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Summary

Recently developed therapeutics for obesity, targeted

against cannabinoid receptors, result in decreased ap-
petite and sustained weight loss. Prior studies have

demonstrated CB1 receptors (CB1Rs) and leptin mod-
ulation of cannabinoid synthesis in hypothalamic neu-

rons. Here, we show that depolarization of perifornical
lateral hypothalamus (LH) neurons elicits a CB1R-

mediated suppression of inhibition in local circuits
thought to be involved in appetite and ‘‘natural reward.’’

The depolarization-induced decrease in inhibitory tone
to LH neurons is blocked by leptin. Leptin inhibits

voltage-gated calcium channels in LH neurons via the
activation of janus kinase 2 (JAK2) and of mitogen-

activated protein kinase (MAPK). Leptin-deficient mice
are characterized by both an increase in steady-state

voltage-gated calcium currents in LH neurons and a
CB1R-mediated depolarization-induced suppression

of inhibition that is 6-fold longer than that in littermate

controls. Our data provide direct electrophysiological
support for the involvement of endocannabinoids and

leptin as modulators of hypothalamic circuits under-
lying motivational aspects of feeding behavior.

Introduction

Two psychoactive drugs, nicotine in cigarettes and D-9-
tetrahydrocannabinol (THC), in marijuana have the oppo-
site effects on food intake. The former decreases food in-
take, and the latter stimulates hunger as well as appetite
(Cota et al., 2003; Jo et al., 2002). Despite the well-known
physiological effects of these agents administered exog-
enously, relatively little is known of the hypothalamic ac-
tions of their endogenous counterparts. Our prior studies
demonstrate that nicotine and endogenous acetylcho-
line enhance GABAergic transmission at lateral hypo-
thalamus (LH) synapses (Jo and Role, 2002; Jo et al.,
2005). The electrophysiological mechanism(s) that un-
derlie the orexigenic effect of cannabinoids remains
largely unexplored, and the effects of cannabinoids on
synaptic transmission in hypothalamic circuits involved
in motivated aspects of feeding are not known. Recent
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evidence suggests that an endogenous cannabinoid li-
gand, such as anandamide, increases food intake and
body weight (Hao et al., 2000; Williams and Kirkham,
2002). Genetic deletion of the cannabinoid type 1 (CB1)
receptor (CB1R) in mice results in a decreased body
weight, reduced fat mass, and hypophagia (Cota et al.,
2003). CB1R mRNA is coexpressed with mRNA encod-
ing neuropeptides known to modulate food intake in the
hypothalamus, such as corticotropin-releasing hormone
(CRH), cocaine- and amphetamine-regulated transcript
(CART), melanin-concentrating hormone (MCH), and
orexin/hypocretin (Cota et al., 2003). Moreover, recent
reports identify cannabinoid receptor (CBR) antagonists
(such as SR141716, aka rimonabant) as potent inhibitors
of appetite with consequent reduction in body weight
(Arnone et al., 1997; Ravinet Trillou et al., 2003; Simiand
et al., 1998). These observations support a possible role
for endocannabinoid receptor activation in feeding-
related neuronal circuitry.

The LH appears to be essential for the control of food
intake (Elmquist et al., 1999; Flier and Maratos-Flier,
1998; Jo et al., 2002; Lawrence et al., 1999; Sawchenko,
1998). The LH is unique in its expression of two special-
ized groups of peptide-expressing neurons: the orexin/
hypocretin neurons (de Lecea et al., 1998; Sakurai et al.,
1998) and those expressing MCH (Broberger et al.,
1998). Both populations of neurons have been impli-
cated in the regulation of arousal and in motivated as-
pects of feeding behavior via their widespread and over-
lapping projections to key cortical, limbic, and basal
forebrain areas (Cvetkovic et al., 2003; Fadel and Deutch,
2002; Sutcliffe and De Lecea, 2002). As LH neurons are
implicated in the hedonic or motivational aspects of
food intake (Fulton et al., 2000), the appetite-stimulating
effects of cannabinoid could involve changes in the ex-
citability of LH neurons.

In this study, we tested the hypothesis that activation
of presynaptic CB1Rs by released endogenous cannabi-
noids might regulate inhibitory tone to perifornical LH
neurons. Our electrophysiological analysis reveals that
perifornical LH neurons are subject to CB1R-mediated
depolarization-induced suppression of inhibition (DSI;
for reviews, see Alger, 2002; Freund et al., 2003; Schlicker
and Kathmann, 2001; Wilson and Nicoll, 2002). We show
that the effects of leptin, an anorexigenic hormone, in-
volve the modulation of endocannabinoid-mediated DSI.
Leptin inhibits voltage-gated calcium entry via janus
kinase 2 (JAK2) and mitogen-activated protein kinase
(MAPK)-dependent signaling, thereby decreasing syn-
thesis and release of endocannabinoids. These results
extend prior biochemical studies of leptin-induced de-
creases in endocannabinoids and are consistent with
the hypothesis that the integration of endocannabinoid
and leptin signaling regulates the excitability of neurons
in appetite-related circuits (Di Marzo et al., 2001).

Results

Our initial experiments identified specific populations of
perifornical neurons within acute slice preparations of
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Figure 1. Characteristics of MCH Neurons in

the Perifornical Lateral Hypothalamus

(A) Electrophysiological profile of relocated

LH neurons in acute slice. Responses of an

MCH-expressing neuron to depolarizing/

hyperpolarizing current pulses recorded at

the resting membrane potential in current-

clamp mode. The neuron shown, like most

MCH-positive neurons, has moderate spike

accommodation in response to direct depo-

larization. Vm = 258 mV; scale bar, 50 mV,

0.6 nA, and 100 ms.

(B) Immunohistochemical identification of re-

located LH neurons in acute slice. Following

recording, the neuron was injected with dye

for relocalization and immunohistochemical

visualization for MCH. Example of fluorescent

dye-injected neuron (green; FITC) immuno-

stained with an antibody to MCH (red; Cy3-

IgG). Scale bar, 20 mm.

