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Abstract—Social deprivation in early life disrupts emotional-
ity and attentional processes in humans. Rearing rats in
isolation reproduces some of these abnormalities, which are
attenuated by daily handling. However, the neurochemical
mechanisms underlying these responses remain poorly un-
derstood. We hypothesized that post-weaning social isola-
tion alters the endocannabinoid system, a neuromodulatory
system that controls emotional responding. We character-
ized behavioral consequences of social isolation and evalu-
ated whether handling would reverse social isolation-in-
duced alterations in behavioral reactivity to context and the
endocannabinoid system. At weaning, pups were single or
group housed and concomitantly handled or not handled
daily until adulthood. Rats were tested in emotionality- and
attentional-sensitive behavioral assays (open field, elevated
plus maze, startle and prepulse inhibition). Cannabinoid re-
ceptor densities and endocannabinoid levels were quantified
in a separate group of rats. Social isolation negatively altered
behavioral responding. Socially-isolated rats that were han-
dled showed less deficits in the open field, elevated plus
maze, and prepulse inhibition tests. Social isolation pro-
duced site-specific alterations (supraoptic nucleus, ventro-
lateral thalamus, rostral striatum) in cannabinoid receptor
densities compared to group rearing. Handling altered the
endocannabinoid system in neural circuitry controlling emo-
tional expression. Handling altered endocannabinoid content
(prefrontal and piriform cortices, nucleus accumbens) and
cannabinoid receptor densities (lateral globus pallidus, cin-
gulate and piriform cortices, hippocampus) in a region-spe-
cific manner. Some effects of social isolation on the endo-
cannabinoid system were moderated by handling. Isolates
were unresponsive to handling-induced increases in canna-
binoid receptor densities (caudal striatum, anterior thala-
mus), but were sensitive to handling-induced changes in
endocannabinoid content (piriform, prefrontal cortices), com-
pared to group-reared rats. Our findings suggest alterations
in the endocannabinoid system may contribute to the abnor-
mal isolate phenotype. Handling modifies the endocannabi-
noid system and behavioral reactivity to context, but sur-

mounts only some effects of social isolation. These data
implicate a pivotal role for the endocannabinoid system in
stress adaptation and emotionality-related disturbances.
Published by Elsevier Ltd on behalf of IBRO.
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Rearing rats in isolation post-weaning is an animal model
of social deprivation that recapitulates features of limbic-
based psychopathology in humans. Social isolation mod-
els aspects of anxiety disorders (Haller and Halasz, 1999;
Lukkes et al., 2009), substance abuse (Hall et al., 1997;
Howes et al., 2000; Advani et al., 2007), and schizophrenia
(Varty et al., 1999a; Schubert et al., 2009). Rodents reared
in deprivation of social contact exhibit an abnormal behav-
ioral phenotype that includes hyperlocomotion in response
to a novel environment (Sahakian et al., 1982; Hall et al.,
1998), altered habituation (Einon and Morgan, 1976; Gen-
tsch et al., 1982), and disrupted exploratory behaviors
(Paulus et al., 2000; Varty et al., 2000). Several lines of
evidence suggest social isolation increases the likelihood
of psychiatric-like features (for review see Fone and
Porkess, 2008).

Social isolation produces schizophrenia-like deficits in
perceptual processes, including deficits in sensorimotor
gating (Geyer et al., 1993; Powell et al., 2002). Social
isolation also increases aggression (Wongwitdecha and
Marsden, 1996; Toth et al., 2008) and avoidance (Petkov
and Rousseva, 1984; Del Arco et al., 2004). Brains derived
from schizophrenic patients show altered cytoarchitectural
and volumetric changes in the hippocampus and prefrontal
cortex (for review see McGlashan and Hoffman, 2000),
cortical regions that regulate social cognition (Gur et al.,
2000; Venkatasubramanian et al., 2008). These anatomi-
cal changes are mirrored in isolation-reared rats. Brains
derived from socially-isolated animals exhibit reductions in
dendritic spine densities in the prefrontal cortex and hip-
pocampus (Silva-Gomez et al., 2003). Isolates also exhibit
lower levels of the synaptic marker synaptophysin in the
hippocampal dentate gyrus (Varty et al., 1999b) and re-
duced brain volume in the prefrontal cortex (Schubert et
al., 2009). Isolation-reared rats exhibit increased dopa-
mine D2 receptor binding in rat striatum (Guisado et al.,
1980; King et al., 2009), nucleus accumbens, amygdala,
and substantia nigra pars compacta (Djouma et al., 2006).
These observations are in line with increased in vivo oc-
cupancy of striatal D2 receptors by dopamine in schizo-
phrenic patients (Abi-Dargham et al., 2000).
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In socially-deprived rodents, chronic experimenter
handling attenuates anxiety-like behavior (Gentsch et al.,
1988; Vinod et al., 2008; Haller et al., 2009) and induces
stress-protective effects (Plotsky and Meaney, 1993;
Krebs-Thomson et al., 2001). Handling also reverses neg-
ative effects induced in other animal models of early-life
stress and schizophrenia (Francis et al., 2002; Tejedor-
Real et al., 2007). Handling has, consequently, been
viewed as a reciprocal treatment for early-life stress (for
review see Laviola et al., 2008). Handling produces behav-
ioral and anatomical changes that parallel environmental
enrichment (Szeligo and Leblond, 1977; Escorihuela et al.,
1994), suggesting that handling acts like another environ-
mental intervention as a reciprocal treatment for early-life
stress. However, whether handling has the ability to mo-
bilize endocannabinoids or alter cannabinoid receptor den-
sities is unknown.

Endocannabinoids are lipid-derived neuromodulatory
substances that regulate signaling at the interface between
dopaminergic, glutamatergic, and GABA-ergic transmis-
sion (for review see Katona and Freund, 2008). The en-
docannabinoids anandamide and 2-arachidonoylglycerol
(2-AG) bind to presynaptic cannabinoid CB1 receptors to
control synaptic strength. CB1 receptors modulate synaptic
transmission by curbing GABA and glutamate release
(Misner and Sullivan, 1999; Ohno-Shosaku et al., 2001;
Straiker and Mackie, 2005). The endocannabinoid signal-
ing system thus regulates dopamine transmission both
indirectly, by preventing glutamate and GABA release onto
dopaminergic neurons, and directly by potentially forming
CB1–D2 receptor heteromers (for review see Ferre et al.,
2009).

Dysregulation of the endocannabinoid signaling sys-
tem—comprised of cannabinoid receptors, their endoge-
nous ligands, and endocannabinoid-metabolizing en-
zymes—is implicated in disturbances of emotion and stres-
sor responsiveness (Hill et al., 2005; Eisenstein et al.,
2009). Schizophrenic patients exhibit increased cannabi-
noid receptor densities in the dorsolateral prefrontal cortex
(Dean et al., 2001) and anterior and posterior cingulate
gyrus (Zavitsanou et al., 2004; Newell et al., 2006), but not
in the superior temporal gyrus (Deng et al., 2007). Further-
more, acute schizophrenic patients demonstrate elevated
anandamide levels in cerebrospinal fluid (Leweke et al.,
1999; Giuffrida et al., 2004) and blood (De Marchi et al.,
2003). Cannabinoid receptor activation induces behavioral
deficits in sensorimotor gating as well as deficits in medial
prefrontal cortex and hippocampal function (Fernandez-
Espejo and Galan-Rodriguez, 2004; Ballmaier et al., 2007;
Dissanayake et al., 2008); these effects are reversed by
CB1 receptor antagonists (see also Martin et al., 2003;
Malone et al., 2004). Thus, an emerging body of literature
suggests that the endocannabinoid system is perturbed in
schizophrenia and other affect-related disturbances, in-
cluding anxiety and mood disorders (Cohen et al., 2008;
Leweke and Koethe, 2008).

