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FENTON, L. H., B. BECK, S. DJALI AND M. B. ROBINSON. Hypothermia induced by hyperbaric oxygen is not 
blocked by serotonin antagonists. PHARMACOL BIOCHEM BEHAV 44(2) 357-364, 1993.-Exposure to HBO causes 
hypothermia, bradycardia, head weaving, resting tremor, piloerection, and straub tail in rats. These physiological and 
behavioral responses can also be evoked by selective activation of serotonin~A (5-HT~A) receptors. The purpose of the current 
study was to determine if hypothermia caused by HBO is due to increased activation of 5-HT~A receptors. The levels of brain 
biogenic amines were measured in brain regions of Sprague-Dawley (SD) rats exposed to HBO. Exposure to HBO caused an 
increase in the levels of 5-hydroxyindoleacetic acid (5-HIAA) in the striatum (92%, p < 0.05) and occipital-temporal cortex 
(116% , p < 0.05), but not in other brain regions. Exposure to HBO did not change the levels of tryptophan, serotonin 
(5-HT), other biogenic amines, or their metabolites. It is hypothesized that the Fawn Hood (FH) rat, which is reported to be 
resistant to hypothermia induced by 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), has an abnormality of 5-HT~A 
receptor activity. Although the FH rat was more resistant to hypothermia induced by HBO than the SD rat, we were not able 
to confirm that this rat was resistant to hypothermia induced by 8-OH-DPAT. The 5-HT receptor antagonists, 1-(IH-Indol-4- 
yloxy)-3-[(1-methylethyl)amino]-2-propanol (Pindolol), 1-(2-methoxyphenyl)-4-[4-(2-phthalimido)butyl] piperazine hydrohro- 
mide (NAN-190), and methysergide, did not block hypothermia induced by HBO in SD rats. A series of control experiments 
were used to confirm that the antagonists blocked hypothermia induced by serotonin agonists. These data suggest that 
although HBO alters levels of the serotonin metabolite 5-HIAA in the striatum and occipital-temporal cortex of the rat brain, 
coincident hypothermia is not due to increased activation of 5-HT~A receptors. 

Hypothermia Hyperbaric oxygen 8-OH-DPAT Pindolol 5-Hydroxytryptophan NAN-190 
5-HTIA receptor 

I N C R E A S E D  partial pressure of  oxygen is used in the man- 
agement of  respiratory distress syndrome and other medical 
conditions that require intensive care (22,39). The maximum 
concentrat ion of  oxygen that can be achieved under normal  
conditions at sea level is a partial pressure o f  oxygen (pO2) 
of  760 mm Hg or 1 atmosphere absolute (ATA) of  oxygen. 
Hyperbaric oxygen (HBO) (PO2 > 760 mmHg)  is used as a 
more aggressive form of  oxygen therapy in the treatment of  
arterial gas embolism, decompression sickness, carbon mon-  
oxide poisoning, osteomyelitis,  radiation necrosis, and dia- 
betic ulcers (16). In addition, exposure to H B O  routinely oc- 
curs in diving, aviation, and aerospace environments (24). 
Exposure to increased partial pressure o f  oxygen can cause 
significant physiological,  behavioral ,  and toxic side effects 
(5,16,34). A better understanding of  the basic mechanisms 
that underlie these effects will contribute to the optimal medi- 
cal and occupational  use o f  oxygen. 

Al though some of  the effects o f  oxygen are thought  to be 

due to increases in free radicals (13), evidence suggests that 
alterations in neurotransmitter function may also be involved 
(6,9,32,36,38). HBO causes several physiological /behavioral  
effects that are also seen with activation of  5-HTIA receptors. 
Exposure to increased partial pressure of  oxygen causes brady- 
cardia (5), hypothermia (33), and behaviors similar to those 
reported as "serotonin syndrome" (straub tail, piloerection, 
t remor,  and rigidity) (34). Activation of  5-HT~A receptors 
causes similar side e f f ec t s -b radyca rd i a  (27), hypothermia 
(15,21), and behaviors of  the 5-HT syndrome (23,26). A rela- 
tionship between oxygen exposure and 5-HT activity has been 
proposed (8,19,31) and is supported by observations of  
changes in 5-HT and 5-HIAA levels f rom rats exposed to 
increased partial pressure of  oxygen (6,8,9,19,31). Interpreta- 
t ion of  the data, however, is complicated by differences in 
methods (time and dose of  oxygen exposure) and variability 
of  results. 

The purpose o f  this study was to test the hypothesis that 
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oxygen-induced hypothermia is the result of increased activa- 
tion of 5-HTIA receptors. The levels of biogenic amines and 
their metabolites were measured in specific brain regions of 
rats that had been exposed to 4 ATA oxygen. Two strategies 
were then used to evaluate the relationship between HBO- 
induced hypothermia and 5-HTlA receptor activation. First, 
the Fawn Hood (FH) rat, an animal model reported to be 
deficient in 5-HT~A receptors (17), was exposed to HBO. It 
was predicted that if oxygen caused hypothermia through in- 
creased activation of 5-HT~A receptors, then the hypothermic 
effect of oxygen would be less in FH rats than in Sprague- 
Dawley (SD) rats. The hypothermic effect of oxygen was less 
in the FH rat than in the SD rat. Second, the effect of 5-HT 
receptor antagonists on body temperature of rats exposed to 
HBO was measured in SD rats. To confirm that the 5-HT1A 
antagonists block 5-HT related hypothermia, 5-HT~A an- 
tagonists were used to reduce the hypothermia caused by the 
5-HT agonist, 8-hydroxy-2-(di-n-propylamino) tetralin (8- 
OH-DPAT), and the 5-HT precursor, 5-hydroxytryptophan 
(5-HTP). Although 5-HT receptor antagonists blocked 5-HT- 
related hypothermia, these compounds did not block hypo- 
thermia induced by HBO. A preliminary report of these find- 
ings has been presented (11). 

