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Antidepressant Drug-Induced Hypothalamic

Cooling in Syrian Hamsters
Wallace C. Duncan, Jr., Ph.D., Kimberly A. Johnson, B.A., and Thomas A. Wehr, M.D.

Antidepressant drugs have been reported to alter the
circadian pattern of body temperature, but specific effects
on the amplitude or on average body temperature are not
consistent, and there have been no specific studies to
examine chronic drug effects on brain temperature. To
address these issues, hypothalamic temperature (Thy) was
monitored telemetrically in hamsters treated with three
antidepressant drugs: the monoamine oxidase inhibitor
(MAOI), clorgyline; the 5HT reuptake inhibitor,
fluoxetine; and the alkali metal, lithium. For comparison,
hamsters were also treated with two neuroleptic drugs,
chlorpromazine and haloperidol. Each of the three
antidepressant drugs, but neither of the neuroleptic
drugs, produced a chronic decrease in diurnal (rest-phase)
hypothalamic temperature. The Tny-decreasing effect of
clorgyline was not prevented by pinealectomy, and T,

decreased more than peritoneal temperature (T,), thus
reducing the temperature difference between the
hypothalamus and the peritoneal cavity. Less general
effects of the antidepressants were also observed.
Clorgyline and fluoxetine, but not lithium, delayed the
24-hour rhythm of Tny. Clorgyline and lithium, but not
fluoxetine decreased the average 24-hour Tny. The
neuroleptics chlorpromazine and haloperidol decreased the
amplitude of the 24-hour Ty rhythm. The fact that
chronic antidepressant drugs, but not neuroleptic drugs,
decrease Ty is consistent with their different
neurotransmitter effects and clinical applications, and
raises the possibility that their antidepressant property
might be related to their capacity to decrease Thy during
sleep. [Neuropsychopharmacology 12:17-37, 1995]
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Primary depression is often characterized by abnormal-
ities in the circadian phase, amplitude, and/or body
temperature level (Tp) (Tupin 1970; Mellerup et al.
1978; Pflug et al. 1981; Avery et al. 1982; Beersma et
al. 1983; Lund et al. 1983; Schulz and Lund 1983; van
den Hoofdakker and Beersma 1985; Avery et al. 1986;
Goetze and Tolle 1987; Elsenga and Van den Hoofdak-
ker 1988; Souetre et al. 1988), which are sometimes
reversed in remission (Pflug et al. 1981; Avery et al.
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1986; Lund 1987; Souetre et al. 1988). These observa-
tions suggest that impaired regulation of the circadian
variation in Ty is part of the pathophysiology of
depression.

Pharmacological and nonpharmacological treat-
ments of depression restore a more normal daily pat-
tern of T in patients with these abnormalities. For ex-
ample, tricyclic antidepressant drugs (Souetre et al.
1988), lithium (Mellerup et al. 1978; Lund 1987), elec-
troconvulsive therapy (Avery et al. 1986), and bright
light (Rosenthal et al. 1990) are reported to either in-
crease the circadian amplitude of Ty, and/or to de-
crease average T, during sleep. Chronic antidepres-
sant drug treatment (Fernstrom et al. 1985), bright light
treatment (Gaist et al. 1990), and sleep deprivation ther-
apy (Wu et al. 1991) have also been reported to decrease
total or regional brain glucose utilization in humans.
The fact that a variety of pharmacological and nonphar-
macological treatments tend to restore a more normal
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circadian pattern of T, suggests that daily variation in
To is an important correlate of clinical antidepressant
response.

Relatively few animal studies have examined
chronic effects of antidepressant treatments on Tp.
Most have focused on acute effects (Clark and Clark
1980; Clark and Lipton 1986). Brown and Seggie (1988)
observed a decrease in radiotelemetry-monitored peri-
toneal temperature (Tp) during chronic treatment of
rats with desipramine (DMI). Our group (Gao et al.
1991) observed a decrease in radiotelemetry-monitored
Tp in Syrian hamsters chronically treated with the
monoamine oxidase inhibitor (MAOI) and clorgyline,
and a decrease in Thy was observed during treatment
with the selective 5HT reuptake inhibitor fluoxetine
(Gao et al. 1992). Others have reported that chronic DMI
treatment decreased glucose utilization in the rat brain
(Gerber et al. 1983), and chronic electroconvulsive stim-
ulation decreased rectal temperature in mice (Gleiter
et al. 1989). The results of these studies suggest that
chronic antidepressant treatments may chronically al-
ter Tp.

In the current experiments, effects of chronic treat-
ment with antidepressant and neuroleptic drugs on
brain temperature are examined within the hypothala-
mus, the location of a central thermostat that controls
a variety of themoregulatory functions. To reduce the
effects of stress on thermoregulatory physiology (Ber-
key et al. 1990), we used radiotelemetry techniques to
measure temperature in freely moving animals. We
specifically investigated whether antidepressant and
neuroleptic drug treatments alter the amplitude, phase,
or level of hypothalamic temperature (Thy), as would
be predicted on the basis of results of previous studies
(Mellerup et al. 1978; Avery et al. 1986; Lund 1987;
Souetre et al. 1988; Rosenthal et al. 1990).

METHODS
Animals and Procedures

Male golden hamsters (Mesocricetus auratus, LGV: lak,
Charles River), 12 weeks to 16 weeks old weighing ap-
proximately 140 grams, were used in all studies. Prior
to surgery, animals were group-housed in LD 14:10
with access to food and water ad libitum. Transmitters
(Model XM-FH, Mini-Mitter, Inc.) for recording hypo-
thalamic temperature (resolution = 0.02°C) were im-
planted using dental cement. Temperature-sensitive
probes were positioned with their tips (=460p diameter)
in the hypothalamus using the following stereotaxic
coordinates (with bregma and lambda in the same
horizontal plane): 0.25 mm posterior to bregma, 1.8 mm
lateral to midline, and 7.3 mm below the skull. In
selected hamsters, immediately following hypothalamic
probe surgery, transmitters (Model TM-Disc, Mini-
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Mitter, Inc.) were implanted in order to concurrently
record peritoneal temperature (resolution = 0.02°C).
These transmitters were located between the leum and
the abdominal wall. Surgical procedures for transmit-
ter implants and pinealectomy were conducted under
sodium pentobarbital anaesthesia (90 mg/kg, IP). Iden-
tity of extracted pineals was verified histologically.

After surgery, hamsters were individually housed
in ventilated and sound-attenuated chambers (Napco
Model 3810) with free access to food and water. Animals
were maintained under LD 14:10 (L: 0100-1500 hours,
D: 1500-0100 hours) or in constant darkness (DD) in
an ambient temperature of 22 + 1°C. Light intensity
within the chamber was 10 pW to 20 pW ¢cm™2, Ham-
sters were allowed at least 7 days to recover from sur-
gery, and recovery was judged to have occurred when
the rhythm stabilized.

Hamsters received clorgyline (2 mg/kg/d; ad-
ministered SC via mini osmotic pumps (Alzet Model
2002), fluoxetine (Eli Lilly and Company; 2, 10, or 20
mg/kg/d; administered in a liquid diet, lithium (0.075%
to 0.45%, administered in chow), chlorpromazine (In-
novative Research of America; implanted SC as a
3-week, 25 mg pellet), or haloperidol (Haldol Decono-
ate 100, McNeil Pharmaceutical; administered IM; or
implanted SC as a 3-week, 25 mg haloperidol pellet;
Innovative Research of America). In these experiments,
different routes of drug delivery were used in order to
achieve appropriate clinical doses whereby minimiz-
ing stress to the animals. During fluoxetine treatment,
the caloric intake of fluoxetine-treated hamsters was
yoked to that of a control group. Consumption was
monitored daily and little evidence of spillage was ob-
served. In the course of the experiment, orbital blood
samples were taken from anesthetized hamsters to ob-
tain measurements of plasma lithium or fluoxetine lev-
els. At the end of the experiment, blood samples were
collected by cardiac puncture to obtain measurements
of plasma chlorpromazine or haloperidol levels. At the
end of the experiment, the animals were sacrificed and
their brains rapidly frozen on dry ice, cut into 30 pm
sections, and examined for placements of transmitter
probes. All probe tips were verified to have been in the
hypothalamus. Following the experiment, transmitters
were recalibrated and found to be consistent with
presurgery calibration levels.

