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Because cocaine- and amphetamine-regulated transcript (CART)
coexists with a-melanocyte stimulating hormone («-MSH) in the
arcuate nucleus neurons and we have recently demonstrated
that «-MSH innervates TRH-synthesizing neurons in the hypo-
thalamic paraventricular nucleus (PVN), we raised the possibility
that CART may also be contained in fibers that innervate hy-
pophysiotropic thyrotropin-releasing hormone (TRH) neurons
and modulate TRH gene expression. Triple-labeling fluorescent
in situ hybridization and immunofluorescence were performed to
reveal the morphological relationships between pro-TRH mRNA-
containing neurons and CART- and a-MSH-immunoreactive (IR)
axons. CART-IR axons densely innervated the majority of pro-
TRH mRNA-containing neurons in all parvocellular subdivisions
of the PVN and established asymmetric synaptic specializations
with pro-TRH neurons. However, whereas all a-MSH-IR axons in
the PVN contained CART-IR, only a portion of CART-IR axons in
contact with pro-TRH neurons were immunoreactive for a-MSH.

In the medial and periventricular parvocellular subdivisions of the
PVN, CART was co-contained in ~80% of pro-TRH neuronal
perikarya, whereas colocalization with pro-TRH was found in
<10% of the anterior parvocellular subdivision neurons. In addi-
tion, >80% of TRH/CART neurons in the periventricular and
medial parvocellular subdivisions accumulated Fluoro-Gold after
systemic administration, suggesting that CART may serve as a
marker for hypophysiotropic TRH neurons. CART prevented
fasting-induced suppression of pro-TRH in the PVN when ad-
ministered intracerebroventricularly and increased the content of
TRH in hypothalamic cell cultures. These studies establish an
anatomical association between CART and pro-TRH-producing
neurons in the PVN and demonstrate that CART has a stimula-
tory effect on hypophysiotropic TRH neurons by increasing pro-
TRH gene expression and the biosynthesis of TRH.
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Neurons synthesizing thyrotropin-releasing hormone (TRH) in
the medial and periventricular parvocellular subdivisions of the
hypothalamic paraventricular nucleus (PVN) comprise the final
common locus in the hypothalamus that integrates central and
peripheral influences to mediate thyroid stimulating hormone
(TSH) secretion from the anterior pituitary gland (Toni and
Lechan, 1993). This includes a negative feedback control system
that inversely relates TRH gene expression in the PVN to
circulating levels of thyroid hormone (Koller et al., 1987; Seg-
erson et al., 1987; Kakucska et al., 1992). Under certain circum-
stances, however, regulation of the central thyroid control sys-
tem is altered in a way that may improve survival of the animal
(Rondeel et al., 1992; van Haasteren et al., 1995; Legradi et al.,
1997a). Thus, during fasting, when reduction of thyroid hor-
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mone levels would reduce caloric expenditure, the hypothalamic—
pituitary—thyroid (HPT) axis becomes more sensitive to feedback
inhibition by thyroid hormone and is characterized by a decrease in
hypophysiotropic TRH, although circulating levels of thyroid hor-
mone are low (Rondeel et al., 1992; van Haasteren et al., 1995;
Legradi et al., 1997a).

Recent studies from our laboratory have demonstrated that the
effect of leptin to restore fasting-induced inhibition of TRH gene
expression in hypophysiotropic TRH neurons is mediated by the
arcuate nucleus, presumably through an arcuato-paraventricular
pathway that contains neuropeptide Y (NPY)-, agouti-related pro-
tein (AGRP)-, and a-melanocyte stimulating hormone (a-MSH)
(Legradi and Lechan, 1998, 1999; Legradi et al., 1998; Fekete et al.,
2000). Each of these substances has been identified in axon termi-
nals that establish synaptic contacts with hypophysiotropic TRH
neurons (Legradi and Lechan, 1998, 1999; Fekete et al., 2000).
Because the ultrastructural morphology of NPY- and AGRP-
containing synapses on TRH neurons suggests an inhibitory nature
of these terminals, the activation of NPY/AGRP-containing affer-
ents to hypophysiotropic TRH neurons during fasting may contrib-
ute to the decreased biosynthesis of TRH (Legradi and Lechan,
1998, 1999). Conversely, a-MSH, which is antagonized by AGRP at
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melanocortin receptors (Rossi et al., 1998), is capable of restoring
TRH mRNA content in the PVN to normal levels when infused
intracerebroventricularly to fasted animals, suggesting that a-MSH
may stimulate the biosynthesis of TRH (Fekete et al., 2000).

Another protein of arcuate nucleus origin, cocaine- and
amphetamine-regulated transcript (CART), has also been impli-
cated in the regulation of feeding behavior (Kristensen et al., 1998;
Lambert et al., 1998; Thim et al., 1998; Kuhar and Dall Vechia,
1999). CART has been identified in a-MSH-producing neurons in
the arcuate nucleus (Elias et al., 1998a), and similar to a-MSH, it
inhibits feeding and antagonizes the orexigenic effect of NPY when
injected intracerebroventricularly (Fan et al., 1997; Brown et al.,
1998; Kristensen et al., 1998; Lambert et al., 1998; Murphy et al.,
1998). Furthermore, CART mRNA is decreased in the leptin-
deficient ob/ob mice, suggesting that CART and «-MSH are sim-
ilarly regulated by leptin and may mediate similar responses (Kris-
tensen et al, 1998; Ahima et al, 1999). Because we have
demonstrated that hypophysiotropic TRH-producing neurons re-
ceive synaptic contacts from arcuate nucleus neurons producing
a-MSH (Fekete et al., 2000), we raised the possibility that CART
may also be involved in the regulation of the hypothalamic—pitu-
itary—thyroid axis. Thus, we conducted a series of neuroanatomical
studies to establish the relationship between CART- and TRH-
immunoreactive (IR) elements in the PVN and determined
whether CART has an effect on TRH gene expression during
fasting and on the biosynthesis of TRH in cell culture.

MATERIALS AND METHODS
Animals and animal preparation

Animals. Experiments were performed on adult male Sprague Dawley rats
(Taconic Farms, Germantown, NY) that weighed 280-300 gm for the
morphological studies and 210-230 gm for the CART infusion studies.
The animals were housed individually in cages under standard environ-
mental conditions (light between 6 A.M. and 6 P.M., temperature 22°C, rat
chow and water ad libitum). All experimental protocols were reviewed and
approved by the Animal Welfare Committee at the New England Medical
Center and Tufts University School of Medicine.

