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Abstract
The hormone leptin has widespread actions in the CNS. Indeed, leptin markedly influences
hippocampal excitatory synaptic transmission and synaptic plasticity. However, the effects of
leptin on fast inhibitory synaptic transmission in the hippocampus have not been evaluated. Here
we show that leptin modulates GABAA receptor-mediated synaptic transmission onto
hippocampal CA1 pyramidal cells. Leptin promotes a rapid and reversible increase in the
amplitude of evoked GABAA receptor-mediated IPSCs; an effect that was paralleled by increases
in the frequency and amplitude of miniature IPSCs, but with no change in paired pulse ratio or
CV, suggesting a postsynaptic expression mechanism. Following washout of leptin, a persistent
depression (I-LTD) of evoked IPSCs was observed. Whole cell dialysis or bath application of
inhibitors of PI 3-kinase or Akt prevented leptin-induced enhancement of IPSCs indicating
involvement of a postsynaptic PI 3-kinase/Akt-dependent pathway. In contrast, blockade of PI 3-
kinase or Akt activity failed to alter the ability of leptin to induce I-LTD, suggesting that this
process is independent of PI 3-kinase/Akt. In conclusion these data indicate that the hormone
leptin bi-directionally modulates GABAA receptor-mediated synaptic transmission in the
hippocampus. These findings have important implications for the role of this hormone in
regulating hippocampal pyramidal neuron excitability.
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Introduction
Leptin is a circulating hormone that can enter the brain via transport across the blood brain
barrier. Leptin receptors are widely expressed in many regions of the brain including the
hypothalamus, hippocampus, cerebellum, amygdala and brain stem (Hakansson et al, 1998;
Elmquist et al, 1998; Shanley et al, 2002a). It is well established that leptin plays a pivotal
role in regulating energy homeostasis, thermoregulation and reproductive function via its
actions on specific hypothalamic neurons (Spiegelman & Flier 2001; Mantzoros, 2000).
However, it is becoming apparent that leptin has widespread actions in the brain. Indeed,
several lines of evidence indicate that this hormone rapidly modulates excitatory synaptic
transmission in the CNS. Indeed in the hippocampus, leptin enhances NMDA receptor-
mediated synaptic transmission, but depresses AMPA receptor-mediated function (Shanley
et al, 2001). Similarly in cerebellar granule cells, leptin selectively facilitates NMDA, but
not AMPA-receptor-mediated responses (Irving et al, 2006). Moreover several lines of
evidence indicate that leptin markedly influences the efficacy of hippocampal excitatory
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synapses (Harvey, 2007; Shanley et al, 2001; Li et al, 2002; Wayner et al, 2004;
Durakoglugil et al, 2005). In addition, recent studies have shown that leptin promotes rapid
remodeling of hippocampal dendrites which in turn leads to a rapid increase in synaptic
density (O’Malley et al, 2007). However the acute effects of leptin on fast inhibitory
synaptic transmission in the hippocampus are not known. In hypothalamic neurons, the
effects of leptin on GABAergic synaptic transmission have been investigated. Indeed, acute
application of leptin results in attenuation of the frequency of fast inhibitory synaptic
transmission onto POMC (Cowley et al, 2001; Munzberg et al, 2007), but not NPY neurons
(Glaum et al, 1997) suggesting that leptin acts presynaptically to reduce GABA release onto
POMC neurons. Moreover in accordance with these findings, ob/ob mice with chronic
deficiencies in leptin display marked increases in GABAergic inhibitory tone onto POMC
neurons (Pinto et al, 2004). However little is known about the locus, time course or precise
cellular mechanisms underlying the effects of leptin on hypothalamic inhibitory synaptic
transmission.

Fast inhibitory synaptic transmission in the mammalian brain is mediated predominantly by
the ligand-gated A-type γ-aminobutyric acid (GABAA) receptor (MacDonald & Olsen,
1994). GABAA receptors are thought to exist as hetero-pentameric complexes, assembled
from various subunits including α (1-6), β (1-3), γ (1-3), δ, ε and θ (Barnard et al., 1998;
MacDonald and Olsen, 1994; McKernan and Whiting, 1996). GABAA receptors are known
to be the site of action of various psychoactive drugs such as benzodiazepines and
barbiturates and may be subject to physiological regulation by certain neurosteroids
(Sieghart and Ernst, 2005). GABAA receptor function can also be modulated by alterations
of channel gating and conductance properties or by changes to the density of postsynaptic
cell surface receptors. Recent studies have shown that the hormone insulin increases
GABAA receptor-mediated synaptic transmission in the hippocampus via Akt (also known
as protein kinase B)-dependent delivery of GABAA receptor subunits to the plasma
membrane (Wang et al, 2003; Vetiska et al, 2007).

It is well established that activity-dependent changes in the efficacy of excitatory synapses
are crucial for neuronal development and learning and memory (Bliss and Collingridge,
1993). Growing evidence indicates that the strength of inhibitory GABAA synapses is also
regulated in an activity-dependent manner (Gaiarsa, 2004). Indeed, in hippocampal
pyramidal cells GABAA receptor-mediated synaptic responses can be transiently reduced
following postsynaptic membrane depolarization (Pitler and Alger, 1992). High frequency
stimulation combined with presynaptic and postsynaptic activity also evokes long term
modification of GABAergic synapses onto CA1 pyramidal cells (Lu et al, 2000; Shew et al,
2000; Chevaleyre & Castillo, 2003). The LTD of inhibitory synapses (I-LTD) induced
following high frequency stimulation is due to a persistent reduction in GABA release that is
mediated by endocannabinoids (Chevaleyre & Castillo, 2003). Moreover this form of
plasticity is thought to underlie changes in pyramidal cell excitability associated with LTP at
excitatory synapses.

