant differences, the preradiation data for the irradiated and
sham-irradiated animals were combined.

RESULTS

As seen in Fig. 1, the mean systemic arterial blood pressure (MABP)
of untreated, irradiated animals decreased to 46% of the preradiation

v 707..6 2 Y2 2 mmHg
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FIGURE 1. Mean - - SENY artenal blood pressure atter exposure to 100 Gy whole-body gamma
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DSCG at 60 mun precadiation or 01 myg kg BRE 22321 at 5 min preradiation,

v o«
U

i PR

e

PV

Y

U A AL

e

y ... , {\f..f. Lo o )

"

AR

SNy

.

s

.
.
oAb

«

COR S Y o]
. )

¢




Bl G S A

s A

-2 ALK KRS S A S " s R s

96 L. G. COCKERHAM ET AL.

mean of 107.6 = 2.2 mmHg within 10 min postradiation. A slight, non-
significant rise was seen at 20 min postradiation, followed by a steady
decline to a 60-min postradiation level that was 28% of the preradiation
values. After sham radiation there was no significant change in MABP
for the six control monkeys. The 12 treated, irradiated monkeys
(groups Il and I11) displayed a decreased MABP that was not different
statistically from the 7 untreated, irradiated monkeys. The MABP values
for the irradiated groups, although not different statistically from each
other, are different statistically from the sham-irradiated control group.
The respiration of each subject was maintained at preradiation levels
and, although not presented, the blood gas data revealed a general
stability of blood pH and oxygen tension throughout the experimental
period.

Figure 2 displays a preradiation mean blood flow of 64.9 = 5.3
ml/100 g tissue * min in the supraoptic nucleus of the hypothalamus.
The postradiation blood flow values for the sham-irradiated, control
monkeys showed only a slight, insignificant increase during the 60 min
after sham radiation. However, the postradiation values for the un-
treated, irradiated animals showed a rapid, significant decline to 66% of
the preradiation levels at 10 min postradiation. At 60 min postradiation
the blocd flow had decreased to 43% of the preradiation or baseline
level. There was a significant difference (p = 0.05) between the control

iy Yy
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FIGURE 2. Mean ( = SEM) hypothalamic blood tHow atter exposure to 100 Gy whole-body gamma
radiation, presented as percent ot preradiation level. Treated groups re eived either 10 mg kg
DSCG at 60 min preradiation or 0.1 mg'kg BRL 22321 at 5 min preradiation.
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and untreated, radiated groups at all postradiation times of measure- 3
ment. In contrast, the hypothalamic blood flow in the DSCG-treated, g
irradiated monkeys fell only slightly, to about 84% by 10 min postradia- ]

tion, and averaged about 90% of the preradiation baseline for the re-
mainder of the 60 min. At the 10-min postradiation observation there
was no significant difference between this group and the other two
radiated groups; however, a statistically significant difference did exist
between the DSCG-treated, irradiated group and the untreated, irra-
diated group from 20 min postradiation through the remainder of the
measurements. There was no significant difference between the
DSCG-treated, irradiated group and the sham-irradiated group from 20
to 60 min postradiation. Monkeys given the mast-cell stabilizer BRL &
22321 (group IV) exhibited a supraoptic nucleus postradiation blood =
flow that decreased to 73% by 10 min postradiation and was signifi- v
cantly different from that of the control animals at the 10, 20, 50, and 60
min postradiation times. At no time postradiation did the BRL 22321- -
treated monkeys significantly differ in hypothalamic blood from the
untreated, irradiated group (I1) of animals or from the DSCG-treated,
irradiated group (111) of animals.

The preradiation cortical blood flow, as shown in Fig. 3, was 45.0 + :
3.6 ml/100 g tissue * min. The postradiation flow for the sham-irradiated ~
group of monkeys showed no significant changes for the 60-min obser- :
vation period. The postradiation blood flow values for the untreated,
radiated monkeys showed a steady decline to 21% of the preradiation

levels by 50 min postradiation. These levels became significantly dif- =4
ferent (p = 0.05) from those of the control group at 10 min postradia- '
tion and remained that way for the remainder of the observations. N

In the cortex, as in the hypothalamus, blood flow in DSCG-treated,
irradiated monkeys did not follow the same pattern as in the untreated,
irradiated animals. The cortical blood flow in the DSCG-treated group
dropped to approximately 60% in 10 min and then increased to base-
line levels at 20 min postradiation, followed by a steady decline to 58%
of baseline by 50 min postradiation. The cortical blood flow values for
the DSCG-treated group were significantly ditferent (p = 0.05) from
the control group at 10 min postradiation, but not from the untreated,
irradiated group. However, at 20 and 30 min postradiation this group -
was significantly different from the untreated, irradiated group, but not
from the control group. This relationship between the DSCG-treated -
group and the other two groups reversed again for the remainder of .1
the observations, with the treated group now again significantly dif-
ferent from the control group, but not from the untreated, irradiated
group.

The postradiation cortical blood tlow tor the BRI 22321-treated
monkeys followed a pattern similar to the one for the DSCG-treated
group, decreasing to 60% in 10 min and then increasing to 79% ot the
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FIGURE 3. Mean - SEMG cortical bBlood tlow atter exposure 1o 100 Gy whole-body gamma radia-

ton, presented as percent ot preradhation level Treated groups recenved either 100 mg kg DSCC

at b mun preradiation or 0.1 mg kg BRE 22321 a1t 5 nun preradiation

preradiation level at 20 min postradiation. This increase was followed
by a steady decrease to 46% of preradiation values by 50 min postradia-
tion. At 20 min postradiation this group was not slg,nm(antlv different
from the other three groups, but did difter from the control group at all
other times. At no time postradiation did the BRL 22321-treated
monkeys significantly differ from the untreated, irradiated group (1) or
the DSCG-treated, irradiated group (I1h in cortical blood flow.

DISCUSSION

Postradiation hypotension has been well documented in the rhesus
monkey, and a critical postradiation mean arterial blood pressure
(MABP) of 50-60% of the preradiation MABP must be maintained for
adequate autoregulation of cerebral circulation (Chapman and Young,
1968; Doyle et al., 1974; Farrar et al.. 1981). The initial pre-
cipitous decline in MABP to 46% of the preradiation levels mav then be
assodiated with the similar immediate decrease in blood flow seen in
both the hypothalamus and the cerebral cortex ot the untreated, irra-
diated animals. A similar decrease in cerebral biood flow accompanied
bv svmptoms and signs of cerebral ischemia has been reported
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humans (Finnerty et al., 1957). On the basis of the diminished cerebral
blood flow reported in these animals, one might expect a severe func-
tional impairment of the CNS in monkeys following radiation. in fact,
postradiation early transient incapacitation (ET1) has been reported in
monkeys starting as early as 2 min postradiation, lasting for 10-30 min
and often accompanied by severe systemic hypotension during which
MABP decreased to less than 50% of normal (Bruner, 1977; Doyle et al.,
1971). The decline in MABP and cerebral blood flow (CBF) reported
here corresponds closely in time with the observed occurrence of ETI
(Bruner, 1977; Curran et al., 1973; Doyle et al., 1974) and suggests a
causal relationship between the depressed MABP, CBF, and the ap-
pearance of ETI.

However, the maintenance of a normal MABP in postradiated
monkeys administered norepinephrine did not improve postradiation
performance significantly above those injected with saline (Turns et al.,
1971). Conversely, the antihistamine chlorpheniramine maleate was ef-
fective in reducing ETIl and postradiation performance decrement,
while at the same time reducing postradiation hypotension in monkeys
(Doyle et al., 1974). This study, however, using the mast-cell stabilizers
disodium cromoglycate (DSCG) or BRL 22321, was not able to prevent
postradiation hypotension in monkeys, but was able to alter postradia-
tion cerebral blood flow (to a significant extent in the case of DSCG).

Autoregulation of cerebral blood flow to the hypothalamus ap-
peared to be intact in animals pretreated with DSCG, even though the
postradiation MABP fell to approximately 30% of the preradiation level.
Based on the high concentration of mast cells in the hypothalamus (Ed-
vinsson et al., 1977) and the ability of DSCG to stabilize mast cells, it
seems that the degranulation of mast cells may be responsible, in part,
for the radiation-induced loss of autoregulation of blood flow in the
hypothalamus and, therefore, partially responsible for the radiation-
induced performance decrement. This contention is supported by in-
vestigators who have reported radiation-induced release of histamine
from mast cells (Doyle and Strike, 1977) and the reduction of ETI by the
administration of antihistamines (Doyle et al., 1974). Further, the differ-
ence in the magnitude of the protective effect of DSCG between the
cortex and the hypothalamus, seen in the latter time periods, impli-
cates a local histamine release as a mediator of the response.

The measurements of cortical blood flow in the postcentral gyrus of
radiated monkeys pretreated with mast-cell stabilizers, when plotted at
postradiation times (Fig. 3), present a graph strikingly similar to the
performance graph of monkeys exposed to 89 Gy of mixed gamma-
neutron radiation (Curran et al., 1973), with the same temporal rela-
tionship. This triphasic response in monkeys pretrcated with mast-cell
stabilizers indicates that the degranulation of mast cells is involved
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; with, but may not be able to completely account for, the loss of auto- ~
: regulation of blood flow to the postcentral gyrus. “
. Even though a temporal relationship does seem to exist between :::
: cortical blood flow and ETI, the presence of other factors must not be ¥,
" excluded. Some other chemical factor(s) could be released by radia- _
\ tion, cause the release of histamine from mast cells, and produce ETI bt
N by acting as a neurotransmitter or neuromodulator in the central :
< nervous system. Before a temporal relationship, and definitely a causal A
relationship, can be established, postradiation measurements of blood
chemistry, cerebral blood flow, and behavioral effects must be accom- *
plished on the same animal subject. _
h While the effects of BRL 22321 in altering postradiation blood flow &
- in the cerebral cortex and hypothalamus were found to be interme- Ry
g diate between the irradiated controls and those pretreated with DSCG,
h revealing a similar trend, these results were not considered to be sig-
nificant at the concentration employed. As previously mentioned, the »
. dosages were calculated to approximate the levels reported to be maxi- .
4 mally effective in rats (Spicer et al., 1983). Although it is difficult to .
: compare the two studies, since different species and different pertur- 5
5 bations were employed, the results suggest that a larger dosage of BRL D
o 22321 may yet (as has DSCQ) prove to be effective in maintaining o4
postradiation cerebral blood flow.
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Membrane properties and responsiveness to norepinephrine were studied in pinealocytes in tissue culture using both conventional
and whole-cell patch-clamp techniques. Action potentials could be recorded in normal and tetrodotoxin-containing saline. Both out-
ward and inward rectification were prominent. Under voltage-clamp, depolarizing voltage steps evoked time-dependent outward cur-
rents showing no inactivation over time. Hyperpolarizing steps evoked slowly developing inward currents which did not inactivate. If
the holding potential was sufficiently negative. depolarizing steps also elicited a transient outward current. Iontophoresis of norepi-

nephrine produced a hyperpolarization in 30% of cells tested.

The interaction between sympathetic nerve termi-
nals and pinealocytes has been among the most thor-
oughly studied neurotransmitter—effector relation-
ships in the nervous system. It was one of the earliest,
and still remains one of the few, systems wherein the
link between agonist—receptor binding and subse-
quent functional biochemical changes were thor-
oughly characterized. Surprisingly, there have been
few studies of the intracellular electrophysiological
correlates to the well characterized biochemical ef-
fects of pineal S-adrenoreceptor activation®-4, Fur-
thermore, nothing is known about the intrinsic mem-
brane properties of pinealocytes. Proper interpreta-
tion of neurotransmitter effects requires that the un-
derlying membrane conductances be knowno.

In this study we used intracellular electrophysio-
logical techniques to investigate membrane prop-
erties of pinealocytes in culture and their responsive-
ness to norepinephrine. Tissue culture methods and
conventional electrophysiological techniques have
been fully described elsewheres:1". Pineal glands
were removed from 2-day-old rats, dissociated and
plated onto 35-mm plastic culture dishes. Cultures
were maintained for up to a month using modified

Ham’s F, growth medium supplemented with 5%
(v/v) fetal bovine serum and fresh glutamine and as-
corbic acid. Under these conditions it has been shown
previously that pinealocytes differentiate in culture,
acquiring f-adrenorece.s:ors and the metabolic
mechanisms for melatonin production!?-13,

Recording electrodes were filled with 4 M potassi-
um acetate and had resistances of 100-200 MQ. For
iontophoresis. (-)-norepinephrine hydrochloride
(Sigma) was dissolved in distilled water. immediately
before use, at a concentration of (.1 or 1.0 M, pH
4-5. Norepinephrine was ejected by passing positive
current pulses by means of a constant-current micro-
iontophoretic programmer (WP Instruments Model
160). A negative braking current, 1-3 nA, was main-
tained. and the drug pipette was moved away from
the pinealocyte between drug applications. Current
pulses of opposite polarity were applied in order to
detect possible current artifacts. Positive current
pulses from pipettes containing HCl. pH 3. caused
either no response or a small, rapid (less than 2 mV)
depolarizing response in 5 consecutively studied pi-
nealocytes.

Whole-cell clamping was done as described by
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Hamill et al.”. Suction was applied to a fire-polished
micropipette pressed against the pinealocyte mem-
brane until a membrane-clectrode seal exceeding 10
GQ in resistance was attained. The membrane patch
under the electrode was then ruptured by increasing
the suction applied to the pipette. Several solutions
were used to fill the patch pipette in these experi-
ments. The standard internal solution contained (in
mM): NaCl 10, KCI 145, MgCl, 1.0, CaCl, 1.0,
EGTA 1.5. HEPES 10 (pH 7.2 with KOH). Because
pinealocytes rather quickly deteriorated after inter-
nal perfusion. potassium aspartate was substituted
for KCIl. but with little notable improvement in pine-
alocvte survival. Other varations n internal solu-
tions are noted in figure legends. Experiments were
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done both in HEPES-buffered tissue culture medium
or in HEPES-buffered Hank's saline. All norepi-
nephrine iontophoresis experiments were done at
37 °C because of carlier reports that the response to
norepinephrine may depend on temperature-sensi-
tive mechanisms”. Investigations of voltage- and
time-dependent membrane conductances were done
at room temperature. Tetracthvlammonium chloride
{TEA). up to S0 mM. was substituted for equimolar
quantitites of NaCl in some experiments. Tetrodo-
toxin (TTX), 3 4M, was used in some experiments to
block the voltage-dependent sodium current in order
to uncover smaller inward currents.

More than 60 cells were studied using etther con-
ventional or patch-clamp technique. Twenty-five
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Fig 1 Top pancl (A C) acthion potentials in pincalocytes in culture. Upper trace, voltage: tower trace. current. A and B (different

cellsy show intracellubar recordings with potassium acetate microelectrodes. A anodal break spike. Resting membrane potential - 38
mV B spike evoked by depolanzing current pulse: resting potential -40mV. C: sfow regenerative response measured with whote-ceil
patch techmque  Input resistance. measured as voltage displiscement at end of hyvperpolanzing step divided by the applied current.
was [ GQ resting potential 70 mV D hyperpolanizing response of pinealocyte to norepinephnine. D) response increased in ampdi-
tude as1ontophoretic pulse increased in duration Response showed no decline duning prolonged pulse D, Pulse of opposite polarity
had no effect on membrane potential Downward deflections on voltage traces are responses to small hyperpolanizing current pulses
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cells were studied using conventional intracellular pi-
pettes. Of these. in 13 consecutively examined cells,
resting membrane properties were determined. Nor-
epinephrine was applied to 30 cells, 25 of which were
studied with conventional electrodes and 5 with
patch-clamp electrodes.

When pinealocytes were penetrated with conven-
tional potassium acetate electrodes, there was usual-
ly a rapid and progressive decline in membrane po-
tential and input resistance. These cells were not fur-
ther studied. In those cells where stable membrane
potentials were recorded, there was usually an initial
rapid fall in potential before a steady-state potential
was reached. In such cells the mean membrane po-
tential was 32 £ 3.2 mV (mean + S.EM.,n=13). In
some of these cells, small anodal break spikes were
seen (Fig. 1A), and in some, if the membrane poten-
tial was made more negative by passing steady in-
ward current via the amplifier bridge circuit, a small
spike could be evoked by depolarizing current pulses
(Fig. 1B). In most cells, even when steady resting
membrane potentials were attained. spike electroge-
nesis rapidly disappeared.

We had hoped that we could achieve more stable
long-term recordings by using the whole-cell patch-
clamp technique. This method has permitted accu-
rate recording from some types of small cells. We
found that, despite varying intracellular solutions,
we still could not record from pinealocytes for more
than about 5 min. In some respects, however. the gi-
gaohm seal did offer some notable refinements over
conventional techniques. Because of the very high
membrane-clectrode seal resistance. the pinealo-
cvte input resistances were not shunted by the patch
technique as they were by conventional microelec-
trodes. With the standard intracellular solution. rest-
ing potentials were in the range of -50 to -70 mV,
and input resistances commonly exceeded 1 GQ (Fig.
1C). This 1s in accord with results obtained in other
small secretory cells (see discussion below).

Using the whole-cell patch technique in the current
clamp mode. overshooting action potentials, which
declined in several seconds. were frequently seen.
Over the next several minutes small active responses
and anodal break spikes could still be evoked in most
cells (Figs. 1C, 2A). Frequently. pinealocytes exhib-
ited prolonged undershooting active responses (Fig.
1C). Active responses were seen both in the presence
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Fig. 2. Inward and outward rectification in pinealocytes:
whole-cell patch-clamp recordings. Modifications in standard
(see text) solutions: TEA . 10 mM, present in external bath so-
lution: EGTA. 1 mM. and no ad.ded calcium in pipette solution,
A-D from different cells: C and E 1rom same cell. A: responses
W constam current steps. Upper trace, current; lower trace.
voltage. Depolarization caused slow. overshooting active re-
sponse followed by delaved (outward) rectification. Resting
potential was -40 mV. B: voltage-current plot of data from
another cell which showed no overshooting action potentials,
Line drawn by eve. Resting potential was -S8 mV. C-E: vol-
tage- and time-dependent membrane currents in voltage-
clamped pincalocytes. In C and D, upper series of traces is cur-
rent: lower series of traces is voltage. C:inward and outward
rectification: V, —46 mV. D: transient outward currents and in-
ward rectification: Vi, -83 mV. E: current-voltage relation-
ship plotted from data shown in C: hine drawn by eve: slope
measured from lincar portion of plot.

and absence of 3 4M TTX. Because of the fragile na-
ture of these cells. the mechanical vibrations caused
by perfusion prohibited us from ¢xamining the spike
before and after TTX washout. Therefore. we could
not determine to what extent TTX-sensitive sodium
channels (vs calcium channels or other types of sodi-
um channels) contribute to spike clectrogenesis.

The most persistent and striking finding was the
prominent inward and outward rectification present
in these cells (Fig. 2). Outward rectification devel-
oped within about 20 ms. Inward rectification was a
much slower process. usually requiring more than
100 ms for its full activation. In the presence of up to
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50 mM TEA, both the inward and outward rectifica-
tion were still present with little evidence of inhibi-
tion (Fig. 2). As a consequence, TEA did not sub-
stantially enhance the amplitude or duration of the
action potentials.

Under voltage-clamp, depolarizing steps from
holding potentials (Vy) equal to the resting potential
gave rise to labile, slow net inward currents that de-
clined within seconds. Corresponding to the rectifica-
tion seen in the current clamp mode, the membrane
currents that persisted in time were the slow outward
currents elicited by depolarizing voltage steps and
the slow inward currents following hyperpolarizing
voltage steps (Fig. 2C-E). When Vy was shifted to
more negative values, depolarizing steps evoked a
transient outward current (Fig. 2D), which peaked
within 10-20 ms and decayed over about 50 ms.

In about 30% of the pinealocytes tested. norepi-
nephrine caused a change in membrane potential. In
every case, this response was a hyperpolarization. As
shown in Fig. 1D, the response was dose-dependent.
increasing in amplitude as the iontophoretic current
was increased in amplitude or duration. During pro-
longed application of iontophoretic current, the hy-
perpolanization persisted, showing no sign of desensi-
tization. When the iontophoretic current was re-
versed in polarity, there was no resultant alteration
in pinealocyte membrane potential. By passing con-
stant current steps across the pinealocyte membrane,
we attempted to monitor the membrane input resis-
tance during the norepinephrine-induced hyperpola-
rization. In most cased there appeared to be an in-
crease in input resistance, as judged by the larger vol-
tage responses to the constant-current steps during
the norepinephrine response (Fig. 1D).

In this study was have used intracellular electro-
physiological techniques to examine membrane
properties of rat pinealocytes in tissue culture. The
values of resting membrane potential are similar to
those found by Parfitt et al. (see ref. 9) in acutely re-
moved pincal glands in vitro. The results obtained
with the patch technique: however, suggest that this
value may be low and may reflect considerable shunt-
ing through the membrane-pipette seal. a problem
commonly encountered when recording from small
cells having high input resistances. On the other
hand. although the more negative potentials ob-
tained with the patch techmique may more accurately
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represent the cells’ resting potentials. it must be real-
ized that the cytoplasm is completely perfused with
the intrapipette solution?. Therefore, the recorded
potential reflects the ratio of the intrapipette ions to
the ions bathing the outside of the cell. and this ratio
may be far from physiological.

We found that only 309 of the pinealocytes tested
showed a response to norepinephrine and that all of
these responding cells were hyperpolarized by the
drug. This agrees with the finding by Semm and Voll-
rath!® that the frequency of spontaneous spikes in
38% of tested single units recorded in anesthetized
guinea pigs were inhibited by norepinephrine. The
hyperpolarization recorded in these pinealocytes in
culture was like that found by Parfitt et al.9 in rat pi-
neal glands in vitro. We were unable to determine
the ionic mechanism of this response because the fra-
gility of the cells and short recording periods did not
allow perfusion of solutions containing various ion
concentrations or channel blockers.

Pinealocyte membranes show strong rectification
to both inward and outward currents. Functionally.
these properties may serve to hold the membrane po-
tential ‘clamped’ within a narrow range. Of a practi-
cal nature is the effect that this rectification has on in-
terpretation of the resistance changes caused by nor-
epinephrine. Together with the difficulty of balanc-
ing the bridge circuit with high-resistance electrodes.
such membrane rectification does not allow one to
accurately determine the effect of norepinephrine on
membrane resistance. Such an analysis will require
determination of complete current-voltage relation-
ships before and after norepinephrine.

The transient outward current seen in these cells is
similar to that described by Neher* and by Connor
and Stevens!. It has since been found in many differ-
ent types of excitable cells (where it is usually termed
the A-current). Functionally. it is believed that this
current serves to limit the speed at which the mem-
brane potential can reach the spike threshold; there-
fore. it controls the frequency of repetitive spiking?.

There has been uncertainty as to whether pinealo-
cytes may generate action potentials. Our studies, in
agreement with Ronnekleiv et al.! show that pincalo-
cytes are capable of spike clectrogenesis. As in many
secretory cells, it seems likely that a part of the spike
potential is due to calcium current because action
potentials could be recorded in the presence of TTX.
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This would in part explain the rapid loss of spike elec-
trogenesis during both conventional and whole-cell
recording, for calcium currents are particularly sensi-
tive to cell injury and to intracellular perfusion?.is,
Our consistent finding that norepinephrine caused
membrane hyperpolarization (also reported by Sakai
a..d Marks'4) would suggest that sympathetic stimu-
lation should decrease the frequency of pinealocyte
spiking. How this membrane hyperpolarization may
be linked to subsequent biochemical events and the
eventual secretion of melatonin is not known. A clue
to the nature of such a link would come from knowl-
edge of the ionic and biochemical mechanisms of the
hyperpolarization.

It is interesting to compare pinealocvtes to the
phylogenetically related photoreceptors. The normal
resting potential of rod cclls i> between - 10 and -30
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closing sodium or calcium channels that are open at
rest!l. The hyperpolarization is not inhibitory to the
neural network, but rather it facilitates transfer of in-
formation through the system. By analogy. the rest-
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have recorded in pinealocytes may be normal, and
the hyperpolarization caused by norepinephrine may
not be an inhibitory mechanism.
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Gamma radiation affects active electrolyte transport
by rabbit ileum: basal Na and Cl transport

PAMELA J. GUNTER-SMITH

Physiology Department, Armed Forces Radiobiology Research Institute,

Bethesda, Maryland 20814-5145

GUNTER-SMITH, PAMELA J. Gamma radiation affects active
electrolyte transport by rabbit ileum: basal Na and Cl transport.
Am. J. Physiol. 250 (Gastrointest. Liver Physiol. 13): G540-
G545, 1986.—The effect of whole-body gamma radiation (5-12
Gy) on electrolyte transport by rabbit ileum in vitro was as-
sessed for 1-96 h postirradiation using the short-circuit tech-
nique and radioisotopic fluxes. Although there was no effect of
radiation on short-circuit current (/,.), transepithelial potential,
or resistance 1 h after exposure, by 24 h the basal parameters
of ileal segments isolated from irradiated animals were signifi-
cantly greater than those of sham-irradiated controls. The I,
increased in a dose-dependent fashion and was greatest 24 h
postexposure. Isotope flux experiments revealed that the in-
creased /.. following irradiation resulted in part from a stimu-
lation of active serosal-to-mucosal net Cl flux. There was no
observable change in net Na transport. The results demonstrate
that radiation exposure alters cellular transport processes,
which may contribute to the fluid and electrolyte imbalance
observed following radiation exposure.

electrolyte transport; radiation; chloride secretion

IONIZING RADIATION has pronounced effects on both the
morphology and the physiology of the gastrointestinal
tract. Collectively, these effects are termed the gastroin-
testinal syndrome (20), which is characterized by pro-
gressive fluid and electrolyte imbalance and bacteremia.
This syndrome is a major determinant of lethality at
doses of X- and gamma radiation of 10-100 Gy. The time
course of the development of the pathophysiology is
predictable, with death of the animal generally corre-
sponding to the time for denudation of the intestinal
mucosa. In spite of the well-documented effects of radia-
tion on gastrointestinal physiology. very little is known
concerning the mechanism by which radiation produces
these effects. In particular, it has yet to be determined
whether the fluid and electrolyte loss associated with the
gastrointestinal syndrome results from alterations in
transepithelial transport processes or is a consequence
of other factors, such as the loss of functional cells due
to denudation. Indeed, few studies exist concerning the
effect of radiation on electrolyte transport processes of
epithelial cells.

In the present study. I report on the effect of “'Co
radiation on intestinal ion transport by rabbit ileal mu-
cosa. The results demonstrate a radiation-related change
in transepithelial ion transport, as indicated by changes
in short-circuit current and ion fluxes at times >24 h

(540

postirradiation. In particular, the basal short-circuit cur-
rent is significantly higher in irradiated animals, due in
part to a stimulation of net Cl secretion across the ileal
mucosa.

METHODS

Animals and solutions. New Zealand White male rab-
bits (Hazelton Dutchland, Denver, PA, and Hilltop Lab
Animals, Scottdale, PA) weighing 2-3 kg were used in
these experiments. The animals were fed standard rabbit
chow ad libitum, except for “fasted” rabbits, from which
food was removed. Rabbits were irradiated in the Armed
Forces Radiobiology Research Institute’s *'Co facility in
Plexiglas restraining cages. Whole-body doses of 5, 7.5,
10, and 12 Gy were administered. These doses were
selected to bracket the range of doses associated with the
gastrointestinal syndrome. The dose rate was a constant
fraction (1/10) of the total dose, maintaining the expo-
sure time at 10 min. Sham-irradiated animals served as
controls.

At the appropriate time (1, 24, 48, 72, or 96 h postir-
radiation), control and irradiated or fasted animals were
killed by pentobarbital sodium (Nembutal) injection and
the terminal ileum of each was removed. The tissue was
opened lengthwise along its mesenteric border and
stripped of its underlying musculature using blunt dis-
section. Tissue isolated from sham-irradiated, irradiated.
and fasted animals are termed control, irradiated, and
fasted tissues, respectively.

The intestinal segments were mounted in Plexiglas
Ussing chambers (E. W. Wright, Guilford, CT), exposing
1.12 cm? of tissue, and bathed with a Ringer solution
containing (in mM): 140 Na, 119 CI, 21 HCO,, 1.2 Ca,
1.2 Mg, 0.5 POy, and 5.4 K: pH 7.4. The solutions were
circulated and oxygenated by a gas-lift svstem in reser-
voirs using 95% 0,-5% CO.. All experiments were per-
formed at 37°C.

Electrical measurements. The transepithelial potenti..
difference (PD, mV) with respect to the mucosal bathing
solution was measured with a digital voltmeter in contact
with both bathing solutions via 3 M KCl-agar hridges
and calomel half cells. Current was passed by means of
a battery in series with resistors and in contact with both
bathing solutions by means of Ringer-agar bridges and
Ag-AgCl electrodes. Current was passed periodically to
drive the transepithelial PI) to zero. This current, the
short-circuit current (/.. uA.cm °), represents the sum
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of all “active” ion movements across the tissue (23}. The 140 oo v s o e
I.. was corrected for the potential drop across the fluid e—— Controf
resistance. In some experiments an automatic voltage 120+ = - o frradiated 1 hr _,,—{,
clamp device (Physiologic Instruments, Houston, TX) P B ] ]
was used to measure PD and /., eliminating the 1eed for 24 hr
this correction. The transepithelial resistance (R,, - 100 - A )
cm?) was calculated from the deflection in PD produced i /
by 20-uA bipolar current pulses. X 8or J/ -
In preliminary experiments, considerable animal-‘o- 2 [ I ]
animal variation in the absolute magnitude of the trans- 3 -~

epithelial electrical parameters was observed. To mini-
mize the possible influence of different “batches™ of
animals, the electrical parameters of tissue isolated from
irradiated or fasted animals were compared with that of
a control animal from the same shipment. Four segments
of tissue were isolated from each animal, with the mean
tissue value determined from those segments having a
resistance within 25% of the mean value. In some cases,
the results are expressed as the difference between values
obtained from irradiated or fasted and control animals
within an experiment.

