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The C1 neurons are a nodal point for blood pressure control and other autonomic responses. Here we test whether these rostral ventrolateral
medullary catecholaminergic (RVLM-CA) neurons use glutamate as a transmitter in the dorsal motor nucleus of the vagus (DMV). After
injecting Cre-dependent adeno-associated virus (AAV2) DIO-Ef1�-channelrhodopsin2(ChR2)-mCherry (AAV2) into the RVLM of dopamine-
�-hydroxylase Cre transgenic mice (D�HCre/0), mCherry was detected exclusively in RVLM-CA neurons. Within the DMV �95% mCherry-
immunoreactive(ir) axonal varicosities were tyrosine hydroxylase (TH)-ir and the same proportion were vesicular glutamate transporter 2
(VGLUT2)-ir. VGLUT2-mCherry colocalization was virtually absent when AAV2 was injected into the RVLM of D�HCre/0;VGLUT2flox/flox mice,
into the caudal VLM (A1 noradrenergic neuron-rich region) of D�HCre/0 mice or into the raphe of ePet Cre/0 mice. Following injection of AAV2
into RVLM of TH-Cre rats, phenylethanolamine N-methyl transferase and VGLUT2 immunoreactivities were highly colocalized in DMV within
EYFP-positive or EYFP-negative axonal varicosities. Ultrastructurally, mCherry terminals from RVLM-CA neurons in D�HCre/0 mice made
predominantly asymmetric synapses with choline acetyl-transferase-ir DMV neurons. Photostimulation of ChR2-positive axons in D�HCre/0

mouse brain slices produced EPSCs in 71% of tested DMV preganglionic neurons (PGNs) but no IPSCs. Photostimulation (20 Hz) activated PGNs
up to 8 spikes/s (current-clamp). EPSCs were eliminated by tetrodotoxin, reinstated by 4-aminopyridine, and blocked by ionotropic glutamate
receptor blockers. In conclusion, VGLUT2 is expressed by RVLM-CA (C1) neurons in rats and mice regardless of the presence of AAV2, the C1
neurons activate DMV parasympathetic PGNs monosynaptically and this connection uses glutamate as an ionotropic transmitter.

Introduction
The C1 neurons are a subset of catecholaminergic neurons that
reside at the rostral end of the ventrolateral medulla and, in rats,
express the adrenaline-synthesizing enzyme phenylethanolamine
N-methyl transferase (PNMT) (Hökfelt et al., 1974; Ross et al.,
1983). Their contribution to the regulation of sympathetic vaso-
motor tone and blood pressure is thoroughly documented and is
attributed to their direct projections to the intermediolateral cell
column (Ross et al., 1983; Guyenet, 2006; Abbott et al., 2009;
Marina et al., 2011). Less known is the fact that the C1 neurons
also have dense axonal projections to the dorsal motor nucleus of
the vagus (DMV; Hökfelt et al., 1974; Card et al., 2006). This
connection suggests that the C1 neurons may also regulate the

parasympathetic component of the autonomic nervous system. A
major objective of this study is to test this hypothesis and to
identify whether the input from the C1 cells to the DMV is mono-
synaptic and excitatory.

Contrary to most brainstem noradrenergic neurons, adult C1
neurons in rats contain readily detectable levels of vesicular gluta-
mate transporter 2 (VGLUT2) mRNA (Stornetta et al., 2002) and
the cognate protein is present within PNMT-immunoreactive (ir)
terminals presumed to originate from these neurons (Card et al.,
2006; Rosin et al., 2006). Conversely, �90% of C1 neurons lack a
plasmalemmal monoamine transporter (Lorang et al., 1994; Comer
et al., 1998) and there is no direct evidence yet that their axonal
terminals release catecholamines (Sved, 1989). PNMT-ir varicosi-
ties, unlike those of dopaminergic neurons, typically make conven-
tional synapses in adult rats (Milner et al., 1988, 1989; Moss et al.,
2011; Bérubé-Carrière et al., 2012). These predominantly asymmet-
ric synapses are structurally reminiscent of forebrain glutamatergic
synapses. However, evidence that adult C1 cells release glutamate is
based on in vivo pharmacology, therefore of an indirect nature
(Morrison et al., 1989; Abbott et al., 2012). In sum, the C1 cells
appear to be excitatory and could be using glutamate as one of their
transmitters, but definitive evidence is lacking.

In the present study we used a combination of neuroanatomi-
cal and electrophysiological approaches to test whether adult ros-
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tral ventrolateral medullary catecholaminergic (RVLM-CA)
neurons form conventional excitatory glutamatergic synapses
with DMV neurons in mice. Channelrhodopsin-2 (ChR2) was
selectively introduced into the RVLM-CA neurons by injecting a
Cre-dependent adeno-associated virus (AAV2) into the RVLM of
transgenic mice that express Cre recombinase exclusively in
dopamine-�-hydroxylase (D�H)-containing neurons (Stornetta
et al., 2012). We examined whether the axonal varicosities of the
RVLM-CA neurons contain VGLUT2 and whether these termi-
nals form conventional synapses with vagal preganglionic neu-
rons (PGNs). We used tyrosine hydroxylase (TH)-Cre transgenic
rats (Witten et al., 2011) to verify some of the mouse findings and
to ascertain that the axonal projections from the C1 cells to the
DMV possess VGLUT2-ir varicosities regardless of whether the
C1 neurons had been exposed to AAV2. Finally, we recorded
from vagal parasympathetic PGNs in slices of adult mice and
examined the effects produced by photostimulating the ChR2-
expressing nerve fibers originating from the RVLM-CA cells.

Materials and Methods
Animals
Animal use was in accordance with guidelines approved by the University
of Virginia Animal Care and Use Committee. All electrophysiology ex-
periments were done using 21 D�H Cre/0 mice (9 females, 12 males).
Histology experiments were done with 13 D�H Cre/0 mice (seven males,
six females). D�H-Cre mice were obtained from the Mutant Mouse
Regional Resource Center at the University of California, Davis, CA
(Tg(Dbh-cre)KH212Gsat/Mmcd; stock # 032081-UCD). The transgenic
line was maintained as hemizygous (Cre/0) on a C57BL/6J background.
Vglut2 (flox/flox) mice (JAX stock #012898; STOCK Slc17a6 tm1Lowl/J)

(Tong et al., 2007) maintained as homozygous (flox/flox) were bred with
D�H-Cre mice to generate D�H Cre/0; VGlut2 flox/0 and subsequently
crossed with Vglut2flox/flox for two generations to generate D�H-Cre(Cre/0);
Vglut2 (flox/flox) mice in which VGLUT2 should be absent from any Cre-
expressing noradrenergic or adrenergic neurons. Three of these
D�H Cre/0; Vglut2 flox/flox mice (two females, one male) were also used for
histology experiments. Histology experiments were also conducted on
three ePet Cre/0 mice (two males, one female) kindly provided by E.S.
Deneris (Case Western Reserve University, Cleveland, OH) (Scott et al.,
2005) and five TH Cre/0 rats (all males, rat line obtained from Ilana Witten
(Princeton University, New Jersey) and Karl Deisseroth (Stanford Uni-
versity, California) (Witten et al., 2011) and maintained as hemizygous
(Cre/0) on a Long–Evans background. All animals were at least 8 weeks
old at the time of AAV2 injection.