Data Collection and Analysis

Thy (°C) was recorded telemetrically every 5 minutes,
and data were stored on a laboratory computer. Twen-
ty-four hour waveforms were analyzed after reducing
data to 15 minute averages. Chronic drug effects were
visually examined and plotted for each animal after cal-
culating 2-hour averages. Between 5 days and 7 days
of continuously monitoring, temperatures were se-
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lected to represent baseline (BL), subchronic (WEEK 1),
and chronic (WEEKS 2 to 7) treatment phases. During
BL and during each of the treatment weeks, data were
averaged over the 14-hour light period (Thy-L), the 10-
hour dark period (Thy-D), and the total 24-hour period
(Tny-24), to estimate drug effects during each lighting
condition and during the entire day. The 24-hour range
in Thy was estimated as the difference between the
light phase minimum (Thy-L min) and the dark phase
maximum (Thy-D max) during the weekly drug treat-
ment intervals. Cosinor analysis was used to estimate
the acrophase and the amplitude of the 24-hour rhythm
in brain and peritoneal temperature (Teicher and
Barmer 1990).

Two-way ANOVA with repeated measures (TRT x
WEEK) was used to analyze the interaction between
drug treatment and the week of treatment. Two-way
ANOVA with repeated measures (WEEK of treat-
ment X PROBE location) was used to analyze chronic
effects of drugs on Thy and Tp. The Greenhouse-
Geisser approximation was used in the ANOVA to cor-
rect for the lack of homogeneity in the correlated data.
(Full degrees of freedom are reported). To further ex-
plore statistically significant ANOVA results, paired
t-tests and independent group #-tests, uncorrected for
multiple comparisons, were used. Paired #-tests were
used to assess differences between baseline and drug
treatments whereas independent group t-tests were
used to assess differences between drug treatments and
control treatments.
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RESULTS OF CHRONIC ANTIDEPRESSANT
DRUG TREATMENT EFFECTS ON
BODY TEMPERATURE

Clorgyline

The effects of chronic treatment with clorgyline on body
temperature (Thy and/or Tp) were examined in three
separate experiments. The results of these experiments
are shownin Figures 1, 2, 3, 4, and 7, and Tables 1and 2.

Experiment One: CLG’s Effects on Hypothalamic Tem-
perature in LD 14:10-Housed Hamsters. Inthe firstex-
periment, we examined the effects of 4 weeks of CLG
treatment on Thy in hamsters house in LD 14:10 (Ta-
ble 1, Figure 1). The level of Tny exhibited a 24-hour
variation over the course of 5 weeks. Peak levels oc-
curred during the dark phase and minimum levels oc-
curred during the light phase, as we have previously
described (Figure 7) (Duncan et al. 1990; Gao et al. 1991;
Gao et al. 1992). During the first week of treatment, clor-
gyline decreased Thy. During the second week, peak
Thy gradually increased toward the baseline and then
remained near baseline levels during the third and
fourth weeks. In contrast, during the second, third, and
fourth weeks of treatment, minimum Try showed lit-
tle recovery toward the baseline. Two factor (CLG, SAL)
ANOVA with repeated measures (BL, WEEK 1, WEEK
3) was used to determine the drug effects on Thy dur-
ing the 24-hour period (Thy-24), and during the light
(Thy-L), and dark periods (Thy-D). In saline-treated

Table 1. Mean and Repeated Measures Analysis of Variance (ANOVA) Summary of Clorgyline (n = 5) and
Saline (n = 7) Treatment Effects on Hypothalamic Temperature (Th) during Baseline, Week 1 and Week 3

24-Hour Light Phase Dark Phase
Treatment Week Th-24 Range Acrophase Amplitude Th-L Th-L Min Th-D Th-D Max
Clorgyline Baseline 37.43% 1.91 17:31% 0.51 37.18 36.76 37.82 38.68
0.11 0.11 0:22 0.07 0.11 0.13 0.11 0.15
Week 1 36.9 2.20 19:51 0.50 36.58 36.06 37.31 38.26
0.13 0.28 0:18 0.17 0.12 0.15 0.27 0.37
Week 3 37.13 2.37 19:00 0.59 36.75 36.38 37.64 38.75
0.15 0.14 0:28 0.15 0.12 0.1 0.28 0.23
Saline Baseline 37.61 1.73 17:44 0.48 37.38 36.96 37.96 38.69
0.55 0.19 0:54 0.08 0.58 0.5 0.51 0.66
Week 1 37.64 1.92 18:05 0.50 37.38 37 38.02 38.92
0.54 0.23 0:44 0.10 0.57 0.58 0.50 0.48
Week 3 37.59 2.04 17:38 0.53 37.32 36.87 38.00 38.91
0.55 0.31 0:38 0.05 0.57 0.58 0.53 0.53
ANOVA results
Treatment x week
F 35.2 0.54 26.70 0.47 45.9 38.6 14.20 10.30
df 2,20 2,20 2,20 2,20 2,20 2,20 2,20 2,20
p < 0.001 NS 0.001 NS 0.001 0.001 0.01 0.01

#°C, Mean + SD.
5 HH:MM, Mean + SD.
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Figure 1. The mean hypothalamic temperature of five clorgyline-treated (top) and seven saline-treated (bottom) hamsters
during baseline and 4 weeks of treatment. The horizontal line corresponds to the average 24-hour brain temperature during

the baseline interval.

hamsters, Thy did not change during the 4 weeks of
treatment. Significant interactions were found between
drug treatment (CLG, SAL) and week of treatment (BL,
WEEK 1, WEEK 3) for Thy-24, Thy-L, and Thy-D (Table
1). Two-factor ANOVA of cosinor-estimated phase in-
dicated a significant interaction between drug and
week. Compared with saline-treatment, clorgyline-
treatment decreased Thy-24 during WEEK 1, decreased
Thy-D during WEEK 1, and decreased Thy-L during
WEEK 1 and WEEK 3 (Table 7). Further analysis of the

cosinor results indicated that, compared with SAL, CLG
delayed the phase of Tny during WEEK 1 and WEEK 3.

Experiment Two: CLG’s Effects on Concurrently Mea-
sured Hypothalamic and Peritoneal Temperature in LD
14:10-Housed Hamsters. In the second CLG experi-
ment, hamsters housed in LD 14:10 were treated with
CLG (n = 6) for 3 weeks, and treatment effects on con-
current measures of Thy and T, were examined. Thy
and Tp decreased during all 3 weeks of CLG treatment

Clorgyline

39

Figure 2. The mean brain
(Thy) and peritoneal tempera-
tures (Tp) recorded simultane-
ously from six clorgyline-
treated hamsters over the
course of 24 days. The lower
temperature corresponds to

- 38

Tp

F L 37

36

WEEK OF TREATMENT

] 36 the peritoneal temperature.
3 The first week corresponds to
baseline. Clorgyline treatment
began on day 7.
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(Figure 2). Thy and Tp decreased the most during the
first week of CLG treatment. Thy and Tp increased
gradually toward baseline levels during the second
week of treatment, but full recovery of Tny and Tp to
baseline levels had not developed during the third week
of chronic treatment.

