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RADIATION RESEARCH 99, 394409 (1984)

Effect of lonizing Radiation on Physioiogical Function
in the Anesthetized Rat

WILLIAM A. ALTER [I1,* GEORGE N. CATRAVAS,t
ROBERT N. HAWKINS,t AND C. RAYMOND LAKE®

*Uniformed Services University of the Health Sciences. School of Medicine,
4301 Jones Bridge Road, Bethesda, Marviand 20814
YArmed Forces Radiobiology Research Instuwe, Bethesda. Maryland 20814

ALTER, W. A, III, CATRAVAS, G. N., HAWKINS, R. N., AND LAKE, C. R. Effect of lonizing
Radiation on Physiological Function in the Anesthetized Rat. Radiar. Res. 99, 394-409 (1984).

Exposure of pentobarbital-anesthetized mits to 14.5-MeV electrons results in radiztion-induced
physiological dysfunction. Responses include transient hypotension, & transient decrease in heart
rate. resperstory dysrhythmias, and a prolonged increase in pulse pressure. Magnitudes of these
responses are dose related, and maximal responses can be elicied by either whole- of pantial.
body (hesd or abdominal) exposure to 10.000 rad. These responses were associated with a fivefold

increase in arterial plasma concentration of epinephrine, whereas histamine, norepinephrine,
and d-endorphin did not change during the Arst minute after the onaet of exposure. Administration
. of diphenhydramine. a hustamine receptor antagonist, resulted in a significant decline of baseline
o cardiovascular function and inhibited radiation-induced candiovascular dysfunction. The di.
N phenhydramine-induced decrease in preexposure blood pressure was reversed by angiotensin
1 infusion. but this procedure failed to restore the mechanismis) responsibie for the cardiovascular
S responses to mdiation. Results of these expenments and information available in the literwture
EREY wppon the hypothesis that these respanses are due to an interference in Lie autoaonnc pathways
X thas modulate cardiovascular (unction.

INTRODUCTION

. Exposure to significant doses of ionizing radiation can lead to acute disturbances
> in cardiovascular, respintory, gastrointestingl, and neurologic function. Several animal
spacies, including man (2, 2), monkey (3. 4), and rat (5), experience hypotension
! and performance decrement within minutes after exposure to ionizing radiation. One
9, ~ of the obvious consequences of radistion-induced hypotension could be underperfusion
0 ' of the critical ogans (e.g., beart and brain) that normally possess intrinsic and extrinsic
, mechanisms for maintaining tissue blood Bow in the presence of moderately reduced
blood pressure. IT the hypotension is severe and/or the compensatory mechanisms

have been compromised, then radiation-induced hypotension can be a major con-
o tributing factor to both performance decrement {1, 2) and the myocardial infarctions
. reported in patients after therapeutic partial-body radiation (6).
" qunnin. with the early work of Lewis (7), many investigators have proposed that
42N histamin¢ is the primary cause for several of the acute physiological responses to
YA radiation. Histamine is a potent vasosctive substanice that is found in most body
o tissues, but primarily within tissue mast cells and in circulating basophils. Effacts on
C 3%
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EFFECT OF RADIATION ON THE RAT 395

the vasculature inciude arteriolar dilation, venoconstriction, and increased capillary
permeability (8), and it is these factors that may cause radiation-induced hypotension
as well as erythema and edema.

Evidence to support this “histamine hypothesis™ includes the finding that plasma
levels of histamine rise postexposure (9) at a time that coincides with the onset of
cardiovascular dysfunction (3. 4). In addition, pretreatment with the H,-receptor
antagonist chlorpheniramine partially inhibits radiation-induced performance dec-
rement in monkeys (/0) and rats (//). In contrast, pretreatment with 48/80. an agent
that depletes mast cell stores (/2), does not inhibit radiation-induced erythema in
rats (/3). These findings indicate that at least this species undergoes vascular responses
that do not appear to involve histamine,

One of the primary mechanisms for maintaining systemic arterial blood pressure
within the normal range involves activation of the sympathetic nervous system. In
response to abrupt decreases in blood pressure or blood volume, increased sympathetic
activity leads to cardicacceleration and peripheral vasoconstriction. It is proposed
that mechanisms responsible for radiation-induced cardiovascular dysfunction may
include dysregulation of sympathetic nervous system function. One of the methods
available for assessing acute changes in sympathetic activity is measurement of plasma
epinephrine and norepinephrine. Low levels of epinephrine and norepinephrine post-
expasure might indicate inhibition or damage, while high levels might indicate ac-
tivation of sympathetic pathways. Based on results obtained from rats during endotoric
shock, it appears that the release of endorphins (an opiate peptide) impedes com-
pensatory mechanisms by inhibiting sympathetic output from the brain (/4).

This study was undertaken to determine the effects of radiation on physiological
function in the anesthetized rat model. Experiments were also conducted to evaluate
the effect of radiation on plasma levels of histamine. epinephrine, norepinephrine,
and S-endorphin. Finally, pretreatment with antihistamines was used to determine
if pharmacologic intervention could interfere with a mechanism(s) respoasible for
radiation-induced physiological dysfunction.