AAV2 vectors
DIO-eF1�-ChR2-mCherry AAV serotype 2 and DIO-eF1�-EYFP AAV
serotype 2 (Atasoy et al., 2008) were obtained from the University of
North Carolina Vector core (Chapel Hill, NC) (AAV2 titer: 10 12 viral
molecules per milliliter).

Stereotaxic injections of AAV2 into the RVLM of mice or rats
D�H-Cre and D�H Cre/0; Vglut2 flox/flox and ePet Cre/0 mice were anesthe-
tized with a mixture of ketamine (100 mg/kg) and dexmedetomidine (0.2
mg/kg) given intraperitoneally and received three injections of undiluted
DIO-eF1�-ChR2-mCherry AAV2 (360 nl total volume) into the left
RVLM, the left caudal VLM (A1 catecholaminergic region), or the raphe
obscurus after methods previously described (Depuy et al., 2011; Stor-
netta et al., 2012).

TH-Cre rats were anesthetized with a mixture of ketamine (75 mg/kg),
xylazine (5 mg/kg), and acepromazine (1 mg/kg). A total of 500 nl of
DIO-eF1�-EYFP AAV2 was injected in three RVLM locations aligned in
the longitudinal direction using methods previously described (Abbott et
al., 2012).

In vitro electrophysiology
Four to 12 weeks after AAV2 injection, D�H Cre/0 mice were anesthetized
with a mixture of ketamine (120 mg/kg) and xylazine (12 mg/kg) given

intraperitoneally, then decapitated. The brainstem was removed and sec-
tioned into 300 �m slices in the transverse plane in ice-cold, N-methyl-
D-glucamine (NMDG)-substituted artificial CSF (ACSF) containing the
following (in mM): 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, 0.5
CaCl2, 20 HEPES, 30 NaHCO3, 25 glucose, 2 thiourea, 5 Na-ascorbate,
and 3 Na-pyruvate (�300 mOsm/kg). After 10 min at 33°C, brain slices
were transferred to aerated physiological extracellular ACSF containing
the following (in mM): 119 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 MgSO4, 2
CaCl2, 26 NaHCO3, 12.5 glucose, 2 thiourea, 5 Na-ascorbate, and 3 Na-
pyruvate and maintained at room temperature (23�25°C). All record-
ings were performed at room temperature in submerged slices
continuously perfused with aerated physiological ACSF.

The transverse slices from which DMV neurons were recorded in-
cluded the area postrema or were immediately adjacent to this level in
either direction. To record postsynaptic currents (PSC), electrodes (2– 6
M� tip resistance) were filled with an intracellular solution containing
the following (in mM): 140 Cs-methanesulfonate, 10 HEPES, 10 Tris-
phosphocreatine, 3 ATP-Na, 0.3 GTP-Na, and 1 EGTA, 2 MgCl2, pH 7.3.
The calculated E[Cl-] was �88 mV. EPSCs were recorded at Vhold of �70
mV (�79.4 mV after junction potential correction). IPSCs were re-
corded at Vhold of 0 mV (�9.4 mV after junction potential correction).

For current-clamp recordings a similar pipette solution was used re-
placing Cs-methanesulfonate with K-gluconate (junction potential 14.8
mV). Corrected membrane potentials are reported in the text and fig-
ures. Biocytin-filled electrodes were used to label the recorded cells in-
tracellularly in seven experiments. Whole-cell voltage-clamp and
current-clamp recordings were performed on visually identified DMV
neurons (68 neurons in total). Three mice received an injection of
Fluoro-Gold (FG) (5 ml/kg, i.p., 1% solution in sterile water; (Fluoro-
chrome) and 8 FG neurons were recorded in these mice. These neurons
responded exactly as the DMV neurons selected on the basis of location
only and the results were pooled.

Recordings were performed using a MultiClamp 700B amplifier and
pClamp 10 software (Molecular Devices). Signals were lowpass filtered at
4 kHz and digitized at 10 kHz. Only cells with series resistance that
remained �25 M� were included in the analysis.

For photostimulation of ChR2 terminals, the tip of a 200 �m di-
ameter optical fiber coupled to a 473 nm DPSS laser (IkeCool) was
placed �300 �m away from the DMV. Delivery of optical pulses (1 ms
duration) was controlled by a digitizer (Digidata 1440A; Molecular
Devices) controlled by episodic protocols run in pClamp 10 (Molec-
ular Devices). The laser/fiber was calibrated for 5 mW steady-state
output before each experiment.

Histology
Perfusions. All animals receiving AAV2 injections and used exclusively
for histology (both mice and rats) survived 4 – 6 weeks after injections
and were anesthetized ( pentobarbital overdose) and perfused transcar-
dially first with heparinized saline and then with 4% paraformaldehyde
(PFA) (mice with 10 ml saline, then 80 ml PFA and rats with 100 ml saline
and then 400 ml PFA) and brains removed and postfixed in 4% PFA for
2–5 d. For ultrastructural analysis, five of the AAV2-injected D�H-Cre
mice were anesthetized as above and perfused transcardially with 20 ml of
heparinized saline (1000 U/ml) followed by fixative (25 ml of 2% PFA
with 3.75% acrolein from Electron Microscope Sciences, followed by 30
ml of 2% PFA). Brains from these animals were removed and postfixed
for at least 3 h in 2% PFA before sectioning.

Recorded brain slices. After recording, the slices that contained
biocytin-filled neurons were transferred to 4% PFA for 2–5 d at 4°C.

FG injections. Four 4- to 6-week-old C57BL/6J mice received intraperi-
toneal injections of 200 �l of 1% FG. After 3–5 d, the mice were deeply
anesthetized and perfused. Brains were removed and postfixed in 4%
PFA for up to 5 d. Brains were sectioned and reacted for immunohisto-
chemistry as described below.

Sectioning and immunohistochemistry. Transverse sections (30 �m
thick) were cut through the DMV with a vibrating microtome (Leica)
and collected into a cryoprotectant solution and stored at �20°C before
further processing. All histological procedures were done with free-
floating sections. Sections were rinsed, blocked, and incubated in pri-
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mary antibodies TH, choline acetyl-transferase (ChAT), FG, dsRed,
PNMT, and VGLUT2, as previously described (Bochorishvili et al., 2012;
Stornetta et al., 2012). Sections were then rinsed and incubated for 45– 60
min in appropriate secondary antibody, then rinsed, mounted on gelati-
nized glass slides, dehydrated through a graded series of alcohols, and
covered with DPX. Slides were examined using a Zeiss Axioskop2 and
photographed with a Zeiss MRC camera (Bochorishvili et al., 2012; Stor-
netta et al., 2012). Ultrastructural procedures were done exactly as de-
scribed by Bochorishvili et al. (2012).

Statistical analysis
All data were analyzed using the GraphPad Prism v5.04 statistical pack-
age. Statistical significance ( p � 0.05) was determined using parametric
ANOVA (one-way or repeated measures) with post hoc Student–New-
man–Keuls, or nonparametric analysis with Kruskal–Wallis (Dunn’s post
hoc) or Wilcoxon signed rank test. Before statistical analysis, normality of
distribution was determined with the Kolmogorov–Smirnov test and
homogeneity of variance was tested with Bartlett’s test. Unless stated
otherwise, data are expressed as mean � SEM.

