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Abstract
The nucleus tractus solitarius (NTS) and dorsal motor nucleus of the vagus nerve (DMV)
constitute sensory and motor nuclei of the dorsal vagal complex, respectively. We used whole-cell
patch-clamp recordings from DMV neurons in rat brain slices and three methods of stimulation
(electrical, glutamate microdrop, glutamate photostimulation) to test the hypothesis that
convergent excitatory and inhibitory inputs to DMV neurons originate from intact neurons in
multiple NTS areas. Electrical stimulation of the NTS resulted in evoked excitatory and inhibitory
postsynaptic currents (eEPSCs and eIPSCs) in DMV neurons. Stimulation of the dorsal NTS with
glutamate microdrops, which selectively stimulates the soma and dendrites of intact neurons,
resulted in 31% of DMV neurons receiving eEPSCs, 44% receiving eIPSCs, and 6% receiving
convergent excitatory and inhibitory inputs. Glutamate photostimulation allowed selective
activation of intact neurons in multiple, discrete areas of the NTS and resulted in 36% of DMV
neurons receiving eEPSCs, 65% receiving eIPSCs and 20% receiving both inputs. Data obtained
by stimulation of multiple NTS areas support the hypothesis that there are anatomically
convergent inputs to DMV neurons originating from intact neurons within the NTS. These data
support the hypothesis that there is transfer of convergent information from the NTS to the DMV,
implying that significant sensory–motor processing occurs within the brainstem.
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1. Introduction
The nucleus tractus solitarius (NTS) receives sensory information from cranial nerves VII,
IX, and X. Sensory fibers of the vagus nerve innervating the gastrointestinal and
cardiopulmonary systems are distributed in a loosely viscerotopic pattern onto neurons in
the caudal NTS [1]. Viscerosensory afferents entering the NTS are joined by inputs from
other CNS regions, resulting in an abundance of fibers of passage in the region [30,34]. A
principal target of the processed NTS signal is assumed to be the adjacent dorsal motor
nucleus of the vagus nerve (DMV). The DMV consists primarily of preganglionic
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parasympathetic motor neurons innervating the subdiaphragmatic viscera. The apposition of
sensory (i.e., NTS) and motor (i.e., DMV) components of the vagal complex has led to the
hypothesis that synaptic connections between NTS and DMV neurons are a principal means
of regulating visceral function.

Electrophysiological and anatomical experiments imply the existence of a connection
between the NTS and DMV, which alters functional output of the vagus nerve onto, for
example, gastrointestinal viscera [5,18,21,23,32,35]. Although most have focused on an
inhibitory connection,[11,18,25,32] the existence of an excitatory connection has also been
suggested [5,32]. Anatomical evidence for the existence of a direct connection between the
NTS and DMV is based primarily on dye injections into the NTS [23], retrograde
transneuronal viral labeling of NTS neurons after infection of terminal fields in the viscera
[6,12], ormorphological identification of neurons known to project to DMV [12]. However,
these studies do not directly demonstrate synaptic connections between the nuclei and
provide little information about the function or organization of connectivity with individual
DMV cells.

Electrophysiological data supporting the direct NTS-to-DMV connection are mainly from
experiments involving electrical stimulation of the NTS or activation of vagal afferents
while recording from neurons of the DMV [11]. Electrical stimulation of the NTS
depolarizes neurons, but also activates the numerous fibers of passage found through-out the
dorsal vagal complex, including glutamatergic or GABAergic fibers originating from other
brain areas. Data obtained from experiments using electrical stimulation of the brain
parenchyma are therefore suggestive of synaptic connections between the NTS and DMV,
but responses are just as likely to be due to activation of circuits bypassing or not originating
in the NTS. Because selective activation of discrete local inputs to the DMV has not been
addressed, it is not known whether individual cells in the DMV receive functionally
convergent inputs (i.e., excitatory and inhibitory) arising from neurons within the NTS or if
there are anatomically convergent inputs from multiple sites within the NTS onto individual
DMV neurons. Such information is necessary in order to assess the relationships between
sensory and motor systems controlling different components of the viscera. The cellular
nature of the putative connections between the sensory and motor components of the vagal
complex is uncertain and requires more detailed examination.

Chemical stimulation techniques have allowed investigators to reliably stimulate circuits
whose cell bodies or dendrites are in the vicinity of the stimulus, while avoiding activation
of fibers of passage. The glutamate microdrop technique involves pressure applying L-
glutamate via a modified patch pipette directly onto cells [3,9,10,26]. This technique
selectively depolarizes soma and dendrites, but not axons. Glutamate photostimulation
involves focal release of glutamate using ultraviolet light projected into the slice
[6,11,19,29,36]. This method of stimulation avoids physical contact with the slice and
affords the advantage of being able to stimulate neurons at multiple, discrete sites within the
slice. In the present study, these techniques were used to stimulate neurons in the NTS while
performing whole-cell patch-clamp recordings of neurons in the DMV in order to more
directly test the hypothesis that DMV neurons receive anatomically and functionally
convergent inputs originating in the NTS.

