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Extensive Inhibitory Gating of Viscerosensory Signals by a
Sparse Network of Somatostatin Neurons

Kimberly R. Thek,' Sarah ]J.M. Ong,?> David C. Carter,” Jaspreet K. Bassi,> “Andrew M. Allen,'
and ©“Stuart J. McDougall'
"Florey Institute of Neuroscience and Mental Health, and ?Department of Physiology, University of Melbourne, Parkville, Victoria 3010, Australia

Integration and modulation of primary afferent sensory information begins at the first terminating sites within the CNS, where central
inhibitory circuits play an integral role. Viscerosensory information is conveyed to the nucleus of the solitary tract (NTS) where it initiates
neuroendocrine, behavioral, and autonomic reflex responses that ensure optimal internal organ function. This excitatory input is
modulated by diverse, local inhibitory interneurons, whose functions are not clearly understood. Here we show that, in male rats, 65% of
somatostatin-expressing (SST) NTS neurons also express GAD67, supporting their likely role as inhibitory interneurons. Using whole-
cell recordings of NTS neurons, from horizontal brainstem slices of male and female SST-yellow fluorescent protein (YFP) and SST-
channelrhodopsin 2 (ChR2)-YFP mice, we quantified the impact of SST-NTS neurons on viscerosensory processing. Light-evoked
excitatory photocurrents were reliably obtained from SST-ChR2-YFP neurons (n = 16) and the stimulation-response characteristics
determined. Most SST neurons (57%) received direct input from solitary tract (ST) afferents, indicating that they form part of a feedfor-
ward circuit. All recorded SST-negative NTS neurons (n = 72) received SST-ChR2 input. ChR2-evoked PSCs were largely inhibitory and,
in contrast to previous reports, were mediated by both GABA and glycine. When timed to coincide, the ChR2-activated SST input
suppressed ST-evoked action potentials at second-order NTS neurons, demonstrating strong modulation of primary viscerosensory
input. These data indicate that the SST inhibitory network innervates broadly within the NTS, with the potential to gate viscerosensory
input to powerfully alter autonomic reflex function and other behaviors.
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Sensory afferent input is modulated according to state. For example the baroreflex is altered during a stress response or exercise,
but the basic mechanisms underpinning this sensory modulation are not fully understood in any sensory system. Here we
demonstrate that the neuronal processing of viscerosensory information begins with synaptic gating at the first central synapse
with second-order neurons in the NTS. These data reveal that the somatostatin subclass of inhibitory interneurons are driven by
visceral sensory input to play a major role in gating viscerosensory signals, placing them within a feedforward circuit within the
NTS.
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Introduction
The majority of visceral sensory afferent neurons, whose axons
contribute to the vagus and glossopharyngeal nerves, synapse in
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the nucleus of the solitary tract (N'TS; Janig, 2006). This visceros-
ensory input drives autonomic reflexes, and also modulates neu-
roendocrine function and behaviors, including satiety and
reward (Andresen and Paton, 2011; Han et al., 2018). Intermixed
with the excitatory vagal afferent terminals within the NTS is an
intrinsic inhibitory network (Fong et al., 2005; Okada et al., 2008;
McDougall and Andresen, 2012). Spontaneous miniature IPSCs
are recorded in all NTS neurons (Jin et al., 2004; McDougall and
Andresen, 2012), indicating that this inhibitory network likely
modulates the integration of primary sensory input. Within the
cardiorespiratory NTS, GABAergic neurons are the proposed
primary target of somatic afferent terminals that are activated
during locomotion (Potts, 2002), and are implicated in the coor-
dination of baroreceptor reflex resetting during exercise (Potts,
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2006; Michelini, 2007). Despite the current literature indicating
an important role for inhibition within the NTS, the specific
mechanisms of inhibition at the synaptic to local network level
remains ill defined. In part this lack of knowledge is because of the
limitations in selectively activating inhibitory NTS neurons in the
absence of pharmacological agents (McDougall and Andresen,
2012).

Neurons expressing somatostatin (SST) are a major subclass
of inhibitory neurons, best characterized in the context of cortical
function where they constitute one-third of inhibitory interneu-
rons and exhibit a high level of spontaneous spiking activity
(3-10 Hz; Urban-Ciecko and Barth, 2016). Throughout different
nuclei within the CNS, SST inhibitory neurons are diverse in their
coexpression of other molecular markers, such as calbindin (Ya-
vorska and Wehr, 2016). Cortical and hippocampal SST neurons
are exclusively GABAergic (Urban-Ciecko and Barth, 2016). Yet
in the dorsal horn of the spinal cord they are mostly (94%) excit-
atory (Duan etal., 2014) and in the pre-Botzinger complex of the
brainstem, a proportion of SST neurons are also excitatory (Tan
et al., 2008; Tupal et al., 2014; Cui et al., 2016). Throughout the
NTS published evidence indicates that most SST neurons are
inhibitory (Wang and Bradley, 2010; Lewin et al., 2016). Signal
transduction from primary afferents to second-order NTS neu-
rons is very efficient in part because of the high probability of
release at these terminals (Bailey et al., 2006; Peters et al., 2008).
Thus, gain control via inhibitory synapses at second-order neu-
rons likely serves an important modulatory role in transfer of
sensory signals to higher brain areas. Here SST inhibitory in-
terneurons may form part of a microcircuit “gate” that controls
the flow of sensory information through, and from, the NTS.

In this study we mapped SST neurons within the NTS and
defined near two-thirds as expressing glutamic acid decarboxyl-
ase 67 (GAD1; termed GAD67 in this study), with the remainder
expressing the vesicular glutamate transporter 2 (vGlut; Slc17a6)
mRNA. We studied this network of neurons within the NTS us-
ing transgenic mice in which enhanced yellow fluorescent protein
(YEP) or channelrhodopsin 2 (ChR2) fused to YFP, was ex-
pressed in all SST neurons. We find that the majority (57%) of
NTS SST neurons are directly driven by vagal afferent input. The
SST NTS neurons use both GABA and glycine to alter visceros-
ensory signal throughput at SST-negative NTS neurons. Despite
constituting a relatively small population of neurons within the
NTS, all SST-negative neurons studied received input from SST
neurons and, in some cases, the SST input disinhibited other SST
neurons. The SST neurons studied are not a source of GABA
input to presynaptic vagal afferent terminals, which are known to
express GABAj receptors. Finally, our data indicate that the SST
neuronal network modulates viscerosensory information by syn-
aptic gating at the earliest stages of sensory reflex processing
within the CNS.

Materials and Methods

All animal procedures were approved by the Animal Ethics Committees
at the Florey Institute of Neuroscience and Mental Health and University
of Melbourne and were performed in accordance with the Prevention of
Cruelty to Animals Act 1986 under the guidelines of the National Health
and Medical Research Council “Australian code for the care and use of
animals for scientific purposes” (Ed 8).

Animal models. Six male Sprague-Dawley rats (~320 g) were used to
examine the distribution of NTS neurons expressing mRNA for SST,
GADG67, vGlut, and vesicular GABA transporter (VGAT; Slc32al) using
RNAscope [Advanced Cell Diagnostics (ACD)]. We used two transgenic
mouse lines derived from cross-breeding an SST-Cre recombinase (Cre)
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line; B6N;Cg—Sst""2'1("Z)Zjh/] [The Jackson Laboratory (JAX)]. One line
was created by a cross with B6.129X1-G#(ROSA )26Sor™IEYFPICos )] mpjce
(JAX) and are described in the text as SST-YFP mice (n = 5 female, 1
male). The second line were derived from a cross with B6;129S-
Gt(ROSA)26S0y""32(CAG-COPIHISAR/EYFP)Hze T ice (JAX) and their off-
spring are referred to as SST-ChR2-YFP mice in the text (n = 46 female,
37male).

