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J Physiol Heart Circ Physiol 312: H808-H817, 2017. First published
February 3, 2017; doi:10.1152/ajpheart.00572.2016.—Orexin neu-
rons, and activation of orexin receptors, are generally thought to be
sympathoexcitatory; however, the functional connectivity between
orexin neurons and a likely sympathetic target, the hypothalamic
spinally projecting neurons (SPNs) in the paraventricular nucleus of
the hypothalamus (PVN) has not been established. To test the hypoth-
esis that orexin neurons project directly to SPNs in the PVN, chan-
nelrhodopsin-2 (ChR2) was selectively expressed in orexin neurons to
enable photoactivation of ChR2-expressing fibers while examining
evoked postsynaptic currents in SPNs in rat hypothalamic slices.
Selective photoactivation of orexin fibers elicited short-latency post-
synaptic currents in all SPNs tested (n = 34). These light-triggered
responses were heterogeneous, with a majority being excitatory glu-
tamatergic responses (59%) and a minority of inhibitory GABAergic
(35%) and mixed glutamatergic and GABAergic currents (6%). Both
glutamatergic and GABAergic responses were present in the presence
of tetrodotoxin and 4-aminopyridine, suggesting a monosynaptic
connection between orexin neurons and SPNs. In addition to gener-
ating postsynaptic responses, photostimulation facilitated action po-
tential firing in SPNs (current clamp configuration). Glutamatergic,
but not GABAergic, postsynaptic currents were diminished by appli-
cation of the orexin receptor antagonist almorexant, indicating orexin
release facilitates glutamatergic neurotransmission in this pathway.
This work identifies a neuronal circuit by which orexin neurons likely
exert sympathoexcitatory control of cardiovascular function.

NEW & NOTEWORTHY This is the first study to establish, using
innovative optogenetic approaches in a transgenic rat model, that there
are robust heterogeneous projections from orexin neurons to paraven-
tricular spinally projecting neurons, including excitatory glutamater-
gic and inhibitory GABAergic neurotransmission. Endogenous orexin
release modulates glutamatergic, but not GAB Aergic, neurotransmis-
sion in these pathways.

optogenetic; electrophysiology; orexin neurons; sympathetic; cardio-
vascular regulation

SPINALLY PROJECTING NEURONS (SPNs) in the paraventricular
nucleus of the hypothalamus (PVN) play an important role in
sympathetic regulation, contributing to increase in sympathetic
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nerve discharge, heart rate, blood pressure, and breathing (21,
25, 40, 45). Whereas magnocellular PVN cells project to the
posterior pituitary, parvocellular neurons in the PVN modulate
the autonomic nervous system via direct projections to the
intermediolateral cell column of the thoracic spinal cord and
collateral fibers to the rostral ventrolateral medulla, another
brain region involved in sympathetic regulation of autonomic
function (25, 26, 49).

In close proximity to spinally projecting cells in the PVN are
orexin-containing neurons in the lateral, dorsomedial, and
perifornical regions of the hypothalamus. Like SPNs, orexin
neurons are involved in modulation of autonomic function in
addition to controlling arousal, sleep/wake states, feeding,
ventilatory chemosensitivity, and breathing (5, 6, 10, 12, 13,
34, 56, 60-62). Orexin neurons release neuropeptides
orexin-A and orexin-B and project to multiple neuronal sys-
tems in the brain and spinal cord, including dense innervation
in the PVN (8, 9, 38). Intracerebroventricular, intracisternal,
and intrathecal administration of orexin has been shown to
increase heart rate and blood pressure (1, 7, 32, 43, 50),
suggesting orexin receptor activation increases sympathetic
nervous system activity. Since high c-fos expression was found
in the PVN following intracerebroventricular injection of
orexin-A (14), this nucleus was proposed to be a possible site
of action for orexin (15). Supporting this hypothesis, both
magnocellular and parvocellular neurons in the PVN were
depolarized in response to orexin application (15, 49). Taking
together, the results from previous studies point to sympatho-
excitatory effects of orexin in the PVN; however, the func-
tional connectivity between orexin neurons and SPNs in the
PVN has not been established.

This study was undertaken to identify and characterize the
synaptic pathway from orexin neurons to SPNs in the PVN. To
accomplish this goal, we used a transgenic strain of orexin-Cre
rats to express light-activated channelrhodopsin-2 (ChR2) in
orexin cells and combined this control with whole cell record-
ing from fluorescently identified SPNs in the PVN in an in vitro
slice preparation.

