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Abstract

Previously, we described a cell group expressing tuberoinfundibular peptide of 39 residues (TIP39)
in the lateral pontomesencephalic tegmentum, and referred to it as the medial paralemniscal nucleus
(MPL). To identify this nucleus further in rat, we have now characterized the MPL
cytoarchitectonically on coronal, sagittal, and horizontal serial sections. Neurons in the MPL have a
columnar arrangement distinct from adjacent areas. The MPL is bordered by the intermediate nucleus
of the lateral lemniscus nucleus laterally, the oral pontine reticular formation medially, and the
rubrospinal tract ventrally, whereas the A7 noradrenergic cell group is located immediately
mediocaudal to the MPL. TIP39-immunoreactive neurons are distributed throughout the
cytoarchitectonically defined MPL and constitute 75% of its neurons as assessed by double labeling
of TIP39 with a fluorescent Nissl dye or NeuN. Furthermore, we investigated the neuronal inputs to
the MPL by using the retrograde tracer cholera toxin B subunit. The MPL has afferent neuronal
connections distinct from adjacent brain regions including major inputs from the auditory cortex,
medial part of the medial geniculate body, superior colliculus, external and dorsal cortices of the
inferior colliculus, periolivary area, lateral preoptic area, hypothalamic ventromedial nucleus, lateral
and dorsal hypothalamic areas, subparafascicular and posterior intralaminar thalamic nuclei,
periaqueductal gray, and cuneiform nucleus. In addition, injection of the anterograde tracer
biotinylated dextran amine into the auditory cortex and the hypothalamic ventromedial nucleus
confirmed projections from these areas to the distinct MPL. The afferent neuronal connections of
the MPL suggest its involvement in auditory and reproductive functions.
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The paralemniscal region, a relatively little known area, is situated around the nuclei of the
lateral lemniscus, in the lateral pontomesencephalic tegmentum (Andrezik and Beitz, 1985).
Our interest in this region stems from the discovery of tuberoinfundibular peptide of 39 residues
(TIP39; Usdin et al., 1999; Usdin, 2000). One of the two groups of neurons that synthesize
TIP39 in the brain is situated in the paralemniscal region (Dobolyi et al., 2003b) medial to the
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intermediate nucleus of the lateral lemniscus as defined previously (Helfert and Aschoff,
1997; Schofield, 2005). Pharmacological and anatomical evidence suggests that TIP39 is the
endogenous ligand of the parathyroid hormone 2 receptor (PTH2R). Initial functional studies
suggest that TIP39 modulates nociceptive information processing (Dobolyi et al., 2002) and
is involved in limbic (LaBuda et al., 2004; LaBuda and Usdin, 2004), reproductive (Dobolyi
et al., 2006; Wang et al., 2006a), and endocrine regulation (Sugimura et al., 2003; Ward et al.,
2001), and in the audiogenic stress response (Palkovits et al., 2004).

When we initially mapped the distribution of TIP39 cell bodies (Dobolyi et al., 2003b), we
tentatively named the area of TIP39 expression immediately medial to the auditory relay nuclei
of the lateral lemniscus the medial paralemniscal nucleus (MPL). However, the identification
of this nucleus has not been straightforward without labeling TIP39. In the literature, often no
distinction is made between oral reticular pontine and paralemniscal zones. Areas including
cells that correspond to the MPL have been referred to by a great variety of anatomical names
with poor topographical characterization, such as “lateral part of the nucleus reticularis pontis
oralis” (Papez, 1926), “lateralmost nucleus reticularis pontis oralis” (Leichnetz et al., 1978),
“ventrolateral tegmental area” (Herbert et al., 1997), or “dorsolateral pontomesencephalic
reticular formation” (Haws et al., 1989). The term “paralemniscal” has also been used without
detailed topographical characterization when describing an area in the “paralemniscal zone”
whose stimulation elicited pinna movement in cats (Henkel and Edwards, 1978), a group of
neurons whose activity changed in response to noxious stimuli in the “paralemniscal reticular
formation” (Hardy et al., 1983), a group of neurons expressing Fos in response to suckling in
the “caudal portion of the paralemniscal nucleus” (Li et al., 1999b), a group of audio-vocal
neurons in the “paralemniscal tegmentum” (Metzner, 1993), and a group of neurons whose
stimulation elicited vocalization in the “paralemniscal tegmental area” in bats (Schuller and
Radtke-Schuller, 1990; Fenzl and Schuller, 2007), and the “ventral paralemniscal area” in
squirrel monkey (Hage and Jurgens, 2006; Hannig and Jurgens, 2006).

Furthermore, the existence of a cell group probably corresponding to the MPL described in the
present study was mentioned in early studies (Fuse, 1926; Wiinscher et al., 1965), and also
more recently as the “caudal part of the paralemniscal nucleus” (Andrezik and Beitz, 1985).
However, the MPL is different from the paralemniscal nucleus described in a more rostral and
lateral location (Taber, 1961; Olszewski and Baxter, 1982; Paxinos and Watson, 2005). The
term “medial paralemniscal nucleus,” which was introduced recently (Dobolyi et al., 2003b),
has been adopted by the widely used Paxinos rat brain atlas (Paxinos and Watson, 2005). In
the last edition of this atlas (Paxinos and Watson, 2007), however, the term “medial
‘paralemniscial’ nucleus” was used, which might be incorrect grammatically.

Despite renewed interest in the MPL because of the expression of TIP39 in their neurons, it
has not yet been cytoarchitectonically characterized, which hinders the comparison of its
location with adjacent neuronal groups. In addition, we sought to determine the afferent
neuronal connections of the MPL in order to distinguish it from nearby regions. An additional
purpose was to provide information on the neuronal inputs to the MPL in order to facilitate the
design of experiments aimed at elucidating the physiological role of neurons in the MPL
including those that express TIP39. Therefore, in the present study we had the following
objectives: 1) to describe the MPL cytoarchitectonically; 2) to examine afferent connections
of the MPL and compare them with those of adjacent structures by injecting the retrograde
tracer cholera toxin B subunit (CTB) into lemniscal and paralemniscal regions; and 3) to
investigate projections of a major auditory and a major nonauditory site, which contained
retrogradely labeled neurons following CTB injections into the MPL, toward the MPL by
injecting the anterograde tracer biotinylated dextran amine into the auditory cortex and the
hypothalamic ventromedial nucleus.
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MATERIALS AND METHODS

Animals

A total of 56 adult male Wistar rats (250-300 g body weight; Charles River Laboratories,
Budapest, Hungary) were used in this study. All efforts were made to minimize the number of
animals used, and also their suffering. All procedures involving rats were carried out according
to experimental protocols approved by the Animal Examination Ethical Council of the Animal
Protection Advisory Board at the Semmelweis University, Budapest and meet the guidelines
of the Animal Hygiene and Food Control Department, Ministry of Agriculture, Hungary.
Animals were kept on standard laboratory conditions with 12-hour light/12-hour dark periods
(lights on at 6.00 a.m.) and supplied with dry rat food and drinking water ad libitum. Rats were
kept three per cage at a temperature of 22 + 1°C. Rats were anaesthetized with an intramuscular
injection of anesthetic mix containing 0.2 ml/300 g body weight ketamine (100 mg/ml) and
0.2 ml/300 g body weight xylazine (20 mg/ml) for tracer injections and perfusion.