Social isolation may produce long-term alterations in
the endocannabinoid system (Malone et al., 2008). Social
isolation increased immunoreactivity for the anandamide-

hydrolyzing enzyme fatty-acid amide hydrolase (FAAH) in
the caudate putamen and nucleus accumbens (Malone et
al., 2008). Social isolation also decreased CB1 receptor
immunoreactivity in the caudate putamen and amygdala
(Malone et al., 2008). Notwithstanding, effects of social
isolation on the endocannabinoid system remain poorly
understood and the functional consequences of such
changes are unknown. Moreover, to our knowledge, envi-
ronmental treatments that reverse endocannabinoid sys-
tem alterations induced in models of early-life stress and
schizophrenia are yet to be elucidated.

In the present study, we characterized the impact of
post-weaning social isolation on behavioral reactivity to
context in emotionality and attentional dependent tests.
We evaluated whether chronic experimenter handling
would reverse the abnormal behavioral phenotype of iso-
lates. Further, we tested the hypothesis that key compo-
nents of the endocannabinoid system undergo alterations
in the brains of adult rats subjected to social isolation. We
examined the novel possibility that chronic handling would
reverse alterations in the endocannabinoid system pro-
duced by social isolation.

EXPERIMENTAL PROCEDURES

Animals and breeding procedures

Subjects were male Sprague–Dawley rats derived from 21 timed
pregnant female Sprague–Dawley rats (Charles River Laborato-
ries, INC, Wilmington, MA, USA) received from the supplier at 14
days gestation. Pups derived from a third of the selected dams
were used for neuroanatomical and biochemical experiments and
the remainder were used for behavioral experiments. Dams were
monitored daily to determine the date of parturition. All dams
selected for use in the present experiments gave birth to a litter
containing up to five male pups. Pups remained undisturbed and
co-housed with their dam and siblings from birth until weaning. A
total of 80 rats were used in behavioral experiments and 32 rats
were used in neuroanatomical and biochemical experiments. All
experimental groups consisted of pups derived from a minimum of
two separate litters. Rats used in the same experiment were held
in a shared holding room maintained under a 12:12 light:dark
cycle and temperature of 23�1 °C to ensure similar sensory
experience (i.e., shared visual, auditory, and some olfactory
cues). Rats were given ad libitum access to food and water. All
procedures were carried out in accordance with the appropriate
national guidelines for the Care and Use of Laboratory Animals
and formal approval to conduct the experiments was obtained
from the institutional animal subjects review board. All efforts were
made to minimize the number of animals used and their suffering.

Post-weaning social isolation

At weaning, male pups within a litter were equally distributed to
experimental groups; male offspring from the same litter were
uniformly assigned to single (1 rat/42�22�20 cm3 cage) or group
(5 rats/52�28�20 cm3 cage) polycarbonate cages and remained
in these conditions until behavioral evaluations were performed
(postnatal day 70 or 73) or brains were harvested for quantification
of cannabinoid receptor density and endocannabinoid content
(postnatal day 70). Rearing manipulations occurred continuously
throughout adolescence, a critical period of development (Einon
and Morgan, 1977) and lasted 7 weeks (for review see Lapiz et al.,
2003), as robust changes in behavior may require continuous
isolation rearing (Bakshi and Geyer, 1999; Varty et al., 1999a).
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Cages were cleaned and refilled with sawdust bedding weekly for
single-housed and biweekly for group-housed rats. Single housing
prevented, whereas group housing permitted, cohort-induced tac-
tile stimulation.

Chronic handling

Single- and group-reared rats were randomly assigned to con-
comitantly experience (or not experience) experimenter-induced
tactile stimulation by repeated exposure to 5 min of handling on
postnatal days 21–70. Handling was performed during the light
phase of the light:dark cycle between 2:00 to 5:30 PM on each
weekday, except weekends. Handling consisted of caressing the
fur of the neck and the dorsal surface of the animal with one hand,
while leaving a hand in contact with the vibrissae and snout, to
facilitate olfactory recognition. During handling, the rat was placed
in the lap of the experimenter or on a flat surface. If the rat did not
display signs of discomfort (e.g., defecation/urination, tail rigidity,
intense grooming, or startle responses), the handler proceeded to
pet the rat. Handled and non-handled rats were kept on opposite
sides of a shared holding room and, within each side, were further
arranged by rearing condition.

Behavioral testing

The day before behavioral testing, rats were brought into the
testing room for 30 min within their own cages to habituate them
to the testing room. Behavioral tests were conducted during the
light phase of the light:dark cycle between 10:00 AM to 4:00 PM.
Between tests, behavioral equipment was wiped cleaned with a
5% acetic acid solution that was allowed to dry before reusing
equipment.

Open field

Socially isolated or group reared rats that were concomitantly
handled or non-handled (n�32; n�7–9/group) were tested in the
open field on postnatal day 70. The open field was a Plexiglas
square grey arena (80�80�80 cm3) surrounded by four black
walls. On the floor, two zones of equivalent areas were defined: a
central square compartment of 56 cm/side and a concentric pe-
ripheral frame including the area within 24 cm from the walls. Rats
were placed in the central zone and behavior was monitored for 5
min. Room light and background noise was kept at 15 lux and 65
dB, respectively. Locomotor activity was measured as the number
of times the two front paws of a rat crossed a 4�4 grid superim-
posed onto a video recorded image of the open field. The duration
of time spent in the central compartment of the open field and
number of fecal boli excreted during this test was also assessed.

Elevated plus maze

The same rats (n�32) tested in the open field were retested 3
days later in the elevated plus maze on postnatal day 73. Rats
were placed in the central platform of the test apparatus and
video-recorded for 5 min in a dimly lit (15 lux), sound-attenuated
(60 dB) environment, as previously described (Pellow et al.,
1985). The maze was made of Plexiglas (gray floor, black walls)
and included two open (50�10 cm2) and two closed arms
(50�10�40 cm3) extending from a central platform (10�10 cm2).
The apparatus was elevated 60 cm above the floor. Behavioral
measures included the percent time spent in open and closed
arms and frequency of head dips and stretched-attend postures,
as described by Griebel et al. (2002).

