3844 - The Journal of Neuroscience, May 1, 2003 - 23(9):3844 -3854

Selective Enhancement of Synaptic Inhibition by Hypocretin
(Orexin) in Rat Vagal Motor Neurons: Implications for
Autonomic Regulation
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The hypocretins (orexins) are hypothalamic neuropeptides implicated in feeding, arousal, and autonomic regulation. These studies were
designed to determine the actions of hypocretin peptides on synaptic transmission in the dorsal motor nucleus of the vagus nerve (DMV).
Whole-cell patch-clamp recordings were made from DMV neurons in transverse slices of rat brainstem. Some of the neurons were
identified as gastric-related by retrograde labeling after inoculation of the stomach wall with pseudorabies virus 152, a viral label that
reports enhanced green fluorescent protein. Consistent with previous findings, hypocretins caused an inward current (6 - 68 pA) in most
neurons at holding potentials near rest. In addition, the frequency of spontaneous IPSCs was increased in a concentration-related manner
(up to 477%), with little change in EPSCs. This effect was preserved in the presence of tetrodotoxin, suggesting a presynaptic site of action.
Hypocretins increased the amplitude of IPSCs evoked by electrical stimulation of the nucleus tractus solitarius (NTS) but not evoked
EPSCs. Hypocretin-induced increases in the frequency of IPSCs evoked by photoactivation of caged glutamate within the NTS were also
observed. Identical effects of the peptides were observed in identified gastric-related and unlabeled DMV neurons. In contrast to some
previous studies, which have reported primarily excitatory actions of the hypocretins in many regions of the CNS, these data support a
role for hypocretin in preferentially enhancing synaptic inhibition, including inhibitory inputs arising from neurons in the NTS. These
findings indicate that the hypocretins can modulate and coordinate visceral autonomic output by acting directly on central vagal circuits.
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Introduction

The hypocretins, also called orexins, are neuropeptides produced
in and near the lateral hypothalamus (de Lecea et al., 1998; Saku-
rai et al., 1998). Hypocretin-containing axons are widely distrib-
uted in the CNS, particularly in areas involved in feeding and
autonomic regulation (de Lecea et al., 1998; Peyron et al., 1998;
Date et al., 1999; Harrison et al., 1999). Correspondingly, central
hypocretin administration increases feeding in rats (Sakurai et
al., 1998), in part by delaying behavioral satiety (Rodgers et al.,
2000), and stimulates cardiovascular and sympathetic function
(Shirasaka et al., 1999; Chen et al., 2000). Involvement of hypo-
cretin in sleep and wakefulness is also apparent (Hagan et al.,
1999; Lin et al., 1999; Siegel, 1999; Gerashchenko et al., 2001),
and a role for the peptides has been proposed in coordinating
autonomic tone with arousal (Mieda and Yanagisawa, 2002; Sut-
cliffe and de Lecea, 2002).

A principal brainstem area controlling autonomic function is
the dorsal vagal complex (DVC). Central processes of sensory
vagal neurons serving the gastrointestinal viscera synapse with
second order neurons in the caudal portions of the medial nu-
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cleus tractus solitarius (NTS). Corresponding parasympathetic
visceral motor output originates in the dorsal motor nucleus of
the vagus nerve (DMYV). Visceral afferent stimuli activate NTS
neurons, some of which make glutamatergic and GABAergic syn-
aptic connections with neurons in the DMV, forming a local
reflex circuit (Travagli et al., 1991). Hypothalamic projections,
including hypocretin fibers, innervate the DVC, implying that
descending inputs can combine with local circuits to regulate
autonomic output (Peyron et al., 1998; Date et al., 1999). Sup-
porting a functional role for hypocretin in the DVC, a vagally
mediated component to hypocretin-induced feeding has been
demonstrated previously (Takahashi et al., 1999). However, it is
not clear that hypocretins act within the DVC to affect feeding
(Dube et al., 1999), and the ability of hypocretin to modulate
gastric activity by acting in the nucleus may be specific to levels of
the DMV rostral to the obex (Dube et al., 1999; Krowicki et al.,
2002).

Effects of hypocretin at the cellular level have been described
in several CNS regions and are mostly excitatory. Hypocretin
applied to neurons in vitro enhances synaptic transmission in
some hypothalamic and locus coeruleus neurons (van den Pol et
al., 1998; Horvath et al., 1999). A membrane depolarization is
typically observed in several brainstem areas (Brown et al., 2001;
Burlet et al., 2002; Yang and Ferguson, 2002), including the NTS
(Smith et al., 2002) and DMV (Hwang et al., 2001). Although
coordinated autonomic output is closely regulated by the synap-
tic input to DMV neurons (Travagli et al., 1991; Browning and
Travagli, 1999; Browning et al.,, 2002), nothing is currently
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known about the effects of hypocretin on synaptic activity in the
nucleus.

The DMV plays a critical role in regulating digestion and other
autonomic functions, and synaptic inputs are important regula-
tors of DMV activity. These experiments were designed to test the
hypothesis that, in addition to its depolarizing effects, hypocretin
modulates synaptic connections in the DMV, including inputs to
gastric-related neurons.