Although considerable attention has focused on the effects of leptin on excitatory synaptic
input onto CA1 pyramidal cells, the effects of this hormone on inhibitory synaptic
transmission at this synapse are unknown. In this study we provide the first compelling
evidence that leptin evokes an initial increase, followed by a persistent reduction in the
efficacy of GABAA receptor-mediated synaptic transmission onto hippocampal pyramidal
cells. These findings have important implications for the regulation of hippocampal neuron
excitability by leptin.
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Materials and Methods
Hippocampal slice preparation

Young Sprague Dawley rats of either sex (13-19 days old) were killed by cervical
dislocation in accordance with Schedule 1 of the U.K. Government Animals (Scientific
Procedures) Act, 1986. After decapitation the brain was removed and placed in ice-cold
artificial cerebrospinal fluid (aCSF) consisting of (mM): NaCl 124; KCl 3; NaHCO3 26;
NaH2PO4 1.25; MgSO4 1; CaCl2 2; D-glucose 10 (bubbled with 95% O2/ 5% CO2; pH 7.4).
Transverse hippocampal slices (400 μm) were cut using a Vibratome or DSK tissue slicer
(Intracel, Royston, UK) and were maintained in oxygenated aCSF at room temperature for
an hour before use.

Electrophysiological recordings
Whole-cell patch-clamp recordings were made at ∼33°C from hippocampal CA1 pyramidal
neurons visually identified with an Olympus BX51 (Olympus, Southall, UK) microscope
using differential interference contrast optics. Miniature inhibitory synaptic current (IPSC)
recordings were obtained at a holding potential of -60mV using borosilicate glass pipettes
(4-6 MΩ) containing (in mM): 130 CsCl, 10 HEPES, 10 EGTA, 2 MgCl2, 2 Mg-ATP, 1
CaCl2, pH 7.2, with CsOH. Hippocampal slices were bathed in ACSF containing 2 mM
kynurenate acid to block AMPA and NMDA receptor mediated currents, and 0.5 μM
tetrodotoxin (TTX) to block action potential driven synaptic transmission. Miniature IPSC
data were recorded onto a digital audiotape (DAT) using a Bio-Logic (Claix, France) DTR
1200 recorder and analyzed off-line using the Strathclyde Electrophysiology Software,
WinEDR/WinWCP (courtesy of Dr. J. Dempster, University of Strathclyde, Glasgow, UK).
Individual mIPSCs were detected using a -4pA amplitude threshold detection algorithm and
were visually inspected for validity. To minimize the contribution of dendritic currents,
analysis was restricted to events with a rise time ≤ 1ms. The mIPSC frequency was
determined over 10s bins for 2 min with the WinEDR programme (J. Dempster, University
of Strathclyde) using a detection method based on the rise time of events (35-40 pA/ms) as
well as visual scrutiny.

Evoked IPSCs (eIPSCs) were obtained using pipettes comprising (mM): 130 KGlu, 5 NaCl,
10 HEPES, 10 EGTA, 2 MgCl2, 2 Mg-ATP, 1 CaCl2, pH 7.2 KOH. Inhibitory postsynaptic
potentials (IPSCs) were evoked by single shock electrical stimulation at a frequency of
0.0333 Hz using a monopolar stimulating electrode placed on Schaffer collateral-
commissural fibers, and cells were voltage-clamped at -50 mV to -60mV. Whole-cell
recordings were made using an Axopatch 200B patch clamp amplifier (Axon Instruments,
USA), and data were filtered at 5 kHz and digitized at 10 kHz. Electrical signals were
recorded and analysed on- and off-line using LTP software (Courtesy of Dr Bill Anderson,
University of Bristol, UK). Whole-cell access resistances were in the range 7-15 MΩ prior to
electrical compensation by 65-80%. Access resistance was continuously monitored and
experiments abandoned if changes >20% were encountered.

To evaluate the effects of leptin on GABAA receptor-mediated currents, whole cell
recordings were made from hippocampal CA1 pyramidal neurons voltage clamped at -70
mV using pipettes comprising (mM): CsCl 140, CaCl2 1, MgCl2 2, HEPES 10 and EGTA
11 (pH 7.2). Tetrodotoxin (0.5 μM) was also added to the ACSF to inhibit action potential
firing. The GABAA receptor agonist muscimol (1 μM) was bath applied which resulted in a
peak inward current within 3-5 min of application. Once a steady state muscimol current
was achieved leptin (50 nM) was applied in the continued presence of muscimol.
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Materials
Human recombinant leptin (R & D Systems; 95-98% purity) was prepared as a stock
solution in normal aCSF and was diluted in normal aCSF containing 0.2% bovine serum
albumin. Wortmannin and the Akt inhibitor (IV) were obtained from Calbiochem (La Jolla,
CA, USA), kynurenate and muscimol were obtained from Sigma-Aldrich (St Louis, MO,
USA) whereas TTX and picrotoxin were obtained from Tocris Cookson (Avonmouth, UK),
respectively.

