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1. Introduction

Roux-en-Y gastric bypass surgery (RYGB) is an effective procedure for reversing morbid
obesity (Attiah, Halpern et al. 2012; Leslie, Dorman et al. 2012; Mingrone, Panunzi et al.
2012). The explanations for its efficacy likely include complex interactions between the
peripheral and central nervous system (Berthoud, Shin et al. 2011; Lutz and Bueter 2014).
Proposed mechanisms for weight loss include increased energy expenditure, enhanced
satiety signals, and changes in the preference for certain foods. The caudal nucleus of the
solitary tract (cNST) may well play a role in these proposed mechanisms. It receives neural
and hormonal satiety signals from the gut (Dockray 2009; de Lartigue, de La Serre et al.
2011), projects to brainstem structures involved in regulating metabolism, e.g. (Zechner,
Mirshahi et al. 2013; Lutz and Bueter 2014), and has reciprocal connections with forebrain
structures involved in food regulation and preference (Rinaman 2010; Rinaman 2011).
Moreover, it shows demonstrable plasticity in response to short-term changes in energy
balance (Rinaman, Baker et al. 1998) as well as changes associated with diet (Covasa, Grahn
et al. 2000).

Although several studies have demonstrated altered sensitivity of vagal sensory neurons and
their central connections in response to a high fat diet (HFD), fewer studies have examined
the effects of RYGB on these neurons. As initially demonstrated by the Ritter lab (Covasa,
Grahn et al. 2000), rats maintained on a high fat diet showed less fos-like immunoreactivity
(FLI) in the cNST in response to the satiety peptide cholecystokinin (CCK), compared to
rats on a normal diet. Some of this change in ctNST responsiveness appears to reflect altered
peripheral input. Thus, more recently, the HFD-induced reduction in cNST FLI in response
to CCK or a macronutrient load was correlated with a reduction in CCK-1 receptor
expression in the mouse nodose ganglion (Nefti, Chaumontet et al. 2009). Several other
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studies have demonstrated reduced sensitivity of vagal afferents in animals fed a high fat
diet, including decreased responsiveness of jejunal afferents to CCK and stretch,
accompanied by a decrease in neuronal excitability, including a higher threshold and
lowered membrane resistance (Daly, Park et al. 2011). In another study, a HFD was
associated with reduced responsiveness of gastric vagal tension receptors, accompanied by a
decrease in receptor expression for the orexogenic gastric peptide, ghrelin (Kentish, Li et al.
2012).

Vagal efferent neurons in the dorsal motor nucleus (DMN) also showed reduced excitability
following a HFD (Browning, Fortna et al. 2013). This was evident based on a lowered
membrane resistance, an increase in the transient outward current (TOC) I, and a
suppressed response to the satiety peptides, CCK and glucagon-like peptide 1 (GLP-1).
Moreover, these effects were reduced by RYGB (Browning, Fortna et al. 2013). There is
little work, however on the effects of RYGB on ctNST neurons. One study showed that
RYGB increased levels of feeding-induced FLI in the cNST, perhaps reflecting an enhanced
satiety signal (Berthoud, Shin et al. 2011). The present study used an in vitro preparation to
determine the impact of a HFD and RYGB on the cellular properties and solitary tract driven
responses of cCNST neurons. Similar recordings were made from slices of the rostral
(orosensory) nucleus of the solitary tract (rNST) since there is some evidence for taste
preference changes following RYGB surgery (Hajnal, Kovacs et al. 2010; Berthoud, Shin et
al. 2011; Tichansky, Glatt et al. 2011; Mathes and Spector 2012; Lutz and Bueter 2014).

2. Materials and Methods

2.1. Animals

Twenty-six male Sprague-Dawley rats were used in this study. Four experimental groups
consisted of 15 sham operated animals, 7 on a normal chow diet and 8 on a HFD (Research
Diets D12492: 60% calories from fat), and 11 RYGB animals, 3 on normal chow (CHOW)
and 8 on a HFD. Animals were shipped from Florida State University where they had been
used in a series of behavioral studies over a period of several months (Mathes, Bohnenkamp
et al. 2015). Prior to these behavioral tests, all animals were injected with an ivermectin
suspension 1/wk for 10 weeks for pinworms (Ivomec, Merial; 1% diluted in propylene
glycol: 600 pg/Kg,sc). The behavioral studies included the use of mild water or food
deprivation and the injection of Octreotide (IP: 30ug/kg) in all animals. Approximately 4
weeks transpired between the Octreotide infusion and their use in the present study (see Fig.
1 timeline). Animals were maintained on the diets described above throughout the studies at
Florida State and Ohio State University. All procedures were approved by the Animal Care
and Use Committee at both Florida State University and the Ohio State University.

2.2. Surgical Procedure

Rats underwent either RYGB surgery or a sham operation prior to behavioral testing and the
surgical procedures are described in that report (Mathes, Bohnenkamp et al. 2015), and
elsewhere (e.g., (Bueter, Abegg et al. 2012; Mathes, Bueter et al. 2012). Briefly, the RYGB
operation entails 1) the construction of an anastomosis between a small portion of the
stomach continuous with the esophagus (~4-5 mm) and the proximal jejunum (15 cm aboral
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of the pylorus), creating the alimentary limb through which ingested food descends; 2) the
construction of an anastomosis of the proximal jejunum (15 cm aboral of the pylorus)
continuous with the remaining majority of the stomach with the distal jejunum (25 cm oral
of the cecum), creating the bileopancreatic limb through which digestive juices are
transported; and 3) the remaining distal jejunum and ileum, which is referred to as the
common channel and is the site where food and digestive juices mix. The SHAM operation
consists of sutures placed at the sites of intestinal reorganization in the RYGB. Both
surgeries were conducted using aseptic technique while the rats were under isoflurane
anesthesia (2-5% delivered in oxygen at 1 I/min). An analgesic (carprofen [Rimadyl]; 5
mg/kg) and an antibiotic (enrofloxycin [Baytril]; 2.3 mg/kg) were injected sc immediately
preceding and daily for 3 days following surgery.

