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Abstract

The distribution of hypothalamic neurons expressing the peptides melanin-concentrating hormone
(MCH; 'MCH neurons') or hypocretin/orexin (H/O; 'H/O neurons') was assessed with
immunocytochemistry in male rats at high spatial resolution. Data were plotted on a rat brain atlas
that includes a recently revised parcellation scheme for the lateral hypothalamic zone. Quantitative
analysis revealed approximately three times more MCH neurons than H/O neurons in the
hypothalamus, and approximately twice as many within the parcellations of the lateral hypothalamic
area (LHA). The LHA contained 60% of MCH neurons and 81% of H/O neurons, and the same five
LHA regions contained the vast majority of MCH (87%) or H/O (93%) neurons present within the
LHA: namely the LHA dorsal region (LHAd: 31% of H/O; 38% of MCH), suprafornical region
(LHAS: 28% of H/O; 11% of MCH), ventral region medial zone (LHAvm: 15% of H/O; 16% of
MCH), juxtadorsomedial region (LHAjd: 14% of H/O and MCH) and magnocellular nucleus
(LHAm: 5% of H/O; 7% of MCH). The zona incerta (ZI) contained 18% of MCH neurons. A high
co-abundance of MCH and H/O neurons outside of the LHA was present in the posterior
hypothalamic nucleus (PH: 11% of H/O; 9% of MCH). Morphological analysis revealed MCH and
H/O neurons as typically tri-polar with irregularly shaped somata. These data provide a quantitative
analysis of neurons expressing either MCH or H/O peptides within the rat hypothalamus, and they
clarify differences in the distribution pattern for different subsets of these neuron types, especially
within the LHA.
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Introduction

Recent studies of LHA neural projections [1] have enhanced our understanding of the
organization of this highly differentiated region. These ongoing studies give purpose to a
reevaluation of neuron types present within the LHA; foremost among these are two neuron
populations that are mostly restricted to the LHA -- namely neurons expressing either MCH
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[2-9] or H/O [2;3;10-14]. The distribution of MCH and H/O mRNA expression was
reevaluated recently with reference to a revised LHA parcellation scheme [15]; it was found
to be in general agreement with previous studies, with some exceptions. Notably, several earlier
studies indicated the presence of either the peptide or mMRNA for H/O or MCH in several extra-
LHA nuclei that in the study of Swanson et al. [15] were found to express neither mRNA.
Specifically, the presence of H/O-expressing neurons was reported previously in subthalamic-
[16] and arcuate [17] nuclei; MCH-expressing neurons were previously reported in the
paraventricular hypothalamic nucleus (PVH) [7;18], dorsal tuberomammillary nucleus (TMd)
[19] and reticular thalamic nucleus (RT) [6]. These differences were attributed to a less rigorous
cytoarchitectonic analysis in the earlier studies.

One aim of this study was to provide a rigorous cytoarchitectonic analysis of neurons
expressing MCH or H/O peptides, as a comparison work to the previous analysis of H/O and
MCH mRNA distribution [15], using the same cytoarchitectonic criteria [20]. A second aim
was to perform a quantitative analysis, complimented by a basic morphological analysis, of
hypothalamic neurons expressing either MCH or H/O peptides. The goal was to provide a
clearer basis from which to examine possible differences between different subsets of neurons
in the lateral hypothalamic zone, and in particular the LHA, that express either MCH or H/O.

