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5-HT

 

1A

 

 receptor knockout (KO) mice have been described as 
more anxious in various anxiety paradigms. Because 
anxiety is often associated with autonomic changes like 
elevated body temperature and tachycardia, radiotelemetry 
was used to study these parameters in wild type (WT) and 
KO mice in stress-/anxiety-related paradigms. Basal body 
temperature (BT), heart rate (HR), and their diurnal 
rhythmicity did not differ between well-adapted WT and KO 
mice. In a simple stress-test, the Stress-induced Hyperthermia 
(SIH), injection-stress resulted in an exaggerated stress-
response in KO mice. Furthermore, the 5-HT

 

1A

 

 receptor 
agonist flesinoxan dose-dependently antagonized SIH and 

stress-induced tachycardia in WT, but not in KO, mice. In 
both genotypes, diazepam blocked SIH, but not stress-induced 
tachycardia. Finally, KO mice displayed an exaggerated 
stress response in HR and BT to novelty stress; this was 
supported by behavioral indications of enhanced anxiety. The 
present findings show that 5-HT

 

1A

 

 receptor KO mice display a 
more “anxious-like” phenotype not only at a behavioral, but 
also at autonomic levels.
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Among the 14 different serotonergic (5-HT) receptors in
the brain, particularly the 5-HT

 

1A

 

 receptor is thought to
play an important role in the etiology of anxiety and de-
pression (Deakin 1993; De Vry 1995; Hoyer et al. 1994;
Olivier et al. 1999).

Recently, mice lacking 5-HT

 

1A

 

 receptors have been
generated in different genetic backgrounds (C57BL/6J
strain: Heisler et al. 1998; Swiss-Webster 

 

�

 

 129/Sv
strain: Parks et al. 1998; 129/Sv strain: Ramboz et al.
1998), and results indicate that these mice display a
more anxious phenotype than their corresponding wild
types, predominantly in approach-avoidance conflict
paradigms, such as elevated plus maze (Ramboz et al.
1998), open field (Heisler et al. 1998; Parks et al. 1998),
and novelty suppressed feeding (Zhuang et al. 1999).

In humans, anxiety and stress disorders are often as-
sociated with autonomic nervous system changes and
include tachycardia and heart palpitations (Friedman
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and Thayer 1998a) and elevated core body temperature
(Lesch 1991; Murphy et al. 1991). In animals, experi-
mentally induced stress elicits tachycardia (Bouwknecht
et al. 2000; Nijsen et al. 1998a) and increases body tem-
perature (Borsini et al. 1989; Bouwknecht et al. 2000;
Olivier et al. 1998). Moreover, conditioned fear also elicits
tachycardia in freely moving rats (Nijsen et al. 1998b)
and mice (Stiedl and Spiess 1997; Stiedl et al. 1999). In-
terestingly, a preliminary study indicated that 5-HT

 

1A

 

receptor KO mice showed increased tachycardia com-
pared with wild type (WT) mice in response to foot-
shock also accompanied by increased freezing (Gross et
al. 2000).

Therefore, the purpose of the present experiments
was to further investigate whether the putative anxious
phenotype of 5-HT

 

1A

 

 receptor knockout (KO) mice is
also reflected in autonomic nervous system distur-
bances and paradigms differing from approach-avoid-
ance conflict ones that are easily subject to confounding
influences of laboratory environments (Crabbe et al.
1999) and largely seem to measure exploration, instead
of anxiety-related behavior (Dulawa et al. 1999).

First, in a radiotelemetry setup, it was investigated
whether the putative enhanced anxiety of KO mice is
reflected in differential levels, or basal 24-h variation, of
core body temperature, heart rate, and activity. Second,
based on the putative higher levels of anxiety in KO
mice, exaggerated heart rate and temperature re-
sponses in the stress-induced hyperthermia (SIH) para-
digm were expected (Van der Heyden et al. 1997). The
anxiogenic 5-HT

 

2C

 

 receptor agonist, mCPP (Griebel
1995), and the anxiolytics flesinoxan, a 5-HT

 

1A

 

 receptor
agonist (Schipper et al. 1991) and diazepam were tested
in this SIH procedure. Finally, as it has been suggested
that KO mice display altered exploratory activity or re-
activity in response to a novel environment (Ramboz et
al. 1998), the effects of switching mice to a novel envi-
ronment were investigated, which in rats previously has
been shown to induce tachycardia (Nijsen et al. 1998a)
and possibly corresponds with increased anxiety.

 

MATERIALS AND METHODS

Subjects

 

Male homozygote 5-HT

 

1A

 

 receptor KO and WT mice
were bred within the laboratory animal facilities of the
Utrecht University (GDL, Utrecht, The Netherlands).
The breeding founders were originally obtained from
Dr. R. Hen (Columbia University, New York, USA) and
were derived from established colonies from the 129/
Sv strain (Ramboz et al. 1998). Mice were generated by
breeding homozygote KO and WT mice with the same
129/Sv genetic background.

At the start of the experiment, animals were 12
weeks old, weighed approximately 25 g and were indi-

vidually housed in standard Macrolon cages (22 

 

�

 

 16 

 

�

 

14 cm) enriched with a gray plastic tube (length 13.5 cm;
diameter 5 cm) and nesting material (EnviroDri, BMI,
Helmond, The Netherlands). Animals were housed under
nonreversed 12 h light – 12 h dark cycle conditions
(lights on from 7.00 am–7.00 pm) at controlled room tem-
perature (21 

 

�

 

 2

 

�

 

C) and relative humidity of 60 

 

�

 

 15%
with standard rodent food pellets (Hope Farms, Woer-
den, The Netherlands) and water freely available.

All experiments were carried out with the approval
of the Animal Ethics Committee of the Faculties of
Pharmacy, Chemistry and Biology, Utrecht University,
The Netherlands.