2.3. Slice Preparation

Following arrival at Ohio State University, animals were adapted to their new location for 2
weeks and weighed daily to ensure no untoward effects of transport. To make certain that all
animals were subject to the same metabolic condition at the time of recording, rats were
fasted overnight and then given 3 g of chow 1 hour before sacrifice. Acute slices were
prepared for electrophysiological recording following anesthetization with isoflurane,
decapitation, and rapid removal and cooling of the brain. The blocked brainstem was glued
to a ceramic block using cyanoacrylate glue, and coronal brainstem slices 250 pm thick were
cut with a sapphire blade on a vibratome (model 1000, Vibratome, St. Lois, MO, USA) in an
ice-cold carboxygenated cutting solution containing (in mM) 110 choline, 25 NaHCOs3, 3
KCI, 7 MgSOy, 1.5 NaH,PQy, 10 d-Glucose, 0.5 CaCl,. Slices were divided into two series
(rNST and cNST) to allow simultaneous recording by two investigators, both blind to the
diet/surgical condition of the rat. Slices were incubated in a carboxgyenated artificial
cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 25 NaHCO3, 3 KCI, 1 MgSOy,
1.5 NaH,POy, 10 d-Glucose, and 1.5 CaCl, at 32°C for one hour prior to recording.

Slices were transferred to a recording chamber and perfused with 36°C ACSF at a rate of 1—
2 mL/minute. Neurons identified using DIC optics were recorded in whole cell patch clamp
using a 4-6 MQ pulled glass pipettes filled with an intracellular solution containing (in mM)
130 K-gluconate, 10 EGTA, 10 HEPES, 1 CaCl,, 1 MgCls, and 2 ATP, at pH 7.2-7.3 and
osmolality 290-295 mOsm. Lucifer yellow (0.05%) was added to the intracellular solution.
An initial seal of greater than 1 G2 and a membrane resistance of greater than 100 mS2 were
inclusion criteria for seal and cell viability. Recordings were made with an A-M Systems
Model 2400 amplifier (rNST) or an Axon Instruments Axopatch 200B amplifier (CNST),
using pClamp software (Molecular Devices, Sunnyvale, CA).

2.4. Recording Protocols

2.4.1. Response to afferent stimulation—The NST and solitary tract (ST) were
visualized with a Nikon E600FN microscope and a bipolar stimulating electrode made of
twisted insulated wire was placed on the ST under visual control. Stimulation of the ST
consisted of two current pulses 0.15 ms in duration delivered at 0.3 hertz. For each neuron,
we constructed recruitment plots by graphing the mean EPSC amplitude + SEM (from 3-6
replications) at 18 intensity levels (1 — 150 pA). We did not exceed 150 uA for ST
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stimulation because we were concerned about current spread in the tissue that might result in
direct activation of NST interneurons rather than ST fibers. The threshold to elicit a
postsynaptic response was defined as the stimulation current that evoked a response in
which the error bars did not overlap with the next lowest level of stimulation.

2.4.2. Membrane Properties—Under current clamp, 250 ms current pulses ranging from
-0.1 nAto 0.6 nA in 0.02 nA increments were applied. As an index of neuron excitability,
membrane voltage was measured for each level below threshold and the number of evoked
action potentials counted at each level above threshold. Peak action potential amplitude,
half-width and the amplitude of the after-hyperpolarization were calculated from the
threshold for the action potential defined as the inflection point on the rising phase using
standard templates in Clampfit (Suwabe, Mistretta et al. 2011). In a second protocol under
voltage clamp, we assessed the presence and magnitude of an “Ia-like” transient outward
current (TOC). After a 1 second holding period at —100 mV, we stepped the membrane
potential to voltages between =100 and —40 mV (5 mV step size) for 2 seconds and
measured the peak TOCs (activation curve). We followed this step with a 2 second step to
—-40 mV and measured the peak TOCs resulting from this second step (inactivation curve).
The peak TOCs were calculated as the difference between the peak outward current and the
sustained current at the end of the 2 sec activation protocol, when the membrane current had
stabilized. Membrane resistance was calculated using the sustained current values between
—80 and —70 mV. The data were not corrected for liquid junction potentials. In order to
analyze driven afferent input and action potential characteristics, we did not use TTX or
other channel blockers in the bath. In order to avoid contamination by voltage gated sodium
channels, we did not extend our holding potential above —40 mV.

2.4.3. Response to Drugs—To determine if diet or RYGB surgery affected cNST
neuron responses to the satiety-related peptide GLP-1, the GLP-1 analog, Exendin-4
(100nM) (Bachem, Torrance, CA) was applied to the bath solution during afferent
stimulation at 150 pA (Gaisano, Park et al. 2009). Following a baseline period, the drug was
applied followed by the GLP-1 antagonist, Extendin-9 (6 min each). The ST was stimulated
every 18 sec (150 pA; 0.15 ms duration) over the course of each period. Testing terminated
with washout. Only 1 neuron per slice was tested for drug effects, and no additional neurons
in that slice were tested following drug treatment. Neurons in the rNST were similarly tested
with 20 pM norepinephrine (NE) (Sigma Aldrich, MO). We chose to test NE because
previous data in our lab has shown that NE modulates rNST responses and also because the
rNST receives input from A2 cNST neurons (Chen, Breza et al. 2013), a population of cells
that are sensitive to satiety-inducing procedures (Rinaman 2011). For the driven responses,
an ANOVA compared the response amplitudes for 20 stimulations before, during and after
drug application. The amplitudes and frequencies of spontaneous EPSCs (SEPSCs) were
similarly quantified using Synaptosoft software. Frequency and amplitude distributions were
compared using a Kolmogorov-Smirov test with a significance criteria set at P < .05.

