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Cannabinoids Excite Hypothalamic Melanin-Concentrating
Hormone But Inhibit Hypocretin/Orexin Neurons:
Implications for Cannabinoid Actions on Food Intake and
Cognitive Arousal

Hao Huang,'* Claudio Acuna-Goycolea,* Ying Li,! H. M. Cheng,? Karl Obrietan,? and Anthony N. van den Pol'
'Department of Neurosurgery, Yale University School of Medicine, New Haven, Connecticut 06520, and 2Department of Neuroscience, Ohio State
University, Columbus, Ohio 43210

Cannabinoids modulate energy homeostasis and decrease cognitive arousal, possibly by acting on hypothalamic neurons including those
that synthesize melanin-concentrating hormone (MCH) or hypocretin/orexin. Using patch-clamp recordings, we compared the actions of
cannabinoid agonists and antagonists on identified MCH or hypocretin neurons in green fluorescent protein-expressing transgenic mice.
The cannabinoid type-1 receptor (CBIR) agonist R-(+)-[2,3-dihydro-5-methyl-3-(4-morpho linylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-
6-yl]-1-naphthalenylmethanone mesylate (WIN55,212,2) depolarized MCH cells and increased spike frequency; in contrast, WIN55,212,2 hy-
perpolarized and reduced spontaneous firing of the neighboring hypocretin cells, both results consistent with reduced activity seen with intra-
cerebral cannabinoid infusions. These effects were prevented by AM251 [N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1H-pyrazole-3-carboxamide], a CB1R antagonist, and by tetrodotoxin, suggesting no postsynaptic effect on either neuron type. In MCH
cells, depolarizing WIN55,212,2 actions were abolished by the GABA, receptor antagonist bicuculline, suggesting that the CB1R-mediated
depolarization was attributable to reduced synaptic GABA release. WIN55,212,2 decreased spontaneous IPSCs, reduced the frequency but not
amplitude of miniature IPSCs, and reduced electrically evoked synaptic currents in MCH cells. Glutamate microdrop experiments suggest that
WINS55,212,2 acted on axons arising from lateral hypothalamus local inhibitory cells that innervate MCH neurons. In hypocretin neurons, the
reduced spike frequency induced by WIN55,212,2 was attributable to presynaptic attenuation of glutamate release; CB1R agonists depressed
spontaneous and evoked glutamatergic currents and reduced the frequency of miniature EPSCs. Cannabinoid actions on hypocretin neurons
were abolished by ionotropic glutamate receptor antagonists. Together, these results show that cannabinoids have opposite effects on MCH and
hypocretin neurons. These opposing actions could help explain the increase in feeding and reduction in arousal induced by cannabinoids.
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Introduction
Cannabinoids are the primary psychoactive components of mar-
jjuana and hashish. These compounds affect brain function
mainly by modulating cannabinoid type-1 receptors (CB1Rs)
(Matsuda et al., 1990; Freund et al., 2003; Piomelli, 2005). CB1Rs
are widely expressed throughout the CNS, including the cerebel-
lum, hippocampus, and hypothalamus (Herkenham et al., 1991;
Matsuda et al., 1993; Tsou et al., 1998). The hypothalamus plays
a pivotal role in energy homeostasis and arousal (Harrold, 2004;
Leibowitz and Wortley, 2004).

CBI1Rs are involved in the regulation of feeding and energy
homeostasis (Di Marzo and Matias, 2005; Pagotto et al., 2005;
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Sharkey and Pittman, 2005). Agonists of CB1Rs increase eating
(Williams and Kirkham, 1999; Hao et al., 2000; Jamshidi and
Taylor, 2001), whereas CB1R blockade reduces food intake (Ar-
none et al., 1997; Colombo et al., 1998; Simiand et al., 1998).
CBI1R-deficient mice consume less food than wild-type litter-
mates, have a leaner and lighter phenotype, and are resistant to
diet-induced obesity when given a high-fat diet (Di Marzo et al.,
2001; Cota et al., 2003; Ravinet Trillou et al., 2004), underlining
the critical role played by CB1Rs in energy homeostasis.

In the hypothalamus, endogenous cannabinoid concentra-
tions have been reported to increase during short-term fasting
and decrease during feeding (Kirkham et al., 2002) or after leptin
administration (Di Marzo et al., 2001). In addition, CBIR mRNA
is found in lateral hypothalamic (LH) melanin-concentrating
hormone (MCH) and hypocretin neurons (Cota et al., 2003).
MCH neurons play a role in energy homeostasis; injections of
MCH peptide into the brain increase food intake (Qu et al.,
1996), pharmacological blockade of the MCH receptor reduces
body weight (Borowsky et al., 2002), and MCH peptide (Shimada
et al., 1998) or receptor (Marsh et al., 2002) knock-out mice eat
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less and have reduced body weight. Hypocretin-synthesizing
neurons have been postulated to play a role in arousal; central
administration of hypocretin peptide increases arousal, and the
lack of hypocretin or its receptors leads to narcolepsy in mice,
dogs, or humans (Chemelli et al., 1999; Lin et al., 1999; Peyron et
al., 2000; Thannickal et al., 2000). In addition, hypocretin mod-
ulation of arousal states may affect the regulation of energy ho-
meostasis (Yamanaka et al., 2003)

Thus, the observed actions of cannabinoids on energy balance
and cognitive arousal may be attributable, in part, to their effects
on the activity of MCH and/or hypocretin neurons. Here, using
whole-cell voltage- and current-clamp recordings, we studied the
cellular effects of CB1R agonists and antagonists on the activity of
identified MCH and hypocretin neurons in LH slices from green
fluorescent protein (GFP)-expressing transgenic mice.

Materials and Methods

Preparation of hypothalamic slices. Experiments were performed on hy-
pothalamic slices (250-350 wm thick) obtained from three different lines
of transgenic mice. These lines selectively express enhanced GFP in
MCH-containing neurons (van den Pol et al., 2004), hypocretin-
containing neurons (Li et al., 2002) (provided by Dr. T. Sakurai, Univer-
sity of Tsukuba, Tsukuba, Ibaraki, Japan), or in GABA [glutamic acid
decarboxylase 67 (GAD67)-positive]-synthesizing neurons (Tamamaki
etal., 2003; Acuna-Goycolea et al., 2005) (provided by Drs. Y. Yanagawa,
Gunma University, Gunma, Japan and K. Obata, RIKEN Brain Science
Institute, Saitama, Japan). Briefly, 2- to 6-week-old mice maintained in a
12 h light/dark cycle were given an overdose of sodium pentobarbital
(100 mg/kg) during the light part of the cycle (11:00 A.M. to 4:00 P.M.).
Then, their brains were removed rapidly and placed in an ice-cold oxy-
genated (95% O, and 5% CO,) high-sucrose solution that contained (in
mM) 220 sucrose, 2.5 KCl, 6 MgCl,, 1 CaCl,, 1.23 NaH,PO4, 26
NaHCO;, and 10 glucose, pH 7.4 (when equilibrated with a mixture of
95% O, and 5% CO,). A block of tissue containing the hypothalamus was
isolated, and coronal slices were cut on a vibratome. After a 1-2 h recov-
ery period, slices were moved to a recording chamber mounted on a
BX51WI upright microscope (Olympus, Tokyo, Japan) equipped with
video-enhanced infrared-differential interference contrast and fluores-
cence. Slices were perfused with a continuous flow of gassed artificial CSF
(ACSF; 95% O, and 5% CO,) that contained (in mm) 124 NaCl, 2.5 KCl,
2 MgCl,, 2 CaCl,, 1.23 NaH,PO,, 26 NaHCO;, and 10 glucose, pH 7.4.
Bath temperature in the recording chamber was maintained at 35 = 1°C
using a dual-channel heat controller (Warner Instruments, Hamden,
CT). Neurons were visualized with an Olympus Optical 40X water-
immersion lens. The Yale University Committee on Animal Care and
Use approved all procedures used in this study.