METHOD 

Materials 

Male SD rats were obtained from Charles River (Wilming- 
ton, MA). Male FH rats were obtained from the New York 
State Department of Health (Albany, NY). Rats were housed 
in a climate-controlled room (22-24~C), kept on a 12 L : 12 D 
cycle, and fed Purina high-fiber rat chow. Rats weighed be- 
tween 250 and 400 g. 8-OH-DPAT [Research Biochemicals 
Inc. (RBI) Natick, MA] was dissolved in sterile normal saline 
to an injection volume of 1 ml/kg. 5-Hydroxytryptophan 
(RBI) was dissolved in normal saline to an injection vol. of 10 
ml/kg. Methysergide (RBI) and NAN-190 (RBI) were dis- 
solved in DMSO to an injection vol. of 1 ml/kg. (+ )  Pindolol 
(Sigma Chemical Co., St. Louis, MO) was dissolved in 100/zl 
1N HC1 (G. Gudelsky, personal communication), and diluted 
with sterile normal saline to an injection vol. of 1.0 ml/kg 
(pH = 6.8). 8-OH-DPAT was given by subcutaneous injec- 
tion and all other drugs were given by intraperitoneal injec- 
tion. 

Chamber for Regulation of  Temperature, Pressure, and 
Oxygen Content 

To minimize the effects of diurnal variation of tempera- 
ture, experiments were started between 11 a.m. and 1 p.m. 
(7,34). Experiments were done in a NATL-BD model #197 
animal hyperbaric chamber (Piersol-Pine, Oaks, PA). For ox- 
ygen exposures, the chamber was flushed with 100°/0 oxygen, 
and chamber pressure was increased to 4 atmospheres absolute 
(ATA) at a rate of 1 ATA/min.  Chamber temperature and 
humidity were measured continuously with a Thermo Hy- 
grometer (model no. 3309-60; Cole Parmer Instrument Co., 
Chicago, IL). A Servoxmax oxygen analyzer (model no. 580- 
A; Sybron/Tayor, Rochester, NY) was used for continuous 
measurement of oxygen content throughout the experiment. 
Carbon dioxide content was continuously measured by infra- 
red gas analyzer model IR-702 (Infrared Industries Inc. Santa 
Barbara, CA). Oxygen content was maintained >98°70 and 
carbon dioxide accumulation was limited to <0.03°70 by con- 
tinuous chamber ventilation at 60-80 ml/min. A Lyton heat 

exchanger (model no. 2006; Forma Scientific, Division of 
Mallinckrodt, Inc. Marietta, OH) was used to maintain cham- 
ber temperature between 25°C and 27°C. Decompression to 1 
ATA was made at a rate of 1 ATA/min.  Air controls were 
exposed to atmospheric conditions (21°70 Oz at 1 ATA total 
pressure, which provides a POz equal to 150 mmHg). Pressure 
controls were exposed to 5070 Oz /95070 N2 at 4 ATA total 
pressure to maintain a pO2 equal to 150 mmHg. 

Measurement of  Biogenic Amines 

Groups of four SD rats were housed in a I0 × 16 × 8 in. 
Plexiglas box and exposed to 100°70 oxygen at 4 ATA pressure 
for 2.5 h in a recompression chamber. The exposure schedule 
was chosen to maximize possible changes in brain biogenic 
amine levels while limiting the incidence of oxygen-induced 
seizure activity (33). Immediately following decompression, 
the rats were sacrificed and brain tissue was dissected. Occipi- 
tal-temporal cortex, frontal-parietal cortex, hippocampus, 
thalamus, striatum, hypothalamus, and brain stem were dis- 
sected and frozen on dry ice. The mean time between sacrifice 
and freezing was 7 min. Specimens were stored ( -  70°C) until 
assay. Tissue specimens were sonicated in a sodium acetate 
buffer (100 mM, pH = 5.0), and the supernatant was col- 
lected following centrifugation (29,000 g × 15 min). 5-Hy- 
droxyindoleacetic acid (5-HIAA), norepinephrine (NA), do- 
pamine (DA), and homovanillic acid (HVA) were measured 
by HPLC using an ESA (Bedford, MA) electrochemical detec- 
tor (Coulochem, 5100A). The mobile phase [0.05 M sodium 
acetate, 1 mM sodium octyl sulfate, 0.1 mM disodium ethyl- 
enediamine-tetraacetate (EDTA), and 3070 acetonitrile (pH ad- 
justed to 3.0 with phosphoric acid)] was filtered and degassed. 
The flow rate was 1 ml/min (40). Serotonin and tryptophan 
were measured by HPLC using a McPherson (Acton, MA) 
fluorometric detector (model no. FL 750) with 295 nm excita- 
tion and a 320 nm broad-band emission filter. The mobile 
phase consisted of 0.05 M sodium acetate, 0.1 mM disodium 
ethylenediamine-tetraacetate (EDTA), and 12°70 methanol. 
The pH was adjusted to 4.5 with phosphoric acid, and the 
flow rate was 1.2 ml/min (2). External standards of biogenic 
amines were injected after every fifth specimen. A reverse 
phase C18 column was used for both HPLC analyses. 

Measurement of  Temperature 

Rats were brought to the laboratory and kept without food 
or water for 3 h. The rats were mildly restrained in wire mesh 
cages and placed into the recompression chamber. Body tem- 
perature was measured with YSI model 402 thermistor rectal 
probes inserted 6 cm and a YSI Tele Thermometer model no. 
43TF (Yellow Springs Instrument Co., Yellow Springs, OH). 
The rats were acclimated to these conditions for 45 min; a 
length of time determined necessary for temperature stabiliza- 
tion (<0.1°C variation over the last 15 rain prior to injec- 
tions). After stabilization, animals received injections (vehicle 
or drug). After an additional 15 min, rats were exposed to 
100% oxygen at 4 ATA pressure. Time of exposure was be- 
tween 60 and 150 rain. Exposure duration was chosen to max- 
imize the drug (15,17,18,20,21) and oxygen (11,33,34) effects. 
Temperatures were measured continuously and recorded at 
5-rain intervals. Baseline temperature was the average of the 
last three temperatures taken. An identical procedure was fol- 
lowed for experiments that required the use of 5-HTP, 8-OH- 
DPAT, or 5-HT antagonists. 

