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Cocaine- and Amphetamine-Regulated Transcript Is a
Potent Stimulator of GnRH and Kisspeptin Cells and
May Contribute to Negative Energy Balance-induced
Reproductive Inhibition in Females
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Cocaine- and amphetamine-regulated transcript (CART) is a hypothalamic neuropeptide impli-
cated in both metabolic and reproductive regulation, raising the possibility that CART plays a role
in reproductive inhibition during negative metabolic conditions. The current study characterized
CART's regulatory influence on GnRH and kisspeptin (Kiss1) cells and determined the sensitivity of
different CART populationsto negative energy balance. CART fibers made close appositions to 60%
of GnRH cells, with the majority of the fibers (>80%) originating from the arcuate nucleus (ARH)
CART/pro-opiomelanocortin population. Electrophysiological recordings in GnRH-green fluores-
cent protein rats demonstrated that CART postsynaptically depolarizes GnRH cells. CART fibers
from the ARH were also observed in close contact with Kiss1 cells in the ARH and anteroventral
periventricular nucleus (AVPV). Recordings in Kiss1-GFP mice demonstrated CART also postsynap-
tically depolarizes ARH Kiss1 cells, suggesting CART may act directly and indirectly, via Kiss1 pop-
ulations, to stimulate GnRH neurons. CART protein and mRNA levels were analyzed in 2 models of
negative energy balance: caloric restriction (CR) and lactation. Both CART mRNA levels and the
number of CART-immunoreactive cells were suppressed in the ARH during CR but not during
lactation. AVPV CART mRNA was suppressed during CR, but not during lactation when there was
adramaticincrease in CART-immunoreactive cells. These data suggest differing regulatory signals
of CART between the models. In conclusion, both morphological and electrophysiological methods
identify CART asa novel and potent stimulator of Kiss1 and GnRH neurons and suppression of CART
expression during negative metabolic conditions could contribute to inhibition of the reproductive
axis. (Endocrinology 154: 2821-2832, 2013)

egative metabolic states, from either undernutrition
N or overexertion, result in inhibition of the reproduc-
tive neuroendocrine hormones kisspeptin (Kiss1) and
GnRH in all female mammals studied to date. This inhi-
bition of Kiss1 and GnRH results in impaired reproductive
function, but the pathways underlying this metabolically
driven anovulatory state remain poorly understood. Al-
though significant evidence exists for the permissive role
of the adipocyte hormone leptin in signaling sufficient en-
ergy stores for pubertal maturation, conflicting evidence
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exists on the role of this hormone in mediating negative
energy balance-induced GnRH inhibition during adult-
hood (1-4). Importantly, restoration of leptin to physio-
logical levels has no effect to restore GnRH release or
Kiss1 expression during negative energy balance in rats,
indicating additional signals must contribute to the ob-
served reproductive inhibition (1). Many of the hypotha-
lamic feeding neuropeptides are also thought to modulate
GnRH release, including cocaine- and amphetamine-reg-
ulated transcript (CART) (5).

Abbreviations: aCSF, artificial cerebrospinal fluid; ARH, arcuate nucleus; AVPV, antero-
ventral periventricular nucleus; CART, cocaine- and amphetamine-regulated transcript;
CR, caloric restriction; DMH, dorsomedial hypothalamus; EGFP, enhanced green fluores-
cent protein; GFP, green fluorescent protein; ir, immunoreactive; Kiss1, kisspeptin;
OVX+E, ovariectomized + estradiol; POA, preoptic area; POMC, pro-opiomelanocortin;
TTX, tetrodotoxin.
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In metabolic circuits CART acts primarily as a satiety
signal to decrease food intake and increase thermogenesis
(6=9). CART may also play a role in reproduction based
on previous results documenting CART fibers in close
contact with GnRH cells (10, 11). Neuronal tracing stud-
ies have determined that CART cells in the arcuate nucleus
(ARH), ventral premammillary nucleus, dorsomedial hy-
pothalamus (DMH), and the anteroventral periventricu-
lar region (AVPV) all have projections to the region con-
taining GnRH neurons (11). Although it has previously
been demonstrated that ARH CART levels are inhibited
during negative energy balance, it is unclear whether any
of the additional hypothalamic CART populations are
sensitive to negative metabolic states (8, 12, 13).

Previous work has demonstrated that CART can stim-
ulate GnRH pulse frequency in a hypothalamic explant
preparation; however, it remains unclear whether CART
acts directly on GnRH neurons or through a presynaptic
population to elicit this effect. One potential presynaptic
mediator may be Kiss1, which potently stimulates GnRH
release and is suppressed during conditions of negative
energy balance (1, 14-20). No studies to date have exam-
ined the relationship between CART and Kiss1 and how
this may contribute to negative energy balance-induced
GnRH inhibition. The goal of the current study was to
determine what if any effect CART has on GnRH and
Kiss1 cells by using: 1) immunohistochemistry techniques
to assess CART fibers in relationship to GnRH and Kiss1
cells and 2) electrophysiological recordings in GnRH-
green fluorescent protein (GFP) rats and Kiss1-GFP mice
to determine effects on cell firing. 3) Finally, we investi-
gated whether CART populations, specifically those pre-
viously shown to make projections to the area of GnRH
neurons, are sensitive to conditions of negative energy bal-
ance and thus could provide a mechanism by which neg-
ative metabolic conditions are relayed to reproductive
circuits.

