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499–505, 1998.—Alterations induced by social isolation (1 day to 18
weeks) in low- and high-active mice (LAM and HAM) were studied in respect to locomotor activity, [3H]-spiperone binding
in the striatum, striatal, and cortical dopamine metabolism, and presynaptic dopaminergic sensitivity to apomorphine (0.75
mg/kg; IP). Isolated HAM and LAM showed increased locomotor activity compared to group-housed mice after long-term
isolation (6–18 weeks). Considering the studied dopaminergic parameters, it has been found that social isolation did not af-
fect striatal D2 receptors, striatal and cortical dopamine metabolism, and apomorphine-mediated reduction of dopaminergic
metabolism. The change of housing conditions was generally associated with an increase of cortical dopamine metabolism af-
ter 1 week. Activity type specific differences in group-housed LAM and HAM were found in the basal striatal dopamine me-
tabolism and in the sensitivity of the nigrostriatal system to autoreceptor activation. The reduced striatal dopamine metabo-
lism and the higher presynaptic sensitivity of HAM may be related to their high active running wheel behavior. © 1998
Elsevier Science Inc.
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THE differential housing of mice, i.e., group and isolated
housed, produces differences in the locomotor activity (6,25)
and in the behavioral sensitivity to dopaminergic acting drugs
(12,25). Isolation induced hyperactivity (6,17,25,26) and en-
hanced responses to amphetamine as well as to apomorphine
(10,25) have been shown in rats and mice suggesting differ-
ences in dopaminergic systems between differential-housed
animals. However, neurochemical evidences for dopaminer-
gic changes in isolates have been obtained in rats but not in
mice. An increase in striatal and a decrease in cortical dopa-
mine metabolism were found in isolated rats (2,16). Receptor
binding studies have shown a decrease of striatal dopamine
D

 

2

 

 receptors in isolated rats, possibly resulting from a striatal
dopaminergic hyperactivity (1,14). Isolation of mice (4–5
weeks) did not produce any significant alterations in striatal
dopaminergic systems as reported in rat experiments (6,25).
First, our studies are aimed at reinvestigating dopaminergic
systems (dopamine metabolisms in striatum and cortex, stri-
atal dopamine D

 

2

 

 receptor, presynaptic dopaminergic recep-
tor sensitivity) in dependence on differential housing from 1
day up to 18 weeks. Second, the investigations were done with
selected mice according to their running wheel activity. Phar-

macological studies with high active (HAM) and low active
mice (LAM) have shown differences concerning the nigrostri-
atal and/or mesolimbic dopaminergic mechanisms (20). To elu-
cidate possible neurochemical mechanisms underlying these
observed different dopaminergic responses, pre- and postsyn-
aptic dopaminergic parameters have been studied in isolated
and group-housed HAM and LAM.

 

METHOD

 

Animals and Housing

 

The experiments were performed with male NMRI mice
(breeder: Hirsch, Heidenau, Germany), which were 5–6
weeks old at the beginning of the test. The animals were kept
in controlled environment at 21 
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 2

 

8

 

C and 40–60% air humid-
ity in a 12 L:12 D cycle with food and water ad lib.

We used low- and high-active mice (LAM and HAM) to
study how endogenous disposition influences isolation-induced
alterations. Mice were differentiated by their running-wheel
activity (1 h) according to Jähkel et al. (9).

Eight LAM or HAM, each, were housed in groups or in
isolation for 1 day, 1 week, or 3, 6, 12, and 18 weeks.
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Drug Treatments

 

Mice were injected with 0.75 mg/kg (IP) apomorphine, a
mixed D
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/D
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 receptor agonist (24), followed in 5 min with lo-
comotor activity measurements and decapitation. Control
groups were injected with 0.9% saline.

 

Locomotor Activity Measurements

 

Locomotion parameters were measured in Plexiglas boxes
(60 

 

3

 

 30 

 

3

 

 20 cm high) with eight and four photocell beams
located across the long and the short axis for 10 min. Open-
field activity was measured by the frequency of beam inter-
ruptions and recorded on digital counters. Experiments were
performed during the light phase (0900–1200 h).