Analyses
Individual mIPSCs were detected using a -4 pA amplitude threshold detection algorithm and
visually inspected for validity. Accepted events were analyzed with respect to peak
amplitude, 10-90% rise time, charge transfer, and time for events to decay by 50% (T50)
and 90% (T90). All results are reported as the arithmetic mean ± SEM. The large sample
approximation of the Kolmogorov-Smirnoff (KS) test (SPSS software; SPSS, Chicago, IL)
was used to compare the distribution of the mIPSCs parameters. Statistical significance of
mean data was assessed with the unpaired Student’s t test or repeated measures ANOVA
post hoc followed by the Newman-Keuls test as appropriate, using the SigmaStat (SPSS)
software package.

In all experiments, the peak amplitude and time to decay of eIPSCs were monitored
continuously. For studies comparing the actions of leptin and all other agents on eIPSCs, the
mean amplitude (average of 5 min recording) of eIPSCs obtained during the 5 min period
immediately prior to leptin and/or agent addition was compared to that after 25-30 min
exposure to leptin.

The coefficient of variation (CV) was calculated as described previously (Kullmann, 1994).
Briefly, the mean and SD were calculated for the IPSC amplitudes recorded during
successive 5 min epochs (SDIPSC and meanIPSC) in control conditions and following
hormone/drug treatment. The SD of the background noise was also calculated for each 5 min
epoch using a period immediately before electrical stimulation (SDNoise). The CV for each
epoch was calculated as (SDIPSC - SDNoise)/meanIPSC.

Results
Leptin rapidly facilitates GABAA receptor-mediated IPSCs

Monosynaptic IPSCs evoked by electrical stimulation of GABAergic axons in stratum
radiatum in hippocampal slices (from 13-19 day old rats) were recorded from CA1
pyramidal neurons voltage clamped at -50 mV. eIPSCs were pharmacologically isolated by
the addition of kynurenic acid (2 mM) to the aCSF. Under these conditions, the evoked
currents were outward and were completely blocked by the GABAA receptor antagonist,
picrotoxin (50 μM; n=4). To test whether leptin receptor activation can regulate fast
inhibitory GABAergic synaptic transmission in the hippocampus, the effects of bath
application of leptin (10-100 nM) were evaluated. Application of 10 nM leptin had no
significant effect on eIPSC amplitude (mean amplitude of 107 ± 5.1% of baseline, n=3;
P>0.05), whereas at higher concentrations leptin increased eIPSC amplitude (Fig 1B). Thus,
at 100nM, leptin produced a rapid (within 3-5 min) facilitation of eIPSC amplitude (to 127 ±
3.9% of baseline, n=12; P<0.01; Fig 1A,B), that was sustained in the presence of leptin. No
significant change in the holding current or input resistance was observed during leptin
application. Following washout of leptin, the amplitude of eIPSCs returned to pre-leptin
levels (99.9 ± 5.4% of control; n=9; P>0.05) within 5-10 mins indicating that this is a
reversible process. However, on prolonged washout of leptin (up to 30 min) the amplitude of
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eIPSCs were reduced further to 78.3 ± 10.3% of control (n=6; P<0.01); an action that
persisted for the duration of recordings (Fig 1C,D).

Leptin enhances eIPSCs via a postsynaptic mechanism
In order to determine the locus of the facilitatory effect of leptin on GABAergic synaptic
transmission, the effects of leptin on action potential-independent miniature IPSCs recorded
in CA1 pyramidal cells were also assessed. Under control conditions (in the absence of
leptin), mIPSCs had a mean frequency of 3.91 ± 0.27 Hz (n=43) and amplitude of -47.5 ±
1.2 pA (n=43), values that are comparable to those reported previously in CA1 pyramidal
neurons. Application of leptin (50nM or 100 nM) resulted in an increase in both the
frequency and amplitude of these miniature events (Fig 2A-F). Thus after 5-10 min exposure
to leptin the frequency and amplitude of mIPSCs were increased to 5.21 ± 0.23 Hz (n=19;
P<0.001) and -60.2 ± 2.4 pA (n=19; P<0.01), respectively. At these concentrations, leptin
failed to alter the rise time (10-90% of peak; 2.9 ± 0.2 ms in control conditions versus 3.1 ±
0.1ms after leptin; P>0.05) or the decay time constants (τ of 29.4 ± 2ms versus 27.9 ± 3ms;
P>0.05) of mIPSCs (Fig 2G). It is often presumed that a change in the frequency of
miniature events indicates a direct regulation of neurotransmitter release by a receptor
located at the presynaptic terminal, whilst changes in the amplitude and/or kinetics is usually
associated with a postsynaptic regulatory mechanism. However, there is also evidence that
changes in both the frequency and amplitude of miniature events can indicate the insertion
of new receptors into the postsynaptic membrane. Indeed, recent evidence suggests that
synaptic GABAA receptors may be highly mobile, being temporarily tethered by synaptic
anchoring proteins, but able to dynamically interchange with the extrasynaptic receptor pool
(Thomas et al., 2005). Thus, as both the frequency and amplitude are increased by leptin, it
was feasible that a combination of both pre- and postsynaptic mechanisms or alternatively
that trafficking of postsynaptic receptors contribute to this process. Thus in order to
differentiate between these possibilities, we also calculated the paired pulse ratio (PPR), by
delivering two pulses at an interval of 50 ms. The coefficient of variation (CV) was also
determined before, during and after washout of leptin, as this parameter is widely used to
assess changes in the probability of transmitter release (Malinow & Tsien, 1990; Bekkers et
al, 1990; McAllister & Stevens, 2000). In this series of experiments, neither the PPR
(control PPR of 1.48 ± 0.18; during leptin 1.46 ± 0.13; washout 1.49 ± 0.17; n=5; P>0.05)
nor the CV (control CV of 0.16 ± 0.03; during leptin 0.14 ± 0.04; washout 0.15 ± 0.04;
n=12; P>0.05) changed significantly either during or after application of leptin (Fig 3C). In
addition leptin enhanced inward currents evoked by bath application of GABAA receptor
agonist, muscimol (1 μM) to 40 ± 10 % of control (n=5; P<0.01; Fig 3A,B). Thus these data
indicate that the leptin-induced facilitation of eIPSCs and the persistent depression of
eIPSCs after leptin washout are not expressed presynaptically.

