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Leptin receptor deficiency confers resistance to behavioral
effects of fluoxetine and desipramine via separable substrates
M Guo1,2 and X-Y Lu1,2

Depression is a complex, heterogeneous mental disorder. Currently available antidepressants are only effective in about one-third
to one-half of all patients. The mechanisms underlying antidepressant response and treatment resistance are poorly understood.
Recent clinical evidence implicates the involvement of leptin in treatment response to antidepressants. In this study, we
determined the functional role of the leptin receptor (LepRb) in behavioral responses to the selective serotonergic antidepressant
fluoxetine and the noradrenergic antidepressant desipramine. While acute and chronic treatment with fluoxetine or desipramine in
wild-type mice elicited antidepressant-like effects in the forced swim test, mice null for LepRb (db/db) displayed resistance to
treatment with either fluoxetine or desipramine. Fluoxetine stimulated phosphorylation of Akt(Thr308) and GSK-3β(Ser9) in the
hippocampus and prefrontal cortex (PFC) of wild-type mice but not in db/db mice. Desipramine failed to induce measurable
changes in Akt, GSK-3β or ERK1/2 phosphorylation in the hippocampus and PFC, as well as hypothalamus of either genotype of
mice. Deletion of LepRb specifically from hippocampal and cortical neurons resulted in fluoxetine insensitivity in the forced swim
test and tail suspension test while leaving the response to desipramine intact. These results suggest that functional LepRb is
critically involved in regulating the antidepressant-like behavioral effects of both fluoxetine and desipramine. The antidepressant
effects of fluoxetine but not desipramine are dependent on the presence of functional LepRb in the hippocampus and cortex.
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INTRODUCTION
Major depression is a highly prevalent and debilitating mental
illness with heterogeneity in symptomatology and treatment
response. Currently available antidepressants target monoamine
neurotransmitter systems. The commonly prescribed classes of
antidepressants are the selective serotonin (5-HT) reuptake
inhibitors, selective norepinephrine (NE) reuptake inhibitors and
combined 5-HT/NE reuptake inhibitors.1,2 However, only approxi-
mately one-third of patients achieve remission after initial
treatment.3 The mechanisms underlying the antidepressant
response and treatment resistance are poorly understood.
Leptin is a pleiotropic hormone that has diverse central actions.4

Our previous preclinical studies have shown that the action of
leptin via the long form of its receptor (LepRb) is both sufficient
and necessary for antidepressant-like behaviors in rodents.
Circulating leptin levels are reduced in chronic unpredictable
stress and chronic social defeat models of depression.5 Systemic
administration of leptin produces antidepressant-like responses in
both the forced swim and tail suspension behavioral despair
tests,5–7 two procedures commonly used for screening antide-
pressant effects. Similar behavioral effects were observed after
intracerebroventricular infusion or intrahippocampal infusion of
leptin.5,8 Leptin can also reverse depressive-like behavior induced
by chronic unpredictable stress.5,6 In contrast, selective depletion
of LepRb in the hippocampus and cortex causes depression-like
phenotypes.9,10 These studies support that leptin-LepRb signaling
is critically involved in the development of depressive behavior
and antidepressant action.

Recent clinical studies demonstrate that leptin levels are
inversely associated with the severity of depressive symptoms in
women across the weight spectrum.11 Moreover, it was reported
that leptin levels appear to change along the course of
antidepressant treatment.12–14 Polymorphisms in the leptin gene
and decreased leptin levels are found to be associated with
responses to different classes of antidepressants.15,16 These
findings suggest a role of leptin in depressive symptomatology
and antidepressant efficacy.
The Akt, glycogen synthase kinase 3 beta (GSK3β) and ERK1/2

signaling pathways have been implicated in therapeutic effects of
classical antidepressant drugs.17–20 These pathways are also
recruited by leptin via LepRb.6,9,10,21 Evidence suggests that Akt
signaling mediates antidepressant-like activity of leptin.9,10,21

Blockade of Akt in the hippocampus attenuates the
antidepressant-like effect of leptin.21 Therefore, we hypothesize
that classical antidepressant drugs and leptin may converge on
similar intracellular mechanisms of action. The purpose of this
study was to investigate the role of functional LepRb in behavioral
effects and intracellular signaling induced by the serotonergic
antidepressant fluoxetine and the noradrenergic antidepressant
desipramine.

