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Abstract
The anterior parvocellular subdivision of the PVN (aPVN) contains non-hypophysiotropic TRH
neurons that are densely innervated by feeding-related neuronal groups of the hypothalamic
arcuate nucleus. To determine how these TRH neurons are integrated within the brain, the major
projection fields of this cell group was studied by anterograde and retrograde tract-tracing
methods. Projection sites were identified by injection of the anterograde tracer Phaseolus vulgaris
leuco-agglutinin (PHAL) into the aPVN, and subsequent double immunofluorescent staining was
used to visualize axons containing both PHAL and proTRH. To distinguish between the projection
sites of TRH neurons residing in the aPVN and the closely situated perifornical area. the
retrograde tracer, cholera toxin B subunit (CTB), was injected into regions where PHAL/proTRH-
containing axons were densely accumulated. TRH neurons in the aPVN were found to project to
the hypothalamic arcuate, dorsomedial and ventral premammillary nuclei, medial preoptic region,
tuber cinereum area, paraventricular thalamic nucleus, bed nucleus of the stria terminalis, lateral
septal nucleus and central amygdaloid nucleus. Projection fields of perifornical TRH neurons were
in partial overlap with that of the aPVN TRH cells. In addition, these neurons also innervated the
hypothalamic ventromedial nucleus, the medial amygdaloid nucleus and the amygdalo-
hippocampal area. These data suggest that through its efferent connections, aPVN TRH neurons
may be involved in the regulation of energy homeostasis co-ordinately with effects on behavior,
locomotor activity and thermogenesis. In addition, the major differences in the projection fields of
aPVN and perifornical TRH neurons suggest that these two TRH-synthesizing neuronal groups are
functionally different.
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Introduction
Thyrotropin-releasing hormone (TRH), an amidated, three amino acid peptide, is widely
expressed in the brain and acts as neurotransmitter (Lechan and Segerson, 1989). In
accordance with its widespread distribution, TRH is involved in a number of CNS functions
such as neuroendocrine regulation, arousal, thermoregulation, analgesia and autonomic
control (Lechan, 1993). The best studied and characterized population of TRH producing
neurons are the hypophysiotropic TRH neurons that control the hypothalamic-pituitary-
thyroid axis. Their cell bodies are located in the medial and periventricular parvocellular
subdivisions of the hypothalamic paraventricular nucleus (PVN) (Ishikawa et al., 1988;
Kawano et al., 1991; Merchenthaler and Liposits, 1994), and their axons project to the
median eminence where TRH is secreted into the portal capillaries for conveyance to
thyrotroph cells of the anterior pituitary. Much less is known, however, about the roles of
other distinct, topographically well-defined populations of TRH neurons of the brain.

In addition to the hypophysiotropic TRH neurons, the PVN also contains a prominent group
of TRH neurons located in the anterior parvocellular subdivision (aPVN) of this nucleus.
Since TRH neurons in the aPVN do not project to the median eminence (Ishikawa et al.,
1988; Kawano et al., 1991; Merchenthaler and Liposits, 1994), these neurons do not
subserve a hypophysiotropic function. In addition, contrary to hypophysiotropic TRH
neurons, proTRH gene expression in the aPVN is not regulated by negative feedback of
circulating levels of thyroid hormones (Nishiyama et al., 1985; Segerson et al., 1987b) and
they do not synthesize the peptide, cocaine- and amphetamine-regulated transcript (CART)
(Fekete et al., 2000b). Nevertheless, similar to medial and periventricular TRH neurons,
aPVN TRH cells are heavily innervated by axons containing agouti-related protein (AGRP)/
neuropeptide Y (NPY) and α-melanocyte-stimulating hormone (α-MSH)/CART (Fekete et
al., 2000a; Legradi and Lechan, 1999), originating in two separate neuronal populations of
the arcuate nucleus that are well-known as principal regulators of food intake and energy
expenditure (Schwartz et al., 2000). These data raise the possibility that like
hypophysiotrophic TRH neurons in the medial and periventricular subdivisions of the PVN,
aPVN TRH neurons may also contribute to the neuronal network involved in the control of
energy homeostasis.

As a first step in the elucidation of the functions of aPVN TRH neurons, we mapped the
major projection sites of these neurons. For this purpose, we injected the anterograde
neuronal tracer Phaseolus vulgaris leuco-agglutinin into the aPVN and examined the
distribution of anterogradely labeled TRH-containing axons in the brain. Since another
group of non-hypophysiotropic TRH neurons, the rostro-laterally located perifornical TRH
cell population, are adjacent to the aPVN (Lechan and Jackson, 1982; Segerson et al.,
1987a), we also performed retrograde tract-tracing experiments to separate the projection
sites of the TRH neurons in the aPVN and in the perifornical region.

Materials and Methods
2.1. Animals

Adult male Wistar (TOXI-COOP KKT, Budapest, Hungary) and Sprague—Dawley rats
(Taconic Farms, Germantown, NY), weighing 260–400 g were used throughout this study.
Animals were housed under standard conditions (lights on between 06.00 and 18.00 h,
temperature 22±1 °C, rat chow and water ad libitum). All experimental protocols were
reviewed and approved by the Animal Welfare Committees at the Institute of Experimental
Medicine of the Hungarian Academy of Sciences and Tufts Medical Center.
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2.2. Anterograde tract-tracing experiments
The anterograde tracer Phaseolus vulgaris leuco-agglutinin (PHAL; Vector Laboratories,
Burlingame, CA) was injected by iontophoresis into the region of aPVN of 17 animals. Rats
were anesthetized i.p. with ketamine-xylazine (ketamine: 50 mg/kg; xylazine: 10 mg/kg
body weight) and their head positioned in a stereotaxic apparatus with the bregma and
lambda in the horizontal plane. Through a burr hole in the skull, a glass micropipette (20 μm
outer tip diameter) filled with 2.5% PHAL in 0.01M phosphate buffer (PB) at pH 8.0 was
lowered into the brain at stereotaxic coordinates corresponding to the aPVN, based on the
atlas of Paxinos and Watson (Paxinos and Watson, 1998). The tracer was deposited by
iontophoresis for 11-15 min (6 μA positive current, pulsed on—off at 7 s intervals) using a
constant-current source (Stoelting, Wood Dale, IL). Rats were allowed to survive for 9-14
days, then deeply anesthetized with ketamine-xylazine and were perfused transcardially with
20 ml 0.01M phosphate buffered saline (PBS; pH 7.4), followed by 150 ml of 4%
paraformaldehyde in 0.1M PB, pH 7.4. The brains were rapidly removed, cut into two
blocks and cryoprotected by immersion in 30% sucrose in PBS overnight. The forebrains
and brainstems were sectioned at 25 μm with a freezing microtome (Leica Microsystems,
Wetzlar, Germany). Series of sections, obtained at 100 μm intervals, were collected into
antifreeze solution (30% ethylene glycol; 25% glycerol; 0.05M PB) and stored at -20°C until
their use for for immunohistochemistry.

