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Electrophysiological responses to
appetitive and consummatory
behavior in the rostral nucleus
tractus solitarius in awake,
unrestrained rats

Stephen A. Pilato!, Flynn P. O'Connell'*, Jonathan D. Victor?
and Patricia M. Di Lorenzo*

!Department of Psychology, Binghamton University, Binghamton, NY, United States, ?Weill Cornell
Medical College, Feil Family Brain and Mind Research Institute, New York, NY, United States

Introduction: As the intermediate nucleus in the brainstem receiving information
from the tongue and transmitting information upstream, the rostral portion of
the nucleus tractus solitarius (rNTS) is most often described as a "taste relay”.
Although recent evidence implicates the caudal NTS in a broad neural circuit
involved in regulating ingestion, there is little information about how cells in the
rNTS respond when an animal is eating solid food.

Methods: Single cells in the rNTS were recorded in awake, unrestrained rats
as they explored and ate solid foods (Eating paradigm) chosen to correspond
to the basic taste qualities: milk chocolate for sweet, salted peanuts for salty,
Granny Smith apples for sour and broccoli for bitter. A subset of cells was also
recorded as the animal licked exemplars of the five basic taste qualities: sucrose,
NaCl, citric acid, quinine and MSG (Lick paradigm).

Results: Most cells were excited by exploration of a food-filled well, sometimes
responding prior to contact with the food. In contrast, cells that were excited by
food well exploration became significantly less active while the animal was eating
the food. Most cells were broadly tuned across foods, and those cells that were
recorded in both the Lick and Eating paradigms showed little correspondence in
their tuning across paradigms.

Discussion: The preponderance of robust responses to the appetitive versus the
consummatory phase of ingestion suggests that multimodal convergence onto
cells in the rNTS may be used in decision making about ingestion.

KEYWORDS

taste, brainstem, nucleus tractus solitarius, appetitive, consummatory,
electrophysiology

1 Introduction

It has been argued that the neural circuits that guide the regulation of food intake begin
in the brainstem (Grill and Hayes, 2012; Cheng et al., 2022), specifically in the intermediate
and caudal nucleus tractus solitarius (NTS). However, the contribution of the rostral,
gustatory NTS (rNTS) to this function has not been explored, except as a footnote for
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providing sensory and hedonic evaluation of ingesta. Along with the
more caudal NTS, the extensive and parallel connections of the INTS
to both rostral and caudal (King, 2007) structures involved with
ingestion suggest that the rNTS may play a more significant role in
feeding behavior than traditionally conceptualized.

The rNTS is the first node in the central gustatory neural
pathway (Vincis and Fontanini, 2019). While it is often referred to
as a simple “relay” in the taste system, it is the site of considerable
integration of sensory inputs along with taste, including olfactory
(Escanilla et al., 2015), somatosensory (Ogawa et al., 1984) and
thermal (Wilson and Lemon, 2013) senses. In addition, the firing
patterns of a significant proportion of INTS cells in the alert, freely
licking animal have been shown to reflect motor output (Roussin
et al,, 2012; Denman et al., 2019). Thus, it can be argued that the
rNTS is multimodal as well as sensorimotor in character (Di
Lorenzo, 2021), advancing the idea that it is an active participant in
the feeding process.

In spite of the evidence that the rNTS is multimodal in its
sensitivity profile, the preponderance of research on the rNTS has
been narrowly focused on the responses to taste in its most
reductionist form. That is, decades of studies have reported neural
responses in rNTS to exemplars of five prototypical taste stimuli
representing the five so-called “basic” taste qualities: sweet, salty, sour,
bitter and umami (savory). Theories about how taste is represented in
the rNTS have been most commonly based on neurophysiological
recordings from cells in anesthetized preparations. Given the more
recent findings suggesting that cells in the rNTS reflect a broad
multimodal repertoire, it is reasonable to suggest that the function of
the rNTS is to represent information about food and feeding, rather
than purely taste as it has been traditionally conceived.

If indeed the gustatory system is purposed for identifying the
sensory aspects of food, broadly defined, then investigations about
what the gustatory system is doing while an animal is eating food are
necessary—but largely lacking. One exception is a study by
Yamamoto et al. (1988). In that study, responses of gustatory cortical
neurons were recorded while subjects were licking tastants,
grooming, and eating food pellets. A subset of taste-responsive
neurons that became active when the rat ate food was identified.
Yamamoto et al. (1988) argued that these food-related responses
were a reflection of mechanosensation. Since the food pellets were
not flavored, it was not possible to evaluate what role, if any, the taste
quality of the food affected eating behavior. Interestingly, Yamamoto
etal. (1988) also found cells that were responsive to olfactory stimuli
as well as others that were anticipatory with respect to licking
tastants. There were also taste-responsive neurons that decreased
their firing rates in response to palatable stimuli and to food pellets,
aresult that Yamamoto et al. (1988) attributed to familiarity with the
food pellet.

Here, we recorded rNTS responses in awake, unrestrained rats as
they approached and consumed various solid foods and as they licked
traditional tastants. Tastants included exemplars of the five basic taste
qualities: sweet, salty, sour, bitter and umami. Solid foods were
chosen such that the predominant taste was one of these basic taste
qualities. Results showed that cells and the rNTS were particularly
responsive to the approach and sampling of solid food but less
responsive when these foods were being eaten. In all, these data
suggest a reconceptualization of the functionality of the rNTS with
respect to feeding behavior.
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2 Materials and methods

2.1 Subjects

Subjects were male (n=7) and female (n=1) Sprague Dawley rats
(Taconic labs) weighing ranged 250 — 750 g and maintained 12:12-h
light-dark cycle (lights off at 0900 h). Rats were tested during the first
6h of the dark period. Animals were pair-housed in plastic cages with
environmental enrichment until electrode implantation after which
they were single-housed. Standard chow was available ad libitum.
During data collection, water was available for one hour daily in
addition to fluid consumption during the experimental paradigm.
Animal care and procedures were approved by the Binghamton
University Institutional Animal Care and Use Committee.

