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In humans, anxiety disorders are often accompanied by

an overactive autonomic nervous system, reflected in

increased body temperature (BT) and heart rate (HR). In

rodents, comparable effects are found after exposure to

stress. These autonomic parameters can give important

information on stress and anxiety responses in mice. In

the present experiments, stress reactivity of three fre-

quently used mouse strains [129 Sv/Ev, Swiss Webster

(SW) and C57 BL/6] was assessed using their autonomic

stress responses. BT, HR and activity were telemetrically

measured. Undisturbed circadian rhythms already

showed clear differences between the mouse strains.

Hereafter, autonomic responses to stressors with

increasing intensity were measured. Strain differences

were found in magnitude and duration of the stress

responses, especially after high-intensity stressors.

Generally, C57BL/6 mice showed the largest autonomic

response, SW the lowest and the 129Sv/Ev the inter-

mediate response. Interestingly, the observed ranking

in autonomic stress response does not match the behav-

ioral stress responsivity of these strains. Finally, sensi-

tivity to the anxiolytic diazepam (0, 1, 2, 4 and 8 mg/kg)

was tested using the stress-induced hyperthermia para-

digm. Pharmacological sensitivity to diazepam differed

between the strains with the 129Sv/Ev being most sen-

sitive. These studies show that simultaneous measure-

ment of behavioral and autonomic parameters under

stressful conditions contributes considerably to a better

interpretation of anxiety and stress levels in mice.

Keywords: Anxiety, body temperature, heart rate, strain

differences, stress

Received 11 January 2005, revised 18 February 2005,

accepted for publication 14 March 2005

Anxiety disorders are characterized by psychological symp-

toms like extensive worries and fear of dying and are accom-

panied by autonomic changes (Finn et al. 2003; Friedman &

Thayer 1998a). In humans, higher anxiety levels seem to

correlate with an overactive autonomic nervous system

(ANS), reflected in elevated heart rate (HR), increased body

temperature (BT) and shortness of breath. In rodents, similar

effects are found: following stress, increases in HR and BT

are observed (Bouwknecht et al. 2000; Friedman & Thayer

1998b; Lesch 1991; Nijsen et al. 1998; Olivier et al. 1998).

Previously, we have shown that autonomic responses to

stressful situations provide valuable information on anxiety

levels and pharmacological sensitivity of receptor knockout

mice (Pattij et al. 2002). In the search for underlying mechan-

isms of anxiety and stress disorders, mice are often the

species of choice, because of the possibility to use genetic-

manipulated mouse models. It is widely acknowledged that

differences exist between mouse strains in many behavioral

traits, including sensitivity for stress and anxiety. Moreover,

differences in pharmacological sensitivity toward anxiolytic

drugs are well known (Carola et al. 2002; Crawley et al. 1997;

Griebel et al. 2000). Strain differences may underlie ambi-

valent results of pharmacological treatments in behavioral

experiments on anxiety (Crabbe et al. 1999; Wahlsten et al.

2003), where basal levels of anxiety for a large extent deter-

mine possible outcomes of such treatments. The genetic

background is important if effects of a certain gene mutation

are sought, and choice for a basal high- or low-anxiety strain

will depend on the direction the gene mutation is expected

to affect anxiety. On the other hand, studying functional

effects of gene mutations in different backgrounds may

lead to unexpected effects, for example in the case of the

5-HT1A receptor knockout mouse in three different back-

ground strains. The removal of the 5-HT1A receptor resulted

in a decreased sensitivity to some effects of benzodiaze-

pines in only one strain [Swiss Webster (SW)] (Bailey &

Toth 2004 Sibille et al. 2000; Toth 2003).

The present study was performed to obtain more funda-

mental insight in autonomic parameters like HR and BT and

their role in stress and anxiety in different mouse strains.

Using radio telemetry, autonomic parameters and locomotor

activity (LA) of the animals were measured during all experi-

ments. All the strains used, 129Sv/Ev (129S6), SW and C57

Bl/6 (B6), are strains which are frequently used in anxiety

research as background strains; these strains show different

response in behavior and activity when observed in anxiety

paradigms (Bouwknecht et al. 2004; Rodgers et al. 2002a;
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Rodgers et al. 2002b; Olivier et al. 2003). Using behavioral

paradigms, differences between mouse strains have been

reported previously, with the 129S6 strain being considered

a ‘high-anxiety’ strain and the B6 a ‘low-anxiety’ strain.