 

Chemicals

 

[

 

3

 

H]-Spiperone (23,5 Ci/mmol) was purchased from Amer-
sham Buchler (Braunschweig, Germany). Other compounds
were obtained as follows: bovine serum albumin, 1-heptane-
sulfonic acid, homovanillic acid (HVA), 3,4-dihydroxyphenyl-
acetic acid (DOPAC), dopamine, (

 

2

 

)sulpiride, and polyethyl-
enimine from Sigma Chemical Co. (St. Louis, MO) and CaCl

 

2

 

,
citric acid, methanol, Na

 

2

 

EDTA and sodium acetate from
Merck (Darmstadt, Germany).

 

D
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-Receptor Binding Studies

 

Following decapitation striatum was dissected, frozen in
liquid nitrogen, and stored at 

 

2

 

70

 

8

 

C until use. Thawed tissues
were homogenized (10 strokes with a glass-teflon homoge-
nizer, 1000 turns per min) in 10 ml 50 mM Tris-HCl, pH 7.4,
and centrifuged for 10 min at 40,000 

 

3

 

 

 

g.

 

 The resulting pellets
were washed twice and rehomogenized in 50 mM Tris-HCl,
120 mM NaCl, pH 7.4, with a final tissue concentration of 8
mg orginal wet weight per ml. Binding assays were performed
using 0.1-ml aliquots (equivalent to 25–30 mg striatum pro-
tein). [

 

3

 

H]-Spiperone was used as the radioligand for labeling
dopamine D

 

2

 

 receptors in mice striatal preparations (21). The
membranes were incubated in 3 ml of 50 mM Tris-HCl, 120
mM NaCl, pH 7.4, including six concentrations (0.01–0.3 nM)
of [

 

3

 

H]spiperone at 23

 

8

 

C for 90 min. Nonspecific binding was
defined in the presence of 10 

 

m

 

M (

 

2

 

)sulpiride.
All incubations were stopped by rapid filtration with a cell

harvester through GF/B filters (presoaked in 0.1% polyethylen-
imine) under reduced pressure. The filters were washed twice
with 4-ml ice-cold 50 mM Tris-HCl, pH 7.4, and radioactivity was
determined by means of liquid scintillation counter. Analysis
of binding data was performed according to Scatchard (19).

Protein content was measured with Bradford’s method (4)
using bovine serum albumin as the standard.

FIG. 1. (A) Striatal D2 receptor densities in differentially housed HAM (solid line) and LAM (broken line) in the time course
from 1 day up to 18 weeks. (B) Striatal D2 receptor densities of high-active (HAM—solid line) and low-active mice (LAM—broken
line) after 1 day up to 18 weeks housing in groups (filled symbols) and individual housing (open symbols), respectively. Error bars
indicate SEM (n 5 8).
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HPLC Analyses

 

Decapitated animals’ striatum and cortex were rapidly dis-
sected, frozen in liquid nitrogen, and stored at 

 

2

 

70

 

8

 

C until
use. The tissues were weighed and then ultrasonically homog-
enized in 0.1 M perchloric acid. Following centrifugation at
14,000 

 

3

 

 

 

g

 

 for 15 min the supernatant was directly injected
onto the HPLC column (C18 Ultrasphere, 75 3 4.6 mm, 3-mm
particle size). The mobile phase consisted of 0.02 M sodium
acetate/0.0125 M citric acid buffer, pH 3.7, containing 8% (v/v)
methanol, 0.042% heptanesulfonic acid, and 0.1 mM Na

 

2

 

EDTA. The flow-rate was set to 1 ml/min, and the tempera-
ture maintained at 31

 

8

 

C. Dopamine, HVA, and DOPAC were
electrochemically detected using a working potential of 840
mV. Detection limits based on a signal-to-noise ratio of 3
were 0.5 ng/ml for dopamine, HVA, and DOPAC. Intra- and
interassay variability has been estimated to be 2.0–3.7% and
4.5–5.2%, respectively.

 

Statistical Analysis

 

Values reported are means 

 

6

 

 SEM. The data were tested
for homogeneity of variance between groups and then three-
way ANOVA (factor 1: housing condition, factor 2: activity
type, factor 3: housing time) or four-way ANOVA (factor 4:
apomorphine teatment) was performed. Post hoc compari-
sons by Student’s 

 

t-

 

test were carried out when ANOVA

showed statistically significant differences. A level of proba-
bility 

 

,

 

0.05 was accepted as statistically significant. Statistical
tests were performed using SPSS for MS Windows 6.1. (SPSS
GmbH Software, München, Germany).