Startle reflex and prepulse inhibition

A separate set of rats (n�48) that were either socially isolated or
group reared and either concomitantly handled or non-handled

(n�12/group) were tested on postnatal day 70 in the acoustic
startle and prepulse inhibition (PPI) test, as previously described
(Bortolato et al., 2005). Rats were placed in a startle reflex appa-
ratus (Med Associates, St. Albans, VT, USA) for a 5 min-acclima-
tion period with a 70 dB background noise that continued during
the entire session. Each rat was exposed to a session consisting
of three consecutive trial sequences. In sequence 1 and 3, five
pulse-alone trials of 115 dB were presented. During sequence 2,
12 pulse-alone trials, 30 trials of pulse preceded by 73, 76, or 82
dB prepulse tones (10 for each level of prepulse intensity), and
eight no-stimulus trials (only background noise) were delivered in
pseudo-random order. Pulse and prepulse tone duration was 80
and 40 ms, respectively. The prepulse–pulse delay was 100 ms.
Inter-trial-intervals were randomly selected to occur within a 10 to
15 s range. Percent PPI was calculated with the following formula:
100�[(mean startle amplitude for prepulse-pulse trials/mean star-
tle amplitude for pulse-alone trials)�100]. As no interaction be-
tween prepulse levels and treatment were found in the statistical
analysis, % PPI values were collapsed across prepulse intensity
to represent average % PPI.

Tissue preparation

A separate set of rats (n�32) that were either socially isolated or
group reared and concomitantly handled or non-handled (n�8/
group) were decapitated on postnatal day 70. Brains were rapidly
dissected, and snap frozen in precooled isopentane (�30 °C;
Sigma Aldrich, St. Louis, MO, USA). Brains were stored at low
temperature (�30 and �80 °C) until use. The right hemisphere of
the rat brain was used to measure cannabinoid receptor densities
and distribution using [3H]CP55,940 binding and quantitative autora-
diography. The left hemisphere was used to obtain tissue punches
for quantification of endocannabinoid content using liquid chroma-
tography/mass spectrometry (LC/MS).

Receptor binding and autoradiography

Coronal brain sections (14 �M thickness) were cryostat cut and
mounted four sections/slide. Cannabinoid receptor binding was
performed using [3H]CP55,940 (specific activity 139.6 Ci/mmol;
Perkin Elmer Life and Analytical Services, Boston, MA, USA), as
described previously (Herkenham et al., 1991; Hohmann and
Herkenham, 1998; Hohmann et al., 1999). Nonspecific binding
was determined in the presence of 10 �M CP55,940. Briefly,
binding was performed in cytomailers (3 h at 37 °C) in 50 mM
Tris–HCl (pH 7.4) containing 5% bovine serum albumin and either
4.6 or 3.3 nM [3H]CP55,940. Binding assays were performed by
neuroanatomical level of section, so that brains from rats in all
experimental groups were processed concurrently in the same
assay. All slides were washed (4 h at 0 °C) in a buffer containing
1% bovine serum albumin, fixed in 0.5% formalin in 50 mM Tris–
HCl (pH 7.4 at 25 °C) and blown dry. Sections were apposed to
[3H]-sensitive film (Amersham Hyperfilm, GE Healthcare Life-
Sciences, Piscataway, NJ, USA) with [3H] standards ([3H] mi-
croscales, Amersham, Arlington Heights, IL, USA) for 8 weeks for
levels incubated in 4.6 nM [3H]CP55,940 and 9 weeks for levels
incubated in 3.3 nM [3H]CP55,940. Films were developed in D19
developer (Carestream Health, Rochester, NY, USA) and air-
dried.

Densitometry

Film images were scanned (ScanMaker 9800XL, Microtek, Cerri-
tos, CA, USA) and densitometry performed using NIH Image
software (U.S. National Institutes of Health, http://rsb.info.nih.gov/
nih-image/). Mean binding densities in select brain regions (see
Table 1) were calculated and converted to nCi/mg tissue weight
based on a best-fit third degree polynomial formula that incorpo-
rates tissue equivalent values provided by Amersham. Brain areas
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were outlined using a rat brain atlas (Paxinos and Watson, 1998).
Densitometric measurements were obtained from three to four
near adjacent sections to measure total and nonspecific binding
for each structure within each rat. Nonspecific binding (determined
in sections adjacent to total binding sections) was subtracted from
total binding to obtain specific binding values used in data analy-
sis. Densitometry was performed on original images that were in
no way digitally manipulated. Example photomicrographs were
uniformly transformed across groups to a color scale using NIH
Image J.

Lipid extractions

Punches derived from single-hemisphere frozen brains were ho-
mogenized in methanol (0.3 mL) containing [2H4]-anandamide
and [2H8]-2-AG (Cayman Chemicals, Ann Arbor, MI, USA) as
internal standards. Protein concentration was determined in the
homogenate to normalize samples using the bicinchinonic acid
protein assay (Pierce, Rockford, IL, USA). Tissue was collected
using the rat brain atlas of Paxinos and Watson (1998) as a guide.
The coordinates (relative to bregma) and dimensions of punches

collected for selected structures of interest were: prefrontal cortex
(�1.7 mm anterior–posterior (AP), �0.5 mm medial–lateral (ML),
�3 mm dorsal–ventral (DV); 2�2 mm2; adapted from Marsicano
et al. (2002)), piriform cortex (�1.7 mm AP, �4.5 mm ML, �7 mm
DV; 2�1 mm2), nucleus accumbens (�1.7 mm AP, �1 mm ML,
�3 mm DV; 2�2 mm2), and hippocampus (�2.3 mm AP, �1 mm
ML, �4 mm DV; 2�2 mm2). Protein content in punches from the
hippocampus, prefrontal cortex, and nucleus accumbens aver-
aged 25–30 �g/sample. Punches from the piriform cortex av-
eraged 10 –15 �g protein/sample. Lipids were extracted with
chloroform (2 vol) and washed with water (1 vol). Endocannabi-
noids were fractionated by open-bed silica gel column chroma-
tography, as previously described (Moise et al., 2008; Astarita
and Piomelli, 2009). Lipids were reconstituted in chloroform,
loaded onto small glass columns packed with Silica Gel G (60-Å
230 – 400 Mesh ASTM; Whatman, Clifton, NJ, USA), and
washed with 2 ml of chloroform. Anandamide and 2-AG were
eluted with 1 ml of chloroform/methanol (9:1, vol/vol). Eluates
were dried under N2 and reconstituted in 50 �L of methanol for
LC/MS analyses.

Table 1. [3H]CP55,940 binding to cannabinoid receptors in the adult rat brain after post-weaning social isolation and handling treatment

Brain region Group reared
non-handled

Group reared
handled

Socially isolated
non-handled

Socially isolated
handled

Basal ganglia/striatum
Caudal caudate putamen (CPu) 13.71�0.87�� 22.68�1.90 15.73�1.44� 15.99�1.66�

Caudal dorsal CPu 12.83�0.80� 19.64�2.21 14.27�0.77�� 15.08�0.97
Caudal ventral CPu 13.06�0.87 21.13�2.24 16.10�2.28 16.40�3.18
Rostral CPu 16.28�0.91 12.63�1.91 18.42�2.63 17.48�1.42
Rostral dorsolateral CPu 19.35�1.17 15.34�2.36 21.20�3.04 20.64�1.75
Rostral dorsomedial CPu 14.10�0.69 10.60�1.50 16.01�2.15* 14.63�0.99*
Rostral ventrolateral CPu 17.32�0.93 13.93�2.48 20.42�3.26* 20.67�2.31*
Rostral ventromedial CPu 14.56�0.71 11.12�1.65 16.48�2.62 15.64�1.53
Lateral globus pallidus 34.72�4.24 48.72�2.32 35.78�4.25* 39.95�2.20*
Nucleus accumbens core 12.16�0.72 9.13�1.25 13.54�2.49 13.11�1.38
Nucleus accuvmbens shell 11.39�0.74 8.59�1.39 12.21�2.19 12.65�1.41
Olfactory tubercle 7.57�0.41 5.20�0.71 8.17�1.67 8.48�1.00