2.2 Apparatus

A clear Plexiglas experimental chamber (Med Associates, Fairfax,
VT) housed in a melamine box was used for data collection. A window,
also made of clear Plexiglas, was located on the front door of the
melamine box which allowed for observation and video recording of
the rat’s behavior. A stainless steel sipper tube was positioned just
behind an opening on one wall of the experimental chamber. Licks
were recorded when an animal broke an infrared photobeam across the
opening. The sipper tube housed a collection of smaller stainless steel
tubes that were each fed by a separate pressurized reservoir of a taste
stimulus. A computer-activated solenoid was interposed between the
tastant reservoir and the sipper tube. Each time the rat licked, except
for “dry licks,” 12pL+2pL of fluid was delivered. This arrangement
allowed the experimenter to control what stimulus the rat was given on
a lick-by-lick basis. Fluid was released within 10 msec of a break in the
photobeam as the rat licked. Four stainless steel boxes (5cm x 5cm X
5cm), hereafter referred to as “food wells,” were located at the four
corners of the experimental chamber and opened to its inside. During
the “Lick phase” of the experimental paradigm, the opening to the food
wells were blocked by an opaque cardboard panel. During the “Food
phase” of the experimental paradigm, the opaque panels were removed
and food wells were filled with solid foods available to the rat. Infrared
photobeams across the openings to the food wells allowed recording of
the time that the rat’s head entered the well.

2.3 Taste and food stimuli

Liquid taste stimuli were chosen to represent the five prototypical
taste qualities: 0.1 M sucrose (S) for sweet, 0.1 M NaCl (N) for salty,
0.0167 M citric acid (CA) for sour, 0.0001 M quinine HCI (Q) for bitter,
and 0.1 M monosodium glutamate (MSG) plus inosine monophosphate
(0.01 M) for umami. All tastants were reagent-grade chemicals (Fisher
Scientific, Pittsburgh) dissolved in artificial saliva (AS; 0.015M NaCl,
0.022M KCl, 0.003M CaCl, and 0.0006 M MgCl, at a pH of 5.8+0.2;
Hirata et al., 2005). AS was also used as a taste stimulus.

Solid foods were also chosen to roughly represent sweet, salty, sour
and bitter tastes. They were: Nestle milk chocolate chips (35% cacao,
67% sugar; sweet), dry roasted salted nuts (salty), Granny Smith apples
(sour), and broccoli (bitter). In some animals, other foods were tested:
Cheerios (0.036% sugar per serving), bananas (sweet), Lindt dark
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chocolate (90% cacao and 0.075% sugar; bitter), shiitake mushrooms
(umami) and cheddar cheese (fat).

2.4 Electrode implantation surgery

Approximately 15-20min prior to induction of anesthesia,
subjects were administered buprenorphine (0.01 mg/kg, s.c.) and
atropine (0.05mg/kg, s.c.). Each rat was then placed in an induction
chamber and administered isoflurane (3%) for 10 min. Thereafter, the
level of anesthesia was maintained with 2% isoflurane throughout the
surgery and was adjusted as needed. The scalp was shaved and the
head, oriented downward at 25°, was mounted in a stereotaxic
instrument (David Kopf Instruments, Model 1900, Tujunga, CA)
with blunt ear bars. Artificial tear gel was applied to the eyes to
prevent drying during surgery and re-applied as needed. A rectal
thermometer attached to a temperature regulator and heating-pad
maintained body temperature at 37°C. The scalp was wiped with
Betadine alternated with ethanol three times. Once dry, a midline
incision was made in the scalp and the fascia were retracted by blunt
dissection. Six stainless steel skull screws were mounted in the skull.
A hole was drilled between 13.8-15.4 mm posterior to bregma and
1.6-2.0 mm lateral to lambda. The exposed dura was resected and a
16-channel drivable microwire assembly (23 pm tungsten insulated
with polyimide; Innovative Neurophysiology, Durham, NC) was
lowered approximately 5.5mm ventral to the brain’s surface and
cemented in place with dental acrylic. A stainless steel wire was
wrapped around a skull screw to serve as ground. The implanted
electrode assembly and skull screws were embedded in dental acrylic.
Anesthesia was then discontinued, and the rat was placed in its home
cage until it was conscious and mobile. Thereafter, 0.05mg of
buprenorphine, 3 mL of warmed saline, and 0.05 mg gentamicin were
administered s.c. A topical antibiotic (Neosporin) was also spread on
the skin around the headcap. Buprenorphine and gentamicin were
given daily for three days post-surgery. Rats were weighed daily until
they had returned to 90% of their pre-surgical body weight.

2.5 Experimental procedures

2.5.1 Overview

Once recovered from electrical implantation surgery, rats were
water deprived for 18-23h and trained to lick sucrose from the lick
spout in the experimental chamber. This training consisted of daily
(except for weekends) 30 min sessions of presentation of 0.1 M sucrose
dissolved in AS to habituate the animal to the apparatus and lick
spout. Once the rat achieved > ~500 licks/d for three days, training
with sucrose was discontinued and electrophysiological recording
sessions were begun. The water deprivation regimen was continued
throughout the recording sessions.

Each experimental session consisted of two paradigms: the Lick
paradigm and the Eating paradigm, as described below. Some animals
did not receive the Lick paradigm, but when it when administered, the
Lick paradigm always preceded the Eating paradigm. Each paradigm
was 30 min long and separated by 1h or less. A Cineplex Behavioral
Research system (Plexon, Inc., Dallas, Texas) synchronized
electrophysiological and video recordings of all behaviors during both
experimental paradigms. Neural data and timestamps of stimulus
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events were acquired through an Omniplex server system (Plexon,
Inc., Dallas, Texas).

