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Abstract
Orexin/hypocretin (Orx) neurons are critical for the maintenance of waking in association with
behavioral arousal and postural muscle tone, since with their loss narcolepsy with cataplexy occurs.
Given that basal forebrain (BF) neurons project to the hypothalamus and play important diverse roles
in sleep/wake states, we sought to determine whether acetylcholine (ACh), glutamate (Glu), and/or
GABA-releasing BF neurons innervate and could thereby differentially regulate the Orx neurons.
From discrete injections of biotinylated dextran amine (BDA, 10,000 MW) into the magnocellular
preoptic nucleus (MCPO) and substantia innominata (SI) in the rat, BDA-labeled fibers projected to
the lateral hypothalamus (LH), perifornical area (PF), and dorsomedial hypothalamus (DMH), where
~41%, ~11%, and 9% of Orx-positive (+) neurons were respectively contacted in each region.
Employing triple fluorescent staining for Orx, BDA, and presynaptic vesicular (V) transporters (T),
we found that only 4% of the innervated Orx+ neurons in the LH were contacted by BDA+ [VAChT
+] terminals, whereas ~31% and ~67% were respectively contacted by BDA+ [VGluT2+] and BDA
+ [VGAT+] terminals. In 3D-rendered and rotated confocal images, we confirmed the latter contacts
and examined staining for postsynaptic proteins PSD-95, a marker for glutamatergic synapses, and
gephyrin, a marker for GABAergic synapses, that were located on Orx+ neurons facing BDA-labeled
terminals in ~20% and ~50% of contacts, respectively. With such synaptic input, BF glutamatergic
neurons can excite Orx neurons and thus act to maintain behavioral arousal with muscle tone, whereas
GABAergic neurons can inhibit Orx neurons and thus promote behavioral quiescence and sleep along
with muscle atonia.
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Neurons containing the peptide orexin (Orx, also called hypocretin) play a critical role in
maintaining wakefulness and associated postural muscle tone, since in their absence or that of
the peptide or receptor, narcolepsy with cataplexy occurs in humans and animals (Chemelli et
al., 1999; Lin et al., 1999; Peyron et al., 2000; Thannickal et al., 2000; Yamanaka et al.,
2003a). The Orx neurons are located within the tuberal hypothalamus, where they are broadly
distributed across the lateral hypothalamic area (Broberger et al., 1998; Peyron et al., 1998;
Modirrousta et al., 2005; Swanson et al., 2005), a region long known to play an important role
in arousal (see, for review, Jones, 2005a). Lying there within the path of the medial forebrain
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bundle (MFB) (Millhouse, 1969; Veening et al., 1982), the Orx neurons have recently been
shown to receive inputs from multiple forebrain and brainstem cell groups (Sakurai et al.,
2005; Yoshida et al., 2006), which project through the MFB and are involved in sleep/wake
state regulation (Jones, 2005a). The sources of afferent input might include the basal forebrain
(BF) (Sakurai et al., 2005), which, from lesion, stimulation, and recording studies is known to
play diverse roles in sleep/wake state regulation through its different constituent cell groups
(Szymusiak et al., 2000; Jones, 2005a,b).

The BF is known particularly for the cholinergic neurons residing there within multiple nuclei
and projecting to the cerebral cortex, where they stimulate cortical activation during waking
and paradoxical sleep (PS, also called rapid eye movement, REM, sleep; see, for review, Jones,
2004). However, the BF also contains more numerous noncholinergic neurons, including
GABAergic and glutamatergic neurons that appear to play different roles in sleep/wake state
regulation, including the promotion of slow wave sleep (SWS) or, conversely, waking (Lee et
al., 2004; Jones, 2005b). From retrograde tracing studies, we previously found that few
cholinergic neurons, but many GABAergic and other unidentified BF neurons, project caudally
to the lateral hypothalamus (LH) (Gritti et al., 1994). Most recently, using anterograde transport
of biotinylated dextran amine (BDA) together with immunohistochemistry for the vesicular
transporter proteins (VTPs), we established that a minor proportion of terminals projecting into
the LH from the BF contained the VTP for acetylcholine (ACh, VAChT), whereas a major
proportion contained that for GABA (VGAT) and a remaining proportion contained the VTP
for glutamate (VGluT2 and not VGluT1 or VGluT3), proving an important glutamatergic in
addition to GABAergic contingent of the BF inputs to the LH (Henny and Jones, 2006). We
also established in that study that the cholinergic, GABAergic, and glutamatergic projecting
neurons were phenotypically distinct, since the VTPs were not colocalized in the same
terminals. The BF afferents would thus release ACh, GABA, or glutamate. The aim of the
present study was thus to examine if the Orx neurons in the hypothalamus are innervated by
BF terminals and, if so, whether they might be selectively or preferentially innervated by
cholinergic, glutamatergic, or GABAergic terminals and thereby influenced in a particular
manner by BF neurons across the sleep/waking cycle.

Using anterograde transport of 10,000 MW BDA in rats (Henny and Jones, 2006), we examined
in the present study the innervation of Orx neurons by neurons of the magnocellular preoptic
nucleus (MCPO) and substantia innominata (SI) of the BF cholinergic cell area from where
significant hypothalamic as well as neocortical projections originate (Gritti et al., 1994,
1997) and can influence behavioral in addition to cortical components of sleep/wake states
(Szymusiak et al., 2000; Jones, 2004, 2005a,b). First, using single or dual-staining, we
quantitatively studied and estimated with stereological analysis the distribution of Orx neurons
in the hypothalamus and their contact by BDA-labeled terminals in light microscopy. Second,
using triple-staining for Orx, BDA, and the VTPs, we quantitatively examined and estimated
with stereological analysis the contacts on the Orx neurons by BDA-labeled terminals
containing VAChT, VGluT2, or VGAT in fluorescence microscopy. Third, given evidence of
prominent VGluT2 and VGAT-containing terminals apposing the Orx neurons, we further
studied their contacts by confocal laser scanning microscopy and 3D reconstruction with
rotation. Lastly, to ascertain whether such varicosities might form excitatory or inhibitory
synapses on the Orx neurons, we similarly examined sections triple-stained for BDA, Orx, and
the scaffolding postsynaptic proteins (PSPs), PSD-95 as a marker for asymmetric,
glutamatergic synapses (Sheng and Pak, 2000; Sassoe-Pognetto et al., 2003) or gephyrin
(Geph) as a marker for symmetric, GABAergic synapses (Pfeiffer et al., 1984; Giustetto et al.,
1998; Sassoe-Pognetto and Fritschy, 2000; Sassoe-Pognetto et al., 2000). Using 3D
reconstruction with rotation of high-resolution confocal images, we document important
glutamatergic and GABAergic BF inputs onto Orx neurons.
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MATERIALS AND METHODS
Animals and surgery

All procedures conformed to the guidelines of the Canadian Council on Animal Care and the
US NIH and were approved by the McGill University Animal Care Committee.

As previously described in detail (Henny and Jones, 2006), Long Evans rats (200–250 g,
Charles River Canada, St. Constant, Quebec, Canada) were anesthetized and placed in a
stereotaxic frame (David Kopf Instruments, Tujunga, CA) for surgery. Glass micropipettes (tip
diameter 15–25 μm) were back-filled with a 0.5 M NaCl solution containing 2% 10,000 MW
BDA (BDA-10,000, Molecular Probes, Eugene, OR). Since previous studies using anterograde
as well as retrograde tracing methods showed no evidence for contralateral projections from
BF to the posterior hypothalamus (Swanson, 1976; Gritti et al., 1994), bilateral injections of
BDA were performed. The pipettes were lowered into the region of the MCPO on each side
(from bregma: anterior-posterior (AP), −0.5 mm; lateral (L), ± 2.5 mm; vertical (V), 8.5 mm)
(Paxinos and Watson, 1986) with the aid of a micropositioner (Model 660, David Kopf
Instruments). Once in the targeted site, microinjection of BDA was performed by iontophoresis
(using a Microiontophoresis Dual Current Generator 260, World Precision Instruments (WPI),
Sarasota, FL) applying positive current pulses (5–10 μA) in a duty cycle of 1 second (0.5
seconds on, 0.5 seconds off) for a period of 25–30 minutes through a stimulator (Pulsemaster
A300, WPI) and stimulus isolation unit (Iso-Flex, A.M.P.I., Jerusalem, Israel).

Rats were maintained for 5 or 6 days with food and water ad libitum and subsequently perfused
transcardially under deep sodium pentobarbital anesthesia (100 mg/kg, intraperitoneally, i.p.)
with ~500 mL 4% paraformaldehyde fixative solution. The brains were removed and put in a
30% sucrose solution for 2–3 days, after which they were frozen at −50°C and stored at −80°
C for subsequent processing.

Immunohistochemistry
Sections were cut using a freezing microtome in 25 μm-thick coronal sections and collected
in eight adjacent series at 200-μm intervals through the forebrain, including the magnocellular
basal forebrain and the tuberal hypothalamus. To visualize BDA-labeled neurons in the BF as
well anterogradely labeled axons in the tuberal hypothalamus, the avidin-biotin-peroxidase
complex (ABC) protocol was used with diaminobenzidine (DAB) intensified with Nickel
(DAB-Ni). Sections were subsequently counterstained for Nissl substance using Neutral Red.

For the mapping, distribution, and quantitative estimates of Orx+ cells in the hypothalamus,
serial sections were incubated overnight with goat (Gt)-Anti-Orx-A (1:500, see Table 1) and
stained with DAB following incubation with donkey (Dky) anti-Gt IgG and Gt peroxidase-
antiperoxidase (PAP, both from Jackson ImmunoResearch Laboratories, West Grove, PA).