(C) Expression of MCH and FAAH mRNA in in-

dividual perifornical LH neurons in acute brain slice preparations. PCR products from six MCH-positive, neuronal enolase-positive samples (lanes

1–6; top panel). Three of these samples were also positive for FAAH (lanes 1, 3, and 4; bottom panel; overall, four out of seven MCH-positive neu-

rons were also positive for FAAH.).
LH (Jo et al., 2005). We focused our search for possible
physiological effects of endocannabinoids on inhibitory
inputs to perifornical neurons within the LH by conduct-
ing experiments in the presence of a mixture of gluta-
mate receptor blockers (see Experimental Procedures).
Under these conditions, all synaptic currents recorded
appear to be mediated by GABAA receptors as antago-
nists (such as 10 mM bicuculline or 10 mM b-hydrastine)
blocked all evoked and spontaneous synaptic currents.

Features of Perifornical LH Neurons Studied

Our prior studies identified a population of perifornical
LH neurons in acute preparations of mouse brain slice,
establishing basic electrophysiological and morpholog-
ical properties that are associated with specific immuno-
cytochemical features (Jo et al., 2005). In the current
study, we focused our work on perifornical neurons with
the characteristics of type1/MCH-positive neurons, which
are typically large, multipolar neurons with moderate
spike accommodation profiles (Figures 1A and 1B), con-
sistent with the studies of van den Pol and colleagues
(Gao et al., 2003; van den Pol et al., 2004). We provide fur-
ther support for these basic features of MCH neurons in
single-cell reverse transcription (RT)-PCR studies of
perifornical LH neurons (Figure 1C). Thirteen of the 25
large, multipolar perifornical LH neurons assayed by
RT-PCR were positive for both neuronal enolase and
MCH mRNA. The majority of the MCH-positive neurons
were also positive for fatty acid amide hydrolase (FAAH),
a key enzyme in endocannabinoid catalysis (Piomelli,
2003). Subsequent studies examined the role of endo-
cannabinoid signaling in the GABAergic synaptic inputs
to neurons with similar morphology and electrophysio-
logical profile located less than 200 mM lateral to the for-
nix. Thus, overall about half of the neurons sampled are
likely to be MCH positive.

Direct Depolarization of Postsynaptic Neurons
Depresses Evoked IPSCs

We first tested for depolarization-induced suppression
of stimulus-evoked GABAergic inhibitory postsynaptic
currents (IPSCs). Electrical stimulation of presynaptic
inputs within the area ventromedial to the fornix was
performed while we recorded from postsynaptic, peri-
fornical LH neurons (Figure 2A). The LH neurons were
briefly depolarized from 270 mV to 0 mV for 5 s prior to
stimulation of the presynaptic input (Figures 2B1 and
2B2). This protocol has been shown in other brain areas
to cause the release of endocannabinoids that then act
as retrograde messengers to regulate presynaptic inputs
(e.g., Diana et al., 2002; Kreitzer and Regehr, 2001; Wilson
and Nicoll, 2001). Also consistent with an endocannabi-
noid-based mechanism, the depolarization (prepulse)-
induced decrease in stimulus-evoked GABAergic trans-
mission was blocked by inclusion of CB1R antagonists
(e.g., AM251; 1 mM; n = 3; Figures 2B2 and 2E). Likewise,
treatment with a CB1R agonist, such as WIN 55,212-2
(1 mM) mimicked the effects of the DSI protocol, decreas-
ing the amplitude of evoked IPSCs by 55% 6 10% (Fig-
ure 2C; n = 4).

Examination of the effects of a single prepulse depo-
larization in perifornical LH neurons revealed significant
inhibition of subsequent stimulus-evoked GABAergic
IPSCs in about half of the neurons assayed (eIPSCs ver-
sus time; Figure 2D). IPSC amplitude was typically de-
creased by 58% 6 8% of control levels, and the time
constant (t) of recovery from DSI was about 20 s (Figure
2D; t = 18 6 2 s; r = 0.8; n = 24). In another set of experi-
ments, 5 s depolarizing steps preceded each presynap-
tic stimulation with an interstimulus interval of 5 s. Such
repetitive prepulse depolarization resulted in sustained
reduction in the amplitude of evoked IPSCs (Figures
2F1 and 2F2).

Direct Depolarization of Postsynaptic Neurons
Depresses Spontaneous IPSCs

We next tested whether the direct depolarization pro-
tocol modulated spontaneous synaptic transmission of
GABAergic inputs to LH neurons (sIPSCs). Direct depo-
larization of perifornical LH neurons decreased ongoing
GABAergic transmission, evident in a significant de-
crease in the frequency of sIPSCs in one-third of the



Modulation of Endocannabinoid Signaling
1057
Figure 2. Evoked GABAergic Inputs to Perifornical LH Neurons Are

Depressed by Direct Depolarization of Postsynaptic Neurons

(A) Schematic diagram of experimental configuration for recording

evoked and spontaneous GABAergic inputs to perifornical neurons

in the LH. Extracellular stimulation of incoming GABAergic projec-

tions coursing ventromedial to the fornix are represented by black

barbed arrow with apposed bipolar (+/2) electrode. DSI was in-

duced by a ‘‘prepulse’’ step depolarization of the LH neuron through

the patch-recording electrode (Arc, arcuate nucleus; f, fornix; 3rd V,

third ventricle). (B1 and B2) Depolarization-induced suppression of

inhibition (DSI) of evoked IPSCs in LH: inhibition of DSI by the

CB1R antagonist AM251. Sample current traces of evoked IPSCs

before and after direct depolarization of the postsynaptic neuron.

(B1) Following direct ‘‘prepulse’’ depolarization of the postsynaptic

neuron, there was a significant decrease in the amplitude of evoked

IPSCs (prepulse = step from Vh = 270 mV to 0 mV; 5 s, indicated by

square pulse). (B2) Sample current traces of evoked IPSCs before

and after DSI protocol in the same cell shown in (B1) but following

treatment with the CB1R antagonist AM251. DSI was blocked by

AM251 (1 mM). Scale bar, 50 pA, 20 ms. (C) DSI is mimicked by the

CB1R agonist WIN 55,212-2. Sample current traces of evoked IPSCs

before and after treatment of LH slice with a CB1R agonist. WIN

55,212-2 (1 mM) mimics DSI. Scale bar, 100 pA, 20 ms. (D and E)

Pooled data of evoked IPSC amplitude versus time before, during,

and after direct depolarization (n = 12). The superimposed curve is

a single exponential fit to the data over t = 0–60 s (t = 18 6 2 s)

(E) Pooled data of evoked IPSC amplitude versus time with (open

bars) or without (filled bars) CB1R antagonist. (F1) Repeat prepulse

depolarization (indicated by square pulse) prior to stimulus-evoked

recording of eIPSCs with an interstimulus interval of 5 s induced

a sustained reduction in the amplitude of evoked IPSCs. Scale
neurons tested (Figure 3A; n = 29). This suppression of
sIPSCs persisted after a single prepulse depolarization,
with a time constant of w4 s (t = 4.3 6 0.7 s; r = 0.8; Fig-
ure 3B; n = 10). The mean percent decrease in sIPSC fre-
quency was 57% 6 10% (Figure 3B; n = 10 of 29 neurons
tested). As in studies of stimulus-evoked GABAergic
transmission, we found that exogenous application of
a CB1R antagonist blocked depolarization-induced inhi-
bition of spontaneous GABAergic transmission (n = 7;
Figure 3A [right panel] and Figure 3C).