Materials and Methods

Animals

All protocols were approved by the Oregon Health and Sci-
ence University Institutional Animal Care and Use Committee
and conducted in accordance with NIH Guidelines for Care and
Use of Laboratory Animals. For all studies animals were main-
tained on a 12-hour light (0600) and dark (1800) cycle through-
out the experiment and allowed water ad libitum. For histolog-
ical experiments examining ARH and AVPV Kiss1, cells adult
female Wistar rats (Simonsen, Gilroy, California) were used. For
histological experiments examining GnRH cells and electro-
physiological recordings, transgenic Wistar rats expressing the
enhanced green fluorescent protein (EGFP) under the control of
the GnRH promoter were used (21). All female rats were ovari-
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ectomized and subcutaneously implanted with silastic implants
(1cm/100 g of body weight) containing 30 ug/mL estradiol in oil
(ovariectomized + estradiol [OVX+E]) resulting in low basal
levels of serum estradiol (1, 22).

To investigate the effects of CART on Kiss1 cell firing female
Kiss1-CreGFP mice (a generous gift from Dr Robert Steiner,
University of Washington [23]) were used. Although there may
be species differences between mice and rats, electrophysiolog-
ical recordings of GnRH neurons and their electrophysiological
response to Kiss1 appear identical between these species (un-
published data). For maximum expression of ARH Kiss1, fe-
males were OVX (24) as described above but did not receive
hormone replacement.

Experiments 1 and 4. Morphological interactions
of CART, Kiss1, and GnRH, and CART expression
during negative energy balance

Lactation and caloric restriction models

Both the lactation and the caloric restriction (CR) models
have been described previously (1, 25). For the lactation studies,
on day 2 postpartum litters were adjusted to 8 pups and the
animals were OVX+E. For the corresponding controls, animals
were OVX+E on a random day of the estrous cycle. Both groups
were euthanized 8/9 days after OVX+E, corresponding to day
10/11 postpartum. For CR studies, animals were OVX+E on a
random day of the cycle and 4 days later were placed into either
the ad libitum fed control group or the 50% CR group. Food
intake was measured; body weights were recorded, and food was
given to the CR group between 0700 and 0800 hours every
morning. Both groups were killed 16 days after OVX+E, cor-
responding to 12 days of CR.

Immunohistochemistry

Immunohistochemistry was performed as described previ-
ously (14). Animals were perfused transcardially with 0.9% sa-
line and 4% paraformaldehyde (pH 7.4); brains were then frozen
and cutinto a 1-in-6 series of 25-um sections. Primary antibodies
and concentrations were as follows: rabbit anti-CART (Phoenix
H-003-62, 1:500 000, Phoenix Pharmaceuticals, Inc, Burlin-
game, California), rabbit anti-Kisspeptin (Millipore AB9754,
1:1000, EMD Millipore Corporation, Billerica, Massachusetts),
and sheep anti-a-MSH (Millipore AB5087, 1:5000). All 3 anti-
bodies have previously been validated showing a lack of immu-
noreactive staining following preabsorption with the corre-
sponding peptide (26-28). In addition, the observed
immunoreactivity patterns in the current study were consistent
with previously published corresponding mRNA for all 3 neu-
ropeptides (8, 29, 30). The CART staining was performed first,
and after overnightincubation in primary antibody at room tem-
perature, a biotinylatedtyramide amplification was performed as
described previously (31) using a biotinylated antirabbit anti-
body (Jackson Immunoresearch, 711-065-152, Jackson Immu-
noResearch Laboratories, Inc, West Grove, Pennsylvania), A/B
solution (Vector, PK-6200, Vector Laboratories Inc, Burlin-
game, California), and biotinylated tyramide (PerkinElmer,
SAT7000, PerkinElmer, Waltham, Massachusetts). Finally tis-
sue was incubated in Alexa Fluor 488 (or Alexa Fluor 568 for
staining in GnRH-GFP tissue, Life Technologies, Grand Island,
New York) conjugated to streptavidin (Invitrogen, Life Tech-
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nologies, Carlsbad, California). For additional staining, tissue
was rinsed in buffer for 2 hours followed by incubation in an-
tikisspeptin and anti-a-MSH antibodies overnight at room tem-
perature, followed by 1 hour in Alexa Fluor 568 antirabbit and
donkey antisheep Cy5 secondary antibodies.

To avoid cross-reactivity of the 2 antibodies raised in the
rabbit, the rabbit anti-CART antibody was used at 1:500 000
with tyramide concentration and followed sequentially by im-
munohistochemistry with rabbit anti-Kiss1. This concentration
for the CART antibody resulted in a complete absence of staining
with direct secondary detection. Additionally, when the entire
double-labeled protocol was carried out with either the CART or
the kisspeptin antibody omitted, there was a complete lack of
staining in the given fluorophore channel, suggesting that there
was little cross-reactivity of these antibodies. This concentration
of the CART antibody resulted in abundant fiber staining in the
ARH and DMH, consistent with previous descriptions of CART
expression (32, 33).

