Adiponectin is critical in determining susceptibility to
depressive behaviors and has antidepressant-
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Depression is a debilitating mental illness and is often comorbid with
metabolic disorders such as type 2 diabetes. Adiponectin is an
adipocyte-derived hormone with antidiabetic and insulin-sensitizing
properties. Here we show that adiponectin levels in plasma are re-
duced in a chronic social-defeat stress model of depression, which
correlates with decreased social interaction time. A reduction in adi-
ponectin levels caused by haploinsufficiency results in increased sus-
ceptibility to social aversion, “anhedonia,” and learned helplessness
and causes impaired glucocorticoid-mediated negative feedback on
the hypothalamic—pituitary-adrenal (HPA) axis. Intracerebroventric-
ular (i.c.v.) injection of an adiponectin neutralizing antibody precip-
itates stress-induced depressive-like behavior. Conversely, i.c.v.
administration of exogenous adiponectin produces antidepressant-
like behavioral effects in normal-weight mice and in diet-induced
obese diabetic mice. Taken together, these results suggest a critical
role of adiponectin in depressive-like behaviors and point to a poten-
tial innovative therapeutic approach for depressive disorders.
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Depression is a chronic and debilitating mental illness. An
association between depression and diabetes has been well
recognized as the prevalence of depression is doubled in type 2
diabetics compared with the general population (1-3). However,
treatment with currently available antidepressant drugs can in-
crease the risk of developing type 2 diabetes among those at high
risk for the disease (4-6). Thus, characterization of the biological
factors for comorbidity of depression and diabetes and identifi-
cation of innovative therapeutic targets for the treatment of
depression, especially for those with comorbid diabetes, are
urgently needed.

Adiponectin, a circulating hormone exclusively secreted from
adipocytes, is a biomarker of type 2 diabetes and possesses anti-
diabetic and insulin-sensitizing properties (7). Plasma levels of
adiponectin are positively correlated with insulin sensitivity and
inversely associated with obesity and type 2 diabetes (8-11). Adi-
ponectin is present in plasma as either a full-length or a globular
form that is generated by proteolytic cleavage of full-length adi-
ponectin. Full-length adiponectin is the predominant circulating
form and can be found as a trimer, hexamer, or high molecular
weight (HMW) oligomer (10, 12), whereas globular adiponectin
exists as a trimer (13). Evidence shows that adiponectin enters the
brain from circulation (14-17). Intraventricular (i.v.) injection of
adiponectin leads to a rise in cerebrospinal fluid (CSF) adiponectin
levels in mice and rats (15, 18), and trimeric and hexameric forms
of adiponectin are detected in the CSF of adiponectin knockout
mice after iv. injection (16). Previous studies have demonstrated
the presence of adiponectin receptors, AdipoR1 and AdipoR2, in
the central nervous system (16, 18-21); however, their expression
patterns in discrete brain areas remain to be determined.

Emerging clinical evidence suggests an association between
circulating adiponectin levels and depression but with inconsis-
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tent results, perhaps as a result of small sample sizes, sex differ-
ences, and age ranges covered in these studies (22-26). Questions
remain to be answered as to whether adiponectin plays a role
in the pathophysiology of depression and whether adiponectin
modulates depressive behaviors. In this study, we used multiple
experimental stress paradigms to induce depressive-like symp-
toms and investigated the relationship between endogenous
adiponectin levels and the development of depressive-like behav-
iors. Furthermore, we examined whether exogenous adiponectin
has antidepressant-like properties.

Results

Chronic Social Defeat Reduces Circulating Adiponectin Concentra-
tions. First, we determined whether circulating adiponectin levels
are altered in an animal model of depression. Chronic social-
defeat stress to male C57BL/6] mice induces a range of symp-
toms of human depression including social withdrawal and an-
hedonia; thus it has been used as a model of depression (27-29).
In this study, mice were exposed to 14 d of repeated social-defeat
stress (29), and plasma adiponectin concentrations were de-
termined 24 h or 48 h after the last social-defeat session. Total
adiponectin levels in plasma were decreased after social defeat
(24 h: control 18.37 + 0.87, defeat 12.61 + 0.96, t(19) = 4.467, P <
0.001; 48 h: control 18.46 + 1.15, defeat 13.11 + 0.61, tog) =
4.538; P < 0.001). In attempting to correlate changes in adipo-
nectin levels with depressive behavior, a separate cohort of mice
was exposed to 14 d of social-defeat stress, and social interaction
and plasma adiponectin levels were examined in the same in-
dividual mice (Fig. 14). A decline in social interaction was found
to strongly correlate with a reduction in total plasma adiponectin
levels (Fig. 1B, Right, r = 0.56; P < 0.001).

