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The importance of the preweaning social environment on 
animal behavior, physiology, and brain plasticity has been 
well described (reviewed in references 6 and 30). Maternal 
care of mammalian young is accepted as a critical life event 
that determines key aspects of postweaning behavior, re-
sponse to stressors, and hippocampal development.1,20,41 In 
addition, social housing of preweaned rats alters behavioral 
and motivational responses to various drugs of abuse, includ-
ing opiates.5,42,52 Recent studies have shown that rats socially 
isolated from weaning display enhanced self-administration 
of opiates and drug-seeking behaviors and that social housing 
reduces these effects,31 although the underlying mechanism for 
this response is unknown. Few studies have been conducted 
to ascertain whether social housing affects other responses 
to these same drugs of abuse in mature animals, which is a 
relevant question because commercial vendors typically rear 
rats in social groups prior to distribution, whereas purchased 
adult animals may be individually housed on arrival at a facil-
ity because of experimental constraints or to minimize extrinsic 
experimental variability.

Rearing rats in a physically and socially enriched environ-
ment can affect reactivity to stressors but the effects are stock 
and strain dependent. In Sprague–Dawley and Long Evans rats, 
for example, combined social and environmental enrichment 

is reported to result in faster systemic responses to stressors, 
indicated by more rapid increases in plasma corticosterone 
levels and by a more rapid return to baseline levels after termi-
nation of the stressor, as compared with the responses in singly 
housed animals of the same strain maintained in nonenriched 
cages.22 Single housing of rats is reported to increase baseline 
anxiety, exploration, and locomotion, compared with those in 
group-housed rats, but the effect is highly stock- and strain-
dependent.15,19,41,44,49 Neither male nor female Sprague–Dawley 
rats display more locomotion when singly housed.50 However, 
locomotor activity is an important parameter for evaluating the 
response to pharmacologic agents, such as heroin, which may 
differ between singly and pair-housed animals.

The current study evaluated the effect of social environ-
ment on fecal corticosterone and on the rewarding properties 
of heroin in adult rats by using conditioned place preference 
(CPP). To maximize the likelihood of detecting significant 
differences between groups, we used 2 approaches. First the 
dose of heroin that we used for CPP was relatively low (that is, 
0.3 mg/kg). In adult rats, this dose has only mild stimulatory 
properties, and it induces a significant CPP, which is signifi-
cantly smaller than the CPP produced by doses equal to or 
greater than 1 mg/kg.25 Second, considering that spontaneous 
recovery after extinction and rate of reacquisition partially 
reflect strength of original conditioning,32,48 we evaluated 
whether single compared with pair housing was associated 
with differences in spontaneous recovery and magnitude of 
reacquisition of CPP induced by reexposure to the same dose 
of heroin after extinction or withdrawal.
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In addition, there were cues that provided spatial information 
external to the compartments, such as posters on walls and the 
locations of benches, the room door, and lights. In this appara-
tus, rats do not display a significant spontaneous preference for 
any of the compartments. The entire apparatus was covered by 
black wire mesh to permit video tracking (EthoVision, version 3, 
Noldus Information Technology, Wageningen, Netherlands) of 
the rats during testing. This system was used to automatically 
record 2 dependent variables: time (s) spent in each compart-
ment during tests for place preference and locomotor activity 
(total cm) during conditioning and reconditioning.

Drug. Diacetylmorphine hydrochloride (heroin; MacFarlane 
Smith, Edinburgh, United Kingdom) was dissolved in 0.9% 
saline and injected subcutaneously at a volume of 1.0 mL/kg 
and dose of 0.3 mg/kg. Vehicle (0.9% normal saline; Baxter, 
Mississauga, Ontario, Canada) was injected subcutaneously at 
a volume of 1.0 mL/kg.

Clinical observation, body weight, and food consumption. Rats 
were observed daily, and any abnormalities were noted. Body 
weight and food consumption were collected weekly. Food 
consumption was determined by weighing the food given for 
each week and subtracting the weight of the food remaining at 
the end of each week. Food consumption for pair-housed rats 
was halved to estimate the intake for each animal.