In situ hybridization

In situ hybridization was performed as described previously
(14, 25). Brains were collected by rapid decapitation and frozen
on dry ice. Tissue was sectioned into a 1-in-3 series of 20-uM
slices using a cryostat. The Kiss1 probe (a gift from the labora-
tory of Dr Robert Steiner, University of Washington), which has
been characterized previously (34), was transcribed using a T7
polymerase in the presence of >*P. The CART probe (a gift from
Dr Joel Elmquist and Dr Carol Elias, University of Texas South-
western Medical School) was transcribed using a T3 polymerase
in the presence of *°S. The Kiss1->*P probe was used at a con-
centration of 4.5 million cpm/100 L, whereas the CART-**S
probe was used at a concentration of 3.5 million cpm/100 uL.
Slides were incubated in this diluted radioactive probe overnight
in humidified chambers at 55°C (14, 25). For quantification of
mRNA levels, in situ hybridization slides were dipped in Kodak
NTB emulsion (Eastman Kodak, Rochester, New York) and de-
veloped for 6 and 9 days for the CART and Kiss probes,
respectively.

Confocal analysis

All immunofluorescence analysis was performed on images
taken with a Leica SP5 confocal microscope with Acousto-Op-
tical Beam Splitter (Buffalo Grove, Illinois). For AVPV, DMH
and ARH CART cell count analyses photomicrographs were
taken with a X20 objective at 512 X 512 pixel resolution and at
a speed of 400 Hz. For each animal CART cell counts were
bilaterally determined and reported as the total number of cells
from 3 AVPV sections, 2 DMH sections, and 4 ARH sections per
animal. For analysis of CART fiber close appositions to GnRH,
AVPV Kiss1, and ARH Kiss1 cells, the methods used have been
described previously (35-37). Photomicrographs were taken at
a X40 magnification at 1024 X 1024 pixel resolution and at a
speed of 700 Hz. Focal planes were 1 uM apart for this analysis
and 2 preoptic area (POA), 2 AVPV, and 3 ARH sections were
analyzed per animal. Photomicrographs of the POA were taken
to incorporate areas of highest GnRH cell density and 2 to 3
photomicrographs were taken across 2 sections to obtain anal-
ysis for 10 GnRH cells. For more abundant AVPV and ARH
Kiss1 cells, all visible cells in confocal photomicrographs of 2
AVPV (bilateral) and 3 ARH sections (unilateral) were analyzed
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for contact analysis. Stacks were analyzed using Image] software
and the Image5D plugin (developed by Joachim Walter, avail-
able at the Image] Developer Project). Image5D was also used to
pseudocolor the GnRH-GFP channel red and the CART-immu-
noreactive (ir) channel green for consistency in presentation of
contact analysis photomicrographs.

Silver grain analysis

Dark-field silver grain analysis was performed using Meta-
morph Imagining software (Molecular Devices, Sunnyvale, Cal-
ifornia). Pictures were taken at constant exposures, and a com-
mon threshold for silver grain detection was used for analysis at
each nucleus. Integrated intensity was measured in a fixed region
of interest for the ARH, AVPV, and DMH and in a nearby region
lacking signal for subtraction of background levels. The inte-
grated intensity was the mean averaged across 9 ARH sections,
4 AVPV sections, and 3 DMH sections per animal.

Experiments 2 and 3. CART effects on GnRH and
ARH Kiss1 cell firing

Brain slice preparation

Rats or mice were transcardially perfused with ice-cold ox-
ygenated cutting solution (composed of [in mM] 208 sucrose, 2
KCl, 1 MgCl,, 1.25 NaH,PO,, 26 NaHCO5, 2 MgSO,,, 1 CaCl,,
10 HEPES, and 10 glucose, adjusted to pH 7.4 with NaOH, and
was continuously aerated). Brains were quickly dissected and
250-um hypothalamic slices were cut using a vibratome. Hypo-
thalamic slices were incubated at 34°C in warm oxygenated ar-
tificial cerebrospinal fluid (aCSF) for 30 minutes and then stored
at room temperature until used for recording. aCSF consisted of
(in mM): 124 NaCl, 5 KCl, 2 MgCl, 2.6 NaH,PO,, 26
NaHCO;, 2 MgSO,, 2 CaCl,, 10 HEPES, and 10 glucose, ad-
justed to pH 7.4 with NaOH. All experiments were performed at
room temperature and completed within 4 to 5 hours of obtain-
ing the brainslice to ensure cell viability. Slices were continuously
perfused with aerated aCSF using a gravity-fed perfusion system
with a flow rate of 2 to 3 mL/min for the duration of the
recording.

