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Abstract
Leptin is an adipose hormone with well characterized roles in regulating food intake and energy
balance. A novel neuroprotective role for leptin has recently been discovered; however, the
underlying mechanisms are not clearly defined. The purpose of this study was to determine whether
leptin protects against delayed neuronal cell death in hippocampal CA1 following transient global
cerebral ischemia in rats and to study the signaling mechanism responsible for the neuroprotective
effects of leptin. Leptin receptor antagonist, protein kinase inhibitors and western blots were used to
assess the molecular signaling events that were altered by leptin after ischemia. The results revealed
that intracerebral ventricle infusion of leptin markedly increased the numbers of survival CA1
neurons in a dose-dependent manner. Infusion of a specific leptin antagonist 10 min prior to transient
global ischemia abolished the pro-survival effects of leptin, indicating the essential role of leptin
receptors in mediating this neuroprotection. Both the Akt and extracellular signal-related kinase 1/2
(ERK1/2) signaling pathways appear to play a critical role in leptin neuroprotection, as leptin infusion
increased the phosphorylation of Akt and ERK1/2 in CA1. Furthermore, pharmacological inhibition
of either pathway compromised the neuroprotective effects of leptin. Taken together, the results
suggest that leptin protects against delayed ischemic neuronal death in the hippocampal CA1 by
maintaining the pro-survival states of Akt and ERK1/2 MAPK signaling pathways.
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Leptin is a 16-kDa non-glycosylated protein hormone, produced primarily by white adipocytes,
which functions to regulate food intake and energy balance (Friedman and Halaas 1998). Leptin
acts by binding leptin receptors, which are members of the cytokine receptor class I family
(Hegyi et al. 2004; Ahima 2005). In the central nervous system, leptin receptors are abundantly
expressed in the hypothalamus, and less abundantly expressed in other sites of the brain,
including the cerebral cortex, hippocampus, and cerebellum (Mercer et al. 1996; Shibata et
al. 2003; Zhang et al. 2007c; Guo et al. 2008). The binding of leptin to its receptors activates
associated Janus-tyrosine kinase 2, leading to tyrosine residue phosphorylation of the
intracellular domains of the receptors. The receptors then serve as docking sites for subsequent
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signaling events, including the phosphorylation of signal transducer and activator of
transcription 3 (STAT3), extracellular signal-related kinase 1/2 (ERK1/2) and Akt (Banks et
al. 2000; Imada and Leonard 2000; Kloek et al. 2002).

The neuroprotective effects of leptin have been reported recently (Weng et al. 2007; Zhang et
al. 2007c; Diano and Horvath 2008; Guo et al. 2008), and are thought to be mediated by leptin
receptors. Several downstream signaling pathways are activated following the administration
of leptin, including the ERK1/2, Akt and STAT3 pathways (Russo et al. 2004; Weng et al.
2007; Zhang et al. 2007b; Guo et al. 2008). Furthermore, inhibition of these signaling pathways
can attenuate the protective effects of leptin. However, direct evidence has not been reported
to support the central role of leptin receptors. A leptin antagonist, which contains three
mutations (L39A/D40A/F41A) in leptin and can bind leptin receptors with an affinity similar
to that of leptin but does not exert any agonist effect, was recently shown to block the biological
function of leptin (Gertler 2006; Zhang et al. 2007c). This antagonist makes it possible to study
the essential role of leptin receptors.

Leptin functions via both a central and peripheral mechanisms. The central function of leptin
includes the regulation of body weight and energy balance and is mediated by neurons
(Friedman and Halaas 1998; Bates and Myers 2003). The peripheral function includes the
regulation of blood pressure via endothelial cells (Lembo et al. 2000; Fortuno et al. 2002), and
reproduction via germ cells (Almog et al. 2001; Bates et al. 2003; Bluher and Mantzoros
2007). In our previous report, we demonstrated that the systemic administration of leptin
decreased the infarct volume induced by focal cerebral ischemia in mice (Zhang et al.
2007b). This neuroprotection by leptin may be provided by both the central and peripheral
actions of leptin. It would be constructive to determine if the central action of leptin alone is
sufficient to protect brain against ischemic injury. This can be determined by administering
leptin via the intracerebroventricular (ICV) route in order to avoid the peripheral action of
leptin.

