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INTRODUCTION

The performance of personnel after exposure to supralethal levels of iomzing
rachation 15 of signmficant interest to the Department of Defense. Many studies
with ammal models have attempted to define and evaluate the experted human
response te radiatior from nuclear weapons and especially to assess the effects
of supralethal exposures on performance capabilities. It has been shown that
exposure to ionizing radiation at high doses does affect nerve cell acuvity and,
PR at sufficiently nigh doses, leads to death from central nervous system (CNS)
: depression within hours to a few days.

In subhuman oprimates trained to perform various physical and visual tasks,
several CNS-associated responses have been described following exposure to
large levels of radiation. The responses are soriewnat dependent on the total
dose, as is the time period in which they occur. Generally, there are three
levels of reccgmzable events: (a) ability to perform at or near control level for
some relatively lengthy period, then total inability tc perform; (b) ability to
perform for 2 relatively short period, then total insbility to perferm for some
period, followed by recovery to control level; and (c) ability to per® =m for a
relatively short period followed by total inability to perform. These a.e usually
referred to as delayed, transient, and immediate incapacitation.

It 15 obvious that the success (or failure) of many military operatichs could
depend on the type of incapacitation experienced. Further, a methad of
reventing, delaying, or even reversing these phenomena would inerease the
%robability of successfully carrying out various cuties and functions. To
¢ deveiop means of interfering with these incapacitation syndromes, an unde -
standing of the underlying mechanisms is necessary. In particular, more
information i, ieeced to define the syndromes as a function of task, radiation
] quality, and dose, and to define the reiation of these parameters to expected
human responses. In this repori, the behavioral experiments relating to early
; transient 1ncapacitation are reviewed, and a critical analysis of available
experimental information on the cruse of the effect is precented.

Early teansient incapacitation (ETD) is defined as a decrement in performance of
a tramned task, occurring transiently and withiii minutes of exposure to
supralethal doses of ionizing radiation.33 n monkeys, ETI will vary widely n
groups of animals similarly exposed. Table 1 divides monkeys from seven
AFRRI studies into three groups on the basis of their responses to varying doses
of ionizing radiation. The first group, No Effects (NE), continued to perform at
or near control levels for at least 2 hr postirradiation. The second group (ETD
showed some period of ineapacitation or performance decrement, followed by a
return to perfcrmanca. The third group, Incapacitation (Incap), became
incapacitated with:n 10 min and did not recover. Although 70 6 of the animals
at the highest dosc (15,000 rads) were totally incapaciteted, the other aistribu-
tions among the three groups of recponses show that degree of incapacitation 1s
only roughly dose-related. Some ammals 1n those studied showed a second



penod of performance decrement, often at about 45 min postirrediation, but
this was not a consistent observation.

Table 1. Behavioral Decrements Following Exposure to Iomz.ing Radiation*

Fose
(rads) Incap* | Meference

1,100 0/10 20
1,7¢0 0/12 20
2,000 414 is
2,500 /6 30
2,800 /3 20

§,200 s 51

s

*,%00 ¥D 2/13 20

o

5,000 YD 21
8,900 YD 20
10,000 vD 31
15,000 vD 52

l
1

* Each set of numbers under NI (no effects), ETI (early
transient INC2Pac ), and lnv ap (:ncapacitation) d
number of Is showing thar resp over total number
rradiated.

“

+ Performance below 30% within first 30 mun; recovery to
above 30% withurn t he,

TR S T O Y

* Performance below 30% withun 20 mun and no recovery within
60 min,

$ VD indicates a visual discrimunation task; SB indicates a
shuttlebox task,

The tasks used to fest monkeys in the experiments summarized in Table 1 were
either simple visuel discrimination or shock-avoidance shuttlebox tests. Bruner
et aL6 used a more demending delayed match-to-sample task and demonstrated
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consider usle performance decrzment at doses as low &s 1000 rads for cobalt-60
irradiation. They compared effects on a simpier visual memorization task and
saw much less decrement even after higher doses of irradiation.

ETI does not oceur with equal frequency in all species. No ETI was found over a
dose range of 1000-17,600 rads in degs.14:39 However, ETI was readiiy elicited
in miniature swine, although differing from that in monkeys by the freguent
accompaniment of convulsions and spasms of extremities,15

Since ETI is a deficit of functioning of the nervous system, it is of crucial
importance to determine if it occurs cniy after irradiation of the head (in whicn
case it might reflect a direct damage to the nervous system) or if it cun also be
elicited by irradiaticy of only the trunk. Table 2 summarizes results from
partial body shielui>a in morkeys and pigs. These results show that for monkeys
there is no clear beneiit of head shielding, although the pig data suggest a very
significant benefit of head shielding compared to truak shielding. The differ-
ences in monkeys and pigs suggest that ETI is not identical in the two
preparations. This has alreeay been suggested by the fact that convulsions,
incoordination, an¢ muscle spasms are very prominent in the pig but not in the
monkey.