MATERIALS AND METHODS
Animals
Mice were housed on a 12 h light/12 h dark cycle with ad libitum access to
food and water. The db/db mice and their littermates were obtained by
breeding of db/+ mice (Model Animal Research Center of Nanjing
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University, Nanjing, China). Mice lacking LepRb in hippocampal and cortical
neurons (Lepr cKO) were generated as previously desribed.10 Briefly, EMX1-
Cre mice were crossed with Leprflox/flox mice to generate Leprflox/+, Emx1-Cre
mice, which were subsequently crossed with Leprflox/flox mice to generate
Leprflox/flox, Emx1-Cre (Lepr cKO) mice and Leprflox/flox littermate controls
(fWT) for this study. All animal procedures were approved by the Binzhou
Medical University Hospital Institutional Animal Care and Use Committee
and the Institutional Animal Care and Use Committee of the University of
Texas Health Science Center at San Antonio.

Sucrose/saccharin preference test
Mice were habituated to two water bottles for 1 week in their home cages
before testing. Then a free choice between plain water and 1% sucrose
solution or 0.01% saccharin solution was provided to each animal for
4 days. Water intake and sucrose/saccharin intake were measured daily.
The positions of the weighed bottles were reversed every day. Sucrose/
saccharin preference was calculated as the percentage of sucrose/
saccharin solution intake over the total fluid intake and was regarded as
an index of hedonia.

Forced swim test
To evaluate antidepressant-like effects, mice were injected intraperitone-
ally (i.p.) with fluoxetine (10mg kg− 1), desipramine (10 mg kg− 1) or vehicle
(saline). Thirty minutes after i.p. injection, animals were placed into a clear
Plexiglas cylinder (25 cm in height and 10 cm in diameter) filled with water
(24 °C) to a depth of 15 cm. A 6-min swim session was videotaped by a
camera mounted above the cylinder. The duration of immobility was

measured for the last 4 min. Immobility was defined as the absence of all
movements except those required for respiration.

Tail suspension test
Thirty minutes after drug injection, mice were individually suspended by
the tail to a vertical bar on the top of a box (30 × 30× 30 cm) with adhesive
tape. A 6-min test session for each mouse was recorded by a camera
placed in front of the box. Immobility time during the 6min was measured.
Immobility was defined as the absence of any movements except those
caused by respiration.

Locomotor activity
Thirty minutes after i.p. injection with fluoxetine (10mg kg− 1), desipramine
(10mg kg− 1) or vehicle (saline), mice were placed into an open arena to
monitor locomotor activity. Animals’ activity was recorded for 30min. The
total distance traveled within 30min was analyzed by using ANY-maze
video-tracking system (Stoelting, Wood Dale, IL, USA).

Plasma leptin and insulin levels
Blood samples were collected by decapitation. Plasma was diluted 1:10
and 1:100 for wild-type mice and db/db mice, respectively, for measure-
ment of leptin and insulin levels. Plasma concentrations of leptin and
insulin were determined by using mouse leptin and insulin ELISA kits
(Alpco Diagnostics, Salem, NH, USA).
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Figure 1. Obesity and depression-like phenotypes in db/db mice. (a) Body weight. (b) Food intake. n= 9–10 per group, ***Po0.001 compared
with wild-type mice. (c) Plasma leptin levels. (d) Plasma insulin levels. n= 5 per group, ***Po0.001 compared with wild-type mice. (e) Sucrose
preference test. Left panel, sucrose intake; right panel, sucrose preference. n= 9–10 per group, *Po0.05 compared with wild-type mice. (f)
Saccharin preference test. Left panel, saccharin intake; right panel, saccharin preference. n= 9 per group, **Po0.01 compared with wild-type
mice. (g) Forced swim test. n= 8–9 per group, *Po0.05 compared with wild-type mice.
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Western blot assay
Mice were killed by rapid decapitation. The hippocampus, prefrontal cortex
(PFC) and hypothalamus were dissected out on ice and immediately
homogenized in a lysis buffer containing 50mM Tris–HCl buffer, 150 mM

NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, phenylmethyl-
sulfonyl fluoride and PhosSTOP Phosphatase Inhibitor Cocktail (Roche
Applied Science, Penzberg, Germany). The denatured protein was
separated on an SDS–polyacrylamide gel electrophoresis and transferred
to polyvinylidene fluoride membrane. The membrane was blocked in a
solution of Tris-buffered saline with 1% dried milk and 0.1% Tween 20.
Membranes were then incubated with the following primary antibodies
diluted in the blocking solution: anti-Akt (1:1000, Cell Signaling Technol-
ogy, Danvers, MA, USA), anti-phospho-Akt(Thr308) (1:1000, Cell Signaling),
anti-GSK3β (1:1000, Cell Signaling), anti-phospho-GSK3β(Ser9) (1:1000, Cell
Signaling), anti-phospho-GSK3β(Ser389) (1:1000, EMD Millipore, Billerica,

MA, USA), anti-ERK1/2 (1:1000, Cell Signaling), anti-phospho ERK1/2
(Thr202/Tyr204) (1:1000, Cell Signaling), anti-β-actin (1:3000, Cell Signal-
ing), anti-SERT (1:1000, Abcam, Cambridge, MA, USA). After washing,
membranes were incubated with secondary antibodies conjugated to
horseradish peroxidase (1:5000, Promega, Madison, WI, USA). Signals were
visualized using HyGlo-Chemiluminescent HRP-linked antibody detection
reagent (Denville Scientific, Metuchen, NJ, USA) followed by exposure to
X-ray film. The densities of the bands were analyzed using Image J for
quantitative analysis.

Statistical analysis
Statistical analyses were conducted using two-tailed Student’s t-test or
two-way analysis of variance followed by Tukey/Kramer post hoc
comparisons. P-values o0.05 were considered statistically significant. All
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Figure 2. Behavioral responses of db/db mice to fluoxetine and desipramine in the forced swim test. (a) Behavioral effects of acute treatment
with fluoxetine (10mg kg− 1, i.p.) and desipramine (10 mg kg− 1, i.p.). Forced swim test and locomotor activity test were performed 30min after
injection. (a1) Left panel, forced swim test; right panel, locomotor activity test. (a2) Left panel, forced swim test; right panel, locomotor activity
test. (b) Behavioral effects of chronic administration with fluoxetine (10 mg kg− 1 per day, i.p.), desipramine (10mg kg− 1 per day, i.p.) for
21 days. The forced swim test was carried out 24 h after the last injection. n= 7–13 per group. *Po0.05, **Po0.01, ***Po0.001 compared
with vehicle-treated wild-type (WT) mice; #Po0.05 compared with vehicle-treated db/db mice. i.p., intraperitoneal.
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data are presented as mean± s.e.m. and the western blot data are
presented as percentage of control.

RESULTS
The db/db mice display metabolic and depression-like phenotypes
The db/db mice weighed approximately twice as much as wild-
type littermate controls at 12 weeks of age (t(17) = 17.82, Po0.001,
Figure 1a). They consumed 40% more food (t(17) = 5.597, Po0.001,
Figure 1b) and exhibited hyperleptinemia (t(8) = 12.64, Po0.001)
and hyperinsulinemia (t(8) = 5.504, Po0.001, Figures 1c and d),
consistent with expectations. To study depression-related behav-
iors in db/db mice, sucrose preference was assessed. Wild-type
mice and db/db mice were given free access to water and 1%
sucrose solution for 4 days. The cage position of the two fluid
bottles was switched daily to control for positional preference. The
db/db mice showed increased consumption (t(17) = 2.760, Po0.05)
but reduced preference (t(17) = 2.496, Po0.05) for sucrose solution
as compared with wild-type littermate controls (Figure 1e). To rule
out the potential confounding effect of caloric intake in the
sucrose preference test, we tested the mice with 0.01% saccharin,
a non-caloric sweetener. The saccharin consumption of db/db
mice was similar to that of wild-type mice (t(16) = 0.774, P40.1),
but saccharin preference was significantly decreased in db/db
mice (t(16) = 3.471, Po0.01, Figure 1f). The reduction in preference
for both sucrose and saccharin in db/db mice suggests an
anhedonic phenotype. Furthermore, in the forced swim test, db/
db mice exhibited increased immobility (t(15) = 2.867, Po0.05,
Figure 1g), an index of behavioral despair. However, as db/db mice
have decreased locomotor activity, the increased immobility in the
forced swim test could be attributable, in part, to general
hypolocomotion.

