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Proopiomelanocortin Expression in both GABA
and Glutamate Neurons
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Proopiomelanocortin (POMC) neurons have been intensively studied because of their essential role in regulating energy balance and
body weight. Many effects of POMC neurons can be attributed to their release of cognate neuropeptides from secretory granules in axon
terminals. However, these neurons also synaptically release non-peptide neurotransmitters. The aim of this study was to settle the
controversy whether there are separate populations of POMC neurons that release GABA or glutamate. Transgenic mice expressing a red
fluorescent protein [Discosoma red (DsRed)] driven by Pomc neuronal regulatory elements (POMC-DsRed) were crossed to mice that
expressed green fluorescent protein (gfp) in GABAergic neurons (GAD67- gfp). Approximately 40% of POMC neurons in the arcuate
nucleus of the double-transgenic mice expressed the GAD67- gfp transgene. In vitro neurotransmitter release was detected using whole-
cell electrophysiologic recordings in cultured GAD67- gfp-positive and GAD67- gfp-negative POMC neurons that had formed recurrent
synapses (autapses). Autapses from GAD67- gfp-positive neurons were uniformly GABAergic. In contrast, autapses from the GAD67-
gfp-negative POMC neurons exclusively exhibited postsynaptic currents mediated by glutamate. Together, these results indicate that
there are two subpopulations of POMC neurons in the arcuate nucleus differentiated by their amino acid neurotransmitter phenotype.
Whole-cell voltage-clamp recordings from POMC neurons in live brain slices indicated that GABAergic and glutamatergic POMC neurons
are under similar presynaptic and postsynaptic regulation, although the GABAergic POMC neurons are smaller and have higher input
resistance. GABAergic and glutamatergic POMC neurons may mediate distinct aspects of POMC neuron function, including the regula-

tion of energy homeostasis.

Introduction

Proopiomelanocortin (POMC) neurons are a critical component
of the circuitry that regulates food intake and energy balance
(Coll, 2007). These neurons express POMC peptides, including
a-melanocyte-stimulating hormone (MSH) and B-endorphin,
and project broadly to subcortical forebrain, midbrain, and
brainstem nuclei (Jacobowitz and O’Donohue, 1978; Eskay et al.,
1979; Chronwall, 1985). Mutations that interfere with the release
or signaling of POMC peptides have profound effects on meta-
bolic homeostasis (Coll et al., 2004). POMC neurons also express
transmitters that are not derived from the Pomc gene, including
endocannabinoids (Vrang et al,, 1999; Hentges et al., 2005),
cocaine- and amphetamine-regulated transcript (Vrang et al.,
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1999), and cholinergic markers (Meister et al., 2006). Although
GABA and glutamate are recognized as having important roles in
the regulation of energy balance (van den Pol, 2003; Meister,
2007), the colocalization of these transmitters in distinct popula-
tions of hypothalamic neurons has just recently begun to be
explored.

Conflicting reports exist regarding the amino acid trans-
mitter phenotype of arcuate nucleus POMC neurons. Using
transgenic mice with enhanced green fluorescent protein
(EGFP)-labeled POMC neurons, it was demonstrated that a
substantial proportion of these neurons are immunoreactive
for GABA and the vesicular GABA transporter vGAT and ex-
press mRNA for the GABA synthetic enzyme GAD (Hentges et
al., 2004). It was also found that POMC neurons in primary
cultures could release GABA. However, other authors have
reported that POMC neurons display immunoreactivity (IR)
for the vesicular glutamate transporter vGLUT2, indicating a
glutamatergic phenotype (Collin et al., 2003; Kiss et al., 2005).
The basis for the differing observations has not been explained
previously. Given the important roles that POMC neurons
play in regulating energy homeostasis, it is necessary to have a
clear understanding of the transmitter phenotype of these
neurons. Therefore, the aim of the present study was to deter-
mine whether separate groups of POMC neurons could be
defined based on whether they store and release GABA or
glutamate from their presynaptic terminals.
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Figure 1.

caudal (C), dorsal (D), and ventral (V) orientations are indicated in the bottom left.