Five adult male rats (300 — 350 g; Sprague Dawley, Harlan Laboratories) were used in these
experiments, in accord with NIH Guidelines for the Care and Use of Laboratory Animals;
protocols were approved by the University of Southern California Institutional Animals Care
and Use Committee. The following methods have fuller previous description, see [1].
Transverse sections were obtained from 4% paraformaldehyde fixed tissue on a freezing
microtome at a thickness of 25 um, and divided sequentially into 5 series. One series of sections
from each brain was processed for immunocytochemical detection of MCH (rabbit anti-MCH;
'PBL-234', gift of P. Sawchenko)[4]; a second series was processed for detection of H/O (rabbit
anti-preproH/O; '2050', gift of L. de Lecea)[10]; a third series was stained with thionin. It is
noteworthy that two hypocretin peptides, designated A and B, have been identified -- derived
from the common precursor molecule preproH/O [10]. By selecting an antibody directed at the
latter, the aim was to identify all hypocretin neurons. In contrast, the MCH precursor molecule,
preproMCH, is also a precursor for neuropeptide-glutamic acid-isoleucine (NEI) and
neuropeptide-glycine-glutamic acid (NGE) see [21] -- hence the selection of an antibody
capable of recognizing MCH but not its precursor molecule, see [4]. Primary antibodies were
followed by biotinylated donkey anti-rabbit secondary antibodies (Jackson ImmunoResearch
Labs) and then an avidin-biotin-horseradish peroxidase complex (Vector ABC Elite kit; Vector
Labs); 3,3'-Diaminobenzidine (Sigma) was used to visualize the labeling. Sections processed
for detection of MCH or H/O were matched with adjacent thionin stained sections and camera
lucida drawings were made with a 10x objective. In these drawings labeled cells and boundaries
between regions evident from the Nissl cytoarchitecture were identified and marked, with
reference to a rat brain atlas [20]; a 100x objective was used to produce drawings of individual
neurons. A labeled cell was marked as present when its nucleus was visible within a given
section; analysis was restricted to one side (right) of the brain. The total counted MCH and H/
O neurons was the sum of counted neurons in 2 series (i.e. 1 series each for MCH and H/O)
out of 5 series of sections processed from each of 5 brains. The data so obtained was transferred
to template levels of Swanson's rat brain atlas, in which further details of the strategy for
mapping results from multiple animals to a reference atlas are described [20].
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The spatial distribution results are presented on a reference map series (Fig. 1). The number
of counted cells per region in the lateral hypothalamic zone on the right side of the brain for
the five experiments (summed) is shown in tabular form (Table 1). Two additional figures
show the morphology representative of individual MCH (Fig. 2) or H/O (Fig. 3) neurons in
regions where they were most abundant. The present results are in close general agreement
with those of Swanson et. al. [15] and both studies confirm the absence of previously reported
MCH neurons in the PVH [7;18], TMd [19] and RT [6]; and H/O neurons in subthalamic
[16] and arcuate [17] nuclei. The present study confirms the previous finding that the caudal
half of the hypothalamus contains the vast majority of MCH and H/O neurons [15]. More
specifically, in the present study 91% of MCH neurons and 97% of H/O neurons were caudal
to the level of the PVH; furthermore, about half (52%) of all MCH neurons and about two-
thirds (67%) of all H/O neurons were mapped to just two atlas levels -- levels 29 and 30 that
also contain the major part of the dorsomedial hypothalamic nucleus (DMH) [20]. Also in
agreement, the present and earlier study [15] indentify the LHAjd, LHAs, LHAd, LHAm and
LHAvm as the LHA regions containing a preponderance of MCH and H/O neurons; the present
study also confirms that MCH neurons have substantially wider extent than H/O neurons.