 

RESULTS

 

Striatal D

 

2

 

-Receptors

 

Three-way ANOVA of [

 

3

 

H]-spiperone affinity to striatal
D

 

2

 

-receptors (

 

K

 

d

 

) indicated no effects of housing, 

 

F(

 

1, 160)

 

 

 

5

 

1.4, 

 

p 

 

5

 

 0.24, and activity type, 

 

F

 

(1, 160)

 

 

 

5

 

 0.8, 

 

p 

 

5

 

 0.37.
Differential housing of HAM and LAM from 1 day to 18

weeks did not influence the density of [

 

3

 

H]-spiperone binding
sites (

 

B

 

max

 

) in the striatum, 

 

F

 

(1, 160)

 

 

 

5

 

 0.97, 

 

p 

 

5

 

 0.33, as
shown in Fig. 1A. Differences in 

 

B

 

max

 

 values between HAM
and LAM were found neither in group-housed nor in individ-
ually housed mice, 

 

F

 

(1, 160)

 

 

 

5

 

 1.0, 

 

p 

 

5

 

 0.28 (Fig. 1B). How-
ever, a tendentious decrease of 

 

B

 

max

 

 value (90%) were found
in LAM after 12 weeks of group housing.

 

Open-Field Activity

 

Isolated HAM and LAM were significant more active than
group-housed mice after long-term isolation, 

 

F

 

(1, 360)

 

 

 

5

 

 7.8,

 

p 

 

,

 

 0.01. Apomorphine (0.75 mg/kg, IP) significantly de-
creased the open-field activity of differentially housed HAM

FIG. 2. (A) Open-field activity of group-housed (filled symbols) and isolated-housed (open symbols) HAM and LAM, respectively,
after treatment with 0.75 mg/kg, IP, apomorphine (triangles), and 0.9% saline (circles). (B) Reduction of group housed HAM’s
(solid line) and LAM’s (broken line) open-field activity after treatment with 0.75 mg/kg, IP, apomorphine (triangles) in compari-
son with saline treatment (circles). Mice were differentially housed from 1 day up to 18 weeks. Error bars indicate SEM (n 5 8).
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and LAM (Fig. 2A). By ANOVA analyses, there were no ef-
fects of housing on the response to apomorphine, 

 

F

 

(1, 360)

 

 

 

5

 

3.9, 

 

p 

 

5

 

 0.06, but differences in the drug response between
HAM and LAM, 

 

F

 

(1, 360)

 

 

 

5

 

 17.1, 

 

p 

 

,

 

 0.001. Analyses of the
drug responses revealed an increased sensitivity to apomor-
phine of group-housed LAM in comparison to group-housed
HAM during the time course of grouped housing (Fig. 2B).

 

Dopamine Metabolism in the Striatum and the Cortex

 

Apomorphine (0.75 mg/kg, IP) significantly decreased the
ratio of HVA and dopamine in the striatum of differentially
housed HAM and LAM (Fig. 3A), resulting from a decrease
of HVA and increase of dopamine content, respectively (data
not shown). Four-way ANOVA indicated no effects of hous-
ing, 

 

F

 

(1, 360)

 

 

 

5

 

 2.9, 

 

p 

 

5

 

 0.09, and activity type, 

 

F

 

(1, 360)

 

 

 

5

 

2.7, 

 

p 

 

5

 

 0.11, on striatal dopamine metabolism as well as on
concentrations of dopamine and HVA. Significant differences
of apomorphine response in dependence on housing conditions
and activity type were not observed. However, there was a sig-
nificant interaction of housing and activity type, 

 

F

 

(1, 360)

 

 

 

5

 

3.8, 

 

p 

 

,

 

 0.05, and differences between LAM and HAM were
detected in group-housed mice (Fig. 3B). After 12 and 18
weeks of group housing LAM have an increased ratio of
HVA and dopamine compared to HAM [housing time and
type: 

 

F

 

(5, 92)

 

 

 

5

 

 2.6, 

 

p 

 

,

 

 0.05]. In this housing condition HAM

showed a stronger apomorphine-induced decrease of dopa-
mine metabolism in the striatum, 

 

F

 