METHODS

Male Sprague-Duwiey ruts (300-400 g) served a3 the anima) model for these experiments. Numbees of
animals usad (or each series of eapeniments appear in the teat of appropiate table. Each was anesthetised
with peatobartital (78 mg/kg, ip) and the trachea was intubated. A catheter was \nserted 1nto the femorsl
drtevy 10 mesture arserial blood pressure and another into the femoral vein to adminisier drugs. Heant ru
W Compulind elactronacally Srom the interval between blood pressune pesks, Body Lemperatisre wed raintained
237 2 19C by & feadbeckcontrolind bast lamp. triggered by changes tn recta) temperature, Respirwory
wﬁww;ﬁwdummumuywmmm:mmummwumm
trachen tube.

memiumuwmwumammmmmmawh
mmummmummwwwammmmwu
a elictive elactroa energy of 143 MaV 10 the animaly Dotivietry was conducted daily on & tissue
aquivalent ot phantom, unng doth ionitation chambers and thermolumunesient dotmeters.

To chirscterize the acute physological reapoases, differeat groupss of rats underwent whole-body exposures
at dows of 1000 10 40.000 rad. At 2 dose of 10,000 rad, the effects of dost rate 180 10 1200 rad/sec) were
40 iuvestigated. To dewermune the body regions most critical (0 these reponie . other groups underweat
partal-body radiation exposurcs {10,000 nad), in which either e rnidhend or midabdomen served s the
md.mwsommmmmwmmammymm
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396 ALTER ET AL.

behind a lead and paraffin shield. which reduced the effective dose at the midthorax to less than 1% of the
target dose. Repeated partial-body or whole-body exposures were used to determune if the mechamsmy(s)
invoived in these responses remained intact or was at least temporarily inactivated by an initial exposure.

To determune the effect of radiation on plasma levels of vasoactive factors. arterial blood samples were
obtained from rats that were connected 10 a reservoir ( Fig. 1). A peristaltic pump withdrevs blood from a
caroud artery catheter into the reservoir and then returned blood into the femoral vein at a flow rate of
4 mi/min. Before starting the pump. the experimental rat was heparinized, and the reservoir was filled with
30 mi of blood drawn by aortic puncture from anesthetized donor rats. Once the exchange transfusion
began, 15 min were allocated for mixing blood from the donor rats with the expenmental rat's blood.
Arterial blood sampies were drawn from the reservoir input line while output o the animal continued.
This permutted the withdrawal of five samples a1 the expense of reservoir residual volume while the ex-
pemental rat’s blood volume was maintained relatively constant. Esch blood ample was drawn over
| min at 10 min before exposure and at 0. 10, and 30 min after the onset of exposure. Each animal then
recetved 48/80 (iv) at 32 min postexposure 1o evatuate the integrity of mast cell stores of histamine, A
final blood sample was drawn S min after this final injecuon. The zero hme sample consistad of biood
that had left the animal at the onset of radiation. By increasing the dose rate to 1200 rad/sec for this series
of expeniments, radiation was completed within 9 sec, thus malking it posuble for an investigator to enter
the exposure room and obtain this zero time sample before it entered the reservoir.

One mulliliter of arterial blood was immediately separated from each sample and used to determine
arterial blood gases ( pO,, pCOy) and pH to ensure that sponlaneous respiratory activity provided adequate
33 exchange. The remaining blood was kept on ice until it was centnfuged (within 20 min); then the
plasma was removed and prepared for the study of selected vasoactive {actons. All plasma samples were
kept frozen at -70°C untl analvzed. Vasoactive factors analyzed n this study (with name of technique
in brackets) included histamine-like acuvity {spectrofluorometric {15}, cpinephrine and norepinsphrine
(radioenzymauc {/0)], and d-endorphin-like activity (radioimmunoassay (/7)) Several hemnatologic and

8L000 saMmLEs

o
| . 3 - N v 3 P
] Fuo. L Rmmhm tachaique for repested blood sampling from an anesthetized cat, Catnud artenal
“y uoodwwmndtmamwwm&oodmmmwdinmlhfcmommnutunmemt
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EFFECT OF RADIATION ON THE RAT 397

metabolic parameters were measured to ensure that use of the penstaltic pump and extracorporeal reservoir
did not adversely affect the blood, thereby producing an unstable preparation. Each of these parameters
was messured in anerial blood obtained from the irmadiated rats (V = 7) and from another group (N = 6)
that underwent stham exposure. Metabolic status was assessed by measuring plasma levels of glucose [automated
analyzer (18)}, lactate and pyruvate [spectrophotometnc (/9)), and plasma protein [spectrophotometnc
(20)). Standard laboratory procedures were used to measure hematocrit, hemoglobin concentration, red
blood cell (RBC) fgility, RBC concentration. white blood cell (WBC) concentration. and a differential
WBC count.