Direct Loading of Anandamide into the Postsynaptic
Neurons Reduces Spontaneous GABAergic

Transmission Release
To test whether DSI could be mimicked by increasing
the intracellular concentration of endocannabinoids, we
injected a natural CBR agonist, anandamide (100 mM),
into the postsynaptic neurons through the recording pi-
pette. Under these conditions, the frequency of sIPSCs
was monitored continuously from the time of initial ac-
cess in whole-cell configuration (i.e., the onset of anan-
damide infusion) and without direct depolarization of the
neuron. There was a significant decrease in the fre-
quency of sIPSCs in w40% of neurons tested (mean in-
hibition: 28% 6 13%; n = 7 of 19 neurons tested; Figures
3D1 and 3D2). The subsequent addition of CB1R antag-
onists to the bath reversed the anandamide-induced
suppression of sIPSCs (Figures 3D2 and 3E). Taken to-
gether, these findings are consistent with the previous
studies (Gerdeman et al., 2002; Ronesi et al., 2004) and
a proposed model of depolarization-induced suppres-
sion in LH, where depolarization of the postsynaptic peri-
fornical LH neurons results in their release of endocanna-
binoids and the consequent activation of presynaptic
CB1Rs, thereby depressing GABAergic transmission.

Leptin Inhibits DSI

Having found that the excitability of perifornical LH neu-
rons can be tuned by endocannabinoids, we next exam-
ined the potential of an anorexigenic hormone, leptin, to
counter the effects of the orexigenic endocannabinoid
signal. We induced DSI by prepulse depolarization of
the postsynaptic neurons as before, assaying the ef-
fects on evoked (Figures 4A and 4B) and spontaneous
GABAergic transmission with or without leptin treat-
ment for w10 min (60 nM; Figure 7E). Whereas brief de-
polarization decreased the amplitude of evoked IPSCs
by 47% 6 11%, the same protocol was without effect
on the evoked IPSCs following leptin treatment for
w10 min (n = 5; Figure 4B). Leptin had similar effects
on the depolarization-induced suppression of sponta-
neous GABAergic transmission (see below).

The observation that leptin blocks DSI of both evoked
and spontaneous inhibitory transmission in LH could
be due to leptin interaction at one or more steps in the
proposed sequence of endocannabinoid synthesis and
release from perifornical LH neurons or in the CB1R-
mediated suppression of GABA transmission. We next
tested whether leptin treatment interferes with endocan-
nabinoid signaling due to a direct block of CB1Rs. As

bar, 50 pA, 50 ms. (F2) Plot of the amplitudes of evoked IPSCs versus

time with repetitive prepulse depolarization protocol. Error bars indi-

cate 6 SEM.
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Figure 3. Spontaneous GABAergic Inputs to

Perifornical LH Neurons Are Depressed by Di-

rect Depolarization of Postsynaptic Neurons

(A) Sample recordings of spontaneous IPSCs

(sIPSCs) before and after direct depolariza-

tion. (Left panels) Voltage-clamp recording

in perifornical LH neuron showing spontane-

ous GABAergic IPSCs before and after direct

depolarization, at compressed (top) and at

expanded (bottom) timescales. (Right panels)

Sample recordings of sIPSCs before and after

DSI protocol but following treatment of the

slice with the CB1R antagonist AM251. Both

compressed (top) and expanded timescales

(bottom) are shown. HP = 270 mV. Scale

bar, 50 pA, 20 s (upper) and 50 pA, 1 s (lower).

(B) Pooled data from ten experiments show-

ing the frequency of spontaneous synaptic

currents versus time before, during, and after

DSI protocol. The superimposed curve is a

single exponential fit to the data over t = 0–

19 s (t = 4.3 6 0.7 s). (C) Pooled data of spon-

taneous IPSC frequency versus time with

(open bars) or without (filled bars) CB1R an-

tagonist. (D1 and D2) Direct loading of anan-

damide into postsynaptic neurons. (D1) Sche-

matic of anandamide infusion and recording

configuration. (D2) Sample current traces of

spontaneous GABAergic IPSCs recorded at

the times indicated (D3a, D3b, and D3c) after

onset of anandamide infusion through the

patch pipette. (D3) Plot of the frequency of

spontaneous synaptic current events versus

time recorded. Loading of anandamide de-

pressed the sIPSC frequency, and the effect

of anandamide was reversed by the CB1R an-

tagonist AM251 (1 mM). Scale bar, 100 pA, 200

ms. (E) Summary plot of spontaneous synap-

tic current frequency data from seven experi-

ments. Error bars indicate 6 SEM.
shown in Figures 4C and 4D, application of a CB1R ago-
nist (WIN 55,212-2; 1 mM) decreased the amplitude of
evoked IPSCs in the presence of leptin (60 nM; n = 4).
Leptin does not interfere with CB1R activation per se:
the mean inhibition of evoked IPSCs was the same with
or without leptin plus the CB1R agonist (Figure 4E).

Leptin Inhibits Voltage-Gated Calcium Channels

We next explored the mechanism(s) by which leptin
could interfere with endocannabinoid signaling in assays
of leptin effects on depolarization-induced synthesis/
release of endocannabinoids from perifornical LH neu-
rons. The regulation of endocannabinoid by leptin ap-
pears to be independent of transcriptional effects, as
blockade of DSI occurred within minutes (e.g., see Fig-
ure 5A).