MATERIALS AND METHODS

Animals and ethnical approval. Experiments were conducted by
using both sexes of transgenic rats in which Cre recombinase is
exclusively expressed in a majority of orexin neurons. To generate
orexin-enhanced green fluorescent protein (EGFP)-2A-Cre rats, the
transgene was constructed on the plasmid (pCR-Bluntll TOPO). A
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3.2-kb fragment of the 5 upstream region of the human prepro-orexin
gene was used as a promoter, which drives the expression of the Cre
recombinase connected with EGFP via viral 2A peptide (EGFP-2A-
Cre). The transgene was excised by restriction enzyme reaction to
remove plasmid backbone sequence. Transgene was microinjected
into pronuclei of fertilized rat eggs (Wistar) to generate transgenic
founders. Founders were bred with Wistar rats to produce stable
orexin-EGFP-2A-Cre transgenic lines. Homozygous orexin-EGFP-
2A-Cre rats were received from Nagoya University (Nagoya, Japan)
and housed in the George Washington University animal care facility
under standard environmental conditions. For electrophysiological
experiments we used homozygous orexin-EGFP-2A-Cre animals. All
animal procedures were performed in compliance with the institu-
tional guidelines at George Washington University and are in accor-
dance with the recommendations of the Panel on Euthanasia of the
American Veterinary Medical Association and the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. All
procedures were approved by the George Washington University
Institutional Animal Care and Use Committee.

SPN labeling and viral injections into the lateral hypothalamus.
SPNs were labeled as previously described (13, 21, 59). Orexin-Cre
rats (postnatal days 2-3) were anesthetized with hypothermia. The
upper thoracic spinal cord was exposed, and the retrograde tracer
cholera toxin subunit B conjugated with Alexa Fluor 555 (1%,
Invitrogen, Carisban, CA) was injected bilaterally into T2-T4
spinal segments (1-2 deposits per side, total volume, 50 nl).
Whereas the injection sites were not restricted to the intermedio-
lateral cell column because of the small size of the spinal cord (19),
neurons in the sympathoexcitatory regions that were retrogradely
labeled from the thoracic spinal cord have been shown to selec-
tively innervate the intermediolateral cell column with no projec-
tions to thoracic dorsal or ventral horns (42). After surgery,
buprenorphine was administered, and animals were monitored for
30 min and every 20 min thereafter until ambulatory.

ChR2 fused to enhanced yellow fluorescent protein (EYFP) was
targeted to the plasma membrane of orexin neurons and axons.
Adeno-associated viral vector with “FLEX-switch” ChR2 construct
[AAV1.EF1a.DIO.hChR2(H134R)-EYFP.WPRE.hGH, Catalog No.
AV-1-20298P Penn Vector Core, Philadelphia, PA] was injected into
the lateral hypothalamus of orexin-Cre rats. Injections were made
while the animals were anesthetized with hypothermia and mounted in
a stereotactic apparatus with a neonatal adapter (Stoelting, Wood
Dale, IL). The skull was exposed, and a small burr hole was made to
position a pulled calibrated pipette (VWR, Radnor, PA) containing
viral vector at the following coordinates: 1.7-1.9 mm posterior (de-
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pending on the distance between bregma and lambda) and 0.4 mm
lateral relative to bregma. The pipette tip was lowered 5.2 mm from
the dorsal surface of the brain and 60 nl of viral vector was slowly
injected. The pipette was left in place for 5 min, before retraction. In
addition to orexin-Cre animals, identical viral injections into the
lateral hypothalamus were performed in wild-type Wistar rats. After
surgery, buprenorphine was administered, and animals were moni-
tored for 30 min and every 20 min thereafter until ambulatory.

Slice preparation and electrophysiology. On the day of experiment,
animals (21-24 days old) were anesthetized with isoflurane, and
glycerol-based artificial cerebrospinal fluid (aCSF) was perfused tran-
scardially before death. Glycerol-based aCSF (4°C) contained (in
mM): 252 glycerol, 1.6 KCI, 1.2 NaH>POu, 1.2 MgCl, 2.4 CaCl,, 26
NaHCOs;, and 11 glucose. The brain was carefully removed, and
300-pm-thick coronal slices of the hypothalamus were obtained with
a vibratome. The slices were transferred to a solution of the following
composition (in mM) 110 N-methyl-p-glucamine (NMDG), 2.5 KCl,
1.2 NaH,PO,4, 25 NaHCOs3, 25 glucose, 0.5 CaCl,, and 10 mM
MgSO. equilibrated with 95% 0,-5% CO, (pH 7.4) at 34°C for 15
min. This brief protective recovery step using NMDG-based aCSF
reduces neuronal swelling during rewarming. The slices were then
transferred from NMDG-based aCSF to a recording chamber, which
allowed perfusion (5—10 ml/min) of aCSF at room temperature (25°C)
containing (in mM) 125 NaCl, 3 KCI, 2 CaCl,, 26 NaHCOs3, 5
glucose, and 5 HEPES equilibrated with 95% O,-5% CO- (pH 7.4) for
at least 30 min before experiments were conducted.