Materials and Methods

Prelabeling of gastric-related neurons with pseudorabies virus 152. Male
Sprague Dawley rats ( Harlan Sprague Dawley, Indianapolis, IN), 4—8
weeks of age, were housed under a standard 12 hr light/dark cycle with
food and water provided ad libitum. All animals were treated and cared
for in accordance with the rules of the Tulane University Animal Care
and Use Committee and National Institutes of Health guidelines. For
some experiments, a retrogradely transported viral vector that reports
enhanced green fluorescent protein (EGFP) was used to identify gastric-
related neurons (Jons and Mettenleiter, 1997; Smith et al., 2000; Pickard
etal., 2002). Under sodium pentobarbital anesthesia (Nembutal, 50 mg/
kg, i.p.; Abbott Labs, Chicago, IL), a laparotomy was performed, and the
gastric musculature was injected with an attenuated (Bartha) strain of
pseudorabies virus (PRV), constructed to express EGFP (PRV-152; gen-
erously supplied by Dr. L. W. Enquist, Princeton University, Princeton,
NJ). As described previously in detail for unlabeled PRV tracing studies
(Card et al., 1990, 1993; Rinaman et al., 1993), three to five injections (1
wleach) of PRV-152 at a titer of 1-2.4 X 10® pfu/ml were made into the
gastric wall musculature on the ventral surface of the corpus usinga 10 ul
Hamilton syringe (Hamilton, Reno, NV) fitted with a 26 ga needle. The
needle was left in place for an additional 30 sec at each site before re-
moval. A fresh aliquot of PRV-152 was thawed for each injection from
frozen stock. Animals were maintained in a biosafety level 2 laboratory
for up to 96 hr after injection in which they were allowed to recover. Food
and water, monitored to ensure that they were consumed at a normal
rate, were provided ad libitum.

On the basis of preliminary studies and previous reports of PRV neu-
ronal infection stages (Card et al., 1993; Rinaman et al., 1993), labeling in
the brainstem and other areas of the brain was examined at 60—75 hr after
infection. This time period resulted in labeling of neurons in the DMV
sufficient to allow targeting of neurons for recording but is more than 1 d
before the time at which electron microscopic studies indicated signs of
membrane damage from the virus (Rinaman et al., 1993). Some animals
were perfused transcardially with 4% paraformaldehyde in 0.15% so-
dium phosphate buffer, pH 7.4. The brains were removed and postfixed
overnight at 4°C in paraformaldehyde, at which time they were rinsed in
multiple washes of PBS, pH 7.2, equilibrated in 30% sucrose in PBS, and
sectioned at 30 wm on the freezing stage of a sliding microtome. Sections
were mounted on slides, air dried, and coverslipped in Vectashield to
retard photobleaching (Vector Laboratories, Burlingame, CA). Images
were captured with a Spot RT CCD camera (Diagnostic Instruments,
Sterling Heights, MI) using an EGFP-shifted filter set (Chroma Technol-
ogy, Brattleboro, VT) on a Leica DMLB microscope (Leica, Nussloch,
Germany).

Slice preparation. Rats were deeply anesthetized with sodium pento-
barbital (100 mg/kg, i.p.) or Halothane (Sigma, St. Louis, MO) inhala-
tion and then decapitated while anesthetized. The brain was removed
and blocked coronally rostral to the cerebellum on an ice-cold stand. The
brainstem was then glued to a sectioning stage with cyanoacrylate-based
adhesive. Transverse brainstem slices (300—400 wm) containing the cau-
dal vagal complex were made in 0-2°C, oxygenated (95% O, or 5% CO,)
artificial CSF (ACSF) using a vibrating microtome (Vibratome Series
1000; Technical Products International, St. Louis, MO). The ACSF con-
tained the following (in mm): 124 NaCl, 3 KCl, 2 CaCl,, 1.3 MgCl,, 1.4
NaH,PO,, 26 NaHCO;, 11 glucose, pH 7.3-7.4, with an osmolarity of
290-315 mOsm/kg. Slices were incubated for at least 1 hr in 33-35°C
oxygenated ACSF. In most cases, a single brain slice was then transferred
to a submersion-style recording chamber on a fixed stage mounted under
an upright (Olympus BX50WI; Olympus Immunochemicals, Melville,
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NY) or an inverted (Nikon TE200; Nikon, Melville, NY) microscope and
continuously perfused with ACSF. The ACSF used for recordings was
identical to that used in the dissection.

Electrophysiological recording. Whole-cell patch-clamp recordings
were obtained in the DMV using patch pipettes with open tip resistances
of 3-5 M(). Patch pipettes were filled with the following (in mm): 130
K *-gluconate (or Cs *-gluconate), 1 NaCl, 5 EGTA, 10 HEPES, 1 MgCL,,
1 CaCl,, 3 KOH (or CsOH), 2—4 ATP; 0.2% biocytin, pH 7.2-7.4. Pi-
pettes were pulled from borosilicate glass capillaries of 0.45 mm wall
thickness (Garner Glass, Claremont, CA). In most cases, neurons were
targeted for recording under a 40X water-immersion objective (numer-
ical aperture, 0.8) using infrared-differential interference contrast (IR-
DIC) optics. For recordings from EGFP-labeled DMV neurons (i.e., they
were infected retrogradely from the stomach with PRV-152), initial vi-
sualization was made briefly under epifluorescence by using an FITC
filter set. The epifluorescence illumination was then stopped and IR-DIC
illumination was used to guide the recording pipette onto the cell for
whole-cell analysis of synaptic currents. Recorded neurons were visual-
ized, and their EGFP content was documented on-line using a Spot RT
Slider CCD camera (Diagnostic Instruments).