The synthesis of endocannabinoids in response to di-
rect depolarization is strongly dependent on increased
calcium influx (for review, see Di Marzo et al., 1998;
Piomelli, 2003; Wilson and Nicoll, 2002). Hence, we rea-
soned that leptin-inhibition of DSI may be due, at least in
part, to a leptin-induced decrease in calcium entry via
the voltage-gated calcium currents that normally sup-
port depolarization-induced endocannabinoid produc-
tion (Figure 5A). To test this possibility, we directly mon-
itored the amplitude of voltage-gated calcium currents
in LH neurons by depolarizing the neurons from 280 to
0 mV for 100 ms in the presence or absence of leptin.
Bath application of leptin (30 nM) strongly inhibited volt-
age-gated calcium currents in the LH with the mean in-
hibition of 54% 6 6% (Figures 5B1 and 5B2; n = 5).

We further explored the intracellular signal transduc-
tion mechanisms by which leptin modulates voltage-
gated calcium currents (Figure 5A). Leptin receptors
are members of the cytokine receptor superfamily that
interact with JAK/STAT via specific intracellular docking
sites. Leptin’s interaction with its receptor causes the
activation of JAK2, which in turn can lead to the activa-
tion of other downstream kinase cascades, including
MAPK and phosphatidylinositol 3-kinase (PI 3-K) (Fig-
ure 5A). As shown in Figures 5C and 5F, leptin receptor-
mediated inhibition of voltage-gated calcium currents
is blocked following treatment of LH slices with a JAK2
inhibitor, AG490 (50 mM and 5 min; n = 6), consistent
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with the involvement of JAK2 in the regulation of calcium
current by leptin.

Other studies have implicated both MAPK (Hegyi
et al., 2004) and PI 3-K (Lee et al., 2003) as potential
downstream mediators of JAK/STAT signaling. To test
whether leptin-stimulated JAK/STAT regulates voltage-
gated calcium currents via activation of MAPK, we ex-
amined the effect of the MAPK inhibitor U0126. As with
JAK2 inhibitor, incubation of slices with MAPK inhibitor
U0126 (10 mM; 5 min; n = 5) blocked the leptin-mediated
inhibition of voltage-gated calcium currents (Figures 5D
and 5F). In contrast to our results implicating both JAK
and MAPK in leptin-induced inhibition of calcium cur-
rents, inhibitors of PI 3-K (200 nM wortmannin) were
without effect; leptin still effectively inhibited voltage-
gated calcium currents (mean inhibition: 52% 6 7%;
n = 3; Figures 5E and 5F). Our data are consistent with
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Figure 4. Leptin Inhibits DSI of GABAergic Inputs to Perifornical LH

Neurons

(A) Leptin inhibits DSI of evoked IPSCs. (Top) Sample current traces

showing evoked IPSCs before (control) and after (t = 5 s, 25 s) direct

depolarization of postsynaptic neuron. (Bottom) Sample current

traces of evoked IPSCs in the same neuron before and after direct de-

polarization following treatment of LH slice with leptin (60 nM). Scale

bar, 50 pA, 20 ms. (B) Summary plot of evoked IPSC amplitude data

before and after (5 s, 25 s) direct depolarization and in the presence

(black bars) or absence (open bars) of leptin (n = 5). (C) Leptin does

not interfere with CB1R agonist-induced inhibition of evoked IPSCs.

Sample current traces of evoked IPSCs before (control), after

(+leptin), and following coapplication of leptin and CB1R agonist

(leptin + CB1R agonist). Scale bar, 50 pA, 20 ms. (Stimulus artifact

was digitally removed for clarity.) (D) Plot of the amplitudes of evoked

IPSCs versus time obtained from the neuron shown in (C). (E) Sum-

mary plot of the mean inhibition of evoked IPSCs elicited by a CB1R

agonist in the absence or presence of leptin (CB1R agonists, 0 leptin:

55% 6 10%; CB1IR agonist + 60 nM leptin: 52% 6 5%; n = 4, respec-

tively). Error bars indicate 6 SEM.
the involvement of JAK2 and MAPK in the regulation of
voltage-dependent calcium channels by leptin.

The Extent of DSI Is Directly Related to the Extent of

Postsynaptic Calcium Entry
Having found that leptin modulates voltage-gated cal-
cium current in a manner consistent with the observed
leptin-induced inhibition of DSI, we next tested the po-
tential contribution of calcium influx to the extent of
DSI at LH synapses. First, we examined the effects of in-
creasing external [Ca2+] on the profile of DSI. Raising
[Ca2+]ext from 2.5 to 5 mM significantly prolonged DSI
of spontaneous GABAergic transmission, increasing the
time constant for recovery from 4 to 31 s (compare Fig-
ures 3B and 6B; n = 8 cells). Hence, the duration of DSI
appears to be regulated by the amount of calcium influx.
In another set of experiments, we decreased the intracel-
lular [Ca2+] by increasing the concentration of the cal-
cium buffer, BAPTA, in the patch pipette solution over
the range of 0.2 mM (standard conditions) to 10 mM.
Raising [BAPTA]int levels above 5 mM prevented DSI of
GABAergic transmission in LH (Figure 6C). Taken to-
gether, these results are compatible with the idea that in-
tracellular Ca2+ levels are an important determinant of
the extent of DSI and are consistent with prior studies
demonstrating that endocannabinoid synthesis is de-
pendent on cellular levels of calcium (for review, see
Di Marzo et al., 1998).

We further tested the relationship between depolariza-
tion-induced Ca2+ conductance and DSI by direct mea-
sure of both parameters. We isolated calcium currents
(ICa) by addition of broad spectrum blockers of both IK
and INa (see Experimental Procedures). Application of
depolarizing voltage steps to postsynaptic perifornical
LH neurons activated ICa and elicited DSI as measured
by decreased spontaneous GABAergic transmission.
The extent of DSI was steeply related to changes in the
total charge transfer measured as integrated ICa; even
a 20% decrease in the integrated ICa was sufficient to
block DSI (Figures 6D1, 6D2, and 6E).