However, there are also several apparent (though essentially minor) differences between the
two studies. First, in the study of Swanson et al. [15], MCH neurons were mapped farther
rostral than in the present study. Whereas in the present study the most rostrally mapped MCH
neuron was present in the ZI at a midrostrocaudal level of the PVH (atlas level 25; Fig. 1), the
earlier study mapped MCH neurons through ventral regions of the lateral hypothalamic zone
to a level rostral to the PVH (atlas level 20); however, the more rostrally located MCH neurons
were notably sparse (see Fig. 1 of [15]). Nevertheless they were mapped to four regions in
which we observed no MCH neuron, namely: lateral preoptic area, magnocellular nucleus (the
part of the pallidum ventral to the substantia innominata), nucleus of the diagonal band, and
layer 3 of the olfactory tubercle. Also in the previous study [15], isolated MCH and H/O neurons
were mapped to several additional regions in which we observed neither neuron; for MCH
these included the LHAjp and a region dorsal to the posterodorsal part of the medial amygdala;
for H/O they included LHA intermediate- ventral- and ventral region lateral zones, lateral- and
medial parvicellular parts of the PVH, substantia innominata, and the subventricular part of
the tuberal nucleus; in addition, a small cluster of H/O neurons were mapped in the earlier
study to the LHA parvicellular region (see Fig 1., atlas level 28 of [15]). Furthermore, in the
present study relatively few (<1% of total counted) MCH and H/O neurons were mapped to
several regions that in the earlier work were reported to contain none; for MCH these included
the anterior hypothalamic nucleus (anterior part), DMH (posterior and ventral parts; DMHp/
v) and the LHA anterior region, dorsal zone; for H/O they also included the DMHp and DMHy,
as well as the LHAjp, and the hypothalamic subparaventricular zone. In addition to these
differences between the studies, the relative abundance and distribution of either neuron type
appears to differ substantially in certain regions. Thus, in comparison to the earlier work (see
Fig. 1 and Fig. 2 of [15]), in the present study a dense cluster of MCH neurons is apparent in
the posterior part of the hypothalamic periventricular nucleus (PVp; Fig. 1, level 32); in
addition, the density and relative abundance of MCH and H/O neurons in the present study is
evidently higher in the LHAs, LHAvm and PH (compare Fig. 1 levels 28-32 of the present
study to Fig 1. of [15]).

Discussion

Overall, the present results are in broad agreement with those of Swanson et al. [15]. However
differences, relatively minor, are also apparent; some of the more likely possibilities to account
for these are discussed here. Firstly, there are a host of possible confounds inherent to the use
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of immunocytochemistry [22;23]. Thus, although the antibodies used in the current study were
previously characterized for their ability to recognize either MCH or ppH/O peptides to the
exclusion of other molecules, see [4;10], the possibility of false positive or negative results
cannot be eliminated entirely [22;23]. Secondly, there could be differences between the levels
of MCH and/or ppH/O mRNA and that of the peptides, such that one or other was not detected,
depending on the sensitivity of the techniques. For example, certain neuropeptides may only
be detected in the soma when an artificial manipulation is employed to raise their concentration
-- use of colchicine being a classic example [24]. However, the opposite may also be true, such
that the level of a neuropeptide may under certain conditions increase relative to the level of
its MRNA, e.g. [25]. Thirdly, in the present study the number of neurons plotted for each atlas
level equals the number counted in a 25-um-thick transverse section for 5 brains; whereas in
the previous study the number approximates to that seen in a single 15-um-thick section from
asingle brain -- although it should be noted that the latter was compared to the results of several
experiments and was qualitatively representative of them all [15] -- this representational
difference could account for apparent differences in distribution abundance (for example in
the PH). A fourth source of possible differences is mapping errors, which are bound to occur
to some degree; however, the latter is likely to have been negated somewhat by use of the same
rat brain atlas and approach to mapping [20] -- the overall similarity of the data sets suggests
further that mapping errors were not a major factor.

