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Differential Regulation of Synaptic Inputs by Constitutively
Released Endocannabinoids and Exogenous Cannabinoids

Shane T. Hentges,' Malcolm J. Low,">? and John T. Williams'
Wollum Institute, 2Department of Behavioral Neuroscience, and *Center for the Study of Weight Regulation, Oregon Health and Science University,
Portland, Oregon 97329

Endocannabinoid release from a single neuron has been shown to cause presynaptic inhibition of transmitter release at many different
sites. Here, we demonstrate that hypothalamic proopiomelanocortin (POMC) neurons release endocannabinoids continuously under
basal conditions, unlike other release sites at which endocannabinoid production must be stimulated. The basal endocannabinoid release
selectively inhibited GABA release onto POMC neurons, although exogenous administration of cannabinoid agonists also inhibited
glutamate release. The CB1 cannabinoid receptor antagonist AM 251 [N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1H-pyrazole-3-carboxamide] blocked endocannabinoid-mediated inhibition of GABA release without affecting excitatory syn-
aptic currents, whereas the CB1 receptor agonist WIN 55,212-2 [R-(+)-(2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyrol
[1,2,3-de]-1,4-benzoxazin-6-yl)(1-naphthalenyl) methanone monomethanesulfonate] inhibited both inhibitory and excitatory synaptic
currents in POMC neurons. These data demonstrate that endogenously released cannabinoids and exogenously applied CB1 receptor
agonists can have markedly different effects on synaptic inputs. Furthermore, the data suggest a novel form of endocannabinoid-
mediated retrograde inhibition, whereby the regulation of a subset of inputs requires either the removal of tonic presynaptic inhibition

caused by endocannabinoids or the engagement of a mechanism that actively inhibits endocannabinoid production.
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Introduction

Endocannabinoids are produced in and released from many
types of neurons, generally in response to specific stimuli, and act
via G;,,-coupled receptors to retrogradely inhibit presynaptic
neurotransmitter release (Piomelli, 2003). The production of en-
docannabinoids can be experimentally driven with high-
frequency stimulation, although physiologically relevant stimu-
lation can also be sufficient to drive production ex vivo (Brown et
al., 2003). The influx of extracellular calcium is often necessary
for the production of endocannabinoids (Di Marzo et al., 1994;
Cadas et al., 1997), although calcium-independent production
also occurs (Varma et al., 2001; Kim et al., 2002). Endocannabi-
noid actions are terminated by a combination of reuptake and
degradation in both neurons and astrocytes (Beltramo et al.,
1997; Hillard et al., 1997; Ligresti et al., 2004).

Hypothalamic arcuate nucleus proopiomelanocortin (POMC)
neurons are crucial for maintaining energy balance (Coll et al., 2004)
and respond to acute administration of cannabinoids with an in-
crease in Pormc gene transcription (Corchero et al.,, 1999). In addi-
tion, feeding state alters both POMC neuron activity in terms of
c-Fos induction (Elias et al., 1999; Shu et al., 2003) and POMC pep-
tide release (Dube et al., 2000; Breen et al., 2005). Feeding state also
affects the levels of endocannabinoids in the hypothalamus (Di
Marzo et al., 2001; Kirkham et al., 2002). However, the potential
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synaptic effects of cannabinoids on POMC neurons have not been
examined previously, and the identity of the neurons that produce
endocannabinoids in the arcuate has remained unknown. Here, we
demonstrate that POMC neurons are a source of endocannabinoids
in the arcuate nucleus; however, interestingly, endogenous and ex-
ogenous cannabinoids differ significantly in their regulation of syn-
aptic inputs to these neurons.

Materials and Methods

Animals. We bred Pomc-egfp (enhanced green fluorescent protein) ho-
mozygous mice (Cowley et al., 2001) congenic on the C57BL/6] strain
with wild-type C57BL/6] (The Jackson Laboratory, Bar Harbor, ME)
mice to produce the heterozygous mice used in these studies. All mice
were housed under controlled temperatures (22-24°C) and a constant
12 h light/dark schedule and were given standard chow and tap water ad
libitum. All experimental procedures met United States Public Health
Service guidelines with the approval of the Institutional Animal Care and
Use Committee of Oregon Health and Science University. All brain slices
were prepared from 7- to 10-week-old male mice.