Tracer injections

Histology

The retrograde tracer CTB (List Biological Laboratories, Campbell, CA) was targeted to the
medial paralemniscal nucleus (n = 29). Some of the misplaced injections were used as controls.
In addition, we targeted the adjacent intermediate nucleus of the lateral lemniscus (n = 3) to
obtain injections into this important control area. For stereotaxic injections, rats were
positioned in a stereotaxic apparatus with the incisor bar set at —3.3 mm. Holes of about 2-mm
diameter were drilled into the skull above the target coordinates. Glass micropipettes of 15—
20-um internal diameter were filled with 0.25% CTB dissolved in 0.1 M phosphate buffer at
pH 7.4 (PB) and lowered to the targets of interest by using the following stereotaxic coordinates
(Paxinos and Watson, 2005): AP =-8.3 mm from bregma, L = 2.4 mm from the midline, V =
6.8 mm from the surface of the dura mater for the medial paralemniscal nucleus, and AP = —
8.3 mm, L = 3.1 mm, V = 6.8 mm for the intermediate nucleus of the lateral lemniscus. Once
the pipette was in place, the CTB was injected by iontophoresis by using a constant current
source (51413 Precision Current Source, Stoelting, Wood Dale, IL) that delivered a current of
+6 pA, which pulsed for 7 seconds on and 7 seconds off for 15 minutes. Then the pipette was
left in place for 10 minutes with no current and withdrawn under negative current. After tracer
injections, the animals were allowed to survive for 7 days.

The anterograde tracer biotinylated dextran amine (BDA; 10,000 MW, Molecular Probes,
Eugene, OR) was injected into layer V of the auditory cortex (n = 3) and the ventrolateral
subdivision of the hypothalamic ventromedial nucleus (n = 3). The injections were carried out
as for CTB, except that the glass micropipette was filled with 10% BDA. Furthermore, for
auditory cortical injections, two injections were performed along the track of the micropipette
to fill in different parts of a vertically elongated region of the primary auditory and ventral part
of the secondary auditory cortices corresponding to temporal cortical areas 1 and 3 (Webster,
1977; Zilles and Wree, 1985; Roger and Arnault, 1989) that contained a high density of
retrogradely labeled neurons. The coordinates were AP =—-3.4 mm from bregma, L = 6.5 mm
from the midline, V =5.0 and 6.0 mm from the surface of the dura mater for the auditory cortex,
and AP =-2.8 mm, L = 0.8, V = 9.4 mm for the hypothalamic ventromedial nucleus.

Tissue collection—Rats were deeply anesthetized and perfused transcardially with 150 ml
saline followed by 300 ml of ice-cold 4% paraformaldehyde in PB. Brains were removed and
postfixed in the same fixative solution for 24 hours and transferred to PB containing 20%

sucrose for 2 days. For side orientation on the sections, a small horizontal incision was made
throughout the brains contralateral to the injection sites. Serial coronal sections were cut at 50
um on a sliding microtome (SM 2000R, Leica Microsystems, Nussloch, Germany) from +4.0
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to—14.0 mm of bregma levels for CTB-injected brains (n = 32) and —1.0 to —10.0 mm for BDA-
injected brains (n = 6). In addition, serial coronal, sagittal, and horizontal sections were cut
from 5-mm-thick blocks containing the medial paralemniscal nucleus. Each section from two
sets of 6-6 coronal, sagittal, and horizontal blocks were used for cresyl-violet, and fluorescent
Nissl stainings, as well as for double TIP39 and tyrosine hydroxylase (TH)
immunocytochemistry. Sections were collected in PB containing 0.1% sodium azide and stored
at 4°C until further processing.

Cresyl-violet staining—Sections were mounted consecutively on gelatin-coated slides and
dried. Sections were stained in 0.1% cresyl-violet dissolved in PB and then differentiated in
96% ethanol containing acetic acid. Sections were then dehydrated and coverslipped with
Cytoseal 60 (Stephens Scientific, Riverdale, NJ).

Fluorescent Nissl staining combined with TIP39 immunolabeling—Free-floating
sections were immunolabeled first for TIP39, as described previously by using an affinity-
purified polyclonal antiserum to TIP39 raised against rat TIP39 coupled to keyhole limpet
hemocyanin by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide in rabbit. This antiserum
labels cell bodies in rat with exactly the same distribution as observed by in situ hybridization
histochemistry (Dobolyi et al., 2002, 2003a,b), and this staining can be preadsorbed by
incubation of the diluted antiserum with 1 uM (4.5 png/ml) of synthetic TIP39 (Dobolyi et al.,
2002, 2003b).

Briefly, brain sections were pretreated in PB contaning 0.5% Triton X-100 and 3% bovine
serum albumin for 1 hour. Then they were incubated with a primary antibody against TIP39
(1:2,500) in PB containing 0.5% Triton X-100, 3% bovine serum albumin, and 0.1% sodium
azide for 48 hours at room temperature. Sections were then incubated in biotin-conjugated
donkey anti-rabbit secondary antibody at 1:500 (Jackson ImmunoResearch, West Grove, PA)
for 2 hours, followed by incubation in avidinbiotin-horseradish peroxidase complex (ABC) at
1:300 (Vectastain ABC Elite kit, Vector, Burlingame, CA) for 2 hours. Then sections were
treated with fluorescein isothiocyanate (FITC)-tyramide (1:8,000) and 0.003% H,O5 in Tris-
HCI buffer (0.05 M, pH 8.2) for 8 minutes, as described previously (Hunyady et al., 1996).
After washing, the sections were incubated in Neurotrace red fluorescent Nissl stain (Molecular
Probes) diluted to 1:30 for 2 hours, washed in PB overnight, mounted on positively charged
slides (Superfrost Plus, Fisher Scientific, Fair Lawn, NJ), and coverslipped in antifade medium
(Prolong Antifade Kit, Molecular Probes).

Fluorescent Nissl staining combined with NeuN immunolabeling—The double
labeling was performed as described above for Neurotrace red fluorescent Nissl stain
(Molecular Probes) and TIP39 except that the neuronal marker NeuN was labeled by using a
mouse monoclonal anti-NeuN antibody (1:1,000; cat. #MAB377, lot #25070259, Chemicon,
Temecula, CA). The immunogen for the production of this antibody was purified cell nuclei
from mouse brain. This antibody recognizes the neuron-specific protein NeuN (Mullen et al.,
1992), present in most central nervous system (CNS) and peripheral nervous system (PNS)
neuronal cell types of all vertebrates tested (see manufacturer's technical data sheet for list of
species). This antibody recognizes four bands on Western blot (Unal-Cevik et al., 2004) and
is thought to reflect multiple phosphorylation states of NeuN (Lind et al., 2005). Application
of the anti-NeuN antibody was followed by incubation in biotin-conjugated donkey anti-mouse
secondary antibody at 1:500 (Jackson ImmunoResearch) for 2 hours.

Double TIP39 and TH immunocytochemistry—Free-floating sections were first
immunolabeled for TIP39 by using FITC-tyramide amplification immunocytochemistry, as
described above. Sections were incubated overnight in a mouse monoclonal anti-TH antibody
(1:2000; cat. #MAB5280, clone name 2/40/15, lot #0607035618, Chemicon). For the
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production of this antibody, the immunogen was purified TH from rat pheochromocytoma (see
manufacturer's technical data sheet). This antibody provided the distribution of TH-
immunoreactive neurons, which is well established in the literature (Hokfelt et al., 1976),
including those located in the A7 noradrenaline cell group. After incubation in the primary
antibody, sections were incubated in Alexa 594 donkey anti-mouse secondary antibody (1:500;
Molecular Probes) for 2 hours and then mounted and coverslipped, as described above for
fluorescent labeling.