 

Surgery

 

Mice were first injected with the antibiotic Baytrill

 

®

 

(Bayer, Mijdrecht, The Netherlands; 2.5% enrofloxacin,
0.25 

 

�

 

l, SC; 20 min prior to anesthesia) to prevent possible
infections and were subsequently deeply anesthetized
with a cocktail of fentanyl/fluanisone (Hypnorm

 

®

 

, Jans-
sen Pharmaceutica, Beerse, Belgium), midazolam hy-
drochloride (Dormicum

 

®

 

, Hoffman-LaRoche, Mijdrecht,
The Netherlands), and sterile water (ratio 1:1:2; 3.3 ml/kg
body weight, subcutaneously). ECG transmitters (Data
Sciences International™, type TA10ETA-F20, St. Paul,
MN, USA) were implanted in the abdominal cavity with
two electrodes placed subcutaneously as described pre-
viously (Kramer et al. 1993). One electrode was subcu-
taneously guided and sutured on the muscle of the
lower right chest of the animal, and the other on the
muscle bundle of the left shoulder. Transmitters consist
of a hermetically sealed plastic housing with a biocom-
patible silastic coating, are 2.1 cm in length, weigh ap-
proximately 4 g, and have a volume of approximately
1.9 cm

 

3

 

. Body weight and wounds were controlled
daily to monitor the recovery from surgery, and in the
case of severe weight loss, animals were subcutane-
ously administered 1 ml of 0.9% physiological saline. In
addition, during the first 7 days after surgery, a solid
energy drink (Triple A Trading, Otterlo, The Nether-
lands), soaked food pellets, water, and a 5% glucose so-
lution were freely available. Experiments were per-
formed 3 weeks after surgery, when mice had regained
presurgery weight (excluding transmitter weight). Ini-
tially, there was no difference in body weight between
WT and 5-HT

 

1A

 

 receptor KO mice (WT: 25.7 

 

�

 

 0.5 gram,
5-HT

 

1A

 

 KO mice: 26.8 

 

�

 

 0.5 gram). Nevertheless, after 3
weeks of recovery, 5-HT

 

1A

 

 KO mice were heavier com-
pared with WT mice, and this difference lasted through-
out the entire experiment (WT: 29.4 

 

�

 

 0.4 gram, 5-HT

 

1A

 

receptor KO mice: 31.3 

 

�

 

 0.4 gram; F(1,21)

 

�

 

 11.84, 

 

p

 

 

 

�

 

.05). After the experiments, all mice were sacrificed un-
der CO

 

2

 

 euthanasia, and the abdominal cavity was vi-
sually inspected for infections. None of the animals
showed any signs of infection.
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Radiotelemetry System

 

The radiotelemetry system consisted of an implantable
transmitter (model TA10ETA-F20) with two flexible
leads, a telemetry receiver (model RLA1020), a Data Ex-
change Matrix collecting input from the receivers, and
an in-line analog ECG adaptor, all obtained from Data
Sciences International™ (St. Paul, MN, USA) connected
to an IBM Pentium II computer. Each transmitter was
equipped with a magnetically activated switch, which
allows the device to be turned on and off. Transmitters
pass the ECG signal to a receiver beneath the animal
cage via a radio signal, which in turn transforms this
into a digital signal. Digital information from the telem-
etry receivers was collected by the datamatrix and re-
layed to the computer. Raw data were collected and an-
alyzed by a software package Dataquest A.R.T. version
1.02 (Data Sciences International™, St. Paul, MN, USA).

 

Drugs

 

Flesinoxan hydrochloride provided by Solvay Pharma-
ceuticals (Weesp, The Netherlands) and m-chlorophen-
ylpiperazine hydrochloride (RBI, Natick, MA, USA)
were dissolved in 0.9% physiological saline. Diazepam
base (Brunschwig Chemie B.V., Amsterdam, The Neth-
erlands) was suspended in a 0.5% gelatin/5% mannitol
solution. All drug solutions were freshly prepared each
test day and injected subcutaneously in a volume of 10
ml/kg. Doses of the drugs were based on the salt or base.

 

General Experimental Protocol Radiotelemetry Studies

 

Data sampling started the afternoon of the day prior to
the start of each experiment. Sampling was performed
at 1-min intervals, and for the entire series of experi-
ments the position of cages was balanced across geno-
type and treatment. To avoid conditioning, the test-
order of mice also varied per day.

 

Baseline.

 

To determine basal 24-h diurnal variation in
5-HT

 

1A

 

 receptor KO mice and WT mice, core body tem-
perature (BT), heart rate (HR), and general activity (GA)
were recorded during 6 consecutive days in total. Only
on days 2, 4, and 6, the experimenter entered the test
room (from 9.00 am until 9.15 am) to check for abnor-
malities. Data obtained during the “undisturbed” days
(days 1, 3, and 5) were used.

 

Stress-induced Hyperthermia.

 

 

 

Mice were injected sub-
cutaneously with either drug or vehicle 60 min before
the temperature measurement (stressor), measured by
inserting a thermistor probe for a length of 2 cm into the
rectum (Digital Thermometer, Type 871A, Tegam Inc.,
Geneva Ohio, USA). The probe, dipped into silicon oil
before inserting, was held in the rectum until a stable
rectal temperature had been obtained for at least 10 s

(T

 

1

 

: stressor). This mild stressor causes an increase in
temperature of about 1–1.5

 

�

 

C when measured 10 min
later (T

 

2

 

). The stress-induced hyperthermia is deter-
mined as the difference between those temperatures
(

 

�

 

T 

 

�

 

 T

 

2

 

 – T

 

1

 

). In our setting, temperature (BT) was
measured every min by the transmitter, and mice were
exposed only to the first rectal measurement, whereas
the SIH effect was further determined by radioteleme-
try as described in the data analysis section. All animals
received each dose of a drug, and the various doses of a
single drug were counterbalanced across and within
genotype. Mice were tested twice a week, and between
the various drugs tested in the SIH paradigm (flesi-
noxan and diazepam), animals were allowed to recover
for 1 week. The sequence of testing drugs was (1) flesi-
noxan, (2) mCPP, and (3) diazepam.

 

Novel Environment.

 

To assess the effects of a novel en-
vironment on BT, HR, and GA, animals were placed in
a clean standard macrolon cage (22 

 

�

 

 16 

 

�

 

 14 cm), with
only clean bedding. Testing started by placing the ani-
mals in the middle of the cage facing the left wall, and
animals were left there undisturbed for 10 min, while
BT, HR, and GA were determined and behavior recorded
with a camera (Sony, model PVM-145E) and videorecorder
(Panasonic, model AG-5700-E). The novel environment
was placed in a ventilated, custom-built wooden cubicle
(75 

 

�

 

 75 

 

�

 

 75 cm) and was dimly lit by a 40 W light bulb
(

 

�

 

 150 lux). Behavior was analyzed afterward using The
Observer

 

®

 

 (Noldus Inc., Wageningen, The Netherlands).
Frequencies, latencies, and duration of the following
parameters were scored: locomotion, rearing, grooming,
exploration (i.e., sniffing, scanning), stretched approach
posture, immobility, and burying.