Materials and Methods

Animals. Male and female 6- to 10-week-old mice were used in all exper-
iments. Wild-type C57BL/6] mice were purchased from The Jackson
Laboratory. Gad67—gfp knock-in mice (Tamamaki et al., 2003) were
maintained as heterozygotes congenic on the C57BL/6] background
strain. Transgenic mice expressing the fluorescent protein Discosoma
red (DsRed) in POMC neurons were produced by standard techniques
and backcrossed on the C57BL/6] background. The transgene contained
mouse Pomc sequences from —13.3/—6.8 and —2.1/+3.2 kb, numbered
relative to the transcriptional start site, ending at a Smal restriction site
within the 5" untranslated region of exon 2. These regulatory elements,
which include the distal 5" neural enhancer elements described previ-
ously (de Souzaetal., 2005), were ligated to an obligate dimerized form of
DsRed [tdimer2(12)] (Campbell et al.,, 2002), followed by SV40T-
antigen poly(A) sequences. Two separate founder lines were initially
analyzed (lines 17 and 18). Both had the expected distribution of positive
cells based on the known pattern of POMC-expressing cells in the arcuate
nucleus. Both founder lines also had expression in the nucleus of the
solitary tract and pituitary melanotrophs and corticotrophs. Hippocam-
pal dentate granule cells also expressed the transgene as has been de-
scribed for other lines of mice with the Pomc promoter driving the
expression of a fluorophore (Rubinstein et al., 1993; Gong et al., 2003;
Opverstreet et al., 2004), although there is no evidence that these neurons
express native Pomc. Founder line 18 was used in all of the current stud-
ies, and authentic expression of the fluorophore in POMC neurons in the
arcuate was determined as described below and demonstrated in Figures
1 and 4.

GADG67-gfp mice were crossed to POMC-DsRed transgenic mice to
produce compound transgenic mice with double-labeled POMC and
GAD-expressing cells. GFP and DsRed transgenes were detected by PCR
in separate reactions using the following sets of primer pairs: forward, 5’
ACCCCGACCACATGAAGCAGC 3’ and reverse, 5' CGTTGGGGT-
CTTTGCTCAGGG 3'; and forward, 5° TGGCCAACATTGTTCT-
GCTCCTTG 3’ and reverse, 5" GCACCTTGAAGCGCATGAACTCTT
3', respectively. Mice were housed under controlled temperatures (22—
24°C) and a constant 12 h light/dark schedule and given standard chow
and tap water ad libitum. All experimental procedures met United States

Colocalization of the POMC—DsRed fluorophore and immunoreactivity for ACTH. The Distribution of POMC neurons is
indicated by the presence of DsRed in coronal (4) and sagittal (B; a medial slice cut in the sagittal plane) brain slices from
POMC-DsRed transgenic mice (leftmost images). ACTH-immunoreactivity visualized with a FITC-conjugated secondary antibody
(middle, green). Right, Merged images show extensive overlap between POMC—DsRed and ACTH immunoreactivity. Rostral (R),
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Public Health Service guidelines with the ap-
proval of the institutional animal care and use
committees.