To determine whether pharmacologic intervention could inhibit the physiological responses to radiation,
groups of rats received intrvenous injections of H,-receptor antagonists alone, or this was pven in combination
with 10 mg/kg of an Hy-receptor antagonist, cimetidine. Effectiveness of receptors’ blockade was evaluated
in preliminary experiments in which the dose-response curve for the blood pressure response to histamine
was obtained before and after administration of these drugs. For the radiation experiments. H,-antagonist
doses selected were those that resultad in at least a 100-fold increase in the histamine dose required to
cause a hall-maximum hypotensive response (chlorphenicamine. 20 mg/kg: diphenhydramine, 10 mg/kg,
pyrilamine, 10 mg/kp).

Results obtained in these studies were analyzed for statistical differences between baseline and postradiation
valyes by using Ssudent's ¢ tor: for peired data with the Bonferroni modification (21) whenever repeated
comparisons with the baseline value were made within groupe. Comparisons between different groups of
rats were made by using Student's ¢ test for unpaired data. Data presented in this repornt are mean values
and the standard errons of the mean.

RESULTS

In the initial series of experiments, pentobarbital-anesthetized rats had baseline
physiological values of 119 % 6 mm Hg for mean arterial pressure, 39 & 2 mm Hg
for pulse pressure, 395 = 14 beats/min for heart rate, and 79 £ 6 breaths/min for
respiratory rate, Groups of rats were exposed to 14.5-MeV electrons at doses ranging
from 1000 to 40.000 rad. Threshold for acute physiological dysfunction was between
1000 and 2000 rad. and irradiation resulted in a transient decline in blood pressure.
Figure 2 shows the effect of dose on the percentage decrease in mean arterial pressure
recorded during the first minute after the onset of irradiation. Magnitude for radiation-
induced hypotension reached a maximum level after 5000 rad.

Typical responses to radiation obtained in these studies are shown in Fig. JA.
Exposure to 10,000 rad resulted in a hypotensive episode (32 * 4%) that was accom-
panied by a small but consistent decrease in heart rate (7 = 4%), Only the decrease
in mean arterial pressure was significantly different (P < 0.01) from baseline values.
Baoth mean artenial pressure and heart rate retumed to baseline levels within 2 min
after the onset of exposure, and at this time an increase in pulse pressure and a
decrease in respiraiory rate became evident. In this group that received 10,000 rad,
pulse pressure rose by 21 2 3%, whereas respiratory rate fell by 28 = 6% by $ min
after the onset of exposure. Both increases in pulse pressure and respinatory dysfunction
were greater at doses above 10,000 rad. For example, rats that veceived 40,000 rad
(N = &) experienced a hypotensive response (34 2 $%) that was followed by a
45 & 6% incresse in pulse pressure after § min, whereas respiratory rate fell by 48
& 18%; in addition, respiratory tracings indicated that moest animals were also dyspneic.

Effect of dose rate on radistion-induced physiological dysfunction was also inves
tigated by eaposing rats to 10,000 rad over a range of 180 (N = 7) to 1200 rad/sec
(N = 8). An example of responses obtuined at the highest dose rate is shown in the
lower panel of Fig. 3B. Magnitude of the hypotensive response is not significantly
different from that observed at the lowest dose rate. However, an increase in pulse
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FIG. 2. Effects of radiation dose on percentage decrease in mean arterial pressure of anesthetized rats.
All exposures were 1o 14.5-MeV electrons delivered at a rate of 180 rad/sec. Doses used were 1. 2. 3. 4,

5, 10, 25. and 40 krad. Duta points represent £ = SEM for groups of six or more ammals.
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pressure (S50 = 10%) during the hypotensive phase was evident in animals exposed
at the highest dose rate. The degree of respiratory dysfunction was also more severe,
and included episodes of apnea and dyspnea within 30 sec after the onset o’ exposure.
As can be seen in the respiratory activity tracing in Fig. 3B, a brief period of apnea
followed by dyspnea was evident within the first minute after the onset of exposure,
Although respiratory rhythm recovered. rate declined by 48 + 18% at S min post-
exposure and then gradually returned to preexposure levels over the next 10 min.

To determine the body regions most critically involved in initiating the hypotensive
response, groups of rats received partial-body radiation, and the results were compared
to animals that received whole-body radiation. A minimum of seven animals was
used in each group: results are summarized in Table L. All groups had similar levels
of mean arterial pressure before radiation. One group of rats received an initial dose
of 10,000 rad to the head region, and this resulted in a 27 + §% decrease in mean
arterial pressure. Repeating this exposure after 10 min failed to elicit significant
changes in any of the measured physiological parameters. Subsequent exposure of
the abdominal region in this same group, however, elicited a hypotensive response
(35 = 6%) that was not significantly different from that observed for the initial head
exposure. Repetition of this abdominal exposure failed to produce any physiological
responses. A second group of rats received abdominal expasure before head exposure.
Magnitudes of radiation-induced hypotension recorded for the initial regional exposures
(abdominal = 34 * 7% head = 33 & 6%) in this second group were not significantly
different from those described for the first group that had received head irradiations
before abdominal irradiations. Table | also shows that repeated whole-body exposures
10 or 30 min after an initial whole-body exposure failed to produce any significant
physiological responses.