CPP procedure. The CPP procedure involved 7 phases: 
habitation, conditioning, test I, extinction, tests of spontaneous 
recovery (tests II through IV), reconditioning, and test V.

Habituation (1 d). Rats were handled twice for 5 min prior 
to being habituated to the apparatus. During this session, the 
inserts with openings were used, and rats had free access to 
all compartments for 20 min. Time spent in each of the 2 com-
partments was recorded to measure spontaneous preference 
or aversion.

Conditioning (4 d). The day after habituation, the inserts 
with openings were replaced with solid inserts to fully sepa-
rate the compartments. On each of the 4 d of conditioning, rats 
participated in one session in the morning (between 0800 and 
1200) and one in the afternoon (between 1400 and 1800). For 
each rat, the minimal interval between the 2 sessions was 4 h. 
Each session included an injection of either vehicle or drug and 
subsequent confinement to one of the compartments for 30 min. 
The specific compartment chosen to be associated with drug 
was counterbalanced across rats. In addition, the time (morning 
or afternoon) of drug sessions was counterbalanced across rats 
and across days of conditioning for each rat. Locomotor activity 
was measured during each conditioning session.

Test I (1 d). At 24 h after the last day of conditioning, the 
inserts with openings were used, and time spent in each com-
partment was measured over 20 min. No injections were given 
prior to this test.

Extinction (7 d). This phase was similar to conditioning in that it 
included two 30-min sessions every day. However, during extinc-
tion, rats received vehicle injections before confinement to either 
compartment. Rats underwent a total of 7 extinction sessions.

Tests of spontaneous recovery (3 d). These were carried out as 
described for Test I. Rats underwent 3 tests, at 1 wk (test II), 2 
wk (test III), and 6 wk (test IV) after the last extinction session.

Reconditioning (1 d). During this drug session, the solid 
inserts were used to fully separate the compartments, and rats 
underwent one session with heroin and the other with vehicle, 
in the compartments that were previously paired with heroin 
and vehicle, respectively. The occurrence of the heroin session 
(morning or afternoon) was counterbalanced across rats and, 
as done for conditioning, reconditioning sessions lasted 30 min. 

Because of the potential effect of social isolation on the hypo-
thalamic–pituitary–adrenal (HPA) axis function, and because 
HPA axis activity in turn modulates responses to opioids,12 we 
evaluated alterations in glucocorticoid output at various inter-
vals during the duration of the study. In the current study, basal 
HPA axis activity was assessed by monitoring fecal corticoid 
metabolite (CORT) levels. In mammals, glucocorticoids are 
released in pulsatile bursts throughout the day, with increased 
release during the time of the day at which the species is most 
active.9,26 Rats show a 2- to 3-fold variation in nocturnal:diurnal 
levels of CORT.43,53 When 3H-corticosterone is injected into rats, 
approximately 80% of metabolites are collected in the feces, and 
the remaining 20% are excreted in the urine.2 Levels of CORT 
reflect systemic arousal that occurred 6 to 10 h prior to collec-
tion, and feces can be collected during light and dark periods 
to estimate plasma corticosterone levels.9 Furthermore, paired 
adrenal gland to body weight ratios were collected postmortem 
during this study to determine whether single housing resulted 
in gross physical changes suggestive of chronically altered HPA 
function.35 The null hypothesis was that single housing of male 
Sprague–Dawley rats would have no effect on our measures of 
HPA function or on development, recovery, or strength of CPP 
after low-dose heroin exposure.

Methods and Materials
Animals. Studies were conducted on adult, male Sprague–

Dawley rats, obtained at 5 wk of age from Charles River 
Laboratories (St Constant, QC). Vendor surveillance records 
indicated that the rats were free of known bacterial, viral, and 
parasitic pathogens, including pneumonia virus of mice, sialo-
dacryoadenitis virus, Kilham rat virus, Toolan H1 virus, rat 
parvovirus, reovirus 3, Theiler murine encephalomyelitis virus, 
lymphocytic choriomeningitis virus, Bordetella bronchiseptica, 
Corynebacterium kutscheri, Helicobacter hepaticus, Helicobacter bilis, 
Clostridium piliforme, Salmonella spp., Streptobacillus moniliformis, 
Streptococcus pneumoniae, Pseudomonas aeruginosa, Streptococcus 
β hemolytica, Klebsiella pneumoniae, Pasturella spp., Mycoplasma 
pulmonis, and common ecto- and endoparasites.