For evaluation of the injection sites, description of BDA-labeled fibers in the tuberal
hypothalamus, and examination of the innervation of Orx+ cells in the region, series were
processed for dual-staining of BDA using the ABC procedure with DAB-Ni and Orx-A (above)
using PAP with alpha-naphthol pyronin B (ANPB, Sigma, St. Louis, MO). Injection sites on
one or two sides from nine rats were selected according to their placement in the MCPO and
SI (n = 16 cases) for subsequent processing and analysis in peroxidase or fluorescent stained
material.

For triple fluorescent staining of Orx with the VTPs (VAChT, VGluT2, or VGAT) and BDA
(see Tables 1 and 2), free-floating sections from each series were rinsed for 30 minutes in
Trizma saline buffer (TS, 0.1 M, pH 7.4) followed by incubation for 30 minutes with a blocking
solution of normal donkey serum (NDS, 6% in TS) containing 0.3% Triton X-100 (TX).
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Sections were subsequently coincubated overnight at room temperature with VTP and Orx-A
primary antibodies (in TS containing NDS 1% and TX 0.3%). Prior pilot studies determined
that incubation in TX 0.3% allowed full penetration of the antibodies and streptavidin, as
viewed through the z-axis under epifluorescent and confocal microscopy. The next day sections
were incubated for 3 hours in indocarbocyanine (Cy3)- and aminomethylcoumarin acetate
(AMCA) or indodicarbocyanine (Cy5)-conjugated secondary antibodies, followed by 3 hours
in cyanine (Cy2)-conjugated-streptavidin (SA) for BDA revelation. For triple fluorescent
staining of BDA with the PSPs, PSD-95 or Geph, and Orx, the same protocol was used by
coincubation with the PSP and Orx antibodies overnight (see Tables 1 and 2).

All sections were mounted out of Trizma water and the mounted sections dehydrated through
alcohols, cleared in xylene, and coverslipped with Permount.

Conventional microscopy, tracing, and stereological analysis
Sections were examined under light and epifluorescent microscopy with a Leica DMLB or
Nikon E800 microscope equipped with an x-y-z motorized stage, video or digital camera, and
filters appropriate for FITC or Cy2, Rhodamine or Cy3, DAPI-AMCA, and/or Cy5
fluorescence. Single as well as composite images were acquired on the Nikon or Leica
microscopes using Neurolucida software from MicroBrightField (MBF, Colchester, VT),
which was also used for plotting cells and tracing fibers. In light or fluorescent material, cells
and varicosities were counted using the Optical Fractionator probe of StereoInvestigator
software (MBF) on the Nikon microscope. For tracing or counting, a computer-resident atlas
of the rat brain was employed that was developed and applied in our laboratory using
standardized procedures for tissue processing. For each application, series of histology sections
are matched to appropriate levels of the atlas (at 400-μm intervals) under low magnification
(5 or 10× objective). At each level the atlas image is then rotated, if necessary, and the contours
adjusted to optimally fit the relevant nuclei of the histology section. In the BF, the number of
BDA-labeled cells was counted through the injection site within the MCPO and SI (Gritti et
al., 1993; Henny and Jones, 2006). Through the hypothalamus, Orx neurons were plotted and
counted through their full distribution across three AP levels (in mm from Interaural (A) zero):
~A6.6, A6.2, and A5.8 (Paxinos and Watson, 1986), and within three contours, the LH,
comprising the region lateral to the fornix through which the MFB passes and present at levels
~A6.6, A6.2, and A5.8; the perifornical area (PF), comprising the area surrounding and
extending medial to the fornix; and the dorsomedial hypothalamic nucleus (DMH) and present
at levels ~A6.2 and ~A5.8 (Veening et al., 1982; Modirrousta et al., 2005). BDA-labeled fibers
were plotted and analyzed using the same atlas sections and contours.

For representation of the distribution of the Orx population, Orx+ neurons (stained with DAB)
were plotted under brightfield illumination with a 40× objective at three levels (above) using
Neurolucida. In the same material, stereological estimates of the total number of Orx+ cells
across three levels in the LH, and two levels in the PF and DMH, were obtained using
StereoInvestigator. Within the optical fractionator probe, cells were counted with a 60× oil
objective (1.40 numerical aperture, NA) using a counting frame of 120 × 120 μm and a sampling
grid size of 240 × 240 μm to sample 25% of the x-y area of each nucleus. Within each counting
frame or block, all cells whose tops came into focus beneath the surface of the section were
counted through a 10-μm dissector height in the z-axis, which corresponded to the average
thickness of the mounted (dehydrated, cleared, and coverslipped) sections in this series.

To examine the relationship of BF axons to the Orx neurons in the hypothalamus, BDA-labeled
fibers (stained black with DAB-Ni) and Orx+ cell bodies (stained fuchsia with ANPB) were
traced under brightfield illumination using the Neurolucida software (MBF). Axons and cell
bodies were drawn using a 100× oil objective within contours of the LH, PF, and DMH.
Unbiased estimates of the number and proportion of Orx+ neurons receiving contacts from BF
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varicosities were obtained in the LH, where both the Orx+ cells and BF varicosities were most
numerous, as well as in PF and DMH. An Orx+ cell was considered to be contacted if a BDA
+ varicosity was seen in direct apposition to the cell, with no obvious space observed between
them and at a point where both were located at the approximately same focal plane.
Stereological counts were obtained of Orx+ cells that were (Orx+: BDA+) or were not (Orx
+:BDA+) contacted by one or more BDA+ varicosities through the LH, PF, and DMH (n = 3).
Counts were performed under a 100× oil objective (1.40 NA) at three levels (above) within
the LH contour and two levels (above) within PF and DMH contours. Within the optical
fractionator probe, a counting frame of 70 × 70 μm was employed with a sampling grid size
of 140 × 140 μm so as to sample 25% of the area. Within each counting frame or block, all
cells whose tops came into focus beneath the surface of the section were counted through 15
μm in the z-axis, which was the average thickness of the mounted sections in this series.

To examine the relationship of BDA+ terminals containing different VTPs [VTP+] to Orx+
cells, triple-stained sections were viewed under epifluorescent microscopy to determine if BDA
+ [VAChT+], BDA+ [VGluT2+], or BDA+ [VGAT+] varicosities appeared to come into
contact with Orx+ cells stained with AMCA or Cy5 (see Table 2). Additional series were used
for stereology in which Orx cells were stained with Cy5 (using the antibody from Gt in
combination with anti-VTP antibodies from Rb; Table 2). Unbiased estimates were obtained
of the total number and proportion of innervated Orx+ cells that were contacted by each of the
BDA+ [VTP+] type of varicosity by counting Orx+:BDA+ [VTP+] along with Orx+:BDA+
[VTP+] cells through three levels of the LH contour in each series (n = 3). In addition, estimates
of the total number and proportion of contacting varicosities were computed for each of the
BDA+ [VTP+] type of varicosity by using counts of BDA+[VTP+]:Orx+ and BDA+[VTP
+]:Orx+ varicosities (n = 3). The presence of BDA+ contacts on the counted cells was assessed
online by sequential observation of the material through the different filters at the same focal
plane and multiple planes through the z-axis. Counts were performed under a 100μ oil objective
(with 1.40 NA) within a counting frame of 70 × 70 μm and using a sampling grid of 120 × 120
μm so as to sample ~33% of the LH area. Within each counting frame or block, all cells whose
tops came into focus beneath the surface of the section were counted through 8 μm in the z-
axis, which corresponded to the average thickness of the mounted sections in these series.

Confocal microscopy and image processing
Material triple-stained for BDA/VTP/Orx or BDA/PSP/Orx was examined in a Zeiss LSM 510
laser scanning confocal microscope equipped with Argon 488 nm, helium-neon 543 nm, and
helium-neon 633 nm lasers for Cy2, Cy3, and Cy5 excitation, respectively. Appropriate filters
were used for detection of Cy2 (bandpass 500–530 nm, green), Cy3 (bandpass 565–615 nm,
red), and Cy5 (bandpass 697–719 nm, infrared, color-coded in blue). Scanning was performed
through a Plan-Apochromat 100× (with 1.4 NA) objective and pinhole size of ~0.8 (0.6–1,
Airy Units) for the three channels. Acquisition was performed with the resident LSM 510
software and consisted of stacks of images taken through the z-axis in optical slices of ~0.5
μm for VTPs, or ~0.33 μm for PSPs series. Additional high-resolution stack images (optical
slices of ~0.05–0.1 μm) were acquired for the PSP series.

Rendered 3D views of the stacks were obtained using the fluorescence rendering mode from
the image software Volocity 3.7 (Improvision, Lexington, MA, www.improvision.com), which
provides a semitransparent 3D view of the different elements based on the degree of intensity
of each voxel (i.e., the more intense, the less transparent). The different elements could then
be examined simultaneously and interactively from different angles and magnifications. Thus,
varicosities could be judged to be in contact with a postsynaptic cell or process, as assessed by
the absence of space between the presynaptic and postsynaptic element from any of the angles
observed (Wouterlood et al., 2002). High-resolution image stacks (see above) were analyzed
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in the fluorescent rendering mode as well as in the isosurface rendering mode, which provides
a 3D solid, nontransparent view of the element surface. Channels in which the signal was low
or the noise was relatively high were restored using a deconvolution procedure (iterative
restoration in Volocity).

Adjustment for brightness and contrast for all pictures, in addition to adjustment of tonal range
for each individual RGB channel (“Adjust/Levels” command in Photoshop) for fluorescent
images were performed with Adobe Photoshop Creative Suite edition (Adobe System, San
Jose, CA). Figure preparation and final montage were done with Adobe Illustrator Creative
Suite edition.