2.5.2 Lick paradigm

Rats were connected to the Omniplex system through a headstage
and cable connected to a commutator and placed in the operant
chamber for 30 min. Rats were given access to a sipper tube where
tastants were dispensed. Tastant trials consisted of five consecutive licks
of a taste stimulus, followed and preceded by six AS licks presented on
a variable ratio 5 schedule, with dry licks interspersed between AS licks.
The order of presentation for the taste stimuli was randomized. Note
that during the lick paradigm phase of the study, the rat consumed a
total of approximately 5mL, about 1/6 of normal daily consumption.
Following the lick paradigm, we did not note any reluctance of the rat
to consume virtually all of the food that is offered in the Eating paradigm.

2.5.3 Eating paradigm

Following the Lick paradigm, rats were either left in the
experimental chamber or removed to a holding cage while the food
wells were loaded with 3 g of solid food. The positions of the various
foods were pseudo-randomized across days. Some sessions included an
empty well. All foods were chopped and weighed daily before placement
into wells. Rats were given 30 min access to food. All the foods presented
during the experimental session were consumed in their entirety.

2.6 Data analysis

2.6.1 Spike sorting and unit identification

Neuronal waveforms were isolated through in-house Matlab
software (The MathWorks, MA) or by OfflineSorter (Plexon, Inc.,
Dallas, Texas). Neurons were considered isolated based on the
following criteria: An acceptable L-ratio (~logo (Lratio) > 1), signal
to noise ratio (SNR > 3), and percentage of interspike intervals <1 ms
(ISI<0.5%) (Schmitzer-Torbert et al., 2005). The L ratio is a measure
of how well spikes in a cluster are separated from other spikes recorded
from the same electrode.

To verify that recorded neurons were the same between the Lick
and Eating paradigms, we compared waveform templates. For the
recording from each paradigm, we averaged waveform matrices (n x 32
dimensions) across rows, forming a row vector with a dimensionality
of 32. Both waveform templates belonging to the Lick and Eating
paradigms were then overlaid on one another and a Pearson’s correlation
coeflicient was computed. To be classified as the same unit in both
experimental paradigms, a Pearson correlation coefficient between
waveform templates >0.99 was required (see Sammons et al., 2016).

2.6.2 Lick paradigm — taste response detection
and classification

In the Lick paradigm, taste responses were classified as either lick
by lick (LxL) or five lick (5L) as described previously (Roussin et al.,
2012). LXL responses were short in duration (<150 ms) and occurred
between individual licks. 5L responses were generally longer in
duration and spanned two or more licks. A Chi square test was used
to determine whether a taste response was LXxL. The Chi square test
used the peri-stimulus time histogram (PSTH, 15 ms bins) of the post
stimulus period for tastant licks compared with the PSTH for dry licks
(non-reinforced). The post-stimulus period (150msec) for each
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tastant lick was the predictor and the post stimulus period for dry licks
was the expected. If the predictor was significantly different from the
expected (p<0.05), a response was classified as a LxL response.

For 5L response detection, responses were measured by
comparing the post-stimulus period (4s) for each tastant trial to the
pre-stimulus period (baseline; 2's prior to the first tastant lick). A 95%
confidence interval was calculated based on the average baseline firing
rate. For each post-stimulus tastant trial, spikes were binned into row
vectors with a dimensionality of 200 (each element was a 20 msec
bins). A sliding window of length 100 msec incremented by 20 msec
along the 200-dimensional vector. If three consecutive bins were above
or below the 95% confidence interval, then the trial was classified as
significant. At least half the trials for each stimulus needed to
be significantly above or below the baseline confidence interval for a
stimulus response to be considered significant. This response detection
methodology was not used on tastants with less than four trials.

2.6.3 Eating paradigm—behavioral event and
neural response detection

2.6.3.1 Scoring of eating related events

The timing of eating and grooming events was scored offline by
one or more raters/observers. Inter-rater reliability was assessed by
analyzing a subset of sessions that had multiple raters. For each
behavioral event that was identified, and for each rater, we computed
the start time of the interval during which the event occurred. We then
computed the average + SEM difference of the start times scored for
each event across raters. If one rater scored an interval and another
had not, that interval was removed from the inter-rater calculation.
For example, for the session shown in Figure 1, the average start time
difference between scored eating events was 100 ms + 121 ms.

2.6.3.2 Solid food response detection

Significant responses to solid food were determined by comparing
the firing rate during the post-stimulus period (1 s; well exploration or
food consumption) to the spontaneous firing rate. Spontaneous
activity was defined as activity that was at least 2.5 s away from well
entry and eating events to avoid any solid food induced residual
activity. Intervals of spontaneous activity varied in length across the
eating paradigm. Since spontaneous firing rates were so variable
across the session, responses to well exploration or food consumption
were considered significant if the average firing rate was either above
or below the spontaneous rate by at least five spikes per second (sps).
For some analyses, the spontaneous firing rate was subtracted from
the response firing rate, as noted below.

2.6.3.3 Change point analysis

Change point analysis of firing rate was used to assess the onset of
responses just prior to well entry. Specifically, we considered the
spiking activity from 2s prior to well entry to 4s following well entry
in 100ms bins. The change point detection was that described by
Mohd Arif et al. (2017). If a single change point was detected prior to
well entry, we considered this to be a response.

2.6.3.4 Multidimensional scaling (MDS) analyses

To assess the inter-relationships of the across unit patterns of
response for well entry and exploration, and eating, an MDS analysis
was performed on the average evoked firing rates for each food across
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trials for each cell using XLSTAT. The similarity matrix was formed
using Pearson r correlations and the Kruskal stress test was used to
determine the number of dimensions that best fit the data. Average
firing rates across trials evoked by well entry and eating episodes
minus spontaneous firing rate were included for each cell and for each
food and the empty well whether or not they varied by more than five
sps from spontaneous firing rate.

2.6.4 Other statistical analyses

For assessing differences in spontaneous firing rate between
sessions, a paired t-test was used. A standard linear regression was also
used for assessing the relation between lick and solid food spontaneous
firing rates. Difference between solid-food response magnitudes were
analyzed with a Kruskal-Wallis test. A rank-sum test assessed
difference between well-entry and eating entropy.