TABLE |
Effects of Repeated Exposures to 10.000 rad on the Acute Hypotensive Respanse of Anesthetized Rals®

Boseline Percentage decrea ¢ in mpan anerial presture
mean anerial
Growp B N presture imm Hp) st Pulse  Ind Pulse  drd Pulse 4tk Pulse
Whaole body t10-mun
intetvals) 1 19=6 - = 2s) 5= 3! 2=z
Whole body (30-min
inicrvals) 7 125=8 “Wsed 126
’ Head Hmd‘ dAbdomes  Abdomen
Head-Abdontinal 10 1326 124 wlal “35 =6 =)=
Abddomen .4bdqnyn Head qu
Abdomiwihudr 1 12329 -3 ? 124 S Y} “$ed

Note All dea wre & = SEM.
*tntesval between eapotires was 10 min except {or anirnals 1o the secaad wholebody-irvadiated group
witich were uvadiated 30 min alter We witial exposire.
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Blood samples obtained from rats undergoing continuous exchange transfusion
(Fig. 1) revealed that radiation elicited prompt changes in several parameters, which
coincided with cardiovascular and respiratory dysfunction. Before exposure, one group
of rats (N = 7) had a respiratory rate of 73 + 4 breaths/min, which provided adequate
artenial blood gases (pO, = 74.7 = 5.4 mm Hg; pCO, = 47.6 = 2.1 mm Hg) and pH
(7.33 £ 0.02). Sham-irradiated rats (N = 6) had a higher baseline respiratory rate (83
* 6 breaths/min). This was associated with a similar arterial pO; (77.8 = 4.1 mm
Hg) but a lower pCO, (39.6 + 4.5 mm Hg) and a higher pH (7.38 + 0.2) than reccrded
in the irradiated group. Exposure to 10.000 rad resulted in respiratory dysfunction,
which included a trend toward a decline in rate to 52 % 8 breaths/min during the
period of radiation-induced hypotension. However, this did not result in hypoxia
(PO = 77.7 = 7.9 mm Hyg) or acidosis (pCO; = 41.0 + 3.0 mm Hg: pH = 7.36
+ 0.03). There were aiso several incidences of respiratory arrhythmias during the first
few moments postexposure. Rate remained depressed even 10 min postradiation
{58 = 4 breaths/min), but blood gases and pH were not significantly different from
those measured immediately postradiation. There were no significant changes in
respiratory function in the sham-irradiated group over this same interval.

Baseline plasma glucose levels in the irradiated and sham-irradiated groups were
145 = 8 and 133 = 5 mg®h, respectively. Radiation resulted in a gradual increase that
reached 241 = 17 mg% by 30 min postradiation. This value was significantly different
{rom the baseiine value in the irradiated group (P < 0.01), and was also somewhat
(but not significantly) greater than glucose levels (174 = 21 mg%) obtained in the
other group at a similar «ime after sham exposure.

Hematologic data revealed that lymphocyte concentrations were 82.3 = 3.1% in
the irradiated group and somewhat higher in the sham-irradiated group (90.8 % 2.6%).
By 30 min postexposure there was a significant (P < 0.01) decline in percentage
lymphocytes, which reached 73.1 & 1.5% in the irradiated group. In contrast, this
parameter did not change in the sham-irradiated group. None of the other metabolic
or hematologic parameters that were measured showed any significant change over
the course of these expenments.

In the irrsdiated group attached to the reservoir, baseline mean arterial pressure
was 114 = 7 mm Hg and heart rate was 385 = 14 beaw/min. Exposure to 10,000
rad resulted in a significant (P < 0.01) hypotensive respons® (36 = 3%) and a small
decrease in heart rate (3 2 1%). Blood pressure results and piasma levels of the four
vasosctive factors measured in these experiments are sumimarnized in Table If, Arterial
biood obxained during the first minute after the ontet of irradiation revealed that
norepinephrine, S-endorphin, and histamine did not change significantly. whereas
cpinephrine roze fivefold, Also there was a highly significant (P < 0.001) negative
correlation (r = ~0.795) between the change in the logarithm of epinephirine and
wean arterial pressure. Over tie postexposure penod. mean arterial pressure, histamine,

and S-¢ndorphin reinained near baseline values, whereas epinephnne remained el
= ¢ evated and norepinephrine rose to peak values at 10 min but then subsided somewhat

by 30 min. Within the sham-irradisted group, mean artenial pressure decreased some-

. what over the eaperimental period, and there was a gradual increase in plasma epi-
- nephirine, while values of the other vasoactive factors remained nedr baseline values.
L : Animals in both groups received 1.0 mg/kg of 48/80 to evaluate the integrity of
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TABLE !

