10

15

20

25

30

bioRxiv preprint doi: https://doi.org/10.64898/2025.11.30.691333; this version posted February 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Title: Cellular coding of ingestion in the caudal brainstem

Authors: Truong Ly'?341% Xinyang Yi'%31° Grace R. Lee®, James CR Grove'?36, Youssef E.
Sibih?, Jun Y. Oh’, Longhui Qiué, Ho Namkung'?, Nilla Sivakumar?3, and Zachary A.
Knight'-2:3.9*

Affiliations:

'Department of Physiology, University of California, San Francisco, San Francisco, CA, USA
2Kavli Institute for Fundamental Neuroscience, University of California, San Francisco, San
Francisco, CA, USA

3Neuroscience Graduate Program, University of California, San Francisco, San Francisco, CA,
USA

‘Department of Pathology, Stanford University, Palo Alto, CA, USA

*Harvard Medical School, Harvard University, Boston, MA, USA

®Howard Hughes Medical Institute, Department of Neuroscience, Dorris Neuroscience Center,
Scripps Research, La Jolla, CA

"Department of Neurological Surgery, University of California, San Francisco, San Francisco,
CA, USA

8Department of Medicine, University of California, San Francisco, San Francisco, CA, USA
®Howard Hughes Medical Institute, University of California, San Francisco, San Francisco, CA,
USA

'"These authors contributed equally.

*Corresponding author: zachary.knight@ucsf.edu (ZAK)


https://doi.org/10.64898/2025.11.30.691333
http://creativecommons.org/licenses/by/4.0/

35

40

45

50

55

60

65

bioRxiv preprint doi: https://doi.org/10.64898/2025.11.30.691333; this version posted February 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Abstract:

The termination of a meal is triggered by sensory feedback from the stomach and
intestines that reports on ingested food'-"° and is relayed to the caudal nucleus of the solitary
tract (cNTS) in the brainstem''-'4, This sensory feedback is thought to gradually intensify as a
meal progresses, resulting in the progressive activation of ctNTS circuits that promote
satiety'>'6, but this idea has never been tested by recording the single-cell activity of ctNTS
neurons while animals eat. Here, we have used a preparation for calcium imaging in the caudal
brainstem of behaving animals’” to characterize how food ingestion is encoded in the cNTS. We
find that when food is delivered directly to the stomach, most cNTS neurons exhibit ramping
activation over many minutes that tracks cumulative food consumed and depends on canonical
gut-brain pathways. However, when the same food is consumed by mouth, this widespread
ramping activation is gone, and most cNTS neurons instead exhibit phasic, seconds-timescale
responses to oral contact with food. We show that these rapid responses are driven by a
combination of mechanical, gustatory and nutritive signals from the mouth and throat and do not
require traditional gut-brain pathways, including gut-innervating vagal afferents, although Gl
feedback modulates their duration. We show that one source of this rapid input is descending
projections from the paraventricular hypothalamus, which track ingestion dynamics and are
required for proper meal termination. These findings reveal that sensory feedback from the
stomach and intestines, which is directly transmitted to the cNTS and thought to be critical for
satiety, is not the major driver of cNTS activity during ingestion. Instead, these circuits make

extensive use of rapid, pregastric signals that report on the dynamics of behavior.

Introduction:

The caudal nucleus of the solitary tract (cNTS) is the direct target of the vagal and
glossopharyngeal sensory neurons that innervate the entire alimentary canal from the
oropharynx to the intestines®%18-20, These sensory neurons track the volume and nutrient
content of ingested food and then relay this information to the cNTS, a brainstem structure that
is critical for meal termination?'-2°. The cNTS also senses circulating hormones and nutrients,
both directly and indirectly through the adjacent area postrema®*3'. These neural and blood-
borne signals of food ingestion are thought to gradually intensify as a meal progresses, in a
manner that tracks cumulative food consumed, thereby leading to the progressive activation of

the cNTS circuits that promote satiety’®'. Thus, the cNTS is the first station in the brain that
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receives many visceral signals of food consumption, and it uses these signals to determine
70  when an animal should stop eating’317:32,