Electrophysiological signals were recorded using either an Axopatch
200B or Axopatch 1D amplifier (Axon Instruments, Union City, CA).
Signals were low-pass filtered at 2—5 kHz, digitized at 88 kHz (Neurore-
corder; Cygnus Technology, Delaware Water Gap, PA), and recorded on
videotape and to a PC-style computer (Digidata 1320A; Axon Instru-
ments). Data were captured using the pClamp program suite (Axon
Instruments) and analyzed using pClamp programs or mini-analysis
(Synaptosoft, Decatur, GA). Once in the whole-cell configuration, cells
were initially held near the resting membrane potential for 5-10 min to
allow equilibration of the cytoplasm and recording electrode solution.
Seal resistances were typically 2—4 G(), and series resistance, measured
from brief voltage steps (5 mV, 5 msec) applied through the recording
pipette, was typically <20 M() and monitored periodically during the
recording. Recordings in which a >20% change in series resistance was
measured during drug application were excluded from the analysis. In-
put conductance was assessed by measuring the current at the end of brief
voltage pulses of 5-10 mV or by determining the linear slope conduc-
tance from a voltage ramp protocol, as described previously (Smith et al.,
2002). Peptide-induced changes in holding current were assessed while
the neuron was voltage clamped between —60 and —80 mV. Resting
membrane potential was determined by periodically monitoring the
voltage at which no current was measured (i.e., removing voltage-clamp
control of the neuron by switching to I = 0) during the recording. Elec-
trical stimulation of the NTS (300 usec, 0.1 Hz) was performed using
either a bipolar electrode made from a pair of Teflon-coated platinum-
iridium wires (75 wm diameter, ~100 wm tip separation) or a concentric
bipolar platinum-iridium electrode (125 wm diameter; Frederick Haer
Company, Bowdoinham, ME). Stimulation intensity was adjusted so
that PSCs were evoked after >75% of the trials. For spontaneous PSCs
(i.e., SEPSCs and sIPSCs), at least 2 min of activity (typically 100-300
events) was examined to determine hypocretin effects on amplitude and
frequency distributions. The criteria for detecting synaptic currents were
fast rise times (<1 msec), exponential decays, and amplitude of at least
twice the peak-to-peak baseline noise (nominally 2—4 pA). EPSCs were
examined at holding potentials between rest and the calculated Cl ~ equi-
librium potential (i.e., between approximately —50 and —83 mV). IPSCs
were examined at rest and at less negative holding potentials (—30-0
mV). When present, spontaneous unclamped sodium currents were in-
activated shortly after depolarizing the neurons to study IPSCs. In most
experiments that examined IPSCs, cesium was present in the recording
pipette, preventing repolarizing potassium currents and facilitating spike
inactivation. Hypocretin 1 or 2 (orexin A or B; Sigma) was bath applied
for 2—4 min at a concentration of 0.03—1 um. The GABA, antagonist,
bicuculline methiodide (30 um), the glutamate AMPA/kainate receptor
antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 um), the
NMDA receptor antagonist, 5-aminophosphonovaseric acid (APV; 50
uM; receptor antagonists all from Sigma), and tetrodotoxin (TTX; 2 um)
(Sigma or Alomone Labs, Jerusalem, Israel) were added to the ACSF for
some experiments.
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Glutamate photostimulation. Photoactivation of caged glutamate (i.e.,
glutamate photostimulation) was performed similar to previous descrip-
tions (Callaway and Katz, 1993; Wuarin and Dudek, 2001). L-glutamic
acid, y-(a-carboxy-2-nitrobenzyl) ester, trifluoroacetic acid salt (i.e.,
CNB-caged glutamate, 250 uMm; Molecular Probes, Eugene, OR), which
does not bind to glutamate receptors, was added to recirculating, oxy-
genated ACSF. A xenon flash lamp ( T.L.L.L. Photonics, Eugene, OR) was
used to uncage glutamate (Callaway and Katz, 1993), which allowed the
molecule to activate glutamate receptors. The flash of UV light (2-3
msec) was directed through the epifluorescence port of an inverted mi-
croscope (Nikon TE200, Nikon) and focused through the slice by posi-
tioning a high numerical aperture 40X oil immersion objective (Nikon)
beneath the cover glass forming the floor of the recording chamber. A
diode laser (A = 670 nm), which does not uncage the glutamate, was
directed through the objective to aim the UV flash using the camera port
on the microscope and viewed using a CCD camera attached to a dissect-
ing microscope above the slice. The effective diameter of glutamate pho-
tolysis (~100 wm) was determined empirically by detecting direct in-
ward current caused by uncaging glutamate directly under the tip of the
recording pipette and then moving the flash area progressively farther
away from the recording. In control experiments, there was no degrada-
tion of the direct response (i.e., the inward current) after >100 stimuli.
The flash was directed into discrete areas to evoke glutamate-induced
action potentials in NTS neurons. Once a synaptic response was detected
in the DMV, a comparison of responses with 20-30 flashes was made
before and after addition of hypocretin (300 nm). Because glutamate
uncaging activated local circuits and usually resulted in a barrage of
evoked PSCs, glutamate-evoked responses were analyzed by subtracting
the baseline frequency of spontaneous PSCs before uncaging from the
PSC frequency after uncaging. Therefore the frequency of glutamate-
evoked PSCs is defined as frequency of PSCs after uncaging minus fre-
quency of spontaneous PSCs in the 10-30 sec before uncaging.

Statistical analysis. Effects of hypocretin on spontaneous PSC fre-
quency and amplitude were analyzed within a recording using the Kol-
mogorov—Smirnov test; effects on evoked PSC amplitude and glutamate-
evoked EPSC frequency were analyzed using a paired two-tailed
Student’s ¢ test. Grouped results were compared using an unpaired two-
tailed Student’s t test or one-way ANOVA. Results are reported as the
mean = SEM unless indicated otherwise; significance was set at p < 0.05
for all statistical measures.