Leptin Deficiency Induces a More Prolonged
DSI in ob/ob Mice

Having established that leptin can regulate voltage-
gated calcium currents, subsequent studies tested for
a potential role of endogenous signaling via leptin-endo-
cannabinoid interactions, using leptin-deficient (ob/ob)
mice of the FVB strain (Haluzik et al., 2004). In wild-type
FVB littermates (+/+), we observed the same time course
and the same extent of DSI as observed in C57BL/6 wild-
type mice (Figure 7A). In contrast, brief depolarization of
perifornical LH neurons induced a more profound DSI in
slices from ob/ob mice than in those from wild-type litter-
mates (Figure 7B). Thus, the time constant for recovery of
DSI was increased about 6-fold in ob/ob versus +/+ litter-
mates (Figures 7A and 7B; t: +/+ = 4.5 6 1 s, ob/ob = 30 6
6 s; mean percent of inhibition: +/+ = 54 6 17, ob/ob =
57 6 3; n = 6/19 and n = 9/27, respectively). DSI of the
evoked IPSCs was also more prolonged in ob/ob than
in +/+ mice (Figures 7C and 7D; t: +/+ = w33 6 3.5 s,
ob/ob = 82 6 14 s; t over t = 0–120 s for both; mean per-
cent of inhibition: +/+ = 48 6 9, ob/ob = 53 6 19; n = 3 and
n = 5, respectively). Finally, as the blockade of DSI by lep-
tin seems to be due, at least in part, to inhibition of
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Figure 5. Leptin Inhibits Voltage-Gated Cal-

cium Channels in Perifornical LH Neurons

via JAK2- and MAPK-Dependent Pathways

(A) Schematic diagram of proposed steps in

leptin receptor-mediated inhibition of endo-

cannabinoidsignaling. EC, endocannabinoids;

VGCC, voltage-gated calcium channels. (B1

and B2) Inhibition of voltage-gated calcium

current by leptin. Sample traces of calcium

current elicited by step depolarization from

280 to 0 mV for 100 ms. Leptin (30 nM) de-

creases the amplitude of calcium currents.

The effect of leptin persists for more than 30

min. Scale bar, 500 pA, 50 ms. (C, D, and E)

Sample traces of voltage-gated calcium cur-

rent (VGCC) in the presence of leptin and fol-

lowing treatment with indicated kinase inhib-

itors. The inhibitors of JAK2 (AG490) and

MAPK (U0126) activity block the inhibition of

voltage-gated calcium currents by leptin. In

contrast, treatment with wortmannin, a PI 3-K

inhibitor, was without effect on the leptin inhi-

bition of VGCC. Scale bars, 500 pA, 500 pA,

200 pA, and 20 ms, respectively. (F) Summary

of the results from experiments with kinase in-

hibitors tested on leptin-induced inhibition of

voltage-gated calcium currents (n = 19). Error

bars indicate 6 SEM.
voltage-gated calcium current, we tested whether there
might be an increase in calcium currents in leptin-defi-
cient animals. Significant increases in the mean ampli-
tude of voltage-gated calcium currents in LH neurons
of ob/ob mice (+/+: 818 6 90 pA, n = 17; ob/ob: 1096 6
90 pA, n = 17; p < 0.05; Figure 7E) were detected without
changes in capacitance (+/+: 14.5 6 0.6 pF, n = 14; ob/
ob: 14.5 6 0.7 pF, n = 13). Neither the frequency nor the
mean amplitude of sIPSCs was significantly different be-
tween +/+ and ob/ob mice, although we noted a trend to-
ward increased baseline sIPSC frequency in ob/ob mice
(frequency: +/+ = 9.3 6 2 Hz, ob/ob = 13.1 6 2.5 Hz; am-
plitude: +/+ = 46.1 6 5 pA, ob/ob = 58.6 6 6 pA; n = 19 and
27, respectively; p > 0.05). The application of exogenous
leptin in slices from ob/ob mice blocked DSI, similar to its
effects in wild-type littermates (Figure 7F; n = 4). Overall,
these data are consistent with a steady-state increase in
endocannabinoid tone due, at least in part, to enhanced
voltage-gated calcium influx in ob/ob mice.

Discussion

The purpose of this study was to explore how the neu-
rons of the LH area integrate signaling of an orexigenic
agent, endocannabinoid, with that of an anorexigenic
agent, leptin. The perifornical LH neurons are of particu-
lar interest as part of the neural circuitry commonly re-
lated to motivational aspects of food intake (for review,
see Kelley and Berridge, 2002). Our work provides direct
electrophysiological evidence for mechanisms underly-
ing the regulatory balance between these signals in four
sets of experimental results (summarized in the sche-
matic diagrams presented in Figure 8). First, we demon-
strate that the inputs to neurons within 200 mm periforn-
ical to the LH are disinhibited by endocannabinoids.
Second, we demonstrate that an endogenous anorexi-
genic signal, leptin, ‘‘short circuits’’ the endocannabi-
noid effects by downmodulation of a voltage-gated cal-
cium current. As calcium entry into the LH neurons is
required for the tonic synthesis of endocannabinoids,
leptin-sensitive calcium entry provides an endogenous
counterbalance to this appetitive drive. Third, we define
key aspects of the signaling cascades between the ac-
tivation of leptin receptors and the modulation of the
voltage-gated calcium current. Specifically, we found
that leptin inhibits voltage-gated calcium currents via the
activation of JAK2 and MAPK in LH neurons. Finally, we
implicate this mechanism for leptin receptor/endocan-
nabinoid signaling interactions in contributing to the
maintenance of weight balance in studies of genetically
modified mice that are obese due to leptin signaling
deficiencies.

Immunohistochemical studies have demonstrated
CB1R expression in the hypothalamus, particularly the
LH of the rat (Moldrich and Wenger, 2000). Likewise, in
situ hybridization studies demonstrated that CB1R
mRNA is detected in particular subsets of hypothalamic
neurons that are involved in the control of feeding behav-
iors, such as CRH, CART, MCH, and orexin/hypocretin
neurons (Cota et al., 2003). Our experiments examined
the effect of endocannabinoids in a subpopulation of
LH neurons within the perifornical area that includes
MCH-expressing neurons (Broberger et al., 1998; Elias
et al., 1998). We chose neurons within the perifornical
LH based on several criteria (Jo et al., 2005). About half
of the neurons that we assayed are MCH positive. In ad-
dition, about 60% of MCH mRNA-positive neurons ex-
pressed FAAH, an enzyme that degrades endocannabi-
noids (for review, see Piomelli, 2003), consistent with
the idea that MCH neurons may release endocannabi-
noids in the LH. Indeed, direct depolarization of the ma-
jority of the perifornical LH neurons suppressed both
spontaneous and evoked GABAergic transmission, con-
sistent with endocannabinoid activation of the CB1Rs
expressed in LH (Cota et al., 2003; Moldrich and Wenger,
2000). CB1R antagonists blocked DSI observed in LH,
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Figure 6. The Extent of DSI Is Directly Related to Depolarization-Induced Increases in Postsynaptic Calcium via Voltage-Gated Calcium Channels