Because the cNTS is a primary entry point for visceral feedback in the brain, the
regulation of its neurons during eating provides a window into how the sensory signals
generated during a meal are used to control behavior. However, little is known about the
dynamics of cNTS neurons during eating, in part due to the location of the cNTS in the extreme

75  caudal brainstem, which creates technical challenges for performing neural recordings in awake
animals. As a result, most of our understanding of cNTS regulation has come from studies of
Fos expression'1333 recordings in brain slices®-%, or recordings in anesthetized animals'238-
40 These studies have shown that a large proportion of cNTS neurons respond to Gl signals,
such as stretch of the stomach or intestines, and that these responses are relayed by the vagus
80 nerve and topographically organized in the cNTS'218,

Nevertheless, the meaning of these observations for behavior remains unclear, in part
because anesthetized and ex vivo preparations lack the natural sensory and motor feedback
that is present during a meal. Thus, while ctNTS neurons can respond to artificial stimuli such as
gastric balloon inflation, it remains unknown to what extent these mechanisms are engaged

85  during normal behavior. In this regard, the cNTS receives abundant descending input from the
forebrain*'-*4, the function of which is unknown, and it is possible that this descending input
reshapes or gates cNTS sensory representations in awake animals, as has been observed in
other sensory systems*>47.

Addressing these questions requires recording cNTS activity while animals eat. As a first

90 step toward this goal, we and others recently reported population recordings of several cNTS
cell types by fiber photometry, which revealed cell-type-specific differences in activity'”:?°.
However, these bulk measurements report the average responses of hundreds of cells and
therefore cannot reveal the tuning of individual neurons. Moreover, because highly selective
marker genes exist for only a few, rare cNTS cell types'#8, the regulation of most cNTS

95 neurons cannot be assessed in any meaningful way using fiber photometry.

Recently, we developed a preparation that enables for the first time single-cell calcium
imaging in the cNTS of awake animals'’. Here, we use this approach to characterize how food
ingestion is broadly encoded across glutamatergic neurons in the cNTS. We find that, contrary
to current models of meal termination, most cNTS activity during eating is not driven by Gl

100 signals that report on cumulative food consumed. Instead, these circuits are synchronized to

rapid, pregastric cues that report on the dynamics of behavior.
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Results:
Most cNTS neurons can be progressively activated by gastrointestinal feedback

105 The majority of cNTS neurons are glutamatergic*®4°, and this Vglut2+ population
includes all of cNTS cell types known to inhibit food intake'”2'-2%3 \We therefore targeted
GCaMP&6s to these cells by injecting a Cre-dependent AAV into Vglut2-Cre mice and, in the
same surgery, implanted an angled GRIN lens above the cNTS for microendoscopic imaging
(Fig. 1a-b). In a separate surgery, mice were equipped with an intragastric (IG) catheter so that

110  we could directly infuse nutrients into the stomach. Mice were then habituated to a head-fixed
and lower-body restrained imaging preparation'” that greatly reduced motion artifacts and
enabled stable imaging of the cNTS during ingestion (Fig. 1c).

Because the cNTS receives extensive direct input from vagal afferents that innervate the
gut*, we first measured the response to infusion of nutrients into the stomach (Fig. 1d-k and

115  Extended Data Fig. 1a-h). IG infusion of the complete diet Ensure (1 mL, approximating a
moderately-sized meal) caused strong activation of a large subset of cNTS neurons (53%
activated during the 10 min infusion; Fig.1d-j and Extended Data Fig. 1b). This activation
ramped over the course of the ten minute infusion (181 + 14 seconds, time to 50% of peak
activation) and then remained elevated for tens of minutes after the infusion stopped. The

120 response was dose-dependent, with isovolumetric infusions of more concentrated Ensure
recruiting more neurons (Fig. 1d,h and Extended Data Fig. 1b) which were more strongly
activated (Fig. 1i and Extended Data Fig. 1a) and responded more quickly (Fig. 1k). These
responses were not macronutrient specific, as isocaloric and isovolumetric infusions of pure
sugar (glucose), fat (Intralipid) or protein (a peptide solution) induced similarly broad activation

125  of cNTS neurons (Fig. 1l and Extended Data Fig. 1e-h). Relative to sugar and protein, the
response to isocaloric fat infusion was stronger (3.8 + 0.6 z for cells activated by Intralipid
compared to 2.4 £ 0.2 zand 2.2 + 0.1 z for glucose and peptides, p = 0.0162) but also more
delayed (Extended Data Fig. 1e-g), which is consistent with known differences in the kinetics of
digestion and absorption of these macronutrients®%5".