Patch-clamp recording. Whole-cell current- and voltage-clamp record-
ings were performed using pipettes with 4—6 M() resistance after being
filled with pipette solution. The pipettes were made of borosilicate glass
(World Precision Instruments, Sarasota, FL) using a PP-83 vertical puller
(Narishige, Tokyo, Japan). For most recordings, the composition of the
pipette solution was as follows (in mm): 145 KMeSO,, (or KCl for IPSCs),
1 MgCl,, 10 HEPES, 1.1 EGTA, 2 Mg-ATP, 0.5 Na,-GTP, pH 7.3, with
KOH. Liquid junction potential correction was performed off-line. Slow
and fast capacitance compensation was automatically performed using
Pulse software (HEKA Elektronik, Lambrecht/Pfalz, Germany). Access
resistance was monitored continuously during the experiments. Only
those cells in which access resistance was stable (changes <10%) were
included in the analysis. An EPC10 amplifier and Pulse software were
used for data acquisition (HEKA Elektronik). PulseFit (HEKA Elek-
tronik), Axograph (Molecular Devices, Foster City, CA), and Igor Pro
(WaveMetrics, Lake Oswego, OR) software were used for analysis. Both
spontaneous EPSCs (sEPSCs) and spontaneous IPSCs (sIPSCs) were de-
tected and measured with an algorithm in Axograph, and only those
events with amplitude >5 pA were used, as described in detail previously
(Gao and van den Pol, 2001). The frequency of action potentials was
measured using Axograph as well. Data are expressed as mean = SEM.
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Group statistical significance was assessed using paired Student’s t test,
for comparison of two groups, and one-way ANOVA followed by a Bon-
ferroni post hoc test, for three or more groups. p < 0.05 was considered
statistically significant.

Evoked postsynaptic currents were obtained by using ACSF-filled,
theta glass microelectrodes (resistance, 0.2—0.5 M{}) as stimulation elec-
trodes. The stimulating electrodes were positioned within the lateral hy-
pothalamus. Evoked EPSCs (eEPSCs) were studied with 30 um bicucul-
line (Bic) in the bath to block inhibitory GABA, receptor-mediated
synaptic transmission. Evoked IPSC (eIPSC) experiments were per-
formed in the presence of DL-2-amino-5-phosphonopentanoic acid
(AP-5; 50 uMm) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10
uM) in the external solution to block ionotropic glutamate receptors.
Currents were evoked by applying pulses (20-200 uA; duration, 200 us)
through the electrodes. This stimulation protocol was repeated every 6 s.
For paired-pulse ratio experiments, the interstimulus interval was 30 ms,
and the ratio between the second and the first evoked currents was cal-
culated and averaged for =20 trials. To study the effect of locally applied
glutamate on the IPSCs recorded in MCH neurons, the following intra-
cellular solution was used (in mm): 130 CsMeSO,, 10 CsCl, 2 MgCl,, 10
HEPES, 0.16 CaCl,, 0.5 EGTA, 4 Na,ATP, 0.4 NaGTP, and 14 Tris-
creatine phosphate, adjusted to pH 7.3 with CsOH. AP-5 (50 um) was
added in the bath. Using this internal solution, Cl ~ reversal potential of
recorded cells was approximately —40 mV. Microdrops of glutamate
(10-30 mm) were pressure applied (5-8 psi, 5-10 ms) (Picospritzer II;
Parker-Hannefin, Fairfield, NJ) to the surface of the lateral hypothala-
mus (0.5-1 mm away from the recorded cells), using a broken patch
pipette of 10—15 wm tip diameter, as described previously (Belousov and
van den Pol, 1997; Acuna-Goycolea et al., 2004).

Depolarization-induced suppression of inhibition (DSI) or excitation
(DSE) was studied after a 1 or 5 s depolarization pulse (from —70 to 0
mV) every 2-3 min. To quantify DSI or DSE, we calculated the sIPSC or
sEPSC waveform integral for 20 s before the depolarization pulse and 20 s
after the pulse. The first 2 s after the voltage step were disregarded to
allow maximal DSI or DSE to develop. The percentage of suppression
was calculated as follows (charge, Q): DSTor DSE = [1 — (onsl/ Qpre)} X
100. To estimate the changes of spontaneous postsynaptic currents in a
given cell, data from at least three DSIs or DSEs were averaged.

Immunocytochemistry. Immunostaining against MCH peptide was
performed as described previously (van den Pol et al., 2004). Briefly,
GFP-MCH or GAD67-GFP transgenic mice were anesthetized and per-
fused transcardially with a fixative solution containing 4% paraformal-
dehyde in 0.1 M phosphate buffer. Sections were then cut on a cryostat at
20-30 pwm. After washing in normal buffer containing 0.1% lysine, 1%
bovine serum albumin, 1% normal goat serum, and 0.3% Triton X-100,
sections were incubated overnight in primary rabbit antiserum against
MCH from Drs. P. Sawchenko and W. Vale (Salk Institute, San Diego,
CA); the specificity of the antiserum was described in detail previously
(Bittencourt et al., 1992). The antisera was used at concentrations of
1:2500 and detected with a secondary donkey anti-rabbit Ig conjugated to
Alexa 594. Immunocytochemical verification of selective GFP expression
in hypocretin (Li et al., 2002) or GAD67 mRNA-containing GABA neu-
rons (Acuna-Goycolea et al., 2005) has been reported previously.

Effects of CBIR agonist on behavioral activity. Six- to 10-week-old
C57BL/6 mice were stereotaxically implanted with a guide cannula in the
lateral ventricle. The surgical procedures and implant coordinates were
described previously (Butcher et al., 2002). Cannulated mice were
housed individually in cages equipped with running wheels (15 cm di-
ameter); wheel rotation was recorded using Vital View (Minimitter,
Bend, OR) data acquisition software. Mice were entrained to a 12 h
light/dark cycle for 2 weeks, then dark adapted for a minimum of 2 weeks
before infusion. Three hours before the beginning of the active period
(subjective nighttime), mice were either infused (500 nl/min) with the
CBIR agonist R-(+)-[2,3-dihydro-5-methyl-3-(4-morpho linylmethyl)
pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone mesy-
late (WIN55,212,2; 4 mm, 3 pl, diluted in a DMSO vehicle) or with the same
vehicle lacking the CB1R agonist. After infusion, mice were returned to their
home cages, and locomotor behavior was monitored. Activity data from the
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day before drug application was used as the predrug baseline, and the day
after drug application was used as the test day.

Drugs and drug application. AP-5, Bic, and CNQX were purchased
from Sigma (St. Louis, MO). Tetrodotoxin (TTX) was obtained from
Alomone Labs (Jerusalem, Israel). N-(piperidin-1-yl)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) and
WIN55,212,2 were obtained from Tocris (Ellisville, MO). All drugs were
given by large-diameter (500 wm) flow pipette application, directed at the
recorded cell, unless noted otherwise. When a drug was not being adminis-
tered, normal ACSF continuously flowed from the flow pipe. Drug solutions
were prepared by diluting the appropriate stock solution with ACSF.