Myocardial infarction and stroke are two major diseases implicated in human death and
disability, and cardiac arrest itself can cause severe brain ischemia. This type of brain injury
is characterized by subchronic and selective hippocampal CA1 neuronal death, and can be
mimicked in a rat model of global cerebral ischemia (Pulsinelli et al. 1982; Chen et al. 1998;
Zhang et al. 2006). It is not clear if leptin is also neuroprotective against ischemic injury induced
by global cerebral ischemia. We set out to establish whether leptin is neuroprotective against
ischemic CA1 neuronal injuries induced by global ischemia in rats. We plan to ascertain
whether leptin acts through a central mechanism alone, as well as the role of leptin receptors
in neuroprotection.

Materials and methods
The rat model of global ischemia and leptin infusion

All animal experiments were approved by the University of Pittsburgh Institutional Animal
Care and Use Committee and carried out in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. The animals used were male adult Sprague–Dawley rats (Hilltop
Lab Animals, Scottdale, PA, USA), weighing 300−330 g. Aseptic surgeries were performed
using anesthesia of 1.5−2% isoflurane in a mixture of 30% O2 and 70% N2O. Transient global
ischemia was induced using a previously described rat model of four-vessel occlusion (Zhang
et al. 2006, 2007a). In brief, blood pressure, blood gases, and blood glucose concentration were
monitored and remained in the normal range throughout the experiments through left femoral
artery catheterization. Rectal temperature was continually monitored and kept at 37−37.5°C
using a heating pad and a heating lamp. Brain temperature was monitored using a 29-Ga
thermocouple implanted in the left caudate-putamen and kept at 35.8 ± 0.2°C during ischemia.
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Global ischemia was induced by cauterization and cutting of both vertebral arteries and
temporarily occluding both common carotid arteries for 12 min. Electroencephalography
(PowerLab, ADInstruments, Colorado Springs, CO, USA) was used to ensure isoelectricity at
10 s post-induction of ischemia. Sham operations were performed in additional animals using
identical surgical procedures, except that the common carotid arteries were not occluded.

Recombinant rat leptin was purchased from Sigma-Aldrich (St. Louis, MO, USA). A stock
solution of leptin was prepared according to the manufacturer's recommendation. Leptin at
doses of 2, 4 or 6 μg in 10 μL vehicle was infused into the right ICV within 20 min after
ischemia with a Hamilton syringe, using the following coordinates from bregma:
anteroposterior, −0.8 mm; lateral 1.5 mm; depth, 3.5 mm. In selected experiments, rats were
subjected to ICV infusion of both leptin and LY294002 [5 μL of 2 mM/L in dimethylsulfoxide/
phosphate-buffered saline (PBS)], PD98059 (5 μL of 2 mM/L in dimethylsulfoxide/PBS), or
leptin-receptor antagonist (12 μg in 5 μL of 0.1% bovine serum albumin/PBS, a gift from
Professor Gertler, Protein Laboratories Rehovot, Israel) 10 min before induction of ischemia.

Histology
For histological analysis, animals were grouped randomly with 8−10 rats in each group. In
experimental groups, various amounts of leptin or vehicle were infused into the right ICV at
20 min after ischemia. Animals were killed at three days following global ischemia and the
brains were removed and frozen in isopentane cooled by dry ice. 20-μm coronal sections at the
level of the dorsal hippocampus were collected and stained with hematoxylin for histological
study. The total numbers of healthy neurons in the entire CA1 regions were counted
microscopically by two investigators blind to the experimental conditions (Zhang et al.
2006, 2007a).