Na and (! fluxes. The radioisotopic fluxes of Na and
Cl were determined simultaneously in tissues isolated
from irradiated animals and their sham-irradiated con-
trols. The ileal segments were incubated in normal
Ringer solution for 80 min to allow for the establishment
of a stable base line. irradiated or control segments were
then paired according to resistance (within 25%), and
short-circuited and tracer amounts of ~“Na and ('l were
added to either mucosal or serosal solutions. After a 40
min equilibration period, the unidirectional fluxes of Na
and Cl from mucosal-to-serosal (J,, ..} and serosal-to-
mucosal (J, .,) were determined from tive samples taken
at 15-min intervals. The difference in unidirectional
fluxes of an ion is the net flux (/,.). The residual ion
flux (J%) represents the inequality of a) the sum of net
Na flux (J33) and net CI flux (Ji.,) and b) the /.. All
fluxes are expressed in weq-h '.cm “ and are compared
with /[, expressed in similar units.

Statistics. The significance of differences was « -
mined by either a Student’s t test or an analysis of
variance and the Newman-Keuls test for multiple com-
parisons. A value of P < 0.05 was taken as statistically
significant.

RESULTS

The basal I, of ileal segments isolated from four
irradiated animals (10 Gy) 1 and 24 h postexposure is
compared with that of four sham-irradiated controls in
Fig. 1. Values of [, of control tissues were similar to
those reported previously (9). At 1 h, there was no
apparent effect of radiation exposure on [, hy this or
any of the doses studied. Likewise, no difference in either
PD or R, was observed.

In contrast. by 24 h (Fig. 1}, prior exposure to radiation
olicited dramatic changes in ileal electrolvte transport.
Figure 2 shows the difference in steady-state hasal I, of
ileal segments isolated from irradiated rabbits compared
with that of their matched controls for 5, 7.5, 10, and 12

i 1 4 L A1 J 4 L
0 0 20 40 60 80 100 120
Time {min)

FIG. 1. Short-circuit current of control iftlled circles) and irradhated
segments 10 (v 1 h (filled squaresy and 24 h (fllled triangles) postex-
posure, n = 4.

100

O 5uy
B’ 56y
N /0Gy

50 826y

A tge WA/Ccm?)

Time Postirradiation (hours)

50 -

Fiti. 2. Ditference in basal steady state short cireunt current (1) of
tissues isolated from irradiated ammals compared with their matched
controls. Each bar is tuean ditterence of 4 irradiated amimals from their
“matched” controls.  * Sigmificant difference from zero:  + significant
difference hetween groups.

Gy with respect to time postexposure.' The basal [, of
irradiated tissues exceeded that of controls for doses
greater than 5 Gyv. Although the magnitude of this in-
crease clearly declined with respect to time postexposure,
the /.. remained elevated for up to 72 h for 7.5 Gy and
96 h for 10 Gy. The magnitude of the increase in /.. was
also dose dependent. For example, the increase 24 h
following 12 Gy (AL, = 93.2 + 123 yA.-cm -} is signifi-
cantly greater than that observed tollowing 7.5 Gy (Al
=43.7 £ 7.7 gA.cm ) for the same time point.

"In many but not all cases. the 1. ot irradiated segments gradualiy
increases ith time to a stable value. Mechanisms underlving this slow
equihbration period are presently not known. It most hkelv retlects
reestablishment of 10n gradients, ete. in the tissue. Valyes of [, were
stable generally within 60 min after mounting. The steady state I, was
taken as the value of /o 120 min after mounting
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TABLE 1. Effect of radiation on basal PD and R, 20¢ i
o me e e e P controt
o omh #bh T2k 96 h W /rradiated
5 Gy 15
PD 0.720.5 -2.0%0.6 0.1+0.2 0.320.2
R, ~-0.3%5.3 1.6+2.3 -8.2+3.2 1.0£2.3
7.5 Gy
PD 2.0+0.4° 1.7+£0.8* 0.4%0.2 0.5+0.4 = 10t
R, B4X18°  5.0x43 34257 13221 oy
10 Gy £
PD 2.7+0.8* 1.9+0.6* 0.8+0.8 2.8+0.5" A
K, 10.126.0 65229  —3.2+29 221103 b
12 Gy 3 5F
PD 4.0+0.4° 1.4+£0.5* 2.0+1.2* 0.8+£0.5 -
R, 5.8+3.1 4747 —-0.8+4.0 —-0.3x2.4
Values are means = SE. PD, potential difference; R,, transepithelial
resistance. Difference in PD (mV) and R, (2-cm?) of irradiated tissues 0
compared with controls. * Significantly different from zero: n = 4. ms  sm inet ims ism  inet
INa INa INa Jor Jor Jor s Jn
TABLE 2. Comparison of fast'ng and

24 h 48 11 T2 h 96 h
Fasting  225%5.1°  306+7.3°  9.1+17.5  26.6468*
TAGY  43TETTC 328+91%  23446.3° NS
100Gy 5R0%104% 440497 NS 38.0+12.6*
126V 932£123°F  230+90°  433%6.3° NS

Values means * SE expressed as difference hetween fasting or
irrachated and control.  * Significantly different from zero: *sig-
nificantly different from fasting; n = 4.

In addition to changes in I, radiation also altered the
PD and R, (Table 1). The PD of segments isolated from
animals irradiated with greater than 5 Gy exceeded the
control value of 1.3 £ 0.6 mV. The transepithelial resist-
ance (R,) of irradiated tissues isolated 24 h after 7.5 Gy
was also greater, exceeding the control value of 24.5 +
0.32 by 6.4 = 1.8 Q.cm®. While there appears to be no
significant difference in mean R, for other doses and
times postexposure, of those irradiated tissues whose
basal I.. exceeded controls, R, of 80% of them exceeded
that of matched controls.

Effect of fasting of basal .. Food intake of irradiated
animals was found to be depressed immediately following
exposure. Thus it was important to evaluate the potential
contribution of reduced food intake on the changes ob-
served above. The response of ileal segments isolated
from rabbits from which food was withdrawn (“fasted”
animals®) was compared with that of nonirradiated con-
trol animals for periods of time corresponding to those
used in the radiation experiments above. As shown in
Table 2, in some cases fasting produced changes in
electrolyte transport similar to those observed in irradi-
ated animals. There was a small increase in the base-line
1. 24 h following fasting, which remained elevated during
the time periods studied.

However, a comparison of radiation-related changes
with fasting-related changes in Table 2 reveals a signif-
icant effect of radiation bevond that which could be

‘ Since rabbits are coprophagous. animals from which food has been
removed cannot be conside.ed totally fasted. Irradiated animals are
also not completelv tasted. Thev continue to feed. although at a reduced
rate that increases toward normal with time postirradiation. Thus the
effect of food withdrawal on /. most likely overestimates the influence
of fasting on the radiation results.

-5+

F1G. 3. Unidirectional fluxes (Jat,. Ji. JU L, and JU'..) and net
fluxes (JNa, JS) of Na and Cl, short-circuit current (/,.) and residual
flux (J®) of control (hatched bars) and irradiated tissues (filled bars)
determined 24 h following 10 Gy. Each bar is mean of 5 ani-
mals. * Significant ditference between irradiated and control values.

attributed to fasting. The increase in base-line I, noted
at 24 h postirradiation with 10 and 12 Gy is significantly
greater (P < 0.05) than that observed for the same time
point with fasting. A distinction between radiation and
fasting effects on basal I,. at later time points is not as
evident, but as will be discussed below, it is less likely
that fasting contributes to these later changes.

Flux measurements. To determine the ionic basis of
the increase in /.. observed following radiation exposure,
the radioisotopic fluxes of Na and Cl were determined in
ileal segments from animals irradiated with 10 Gy and
compared with that of their sham-irradiated controls.*
As shown in Fig. 3, radiation exposure resulted in signif-
icant changes in both unidirectional and net fluxes. Both
Jmwand J._,of Na(13.9 + 1.4 and 11.5 + 1.3 yeq-h™'-
cm ™, respectively) of irradiated tissues were significantly
reduced compared with controls (17.7 + 1.1 and 14.5 *
0.8 ueq-h™'-cm™). A difference in J,..., however, was not
apparent. The J,, .. of Cl of the irradiated animal was
also decreased (7.8 £ 0.8 vs. 9.5 + 0.6 yweq-h™'-cm ™).
However, the J, ., was increased (8.5 + 0.6 vs. 6.8 + (.5
weq-h™'-cm™), resulting in change of net CI transport
from absorption (2.7 + 0.4 of controls) to secretion (—0.7
+ 0.4 weq-h™'.cm™¥). This difference in J., exceeded the
difference in I, observed for irradiated and control tis-
sues, suggesting that some other ion may be involved in
the response. Related to this, J¥ of irradiated segments
appeared smaller but was not significantly different from
that of controls.

DISCUSSION

Effect of radiation exposure on electrolyte transport.
The present study was undertaken to determine whether

* This dose and time point were selected to maximize the difference
in ion transport observed postirradiation Twentv-four hours is the
time point at which the peak difference in [, is ohserved. Although the
increase in [ at 12 Gy exceeds that observed tor 10 Gy, survival of the
animals was more consistent at the lower dose.
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radiation-related fluid and electrolvte loss results from
changes in active cellular transport mechanisms, as has
been described for other diarrheal states, or rather simply
from leakage of these substances across a “leaky” intes-
tinal mucosa. The results clearly demonstrate, for the
first time, that whole-body gamma exposure elicits
changes in active basal electrolyte transport. This was
evidenced by the dose- and time-dependent increase in
I.. and changes in Na and Cl fluxes observed in irradiated
animals. There was no apparent change in net Na ab-
sorption, although both unidirectional fluxes of this ion
were reduced. Since R, of irradiated tissues often exceeds
that of controls, the decrease in net mucosal-to-serosal
(I3 ) and serosal-to-mucosal (J2*,) flux of Na may
retflect decreased Na movement through a paracellular
pathway. By contrast, net Cl transport following irradia-
tion was secretory rather than absorptive as in control
animals. The change in Cl transport resulted from a
decrease in /... and an increase in J,__,, of this ion. [t is
presently unclear whether changes in Cl transport en-
tirely account for the difference in I, observed hetween
irradiated and control animals. A small but insignificant
decrease in residual ion flux was noted that may impli-
cate a role for some other ion in this response.

In many respects the changes in ion transport observed
tfollowing irradiation are similar to those observed pre-
viously for various secretagogues that elevate intracel-
lular ¢cAMP and Ca. These agents increase I, by a
stimulation of active blood to lumen Cl and (in some
cases) Na secretion {8, 17). In addition. these agents also
increase transepithelial PD and R,. The increases in /.,
K.. and PD observed tollowing irradiation are strikingly
similar to those changes mentioned above for secreta-
gogues. Thus changes in cell transport processes previ-
ously proposed to underlving the response of rabbit ileum
to secretagogues mayv be elicited by radiation exposure.
The magnitude of the response to irradiation declined
with time postexposure. The reasons for this decline are
presently unknown. However, interestingly. a similar
decline in the response of irradiated segments to the
secretagogue theophvlline has also been observed (un-
published ohservations).

Relation to radiation pathophysiology. The results of

this study clearly indicate that radiation exposure elicits
changes in electrolvte transport. As such, they dispute
<ome of the previously conceived notions concerning the
mechanisms underlving radiation-induced fluid and elec-
trolvte Joss. Marphological studies of in®~stinal mucosa
isolated trom irradiated mice by Porvazn  '19) revealed
a decrease 1in the integrity of the tight j.  donal com-
plexes between adjacent absorptive and goblet cells. Tt
wits ~uggested that the compromised tight junction may
<erve as a Jow-resistance pathway for the entry of bac-
terial toxins leading to bacteremia. Such breaks in the
<trands of the tight junctional complex could also serve
as a route tor fluid and electrolyte loss. Comparable
morphological studies are not available for rabbit ilenm.
However, the increase in [, decrease in unidirectional
Na fluxes, and lack of a decrease in K, ohserved in this
study suggest that possible damage to tight junctions by
radiation exposure is at least initially of httle conse

quence to postirradiation electrolyte transport. More
importantly, the results dispel the notion that radiation-
induced fluid and electrolyte loss result only from simple
denudation of the intestinal mucosa.

Previous in vivo studies have been consistent with
changes in transcellular transport following irradiation.
These earlier studies concentrated primarilv on radia-
tion-related changes in Na absorption. Forkey et al. (10)
suggested that decreased ileal Na absorption resulted in
Na loss via the bile in irradiated rats. Thev and others
(13, 14, 23, 26) further suggested that the resulting elec-
trolyte imbalance contributed significantly to lethality
of the gastrointestinal svndrome. Indeed, Curran et al.
(5) observed decreased ileal Na absorption in vivo by rats
as early as 13 h following 25-30 Gy abdominal X-irradia-
tion and net Na secretion 67 h after exposure. Although
they are suggestive of changes in cellular transport proc-
esses, these observations were far from conclusive.

A stimulation of active Na secretion was not observed
in the present study. It is not vet clear whether a change
in net Na transport following irradiation is a species-
dependent phenomena or is evident only at times greater
than 24 h. A major finding of this study is a stimulation
of active Cl secretion. To my knowledge, previous studies
have not investigated changes in the transport of this
ion following irradiation.

The results of this study raise two pertinent questions.
First, can the changes in net Cl secretion observed in
this study account for fluid and electrolyte loss observed
in vivo postirradiation? Stimulation of Cl secretion may
he responsible for both. Stimulation of anion secretion
would promote a passive osmotic water flux as observed
for other secretagogues such as cholera toxin. Thus Cl
secretion would promote the fluid loss and diarrhea
associated with the gastrointestinal syvndrome. In sup-
port of this, diarrhea. while not a consistent finding
perhaps due to colonic reabsorption, was observed in
~80° of the irradiated animals in this study (unpub-
lished observations).

The stimulation of Cl secretion may also be responsible
for Na loss observed previously. In vivo, the ileum is
essentially in the open-circuit state. Thus anion secretion
would create an electrical driving force (lumen-negative
P tor the secretion of a cation such as Na. Na secretion
would not be apparent in this study, since fluxes were
measured under short-circuit conditions in which this
electrical driving force s dissipated. Thus the results
point to the stimulation of Cl secretion as the primary
event responsible in radiation-induced tluid and electro-
Ivte Joss

Second, 1s the stimulation of Cl secretion a direct effect
of radiation on cell membrane transport or a consequence
of other tactors” Although this question cannot be an-
swered definitively by this study, the time course of the
changes suggests that secondary etfects of irradiation
stimulate Cl secretion. Alterations in basal electrolvte
transport were not apparent until 24 h postirradiation.
Similar delavs were observed by Curran et al. (5) for the
onset of Na transport changes in X-irradiated rats. Thus
it is hkelyv that events occurring subsequent to irradia-
tion. such as decreased tood intake, intestinal vascular
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changes. or radiation-released agents nitiated the
changes in electrolyte transport observed. The possible
role »t one of these, decreased food intake, was investi-
vated in this study. Although the I, of fasted animals
was greater than controls, the increase in [, following
irradiation exceeded that observed in fasted animals. lon
fluxes were not measured in tasted animals; thus a con-
tribution of tasting to the changes observed postirradia-
tion cannot totally be excluded. However, since fasting
overestimates the decreased food intake of irradiated
animals and the response to irradiation is dose and time
dependent. it is unlikely that ('l secretion postirradiation
i linked to decreased food intake. Furthermore, (] ab-
sorption rather than secretion has been reported in rabbit
ileum following an overnight fast (11).°

Although not directly tested. other possible factors
that mav influence electrolyte transport postirradiation
deserve comment. Both increases (3} and decreases in
intestinal blood flow (15) have heen reported in irradi-
ated animals, leading to the proposal that radiation-
induced fluid and electrolvte loss result from intestinal
vascular changes. Evidence to date make it unhkely that
<tich changes can directly account for the stimulation of
/.. observed in the present studyv. Studies in which ileal
interstitial pressure ix increased reveal that the resulting
~timulation of tluid secretion arises from passive filtra-
tion-secretion phenomena rather than changes in active
transport processes (22). Such increases would be pre-
dicted it as suggested by Cockerham et al. (31, increased
intestinal blood tlow resulted in intestinal edema. While
direct eftects of chunges in intestinal blood flow probably
plav Litle or no role in the stimulation of Cl secretion
tollowing irradiation, the subsequent release of agents
loeatlv mav be important in the response. For example.
Mud and electrolvte secretion tollowing intestinal is-
vhemia has been suggested to result from agents released
due ta necrosis (1

A vanety of agents mav be released following radiation
expostre that can ultimately be responsible for the
changes in electrolvte transport observed in this study.
These include the intestinal secretagogues, serotonin (6,
161, which may be released subsequent to radiation’s
mast cell degranulation (4, prostaglandins, which have
been observed to increase in rat small intestine postir-
radiation 2, 7 and neurotransmitters released from
enterie neurons (11, 12 The action of these agents
present the most attractive explanation for the stimula-
tion ot Cl secretion postirradiation. Furthermore, the
observation that irradiation of the exteriorized small
intestine alone can eheit changes associated with the
gastrointestinal svndrome (13, 211 suggests that the ef-
teetive agent may be released locally as suggested above
tor the stimulation of secretion tollowing ischemia. Dis-
ningwishing direct ettects of radiation on cellular trans-
port processes trom possible secondary etfects will re-
quire turther study.

In summary, exposure to omzing radiation alters ac-
tive tleal electrolvte transport primarily by stimulating
(1 <ecretion. In this and other respects, changes in ion

COnermicht tast probably corresponds to 12 15 ho Recent unpub
lahed obseryations indicate changes in fo postaradiation withim this
timie T
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transport following irradiation are similar to those elic-
ited by secretagogues that increase intracellular cAMP
and Ca. Furthermore, the stimulation of ] secretion
may represent the primary event responsible for fluid
and electrolyte loss observed postirradiation.
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Histamine H, Receptors Mediate Morphine-Induced
Locomotor Hyperactivity of the C57BL/6J Mouse

G. Andrew Mickley
Behavioral Sciences Department
Armed Forces Radiobiology Research Institute, Bethesda, Maryland

Morphine-induced locomotor hyperactivity of the C57BL/6J mouse was challenged with intra-
cranial injections of antihistamines or the opiate antagonist naloxone. When cimetidine (H:
receptor blocker) was injected into the nucleus accumbens/stria terminalis, it significantly reduced
opiate-stimulated locomotion. However, ventricular injections of cimetidine did not significantly
alter either morphine or amphetamine hyperactivity, nor did cimetidine depress spontaneous
locomotion. Although naloxone eliminated morphine-induced locomotion when injected into
either the nucleus accumbens or the ventricles. chlorpheniramine (H; receptor blocker) failed to
reduce this behavior. These data suggest that opiate-stimulated locomotion of the C57BL/6J
mouse may be partially mediated by histamine Ha receptors of the nucleus accumbens or closely

adjacent structures.

In most species a large dose of morphine produces catatonia
and akinesia (Brown, Derrington, & Segal, 1979). However,
morphine causes a dose-dependent stereotypic locomotor
hyperactivity in the C57BL/6J mouse (Oliverio & Castellano,
1974; Teitelbaum. Giammatteo, & Mickley 1979). A similar
behavior is observed after an intracranial injection of enkeph-
alin (Pughsi-Allegra, Castellano, Filibeck, Oliverio, & Mel-
chiom, 1982). This behavioral response is mediated, at least
in part, by neurons of the nucleus accumbens, bed nucleus of
the stria terminalis, and portions of the striatum. Lesions of
these brain areas significantly reduce, but do not abolish,
morphine-stimulated locomotion (Siegfried, Filibeck, Gozzo,
& Castellano, 1982; Teitelbaum et al., 1979).

Although the opioid-induced locomotor hyperactivity of
the mouse has been well described and some of the neuronal
systems subserving this response have been identified, the
neurochemical mediators that produce the behavior have yet
to be fully elucidated. The present experiments addressed the
possibility that histamine receptors play a role in morphine-
stimulated locomotion. Endorphins, enkephalins, their recep-
tors. histaminergic neurons, and histamine receptors are all
prominent in the brain areas responsible for morphine-in-

This work was supported by the Armed Forces Radiobiology
Research Institute, Defense Nuclear Agency (DNA) under Research
Work Unit 4332-00125. Views presented in this article are those of
the author. No endorsement by DNA has been given or should be
inferred. Portions of these data were presented at the meeting of the
Society for Neuroscience, October 1984, Animals were cared for
according to the pnnciples enumerated in the "Guwde for Care and
Use of Laboratory Animals™ prepared by the Institute of Laboratory
Animal Resources. National Research Council.
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statistical advice. Manon Golightly typed this manuscript.
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duced hyperactivity (Akil et al., 1984; Burkard, 1978; Garbarg
et al., 1980; Palacios, Wamsley, & Kuhar, 1981; Sazara, 1982;
Snyder & Childers, 1979; Watanabe et al., 1984). In mice, the
blockade of H, receptors inhibits the development of mor-
phine tolerance (Wong & Roberts, 1975). Others have re-
ported that brain histamine levels are inversely proportional
to morphine-induced locomotion of the mouse (Lee & Fen-
nessy, 1976); High, locomotion-producing doses of morphine
reduce levels of brain histamine in the C57BI /6] mouse
(McClain, Catravas, & Teitelbaum, 1977). However, this may
not be true for all strains of mice (Hough et al., 1984).

The present study was conducted to further clarify the role
of brain histamine in the production of morphine-induced
locomotion. This was accompanied by challenging the opiate-
stimulated locomotion of the CS7BL/6) mouse with injec-
tions of antihistamines into the nucleus accumbens/stna ter-
minalis or lateral ventricles.

Method

Subjects

Forty-three male C57BL/6J mice between 60 and 120 days of age
were used in this study. Throughout the experiment the mice were
fed on an ad-lib food and water schedule in a room maintained on a
12:12 hr hight/dark cycle (lights on at 0600). They were housed and
tested at a room temperature of approximately 70 °F (21.1 °C).

Surgical Procedure

With the mice under sodium pentobarbital (7§ mg/kg. ip) and
supplemental Methoxy-flurane anesthesia, they were implanted with
chronic bilateral 22-ga. cannulas in the posterior n. accumbens/stria
terminalis (ACCUM+STRIA) or lateral ventricles (VENT). Prior to anes-
thetization, a dose of 0.4 myg/kg atropine sulfate was administered 1p.
The stereotaxic coordinates used for the placement of the ac-
CUM+STRIA cannula were 0.8 mm anterior to bregma, +0.8 mm
lateral to midline zero, and 4.0 mm ventral to the skull surface. The
coordinates for the ventncle implants were identical except that the
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vertical reading was set at 3.0 mm ventral to the skull surface. The
atlas of Slotnick and Leonard (1975) was used as a guide for the
placement of the cannulas. Stainless steel stylets were used to keep
the cannulas patent. Postoperative behavioral tests were initiated no
sooner than 1 week after the surgery.

Procedure

Locomotor activity was measured by the Automex D system
(Columbus Instruments). The mice were always tested between 0800
and 1000 in order 10 control for circadian variations. Testing occurred
in the subject’s plastic home cage (30 x 19 x 12 cm). In order to
discourage high spontancous locomotor activity counts, the mice
resided in their home cage for at least 1 day before any data were
collected.

Mouse locomotion. observed after an initial ip injection, was
challenged by a subsequent intracranial (ic) drug injection. At the
beginning of each test day. an ip injection of 4 mg/kg d-amphetamine
sulfate. 30 mg/kg morphine sulfate. or an equal volume of saline was
administered. Amphetamine-stimulated locomotion (nonopiate me-
diated) was used here as an active control in order to provide
behavioral companisons with morphine-injected mice. Afier a S-min
delay. the locomotor response 10 cach drug was determined ina 10-
min baschne test period. The morphine- and amphetamine-injected
amimals were required to meet a minimum criterion level of loco-
motor activity (80 counts/min) before proceeding to the next phase
of the expeniment. If they failed to meet cnterion. they were not run
that day.

Subsequent to successfully reaching the post-ip-injection criterion,
cach mouse received bilateral 1-ul ic injections in the ACCUM+STRIA
or viNT of naloxone hyvdrochlonide (2 ug). cimetidine (H: receptor

blocker, 75 ug). chlorpheniramine (H, receptor blocker. 20 ug). or
saline. Previously published studies (Bugajski & Zacny. 1981: Cohn.
Ball. & Hirsch, 1973: Kalivas, 1982) and pilot experiments from this
laboratory demonstrated that similar ic doses of chlorpheniramine
and cimetidine have antihistaminergic effects in rodents. The ic
injections were accomplished through the use of a 30-ga. injection
cannula which was inserted into the brain 0.5 mm beyond the guide
cannula. A Harvard infusion pump was used 10 inject the ic solutions
into the brain at a rate of 0.03 ui/s for 30 s. With the injection
cannula in place. an additional 30 s were allowed for full delivery of
the drug. Each mouse was then returned to the locomotor activity
menttors for a 30-min test period. The order of presentation of the
12 combined ip and ic drug treatments was randomly determined.
Mice were tested no more frequently than every other day.

Histology

After completion of testing. animals were perfused. and brain tissue
was frozen sectioned. The tissue was then stained with thionine, and
cannula placements were verified. Only animals with cannula tracks
just above or in the ACCUM+STRIA or VENT were retained in the
experiment. Thirty minutes before the perfusion of some animals, i
ul of Evans blue dve was injected into each cannula. Then, while the
tissuc was being sectioned. drawings were made of the spread of the
dve in the brain. In this way the probable brain areas that came into
contact with the injected drug were imaged (see Figure 1).

Because some of the subjects died without completing all 12
conditions, these procedures resulted in the following number of mice
in cach treatment group: ACCUM4+STRIA: amphetamine/naloxone. n
= 1 1: amphetamine/cimetidine, n = 9: amphetamine/chlorphenira-
mine, # = | 1: amphetamine/saline, 7 = 13: morphine/naloxone, n

(mm)

Figure 1 Coronal sections ol the mouse bram showing probable intracramal injection sites (A =
placement in postenor nucteus accumbens and stna werminahis: B = placement in lateral ventncles).
(Retfer to atlas of Slotnick and 1 eonard, 1975 Thiomine stain. See Plate F)
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= 18: morphine/cimetidine. n = 11: morphine/chlorpheniramine. n
= 12: morphine/saline. n = 13: saline/naloxone. n = 13: saline/
cimetidine. n = 15: saline/chlorpheniramine. n = 15; saline/saline. n
= |3: venT: amphetamine/naloxone, n = 17. amphetamine/cimeti-
dine. n = 13: amphetamine/chlorpheniramine, n = 15. ampheta-
mine/saline, n = 16: morphine/naloxone, n = 16. morphine/cimeti-
dine. n = 16 morphine/chiorpheniramine, n = 16: morphine/saline,
n = 14: saline/naloxone, n = 18; saline/cimetidine, n = 17: saline/
chlorpheniramine, n = 16: saline/saline, n = 18.

A preliminary analysis of the data suggested nonhomogeneity of
variances between treatment groups. and therefore Kruskal-Wallis
nonparametric one-way analyses of variance (ANOvAs) were com-
puted (Siegel. 1956). Initial comparisons were made between baseline
locomotor responses produced by ip drug injections. In a further
analysis, | compared the locomotion of subjects (of either ac-
CUM-HSTRIA Of VENT groups) that had received ip morphine and then
the vanous ic injections. Similar companisons were made for both
amphetamine and saline groups. Four time periods were analyzed:
pre-ic-drug baseline and 5-10 min, 15-20 min, and 25-30 min post-
ic-drug injections. One ANOVA was computed for each time period.
When statistically significant differences were identified, Dunn’s test
{Hollander & Wolfe. 1973: a = .05) was used to specifyv individual
treatment groups that were reliably different from one another.

Results

Reductions in morphine-induced locomotion were ob-
served after intra-accumbens/stria terminalis injections of
naloxone or cimetidine but not chlorpheniramine. Intraven-

tricular injections of naloxone produced a similar attenuation,
but ventricularly placed antihistamines did not significantly
alter the opiate-stimulated behavior of these mice. Cimetidine,
when placed in the ACCUM+STRIA (but not the VENT) also
produced a partial attenuation of amphetamine locomotion.
Chlorpheniramine and naloxone failed to reduce the amphet-
amine-stimulated locomotor hyperactivity.

In an initial analysis of baseline locomotion (after ip injec-
uon), subjects from the two implant groups (ACCUM+STRIA
and VENT) were combined. Both morphine and amphetamine
(ip) produced a statistically significant increase in baseline
locomotion, relative to saline, x*(2. N = 346) = 215.116, p <
.001. Baseline locomotor drug responses did not differ be-
tween morphine- and amphetamine-injected mice (Figures 2
and 3).