2. Materials and methods
2.1. Slice preparation

Male Sprague-Dawley rats (Harlan, Indianapolis, IN) 4-8 weeks of age were housed under a
standard 12-h light/dark cycle, with food and water provided ad libitum. All animals were
treated and cared for in accordance with the rules of the Tulane University Animal Care and
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Use Committee and NIH guidelines. Rats were deeply anesthetized with sodium
pentobarbital (100 mg/kg, i.p.) or Halothane (Sigma, St. Louis, MO) inhalation and then
decapitated while anesthetized. The brain was removed and blocked coronally, rostral to the
cerebellum on an icecold stand. The brainstem was then glued to a sectioning stage with a
cyanoacrylate-based adhesive. Similar to previous descriptions [11,13,28], transverse (i.e.,
coronal) brainstem slices (400 Am) containing the caudal vagal complex were made in 0°2
°C, oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid (ACSF) using a vibrating
microtome (Vibratome Series 1000; Technical Products Intl., St. Louis, MO). The ACSF
contained (in mM): 124 NaCl, 3 KCl, 1.5 CaCl2, 1.3 MgCl2, 1.4 NaH2PO4, 26 NaHCO3, 11
glucose; pH = 7.3–7.4, with an osmolality of 290-315 mosM/kg. Slices were equilibrated for
at least 1 h in 33–35 °C oxygenated ACSF. A single slice was then transferred to a
submersion style recording chamber on a fixed stage mounted under an upright (Olympus,
BX50WI or BX51WI, Melville, NY) or an inverted (Nikon TE200, Melville, NY)
microscope and continuously perfused with ACSF. The composition of the ACSF used for
recordings was identical to that used in the dissection.

2.2. Electrophysiological recording
Whole-cell patch-clamp recordings were obtained in the DMV as described previously [11]
using patch pipettes pulled from borosilicate glass capillaries of 0.45-mm wall thickness
(Garner Glass, Claremont, CA), with open tip resistances of 3–5 MΩ. Pipettes were filled
with (in mM): 130 K+-gluconate (or Cs+-gluconate), 1 NaCl, 5 EGTA, 10 HEPES, 1 MgCl2,
1 CaCl2, 3 KOH (or CsOH), 2–4 ATP; 0.2% biocytin; pH 7.2–7.4. Electrophysiological data
were obtained using one of two recording configurations. Neurons were targeted for
recording under a 40 × water-immersion objective (numerical aperature = −0.8) using
infrared-differential interference contrast (IR-DIC) optics (Olympus), visualized using a
Spot RT Slider CCD camera (Diagnostic Instruments; Sterling Heights, MI) or a digital
video camera. Other recordings were performed “blind” by guiding the recording pipette
into the DMV using a dissecting microscope (Nikon) mounted above a recording chamber
positioned over an inverted microscope (Nikon), which was used to direct light from a flash
lamp into the slice.

Electrophysiological signals were recorded using either an Axopatch 200B, or Axopatch 1D,
or Multiclamp 700A amplifier (Axon Instruments, Union City, CA). Signals were low pass
filtered at 2–5 kHz, digitized at 88 kHz (Neurocorder, Cygnus Technology, Delaware Water
Gap, PA), and recorded onto videotape and to a PC-style computer (Digidata 1320A, Axon
Instruments). Data were captured using the pCLAMP program suite (Axon Instruments) and
analyzed using pClamp or Mini-analysis (Synaptosoft, Decatur, GA). Once in the whole-cell
configuration, cells were initially held near the resting membrane potential for 5–10 min to
allow equilibration of the cytoplasm and recording electrode solution. Seal resistance was
typically 2–4 GΩ and series resistance, measured from brief voltage steps (5 mV, 5 ms)
applied through the recording pipette, was typically < 20 MΩ, and was monitored
periodically during the recording. Recordings in which a >20% change in series resistance
was measured during the recording period were excluded from the analysis. Input resistance
was assessed by measuring the current at the end of brief voltage pulses of 5–10 mV or by
determining the linear slope conductance from a voltage ramp protocol, as described
previously [28]. Resting membrane potential was determined by periodically monitoring the
voltage at which no current was measured (i.e., removing voltage-clamp control of the
neuron by switching to I = 0) during the recording.