The effect of 8-OH-DPAT on body temperature of unre- 
strained FH and SD rats was measured for comparison with 
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previous studies (17). Briefly, FH and SD rats were given free 
access to food and water and allowed one hour for stabiliza- 
tion following transfer from the vivarium to the laboratory. 
Rectal temperatures were taken in unrestrained rats immedi- 
ately before and 30 min after 8-OH-DPAT (0.1 mg/kg) ad- 
ministration. Each experiment included both FH and SD rats. 

Statistical Analysis 

All data presented are the mean + SEM and are the results 
of at least two experiments done on separate days. Statistical 
analysis of biogenic amine neurotransmitter levels was done 
by one-way analysis of  variance (ANOVA). Tests of  individ- 
ual comparison following a significant F value were per- 
formed using Fisher PLSD. Statistical significance of  changes 
in temperature over time was assessed by two-factor repeated 
measures ANOVA (Stat View 512 TM, Brain Power Inc., 
Calabasa, CA). The changes in temperature from baseline 
over time (from time = 0 to the end of  the experiment) were 
used for statistical comparisons, except for the comparisons 
in Fig. 1, which compared the curves from t = 15 rain. p < 
0.05 was considered significant. 

RESULTS 

Effects o f  Oxygen on Levels o f  Brain Biogenic Amines 

Rats were exposed to HBO, and the levels of biogenic 
amines in seven brain regions were compared with the levels 
obtained in air and pressure controls. With the exception of  
5-HIAA, there was no significant difference between the levels 
of biogenic amines in rats exposed to HBO, air, and pressure 
(data for striatum shown in Table IA). In the striatum, the 
levels of 5-HIAA were 52070 greater in the HBO-exposed rats 
than in the air controls, and 92% greater in the HBO-exposed 
rats than in the pressure controls. In the occipital-temporal 
cortex (OT), the levels of  5-HIAA were 64070 greater in the 
HBO-exposed rats than in the air controls, and 116070 greater 
in the HBO-exposed rats than in the pressure controls. No 
changes in the levels of  5-HIAA were seen in the other brain 
regions tested (Table IB). 

0 

E 

1.0 

0 . 5 -  

0.0; 

-0.5' 

-1.0 ' 

-1.5 ' 

°2.0 " 

-2.5 
-20 

~ pressure 

hyperbaric oxygen 

0 20 40 60 80 100 

T i m e  ( m i n )  

control 

FIG. 1. Effect of HBO on body temperature in SD rats. Rectal tem- 
perature was measured in rats exposed to 4 ATA oxygen and com- 
pared to air and pressure controls. The decrease in body temperature 
was greater in the group treated with oxygen compared to pressure 
controls [F(1, 19) = 4.7; p = 0.04] and compared to air controls 
[F(1, 20) = 28.5;p = 0.0001]. Data are the mean ___ SEM of 14 rats 
for the oxygen group, 8 rats for the air controls, and 7 rats for the 
pressure controls from 4 independent experiments. 

Tryptophan levels were also measured to determine if the 
increase in 5-HIAA could be explained by an oxygen-induced 
increase in tryptophan. HBO did not significantly affect the 
levels of  tryptophan in occipital-temporal cortex or striatum. 
The levels of tryptophan in the occipital-temporal cortex were 
23.7 _+ 2.1 with 4 ATA 02, 25.1 + 1.7 with air controls, and 
24.4 + 2.9 with pressure controls (mean pmol/mg tissue + 
SEM, p > 0.8). Tryptophan levels in the striatum were 47.9 
+ 2.8 with 4 ATA 02, 41.5 _+ 6.3 with air controls, and 50.6 
+_ 5.2 with pressure controls (mean pmol/mg tissue _ SEM, 

p > 0.8). 
The level of  oxygen exposure used in these studies was 

chosen to maximize possible changes in neurotransmitter lev- 
els during oxygen-induced hypothermia yet limit the con- 
founding effects of seizure activity on neurotransmitter levels. 
Tonic/clonic seizure activity occurred in 18% (7 of 39) of the 
oxygen-treated rats. For purposes of analysis, we divided the 
oxygen-treated animals into those with and without clinical 
evidence of seizures. Data represent biogenic amine levels 
from oxygen-treated rats that did not have clinical evidence 
of seizure activity. In striatum, the level of 5-HIAA of oxygen- 
treated rats with seizures (5.8 ___ 1.0) did not significantly dif- 
fer from the level of 5-HIAA of oxygen-treated rats without 
seizures (6.1 + 0.9) (mean pmol/mg tissue + SEM, p > 
0.9). In occipital-temporal cortex, the level of  5-HIAA of oxy- 
gen-treated rats with seizures (3.2 + 0.21) did not signifi- 
cantly differ from the level of 5-HIAA of oxygen-treated rats 
without seizures (3.3 + 0.4) (mean pmol/mg tissue + SEM, 
p > 0.8). 

Effects o f  Oxygen on Body Temperature 

The effect of HBO on rectal temperatures of SD rats was 
measured and compared with air and pressure controls (Fig. 
1). A pressure control group of rats was exposed to increased 
pressure but "normal" oxygen concentration. HBO-exposed 
rats developed significantly greater hypothermia than pressure 
controls (ANOVA, p = 0.04) and air control (ANOVA, p 
= 0.001) (Fig. 1). Pressure controls had a maximum decrease 
(0.9 + 0.1°C) of body temperature at 90 min. HBO-exposed 
rats had a maximum decrease (1.4 + 0.1 *C) of body tempera- 
ture at 90 min. HBO-induced hypothermia persisted for at 
least 2.5 h or until the onset of  seizure activity (data not 
shown). 

The FH rat has decreased 5-HT uptake (3) and may also 
have a decreased hypothermic response to the 5-HT~A agonist 
8-OH-DPAT (17). The effect of oxygen exposure on body 
temperature was compared in FH rats and SD rats (Fig. 2A). 
HBO caused less hypothermia in FH rats than in SD rats 
(ANOVA, p = 0.02). Exposure to 100°70 oxygen at 4 ATA 
pressure for 90 min caused a 0.2 _+ 0.2°C decrease in the 
body temperature of FH rats, and a 1.2 _+ 0.2°C decrease in 
the body temperature of SD rats. 