At all three time periods analyzed, morphine-induced lo-
comotor hyperactivity was significantly reduced, x*(3. N =
54) = 7.873-12.064, p < .05, by subsequent injections of
either naloxone or cimetidine into the ACCUM+STRIA (com-
pared with ic saline, see Figure 2). Chlorpheniramine had no
effect on morphine-stimulated locomotion. Intra-accumbens/
stria terminalis injections of cimetidine also significantly re-
duced amphetamine hyperactivity at all analyzed times, x°(3.
N = 44) = 7.979-8.031, p < .05. However, these decreases
were not so great as those observed in morphine-treated
subjects (Mann-Whitney U, ps < .05). Neither naloxone nor
chlorpheniramine, when injected into the ACCUM+STRIA area,

NUCLEUS ACCUMBENS and
STRIA TERMINALIS INJECTIONS

MORPHINE
(30 mg/kg)
I.P. (FIRST)

MEAN LOCOMOTOR ACTIVITY COUNTS

i " i | 5 1 J e L 1

AMPHETAMINE
{4 mg/kg)
I.P. (FIRST}

SECOND (1.C.) INJECTIONS

----- G SALINE

--=a=- NALOXONE (2 ug)

~--w=-= CHLORPHENIRAMINE (20 ug)
—e— CIMETIDINE (75 yg)

. SALINE
" |.P.(FIRST)

1 1 ]

8 5 10 15 20 25 30 B 5 10 15 20 25 30 B & 10 15 20 25 30
MINUTES POST I.C. INJECTION
Frgure 2 Mean locomotor activity counts of mice after an imtial ip imjection of morphine (30 mg/kg).
amphetamine (4 mg/kg). or saline followed by hilateral intracramal (10) injections of naloxone (2 ug).

cimetidine (75 ug). chlorpheniramine (20 upg). or sahne. tintracranial imections were placed in the
nucleus accumbens and stnia terminalis [see Figure 1))
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LATERAL VENTRICLE INJECTIONS

ST TNTRTe LW W

180 r r
© yeot MORPHINE AMPHETAMINE L
2 {30 mg/kg) (4 mg 'kg) SECOND (1.C.}) INJECTIONS
8 I.P. (FIRST) I.P. (FIRST) wee0uee SALINE
O 140} L 3 -=4--— NALOXONE ( 2 ugj
z o o ~-8-—  CHLORPHENIRAMINE (20 ug)
S LT e 0 —e— CIMETIDINE (75 ug/
= 120} F o S o
- a 7 =
&) . ~a.
< \ e i
x 100 S N -
6
> L \.—..—. L
3 % e SALINE
8 I.P. FIRST)
- B~

60} L F o e
2 AL T
w /
2 a0 s - 4

20t b -

0 i I 1 1 i 1 ) 1 i n L A 1 J " 4 i 1 i " J

B 5 10 15 20 25 30 8 5 10 15 20 25 30 B 5 10 15 20 25 30

MINUTES POST I.C. INJECTION

Figure 3. Mean locomotor activity counts of mice after an initial ip injection of morphine (30 mg/kg).
amphetamine (4 mg/kg). or saline followed by bilateral intracranial (ic) injections of naloxone (2 ug).
cimetidine (75 ug). chlorpheniramine (20 ug). or saline. (Intracramal injections were placed in the lateral

ventricles [see Figure 1].)

altered amphetamine-stimulated locomotion. Apparently, in-
tra-accumbens injections of naloxone, cimetidine, and chlor-
pheniramine (at the doses used here) do not cause depression
of spontaneous locomotion, that is, ip-saline-injected subjects
did not change their locomotor response at any time after
these intracranial drug treatments, x°(3, N = 56) = 0.856-
2.020, p > .05.

Compared with saline, intraventricular naloxone signifi-
cantly reduced morphine's locomotor activating effects at
each of the three time periods analyzed. x°(3, N = 62) =
7.910-8.932. p < .05. However, neither of the antihistamines
altered this opiate-induced hyperactivity. Although there ex-
ists a trend toward a cimetidine-induced reduction of am-
phetamine hyperactivity, this trend just failed to achieve
statistical significance, x°(3, N = 61) = 5.950-7.089. p > .05.
Similarly, intraventricular naloxone and chlorpheniramine
failed to alter this amphetamine response. Spontaneous lo-
comotion measured after a saline (ip) injection was unaffected
by all the intracranial drug treatments except chlorphenira-
mine. Here. control mice exhibited a slight but consistent
(statistically significant) increase. x°(3. N = 69) = 8.900, p <
.05. in locomotion 15-20 min after the intraventricular injec-
tion of s H, receptor blocker.

Discussion

Cimetidine. when injected into the nucleus accumbens/
stria terminalis, countered morphine-induced locomotion,

T e e N Y RO TN S PRI S e A"
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but it was not effective in altering this response when it was
injected into the lateral ventricles. Intracranial injection of
chlorpheniramine, at either site, did not significantly change
the quantity of opiate-stimulated locomotion. These data
suggest a role for H: receptors (but not H, receptors) of the
ACCUM+STRIA in the production of this behavioral response.
Similarly, others have reported that cimetidine antagonizes
morphine analgesia (Hanig. Hui. & Sun, 1981) as well as
opiate effects on the guinea pig ileum (Takayanagi, Iwayama,
& Kasuya, 1978). In addition, the apparent difference in
behavioral mediation of the two histamine receptor subtypes
is not unprecedented; for example, Malec and Langwinski
(1983) suggested that H, receptor blockers antagonize mor-
phine catalepsy but that H, antagonists do not.

When naloxone was injected into either the ventricles or
the ACCUM+STRIA, 1t antagonized the behavioral effects of
morphine. However, cimetidine significantly attenuated opi-
ate-induced stimulation only when 1t was injected into the
ACCUM+STRIA. Opiate receptors that mediate this locomotor
response are apparently located both within and outside the
ACCUM+STRIA arcas. Thus there may be at least two noncon-
gruent opiate systems that play a role in the production of
morphine-induced locomotor hyperactivity: a partially his-
taminergic one located in or near the nucleus accumbens and
a second system, outside the accumbens, in which histami-
nergic neurons may not be involved. Other experiments offer
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some support for this hypothesis. Hough ct al. {1984) reported
that neither chlorpheniramine (ip) nor cimetidine (ip or intra-
ventncular) antagonized morphine-induced antinociception
of mice. Similarly, others have found that intraventricular
cimetidine did not impair the locomotor activity of morphine-
treated rats (Bluhm, Zsigmond. & Winnie. 1982: Netti, Bossa,
Galatulas, Sibilia, & Pecile, 1984). Likewise, the present data
suggest that both chlorpheniramine and cimetidine do not (at
the dose used) significantly alter opiate-stimulated locomotion
when injections are intraventricular. However, inasmuch as
ACCUM+STRIA injections of cimetidine reduced morphine lo-
comotion, my data highlight a role for H: receptors, of this
specific brain region, in the production of opiate-stimulated
movement.

Because injection cannulas aimed at the nucleus accumbens
pass through the lateral ventricles, there is the potential for
some of the injected drug 10 backwash into the ventricular
system. This may make interpretations concerning focus of
drug action difficult. However. in the present study. the
behavioral effects of accumbens- and ventricular-injected sub-
jects were quite different (see Figures 2 and 3). These findings,
along with the observations that injected dye flowed only to
the brain targets. support the contention that intra-accumbens
drug injections did not move into other portions of the brain.

Cimetidine (75 ug/hemisphere) injected into the nucleus
accumbens produced an incomplete (although statistically
significant) reduction in the hyperactivity produced by 4 mg/
kg amphetamine. A similar (but less reliable) reduction was
observed after intraventricular injections of this antihista-
mine. H. receptors may be partially responsible for the pro-
duction of this amphetamine locomotor response.

The doses of amphetamine and morphine used in the
expeniment produced similar degrees of locomotor hyperac-
tivity. However. cimetidine did not reduce amphetamine-
stimulated locomotion to levels as low as those exhibited by
morphine-injected mice that also received this antihistamine.
Therefore. the available data suggest that histamine may be
less involved in amphetamine-induced locomotion than in
morphine-simulated activity. This interpretation should be
made cautiously, however, as a variety of doses of morphine
and amphetamine were not administered.

Apparently this dose of cimetidine (75 ug/hemisphere) does
not produce a generalized depression because intracranial
injections. at cither ACCUM+STRIA or VENT sites, did not alter
spontancous locomotion. In addition. cimetidine failed to
significantly reduce amphetamine-induced locomotion when
this antihistamine was injected into the lateral ventncles.

There is an apparent inverse relation between levels of brain
histamine and locomotor activity of the morphine-treated
mouse (McClain et al. 1977) Lee and Fennesy (1976) sug-
gested that the opiate-stimulated decrcase in measured hista-
mine levels in the brains of hyperactive mice may reflect
release of the amine. Because aimetidine blocks morphine-
induced locomotion. the present data are in consonance with
the hypothesis that shmulation of histaminergic neurons may

be involved in the production of morphine-induced locomo-
tion. Further, these data suggest specific involvement of H.
receptors in the opiate-stimulated hyperactivity response of
the C57BL./6J mouse.
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Pretreatment with recombinant interleukin 1 (IL
1) protects mice in a dose-dependent manner from
lethal effects of ionizing radiation. Two thousand
units of IL 1, given i.p. 20 hr before irradiation,
protect 88% of C57Bl/6 mice from an LD, radia-
tion dose (dose of radiation that kills 100% mice in
17 days), and 1000 U of IL 1 protect 100% of DBA/1
mice from an LDso30 dose. This finding provides the
first evidence that a cytokine, IL 1, which acts as a
differentiation- and maturation-inducing agent for
a variety of cells, also can serve as a signal that
initiates radioprotective events in vivo. Because
many of the exogenous immunomodulators that
have been shown to be radioprotective also induce
endogenous IL 1 production, our observation sug-
gests that IL 1 may mediate their radioprotective
effects.

Exposure of mammals to ionizing radiation causes the
development of a complex, dose-dependent series of po-
tentially fatal physiologic and morphologic changes.
known as acute radiation syndrome. Radiation-induced
destruction of the lymphoid and hematopoietic systems
is the primary cause of septicemia and death. Enhanced
susceptibility to infections with opportunistic microor-
ganisms occurs in parallel with progressive radiation-
induced atrophy of lymph nodes. spleen. and bone mar-
row (1). Protection and/or recovery from the conse-
quences of ionizing radiation has been investigated at
different cellular and molecular levels. DNA repair mech-
anisms and the chemical radioprotection afforded by
thiol compounds have been studied extensively (2. 3).
Transplantation of as few as 10" bone marrow cells per
kg body weight into lethally irradiated (with LD )
animals or patients protects them from death. This well-
documented clinical and experimental procedure pro-
vides prooft that despite radiation-induced. damage to
many cell types and tissues. it is the more radiosensitive
cells of the immune and hematopoietic systems that are
crucial for defenses against lethal complications of radia-
tion, in a dose range below induction of gastrointestinal
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syndrome (1).

Radioprotection has also been reported to be conferred
by immunomodulatory substances. Numerous microbial
components such as bacterial lipopolysaccharide (LPS]),
muramyl dipeptide, Mycobacterium bovis strain BCG,
and glucan have radioprotective effects when adminis-
tered before irradiation (4). It has been suggested that
radioprotective activity conferred by immunomodulators
can be attributed to their capacity to enhance hemato-
poietic and immune functions. Our understanding of the
mechanisms by which these agents are radioprotective
and the participation of endogenous cytokines or lym-
phokines that are known to be induced by immunomod-
ulatory substances remain to be established. The avail-
ability of recombinant interleukin 1 (IL 1) (5) free of
endotoxin and other cviokines and peptides permits
study of the role of the cytokine in radioprotective events.
We considered IL. 1 to be a logical candidate for an endog-
enous radioprotective mediator, because exogenous im-
munomodulatory radioprotectors elicit its production.
Furthermore. the addition of monocyte-conditioned me-
dia. containing IL 1. to cultures of irradiated human T
cells has been reported to partially restore PHA-induced
proliferation of these cells (6).

In this report, we will present evidence that i.p. admin-
istration of IL. 1 protects mice from the lethal effects of
irradiation.

MATERIALS AND METHODS

Mice. Inbred st.ains of female mice, C57B1'6 and DBA 1. were
obtained from The Jackson Laboratory, Bar Harbor, ME. All mice
were quarantined and were acclimated for at least 2 wk to the
conditions of the Veterinary Medicine Department Facility at the
Armed Forces Radiobiology Rescarch Institute. Mice were kept in
cages, nine mice per cage. with filter lids. Standard lab chow and
HCHacidified water, pH 2.3, were given ad libitum All cage-cleanimg
procedures were carried out in a micro-tsolator

Irradiation. Mice were placed in Plexiglass eontainers and were
wiven whole bodv irradiation at 0 .30 Gy min by hilateratly positioned
SCo elements The total dose was 9.5 Gy (950 rad)

IL 1 and control protein. Recombimant 1L 1 (Lot No. 11319-159-
46] was a generons gift from Drs. W Benjamin and P Lomedico ot
Hottman-LaRoche, Nutlev, No- This preparation. with specitic activ-
iy of 6 < 10" U mgor 2 x 10° Uml was supplied in 5 M puamdme
hyvdrochloride As a control. o preparation of a puritied protein from
a bactenal extract {Lot No. 11319-177-46) containig the plasnud
withoat 1L 1T ¢DNA was used (Holtman-LaRoche). This protem was
extracted with 5 M guanidine HCL and was treated ain the same
manner as the [l 1 preparation. The molecular size of the protemn
was similar 1o that of 1L 1 The LPS contamination of both <ub-
stances was established at Hoffman-LaRoche by a Limulus assay to
contam less than 2 Uor 0.4 ng of LPS per mban the 1l | preparation,
and Jess than 20 U or 4 ng per milliliter for the bacterial extract
protein. The Limulus assay was performed by diluting the protem
preparations to the concentration of guanidine HCE that did not
mtertere with the assay (Dr. Lomedico. private communucation) Both
substances were diluted in pyrogen-(ree saline so that the tinal
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concentration contained less than 4 pg LPS/ml in the I 1 inoculum
and less than 40 pg/ml of LPS in the extract protein inoculum.

RESULTS AND DISCUSSION

Female C57Bl/6 mice, 2 to 4 mo old, were injected i.p.
with IL 1 in 0.5 ml of pyrogen-free saline 20 hr before
irradiation. The doses of IL 1 ranged from 350 to 2000 U
per mouse (58 to 333 ng protein, containing less than 1
to 4 pg LPS contamination). The bacterial extract protein
was used in amounts equivalent to the protein content of
1000 or 2000 U of IL 1, i.e.. 166 or 333 ng protein
(containing less than 20 or 40 pg LPS contamination).
Administration of IL 1, but not of bacterial protein ex-
tract, protected C57BI/6 mice from the lethal effects of
radiation. as demonstrated in Figure 1.

Similar radioprotection was also demonstrated in DBA/
1 mice. This strain, however. was more radioresistant
than C57B1/6. Whereas 950 rad corresponded to LDsg,30
for DBA/1 mice, the same dose killed 100% of C57Bl/6
mice within 17 days. A dose of 1000 U of IL 1 per mouse
protected 100% of DBA/1 mice from radiation lethality
(Fig. 2). Neither strain of mice demonstrated any obvious
deleterious effects from any of the doses of IL 1 admin-
istered i.p. Figure 2 shows, however, that mice injected
with bacterial protein extract had enhanced radiation
mortality. This effect was observed only in one experi-
ment and may be due to the toxicity of guanidine. Re-
peated experiments with this preparation did not show
significantly enhanced mortality. Because the bacterial
protein extract serves as a control only, this effect was
not examined further. In both strains, administration of
IL 1 4 hr before irradiation resulted in lower degrees of
protection (reduced from 88% at 20 hr to 30% survival
for C57Bl/6 mice at 4 hr). Furthermore, administration
of IL 1 45 hr before irradiation resulted in 12.5% survival
vs 75% survival of C57B1/6 mice treated with IL 1 20 hr
before irradiation.

This is the first report in which a preparation of a
single cytokine, IL 1. free of other macrophage-derived
substances. was shown to initiate considerable radiopro-
tective effects in vivo. Previous studies which suggested
a radioprotective role for interferon evaluated only par-
tially purified preparations (7). Because IL | is as potent
a radioprotector as many bacterial components known to
induce it. IL 1 can be used instead of radioprotective

Figure 1. Radioprotective effect of 1L 1
on lethally trradiated (L.1oo.7) CH7BI/6

bacterial components, many of which remain in the host
long after irradiation and which are also known to have
harmful systemic effects. The rapid clearance of IL 1
from the circulation (8) makes it unlikely that this cyto-
kine would exert harmful long-term effects on the host
after irradiation.

Much recent data on IL 1 activity (9. 10) suggest its
importance in many cell functions. Originally perceived
primarily as a mediator of inflammation, IL 1 lately has
also been implicated as a differentiation- and matura-
tion-inducing agent for a variety of cell types. IL 1 has
been suggested to participate in wound healing and in
increasing protection from infection (9. 10). In addition.
enhanced levels of IL 1 detected in the placenta (11). in
circulation after exercise (12), and post-ovulation (13)
suggest that even though IL 1 may have some noxious
effects, such as fever induction, this cytokine may play
a constructive role in normal functions. in development
as well as in host defenses.

Although the basis for the radioprotective effect of IL
1 remains unclear, a variety of mechanisms have been
postulated to explain the radioprotective effects of im-
munomodulators and may account for the radioprotective
activity of IL 1. Immunomodulators induce neutrophilia
by mobilizing polymorphonuclear cells from the bone
marrow. a function also attributed to IL 1 (9, 10). The
migration of the neutrophils from the bone marrow into
the circulation may render them less susceptible to en-
hanced radiation levels. due to secondary electrons emit-
ted from mineral bone after photoelectric absorption (4}.
Another radioprotective pathway may depend on IL 1-
induced procoagulant formation by endothelial cells and
stimulation of increased levels of fibrinogen in circula-
tion (14), which would promote the formation of micro-
thrombi. The hypoxic conditions created in such a milieu
would protect the cells from radiation damage. Yet an-
other radioprotective mechanism may be related to a well-
documented effect of IL 1 in enhancing oxygen metabo-
lism in neutrophils (15). As a resull. the intracellular
oxygen levels of neutrophils in tissues would be depleted.
making the cells more resistant to radiation. Previous
work indicates that cells in the late S phase of the cell
cycle are more resistant to radiation damage (16). Con-
sequently. IL 1 induction of the production of other lym-
phokines, such as colony-stimulating factors and inter-

mice CS57BI/6 mice. 2 to 4 mo old. were
placed in Plexiglass restrainers and were
given whaote bady irradiation of 40 rad L
min by bilaterally positioned *Co ele-
ments The total dose was 950 rad Re
combinant 1. 1 (*) or F colt extract con-
taining the plasmid without 1L 1 ¢cDNA(7)
were diluted in pyrogen-free saline and
were adminstered 1 p 20 hr before irra-
diation Standard lab chow and HCl acid-
thed water (pH 2 4) were given ad Iibitum
Restlts are a compilabon ol four separiate
experiments Cantral n -~ 36 Extract (*°)
n - 28 350 1 — R Hout! = 9 1000 U -
I6 1500 U - 8 2000 1 - 23 * Spectiic
activity 6 x 10% 11 mg protein or 2 10% 1
ml ** E coliextract dilution paratlel that
of 1000 U and 2000 U of 1. 1 Difference 0 e
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leukin 2, that induce cell proliferation may be involved
in radioprotection in that this lymphokine cascade would
initiate entry of the lymphoid and hematopoietic progen-
itor cells into the S phase of the cell cycle. The fact that
the cell cycle time needed for hematopoietic progenitor
cells and lymphoid cells has been estimated to last from
6 to 20 hr (17-19) may account for the time lag necessary
for IL 1 radioprotection. Another possible radioprotective
pathway initiated by IL 1 may be based on its ability to
induce acute phase proteins (9. 10) which may have
radioprotective effects. In conclusion, the identification
of IL 1 as a radioprotective cytokine furthers our under-
standing of the pathways that mediate endogenous radi-
oprotective events, and may lead to development of new
means of radioprotection free of the harmful effects of
radioprotective drugs.
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Histamine Decreases Calcium-Mediated -
Potassium Current in Guinea Pig o,
Hippocampal CA1 Pyramidal Cells i

TERRY C. PELLMAR e

) Phystofogy Department. Armed Forces Radiobiology Research Institute, K
Bethesda, Marvland 20814 -,

SUMMARY AND CONCLUSIONS INTRODUCTION <

1. The action of histamine on CAl pyram- Evidence is accumulating in support of his- G

idal cells was studied in a hippocampal slice
preparation.
2. In the prese:ce of tetrodotoxin (TTX)

tamine as a neurotransmitter in the hippo-
campus (29). The synthetic enzyme histidine
decarboxylase is present in CAl. CA3. and

and tetracthvlammonium (TEA). histamine  dentate regions (4). Electrical stimulation and ~.::
had little effect on the calcium spikes. depolarizing agents cause the release of radio- b
3. Using the single-clectrode voltage-clamp  labeled histamine from hippocampal slices o
technique. the actions of histamine on mem- (28, 34). Histaminergic inputs enter the hip- e
brane currents were tested. In TTX, histamine  pocampus dorsally through the fimbria and
(1 uM) decreased outward current only at po-  ventrally by way of the amygdala (4). Some of o
tentials more depolarized than approximately  these inputs arise from fibers coursing through DN
- 50 mV. where calcium-mediated potassium  the lateral hypothalamus (12, 13). In addition. L
current is predominant. In the presence of some histamine of the hippocampal region :‘.
manganese. histamine was without effect. may be contained in nonneuronal ele- e
4. Histamine (10 uM) did not affect the  ments (29). ]
transicnt outward potassium current (A-cur- Histamine alters the electrophysiological P
rent), the inward M-current resulting from  aetivity of hippocampal pyramidal cells. Segal ;‘
small hyperpolarizing steps. or the inward Q- (31, 32) found that CAl and CA3 pyramidal by
current elicited by larger hyperpolanzing steps.  cells respond to histamine with a small cal- $\‘
5. Blocking potassium currents with TEA  cium-sensitive depolarization and an increase i

or replacing calcium with barium revealed a
slow inward current normally carried by cal-
cium. With TTX present to block sodium
currents. histamine (10 M) did not reduce
the inward current.

6. The outward current reduced by a max-
imally effective concentration of histamine (10
uM) can be further decreased by manganese.

7. The results support the conclusion that
histamine sclectively decreases the calcium-
mediated potassium conductance in CAl py-
ramidal cells of hippocampus. The possibility
is raised that there is a component of calcium-
mediated potassium current that is insensitive

in action-potential firing rate. CA3 neurons
fired in a burst pattern in the presence of his-
tamine. Haas and Konnerth (17) demon-
strated that the calcium-mediated potassium
current underlying the slow afterhyperpolar-
1zation 1s reduced by histamine in CA1l neu-
rons. Haas (16) also found that local appli-
cation of histamine to hippocampal pyramidal
cells often resulted in a hyperpolarization and
a small conductance increase. In the present
study. voltage-clamp technique was used to
further investigate the actions of histamine on
hippocampal pyvramidal cells. The results re-
ported here suggest that histamine selectively
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in CA | pyvramidal cells of the guinea pig hip-
pocampus.
METHODS

Male Hartiey guinea pigs (250-400 g) were lightly
anesthetized with halothane and killed by cervical
dislocation. The brain was removed. and the hip-
pocampus of the left hemisphere was dissected out.
The hippocampus was then rinsed in iced Krebs
solution (composition indicated below) that had
been equihbrated with 95% O,-5% CO,. Transverse
shices 350-400 um thick were cut, using a Mcllwain
tissue chopper. The slices were incubated in oxyv-
genated Krebs solution at room  temperature
(~25°C) for at least | h. One slice was then trans-
terred to the recording chamber. The chamber. de-
signed by Dr. K. Zbicz (37). is a low-volume (~0.5-
ml) perfusion chamber. The submerged slice rested
on a nvlon net and was held down by a larger mesh
netting secured by silver wires. The bath was con-
stantly perfused with warmed oxvgenated Krebs
solution at a rate of I ml/min. When changing so-
lutions. at least 10 min were allowed for the solu-
tions to equilibrate with the tissue before data were
collected. All experniments were done at 30 + 1°C.

Normal Krebs solution contained (in mM) 124
NaCl. 3 KCL 2.4 CaCl,. 1.3 MgSO,. 1.24 KH,PO,.
10 glucose. and 26 NaHCO;. When banum (2.4
mM) was present, CaCl, was omitted and 1.3 mM
MgCl, replaced MgSQy. In order to keep 3-4 mM
manganese in solution. both sulfate and phosphate
were omitted from the solution: CaCl, and KH,PO,
were left out, and 1.3 mM MgCl, replaced MgSO,.
Other pharmacological agents were added without
adjusting tonicity. Tetrodotoxin (0.3 uM) was pres-
ent in all voltage-clamp experiments, Histamine (1
and 10 uM) was applied in the perfusion solutions.
T'he higher dose was used when no effect was ob-
served with a concentration of t pM. All solutions
were adjusted to pH 7.4, Phenol red (0.00012%)
was added to the solutions for a visual check for
large changes in pH during the course of the ex-
periment. Phenol red at this concentration had no
apparent ettect of 1its own,

Intracellular recording clectrodes were pulled
from thin-walled capiifary tubing (1.2 mm OD. 0.9
mm 1D, Omega Dot Fredenick Haer) on a Brown
Flaming puller and were filled with 3 M KCl While
in the extracellutar sofution, clectrodes (20-35 M)
were tested for their ability to pass current. They
were discarded it found to 2e incapable of passing
at least + 3 nA for several seconds without devei-
oping offset potentials. Microelectrodes were posi-
ttoned in the CAY pyranudal cell body Taver. An
increase i microelectrode resistance indicated the
provmity of a cell. A transient increase i capaci-
tance feedback or a large pulse of depolarizing cur-
rent atded impalement of the neurons, A stainifess
steel bipolar teoncentrics electrode placed 1in the al-

veus was used to antidromically stimulate the CA
pyramidal cells. The presence of an antidromic ac-
tion potential suggested that all cells used were py-
ramidal cells. Only neurons with resting potentials
more negative than - 55 mV and action potentials
greater than 70 mV were considered acceptable for
this study. Cell parameters (mean + SE. n - 36)
were resting membrane potential - 653 +0.79 mV,
action-potential amplitude 8.1 + 2,15 mV, and
membrane resistance 45.0 + 2.46 MQ.

Recordings were made through a Dagan 8100
single-electrode voltage clamp. While this technigue
has its mitations, it does allow analysis of currents
in small cells. Because one electrode switches be-
tween passing current and recording potential, fast
currents cannot be adequately clamped. In the
present study. the frequency of switching was set at
3 kHz. and the duty cycle (time spent in current-
passing mode) was 25%. No attempts were made
to analyze very early currents (<20 ms after the
voltage command). Most current measurements
were made at the end of a 500-ms step. Another
problem associated with clamping a neuron with a
complex microanatomy is space clamping. Control
of membrane voltage may be adequate at the soma
and proximal dendrites but extremely poor at more
distal processes. It has been reported that hippo-
campal pyramidal cells are electrically compact (10.
23). but. as discussed by Johnston and Brown (24).
space-clamp considerations cannot be ignored. For
this reason. the data here are treated qualitativelv.
Voltage-clamp control can be optimized by /) using
relatively low resistance electrodes that can pass
substantial currents as described above. and 2)
proper adjustment of capacity compensation to al-
low the electrode to follow the switching frequency
of the clamp. Continual monitoring of headstage
output and the unsampled (continuous) current
ensured appropnate adjustments of capacitance.
Once a cell was impaled. the adequacy of'the clamp
was always tested by its ability to control membrane
potential during a calibrator signal applied between
the cell membrane and ground. If the membrane
potential fluctuated by >1 mV for a 10-mV cali-
brator signal. the cell was rejected.

Current-voltage curves were constructed from
positive and negative voltage steps (300 ms) from
a holding potential usually close o 40 mV. In
some cells a holding potential near 70 mV was
used. Data were recorded on a Gould 2400 chart
recorder and a Gould 4000 digital storage oscitlo-
scope. In addimon, current and voltage records were
digntized and stored on floppy disks using an 181
1 1-03 mucrocomputer
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Haas and Konnerth (17 demonstrated that
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was sutficient to decrease the late afterhyper-  sprihes when currents near threshold were used Oy
polarization (AHP) following a train of action  to evoke the spikes. With larger currents, the o
potentials. while the early AHP was unaffected.  calaium spikes frequent)y had muitiple peaks. o
In agreement with this observation. Fig. 1.1 In a number of preparations (5. 27). multuiple -'::
llustrates the results of a similar experiment.  peaks on action potentials have been inter- f.'-
A train of five action potentials was evoked  preted as spikes imtiated at multiple remote -’.'.:
by tive short depolarizations (4 ms, 0.85 nA)  nonisopotential sites. Hippocampal pyramidal >
once every 10 ms. Histamine (1.0 uM) sub-  cells are known to have calcium spikes on therr =
stantially reduced the late AHP that tollowed  dendrites (6, 36). Histamine caused the mul- o
the train. This effect was reversed by washing  tuple peaks to become more distinet and often \.::
with normal Krebs solution. Since the late  increased the trequency of spiking. As seen in -:-
AHP is due to a calcium-mediated potassium  the lower traces of Fig. 15,10 histamine a see- o
current (C-current) (3. 18, 19,22, 30. 35), his-  ond spike appears during the 200-ms current '_:}"
tamine could be acting directly to decrease C- step. This result 1s consistent with a decrease -
current or indirectly to decrease the calcium  in potasstum conductance that would increase -
influx that turns on C-current. To evaluate the  the space constant of the dendrtic membrane N
latter possibility. the etfect of histamine on and thereby allow better somatic invasion of Y
calcium spikes in a solution containing tetro-  the calcium spikes from the dendrites. Yet the ‘:
dotoxin (TTX) was tested. results do not climinate a possible action of RN
As reported by Haas and Konnerth (17). histamine directiv on calcium current. Similar ==
histamine had little effect on the TTX-resistant results might be expected if histamine reduced
Control Histamine Wash
[~
-
8 Controt Histamine t'-
'/ " :\.
| ! : W~
! / \\....-—-— / \_ Y
. N A -2
b
- :J - - Ty
— - \ "t
dect of histamine on posttrai hyperpolarization. Framn consisted of S action potentials evoked by S .
s of RS nA for 3 ms at a trequeney of 100 Hz. On this tme seale indimadual action potentials cannot .
d Membrane potential was adjusted to 70 mV, and trains were evoked every 20 < Histamine (1 pMy
i the slow hyperpolanization following the trin. Washing the fissue with normal Krebs solution tor 260 nun )
cised the effects of histamine Calibration: S mV. 2 < /2 etfeet of histantiine on calcrum sprhes: control on left, | ‘,l
«Mohistamine on nght TTX (0 3 4M) was present to block the sodium action potential. Calcium spikes were chanted ..
with 025 nA for 200 ms (op panels and with 05 0 A Tor 200 ms thorom panely). Current steps are shown below MEA

voltage response Histamine aceentuated double peaks and sumulated second spike with farger current stimulus, Mem-
‘ branc potential was 64 mV Calibraton 1 nA. 20 mV. 25 ms
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the calcium spikes in the dendrites and con-
sequently decreased C-current. The attenuated
calcium spike would more casily invade the
soma; it may actually appear larger. or mul-
tiple peaks may be enhanced.