Histology and immunohistochemistry. Recording pipettes contained
0.2% biocytin, which diffused into the neuron during recording to label
recorded neurons to verify their location and EGFP content post hoc.
After each recording, slices were fixed in 4% paraformaldehyde (Fisher
Scientific, Houston, TX) in 0.15 M NaPO, buffer, pH 7.3, overnight at
4°C. After fixation, slices were rinsed (3 X 5 min) in 0.01 m PBS, pH 7.4.
Reactions were performed on whole-mount specimens. To compare the
recorded neuron location with that of EGFP-labeled neurons, biocytin-
filled neurons were visualized by reacting the tissue with avidin-rhodam-
ine (Vector Labs) in PBS (1:400, pH 7.3) containing 0.1-1% Triton
X-100 (4-12 hr). In most cases, the neurons were subsequently reacted
using the ABC method (ABC Elite, 1:100, 2 hr to overnight; Vector Labs).
After rinsing again in PBS (3 X 5 min), the labeled neurons were visual-
ized with diaminobenzidine (DAB) at a concentration of 0.06% with
0.003% H,O, in 0.01 M PBS. The slices were then mounted on slides
(Superfrost/Plus, Fisher Scientific), air dried overnight, and then dehy-
drated in alcohols and covered in Permount. For purposes of assessing
basic morphological characteristics, a subset of neurons was recon-
structed digitally using Neurolucida v4.05¢ software (MicroBrightField,
Williston, VT). Video images were obtained from a CCD camera (Cohu,
San Diego, CA) mounted on an upright microscope with a 63X oil-
immersion objective (Axioskop; Zeiss, Thornwood, NY) and motorized
stage. Cell analysis was performed using Neuroexplorer 3.23b software
(MicroBrightField) and was limited in this study to information on soma
area, soma form factor, and number of dendrites. Hypocretin-containing
elements in the brainstem were identified using a polyclonal antibody to
hypocretin 2 (a gift from A. N. van den Pol, Yale University, New Haven,
CT; 1:5000) or hypocretin 1 (Orexin A, 1:4000; Alpha Diagnostic Inter-
national, San Antonio, TX) in PBS containing 1% Triton X-100 over-
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night. Hypocretin immunoreactive fibers were visualized in conjunction
with the biocytin-filled DMV neurons using a fluorescein-conjugated
secondary antibody (1:200; IgG). No fiber staining was observed when
the primary antibody was omitted.

Results

Prelabeling of stomach-projecting neurons
Stomach-projecting neurons in the DMV were identified after
infection of the gastric musculature with a transsynaptic retro-
grade viral label isogenic with PRV-152 Bartha constructed to
report EGFP from the human cytomegalovirus immediate early
promoter (a gift from L. W. Enquist). Inoculation of the stomach
wall resulted in a temporal progression of retrograde EGFP label-
ing of stomach-projecting autonomic circuits that was similar to
that reported for PRV Bartha (Card et al., 1993; Rinaman et al.,
1993). EGFP-labeled neurons of the DMV first appeared approx-
imately 40-50 hr after infection. Neurons in the NTS became
infected approximately 12-20 hr later. Recordings included in
this study were limited to infection times <75 hr, when no ap-
parent degradation of membrane properties was detected (Smith
et al., 2000; Irnaten et al., 2001). Control injections of the virus
into the lumen of the stomach (n = 3) or onto the surface of the
stomach or peritoneum (n = 5) were made to determine whether
axons of passage were labeled by the virus. No specific labeling
was observed in the DMV after these injections, supporting pre-
vious data indicating that PRV-152 invaded the DMV after being
taken up by gastric vagal terminals (Card et al., 1990).

A total of 115 neurons in the DMV (16 EGFP-labeled and 99
unlabeled) were recorded from uninfected and PRV-152-
infected rats. All neurons were from rostrocaudal levels of the
DMV corresponding to areas with high numbers of EGFP-
labeled neurons. Neurons were examined primarily in voltage-
clamp to determine the nature of their synaptic inputs. However,
action potentials and resting membrane potential were briefly
assessed in most cells by transiently removing the voltage-clamp
(i.e., by switching to I = 0) and monitoring voltage. All neurons
examined were capable of firing action potentials with =20 mV
overshoot. Mean input resistance was 328 = 32 M{) and resting
membrane potential was —50 * 3 mV (n = 28).

Gastric-related neurons were identified either by the presence
of EGFP in the cell during the recording or post hoc using biocytin
to double-label filled neurons that also contained EGFP (Fig. 1).
There was no difference between the average input resistance,
resting membrane potential, or frequency of postsynaptic cur-
rents recorded from EGFP-labeled versus unlabeled neurons
(Table 1). General morphological properties of DMV neurons
were also similar between labeled and unlabeled neurons and
similar to those observed previously after retrograde labeling of
vagal motor neurons from the stomach (Fig. 1) (Browning et al.,
1999). Neuron morphology confirmed that the recordings used
in this study were made from motor neurons of the DMV (Fig. 1).

Hypocretin immunoreactivity and recording location

Hypocretin-immunoreactive fibers have been observed through-
out the caudal vagal complex (Peyron et al., 1998; Date et al.,
1999; Nambu et al., 1999; Smith et al., 2002). In all animals ex-
amined immunohistochemically (n = 12), hypocretin 1 and
hypocretin 2 immunoreactive fibers were observed within and
near the DMV at rostrocaudal levels corresponding to those at
which neurons used in this study were recorded. In seven of seven
cases in which hypocretin immunohistochemistry was per-
formed on whole-mount slices from which a whole-cell record-
ing was made, hypocretin fibers were observed in apposition to
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PRV-152 (EGFP)

biocytin (DAB)

Figure 1.
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biocytin (rhodamine)

Patch-clamp recording from gastric-related rat DMV neurons prelabeled with PRV-152. A, Whole-mount view of a brainstem slice (400 wum) after fixation reveals EGFP-labeled DMV

neurons 70 hr after inoculation of the stomach wall. The neuron indicated (arrow) was targeted for recording and filled with biocytin. B, The same slice and plane of section viewed with optics
demonstrating the biocytin label (i.e., avidin—rhodamine fluorescence). The filled neuron is indicated by the arrow. Inset, Examples of spontaneous EPSCs from this neuron and IPSCs from another
PRV152-labeled DMV neuron. (, The same neuron in whole mount after ABC—DAB reaction. D, The same neuron was reconstructed digitally. Arrows point to the axon.

Table 1. Membrane properties and morphology of EGFP-labeled and unlabeled
DMV neurons

Unidentified (n) EGFP labeled (n)

Rin (M) 336 = 36 (16) 298 =39(12)
RMP (mV) —48 + 2(16) —50+2(12)

IPSC frequency (Hz) 1.7£0.2(29 14£03(8)
EPSCfrequency (Hz) 23+0.7(9 3.2+1.0(8)

299.5 = 21.8 (24)
3.74 £0.27 (24)

355.0 = 453 (10)
3.70 = 0.34 (10)

Soma area j1”
Number of dendrites

the soma and dendrites of recorded neurons (Fig. 2A). In addi-
tion, dendrites of DMV cells often extended into the NTS, where
hypocretin fibers are abundant (Smith et al., 2002).