130 Analysis of responsive neurons revealed two broad classes of activated cells (Fig. 1e-g).
Type 1 cells ramped during the infusion and then remained elevated for ten or more minutes,
whereas Type 2 cells were activated during infusion and then rapidly declined when the infusion
stopped (Fig. 1e). Consistently, most of the variance in the population responses could be
explained by two principal components which had dynamics that mirrored these two activation

135  patterns (Fig. 1f-g). These responses may relate to the acute and sustained Gl signals

generated by IG infusion (e.g. gastric accommodation during infusion and sustained nutrient
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responses afterward). Indeed, we found that many cNTS neurons were activated by either IG
infusion of methylcellulose, which induces gastric distension®°2, or injection of the hormones
CCK and GLP-1, which are released from the intestine in response to nutrients (Extended Data
Fig. 1j-p).

We next asked whether blocking the cNTS activation by one of these gut-brain signals
would also alter feeding behavior. CCK is particularly important for relaying to the brain
information about ingested fat®17:4%.5354 and we found that pretreatment with CCKAR antagonist
devazepide greatly reduced cNTS neural activation by IG infusion of Intralipid (Fig. 1m-n and
Extended Data Fig. 1g-r). Consistently, pretreatment with devazepide also abolished the ability
of an Intralipid preload to reduce subsequent food intake (Fig. 10-p). Taken together, these data
show that |G nutrients activate a large population of cNTS neurons through known mechanisms

of gut-brain signaling, and that this activation correlates with changes in feeding behavior.

cNTS neurons are rapidly activated during oral ingestion

We next investigated how cNTS neurons are regulated during oral food consumption.
Mice were fasted overnight and then given access to Ensure for self-paced consumption.
Surprisingly, and in contrast to the gradual ramping observed during |G infusion (Fig. 1), we
found that most cNTS neurons were activated within seconds during oral consumption (median
response latency = 4.7 s vs. 66 s for oral consumption vs. |G infusion, p < 0.0001; Extended
Data Fig. 2a-d). Sorting of activated neurons by their response patterns revealed that 70% of
these cells were active only during the 10 min ingestion window (suggesting they respond
primarily or only to an acute, ingestion-generated signal), whereas 25% were active both during
and after ingestion, and 5% were active only after ingestion (suggesting they respond primarily
to post-ingestive feedback; Extended Data Fig. 2a). This suggests that, during oral ingestion,
most cNTS activity is driven by rapid, likely pregastric, signals associated with eating, rather
traditional gut-brain pathways.

To enable direct comparison between oral and |G responses, we performed matched
experiments in which mice, on different days, consumed the same food in the same amount and
at the same rate by either oral ingestion or |G infusion (Fig. 2a-c). This confirmed that cNTS
neurons are activated much more rapidly during oral consumption compared to |G infusion (e.g.
median response latency = 4.8 s vs. 97 s for matched oral versus |G consumption of Ensure, p
< 0.0001; Fig. 2d-f and Extended Data Fig. 3a-f). In addition, the neural response to oral
ingestion decayed much more quickly when consumption stopped (time to 50% decay = 20 +

2.5 s vs. 87 + 12 s for oral versus matched |G infusion of Intralipid, p < 0.0001, Extended Data
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Fig. 3g-j). As result of these differing dynamics, the response to |G infusion was strongly
correlated with cumulative food intake, whereas the response to oral ingestion was not (Fig. 2g
and Extended Data Fig. 3k-n). Consistently, Intralipid was more satiating when infused into the
stomach than when the same amount was consumed by mouth (Fig. 2h-j).