3 Results

Electrophysiological responses to the approach, sampling and
eating of various solid foods were recorded in 60 NT'S cells from eight
awake, unrestrained rats. Table 1 shows the number of cells and the
number of responses recorded per rat. Figure 2 shows the number and
proportion of responses to each of the foods tested. Of these 60 cells,
28 (47%) were also recorded in a lick paradigm for responses to
traditional taste stimuli preceding the eating paradigm. Although 55
taste-responsive cells were recorded overall in the lick paradigm, only
about half remained well isolated throughout the eating phase of the
experiment. A total of 50 sessions were given, with animals given
6.7+ 1.4 sessions on average (range=2-14). All but three Eating
sessions were preceded by Lick sessions.

3.1 Behavioral observations

When rats were given the opportunity to approach, sample and
eat various solid foods, the pattern of behavior was consistent and
stereotypical. Rats approached the food well with their heads leaning
into the well. Once the head entered the well, there was lick-like
mouthing accompanied by grabbing of small bits of food that were
eaten while the head was in the well. Larger morsels were grabbed
with either the mouth or paws and eaten outside of the well, either
just outside the well or toward the center of the experimental
chamber. These behavioral patterns were idiosyncratic. Some rats
roamed, apparently randomly, from food well to food well, eating the
various foods along the way. Others stayed at one food well and ate
the contents until the well was empty and then moved on to the next
food well. In most cases, rats poked their head and forepaws into a
well briefly and sampled and/or grabbed food which they ate outside
of the well. Data presented in Table 2 show that, on average, rats
spent about 3s in the well and between 7.5 and 20s eating food
outside of the well, depending on the food. When peanuts, milk
chocolate, apples and broccoli were presented simultaneously, there
were no differences in either the number of visits to the food wells
across foods (ANOVA, F(3, 76) =1.810; p=0.1525) or the time spent
in the wells (ANOVA, F(3, 76)=2.212; p=0.936). Similarly, there
were no differences among foods in the number of eating events
when these foods were presented simultaneously (ANOVA, F(3,
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FIGURE 1
(A) Heat map showing the response of a single unit in the rNTS to exploration of the food-filled web and to eating. Spontaneous firing rate, preceding
the onset of each event (vertical red line) is also shown. Each line represents one trial and its length represents the time that the animals engages in the
respective activity. This cell becomes active just prior to head entry into the well and is nearly silent during eating. Spiking activity for this unit is shown
beneath heatmap. W, well; E, eating. (B) Heat map showing the activity in a cell that is excited when the animal is eating, but not when the animal is
exploring food in the well. Spiking activity for this unit is shown beneath heatmap. W, well; E, eating.

76)=1.858; p=0.1438). However, there was a significant difference
in the time spent eating these foods (ANOVA, F(3, 76)=2.855;
Pp=0.0427), with less time spent eating milk chocolate than apple
(pairwise comparisons via Tukey’s multiple comparisons test,
p=0.0306). For 20 sessions, an empty well was presented along with
three wells that contained food. Although the rats visited the empty
well a few times in these sessions, the dwell time was generally less
than that for food-filled wells. However, in one outlier session the rat
visited the empty well 36 times and explored it extensively
(mean=6.3+£0.03s).

Frontiers in Integrative Neuroscience

3.2 Electrophysiological responses to
approach, sampling and eating food

Approach and time spent in the food wells generally resulted in
vigorous and robust increases in firing rate that varied across food
types. In contrast, many cells showed significantly attenuated firing
rates when the animal was eating.

Figure 1 shows examples of responses to well exploration and
eating in two cells. The cell whose activity is shown in Figure 1A
are excited when the rat enters the well, but not when it consumes
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TABLE 1 Number of cells and responses per rat.

10.3389/fnint.2024.1430950

No of cells A
1 4 4 3
2 8 4 4
3 3 1 2
4 16 12 12
5 13 13 8
6 8 8 4
7 6 6 6
8 2 1 1
Total 60 49 40

Significant response - No response

Well

No. of responses

Dark Milk Peanuts Apple Broccoli Empty
Choc. Choc.
Eating

7]
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FIGURE 2

Number of rNTS responses to food well exploration (top) and eating.
For each food, and the empty well, the proportion of significant
responses is also indicated. Not all foods were tested in any one
given session. See text for details.

the food. Notably, this cell increases its firing rate just prior to the
moment when the rat’s head breaches the threshold of the well,
before any contact with the food. This type of anticipatory activity
was common and variable across the various foods. In general,
increases and firing rate prior to well entry ranged between
approximately 300 to 500 ms. The cell in Figure 1B shows an
excitatory response to eating the food, but shows little response to
well exploration. Table 3A summarizes the responses to well entry
and or eating. For milk chocolate, peanuts, and apple, there were
twice as many cells that responded exclusively to well entry than
those that responded only when the animal was consuming those
foods. Tables 3B-E summarizes the electrophysiological responses
across well entry and eating episodes. As can be seen, excitatory
responses to well entry were more prevalent than inhibitory
responses but the opposite was true for eating episodes. Overall,
average firing rates in response to both well entry and eating were
generally equivalent across foods.

Frontiers in Integrative Neuroscience

Well + Eat Well not Eat  Eat not Well
3 1 0
2 2 2
1 0 1
11 0 1
8 5 0
4 4 0
0 0 0
1 0 0
30 12 4

Figure 3 summarizes the firing-rate responses to well entry and
eating in individual cells for the most frequently tested foods: salted
peanuts, milk chocolate, Granny Smith apples and broccoli. Firing
rates while eating were almost universally lower than those during
well entry, even though not all eating responses were inhibitory.
Specifically, for peanuts, 80% (16/20 responses to both well and
eating), milk chocolate, 80% (16/20 responses), for apple, 61% (11/18
responses) and for broccoli 67% (4/6 responses) of the responses to
eating were reduced by more than 5 sps below responses to well entry.
Analyses of response magnitudes evoked by well entry vs. eating in
cells that were tested in both conditions to the same food (spontaneous
firing rate included) showed that, for the four foods that were tested
most frequently, responses to well entry were significantly larger than
that to eating. Specifically: for peanuts, t=5.048, df=41, p<0.0001; for
milk chocolate, t=5.844, df=51, p<0.0001; for apples, t=4.587,
df=47, p<0.0001; for broccoli, t=3.832, df=23, p<0.0009. For dark
chocolate, t=1.982, df=4, p=0.1186. Moreover, data shown in
Table 4A shows that about half of the sample of cells responded to well
entry or eating but not both, implying that there may be a subset of
cells that are specialized to respond to the appetitive or consummatory
aspects of food.

