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Effects of aminoguanidine on pre- and post-irradiation regional
cerebral blood flow, systemic blood pressure and plasma histamine
levels in the primate !

L.G. Cockerham?, G.D. Prcll®, T.J. Cerveny 2. M. O’Brien?® and J.D. Hampton?

2 Physivlogy Department. Armed Forces Rudiobiology Rescarch Institute. Bethesda, Maryland 20814-5145
* Department of Pharmacology. Mount Sinai School of Medicine, of the City University of New York, New York, NY 10029

Abstract

Exposure to ionizing radiation causes hypotension, cercbral ischemia and releasc of histamine (HA). To
investigate the relationship among these three responses. rhesus monkeys (Macaca mulatta) received
aminoguanidine (AG) (1 mg/kg). then were given either 50 Gy whole-body irradiation or sham-irradia-
tion. Monkeys receiving AG had lower mean arterial blood pressure (MABP) than saline-treated con-
trols. Compared to controls, rCBF was lower in irradiated monkeys bhut pre-treatment with AG did not
influence this effect. Among untreated, irradiated monkevs. HA levels were increased only at two
minutes post-irradiation, but among AG-treated. irradiated monkeys. HA levels were higher at all times
postirradiation. Radiation-induced release of HA may be associated with radiation-induced hypotension
and reduced rCBF. but failure of AG to alter rCBF suggests that released HA may not be the sole
mediator of these effects. Because elevations in plasma HA are probably due to HA derived from
degranulation of mast cells, release of other bioactive substances from mast cells may also influence these
cardiovascular effects. Surprisingly, in sham-irradiated monkeys. AG alone had a slight but significant
hypotensive effect.

Introduction ated the cffects of HA released after irradiation
and the concomitant early transient incapacitation
(ETI) in the monkey [5. 6]. ETI. the completc.
transient cessation of motor performance, occurs
within the first 30min after cxposure to
supralethal doses of ionizing radiation {7].

The metabolic pathways of HA in nonhuman pri-
mates have been studied less extensively than those
in humans. In primates, as in rodents, HA is

Studies have shown elevated levels of circulating
blood histamine (HA) in humans undergoing radi-
ation therapy [1] and incrcased levels of HA in
plasma of nonhuman primates {2~ 5] following ir-
radiation. HA is implicated in radiation-induced
hypotension 2] and in postirradiation reduced
cerebral blood flow [3. 4). Antihistamines attenu-

' Address all correspondence to: Dr. Loreis G. Cockerham Bio-
technical Services. Inc. 4700 West Commercial Dr.. Suite B North
Little Rock. AR 72116,

Supported by the Armed Forces Radiobiology Rescarch Insti-
tutc. Defense Nucicar Agency, under work unit 00105, Views
presented in this paper are those of the authors; no endorsement
by the Defense Nuclear Agency has been given or should be
inferred. Research was conducted according to the principles
enunciated in the “Guide for the Care and Use of Laberatory
Animals” prepared by the Institute of Laboratory Animal Re-
souress, Nationai Research Council.

methylated. forming tele-methylhistamine (t-MH),
which in turn is oxidized to tele-methylimida-
zoleacetic acid. HA is also deaminated by diamine
oxidase (DAQ). forming imidazoleacetaldehyde,
which is converted to imidazolcacetic acid [8-10).
The pattern of labeled HA metabolites recovered
in urine following slow infusion of small amounts
of labeled HA into healthy humans suggests that,
under these conditions. the contributions of cach

-
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pathways to HA degradation are nearly equal [11).
Oral administration of 1 mg/kg of aminoguanidine
(AG) (1 mg/kg) nearly abolished the amounts of
oxidative metabolites, and enhanced the quantities
of methylated metabolites and unmetabolized HA
recovered in urine [11].

To facilitate measurements of HA in the plasma of
rhesus monkeys, DAQ is often inhibited, because
its concentration in plasma 1s much higher in this
species than in most other animals [12]. For exam-
ple. one group (using a4 method with less sensitivity
to HA than the one described below) reported that
levels of HA in plasma from rhesus monkeys
ranged from nondetectable to about 0.2 ng/ml
[13]. Therefore, it is often useful to use a carbonyl
reagent, such as AG. to inhibit enzymatic degrada-
tion of HA. Also. such inhibition would reduce the
rates at which HA is metabolized after its levels are
elevated [8. 14]. Although AG facilitated the mea-
surement of HA levels in plasma, this agent had
little effect on the hypotension of irradiation fun-
published data]. The effect of AG on cerebral
blood flow in monkeys has not been previously
investigated.

