
locate/pharmbiochembeh
Pharmacology, Biochemistry and B
The effects of social isolation on neuropeptide Y levels, exploratory

and anxiety-related behaviors in rats

Annika Thorsell a, Craig J. Slawecki a, Aram El Khoury b,

Aleksander A. Mathe b, Cindy L. Ehlers a,*

a The Scripps Research Institute, Department of Neuropharmacology (CVN-14), 10550 N. Torrey Pines Rd, La Jolla, CA 92037, USA
b Karolinska Institutet, Department of Pharmacology, Psychiatry, Huddinge University Hospital, SE-141 86 Stockholm, Sweden

Received 22 July 2005; received in revised form 30 November 2005; accepted 6 December 2005

Available online 3 February 2006
Abstract

NPY is one of the most abundantly expressed peptides within the CNS, and has been previously demonstrated to be altered in several animal

models of depression, as well as to be differentially regulated by acute and repeated stress. The effect of social deprivation, through isolation

housing, on brain NPY concentrations in adult rats has not been previously investigated. The effects of 12 weeks of social isolation, in adult rats,

on anxiety-related behaviors and central concentrations of NPY in: hypothalamus, amygdala, caudate-putamen, hippocampus, and frontal cortex

were evaluated. Single housed animals spent significantly more time on the open arms of the elevated plus maze and in the central area of the open

field as compared to pair housed controls. These data are most likely indicative of enhanced exploration and novelty seeking. Concentrations of

neuropeptide Y were increased in the caudate-putamen of the single housed subjects. NPY levels in caudate/putamen and hypothalamus were also

significantly correlated with time spent in the open arms of the elevated plus maze. These data suggest that chronic social isolation, in these adult

Wistar rats, did not increase anxiety but produced enhanced exploration in tests of anxiety, an effect that was associated with NPY concentrations

in the striatum and hypothalamus.

D 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The use of chronic or repeated stressful events and/or

social isolation/separation in rodents and primates have been

used to model human affective disorders (see Koob et al.,

1989). These models include restraint stress, cold water stress,

exposure to dominant males, tail suspension, as well as

maternal and peer separation/isolation (see Bowden and

McKinney, 1972; Kalin, 1989; Ehlers et al., 1993; Hall,

1998; Bonilla-Jaime et al., 2003; Strekalova et al., 2004). Of

these models, social isolation has proven to be highly

consistent in its ability to produce increases in anxiety-like

behavior (Parker and Morinan, 1986; Jankowska et al., 1991;

Wright et al., 1991a,b; Maisonnette et al., 1993; Hall et al.,

1998, 2000; Hall, 1998; Lodge and Lawrence, 2003; Helle-

mans et al., 2004; Weiss et al., 2004).
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Neuropeptide Y (NPY; Tatemoto, 1982; Tatemoto et al.,

1982) is one of the most abundantly expressed neuropeptides

within the mammalian CNS and has been implicated in

modulation of anxiety-related behaviors, stress-responses,

depression, memory function, and regulation of feeding (for

reviews see: Cerda-Reverter and Larhammar, 2000; Heilig and

Thorsell, 2002; Chronwall and Zukowska, 2004; Kalra and

Kalra, 2004; Levine et al., 2004; Thorsell and Ehlers, in press).

The anti-anxiety effect of NPY has been demonstrated in a

number of animal models (Broqua et al., 1995; Heilig et al.,

1989), and the expression of NPY within the CNS has been

shown to be regulated by external stressors (Thorsell et al.,

1998, 1999). A possible involvement of central NPY in

depression has been suggested in the literature (Jimenez-

Vasquez et al., 2001). Electroconvulsive shock (ECS) treatment

consistently upregulates brain NPY levels (Stenfors et al.,

1989; Wahlestedt et al., 1990), while antidepressants have

yielded inconsistent results (Heilig et al., 1988; Bellman and

Sperk, 1993; Heilig and Ekman, 1995). NPY has been
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demonstrated to be altered in the Flinders rat, an animal model

of psychopathology (Caberlotto et al., 1998, 1999). Further-

more, NPY has been demonstrated to have an anti-depressant

effect in the forced swim test (Redrobe et al., 2002).

Given the effects of NPY on anxiety and depression-like

behaviors, we examined the effect of 12 weeks of adult social

isolation, on exploratory and anxiety-related behavior as well

as central NPY concentrations in Wistar rats. The hypothesis

was that social isolation would lead to changes in central NPY

concentrations that would be correlated with behavioral

changes in the elevated plus maze and open field.