(A) Sample recordings of spontaneous IPSCs before and after DSI protocol in 5 mM [Ca]ext. All experiments were conducted with 0.2 mM BAPTA

in the recording pipette (compare with Figure 3). Scale bar, 50 pA, 20 s. (B) Pooled data from eight experiments with 5 mM [Ca]ext showing the

frequency of spontaneous synaptic currents versus time before, during, and after DSI protocol. The superimposed curve is a single exponential

fit to the data (t = 31 6 5 s; fit over t = 0–36 s). (C) Pooled data of percent change in DSI of spontaneous IPSCs at different [BAPTA]int. (D1) Sample

recordings of calcium currents and spontaneous IPSCs before and after DSI protocol. Scale bar, 50 pA, 5 s. (D2) Superimposed calcium currents

at voltage steps of 220 and 230 mV, respectively. (E) Pooled data from ten experiments examining the relationship between voltage-gated cal-

cium current (integrated ICa, as percent of maximum) and the extent of depolarization-induced suppression of spontaneous GABAergic trans-

mission to perifornical LH neurons. Error bars indicate 6 SEM.
and CB1R agonists mimicked the effects of the DSI pro-
tocol, consistent with the participation of CB1R in the
modulation of GABA release (Figure 8). Additional evi-
dence consistent with endocannabinoid mediation of
DSI in hypothalamus is provided by experiments in
which anandamide was loaded into the postsynaptic
neurons directly through the patch pipette. Introduction
of cannabinoids into the LH neurons also depressed
GABAergic inputs to these neurons in a CB1R antago-
nist-sensitivemanner. Taken together, these experiments
support prior proposals that endocannabinoids can act
as retrograde messengers to inhibit GABA release from
presynaptic GABA inputs and demonstrate that such a
mechanism is employed in the hypothalamus. The acti-
vation of CB1Rs leads to a net increase in the excitability
of LH neurons, consistent with the effects of cannabinoid
agonists in enhancing food intake (Cota et al., 2003; Di
Marzo et al., 2001; Hao et al., 2000; Kirkham et al., 2002;
Williams and Kirkham, 2002). The endocannabinoid-
induced suppression of GABAergic transmission at LH
synapses contrasts with the enhancement of GABAergic
input elicited by nicotinic AChR activation in vitro and in
acute hypothalamic slice (Jo and Role, 2002; Jo et al.,
2005).

In situ hybridization studies demonstrate leptin recep-
tor expression within the LH (Elmquist et al., 1998), and
leptin induces STAT translocation in the LH (Ladyman
and Grattan, 2004). Prior studies of the arcuate nucleus
demonstrate differential effects of leptin on the firing
properties of neuropeptide Y (NPY)- versus pro-opiome-
lanocortin (POMC)-expressing neurons. Leptin excites
POMC-expressing neurons, whereas it inhibits NPY-ex-
pressing neurons, resulting in an increase in anorexi-
genic peptides and decreased orexigenic peptides in
the target areas, respectively (for a review, see Schwartz
et al., 2000). Although leptin has been shown to activate
or inhibit neurons of the arcuate nucleus, the electro-
physiological effects of leptin within the LH nucleus
remain relatively unexplored (Funahashi et al., 1999).
We found that leptin blocked DSI in the LH in all cases
examined. Furthermore, leptin-deficient mice show a
prolonged DSI consistent with an increased endocanna-
binoid tone due, at least in part, to enhanced voltage-
gated calcium influx in ob/ob mice.

Recent studies have reported that activation of G pro-
tein-coupled receptors, including metabotropic gluta-
mate receptors and muscarinic acetylcholine receptors,
enhance endocannabinoid release (Galante and Diana,
2004; Kim et al., 2002; Maejima et al., 2001; Ohno-
Shosaku et al., 2002, 2003). Hence, the synthesis of the
endocannabinoids anandamide and 2-AG is initiated in
postsynaptic target cells either by calcium influx through
voltage-gated calcium channels or by the activation of
G protein-coupled receptors. Our work reveals that
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Figure 7. Examination of DSI in Leptin-Deficient Mice Reveals Tonic Disinhibition of Endocannabinoid Signaling

(A) DSI of spontaneous GABA transmission in wild-type littermates of ob/ob mice. (A1) Sample recordings of spontaneous IPSCs in perifornical

LH neuron before and after DSI protocol in acute slice from wild-type littermate of an ob/ob mouse. (A2) Summary plots of frequency of sIPSCs

versus time in recordings from perifornical LH neurons in wild-type littermates, before and after DSI protocol (n = 6). (A3) The data were fit by

a single exponential function with a t of 4.5 6 1 s. Scale bar, 50 pA, 20 s. (B) DSI of spontaneous GABA transmission is prolonged in ob/ob

mice. (B1) Sample current traces of spontaneous IPSCs in perifornical LH neuron before and after DSI protocol in acute slice from an ob/ob

mouse. (B2) Summary plots of sIPSCs versus time in recordings from perifornical LH neurons in ob/ob mice before and after direct depolarization

(n = 9). (B3) The time constant of DSI is increased by 6-fold in ob/ob mice. The superimposed curve is a single exponential fit to the data with a t of

30 6 6 s. Scale bar, 50 pA, 20 s. (C) DSI of stimulus-evoked GABA transmission in wild-type littermates of ob/ob mice. Sample current traces of

evoked IPSCs before and after direct depolarization of the postsynaptic neuron in +/+ mice (C1). Summary plots of evoked synaptic current am-

plitude versus time before and after DSI protocol ([C2]; n = 3). (C3) The data were fit by a single exponential function with a t of 33 6 3.5 s. Scale

bar, 500 pA, 10 ms. (D) DSI of stimulus-evoked GABA transmission is prolonged in ob/ob mice. Sample current traces of evoked IPSCs before

and after direct depolarization of the postsynaptic neuron in ob/ob mice (D1). (D2 and D3) Summary plots of evoked synaptic current amplitude

versus time before and after DSI protocol ([D2]; t = 82 6 14 s; n = 5). Scale bar, 50 pA, 10 ms. (E) The mean amplitude of voltage-gated calcium

currents is greater in LH neurons of ob/ob mice versus their +/+ littermates (p < 0.05). Sample recordings (E1) and summary plot (E2). Scale bar,

500 pA, 20 ms. (F) Sample recordings of spontaneous IPSCs before and after leptin treatment in ob/ob mice. Leptin blocks DSI in mutant animals

as shown in wild-type animals. Scale bar, 50 pA, 5 s. Error bars indicate 6 SEM.
activation of leptin receptors inhibits rather than en-
hances endocannabinoid release (Figure 8). In the ab-
sence of a neuronal storage mechanism for endocanna-
binoids, the effect of leptin on endocannabinoid
signaling in the LH may reflect decreased synthesis, in-
creased degradation, or both. Prior studies have re-
ported that hypothalamic activity of the enzyme FAAH,
which hydrolyzes both anandamide and 2-AG, was not
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Figure 8. Summary Diagram of Current Stud-

ies and Proposed Model

(Left side) Schematic of lateral hypothalamus

(LH) area illustrating perifornical LH neurons

that were the focus of the current study.