Detection of DNA fragmentation by nick-translation
The DNA polymerase I-mediated biotin-dATP nick-translation (PANT) assay was performed
on fresh-frozen brain sections to detect DNA breaks (Nagayama et al. 2000; Zhang et al.
2006, 2007a). The sections were prepared as described previously. The sections were then air-
dried, fixed with 10% formalin for 10 min, and washed three times in PBS. The sections were
then fixed in ethanol/acetic acid (2 : 1, v/v) for 5 min and washed three times in PBS. After
the sections were permeabilized with 1% Triton X-100 for 20 min and quenched with 2%
H2O2 for 15 min, they were washed three times in PBS. The sections were then incubated in
a moist-air chamber at 37°C for 90 min with PANT reaction mixture containing 5 mM
MgCl2, 10 mM 2-mercaptoethanol, 20 μg/mL bovine serum albumin, dGTP, dCTP, and dTTP
at 30 μM each, 29 μM biotinylated dATP, 1 μM dATP, and 40 U/mL Escherichia coli DNA
polymerase I (Sigma) in PBS (pH 7.4). The reaction was terminated by two PBS washes. After
washing for 5 min in PBS containing bovine serum albumin (0.5 mg/mL), the slides were
incubated for 60 min at 24°C with streptavidin-horseradish peroxidase (Vectastain Elite ABC,
Burlingame, CA, USA) in PBS containing bovine serum albumin. Detection of the biotin-
streptavidin-peroxidase complex was carried out by incubating the sections with a solution of
nickel and diaminobenzidine in PBS (pH 7.4) and 0.05% H2O2. To determine non-specific
labeling, selected sections were incubated in the reaction buffer without DNA polymerase I.
The total numbers of PANT-positive neurons in the entire CA1 regions were counted
microscopically by two investigators blind to the experimental conditions.

Western blot analysis
Western blotting was performed using the standard method described previously (Zhang et
al. 2006, 2007a). Rats were killed at 1, 4 and 24 h after global ischemia, or 24 h after sham
operation (n = 4 per experimental condition). In leptin-treated groups, 6 μg of leptin was infused
into the right ICV at 20 min after ischemia. The CA1 region of the hippocampus was separated,
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homogenized in cell lysis buffer and sonicated, The total protein extracts were subjected to
western blot analysis. Blots were probed with antibodies recognizing total-Akt (t-Akt),
phosphorylated-Akt (p-Akt) at Ser-473; total-ERK1/2 (t-ERK1/2), phosphorylated-ERK1/2
(p-ERK1/2) at Thr202/Tyr204; total-STAT3 (t-STAT3) and phosphorylated-STAT3 (p-
STAT3) at Tyr705 (Cell Signaling Technology, Beverly, MA, USA); total-CREB (t-CREB,
Cell Signaling Technology); and phosphorylated CREB (p-CREB) at Ser-133 (Upstate,
Beverly, MA, USA) and BDNF (H-117, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Gel analysis was accomplished with the assistance of a computerized analysis software, MCID
(Imaging Research Inc., St. Catharines, Ontario, Canada).

Immunohistochemistry
Rats were killed at 1 h after ischemia, or 1 h after sham operation (n = 3 per experimental
condition). In leptin-treated groups, 6 μg of leptin was injected into the right ICV at 20 min
following ischemia. Brains were removed and frozen in isopentane cooled with dry ice. 20-
μm coronal sections at the level of the dorsal hippocampus were collected and selected for
immunohistochemistry staining. The procedures for immunohistochemistry were the same as
described elsewhere (Zhang et al. 2006, 2007a). The antibodies (p-Akt and p-ERK) used for
immunohistochemistry were the same as those used in western blots as described above. The
secondary antibody for p-Akt was conjugated with Alexa Fluor 488, and the secondary
antibody for p-ERK1/2 was conjugated with Cy3. Hoechst was used for counter-staining. For
the assessment of non-specific staining, alternating sections from each experimental condition
were incubated without the primary antibody.

Statistical analysis
All data were presented as mean values ± SE. Statistical significance among means was
assessed using ANOVA followed by post hoc Scheffe's tests, with p < 0.05 considered statistically
significant.

Results
Leptin protects hippocampal CA1 neurons against ischemic injury induced by transient
global cerebral ischemia in rats

To determine if leptin can protect CA1 neurons against ischemic injury induced by global
cerebral ischemia, we injected various amounts of leptin into the ICV of experimental rats. No
significant neuroprotection was noticed when 2 μg of leptin was injected. When 4 μg of leptin
was injected, there was an increase in viable CA1 neurons (Fig. 1, hematoxylin stain), and a
decrease in PANT-positive CA1 neurons (Fig. 2, PANT stain). There was greater
neuroprotection when 6 μg of leptin was used (Figs 1 and 2). These data indicate that leptin is
neuroprotective against CA1 neuronal injury induced by global cerebral ischemia when a single
dose of leptin is administered in 20 min after ischemia and that the neuroprotection is dose-
dependent. They also indicate that leptin can offer neuroprotection through its central action
alone, as it is administrated locally.