Cerebral cortex
Cingulate cortex 9.00�0.58 13.09�1.38## 9.01�0.47 10.74�0.88##

Motor cortex 9.76�0.85 7.55�0.95 10.30�1.58 10.13�0.92
Piriform cortex 6.95�0.47 9.57�1.16# 7.51�0.49 8.62�1.08#

Septum
Lateral septum 12.47�1.04 9.30�1.56 10.27�1.54 13.48�1.68
Limbic diagonal band nuclei 13.66�0.95 10.56�1.13 12.71�1.23 11.63�1.51
Vertical limbic diagonal band 16.08�0.89 12.67�1.60 14.21�1.52 12.57�1.60

Amygdala
Basolateral amygdala nuclei 9.08�0.70 9.93�1.02 9.28�1.29 8.12�0.88
Central amygdaloid nuclei 12.04�0.60 11.11�1.19 10.29�1.06 10.07�1.10

Hypothalamus and thalamus
Anterior thalamic nuclei 4.19�0.17�� 5.66�.047 4.34�0.22� 4.20�0.23��

Arcuate nuclei 5.92�0.47 6.63�1.15 6.01�0.78 6.33�1.67
Medial preoptic area 6.99�0.60 8.44�0.92 7.15�0.87 7.42�0.56
Superoptic nucleus 8.80�0.66 11.25�1.31 7.26�1.02* 7.86�0.77*
Ventrolateral thalamic nuclei 7.16�0.40 6.70�0.58 6.14�0.56* 5.53�0.47*

Hippocampal formation
CA1–CA3 and dentate gyrus 13.74�0.70 10.85�1.02# 12.31�0.74 11.95�0.66#

CA1–CA3 14.82�0.66 11.67�1.02# 14.07�0.91 13.58�0.96#

CA1 17.39�1.05 12.59�1.54 16.80�1.47 16.76�1.33
CA2 17.91�0.82 13.00�1.85# 15.95�1.21 15.14�0.62#

CA3 18.50�0.79 13.61�2.18 16.37�1.10 17.02�1.45
Dentate gyrus 16.50�0.85 13.50�1.32 13.73�1.25 13.77�0.91

Data are mean�SEM (n�8 per group); * P�0.05 vs. Group reared; ## P�0.01, # P�0.05 vs. non-handled; �� P�0.01, � P�0.05 vs. Group
reared/handled.
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LC/MS analyses

An 1100-LC system coupled to a 1946A-MS detector (Agilent
Technologies, Inc., Palo Alto, CA, USA) equipped with an elec-
trospray ionization interface was used to measure anandamide
and 2-AG levels in each tissue punch. Lipids were separated
using a XDB Eclipse C18 column (50�4.6 mm i.d., 1.8 �m,
Zorbax), eluted with a gradient of methanol in water (from 75% to
85% in 2.5 min, to 90% in 7.5 min, to 100% in 14 min, and to 75%
in 20 min) at a flow rate of 1.0 mL/min. Column temperature was
kept at 40 °C. MS detection was in the positive ionization mode,
capillary voltage was at 3 kV, and fragmentor voltage varied from
120 V. N2 was used as drying gas at a flow rate of 13 L/min and
temperature of 350 °C. Nebulizer pressure was set at 60 PSI.
Quantifications were conducted using an isotope-dilution method
(Moise et al., 2008; Astarita and Piomelli, 2009) by monitoring Na�

adducts of the molecular ions ([M�Na]�) in the selected ion-
monitoring mode. Quantification limits were 0.08 pmol for anand-
amide and 0.4 pmol for 2-AG.

Statistical analysis

Homogeneity of variance and group normality were validated
using the Levene and Kolmogorov–Smirnov statistics, respec-
tively. A separate two-way (rearing�handling) independent anal-
ysis of variance was performed for each behavior and each struc-
ture for LC/MS and densitometry measures. Tukey post hocs were
performed to identify the source of significant interactions. Endo-
cannabinoid levels and elevated plus maze behavior (% open arm
time as a function of total maze time) were additionally analyzed
using planned comparisons (two-tailed, independent samples t-
tests) between rearing conditions, performed separately in non-
handled and handled rats. Planned comparisons were performed
because handling has been reported to alter anxiolytic-like effects
of the FAAH inhibitor URB597 in the elevated plus maze (Haller et
al., 2009). Thus, planned comparisons offered statistical sensitiv-
ity (decreased likelihood of making a type II error) for examination
of the effects of rearing by removing variance due to handling,
which could otherwise mask detection of endocannabinoid-depen-
dent effects in a 2�2 ANOVA.

Comparisons that did not meet the equal variance assumption
were corrected by fractional adjustment of degrees of freedom. Clas-
sic eta squared (�2) effect size calculations were performed to gauge
the amount of variance our manipulations accounted for in the de-
pendent measures evaluated. Using Cohen’s standards, eta squared
values above 0.0099, 0.058, and 0.1379 can be considered small,
medium, and large effects, respectively (Cohen, 1998), although
limitations of these stated criteria (e.g., overestimation of population
association, dependence upon sample size) must be acknowledged
(Levine and Hullett, 2002; Pierce et al., 2004). Eta squared was
calculated by dividing SSFactor by SSCorrected Total. All other analyses
were performed using SPSS statistical software (version 16.0; SPSS
Incorporated, Chicago, IL, USA).

RESULTS

Behavioral effects of social isolation

In the open field, socially-isolated rats spent less time in the
center of the open field relative to group-reared rats (Rearing
main effect: F1,28�10.56, P�0.003; �2�0.265; Fig. 1a). Iso-
lates excreted more fecal boli in the open field compared to
group-reared rats (Rearing main effect: F1,28�13.46, P�0.001;
�2�0.196; Fig. 1b). In the elevated plus maze, isolates
exhibited a lower % time in the open arms (Rearing main
effect: F1,28�17.87, P�0.000; �2�0.322; Fig. 1d) and a
greater % time in the closed arms (Rearing main effect:
F1,28�14.42, P�0.001; �2�0.303; Data not shown), com-

pared to group-reared rats. The number of closed arm
entries was unaltered in isolates relative to socially-reared
rats (P�0.003; Data not shown). In the elevated plus
maze, isolates also engaged in fewer stretch-attend pos-
tures (Rearing main effect: F1,28�105.33, P�0.000;
�2�0.769; Data not shown) and head dips (Rearing main
effect: F1,28�18.40, P�0.000; �2�0.412; Data not
shown). In the prepulse inhibition test, isolates exhibited a
lower % PPI relative to group-reared rats (Rearing main
effect: F1,28�42.53, P�0.000; �2�0.451; Fig. 1e). The
deficit in % PPI observed in isolates was not global, as
there was no difference in acoustic startle amplitude be-
tween groups (P�0.05; Fig. 1f).