Results
MCH neurons

GFP expression in GFP-MCH transgenic mice

Histological sections from GFP-MCH transgenic mice were ex-
amined. GFP-expressing neurons were found in the hypothala-
mus, with a particularly high concentration in the lateral hypo-
thalamus. The distribution of GFP-labeled cells matches the
description of immunoreactive MCH neurons reported previ-
ously (Bittencourt et al., 1992). The highest concentration of
MCH-GEFP cells was found in the LH/perifornical region extend-
ing from the posterior paraventricular nucleus caudally to the
mammillary recess of the third ventricle and in the zona incerta.
Some cells were also seen in the anterior periventricular nucleus,
postserolateral to the paraventricular nucleus, and in the dorso-
medial hypothalamus. All GFP-positive neurons were immuno-
reactive with MCH antisera (267 cells examined), whereas 67%
(267 of 400) of MCH-immunoreactive cells showed detectable
GFP expression. The lack of GFP expression in some immunopo-
sitive cells could be attributable to low levels of GFP expression in
the negative cells, to aldehyde-mediated quenching of GFP fluo-
rescence, or to cells that do not express GFP. Figure 1A-D
showed the expression of GFP and MCH immunostaining (red)
in the lateral hypothalamus.

As shown before using a recombinant adeno-associated virus
(van den Pol et al., 2004), the GFP-expressing MCH neurons are
very silent in rest conditions, showing little or no spontaneous
activity (firing rate range, 0—0.9 Hz; mean, 0.12 = 0.1 Hz; n = 41;
datanot shown). The mean resting potential was —61.7 = 0.4 mV
(n = 41). A positive current step (40—80 pA for 200 ms) induced
action potential firing with evident spike-frequency adaptation
(Fig. 1 E, top, arrow), similar to previous reports (Eggermann et
al., 2003; Gao et al., 2003; van den Pol et al., 2004). Hyperpolar-
izing current injection (from —30 to —150 pA for 200 ms, 30 pA
steps) revealed an instantaneous inward rectification for poten-
tials more negative than —85 mV (Fig. 1 E, bottom, open arrow-
head) and also a transient outward rectification identified as a
delayed return to the resting potential after hyperpolarizing cur-
rent injection (Fig. 1E, bottom, filled arrowhead).

MCH neurons release endocannabinoids

Cannabinoid receptors have been observed in mouse lateral hy-
pothalamus, the region where most MCH neurons are found
(Herkenham et al., 1991; Matsuda et al., 1993; Cota et al., 2003).
To determine whether endogenous cannabinoids can be released
from MCH neurons and modulate their inhibitory synaptic in-
puts, we recorded the synaptic release of GABA onto MCH cells
after stimulation of the postsynaptic cell. Brief depolarizing steps
have been shown to effectively evoke postsynaptic release of en-
docannabinoids in hippocampus (Wilson and Nicoll, 2001), cer-
ebellum (Kreitzer and Regehr, 2001; Yoshida et al., 2002), and
other brain areas (Melis et al., 2004; Zhu and Lovinger, 2005).
The released endocannabinoids diffuse into the extracellular
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Figure 1. GFP expression restricted to MCH-containing neurons in transgenic mice. A, GFP
expression in a hypothalamic section of a GFP—MCH transgenic mouse. Arrows indicate three
cells. B, The same three cells (arrows) in A are shown, where antisera reveal immunoreactive
MCH (MCH-ir; Texas Red) in the same neurons that express GFP, confirming that GFP expression
in this line of transgenic animals is restricted to MCH-synthesizing neurons in the lateral hypo-
thalamus. €, D. The same three cells shown in A and B are depicted at higher magnification. E,
Intrinsic membrane properties of MCH neurons identified by GFP expression. SFA, Spike-
frequency adaptation (after a 60 pA positive current injection for 200 ms). The open arrowhead
indicates the inward rectification induced by —30to — 150 pA current injection for 200 ms, 30
pA steps; the filled arrowhead indicates the outward rectification observed in these hypotha-
lamic cells. Scale bars: A, B, 20 m; €, D, 10 m.

space and activate presynaptic receptors leading to changes in the
synaptic strength (Kreitzer and Regehr, 2002; Wilson and Nicoll,
2002). Brief depolarization (from —70to 0 mV, 1 s) of MCH cells
caused a significant and transient suppression of sIPSCs (called
DSI) in six of eight neurons tested (average DSI, 25.0 * 6.0%; n =
8; p < 0.01, t test; data not shown). The inhibitory effect of
depolarizing voltage steps on sIPSCs was not observed when the
CBIR antagonist AM251 (5 um) was present in the bath (aver-
aged DSI under these conditions was 1.8 * 5.9%;n = 5; p > 0.5,
t test). These results suggest that endogenous cannabinoids can
be released by postsynaptic depolarization and that they may
modulate synaptic transmission in MCH neurons by acting at
presynaptic sites. Similar findings have been reported in LH neu-
rons, including some chemically identified MCH neurons (Jo et
al., 2005).
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CBIRs modulate MCH neuron activity

To further characterize the physiological role of cannabinoid re-
ceptors in modulating MCH neuronal activity, voltage- and
current-clamp experiments using selective synthetic agonists/an-
tagonists of CBIR were performed. We first tested whether the
CBIR agonist WIN55,212,2 modulated MCH neuron activity in
coronal hypothalamic slices in vitro. In current clamp,
WINS55,212,2 (1 uM) significantly depolarized GFP-expressing
MCH cells by 3.0 £ 0.5 mV (Fig. 2A, trace 2, B,F) (n =27;p <
0.05, t test). This depolarizing effect was sometimes accompanied
by an increase in MCH neuron spike frequency as shown in trace
1 of Figure 2A. WIN55,212,2 actions on both membrane poten-
tial and spike frequency were abolished when the slices were pre-
incubated for 5-10 min with the selective CBI1R antagonist
AM251 (5 uM) (change in membrane potential, 0.3 = 0.4 mV)
(Fig. 2 A, trace 3, C,F) (n = 6; p = 0.88, t test), consistent with the
view that they were mediated by activation of CB1Rs. The depo-
larization by WIN55,212,2 could also be blocked by 10—15 min
pretreatment with 0.2 or 1 uM AM251 (change in membrane
potential was 1.5 = 0.8 and 0.6 £ 0.5 mV with 0.2 and 1 um
AM251 in the bath, respectively; n = 4-6; p > 0.05; data not
shown). With TTX in the external solution, three different doses
(1, 5, and 10 uM) of WIN55,212,2 showed no substantive effect
on MCH membrane potentials (change by 0.9 = 0.7, 0.7 £ 0.5,
and 0.9 = 0.7 mV by 1, 5, and 10 um WIN55,212,2, respectively;
n = 4-6; p > 0.05; data not shown), suggesting that the activa-
tion of these receptors had little postsynaptic effect. The effect of
WIN55,212,2 on neuronal activity was also investigated in older
adult 6-week-old mice. WIN55,212,2 (1 uMm) significantly depo-
larized the membrane potential of MCH neurons by 2.8 * 0.4
mV (n = 9; p < 0.05; data not shown), similar to the effects on
MCH neurons from younger mice.