Rats initially were housed individually in standard shoe-
box-type cages (800 cm2; 26.7 cm × 43.2 cm; 18.5 cm high) on 
hardwood chip bedding supplied with a nylon chew toy at 21 
± 2 °C for 1 wk to acclimate to a 12:12-h reverse-lighting cycle 
(lights on at 1900). After acclimation to reversed-lighting con-
ditions, rats were randomized into 2 groups of equal size and 
housed either singly (n = 24) or as pairs (n = 24) and allowed 
an additional week of acclimation prior to study start. One of 
the paired male rats was excluded from the study because of 
premature renal disease and anemia. This rat’s partner was 
removed also, leaving 22 male rats in the pair-housed group at 
study initiation. Food (Global 2014 Chow, Harlan, Indianapolis, 
IN) and water were provided ad libitum throughout the study. 
The facilities and procedures are in compliance with the Animals 
for Research Act of Ontario29 and the Guidelines of the Canadian 
Council on Animal Care.7 The University of Guelph Animal 
Care Committee approved the study protocol.

Apparatus. Six, custom-made (University of Guelph, Canada) 
place-conditioning boxes were used for this study. Each box was 
made of dark-gray PVC and was composed of 2 smaller boxes 
(30 × 40 × 26 cm3) connected by a transition box (23 × 30 × 26 
cm3). Removable inserts, with or without small archway open-
ings (10 × 10 cm2), defined the transition box enclosures. The 2 
compartments differed primarily in visual cues: one compart-
ment was dark gray whereas the other had a white wall and 
a 10-cm white stripe painted along the top of the other walls. 
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or locomotion during conditioning, extinction, or recondition-
ing across housing groups (between factors) involved 3-factor 
(treatment, week, housing) mixed-design ANOVA to compare 
time spent (seconds) and distance moved (centimeters) in each 
large compartment (repeated factor) at various tests (repeated 
factor). When significant interactions or main effects were 
detected, posthoc multiple comparisons were conducted by 
using the Student–Newman–Keuls method (α level, 0.05). We 
did not report the details of nonsignificant statistical analyses. 
All analyses were performed by using SigmaStat for Windows 
(version 3.5, Systat Software, Erkrath, Germany).

Results
Body weight, food consumption, and clinical observations. 

There were no significant (P = 0.9) differences in body weight 
(Figure 1) or food consumption (data not shown) between rats 
housed singly or in pairs. Rats demonstrated the expected 
body weight gain consistent with age-appropriate growth and 
maturation over the duration of the study.

Scuffling and vocalization in pair-housed rats were common 
daily observations, especially during the early portion of the 
nocturnal phase, and 3 rats from different pairings had minor 
lacerations, interpreted to have arisen from agonistic interac-
tions, by study end.

CPP. The conditioning protocol used in this study induced a 
significant preference for the heroin-paired compartment during 
test I, and the size of the CPP was virtually identical in singly 
and pair-housed groups (Figure 2 A; test by compartment in-
teraction: F[1, 44] = 54.05, P < 0.001; main effect of test: F[1, 44] 
= 4.83, P < 0.05; main effect of compartment: F[1, 44] = 44.51, P 
< 0.001). During conditioning, the effect of 0.3 mg/kg heroin on 
locomotion was primarily stimulatory (Figure 2 B; conditioning 
session by conditioning day: F[3, 132] = 12.52; P < 0.001; main 
effect of conditioning session: F[1, 44] = 154.48, P < 0.001); no 
significant differences were found between housing groups. 
Therefore, singly and pair-housed rats did not differ in motor 
reactions to acute injections of 0.3 mg/kg heroin given during 
conditioning and displayed similar CPP for the compartment 
paired with the drug.