A PI 3-kinase-dependent pathway underlies leptin-induced facilitation of eIPSCs
As our data indicate that the facilitation of eIPSCs by leptin has a postsynaptic locus of
expression, we evaluated whether whole cell dialysis with specific inhibitors of leptin
receptor-driven signaling pathways attenuated the effects of leptin. We have shown
previously that PI 3-kinase is a key component of the signaling cascades activated by
hippocampal leptin receptors (Shanley et al, 2001; Shanley et al, 2002). Moreover insulin,
which activates similar signaling pathways to leptin (van der Heide et al, 2006) facilitates
GABAA receptor-mediated synaptic currents via a PI 3-kinase-dependent process (Wang et
al, 2003). Thus, the role of this pathway was assessed using a specific inhibitor of this
enzyme, namely wortmannin (Powis et al, 1994). Whole cell dialysis with wortmannin (50
nM) had no significant effect on the amplitude of eIPSCs per se (P>0.05). Moreover,
wortmannin did not have non-specific effects on GABAA receptors as the ability of the
anaesthetic barbiturate, pentobarbitone to directly facilitate the amplitude of eIPSCs and
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alter the decay kinetics of eIPSCs was not affected (n=4; Fig 4A). Thus following exposure
to wortmannin, application of pentobarbitone (50 μM) increased the amplitude of eIPSCs to
157 ± 16% (n=4; P<0.001; Fig 4B); an effect that was not significantly different to that
obtained in control slices (163 ± 15%; n=4; P<0.001). However, following at least 20 min
dialysis with wortmannin the ability of leptin (100 nM) to facilitate eIPSCs was completely
occluded such that the mean amplitude of eIPSCs was 96.8 ± 3.3 % of baseline after 15-20
min exposure to leptin (n=7; P>0.05; Fig 5A,B). Whole cell dialysis with LY294002 (10
μM), a structurally distinct inhibitor of PI 3-kinase completely prevented facilitation of
eIPSCs by leptin such that the mean eIPSC amplitude was 98 ± 5.2% of baseline after leptin
treatment (n=3; P>0.05). Moreover, postsynaptic dialysis of either wortmannin (n=4) or
LY294002 (n=4) completely blocked the ability of leptin to increase the amplitude or
frequency of mIPSCs. Thus these data suggest that the leptin-induced facilitation of eIPSCs
is likely to involve a postsynaptic PI 3-kinase-dependent process.

In contrast, however postsynaptic inhibition of PI 3-kinase activity following dialysis with
wortmannin (n=5) or LY294002 (n=3) had no effect on the ability of leptin to induce a long
lasting depression of eIPSCs (I-LTD). Thus in neurons dialysed with wortmannin the
amplitude of eIPSCs was reduced to 83 ± 6.1% of control (n=5; P<0.01) after at least 15 min
washout of leptin (Fig 5A,B). Moreover, these data also indicate that leptin-induced I-LTD
is mediated by a distinct signaling mechanism.

Leptin-induced I-LTD is independent of postsynaptic PI 3-kinase activity
Our studies indicate that leptin-induced LTD of eIPSCs is likely to be mediated by a PI 3-
kinase-independent process. However, as leptin receptors are expressed both pre and
postsynaptically in the hippocampus (Shanley et al, 2002), it is feasible that leptin-induced
LTD of eIPSCs involves a presynaptic process that is also regulated by PI 3-kinase activity.
To assess this possibility, we determined if bath application of wortmannin, to inhibit both
presynaptic and postsynaptic PI 3-kinase activity, influenced the actions of leptin. In control
slices, bath application of either wortmannin (50 nM; n=6) or LY294002 (10 μM; n=3) had
no effect on the amplitude or decay kinetics of eIPSCs. In accordance with the experiments
involving whole cell dialysis with the PI 3-kinase inhibitors, the initial leptin-induced
facilitation of eIPSCs was prevented by bath application of LY294002 (n=3) or wortmannin
(n=9; Fig 5C,D). Moreover, the ability of leptin to depress eIPCSs was unaffected following
PI 3-kinase inhibition. Thus in wortmannin-treated slices eIPSCs were depressed to 72.4 ±
5.5% of control (n=9; P<0.01; Fig 5C,D) following 15 min exposure to leptin; an effect that
was significantly different to the effects of wortmannin alone in paired control slices
(P<0.01). Moreover, the synaptic depression was enhanced further (to 60.3 ± 5.4%; n=9;
P<0.001) following leptin washout. Thus these data suggest not only that leptin-induced I-
LTD involves a distinct mechanism to the facilitation of fast inhibitory synaptic
transmission, but also that leptin-induced I-LTD is mediated by a PI-3 kinase-independent
process.