Analysis of CLG’s effects on concurrently measured
Thy and Tp was conducted using a two-factor repeated
measures ANOVA with WEEK of treatment (B1, WEEK
1, WEEK 2) as one within-subject factor and tempera-
ture PROBE (Thy, Tp) as another within-subject factor.
Statistically significant effects were found for all vari-
ables except 24-hour range and amplitude. The inter-
action between WEEK and PROBE was significant for
the dependent variables T-24, and T-L. Further, there
were significant effects of WEEK on acrophase, T-Lmin,
T-D, and T-Dmax, as well as significant effects of PROBE
for acrophase, T-D, and T-max (Table 2). Chronic treat-
ment with clorgyline diminished the diurnal tempera-
ture difference between hypothalamus and peritoneum
(Figure 3).

The relationship between Thy and T, was also ex-
amined by calculating the linear regression of Thy on
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Tp for each animal (for representative case see Figure
4). Clorgyline treatment decreased Tp and Thy relative
to baseline, but the slopes of the regression between
Tp and Thy did not substantially change; thus, the
regression provided no. evidence for selective depres-
sion of Thy at elevated Tp during either baseline, or
during clorgyline treatment, as would be indicated by
a slope less than 1.0.

Experiment Three: Clorgyline’s Effects on Hypothalamic
Temperature in Pinealectomized Hamsters. Tny de-
creased in both clorgyline-treated and clorgyline-treated
pinealectomized hamsters. Repeated measures ANOVA
indicated there were no significant differences between
the effects of clorgyline on pinealectomized (Px, n = 3)
and sham-operated (S, n = 2) hamsters for any of the
dependent variables including Thy-24, (Px = 37.28 +
07°C, 36.81 + .06, 36.94 + .04 [BL, Week 1, Week 3]|;
S =37.32 + .25,36.84 + .36, 36.89 + .15; F = 0.4; df =
2,6; NS), Tny-L (Px = 37.01 + .01, 36.51 + .05, 36.66 +
J12; S = 37.09 + .15, 36.54 + .29,36.67 + .03; F = 0.1;
df = 2,6; NS), Tny-D (Px = 37.65 + .05, 37.24 + .15,
37.33 + .13; S = 37.67 + .39, 37.30 + .46, 37.23 + .32;

Table 2. Mean and Repeated Measures Analysis of Variance (ANOVA) Summary of Clorgyline (n = 6)
Treatment Effects on Hypothalamic Temperature (Th) and Peritoneal (Tp) during Baseline, Week 1 and Week 2

24-Hour Light Phase Dark Phase
Probe Week T-24 Range Acrophase Amplitude T-L T-L Min T-D T-D Max
Th Baseline  37.68¢ 2.05 17:25° 0.52 37.47 36.94 37.99 38.98
0.17 0.31 0:02 0.09 0.19 0.19 0.20 0.28
Week 1  37.07 2.18 19:14 0.41 36.83 36.20 37.41 38.38
0.10 0.38 0:38 0.08 0.15 0.27 0.09 0.22
Week 2 37.23 2.14 19:06 0.45 36.98 36.52 37.59 38.66
0.12 0.33 0:55 0.10 0.14 0.20 0.20 0.30
Tp Baseline 37.12 1.85 17:56 0.44 36.92 36.43 37.40 38.27
0.42 0.34 0:19 0.10 0.42 0.34 0.43 0.48
Week 1  36.63 1.89 19:21 0.38 36.41 35.89 36.94 37.78
0.38 0.62 0:43 0.08 0.41 0.48 0.36 0.55
Week 2 36.78 1.88 19:32 0.38 36.55 36.11 37.03 37.99
0.42 0.32 1:00 0.12 0.41 0.48 0.46 0.47
ANOVA results
Week
F 127.16 0.193 14.27 4.31 251.1 62.84 8.08 33.75
daf 2,10 2,10 2,10 2,10 2,10 2,10 2,10 2,10
p< 0.0001 NS 0.002 NS 0.0001 0.0001 0.009 0.0001
Probe
F 8.12 1.328 37.845 1.976 7.88 4.2 9.301 8.63
daf 1,15 1,5 1,5 1,5 15 1,5 1,5 1,5
p< 0.04 NS 0.002 NS 0.04 NS 0.03 0.04
Week x probe
F 4.17 0.667 2.392 1.566 4.11 2.69 2.07 1.404
daf 2,10 2,10 2,10 2,10 2,10 2,10 2,10 2,10
p< 0.05 NS NS NS NS NS NS NS

2 °C, Mean + SD.
b HH:MM, Mean + SD.
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Figure 3. (Top) The difference between the mean ( + SEM)
diurnal hypothalamic (Thy-L) and peritoneal (Tp-L) temper-
atures during baseline (BL, n = 6), and during chronic clor-
gyline treatment (TR1 and TR2, n = 6). Thy was higher than
Tp at each phase of treatment, and clorgyline treatment
(WEEK 1, WEEK 2) decreased the difference between Thy and
Tp (F = 4.11; df = 2,10; p < .05). The Tny-T;, difference (*) dur-
ing baseline (BL) is significantly different from the difference
measured during WEEK 2 (paired t = 2.74; df = 5; p = .041),
but not during WEEK 1 (paired ¢ = 2.141; df = 5; p = .0852).
(Bottom) The difference between the mean (+SEM) 24-hour
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Figure 4. The linear regression (solid line) of Thy on Ty, over
the course of 24 hours during baseline (top) and during week
2 of clorgyline treatment (bottom) is shown for a representa-
tive animal. The relationship Thy = T is indicated by the bro-
kenline. r2 = 12 = the proportion of the variance in Tpy (°C)
that is accounted for by its linear regression on Tp (°C). The
figure illustrates: Thy > T, during baseline and clorgyline
treatment, clorgyline treatment decreases Tp and Thy, the
uniform linear relationship between Thy and Tp through a
range of body temperatures during baseline and clorgyline
treatment, and the absence of selective hypothalamic cool-
ing at elevated peritoneal temperatures.

hypothalamic (Thy-24) and peritoneal (Tp-24) temperatures
during baseline (BL), and during chronic clorgyline treatment
(WEEK 1 and WEEK 2). As observed during T-L, chronic clor-
gyline treatment decreased the temperature difference be-
tween Thy-24 and Tp-24 (F = 4.17; df = 2,10; p < 0.05), but
the pairwise comparisons between BL and WEEK 1, and BL
and WEEK 2, were not significant.
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F = 1.0; df = 2,6; NS) and amplitude (Px = 0.55 + .11,
0.49 + .12,0.46 + .15;S = 0.51 + .05,0.48 + .12;0.35 +
19, F = 0.2; df = 2,6; NS).

Lithium

Lithium'’s Effects on Hypothalamic Temperature in LD
14:10-Housed Hamsters. Increasing the dose of lithium
periodically over an 8 week period produced a gradual
drop in Thy. Low doses of lithium diet (0.075% to
0.15%), introduced during weeks 1 and 2, had little
effect on Thy (Figure 5). Increasing lithium to 0.30% de-
creased the level of Thy after 1.5 weeks at this dose. In-
creasing lithium to 0.45% resulted in a further decline
in the level of Thy. This decline was evident in both the
peak and trough of Thy (Figure 7). A gradual decline
in the level of Thy was observed in the control-diet
hamsters, but this decline was smaller compared with
the lithium-treated hamsters. In orbital blood samples
taken from three of the four hamsters after 4 weeks of
lithium treatment, plasma lithium levels were 0.61 mEq,
0.89 mEq and 1.04 mEq. Plasma lithium levels measured
in a separate group of hamsters ranged between 1.22
to 1.31 mEq/L at week 8.
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There were significant interactions between drug
treatment (TRT: lithium versus control) and the week
of treatment (BL, WEEK 4~5, WEEK 6-7) on Thy-24 and
Thy-L (Table 3). Lithium significantly decreased Thy-L
and Thy-24 during WEEK 6-7 (Table 7).