Recent studies suggest that different multimeric forms of adi-
ponectin can influence its ability to pass the blood-brain barrier
and its biological activity (14-17). Next, we examined the effects
of social-defeat stress on the distribution of oligomeric complexes
of adiponectin using gel filtration chromatography followed by
immunoblotting. The levels of both HMW and hexameric adi-
ponectin were significantly reduced in defeated mice. The
amount of trimeric adiponectin was low in plasma and showed no
significant change after social defeat (Fig. 1C). As adipose tissue
is the primary source of adiponectin, we asked whether reduced
plasma adiponectin levels were due to changes in fat mass. Body
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Fig. 1. Chronic social defeat reduces circulating adiponectin concentrations.
(A) Timeline of the experimental procedure. D1-16, day1-16; SI, social in-
teraction; DEXA, dual energy X-ray absorptiometry. (B) Chronic social defeat
(CSD) for 14 consecutive days induces reduction of social interaction time (Left;
Fi72) = 8914, P < 0.001) and decreases total plasma levels of adiponectin
(Center; tz) = 6.239, P < 0.0001). Nondefeat control, n = 16; CSD, n = 22. **P <
0.01, ***P < 0.001 compared with their respective no target conditions; ##p <
0.001 compared control mice in the presence of a social target. There is a sig-
nificant correlation between total plasma adiponectin levels and social in-
teraction ratio (time spent in the interaction zone in the presence of a social
target/ time spent in interaction zone without a social target) (r = 0.56; P <
0.001). (C) Analysis of the oligomeric complex distribution of adiponectin. (Up-
per) Representative distribution of adiponectin oligomeric complexes from so-
cially defeated mice in comparison with nondefeated control mice. Adiponectin
was separated by gel filtration chromatography followed by immunoblotting.
(Lower) Concentrations of oligomeric complexes of adiponectin in plasma that
was calculated on the basis of the relative ratio of adiponectin oligomeric
complexes revealed by gel filtration and total adiponectin levels quantified
by ELISA. CSD decreases relative levels of HMW (tg) = 2.583: P < 0.05) and
hexamers (tg) = 3.420, P < 0.01) without affecting trimers ()= 0.5851, P> 0.5).
n =5 per group. (D) Body weight and body composition measured by DEXA
at the end of the experiments. CSD has no significant effect on body weight
(tqay = 1.438 P = 0.172), fat mass (t(14) = 0.5138, P = 0.615) or lean mass (t(14) =
0.5682, P = 0.579). n = 8 per group. All data are expressed as mean + SEM.

composition (fat mass and lean mass), body weight, and plasma
adiponectin levels were measured in mice at 48 h following 14 d of
social defeat (Fig. 1D). Fat mass and body weight were unchanged,
although a significant reduction in total plasma adiponectin
levels were observed in these defeated mice (control 16.22 +
1.11, defeat 9.91 + 0.93; £(14) = 4.365, P < 0.001), suggesting that
reduced total plasma adiponectin levels are unlikely to be sec-
ondary to a change in adipose mass. Next, adiponectin mRNA
levels in adipose tissue were measured by quantitative real-time
PCR and showed no significant difference between defeated and
nondefeated control groups (control 100 + 5.8, defeat 108 +
113, t(17) = 1072, P = 0298)