Because a relationship probably exists between re-
lease of HA, reduced mean arterial blood pressure
(MABP), and decreased regional cerebral blood
flow (rCBF) following irradiation 3. 4], we hy-
pothesized that AG would alter these radiation-in-
duced physiological responses. To test this hypoth-
esis. we investigated the effects of AG treatment on
these three parameters in irradiated and sham-irra-
diited monkeys.

Materials and methods

In this study. wz used 23 rhesus monkeys (Macaca
nmularta), weighing between 2.3kg and 4.9kg
(3.3+0.1 SEM). The animals were divided ran-
domly into four groups: (1) six given saline (i.v.)
60 minutes before sham-irradiation, (2) five given
AG (10 mg/kg. i.v.) in salinc 60 minutcs before
sham-irradiation. (3) six given saline (i.v.)
60 minutes before irradiation. and (4) six given
aminoguanidine (!0mg/kg. i.v.) in salinc
60 minutes before irradiation. Food was withheld
from all animals for 18 hours before the experi-
ment, but water was available ad libitum. Research
was conducted according to the principles enuici-
ated in the Guide for the Care and Use of Lahora-
tory Animals prepared by the Institute of Labora-
tory Animal Resources. National Research Coun-
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cil (USA). Monkeys were initially anesthetized in
their cages with ketamine hydrochloride (20 mg/
kg, i.m.) supplemented with 0.015 mg/kg atropine
sulfate. and were then moved to the laboratory for
the remainder of the experiment.

A systemic venous catheter was used to administer
physiological salinc and the principal ancsthetic.
a-Chloralose (100 mg). and supplemental infu-
sions were provided as needed, based on heart rate.
blood pressure, respiration rate, blood pH, and
peripheral reflexes. A femoral arterial catheter was
used to withdraw blood for blood chemistr; and
blood gas determinations and to measure systemic
arterial blood pressure.

Approximately 2 hours before irradiation or
sham-irradiation, the animals were intubated with
a cuffed endotracheal tube and ventilated using a
forced volume respirator to maintain stable blood
pH and oxygen tension. After insertion of the en-
dotracheal tube, each animal was placed on a cir-
culating water blanket to maintain body tempera-
ture between 36°C and 38°C. A rectal probe mon-
itored body temperature.

Using a technique previously described [3. 4. 15,
16]. platinum-iridium wire electrodes were placed
in the left and right hippocampi (CA1 region) in
order to measure rCBF by hydrogen clearance.
Measurements were taken for 30 minutes before
irradiation or sham-irradiation and for 60 minutes
thereafter. This technique is essentially an ampero-
metric method that has been successfully employed
in similar studies [3. 4. 15, 16].

After recording for 30 minutes, the animals were
disconnected from the respirator and recording
apparatus and irradiated in a scparate room, using
a bilateral, whole-body exposure to gamma ray
photons from a °Co source located at the Armed
Forces Radiobiology Research Institute. Exposure
was limited to a mean dose of 46.8 seconds at
62.4 Gy/minutes steady state. frec-in-air. Dose-
ratc measurcments at depth were made with an
ionization chamber placed in a tissue equivalent
model. The measured midline tissuc dose rate was
58.0 Gy/minutes. producing a calculated total
dose of 50 Gy, taking into account the rise and fall
of the radiation source. (The Gray (Gy). the Sys-
teme Internationa! (SI) unit for absorbed dose.
corresponds to an cnergy absorption of 1 J/kg or
100 rad.)

The animals were reconnected to the respirator
and recording apparatus at 4 minutes postirradia-




Agents and Actions, vol. 32, 3/4 (1991)

tion or sham-irradiation and measurements were
continued for a minimum of 60 minutes. At 30 and
1C minutes before irradiation or sham-irradiation,
and at 2, 4 and 6 minutes after irradiation or skam-
irradiation, blood samples were taken via the arte-
rial catheter to determine plasma HA levels. Blood
samples were taken to monitor stability of blood
pH and oxygen tension, and respiration was ad-
justed to maintain pre-irradiation levels. MABP
v/as determined via the arterial catheter during the
cxperiment. After the experiment. the animals
were humanely euthanized with an i.v. injection of
saturated MgSO, while still under anesthesia.
Brains were removed and dissected for visual veri-
fication of electrode placement.

Blood samples were drawn from the arterial
catheter with plastic syringes and transferred to
prelabeled, chilled collection iubes containing
EDTA. The bleod was then centrifuged (5°C) and
the plasma was transferred to polypropylene
tube, rapidly frozen, and stored at —-80°C until
analy zed.