Electrophysiology. Whole-cell recordings were performed as described
previously (Hentges et al., 2004), except that the internal recording so-
lution contained the following (in mm): 57 KCI, 70 K * methyl sulfate, 20
NaCl, 1.5 MgCl,, 0.1 EGTA, 10 phosphocreatine, 2 Mg-ATP, and 0.5
GTP, buffered with 5 HEPES, pH 7.3. Sagittal brain slices containing the
hypothalamus were prepared from mice expressing enhanced green flu-
orescent protein under the control of the Pomc promoter to visualize
POMC neurons. Slices were continuously perfused with oxygenated
Krebs’ solution at 37°C, and cells were held at —60 mV. GABAergic
inputs were isolated with the addition of glutamate receptor blockers [0.1
M (+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-
imine maleate (MK801) and 10 um DNQX; Sigma, St. Louis, MO].
Evoked AMPA-mediated EPSCs (eEPSCs) were examined in the pres-
ence of MK801 and picrotoxin (100 um; Sigma). Every 20 s, a stimulating
current was applied, and the resulting postsynaptic current was recorded.
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Once the recording was stable, PSCs were evoked with a bipolar stimu- Chelation of intracellular calcium with BAPTA (10 mm) in the

lating electrode in pairs (0.5 ms, 10 Hz) once every 20 s. The stimulus for recording electrode blocked the increased eIPSC by AM 251 (Fig.
evoking the PSCs varied depending on the preparation and the proximity 2 A) and accentuated the inhibition by the CB1 agonist WIN
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duction of endocannabinoids is likely at-
tributable to extracellular calcium influx
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transcription of CB1 receptor message (Cota
etal., 2003) in the hypothalamus. The lack of
a response to AM 251 in non-POMC cells
implies that these cells do not produce endo-
cannabinoids constitutively, rather than implying an absence of CB1
receptors on inputs to non-POMC neurons because the CB1 agonist
inhibited the evoked IPSC in these cells (70 * 5% of control) (Fig. 3B)

Treatments that alter the presynaptic release of transmitter
usually result in a change in the paired-pulse ratio of postsynaptic
currents. AM 251 increased the eIPSC and reduced the ratio of
pulse2/pulsel (Fig. 4A), consistent with a presynaptic action on
the release of GABA. With low calcium buffering, WIN 55,212-2
had a small effect on the size of the first elPSC and accordingly did
not cause a significant change in the paired-pulse ratio (Fig. 4 B).
However, when calcium was highly buffered by BAPTA, and the
effect of WIN 55,212-2 on the first eIPSC was larger, there was a
concomitant significant increase in the paired-pulse ratio (Fig.
4C). Together, these results are consistent with a presynaptic ef-
fect of endocannabinoids on transmitter release. Additionally,
AM 251 increased the frequency, but not the amplitude, of min-
iature IPSCs (mIPSCs) onto POMC neurons (Fig. 5), further
indicating a presynaptic mechanism of action for the tonically
released endocannabinoids.

To determine whether the effect of endocannabinoids on
POMC neurons was selective for inhibitory inputs, evoked
AMPA-mediated eEPSCs were examined in the presence of pic-
rotoxin (100 uM; Sigma). AM 251 had no effect on eEPSCs (Fig.
6A). Thelack of response to AM 251 could not be attributed to an
absence of CB1 receptors on excitatory terminals because the
CB1 agonist WIN 55,212-2 inhibited the evoked EPSC to 60 *+
7% of control (Fig. 6 B).

Although AM 251 did not affect the excitatory inputs to
POMC neurons, perfusion of the cannabinoid reuptake trans-
port blocker (5Z,8Z,117,14Z)-N-(4-hydroxy-2-methylphenyl)-
5,8,11,14 eicosatetraenamide (VDM 11) (1 uM; Tocris Cookson)
inhibited the eEPSC to 56.4% of control (Fig. 7 A, B), similar to
WIN 55,212-2 (Fig. 6 B). The inhibition caused by VDM 11 was
reversed with AM 251 (Fig. 7 A, B), indicating that the inhibition
of the eEPSC was attributable to an increase in the availability of
endogenously released cannabinoids. When BAPTA was added
to the internal recording solution to prevent endocannabinoid
production (as shown in Fig. 2), there was no effect of VDM 11 on
the eEPSC, although WIN 55,212-2 still decreased the eEPSC,
and this was reversed with AM 251 (Fig. 7C). In 3 of 10 cells
tested, VDM 11 did not change the amplitude of the eEPSC;
however, in those cells, WIN 55,212-2 did decrease the eEPSC
(Fig. 7D). The selective response to WIN indicated the presence
of CB1 receptors and may suggest that excitatory inputs are situated

respond to AM 251 (4; p = 0.99; n = 8), but WIN 55,212-2 decreased the IPSC (B; p << 0.001; n = 4). The data represent the
mean = SEM. Three sweeps were averaged so that there is a data point for each min. The insets show an average of three elPSCs
in control conditions (last minute of control) and in drug (between 9 and 10 min in drug). Error bars represent SEM.

