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Abstract

Orexin neurons are known to augment the sympathetic control of cardiovascular function, however 

the role of orexin neurons in parasympathetic cardiac regulation remains unclear. To test the 

hypothesis that orexin neurons contribute to parasympathetic control we selectively expressed 

channelrhodopsin-2 (ChR2) in orexin neurons in orexin-Cre transgenic rats and examined 

postsynaptic currents in cardiac vagal neurons (CVNs) in the dorsal motor nucleus of the vagus 

(DMV). Simultaneous photostimulation and recording in ChR2-expressing orexin neurons in the 

lateral hypothalamus resulted in reliable action potential firing as well as large whole-cell currents 

suggesting a strong expression of ChR2 and reliable optogenetic excitation. Photostimulation of 

ChR2-expressing fibers in the DMV elicited short-latency (ranging from 3.2 ms to 8.5 ms) 

postsynaptic currents in 16 out of 44 CVNs tested. These responses were heterogeneous and 

included excitatory glutamatergic (63%) and inhibitory GABAergic (37%) postsynaptic currents. 

The results from this study suggest different sub-population of orexin neurons may exert diverse 

influences on brainstem CVNs and therefore may play distinct functional roles in parasympathetic 

control of the heart.
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Preganglionic cardiac vagal neurons (CVNs) in the dorsal motor nucleus of the vagus 

(DMV) project directly to the cardiac ganglia and play a substantial role in the cardiac 

regulation (Sullivan and Connors, 1981, Ciriello and Calaresu, 1982, Cheng et al., 1999). 

Electrical stimulation of the cardiac branches of the vagus nerve antidromically activates 
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neurons in the DMV and electrical stimulation of the DMV reduces heart rate and 

myocardial contractility (Calaresu and Pearce, 1965, Nosaka et al., 1979, Ciriello and 

Calaresu, 1982). Increasing the activity CVNs in the DMV protects the heart from ischemia/

reperfusion injury independent of changes in heart rate (Mastitskaya et al., 2012). The 

activity of CVNs in the DMV are strongly influenced by neurotransmission from other 

neurons in the brainstem, as well as pathways from the locus coeruleus and oxytocin 

neurons in the hypothalamus (DePuy et al., 2013, Dergacheva et al., 2014, Pinol et al., 2014, 

Wang et al., 2014). The results from immunohistochemical studies indicate orexin neurons 

could be another important source of innervation to neurons in the DMV (Peyron et al., 

1998, Date et al., 1999). However, the DMV is a heterogeneous nucleus and it is unknown 

whether there are direct connections between orexin neurons and the selective population of 

CVNs in the DMV that play a major role in controlling heart rate and cardiac function.

Compelling evidence indicates orexin neurons and receptors play an important role in the 

regulation of cardiovascular function (Peyron et al., 1998, Ciriello and de Oliveira, 2003, 

Ciriello et al., 2003, Dergacheva et al., 2005, Carrive, 2013, Dergacheva et al., 2013). Orexin 

is well known to exert sympathoexcitatory effects such as increases in heart rate, blood 

pressure and sympathetic nerve activity (Samson et al., 1999, Shirasaka et al., 1999, Chen et 

al., 2000, Antunes et al., 2001, Matsumura et al., 2001). However, little is known about the 

role of orexin neurons in parasympathetic control of the heart and the few studies that have 

examined this issues are conflicting. For example, microinjection of orexin-A into the rostral 

ventral medulla produces tachycardia mediated in part by inhibition of parasympathetic 

activity to the heart (Ciriello et al., 2003), whereas microinjection of orexin-A into the 

nucleus ambiguus elicits bradycardia mediated by excitation of parasympathetic activity to 

the heart (Ciriello and de Oliveira, 2003).

Thus, this study was undertaken to identify and characterize the synaptic pathway from 

orexin neurons to CVNs in the DMV. To accomplish this goal, we utilized a transgenic strain 

of orexin-Cre rats that allows us to photoexcite channelrhodopsin-2 (ChR2) in orexin fibers 

in the brainstem DMV while recording synaptic events in fluorescently identified CVNs in 

the DMV in an in-vitro slice preparation.