Hypocretin-induced changes in whole-cell current

DMYV neurons were voltage-clamped at membrane potentials be-
tween —60 and —80 mV, and changes in whole-cell current after
hypocretin application at concentrations of 100—1000 nM were
observed. Hypocretin 1 or hypocretin 2 was applied at a concen-
tration of 300 nM to eight voltage-clamped neurons under nor-
mal recording conditions. All of the neurons examined displayed
a small whole-cell current change. Application of hypocretin 1
resulted in an inward current in three of four neurons (13.3 =+ 2.2
pA). The remaining cell showed a 13 pA outward current. Simi-

larly, three of four neurons showed an inward current in response
to hypocretin 2 (30.7 = 7.3 pA) (Fig. 2 B). The remaining neuron
also exhibited a 13 pA outward current. A hypocretin-induced
small membrane potential depolarization (3—6 mV) was also ob-
served in 9 of 11 neurons, including three EGFP-labeled neurons,
by temporarily removing the voltage clamp during hypocretin
application. When Cs ¥ was used as the dominant intracellular
cation, hypocretin application failed to cause a measurable mem-
brane current or depolarization in 17 of 18 neurons. These data
indicated that gastric-projecting neurons infected with PRV-152
could generate inward currents in response to the hypocretins
and were consistent with previous reports indicating that the
hypocretins tend to depolarize most DMV neurons in a K-
dependent manner (Hwang et al., 2001).

Synaptic inputs

Synaptic input to most DMV neurons was recorded at holding
potentials that allowed separation of outward and inward cur-
rents by their polarity (Smith etal., 1998, 2002). In some neurons
(n = 16), both sIPSCs and sEPSCs were analyzed in the same cell
by first examining responses at a depolarized holding potential
(—30-0 mV) for 2-5 min and then reexamining the responses at
a more negative potential (i.e., —80 to —60 mV). In most exper-
iments that examined IPSCs, cesium was present in the recording
pipette, blocking postsynaptic leak conductance changes induced
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20 pA
2 min

Figure 2.
postsynaptic effects on DMV neurons. A, This neuron was filled with biocytin (0.2%) during a
recording and was reacted with avidin—rhodamine conjugate (red fluorescence). Hypocretin
2-immunoreactive axons were visualized with a fluorescein-conjugated secondary antibody
(green fluorescence) near the recorded neuron. B, Hypocretin 2 application to another DMV
neuron (bar) resulted in an inward current. Holding potential was —70 mV.

Hypocretin-containing fibers are present in the DMV, and the peptides have

by hypocretin and effectively isolating effects of the peptide to
that occurring on afferent inputs. In some experiments, the
AMPA receptor antagonist CNQX and the GABA, receptor an-
tagonist bicuculline were added to the ACSF. Inward synaptic
currents were blocked by CNQX (10 uMm; n = 10), and outward
synaptic currents were blocked by bicuculline (30 um; n = 5).
They were therefore considered to be EPSCs and IPSCs mediated
by glutamatergic AMPA/kainate and GABA, receptors, respec-
tively. The mean sEPSC frequency for all neurons was 2.8 = 0.6
Hz, and the mean amplitude, measured near resting membrane
potential (approximately —50 mV) was 19 = 1 pA. Neither the
amplitude nor frequency of sEPSCs was different (p > 0.05)
between EGFP-labeled (n = 8) and unlabeled (n = 9) neurons
(Table 1). The mean sIPSC frequency for all neurons was 1.6 *
0.2 Hz, and the mean amplitude at holding potentials near rest
was 26 * 2 pA. Neither the amplitude nor frequency of sIPSCs
was different (p > 0.05) between EGFP-labeled (n = 8) and
unlabeled (n = 29) neurons (Table 1). These findings were con-
sistent with previous reports, which indicated minimal morpho-
logical or physiological effects of PRV-152 in early stage infec-
tions (Rinaman et al., 1993). These data also indicated that
membrane properties and synaptic input of EGFP-labeled DMV
neurons remained quantitatively similar to unlabeled neurons 75
hr after stomach inoculation.
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Hypocretin effects on spontaneous IPSCs

The effect of the hyopcretins on sIPSCs was studied on 25 neu-
rons of the DMV, 8 of which were EGFP-labeled, 60—72 hr after
inoculation of the stomach wall with PRV-152. The frequency
and amplitude of sIPSCs was examined at holding potentials of
—30-0 mV, usually using Cs ™ as the primary cation carrier in
the pipette to isolate peptide effects on afferent neurons and ter-
minals from possible effects at soma—dendritic receptors on the
recorded neuron. The frequency of sIPSCs was significantly and
reversibly increased by both hypocretins in a concentration-
related manner (0.3-1 uM) in each of the 25 neurons (Fig. 3),
including 8 cells recorded with K™ in the pipette that were also
depolarized by the same application of the peptide. At a concen-
tration of 1 uM, hypocretin 2 (n = 10) increased the frequency of
SIPSCs 13—477% (184 = 18%; p < 0.05), and hypocretin 1 (n =
11) increased the frequency of SIPSCs 42—-351% (155 % 14%; p <
0.05). Additional experiments were performed in the presence of
10 uM CNQX, producing similar results (178 = 53% increase;
n = 6). The amplitude of sSIPSCs was not significantly altered by
either peptide at this concentration (5 = 5% for hypocretin 1;
—6 * 6% for hypocretin 2; p > 0.05).