Furthermore, activity levels in approach–avoidance para-

digms in the 129S6 strain was clearly found to be less

active compared with the B6 and SW strains (Paulus

et al. 1999; Tang et al. 2002). By comparing these three

strains using telemetry, more knowledge of autonomic dif-

ferences and activity on baseline levels, response to stress

and pharmacological was gathered. Our data can be used

to select the most suitable mouse strains to investigate the

role of specific genes in autonomic responses following

stress and in anxiety disorders. In the present studies, we

first obtained undisturbed parameters by measuring circa-

dian rhythms of BT, HR and LA, followed by measuring the

reaction to stressful stimuli with different intensities.

Finally, we studied differences in sensitivity toward the

anxiolytic diazepam.

Materials and methods

Subjects

Groups of 10–12 male mice of different genetic backgrounds

(129Sv/Ev Tac, SW and C57BL/6J) were obtained from

Taconic M&B, Ry, Denmark. At surgery, animals weighed

at least 25 g. Afterwards, they were housed singly in

Macrolon� type 2 cages (22 � 16 � 14 cm), enriched with

bedding and nesting material under a 12-h light/12-h dark

cycle (lights on from 0600 to 1800 h) at controlled tempera-

ture (20 � 2 �C) and relative humidity (40–50%) with free

access to standard food pellets and tap water. The experi-

ments were carried out with approval of the ethical commit-

tee of the Faculties of Pharmaceutical Sciences, Chemistry

and Biology, Utrecht University, the Netherlands (DEC DGK/

FSB).

Surgery

Surgery was performed as described by Pattij (Pattij et al.

2002). Radio-telemetry electrocardiogram (ECG) transmitters

[type: ETA-F20, Data Sciences International (DSI), St Paul,

MN] were implanted. After surgery, animals were allowed to

recover for 24–48 h in a separate recovery room with part of

the cage placed on a heating pad. When considered

necessary, analgesia was given (Temgesic�, 0.3 mg/ml;

1 mg/kg of IP). To prevent dehydration, the animals were

injected twice daily with 1 ml of sterile saline SC for

4 days. During 7 days, the animals had easy access to

wetted food pellets, solid energy drink, tap water and normal

food pellets inside the cage. Total duration of recovery was 2

weeks; during this period, mice were checked and weighed

daily.

Radio telemetry

The radio-telemetry system is composed of the earlier-

mentioned transmitter, measuring BT and LA, with two flexible

leads which measure ECG/HR, a telemetry receiver (model

RLA 1020), a data exchange matrix collecting input from

receivers, all connected to a computer running Dataquest

Art Gold version 2.2. The transmitters are equipped with

magnetically activated switches, to turn on/off the device.

All equipment and software were obtained from DSI.

Data reduction and statistics

Data sampling for all experiments started at the afternoon

prior to the experiment to obtain undisturbed baseline

values. During all experiments, BT (�C) and HR (beats per

minute) data of all animals were gathered during 6 seconds

every minute, while LA (counts) was measured continuously

during experiments. Circadian rhythm data of 5 undisturbed

days were averaged to a single 24-h period for each mouse,

after which group values were averaged to time periods of

30 min. For statistical analysis, group values were further

averaged to eight blocks of 3-h values, and these data were

analyzed by means of repeated measures ANOVA with strains

as ‘between subject’ factor and the 3-h blocks of, respect-

ively, BT, HR and LA as ‘within subject’ factor. Data reduc-

tion in stress response and pharmacological experiments

was obtained by averaging data collected over 5 min to a

single value. To measure maximum increase of the para-

meters, peak values within 30 min after presentation of the

stressors were determined using peak finding in Excel.

Baseline values were obtained by calculating the average

value from 30 to 10 min before the stressor was presented.