RNA scope for SST, GAD67, and vGlut mRNA. Rats were deeply anes-
thetized by inhalation of isoflurane. Brains were quickly extracted, frozen
in isopentane equilibrated with dry ice, and then stored at —80°C until
further processing. Sixteen um coronal sections of the brainstem were
cut in a cryostat (—20°C; Leica Microsystems) and thaw-mounted onto
Superfrost-Plus slides (ThermoFisher Scientific). Sections were left to
dry within the cryostat for at least 30 min before storing at —80°C. For
RNAscope processing, frozen sections were immediately fixed in 4%
paraformaldehyde (PFA) for 16 min at 4°C, rinsed twice, for 1 min each,
in DEPC-treated PBS and then dehydrated in 50, 70, and 100% ethanol
solutions (5 min each concentration). The dehydrated sections were then
stored in 100% ethanol overnight at —20°C. On the following day, slides
were air dried at room temperature (RT) and hydrophobic barriers were
created around each section using ImmEdge hydrophobic PAP pen
(Vector Laboratories). Once the barrier had dried the sections were in-
cubated with Protease IV (ACD, catalog #322336) for 20 min at RT,
rinsed twice with DEPC-treated PBS for 1 min each before incubating
with the probe mixture for 2 h at 40°C. The probe mixture consisted of
probes against SST (ACD, catalog #412181-C3), GAD67 (ACD, catalog
#316401-C2), VGAT (ACD, catalog #424541-C2) and vGlut (ACD, cat-
alog #317011-C2) diluted in probe diluent (ACD, catalog #300041). After
probe incubation, slides were rinsed twice with 1X wash buffer (ACD,
catalog #310091) for 2 min each, before signal amplification was achieved
through multiple amplification steps using the RNAscope multiplex flu-
orescence kit (ACD, catalog #320851) according to the manufacturer’s
protocol. Sections were incubated in a series of amplifier reagents at
40°C: AMP1 (ACD, catalog #320852) for 30 min, AMP2 (ACD, catalog
#320853) for 15 min, AMP3 (ACD, catalog #320854) for 30 min, while
washing slides twice in between each amplifying step with 1 X wash buffer
for 2 min each. Finally, sections were incubated with AMP4 AltA (ACD,
catalog #320855) for 15 min at 40°C, before rinsing twice with 1X wash
buffer for 2 min each and staining with DAPI (ACD, catalog #320858) for
20 s. They were coverslipped using ProLong Gold Antifade Mountant
(ThermoFisher Scientific) and left to dry at RT before storing at 4°C and
imaging.

Immunohistochemical localization of ChR2-YFP. Immunohistochem-
istry to visualize ChR2-YFP expression in the brainstem, was performed
in adult mice (n = 2 female, 461 d old; n = 1 male, 349 d old, 32.9 *
3.38 g). The mice were anesthetized with 5% isoflurane and perfused
transcardially with 40 ml1 0.1 M phosphate buffer solution (PBS; 0.1 M, pH
7.4; in mm: 7.70 Na,HPO,, 2.7 NaH,PO,, 15.40 NaCl) and 40 ml of 4%
(w/v in 0.1 M PBS) PFA. Brainstems were postfixed in 4% PFA for 4 h,
then transferred to sucrose solution (30% sucrose in 0.1 M PBS) and left
overnight at 4°C. Thirty-micrometer-thick coronal sections were cut on
a freezing microtome (Leica Microsystems). After two rinses in PBS (10
min each), sections were incubated overnight at room temperature in 0.1
M PBS containing chicken anti-GFP (1:10,000; ab13970, Abcam) and
Triton X-100 (0.3%), then incubated at RT for 2 h in goat anti-chicken
AlexaFluor 488 (1:500; catalog#A32931, ThermoFisher Scientific) and
Triton X-100 (0.3%) in 0.1 M PBS. Sections were mounted on gelatin-
coated slides and coverslipped using Slow Fade Gold (ThermoFisher
Scientific). Sections were scanned using a confocal microscope (LSM
780, Carl Zeiss) and images processed using Image] software (NIH).

Horizontal brainstem slice preparation. Brainstem slices were prepared
from both male and female SST-YFP [n = 6; 41 = 1 d old (38-45d
range), 22.0 = 0.8 g, 5 female] and SST-ChR2-YFP mice [n = 80; 260 *+
162 d old (32-585 d range), 31.4 = 9.7 g, 44 female]. No differences were
found related to sex or age. Mice were deeply anesthetized with 5%
Isoflurane and the medulla removed, blocked and rapidly cooled in arti-
ficial CSF [aCSF; 2°C, containing the following (in mm): 125 NaCl, 3 KCI,
1.2 KH,PO,, 1.2 MgSO,, 25 NaHCO,, 10 dextrose, 2 CaCl, (300
mOsm)]. A wedge of tissue from the rostral ventral surface of the medulla
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was removed enabling 250 wm horizontal
slices of the dorsal medulla that contained both
the solitary tract (ST) and NTS to be cut on a
vibratome (VT1200s, Leica Microsystems).
The slice was continuously perfused in aCSF
solution, bubbled with 95% O,, 5% CO,, at
32°C.

Whole-cell recordings and neuron selection.
Recording pipettes (2.4—6.3 M{)) contained
eitheralow Cl ~ internal solution (10 mMm Cl 7)
containing the following (in mwm): 6 NaCl; 4
NaOH; 130 KOH, potassium gluconate; 11
EGTA; 1 CaCl,; 10 HEPES; 1 MgCl,; 0.1% bio-
cytin, pH 7.3 (290 mOsm) or a high Cl ~ inter-
nal solution (54 mm Cl~) containing the
following (in mm): 10 NaCl; 40 KCI; 90 KOH,
potassium gluconate; 11 EGTA; 1 CaCl,; 10
HEPES; 1 MgClL,; 0.1% biocytin, pH 7.3 (290
mOsm). As a consequence E; was —68.8 and
—24.7 mV for 10 and 54 mm Cl ~ internal so-
lutions, respectively. Pipettes were visually
guided to NTS neurons using a fixed stage
scope (Zeiss Examiner) and camera (Rolera
EM-C2, Q-Imaging). Whole-cell recordings
were made in either voltage-clamp [holding
voltage (Vy;) —60 or —40 mV] or current-
clamp mode (MultiClamp 700B and pClamp
10.3, Molecular Devices). We were able to dis-
tinguish IPSCs from EPSCs using the low Cl ~
internal solution (10 mm Cl ™) with a V; —40
mV; where chloride currents were outward and
sodium current inward. Signals were sampled
at 20 kHz and filtered at 10 kHz. Liquid junc-
tion potentials were not corrected (—6.2 mV at
32°C). In 16 neurons YFP was visualized to tar-
get SST neurons for recording (see Fig. 2) but
otherwise all other neurons (see Figs. 3-8) were
selected without imaging YFP within the medi-
al/caudal NTS.

LED activation of ChR2 and electrical activa-
tion of primary afferents in the solitary tract.
Pulses of light (465 nm, 10 mW at fiber tip)
from alight emitting diode (LED, Plexon) were
delivered via fiber optic affixed to a microma-
nipulator and positioned to illuminate the ip-
silateral NTS. A range of light pulses (1-10) at
varying durations (0.2-100 ms) and frequen-
cies (5-50 Hz) were used. Inward currents that
exhibited no latency to onset, i.e., synchronous
with the light pulse, and began to decay syn-
chronous with the LED pulse terminating, de-
fined ChR2 photocurrents. This characteristic
response identified SST NTS neurons from those not expressing
ChR2. Bath-applied antagonists for GABA , receptors, gabazine (SR-
95531, 3 uM; Tocris Bioscience, In Vitro Technologies); glycine re-
ceptors, strychnine (1 M, Sigma-Aldrich); and AMPA receptors,
NBQX (20 uM; Tocris Bioscience) were used to define neurotransmit-
ter/receptor mechanisms.