 

Statistical Analysis

 

Baseline.

 

Twenty-four hour data of BT, HR, and GA
from the undisturbed days (i.e., days 1, 3, and 5) were
averaged to a single 24 h period per mouse, after which
group values were further averaged to 8 blocks of 3 h
values as reported earlier (Boutrel et al. 1999). Subse-
quently, data were analyzed by means of a repeated
measures analysis of variance (ANOVA) with genotype
as between subject factor and 3 h blocks of BT, HR, and
GA as within subjects factor.

 

Stress-Induced Hyperthermia.

 

Data of BT and HR were
first averaged over 5 successive 1-min samples for each
treatment, after which mean group values 

 

�

 

 SEM were
calculated for the period of injections and SIH expo-
sure. Data and figures represent individual mouse data
refitted to injection and SIH time. Statistical analysis
compared individual mean values across relevant time
windows for each manipulation of interest as described
previously (Bouwknecht et al. 2000) and are also shown
in Figure 1 (gray areas). To determine intrinsic drug
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effects on BT and HR, undisturbed baseline values
(

 

	

 

90 to 

 

	

 

80 min) were compared with postinjection
values (

 

	

 

30 to 

 

	

 

20 min). The latter time window was
chosen in relation to drug absorption and distribution,
and in addition prior to the second disturbance in
which the experimenter was present again to expose
mice to the rectal procedure. Finally, the effect of SIH
exposure was determined by comparing undisturbed
baseline values after drug treatment (

 

	

 

30 to 

 

	

 

20 min)
with SIH response levels. Different response latencies
for BT and HR were used, partly adapted from the orig-
inal nontelemetric SIH paradigm for temperature (Van
der Heyden et al. 1997). The fast responding parameter
HR was determined over the first 5 min after rectal tem-
perature measurement, whereas BT, which is a slower re-
sponding parameter, was analyzed with a delay (

 




 

10 to

 




 

15 min).
To determine overall reactivity toward the effects of the

injection alone and SIH exposure alone, data of flesinoxan,
mCPP, and diazepam under vehicle conditions (0 mg/kg)
were collapsed and subsequently analyzed. For injection
effects on BT and HR, undisturbed values (

 

	

 

90 to 

 

	

 

80
min) were compared with injection stress values (

 

	

 

50 to

 

	

 

45 min for BT and 

 

	

 

50 to 

 

	

 

55 min for HR, respectively).

For SIH exposure effects on BT and HR proper, postinjec-
tion values (

 

	

 

30 to 

 

	

 

20 min) were compared with SIH ex-
posure effects (

 




 

10 to 

 




 

15 min for BT and 0 to 

 




 

5 min for
HR, respectively). Repeated measures ANOVA with ge-
notype as between-subjects factor and dose as within-sub-
jects factor was used to analyze data.

 

Novel Environment.

 

Mean BT, HR, and GA data were
calculated over successive 1-min blocks for both geno-
types. For HR, also heart rate variability (HRV), a pa-
rameter for autonomic control of heart rate (Friedman
and Thayer 1998a; b) was computed as the mean standard
deviation of HR (Stiedl and Spiess 1997). Data were an-
alyzed by means of an ANOVA for repeated measures,
with genotype as between-subjects factor, and BT, HR,
and GA in 1-min blocks as within-subjects factor. Data
of individual behaviors were scored with The Ob-
server

 

®

 

, and were subsequently calculated as frequency
(i.e., total number of occurrences of scored behavior),
latency (time in seconds from start until scored behav-
ior), and total time of the behavior. Subsequently, these
data were analyzed by means of a one-way ANOVA
with genotype as independent variable and behavior as
dependent variable.

Figure 1. Effects of two stressors, a vehicle injection (first arrow) and a rectal temperature procedure (second arrow) on
core body temperature (A) and heart rate (B) in wild type (WT; n � 11; closed circles) and 5-HT1A receptor knockout mice
(KO; n � 11; open circles). Figures C and D show differences in BT and HR over the same time window, taking time–150 min
as the zero value, and expressing all data as changes (deltas) compared with that time point. Data represent mean group val-
ues, averaged over 5-min periods � SEM.
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In general, in case of statistical significance, Bonfer-
onni corrected t-tests post-hoc comparisons were used
for subsequent analyses. The level of significance was
set at p � .05. All statistical analyses were performed
using the Statistical Package for Social Sciences for Win-
dows version 9.0 (SPSS, Chicago, Ill, USA).

RESULTS

Baseline

Diurnal variation, as shown in Figure 2, did not differ
between WT and KO mice regarding absolute levels of
body temperature, BT (Figure 2A: F(1,21) � .034, p � .86,
NS), heart rate, HR (Figure 2B: F(1,21) � 1.46, p � .24, NS),
and general activity, GA (Figure 2C: F(1,21) � 2.54, p �
.13, NS), indicating no basal differences between geno-
types on these measures. To determine differences in light
versus dark periods, analysis of the data over time blocks
indicated a significant effect of time block in all measures
(BT: F(7,147) � 9.72, p � .005; HR: F(7,147) � 57.45, p �
.005; GA: F(7,147) � 23.73, p � .005). Further analyses
showed that in both genotypes, BT, HR, and GA were
higher during time blocks in the dark period, compared
with time blocks in the light period.

Injection Stress

To determine injection effects proper on BT and HR re-
sponses, data of vehicle condition of the three drug stud-
ies (flesinoxan, mCPP, and diazepam) were collapsed
and subsequently analyzed. The injection itself resulted
in increased BT (Figure 1A: F(1,20) � 100.46, p � .001)
and HR (Figure 1B: F(1,20) � 46.59, p � .001) and, inter-
estingly, this increase was significantly higher in KO mice
compared with WT mice for BT (time � genotype effect:
F(1,20) � 6.85, p � .05) and HR (time � genotype effect:
F(1,20) � 7.13, p � .05). There was no main effect of geno-
type itself (BT: F(1,20) � 2.09, p � .16, NS; HR: F(1,20) �
.09, p � .77, NS).