2. Material and methods

2.1. Subjects

Male Wistar rats (n =20; body weight 188T3 g, 45 days of

age at beginning of experiment) were obtained from Charles

River, USA. Upon arrival half of the animals were housed two

per cage and the other half single housed. Animals were kept in

a temperature and humidity controlled vivarium with a 12 h /12

h light / dark cycle (lights on at 6 AM). Animal care was in

accordance with the guidelines of the Institutional Care and

Use Committee of the National Institute on Drug Abuse,

National Institutes of Health, and the Guide for the Care and

Use of Laboratory Animals (Institute of Laboratory Animal

Resources, Commission on Life Sciences, National Research

Council, 1996).

Animals were randomly assigned to 2 groups upon arrival,

single housed or pair housed. These housing conditions were

maintained for 12 weeks. During this time the rats were only

handled when weighed once per week, the behavioral para-

digms were performed as described below. After 12 weeks,

behavior in the elevated plus maze and open field was assessed.

Half the animals were first exposed to the open field and then

the elevated plus maze. For the remaining rats, the order of

testing was reversed. This was done to eliminate any possible

confounding factors that may be carried over from one test to

the other. One week after testing was completed, the animals

were then sacrificed and brains extracted for analysis of

neuropeptide Y levels.

2.2. Elevated plus maze

Plus maze testing was conducted as previously described

(Pellow et al., 1985; Pellow and File, 1986). The apparatus was

made of black plastic and consisted of two open arms (50�10

cm), and two closed arms of the same size but with 40 cm high

end and side walls. The arms were connected by a central

10�10 cm area. Testing was performed under dim red light

with the maze elevated 50 cm above the white floor. To avoid

effects of abrupt background noises a low white noise was

presented at all times before, during, and after testing. Animals

were adapted to the testing room for 1 h prior to testing. Rats

were placed in the central area of the maze facing one of the

open arms. The variables assessed included the total number of

arm entries, percent of open arm entries, and percent time spent
in the open arms during the 5 min test. An arm entry was

defined as placement of all four paws into an arm.

2.3. Open field testing

Open field testing was performed without prior exposure to

the apparatus as previously described (Slawecki and Roth,

2004). The open field was 76 cm (w)�76 cm (l)�50 cm (h).

The floor of the open field was demarcated into 25 equally

sized squares (16 perimeter squares and 9 center squares).

During testing, the field was illuminated at a level of 50 lx by a

single white light. On the test day, all subjects were weighed

and transferred to a dimly lit ante-room 1 h before testing. At

the start of each 5 min test, the subject was placed in the center

of the open field. Variables assessed included: the latency to

move to the perimeter, the percent of time spent in the center,

and total square entries, and percent center square entries.

Rearing and grooming in the open field was also recorded. The

apparatus was cleaned with alcohol and water between each

test.

2.4. Analysis of peptide levels

The following brain regions were dissected by a modifica-

tion of the techniques of Glowinski and Iversen (1966), and

Palkovits and Brownstein (1988): the hypothalamus, amygdala,

the hippocampus, the frontal cortex and caudate-putamen. The

tissue samples were weighed and frozen on dry-ice. Samples

were stored at �80 -C until assayed for peptide content

(Stenfors et al., 1989; Mathe et al., 1990a,b, 1997).

2.5. Statistical analysis

Statistical analysis was performed using Sigmaplot (Systat

Inc.). Behavioral data were analyzed using one-way ANOVA.

Body weight changes over the weeks of isolation housing were

assessed using two-way ANOVAs [housing�week]. Housing

was assessed as a between subjects factor. Week was assessed

as a within subjects factor. Post hoc analyses used Tukey tests.

One-way ANOVAwas used to assess the effects of housing on

brain peptide concentrations. Pearson correlation analyses were

also performed to examine the possible relationship of peptide

concentrations and behavioral measures. A level of p <0.05

was set as the criterion for statistical significance.

3. Results

3.1. Effects of housing condition on body weight

Significant changes in body weights were seen over the

course of the experiment [F(1,198)=570.18, p <0.001]. Over

the 12-week course of the experiment, both groups of rats

gained weight at a steady rate. However, no differences in body

weight were seen as a function of housing and no hou-

sing�weeks in isolation interactions were seen. At the time of

behavioral testing, pair housed rats weighed an average of

533T22 g and single housed rats weighed an average of



Fig. 1. Behavior in the elevated plus maze as a function of housing condition. Values are given as meanTSEM. Pair housed (black bars, n =9). Single housed (white

bars, n =7). Asterisk indicates significant difference between groups ( p <0.05).
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493T13 g. On the day brain tissue was harvested for NPY

analysis, pair housed rats weighed an average of 535T22 g and

single housed rats weighed an average of 519T14 g. Although

there were no significant differences in body weight between

the experimental groups, the fact that the single housed rats

generally weighed less is opposite to what has been previously

found in this model (Ehlers et al., 1989).