RESULTS
BDA injection site and anterograde labeling in the hypothalamus

Iontophoretic application of BDA-10,000 into the region of the MCPO-SI (Fig. 1A) on two
sides in nine rats produced small and well-restricted, spherical injection sites (Fig. 1B) of <500
μm diameter and containing (some ~1,400) labeled nerve cell bodies, as previously described
(Henny and Jones, 2006). Injection sites were positioned primarily within the MCPO and SI
(in n = 16 cases selected for analysis), where ~90% and ~6% of labeled cells were located,
respectively. BDA-labeled fibers coursed through the MFB to reach the tuberal hypothalamus,
where multiple neurons, particularly in the LH, were contacted by varicosities (Fig. 1C) (Henny
and Jones, 2006).

Number and distribution of Orx+ neurons in the hypothalamus
The distribution and numbers of Orx+ neurons were examined in PAP (DAB)-stained material.
Orx+ cells were distributed across the tuberal hypothalamus in moderate numbers from rostral
to caudal levels (~A6.6, A6.2, and A5.8, Fig. 2). Although most concentrated in the area
immediately surrounding and dorsal to the fornix, cells were distributed through the LH, PF,
and DMH. According to stereological estimates of total numbers of cells (mean ± SEM, n =
3), ~1,800 Orx+ cells were located within the LH, ~500 in the PF, and ~900 in the DMH with
a total of ~3,200 neurons per side (Table 3). The proportions of Orx neurons were thus ~56%
in the LH, ~15% in the PF, and ~29% in the DMH contours as delineated here.

BDA-labeled axons in relation to Orx+ neurons
The relation of BF axon terminals to Orx cells was examined in material dual-stained using
peroxidase for BDA (in black with DAB-Ni following ABC procedure) and Orx (in fuchsia
with ANPB following PAP procedure) (n = 7, Fig. 3). Multiple BDA-labeled fibers were
evident in the regions where Orx+ cell bodies and proximal dendrites were present, particularly
in the LH (Fig. 3A). Moreover, BDA-labeled axonal boutons en passant (Fig. 3B′) or boutons
terminaux (Fig. 3B′, B″) appeared to contact Orx+ cell bodies as well as dendrites. In tracings
of all BDA+ fibers along with Orx+ cells at high magnification using Neurolucida, multiple
fine collaterals of the coarse fibers within the MFB appeared to extend dorsally and medially
to reach Orx+ neurons within the central and dorsal regions of the LH (Fig. 3C, level A6.0,
approximately intermediate to those seen in Fig. 2B,C). Here, BDA-labeled varicosities
appeared to contact Orx+ soma or proximal dendrites in the LH (Fig. 3D′,D″,D‴). Some BDA-
labeled fibers also extended medially to reach into the PF or DMH, although these were few
in number. As determined by stereological analysis, the proportion of Orx+ neurons that were
contacted by at least one BDA+ varicosity (Orx+:BDA+) within the LH, PF, and DMH, was
estimated to be ~41%, ~11%, and ~9%, respectively (Table 3). Overall, ~28% of the total
population of Orx+ neurons was contacted by BF axonal varicosities.
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Given that the maximal incidence of Orx+ neurons (above), subsequent analyses of the BF
innervation contacted occurred in the LH and that the majority of were focused on the Orx+
neurons within the contour of Orx+ neurons were also contained within the LH the LH.

VAChT, VGluT2, and VGAT in BDA-labeled varicosities in relation to Orx+neurons in the LH
To determine if BF terminals contacting Orx neurons are cholinergic, glutamatergic, or
GABAergic, sections that were triple-stained for BDA (with Cy2), the VTPs (VAChT,
VGluT2, or VGAT with Cy3), and Orx-A (with AMCA or Cy5) were examined under
epifluorescent microscopy (see number of cases, n, for each series in Table 2). In these sections,
sparse VAChT+ varicosities were evident (Fig. 4A″), whereas multiple VGluT2+ (Fig. 4B″)
and VGAT+ (Fig. 4C″) varicosities were present in the vicinity of the Orx+ neurons. BDA+
[VAChT+] (Fig. 4A‴), BDA+ [VGluT2+] (Fig. 4B‴), and BDA+ [VGAT+] (Fig. 4C‴) BF
axons were all present in the immediate surround of the Orx+ neurons as well. However, only
BDA+ [VGluT2+] (Fig. 4B‴) and BDA+ [VGAT+] varicosities (Fig. 4C‴) appeared to
contact the Orx+ neurons in substantial numbers.

Stereological estimates of contacts between VAChT+, VGluT2+, or VGAT+ BDA-labeled
varicosities and Orx+ neurons in the LH

To determine the proportions of Orx+ neurons innervated by cholinergic, glutamatergic, or
GABAergic BF axon terminals, stereological analysis was used for estimation of the total
numbers of Orx+ neurons contacted by each of the BDA+ [VTP+] types of varicosities in the
LH through the three levels studied (~A6.6, A6.2, and A5.8, n = 3 cases, Table 4). In the VAChT
series, less than 4% of the Orx+:BDA+ neurons were contacted by BDA+ [VAChT+]
varicosities. In the VGluT2 series, ~31% of the Orx+:BDA+ neurons were contacted by BDA
+ [VGluT2+] varicosities. In the VGAT series, ~67% of the Orx+:BDA+ neurons were
contacted by BDA+ [VGAT+] varicosities.

The number of BDA+ [VTP+] varicosities contacting Orx+ neurons (BDA+ [VTP+]:Orx+)
was also determined (n = 3, Table 4). As estimated from each series, the proportions of
varicosities in contact with Orx+ neurons were, respectively: ~2% for BDA+ [VAChT+], ~17%
for BDA+ [VGluT2+], and ~58% for BDA+ [VGAT+] varicosities. Across series, the numbers
of terminals detected per Orx+ cell were: one for BDA+ [VAChT+], one to two for BDA+
[VGluT2+], and one to four for BDA+ [VGAT+] varicosities. Given the minimal number of
contacts by BDA+ [VAChT+] varicosities and the substantial number of contacts by BDA+
[VGluT2+] and BDA+ [VGAT+] varicosities on the Orx+ neurons, confocal analysis was
pursued for the latter terminals.

Confocal analysis of VGluT2 or VGAT inside and of PSD-95 or gephyrin opposite BDA
+terminals on Orx+neurons

To examine in detail the nature of the BDA+ contacts observed on Orx+ neurons, confocal
microscopic analysis was performed on material triple-stained for BDA (with Cy2), Orx (with
Cy5 or Cy3) and markers for the presynaptic, VTP (VGluT2 or VGAT with Cy3) or
postsynaptic, PSP (PSD-95 or Geph with Cy5) (see Table 2 for number of cases processed and
examined for each series). Confocal images were further viewed using 3D reconstruction and
rotation with magnification to confirm that the pre- and postsynaptic elements were in contact
through three spatial axes.

In series triple-stained for BDA, VGluT2, and Orx, the Orx+ neurons were seen to be
surrounded by numerous VGluT2+ varicosities. In this material, many BDA-labeled VGluT2
+ varicosities were apposed to Orx+ soma (Fig. 5A) or proximal dendrites (not shown). As
judged from examination and rotation of 3D images from such cases, the BDA+ [VGluT2+]
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varicosity appeared to be in contact with the Orx+ cell, since no space could be observed
between the two (Fig. 5A, small images) with rotation through three axes.

In series triple-stained for BDA, PSD-95, and Orx, staining for PSD-95 appeared punctate and
could be seen on the surface of Orx+ neurons (Fig. 5B). In some BDA+: Orx+ contacts (Fig.
5B), PSD-95+ puncta could be detected opposite the BDA+ varicosity and associated with the
Orx+ cell (Fig. 5B, small images). From 93 acquired images of appositions (from n = 3 cases),
74 BDA+:Orx+ contacts (~80%) were confirmed in rotated and magnified 3D images, and 16
of these, 21.6%, showed staining for PSD-95 opposite the BDA+ varicosity and associated
with the Orx+ cell.

To further assess the spatial relationship among the BDA+ terminals, PSD-95+ puncta, and
Orx+ cells, image stacks with high z-axis resolution (0.05–0.10 μm optical slices) were
acquired of 23 appositions (from n = 3 cases) and analyzed in 3D rotations. Contacts were
confirmed between BDA+ varicosities and Orx+ neurons, as shown from three different,
orthogonal 3D angles of semitransparent fluorescence images (Fig. 6A1,B1,C1). PSD-95+
profiles were observed in apposition to BDA+ varicosities (Fig. 6A2,B2,C2) and in association
with the surface of Orx+ neurons (Fig. 6A3,B3), being localized between BDA+ and Orx+
elements (Fig. 6A4,B4). Opaque isosurface rendering of the three elements further evidenced
the localization of PSD-95+ puncta, which appear tucked in or hidden between the BDA+
varicosity and the Orx+ neuron (Fig. 6A5,B5,C5).

In series triple-stained for BDA, VGAT, and Orx, Orx+ neurons were also seen to be
surrounded by VGAT+ varicosities. Many BDA-labeled VGAT+ varicosities were in close
apposition to Orx+ soma or dendrites (Fig. 5C). As judged from the rotated and magnified 3D
images of such cases, the BDA+ [VGAT+] varicosity was in contact with the Orx+ cell (Fig.
5C, small images) through three axes.

In series triple-stained for BDA, Geph, and Orx, Geph staining (Cy5) appeared punctate,
generally in larger puncta than PSD-95 and frequently associated with Orx+ soma and dendrites
(Fig. 5D). In multiple BDA+:Orx+ contacts (Fig. 5D), Geph+ puncta were seen facing the
BDA+ varicosity and associated with the Orx+ cell (Fig. 5D, top small images), such that they
appeared to be located between the terminal and cell in merged images (Fig. 5D, lower small
image). From 112 acquired images of appositions (from n = 3 cases), 93 BDA+:Orx+ contacts
(>80%) were confirmed in rotated and magnified 3D images, and 44 or 47.3% showed Geph
+ puncta between the BDA+ varicosity and the Orx+ cell.