Single-labeling PHAL immunohistochemistry was performed to evaluate the injection sites.
Sections were pre-treated with 0.5% H2O2 and 0.5% Triton X-100 in PBS for 15 min. Non-
specific antibody binding was reduced by treatment in 2% normal horse serum in PBS.
Sections were incubated in rabbit anti-PHAL antiserum (Vector) at 1:5000, diluted in PBS
containing 2% normal horse serum and 0.2% sodium azide (antibody diluent) for 1 day at
room temperature. After washing in PBS, sections were incubated in biotinylated donkey
anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) at 1:500 for 2 h at room
temperature. After further rinsing in PBS, the sections were incubated in avidin-biotin-
peroxidase complex (ABC Elite Kit, Vector) at 1:1000 dilution for 1 h. Following rinses in
PBS, the tissue-bound peroxidase activity was visualized by 0.05% diaminobenzidine and
0.15% nickel ammonium sulfate with 0.005% H2O2 in 0.05 M Tris buffer at pH 7.6. The
sections were counterstained with 1% cresyl violet, mounted onto glass slides and
coverslipped with Depex mounting medium.

Sections from 4 animals with injection sites in the aPVN/perifornical area were used for
double immunofluorescence to identify the axons that contain both PHAL- and proTRH-
immunoreactivity. Following standard pre-treatment as described above for single labeling,
sections were incubated in a mixture of primary antisera: goat anti-PHAL (Vector) at 1:1000
and rabbit anti-proTRH 178-199 peptide, diluted at 1:2500 (gift from Dr. Éva Rédei,
Northwestern University, Chicago, IL) for 2 days at 4°C. After washes in PBS, sections
were immersed in a cocktail of biotinylated donkey anti-sheep at 1:500 (Jackson) and CY3-
conjugated donkey anti-rabbit IgG (Jackson, 1:200) and incubated for 2 h at room
temperature. After rinsing with PBS, sections were transferred into ABC at 1:1000 for 2 h.
The sections were rinsed in PBS and then amplified with biotinylated tyramide using the
TSA amplification kit (Perkin Elmer Life and Analytical Sciences, Waltham, MA). After
further washes, the sections were incubated in Fluorescein DTAF-conjugated Streptavidin
(1:300, Vector) for 2 h and mounted onto glass slides. To facilitate identification of brain
nuclei, sections were coverslipped with Vectashield Mounting Medium with DAPI (Vector).

2.3. Retrograde tract-tracing experiments
The retrograde tracer, cholera toxin β subunit (CTB, List Biological Laboratories, Campbell,
CA) was injected into specific brain regions where the majority PHAL/proTRH containing,
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double labelled axons were found in the anterograde tract-tracing experiment. Animals were
anesthetized i.p. with ketamine-xylazine and their heads mounted in a stereotaxic apparatus
as described above. At stereotaxic coordinates corresponding to each target region, a glass
micropipette with 20 μm outer tip diameter, filled with 0.5% CTB was lowered into the
brain through a burr hole. CTB was iontophoresed by a 6 μA positive current, pulsed on—
off at 7 s intervals over 10-15 min for each injection. Following a 6–10 day transport time,
animals were re-anesthetized and stereotaxically injected with 60 μg colchicine into the
lateral cerebral ventricle to enhance the immunocytochemical detection of TRH in cell
bodies. After 20 h survival, the animals were deeply anesthetized with ketamine-xylazine
and perfused first with 20 ml PBS, followed sequentially by 100 ml of 3%
paraformaldehyde/1% acrolein in 0.1M PB and 50 ml of 3% paraformaldehyde in the same
buffer. The brains were removed, immersed in 30% sucrose for 1–2 days, frozen on dry ice
and 25-μm-thick coronal sections were cut on a freezing microtome into one-in-four series
of sections.

The location of CTB injection sites and the distribution of CTB-containing TRH neurons in
the aPVN and perifornical area were studied in double-immunolabeled sections. One of the
four series of sections was pre-treated sequentially first with 1% sodium borohydride in
distilled water for 30 min, followed by 0.5% H2O2 and 0.5% Triton X-100 in PBS for 15
min, and then 2% normal horse serum in PBS for 20 min. Sections were then incubated in
the mixture of goat anti-CTB antiserum (List Biological Labs) at 1:10000 and rabbit anti-
TRH antiserum (no. 31, a gift from Dr. Ivor M. Jackson, Brown Medical School,
Providence, RI) at 1:2500 for 2 days at 4°C. Following washes in PBS, the sections were
immersed in a mixture of biotinylated donkey anti-sheep at 1:500 (Jackson) and CY3-
conjugated donkey anti-rabbit IgG (Jackson, 1:200), and incubated for 2 h at room
temperature. After rinsing with PBS, sections were incubated in ABC at 1:1000 for 2 h. The
sections were rinsed in PBS and subjected to biotinylated tyramide amplification as above
for 15 min. After further washes, the sections were incubated in Fluorescein DTAF-
conjugated Streptavidin (1:300, Vector) for 2 h, mounted onto glass slides and coverslipped
with Vectashield (Vector).

2.4. Image and data analysis
Double fluorescent preparations were examined with a Zeiss AxioImager M1 epifluorescent
microscope (Carl Zeiss AG, Göttingen, Germany). To facilitate identification of double-
labeled axons and cell bodies, sections were examined under fluorescent illumination
through Zeiss Filter Set 23: excitation 475-495 and 540-552 nm, beam splitter 500 and 560
nm, emission 515-530 and 580-630 nm. For unequivocal detection of the signals of
individual fluorochromes and for taking images the following filter sets were used: for
Fluorescein DTAF excitation filter of 450–490 nm, beam splitter of 495 nm, and emission
filter of 500–550 nm; for CY3, excitation of 538–562 nm, beam splitter of 570 nm, and
emission filter of 570–640 nm. Images were captured either with the Zeiss AxioImager M1
microscope using AxioCam MRc 5 digital camera (Zeiss) and AxioVision 4.6 software
(Zeiss), or with a Radiance 2100 confocal microscope (Bio-Rad Laboratories, Hemel
Hempstead, UK). Confocal images were taken using line by line sequential scanning with
laser excitation lines 488 nm for Fluorescein DTAF and 543 nm for CY3 555; beamsplitter/
emission filters, 560/500–530 nm for Fluorescein DTAF, and 560–625 nm for CY3. For 20x
and 40x oil lenses, pinhole sizes were set to obtain optical slices of 2 and 1 μm thickness,
respectively, and the series of optical sections were recorded with 2.0 and 1.0 μm Z step. To
enhance visibility of double-labeled PHAL/proTRH and CTB/TRH cell bodies, consecutive
optical sections (from 3 to 12) were projected into one image with ImageJ image analysis
software (public domain at http://rsb.info.nih.gov/ij/download/src/). Brightfield images of
the PHAL injection sites were captured with Zeiss AxioImager M1 microscope. Adobe
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Photoshop 7.0 (Adobe Systems Incorporated, San Jose, CA) and an IBM compatible
personal computer was used to create composite images and to modify brightness and
contrast of the images.