Leptin receptors mediate neuroprotection
The neuroprotection of leptin is thought to be mediated by leptin receptor, since several
downstream signaling pathways of leptin receptors have been activated, and the inhibition of
those pathways has been shown to reduce the protective effects of leptin (Russo et al. 2004;
Weng et al. 2007; Zhang et al. 2007b; Diano and Horvath 2008; Guo et al. 2008). To detect if
this is the case in our particular model, we first determined whether leptin receptors are
expressed in hippocampal CA1 neurons. As shown in Fig. 3(a), leptin receptors were expressed
in CA1 regions in sham-operated rat, and the receptor levels were maintained after global

Zhang and Chen Page 4

J Neurochem. Author manuscript; available in PMC 2009 August 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ischemia, indicating that rapid degradation of leptin receptors does not occurs shortly after
induction of ischemia. We then used a unique rat leptin antagonist to determine whether it
exerts a blocking effect capable of attenuating the neuroprotective effects of leptin. This leptin
antagonist, containing three mutations (L39A/D40A/F41A), can bind leptin receptors with an
affinity similar to that of leptin but does not exert any agonist effect (Gertler 2006; Zhang et
al. 2007c). We first injected 12 μg of rat leptin antagonist into ICV 10 min before inducing
global ischemia, and then injected 6 μg of leptin at 20 min after ischemia. Three days later, rat
brains were removed, sectioned and stained with hematoxylin and PANT. As shown in Fig. 3
(b), leptin antagonist entirely eradicated the neuroprotection of leptin, indicating that the
neuroprotection of leptin is mediated by leptin receptors.

Akt signaling pathway plays a critical role in leptin-mediated neuroprotection
The downstream signaling cascades of leptin receptor activation include the Janus-tyrosine
kinase 2-STAT3, ERK1/2, and PI3K-Akt pathways (Bates and Myers 2003). Because Akt is
a master protein kinase that promotes neuronal survival after brain ischemia (Zhang et al.
2004), we therefore hypothesize that the Akt pathway may be important in leptin-mediated
neuroprotection against CA1 neuronal injury induced by global cerebral ischemia in rats. To
prove our hypothesis, we first detected the phosphorylation of Akt in hippocampal CA1 tissues
at 1, 4 and 24 h after global ischemia. At 1 and 4 h after ischemia, there was an increase in the
phosphorylation of Akt in vehicle-treated groups; this effect was further enhanced by leptin
(Fig. 4a, b and e). To confirm the protective role of Akt, we performed Akt inhibition
experiment by injecting LY294002, a PI3K inhibitor, into ICV 10 min before ischemia, and
detecting its effects on the phosphorylation of Akt and the neuroprotection of leptin against
ischemia. As shown in Fig. 4, LY294002 significantly reduced the phosphorylation of Akt,
which consequently blocked the neuroprotective effect of leptin (Fig. 3b and c), indicating that
Akt plays a critical role in the leptin-mediated neuroprotection against CA1 neuronal injury
induced by transient global cerebral ischemia in rats.

ERK1/2 signaling pathway plays an important role in leptin-mediated neuroprotection
We previously reported that the ERK1/2 signaling pathway plays a key role in the
neuroprotective effect of leptin against injuries induced by oxygen-glucose deprivation, focal
cerebral ischemia, and 6-hydroxydopamine (6-OHDA) (Weng et al. 2007; Zhang et al.
2007b). To detect the role of ERK1/2 phosphorylation in CA1 regions after global ischemia
in rats, we performed western blots and immunofluorescent stains. As shown in Fig. 5(a), (b)
and (e), an increase in the phosphorylation of ERK1/2 was noticed at 1 h in vehicle-treated
rats, and this was significantly enhanced by the leptin. To confirm the role of ERK1/2, we
subsequently performed ERK1/2 inhibition experiment by injecting PD98059, a MAPK
inhibitor, into ICV before ischemia. As shown in Fig. 5(c) and (d), PD98059 significantly
reduced the phosphorylation of ERK1/2, thereby blocking the neuroprotective effect of leptin
(Fig. 3b and c), indicating that ERK1/2 activation plays an important role in leptin-mediated
neuroprotection against CA1 neuronal injury.