Potassivm currents

The 1onic mechanism of the action of his-
tamine was further studied under voltage-
clamp conditions. C-current has been well de-
scribed by Brown and Griftith (8). This slowly
activating outward current is blocked by cad-

T. C. PELIMAR

mium. manganese. and removal of calcium
from the bathing solution and is reported to
constitute the majority of the outward current
activated at potentials more positive than - 50
mV (8). To study C-current. neurons were
voltage clamped to a holding potential near
-40 mV. At this membrane potential, the A-
current (see below) is inactivated (15) and does
not contaminate the current records. The de-
laved rectifier is also reported to be predomi-
nantly inactivated at this holding potential (33)
but may contribute slightly to evoked outward

A
Control Histamine
,/ — /
K \ 7/ \ ’/A/J&
—_ — ———
2
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/,/ Membrane Potential (mV)
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-1
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Control Histamine Wash
- ,,.,4 . . "
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erane . Ve e cm,

HG. 2.
of X mV Voltage was stepped to

Sensitivity of outward current to histamine. . f:

.ot

CA1 pyramidal cell was voltage lamped o holding potential
21 mV for SO0 ms. TTX (0.3 uM) was present 1o block sodium spihes Hustrated
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currents and voltages are the average of 4 traces. Lower traces show actual voltage steps. [ eir panel shows current
response 1o voltage command in control conditions. Middle panel was obtained following addition of [ g M histamine
Righi panel shows traces with and without histamine superimposed. Caltbration: 0.5 nAL 80 mV, 200 ms i current-
voltage relattonship of same cell as i 1 Currents were measured at the end of S00-ms steps to all potentials from a
holding potential of - 38 mV. [ rrangles show curve for control currents. and corcles show currents in @ M histamme
Notiee that only currents at depolanzed potentials were reduced by histamine. ¢ data from another cell show reversitilin
of istamine ciects In the presence of 0.3 M TTX, CAL pyramidal cell was voltage clamped to 37 mV Voltage
steps to 23 mV tor SO0 ms were apphied. Histamine (10 gM) reversibly decreased the outward current. Calibration
tsame bars as i 1 0.5 nA 0 mV, 200 ms.
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current (see discussion of delaved rectitier, be-
fow). TTX (0.3 M) was present 1o block so-
dium spikes. As would be expected from the
results reported above. C-current was sub-
stantially reduced by histamine (Fig. 2). The
outward current evoked by a depolarizing step
was decreased. but the current response to a
hyperpolanzing voltage command was usually
unaltered by histamine. The current-voltage
relationship was aflected most in the region
where C-current should be greatest: at poten-
tals more depolarized than - S0 mV. The de-
crease tnocurrent was greater for larger depo-
larizations, Inall 11 cells ested. histamine re-
duced this outward current. With steps to a

potential near 25 mV. the average decrease
was 208 - 4.0 (mean o Skon L
Other potassium currents were not signifi-
cantly attected by histamine. A transient out-
ward current blocked by -aminopyndine (4-
APYwas described by Gustatsson et al. (151 1n
CA3 pyramidal cells. The current was inacti-
vated with depolarization and was totally in-
activated at potentials more positive than - 53
mV. A similar outward current was observed
in the present study in CAL neurons. For con-
venience. this transient outward current will
be called A-current because it resembles (in
voltage dependence. kinetics, and pharmacol-
ogy) the A-current deseribed 1ninvertebrate

A 2. Histamme 3.4 AP
1. Manganese i Manganese t Manganese

O
i
B e
—————— [
" o ="
B 1 and 2 1 and 3 l
;\m R
— =
-——— o -——— .
D
1. Manganese 2. Histamne 1 and 2
t Manganese
hahald - ) - - e \-—.-m--a«."‘h o M s e

]

PG 3 In A mM manganese, outward currents were unatfected by 10 GAM histamine In these expenments, manganese

rephaced calcrum., and 0 3 N T TN was present m the Krebs solution, 1/ response of CAT pyramidal cefl to a senes
of depolartzimg steps Current shown i fep traces, soltage steps n foser traces. Membrane potential was held

7S

MV Steps go to SN S20 A6 and b my 1 response of same eell toadentical steps atter addition ot 10 4 M

histamine 147 response of same celt o adentcal steps after addiion of 300 gM damimopyndine (4-AP) 10 the

solution B supenmmposttion of current traces of 17 and 17 shows that histanmine had no cliect on outward currents

cherted by the depolanizing steps. € superimposition of current traces from 1/ and 5 shows that 4-AP blocked the
tast transient outward current but had no ctleet on the late outward current. Caltbration for 1-( I nA RO mV, 200
ms 1 manother CAT pyranidal cell tast transient outward current was inactivated by holding membrane potential
at A mVy o Histanmine had no etfect on outward current chiated by avoltage step to 23 my - Cabibration: 0.5 n AL x0
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neurons (2). The A-current was studied in the
presence of manganese (3 mM) to eliminate
the C-current contribution to depolarizing
steps and to prevent calcium spiking. TTX was
again present to block the sodium action po-
tentials. Holding potential was sct near —-70
mV to allow the current to be well activated
(15). Addition of 10 gM histamine to the
bathing solution had no effect on A-current
(Fig. 3. 4 and B). The transient outward cur-
rent, but not the late outward current. was
blocked by 500 uM 4-AP (Fig. 3, .4 and ().

In the presence of manganese, the effect of

A Control

.80 r

-60

l/

v

Pic. 4
membrane potential was voltage clamped to

identical steps. Cabibration 0.3 nA_ X0 mV: 200 ms. B

Histamine

NP .Y

«7 Membrane
& Potential (mV) )

Histamune (10 M) does not aftect M- or Q-current
IR mV Voltage step to
current) that was not altered by 10 oM histanine but was blocked by 20 uM muscarine
larger voltage step

histamine on the late outward current was
elimimated: this is illustrated in Fig. 3B, where
the current response to depolarizing steps with
and without histamine (Fig. 3. A/ and {2) are
superimposed. Similarly, in Krebs solution
containing manganese. if A-current was in-
activated by changing holding potential to —40
mV. 10 M histamine did not alter the current
evoked by a depolanzing voltage command
(Fig. 3D). In two of five cells studied in man-
ganese-containing solution, membrane con-
ductance (as measured between —40 and —60
mV) was reduced by 10 uM histamine. Perhaps

Muscarine

(YU) BNy auesquap

TN (03 4Ny was present in the Krebs solution. o
X mVorevealed an imward relavaton (M-
Fraces are average of 4

Wito XomVvin same cell as | showed

imward relaxation {Q-current) that was not atiected by either histamine or muscarnine Hlustrated currents tupper traces)

and voltages (lower traces) are unaveraged single traces. Calibration: 1 n A, X0 mV, 200 ms. (¢

current-s nllugc curves

for same cell as in {and B under same condibons. Currents at the beginmng of hyperpolarizing steps are plotted with
crrcles currents near the end of the S00-ms steps are plotted with rrangles Shaded arca shows M-current regron.
Histamine does not alter either M-current or Q-current (ndedle panel). Muscanne blocks M-current without affecting

Q-current (right panel)
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histamine has a secondary effect on some py-
ramidal cells that is not calcium dependent,
However. the actions of histamine on voltage-
activated currents were eliminated when cal-
cium channels were blocked.

Another potassium current described in
hippocampal pyvramidal cells is the M-current
(20). Hyperpolanzing steps from a holding
potential ncar 40 mV reveal inward relaxa-
tions. The relaxations evoked by voltage com-
mands to potentials between  40and 70 mV
resemble M-currents of sympathetic ganglion
cells (7) and are blocked by muscarinic ago-
nists (20). Larger hvperpolarizing steps elicit
the pharmacologically  distinct  Q-current,
which is dependent on both sodium and po-
tassium ions (20). As shown in Fig. 4, 10 uM
histamine did not affect either M- or Q-cur-
rent. To clearly distinguish between M- and
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Q-current. 20 uM muscarine was applied. As
expected. the inward relaxations resulting from
small hyperpolarizing steps were blocked. but
those occurring with larger steps were not af-
fected by muscarine. Figure 4C shows the cur-
rent-voltage curve of one cell treated n this
way. The circles represent the current mea-
sured carly in the 500-ms step. and the tri-
angles represent the current measured at the
end of the step. In 10 xM histamine (center
panel), the M-current and Q-current were un-
altered. whereas in muscarine (right panel). M-
current was blocked but Q-current remained.

Segal and Barker (33) recently described. in
cultured rat hippocampal neurons, a delaved
rectifier that is inactivated at potentials more
positive than —50 mV. An outward current
with similar voltage and pharmacological sen-
sitivity has been observed in pyvramidal cells

TEA + Histamine

i h - S et

——e- S

Membrane Potential (mV) W 0.5
-100 -80 -60 -40 -20

o
(vu) WeLND eueIque

G, S No effect of hastamine (10 xM) on membrane currents in Krebs solution containing, 10 mM TEA and 0.3
#MITIXC 1 voltage step from 45 mV 1o 25 mV induced an inward current. Histamine was without effect. Two

traces are averaged. Calibration: 40 mV_ 0.5 nA, 200 ms. B:

current-voltage curves for same cell. Current at the end

of the S00-ms voltage step 1s plotted against the step potential. Dorted line shows relationship without histamine. Solid
Iine shows curve in 10 oM histamine. € use of CsClelectrode with 10 mM TEAL o further reduce POLASSIUM CUTTENtS
in ditterent cell. revealed simlar inability of 10 @M histamine to reduce inward current. Holding potential s S3mV.
Currents at the end of the steps are plotted. Symbols are same as i 5.

-

\‘,:.'-

»

OO

ER XV WS

.
L

A

_'—..'- K

AR AL
I‘ .. \ .l 'I !

0, A

.. ‘:ﬁ; ‘.;’..' ..'0

-

.
»

" 'l
Y S .

(] f s b k]
ey .t

| SRS S

{

v
‘ »
o,

2o :
§ = Y




.‘.'
e
X
o

o,
mL AR

el St S S

RAAIYY YO

734 [.C. PFLLMAR

of hippocampal slices (K. Zbicz, personal
communication). With a holding potential of
-40 mV_ the delayed rectifier should not con-
tribute substantially to the recorded outward
currents. Yet. in the presence of manganese,
which does not block the delayed rectifier but
does block C-current, a small outward current
and outward tails remain (see Figs. 3D and
7.1). This might suggest that the recorded out-
ward currents may be contaminated with un-
inactivated delayed rectifier. The delayed rec-
tifier reactivates with steps to potentials more
negative than —70 mV and is in evidence as
an outward tail when membrane potential re-
turns to — 40 mV from negative voltage steps
(sec Fig. 4B). Preliminary analysis of this tail
current (unpublished observations) suggests
that it is carnied by the same current as the
delayed rectifier described by Zbicz and by Se-
gal and Barker (33). It is not blocked by man-
ganese and is inactivated at potentials depo-
larized to - 50 mV. Although the outward tail
current was often variable in amplitude during
the course of an experiment, histamine did
not have any systematic effect on this current
(increased 1.3% + 5.7; mean + SE: n = 10).
The small outward current and outward tails
remaining in the presence of manganese (zero
calcium) were also insensitive to histamine
(Fig. 3D).

Imvward calcivom current

To evaluate the effect of histamine on the
inward calcium current, the potassium cur-
rents were pharmacologically blocked. In the
present study. 10-15 mM tetraethylammo-
nium (TEA) was used 1o reveal an underlving
inward current as reported by Brown and Gnif-
fith (9) in CA pyramidal cells. In all cells, 0.3
uM TTX was present to prevent sodium-de-
pendent spiking. Johnston, Hablitz, and Wil-
son (25) and Brown and Grithth (9) reported
that the slow inward current revealed by po-
tassium channel blockers was sensitive to di-
valent cations: cobalt, manganese. and cad-
mium blocked the current. Similarly. the in-
ward current observed in the present series of
experiments was absent when manganese was
in the Krebs solution. These data suggest that
the inward current was carried by calcium.

Using a holding potential of 40 mV_ in-
ward current was observed with voltage steps
1o more positive potentials. In some cells.
small hyperpolarizing commands resulted in

e e

an outward current, suggesting the turning off’
of a persistent inward current. In TEA. the
inward current frequently peaked at 50-200
ms and decaved slowly over the course of the
500-ms step. Inward current was reflected in
the current-voltage curve by a negative-siope
region. In four of eight cells tested in TEA (2
with CsCl electrodes to further block outward
currents). 10 uM histamine had no effect on
the inward current (Fig. 5). In the remaining
four celis, the peak inward current and. to a
lesser degree. the inward current at the end of
the 500-ms step were slightly reduced by his-
tamine. However, when this decrease oc-
curred. it was never reversed by a wash period
of at least 20 min. The labile nature of neu-
ronal calcium currents may account for the
observation.

A 71.0
1 F
i3
05 o
3
e
Membrane Potential (mV) 9
-100 -80 -60 -40 -20. 3
———— 0 s
LT e / jod
Ry ¢ Io' E)
Prs . /. d >
“ / 8 /;/
e : l-05
B Barium Barium +
10 uM HA
— e A o
e/ e,

G, 6. No effect of histamine (10 gM) on membrane
currents in presence of Krebs solution containing 2.4 mM
barium (no caloum)and 0.3 uM TTX. 10 negative-slope
regron of current-voltage relationship reflects inward cur-
rent carried by divalent cation, This inward current was
unattected by 10 uM histamine. At hyperpolanzed poten-
tials. the current-voltage curve shifted in the inward di-
rection when 10 gM histamine were present. Dashed line
shows relationship without histamine. Solid line shows
curve in 10 um histamine. B: sample currents resulting
from voltage steps from 39 1o 26 mV in same cell as
1. Histamine (10 uM) was without effect.
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In the presence of TEA and TTX. depolar-
1zing steps frequently resulted in a spike-like
current superimposed on the slow inward cur-
rent. This spike often produced a very slow
inward tail, which persisted for a variable
length of time and ended abruptly. Similar re-
sults have been reported by Brown and Grifhth
(9). This spike contamination sometimes

made the current records and the actions of

histamine in TEA solutions dithcult to inter-
pret.

Substituting barium tor calcium eliminated
spike contamination (at holding potentials
near —40 mV) and further decreased residual
C-current. Barium is capable of carrving in-
ward current through calcium channels but
does not activate potassium current (11, 14),
In fact. it acts as a potassium channel blocker
(1. 21). With barium and TTX present. the
current-voltage curve showed a negative-slope
region. Under these conditions, 10 M hista-
minc did not reduce the inward current but
caused an inward shift of the current at po-
tenuals between -50 and — 100 mV (n = 4)
(Fig. 6). The significance of this current shift
15 not clear. Under the same experimental
conditions. | uM histamine had no effect on

20

n " A-" I 10

o
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[YUu) 1UBLIND BUBIGWAW

-
‘_?g/' Membrane Potential {mV)

J-1.0

the current-voltage curve in two cells tested.
These results suggest that histamine does not
aftect the calcium current. The histamine-in-
duced decrease in C-current, therefore. is likely
to be a direct effect of the transmitter.

Maximal histcamine effect

Histamine in concentrations from 1 to 50
uM was evaluated on the outward current of
CA1l pvramidal cells in the presence of TTX
to block sodium spikes. As reported above,
histamine at | uM reduced the outward cur-
rent. Addition of histamine to concentrations
of 5. 10. and 50 uM produced little further
decrease of the outward current: a concentra-
tion of ~35 uM appeared 1o be maximally ef-
fective.

To test if histamine was fully blocking C-
current, 10 gM histamine were applied in the
presence of normal calctum concentration.
(Phosphate and sultate salts were replaced with
chlonde.) After achieving the maximal his-
taminergic cffect. the calcium was replaced
with manganesce: 10 pM histamine were still
present. Since manganese decreased the con-
ductance of the cell in the hvperpolarized re-
gion, the leak conductance was subtracted
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11.0
<
2]
3
=4
™
>
©
WO.B O
<
@
=
E)
>
\_.._.‘ A o —
110 -90
Membrane Potential (mV}
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G, 70 Ffiecet of manganese on a cell exposed to 10 gM histamine. Holdimg potential was S0 mV - 1 current-
voltage relationship of neuron in Krebs solution contaming normal calcium but without sulfate or phosphate (volid
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from the current-voltage curves in order to
evaluate the effects of manganesc on the out-
ward current (Fig. 7). In all three cells tested.
manganese increased the outward current in
the range of ~55 to —30 mV. This can be ex-
plained by the block of inward current causing
an outward shift of the current-voltage curve.
At potentials depolarized to —30 mV. man-
ganese decreased the outward current. At these
potentials, the effect of manganese to decrease
the outward current might overwhelm the de-
crease in the inward current. Manganese ap-
peared to be capable of further decreasing the
outward current in the presence of a maxi-
mally effective dose of histamine. These results
suggest that histamine, although blocking
much of the C-current, does not block all C-
current.

Notice that even in the presence of man-
ganese. an outward current remains. It is pos-
sible that the residual current is delayed rec-
tifier that was not inactivated by the depolar-
ized holding potential. Near —28 mV, this
current constituted 63% + 6 (n = 3) of the
total outward current. This may be an over-
estimate of the delayed rectifier contribution,
however. because of the outward shift pro-
duced by the blocking action of manganese of
the inward current. Despite the dithculties of
quantification. correcting for the presence of
an outward current in addition to C-current
would increase the calculated effectiveness of
histamine to decrease C-current.

DISCUSSION

Previous investigations revealed that his-
tamine aftected calcium-mediated processes
(17.31. 32). The present study confirmed that
histamine blocked the calcium-dependent hy-
perpolanization following a train of spikes.
Voltage-clamp data revealed that the slowly
actihvating potassium current. which s pre-
domimantly C-current (8). was reduced by his-
tamine. The effecton C-current was tairly spe-
cthe: M- Q-0 and A-currents were unaltered
by histamine. The delaved rectifier also ap-
puared to be msensitive to histamine. The ef-
tect on C-current is not a consequence of a
block of calcrum current. Histamine had no
cttect on calaium inward current or on calcium
sprhes. In CAL neurons of hippocampus. his-
tamine appears to decrease caicrum-mediated
potasstum current in a very selective manner.

It is clear from the results reported here that
histamine selectively blocks the C-current, al-
though the effect appears to be small (a 27%
decrease). This is in contrast to the dramatic
effect of histamine on the afterhyperpolari-
zation. The voltage-clamp analysis may pro-
vide an underestimate of the effectiveness of
histamine for a variety of reasons. First. despite
attempts 1o inactivate delayed rectifier with a
holding potential near —40 mV this histamine-
insensitive potassium current may contribute
to the total outward current used in calculation
of histamine effectiveness. From the data in
Fig. 7 it appears that in manganese a substan-
tial outward current remains (63% of total at
—28 mV). If C-current actually constitutes only
37% of the total outward current measured,
the effectiveness of histamine might be closer
to 70% than to 27%.

A second explanation for the apparently
small effect of histamine might be that hista-
mine is not blocking all of C-current. If it were,
the addition of manganesc following exposure
to a maximal concentration of histamine ei-
ther should have no further effect or should
increase the net outward current by blocking
the inward calcium current. The action of his-
tamine was maximal at concentrations above
S uM. At potentials positive to —30 mV, man-
ganese was able to further reduce the outward
current. This suggests that the histamine is not
blocking all of the manganese-sensitive cur-
rent. Two possibilities can explain this finding.
Manganese might be attenuating outward
currents other than C-current. There 1s no ev-
idence. however, that manganese has a direct
blocking action on any potassium current; its
eftect on the C-current is through prevention
of calcium influx. Alternatively, only a portion
of C-current might be histamine sensitive. An
abstract by Lancaster and Adams (26) suggests
that a subset of calcium-mediated potassium
current is sensitive 1o norepinephrine. They
termed this slow current I(AHP) since it
seemed also to be the component of calcium-
mediated potassium current responsible for
the slow atterhyperpolanzation. The residual
component had a taster ime course, observed
as a more quickly decaying tail current follow-
ing a depolarizing step. In the present study.,
such a distinction could not be made. After
application of histamine. no distinetly faster
tail current was revealed.

A third factor complicates the comparison
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of the effectiveness of histamine to reduce C-
current and to block the afterhyperpolariza-
tion. To ehcit C-current, the voltage-clamp
data uses voltage steps to potentials less pos-
itive than approximately —25 mV. Large de-
polarizations were precluded because the very
large outward currents couid not be clamped.
Yet C-current is not maximally activated in
the potential range studied. In contrast, an ac-
tion potential depolarizes the cell to +30 or
+40 mV where C-current is turned on more
fully. The difference in the voltages used to
elicit C-current in the two experimental par-
adigms might make comparisons difficult.
Haas (16) reported that histamine applied
by iontophoresis caused a hyperpolarization
possibly due to an increase in potassium con-
ductance. In the present study, some cells re-
sponded to histamine with a change in mem-
brane conductance in the voltage range of —50
to —80 mV. In solutions containing man-
ganese, 10 uM histamine caused a decrease in
conductance in two of five cells; in barium,
10 uM histamine consistently produced a re-
versible inward shift in the current-voltage re-
lationship in this hyperpolarized range (see Fig.
6). A hyperpolarizing action of histamine was
never observed in the present study. The ab-
sence of this response might be a consequer ¢
of the method of application of histamir...

REFERENCES

1. ApAMS, D J aND GAGE. P. W, Divalention currents
and the delayed potassium conductance in an Aplysia
neurone. J Physiol Lond 304: 297-313. 1980.

20 ADAMS. D1 SMITH. S, ). AND THOMPSON. S, H,
Tonic currents in molluscan soma. Annu Rev. New-
roser. 3 141-167, 1980,

1 ALGER. B. E. AND Ni1cotL, R.A. Epileptiform burst
after-hy perpolanization: calcium-dependent potassium
potential in hippocampal CAY pyramdal cells. Scrence
2000 T122-1124, 1980,

4. BARBIN, G.. GARBARG, M. ScHwarlz J. € AND
STORM-MAtHisEN, J. Histanmine synthesizing affer-
ents to the hippocampal region. J Newrochem 26:
259-263. 1976,

S, BARRETT. E. F. AND BARRET1. ). N, Separation of

two voltage-sensitive potassium currents, and dem-
onstration of a tetrodotoxin-resistant calcium current
in frog motoneurones. J Physiol Lond 255 737~
774, 1976,

6. BENARDO, LS., Masukawa, L. M. AND PRINCE,
D. A. Electrophysiology of isolated hippocampal py-
ramidal dendrites. J Newroscr 2 16141622, 1982

7. BROWN, D. A, aND ApAMS, P. R. Muscannie
suppression of a4 novel voltage-sensitive K current in
a vertebrate neurone. Nature Lond 183 673-676,
1980,

With prolonged exposure, as occurs with bath
perfusion, the hyperpolarizing response might
desensitize. It 1s also possible that this hyper-
polarizing current makes only a minor con-
tribution to the total current of the cell and
therefore goes unnoticed.

As reported by Haas and Konnerth (17),
the action of histamine to reduce C-current
underlying the slow afterhyperpolarization
would reduce accommodation of action po-
tentials and increase neuronal excitability. The
action of histamine on CA1l pyramidal cells
would depend on the actual distribution of
histaminergic inputs and the associated his-
tamine receptor/channel complex. Haas (16)
suggested that the hyperpolarization resulting
from iontophorctically applied histamine is
restricted to certain sites. It is possible that the
action of histamine on C-current also is re-
stricted to particular locations on the cell. The
net effect of histamine may actually be a sen-
sitive balance of excitatory and inhibitory ac-
tions.

ACKNOWLEDGMENTS

[ thank Dr. J. E. Freschi, Dr. J. M. Sarvey. Dr. A. M.
Williamson, H. E. Scharfman, and P. K. Stanton for help-
ful discussions.

Received 5 April 1985 accepted in final form 30 October
1985,

8. BROWN. D. A AND GRIFFITH, W. H. Calcium-acu-
viated outward current in voltage-clamped hippocam-
pal neurones of the guinea-mig. /. Phvsiol Lond 337:
287-301, 1983,

9. BROWN, D). A, aND GRIFFITH, W. H. Persistent slow
inward calcium current in voltage-clamped hippo-
campal neurones of the guinea-pig. J Phyveol Lond
337: 303-320, 1983,

10. BrRowN, [ H., FRICKE. R. A AND PERKEL, D H.
Passive electrical constants in three classes of hippo-
campal neurons. J Newrophvsiol 46: 812-827, 1981,

11. CoNNOR. J. A, Calcium current 1n moiluscan ncu-
rones; measurement under conditions which maxi-
mize its visibility. J Physiol. Lond 2R86: 41-60, 1979,

12. GARBARG, M., BARBIN, Gi.. BISCHOFE. S., POLLARD.
H.. anD Scuwariz. 3. C. Dual localization of his-
tamine in an ascending neuronal pathway and in non-
neuronal cells evidenced by lesions in the lateral hy-
pothalamic area. Brain Res 106: 333-348. 1976,

13, GARBARG, M. BARBIN, G.. FEGER. .. AND
Scuwariz, ). C. Histamunergic pathway in rat brain
evidenced by lesions of the medial forcbrain bundie.
Scrence 186; 833-835, 1974,

14, GORMAN. A L F.AND HERMANN, A Internal effects
of divalent cations on potassium permeability in mol-

’

F ol

s

23

N

.

LR

.

N

% SO T

NS5

o
LA 4

v &
o

.-. oo
WAL

PR
AR

A

e

.




TITIT RS A Y Y

-
a sl s

vy

738

26.

T.C. PELLMAR

luscan necurones. J. Physiol Lond. 296: 393-410.
1979.

. GUSTAFSSON, B., GalvanN, M., GRarE, P, aAND

WIGSTROM, H. A transient outward current 1n g
mammalian central neurone blocked by 4-amino-
pyridine. Nature Lond. 299: 252-254, 1982,

. Haas, H. L. Analysis of histamine actions by intra-

and extracellular recording in the hippocampal slices
of the rat. Adgents Actions 11: 1252128, 1981,

. Haas, H. L. AND KONNFRTH, A. Histamine and nor-

adrenaline  decrease  calcium-activated  potassium
conductance in hippocampal pyramidal cells. Narure
Lond 302:432-434, 1983,

. HaBLITZ, J. ). Altered burst responses in hippocampal

CA3 neurones injected with EGTA. Exp. Brain Res
42: 483-485, 1981.

. Habrirz, J. ). Effects of intracellular injections of

chlonde and EGTA on postepileptiform burst-hyper-
polanzations 1 hippocampal neurones. Newroser
Letr 22 159-163, 1981,

. HALLIWELL. J. V. AND ADAMS, P. R. Voltage-clamp

unalysis of muscannic excitation in hippocampal
neurons. Brain Res. 2500 71-92, 1982,

. HERMANN, A, aAND GORMAN. A. L. F. Blockage of

voltage-dependent and  Ca-dependent K current
components by internal Ba in molluscan pacemaker
neurons. Eyperientia 35 229-231, 1979,

. HOTsON, ). RUAND PRINCE, DL AL A calcium-activated

hyperpolanization follows repetiive tiring in hippo-
campal neurons. J Newrophysiol 43: 409-419, 1980,

S JouNSTON, D Passive cable properties of hippocampal

CA 3 pyramidal neurons. Cell Mol Newrobiol 1: 100-
110, 1981,

JouNston, Do aND BROwWN, T H. Interpretation of
voltage-clamp measurements in hippocampal neu-
rons. ) Neurophvsiol 50: 464-486, 1983,

SJOBNSTON, D HABLITZ, T AND WHSON, WAL

Voltage clamp discloses slow inward current in hip-
pocampal burst-firtng neurones. Natwre Lond  286:
I91-393, 9RO,

I aNCASTER, B. anD Anpams, P R. Components of

29.

30.

33

34

36

37,

Ca-activated K current in rat hippocampal neurones
tn vitro (Abstract). J Phyaol Lond 362 23P. 1985

. LriNas, ROAND Hiss, R Tetrodotovan-resistant den-

dritic spikes 1n avian Purkinge cells. Proc Natl cad
Scr US4 73 2520-2523, 1976,

S MulbDieR, AL H L VAN AMSTERDAM, R G M. W) -

BRINK. M., AND SCHOPTEIMEER. AN M. Depolar-
1zation-induced release of [3H Jhistamine by high po-
tassium concentrations, clectncal stimulation and
veratnne from rat brain shees after incubation with
the radholabelled amine. Newrochem I 5:291-297,
19K 3.

ScHwAaR 173 CoHistaminergic mechanisms in brain.
tnnw Rev Pharmacol Toveol 17325339, 1977,
SCHWARITZRKROIN, PoALanD Starsirong CoF B
tects of EGTA on the caloum-activated hyperpolar-
1zation in hippocampal CA3 pyranmuadal cells. Science
2000 11251127, 1980,

- Staar . ML Histamaine produces a Ca-sensitinve depo-

lanzanon of hippocampat pyranudal cells in vatro.
Newrosar Letr 19:67-71, 1980,

S SEGAL. ML Histanune modulates reactivity of hip-

pocampal CA3 neurons to atferent sumulaten an vi-
tro. Braan Res 213 343448, |98

StGat. Mo anD BARKER. I | Rat hippocampal neu-
rons i culture: potasstum conductances. J Newro-
phvsiol 31013091433, 1984

SUBRAMANIAN, N Flectrically induced release of ra-
diolabeled histamine trom rat hippocampal shees:
apposing roles tor HiE- and H2-receptors. Life Ser 31
S57-562, 19K2.