Results
ChR2-mCherry labeled terminals originating from RVLM-CA
neurons innervate the DMV and contain VGLUT2
The location of the neurons that expressed ChR2-mCherry fol-
lowing injection of DIO-ChR2-mCherry AAV2 was examined in
five mice that were also used for ultrastructural analysis of labeled
terminals within the DMV. Consistent with our previous study in
which we used the same electrophysiologically guided procedure
to inject the vector into the RVLM (Stornetta et al., 2012), the
mCherry-ir neurons were confined to the RVLM, mostly caudal
to the facial motor nucleus (Fig. 1A). The mCherry-positive neu-
rons were 97 � 1% TH-ir, hence potentially catecholaminergic
(Fig. 1B).

In all mice, the DMV contained a dense network of
mCherry-ir terminals that made close appositions with ChAT-
ir, i.e., cholinergic neurons (Fig. 1C,D).

Evidence that neurons recorded in the DMV were
parasympathetic preganglionic cells
We confirmed that these DMV cholinergic neurons were para-
sympathetic PGNs by showing that all of these cholinergic neu-
rons contained FG in mice that had received an intraperitoneal
injection of this retrogradely transported dye. After intraperito-
neal injection of FG in three animals, neurons labeled with FG
within the DMV were counted and the proportion of FG-labeled
DMV neurons that were immunoreactive for ChAT (three sec-
tions per mouse) was determined. The coincidence was 95.1 �
1.5% (total of 1219 neurons counted, example in Fig. 2A1–A3).
Brainstem slices were made from an additional three mice in-
jected intraperitoneally with FG and 8 FG-positive DMV neurons
cells were recorded and filled with biocytin as described previ-
ously (Fig. 2B1–B3). The extensive filling with biocytin allowed
for computer-assisted reconstruction of the dendrites and axonal
processes of four cells (Fig. 2C) showing a long, presumably ax-
onal, process exiting along the expected trajectory for a parasym-
pathetic PGN.

Since almost all mCherry-expressing cells in the RVLM of
DIO-ChR2-mCherry AAV2-injected animals were TH-ir, we
expected that a similarly high proportion of the mCherry-ir ter-
minals located in the DMV would also be TH-ir, but the ChR2-
containing axons present in the DMV could conceivably have
originated primarily from the very few TH-negative hence appar-
ently noncatecholaminergic neurons that expressed the trans-
gene. To exclude this possibility, in three D�H Cre/0 mice injected
with AAV2, coronal sections were reacted for simultaneous im-

munofluorescent detection of TH and mCherry and we counted
singly (mCherry-ir) and dually labeled axonal varicosities (both
mCherry and TH-ir) in the region of the DMV outlined in Figure
3A, which also corresponds to the region that was explored elec-
trophysiologically. In this region, most (98.6 � 0.2%) of the
mCherry-positive axonal varicosities were TH-ir (Fig. 3 B1–B3;
1370 total terminals counted in three sections, one section per
mouse). Parallel experiments were done to determine what pro-
portion of the ChR2-expressing axonal varicosities contained
VGLUT2-ir in the same region of the DMV. Most (97 � 1%)
mCherry-ir axonal varicosities were also VGLUT2-ir (Fig. 3 D1–
D3; 1950 total terminals counted in three sections, one section
per mouse). On statistical grounds, this evidence demonstrates
that most ChR2 axonal varicosities contain both VGLUT2 and
TH immunoreactivities. By performing triple-label experiments,
we were able to find direct evidence of the presence of all three
markers (mCherry, VGLUT2, and TH) within the same terminals
in the DMV, although the degree of coincidence was not quanti-
fied (Fig. 3 C1–C3).

Control experiments were done to verify that we correctly
identified the presence of VGLUT2 in the terminals of the
RVLM-CA neurons and to exclude the possibility that the pres-
ence of VGLUT2 might be an artifact caused by AAV2 transduc-
tion. In three D�H Cre/0 mice, DIO-ChR2-mCherry AAV2 was
injected more caudally within the VLM where the A1 group of
noradrenergic neurons resides. In rats, very few A1 neurons con-
tain VGLUT2 mRNA suggesting that they are not glutamatergic
(Stornetta et al., 2002). The cell bodies of these caudal VLM cat-
echolaminergic neurons expressed high levels of transgene (data
not shown). These cells also projected to the dorsal vagal complex
and adjacent nucleus of the solitary tract but very few of their
axonal varicosities (8.7 � 1.5%) were also VGLUT2-ir (Fig. 3E1–

Figure 1. RVLM-CA neurons innervate the DMV in D�H-Cre mice. A, Rostrocaudal distribu-
tion of mCherry � TH-ir neurons (average of 5 cases). The ChR2-expressing neurons were
confined to the RVLM. FN, caudal extent of the facial motor nucleus, provided as reference. B,
Dual-labeled neurons appear orange-yellow. Untransfected TH-ir neurons appear green. Pho-
tomicrograph of the RVLM 1 month after injection of AAV2-DIO-ChR2-mCherry into the same
region in a D�H-Cre mice. mCherry immunoreactivity (red) is detectable exclusively in TH-ir
neurons (green). Scale bar, 100 �m. C, Photomicrograph showing the dense plexus of nerve
terminals arising from mCherry-ir RVLM-CA neurons. ChR2-mCherry is visualized with the
nickel-DAB method resulting in a black color. ChAT-ir is visualized with DAB resulting in a brown
color. Note the dense terminal field in the DMV (10) that avoids the hypoglossal nucleus (12). cc,
Central canal. Scale bar, 200 �m. D, Higher power photomicrograph of the DMV innervation
seen in C showing fibers and synaptic boutons arising from ChR2-expressing RVLM-CA neurons
in close proximity of the DMV cholinergic neurons. Scale bar, 30 �m.
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E3; 567 total terminals counted in one sec-
tion each from three mice). In the second
control group, we injected the same
amount of DIO-ChR2-mCherry AAV2
into the raphe obscurus of three ePet Cre/0

mice, a procedure that results in selective
expression of the transgene by serotoner-
gic neurons (Scott et al., 2005; Depuy et
al., 2011). These serotonergic neurons
also abundantly innervated the dorsal va-
gal complex. Most of their varicosities
were not VGLUT2-ir (Fig. 3F1--F3). Only
7.4 � 1% of the mCherry-ir terminals
originating from these raphe neurons
appeared VGLUT-ir (1137 terminals
counted from one section each of three
mice). The third control group consisted
of three D�H-Cre Cre/0; VGLUT2 flox/flox

mice that received the standard injections
of DIO-ChR2-mCherry AAV2 in the C1
region. The DMV of these mice con-
tained approximately the same density of
mCherry-ir axonal projections as the con-
trol (D�H Cre/0) mice but only 8.2 � 3.2%
of the mCherry varicosities were also
VGLUT2-ir (Fig. 3 G1–G3). In summary,
within the mouse dorsal motor nucleus of
the vagus, the axonal varicosities of the
RVLM-CA neurons (presumptive C1
cells) typically contained both TH and
VGLUT2, whereas very few terminals
from A1 noradrenergic and raphe obscu-
rus serotonergic neurons exposed to the
same AAV2 contained VGLUT2. The ab-
sence of VGLUT2 in serotonergic neurons
conforms to expectation since this partic-
ular vesicular transporter is not known to
be expressed by these neurons in adult tis-
sue (Gras et al., 2002). The small number
of VGLUT2-positive terminals originat-
ing from A1 and raphe could conceivably
be false positive results caused by the close
juxtaposition of two terminals from differ-
ent neurons and likely represents the “back-
ground.” Finally, we demonstrated the
selectivity of the immunohistochemical de-
tection of VGLUT2 within the varicosities
emanating from RVLM-CA cells by show-
ing that VGLUT2 immunoreactivity was
present only at background level when the
Cre-dependent vector was injected into
D�HCre/0; VGLUT2flox/flox mice.