For further analysis, image stacks with high z-axis resolution (0.05–0.10 μm optical slices)
were acquired of 19 (from n = 3 cases) BDA, Geph, and Orx appositions and examined.
Contacts were seen between BDA+ varicosities and Orx+ neurons, as evidenced from 3D
orthogonal views (Fig. 6D1,E1,F1). Geph+ profiles were observed in apposition to BDA+
varicosities (Fig. 6E2,F2) and in association with the surface of Orx+ neurons (Fig.
6D3,E3,F3), located between BDA+ and Orx+ elements (Fig. 6E4,F4). Opaque isosurface
rendering of the three elements evidenced the localization of Geph+ puncta between the BDA
+ varicosity and the Orx+ neuron (Fig. 6D5,E5,F5).

DISCUSSION
The present study presents qualitative and quantitative evidence that Orx neurons are
innervated by afferents from the BF cholinergic cell area. Yet from this cholinergic cell area
the afferents were predominantly comprised of noncholinergic terminals. Numerous
glutamatergic and GABAergic varicosities contacted Orx neurons in the LH and could thus
respectively exert excitatory and inhibitory influences on their activity during wake and sleep
states.
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BF projections to Orx neurons
We show here that anterogradely labeled fibers from the MCPO-SI of the BF cholinergic cell
area extend into the region of the Orx cells in the tuberal hypothalamus. As shown and discussed
in our previous study (Henny and Jones, 2006), the fibers reached the caudal hypothalamus
through the ventrolateral portion of the MFB, which has long been known to carry fibers from
this forebrain area (Swanson, 1976; Veening et al., 1982; Grove, 1988). From this component,
collaterals fan out through the LH and extend dorsomedially, although less numerously,
through the PF and sparsely into the DMH.

We estimated here using stereology that Orx neurons are most numerous within the LH,
numbering ~1,800, less numerous within the PF, numbering ~500, and intermediate in the
DMH numbering ~900 for a total of ~3,200 neurons per side. The total number (in Long Evans
rats) is similar to that previously estimated by us as ~3,400 Orx+ neurons per side (in Wistar
rats) (Modirrousta et al., 2005) and to one other published number estimated by stereological
analysis as ~2900 Orx+ neurons per side (in Wistar rats) (Allard et al., 2004). According to
conventional delineation as the region lateral to the fornix through which the MFB fiber
systems travel, >50% (or ~1,800) of the Orx cells are located in the LH.

We show here that BF terminals, which would originate from a relatively small number of
caudally projecting cells in the MCPO-SI labeled by the BDA injections, contact a significant
proportion (~28%) of all Orx+ cells. This input was topographically arranged, as the
proportions of Orx+ cells contacted were substantial (~41%) in the LH and small in the more
medial PF (~11%) and DMH (~9%). Notably, from similar injection sites, BF terminals contact
only ~15% of the total LH cell population (estimated at ~50,000 through the tuberal
hypothalamus) (Henny and Jones, 2006), suggesting a selective enrichment of BF terminals
upon the Orx neurons relative to all other chemically unidentified neurons of the LH. According
to a recent extensive survey of afferents to the Orx neurons using both anterograde and
retrograde tracing (Yoshida et al., 2006), the overall proportion of Orx neurons contacted by
BF afferents (~28%, from the present study) would be comparable to that originating from the
adjacent ventrolateral preoptic area (31%). In the former work, the BF was not considered to
be among the major afferent sources to the Orx neurons, although it contained a moderate
number of afferent cells (Yoshida et al., 2006). In that study the afferents were identified by
injections of retrograde tracers into the region where the Orx+ neurons are most concentrated,
immediately surrounding the fornix within the dorsal PF, the lateral DMH, and the dorsomedial
region of the LH, and thus highlighted major sources of input from the more medial basal
telencephalic afferent systems. From our present and previous (Gritti et al., 1994; Henny and
Jones, 2006), as well as other early tracing studies (Swanson, 1976; Veening et al., 1982;
Grove, 1988), the MCPO-SI would fit within a lateral-to-medial as well as ventral-to-dorsal
topographically organized system of fibers coursing within the MFB and serving as afferents
to the hypothalamus and, notably, as the present results indicate, the Orx neurons therein.

Predominant innervation by noncholinergic, glutamatergic, and GABAergic BF terminals of
Orx neurons

In the LH, of the total number of Orx neurons contacted by BF axonal varicosities (~41%, see
above), only a minimal proportion (~4%) was innervated by cholinergic varicosities, whereas
the major proportion was innervated by glutamatergic or GABAergic varicosities. Similarly,
only 2% of the varicosities on Orx~ cells were VAChT~ in this material. These results are in
line with our previous study showing that cholinergic BF terminals in the LH comprise less
than 10%, whereas glutamatergic and GABAergic terminals comprise the vast majority of the
BF terminals in the LH (Henny and Jones, 2006). These are not in agreement with the recent
results of Sakurai et al. (2005) using a transgene for a tetanus toxin tracer (tetanus toxin C
fragment fused to green fluorescent protein, TTC::GFP), which is believed to be transported
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transynaptically and retrogradely, linked to an orexin promoter together with fluorescent
staining for choline acetyltransferase (ChAT). In those studies, essentially all retrogradely
labeled neurons in the cholinergic cell area of the BF were judged to be immunostained for
ChAT. We recognize the possibility that the TTC::GFP tracer could be taken up by terminals
on distal dendrites that were not evident in our fluorescent material. On the other hand, previous
results from our lab and from other groups utilizing retrograde transport of traditional tracers
also found minimal proportions of descending projections from cholinergic BF neurons (<5%)
to the brainstem or hypothalamus and the region of the Orx cell bodies and dendrites (Grove,
1988; Semba et al., 1989; Gritti et al., 1994; Bayer et al., 1999). As discussed by Sakurai et al.
(2005), retrograde labeling by TTC::GFP could be due to transynaptic transport along with
retrograde transport that could result in labeling of a large number and proportion of cholinergic
BF cells as higher-order afferent neurons. Such an indirect, multisynaptic influence of
cholinergic BF neurons upon Orx neurons might be expected to exist as a feedback on the Orx
neurons that project into the region of the cholinergic cells (Espana et al., 2005) and would
exert an excitatory effect through Orx on the cholinergic neurons (Eggermann et al., 2001).
On the other hand, from electrophysiological studies it appears that cholinergic input can have
an important influence on Orx neurons, since cholinergic agonists can depolarize and excite
the Orx neurons (Bayer et al., 2005; Sakurai et al., 2005). Although the BF cholinergic cells
may participate in this influence, the pontomesencephalic cholinergic neurons likely play a
more dominant role, given previous evidence of their more substantial projections into the
region of the Orx cells (Ford et al., 1995; Bayer et al., 1999).

We found that a substantial proportion of BF-innervated Orx neurons were contacted by
VGluT2 containing BDA-labeled terminals (~31%), and that a substantial proportion of the
BDA-labeled terminals contacting Orx neurons were VGluT2+ (~17%). Glutamate has been
shown to depolarize Orx neurons through both NMDA and AMPA receptors in vitro (Li et al.,
2002; Yamanaka et al., 2003b). Orx neurons have been described as receiving a relatively high
density of VGluT2+ varicosities and asymmetric, presumed excitatory synapses (Horvath and
Gao, 2005). From the present results, one source of these multiple glutamatergic inputs can be
attributed to BF neurons.

The major proportion of BF-innervated Orx neurons were contacted by VGAT containing
BDA-labeled terminals (~67%), and a major proportion of the BDA-labeled varicosities were
VGAT+ (~58%), indicating that GABAergic BF neurons can have a potent influence on Orx
neurons. GABA has been shown to hyperpolarize and inhibit Orx neurons that are otherwise
spontaneously active in vitro (Li et al., 2002; Eggermann et al., 2003; Yamanaka et al.,
2003b). Interestingly, Orx neurons are considered to have a relatively sparse GABAergic input,
particularly in relation to the glutamatergic input, with a ratio of inhibitory to excitatory
synapses estimated as 1 to 10 (Horvath and Gao, 2005). In light of the latter results, it would
appear that the BF GABAergic neurons may play a particularly important role in providing
this inhibitory input and influence to the Orx cells.

BF glutamatergic and GABAergic synaptic input onto Orx neurons
We confirmed by confocal laser scanning microscopy and 3D image rendering and rotation
that BDA-labeled BF varicosities appeared to contact Orx neurons in the LH. By continuous
rotation through three axes, we were thus able to establish for large numbers of varicosities
that there appeared to be no space between the varicosity and the Orx+ cell. Such confirmation
has been considered by others to represent strong evidence for synaptic contacts (Wouterlood
et al., 2002). Yet it is well recognized that only the resolution of the electron microscope
provides absolute proof of such contacts by presynaptic elements with postsynaptic targets.

More specific evidence is provided for the synaptic nature of glutamatergic and GABAergic
terminals by the presence of the presynaptic vesicular transporters. VGluT2 and VGAT, which
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were demonstrated in the BDA-labeled varicosities apposed to Orx cells, confer the capacity
to release glutamate and GABA and are concentrated in the presynaptic terminal at asymmetric
and symmetric synapses, respectively (Gilmor et al., 1996; Chaudhry et al., 1998; Bellocchio
et al., 2000; Takamori et al., 2000; Fremeau et al., 2001, 2004; Gualix et al., 2003).