Because of lack of significant differences, 8 rats from each 
group were selected to continue CPP experiments and were 
tested for spontaneous recovery and reacquisition of CPP. The 
selection was based on the size of the CPP displayed on test I: a 
difference score was calculated, a median split was applied, and 
the top 8 rats were selected. Figure 3 A represents performance 
on preference tests (tests II through IV) given at different time 
intervals after extinction and the final test (test V), which was 
given 24 h after reconditioning. ANOVA identified a significant 
test by compartment interaction (F[3,42] = 3.78, P < 0.05) and a 
significant main effect of compartment (F[1,14] = 9.94, P < 0.05). 
Posthoc comparisons revealed a significant (P < 0.01) difference 
between time spent in vehicle and heroin compartments during 
test V in single-housed but not pair-housed rats. In other words, 
only single-housed rats displayed significant CPP reacquisition.

Figure 3 B represents locomotion during the 7 extinction ses-
sions and the reconditioning session during the time that rats 
were confined to the appropriate compartments after injection 
of vehicle or 0.3 mg/kg heroin. ANOVA identified significant 
interactions between group and extinction or reconditioning 
session (F[7, 98] = 4.94, P < 0.001) and between compartment and 
extinction or reconditioning session (F[7,98] = 7.07, P < 0.001) as 
well as significant main effects of compartment (F[1,14] = 13.69, 
P < 0.05) and of extinction or reconditioning session (F[7,98] = 
3.13, P < 0.01). Multiple comparisons revealed a heightened 

Injections were administered immediately before confinement 
in one of the 2 compartments.

Test V (1 d). At 24 h after reconditioning, the inserts with 
openings were used, and time spent in each compartment was 
measured over 20 min. No injections were given prior to this test.

Total CORT analyses. For CORT determination, cages were 
changed, and all fecal pellets produced during a light or dark 
period over 24 h were collected (that is, at 12-h intervals) and 
weighed at pretest, week 5, and week 10 of the study. Rats 
were not removed from cages during pellet collection, which 
took between 20 s to 45 s to perform, and light-phase samples 
were always collected first. Feces collection always occurred 
prior to any heroin treatments or CPP testing. Samples were 
frozen at −20 °C until extracted.14 Briefly, samples were dried 
for 2 h at 30 °C, weighed, and pulverized, and a 0.2-g sample 
was removed for extraction. To the fecal sample, 0.8 mL water 
and 5 mL dichloromethane were added, and samples were vor-
texed for 30 s in 5-s pulses. Samples then were centrifuged for 
15 min at 1690 × g. The bottom (dichloromethane) fraction was 
transferred and washed with 1 mL 0.1 M NaOH by vortexing 
for 10 s, followed by centrifugation for 10 min at 1690 × g. The 
dichloromethane fraction was transferred and washed twice 
with water, centrifuged, and again transferred to a fresh tube. 
Of the final dichloromethane fraction, 1 mL was transferred and 
evaporated to dryness under N2 for approximately 15 min then 
stored at −20 °C until analyzed. Samples were resuspended in 1 
mL 95% ethanol, vortexed, and diluted 1:25 with kit assay buffer. 
CORT concentration was determined by using the Correlate EIA 
Kit (Assay Designs, Ann Arbor, MI) according to manufacturer’s 
instructions. ELISA plates were read on a BioTek PowerWave 
XS (Winooski, VT) ELISA plate reader at 405 nm. Concentra-
tion was determined as percentage bound by using a standard 
curve ranging from 32 pg/mL to 20,000 pg/mL (kit sensitivity, 
27 pg/mL). Values were expressed according to the total feces 
collected over a time period and as nanograms of corticosterone 
per gram of feces. The assay kit has 28.6% crossreactivity with 
deoxycorticosterone and desoxycorticosterone, metabolites of 
corticosterone. Therefore, the values measured and reported 
largely represent corticosterone and these metabolites.