Animal preparation for morphological studies. Animals were divided into
three groups. (1) In the first group (n = 3), animals were untreated to study
the CART- and o«-MSH innervation of pro-TRH mRNA-containing neu-
rons in the PVN. (2) In the second group (n = 6), animals were anesthe-
tized with sodium pentobarbital [50 mg/kg body weight (BW), i.p.] and
stereotaxically injected intracerebroventricularly with 60—100 ug colchi-
cine in 6 pl 0.9% saline 20 hr before perfusion fixation of the brain, to
study the ultrastructure of the CART-IR innervation of pro-TRH-IR
neurons in the PVN, colocalization of pro-TRH mRNA and CART-IR in
the hypothalamus, and colocalization of CART and «-MSH in the arcuate
nucleus and nucleus of solitary tract (NTS). (3) In the third group (n = 3),
animals were injected intraperitoneally with the retrogradely transported
marker substance, Fluoro-Gold (15 mg/kg BW in 1 ml 0.9% saline)
(Merchenthaler and Liposits, 1994), and 5 d later, they were treated with
100 pg colchicine as described above to allow identification of TRH/
CART neurons that send axon terminals to the external zone of the
median eminence (hypophysiotropic neurons). Because the median emi-
nence lies outside the blood-brain barrier, axons that terminate in the
external zone would be expected to concentrate Fluoro-Gold that is
circulating in the blood stream, and then be transported retrogradely to
their cells of origin (Merchenthaler and Liposits, 1994).

Animal preparation for CART infusion. The rats were implanted with a 22
gauge stainless steel guide cannula (Plastics One, Roanoke, VA) into the
lateral cerebral ventricle under stereotaxic control (coordinates from Breg-
ma: anteroposterior —0.8; lateral 1.2; dorsoventral 3.2) through a burr hole
in the skull. The cannula was secured to the skull with three stainless steel
screws and dental cement and temporarily occluded with a dummy can-
nula. Bacitracin ointment was applied daily to the interface of the cement
and the skin. Animals were weighed daily, and any animal showing signs of
illness or weight loss after the third postoperative day was removed from
the study and euthanized. One week after intracerebroventricular cannu-
lation, the animals were divided into three groups. The first group (n = 4)
had free access to food and was injected intracerebroventricularly with 6 ul
artificial CSF containing (in mMm): 140 NaCl, 3.35 KCl, 1.15 MgCl,, 1.26
Ca Cl,, 1.2 Na,HPO,, 0.3 NaH,PO,, and 0.1%BSA, pH 7.4, containing
0.1% bovine serum albumin every 6 hr for the duration of the experiment.
The second (n = 4) and third (n = 8) groups were fasted for 64 hr
beginning at 4 P.M. on the first day and ended between 9 A.M. and 12 P.M.
on the fourth day, injected intracerebroventricularly with 6 ul artificial
CSF or 0.5 ug CART (Phoenix Pharmaceutical, Belmont, CA) in 6 ul
artificial CSF, respectively, every 6 hr. All intracerebroventricular injec-
tions were made in freely moving animals through a 28 gauge needle that
extended 1 mm below the guide cannula, connected by polyethylene tubing
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to a 25 ul Hamilton syringe, and infused over a period of 5 min by an
infusion pump (Bee Electronic Minipump, BAS, West Lafayette, IN). At
completion of the experiment, the animals were anesthetized with sodium
pentobarbital, blood was taken from the inferior vena cava for measure-
ment of serum T4 and TSH, and the animals were perfused immediately
with fixative as described below. Blood was collected into polypropylene
tubes and centrifuged for 15 min at 4000 rpm, and the plasma was stored
at —80°C until assayed. Animals with cannulas outside the lateral ventricle
as detected by light microscopic examination of the sectioned tissue (one
animal from the 0.5 ug CART group) were excluded from study.

Tissue preparation

Tissue preparation for in situ hybridization. Under sodium pentobarbital
anesthesia (50 mg/kg BW, i.p.), animals were perfused by intracardiac
perfusion with 20 ml 0.01 m PBS, pH 7.4, containing 15,000 U/1 heparin
sulfate followed by 150 ml 4% paraformaldehyde in PBS. The brains were
removed and post-fixed by immersion in the same fixative for 2 hr at room
temperature. Tissue blocks containing the hypothalamus were cryopro-
tected in 20% sucrose in PBS at 4°C overnight, then frozen on dry ice. For
non-isotopic in situ hybridization, serial 20-um-thick coronal sections
through the rostrocaudal extent of the PVN were cut on a cryostat
(Reichert-Jung 2800 Frigocut-E), collected in freezing solution (30% eth-
ylene glycol; 25% glycerol; 0.05 M phosphate buffer), and stored at —20°C
until used. For isotopic in situ hybridization, serial 18-um-thick coronal
sections through the rostrocaudal extent of the PVN and the arcuate
nucleus were cut on a cryostat and adhered to Superfrost/Plus glass slides
(Fisher Scientific, Pittsburgh, PA) to obtain four sets of slides, each set
containing every fourth section through the PV N. The tissue sections were
desiccated overnight at 42°C and stored at —80°C until prepared for in situ
hybridization histochemistry.

Tissue preparation for immunofluorescence. Colchicine-treated animals
were deeply anesthetized with sodium pentobarbital and perfused tran-
scardially with 20 ml 0.01 M PBS, pH 7.4, containing 15,000 U/1 heparin
sulfate, 150 ml of 2% paraformaldehyde/4% acrolein in 0.01 M phosphate
buffer (PB), pH 7.4, followed by 30 ml of 2% paraformaldehyde in the same
buffer. The brains were removed and stored in PBS. For light microscopy,
the brains were cryoprotected in 30% sucrose in PBS at 4°C overnight, then
frozen on dry ice. Serial 25-um-thick coronal sections through the PVN,
arcuate nucleus, or brainstem were cut on a cryostat and collected in PBS.
The sections were treated with 1% sodium borohydride in distilled water
for 30 min and with 0.5% Triton X-100/05% H,O, in PBS for 15 min. To
reduce nonspecific antibody binding, the sections were treated with 2.5%
normal horse serum in PBS for 20 min.

Because paraformaldehyde is the suggested fixative for Fluoro-Gold, the
Fluoro-Gold-injected animals were anesthetized with sodium pentobarbi-
tal and perfused transcardially with 20 ml 0.1 M PBS, pH 7.4, containing
15,000 U/I heparin sulfate followed by 150 ml of 4% paraformaldehyde in
0.01 m PBS, pH 7.4. The tissues were then processed for immunofluores-
cence as described above.

Tissue preparation for electron microscopic immunohistochemistry.
Colchicine-treated animals were perfused with the same fixative as de-
scribed above for immunofluorescence. The brains were removed and
stored in PBS overnight at 4°C. Serial 25-um-thick coronal sections
through the rostrocaudal extent of the PVN were cut on a Vibratome,
collected in PBS, and stored in freezing solution at —20°C until used. Then,
the sections were treated with 1% sodium borohydride in 0.1 M PB for 30
min, followed by 0.5% H,O, in PBS for 15 min. The sections were
cryoprotected in 15% sucrose in PBS for 15 min at room temperature and
in 30% sucrose in PBS overnight at 4°C and quickly frozen on liquid
nitrogen to improve antibody penetration of the tissue. To reduce the
nonspecific antibody binding, the sections were treated with 2.5% normal
horse serum in PBS for 20 min.