Serotonin antagonists were used to test the hypothesis that 
hypothermia induced by HBO is caused by increased activa- 
tion of 5-HT~greceptors. Pindolol (1 mg/kg) has been shown 
to cause a 75070 decrease in the hypothermia induced by 8-OH- 
DPAT (0.1 mg/kg) (18). In our studies, pindolol (10 mg/kg) 
did not block the hypothermia induced by oxygen (ANOVA, 
p = 0.2). In fact, there appeared to be a greater decrease in 
body temperature in pindolol-treated rats than in controls 
(Fig. 3A). The effect of  pindolol on rat body temperature of 
air controls was minimal (Fig. 3A). 

Experiments were done to confirm that pindolol blocks 
hypothermia due to activation of  5-HT~A receptors. A dose of  
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T A B L E  1A 

THE LEVELS (pmol/mg tissue) OF BIOGENIC AMINES IN THE 
STRIATUM FROM RATS EXPOSED TO 4 ATA OF 100% OXYGEN 

Biogenic Amine Air Control Pressure Control HBO-Treated 

5-HT 1.0 _+ 0.1 1.3 + 0.3 1.1 _+ 0.2 
5-HIAA 4.4 +_ 0.5 3.6 _+ 0.6 6.1 _+ 0.9* 
DA 7.2 + 0.8 5.9 _+ 0.8 7.0 _+ 1.3 
HVA 8.7 _+ 0.5 6.6 +_ 1.2 7.3 _ 1.4 
NA 15.0 + 2.5 11.8 + 2.4 13.1 + 3.0 

The levels of serotonin (5-HT), 5-hydroxyindoleacetic acid (5-HIAA), 
dopamine (DA), homovanilic acid (HVA), and norepinephrine (NA) in the 
striatum of rats exposed to HBO were measured and compared to air and 
pressure controls. HBO caused a significant increase in the levels of 5- 
HIAA. *p < 0.05. 

the exper imental  5-HT~A agonist  8 - O H - D P A T  (0.1 mg /kg)  
induced a degree of  hypo the rmia  comparab le  to  tha t  p roduced  
by HBO (100070 Oz at 4ATA).  P indolo l  (10 m g / k g )  reduced 
the hypo the rmia  caused by 8 - O H - D P A T  (ANOVA,  p = 
0.03). At  50 min,  the decrease in t empera tu re  for rats given 
8 - O H - D P A T  and pindolol  (0.5 _+ 0.1 °C) was 58070 less than  
the decrease in t empera ture  in rats  given 8 - O H - D P A T  and 
vehicle (1.2 _+ 0 .2°C)  (Fig. 3B). 

Because 8 - O H - D P A T  is not  an  endogenous  agonist ,  the 
effects of  the serotonin  precursor ,  5 -HTP,  on  t empera tu re  
was examined at 25, 50, 100, or 200 mg/kg .  5 -HTP caused a 
dose-dependent  decrease in the body  t empera tu re  of  SD rats 
(ANOVA,  p -- 0.001) (Fig. 4A). 5 -HTP (50 m g / k g )  induced a 
degree of  hypo the rmia  comparab le  to tha t  p roduced  by HBO 
(100070 O2 at 4ATA).  P indolo l  (10 mg/kg)  reduced the  hypo- 
the rmia  caused by 5 -HTP (ANOVA,  p = 0.001). At  90 min,  
the decrease in t empera tu re  of  rats given 5 -HTP and  pindolol  
(0.4 +_ 0 .3°C)  was 75070 less t han  the  decrease in t empera tu re  
of  rats given 5 -HTP and  vehicle (1.6 +_ 0 .13°C) (Fig. 4B). 
Methysergide,  a nonspecif ic  sero tonin  antagonis t ,  part ial ly 
blocked hypo the rmia  induced by 5 -HTP (Fig. 4C, A N O V A ,  
p = 0.02). The effects of  the 5-HT~g-selective an tagonis t  
NAN-190 and  the nonselect ive 5HT antagonis t  methysergide 

on  hypo the rmia  induced by oxygen were measured.  NAN-190 
did not  block hypo the rmia  induced by oxygen (Fig. 5A) at  a 
dose (10 mg/kg)  tha t  blocks hypo the rmia  induced by 8-OH- 
D P A T  (30). In fact,  the hypo thermia  induced by oxygen was 
greater  in the animals  t reated with NAN-190 than  in the vehi- 
cle controls  (ANOVA,  p = 0.02). The decrease in body tem- 
pera ture  caused by NAN-190 before and  dur ing oxygen expo- 
sure is consistent  with the small decrease in body tempera ture  
previously reported (30). Methysergide (1 m g / k g )  did not  
b lock hypo the rmia  induced by oxygen (Fig. 5B, A N O V A ,  p 
= 0.3). 

The decreased response of  the F H  rat ,  compared  to SD 
rats, to the hypothermic  effect of  HBO (Fig. 2A), and  the 
previously repor ted decreased response of  the F H  rat  to 8-OH- 
D P A T  (17), is consistent  with the hypothesis  tha t  HBO causes 
hypo the rmia  by increased act ivat ion of  5-HT~A receptors.  Ad-  
di t ional  experiments  were done to verify the resistance of  the 
F H  rat  to 8 -OH-DPAT- induced  hypothermia .  First,  using the 
methods  employed for all of  the previous experiments ,  the 
effects of  8 - O H - D P A T  on rectal t empera ture  were compared  
in F H  and  SD rats. The decrease in body  tempera ture  caused 
by 8 - O H - D P A T  (0.1 mg/kg)  was the same in SD and  F H  
rats (Fig. 2B). Since this observat ion does not  agree with the 

LEVELS (pmol/mg 
OF RATS 

T A B L E  1B 

tissue) OF 5-HIAA IN SPECIFIC BRAIN REGIONS 
EXPOSED TO 4 ATA OF 100~70 OXYGEN 

Brain Region Air Control Pressure Control HBO-Treated 

OT 2.0 + 0.3 1.5 +_ 0.1 3.3 +_ 0.4* 
FP 2.2 + 0.4 2.7 _ 0.3 2.5 + 0.6 
HC 2.0 _+ 0.2 1.8 _+ 0.2 1.8 + 0.3 
THAL 5.2 + 1.0 5.8 +_ 0.6 6.2 _+ 0.5 
BS 1.3 _+ 0.1 1.5 + 0.2 1.6 +_ 0.3 
STR 4.4 _+ 0.5 3.6 _+ 0.6 6.1 +_ 0.9* 
HT 2.5 +_ 0.8 3.7 _+ 0.8 3.5 _+ 1.0 