EXPERIMENTAL PROCEDURES

Animals

Orexin-EGFP-2A-Cre rats (both males and females) were used in this study. The generation 

of these transgenic animals in which Cre recombinase and green fluorescent protein are 

exclusively expressed in hypothalamic orexin neurons has been described previously 

(Dergacheva et al., 2016). Rats were housed in the George Washington University animal 

care facility. All animal surgeries and experiments were approved by the George Washington 

University Institutional Animal Care and Use Committee. We made all efforts to minimize 

number of rats used in this study and reduce animal discomfort.
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Cardiac neuron labeling and viral injections into the lateral hypothalamus

Parasympathetic CVNs were labeled as described previously (Dergacheva et al., 2013, 

Dergacheva, 2015). At postnatal days 4–5 orexin-Cre rats were anesthetized with 

hypothermia, the heart was exposed and 0.05 ml of 1–5% rhodamine (XRITC; Molecular 

Probes, Eugene, OR) was injected into the pericardial sac. The previous study showed the 

specificity of the cardiac vagal labeling (Bouairi et al., 2004).

ChR2 fused to enhanced yellow fluorescent protein (EYFP) was targeted to the plasma 

membrane of orexin neurons and axons as shown in Fig. 1. Adeno-associated viral vector 

with “FLEX-switch” ChR2 construct (AAV1-ChR2-EYFP, Penn Vector Core, Philadelphia, 

PA, catalog number AV-1-20298P) was injected into the lateral hypothalamus of orexin-Cre 

rats using a stereotactic apparatus with a neonatal adapter (Stoelting, Wood Dale, IL). A 

pulled calibrated pipette (VWR, Radnor, PA) containing viral vector was positioned at the 

following coordinates: 1.7-1.9 mm posterior and 0.4 mm lateral relative to bregma. The viral 

vector (60 nL) was slowly injected 5.2 mm lower the dorsal surface of the brain. The pipette 

was left in the lateral hypothalamus for 5 minutes after injection, then slowly retracted. To 

reduce pain and discomfort caused by the surgery, buprenorphine was administered after 

surgery, and animals were carefully monitored until ambulatory.

Slice Preparation and Electrophysiology

Animals (21-24 days old) were anesthetized with isoflurane and sacrifice by transcardial 

perfusion of glycerol-based artificial cerebrospinal fluid (aCSF, 4°C) that contained (in 

mM): 252 glycerol, 1.6 KCl, 1.2 NaH2PO4, 1.2 MgCl, 2.4 CaCl2, 26 NaHCO3, and 11 

glucose. Coronal slices of the brainstem (300-μm) were obtained with a vibratome. In 

another set of experiments 300-μm-thick coronal slices of the hypothalamus that included 

orexin neurons were made using a vibratome. The slices were then allowed to recover for 15 

min in a solution containing (in mM): 110 N-methyl-d-glucamine (NMDG), 2.5 KCl, 1.2 

NaH2PO4, 25 NaHCO3, 25 glucose, 110 HCl, 0.5 CaCl2, and 10 mM MgSO4 equilibrated 

with 95% O2-5% CO2 (pH 7.4, at 34°C). For performing electrophysiological experiments, 

the slices were transferred to a recording chamber containing (in mM) 125 NaCl, 3 KCl, 2 

CaCl2, 26 NaHCO3, 5 glucose, 5 HEPES and equilibrated with 95% O2-5% CO2 (pH 7.4, 

at 25°C).

CVNs in the DMV and orexin neurons in the lateral hypothalamus were identified by the 

presence of the retrograde tracer and EYFP-expression, respectfully. Infrared-sensitive video 

detection cameras and differential interference contrast optics were then used to image these 

identified CVNs and orexin cells. We patched CVNs with patch pipettes (2.5–3.5 MΩ) filled 

with a solution consisting of (in mM) 150 KCl, 2 MgCl2, 2 EGTA, 10 HEPES, and 2 Mg-

ATP, pH 7.3. In experiments that examined activity in orexin cells, the patch pipettes were 

filled with a solution consisting of 135 mM K-gluconic acid, 10 mM HEPES, 10 mM 

EGTA, 1 mM CaCl2, and 1 mM MgCl2, pH 7.3. We performed voltage clamp whole-cell 

recordings at a holding potential of −80 mV. Firing activity of orexin neurons was examined 

in current-clamp whole-cell configuration. All recordings were made with an Axopatch 200 

B and pClamp 8 software (Axon Instruments, Union City, CA). Drugs used in this 
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electrophysiological study were purchased from Sigma-Aldrich Chemical Co (St. Louis, 

MO).