Visualization of CTB—Every third brain section was stained for CTB by using an
immunoperoxidase procedure. Free-floating sections were pretreated in PB containing 0.5%
Triton X-100 and 3% bovine serum albumin for 1 hour. Sections were incubated in anti-CTB
antiserum (1:30,000; product #703, lot #7032AA, List Biological Laboratories) at room
temperature overnight. This antiserum was raised against CTB (choleragenid) in goat (see
manufacturer's technical data sheet). The specificity of this antiserum was evident in our
experiments by the dramatically different pattern of labeled cells depending on the injection
sites, as described later. Following application of the primary antibody, sections were incubated
in biotin-conjugated donkey anti-goat secondary antibody at 1:500 (Jackson ImmunoResearch)
for 1 hour and then in ABC at 1:500 for 2 hours. Subsequently, the CTB-containing cells were
visualized by incubation in 0.02% 3,3-diaminobenzidine (DAB; Sigma, St. Louis, MO), 0.08%
nickel (I1) sulfate, and 0.0012% hydrogen peroxide in PB for 4 minutes. Sections were
mounted, and some of them were counterstained with 0.5% Kernechtrot solution, dehydrated,
and coverslipped, as described above.

Double labeling of CTB and TIP39—Brain sections of animals injected with CTB were
processed for double labeling with CTB and TIP39. Every third free-floating section was first
stained for TIP39 by using FITC-tyramide amplification immunocytochemistry, as described
above. Sections were then incubated overnight in goat anti-CTB antibody (1:30,000; List
Biological Laboratories) at room temperature and then in Alexa 594 donkey anti-goat
secondary antibody (1:500; Molecular Probes) for 2 hours. Sections were then mounted and
coverslipped, as described above for fluorescent labeling.

Visualization of BDA—Sections from rat brains injected with BDA were stained for BDA
by using immunoperoxidase labeling with biotin-tyramide amplification. Every third free-
floating section was pretreated in PB containing 0.5% Triton X-100 for 1 hour and then
incubated in ABC at 1:500 for 2 hours. Next, sections were placed in biotin-tyramide solution
(1:1,000) containing 0.012% hydrogen peroxide for 20 minutes. Then, a second ABC
incubation was conducted at 1:1,000 for 1 hour. Finally, the reaction product was visualized
by incubation in 0.02% DAB, 0.08% nickel (I1) sulfate, and 0.006% hydrogen peroxide in PB
for 10 minutes. Sections were mounted, dehydrated and coverslipped, as described above.

Double labeling of BDA and TIP39—Brain sections of animals injected with BDA were
processed for BDA-TIP39 double labeling. First, BDA visualization was performed followed
by TIP39 immunolabeling. Every third section was pretreated in PB containing 0.5% Triton
X-100 for 1 hour and then incubated in ABC (1:300) for 2 hours. Subsequently, BDA was
visualized by using FITC-tyramide at 1:3,000 for 8 minutes. Following thorough rinses in PB,
sections were then incubated with primary antibody against TIP39 (1:700) for 48 hours in PB
containing 0.5% Triton X-100 and 3% bovine serum albumin. Subsequently, TIP39 was
visualized by incubating the sections in Alexa Fluor 594 anti-rabbit secondary antibody
(Molecular Probes) at 1:500 for 2 hours. Finally, sections were mounted and coverslipped, as
described above for fluorescent labeling.
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Data analysis

Animals with CTB injection sites centered in the medial paralemniscal nucleus (n = 4), the
intermediate nucleus of the lateral lemniscus, the rubrospinal tract, or the rostral and dorsal
parts of the paralemniscal region, or located in the pontine reticular formation and other
structures adjacent to the MPL (n = 12), as well as BDA injection sites centered in the
ventrolateral subdivision of the hypothalamic ventromedial nucleus (n = 1) and the auditory
cortex (n = 2) were included in the analysis for neuronal connections

Sections were examined by using an Olympus BX60 light microscope also equipped with
fluorescent epi-illumination. Images were captured at 2,048 x 2,048 pixel resolution with a
SPOT Xplorer digital CCD camera (Diagnostic Instruments, Sterling Heights, MI) by using
4-40x objectives.

Confocal images were acquired with a Nikon Eclipse E800 confocal microscope equipped with
a BioRad Radiance 2100 Laser Scanninig System by using 20-40x objectives at optical
thicknesses of 3-10 um. The ratio of different cell types within the MPL was determined by
using confocal photomicrographs of serial sections double labeled for TIP39 and a Neurotrace
red fluorescent Nissl stain by analyzing 202 cells, in which the nucleolus was visible. The
optical thickness of these confocal photomicrographs was 10 um. For the calculation of the
ratio of small vs. large cells in the medial paralemniscal nucleus, the Floderus correction was
used (Floderus, 1944; Palkovits etal., 1971). This correction, calculated from the measurement
of the average nucleolar radius and the smallest visible nucleolar calotte, compensates for the
difference between measured and real cell number, which is necessary because the possibility
of sectioning a large cell by the same section thickness is higher than that for a small cell. The
sizes of the different cell types were determined by measuring the longest diameter (long axis)
and the perpendicular small diameter of the cells.

Contrast and sharpness of the images were adjusted by using the levels and sharpness
commands in Adobe Photoshop CS 8.0 (Adobe Systems, San Jose, CA). Full resolution was
maintained until the photomicrographs were cropped and assembled for printing, at which point
images were adjusted to a resolution of 300 dpi. Drawings were prepared by aligning the
pictures with corresponding schematics adapted from a rat brain atlas (Paxinos and Watson,
2005).

RESULTS

Topography and cytoarchitecture of the medial paralemniscal nucleus

In coronal sections, cells of the MPL were distinguished from those in adjacent areas by their
organization into dorsolaterally oriented cell columns evident in Nissl-stained (Figs. 1A, 2A)
as well as NeuN-labeled sections (Fig. 2B). The cell columns were separated by 20-50-pum-
wide cell-free zones, probably occupied by passing fibers of the lateral lemniscus. The ventral
border of the MPL is the rubrospinal tract, which is easily distinguished and clearly separated
by the abrupt end of the cell columns. However, lateral to the rubrospinal tract, the MPL extends
somewhat ventrally (Figs. 1A, 2A,B). In addition, in the rostral half of the MPL, a small group
of large cells is located between the medial part of the rubrospinal tract and the medial part of
the MPL. Medially, the MPL borders on the oral part of the pontine reticular formation and
the pedunculopontine tegmental nucleus, structures that do not exhibit columnar
cytoarchitecture. The MPL narrows dorsally between the caudal part of the pedunculopontine
tegmental nucleus and the dorsal nucleus of the lateral lemniscus, resulting in a cone shape of
the nucleus (Figs. 1A, 2A,B). The lateral border of the MPL is the intermediate nucleus of the
lateral lemniscus. Fiber bundles of the lateral lemniscus also pass through its own nuclei;
however, the resulting columnar organization is not as pronounced as in the MPL.
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Dorsoventrally oriented columnar cytoarchitecture of the MPL was also apparent in sagittal
sections (Figs. 1B, 2C), suggesting that the MPL is formed by columns and not laminae. The
MPL was clearly distinguished from the rostrally adjacent structures, the pedunculopontine
tegmental nucleus medially, and the retrorubral nucleus and the paralemniscal nucleus laterally,
as shown on sagittal (Fig. 1B, 2C) as well as horizontal sections (Figs. 1C, 2D). The
cytoarchitecture of the MPL in horizontal sections was markedly different from that in coronal
and sagittal sections. Cells did not appear aligned in columns in agreement with the
dorsoventral orientation of the columnar structure of the nucleus (Figs. 1, 2). Instead, a grid-
like arrangement of cells was visible, suggesting that the relative position of the cell columns
was organized (Figs. 1C, 2D). Such a grid-like arrangement of cells was not apparent in
adjacent structures in horizontal sections including the caudolaterally positioned Kolliker-Fuse
nucleus and the caudomedially positioned area containing the A7 neurons, providing further
evidence for a cytoarchitectonically distinct MPL (Figs. 1C, 2D).