Primary afferent axons within the ST were activated by electric stim-
ulation using a concentric bipolar electrode (125 um outer diameter;
FHC) that was placed on the visible ST at a distance of 1-2 mm from
recorded neurons. Trains of five shocks (100 ws) at 20 Hz, where inten-
sity was varied (0.03—0.5 mA), evoked ST-EPSCs and ST-initiated action
potentials (APs) in NTS neurons. NTS neurons were classed as a second-
order neuron, directly receiving primary afferent input, if ST-evoked
EPSCs exhibited a synaptic jitter (SD of EPSC latency) < 200 us and
frequency-dependent depression (Peters et al., 2011). Otherwise neurons
were classified as higher order. If ST stimulation did not elicit a response,
neurons were considered “not connected”.

Figure 1.
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SST mRNA-expressing neurons also express mRNA for GAD67 or vGlut within the NTS. Fluorescence micrographs
showing expression of mRNA for SST (yellow), GAD67 (green), vGlut (red), and DAPI (blue) at three different rostrocaudal levels of
the NTS. A, Rostral to area postrema; B, mid area postrema; C, the commissural NTS. The yellow, boxed areas indicate the area for
adjacent higher-magnification images. Green arrowheads highlight neurons expressing both SST and GAD67; red arrowheads
highlight neurons expressing both SST and vGlut mRNA. The position relative to bregma is provided. Scale bars, 200 m in all
images. 4V forth ventricle; 12, hypoglossal nucleus; AP, area postrema; CC, central canal; MnA, median accessory nucleus of the
medulla. D, Neurons were counted within the NTS at these three levels (including the parasolitary nucleus). The stacked histograms
show the number of neurons of each neurochemical phenotype (mean == SEM, derived from 6 animals).

Statistical analysis. Within the NTS we counted mRNA expressing cells
across three levels of the NTS in six animals. For whole-cell recordings
input resistance was calculated from the steady-state current change to a
+10 mV step. Resting membrane potential from a >5 s period of gap free
recording at I = 0 pA, during which there were no action potentials.
Spontaneous AP frequency was measured over 60 s at I = 0 pA in active
neurons. Rheobase was measured at the current injection that elicited an
AP in [-F protocols. Frequency accommodation was calculated as the
ratio of Fmax, the reciprocal of the first interspike interval of a +80 pA
step, to Fsteady, the reciprocal of the interpike interval of the final four
APs to the same 400 ms +80 pA step (Ma et al., 2006). The AP half-width
was measured from the average of five spontaneous APs (Stimfit). The
Sag-V slope was calculated as the difference between steady-state V,  and
the peak V,, within 100 ms of hyperpolarizing steps (—60 to 0 pA from
holding, in 10 pA increments). Where the Sag-V slope is the slope of the
regression from the resulting I-V curve. ChR2-evoked PSC characteris-
tics; including amplitude, latency, and decay were measured from at least
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Figure 2.  Accommodating spiking SST neurons are present within the NTS and SST-ChR2-
YFP neurons are reliably activated with LED pulses. Af, SST-YFP NTS neurons exhibited on aver-
age relatively low resting membrane potentials (RMPs), relatively high input resistance (inR),
and the majority exhibited high rates of spontaneous action potentials at rest (restAP). Aii, In
response to stepped current injections, some SST neurons exhibited regular spiking which in all
cases accommodated (fit in red overlay of instantaneous AP rate; gray). Across neurons, cur-
rent—frequency relationships varied (example neurons to left highlighted in red (n = 30). Bi,
Schematic showing the experimental paradigm. A representative NTS SST-ChR2-YFP-positive
neuron is identified via YFP fluorescence localized to the somatic membrane and targeted for
recordings (same across B). Bii, Traces of whole-cell patch-clamp recording (10 traces are over-
laid in each panel) from one representative NTS SST-ChR2-YFP-positive neuron (same across B),
demonstrating that LED pulses (blue traces with LED timing shown by solid blocks) evoked
excitatory photocurrents (downward deflections in top graphs) and excitatory photopotentials
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30 iterative events per neuron. Similarly, ST-evoked PSC amplitudes
were based on >20 “successful” iterative evoked events for first PSC in a
train (PSC,). Failure rates (no PSC after stimulus) were calculated from
a minimum of 10 light pulses or >20 ST test shocks. ChR2-evoked PSC
variables including latency were not normally distributed and thus were
compared between groups by a Kruskal-Wallis one-way ANOVA on
ranks with a Dunn’s post hoc test. To measure AP throughput with ST
shocks, AP, was counted across at least 30 trials, both with and without
simultaneous light pulses, and compared by paired ¢ test. All spontaneous
synaptic events were detected and analyzed from digitized waveforms
using an off-line program (MiniAnalysis, Synaptosoft). Events smaller
than the threshold detection of five times the root mean square of noise
and those with multiple peaks were excluded from amplitude and decay
analysis. The latter were used for determination of frequency rates.
Decay-time constants were acquired by fitting a single exponential be-
tween the 10 and 90% peak amplitude portion of the current relaxation.
All statistical tests were performed with SigmaStat 3.1 (Systat Software).
All data are reported as mean = SEM; p < 0.05 was defined as statistically
significant.

Results

Somatostatin neurons constitute 30% of GAD67-positive
neurons within the NTS

We examined the distribution and neurochemistry of SST neu-
rons in the NTS of Sprague-Dawley rats using RNAscope to vi-
sualize SST, GAD67, VGAT, and vGlut mRNA-expressing cells.
Across three rostrocaudal levels of the NTS, SST mRNA-
expressing neurons were particularly clustered in the parasoli-
tary, dorsomedial, and central subnuclei of the NTS (Fig. 1).
Within the NTS, 65 £ 3% of SST-positive neurons also expressed
GADG67 and VGAT, and all GAD67 neurons coexpressed VGAT.
The data indicate that most SST neurons can be classed as inhib-
itory interneurons. These were particularly clustered within the
parasolitary nucleus region (Fig. 1). Of GAD67-positive neurons,
30 * 1% expressed SST. Thus SST NTS interneurons are a sub-
group of the inhibitory network within the NTS. Both GAD67-
and SST-mRNA-expressing neurons were more numerous in the
rostral NTS sections. The remaining cohort of SST neurons ex-
pressed vGlut (35 = 3%) and were clustered within the central
subnuclei of the NTS (Fig. 1). We also assessed YFP expression as
an indicator of SST expression in the NTS across three SST-
ChR2-YFP mice using immunohistochemistry. The distribution
of SST somata and fibers was very dense throughout all levels of
the NTS. The ChR2-YFP construct is membrane-bound and this
made it difficult to differentiate cell bodies from axons/terminals.
We did observe NTS neurons with YFP in their somal mem-

<«

to initiate APs (upward deflection in bottom graphs). Biii, The graphs are data from the same
neuron showing the relationship between activation of ChR2 with increasing LED pulse duration
and amplitude and latency from LED pulse onset to EPSC onsets [left; photocurrents (photo I)]
and induced AP rate and latency to AP initiation (right). Photocurrent amplitude increased
between 1and 10 ms but photocurrent onset latencies were consistent across different pulse
durations. AP initiation was reliable with pulse durations between 2 and 10 ms pulse with onset
latency becoming more consistent and shorter with 5-10 ms pulse durations. These data are
based on 10 trails at each pulse duration from the same neuron across B. Data shown are
mean = SEM. C, Graphs showing the relationship between duration of the LED pulse and
resulting photocurrents in individual neurons (left; each symbol represents a different cell) and
the threshold and number of APs elicited by LED pulses (right; n = 13 neurons). Absolute
photocurrent amplitudes varied across cells, yet APs were initiated <<4 ms duration in these
same neurons (symbols correspond between the left and right graphs = 8). Importantly, LED
pulses up to 100 ms never initiated multiple action potentials per pulse. D, Histograms showing
photocurrent count related to photocurrent latency (left) and AP count to AP onset (right).
Photocurrent onset latencies were consistent regardless of pulse duration (n = 9 cells) yet AP
initiation was variable across these neurons regardless of LED pulse duration (n = 8 cells).
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Figure 3.  Non-somatostatin (SST) NTS neurons are inhibited by SST-ChR2-YFP inputs. Ai,
SST-negative NTS neurons did not exhibit a photocurrent in response to LED activation of ChR2.
When examined they did not express YFP (same neuron across A) and the diagramillustrating
this paradigm is shown. Aii, Traces (10 traces overlaid in gray, average in black) of a whole-cell
recording from a non-SST neuron in the NTS show that LED pulses (blue line with blocked area
representing ChR2 on) evoked IPSCs (upward deflections) that increased in amplitude with
longer LED pulse durations. Paired LED pulses (50 ms interval) induced depression in IPSC
amplitude. Aiii, For the same neuron, graphs showing the relationship between LED pulse
durationand IPSCamplitude, latency to onset, variation in onset latency (jitter), failure to evoke
IPSCand paired-pulse ratio (PP; mean of 10 trials). For this neuron all evoked IPSC characteristics
changed with pulse durations up to 2 ms before plateauing, with the exception of failure rate
(0% throughout). B, Graphs showing the population data for the response of SST-negative NTS
neurons to increasing pulse duration. Pulse duration (LED) is graphed against raw and normal-
ized IPSC amplitude. The latency for initiation of IPSC is also graphed against the number of

o

failures (%)
3
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branes and those without (see Figs. 2, 3). Thus SST-expressing
neurons in the NTS are mostly inhibitory and represent up to
one-third of the local inhibitory population in rodents, and SST
fibers are observed densely throughout the NTS.