3.2. Effects of housing condition on elevated plus maze

behavior

Data from 4 rats (1 pair housed, 3 single housed) were

omitted from the statistical analysis of behavior in the elevated

plus maze due errors in data collection. Assessment of behavior

in the elevated plus maze revealed significant effects of

housing on percent time spent in the open arms

[F(1,15)=10.4, p =0.006] and number of entries into the

open arms [F(1,15)=7.39, p =0.017], but not for total arm

entries [F(1,15)=3.8, p =0.072]. As is shown in Fig. 1, single

housed rats spent more time in the open arms and made more

entries into the open arms than did pair housed rats. Increased

percent open arm time in the single housed group occurred in

concert with significant decreases in percent closed arm time

[F(1,15)=11.5, p =0.004; single housed=43.6%T4.7% vs.
Fig. 2. Behavior in the open field as a function of housing condition. Values are giv

n =9). Asterisk indicates significant difference between groups ( p <0.05).
pair housed=68.1%T5.7%]. There were no group differences

in percent of time spent in the center of the maze (single

housed=17.4%T1.5% vs. pair housed=13.5%T1.9%).

3.3. Effects of housing condition on open field behavior

Data from 1 pair housed rat was omitted from the data

analysis due to an error in data collection. Assessment of

behavior in the open field revealed significant effects of

housing on percent time spent in the center [F(1,18)=8.17,

p =0.011], percent center square entries [F(1, 18)=11.24,

p =0.004], and grooming [F(1,18)=13.61, p=0.002]. As can

be seen in Fig. 2, single housed rats spent more time in the

center of the open field and made a greater percentage of center

square entries. In addition, levels of grooming were elevated in

the single housed rats (1.33T0.31) relative to pair housed rats

(0.2T0.14). There were no effects of housing on total square

entries or rearing in the open field.

3.4. Effects of housing condition on NPY levels

A summary of NPY levels in each of the brain regions are

presented in Table 1. Statistical assessment of NPY levels

revealed significant effects of housing in the caudate/putamen
en as meanTSEM. Pair housed (black bars, n =10). Single housed (white bars,



Table 1

NPY levels in the brain as a function of housing condition

Region Pair housed

(pmol/g tissue)

Single housed

(pmol/g tissue)

Amygdala 65T6 75T8

Caudate-putamen 19T3 32T6*
Frontal cortex 51T2 57T5

Hippocampus 13T3 12T2

Hypothalamus 225T21 257T29

Values are given as meanTSEM (n =10/group).

Asterisk indicates significant difference between groups ( p <0.05).
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[F(1,19)=4.52, 0.048], but not in any other brain region.

Statistically significant correlations between NPY levels and

elevated plus maze behavior were also found. A significant

positive correlation was observed between NPY in the caudate/

putamen and percent time spent in the open arms [Pearson

correlation coefficient=0.532, p =0.034]. A significant positive

correlation was also found between NPY in the hypothalamus

and percent open arm entries [Pearson correlation coeffi-

cient=0.511, p =0.043]. There were no significant correlations

between NPY levels in any of the brain regions assessed and

behaviors in the open field.

4. Discussion

Social separation/isolation from either maternal or peer

influence can induce a biobehavioral response in rodents and

nonhuman primates seeming to mimic certain aspects of human

psychopathology. For instance, the behavioral effects of social

isolation in rats can include: enduring hyperactivity (Sahakian

et al., 1974; Weinstock et al., 1976; Garzon and Del Rio, 1981;

Ehlers et al., 1989) aggressiveness (Valzelli and Bernassconi,

1976; Day et al., 1982; Wongwitdecha and Marsden, 1996),

enhanced stereotypy to amphetamine (Jones et al., 1990)

impairment of performance (Morgan et al., 1977; File, 1978;

Jones et al., 1989, 1991), deficits in prepulse inhibition of

startle (Wilkinson et al., 1994), and neuroendocrine changes

(Ehlers et al., 1993; Heidbreder et al., 2000). The nature and

severity of these effects depend on the age at isolation and the

strain of rat, and the specific testing conditions (for review see

Hall, 1998).

In the present study, isolation housing in adult male Wistar

rats was found to increase time spent in the open arms of the

plus maze as well as time spent in the center of the open

field. These types of changes are often interpreted as

decreases in anxiety-like behavior, as rodents tend to avoid

brightly lit open areas. Although some studies have not found

increases in anxiety-like behavior following isolate housing

(Wongwitdecha and Marsden, 1996;Vale and Montgomery,

1997), most studies have (Parker and Morinan, 1986;

Jankowska et al., 1991; Wright et al., 1991a,b; Maisonnette

et al., 1993; Hall et al., 1998, 2000; Hall, 1998; Lodge and

Lawrence, 2003; Hellemans et al., 2004; Weiss et al., 2004).

Enhanced anxiety also appears to be an enduring property of

social isolation as resocialization of isolation-reared rats for a

month does not reverse their anxiogenic profile (Wright et al.,
1991a,b). Therefore, it is likely that the enhanced exploration

of the plus maze and open field, found in the present study,

may have an alternative explanation other than reduced

anxiety.