Fluoxetine

The 2 mg/kg/day dose of fluoxetine produced a slight
decrease in Thy, most evident during the trough of the
daily temperature curve (Figures 6 and 7). Increasing
the dose of fluoxetine to 20 mg/kg/day (between weeks
2 and 4) produced a further decline. During fluoxetine
withdrawal, Thy began to increase toward the levels
observed during baseline.

Repeated measures ANOVA (BL, WEEK 1, WEEK
3, WEEK 4, WD) was used to determine the chronic
effects of FLX on Thy over 24 hours (Thy-24) and dur-
ing the light (Thy-L) or dark phases (Thy-D). There were
significant WEEK of treatment effects of amplitude (F =
6.288; df = 4,16; p = 0.017), Thy-L (F = 5.691; df = 4,16;
p = .034), Thy-L min (F = 5.463; df = 4,16; p = .04),
and Thy-D max (F = 5.434; df = 4,16; p = .04). Fluoxe-
tine decreased Try-L, delayed phase, and increased

Lithjum
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0.075 % 0.15% 0.30 %
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Figure5. The mean brain temperature (Thy) of four lithium-treated hamsters (fop) and three control (bottom) hamsters over
the course of 9 weeks. Lithium diet (0.075%) was administered to hamsters beginning week 1; dose was increased to 0.15%,
0.30%, and 0.45% on weeks 2, 3, and 6 respectively. Plasma lithium levels ranged from 0.61-1.04 mEq after 4 weeks of
treatment and about 1.22 mEq at week 9. The horizontal line corresponds to the mean baseline brain temperature for each group.
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Figure 6. (Top panel) The mean brain temperature of five fluoxetine-treated hamsters treated for 25 days with fluoxetine
by 8 days of withdrawal. Hamsters were treated with fluoxetine mixed in liquid diet (~2 mg/kg/day) beginning week 1.
After 1 week, the dose was increased to approximately 20 mg/kg/day. The transient increase in diurnal Thy at day 25 was
due to blood sampling. The gaps in the record were caused by technical malfunction. The horizontal line corresponds to
the mean baseline temperature. (Lower panel) The mean temperature of three food-restricted hamsters. Daily food intake
was limited to 80% to 90% of the ad lib baseline levels for 30 days. On day 31, hamsters were again allowed to feed ad lib.

amplitude during WEEK 3 and WEEK 4. Fluoxetine also
increased Thy ranged, Thy-D max, and range during
WEEK 3 (Table 7).

Daily food intake decreased in hamsters fed fluox-
etine in a liquid diet. To assess whether fluoxetine’s
effects on temperature were related to decreased food
consumption, Thy was monitored in untreated animals
whose food was restricted to the average weekly
amount that was consumed by FLX-treated hamsters
(Figure 6). There were no significant differences be-
tween the FLX-treated and food-restricted hamsters for
Thy-24, 24-hour range, Thy-L, Thy-L min, Thy-D, or

Thy-D max. There were significant interactions be-
tween the two groups and the week of treatment of 24-
hour range, Thy-D, Thy-D max, and acrophase (Table
4). The acrophase of Thy was significantly delayed in
FLX-treated hamsters compared with restricted-diet
hamsters during WEEK 3 (f = 3.644; df = 6; p < .02),
WEEK 4 (t = 7.891; df = 6; p < .002) and during with-
drawal (WD; t = 2.476; df = 6; p < .05).

During week 3, 1.5 ml of blood was extracted from
the orbital sinus of each hamster. This procedure was
associated with a transient 2 day to 3 day rise in the level
of Tny (Figure 6). Averaged fluoxetine and norfluoxetine

Figure 7. The average 24-hour patterns of brain temperature in chronic clorgyline (top), lithium (middle), and fluoxetine
(bottom) treated hamsters during baseline (shaded area = mean + 1 SEM), and during chronic treatment (heavy black line).
The dotted (baseline) and thin lines (chronic drug treatment) correspond to the best-fit line to the data using a 24-hour cosine
plus three harmonics. Compared with baseline, the average hypothalamic temperature during the light phase (0100 hours
to 1500 hours) was significantly decreased in clorgyline (paired ¢ = 19.22, df = 4, p = .0001), fluoxetine (paired ¢ = 3.094,
df = 4, p = .036), and in lithium-treated hamsters (¢ = 6.263, df = 3, p = .008). Lithium and clorgyline also significantly
decreased the average 24-hour temperature.
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Table 3. Mean and Repeated Measures Analysis of Variance (ANOVA) Summary of Lithium (n = 4) and Control
(n = 3) Treatment Effects on Hypothalamic Temperature (Th) during Baseline, Week 4-5, and Week 6-7

24-Hour Light Phase Dark Phase
Treatment Week Th-24 Range Acrophase Amplitude Th-L Th-L Min Th-D Th-D Max
Lithium Baseline 37.46% 2.00 | 17:26% 0.49 37.22 36.82 37.81 38.82
0.15 0.38 0:23 0.06 017 0.26 0.16 0.37
Week 4-5 37.27 2.16 17:39 0.57 36.97 36.52 37.69 38.68
0.3 0.09 0:47 0.10 0.2 0.35 0.44 0.29
Week 6-7 37 2.24 17:30 0.65 36.65 36.09 37.48 38.32
0.17 0.22 1:07 0.16 0.06 0.23 0.34 0.23
Control Baseline 37.5 2.05 17:24 0.52 37.25 36.82 37.86 38.87
0.08 0.04 0:27 0.06 0.08 0.01 0.06 0.03
Week 4-5 37.46 2.01 17:18 0.50 37.2 36.82 37.76 38.83
0.12 0.19 0:14 0.12 0.09 0.09 0.18 0.26
Week 6-7 37.36 2.02 17:37 0.53 37.08 36.65 37.74 38.67
0.14 0.18 0:06 0.12 0.15 0.21 0.15 0.07
ANOVA results
Treatment x week
F 6.481 0.62 0.22 2.07 7.52 4.755 1.46 0.79
df 2,10 2,10 2,10 2,10 2,10 2,10 2,10 2,10
p< 0.016 NS NS NS 0.01 0.035 NS NS

4 °C, Mean + SD.
b HH:MM, Mean + SD.

plasma levels at this time were 41 + 5.5 ng/mL and 326
+ 63.5 ng/ml, respectively.

CHRONIC NEUROLEPTIC DRUG TREATMENT
EFFECTS ON BODY TEMPERATURE

Chlorpromazine and Haloperidol

Thy decreased 1°C during the first day of chlorproma-
zine treatment (Figure 8). Afterwards, the trough of
Thy rose transiently for about 2 days and then declined
toward baseline values. For the next 10 days of treat-
ment, the pattern of Thy appeared to be qualitatively
similar to baseline (Figures 8 and 9). Two factor ANOVA
with repeated measures indicated that there were no
significant interactions on Thy between treatment and
week of treatment for the dependent variables Thy-24,
24-hour range, Thy-L, Thy-L min, Thy-D, and Thy-D max.
There was a significant interaction between treatment
and week of treatment on cosinor estimated amplitude
(F = 7.762; df = 4,16; p = .001), but no differences be-
tween cell means of chlorpromazine, haloperidol, or con-
trols during WEEK 1, or WEEK 2 (Table 5).

In experiments conducted without monitoring Thy,
chlorpromazine plasma levels ranged between 85 ng/ml
and 115 ng/ml on the third day of treatment. The plasma
level was 11 ng/ml in one hamster and was undetect-
able in three of the four hamsters after 2 weeks of treat-
ment. Hamsters treated with 25 mg haldol pellets, but

without Thy monitoring, had plasma haloperidol lev-
els of 12.75 ng/ml and 3.75 ng/ml after 3 days (n = 4)
and 2 weeks (n = 4) of treatment, respectively.