Somatostatin neurons exhibit interneuron like properties
observed in other regions of the CNS

Using a SST-YFP mouse line we were able to readily identify SST
neurons within the NTS, and performed a basic electrophysiolog-
ical characterization via whole-cell recordings. We sampled neu-
rons across the medial NTS (see Fig. 8E) and their input
resistance was 1059 = 125 M() with a resting membrane poten-
tial of =53 = 1 mV (n = 35). A majority spontaneously fired APs
at these resting potentials (71%), at a rate of 18.2 == 0.3 Hz (14.5—
21.1 Hzrange, n = 25; Fig. 2Ai). These APs exhibited a half-width
of 1.77 £ 0.50 ms. The rheobase across all SST-YFP neurons was
18 = 2 pA. During current-frequency protocols we observed ac-
commodating spiking in all recorded neurons and their peak
frequency rate ranged from 3 to 63 Hz across cells (Fig. 2Aii). No
other firing pattern was recorded (Petilla Interneuron Nomen-
clature Group, 2008). The AP firing accommodated in all neu-
rons at a ratio of 0.44 * 0.11 (n = 30). We also observed the
presence of I, in 11 of 30 neurons with a slope of 0.23 = 0.03
mV/pA and post-inhibitory rebound spiking in 9 of 30 neurons
(Fig. 2Aii). Across SST-YFP neurons there were no correlations
or associations of these characteristics between cells.

LED pulses reliably evoke single APs in NTS SST neurons

We imaged YFP within in vitro slices to identify SST-ChR2-YFP
neurons and to characterize the activation of these cells via ChR2
(Fig. 2Bi). These SST NTS neurons exhibited a resting membrane
potential of —55 = 3 mV (range —42 to —72mV, n = 8) with half
exhibiting spontaneous AP firing (2.3 * 1.2 Hz, range 0.03—4.7
Hz, n = 4). ChR2-mediated photocurrents were studied by vary-
ing the duration of light pulses to define the assay parameters
(Fig. 2Bii). These responses, defined in this study as photocur-
rents, are the response to activation of ChR2 expressed by the
recorded neuron. As in the example neuron in Figure 2Bii, LED
pulses evoked consistent, rapid onset excitatory photocurrents
and photopotentials. LED pulses <1 ms evoked photopotentials
that did not reach threshold. LED pulse durations >1 ms evoked
reliable APs, but their onsets became more consistent with 10 ms
pulses (Fig. 2Bii). Photocurrents reached maximal magnitude
and consistent onset latency with pulses >5 ms. The initiation of
APs in the same neuron was 100% reliable with pulses >1 ms
duration. As LED pulse duration increased from 1-10 ms we also
noted AP initiation occurred sooner and more consistently (Fig.
2Biii). Across SST neurons the photocurrent magnitude varied
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IPSCs (count). ChR2-evoked IPSCs increased in amplitude with increasing pulse durations, indi-
vidual data (left), normalized (middle; n = 28, exponential function; R? = 0.99). The onset
latencies of ChR2-evoked IPSCs were more variable at the shortest LED pulse durations tested
across the group (right). C, Graphs showing the relationship between the variability of onset
latency (jitter) and IPSC latency indicated ChR2-evoked IPSC synaptic jitter exhibited no rela-
tionship to onset latencies (R = 0.05, left). Pulse (10 ms) interval and PP (right) for all neurons
tested. Paired-pulse ratios remained <<1.0 (frequency-dependent depression) until the pulse
interval was >300 ms. D, Traces showing the response of a non-SSTNTS neuron to multiple LED
pulses (blue trace) at different frequencies (10 —50 Hz; left; 10 traces overlaid in gray, averagein
black). The group data (n = 6 neurons) for the response to 20 and 50 Hz relating IPSC number
to failure rate and IPSC amplitude is shown at the right. All stimulation frequencies depressed
successive IPSC amplitudes relative to IPSC,. Where applicable all data are presented as
mean = SEM.
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greatly between neurons with 10 ms pulses, from 63 to 418 pA
(211 = 32 pA, n = 13; Fig. 2C, left). Because cell capacitance was
similar across neurons (8.68 * 3.36 M{), n = 13), this likely
reflects a difference in ChR2 expression between neurons. Con-
sequently in these same neurons AP initiation first occurred at
different pulse durations, all <4 ms (pulse threshold = 1.5 = 0.6
ms, n = 9). Of note, is that once AP threshold had been met in a
SST neuron, each LED pulse evoked no more than one AP per
pulse regardless of pulse duration up to 100 ms (Fig. 2C, right).
We quantified the temporal relationship of ChR2 and AP initia-
tion in these SST neurons. Across neurons, the photocurrent
onset was 0.39 = 0.008 ms (n = 9, 10 ms duration) and AP
initiation occurred at 4.85 = 0.35 ms (n = 7, 10 ms duration).
Thus in this slice preparation, SST NTS neurons are not sponta-
neously active but are reliably activated by LED pulses.

SST neurons converge at SST-negative NTS neurons

To determine how SST input gates sensory drive within the NTS
we recorded from randomly sampled, medial NTS neurons with-
out first identifying YFP expression. All SST-negative neurons,
defined as those not exhibiting a photocurrent, exhibited ChR2-
evoked synaptically mediated responses (Fig. 3A). The most
common response exhibited in SST-negative NTS neurons was
ChR2-evoked IPSCs (Fig. 3Aii). These ChR2-IPSCs were blocked
by TTX (1 uM; n = 3; see Fig. 8C) indicating that they were AP
dependent and thus synaptically mediated. We quantified ChR2-
evoked IPSC characteristics in SST-negative neurons in relation
to LED duration. With increasing LED pulse durations, the IPSC
amplitude increased to reach a plateau between 1 and 10 ms. The
latency of ChR2-evoked IPSC onsets decreased before plateauing
from 1 to 10 ms. At all pulse durations IPSCs never failed and in
conducting paired pulses, IPSCs depressed at each LED duration
tested (Fig. 3Aii,Aiii). Across all neurons similarly tested (n =
28), the IPSC amplitudes induced by 10 ms pulses varied from 14
t0 205 pA, (67 = 4 pA). When IPSC amplitude was normalized to
each neuron’s own maximal current, a clear relationship between
IPSC amplitude and LED duration was observed (Fig. 3B). In
addition, the failure rate across this cohort of neurons remained
at 0% (not shown for group). Together these characteristics may
indicate multiple SST inputs converging at individual SST-
negative NTS neurons.