Role of Akt in the bi-directional modulation of GABAergic synaptic transmission by leptin
It is well known that PI 3-kinase possesses serine kinase activity, and both the regulatory
and catalytic domains of the enzyme can interact with a number of signalling molecules,
including AGC protein kinases, TEC tyrosine kinases and rho GTPases. There is also
evidence that one potential target of PI 3-kinase, namely Akt (also known as protein kinase
B), can rapidly increase GABAA receptor-mediated synaptic currents in the hippocampus,
via a postsynaptic mechanism (Wang et al, 2003). Moreover leptin can stimulate the
phosphorylation of Akt in hypothalamic neurons (Mirshamsi et al, 2004). Thus, the role of
Akt in leptin-induced facilitation of eIPSCs was assessed via postsynaptic dialysis of CA1
pyramidal neurons with a specific inhibitor of this enzyme, Akt inhibitor IV. In control
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experiments, dialysis of neurons with Akt inhibitor IV (1 μM) for at least 30 min had no
effect on the amplitude or decay kinetics of eIPSCs per se (n=5). However, the ability of
leptin to facilitate eIPSCs was markedly attenuated following inhibition of Akt, such that in
the presence of leptin (100 nM) the amplitude of eIPSC was 93 ± 7.8% of baseline (n=6;
P>0.05; Fig 6A,B). In contrast, the ability of leptin to depress fast inhibitory synaptic
transmission was unaffected by Akt inhibition as the eIPSC amplitude was depressed to 82 ±
8.9% of control on leptin washout (n=6; P<0.05; Fig 6B); an effect that was not significantly
different to the I-LTD induced by leptin in control conditions (P>0.05). Moreover,
postsynaptic dialysis with Akt inhibitor IV blocked the ability of leptin to increase the
amplitude and frequency of mIPSCs (n=3). Thus these data indicate that PI 3-kinase-
dependent activation of Akt underlies leptin-induced postsynaptic facilitation of GABAA
receptor-mediated synaptic transmission.

In accordance with these findings, the ability of leptin to facilitate eIPSCs was also
prevented in slices perfused with the Akt inhibitor (n=7). In contrast, however, the synaptic
depression induced by leptin was unaffected by bath application of the Akt inhibitor IV (1
μM; Fig 6C,D). Thus, the peak amplitude of eIPSCs was reduced to 81 ± 6.0 % of control
(n=7; P<0.05) in the combined presence of leptin (100 nM) and the Akt inhibitor; an effect
that was significantly different to the effects of the Akt inhibitor alone in paired control
slices (P<0.05). Thus, together these data indicate that leptin-induced I-LTD is most likely
to be mediated by a process that is independent of the PI 3-kinase/Akt signaling pathway.

Discussion
The hormone leptin was originally identified by its ability to regulate energy homeostasis
via its actions in the hypothalamus. However, there is growing evidence that leptin has
widespread actions in the brain. In the hippocampus and cerebellum, leptin selectively
facilitates NMDA receptor-mediated responses (Shanley et al, 2001; Irving et al, 2006).
Leptin is also implicated in activity-dependent synaptic plasticity as leptin promotes the
conversion of hippocampal STP into LTP (Shanley et al, 2001; Harvey et al, 2005), whereas
under conditions of enhanced excitability leptin has the ability to induce a novel form of
NMDA receptor-dependent LTD (Durakoglugil et al, 2005). Moreover, genetically-obese
rodents with defective leptin receptors display deficits in hippocampal synaptic plasticity
and in spatial memory tasks (Li et al, 2002). Here we present the first compelling evidence
that GABAA receptor synapses onto hippocampal CA1 pyramidal cells are also regulated by
leptin. The predominant effect of leptin was an initial rapid enhancement of GABAA
receptor-mediated IPSCs that was readily reversed on washout of leptin. However on
prolonged washout of leptin, a long lasting depression of IPSCs (I-LTD) was also observed
that persisted for the duration of recordings.