The final light microscopy histological
experiments were conducted in TH-Cre
rats and had three goals. One was to test
whether the projection from RVLM-CA
neurons to DMV also exists in rats and is
also glutamatergic. The second goal was to
verify that this projection emanates from
the C1 (PNMT-positive) neurons. To do
so we located the adrenaline-synthesizing
enzyme PNMT that is diagnostic of the C1
neurons and is coexpressed with TH and

Figure 2. Verification that FG labels ChAT neurons in the DMV and that the recorded neurons are vagal premotor neurons.
A1–A3, Photomicrograph of DMV illustrating that ChAT-ir neurons (red) in DMV(A1) are also FG positive (blue; A2). A3, Merged
image of A1 and A2; double-labeled neurons appear pink. Scale bar: (in A1) A1–A3, 100 �m. B, Example of a slice reacted for
immunohistochemistry to reveal the biocytin label (B1) showing the cell is also FG-ir (green; B2). B3, Merge of B1 and B2 showing
the cell is within the DMV and also FG, thus projecting outside the brain. Scale bar: (in B1) B1–B3, 50 �m. C1, C2, Illustrations of
biocytin-filled neurons recorded in slices and reconstructed showing the dendrites and axon projecting toward the periphery of the
section. Scale bar: (in C2), C1, C2, 0.5 mm. cc, Central canal; ION, inferior olivary nucleus; st, solitary tract; mlf, medial longitudinal
fasciculus.
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D�H in these neurons (Phillips et al.,
2001). The third goal was to verify, in rats,
that AAV2 does not reactivate a latent
glutamatergic phenotype in these cat-
echolaminergic neurons, a possibility
raised previously to explain discrepancies
between electrophysiological results sug-
gesting a contribution of glutamate to
neurotransmission in adult mesolimbic
dopaminergic neurons and the lack of
supportive ultrastructural evidence (Stu-
ber et al., 2010; Moss et al., 2011; Bérubé-
Carrière et al., 2012). We injected DIO
eF1� EYFP AAV2 into the RVLM of three
TH-Cre rats, which caused a high level of
expression in PNMT-ir neurons (typical
injection site shown in Fig. 4A). EYFP was
also detected in a smaller number of
RVLM neurons devoid of PNMT immu-
noreactivity suggesting some degree of ec-
topic Cre recombinase expression (data
not illustrated). Numerous triple-labeled
terminals containing EYFP, VGLUT2,
and PNMT immunoreactivities were ob-
served in each rat within the DMV (Fig.
4B). Within this structure almost all
PNMT-ir terminals were also VGLUT2-ir
whether or not they were labeled with
EYFP, suggesting that AAV2 transduction
could not have explained the presence of
VGLUT2 in PNMT-ir terminals. To fur-
ther verify this point, we examined the
DMV of two TH-Cre rats that had not
been injected with AAV2. Virtually all
PNMT-ir terminals identified within the
DMV were also VGLUT2-ir (Fig. 4C). In
summary, RVLM-CA neurons also inner-
vate the DMV in rats. As in mice, the ax-
onal projections of these neurons to the
DMV contain VGLUT2 and the presence
of VGLUT2 in these neurons is not an ar-
tifact caused by AAV2 transduction.

ChR2-mCherry-labeled terminals from
RVLM-CA neurons make
monosynaptic contacts with cholinergic
DMV neurons
We identified 113 mCherry-ir [diamino-
benzidine (DAB)-labeled] profiles within
the DMV using tissue from five mice pro-
cessed for electron microscopy (EM). The
DMV region examined is specified in Fig-
ure 3A. These profiles consisted exclu-
sively of unmyelinated axons and nerve
terminals. Immunogold-silver labeling
for ChAT was observed only within per-
ikarya and dendrites. In tissue dually la-
beled for mCherry and ChAT we
identified 65 synaptic contacts between
mCherry-ir varicosities and ChAT-ir pro-
files (Fig. 5A–D; Table 1). The majority of
these synapses (N � 48, 74%) were asym-
metric (Fig. 5A–D), but 17 symmetric

Figure 3. VGLUT2 is present in DMV varicosities that originate from RVLM-CA neurons but is absent from those that
emanate from A1 noradrenergic and raphe serotonergic neurons. A, Drawing of mouse brain coronal hemisection at �7.64
mm caudal to bregma. The red box represents the region of the DMV where axonal varicosities were counted and the
photomicrographs were taken. Scale bar, 500 �m. B1, Photomicrograph of mCherry-ir terminals (red) in the DMV from a
D�H-Cre mouse injected in RVLM with DIO-ChR2-mCherry AAV2. B2, TH-ir varicosities within the same field. B3, Merged
image (B1 � B2) showing that all the mCherry-ir varicosities are yellow, i.e., they contain TH. C, Same experiment as in B
but revealing mCherry with a rabbit secondary tagged with Dylight 649 and pseudocolored blue (C1) and both TH-ir (green;
C2) and VGLUT2-ir varicosities (red; C3). C4, Merged image (C1 � C2 � C3) showing triple-labeled terminals (appearing
white, arrowheads) as well as terminals double labeled only for TH and VGLUT2 (appearing yellow, arrows). D1, Photomi-
crograph of mCherry-ir terminals (red) in the DMV from a D�H-Cre mouse injected in RVLM with DIO-ChR2-mCherry AAV2.
D2, VGLUT2-ir varicosities within the same field. D3, Merged image (B1 � B2) showing that all the mCherry-ir varicosities
are yellow, i.e., they contain VGLUT2. E, Similar experiment to B except the D�H-Cre mouse was injected in the A1 region
(caudal VLM). E1, mCherry. E2, VGLUT2. E3, Merge of C1 � C2. Note that the mCherry-ir varicosities are red, i.e., they are
not VGLUT2-ir. F, Similar experiment to B except the AAV2 was injected into the raphe obscurus of an ePet-Cre mouse. F1,
mCherry. F2, VGLUT2. F3, Merge of F1 � F2. Note that the mCherry-ir varicosities are red, i.e., they are not VGLUT2-ir. G,
Similar experiment to B except the AAV2 was injected into the RVLM of a D�H-Cre (Cre/0); Vglut2 (flox/flox) mouse (D�H-
VGKO). G1, mCherry. G2, VGLUT2. G3, Merge of G1 � G2. Note that the mCherry-ir varicosities are red, i.e., they are not
VGLUT2-ir. 10, DMV; 12, hypoglossal motor nucleus; AP, area postrema; cc, central canal; ION, inferior olivary nucleus; NTS,
nucleus of the solitary tract; st, solitary tract. Scale bar: (in G3) B–G, 10 �m.
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axodendritic or axosomatic synapses also were detected (26%;
Fig. 5E). A small proportion of mCherry-positive boutons made
synaptic contact onto dendrites that lacked detectable immuno-
reactivity for ChAT (n � 18; 12 asymmetric and 6 symmetric
contacts). Because ChAT immunodetection was restricted to the
surface of the sections, these negative results are not clearly inter-
pretable. They could either be false negative results or denote
that, within the confines of the DMV, RVLM-CA neurons also
innervate neurons other than the parasympathetic PGNs.