MCH neurons receive GABAergic inputs from

diverse brain areas, including the nucleus ac-

cumbens/ventral striatum and the arcuate nu-

cleus. The regulation of these GABAergic in-

hibitory tones to MCH neurons appears to be

an important factor for controlling food intake

and appetite. (Right top panel) Cartoon of pro-

posed model for mechanisms of endocanna-

binoid signaling and modulation of GABAergic

transmission in the perifornical LH neurons of

the LH. The activation of presynaptic CB1Rs

located on GABA terminals decreases GABA

release, thereby enhancing the net excitability

of perifornical LH neurons, consistent with in-

creased feeding behavior. The activation of

leptin receptors on perifornical LH neurons in-

hibits voltage-gated calcium currents (VGCC)

via activation of JAK2 and MAPK. The conse-

quent decrease in [Ca]int results in less synthe-

sis and release of endocannabinoids and

hence decreases DSI. Perifornical LH neurons

in leptin-deficient, obese mice (ob/ob) have

larger VGCC, consistent with upregulated en-

docannabinoid signaling, enhanced excitabil-

ity, and consequent hyperphagia. (Right bot-

tom panel) Cartoon of proposed model for

mechanisms in which rimonabant, a CB1R an-

tagonist, decreases body weight and food in-

take. Rimonabantwould inhibitCB1R, antago-

nizing the elevated EC from the MCH neuron.

This would potentially normalize GABA re-

lease and inhibit MCH release, leading to de-

creased appetite.
affected by leptin (Di Marzo et al., 2001). Furthermore, the
activity of the N-arachidonoyl-phosphatidylethanolamine
(N-Ar-PE)-specific phospholipase D (PLD), which cataly-
ses the conversion of N-Ar-PE into anandamide, was not
altered by treatment with leptin (Di Marzo et al., 2001).

Endocannabinoid synthesis is calcium dependent (for
review, see Di Marzo et al., 1998; Piomelli, 2003; Wilson
and Nicoll, 2002). Current studies demonstrate that de-
polarization-induced calcium entry is an important de-
terminant of the degree of DSI. An w20% decrease of
the integrated ICa was sufficient to block DSI at LH syn-
apses. Hence, the regulation by leptin of calcium entry
through voltage-dependent calcium channels may be,
at least in part, an important determinant in the control
of endocannabinoid signaling. Of course, the mecha-
nisms underlying the regulation of endocannabinoid sig-
naling by leptin may not depend solely on inhibition of
calcium entry (see Figure 8). Prior studies have demon-
strated the involvement of cyclooxygenase-2 (Kim and
Alger, 2004), ryanodine-sensitive stores (Isokawa and
Alger, 2005), anandamide transporter (Ronesi et al.,
2004), anandamide internalization (Fegley et al., 2004),
and type 1 mGluRs (Maejima et al., 2001; Varma et al.,
2001) as well as mAChRs (Kim et al., 2002) in the regula-
tion of endocannabinoid signaling. Interestingly, Mac-
carrone and colleagues (Maccarrone et al., 2003) have
demonstrated that physiological levels of leptin stimu-
late the activity of FAAH in human T lymphocytes up to
w300% over the untreated controls.
Leptin deficiency is accompanied by an increase in
the mean amplitude of calcium currents in LH neurons
of ob/ob mice, and CB1R-mediated DSI is greatly en-
hanced. The loss of leptin signaling in the ob/ob mice re-
sults in a more sustained CB1R-mediated suppression
of GABAergic transmission. These data are consistent
with decreased leptin signaling, resulting in an increase
in the duration of endocannabinoid-induced modulation
in leptin-deficient, genetically obese mice (Figure 8).
Prior studies demonstrate that endocannabinoid signal-
ing regulates feeding behavior (Cota et al., 2003; Di
Marzo et al., 2001; Hao et al., 2000; Kirkham et al., 2002;
Williams and Kirkham, 2002). Upregulation of endocan-
nabinoid signaling in the LH may explain, at least in
part, the increased body weight consistent with a prior
report of elevated endocannabinoids in ob/ob mice (Di
Marzo et al., 2001).

In summary, our data indicate that the orexigenic ef-
fects of endocannabinoids include a presynaptic CB1R-
mediated suppression of GABAergic transmission in
LH. In addition, we provide direct electrophysiological
evidence that the effects of leptin involve inhibition of
postsynapticCaentry andconsequentendocannabinoid-
induced DSI. The cellular mechanisms of recently devel-
oped antiobesity drugs, such as rimonabant (Figure 8),
may include decreased endocannabinoid signaling and
hence decreased excitability of LH circuits related to ap-
petite, even in the context of leptin insufficiency or
resistance.
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Experimental Procedures

Slice Preparation

Transverse brain slices were prepared from C57BL/6 (wild-type only)

or FVB-ob (+/+ or ob/ob) mice (Haluzik et al., 2004) at postnatal age

14–20 days. Genotyping was performed on DNA extracted from toe

clips obtained 1–5 days prior to sacrifice. Animals were anesthetized

with a mixture of ketamine and xylazine. After decapitation, the brain

was transferred into a sucrose-based solution bubbled with 95%

O2/5% CO2 and maintained at w3ºC. This solution contained the fol-

lowing: 248 mM sucrose, 2 mM KCl, 1 mM MgCl2, 1.25 mM KH2PO4,

26 mM NaHCO3, and 10 mM glucose. Transverse coronal brain slices

(350 mM) were prepared using a Vibratome (Leica VT1000S). Slices

were equilibrated with an oxygenated artificial cerebrospinal fluid

(aCSF) for >1 hr prior to transfer to the recording chamber. The slices

were continuously superfused with aCSF at a rate of 2 ml/min con-

taining the following: 113 mM NaCl, 3 mM KCl, 1 mM NaH2PO4,

26 mM NaHCO3, 2.5 mM CaCl2, 1 mM MgCl2, and 10 mM glucose

in 95% O2/5% CO2 at room temperature (25ºC–26ºC).