Behavioral effects of chronic handling

In the open field, handled rats excreted fewer fecal boli than
non-handled rats (Handling main effect: F1,28�26.86,
P�0.000; �2�0.392; Fig. 1b). In the elevated plus maze,
handling increased % open arm time (Handling main effect:
F1,28�8.99, P�0.006; �2�0.162; Fig. 1d), but did not alter %
closed arm time (P�0.05; Data not shown), compared to
non-handling. Closed arm entries, stretch-attend postures,
and head dips in the elevated plus maze were unaffected by
handling manipulation (P�0.05; Data not shown).

Behavioral effects of social isolation in handled and
non-handled rats

In the open field, social isolation altered locomotor activity
depending on handling condition, as assessed by the num-
ber of line crossings (Interaction effect: F1,28�6.21, P�0.019;
�2�0.163; Fig. 1c). In non-handled rats, isolates exhibited
more line crossings than group-reared rats (P�0.05; Fig.
1c); this effect was absent in handled isolates (P�0.05;
Fig. 1c). In the elevated plus maze, non-handled isolates
exhibited lower % open arm time compared to group-
reared rats (t14�5.41, P�0.000; Fig. 1d), but handled iso-
lates were no different from group-reared rats on these
measures (P�0.05; Fig. 1d). In the prepulse inhibition test,
social isolation altered % PPI in a manner dependent upon
handling treatment (Interaction effect: F1,28�4.77, P�0.034;
�2�0.051; Fig. 1e). Non-handled isolates exhibited the
greatest reduction in % PPI compared to all other groups
(P�0.05; Fig. 1e). Handling isolates slightly elevated, but
did not restore % PPI to levels observed in group-reared
rats (P�0.05; Fig. 1e).

Effects of social isolation on cannabinoid receptor
densities

Specific binding was 94% (S.D.�1.35) averaged across
films, documenting high sensitivity of binding and autora-
diographic methods employed here. Social isolation in-
creased cannabinoid receptor densities in the rostral dor-
somedial (Rearing main effect: F1,28�4.24, P�0.049;
�2�0.119; Fig. 2a) and ventrolateral caudate putamen
(Rearing main effect: F1,28�4.21, P�0.05; �2�0.127; Fig.
2b) compared to group rearing (see also Fig. 2c–f). How-
ever, social isolation decreased cannabinoid receptor den-
sities in the supraoptic hypothalamic nucleus (Rearing
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main effect: F1,21�5.89, P�0.024; �2�0.194; Fig. 3a) and
ventrolateral thalamic nuclei (Rearing main effect: F1,24�4.56,
P�0.043; �2�0.154; Fig. 3b) compared to group rearing
(see also Figs. 4 and 5).

Effects of chronic handling on cannabinoid receptor
densities

Handling altered cannabinoid receptor densities within the
limbic input–output loop of the basal ganglia (see Figs. 4
and 5). Handled rats exhibited increased cannabinoid re-
ceptor densities in the lateral globus pallidus (Handling
main effect: F1,23�6.57, P�0.017; �2�0.197; Fig. 6a),
cingulate cortex (Handling main effect: F1,23�10.06, P�0.004;
�2�0.272; Fig. 6b), and piriform cortex (Handling main
effect: F1,23�4.79, P�0.039; �2�0.165; Fig. 6c) relative to
non-handled rats. By contrast, handling decreased canna-
binoid receptor densities in CA1�3 and the dentate gyrus
of the hippocampus compared to non-handling (Handling
main effect: F1,24�4.38, P�0.047; �2�0.143; Fig. 6d).
Subsequent analysis revealed that handled rats exhibited
decreased cannabinoid receptor densities in CA2 (Han-
dling main effect: F1,24�5.95, P�0.022; �2�0.183; see
Table 1) and, to a lesser extent, in CA1�3 (Handling main

effect: F1,24�4.10, P�0.054; �2�0.136; see Table 1),
compared to non-handled rats.

Effects of social isolation on cannabinoid receptor
densities in handled and non-handled rats

Handling altered cannabinoid receptor binding densities at
caudal levels of the caudate putamen (Interaction effect:
F1,23�8.59, P�0.008; �2�0.189; Fig. 7a), specifically in
the dorsal caudate putamen (Interaction effect: F1,23�4.80,
P�0.039; �2�0.126; see Table 1), and anterior thalamus
(Interaction effect: F1,23�7.15, P�0.014; �2�0.177; Fig.
7b) in a manner that was dependent on rearing conditions.
Handling increased cannabinoid receptor densities in
these regions in group- (P�0.05), but not isolation-reared
rats (P�0.05 for all comparisons; Fig. 7a, b). No changes
in cannabinoid receptor densities were found in any other
structure examined (P�0.05; see Table 1).

Effects of social isolation on endocannabinoid
content

A 2�2 ANOVA failed to detect a reliable main effect of
isolation rearing on endocannabinoid content. However,
social isolation differentially altered endocannabinoid lev-

Fig. 1. Social isolation alters behavioral responsiveness to context in the (a–c) open field, (d) elevated plus maze and (e) prepulse inhibition test
without altering (f) acoustic startle amplitude. Handling altered behavioral responsiveness to context in the (b) open field and (d) elevated plus maze
in a manner opposite to that of isolates. Isolates deprived of handling exhibit hyperlocomotor activity measured by (c) line crossings in the open field
and a decreased time spent in the (d) open arms of the elevated plus maze compared to group-reared rats; these differences were not present in
isolates subjected to handling. Socially-isolated rats that were handled showed a lessened deficit in (e) % PPI compared to their non-handled
counterparts, but were less able to inhibit responding to a prepulse compared to group-reared rats. Data are mean�SEM. *** P�0.001, ** P�0.01
vs. Group Reared (ANOVA); ### P�0.001, ## P�0.01 vs. Non-handled (ANOVA); x P�0.05 vs. Group Reared/Non-Handled (ANOVA, Tukey post hoc);
††† P�0.001 vs. Group Reared/Non-Handled (t-test, two-tailed); ^ P�0.05 vs. all other groups (ANOVA, Tukey post hoc).
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els based on handling condition in the prefrontal and piri-
form cortices (see Fig. 8a–l).

Effects of chronic handling on endocannabinoid
content

In the prefrontal cortex, handling increased 2-AG (Han-
dling main effect: F1,26�22.51, P�0.000; �2�0.445; Fig.
8b), but not anandamide (P�0.05; Fig. 8c) levels relative

to non-handling. In the piriform cortex, handling decreased
anandamide (Handling main effect: F1,28�4.83, P�0.036;
�2�0.129; Fig. 8f), but not 2-AG (P�0.05; Fig. 8e) levels
relative to non-handling. In the nucleus accumbens, han-
dling increased anandamide (Handling main effect: F1,28�5.03,
P�0.033; �2�0.150; Fig. 8i) levels, without altering levels
of 2-AG (P�0.109; Fig. 8h), relative to non-handling. In the
hippocampus, endocannabinoid levels were not affected
by handling (P�0.05; Fig. 8j–l).