Dense core vesicles consistent with catecholamine-releasing
organelles were detected within the more lightly labeled
mCherry-positive varicosities (Fig. 5F) but most terminals con-
tained a level of peroxidase reaction product that was too high to
reliably observe such vesicles.

Photostimulation of RVLM-CA terminals in the DMV evokes
postsynaptic inward currents in DMV neurons
DMV neurons were recorded in brain slices prepared from adult
D�H Cre/0 mice �1 month after injection of AAV2-DIO-ChR2-
mCherry into RVLM. The dorsal vagal complex from AAV2-
injected mice contained mCherry-positive fibers that were clearly
visible (observed with epifluorescence using Zeiss filter set 20:
excitation 546 nm, emission 575 nm). The slices used for record-
ing did not contain mCherry-positive somata, confirming that
few if any A1 noradrenergic neurons had been exposed to the
AAV2. mCherry-positive somata were consistently observed in
the expected VLM location in more rostral slices.

We believe that we recorded exclusively from DMV neurons
because of their fairly obvious location in coronal slices. More-
over, in several instances when we recorded from DMV neurons
visualized with FG, we obtained the same results as with DMV
neurons sampled without FG guidance. Also, several intracellular

fills labeled DMV neurons with an axon
that extended mediolaterally toward an
exiting vagal rootlet (Fig. 2) as expected
for parasympathetic PGNs. Finally, the
membrane potential and discharge char-
acteristics of the DMV neurons recorded
in current-clamp were similar to those re-
ported previously (Browning et al., 1999;
Martinez-Peña y Valenzuela et al., 2004).

Blue light (473 nm, 5 mW, 1 ms pulses)
was delivered by placing a 200-�m-thick
optical fiber 300 �m above the dorsal va-
gal complex. The light pulses had no de-
tectable effect in DMV neurons prepared
from naive mice (seven DMV neurons
clamped at �79.4 mV). In contrast, the
light produced EPSCs (or EPSPs) in 71%
of the DMV neurons recorded from
AAV2-injected D�H-Cre mice (48 of 68
cells; 21 mice). The electrophysiological
effects produced by the light were there-
fore ChR2 dependent. Low-frequency
light pulses (1 ms, 0.5 Hz) evoked a com-
pound, inward PSC in most DMV neu-
rons clamped at a holding potential of
�79.4 mV (Fig. 6A1,A2). PSCs were elic-
ited with a latency of 5.5 � 0.3 ms (23
neurons) from laser onset and had an am-
plitude of 71.3 � 17.6 pA (13 neurons).
When the PSC was of small amplitude
(�60 pA), occasional failures were ob-

served (Fig. 6A1). When the evoked PSC had a larger amplitude
(60 –120 pA; Fig. 6B1,B2), it was more prominently multiphasic
and a PSC after-discharge lasting nearly a full second (decay � �
0.6 s) was commonly observed (Fig. 6B3).

High-frequency photostimulation (1 ms, 20 Hz, 5 s), pro-
duced a very large increase in PSC frequency with a concurrent
inward shift in the holding current (Fig. 6C1). Unlike with the
single pulse paradigm, the PSCs elicited by train stimulation oc-
curred at random relative to the laser pulses (Fig. 6C1, stim).
Accordingly, during train stimulation, stimulus-triggered wave-
form averages were flat (Fig. 6C2). Train stimulation almost al-
ways produced a strong after-discharge of PSCs that took �30 s
to return to the prestimulus (baseline) frequency (Fig. 6C1, after-
discharge, D). PSCs were binned in 10 s intervals following the
end of the photostimulus and between groups differences were
determined by nonparametric Friedman’s analysis (F � 87.4; p �
0.0001) followed by Dunn’s post hoc test for multiple compari-
sons (Fig. 6D). The decay in PSC frequency following a train of
stimuli could be modeled with two exponentials (�fast � 2.3 �
0.4 s; �slow � 48 � 18 s, N � 16 neurons).

We also recorded from DMV neurons in whole-cell current-
clamp mode to determine whether the excitatory input from
RVLM-CA neurons was strong enough to elicit action potentials.
On average, DMV neurons had a resting membrane potential of
�63 � 1.5 mV (N � 7) and a baseline-firing rate of 0.8 � 0.2 Hz.
In every recorded cell (N � 8), photostimulation of RVLM-CA
terminals using a 5 s train (1 ms, 20 Hz) of laser light bursts
produced a massive increase in EPSP frequency and markedly
increased the resting discharge rate of the recorded neuron. The
DMV neuron illustrated in Figure 6, E1 and E2, was kept just
below firing threshold by injection of bias current (�10 pA) and
the first differential of the original voltage recording (dV/dt) is

Figure 4. Axonal varicosities from C1 neurons in rat DMV contain PNMT and VGLUT2. A, Photomicrograph showing that
injection of AAV2-DIO-EYFP into the RVLM drives expression of EYFP in C1 (PNMT-ir) neurons in TH-Cre rats. EYFP-ir is in green and
PNMT-ir is in blue. Double-labeled neurons appear aqua (arrows). Scale bar, 50 �m. B, Virtually all adrenergic varicosities (PNMT-
ir; blue) within the DMV (B1, denoted by arrows or arrowheads) are also glutamatergic (VGLUT2-ir, red; B2). The EYFP terminals
(green) (B3, arrowheads) originating from C1 RVLM neurons are both adrenergic (red) and glutamatergic (green). B4, Merge of
B1–B3. Triple-labeled terminals (arrowheads) appear white. Double-label terminals (PNMT � VGLUT2) appear purple (arrows)
when the colors are merged. C, Adrenergic terminals in DMV are also glutamatergic in naive TH-Cre rats (no AAV2 injection).
Adrenergic nerve terminals (PNMT-ir; red) located in DMV (C1) are also glutamatergic (VGLUT2-ir, green; C2), arrows. These
terminals appear yellow when the colors are merged in C3 (arrows). Note that practically all the PNMT-ir terminals are also
VGLUT2-ir similar to the virus-injected rat shown in B. Scale bar: (in B1) B, C, 10 �m.
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shown as a means of better distinguishing
the occurrence of postsynaptic potentials.
In the seven cells in which no bias current
was applied, discharge rate was increased
from 0.8 � 0.3 spikes/s to 3.7 � 0.8
spikes/s (p � 0.01, paired t test).