Apart from the columnar organization of cells, three cell populations distinguishable by size
and TIP39 content were also characteristic of the MPL. Small, slightly ovoid cells (average +
SEM: 12 £ 1 um longest diameter (LD) and 9 £ 1 um perpendicular small diameter (SD) on
coronal, sagittal, and horizontal sections) were present throughout the MPL. These cells were
not immunolabeled for TIP39 (Fig. 2A3,B3,C3) or NeuN (Fig. 2D3). These small cells
amounted to 31% of the cells in the MPL. The large cells, which were all labeled for NeuN
(Fig. 2D3) included a TIP39-positive and a TIP39-negative population (Fig. 2A3,B3,C3). On
horizontal and sagittal sections, the sizes and the elongated shapes of TIP39-positive and -
negative large cells did not differ (LD/SD: 25+ 1/15 + 1 um). The orientation of the long axis
was predominantly rostrocaudal and slightly mediolateral. In coronal sections, however, the
TIP39-immunoreactive large cells (18 + 1/12 + 1 um) were significantly smaller than the
TIP39-negative large cells (22 £ 1/16 £ 1 um). The TIP39-immunoreactive cells amounted to
75% of the large cells in the MPL, whereas the remaining 25% were TIP39-negative. Similar
to the small cells, the TIP39-positive and the TIP39-negative large cells were evenly distributed
within the MPL.

Cells retrogradely labeled following CTB injection into the medial paralemniscal nucleus

Following CTB injections into the MPL, there was a relatively widespread distribution of CTB-
labeled cells in the brain (Table 1). The topographical distribution of CTB-labeled cells
following injections into the MPL was distinct from those observed following injections into
adjacent brain regions including receipt of major inputs, e.g., from the auditory cortex and
some hypothalamic structures. The majority of labeled cells were always ipsilateral to the
injection side, with only a low or very low density of labeled cells present contralaterally. As
discussed below, the periolivary area contains some of the most obvious labeling of
contralateral cells. In some other regions that contained over 15 labeled cells ipsilaterally the
number of labeled cells in the same regions contralaterally ranged from O to 5.

Injection sites in the MPL—TIP39-containing cell bodies occupied the MPL, as described
above. The relation of the injection site to the position of TIP39 neurons was routinely verified
by double labeling. There were four injections, in which the spread of tracer overlapped entirely
or almost entirely with the location of the TIP39 neurons. The topographical distribution of
CTB-labeled cells did not differ in these brains, and even the number of labeled cells in
particular brain regions was very similar. Therefore, the description of the afferent connections
of the MPL is based on the results of these four injections (Fig. 3). In addition, several different
injections adjacent to the MPL resulted in labeling patterns markedly different from those
following MPL injections. These injections were also included in the analysis of the afferent
projections of the MPL as controls for MPL injections.
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Forebrain—Inthe cerebral cortex, CTB-containing cells were restricted to particular regions.
The mostabundant labeling was in pyramidal cells of layer V in the ventral part of the secondary
auditory cortex (Fig. 4B) in an area corresponding to cortical temporal area 3 (Te3), as defined
previously (Webster, 1977;Zilles and Wree, 1985;Roger and Arnault, 1989). An almost equally
high density of labeled pyramidal cells continued dorsally in the primary auditory cortex (Tel),
whereas lower numbers of retrogradely labeled cells were found caudally in cortical temporal
area 2 (Te2), ventrally in the ectorhinal and perirhinal cortices, and rostrally in the caudal part
of the insular cortex (Figs. 4B, 5C—F). In addition, a few CTB-labeled cells were visible in
layer V1 of the ventral part of the auditory cortex, immediately adjacent to the external capsule.
The number of labeled cells in layer VI increased in the ventral direction, with a high density
of labeled cells visible in the perirhinal cortex (Figs. 4B, 5C-F).

Apart from the region of the auditory cortex, the somatosensory and somatomotor cortices also
contained a significant number of retrogradely labeled neurons (Fig. 5A-E). Here, the labeled
cells were restricted to pyramidal cells of layer V.

Additional forebrain structures including the hippocampus, septum, basal ganglia, and basal
forebrain did not contain retrogradely labeled neurons (Fig. 5A-F). In turn, a small number of
retrogradely labeled neurons were present in the claustrum (Fig. 4B) and the anterior cortical
amygdaloid nucleus (Fig. 5B).

Thalamus—Most thalamic nuclei were not labeled with CTB following MPL injections. The
posterior intralaminar complex of the thalamus (the subparafascicular area medially and the
caudal paralaminar area laterally) was the only thalamic area that contained retrogradely
labeled cells following MPL injections. Thus, the magnocellular and parvicellular
subparafascicular nuclei as well as the surrounding periventricular gray, the posterior
intralaminar and suprageniculate thalamic nuclei, the peripeduncular nucleus, and the medial
nucleus of the medial geniculate body contained a high density of retrogradely labeled cells
(Fig. 5E-H). It is interesting to note that the distribution of retrogradely labeled cells in the
posterior intralaminar complex of the thalamus is similar to that of TIP39-immunoreactive
neurons in the area. However, double labeling showed that the vast majority of cells projecting
to the MPL were TIP39-negative (not shown).

Hypothalamus—The density of CTB-labeled cells was high in several regions of the
hypothalamus (Fig. 5A-D). The ventromedial nucleus contained the greatest density of CTB-
containing cells, particularly in its ventrolateral subdivison (Fig. 4D). A high density of
retrogradely labeled neurons was also present in the lateral preoptic area, whereas the medial
preoptic area contained only a few labeled cells (Fig. 4C). Different parts of the lateral
hypothalamic area also contained a high density of retrogradely labeled cells. A cell group in
the dorsolateral hypothalamic area, the area around the A13 catecholaminergic neurons, the
lateral hypothalamic area next to the internal capsule, and the perifornical nucleus had a high
density of CTB-labeled cells. In addition, a high density of retrogradely labeled cells was also
present in the zona incerta.