For selective photostimulation of ChR2 expressing fibers surrounding CVNs we used a 

CrystaLaser (473-nm blue light, Reno, NV, USA) which was attached to the microscope 

using a dual housing adapter (Nikon). A series of 60 consecutive single stimulations (3 ms, 

at a frequency of 1 Hz) were applied to each neuron. Laser light intensity was kept at an 

output of 10 mW across all experiments.

Immunohistochemistry and Imaging Study

We utilized immunostaining to determine the specificity of ChR2-EYFP expression in 

orexin neurons in the lateral hypothalamus. Three weeks after AAV1-ChR2-EYFP viral 

injections into the lateral hypothalamus, hypothalamic slices (100 μm) were prepared and 

soaked 3 hours in 10% formalin and were then processed for orexin immunoreactivity. 

Rabbit anti-orexin-A was used as a primary antibody (1: 15,000 dilution, overnight 

incubation, Phoenix Pharmaceuticals, Inc., Burlingame, CA) and anti-rabbit Alexa Fluor 633 

was used as a secondary antibody (1:200, 4 hours, Life Technologies, Carlsbad, CA). For 

analysis of co-localization of orexin immunoreactivity and ChR2-EYFP-expression the Zeiss 

710 confocal imaging system was used. Orexin immunoreactivity was found in 83±3% of 

ChR2-EYFP neurons whereas 68±3% of orexin-containing neurons expressed ChR2-EYFP, 

(n=4 rats, see Fig. 1).

Data Analysis and Statistics

Postsynaptic currents were measured with pClamp 8 software (Molecular Devices, 

Sunnyvale, CA). The time between the onset of the optogenetic stimulation and the onset of 

synaptic current evoked by the stimulation was determined as a synaptic latency of the 

responses. The mean value for each neuron was created by averaging responses to 60 

consecutive photostimulations. A summary of results for each population was created by 

averaging the mean value from each neuron in the population. The results were statistically 

compared using GraphPad Prism 5 software and using Student's paired T-test. The data is 

presented as mean ± SE with significant difference set at p < 0.05.

RESULTS

Selective photostimulation of orexin neurons

Optogenetic photostimulation (3 ms, 1 Hz) of orexin neurons fluorescently identified by 

ChR2-EYFP expression in the lateral hypothalamus generated large inward current (in 

voltage clamp configuration, 521±1842 pA, n=8, Fig. 2, B,) and reliable action potentials 

with each photostimulation (n=8 cells, Fig. 2, A). This robust excitation upon 

photoactivation indicates there is a strong expression of ChR2-EYFP (Schoenenberger et al., 

2011). No electrophysiological responses in orexin neurons in the lateral hypothalamus were 

observed in orexin-Cre rats that did not receive AAV1-ChR2-EYFP viral injections (n=5 

cells, Fig. 2, C and D), indicating that the responses were not due to non-specific cellular 

activation by light pulses.
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Direct projections from orexin-containing neurons to CVNs in the DMV

To identify and characterize functional projection from orexin neurons to CVNs in the DMV 

optogenetic stimulation of ChR2-containing fibers from orexin neurons was combined with 

patch-clamp recordings from CVNs. Although brainstem slices that contained CVNs in the 

DMV did not include the cell bodies of ChR2-EYFP-expressing orexin neurons it has been 

previously shown that light-triggered transmitter release from ChR2-EYFP-expressing fibers 

occurs in the absence of the ChR2-EYFP-expressing cell bodies (Pinol et al., 2012, Schone 

et al., 2012, Dergacheva et al., 2014). Photostimulation of ChR2-EYFP fibers with brief 

light pulses (3 ms) generated fast post-synaptic responses in 16 out of 44 CVNs tested 

(36%). A majority of responses (63%, n=10 neurons) were blocked by application of CNQX 

(50 μM, from 14.9±1.6 pA to 2.9±0.4 pA, p< 0.001, Student's paired t-test, Fig. 3) indicating 

these excitatory postsynaptic currents (EPSCs) were mediated via glutamatergic AMPA 

receptor activation. The latency of excitatory currents was 5.5±0.5 ms (ranging from 3.2 ms 

to 8.5 ms) while the decay time constant was 4.9±1.0 ms (ranging from 2.8 ms to 11 ms, 

n=10, see Fig. 3). GABAergic inhibitory postsynaptic currents (IPSCs) were detected in 6 

out of 16 CVNs (37%) as these responses were not abolished by CNQX, but were 

successfully blocked by application of gabazine at a concentration of 25 μM (pick amplitude 

diminished from 36.8±7.9 pA to 3.3±0.9 pA, p< 0.005, Student's paired t-test). The latency 

of these GABAergic IPSCs was 4.9±0.4 ms (ranging from 4.3 ms to 6.8 ms) and the decay 

time constant was 15.3±4.2 ms (ranging from 7.6 ms to 35.2 ms, n=6, see Fig. 4).