Teble 2. Effects of Partial Body 3hielding on Occurrence of ETI*

Species (?::) Unshielad SL':lno:d SN":X‘GL Refererce
Monkey 2,300 310 (1) 1710 %10 (1) (1)
Monkey 4,500 10 W &/10 [}}
Monkey 4,500 3/10 (3) y/to «10 (1}
Monke, 10,000 ¥ 3} W s (2 (1)
P 3,000 s [}
Pig §,000 (¥} 42
Pg 13,000 s 7t s [

® Each set of numbers under Unahielded, Trunk Sheided, and Head
Shieloed denotes numdar o anumals showing ETI ower ‘otal numbet
exposta  Numbers in parenitheces are numbers of animals incapecitated
withiut recovery, which thetelore are not contider~d t¢ have shown ET1,

Although total shielding canraot be obtained under conditions of reactor
irraciation, the fajlure to find any significant protective effect of houd




shielding argues strongly that ETI 1s not a result of & direct effect of radiation
on nervous tissue. This conclusion 15 giready suggested by the studies on

Iysia nervous tissue 1n isolationt’ as we:l as by other older observations on
1sointed nervous tissue,

If ETI Joes not result from wrradiation of only the head, ‘hen 1ts effect must be
mediated by & humoral factor. In agredinent with this conclusion are results
from experiments with both monkeys38 and pigs'S showing that ETI is shorter,
if present at all, when the same amcunt of radiation is given in two parts racher
than 1n a single dose. Tis would be expected if, after radiation exposure, a
cubstance were released in the body that could be dealt with in moderate
amounts, but which the body would fin¢ overwhelming in too great a concentra-
tion.

BLOOD PRESSURE AND CEREBRAL BLOOD FLOW (N ETI

One obvicus possible explanation for cerebral dysfunction is an inadeguate
supply of oxygen. Since blood pressure falls dramaticaily following irradiation,
this 1s « possible explanation for ETL In & recent study, Bruner et al.5 carefully
compaied the time course of the fall in blood pressure to the occurrence of ETL
Usirg cobalt-60 irradistions at 50, 75, and 180 rads/min (for a total dose of
about 1000 rads), they found that for all three groups the blood pressures fell to
about 50% of control, with the smallest ¢rop being to 73% of control. Not ail
animals showed 2 performance decrement i these studies, and the preserce of
a performance decrement did not highly correlate to the magmitude of the
hypotension. Some animals showed a fall in pressure to 35% of control without
showing a performance decrement. However, when it occurred, the perfor-
mance decrement always tended to closely correlate to the hypotension, usually
following within a few minutes the mtial fall in blood pressure, but often
appearing defore blood pressure reached its Jowest value. Ushally the perfor-
mance began to recover within a few minutes after the Initial rise in blood
pressure, and often was fully reversed by the time the blood pressure reached
75% of control. These authors showed that this depir of hypotension was
signficantly correlated to the occurrence of a performance decrement for two
of the dose groups but not the third (180 rads/min).

If ETI results from hypotension, it should be prevented by imaintenance of blood
pressure. Turns et al.47 infused either saline or noreninepheine after irradiation
in order to attempt to block the fall in pressure. They reported no significsent
difference between tne performance of animals in yhizh tl.e blood pressure was
maintamed with nocepinephrine and the performance of emimals that were
injected wrth saline. However, their results de suggest a beneficial effect
tetween 4 and 5 min postircadiation, which is the most usual time for ETL. Such
experiments shculd be repeated.

Bruner et al.7 studied the effect of 1000 racs of cobalt-60 exposure on the
baroreflex function in conscicus monkeys. They found a& depressed sensit:vity
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for 8-15 min postirradiation but cuvld not demonstrate any sermanent loss of
function. A depressed sensitivity could contribute to the lowered blood
pressure. However, the dapressed baroreceptor rerlex could also result from a
humora! age:t's direct effect, with the latter producing still other effects on
blood pressure and {low.