Haloperidol Decanoate 100

Injection with haloperidol decanoate 100 produced a
1.5 week elevation of Tny (Figure 8). Plasma drug lev-
els measured in separate groups of hamsters after4 (n =
4), 16 (n = 4) and 21 (n = 5) days of treatment averaged
20.25 ng/ml, 15.5 ng/ml and 6.0 ng/ml respectively. In-
jection of sesame oil vehicle was not associated with
an increase in Thy. Two factor ANOVA with repeated
measures indicated a significant interaction between
TRT (haloperidol, vehicle) and measures (BL, WEEK
2, WEEK 3) for Thy-L minutes (F = 8.77; df = 2,6; p =
.02), and a trend for Thy-L (F = 5.96; df = 2,6; p = .07).
There was a significant interaction between treatment
and week of treatment for cosine estimated amplitude
(F = 13.40; df = 2,6; p < .05). Haloperidol decanoate
100 significantly decreased the amplitude in treated
animals compared with controls during WEEK 2 (t =
3.853; df = 3; p <.04), and this effect lessened during
WEEK 3 (t = 2.797; df = 3; p < .07).

DRUG EFFECTS ON BODY MASS

Hamsters treated with the neuroleptics, lithium, and
clorgyline lost body mass, whereas those treated with
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Table 4. Mean and Repeated Measures Analysis of Variance (ANOVA) Summary of Fluoxetine (r = 5)
and Control (n = 3) Treatment Effects on Hypothalamic Temperature (Th) during Baseline, Week 1,
Week 3, Week 4, and Withdrawal

24-Hour Light Phase Dark Phase
Treatment Week Th-24 Range Acrophase Amplitude Th-L Th-L Min Th-D Th-D Max
Fluoxetine Baseline 37.43% 2.01 17:00° 0.48 37.19 36.7 37.77 38.70
0.26 0.13 0:22 0.07 0.27 0.32 0.28 0.22
Week 1 37.35 1.73 16:35 0.47 37.15 36.67 37.64 38.40
0.31 0.25 0:46 0.12 0.3 0.37 0.36 0.37
Week 3 37.33 2.25 17:43 0.62 37.00 36.5 37.78 38.75
0.32 0.30 0:38 0.08 0.33 0.41 0.32 0.27
Week 4 37.26 2.23 17:56 0.60 36.92 36.37 37.75 38.60
0.34 0.26 0:18 0.13 0.38 0.45 0.31 0.23
Withdrawal 37.29 1.94 17:09 0.55 37.02 36.52 37.64 38.45
0.36 0.81 0:21 0.08 0.37 0.36 0.37 0.31
Food restriction Baseline 37.48 1.54 17:07 0.32 37.31 36.84 37.70 38.38
0.44 0.40 0:01 0.12 0.50 0.58 0.36 0.21
Week 1 37.42 1.70 16:46 0.38 37.26 36.78 37.64 38.48
0.45 0.49 0:22 0.15 0.51 0.73 0.37 0.28
Week 3 37.3 1.59 16:09 0.45 37.15 36.62 37.50 38.21
0.45 0.54 0:27 0.17 0.52 0.65 0.34 0.21
Week 4 37.06 1.97 16:08 0.47 36.92 36.31 37.27 38.28
0.41 0.54 0:18 0.19 0.45 0.55 0.37 0.45
Withdrawal 37.2 1.59 15:51 0.39 37.08 36.63 37.36 38.23
0.33 0.50 1:08 0.11 0.40 0.53 0.25 0.29
ANOVA results
Treatment X week
F 2.285 3.70 4.64 0.70 0.70 0.6 4.67 3.50
af 4,24 4,24 4,24 4,24 4,24 4,24 4,24 4,24
p< 0.09 0.018 0.05 NS NS NS 0.006 0.022

4 oC, Mean + SD.
¥ HH:MM, Mean + SD.

Baseline CPZ

Control
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Figure 8. Left panels: The mean brain temperature of three hamsters treated with haldol decanoate 100 (top) and two ham-
sters treated with sesame oil vehicle. Right panels: The mean brain temperature of five chlorpromazine (fop) and three control
hamsters (bottom) over the course of 23 days are shown. Hamsters were treated with 3-week, timed-release chlorpromazine
(100 mg), or control pellets. The horizontal line corresponds to the mean baseline temperature for each group.
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Figure9. The 24-hour pattern of brain temperature in chronic chlorpromazine (top, n = 5) and haldol (bottom, n = 3) treated
hamsters during baseline (shown in grey + 1SEM), and during chronic treatment days 7 to 13 (heavy black line). The dotted
(baseline) and thin lines (chronic drug treatment) correspond to the best-fit line to the data using a 24-hour cosine plus three
harmonics. The differences between treatment and controls were not significant.

fluoxetine, and control hamsters showed negligible
effects, or gained body mass (Figure 10).

DISCUSSION

The major finding of these experiments was that the
antidepressant drugs clorgyline, fluoxetine, and lithium
decreased hypothalamic temperature (Tables 1, 3, 4,
and 7). The decrease was most pronounced during the

light-(rest-) phase of the 24-hour cycle. Less general
effects of the antidepressant drugs on the daily pattern
of Thy were also observed. Both clorgyline (Tables 1
and 7) and fluoxetine (Tables 4 and 7) delayed the cir-
cadian rhythm of Thy, and fluoxetine increased the cir-
cadian amplitude of Tny. Clorgyline also decreased Thy
over 24 hours and during the circadian activity phase,
but these effects were only present during the first week
of treatment. In contrast, neither subchronic or chronic
treatment with the neuroleptic drugs, chlorpromazine,
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Table 5. Mean and Repeated Measures Analysis of Variance (ANOVA) Summary of Chlorpromazine

(Cpz, n = 5), Haldol (n = 3), and Placebo (n =
during Baseline, Week 1 and Week 2

3) Treatment Effects on Hypothalamic Temperature (Th)

24-Hour

Light Phase Dark Phase

Treatment Week Th-24 Range Acrophase Amplitude Th-L Th-L Min Th-D Th-D Max
Cpz Baseline 37.524 1.814 17:18° 0.51 37.28 36.852 37.842 38.652
0.05 0.29 0:21 0.07 0.06 0.14 0.06 0.25
Week 1 37.55 1.68 17:02 0.45 37.36 36.88 37.83 38.56
0.09 0.19 0:37 0.07 0.09 0.18 0.15 0.22
Week 2 37.50 2.16 17:47 0.56 37.25 36.77 37.86 38.75
0.08 0.22 0:31 0.08 0.09 0.12 0.15 0.18
Haldol Baseline 37.37 2.00 18:04 0.47 37.09 36.72 37.75 38.71
0.24 0.39 0:07 0.05 0.22 0.18 0.27 0.45
Week 1 37.43 1.84 17:05 0.37 37.25 36.89 37.68 38.73
0.27 0.43 0:50 0.09 0.21 0.17 0.37 0.43
Week 2 37.35 1.87 17:20 0.44 37.13 36.82 37.65 38.69
0.30 0.29 0:47 0.06 0.28 0.23 0.31 0.48
Placebo Baseline 37.50 1.77 17:01 0.47 37.31 36.93 37.77 38.70
0.22 0.33 0:27 0.06 0.23 0.22 0.21 0.46
Week 1 37.54 1.81 16:55 0.50 37.34 36.88 37.82 38.69
0.25 0.19 0:31 0.04 0.24 0.26 0.28 0.29
Week 2 37.50 2.08 17:20 0.46 37.29 36.80 37.80 38.88
0.28 0.09 0:46 0.06 0.26 0.24 0.31 0.15
ANOVA results
Treatment x week
F 0.211 2.296 2.46 7.762 0.761 1.088 1.539 0.594
df 4,16 4,16 4,16 4,16 4,16 4,16 4,16 4,16
p < NS NS NS 0.01 NS NS NS NS

4°C, Mean + SD.
¥ HH:MM, Mean + SD.

and haloperidol decreased Thy during the light phase,
although subchronic treatment diminished the ampli-
tude of Thy (Tables 5, 6, and 7).