For measurements of plasma levels of HA, plasma
was thawed, and 300 pl were transferred to 400-ul
polypropylene tubes containing 100 pi of 100 mAf
sodium phosphate (NaP) buffer (pH 7.9). The
mixture was vortexed, boiled for 10 minutes,
cooled, and centrifuged at 50000 x g for 20 minutes.
The supernatant (25 pl) was analyzed for HA.
Quantitation of HA in samples collected 2. 4, or
15 minutes after irradiation often exceeded lincar
scgments of the standard curve for HA content
(2.5-250 pg base). Therefore, aliquots from these
samples were diluted with 25-mM NaP buffer to
400 pl; 25 pi of this diluted mixture were analyzed
for HA.

HA was methylated by tritiated S-adenosyl-L-me-
thioninc (SAM) in the presence of cxogenous his-
tamine N-methyltransferase (HMT) to form triti-
ated t-MH by modifications (in preparation) of the
single isotope method of Salberg et al. [17] such
that 2.5 pg (about fmol) of HA could be reliably
measured.

Supernatants  were  transferred  to  400-pl
polypropylene tubes containing 5l of 50-mM
NaP. HA standard solutions (5 pl of 2.5-250 pg
base ir. 50-mAM NaP) were added to tubes contain-
ing 25 ! of 25-mM NaP (pH 7.9). Methylation
began after addition of a cocktail (10 pl) contain-
ing unlabeled SAM (Sigma Chemicals), [methyl-
SHISAM (New England Nuclear). and HMT pre-
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pared from rat kidney, in 50-mM NaP buffer
(pH 7.9). Final incubation concentrations were
1.03pM (13.4Ci/mmol) and 14.8 ug protein
(256 pmol/g protein/nr) fcr SAM and HMT, re-
spectively. Blanks were identical to standard
preparations but devoid of HA. To determine HA
recovery, 5 pl of a solution containing 25 pg of HA
in 50-mM NaP were added to aliquots of each
assayed saumple, and were processed in parallel.
The 40-pl mixture was incubated for 60 minutes in
ice water, then quenched with 12.5ul of 0.4-N
HCIO, containing unlabeled t-MH (50 ug/ml). Af-
ter vortexing, 10 pl of 10-N NaOH and 200 pl of
chloroform were added sequentially, vortexed, and
centrifuged (2000 x g) for 2 minutes. The agueous
layer was aspirated away, and 50 pul of 3-N NaOH
was added. The mixture was vortexed. re-cen-
trifuged, and the aqueous layer was removed.
Aliquots (100 pl) of the organic phasc were trans-
ferred to scintillation counting vials. After the
chloroform evaporated. scintillant (NEN-963.
New England Nuclear) was added. and each vial
was counted in a Beckman LS-3801 spectrophoto-
meter. Standards and blanks were determined in
quadruplicate, and the unspiked supernatant sam-
ples and those used for recovery, were analyzed in
triplicate.

Blood pressure and blood flow data were grouped
into 10 minute intervals, measured in relation to
midtime of radiation. Data from each interval
were averaged and plotted at the middle of the
interval. The Shapiro-Wilk Test was used to assess
normality of values of the various sample groups
{18]. The Wilcoxon Rank Sum Test was used for
the statistical analysis of the blood pressure. blood
flow and HA data. A 95% level of confidence was
employed to determine significance. Because all
animals were treated identically before irradiation
or sham-irradiation. and because the data for con-
trol and test animals showed no significant differ-
ence among monkeys at 30 minutes and
10 minutes before irradiation. pre-irradiation data
for irradiated and sham-irradiated animals were
combined for each monkey.

Resalts

The Shapiro-Wilk test, which asscsses the com-
posite hypothesis of normality [18)]. indicated that
data from many samples were sufficiently inconsis-
tent (p<0.05) with a normal distribution. This
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(10 me/Kg. i.v.) 60 min betore sham or gamma irradiation.

finding encouraged us to use alternate methods.
such a. distribution-free techniques or non-para-
metric statistical procedures [18]. Therefore, the
Wilcoxon Rank Sum Test was used for the final
statistical analysis.