Effects of social isolation on endocannabinoid
content in handled and non-handled rats

Two-way ANOVA failed to reveal a reliable rearing�handling
interaction (P�0.05). A priori comparisons were performed
separately in non-handled and handled rats on this mea-
sure (see Methods). In the prefrontal cortex, isolation rear-
ing of nonhandled rats increased 2-AG levels (t8.24��3.71,
P�0.006; Fig. 8b) relative to their group-reared counter-
parts (P�0.05). By contrast, 2-AG levels in the prefrontal
cortex were similar in isolation- and group-reared rats sub-
jected to handling. In this same structure, anandamide
levels were not differentially altered by handling in isolates
(P�0.05; 8c). In the piriform cortex, isolation rearing in-
creased both 2-AG (t8.06��2.48, P�0.038; Fig. 8e) and anan-
damide (t14��2.20, P�0.045; Fig. 8f) levels in non-handled
rats compared to their group reared counterparts. These latter
effects of isolation rearing were absent in handled rats (P�0.05).

Fig. 2. Socially-isolated rats show increased cannabinoid receptor density in the (a) dorsomedial and (b) ventrolateral caudate putamen compared
to group-reared rats. Representative photomicrographs show [3H]CP55,940 binding in brains of adult rats that were either (top: c, e) group or (bottom:
d, f) isolation reared and concomitantly (right: e, f) handled or (left: c, d) not handled post-weaning. Sections were collected �1.70 mm from bregma.
The rostral caudate putamen was divided into quadrants as previously reported (Hohmann and Herkenham, 2000). dm, dorsomedial; dl, dorsolateral;
vm, ventromedial; vl, ventrolateral. Scale bar equals 1 mm. Data are mean�SEM. * P�0.05 vs. Group Reared (ANOVA).

Fig. 3. Socially-isolated rats show decreased cannabinoid receptor
density in the (a) supraoptic nucleus of the hypothalamus and (b)
ventrolateral thalamus compared to group-reared rats. Data are
mean�SEM. * P�0.05 vs. Group Reared (ANOVA). Representative
photomicrographs are shown in Figs. 4 and 5. SO, supraoptic nucleus;
vlTN, ventrolateral thalamic nuclei.
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DISCUSSION

Early-life experience with impoverished or enriching en-
vironmental factors can affect later life. In our study,
environmental manipulations (social isolation and chronic
handling), performed from weaning to adulthood, spanned
the critical developmental period of adolescence in rodents.
During adolescence, key neurotransmitter systems (e.g., en-
docannabinoid, glutamate, dopamine) undergo maturation
(Spear, 2000; Galve-Roperh et al., 2009) and positive
events may either facilitate future adaptations (Boyce and
Ellis, 2005) or counteract consequences of negative
events (Laviola et al., 2008). The efficacy of the manipu-
lations used here to alter both behavioral reactivity to
context (see Fig. 1) and the endocannabinoid system (for
summary see Fig. 9) may be attributed to the elevated
susceptibility of rodents to environmental manipulations
occurring during this developmental window.

Social isolation negatively alters, whereas chronic
handling positively alters behavioral reactivity to
context

We verified that social isolation perturbs behavior in emo-
tionality- and attentional-sensitive measures (e.g., open

field, elevated plus maze, and prepulse inhibition test)
(Tanaka et al., 2010; Hall et al., 1998; Powell et al., 2002).
We also verified that handling produced beneficial behav-
ioral consequences in these same measures (Fernandez-
Teruel et al., 1990, 1992; Krebs-Thomson et al., 2001).
Consistent with previous reports, handling attenuates
many isolation-induced behaviors, including hyperlocomo-
tor activity, anxiety-like behavior (Present report; Gentsch
et al., 1988; Gariépy et al., 2002) and deficits in sensori-
motor gating (Present report; Krebs-Thomson et al., 2001;
Rosa et al., 2005). Thus, social isolation produces rela-
tively stable behavioral effects across laboratories.

The heightened behavioral responding exhibited by
isolates in the elevated plus maze (reduced risk assess-
ment, avoidance of the aversive open arms) probably en-
hanced their sensitivity to the anxiolytic-like properties of
handling. Individual housing and a lack of either handling
or habituation all increase responding to anxiolytics in the
elevated plus maze (for review see Hogg, 1996). Of
course, the elevated plus maze measures only a facet of
the multidimensional construct of emotionality (Ramos,
2008). The open field may measure aspects of anxiety that
are both shared and distinct from the elevated plus maze.
In the open field, two negatively related measures of emo-
tionality (Hall, 1934)—novelty-induced ambulation and def-
ecation—were exacerbated in isolates. Here, the use of
multiple measures strengthened our understanding of the
emotional consequences underlying both adverse and
beneficial early-life manipulations. Results from these
measures provide converging lines of evidence to con-

Fig. 5. Representative photomicrographs show [3H]CP55,940 binding
in brains derived from adult rats that were either (top: a, b) group or
(bottom: c, d) isolation reared and concomitantly (right: b, d) handled
or (left: a, c) not handled post-weaning. Sections were collected �2.30
mm from bregma. CA 1–3, molecular layers of hippocampus CA 1–3;
DG, dentate gyrus; vlTN, ventrolateral thalamic nuclei. Scale bar
equals 1 mm.

Fig. 4. Representative photomicrographs show [3H]CP55,940 binding
in brains from adult rats that were either (top: a, c) group or (bottom: b,
d) isolation reared and concomitantly (right: c, d) handled or (left: a, b)
not handled post-weaning. Sections were collected �1.30 mm from
bregma. aTN, anterior thalamic nuclei; Cg, cingulate cortex; lGP,
lateral globus pallidus; Pir, piriform cortex; cCPu, caudal caudate
putamen; SO, supraoptic nucleus. Scale bar equals 1 mm.
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clude that isolates have an anxiogenic-, whereas handled
rats have an anxiolytic-like behavioral profile.

As expected, isolates were less able to gate sensory
stimuli in the prepulse inhibition test compared to socially-
reared rats. Prepulse inhibition is an adaptive mechanism that
permits identification of potentially distracting/unimportant stimuli
so that responding is averted to those with more relevance (for
review see Koch and Schnitzler, 1997). Handling isolates par-
tially ameliorated the deficit in prepulse inhibition exhibited by
isolates, but did not fully compensate for it. In line with our data,
different strains of rats with dissimilar anxiety-like traits respond
uniquely in the prepulse inhibition test (van den Buuse, 2003).
Even though the acoustic startle response and prepulse inhibi-
tion are intertwined processes, the neurobiology mediating the
two phenomena are suggested to be distinct (Li et al., 2009). We
found the overall pre-attentional responsiveness of isolates to
the startle stimulus was unaltered. Together, these data suggest
pre-attentional deficits of isolates are somewhat reversible
through environmental manipulations.