To eliminate initial strain differences in baseline values, the

increase in BT and HR is obtained by subtracting baseline

values from the maximum effect, which results in D values

of these parameters, DBT and DHR. Differences in response

to the different stressors within each strain were analyzed

using repeated measures ANOVA with increase of the para-

meters as ‘within subject’ factor. Differences between the

strains were analyzed using one-way ANOVA. Duration of the

effects was obtained in Excel by calculating the amount of

minutes needed to return to baseline values after the stres-

sor was presented. Differences within each strain and

between the strains in duration were analyzed similar to

the D values. In case of statistical significance, Bonferroni’s

corrected post hoc comparisons were used for subsequent

analysis. The level of significance was set at P < 0.05. All

statistical analysis was performed using SPSS for Windows

version 10.0 (SPSS, Chicago, IL).

Circadian rhythm and baseline

During 15 consecutive days BT, HR and LA were recorded.

Every other day, a 5-min inspection of animal health, water

and food supplies was performed. On day 6, animals
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received a new home cage (similar cage, new bedding).

These telemetric data were used to measure novel cage

(NC) stress (see Stressful stimuli, NC stress). To obtain

undisturbed data only, inspection days were excluded from

analysis.

Stressful stimuli
Disturbance

Disturbance data were obtained during the inspection days

of circadian rhythm measurements by collecting data of BT,

HR and LA before and after the punctual scheduled 5-min

inspections at 1000 h. During inspections, each animal was

disturbed by tapping the cage until movement of the mouse

was observed. For statistical analysis, data of three disturb-

ance periods were averaged to a single period of 5-min

blocks.

Handling

Effects on BT, HR and LA of handling stress were measured

using a procedure of picking up the animal for 5–10 seconds

and subsequently returning it to its familiar home cage. The

procedure was performed at 1000 h and completed for all 36

animals within 5 min. Two experimenters were present to

execute the procedure in order to reduce time of presence in

the animal room and prevent interference of effects of pre-

sence in the room.

NC

To assess effects of novelty on BT, HR and LA during the 6th

day of circadian rhythm measurements, the animals were

placed into a clean standard macrolon� cage, similar in size

to their familiar home cage, provided with clean bedding and

tissue.

Stress-induced hyperthermia

Stress-induced hyperthermia (SIH), observed after a stres-

sor, is mediated by the ANS and results in an increase of BT

and HR. It has been found that this increase in autonomic

parameters is not subject to habituation. The SIH paradigm

was performed twice a week starting 2 weeks after finishing

the circadian rhythm measurements. In the SIH paradigm,

mice are exposed to two stressors, with intervals of 1 min

between successive animals. The first stressor is an injec-

tion, presented at time �60 min with drug or vehicle, the

second stressor is a rectal temperature measurement at

time 0 min. For an extensive review on the SIH paradigm,

see Olivier et al. (Olivier et al. 2003).

SIH saline

To measure putative differences between the strains in their

autonomic response to injection and rectal temperature meas-

urement, SIH with only saline injections was performed.

Data were collected from 60 min before the saline injection

until 150 min after the second stressor. The SIH paradigm

had two D values for both BT and HR. First, increases after

the injection result in DBT1 and DHR1; second, increases

after rectal temperature measurement result in DBT2 and

DHR2.

SIH: diazepam

Effects of the anxiolytic diazepam on autonomic para-

meters were investigated. Diazepam was injected in five

(0,1,2,4 and 8 mg/kg) dosages. Doses and vehicle were

randomly given over time to each mouse and each dose.

To determine anxiolytic effect of the drugs, DBT2 and DHR2

were used. The intrinsic effect of diazepam on basal BT

and HR before the rectal temperature measurement was

determined as DBTintr and DHRintr. This intrinsic effect on

basal BT and basal HR is not part of the stress response

but may affect this response. DBTintr and DHRintr were

obtained by subtracting baseline values from the lowest

value of BT or HR found for each individual animal before

the second stressor is presented.

Results

Circadian rhythm

As shown in Fig. 1, diurnal rhythms were present in all

strains and for all parameters tested, with lower values of

BT, HR and LA during the inactive, lights-on period.

Differences were present between the three strains regard-

ing diurnal variation levels over the eight 3-h time blocks in all

parameters tested, and main differences will be described

below.

BT

During the inactive period, strains differed significantly in BT

(F2,30 ¼ 34.89, P < 0.001: SW > 129S6 > B6). During the

active period, BT was more comparable among the strains,

although differences were found when comparing means

over the complete active period (F2,30 ¼ 4.2, P ¼ 0.03;

SW > 129S6). Differences between the active–inactive

periods were most profound in the C57 mice, mainly due to

their low BT during the inactive period.