Immunofluorescence

Triple-labeling fluorescence in situ hybridization/immunofluorescence of the
CART- and a-MSH-IR innervation to pro-TRH RNA-containing neurons in
the PVN. Because in preliminary experiments colchicine treatment was
necessary to detect TRH-containing neurons by immunofluorescence, but
markedly decreased the number of CART-IR axons in the PVN, CART-
and a-MSH-containing axons were detected by immunocytochemistry and
pro-TRH-synthesizing neurons by in situ hybridization histochemistry in
noncolchicine-treated animals. Specifically, serial sections through the
hypothalamus were washed in a twofold concentration of standard sodium
citrate (2X SSC), acetylated with 0.25% acetic anhydride in 0.9% trieth-
anolamine for 20 min, and then treated in graded solutions of acetone (50,
70, 90, 100%), chloroform, and a descending series of acetone (100, 90, 70,
50%) for 5 min each. After further washes in 2X SSC, 3X SSC, and 4X
SSC for 5 min each, the sections were hybridized with the digoxigenin-
labeled cRNA probe for pro-TRH.

The digoxigenin-labeled antisense pro-TRH cRNA probe was synthe-
sized using a 1241 base pair cDNA template corresponding to the coding
sequence of pro-TRH mRNA and portions of its 5" and 3’ untranslated
sequences (Dyess et al., 1988; Kakucska et al., 1992). Briefly, 1 ug of
linearized plasmid was incubated with 0.5 ul 10 mm digoxigenin-11-UTP
(Boehringer Mannheim, Indianapolis, IN) in the presence of excess nu-
cleotides and SP6 polymerase for 1 hr at 37°C. The nucleotide mixture was
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then digested with DNase and precipitated with 0.1 vol of 4.0 M NaCl and
3 vol of 100% ethanol. The probe was resuspended in 100 ul 0.1% SDS
solution and stored at 80°C (Peterson et al., 1994). The hybridization was
performed in 200 ul polypropylene tubes in a hybridization buffer (50%
formamide, 2X SSC, 10% dextran sulfate, 0.5% SDS, 250 pg/ml denatured
salmon sperm DNA) containing the digoxigenin-labeled probe, diluted at
1:50 for 16 hr at 56°C. The slides were washed in 1X SSC for 15 min and
then treated with RNase (25 pg/ml) for 1 hr at 37°C. After additional
washes in 0.1X SSC (four times for 15 min each) at 65°C, sections were
washed in PBS, treated with the mixture of 0.5% Triton X-100 and 0.5%
H,O, for 15 min, and then with 2% BSA in PBS for 20 min to reduce the
nonspecific antibody binding. The sections were incubated with a mixture
of sheep anti-digoxigenin-peroxidase Fab fragments (1:100; Boehringer
Mannheim), rabbit anti-CART antiserum diluted at 1:2000 (Koylu et al.,
1997), and sheep anti-a-MSH antiserum diluted at 1:5000 (Elias et al.,
1998b) in 1% BSA in PBS for 2 d at 4°C. The sections were rinsed in PBS
and then incubated in 0.1% biotinylated tyramide and 0.01% H,O, in
PBS for 10 min to intensify the hybridization signal (Adams, 1992).
After further washes, the sections were incubated in a mixture of
7-amino-4-methylcoumarin-3-acetic acid (AMCA) Avidin D (1:250; Vec-
tor Labs, Burlingame, CA), FITC-conjugated donkey anti-rabbit IgG
(1:40; Jackson Immunoresearch, West Grove, PA), and Texas Red-
conjugated donkey anti-rabbit IgG (1:40: Jackson Immunoresearch),
mounted on uncoated slides, and coverslipped with Vectashield mounting
medium (Vector).

Double-labeing immunofluorescence of CART- and a-MSH-IR in arcuate
nucleus and nucleus of the solitary tract neurons. Tissue sections through the
arcuate nucleus were incubated in a mixture of sheep anti-a-MSH anti-
serum (1:5000) and rabbit antiserum to CART (1:2000) as described above
but diluted in antibody diluent (2.5% normal horse serum, 0.2% Kodak
Photo-Flo, and 0.2% sodium azide in 0.01 M PBS, pH 7.4). After rinses in
PBS, the sections were incubated in Texas Red-conjugated donkey anti-
sheep IgG (1:40; Jackson Immunoresearch) and FITC-conjugated donkey
anti-rabbit IgG (1:40; Jackson Immunoresearch) for 2 hr at room
temperature.

To determine whether CART- and «-MSH-IR colocalize in neurons in
the nucleus of the solitary tract, coronal tissue sections through the me-
dulla were incubated in a mixture of the sheep anti-a-MSH antiserum
(1:30,000) and rabbit antiserum to CART (1:2000) in antibody diluent.
After incubation in biotinylated donkey anti-sheep IgG for 2 hr (1:500;
Jackson Immunoresearch) followed by the avidin—biotin—peroxidase com-
plex (ABC Elite, 1:100; Vector) in PBS for 2 hr at room temperature, the
a-MSH signal was intensified using 0.1% biotinylated tyramid and 0.01%
H,0, in PBS (Adams, 1992) for 10 min. The sections were then incubated
in the mixture of Texas Red Avidin DCS (1:250; Vector) and FITC-
conjugated donkey anti-rabbit IgG (1:40; Jackson Immunoresearch).

Double-labeling fluorescence in situ hybridization and immunofluorescence
to identify CART-immunoreactivity in pro-TRH mRNA-containing neurons
in the PVN. Sections of colchicine-treated animals through the hypothal-
amus were hybridized with the digoxigenin-labeled cRNA probe for pro-
TRH as described above. After the washing steps, the sections were
incubated in a mixture of sheep anti-digoxigenin-peroxidase Fab frag-
ments (1:100; Boehringer Mannheim) and rabbit anti-CART antiserum
diluted at 1:2000 (Koylu et al., 1997) in 1% BSA in PBS for 2 d at 4°C and
prepared for fluorescence microscopy as described above.

Identification of axons and hypophysiotropic neurons in the PVN that
co-contain CART and TRH. Sections through the PVN were incubated in
a mixture of a rabbit antiserum against prepro-TRH 178-199 (1:3000) and
murine monoclonal CART antibody, Ca&-1F4.D4 (1.67 ug/ml) (Vrang et
al., 1999) for 2 d at 4°C. The sections were rinsed in PBS and treated with
FITC-conjugated donkey anti-rabbit IgG (1:40; Jackson Immunoresearch)
and rhodamine-conjugated horse anti-mouse IgG for 2 hr at room
temperature.

To identify hypophysiotropic neurons that co-contain CART and TRH,
the above protocol was applied to sections through the hypothalamus from
the Fluoro-Gold-injected animals. The autofluorescence of Fluoro-Gold
was used to detect the retrogradely transported tracer.