Electrophysiology recordings

Whole-cell current-clamp recordings were made from the
soma of GnRH-GFP and ARH Kiss1-Cre-GFP neurons. Neu-
rons were identified using a Carl Zeiss Axioskop 2 FS (Jena,
Germany) fitted with epifluorescence and infrared-differential
contrast video upright microscopy. Patch pipettes were pulled
from borosilicate glass capillaries with inner filaments (World
Precision Instruments, Sarasota, Florida) using a pp-830 elec-
trode puller (Narishige Scientific Lab Instrument, Tokyo, Japan)
and had resistances of 2 to 4 MQ when filled with a internal
pipette solution (in mM): 125 Kgluconate, 2 KCI, 5 MgATP, 0.3
NaGTP, 10 EGTA, and 5 HEPES, adjusted to pH 7.4 with
NaOH. Electrophysiological experiments were performed using
an Axopatch 200B amplifier, and signals were digitized with
Digidata 1322A (Molecular Devices) interfaced to a PC com-
puter. Data were collected using pPCLAMP10 software (Molec-
ular Devices) at a sample frequency of 20 kHz, with lowpass
filtering at 2 kHz. Whole-cell capacitance and resistance were
electronically compensated. Adequate whole-cell access resis-
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tance (< 20 MQ) and membrane resistance (>500 MQ) were
verified at the beginning and the end of the recording. The effects
on GnRH neurons were determined by analysis of spontaneous
action potential firing and membrane potential change in cur-
rent-clamp conditions. CART 55-102 was purchased from
American Peptide Company (Sunnyvale, California).

Statistics and analysis

Comparisons of cell numbers and mRNA mean integrated
intensity were performed by a Student # test. Electrophysio-
logical recordings were analyzed with Clampfit-10 software
(Molecular Devices). All membrane potentials were corrected
by —5 mV for liquid junction potential in final analysis. Sta-
tistical evaluation of mean differences in membrane potential
after different treatments was performed by one-way
ANOVA, with a significance at P = .05. Paired ¢ test was used
to compare action potential firing percentage of GnRH and
ARH Kiss1 neurons between control and treatment duration,
and P value was set at .05 for significance. GraphPad Prism 5
software (GraphPad Software, La Jolla, California) was used
for these analyses. All data are expressed as means = SEM. For
event analysis of action potential firing under current clamp
conditions, Mini Analysis software (Synaptosoft Inc, Fort Lee,
New Jersey) was used. The cells were allowed to stabilize for
a minimum of 5§ minutes before CART treatment. Recordings
were analyzed 3 to 4 minutes before CART application and
were used to estimate baseline firing. The change in firing rate
after CART was assessed beginning at 5 minutes after CART
application as all cells had reached a stable plateau by this
time. To quantify the frequency of number of events before

Bregma 0.2 mm Bregma - 0.26 mm

Figure 1. CART close appositions onto GnRH cells in the preoptic area and AVPV and ARH Kiss1
cells. Coexpressing CART/a-MSH-ir (cyan) fibers were found in close apposition (white arrows) to
preoptic area GnRH-GFP cells (A, pseudocolored red) as well as AVPV Kiss1-ir cells (B, red) and
ARH Kiss1-ir cells (C, red). Corresponding brain regions where photomicrographs were taken are
illustrated. C,—Cs, single optical slice analysis at 1-uM focal planes illustrating the close
apposition of the CART fiber to the ARH Kiss1 cell shown in (C). 10 uM scale bars are given.

Bregma - 3.14 mm
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and after the application of CART, the calculated events were
divided by bin size (60 s).

Results

Experiment 1. Morphological interactions between
CART, Kiss1, and GnRH neurons

Immunohistochemistry confirmed that CART fibers
are in close apposition with approximately 60% of GnRH
neurons (10 cells/animal across 2 sections, n = 6 animals)
in the POA (Figure 1). CART fibers in the POA could
originate from numerous sources in the hypothalamus or
outside areas; however, one population has a unique
marker, the ARH CART population coexpresses pro-opi-
omelanocortin (POMC). Therefore, triple-label immuno-
histochemistry was used to determine if CART fibers mak-
ing close appositions to GnRH neurons coexpressed
a-MSH, a cleavage product of POMC, indicating an ARH
origin. Coexpressing CART/a-MSH fibers make close ap-
positions onto 50% of GnRH cells found in sections just
preceding the beginning of the AVPV and to the level of the
most rostral AVPV sections (Figure 1). This suggests the
vast majority of CART fibers contacting GnRH cells
(>80%) likely originate in the ARH.

Double label immunohistochemistry for CART and
Kiss1 was undertaken to determine if
CART fibers are also in contact with
Kiss1 cells. CART-ir fibers were ob-
served to make close appositions to
40% of AVPV Kiss1 cells (an average
of 20 cells per animals across 2 sec-
tions, n = 6). In the ARH a similar
analysis demonstrated that roughly
65% of Kiss1 cells (an average of 40
cells/animal across 3 sections, n = 7
animals) have close appositions from
CART fibers. Triple-label immuno-
histochemistry revealed that a large
proportion of CART fibers contact-
ing AVPV and ARH Kiss1 cells co-
express a-MSH, with 30% of AVPV
Kiss1 cells having close appositions
from CART/a-MSH fibers, whereas
55% of ARH Kiss1 cells had similar
close appositions (Figure 1). In the tri-
ple-label conditions, single-labeled
CART-ir fibers of unknown origin
were also found to make close appo-
sitions to Kiss1-ir cells, although this
was infrequent compared to double-
labeled CART/a-MSH-ir contacts
(approximately 85%).