Electrical stimulation of the NTS (300 μs, 0.1 Hz) was performed using either a bipolar
electrode made from a pair of teflon-coated platinum–iridium wires (75-μm diameter, f 100-
μm tip separation) or a concentric bipolar platinum–iridium electrode (125-μm diameter;
FHC, Bowdoinham, ME). Stimulation intensity was adjusted so that excitatory or inhibitory
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postsynaptic currents (EPSCs or IPSCs) were evoked after >75% of the trials. Evoked
EPSCs (eEPSCs) were examined at holding potentials between the resting membrane
potential and the calculated Cl− equilibrium potential (i.e., typically between −50 and −80
mV). Evoked IPSCs (eIPSCs) were examined at less negative holding potentials (−30 to 0
mV). In most experiments which examined eIPSCs, Cs+ was present in the recording
pipette, preventing voltage-dependent potassium currents and facilitating the voltage-clamp.
The GABAA antagonists, picrotoxin (100 μM) or bicuculline methiodide (30 μM) were
applied to block IPSCs and to isolate excitatory responses from the possible effects of
activating local GABAergic circuits. The glutamate AMPA/kainate receptor antagonist, 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 μM) and the NMDA receptor antagonist,
DL-5-amino-phosphonovaleric acid (APV; 50 μM; receptor antagonists all from Sigma) were
applied to block EPSCs and to isolate inhibitory circuits from possible secondary activation
of local glutamatergic circuits. Tetrodotoxin (TTX; 2 μM) (Sigma; or Alomone Labs,
Jerusalem, Israel) was added to the ACSF to block Na+-dependent action potentials.

2.3. Glutamate microdrops
L-glutamate was pressure applied (20 mM; 10 ms; 10 psi) through a patch pipette (~ 10-μm
tip diameter) positioned just above the surface of the slice. The effectiveness of the
glutamate in evoking action potentials was verified by applying the glutamate directly at the
tip of the recording pipette to evoke unclamped, rapid voltage-dependent inward currents in
the recorded neuron (i.e., the fast Na+ currents underlying action potentials). In this
configuration, recordings were made in the medial half of the DMV and glutamate was
applied to the dorsal or dorsolateral NTS. Slices were positioned such that ACSF flowed
toward the lateral or dorsal surface of the slice (i.e., away from DMV and NTS) to minimize
direct effects when stimulating NTS. Direct application of glutamate to areas of the slice
adjacent to the NTS did not result in synaptic responses in the DMV. Comparisons of
eEPSC and eIPSC amplitude and frequency were compared for 5 s prior to and after each
glutamate application. Frequency of evoked currents was defined as the difference between
the number of currents in the 5 s prior to and immediately following glutamate application.

2.4. Glutamate photostimulation
Glutamate photostimulation was performed similar to previous descriptions [6,11]. L-
glutamic acid, γ-(α-carboxy-2-nitrobenzyl) ester, trifluoroacetic acid salt (i.e., CNB-caged
glutamate; 250 μM Molecular Probes, Eugene, OR), which does not bind to glutamate
receptors, was added to recirculated, oxygenated ACSF. A xenon flash lamp (TILL
Photonics, Eugene, OR) was used to uncage glutamate [6], which allowed the molecule to
activate glutamate receptors at the site of uncaging. The flash of UV light (2–3 ms) was
directed through the epifluorescence port of an inverted microscope (Nikon TE200) and
focused through the slice by positioning a high numerical aperture 40× oil immersion
objective (Nikon) beneath the cover glass that formed the floor of the recording chamber. A
diode laser (λ = 670 nm), which does not uncage the glutamate, was directed through the
objective to aim the UV flash using the camera port on the microscope and viewed using a
CCD camera attached to a dissecting microscope above the slice. The flash of UV light was
directed into discrete areas to evoke glutamate-induced action potentials in NTS neurons.

Alternatively, photolysis was made using light from a mercury lamp directed through a UV
filter set in the epifluorescence system of the fixed-stage upright microscope (Olympus
BX50WI). An electronic shutter (Uniblitz, Vincent Associates, Rochester, NY) mounted in
front of the light source allowed brief (10–15 ms) UV illumination of the area of the slice
under the 40× water-immersion objective used to obtain recordings. For both uncaging
systems, the effective diameter of glutamate photolysis ( < 100 μm) was determined
empirically by detecting direct inward currents caused by uncaging glutamate at the tip of
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the recording pipette and then moving the flash area progressively farther away from the
recording by manually moving the microscope. No response differences were apparent
between the two photolysis configurations used. In control experiments, there was no
degradation of the direct response (i.e., the inward current) after more than 100 stimuli.