Electron microscopic immunohistochemistry

Sections processed for electron microscopy were incubated in the murine
monoclonal CART antibody, Ca&-1F4.D4 (1.67 pg/ml), and diluted in
antibody diluent for 4 d at 4°C, followed by biotinylated horse anti-mouse
IgG (1:500; Vector Labs) for 12 hr at 4°C and the ABC Elite complex
(1:100) for 3 hr at room temperature. Immunoreactivity was detected in
0.025% DAB/0.0036% H,O, in 0.05 m Tris Buffer, pH 7.6. The sections
were then placed into rabbit anti-prepro-TRH 178-199 (1:8000), as a
marker of TRH neurons (Fekete et al., 2000), for 2 d at 4°C, and after they
were rinsed in PBS and 0.1% cold water fish gelatin (Electron Microscopy
Sciences, Fort Washington, PA) in PBS, they were incubated in goat
anti-rabbit IgG conjugated with 0.8 nm colloidal gold (Electron Microscopy
Sciences) diluted at 1:100 in PBS containing 0.1% cold water fish gelatin.
The sections were washed in the same diluent and PBS, followed by a 10
min treatment in 1.25% glutaraldehyde in PBS. After they were rinsed in
0.2 M sodium citrate, pH 7.5, the gold particles were silver-intensified with
IntenSE Kit (Amersham, Arlington Heights, IL) (Branchereau et al.,
1995). Sections were treated with 1% osmium tetroxide in 0.1 M PB for 30
min, dehydrated in an ascending series of ethanol followed by propylene
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oxide, flat-embedded in Durcupan ACM epoxy resin (Fluka, Ronkonkoma,
NY) on liquid release agent (Electron Microscopy Sciences) coated slides,
and polymerized at 56°C for 2 d. Ultrathin 50—60 nm sections were cut with
an MRC MT6000 ultramicrotome (MRC, Tucson, AZ), collected onto
Formvar-coated single slot grids, contrasted with 2% uranyl acetate, and
examined with a Phillips CM-10 electron microscope.

Isotopic in situ hybridization histochemistry.

Every fourth section of the PVN from the CART-infused and control
animals was hybridized with a 1241 base pair single-stranded [**S]JUTP-
labeled cRNA probe for pro-TRH as described previously (Dyess et al.,
1988; Kakucska et al., 1992). The hybridization was performed under
plastic coverslips in hybridization buffer containing 6 X 10° cpm of
radiolabeled probe for 16 hr at 56°C. Slides were dipped into Kodak NTB2
autoradiography emulsion (Eastman Kodak, Rochester, NY), and the
autoradiograms were developed after 2 d of exposure at 4°C. The speci-
ficity of hybridization was confirmed using sense probes, which resulted in
the absence of specific hybridization in the PVN.

Image analysis

Subdivisions (anterior and medial parvocellular) of the PVN were defined
according to Swanson and Kuypers (1980).

Triple-labeled sections for the CART- and a-MSH-IR innervation of
pro-TRH mRNA-containing neurons were imaged with a Zeiss 410 con-
focal microscope using the following laser excitation lines: 364 nm for
AMCA, 488 nm for FITC, and 568 nm for Texas Red. Dichroic/emission
filters for detection were 400 nm LP/415-455 nm AMCA, 500 nm LP/515-
565 nm for FITC, and 575 nm LP/590 LP for Texas Red. These filter
combinations resulted in negligible cross-talk between individual fluoro-
chrome signals.

Other fluorescent preparations were analyzed under a Zeiss Axioskop 2
epifluorescent microscope using the following filter sets: AMCA—excita-
tion 320-400 nm, bandpass 400 nm, emission 430-490 nm; FITC—
excitation 460-500 nm, bandpass 505 nm, emission 510-560 nm; Texas
Red/rhodamine—excitation 540-590 nm, bandpass 595 nm, emission 600—
660 nm; Immuno-Gold 340-380 excitation nm, bandpass 400 nm, emission
>500 nm. Images were captured with a Spot digital camera (Diagnostic
Instrument, Sterling Heights, M 1), the same field double- or triple-exposed
while switching the filter sets for each fluorochrome, and superimposed
using Adobe Photoshop 5.0 and a Macintosh G4 computer to create
composite images for analysis.

Autoradiograms for pro-TRH in situ hybridization were visualized
under dark-field illumination using a COHU 4910 video camera (COHU,
San Diego, CA) and analyzed with a Macintosh G4 computer using Scion
Image. Background density points were removed by thresholding the
image, and integrated density values (density X area) of hybridized neu-
rons in the same region of each side of the PVN were measured in six
consecutive sections for each animal and summed. Nonlinearity of radio-
activity in the emulsion was evaluated by comparing density values with a
calibration curve created from autoradiograms of known dilutions of the
radiolabeled probes immobilized on glass slides in 2% gelatin fixed with
4% formaldehyde and exposed and developed simultaneously with the in
situ hybridization autoradiograms.

Antibody characterization

Specificity of the anti-CART (Koylu et al., 1997; Vrang et al., 1999) and
anti-o-MSH (Elias et al., 1998b; Fekete et al., 2000; Mihaly et al., 2000)
antisera for immunohistochemistry have been reported previously. Anti-
pro-TRH 178-199 was a gift of Dr. E. Redei (Northwestern University,
Chicago, IL) and shown by Nillni et al. (2000) to recognize a 2.6 kDa
peptide characteristic of prepro-TRH 178-199 by electrophoretic separa-
tion of immunoprecipitated radiolabeled peptides from primary cultures of
rat hypothalamic neurons and AtT-20 tumor cells expressing transfected
prepro-TRH cDNA, and from extracts of the hypothalamic PVN and
median eminence by SDS-PAGE and radioimmunoassay (RIA). In addi-
tion, no specific staining could be detected by omission of each primary or
secondary antiserum.

Hormone measurements

Plasma T4 and TSH concentrations were measured by RIA. Materials for
the TSH RIA were provided by the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) National Hormone and Pitu-
itary Program (Baltimore, MD) using NIDDK rat TSH RP-2 as the
standard. Plasma T4 levels were measured with a specific RIA using
antiserum from Ventrex (Portland, ME) and ['*I]-labeled T4 obtained
from New England Nuclear (Boston, MA). The details of the assay have
been reported previously (Castro et al., 1986). The Cobra 500 program was
used for data reduction and calculation of the RIA results.

Primary neuronal cultures

The diencephalon was dissected from day 17 rat fetuses and dispersed
enzymatically with 1% neutral protease (Sigma, St. Louis, MO) and in
monolayers grown in wells Igrecoated with poly-D-lysine (20 ug/ml, Sigma).
The plating density was 10° cells per milliliter. The cells were maintained
in bicarbonate buffered DM EM supplemented with 10% fetal calf serum,
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Figure 1.