PHAL/proTRH-containing axon terminals and en-passant boutons were considered in the
analysis as projections of aPVN or perifornical TRH neurons. Line drawings representing
the distribution of double-labeled PHAL/proTRH-IR fibers and CTB/TRH-IR neurons were
made using Corel Draw 11 (Corel Corporation, Ottawa, Canada). Cell counts of CTB/TRH-
IR neurons in the aPVN and perifornical area were counted in 1 in 4 series of 25 μm thick
sections from each brain with successful CTB injections. In sections of the CTB-injected
brains, the aPVN and the perifornical area were identified by the distribution, shape and
orientation of the TRH-IR neurons (Fig. 1).

2.5. Antibody characterization
Please see Table 1 for a list of primary antibodies used.

According to descriptions of the manufacturers, the PHAL antiserum was produced by
hyperimmunization of goat with purified PHAL and specific antibodies to PHAL were
isolated by affinity chromatography on PHAL-agarose columns, whereas the CTB antiserum
forms an immunoprecipitin band against a 0.5 mg/ml solution of cholera toxin B subunit.
Since PHAL and CTB are normally not present in the brain, the specificity of PHAL and
CTB antisera were verified by the lack of any labeling in brain sections from animals that
were not injected with PHAL and CTB.

The specificity of rabbit anti-proTRH 178-199 serum was described by Suzuki et al. (Suzuki
et al., 2001). Briefly, the antiserum was characterized by radioimmunoassay using
[125I]Tyr178 proTRH 178-199 as a tracer. The working antiserum dilution is 1:4000, and the
final dilution is 1:12000; ED50 is 181 pg/tube, using approximately 8000 cpm [125I]Tyr178

proTRH 178-199 in this double antibody assay with a sensitivity of 19 pg/tube. The
antiserum binds Tyr178 proTRH 178-199, unlabelled proTRH 178-199, as well as larger
processing peptides including proTRH 160-255 and proTRH 160-199. Furthermore,
electrophoretic separation of radiolabeled peptides from cultured cells or cold peptides
extracted from rat PVN revealed that this antiserum recognizes four moieties of about 10,
5.6, 2.6, and 1.7 kDa, corresponding to proTRH 160-255, proTRH 160-199, proTRH
178-199 and proTRH 186-199, respectively (Nillni et al., 2001). Specificity for
immunohistochemistry was assessed by preadsorbing the antiserum with the synthetic
proTRH 178-199 peptide at the molar ratio of 1:1, 1:10, and 1:100 (immunoglobulin:
proTRH 178-199 peptide). No positive immunostaining was observed in any of the
preadsorption controls (Suzuki et al., 2001).

Antiserum to TRH was characterized by Lechan and Jackson (Lechan and Jackson, 1982),
showing that by radioimmunoassay it can be used at a titer of 1:4800 and gives a sensitivity
of 4pg/tube. The specificity of the immunohistochemical staining was assessed by saturating
the TRH antiserum with 10-5M synthetic TRH that resulted in the complete loss of
immunostaining (Lechan and Jackson, 1982). Preincubation with a fragment of TRH (DKP),
which shares two amino acids with TRH, had no effect on TRH immunostaining. In
addition, the specificities of proTRH178-199 and TRH antisera are also confirmed by the
fact that the two different antiserum labeled identical patterns of fibers in normal animals,
and fibers as well as perikarya in colchicine-treated brains.
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Results
PHAL injection sites

To map the projection fields of aPVN TRH neurons, PHAL was injected into the aPVN. In
four animals, the core of the injection site covered the aPVN. In two of the four brains, cases
116 and 117, the PHAL injection site was centered halfway between the fornix and the third
ventricle, corresponding to the lateral border of the aPVN (Fig. 2 A, B). In these cases, the
large cores of PHAL injections substantially overlapped with the location of TRH neurons in
both the aPVN and perifornical area. In case 124, PHAL was injected adjacent to the third
ventricle, resulting in an injection site almost entirely confined to the aPVN and the anterior
part of the periventricular parvocellular subdivision of the PVN (pPVN) (Fig. 2 C). In case
125, the PHAL injection site covered the ventral part of the aPVN and the adjacent area
(Fig. 2 D).

Distribution of double-labeled PHAL/proTRH-IR fibers projecting from the aPVN/
perifornical area (cases 116 and 117)

The distribution of PHAL/proTRH fibers was very similar in both cases. PHAL/proTRH
fibers were found primarily on the ipsilateral side, but some scattered double-labeled fibers
were also observed on the contra-lateral side in every major projection area. The contra-
lateral projection was most profound in the lateral septal nucleus. The distribution pattern of
PHAL/proTRH axons in case 117 is illustrated in Fig. 3, while the relative density of
double-labeled fibers in brain areas is summarized in Table 2.

Hypothalamus and preoptic region—The density of PHAL/proTRH-IR fibers was
moderate in the preoptic region and anterior hypothalamus (Fig. 3 E-G). Double-labeled
fibers were distributed broadly in these areas, extending to the medial preoptic nucleus (Fig.
4 C), antero-dorsal preoptic nucleus, the strial part of the preoptic area, periventricular
nucleus, antero-ventral periventricular nucleus, the posterior part of the medial preoptic area,
and to the most anterior portions of the anterior hypothalamic area. Laterally, the dorsal part
of the lateral hypothalamic area also contained PHAL/proTRH fibers.

More caudally in the hypothalamus, a high density of double-labeled axons was found
throughout the the retrochiasmatic area and the rostro-caudal extent of the arcuate nucleus
(Fig. 3 H-K). The majority of double-labeled fibers were distributed in the dorsomedial part
of the arcuate nucleus, whereas a moderate density of fibers was observed in the lateral part
of the nucleus, with only scattered fibers in its ventromedial part. In the dorsomedial part,
the double-labeled fibers were oriented mainly rostro-caudally and frequently established
large varicosities (Fig. 4 A).

A large number of PHAL/proTRH-IR axons were found in the ventromedial nucleus (Fig. 3
H, I). The double-labeled fibers distributed primarily in the dorsomedial and medial parts of
the nucleus. Several fibers ran parallel to the coronal plane and established several
varicosities (Fig. 4 E). Many double-labeled axons were also seen immediately rostral to the
ventromedial nucleus, in the medial part of the subparaventricular zone. Several varicose
PHAL/proTRH-IR axons were present between the arcuate and ventromedial nuclei, and
between the borders of the ventromedial and dorsomedial nuclei. Double-labeled fibers were
also observed in the ventromedial part of the dorsomedial nucleus (Figs. 3 I and 4 B), rostral
to the level of the compact part. More caudally, some double-labeled fibers were present in
the compact part and in the ventral part of the dorsomedial nucleus.