[l CART

[l o-MsH

] cART/a-MSH
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Experiment 2. Characterization of CART effects on
GnRH cell firing

CART application to GnRH-GFP neurons resulted in
activation of firing and depolarization under whole-cell
current-clamp conditions (Figure 2A). Twelve of 16
(75%) of the GnRH cells tested responded to CART, in
general agreement with the estimate of CART fiber con-
tacts onto GnRH cells (Figure 1). CART (100 nM) appli-
cation significantly increased firing frequency from a basal
firing frequency of 1.1 = 0.6 Hz to 3.5 = 1.4 Hz after
CART administration and the effect persisted long after
washout with this maximum concentration of the drug
(n = 8 cells, ¢ test, P < .05, Figure 2B). CART application
also resulted in a significant membrane depolarization of
11.04 = 2 mV, from an average resting membrane poten-
tial of =60.43 + 0.8 mV to —49.4 = 1.4 mV post-CART
(n = 12 cells, ¢ test, P < .0001).

To establish whether CART-induced stimulation was
presynaptic or postsynaptic, the effects of CART on
GnRH neurons were tested after pre-exposure to tetrodo-
toxin (TTX, 1 uM), to block voltage-gated sodium chan-
nels. Roughly 80% of cells responded to various concen-
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> Q
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64 mv 2 0 ' i i
©F MY i 0 1 2 3
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Figure 2. CART activates GnRH-GFP neurons. (A) A representative
current clamp recording showing 100 nM CART-induced
depolarization and spontaneous firing in GNRH-GFP neurons. The
resting membrane potential was —62 mV. (B) Histogram for the
representative recording shown in (A) showing firing increased from
0.34 to 4.28 events per minute. (C) A representative current-clamp
recording under TTX showing 100 nM CART induced a maximum
depolarization of 13 + 1.4 mV. The resting membrane potential was
—64 mV. (D) Concentration versus response curve for the CART
induced depolarization of GnRH neurons. ECs, = 37.4 = 1.6 nM. Data
are presented as mean = SEM. N = 39 cells, with 10 nonresponders
(n=5,5,6,6,11,and 6 cells for 1, 3, 10, 30, 100, and 300 nM
CART, respectively).
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trations of CART (1, 3, 10, 30, 100, and 300 nM). Only
one cell was recorded from each slice, and typically one
and a maximum of 3 concentrations were tested on the
cells that were able to recover completely after wash-off
(n = 39, with minimum of 5 cells for each concentration).
With 100 nM CART under TTX, it took an average of
9.1 = 0.7 minutes from the time of CART application to
reach peak depolarization, and the cells did not fully re-
cover to baseline membrane potential for the duration of
the recording (Figure 2C). The estimated ECs, for CART-
induced depolarization was 37.4 = 1.6 nM (Figure 2D).
CART (100 nM) evoked a maximum depolarization of
13 = 1.4 mV; this was similar to the depolarization ob-
served in the absence of TTX (11.04 = 2 mV, Figure 2A),
suggesting that CART’s ability to stimulate free-firing
GnRH neurons is predominantly due to direct postsyn-
aptic activation.

Experiment 3. Characterization of CART effects on
ARH Kiss1 cell firing

Evidence of CART fibers in close contact with Kiss1
cells led to the hypothesis that CART may also be capable
of regulating Kiss1 cell firing. Whole-cell current-clamp
recordings from slices taken from OVX Kiss1-Cre-GFP
mice revealed that ARH Kiss1 neurons exhibit spontane-
ous action potential firing similar to GnRH neurons.
CART (30 nM) application increased the action potential
firing from 0.67 = 0.25 Hzt0 2.12 = 0.73 Hz (n = 5 cells,
t test, P < .05; Figure 3A); this effect was long-lasting and
persisted long after drug washout (Figure 3B), similar to its
effect on GnRH. CART depolarized Kiss1 neurons by
13.6 mV, from a resting membrane potential of —69.1 +
3.8mVto —55.5 = 2.9 mV post-CART treatment (n = 5
cells, paired ¢ test, P < .05). This depolarization in response
to 30 nM CART was equivalent to the depolarization caused
by 100 nM CART on GnRH cells (Figure 2).

To determine whether CART effects on Kiss1 cell firing
were pre- or postsynaptic, 30 nM CART application was
investigated in the presence of TTX. CART application
resulted in a significant depolarization of ARH Kiss1 cells
in the presence of TTX; it took an average of 10 = 1.6
minutes from the time of CART application to reach peak
depolarization, and the cells did not fully recover to base-
line membrane potential for the duration of the recording
(Figure 3C). Under TTX conditions, 30 nM CART depo-
larized Kiss1 neurons by 13.5 mV, from an average resting
membrane potential of —62.2 = 5.06 mV to —48.7 = 3.4
mV (n = 10 cells, ¢ test, P < .005; Figure 3D). The similar
degree of depolarization in response to CART in the ab-
sence or presence of TTX indicates CART’s effects on
Kiss1 cells are primarily due to direct postsynaptic actions.
In comparing the effects of 30 nM CART under TTX on
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Figure 3. CART depolarizes Kiss1-GFP neurons in the mouse. (A) A
representative current-clamp recording showing spontaneous firing in
Kiss1 neurons and CART induced depolarization under no presynaptic
input block condition. The resting membrane potential was —63 mV.
(B) Histogram for the representative recording shown in (A) showing
firing increased from 1.4 to 3.64 events per minute. (C) A
representative current-clamp recording under TTX showing 30 nM
CART induced depolarization. The resting membrane potential was
—65 mV. (D) Summary of the significant depolarizing effect of CART in
the presence of TTX (control, —62.2 = 5.06 mV; CART, —48.7 + 3.4
mV; P < .005).