Leptin increases CREB phosphorylation and up-regulates BDNF expression in the CA1
region after global ischemia

It has been previously demonstrated that an increase in CREB phosphorylation and an up-
regulation of BDNF are essential to the neuroprotective role of leptin against neuronal injury
induced by oxygen-glucose deprivation, focal brain ischemia as well as 6-OHDA (Weng et
al. 2007; Zhang et al. 2007b). To determine whether CREB and BDNF are also involved in
leptin-mediated neuroprotection in the rat global ischemia model, we performed western blots
using the same protein samples as previously described. As shown in Fig. 6(a) and (b), there
was a significant increase in p-CREB in the leptin-treated group at 1 h post-ischemia,
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maintained at 4 h, when compared to the sham-operated group. The level of p-CREB did not
increase in the vehicle-treated group at 1 h post-ischemia and only attained level comparable
to that of the leptin-treated group at 4 h after ischemia. Parallel to the change in p-CREB, an
increased expression of BDNF was noticed in the leptin-treated group (Fig. 6c and d). These
data suggest that the enhancement of CREB phosphorylation and the up-regulation of BDNF
contribute to the neuroprotection of leptin against ischemic injury induced by transient global
brain ischemia in rats.

Signal transducer and activator of transcription 3 is another downstream signaling pathway of
leptin receptors, and it may play a role in leptin-mediated neuroprotection against seizure and
ischemia in focal ischemia (Zhang et al. 2007b; Guo et al. 2008). Although we noticed a trend
of increase in p-STAT3 in the leptin-treated group at 24 h after ischemia, the difference between
the vehicle- and leptin-treated groups was not significant (Fig. 6e and f), suggesting that STAT3
plays a less important role in leptin-mediated neuroprotection against global ischemia in rats.

Discussion
Our present data demonstrate that a single dose of leptin infused into ICV attenuates
hippocampal CA1 neuronal death induced by transient global cerebral ischemia in rats. The
neuroprotection of leptin is mediated by leptin receptors, as leptin antagonist blocks the
neuroprotective effects of leptin. Moreover, the Akt and ERK 1/2 signaling pathways play
critical roles in leptin-mediated neuroprotection.

In addition to its defined functions in regulating food intake and energy balance, leptin has
been recently established as a neuroprotective agent against models of acute and chronic
neurological disorders. For example, leptin reduces the infarct volume induced by focal
cerebral ischemia in mice (Zhang et al. 2007b), protects hippocampal neurons against cell death
induced by epilepsy (Diano and Horvath 2008; Guo et al. 2008), and prevents 6-OHDA-
induced degeneration of dopaminergic neurons in a model of Parkinson's disease (Weng et
al. 2007). The data presented here extend the observed neuroprotective effects of leptin to the
prevention of hippocampal CA1 neuronal death induced by transient global cerebral ischemia.
Furthermore, our current data also show that leptin can provide neuroprotection through central
action alone by direct binding to leptin receptor on neurons.

The neuroprotective mechanisms of leptin involve ERK1/2 (Russo et al. 2004; Weng et al.
2007; Zhang et al. 2007b), Akt (Russo et al. 2004) and STAT3 signaling pathways (Guo et
al. 2008), which are all downstream signaling events of leptin receptor activation. Inhibition
of individual routes of downstream signaling pathways compromises the neuroprotective
effects of leptin, suggesting that these pathways are essential to the neuroprotective role of
leptin. However, these findings alone are not sufficient to demonstrate that neuroprotection of
leptin is mediated by leptin receptors as other hormones may utilize these same downstream
pathways as well. It would be preferable to utilize an animal model with a full deficiency of
leptin receptors; however, this model does not exist. Alternatively, a leptin antagonist, which
has been introduced recently (Gertler 2006), can compete with leptin for binding leptin
receptors and are effective in inhibiting leptin-related biofunctions. Using this rat leptin-
receptor antagonist, we found that the neuroprotective effects of leptin are completely
abolished, indicating that leptin neuroprotection is indeed mediated by leptin receptors.