Effect of 10,000 rad on Mean Arterial Pressure and Plasma Levels of Vasoacuve Factors

Time ‘mun}
Group -10 Dwi ~10 «30 P Pl
RAD 45/80

Mean artenal pressyre R ld= 7 EIE-SS A 0we =z 6 1= 4 8= 4
imm Hg) SR 1He = 6 124 8 0= 3 108 = ti 3= 10*
Hisamine R Me 6 e 4 e 2 We 989 N*
tng/ml) SR MIE-I | e 4 9= ) e 4 1372 = 288
Epinephnne R HN2e 82 930 2 106%™ 91 = W 68% = 146" 1218 & aN2*
ipg/m) R We & 1o = 82 199 = §2° MO = 116" 2308 s 178
Norepinephnne R 10e A 412 17 N2z B9 90 = &) 46 = T*
ipg/mb) SR 108 12 16 % 4 104z 18 192 3 5= 4
Endorphin R 2462 22718 2690 20N 2497 = 382 1040 £ 339 000 &= 680°
1 pg/mby SR W3 =24 813 =882 28T £ 419 s = N2 1433 = 134

Vote All valyss are £ = SEM. R = lmachated group (N = 7). SR = Shamamadiad group LV » 6)
* D were oDuned $ mun after admimstrauion of | O mg/ikg of 48/80

* Significantly different fram pretreatment (radiation o¢ 43/80) valus (P < 0.01)

* Sigmbcantly diffiereat from stham group value tP < 0.01).

mast cell stores of histamine. For the irradiated group. there was a }5-fold increase

in histamine. which resulted in a marked decrease in mean arerial pressure

- (26 = $%), while pulse pressure increased (22 = 5%) and respiratory rate decreased

e (14 2 7%) by 5 min after 48/80. Associated with these changes were a fivefold increase

i epinephrine and approximately twefold increases in norepinephrine and S-en-

dorphin. Administration of 48/80 to the sham-irradiated group increased plasma

histamine o a level that was not significantly different from that measured in the
ircadiated group. ln addition, cardiovascular and respiratory responses were not sig-
nificantly different from those obtained in the ircadiated group. There were also
comparable changes in plasma epinephrine, norepinephnne. and S-endorphin,
Based on these results, it appears that postexposure physiological dysfunciion is
not a consequence of radiation-induced release of histamine, 1t 1s possible, however,
¥ that irradistion did result in an increase in histamine that was locally effecuve on
. . the vasculature, but that it was then metabolized (0o rapidly for this technigue to

g detect changes in arterial plisma levels. A second possibility is that the assay was not
sensitive enough to detect plisma !evels of histanune that cause tadiauon-induced
physiological dysfunction.

. To evaluate the first possibility, a second series of reservoir expenments were
conducted in which expenimiental rats (V = 8) were pretreated with amineguanidine
to inhibit histamiaase (22). In addition, these rats were artificially respited at a rate
of 92 = 2 breaths/min and at a tidal volume of 3.0 ml, which increased arterial pO,;

-{87.2 = S.4 mm Hg). But this was not significantly greater than that measured in the
spontaneously respining group {74.7 = $.4 mm Hg). Baseline values for mean antenal
peessure (107 £ S mm Hg), histamine (28.7 = 3.1 ng/ml), and epincphriae (100 = 22
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pg/ml) were not significantly different from the values shown in Table [, wh_reas
norepinephrine (189 + 25 pg/ml) was significantly highier (P < 0.05) in the artifically
respired group. Plasma levels of 8-endorphin and the other hematologic and metabolic
parameters were not measured in these experiments. Exposure to 10.000 rad elicited
a hypotunsive response that was similar in magnitude (40 £ 5%) to those responses
observed in earlier experiments. Once again, plasma epinephrine increased fivefold,
whereas neither histamine nor norepinephrine changed during this response. These
results indicate that pretreatment with aminoguanidine did not reveal any increase
in plasma levels of histamine during radiation-induced physiological dysfunction.

~ Yet to be answered was the question of whether the technique was sensitive enough
to detect increased plasma histamine that can cause these hypotensive episodes. To
evaluate this issue, a final sciies of reservoir experiments was performed on rats
(N = 3) that received aminoguanidine and were artificially respired. These rats received
an intravenous infusion of histamine at a manually adjusted rate to produce a hy-
potensive response (Fig. 4) similar to that recorded from irradiated rats (see Fig. JA).
Arterial blood samples obtained during the hypotensive response revealed a fivefold
increase in the plasma histamine. [n addition, a smal! increase in heart rate was
recorded during histamine-induced hypotension.

Experiments described up to this point do not support the hypothesis that histamine
is responsible for radiation-induced physiological dysfunction in the rat. This appears
to contradict available data from other species indicating that radiation induces an
increase in plasma levels of histamine and that pretreatment with antihistamines
inhibits many of the acute physiological responses to radiation (9=/1). To evaluate
the effectiveness of antihistamines in rats, groups were pretreated with combinations
of histamine receptor antagonists before exposure (Table [II} to 10,000 rad. Untreated
rats (Group |) experienced a 30 + 6% decline in mean arterial pressure after irradiation.