SIH Effect

The SIH (rectal temperature procedure) also resulted in
increased BT (F(1,20) � 74.60, p � .001) and HR (F(1,20) �
39.82, p � .001) in both genotypes. Nevertheless, there
were no differential responses between genotypes (stress �
genotype interaction effect: BT F(1,20) � 1.12, p � .30,
NS; HR F(1,20) � .76, p � .39, NS), and there was no
main effect of genotype (BT: F(1,20) � 3.40, p � .08, NS;
HR: F(1,20) � .20, p � .66, NS).

Flesinoxan/ Intrinsic Effects

Analysis of the intrinsic effects of flesinoxan, compar-
ing baseline values from 	90 to 	80 min, with values

after injection at 	30 to 	20 min, revealed a multiple
interaction of time � dose � genotype on BT (Figure 3
A–B: F(3,80) � 3.74, p � .05) and a significant interac-
tion of time � genotype on HR (Figure 3C–D: F(3,80) �
13.40, p � .001). Thus, BT was differentially affected
over time by flesinoxan between genotypes, whereas
HR was differentially affected over time in WT, but not
in KO mice. Post-hoc analyses revealed that in WT
mice, 1.0 and 3.0 mg/kg flesinoxan caused hypother-

Figure 2. Core body temperature (A), heart rate (B) and
general activity (C) over a 12 h light/ 12 h dark cycle (light on
from 7:00 am to 7:00 pm) in wild type (WT; n � 12; gray bars)
and 5-HT1A receptor knockout mice (KO; n � 12; open bars).
Data represent mean group values in 3-h blocks � SEM.
*Significant lower core body temperature, heart rate and
general activity during 3 h blocks in the light period com-
pared with 3 h blocks in the dark period.



NEUROPSYCHOPHARMACOLOGY 2002–VOL. 27, NO. 3 Autonomic Changes in 5-HT1A R KO Mice 385

mia, whereas none of the flesinoxan doses affected BT in
KO mice. Although flesinoxan decreased HR in the WT
immediately after the injection (	60 to 	30 min), com-
paring its effects at the window chosen (	90 to 	80
min vs 	30 to 	20 min) did not reveal significant ef-
fects on HR. Flesinoxan had no effects in KO mice.

Flesinoxan/Stress-Induced Hyperthermia
and Tachycardia

Analysis of the effects of flesinoxan on the stress re-
sponses revealed a multiple interaction of dose � stress �
genotype (Figure 3A–B BT: F(3,80) � 4.03, p � .01; Fig-
ure 3C–D HR: F(3,80) � 5.33, p � .005). Thus, BT and
HR responses, 10 and 5 min, respectively, after the rectal
temperature procedure depend on the dose of flesi-
noxan and genotype. In vehicle-treated mice the rectal
temperature procedure increased BT (F(1,20) � 27.59, p �
.001) and HR (F(1,20) � 23.28, p � .001). This increase was

not differentially affected by genotype (BT: F(1,20) � 2.84,
p � .11, NS; HR: F(1,20) � .04, p � .85, NS). Further
post-hoc analyses showed that in WT mice all doses of
flesinoxan (0.3, 1.0 and 3.0 mg/kg, SC) antagonized SIH,
as well as stress-induced tachycardia compared with
vehicle. In contrast, in KO mice none of the flesinoxan
doses (as expected) affected SIH, nor the stress-induced
tachycardia.

mCPP. None of the tested doses of mCPP (0.3; 1; 3
mg/kg, SC) had intrinsic effects on BT and HR, nor ef-
fects on the SIH, and results were completely compara-
ble with vehicle administration in either genotype.
Therefore data are not shown.

Diazepam/Intrinsic Effects

Analysis of the intrinsic effects of diazepam revealed an
interaction of time � dose � genotype on BT (Figure 4
A–B: F(3,80) � 3.74, p � .05) with a main effect of geno-

Figure 3. Effects of vehicle (0 mg/kg) or flesinoxan (0.3; 1; 3 mg/kg) treatment and the rectal temperature procedure (SIH)
on core body temperature (A/B) and heart rate (C/D) in wild type (WT; n � 11) and knockout mice (KO; n � 12). Times of
flesinoxan injection (	60 min) and rectal temperature measurement (0 min) are indicated by vertical lines plus arrows. Data
represent mean group values, averaged over 5-min periods. For clarity no SEM is presented.
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type (F(1,80) � 8.76, p � .005). Thus, BT was higher after
the injections (	30 to 	20 min � post injection) com-
pared with undisturbed baseline conditions (	90 to
	80 min), and this was higher in KO compared with WT
mice. Furthermore, diazepam affected this temperature
increase, but post-hoc analyses revealed no differences
between the various doses of diazepam and genotypes.
Diazepam had no intrinsic effects on HR (time � dose �
genotype: F(3,80)� 1.55, p � .21, NS; genotype: F(1,80) �
.013, p � .91, NS; dose: F(3,80) � 2.58, p � .06, NS).

Diazepam/Stress-Induced Hyperthermia
and Tachycardia

Analysis of the effects of diazepam challenge on stress
responses revealed an interaction effect of dose � stress
[Figure 4A–B BT: F(3,80)] �14.80, p � .001; Figure 4C–D
HR: F(3,80) � 7.88, p � .001). Thus, BT and HR re-
sponses 10 and 5 min, respectively, after the rectal tem-
perature measurement depend on the dose of diaz-

epam. Nevertheless, post-hoc analyses revealed that in
both WT and KO mice only 4.0 mg/kg diazepam blocked
SIH, whereas none of the doses blocked stress-induced
tachycardia.

Novel Environment. During exposure to a novel envi-
ronment BT increased over time in both genotypes [Figure
5A: F(9,180) � 98.376, p � .001]. Moreover, BT was overall
higher in KO compared with WT mice [F(1,20) � 6.07, p �
.05]. There was, however, no significant time � genotype
interaction effect [F(9,20) � .69, p � .72, NS], indicating
that the increase in BT over time did not differ between
genotypes. Similarly, also a genotype difference was
found in HR [Figure 5B: F(1,20) � 11.17, p � .005], with no
time � genotype interaction effect [F(9,180) � 1.20, p � .30,
NS], indicating that between genotypes the tachycardia
did not change over time. Interestingly, the mean stan-
dard deviation of HR, averaged over the whole 10 min
period, was significantly lower in KO mice compared
with WT mice [Figure 5B, inlay: F(1,18) � 25.33, p � .001].