HR

In general, HR was similar in all strains, both during active

and inactive periods, although during the start of the active

period the SW strain showed no anticipatory peak response,

and in this strain, HR decreased before lights were turned on

to initiate the inactive period.

LA

The SW strain was most active during the inactive period the

SW strain was most active (F2,30 ¼ 17, P < 0.001;

SW > 129S6 ¼ B6); SW and B6 mice showed comparable

activity during the active period, both strains being more

Mouse strain differences in autonomic parameters
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active than 129S6 mice (F2,30 ¼ 14.7, P < 0.001;

SW ¼ B6 > 129S6). The B6 and the 129S6 strains showed

comparable low activity during the inactive period.

Effects of stress: between strain differences

Table 1 summarizes D values of BT, HR and LA after pre-

sentation of the various stressors, and relevant responses

and differences are described below.

Disturbance stress

Figure 2 shows the response after disturbance stress, a

mild-intensity stressor, during the inactive period with signi-

ficant increase in BT, HR and LA in all strains. No strain

differences were observed in BT increase and duration,

while increase in HR of the 129S6 strain was less than in

the other strains. In LA, the SW strain showed both more

activity and during a longer period of time.

Handling stress

Figure 3 shows the effects of this intermediate-intensity

stressor, with no strain differences found in BT and HR. LA

results again show the least amount of increase in the 129S6

strain, while duration of activity was longest in the SW mice.

SIH

Figure 4 shows the effect on all parameters both after injec-

tion (first stressor) and after rectal temperature measure-

ment (second stressor). There were no strain differences in

HR; however, BT showed higher increase in the 129S6 strain

with less LA found in this strain.

NC stress

Many differences between the strains were found after pre-

sentation of the most intense stress: cage changing (Fig. 5).

Differences between all strains were found in BT

(B6 > 129S6 > SW), while HR in the B6 strain was

increased (B6 > SW ¼ 129). Analysis of NC on BT duration

demonstrated that 129S6 mice showed the fastest return to

baseline, while SW and B6 mice needed equal time for BT to

return to baseline values. While LA lasted longer in the SW

strain, HR returned to normal values after a short time in this

strain. When observing LA, the 129S6 mice again showed

least increase (B6 ¼ SW > 129S6).

Effects of stress: within strain differences

In addition to the differences between the three strains,

differences within each strain after the various stressors,

disturbance (D), handling (H), SIH and NC, were found.

129S6

Higher intensity of stress resulted in more increase in BT

although not significant between SIH stress and NC stress

(F3,4 ¼ 11.8, P ¼ 0.04, D < H < SIH ¼ NC). Similar effects

were found in HR and LA; however, no significant differ-

ences in increase between handling and SIH stress were

found (D < H ¼ SIH < NC; HR: F3,4 ¼ 20.9, P ¼ 0.007; LA:

F3,4 ¼ 38.7, P ¼ 0.002).

38.0

37.5

37.0

36.5

36.0

35.5

35.0
06 12 18 24 06 12 18

T
em

pe
ra

tu
re

 (
°C

)
H

ea
rt

 r
at

e 
(B

P
M

)
Lo

co
m

ot
or

 a
ct

iv
ity

 (
co

un
ts

)

Time (h)

06 12 18 24 06 12 18
Time (h)

06 12 18 24 06 12 18
Time (h)

650

600

550

500

450

14

12

10

8

6

4

2

0

–2

a

b

c

129S6
SW
B6

Figure 1: Circadian rhythm of body temperature (BT) (a),

heart rate (HR) (b) and locomotor activity (LA) (c) over a 12-h

light/12-h dark cycle (lights on from 0600 to 1800 h) mean

values of 7 days in 129S6 (dark gray, n = 10), Swiss Webster

(SW) (light gray, n = 11) and B6 (black, n = 12) mice. Data

represent mean group values of 30-min blocks � SEM. Circadian

rhythm is found in all strains and in all parameters (BT: 129S6,

F7,3 ¼ 258, P < 0.001; SW, F7,4 ¼ 38.4, P ¼ 0.002; B6,

F7,5 ¼ 182.1, P ¼ < 0.001) (HR: 129S6, F7,3 ¼ 10.3, P ¼ 0.041;