Adiponectin Haploinsufficiency Increases Susceptibility to Depression-

Like Behaviors. To determine the functional consequence of re-
duced circulating adiponectin levels on the development of
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depressive symptoms, we used adiponectin haploinsufficient
(Adipo*™) mice with an ~60% reduction in total plasma adipo-
nectin levels (Fig. 24, Left), mimicking the condition of socially
defeated wild-type mice. Also, Adipo™~ mice showed reduction in
both hexamers and HMW oligomers (Fig. 24, Right). Adipo*'~
mice exhibited normal locomotor activity (Fig. 2B) and sensory
functions including visual and olfactory functions (Fig. S1). To
determine the effect of adiponectin haploinsufficiency on social-
defeat-induced depressive behaviors, mice were subjected to so-
cial-defeat stress for 4 or 14 d and subsequently tested for social
interaction. Baseline social interaction in Adipo*'~ mice and wild-
type littermate controls without exposure to social defeat was
similar (Fig. 2C, Left). A short-term (4 d) social defeat signifi-
cantly increased social aversion, i.e., reduced social interaction
time, in Adipo*~ mice but not in wild-type littermate controls
(Fig. 2C, Center). After 14 d of social defeat, both Adipo™~ mice
and wild-type littermate controls showed social aversion to an
equivalent extent (Fig. 2C, Right). Chronic social defeat also
induces “anhedonia,” a core symptom of depression, which can be
measured using the sucrose preference test in mice (28, 29).
Baseline sucrose preference was indistinguishable between
Adipo™~ mice and littermate controls. A significant reduction in
sucrose preference, an anhedonic-like phenotype, was seen in
Adipo*’~ mice after exposure to 4- or 14-d social defeat (Fig. 2D),
whereas wild-type mice showed a decreasing trend with increasing
exposure to social defeat, but did not reach statistical significance
(Fig. 2D). These results indicate that Adipo™~ mice are more
prone to social-defeat—-induced depressive symptoms. Mice were
also tested in a learned helplessness paradigm, a depression model
in which mice are exposed to inescapable and unpredictable stress,
e.g., foot shock, and subsequently develop deficits in coping ca-
pability in an aversive but escapable situation (29). After two
consecutive days of exposure to inescapable foot shock, Adipo™~
mice exhibited longer escape latency and a greater number of
escape failures than wild-type littermate controls (Fig. 2E). Under
the nonshock control condition (exposure to the shock chamber
without delivering foot shock), Adipo™~ mice and wild-type lit-
termates were similar in their escape performance (Fig. 2E). To
rule out altered pain sensitivity as a confounding factor in the
learned helplessness test, mice were tested in the hot plate test
and showed no genotype difference in the hot plate response la-
tency (Adipo*’™ 34.9 + 6.92 s, wild-type littermate 38.0 + 7.50 s;
P > 0.5), suggesting that the results in the learned helplessness test
reflect true deficits in stress coping. Taken together, these results
suggest that adiponectin haploinsufficiency increases susceptibility
to stress-induced depression-like behaviors.

Adiponectin Haploinsufficiency Impairs Glucocorticoid-Mediated
Negative Feedback on the Hypothalamic-Pituitary-Adrenal Axis. A
hyperactive hypothalamic—pituitary—adrenal (HPA) axis is one of
the most consistent features of major depression. Depressed
patients show marked resistance to dexamethasone (DEX)
suppression and exaggerated response to a combination of DEX
suppression and corticotrophin releasing hormone (CRH) stim-
ulation (30, 31). Using the same tests, we measured the sensi-
tivity of the HPA axis of Adipo*~ mice to glucocorticoid-
induced negative feedback. For the DEX suppression test, mice
received i.p. injection of DEX (50 pg/kg) 6 h before corticoste-
rone was measured. DEX treatment significantly decreased
plasma corticosterone levels in wild-type mice, but failed to do so
in Adipo*’~ mice (Fig. 34). For the combined DEX/CRH test,
mice received an injection of DEX (50 pg/kg, i.p.) followed by
a CRH challenge (75 pg/kg, i.p.). The rise of corticosterone
concentrations in plasma at 30 and 60 min after CRH stimula-
tion was significantly higher in Adipo*~ mice than wild-type
littermate controls (Fig. 3B). These results reflect a deficit in
negative feedback control of the HPA axis in Adip0+/ ~ mice,
mimicking what occurs in depressed patients (32, 33).
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Fig. 2. Adiponectin haploinsufficiency increases
susceptibility to stress-induced depression-like
behaviors. (A, Left) Total plasma adiponectin 20
levels in Adipo*’~ mice and wild-type littermates.
n = 5-6 per group. ***P < 0.001. (Right) Adipo-
nectin oligomers as determined by gel elc-
trophoresis under nonreducing and nonheat-
denaturing conditions. (B) Locomotor activity.
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Expression of AdipoR1 and AdipoR2 in Mood-Related Brain Areas.
Although previous studies have indicated the presence of Adi-
poR1 and AdipoR?2 in the brain (16, 20, 21), the distribution of
these receptors in discrete brain areas implicated in mood reg-
ulation remain unclear. In situ hybridization with specific cRNA
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Fig. 3. Adiponectin haploinsufficiency results in resistance to glucocorti-
coid-induced feedback inhibition of hypothalamic-pituitary-adrenal axis.
(A) Dexamethasone (DEX) suppression test. DEX-induced suppression of
corticosterone secretion is impaired in Adipo*/’ mice (treatment F(30) =
8.394, P < 0.01; genotype F(1,309) = 14.176, P < 0.001; treatment x genotype
Fa,30) = 3.366; P = 0.077). Wild-type, n = 10 for basal and n = 9 for DEX
treatment; Adipo™~, n = 10 for basal and n = 7 for DEX treatment. *P < 0.05
compared with basal levels. (B) Combined DEX/CRH test. Adipo*" mice show
enhanced corticosterone response to CRH challenge (F(1,40) = 12.303, P =
0.001). Wild-type, n = 10; Adipo*’~, n = 11. *P < 0.05, **P < 0.01 compared
with wild-type littermate controls. All data are expressed as mean + SEM.
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probes revealed that AdipoR1 mRNA was highly expressed in
various brain regions, such as the medial prefrontal cortex
(mPFC), hippocampus, and amygdala (Fig. 44). AdipoR2
mRNA expression was restricted to a few brain areas including
the hippocampus and certain hypothalamic nuclei (Fig. 44).