CART- and a-MSH-IR innervation of pro-TRH mRNA-containing neurons in the PVN. A-C, Low-power photomicrographs showing the

distribution of pro-TRH mRNA-containing neurons in the anterior (A4), mid (B), and caudal (C) level of the PVN. Note the intensely fluorescent
pro-TRH neurons in the periventricular and medial parvocellular subdivisions of the PVN (B, C). Medium magnification photomicrographs of the same
field demonstrate (D) the CART-IR (green) and (E) a-MSH-IR (red) innervation of pro-TRH mRNA-containing neurons (blue) in the PVN. Arrows
show axon terminals containing both CART and «-MSH juxtaposed to pro-TRH neurons, whereas arrowheads label the axon terminals that contain only
CART-IR and innervate pro-TRH neurons. A high-power composite image (F) illustrates CART-IR ( green, arrowhead) and CART-/a-MSH-IR (yellow,
arrows) axon terminals in contact with pro-TRH mRNA-containing neurons. III, Third ventricle. Scale bar (shown in C): A-C, 100 wm; (shown in E) D,

E, 25 pm; F, 10 pm.

at 37°C, 5% CO, and 95% humidity (Bruhn et al., 1996). After preincu-
bation for 7 d, the neurons were exposed to CART for 7 hr at doses ranging
from 107 '%to 107 M (n = 6 for each dose). The cells were extracted in
IN acetic acid, boiled for 10 min, homogenized, and centrifuged at 2000 X
g- RIA for TRH was performed as described previously (Jackson, 1989).

Statistical analysis

All data were analyzed by one-way ANOVA using contrasts to test specific
hypotheses. For testing the relationships between fed, fasting, and fasting
plus CART groups (density values representing pro-TRH mRNA in the in
situ hybridization autoradiograms, and T4/TSH values in plasma by RIA),
two orthogonal contrasts were used, the first comparing the fed with the
fasted animals, and the second between fasted animals and the fasted
animals treated with CART. For testing for a linear trend of the TRH
content in hypothalamic neuronal cultures and TRH secreted into the
medium, a linear contrast was used. In each case, the analysis of contrasts
was preceded by Levene’s test to establish that the group variances could be
considered equal. All data are presented as means and SEs of the mean. Data
were entered into and analyzed using SPSS version 9 (SPSS, Chicago, IL).

RESULTS

Distribution of pro-TRH mRNA-containing neurons in
the PVN by fluorescent in situ hybridization
histochemistry

With fluorescent detection of the hybridization signal and intensi-
fication with biotinylated tyramide, the blue fluorescence of
AMCA was observed to fill the perikarya of pro-TRH-containing
neurons and the base of their first order dendrites (Fig. 14-C),
allowing cells in all locations previously reported using a [**S]-

labeled pro-TRH probe (Lechan and Segerson, 1989) to be easily
seen. In particular, the anterior, medial, and periventricular par-
vocellular subdivisions of PVN contained fluorescently labeled
pro-TRH mRNA-synthesizing neurons (Fig. 14-C). The highest
concentration of fluorescent pro-TRH mRNA neurons was ob-
served in the periventricular and medial parvocellular subdivisions
of the PVN (Fig. 1B,C), particularly in the most caudal portion of
the medial parvocellular subdivision (Fig. 1C). The anterior par-
vocellular subdivision also contained pro-TRH-synthesizing neu-
rons, but these neurons were loosely dispersed and showed a less
intense fluorescent signal (Fig. 14). The lateral and ventral parvo-
cellular subdivisions of the PVN contained only few labeled cells.

Outside the PVN in the same tissue sections, hybridization
signal was readily apparent in the dorsomedial nucleus, lateral
hypothalamus, perifornical area, and reticular nucleus of thalamus.

CART- and a-MSH-IR innervation of pro-TRH mRNA-
containing neurons in the PVN

A high density of CART-IR fibers was found throughout the
parvocellular subdivisions of the PVN and appeared to contact
nearly all pro-TRH mRNA-containing neurons in each of the
anterior, medial, and periventricular parvocellular subdivisions,
sometimes encircling the pro-TRH-synthesizing neuronal perikarya
(Fig. 1D). However, although all «-MSH-IR fibers in the PVN
contained CART-IR (Fig. 1D-F), only a portion of CART-IR
axons in contact with pro-TRH neurons were immunoreactive for
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Figure 2. Electron micrographs showing synaptic associations (arrows) between CART-containing axon terminals and neuronal perikarya containing
pro-TRH-IR (A) or pro-TRH- and CART-IR (B) in the medial parvocellular subdivision of the PVN. The pro-TRH-IR is labeled with highly
electron-dense silver granules, whereas the CART-IR is recognized by the presence of the electron-dense DAB. A, Medium-power magnification view of
a CART-IR asymmetric synapse on the perikarya of a pro-TRH neuron, shown in greater detail in the inset. A dendrite co-containing CART and pro-TRH
is also apparent in the image. B, High-power magnification of an axosomatic synapse between a CART-IR axon terminal and a neuronal perikarya
co-containing CART and pro-TRH. Scale bars: 4, 1 wm; B and inset, 0.4 um.

a-MSH (Fig. 1D-F). Axon varicosities containing both «-MSH and
CART appeared larger than axons containing only CART-IR and
were found in contact with pro-TRH mRNA-containing neurons
primarily in the anterior and periventricular parvocellular subdivi-
sions of the PVN. Most of the pro-TRH neurons in contact with
CART/a-MSH-containing fibers were also contacted by the separate
population of smaller CART-IR axon varicosities that did not co-
contain a-MSH.

Ultrastructural analysis of CART-IR innervation of pro-
TRH-IR neurons in the PVN

In the parvocellular subdivisions of the PV N, highly electron-dense
silver-intensified gold particles labeling pro-TRH-IR were found in
small and medium-sized neurons and dendrites (Fig. 2). The ma-
jority of pro-TRH-IR neurons contained both heavy metal parti-
cles and electron-dense DAB precipitation, the latter labeling
CART-IR. CART-IR was also found in terminals containing nu-
merous small, clear vesicles and some dense-core vesicles. Tracing
the CART-IR terminals juxtaposed to pro-TRH-IR neurons
through a series of ultrathin sections revealed that these terminals
established asymmetric-type synaptic specializations with both
pro-TRH (Fig. 2A4) and pro-TRH/CART neurons (Fig. 2B).

Double-labeling immunofluorescence of CART and a-
MSH in the arcuate nucleus and nucleus of the solitary
tract

In the arcuate nucleus, most a-MSH-IR neurons were found to
contain CART-IR in their perikarya. Only rare, singly labeled
a-MSH- or CART-containing neurons were observed, located
mainly in the medial portion of the nucleus (Fig. 34,B).

In the nucleus of the solitary tract, the only other region in the
brain where proopiomelanocortin is synthesized (Joseph et al.,
1983), medium-sized multipolar «-MSH-IR neurons were found

exclusively in the commissural part of the nucleus. In contrast,
CART-IR neurons were located mainly in the rostral part of the
nucleus of the solitary tract. The commissural part of the nucleus
contained a dense network of CART-IR fibers but few CART-IR
perikarya. No double-labeled neurons containing both CART- and
a-MSH were found in any subdivision of the nucleus of the solitary
tract (Fig. 3C.D).