In comparing ChR2-evoked IPSC latencies (Fig. 3B, right) to
SST AP initiation (Fig. 2C, left), we observed that evoked IPSCs
were both more consistent and, on average, occurred earlier to
SST neurons spiking. This indicates that LED pulses are activat-
ing both SST neurons at the soma and/or SST axons that synapse
on the recorded NTS neuron. There was no relationship between
the synaptic jitter of ChR2-evoked IPSCs and their latency onsets
(Fig. 3C, left). We varied the interval of paired pulses and found
that across neurons, the amplitude of the second IPSC was de-
pressed when pulse intervals were <300 ms. This indicates ChR2-
evoked neurotransmitter release probability is high in these
conditions (Fig. 3C, right). To assess the dynamics of neurotrans-
mitter release from SST afferents we trialed trains of pulses at 10,
20, and 50 Hz. We found that the IPSC amplitude of evoked
responses following the first event was depressed and failures
increased with subsequent multiple pulses. Second, the higher
the frequency the more frequently failures occurred (Fig. 3D). In
addition, high-frequency pulse trains did not alter Vy; for any
period after pulses, even those delivered at 50 Hz, suggesting no
other neuromodulators that may affect conductance, such as SST
for example, were being released.
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Figure4.  SST neurons utilze GABA and glycine as fast neurotransmitters in the medial NTS.
A, Traces showing a whole-cell recordings from one representative NTS neuron (top traces; 10
traces overlaid in gray, average in black; blue traces show LED onin blocks, 10 ms pulses) and the
associated data (bottom traces; data expressed as mean = SEM of 10 trials per minute). Appli-
cation of the GABA, receptor antagonist, gabazine (GBZ; 3 wm), substantially blocked ChR2-
evoked IPSCs, but not completely. The remaining IPSCwas abolished by the glycinergic receptor
antagonist, strychnine (Stry; T m). LED-evoked IPSC thresholds and amplitude (bottom right
trace), in both aCSF and GBZ, indicated recruitment profiles aligned, suggesting co-
transmission of the neurotransmitters. B, Traces from another representative NTS neuron
showing a similar protocol where the order of antagonist application was reversed, similar
results were obtained. C, Histograms relating the number of IPSCs induced by LED stimulation to
the decay constant n the absence (aCSF) and presence of GABA, or glycine receptor antagonists
(n = 9neurons). Glycinergic IPSCs (GBZ condition; red) exhibited faster dynamics than GABAe-
rgic IPSCs (orange) to the same neurons. Individual data (right graph; n = 16 neurons) from
SST-negative NTS neurons demonstrates that GABA was responsible for a greater proportion of
the IPSC transfer (80.9 == 5.0%) compared with glycine (9.7 = 4.8%; *Z = —3.361,p <
0.001, Wilcoxon signed rank test), but this varied greatly between cells.

SST neurons use both GABA and glycine to gate second-order
neurons in the NTS

To determine the neurotransmitters generating SST-mediated
IPSCs we used pharmacological agents to block responses (Fig.
4). It was expected that SST neurons would be GABA-ergic, how-
ever bath application of GABA, receptor antagonist, gabazine
(SR-95531, 3 uM; Tocris Bioscience) completely (n = 3 of 16) or
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Figure 5.  SST neurons evoke excitatory drive via post-inhibitory rebound 4, Traces from a
whole-cell recording of a non-SST NTS neuron (10 traces overlaid in gray, mean trace in black;
blue trace showing LED pulse durations). EPSCs (V,, = —60 mV) were differentiated from IPSCs
(Vy = —40mV) by an inward (downward deflection) fast decaying current at V, = —40 mV
and became more prominent at —60 mV (close to E,). B, Graphs for the representative neuron
shown in 4, showing the effect of increasing LED pulse duration on EPSC amplitude, latency,
variability in onset (jitter), failure rate and paired-pulse ratio (PP). The EPSC amplitude in-
creased with LED duration, latency was constant yet failure rate was high at each LED duration
tested in contrast to IPSCs (Fig. 3). C, Graphs showing group data from NTS neurons (n = 11)
with only EPSCs, and those where EPSCs were isolated from IPSC/EPSC complexes. Individual
raw data (left), and normalized group data (middle; mean == SEM) are shown. Across neurons,
ChR2-evoked EPSCs remained constant or increased in amplitude with increasing LED pulse
durations. The onset latencies of ChR2-evoked EPSCs (right graph) were variable regardless of
LED pulse durations and arrived significantly later than ChR2-evoked IPSCs (compare to Fig. 3B;
p = 0.001, one-way ANOVA on ranks). D, No relationship between EPSC latency and onset
latency variability (jitter; left) was observed. In contrast to 0% failure rate for IPSCs (Fig. 3), EPSC
failure rates were variable across neurons (middle). When the PP could be measured, it was
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substantially, but incompletely blocked IPSCs (1 = 13 of 16).
Subsequent bath application of the glycine receptor antagonist,
strychnine (1 uM; Sigma) abolished the remaining IPSC compo-
nent (Fig. 4A). To determine whether GABA and glycine release
could be differentially recruited we varied the LED pulse duration
to see whether evoked IPSCs would be altered after the addition
of the blockers. In all cases, the GABA or glycine alone IPSCs
exhibited the same LED duration threshold, to aCSF control
trials. One possible implication of these data is that these neu-
rotransmitters are co-released (Fig. 4A, B, bottom right). ChR2-
evoked IPSCs were fitted for single exponential decay constants
(90-10%) and pharmacologically-isolated glycine currents de-
cayed 2.07 times faster (5.35 * 1.00, n = 48 trials, H = 53.29, p
=<0.001, df = 2; Kruskal-Wallis one-way ANOVA on ranks).
than isolated GABA currents (11.1 * 0.92, n = 49 trials; Fig. 4C,
left), confirming their separate kinetics. Analysis of the peak IPSC
amplitude (mean of 10 trials per condition) in aCSF, gabazine,
and strychnine established that GABA was responsible for the
majority component of IPSCs, contributing 79 = 5% compared
with glycine’s 21 * 5% for each event (n = 16; Fig. 4C, right).

SST neuron activation evokes EPSCs via polysynaptic
pathways within NTS

In several SST-negative neurons ChR2 activation evoked mixed
IPSC/EPSC complexes or EPSCs alone (Fig. 5). Evoked EPSCs
were differentiated from evoked IPSCs by varying Vy; of the re-
corded neurons. Chloride-mediated PSCs are outward and Na */
Ca**-mediated PSCs are inward at —40 mV using a 10 mm Cl ~
internal solution. In the same neurons, the driving force for Cl
is minimal at —60 mV and this effectively isolates the remaining
evoked EPSCs (Fig. 5A). ChR2-evoked EPSCs occurred in 4%,
whereas mixed IPSC/EPSC complexes occurred in 15% of SST-
negative neurons tested (n = 72). Given up to one-third of NTS
SST neurons coexpress vGlut (Fig. 1D), these rates of excitatory
input were surprisingly low. We performed detailed analysis of
ChR2-evoked EPSC amplitude, latency, jitter, failure rate, and
paired-pulse ratio (Fig. 5B). In neurons exhibiting ChR2-evoked
EPSCs, event amplitudes remained constant with increasing LED
durations (Fig. 5C, left) indicating recruitment of a single excit-
atory input to the recorded neurons. We compared the onset
latency of ChR2-IPSCs (at Vi; = —40 mV; Fig. 3B) to ChR2-
EPCSs (at Vi = —60 mV; Fig. 5C) and surprisingly, ChR2-
evoked EPSCs had a longer latency to onset compared with
evoked IPSCs (compare Figs. 5C, right, 3B, right; H = 210.55, p =<
0.001, df = 1; Kruskal-Wallis one-way ANOVA on ranks).
Within neurons receiving mixed input, we noted complex PSCs
exhibited outward (inhibitory) followed by inward (excitatory)
components in Vi; —40 mV traces (Fig. 5A,E). The jitter of
EPSCs was higher compared with evoked IPSCs and the failure
rate ranged up to 50% compared with 0 = 0% for evoked IPSCs.
It is interesting to note that the paired-pulse ratio was <1.0 for
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generally <1.0 at a 50 ms pulse interval (right). E, Traces of a whole-cell recording from one
SST-negative NTS neuron (10 traces overlaid in gray, mean trace in black; blue trace showing
LED activation) showing evoked EPSCs in aCSF and following blockade of AMPA receptors
(NBQX, 20 pum). The effect of the antagonist on the amplitude of PSCs is shown (right) with
NBQX blocking EPSCs and not affecting IPSCs to this neuron. F, Traces from another SST-
negative NTS neuron (10 traces overlaid in gray, mean trace in black; blue trace showing LED
activation) that only received EPSCs in response to ChR2 activation. Application of the GABA,
receptor antagonist, gabazine (GBZ; 3 um), blocked LED-evoked EPSCs and decreased EPSC
amplitude to zero (right). The diagram indicates a polysynaptic pathway with either post-
inhibitory rebound or disinhibition mechanisms being responsible.
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most events (Fig. 5D). Combined, the data indicates that ChR2-
evoked EPSCs are not likely to be directly synapsing at recorded
NTS neurons. This was confirmed pharmacologically in neurons
that received mixed PSC complexes. Evoked EPSCs were blocked
by the AMPA receptor antagonist, NBQX, which did not block
ChR2-evoked IPSCs (Fig. 5E). The GABA, receptor antagonist,
gabazine (SR95531), blocked IPSCs as expected, but also blocked
ChR2-evoked EPSCs. Thus the excitatory input to recorded NTS
neurons required SST inhibitory neuron activation and is pre-
sumably the response to either disinhibition or rebound excita-
tion in excitatory neurons.