Kiss1 and GnRH cells, the 13.5-mV depolarization of
Kiss1 cells compares with 7.3-mV depolarization of
GnRH cells (Figure 2D; n = 6 cells), indicating that Kiss1
cells may be more sensitive to the effects of CART. How-
ever, all other aspects, such as the onset of the response to
CART, and the very prolonged duration of the response,
particularly to maximum doses of CART, were similar
between Kiss1 and GnRH cells.

Experiment 4. Differential regulation of CART
populations during negative energy balance

Caloric restriction

CART protein and mRNA levels were examined by
immunohistochemistry and in situ hybridization, respec-
tively, in the ARH and AVPV following a 12-day 50% CR.
The number of CART-ir cells in the ARH CART-ir was
significantly lower in CR animals compared to ad libitum
fed controls (cell count: ad libitum 218 = 19, CR 139.5 =
9, t test, P = .004; Figure 4A). ARH CART mRNA levels
were also significantly decreased in CR animals (mean
integrated intensity: ad libitum 11932 *= 2342, CR
2527 * 454, t test, P < .005; Figure 4B). In contrast,
AVPV CART-ir cell numbers were not significantly dif-
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ferent between ad libitum fed and CR animals (cell count:
adlibitum17.6 =2,CR 15.3 = 2, ttest, P = .45); however,
the few number of cells that could be identified in this area
by immunohistochemistry would likely make it difficult to
detect significant differences between the 2 groups (Figure
5A).Insitu hybridization demonstrated that AVPV CART
mRNA was significantly lower in CR animals compared
to ad libitum fed controls (mean integrated intensity: ad
libitum 1262 = 285, CR 281 = 150, ¢ test, P = .04;
Figure 5B). In the DMH, there was no significant dif-
ference in the number of CART-ir cells between ad li-
bitum fed and CR animals (cell count: ad libitum 9 =
1.8, CR 13 £ 1.8, t test, P = .15) or in CART mRNA
levels (integrated intensity: ad libitum 3791 = 1034, CR
1722 + 308, ¢ test, P = .08) (Supplemental Figure 1,
published on The Endocrine Society’s Journals Online
web site at http://jcem.endojournals.org).

Lactation

The number of ARH CART-ir cells was not signifi-
cantly different between controls and lactating animals
(cell count: virgin 151.7 = 9.6, lactation 130.3 * 4.1, ¢
test, P = .08; Figure 6A). Similarly, in situ hybridization
demonstrated no significant difference in CART mRNA
levels during lactation in the ARH (mean integrated in-
tensity: virgin 6439 * 1707, lactation 5044 = 1357, t test,
P = .55;Figure 6B). AVPV CART-ir cell numbers revealed
a dramatic greater than 3-fold increase in the number of
CART cells during lactation (cell count: virgin 43.5 * 6,
lactation 145.3 = 18.8, t test, P < .001; Figure 7A). This
increase in CART protein accumulation in the cell body
was accompanied by a small insignificant decrease in
AVPV CART mRNA levels during lactation (mean inte-
grated intensity: virgin 672.6 = 168, lactation 381.2 =+ 80,
t test, P = .17; Figure 7B). DMH CART protein (cell
count: virgin 7 * 3.2, lactation 5.7 * 1.3, # test, P = .72)
and mRNA levels (integrated intensity: virgin 1243 * 318,
lactation 3210 * 949, ¢ test, P = .06) were not signifi-
cantly altered during lactation (Supplemental Figure 2).

The increase in AVPV CART-ir cells was similar to our
previously reported findings of increased AVPV Kiss1-ir
cells during lactation (14). Thus, double-label immuno-
histochemistry was performed to determine if the 2 neu-
ropeptides were coexpressed in the same cells of the
AVPV. Notably AVPV CART-ir and Kiss1-ir showed no
colocalization of cell bodies during lactation (Supplemen-
tal Figure 3) or control conditions (data not shown).
CART-ir cells were most abundant in the most rostral
sections of the AVPV, whereas Kiss1-ir cells were concen-
trated in the more caudal sections of the periventricular
region (Supplemental Figure 3).
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Figure 4. Arcuate nucleus CART protein and mRNA levels during CR. (A) Confocal photomicrographs of immunohistochemistry for CART protein

(Phoenix antibody, H-003-62) in the ARH (location denoted by dotted line) in ad libitum fed and 50% CR animals (100 wM scale bar provided).
Quantification of the total number ARH CART cells in 4 sections per animal is provided in the bar graph. (B) Dark field silver grain
photomicrographs of in situ hybridization for 2*S-CART mRNA probe. Quantification of ARH CART mRNA mean integrated intensities is provided in
the histogram. Group sample size is given within each histogram. 3V, third ventricle. *, examples of identified cells.