Next, we tested whether some of these CB1R-mediated effects
were attributable to modification of intrinsic currents in MCH
neurons. First, we studied the action of WIN55,212,2 on whole-
cell potassium currents using slow (3 s) voltage-ramp protocols
from —140 to +20 mV. This experiment was done with TTX and
CdCl, in the bath. Under these conditions, the application of
WINS55,212,2 (1 uMm) did not significantly modify the current
response in seven cells tested (data not shown), suggesting that
potassium current modulations are probably not the primary
mechanism by which WIN55,212,2 depolarized MCH neurons.
The effect of WIN55,212,2 on voltage-activated calcium currents
was also evaluated using CsCH;SO; pipettes. In these experi-
ments, TEA-CI (40 mm)-containing ACSF was used as the extra-
cellular solution to inhibit potassium currents, and BaCl, was
substituted for CaCl, to increase the conductance of the calcium
channels. Voltage-dependent sodium currents were blocked by
TTX in the bath. A voltage step from —80 to 0 mV for 200 ms was
delivered to activate the barium current. Under these conditions,
the application of WIN55,212,2 (1 uM) resulted in a statistically
nonsignificant depression of barium current (from 517.0 * 46.0
to 461.0 = 31.0 pA; n = 8 p > 0.1, t test), suggesting
WIN55,212,2 had little modulatory effect on postsynaptic
voltage-activated calcium currents.

CBI1Rs have been shown to be coupled to G-protein (usually
the G; subtype) and are often located on the presynaptic mem-
brane of inhibitory axons (Tsou et al., 1998; Katona et al., 1999,
2001). We reasoned that the observed WIN55,212,2 actions on
MCH cells might be attributable to a presynaptic reduction in
GABA release (synaptic disinhibition) onto these hypothalamic
neurons. Consistent with this, the addition of Bic alone to the
bath mimicked CB1R agonist action in current clamp, leading to
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Figure2. (B1Ragonist WIN55,212,2 modulates MCH neuronal activity. 4, The application of

WIN55,212,2 to the lateral hypothalamus depolarized MCH neurons. Some spontaneously ac-
tive MCH-expressing cellsincreased their spike frequency when WIN55,212,2 was applied to the
slice [trace 1; resting membrane potential (RMP), —60.5 mV]. B, In silent MCH neurons,
WIN55,212,2 usually affected only the membrane potential (trace 2in A; RMP, —62.8 mV). C,
D, The effect of WIN55,212,2 on MCH membrane potential was not observed in the presence of
the selective (B1R antagonist AM251 (trace 3 in 4; RMP, —63.4 mV; population graph in €) or
when the slice was perfused with the GABA, receptor antagonist Bic (trace 4in A; RMP, —61.8
mV; graph in D). E, Bic application also depolarized MCH cells, suggesting that these hypotha-
lamic neurons are under tonic inhibitory control mediated by GABA, receptor activation. F, Bar
graph summarizing the actions of (B1R agonist/antagonist and Bic on MCH membrane poten-
tial. Error bars indicate SEM. Win, WIN55,212,2; Ctrl, control; Win/AM251, in the presence of
AM251, the change of membrane induced by WIN55,212,2; Win/Bic, with bicuculline in the
bath, the change of membrane potential by additional application of WIN55,212,2; Memb pot,
membrane potential.
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a4.1 = 1.6 mV depolarization (Fig. 2E,F) A

(n = 10; p < 0.05, t test). Importantly,

with pretreatment with Bic in the external Ctrl
solution, WIN55,212,2 did not change
MCH membrane potential (change in
membrane potential by WIN55,212,2
with Bic in the bath, 1.1 = 1.0 mV; n = 5;
p > 0.05, f test) (Fig. 2 A, trace 4, D,F),
suggesting that most of CB1R agonist ex-
citatory actions were indeed attributable
to areduction in GABA release onto MCH
neurons.

v u)

CBIR agonist modulation of inhibitory
activity in MCH neurons

To evaluate the effect of CB1R agonists on
MCH inhibitory synaptic inputs, we per-
formed whole-cell voltage-clamp experi-
ments using KCl-based internal solutions.
These experiments were done with AP-5
(50 uMm) and CNQX (10 M) in the bath to
block ionotropic glutamate receptors. Un-
der these conditions, the sSIPSCs were de-
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tected asinward currents at —60 mV hold- 0
ing potentials (Fig. 3A). WIN55,212,2
reduced the frequency of sSIPSCs by 51.7 =
6.5% (n = 13; p < 0.05, t test) as shown in
Figure 3, A, C, and E. The time course of
CBIR agonist actions on the IPSC fre-
quency is presented in Figure 3B. The ac-
tions of WIN55,212,2 appeared to be at-
tributable to the activation of CBIRs,
because preincubation of the hypotha-
lamic slices with the selective CBIR antag-
onist AM251 prevented WIN55,212,2-evoked depression of
sIPSC frequency in MCH neurons (change by 2.0 £ 5.1% of
control; n = 6; p > 0.5, t test) (Fig. 3 D, E). Bar graphs showing the
mean effect of WIN55,212,2 on sIPSCs in MCH neurons with
and without AMP251 in the bath are presented in Figure 3E.
WINS55,212,2 also decreased the frequency of sIPSCs by 38.6 =
6.1% (n = 8; p < 0.05; data not shown) in MCH neurons from
6-week-old mice. AM251 alone showed no effect on the fre-
quency or amplitude of sIPSCs (change by 6.0 = 5.9 and 4.0 =
4.7% of control frequency and amplitude, respectively; n = 5; p >
0.1, t test), or membrane potential of MCH neurons (change by
0.9 = 0.9mV; n = 6; p > 0.5), suggesting that, in our experimen-
tal conditions, little spontaneous endocannabinoids release oc-
curs from MCH cells.

The results presented above support the view that the activa-
tion of CB1Rs attenuates the release of GABA onto MCH. To
determine whether this WIN55,212,2-induced reduction in
GABA release was attributable to selective actions on GABAergic
presynaptic terminals innervating MCH neurons, we studied the
effect of CB1R agonists on miniature IPSCs (mIPSCs) with 1 um
TTX in the external solution. WIN55,212,2 (1 um) decreased the
frequency of mIPSCs by 47.0 = 6.0% (Fig. 4A) (n = 9; p < 0.05,
t test) with little effect on mIPSC amplitude (change by 5.4 =
4.3%; n = 9; p = 0.91, ¢ test) (Fig. 4B). In the presence of the
CBIR antagonist AM251, WIN55,212,2 showed no significant
effect on mIPSCs (change by 3.8 * 8.9 and 3.0 * 7.5% of control
frequency and amplitude, respectively; n = 5, p > 0.05 t test),
indicating that the modulatory effects of WIN55,212,2 on mIP-
SCs are attributable to the activation of CB1Rs. The bar graphs in

Figure 3.

Ctrl  Win Ctrl  Win
Time (min)

(Cannabinoids depress GABAergic transmission in MCH neurons. A, Voltage-clamp recording showing the depressing
actions of the (B1R agonist WIN55,212,2 on sIPSC in hypothalamic MCH neurons. These recordings were performed with a
KCl-based internal solution, and at a —60 mV holding potential, inhibitory currents were detected as inward currents. B, This
graph shows the time course of WIN55,212,2 actions on the normalized frequency of IPSCs in 13 MCH neurons tested. C, D, Graph
depicting population WIN55,212,2 actions on frequency of IPSCs with normal ACSF as the external solution (€) or in the presence
of AM257 in the bath (D). E, Bar graphs summarizing WIN55,212,2 actions on IPSC frequency with or without AM251 in the
external solution. *p << 0.05, statistically significant. Error bars indicate SEM. Win, WIN55,212,2; Ctrl, control.

Figure 4, Cand D, show the mean WIN55,212,2 action on mIPSC
frequency (left) and amplitude (right) in slices perfused with
normal ACSF (C) or preincubated with the CBIR antagonist
AM251 (D). Together, our results are consistent with the idea
that activation of CBIRs in GABA-producing axon terminals
leads to a reduction in the release of GABA onto MCH cells,
which in turn might relieve these hypothalamic neurons from
tonic inhibition mediated by persistent GABA, receptor
activation.