A novel aspect of these experiments was the use
of chronic, noninvasive radio-telemetry techniques to
monitor hypothalamic temperature. Handling stress
has been shown to strongly influence body tempera-
ture (Berkey et al. 1990; Kluger 1991) and to obscure
the course of fever in rodents (Kluger 1991). Just as
telemetry has been shown to be useful in monitoring
fever (Kluger 1991), it also appears to be a valuable
method for detecting consistent, but subtle decrements
in Ty induced by chronic treatment with antidepres-
sant drugs. As aresult, an effect of stress on Ty, should
be considered as a possible explanation for the failure
of other investigators to detect antidepressant drug
effects on Tp (Cranston and Rosendorf 1967; Mogil-
nicka et al. 1985; Gudelsky et al. 1986; Dilsaver and
Alessi 1988; Wozniak et al. 1988). In the future, nonin-
vasive monitoring techniques will probably be essen-
tial to identify possible relationships between Thy-
cooling and mechanisms of antidepressant drugs.

Antidepressant Drug Effects on Thy Level

The Thy-lowering effects of antidepressant drugs
reported here are consistent with body temperature-
lowering effects of desipramine and clomipramine
(Brown and Seggie 1988), lithium (Jensen 1974), and
electroconvuisive stimulation (Gleiter et al. 1989) re-
ported in rodents. The fact that the antidepressant
drugs used in the current experiments share the com-
mon property of altering 5SHT metabolism (Perez-Cruet
et al. 1971; Knapp and Mandell 1973; Fuller et al. 1974;
Wong et al. 1974; Campbell et al. 1979; Hwang et al.
1980; Mousseau and Greenshaw 1989; Ozaki et al. 1993)
implicates this neurotransmitter in the brain-cooling
effects of the treatments, although other transmitter sys-
tems may be involved. The current experiments extend
previous observations of antidepressant-induced lower-
ing of Ty to the hypothalamus, the location of a cen-
tral thermostat that plays a major role in body temper-
ature regulation (Satinoff 1978). As discussed later,
because these drugs decrease Thy, activation of cold-
defense mechanisms should be considered as a possi-
ble consequence of chronic drug treatment.
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Figure 10. Drug-induced changes in body mass (mean + SD) relative to baseline levels are shown for hamsters treated
with clorgyline in experiments one and two (CLG1, CLG2), saline control (SAL), lithium (Li), potassium control (K), fluoxe-
tine (FLX), chlorpromazine (CPZ), haloperidol (HDL), and vehicle control (HDLy).

The temperature-decreasing effect of clorgyline on
Thy and Tp during the light-(rest-) phase is consistent
with our previous experiments in which we measured
only T, (Gao et al. 1991). One distinction between the
two experimental results, however, is that the lower-
ing of Tp (Table 2) by clorgyline in the present experi-
ment was greater than in the previous one. In the earlier
experiment, tolerance to clorgyline’s temperature-
decreasing effects appeared to develop during the sec-
ond week, perhaps as an artifact of handling stress or
the constraint of EEG-monitoring.

Our finding that lithium treatment of hamsters low-
ered Thy is consistent with an earlier report that
chronic, clinical doses of dietary lithium decreased rec-
tal temperature in rats (Jensen 1974), but it is inconsis-
tent with reports that prolonged lithium treatment ele-
vates (Tupin 1970; Lund 1987), or does not affect the
level of (Campbell et al. 1989) rectal temperature in pa-
tients. These discrepancies may be due to differences
in the site at which body temperature is monitored.
When both temperatures were monitored in the same
animal, chronic lithium treatment lowers T} less than
Thy (Duncan unpublished data). During chronic treat-
ment, Thy decreased about 0.13°C more than Tp did.

The results of the fluoxetine experiments confirm
our earlier findings that fluoxetine decreases brain tem-
perature (Gao et al. 1992). They further indicate that

fluoxetine’s effects are not an evoked response to IP
drug administration, because fluoxetine was delivered
ad lib in the diet. The Thy-lowering effect of fluoxetine

-and food restriction were similar (Table 4). This obser-

vation, together with similar observations in food-
restricted birds (Daan et al. 1989; Graf et al. 1989), raises
the possibility that the temperature-lowering effect of
fluoxetine was related to reduced food intake. Against
this interpretation is the fact that a single IP injection
of fluoxetine produced an immediate decrease in Thy
(Gao et al. 1992). Also, based on an earlier finding that
food restriction decreases responsiveness to antidepres-
sant drugs (Soubrie 1989), it could be predicted that the
temperature-reducing effect of antidepressant drugs
would be lessened in food-restricted animals. However,
in the previous IP study, the Tnhy-lowering effect was
greater in chronic than in acute fluoxetine-injected
animals. Whether the chronic Thy-lowering is related
to decreased food intake, or to the long half-life of fluox-
etine and/or its active metabolites (Fardi et al. 1986;
Bergstrom et al. 1988) could be addressed in future ex-
periments. Because both chronic food restriction (Hall
et al. 1983) and chronic fluoxetine treatment of rats
(Wong and Bymaster 1981; Wong et al. 1985) produce
hyposensitivity to serotonergic stimulation; it is possi-
ble that diminished serotonergic function may be
responsible for the decrease in Thy in both cases.
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Table 6. Mean and Repeated Measures Analysis of Variance (ANOVA) Summary of Haldol Decanoate 100
= 2) Effects on Hypothalamic Temperature (Th) during Baseline, Week 2 and Week 3

(Haldol, n = 3) and Vehicle (n

24-Hour Light Phase Dark Phase
Treatment Week Th-24 Range Acrophase - Amplitude Th-L Th-L Min Th-D Th-D Max
Haldol Baseline 37.46° 2.03 17:55¢ 0.54 37.11 36.7 37.69 38.73
0.09 0.21 0:05 0.05 0.14 0.26 0.09 0.23
Week 2 37.57 1.69 17:01 0.31 37.41 37.08 37.66 38.77
0.21 0.23 0:12 0.02 0.22 0.19 0.21 0.11
Week 3 37.46 1.76 17:17 0.36 37.25 36.89 37.55 38.65
0.21 0.22 0:19 0.09 0.25 0.28 0.21 0.10
Vehicle Baseline 37.26 2.09 17:49 0.64 36.88 36.42 37.53 38.51
0.2 0.36 0:02 0.09 0.32 0.24 0.23 0.12
Week 2 37.18 2.46 17:52 0.67 36.73 36.15 37.45 38.60
0.12 0.35 0:13 0.08 0.24 0.22 0.15 0.13
Week 3 37.14 2,16 17:42 0.64 36.75 36.25 37.40 38.41
0.1 0.58 0:40 0.13 0.31 0.28 0.06 0.30
ANOVA results
Treatment x week
F 2,12 6.08 3.82 13.40 5.96 8.77 0.04 0.16
daf 2,6 2,6 2,6 2,6 2,6 2,6 2,6 2,6
p< NS NS NS 0.05 0.07 0.02 NS NS

4oC Mean + SD.
b HH:MM, Mean + SD.