A. PSC,  IPSC,
1.09
»
2 08 ——
=
o *
Control — Q0.6
°
g. 0.4
L
S 0.2
Y4
AM 251~ &
o
o .
o Baseline AM251
~ 50 ms
B.
1.0+
- -
So0s8{ T
3
2
% 0.69
K]
WIN —_ 3 04
L
T 021
Control —_ [
<<
0.0 =
o Baseline WIN
o
=50 ms 55,212-2
C. 12+ *
7] b
w 104
WIN —_ [( B
N 084 — —
m
L 06
=]
2
L 047
=
3]
X 02-
Control —_ <
S Baseline WIN
= 50 me 55,212-2
Figure4. Retrograde inhibition of GABA release onto POMC cells. For each experiment, two

stimuliwere applied close together, as described in the text. AM 251 decreased the paired-pulse
ratio from 0.81 = 0.05 t0 0.61 = 0.04 (4; p << 0.001; n = 30). WIN 55,212-2 did not have a
significant effect under normal calcium-buffering conditions (B; p = 0.09; n = 12) but in-
creased the paired-pulse ratio from 0.80 = 0.04 to 1.0 = 0.11 when calcium was tightly
buffered (C; p << 0.05; n = 6). The traces on the left show averages of three elPSCs during the
minute just before drug perfusion and three elPSCs between 9 and 10 min in drug. The graphs
on the right represent mean == SEM. Error bars represent SEM.
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recordingin control conditions for a given cell displayed a steady number of events (5 and 10 min control; p > 0.01). AM 25T increased the
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of mIPSCs but not the distribution of eventsinduced by AM 251. Thefirst bar of the histogram represents all events up to 30 pA, andall other
barsrepresent 10 pAbins. D, The same dataasin C, plotted as cumulative frequency, indicate no difference in the size of the events resulting
from the AM 257 treatment ( p = 0.54). Error bars represent SEM.
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altered by AM 251in POMC cells (4; p = 0.72,n = 8). WIN 55,212-2 inhibited the evoked excitatory currentsin POMCneurons (B;
p=10.02,n = 8).The datarepresent the mean == SEM. Three sweeps were averaged so that there is a data point for each minute.
The insets show an average of three elPSCs in control conditions (last minute of control) and in drug (between 9 and 10 min in
drug). Error bars represent SEM.
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Discussion

In summary, POMC neurons in the slice
preparation spontaneously released endo-
cannabinoids in a calcium-dependent man-
ner. There was no evidence that non-POMC
cells constitutively release endocannabi-
noids. The endocannabinoids from POMC
neurons acted as retrograde transmitters to
selectively inhibit presynaptic GABA release.
In contrast, exogenous CBI1 receptor ago-
nists inhibited both excitatory and inhibi-
tory presynaptic inputs. POMC-derived en-
docannabinoids only affected excitatory
terminals when local endocannabinoid con-
centrations were increased above baseline lev-
els by the blockade of reuptake transporters.

Release of endocannabinoids from
POMC neurons

The preparation used in the current stud-
ies exhibited constitutive endocannabi-
noid tone. The consistent presence of en-
docannabinoids in the hypothalamus has
been detected previously in tissue homog-
enates (Di Marzo et al., 2001), and it has
been suggested that several actions of CB1
antagonists in vivo are mediated by the hy-
pothalamus (Jamshidi and Taylor, 2001;
Tucci et al., 2004; Verty et al., 2004). In the
present study, endocannabinoid release
was examined in the arcuate nucleus of the
hypothalamus, and constitutive release
was detected specifically from POMC neu-
rons. POMC neurons in the slice released
endocannabinoid in the absence of electri-
cal stimulation, which has generally been
necessary to detect synaptic endocannabi-
noid release experimentally from many
other types of neurons. Unlike previous
studies in which local endocannabinoid re-
lease was only detectable in the hypothala-
mus after pharmacological induction (Di
etal., 2003), the response to AM 251 alone
(Fig. 1A) demonstrates unstimulated, con-
stitutive release of endocannabinoids con-
sistent with the detection of endocannabi-
noids in hypothalamic tissue extracts (Di
Marzo et al., 2001). The constitutive re-
lease of endocannabinoids to inhibit
GABAergic input observed in the present
study is similar to previous findings in the
hippocampus (Losonczy et al., 2004) and
suggests that basal inhibition of GABA re-