We further studied WIN55,212,2 actions on eIPSCs in MCH
neurons using electrical stimulation of LH neurons with a theta
glass microelectrode and KCl-based internal solution. Evoking
IPSCs would potentially reveal actions of nonspontaneously ac-
tive GABA input. Ionotropic glutamate receptors were blocked in
these experiments (see above); the stimulating electrode was
placed medial or lateral to the recorded cells. eIPSC amplitude
was reduced by WIN55,212,2 (1 M) as shown in the traces of
Figure 5A. The amplitude of the eIPSC was reduced by 47.7 =
7.8% in eight cells tested (p < 0.05, ¢ test) (Fig. 5E, left col-
umns).To determine the synaptic site of action of WIN55,212,2,
we examined the effect of WIN55,212,2 on the amplitude ratio of
the second IPSC divided by that of the first one (paired-pulse
ratio; see Materials and Methods). IPSCs were elicited by two
successive stimuli of identical strength at an interval of 30 ms. A
change in the paired-pulse ratio is considered to be attributable to
a presynaptic change in release probability (Zucker, 1989;
Manabe et al., 1993). The eIPSC paired-pulse ratio was consis-
tently increased from 0.8 = 0.1 to 1.0 = 0.1 (n = 8; p < 0.05, ¢
test) (Fig. 5B, F, left columns) after WIN55,212,2 application.
This result is consistent with our previous observations suggest-
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Figure 4.  (B1R agonists reduce GABA release hy presynaptic mechanisms. A, mIPSC fre-

quency was reduced after WIN55,212,2 application to the slice. B, The amplitude of the mIPSC
was not affected by WIN55,212,2 treatment, consistent with a presynaptic mechanism. ¢, Bar
graph showing the averaged actions of WIN55,212,2 on the frequency (left) or the amplitude
(right) of mIPSCs in MCH neurons. The asterisk indicates statistical significance. D, No effect of
WIN55,212,2 on IPSC frequency (left) or amplitude (right) was observed when slices were
preincubated with the CB1R antagonist AM251. Error bars indicate SEM. Win, WIN55,212,2;
(trl, control.

ing a presynaptic site of action of CB1R agonist at GABAergic
axons synapsing onto MCH neurons.

CBIR agonist and MCH excitatory activity

MCH neurons in slices tend to show low levels of spontaneous
excitatory synaptic activity (0.34 = 0.08 Hz; n = 7) (see also van
den Pol et al., 2004), and given the paucity of EPCSs, we were
unable to evaluate the actions of WIN55,212,2 on spontaneous
glutamatergic currents. To determine whether MCH glutamate-
mediated synaptic transmission was affected by CBIR receptor
activity, we evaluated the effect of WIN55,212,2 on eEPSCs.
These experiments were done in the presence of Bic in the bath to
eliminate GABAergic synaptic actions. The application of
WINS55,212,2 resulted in a decrease in the amplitude of excitatory
currents evoked by electrical stimulation of the lateral hypothal-
amus (decreased by 27.0 = 10.1%; n = 7; p < 0.05, ¢ test) (Fig.
5C,E, right columns), suggesting that, in addition to their effects
on inhibitory transmission, CB1Rs might also affect the excita-
tory inputs to MCH neurons. The site of action of WIN55,212,2
on excitatory synapses was then investigated. WIN55,212,2 in-
creased the eEPSC paired-pulse ratio from 1.1 = 0.1 to 1.5 = 0.1
(n = 7; p <0.05, t test) (Fig. 5D, F, right columns), suggesting
that the depressing effects of WIN55,212,2 on eEPSCs was caused
by presynaptic reduction in glutamate release onto MCH cells.

Cannabinoids inhibit GABA release from local neurons within the
lateral hypothalamus

In the absence of any direct effect, one hypothesis that could
explain the excitatory actions of cannabinoids is that the CB1R
agonists could modulate MCH neuronal activity by attenuating

J. Neurosci., May 2, 2007 - 27(18):4870 - 4881 « 4875

A Evoked IPSC B Paired pulse-IPSC

Control Win Superimposed Control
V 50 pAV 50 pA
30 ms| 30 ms
C Evoked EPSC D Paired pulse-EPSC
Control Win Superimposed Control Win
20 pA
20 pA .
20 r‘:s BO—SI
. < m crl *
g ) =i § 1.5 = wn
£ 100 e @
E (8) '(-o'-;' *
= < 1.04 (@)
§ 504 8
= ]
bl T
= B 0.5
elPSCs eEPSCs & elPSCs  eEPSCs
Figure 5.  WIN55,212,2 inhibits evoked glutamatergic and GABAergic transmission to MCH

neurons. A, , Traces showing WIN55,212,2 inhibition of the elPSC (A) and eEPSC (€) amplitude.
Thick black traces are the average of seven gray consecutive elPSCs or eEPSCs. In these and
subsequent figures, stimulus artifacts have been truncated for clarity. B, D, Representative
paired-pulse traces for elPSCs (B) and eEPSCs (D) in control (left) or in the presence of
WIN55,212,2 (right). E, Bar graphs summarizing WIN55,212,2 actions on the amplitude of
elPSCs and eEPSCs. F, Bar graphs summarizing the effects of WIN55,212,2 on the paired-pulse
ratios for elPSCs and eEPSCs. The asterisks indicate statistical significance. The number of cells is
shown in parentheses. Error bars indicate SEM. Win, WIN55,212,2; Ctrl, control.

inhibitory transmitter release from axons arising from local
GABAergic neurons within the lateral hypothalamus. Many
GABA neurons in the LH area express GAD67 mRNA (Rosin et
al., 2003), and transgenic mice that selectively express GFP in
GAD67-producing neurons show green fluorescence in GABA
cells in the perifornical area (Acuna-Goycolea et al., 2005). These
LH GAD67-producing neurons do not colocalize with MCH cells
as shown in Figure 6 A.

Interestingly, in contrast to the electrically silent MCH neu-
rons, we found that LH GABA neurons identified by GFP expres-
sion show a high rate of spontaneous action potentials (3.9 * 0.6
Hz; range, 0—8.5 Hz; n = 12; data not shown), suggesting that
they tonically release GABA onto postsynaptic targets. Figure 6 A
shows that GABAergic neurons surround the MCH cells, raising
the possibility that they may be a source of IPSCs recorded in
MCH cells.