S WonG, ROKL S aND PRINCE. DL AL Afterpotential

generation i mppocampal pyranudal cells. o New-
rophysiol 43 8697 1981

WonG, R.K. S PRINCE. D). AL AND BAsSBAUM,
A. L Intradendntic recordings from hippocampal
neurons. Proc Narl Aead Ser US 1 76: 986-990),
1979,

iz Kot aND WHIGHTE, FoF Transient voltage
and calcium-dependent outward currents in hippo-
campal CA3 pyramudal neurons. J Newrophyvol 83
103X - TOSK, [9KS,



A ALt AT GAER R Aty ol . v - "% L R A RAn e A4 AW ¥ W A Bat p, (e 7 A% o B ol 20 A ol ghp g

A

’

v

) ARMED FORCES ﬁADlOBIOLOGV“

4 ;V::c‘rl(e):::‘mér:/‘ﬁlslr?ld:o 4. pp. 1139 1146, [9K6 :é::::‘c;::‘:;::;i ::"
: sl SR86-20
' Perpamon Press |ud - -;
: « 1986 1BRO :

CYTOCHEMICAL STUDY OF DEVELOPING Bt

) NEUROTRANSMITTER PROPERTIES OF ;:
DISSOCIATED SYMPATHETIC NEURONS GROWN IN Y
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. Abstract—We studied the development of neurotransmitter phenotype in sympathetic neurons grown in .
g the presence of pinealocytes, a target tissue having adrenergic but not cholinergic receptors. Neurons, -
4 dissociated from neonatal rat superior cervical ganglia, were grown in co-culture with dissociated pineal .:
] cells. Both ganglionic and pineal non-neuronal background cells were allowed to grow nearly to
conftuency. Electron microscopic cytochemical techniques were used to examine sets of co-cultures at
weekly intervals over 5 weeks. Adrenergic vesicles were identified by their dense granular precipitate -
following potassium permianganate fixation. We found that the percentage of small granular vesicles. both :',-
in synaptic boutons onto otker neurons and in axonal varicosities, declined very littic over S weeks. After -
an initial drop from 75 10 65%, the percentage of small granular vesicles remained remarkably constant. _'_-r
Throughout the 5 weeks, more than 70% of the boutons and varicosities contained a predominance of Ny
small granular vesicles; fewer than 20% contained a predominance of clear vesicles. Although both somal PR,
synaptic boutons and axonal varicosities retained a predominantly adrenergic ultrastructure, at certain
weeks there was a statistically significant shift in the percent distribution of adrenergic vesicles in somal
K boutons compared with the distribution in axonal varicosities. D)
Because these cultures were grown under conditions known to favor an induction of acetylcholine =y
metabolism and a suppression of catecholamine metabolism, we conclude that the maintainence of i
adrenergic ultrastructure over 5 weeks may be due to the presence of the pineal cells. ;-',
i n‘ 4
03
Sympathesic neurons in tissue culture display con- nize this effect. Both substances, however, act indi- 3
siderable plasticity in expression of neurotransmitter rectly. on the neuron by affecting the production of -
phenotype. Depending on tissue culture environment, cholinergic conditioning factor by background cells.’ N
they may remain adrenergic or they may undergo The influence of direct neuronal contact with target )
‘ cholinergic differentiation.' The two transmitter tissues on subsequent transmitier metabolism is less 3
i phenotypes are not mutually exclusive, however, and  clear. Most studies have shown 4 shift to cholinergic )
the neurons can synthesize, store and release both metabolism regardless of the presence of a specific b
transmitters at the same time.*'"'" It is well estab- target tissue.*""'* Rowe and Parr' found that pincal -
lished that various nonneuronal background cells can  cells, which have a and f-adrenoreceptors but no .0
produce one or more diffusable substances, presently  acetylcholine receptors. caused an increase in choline :..,
uncharacterized." that induce a shift from adrenergic  acetyltransferase activity in co-cultured sympathetic -
to cholinergic transmitter synthesis in sympathetic neurons 10 times over that found in neurons in {:
neurons in culture.*'"!* On the other hand, sym- cultures alone. This effect was not reproduced when Ly
’ pathetic neurons retain their adrenergic phenotype the neurons were treated with pineal conditioned 3
when grown in the absence of background cells or media. Previous studies from our laboratory indicate _
when presynaptic input is mimicked by chronically that sympathetic neurons develop dural transmitter s
depolarizing the neurons in clevated potassium.'"'”  function when co-cultured with pincal cells. After 2.5 -
Differentiation of neurotransmitter propertics is also  weeks in culture the sympathetic neurons formed \::
influenced by identified growth factors and hor- functional cholinergic synapses onto cach other, as :.o
mones. Epidermal growth factor enhances cholin- assessed by electrophysiological techniques. yet still f:
ergic differentiation whereas glucocorticoids antago- released a f-adrenergic agonist that caused an in- >
crease in pineal N-acetyltransferasc activity." -
In these studies we wished to extend our previous -:
*To whom correspunuence should be sent at present electrophysiological u.nd biochemical studies by using
address: Department of Neurology. 401 Woodruff u]trastructural techniques to determine whu} cffect .
Memorial Research Building, Emory University School  Pinealocytes have on co-cultured sympathetic neu- e
of Medicine, Atlanta, GA 30322. US.A. rons. We asked if the dual ncurotransmitter state in ':.‘
tPresent address: Stroke and Trauma Program. NINCDS.  {his particular co-culture system is maintained or i
Ef’;?al Institutes of Health. Bethesda. MD 20205, angient. We also sought evidence for morphological -2
Abbreviations: CV. clear vesicles; SCG. superior cervical ~CONtacts between sympathetic ncurons and pine- >
ganglion; SGV. small granular vesicles. alocytes. Ry
-."..
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EXPERIMENTAL PROCEDURFES

Tissue culture

We have previously published detailed descriptions of our
culture methodology.'~ For these experiments we plated
dissociated pineal cells onto collagen-couated plastic cov-
erslips one week before adding the dissociated supenor
cervical ganghon (SCG) neurons. Feeding medium com-
prised moditied F12 medium (F12K, GIBCO) supplemented
with $%a{v v) tetal bovine serum (Hyclone) nerve growth
factor (kindly supplied by Dr Gordon Guroff) and addi-
tonal glutamine and ascorbic acid (Sigma). Background cell
probiteration  was  controlled by periodically  adding
S-fluorodeaxyundine plus undine (Sigma) to the feeding
medium. The purpose of this treatment was not to com-
pletely ehminate background cells but rather to prevent their
overgrowth, Thus, in addition to pinealocytes and SCG
neurons, the culture dishes contained a nearly confluent
monolaver  of  various  background  cells,  including
tibroblasts and Schwann cells, from pineal glands and SCG.
For these experiments only cultures of the same plating
(sister cultures) were used tor comparative analysis.

Microscopy

Two dishes of sister co-cultures were  fixed cach
week during the S5 weeks of study. Culture dishes were
rinsed several times with V-2-hydroxyethylpiperazine-N'-
2-cthanesulfonic acid (HEPES) buffered Hanks saline, pH
7.35. Cells were tfixed in freshly prepared 4% (w v) potas-
sium permanganate (KMnQ,) in HEPES-buffered Hanks
saline and then placed onace for | h. The cultures were then
ninsed first in cold HEPES-buffered Hanks saline. then n
cold sodium acetate bufter. pH S, and stained en hloc with
uranyl acetate for .S hat 4 C. Tissues were then dehydrated
through a series of ethanol concentrations and embedded in
Taab &12. Some cultures were incubated for 30 min, with
constant gentle agitation, 1in S x 10 *M r-norepinephrine
(Sigma) at 37 C pnior to tixation. This did not increase the
density or number of granular vesicles over that seen in
cultures not preincubated with norepinephrine. Control
cultures were prepared as above but with the additional
preincubation in 2 M reserpine (Sigma) for 2.5h before
fixation. Suitable areas, at least two from cach coverslip.
were scored. cut out and mounted so that sections were cut
parallel to the collagen surface. Thin sections were collected
on Formvar-coated shit grids and photographed in a Philips
400 clectron microscope at 60 kV. Micrographs were taken
at a magnification of 46.600 and printed at . final
magnification of [16.500.

Data analvsis

Synaptic vesicles were  photographed.  classitied.  and
counted both in synaptic boutons contacting neuron somata
tsomal svnapses) and 0 axonal swellings relatively remote
from nerve cell bodies (axonal varicosities). (For clarity and
convenience, we shall hereafter refer to both somal synapses
and axonal varicosities as terminals or varicosities.) A total
of 50 such ternunals were counted at each of the § weeks.
Termimals were chosen at random but were rejected if they
contained fewer than 10 vesicles total. Adrenergic vesicles
were adentificd by their dense granulur precipitate. The
number of clear vesicles (CV) and small granular vesicles
(SGV) present tn cach varicosity was counted and expressed
as a0 percentage ol the total number of vesicles in the
termimal ("o SGV - SGVASGV « CV) « 100,

Distnibation histograms were made for both axonal and
somal varicosities at cach week  The histograms display the
distribution of vanicostties contiuning various pereentages of
SGV The distributions for the different weeks were then
compared by applving the Chi-square analssis to the data
entered in 7 o« ¢ contingenuy tables™ In the rows were
entered the weeks n culture, i columns were entered the
percent of varnicosities grouped according to the pereentage

and J. E. Friscn

of SGV they contamned 10 25%. 25 50¢,, SO 75%%. and
75 100%) In additon, sets of sister co-cultures from a
second plating were fixed to test the repeatabibty of our
experniments across platings. Counts of axonal varicosities
were made from the second plating of co-cultures fixed at
3.4 and 5 weeks.

RESULTS

We found that SCG necurons, when co-cultured
with dissociated pinealocytes over 4 S-week period.
retained ultrastructural characteristics of adrenergic
neurotransmitter metabolism. suggesting ongoing up-
take. synthesis and storage of norepinephrine.

Vesicle evtochemistry

As previously described." SCG neurons. alone and

in small clusters. send out processes in bundies which
ramify throughout the culture dish. The neurites are
especially tortuous and display numerous varicosities
at sites of synaptic contacts at other neuron clusters
and. to a lesser extent, over regions of pincal cell
nests. We found that the ultrastructure of the vari-
cositics at these locations was similar: swelling of the
axon with accumulation of vesicles.

Adrenergic vesicles reacted strongly in KMnO,
over the entire 5 weeks of the study. Figure | shows
photographs of representative synapses and vari-
cosities from cultures at cach of the 5 weeks. The
preponderance of SGV in the terminals is clearly
evident at each week. Less frequently seen were
terminals containing a predominance of CV (Fig. 2a).
Even at five weeks. neurons fixed directly in KMnO,
(Fig. If) contained SGV that had as dense a pre-
cipitate as those preincubated in norepinephrine
(Fig. 1a ¢). Thus, the ability of vesicles to precipitate
with KMnQ, (reflecting endogenous stores) remained
quahtatively constant over the 5 wecks. In the
reserpine-treated control cultures studied at cach of
the S weeks, we found no SGV.

Because KMnO, fixation does not preserve syn-
aptic densities. we could not precisely determine the
relationship of vesicles to release sites. Nevertheless,
we did not see vescles clustered at presumptive
release sites. This was true even for varicosities
containing a predominance of clear vesicles. in which
typical synaptic release sites and vesicle clustering
might be expected (Fig. 2a). We found. in arcas
remote from SCG neuron somata. varicosities abut-
ting pineal cells (Fig. 2b). These presumably can serve
as release sites of functional significance."

Statistical analyvsis «f resicle counts

In order to quantify the ultrastructural data. the
synapuce vesicles i SO varicosities from co-cultures at
cach week were classified and counted. as deseribed
in the Experimental Procedures. We found that the
total pereentage of SGV o the co-cultures renanned
remarkably constant throughout the study. Figure 3
shows the total percentage of SGVS from the S0
varicosities counted at cach week: After an imnal
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Fig. 3 Stability of vesicle population over 5 weeks. (A)

Total percentage of SGV at cach week. Fafty vanicosities, 28

somal and 25 axonal. were counted at cach week for S

weeks  The percent SGV - of the total of all vesicles

counted 1n all 50 varigesities 1s plotted. (B) Percentage of

varicosities that contain more than 600 SGV (triangles) or
more than 60% CV (circles) at cach week.

drop between weeks | and 2, the percentage of SGVs
remained constant at about 65%. Furthermore, we
found that the vesicles within any given varicosity
remained predominantly of one type. Figure 3b
shows the percentage of terminals that contained
more than 60% SGV or more than 60% CV at cach
of the § weeks. More than 70% of the terminals
contained predominantly SGV and tewer than 209,
contained predominantly CV over the entire course
of the study.

In order to compare in greater detail the vesicle
counts from week to week, the data were entered in
frequency  histograms. The distributions of  vari-
cosities having different percentages of SGV for cach
week are shown in Fig. 4. Separate distnibutions were
constructed for somal and axonal vanicostties. It
appears from anspection of the histograms that the
distnbution of axonal varicosities was similar for

pincal cells in co-culture 1141

cach of the § weeks, For the somal svnapses the
distributions displayed some variation. The somal
histograms for weeks 1. 3 and 4 appeared sinilar and
resembled those of the axonal varicosiies. The somal
histogram for week 2 and possibly week S however,
appeared different. For the somal vavicosities pooled
over the § wecks. the Chissquare (7°) for the S - 4
contingency table was 2353 (P < 0.05). mdwcating
significant differences within this group (all somal
varicosities). A contingeney table for weeks 2 and §
did not show a significant 7, indicating that the
percentage counts in cach of the four categories tor
these 2 weeks were not statistically different. /- for a
contingencey table for weeks 1.3 and 4 was abso not
significant. Weeks 2 and 5 were theretore combined.
as were weeks 1.3 and 4. The same analysis done on
the axonal counts at cach week showed that they were
not significantly different (£ > 0.05). Theretore. alf of
the axonal counts were combined. The [requency
histograms of the three combined groups are shown
in Fig. 5. The nextstep v analysis was to statistically
compare the three combimed groups. The combined
somal counts for weeks 2 and S were found 1o be
significantly different from cach of the other two
combined groups (P < 0.01). In Fig. Sitappears that
the principal difference oceurred as a reversal of the
percentages of SGV oan categories 50 753 and
75-100% (1.c. more boutons with S0 73°, SGV und
fewer with 75 100°s SGV). When the distribution of
these two categories for the weeks 2 and 5. combined
somal counts was compared with the same distribu-
tion from cach of the other two combined groups. the
reversal seen i the histograms was tound o be
significant (£ -2 0.05). The same comparisons nade
between the 0 25" and 25 30%,  distnibutions
showed no sigmificant difference

To summurize. statstieal analysis confirmed that
overall. there was no significant dechne in numbairc ot
SGV between weeks Tand S This was unequinocahly
true  for axonal vancosiics. Somal  vancosies
showed some vartability . but ditferences were in the
groups containing greater than 30", SGY Oxverall
the somal varicosties remained predonunantiv adie-
nergic.

To cheek the reproducibihty of some ol these
results, we counted axonal vancosttics from sets ol
sister cultures from another plating at weeks 34 and
S, The vesicle population comprised 653°0 8GO The
combined distribution hstogram for the three weeks
was the same as that obtamed tfrom anahvas ot the
combined axonal vanicosities from the first planng
reported above.

Finally. we compared results aobtamed with and
without norepinephrnne loading. We counted vesicles
from 25 randomly selected unloaded somal and
axonal varicosities at week S Distnbution histogram
and Chi-square analysis of the data showed these
unloaded termanals to be stansticalh sdentical 1o the
loaded somal termimals ot weeks T3 3 and all foaded
axonal varcosttios



e

[ Pl

e

-

i)

Lt vl &F Nl DO

o b AL

142 C b oPaanes and 3F Friscwn

SOMA

PERCENT OF VARICOSITIES

0 20 60 80 100 0 20 40 60 70 100
PERCENT SMALL GRANULAR VESICLES

Fiye 3 Frequency histograms showing distribution of vancosities having different pereentages of SGV
Hhistograms were constructed for somal synapses (Ieft column) at cach week and for asonal varicosities
(right column) at cach week

DISCUSSION

Pincal cells in co-culture with superior cervical gang -

hon neurons may help conserve neuronal adrenergic

wltrastructure

We tound that. in the presence of pincalocytes and
hiackground cells of SCG and pineal origin, syvim-

Fig 1 Representative vancosities from the 3 weeks of studs Note that the KMnO, causes strong
preaipriation in the vesicles at all tmes. (A) (F) were praincubated in 1 -norepmephnne 0 nun prior o
tixavon, the culture in (F) was fixed directly m permanganate (A Somal vincosity | week i co-culture

5

(B} Axonal vancosity 2 weeks in co-culture. (C) Somal varicosity 3 wecks i co-culture. (D) Somal
vancosity 4 weeks in co-culture. (F) (F) Somal vancosities S weeks i co-cultiite: Avons (A, somata (S).
and vancosities (V) oare identified
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apthetic neurons mamtaned their adrenergic ultra-
structural charactensues. Based on datiin the hitera-
ture. one would have predicted that the population of
synaptic vesicles would hinve shitted to one of pre-
dommantly clear vesicles tor the following reasons,
Our cultures were grown n medium wath fetal calf
serum and bicarbonate buffer. and had nearly con-
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SOMAL WEEKS
134

AXONAL WEEKS
12345

VARICOSITIES

o

SOMAL WEFEKS
2,5

40 |-

20 +

0

0 25 50 75 100
% SMALL GRANULAR VESICLES

Fie S Combmed freguenay histograms Within cach of the
o caterotios of vancosities, somal and avenal, the histo-
sramis at cach weck thig 4y were compared. Those that did
not statistically differ were combimed. The pooled hisio-
sram ot somal counts from weckhs 1003 and 4 was nat
stemifrcant!y diticrent trom the pooled histogram ol avonal
vounts homwecks TS0 2605 The combined histogram
sl counts trom weehs 2 oand S was sigmibeantls
dnferent rrom the other two combimed histograms (8 - 0 01
m both casess

Huent Livers of background celis. These conditions
are known toomduce neuron ! chohmergie ditferen-
bation Landis tound that svmpathetie neurons
srown o culture conditions simdar o ours thut
without co-cultared pincalocvies) showed o shift n
the percentaee of SGV vesicles from SN0 ar day 4
to 3o day 2 om culture When prefoaded with
Shadrovsdopamime. these same cultures dechned
from 93 at day 7o e o day 21 m caltare
Eatrapolating 1o 3 weeks one may predict that the
loaded vesicles m Fandis's \ll)d) would have dechined
o 48" i co-cultures, howeser, <showed  no
ditterence between loaded and unloaded sesicles ar 3
wocks  Fhis indicates that the neurons retinned the
capacty for svntheses, storaee and uptake of nor-
cpincphnme Whether one compares our data with
the loaded or unloaded dat of Tandis, the conser-
vation of adrenergic altrastiuctose i our co-cultures
v apparent burthermores our coscultures contamed
pincal cells which, ke nonncuronal background
cells huve been reported to mduce o shatt to chohner-
i transmiticr metabolism an SCGoneurons Rowe
and Parr “reported that the presence of pineal celis
crused an merease o cholime acet iransterase i
co-cubtuted svimpathene nearons Since they did non

- s, LS L
R VR AR TR,

MRt Dadiie bl AR MR i adl it a AR il - i S i aent ol ol aes

pincal cells moco-cultare 1145

attempt to ehininate bachground cells ot either pimcal
or SCGongin, 1t s difficult 1o wssess to what extent
the chohnergic induction was due 1o pincalocsies
rather than the background cells. In contrast. we
found that. although the sympuathetic neurons dis-
phined cholinergie clectrophy siological acuvity. they
renuned histochemically predommantly adrencrgic
In additton. m an carlier study we contirmed that the
SCG nearons an co-culture release @ fi-adrenergic
agonist which imduces a nise i pineal V-acety ltrans-
ferase.”

Our data suggest that the presence ot eells from the
dissociated mneal glands helps stabihize the popu-
lation of adrenergic vesicles within co-cultured svm-
pathetic neuron varicosities. The dissoctated pineal
cells theno may counteract the chohnergic-imducing
inttuence of the other nonneuronal background cells
Whether this requires the production ol o diTusible
factor or u closer functional contact between neuron
and pincalocyte we cannot infer. Perhaps relevant to
our results is the e abstract by Kessler wherem
he reported that conditioned mediam trom pineal
cubtures influenced the phenotypic expression of pep-
nde synthests in dissociated SCG neurons This efect
was apparently different from those produced
SCG nonneuronal background cells

Can svmpathetic newrons ine cudture store and reldase
the two transmitters i different amounis appropriat
to the target”

In prehmmary stadies done o horseradish
peroxidase-imjected SCG neurons in co-culture with
pincalocytes, the glutaraldehyde-tined vesicle popu-
latons appeared different m somual svnaptic termmals
compared with axonal varicosiies overlyimg nests of
pincalocytes In somal synapuce boutons the vesickes
were electronsclear and of umiform size. I the avonal
vancosities the vesicles were pleomaorphic (W Shan,
A G Partittc )0 F Froesehe and € 1 Rieder. un-
pubhshed data). These findings suggested the unusual
possibihity that the same neuron may shilt transmitier
synthesis to varable degrees m different termimals
depending on the type of target tissue it contucts, Ko
cral T also reported varab ity movesicle phenotype m
ssmpathetic neurons n co-cutture with brown fut
cellse i target tissue with adrenoreceptors Vescles m
varcostties near the fat tissue were unmitormly large
and clear atter aldehy de fivation and contained dense
cores atter KAMnO, fisation: Those in somal boutons,
however. were of vanable size and denvaty In the
prosent study we found no statstically signihicant
segregaiton of vesicle population. but there was more
intragroup variton among the somal varcosines
than among the very stable avonal vancosities Thus.
1t s possible that under some conditions the sty
toward cholmergic transmitter mictabolism may be
preater 1 those varicosities contacting neuronal so-
mata tacetsfcholine receptor targenr than an those
vircosttios overlving nests ob pincdlocvies cadres

norecepior target)
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Our results do not exclude other explanations for
the differences between somal and axonal varicosities.
Jaim-Etcheverry and  Zicher® found that nor-
adrenergic sympathetic terminals in rat pincal glands
can take up and store serotonin in the same vesicles
that store norephrine. This occurred. however, only
when extracellular serotonin concentration was high
and when intravesicular norepinephrine was  de-
pleted. By using appropriate inhibitors of nor-
epinephrine and serotonin synthesis, this possibility is
experimentally testable. Alternatively, the variation
among somal histograms might be caused by a

subpopulation of cholinergic neurons which make
preferential contact with the other neurons because of
the presence of acetylcholine receptors. This seems
unlikely because all somal and axonal histograms
showed the same low percentage of clear vesicles; the
difference was between somal varicosities that were
predominantly adrenergic in ultrastructure.
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RABIN. B. M., W. AL HUNT. A, C. BAKARICH. A. 1. CHEDESTER AND 3. T EY Angiotensm H-mduced taste
aversion learning an cats and rats and the vole of the area postrema. PHYSION BEHAV 36(6) 11731178, 1986.—The
capacity of angiotensin [T (ATL T mgrkg, IP) to produce a taste aversion was stadied in cats and rats with and without
lesions of the arca postrema. Using a one-bottle test. injection of AL produced an aversion in cats but notin rats. Using i
two-bottle test. mjection of Al produced a slight, but significant, decrease in sucrose preference in intact rats. but had no
cttect on rats with arca postrema lesions. Lesions of the area postrema prevented the acquisition of i taste aversion in cats.
These results, which show o clear species difference in the capacity of ALl to produce a taste aversion, are discussed as
supporting the hypotheses thut there is a relationship between the sensitivity of the area postrema to a compound and the
capacity of that compound to produce a taste aversion: and that excitation of the area postremia constitutes i sufficient

condition for taste aversion learning to oceur.

Angiotensin 1 Conditioned taste aversion

A conditioned taste aversion (CTA) is produced when a
novel tasting solution is paired with an unconditioned
stimulus such s exposure to jonizing radiation |21 or treat-
ment with a variety of toxic and nontoxic compounds. in-
cluding hthium chloride and amphetamine [9.10]. Previous
research has shown that the area postrema (AP), the
chemoreceptive trigger zone tor emesis {3, mediates the ac-
quisition of a CTA when the unconditioned stimulus s ir-
radiation [14.16] or injection of compounds such as lithium
chloride or methylscopolamine [1. 16, 1X]. In contrast, the
AP is not involved in the acquisition of an amphetamine-
induced CTA [1.18]. In this role the AP apparently serves as
the transfer point by which information about potential
toxins in the blood and cerebrospinal fluid is transmitted to
the central nervous system [17].

These studies suggest that the area postrema may be a

Arca postrema Cats Rats

critical component of the neural system leading to the acqui-
sition of a4 CTA for one class of unconditioned stimuli, and
that any unconditioned stimulus which excites the AP would
also lead o CTA learning. The present experiments were
designed to test the hypothesis that excitation of the AP
constitutes a sufficient condition for the acquisition of a CTA
by using injections of angiotensin LLALD to produce o CTA
in cats and rats. Previous rescarch has established that in-

jection of ATl produces changes in AP unit activity in cats

j4]. but has no effect on unit activity in the AP of the rat [5).
Concordant with these electrophysiological studies, other
rescarch has shown that the AP mediates the cardiovascular
eftects of Al in the cat, but not in the rat (e.g.. | 19]). These
studies therefore suggest that the AP of the cat is sensitive to
exogenously administered All while the AP of the rat is not
sensitive to exogenous AlL If excitation of the AP is a suffi-

'A preliminary report of some of the data was presented at the 14th Meeting of the Society for Neuroscience, Anaheim, CA. 1984, This
rescarch was conducted according to the principles deseribed in the “Gande for the Care and Use of Laboratory Animals’™ prepared by the

Institute of Laboratory Animal Research, National Rescarch Coun

cil.

tPresent Address: Naval Ocean Systems Center, San Dicgo, CA 92152,
*Present Address: Walter Reed Army Institute of Rescarch. Washington, DO 20307,
*Requests for reprints should be addressed to Bernard M. Rabin, Department of Psychology, University of Maryland Baltimor < Csunty .

Catonsville, MD 21228
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FIG. 1. Effects of injection of AlL(] mg kg. IP) or saline on sucrose
intake in rats (A) and cats (B) using a one-bottle test. Error bars
indicate the standard error of the mean.

cient condition for CTA learning. then injection of All
should lead to the acquisition of a CTA in cats but have little
or no effect in rats.

EXPERIMENT 1
Subjects

The subjects were 20 male Sprague-Dawley rats weighing
250-350 g, and 18 cats weighing 3.5-5.0 kg at the start of the
experiment. All animals were housed in individual cages in a
room with a 12:12 hght:dark cyele. Food and water were
continuously available except as required by the expen-
mental protocol.

Merhods

The initial taste aversion procedures for both rats and cats
utilized a single-bottle test so that the data would be directly
comparable. For the rats, the procedure involved placing
them on a 23.5 hr water deprivation schedule for 10 days
during which water was available for 30 min a day during the
carly light phase of the diurnal cycle. On the conditioning
day (day 1)), the water bottle was replaced by a calibrated
tube containing » 1(F? sucrose solution as the conditioned
stimulus (CS) and intake measured. Immediately following
the drinking period. 10 rats were given a single intraperito-
neal injection of 1 mgkg AlL while the remaining 10 rats
were given an injection of an equivalent volume of isotonic
sahine. On the test day (day 11), the rats were given access to
the single calibrated tube containing 17 sucrose and their
intake recorded.

For cats. a CTA was produced by removing all food and
water 20 hr prior to the conditioning day. On the condition-
ing day. all cats were given a single dish containing a meas-
ured amount of the CS, chocolate milk. and their intake re-
corded. Immediately following a 1 hr drinking period, 9 cats
were given a single injection of AllL | mg/kg. IP. and the
remaining 9 cats were injected with an equivalent volume of
1sotonic saline. Four hours after the injection food and water
were returned for 24 hr. Food and water were then removed
20 hr prior to testing for the acquisition of a CTA.

RABIN ET Al..

F1G. 2. Photomicrographs of the brainstem of the rat showing the
arca postrema (AL arrow ) and representative lesions (B.C).

Restdes and Discussion

Test day CS intake is presented as the percentage of the
baseline intake on the conditioning day. As shown in Fig. 1.
injection of All did produce a reduction in test day CS intake
in cats but did not do so in rats. Analysis of the data using
r-tests indicates that there were no significant differences in
CS intake between the rats injected with Al and those in-

jected with saline, r=1.15, p=-0.10. In contrast. the cats in-

jected with Al showed a significantly reduced CS intake
compared to the cats given saline injection, 7- 4.75,
pe 0.001.
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FIG. 3. Eftects of AP lesions on sucrose preference in rats using a
two-bottle test. The scores to the left of the line were from animals
njected with AlL those from the right were injected with saline.
Error bars indicate the standard error of the mean.

These results show that a single injection of Al produces
a CTA in cats but not in rats. Since the research cited above
indicates that the AP of the cat. unlike that of the rat. is
respansive to exogenously administered All, these results
suggest that activation of the AP by treatment with a com-
pound is an adequate unconditioned stimulus for the acqui-
sition of a CTA. As such. these results would be consistent
with the hypothesis that excitation of the AP constitutes a
sufticient condition for CTA learning.

There are. however. several limits on this conclusion.
First, because the AP of the rat does contain binding sites for
AT [12.20]. 1t may be that the behavioral procedures were
not sensitive enough to permit observation of the All-
induced effects. Second. it may be that the AP of the rat.
unlike that of the cat, exerts inhibitory effects on this behav-
ior. thereby masking the effects of the AP on behavior. An
inhibitory effect of the rat AP has been shown for rotation-
induced CTA learning. such that the AP lesions cause an
cnhanced CTA [15]0 A third possibility is that the All-
induced CTA observed in cats is not mediated by the AP but
involves o different neural structure. The experiments de-
seribed  below  attempted o evaluate  these  alternative
hy potheses.

EXPERIMENT 2

Asindicated above, the failure 1o observe an All-induced

CTA in rats may have resulted from a lack of sensitivity of

the behavioral CTA procedures or because the AP exerts an
inhibitory effect on the behavior. This experiment was de-
signed (o evaluate these hy potheses by using the maore sensi-
tive two-bottle procedure [7.11] and by examining the effect
of AP lestons on the acquisition of an All-induced CTA.