Individual SPNs were identified in the PVN by the presence of the
fluorescent tracer. These identified cells were then imaged with
differential interference contrast optics, infrared illumination, and
infrared-sensitive video detection cameras to gain better spatial reso-
Iution. To examine light-triggered postsynaptic currents in SPNs,
patch pipettes (2.5-3.5 M()) were filled with a solution consisting of
(in mM) 150 KCl1, 2 MgCl,, 2 EGTA, 10 HEPES, and 2 Mg-ATP, pH
7.3, and guided to the surface of individual SPNs. Voltage clamp
whole cell recordings were made at a holding potential of —80 mV
with an Axopatch 200 B and pClamp 8 software (Axon Instruments,
Union City, CA). Spontaneous glutamatergic miniature postsynaptic
currents (mEPSCs) as well as action potential firing in SPNs were
recorded with the patched pipets filled with a solution consisting of
135 mM K-gluconic acid, 10 mM HEPES, 10 mM EGTA, 1 mM
CaCl,, and 1 mM MgCl,, pH 7.3. The recording of mEPSCs was
performed in the presence of tetrodotoxin (TTX, 1 uM), gabazine (25
M), and glycine (1 wM). At the end of experiments, AP-5 (50 uM)
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (50 wM) were
added to block glutamatergic neurotransmission. All drugs used in this
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Fig. 1. Representative example of colocalization of orexin-A immunoreactivity (red) with ChR2 enhanced yellow fluorescent protein (EYFP) (green) driven by

orexin-Cre expression in the lateral hypothalamus. Scale bar, 20 pwm.
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Fig. 2. A: dense ChR2-EYFP orexinergic fiber ex-
pression (green) in the paraventricular nucleus
(PVN) (scale bar, 100 pwm). B: typical network of
ChR2-EYFP-expressing fibers (green) that surround
spinally projecting neurons (SPNs) (red) in the PVN
(scale bar, 10 pwm).

electrophysiological study, except almorexant and orexin, were pur-
chased from Sigma-Aldrich Chemical (St. Louis, MO). Almorexant, a
dual orexin receptor antagonist, and orexin were purchased from
Selleckchem (Houston, TX).

Selective photostimulation of ChR2-expressing fibers surrounding
SPNs was performed by using a 473-nm blue laser light (CrystaLaser,
Reno, NV). The laser was attached to the microscope with a dual
housing adapter (Nikon). The numeric aperture of the X40 water
immersion objective was 0.8 and the working distance 2.0 mm. A
series of 60 consecutive single stimulations (3-ms duration, at 1 Hz)
were applied to each neuron studied in voltage clamp configuration. In
another set of experiments, train stimulation (4 pulses, 3-ms duration,
at frequency 10 Hz) was applied to each neuron while recording
voltage in current clamp configuration. Laser light intensity was kept
constant across all experiments at an output of 10 mW.

Immunohistochemistry and imaging. To determine the specificity
of EGFP-ChR2 expression in orexin neurons, immunostaining was
used. Three weeks after AAVI-ChR2-EYFP viral injections, fore-
brain slices that included the lateral hypothalamus (100 pm) were
prepared and soaked 3 h in 10% formalin. The slices were then
incubated with 0.2% Triton X-100 and processed for orexin immu-
noreactivity by using rabbit anti-orexin-A as a primary antibody
(1:15,000 dilution, overnight incubation, Phoenix Pharmaceuticals,
Burlingame, CA) and anti-rabbit Alexa Fluor 633 as a secondary
antibody (1:200, 4 h, Life Technologies, Carlsbad, CA). For analysis
of colocalization of orexin immunoreactivity and ChR2-EYFP expres-
sion, the Zeiss 710 confocal imaging system was used.