The facilitation of inhibitory synaptic transmission by leptin was paralleled by an increase in
both the frequency and amplitude of action-potential-independent mIPSCs, suggesting that
this may be attributable to a combination of presynaptic increase in GABA release and
altered postsynaptic GABAA receptor function. It is well established that GABA released
from a single vesicle almost completely saturates postsynaptic GABAA receptors at central
synapses (Mody et al, 1994). As a consequence, enhanced quantal release of GABA would
have little impact on the amplitude of fast inhibitory synaptic transmission. Indeed, the
facilitation of inhibitory currents by leptin was not accompanied by any change in the CV or
PPR, indicating that leptin is unlikely to enhance synaptic transmission by changing GABA
release probability. Furthermore leptin enhanced postsynaptic currents induced by
application of muscimol. Thus, leptin is likely to enhance fast inhibitory synaptic
transmission via a postsynaptic mechanism. Indeed, whole cell dialysis with inhibitors of PI
3-kinase or Akt, respectively completely prevented the facilitation of eIPSCs induced by
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leptin indicating that this process involves a postsynaptic PI 3-kinase/Akt-dependent
process. Similarly, in cortical neurons, a PI 3-kinase-dependent signaling cascade mediates
the enhancement of GABAA receptor currents by muscarinic receptors (Ma et al, 2003),
whereas blockade of PI 3-kinase activity attenuates the ability of muscarinic receptors to
depress GABAA receptor currents (Salgado et al, 2007). It is well documented that PI 3-
kinase plays a pivotal role in receptor/protein trafficking processes. Moreover, as changes in
both the frequency and amplitude of miniature synaptic events can indicate the postsynaptic
insertion of new functional receptors, it is feasible that leptin promotes the insertion of
GABAA receptors into the postsynaptic membrane. In support of this possibility, the
metabolic hormone insulin, which signals via similar signaling pathways to leptin, enhances
GABAergic synaptic transmission by increasing the cell surface expression of GABAA
receptors in hippocampal neurons (Wan et al, 1997). In addition, activation of a PI 3-kinase/
Akt-driven process is pivotal for phosphorylation of GABAA receptor β subunits and
subsequent regulation of GABAA receptor cell surface expression (Wang et al, 2003;
Vetiska et al, 2006).

Our previous studies have shown that leptin (1-10 nM) enhances NMDA receptor function
which in turn promotes facilitation of hippocampal LTP (Shanley et al, 2001). However, in
contrast to its effects on NMDA responses (Shanley et al, 2001) application of low
nanomolar concentrations of leptin (10 nM) failed to influence GABAA receptor-mediated
IPSCs in this study. Thus there are clear potency differences in the ability of leptin to
modulate NMDA versus GABAA receptor-mediated events in hippocampal neurons. Thus it
is likely that the predominant effect of leptin is to enhance NMDA receptor function and
thereby facilitate the induction of hippocampal LTP. However under conditions where leptin
levels are elevated, leptin would also facilitate fast inhibitory synaptic transmission onto
CA1 synapses and subsequently reduce the likelihood of LTP induction at excitatory
synapses (Wigstrom and Gustafsson, 1985). This in turn would be likely to counteract the
facilitatory effects of leptin on hippocampal LTP.

Activation of PI 3-kinase-dependent signalling is implicated in the regulation and trafficking
of other ion channel by leptin. Indeed, leptin enhances NMDA receptor function and
hippocampal synaptic plasticity via a PI 3-kinase-dependent mechanism (Shanley et al,
2001; Harvey, 2005), whereas the ability of leptin to activate and translocate BK channels to
hippocampal synapses involves a PI 3-kinase-dependent mechanism (O’Malley et al, 2005).
Our previous studies have shown that BK channel activation underlies the regulation of
hippocampal pyramidal neuron excitability by leptin (Shanley et al, 2002a), and this process
is likely to underlie the anti-epileptogenic properties of leptin (Shanley et al, 2000b; Xu et
al, 2008). In contrast the present data suggest that leptin regulates hippocampal neuron
excitability by modulating GABAA receptor mediated synaptic transmission onto pyramidal
neurons. This suggests that leptin depresses the excitability of hippocampal pyramidal
neurons by either direct activation of pyramidal neurons BK channels, or indirectly by
enhancing the inhibitory drive onto pyramidal neurons. It is interesting however, that both
modes for regulating pyramidal neuron excitability involve leptin-driven PI 3-kinase-
dependent mechanisms. It is not entirely clear how such distinct cellular targets, namely BK
channels and GABAA receptors, are both triggered by the activation of PI 3-kinase. As PI 3-
kinase can activate a range of downstream effector molecules, the likeliest scenario is that
distinct signaling pathways are activated downstream of PI 3-kinase, which in turn couple
leptin to different cellular outputs. Indeed, the present data indicate that activation of Akt is
required for modulation of GABAA receptor-mediated synaptic transmission, whereas our
previous studies indicate that BK channel stimulation requires a PtdIns(3,4,5)P3-dependent
alteration in actin dynamics (O’Malley et al, 2005). As PI 3-kinase-dependent stimulation of
Akt and PI 3-kinase-driven changes in the actin cytoskeleton both require an increase in
PtdIns(3,4,5)P3 levels, it is not clear how specificity in the activation of downstream
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effectors is achieved. It is known that PI 3-kinase is a heterodimeric enzyme that consists of
a catalytic subunit and an adaptor subunit. As different families of the adaptor subunits are
expressed in the brain, it is feasible that distinct PI 3-kinase isoforms differentially regulate
the spatial and temporal generation of PtdIns(3,4,5)P3 (Hirsch et al, 2007). Thus, it is
possible that leptin by activating different PI 3-kinase isoforms results in spatially
segregated accumulation of PtdIns(3,4,5)P3. Consistent with this, the subcellular localization
of PtdIns(3,4,5)P3 is pivotal for directional cell migration in leukocytes (Hirsch et al, 2007)
and in semaphorin 3A-mediated growth cone collapse in neurons (Chadborn et al, 2006).