The MABP of both groups of irradiated animals
decrcased from the pre-irradiation mean of
99.8 + 1.8 mm Hg within 10 minutes after irradia-
tion (Fig. 1). The irradiated group not treated with
AG showed a drop to the 10 minutes postirradia-
tion level thet was 52% of the pre-irradiation
value. The irradiated group treated with AG
showed blood pressure levels that dropped to 30%
of the pre-irradiation levels. These two levels were
also significantly different for the remaining five
observations in the two groups. The two control,
sham-irradiated groups (onc with AG and onc
without AG) were significantly diffcrent from each
other at 20, 30, 50 and 60 minutes after sham-irra-
diation. However, these two groups were not sig-
nificantly different from each other after
10 minutes and 40 minutes. The two groups of an-
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Percent change in mean ( 3 SEM) hippocampal blood flow after
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a caleulated pre-irradiation mean (63.4 1 3.0 mijg of tissuc/min)
determined from observations taken 30 min and 10 min before
exposure, Changes in cach monkey were based on their individ-
ual pre-irradiation hippocampal blood flow. Twelve monkeys
were pre-treated with saline 60 min before sham or gamma
irradiation and cleven monkeys were pretreated  with
aminoguanidine (AG) (10 mg'Kg. i.v.) 60 min before sham or
gamma irradiation.

imals not treated with AG, one irradiated and one
sham-irradiated. showed blood pressurc levels that
were always significantly different from each other
after irradiation. Likewise. the two AG-treated
groups of animals were significantly different after
irradiation. In each of the four groups., the respira-
tion of each subject was maintained at pre-irradia-
tion levels, and the blood gas data revealed a gen-
cral stability of blood pH and oxygen tension
throughout the experiment (data not shown).

Fig. 2 displays a pre-irradiation mean blood flow
of 63.443.0ml per 100 g of tissuc per minute in
the hippocampus. Compared with sham-irradiated
monkey. postirradiation blood flow values for
both groups of irradiated animals showed a rapid
(7 <0.01) significant declinc within 10 minutces af-
ter irradiation. The rCBF for the irradiated group
treated with AG dropped markedly to 42% of the
pre-irradiation level, while for the untreated, irra-
diated animals it only dropped to 60%. Although
at most times after irradiation. rCBF of AG-
treated monkeys was less than those given saline.
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there was no significant difference  between
hippocampal blood flow levels of the two irradi-
ated groups at any time after irradiation. Similarly,
the two control, sham irradiated groups were not
significantly different from each other or from pre-
irradiation levels at any time after irradiation. The
two groups of animals that were not treated with
AG (one irradiated and one sham-irradiated) were
significantly different ( p <0.01) at cach postirradi-
ation time. Comparison of the two groups treated
with AG also showed a signivicant difference
(p<0.01) at all times after irradiation.

The mean (+SEM) pre-irradiation plasma HA
level, averaged from 30 minute and 10 minute pre-
irradiation levels of all monkeys, was 1.38 ng/
ml+0.26 ng/m! (Fig. 3). Levels of HA for both
sham-irradiated groups of monkeys showed no
significant changes at any time during the experi-
ment. After irradiation, HA levels for both irradi-
ated groups showed abrupt increases within
2 minutes to levels that were significantly higher
than the pre-irradiation levels. HA levels in Plasma
of the AG-treated, irradiated group werc also sig-
nificantly higher than those in the sham-irradiated
monkeys and in untreated, irradiated monkeys for
all postirradiation obscrvations. However, among
monkeys that were not pretreated with AG.
nlasma levels of HA in irradiated monkeys signifi-
cantly exceeded plasma levels in sham-irradiated
monkeys after 2 minutes (p<0.01), but were not
significantly higher after 4 or 6 minutes.

For all monkeys (#=23), the mean (£ SEM) of the
HA levels in samples of plasma collected 30 minutes
before (- 30 minutes) irradiation or sham-irradia-
tion (1.46 ng/mi+0.49 ng/ml) exceeded those of
sampies collected 10 minutes before (- 10 minutes)
irradiation (1.30 ng/mi40.23 ng/ml). Although
this difference was not statistically significant, lev-
els of HA were more often (16 of 23) higher in
samples taken at - 30 minutes. For all sham-irradi-
ated monkeys (n— 11), there were nio correlations
(p<0.2) between levels of HA in plasma collected
at - 30 minutes or at -10 minutes versus levels in
samples taken 2, 4. or 6 minutes after sham-irradi-
ation. There was a corrclation (Spearman's
rtho=0 66, p<0.05). however, between samples
collected at 30 minutes and -10 minutes. For
sham-irradiated monkeys, the mean ( + SEM) levels
(ng/ml) o HA in plasma collected at - 30 minutes
and - 10 minutes, averaged together (1.66 +0.58).
slightly but significantly (Wilcoxon test) exceeded
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Figwee 3
Logarithmic plot of percent of change (mean +SEM) in plasma
HA conwentration after exposuic to 50 Gy. whole body, gamma
irradiaticn. Differences in concentration were calculated from
the mean of levels (1.38 £0.26 ng'ml) determined from all mon-
keys 30 min and 10 min before exposure. Changes in cach mon-
key were based on their individual pre-irradiation levels of HA.
Twelve monkeys were pre-treated with saline 66 min before sham
or gamma irradiation and cleven monkeys were pre-treated with
aminoguanidine {AG) (10 mg Kg. i.v.) 60 min before sham or
gamma irradiation.