All samples were run in duplicate, and samples from different 
test periods were randomized to ELISA plates. The intraassay 
coefficient of variation was 3%, and the interassay coefficient 
of variation was 11%. Linear regression performed on the 
standard concentration to percentage corticoid bound curve 
demonstrated excellent correlation (R2 ≥ 0.98).

Organ weights. At study end, rats were euthanized by CO2 
inhalation, and liver, brain, and paired adrenal gland weights 
were collected. Organ:body weight ratios were calculated for 
each animal and expressed as a percentage (that is, relative 
organ weight).

Data analyses. All data are reported as mean ± SEM. Between-
group differences in body weights, food consumption, and 
organ:body weight ratios were evaluated by using Student t 
tests, with significance set at a P value less than 0.05. Group dif-
ferences in diurnal and nocturnal levels of CORT over the course 
of the study were analyzed by using a 3-factor (cycle, week, 
housing) mixed-design ANOVA. When significant interactions 
or main effects were detected, posthoc multiple comparisons 
were conducted by using the Student–Newman–Keuls method 
(α level, 0.05).

In the testing apparatus described (that is, 2 larger compart-
ments connected by a smaller transition box), CPP typically 
results from opposite shifts in time spent in the vehicle- and 
drug-paired compartments. Therefore, statistical analysis of CPP 
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of the study, with markedly more feces produced during the 
dark phase than the light phase. At the beginning of the study, 
the total CORT levels were significantly different between the 
dark and light periods for both singly housed rats (3699 ± 555 
ng and 1146 ± 195 ng, respectively) and pair-housed rats (3892 ± 
513 ng and 1453 ± 129 ng, respectively), with a 3-fold difference 
noted in total CORT levels during the dark compared with light 
phases (Figure 4 A). The 3-way ANOVA revealed a significant 
main effect of cycle (F[1,14] = 38.2, P < 0.001), a significant main 
effect of week (F[2, 28] = 7.0, P < 0.005), and a significant cycle 
by week interaction (F[2, 28] = 18.0, P < 0.001). Similar results 
were obtained by evaluating CORT output relative to fecal 
output over the 12-h collection period (Figure 4 B).

Multiple comparisons indicated that the circadian difference 
in CORT levels was reduced after 10 wk of housing in the animal 
facility, and this decreased was primarily due to lower levels of 
CORT produced during the dark cycle. Although there was no 
overall significant main effect of group, a significant reduction 
of CORT in the dark period occurred after 5 wk in the socially 
isolated rats (F[1, 14] = 17.2, P < 0.01) but not until 10 wk in the 
pair-housed rats (F[1, 14] = 21.3, P < 0.05). Therefore, it appears 
that housing conditions had a minor effect on how rapidly 
circadian variations in CORT levels were altered. There were 
no between-group differences detected in total CORT levels 
during either phase of the light cycle (F[2, 28] = 0.44, P > 0.65).

Organ weights. There were no significant differences in rela-
tive liver:body-weight ratios for rats between the 2 housing 
paradigms (0.038 for singly housed rats; 0.040 for pair-housed 

sensitivity to the stimulatory effects of 0.3 mg/kg heroin in 
singly housed rats. That is, on reconditioning, singly housed 
rats moved significantly more after an injection of heroin than 
after a vehicle injection and significantly more than did pair-
housed rats injected with the same heroin dose. Therefore, 
although there was no effect of housing condition on spontane-
ous recovery of CPP, these data indicate that singly housed rats 
were more sensitive to the stimulatory properties of 0.3 mg/
kg heroin during reconditioning and, unlike pair-housed rats, 
they displayed significant reacquisition.

CORT analyses. Normal diurnal variation in fecal output was 
noted for both single- and pair-housed rats for the duration 

Figure 1. Weekly body weight (mean ± SEM) for single and pair-
housed male rats over the course of the study. There was no significant 
difference in body weight between groups over time.