Lastly, we show that in confirmed contacts of BDA-labeled varicosities with Orx cells,
postsynaptic proteins of PSD-95 and Geph are situated facing the varicosity and in association
with the Orx+ cell. Similar to proportions of BDA-labeled varicosities ostensibly contacting
Orx+ neurons that were VGluT2+ and VGAT+ (above), the proportions of confirmed contacts
by BDA-labeled varicosities on Orx+ neurons that showed PSD-95 or Geph puncta between
the terminal and cell were ~22% and ~47%, respectively. Postsynaptic proteins, PSD-95, and
Geph are constituent parts of the postsynaptic scaffolding of asymmetric, excitatory (Sheng
and Pak, 2000), and symmetric inhibitory synapses (Sassoe-Pognetto and Fritschy, 2000),
respectively. At excitatory synapses, PSD-95 colocalizes by direct and indirect association
with NMDA and AMPA receptors (Sassoe-Pognetto et al., 2003). At inhibitory synapses, Geph
is colocalized with the most common synaptic subtypes of GABAA receptors and is suggested
to participate in their anchoring to the postsynaptic membrane (Sassoe-Pognetto et al., 1995;
Giustetto et al., 1998). The location of postsynaptic proteins sandwiched between pre-synaptic
and postsynaptic elements has been considered strong evidence for synaptic contacts in 3D
rendered confocal images (Wouterlood et al., 2003). We thus believe that the present results
showing both pre- and postsynaptic elements for glutamatergic and GABAergic synapses in
association with BDA-labeled terminals contacting Orx neurons provide compelling evidence
for BF glutamatergic and GABAergic synaptic input to the Orx cells.

Functional significance of the cholinergic, glutamatergic, and GABAergic BF input to Orx
neurons

Orx neurons play a key role in stimulating and maintaining arousal by excitatory influences
on multiple systems, including the cerebral cortex, hypothalamic, and brainstem arousal
systems, as well as sympathetic and motor circuits in the spinal cord (Peyron et al., 1998; van
den Pol, 1999; Saper et al., 2001; Taheri et al., 2002; Krout et al., 2003; Siegel, 2004; Jones
and Muhlethaler, 2005; Sakurai, 2005). As now shown by recent studies, they are in turn
influenced by afferent input from multiple fore-brain and brainstem systems (Sakurai et al.,
2005; Yoshida et al., 2006). Here we show that neurons of the BF cholinergic cell area, which
themselves are importantly involved in regulating sleep/wake states, contribute significantly
to that afferent input. The BF input was particularly dense onto the Orx neurons in the LH,
which despite claims of being selectively activated with reward seeking (Harris et al., 2005),
have also clearly been shown to discharge and express c-Fos in association with simple waking,
arousal, or stress (Espana et al., 2003; Lee et al., 2005a; Mileykovskiy et al., 2005; Modirrousta
et al., 2005).

In contrast to recent claims (above, Sakurai et al., 2005), the cholinergic BF cells appear to
contribute minimally to the innervation of the Orx neurons in the LH. Cholinergic BF neurons
discharge in a manner (Lee et al., 2005b) that differs fundamentally from that of recently
identified Orx neurons across sleep/wake states (Lee et al., 2005a). Whereas cholinergic
neurons discharge maximally during both waking and PS in association with cortical activation,
Orx neurons discharge maximally during waking in association with movement and muscle
tone and cease firing during PS sleep with muscle atonia (Jones, 2005b). It is thus not surprising
that Orx neurons are not under the direct control of cholinergic BF neurons. To the contrary,
the silence of Orx neurons during PS sleep is the condition under which cholinergic neuronal
discharge stimulates cortical activation in association with the muscle atonia of that state.

The Orx neurons receive a substantial glutamatergic input from BF neurons, indicating that
these glutamatergic neurons can exert a significant excitatory influence on Orx cells. In single
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unit recording studies, many noncholinergic BF neurons have been identified that discharge
maximally during active waking and are virtually silent during sleep, including PS sleep
(Szymusiak and McGinty, 1986b; Lee et al., 2004, 2005b). The discharge of these neurons is
positively correlated with postural muscle tonus or neck electromyographic (EMG) activity
(Lee et al., 2004), like that of the Orx neurons (Jones, 2005b; Lee et al., 2005b). We propose
that such noncholinergic neurons are glutamatergic and could facilitate behavioral arousal in
part by exciting the Orx cells.

The major input to the Orx neurons from BF is GABAergic. Given the purportedly small
inhibitory input relative to excitatory input onto Orx neurons (Horvath and Gao, 2005), this
GABAergic input from BF neurons might be of critical importance in inhibiting the discharge
of Orx neurons during periods of behavioral quiescence, sleep, and/or muscle atonia (Lee et
al., 2005a). Although we have identified GABAergic neurons that discharge in association
with cortical activation (Manns et al., 2000), we propose that the innervation of the Orx neurons
originates from the particular GABAergic BF neurons that are active during sleep (Modirrousta
et al., 2004) and discharge during SWS and/or PS sleep in negative correlation with muscle
tonus or EMG (Szymusiak and McGinty, 1986b; Manns et al., 2000; Lee et al., 2004; Jones,
2005b).

Orexin has been attributed a particularly important role in maintaining arousal, since in its
absence in knockout mice or that of its receptor in dogs or Orx neurons in humans, narcolepsy
occurs (Chemelli et al., 1999; Lin et al., 1999; Peyron et al., 2000; Thannickal et al., 2000;
Hara et al., 2001). In humans, narcolepsy is characterized by excessive daytime sleepiness,
short onset of REM sleep, and/or loss of postural muscle tone, known as cataplexy.
Accordingly, the excitation of Orx neurons by presumed wake-active, glutamatergic BF
neurons could normally serve to prevent sleep onset and loss of postural muscle tone, whereas
the inhibition of Orx neurons by presumed sleep-active GABAergic BF neurons could promote
sleep onset and the loss of postural muscle tone. It could be due in part to withdrawal of the
major BF GABAergic input to Orx neurons that neurotoxic lesions of the BF result in a severe
disruption of SWS and PS (Szymusiak and McGinty, 1986a). Moreover, chemical stimulation
of the BF with cholinergic agonists or agents exciting cholinergic neurons can elicit PS with
atonia in cats and rats (Hernandez-Peon et al., 1963; Cape et al., 2000; Jones, 2004) and/or
cataplexy in dogs (Nishino et al., 1995). Cholinergic agonists and ACh, which is released in
the BF maximally during PS (Vazquez and Baghdoyan, 2001), could excite noncholinergic,
presumed GABAergic BF neurons (Fort et al., 1998; Wu et al., 2000), including those that
innervate the Orx neurons and thereby elicit PS and/or muscle atonia.

In conclusion, the present study reveals an important glutamatergic and GABAergic input to
Orx neurons from BF neurons. Glutamatergic BF neurons can excite Orx neurons to stimulate
behavioral arousal and waking. GABAergic BF neurons can inhibit Orx neurons to diminish
behavioral arousal along with muscle tone and thereby promote sleep, including PS with muscle
atonia.
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Abbreviations
ABC  

Avidin-biotin-peroxidase complex

ac  
Anterior commissure

AHA  
Anterior hypothalamic area

AMCA  
Aminomethylcoumarin acetate

ANPB  
Alpha-naphthol pyronin B

Arc  
Arcuate nucleus

BDA  
Biotinylated dextran amine

BF  
Basal forebrain

cp  
Cerebral peduncle

Cy2  
Cyanine

Cy3  
Indocarbocyanine

Cy5  
Indodicarbocyanine

DAB  
Diaminobenzidine

DAB-Ni  
Nickel-intensified diaminobenzidine

DMH  
Dorsomedial hypothalamic nucleus

f  
Fornix

FS  
Fundus striatum

Geph  
Gephyrin

ic  
Internal capsule
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LH  
Lateral hypothalamus

LPO  
Lateral preoptic area

MCPO  
Magnocellular preoptic nucleus

MFB  
Medial forebrain bundle

MPO  
Medial preoptic nucleus

mt  
Mammillothalamic tract

oc  
Optic chiasm

Orx  
Orexin or hypocretin

ot  
Optic tract

Pe  
Periventricular hypothalamic nucleus

PF  
Perifornical area

Pir  
Piriform cortex

PSD-95  
95-kD postsynaptic density protein

PSP  
Postsynaptic protein

SI  
Substantia innominata

SO  
Supraoptic nucleus

STh  
Subthalamic nucleus

VAChT  
Vesicular transporter for acetylcholine

VGAT  
Vesicular transporter for GABA

VGluT2  
Vesicular transporter for glutamate 2

HENNY and JONES Page 14

J Comp Neurol. Author manuscript; available in PMC 2008 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