Immunofluorescence. Mice were anesthetized
with 2.5% ketamine/1% xylazine/0.5% aceproma-
zine and perfused transcardially with 10%
sucrose, followed by 4% paraformaldehyde.
Brains were removed and postfixed in 4%
paraformaldehyde overnight at 4°C. Sagittal
and coronal brain sections (50 wm thick) con-
taining the hypothalamus were prepared on a
vibratome. Immunoreactivity for the POMC
peptides adrenocorticotropin (ACTH) and/or
a-MSH was detected in free-floating sections
using a rabbit anti-rat ACTH antibody
(1:10,000; A. Parlow, National Hormone and
Peptide Program, Torrance, CA) or sheep anti-
a-MSH (1:50,000; a gift from J. Tatro, Tufts
Medical Center, Boston, MA). The tissue was
incubated in 0.3% Triton X-100 and 3% nor-
mal goat serum in PBS, pH 7.4, followed by
incubation in primary antibody overnight at
100 ym 4°C and then washed in PBS. Immunoreactiv-
ity was detected with a FITC-conjugated goat
anti-rabbit (1:400; Abcam) or a Texas Red
donkey-anti-sheep (1:500; Jackson Immu-
noResearch) IgG secondary antibody. In
POMC-DsRed;GAD67—-gfp double-transgenic
mice, ACTH-IR was visualized using a goat
anti-rabbit secondary antibody conjugated
with Alexa-635 (excitation/emission at 633/648
nm, respectively), which was easily distinguished
from the DsRed (558/584 nm excitation/emission). B-Endorphin-IR was
detected using a rabbit polyclonal antibody (1:10,000; A. Parlow) and visu-
alized using an Alexa-488-conjugated goat anti-rabbit secondary antibody
(1:400; Invitrogen). Imaging was performed on an Olympus FluoView 300
confocal or a Carl Zeiss 510-Meta laser-scanning confocal microscope.

Validation of the ACTH antibody. Two approaches were taken to verify
the specificity of the ACTH antibody used in the present study (rabbit
anti-ACTH from the National Hormone and Peptide Program, lot
#AFP156102789R). In one set of experiments, the antibody (1:10,000)
was preabsorbed with 10 um of either ACTH 1-39 (product #H-4998;
Bachem) or ACTH 1-24 (product #H-1150; Bachem) overnight at 4°C
with gentle agitation before application to the brain sections. Sections
exposed to preabsorbed antibody were processed in parallel with sections
receiving non-absorbed antibody (1:10,000). ACTH-IR was detected us-
ing a biotinylated goat anti-rabbit secondary antibody. The signal was
amplified using the Vectastain ABC reagents according to the supplied
protocol (Vector Laboratories) and visualized with diaminobenzidine
(0.25 mg/ml in Tris-buffered saline with 0.05% H,0,).

In a separate set of experiments, immunodetection of ACTH was per-
formed in POMC knock-out mice (Smart et al., 2006) and POMC */*
littermates. Immunodetection was performed as described above with
diaminobenzidine as the substrate.

Primary neuron culture. Primary cultures containing POMC neurons
were prepared as described previously (Hentges et al., 2004) from hypo-
thalami of 8- to 10-week-old POMC-DsRed;GAD67—gfp double-
transgenic mice. Electrophysiological recordings were made from cells
that had been in culture between 10 and 14 d.

Acute slice preparation for electrophysiological recordings. Sagittal slices
(240 wm) containing the arcuate nucleus were prepared from 6- to 10-
week-old male POMC-DsRed;GAD67—gfp double-transgenic mice us-
ing a Leica VT1200S vibratome. Slices were prepared in ice-cold Krebs’
solution—bicarbonate buffer containing the following (in mm): 126
NaCl, 2.5 KCl, 1.2 NaH,PO,, 1.2 MgCl,, 2.4 CaCl,, 11 glucose, and 21.4
NaHCO; 21.4 (saturated with 95% O, and 5% CO,).