Because glutamate uncaging activated local circuits and resulted in a barrage of action
potential-evoked postsynaptic currents (PSCs), glutamate-evoked responses were analyzed
by subtracting the baseline frequency of spontaneous PSCs before uncaging from the PSC
frequency following uncaging. Therefore, the frequency of glutamate-evoked PSCs is
defined as frequency of PSCs after uncaging minus frequency of spontaneous PSCs in the
10–30 s prior to uncaging. A paired Student’s t-test was used to determine if the frequency
of PSCs following glutamate photostimulation was significantly increased over baseline.
Significance was set to p < 0.05. Numbers are expressed as means ± standard error of the
mean (S.E.M.). EPSCs and IPSCs evoked by glutamate photostimulation are action potential
dependent and do not result merely from depolarization of nerve terminals since application
of 2μM TTX abolished glutamate-evoked EPSCs and IPSCs [11].

3. Results
3.1. Electrical stimulation of the NTS-eEPSCs

Voltage-clamp recordings were performed in 48 DMV neurons while stimulating the NTS
electrically to determine the types of synaptic inputs to DMV neurons. Electrical stimulation
was used in 23 of these neurons to look for eEPSCs. Electrical stimulation of the NTS
resulted in eEPSCs in 21 of these 23 neurons (91%) when voltage clamped at −61.6 ± 1.5
mV. Evoked EPSCs were usually unitary, but occasionally were accompanied by multiple
evoked events (Fig. 1). The average amplitude of evoked EPSCs was −41.75 ± 9.27 pA.
Evoked EPSCs had rapid rise times and exponential decays and were blocked by ionotropic
glutamate receptor antagonists (CNQX 10 μM; APV 50 μM; n = 11), similar to previous
studies [11,32].

3.2. Electrical stimulation of the NTS-eIPSCs
Another 42 neurons were voltage-clamped at more depolarized holding potentials to
examine electrically evoked IPSCs. In 40 of the 42 neurons examined (95%), electrical
stimulation of the NTS resulted in eIPSCs. Similar to what was seen for evoked EPSCs,
electrical stimulation of the NTS usually resulted in a unitary IPSC, but occasionally
secondary IPSCs were observed (Fig. 1). In some experiments (n = 11), 10 μM CNQX was
added to the ACSF to pharmacologically isolate IPSCs. The average amplitude of IPSCs
evoked after electrical stimulation of the NTS at an average holding potential of −17.0 ± 1.5
mV was 36.5 ± 4.1 pA when CNQX was added and 69.8 ± 9.8 pA without CNQX. Evoked
IPSCs also had rapid rise times and monoexponential decays and were blocked by
picrotoxin (50–100 μM) or bicuculline (10 μM), similar to previous reports [11,32].

3.3. Electrical stimulation of the NTS—both eEPSCs and eIPSCs
The presence of both eEPSCs and eIPSCs was determined in 17 neurons and both types of
input were observed in each of these cells (100%). Neurons were hyperpolarized (−50 to
−80 mV) to examine EPSCs. The membrane potential was then depolarized (− 30 to 0 mV)
to detect IPSCs. Thus, nearly all individual DMV neurons received excitatory and/or
inhibitory synaptic input after electrical activation of neurons and/or axons in the adjacent
NTS region.
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3.4. L-glutamate microdrops
Application of L-glutamate microdrops to the NTS also resulted in eEPSCs and eIPSCs in
the DMV. L-glutamate microdrop stimulation was made in the dorsal NTS, far enough from
the DMV to avoid directly stimulating the dendrites of the recorded neuron. Application in
nearby areas of the slice outside of the NTS failed to elicit synaptic responses in any neuron
(n = 32). Unlike synaptic responses observed after electrical stimulation, PSCs evoked using
L-glutamate microdrops never occurred as single, unitary events. Instead the response
consisted of a significant increase in the frequency of PSCs following L-glutamate
application above the spontaneous PSC level observed prior to the application (Figs. 2 and
3).

A total of 32 neurons were examined for the presence of both eEPSCs and eIPSCs using L-
glutamate microdrop stimulation of the NTS. At holding potentials near −70 mV, 10
neurons (31%) responded to application of L-glutamate with a barrage of eEPSCs (Fig. 2).
The average eEPSC frequency measured in the first 5 s following stimulation was 15.8 ± 3.3
Hz (n = 7).