Photostimulation of ChR2-expressing
RVLM-CA terminals elicits excitatory
PSCs exclusively
Photostimulation (5 s trains, 1 ms, 5 mW)
was performed while the DMV neurons
were clamped at two discrete holding po-
tentials to differentiate excitatory, cat-
ionic currents (inward; Vm � �79.4 mV)
from inhibitory, anionic currents (out-
ward; Vm � �9.4 mV; representative ex-
amples in Fig. 7A1,B1). At Vm of �79.4
mV the photostimulus train produced a
barrage of inward, short-lasting EPSCs
(decay � � 6.5 � 0.3 ms; amplitude �
12.7 � 1.8 pA; N � 8; �. 7A1,A2,C).
When the neuron was clamped at Vm�
�9.4 mV, longer lasting outward IPSCs
(decay � � 16.5 � 1.1 ms; amplitude �
20.7 � 1.5 pA; n � 8) were typically ob-
served during the resting period, but the
frequency of these events was unaffected
by photostimulation (Fig. 7B1,B2,C). At
rest the recorded DMV neurons received
an approximately equal frequency of EP-
SCs and IPSCs (Fig. 7C). Two-way
repeated-measures ANOVA followed by
Bonferroni post hoc test for multiple
comparisons indicated that only EPSC fre-
quency was altered during photostimula-
tion: influence of photostimulation (F(2,32) �
54.43, p � 0.0001), influence of PSC (EPSC
vs IPSC; F(1,16) � 8.56, p � 0.01), and inter-
action of photostimulation and PSC
(F(2,32) � 51.2, p � 0.0001).

Thus, based on this sample of eight
neurons, photostimulation of the axons of
RVLM-CA neurons does not elicit IPSCs
in DMV neurons. The absence of detect-
able mRNA transcripts for glycine trans-
porter 2 or glutamic acid decarboxylase in
RVLM-CA neurons in rats agrees with these findings (Stornetta
and Guyenet, 1999; Stornetta et al., 2004).

The EPSCs evoked in DMV neurons by stimulating
RVLM-CA terminals are glutamatergic
The strong increase in EPSC frequency and associated inward
shift in membrane current elicited by trains of photostimuli (1
ms, 20 Hz, 5 s) in DMV neurons clamped at �79.4 mV was
unchanged by the addition of bicuculline and strychnine to block
GABA and glycine-mediated currents, leaving the total integrated
current (area under the curve; AUC) during the stimulus period
unchanged (Fig. 8A2). However, addition of the NMDA/AMPA
antagonists AP5/CNQX produced near complete blockade of
spontaneous EPSCs and EPSCs elicited during the photostimu-
lation (Fig. 8A1,A2). Group data were analyzed with one-way
ANOVA for repeated measures (F(2,6) � 7.7; p � 0.05) followed

by Student–Newman–Keuls (SNK) post hoc test for multiple
comparisons. The AP5/CNQX mixture also greatly attenuated
the peak amplitude (93.1 � 2.6%) and integrated AUC (91.1 �
2.4%) of the averaged compound EPSC evoked by single pulse
photostimulation (1 ms, 0.5 Hz; N � 4; not illustrated). The
broad spectrum excitatory amino acid antagonist kynurenic acid
(1 mM) reversibly reduced background EPSC activity and also
markedly attenuated the inward current generated by the trains
of photostimuli (1 ms 20 Hz, 5 s; 82.3 � 3.9% attenuation; p �

Figure 5. RVLM-CA neurons make synapses with DMV cholinergic neurons. A–D, EMs of the DMV from D�H-Cre mice injected
with DIO-ChR2-mCherry AAV2 in RVLM. mCherry-ir axonal varicosities labeled with immunoperoxidase reaction product make
synapses onto dendrites containing gold-silver labeling for ChAT. The postsynaptic density (black arrows) indicates that these
synapses are asymmetric and presumably glutamatergic. E, Example of symmetric synapse (white arrows) between mCherry-ir
(peroxidase) terminal and ChAT-ir (gold) dendrite (Chat-d). F, Example of mCherry-positive axon containing dense core vesicles
(white arrows) reminiscent of catecholaminergic terminals. Scale bar: (in E) A–E, 0.5 �m; F, 0.5 �m.

Table 1. Synaptic contacts formed by mCherry-ir terminals and ChAT-ir neurons in
DMV

Mouse Primary antibody
DsRed
terminals

Synapses
(%)

Asymmetric
(%)

Symmetric
(%)

N � 5 DsRed/rabbit ChAT/goat 113 65 (59%) 48 (74%) 17 (26%)
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0.01; Fig. 8B1,B2). Like AP5/CNQX, kynurenic acid also signifi-
cantly reduced the peak amplitude and integrated AUC of the
EPSCs elicited by low-frequency stimulation (respectively,
66.2 � 4.4% and 72.7 � 4.1% attenuation; p � 0.01; N � 9; not
illustrated). Group data for effects of kynurenic acid were ana-
lyzed by one-way ANOVA for repeated measures (F(2,22) � 7.8;
p � 0.01) followed by SNK post hoc test for multiple comparisons.

Glutamatergic input from RVLM-CA neurons to DMV
neurons is monosynaptic
To determine whether the excitatory glutamatergic input from
RVLM-CA neurons to the DMV was monosynaptic or polysynaptic,
we first blocked voltage-gated sodium (Nav) channels with 1 �M

tetrodotoxin (TTX), then we applied 100 �M 4-aminopyridine (4-
AP) to block the Kv channels that are critical for the repolarization of

the axon (Shu et al., 2007). This protocol eliminates action potential-
dependent, therefore potentially polysynaptic events, but enhances
the direct depolarization of ChR2-positive terminals and the local
release of neurotransmitter during photostimulation (Petreanu et
al., 2009). As found by the latter authors, the compound EPSC
evoked by single-pulse stimulation (1 ms, 0.5 Hz) was virtually elim-
inated by TTX (Fig. 9A,B). After coapplication of TTX and 4-AP, a
slower, ChR2-dependent EPSC that relied on glutamate transmis-
sion was reinstated (Fig. 9A,B). Group data were analyzed by the
nonparametric Kruskal–Wallis test (H � 14.3, p � 0.01) followed by
Dunn’s post hoc test for multiple comparisons. Use of a 5 s train of
stimuli (1 ms, 20 Hz) produced similar results (Fig. 9C). Application
of TTX alone significantly blunted the overall response to train stim-
ulation. The increase in evoked EPSCs was delayed and only at the
very end of the 5 s stimulus period did a small increase in EPSC