Electrophysiological recordings. Whole-cell recordings in cultured
POMC neurons were performed as described previously (Hentges et al.,
2004). Cultured cells and acute hypothalamic slices were continuously
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perfused with Krebs’ solution—bicarbonate
buffer saturated with 95% O, and 5% CO,.
Cells expressing GFP and/or DsRed were de-
tected by excitation at 450 —485 nm and viewed
with appropriate filters. The internal recording
solution contained the following (in mm): 57
KCl, 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.
All recordings were made at 37°C. Patch pi-
pettes had a tip resistance of 1.4—1.8 M() when
filled with internal solution. Only cells with an
input resistance >1 G() were used. Drugs were
applied by superfusion. Whole-cell recordings
were made using an Axopatch-1D or Multi-
clamp 700B amplifier (Molecular Devices)
and collected using AxographX software
(Axograph). IPSCs were isolated by blocking
glutamate receptors with DNQX and MK801
[(+)-5-methyl-10,11-dihydro-5H-dibenzo [a,d]
cyclohepten-5,10-imine maleate] (10 uM, Sigma)
to block AMPA and NMDA receptors, respec-
tively. Bicuculline methiodide (10 um; Tocris
Bioscience) was used to block GABA, recep-
tors and isolate EPSCs. EPSCs or IPSCs were
detected and counted using AxographX.

Data analysis. All data are presented as
mean = SEM. Groups of data were compared
using Student’s ¢ tests. p << 0.05 was considered
significant.

A ACTH-IR

Results

POMC-DsRed transgene labels

POMC neurons

Sagittal brain slices from POMC-DsRed
transgenic mice were processed for immu-
nofluorescent detection of ACTH. POMC-
DsRed-expressing neurons throughout the
arcuate nucleus displayed immunoreac-
tivity for ACTH (Fig. 1), demonstrating
that the POMC-DsRed transgene effec-
tively labels authentic POMC neurons.
However, there were a few ACTH-
immunoreactive cell bodies with no detectable DsRed. Count-
ing DsRed and ACTH-IR cells from sections from four mice
revealed that 89.1 = 2.8% of labeled cells contained both DsRed
and ACTH-IR. A total of 6.7 = 1.2% of labeled cells displayed
only DsRed and 4.1 * 1.2% had ACTH-IR but no notable DsRed.
Thus, the vast majority of POMC-DsRed cells are authentic
POMC neurons based on ACTH-IR.

The specificity of the ACTH antibody to a mid- or C-terminal
epitope was demonstrated by the lack of staining when the anti-
body was preabsorbed with ACTH 1-39 peptide (Fig. 2 B) but not
by ACTH 1-24 (data not shown) and by the absence of ACTH-IR
in POMC knock-out mice (Fig. 2D). Furthermore, the ACTH
immunoreactivity localizes to the same population of cells
labeled with an a-MSH antibody, as expected for these two
peptide epitopes contained in a single prohormone (Fig. 2 E-G).
However, the a-MSH-IR was predominately observed in the fi-
bers rather than the somas, which were better visualized with the
ACTH antisera. 8-Endorphin-IR was also examined and demon-
strated a similar pattern of expression predominately in fibers (data
not shown). Thus, although ACTH-, a-MSH-, and -endorphin-IR
are all detected in neurons expressing the POMC prohormone,
ACTH-IR was most sensitive for labeling POMC somas.

Figure 2.
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B Preabsorbed with ACTH 1-39
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Specificity of the ACTH antibody. A, ACTH-IR in a brain slice containing the arcuate nucleus from a wild-type C57BL/6)
mouse visualized with diaminobenzidine and imaged with bright-field microscopy. B, Preabsorption of the ACTH antibody with
ACTH 1-39 peptide eliminates immunoreactivity. ¢, ACTH-IR in the arcuate nucleus of a wild-type mouse and a POMC knock-out
mouse (D). Immunofluorescent detection of ACTH (E) and cc-MSH (F ) in the same brain section shows overlap of the two immu-
noreactive peptides (G), although c-MSH-IR is predominately in fibers. R, Rostral; C, caudal; D, dorsal; V, ventral.