Neutralizing Adiponectin in the Brain Increases Susceptibility to
Depression-Like Behavior. The expression of AdipoRs in mood-
related brain areas suggests a role of central adiponectin in de-
pressive behaviors. To test this idea, endogenous adiponectin in
the brain was neutralized by intracerebroventricular (i.c.v.) in-
jection of an adiponectin monoclonal antibody. Mice received an
i.c.v. injection of the adiponectin neutralizing antibody or normal
mouse serum IgG (control) 1 h before each social-defeat epi-
sode. Mice treated with the adiponectin antibody displayed sig-
nificant social aversion after 4 d of social defeat compared with
mice treated with normal IgG (Fig. 4B). This finding suggests
that endogenous adiponectin in the brain plays a role in de-
termining the susceptibility to stress-induced social withdrawal.

Intracerebroventricular Administration of Adiponectin Produces an
Antidepressant-Like Effect. We next examined whether adminis-
tration of exogenous adiponectin to the brain produces antide-
pressant-like effects. Both globular and full-length adiponectin
were tested for their antidepressant-like properties in adult mice.
The forced swim test and tail suspension test are widely used for
screening antidepressant drugs (34, 35). Lc.wv. injection of
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recombinant globular adiponectin to normal-chow—fed mice sig-
nificantly decreased immobility time in the forced swim test as well
asin the tail suspension test, indicating an antidepressant-like effect
(Fig. 4C, Left and Center). Locomotor activity was not affected by
i.c.v. injection of globular adiponectin (Fig. 4C, Right), confirming
that antidepressant-like behavioral effects of globular adiponectin
were not a nonspecific consequence of hypolocomotion. A de-
crease in immobility in the forced swim test was also observed
following i.c.v. injection of full-length adiponectin to normal-chow—
fed mice (Fig. 4D, Left). These data suggest that both globular and
full-length adiponectin have antidepressant-like activity.

The C57BL/6 mouse strain chronically fed a high-fat diet
(HFD) is an established rodent model of diet-induced obesity
and type 2 diabetes. Mice were fed with a HFD (60 kcal% fat)
for 16 wk to induce an obese, diabetic phenotype. Their response
to the behavioral effect of adiponectin in the forced swim test
was evaluated. Mice fed a HFD exhibited increased immobility
time compared with age-matched, normal-chow—fed mice (Fig.
4D, Center). L.c.v. injection of full-length adiponectin in HFD-fed
mice significantly reduced immobility time without affecting lo-
comotor activity (Fig. 4D, Center and Right). The HFD-fed mice
were confirmed to have developed severe obesity, hyperglycemia,
and hyperinsulinemia. Plasma adiponectin levels were reduced in
the HDF-fed mice (Fig. S2).

Discussion

Adiponectin is well known for its ability to regulate metabolic
function. In this study, we addressed the unique role of adipo-
nectin in depression-related behaviors. We demonstrated that
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n =5 per group). *P < 0.05 compared with vehicle (Veh)-
treated NC-fed mice; **P < 0.01 compared with Veh-treated
HFD-fed mice. All data are expressed as mean + SEM.

circulating adiponectin levels were reduced in a chronic social-
defeat model of depression and were inversely correlated with the
social interaction ratio. Adiponectin haploinsufficiency increased
the susceptibility to stress-induced depressive behaviors and im-
paired HPA function. AdipoR1 and AdipoR2 were highly ex-
pressed in depression-related brain areas, and administration of
adiponectin to the brain elicited antidepressant-like behavioral
effects in normal-weight mice and in obese diabetic mice. Our
results suggest that adiponectin levels are critical in determining
susceptibility to depressive behaviors and adiponectin could be
considered as a potential innovative therapeutic target for de-
pression treatment.