Figure 2. (A) Time (mean ± SEM) spent in compartments paired with 
vehicle and 0.3 mg/kg heroin before (that is, habituation; Hab) and 
after (Test I) place conditioning in single- and pair-housed rats. *, 
Difference (α = 0.05) between compartments on test. (B) Locomotion 
(mean ± SEM) during conditioning after injections of vehicle and her-
oin in single- and pair-housed rats. *, Difference (α = 0.05) in activity 
between injections or compartments on each session of conditioning.

Figure 3. (A) Time (mean ± SEM) spent in compartments paired with 
vehicle and 0.3 mg/kg heroin during various tests of place condition-
ing in single- and pair-housed rats. Tests II, III, and IV were given 1, 2 
and 6 wk after the last extinction session, respectively. Test V was giv-
en 24 h after reconditioning. *, Difference (α = 0.05) between compart-
ments on a given test. (B) Locomotion (mean ± SEM) during extinction 
(that is, 1 to 7 sessions) and reconditioning (R). During extinction, rats 
received vehicle injections prior to confinement to both CPP compart-
ments. During reconditioning, rats received vehicle prior to confine-
ment to the vehicle-paired compartment but 0.3 mg/kg heroin prior 
to confinement to the drug-paired compartment. *, Difference (α = 
0.05) in activity between injections or compartments during extinction 
and reconditioning sessions; #, difference (α = 0.05) in activity between 
groups after the heroin injection given for the reconditioning session.
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The CPP results suggest that duration and type of housing 
of adult laboratory rats can affect the animals’ sensitivity to 
the stimulatory and motivational effects of μ-opioid receptor 
agonists. More specifically, the current data suggest that social 
isolation may have sensitized rats to the effects of a low heroin 
dose, enhancing its ability to stimulate activity and promote 
reacquisition of conditioned place after its extinction.33 Given 
the postulated role of sensitization in addiction,34 the current 
CPP data indicate that social isolation may facilitate the develop-
ment of addictive behaviors. The implications of these findings 
for humans or for other drugs of abuse remain unclear, and our 
study did not assess whether singly and pair-housed rats dif-
fered in the ability to learn or perform other tasks. The literature 
is not consistent with regard to the effects of social isolation 
and environmental enrichment on sensitivity to some effects 
of µ-opioid receptors agonists. For example, heroin CPP was 
reduced in group-housed mice reared from weaning to adult-
hood in enriched environments.13 However, others reported 
that group-housed Long–Evans male rats demonstrated greater 
CPP to low doses of heroin than did socially isolated rats,40 and, 
when isolated at weaning, rats were less sensitive to the drug 
than they were when they were isolated at maturity.39 Further-
more, other studies found no morphine CPP in isolated mice,10 
no morphine CPP in isolation-reared Lister hooded rats,51 and 
reduced morphine CPP in rats reared in impoverished social 
conditions.3 Therefore, we suspect that rodent species, strain, 
test schedule, time of day testing, type of opiate, and opiate 
dose all may be critical determinants of the effect of housing 
conditions on CPP.

To our knowledge, this study is the first to report that chronic 
housing of male Sprague–Dawley rats, either singly or in pairs, 
in a standard laboratory animal environment leads to a blunting 
of circadian variation in CORT excretion. The effect is slightly 
more rapid in singly housed than pair-housed rats, although the 
overall difference by 12 wk was not significant. The experimen-
tal design in the present study was fundamentally different from 
most studies evaluating corticosterone levels in rats: most previ-
ous studies were short-term in nature (typically less than 2 wk in 
duration) and often introduced a stressor just prior to measuring 
CORT levels.14,17,24,36,45 In contrast, the current study lasted 12 
wk, with most study activities (testing) occurring within the first 
16 d and with little subsequent handling or testing of animals. 
Other than for planned periodic locomotion and CPP testing, 
rats were observed daily but were only handled once weekly 
for cage change or body-weight measurement. The reduction 
in nocturnal CORT levels occurred despite overall maintenance 
of the circadian variation in volume of feces produced by both 
groups, a finding that is consistent with a lack of correlation of 
biliary excretion of CORT with fecal mass.7 Stressed animals 
often produce less feces than do control animals, suggesting 
that the rats in the current study were not chronically stressed.17