Midbrain—Different areas of the midbrain contained a very high density of labeled cells after
CTB injections into the MPL (Figs. 4E, 5F-J), including the periaqueductal gray, the inferior
colliculus, and the cuneiform nucleus. In the periaqueductal gray, a particularly high density
of labeled cells was present in the dorsomedial and lateral subdivisions throughout their
rostrocaudal extent, whereas the dorsolateral and ventrolateral divisions contained a somewhat
lower number of labeled cells (Figs. 4E, 5G-J). In the inferior colliculus, CTB-labeled cells
were restricted to the external and dorsal cortices, whereas the central nucleus contained no
retrogradely labeled cells (Figs. 4E, 51-J). In addition, the deep mesencephalic nucleus, the
nucleus of the brachium of the inferior colliculus, the precuneiform area, and the deep layers
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of the superior colliculus also contained a high density of CTB cells following MPL injections,
whereas in the medial and olivary pretectal nuclei, a moderate number of labeled cells were
present (Fig. 5F-J). In contrast, the substantia nigra, the red nucleus, the oculomotor nuclei,
and the interpeduncular nucleus did not contain CTB labeling (Fig. 5F-J).

Pons—Inthe pons, a high density of CTB-labeled cells following MPL injections was present
in the contralateral MPL. Interestingly, the vast majority of these retrogradely labeled cells did
not contain TIP39 immunoreactivity (not shown). Apart from the MPL, a moderate to high
number of labeled cells was also present in the nucleus of the central acoustic tract, the superior
paraolivary nucleus, and the periolivary area including the dorsal periolivary nucleus (Figs.
4E, 51-J). In addition, the periolivary area contained a moderate number of retrogradely labeled
cells contralaterally as well. Apart from the above mentioned sites, CTB-labeled cells were
present, albeit only in low density, in the parabrachial nuclei and the magnocellular portion of
the medial vestibular nucleus, whereas other regions in the pons including tegmental, pontine
reticular, and pontine nuclei did not contain retrogradely labeled cells.

Medulla oblongata and cerebellum—The cerebellum and most parts of the medulla
oblongata did not contain CTB-labeled cells following injection of the retrograde tracer in the
MPL. However, a moderate density of labeled cells was present in the external part of the
lateral paragigantocellular and spinal trigeminal nuclei. Furthermore, the intermediate reticular
nucleus contained a moderate number of labeled cells contralateral to the injection site.

Retrogradely labeled cell bodies following CTB injections into regions adjacent to the medial
paralemniscal nucleus

Several different injections adjacent to the MPL and indicated in Figure 4 were analyzed as
controls. For example, injection of CTB immediately dorsal to the MPL (Fig. 6A; injection
site 22 in Fig. 3) resulted in significant retrograde labeling in the ipsilateral periaqueductal
gray, particularly its dorsolateral subdivision (Fig. 6B), deep layers of the superior colliculus
(Fig. 6B), the supraoptic decussations, the peripeduncular area, and the external cortex of the
inferior colliculus but not in any other brain regions that project to the MPL including the
auditory cortex where only a few labeled cells were found probably resulting from the spread
of asmall amount of tracer into the MPL (Fig. 6C). Furthermore, injection into the intermediate
nucleus of the lateral lemniscus lateral to the MPL (Fig. 6D, injection site 14 in Fig. 3) resulted
in significant retrograde labeling in the contralateral ventral cochlear nuclei (Fig. 6E), and in
the ipsilateral superior olive but in none of the brain regions that project to the MPL including
the auditory cortex (Fig. 6F). Injection of CTB immediately dorsomedial to the MPL (injection
sites 17 and 23 in Fig. 3) resulted in ipsilateral retrograde labeling in the insular cortex, the bed
nucleus of the stria terminalis, the central amygdaloid nucleus, lateral preoptic and
hypothalamic areas, the hypothalamic paraventricular nucleus, the periaqueductal gray, and
the nucleus of the solitary tract but not in any other brain regions that project to the MPL.
Injection of CTB ventral to the MPL in the rubrospinal tract (injection site 7 in Fig. 3) resulted
in moderate retrograde labeling in the ipsilateral periaqueductal gray and the contralateral red
nucleus, suggesting some uptake by descending fibers but no labeling in other brain regions
that project to the MPL. In general, non-overlapping control injections resulted in labeling
patterns markedly different from those following MPL injections.

Anterogradely labeled fibers in the MPL following BDA injections into the hypothalamic
ventromedial nucleus and the auditory cortex

We chose the hypothalamic ventromedial nucleus and the auditory cortex to confirm the results
obtained by using a retrograde tracer because these brain areas contained a very high number
of retrogradely labeled cells, suggesting surprisingly massive projections to the MPL. These
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projections are also intriguing because they represent potential inputs from different regulatory
systems toward the MPL.

Following injection of the anterograde tracer BDA into the ventrolateral subdivision of the
hypothalamic ventromedial nucleus (Fig. 7A), a large number of labeled fibers appeared in
different brain regions, including, for example, the medial hypothalamus, the amygdala, and
the periaqueductal gray, in agreement with previous studies (Canteras et al., 1994). Significant
numbers of anterogradely labeled fibers were also present in the MPL with ipsilateral
predominance (Fig. 7B). Fibers and fiber terminals were evenly distributed within the MPL,
but they were not present in adjacent nuclei (Fig. 7B). The presence of terminals of the BDA
fibers was apparent on high-magnification images (Fig. 7C).

Following injection of BDA into the primary and secondary auditory cortices (Fig. 7D), labeled
fibers appeared in different brain regions including the contralateral auditory cortex, the medial
geniculate body, and the inferior colliculus, in agreement with previous studies (Roger and

Arnault, 1989;Arnault and Roger, 1990). Significant numbers of anterogradely labeled fibers
and fiber terminals were also present in the ipsilateral MPL but not in adjacent nuclei (Fig.

7E). The anterogradely labeled fibers were distributed evenly within the MPL (Fig. 7E). The
presence of terminals of the BDA fibers was apparent on high-magnification images (Fig. 7F).

DISCUSSION

This study shows that the MPL is distinct from the surrounding brain regions. In this discussion,
we define the MPL cytoarchitectonically as well as neurochemically. We also discuss the
afferent connections of the MPL in relation to the literature, and the potential functional
significance of the projections to the MPL.

The medial paralemniscal nucleus

The MPL has a characteristic cytoarchitecture resulting from the dorsoventrally oriented
columnar arrangement of its cells. Morphologically, we were able to distinguish three cell
populations within the nucleus, indicating that the MPL consists of heterogeneous cell
populations. The NeuN-negative cells are likely to be glial cells amounting to about one-third
of the cells in the MPL. Most of the neuronal cell population (75%) expresses TIP39, making
TIP39 neurons the largest cell group in the MPL. Apart from the expression of TIP39, TIP39-
positive and -negative neurons may have different functional characteristics. We have
demonstrated that only TIP39-negative paralemniscal neurons project to the contralateral MPL,
indicating a different projection pattern of the two types of neurons. The distributions of the
three cell populations overlap entirely, and all of them participate in the formation of cell
columns within the MPL. It is plausible that this cellular arrangement is an inherent property
of MPL,; alternatively, it might be due to the organization of the abundant tracts and fiber
bundles passing through the MPL and hence might differ in different species.

The cone-shaped structure of the MPL can be cytoarchitectonically distinguished from adjacent
brain regions in the lateral pontomesencephalic tegmentum based on the columnar arrangement
of its neurons, suggesting that it is a distinct nucleus. The rostral part of the MPL is embedded
between the pedunculopontine tegmental and the retrorubral nuclei from which the MPL is
separated by a zone of lower cell density. The dorsolateral and lateral borders of the MPL are
the dorsal and intermediate nuclei of the lateral lemniscus, respectively. Medially, the MPL
borders the oral part of the pontine reticular formation, which contains cells of markedly
different morphology from those in the MPL. In turn, the caudal borders of the MPL are the
Kaolliker-Fuse nucleus laterally and the region of the A7 cell group medially. Ventrally, the
MPL lies on the rubrospinal tract except for the medial part of its rostral half, where large
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acetylcholinesterase-positive cells of the epirubrospinal nucleus surround the rubrospinal tract
(Paxinos and Butcher, 1985).