The effect of HBO on the levels of 5-HIAA in the occipital-temporal 
cortex (OT), frontal-parietal cortex (FC), hippocampus (HC), thalamus 
(THAL), brainstem (BS), striatum (STR), and hypothalamus (HT) were 
examined. In addition to the increase in 5-HIAA levels seen in the striatum, 
HBO also caused an increase in 5-HIAA levels in the occipital-temporal 
cortex. There was no significant effect of HBO on the levels of the other 
biogenic amines in these brain regions (data not shown). Data are the 
mean +_ SEM of 9 rats from three independent experiments. *p < 0.05. 



S E R O T O N I N  A N D  O X Y G E N - I N D U C E D  H Y P O T H E R M I A  361 

1.0 

~ 0.5 

E o.o 

~r~ -0.5 ' 

~ - I . 0  

~ -~.5 
~,, 
~ -~.~ 

I.- -2.5 

1.0 
O 0.5 

"~ 0.0 

e -0.5 

¢= -1.0 
J:: 
0 -1.5 
I~. 
E -2.0 
m 
I-- -2.5 

SD 

• • | • • • i • , • ! • • • i • • • 

2 0  4 0  6 0  8 0  1 0 0  
T i m e  (rain) 

B 

I I I I 

0 1 0  2 0  3 0  4 0  5 0  
T ime  (rain) 

FIG. 2. Effect of HBO (A) and 8-OH-DPAT (B) on body tempera- 
ture in FH and SD rats. (A) FH rats were resistant to oxygen-induced 
hypothermia compared with SD rats, [F(I, 16) = 7.2; p = 0.02]. At 
9(I min, the decrease was 1.2 +_ 0.2°C in SD and 0.2 ___ 0.2°C in FH 
rats. Data are the mean + SEM of eight rats from three independent 
experiments. (B) The effect of 8-OH-DPAT on temperature changes 
in FH and SD rats was examined. FH rats and SD rats were mildly 
restrained. After a 45 min adaptation period, rats were injected with 
8-OH-DPAT (0.1 mg/kg) at time = 0 min. Rectal temperatures were 
monitored continuously and recorded at five min intervals. When FH 
and SD rats were compared, no differences in the effects of 8-OH- 
DPAT on body temperature were observed [F(1, 14) = 0.73; p = 
0.4]. Data are the mean +_ SEM of 7 rats from three independent 
experiments. 

previously repor ted  obse rva t ion  (17), the  effects of  8-OHo 
D P A T  on rectal  t empera tu re  were compared  in F H  and  SD 
rats using the me thods  previously descr ibed (17). The  tempera-  
ture  decrease in F H  rats  (1.1 _+ 0 .3°C)  was the same as the  
t empera tu re  decrease in SD rats  (1.3 +_ 0 .14°C)  (mean _+ 
SEM of  eight rats  f rom four  separate  exper iments ,  p > 0.5 
by two-tai led t-statistic). 

DISCUSSION 

A n u m b e r  o f  similarities between the  effects o f  ac t iva t ion  
of  5-HT1A receptors  and  the side effects seen with exposure  to 
H B O  (see In t roduc t ion)  p r o m p t e d  the  current  s tudy to test 
the  hypothesis  tha t  hypo t he r m i a  induced  by oxygen may  be 
caused by ac t iva t ion  of  5-HT1A receptors .  

The  results f rom several early studies o f  the effects of  in- 
c~reased part ia l  pressure of  oxygen on  the levels of  biogenic 

amines  are inconsistent .  Increases (19), decreases (9), and  no  
change  (6,8,31) in serotonin  have all been reported.  This vari-  
abili ty may  be due to the use of  a f lourometr ic  assay tha t  
lacks adequa te  specificity (4). In addi t ion ,  since previous  stud- 
ies were done  using whole bra in  homogenates ,  a l terat ions in 
specific b ra in  regions would not  have been identified.  In the 
current  studies, the  levels of  biogenic amines were measured  
in specific b ra in  regions. 5 -HIAA was increased in the  stria- 
t um and  occipi ta l - temporal  cortex of  rats  exposed to H B O  
(Table 1). This observa t ion  is consis tent  with a selective in- 
crease in serotonin  tu rnover  related to oxygen exposure.  The  
levels of  t r y p t o p h a n  were not  changed by HBO,  suggesting 
tha t  the elevations of  5 -HIAA are not  due to a l tera t ions  in the 
availabil i ty of  precursor .  It has been pos tu la ted  tha t  elevat ion 
in 5 -HIAA,  following exposure to increased part ia l  pressure 
of  oxygen, is due to increased activity of  the  rate l imiting step 
for  synthesis of  5-HT by t r y p t o p h a n  hydroxylase (8). The 
ana tomic  specificity of  the  increase in 5 - H I A A  tha t  is sug- 
gested by this study may be related to t ime o f  exposure,  
changes in cerebral  b lood  flow, or o ther  factors.  