Figure 6. Photostimulation of ChR2-labeled axons produces PSCs in DMV neurons and increases their discharge rate. A1, Compound PSC (note variable latency) evoked in a DMV neuron clamped
at �79 mV by nine consecutive 1 ms light flashes (473 nm) delivered at 0.5 Hz. The red trace denotes a failure. Blue arrowhead and line indicates time of laser onset throughout figure. A2,
Event-triggered average of the PSCs evoked in the cell shown in A1 (75 stimuli). B1, Compound PSC evoked in another DMV neuron (VM �79 mV) by nine consecutive 1 ms light flashes (473 nm)
delivered every 2 s. This second example illustrates a larger and more multiphasic response. B2, Event-triggered average of the EPSC evoked in the cell shown in B1 (75 stimuli). B3, The inset shows
the EPSC after-discharge that follows the large initial EPSC and the main graph is a peri-event histogram depicting the probability of occurrence of EPSCs following the laser flashes. The red line is
a single exponential with a time constant of 0.6 s that fits the kinetics of the after-discharge with a probability of 0.9. C1, Top trace, Integrated rate histogram of the PSC frequency before, during,
and after photostimulation (20 Hz, 1 ms, train duration 5 s, laser on time represented by solid blue block). Second trace from top, Original recording obtained from DMV neuron clamped at VM �79
mV. Lower traces, Higher resolution excerpts from the original recording. Note that, during high-frequency photostimulation, the evoked PSCs are asynchronous with respect to the light pulses. Solid
blue block indicates period of photostimulation. C2, Event-triggered average of the PSCs evoked by photostimulation (100 light pulses). Note that the trace is flat indicating asynchrony between PSCs
and light pulses. D, Group data showing the average kinetics of the after-discharge (N � 16 neurons); *p � 0.001 between group and baseline except 30 s, p � 0.05. E1, Response of a DMV neuron
to photostimulation of RVLM-CA neuron input (1 ms, 20 Hz, 5 s). Bottom trace, Original current-clamp recording (�10 pA bias current injected to silence the cell). Middle trace, First differential of
original trace to highlight postsynaptic potentials (PSPs). Top trace, PSP frequency (integrated rate histogram, 1 s bin). Period of photostimulation is indicated by solid blue block. E2, High-resolution
excerpt illustrating (from the bottom up) the original recording, the first differential used to detect PSPs and analyze their frequency (dotted line, detection threshold) and the detected PSPs.
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frequency become apparent. This suggested
that TTX imposed a significant slowing of
the terminal depolarization during the pho-
tostimulus, requiring seconds to reach a
“threshold” for Ca2� entry and vesicular
docking. Coapplication of TTX and 4-AP
restored the response toward the control
value, particularly the rapid increase in
EPSCs occurring early in the stimulus
train (Fig. 9C). This action potential-
independent transmission relied on
ionotropic glutamate receptors as
blockade with NMDA/AMPA antago-
nists eliminated the effect of photo-
stimulation (Fig. 9C,D). Group data
were analyzed by one-way ANOVA
(F(3.21) � 17.8, p � 0.0001) followed by
SNK post hoc test for multiple compari-
sons. The number of repeats per group
is unequal due to loss of recorded neu-
rons at different points along the exper-
iments. Significance of comparisons:
CNQX/AP5 versus control and TTX
versus control, p � 0.001; 4-AP versus
control, p � 0.01; CNQX/AP5 versus
TTX/4-AP, TTX versus 4AP, p � 0.05;
and CNQX/AP5 versus TTX, n.s.

Discussion
This study provides the first direct evidence
that the C1 cells make excitatory glutama-
tergic synapses in the adult brain. We also
show that these neurons, better known for
their contribution to sympathetic tone gen-
eration, activate parasympathetic premotor
neurons in the dorsal vagal complex.

Monosynaptic glutamatergic input
from the C1 cells to the DMV:
anatomical evidence
We show here that, within the DMV, the
axonal varicosities of the catecholaminer-
gic neurons located in the RVLM contain
VGLUT2 immunoreactivity in both rats
and mice. Importantly, we show that
VGLUT2 immunoreactivity correctly identified the presence of
VGLUT2 protein because it was no longer detectable in D�H-
Cre Cre/0; Vglut2 flox/flox mice. Few axonal varicosities originating
from the presumed A1 noradrenergic cells or from raphe obscu-
rus serotonergic neurons were detectably VGLUT2-ir consistent
with the lack of VGLUT2 mRNA in serotonin neurons and rela-
tive paucity of VGLUT2 mRNA in A1 neurons (Stornetta et al.,
2002). In short, as in the rat, RVLM-CA neurons have a glutama-
tergic phenotype. Although we were not able to identify PNMT in
the RVLM-CA neurons of mice, the CNS projections of these
neurons are virtually identical to those of the C1 cells in rats
(Card et al., 2006; Stornetta et al., 2012).

The present ultrastructural study shows that RVLM-CA neu-
rons establish conventional synapses with DMV neurons. The
predominantly asymmetric morphology of these synapses is con-
sistent with prior ultrastructural studies of PNMT-ir terminals in
rats (Milner et al., 1988, 1989). In the forebrain, asymmetric syn-
apses are associated with ionotropic glutamatergic transmission

(Sheng and Kim, 2011). The significance of the 25% symmetric
synapses between RVLM-CA neurons and DMV neurons is elu-
sive. The postsynaptic thickening could have been missed for lack
of serial sectioning. The existence of a subset of RVLM-CA neu-
rons that do not use glutamate as a transmitter is possible.

Monosynaptic input from the C1 cells to the DMV neurons:
electrophysiological evidence
Photostimulation of slices from control mice had no effect on
DMV neurons and photostimulation had no effect in 30% of
DMV neurons in the experimental mice. The electrophysiologi-
cal effects produced by photostimulation therefore required ex-
pression of ChR2.

Although the recorded DMV neurons received on average an
approximately equal frequency of spontaneous inhibitory and
excitatory PSCs, photostimulation of ChR2-expressing fibers
evoked EPSCs exclusively. These EPSCs were unaffected by add-
ing glycinergic and GABAA receptor blockers but were greatly

Figure 7. Photostimulation of ChR2-expressing axons produces exclusively EPSCs in DMV neurons. A1, DMV neuron voltage-
clamped at VM �79 mV (cesium chloride filled electrode). Top trace, EPSC frequency (integrated rate histogram with 0.5 s bin);
bottom trace, original recording. Solid blue block represents the period of photostimulation. A2, Excerpt of EPSCs recorded during
the early part of the after discharge. B1, Same neuron voltage-clamped at VM �9 mV. Top trace illustrates the lack of change of
IPSC frequency during photostimulation; bottom trace is the original recording. B2, Excerpt of the recording trace obtained during
the stimulation period. C, Group data (N � 9 neurons) showing inhibitory and excitatory PSC frequency at baseline (B), during the
20 Hz stimulus (S), and after full recovery (R). p � 0.0001.

Figure 8. EPSCs evoked in DMV neurons are glutamatergic. A1, Response of a DMV neuron clamped at VM �79 mV to photo-
stimulation (1 ms, 20 Hz, 5 s; blue block represents period of photostimulation). From left to right: control response, response
following application of bicuculline (bic, 10 �M), and strychnine (strych, 20 �M) and response after further addition of ionotropic
glutamate receptor blockers AP5 (50 �M) and CNQX (10 �M[SCAP]). Bottom traces, original recordings; top traces lowpass filtered
traces (5 Hz). A2, Group data (N�4). AUC obtained from the original recording trace. Asterisk indicates statistical significance from
both control and bicuculline/strychnine. B1, Response of a DMV neuron clamped at VM �79 mV to photostimulation (1 ms, 20 Hz,
5 s). From left to right: control response, response following application of kynurenate (kyn, broad spectrum ionotropic glutamate
receptor antagonist, 1 mM). Bottom traces, original recordings; top traces lowpass filtered traces (5 Hz). B2, Group data (N � 7).
AUC obtained from the original recording traces. *p � 0.05 indicates statistical significance from both control and recovery period.
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attenuated by administration of blockers of ionotropic glutamate
receptors such as kynurenate or a mixture of CNQX and AP5.
This evidence indicates that the PSCs evoked by photostimulat-
ing the C1 axons were mediated primarily by glutamate.

Consistent with the ultrastructural results, the glutamatergic
input from the C1 cells to the DMV is monosynaptic since EPSCs
could still be evoked by photostimulating the ChR2-labeled ter-
minal field when fast sodium channels were blocked by TTX and
these EPSCs reappeared after addition of 4-AP, a potassium
blocker that prolongs the depolarization of the terminals and
reinstates vesicular release (Petreanu et al., 2009). Finally the re-
instated PSCs were blocked by the combination of CNQX and
AP5 demonstrating their glutamatergic nature.