Antidepressant-like behavioral responses to acute and chronic
treatment with fluoxetine and desipramine are attenuated in
db/db mice
To determine the impact of leptin receptor deficiency on
behavioral responses to different classes of antidepressants, the
serotonergic antidepressant fluoxetine and the noradrenergic
antidepressant desipramine were used to evaluate their
antidepressant-like effects in db/db mice in the forced swim test.
First, we determined the behavioral effects of acute fluoxetine and
desipramine in db/db mice and their wild-type littermate controls.
The forced swim test was performed 30min after acute
administration with fluoxetine (10 mg kg− 1, i.p.) or desipramine
(10 mg kg− 1, i.p.). There were significant main effects of treatment,
genotype and interaction between drug treatment and genotype
(fluoxetine: F(1,35) = 9.46, Po0.01 for treatment; F(1,35) = 53.23,
Po0.001 for genotype and F(1,35) = 7.402, P= 0.01 for interaction;
desipramine: F(1,26) = 9.791, Po0.01 for treatment; F(1,26) = 43.66,
Po0.001 for genotype and F(1,26) = 4.25, Po0.05 for interaction).
Vehicle-treated db/db mice exhibited increased immobility when
compared with vehicle-treated wild-type littermate controls
(Po0.01, Figure 2a, left panels), which is consistent with the
results above obtained from naive mice. Both fluoxetine and
desipramine induced antidepressant-like behavioral effects in
wild-type mice, as indicated by dramatic reduction of immobility
(Po0.05). However, the behavioral effects of both fluoxetine and
desipramine were completely abolished in db/db mice (Figure 2a,
left panels). To rule out the possible contribution of differing
motoric responses to fluoxetine and desipramine in db/db mice
from wild-type mice, locomotor activity was assessed at the time
point (that is, 30 min after drug administration) when the mice
were subjected to the forced swim test. Fluoxetine and
desipramine caused no significant change in locomotion in either
wild-type mice or db/db mice (fluoxetine: F(1,33) = 3.07, P40.05 for
treatment; F(1,33) = 100.13, Po0.001 for genotype and F(1,33) = 0.01,

P40.5 for interaction; desipramine: F(1,26) = 2.99, P40.05 for
treatment; F(1,26) = 36.69, Po0.001 genotype and F(1,26) = 0.42,
P40.5 interaction; Figure 2a, right panels).
Because chronic antidepressant administration is required for

therapeutic effectiveness,3,22–24 we, therefore, examined the
responsiveness of db/db mice to the behavioral effects of
fluoxetine and desipramine after chronic (21-day) administration
(Figure 2b). There were significant main effects of genotype
(F(1,52) = 12.93, Po0.001) and drug treatment (F(2,52) = 7.17,
Po0.01) on immobility time in forced swim test. Both fluoxetine
and desipramine produced robust effects in reducing immobility
in wild-type mice (Po0.01) but not in db/db mice. These data
indicate that LepRb deficiency causes resistance to the
antidepressant-like behavioral effects of both fluoxetine and
desipramine.

Effects of fluoxetine on Akt, GSK3β and ERK1/2 signaling in the
hippocampus, PFC and hypothalamus of wild-type mice and db/db
mice
Akt, GSK3β and ERK1/2 phosphorylation was determined in three
brain regions that express LepRb,10,25 30 min following an acute
administration of fluoxetine. Fluoxetine stimulated phosphoryla-
tion of Akt(Thr308) and GSK3β(Ser9) in the hippocampus
(t(8) = 4.983, Po0.01 for Akt(Thr308) and t(6) = 3.020, Po0.05 for
GSK3β(Ser9)) and PFC (t(4) = 3.039, Po0.05 for Akt(Thr308) and
t(4) = 10.78, Po0.001 for GSK3β(Ser9)) of wild-type mice but not
db/db mice (hippocampus (t(6) = 0.396, P40.5 for Akt(Thr308) and
t(6) = 2.084, P40.05 for GSK3β(Ser9)) and PFC (t(4) = 0.559, P40.5
for Akt(Thr308) and t(4) = 2.413, P40.05 for GSK3β(Ser9)); Figures
3a and b). Following fluoxetine treatment, there was no significant
difference in phosphorylation of GSK3β(Ser389) in the hippocam-
pus (t(6) = 0.719, P40.1 for wild-type and t(6) = 0.790, P40.1 for db/
db) and PFC (t(4) = 1.110, P40.1 for wild-type and t(4) = 0.239,
P40.5 for db/db). Fluoxetine failed to induce phosphorylation of
ERK1/2(Thr202/Tyr204) in the hippocampus (t(6) = 0.310, P40.5 for
wild-type and t(6) = 0.540, P40.5 for db/db) and PFC (t(4) = 2.612,
P40.05 for wild-type and t(4) = 0.713, P40.5 for db/db) in either
wild-type or db/db mice. Moreover, we examined these signaling
pathways in the hypothalamus, an important leptin target site for
feeding and body weight regulation,26,27 in response to fluoxetine.
There were no measurable changes in the phosphorylation of Akt
(t(6) = 0.235, P40.5), GSK3β (Ser9 t(6) = 0.919, P40.1 and Ser389
t(6) = 1.822, P40.1) or ERK1/2 (t(6) = 0.092, P40.5) in the hypotha-
lamus of wild-type mice following fluoxetine treatment (Figure 3c).
To determine whether the absence of the stimulatory effect of