Increased part ial  pressure of  oxygen causes hypo the rmia  
in rats (33,34). Since convective respira tory heat  loss is a func- 
t ion  of  gas density tha t  increases as ba romet r i c  pressure in- 
creases (37), the hypo the rmia  associated with H B O  might  be 
due to convective heat  loss due to pressure alone.  In the pres- 
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FIG. 3. The effect of pindolol on hypothermia induced by 4 ATA 
oxygen (A) or 8-OH-DPAT (B). (A) Fifteen minutes before exposure 
to oxygen (time = - 15 min), animals were injected with 10 mg/kg 
pindolol or vehicle. Pindolol did not reduce the hypothermia caused 
by 4 ATA oxygen [F(1, 17) = 1.8; p = 0.2]. Air controls were also 
injected with Pindolol. (B) Fifteeen minutes before injection with 
8-OH-DPAT or saline (time = - 15 min), animals were injected with 
pindolol (10 mg/kg) or vehicle. Pindolol reduced the hypothermia 
induced by 8-OH-DPAT [F(1, 10) = 6.8; p = 0.03]. The solid line 
represents the data for 4 ATA 02 presented in Fig. 4A. Data are the 
mean _+ SEM of six rats from two independent experiments. 
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ent study, oxygen-treated rats  developed a greater  decrease in 
t empera ture  t han  pressure controls  (Fig. 1). This indicates tha t  
the increased part ial  pressure of  oxygen causes a loss in body 
tempera ture  tha t  canno t  be a t t r ibu ted  to conduct ive  heat  loss 
due to pressure alone. 
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FIG. 4. The effect of 5-HTP on body temperature (A), inhibition of 
5-HTP-induced hypothermia by pindolol (B), and the inhibition of 
5-HTP induced hypothermia by methysergide (C). (A) Rats were in- 
jected (t = 0) with 25 mg/kg, 50 mg/kg, 100 mg/kg, or 200 mg/kg 
5-HTP. 5-HTP caused a dose-related decrease in body temperature 
of SD rats IF(3, 17) = 10.6; p = 0.001]. Data are the mean _+ the 
SEM of 6 observations for 25, 50, and 100 mg/kg and 3 observations 
for 200 mg/kg. These averages represent three experiments done on 
separate days. All doses were included in each experiment. (B) Pindo- 
1ol (I0 mg/kg) or vehicle was given 15 min before (t = - 15) injection 
of 5-HTP (50 mg/kg) (t = 0). Pindolol reduced the hypothermia 
caused by 5-HTP IF(l, 19) = 13.9; p = 0.001]. Data are the mean 
_+ SEM of 10 rats. (C) Methysergide (1 mg/kg) reduced the hypother- 
mia induced by 5-HTP (50 mg/kg) IF(l, 12) = 6.9; p = 0.02]. Data 
are the mean _+ SEM of 7 rats from two independent experiments. 
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FIG. 5. The effect of the 5-HT~A antagonist, NAN-190 (A) and meth- 
ysergide (B), on hypothermia induced by 4 ATA oxygen. (A) NAN- 
190 (10 mg/kg) did not protect rats from oxygen-induced hypother- 
mia. In fact, NAN-190 produced a significantly greater loss in 
temperature compared with vehicle controls IF(l, 11) = 7.6; p = 
0.02]. The data are the mean + SEM of 6 rats from two independent 
experiments. (B) Methysergide (1 mg/kg) had no significant effect on 
the change in body temperature induced HBO [F(1, 18) = 1.0; p = 
0.3]. The data represent the mean + SEM of at least nine observa- 
tions from three separate experiments. 

The general  anesthet ic  propert ies predicted for  ni t rogen 
under  these exper imental  condi t ions (5) might  explain why the  
pressure controls  had  decreased body  tempera ture  compared  
to the air controls ,  but  experiments to establ ish such a rela- 
t ionship  were not  done.  Pressure controls  also had  an  in- 
creased risk for developing decompress ion sickness upon  de- 
pressurizat ion.  Autopsy  of  pressure controls  fol lowing 
exposure conf i rmed the presence o f  gas bubbles  in the mesen- 
teric vasculature  in approximate ly  30% of  the animals ,  indi- 
cating decompress ion  injury.  

The relevant  f inding for the purposes  of  this study was tha t  
the oxygen t reated group had  greater  hypo the rmia  than  bo th  
control  groups.  Based on  our  observat ion  tha t  rats exposed 
to oxygen have increased 5 -HIAA levels (Table 1), and  the 
observat ion  tha t  act ivat ion of  5-HT~A receptors results in hy- 
po the rmia  (15,21,28), we hypothesized tha t  H B O  might  cause 
hypo the rmia  by act ivat ion of  5-HT~A receptors.  In previous 
studies, the effects of  serotonin  deplet ion using para-  
ch lorophenyla lan ine  on  hypothermia  induced by H B O  have 
been examined (34). Al though  para-ch lorophenyla lan ine  po- 
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tentiated the hypothermia,  the possibility that activation o f  
5-HT~A and 5-HT2 receptors may have opposing effects on 
temperature (18) makes interpretat ion of  this result difficult.  
To determine if 5-HTIA receptor activation is involved in hy- 
pothermia induced by HBO,  we compared the effect o f  HBO 
on F H  rat and SD rats, and we measured the effect o f  5-HT~A 
receptor antagonists on SD rats exposed to HBO.  

The F H  rat is reported to be more resistant to 8-OH- 
DPAT-induced  hypothermia than the SD rat (17). If  hypo- 
thermia due to H B O  involves increased activation to 5-HT~A 
receptors, then the F H  rat would be resistant to the hypother-  
mic effect of  oxygen. The F H  rat was less responsive to HBO 
than the SD rat (Fig. 2A). We were unable, however,  to con- 
firm the resistance of  the F H  rat to hypothermia induced by 
8 -OH-DPAT.  We did not determine if  there were differences 
between the F H  and SD rat at other  doses o f  8 -OH-DPAT.  
The difference between our  results and those previously re- 
ported (17) cannot  be currently resolved, but  it is possible that 
the resistance of  the F H  rat to 8 - O H - D P A T  has changed dur- 
ing the 5 years of  breeding between the studies. 

The effects of  5-HT~A receptor antagonists were examined. 
Pindolol  is somewhat selective for 5-HT~A receptors, but  also 
blocks beta adrenergic receptors (1). At  a dose shown to re- 
duce hypothermia induced by 8 - O H - D P A T  (Fig. 3B), pindolol  
did not  reduce hypothermia  induced by H B O  (Fig. 3A). The 
interaction o f  pindolol  with beta adrenergic receptors could 
mask the effect of  pindolol  at 5-HT~A receptors. Therefore,  
the effect o f  NAN-190, a 5-HT~A antagonist  with alphat ad- 
renergic, but  not  beta adrenergic antagonist  activity (14), was 
examined. At  a dose previously shown to block hypothermia 
induced by 8 - O H - D P A T  (30), NAN-190 did not block hypo- 
thermia induced by HBO (Fig. 5A). Methysergide is a nonse- 
lective 5-HT receptor antagonist  (25) without known direct 
effects on adrenergic receptors. At  a dose previously shown 
to block hypothermia  induced by 8 - O H - D P A T  (35), methyser- 
gide did not  block hypothermia induced by HBO (Fig.SB). 