The fact that neural responses were sustained after |G infusion but not after matched
oral ingestion is paradoxical, because all food consumed by mouth rapidly reaches the stomach
and therefore should elicit the same Gl feedback. However, it is possible that oral ingestion
alters gut reflexes (e.g. slowing of gastric emptying) in a way that diminishes downstream Gl
signals. To test this, we allowed mice to consume Intralipid by mouth or gave them a matched
IG infusion and then characterized the contents of the Gl tract. We found that there was no
difference in the amount of Intralipid retained in the stomach (0.42 + 0.08 g vs. 0.49 + 0.09 g for
oral ingestion vs. |G infusion, p = 0.7766) or in different segments of the small intestine after
Intralipid delivery by these two routes (Extended Data Fig. 4a-d). There was also no difference
in circulating triglyceride levels at various time points after oral versus IG infusion (51 £ 7 mg/dL
vs. 48 + 4 mg/dL for oral Intralipid vs. matched |G infusion after 30 min, p = 0.8438; Extended
Data Fig. 4e). This indicates that the different post-ingestive neural responses we observe are
not due to gross differences in food transit. Instead, this suggests that the responsiveness of
cNTS neurons to Gl feedback is generally reduced during oral ingestion, enabling these

neurons to instead track rapid, pregastric signals.

Oral and Gl feedback activate partially overlapping ensembles in the cNTS

The fact that ctNTS neurons respond to different signals during oral ingestion and IG
infusion raises the question of whether these responses are encoded by the same or different
cells (Fig. 3a). We therefore presented mice with sequential oral and visceral stimuli and
compared the responses of individual neurons (Fig. 3b).

We first compared oral versus |G Ensure. Mice were fasted overnight and then allowed
to consume Ensure for 10 min, at which point the sipper was removed. Twenty minutes later,
mice received an IG infusion of Ensure (1 mL over 10 min) and activity was recorded for an
additional twenty minutes. Alignment of single-cell responses (Fig. 3c, f, i) revealed, first, a
major subset of cells that respond to oral but not IG Ensure (Type 1 cells, 25% of activated
neurons). This shows that many cNTS neurons are specifically tuned to pregastric signals. A
second class of cells (Type 2; 42%) were activated by |G infusion of Ensure but not oral
ingestion. Thus, these cells can respond to Gl feedback, but this is suppressed during oral

ingestion. A third group of cells (Type 3; 33%) were activated by both oral and |G Ensure and
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therefore could theoretically respond to a mixture of pregastric and Gl signals during normal
ingestion (Extended Data Fig. 5a-d). Consistent with this possibility, we found that while the
onset of responses to oral ingestion was equally rapid in Type 1 and 3 cells (Extended Data Fig.
5b), more activation persisted after ingestion ended in Type 3 cells (Extended Data Fig. 5e),
reflecting a possible contribution from a delayed Gl signal.

Since oral Ensure is not a pure oral stimulus but also contains calories that could
influence responses to subsequent IG infusion, we repeated this experiment by comparing |G
Ensure with oral sucralose, which is sweet but has no post-ingestive effect (Extended Data Fig.
5f-h). We found that oral ingestion of sucralose and Ensure activated a similar percentage of
cNTS neurons (58% vs. 61% for Ensure vs. sucralose), indicating that calories and Gl feedback
are not required for the acute cNTS response to ingestion (Fig. 3d, g, j). When we sorted these
sucralose-activated neurons by their responses to |G Ensure, this revealed again three
populations of responsive cells (Fig. 3d) in similar proportions to the previous experiment (Fig.
3c). However, in this case, there was no difference between Type 1 and 3 cells in the activity
that persisted after sucralose consumption ended (Extended Data Fig. 5i), which may be due to
the fact that sucralose does not have calories. Taken together, these data show that most cNTS
neurons respond rapidly to pregastric cues, but that, in a subset of these cells, the duration of
these responses may be modulated by post-ingestive feedback.