SW F7,4 ¼ 7.6, P ¼ 0.034; B6, F7,5 ¼ 13.5, P ¼ 0.006) (LA: 129S6,

F7,3 ¼ 12.1, P ¼ 0.033; SW, F7,4 ¼ 48.2, P ¼ 0.001; B6,

F7,5 ¼ 104, P < 0.001). Strain differences are found in all para-

meters (BT: F14,50 ¼ 11.6, P < 0.001, HR: F14,50 ¼ 5.7,

P < 0.001 and LA: F14,50 ¼ 9.2, P < 0.001).
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SW

Increase in BT was similar after handling, SIH and NC stress,

which were all higher compared with disturbance stress

(F3,8 ¼ 42.5, P < 0.001; D < H ¼ SIH ¼ NC). Increase in HR

showed no difference between the stressors presented

(F3,8 ¼ 4.8, P ¼ 0.5; D ¼ H ¼ SIH ¼ NC). Effects in LA were

increased parallel to higher intensities of the stressor

(F3,8 ¼ 42.5, P < 0.001; D < H ¼ SIH < NC).

B6

Higher increase in both BT and LA was found with increasing

intensity of stress (BT: F3,9 ¼ 150.4, P < 0.001; LA:

F3,9 ¼ 65, P < 0.001; D < H ¼ SIH < NC). Disturbance

stress resulted in a smaller increase in HR when compared

with the other, more intense stressors (F3,9 ¼ 5.2, P ¼ 0.03;

D < H ¼ SIH ¼ NC).

Table 1: Maximum effect on BT, HR and LA of the various stressors, duration of the effect and statistical differences between three

mouse strains

Stressor 129S6 SW B6 Strain differences P value

Disturbance

Maximum increase

BT 0.8 � 0.1 0.9 � 0.1 0.7 � 0.06 129S6 ¼ SW ¼ B6 0.61 NS

HR 94 � 13 139 � 14 164 � 15 129S6 < SW ¼ B6* 0.01

LA 1.7 � 0.6 9.2 � 1.8 5.3 � 0.9 129S6 ¼ B6 < SW* <0.001

Handling

Maximum increase

BT 2.0 � 0.3 1.7 � 0.2 1.8 � 0.1 129S6 ¼ SW ¼ B6 0.52 NS

HR 213 � 25 227 � 37 236 � 15 129S6 ¼ SW ¼ B6 0.85 NS

LA 8.4 � 1.5 16.9 � 2.0 13.3 � 0.9 129S6 < SW ¼ B6* <0.001

Duration

BT 54 � 4 64 � 7 56 � 4 129S6 ¼ SW ¼ B6 0.39 NS

HR 27 � 5 40 � 6 33 � 3 129S6 ¼ SW ¼ B6 0.17 NS

LA 25 � 3 45 � 5 28 � 2 129S6 ¼ B6 < SW* 0.001

SIH injection

Maximum increase

BT 2.4 � 0.2 1.8 � 0.07 1.9 � 0.1 SW ¼ B6 < 129S6* 0.04

HR 216 � 14 187 � 14 194 � 8 129S6 ¼ SW ¼ B6 0.29 NS

LA 10.8 � 1.1 16.9 � 1.5 13.3 � 0.9 129S6 < SW ¼ B6* <0.001

SIH stressor

Maximum increase

BT 1.7 � 0.1 1.3 � 0.08 1.2 � 0.07 SW ¼ B6 < 129S6* <0.001

HR 215 � 8 222 � 12 219 � 9 129S6 ¼ SW ¼ B6 0.27 NS

LA 10.9 � 0.8 18.4 � 1.3 16.8 � 0.9 129S6 < SW ¼ B6* 0.02

Duration

BT 76 � 4 79 � 3 80 � 4 129S6 ¼ SW ¼ B6 0.84 NS

HR 58 � 5 48 � 3 50 � 3 129S6 ¼ SW ¼ B6 0.09 NS

LA 28 � 1 42 � 5 33 � 2 129S6 ¼ B6 < SW* <0.001

NC

Maximum increase

BT 2.5 � 0.2 2.0 � 0.1 2.6 � 0.1 SW < 129S6 ¼ B6* <0.001

HR 211 � 49 214 � 21 273 � 34 SW < B6*,† 0.002

LA 18.4 � 1.2 35.8 � 2.6 45.7 � 2.5 129S6 < B6 < SW* <0.001

Duration

BT 93 � 7 129 � 6 129 � 6 129S6 < SW ¼ B6* <0.001

HR 55 � 6 33 � 3 70 � 9 SW < B6† 0.002

LA 44 � 5 118 � 5 85 � 6 129S6 < B6 < SW* <0.001

BT, body temperature; HR, heart rate; LA, locomotor activity; SW, Swiss Webster, NC, novel cage; SIH, stress-induced hyperthermia.