Another 1mportant control experiment was done by Bruner,3 who studied -ETI
and blood pressure wn animals performing a task with positive rather thun
negative reinforcement, using electrical seif-stimulation of several brain sites.
In the ncrmal ammal the self-stimulation had e direct effeet on blood pressure.
But after exposure to about 1000 rads of cobalt-60 irradiation, the self-
stimulation ceased within minutes and the blood pressure returned to normal
minutes later. In most ammals, the time course of decrement paralleled tie
time course of hypotension, which was usually to 40-60 mm Hg. Furthermore,
the direct effect of self-stimulation in raising blood pressure was redvced or
abolished during ETL

Bruner? recently expanded his studies on the cardiovascular changes after
exposure tc 1000 rads of cobalt-60 in the rhesus monkey to include measure-
ment of aortic blood flow velovity, blood pressure, and heart rate, and also
included calculation of peripheral vascular resistance. He found tachyecardia
and hypotension beginning with:n 3-4 min of the onset of exposure, and a lowest
velue of cardiac output at 10-20 min, by which time the blood pressure and
vascular resistance were glrea.ly beguning to recover.

Defects in CNS function following hypotension must result from a decreased
cerebral bleod flow (CBF). Through its very important system of autoregula-
tion, the CNS can often mamtain CBF under conditions of severe hypotension.
Thus it 15 of crucial 1mportance to measure CBf directly 1n irradiated ammals.
This has been done in severa! studies. In a careful stu:dy using a single 2508-~rad
dose of cobalt-60, Chepmar and Youngll demonstrated a dtamastic fall of CBF
mmmedistely foliowing expoiure. They measured CBF with an eiectremegnztic
flow meter in one commor. or internal carotid, with the other common carotic
iigated. Under these circumstances the flow to be measured wouid not be
exclusively te the brain. They found in 15 animals that tae blood pressure fell
from 117 to 48 mm Hg and was loewest at 5 moa postirradiation. CBP fell with a
similar timc course, faliing to oaly 30% of its preirradiation value &t § min,
with recovery similar t¢ the peripheral blood pressure toward control values et
about 25 mn.

In 2 later study, Cnapmar and Youngi? measured CBF after head-oniy
irradiation with X isys to monkeys. CBF was measured by using the mert
krypton-85 desaturaiion technigue. This head-only irradiation of 23G0 rads
produced only a small drop in blood pressure {16 mm Hg) and nc sigmficent
change 1in CBF. O» the basis of these results, the sthors concluded that the
hypotension and lowered CBF characteristic ¢f high-exposure radiation to whole
animals 4o not resuit from direct effects on the CKS.




Two other studies havs attempted measurement of CBF. Nathan znd Craig3?
used a magnetic flow probe in the sommon cerotid (following ligatic: of
extornal vessela). They reported that whereas the CBF fell after 2100 rads of
X irradistion (whole bocy, menkey), 1t increased after 2500 reds of gamma-
neutron irradiation, even though hypotension ensaed. Turbyfill et al.95 used
monkeys trained for visual discrimination tasks that were exposad to 2500 rads
of mixed gamma-neutron radiation. They found dramatic hypotension and ETI
in five of six animals, but did not see a change in common carotid blood fiow.
They proposed that CBF was masintained following ircsdiation and that it was
not correlated to ETL. However, in light of the much more carefully perfermed
previous studies, this conclusion appears unwarranted.

There have been no studies of CBF attempting to maintain blood pressure
pharmacologically after exposure to tadiation. As indicated above; Turns
et al.47 maintain there is no baneticial effect of postirradiation maintenance of
blood pressure with norepinephrine, although their data suggest some benefit.
Turbyhill et al.4® studied the effects of 2-(n-decylamino)~ethanathiosulfuric
acid on ET] in trained monkays. This drug is & B -adrenergic receptor hlocker,
and 1t did prevent or raduce the occurrence of ET1. Although i1t did not prevent
hypotensicn following irradiation, it reduced it considerably. Because of the
very distinct innervation pattern of cerebral blood vesseis, one cannot general-
ize about effects of such an agent on CBF when one knows only the effect on
blood pressure. It is perhaps likely that the radicprotective effects of this drug
are secondary to its maintenance of CBF.

ROLE OF HISTAMINE IN ET1

Since in the monkey the ETI does not appear to result from a direct effect of
radiation on the brain (as indicated by the shielaing experiments) and since the
hypotension also 15 not of verebral origin,12 1t appears very likely that both
result from a release by radiation of some agent that travels in blood and
affects blood pressure and CBF snd has consequent or perhaps direct effects on
cerebrel function. The best candidate for such a humoral agent is histamine.