In addition to establishing functional connectivity between orexin neurons and the DMV, we 

examined whether orexin neurons project to another important region of cardiac 

parasympathetic control – CVNs in the nucleus ambiguus. Although ChR2-EYFP fibers 

from orexin neurons were detectable within the nucleus ambiguus no direct 

electrophysiological responses were found in CVNs upon optogenetic stimulation of orexin 

fibers (n=17 cells).

DISCUSSION

To the best of our knowledge, this is the first report identifying and characterizing 

neurotransmission from orexin neurons to CVNs in the DMV. There are 2 major findings in 

this study. 1) 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 and large inward currents. 2) Optogenetic stimulation of ChR2-EYFP-

expressing orexin fibers in the DMV evokes short-latency postsynaptic responses in 35% of 

CVNs tested in the DMV. Of the CVNs that responded to photostimulation of orexin fibers 

63% received glutamatergic and 37% received GABAergic neurotransmission.

Orexin has previously been shown to contribute substantially to central cardiovascular and 

respiratory regulation (Peyron et al., 1998, Ciriello and de Oliveira, 2003, Ciriello et al., 

2003, Dergacheva et al., 2005, Iigaya et al., 2012, Carrive, 2013, Dergacheva et al., 2013). 

Intraventricular administration of orexin elicits tachycardia, hypertension and 

hyperventilation (Samson et al., 1999, Shirasaka et al., 1999, Chen et al., 2000, Matsumura 

et al., 2001, Zhang et al., 2005), while orexin knock-out animals have reduced blood 

pressure and diminished cardiovascular response to bicuculline injections in the 
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hypothalamus (Kayaba et al., 2003). These data point to a sympathoexcitatory role of orexin, 

however microinjection of orexin into various regions of the central autonomic network has 

been shown to produce unexpected and differential effects. For instance, pressor and 

tachycardiac effects have been demonstrated after injections of orexin into medullary raphe 

area (Luong and Carrive, 2012), rostral ventrolateral medulla (Chen et al., 2000, Machado et 

al., 2002, Huang et al., 2010) and commissural nucleus of the solitary tract(Smith et al., 

2002). However, in contrast, orexin administrated into caudal dorsolateral and medial 

subnuclei of the solitary tract elicits depressor and bradycardia responses (de Oliveira et al., 

2003). Microinjection of orexin into the nucleus ambiguus, an area also involved in 

parasympathetic regulation of heart rate, results in a dose-related decrease in heart rate and 

activated arterial baroreflex (Ciriello and de Oliveira, 2003). The results from these previous 

studies, therefore, strongly point to involvement of orexin in the cardiovascular regulation, 

however these results suggest orexin may play complex differential (or even opposite) roles 

in different regions of the brain.

One important target of orexin neurons are the CVNs in the DMV. The DMV is innervated 

by orexin-containing fibers (Peyron et al., 1998, Date et al., 1999) and superfusion of orexin 

depolarizes neurons in this nucleus (Hwang et al., 2001). However, the pathways and 

mechanisms underlying cardiac effects of orexin in CVNs in the DMV have not been 

previously established. The results from this study indicate that ChR2-EYFP expression in 

orexin neurons is sufficient for optogenetic stimulations of both soma of orexin neurons and 

their distal axons surrounding CVNs in the DMV. Photostimulation of each orexin neurons 

results in reliable action potential firing and large inward currents. Optogenetic stimulation 

of orexin neuron fibers in the brainstem evokes short-latency responses in CVNs in the 

DMV indicating a monosynaptic connection (Petreanu et al., 2007). These responses include 

both glutamatergic and GABAergic postsynaptic currents. A majority of the responses 

(63%) are mediated by glutamate release and postsynaptic AMPA receptor activation as 

these responses are completely blocked by application of the AMPA receptor antagonist 

CNQX (50 μM). These results provide an evidence that orexin neurons monosynaptically 

excite, via glutamatergic neurotransmission, CVNs in the DMV. Similar data have been 

reported that optogenetic stimulation of ChR2-containing fibers from orexin neurons elicits 

glutamatergic postsynaptic currents in histaminergic tuberomammillary neurons (Schone et 

al., 2012). In addition, our data support previous work from immunohistochemical studies 

indicating that orexin neurons use glutamate as their main neurotransmitter (Torrealba et al., 

2003, Henny et al., 2010, Carrive, 2013). A minority (37%) of the responses include 

GABAergic currents as these responses are not abolished by CNQX, but blocked by 

application of gabazine (25 μM). In accordance with these data, GABA-like 

immunoreactivity has been found in 10-25% of orexin neurons (Apergis-Schoute et al., 

2015).