fluoxetine in the hippocampus and PFC of db/db mice is due to
loss of its binding sites, the serotonin reuptake transporter (SERT),
SERT levels in the hippocampus and PFC were measured using
western blotting. The db/db mice showed normal levels of SERT
protein in the hippocampus (t(6) = 0.464, P40.5) and PFC
(t(6) = 1.011, P40.1), indistinguishable from wild-type control mice
(Figure 3d). This finding suggests that the failure of fluoxetine to
induce antidepressant behavioral effects and stimulate signal
transduction in the hippocampus and PFC is not attributable to a
reduced level of SERT in these two brain regions.

Effects of desipramine on Akt, GSK3β and ERK1/2 signaling in the
hippocampus, PFC and hypothalamus of wild-type mice and db/db
mice
Akt, GSK3β, and ERK1/2 phosphorylation was determined in three
brain regions 30 min following an acute administration of
desipramine. In the hippocampus and PFC of wild-type mice or
db/db mice, desripramine produced no significant effect on Akt
(Thr308) (hippocampus (t(6) = 0.201, P40.5 for wild-type and
t(6) = 1.992, P40.05 for db/db) and PFC (t(6) = 0.098, P40.5 for
wild-type)), GSK3β(Ser9) (hippocampus (t(6) = 0.962, P40.1 for
wild-type and t(6) = 1.058, P40.1 for db/db) and PFC (t(6) = 0.182,
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P40.5 for wild-type)), GSK3β(Ser389) (hippocampus (t(6) = 0.539,
P40.5 for wild-type and t(6) = 0.548, P40.5 for db/db) and PFC
(t(6) = 1.064, P40.1 for wild-type)) and ERK1/2(Thr202/Tyr204)
(hippocampus (t(6) = 0.647, P40.5 for wild-type and t(6) = 0.339,
P40.5 for db/db) and PFC (t(6) = 0.958, P40.1 for wild-type);
Figures 4a and b). Similar to fluoxetine, phosphorylation of these
signaling molecules following desipramine treatment was not
significantly different from that of vehicle treatment in the
hypothalamus of wild-type mice (Akt(Thr308) t(6) = 0.616, P40.5;
GSK3β(Ser9) t(6) = 0.335, P40.5; GSK3β(Ser389) t(6) = 0.872, P40.1;
and ERK1/2(Thr202/Tyr204) t(6) = 1.064, P40.1; Figure 4c).

Lepr cKO mice are resistant to the antidepressant-like behavioral
effect of fluoxetine but not desipramine
Our previous studies have characterized Lepr cKO mice, showing
that LepRb is specifically deleted in the hippocampus and cortex,
but LepRb expression is intact in the hypothalamus in this line of
conditional knockout mice. Lepr cKO mice display normal body
weight and locomotor activity, but exhibit depression-like

phenotypes.10 Using this line of mice, we sought to determine
whether LepRb in the hippocampus and cortex is necessary for
the antidepressant-like behavioral effects of fluoxetine and
desipramine. In the forced swim test, a two-way analysis of
variance revealed significant effects of genotype (F(1,36) = 14.29,
Po0.001) and fluoxetine treatment (F(1,36) = 10.02, Po0.01) on
immobility time. The behavioral effect of acute fluoxetine was
blunted in Lepr cKO mice (Figure 5a, left panel). Following
desipramine treatment, significant effects of genotype
(F(1,26) = 14.37, Po0.001) and drug treatment (F(1,26) = 27.61,
Po0.001) on immobility time were also found. Desipramine
treatment effectively reduced immobility time in Lepr cKO mice to
an extent comparable to desipramine-treated wild-type mice
(Figure 5a, right panel). To confirm these findings, a separate
cohort of Lepr cKO mice and their wild-type littermate controls
were tested in the tail suspension test following acute treatment
with fluoxetine and desipramine. There were significant main
effects of genotype (F(1,28) = 49.7, Po0.001 for fluoxetine;
F(1,52) = 7.26, Po0.05 for desipramine) and drug treatment
(F(1,28) = 10.83, Po0.01 for fluoxetine; F(1,52) = 33.35, Po0.001 for
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desipramine). Similar to the findings obtained from the forced
swim test, the behavioral effect of fluoxetine in the tail suspension
test was abolished in Lepr cKO mice, whereas desipramine
produced equivalent behavioral responses in both Lepr cKO mice
and wild-type control mice (Figure 5b).