Several PHAL/proTRH-IR fibers were distributed in a broad region ventral to the fornix
(Fig. 3 H-J). This region included the tuber cinereum area, the medial tuberal nucleus (Fig. 4
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F) and the ventral premammillary nucleus. PHAL/proTRH-IR fibers were also found close
to the ventral surface of the hypothalamus.

Besides these major hypothalamic areas, scattered PHAL/proTRH fibers were seen in
several other hypothalamic nuclei, namely the latero-anterior hypothalamic nucleus,
suprachiasmatic nucleus, supraoptic nucleus, paraventricular nucleus, posterior part of the
lateral hypothalamic area, posterior hypothalamic area, ventral tuberomammillary nucleus
and supramammilary nucleus.

Thalamus and epithalamus—A moderate density of PHAL/proTRH-IR fibers was
found in the paraventricular nucleus of the thalamus, throughout its rostro-caudal extent
(Figs. 3 H, I and 4 D). These fibers mainly ran parallel to the coronal plane. Scattered
PHAL/proTRH-IR axons were present in the nucleus reuniens, mediodorsal nucleus, and
lateral habenular nucleus.

Substantia innominata, amygdala and hippocampus—Some varicose double-
labeled fibers and medio-laterally running thin PHAL/proTRH axons that established a few
boutons were observed in the substantia innominata (Figs. 3 G and 4 M). Varicose PHAL/
proTRH-IR fibers were present in the medial and capsular part of the central amygdaloid
nucleus (Figs. 3 L and 4 L), especially between antero-posterior levels 1.7 and 2.2 mm
caudal to the Bregma. A high density of varicose PHAL/proTRH-IR axons was found in the
medial amygdaloid nucleus, primarily in the posterodorsal and posteroventral subnuclei
(Fig. 3 M, N). These fibers were highly varicose and many long fibers could be seen running
parallel to the coronal plane (Fig. 4 J). A moderate density of double-labeled fibers was also
present in the intraamygdaloid division of the bed nucleus of the stria terminalis (Fig. 3 M).
More caudally several PHAL/proTRH-IR axons were observed in a dense network of
proTRH-IR fibers located in the amygdalohippocampal transition area (Fig. 3 P). These
PHAL/proTRH axons ran parallel to the coronal plane and established several medium to
large varicosities (Fig. 4 G). Several double-labeled axons were found in a discrete group of
varicose proTRH-IR fibers medial to the amygdalohippocampal transition area near the
dentate gyrus (Fig. 3 O). PHAL/proTRH fibers were also present diffusely in the ventral
hippocampus. Scattered PHAL/proTRH fibers were present in several areas, including the
anterior cortical amydaloid nucleus, posteromedial and posterolateral cortical amygdaloid
nuclei, basomedial amygdaloid nucleus, piriform cortex, ventromedial part of the lateral
amygdaloid nucleus and in the fimbria of the hippocampus.

Bed nucleus of the stria terminalis and septum—PHAL/proTRH fibers were found
in several divisions of the bed nucleus of the stria terminalis. Many of these fibers could be
followed for a long distance indicating the coronal orientation of the fibers. High density of
double-labeled fibers was present throughout the medial division (Figs. 3 C-F and 4 K).
Among the nuclei of the lateral division, only the ventral and the posterior part contained
significant number of double-labeled fibers (Fig. 3 E, F). In the stria terminalis, passing
PHAL/proTRH fibers establishing some boutons were observed. In the lateral septal
nucleus, proTRH-IR fibers established an extremely dense fiber network, frequently forming
basket-like structures around the surface of perikarya and completely insheathed dendrites.
Varicose PHAL/proTRH-IR axons were densely distributed in the ventral part of the lateral
septal nucleus, some of them forming basket-like shapes (Figs. 3 A-E and 4 H, I). The
intermediate part of the lateral septal nucleus contained a moderate number of double-
labeled fibers (Fig. 3 B-D); in its medial part double-labeled axons frequently ran dorsally
establishing a few en-passant boutons. The dorsal part of the lateral septal nucleus contained
only scattered double-labeled fibers in its most anterior portions.
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Other forebrain regions—Scattered double-labeled fibers were found in the ventral
pallidum, medial septal nucleus, nucleus of the horizontal limb of the diagonal band, nucleus
of the vertical limb of the diagonal band, major island of Calleja, posterior part of the
anterior olfactory nucleus, and in the area adjacent dorsomedially to the dorsal endopiriform
nucleus.

Midbrain and hindbrain—Some scattered PHAL/proTRH-IR fibers could be observed in
the periaqueductal gray, lateral and ventrolateral periaqueductal gray, ventral tegmental area
and the central part of the lateral parabrachial nucleus.

Cases 124 and 125
Despite the apparently limited spread of the tracer outside the aPVN, the distribution pattern
of PHAL/proTRH axons in case 124 was very similar to cases 116 and 117, with only slight
differences in the density of double-labeled fibers in some regions. In case 125, the general
distribution of double-labeled axons showed similarities with the pattern seen in the brains
described above. However, generally fewer PHAL/proTRH axons were observed in all
regions, and only sparse double-labeled axons were present in the medial amygdaloid
nucleus, dorsomedial nucleus and substantia innominata. No PHAL/proTRH fibers were
observed near the dentate gyrus and in the ventral hippocampus.

Distribution of retrogradely-labeled TRH-IR cell bodies in the aPVN and
perifornical area—To differentiate between the projection sites of TRH neurons residing
in the aPVN and perifornical area, the retrograde tracer, CTB, was injected into brain
regions where high or moderate density of the PHAL/proTRH-IR fibers were observed in
the anterograde tracing experiment. Representative CTB injection sites are shown in Fig. 5.
CTB/TRH-IR neurons in the aPVN and perifornical area were found primarily ipsilateral to
the injection sites, with fewer double-labeled neurons on the contralateral side. The
retrogradely-labeled TRH neurons in the aPVN and perifornical region were counted in each
brain with a successful CTB injection. The data are summarized in Table 3.

A moderate to high number of CTB-containing TRH neurons in the aPVN were found after
CTB injections into the arcuate nucleus (Figs. 6 A and 8 A), dorsomedial nucleus (Figs. 6 C
and 8 B), medial preoptic area (Figs. 6 D and 8 E), caudal tuber cinereum area (Figs. 7 D
and 8 D), ventral premammillary nucleus, anterior and posterior part of the medial division
of the BNST (Figs. 7 A, B and 8 J), paraventricular nucleus of the thalamus (7 E and 8 G),
central amygdaloid nucleus (Figs. 7 F and 8 K) and the ventral part of the lateral septal
nucleus (Fig. 8 H). Only few CTB/TRH-IR neurons, less than 10/animal, were found in the
aPVN after CTB injections into the ventromedial nucleus, medial amygdaloid nucleus and
the amygdalohippocampal area.