mean levels of samples collected 2 minutes
(1.1410.34, p<0.01). 4minutes (0.99+0.24,
p<0.05). or 6 minutes (0.78 +£0.09. p <0.05) after
sham-irradiation: however, none of the mean lev-
cls from 2. 4. or 6 minutcs after sham-irradiction
different significantly from any other. No signifi-
cant differences (cach p<0.3) =xisted among
sham-irradiated monkeys in levels of HA for drug-
treated or drug-free monkeys at any time during
the study.

Discussion

The initial precipitous decline in postirradiation
rCBF in the rhesus monkey reported heie (Fig. 2)
has been observed previously {3. 4. 15, 16, 19]. This
decline previously has been associaied consistently
with an immediate fall in MABP. In primates, a
critical MABP of 50% to 60% of normal is neces-
sary for adzguate autoregulation of cercbral circu-
lation [6. 19, 20].

The measurements of blood flow in the hippo-
campus of maakeys exposed to 50 Gy of gamma
radiation, when plotted at postirradiation times
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(Fig. 2). presents a graph strikingly similar to the
MABP graph of the monkey (Fig. 1). The abrupt
increase in plasma HA levels 2 minutes after irradi-
ation (Fig. 3) coincides with the initial depression
in MABP (Fig. 1) and rCBF (Fig. 2). The involve-
ment of HA is further supported by investigators
who have reported the attenuation of radiation-in-
duced ETI by the administration of antihistamines
16].

The levels of HA we found corroborate results
from previous studies [2--5] by showing an imme-
diate rise within 2 minutes after irradiation in non-
human primates. Our results also demonstrate that
AG has a pronounced cffect on the postirradiation
levels of HA. Irradiated monkeys given AG had
levels of HA in plasma that were at least ten fold
higher than those that were not treated with AG
(Fig. 3). No significant differences were noted in
the plasma HA levels of the two groups of sham-ir-
radiatcd monkeys at any time. Additionally, the
plasma HA levels in the saline-treated, irradiated
monkeys were not significantly different from the
levels in the control animals 4 minutes and
6 minutes post-irradiation. This is indicative of the
primatc’s rapid metabolism through the oxidative
pathway of the extremely high levels of HA in
plasma that follow exposure to gamma radiation.
Before development of techniques with sufficient
sensitivity to measure plasma levels of HA in pri-
mates. like the one used here, investigators often
pretreated primates with a DAQ inhibitor to
facilitate measurement of plasma HA. Wc mea-
sured plasma HA levels even in sham-irraciated
monkeys that were not treated with AG. It seemed
logical that, in primates, further studies of the ef-
fects of the radiation-induced release of HA (such
as hypotension, induction of other intermediate
agents, and central nervous system cffects) might
show a clearer, more accurate picture without a
DAO inhibitor. The presence of a DAO inhibitor
clearly affects the metabolism of newly released
HA, elevating its peak concentrations and retard-
ing its rate of disappearance (Fig. 3). Thus, using
a paradigm that provoked a massive release of
endogenous HA, we confirmed the observations of
others {21] who showed that AG augmented the
levels of HA given to dogs. In dogs and other
species, AG shortened survival times following in-
duction of intestinal ischemia [22, 23], presumably
by extending the duration of histamine’s deleteri-
ous effects.

Agents and Actions, vol: 32, 3/4 (1991)

In the absence or presence of a DAO inhibitor. we
observed subtle, time-related differences in plasma
levels of HA, findings that may extend beyond
studies of the cffects of radiation. The levels of HA
in plasma collected before sham-irradiation of the
monkeys showed a general decline with time, from
about 1.5 ng/ml (at -30 minutes) to about 0.8 ng/
ml in sham-irradiatcd monkeys. We attributc this
small but statistically significant reduction to anes-
thetic-induced rel:ase of HA and its subsequent
metabolism. The correlation between levels in
samples taken at —-30 minutes and —10 minutes,
and lack of correlation or significant differences
among samples collected after —10 minutes, sug-
gests that the slightly clevated levels of HA may
have been declining up until the time of sham-irra-
diation. At about this time, levels tended to stabi-
lize; random differences among these lower levels
probably abolished any relationship between levels
in samples collected from the same animals. Con-
versely. among the same AG-treated, sham-irradi-
ated monkeys. there was a significant relationship
between the rank order of levels at —30 minutes
and —10 minutes, a sequclae that we anticipated.
based on the incomplete metabolism of HA, whose
levels were almost certainly elevated after pretreat-
ment with anesthetic. The phenomenon of anes-
thetic-induced release of HA during the course of
surgical manipulation has been seen clinically [24-
26). In addition, the stress of surgery alone has
been linked to the release of HA in humans [27].
This experiment shows that without additional
doses of anesthetic, such as a-chloralose or at-
ropine (which stimulate release of HA), as much as
2 hours may be required for plasma HA levels to
return to near basal levels. This seerits to be true
whether or not AG is present.