DISCUSSION
A substantial percentage of depressed patients fail to respond to
antidepressant treatment.3,28,29 The biological mechanisms under-
lying antidepressant response and treatment resistance, however,
remain unknown. Here we have shown that leptin/LepRb
signaling is critically involved in the mechanisms of action of
antidepressant drugs. The serotonergic antidepressant fluoxetine
and the noradrenergic antidepressant desipramine are the two
most commonly prescribed drugs used to treat depression. Their
antidepressant-like behavioral effects following both acute and
chronic administration were abolished or blunted in LepRb-null

db/db mice. Akt/GSK3β signaling in response to fluoxetine was
impaired in the hippocampus and PFC of db/db mice, whereas no
measurable changes in Akt/GSK3β and ERK1/2 signaling mole-
cules were observed following desipramine. Moreover, deletion of
LepRb specifically in the hippocampal and cortical neurons
reduced behavioral response to fluoxetine but not desipramine.
Our results indicate that functional LepRb in the hippocampus and
PFC is essential for behavioral efficacy and intracellular signaling
of fluoxetine but not desipramine, suggesting separable neural
substrates mediating their antidepressant actions.
Epidemiological data suggest that obesity is linked to an

increased risk of depressive disorders.30–32 One possible mecha-
nism involves leptin resistance. The db/db mice, a model of total
leptin resistance, are severely obese. Given a decreased preference
for both sucrose and saccharin (non-caloric sweetener) solutions
observed in db/db mice, this deficit is unlikely due to an effect of
the motivational drive for food, but rather a specific anhedonic
phenotype. As reported previously,33 db/db mice displayed

Figure 4. Effects of acute desipramine treatment on phosphorylation of Akt, GSK3β and ERK1/2 in the hippocampus, PFC and hypothalamus of
db/db mice versus wild-type mice. Phosphorylation of Akt, GSK3β and ERK1/2 was determined 30min after acute desipramine treatment
(20mg kg− 1, i.p.). (a) Upper panel showing representative immunoblots of Akt, GSK3β and ERK1/2 in the hippocampus of wild-type (WT) mice
and db/db mice. Bottom panel showing quantitative data. (b) Phosphorylation of Akt, GSK3β and ERK1/2 in the PFC of wild-type mice. (c)
Phosphorylation of Akt, GSK3β and ERK1/2 in the hypothalamus of wild-type mice. n= 4 per group. i.p., intraperitoneal.
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increased immobility in the forced swim test, usually indicative of
enhanced ‘behavioral despair’. Increased adipose tissue mass in
db/db mice may result in more floatation in the forced swim test,
which could be a potential caveat. However, higher body weight
and adiposity in mice do not seem to impair the animal’s mobility
response to antidepressant effects. It has been reported that a
single injection of leptin reduces immobility time to a similar
extent in leptin-deficient (ob/ob) obese mice and wild-type mice.8

Moreover, acute desipramine treatment decreases immobility to a
similar extent in both diet-induced obese mice and control mice.8

In view of these findings, the resistance to fluoxetine and
desipramine observed in db/db mice is likely the outcome of
impaired LepRb signaling rather than the consequence of fat
status of the mice.
Clinical studies have suggested an association of leptin levels

with antidepressant responses. It was reported that leptin levels
are increased during successful antidepressant treatment of
depressed patients.12 Genome-wide pharmacogenetic analyses
demonstrate a strong association of polymorphisms of the leptin
gene with response to nortriptyline, a tricyclic antidepressant.16