(1, 92)

 

 

 

5

 

 6.2, 

 

p 

 

,

 

 0.05.
Four-way ANOVA of dopamine index (HVA/dopamine)

in the cortex indicated significant effects of apomorphine, 

 

F

 

(1,
362)

 

 

 

5

 

 34.4, 

 

p 

 

,

 

 0.001, and housing, 

 

F

 

(1, 362)

 

 

 

5

 

 8.2, 

 

p 

 

,

 

 0.01,
but no effects of activity type, 

 

F

 

(1, 362)

 

 

 

5

 

 0.5, 

 

p 

 

5

 

 0.48. Apo-
morphine (0.75 mg/kg, IP) decreased cortical dopamine me-
tabolism independent on housing condition and activity type
(Fig. 4A). Between 1 day and 1 week a strong increase (up to
200%) of the dopamine index was found in the cortex, especially
in group-housed HAM. A transient reduced cortical dopamine
index was found in isolated LAM and HAM after 12 weeks.
Similar results were obtained by analyses of cortical DOPAC
and dopamine ratios shown in Fig. 4B. Significant effects were
found for apomorphine, 

 

F

 

(1, 363)

 

 

 

5

 

 76.6, 

 

p 

 

,

 

 0.001, and hous-
ing, 

 

F

 

(1, 362) 5 4.1, p , 0.05, but not for activity type, F(1,
362) 5 0.3, p 5 0.58. Housing time-dependent increases
changes were also detected after 1 week, resulting from a sig-
nificant decrease of dopamine content (data not shown).

DISCUSSION

The increased locomotor activity found in isolated HAM
and LAM has been reported in mice and rats by several other
investigators (6,17,25,26). We also found a reduction in spon-
taneous motor activity by 0.75 mg/kg (IP) apomorphine that is

FIG. 3. (A) Striatal dopamine metabolism (HVA/dopamine) of group-housed (filled symbols) and isolated-housed (open sym-
bols) HAM and LAM, respectively, after treatment with 0.75 mg/kg, IP, apomorphine (triangles), and 0.9% saline (circles). (B)
Striatal dopamine metabolism of group-housed HAM (solid line) and LAM (broken line) after treatment with 0.75 mg/kg, IP, apo-
morphine (triangles) in comparison with saline treatment (circles). Mice were differentially housed from 1 day up to 18 weeks.
Error bars indicate SEM (n 5 8).
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believed to reflect the activation of presynaptic D2-receptors
(8). In this behavioral test of presynaptic dopamine receptor
sensitivity we observed no effect of differential housing. How-
ever, studies in mice and rats have shown enhanced sedative
effect of presynaptic doses of apomorphine in isolates (10,25).
One reason for this discrepancy may be the higher dose of
apomorphine used in the current study.

Studies in rats have shown that social isolation is associ-
ated with a decrease in the density of striatal dopamine D2-
receptors (1,14). We found striatal dopaminergic alterations
neither in striatal D2 receptors nor in striatal dopamine me-
tabolism in mice. However, these findings are consistent with
other studies in mice (6,25). Thus, we suggest, that striatal
dopaminergic alterations are rat-specific responses on social
isolation. On the other hand, we found a transient reduction
of cortical dopamine metabolism in isolated mice after 12
weeks, which is consistent with studies in rats (2,10,16). In our
model of different housing from 1 day up to 18 weeks we were
able to detect a strong increase of dopamine metabolism be-
tween 1 day and 1 week of group- and isolated-housed mice.
Because some studies have consistently reported that psycho-
logical stress, such as conditioned fear stress, selectively acti-
vates the cortical dopaminergic system (7,11), the increase of
cortical dopamine metabolism between 1 day and 1 week

might be related to a stress response on novel housing condi-
tions. Interestingly, the stress response is observed in both iso-
lated- and grouped-housed mice and is restricted to 1 week af-
ter a change of housing conditions.