AG pretreatment had a pronounced effect on post-
irradiation blood pressurc. There was a significant
difference between the treated and untreated
groups of animals 10 minutes after irradiation.
This corresponded with the postirradiation levels
of plasma HA in the irradiated groups. Therefore,
using AG to inhibit the enzymatic deamination of
HA caused a significant difference in the postirra-
diation level of plasma HA and in the postirradia-
tion hypotension. However, changes associated
with AG may not be rclated exclusively to alter-
ations in HA levels in plasma. For example, when
comparing the two nonirradiated groups of ani-
mals, one can see that treatment with AG alone
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had a significant effect on blood pressure (Fig. 1)
although there were no significant differences in
levels of HA between these groups in the first few
minutes of the study (Fig. 3). The reason(s) for this
minor, but statistically significant, 10-percent re-
duction in MABP is unclear, Also, we cannot ex-
plain why HA metabolism was altered in these
unconscious monkeys more than 10 minutes after
- sham-irradiation. The simplest hypothesis to ac-
count for these chinges is that AG, at the doses
used. cxerts hypotensive effects independent of its
influence on HA metabolism in primates.

Unlike the changes observed in HA levels and
blood pressure, rCBF responses in the sham-irra-
diated groups and irradiated groups were not sig-
nificantly altered by the administration of AG. Al-
though the two irradiated groups were signifi-
cantly different from the two sham-irradiated
groups, the irradiated groups were not signifi-
cantly different from each other, nor were the
sham-irradiated groups significantly different
from ecach other (Fig. 2).

The drug-related differences in the level of HA
(Fig. 3) cannot be reconciled immediately with the
lack of a significant difference in rCBF (Fig. 2).
Several possibilities may account for this. The
postirradiation release of HA may not be directly
responsible for reductions in rCBF. Instead, an-
other intermediate agent(s) may be involved. For
example, it is established that neurotensin (NT) is
rapidly released in response to radiation [4]. Rioux
ctal. [28] showed in rats that the NT-induced
release of HA was associated with cerebral edema,

and that the increased resistance to blood flow in -

the brain was attributed to NT-induced release of
serotonin (5-HT). Certainly, HA may affect rCBF
through its cffect on systemic arterial blood pres-
sure. However, if the continued presence of HA
produced a significant difference in blood pres-
sure, it would follow that a significant change in
cerebral blood flow would occur if HA were the
sole regulator of rCBF.

Conversely, the enormous surge in levels of HA
suggests that HA may achieve “ceiling-effects”
within minutes. Such levels could trigger a sequela
- of responses that persist long after the removal of
HA (by metabolism or diffusion) has occurred.
Because correlations could not be made between
several intermediate concentrations of HA and de-
grees of rCBF, our findings cannot resolve these
possibilities. Under less severe provocations of HA
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release, or after administration of HA or HA ago-
nists, HA alone may be a sufficient trigger to alter
rCBF [29].

Besides the potential for HA to alter rCBF
through its hypotensive actions, HA is also a direct
acting cerebral vasodilator when applied in vitro or
topically [29]. Furthermore, infusing HA into hu-
mans resulted in decrcased MABP and altered
rCBF [30, 31]. However, in another study, similar
treatment altercd neither MABP nor rCBF [32].
Therefore, «i+2 net effect of small concentrations or
higher levels (Fig. 3) of HA on rCBF is unclear.
For these reasons, a unitary hypothesis that at-
tempts to explain radiation-induced effects solely
through cither intra- or extra-cranial histaminergic
mechanisms may be misguided. Mast cells. the
likely origin of HA after irradiation-induced de-
granulation [33], will release other bioactive sub-
stances along with HA, including lcukotricnes.
prostaglandins, 5-HT, and heparin. Radiation-in-
duced release of free radicals also influences mast
cell degranulation [33, 34]. However, the adminis-
tration of disodium cromoglycate [15], an efficient
hydrated electron scavenger [35], did not decrease
the radiation-induced release of HA in nonhuman
primates.