This was accompanied by a small decrease in heart rate (9 £ §%), whereas respiratory
rate declined (14 + 4%) and pulse pressure rose (25 £ 3%) by 5 min postexposure.

-
W

-fmn ot min : clan
I » n “
h

Fic. 4. Typical cardiovascular response 10 an inzavenous histamine infusion. Plasma histamine levels
were measured in arterial blood obtained from an anesthetized rat (pretreated with aminoguadiding) that
was connected to u blood reservoir.
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TABLE (Il

Effect of Histamine Receptor Antagonists on the Mean Anterial Blood Pressure
{mm Hg) Response to 10.000 rad

Angiotensin
Group N Baseline Postdrug  and respirrator*  10.000 rad
[. Unireated 7T 8% 9 81 =8
II. Chlorpheniramine + cimetidine 7 127 =101 110+ 10® 94 =7
lll. Diphenhydramine + cimeudine 7 130z 7 98 + 8* 9% £ 6
IV. Diphenhydramine + cimetidine 7 134 = 2 90 = 6° 136 = 6 141 =7
V. Diphenhydramine 12 1Sz 4 95 S5 1185 H2+$
V1. Cimetidine 6 115z 8 112 9 69 = 8*
VL. Pynlamine + cimeddine 6 13229 094+ 9 13426 136 =S
VI Angotensin + respirator 8§ 112x 4 146 = 6 113 x4

Note. Chlorpheniramine, 20 mg/kg; diphenhydramine, 10 mg/kg; pyrilamine, 10 mg/kg; cimetidine, 10
mg/kg. All data are £ £ SEM.

* Angiotensin infusion (0.06 + 0.02 ug/mtin) and respirator were used to restore anG maintain cardiovascular
and respiratory function after antihisamines were admnistered,

® Significant decrease (P < 0.01} from the previous mean anterial pressure value withia group.

This pattern of radiation-induced physiological dysfunction was similar to that de-
scribed in the earlier experiments. Pretreatment with chlopheniramine and cimetidine
(Group II) reduced by one-half the magnitudes of the hypotensive response
(14 £ 3%) and the increase in pulse pressure (11 + 3%) while the respiratory rate
still decreased (11 = 3%) an amount comparable to that recorded in the untreated
group (). Pretreatment with diphenhydramine and cimetidine (Group I1l) completely
abolished the hypotensive response: in fact, mean arterial pressure rose gradually (12
* 8%) over the 10-min postexposure observation period. This group also failed to
show any decrease in respiratory rate, but the increase in pulse pressure (28 & $%)
at 5 min postexposure was comparable to that recorded in the untreated group (1),
Neither of these antihistamine-treated groups (1l or l11) experienced any significant
decrease in heart rate during the immediate postradiation period.
One possible explanation for the increased effectiveness of diphenhydramine over
chlerpheniramine (both were used in combination with cimetidine) is that the former
~ had-a greater effect on baseline cardiovascular function. The depressions in mean
anerial pressice (22 2 %) and heart rate (20 £ 3%) induced by diphenhydramine
were almoR twice b3 great as those induced Yy chlorpheniramine (13 = 3% and
1 & 4%, ressectively). Both combinations of drugs produced similar depressions in
respinttory mte (appeoximately 10%). To determine if these reductions in function
were respoasibie for inhibition of radiation-induced physiological dysfunction, di-
phenhydramine and cimetidine were administered to another group of rats (IV), but
ventilatian was maintained by a respirator and blood pressure was maintained by an
infusion of angiotensin (0.08 + 0.02 ug/min). Deanite these efforts, heart rate remained
18 = 2% below the level present before any antihistamines were administered, and,
mos importantly, radiation sull failed 1o elicit any hypotensive response.
Todetesmine which of the histamine receptor antagonists was primarily respoasible
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for blockade of radiation-induced hypotension, rats were pretreated with either di-
phenhydramine or cimetidine. Once again. pretreatment with diphenhydramine
(Group V) induced a significant decline in mean arterial pressure and heart rate;
therefore, these animals received angiotensin and were antificially respired. Radiation
did not elicit any physiotogical dysfunction in this group. In contrast, pretreatment
with cimetidine alone (Group VI) did rot affect baseline cardiovascular function.
and radiation elicited a hypotensive response (38 + 3%) somewhat greater than that
observed in the untreated group. To determine if the inhibition of radiation-induced
physiological dysfunction was unique to diphenhydramine, another H, antagonist,
pyrilamine. was administered in combination with cimetidine (VII). This reduced
the preexposure values for mean arterial pressure and heart rate; therefore, these rats
also received angiotension and were artificially respired. Exposure of Group VI failed
to elicit any hypotensive response. To insure that angiotensin was not responsible
for these results, rats in Group VIII were antificially respired and received angiotensin.
Irradiation of this group elicited a 22 + 2% decline in mean arterial pressure while
heart rate decreased § + %, As in the previous irradiation groups, both parameters
recovered to baseline levels within 2 min.