In addition to facilitating fast inhibitory synaptic transmission, leptin evoked a persistent
depression of fast inhibitory synaptic transmission (I-LTD) onto hippocampal CA1
synapses; an effect not associated with any change in PPR or CV suggesting a postsynaptic
locus of expresion. This is the first demonstration of a long-lasting change in the efficacy of
fast inhibitory synaptic transmission in response to acute application of leptin. Previous
studies have explored the effects of leptin on GABAergic synaptic transmission in
hypothalamic neurons. Indeed, acute application of leptin reduced the frequency of fast
inhibitory synaptic transmission onto POMC neurons (Cowley et al, 2001; Munzberg et al,
2007), but not NPY neurons (Glaum et al, 1997) suggesting that leptin acts presynaptically
to reduce GABA release onto POMC neurons. Consistent with these findings chronic
deficiencies in leptin (ob/ob mice) result in marked increases in GABAergic inhibitory tone
onto POMC neurons (Pinto et al, 2004). However, the cellular mechanisms responsible for
these hypothalamic effects of leptin remain to be determined.

The present data indicate that leptin-induced I-LTD is likely to be distinct from the rapid
facilitation of IPSCs as disinhibition was still observed under conditions that completely
blocked the initial rapid facilitation induced by leptin. Thus, leptin-induced I-LTD was
unaffected by blockade of both pre- and postsynaptic PI 3-kinase/Akt activity, suggesting
that the persistent disinhibition evoked by leptin is likely to be mediated by a PI 3-kinase/
Akt-independent signaling pathway. It is known that alterations in GABAergic tone can
directly influence neuronal excitability and also indirectly regulate the induction of
excitatory synaptic plasticity. Indeed, inhibitory synapses can modulate the induction of
activity-dependent LTP at excitatory glutamatergic synapses, by regulating the degree of
postsynaptic depolarization, as LTP induction is facilitated in the presence of GABAA
receptor antagonists (Wigstrom and Gustafsson, 1985). LTP is also associated with altered
neuronal excitability as it increases the ability of the EPSP to fire an action potential; a
phenomenon known as E-S coupling component of LTP (Bliss & Lynch, 1988).
Furthermore, persistent attenuation of GABAA-receptor mediated inhibitory drive has been
shown to mediate the E-S coupling component of hippocampal LTP (Abraham et al, 1987,
Chavez-Noriega et al, 1989; Lu et al, 2000; Chevaleyre & Castillo, 2003). Thus, the ability
of leptin to induce a persistent reduction of GABAergic synaptic transmission onto CA1
pyramidal neurons is likely to facilitate the induction of LTP at this synapse.