GAD67-gfp is expressed in a subset of POMC neurons
Homozygous POMC-DsRed transgenic mice were crossed to
heterozygous GAD67—-gfp mice. There were both GAD67—gfp-
positive and GAD67-gfp-negative POMC neurons in the result-
ing double-transgenic mice (Fig. 3). The GAD67—gfp transgene
was widely expressed throughout the arcuate nucleus and labeled
alarge number of non-POMC neurons. The proportion of POMC-
DsRed cells coexpressing GAD67—gfp was determined by count-
ing DsRed-positive cells and DsRed/gfp double-fluorescent cells
in eight sections (multiple images from each 50 wm section) from
each of seven mice (four sectioned sagittal, four coronal). Overall,
42.1 = 6.7% of POMC-DsRed neurons (n = 7 mice) expressed
the GAD67—gfp transgene. POMC neurons expressing GAD67
were distributed throughout the arcuate nucleus, although a
group of POMC neurons lacking GAD67—-gfp was always con-
spicuous in the rostral arcuate nucleus in sagittal sections (Fig.
3G, circled). A coronal section through the central arcuate nu-
cleus (approximately bregma —2.0 mm) shows GAD67-positive
POMC-DsRed neurons (GABAergic POMC neurons) dispersed
throughout the dorsal/ventral and medial/lateral extent of the
nucleus (Fig. 3D).

Hypothalamic slices from POMC-DsRed/GAD67—gfp double-
transgenic mice were processed for ACTH-IR to verify that
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Rostral; C, caudal; D, dorsal; V, ventral.

both GAD-expressing and GAD-negative POMC-DsRed neu-
rons were authentic POMC neurons. The ACTH-IR was visual-
ized using a secondary antibody labeled with a fluorophore
emitting at a higher wavelength than the DsRed so that it
was readily distinguished. DsRed-positive neurons expressed
ACTH-IR regardless of whether the individual neuron did or did
not express GAD67—gfp (Fig. 4). These data are consistent with
the observation that nearly all POMC-DsRed neurons displayed
ACTH-IR (Figs. 1, 4, A vs C), although the relative intensity of
ACTH-IR and DsRed expression varied among cells. Altogether, the
data indicate that a portion of POMC neurons are GABAergic based
on the expression of GAD67-gfp.

Characteristics of GABAergic and

non-GABAergic POMC neurons in slices

To determine whether the two subpopulations of POMC neu-
rons may have basal presynaptic or postsynaptic differences, elec-
trophysiological recordings were made to assess basic cellular
properties. To examine presynaptic regulation of POMC neu-
rons, spontaneous GABA and glutamate release onto the two types
of POMC neurons was detected by recording spontaneous IPSCs
(sIPSCs) or sEPSCs, respectively. There was no significant dif-
ference in the frequency of sIPSCs (3.6 = 1.3 vs 5.0 = 2.3 Hz; p =
0.29; n = 7-10) or sEPSCs (0.8 == 0.4 vs 2.07 = 1.6 Hz; p = 0.19;
n = 7-10) recorded in POMC neurons with or without GAD67—
gfp (Fig. 5A vs B, control IPSC traces; summarized in C). Gener-
ally, POMC neurons received a higher frequency of sIPSCs than
sEPSCs independent of their GAD67—gfp phenotype (Fig. 5C).
Met Enkephalin (ME) can act through G;,,-coupled opioid re-

/o

Distribution of GAD-positive and GAD-negative POMC neurons. A, Low-power image of a sagittal brain slice contain-
ing the arcuate nucleus taken from a POMC—DsRed;GAD67—gfp double-transgenic mouse showing DsRed (left), GAD67— gfp
(middle), and amergedimage (right). Arrows indicate some of the double-labeled cells. B, Largerimage of the area outlined by the
box in A (right). , Larger image of a sagittal section from a double-transgenic mouse. The circle indicates a region that is often
observed to contain primarily GAD67— gfp-negative POMC—DsRed neurons. D, A coronal section shows double-labeled cells dis-
tributed throughout the mediolateral extent of the arcuate nucleus. Orientation for sagittal sections is indicated in the top right. R,
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ceptors to inhibit presynaptic transmitter
release. Met Enkephalin (10 wM) inhib-
ited IPSCs in GAD67-gfp-positive and
GAD67-gfp-negative POMC neurons to
the same extent (52 * 15 and 72 = 10%
inhibition, respectively; p = 0.12; n =
7-10) (Fig. 5D). Altogether, it appears that
there is similar presynaptic regulation of all
POMC neurons regardless of their expres-
sion of GAD67.