Results for maximum increase are group means � SEM in �C (BT), BPM (HR) and counts (LA) for all three strains. Duration of the effect in

minutes represents the time needed to return to baseline values. Differences in response between the mouse strains are reflected by both

strain differences and P values.

*P < 0.05 differences between strains in response to stress.
†Only two strains are listed. The third strain, B6, did not significantly differ from the two mentioned strains.
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SIH and diazepam

Figure 6 shows effects of diazepam on SIH; effects and

strain differences will be described below.

Effects on BT

No difference between the strains was found in increase of

BT (DBT1) after injection of the vehicle, but a significant

decrease in DBT1 was found in all strains after injection of

4 and 8 mg/kg of diazepam. Diazepam only decreased basal

BT in the 129S6 strain; after the 4 and 8 mg/kg dosages, the

initial increase (DBT1) had disappeared (F4,6 ¼ 8.5, P ¼ 0.01).

The anxiolytic effects of diazepam on SIH (DBT2) were

different in all strains, the 129S6 being most sensitive

(F4,6 ¼ 20.136, P ¼ 0.001) with a decrease in DBT2 found

after all dosages of diazepam. Increase in BT after the rectal

measurement in SW and B6 mice could not be blocked

completely by diazepam; however, in both strains, decrease

in DBT2 was observed after injection of 2, 4 and 8 mg/kg of

diazepam (SW: F4,7 ¼ 9.66, P ¼ 0.006; B6: F4,8 ¼ 9.917,

P ¼ 0.003).
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Effects on HR

The highest dose of diazepam (8 mg/kg) reduced the

increase of HR after injection (DHR1) in all strains when

compared with vehicle injection (F4,25 ¼ 4.725, P ¼ 0.006).

When analyzing the anxiolytic effect of diazepam, diazepam

reduced DHR2 in all strains with the 129S6 strain again being

the most sensitive and B6 mice least sensitive (129S6:

F4,6 ¼ 93.856, P < 0.0001; SW: F4,7 ¼ 27.787, P ¼ 0.001;

B6: F4,8 ¼ 5.085, P ¼ 0.025).

Discussion

In humans, ANS changes like BT dysregulation (Iverson et al.

2002; Lesch 1991) and increased HR (Friedman & Thayer
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Figure 5: Novel cage stress is obtained by opening the cage, picking up the animal by its tail for 5 seconds and returning it into a

new, unfamiliar cage with bedding. Mouse strains used are 129S6 (dark gray, n ¼ 10), Swiss Webster (SW) (light gray, n ¼ 11) and B6

(black, n ¼ 12). Significant increase in all parameters is found in all strains tested, (a) body temperature (BT) (129S6: F1,9 ¼ 191.2, P < 0.001,

SW: F1,10 ¼ 184.8, P < 0.001, B6: F1,11 ¼ 537.2, P < 0.001); (b) heart rate (HR) (129S6: F1,9 ¼ 335.9, P < 0.001, SW: F1,10 ¼ 107.9,

P < 0.001, B6: F1,11 ¼ 426.1, P < 0.001) (c) and locomotor activity (LA) (129S6: F1,9 ¼ 222.5, P < 0.001, SW: F1,10 ¼ 107.9, P < 0.001,

B6: F1,11 ¼ 337.6, P < 0.001). Strain differences are found in all parameters, with BT differences between all strains (B6 > 129S6 > SW),

increase in HR is highest in B6 and 129S6 show least increase in LA. Data represent mean group values of 5-min blocks � SEM.
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F1,8 ¼ 107.3, P < 0.001, SW: F1,10 ¼ 131.7, P < 0.001, B6: F1,11 ¼ 181.5, P < 0.001]. No strain differences are found in HR values,

increase of BT after injection and after the stressor is significantly increased, while less LA is observed in the 129S6 strain.
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1998a) are part of anxiety and stress disorders. Loss of

normal ANS control is present in patients suffering from

major depression and anxiety disorders and seems to be

the result of changes in sympathetic activation and/or vagal

withdrawal (Friedman & Thayer 1998a; Nijsen et al. 1998;

Tulen et al. 1996). Because of these changes in autonomic

parameters during stress and anxiety, BT and HR are import-

ant parameters to measure together with behavior in the

study of depression/anxiety disorders in laboratory animals.