Data analysis and statistics. Synaptic latency of the evoked re-
sponses was measured as the time between the onset of the stimulation
and the onset of synaptic current. Light-triggered postsynaptic cur-
rents were measured by using the pClamp 8 software (Molecular
Devices, Sunnyvale, CA). The responses to a series of 60 consecutive
photostimulations in each neuron were averaged in all series of
experiments. The mean value from each neuron in the population was
averaged for the population of neurons to create a summary of results
for each condition. A series of 60 consecutive single stimulations were
applied 1 min before and 4 min after almorexant application, and also
at 9 min of almorexant washout. Analysis of firing activity and
spontaneous glutamatergic mEPSCs was performed by using Mini
Analysis (version 5.6.12; Synaptosoft, Decatur, GA). Firing activity
was analyzed 3 s before and 3 s after photostimulation. Glutamatergic
mEPSCs were analyzed with threshold set at root-mean-square noise,
multiplied by 5. Postsynaptic neurotransmission was analyzed during
the last 2 min of the control period, the last 2 min of the 4-min orexin
application period, as well as during 8—10 min postorexin application.

Results are presented as means * SE and statistically compared by
using Student’s paired t-test, Kolmogorov-Smirnov (K-S) test, or
ANOVA with repeated-measures and Dunnett’s posttest, as appropri-
ate. Significant difference was set at P < 0.05.
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RESULTS

Orexin immunoreactivity was detectable in 85 * 2% of
ChR2-EYFP neurons, and 70 = 3% of orexin-containing neu-
rons were labeled with ChR2-EYFP (n = 9 slices from 3 rats,
see Fig. 1). In addition to ChR2-EYFP expression in orexin
neurons and axons in the lateral hypothalamus, a dense net-
work of ChR2-EYFP-expressing fibers was detected in the
PVN (Fig. 2A). Fluorescently identified SPNs in the PVN were
surrounded by ChR2-EYFP-expressing terminals (Fig. 2B). No
fluorescent EYFP expression was found in the PVN 3 wk
postinjections of AAV1-ChR2-EYFP viral vector into the
lateral hypothalamus of wild-type Wistar rats (4 animals, data
not shown).

Selective photoactivation of orexin neurons. Each optoge-
netic photostimulation (3 ms, 1 Hz) of fluorescently identified
orexin neurons in the lateral hypothalamus generated a large
rapid inward current (596 £ 132 pA, n = 11, Fig. 3B, in
voltage clamp configuration) and an action potential firing (n =
11 cells, Fig. 3A, in current clamp mode). This robust and
reliable excitation on photoactivation indicates there is a strong
expression of ChR2-EYFP (46) in orexin positive neurons. No
electrophysiological responses in orexin neurons in the lateral
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Fig. 3. Optogenetic stimulation of orexin cell bodies in the lateral hypothala-
mus evoked reliable action potentials (A) as well as large inward whole cell
currents (B) in all orexin neurons tested (n = 11). Black circles represent light
pulses (3 ms, 1 Hz).
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i Fig. 4. Optogenetic stimulation (indicated by
the arrows in this and all subsequent figures)

of ChR2-EYFP fibers in the PVN resulted in

postsynaptic currents in all SPNs tested (n =

34), including glutamatergic, GABAergic,

and mixed glutamatergic and GABAergic
responses. Representative traces are shown
at top, whereas the summary data are illus-
* trated at bottom of A, B, and C.
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40 GABAergic IPSC
20 GABAergic IPSC +
Glutamatergic EPSC
0 %%,

n=12 cells

hypothalamus were observed in orexin-Cre rats that did not
receive AAVI1-ChR2-EYFP viral injections (n = 4 cells, data
not shown), indicating that the responses were not due to
nonspecific cellular activation by blue light pulses.
Projections from orexin-containing neurons to SPNs in the
PVN. To identify and characterize the functional projection
from orexin neurons to SPNs in the PVN, postsynaptic re-

n=2 cells

sponses in SPNs were obtained on optogenetic stimulation of
ChR2-containing orexin fibers. Photostimulation of orexin
ChR2-EYFP fibers in the PVN with brief light pulses (3 ms)
generated fast postsynaptic responses in SPNs studied (n = 34,
in voltage clamp mode). The majority of postsynaptic currents
(n = 20 neurons, 59%) were blocked by application of the
glutamate receptor antagonist CNQX (50 wM, peak amplitude