Colocalization of CART-IR and pro-TRH mRNA-
containing neurons in the PVN

In sections of colchicine-treated animals, numerous CART-IR
neurons could be visualized by immunofluorescence in the
periventricular, medial and ventral parvocellular subdivisions of
the PVN, whereas only scattered CART-IR neurons were found in
the anterior parvocellular subdivision (Fig. 44-C). The TRH
hybridization signal was not affected by the colchicine treatment. In
the anterior parvocellular subdivision, only 9.5 = 2.1% of TRH
mRNA-containing neurons showed CART-IR (Fig. 44). Most of
these doubly labeled neurons were medial, near the periventricular
parvocellular subdivision, and contained an intense TRH hybrid-
ization signal. In contrast to the anterior parvocellular subdivision,
the periventricular and medial parvocellular subdivisions of the
PVN contained numerous doubly labeled neurons: 79.9 * 3.3%
and 80.2 = 1.3%, respectively. The caudal part of the medial
parvocellular subdivision showed a particularly high colocalization
of CART-IR in TRH-producing neurons, where nearly all pro-
TRH neurons contained CART-IR (Fig. 4C). Most of the single-
labeled pro-TRH-containing neurons were located laterally in the
most anterior part of these subdivisions. Numerous single-labeled
CART-IR neurons were found in the periventricular and ventral
parvocellular subdivisions.

None of the pro-TRH mRNA-containing neurons in the lateral
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Figure 3.

Double immunolabeling for CART- and a-MSH-IR in the arcuate nucleus and commissural part of the nucleus of the solitary tract (NTS). A

and B, and C and D are the same tissue section. In the arcuate nucleus (4, B), most of the CART-IR neurons (A) co-contain a-MSH-IR (B) in its
perikarya. Only occasional single-labeled neurons are visible in the nucleus. In contrast, no colocalization between CART (C) and o-MSH (D) is seen
in photomicrographs taken from the identical field of the commissural part of NTS. III, Third ventricle; CC, central canal. Scale bars (shown in B): A4, B,

100 wm; (shown in D): C, D, 50 pum.

hypothalamus, perifornical area, hypothalamic dorsomedial nu-
cleus, and reticular nucleus of thalamus contained CART-IR.

Identification of hypophysiotropic neurons that co-
contain CART- and pro-TRH-IR in the PVN and
distribution of their axon terminals in the hypothalamus
Intensely fluorescent, Fluoro-Gold-containing neurons were found
in both the magnocellular and parvocellular subdivisions of the
PVN, with the exception of the anterior parvocel/ular subdivision,
where only a few Fluoro-Gold-containing neurons were observed
(Fig. 4E). In triple-labeled tissue sections, the majority of TRH-IR
neurons in the periventricular (88.2 + 3.8%) and medial (80.2 *
1.4%) parvocellular subdivisions of the PVN showed CART-IR

and accumulated Fluoro-Gold (Fig. 4F,G). In contrast, only rare
TRH-IR neurons were found to contain Fluoro-Gold or CART-IR
in the anterior parvocellular subdivision (Fig. 4D,E). In addition,
the few pro-TRH-IR neurons in the periventricular and medial
parvocellular subdivisions that were not immunoreactive for
CART also did not contain Fluoro-Gold.

Axon terminals co-containing pro-TRH and CART concen-
trated in only two regions of the brain: the median eminence (Fig.
4H) and the organum vasculosum laminae terminalis (OVLT)
(Fig. 41). In the median eminence, CART-IR fibers were observed
in both the internal and external zones, but co-existed with pro-
TRH only in the external zone (Fig. 4H). In the OVLT, all
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Figure 4. Colocalization of CART and pro-TRH-containing neuronal elements in the rat hypothalamus. A-C, Low-power micrographs show pro-TRH
mRNA- (labeled with AMCA, but pseudocolored red for improved illustration of the CART/pro-TRH colocalization) and CART-containing ( green)
perikarya in the PVN. Neurons co-containing CART and pro-TRH appear yellow. In the anterior parvocellular subdivision (A), only occasional
double-labeled neurons ( yellow) can be found, whereas most of the pro-TRH mRNA-containing neurons in the periventricular and medial parvocellular
subdivisions co-contain CART-IR (B, C). D, Low-power micrographs of the anterior parvocellular subdivision of the PVN again illustrate that the
majority of pro-TRH-IR neurons ( green) in the subdivision form a separate and distinct population from CART-IR neurons (red), but as seen in E, these
singly labeled TRH neurons do not accumulate Fluoro-Gold from the blood stream. In contrast, the majority of pro-TRH-IR neurons in the
periventricular and medial parvocellular subdivisions co-contain CART-IR ( yellow cells in F') and accumulate Fluoro-Gold from the blood stream ( G).
In the external zone of the median eminence (ME) (H) and in the OVLT (I), nearly all pro-TRH-IR axons co-contain CART-IR, as indicated by the
yellow color in these regions resulting from color mixing ( green fluorescence = pro-TRH-IR; red fluorescence = CART-IR). High-power photomicrograph
(J) shows that pro-TRH axon terminals innervating pro-TRH neurons in the PVN do not contain CART-IR. III, Third ventricle. Scale bars (shown in
G): A-G, 100 pm; H, 50 pm; 7, 100 pm; J, 10 pwm.
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Figure 5. Dark-field illumination micrographs of pro-TRH mRNA in the medial and periventricular parvocellular subdivisions of the hypothalamic PVN
in fed (A) and fasted (B) animals and fasted animals receiving an intracerebroventricular infusion of CART at a dose of 0.5 pg (C) every 6 hr for 64 hr.
Note the reduction in the accumulation of silver grains over the PV N in fasted animals compared with the fed controls. Fasted animals receiving CART
every 6 hr, however, show a marked increase in pro-TRH mRNA, similar to that of fed control animals. /I, Third ventricle. Scale bar, 100 um.

pro-TRH-IR fibers contained CART-IR, but the number of TRH/
CART fibers in the median eminence far exceeded that in the
OVLT (Fig. 4I).

Only rare pro-TRH-IR axon terminals co-contained CART-IR in
the PVN. In addition, CART-IR was not observed in pro-TRH-IR
axons innervating pro-TRH neurons in the PVN (Fig. 4/J).

Effect of fasting and CART administration to fasting
animals on body weight and behavior

Fasted animals lost 17.4 = 0.8% body weight during the experi-
ment, whereas the fed controls gained 5.6 = 1.3% body weight.
Fasted animals receiving 0.5 pug CART injection also showed
significant weight reduction (19.8 = 0.5%), which was not signifi-
cantly different from the weight loss of the fasted control animals.

Distinct behavioral manifestations were observed immediately
after the central administration of CART and persisted for ~2 hr.
These behaviors were characterized by quiescence and movement-
associated tremor, as described earlier by Kristensen et al. (1998),
but attenuated after subsequent CART injections and were no
longer apparent during the final day of the experiment. However,
the CART-injected animals were observed to chew the cage bed-
ding, and this persisted over the 3 d of experimentation.