VMH  
Ventromedial hypothalamic nucleus

VTP  
Vesicular transporter protein

ZI  
Zona incerta
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Fig. 1.
BDA injection site in BF and anterogradely labeled BF terminals in the LH. A: Atlas section
through the cholinergic cell area (MCPO-SI) where iontophoretic applications of BDA were
placed. B: Composite image of typical BDA injection site (processed using ABC with DAB-
Ni and counterstained for Nissl with neutral red). Note the small size and restricted location
of BDA injection site in the MCPO. C: High-magnification images showing BDA+ axonal
varicosities (arrowheads) contacting Nissl-stained cell bodies located in dorsal (C′), middle (C
″), and ventral (C‴) portions of the LH area. Scale bars = 1 mm in B; 10 μm in all C.
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Fig. 2.
Distribution of Orx+ neurons at three levels through the tuberal hypothalamus. A–C: Mapping
of Orx+ neurons within contours of the LH, PF, and DMH at A6.6 (A), A6.2 (B), and A5.8
(C) levels, based on the material presented in D–F, respectively. Some few scattered Orx+
neurons within contours of the AHA, Pe and ZI are not shown in the mapping. D–F: Composite
images of sections immunostained for Orx-A (with DAB) showing the distribution of Orx+
neurons in the hypothalamus at A6.6 (D), A6.2 (E), and A5.8 (F). Scale bar = 1 mm in F (applies
to D–F).
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Fig. 3.
Distribution of BDA-labeled fibers in relation to Orx+ neurons. A: Low-magnification
composite image of BDA+ axons (in black, DAB-Ni) and Orx+ cells (in fuchsia, ANPB) in
the LH at ~A6.0. B: High-magnification images showing BDA+ varicosities (arrowheads) in
contact with Orx+ neurons in the LH (B′, B″, and B‴). C: Tracing and mapping of all BDA+
fibers and Orx+ neurons in the tuberal hypothalamus at ~A6.0 μm (from IA0). From coarse
fibers within the ventrolateral MFB, fine varicose collaterals extended dorsally and medially
to reach Orx+ cells through the LH. Some fibers also extended medially into the PF and DMH.
D: High magnification of elements depicted in C, showing contacts of BDA+ axons by
varicosities on proximal dendrites or soma of Orx+ cells located in the dorsal (D′) or central
(D″ and D‴) region of the LH. Tonal range for each RGB channel as well as brightness and
contrast adjustment were made for pictures in A and B. Scale bars = 100 μm in A; 10 μm in
B,D.
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Fig. 4.
VAChT+, VGluT2+ or VGAT+, BDA-labeled varicosities in relation to Orx+ neurons viewed
by epifluorescent microscopy. In each case, BDA is green (Cy2), VTP red (Cy3), and Orx blue
(AMCA in A or Cy5 in B and C). A: BDA+ [VAChT+] terminals in the vicinity of an Orx+
neuron. BDA+ terminals (solid arrowheads in A′) located in the vicinity, yet not close to an
Orx+ neuron (left), are positive for the VAChT protein (solid arrowheads in A″), as evident in
the merged image (in yellow, solid arrowheads in A‴). A VAChT+ terminal that is not BDA
+ (open arrowhead) is closer to the Orx+ cell body. Note also the sparse number of VAChT+
varicosities in the vicinity of Orx+ neurons. B: BDA+ [VGluT2+] terminals in close proximity
to Orx+ neurons. Two small BDA+ terminals (solid arrowheads in B′) over an Orx+ cell body
are positive for the VGluT2 protein (solid arrowheads in B″), as evident in the merged image
(in yellow, solid arrowheads in B‴). Note also the relatively large number of VGluT2+
varicosities in close proximity to the Orx+ neurons. C: BDA+ [VGAT+] terminals over Orx+
neurons. Two BDA+ terminals (solid arrowheads in C′) in close proximity to an Orx+ neuron
are positive for VGAT (solid arrowheads in C″), as evident in the merged image (in yellow,
solid arrowheads in C‴). In all images, tonal range was adjusted for each RGB channel
individually. Scale bar = 10 μm in C‴ (applies to A–C).
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Fig. 5.
The presence of presynaptic VGluT2 or VGAT and postsynaptic PSD-95 or Gephyrin (Geph)
proteins in contacts between BDA-labeled varicosities and Orx+ neurons. A: Rendered 3D
confocal image (16 serial 0.50-μm thick optical sections) of a BDA-labeled axon (in green,
Cy2), whose varicosities (in yellow) are positive for VGluT2 (in red, Cy3). One of these
varicosities is in apposition (arrowhead) to an Orx+ neuron (in pseudocolor blue, Cy5), as
evident in the rendered zoom images on the right (6 serial 0.5-μm thick optical sections)
depicting in detail the relation between the BDA+ varicosity (top) or the contained VGluT2
(middle) with the Orx+ neuron surface and showing the three elements together in the merged
image (bottom). Note also on the left other VGluT2+ varicosities in contact with the Orx+
neuron. B: Rendered 3D confocal image (9 serial 0.33-μm thick optical sections) of a BDA+
varicosity (arrowhead, in green, Cy2) facing a PSD-95+ profile (opposite pointer, in
pseudocolor red, Cy5) located between the varicosity and the surface of the Orx+ neuron (in
pseudocolor blue, Cy3). As evident in the zoom rendered images on the right (13 serial 0.33-
μm thick optical sections), the BDA+ varicosity is apposed to the Orx+ process (top image),
opposite the PSD-95+ punctum, which is on the surface of the Orx+ process (pointer, middle
image) and between the BDA+ varicosity and the Orx+ process (pointer in the merged image,
bottom). Note the presence of other PSD-95+ puncta over the Orx+ neuron (upper pointer) at
the left panel. C: Rendered 3D confocal image (28 serial 0.5-μm thick optical sections) of a
BDA-labeled axon (in green, Cy2), from which most varicosities (in yellow) are positive for
VGAT (in red, Cy3) and come into contact (large arrowhead) with the dendrites and soma of
the Orx+ neuron. As seen in the rendered zoom images on the right (8 serial 0.5-μm thick
optical sections), the BDA+ varicosity (top image) containing VGAT (middle image) appears
to be in contact with the surface of the Orx+ neuron (merged image, bottom). Note in the left
image other VGAT+ varicosities also appear to appose the Orx+ neuron. D: Rendered 3D
confocal image (14 serial 0.33-μm thick optical sections) of BDA-labeled axonal varicosities
(arrowhead, green, Cy2) facing Geph+ puncta (facing pointer, pseudocolor red, Cy5) over an
Orx+ neuron (pseudocolor blue, Cy3). As evident in the zoom rendered images at the right (12
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serial 0.33-+m thick optical sections), the apposition of the BDA+ varicosity with the Orx+
neuron (top image) is associated with a Geph+ punctum on the surface of the Orx+ neuron
(pointer, middle image) and between the BDA+ varicosity and the Orx+ neuron (merged image,
pointer, bottom). Note the presence of other Geph+ puncta over the Orx+ neuron (upper
pointers) in the left panel. Deconvolution iterative restoration (see Materials and Methods) was
applied to the Cy5 channel (in B and C, left panels, and in A–D, right panels), the Cy3 channel
(in C, left panel, and in C,D, right panels) and the Cy2 channel (in B–D). Tonal range
adjustments for each individual RGB channel were made for all pictures. Scale bars = 10 μm
in left large panel in D (applies to large left panels in A–C); 1 μm in D, zoom bottom image
(applies to zoom images in A–C).
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Fig. 6.
3D localization of postsynaptic proteins PSD-95 or gephyrin (Geph) between BDA+ terminals
and Orx+ neurons. A–C: Orthogonal views (see below) of a high-resolution rendered confocal
3D image (40 serial ~0.06-μm thick optical sections) in semitransparent fluorescence rendering
(columns 1–4) or opaque isosurface (column 5) views of a single contact between a BDA+
varicosity (in green, Cy2) and an Orx+ proximal dendrite (in blue, Cy3), with the presence of
PSD-95+ puncta (in red, Cy5) between the varicosity and dendrite. The BDA+ varicosity is in
contact with the Orx+ process (A1–C1), and in clear apposition to a PSD-95+ profile (solid
arrowheads in A2–C2,), which is in turn located on the surface of the Orx+ neuron (solid
arrowheads in A3,B3). The localization of the PSD-95+ profile between the two structures is
evident in the triple merged fluorescent image (solid arrowheads in A4,B4) as well as in the
triple merged isosurface rendering image, where the punctum appears almost completely
occluded (dotted arrowheads in A5–C5). The PSD-95+ punctum is completely occluded in
certain of the orthogonal views (dotted arrowheads in C3–C5). A6–C6: Representation of the
three orthogonal views with orientation markers showing the X, Y, Z axes. D–F: Orthogonal
views of a high-resolution rendered confocal 3D image (38 serial ~0.08-μm thick optical
sections) in semitransparent fluorescence rendering (columns 1–4) or opaque isosurface
rendering (column 5) views of a single contact between a BDA+ varicosity (in green, Cy2)
and an Orx+ soma (in blue, Cy3), with the presence of Geph+ puncta (in red, Cy5) between
the terminal and soma. The BDA+ varicosity is in contact with an Orx+ soma (D1–F1) and in
clear apposition to a Geph+ profile (solid arrowheads in E2,F2), which is in turn located on
the surface of the Orx+ neuron (solid arrowheads in D3–F3). The localization of the Geph+
profile between the two structures is evident in the triple merged fluorescent image (solid
arrowheads in E4,F4) as well as in the triple merged isosurface image (solid arrowheads in
E5,F5). Note the relative occlusion of the Geph+ profile in the rendered isosurface images,
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evidencing its location between the two structures. Due to the orthogonal views, the Geph+
puncta are completely occluded in some of them (dotted arrowheads in D2,D4,D5). D6–F6:
Representation of the three orthogonal views with orientation markers showing the X, Y, Z
axes. Deconvolution iterative restoration (see Materials and Methods) was applied to the Cy5,
Cy3, and Cy2 channels. Scale bars = 1 μm in C5 (applies to A–C), and in F5 (applies to D–F).