Social isolation alters the endocannabinoid system
in a region and ligand specific manner

In isolates, deprivation of olfactory cues from littermates
produces conditioned odor deficits (Zimmerberg et al.,
2009). Moreover, social isolation alters several neurotrans-

mitter systems in brain regions involved in olfaction; social
isolation increases 2-AG and anandamide levels in the
piriform cortex (present report) and increases cholinergic
and serotonergic fiber densities in the olfactory bulb and
piriform cortex (Lehmann and Lehmann, 2007). Deficits in
olfactory-related behaviors and circuitry may worsen the
impaired interaction isolates have with their environment
(for review see Fone and Porkess, 2008). Along the same
line, we show social isolation alters the endocannabinoid
system in the supraoptic nucleus of the hypothalamus. The
supraoptic nucleus, a brain region implicated in social
behaviors, is part of the magnocellular neurosecretory sys-
tem of the hypothalamus (Martin, 2003). Input to oxytocin
synthesizing neurons of the supraoptic nucleus is modu-
lated by endocannabinoids that act at CB1 receptors
(McDonald et al., 2008). It is interesting to speculate that
downregulation of cannabinoid receptors observed here in
socially-isolated rats is associated with increased endo-
cannabinoid signaling; such changes would be expected to
modify GABA-ergic and glutamatergic inputs to oxytocin
neurons in the supraoptic nucleus and, ultimately, regulate
oxytocin release. Long-lasting dysregulation in the endo-
cannabinoid system in the supraoptic nucleus may, there-
fore, contribute to the perturbed social behavior of isolates
(if the loss of these receptors are on inhibitory neurons) or
represent a compensatory mechanism (if the loss of these
receptors are on excitatory neurons) exhibited in the brains
of isolates.

In the caudate putamen, social isolation increased can-
nabinoid receptor densities relative to group rearing. Like-
wise, cannabinoid receptor densities were increased in the
caudate putamen in a model of schizophrenia induced by
neonatal basolateral amygdala lesions (Bouwmeester et
al., 2007). However, Malone and colleagues (2008) re-
cently reported decreases in CB1 immunoreactivity in the
caudate putamen of socially-isolated rats using immuno-
histochemical methods. Several explanations may account
for the discrepancy between our study and that of Malone
et al. (2008). First, differences in techniques used to mea-

Fig. 7. Socially-isolated rats fail to exhibit handling-induced increases
in cannabinoid receptor density exhibited by their group-reared coun-
terparts in the (a) caudal caudate putamen and (b) anterior thalamic
nuclei. Data are mean�SEM. �� P�0.01, � P�0.05 vs. Group
Reared/Handled (ANOVA). Representative photomicrographs are
shown in Figs. 4 and 5. aTN, anterior thalamic nuclei; cCPu, caudal
caudate putamen.

Fig. 6. Handled rats show altered cannabinoid receptor densities in
the limbic loop of the basal ganglia. Handled rats exhibit increased
cannabinoid receptor densities in the (a) lateral globus pallidus, (b)
cingulate cortex, and (c) piriform cortex, but decreased cannabinoid
receptor density in the (d) hippocampus, relative to non-handled rats.
Data are mean�SEM. ## P�0.01, # P�0.05 vs. Non-Handled
(ANOVA). Representative photomicrographs are shown in Figs. 4 and
5. Cg, cingulate cortex; Hippo, hippocampus CA 1–3 and dentate
gyrus; lGP, lateral globus pallidus; Pir, piriform cortex.
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sure receptors (immunofluorescence vs. binding density)
exist between the two studies. In our work, [3H] CP 55,940

binding would be expected to label all populations of can-
nabinoid receptors, whereas the C-terminal antibody used

Fig. 8. Endocannabinoid content in brain punches derived from adult rats with manipulated rearing and handling histories post-weaning. Single
hemisphere punches were obtained at the level of the (a–c) prefrontal cortex, (d–f) piriform cortex, (g–i) nucleus accumbens, and (j–l) hippocampus
as outlined (a, d, g, j) and assayed for 2-arachidonoylglycerol (2-AG) and anandamide (AEA). Social isolation modified endocannabinoid content in
rats that were non-handled; social isolation increased (b) 2-AG in the prefrontal cortex, without altering (c) AEA levels, and increased both (e) 2-AG
and (f) AEA content in the piriform cortex, relative to group rearing. Handling altered endocannabinoid content in both a ligand and brain region specific
manner. In the prefrontal cortex, handling selectively increased (b) 2-AG but not (c) AEA levels compared to non-handling. In the piriform cortex,
handling decreased (f) AEA, but unaltered (e) 2-AG, relative to non-handling. In the nucleus accumbens, handling increased (i) AEA but not (h) 2-AG
compared to non-handling. (k, l) Endocannabinoid content was unchanged in the hippocampus. Data are mean�SEM. ### P�0.01, # P�0.05 vs.
Non-handled (ANOVA); †† P�0.01, † P�0.05 vs. Group Reared/Non-Handled (t-test, two-tailed). Scale bar equals 1 mm.
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by Malone et al. (2008) may preferentially label specific
subpopulations of cannabinoid receptors. Malone et al.
(2008) used a CB1 antibody, raised in goat, that was
directed against residues 401–473 of the C-terminal of
CB1. This antibody is thought to preferentially label CB1

receptors on GABAergic, but not glutamatergic, neurons
(Katona et al., 2006; Kawamura et al., 2006; Nyilas et al.,
2009). By contrast, a highly sensitive later-generation CB1

antibody, raised in guinea pig, detects CB1 receptors on
glutamatergic axons in the hippocampus and spinal cord
(Katona et al., 2006; Kawamura et al., 2006; Nyilas et al.,
2009) that were previously unrecognized by earlier gener-
ations of CB1 antibodies (Katona et al., 1999; Egertova
and Elphick, 2000; Farquhar-Smith et al., 2000; Salio et al.,
2002). Second, immunoreactive labeling by C-terminal an-
tibodies may be masked by the presence of C-terminal
interacting proteins (e.g. CRIP1a) that modulate CB1 re-
ceptor activity (Niehaus et al., 2007). Third, sensitivity of
immunostaining may vary with the level of tissue fixation
and receptor internalization (Hohmann, 2002). Fourth, the
anatomical divisions of the caudate putamen evaluated
also differed between the two studies. One or all of these

factors may contribute to differences observed between
the previous (Malone et al., 2008) and present report.

The striatum may be a unique region where isolation
rearing alters D2 and CB1 receptor monomer expression
(Bean and Lee, 1991; Malone et al., 2008; King et al.,
2009). In striatal membranes, antagonistic intramembrane
interaction occurred whereby CB1 receptor stimulation re-
duced D2 receptor affinity (Marcellino et al., 2008). In-
creases in CB1 receptor densities in isolates may produce
altered D2 receptor dependent neurotransmission in the
striatum. Given the presence of D2–CB1 receptor het-
erodimers in the striatum (for review see Ferre et al.,
2009), social isolation may also alter D2–CB1 receptor
heterodimer expression. At present, no selective pharma-
cological agent for a D2–CB1 receptor heterodimer is com-
mercially available to directly test this hypothesis. Notwith-
standing, future studies could extend the work of Malone et
al. (2008) to obtain a description of D2–CB1 receptor co-
localization after social isolation.

We found, as did others, that cannabinoid receptor
densities did not change in cingulate and prefrontal corti-
ces after social isolation (Malone et al., 2008). In contrast,
schizophrenic patients exhibit increased cannabinoid re-
ceptor densities in these cortices compared to controls
(Dean et al., 2001; Zavitsanou et al., 2004; Newell et al.,
2006). Chronic-intermittent phencyclidine treated rats ex-
hibit schizophrenia-like cognitive deficits and reductions in
cannabinoid agonist-stimulated [35S]GTP�S binding in the
prefrontal cortex compared to controls (Vigano et al.,
2009). It is possible that similar changes also resulted from
social isolation, but normalized before receptor densities
were measured in adulthood. Experiments that elucidate
the time course of changes in CB1 receptor densities and
endocannabinoid content during the developmental win-
dow corresponding to adolescence (i.e., the social isola-
tion manipulation window) are, therefore, warranted. It is
particularly noteworthy that social isolation throughout ad-
olescence in rats (present report), chronic-intermittent
phencyclidine treatment in adolescent rats (Vigano et al.,
2009), and exposure to repeated restraint stress in ado-
lescent mice (Patel et al., 2005) all increased 2-AG, but not
anandamide, in the prefrontal cortex (see also Seillier et
al., 2010). Generalizations across models may provide
important information about the role of the endocannabi-
noid system in response to chronic stressors (Hohmann et
al., 2005; Rademacher et al., 2008; Rossi et al., 2008).