An increase in the time spent in the center of the open

field could be interpreted purely as an increase in exploration

of a novel environment independent of whether the animal

was ‘‘anxious’’ or not. A number of previous studies have

found an increased in open field exploration in isolate housed

rats (Syme, 1973; Einon et al., 1975; Gentsch et al., 1981;

Plaznik et al., 1993; Fone et al., 1996; Lapiz et al., 2000;

Arakawa, 2003). For example, Wistar rats that were isolate

housed starting on postnatal day 51 were reported to spend

more time in and make more entries into the center of the

open field (Arakawa, 2003). Social deprivation has also been

reported to enhance preference for a novel environment that

was not aversive (Sahakian et al., 1977; Hall et al., 1997).

Therefore, one explanation for the present set of findings is

that social isolation enhances both exploratory tendencies and

anxiety, behaviors are contrary to each other. Thus isolation

exposed rats may display either anxiety or exploration

depending on the conditions of the task (see Hall, 1998).

Taken together, the most parsimonious explanation of the

current data is that the conditions of the behavioral testing, in

these isolation housed Wistar rats, favored enhancements of

exploration and/or novelty-seeking behaviors rather than

anxiety.

The neurochemical correlates of the behavioral conse-

quences of isolation rearing/housing of rats are complex and

involve many neurotransmitters, including the dopaminergic,

opiate, glutaminergic, cholinergic and serotonergic systems

(Schenk et al., 1982; Oehler et al., 1987; Jones et al., 1992;

Hall, 1998; Hall et al., 1999, 2002; Dalley et al., 2002; Preece

et al., 2004; Lehmann et al., 2004). However, few studies

have evaluated peptide responses following isolation rearing/

housing. In two animal models of depression, the Flinders

Sensitive Line and the Fawn Hooded rats, NPY-LI was found

to be decreased in the hippocampus (Mathe et al., 1998;

Jimenez-Vasquez et al., 2000). Maternal separation has also

been shown to produce lower levels of NPY-LI in the

hippocampus and increased levels in the hypothalamus of

maternally separated Sprague–Dawley rats (Jimenez-Vasquez

et al., 2001). In the present study adult social isolation was

found to produce increased levels of NPY in caudate-

putamen, but not in the amygdala, that significantly correlated

with behavior in the elevated plus maze. NPY levels in the

amygdala have been consistently associated with anxiety

(Heilig, 1995). Therefore, changes in NPY in the caudate-

putamen, found in the present study, could theoretically be

associated more specifically with the impact of isolation

housing on motor behavior and exploration, rather than

anxiety.

There is a large body of literature that supports the notion

that exposure to isolation has a substantial impact on brain

serotonin systems, particularly in striatum (see Hall, 1998 for

review). For instance, isolation rearing has previously been

reported to lead to significantly increased 5-HT fiber densities
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in the dorsal part of the caudate-putamen (Lehmann et al.,

2003). A diminished response of single neuron activity to

iontophoretic application of serotonin in the striatum has also

been demonstrated in rats after 3 months of social isolation

(Oehler et al., 1987). Reduced presynaptic neuronal function to

release 5-HT has also been reported in isolation-reared rats

using microdialysis techniques (Bickerdike et al., 1993).

Additionally 5,7-dihydroxytryptamine (5,7-DHT) injected into

the anterior raphe nuclei has been found to produce an 80%

decrease in striatal 5-HT concentrations, concomitant with a

significant decrease in the number of NPY immunoreactive

cells identified. These results suggest that a complete interrup-

tion of 5-HT transmission can lead to a decrease in the

intracellular NPY level, which could be associated with a

decrease in the release of the peptide. The authors further

postulated that serotonergic neurons normally exert a positive

influence on NPY striatal neurons (Compan et al., 1996). It has

been also shown that expression of the serotonin [5-hydroxy-

tryptamine (5-HT)] synthesis enzyme tryptophan hydroxylase

is significantly reduced in mice that are deficient in the NPY

Y1-receptor (Karl et al., 2004). Taken together these studies

suggest that isolation induced decreases in serotonergic tone in

striatum could result in striatal changes in NPY levels observed

in the present study. However, such changes may not be

straightforward as Hall et al. (1999) have demonstrated that

variations in brain levels of serotonin resulting from seotoner-

gic depetion have non-linear effects on serotonin release and

behavior, and presumably also NPY levels. They have

demonstrated that moderately depleted levels of serotonin

produce increased anxiety whereas more severe depletion is

associated with either normal or decreased levels of anxiety.

These results may also partially explain why isolate animals

may display anxiety or exploration in some behavioral tests.

Taken together these studies suggest that social isolation may

have important influences on anxiety, exploratory behavior and

NPY levels in striatum.
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