SST neurons impact viscerosensory glutamatergic
transmission to second-order NTS neurons

Electrical ST stimulation evokes glutamate release from visceros-
ensory inputs that is subject to GABA; modulation (Fawley et al.,
2011). To determine whether SST neurons provide a presynaptic
inhibitory input to viscerosensory afferents, we first assessed
whether the spontaneous EPSC frequency was altered in the pres-
ence of GABA,, and glycine receptor antagonists (gabazine, 3 uM;
strychnine, 1 uMm). Spontaneous EPSCs in second-order NTS
neurons are, in part, because of glutamate release from ST pri-
mary afferents (Peters et al., 2010, 2011). Under this inhibitory
ion channel blockade we examined the effect of several LED pulse
routines on spontaneous EPSC frequency, varying pulse number
(1,2,5,10) and frequency (2, 20, 50 Hz) of 10 ms LED pulses (Fig.
6A). The sEPSC frequency did not change in any condition tested
in any neurons (n = 4; Fig. 6B). In another series of experiments
we tested whether SST input alters ST-evoked EPSCs in second-
order NTS neurons. We established that recorded neurons re-
ceived both SST (ChR2)-evoked IPSCs and low jitter ST-evoked
EPSCs and then bath applied GABA , and glycine receptor antag-
onists as above (Fig. 6C). Here too we trialed the pulse routines
varying pulse number (1, 2, 5, 10) and frequency (2, 20, 50 Hz) of
10 ms LED pulses, and timed these to precede ST-evoked EPSCs,
to assess whether ST-evoked glutamate release would be im-
pacted (Fig. 6C). Across neurons (n = 5), ST-evoked EPSCs,
shocks 1-5, tended to exhibit smaller amplitudes compared with
control responses, but this was not statistically significant (Fig.
6D). We conclude that SST neurons do not terminate presynap-
tically on visceral sensory afferents to mediate GABAjy receptor
modulation of transmitter release.

SST neurons gate viscerosensory signals at second-order

NTS neurons

We next determined the impact of coincident SST input on vis-
cerosensory input, determined by electrical stimulation of the ST
(Fig. 7). We characterized cells in this protocol by first showing
that a series of ST shocks alone reliably initiated APs in second-
order NTS neurons (Fig. 7B). LED pulses alone reliably evoked
IPSPs in neurons, even with small driving potentials (Eq,_ =
—68.8 mV), at resting membrane potentials (Fig. 7B). We found
that SST-mediated hyperpolarization blocked spontaneous AP
firing in these NTS neurons and delayed the onset of AP initiation
in response to depolarizing current injections (data not shown).
When the delivery of ST electric shocks was timed to coincide
with LED pulses in second-order NTS neurons, we observed that
ST-initiated APs were prevented, as ST-evoked EPSPs did not
reach AP threshold (Fig. 7B). Across neurons we trialed ST
shocks, with and without LED pulses, consecutively for a total of
60 trials each (Fig. 7C). Across the group AP throughput varied
from 83 to 100% with ST shocks alone. The AP throughput de-
creased to between 0 and 63% in these same neurons with SST-
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Figure 6.  SST neurons do not modulate glutamate release presynaptically at SST-negative
NTS neurons. A, Traces showing spontaneous EPSCs (SEPSC) recorded from an NTS neurons in
the presence of GABA, and glycine receptor antagonists; gabazine (GBZ; 3 yum) and strychnine
(Stry; 1 pum) as well as ChR2-evoked activity (blue traces indicates LED activation during the
blocks). B, In the neuron shown in A, the sEPSC frequency remained constant during and after
repeated ChR2 pulses as confirmed by cumulative summation analysis (left). Similar results
were obtained across all neurons examined (n = 4; right). C, Traces showing whole-cell record-
ings of a SST-negative NTS neuron before, and during, bath application of the GABA, receptor
antagonist GBZ (3 wm) and glycinergic receptor antagonist Stry (1 wm). LED pulses (10 ms
pulses at 20 Hz) to activate ChR2 were delivered at the times shown in the blue trace. Stimula-
tion of viscerosensory input via the ST (5 shocks at 50 Hz) occurred at the time of the inverted
black triangles. The periods highlighted with gray boxes are shown on in the adjacent higher
resolution insets (10 traces overlaid). Blockade of inhibitory ionotropic receptors abolished
IPSCs in response to LED activation. Precisely timed LED stimulation just before ST shocks in the
presence of ionotropic receptor blockade did not alter the response to STinput. D, Average trace
of the first EPSCin response to ST stimulation in the neuron from € showed little difference in
EPSC1. Graphs of EPSCamplitude across all five ST shocks from five different cells illustrate that
stimulation of SST inputs in the NTS slice did not alter ST-evoked EPSCs (Fiq0y = 3.305,p =
0.143; two-way ANOVA with repeated measures; data are mean == SEM).

mediated IPSPs. On average ST throughput decreased from 90 =
4t023 £ 10% (Fig. 7C). Thus, SST input can gate viscerosensory
input to second-order NTS neurons, effectively isolating these
neurons from their sensory input.
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Extensive SST-mediated gating
throughout the NTS

Given this powerful ability of SST inputs
to gate viscerosensory input, we at-
tempted to understand the likely impact
on the NTS population. As summarized in
Figure 8, we observed that all recorded
non-SST, NTS neurons received an SST
input. We first determined whether each
recorded NTS neuron received primary
afferent input (ST-evoked EPSCs; 50 Hz,
5 shocks). Those neurons that exhibited
ST-EPSCs, with jitter <200 us for EPSC;,
and those that exhibited frequency-
dependent depression across EPSC, s
were defined as second-order neurons
(Fig. 8A). Responses with synaptic jitter
>200 us for EPSC, and no frequency-
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photocurrents), as SST expressing (Fig.
8C, left). These PSCs were not affected by
TTX. Neurons that exhibited ChR2-
evoked PSCs with variable onsets were
classified as receiving SST input (Fig. 8C,
right). When tested, these inputs were
blocked by TTX indicating they were syn-
aptically mediated. In some cases a com-
bination of both photocurrents- and
ChR2 evoked-PSCs were exhibited, defin-
ing SST NTS neurons that also received an
SST input (Fig. 8C, middle).

We observed a relatively low density of
SST neurons within the NTS, in concor-
dance with our RNAscope studies (Fig. 1), yet a widespread in-
fluence of SST inputs. When we randomly recorded NTS neurons
without prior visualization of YFP, in SST-ChR2-YFP mice, most
neurons recorded were SST-negative (n = 72), and only two
SST-positive neurons were sampled this way (74 instances). In
considering neurons we recorded from in SST-ChR2-YFP mice,
including those reported in Figure 2 identified by direct visual-
ization of YFP, we found that every SST-negative neuron (n = 72)
received ChR2-evoked PSCs (72/72; 58 receiving IPSCs, 11 re-
ceiving IPSCs and EPSCs, and 3 receiving EPSCs; Fig. 8D bottom
right). In SST-positive neurons, 4/16 also received input from
other SST neurons (Fig. 8D, bottom left). Thus, SST inputs ter-
minate extensively within the NTS to gate the vast majority of
neurons.