L-glutamate-evoked IPSCs were observed in 14 of 32 neurons (44%) examined at holding
potentials near −20 mV (Fig. 3). The average frequency of eIPSCs measured in the first 5 s
following stimulation was 28.2 ± 6.5 Hz (Fig. 3). In addition, 2 of 32 (6%) of neurons
examined were observed to receive both eEPSCs and eIPSCs following L-glutamate
application to the same place in the slice. Thus, 20% of cells receiving eEPSCs also received
eIPSCs (i.e., 2 of 10 cells) and 14% of cells receiving eIPSCs also received eEPSCs (i.e., 2
of 14 cells). These data indicated that depolarization of NTS neurons by L-glutamate resulted
in excitatory and inhibitory synaptic responses in the DMV.

3.5. Glutamate photostimulation
In order to test the hypothesis that synaptic inputs originating from different sites within the
NTS converged onto single DMV neurons, we performed glutamate photo-stimulation in
multiple areas of the NTS corresponding to previously identified functional NTS subnuclei
[1]. Neurons were recorded in the DMV (n = 33) and glutamate was focally uncaged.
Initially, neurons were voltage-clamped at resting membrane potential and glutamate was
uncaged directly at the tip of the recording pipette, resulting in an inward current and/or a
putative Na+-current (Fig. 4). The stimulation site was moved progressively away from the
recorded neuron in approximately 50-μm increments until no inward current was detected.
This was repeated in at least one other direction to establish the effective uncaging diameter
in the slice, which was 50–100 μm for all experiments. The glutamate photostimulation was
then made at up to five distinctly separate positions within the NTS. These positions were
classified according to their relative location within the nucleus as central, dorsomedial,
dorsolateral, ventromedial, and ventrolateral (Figs. 4 and 5). Each DMV neuron was
evaluated for the presence of either eEPSCs, eIPSCs, or both at one or more of these
locations. Activation of local synaptic connections by glutamate photostimulation in the
NTS resulted in eEPSCs in 5 of 14 (36%) of DMV neurons examined in normal ACSF (Fig.
4). In five additional neurons, GABAergic inhibition was blocked with 100 μM of the
GABAA antagonist picrotoxin. In the presence of picrotoxin, eEPSCs were observed in four
of the five neurons examined (80%). Another 26 neurons were examined for the presence of
eIPSCs at depolarized holding potentials (−30 to 0 mV). Of these, 17 (65%) received
eIPSCs originating from the NTS (Fig. 5). The presence of both eEPSCs and eIPSCs was
determined in 10 neurons. Of these, two of the total (20%) were observed to receive both
types of input, while six others received only eIPSCs and two received neither type of
response. The presence of eIPSCs was tested for in three of the cells in which eEPSCs were

Davis et al. Page 6

Brain Res. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



detected. Two of these three neurons also received eIPSCs. The two neurons that received
both eEPSCs and eIPSCs received input from multiple NTS areas.

To determine if DMV neurons received anatomically convergent inputs originating from
multiple locations within the NTS (Figs. 4 and 5; Table 1), we stimulated two or more areas
of the NTS in each of the 5 neurons found to receive eEPSCs and 13 neurons that received
eIPSCs. Of the five cells that received eEPSCs, three received eEPSCs originating from
more than one area of the NTS. The remaining twoneurons only received excitatory input
after stimulation of the dorsomedial NTS. Inhibitory input converging from two to three
different areas of the NTS was observed in 4 of 13 neurons, while the remaining nine
received IPSCs from only one area. Moreover, there did not appear to be any region of the
caudal NTS that was more likely to result in EPSCs or IPSCs when stimulated. However,
neither excitatory nor inhibitory events were evoked from the ventrolateral NTS in any
neuron examined (Table 1). Evoked responses were obtained from the central, dorsolateral,
dorsomedial, and ventromedial regions of the caudal NTS (Table 1), and responses were
observed in individual neurons after stimulation of multiple areas of the NTS.

4. Discussion
Vago-vagal reflexes appear to be mediated in large part by an inhibitory connection to the
DMV, which is activated after viscerosensory afferent stimulation [18], but excitatory
connections can also play a role. The NTS, however, does not serve simply as a relay
nucleus, but as an autonomic regulatory center. Therefore, viscerosensory signals can be
reconciled with descending and ascending inputs before influencing vagal motor output.
Results from anatomical tracing studies and electophysiological experiments utilizing
electrical stimulation are consistent with the hypothesis that there is a local circuit
connecting the NTS and DMV[5,21,23,32,35]. However, most of these experiments did not
provide the resolution necessary to differentiate between connections originating from
neurons within the NTS versus fibers of passage whose cell bodies may be outside the dorsal
vagal complex, including vagal afferents [20,32]. Additionally, it is difficult or impossible to
determine, using these techniques, if a single DMV neuron is capable of receiving
functionally or anatomically convergent inputs originating in multiple sites within the NTS.
We compared responses from electrical stimulation to those from glutamate microdrop
application and glutamate photostimulation. Our results positively demonstrate the existence
of an intact connection between the neurons in the NTS and the DMV. They also
demonstrate that glutamatergic and GABAergic neurons in the NTS converge onto DMV
cells. Finally, our results show that output from NTS neurons in disparate areas of the NTS
converge onto single DMV neurons, providing a synaptic substrate to support the hypothesis
that vagal reflexes in one organ system can be triggered by visceral afferents originating in
the same or another system (see Ref. [22] for review).