Figure 4. Effects of vehicle (0 mg/kg) or diazepam (1; 2; 4 mg/kg) treatment and the rectal temperature procedure (SIH)
on core body temperature (A/B) and heart rate (C/D) in wild type (WT; n � 11) and knockout mice (KO; n � 12). Times of
diazepam injection (	60 min) and rectal temperature measurement (0 min) are indicated by vertical lines plus arrows. Data
represent mean group values, averaged over 5-min periods. For clarity no SEM is presented.
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General activity (data not shown), as measured telemet-
rically, in the novel environment did not differ between
WT and KO mice [F(1,20) � .03, p � .87, NS], and did also
not differ over time [time � genotype interaction effect:
F(9,180) � .99, p � .44, NS]. Table 1 shows the individual
behaviors of the same mice displayed during exposure to
the novel cage. The frequency of stretched approach pos-
tures and number of burying episodes was higher in KO
mice [F(1,21) � 4.44, p � .05 and F(1,21) � 13.98, p � .005;
respectively], whereas the frequency of rearing was de-
creased in KO compared with WT mice [F(1,21) � 4.66,
p � .05]. KO mice spent more time on burying [F(1,21) �
14.35, p � .005] and stretched approach postures [F(1,21) �
6.57, p � .05], whereas KO mice spent less time on locomo-
tion [F(1,21) � 10.51, p � .005] and rearing [F(1,21) � 5.21,
p � .05]. Total time exploration, grooming, and immo-

bility did not differ between genotypes. In addition, la-
tencies to exploration and burying were shorter [F(1,21) �
10.19, p � .005 and F(1,21) � 9.94, p � .005; respectively],
whereas latency of rearing was longer in KO mice com-
pared with WT mice [F(1,21) � 5.57, p � .05].

DISCUSSION

The present experiments show that the anxious pheno-
type of mice lacking the 5-HT1A receptor is not associ-
ated with changes in basal 24 h variation in core BT,
HR, and GA in well-adapted animals. Diurnal varia-
tion, at least measured under standard 12 h light – 12 h
dark schedule, was normal in KO mice compared with
WT mice. Core BT, HR, and GA showed the normal dis-
tribution, viz. higher during the dark period compared
with the light period, as found earlier in mice equipped
without (Boutrel et al. 1999), or with radiotelemetry
transmitters (Kramer et al. 1998; Bouwknecht et al.
2000). Moreover, no absolute differences in levels of BT,
HR, or GA were found between genotypes. Taken to-
gether, in addition to data that show normal home cage
activity in 5-HT1A receptor KO mice (Heisler et al. 1998;
Ramboz et al. 1998), the present results indicate that un-
der basal, nonstress conditions the presumed anxious
phenotype in KO mice is neither reflected in an altered

Figure 5. Effects of 10-min exposure to a novel cage on
core body temperature (A), heart rate, and mean standard
deviation of the heart rate (B) in wild type (WT; n � 11) and
5-HT1A receptor knockout mice (KO; n � 11). Data represent
mean group values in successive 1-min blocks � SEM.
Note that the basal value of core body temperature (A) and
heart rate (B) is adapted from the 9:00 am time point of the
baseline study (Figure 2) and is only displayed to show
basal core body temperature and heart rate during the light
period.

Table 1. Individual Behaviors During Exposure to the 
Novel Cage In 5-HT1A Receptor Knockout and Wild Type Mice

Behavior Wild Type Mice Knockout Mice 

FREQUENCY 
Locomotion 52.6 � 5.3 41.5 � 5.4 
Exploration 63.3 � 3.6 61.8 � 3.5
Stretched approach 14.3 � 3.5 23.5 � 2.6 *
Rearing 18.5 � 4.7 7.5 � 2.1 *
Grooming 5.2 � 0.8 3.7 � 0.5
Immobility 5.8 � 1.6 4.2 � 1.6
Burying 17.6 � 3.2 34.5 � 3.2 **

TOTAL TIME (sec)
Locomotion 179.2 � 18.0 107.3 � 13.0 **
Exploration 291.1 � 30.8 275.2 � 27.3
Stretched approach 14.9 � 4.0 27.9 � 3.1 *
Rearing 28.0 � 7.5 9.9 � 2.7 *
Grooming 16.1 � 1.3 12.3 � 1.8
Immobility 8.0 � 2.4 7.6 � 3.1
Burying 62.7 � 14.5 159.8 � 21.1 **

LATENCY (sec)
Locomotion 0 � 0 0 � 0
Exploration 14.7 � 2.8 5.1 � 1.2 **
Stretched approach 107.8 � 45.2 26.7 � 4.7
Rearing 99.0 � 57.5 281.0 � 50.3 *
Grooming 148.3 � 24.1 135.9 � 20.5
Immobility 182.4 � 52.2 290.6 � 52.9
Burying 216.3 � 31.7 77.0 � 14.4 **

Data are represented as means � SEM. WT � wild type.
* p � 0.05 compared with WT mice. 
** p � 0.005 compared with WT mice.
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diurnal rhythmicity, nor in changed HR, core BT, or GA
in any time period.

Interestingly, SIH experiments combined with radio-
telemetry showed a differential reactivity upon a physi-
cal stressor, i.e., an injection, in KO mice compared with
WT mice. This was not found, however, upon a second
sequential physical stressor, i.e., the rectal temperature
procedure. Thus, upon a first stressor, a subcutaneous
injection, both BT and HR increased more in KO mice
compared with WT mice, whereas a subsequent stres-
sor, the rectal procedure, triggered comparable re-
sponses. Recently, it has been shown that a mild foot-
shock also triggered an exaggerated HR response in KO
mice compared with WT mice, using a different tech-
nique to measure HR (Gross et al. 2000). Apparently,
the anxious phenotype of KO mice is reflected in the in-
creased reactivity upon the first stressor in the SIH, and
not upon a second stressor as only revealed by using ra-
diotelemetry. This also may explain previous findings
in nontelemetered KO mice in the SIH paradigm, where
no differential reactivity between genotypes was found
upon the rectal temperature procedure (Pattij et al.
2001). Nonetheless, it is unknown whether the compa-
rable reactivity upon the second stressor is caused by
habituation in KO mice, or alternatively whether the
rectal procedure is a less severe stressor compared with
an injection in KO mice. Habituation to injection stress
has been shown in mice, but only after repeated daily
vehicle injections for 1 week (Ryabinin et al. 1999).