A series of  studies were done to confirm that these receptor 
antagonists block hypothermia caused by serotonergic agents. 

The 5-HT~A agonist 8 -OH-DPAT was given to induce a degree 
o f  hypothermia comparable to that caused by HBO. At  a dose 
that did not  block oxygen-induced hypothermia,  pindolol  did 
block 8-OH-DPAT-induced  hypothermia (Fig. 3B). Because 
8 - O H - D P A T  is not  the endogenous agonist, the effects of  
5-HTP were examined. In rats, IP injection o f  5-HTP causes 
an increase in extracellular concentration of  serotonin in the 
hypothalamus (12), the behaviors observed in the serotonin 
behavioral  syndrome (23,29), and hypothermia (20). In this 
study, 5-HTP caused a dose-dependent decrease in body tem- 
perature (Fig. 4A) that was essentially blocked by pindolol 
(Fig. 4B). Methysergide partially blocked the hypothermic ef- 
fect of  5-HTP (Fig. 4C). The dosage of  pindolol  and methyo 
sergide given should have decreased the hypothermia induced 
by HBO if  5-HT~A activation were the underlying mechanism 
of  the oxygen effect. 

We conclude the following: (a) HBO causes an increase in 
5 -HIAA levels in the striatum and occipital-temporal cortex 
in rats. (b) Hypothermia  in rats exposed to increased partial 
pressure o f  oxygen is due to oxygen. (c) HBO-induced hypo- 
thermia is not  due to activation o f  5-HT1A receptors. (d) 5- 
H T P  causes a dose-related hypothermia,  which is due to acti- 
vat ion of  5-HTIA receptors. (5) The F H  rat is resistant to 
HBO-induced but not 8-OH-DPAT-induced hypothermia.  
This suggests that the difference between thermoregulatory 
function of  the F H  and SD rat is not  defined by an abnormal-  
ity o f  5-HT~A receptor function. 

ACKNOWLEDGEMENTS 

This research was supported by RO1-NS28033, MRRC P30-HD- 
26979, NASA NAG 9-342/2, and NMRDC N00014-88-K-0169 PO3. 
MBR is an Alfred P. Sloan Fellow. LHF was supported by the Health 
Science and Education Training Command, USN. The authors thank 
E. Hopkins for her help with the statistical analyses, and Dr. Christian 
J. Lambertsen and the faculty at the Institute for Environmental Med- 
icine for their support and thoughtful comments during these studies. 
The authors also thank Dr. Alan Frazer for his helpful comments 
during the preparation of this manuscript, and K. Gorry-Hines for 
her help with editing the manuscript. 

REFERENCES 

1. Aellig, W. H. Pindolol a B-adrenoceptor blocking drug with par- 
tial agonist activity: Clinical pharmacological considerations. Br. 
J. Clin. Pharmacol. 13:187S-193S; 1982. 

2. Anderson, G. M.; Young, J. G.; Batter D. K.; Young, S. N.; 
Cohen, D. J.; Shaywitz, B. A. Determination of indoles and 
catecholes in rat brain and pineal using liquid chromatography 
with fluorometric and amperometric detection. J. Chrom. 223.' 
315-320; 1981. 

3. Aora, R. C.; Tong, C.; Jackman, H.; Stoff, D.; Meltzer H. Y. 
Serotonin uptake and imipramine binding in blood platelets and 
brain of Fawn-Hooded and Sprague-Dawley rats. Life Sci. 33: 
437-442; 1983. 

4. Baker, J. M.; Butterworth, R. F.; Dewhurst, W. G. Fluorescence 
analysis of amines and their metabolites. In: Boulton, A. A., ed. 
Neuromethods, vol.2. Amines and their metabolites. Clifton, N J: 
Humana Press; 1985:1-5. 

5. Behnke, A. R.; Johnson, F. S.; Poppen, J. R.; Motley, E. P. 
The effect of oxygen on man at pressures from 1 to 4 atmo- 
spheres. Am. J. Physiol. 110:565-572; 1935. 

6. Blenkarn, G. D.; Schanberg, S. M.; Saltzman, H. A. Cerebral 
amines and acute hyperbaric oxygen toxicity. J. Pharm. Exp. 
Therap. 166:346-353; 1969. 

7. Carr, C. J.; Krantz, J. C. Metabolism. In." Farris, E. J.; Griffith, 
J. Q., eds. The rat in laboratory investigation. New York: 
Hafner; 1967:190. 

8. Diaz, P. M.; Ngai S. H.; Costa E. Effect of oxygen on brain 
serotonin metabolism in rats. Am. J. Physiol. 214:591-594; 1968. 

9. Faiman, M. D.; Heble, A. R. The effect of hyperbaric oxygen- 
ation on cerebral amines. Life Sci. 5:2225-2234; 1966. 

10. Feldstein, A.; Sidel, C. M. Phenelzine-induced convulsions and 
alterations in the conversion of 5-HTP-14C to serotonin-14C in 
vivo. Biochem. Pharmacol. 15" 111-117; 1966. 

11. Fenton, L. H.; Beck, B.; Djali, S.; Robinson, M. B. 5-HTIA 
receptor antagonists do not block the hypothermia caused by 
increased partial pressure of oxygen. Neurosci. Abs. 17:93; 1991. 

12. Gartside, S. E.; Cowen, P. J.; Sharp, T. Effect of 5-hydroxy-I- 
tryptophan on the release of 5-HT in rat hypothalamus in vivo as 
measured by microdialysis. Neuropharmacology. 31:9-14; 1992. 

13. Gershman, R.; Gilbert, D. L.; Nye, S. W.; Dwyer, P.; Fenn, W. 
O. Oxygen poisoning and x-irradiation: A mechanism in com- 
mon. Science 119:623-626; 1954. 

14. Glennon, R. A.; Naiman, N. A.; Pierson, M. E.; Titeler, M.; 
Lyon, R. A.; Weisberg, E. NAN-190: An arylpiperazine analog 
that antagonizes the stimulus effects of the 5-HTIA agonist 8- 
hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT). Eur. J. 
Pharmacol. 154:339-341; 1988. 