Akt has been recognized as a master protein kinase that promotes neuronal survival (Yano et
al. 2001; Franke et al. 2003; Zhang et al. 2004). It is especially important in neuroprotective
effects mediated by erythropoietin (Siren et al. 2001; Zhang et al. 2006) and BDNF (Ferrer et
al. 1998; Kiprianova et al. 1999) against ischemic CA1 neuronal injury. We demonstrate here
that leptin also enhances the phosphorylation of Akt in hippocampal CA1, and that the PI3K/
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Akt inhibitor LY294002 abolishes the neuroprotective effects of leptin. Therefore, Akt plays
an essential role in the neuroprotective effects of leptin against ischemic CA1 neuronal death
(Russo et al. 2004; Guo et al. 2008).

In our previous reports, we demonstrated that the ERK1/2 signaling pathway plays a critical
role in leptin-mediated neuroprotection against neuronal death induced by focal cerebral
ischemia or the dopaminergic neurotoxin 6-OHDA (Weng et al. 2007; Zhang et al. 2007b).
The neuroprotective ERK1/2 signaling may involve both direct inhibition of cell death
machinery and transcriptional regulation of cell death/survival factors. For instance, ERK-1/2
can phosphorylate Bad at Ser-112 (Bonni et al. 1999; Fujimura et al. 1999; Jin et al. 2002),
thus inhibiting its apoptotic activity; ERK-1/2 can phosphorylate Bim-EL at Ser-69, facilitating
its degradation (Weston et al. 2003; Harada et al. 2004); and ERK-1/2 can also phosphorylate
caspase-9 at Thr-125, blocking its cleavage and activation (Allan et al. 2003). Furthermore,
ERK-1/2 can also phosphorylate and activate several transcription factors such as CREB, and
then up-regulate BDNF (Xing et al. 1996; Weng et al. 2007). The current data further support
the critical role of the ERK1/2 signaling pathway in leptin-mediated neuroprotection against
ischemic injury.

In previous reports, STAT3 in hippocampal CA1 was phosphorylated as early as 4 h after
transient global cerebral ischemia in rat, and this became more obvious 24 h after ischemia and
phosphorylated STAT3 was predominantly localized to astrocytes (Choi et al. 2003). We
observed a similar phosphorylation pattern of STAT3 in CA1 after global brain ischemia in
the current study. However, no significant enhancement of STAT3 phosphorylation was
observed in leptin-treated rats, suggesting that STAT3 may not be essential in leptin-mediated
neuroprotection against ischemic CA1 neuronal death.