Postsynaptic properties were also as-
sessed using whole-cell voltage-clamp
recordings (held at —60 mV) from
GABAergic and GADG67-gfp-negative
POMC neurons. POMC neurons express
u-opioid receptors and respond to the
peptide ME with a potassium-mediated
outward current (Cowley et al., 2001; Hent-
ges etal., 2004; Roseberryetal., 2004). The
peak postsynaptic current resulting from
bath application of ME (10 um; Sigma)
was greater in non-GABA-POMC neu-
rons than the GABA-POMC neurons
(18.3 £2.8vs9.9 £ 1.9pA;p =0.01;n =
8-10) (Fig. 6A).

On average, GABA-POMC neurons
were smaller and had a higher input resis-
tance than non-GABA-POMC neurons
(GAD67-negative) (Fig. 6B,C). The ca-
pacitance of GABA-POMC neurons was
8.3 = 0.5 versus 13.7 = 0.9 pF for non-
GABA-POMC neurons ( p < 0.001; n =
12-15) (Fig. 6C). Accordingly, the input
resistance was higher in the small GABA-
POMC neurons (2094 * 442 M()) compared with the larger
non-GABA-POMC neurons (1242 = 138 MQ); p = 0.04; n =
14-15) (Fig. 6 B).

The larger ME-induced current in non-GABA-POMC neu-
rons can be accounted for by the fact that these neurons were
larger than the GABA-POMC neurons. When the ME-induced
current was normalized to the capacitance, there was no differ-
ence between the amplitude of the ME current in the two groups
of POMC neurons (non-GABA-POMC neurons, 1.4 = 0.09 pA/
pF; GABA-POMC neurons, 1.3 = 0.3 pA/pF; p = 0.44; n =
8-10). Thus, aside from the presence of GFP, relatively smaller
size was the most notable indicator of putative GABAergic
POMC neurons.

Release of GABA or glutamate from identified POMC
neurons in culture

The lack of GAD67-gfp in some POMC neurons together with
reports that a portion of POMC neurons express the vesicular
glutamate transporter-2 (Collin et al., 2003) suggested that the
GAD67-gfp-negative POMC neurons may be glutamatergic. To
determine the phenotype of non-GABAergic POMC neurons,
transmitter release was detected from identified POMC neurons
in primary cultures. Primary cultures of hypothalami from
POMC-DsRed;GAD67—-gfp double-transgenic mice contained
both GABAergic POMC neurons and POMC neurons without
GAD67 expression (Fig. 7 A, B, top images). Non-GABA-POMC
neurons were observed at a very low percentage (~20%) relative
to the total number of POMC neurons in culture. When grown at
low density in culture, POMC neurons often made recurrent
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synapses, termed autapses. A brief depo-
larization of the cell body (from —60 to 0
mV, 2 ms) caused an unclamped action
potential in the processes that resulted in
the release of transmitter indicated by a
postsynaptic current. The postsynaptic
currents were identified pharmacologi-
cally as IPSCs or EPSCs. Most POMC
neurons in primary culture that had
formed autapses expressed GAD67-gfp
and released GABA as indicated by the re-
corded IPSC (Fig. 7A, bottom), consistent
with our previous report (Hentges et al.,
2004). In contrast, all the non-GABA-
POMC neurons in these cultures that had
formed autapses released glutamate (n =
8) (Fig. 7B, bottom). Autaptic currents in
every neuron tested were blocked exclu-
sively by either GABA or glutamate recep-
tor antagonists [10 uMm (—)-bicuculline
methiodide or 10 um DNQX, respec-
tively), indicating that GABA and gluta-
mate were not coreleased from the same
neuron and that no other current-
inducing transmitter was released by the
single depolarization protocol. Thus, it
appears that distinct populations of
POMC neurons release GABA or
glutamate.