Pharmacological challenges with the 5-HT1A receptor
agonist flesinoxan and GABAA-benzodiazepine recep-
tor agonist diazepam in the SIH experiments partly
confirm previous findings in nontelemetered mice.
First, the intermediate and high dose of flesinoxan (1.0
and 3.0 mg/kg, respectively) caused hypothermia in WT
mice. This is in agreement with previous studies show-
ing hypothermia in mice after a challenge with 5-HT1A

receptor agonists, like 8-OH-DPAT (McAllister-Will-
iams et al. 1999) or flesinoxan (Olivier et al. 1998). As
expected, the hypothermic effect of flesinoxan was
completely absent in 5-HT1A receptor KO mice. In addi-
tion, flesinoxan dose-dependently antagonized SIH and
stress-induced tachycardia in WT mice, but not in KO
mice. The 5-HT2C receptor agonist, mCPP, has a variety
of behavioral effects (Griebel 1995) and increases,
among others, anxiety in rats (Kennett et al. 1989; Whit-
ton and Curzon 1990) and humans (Murphy et al. 1991).
Moreover, mCPP induces hyperthermia in rats (Maz-
zola-Pomietto et al. 1996), and antagonistic interac-
tions have been described between the central 5-HT1A

and 5-HT2C receptor systems in rats (Salmi and Ahle-
nius 1998). In the latter study, the hyperthermic effects
of the 5-HT2A/2C receptor agonist, DOI, were attenuated
by pretreatment with the 5-HT1A receptor agonist 8-OH-
DPAT. In line with these findings, we expected a stron-
ger hyperthermic effect of mCPP in 5-HT1A receptor

knockout mice. Nonetheless, in the present study,
mCPP did neither cause a hyperthermic effect, nor did
mCPP affect the SIH and the stress-induced tachycardia
in either genotype.

The anxiolytic diazepam blocked the stress-induced
hyperthermia at the highest dose (4.0 mg/kg) in line
with earlier reports (Groenink et al. 1996; Van der Hey-
den et al. 1997; Zethof et al. 1995; Olivier et al. 2001) in
both WT and KO mice. Stress-induced tachycardia was
not affected by diazepam in either genotype, as also re-
ported before in rats (Tornatzky and Miczek 1995).

Results with diazepam (this study; Pattij et al. 2001)
indicate that the GABAA-benzodiazepine receptor com-
plex sensitivity as measured in the present SIH paradigm
in our 5-HT1A receptor KO mice (strain: 129/Sv) is not al-
tered, as the results of diazepam in WT and KO mice
were comparable. This contrasts a recent study indicat-
ing that in 5-HT1A receptor KO mice on a Swiss-Webster
� 129/Sv background, GABAA-benzodiazepine recep-
tors were deviant from those in corresponding WT mice
(Sibille et al. 2000). Further experiments with various
GABAA-benzodiazepine receptor ligands in the SIH par-
adigm in our laboratory confirm comparable responses
in KO and WT mice (unpublished observations). Several
options are available to explain these discrepancies in
GABAA-benzodiazepine receptor findings between the
5-HT1A receptor KO mice in different background
strains (also reviewed in Olivier et al. 2002). It is possi-
ble that the population of GABAA-benzodiazepine re-
ceptors involved in diazepam’s effects on SIH is differ-
ent from the population measured in the 5-HT1A receptor
KO mice of Sibille and coworkers (2000). Second, it
might be that the 5-HT1A receptor KO mice made on
a pure 129/Sv background has no aberration in the
GABAA-benzodiazepine receptor complex, in contrast
with a Swiss-Webster background. In addition to the
present data, Gross et al. (2000) also suggest that their an-
imals have no changes in the GABAA-benzodiazepine re-
ceptor complex in 5-HT1A receptor KO mice on a pure
129/Sv background. Further research and direct compar-
isons of both types of 5-HT1A receptor KO mice in differ-
ent benzodiazepine sensitive paradigms are in progress.

The results in the novel cage support recent data, sug-
gesting an altered exploratory activity or reactivity to a
novel environment in 5-HT1A receptor KO mice (Ramboz
et al. 1998). In general, basal HR in unrestrained mice is in
the range of 500–580 bpm (this study; Bouwknecht et al.
2000; Kramer et al. 1998; Stiedl and Spiess 1997; Stiedl et al.
1999). Exposing mice to a novel cage elicited a strong
tachycardic response of approximately 150 bpm in WT
mice. This tachycardic response was even higher in KO
mice, with an increase of approximately 250 bpm immedi-
ately at the start of the experiment. The difference between
the genotypes (�100 bpm) remained present during the
10 min test. Together with the observed lower HR vari-
ability in KO mice compared with WT mice, this might
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point to a ceiling effect of HR in KO mice, or alternatively
to altered HR dynamics in KO mice. Interestingly, in mice
subjected to a fear conditioning procedure also lower HR
variability was found (Stiedl and Spiess 1997), and in hu-
mans a link has been proposed between low HR variabil-
ity and risk for anxiety disorders (Friedman and Thayer
1998a). The strong tachycardic response found in KO mice
was accompanied by a comparable higher increase in core
BT of approximately 1�C over WT mice. General activity,
however, was similar in KO and WT mice and can there-
fore not easily explain the higher tachycardia and core BT
in KO mice. Thus, the observed tachycardia does not nec-
essarily reflect increased anxiety. Although the majority of
animal studies focuses on the effects of aversive situations
on autonomic responses, e.g., foot-shock in mice (Gross et
al. 2000), fear-conditioning in rats and mice (Marchand
and Kamper 2000; Nijsen et al. 1998b; Stiedl and Spiess
1997; Stiedl et al. 1999), novelty in rats (Nijsen et al. 1998a),
increased tachycardia after appetitive situations has also
been reported, e.g., after feeding in pigs (Schouten et al.
1991), and reinforcing intracranial brain stimulation in rats
(Burgess et al. 1993).

Therefore to further investigate the “emotional direc-
tion” of the observed enhanced tachycardia in KO mice,
behavior was also monitored. In addition to the auto-
nomic changes, behavioral observations show that loco-
motion and rearing are decreased in KO mice, whereas
behaviors reflecting increased conflict, i.e., burying be-
havior (Pinel and Treit 1978) and stretched approach pos-
tures (Rodgers and Johnson 1995) were increased in KO
mice. Together with the observed tachycardia and hy-
perthermia, the increased burying and stretched approach
postures are indicative for an enhanced fear/anxiety re-
sponse in KO mice. Moreover, burying behavior and
stretched approach postures have been shown to be
sensitive to treatment with known anxiolytics, such as
benzodiazepines (Cole and Rodgers 1993) and partial
and full 5-HT1A receptor agonists (De Boer et al. 1991;
Cole and Rodgers 1994; Rodgers et al. 1994).