In summary, photostimulation of the axonal processes of
RVLM-CA neurons elicited EPSCs in a substantial proportion of
DMV PGNs. These EPSCs were monosynaptic and glutamater-
gic. Fast evoked IPSCs were not found, consistent with the ab-
sence of GAD or GlyT2 mRNA in RVLM-CA neurons (Stornetta
and Guyenet, 1999; Stornetta et al., 2004).

Is the release of glutamate by the C1 neurons an injury
response caused by the AAV?
Cultured dopaminergic neurons make glutamatergic synapses
(Sulzer et al., 1998) and, based on evidence similar to ours, others
(Stuber et al., 2010; Tecuapetla et al., 2010) have proposed that
the dopaminergic neurons that innervate nucleus accumbens
also use glutamate as an excitatory transmitter in adult mice.
Consistent with this evidence, VGLUT2 mRNA is present in
TH-ir neurons within the A10 region (Yamaguchi et al., 2011).
Yet, careful ultrastructural studies have failed to detect the pres-
ence of VGLUT2 in the dopaminergic varicosities of adult mice
(Moss et al., 2011). These negative anatomical findings could
mean that glutamate and dopamine are stored and released by
separate varicosities (Broussard, 2012). A more disturbing possi-
bility would be that adeno-associated vectors somehow injure
adult dopaminergic neurons and reinstate a glutamatergic phe-
notype that these cells only express early during development or

in culture (Bérubé-Carrière et al., 2009). A
similar explanation seems highly unlikely
in the case of the C1 neurons for the fol-
lowing reasons. First, the AAV2 did not
induce VGLUT2 in noradrenergic (A1) or
serotonergic neurons. We did find a very
low percentage of mCherry terminals that
appeared to contain VGLUT2 in these
control experiments in mice, but this per-
centage was the same regardless of
whether the transgene was expressed by
A1 or serotonergic cells, therefore a tech-
nical artifact is the more likely explana-
tion. Second, in the absence of AAV2,
most rat C1 cells contain VGLUT2 mRNA
(Stornetta et al., 2002). Third, we did ob-
serve VGLUT2 and TH-ir doubly labeled
terminals that were not transduced with
mCherry in the DMV of the DBH-Cre
RVLM-injected mice. Fourth, we showed
that, in TH-Cre rats, the terminals of the
C1 neurons, identified within the DMV
by PNMT immunohistochemistry, were
VGLUT2-ir regardless of whether or not
they arose from C1 neurons that were
AAV2 transfected. Fifth, unlike the mes-

encephalic dopaminergic neurons (Bérubé-Carrière et al., 2012),
the C1 neurons commonly make conventional synapses with
thickened postsynaptic densities reminiscent of glutamatergic
excitatory synapses in rats (Milner et al., 1988, 1989) and in mice
(present study). Finally, the notion that the C1 neurons use glu-
tamate as one of their transmitters is consistent with numerous
pharmacological observations in vivo (Morrison et al., 1989; Ab-
bott et al., 2012). In sum, we found no evidence suggesting that
AAV2 induces the synthesis of VGLUT2 in the C1 cells or in
medullary noradrenaline or serotonergic neurons. Our conclu-
sion is that the C1 neurons of adult rodents normally express this
transporter and use glutamate as an ionotropic transmitter, at
least in the DMV.

Do the C1 neurons release catecholamines?
The C1 neurons presumably also release catecholamines inclu-
sive of adrenaline since they express all the enzymes necessary for
the synthesis and vesicular storage of these bioamines (Arm-
strong et al., 1982; Sevigny et al., 2008), but supportive neuro-
physiological evidence is lacking and the present experiments
were not designed to explore this aspect of C1 neuron biology.
We did observe dense core vesicles in the more lightly labeled
synaptic boutons originating from the C1 cells but dense core
vesicles also store peptides, which are plentiful in C1 cells (Chal-
mers et al., 1987; Halliday et al., 1988; Stornetta et al., 1999;
Farnham et al., 2008). The C1 neurons express on their soma
�2-adrenergic receptors that are negatively coupled to calcium
and potassium conductances (Li et al., 1995, 1998). These auto-
receptors may mediate autoinhibition or autocrine regulations
analogous to those found in non-neural cells such as the endo-
thelium and macrophages (Engler et al., 2005; Sorriento et al.,
2012). The catecholamines released by the C1 cells could also
activate presynaptic autoreceptors like the CNS noradrenergic
neurons (Trendelenburg et al., 2003). Adrenaline is a �2-
adrenoceptor-selective agent that facilitates transmitter overflow
in sympathetic neurons and could conceivably exert a similar
effect in C1 cells (Stjärne and Brundin, 1976).

Figure 9. Photostimulation of ChR2-expressing fibers activate DMV neurons after action potential blockade. A, EPSC evoked in
a DMV neuron (VM: �79 mV) by 1 ms light pulses at 0.5 Hz (average of 75 consecutive stimuli) before any drug (left trace),
following TTX application (1 �M), after addition of 4-AP (TTX � 4-AP, 100 �M), and in the presence of TTX, 4-AP, and glutama-
tergic antagonists CNQX and AP5. Blue arrowheads indicate time of laser onset. B, Group data (N � 6 neurons). Asterisks indicate
significant differences between groups joined by horizontal bars. C, Experiment illustrating the effect of the same sequence of drug
application on the response of a DMV neuron to a train of high-frequency photostimulation (1 ms, 20 Hz, 5 s). Solid blue block
indicates period of photostimulation. D, Group data (N � 8). Asterisks indicate significant differences between groups joined by
horizontal bars.
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In sum, our study demonstrates the existence of a strong glu-
tamatergic component to synaptic transmission between the C1
cells and DMV neurons. The circumstances under which C1 neu-
rons release catecholamines and the contribution of these sub-
stances to C1 neuron signaling remain to be determined.

Physiological implications of the innervation of DMV
neurons by the C1 cells
The contribution of the C1 cells to blood pressure and sympa-
thetic tone regulation is well established. It is partly the result
of the massive projections of these neurons to the intermediolat-
eral cell column and lamina X and likely involves glutamate sig-
naling (Ross et al., 1983, 1984; Guyenet, 2006). C1 neurons also
regulate adrenaline release by the adrenal glands (Ritter et al.,
1998, 2001; Li et al., 2009) and subsets of C1 neurons innervate
the paraventricular nucleus of the hypothalamus and regulate the
CRF-ACTH-corticosterone cascade (Sawchenko et al., 2000).

The present study indicates that the DMV is another synaptic
target of the C1 neurons. DMV neurons regulate liver metabo-
lism, gastrointestinal function including motility and secretions,
immune responses, and probably cardiac function (Standish et
al., 1995; Rogers et al., 1999; Olofsson et al., 2012). A broad spec-
trum of these parasympathetic efferents is likely to be targeted by
a subset of C1 cells given that two-thirds of randomly sampled
DMV neurons responded to photostimulation of their axons.

Given that C1 cells are activated by various stressors (Pirnik et
al., 2004) and have been implicated in the cardiovascular re-
sponse to stress (Chen et al., 2012), the C1 neurons, via their
synaptic inputs to the DMV, may also be at least partially respon-
sible for the negative digestive and immunological consequences
of stress.
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