Effect of fasting and CART administration to fasting
animals on pro-TRH mRNA in the PVN

In fed animals, neurons containing pro-TRH mRNA were readily
visualized by in situ hybridization histochemistry, symmetrically
distributed in the medial and periventricular parvocellular subdi-
visions of the PVN on either side of the third ventricle (Fig. 54),
whereas fasting caused a marked decrease in the hybridization
signal over these neurons (Fig. 5B). By image analysis, density
values of pro-TRH mRNA in the PVN of fasting animals was 47%
of the intact animals (Fig. 6). In fasted animals receiving 0.5 ug
CART every 6 hr, however, the hybridization pattern appeared
identical to that of the fed controls (Fig. 5C). Density values
showed that the fasted animals differed from the fed animals (4.0 *
0.6 vs 8.4 = 1.3; p = 0.034) and the fasted animals receiving 0.5 ug
CART (4.0 = 0.6 vs 7.9 = 1.2; p = 0.035) (Fig. 6).

Effect of CART on plasma levels of T4 and TSH

Fasting resulted in a significant fall in plasma T4 values (fed vs fast,
micrograms per deciliter: 4.2 = 0.5 vs 1.1 = 0.3; p = 0.014), but the
administration of CART to fasting animals did not significantly
increase T4 (fast vs fast + 0.5 ug CART, micrograms per deciliter:
1.1 £0.3vs 1.8 = 0.8; p = 0.47). No significant differences in TSH
were observed among the three groups (fed vs fast vs fast + 0.5 pg
CART, microunits per milliliter: 28.0 = 5.9 vs 21.3 £ 5.3 vs 21.3 *
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Figure 6. Computerized image analysis of pro-TRH mRNA content in the
PVN of fed and fasted animals and fasted animals receiving an intracere-
broventricular infusion of CART at a dose of 0.5 pg. *p < 0.05 compared
with fasted animals.
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Figure 7. Content of TRH in hypothalamic primary cultures 7 hr after the
addition of CART to the medium.

1.2), although the TSH level in the fasting animal was inappropri-
ately low for the markedly reduced T4 level.

Effect of CART on TRH content of hypothalamic
primary cultures

In primary cell culture, there was a significant linear relationship
(p = 0.018) between the dose of CART and the cellular content of
TRH (control vs 101, 107?, 108, and 10~ 7 m CART, femto-
moles per well: 108.1 = 2.2 vs 109.86 = 1.25, 110.61 = 1.35, 117 =
22 and 119.2 = 1.9, respectively) (Fig. 7).
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DISCUSSION

CART has recently been added to the rapidly expanding list of
leptin-regulated proteins involved in the control of energy expen-
diture (Kristensen et al., 1998; Lambert et al., 1998). Similar to that
described for a-MSH and other agonists of the MC3/4 receptors
(Fan et al., 1997; Murphy et al., 1998), CART has been shown to
inhibit food intake and antagonize the orexigenic effect of NPY
(Kristensen et al., 1998; Lambert et al., 1998). Conversely, immu-
noneutralization of CART by central administration of CART
antiserum facilitates feeding (Kristensen et al., 1998; Lambert et
al., 1998). Because CART has been shown to colocalize with
a-MSH in the hypothalamic arcuate nucleus (Elias et al., 1998a),
and a-MSH of arcuate nucleus origin is contained in axons that
contact TRH neurons in the PVN and stimulate TRH gene ex-
pression in fasting animals (Fekete et al., 2000), we were interested
in investigating whether CART is also anatomically situated to
exert effects on hypophysiotropic TRH neurons and stimulate TRH
gene expression in fasting animals.

In this study, we observed that TRH neurons are heavily inun-
dated by CART-containing axon terminals in all parvocellular
subdivisions of the PVN. At the ultrastructural level, CART-IR
terminals formed asymmetric synaptic contacts with pro-TRH-IR
neurons, suggesting an excitatory role of these terminals (Peters et
al.,, 1991). By triple-labeling fluorescent techniques, two types of
CART-containing axons were identified having morphologically
distinct characteristics. The first included axons with larger vari-
cosities, distributed mainly in the periventricular and anterior
parvocellular subdivisions of PV N that contained a-MSH-IR. This
type of CART axon formed juxtapositions with the majority of
TRH mRNA-containing neurons in the anterior and periventricu-
lar subdivisions. Because the only source of a-MSH in the brain
other than the hypothalamic arcuate nucleus is the nucleus tractus
solitarius (NTS) (Joseph et al., 1983; Bronstein et al., 1992), and
CART-IR did not colocalize with «-MSH in NTS neurons, we
presume that the origin of the CART/a-MSH co-containing axons
that contact TRH neurons in the PV N is exclusively the arcuate
nucleus.

The second type of CART-IR axons innervating pro-TRH neu-
rons in the PVN appeared more delicate, terminated in smaller,
varicosities, and did not co-contain a-MSH. These varicosities
contacted almost all TRH mRNA-containing neurons in all parvo-
cellular subdivisions of the PVN and were more numerous than
axon varicosities containing both CART and o-MSH. Although
technical causes could explain the absence of «-MSH in these
fibers, the different morphological characteristics of these terminals
would indicate that they may derive from a separate population of
neurons. Several possibilities should be considered. Because the
PVN contains a large number of CART-IR neurons and immuno-
histochemical and electrophysiological studies have provided evi-
dence for the existence of synaptic connections between neurons
within the parvocellular PV N itself (Renaud, 1981; Swanson and
Sawchenko, 1983), these CART-IR axon varicosities may originate
locally within the PVN. Alternatively, TRH neurons in the PVN
may be innervated by CART-containing axons originating from
neuronal groups outside the PVN. CART is synthesized in many
neuronal groups that potentially could project to the PVN, includ-
ing the preoptic periventricular nucleus, lateral hypothalamus,
zona incerta, NTS, and the catecholamine C1 area of the brainstem
(Sawchenko and Swanson, 1983; Koylu et al., 1997, Koylu et al.,
1998).