A no drug TTX (1 uM) TTX (1 uM) + 4-AP (200 uM)  CNQX (50 M)
v v v v
Lt ai e A S SPMY S s g VNP N
20 pA
50 ms Fig. 5. A: in a typical experiment, tetrodotoxin
(TTX) eliminated glutamatergic response evoked by
photostimulation. A slower glutamatergic response
was reinstated by coapplication of 4-AP and
no drug TTX (1 uM) TTX (1 uM) + 4-AP (200 uM) Gabazine (25 uM) blocked by CNQX. B: a typical experiment demon-
strates GABAergic postsynaptic current evoked by
¢ ¢ il ¢ photostimulation of orexin fibers. This response was
eliminated by TTX, reinstated by coapplication of
m WM'\—"" e WS 4-AP, and blocked by gabazine.
20 pA
50 ms
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diminished from 52.6 = 5.4 pA to 2.7 = 0.2 pA, P < 0.001,
Student’s paired #-test, Fig. 4A), indicating that this synaptic
neurotransmission was mediated via postsynaptic glutamater-
gic AMPA receptors. These excitatory postsynaptic currents
(EPSCs) occurred with a short latency of 4.5 = 0.2 ms (rang-
ing from 2.1 to 6.4 ms, n = 20 cells).

In addition to glutamatergic EPSCs, inhibitory postsynaptic
currents (IPSCs) were detected in a minority of SPNs. Twelve
photoactivated postsynaptic responses out of 34 studied (35%,
Fig. 4B) were abolished by application of gabazine (25 uM,
peak amplitude diminished from 99.8. = 26.6 pA to 3.0 = 0.5
pPA, P < 0.005, Student’s paired ¢-test). The GABAergic IPSCs
had latency of 4.4 = 0.3 ms (ranging from 2.1 to 5.3 ms).

A very small minority of ChR2 photoactivated postsynaptic
currents in SPNs (n = 2, 6%, see Fig. 4C) were abolished only
by application of both gabazine (25 uM) and CNQX (25 uM),
suggesting that in a very small minority of PSNs GABAergic
and glutamatergic neurotransmitters were likely coreleased on
optogenetic stimulation of orexin fibers.

Glutamatergic and GABAergic inputs from orexin neurons
to SPNs are monosynaptic. We next assessed in voltage clamp
mode whether projections from orexin neurons to SPNs were
mono- or polysynaptic. Application of the sodium channel
blocker TTX (1 wM) eliminated light-triggered glutamatergic
current, but a ChR-2-dependent glutamatergic response was
reinstated by coapplication of 4-aminopyridine (4-AP, 200
M) and blocked by CNQX (50 wM) at the end of the
experiment (see Fig. 5A). We observed this reinstatement of
glutamatergic EPSC in all SPNs studied (n = 5). Similarly,
GABAergic postsynaptic current evoked by photostimulation
of orexin fibers was eliminated by TTX (1 wM), reinstated by
coapplication of 4-AP (200 wM), and blocked by gabazine
(n = 5 neurons, Fig. 5B). This approach using coapplication
TTX and 4-AP has been used in previous studies to isolate
monosynaptic release of neurotransmitter during photostimu-
lation (11, 37, 44, 51). Since postsynaptic responses in SPNs
occurred in the presence of TTX and 4-AP, it is likely these
glutamatergic and GABAergic responses represent a monosyn-
aptic connection between orexin-containing neurons and SPNs.

Photostimulation of orexin fibers affects action potential
firing in SPNs. To determine if the light-triggered neurotrans-
mission was strong enough to evoke changes in action potential
firing in SPNs, we performed recording from SPNs neurons in
current clamp configuration. SPNs studied in a current clamp
mode fired spontaneously at a frequency of 3.0 = 0.8 Hz and
had a resting membrane potential of —69.8 = 3.8 mV (n = 9
neurons). Train stimulation (4 light pulses, 3 ms, at 10 Hz)
elicited increase in the frequency discharge in seven out of nine
neurons studied (K-S test, see Fig. 6A). This frequency in-
crease was abolished by application of CNQX (50 uM, P >
0.05, K-S test, Fig. 6B), suggesting that light-triggered in-
creased firing of SPNs occurred via postsynaptic glutamatergic
AMPA receptor activation. No significant changes were de-
tected in two remaining SPNs (P > 0.05, K-S test, see Fig. 6B).
However, a light-triggered increase in the frequency of firing
occurred in these two initially unresponsive SPNs after appli-
cation of the GABAergic receptor antagonist gabazine (25 wM,
K-S test, Fig. 6B), suggesting GABAergic neurotransmission
can sufficiently inhibit the firing activity in a minority of SPNs.