A moderate to high number of CTB-containing TRH neurons were present in the
perifornical area after CTB injections into the ventral part of the lateral septal nucleus (Figs.
7 G and 8 H), ventromedial nucleus (Figs. 6 B and 8 C), dorsomedial nucleus (Figs. 6 C and
8 B), medial preoptic region (Figs. 6 D and 8 E), medial amygdaloid nucleus (Fig. 8 F),
amygdalohippocampal area (Figs. 6 E and 8 I), ventral premammillary nucleus and the
posterior part of the medial division of the BNST (Figs. 7 A, C and 8 J). The greatest
number of retrogradely labeled TRH neurons were present in the perifornical area after CTB
injection into the ventral part of the lateral septal nucleus. Only rare (less than 10/animal)
perifornical TRH neurons contained CTB when injections were made into the arcuate
nucleus, paraventricular nucleus of the thalamus, central amygdaloid nucleus, caudal part of
the tuber cinereum area and anterior part of the medial division of the BNST.
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In all of the CTB-injected brains, very few TRH neurons in hypophysiotropic parts of the
PVN contained CTB. In the medial and periventricular parvocellular subdivisions, 10 or
more CTB-IR TRH neurons/animal were found in only two cases: after CTB injection into
the medial preoptic region (10 neurons) and the dorsomedial nucleus (12 neurons).

Discussion
In the present study we identified major efferent projection sites of the non-
hypophysiotropic population of TRH neurons located in the aPVN by using combined
anterograde and retrograde tract-tracing methods. Additionally, we identified the main
projection fields of an adjacent population of TRH neurons located in the perifornical area.
Although the two TRH neuronal populations partially overlap, their projection fields
substantially differ, suggesting different physiological roles for these two cell populations.
As a common trait, both cell groups innervate hypothalamic and extrahypothalamic
forebrain nuclei and do not send a substantial projection to the hindbrain, suggesting that
they regulate homeostatic and behavioral functions rather at the level of the hypothalamus
and the limbic forebrain. Table 4 summarizes the identified projection fields of aPVN and
perifornical TRH neurons.

Technical considerations
Mapping the projection sites of aPVN TRH neurons by anterograde tract-tracing was
complicated by the small volume of the aPVN and the close proximity of perifornical TRH
neurons, and made difficult the selective targeting of TRH neurons residing in the aPVN
TRH neurons. Indeed, even PHAL injections that appeared confined mostly to the aPVN
resulted in a qualitatively similar topography of PHAL/proTRH fibers when compared to
those cases in which PHAL cores overlapped both the aPVN and the medial part of the
perifornical area, raising the possibility that perifornical TRH neurons may take up PHAL
from the aPVN through dendrites that may penetrate the aPVN. Therefore, it was necessary
to conduct retrograde tracing experiments in order to distinguish between the genuine
projection sites of TRH neurons residing in the aPVN and perifornical area.

CTB injections into several regions where a relative abundance of PHAL/proTRH axons
were found revealed distinct projection sites of aPVN and perifornical TRH neurons, albeit
common projection fields were also found. Although the extent of the projections from the
aPVN and perifornical group to each specific area cannot be quantitatively compared, the
arcuate nucleus would appear to be the primary target of the aPVN, whereas the lateral
septal nucleus appears to the be primary target of perifornical TRH neurons. In the
anterograde tracing experiment, a high density of PHAL/proTRH fibers was observed in the
arcuate nucleus, and a large number of TRH neurons in the aPVN but not the perifornical
area were labeled retrogradely from the arcuate nucleus. In contrast, the ventral part of the
lateral septal nucleus contained a high density of PHAL/proTRH fibers, and after CTB
injection, a large number of TRH neurons in the perifornical area but not the aPVN were
retrogradely labeled. Projections of perifornical TRH neurons to the lateral septal area were
also reported in earlier studies by Ishikawa et al. and Merchenthaler (Ishikawa et al., 1986;
Merchenthaler, 1991).

It should be noted that CTB was injected into most of the regions where high to moderate
density of anterogradely labeled proTRH-containing fibers were observed, but it was beyond
the scope of this study to inject CTB into regions where only a low density of PHAL/TRH
fibers were observed. Thus, it is conceivable that there might be additional brain areas that
receive functionally significant, but less dense innervation of TRH-containing axons
originating from the aPVN and/or perifornical areas. Furthermore, PHAL injections covered
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only the medial part of the perifornical TRH cell group. Thus, there may be additional
projection sites of this cell group that were not observed in our study.

Functional implications
There is essentially nothing known about the biological significance of TRH neurons located
in the aPVN. Nevertheless, the robust innervation of these cells by AGRP/NPY and α-MSH/
CART neurons of the arcuate nucleus (Fekete et al., 2000a; Legradi and Lechan, 1999) is
indicative of the possibility that aPVN TRH neurons may be tightly regulated by feeding-
related neuronal afferents and integrated into the energy control system. Indeed, TRH is well
known to regulate appetite and when injected into the brain it consistently reduces food
intake and the time spent interacting with food in all animals species studied (Horita, 1998;
Morley, 1980; Steward et al., 2003; Suzuki et al., 1982; Vijayan and McCann, 1977; Vogel
et al., 1979). This includes a reduction in food intake in ad lib feeding animals, animals that
have been subjected to a fast and reintroduced to food, and models of stress-induced eating.
Given that the major projection fields of aPVN TRH neurons include the arcuate and
dorsomedial nuclei, two critical integrating centers in the brain involved in the regulation of
food intake (Morton et al., 2006), it is conceivable that the anorectic actions of TRH could
be mediated through one or both of these areas. In addition, the presence of projection fields
of aPVN TRH neurons to extrahypothalamic areas such as the paraventricular thalamic
nucleus, central amygdaloid nucleus, bed nucleus of the stria terminalis and ventral part of
the lateral septal nucleus, may integrate the regulation of appetite and satiety with other
components of the energy regulatory system. For example, projections to the paraventricular
thalamic nucleus may induce arousal (Van der Werf et al., 2002), and hence, increase
locomotor activity, now considered an important component of energy homeostasis
(Castaneda et al., 2005). Projections to the bed nucleus of the stria terminalis and central
amygdaloid nucleus may contribute to feeding behavior (Dong et al., 2001; Ju and Swanson,
1989; Kelley, 2004) and/or induce gastric contractility (Morrow et al., 1996).

Nevertheless, the major projection field of aPVN TRH neurons in the arcuate nucleus is
primarily the dorsomedial part of the nucleus, a region not generally associated with the
regulation of food-related signals, but rather with the regulation of prolactin secretion via
dopamine-producing neurons of the tuberoinfundibular system (Freeman et al., 2000). TRH
has a well known effect on prolactin secretion, potently releasing prolactin from anterior
pituitary lactotrophs (Dannies and Tashjian, 1974). However, proTRH178-199, a non-TRH
peptide derived from the post-translational processing of the TRH prohormone (Nillni and
Sevarino, 1999), also has a potent effect on prolactin secretion by decreasing the expression
of the dopamine-synthesizing enzyme, tyrosine-hydroxylase when injected to the arcuate
nucleus (Goldstein et al., 2007). Thus, TRH neurons may have a dual action on prolactin
secretion, both through direct effects on lactrotrophs and indirect effects by inhibiting the
tuberoinfundibular dopaminergic system.