Apart from the cytoarchitectonic differences, a distinct MPL is also supported by our finding
that the afferent connections of the MPL differ markedly from those of adjacent brainstem
nuclei. The lack of previous description of the MPL probably stems from the difficulty in
defining the area functionally and even topographically without neurochemical markers, which
may have contributed to the usage of different terminologies describing overlapping parts of
the paralemniscal region, as detailed in the Introduction. However, as far as we could judge,
only the area where neurons express Fos protein in response to suckling stimulus (Li et al.,
1999b) corresponds perfectly to the MPL.

Neuronal inputs to the medial paralemniscal nucleus

Labeled cells following CTB injections into the MPL represent cells that project to the MPL
(Lencer and Tsai, 2003). Neurons projecting to brain structures adjacent to the MPL are not
likely to contribute to retrogradely labeled cells following MPL injections because markedly
different patterns of labeled cells were seen after injections of tracers into adjacent nuclei. In
fact, fibers and fiber terminals arising from the auditory cortex and the hypothalamic
ventromedial nucleus that entered the lateral pontomesencephalic tegmentum were largely
confined to the MPL, confirming the results of CTB injections. The uptake of the tracer by
passing fibers in the MPL is also not likely to contribute to retrogradely labeled cells because
the origins of major fiber tracts in and around the MPL, the cochlear and superior olivary nuclei
for the lateral lemniscus and the red nucleus for the rubrospinal tract, were largely devoid of
labeling.

The MPL receives neuronal inputs from brain areas associated with auditory information
processing including the auditory cortex, the posterior intralaminar complex of the thalamus,
the deep layers of the superior colliculus, the inferior colliculus, and the periolivary area (Fig.
8). In addition, the MPL receives neuronal inputs from brain areas not known to be involved
primarily in auditory processing, such as the lateral preoptic area, the hypothalamic
ventromedial nucleus, parts of the lateral and dorsal hypothalamic areas, the zona incerta, the
periaqueductal gray, and the deep mesencephalic and cuneiform nuclei (Fig. 8). These afferent
connections of the MPL differ from the afferent connections of paralemniscal regions described
in previous studies such as the paralemniscal reticular formation (Hardy et al., 1983), and the
vocalization centers in squirrel monkey (Hannig and Jurgens, 2005). In turn, the afferent
connections of the MPL are somewhat similar to a site in the “lateral midbrain tegmental zone,”
which has been suggested to be involved in pinnae movement (Henkel, 1981), and the
paralemniscal vocalization center in the “paralemniscal tegmentum” in bats (Metzner, 1996).
Nevertheless, the cerebral cortical, intralaminar thalamic, and hypothalamic inputs
differentiate the MPL from these sites as well.

Our data are consistent, however, with reports of some previous anterograde studies. Although
the MPL was not recognized in a study of the efferent connections of the hypothalamic
ventromedial nucleus, the drawings clearly indicate fibers and fiber terminals of hypothalamic
ventromedial origin in the area corresponding to the MPL (Canteras et al., 1994). Similarly, a
recent study on auditory cortical-pontine projections in cat indicates a high density of
anterogradely labeled fibers in the area corresponding to the MPL following injection of
anterograde tracer in the auditory cortex (Perales et al., 2006).

Possible functions of neurons in the medial paralemniscal nucleus

Few functional data are available regarding the MPL. The paralemniscal vocalization center
of bats occupies a similar position medial to the intermediate nucleus of the lateral lemniscus.
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However, the bat vocalization center has partially different afferent connections, including, for
example, the superior olive and the dorsal nucleus of the lemniscus lateralis (Metzner, 1996).
Because of these discrepancies, it is difficult to suggest that the MPL has a function related to
vocalization in rats. Similarly, it is not apparent from the available data whether the MPL plays
arole in the pinnae movement, which involves a paralemniscal site in cats. Both of these
functions require projections toward the motor facial nucleus. Currently, we do not have a
complete understanding of the efferent projections of the medial paralemniscal neurons.
However, TIP39 fibers are not present in the motor facial nucleus (Dobolyi et al., 2003b),
suggesting that paralemniscal TIP39 neurons do not project there.

Based on its neuronal connections, the MPL seems to be intimately involved with the external
cortex of the inferior colliculus, suggesting that they are involved in overlapping functions. In
the present study we showed that the MPL receives major input from the external cortex of the
inferior colliculus. In addition, in a previous lesion study, we demonstrated that the particularly
dense network of TIP39 fibers in the external cortex of the inferior colliculus (Dobolyi et al.,
2003b) originates in the MPL (Dabolyi et al., 2003a). Therefore, as opposed to the auditory
cortex or the hypothalamic ventromedial nucleus, which do not contain TIP39 fibers, the
external cortex of the inferior colliculus is massively interconnected with the MPL. We also
demonstrated that the MPL, similar to the external cortex of the inferior colliculus (Herbert et
al., 1991; Winer et al., 1998), receives massive inputs from primary and secondary auditory
cortices. The massive corticocollicular pathway has been demonstrated to play a part in the
induction of Fos in the external cortex of the inferior colliculus (Burow et al., 2005; Sun et al.,
2007). We have previously demonstrated c-fos activation in the MPL in response to loud noise
(Palkovits et al., 2004) possibly resulting from the cortical and collicular inputs described. As
opposed to the central nucleus, neurons of the external cortex of the inferior colliculus do not
receive significant input from brainstem auditory relay nuclei other than the central nucleus of
the inferior colliculus itself (Faye-Lund and Osen, 1985; Saldafia and Merchn, 2005), and their
activity is not tonotopically organized (Clopton et al., 1974).

In turn, it has been suggested that neurons of the external cortex of the inferior colliculus are
sites for integration of auditory and somatosensory information (Zhou and Shore, 2006).
Neurons there may play a part in the modulation of vigilance and attention by auditory stimuli
(Jane et al., 1965) and may mediate cortical input on filtering (Bregman, 1990), e.g., based on
the global location of a sound in space (Middlebrooks et al., 1994). In addition, they may
regulate orientation behaviors, e.g., head and pinna movement and audio-vocal interfaces
(Thompson, 1997), provide information to a map of auditory space (King et al., 1998) and to
the coordination of responses to sound (Schuller et al., 1991), function as novelty detector
neurons (Perez-Gonzalez et al., 2005), and modulate the acoustic startle response (Yeomans
et al., 2002).