Moreover, a recent study reported that patients carrying specific
polymorphisms in the leptin gene showed lower remission rates
or impaired treatment response to tricyclic antidepressants and
mirtazapine, a 5-HT and NE reuptake inhibitor.15 Our observations
of the resistance of db/db mice to the antidepressant-like
behavioral effects of fluoxetine and desipramine suggest an
important role of leptin-LepRb in antidepressant response and
may represent a mechanism underlying treatment-resistant
depression.
Fluoxetine and desipramine function by enhancing neurotrans-

mission of 5-HT and/or NE via inhibition of neurotransmitter
reuptake. Possible interactions between LepRb and 5-HT or NE
neurotransmission could occur presynaptically and/or postsynap-
tically. The primary source of NE in the central nervous system
derives from the locus coeruleus,34,35 where there is no LepRb
expression.25 LepRb is highly expressed in the raphe nuclei that
are densely populated with 5-HT neurons.25,36 However, 5-HT
neurons were found not to express LepRb.37 These observations
argue against the possibility of a direct action of LepRb on 5-HT or
NE presynaptic neurons. The second possibility is that leptin
interacts with 5-HT or NE neurotransmission in terminal fields,
such as the hippocampus and PFC.25,38–41 In these two brain
regions, fluoxetine stimulated phosphorylation of Akt and GSK3β
in wild-type mice but not in db/db mice. In light of Akt/GSK3β
signaling in therapeutic effects of antidepressants,17,19,20 this is
consistent with impaired antidepressant-like behavioral responses
of db/db mice to fluoxetine. As fluoxetine acts primarily as an
inhibitor of SERT to increase 5-HT availability for synaptic
transmission, it is possible that the failure of fluoxetine to produce
behavioral and signaling effects in db/db mice could be simply
due to the downregulation of SERT. However, it seems to not be
the case as SERT protein levels were unaltered in the hippocam-
pus and PFC of db/db mice. Together, these data suggest that
fluoxetine may interact with LepRb on postsynaptic neurons,
targeting at the intracellular Akt/GSK3β signaling pathway.
However, whether this is caused by fluoxetine transactivation of
LepRb independent of leptin and 5-HT reuptake inhibition remains
to be investigated.
In contrast to the well-characterized signaling pathways

mediating antidepressants acting on 5-HT neurotransmission,
there is not much information available on Akt/GSK3β or ERK1/2
signaling in response to the noradrenergic antidepressant
desipramine. The present study demonstrated that desipramine
failed to induce phosphorylation of Akt, GSK3β or ERK1/2 in the
hippocampus and PFC in either wild-type mice or db/db mice.
These signaling pathways were also determined in another brain
region, the hypothalamus, and showed no measurable changes in
response to desipramine treatment. It is possible that desipramine

may activate unique signaling pathways in these brain regions. It
is also possible that the hippocampus and PFC may serve as neural
substrates mediating the effects of fluoxetine but not desipra-
mine. Our further investigation confirmed the second possibility
using mice with deletion of LepRb specifically in hippocampal and
cortical neurons. These mice exhibit depression-like phenotypes,
such as anhedonia and behavioral despair,10 similar to those seen
in db/db mice. In contrast to the obesity syndrome in db/db mice,
Lepr cKO mice have normal fat deposition and body weight, as
well as plasma levels of leptin and insulin.10 We found that
deletion of LepRb in hippocampal and cortical neurons impaired
behavioral responses to fluoxetine in both the forced swim test
and tail suspension test. In contrast, desipramine produced similar
behavioral effects in both conditional LepRb knockout mice and
wild-type mice. This interesting finding suggests that functional
LepRb in the hippocampus and PFC is necessary for behavioral
responses to fluoxetine but not desipramine. The neural
substrates that mediate LepRb actions on behavioral responses
to desipramine, however, remain to be further explored.
Treatment-resistant depression has been proposed to represent

a biologically unique subtype of depression. The present study
suggests that functional LepRb may be a determinant of
antidepressant efficacy. Whether genetic polymorphisms of the
LepRb gene are associated with treatment resistance to anti-
depressant therapy and the failure to achieve remission in
depressed patients awaits future investigations. The nature of
the neural circuits and molecular mechanisms involved in
therapeutic actions of different classes of antidepressants are still
not well understood. Identifying neural substrates underlying
leptin action on behavioral effects of classical antidepressants in
future studies would provide new insight into the understanding
of differential responses to antidepressants and the development
of novel therapeutic strategies to overcome treatment resistance.
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