Electrical stimulation of the NTS resulted in eEPSCs and eIPSCs in the DMV in almost
every instance, supporting and expanding upon previous findings [4,5,12,17,23]. However,
due to abundant axons in the caudal NTS and DMV arising from neurons in other CNS
regions, from other levels of the NTS, or from the solitary tract, it is impossible to know if
electrically evoked PSCs in the DMV were the result of activity arising from neurons of the
caudal NTS. Many central neurons express GABA or glutamate in addition to
neuromodulatory substances, including some diencephalic populations that project to the
DMV. For example, hypocretin-immunoreactive terminals also colocalize glutamate [31],
and these peptidergic axons, which originate from somata in the hypothalamus, are abundant
in the DMV and NTS [28]. It has also been reported that the hypothalamic paraventricular
nucleus sends a glutamatergic projection directly to the DMV, the fibers of which likely
traverse the NTS [37]. Central amygdala inputs to the vagal complex that are somatostatin-
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immunoreactive have also been reported to contain GABA [24]. In addition, putative direct
gastric vagal afferents to the DMV pass through the NTS [20], offering another route for
stimulation of fibers of passage rather than intact neuronal connections. Although responses
in DMV neurons to electrical stimulation of the NTS are taken as evidence that an intact
connection exists between the nuclei, it is very likely that synaptic input evoked by electrical
stimulation originates from non-NTS as well as NTS sources.

Electrically evoked EPSCs and IPSCs were often unitary events. On occasion, especially
with relatively low stimulus intensities, electrical stimulation resulted in an increased PSC
frequency following the stimulus. One explanation for this is an increased frequency of
action potentials occurring in intact neurons of the slice. The relatively smaller amplitude of
evoked IPSCs in the presence of CNQX indirectly suggests the presence of an intrinsic
excitatory connection onto intact neurons that enhances evoked IPSCs and was blocked by
the glutamate receptor antagonist, but this connection remains uncharacterized. Conversely,
unitary responses may be due to strong activation of fibers traversing the NTS near the
stimulating electrode. Although they were not made in this study, previous estimates suggest
the area activated by electrical stimulation in brain parenchyma can be on the order of up to
1 mm in diameter [15], which would be expected to activate large areas of the NTS. The
input provided by fibers of passage may be sufficiently large to obscure more discrete inputs
arising from NTS neurons.

Chemical stimulation techniques typically do not depolarize fibers of passage, allowing
neuron cell bodies and dendrites to be selectively activated, as they contain ionotropic
glutamate receptors [3,6,10,19,26]. We previously demonstrated an inhibitory connection
between the NTS and DMV using glutamate photostimulation at a single point [11].
Synaptic responses after glutamate stimulation were blocked with TTX, indicating that
action potentials were required for evoked synaptic responses, and the responses were not
simply due to depolarization of axon terminals[11,19]. Application of L-glutamate
microdrops delivers selective stimulation of neurons within the NTS, making the technique a
valuable indicator of intact local synaptic connections. Unitary PSCs were never observed
following stimulation of the NTS with glutamate microdrops. We hypothesize that unlike
electrical stimulation, which can effectively stimulate fiber bundles and may mask the
contribution of individual neurons, glutamate microdrops activated multiple action
potentials in individual neurons or groups of neurons. Multiple action potentials in neurons
are likely to have varying temporal properties which would preclude them from contributing
to a constant latency unitary PSC.

When analyzing PSCs evoked by chemical stimulation, the background spontaneous
frequency of events was subtracted from the increased frequency following the stimulation
to determine the response, whereas amplitude and timing usually determine responses to
electrical stimulation[4,11]. Because it is difficult to discern whether any specific event is
evoked or spontaneous, we felt that analysis of amplitudes or latencies of glutamate-evoked
polysynaptic inputs was probably not as reliable a measure as frequency change. Although
we cannot be certain whether a response is mono- or polysynaptic, the hypothesis that action
potentials generated within NTS neurons results in rapid synaptic responses in the DMV was
supported.