Antidepressant Drug Effects on Thy

Amplitude and Phase

Both clorgyline and fluoxetine delayed the 24-hour
rhythm in Thy. Results of a recent experiment have

shown that clorgyline also delays the 24-hour pattern
of 5SHT levels measured within the suprachiasmatic nu-
cleus (Ozaki et al. 1993). The possibility exists that
changes in the timing of daily rhythms of 5HT and of
Thy are causally related. Recent experiments have es-

Table 7. Statistical Summary of Antidepressant and Neuroleptic Drug Effects on Hypothalamic Temperature (Thy)

Thy24 Range Phase AMP Thyt Thyrmin Thyp Thybmax
Antidepressants
CLG
Treatment x week* 0.001 —d 0.001 - 0.001 0.001 0.01 0.01
Week 1? 0.015 - 0.001 - 0.012 - 0.014 -
Week 3? - - 0.003 - 0.046 - - -
LI
Treatment x week? 0.016 - - - 0.01 0.035 - -
Week 6 0.03 - - - 0.004 - - -
FLX
Treatment x week” 0.05
Week# - 0.018 0.017 0.034 0.04 0.04
Week 3 - 0.02¢ 0.02% 0.02¢ 0.05¢ - - 0.051¢
Week 4 - - 0.002* 0.055¢ 0.04¢ - - -
Neuroleptics
CPZ, HDL
Treatment x week? - - - 0.01 - - - -
HDLg
Treatment x week® - - - 0.05 - 0.02 - -
Week 2¢ - - - - - - - -
Week 3° - - - 0.04 - - - _

% Repeated Measures ANOVA (p value equals).
b Independent group t-test (treatment group versus control group). (p value equals).
¢ Paired t-test (BL versus treatment week). (p value equals).

4 Not significant.
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tablished that 5HT shifts the circadian phase of neu-
ronal activity within the SCN (Prosser et al. 1993). The
phase-delaying effect of clorgyline and fluoxetine on
the 24-hour rhythms of Trny and 5SHT may therefore be
related to the serotonergic properties of these drugs.
Of the three antidepressant drugs tested, lithium alone
failed to delay the daily temperature rhythm. Although
this observation was unexpected (lithium is well known
to delay a number of circadian rhythms outside the SCN
(Kripke et al. 1979; McEachron et al. 1982; McEachron
et al. 1985), it is consistent with the observation that
lithium fails to delay the rhythm of metabolic activity
in the SCN (McEachron et al. 1985).

The acrophases of the 24-hour cosine estimated
curve-fits of Thy (Tables 1, 3, 4, 5, and 6) do not closely
match the peaks of the 24-hour mean data shown in
Figures 7 and 9. For example, in the clorgyline experi-
ment, the peak of mean Thy during baseline (BL) oc-
curs at 1530 (Figure 7), whereas the cosine-estimated
acrophase occurs at 1731 (Table 1). Masking of the 24-
hour rhythm in Thy by increased wakefulness at the be-
ginning and end of the dark phase (Gao et al. 1991),
or increased sleep during the light and mid-dark phases
(Gao et al. 1991), is a possible explanation for these ap-
parent phase differences. As shown by the dotted and
thinlines in Figures 7 and 9, improved fit of the 24-hour
data was obtained by adding the first three harmonics
to the fundamental 24-hour cosine curve. An interpre-
tation based on these improved curve-fits, is that mask-
ing components are subharmonics of the fundamental
24-hour rhythm.

Fluoxetine was the only antidepressant drug that
increased the 24-hour amplitude of Thy. Thy amplitude
diminished during neuroleptic treatment (Tables 5 and
6). This result raises the possibility that diminished am-
plitude of Thy may be an important correlate of neu-
roleptic drug response, and that different classes of an-
tidepressant drugs may be unique with regard to their
phase-delaying or amplitude-increasing effects on the
daily pattern of Thy.

Neuroleptic Drug Effects on Thy Level

In contrast to antidepressant drugs, which produced
a sustained decrease in Thy, neuroleptic drugs tended
to produce an increase in Thy, and this increase was
transient. The physiological mechanisms responsible
for these differences are not known. They may include
a variety of processes, including differential effects on
neurotransmitter receptor desensitization that accom-
panies chronic drug treatment, cerebral vasomotor
tone, and brain metabolism. The fact that subchronic
(3-day) (Andree et al. 1986), or chronic treatment with
chlorpromazine (Mikuni and Meltzer 1984; Hong et al.
1988), and chronic treatment with antidepressant drugs
(Peroutka and Snyder 1980; Mikuni and Meltzer 1984),
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decreases the number of 5SHT2 receptors in the rat brain
suggests that this receptor is unlikely to account for the
differential effects of neuroleptic and antidepressant
drugs on Thy. Because body mass decreased in both
the antidepressant and neuroleptic treated animals, the
different effects of these drugs on Thy cannot be ex-
plained by their effects on body mass, either.

As reported previously, chlorpromazine produced
a decrease in Thy during the first 12 hours of treatment
(for a review of neuroleptic effects on Ty, see Clark and
Lipton 1985). Not reported previously, Thy increased
during day 2 and day 3 of chlorpromazine treatment,
then returned to baseline. As reported by other inves-
tigators, we found that (see Clark and Lipton 1985)
haloperidol decanoate 100 had no acute effect on Thy.
However, Thy subsequently increased during the first
10 days of haloperidol treatment, then returned to base-
line levels. These changes were most evident during
the diurnal (rest) phase of the 24-hour interval (Figure
8). These different patterns may be related to the differ-
ent pharmacological profiles of these drugs. Chlor-
promazine is an alpha-2 and D1/D2 antagonist, whereas
haloperidol is a selective D2 antagonist. Whether
repeated injections or implants of these drugs would
maintain the elevated Thy is a question for future re-
search. The rise and fall in Thy that we observed may
have been secondary to corresponding changes that we
detected in plasma drug levels. It is also possible that
long-term adaptive processes (desensitization) could
have been responsible for the time-course of these
effects of neuroleptics on Thy. A future experiment
could examine whether repeated treatments that main-
tained elevated plasma drug levels would prolong the
elevation in Thy that we saw in the acute phase of the
experiment.

Relationship Between Thy and T,

To our knowledge, this is the first experiment in which
hypothalamic and peritoneal temperatures were simul-
taneously and chronically monitored in a freely mov-
ing rodent. In earlier experiments in which both tem-
peratures were monitored, animals were restrained by
recording wires (Obermeyer et al. 1991), or tempera-
tures were monitored acutely (Ahlers et al. 1991). Our
data, which are free of artifacts produced by handling
stress (Berkey et al. 1990), showed that, on average, over
24 hours, Thy was 0.34°C higher than Tp. This finding
is consistent with earlier reports that brain temperature
is higher than rectal temperature in euthermic mam-
mals (Hayward and Baker 1969; Caputa et al. 1983, 1991;
Fuller 1984).

Clorgyline treatment decreased both Thy and Tp.
Relative to baseline measurements however, chronic
clorgyline decreased Thy 0.1°C more than it decreased
Tp, and thereby reduced the temperature difference
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between the hypothalamus and the peritoneal cavity
(Figure 3). The smaller decrease in Tj relative to Thy is
opposite to the greater conservation of Ty versus Tp
observed during behavioral or pharmacological chal-
lenge (Taylor and Lyman 1972; Dib and Cabanac 1984;
Bejanian et al. 1987; Obermeyer et al. 1991). The bio-
logical significance of such a temperature change is un-
known. We examined the regression between Try and
Tp over 24 hours, but found no evidence of selective
hypothalamic cooling at extreme physiological temper-
atures (Figure 4) as occurs during the thermal stress as-
sociated with motor activity (Gordon et al. 1981). In fact,
because the decline in T} is less than the decline in Thy,
it is possible that the relative elevation in T} results
from an activation of noncentral cold-defense mecha-
nisms. Recent experiments support a cold-defense in-
terpretation. Clorgyline-treated hamsters (a) self-select
ambient temperatures 1°C to 2°C above control ham-
sters (Gordon and Duncan 1994), (b) are behaviorally
more active than control animals (Duncan et al. 1988;
Gordon and Duncan 1994), and (c) have higher plasma
corticosteroid levels than control animals (Duncan and
Ozaki unpublished data). If a cold-defense response oc-
curs, it cannot have been successful because T, ex-
hibited a net decrease. Whether activation of thermal
effector mechanisms by hypothalamic cooling is respon-
sible for the activation of behavior that is induced by
these drugs is a question that can be addressed in later
experiments. One prediction of this hypothesis is that
treatments that prevent hypothalamic cooling would
also reverse the activating properties of antidepressant
drugs.