We tested this possibility by performing glutamate microdrop
experiments to stimulate local inhibitory circuits within the lat-
eral hypothalamus. Glutamate (10—30 mMm) microdrops were ap-
plied 0.5-1.0 mm away from recorded MCH neurons (Belousov
and van den Pol, 1997; Acuna-Goycolea et al., 2004). At this
distance, the applied glutamate would excite the somatodendritic
compartment of GABA neurons in the immediate area of drug
microapplication, leading to the generation of action potentials
that would facilitate the release of GABA from these neurons onto
nearby MCH cells. Excitatory microdrops have the important
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Figure 6.  Cannabinoids decrease transmitter release presynaptically from local GABAergic
neurons. A, Left, LH GFP expression in GAD67—GFP transgenic mice. Right, Same section immu-
nostained for MCH showing lack of GAD67 fluorescence colocalization (arrows). This shows that
the MCH neurons are surrounded by GABAergic neurons. Scale bar, 20 m. B, With (sMeS0,, in
the pipette and holding the membrane potential at 0 mV, sIPSCs are recorded as outward
currents (trace 1), and the GABA, antagonist Bic (30 rum) totally blocked the IPSCs (trace 2).
With Bic in the bath, a glutamate microdrop (Glu; 10-30 mm) does not directly affect the
activity of MCH neurons (trace 2). C, Representative traces showing thatin a single MCH neuron,
glutamate microapplication (0.5 mm away from the recorded neuron) increased the frequency
of IPSCs (trace 1). After washout, WIN55,212,2 decreased the frequency of IPSCs; in the presence
of WIN55,212,2, application of glutamate did not increase the frequency of IPSCs (trace 2). D,
Graph showing the frequency of IPSCs in 10 MCH neurons tested in the control condition (Ctrl),
glutamate microapplication (Glu), WIN55,212,2 application (after washout; Win), and gluta-
mate application in the presence of WIN55,212,2 (Win+Glu). E, Bar graph summarizing the
frequency of IPSCs obtained from C. The asterisks indicate statistical significance. n.s., Nonsig-
nificant. Error bars indicate SEM.

advantage over electrical stimulation in that they do not stimulate
fibers of passage arising from cell bodies elsewhere. We have
shown previously that under these experimental conditions, glu-
tamate microdrops induce little direct postsynaptic effects onto
recorded neurons. In addition, bath application of TTX com-
pletely eliminated the effect of glutamate microdrops on synaptic
transmission, further supporting the idea that little direct gluta-
mate actions were induced on presynaptic and/or postsynaptic
compartments of recorded cells (Acuna-Goycolea et al., 2004).
Our experiments were performed with Cs-based pipettes with a
Cl™ reversal potential of approximately —40 mV. The NMDA
blocker AP-5 (50 um) was added to the bath throughout the exper-
iment, and sIPSCs were recorded at a 0 mV holding potential to
eliminate AMPA-mediated currents (because their reversal poten-
tial is expected to be around 0 mV). Under these conditions, sSIPSCs
were detected as outward currents (Fig. 6B, trace 1); Bic (30 um)
completely eliminated the currents, confirming that they were
mediated by GABA , receptor activation (Fig. 6B, trace 2).
Glutamate microdrops did not alter MCH activity in the pres-
ence of Bic in the external solution (Fig. 6 B, trace 2). With normal
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ACSF, glutamate microdrops enhanced the frequency of IPSCs in
8 of 10 MCH neurons by 104.0 = 20.0% (Fig. 6C-E) (n = 10;p <
0.05, ANOVA followed by Bonferroni post hoc procedure), sug-
gesting that activation of local GABA neurons within the lateral
hypothalamus led to release of GABA onto MCH cells, which
transiently increased the frequency of inhibitory currents. Then,
we added WIN55,212,2 to the ACSF and evaluated the effect of
glutamate microdrops on IPSCs in the same population of neu-
rons. After WIN55,212,2 application, the frequency of IPSCs was
decreased by 37.0 = 4.5% (n = 10) (Fig. 6C-E), as observed
previously. Importantly, with WIN55,212,2 in the bath, gluta-
mate microdrop application failed to significantly enhance the
frequency of IPSCs in those MCH neurons [change in IPSCs
frequency  compared with  pre-microdrop  condition
(WIN55,212,2 alone), 13.7 * 4.0%; n = 10; p > 0.05, ANOVA
followed by Bonferroni post hoc procedure] (Fig. 6C-E). These
data suggest that CB1R activation prevented GABA release from
local axons arising from LH inhibitory neurons innervating the
recorded MCH cells.

Cannabinoids do not alter LH GABA neuron activity

We then tested whether CB1R agonists directly affect the activity
of GABAergic cells in the lateral hypothalamus. In these experi-
ments, we used transgenic mice that selectively express GFP in
GADG67-synthesing cells (Acuna-Goycolea et al., 2005).
WINS55,212,2 (1 uM) did not significantly affect the frequency of
spontaneous action potentials of LH GABAergic cells (control,
3.7 £ 0.5 Hz; after, 4.2 = 0.9 Hz; n = 6; p > 0.2; data not shown).
Importantly with TTX (1 um) in the bath, WIN55,212,2 had no
significant effect on membrane potential of GABA cells (change
by 0.3 = 1.0 mV of pretreatment levels; n = 5; p > 0.5, t test; data
not shown). These results suggest that WIN55,212,2 has no direct
somatic inhibitory effect on GABA neurons and are consistent
with the view that cannabinoid agonists inhibit axonal GABA
release from local GABA neurons onto MCH neurons by presyn-
aptic mechanisms.

Hypocretin/orexin neurons

Cannabinoids inhibit hypocretin neurons

Next, we focused on another LH cell type, the hypocretin/orexin
neuron. As described above, depolarization of MCH cells re-
sulted in a decrease in presynaptic transmitter release, probably
because of the actions of postsynaptically released endocannabi-
noids. Parallel experiments were done on hypocretin cells.
Postsynaptic depolarization (from —70 to 0 mV, 5 s) caused a
significant and transient suppression of sEPSCs (called DSE) in 9
of 18 neurons tested (average DSE, 21.2 = 2.7%;n = 18; p < 0.01,
t test; data not shown). As in the studies of MCH neurons, appli-
cation of the CB1R antagonist AM251 (5 um) blocked this inhib-
itory effect of depolarization on sEPSCs (DSE: 1.7 = 2.4%,n = 8
of 8 cells), suggesting that endogenous cannabinoids can be re-
leased from hypocretin cells after postsynaptic depolarization
and may modulate synaptic transmission in hypocretin neurons
by acting at presynaptic sites. We then asked whether DSI might
occur in hypocretin neurons. Brief depolarization (from —70 to 0
mV, 5 s) of hypocretin neurons showed no clear effect on the re-
corded sIPSC in any of the neurons tested (DSI: 2.1 = 3.0%, n = 20;
p > 0.05), suggesting that hypocretin neurons showed no DSI.

We then studied the effect of CB1R activation on hypocretin
cell spontaneous activity. When the CB1R agonist WIN55,212,2
(5 uM) was applied to hypothalamic slices from GFP—hypocretin
transgenic mice (Li et al., 2002; Yamananka et al., 2003), we ob-
served an 81.0 = 14.0% decrease in spike frequency accompanied
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Figure 7.  Cannabinoids inhibit hypocretin neuron activity. 4, In a typical cell, WIN55,212,2

(5 pum) blocked spike frequency and hyperpolarized the membrane potential. Resting mem-
brane potential, —57.2 mV. B, The cannabinoid antagonist AM251 (5 ) increased spike
frequency and blocked WIN55,212,2-induced inhibition of spike frequency. C, Bar graph show-
ing the effect of WIN55,212,2, anandamide, and AM251 on spike frequency. D, The (B1R an-
tagonist AM2571 reversed the effect of WIN55,212,2 on spike frequency. *p << 0.05, statistical
significance. The number of cells is shown in parentheses. Error bars indicate SEM. Win,
WIN55,212,2; Ctrl, control; ANA, anandamide; n.s., nonsignificant.

bya4.0 = 0.4 mV hyperpolarization under current clamp (n = 7;
p < 0.05) (Fig. 7A,C). WIN55,212,2 (1 uM) decreased spike fre-
quency by 28.0 + 9.4% (n = 15; p < 0.05) and hyperpolarized the
membrane potential by 2.1 = 0.7 mV.