NEUROTRANSMISSION FROM OREXIN TO PRESYMPATHETIC NEURONS
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Fig. 6. A: representative example in panel at left demonstrates a facilitation of
action potential firing (P < 0.01, K-S test) in individual SPNs in response to
train stimulation (4 light pulses, 3 ms, at 10 Hz) of orexin ChR2-expressing
fibers. As shown in panel at right this facilitation was abolished by application
CNQX at a concentration of 50 pM (P > 0.05, K-S test). B: representative
example in panel at left demonstrates no significant changes in the action
potential firing in another individual SPN occur on photostimulation (P >
0.05, K-S test). In panel at right, however, a light-triggered increase in firing
activity occurred in these initially unresponsive SPNs after application of
gabazine at a concentration of 25 pM (P < 0.05, K-S test).
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Orexin is involved in the generation of EPSCs in presym-
pathetic neurons. We also studied in voltage clamp mode
whether application of an orexin receptor antagonist affects the
light-triggered postsynaptic response in SPNs in the PVN. Bath
application of almorexant (I wM), a dual orexin receptor
antagonist, did not change the peak amplitude of photoacti-
vated GABAergic IPSCs in SPNs (104.7 = 26 pA, control vs.
106.2 = 27 pA, almorexant, P > 0.05, 1-way repeated-mea-
sures ANOVA and Dunnett’s posttest, n = 6, Fig. 7). How-
ever, almorexant (1 wM) significantly and reversibly dimin-
ished the peak amplitude of glutamatergic EPSCs in SPNs in
the PVN (from 62.0 = 6.5 pA, control to 34.8 = 6.6 pA,
almorexant, P < 0.01, 1-way repeated-measures ANOVA and
Dunnett’s posttest, n = 5, Fig. 8).

We next performed experiments to determine a possible site
of orexin action involved in facilitating glutamatergic neu-
rotransmission. Orexin (0.1 wM) bath applied in the presence
of TTX (1 pM) reversibly increased the frequency of sponta-
neous glutamatergic mEPSCs in SPNs (from 0.6 = 0.1 Hz to
1.1 £0.2 Hz, P < 0.01, one-way ANOVA and Dunnett’s
posttest, n = 7, Fig. 9). In contrast, the amplitude of mEPSCs
in SPNs was unchanged on orexin application (10.6 pA * 0.7,
control vs. 11.2 = 0.9 pA, P < 0.05, one-way ANOVA and
Dunnett’s posttest, n = 7, Fig. 9). This increase in the mEPSC
frequency suggests that orexin likely acts at presynaptic ter-
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minals to facilitate glutamatergic neurotransmission to SPNs in
the PVN.

DISCUSSION

Major findings. To the best of our knowledge, this is the first
report identifying and characterizing functional projections
from orexin neurons to SPNs in the PVN. There are five major
findings in this study. /) Optogenetic stimulation of ChR2-
EYFP-expressing orexin neurons in the lateral hypothalamus
results in reliable excitation of these orexin neurons, observed
both by action potential firing as well as large inward currents.
2) Optogenetic stimulation of ChR2-EYFP-expressing orexin
fibers evokes short-latency postsynaptic responses in SPNs in
the PVN. There are three types of neurotransmission in the
connection from orexin neurons to SPNs, including glutama-
tergic (59%), GABAergic (35%), and mixed glutamatergic and
GABAergic (6%) postsynaptic currents. 3) Both light-triggered
EPSC and IPSC are preserved with TTX and 4-AP, suggesting
this neurotransmission is a monosynaptic release of glutamate
and GABA. 4) In addition to postsynaptic currents, optogenetic
stimulation of orexin fibers elicits an AMPA receptor-mediated
increase in the frequency of action potential firing in a majority
of SPNs. 5) Almorexant, a dual orexin receptor antagonist,
does not alter GABAergic IPSCs but does diminish glutama-
tergic EPSCs in SPNs.

Excitatory and inhibitory projections from orexin-contain-
ing neurons to PSNs. Both SPNs in the PVN and orexin
neurons in the lateral hypothalamus are known to play an
important role in autonomic cardiovascular regulation (12, 22,
24, 25, 48, 49). Previous studies have found that the PVN is
densely innervated by orexin-containing fibers (9, 38, 39), and

bath-applied orexin depolarizes neurons in this nucleus (49);
however, the endogenous release of neurotransmitters and
postsynaptic receptor activation in the pathway from orexin
neurons to identified SPNs in the PVN has not previously been
established.