Abnormalities in circadian rhythms have been reported to

occur in patients with affective disorders (Goodwin et al.

1982; Wehr & Wirz-Justice 1982). Similarly, in rodents, it

has been shown that stressful events can induce changes

in circadian rhythms (Meerlo et al. 1996). The present experi-

ments in the three strains of mice show normal diurnal

circadian rhythm in baseline BT, HR and LA with higher

values of all parameters during the active, lights-off period.

Despite normal circadian rhythms in all strains, differences

between the strains are found in all parameters. The envir-

onmental temperature during the experiments was set

around 21 �C, which is clearly below the metabolic thermo

neutral zone of mice (Overton & Williams 2004; Williams

et al. 2002). For the mice to keep their normothermic core

temperature, metabolic rate has to be increased to generate

enough body heat to compensate for heat losses.

Thermoregulation processes are modulated by several fac-

tors, and besides exposure to cold and heat, a variety of

pathophysiological situations can affect BT (Ricquier &

Bouillaud 2000). We assume that the basal BT measured

during the undisturbed circadian rhythm measurements

reflects the strain-specific core BTs regulated on a predeter-

mined set point. Some of the strain differences found in BT

could partially be explained by strain differences in activity

levels and body weight. The SW strain, during the lights-on

period, shows higher activity levels which could result into

higher BT. Also, the SW is an outbred strain, associated with

higher body weight. Generally, with higher body weight, a

lower HR can be expected (Mortola & Lanthier 2004).

However, activity and body weight do not account for all

differences observed in BT and HR. At the end of the inactive

period, LA is similar in all strains with remaining differences

in BT; this probably reflects different setpoints in core BT of

the three strains.

Another illustration that activity does not account for all

differences in HR and BT is the small increase in LA of the

129S6 strain during the active period, while increases in BT

and HR are similar to the other strains. In several studies,

129S6 mouse strains show little activity when compared
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Figure 6: Effects of diazepam (1, 2, 4, 8 mg/kg) and vehicle (0 mg/kg) treatment (IP) on stress-induced hyperthermia (SIH). (a)

Telemetric data of the effects of injection and the rectal temperature procedure (SIH) on body temperature (BT) and heart rate (HR) in

three strains of mice (129S6, n ¼ 10; SW, n ¼ 11; B6, n ¼ 12). Times of injection (�60 min) and rectal temperature measurement

(0 min) are indicated by vertical lines. Data represent mean group values, averaged over 5-min periods. For clarity, no SEM is present.

(b) DBT2 and DHR2 after SIH, representing the increase in BT, respectively, HR after presentation of the rectal stressor (time ¼ 0 min).

*P < 0.05 compared to vehicle treatment for the individual mouse strains, **indicates P < 0.05 compared to the lower dosages

(129S6 dark gray*; SW light gray* and B6 black*).
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with ‘high activity’ strains like B6 (Contet et al. 2001;

Homanics et al. 1999; Kelly et al. 1998), although differences

in activity between 129 substrains have been found as well

(Montkowski et al. 1997). We assume that strain differences

in basal BT and HR, as found in the circadian rhythm experi-

ments, will not complicate experiments based on stress-

induced elevation of autonomic parameters.

In the second part of the experiments, the response of the

three mouse strains to stress was compared, both in auto-

nomic parameters and activity. Generally, it is accepted that

mouse strain differences exist in anxiety-related paradigms

(Connolly & Lynch 1981; Griebel et al. 2000; Kim et al. 2002),

and in several studies, it has been demonstrated that stress

induces elevation in HR (Bouwknecht et al. 2000; Nijsen

et al. 1998) as well as increases in BT (Bouwknecht et al.

2000; Olivier et al. 1998). The present experiments show

that strain differences are present in stress response when

measuring autonomic parameters and activity levels. First,

independent of the strain tested, a stressor with higher

intensity results into stronger increase in all parameters.