Electrophysiological Recordings

Brain slices were placed on the stage of an upright, infrared-differen-

tial interference contrast microscope (Olympus BX50WI) mounted on

a Gibraltar X-Y table (Burleigh) and visualized with a 403 water im-

mersion objective by infrared microscopy (DAGE MTI camera). Mem-

brane currents were recorded at room temperature (25ºC–26ºC) with

an Axopatch 200B patch-clamp amplifier in the whole-cell configura-

tion. The external solution contained the following: 113 mM NaCl,

3 mM KCl, 1 mM NaH2PO4, 26 mM NaHCO3, 2.5 mM CaCl2, 1 mM

MgCl2, and 10 mM glucose in 95% O2/5% CO2. CNQX (10 mM),

DL-amino-phosphonovaleric acid (DL-AP-5; 50 mM), strychnine

(1 mM), and CGP55845 (GABAB receptor antagonist; 10 mM) were

continuously present in the external solution. The internal solution

contained the following: 130 mM KCl or CsCl, 2 mM MgCl2, 0.2 mM

EGTA, 10 mM HEPES, 1 mM Na2ATP, 0.5 mM Na2GTP, and 0.5 mM

QX314. Pipette resistance ranged from 2.5 to 4 MU.

For extracellular stimulation, an electrode prepared from theta

glass (WPI, Inc.) and filled with extracellular solution was placed me-

dial to the perifornical area and the recorded neuron. Spontaneous

postsynaptic currents were recorded to a PC with a Pentium III pro-

cessor after being filtered at 5 kHz by Axopatch 200B and analyzed

using pClamp9 (Axon Instruments, Inc.) and Mini analysis 5.0 (Syn-

aptosoft, Inc.). To induce DSI, the postsynaptic neuron was briefly

depolarized from 270 to 0 mV (interval between pulses: 5 s).

To monitor the currents of voltage-dependent calcium channels,

voltage-dependent Na+ channels were blocked by tetrodotoxin

(1 mM), and voltage-dependent K+ channels were blocked by adding

tetraethylammonium (TEA) in the extracellular solution (93 mM NaCl,

3 mM KCl, 1 mM NaH2PO4, and 20 mM NaHCO3, glucose, CaCl2,

MgCl2, and TEACl) as well as 4-AP and Cs+ in the intracellular solu-

tion (65 mM Cs2SO4, 2 mM MgCl2, 10 mM HEPES, 10 mM EGTA,

5 mM 4-AP, 2 mM ATP, 0.5 mM GTP, and 5 mM phosphocreatine).

Osmolarity was adjusted with sucrose. We also added CNQX (10 mM),

DL-APV (50 mM), bicuculline (10 mM), and strychnine (1 mM). We de-

polarized the neurons from 280 to 0 mV for 100 ms to activate volt-

age-dependent calcium channels. Under these experimental condi-

tions, the inward currents were completely inhibited by 200 mM

cadmium (n = 3), indicating that these are calcium currents. To mea-

sure both voltage-dependent calcium currents and DSI, we used the

intracellular solution containing the following: 100 mM CsCl, 30 mM

TEACl, 2 mM MgCl2, 10 mM HEPES, 0.2 mM BAPTA, 5 mM 4-AP,

1 mM QX-314, 2 mM ATP, 0.5 mM GTP, and 5 mM phosphocreatine.

Student’s t tests were used to analyze the difference between pa-

rameters (Origin 6.0). The critical value for statistical significance

was set at p < 0.05. The time constant (t) of recovery from DSI was

fit by a single exponential function to the data over the time window

indicated in the text; fitted curves have correlation coefficients of

w0.8 in most cases (Origin 6.0). All statistical results are given as

mean 6 standard error of the mean (SEM).

Single-Cell RT-PCR

Single-cell samples were collected from brain slice preparations via

aspiration into the patch pipette. The initial RT reaction was con-

ducted after pressure ejection of the single-cell samples into freshly
prepared RT mix A solution (RT mix A: 20 U of RNase OUT, 300 ng of

random primers, 0.5% NP-40, and RNase-free water). Samples were

sonicated in a total volume of 10 ml at 4ºC for 5 min and then incubated

for 3 min at 65ºC prior to addition of 10 ml RT mix B (RT mix B: 500 mM

dNTP, 13 RT buffer, 5 mM MgCl2, 10 mM DTT, and 200 U Superscript

II). The tubes were incubated at 25ºC for 5 min, at 42ºC for 1 hr, and at

65ºC for 10 min.

Each cDNA sample obtained was split into two aliquots, one for

analysis of MCH transcripts and the other for analysis of neuronal

enolase. Two rounds of amplification were done for the detection

of MCH transcripts, and one round of amplification was done for

the analysis of neuronal enolase. In the first amplification (final vol-

ume 50 ml), the reaction mixture contained 10 ml of cDNA, 13 PCR

buffer with Mg2+ (Roche), 0.2 mM dNTP, 0.1 mM of each primer,

and 2 U of Taq polymerase (Roche). For the second amplification,

the reaction mixtures contained 3 ml of the first round PCR product,

13 PCR buffer with Mg2+ (Roche), 0.5 mM dNTP, 1 mM of each

primer, 1 M Betaine (Sigma), and 2 U of Taq polymerase in a final vol-

ume of 30 ml). Following denaturation by 3 min at 94ºC, the target

cDNAs were amplified by 35 cycles (94ºC, 30 s; 60ºC, 30 s; 72ºC,

30 s) followed by 10 min at 72ºC. As positive control, 1 ng of brain

RNA was subjected to RT-PCR in parallel with the single-cell sam-

ples. After amplification, the PCR products (532 bp for enolase,

220 bp for MCH, and 334 bp for FAAH) were analyzed on 2% agarose

gels. The primers used were as follows: MCH sense, 50-CAGCTTCC

AAGTCCATAAGG-30; MCH antisense, 50-AGTGGCAGCCCGTGAGT

TAC-30; FAAH sense, 50-TGACTGACTGTGAGACTCAG-30; FAAH an-

tisense, 50-GCCTCCAGATCCAATGAGAG-30; enolase sense, 50-GCT

TTGCCCCCAATATCCTG-30; enolase antisense, 50-CACAGTCCGA

CGACAAGATC-30. The primers were purchased from Invitrogen

(Carlsbad, CA).
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