It is well established that adiponectin regulates glucose and
lipid metabolism (7). Circulating adiponectin levels are reduced
by chronic high-fat diets and are inversely associated with adipose
mass, insulin resistance, and hyperglycemia (36-38). A unique
and important finding from this study is that circulating adipo-
nectin levels are reduced by chronic social-defeat stress, in-
dependent of changes in adipose mass. This reduction in
circulating adiponectin levels correlated with social withdrawal,
a common symptom in psychiatric disorders such as depression
and posttraumatic stress disorder. The mechanisms underlying
social-defeat-induced reduction in circulating adiponectin levels
are not yet known. However, studies have shown that glucocor-
ticoid stress hormones inhibit adiponectin gene expression and
secretion both in vitro and in vivo (39-42). It seems reasonable to
speculate that social-defeat—-induced decrease in plasma adipo-
nectin levels may be attributed to stress-induced glucocorticoid
surge. Analysis of adipose tissue gene expression revealed no
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change in adiponectin mRNA levels after social defeat. Low
circulating adiponectin levels induced by social defeat could oc-
cur at translational/posttranslational modification levels.

Further studies suggest that decreased adiponectin levels in
defeated mice contribute to the development of depressive
behaviors. Following a short period of social-defeat stress (4 d),
adiponectin haploinsufficient mice exhibited significant social
aversion and anhedonia, whereas wild-type mice only showed
social aversion after 14 d of social defeat, suggesting that adi-
ponectin insufficiency increases the susceptibility to social-defeat
stress. Similar effects of adiponectin haploinsufficiency were also
seen in the learned helplessness model of depression. Adipo-
nectin haploinsufficient mice displayed increased helplessness
after exposure to inescapable and unpredictable electric foot
shocks. These depression-like behavioral phenotypes may be
due, at least in part, to an impairment of glucocorticoid negative
feedback functions as these mutant mice exhibited insensitivity
to glucocorticoid negative feedback in the DEX suppression test
and exaggerated response to CRH stimulation. This could lead
to overactivation of the HPA axis, a key factor in the de-
velopment of depression (43-45).

Adiponectin undergoes oligomerization and different oligo-
meric complexes possess distinct biological activities. The exact
isoforms of adiponectin involved in depressive behaviors remain
unclear. As plasma hexameric adiponectin, a form that can pass
the blood-brain barrier (16), is decreased by social defeat and in
adiponectin haploinsuffcient mice, the endogenous hexameric
isoform may be involved in mediating the depressive-like be-
havioral phenotype. By contrast, i.c.v. infusion of recombinant
globular adiponectin or recombinant full-length adiponectin
produces antidepressant-like behavioral effects in normal weight
mice. Adiponectin also elicits antidepressant-like effects in obese
diabetic mice. This is of great importance as current anti-
depressant medications increase the risk for type 2 diabetes (4—
6). So far, only about one-third of the patients suffering from
major depressive disorder can be successfully treated with anti-
depressant drugs. Adiponectin with its antidiabetic and insulin-
sensitizing properties would serve as an innovative therapeutic
target for depression, especially for those individuals with
comorbid diabetes or prediabetes and those treatment-resistant
to current antidepressant medications. Compounds that increase
endogenous adiponectin levels may be proven to have beneficial
effects on treatment of depression. Administration of peroxi-
some proliferator-activated receptor-y (PPARy) agonists in-
creases plasma levels of adiponectin by two- to threefold (46—
49). Interestingly, it has been recently reported that PPARy
agonists, i.e., pioglitazone and rosiglitazone, produce antide-
pressant effects (50, 51). We speculate that the antidepressant-
like effects of PPARy agonists may be mediated via elevating
endogenous adiponectin levels.