away from areas that are affected by endocannabinoids, even when
reuptake is blocked. Furthermore, the lack of an inhibition by VDM
11 in some cells that subsequently responded to WIN demonstrates
that there is not a direct action of VDM 11 on the CB1 receptors. It
appears that, for POMC-neuron-derived endocannabinoids to
reach excitatory inputs, blockade of the transporter is necessary. At-
tempting to increase endocannabinoid release with prolonged depo-
larization (5 s to 0 mV) had no effect on the frequency ( p = 0.09;n =
5) or amplitude (p = 0.11; n = 5) of spontaneous EPSCs onto
POMC neurons or on evoked EPSCs (data not shown).

lease by endocannabinoids may serve as a tonic regulatory mech-
anism in the arcuate nucleus as well.

Constitutive activity of CB1 receptors in the absence of ago-
nist binding cannot account for the inhibitory tone that was ob-
served at GABAergic inputs to POMC neurons, because chelating
intracellular calcium to halt endocannabinoid production
blocked the effect of AM 251. The driving force or intrinsic prop-
erty of POMC neurons responsible for the production of endo-
cannabinoids remains to be discovered. However, it seems un-
likely that endocannabinoid production in the arcuate is unique
to the slice preparation because previous studies have also de-
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Figure7. Blocking uptake extends the action of endocannabinoids to excitatory synapses. 4, The

endocannabinoid membrane transporterinhibitor VDM 11 reduced the amplitude of the evoked EPSC
inPOMCneurons, and AM 251 reversed the effect of VDM 11. B, The compiled data are shown (n = 7;
*p < 0.01) as a mean percentage of control == SEM. ¢, VDM 11 had no effect on the eEPSC when
BAPTA was present n the recording electrode to prevent the production of endocannabinoids (n = 8;
p>>0.1). WIN 55,2122 inhibited the eEPSC after the application of VDM 11in the presence of BAPTA
(n = 5;*p << 0.01),indicating the presence of presynaptic CB1 receptors, and this effect was partially
reversed by AM 251 (C;n = 5). D, Traces from a cell that did not respond to VDM 11, although the low
calcium-buffering internal solution was used. (B1 receptors were present because WIN 55,212-2
inhibited the eEPSC (D; right trace). Error bars represent SEM.

tected measurable endocannabinoid tone in the hypothalamus
(Di Marzo et al., 2001; Kirkham et al., 2002). It is also possible
that POMC neurons produce endocannabinoids at a rate consis-
tent with other neurons but have an unusually low rate of endo-
cannabinoid degradation and/or uptake.

Specificity of endocannabinoid release and actions
Constitutive endocannabinoid release was only apparent in
POMC neurons. Other neurons adjacent to POMC neurons did
not respond to AM 251. The functional basis for the selective
constitutive endocannabinoid release from POMC neurons re-
mains to be explored. Although the data do not indicate consti-
tutive endocannabinoid release from non-POMC neurons, they
do not rule out the possibility that other arcuate neurons may be
able to release endocannabinoids after stimulation. Future stud-
ies to determine whether depolarization-induced suppression of
inhibition or depolarization-induced suppression of excitation
(DSE) can be produced in other arcuate neurons will be needed
to address this possibility.

The origin of the CB1 receptor-expressing inputs to POMC
neurons is not yet known. The arcuate is essentially a GABAergic
nucleus, and CBI receptors have not yet been colocalized with
peptide markers in this region. In one study, CB1 receptor RNA
message was colocalized with a few peptides expressed in the
arcuate (Cota et al., 2003), but there was no CB1 message de-
tected in the subpopulation of neurons that are thought to pri-
marily inhibit POMC neuron function, the neuropeptide
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Y/AGRP (agouti-related protein)-expressing neurons in the ar-
cuate. However, the GABAergic terminals onto POMC neurons
could originate from extra-arcuate/hypothalamic sites. Several
peptidergic neurons synapse onto POMC neurons, but there are
only a few in which the classical transmitter coreleased has been
identified. Therefore, speculating about the identity of CBI1-
containing inhibitory inputs is difficult. Nonetheless, it appears
that nearly all POMC neurons must receive a significant number
of endocannabinoid-sensitive GABAergic terminals because AM
251 strongly inhibited IPSCs in almost every cell examined in this
study. These inputs could originate from a common source or may
reflect origins from many cell types that express CB1 receptors.