2.5. Post-hoc histology

Following the recording experiments, slices were fixed in paraformaldehyde and processed
using standard immunohistochemical techniques for the ionotropic purinergic receptor,
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P2X2 (P2X2r) and for dopamine-beta-hydroxylase (DBH) (Banihashemi and Rinaman
2006; Bartel 2012). P2X2r immunostaining is an excellent method for visualizing the
borders and key structures of the NST because it selectively labels the solitary tract and a
subset of the primary afferent terminal field (Ganchrow, Ganchrow et al. 2014); in particular
in the rNST the terminal field is believed to arise from gustatory-responsive neurons (Bartel
2012). We were further interested in determining if recorded neurons in the cNST belonged
to the A2 group. Photomicrographs were taken of labeled neurons and compared to
photomicrographs taken during recording. Cell locations in the cNST were categorized
according to their locations relative to the area postrema and solitary tract. In the rostral
NST, cell locations were similarly categorized by their relative locations between the point
at which the NST moves lateral to the 1VVth ventricle and the rostral pole of the nucleus and
assigned a location according to a standard atlas of the rat brain (Paxinos and Watson 1986).
When post-hoc P2X2r fiber staining was robust, we also noted whether recorded neurons
were within the P2X2r field.

2.6. Data Analysis

3. Results

3.1. Animals

Data were analyzed with ANOVA or chi-square as appropriate, using SYSTAT (version
13). The critical value for significance was set at P < .05.

Animals on the HFD weighed significantly more than those on normal chow, and those
subjected to the RYGB weighed less than sham-operated controls (ANOVA, diet, P <.009;
surgery, P <.001, interaction, n.s., Fig. 2, Table 1). Hematocrit levels were significantly
lower following RYGB (P < .005) but not enough to be classified as anemic (Bogdanske,
Hubbard-Van Stelle et al. 2011). Diet had no effect on the hematocrit level. Based on trunk
blood collected at the time of decapitation (60 min post-meal), glucose levels were not
significantly different across the 4 groups (P > .05).

3.2. Caudal solitary nucleus

3.2.1. Cell location—Cell locations were classified into 1 of 3 rostral caudal levels: (1)
rostral to the area postrema, (2) at the level of the area postrema, (3) caudal to the area
postrema. Table 1 indicates the numbers and proportions of neurons from the 4 experimental
groups at each of the 3 levels; most neurons were recorded at the level of the area postrema,
e.g. (Fig. 3) and there was no difference in the proportion of cells recorded at each of the 3
levels as a function of group (x2, P > .05). Although only a small number of the neurons
(15/287) were stained for DBH, this probably represents an underestimate due to the
suboptimal conditions for immunohistochemistry and photomicroscopy afforded by thick
sections that were not fixed immediately after sacrifice. Indeed, many of the recorded cells
were intermingled with the A2 population (Fig. 3C).

3.2.2. Response to afferent stimulation—Of 287 neurons tested, 222 (77%) had
excitatory responses to solitary tract (ST) stimulation. Of these, 204 responded with
excitatory postsynaptic currents (EPSCs) from which we calculated the minimum current
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necessary to elicit a threshold response. There was no difference in the ST-stimulation
threshold necessary for eliciting an EPSC for either diet or surgical condition (ANOVA, P
> .05, Fig 4A), nor any interaction between these variables. Neither did the amplitude of the
evoked EPSC at threshold vary by diet or surgical condition (Fig. 4B; ANOVA,; P > .05). In
contrast, there were significant effects of diet on suprathreshold responses, which were
elevated with the HFD (Fig. 4D). A 3-way ANOVA across the range of stimulating currents
revealed significant main effects for diet (P < .04) and current amplitude (P < .001), and an
interaction between these variables (P < .001), but no main effect nor any interactions with
the surgical manipulation (P’s > .1). The higher amplitude suprathreshold EPSCs associated
with the HFD did not seem to be a function of the number of excitatory inputs. To estimate
the number of excitatory inputs, we constructed recruitment plots for each neuron by
graphing the mean EPSC amplitude = SEM (from 3-6 replications) at 18 intensity levels (1
— 150 pA). Although our protocol did not allow enough replications to measure jitter
precisely enough to differentiate mono- from polysynaptic responses (Doyle and Andresen
2001), we could estimate the number of inputs by analyzing step-like breaks in the
recruitment function (Fig. 4C) (Peters, Gallaher et al. 2013) (see also: (McDougall, Peters et
al. 2009; Peters, McDougall et al. 2011), or in some neurons, a response at a consistently
different latency. In some instances, stimulating at higher intensities produced a response
decrement, suggesting recruitment of inhibitory circuits but these inhibitory inputs were not
quantified. Regardless of diet or surgical condition, most neurons had from 1 — 3 inputs (P
> .05, Table 2).