A POMC-DsRed

N

E DsRed/gfp

Figure 4.
Discussion
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B GADG67-gfp

ACTH-IR in POMC—DsRed neurons with or without GAD67—gfp. Brain sections from POMC—DsRed;GAD67— gfp
double-transgenic mice were processed for ACTH-IR. DsRed (4) and gfp (B) colocalized in some neurons (open arrows), whereas a

portion of POMC—DsRed neurons did not express GAD67— gfp (filled arrows). DsRed neurons displayed ACTH-IR (C) regardless of

Both peptide and nonpeptide neurotrans-
mitters are important hypothalamic regu-
lators of food intake and energy balance.
To date, there has been an unresolved
question whether POMC neurons are
GABAergic or glutamatergic (Meister, 2007). The data presented
here demonstrate that there are two distinct populations of
POMC neurons: one GABAergic and the other glutamatergic.
Transgenic labeling and electrophysiologic recording confirm
the presence of both inhibitory and excitatory POMC neurons.

dorsal; V, ventral.

GABAergic POMC neurons

Glutamate decarboxylase is necessary for the production of
GABA from glutamate; thus, GAD is a reliable marker
for GABAergic neurons (Kaufman et al., 1986; Erlander et al.,
1991). Identifying GAD-immunoreactive soma in the arcuate
nucleus can be difficult because of the high density of GABAergic
neurons in this region and the fact that GAD protein is higher in
terminals than in cell bodies, leading to diffuse punctate staining.
In the GAD67-gfp transgenic mice, the gfp was highly expressed
and distributed throughout the GABAergic cells, making it easy to
identify fibers and cell bodies. Furthermore, the transgenic
expression permitted electrophysiological recordings from iden-
tified GABAergic neurons in live brain slices.

Approximately 35% of POMC neurons in the mouse arcuate
nucleus express Gad mRNA (Hentges et al., 2004). This is consis-
tent with the present finding that ~42% of POMC-DsRed neu-
rons also express GAD67—gfp. It is possible that GAD67 may not
label all GABAergic POMC neurons because some neurons use
GADG65 to produce GABA. This possibility cannot be completely
ruled out, but mRNA for GAD65 and GAD67 are highly coex-
pressed in the hypothalamus (Schwartz et al., 1993; Ovesjo et al.,

the presence or absence of GAD67— gfp. E-G, An enlarged image shows a cell positive for both POMC—DsRed and GAD67- gfp
(open arrow) and a POMC-DsRed cell without GAD67- gfp (filled arrow). Both cells display ACTH-IR (F, G). R, Rostral; C, caudal; D,

2001; Meister, 2007). Furthermore, there were no instances in the
present study in which GAD67-gfp-negative POMC neurons re-
leased GABA from autapses, indicating that the GAD67—gfp
transgene efficiently labels GABAergic POMC neurons.

The GABAergic phenotype of POMC neurons was suggested
previously by the immunofluorescent detection of the vesicular
GABA transporter vVGAT and GABA in POMC terminal-like
structures (Hentges et al., 2004). Together with the autaptic re-
lease of GABA from primary cultures of hypothalamic POMC
neurons, it appears highly probable that GABA can be released
from POMC terminals in vivo at typical inhibitory synapses.

Glutamatergic POMC neurons

vGLUTs are necessary to package glutamate for release from pre-
synaptic terminals. Therefore, the presence of vGLUT is used as a
marker of glutamatergic neurons. A glutamatergic phenotype for
POMC neurons has been suggested previously based on immu-
nodetection of vGLUT2 and in situ hybridization detection of
mRNA for vGLUT2 (Collin et al., 2003; Kiss et al., 2005; Meister,
2007). Vesicular glutamate transporters are highly expressed in
axon terminals of excitatory neurons. As such, immunodetection
of vGLUT yields diffuse punctate staining in the arcuate nucleus
(Collin et al., 2003), likely reflecting the fact that this region lacks
lamination of fibers.