Responses within a cell to both well entry and eating most often
varied according to the food being explored (well) and/or eaten (eat),
and the foods that elicited the largest response - either at well entry or
during eating — were broadly distributed. With regard to well entry,
among the 20 cells tested with four foods, there were five cells that
responded best to peanuts, seven cells to milk chocolate, four cells to
apple and four cells to broccoli. During eating episodes, there were
three cells that responded best to peanuts, five to milk chocolate, five
to apple and seven to broccoli. However, only three cells showed the
same best stimulus in both well exploration and eating; the best stimuli
for these foods were nuts, milk chocolate and broccoli. Similar results
were found for the 17 cells that were tested with only three foods.

Figure 4 summarizes the tuning of all cells tested with either three or
four foods as described above, subdividing the population according to
the best food stimulus, considering separately the well-entry phase (left)
and the eating phase (right). Each response was calculated as a percentage
the response that evoked the largest response in that phase. It is apparent
that the majority of cells did not respond equally to all foods tested — and
in many cases, cells that responded with an increase in firing rate to one
food responded with a decrease in firing rate to another.

On the other hand, many cells were broadly tuned across foods.
We quantified the breadth of tuning using the standard Sharpness
Index (Rainer et al., 1998) as follows:
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TABLE 2 Trial numbers and dwell times.

A. Well. No. of trials (Mean + SEM) and Dwell time (s) (Mean + SEM)

10.3389/fnint.2024.1430950

Dark choc. Milk Choc. Peanuts Broccoli
No. trials 64+13 15.0+1.0 14.0+1.1 11.2+1.2 9.3+0.8 52+19
Dwell time 32403 25402 2.9+0.1 3.040.6 2.5+0.1 23+0.5
No. of cells 11 60 56 53 32 19

B. Eating. No. of trials (Mean + SEM) and Dwell time (s) (Mean + SEM)

Dark choc. Milk Choc. Peanuts Broccoli
No. trials 48+1.1 9.8+0.8 11.2+13 8.9+0.7 6.6+0.9
Dwell time 203+6.4 8.2+0.6 143+14 15.0+1.6 9.2+12
No. of cells 9 57 51 50 28

*Some entries to the food wells were not counted because they were<1s.

TABLE 3 Electrophysiological responses to food well and eating.

A. No. of responses to well entry and/or eating

Milk choc Peanuts Broccoli
Well + Eat 19 20 18 6
Well, not eat 14 13 12 5
Eat, not well 4 9 6 7

B. Well. Excitatory responses (sps)

Dark choc Milk choc Peanuts Broccoli
Mean 11.742.7 19.1+2.1 182+1.9 209433 16.1+3.7 18.0+2.4
N 3 22 30 24 11 12
Percent of total 100 81.5 88.2 82.8 78.6 100

C. Well. Inhibitory responses (sps)

Dark choc Milk choc Peanuts Broccoli
Mean —19.0+54 —9.4+0.7 —12.1+39 —133+3.9
N 0 5 4 5 3 0
Percent of total 18.5 11.8 17.2 21.4

D. Eating. Excitatory responses (sps)

Dark choc Milk choc Peanuts Broccoli
Mean 6.1 14.1+2.7 142425 13.6+2.7 13.5+2.5
N 1 9 10 9 4
Percent of total 100 39.1 34.5 36.0 30.8

E. Eating. Inhibitory responses (sps)

Dark choc Milk choc Peanuts Broccoli
Mean ~-15.1+1.8 —-11.5+1.6 —~11.7+1.6 —9.9+1.6
N 0 14 19 16 9
Percent of total 60.9 65.5 64 69.2

n _Z:;l

T;
Thest

[y —

n—1
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where SI= Sharpness Index, n=number of stimuli, and T'=the

mean response magnitude for a given stimulus. A value of 1.0 signifies

narrow tuning while value of 0 indicates broad tuning across stimuli.
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Mean firing rate (sps) evoked by well exploration and eating in cells
that were tested with salted peanuts, milk chocolate, Granny Smith
apples, and broccoli. Data from cells that were tested with peanuts,
chocolate, and apples, but not broccoli, were also included. Most
cells reduced their firing rate when the animal was eating, compared
to when the animal was exploring the food-filled well. See Table 2
and text for details.

TABLE 4 Well vs. eating response correlations®®.

A. Well (no. of pairs)

Peanuts Milk choc
Milk choc. 0.87%%% (47)
Apple 0.50%* (39) 0.59%%% (44)
Broccoli 0.64%* (21) 0.75%%% (24) 0.76%%% (23)

B. Eating (no. of pairs)

Peanuts Milk choc
Milk choc. 0.91%%% (42)
Apple 0.84°% (39) 0.66%%% (48)
Broccoli 0.72%% (21) 0.46* (26) 0.65%%#% (27)
Peanuts 0.31 (42)
Milk choc. 0.40%* (52)
Apple 0.45%* (48)
Broccoli 0.64%#% (24)

*Spontaneous firing rate subtracted from response.
b¥p <0.02; ##p <0.01; #*%p <0.001.