Stimulation with glutamate microdrops does not necessarily facilitate examination of inputs
arising from multiple sites within a slice because of the physical contact between the
modified patch pipette containing the glutamate and the ACSF around the tissue. Based on
our experience with direct glutamate applications to recorded neurons, the glutamate
microdrops we used activated neurons in a region of approximately 200–400 μm in
diameter, partially restricted by the direction of flow of the ACSF, which carried the
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glutamate away from the slice. On the other hand, glutamate photostimulation allows for
delivery of focal stimuli while allowing free movement of the stimulation site from place to
place within the slice, since there is no physical contact with the tissue [6]. This technique
allowed stimulation of multiple NTS sites of 50-100 Am diameter in order to test the
hypothesis that individual neurons of the DMV receive anatomically convergent inputs
originating in multiple regions of the NTS. The regions tested were classified as
dorsomedial, dorsolateral, ventromedial, ventrolateral, and central, based on the location of
previously described functional subnuclei [1,30]. It is likely that there is some degree of
functional overlap between the defined areas, but the small area of glutamate uncaging
likely produced a functionally discrete stimulation area. In addition, stimuli were separated
by at least twice the effective uncaging diameter to ensure that different regions of the slice
were activated by the glutamate.

Glutamate microdrop and photostimulation of the NTS revealed the presence of both
excitatory and inhibitory inputs to the DMV. However, our data suggest that there is a
predominance of inhibitory projections to the DMV originating from intact neurons of the
NTS. This interpretation is based on to the relatively larger probability of evoking IPSCs
compared with EPSCs. There are possibly additional excitatory inputs to the DMV
originating from NTS neurons that are tonically inhibited by GABAergic inputs [27].
Evidence for this is that an increase in eEPSC responses was seen in the presence of the
GABAA antagonist, picrotoxin. Picrotoxin likely causes a disinhibition of excitatory neurons
in the NTS unmasking this projection. It is not clear when or if these inputs are active in
vivo, but it is probable that disinhibition of a local excitatory circuit represents a tuning
mechanism for modulating vagal output.

A minority of DMV neurons received both eEPSCs and eIPSCS indicating functionally
convergent inputs originating from the NTS. It has been proposed that there are two major
output pathways of the preganglionic parasympathetic motor neurons of the DMV [8,33].
One population of neurons projects via a cholinergic postganglionic parasympathetic
pathway. Activation of this pathway results in an increase in motility of the proximal GI
tract. The other population projects to the non-adrenergic, non-cholinergic (NANC)
postganglionic neuron pathway, whose activation is generally thought to inhibit GI motility
[5,16,38]. Based on this model, it has been hypothesized that DMV neurons projecting via
the excitatory cholinergic pathway or the inhibitory NANC pathway receive primarily one
type of input from the NTS (i.e., glutamate or GABA), depending on the final output of the
pathway [33]. Considering that most neurons in which eEPSCs were observed also
displayed eIPSCs and vice versa, it appears that most cells capable of receiving one type of
synaptic input of NTS origin may also receive the other type. Considering the highly focal
nature of the stimulation and the inherently limited architecture of a brain slice, it is likely
that the percentage of neurons receiving both eEPSCs and eIPSCs from the NTS is an
underestimation. We assume this accounts of the lack of responses originating from the
ventrolateral NTS. It may be that convergent excitatory and inhibitory inputs allow one
neuron to differentially modulate gastrointestinal or other visceral functions under different
circumstances. The implication of functionally variable inputs may be to stimulate or inhibit
gastrointestinal motility, depending upon a specific stimulus. The conditions under which
each input dominates remain a question.