Selective optogenetic stimulation of orexin neurons elicits
postsynaptic currents in all SPNs tested (100%, n = 34). This
indicates a robust connectivity between orexin cells and
PSNs. The light-triggered responses include glutamatergic,
GABAergic, and mixed glutamatergic and GABAergic post-
synaptic currents. The latencies of the responses range from
2.1 to 6.4 ms, suggesting a monosynaptic connection (36).
In addition to the short latencies, the present study provides
pharmacological evidence of monosynaptic input from
orexin-containing neurons to SPNs. Both glutamatergic and
GABAergic neurotransmission to SPNs could still be
evoked by photostimulation when sodium channels are
blocked by TTX in the presence of the potassium blocker
4-AP. This combination of Na and K channel antagonists is
commonly used to distinguish between mono- and polysynap-
tic connections, as in previously published studies (11, 37, 44).

The majority of the responses in PSNs (59%) are mediated
by glutamate release and postsynaptic AMPA receptor activa-
tion, as these postsynaptic responses are completely blocked by
application of the AMPA receptor antagonist CNQX (50 uM).
Light-triggered glutamate release is large enough to evoke
changes in action potential firing. Indeed, photostimulation of
ChR2-containing fibers results in increase in the frequency of
action potential firing in a majority of SPNs, and this excitation
of SPNs is eliminated by AMPA receptor blocker CNQX (50
pM). These results provide for the first time evidence that
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Fig. 8. In contrast to GABAergic IPSCs, almorexant 70—
significantly and reversibly diminished the peak amplitude —|_
of glutamatergic excitatory postsynaptic currents (EPSCs) 60—
in PSNs in the PVN (P < 0.01, 1-way repeated-measures <
ANOVA and Dunnett’s posttest, n = 5). A typical exper- Q& 50 —|_
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orexin neurons excite, via glutamatergic neurotransmission,
SPNs in the PVN. Our data are similar to a previously pub-
lished report that optogenetic stimulation of ChR2-containing
fibers from orexin neurons elicits glutamatergic postsynaptic
currents in histaminergic tuberomammillary neurons (47). In
addition, our data advance previous work from immunohisto-
chemical studies, indicating that orexin neurons contain gluta-
mate (20, 54).

We propose that this glutamatergic excitatory pathway from
orexin to SPNs in the PVN is an important component of the
mechanism by with orexin-containing cells mediate cardiovas-
cular function. Orexin is well known to evoke sympathetic
activation in different regions of the central nervous system.
Intracerebroventricular, intracisternal, or intrathecal adminis-
tration of orexin elicits pressor effects (1, 7, 32, 43, 50).
Microinjection of orexin into the rostral ventrolateral (7, 29) or
the nucleus tractus solitarius also increases arterial pressure
and heart rate (52). The results from this study suggest that in
addition to acting on orexin receptors, orexin-containing neu-
rons may modulate cardiovascular sympathoactivation via di-
rect release of the fast neurotransmitter glutamate on SPNs in
the PVN.

The orexin receptor blocker almorexant (1 wM) diminishes
the amplitude of light-triggered glutamatergic EPSCs, indicat-
ing that orexin signaling facilitates this excitatory neurotrans-
mission in a subpopulation of SPNs. Almorexant has been
characterized as balanced orexin receptor l/orexin receptor 2
antagonist, which acts as a competitive and fast equilibrating
antagonist at orexin 1 receptors and a noncompetitive and

slowly equilibrating antagonist at orexin 2 receptors (30, 31).
The results from previous in vitro studies demonstrate that
almorexant completely antagonizes the effects of orexin on
neurons in the ventral tegmental area (30, 53). In this study,
almorexant most likely acts on both orexin 1 and orexin 2
receptors. Although the site of action of orexin involved in
facilitating light-triggered glutamatergic neurotransmission is
unknown, our data, indicating that orexin application increases
the frequency of spontaneous glutamatergic mEPSCs, suggest
a likely presynaptic site of action for orexin.