By projecting to the preoptic area, aPVN TRH neurons may also be involved in the
regulation of thermogenesis. Injection of TRH into the preoptic area inhibits heat-sensitive
neurons and activates cold-sensitive neurons (Hori et al., 1988). This action results in
increased body temperature through peripheral vasoconstriction, increased metabolic heat
production and shivering (Chi and Lin, 1983). Thus, it is intriguing to consider the
possibility that activation of aPVN TRH neurons following a meal may contribute to the
generation of diet-induced thermogenesis in coordination with other TRH-mediated
responses associated with meal termination. Alternatively, this projection pathway may be
involved in the adaptation response to cold stress, given that animals exposed to a cold
environment increase TRH gene expression in all PVN regions including the aPVN
(Sanchez et al., 2001). Thus, it is possible that cold-sensitive TRH neurons in the PVN not
only increase heat production by increasing peripheral thyroid hormone levels (Bianco et al.,
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2002; Zoeller et al., 1990), but also by regulating preoptic neurons that increase heat
production via the activation of the sympathetic nervous system (Morrison et al., 2008).

Projections of aPVN TRH neurons to the dorsomedial nucleus could also contribute to some
of the well-recognized autonomic effects of centrally administered TRH (Nillni and
Sevarino, 1999), particularly those involved in the regulation of the cardiovascular and
respiratory systems. Activation of the DMN increases heart rate, and vasomotor activity and
induces hyperventilation (Horiuchi et al., 2006; McDowall et al., 2007), responses that are
highly reminiscent of the central actions of TRH (Nillni and Sevarino, 1999). Many of the
central effects of TRH on the autonomic system, however, are thought to be exerted directly
on the brainstem (Nillni and Sevarino, 1999), and/or through projections of TRH-producing
neurons in the medullary raphe to preganglionic sympathetic neurons in the spinal cord
(Nillni and Sevarino, 1999). Studies involving focal, intranuclear injections of TRH into the
DMN will be required to determine whether this region also contributes to the actions of
TRH on autonomic function.

Although effects of TRH or proTRH-derived peptides on sexual behavior has not been
described, projections to the medial preoptic area/medial preoptic nucleus and to the ventral
premammillary nucleus raise the possibility that aPVN TRH neurons could be involved in
the regulation of reproductive functions. The medial preoptic area has a critical role in
sexual behaviour (Balthazart and Ball, 2007), whereas the ventral premammillary nucleus
has been shown to be activated by pheromonal stimuli (Cavalcante et al., 2006; Yokosuka et
al., 1999) and it possesses bidirectional connections with several nuclei related to
reproductive control (Canteras et al., 1992). Innervation of these nuclei by TRH neurons in
the aPVN may serve to coordinate sexual behavior with the nutritional status of the animal.

While not a primary objective of this study, the major projection sites of the TRH neurons
residing in the rostral part of the perifornical area were also identified. Contrary to aPVN
TRH neurons, perifornical TRH neurons were found to densely innervate the ventromedial
nucleus, especially its dorsomedial part. This region of the ventromedial nucleus was shown
by Elmquist et al. (Elmquist et al., 1998) to express leptin receptors and to be activated by
circulating leptin (Elias et al., 2000; Elmquist et al., 1997). As selective removal of leptin
receptors from these neurons results in increased fat mass and body weight (Dhillon et al.,
2006), it is possible that perifornical TRH neurons also have important regulatory effects on
energy homeostasis.

A major difference between the projections of aPVN and perifornical TRH neurons,
however, is that perifornical TRH neurons project more extensively to extrahypothalamic
limbic areas. Retrograde labeling from the ventral lateral septum suggests that almost an
order of magnitude more TRH neurons project to the lateral septum from the perifornical
area than from the aPVN. In addition, perifornical TRH neurons densely innervate the
medial amygdaloid nucleus and amygdalohippocampal area. These regions are involved in
the regulation of a variety of behaviors including sexual behavior, feeding behavior,
aggression, coping with stressful situations, and in emotional responses (Bakshi et al., 2007;
Ciccocioppo et al., 2003; Fujisaki et al., 2004; Hahn and Coen, 2006; Heeb and Yahr, 1996;
Herman et al., 2005; King, 2006; Kollack-Walker et al., 1997; Koolhaas et al., 1998;
Simerly et al., 1990). Given that the endogenous TRH system plays key role in regulating
anxiety and depression in rodents (Zeng et al., 2007) and that TRH also has anti-depressant
effects in humans (Callahan et al., 1997; Kastin et al., 1972; Prange et al., 1972),
perifornical TRH neurons may be involved in mood regulation. A role of perifornical TRH
neurons in sexual behavior and the hypothalamic-pituitary-gonadal axis is also suggested by
their projections to the medial preoptic region, ventral premammillary nucleus and a narrow
zone between the dorsomedial and ventromedial nuclei. The latter region has been
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implicated in regulation of the hypothalamic-pituitary-gonadal axis via RF-amide-related
peptide expressing neurons in this region (Hinuma et al., 2000; Liu et al., 2001) that inhibit
gonadotropin release (Kriegsfeld et al., 2006).

In summary, projection fields of aPVN TRH neurons raise the possibility that this non-
hypophysiotropic TRH cell population may influence energy homeostasis, thermoregulation,
prolactin synthesis and possibly sexual function. In contrast, perifornical TRH neurons may
primarily be involved in regulation of limbic functions and therefore, functionally different
than aPVN TRH neurons. Partially overlapping projections of the TRH neurons from both
regions, and in particular, the heavy innervation to the ventromedial nucleus, potentially
implicates at least a subpopulation of perifornical TRH neurons in the control of food intake.
These studies provide important initial data from which physiological studies can be
designed to further understand the potential role of these cell groups in the regulation of
neuroendocrine function.
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Abbreviations

ac Anterior comissure

aca Anterior comissure, anterior part

Acb Accumbens nucleus

AHi amygdalohippocampal area

aPVN Paraventricular hypothalamic nucleus, anterior parvocellular subdivision

Arc Arcuate nucleus

ArcL Arcuate nucleus, lateral part

ArcM Arcuate nucleus, medial part

AVPe Anteroventral periventricular nucleus

BSTIA Bed nucleus of the stria terminalis, intraamygdaloid division

BSTL Bed nucleus of the stria terminalis, lateral division

BSTLV Bed nucleus of the stria terminalis, lateral division, ventral part

BSTM Bed nucleus of the stria terminalis, medial division

BSTMA Bed nucleus of the stria terminalis, medial division, anterior part

cc Corpus callosum

CeA Central amygdaloid nucleus

cst Commissural stria terminalis

DG dentate gyrus

DMN Dorsomedial hypothalamic nucleus

f Fornix
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fi fimbria of the hippocampus

fr Fasciculus retroflexus

HDB Nucleus of the horizontal limb of the diagonal band

I Intercalated nuclei of the amygdala

ic Internal capsule

ICjM Islands of Calleja, major island

LH Lateral hypothalamic area

LPO Lateral preoptic area

LSD Lateral septal nucleus, dorsal part

LSI Lateral septal nucleus, intermediate part

LSV Lateral septal nucleus, ventral part

MeAD Medial amygdaloid nucleus, anterodorsal part

MePD Medial amygdaloid nucleus, posterodorsal part

MePV Medial amygdaloid nucleus, posteroventral part

MPA Medial preoptic area

MPO Medial preoptic nucleus

mPVN Paraventricular hypothalamic nucleus, medial parvocellular subdivision

MS Medial septal nucleus

mt Mammillothalamic tract

MTu Medial tuberal nucleus

opt Optic tract

ox Optic chiasm

Pe Periventricular hypothalamic nucleus

Pf Perifornical area

pm Principal mammillary tract

PMV Ventral premammillary nucleus

pPVN Paraventricular hypothalamic nucleus, periventricular parvocellular
subdivision