The possibility that some POMC neurons can release gluta-
mate was further demonstrated here by the fact that POMC neu-
rons devoid of GAD67—-gfp released glutamate to mediate an
autaptic EPSC. The use of POMC-DsRed;GAD67—gfp double-
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Figure 5.  Presynaptic regulation of GABAergic and non-GABAergic POMC neurons. Spontaneous IPSCs in POMC neurons not
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transgenic mice for preparing the primary
cultures was an essential step in identify-
ing putative glutamatergic POMC neu-
rons. The previous study using only
EGFP-labeled POMC neurons failed to
detect any glutamatergic POMC neurons
(Hentges et al., 2004). This is likely ex-
plained by the observation that only
~20% of all POMC neurons in culture
lacked GAD67—gfp expression (and thus
are likely glutamatergic) and of those only a
small fraction (<<25%) displayed autaptic
currents. It is not clear why there are so few
glutamatergic POMC neurons in the primary
cultures when ~60% of POMC neurons in
hypothalamic slices lack GAD67—gfp. The
simplest possibility is that the glutamater-
gic POMC neurons are less resilient to the
dissociation and culturing protocol. Al-
ternatively, it could be that GAD67—-gfp is
not strongly expressed in all GABAergic
POMC neurons in vivo and thus the count
of GABAergic POMC neurons underesti-
mates the true number.

expressing GAD67— gfp (A) and in GABAergic POMCneurons (B) at baseline (left traces) and after a 3—5 min application of ME (right

traces). ME-induced inhibition of sIPSCs is summarized in D (n = 7-10). , Frequency of basal sIPSCs and SEPSCs in POMC neurons

without GAD (n = 10) and with GAD67— gfp (n = 7). Error bars represent SEM.
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Figure 6.  Postsynaptic regulation and properties of GABAergic and non-GABAergic POMC

neurons. A, Perfusion of ME (10 wm) caused an outward current in both GAD67— gfp-positive
and GAD67- gfp-negative POMC neurons, although the average magnitude of the current was
larger in POMC neurons without GAD (n = 8-10). The recording shown in A is a represen-
tative trace made in a GABAergic POMC neuron. B, Input resistance in GAD-negative (gray
bars; n = 14) and GAD67— gfp-expressing (black bars; n = 15) POMC neurons. C, Capac-
itance measurements in GAD-negative (n = 12) and GAD67— gfp-expressing (n = 15)
POMC neurons. *p < 0.05. Error bars represent SEM.

Conclusion

Although neuropeptides have been heavily
studied with regard to energy balance, the
release of nonpeptide transmitters from peptidergic neurons is
also clearly important for the regulation of energy balance (Tong
et al., 2008). The present data demonstrate that POMC neurons
in the arcuate nucleus can release either GABA or glutamate. The
presence of distinct excitatory and inhibitory subsets of POMC
neurons may explain why B-endorphin has been found previ-
ously in terminals making both symmetrical and asymmetrical
synapses, which are likely GABAergic and glutamatergic, respec-
tively (Wang and Nakai, 1995; Wang et al., 2001). Given the
opposing actions of these two transmitters, it is possible that
GABAergic and glutamatergic POMC neurons could have differ-
ent roles in regulating energy balance. Previously, GABA was
found colocalized in POMC terminals in distinct target sites and
not others (Hentges et al., 2004), raising the possibility that
GABAergic and glutamatergic POMC neurons project to distinct
target sites. Overall, the present data describe the presence of a
clear and definable heterogeneity among POMC neurons based
on the corelease of GABA or glutamate and resolves the apparent
discrepancy regarding transmitter phenotype of POMC neurons.
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