Effects on miniature IPSCs

To determine whether the enhanced IPSC activity was caused by
Na *-independent release from synaptic terminals, slices were
bathed in TTX (2 um) to block action potential-dependent re-
lease of neurotransmitter. The effect of hypocretin on resulting
miniature IPSCs (mIPSCs) was studied in 20 neurons, including
6 EGFP-labeled neurons in the presence of TTX. At a concentra-
tion of 1 uM, hypocretin 1 significantly increased the frequency of
mIPSCs in 9 of 13 neurons in the presence of TTX, including 2 of
3 EGFP-labeled cells. The mean increase for these nine cells was
29 * 4% ( p < 0.05) and was unchanged in the remaining four
neurons. Hypocretin 2 significantly and reversibly increased the
frequency of mIPSCs in each of seven neurons by an average of
182 * 31% (Fig. 4). The amplitude of mIPSCs was unchanged by
either peptide (0 = 2% for hypocretin 1; —4 * 4.5% for hypo-
cretin 2; p > 0.05). The mean change in mIPSC frequency was
significant for both peptides, suggesting the possibility that hypo-
cretin enhanced IPSCs because of a presynaptic mechanism. The
enhancement of mIPSC frequency by hypocretin 1 was signifi-
cantly less than for sIPSCs in the absence of TTX (p < 0.05),
suggesting the possibility that the peptide also increased action
potential activity in some afferent neurons.

Effects on spontaneous EPSCs

The effect of hypocretin on sSEPSCs was examined in 10 neurons,
3 of which were EGFP-labeled (Fig. 5). Hypocretin 1 or 2 (1 um)
had no effect on sEPSC frequency in 8 of 10 neurons, including 4
neurons in which an increase in sIPSC frequency was also ob-
served during the same application. Each peptide increased
slightly the frequency of sSEPSCs in one cell (67 and 55%); none of
the EGFP-labeled neurons were affected. The amplitude of sEP-
SCs was also unchanged by the hypocretins (1 = 6% overall
increase; p > 0.05).

Electrical stimulation of the NTS

Electrical stimulation was used to examine the effect of the hypo-
cretins on NTS-evoked IPSCs and EPSCs (eIPSCs and eEPSCs).
Hypocretin 2 (300 nM) caused an increase in eIPSC amplitude in
three of six neurons tested (21.4 = 3.7% increase; p < 0.05) (Fig.
6). The eIPSC amplitudes in the remaining neurons were un-
changed. The effect of hypocretin 1 was more variable. Hypocre-
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Figure3.  The effect of hypocretin on spontaneous IPSCs in the DMV. A, Spontaneous IPSCs were observed in this neuron at a holding potential of —10 mV. B, The same neuron in the presence

of hypocretin 2 (1 wm). G, Twenty minute wash to normal ACSF. Arrows point to temporally expanded regions of the traces in A-(, as indicated. This cell was prelabeled by inoculation of the stomach
wall with PRV-152. D, Cumulative fraction plot indicates a significant increase in IPSC frequency by hypocretin 2 (arrow) ( p << 0.05; Kolmogorov—Smirnov test). £, The increase in frequency was
related to peptide concentration for both hypocretin 1and 2. The number of cells is indicated in parentheses above each set of data.

tin 1 (300 nm) had no effect in two of four neurons examined. The
remaining two cells showed an increase and decrease (19.1 and
—26.7%) in electrically evoked IPSC amplitude. In some experi-
ments (n = 8), CNQX (10 uM) was added to pharmacologically
isolate the hypocretin effect on evoked IPSCs. The same concen-
tration of hypocretin 2 enhanced eIPSCs to a similar but variable
extent in four cells recorded in the presence of CNQX (133 =
37.0% increase), with eIPSC amplitudes in the remaining cells
being unaltered (n = 3) or decreased (17%; n = 1). The effect of
the hypocretins was also examined on eEPSCs in nine neurons.
Neither hypocretin 1 (n = 5) nor hypocretin 2 (n = 4) was found
to have an effect on the amplitude of EPSCs evoked by electrical
stimulation of the NTS (Fig. 6). These data suggest that at least
a portion of the inhibitory input to the DMV that was en-
hanced by the hypocretins could be activated by electrically
stimulating the NTS.

Chemical microstimulation in the NTS

Electrical stimulation of the NTS should depolarize the soma and
dendrites of intact neurons, but it also activates fibers of passage
traversing the NTS, which may arise from many CNS regions. To
identify effects of hypocretin 2 specifically on projections to the
DMV that arise from inhibitory neurons in the NTS, we used
glutamate photostimulation to microapply glutamate at discrete
sites in the NTS. Focal uncaging of glutamate in the NTS in-
creased IPSC frequency above baseline for between 200 and 800

msec after uncaging. The increased IPSC frequency likely repre-
sents the activation of local inhibitory circuits originating in the
region of glutamate uncaging. Inhibitory synaptic responses to
glutamate photostimulation of medial or dorsal NTS areas were
examined in seven DMV neurons. Application of hypocretin 2
(300 nM) significantly increased the frequency of glutamate
photolysis-evoked IPSCs in each of the seven neurons (360 =*
114% over control; p < 0.05) (Fig. 7). The glutamate
photostimulation-evoked increase in IPSC frequency was abol-
ished when the slice was bathed in 2 um TTX (n = 4) (Fig. 7),
confirming that the increased IPSC frequency resulted from ac-
tion potential generation in NTS neurons and not simply in-
creased transmitter release caused by activation of receptors on
terminals. A TTX-resistant inward current was sometimes asso-
ciated with the glutamate uncaging and probably represented
activation of receptors on the DMV neuron dendrites, which
often extend into the NTS. These data indicated that hypocretin 2
enhanced inhibitory input to the DMV arising specifically from
activity in N'TS neurons.