To gain further insight into a possible pre- versus post-synaptic source for the increase in the
ST-evoked suprathreshold EPSC in the HFD group, we compared the mean frequency and
amplitude of SEPSCs in a subset of neurons (N=64). There were no significant differences in
amplitude or frequency as a function of diet or surgery (P’s > .1).

3.2.3. Effects of Exendin—Bath application of Exendin-4 had only a minimal effect on
either the ST-evoked response in ctNST neurons or on spontaneous EPSCs. Only 6/58
neurons in which ST stimulation evoked responses showed statistically significant changes
following bath application (2 decreased, 4 increased). Likewise, an analysis of the frequency
of SEPSCs indicated that across 50 neurons, 7 showed increases and 7 showed decreases.
Thus, there were not enough responses to perform statistics for the effects of diet and
surgery.

3.2.4. Membrane Properties—Diet and surgical condition impacted select membrane
properties including a transient outward current (TOC), a sustained outward current, and
membrane resistance. Although the incidence of the TOC was evenly distributed across the
4 experimental groups (Table 1), the activation curves for TOC (Fig. 5B) appeared elevated
for the HFD compared to the CHOW animals. Likewise, the curves for the RYGB groups
were depressed. Indeed, a three-way ANOVA showed main effects for both diet (P <.03)
and surgery (P < .02), but no interactions between these variables or with the level of
depolarization. When examining the activation current at a single level of depolarization
(-40mV), it was clear that RYGB in the HFD group tended to reduce the TOC to baseline
(CHOW-SHAM) levels and to reduce the TOC in CHOW-RYGB animals below baseline
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(Fig. 5C). The inactivation function for TOC exhibited similar trends for HFD to enhance
and RYGB to diminish the current, but only the diet effect reached statistical significance (P
<.02).

The effects of surgery were also evident in the sustained current (Fig. 6). There was no main
effect for either surgery or diet but there was a significant interaction between surgery and
applied voltage level (P<.001). Similar to the TOC, the sustained outward current, which
was evident at the two most depolarized voltages, appeared magnified in the HFD-SHAM
group and an ANOVA conducted at —45 and —40mV revealed a 3-way interaction between
diet, surgery, and depolarization (P < .05). In addition to TOC and the sustained current,
membrane resistance was significantly higher for the RYGB groups compared to the sham
(ANOVA, surgery P< .03; diet P > .05, Table 1).

Despite these effects on outward current, there was no change in membrane excitability as
measured by firing rate in response to injected current (Fig.7). Indeed, although there was a
significant inverse correlation between TOC magnitude and maximum firing frequency (R =
-.2; P <.02), this relationship only accounted for about 5% of the variance, suggesting that
many other factors contribute to membrane excitability. There were, likewise, no effects of
diet or surgical condition on several action potential parameters, e.g., the amplitude and half-
width of the action potential or the amplitude of the afterpolarization (Table 1).

3.3. Rostral Solitary Nucleus

A total of 106 neurons were recorded in the rNST, defined as levels rostral to where the
NST is no longer adjacent to the fourth ventricle. Neurons were recorded in a similar
location regardless of group. The majority of cells were recorded from the caudal half of the
rNST and in the medial half of the nucleus (Table 3, chi-squares, P’s >.1). We further
estimated the anteroposterior location of each cell relative to a standard atlas of the rat brain
(Paxinos and Watson 1986). On average, regardless of experimental group, neurons were
located just rostral to where the NST moves lateral to the IVth ventricle (mean = -12.8 +
0.03 caudal to bregma, ANOVA, P >.1). Thus, the vast majority of rNST neurons were
coincident with levels where afferent input from the glossopharyngeal and the superior
laryngeal branch of the vagus nerves dominate, suggesting that most of these cells would be
responsive to gustatory or tactile stimulation of the posterior oral cavity, pharynx or larynx.
The remaining cells were encountered more rostrally, where neurons responsive to gustatory
stimulation of the anterior tongue and palate are located (see e.g. (Hamilton and Norgren
1984; Altschuler, Bao et al. 1989; Travers and Norgren 1995)). For just over % of the
neurons, it was also possible to determine their locations relative to the boundaries of dense
P2X2 receptor (P2X2r) fiber labeling, corresponding to the zone where primary afferents
terminate (Bartel 2012). Approximately 60% of rNST neurons were in the P2X2r field
whereas the others were more ventral and/or medial. Interestingly, neurons in the P2X2r
field exhibited significantly larger threshold (—0.06 £+ 0.15 vs —0.02 £ 0.03 nA) and maximal
(-0.28 £ 0.07 vs -0.067 + 0.01 nA) EPSC’s to solitary tract stimulation (P’s < .01, T-tests).
However, there were no differences in location relative to the P2X2r field between groups
(Table 3). Moreover, we were unable to demonstrate effects of diet or surgery on any of the
parameters that we measured including incidence of a TOC, peak TOC, sustained outward
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current, membrane resistance, neuron excitability to depolarizing current, or the effects of
NE on responsiveness to ST stimulation (Table 3)

4. Discussion

Our study is one of only a few to investigate the effects of gastric bypass surgery on central
neurons. We observed changes in the membrane properties of ctNST neurons associated with
both diet and surgery. A transient outward current, most likely an I current, was increased
with HFD. RYGB tended to reduce this current as well as a sustained outward current. In
addition, the membrane resistance of neurons following RYGB was higher than sham
operated animals, regardless of diet. Although the threshold for solitary tract stimulation-
evoked EPSCs and the amplitude of the EPSC at threshold did not vary by condition,
suprathreshold EPSCs to afferent stimulation were higher in HFD compared to chow-fed
animals. In contrast to the cNST, our study did not reveal changes in the rNST as a result of
either diet or surgery. This suggests that the alterations that we observed in the cNST are not
ubiquitous, but selective for specific populations of neurons.