Based on its neuronal connections, the MPL's functions also seem to be related to that of the
posterior intralaminar complex of the thalamus, as defined previously (Ledoux et al., 1987).
The MPL receives input from the medially positioned subparafascicular area and the laterally
positioned caudal paralaminar area as well. Similarly to the MPL, both of these regions of the
posterior intralaminar complex of the thalamus contain TIP39 neurons (Dobolyi et al.,
2003b). Interestingly, however, predominantly TIP39-negative neurons project to the MPL.
This relationship is similar to our previous finding that TIP39-negative neurons of the MPL
project to the subparafascicular area (Wang et al., 2006b). A further connection between the
posterior intralaminar thalamic complex and the MPL is the massive input from the
hypothalamic ventromedial nucleus and the inferior colliculus (Ledoux et al., 1987; Coolen et
al., 2003; Wang et al., 2006b). The posterior intralaminar complex of the thalamus has been
suggested to process auditory inputs to emotional brain centers (LeDoux et al., 1990).
Furthermore, stimulation (Shimura and Shimokochi, 1991), lesion (Maillard and Edwards,
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1991), and activation studies (Coolen et al., 1997; Holstege et al., 2003) have implicated the
subparafascicular area in sexual functions. In particular, TIP39 neurons have been shown to
be activated following male sexual behavior (Wang et al., 20063).

Based on its input from reproductive brain centers (Sachs and Meisel, 1988; Numan and
Sheehan, 1997; Simerly, 2002) including the subparafascicular area, the lateral preoptic area,
the estrogen receptor-expressing ventrolateral subdivision of the hypothalamic ventromedial
nucleus (Lauber et al., 1991; Shughrue et al., 1997), and the periaqueductal gray, the MPL
might also play arole in some reproductive behaviors. In fact, c-fos activation has been reported
in the “caudal portion of the paralemniscal nucleus” immediately dorsolateral to the A7 cell
group following suckling stimulus (Li et al., 1999b). The activated neurons have been
suggested to exert an action on lactation via their projections to the arcuate nucleus (Li et al.,
1999a). The paralemniscal region has also been implicated in brainstem pain-regulatory
systems based on changes in the activity of its neurons in response to noxious stimuli (Hardy
et al., 1983) and analgesic effects of its stimulation (Haws et al., 1989; Zhao and Duggan,
1988). Because TIP39 affected nociceptive information transmission (Dobolyi et al., 2002)
and pain-related affective behaviors (LaBuda and Usdin, 2004), it is possible that TIP39
neurons in the MPL contribute to these actions.

In conclusion, we have provided a cytoarchitectonic identification of the medial paralemniscal
nucleus in the lateral pontomesencephalic tegmentum of the rat. This nucleus contains the
newly identified neuropeptide TIP39. We have also described the afferent neuronal
connections of the medial paralemniscal nucleus, which suggests major auditory and
hypothalamic inputs to the nucleus.
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Abbreviations

ACao, anterior cortical amygdaloid nucleus

Ag, cerebral aqueduct

AudCx, auditory cortex

AuV, ventral part of the secondary auditory cortex
Aul, primary auditory cortex

A7, A7 noradrenergic cell group

A13, A13 dopaminergic cell group

BIC, nucleus of the brachium of the inferior colliculus
BNST, bed nucleus of the stria terminalis

cc, corpus callosum

Cl, claustrum

CnF, cuneiform nucleus

CP, caudate putamen

DLL, dorsal nucleus of the lateral lemniscus

DLPAG, dorsolateral division of the periaqueductal gray
DpMe, deep mesencephalic nucleus

ECIC, external cortex of the inferior colliculus

EGP, external globus pallidus

f, fornix
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ic, internal capsule

IC, inferior colliculus

IPAC, posterior interstitial nucleus of the anterior commissure
JPLH, juxtaparaventricular lateral hypothalamic area
LH, lateral hypothalamic area

ILL, intermediate nucleus of the lateral lemniscus
KF, Kolliker-Fuse nucleus

LH, lateral hypothalamic area

LPGi, lateral paragigantocellular nucleus

LPO, lateral preoptic area

LV, lateral ventricle

mcp, medial cerebellar peduncle

MG, medial geniculate body

MGM, medial nucleus of the medial geniculate body
MPA, medial preoptic area

MPL, medial paralemniscal nucleus

MPT, medial pretectal nucleus

mSPF, magnocellular subparafascicular nucleus
mt, mamillothalamic tract

MVe, medial vestibular nucleus

MVeMC, magnocellular part of the medial vestibular nucleus
M1, primary somatomotor cortex

M5, motor trigeminal nucleus

ot, optic tract

PA, periolivary area

PAG, periaqueductal gray

PIL, posterior intralaminar thalamic nucleus

PL, paralemniscal nucleus

PnO, pontine reticular nucleus, oral part

PP, peripeduncular nucleus

PPTg, pedunculopontine tegmental nucleus
PrCnF, precuneiform area

PRh, perirhinal cortex

PVN, paraventricular nucleus of the hypothalamus
py, pyramidal tract

RR, retrorubral nucleus

rs, rubrospinal tract

SC, superior colliculus

scp, superior cerebellar peduncle

SG, suprageniculate thalamic nucleus

SN, substantia nigra

SOC, superior olivary complex

SPF, subparafascicular area

Sp5, spinal trigeminal nucleus

Sp50, spinal trigeminal nucleus, oral part

S1, primary somatosensory cortex

TIP39, tuberoinfundibular peptide of 39 residues
VCA, ventral cochlear nucleus, anterior subdivision
VLL, ventral nucleus of the lateral lemniscus
VMH, hypothalamic ventromedial nucleus

Z1, zona incerta

3V, third ventricle

4V, fourth ventricle
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7n, facial nerve
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Fig. 1.

The cytoarchitecture of the medial paralemniscal nucleus in cresyl-violet stained sections. A1
A3: Coronal sections. B1-B3: Sagittal sections. C1-C3: Horizontal sections. Drawings on the
left (A1, B1, C1) are modifications of panels in rat brain stereotaxic atlases (Paxinos and
Watson, 1998, 2005). Panels in the middle (A2, B2, C2) correspond to the area containing
MPL in the drawings. Dotted lines indicate the cytoarchitectonic borders of MPL. Panels on
the right (A3, B3, C3) are high-magnification photomicrographs of MPL shown in the middle
panels. Small arrows point to the medial paralemniscal nucleus, and large arrows in the right
panels indicate the orientation of cell columns in the MPL. For abbreviations, see list. Scale
bar =500 pum in C2 (applies to A2—C2); 100 um in C3 (applies to A3-C3).
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Fig. 2.

Demonstration of TIP39- and NeuN-immunoreactive neurons in the cytoarchitectonically
defined medial paralemniscal nucleus. A1-A3, D1-D3: Coronal sections. B1-B3: Sagittal
sections. C1-C3: Horizontal sections. A1,B1,C1,D1: Sections are stained with the red
fluorescent Nissl dye, and the picture is artificially made magenta. Arrows point to the medial
paralemniscal nucleus. A2,B2,C2: The position of TIP39 neurons is demonstrated by green
fluorescent immunolabeling in the same field of the same sections as A1, B1, and C1. D2: The
same field as D1 is shown double labeled with the red fluorescent Nissl dye (magenta) and
NeuN (green). The Nissl dye and NeuN co-localizes in all the neurons indicated by their white
color. A3, B3, C3, and D3 are high-magnification confocal photomicrographs. The fields
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correspond to MPL in the middle panels. For abbreviations, see list. Scale bar =500 um in D2
(applies to A1-D2); 100 um in D3 (applies to A3-D3).
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Fig. 3.

Locations and sizes of cholera toxin B subunit (CTB) injections into and around the MPL.
A,C: Brain sections at —7.92 mm (A), and —-8.64 mm (C) from the level of the bregma show
control injection sites rostral (A) and caudal (C) to the MPL, respectively. B: Brain section at
—8.28 mm shows injection sites in the MPL and control injection sites into adjacent areas. The
numbers of injection sites correspond to the animal's number in the protocol of the study. The
drawings of brains are adapted and modified from the atlas of Paxinos and Watson (2005). For
abbreviations, see list.
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Fig. 4.