This experiment showed that pretreatment of pri-
mates with the DAO inhibitor, AG, altered the
postirradiation levels of plasma HA and the hy-
potensive response to radiation, but did not alter
postirradiation rCBF response. It also showed that
AG alone produced a small but significant hy-
potensive effect, The experimental conclusions fur-
ther suggest that the radiation-induced release of
HA may not be directly or solely responsible for
the radiation-induced decrease in rCBF. Perhaps
the radiation-induced release of another interme-
diate(s), such as serotonin, may better account for
the profound reduction in rCBF [36].

Acknowledgements
The authors thank Mr. E. J. Golightly for technical assistance.

Received 20 May 1990; accepted by W. Lorenz,
27 September 1990

References

[1] E. C. Lasser and K. W. Stenstrom, Elevation of circulu:ing
blood histamine in patients undergoing deep roentgen therapy.
Am. J. Roentgenol. 72, 985-988 (1954).

[2] W. A. Alter, 111, R, N. Hawkins, G. N. Catravas, T. F. Doyle

- and J. K. Takenaga, Possible role of histamine ia radiation



244

induced hypotension in the rhesus monkey. Radiat. Res. 94,
654 (1983).

{3) L. G. Cockerham. T. J. Cerveny and J. D. Hampton. Postra-
diation regional cerchbral blood flow in primates. Aviat. Space
Environ. Med. 57. 578 582 (1986).

4] L. G. Cockerham, E. L. Pautler, R. E. Carraway, D. E.
Cochrane and J. I>. Hampton, Effect of disodiam cromogly-
cate ( DSCG } and antihistamines on postirradiation cerchral
blood flow and plasma levels of histumine and neurotensin,
Fundam App!. Toxicol. 10/2), 233 242 (1988).

[5) T. F. Doyle and T. A. Strike, Radwstion-released histamine in
the rhesus monkey as modified by mast-cell depletion and
antihistamine. Experientia 33, 1047 1048 (1977).

[6) T. F. Doyle. C. R. Curran and J. E. Turns, The prevention of
radiation-inducca, early travtsient incapacitation of monkey s
hy an antihistamine. Proc. Soz. Exper. Biol. Mcd. 745, 1018 -
1024 (1974).

[7} D. 3. Kimeldorf and E. L. Hunt. Neurophysiological effects
of ionizing sadiation. In lonizing radiation: neural function
and behavior. pp. 59 108 (Eds. 1. J. Kimeldorf and E. L.
Hunt) Academic, New York 1985,

[8) C Maslinski, Histamine and its metabolism in mammals.
Part H: Catabolism of histamine and histamine hiberation.
Agents and Actions §, i83- 225 11975).

[9] M. A. Beaven. Factors reguluting avatlability of histantine ar
tissue receptors, in Pharmacology of histamine receptors.
pp 103-145 (Eds. C. R. Ganelin and M. E. Parsons)
Wright. Bristol 1982,

[10] J. P. Green. G. DD Prell. J. K. Khandelwal and P. Blandina,
Aspects of histamine metabolism. Agents and Actions 22,
115 (19%7).

{11] 3. Bergmark and G Granerus, Jor exchange chromatograplyy
for quantitative analvsis of radivactive histamine metabolites
in human urine. Scand. J. Clin. Lab. Invest. 34, 365 373
(1974).

[12] G. R. Gordon and L H. Peters, Plasina histaminase activity
in various mammalian species, a rapid method of assay. Proc.

_Soc. Exp. Biol. Mcd. 124, 339 404 (1967).

[13] A. P. Almeida. W. Flye. D. Deveraux, Z. Horakova and M.
A. Beaven. Distnbution of histamine and histaminasc (di-
amine oxidase ) in blood of various species. Comp. Biochem.
Physiol. 67C, 187 - 190 (1980).

[14] T. L. Sourkes and K. Missala, Putrescine metabolism and the
sty of diamine oxidase activity in vivo, Agents and Actions
11.20 27 (1981).

{15] L. G. Cockertham, T. F. Doyk, E. L. Pautler and J D,
Hampton. Disodium cromaoglycate, a mast cell stabilizer, al-
ters postradiation regional cerebral bood flow in primates. J.
Toxicol. Environ. Health 18, 91- 101 {1986).

{16} L. G. Cockerham, C. M. Arroyo and J D). Hampton. Effects
of $-hvdroxypyrazolo (3 4-d) pyrimidine ( Allopurinol) on
postirradiation cerebral Bood flow: Implications of free radi-
cal imalvement. Free Radic. Biol. Med. 4¢5), 279 284
(1988).