Endogenous versus exogenous cannabinoid actions

Under basal conditions, endogenous cannabinoids from POMC
neurons only inhibited presynaptic GABA release, although both
inhibitory and excitatory inputs expressed functional CB1 recep-
tors (Figs. 2B, 6 B). The lack of endocannabinoid-induced inhi-
bition at excitatory synapses could reflect a topographical rela-
tionship if these terminals are located farther away from sites of
endocannabinoid production than the inhibitory terminals.
However, if this is the case, the two types of inputs would have to
be separated by a significant distance because endocannabinoids
can diffuse distances in the range of 20 um (Wilson and Nicoll,
2001). Alternatively, there could be a higher density of CBI re-
ceptors at presynaptic inhibitory terminals than excitatory termi-
nals, as reported previously in other brain regions (Matsuda et al.,
1993; Marsicano and Lutz, 1999). Another possibility is that uptake
and degradation of endocannabinoids selectively occludes their abil-
ity to reach the excitatory presynaptic terminals. Consistent with this
hypothesis, blocking the anandamide membrane transporter with
VDM 11 did allow for POMC-neuron-derived endocannabinoids to
reach glutamatergic inputs (Fig. 7A). This raises the possibility that
there could be physiologic conditions in which endocannabinoid
production is increased to the extent that excitatory sites are affected.
Alternatively, uptake or degradation of endocannabinoids could be a
regulated step within arcuate circuits such that inhibition of these
processes leads to increased endocannabinoid levels sufficient to ac-
cess these excitatory release sites.

Although it is difficult to determine whether natural states
exist to support endocannabinoid actions on excitatory termi-
nals, it is clear that exogenous cannabinoids can inhibit presyn-
aptic glutamate release onto POMC neurons (Fig. 6 B). Ohno-
Shosaku et al. (2002) demonstrated previously that in the
hippocampus presynaptic cannabinoid sensitivity is different be-
tween excitatory and inhibitory inputs and determines the extent
of depolarization-induced retrograde suppression. This raises the
possibility that excitatory inputs to POMC neurons are not sen-
sitive enough to cannabinoids to respond to the constitutive lev-
els of endocannabinoids released from POMC neurons but re-
spond only to higher levels of cannabinoids. Attempts to increase
endocannabinoid release from POMC neurons to cause DSE
were unsuccessful; however, stimuli >5 sat 0 mV were not tested,
and stronger stimuli may be required to cause inhibition at pre-
synaptic excitatory terminals (Ohno-Shosaku et al., 2002). None-
theless, the data clearly demonstrate that the constitutive endo-
cannabinoid tone from POMC neurons is sufficient only to
inhibit presynaptic GABA release and not glutamate release.

Perspective

POMC neurons in the slice produced endocannabinoids that acted
in a retrograde manner to inhibit the release of presynaptic GABA
but not glutamate. Although there are a few other examples of sites in
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which endocannabinoids may be produced tonically (Losonczy et
al., 2004) or in which exogenous and endogenous cannabinoid ac-
tions may differ (Robbe et al., 2003), the current data indicate that
POMC neuron regulation involves both tonic endocannabinoid re-
lease and synapse-specific actions of the released endocannabinoids.
This suggests an interesting level of regulation of POMC neurons
whereby increasing the GABAergic tone that is tonically dampened
by endocannabinoids would require the active inhibition of endo-
cannabinoid production or action.

The study of POMC neuron activity has received much atten-
tion recently because of the prominent role that these neurons
play in regulating energy balance. The role of cannabinoids in the
regulation of food intake has also been the subject of many recent
studies. The discovery that CB1 receptor antagonists can inhibit
food intake and body weight has garnered much interest for po-
tential pharmacologic use in weight loss. The mechanisms by
which CB1 antagonists reduce food intake/body weight are essen-
tially unknown. Although POMC neurons seem like a reasonable
candidate to mediate CB1 receptor antagonist actions on weight
loss, the current data may argue against this possibility because
CB1 antagonists increase GABA-mediated IPSCs and would
therefore be expected to inhibit the activity of POMC neurons,
which, in general, inhibit food intake. There are numerous other
hypothalamic and extrahypothalamic sites of endocannabinoid
actions that may mediate the efficacy of CB1 receptor antagonist-
induced weight loss, including areas that mediate aspects of food
reward (Harrold and Williams, 2003; Sharkey and Pittman,
2005). The current data are consistent with the possibility that
food intake induced by exogenous cannabinoids could result, at least
in part, from the inhibition of excitatory inputs to POMC neurons.
However, additional studies will be needed to determine whether the
cellular regulation of POMC neurons by cannabinoids translates
into the regulation of food intake or metabolism.
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