Considering the studied dopaminergic parameters, it may
be suggest that social isolation of mice does not affect striatal
D2 receptors, dopamine metabolism, and apomorphine-medi-
ated reduction of striatal and cortical dopamine metabolism.
The change of housing conditions (in isolated as well as in
group housing conditions) is associated with a stress-induced
increase of cortical dopamine metabolism after 1 week. Ten-
dencies of reduced cortical dopamine metabolism were found
after 12 weeks in isolated mice, but could, of course, depend
on changes in neurotransmitter systems, such as serotonergic,
glutamatergic, and GABAergic systems, that modulate the
cortical dopamine metabolism (8). In a recent study we have
shown in mice pre- and postsynaptic serotonergic alterations
in the time course of social isolation (15). Functionally, there
are close connections between dopaminergic and serotonergic
systems in the CNS (18). This is also reflected in the ability of
specific serotonin receptor agonists to modulate dopaminer-
gic activity (3,5,13).

Behavioral pharmacological studies with LAM and HAM
have shown differences concerning the nigrostriatal and/or

FIG. 4. (A,B) Cortical dopamine metabolism (A: HVA/dopamine; B: DOPAC/dopamine) of group-housed (filled symbols) and
isolated-housed (open symbols) HAM and LAM, respectively, after treatment with 0.75 mg/kg, IP, apomorphine (triangles), and
0.9% saline (circles). Mice were differentially housed from 1 day up to 18 weeks. Error bars indicate SEM (n 5 8).
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mesolimbic dopaminergic mechanisms (20). Although apo-
morphine mainly stimulated the climbing activity in HAM,
bromocriptine (climbing activity) and amphetamine (locomo-
tion) had stronger effects in LAM. To elucidate possible neu-
rochemical mechanisms underlying these observed different
dopaminergic responses, [3H]-spiperone binding sites in the
striatum and dopamine metabolism in the striatum and the
cortex have been studied. However, we did not find differ-
ences in density and affinity of [3H]-spiperone binding sites in
the striatum between LAM and HAM. Only tendencies of
higher synaptic density of striatal dopamine D2 receptors of
group-housed HAM have been detected after 12 weeks com-
pared to group-housed LAM. Thus, striatal D2 receptors
alone could not be related to the higher climbing activity re-
ported in HAM after apomorphine treatment. It is known
that concurrent stimulation of both D1 and D2 receptors is re-
quired for apomorphine-induced behavioral changes such as
stereotypy, rearing, and climbing (8,23). Hence, differences in
D1 receptor sensitivity have to be considered in different be-
havioral responses between HAM and LAM to apomorphine.
Alternatively, the radioligand binding technique may not be
sensitive to more subtle changes in receptor sensitivity or het-
erogeneity.

Activity type-specific differences in the cortical dopamine
metabolism were not found, but group-housed HAM have
reduced striatal dopamine metabolism compared to group-
housed LAM after 12 and 18 weeks. These differences were
not detected between isolated HAM and LAM. In isolated
mice, dopaminergic activities may be covered by isolation-
induced serotonergic alterations. Serotonin is thought to have
a tonic inhibitory influence on striatal dopaminergic systems
(5), and it was recently demonstrated that serotonergic sys-

tems of HAM are strongly reduced by social isolation com-
pared to LAM (15).

After treatment with presynaptic apomorphine dose (0.75
mg/kg) group-housed HAM showed a stronger decrease of
striatal dopamine metabolism, suggesting a higher sensitivity
of HAM to autoreceptor activation. These findings are not
consistent with the locomotor activity response to apomor-
phine. In the locomotor activity test we found an increased
sensitivity to apomorphine of group-housed LAM in compari-
son to group-housed HAM. Thus, additional biochemical
mechanisms besides presynaptic dopamine receptors have to
be suggested in the apomorphine-induced hypolocomotion.
Indeed, it has been suggested that dopamine agonist-induced
hypolocomotion would be mediated by stimulation of particu-
lar postsynaptic dopamine receptor populations whose sensi-
tivity to dopaminergic agents would be considerably higher
than the sensitivity to the postsynaptic dopamine receptors
mediating stereotyped behavior (22).

In summary, the present studies indicate that differential
housing of mice did not influence [3H]-spiperone binding sites
in the striatum, dopamine metabolism in the striatum and the
cortex, and the biochemical response to a presynaptic active
apomorphine dose. Differences between activity types were
detected in striatal dopamine metabolism. A reduced dopa-
mine metabolism and a higher presynaptic sensitivity to apo-
morphine (0.75 mg/kg; IP) were found in group-housed HAM
compared to grouped-housed LAM that may be related to the
type-specific running-wheel behavior.
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