Furthermore, time needed to return to baseline values, the

duration of the effect, is increased with high-intensity stres-

sors (i.e. NC stress). The least intense stress, disturbance

stress, already led to differences in response between the

three strains. Differences between the strains became more

pronounced, as the intensity of the stressor was increased.

Most data published on anxiety and strain differences are

results from behavioral experiments, usually without inclu-

sion of autonomic parameters. Lack of behavioral response

by the 129S6 strain, represented in our studies by LA, is not

found only after presentation of stress. Even though undis-

turbed baseline LA values show a significant increase during

the active period, the activity level remains low during this

period. However, this small behavioral response does not

imply that this strain is insensitive to stressful events, for

increases in BT and HR after stress are similar or even higher

than in the other strains. The SW strain on the other hand

shows highest increase in LA, with relatively small increases

in autonomic parameters. This might indicate that the SW

strain is not an anxious but rather a more explorative and

active strain and that the enhanced BT and HR responses are

mainly results of the increased LA. Conclusions on stress-

response levels of the B6 strain are more ambiguous. This

strain shows high increases in autonomic parameters, while

LA is low (disturbance stress), intermediate (handling and

injection stress) or high (NC stress), indicating that both

behavior and physiology are effective measures to investi-

gate stress response in this strain.

Ever since the early 1960s, benzodiazepines, like diaze-

pam, have been used to treat anxiety disorders. The mechan-

ism of action is via modulation of the GABAA receptor, and it

is known that subunit composition of this GABAA receptor is

of great influence on the effects observed; certain traits of

benzodiazepines are mediated by specific subunits (Rudolph

et al. 1999). Although pharmacokinetic and metabolic factors

as well as differences in activity and size of the animals may

have contributed to differential effects of diazepam in the

three strains, differences between mouse strains in their

sensitivity toward benzodiazepines probably result from dif-

ferential GABAA receptor subunit composition and quantity in

specific brain regions (i.e. amygdala).

When interpreting pharmacological data, distinct strain dif-

ferences in sensitivity to diazepam become clear in both BT

and HR. Anxiolytic effects of diazepam are associated with

activation of the GABAA a2 subunit (Rudolph et al. 2001;

Vicini & Ortinski 2004), and in the present experiments

such effects are reflected in DBT and DHR after presentation

of the rectal stressor. All three strains show an anxiolytic

response to diazepam, the 129S6 strain being most sensi-

tive, and in spite of reduced sensitivity in the B6, strain

significant reductions in DBT and DHR are found at higher

doses of diazepam. The strong effect on baseline BT seen

only in the 129S6 strain indicates a hypothermic effect, with

an average decrease of 2 �C after 8-mg/kg diazepam injec-

tion. In humans, it has been suggested that heat loss is a key

pathway of generating sleepiness and sedation and is asso-

ciated with the GABAA a1 subunit (Echizenya et al. 2003).

This strong intrinsic effect on BT suggests a higher number

of a1 subunits in this strain in brain areas involved in tem-

perature regulation, and consequently, a more sedative

effect of diazepam could be effected. The open field, ele-

vated plus maze and light/dark box are frequently used exam-

ples of approach–avoidance paradigms in which anxiety is

reflected as natural aversive behavior of rodents to brightly

lit, open areas, and anxiolytic drugs have been found effec-

tive (Belzung & Griebel 2001; Finn et al. 2003; Kim et al.

2002; van Gaalen & Steckler 2000). Our results show that

anxiolytic effects of diazepam also can be measured using

autonomic parameters and SIH, with the advantage of

excluding the effects of strain differences in LA.

Combining results on circadian rhythm, stress response

and pharmacological sensitivity, these experiments give

increased insight in dynamics of autonomic parameters in

mice. Three different mouse strains were included in the

experiments, and differences between the strains both in

reaction to stress as well as in pharmacological sensitivity

were present. It is found that reactions in autonomic para-

meters are not necessarily being reflected in or caused by

increased activity.

This underlines the importance of carefully choosing a

strain when performing experiments in anxiety research.

With these experiments, we furthermore demonstrate that

autonomic parameters prove to be valuable parameters to

provide information on mechanisms underlying stress and

anxiety disorders.
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