It is concluded that the 5-HT1A receptor KO mouse
shows enhanced autonomic and behavioral responses
in reaction to physical stressors (injection) and novelty
(novel environment).

ACKNOWLEDGMENTS

The authors wish to thank Arjan Bouwknecht for his advice
on the telemetry technique, Ron Timmermans for all postmor-
tem inspections, and Tatjana Westphal for behavioral obser-
vations and technical assistence.

REFERENCES

Borsini F, Lecci A, Volterra G, Meli A (1989): A model to test
anticipatory anxiety in mice? Psychopharmacology
(Berl) 98:207–211

Boutrel B, Franc B, Hen R, Hamon M, Adrien J (1999): Key
role of 5-HT1B receptors in the regulation of paradoxical
sleep as evidenced in 5-HT1B knock-out mice. J Neurosci
19:3204–3212

Bouwknecht JA, Hijzen TH, Van der Gugten J, Maes RAA,
Olivier B (2000): Stress-induced hyperthermia in mice:
effects of flesinoxan on heart rate and body tempera-
ture. Eur J Pharmacol 400:59–66

Burgess ML, Davis JM, Wilson SP, Borg TK, Burgess WA,
Buggy J (1993): Effects of intracranial self-stimulation
on selected physiological variables in rats. Am J Physiol
264:R143–R155

Cole JC, Rodgers RJ (1993): An ethological analysis of the
effects of chlordiazepoxide and bretazenil (Ro 16–6028)
in the murine elevated plus-maze. Behav Pharmacol
4:573–580

Cole JC, Rodgers RJ (1994): Ethological analysis of the effects
of acute and chronic buspirone treatment in the murine
elevated plus-maze test: comparison with haloperidol.
Psychopharmacology (Berl) 114:288–296

Crabbe JC, Wahlsten D, Dudek BC (1999): Genetics of mouse
behavior: interactions with laboratory environment. Sci-
ence 284:1670–1672

Deakin JFW (1993): A review of the clinical efficacy of 5-HT1A
agonists in anxiety and depression. J Psychopharmacol
7:283–289

De Boer SF, Van der Gugten J, Slangen JL (1991): Behav-
ioural and hormonal indices of anxiolytic and anxio-
genic drug action in the shock prod defensive burying/
avoidance paradigm. In Olivier B, Mos J, Slangen JF
(eds), Animal Models in Psychopharmacology. Basel,
Birkhauser Verlag, pp 81–96

De Vry J (1995): 5-HT1A receptor agonists: recent develop-
ments and controversial issues. Psychopharmacology
(Berl) 121:1–26

Dulawa SC, Grandy DK, Low MJ, Paulus MP, Geyer MA (1999):
Dopamine D4 receptor-knock-out mice exhibit reduced
exploration of novel stimuli. J Neurosci 19:9550–9556

Friedman BH, Thayer JF (1998a): Autonomic balance revis-
ited: panic anxiety and heart rate variability. J Psycho-
som Res 44:133–151

Friedman BH, Thayer JF (1998b): Anxiety and autonomic
flexibility: a cardiovascular approach. Biol Psychol 49:
303–323

Griebel G (1995): 5-Hydroxytryptamine-interacting drugs in
animal models of anxiety disorders: more than 30 years
of research. Pharmac Ther 65:319–395

Groenink L, Van der Gugten J, Zethof TJJ, Van der Heyden
JAM, Olivier B (1996): Neuroendocrine effects of diaz-
epam and flesinoxan in the stress-induced hyperther-
mia test in mice. Pharmacol Biochem Behav 54:249–254

Gross C, Santarelli L, Brunner D, Zhuang X, Hen R (2000):
Altered fear circuits in 5-HT1A receptor KO mice. Biol
Psychiatry 48:1157–1163

Heisler LK, Chu H, Brennan TJ, Danao JA, Bajwa P, Parsons
LH, Tecott LH (1998): Elevated anxiety and antidepres-
sant-like responses in serotonin 5-HT1A receptor mutant
mice. Proc Nat Acad Sci USA 95:15049–15054

Hoyer D, Clarke DE, Fozard JR, Hartig PR, Martin GR,
Mylecharane EJ, Saxena PR, Humphrey PP (1994): Inter-



390 T. Pattij et al. NEUROPSYCHOPHARMACOLOGY 2002–VOL. 27, NO. 3

national Union of Pharmacology classification of recep-
tors for 5-Hydroxytryptamine (Serotonin). Pharmacol
Rev 46:157–203

Kennett GA, Whitton P, Shah K, Curzon G (1989): Anxio-
genic-like effects of mCPP and TFMPP in animal mod-
els are opposed by 5–HT1C receptor antagonists. Eur J
Pharmacol 164:445–454

Kramer K, van Acker SABE, Voss HP, Grimbergen JA, Van
der Vijgh WJF, Bast A (1993): Use of telemetry to record
electrocardiogram and heart rate in freely moving mice.
J Pharmacol Toxicol Methods 30:209–215

Kramer K, Voss H, Grimbergen JA, Bast A (1998): Circadian
rhythms of heart rate, body temperature, and locomotor
activity in freely moving mice measured with radio-
telemetry. Lab Anim 27:23–26

Lesch KP (1991): 5-HT1A receptor responsivity in anxiety dis-
orders and depression. Prog Neuropsychopharmacol
Biol Psychiatry 15:723–733

Marchand AR, Kamper E (2000): Time course of cardiac con-
ditioned responses in restrained rats as a function of the
trace CS-US interval. J Exp Psychol: Anim Behav Proc
26:385–398

Mazzola-Pomietto P, Aulakh CS, Wozniak KM, Murphy DL
(1996): Evidence that m-chlorophenylpiperazine-
induced hyperthermia in rats is mediated by stimula-
tion of 5–HT2C receptors. Psychopharmacology (Berl)
123:333–339

McAllister-Williams RH, Man MS, Young AH (1999): Effects
of adrenalectomy on 8-OH-DPAT induced hypothermia
in mice. Psychopharmacology (Berl) 142:73–77