4.1 Survival time for HFD & RYGB

Animals on a HFD weighed significantly more than animals on a normal chow diet and
RYGB significantly suppressed this differential. These effects were maintained 7 months
after the diets were introduced (4.5 months after RYGB), and appeared comparable to other
studies (Zheng, Shin et al. 2009). The weight differentials of our animals were also
comparable to rats maintained on chow or HFD for a much shorter interval. In a study on the
effects of RYGB on DMN neurons, sham or unoperated rats maintained on a HFD for 4-6
weeks weighed 33% more compared to chow fed rats (Browning, Fortna et al. 2013). In our
study, animals fed the HFD weighed 21% more than chow-fed rats. Moreover, despite the
vastly different time intervals between RYGB surgery and neural recording between the two
studies (4.5 months vs 13-19 days), the weight loss following surgery was nearly identical:
33.4% vs 34.5% (Browning, Fortna et al. 2013). This similarity in weight loss, however,
does not preclude different mechanisms controlling food intake that function at different
times postoperatively.

The effects of gastric bypass surgery on metabolism and behavior involve multiple
mechanisms that evolve over time (Berthoud, Shin et al. 2011; Shin, Zheng et al. 2013; Lutz
and Bueter 2014). An initial phase of rapid weight loss due to non-specific surgical effects,
possible “overstimulation” of the vagus from enhanced mechanical and chemical stimulation
of intact vagal fibers, and possible effects of denervation from damaged vagal fibers, is
followed by a second phase of slower weight loss as food intake returns to normal and a
third phase of stable weight. Damage to the vagus has the potential for both short-, (0 — 40
day) (Hao, Townsend et al. 2014) and longer- term (40 — 70 day) (Bueter et al, 2010) effects
on RYGB-induced weight loss. However, morphological and physiological evidence
suggests considerable plasticity at the vagus—NST synapse that attenuates the effects of
subdiaphragmatic vagotomy by 60 days after nerve transection (Peters, Gallaher et al. 2013).

Although the lack of a surgical effect on ST-evoked responses is consistent with a largely
intact/remodeled vagus, the amplitudes of suprathreshold ST-evoked postsynaptic responses
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were increased by the HFD. This alteration was somewhat unexpected in light of previous
reports that responses of vagal afferents to satiety signals are decreased by a HFD (Daly,
Park et al. 2011; Kentish, Li et al. 2012). Nevertheless, there is precedent for increases in
ST-driven responses following other chronic conditions. For example, following chronic
hypoxia, ST-evoked EPSCs at threshold were augmented, an effect attributed to both pre-
and post-synaptic mechanisms, e.g increased postsynaptic glutamate sensitivity via
increased AMPA receptor or receptor phosphorylation (Zhang, Carreno et al. 2009). Our
study was not designed to parse out this kind of mechanistic detail and although a difference
in the frequency or amplitude of SEPSCs might have provided some indication of the locus
of the effect, we did not see any such change among experimental groups. Thus, although
other mechanisms cannot be ruled out, the simplest explanation for the larger suprathreshold
EPSCs is an increase in the number of synapses recruited by ST stimulation. We did not find
a significant effect of diet or surgery on this measure, but our method of quantifying
multiple inputs may not have been sensitive to small changes in the number of unique ST
inputs, particularly those with similar thresholds. Given these limitations, it is interesting
that the HFD group (particularly the HFD/Sham) had nominally more dual and triple inputs
and that the HFD/RYGB group had the fewest incidences of no inputs (Table 2), a trend
consistent with the significant differences in the amplitudes of the ST-evoked EPSC among
these groups.

4.2 Intrinsic membrane properties

Of the several dependent variables that we measured, the effects of diet and surgery on a
transient outward current most closely paralleled animal weight (compare Figs 2 & 5B).
Animals on the chow diet had a significantly smaller TOC compared to animals on the HFD
and the effects of RYGB tended to reverse this. These results are similar to those observed
in DMN neurons where a HFD induced and RYGB partially reversed a shift in the 1
activation curve which would have the effect of increasing the magnitude of I current over
the range of relevant membrane voltages (Browning, Fortna et al. 2013).

Although we did not specifically identify the TOC we observed as 1, it exhibited the basic
properties of an I current, i.e. voltage dependency of activation, requirement of an initial
hyperpolarization to deinactivate the channel, and a rapid inactivation (Cai, Li et al. 2007,
Johnston, Forsythe et al. 2010; Gu and Barry 2011). Definitive identification of I requires
ion substitution to rule out the contributions of non K+ ions and a pharmacological
sensitivity to 4-AP or other more specific K+ channel antagonists (Cai, Li et al. 2007;
Johnston, Forsythe et al. 2010; Strube, Saliba et al. 2015;.Tsantoulas and McMahon 2014),
experimental conditions incompatible with and outside the scope of our study.

We also observed changes in a sustained (composite) outward current following
depolarization. RYGB suppressed this outward current at the two most depolarized levels
compared to sham operated animals. These results appear to contrast with those of
Browning et al (Browning, Fortna et al. 2013) who reported that RYGB increased a delayed
rectifier K+ current at depolarization levels positive to 10 mV following RYGB in rats on a
high-fat compared to surgical controls. Our results showed that RYGB decreased a
“sustained” outward current, a current which likely included a delayed-rectifier current.
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However, our results are not entirely comparable as we did not test up to 10 mV, nor
specifically identify a delayed rectifier K+ channel (Johnston, Forsythe et al. 2010). In any
case, the surgery-induced alterations over the voltages tested suggest underlying differences
in ion channel composition that likely include multiple voltage-gated K+ channel types.
Changes in K+ channel expression could also have contributed to the increased membrane
resistance following RYGB, similar to that in DMN (Browning, Fortna et al. 2013).
Although a HFD was reported to decrease membrane resistance in both vagal afferents at 9
weeks (Daly, Park et al. 2011) and vagal efferents at 46 weeks (Browning, Fortna et al.
2013), the lack of an effect in ctNST could reflect the 32 week time in which our animals
were on the diets.