In addition to excitatory glutamatergic inputs, there are also,
albeit a minority of responses that are inhibitory, GABAergic
projections from orexin neurons to SPNs in the PVN. Thirty-
five percent of PSN light-triggered postsynaptic currents were
insensitive to CNQX but were abolished by application
GABAergic blocker gabazine (25 wM). The GABAergic re-
sponses in the presence of TTX and 4-AP, as well as the short
latencies of the responses (from 2.1 to 5.3 ms), suggest a
monosynaptic inhibitory connection between orexin cells and
SPNs. These electrophysiological results are consistent with
the possibility that a subpopulation of orexin neurons may
corelease GABA. However, neurochemical results from other
studies concerning GABA release from orexin neurons are not
consistent or uniform. Henny and coauthors (20) found that
orexin varicosities contain the presynaptic markers for gluta-
mate, but no immunohistochemical evidence of GABA release
from orexin terminals was found within the locus coeruleus.
No colocalization of orexin immunoreactivity and GADG67
mRNA has been found in the hypothalamus by using the in situ
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hybridization method (41). In contrast, the results from another
recent study that used real-time PCR methods demonstrate the
presence both glutamate and GABA among different orexin
cells (18). GABA immunoreactivity was observed within
orexin-labeled varicosities in the ventral tegmental area (3).
The possibility that orexin neurons may release GABA is also
supported by GABA immunoreactivity present in 10-25% of
orexin neurons as well as electrophysiological data showing
that photostimulation of orexin cells produces short-latency
(2-10 ms) GABAergic IPSC in a subpopulation of melanin-
concentrating hormone neurons (2).

Interestingly, in 2 out of 34 cells tested in this study,
postsynaptic currents were only blocked by application of both
CNQX and gabazine, indicating there may be corelease of
glutamate and GABA from the same axon terminal. Supporting
this hypothesis, vesicular glutamate transporter 1/2 and vesic-
ular GABA transporter have been found in the same nerve
terminals in the cerebral cortex, hippocampus, ventral tegmen-
tal area, preoptic area, and retina (16, 23, 35, 55, 63). Alter-
nately, excitatory and inhibitory inputs to PSNs may originate
from different orexin neurons.

Tonic GABAergic inputs to the PVN have been shown to
play a key role in the direct modulation of excitatory outflow
from the PVN (25). Indeed, the majority of SPNs in the PVN
are subject to a tonic GABAergic inhibition, and GABAergic
activity dominates inhibitory-excitatory balance in the PVN
under basal conditions (25, 28, 58). The results from our study
suggest inhibitory GABAergic projections from orexin-con-
taining neurons may contribute to the endogenous tonically
active GABAergic system influencing the outflow activity of
SPNs in the PVN.

Physiological relevance and clinical implications. This
study is the first report demonstrating heterogeneous synaptic
neurotransmission from orexin neurons to identified SPNs.

There are different subpopulations of orexin neurons, including
those with excitatory and inhibitory inputs to SPNs in the PVN.
These subpopulations of orexin-containing cells are likely
differently influenced by various environmental stimuli and/or
internal factors and may therefore play differential roles in
sympathetic regulation of cardiovascular function and/or car-
diovascular dysregulation. For example, glutamatergic/orexin-
ergic neurotransmission from orexin neurons to SPNs may
contribute to sympathetic activation of cardiovascular function
under normal conditions, whereas dysfunction of GABAergic
pathway from orexin neurons to SPNs may play a role in
cardiovascular abnormalities associated with the orexin defi-
ciency disorder narcolepsy. Increased sympathetic activity to
the heart and blood vessels was reported in individuals with
narcolepsy with cataplexy (17, 57). The results from animal
studies indicate that chronic lack of orexin signaling results in
reduction of sleep-related decrease in blood pressure (4). The
present view linking orexin signaling to sympathoactivation
only (7, 27, 33, 43) cannot explain evidence of elevated
sympathetic tone in orexin-deficient animals and humans.
However, the findings from our study suggest that dysfunction
of GABAergic transmission from orexin neurons to SPNs in
the PVN may lead to disinhibition of SPNs and sympathoac-
tivation in patients with narcolepsy. Further work is needed to
understand the differences between subpopulations of orexin
neurons and their pathways to SPNs in the PVN and how they
may serve disparate roles in cardiovascular regulation and
cardiovascular abnormalities associated with disorders.
Conclusions. This report is the first demonstration of heter-
ogeneous projections from orexin neurons to SPNs in the PVN
including monosynaptic glutamatergic and GABAergic neu-
rotransmission. This study elucidates network mechanisms by
which orexin neurons contribute to sympathetic control of
cardiovascular function and provides insight into possible
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pathophysiological mechanisms of cardiovascular abnormali-
ties associated with orexin deficiency disorders such as narco-

lepsy.
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