Across SST-YFP and SST-ChR2-YFP mouse lines we defined
recorded neurons in relation to primary afferent input. Electrical
stimulation of the ST in 90 neurons, 42 SST-positive and 48 SST-
negative neurons, characterized the majority of both SST-
positive (24/42) and SST-negative neurons (30/48) as second
order (Fig. 8D, top). The remaining neurons were either classified
as higher order (SST-positive: 11/42, SST-negative: 15/48) or as
receiving no viscerosensory input (Fig. 8D, top). Thus, most SST

Figure 7.

Activation of SST-positive neurons reliably gates sensory primary afferent ST-evoked AP throughput. 4, Photomicro-
graph of the horizontal brainstem slice configured with LED fiber illuminating the NTS; a bipolar electrical stimulator (ST elec)
placed distally on the STand recording pipette in the NTS; 4V, fourth ventricle (left). A schematic diagram of the experimental setup
where LED pulses activate SST neurons and electric shocks drive sensory afferent input to a second-order NTS neuron is shown on
the right. B, Traces of whole-cell recording from a representative non-SST NTS neuron. Electrical ST shocks (arrows) evoked action
potentials with high reliability (left; 10 traces overlaid in all cases, V; = —63 mV). The same neuron was hyperpolarized by 10 ms
LED pulses (middle trace; note difference in time and voltage scales; LED pulses delivered at the time indicated by the solid blue
box). Electrical ST shocks timed with LED pulses effectively reduced action potential throughput (right and bottom left graph). (,
Raster plot graphs from six cells show that AP responses to ST stimulation were blocked or decreased during LED stimulation of SST
neuron inputs (AP success represented by black bars in the raster plot). The percentage of ST shocks that elicited APs during control
or LED stimulation periods are shown to the right of the raster plot. For each neuron throughput was averaged across the ST only
and ST+LED conditions (left graph). Across the group AP throughput was significantly reduced by SST input activation (*f,, =
6.709, p = 0.003; paired t test; data are mean = SEM).

neurons are driven directly by primary afferent input, indicating
a prominent feedforward inhibition arrangement within the
NTS. The relative locations of patched neurons within the NTS
were mapped with no clear topographical delineation for second
or higher order, or SST-positive and -negative neurons observed
in this horizontal plane (Fig. 8E).

Discussion
The NTS occupies a critical position as the first synapse for vis-
cerosensory information entering the brain. Any modulatory fac-
tor or mechanism operating at the level of the NTS is thus very
powerful as it will alter all subsequent information processing.
Remarkably, every SST-negative NTS neuron we recorded from
had received input from at least one SST neuron. Inhibition was
mediated via both GABA and glycine. Activation of SST inputs
powerfully gate viscerosensory signal throughput postsynapti-
cally, with the potential to disengage second-order NTS neurons
from their sensory input. We posit that the SST inhibitory input
within the NTS is pivotal in coordinating and modulating vis-
cerosensory integration at its initial stages.

Whereas the vagal afferent synapse in the NTS provides high
reliability glutamatergic transmission (Doyle and Andresen,
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Figure 8.  SST-negative NTS neurons receive somatostatin input and most somatostatin-
positive neurons are second-order NTS neurons, indicating prominent feedforward inhibition.
A, Traces of whole-cell recording of anon-SSTNTS neurons during stimulation of the ST (arrows;
50 Hz) showing evoked EPSCs (10 traces overlaid). Consistent latency to onset of ST-EPSC1
(middle histogram) and frequency-dependent depression (right histogram; data are mean =
SEM) defined second-order neurons. In this representative neuron repeated ST shocks
evoked consistent EPSCs with a variability (jitter) of 51 ws. B, Similar recordings and data
analysis from another non-SST NTS neuron showing ST-EPSCs of variable onset latencies (mid-
dle; jitter = 347 ws) and negligible EPSC amplitude depression (right), defining it as higher-
order neuron. C, Traces of whole-cell recordings (10 overlaid traces) from three different
neurons showing ChR2-evoked responses (blocked areas in blue traces) in aCSF, or in the pres-
ence of tetrodotoxin (TTX), to block voltage-gated sodium channels. Recording conditions
meant that in these traces both Na */Ca?™ (excitatory) and Cl ~ (inhibitory) currents are
inward (downward deflections). The diagrams show the circuit arrangement defined by these
responses. These differentiate SST-positive neurons that do not receive an SST input, these
show consistent PSC with onsets simultaneous to LED pulses (left); from SST-positive neurons,
which also receive an SST input, these show consistent ChR2 PSCs followed by variable PSCs
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2001), considerable modulation occurs at this first synapse. This
includes actions via a diverse range of presynaptic metabotropic
glutamate, GABAy, and peptide receptors (Jin et al., 2004; Bailey
et al., 2006; Fawley et al., 2011). Microinjections of GABA and
glycine receptor agonists and antagonists into the NTS affect all
reflexes tested in cats, dogs, rats, and rodents (Catelli et al., 1987;
Kubo and Kihara, 1987; Herman et al., 2009; Cinelli et al., 2016),
demonstrating the potent effect of these inhibitory networks
within NTS. In this study we tested whether SST neurons
might be a source of GABA acting at presynaptic ionotropic or
metabotropic receptors on vagal afferents terminals. We did
not find evidence to support this. Rather, we found extensive
modulation by SST neurons at the next opportunity to gate
incoming signals, at second-order NTS neurons. Where every
recorded SST-negative neuron, the majority of which were
second-order neurons, received an input from an SST neuron.
Furthermore we observed summation of ChR2-evoked IPSCs
in SST-negative neurons with increasing pulse duration, indi-
cating that SST inputs converge onto second-order neurons.
Convergence of inhibitory SST inputs allows for degrees of
inhibition at second-order NTS neurons. Here we demon-
strated that SST-mediated hyperpolarization competes with
ST-evoked excitation of viscerosensory input to prevent
second-order neurons from reaching threshold. This mecha-
nism requires precise timing and provides one way that in-
coming viscerosensory signals can be coordinated. Thus SST
input form part of a microcircuit gate that controls visceros-
ensory signal throughput. Because 70% of GAD67 NTS neu-
rons are SST-negative it would be desirable to define their role,
in part to place the SST inhibitory network in context, and
know whether it is uniquely positioned, or not, within NTS to
gate viscerosensory signals.

Most SST neurons in the NTS are second-order neurons, oc-
curring at rates similar to that observed previously in a GAD67-
GFP (GIN)-labeled mouse (Bailey et al., 2008). As a consequence,
activation of their extensive inhibitory influence within the NTS
is likely in phase with viscerosensory input. We have reported
previously that stimulation of viscerosensory input evoked poly-
synaptic IPSCs in NTS neurons (McDougall et al., 2017) and,
from the results of this study, it is likely this feedforward inhibi-
tion is mediated by SST neurons. In this study we could not
determine the modality (baroreceptor or chemoreceptor, for
example) of viscerosensory inputs at SST neurons, and there-
fore whether this integration is specific to particular sensory
modalities. We also cannot determine the extent of the effect
on downstream targets of second-order neurons receiving SST
input. One likely efferent target is the parasympathetic motor
neurons within the dorsal motor nucleus of the vagus nerve

<«

(middle); and SST-negative neurons receiving an SST input (right), a neuron exhibiting
only IPSCs after LED pulse onsets. D, Graphical representation of the properties observed
across the recorded population of NTS neurons, classified as described in A—C. Across the
population of NTS neurons, SST-positive (left, green outline circles) and -negative neurons
(right, magenta outline squares), the majority were second order (57— 63%; black fill), a
smaller proportion higher order (26 —31%; white fill) and a small proportion did not
exhibit a response to ST stimulation (no input; red fill). Of NTS SST neurons only 25%
received input from other SST neurons (bottom left quadrant; green filled circles). All
recorded SST-negative NTS neurons received SST input (bottom right quadrant; green
filled squares). E, The locations of recorded neurons were mapped from photomicro-
graphs. SST-positive (left, circles) and -negative (right, squares) neurons were distributed
across the medial NTS. Similarly, synaptic order, determined by ST afferent input charac-
teristics, was distributed relatively evenly throughout the medial NTS.
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(DMX), the majority of which are modulated by GABAergic
input (Babic et al., 2011). Utilizing a similar SST-ChR2 mouse
model as reported here, Lewin et al. (2016) showed that
stomach-projecting DMV neurons were inhibited by activa-
tion of ChR2. They concluded this input would be from DMV
interneurons expressing SST, however, the data here suggests
that input from NTS SST-positive neurons would also be ac-
tivated. This hypothesis has yet to be directly tested and a
comprehensive map of the projections of SST-positive neu-
rons in the NTS should be undertaken.