More work is necessary to determine whether chronic
anxiolytic, antidepressant, antipsychotic, or glucocorticoid
receptor antagonist (e.g., RU-486) treatments prevent the
effects of post-weaning social isolation in rodents on the
endocannabinoid system. To our knowledge, in otherwise naive
rodents, effects of chronic RU-486 treatment on the endo-
cannabinoid system are unknown and effects of chronic
anxiolytic, antidepressant and antipsychotic treatments are
yet to be fully characterized. Chronic treatment with anx-
iolytics and antidepressants (Hill et al., 2006, 2008; Hes-
keth et al., 2008) and subchronic and chronic administra-
tion of antipsychotics (Andersson et al., 2005; Sundram et
al., 2005; Wiley et al., 2008; Secher et al., 2010) all alter

Fig. 9. Neuroanatomical circuitry altered by post-weaning rearing and
handling manipulations alone and in interaction. Thick arrows connect
structures of Papez circuitry whereas thin arrows connect input–output
loops through the basal ganglia. Key indicates treatment groups that
are both color and underline coded to summarize changes in the
endocannabinoid system. The key corresponds to the following group
comparisons: Group Reared (Handled) vs. All other groups, Handled
vs. Non-Handled, Isolation vs. Group Reared, and Isolation (Non-
Handled) vs. Group Reared (Non-Handled). AEA, anandamide; 2-AG,
2-arachidonoylglycerol; CBR, cannabinoid receptor.
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the endocannabinoid system. Thus, the therapeutic effi-
cacy of these pharmacological agents may result, at least
in part, from actions on the endocannabinoid system. Al-
though chronic anxiolytics, antidepressants, antipsychot-
ics, and even handling share some similar treatment out-
comes and alter the endocannabinoid system, the under-
lying effects of these treatments on the endocannabinoid
system are likely distinct.

Chronic handling alters the endocannabinoid system
in a region and ligand specific manner

Chronic handling produced stable changes in the endo-
cannabinoid signaling system in both Papez circuitry and
input–output loops of the basal ganglia (see Fig. 9). Here,
we demonstrate for the first time that chronic handling
alters both cannabinoid receptor densities and endocan-
nabinoid content within brain structures that control emo-
tional expression (i.e., lateral globus pallidus, prefrontal,
piriform, and cingulate cortices, hippocampus, nucleus ac-
cumbens). In the prefrontal cortex, handling increased
2-AG without reliably altering anandamide levels, com-
pared to non-handling. Handling accounted for about half
of the variance in 2-AG content in the prefrontal cortex, as
assessed by effect size calculations (Cohen, 1998). To a
lesser extent, in the nucleus accumbens, handling in-
creased anandamide levels without altering levels of 2-AG,
compared to non-handling. Further, the reliable main effect
of handling we observed in the piriform cortex for anand-
amide content may potentially be attributable to increased
anandamide levels observed in non-handled isolates. Our
data are consistent with the observation that handling de-
creased the anxiolytic effect of the FAAH inhibitor URB597
(Haller et al., 2009). Handling and URB597 may rely on
similar endocannabinoid system-dependent mechanisms.
Chronic handling may also facilitate habituation to stres-
sors in an endocannabinoid-dependent manner, as han-
dling itself eventually loses aversive quality after chronic
exposure. Our data support the use of chronic handling, as
a research tool, to manipulate the endocannabinoid sys-
tem.

Handling increased cannabinoid receptor densities in
the limbic loop of the basal ganglia, including basal ganglia
output structures (lateral globus pallidus) and allocortical
areas (cingulate and piriform cortex), but decreased can-
nabinoid receptor densities in archicortex (hippocampus),
relative to non-handling. Handling, like subchronic treat-
ment with the antipsychotic haloperidol (Andersson et al.,
2005), increased [3H]CP55,940 binding to cannabinoid re-
ceptors in the globus pallidus. In the piriform cortex, han-
dling altered both endocannabinoid content and cannabi-
noid receptor densities in a manner consistent with a
causal relationship between these factors. Handling-in-
duced reductions in anandamide levels may produce the
observed upregulation of cannabinoid receptors in this
region. In archicortex, chronic handling decreased canna-
binoid receptor densities relative to non-handling. If
chronic handling decreases the number of cannabinoid
receptors available to inhibit calcium influx into glutama-
tergic neurons, it is reasonable to speculate that handling

might also enhance long-term potentiation. Supporting this
hypothesis, both acute handling (Korz and Frey, 2003) and
social isolation (Lu et al., 2003) reverse long-term poten-
tiation generated by tetanic stimulation in the hippocam-
pus. In contrast, male rats exposed to early maternal de-
privation—a model of early-life stress and schizophrenia—
exhibit decreases in CB1 (probably on GABA neurons)
receptor immunoreactivity in regions of CA1 and CA3 of
the hippocampus, compared to controls on postnatal day
13 (Suarez et al., 2009). Together, these data implicate a
role for the endocannabinoid system in the ability of han-
dling to alter behavior and neuronal physiology.

In socially isolated rats, chronic experimenter handling
was not sufficient to modify cannabinoid receptor densities
in the caudate putamen and thalamus; handling increased
cannabinoid receptor densities in these same structures in
group-, but not isolation-reared rats. Handling has been
shown to preferentially reverse corticosterone levels in
mice bred for low aggressiveness, but failed to reverse
corticosterone levels in mice bred for high aggressiveness
(Gariépy et al., 2002). Thus, it is, perhaps, not surprising
that chronic handling did not reverse the array of changes
induced by social isolation on the endocannabinoid sys-
tem. Overall, we interpret our data to suggest that handling
alone produces regulatory changes in the endocannabi-
noid system, but the effectiveness of this manipulation on
the endocannabinoid system is diminished in rats reared in
social deprivation.

CONCLUSION

The present report demonstrates that post-weaning social
isolation alters principal components of the endocannabi-
noid system in limbic brain regions. The observed dysregu-
lation of the endocannabinoid system may, therefore, con-
tribute to the abnormal behavior of isolates. Chronic ex-
perimenter handling both reduces and treats the perturbed
behavior of isolates in emotionality- and attentional sensi-
tive assays. Handling also specifically modulates the en-
docannabinoid system. However, chronic handling alone is
not sufficient to reverse the abundance of social depriva-
tion-induced changes in cannabinoid receptor densities or
endocannabinoid levels. These observations support a
pivotal role for the endocannabinoid signaling system in
the adaptation to stressful life events (for review see Finn,
in press; Rossi et al., 2009) as well as in emotionality-
related disturbances (Leweke and Koethe, 2008; Lutz,
2009).
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