PV Paraventricular thalamic nucleus

PVA Paraventricular thalamic nucleus, anterior part

RCh Retrochiasmatic area

SCh Suprachiasmatic nucleus

SI Substantia innominata

sm Stria medullaris of the thalamus

sox Supraoptic decussation

st Stria terminalis

Wittmann et al. Page 13

J Comp Neurol. Author manuscript; available in PMC 2010 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TC Tuber cinereum area

VDB Nucleus of the vertical limb of the diagonal band

VMN Ventromedial hypothalamic nucleus
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Fig. 1.
Photomicrograph of the rostral-mid level of the aPVN, where perifornical TRH neurons are
in close proximity to the border of the aPVN. Scale bar 100 μm.
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Fig. 2.
Localization of PHAL injection sites in four brains used in the anterograde tracing
experiment. Scale bar shown in D corresponds to 250 μm and refers to all micrographs.
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Fig. 3.
Schematic drawings of sections from case 117 illustrate the distribution of PHAL/proTRH-
IR axons. Crosses represent double-labeled fiber segments. Numbers indicate the
approximate distance of sections in mm from the Bregma. Regions of the amygdala and
hippocampus are shown in images L-P.
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Fig. 4.
Double immunofluorescent staining demonstrates the presence of proTRH (magenta) in
PHAL-containing (green) axons in different brain regions. Double-labeled axons (arrows)
are indicated by the composite white color. Images represent five to twelve 1 μm thick
confocal optical sections projected into one plane for better visualization of segments of
double-labeled fibers. Images demonstrate PHAL/proTRH-containing fibers present in the
(A) arcuate nucleus, (B) dorsomedial nucleus, (C) medial preoptic nucleus, (D)
paraventricular thalamic nucleus, (E) ventromedial hypothalamic nucleus, (F) medial tuberal
nucleus, (G) posteromedial part of amygdalohippocampal area, (H, I) lateral septal nucleus
on the ipsilateral and contralateral sides, (J) posterodorsal part of the medial amygdaloid
nucleus, (K) medial division of the bed nucleus of the stria terminalis, (L) central
amygdaloid nucleus, (M) substantia innominata. Scale bar shown in (M) corresponds to 20
μm and refers to all micrographs.
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Fig. 5.
Cores of CTB injection sites centered in the (A) arcuate nucleus, (B) dorsomedial nucleus,
(C) dorsomedial part of the ventromedial nucleus, (D) caudal part of the tuber cinereum
area, (E) medial preoptic nucleus/medial preoptic area, (F) posterodorsal part of the medial
amygdaloid nucleus, (G) paraventricular nucleus of the thalamus, (H) ventral part of the
lateral septal nucleus, (I) amygdalohippocampal area, (J) posterior medial division of the
BNST and (K) central amygdaloid nucleus. Case numbers are indicated in the images. Scale
bar shown in (K) corresponds to 500 μm and refers to all micrographs.
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Fig. 6.
Double immunofluorescence demonstrates the presence of CTB (green) in TRH-IR
(magenta) perikarya in the aPVN and perifornical area of brains previously injected with
CTB into the (A) arcuate nucleus (ARC), (B) ventromedial nucleus (VMN), (C)
dorsomedial nucleus (DMN), (D) medial preoptic nucleus/medial preoptic area (MPO/MPA)
and (E) amygdalohippocampal area (AHi). Arrows point to CTB/TRH-IR neurons in the
aPVN, arrowheads indicate CTB/TRH-IR neurons of the perifornical cell group. High
magnification confocal images of single 1 μm thick optical sections were taken of framed
areas in C and D, and are shown as insets. Inset of C shows TRH- and CTB-labeling in
separate images to facilitate identification of double-labeled perikarya. Scale bar in B
corresponds to 50 μm (for A and B), in D 100 μm (for C and D), in E 50 μm, and in the inset
of D 10 μm (for inset images).
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Fig. 7.
Double immunofluorescence demonstrates the presence of CTB (green) in TRH-IR
(magenta) perikarya in the aPVN and perifornical area of brains previously injected with
CTB into the (A-C) bed nucleus of the stria terminalis, posterior medial division (BSTM),
(D1, D2) caudal part of the tuber cinereum area (TC), (E) paraventricular nucleus of the
thalamus (PV), (F) central amygdaloid nucleus (CeA), (G) ventral part of the lateral septal
nucleus (LSV). Images were made by projecting 4-7 consecutive 2 μm thick confocal optical
slices into one plane. Arrows point to CTB/TRH-IR neurons in the aPVN, arrowheads
indicate CTB/TRH-IR neurons of the perifornical cell group. Framed areas in A are
magnified and shown in B and C, framed areas in F and G are magnified and shown in
insets. To facilitate identification of double-labeled cells, TRH and CTB-labeling of the
same fields are shown in separate images in D1 and D2, in the upper inset pair of F and in
the inset of G. Scale bar shown in (F) corresponds to 100 μm in A, F, G, to 50 μm in B, C,
D1, D2, E and insets of F. Scale bar in inset of G corresponds to 50 μm.
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Fig. 8.
Schematic representation of retrogradely labeled TRH neurons in the aPVN and perifornical
area following CTB injections into the (A) arcuate nucleus (ARC), (B) dorsomedial nucleus
(DMN), (C) ventromedial nucleus (VMN), (D) caudal tuber cinereum area (TC), (E) medial
preoptic nucleus/medial preoptic area (MPO/MPA), (F) medial amygdaloid nucleus
(MePD), (G) paraventricular nucleus of the thalamus (PVA), (H) ventral part of the lateral
septal nucleus (LSV), (I) amygdalohippocampal area (Hi), (J) bed nucleus of the stria
terminalis, posterior medial division (BSTM) and (K) central amygdaloid nucleus (CeA).
The corresponding injection sites are illustrated in Fig. 5. Open circles: single-labeled TRH
neurons; solid circles: CTB/TRH double-labeled neurons. Dashed lines indicate the
approximate borders of the periventricular parvocellular subdivision of the PVN, aPVN and
the perifornical TRH cell group.
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Table 1