The magnitude of a TOC can modulate neuron excitability to a depolarizing stimulus.
Because the afterhyperpolarization of an action potential can deinactivate I, increases in
the magnitude of I can lead to increased interspike intervals (Amberg, Koh et al. 2003).
Although we were able to demonstrate a correlation between the strength of the TOC and
membrane excitability in response to a depolarizing current (Fig. 6), this correlation was
weak, consistent with the lack of HFD and RYGB induced changes in excitability, despite
altered TOC. Neither did we observe a decrease in excitability to a HFD as seen in
dissociated nodose ganglion cells where a HFD elevated threshold (Daly, Park et al. 2011),
and in the DMN where excitability was decreased, albeit only slightly (Browning, Fortna et
al. 2013). It is important to note, however, that our protocols for assessing membrane
excitability in response to a depolarizing current did not necessarily maximize the impact of
changes in TOC on this measure (see below).

4.2 Role of | in neural processing

The changes in a TOC after HFD and RYGB can potentially impact cNST processing.
Bailey and colleagues showed that a hyperpolarizing prepulse, which deinactivates I,
suppressed the ST-evoked response of ctNST neurons that expressed this current (Bailey,
Hermes et al. 2007). Thus, under a HFD where TOC is elevated, vagal afferent inputs such
as satiety signals could be suppressed, particularly if they interacted with inhibitory signals
from local interneurons (Chan and Sawchenko 1998; Negishi and Kawai 2011) or
descending inputs (Pickel, van Bockstaele et al. 1995; Saha, Batten et al. 2000). Indeed,
several studies have shown that vagally-mediated satiety-inducing manipulations, including
infusions of CCK, 5-HT (Covasa, Grahn et al. 2000; Nefti, Chaumontet et al. 2009), and
macronutrients (Nefti, Chaumontet et al. 2009) induce less Fos-like immunoreactivity in the
cNST of rodents fed a HFD, suggestive of reduced neuronal excitability. However, when we
tested the effects of ST stimulation we found that suprathreshold EPSCs were somewhat
larger in the HFD groups. Perhaps the increased efficacy of ST stimulation that we observed
is overcome or balanced by the HFD-induced decrease in vagal responsiveness to satiety
signals (Daly, Park et al. 2011; Kentish, Li et al.) and increase in TOC. Thus, the increased
FLI to a satiety signal in cNST neurons following RYGB (Berthoud, Shin et al. 2011) might
be explained, in part, by the reduced TOC we observed post-RYGB.

Our HFD-induced change in the amplitude of the TOC would have similar consequences to
the observed shift in the inactivation function for a transient K+ channel in antral circular
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smooth muscle cells in diet-induced, obese-resistant rats (DIO-R) compared to obese-prone
rats (Li, Maude-Griffin et al. 2013). This shift in DIO-R rats would increase the availability
of K+ channels, decreasing muscle excitability and thus reduce gastric emptying compared
to the obese prone rats. Similar mechanisms may exist centrally to enhance satiety following
RYGB.

These changes in TOC and sustained current suggest alterations in the functional state or
expression of K+ channels. VVoltage-gated K+ channels, however, comprise a large and
complex family and additional work is necessary to identify the precise channels (Gu and
Barry 2011). For example, calcium-gated K+ channels are also implicated in response to
chronic metabolic conditions: obesity appeared to suppress the expression of genes for Ca++
activated large conductance K+ currents in neurons in medial cNST (Kaneko, Yamada et al.
2009). The mechanisms through which K+ channel functional state or expression is
regulated by diet or RYGB surgery are unclear. However, changes in the expression of K+
channels can be secondary to hormonal signaling (Xu, Patel et al. 2002; Khorkova and
Golowasch 2007; de Lartigue, de La Serre et al. 2011) and inflammatory mediators
(Tsantoulas and McMahon 2014), both of which are modulated by HFD and RYGB.

4.3 The role of the cNST

The cNST plays a pivotal role in feeding behavior and energy metabolism (Berthoud 2002;
Grill 2010; Rinaman 2010; Rinaman 2011). It integrates afferent input from the
gastrointestinal tract, is subject to a wide range of hormonal influences, and influences
energy regulation and behavior through outputs to local effector systems and reciprocal
connections with forebrain sites regulating metabolism and appetitive behavior. Although Gl
afferents terminate in virtually all cNST subdivisions, the bulk of subdiaphragmatic
terminals are in the medial subdivision (Norgren and Smith 1988). Within the medial
subdivisions are subpopulations of neurons that express a plethora of ligands and/or
receptors for neuromodulators with orexogenic or anorexogenic properties, e.g.
catecholamines, glucagon-like peptide (GLP-1), melanocortins and opioids (Larsen, Tang-
Christensen et al. 1997; Berthoud 2002; Appleyard, Bailey et al. 2005; Grill 2010; Rinaman
2011; Alhadeff, Rupprecht et al. 2012; Llewellyn-Smith, Gnanamanickam et al. 2013).
Some of these systems are either influenced by, or necessary to the surgical outcomes of
RYGB.