Subjects

The subjects were 38 male rats weighing 275-350 g at the
start of the expenment.
Methods

The behavioral procedures were identical to those de-
seribed above. except that a two-bottle test was utilized. On
both the conditioning and test days the animals were pre-

117s

sented with two calibrated drinking tubes, one containing tap
water and the other containing a 1077 sucrose solution, and
the intake of each recorded. Any rat which did not show a
greater sucrose intake than water intake on the conditioning
day was discarded from the experiment. This procedure was
adopted to assure that all rats had sampled a sufficient quan-
tity of the CS to provide a valid baseline for the observation
of a CTA. Five rats with AP lesions and 4 control rats did not
meet this criterion and were excluded from the experiment.
Given the relatively equal numbers of lesion and control rats
which were discarded. it is not likely that this procedure
influenced any observed differences between these groups.

Lesions were made in the AP of 15 rats using procedures
detailed previously [16.17].  Briefly. the rats were
anesthetized with a combination of ketamine (120 mg/kg. IP)
and pentobarbital (21 mg/kg. IP). and the AP was exposed
and cauterized under direct visual control. An additional 15
rats served as sham-operated controls, in which the AP was
exposed but not cauterized. Following surgery. the rats were
given a prophylactic injection of Bicillin (60.000 units, IM)
and allowed to recover for 2-3 weeks before starting the next
phase of the experiment. The remaining 8 rats served as an
unoperated saline-injected comparison group.

At the conclusion of the experiment, all operated rats
were anesthetized with pentobarbital (50 mg/kg. [P) and per-
fused with isotonic saline and 107 formalin saline. The
brains were fixed in 1(¥7 formalin saline and cut through the
brainstems at the level of the AP at 50 um. Photomicro-
graphs of the AP and representative lesions are presented in
Fig. 2.

Results and Discussion

Average conditioning day sucrose intake for the sham-
operated control rats was 21.532 1.12 ml (meuan + standard
error) while for the rats with AP lesions it was 2513+ 2,18
ml. This difference was not significant, 1=1.47. p-0.10,
possibly because of the short drinking pertod and because
water was also available, so that the rats, which typically
display ncophobia to the presentation of 4 novel stimulus.
were not restricted to drinking the more palatable. but novel.
sucrose CS.

The results for the acquisition of a CTA are presented as
preference scores. sucrose intake divided by total fluid in-
take, and summarized in Fig. 3. Injection of All produced a
reduced sucrose preference in sham-operated control rats
but had no eftect in rats with lesions of the AP. The response
to injection of All of the rats with AP lesions was similar to
that of unoperated controls injected with isotonic saline.
Analysis of the data for the All-treated animals using a
mixed two-way analysis of variance showed that the main
effect for surgery for the comparison between the rats with
AP lesions and sham-operated controls was not significant,
FOL2BY 1320 p 00100 In contrast. the main effect for the
comparison between the conditioning and test day s was sig-
mificant, F(1,28) 6.28. p- 0.05, indicating that there was a
significant change in preterence score on the test day in re-
sponse to treatment with ALl The sigmficant surgery by day
interaction, F(1.28)° 6.54, p- 0.05, would indicate that the
rats with AP fesions responded to All differently than did the
control rats.

Histological examination of the brains of the operated rats
showed that all rats had complete destruction of the AP, The
extent of the lesions ranged from small lesions that were
restricted to the AP itselt (Fig. 2C) 1o larger lesions that
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FIG. 4. Photomicrographs of the brainstem of the ¢t showing the AP (A, arrow) and
representative lesions (B). »
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FIG. 5. Effects of injection of Al in cats with lesions of the AP and

in sham-operated controls. Error bars indicate the standard error of

the mean.

included parts of the nucleus of the solitary tract (Fig. 2B).
There was no apparent correlation between the extent of the
lesion and the disruption of the All-induced reduction in
sucrose preference.

These results indicate that injection of AIL in rats does
have a slight, but significant, effect on sucrose preference
when the behavioral response utilizes the more sensitive
two-bottle procedure. While injection of Allin the rat does
not produce an aversion to the CS, in the sense that the rats
actively avoided the CS by ingesting more water than su-
crose. there was a consistent decrease in sucrose preference
across all subjects. An analysis of individual preference
scores of the sham-operated rats indicates that while only 3
of the 15 sham-operated rats showed an active aversion to
the sucrose. an additional 9 rats showed a decrease in su-
crose preference compared to their conditioning day scores,
Since this reduction in preference was not observed in rats
with AP lesions, the AP must be involved in the acquisition
of the response in the intact animal. As such, the present
results would be consistent with the observation of All bind-
ing sites in the AP [12.20] and would indicate some limited
behavioral responsiveness of the rat AP to exogenously ad-
ministered All

EXPERIMENT 3

As indicated above. the observation of an All-induced

CTA in cats does not necessarily mean that the acquisition of

this response is mediated by the AP even though neurons in
the AP of the cat are sensitive to exogenously administered
All {4.19]. If the AP of the cat mediates All-induced CTA
learning. it should be possible to disrupt the acquisition of o
CTA by producing lesions of the AP.

Subjects

The subjects were 14 cats weighing between 31.2-4.8 kg.
They were maintained in individual cages with food and
water continually available except as required by the exper-
imental protocol.
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Methods

Lesions were made in the AP of 8 cats using the proce-
dures detailed by Borison and his coworkers {2, 22, 23).
Briefly, the cats were anesthetized with halothane and the
AP exposed and cauterized under direct visual control. For
the control cats, the AP was exposed. but not cauterized. All
cats were given a minimum of 2-3 months 10 recover from
the effects of the surgery before beginning the next phase of
the experiment. The behavioral testing was identical to that
described for Experiment 1. except that for some cats the CS
was chocolate milk while for other cats the CS was a 10F7
sucrose solution. As before, aversions were produced by
injections of All, | mgkg. IP.

At the conclusion of the experiment. the cals were sac-
rificed with T-61 and perfused intracardially with isotonic
satine and 107 formalin saline. Sections were cut through the
brainstem at S0 um at the level of the AP and stained with
thionin. Representative photomicrographs are presented in
Fig. 4.

Results and Discussion

Average conditioning day CS intake was 74.25+16.33 ml
(mean * standard error) for the cats with AP lesions while the
control cats showed an average intake of 47.50+17.01 ml.
Although there is the suggestion that cats with AP lesions
show increased intake of a palatable CS. as reported for rats
using similar procedures [8|. the difference in CS intake
between control and lesion cats was not significant. 151,19,
p =010, probably as a result of the large individual variabil-
iy.

The results of AP lesions on the acquisition of a CTA are
summarized in Fig. 5. Injection of AIl in cats with lesions of
the AP produced a slight. but nonsignificant, r=0.76.
p ~0.10, decrease in sucrose intake relative 1o their condi-
tioning day baseline intake. In contrast, injection of All in
sham operated control cats produced a significant decrease
in test day sucrose intake compared to the operated cats.,
t-2.58. p0.05. These results, therefore, support the hy-
pathesis that the acquisition of an All-induced CTA in cats s
mediated by the AP.

Histological examination of the brains of the operated
cats showed that the lesions tended to be somewhat vanable
in extent. These ranged from small lesions which were re-
stricted to the AP and which may have left small amounts of
AP tissue intact to large lesions which included portions of
the nucleus of the solitary tract and the dorsal motor nucleus
of the vagus. There was no apparent relationship between
the extent of the lesion beyond the AP and the effects of the
lesion on behavior since the smallest lesion was sutticient 1o
produce a complete disruption of the Al-induced CTA.

GENERAL DISCUSSION

As indicated above. the AP is o cnitical component of the
neural system leading to the acquisition of a CTA for one
class of unconditioned stimuli (1, 14, 16, 17, 18]. A« such. it
might be predicted that any classes of stimuhi that affect the
AP would result in the acquisition of a CTA. The results of
the present experiments support that prediction.

The AP of the cat is responsive to treatment with exoge-
nous All, both in terms of its electrophysiological charac-
teristics (4] and in terms of mediating the behavioral respon-
siveness of the organism [ 19]. Concordant with this previous
research is the present observation that treating cats with
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All produces a CTA which is dependent upon the integrity of
the AP. In rats, to the contrary, the AP is not sensitive to
exogenously administered All [S], despite the reported pres-
ence of All binding sites | 12.20]. Concordant with these find-
ings is the present observation that that treatment with All
does not produce a reliable CTA in the rat. However, as
might be expected given the observation of AIl binding sites
in the rat AP, injection of All does cause some reduction in
sucrose preference. but only when the more sensitive two-
bottle procedure is utilized.

Another possibility. given the observation of All binding
sites in the rat AP [12.20]. may be that the physiological
response produced by All in the rat AP s not the response
necessary to produce CTA learning. The AP has other func-
tions [6.13] in addition to1ts role as the chemoreceptive trig-
ger zone for emesis |3 It s possible. therefore, that the
effects of AL on the rat AP may be related to these other
functions and not to its role it monitoring the blood and
cerchrospinal fluid for potential toxins. However. this in-
terpretation would not be consistent with the observation of

RABIN ET AL.

a reduction in sucrose preference in control rats tested using
a two-bottle procedure. Because of this observation. the
present results would he most consistent with the hypothesis
that All exerts qualitatively similar effects on both the rat
and the cal AP, but that there are species differences in the
sensitivity of the AP 1o All which in turn results in the ac-
quisition of 4 CTA in cats but not in rats,

Overall, the present results which show a clear species
difference in the capacity of All to produce CTA learning in
cats and rats, are consistent with the hypothesis of a rela-
tionship between the sensitivity of the AP to a given com-
pound and the capacity of that compound to produce a CTA.
As such, these results would support the hypothesis that
excitation of the AP constitutes a sufficient condition for the
acquisition of a CTA.
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RABIN.B. M., WA HUNT AND J. LEE. Effects aof arca postrema lesions on taste aversions produced by treatment
wirth WR-272 i the rar. NEUROBEHAY TOXICOL TERATOL. 8(1) 83-87. 1986.—The conditioned taste aversion
procedure was used to further assess some behavioral effects of treatment with the putative radioprotectant WR-2721 and
the role of the arca postrema in mediating the behavioral effects of treatment. Treatment with 40, 150 or 300 mg/kg WR-2721
produced dose-dependent changes in sucrose intake in both control rats and rats with area postrema lesions. The effective-
ness of the fesion i disrupting the acquisiion of an aversion vared as a tunction of the dose administered. with the lesions
praducimg the greatest distuption of aversion learning at the lowest dose and little disruption at the highest dose tested. At
all dose Jevels. sucrose intitke was greater for the rats with area postrema lesions than for the sham-operated control rats,
Lreatment with WR-2721 also produced significant decreases i total fluid intake. particularly at the higher dose levels. The
results are discussed s indicating that treatment with WR-2721 produces highly toxic effects on behavior and that the use
of the compound as a rudioprotectant for radiotherapy requires additional assessment of its effects on brain function and

behavior,

WR-2721 Condittoned taste averswon Area postrema

USING a variety of physiological endpoints, the compaound
WR-2721  [S-2-(3-aminopropy laminojethy Iphosphorothioic
acid] at doses ranging between 200 mg kg to 400 mg kg has
been reported to provide significant protection against phys-
wlogical damage causcd by exposure to ionizing radiation
teag. (10018, 20, 21]). Despite this, there has been relatively
little research on the behavioral effects of treat nent with
WR-2721. These studies do. however. indicate that the com-
pound is highly toxic. causing a conditioned taste aversion
1CTAY in rats 7], and nausea and vomiting in human patients
[4.8] ut doses of less than 15 mgkg, well below those re-
quired tor therapeutic radioprotection. These toxic behav-
wral side-effects could function to limit the usefulness of
WR-2721 as a therapeutic radioprotectant by causing in-
creased behaviorai distress in those receiving the compound
which could. in turn. result in decreased tolerance to proce-

dures utilizing continued treatment. Behavioral studies of

WR-2721 are therefore o necessary component for the
cevaluation of this compound.

T'he CTA procedure has been increasingly used as a
means of assessing a variety of compounds tor potentially
tonic effects on behavior (e.ge. |1 9. 12, 14D, A CTA s
produced when a normally preferred stimulus. such as sac-
charm or sucrose, s paired with g toxic unconditioned
stimulus, such as lithium chlonde or iomzing radiation. re-
sulting in the avoidance of the conditioned stimulus on a
subsequent presentation [11].

Radioprotection Behavior

Using the procedure Cairnie |7} has reported a dose-
dependent decrease in saccharin intake in rats following re-
peated treatment with WR-2721 at doses of 40 mg/kg and 200
mg Kg. but notat ¥ mg kg. Additionally. combining injections
of WR-2721 with exposure to non-lethal levels of ionizing
radiation produced a stronger CTA than was produced by
cither treatment alone. These tindings suggest that, in terms
of s effects on behavior at feast, WR-2721 administered
prior to radiation exposure provides no protection for the
organism. but rather that its use may actually increase the
toxic effects of radiation on behavior.

Previous research has shown that destruction of the area
postrema (AP). the chemoreceptive trigger zone that func-
tions to monitor the blood and cerebrospinal fluid for toxins
|S]can distupt CTA Tearning follow ing exposure to jonizing
radiation or treatment with toxic chemicals 15, 16, 19]. Le-
sions of the AP similarly disrupt emetic responses following
injection of toxic drugs [313]0 and following exposure 10
lonizing radiation in monkeys 16}, Because treatment with
WR-2721 produces some effects on behavior that are similar
1o those produced by radiation and by treatment with toxic
drugs, and because treatment with WR-2721 has additive
effects when combined with irradiation. similar mechanisms
involving the AP may mediate the behavioral effects of both
rudiation and treatment with WR-2721 I WR-2721 does
produce CTA learning and emesis by interacting with the
AP, this could mean that WR-2721 does not provide behiv-

"Reguests for reprints should be addressed to Bernard M. Rabin, Department of Psychology. Umversainy of Maryviand Baltimore County

Catonsville, MD 2122K
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FIG | Representative samples of the brasnstem of the rat at the level of the area postrema. A
Sechon trom the brianstem of i sham-operated control showing the arca postrema tarrow )
B.C Examples of lestons of the arca postrema.
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wiral radioprotection and that treatment with WR-2721 might
generally potentiate some of the 1oxie etfects of exposure to
1onizing radiation on behavior. thereby hmiting its usefulness
as i therapeutic radioprotectant. The present experiment,
theretore, was designed 1o evaluate the effects of a single
treatment with different doses of WR-2721 on the acquisition
of o CTA und to determine whether or not lesions of the AP
would ameliorate the toxic eftects of the treatment.

METHOD
Suhiects
The subjects were 39 male Spraguc-Dawley rats. weigh-
ing 30400 g at the start of the experiment. The were housed
inandividual cages i a room with 4 12:12 highttdark cyele.
Food and water were continually available excent as re-
qinred by the experimental protocol.

Procedures

Histologically confirmed tesions were placed in the AP of

21 rats using procedures described previously [16]. Brietly
the rats were anesthetized with o combination of sodium
pentobarbital (21 mg kg, 1P) and ketamine (120 mg kg, 1P),
the bram stem exposed and the AP cauterized under direct
visual control. An additonal 18 rats in which the AP was

exposed. but not cauterized. served as sham-operated con-
trols. After surgery the rats were given a prophylactic injec-
tion of bicillin (60,000 units) and allowed to recover for 3-4
weeks.,

Following recovery. the rats were placed on a 23.5 hr
water deprivation schedule tor 10 days during which water
was available for 30 min a day during the carly hght part of
the diurnal cycle. On the conditioning day tday 10), the rats
were presented with two calibrated drinking tubes. one con-
taining a 10% sucrose solution and the other contaiming tup
waler. and the intake of cach recorded. Any rat which did
not show o greater sucrose intake than water intahe wis
climinated from the study. Immediately after the drinking
period, the rats were given one of three doses of WR-2721: 40
mg kg, 150 mg/ke or 300 mg/kg administered as o single in-
traperitoneal injection. Seven rats with AP lesions and 6 con-
trol rats received cach dose. They were ther returned to
their home cages for 48 hr. Three test days we - un on duys
12. 16 and 17 in order to get a measure of the intensity and
duration of the WR-2721-clicited response. On the interven-
mg days. the rats were given the standard 30 min access to
Water.

Histology

At the conclusion of the experiment. the rats were sac-
rificed with an overdose of pentobarbital (50 mg/kg. [P) and
perfused with isotonic saline followed by ¥ tormalin
saline. The brains were removed and fixed in formalin saline.
Serial sections were cut through the brainstem at S0 gm and
stained with thionin. Figure 1 presents photomicrographs of
the brainstem of rats showing the AP and representative le-
stons.

RESUL TS

A single dose of WR-2721 induced a dose-dependent re-
duction of sucrose intake in both the rats with AP lestons and
the control rats (Fig. 2). For the sham-operated controls: o
single injection produced significant decreases in sucrose in-
take at all three dose levels, although some recovery n in-
take was apparent in the rats given the 40 mg kg dose by the
third test day. AP lesions prevented the WR:272 1-induced
decrease in sucrose intake only with the rats given 40 mg kg.
the lowest dose tested. At 150 mg kg there was anmitial
decrease in sucrose intake which returned to the level of
intake observed on the conditioning day by the third test
day. while 300 mg'kg of WR-2721 produced a severe de-
crease in sucrose intake which showed little recovery over
the 3 test days.

Statistical analysis of the data using a 3-way analysis of
variance with one repeated tactor showed that the main ef-
fects for the comparisons between the rats with AP lesions
and  controls,  F(1.33) 4440, p- 0.001 for  dose,
F(2.33)y 7.52. p- 001, and for days. +(3.99) S7.39,
po 0001, were all highly significant. This would indicate that
there were consistent significant differences between the
control rats and the rats with AP lesions, that the 3 doses of
WR-2721 had difterent effects on behavior, and that there
were consistent ditferences in sucrose intake between the
conditioning and test dayvs I addition, the significant dose
by lesion interaction, F2.33)1 38K, p- 0.0, would indicate
that the effectivencess of the lesion in disrupting the acquisi-
tion of a CTA varied as a function of the dose of WR-2721
that was administered. Stimilarly . the significant day by dose.
F6.99) 11 1S p- 0001, and day by lesion. B399 6,80,
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FIG. 3. Effects of treatment with WR-2721 on total fluid intake
tsucrose plus water). Variance bars indicate the standard error.

p- 0.001, interactions would indicate that both the dose of
WR-2721 and the presence of an AP lesion affected the re-
sponse of the animal to the sucrose solution across the 4 days
of the experiment. The triple interaction, F(6,99)=2.03,
p -0.05 was not significant.

Figure 3 summarizes the effects of injection of WR-2721
on total fluid intake (water plus sucrose solution). Transient
decreases in fluid intake were observed in control rats given
cither the 40 mg/kg or 150 mg/kg dose of WR-2721, while a
more permanent decrease in fluid intake was observed in the
rats given 300 mg/kg. Lesions of the AP attenuated this
treatment-induced decrease in fluid intake at the lower two
doses, but had only a slight protective effect after the highest
dose of WR-2721. A comparison of Fig. 3 with Fig. 2 indi-
cates that the decrease in fluid intake resulted from the fact
that the animals. particularly at the higher doses, did not
compensate for the reduced sucrose solution intake by in-
creasing their intake of tap water to the preconditioning day
average of 22.00+-0.71 mil. In this regard. it might be noted
that 3 control rats that received 300 mg/kg died prior to the
second test day without having shown any fluid intake after
the conditioning day and had to be excluded from the study.
This total lack of fluid intake following treatment with WR-
2721 was not observed in any rat having histologically con-
firmed lesions of the AP.

The statistical analysis of the data on fluid intake using a
-way analysis of variance with one repeated factor showed
that the main effects for dose, F(2.33) 816, p- 0.01, for
lesion, F(1.33) 12,48, p< .01, and for day, F(3.99) 27.94,
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p<0.001, were all highly significant. indicating that all three
of these factors were consistently involved in determining
the fluid intake of the animal following treatment with WR-
2721. Unlike the data for sucrose intake, the dose by lesion
interaction was not significant, F2,33)=0.41, p --0.10, indi-
cating that changes in fluid intake were consistently ob-
served in all groups of animals, both control and lesion. The
significant day by dose interaction, F(3.99)-9.89, p- 0.001
would indicate that the pattern of drinking across days was
different for the three tested doses, while the significant day
by lesion interaction, F(3.99)=3.79, p- 0.05, would indicate
that the rats with AP lesions showed a different patiern of
flurd intake across days than the sham-operated controls.

DISCUSSION

The results of the present experiment show that a single
injection of WR-2721 at doses of 40 mg/kg. 150 mg kg or 30
mg/kg can consistently produce a CTA in a dose-dependent
manner. However. in the intact rat~ there was no difference
between the 150 mg/kg and 300 mg/kg doses because of a
floor effect, with both groups showing a nearly total
avoidance of the sucrose. As such these results are consis-
tent with the view that WR-2721 is a highly toxic compound
that can have a variety of effects on behavior {4, 7. ¥].

The effects of treatment with WR-2721 on fluid intuhke
were not predicted. While a transient decrease in total fluid
intake below the level of the preconditioning day water -
take was first observed in the intact rats treated with 150
mg/kg. a more severe and prolonged decrease in fluid intuke
was observed in the rats given 300 mgkg WR-2721. This
reduction in fluid intake involved the avoidance of both su-
crose solution, the conditioned stimulus, ind tap water. Be-
cause it 1s not a novel stimulus, it is extremely difficult to
establish a learned aversion to tap water. As such. s likely
that the reduction in fluid intake represents a direct toae
effect of the drug on the mechanisms regulating water intahke,
perhaps at the level of the Kidney. Consistent with this hy-
pothesis is the observation that the kidneys takhe up and re-
tain the largest amounts of radiolabelled WR-2721 [1K].

In contrast to the results with intact rats. the results from
the rats with AP lesions were not completely as predicted
While at every dose level rats with AP lesions did show o
significantly weaker CTAL it was only at the lowest dose. 40
mg'kg. that the lesions produced the complete disruption of
CTA learning that has been observed with treatment with
other toxins and with ionizing radiation [1S, 16, 19]. At the
intermediate dose. 150 mg kg, the rats acquired o CTA but
showed o rapid extinction of the response., indicating that the
AP lesions provided some protection from the tove ettects
of the drug. The data from these two doses would be consis
tent with the hy pothesis that the AP play s a role in mediating
the toxic behavioral effects of WR-2721 leading to the acqu-
sition of & CTAL It is not certain how the observation of a
severe and long-lasting CTA in the rats with AP lesions
treated with 300 mg kg WR-2721 fits into this hy pothesis,
although the data do indicate that the rats with AP lesions did
show o reduced CTA compared to the sham-operated con-
trols. Under normal conditions, the AP tunctions to hnut the
intike andior absorption of toxic substances by initiating
cither the acquisition of a CTA or an emetic response [17]
following ingestion of much smaller quantities of a toxic
substance than can be provided under experimental condi-
tions. [t may be that the toxacity of this dose of WR-2721 18
so great as to completely overwhelm the system that nor-




o
,

‘

i

: AREA POSTREMA LESIONS AND WR-2721

! mally functions to protect the organism. Some data consis-
. tent with this hypothesis is provided by the data on tlud

intiake from the present experiment which showed that the
larger doses of WR-2721 produced significant decreases in
water intake in addition w0 the decreased sucrose intake.
Alvo consistent with this interpretation is the observation by
Rauschenberger (cited in [ 2]) who reported that while lestons
of the AP disrupted CTA learning to copper sulfate at S
mg hg. these lesions were not effective when the dose was
nereased 1o S0 mg kg,

Overall, the present dita are consistent with those of
Cwrnie [7] who reported that repeated treatment with 40
mg kg and 200 mg kg WR-2721 resulted in the acquisition of a
CLA In rats. As such, the results of the studies using the
CT A procedure would be consistent with the imited ¢limeal
ditta which mdicates that treatment of human volunteers
with doses of WR-2721 of less than 1S mg kg produces
nauses and emests [4.8]. The present results indicate that the
mechanism by which WR-272 1 exerts these effects on behav-
wor, at least at low and intermediate doses. involves the
mediation of the AP, Since the CTA learning and the emesis
seen following cxposure 10 non-lethat fevels of honizing
radiation depend upon the integrity of the AP [15.16]. the
present data indicating that the AP also mediates the toxic
ettects of WR-2721 on behavior would be consistent with the
observanon of additive etfects when treatment with WR-
272 s combined with exposuse to somzing radiation { 7], The
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present data would suggest that the additive effects of WR-
2721 with ionizing radiation derive from the common in-
volvement of the AP in medating the behasioral responses
following their use. The implication of this finding is that.
whatever the radioprotectant etfects of WR-2721 on physi-
ologicil systems within the organism. treatment with WR-
2721 prior to exposure to ionizing radiation will not provide
protection aginst the behavioral etfects of arradiation. but
may instead function to intensity the toxie ettects of expasure
to tonizing radraton on behavior. While the present results
would suggest a himited usefulness for pretreatment with
WR-2721 in radiotherapy because of the possible potentia-
tion of behavioral side-eftects of the treatment, more
neurobehavioral toxicological research s needed. particu-
larly at doses within the therapeutic range of 200 mg kg to
00 mg kg, to turther assess the tonie effects of WR-2721 on
the brian and on behavior.
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The following information concerning U.S. nuclear weapon accidents has been
collected from materials relecased by the Department of Defense (DoD) in 1977,
1980, and 1981, and also from several media references. This publication is
intended to be a source document in the course "Medical Effccts of Nuclear
Weapons," which is sponsored by the Armed Forces Radiobiology Research
Institute.

The United States has never had an inadvertent nuclear detonation, even a partial
one, despite the very severe stresses imposed on the weapons that might be
involved in accidents. All "detonations" reported in the DoD summaries involved
only conventional high explosives. Only two accidents, those at Palomares and
Thule, resulted in widespread dispersal of nuclear materials.

Nuclear weapons are never carried on training flights. Most of the aireraft
accidents deseribed here occurred during logistic/ferry missions or airborne aiert
flights by Strategic Air Command (SAC) aircraft. Airborne alert was terminated in
1968 because of

e Accidents, particularly those at Palomares and Thule;

¢ The rising cost of maintaining a portion of the SAC bomber force
constantly on airborne alert;

s The advent of a responsive and survivable intercontinental ballistic
missile foree, which relieved the manned bomber force of a part of its
more time-sensitive responsibilities. (A portion of the SAC force
remains on nuelear ground alert.)

Since the location of a nuclear weapon is classified defense information, it is DoD
policy, normally, to neither confirm nor deny the presence of a nuclear weapon at
any specific location. In the case of an accident involving a nuclear weapon, the
weapon's presence may or may not be divulged at the time, depending on the
possibility of public hazard or alarm. Therefore, for some of the events
summarized in this publication, the presence of a nuclecar weapon or material may
not h: ve been confirmed at the time. Furthermore, due to viplomatic considera-
tions, it is not possible to specify the locations of the accidents that ocecurred
oversecas, except for Palomares and Thule.

Most of the weapon systems involved in these accidents are no longer in the active
inventory. Those include the B-29, B-36, B-47, B-50, B-58, (C-124, F-100, and P-5M
airerafts and the Minuteman I Missile.

With some carly models of nuclear weapons, it was a standard safety procedure
during most operations to keep a capsule of nuclear material separate from the
weapon. Although a weapon with the capsule removed did contain a quantity of
natural (not enriched) uranium with an extremely low level of radioactivity, the
accidental detonation of the high-explosive element would not cause a nuclear

detonation or contamination. Modern designs incorporate improved safety
features, to ensure that a nuelear cexplosion does not occur as the result of an
accident.
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MANAGEMENT OF THE NUCLEAR WEAPON STOCKPILE

The management of nuclear weapons is shared by the Department of Energy (DOE)
and DoD. The Secretary of Energy and the Secretary of Defense are directly
responsible to the President, who retains the sole authority for weapons employ-
ment. DOE, as successor of the Atomic Energy Commission, is responsible for all
research, development, test, and production of nuclear weapons. DOE is the only
Government agency that is authorized by statute to engage in these activities. By
law, DOE is required also to control and account for all active nuclear material,
including the U.S. stockpile of war-reserve nuclear weapons. These weapons have
been entrusted to DoD for employment readiness in case the President orders their
use in the interest of national security. Ownership, however, is retained by DOE.

To carry out these responsibilities, the DOE organization includes a network of
Government-owned laboratories, plants, and test sites in nine states, all operated
by private industry or institutions under Government contract. There are three
design and development laboratories, manufacturing facilities, and a field test
capability.

At the policy level, DOE's Division of Military Applications (DMA) interfaces with
DoD's Military Liaison Committee (MLC). DMA is DOE's primary liaison with DoD,
and it provides major program guidance and direction for weapons research and
development directly to the weapons laboratories. The Defense Nuclear Agency
(DNA) provides some elements of the DoD liaison function with DOE. DNA is a
joint service agency under the Joint Chiefs of Staff, with headquarters in
Washington, DC, and its operating unit, Field Command, Defense Nuclear Agency,
located in Albuquerque, New Mexico.

The MLC Chairman is the Assistant to the Secretary of Defense for Atomiec
Energy, and is responsible for management and control policies for all nuclear
weapon functions within DoD. MLC consists of two senior officers from each
Service, with the DNA Director and DOE's DMA Director acting as observers. The
DoD nuclear weapon program and requirements are provided to DOE through MLC.

WEAPON SAFETY CONCEPTS

Since DOE designs, develops, and produces all nuclear weapons, it is primarily
responsible for the safety features and devices within the weapons. DoD is
responsible for safe and secure operations external to the weapon. Considerable
overlap and interaction exist, with DoD participating in weapon design (for
familiarity and to coordinate requirements) and DOE assisting in the development
of safety rules for operating the total nuclear weapon system.