Murphy DL, Lesch KP, Aulakh CS, Pigott TA (1991): Seroto-
nin-selective arylpiperazines with neuroendocrine, behav-
ioral, temperature, and cardiovascular effects in humans.
Pharmacol Rev 43:527–552

Nijsen MJMA, Croiset G, Diamant M, Broekhoven MH, De
Wied D, Wiegant VM (1998a): Vagal activation in nov-
elty-induced tachycardia during the light phase in the
rat. Physiol Behav 63:233–239

Nijsen MJMA, Croiset G, Diamant M, Stam R, Delsing D,
De Wied D, Wiegant VM (1998b): Conditioned fear-
induced tachycardia in the rat; vagal involvement. Eur J
Pharmacol 350:211–222

Olivier B, Zethof TJJ, Ronken E, Vander Heyden JAM (1998):
Anxiolytic effects of flesinoxan in the stress-induced
hyperthermia paradigm in singly-housed mice are 5-HT1A
receptor mediated. Eur J Pharmacol 342:177–182

Olivier B, Soudijn W, Van Wijngaarden I (1999): The 5-HT1A
receptor and its ligands: structure and function. Prog
Drug Res 52:104–165

Olivier B, Bouwknecht JA, Pattij T, Leahy C, Van Oorschot R,
Zethof TJJ (2002): GABAA-benzodiazepine receptor com-
plex ligands and stress-induced hyperthermia in singly
housed mice. Pharmacol Biochem Behav 72:179–188

Olivier B, Pattij T, Wood SJ, Oosting R, Sarnyai Z, Toth M
(2001): The 5 HT-1A receptor knockout mouse and anxi-
ety. Behav Pharmacol 12:439–450

Parks CL, Robinson PS, Sibille E, Shenk T, Toth M (1998):
Increased anxiety of mice lacking the serotonin1A recep-
tor. Proc Nat Acad Sci USA 95:10734–10739

Pattij T, Hijzen TH, Groenink L, Oosting RS, Van der Gugten

J, Maes RAA, Hen R, Olivier B (2001): Stress-induced
hyperthermia in the 5-HT1A receptor knockout mouse is
normal. Biol Psychiatry 49:569–574

Pinel JPJ, Treit D (1978): Burying as a defensive response in
rats. J Comp Physiol Psychol 92:708–712

Ramboz S, Oosting RS, Ait Amara D, Kung HF, Blier P,
Mendelsohn M, Mann JJ, Brunner D, Hen R (1998):
Serotonin receptor 1A knockout: an animal model of
anxiety related disorder. Proc Nat Acad Sci USA 95:
14476–14481

Rodgers RJ, Cole JC, Davies A (1994): Antianxiety and
behavioral suppressant actions of the novel 5 HT-1A
receptor agonist, flesinoxan. Pharmacol Biochem Behav
48:959–963

Rodgers RJ, Johnson NJT (1995): Factor analysis of spa-
tiotemporal and ethological measures in the murine ele-
vated plus-maze test of anxiety. Pharmacol Biochem
Behav 52:297–303

Ryabinin AE, Wang Y, Finn DA (1999): Different levels of
Fos immunoreactivity after repeated handling and
injection stress in two inbred strains of mice. Pharmacol
Biochem Behav 63:143–151

Salmi P, Ahlenius S (1998): Evidence for functional interac-
tions between 5-HT1A and 5-HT2A receptors in rat ther-
moregulatory mechanisms. Pharmacol Toxicol 2:122–127

Schipper J, Tulp MTM, Berkelmans B, Mos J, Van der Hey-
den JAM, Olivier B (1991): Preclinical pharmacology of
flesinoxan: a potential anxiolytic and antidepressant
drug. Hum Psychopharmacol 6:53–61

Schouten W, Rushen J, Depassille AMB (1991): Stereotypic
behavior and heart rate in pigs. Physiol Behav 50:617–624

Sibille E, Pavlides C, Benke D, Toth M (2000): Genetic inacti-
vation of the serotonin1A receptor in mice results in
downregulation of major GABAA receptor {alpha} sub-
units, reduction of GABAA receptor binding, and ben-
zodiazepine-resistant anxiety. J Neurosci 20:2758–2765

Stiedl O, Spiess J (1997): Effect of tone-dependent fear condi-
tioning on heart rate and behavior of C57Bl/6N mice.
Behav Neurosci 111:703–711

Stiedl O, Radulovic J, Lohmann R, Birkenfeld K, Palve M,
Kammermeier J, Sananbenesi F, Spiess J (1999): Strain
and substrain differences in contex- and tone-depen-
dent fear conditioning of inbred mice. Behav Brain Res
104:1–12

Tornatzky W, Miczek KA (1995): Alcohol, anxiolytics and
social stress in rats. Psychopharmacol 121:135–144

Van der Heyden JAM, Zethof TJJ, Olivier B (1997): Stress-
induced hyperthermia in singly housed mice. Physiol
Behav 62:463–470

Whitton P, Curzon G (1990): Anxiogenic-like effect of infus-
ing 1-(3-chlorophenyl) piperazine (mCPP) into the hip-
pocampus. Psychopharmacology (Berl) 100:138–140

Zethof TJJ, Van der Heyden JAM, Tolboom JTBM, Olivier B
(1995): Stress-induced hyperthermia as a putative anxi-
ety model. Eur J Pharmacol 294:125–135

Zhuang X, Gross C, Santarelli L, Compan V, Trillat A, Hen R
(1999): Altered emotional states in knockout mice lack-
ing 5-HT1A or 5-HT1B receptors. Neuropsychopharma-
cology 21:52–60


	Autonomic Changes Associated with Enhanced Anxiety in 5-HT1A Receptor Knockout Mice
	MATERIALS AND METHODS
	Subjects
	Surgery
	Radiotelemetry System
	Drugs
	General Experimental Protocol Radiotelemetry Studies
	Baseline
	Stress-induced Hyperthermia
	Novel Environment

	Statistical Analysis
	Baseline
	Stress-Induced Hyperthermia
	Novel Environment


	RESULTS
	Baseline
	Injection Stress
	SIH Effect
	Flesinoxan/ Intrinsic Effects
	Flesinoxan/Stress-Induced Hyperthermia and Tachycardia
	mCPP

	Diazepam/Intrinsic Effects
	Diazepam/Stress-Induced Hyperthermia and Tachycardia
	Novel Environment


	DISCUSSION
	Acknowledgements
	References