Note that, because many responses that were below spontaneous firing
rates, the Sharpness Index was conducted using raw response
magnitudes, rather than after subtraction of spontaneous firing rates.
This necessarily pushed Sharpness Index measures downward,
perhaps artificially imposing a bias toward more broad tuning.
Nevertheless, relative selectivity measures were informative. For
responses in cells that were tested with either three or four stimuli
(n=38, see Figure 5), the Sharpness Index for well entry was on
average 0.21+0.02, for eating 0.27+0.03. Though there was no
statistically reliable difference between the Sharpness Indices for well
entry compared with that for eating (paired ¢ test, p=0.0697), 37%
(15/38) of cells showed narrower tuning, i.e., an increased Sharpness
Index by at least 0.1), during eating vs. well entry. In contrast, only
13% (5/38) became more broadly tuned during eating.

Analysis of across-unit patterns of rNTS responses (Table 4)
shows substantial commonalities of neural tuning for both well and
eating events. In addition, responses to well events were significantly
positively correlated with responses to eating events for milk
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FIGURE 4

Response profiles of cells that responded best to each salted
peanuts, milk, chocolate, Granny Smith apples, and broccoli and
each condition (well exploration and eating). Responses are
expressed as a proportion of the most vigorous response, with
negative values indicating firing rates below baseline. Cells that were
tested with all four foods, as well as those tested without broccoli
are included. Most cells show some degree of specificity.
Abbreviations are as follows: Nu, salted peanuts; Ch, milk chocolate;
Ap, Granny Smith apples; Br, broccoli.
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FIGURE 5

Sharpness Index (a measure of tuning) for cells tested with four
(salted peanuts, milk chocolate, Granny Smith apples, and broccoli)
or three (peanuts, chocolate, and apples) foods. (N = 38).

chocolate, apple, and broccoli, but not for peanuts. In general, these
data suggest that the across unit pattern of responses to these foods
does not discriminate well among food types, either in the appetitive
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of consummatory phase, and that the cells that respond to both well
entry and eating do so in similar ways.

Results of MDS analysis, shown in Figure 6 provides additional
insights. The across-unit patterns for all foods during the appetitive

I
chocolate o® nuts
broccoli , +
apple !
IT - ®
—_ T J1*
R P ® broceoli
LT -1 L e ——
I - i —‘--'“:-.
L ® chocolate
ap ple ©
empty @ © nuts
FIGURE 6

MDS analysis of across unit patterns evoked by food-filled well
exploration (red) and eating (blue) as well as exploration of an empty
well. Response patterns evoked by well exploration are clustered
separately from those evoked during eating. The across unit pattern
evoked by an empty well is segregated from both eating and well
exploration clusters. See text for details.

10.3389/fnint.2024.1430950

phase are separated from those during the eating phase, separated in
a direction that is approximately perpendicular to the predominant
directions within each of these subsets. Within each subset, the across
unit patterns in the appetitive phase were more similar to each other
than those evoked during the eating phase, and responses to the empty
well were segregated from those generated by all foods. These patterns
suggest that consummatory phase, and food quality, are independently
represented at the population level.

3.3 Relationship between
electrophysiological responses to
traditional tastants and food

Forty-seven of the 50 sessions of the Eating paradigm were preceded
by a session of the Lick paradigm, and of the 60 cells recorded in the
licking paradigm, recordings in 28 cells were still present during the
eating paradigm. Twenty-two of these cells were taste responsive, that is,
they responded to at least one of the taste stimuli tested. Figure 7 shows
an example of the responses to taste stimuli as well as the responses to
well exploration and eating food. This cell responded to MSG and weakly
to NaCl and sucrose in the Lick paradigm. When the animal was
permitted access to solid food, this cell responded to well exploration for
all the foods tested, but did not respond when these foods were eaten
(panels B and C). A sample of the spiking activity in this cell shows that
it began to respond to well entry prior to any contact with the food
(panel C). Figure 8 (top) shows the distribution of cells responsive to 1-5
of the tastants tested. The majority of cells (67%) responded to more than
one of the prototypical taste stimuli representative of the basic taste
qualities: sweet, salty, sour, bitter and umami. Figure 8 (bottom) shows
the mean taste response magnitudes for each taste stimulus as well as the
response profiles for all of the taste-responsive cells. Six cells were

Sucrose
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(A) Peristimulus-time histograms (PSTHSs) responses to tastants in one cell as the animal licked in the Lick paradigm. Top of each panel shows a raster
plot where each line represents one trial. Bottom of each panel shows the resulting histogram of unit activity. This cell responded to well to MSG and
briefly to NaCl. (B) Heat map of responses to well exploration and eating in the cell shown on the left. There was a robust response to well exploration,
especially for nuts and apples; however, the cell returned to spontaneous firing rate during eating. (C) Spiking activity in the same cell showing an
anticipatory response to well entry denoted by a blue star. This anticipatory activity occurred prior to any contact with the food. The waveform evoked
by this cell during well exploration and eating are superimposed and shown to the right of the spiking activity.
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FIGURE 8
(A) Proportion of taste-responsive cells that responded to 1-5
tastants tested in the Lick paradigm. Most cells (60%) responded to
one or two tastants. (B) Mean response rates (+SEM) evoked by each
of the five tastants tested in the Lick paradigm. Light gray lines show
the response profiles of individual cells. N = 28 cells.

completely unresponsive to any of the taste stimuli tested but nevertheless
responded to food. Figure 9 shows an example of a non-taste-responsive
cell, detailing its response to the traditional taste stimuli and its response
to food. Although there was little response to the traditional taste stimuli,
this cell was active during well entry for chocolate and nuts - but not
during consumption of any food. In addition, there were many cells that
were neither taste responsive nor responsive to food, but rather showed
pronounced lick-related activity. Figure 10 shows an example of this type
of cell and its response to exploration of the food well and to eating.
Surprisingly, this cell did not respond to eating, but showed a
non-specific response to well exploration.