To understand the philosophy of nuclear weapon safety, it is important to first
understand the basic nuclear physies involved. Unlike conventional explosives that
derive their sensitive properties from their basic chemical makeup, a nuclear
device must be specifically designed to bring about an explosion. To obtain a
nuclear reaction or explosion through fission, an amount of active material
sufficient to produce a continuous, self-sustaining nuclear reaction must be
assembled so that a "supercritical mass" can be attained. One technique used to
achieve a supercritical mass is called "implosion." In contrast to the outward burst
of an explosion, implosion is an inward compression. In a nuclear weapon, high

c e Te T e e ~ R oAt L T, S e v, T ey Ve T e et
o MCR TR ST IR A N I I IR Y P T e,

R T I A R VT 3T MU ¢ TP I W NP A




Bl _adl 3 T w4 T e Vg W W W g W, W W - -
At e M G T T AT TR TN T AT AT T TR

RARARE AR K AL LA A AR E AL SIS AR A h Aok Sad Sulb i it Al Al Ml Ml el el Sete i MRRFE S AP, 5

explosive surrounds the nuclear material. A simultaneous firing of detonators
mounted on the surface of the high explosive produces a shock wave that
compresses the nuclear material. The important feature is the simultaneous firing
of the detonators and control of the shock wave to achieve symmetrical compres-
sion of the nuclear material, and thus attain a supercritical mass.

The implosion process used to detonate a nuclear weapon, by its very nature, has a
built-in safety feature. If the high explosive detonates at any single point for any
reason, including fire or shock as a result of an accident, there would be no
symmetrieal implosion. The shock wave moving from a single point on the
high-explosive surface would explode and destroy the device. This would release
and perhaps scatter the active material, but would not result in a nuclear
explosion.

In our latest weapons, a new, insensitive high explosive is used, which is extremely
stable and will not explode on impact or in a fire. This will dramatically reduce
the possibility of nuclear materials being scattered in an accident.

The current DOF. safety-design concept packages the weapon-detonation subsystem
into an "exclusion region." This feature follows a design philosophy intended to
prevent undesired electrical energy from reaching the nuclear weapon detonator
svstem. Included in this concept is a series of "weak links" and "strong links" to
obtain predictably safe responses in abnormal environments such as fire, deep
water, lightning, cruising impacts, or impact from high-velocity projectiles. The
strong links are open switches that close only when the proper signals are received.
The weak links are elements vital to the operation of the detonator system. These
links are packaged together so that both strong and weak links experience the same
environment. Safety is achieved in abnermal environments because the vital
components (weak links) are designed to fail first, destroying the detonator system,
before the open switches (strong links) can possibly fail to a closed position.

Associated with the exclusion region concept is the design of the strong links to
respond only to unique signals. These open switches will not respond to the weapon
system’s electrical power sources, which might become econnected through short
circuits during an accident. The unique signals required can be generated by the
weapon system only when intended by the human operator.

Nuclear weapons also contain environment-sensing devices that prevent firing of
the detonators unless the required environment is experienced. The devices include
such items as

e Pullout cables that maintain an open circuit until the cable is physically
pulled from the weapon upon reiease from the aireraft;

¢ Accelerometers that maintain open circuits until thev sense the accel-
eration or deceleration for a required period of time, as would be
produced by a rocket motor or a retarding parachute;

¢ Barometric switch devices that remain open until they sense the
pressure differential that is anticipated in desired relcase conditions;

* Timers that maintain open switches for a specific time interval after
weapon release;




» Electromechanical switches that remain open until a positive action is
taken by a human operator.

These safety features and others are designed into the weapon with stringent
quality and reliability controls by DoD.

The DoD Safety Program is based on four nuclear safety standards. The standards
require that, in the design, development, and employment of a nuclear weapon
system, there be positive measures to

* Prevent jettisoned weapons or weapons involved in accidents or inci-
dents from producing a nuclear yield;

e Prevent deliberate prearming, arming, launching, firing, or releasing of
nuclear weapons except upon execution of emergency war orders or
when directed by competent authority;

* Prevent inadvertent prearming, arming, launching, firing, or releasing
of nuclear weapons;

* Ensure adequate security of nuclear weapons.

To satisfy these DoD nuclear safety standards, the Safety Program addresses
safety-design engineering for each nuclear weapon system, its logistic and opera-
tional environment, and the human factors involved in the maintenance and
operation of the weapon system. The various considerations of the program are
listed below to give a perspective of their relationships and a feeling for the extent
of the Safety Program. The program considerations include

* Requirements and design guidance for safety considerations in nuclear
weapon system development;

e Safety engineering evaluation and formal certification before the
svstem can be used with a nuclear weapon;

¢ Nuclear safety analysis and certification of all computer programs
developed for use in the control of the nuclear weapon system;

* Engineering, operational, and logistic studies and reviews of the
complete weapon system and its intended environment from storage to
target, resulting in weapon system safety rules that prescribe author-
ized procedures and impose limitations for operation of the nuclear
weapon system;

s Approved technical data and maintenance procedures that must be
precisely followed in the operation or maintenance of the nuclear
weapon system;

* Engineering evaluation and safety certification of all equipment used in
the maintenance, movement, and operation of the nuclear weapon
system;
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e Reporting and analysis of accidents, incidents, and deficiencies that
involve the nuclear weapon system, support equipment, and procedures;

X ¢ Safing and sealing of critical nuclear weapon system switches;

- ¢ Evaluation of all personnel associated with the nuclear weapon system
» to ensure their emotional stability and proper security clearance before
‘ being authorized access to a nuclear weapon, nuclear weapon system, or
nuclear command and control facility;

b
‘ * A "two-man" or "no lone zone" concept around the nuclear weapon and
the nuclear weapon system;
N
e An inspection system to monitor compliance not only with the four DoD
safety standards but also with ali nuclear safety rules and technical
i data in all operations involving a nuclear weapon or nuclear weapon
: system.
q
' In addition to the safety devices contained within the nuclear weapon, the weapon
carrier contains devices that prevent prearming or release unless intended.
Examples of these devices are
“
4'
3 e Dual switches that force two-man consent for both prearm and launch
) (or release);
<

+ Intent switches that prevent a prearm signal until manually closed by
the human operators;

* A unique signal generator, activated by the prearm intent switch, that
produces the unique signal required by the weapon's strong links
described earlier;

o Intent switches that prevent a nuclear weapon release signal until
manually closed by the human operators (separate from the prearm
' switches);

e Arm-inhibit switches that require a "good guidance" signal from the
missile guidance system before warhead arming can occur;

¢ In-flight reversible mechanical locks on the weapon carriage rack that
physically prevent weapon release until clectrically activated by the
human operators;

« A monitor system to provide the operator the arm/safc status of the
nuclear weapon and lock/unlock status of the carriage rack.

Devices such as these prevented weapon arming in the Goldsboro and Palomares
accidents. In early bomb racks such as those involved in the accidents at Kirtland
Air Force Base, New Mexico, and at Florence, South Carolina, one means to
prevent inadvertent release was the insertion of safety pins in the carriage rack.
These pins were removed during takeoff and landing to permit emergency jettison.
) When the safety pins were removed, however, a single failure in the rack could
‘ cause an inadvertent release of the nuclear weapon, as shown by these accidents.
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A cockpit-controlled, in-flight, reversible lock is now required which, when locked,
prevents inadvertent weapon release even though the normal release force is
applied. This design allows safe takeoff and landing with the rack in the locked
position. The device is designed to fail to the locked position, and also requires an "
independent positioning of intent switches by two crew members in multiplace ¥
aireraft before the rack holding the weapon can be unlocked. b

¥

RADIOACTIVE MATERIALS IN NUCLEAR WEAPON ACCIDENTS o

Nuclear weapons contain three principal types of radioactive materials: plutonium, -
uranium, and tritium. Other types of radioactive materials may also be present in 5
lesser and varying amounts, depending on the type and age of the weapon. For
accidental contamination, the initial public health risks and protective/corrective
actions are the same as those for contamination by particles of plutonium,

uranium, and tritium (see below). >3
s
The risks to the public from radioactive contamination caused by a nuclear weapon :}':*
accident are not like fallout from a nuclear bomb blast, and are not like -
contamination from a major nuclear power plant accident. However, contamina-
tion from a nuclear weapon accident could be serious and could require both _,
immediate and long-term protective and corrective cleanup measures. The N
potential harm to the public and the environment can be controlled best by an E:'\
effective response to the accident and by providing the public with timely "
information and instructions about protection from contamination. :..“\_
Public instructions and appropriate actions will depend on the severity of the .
accident, the type of material involved, and the length of time between occurrence )
of the accident and initiation of protective action.
R
ACCIDENT SEVERITY FACTORS :'\_‘:
If nuclear weapons are involved in an accident and the condition of the weapon is .
not known, the potential for contamination must be assumed. Besides the ,,-_
immediate response ar~nd the accident site, protective measures (possible evacu- bk
ation) for the general public may be necessary within 1 day. T
.
Instructions on basic protective measures should allow time to respond to the <
accident, to determine the condition of the weapon, and to disseminate supple-
mentary information and instructions to the public. -
If damage to a nuclear weapon is known but the weapon is still structurally intact, ::l::
any potential contamination would be limited to the immecdiate arca of the s
accident site, and would probably be of very short duration (a few minutes). N
Keeping the public clear. of the accident site and providing information to relieve .
unwarranted fears (prevent panie) should be sufficient for public protection. -
v'--!
If a nuclear weapon accident results in severe structural damage (scattering of :::\
small chunks of the warhead), fire (melting and burning of the warhead), or N
detonation of the conventional (chemical) high explosive, then more widespread N
contamination is probable and larger scale protective actions will be necessary. In "
this case, information and instructions provided to the public will depend on the "
type of radioactive material and the time since the accident. S
S
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PLUTONIUM 3
Contamination by plutonium particles dispersed by conventional (chemical) explo- -
sion or burning of a weapon would pose the most serious health hazard to the :.-
publie, and could impact the environment over a wide area. 'c
W
Plutonium is both a poison and a radiation hazard. The radiation given off consists ; ?x
of "alpha particles" (like very fast moving helium atoms), which do not have N
sufficient energy to penetrate buildings, most clothing, or even the outer skin. .
Therefore, short-term exposure (up to a few days) to contamination outside of the U
body will pose only a small health risk. KK
Plutonium radiation is considered a serious health risk if small "dust-like" pieces }

are inhaled or ingested and remain as deposits in the body. Even a very small
quantity (equivalent to a single piece of dust) inside the body could cause concern
as a health risk over the long term. No immediate "radiation sickness" symptoms -1
are expected from this type of contamination.

Unless it is possible to immediately (within minutes) evacuate the area around the

Y
accident site and several miles downwind, the best initial public response will '
probably be to stop outside activity, seek shelter in well-sealed buildings (with
little or no use of outside air for heating or cooling), and delay evacuation until the Kt
dust cloud has passed and particles have had time to settle out of the air. Besides -:::
being medically sound, this procedure will reduce casualties that result from panic -
and will least affect the critical and essential services. _:}
Any evacuation of the public that does take place must be in a controlled manner, _
thereby reducing the risk of resuspension of the contaminant and the risk of }_
collateral injury to the civilian population. Any person evacuating an area should ‘-:{
breathe through a filter (such as a ecommon dust mask or even several layers of a },:
wet handkerchief), and move with care to avoid stirring up the dust. If resources oo
and time permit, evacuation should include the use of protective outer clothing N
that can be cleaned for reuse or discarded. i
The best direction and timing for travel can be spceified for population centers or -Z:
zones in the area. Factors such as population density, transportation, and facilities :::-
in the contaminated area must be considered in deciding whether and when to move T
the public out of an area. o
Whether evacuation is immediate or delayed, panic of the population may result in
some injury, death, or property damage. Every effort should be made to state the -\:
problem in a way that will inform the public, kcep the problem in context, and X
avoid confusion. o
The determination of cleanup requircments and techniques will involve extensive _
surveys and coordination with experts in several government agencies (Federal
Emergency Management Agency, Environmental Protection Agency, DOE, DoD, e
ete.). Cleanup efforts may extend over several months, and monitoring require- ‘,
ments over several years. :.;
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URANIUM

Contamination by uranium fragments or small particles dispersed by a conventional
(chemical) explosion or by the burning of a weapon is primarily a chemical health
hazard (heavy metal poison similar to the lead poisoning associated with some
paints), not a radiological hazard. The short-term risk to health occurs only if a
relatively large quantity of uranium is deposited inside the body by inhaling or
ingesting the dust. A short-term public hazard from radiation (alpha particles)
from uranium is very unlikely. Determination of any long-term radiation (or
chemical) hazard will require detailed and extensive surveys.

It is unlikely that uranium contamination, even though dispersed over a wide area,
would add significantly to the overall exposure that man normally receives from
radioactive materials found in most environments.

TRITIUM

The radiation given off by tritium is a low-energy "beta particle," which is stopped
by the outer layers of skin. Thus external exposure is not a hazard. Contamination
by tritium gas would pose a health hazard only in a closed or confined space.
Tritium released by a weapons accident will dissipate and be diluted so rapidly in
open air that no internal hazard would result. Monitoring (air sampling) of the
immediate site of the accident is sufficient to assure prevention of exposure t)
accident-response personnel. Tritium from a weapons accident will not affect the
public or the environment.

CLEANUP AFTER A NUCLEAR WEAPON ACCIDENT

An accident that causes a nuclear weapon to structurally break apart, burn, or
chemically detonate will contaminate an area of indeterminate size with poten-
tially hazardous materials. These materials may include plutonium, uranium, or
high explosive.

The cleanup of explosive and chemical hazards will be relatively straightforward,
but the decontamination of any radioactive materials will depend on technically
sophisticated surveys and risk assessments.

DETERMINATION OF CONTAMINATION LEVEL

An initial estimate of the size and shape of the contaminated area and of the level
of contamination within the area can be provided within a few hours by computer
models. This information can be used to determine the actions necessary to
protect the public and the scope of the cleanup problem. Then the determination
of actual cleanup requirements and preferred techniques will depend on the
material involved, field survev measurements of actual contamination levels, and
careful assessment of any associated potential health risk.

Cleanup requirements may be minimized if contamination levels are low, or if the
contaminating material is trapped and therefore not a hazard to plants, animals, or
man. I contamination levels are high and/or the material is a health risk to man,
then cleanup requirements may be quite stringent over an extensive arca. The
cleanup of scattered plutonium would probably present the greatest difficulty.
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d If initial estimates of the contamination level and subsequent field survey measure- b
! ments indicate radiological contamination in_the soil above a sereening level of 0.2 "<."
Y microcuries/square meter (or above 1 fCi/m"), then a careful assessment of health K%
' risks is necessary and cleanup may be necessary. Below this screening level, .-}P
' cleanup actions may not be necessary. e
. R

: SUMMARY OF ACCIDENTS INVOLVING U.S. NUCLEAR WEAPONS, 1950-1980 }:'(‘
X An "accident involving a nuclear weapon" may be defined as an unexpected event ’ :
b involving a nuclear weapon or nuclear weapon components that results in any of the
following: =

3 ¢ Accidental or unauthorized launching, firing, or use by U.S. forces or
2 supported allied forces of a nuclear-capable weapon system that could :
) create the risk of an outbreak of war; 3
4n

) e Nuclear detonation; PA
X ¢ Nonnuclear detonation or burning of a nuclear weapon or radioactive ’
weapon component, including a fully assembled nuclear weapon, an .

unassembled nuclear weapon, or a radioactive nuclear weapon -

component; ‘.

y e Seizure, theft, or loss, including jettison, of a nuclear weapon or ‘
\ radioactive nuclear weapon component; 1
' ¢ Public hazard, actual or impiied. 3{:
Accidents involving U.S. nuclear weapons from 1950 to 1980 are summarized in the S
following paragraphs. s

" .

1. 13 February 1950 / B-36 / Pacific Ocean, Off Coast of British Columbia :_N

I\'

A B-36 aircraft was en route from Eielson AFB to Carswell AFB on a Y

simulated combat profile mission. The weapon aboard the aircraft had a dummy \/

capsule installed. After 6 hours of flight, the aircraft developed serious mechan- -

! ical difficulties, making it necessary to shut down three engines. The aircraft was
at 12,000 feet altitude. Icing conditions complicated the emergency, and level e

flight could not be maintained. The aircraft headed out over the Pacific Ocean and o

dropped the weapon from 8,000 feet into the ocean. A bright flash occurred on }:,
impact, followed by a sound wave and a shock wave. Only the weapon's high- e

explosive material detonated. The aircraft was then flown over Princess Royal

‘ [sland, where the crew bailed out. The aircraft wreckage was later found on .‘
. Vancouver Island. o
v

2. 11 April 1950 / B-29 / Manzano Base, New Mexico ::

At

A B-29 aircraft departed Kirtland AFB at 9:38 p.m. and approximately 3
minutes later crashed into a mountain on Manzano Base, killing the crew.
Detonators were installed in the bomb on board the aircraft. The bomb case was
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demolished, and some high-explosive material burned in the gasoline fire. Other
pieces of ur hurned high explosive were scattered throughout the wreckage. Four
spare detonators in their cairying case were recovered undamaged. Contamination
did not occur, and there were no recovery problems. The recovered components of
the weapon were ret:rned to the Atomic Energy Commission. The capsule of
nuclear material was on board the aircraft but had not been inserted into the
weapon for safety reasons. A nuclear detonation was not possible.

3. 13 July 1950 / B-50 / Lebanon, Ohio

A B-50 aircraft was on a training mission from Biggs AFB, Texas, flying at
7,000 feet on a clear day. The aircraft nosed down and flew into the ground, killing
4 officers and 12 airmen. The high-explosive portion of the weapon aboard
detonated on impact. There was no nuclear capsule aboard the aircraft.

4. 5 August 1950 / B-29 / Fairfield-Suisun AFB, California

A B-29 carrying a weapon, but no capsule, experienced two runaway propellers
and landing-gear-retraction difficulties on takeoff from Fairfield-Suisun AFB (now
Travis AFB). The aircraft attempted an emergency landing, crashed, and burned.
Fire was fought for 12-15 minutes before the weapon's high-explosive material
detonated. Nineteen crew members and rescue personnel, including General
Travis, were killed in the crash or the resulting detonation.

5. 10 November 1950 / B-50 / Over Water, Outside the United States

Because of an inflight aireraft emergency, a weapon containing no capsule of
nuclear material was jettisoned over water from an altitude of 10,500 feet. A
high-explosive detonation was observed.

6. 10 Mareh 1956 / B-47 / Mediterranean Sea

The aireraft was one of a flight of four scheduled for nonstop deployment from
MacDill AFB to an overseas air base. The takeoff from MaecDill and the first
refueling were normal. The second refueling point was over the Mediterranean
Cea. In preparation, the flight penetrated solid cloud formation to descend to the
refuelirg level of 14,000 feet. The base of the clouds was 14,500 feet, and
visibility was poor. The aircraft never made contact with the tanker. An
extensive search failed to locate any trace of the missing aircraft or erew. No
weapons were aboard the aircraft, only two capsules of nuclear weapon material in
carrying cases. A nuclear detonation was not possible.

7. 27 July 1956 / B-47 / Overseas Base

A B-47 aireraft with no weapons abcard was on a routine training mission and
making a touch-and-go landing, when the aireraft suddenly went out of control. It
slid off the runway and crashed into a storage igloo containing several nuclear
weapens. The bombs did not burn or detonate; they werce in storage configuration.
No capsules of nuclear materials were in the weapons or present elsewhere in the
building. There were no contamination or clcanup problems. The damaged
weapons and components were returned to the Atomic Energy Commission.
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8. 22 May 1957 / B-36 / Kirtland AFB, New Mexico

The B-36 aircraft was ferrying a weapon from Biggs AFB, Texas, to Kirtland
AFB. At 11:50 a.m., MST, as the aircraft approached Kirtland at an altitude of
1,700 feet, the weapon dropped from the bomb bay, taking the bomb bay doors with
it. Weapon parachutes were deployed but apparently did not fully retard the fall
because of the low altitude. The impact point was approximately 4.5 miles south
of the Kirtland control tower and .3 mile west of the Sandia Base reservation. The
high-explosive material detonated, completely destroying the weapon, and making
a crater approximately 25 feet in diameter and 12 feet deep. Fragments and debris
were scattered as far as 1 mile from the impact point. The release-mechanism
locking pin was being removed at the time of release. (It was standard procedure,
at that time, to remove the locking pin during takeoff and landing, to allow
emergency jettison of the weapon if necessary.) The recovery and cleanup
operations were conducted by Field Command, Armed Forces Special Weapons
Project. Radiological survey of the area disclosed no radioactivity beyond the lip
of the crater, at which point the level was 0.5 milliroentgens. There were no
health or safety problems. A nuclear capsule was on board the aireraft but had not
been inserted into the weapon for safety reasons. A nuclear detonation was not
possible.

9. 28 July 1957 / C-124 / Atlantic Ocean

Two weapons were jettisoned from a C-124 aircraft off the east coast of the
United States. The C-124 aircraft was en route from Dover AFB, Delaware, when
a loss of power from the number one and number two engines was experienced.
Maximum power was applied to the remaining engines, but level flight could not be
maintained. At this point, the decision was made to jettison cargo in the interest
of safety of the crew and aircraft. Three weapons and one nuclear capsule were
aboard the aircraft, and nuclear components had not been installed in the weapons.
The first weapon was jettisoned at 4,500 feet altitude. The second weapon was
jettisoned at approximately 2,500 feet altitude. No detonation occurred from
either weapon. Both weapons are presumed to have been damaged from impact
with the ocean surface, and to have submerged almost instantly. The ocean varies
in depth in the area of the jettisons. The C-124 landed at an airfield in the vicinity
of Atlantic City, New Jersey, with the remaining weapon and the nuclear capsule
aboard. A search for the weapons or debris had negative results.

10. 11 October 1957 / B-47 / Homestead AFB, Florida

The B-47 departed Homestead AFB shortly after midnight on a deployment
mission. Shortly after lift-off, one of the aircraft's outrigger tires exploded. The
aireraft crashed in an uninhabited area approximately 3,800 feet from the end of
the runway. The aircraft was carrying one weapon in ferry configuration in the
bomb bay and one nuclear capsule in a carrying case in the crew compartment.
The weapon was enveloped in flames, and it burned and smoldered for approxi-
mately 4 hours, at which time it was cooled with water. Two low-order high-
explosive detonations occurred during the burning. The nuclear capsule and its
carrying case were recovered intact and only slightly damaged by heat. Approxi-
mately one half of the weapon remained. All major components were damaged but
were identifiable and accounted for.
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11. 31 January 1958 / B-47 / Overseas Base

A B-47 with one weapon in strike configuration was making a simulated
takeoff during an exercise alert. When the aircraft reached approximately 30
knots on *he runway, the left rear wheel casting failed. The tail struck the runway,
and a fuci tank ruptured. The aircraft caught fire and burned for 7 hours. Firemen
fought the fire for the allotted 10-minute fire-fighting time for the high-explosive
contents of that weapon, and then evacuated the area. The high explosive did not
detonate, but some contamination did occur in the immediate area of the crash.
No contamination was detected after removal of the wreckage and the asphalt
beneath it and after washing down of the runway. One fire truck and one fireman's
clothing showed slight alpha contamination before washing. Following the acci-
dent, exercise alerts were temporarily suspended and B-47 wheels were checked for
defects.

12. 5 February 1958 / B-47 / Savannah River, Georgia

TR . s a4 A D I FVEEEYWE S E R TEe LA R N SRR« -

The B-47 was on a simulated combat mission that originated at Homestead
AFB, Florida. While near Savannah, Georgia, the B-47 had a mid-air collision with
an F-86 aircraft at 3:30 a.m. Following the collision, the B-47, with a weapon
aboard, attempted to land three times at Hunter AFB, Georgia. Because of the
condition of the aircraft, its airspeed could not be reduced enough to ensure a safe
landing. Therefore, the decision was made to jettison the weapon rather than
expose Hunter AFB to the possibility of a high-explosive detonation. A nuclear
detonation was not possible since the nuclear capsule was not aboard the aireraft.
The weapon was jettisoned into the water several miles from the mouth of the
Savannah River (Georgia) in Wassaw Sound off Tybee Beach. The precise impact
point of the weapon is unknown. The weapon was dropped from an altitude of
approximately 7,200 feet at an aircraft speed of 180-190 knots. No detonation
occurred. After jettison, the B-47 landed safely. A 3-square-mile area was
searched by divers and underwater demolition team technicians using galvanic drag
and hand-held sonar devices. The weapon was not found. The search was
terminated on 16 April 1958. The weapon was considered to be irretrievably lost.

13. 11 March 1958 / B-47 / Florence, South Carolina

At 3:53 p.m., EST, a B-47E departed Hunter AFB, Georgia, as number threce
aircraft in a flight of four en route to an overseas base. After level off at 15,000
feet, the aircraft accidentally jettisoned an unarmed nuclear weapon that impacted
in a sparsely populated area 6.5 miles east of Florence, South Carolina. The bomb's
high-explosive material exploded on impact. The detonation caused property
damage and several injuries on the ground. The aircraft returned to the base
without further incident. No capsule of nuclear materials was aboard the B-47 or
installed in the weapon.

14. 4 November 1958 / B-47 / Dyess AFB, Texas

A B-47 caught fire on takeoff. Threc erew members successfully ejected; one
was killed when the aireraft crashed from an altitude of 1,500 feet. One nuclear
weapon was on board when the aireraft crashed. The resultant detonation of the
high explosive made a crater 35 feet in diameter and 6 feet deep. Nuclear
materials were recovered near the crash site.
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15. 26 November 1958 / B-47 / Chennault AFB, Louisiana

A B-47 caught fire on the ground. The single nuclear weapon on board was
destroyed by the fire. Contamination was limited to the immediate vicinity of the
weapon residue within the aireraft wreckage.

16. 18 January 1959 / F-100 / Pacific Base

The aircraft was parked on a revetted hardstand in ground alter configuration.
The external load consisted of a weapon on the left intermediate station and three
fuel tanks (both inboard stations and the right intermediate station). When the
starter button was depressed during a practice alter, an explosion and fire occurred
when the external fuel tanks inadvertently jettisoned. Fire trucks at the scene put
out the fire in about 7 minutes. The capsule was not in the vicinity of the aircraft
and was not involved in the accident. There were no contamination or cleanup
problems.

17. 6 July 1959 / C-124 / Barksdale AFB, Louisiana

A C-124 on a nuclear logistics movement mission crashed on takeoff. The
aircraft was destroyed by fire, which also destroyed one weapon. No nuclear or
high-explosive detonation occurred; safety devices had functioned as designed.
Limited contamination was present over a very small area immediately below the
destroved weapon. This contamination did not hamper rescue or fire-fighting
operations.

18. 25 September 1959 / P-5M / Pacific Ocean Off the Washington Coast

A U.S. Navy P-5M aircraft assigned to Naval Air Station, Whidbey Island,
Washington, crashed in the Pacific Ocean about 100 miles west of the Washington-
Oregon border. It was carrying an unarmed nuclear antisubmarine weapon
containing no nuclear material. The weapon was not recovered.

19. 15 October 1959 / B-52 / KC-135 / Hardinsburg, Kentucky

The B-52 departed Columbus AFB, Mississippi, at 2:00 p.m., CST. The aircraft
assumed the number two position in a flight of two. The KC-135 departed
Columbus AFB at 5:33 p.m., CST, as the number two tanker aircraft in a flight of
two scheduled to refuel the B-52's. Rendezvous for refueling was accomplished in
the vicinity of Hardinsburg, Kentucky, at 32,000 feet. It was night; the weather
was clear, with no turbulence. Shortly after the B-52 began refueling from the
KC-135, the two aircraft collided. The instructor pilot and pilot of the B-52
ejected, followed by the electronic warfare officer and the radar navigator. The
copilot, navigator, instructor navigator, and tail gunner failed to leave the B-52.
All four crew members in the KC-135 were fatally injured. The B-52's two
unarmed nuclear weapons were recovered intact. One had been partially burned,
but did not result in dispersion of nuclear material or other contamination.

20. 7 June 1960 / BOMARC / McGuire AFB, New Jersey

A BOMARC air defense missile in ready storage condition (permitting launch
in 2 minutes) was destroyed by explosion and fire after a high-pressure helium tank
exploded and ruptured the missile's fuel tanks. The warhead was aiso destroyed by
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' the fire, although the high explosive did not detonate. Nuclear safety devices
functioned as designed. Contamination was restricted to an area immediately
beneath the weapon and an adjacent elongated area approximately 100 feet long,
caused by drain-off of fire-fighting water.

21. 24 January 1961 / B-52 / Goldsboro, North Carolina

During a B-52 airborne alert mission, structural failure of the right wing
resulted in two weapons separating from the aircraft during aircraft breakup at
2,000-10,000 feet. One bomb parachute deployed, and the weapon received little
impact damage. The other bomb fell free and broke apart upon impact. No
explosion ocecurred. Five of the eight crew members survived. A portion of one
weapon, containing uranium, could not be recovered despite excavation in the
waterlogged farmland to a depth of 50 feet. The Air Force subsequently purchased
an easement requiring permission for anyone to dig there. No detectable radiation
and no hazard exist in the area.

Yy S LN

o af WA g

22. 14 March 1961 / B-52 / Yuba City, California

A B-52 experienced failure of the crew compartment pressurization system,
forcing descent to 10,000 feet altitude. Increased fuel consumption caused fuel
exhaustion before rendezvous with a tanker aireraft. The crew bailed out at 10,000
feet except for the aircraft commander, who stayed with the aircraft to 4,000 feet
and steered the plane away from a populated area. The two nuclear weapons on
board were torn from the aircraft on ground impact. The high explosive did not
detonate. Safety devices worked as designed to prevent nuclear contamination.

23. 13 November 1963 / Atomic Energy Commission Storage Igloo / Medina
Base, Texas

An explosion involving 123,000 pounds of high-explosive components of
nuclear weapons caused minor injuries to three Atomic Energy Commission
employees. There was little contamination from the nuclear components, which
were stored elsewhere in the building. The components were from the disassembly
of obsolete weapons.