Using RNAscope within the rat NTS showed a sparse distri-
bution of SST neurons throughout the nucleus and concentrated
populations in the parasolitary, dorsomedial, and central subnu-
clei. Our RNAscope data for GAD-67 expression though the NTS
aligns with previous mapping in a GAD-67-GFP mouse model
(Okada et al., 2008) and single-cell expression data in the central
subnucleus (Babic et al., 2015). Approximately one-third of the
SST neurons we observed did not express GAD-67. We therefore
colabeled for VGAT and vGlut to assess these remaining SST
neurons. Surprisingly we find all remaining (non-GAD67) SST
neurons expressed message for vGlut and are therefore likely ex-
citatory. Yet our electrophysiological data indicate most SST in-
put to non-SST neurons was inhibitory. The ChR2-evoked
EPSCs we observed arrived significantly later than the evoked
IPSCs and this temporal delay indicates a polysynaptic pathway
was being activated. A very similar observation was made in a
GAD-65-ChR2 mouse model (Chen et al., 2016), within the ros-
tral NTS. The excitatory ChR2-evoked EPSCs we observe were
also blocked by a GABA, antagonist. We conclude the evoked
EPSCs might occur via disinhibition, as we observed some SST-
expressing neurons also received inhibitory SST input. Alterna-
tively, activation of the SST input may evoke post-inhibitory
rebound in excitatory neurons because this has been documented
to occur in a population of NTS neurons (Paton et al., 1993, 2001;
Vincent and Tell, 1999) and here in some SST NTS neurons.
Given these results and the previous literature we hypothesize
that NTS excitatory SST neurons project outside the nucleus and
are not involved in intranuclear gating or integration like that of
the inhibitory SST cohort.

The relatively low density of SST neurons that we observed in
the NTS is interesting in light of the high rates of SST inputs we
measured at SST-negative neurons. We observed that SST-
negative NTS neurons received multiple SST inputs. We interpret
this to indicate that each SST neuron contacts multiple neurons.
In the visual cortex SST neurons are similarly distributed through
the cortical layers, innervate widely across other subclasses of
inhibitory neurons, but not at other SST neurons (Pfeffer et al.,
2013). Although this organizational structure seems to hold
broadly, some SST neurons in the NTS do receive input from
other SST neurons. With ubiquitous SST input to NTS neurons,
this arrangement may allow for a synchronous signal to be gen-
erated from the NTS. An alternative that needs to be considered
with the current experimental paradigm is that we are activating
all SST-ChR2 inputs within the slice. These do not only arise from
local NTS neurons. For example, GABA-ergic, SST neurons in
the central amygdala project to the NTS (Saha et al., 2002) and the
terminals of these neurons would be activated in our study. Thus,
although we propose a strong and extensive SST interneuronal
network within the NTS, our data does not rule out descending
modulatory inputs.

In carrying out an electrophysiological characterization of
the SST NTS neurons we observed accommodating (adapting)
spiking patterns in all neurons. A portion exhibit I;,, and some
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post-inhibitory rebound. Yet none of these factors correlated
across the sample neurons to enable them to be divided into
distinct groups. These are characteristics observed in SST neo-
cortical and GABAergic cerebral cortex interneurons (Petilla
Interneuron Nomenclature Group, 2008; McGarry et al.,
2010). A key feature of SST GABAergic neurons in the hip-
pocampus and neocortex is that they exhibit high spontaneous
firing rates, due to intrinsic membrane conductances, even in
in vitro slice preparations (Urban-Ciecko and Barth, 2016).
This provides the capability to tune activity to increase or
decrease firing according to need. In our study over two-thirds
of SST neurons were spontaneously spiking at resting mem-
brane potentials. Because many vagal afferents operate toni-
cally within an operating range this would provide the drive
for dynamic upregulation or downregulation of the SST net-
work within the NTS.

Another feature of the SST input to NTS neurons is that
transmission was via GABA and glycine. As shown previously
for miniature IPSCs within NTS (Dufour et al., 2010) and
DMV (McMenamin et al., 2016), we observed that the glycin-
ergic currents decayed much faster than the GABAergic cur-
rents. It is well established that GABAergic neurons are found
extensively throughout the NTS (Fong et al., 2005; Bailey et al.,
2008) and that all NTS neurons exhibit GABA-mediated IPSCs
(McDougall and Andresen, 2012). Yet the glycinergic system is
more nuanced. Previous reports indicate a strict anatomical
separation with glycine receptor-mediated miniature IPSCs
recorded in the lateral but not medial NTS (Dufour et al.,
2010). In previous in vitro slice studies, IPSCs evoked by local
intranuclear electrical stimulation were fully blocked by a
GABA , receptor antagonist (McDougall and Andresen, 2012;
Ostrowski et al., 2014). In the current study we also did not
observe any spontaneous IPSCs in the presence of GABA,
receptor antagonists. It should be noted that NBQX was also
included in the perfusate and this is known to antagonize
glycine receptors (Meier and Schmieden, 2003; Lynch, 2004).
This may explain the lack of mini or spontaneous IPSCs in the
presence of gabazine and NBQX in this, and some previous,
studies. Here we measured the glycinergic proportion of
ChR2-evoked IPSCs. In instances where we applied strychnine
before gabazine (4 of 16 neurons), we may overestimate gly-
cine contributions as strychnine is known to also partially block
GABA, mediated currents at high concentrations (Protti et al.,
1997).

The activation of two receptors by SST neurons offers
greater level of control at the postsynaptic neuron. Glycine
receptors are expressed across the NTS (Dufour et al., 2010)
and microinjection of glycine into the NTS decreases arterial
pressure and heart rate in anesthetized rats (Talman et al.,
1991). Expression of the @3 subunit is prominent (Manzke et
al., 2010), and phosphorylation of this subunit, in response to
activity of some g-protein coupled receptors (Harvey et al.,
2004), can tune glycine receptor function. This implies an
additional level of plasticity in the effectiveness of SST-
mediated gating. In our recruitment studies, altering the du-
ration of the LED pulses never separated evoked GABAergic
from glycinergic IPSCs, suggesting the neurotransmitters were
co-released. As activation of presynaptically expressed ChR2
alters neurotransmitter release (Jackman et al., 2014), such a
mechanism may have provided the conditions needed to re-
veal glycinergic activity in the medial NTS.

Thus, SST neurons across the CNS are diverse, here at the level
of the NTS they are both inhibitory and excitatory, exhibit ac-
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commodating spiking, and are spontaneously active. SST inhib-
itory neurons use at least two fast, ionotropic neurotransmitters
and are driven by viscerosensory input to affect information pro-
cessing at the earliest stage of reflex initiation. Autonomic reflexes
ensure optimum organ function but they are powerfully modu-
lated to enable coordination with behavioral requirements. Our
data, showing an extensive network of SST inputs within the NTS
that can gate viscerosensory input, suggests SST inhibitory neu-
rons have the capacity to play a critical role in integrating and
modulating viscerosensory information.
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