Evidence is growing that the anti-obesity hormone leptin has widespread actions in the CNS.
Indeed, several studies have implicated leptin in the regulation of excitatory synaptic
plasticity (Shanley et al, 2001; Wayner et al 2004; Durakoglugil et al, 2005; Li et al, 2002;
O’Malley et al, 2007). The capacity of leptin to promote long term modification of the
inhibitory drive onto hippocampal CA1 pyramidal neurons is likely to affect the output of
target neurons and in turn alter the excitability of neuronal networks. Thus, leptin-driven
alterations in fast inhibitory synaptic transmission may play an important role during
neuronal development when neuronal networks are stabilizing, and the maturation of
synapses and neuronal networks is greatly influenced by neurotrophic factors. In support of
this possibility, several studies have implicated leptin in neuronal development processes as
leptin-deficiency results in abnormal CNS development (Ahima et al, 1999; Bouret and
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Simerly, 2004). Alternatively, leptin-induced changes in the inhibitory drive may be
important for a number of CNS-driven diseases. For instance, it is well known that obesity
and obesity-related disorders such as type II diabetes are associated with insulin resistance.
However, individuals with these disorders also have high circulating peripheral levels of
leptin, but display CNS-resistance to leptin. Obesity and type II diabetes are not only
associated with a range of memory impairments, but are also causally linked to an increased
incidence of Alzheimer’s disease (Craft, 2007). Thus it is likely that dysregulation and/or
deficiencies in the leptin system play a role in the cognitive deficits associated with
neurodegenerative disorders such as Alzheimer’s disease. In support of this possibility,
recent studies have detected reductions in the circulating levels of leptin in Alzheimer’s
disease patients (Power et al, 2001), whereas leptin significantly decreases the levels of
amyloid β (Fewlass et al, 2004) and improves memory performance (Farr et al, 2005) in
mouse models of Alzheimer’s disease. Thus the ability of leptin to bi-directionally modulate
fast inhibitory synaptic transmission in the hippocampus may be pivotal for the role of this
hormone in normal brain function but also in the cognitive deficits associated with leptin
resistance.
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Figure 1. The effects of leptin on evoked GABAA receptor-mediated synaptic currents
A, Plot of the pooled data illustrating the amplitude of normalized evoked IPSCs against
time. Application of leptin (100 nM) for the time indicated by the bar increased eIPSC
amplitude that was sustained in the presence of leptin (filled squares). Evoked IPSC
amplitude did not vary significantly in interleaved control experiments (open circles). Below
the plot are representative examples of synaptic currents obtained prior to (1) and during
exposure to leptin (2). B, Histogram of the pooled data showing the relative increase in
eIPSC amplitude induced by varying concentrations leptin relative to control. C, Plot of the
pooled data of the normalized eIPSC amplitude against time illustrating the effects of leptin
washout (filled squares). In interleaved control experiments eIPSC amplitude did not vary
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significantly (open circles). Below the plot are examples of synaptic currents obtained
before (1) and during (2) leptin application and after washout for 30 min (3). D, Histogram
of the pooled data showing the relative reductions in eIPSC amplitude induced following
washout of leptin for 10 min and 30 min. In this and subsequent figures, *, ** and ***
represent P<0.05, P<0.01 and P<0.001, respectively.
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Figure 2. Leptin increases the frequency and amplitude of mIPSCs
A, Representative traces of mIPSCs recorded from hippocampal CA1 neurons under control
conditions and following exposure to leptin (100 nM). Leptin increased the frequency and
amplitude of these events. B, Cumulative probability plot illustrating the distribution of the
inter-event interval in control (filled circle) and leptin-treated neurons (open circle). C,
Histogram of the pooled data of mean mIPSC frequency before (-2 to 0min), during (2 to
4min, 8 to 10 min) and following (18 to 20 min) leptin (100 nM) addition. Leptin increased
the frequency of mIPSCs relative to control. D, Cumulative probability plot illustrating the
distribution of the amplitude in control conditions (filled circle) and following leptin
application (open circle). E Histogram of the pooled data illustrating the mean mIPSC
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amplitude before (-2 to 0min), during (2 to 4min, 8 to10 min) and following (18 to 20 min)
leptin addition. F, Representative averaged traces of mIPSCs in control conditions (black
line) and following leptin addition (grey line). i, Leptin increased the mIPSC amplitude
relative to control. In ii, the mIPSCs obtained in (i) has been scaled to match the size of
mIPSCs obtained following leptin exposure. The effects of leptin are not associated with any
change in the kinetic properties of mIPSCs.
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Figure 3. The effects of leptin on eIPSCs involve postsynaptic mechanisms
A. Representative trace of the inward current evoked by the GABAA receptor agonist,
muscimol (1 μM). Application of leptin (50nM) for the time indicated resulted in an
increase in the muscimol current that reversed on leptin washout. B. Histogram of pooled
data of the mean muscimol current amplitude in control conditions and in presence of leptin.
C. The effects of leptin were not accompanied by any marked change in PPR. (i) Plot of the
pooled data illustrating the normalized eIPSC amplitude against time. (ii) Plot of the mean
PPR against time for the experiments depicted in (i). Below the plots are representative pairs
of eIPSCs evoked with a 50 ms inter-stimulus interval obtained at the times indicated in (i).
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Figure 4. Wortmannin does not alter the properties of GABAA receptors
A,B, Plot of the pooled data illustrating the effects of pentobarbitone on eIPSC amplitude in
control (A) and wortmannin treated (B) slices. Below the plot are representative synaptic
current traces obtained in control conditions (A1) or in the presence of wortmannin (B1),
and following addition of pentobarbitone (A2) or in the combined presence of wortmannin
and pentobarbitone (B2). In (A3 and B3) the superimposed synaptic currents obtained in (1)
and (2) illustrate that pentobarbitone significantly alters the decay kinetics of eIPSCs. B,
Histogram of the pooled data of normalised eIPSC amplitude in control conditions,
following application of pentobarbitone and in the combined presence of wortmannin and
pentobarbitone.
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Figure 5. Leptin facilitates fast inhibitory transmission via a PI 3-kinase-driven process
A,B, Leptin-induced facilitation of eIPSCs is PI 3-kinase-dependent. A, Plot of the pooled
data of amplitude of normalized eIPSCs against time during whole cell dialysis with
wortmannin (50 nM). Below the plot are representative synaptic currents obtained from an
individual experiment in the presence of wortmannin (1), in the combined presence of
wortmannin and leptin (2), and following washout of leptin (3). B, Histogram of the pooled
data illustrating the relative changes in eIPSC amplitude in control conditions, in the
presence of leptin and following its washout, for neurones dialysed with wortmannin. C, D,
Inhibition of pre and postsynaptic PI 3-kinase facilitates leptin induced I-LTD. C, Plot of the
pooled data illustrating the amplitude of normalized eIPSCs against time from slices bathed
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in wortmannin (50 nM). Below the plot are representative synaptic current traces obtained in
the presence of wortmannin (1), in the combined presence of wortmannin and leptin (2), and
following washout of leptin (3). D, Histogram of the pooled data of normalised eIPSC
amplitude in control conditions, in the presence of leptin and following its washout, in slices
incubated with wortmannin
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Figure 6. Akt is involved in the facilitation but not the long lasting depression of eIPSCs by
leptin
A,B, Leptin-induced facilitation of eIPSCs involves an Akt-dependent process. A, Whole
cell recordings were obtained using pipettes filled with Akt inhibitor IV (1 μM). Below the
plot are representative synaptic currents obtained from an individual experiment in the
presence of the Akt inhibitor alone (1) and in the combined presence of the Akt inhibitor and
leptin (2). B, Histogram of the pooled data illustrating the relative changes in eIPSC
amplitude in control conditions and in the presence of leptin, following dialysis with the Akt
inhibitor. C, D, Combined inhibition of pre and postsynaptic Akt facilitates leptin induced I-
LTD. C, Plot of the pooled data of amplitude of normalized eIPSCs against time obtained

Solovyova et al. Page 21

J Neurochem. Author manuscript; available in PMC 2009 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



from slices bathed in the Akt inhibitor IV (1 μM). Below the plot are representative synaptic
current traces obtained in the presence of the Akt inhibitor (1) and in the combined presence
of the Akt inhibitor and leptin (2). D, Histogram of the pooled data of normalised eIPSC
amplitude in control conditions and in the presence of leptin in slices incubated with the Akt
inhibitor.
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