HENNY and JONES Page 27

J Comp Neurol. Author manuscript; available in PMC 2008 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

HENNY and JONES Page 28
TA

B
LE

 1
Pr

im
ar

y 
A

nt
ib

od
ie

s (
A

B
) f

or
 Im

m
un

os
ta

in
in

g 
of

 O
re

xi
n 

(O
rx

), 
V

es
ic

ul
ar

 T
ra

ns
po

rte
r P

ro
te

in
s (

V
TP

s)
 o

r P
os

ts
yn

ap
tic

 P
ro

te
in

s (
PS

Ps
)

A
nt

ig
en

H
os

t s
p

So
ur

ce
C

at
. #

Im
m

un
og

en
Sp

ec
ifi

ci
ty

O
rx

O
rx

-A
R

b
Ph

oe
ni

x1
H

-0
03

-3
0

Fu
ll 

33
 A

A
 O

rx
-A

 p
ep

tid
e 

se
qu

en
ce

 fr
om

 ra
t

(E
PL

PD
C

C
R

Q
K

TC
SC

R
LY

EL
LH

G
A

G
N

H
A

A
G

IL
TL

)2
B

y 
W

B
 th

e 
A

B
 re

co
gn

iz
es

 a
 ≈

3.
5 

kD
 b

an
d

fr
om

 ra
t b

ra
in

, c
or

re
sp

on
di

ng
 to

 th
e 

O
rx

-A
pe

pt
id

e2
O

rx
-A

G
t

Sa
nt

a 
C

ru
z3

sc
-8

07
0

Pe
pt

id
e 

m
ap

pi
ng

 a
t t

he
 C

-te
rm

in
us

 o
f h

um
an

 O
rx

-A
 (A

A
 4

8–
66

 o
f t

he
 O

rx
pr

ec
ur

so
r, 

id
en

tic
al

 to
 c

or
re

sp
on

di
ng

 m
ou

se
 se

qu
en

ce
)4

A
B

 re
ac

ts
 w

ith
 O

rx
-A

 o
f m

ou
se

, r
at

 a
nd

hu
m

an
 b

y 
W

B
, i

m
m

un
os

ta
in

in
g 

bl
oc

ke
d

w
ith

 an
tig

en
 p

ep
tid

e (
sc

-8
07

0 
P)

 an
d 

pa
tte

rn
of

 st
ai

ni
ng

 id
en

tic
al

 to
 th

at
 w

ith
 O

rx
-A

 (R
b)

H
-0

03
-3

0 
(P

ho
en

ix
)5

V
TP

s
V

A
C

hT
G

t
C

he
m

ic
on

6
A

B
15

78
Pe

pt
id

e 
co

rr
es

po
nd

in
g 

to
 C

-te
rm

in
us

 o
f c

lo
ne

d 
ra

t V
A

C
hT

7

(C
SP

PG
PF

D
G

C
ED

D
Y

N
Y

Y
SR

S)
8

B
y 

W
B

 th
e 

A
B

 re
co

gn
iz

es
 a

 ≈
65

–7
0 

kD
ba

nd
 c

or
re

sp
on

di
ng

 to
 V

A
C

hT
 p

ro
te

in
7

V
A

C
hT

R
b

Si
gm

a9
V

53
87

Pe
pt

id
e 

co
rr

es
po

nd
in

g 
to

 A
A

 5
12

–5
30

 o
f C

-te
rm

in
us

 o
f c

lo
ne

d 
ra

t V
A

C
hT

(K
-S

PP
G

PF
D

G
C

ED
D

Y
N

Y
Y

SR
S)

10
B

y 
W

B
 th

e 
A

B
 re

co
gn

iz
es

 a
 ≈

67
–7

0 
kD

ba
nd

, c
or

re
sp

on
di

ng
 to

 V
A

C
hT

 p
ro

te
in

10
V

G
lu

T2
R

b
G

ift
 R

H
E11

-
G

ST
 fu

si
on

 p
ro

te
in

 c
on

ta
in

in
g 

A
A

 5
19

–5
82

 o
f r

at
 D

N
Pi

 (V
G

lu
T2

)12
B

y 
W

B
 th

e 
A

B
 re

co
gn

iz
es

 a
 ≈

50
–6

2 
kD

ba
nd

 fr
om

 ra
t b

ra
in

12
V

G
A

T
R

b
C

he
m

ic
on

A
B

50
62

P
Pe

pt
id

e 
co

rr
es

po
nd

in
g 

to
 1

7 
A

A
 n

ea
r C

-te
rm

in
us

 re
gi

on
 o

f r
at

 V
G

A
T

(V
H

SL
EG

LI
EA

Y
R

TN
A

ED
)13

B
y 

W
B

 th
e A

B
 re

co
gn

iz
es

 a 
ba

nd
 at

 ≈
55

–6
0

kD
13

PS
Ps

PS
D

-9
5

M
s

A
B

R
14

M
A

1-
04

5
Pu

rif
ie

d 
re

co
m

bi
na

nt
 o

f r
at

 P
SD

-9
515

B
y 

W
B

 th
e A

B
 re

co
gn

iz
es

 a 
≈9

5 
kD

a p
ro

te
in

an
d 

a 
sl

ig
ht

ly
 la

rg
er

 sp
ec

ie
s f

ro
m

 ra
t b

ra
in

ex
tra

ct
s15

G
ep

h
M

s
Sy

-S
y16

14
70

11
Pu

rif
ie

d 
ra

t g
ep

hy
rin

17
B

y 
W

B
 th

e 
A

B
 re

co
gn

iz
es

 a
 ≈

93
 k

D
 b

an
d.

It 
de

te
ct

s a
 N

-te
rm

in
us

 e
pi

to
pe

18

A
A

, a
m

in
o 

ac
id

; A
B

, a
nt

ib
od

y;
 D

N
Pi

, d
iff

er
en

tia
tio

n-
as

so
ci

at
ed

 N
a+

-d
ep

en
de

nt
 p

ho
sp

ha
te

 tr
an

sp
or

te
r; 

G
ep

h,
 g

ep
hy

rin
; G

t, 
go

at
; M

s, 
m

ou
se

 (m
on

oc
lo

na
l);

 R
b,

 ra
bb

it;
 sp

, s
pe

ci
es

; W
B

, w
es

te
rn

 b
lo

t.

1 Ph
oe

ni
x 

Ph
ar

m
ac

eu
tic

al
s, 

B
el

m
on

t, 
C

A
.

2 ht
tp

://
w

w
w

.p
ho

en
ix

pe
pt

id
e.

co
m

/C
at

al
og

%
20

Fi
le

s/
O

re
xi

ns
%

20
Se

ct
io

n/
O

re
xi

ns
H

yp
oc

re
tin

sp
ag

e.
ht

m

3 Sa
nt

a 
C

ru
z 

B
io

te
ch

no
lo

gy
, S

an
ta

 C
ru

z,
 C

A
.

4 In
fo

rm
at

io
n 

pr
ov

id
ed

 b
y 

Sa
nt

a 
C

ru
z 

da
ta

 sh
ee

t a
nd

 te
ch

ni
ca

l s
er

vi
ce

.

5 In
fo

rm
at

io
n 

on
 W

B
 p

ro
vi

de
d 

by
 S

an
ta

 C
ru

z 
da

ta
 sh

ee
t a

nd
 te

ch
ni

ca
l s

er
vi

ce
, b

lo
ck

in
g 

ex
pe

rim
en

ts
 c

ar
rie

d 
ou

t i
n 

ou
r l

ab
 w

ith
 th

e 
Sa

nt
a 

C
ru

z 
an

tig
en

 p
ep

tid
e 

an
d 

im
m

un
os

ta
in

in
g 

of
 O

rx
 c

el
l p

op
ul

at
io

n
co

m
pa

re
d 

fo
r t

w
o 

an
tib

od
ie

s i
n 

ou
r l

ab
 in

 th
is

 a
nd

 p
re

vi
ou

s s
tu

di
es

 (M
od

irr
ou

st
a 

et
 a

l.,
 2

00
5)

.

6 C
he

m
ic

on
 In

te
rn

at
io

na
l, 

Te
m

ec
ul

a,
 C

A
.

7 ht
tp

://
w

w
w

.c
he

m
ic

on
.c

om
/P

ro
du

ct
/P

ro
du

ct
D

at
aS

he
et

.a
sp

?P
ro

du
ct

Ite
m

=A
B

15
78

8 Su
pp

lie
d 

by
 C

he
m

ic
on

 o
n 

re
qu

es
t.

9 Si
gm

a,
 S

t. 
Lo

ui
s, 

M
O

.

10
ht

tp
://

w
w

w
.si

gm
aa

ld
ric

h.
co

m
/s

ig
m

a/
da

ta
sh

ee
t/v

53
87

da
t.p

df

J Comp Neurol. Author manuscript; available in PMC 2008 June 12.

http://www.phoenixpeptide.com/Catalog%2520Files/Orexins%2520Section/OrexinsHypocretinspage.htm
http://www.chemicon.com/Product/ProductDataSheet.asp?ProductItem=AB1578
http://www.sigmaaldrich.com/sigma/datasheet/v5387dat.pdf


N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

HENNY and JONES Page 29
11

G
ift

 fr
om

 R
.H

. E
dw

ar
ds

 a
nd

 R
.T

. F
re

m
ea

u 
Jr

.

12
Fr

em
ea

u 
et

 a
l.,

 2
00

1.

13
ht

tp
://

w
w

w
.c

he
m

ic
on

.c
om

/P
ro

du
ct

/P
ro

du
ct

D
at

aS
he

et
.a

sp
?P

ro
du

ct
Ite

m
=A

B
50

62
P

14
A

B
R

: A
ff

in
ity

 B
io

R
ea

ge
nt

s, 
G

ol
de

n,
 C

O
.

15
ht

tp
://

w
w

w
.b

io
re

ag
en

ts
.c

om
/in

de
x.

cf
m

/fu
se

ac
tio

n/
pr

od
uc

ts
.p

rin
t/P

ro
du

ct
/M

A
1-

04
5

16
SY

-S
Y

: S
yn

ap
tic

 S
ys

te
m

s, 
G

oe
tti

ng
en

, G
er

m
an

y.

17
ht

tp
://

w
w

w
.sy

sy
.c

om
/g

ep
hy

rin
/g

ep
hy

_f
s.h

tm
l

18
Pf

ei
ff

er
 e

t a
l.,

 1
98

4.