Contrary to what one might expect, the response properties of
each cell to the traditional taste stimuli tested in the Lick paradigm
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were not a good predictor of the responsiveness to the various foods.
For example, we proposed that responses to sucrose would
be associated with responses to milk chocolate, responses to NaCl
would be associated with responses to salted peanuts, etc. There were
too few responses to either taste stimuli or solid food in the sample of
cells with responses to both tastants and solid food to calculate
meaningful correlations. However, even when cells were classified
according to the stimulus that evoked their best, i.e., most vigorous,
response, there was no sign of these predicted relationships (see
Table 5). In addition, the food to which a cell responded best when
exploring the food well was not a good predictor of the food to which
a cell responded best when the food was consumed. To further explore
this issue, we examined the correlation between responses to each
tastant and responses to each food. This was expressed as the number
of neurons that responded to both a given tastant and a given food
divided by the number of responses to either the tastant or the food.
Results of the analysis are presented in Figure 11. As can be seen, there
are no consistent relationships between each tastant and the food
which ostensibly represents the corresponding taste quality.

4 Discussion

It has been frequently argued that the taste system is the final arbiter
of ingestion; that is, its purpose is to identify sources of nutrition and
avoid toxicity. However, the functionality of the taste system in the act
of finding (appetitive) and ingesting (consummatory) solid food has
rarely been studied (see Yamamoto et al., 1988, for an exception). Here,
we recorded the responses of cells in the rNTS to licking traditional taste
stimuli (Lick paradigm) and to performing appetitive and
consummatory behaviors in a free feeding paradigm of solid foods
(Eating). Results showed that the great majority of rNTS cells robustly
and selectively increased their firing rate during exploration of the food-
filled wells, often with responses beginning as a food well is approached
but prior to any contact with the food. In contrast, most cells decreased
their firing rate relative to responses to well entry during food
consumption, at times showing firing rates significantly below
spontaneous firing rates. Analyses of across neuron patterns of
responsivity suggest that exploration and consumption evoke relatively
independent response patterns. In addition, responses to tastants of
various qualities in the Lick paradigm were poor predictors of responses
to either well exploration or consumption of foods, even though these
foods were chosen to have a single predominant taste quality. In fact, a
lack of responsivity to liquid tastants did not preclude responsivity in
the Eating paradigm, either for responsiveness to well exploration or
food consumption. Collectively, these data suggest that (a) both taste-
responsive and non-taste-responsive cells in the rNTS preferentially
transmit information about solid food in the appetitive phase of eating
behavior, and (b) by incorporating information from multiple sensory
modalities, INTS cells may convey more information relevant to
evaluating food.

We also note that the observed taste quality selectivity was
unlikely to be a downstream effect of a tastant-specific licking pattern.
While we did not explicitly analyze the licking pattern in these studies,
three previous studies showed that the licking pattern did not depend
on the taste quality.

Nearly all cells in the rNTS responded more vigorously to the
appetitive vs. the consummatory phases of eating, suggesting that
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(A) Peristimulus-time histograms (PSTHs) responses to tastants in one cell in the Lick paradigm. Top of each panel shows a raster plot where each line
represents one trial. Bottom of each panel shows the resulting histogram of unit activity. This cell did not respond significantly to any tastant tested.
(B) Heat map of responses to well exploration and eating in the cell shown on the left. There was a robust response to well exploration for chocolate
and a weaker response to nuts; however, the cell’s activity was below spontaneous firing rate during eating.
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(A) Raster (top) and PSTH (bottom) of activity in a lick-related cell. Each colored triangle on the raster plot denotes the occurrence of a lick; different
colors show different tastants. On the PSTH, time zero denotes the occurrence of a lick. (B) Heat map of the responses to well exploration and eating
in the same cell shown in (A). A weak, non-specific response to well exploration was evident in this cell; but the cell's activity returned to spontaneous

there is a shift in how the population of cells carries the message for
each function. Consistent with this idea are the results of MDS
analyses of the across unit patterns of responses showing a clear
separation of response patterns associated with well exploration vs.
eating for all foods (see Figure 6). Separate populations of cells for
appetitive versus consummatory behaviors have been reported in the
lateral hypothalamus (Yamamoto et al., 1989; Jennings et al., 2015)
and arcuate nucleus (Mandelblat-Cerf et al., 2015), both of which have
projections to the INTS (Lundy and Norgren, 2004). Results presented
here, however, do not support a similar arrangement in rNTS. That is,
although the across unit patterns of response are clearly different,
most rNTS cells respond to both well exploration and eating, albeit
with generally weaker responses to eating. The attenuation of firing
rate during eating in most cells is likely to reflect, at least in part, an
active inhibition since many cells reduce their firing rate significantly
below spontaneous firing rates while the animal eats. Such an
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inhibitory influence might arise from the considerable population of
GABAergic cells in the rNTS (Lasiter and Kachele, 1988; Davis, 1993;
Boxwell et al., 2013) or, alternatively, from centrifugal input (Smith
and Li, 2000).

The anticipatory responses, which were common in NTS cells,
were likely the result of both learning and olfactory responsiveness.
Since these animals were very familiar with the experimental setup, a
learned association between the odor and the taste of the food in the
well may have developed over time, thus prompting an anticipatory
response to contact with the food. It is possible that this activity
originates in the brainstem given that cells in the rNTS are known to
respond to olfactory as well as taste stimuli (Escanilla et al., 2015).
However, since there are no known direct pathways from the olfactory
bulb or piriform cortex to the rNTS, another possibility is that a
centrifugal directive, potentially from the gustatory cortex (GC),
triggers responses that precede well exploration. The gustatory cortex

frontiersin.org


https://doi.org/10.3389/fnint.2024.1430950
https://www.frontiersin.org/journals/integrative-neuroscience
https://www.frontiersin.org

Pilato et al.

responds to olfactory stimuli (Maier et al., 2015; Samuelsen and
Fontanini, 2017) and has direct projections to the rNTS (Lundy and
Norgren, 2004). Relatedly, Gardner and Fontanini (2014) showed
cue-related anticipatory responses to taste stimuli in the GC of alert

TABLE 5 Relationship of taste responses (best stimulus) to responses to
well and eating.

A. Taste responses vs. well responses
(Chi square =5.794, df =9, p = 0.760).

Best Chocolate Nuts Apple Broccoli
Stim.