24. 13 January 1964 / B-52 / Cumberland, Maryland

A B-52D was en route from Westover AFB, Massachusetts, to its home base at
Turner AFB, Georgia. The crash occurred approximately 17 miles southwest of
Cumberland, Maryland. The aircraft was carrying two weapons, which were in a
tactical ferry configuration (no mechanical or electrical connections had been
made to the aireraft, and the safing switches were in the "SAFE" position). Before
the crash, the pilot had requested a change of altitude because of severe air
turbulence at 29,500 feet. The aircraft was cleared to climb to 33,000 feet.
During the climb, the aircraft encountered violent air turhulence, and aireraft
structural failure then occurred. Of the five air-crew members, only the pilot and
copilot survived. The gunner and navigator cjected, but died of exposure to
subzero temperatures after successfully reaching the ground. The radar navigator
did not eject and died upon aircraft impact. The crash site was an isolated
mountainous and wooded area. The 14 inches of ncw snow covered the aireraft

wreckage, which was scattered over an area of approximately 100 square vards. te
The weather during the recovery and cleanup operation involved extreme cold and
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gusty winds. Both weapons remained in the aircraft until it crashed, and were
relatively intact in the approximate center of the wreckage area.

25. 5 December 1964 / LGM 30B (Minuteman ICBM) / Elisworth AFB, South
Dakota

The LGM 30B Minuteman I missile was on strategic alert at Launch Facility
L-02, Ellsworth AFB, South Dakota. Two airmen were dispatched to the Launch
Facility to repair the inner zone security system. In the midst of their checkout of
the inner zone system, one retrorocket in the spacer below the Reentry Vehicle
(RV) fired, causing the RV to fall about 75 feet to the floor of the silo. When the
RV struck the bottom of the silo, the arming and fusing/altitude control subsystem
containing the batteries was torn loose, thus removing all sources of power from
the RV. The RV structure received considerable damage. All safety devices
operated properly in that they did not sense the proper sequence of events to allow
arming the warhead. There was no detonation or radioactive contamination.

26. 8 December 1964 / B-58 / Bunker Hill (now Grissom) AFB, Indiana

SAC aircraft were taxiing during an exercise alert. As one B-58 reached a
position directly behind the aircraft on the runway ahead of it, the aireraft ahead
brought advanced powar. As a result of the combination of the jet blast from the
aircraft ahead, the icy runway surface conditions, and the power applied to the
aircraft while attempting to turn onto the runway, control was lost and the aircraft
slid off the left side of the taxiway. The left main landing gear passed over a
flush~mounted taxiway light fixture, and 10 feet farther along in its travel, grazed
the left edge of a concrete light base. After another 10 feet, the left main landing
gear struck a concrete electrical manhole box, and the aircraft caught on fire.
When the aircraft came to rest, all three crew members aboard abandoned the
aircraft. The aircraft commander and defensive systems operator egressed with
only minor injuries. The navigator ejected in his escape capsule, which impacted
548 feet from the aircraft. He did not survive. Portions of the nuclear weapon on
board burned. Contamination was limited to the immediate area of the crash and
was subsequently removed.

27. 11 October 1965 / C-124 / Wright-Patterson AFB, Ohio

The C-124 aircraft was being refueled in preparation for a routine logistics
mission when a fire occurred at the aft end of the refueling trailer. The fuselage
of the airciaflt, containing only components of nuclear weapons and a dummy
training unit, was destroved by the fire. There were no casualties. The resultant
radiation hazard was minimei. Minor contamination was found on the aireraft,
cargo, and clothing of explosive ordnance disposal and fire-fighting personnel, and
was removed by normal cleaning.

28. 5 December 1965 / A-4 / Pacific Ocean

An A-4 gircraft loaded with one nuclear weapon rolled off the elevator of a
U.S. aircraft carrier and feil into the sea. The pilot, aircraft, and weapon were
lost. The ineident occurred more than 500 miles from land.
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29. 17 January 1966 / B-52 / KC-135 / Palomares, Spain

The B-52 and the KC-135 collided during a routine high-altitude-air refueling
operation. Both aircraft crashed near Palomares, Spain. Four of the eleven crew
members survived. The B-52 carried four nuclear weapons. One was recovered on
the ground, and one was recovered from the sea on 7 April after extensive search
and recovery efforts. Two of the weapons' high-explosive materials exploded on
impact with the ground, releasing some radioactive materials. Approximately 1400
tons of slightly contaminated soil and vegetation were removed to the United
States for storage at an approved site. Representatives of the Spanish Government

A L,

N monitored the cleanup operation.
o
5
B! 30. 21 January 1968 / B-52 / Thule, Greenland
-

A B-52 from Plattsburgh AFB, New York, crashed and burned approximately 7
e miles southwest of the runway at Thule AB, Greenland, while approaching the base
~ to land. Six of the seven ecrew members survived. The bomber carried four nuclear
) weapons, all of which were destroyed by fire. Some radioactive contamination
[j occurred in the area of the crash, which was on the sea ice. Some 237,000 cubic
b feet of contaminated ice, snow, water, and crash debris were removed to an
. approved storage site in the United States over the course of a 4-month operation.

Although an unknown amount of contamination was dispersed by the crash,
I environmental sampling showed normal readings in the area after the cleanup was
j completed. Representatives of the Danish Government monitored the cleanup
d operations.

31. Spring 1968 / Atlantic Ocean

Details remain classified.

: 32. 19 September 1980 / Titan Il ICBM / Damascus, Arkansas

During routine maintenance in a Titan II silo, an Air Force repairman dropped
a heavy wrench socket, which rolled off a work platform and fell toward the
bottom of the silo. The socket bounced and struck the missile, causing a leak from
a pressurized fuel tank. The missile complex and the surrounding area were evacu-
ated, and a team of specialists was called in from Little Rock AFB, the missile's
main support base. About 8.5 hours after the initial puncture, fuel vapors within
the silo ignited and exploded. The explosion fatally injured one member of the
team. Twenty-one other USAF personnel were injured. The missile's reentry vehi-
cle, which contained a nuclear warhead, was recovered intact. There was no radio-
active contamination.

NOTE: The events outlined here involved operational weapons, nuclear
materials, aireraft, and/or missiles under control of the U.S. Air Force,
U.S. Navy, or the Atomic Energy Commission (the DOE predecessor
agency). The U.S. Army has never experienced an event classified as an
accident involving nuclear weapons. The U.S. Marine Corps does not
have custody of nuclear weapons in peacetime, and has not expericnced
an accident involving them.
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The mission of the Armed Forces Radiobiology Research Institute (AFRRI) is to
conduct research in the field of radiobiology and related matters that is essential to
the operation and medical support of the Department of Defense and the Military
Services. In support of that mission, AFRRI operates a medium-sized research
nuclear reactor. The reactor is used to generate radiations, primarily neutrons and
gamma rays, which are used to conduct experimental biomedical research and to
produce isotopes. The radiations are delivered to the experiments in one of two ways:
A pulse operation delivers a very short burst of high power, or a steady-state
operation delivers a longer, continuous low- to medium-power exposure. The reactor
is also used to train military personnel in reactor operations.

The AFRRI TRIGA Mark-F reactor facility is within the AFRRI complex on the
grounds of the Naval Medical Command National Capital Region, in Bethesda,
Maryland. TRIGA is an acronym for Training, Research, and Isotope, General
Atomics. Mark-F is the specific General Atomics Reactor model, distinguished by a
pool, a movable core, exposure room facilities, and the ability to pulse to momentary
high powers. A cutaway view of the AFRRI reactor is shown in Figure 1.

Reactor operations at AFRRI began in 1962. In 1965, a change was made from

aluminum-clad to stainless steel-clad fuel elements. Currently more than 150
multiple-exposure experiments are performed each year using the reactor.

PNEUMATIC TUBE SYSTEM

PLUG DOOR

EXPOSURE ROOM 2

LEAD SHIELDING DOORS
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Figure 1. Cutaway view of AFRRI TRIGA reactor
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PRINCIPLES OF REACTOR OPERATION

The process of splitting the nucleus of a heavy atom is called fission. Certain ele-
ments are ideal for fission because their nucleus splits easily upon absorption of low-
energy neutrons. Uranium-235 is such an element, and it is used as fuel in the AFRRI
reactor as well as commercial power reactors. When a neutron enters the nueleus of a
uranium-235 atom, it disrupts the stability of the nucleus and causes the nucleus to
split, generally into two fragments. As fission occurs, neutron, beta, and gamma
radiations are emitted, along with other photons and particles. After slowing down in
energy, some of the neutrons that result from the fission will enter the nuclei of
additional uranium-235 atoms and cause further fissions. If allowed to continue, the
resulting series of fissions is called a chain reaction (see Figure 2). The fragments
resulting from the fission process have large amounts of kinetic energy, and that
energy is transferred to the surrounding medium in the form of heat energy.
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THE AFRRI REACTOR VERSUS A POWER REACTOR

The AFRRI reactor, classified as a 1-megawatt research reactor, differs from a
power reactor in purposc and usage. The AFRRI reactor serves as a source of
radiation, mainly neutrons and gammas, for research purposes. The heat energy
produced by the fission process is not of concern at AFRRI, because the nominal
amounts of heat produced by the AFRRI recactor are dissipated in its cooling
system. In contrast, power reactors depend on the heat produced, and channel the
heat resulting from fission into steam turbines, which then turn generators to
produce power. Conversely, the radiation produced in a power reactor is an
unwanted by-product, and must be appropriately controlled. The relative amounts
of heat and radiation produced by the AFRRI reactor and a power reactor may be
compared in terms of power levels of operation. The AFRRI reactor nperates at a
maximum of 1 megawatt (thermal), while a power recactor typically operates at
power levels of 1000 megawatts eleetrical or about 3000 megawatts thermal.
Power reactors, as all reactors, directly produce thermal power, which is then
converted into eleetrical power at about 30 percent efficiency.

MODES OF OPERATION

The power levels of a reactor directly correspond to the rate at which fission
occurs. In turn, the rate of fission is governed by the size of the neutron
population in the core (Figure 1). As the neutron source perpetually emits
neutrons, and as prompt and delayed neutrons are constantly produced from fission,
new neutron generations continually occur in the reactor core. The reactivity of
the core is deseribed in terms of criticality; that is, when the number of neutrons
from generation to generation is constant, the reactor is said to be eritical. When
the neutron population is decreasing, the reactor is said to be suberitical. When the
neutron population is increasing, the reactor is said to be supereritical.

The AFRRI reactor is licensed to operate in a variety of power levels, which are
characterized by two modes: steady-state mode and pulse mode. Each of these
operational modes is accompanied by particular power levels and individual
configurations of control rods (the transient rod, safe rod, shim rod, and regulating
rod). Fach mode simulates a general type of radioactive occurrence or dose
delivery to the experiment, described as follows.

STEADY-STATE MODE

The steady-state mode is characterized by low levels of power, up to 1 megawatt,
which ocecur for a designated length of time, from several seconds to hours. The
reactor inay be automatically set to shut down after a particular amount of time,
or it may be manually shut down after achieving a desired radiation dose in an
exposure facility. In the steady-state mode, the reactor is brought to a specifie
power, and is then controlled to run constantiv at that power until shut down. The
reactor is brought to power by first partially withdrawing the transient rod, then
partially withdrawing the safe rod and shim rod, and finally withdrawing the
regulating rod a sufficient amount to produce the power sought. Depending on the
position of the core, the rod heights may be adjusted so that the majority of the
radiation is thrown in a particular direction. The steady-state mode simulates a
relatively low-level, long-term cexposure to radioactivity,
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PULSE MODE

The pulse mode is characterized bv a rapid rise in power, up to 3000 megawatts. In
order to be able to pulse the reactor, or bring the power to momentary high levels,
the reactor must first be brought to criticality at a low level of power. In order to
accomplish this, the safe rod and shim rod are usually completely withdrawn and
the regulating rod is partially withdrawn so that the reactor will be steady at the
desired power. Following this, calculations are made of the rod drive position for
the required pulse value, and the anvil (part of the rod drive that limits upward
movements) is raised to the appropriate height. The transient rod is then fired,
driven by compressed air. The transient rod hits the anvil, and the anvil drops
down by the force of gravity. This is followed automatically by shutdown of the
reactor. The entire process takes place in less than 500 milliseconds., and results in
a short burst of high-level radiation.

THE AFRRI REACTOR

REACTOR CORE

The core (see Figure 1) is the heart of a reactor. The core is composed primarily
of fuel elements (containing the uranium fuel), a neutron source, and neutron-
absorbing control rods. The core is the site of fission, which produces the radiation
sought bv research investigators. The AFRRI reactor is equipped with a movable
core. The core is suspended under 16 feet of water from a dolly just above the
reactor pool. Movement of the core dolly along the track from one side of the pool
to the other is controlled from the reactor console. Approximately 5 minutes are
required to move the core from one side of the pool to the other, a distance of 13
feet.

Located next to the base of the tank pool (two floors below the control room) are
two exposure rooms (Figure 1). Exposure rooms are dry exposure areas into which
experiments are placed. One is located at each end of a pool shaped like a
cloverleaf. The advantages to having a movable core are that (a) the quantity and
character of the radiation reaching these exposure facilities may be controlled, and
(b) more than one exposure facility may be used at the same time. The primary
types of radiation produced by the AFRRI recactor are neutron and gamma. The
ratio of neutron radiation to gamma radiation may be controlled by movement of
the core and by shielding. In order for personnel to enter an exposure room to set
up or change experiments, the core is moved to the opposite side of the pool. The
lead shield doors are then closed for additional shielding.

The core support structure provides a means to suspend the reactor core. The core
housing structure encloses the control rod drives (Figure 1), which are gear systems
to lower or withdraw the control rods into or from the core. Connecting rods
connect the rod drives to the actual control rods, which are located within the
core, 16 feet under water.
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As stated, the core is composed of ecylindrical fuel elements, control rods, and a
neutron source held in place by two grid plates. In each grid plate (see Figure 3),
holes for the fuel elements and control rods are arranged in six concentric rings
labeled A thru F. The four control rods occupy four holes, and 87 fuel elements
oceupy the remaining holes. A guide tube to hold the neutron source is placed
immediately outside the sixth or "F" ring.

18 34’ DIA.
(91).17 2" HOLES

REGULATING ROD LOCATION

NEUTRON
SOURCE

Ny
"¢ HOLZS FOR IN-CORE EXPERIMENTS

Figure 3. Overhead view of AFRRI reactor. Remaining
holes are filled with 87 fuel elements.

FUEL ELEMENTS

An AFRRI TRIGA fuel element is shown in Figure 4. The fuel elements are
principally composed of a eylinder of zirconium hydride mixed with uranium-235,
the actual tuel of the reactor. Uranium-235 will fission upon the absorption of
neutrons, thereby producing more neutrons as well as gamma radiation and heat.
Uranium-235 has a much greater probability of absorbing a low-energy or "slow"
neutron than a fast neutron. As a result, zirconium hydride, a moderator, is used
to slow down the fast neutrons emitted from the neutren source and the fissioning
uranium-235. A rod of zirconium is placed inside the fuel ecylinder to ensure
structural integrity. Graphite plugs are placed at each end of the fuel element in
order to reflect fast neutrons back into the core, which then requires fewer fissions
to sustain the chain reaction.
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Figure 4. Standard fuel element

Samarium wafers are placed between the fuel eylinder and the graphite plugs, in
order to extend the life of the fuel elements. The wafers do so because they ;
absorb neutrons and burn out in proportion to the rate of fuel burnup.

l

L3

An instrumented fuel element is similar in construction to a standard fuel element.
It differs in that three thermocouples are placed within the center portion of the

o
fuel element. These thermocouples measure the temperature of the fuel, which is '
then monitored at the reactor console. v
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CONTROIL RODS

To be of maximum use in experimentation, the rate of fission must be controlled,
thereby controlling the amounts of radiation and heat that are generated. The
fission rate is controlled by absorbing the neutrons resulting from fission, thus
deereasing the number of neutrons available to the fuel elements for subsequent
fissioning. In the AFRRI reactor, the absorption of neutrons is regulated by control
rods, which are mainly composed of borated graphite. (Boron is an effective
neutron absorber, and graphite is a viable means for the suspension of boron, which
is brittle and powdery in pure form.) These control rods are moved in or out of the
core by means of rod drives, which are operated from the reactor console. The
amount of control rod present in the core regulates the fission rate. That is, a
greater length of control rod in the core results in a greater number of absorbed
neutrons and, finally, a lower fission rate. If neutrons are being absorbed at a
greater rate than they are being produced, the fissions will decrease and the
production of power and radiation will be terminated. On the other hand, if
neutrons are being produced at a faster rate than they are being absorbed, the
fissions will increase along with the power level and corresponding radiations. By
withdrawing just enough of the control rods to match the neutron absorption rate
with the neutron production rate, a steady-state power level may be achieved.

As mentioned, there are four control rods in the core of the AFRRI reactor. One
control rod is placed in the center position (Figure 3) called the "A" ring, and three
are placed evenly in the fourth ring or "D" ring of the reactor core. The control
rods in the fourth ring are the safe rod, shim rod, and regulating rod, known as
standard rods. From the console, an operator may drive these rods slowly up and
down. He may also "seram" the rods, allowing them to drop by means of gravity
back into the core of the reactor. The control rod in the center ring is called the
transient rod. This rod may be driven up and down in the same manner as the other
control rods. In addition, the transient rod may be fired out of the core by means
of compressed air. Before firing, a stopping anvil is appropriately positioned above
the transient rod. Upon firing, the transient rcd lifts from the core and hits a
shock-absorbing anvil. The reactor is now in pulse mode, that is, ready for a brief
high-power excursion. In pulse mode, all control rods will scram after a brief
period of time set by the operator, usually 500 milliseconds. When the reactor is in
steady-state mode. the rod stayvs against the anvil and is used like a standard rod.
The standard and transient control rods are shown in Figure 5.

NEUTRON SOURCE

A neutron startup source is necessary to ensure the constant availability of
neutrons in the core, in order to begin a power inercase. The neutron source is
composed of a mixture of americium and beryvllium, doubly encased in stainless
steel. Neutrons are produced by this source in the following manner: Americium,

. a4 man-made clement. spontancously decavs into neptunium and alpha particles.
N Alpha particles react with the light element bervllium to produce carbon and high-
;: cnergy neutrons, known as fast neutrons. These neutrons (also called source
a neutrons) are needed in the core for the control of fission as the control rods are
Fe, withdrawn to imerease power. Without a population of source neutrons in the core,
fission could oceur only spontancously. and spontancous fission cannol be predicted
~ or controlled.
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Figure 5. Standard and transient control rod

MODERATION

The AFRRI reactor has an inherent safety feature that will terminate (with or
without control rods) a large and rapid rise of power (or an excursion, as it is known
in reactor terms). This safety feature is based on the fact that to continue to
produce enough neutrons to sustain power, neutrons must "slow down" to very low
cnergy from the high energy at which they are born. As power is produced, heat
(from fissioning) is transferred into the zirconium hydride, making it hot. When
heated, the zirconium hydride does not allow the neutrons to cool to thermal
energy, which in turn does not allow fissioning to occur. Without fissioning, the
reactor power is terminated, beeause it is the heat from fission that produces
thermal power. This inherent mechanism, built into the TRIGA fuel, makes an
explosion or "meltdown" physically impossible.
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:: INSTRUMENTATION 1:’
0 .
. Instrumentation is placed in and around the core in order to measure and N
[- communicate information that is helpful in maintaining control over the operations :
; of the reactor. The population levels of neutrons in and above the core are W
0 measured by detectors called ion chambers, which contain boron and are sensitive h 'f
v to neutrons. Also, the gamma level is measured during a reactor pulse by ion ':'
chambers that are sensitive to gamma. In addition, the temperatures of the b
i reactor core and the pool must be monitored and controlled. To do this, i
N thermocouples placed within the two instrumented fuel elements measure the fuel ;-,,
y temperature, and two thermistors placed in the rcactor pool measure the water 4‘::
temperature. One thermistor is positioned directly above the core, and one is :\
positioned a few feet below the surface of the water, near the side of the pool. o4
A COOLING SYSTEMS -
. The reactor core sits in a "swimming" pool. The pool acts as a radiation shield, }'_:n
protecting operation personnel from radiation. Water is an effective medium for ‘-::.'
shielding from neutron radiation, because neutrons generally travel only a foot or B
two in water. Gamma radiation is also greatly attenuated bv water, with 16 feet x
of water being more than sufficient for an effective radiation shield. : .
In addition to protecting personnel from radiation, water in the pool serves as a ~
means of cooling the reactor core. During operation of the reactor, heat cnergy is o
passed from the core to the surrounding wat_.r, and the water is then passed o
. through a cooling system. From there, heat is transferred through heat exchangers -
\ to a sccondary water system, and is then dissipated in the cooling towers. The f:-:
3 water system for the reactor also provides cleaning and filtration of the water in ::i-.
: the pool. There, filters eliminate particulate matter to maintain optical clarity in '\":
\ the pool. In addition, a demineralizer removes mineral ions to prevent the Oy
' activation (or irradiation) of ions, which occurs naturally in water. et
LEAD SHIELD DOORS AN
Two lead shield doors are located at the bottom of the reactor pool. The doors arc N
aluminum shells 19 inches thick. 5 feet high, and 6 fect wide. They are filled with =
. lead shot and transformer oil. The doors must be opened to allow movement of the .
i core from one side of the pool to the other. They may be closed to provide -
) shielding for scientific personnel working in the exposure rooms on the opposite Y
4 side of the doors from the core. The doors rotate around aluminum poles. The ".tq'
‘ poles are parallel to each other in the open position, and their edges overlap in the ;-.-
closed position. The edges of the doors are stepped (designed to overlap) to s
prevent the streaming of radiation from between the doors. s
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EXPOSURE FACILITIES

The Reactor has several exposure facilities for the irradiation of specimens. The
AFRRI reactor has two exposure rooms, an extractor tube system, a core
experiment tube, a portable beam tube system, and a pneumatic transfer system.
Each of these facilities possesses unique features and provides variety in the
reactor research capabilities at AFRRI. They are described in the following
paragraphs.

EXPOSURE ROOM 1

Exposure Room 1 is located north of the pool, and is the most frequently used
facilitv. The room possesses several arrays (or varieties) in shielding, which make
it especially useful to investigators., The exposure room is 23 feet square and 9
feet high, with a semicylindrical section of the aluminum pool wall projecting
through the south wall of the room. The reactor core can be moved to within less
than 1 inch of the aluminum tank wall, separated from the tank wall by water. A
cadmium-gadolinium shield is positioned on the tank projection, to absorb the
leakage of thermal neutrons from the core into the exposure room. Lead curtains
are suspended from the ceiling to prevent the scattering of gamma rays into
Exposure Room 1 when the core is operating on the opposite side of the pool near
Exposure Room 2. The walls and ceiling of Exposure Room 1 are made of concrete,
covered with wood and painted with gadolinium paint. Because fast neutrons can
activate concrete and thus present a hazard to personnel, the concrete is covered
by wood. The wood slows down the fast neutrons emitted from the core, thus
drastically reducing the chances of activating the conerete. After being slowed
down or "thermalized" by the wood, the neutrons may bounce back toward the
interior of the room, but are then absorbed by the gadolinium paint before they can
escape into the room. The tank wall as seen from ER 1 is shown in Figure 6.

EXPOSURE ROOM 2

Exposure Room 2 is similar to Exposure Room 1 in construction. The room is
slightly smaller, but the ceiling and walls follow the same design as those of
Exposure Room 1: concrete walls covered with wood painted with gadolinium
paint. The pool wall projects from the north wall of Exposure Room 2 just as in
Exposure Room 1, but it is not shielded with cadmium. As a result, a high
concentration of thermal neutrons enters the exposure room. This differs from the
neutron concentration in Exposure Room 1, in which the neutron population is
composed primarily of fast neutrons. Experiments needing a high thermal neutron
component are exposed in this room.
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INSTRUMENTATION

‘ Instrumentation is placed in and around the core in order to measure and
4 communicate information that is helpful in maintaining control over the operations ha

4 of the reactor. The population levels of neutrons in and above the core are ")
measured by detectors called ion chambers, which contain boron and are sensitive Ay
to neutrons. Also, the gamma level is measured during a reactor pulse by ion he

chambers that are sensitive to gamma. In addition, the temperatures of the .
reactor core and the pool must be monitored and controlled. To do this,

thermocouples placed within the two instrumented fuel elements measure the fuel o
temperature, and two thermistors placed in the reactor pool measure the water '-2
temperature. One thermistor is positioned directly above the core, and one is ool
positioned a few feet below the surface of the water, near the side of the pool. y

[

COOLING SYSTEMS

The reactor core sits in a "swimming" pool. The pool acts as a radiation shield,
protecting operation personnel from radiation. Water is an effective medium for !
shielding from necutron radiation, because neutrons generally travel only a foot or Y
two in water. Gamma radiation is also greatly attenuated by water, with 16 feet
of water being more than sufficient for an effective radiation shield.

In addition to protecting personnel from radiation, water in the pool serves as a N
means of cooling the reactor core. During operation of the reactor, heat energy is ‘;.s-'
passed from the core to the surrounding water, and the water is then passed 2 d
through a cooling system. From there, heat is transferred through heat exchangers —
to a secondary water system, and is then dissipated in the cooling towers. The e
. water system for the reactor also provides cleaning and filtration of the water in S
1 the pool. There, filters eliminate particulate matter to maintain optical clarity in e
the pool. In addition, a demineralizer removes mineral ions to prevent the -

activation (or irradiation) of ions, which occurs naturally in water.

LEAD SHIELD DOORS

Two lead shield doors are located at the bottom of the reactor pool. The doors arc
aluminum shells 19 inches thick, 5 feet high, and 6 feet wide. They are filled with
lead shot and transformer oil. The doors must be opened to allow movement of the —_—
core from one side of the pool to the other. They may be closed to provide

' shielding for scientifie personnel working in the exposure rooms on the opposite y
side of the doors from the core. The doors rotate around aluminum poles. The r
pole~ are parallel to each other in the open position, and their edges overlap in the v
closed position. The edges of the doors are stepped (designed to overlap) to f
prevent the streaming of radiation from between the doors.
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SHIELDING

Within the two exposure rooms, exposure to radiation can be tailored or modified
by means of shielding. Shielding materials, which are often part of experimental
setups (or arrays) consist of lead bricks, or bismuth bricks, or combinations of both.
Currently a lead shield and a lead cave are often used together. lLead serves as a
shield from gamma radiation. Placed in the path of radiation, it will enhance the
relative neutron field on the other side. The lead shield is placed in front of the
reactor core to shiecld samples from gamma rays that are emitted from the core.
The lead cave is placed behind the lead shicld in order to shield samples from
gamma radiation that scatters from the exposure room walls. This shield-and-cave
setup is shown in Figure 7. The result is a miniature lcad chamber containing an
enhanced neutron field. Samples inside this echamber mayv be placed in rotators,
which aid the even bilateral exposure of specimens. The standard rotator for small
speeimens is shown in Figure 8. In both the lead shield and the lead cave, the
thickness of the lead may be altered, to produce further variety in radiation fields.

Bismuth serves the same purposes as lead:  to shield from gamma ravs and to
provide an enhanced neutron field. But bismuth is more useful than lead because,
although both absorb neutrons, bismuth does not emit gamma ravs and lead docs.
Because bismuth emits alpha particles upon the absorption of neutrons, the bricks
are painted to shield from alpha radiation.

In addition to placing shiclding materials within the exposure rooms, the amount
and character of radiation reaching the samples in the exposure rooms may be
modified bv moving the reactor core. Moving the core away from an exposure
facility places more water between the core and that exposure room. This results
in a smaller number of neutrons reaching the exposure room, and those that do are
generally of a lower energy. Therefore, the radiation ficld in that facility contains
a higher pereentage of gamma radiation.

ENTRACTOR TUBE SYSTEM

Exposure Room 1 1s equipped with an extractor tube svstem, which permits the
quick insertion and withdrawal of sa..ples. When in position, the extractor tube
extends from directly in front of the core, through the west wall, and into the prep
area, outstde of the exposure room. The section of the tube in the wall follows an
"8 oeurve, whieh prevents the radiation from streaming from the exposure room
into the prep area. Samples are placed inside a plastie carrier and positioned
within the tube by means of a motorized pulley system, controlled from the prep
arca.  The quick retrieval of samples from the exposure room results in greater
precision ain evaluating the amount of radiation received by the samples, partie-
ularly for low-level exposures. This eliminates time delays in moving the reactor
core, closing the lead <hield doors, and opening the exposure room  doors,
Experimental retrieval takes place in seconds rather than the tens of minutes
required for full procedures of room entry,  The extraction also reduces the
exposures to personnel that result from exposure room entries.
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; CORE EXPERIMENT TUBE

Samples may be irradiated in the exposure rooms, or they inay be irradiated in the
! core itself, bv means of the Core Experiment Tube. The Core Experiment Tube is
a hollow aluminum tube with an "S" bend to prevent streaming of radiation. In this
R procedure, a fuel element is withdrawn from the core and placed in storage, and a
Core Experiment Tube is placed in that fuel element location. The samples 1o be
irradiated are placed in small polyethylene containers, called "rabbits," which are
then loaded into the tube and placed directly into the core. The rabbits may be
withdrawn with a modified fishing pole. The Core Experiment Tube is used
primarily to produce isotopes, which are used by researchers as biological tags or
tracers. Radioactive potassium is the isotope most commonly produced. Materials
_ mav be activated in the Core Experiment Tube, and the patterns of radiation
! emitted following activation may be used to analyze those materials. This process

has sev~ral applications.

PORTABLE BEAM TUBE SYSTEM

The portable becam tube system consists of aluminum tubes suspended in the
reactor containment pool. A beam of radiation is produced by this system, thus
allowing the irradiation of selected areas of specimens. A variety of filters and
lenses may be incorporated into experiments to vary the degree, character, and
precision of the radiation.

PNEUMATIC TRANSFER SYSTEM

\ The AFRRI reactor also possesses a pneumatic transfer svstem. The system is not
‘ in use at the present time, but it may be reinstalled quickly if the need arises to
produce extremely high activities of radioisotopes.

CERENKOV RADIATION

Cerenkov radiation is a bright blue color that appears around the reactor core. [t
accompanies a reactor pulse and also steadv-state operations above 1 kilowatt. As
fission oceurs, charged beta particles are emitted, in addition to all other fission
products. With enough energy, these beta particles travel at a speed greater than
the speed of light in the given medium (water). As these particles slow down,
exceess energy is given off as photons of light, which are observed as a bright blue

mlow.
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