The present findings provide a general confirmation that the distribution of neurons expressing
H/O and MCH peptides is very similar to their distribution as indicated by the presence of
MCH and H/O neuron mRNA [15]. The morphological analysis revealed a typical tri-polar
dendritic structure emerging from the somata of MCH and H/O LHA neurons (Fig. 2,Fig. 3);
qualitatively, no obvious pattern of structural differences could be discerned for different
subsets of either neuron type. These findings identify the MCH and H/O neurons as a type
described previously as iso-dendritic [26]; the latter description aligns with a traditional view
of the LHA as a rostral extension of the brainstem reticular formation [27;28]. However, the
spatial analysis shows clear differences between different subsets of MCH and H/O neurons,
and these differences do correlate to a growing body of evidence indicating multiple different
properties for subsets of either neuron type. For example, differential projections have been
described for different subsets of MCH [5-7;19;29-34] and H/O [34-36] neurons. Similarly,
different functional properties have been suggested for, or attributed to, subsets of MCH [37]
and H/O [38-40] neurons. In addition, different coexpression by subsets of MCH and H/O
neurons of various neurochemicals has also been shown [5;41-43]. Furthermore, it is also
noteworthy that sexually dimorphic extra-hypothalamic [44] and extra-LHA [45] expression
of MCH has been reported; it remains to be determined whether or not sexually dimorphic
expression of MCH might also occur in the LHA. Clearly it is also critical to compare these
finding across species. Finally, although it was not within the scope of this study to provide an
estimate of MCH and H/O cell number in the rat -- such analysis is not simple, see [46;47] --
a future study to address this could be a useful addition . The present study, together with the
study of Swanson et al. [15] provide a reference atlas that may be of use to the investigator
who seeks to study differential properties between different subpopulations of hypothalamic
MCH and H/O neurons.
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Figure 1.
Distribution of MCH- and ppH/O-immunoreactive somata from 5 adult male rats plotted on a

reference atlas of the rat hypothalamus; the lateral hypothalamic zone is colored yellow. Each
colored dot represents a single MCH (red) or H/O (blue) neuron; the dots are semi-transparent
such that overlapping MCH or H/O neurons are indicated by greater color saturation or shades
of purple. The number of plotted cells equals that counted in 2 series (one each for MCH and
one for H/O) from 5 series of 25-um-thick transverse sections obtained from 5 different rats.
Immunoreactive somata were mapped with camera lucida from adjacent series of sections and
with reference to an additional series from the same rats stained with thionin. The diagram

upper left indicates in midsagittal view the location and extent of the reference atlas levels on
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to which data were plotted. For lateral zone abbreviations see Table 1, other: AHN, anterior
hypothalamic nucleus; ARH, arcuate nucleus; cpd, cerebral peduncle; DMHa,p,v, dorsomedial
nucleus anterior, posterior, ventral parts; FF, fields of Forel; fx, fornix; I, internuclear area; int,
internal capsule; MEA, medial amygdalar nucleus; mtt, mammillothalamic tract; opt, optic
tract; PH, posterior hypothalamic nucleus; pm, principal mammillary tract; PMd,v, dorsal and
ventral premammillary nuclei; PR, perireuniens nucleus; PVH paraventricular nucleus; PVHT,
PVH forniceal part; PVi, intermediate periventricular nucleus; PVp, posterior periventricular
nucleus; RE, nucleus reuniens; RT, reticular nucleus; SBPV, subparaventricular region; Sl,
substantia innominata; SO, supraoptic nucleus; sup, supraoptic commissures; TMd, dorsal
tuberomammillary nucleus; V3h, third ventricle hypothalamic part; VV3m, third ventricle
mammillary recess; vlt, ventrolateral hypothalamic tract; VM, ventral medial nucleus;
VMHdm, ventromedial nucleus dorsomedial part; ZI, zona incerta; ZIda, ZI dopaminergic

group.
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melanin concentrating
hormone

Figure 2.

Examples of individual neurons immunoreactive for MCH (Fig. 2) or ppH/O (Fig. 3) within
the LHA. 2A, B and 3A-C, photomicrographs showing MCH (2A, B) and ppH/O (3A-C)
immunoreactive (ir) neurons within the lateral hypothalamic zone. The soma and dendrites of
selected neurons within subregions of the LHA (identified with reference to corresponding
thionin stained sections) were drawn with camera lucida. Individual neurons were traced as
far as visible within 25-um-thick transverse sections. Drawings are stippled and shaded to
enhance the appearance of 3-dimensions. The location of each drawn neuron is indicated by
an arrow on the photomicrograph with a corresponding letter(s) indicating LHA subdivision.
For reference, approximate neuron location is shown on a corresponding rat brain atlas --
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asterisks indicate approximate location of drawn neurons in each figure. Abbreviations: d, jd,
m, s, vm, (respectively) LHA -dorsal region, -juxtadorsomedial region, -magnocellular
nucleus, -suprafornical region, -ventral region medial zone; fx = fornix; for other atlas
abbreviations see Fig. 1. Bars = 200 um photomicrographs, 20 pum drawings.
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Figure 3.