The endogenous cannabinoid agonist anandamide (5 um)
also decreased spike frequency by 58.0 = 16.0% and hyperpolar-
ized hypocretin cells by 3.6 = 0.9 mV (n = 5; p < 0.05) (Fig. 7C).
In the absence of any exogenously added cannabinoid agonists,
the cannabinoid antagonist AM251 (5 um) increased spike fre-
quency by 22.0 = 8.0% (n = 6; p < 0.05) (Fig. 7B, C) and depo-
larized the membrane potential by 2.2 * 0.7 mV (n = 6; p >
0.05), consistent with an ongoing activation of CB1Rs in hypo-
cretin cells. In the presence of CB1R antagonist AM251 (5 um),
WINS55,212,2 (5 uMm) failed to inhibit hypocretin neurons (n = 6;
p > 0.05) (Fig. 7B, C). The effect of WIN55,212,2 on spike fre-
quency generally showed only modest recovery. However, after
the application of WIN55,212,2 was stopped, subsequent appli-
cation of AM251 (5 uM) could reverse WIN55,212,2-induced
inhibition of spike frequency (to 119.0 * 16.0% of the control)
(Fig. 7D), as reported previously in other regions of the brain
(Robbe et al., 2001; Kreitzer et al., 2002). These experiments sup-
portarole for CB1R in regulating the spontaneous firing of hypo-
cretin neurons.

Cannabinoids depress excitatory synaptic tone in hypocretin
neurons by presynaptic actions

To test whether cannbinoids might inhibit the activity of hypo-
cretin cells by reducing their excitatory input, SEPSCs, eEPSCs,
and mEPSCs were examined after application of WIN55,212,2 to
hypothalamic slices. WIN55,212,2 (5 um) decreased sEPSC fre-
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quency by 42.0 = 7.0%, and this recovered after the addition of
AM251 (n=7;p <0.05) (Fig. 8A, B). In the presence of TTX (0.5
uM), mEPSC frequency was also decreased by 48.0 * 5.0% (n =
7; p < 0.05) (Fig. 8C,D) after WIN55,212,2 (5 um) application.
WINS55,212,2 did not change the amplitude of mEPSCs ( p >
0.05) (Fig. 8 E), consistent with the view that it acted on cannabi-
noid receptors located in presynaptic glutamate terminals inner-
vating hypocretin cells. We also examined WIN55,212,2 and
AM251 actions on electrically eEPSCs. Bic (30 uMm) was added to
the bath to block IPSCs. WIN55,212,2 significantly decreased the
amplitude of eEPSCs by 30.7 = 2.2% (n = 6; ANOVA, p < 0.05)
(Fig. 8 F,G). AM251 reversed the WIN55,212,2-induced depres-
sion of eEPSCs (to 114.4 = 5.2% of the control) (Fig. 8 F,G). The
glutamate antagonists AP-5 (50 um) and CNQX (10 uM) com-
pletely blocked the evoked postsynaptic currents (data not
shown), confirming their glutamatergic nature. Together, these
results indicate that functional CB1Rs exist in glutamatergic ter-
minals innervating hypocretin cells. The activation of these re-
ceptors would lead to a reduction in glutamate release onto
postsynaptic hypocretin cells.

Previous studies have shown that spontaneous discharge of
hypocretin neurons is, in part, attributable to the postsynaptic
actions of glutamate tonically released in the lateral hypothala-
mus (Li et al., 2002; Acuna-Goycolea et al., 2004). Thus, we hy-
pothesized that the depressing actions of CB1R agonists on hypo-
cretin spike frequency could be attributable to a reduction in the
release of glutamate onto these hypothalamic cells. To test this,
we evaluated the effect of WIN55,212,2 on hypocretin neuronal
activity in the presence of ionotropic glutamate receptor antago-
nists AP-5 (50 um) and CNQX (10 um). The spike frequency of
hypocretin cells was not significantly changed after application of
1or5 uM WIN55,212,2 (1 uM, 95.0 £ 6.0%; 5 um, 90.0 = 8.0%
of control; p > 0.05; n = 6) to hypothalamic slices pretreated with
the glutamate antagonists AP-5 (50 uMm) and CNQX (10 um).
These findings support the view that CBIR agonist actions on
hypocretin spike frequency were dependent on modulation of
glutamate release onto these hypothalamic neurons.

Cannabinoid and GABA input to hypocretin neurons

No effect of WIN55,212,2 was found on GABA-mediated IPSCs
in hypocretin neurons. After WIN55,212,2 was applied, the fre-
quency of sIPSCs was 95.0 = 6.0% of control (n = 10; p > 0.05;
data not shown), and additional AM251 application did not sig-
nificantly alter sIPSC frequency (94.0 = 4.5% of control; n = 10;
p > 0.05). Additionally, input resistance was tested under current
clamp by injection of current pulses (from —200 to +40 pA for
100 ms with a 20 pA increment, at 2 s intervals). AP-5 (50 um),
CNQX (10 um), Bic (30 uM), and TTX (0.5 uwm) were added to
the bath to block synaptic activity. WIN55,212,2 did not change
the hypocretin cell input resistance (control, 301.0 * 36.0 MQ;
WINS55,212,2, 295.0 * 43.0 M{); n = 6; p > 0.05). In addition,
with TTX in the bath, WIN55,212,2 had little effect on membrane
potential (change by 0.5 = 0.5 mV; n = 7; p > 0.1). The lack of
cannabinoid agonist effects on either membrane input resistance
or inhibitory synaptic activity, together with the finding that
AP-5 and CNQX block the WIN55,212,2-mediated inhibition,
suggests that a reduction in the release of glutamate from presyn-
aptic axons is the primary mechanism by which cannabinoids
attenuate hypocretin neuron activity.

Cannabinoids reduce behavioral activity
The lateral hypothalamus has been implicated in behavioral
arousal and activity. Both hypocretin and MCH neurons may
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play a role in regulating activity levels
(Hagan et al., 1999; Marsh et al., 2002). In
behavioral experiments, we assessed the
effects of the CBIR agonist WIN55,212,2
after intracerebral injection into mice.
Levels of activity were assessed by moni-
toring running-wheel activity (Butcher et
al., 2005). The activity levels of mice were
compared  using the  day-before
WIN55,212,2 administration as the pe-
riod of normal control activity and the
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hypothalamic slices in vitro. Cannabinoids
induced a DSI in MCH neurons but a DSE
in hypocretin cells. Cannabinoids depo-
larized and increased spike frequency of
MCH neurons by presynaptic attenuation
of GABA release from nearby hypotha-
lamic GABA neurons. In contrast, canna-
binoids reduced activity of hypocretin
neurons by presynaptic attenuation of glutamate release. These
results are consistent with the view that both hypocretin and
MCH neurons release endocannabinoids but that these cannabi-
noids have the opposite effect in the two neurons.

Mechanisms of action in MCH and hypocretin neurons

In other brain regions, cannabinoids have been reported to affect
neuronal activity by direct modulation of potassium (Deadwyler
et al., 1993; Schweitzer, 2000) or calcium (Twitchell et al., 1997)
channels. In contrast, we found no detectable postsynaptic effect of
CBI1R agonists on postsynaptic calcium currents evoked by voltage
steps, potassium currents activated by voltage-ramp protocol or in-
put resistance.