Discussion

This study provides compelling evidence for a novel role of
CART in the regulation of the reproductive neuroendo-
crine axis. CART’s ability to stimulate firing in both ARH
Kiss1 and GnRH cells directly demonstrates that CART
may regulate GnRH release both directly and indirectly.
Given CART’s known role in energy homeostasis, we hy-
pothesize that CART may provide an important link be-
tween reproductive and metabolic hypothalamic circuits.
Consistent with this hypothesis, ARH and AVPV CART
mRNA levels are inhibited during CR; therefore, inhibi-
tion of stimulatory CART expression could contribute to
inhibition of to Kiss1 and GnRH release during negative
metabolic states. Electrophysiological experiments exam-
ining whether CART tone on Kiss1 and GnRH neurons is
altered during CR will be an important next step to de-

termine the causative role of decreased CART expression
in the inhibition of reproductive function.

Although previous experiments have examined the
morphological relationship between CART and GnRH
cells, only one recent study (38) has examined CART’s
effects on GnRH cell firing. CART stimulated GnRH neu-
ronal firing in mice; however, the percentage of GnRH
cells that were sensitive to CART was reportedly much
lower than the findings presented here in the rat. A pos-
sible explanation for this discrepancy is that the previous
study tested only a few numbers of cells, possibly leading
to an underestimation of the number of CART-responsive
GnRH cells. Most GnRH neurons also respond robustly
to CART administration under TTX conditions, indicat-
ing for the first time a direct postsynaptic effect of CART
on GnRH neurons. This result is consistent with the ob-
servation of CART fibers in close contact with most
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Figure 5. Anteroventral periventricular nucleus CART protein and mRNA levels during CR. (A) Confocal photomicrographs of
immunohistochemistry for CART protein in the AVPV (location denoted by dotted line) in ad libitum fed and 50% CR animals (100 uM scale bar
provided). Quantification of the total number of AVPV CART cells observed in 3 sections per animal is provided in the bar graph. (B) Dark field
silver grain photomicrographs of in situ hybridization for 3*S-CART mRNA probe. Quantification of AVPV CART mRNA mean integrated intensities
is provided in the histogram. Group sample size is given within each histogram. 3V, third ventricle. *, examples of identified cells.

GnRH neurons noted here and in previous studies (10,
11). Further highlighting an important role of CART in
reproductive regulation is the finding that CART directly
stimulates ARH Kiss1 cells, confirming neuroanatomical
data showing CART fibers in close contact with the ARH
Kiss1 population. Thus, CART has similar excitatory ac-
tions on GnRH and Kiss1 cells that are postsynaptic in
nature.

Many other appetitive neuropeptides have been linked
to the regulation of GnRH release, and CART should now
be included among these known regulators of both met-
abolic and reproductive circuits (11, 39-44). However,
CART is the first appetitive neuropeptide to our knowl-
edge capable of also regulating Kiss1 release. Therefore,
CART regulates GnRH neurons at 2 levels of the repro-
ductive circuitry, through Kiss1 neurons that project to
GnRH cell bodies (14) and through direct actions on
GnRH cells, pointing to a possible increased regulatory
influence over the Kiss1/GnRH system compared to other
metabolic neuropeptides. Interestingly, the CART recep-
tors have yet to be identified; therefore, more detailed elec-

trophysiological studies will aid in determining the types
of channels activated by CART administration, whether
they can account for the apparent greater sensitivity of
ARH Kiss1 than GnRH cells to CART, and if there are
species differences in responses to CART.

Previous neuronal tract tracing studies have provided
evidence that CART cells in the ARH, DMH, AVPV, and
the ventral premammillary nucleus all send projections to
the POA (11), and CART cells are also found in the lateral
hypothalamus, another region known to be involved in
GnRH regulation (33, 45). These findings highlight the
potential for several CART populations to regulate GnRH
neurons directly in vivo. Inhibition of CART mRNA levels
in the ARH and AVPV during CR may directly result in
decreased stimulatory input to GnRH neurons and con-
tribute to anovulation. Importantly, most CART fibers
contacting GnRH cells as well as ARH and AVPV Kiss1
cells coexpressed the POMC cleavage product a-MSH.
Based on these results, we hypothesize that the ARH
CART population is the dominant CART population reg-
ulating ARH and AVPV Kiss1 and GnRH neuronal firing.
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(A) Confocal photomicrographs of immunohistochemistry for CART

protein in the ARH (location denoted by dotted line) during virgin control and lactation conditions (100 uM scale bar provided). Quantification of
the total number of ARH CART cells in 4 sections per animal is provided in the bar graph. (B) Dark field silver grain photomicrographs of in situ
hybridization for 2*S-CART mRNA probe. Quantification of ARH CART mRNA mean integrated intensities is provided in the histogram. Group
sample size is given within each histogram. 3V, third ventricle. *, examples of identified cells.