Examples of individual neurons immunoreactive for MCH (Fig. 2) or ppH/O (Fig. 3) within
the LHA. 2A, B and 3A-C, photomicrographs showing MCH (2A, B) and ppH/O (3A-C)
immunoreactive (ir) neurons within the lateral hypothalamic zone. The soma and dendrites of
selected neurons within subregions of the LHA (identified with reference to corresponding
thionin stained sections) were drawn with camera lucida. Individual neurons were traced as
far as visible within 25-um-thick transverse sections. Drawings are stippled and shaded to
enhance the appearance of 3-dimensions. The location of each drawn neuron is indicated by
an arrow on the photomicrograph with a corresponding letter(s) indicating LHA subdivision.
For reference, approximate neuron location is shown on a corresponding rat brain atlas --
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asterisks indicate approximate location of drawn neurons in each figure. Abbreviations: d, jd,
m, s, vm, (respectively) LHA -dorsal region, -juxtadorsomedial region, -magnocellular
nucleus, -suprafornical region, -ventral region medial zone; fx = fornix; for other atlas
abbreviations see Fig. 1. Bars = 200 um photomicrographs, 20 pum drawings.
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Number (and relative percentage) of MCH- and ppH/O immunoreactive neurons counted within regions of the
lateral hypothalamic zone. The values equate to the sum of neurons counted in 2 series (i.e. 1 series for each

peptide) from 5 series of 25-um-thick transverse sections obtained from 5 rats.

Counts of MCH and H/O neurons

MCH

H/O

Region of lateral hypothalamic zone count % count %
LPO (lateral preoptic area) 0 0 0
LHAag (anterior group) -- -- -- -
LHAad (dorsal zone) 2 <1 3 <1
LHAai (intermediate zone) 0 0 0 0
LHAav (ventral zone) 2 <1 0 0
RCH (retrochiasmatic area) 0 0 0 0
LHAmMg (middle group) -- - -- -
LHAmt (medial tier) -- -- - -
LHAjp (juxtaparaventricular region) 0 0 2 <1
LHAjd (juxtadorsomedial region) 379 14 184 14
LHAjv (juxtaventromedial region) -- -- - -
LHAjvd (dorsal zone) 67 2 33 3
LHAjvv (ventral zone) 127 5 27 2
LHApf (perifornical tier) -- -- - -
LHAs (suprafornical region) 304 11 365 28
LHASf (subfornical region) -- -- - -
LHAsfa (anterior zone) 1 <1 0 0
LHASsfp (posterior zone) 30 1 5 <1
LHAsfpm (premammillary zone) -- -- - -
LHAI (lateral tier) - - - --
LHAd (dorsal region) 1019 37 393 31
LHAV (ventral region) -- -- - -
LHAvm (medial zone) 435 16 196 15
LHAVI (lateral zone) 14 1 0 0
LHApc (parvicellular region) 32 1 0 0
LHAm (magnocellular nucleus) 177 6 61 5
TU (tuberal nucleus) -- -- - -
TUsv (subventromedial part) 0 0 0 0
TUi (intermediate part) 0 0 0 0
TUTte (terete subnucleus) 0 0 0 0
TUI (lateral part) 17 1 0 0
LHApg (posterior group) -- -- - -
LHAp (posterior group) 62 2 15 1

Neurosci Lett. Author manuscript; available in PMC 2011 January 1.



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

1duosnue Joyiny vd-HIN

Hahn

Counts of MCH and H/O neurons

MCH H/O
Region of lateral hypothalamic zone count % count %
PST (preparasubthalamic nucleus) 86 3 0 0
PSTN (parasubthalamic nucleus) 3 <1 0 0
STN (subthalamic nucleus) 0 0 0 0
Total (n =5) 2757 1284
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