J Comp Neurol. Author manuscript; available in PMC 2008 June 12.

http://www.chemicon.com/Product/ProductDataSheet.asp?ProductItem=AB5062P
http://www.bioreagents.com/index.cfm/fuseaction/products.print/Product/MA1-045
http://www.sysy.com/gephyrin/gephy_fs.html


N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

HENNY and JONES Page 30
TA

B
LE

 2
C

om
bi

na
tio

n 
an

d 
Se

qu
en

tia
l P

ro
ce

ss
in

g 
of

 P
rim

ar
y 

an
d 

Se
co

nd
ar

y 
A

nt
ib

od
ie

s a
lo

ng
 w

ith
 S

tre
pt

av
id

in
 (S

A
) U

se
d 

fo
r T

rip
le

 F
lu

or
es

ce
nt

 S
ta

in
in

g 
of

 O
re

xi
n

(O
rx

), 
V

es
ic

ul
ar

 T
ra

ns
po

rte
r P

ro
te

in
s (

V
TP

s)
, o

r P
os

ts
yn

ap
tic

 P
ro

te
in

s (
PS

Ps
) a

nd
 B

io
tin

yl
at

ed
 D

ex
tra

n 
A

m
in

e 
(B

D
A

)

1ry
 A

B
 (o

ve
rn

ig
ht

)1
2ry

 A
B

 (3
 h

ou
rs

)
SA

 (3
 h

ou
rs

)

Se
ri

es
A

nt
ig

en
H

os
ts

p
D

ilu
tio

n
Ig

G
 (D

ky
)2,

3
D

ilu
tio

n
SA

D
ilu

tio
n

n4

B
D

A
/V

TP
/O

rx
B

D
A

/V
A

C
hT

/O
rx

V
A

C
hT

O
rx

-A
G

t
R

b
1:

10
00

1:
20

0
A

nt
i-G

t-C
y3

A
nt

i-R
b-

A
M

C
A

1:
80

0
1:

10
0

SA
-C

y2
1:

80
0

4

B
D

A
/V

A
C

hT
/O

rx
V

A
C

hT
O

rx
-A

G
t

R
b

1:
10

00
1:

20
0

A
nt

i-G
t-C

y3
A

nt
i-R

b-
C

y5
1:

80
0

1:
80

0
“

“
2

B
D

A
/V

A
C

hT
/O

rx
V

A
C

hT
O

rx
-A

R
b

G
t

1:
50

00
1:

20
0

A
nt

i-R
b-

C
y3

A
nt

i-G
t-C

y5
1:

80
0

1:
80

0
“

“
5

B
D

A
/V

G
lu

T2
/O

rx
V

G
lu

T
2O

rx
-A

R
b

G
t

1:
50

00
1:

20
0

A
nt

i-R
b-

C
y3

A
nt

i-G
t-A

M
C

A
1:

80
0

1:
10

0
“

“
4

B
D

A
/V

G
lu

T2
/O

rx
V

G
lu

T
2O

rx
-A

R
b

G
t

1:
50

00
1:

20
0

A
nt

i-R
b-

C
y3

A
nt

i-G
t-C

y5
1:

80
0

1:
80

0
“

“
11

B
D

A
/V

G
A

 T
/O

rx
V

G
A

 T
O

rx
-A

R
b

G
t

1:
25

0
1:

20
0

A
nt

i-R
b-

C
y3

A
nt

i-G
t-A

M
C

A
1:

80
0

1:
10

0
“

“
4

B
D

A
/V

G
A

 T
/O

rx
B

D
A

/P
SP

/O
rx

V
G

A
 T

O
rx

-A
R

b
G

t
1:

25
0

1:
20

0
A

nt
i-R

b-
C

y3
A

nt
i-G

t-C
y5

1:
80

0
1:

80
0

“
“

11

B
D

A
/P

SD
-9

5/
O

rx
PS

D
-9

5
O

rx
-A

M
s

G
t

1:
10

0
1:

20
0

A
nt

i-M
s-

C
y5

A
nt

i-G
t-C

y3
1:

80
0

1:
80

0
SA

-C
y2

1:
80

0
3

B
D

A
/G

ep
h/

O
rx

G
ep

h
O

rx
-A

M
s

G
t

1:
10

0
1:

20
0

A
nt

i-M
s-

C
y5

A
nt

i-G
t-C

y3
1:

80
0

1:
80

0
“

“
3

A
B

, a
nt

ib
od

y;
 A

M
C

A
, a

m
in

om
et

hy
lc

ou
m

ar
in

 a
ce

ta
te

; C
y2

, c
ya

ni
ne

; C
y3

, i
nd

oc
ar

bo
cy

an
in

e;
 C

y5
, i

nd
od

ic
ar

bo
cy

an
in

e;
 D

ky
, d

on
ke

y;
 G

ep
h,

 g
ep

hy
rin

; G
t, 

go
at

; M
s, 

m
ou

se
 (m

on
oc

lo
na

l);
 R

b,
 ra

bb
it;

 sp
,

sp
ec

ie
s.

1 Fo
r s

ou
rc

es
 a

nd
 sp

ec
ifi

ci
ty

 o
f p

rim
ar

y 
an

tib
od

ie
s f

ro
m

 d
iff

er
en

t s
pe

ci
es

, r
ef

er
 to

 T
ab

le
 1

.

2 Ja
ck

so
n 

Im
m

un
oR

es
ea

rc
h 

La
bo

ra
to

rie
s, 

W
es

t G
ro

ve
, P

A
.

3 Fo
r m

ul
tip

le
 la

be
lin

g 
(M

L)
 w

ith
 m

in
im

al
 c

ro
ss

re
ac

tiv
ity

 (m
in

 X
) t

o 
ot

he
r s

pe
ci

es
.

4 n:
 n

um
be

r o
f c

as
es

 (e
ac

h 
ca

se
 re

fe
rr

in
g 

to
 a

n 
in

je
ct

io
n 

si
te

 a
nd

 se
rie

s f
ro

m
 th

e 
sa

m
e 

si
de

 o
f t

he
 b

ra
in

, t
hu

s 1
 o

r 2
 p

er
 b

ra
in

 fr
om

 9
 ra

ts
 fo

r a
 to

ta
l o

f 1
6 

in
je

ct
io

n 
si

te
s s

el
ec

te
d 

fo
r t

he
ir 

pl
ac

em
en

t i
n 

th
e

M
C

PO
/S

I)
.

J Comp Neurol. Author manuscript; available in PMC 2008 June 12.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

HENNY and JONES Page 31

TABLE 3
Numbers and Proportions of Orx Cells and Orx+ Cells Contacted by BDA+ Varicosities Estimated across
Hypothalamic Regions1

Hypothalamic region LH PF DMH Total

Single-immunostained Orx series2
N° Orx cells 1770.7 ± 182.3 469.3 ± 21.3 917.3 ± 149.3 3157.3 ± 259.5
% Orx cells of Total across regions 56.0 ± 3.0 % 15.2 3 2.0 % 28.8 ± 2.9 % 100 3 0.0 %
Dual-immunostained BDA/Orx series3
N° Orx+ cells 1216.0 ± 97.8 320.0 ± 37.0 576.0 ± 97.8 2122.0 ± 97.8
N° Orx+ cells contacted by a BDA +
var. (Orx+:BDA+)

512.0 ± 110.9 42.7 ± 42.7 42.7 ± 21.3 597.3 ± 166.6

% Orx+ cells contacted by a BDA+
var. in each region

41.4 ± 7.1 % 11.1 ± 11.1 % 8.9 ± 4.8 % 27.7 ± 6.6 %

Data are presented as means ± SEM. DMH, dorsomedial hypothalamic nucleus; LH, lateral hypothalamus; PF, perifornical area; var., varicosity.

1
Estimated numbers of cells and BDA-contacted cells were obtained by random systematic sampling of the hypothalamus at levels A6.6, A6.2 and A5.8

for LH, and levels A6.2 and A5.8 for PF and DMH using StereoInvestigator.

2
Series from 3 different brains processed for single-immunostaining of Orx cells with DAB (see Methods).

3
Series from 3 individual cases (injection sites) processed for dual-immunostaining of BDA (with DAB-Ni) and Orx (with ANPB, see Materials and

Methods).
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TABLE 4
Numbers and Proportions of Orx+ Cells Contacted by BDA+ Varicosities Positive for Vesicular Transporter Proteins (VTP+), and
Numbers and Proportions of BDA+ [VTP+] Varicosities in Contact with Orx+ Cells in the Lateral Hypothalamus (LH)1

Triple-immunostained BDA/VTP/Orx series VAChT VGluT2 VGAT

N° Orx+ cells contacted by BDA+ var. (Orx+:BDA+) in each
series

548.3 ± 68.3 532.7 ± 109.7 595.3 ± 109.7

N° Orx+ cells contacted by BDA+ [VTP+] var. (Orx+:BDA+
[VTP+])2

15.7 ± 15.7 188.0 ± 81.4 376.0 ± 27.1

% Orx+ cells contacted by BDA+ [VTP+] var.2 3.7 ± 3.7 % 31.4 ± 9.4 % 66.7 ± 11.2 %
N° BDA+ var. in contact with Orx+ cells (BDA+: Orx+) in each
series

908.6 ± 122.4 1096.7 ± 180.7 1457.0 ± 204.9

N° BDA+ [VTP+] var. in contact with an Orx+ cells (BDA+ [VTP
+]:Orx+)2

15.7 ± 15.7 203.7 ± 95.3 814.7 ± 87.2

% BDA+ [VTP+] var. in contact with Orx+ cells2 2.2 ± 2.2 % 16.6 ± 6.2 % 57.8 ± 8.7 %

Data are presented as means ± SEM. var., varicosity.

1
Estimated numbers of cells were obtained by random systematic sampling of the LH area at levels A6.6, A6.2 and A5.8 using StereoInvestigator from

three individual cases (injection sites).

2
According to a non-parametric Kruskal-Wallis test, the different VTP+ varicosities differed significantly according to the numbers (H = 6.587, P = 0.037)

and proportions (H = 7.261, P = 0.027) of Orx+ neurons contacted by BDA+ [VTP+] and to the numbers (H = 6.587, P = 0.037) and proportions (H =
6.938, P = 0.031) of BDA+ [VTP+] varicosities contacting Orx+ neurons.
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