For example, obesity is associated with mutations of the gene for either the ligand
proopiomelanocortin (POMC) or its receptor MC4r (Andresen, Doyle et al. 2004; Hatoum,
Stylopoulos et al. 2012; Zechner, Mirshahi et al. 2013), and MC4r knockout mice are
refractory to weight loss following RYGB (Hatoum, Stylopoulos et al. 2012; Zechner,
Mirshahi et al. 2013). Brainstem autonomic pathways are implicated in these responses as
reintroduction of the MC4r into the DMN and the intermediolateral spinal cord rescued
autonomic and behavioral effects of RYGB (Zechner, Mirshahi et al. 2013). In addition to
the arcuate nucleus, POMC neurons are found in the medial cNST (Joseph, Pilcher et al.
1983; Appleyard, Bailey et al. 2005). It is unknown whether any of the cNST neurons with
altered 15 that we recorded from in the present study were POMC neurons, or whether they
have direct projections to DMN. Even if this were not the case, however, it seems plausible
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that the observed alterations in cNST I could affect the relevant melanocortin circuitry
indirectly, either through local connections or projections to the hypothalamus (Bailey,
Hermes et al. 2007), that could then impact the brainstem via descending projections.

Several studies have demonstrated that the circulating levels of GLP-1 increase following
RYGB, reviewed in (Lutz and Bueter 2014). Because this neuropeptide suppresses food
intake (Hayes, Leichner et al. 2011), and may increase energy expenditure, (Lutz and Bueter
2014), changes in central responsiveness to this peptide would have the potential to
contribute to RYGB induced weight loss. Indeed, responsiveness to GLP-1 decreased in
DMN neurons in animals on a HFD and this effect reversed following RYGB (Browning,
Fortna et al. 2013). Nevertheless, despite the presence of GLP-1 receptors on cNST neurons,
(Llewellyn-Smith, Gnanamanickam et al.), we observed relatively little modulation by the
GLP-1 analog, Exendin-4. This is also surprising in view of the location of GLP-1 receptors
on nodose ganglion neurons and the increased excitability of these neurons to the application
of GLP-1 agonists, mediated in part by a decrease in voltage-gated K+ currents including I
(Gaisano, Park et al. 2009). Unfortunately, we did not test for the modulation of TOC
following Exendin-4 application in our study. Although the paucity of responses to Exendin
are somewhat puzzling, it seems possible that this may reflect the time course of the
functional effects of this agonist in NST, which have been reported to take over an hour to
occur in behavioral studies (Hayes, Leichner et al. 2011). Thus, these negative results
pertaining to immediate neurophysiological effects of GLP-1 do not preclude a role for
NST/GLP-1 in RYGB-induced weight loss. For example, increased circulating GLP-1 could
potentially influence central neurons by upregulating membrane channel expression (de
Lartigue, Dimaline et al. 2007; Hayes, Leichner et al. 2011).

Both GLP-1 and catecholamine expressing neurons in the medial subdivision of the cNST
are other potential subpopulations of neurons involved in modulating behavioral and
autonomic responses following RYGB. Both populations of neurons respond to visceral
afferents, have 14, and project to both local medullary areas involved in autonomic
regulation as well as forebrain sites implicated in food intake (Appleyard, Marks et al. 2007;
Hisadome, Reimann et al. 2010; Rinaman 2011; Alhadeff, Rupprecht et al. 2012; Llewellyn-
Smith, Gnanamanickam et al. 2013). Recent studies, however, call into question the
necessity for GLP-1 for weight loss associated with RYGB (Mokadem, Zechner et al. 2013).

We did not observe changes in rNST neurons associated with either diet or surgery. A lack
of an effect of RYGB surgery on rNST neurons is entirely consistent with observations on
behavioral responsiveness to the taste stimulus, sucrose, which were made in these same rats
just a brief time before our study commenced (see Fig. 1) (Mathes, Bohnenkamp et al.
2015). When Mathes and colleagues used a progressive ratio task to assess motivation to
ingest small amounts of sucrose, thus limiting the impact of post-ingestive cues, there were
no effects of RYGB, suggesting that the decreased preference observed in 2-bottle
preference tests were more reliant on post-ingestive than gustatory factors. On the other
hand, the HFD did lower the progressive ratio breakpoint, suggesting that sucrose, per se,
was less reinforcing in rats who chronically ingested fats, a finding consistent with some
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(Davis, Tracy et al. 2008; Finger, Dinan et al. 2012) though not all (la Fleur, Vanderschuren
et al. 2007; Figlewicz, Jay et al. 2013) earlier studies. In any case, the present results suggest
that changes in the reinforcing properties of taste stimuli brought about by a high-fat diet are
not due to intrinsic changes in rNST neurons nor alterations in the efficacy of the 15t order
synapse. Nevertheless, a number of prior investigations have reported considerable plasticity
in gustatory brainstem responses as a function of factors related to homeostatic state,
including satiety signaling (Glenn and Erickson 1976; Hajnal, Takenouchi et al. 1999),
changes in blood glucose or insulin (Giza, Scott et al. 1992), and as a consequence of
preference or aversion learning (Giza, Scott et al. 1992; McCaughey, Giza et al. 1997;
Tokita, Shimura et al. 2007). Indeed, an investigation by Hajnal and colleagues reported
leftward shifts in the parabrachial sucrose response-concentration functions in obese rats that
were reversed by RYGB (Hajnal, Kovacs et al. 2010). Many possibilities exist for the locus
of such effects including changes in the taste periphery (Maliphol, Garth et al.), extrinsic
modulatory influences arising from the forebrain or caudal NST (Lundy and Norgren 2004;
Tokita, Shimura et al. 2007; Chen, Breza et al. 2013), or intrinsic changes in rNST (or
parabrachial) circuitry not explored in the current study.