The functional mechanisms underlying adiponectin actions in
the central nervous system are so far poorly understood. The
distinct expression of AdipoR1 and AdipoR2 in the limbic
forebrain areas suggest different physiological roles for these
receptors. It has been reported that AdipoR1 has greater binding
affinity to globular adiponectin, whereas adipoR2 has an in-
termediate affinity for both globular and full-length adiponectin
(19). Activation of AdipoR1 and AdipoR2 can stimulate the
activities of AMP-activated protein kinase (AMPK) and p38
mitogen-activated protein kinase (p38MAPK). We have recently
shown that the p38MAPK signaling pathway mediates adipo-
nectin-induced phosphorylation at the inhibitory Ser389 site of
glycogen synthase kinase 3p (GSK-3p) (19). Substantial evidence
has linked active GSK-3p to increased susceptibility to mood
disorders and inhibition of GSK-3p to therapeutic outcomes of
antidepressants (52-54). We propose that adiponectin-induced
inhibition of GSK-3p may underlie the mechanisms of the anti-
depressant-like effects of adiponectin. Moreover, hippocampal
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neurogenesis has been implicated in the mechanisms of action of
antidepressant medications (55, 56). Adiponectin stimulates
hippocampal neurogenesis (19), which may contribute to its
antidepressant-like behavioral effects. Biosynthesis, secretion,
transport of adiponectin, and the interaction between adipo-
nectin and its receptors are complex processes. Future studies
will be required to identify the factors that mediate stress-in-
duced reduction in circulating adiponectin and determine the
receptor subtype(s) and neuronal circuits that are responsible for
the antidepressant-like effects of adiponectin.

Materials and Methods

Animals. Adult wild-type male C57BL/6J mice fed regular chow diet or a high-
fat diet (60% kcal from fat; Research Diets) were purchased from Jackson
Laboratory and maintained on the same diets. Male CD1 retired breeders,
purchased from Charles River, were used as the resident mice for the social-
defeat paradigm. Heterozygous adiponectin-deficient mice on a C57BL/6J
genetic background were intercrossed to generate adiponectin-hap-
loinsufficient mice and wild-type littermates (57). For further details see S/
Materials and Methods.

Chronic Social Defeat. A resident-intruder paradigm was used as previously
reported (29). Briefly, each male mouse on C57BL/6J genetic background
was individually introduced to the home cage of an unfamiliar aggressive
CD1 resident mouse for 10 min and physically defeated. After the defeat,
the resident CD1 mouse and the intruder mouse were housed in one-half
of the cage separated by a perforated plastic divider to allow visual, ol-
factory, and auditory contact for the remainder of the 24-h period. Mice
were exposed to a new resident CD1 mouse cage and subjected to social
defeat each day for 4 or 14 consecutive days. Nondefeated control mice
were housed two per cage in cages identical to those used for the socially
defeated mice.

Analysis of Distribution of Adiponectin Oligomeric Complexes. See S/ Materials
and Methods.

Body Composition Assessment. The body composition was assessed by dual-
energy X-ray absorptiometry (DEXA) (GE Medical Systems) at 48 h after
social defeat.

cRNA Probe Synthesis and in Situ Hybridization. See S/ Materials and Methods.

RNA Extraction from Adipose Tissue and Real Time-PCR Analysis. See S/
Materials and Methods.

Dexamethasone Suppression Test. Mice received an i.p. injection of DEX
(50 pg/kg body weight). Blood samples were collected by tail nick 6 h after
DEX injection. For the combined DEX/CRH test, mice received an injection of
dexamethasone (50 pg/kg body weight, i.p.). Six hours after administration of
dexamethasone, mice were injected with 75 pg/kg of CRH (American Peptide).
Blood samples were collected 30 and 60 min after CRH injection and corti-
costerone concentrations were determined by RIA (S/ Materials and Methods).

Plasma Glucose, Insulin, and Adiponectin Measurement. See S/ Materials
and Methods.

Cannula Implantation and Central Microinjection. See S/ Materials and Methods.

Behavioral Testing. All of the behavioral tests were performed in adult male
mice at 9-12 wk of age, except the experiments using mice fed a high-fat
diet for 16 wk.

Social interaction test was performed as described previously (29, 58). The
test was conducted in a 40 x 40 cm open field arena enclosed in a dark
testing chamber and illuminated with infrared light. Mice were tested for
two 2.5-min sessions in an open arena with a 9-cm round wire basket located
at one end of the arena in the interaction zone (Fig. 2C). For experimental
details, see SI Materials and Methods.

Behavioral tests, including sucrose preference, learned helplessness, hot
plate, tail suspension test, forced swim test, locomotor activity, visual cliff,
and olfactory function, were performed as described previously (58-60). For
experimental details, see S/ Materials and Methods.
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Statistical Analysis. All results are expressed as mean + SEM. Statistical
analyses were performed using two-tailed t tests, one-way, or multiway
ANOVAs followed by a post hoc Bonferroni/Dunn or Tukey/Kramer (for
unequal n) test. Correlations were determined by linear regression
analysis.
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