In addition to the CART-IR innervation of TRH neurons in the
PVN, we have confirmed observations made by Broberger (1999)
in the mouse that TRH neurons in the PVN of the rat co-contain
CART in their perikarya. Before these reports, no peptide was
known to coexist with TRH in the PV N neurons. Only occasional
TRH neurons were observed to contain corticotropin-releasing
hormone, neurotensin, pituitary adenylate cyclase-activating
polypeptide, and enkephalin (Ceccatelli et al., 1989; Legradi et al.,
1997b). In contrast to the observation by Broberger (1999), how-
ever, who found that most of the neurons that express pro-TRH
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mRNA in PVN, including the anterior parvocellular subdivision,
contain CART, we were only able to identify CART in <10% of
TRH neurons in the anterior parvocellular subdivision of the
PV N. However, ~80% of the neurons expressing pro-TRH mRNA
in the medial and periventricular parvocellular subdivisions of the
PVN contained CART. Because the majority of anterior parvocel-
lular subdivision TRH neurons did not accumulate the retro-
gradely transported marker substance Fluoro-Gold after systemic
injection, we believe that these TRH neurons are functionally
distinct from those in the medial and periventricular parvocellular
subdivisions and do not subserve a hypophysiotropic function.
Similar conclusions have been made by Kawano et al. (1991) and
Merchenthaler et al. (1994). Further evidence to support this
conclusion has revealed that only the medial and periventricular
parvocellular PVN neurons show enlargement of their cell cyto-
plasm (Nishiyama et al., 1985) and upregulation of their pro-TRH
mRNA content (Kakucska et al., 1992) in response to hypothyroid-
ism. The selectivity for the colocalization of CART in medial and
periventricular parvocellular TRH neurons that accumulate
Fluoro-Gold, and the presence of CART in TRH axon terminals in
the median eminence, therefore, would suggest that CART may be
a specific marker for hypophysiotropic TRH neurons and have an
important role in the regulation of TSH synthesis in the anterior
pituitary. Because a small number of TRH/CART axon terminals
are present in the OV LT, which like the median eminence also lies
outside the blood-brain barrier, we cannot exclude the possibility
that some of the CART/TRH neurons in the PVN are not hy-
pophysiotropic. Rather, these neurons may secrete their products
into the blood vessels of the OVLT. Nevertheless, the OVLT has
a vascular connection with the blood vessels of the median emi-
nence (Ambach et al., 1976; Larsen et al., 1991), and therefore,
TRH secreted into the OVLT may ultimately affect anterior pitu-
itary TSH secretion. The additional possibility that hypophysiotro-
pic TRH neurons in the PVN have dual projections to the median
eminence and OVLT should be also considered.

Recent studies from our laboratory have demonstrated that
a-MSH-containing axons of arcuate nucleus origin establish syn-
aptic contacts with both the soma of first order dendrites of pro-
TRH-IR neurons in the PVN (Fekete et al., 2000), and that many
of these neurons also are contacted by a separate population of
axons containing the melanocortin receptor antagonist, agouti-
related protein (AGRP) (Fekete et al., 2000). We have proposed
that the convergence of a-MSH- and AGRP-containing axons on
the same pro-TRH neuron provide morphological evidence to
suggest an interaction between melanocortin agonist and antago-
nistic effects to regulate the transcription of pro-TRH mRNA
(Fekete et al., 2000). Indeed, the intracerebroventricular infusion
of a-MSH to fasting animals results in a marked upregulation of
pro-TRH mRNA and a rise in circulating levels of thyroid hor-
mone (Fekete et al., 2000). Nevertheless, even doses of a-MSH that
increase pro-TRH mRNA to the level of fed animals do not
completely restore circulating thyroid hormone levels to normal
(Fekete et al., 2000), whereas the systemic administration of leptin
to fasting animals completely restores the HPT axis to normal
(Legradi et al., 1997a). Accordingly, other factors that respond to
leptin administration and act in coordination with a-MSH may be
necessary to achieve the full regulatory response of leptin on the
HPT axis. Given that CART colocalizes with a-MSH in axon
terminals that innervate hypophysiotropic TRH neurons, we exam-
ined the effect of CART administration on TRH gene expression
in the PVN of fasted animals and TRH content in hypothalamic
primary cultures.

Although fasted animals receiving only vehicle intracerebroven-
tricularly showed a significant reduction in pro-TRH mRNA in the
PVN compared with fed controls, as reported previously (Blake et
al., 1991; Legradi et al., 1997a), the administration of 0.5 ug CART
intracerebroventricularly every 6 hr completely reversed the effect
of fasting on pro-TRH gene expression, resulting in a hybridization
pattern that looked identical to that of the fed animals in all
parvocellular subdivisions of the PV N, suggesting that an increase
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in the synthesis of CART in the arcuate nucleus (Elias et al., 1998a)
may participate in the effect of leptin to increase pro-TRH mRNA
in the PVN. The ability of both CART and o-MSH to similarly
affect pro-TRH gene expression in PV N neurons in fasting animals
suggests that more than one peptide is capable of modulating
hypophysiotropic TRH neurons in response to circulating levels of
leptin. Alternatively, CART may potentiate the action of a-MSH
on hypophysiotropic TRH neurons, and this possibility will require
further study. Along these lines, the ability of CART to increase
the accumulation of TRH in hypothalamic cultures indicates that
this peptide is capable of not only stimulating the transcription and
translation of the TRH gene but also facilitating the processing of
the TRH prohormone.

Despite the ability of CART to replicate the effects of leptin on
TRH gene expression in hypophysiotropic neurons in fasting ani-
mals, CART did not restore circulating thyroid hormone levels to
normal as previously observed after leptin administration (Legradi
et al., 1997a; Ahima et al., 1999) or partially toward normal as
observed after the intracerebroventricular administration of
a-MSH (Fekete et al., 2000). These data imply that CART medi-
ates only a part of the effects of leptin on the HPT axis in fasted
animals and that additional factors must also be called into play
after leptin administration to generate the full biological response.
One must also consider the possibility, however, that in addition to
activating the TRH gene, the intracerebroventricular administra-
tion of CART could have simultaneous effects on other factors that
may negatively influence the TSH response from anterior pituitary
thyrotropes to TRH. These effects may be the consequence of the
wide access of the CART peptide to the brain and possibly the
pituitary via the CSF, as opposed to selective release to specific
populations of neurons as might occur after leptin administration.
As an example of potential confounding factors that could influ-
ence circulating thyroid hormone levels, the intracerebroventricu-
lar administration of CART also increases corticosterone levels,
possibly through direct effects on hypophysiotropic corticotropin-
releasing hormone neurons in the PVN (Vrang et al., 2000), and
corticosterone is known to inhibit TSH release from the anterior
pituitary (Samuels and McDaniel, 1997). In addition, CART has
been identified in somatostatin-containing neurons in the hypotha-
lamic periventricular nucleus (Vrang et al., 1999) that are known to
project to the external zone of the median eminence (Liposits et al.,
1993). Because somatostatin is inhibitory to the release of TSH
(Hugues et al., 1986), the possibility that the intracerebroventric-
ular administration of CART might simultaneously release soma-
tostatin into the portal capillary plexus for conveyance to the
anterior pituitary must also be considered. Finally, it is not known
what action CART itself may exert directly on the anterior pitu-
itary after release from axon terminals in the median eminence and
whether these actions could ultimately inhibit TSH secretion.

We conclude that CART may have an important role in the
regulation of hypophysiotropic TRH neurons by increasing pro-
TRH gene expression and the biosynthesis of TRH. In addition,
colocalization of CART and TRH primarily in hypophysiotropic
neurons raises the possibility that CART may modulate the effect
of TRH on TSH secretion in the anterior pituitary.
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