Sucrose 0 0 0 0
NaCl 1 2 3 0
Citric acid 4 2 3 2
Quinine 0 1 0 0
MSG 1 1 1 1

B. Taste responses vs. eating responses
(Chi square =4.397, df =9, p = 0.883)

Best Chocolate Nuts Apple Broccoli
Stim.

Sucrose 0 0 0 0
NaCl 2 1 1 2
Citric acid 4 1 4 2
Quinine 0 0 0 1
MSG 1 1 1 1

C. Well responses vs. eating responses
(Chi square =15.190, df =9, p = 0.085)

10.3389/fnint.2024.1430950

mice. Moreover, Kusumoto-Yoshida et al. (2015) showed that the GC
was not only critical for taste cue-related anticipatory activity, but that
it also drove consummatory behavior.

4.1 Licking vs. eating

In the present experiment, both the liquid taste stimuli and the solid
foods that were tested were chosen to span the gustatory domain of taste
qualities, the so-called “basic” taste qualities: sweet, salty, sour, bitter and
umami. Liquid taste stimuli were prototypical exemplars of each of the
five basic taste qualities. Solid foods were chosen such that their
predominant taste would correspond to one of the basic taste qualities.
So, milk chocolate was chosen to represent sweetness, salted peanuts to
represent saltiness, Granny Smith apples to represent sourness and
broccoli to represent bitterness. The straightforward notion that
sensitivity to the prototypical taste stimuli in the Lick paradigm would
be reflected in the responses to the corresponding foods in the Eating
paradigm, was not supported. In fact, there were mostly discrepancies
between the most effective tastant in the Lick paradigm and the most
effective food in the Eating paradigm (see Table 5). There are at least two
factors that may have contributed to this mismatch. First, since the solid
foods were each a combination of more than one taste quality, a
one-to-one correspondence between responses to a prototypical liquid
tastant and responses to the corresponding solid food would not
be expected. Second, the concentrations of the prototypical liquid
tastants may not have matched sufficiently the intensity of the taste
qualities offered by the solid foods, and this may also tend to weaken the
correspondence. However — what is striking is that we see no
correspondence whatsoever, not even a weak one.

These two factors may also have contributed to the observation
that even some non-taste responsive cells in the Lick paradigm
nevertheless responded vigorously in the Eating paradigm.

Eating
. Alternatively, as Glendinning (2022) has argued, activity from the
Well Chocolate Nuts Apple Broccoli taste system alone may not be as informative about nutrition or
Chocolate 4 1 0 1 toxicity as one might assume. Glendinning (2022) argues that input
Nuts 1 2 2 1 from other senses is necessary for a complete percept of a food. So, in
that sense, it is not surprising that the taste system responds in one
Apple 0 0 4 3
. way when the animal licks sapid liquids and another way when faced
Broceoli 2 0 0 ! with the richness of multisensory experiences provided by a solid food.
Sucrose NacCl Citric Acid Quinine MSG
WELL Milk chocolate 0.35 0.42 0.47 0.42
Peanuts 0.38 0.44 0.41 0.30
Apple 0.19 0.35 0.45 0.44 0.22
Broccoli 0.17 0.21 0.32 0.33 0.20
EAT Milk chocolate 0.27 0.53 0.43 0.17 0.44
Peanuts 0.19 0.35 0.50 0.24 0.21
Apple 0.24 0.40 0.24
Broccoli 0.19 0.30 0.31
FIGURE 11
Heat map showing the relationship of responses to tastants and foods. Values shown are calculated as the number of responses to both a given tastant
and a given food divided by the total number of responses to either the tastant or the food. Red indicates higher values, yellow indicates intermediate
values, and green lower values. There is a poor correspondence between responses to tastants and the foods that represent the matching
predominant taste quality.
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Surprisingly, the data show that taste-responsive cells in the INTS
participate preferentially in the appetitive vs. consummatory phase
of ingestion. It is certainly predictable that the taste system is involved
in the evaluative phase of eating; there is a large literature showing
that taste-responsive cells in the rNTS respond selectively to tastants
in the mouth. The surprising result reported here is that typical taste-
responsive rNTS cells respond more vigorously to approach to a food
with which they have had minimal or no contact, than to ingestion
of the food. Cameras placed inside the food well in a few instances
revealed that animals sniff and sample small bits of food accompanied
by mouth and tongue movements. These behaviors occur prior to
grabbing larger chunks of food that they consume outside of the well.
These data suggest that the behaviors that occur while the head is
inside the well provide multimodal input (olfactory, somatosensory,
gustatory, visual) to stimulate cells in the rNTS. In this regard, it is
noteworthy that taste-responsive cells in the rNTS receive olfactory
(Escanilla et al., 2015) as well as somatosensory input (Ogawa et al.,
1984; Hayama et al., 1985; Halsell et al., 1993). Moreover, most cells
in the rNTS show movement related activity as evidenced by the
abundance of lick-related cells (Roussin et al., 2012; Denman et al.,
2019). Surprisingly, lick-related cells in the present study responded
to exploration of the food well, but not to eating per se (see Figure 8).
The convergence of information from several sensory modalities onto
cells in the rNTS may enrich the information that can identify a food
and inform the choice to consume or reject it.

The relatively subdued response of rNTS cells to eating
compared with the robust response to well exploration was
unexpected. One potential explanation is that the taste-related
stimulation produced by mastication was not sufficient to drive a
response. It is also possible that the information about food in the
mouth while the animal is eating is processed by the caudal NTS, a
region that is known to receive input from the vagus nerve
innervating the gut (Kalia and Mesulam, 1980; Norgren and Smith,
1988). Thus, once the decision to consume a given food has been
made based on input from the rNTS, the information flow then
moves caudal so that the gut-brain pathways take over. In any case,
the data suggest that the across unit patterns of response evoked by
sensory input during the appetitive phase shift when the animal
consumes the food.

Data availability statement

The data are publicly available at 10.6084/m9.figshare.25703352.
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