In summary, leptin attenuates hippocampal CA1 neuronal injury induced by transient global
cerebral ischemia in rats, which represents an animal model of cardiac arrest and
cardiopulmonary resuscitation in humans. Our results, along with previous studies
demonstrating leptin-mediated neuroprotection against ischemia as well as Parkinson's disease
and epilepsy, suggest that leptin is a promising therapeutic agent that potentially can be used
to treat both acute and chronic neurological disorders.
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Fig. 1.
Leptin protects hippocampal CA1 neurons against ischemic injury in rats. (a) Representative
microphotographs of hematoxylin-stained hippocampal CA1 regions at 72 h after global
ischemia in rats. (a-i) sham-operated; (b-i) vehicle-treated ischemia; and (c-i) leptin-treated
ischemia. (a-ii), (b-ii), and (c-ii) demonstrate the magnified CA1 neurons whose origins are
indicated by the boxes in (a-i), (b-i), and (c-i), respectively. (b) Viable CA1 neurons were
counted and presented as cell number per hippocampal section, and the mean numbers were
plotted for each group. Sham: sham-operated; Veh.: vehicle-treated ischemia; Lep 2 μg, Lep
4 μg and Lep 6 μg: 2 μg, 4 μg and 6 μg leptin were administered at 20 min after ischemia,
respectively. Data are mean ± SEM, assessed by ANOVA and post hoc Scheffe's tests. **p < 0.01
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vs. vehicle-treated ischemia group. *p < 0.05 vs. vehicle-treated ischemia group. Scale bars =
150 μm in (a-i), (b-i), and (c-i); 100 μm in (a-ii), (b-ii) and (c-ii).
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Fig. 2.
Leptin decreases hippocampal CA1 neuronal degeneration following ischemia in rats. (a)
Representative microphotographs of PANT-stained hippocampal CA1 regions at 72 h after
global ischemia in rats. (a-i) sham-operated; (b-i) vehicle-treated ischemia; and (c-i) leptin-
treated ischemia. (a-ii), (b-ii), and (c-ii) demonstrate the magnified CA1 neurons whose origins
are indicated by the boxes in (a-i), (b-i), and (c-i), respectively. (b) Dead (PANT-positive) CA1
neurons were counted and presented as cell number per hippocampal section, and the mean
numbers were plotted for each group. Sham: sham-operated; Veh.: vehicle-treated ischemia;
Lep 2 μg, Lep 4 μg and Lep 6 μg: 2 μg, 4 μg and 6 μg leptin were administered at 20 min after
ischemia, respectively. Data are mean ± SEM, assessed by ANOVA and post hoc Scheffe's tests.
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**p < 0.01 vs. vehicle-ischemia group. *p < 0.05 vs. vehicle-treated ischemia group. Scale
bars = 150 μm in (a-i), (b-i), and (c-i); 100 μm in (a-ii), (b-ii) and (c-ii).
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Fig. 3.
The neuroprotection of leptin is mediated by leptin receptor. (a) Both the short and long
isoforms of the leptin receptor (Ob-R) were expressed in rat hippocampal CA1 neurons. Sham:
sham-operated group; 1 h and 4 h, one and four hours after global ischemia, respectively. (b)
Leptin antagonist, LY294002 and PD98059 abolished the pro-survival role of leptin. Viable
CA1 neurons were counted, and the mean numbers were plotted for each group. Sham: sham-
operated; Veh.: vehicle-treated ischemia; Lep.: 6 μg leptin was injected into ICV at 20 min
after global ischemia; Ant.: Leptin antagonist was injected into ICV 10 min before global
ischemia; LY: LY294002 was injected into ICV 10 min before global ischemia; PD: PD98059
was injected into ICV 10 min before global ischemia. Data are mean ± SEM, assessed by
ANOVA and post hoc Scheffe's tests. **p < 0.01 vs. vehicle-treated ischemia group. #p < 0.05 vs.
leptin-treated group and p > 0.05 vs. vehicle-treated ischemia group. (c) Leptin antagonist,
LY294002 and PD98059 abolished the anti-apoptotic role of leptin. Dead (PANT positive)
CA1 neurons were counted, and the mean number was plotted for each group. Sham: Sham-
operated; Veh.: Vehicle-treated ischemia; Lep.: 6 μg leptin was injected into ICV at 20 min
after global ischemia; Ant.: Leptin antagonist was injected into ICV 10 min before global
ischemia; LY: LY294002 was injected into ICV 10 min before global ischemia; PD: PD98059
was injected into ICV 10 min before global ischemia. Data are mean ± SEM, assessed by
ANOVA and post hoc Scheffe's tests. **p < 0.01 vs. ischemia group. #p < 0.05 vs. leptin-treated
group and p > 0.05 vs. vehicle-treated ischemia group.
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Fig. 4.
Leptin enhances the phosphorylation of Akt in hippocampal CA1 after ischemia. (a)
Representative western blots showing the levels of p- and t-Akt in the CA1 region at serial
time points following ischemia. S: sham-operated; V: vehicle-treated ischemia; and L: Leptin-
treated ischemia. (b) The average levels of p-Akt in the CA1 region were increased in the leptin-
treated ischemia group at 1 h and 4 h following global ischemia. Data are presented as means
± SEM, assessed by ANOVA and post hoc Scheffe's tests. *p < 0.05 vs. vehicle-treated ischemia