Discussion

The hypocretins exert primarily excitatory actions on neurons in
multiple brain areas. In agreement with a previous finding that
hypocretin depolarized DMV neurons (Hwang et al., 2001), we
report a hypocretin-induced inward current, including in neu-
rons that control the stomach. In contrast, hypocretin also con-
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in the presence of hypocretin 2 (1 m). ¢, Twenty-five minute wash to ACSF with TTX. Arrows point to temporally expanded regions of the traces in A-C, as indicated. This cell was prelabeled by
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amplitude changes observed after T um hypocretin 1.and 2 application for several neurons. Asterisks indicate significant changes ( p << 0.05) for frequency but not amplitude.

sistently enhanced inhibitory, but not excitatory, fast synaptic
inputs to these neurons, including those that were depolarized by
the peptide. At least a portion of this modulation appeared to
involve activation of receptors on presynaptic terminals. In addi-
tion, we demonstrated that inhibitory inputs arising specifically
from neurons in the NTS are enhanced by the peptides. Axons
containing hypocretin, and message for both types of hypocretin
receptor, have recently been identified in the DVC (Peyron et al.,
1998; Date et al., 1999; Marcus et al., 2001), and our immunohis-
tochemical analyses confirmed the presence of hypocretin pep-
tides in axons within the DMV. The specific effects on gastric-
related and unidentified neurons in the DMV are consistent with
the hypothesis that there is a functional pairing of the hypocretin
system with visceral motor control, including control of the gas-
tric musculature.

Because of the reported effects of hypocretin on feeding and
gastric function (Sakurai et al., 1998; Rodgers et al., 2000;
Krowicki et al., 2002), neurons specifically involved in motor
control of the stomach were targeted for recording using the
EGFP-reporting retrograde tracer, PRV-152. As in previous anal-
yses (Smith et al., 2000; Irnaten et al., 2001), the use of PRV-152
allowed identification of a relevant subset of neurons within a
functionally heterogeneous group of neurons in the slice. Basic
membrane properties and morphology, synaptic input patterns,
and feeding behavior were not adversely affected by the label at
the time periods used (i.e., <75 hr after inoculation). The effects

of hypocretin on EGFP-labeled cells were identical to those in
cells from uninfected animals, indicating that cellular responses
to hypocretin, which involve G-protein-mediated intracellular-
signaling mechanisms (de Lecea et al., 1998; Sakurai et al., 1998;
Hwang et al., 2001) were intact.

Membrane effects

A previous study showed that the hypocretins tended to depolar-
ize most DMV neurons projecting to the abdominal viscera via a
K*- and Na"-dependent postsynaptic mechanism (Hwang et
al., 2001). The TTX-resistant inward current that we observed
was likely analogous to this direct depolarization. The high pro-
portion of neurons responding here may be a reflection of our use
of voltage clamp to uncover small inward currents. Depolariza-
tion or inward current induction by hypocretin has also been
demonstrated in several other CNS regions (Horvath et al., 1999;
Shirasaka et al., 1999; Brown et al., 2001; Eggermann et al., 2001;
Eriksson et al., 2001; Burlet et al., 2002; Samson et al., 2002; Smith
et al,, 2002; van den Pol et al., 2002; Yang and Ferguson, 2002).
The depolarization involves reduction of a K conductance in
some cells but may also activate a nonspecific cation current or
electrogenic Na*/Ca** pump (Eriksson et al., 2001; Hwang et
al., 2001; Yang and Ferguson, 2002). In this study, the peptide-
induced inward current was not observed when Cs ™ was used
intracellularly, consistent with the hypothesis that the direct



Davis et al.  Hypocretin Effects in Dorsal Vagal Complex

A

Control

m

D

Hypocretin 2 (1 uM)

J. Neurosci., May 1, 2003 - 23(9):3844 -3859 + 3851

C

Wash

1s
40 pA

C -
2 1.0 1 = @ o0 M SEPSC Frequency
O // &a mmm SEPSC Amplitude
c 08+ 5
ben / » O
m 0.6 T .l'r' [4b) [@)]
2 0 S
T 04 - & 0
£ 02 i 4

LT = .0
5 | = S Hert 1 Hert 2
© t t t t l 5 epsc epsc

0 400 800 Z e
Interval (ms) )
Figure 5.  The effect of hypocretin on spontaneous EPSCs in the DMV. A, Spontaneous EPSCs were observed in this neuron at a holding potential of —75mV. B, The same neuron in the presence

of hypocretin 2 (1 pum). G, Twenty minute wash to normal ACSF. This cell was prelabeled by inoculation of the stomach wall with PRV-152. D, Cumulative fraction plot indicates no significant change
in sIPSC frequency by hypocretin 2. £, Plots for frequency and amplitude changes after hypocretin 1 and 2 application (1 wum) for several neurons. No significant changes in EPSC amplitude or

frequency were observed for either peptide.

<€ hypocretin 2

<€ control/wash

30 pA
|30 ms

Figure 6.  Effect of hypocretin on isolated IPSCs and EPSCs electrically evoked from the NTS.
A, Three overlapping averaged traces showing NTS-evoked IPSCs recorded at a holding poten-
tial of —30mV. Arrows indicate the peaks of averaged IPSCs for control ACSF, 300 nm hypocretin
2, and 20 min after wash to control ACSF. Control ACSF contained 10 pm CNQX and 50 pum APV;
recording pipette contained Cs ™. Averages of 10—12 traces are shown for each condition. 8,
Three overlapping averaged traces showing NTS-evoked EPSCsin the DMV. Responses obtained
in control ACSF, hypocretin 2 (300 nm), and after 20 min wash to control ACSF are overlapped.
The neuron was voltage-clamped at —60 mV. Control ACSF contained 30 wum bicuculline; av-
erages of 20 —25 individual responses are shown.

membrane effects of hypocretins near resting membrane poten-
tial were K dependent.

Synaptic effects
The other principal effect of hypocretin was an enhancement of
sIPSC frequency in the absence of a significant effect on sEPSCs.