15. Goodwin, G. M.; De Souza, R. J.; Green, A. R.; Heal, D. J. 
The pharmacology of the behavioral and hypothermic responses 
of rats to 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT). 
Psychopharmacology 91:506-511; 1987. 



364 FENTON ET AL. 

16. Grim, P. S.; Gottlieb, L. J.; Boddie, A.; Batson E. Hyperbaric 
oxygen therapy. JAMA 263:2216-2220; 1990. 

17. Gudelsky, G. A.; Koenig, J. I.; Meltzer H. Y. Altered responses 
to serotonergic agents in fawn-hooded rats. Pharmacol. Biochem. 
Behav. 22:489-492; 1985. 

18. Gudelsky, G. A.; Koenig, J. I.; Meltzer H. Y. Thermoregulatory 
responses to serotonin (5-HT) receptor stimulation in the rat. 
Neuropharmacology 25:1307-1312; 1986. 

19. Haggendal, J. Effect of hyperbaric oxygen on monoamine metab- 
olism in the central and peripheral tissues of the rat. Eur. J. 
Pharmacol. 2:323-325; 1968. 

20. Henning, M.; Rubenson A. Effectors of 5-Hydroxytryptophan 
on arterial blood pressure, body temperature and tissue mono- 
amines in the rat. Acta Pharmacol. et toxicol. 29:145-154; 1971. 

21. Hjorth, S. Hypothermia in the rat induced by the potent seroton- 
ergic agent 8-OH-DPAT. J. Neural Transm. 61:131-135; 1985. 

22. Ingram, R. H. Adult Respiratory Distress Syndrome (218). In: 
Wilson, J., ed. Harrison's principles of internal medicine 12th ed. 
New York: McGraw-Hill; 1991 : 1122-1125. 

23. Jacobs, B. L. An animal behavioral model for studying central 
serotonergic synapses. Life Sci. 19:776-786; 1976. 

24. Lambertsen, C. J. Effects of excessive pressures of 02, N2, CO2, 
and CO: Implications in aerospace, undersea, and industrial envi- 
ronments. In: Mountcastle, V. B., ed. Medical physiology. St. 
Louis: Mosby; 1974:1901-1944. 

25. Leysen, J. E.; Niemegeers, C. J. E.; Vanuetan, J. M.; Laduron, 
P.M. [3H]Ketanserin (R41 468), a selective 3H-ligand for seroto- 
nin2 receptor binding sites: Binding properties, brain distribution, 
and functional role. Mol. Pharmacol. 21:301-314; 1982. 

26. Lucki, I.; Frazer A. Differential actions of serotonin antagonists 
on two behavioral models of serotonin receptor activation in the 
rat. J. Pharm. Exp. Ther. 229:133-139; 1984. 

27. Meltzer, H. Y.; Wiita, B.; Tricou, B. J.; Simonovie, M.; Fang, 
V.; Manov, G. Effect of serotonin precursors and agonists on 
plasma hormone levels. In: Ho, B. T., ed. Serotonin in biological 
psychiatry. New York: Raven Press; 1982:117-139. 

28. Middlemiss, D. N.; Neil, J.; Tricklebank, M.D. Subtypes of the 
5-HT-receptor involved in hypothermia and forepaw treading in- 
duced by 8-OH-DPAT. Br.J. Pharmacol. 85:251P; 1985. 

29. Modigh, K. Central and peripheral effects of 5-hydroxytrypto- 
phan on motor activity in mice. Psychopharmacologia (Berl.) 23: 
48-54; 1972. 

30. Moser, P. C. The effect of putative 5-HT~A receptor antagonists 
on 8-OH-DPAT-induced hypothermia in rats and mice. Eur. J. 
Pharmacol. 193:165-172; 1991. 

31. Neff, N. H.; Costa, E. The effect of oxygen on the turnover rate 
of biogenic amines in vivo. 1. Catecholamines (CA). Fed. Proc. 
26:463; 1967. 

32. Prockop, P. J.; Shore, P. A.; Brodie, B. B. Anticonvulsant prop- 
erties of monoamine oxidase inhibitors. Ann. N.Y. Acad. Sci. 
80:643-651; 1959. 

33. Puglia, C. D. Hypothermia induced by oxygen: Another possible 
manifestation of oxygen toxicity. Philadelphia, PA: Temple 
Univ.; 1971. Dissertation. 75-112. 

34. Puglia, C. D.; Glauser, E. M.; Glauser, S. C. Core temperature 
response of rats during exposure to oxygen at high pressure. J. 
Appl. Physiol. 36:149-153; 1974. 

35. Sugimoto, Y.; Yamada, J.; Horisaka K. Activation of peripheral 
serotonin2 receptors induces hypothermia in mice. Life Sci. 48: 
419-423; 1991. 

36. Torbati, D. Oxygen and brain physiologic functions: A review. 
In: Bove, A. A.; Backrach, A. J.; Greenbaum, L. J., eds. Under- 
water and hyperbaric physiology, vol.9. Bethesda: Undersea and 
Hyperbaric Medical Society; 1987:659-690. 

37. Wilcock, S.; Flock, V. A computer model designed to make rapid 
predictions of diver temperature changes. In: Bove, A. A.; Back- 
rach, A. J.; Greenbaum, L. J., eds. Underwater and hyperbaric 
physiology, vol.9. Bethesda: Undersea and Hyperbaric Medical 
Society; 1987:555-564. 

38. Wood, J. D. Hyperbaric oxygen and amino acid neurotransmit- 
ters. In: Gottlieb, S., ed. Oxygen and in depth study of its patho- 
physiology. Bethesda: Undersea Medical Society; 1984:411-432. 

39. Wood, L. D. H.; Prewitt, R.M. Cardiovascular management in 
acute hypoxemic respiratory failure. Am. J. Cardiol. 47:963; 
1981. 

40. Zaczek, R.; Coyle, J. T. Rapid and simple method for measuring 
biogenic amines and metabolites in brain homogenates by HPLC- 
electrochemical detection. J. Neural Transm. 53:1-5; 1982. 