Topographical distrbution of retrogradely labeled neurons after CTB injection into the MPL.
A: The CTB injection site (magenta) is shown in relation to TIP39-immunoreactive neurons
(green) in a double fluorescent labeled coronal section. The injection site covers most of the
MPL. B-F: Photomicrographs of coronal sections single labeled with DAB
immunocytochemistry demonstrate retrogradely labeled neurons in the same brain. B: A high
density of retrogradely labeled neurons is shown in layer V of the primary auditory cortex and
the ventral secondary auditory cortex. Labeled cells in a lower density are present in layers Vi
and V of the perirhinal cortex and layer V1 of the ventral secondary auditory cortex. C:
Retrogradely labeled neurons are distributed in the preoptic region. D: A high density of
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retrogradely labeled neurons in the ventrolateral subdivision of the hypothalamic ventromedial
nucleus, the dorsolateral hypothalamic area, the area of the A13 dopamine cell group, and the
zona incerta. Scattered cells are also present in the lateral hypothalamus. E: Retrogradely
labeled neurons are abundant in the dorsal periaqueductal gray, the cuneiform nucleus, and the
external cortex of the inferior colliculus (arrowheads). In contrast, the central nucleus of the
inferior colliculus is devoid of labeled neurons. F: Retrogradely labeled cells are concentrated
in the periolivary area immediately dorsal to the superior olive. For abbreviations, see list.
Scale bar =500 um in A; 1 mm in F (applies to B—F).
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Fig. 5.

A-P: Schematic illustrations of the afferent connections of the MPL. The distribution of CTB-
containing cells following CTB injections restricted to the MPL is from injections No. 1, 13,
15, and 18, shown in Figure 3. Dots represent labeled cells in corresponding single 50-um
sections. For abbreviations, see list.
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Fig. 6.

Location of retrogradely labeled neurons following control injections into areas adjacent to the
MPL. A: Injection into the paralemniscal region immediately dorsal to the MPL. The CTB
injection site (magenta) overlaps only slightly with the MPL containing TIP39-
immunoreactive neurons (green). B: Photomicrographs of coronal sections single labeled with
DAB immunocytochemistry demonstrate retrogradely labeled neurons in the periaqueductal
gray and the superior colliculus of the same brain. C: In contrast, the auditory cortex contains
only afew labeled neurons. D: Injection into the intermediate nucleus of the lemniscus lateralis.
The CTB injections site (magenta) is located lateral to the MPL containing TIP39-
immunoreactive neurons (green). E: Photomicrographs of coronal sections single labeled with
DAB immunocytochemistry demonstrate a very high number of retrogradely labeled neurons
in the contralateral ventral cochlear nucleus and a less moderate labeling in the magnocellular
medial vestibular nucleus of the same brain. F: In contrast, the auditory cortex contains no
labeled neurons. For abbreviations, see list. Scale bar = 500 um in D (applies to A,D); 1 mm
in F (applies to B,C,E,F).
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Fig. 7.

Projections from the hypothalamic ventromedial nucleus and the auditory cortex to the MPL.
A: BDA injection site in the ventrolateral subdivision of the hypothalamic ventromedial
nucleus. B: In the same brain, anterogradely labeled fibers (green) are distributed among
TIP39-immunoreactive neurons (magenta) in the MPL. C: High-magnification confocal
images suggest BDA-containing nerve terminals in the MPL. D: BDA injection sites in the
primary and secondary auditory cortices. E: In the same brain, anterogradely labeled fibers
(green) are distributed among TIP39-immunoreactive neurons (magenta) in the MPL. F: High-
magnification confocal images suggest BDA-containing nerve terminals in the MPL. For
abbreviations, see list. Scale bar =500 um in D (applies to A,D); 300 um in E (applies to B,E);
50 pin F (applies to C,F).

J Comp Neurol. Author manuscript; available in PMC 2009 November 10.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

VARGA et al. Page 28

AudCx

[ \
LPO/” ymH \Q
‘ LH MQ ) 0

Fig. 8.

Schematic summary of brain areas that send significant projection to the MPL. A projection
was considered significant if more than five retrogradely labeled cells were present in a section
of the area following the injection of retrograde tracer into the MPL. Projections are indicated
from the auditory cortex, the lateral preoptic area, the hypothalamic ventromedial nucleus, the
lateral hypothalamic area, the subparafascicular area of the thalamus, the posterior intralaminar
thalamic nucleus, the medial nucleus of the medial geniculate body, the zona incerta, deep
layers of the superior colliculus, the periaqueductal gray, the cuneiform nucleus, the external
cortex of the inferior colliculus, and the periolivary area. For abbreviations, see list.

J Comp Neurol. Author manuscript; available in PMC 2009 November 10.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

VARGA et al. Page 29

TABLE 1
Brain Areas Containing Retrogradely Labeled Cells Following Cholera Toxin B (CTB) Injection Into the Medial

Paralemniscal Nucleus?!

Area Density

Forebrain

Cerebral cortex

Prefrontal cortex 0
Somatomotor cortex +
Somatosensory cortex +
Visual cortex 0

Auditory cortex

Primary auditory cortex ++
Secondary auditory cortex ventral part +++
Secondary auditory cortex dorsal part ++
Ectorhinal cortex +
Perirhinal cortex ++
Insular cortex +
Claustrum +
Hippocampus 0
Amygdala
Anterior cortical nucleus +
Septum 0
Caudate-putamen 0
Basal forebrain 0

Diencephalon

Thalamus
Subparafascicular area ++
Posterior intralaminar thalamic nucleus ++
Peripeduncular nucleus ++
Suprageniculate nucleus ++

Medial geniculate body
Medial nucleus ++
Subthalamic nucleus 0

Hypothalamus

Lateral preoptic area ++
Medial preoptic area +
Dorsal hypothalamic area +

Lateral hypothalamic area

Juxtaparaventricular part ++
Tuberal part ++
Peduncular part ++
Perifornical area ++

Hypothalamic ventromedial nucleus

Ventrolateral subdivision o+
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Area Density
Central subdivision ++
Dorsomedial subdivision +
Zona incerta ++
Midbrain
Medial pretectal nucleus +
Olivary pretectal nucleus +
Periaqueductal gray
Dorsomedial subdivision +++
Dorsolateral subdivision ++
Lateral subdivision +++
Ventrolateral subdivision ++
Deep mesencephalic nucleus ++
Superior colliculus
Superficial layers 0
Intermediate layers +
Deep layers ++
Inferior colliculus
Central nucleus 0
Dorsal cortex ++
External cortex +++
Nucleus of the brachium ++
Precuneiform area ++
Cuneiform nucleus +++
Pons
Medial paralemniscal nucleus, contralateral ++
Nucleus of the central acoustic tract +
Periolivary area ++
Superior paraolivary nucleus +
Parabrachial nuclei +
Medial vestibular nucleus
Magnocellular part +
Medulla oblongata
Lateral paragigantocellular nucleus +
Spinal trigeminal nucleus +
Intermediate reticular nucleus, contralateral +
Cerebellum 0

Brain regions where we did not observe labeled cells are not included or are marked with 0 density. +, 1-5 cells/section; ++, 6-15 cells/section; +++,

more than 15 cells/section.
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