Several lines of evidence here suggest that cannabinoids act
presynaptically to reduce GABA release, thereby exciting MCH
neurons by disinhibition. First, when the GABA , receptor antag-
onist Bic was included in the external solution, the CB1R agonist
WIN55,212,2 failed to depolarize MCH neurons. Second,
WINS55,212,2 robustly reduced both the sIPSCs and eIPSCs in
these hypothalamic cells. Third, IPSC paired-pulse ratios were
increased in the presence of WIN55,212,2. Fourth, the activation
of CB1Rs led to a reduction in the frequency of mIPSCs with no
changes in their mean amplitude. Fifth, the depolarizing effect of

Figure 8. WIN55,212,2 inhibits glutamatergic transmission to hypocretin neurons. A, Traces showing the effect of
WIN55,212,2 (5 jam) and AM251 (5 um) on SEPSCs. B, Bar graph showing the effect of WIN55,212,2 and AM251 on SEPSC
frequency. C, Traces showing the effect of WIN55,212,2 (5 jum) on mEPSCs in the presence of TTX. D, E, WIN55,212,2 reduces
mEPSC frequency (D) but not amplitude (E). F, An example showing the effect of WIN55,212,2 and AM251 on eEPSCs. G, Mean
effect of WIN55,212,2 and AM251 on the amplitude of eEPSCs (*p << 0.05, statistically significance). Error bars indicate SEM. Win,
WIN55,212,2; Ctrl, control; W/0, washout.

CBIR agonists was mimicked by pharmacological blockade of
GABA , receptor with Bic, further suggesting that under our ex-
perimental conditions, MCH neurons are tonically inhibited by
persistent GABA , receptor activation.

GABAergic (GAD67-expressing) cells are present in the lateral
hypothalamus and are interspersed with MCH cells. MCH neu-
rons may contain GABA (Elias et al., 2001); however, the GFP-
expressing GABA neurons do not colocalize with MCH-
expressing cells found in the same hypothalamic region,
suggesting that the GAD67 promoter is only weakly activated or
that, for indeterminate reasons, the MCH cells do not express
GFP under control of the GAD67 promoter. We used glutamate
microdrops within the lateral hypothalamus to directly stimulate
the soma of these GABAergic neurons without stimulating axons
of passage, while recording inhibitory activity in nearby MCH
neurons. We found that in the presence of CBIR agonists, gluta-
mate microdrops were less effective in evoking MCH inhibitory
transmission. Somatic whole-cell recording from these identified
perifornical GABAergic cells revealed no direct actions of CBIR
agonists. More likely, CB1R agonists inhibit the release of GABA
from local neurons innervating MCH cells by a presynaptic
mechanism.

In contrast to the action of cannabinoids on MCH cells, a
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Figure 9.  Cannabinoids depress behavioral activity. 4, A representative activity record of a
mouse that received a single infusion of the CB1R agonist WIN55,212,2 (Win) into the lateral
ventricle. Each bar represents total activity per 5 min bin; the height of the vertical bars is
proportional to the total behavioral activity per binned interval. Each trace shows 18 h of re-
corded activity. The top trace shows the control day-before intraventricular drug application,
whereas the bottom trace shows the day-after drug infusion. B, A representative activity record
from a mouse that received a single infusion of drug vehicle.

reduction in the release of glutamate from excitatory axons in-
nervating hypocretin cells appears to be the primary mechanism
mediating cannabinoid effects on these neurons. Both sEPSCs
and eEPSCs as well as miniature EPSCs were depressed by can-
nabinoids. In addition, cannabinoids were unable to change the
activity of hypocretin cells in the presence of ionotropic gluta-
mate receptor blockers. Finally, little effect of CB1R agonists on
inhibitory input to hypocretin neurons was detected, further sug-
gesting that cannabinoid actions here were primarily because of
presynaptic attenuation of glutamate release onto hypocretin
cells.

Although the primary action of cannabinoids in MCH cells
was excitation attributable to attenuated GABA release, eEPSCs
were also depressed by WIN55,212,2, suggesting that CB1Rs are
expressed by glutamatergic boutons innervating hypothalamic
MCH cells. Thus, in addition to affecting GABA release, the acti-
vation of CB1Rs might also modulate MCH neuronal activity by
reducing glutamate synaptic input. This might occur selectively
during increased periods of glutamate release, because MCH
neurons in slices generally show only low levels of spontaneous
glutamate synaptic activity compared with robust levels of GABA
synaptic activity.

Interestingly, although both MCH and hypocretin neurons
are reported to express CB1Rs (Cota et al., 2003), we found little
direct effect of cannabinoids on these cell bodies. Similarly, we
found little direct cannabinoid action on cell bodies of identified
GABA cells in the lateral hypothalamus. The primary actions of
cannabinoids on the LH cell types studied here was presynaptic.
We cannot exclude the possibility that some of the effects of
cannabinoids are caused by CBIRs that may be expressed by
axons of MCH or hypocretin cells, because these axons have been
reported to make local neuronal contact within the lateral hypo-
thalamus on MCH and hypocretin cells (Broberger et al., 1998;
Elias et al., 1998; Horvath et al., 1999) and both neuron types
express mRNA coding for CB1Rs (Cota et al., 2003).
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Functional relevance

LH MCH neurons appear to play an important role in energy
homeostasis (Williams et al., 2001; Berthoud, 2002). Previous
studies have suggested a role for cannabinoids in enhancing food
intake (Di Marzo and Matias, 2005; Sharkey and Pittman, 2005).
Previous experiments showed that both electrical and chemical
stimulation of this hypothalamic region increase food intake
(Bernardis and Bellinger, 1996). MCH, which is selectively syn-
thesized by LH area neurons, increases food intake and body
weight. The results of the present study show that cannabinoids
may depolarize and enhance the activity of MCH neurons, sug-
gesting that some of the reported orexigenic actions of cannabi-
noids could be explained by their synaptic effects on MCH neu-
ronal activity. This is consistent with the view that MCH cells may
integrate signals from both leptins and endocannabinoids (Jo et
al.,, 2005). Another possibility by which cannabinoids might
modulate feeding is by inhibiting arcuate nucleus proopiomela-
nocortin (POMC) neurons that are involved in the repression of
food intake; however, cannabinoids reduced GABA synaptic in-
hibition of POMC cells, potentially raising POMC neuron activ-
ity (Hentges et al., 2005). Because POMC neurons are thought to
reduce food intake, a CB1R-mediated excitation of these cells is
less likely to explain the enhancement of energy stores evoked by
cannabinoids in the hypothalamus. Thus, the excitatory effect on
MCH cells might be a possible hypothalamic site for the orexi-
genic action of cannabinoids.

Cannabinoids have been reported to reduce activity in hu-
mans. In parallel, injections of a CB1R agonist in mice caused a
reduction in activity. Whereas this could be caused by effects of
these agonists on several regions of the brain, they are consistent
with the electrophysiological effects on both hypocretin and
MCH neurons that we report here. The lack of MCH or its recep-
tor leads to a more active phenotype (Marsh et al., 2002). In
contrast, injections of hypocretin increase activity and arousal
(Hagan et al., 1999). Because hypocretin neuron activity is corre-
lated with cognitive arousal, the reduction in the activity of hypo-
cretin neurons by cannabinoids may, in part, explain the reduc-
tion in arousal and increased sleepiness by users of marijuanna
and hashish. Interesting, the effects of cannabinoids in increasing
the activity of MCH cells but decreasing the activity of hypocretin
neurons are both consistent with the reduction in behavioral
activity and arousal associated with cannabinoids.

Previous work has shown that hypocretin neurons respond to
opiates with changes in transcription and that addiction to opi-
ates, which also reduces arousal and activity, is attenuated in
hypocretin knock-out mice (Georgescu et al., 2003). Further-
more, the endogenous opioid dynorphin, similar to cannabi-
noids, reduces the activity of hypocretin cells (Li and van den Pol,
2006). Our data here showing that, in addition to the inhibitory
action of opiates, cannabinoids also modulate and depress the
activity of hypocretin cells, suggest that these cells may be a com-
mon target for drugs of abuse that depress arousal states.
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