Many DMV neurons that responded to focal stimulation of the NTS received anatomically
convergent inputs originating from multiple areas of the NTS. The implications of this may
be important for understanding how putative vagovagal reflexes are organized within the
DVC. Afferents from the stomach tend to localize to the dorsomedial NTS, whereas
baroreceptor input is concentrated in the medial NTS, respiratory sensation in the
ventrolateral NTS, and pharyngeal sensation in the intermediate NTS [1,14]. Dendrites from
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any area might impinge on another area, so focal glutamate release—either from vagal
afferent terminals or after glutamate photoactivation—might activate cells residing in
another anatomical subdivision of the nucleus. Single DMV neurons often received input
activated from more than one of these regions, implying that individual DMV cells might
receive information regarding the sensory status of more than one component of a given
visceral system, or even from more than one organ system. Using viral tracers, retrograde
transynaptic labeling of NTS neurons following gastric infection indicated a widespread
distribution of stomach-related NTS neurons in many subnuclei of the caudal NTS [7,13].
However, only the central NTS was labeled after esophageal inoculation [2]. Thus, it seems
likely that synaptic connections within the DVC may integrate sensory-motor
parasympathetic function across multiple visceral components. Identification of specific
levels of inter-organ communication at the level of the DVC will help to clarify the
functional implications of such an organization. At a minimum, it appears that NTS-to-
DMV synaptic connections play an important role in coordinating parasympathetic motor
output in addition to acting as a neurobiological substrate for vago-vagal reflexes.
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Fig. 1.
Electrical stimulation of the NTS evoked EPSCs and IPSCs in DMV neurons. (A) Electrical
stimulation of the NTS (arrows) resulted in a single constant-latency eIPSC (top trace) or
eEPSC (bottom trace). An average of 14 traces from a whole-cell recording of a DMV
neuron voltage-clamped at −20 mV (top) and 12 traces from a whole-cell recording of a
different DMV neuron voltage-clamped at −75 mV (bottom) are shown. (B) Electrical
stimulation of the NTS (arrows) resulted in a transient increase in frequency of IPSCs (top
trace) or EPSCs (bottom trace). Both traces were obtained from the same neuron voltage-
clamped at −20 mV (top) and −60 mV (bottom).
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Fig. 2.
Glutamate microdrop stimulation of the NTS resulted in evoked EPSCs in the DMV. (A)
Application of L-glutamate (20 mM, 10ms) to the surface of the NTS produced a barrage of
EPSCs recorded from a DMV neuron voltage-clamped at −70 mV. Inset: an expansion of
part of the trace near the glutamate application (arrows). (B) Average number of eEPSCs
during 1-s time intervals before and after application of glutamate (arrow; n = 7). Error bars
indicate S.E.M. Each bin after the arrow represents a significant increase in EPSC frequency
(p < 0.05).
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Fig. 3.
Glutamate microdrop stimulation of the NTS resulted in evoked IPSCs in the DMV. (A)
Application of glutamate (20 mM, 10 ms arrow) to the surface of the NTS produced a
barrage of IPSCs recorded from a DMV neuron voltage-clamped at −20 mV. Inset: an
expansion of part of the trace near the glutamate application (arrow). (B) Average number of
IPSCs during 1-s binned time intervals before and after application of glutamate (n = 7
cells). Error bars indicate S.E.M. Post-glutamate frequency increase was significant (p <
0.05).
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Fig. 4.
Uncaging glutamate in discrete loci of the NTS evoked EPSCs in the DMV. (A) Diagram
showing a representative transverse slice through the brainstem containing the dorsal vagal
complex from which a DMV neuron was recorded. Numbered filled circles correspond to
discrete loci where glutamate was uncaged in the slice. The position of the recorded neuron
is indicated with an asterisk. The stimulation areas used in these experiments are indicated to
the right. (B) Traces obtained from a whole-cell recording of a neuron voltage-clamped at
−70 mV in the DMV whose position corresponds to the asterisk in A. The numbers to the
left correspond to the loci in the NTS where glutamate was uncaged. The time of uncaging is
indicated by the stimulus artifact in each trace. When glutamate was uncaged directly on the
recorded neuron (asterisk) a sodium spike (arrow in first set of traces) was recorded in most
trials. Shown are two consecutive stimulations, one of which evoked a sodium current. The
cell also responded to glutamate uncaging in position 2 with an increase in EPSC frequency
(arrows), but not in other positions. In this cell, glutamate was uncaged in all five areas, but
only elicited an excitatory synaptic response when stimuli were applied to the dorsomedial
NTS. Abbreviations: DM dorsomedial, DL dorsolateral, VL ventrolateral, VM
ventromedial, CEN central, AP area postrema, ts tractus solitarius, XII hypoglossal nucleus,
cc central canal.

Davis et al. Page 16

Brain Res. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Uncaging glutamate in discrete loci of the NTS evoked IPSCs in the DMV. (A) Diagram
showing a representative transverse slice through the brainstem containing the dorsal vagal
complex from which a DMV neuron was recorded. Numbered filled circles correspond to
discrete loci where glutamate was uncaged in the slice. (B) Traces obtained from a whole-
cell recording of a DMV neuron voltage-clamped at 0 mV. The numbers to the left
correspond to the loci in the NTS where glutamate was uncaged. The time of uncaging is
indicated by the arrowhead. Positions 1, 3 and 4 show examples of increased IPSC
frequency following photostimulation in the NTS (arrows).
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Table 1

Percentage of DMV neurons from which EPSCs and IPSCs were evoked by glutamate photostimulation from
five different areas of the NTS

Area of NTS stimulated eEPSC eIPSC

Dosomedial 50%, n = 8 47%, n=15

Dorsolateral 20%, n = 5 42%, n=12

Ventromedial 25%, n = 8 31%, n=13

Ventrolateral 0%, n = 6 0%, n=9

Central 25%, n = 4 20%, n=10
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