DISCUSSION

These experiments indicate that irradiation of the pentobarbital-anesthetized rat
resuits in prompt disruption in physiological function. Cardiovascular responses include
a marked drop in mean arterial pressure and a small but consistent decrease in heart
rate. Both parameters usually return to baseline values within 2 min postexposure.
In addition, pulse pressure usually increased and remained elevated up to at least 10
min postexposurs. Under conditions of this study. the threshold for the cardiovascular
responses was between 1000 and 2000 rad, with maximum responses recorded at
doses of 5000 rad or more. Respiratory function undergoes a consistent pattern of
decreased rate, whereas episodes of apnea and dyspnea occur irregularly: however,
the respiratory dysrhythmias appear to have an increased incidence at doses above
10.000 rad.

Characteristics of the cardiovascular responses to radiation in the rat are different
from those reported for other species. Both man (/. 2) and monkey (3. 4) undergo
a severe and prolonged hypatensive episode after exposure to doses above 1000 rad.
Onset of this response is delayed somewhat, and minimum blood pressures are far
lower in the monkey (¢) than in the cat. In the present study. mean arterial pressure
decreased by 25 to 40% in response to radiation. but it never fell to the extent that
was reporied in monkeys (3, 4). Earlier studies on the cardiovascular responses to
radiation in the rat (23) did not report any acute hypotensive phase; however, radiation
doses and doss rates were lower than those used in the present study. More recently,
Mickley (24) reported that conscious rats experience a decline in tail artery pressure
that coincides with performance decrement during the firt 30 min after receiving
10,000 rad of 14.5-MeV electrons. Itis not clear how changes in tail artery pressure
after radiation relate to aortic pressure, because it has been shown (25) that the former
decreases markedly in the irradiated rat at a time when aortic pressure is unchanged.
Results of the present study also show that after the brief hypoteasive phase, blood




EFFECT OF RADIATION ON THE RAT 405

pressure measured in the femoral artery is not depressed during the first 30 min
postexposure. It is possible that these changes in tail artery pressure after radiation
may be related to disturbances in thermoregulatory function in the rat, since the tail
serves as an integral part of this process. This explanation is supported by the findings
of acute disturbances in temperature regulation in the irradiated rabbit (26).

Most of the evidence accumuiated in the literature indicates that histamine plays
an important role in the acute physiological responses to radiation. Plasma histamine
levels increased markedly within minutes after monkeys received 4000 rad of
v radiation (9). and pretreatment with chlorpheniramine partiaily inhibited both
radiation-induced hypotension and performance decrement in this same species (/0).
Results of the present study indicate that radiation does not produce any detectable
increase in plasma histamine for at least 30 min. Furthermore, the inability of radiation
to cause a hypotensive response when either partial-body or whole-body exposures
were repeated suggests that the active factor(s) present in the head and abdominal
regions was depleted by the initial exposures. It is apparent, however, that tissue stores
of histamine were not depleted by radiation, because administration of 48/80 within
30 min after radiation produced a marked increase in plasma histamine and a decrease
in mean arterial pressure. These changes were comparable to those recorded from
sham-irradiated rats.

Differences in responses between the rat and the monkey after high doses of radiation
are somewhat surprising because both species undergo severe and prolonged hypo-
tensive responses after administration of endotoxin [rat (27); monkey (28)]. In the
monkey, cardiovascular responses to both radiation and endotoxin may be mediated
by similar mechanisms, because it was found that pretreatment with sublethal radiation
- "protected against the acute responses to endotoxin (29), The transient nature of the

- hypotensive episode after radiation in the rat versus the prolonged response to en-
dotoxin (27) suggests that the causal mechanisis for these responses may be different
in this species.

Other possible candidates for a role in the acute physiological responses to radiation
include opiate peptides (27), bradykinin (28), and prostaglandins (30). All have been
implicated.in the physiological changes associated with endotoxic and anaphylactic
forms of shock. In the present study, plasma levels of one opiate peptide, 8-endorphin,
were found to be markedly increased over levels reported in conscious rats (/6), and
radiation failed to alter these levels, whereas 48/80 doubled the concentration of
B-endorphin. These resuits do not support the hypothesis that 8-endorphin plays an
important role in these responses to radiation, but it must also be stated that this
evidence does not elimvinate the poasibility that other opiate peptides are involved.

Both beadykinin (J7) and prostaglandins (32) satisfy many of the eriteria required
for factors that may be responsible for the physiological responses to radiation in the
rat. Both are widely distributed throughout the body, are potent vasodilators, and
are rapidly metabolized. Future studies will be directed toward determining the possible
role of these fuctors in radiation-induced physiological dysfunction.