The effects of POMC on ARH Kiss1 neuronal firing have
not yet been tested, but a-MSH has been reported to stim-
ulate GnRH neurons (38, 46). Investigations of the inter-
action of CART and POMC cleavage products, a-MSH
and B-endorphin, on Kiss1 and GnRH cells will likely be
important for our understanding of the role of these ARH
cells in reproductive regulation. Interestingly, Kiss1 ex-
cites ARH POMC/CART cells, highlighting the complex
degree of interconnectivity likely occurring between re-
productive and metabolic hypothalamic neurons (47).
Although CART expression is inhibited during CR,
there is surprisingly little regulation of CART during lac-
tation, although only a specific time point of midlactation
was investigated, making it possible that CART may be
regulated at later stages of lactation. These 2 models both
result in negative energy balance but by different mecha-
nisms: undernutrition during CR, and elevated energy ex-
penditure during lactation. One hypothesis is that under-

nutrition is specifically required for ARH and AVPV
CART inhibition, and that lactation-induced hyperphagia
prevents this inhibition. Interestingly, POMC is not in-
hibited during CR when CART levels are decreased, but
POMC is inhibited during lactation when CART expres-
sion is unaffected (1, 25, 48). This suggests that POMC
and CART may be regulated by differential signals and
affect distinct downstream changes in both metabolic and
reproductive circuits.

Although CART mRNA levels were unaffected during
lactation, there was a surprising increase in AVPV
CART-ir neurons during this condition. The protein ac-
cumulation in AVPV CART cells during lactation is strik-
ingly similar to results observed in AVPV Kiss1 cells dur-
ing lactation (14). Although AVPV CART mRNA was not
significantly decreased during lactation, as has been re-
ported for AVPV Kiss1 mRNA, it is clear that increases in
CART mRNA production do not account for increased
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Figure 7. Anteroventral periventricular nucleus CART protein and mRNA levels during lactation. (A) Confocal photomicrographs of
immunohistochemistry for CART protein in the AVPV (location denoted by dotted line) during virgin control and lactation conditions (100 uM scale
bar provided). Quantification of the total number of AVPV CART cells in 3 sections per animal is provided in the bar graph. (B) Dark field silver
grain photomicrographs of in situ hybridization for 3°S-CART mRNA probe. Quantification of AVPV CART mRNA mean integrated intensities is
provided in the histogram. Group sample size is given within each histogram. 3V, third ventricle. *, examples of identified cells.

protein levels. Interpretation of opposing changes in pro-
tein and mRNA levels in the AVPV is difficult and could
lead to 2 different hypotheses. One is that like AVPV Kiss1
cells, AVPV CART cells have inhibited protein release dur-
ing lactation, leading to accumulation of protein in cell
bodies. Another is that there is an increase in CART trans-
lation leading to an increase in secretion. Therefore, at this
time the role of the AVPV CART population during lac-
tation remains unclear. This is in contrast to CR in which
CART cells in the AVPV and ARH are both clearly
inhibited.

Consistently we find a striking similarity between
CART and Kiss1 systems. There are significant popula-
tions of both neuropeptides in the AVPV and ARH, 2
nuclei with known roles in reproductive function (29, 49,
50). CART and Kiss1 populations in the ARH and AVPV
appear inhibited during negative energy balance (1, 8, 14),
and both ARH CART and Kiss1 populations, as well as
AVPV Kiss1 cells, appear in direct contact with GnRH
cells (14). Kiss1 is a well-known and extremely potent

stimulator of GnRH firing (51), and the current study
provides evidence that CART also strongly stimulates
GnRH neurons. The maximum depolarization achieved
by CART (100 nM, 13 = 1.4 mV, under TTX conditions)
is only about 7mV less than that achieved by Kiss1 (Kp-10
agonist, 100 nM, 20.2 = 1.2 mV, under TTX conditions)
(Verma, S., K. L. Grove, and M. S. Smith, unpublished
data). Itis also interesting to note that the long duration of
the response to CART on both GnRH and Kiss1 cells is
very similar in nature to the long duration of the stimu-
latory effects of Kiss1 on GnRH cells (52). These similar-
ities highlight an emerging understanding of the impor-
tance for CART in reproductive regulation.

Beyond CART’s role in negative energy balance, it is
possible that CART also plays a role in tonic pulsatile and
surge mechanisms of GnRH release through the estrous
cycle given 1) previous evidence that ARH CART/POMC
cells have augmented burst firing in response to estrogen
(53, 54) and 2) the observed connections between CART
cells and ARH and AVPV Kiss1 populations, which are
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known to contribute to positive and negative feedback
effects of estrogen on GnRH neurons (24, 50, 55). CART
fibers are observed in close apposition with GnRH neu-
rons expressing c-Fos on the afternoon of proestrus (11);
thus, itis possible that ARH CART cells may be stimulated
by increased estrogen levels leading not only to activation
of AVPV Kiss1 cells, which are known to contribute to the
proestrous GnRH surge, but also to direct activation of
GnRH neurons. Additionally, CART may contribute to
the regulation of basal, pulsatile GnRH release through
activation of both ARH Kiss1 cells and GnRH cells di-
rectly. Overall, the current findings point to a significant
and newly defined role for CART in the regulation of
reproductive circuits. Understanding the upstream regu-
lators and downstream effectors of hypothalamic CART
neurons will be an important next step toward under-
standing the mechanisms of association and interregula-
tion of hypothalamic reproductive and metabolic circuits.
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