Growth rates for rats in this study followed expected pat-
terns for this stock,21 with steady increases in body weight 
throughout the experimental period and approximated by 
the steady increases in food consumption. This finding sug-
gests that reduction of circadian corticoid rhythms in these 
rats did not adversely affect growth or appetite. These results 
also demonstrate that feed conversion efficiency and overall 
growth rates are unaffected by social housing paradigm in male 
Sprague–Dawley rats. Similarly, the relative liver and brain 
weights did not differ significantly from those published for 
male Sprague–Dawley rats, although the relative adrenal-gland 
weights obtained in this study were smaller than those reported 
for 12-wk-old male Sprague–Dawley rats (0.012 ± 0.002 g).21 This 

rats), confirming that food wastage and feed conversion ef-
ficiencies were similar for rats housed in either paradigm. As 
compared with pair-housed rats, singly-housed rats showed 
a small but significant increase in relative adrenal gland:body 
weight (5.9 × 10−5 and 4.5 × 10−5 for single-housed and with 
pair-housed rats, respectively; P < 0.043) and a decrease in 
relative brain:body weight (3.7 × 10−3 and 4.2 × 10−3 for singly 
and pair-housed rats, respectively; P < 0.005).

Discussion
In the current study, neither singly housed nor paired adult 

male rats showed initial differences in CPP induced by a single 
low dose of heroin, but differences emerged at later stages of test-
ing after extinction and on reexposure to the drug. In fact, singly 
housed rats displayed a heightened sensitivity to the stimulatory 
effects of heroin assessed in the conditioning compartment, and 
only singly housed rats showed significant reacquisition of CPP. 
Why group differences were not observed during initial CPP 
conditioning and testing is unclear, but perhaps rats did not 
spend enough time in each of these housing conditions prior to 
behavioral testing. This reason could also explain why differences 
emerged on reconditioning, which occurred about 9 wk after 
initial conditioning and testing. Group differences might have 
emerged during initial CPP testing had different doses of heroin 
been used, and the use of a single dose level is one limitation of 
the current study. Finally, group differences might have emerged 
if the initial preference was not extinguished by explicitly pairing 
the drug-paired compartment with vehicle.

Figure 4. (A) Total CORT levels during 12-h light or dark period in 
single and pair-housed male Sprague–Dawley rats. (B) CORT levels 
relative to fecal output 12 h in single and pair-housed male Sprague–
Dawley rats. *, Within-group differences (α = 0.05) between light-and 
dark-phase total fecal corticosterone levels; †, within-group differenc-
es (α = 0.05) in dark-phase CORT levels between test (week 5 or 10) 
compared with pretest levels.
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study found that group and singly housed Sprague–Dawley 
rats under standard laboratory conditions for 13 wk did not 
demonstrate differences in hippocampal glucocorticoid receptor 
mRNA expression.50 Others similarly found no effect of housing 
condition on the response to a chronic stressor in paired or singly 
housed adult male Sprague–Dawley rats.17 Recent studies have 
indicated that neuronal connections, particularly within the hip-
pocampus, and cortical complexity are constantly remodelled in 
mammals according to their experiences.21,27,38 Environmental 
enrichment may protect synaptic formation and complexity 
and brain plasticity in rats as they age, possibly through NO-
mediated pathways.21,27,38 A reduction of the nocturnal HPA axis 
activity in rats held in a constant environment may represent 
an adaptive mechanism. However, in a study that investigated 
a shorter duration of single and pair housing, CORT levels did 
not reveal reduced HPA nocturnal activity in male rats that were 
handled daily for oral gavage.47

The results of the current study have potential implications 
for defining optimal housing conditions for rats in laboratory 
environments. Although researchers generally strive to stand-
ardize housing conditions that may contribute to experimental 
variation, the regular and unvarying environment of the rat in 
a contemporary vivarium, with little opportunity for regular 
physical activity, may undermine normal physiologic processes 
and HPA axis function.
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