Another pouible explanation for these responses involves a radiation-induced
depression of sympathetic nerve infiuence on the cardiovascular system. Evidence is
available that the baroreceptor reflex is irnpaired during the period of radiation.
induced hypotension in monkeys (4). Radiation exposure of the rat may lesd to a
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transient disruption in autonomic activity, resulting in the hypotensive episode. If
these pathways were not affected by radiation, this magnitude of hypotension should
have l2d to a reflex increase in heart rate (as was recorded during histamine infusion,
s¢e Fig. 4) instead of the decrease that was consistently observed in these experiments,

Inhibition of radiation-induced cardiovascular dysfunction by H,-receptor antag-
onists may be related to their effects on these same autonomic pathways. Antihistamines
are well known for their ability to depress heart rate and blood pressure (33). This
appears to be due to an anticholinergic affect (34) at the level of the autonomic
ganglia. In the present study, angiotensin was used to restore the vascular tone (Tabie
[II) that was depressed by diphenhydramine and pyrilamine. Despite this effont, ra-
diation failed to elicit physiologicat dysfunction, which indicated that restoration of
blood pressure was not the key factor needed to reestablish radiation-induced car-
diovascular dysfunction. This finding is not unexpected when it is considered that
angiotensin acts on the peripheral vasculature and would not have directly affected
antihistamine-induced depression in sympathetic activity. This contention is supported
by the finding that angiotensin restored blood pressure but did not affect heart rate,
which remained depressed in the antihistamine-treated rats. In rats that did not receive
antihistamines, angiotensin (Table 111, Group VIII) raised preexposure blood pressure
but did not eliminate radiation-induced hypotension. Magnitude of this response was
reduced somewhat (22 + 5%), compared to that recorded in untreated rats (Group
[ = 30 = 5%). This may have been due to the reduction in sympathetic tone in these
animals because the higher blood pressure would reduce baroreceptor stimulation,
Further studies are required to confim this hypothesis of radiation-induced decrease
in sympathetic tone. This effect must be relatively brief because cardiovascular functica
recovered within 2 to 3 min postexposure.

The highly significant correlation between mean artesial pressure and change in
the log of epinephrine is consistent with the hypothesis that radiation led to a selective
increase in adrenal output. A generalized increase in sympathetic activity should have
also led to a parallel increase in plasma norepinephrine; however, this was not abserved
until 10 min postexposure (Tabie I1). If this were a reflex-related increase in epinephrine,
then levels should have fallen by 10 min postexposure by which time mean anerial
pressure had recovered: however, this did not occur, and plasma epinephrine remained
elevated for at lesst 30 min (Table I1). This relationship between blood pressure and
plasma epinephrine is recorded in rats after hemorrhage (35). Plasma epinephrine
fell as blood pressure recovered. Results of the present study are more consistent with
the hypothesis that radiation initisted a mechanism(s) that directly or indirectly in-
creased the adrenal output of epinephrine. An alternative explanation for the increase
in plasma epinephrine might be that there is an impairment in the enzymatic pathway
respousible for catecholamine breakdown. Although the present study does not directly
address this possibility, the fivefold increase in epinephrine during the first minuta
after the onset of R strangly suggests that this response is due to an increased release,
becsuse this sample is drawn from the artenia! side and most of this blood has not
mlpu;ed though the liver (the primary site of breakdown for circulating catechol
amines). .

Should the cause for the cardiovascular responses to radiation involve changes in
autonomic neural activity, the question remains concerning how exposure initiates
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these events. Since exposure of either the head or abdominal regions results in car-
diovascular responses comparable to those recorded after whole-body exposure (Table
1), it is apparent that these responses are initiated by the release of factors from the
irradiated tissues and that sufficient amounts are reieased even with partial-body
radiation to cause a maximal change in the involved pathways. Stores of the factor(s)
appear to be completely depleted by one exposure, and based on results obtained
from repeated whole-body exposures, these stores are not reconstituted for at least
30 min. Once again, it is doubtful that mast cell stores of histamine are involved,
because 48/80 can still initiate both hypotension and an increase in plasma histamine
at a time when radiation fails to cause cardiovascular dysfunction.

With regard to the changes in respiratory function of irradiated rats, it is readily
apparent that radiation causes a consistent decrease in rate for up to 10 min post-
exposure. Episodes of dyspnea and apnea during radiation-induced hypotension were
recorded on several occasions and were most consistent at the highest doses (40,000
rad) and dose rates (1200 rad/sec). Despite the significant decrease in rate, hypoxia
and acidosis did not develop after rats received 10,000 rad. Although this was not
evaluated quantitatively, there did appear to be an increase in the depth of respiration
(Fig. 3B). The later change was sufficient to maintain adequate gas exchange. Pre-
treatment with diphenhydramine abolished the decrease in respiratory rate, and these
animals did not experience any dyspneic or apneic episodes; however, these experiments
were not conducted under conditions where maximal respiratory dysfunction might
have been expected (dose rate for these experiments was 180 rad/sec). Therefore,
further studies are needed to clarify the protective effect of these agents for maintenance
of postexposure respiratory rate.
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