Primary antibodies used

Antigen Immunogen Manufacturing Dilution used

PHAL purified PHAL Vector Laboratories,
rabbit polyclonal, #
AS-2300

1:5,000

PHAL purified PHAL Vector Laboratories,
goat polyclonal, AS-
2224

1:1,000

proTRH178-199 synthetic peptide
corresponding to rat
preproTRH aa 178-
199

Dr. Éva Rédei,
rabbit polyclonal

1:2,500

CTB purified CTB
isolated from Vibrio
cholerae

List Biological
Labs, goat
polyclonal, # 703

1:10,000

TRH synthetic TRH Dr. Ivor M. Jackson,
rabbit polyclonal

1:2,500
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Table 2

Evaluation of the density of PHAL/proTRH-IR fibers in cases 116 and 117

Regions Density of PHAL/proTRH fibers

Hypothalamus and preoptic region

Anterior hypothalamic area **

Anterodorsal preoptic nucleus ***

Anteroventral periventricular nucleus **

Arcuate nucleus *****

Arcuate nucleus-ventromedial nucleus border ***

Dorsomedial nucleus ***

Dorsomedial nucleus-ventromedial nucleus border ****

Lateral hypothalamic area **

Lateroanterior hypothalamic nucleus *

Medial preoptic area **

Medial preoptic nucleus ***

Medial tuberal nucleus ****

Paraventricular nucleus *

Periventricular nucleus **

Posterior hypothalamic area *

Retrochiasmatic area ****

Strial part of the preoptic area **

Suprachiasmatic nucleus *

Supramammillary nucleus *

Supraoptic nucleus *

Tuber cinereum area ****

Ventral premammillary nucleus ***

Ventral tuberomammillary nucleus *

Ventromedial nucleus *****

Thalamus and epithalamus

Lateral habenular nucleus *

Mediodorsal thalamic nucleus *

Paraventricular thalamic nucleus ***

Reuniens thalamic nucleus *

Amygdala, hippocampus, substantia innominata

Amygdalohippocampal area *****

Anterior cortical amygdaloid nucleus *

Basomedial amygdaloid nucleus *

Bed nucleus of the stria terminalis, intraamygdaloid division ***

Central amygdaloid nucleus, capsular part *

Central amygdaloid nucleus, medial division ***
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Regions Density of PHAL/proTRH fibers

Dentate gyrus ***

Ventral hippocampus, fields CA1 and CA3 ***

Fimbria of the hippocampus **

Lateral amygdaloid nucleus, ventromedial part *

Medial amygdaloid nucleus, anterodorsal part ***

Medial amygdaloid nucleus, posterodorsal part *****

Medial amygdaloid nucleus, posteroventral part *****

Piriform cortex *

Posterolateral cortical amygdaloid nucleus *

Posteromedial cortical amygdaloid nucleus *

Substantia innominata ***

Substantia innominata, basal part **

Bed nucleus of the stria terminalis and septum

Bed nucleus of the stria terminalis, lateral division *

Bed nucleus of the stria terminalis, lateral division, dorsal part *

Bed nucleus of the stria terminalis, lateral division,
intermediate part

*

Bed nucleus of the stria terminalis, lateral division, ventral part ***

Bed nucleus of the stria terminalis, medial division, anterior
part

*****

Bed nucleus of the stria terminalis, medial division, posterior
part

*****

Bed nucleus of the stria terminalis, medial division,
posterointermediate

****

Bed nucleus of the stria terminalis, medial division,
posterolateral part

*****

Bed nucleus of the stria terminalis, medial division, ventral part ***

Lateral septal nucleus, dorsal part *

Lateral septal nucleus, intermediate part ***

Lateral septal nucleus, ventral part *****

Parastrial nucleus *

Stria terminalis **

Other telencephalic regions

Anterior olfactory nucleus *

Dorsal endopiriform nucleus *

Islands of Calleja, major island *

Medial septal nucleus *

Nucleus of the horizontal limb of the diagonal band *

Nucleus of the vertical limb of the diagonal band *

Ventral pallidum *

Zona limitans **

Mesencephalon and hindbrain
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Regions Density of PHAL/proTRH fibers

Lateral parabrachial nucleus, central part *

Lateral periaqueductal gray *

Periaqueductal gray *

Ventral tegmental area *

Ventrolateral periaqueductal gray *
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Table 3

Quantification of retrogradely labeled TRH neurons in the aPVN and perifornical area

Site of CTB injection Case Number of CTB/TRH-IR cells in the

aPVN1 perifornical area

in the level of
the aPVN

caudal to the
aPVN2

Arcuate nucleus, medial part T176 45 5 0

Dorsomedial hypothalamic nucleus T351 64 31 12

Ventromedial hypothalamic nucleus,
dorsomedial part

T352 6 31 10

Ventromedial hypothalamic nucleus,
ventromedial part

T177 4 22 3

Caudal part of the tuber cinereum area T205 22 2 2

Ventral premammillary nucleus T214 30 5 6

Medial preoptic nucleus / medial preoptic
area

T260 43 31 5

Paraventricular thalamic nucleus T183 15 1 1

Paraventricular thalamic nucleus T184 25 2 2

Lateral septal nucleus, ventral part T188 12 85 44

Lateral septal nucleus, ventral part /
medial division of the BNST, anterior part

T197 28 60 18

Anterior and posterolateral part of the
medial division of the BNST

T198 13 0 0

Medial division of the BNST, posterior
part

T199 18 17 2

Central amygdaloid nucleus T201 11 6 1

Medial amygdaloid nucleus, posterodorsal
part

T256 6 10 2

Medial amygdaloid nucleus, posterodorsal
part

T257 1 12 3

Medial amygdaloid nucleus,
posteroventral part

T254 2 11 4

Amygdalohippocampal area T155 1 11 5

Amygdalohippocampal area T158 1 13 2

CTB/TRH neurons were counted in every fourth section on both the ipsilateral and contralateral sides

1
included the CTB/TRH neurons in the periventricular parvocellular subdivision adjacent to the aPVN

2
CTB/TRH neurons in the posterior part of the perifornical TRH cell group, located caudally to the antero-posterior level of the aPVN
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Table 4

Major projection fields of TRH neurons in the aPVN and perifornical area identified by tract-tracing methods

aPVN TRH neurons Perifornical TRH neurons

Arcuate nucleus Ventromedial nucleus

Dorsomedial nucleus Dorsomedial nucleus

Tuber cinereum area Ventral premammillary nucleus

Ventral premammillary nucleus Medial preoptic area and nucleus

Medial preoptic area and nucleus Lateral septal nucleus

Paraventricular nucleus of the thalamus Bed nucleus of the stria terminalis

Central amygdaloid nucleus Medial amygdaloid nucleus

Bed nucleus of the stria terminalis Amygdalohippocampal area

Lateral septal nucleus
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