Histamine 13 & bogenic amine primarily stored in mast cells taroughout the
body. It may have & function as a neurotransmitter in the CNS.8 Histamine
can be reieased from mast cells by a number of mechanisms, including
radiation. There 1s a depletion of local and mast 2¢ll histamine {ollowing
irradiation,16,25,32 although at doses of X irradiation up to 4000 rads, 25 many
as 50% of mast cells show no morphulogical injury.#8 Furthermore, the level cf
cieculating histamine is raised over & period of days in mumans undergeing
radiation therapy.34 Rexs sxposed to X irrudiaticn show an tnerease in blood
nistamine measured at 2 hr and 5 days postirradietivn.49

Doyle and Strike23 studied blood histamine in monkeys exposed to 400C rads of
mixed neutron-gamma radiaticu, using enimsls pretreated with sn inhibitor of
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tha snzyme that degradae, dircainine. They founu wulee *Tord cir6Umstances
that Rz amine ropd foem 0 235 /=) blood following ~~==-tatr~ gad this
peak amoum. ~~3; Joxdhea 3 ua 8fiar exposure. The eone~-ira’jon fei with
time, &v R 2 P €5 AbOHC pathway bliosed, &ang woe ¢ v - o leantly
gjfferssns - % When pretceat~d with ehl: o Tailins, ®
blocker of H; cecepia silas the level follor 5 radiatizi, ~ Dem 78 &g
460 ng/mL I animalr were 2t cated with compaund a8/50 oN 4 a1
release mast cell higtemine, 1wnote was N0 faeganvatie celews * 20 SLlar g vit
irradiation. Thas 3o iime cavrse of Netainii-e reicase be o hatien cotrelstes
very well to the ti.es 2creser of ETh a0 hypaant s o,

Histamine has dramatic effecik on mom Tuwsti muscle ce’i3, < most of {ts
biologic effects are provshlr n.=tixiog DY reseplors on simcoth ~wsele cells.
Histamine has several direct effects on the hear*- tung preparaticas, ineluding a
decrease in heart rate, bronchoconstriction, sad pulmonary artsry vasocon-
striction. 1n addition, it causes releasc of cetecholamines at high coacenicra-
tions that have other effects on the heart and vessels.2? Histumine causes a
dramatic drop in Dlood pressure. With 48/80 injecticn, which causes a release
of natural histamine, Doyle and Strike found blcod pressure fell to 30% of
control values. Edvinsson and Owman®® showed that activation of one type of
histamine receptor (Hi) in cat causes a contraction of extracranial arteres,
while another receptor (H2) causes a vasodilation of both pial and extracranial
arteries. In addition, there was a nonspecific contraction of pial arteries
produced by histamire. These results are to e compared to direct observations

of the effects of histamine on the cerebrai vasculature by Forbes et al.,28 who
observed that histamine caused & vasodilation of cerebral vessels by 40%-50%!
They report duatisz 5f durel and pial vessels as well, but not of the iarge
systemic vessels.

The only reported measurements of effects of histamine on CBF sre unpun-
hshed experiments of H.G. Wolif and M. Cattrcil reperted by Wolff %0 They
measured CBF in the cat after LV. histamine infusion. They fcund that
hypotension followed immediately after infusion was begun and that it contin-
ved for the duration. CBF aisc el after the onset of peripheial hypetension.

In twe studies, ectiluistamines have oeen used in an attempt to determine if a

lockade of the effects of radiation-relessed histemine would preveat ETL
Doyle et al.24 ysed chlorphemremine, sn Hj receptor blocker. He treated one
group of amimals with 10 mg at 30 min bejore irradiation and another group
#ith 10 mg at €0 min befors plus another 10 mg at 30 min before. In all
enimals they recorded & sharp rise in blood pressure within 8 few secends of
exposure, but a fell beginning at 1 min. Since the blood pressure rise 18 blocked
by the a-adrenergic blocker, dibenzyline, this effect is probably mediated by a
release of norepinephrine from sympathetic nerves. For all animals, the bluod
pressure fall reached & maximum at 2-3 min, but whereas the fall for untrested
animals was to less than 50% of control values, for thos: with 20 mg
chiorpheniramine 1t was to about 75% of cenirol. Of eight control ammals, all
but one becume unresponsive for 5-30 min, Of 10 snimals treated with 10 mg
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and T ammals given 29 .ng chlarphemramine, only 1 beceme unresponsive, and
the rest were apparently elert. Even more dramatically, the niean survival
times of the 28-mg animals (23,2 hr! was almost ten times greater than that for
controls (2.9 hr). The 10-mg snimals had a mean survival of 13.1 hr.

n & furlher study, Doyle et al%2 repeated the same test using animels trained
to a \Visual diserimination task. They irradiated with 4000 rads and confirmed
the previous results on the partial protective effect of chlorpheniramine aganst
hypotension. &ast of the 10 control animals they used were totally incspact-
tated or dead before £ min, while 5 anunals recewv.ag 20 mg of chlorphenir-
amine showed ne ETI and very iittle decrement :n performance over 2 hr.
Animals rece,ving 40 mg, for some unexplaired reason, did not differ frcm
conirols.