Brain Cooling Mechanisms

Temperature of the mammalian brain is regulated by
a combination of factors including regional brain meta-
bolic rate, the temperature of arterial blood supply, the
rate of brain blood flow, and heat exchange through
the surface and base of the skull (Baker 1982). With re-
gard to metabolism and vascular factors, antidepres-
sant drugs (DMl and phenelzine) decrease glucose utili-
zation (GU) in rats (Gerber et al. 1983), and MAOQOI
(Reinhard et al. 1979) and fluoxetine (Amenta et al. 1985)
treatments alter 5HT levels and reuptake within cere-
bral vessels that regulate brain temperature. In addi-
tion, the combination of MAQI and noradrenaline alters
cerebral blood flow (Lasbennes et al. 1988). Observa-
tions that (a) pharmacological and nonpharmacologi-
cal manipulations of 5HT decrease brain GU (Grome
and Harper 1985; Cudennec et al. 1988), and (b) 5HT
is present in brain arterioles (Reinhard et al. 1979; Ed-
vinsson et al. 1983; Scatton et al. 1985) and modulates
vasomotor function (Harper and MacKenzie 1977), sug-
gest that this neurotransmitter may be pertinent to
drug-induced lowering of Thy.

Evidence suggests that melatonin modulates ther-
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moregulation in mammals, possibly by affecting cere-
bral blood flow (Arutyunyan et al. 1964; Shibata et al.
1989; Viswanathan et al. 1990; Cagnacci et al. 1992). Al-
though MAOQI treatment increases melatonin levels
(Oxenkrug et al. 1985), the present data fail to support
the hypothesis that the decrease in Thy is melatonin-
related, because pinealectomy failed to reverse clorgy-
line’s effects on Thy. Thus, drug-effects on small ves-
sels and arterioles regulated by SHT (Edvinsson et al.
1983), and not drug effects on larger arteries regulated
by melatonin (Viswanathan et al. 1990), are the most
likely mediators of altered blood flow and hypothalamic
cooling.

Because, on the average, the tips of the Thy probes
in the current studies were located about 2000 p from
the ventral surface of the anterior hypothalamus, they
may have been affected by venous drainage flowing
from the nasal vein into the opthalamic and pterygoid
sinuses. In hamsters, cooled venous blood may con-
tribute to the decrease in brain temperature observed
during motor activity (Gordon et al. 1981). Because an-
tidepressant drugs alter the density of central alpha and
beta adrenergic receptors, and because these receptors
regulate blood flow to pools at the base of the brain
{(Winquist and Bevan 1980; McPherson and Bevan 1987;
Kreutzer and Folkow 1988), it is possible that increased
venous drainage to the ventral brain surface may have
been partly responsible for hypothalamic cooling in-
duced by drugs.

The psychoactive drugs used in these studies alter
sleep and food intake, which affect thermoregulation
(Berger and Phillips 1988). It is unlikely that the level
of food intake was directly related to the different drug
effects on Thy because drug treatment was associated
with decreased levels of food intake in clorgyline, fluox-
etine, and haloperidol-treated hamsters (Duncan un-
published data). Also, the relationship between drug-
induced changes in Thy and sleep is not clear. Brain
temperature tends to increase during REM sleep and
decrease during NREM sleep (Parmegiani 1980; Obal
et al. 1985), suggesting that drugs which alter sleep
might also affect brain temperature. Effects of neurolep-
tic drugs on sleep have not been studied in hamsters;
however, if the change in Tny was related to drug
effects on sleep, one would predict that in hamsters,
neuroleptic, and antidepressant drug treatments would
increase and decrease their respective REM-NREM ra-
tios. In contrast, effects of antidepressant drugs on sleep
in hamsters have been studied more extensively by our
group (Gao et al. 1991, 1992). Clorgyline produces a
chronic increase of NREM sleep throughout treatment
(Gao et al. 1991) suggesting a possible relationship be-
tween drug effects on sleep and body temperature. Al-
though acute and subchronic treatment with fluoxetine
(Gao et al. 1992) and clorgyline (Gao et al. 1991)
decreases REM sleep and Thy in hamsters, prolonged
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fluoxetine treatment decreases Ty further, but increases
REM sleep (Gao et al. 1992). Overall, the current data
do not provide strong support for the possibility that
the opposite effects of antidepressant versus neuroleptic
drugs on Thy were related to the drugs’ effects on sleep
and food intake, but further experiments are warranted
to clarify these relationships.

Clinical Relevance

These are the first experiments to explore chronic effects
of psychoactive drugs on brain temperature in mam-
mals. The facts that clinically relevant drug doses were
used in these studies, and that therapeutic plasma neu-
roleptic (Tang et al. 1984; Simpson and Yadalam 1985;
Sramek et al. 1987) and antidepressant drug levels were
associated with temperature changes suggest that simi-
lar effects may occur in humans; however, there is rea-
son to be cautious in this interpretation. A full range
of doses was not used in these studies. It is possible
that the different antidepressant versus neuroleptic
temperature effects would not be present across the
range of doses. Also, the pharmacokinetic properties
of these drugs are likely to be affected by species differ-
ences, as well as by differences in our methods of drug
delivery. These issues can only be answered with fur-
ther experiments.

As we speculated earlier, drug effects on brain tem-
perature and a resulting cold-defense reaction may con-
tribute to the behavior-activating properties of an-
tidepressant drugs. Recent experiments suggest that
the clinical response to sleep deprivation can be modu-
lated by warm and cold ambient temperatures (Wehr
1989), and by the use of antidepressant or neuroleptic
drugs (van den Burg et al. 1990). It is possible that the
modulating influence of these two treatments on the
antidepressant response is related to their common
effects on thermoregulatory mechanisms.

During depression, body temperature is often
reported to be elevated especially during the rest or
sleep phase (Mellerup et al. 1978; Pflug et al. 1981; Av-
ery et al. 1982; Beersma et al. 1983; Lund et al. 1983;
van den Hoofdakker and Beersma 1985; Avery et al.
1986; Souetre et al. 1988). Results from recent positron
emission tomography scan experiments indicate that
overall cerebral glucose metabolism is elevated during
NREM sleep in depressed patients versus controls (J.C.
Gillin, personal communication 1994). The observation
that drugs decrease Thy during the rest phase indicates
their effect may be partly sleep-dependent, and that
these drugs may correct a pathological factor (i.e.
elevated nocturnal temperature) that is associated with
depression. The extent to which drugs exert their ther-
apeutic effects through their effects on temperature
regulation could be examined further with animal
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models of psychopathology (Meerlo et al. 1993; Tor-
natzky and Miczek 1993).

SUMMARY

The use of noninvasive radiotelemetry techniques re-
vealed the presence of subtle, but consistent tempera-
ture decreases (<0.5°C) within the hypothalamus dur-
ing chronic antidepressant drug treatment. Results
obtained with these methods suggest that antidepres-
sant drugs, particularly those with serotonergic prop-
erties, cool the hypothalamus, whereas neuroleptic
drugs have negligible or opposite effects. The fact that
drugs with contrasting clinical applications exhibit con-
trasting thermal properties suggests that the tempera-
ture effects might be related to their therapeutic effects.
Cooling of hypothalamic tissue during drug treatment
may arise from increased arterial blood flow, decreased
regional metabolic rate, or increased venous drainage
at the base of the hypothalamus. Further experiments
will be required to elucidate the contributions of these
different factors, and to establish a causal relationship
between hypothalamic cooling and antidepressant
properties of these drugs.
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