In several brain areas, the hypocretins increase excitatory or in-
hibitory amino acid-mediated synaptic transmission by postsyn-
aptic actions on local circuit neurons (van den Pol et al., 1998;
Burlet et al., 2002; Grudt et al., 2002; Liu et al., 2002) or by
enhancing release at synaptic terminals (van den Pol et al., 1998;
Smith et al., 2002). The enhanced IPSC frequency in the DMV
appeared to involve peptide binding at presynaptic terminals be-
cause it was maintained after blocking action potential-
dependent neurotransmitter release with TTX. Hypocretin 1 ac-
tivates both hypocretin receptors (HcrtR1 and HertR2) with near
equal affinity, whereas hypocretin 2 preferentially binds to
HcrtR2 (Sakurai et al., 1998). Both peptides were effective in
enhancing IPSCs, but a larger proportion of the hypocretin 2
effect was TTX resistant. Separating effects on individual recep-
tors will be facilitated by specific antagonists for each receptor,
which are not readily available. Combined with the depolariza-
tion, the finding that inhibitory input to most DMV neurons was
enhanced, whereas excitatory input was not, suggests a complex
interaction between the descending hypocretin system and vagal
motor output.

Modulation of reflex activity

Vagal motor neurons project to most visceral systems and sub-
serve various functional modalities for those systems. The popu-
lation of neurons projecting to the gastric corpus is responsible
for integrating signals related to gastric contraction, distention,
and acid secretion, which may all be regulated by hypocretins
(Takahashi et al., 1999; Krowicki et al., 2002). Central infusion of
hypocretin activates c-fos in a few DMV neurons (Date et al.,
1999), supporting the hypothesis that the peptides can excite
otherwise metabolically quiescent cells. Conversely, DMV neu-
rons are often reflexively inhibited during gastric or esophageal
distention (McCann and Rogers, 1992; Fogel et al., 1996; Rogers
etal., 1999), when activation of excitatory vagal afferents releases
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glutamate onto N'TS neurons (Smith et al., 1998). Electrical stim-
ulation of the NTS can synaptically inhibit or excite DMV cells
(Travagli et al., 1991). With the caveat that electrical stimulation
of the NTS probably activates fibers of passage unrelated to NTS
output, our finding that hypocretin increased the amplitude of
IPSCs evoked by electrically stimulating the NTS, but not EPSCs,
is consistent with the hypothesis that hypocretin might enhance
reflexive inhibition of the DMV. This hypothesis is supported
more directly by the finding that hypocretin increased the fre-
quency of IPSCs evoked by uncaging glutamate in the NTS, most
likely by enhancing the output of GABAergic NTS neurons pro-
jecting to the DMV. This could be attributable to activation of

either receptors located on GABAergic terminals in the DMV or
to excitation of NTS neurons (Smith et al., 2002). Mechanisti-
cally, this would be consistent with the hypothesis that hypocre-
tin can act in the DVC to attenuate or delay gastric-initiated
satiety signaling (Rodgers et al., 2000).

The effects of hypocretin in the DMV may also reflect an
integrative role for the peptides in coordinating autonomic out-
flow. We observed effects of the peptides on identified DMV
neurons projecting to the stomach, but the hypocretin effects
may not be specific to gastric-projecting neurons. In addition to
its effects on feeding behavior, hypocretin also modulates cardio-
vascular and sympathetic functions (Shirasaka et al., 1999; Chen
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etal., 2000) and has been proposed to coordinate autonomic tone
with arousal (Mieda and Yanagisawa, 2002; Sutcliffe and de Le-
cea, 2002). Hypocretin modulation of segregated inputs to the
DMV could contribute to coordination of autonomic outflow by
modulating parasympathetic motor neuron activity.

Excitation or inhibition?

These data indicate that the same functional set of neurons was
simultaneously excited and inhibited by hypocretin. The inward
current would tend to depolarize DMV neurons, whereas the
enhanced frequency of IPSCs would tend to be inhibitory. These
seemingly contradictory effects may reflect the diversity of
preganglionic vagal neuron function, even for neurons with a
common target (i.e., the stomach). Bath-applied hypocretin in
slices would bind to all receptors, but activation of specific de-
scending inputs in the intact animal could differentially activate
one type of response. Effects on DMV motor output may there-
fore depend on topographically specific inputs. For example,
hypocretin might have postsynaptic effects on one set of neurons
and presynaptic effects on another set, depending on the require-
ments of the system at the time. This hypothesis is consistent with
findings that hypocretin can increase or decrease feeding depend-
ing on the activity state of the animal (Rodgers et al., 2000).
Alternatively, the functional state of the individual DMV neuron
could determine the cellular response to binding of both presyn-
aptic and postsynaptic receptors. The inward current and depo-
larization may be most relevant to a neuron when it is inactive,
thereby increasing the likelihood of action potential generation.
Enhanced inhibitory inputs in a quiescent cell would have little
overt effect on neuronal activity and thus on parasympathetic
outflow. However, an increase in IPSC frequency could have sig-
nificant effects on neurons that were already depolarized (and
thus further from Cl~ equilibrium). In this scenario, hypocretin
may be considered to regulate the operational range of mem-
brane potentials for DMV neurons. Whether both effects occur
simultaneously in the same neuron or are independently regu-
lated by specific descending inputs in vivo, the finding that both
excitatory postsynaptic and inhibitory presynaptic responses can
be generated implies that hypocretin modulates specific physio-
logical functions of the DMV, even if specific modulation of one
neuron type is not evident in the slice preparation.

The hypocretins have been broadly implicated in control of
several neurological functions. This study indicates that hypocre-
tins are anatomically positioned to modulate parasympathetic
output. Unlike most systems, hypocretin selectively enhances in-
hibitory drive to gastric-related and other caudal vagal motor
neurons, in addition to more typical depolarizing effects. The
selective inhibition supports a specific role for the hypocretins in
regulating gastric function, modulating reflexive feeding and sa-
tiety signaling, and possibly integrating autonomic functions.
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