group at the same time point. (c) Representative western blots showing p- and t-Akt levels in
the CA1 region at 1 h following ischemia. S: sham-operated; V: vehicle-treated ischemia; L:
leptin-treated ischemia; and L+LY: leptin and LY294002-treated ischemia group. (d) The
average levels of p-Akt in the CA1 region were quantified and showed an increase in the leptin-
treated group at 1 h following global ischemia, which was abolished by the co-administration
of LY294002. Sham: sham-operated; Veh.: vehicle-treated ischemia; Lep.: leptin-treated
ischemia; and Lep+LY: leptin and LY294002-treated ischemia group. Data are means ± SEM,
assessed by ANOVA and post hoc Scheffe's tests. *p < 0.05 vs. vehicle-treated ischemia group,
#p < 0.05 vs. leptin-treated ischemia group, > 0.05 vs. vehicle-treated ischemia group. (e)
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Representative photomicrographs of immunofluorescent stained p-Akt in the CA1 regions 1 h
after global ischemia. p-Akt is primarily neuron-distributed and shown in green; and nuclei are
counter-stained blue by Hoechst. (a-i) sham-operated; (b-i) vehicle-treated ischemia; and (c-
i) leptin-treated ischemia. (a-ii), (b-ii) and (c-ii) demonstrate the magnified CA1 neurons whose
origins are indicated by the boxes in (a-i), (b-i), and (c-i), respectively. Scale bar, 100 μm.
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Fig. 5.
Leptin enhances the phosphorylation of ERK1/2 in hippocampal CA1 after ischemia. (a)
Representative western blots showing the levels of p- and t-ERK1/2 in the CA1 region at serial
time points following ischemia. S: sham-operated; V: vehicle-treated ischemia; and L: leptin-
treated ischemia. (b) The average levels of p-ERK1/2 in the CA1 region were increased in the
leptin-treated ischemia group at 1 h and 4 h following global ischemia. Data are presented as
means ± SEM, assessed by ANOVA and post hoc Scheffe's tests. *p < 0.05 vs. vehicle-treated
ischemia group at the same time point. (c) Representative western blots showing p- and t-
ERK1/2 levels in the CA1 region at 1 h following ischemia. S: sham-operated; V: vehicle-
treated ischemia; L: leptin-treated ischemia; and L+PD: leptin and PD98059-treated ischemia
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group. (d) The average levels of p-ERK in the CA1 region were quantified and showed an
increase in the leptin-treated group at 1 h following global ischemia, which was abolished by
the co-administration of PD98059. Sham: sham-operated; Veh.: vehicle-treated ischemia;
Lep.: leptin-treated ischemia; and Lep+PD: leptin and PD98059-treated ischemia group. Data
are means ± SEM, assessed by ANOVA and post hoc Scheffe's tests. *p < 0.05 vs. vehicle-treated
ischemia group, #p < 0.05 vs. leptin-treated ischemia group, > 0.05 vs. vehicle-treated ischemia
group. (e) Representative photomicrographs of immunofluorescent stained p-ERk1/2 in the
CA1 regions 1 h after global ischemia. p-ERK1/2 is primarily neuron-distributed and shown
in red; and nuclei are counter-stained blue by Hoechst. (a-i) sham-operated; (b-i) vehicle-
treated ischemia; and (c-i) leptin-treated ischemia. (a-ii), (b-ii) and (c-ii) demonstrate the
magnified CA1 neurons whose origins are indicated by the boxes in (a-i), (b-i), and (c-i),
respectively. Scale bar, 100 μm.
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Fig. 6.
Leptin increases the phosphorylation of CREB and up-regulates BDNF expression in the
hippocampal CA1 region following global ischemia. (a) Representative western blots showing
the levels of p- and CREB in the CA1 region at serial time points following ischemia. S: sham-
operated; V: vehicle-treated ischemia; and L: leptin-treated ischemia. (b) The average levels
of p-CREB in the CA1 region were increased in the leptin-treated ischemia group at 1 h
following global ischemia. Data are presented as means ± SEM, assessed by ANOVA and post
hoc Scheffe's tests. *p < 0.05 vs. vehicle-treated ischemia group at the same time point. (c)
Representative western blots showing the levels of mature form BDNF in the CA1 region at
serial time points following ischemia. S: sham-operated; V: vehicle-treated ischemia; and L:
leptin-treated ischemia. (d) The average levels of BDNF in the CA1 region were quantified
from western blots. BDNF was increased in the leptin-treated group 1 h and 24 h following
global ischemia. Data are means ± SEM, assessed by ANOVA and post hoc Scheffe's tests. *p <
0.05 vs. control group at the same time point. (e) Representative western blots showing the
levels of p- and t-STAT3 in the CA1 region at serial time points following ischemia. S: sham-
operated; V: vehicle-treated ischemia; and L: leptin-treated ischemia. (b) The average levels
of p-STAT3 in the CA1 region were not significantly increased in the leptin-treated ischemia
group following global ischemia. Data are means ± SEM, assessed by ANOVA and post hoc
Scheffe's tests.
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