5. Conclusion

The area of the ctNST that we targeted is an important node for distributing gastrointestinal
afferent signals to local reflex pathways and to the hypothalamus and other forebrain
structures that influence more integrated behavioral responses. Thus, changes in membrane
properties that influence excitability have the potential to have widespread influences. In
particular, neurons with I currents include medial subdivision neurons with specific input
from the subdiaphragmatic vagus (Paton, Li et al. 2000), A2 catecholaminergic neurons
(Appleyard, Marks et al. 2007), GLP-1 neurons (Hisadome, Reimann et al. 2010), and
neurons in the medial subdivision with projections to the paraventricular nucleus (Bailey,
Hermes et al. 2007). Many of these subpopulations are involved in ingestive-related
functions and have widespread projections including the DMN, hypothalamus, nucleus
accumbens, and other forebrain regions implicated in ingestive behavior (Berthoud 2002;
Rinaman 2011; Alhadeff, Rupprecht et al. 2012; Llewellyn-Smith, Gnanamanickam et al.
2013). It is interesting that a major effect that we observed pertained to alterations in the
TOC, a current with features consistent with the I current. Thus, previous reports showing
that virtually all paraventricular-projecting neurons in the medial cNST had 15 compared to
neurons projecting to the ventrolateral medulla (Bailey, Hermes et al. 2007) are particularly
relevant to the current study because they suggest that changes in these currents may have a
special impact on modifying behavior via ascending pathways.
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Highlights

e A high fat diet (HFD) increases transient and sustained K+ currents in the
caudal nucleus of the solitary tract

» HFD also increases the postsynaptic response to solitary tract stimulation

« RYGB surgery reverses the effects on K+ currents but not responses to afferent
stimulation
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Fig. 1.
Time-line indicating relationships between start of diet, time of surgery and transport of the

animals to Ohio State University for the patch clamp experiments.
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Fig. 2.
Weights of the animals at the time of the current study. ANOVA revealed main effects of
diet (P < .009) and surgery (P < .001) but no interaction between these variables.
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Fig. 3.
A and B. Photomicrographs showing a section from the cNST at the level of the area

postrema (AP), the region where most ctNST neurons were recorded. Panel A shows a
photomicrograph of a fixed section taken after recording. Six neurons filled with Lucifer
Yellow (pseudocolored magenta) are apparent. The arrowhead indicates the location of the
neuron being recorded in panel B. Panel B shows a photomicrograph of the same section
taken during recording. The arrow indicates the tip of the recording pipette. Note the
position of the stimulating electrode on the solitary tract (ST). C. Photomicrograph of a
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fixed, dopamine-beta hydroxylase-(DBH) stained cNST section taken subsequent to
recording. This section was caudal to the area postrema. The arrows indicate two Lucifer
Yellow-filled (pseudocolored green) neurons that are double-labeled for DBH (magenta). D.
Higher-power photomicrograph of the neurons indicated in C taken during the preparation.
Scale bars: 100um in A, B, & C; 10um in D.
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B. Amplitude of EPSC at threshold
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A. Distributions of the threshold for solitary tract (ST) stimulation necessary to elicit an
excitatory postsynaptic current (EPSC) for the 4 experimental groups. NR, no reponse. B.
Mean amplitude of the ESPCs at threshold; there were no significant differences across the 4
experimental groups. C. Example of recruitment of additional afferents with increases in the
current amplitude of ST stimulation; 3 afferent inputs were identified for this neuron. The
arrows indicate the response at threshold. D. Mean amplitudes of EPSCs at different levels
of ST stimulation indicated that high fat diet (HFD) groups elicited significantly larger

Physiol Behav. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Boxwell et al.

Page 24

EPSCs, as shown by an ANOVA with a significant main effects of diet (P <.04), stimulus
intensity (P <.001) an interaction between these variables (P < .001), but no interaction with

surgery.
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Current (nA)

Page 25
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A. Example of the protocol for activation and inactivation for a transient outward current
(TOC). For clarity, only a subset of recorded traces are shown; voltage steps for which
recorded traces are not shown are designated in grey. B. Mean inactivation and activation
curves for a TOC across the 4 experimental groups. ANOVA demonstrated significant main
effects for both diet (P < .03) and surgery (P < .02) for the activation curve whereas only
diet was significantly different for the inactivation curve (P < .02, see text). C. Bar graph for
TOC observed at -40 mV exemplifies main effects: a high fat diet (HFD) is associated with
a larger TOC and RYGB surgery suppresses the increased TOC. Note that RYGB in the
HFD group reduced TOC to levels similar to sham operated chow animals.
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Fig. 6.

A.g Sustained current measured at the end of the TOC activation protocol also showed effects
of surgery. An ANOVA conducted over the entire curve revealed an interaction between
surgery and applied voltage (P < .001). At the two most depolarized levels (—40 and —45mv,
see inset), the outward current in the HFD sham group was magnified, and an ANOVA
conducted at these levels of depolarization demonstrated a significant interaction between
applied voltage, surgery and diet (P < .05). B. Example of sustained current in a neuron
without a TOC.
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Fig. 7.

A. The number of action potentials in response to different levels of membrane
depolarization did not change across the 4 experimental groups. B. A weak, albeit
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significant correlation between the magnitude of a transient outward current and maximum

firing rate.
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