In tntal, these results on histamne and raciation strongly suggest that hsta-
mine, released by rachation from storcs in mast cells all over the body, acts on
Hj ana Hy receptors on the heart and blood versels te cause a fall of systemie
blood pressure. There 1s, in additicn, a dramatic fall in CBF that may be due
only to the fall in systemic dlood pressure, leading to a feilure of autoregt’ation
of the cerebral vasculature, and may bz further due to direct vascdilatory
effects of histam:ne or. extracramal and intercranial cerebral vessels. A fallin
CBF will enmpromise cersbral function because of mnadequate oxygenation, and
will rasult in light-headedness and faintness in beth humans and menkeys. The
appearance of a monkey experiencing ETI is :dentical to that of a monkey who
is feeling faint and very weak. The ammals usually are not unconscious but are
very mactive. They usuglly he listlesdy on the floor and display & greatly
cdiminished responsiveness to shock.

There s yet another effet of histamine tha. may also contribute to ETI: the
acute Jroduction of severe bradache. It has long been known that LV. miection
of 0.1 mg histamine csuses a generahzad, throbbing heedache.9:38,40,50 ne
headeshe is thovrght to result from stimulction of afferent fibers n cerebral
blooc vessels that are centzined in the trigeminal nerve. Tne stimulation
results from the vasodilation and stretching caused by histamine.30 The
histamine headache ususlly has a latency of about 1 min and lasts from 2 to
12 min. It leaves no sequelae. If histamine is mnjected on one side only, there is
a homoiateral headache. Since th~ effect 1s not blocked by anesthesia of s2aip
blood vessels, 1t must be from only intracranial vessels. Purthcrmore, an
inerease of intracranial pressure decreases the headache, end this manipulation
would be expected to decrcase the stretch of vessele. At least one type of
clinicel headache syndrome is associated with an increase in circulating
‘ustamine, which is assuined to be causative.l

Headache has been a symptom in only seme of the acmdental raaiation
exposures in man. It was reported to bde a prominent symprom 1n the Lockpert,
NY aceident in 1860, in which pulsed X irradiation exposures in doses up to
1500 R to the head were sustained by nine workers. It was also reported as a
symptom by ‘he Jupanese fishermen exposed to fallout from th: Pacific test
tocation in 1954.2




An observation of major importance on the var:ability of ocecrrence of E117
postirradistion was mede by wollf.50 He found that humans show great
variability in their responses to njeered lastamine. As is epparent frem the
results of Table 1, the cocurrence of ETY s vaguely cosc-dependent, but it
never ocewrs ! 1009% of the aninels. This is compatidie with individuel
variability in susceptibility to histamires.

If ETI is indeed caused by & sudden release of histamine 5y mast cells and is
mediated by some combiration ¢i headache snd reduced CRF, then one should
be sble to reproduce ETI by inection of adequate amounts of histumine. Thece
experiments are presently being performcd and, in at leest one tiained araumei,
histamine :njeciion has shuwn development of an ETI-like response {Doyle and
Young, unpublished observations).

Of particular interest regarding hiscamine and radiation of the CNS is « series
of studies on taste avers'on in rats. Rats will show a taste aversion for a long
period of time 1f exposed tc an unpleasanc experience within a few hours after
intake of 4 new fond. Re “iation exposure will elici* taste aversicn.29 Neurons
0 the olfactory bulb have been shown to respond electrically tc beta radie-
tioni? gnd X rays.18 However, this is apparently not due to & direct effect of
the radiation on these neurons, since the taste aversion response 15 blocked by
antihistarines.

It 15 not cleer if human: exposed to a massive dose of radiation will undergo
ETL. Ina cese reported by Shipman,41 & man axposad to 12,000 rads of neutron-
gamma radiation showed a totel collapse beginniiig within seconds and lasting
20-25 min, followed by recovery for ubont 25 hr. The early response was
characterized by severe hypotension, restlessness, disorientation, and apparent-
ly severe pain; ilus may b2 similer to ETI. It has not been seen, however, 1.
several other lethal exposures summarized by Sond et al.2

(Note: This review of the AFHRI program was completed 1n late 1976.)
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