{17] D.J. Salberg. L. B. Hough, D. E. Kaplan and E. F. Domino,
A rewrse double-isotope enzymatic histamine assay: advan-
tages over singhe-isotope methods. Life Si. Y, 1439- 1446
(1970,

118} S. S. Shapiro and M. B. Wilk, An analysis of varionce test for
normality. Biometrika 52, 591- 611 (1965).

[19] P. H. Chapman and R. J. Young, Effect of cobalt-60 gamma
izradiation on blood pressare and cerebral Nood flow in the
Macaca mulatta. Radiat. Res. 35, TR-8S (1968).

Agents and Actions, vol. 32, 3 4 (1991

[20] L K. Farrar, F. W. Gamache, Jr.. G. G. Ferguson. J. Barker,
G. P. Varkey and C. G. Drake. Effecis of profound hypoten-
sion on cerchral blood flow during surgery for intracranial
ancurysms. J. Neurosurg. 55, 857 864 (1981).

{21] J. Sautler. R. Hesterberg, W, Lorens, U. Schmidt, M. Crom-
biach and C.-1). Stahlknecht, Inhibition of human and canine
diamine oxiduse by drugs used in an intensive care unit rele-
vance for chnicel side effect.;? Agents and Actions 16, 91 -94
(1985).

{22} 3 Kusche, C.-D. Stahlknecht, W, Lorenz, G. Reichert and W
Dicte. Comparison of alterations in the histamine-diamine
oxidase system during acute mtestinal ischemia i pigs, dogs
and rabbits: Evidence for a uniform pathophysiological mech-
anism? Agents and Actions 9, 49- 52 (1979).

123} J. Kusche, W, Lorenz and R. Hesterberg, The celesance of the
diamine oxidase-histamine system for shock deselopment fol-
lowing intestinal ischemia. In Animal models for intestinal
disease. pp. 255 280 (Ed. C. J. Pfeiffer) CRC Press. Inc.,
Baca Raton, Florida, 1985.

[24] W. Lorenz and A. Doenicke, Anaphyluctoid reactivns and
histumine release by barbiturate induction agents: clinical rel-
evance and pathomechanisms 3 Anesth. 63, 351 - 352 (1985).

{25] W. Lorenz. H. . Roher. A. Docenicke and Ch. Obmann.
Histamine release in anaesthesia and surgery: a new method to
evaluate its clinical significance with several type. of causal
relationship. Chin. Anesth. 2, 403 426 (1984).

{26]) 1. Moss and C. E. Rosow, Histumine release by narcovics and
muscle relavants m humans, Anesthesiology 59, 330 338
(1983).

[271 W. Lorenz. W, Seidel. A. Doenicke, R. Tauber, H.-J Ret-
raann. R. Uhlig. G. Mann, P. Dormann, A. Schmal. G
Hafner and H. Hamelmann, Elesated plasma histamine con-
cemrations in surgery Canses and clinical significance. Khn
Wschr. 52. 419 425 (1973).

i28] F. Rioux, R. Kerouac and S. St-Pierre. Release of mast cell
mediators, vasoconstriction and edema in the volated. per-
Jused head of the rat following intracarotid infusion of neu-
rotensin, Neuropeptides 6,1 12 (1983),

[29] P. M. Gross. Cerehral histamine: Indications for neuronal and
vasculur regulations. J. Cereb. Blood Flow Metabol. 2.3 23
(1980).

[30] R. W. Alman, M. Rosenberg and J. F. Fazehas, Effcets of
histamine on corebral hemodynamics and metabolism. A. M
A. Arch. Neurol. Psychiat. 67, 354 356 (1952).

[31] H. A_Shenkin, Effects of var'.ws drugs upon cerebral circula-
tion and metabolism of man. J. Appl. Physiol. 3, 465 471
(1951).

[32] A. A. Krabbe and J. Olesen. Effect of histamine on regional
cerebral bood f1m in man. Cephalalgia 2. 15 18 (1982)

{33] M. A. Donlon and T. L. Walden, Jr.. The release of biologic
mediators in response to acute radiation injury. Comments
Toxicol. 2, 205 216 (1988),

{34] P. F. Mannaioni and E. Masini. The relcase of histamine by
Jree radicals. Free Radic. Biol. Med. 5, 177 397 (1988)
{351 A. 3. Carmichacl, C. M. Arroyo and L. G. Ceckerham,
Reaction of disodium cromoglycate with hydrated clectrons.

Free Radic. Biol. Med. 4. 215- 218 (1988).

{36] L. G. Cocketham, C. D. Forcino, T. C. Pellmar and S. W.
Smart. Effect of methysergide on postirradiation hypotension
and cerchrar ischemia, Proceedings of the Cerebral Hyposxia
and Stroke Symposium. Budapest, Hungary. August 22 24,
1987,