Thus, our data suggest there are different subpopulations of orexin neurons including those 

that differentially release glutamate and GABA, with excitatory and inhibitory inputs, 

respectively, to CVNs in the DMV. These subpopulations of orexin-containing cells could be 

differently influenced by various environmental stimuli and/or internal factors and may 

therefore play differential roles in parasympathetic control of cardiovascular function. Since 

the majority of the inputs from orexin neurons to CVNs are excitatory it is likely that 
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activation of orexin cells would increase the activity of parasympathetic CVNs in the DMV 

and decrease heart rate. Orexin neuron inactivation, in turn, may lead to diminished 

cardioprotective parasympathetic activity from CVNs to the heart. Supporting this 

hypothesis, individuals with narcolepsy, the disease characterized by orexin neurons 

deficiency, have increased heart rate during wakefulness (Grimaldi et al., 2012, Sorensen et 

al., 2013). Similar, tachycardia has been reported in orexin-deficient mice (Bastianini et al., 

2011, Silvani et al., 2014).

In conclusion, this report is the first demonstration of heterogeneous projections from orexin 

neurons to CVNs in the DMV. This study elucidates the network mechanisms by which 

orexin neurons contribute to parasympathetic regulation of cardiovascular function. Further 

work is needed to understand the differences between subpopulations of orexin neurons and 

their pathways to CVNs and how they may serve disparate roles in cardiovascular regulation 

and cardiovascular abnormalities associated with narcolepsy.
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aCSF Artificial cerebrospinal fluid

CVNs cardiac vagal neurons

ChR2 channelrhodopsin-2

DMV dorsal motor nucleus of the vagus

EYFP enhanced green fluorescent protein

EPSCs excitatory postsynaptic currents

IPSCs inhibitory postsynaptic currents

NMDG 110 N-methyl-d-glucamine
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Highlights

● Photoactivation of orexin neurons by channelrhodopsin-2 expression

● Orexin neurons monosynaptically project to brainstem cardiac vagal 

neurons

● Orexin cells release GABA and glutamate to modulate cardiac vagal neuron 

activity
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Figure 1. 
Localization of orexin-A immunoreactivity (red, left panel) with ChR2-EYFP (green, middle 

panel) driven by orexin-Cre selective expression in the lateral hypothalamus. Co-localization 

is shown in the right panel. Representative example of n=4 animals. Scale bar, 100 μm.
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Figure 2. 
Optogenetic stimulation of orexin cell bodies in the lateral hypothalamus evoked reliable 

action potentials (A) as well as large inward whole-cell currents (B) in all orexin neurons 

tested (n=8) in rats that received AAV1-ChR2-EYFP viral injections. In contrast, neither 

light-triggered action potential firing (C) nor large inward currents (D) were observed in 

animals that did not receive AAV1-ChR2-EYFP viral injections (n=5 orexin neurons). Black 

circles represent light pulses (3 ms, 1 Hz).
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Figure 3. 
Glutamatergic EPSCs in CVNs. Representative example of optogenetically-evoked 

glutamatergic postsynaptic current in an individual CVN shown in A, left. Abolishment of 

this this synaptic response by application of CNQX (50 μM) is demonstrated in A, right. 

Properties of glutamatergic synaptic events in CVNs are illustrated in B. Black circles 

represent average from 60 sweeps in individual CVNs (3 ms stimulation at 1 Hz) while 

horizontal bars are population means ± SEM. Amplitude, latency and decay time constant of 

the glutamatergic responses are shown from left to right.
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Figure 4. 
GABAergic IPSCs in CVNs. Representative example of optogenetically-evoked GABAergic 

postsynaptic current in an individual CVN shown in A, left. Abolishment of this this current 

by application of gabazine (25 μM) is demonstrated in A, right. Properties of GABAergic 

responses in CVNs are illustrated in B. Black circles represent average from 60 sweeps in 

individual CVNs (3 ms stimulation at 1 Hz) while horizontal bars are population means ± 

SEM. Amplitude, latency and decay time constant of the GABAergic responses are shown 

from left to right.
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