Much research has focused on the distinction between cNTS neurons involved in satiety
and those involved in nausea or sickness'”222538.55.5 pyt these ideas have never been tested
by neural recordings in awake animals. We therefore asked to what extent aversive and
nutritional stimuli modulate the same versus different cNTS cells. Mice were allowed to
consume Ensure (10 min) before being challenged with an injection of either LiCl (an emetic) or
LPS (which induces a sickness-like state®®-%8) (Fig. 3e and Extended Data Fig. 6a-g). We found
that there were again neurons specifically tuned to either oral or visceral (in this case, aversive)
stimuli, as well as some cells that responded to both (Fig. 3h, k and Extended Data Fig. 6b-c).
However, compared to the preceding experiments that examined two ingestion-related stimuli,
there was noticeably less overlap between the cells that responded to oral Ensure versus
aversive agents. We quantified this difference by calculating a stimulus bias index that reflects a
neuron’s relative response for one stimulus versus another on a scale from -1 to +1. This
revealed more strongly tuned cells when we compared ingestive and aversive stimuli than when
we compared ingestive stimuli to each other (e.g. mean absolute value of stimulus bias index =
0.85 + 0.03 for oral Ensure-LPS injection versus 0.65 + 0.04 for oral-IG Ensure, p < 0.0001; Fig.

3c and Extended Data Fig. 6f). We obtained similar results when we calculated the correlation
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between the neural responses to pairs of oral and visceral stimuli (e.g. p < 0.0001 between oral
240  Ensure-IG Ensure versus oral Ensure-LiCl injection; Extended Data Fig. 6g). Taken together,
these data support the notion that many cells in the cNTS are biased to respond to either

nutritional or aversive signals, although this demarcation is not absolute.

cNTS neurons respond to a combination of chemosensory and mechanosensory
245  pregastric cues
We next investigated the nature of the signals responsible for the rapid activation of
cNTS neurons during ingestion. To separate ingestive from exterosensory (i.e. cue) responses,
mice were trained to consume Ensure in a trial-based format in which each trial was initiated by
an auditory cue (1s) followed by a delay (2s) and then brief access (30s) to a small volume of

250 Ensure (~30 uL, diluted 1:1 in water) (Fig. 4a). Approximately 50% of cNTS cells were rapidly
activated during ingestion in this paradigm (Fig. 4b). Among these activated cells, the largest
group (72% in trial 2) responded time-locked to the onset of consumption, with activity that
ramped over the 5s during ingestion before gradually declining after the Ensure was consumed
(Fig. 4b-c and Extended Data Fig. 7a). A second group of cells were activated by the auditory

255  cue that preceded food delivery and then became further activated during consumption (21% of
activated neurons), whereas a small population of cells responded only to the cue and then
declined to baseline after ingestion commenced (7% of activated neurons; Fig. 4c-e). Thus,
most cNTS neurons are activated by oral contact with food, although some cells can also
respond to cues that predict food delivery.

260 These ingestion-triggered responses did not depend on a specific macronutrient, as we
observed similar activation during consumption of pure glucose, Intralipid, or sucralose
(Extended Data Fig. 7e), whereas responses to water ingestion were weaker (Fig. 4f-i) despite
similar licking behavior (Extended Data Fig. 7f). To understand how individual cells respond to
food versus water, we performed experiments in which the access to Ensure or water was

265 interleaved across trials within the same session (Fig. 4j). This confirmed that Ensure
consumption recruited more cells than water (38% vs. 13%, second round of presentations) and
caused greater mean activation per cell (2.2 £ 0.2 z vs. 1.4 £ 0.1 z for Ensure versus water,
second round of presentations, p = 0.0207, Fig. 4k-n), despite no significant differences in
licking behavior (Extended Data Fig. 7g). Of note, most of the cells that responded to water

270 ingestion also responded to Ensure (Fig. 40-p), indicating that few cells are tuned to water
specifically. Analogous experiments comparing ingestion of glucose and Intralipid revealed that

the population responses to sugar and fat consumption were more similar to each than the
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responses to Ensure and water (PCC = 0.34 + 0.02 for glucose-Intralipid compared to 0.16 +
0.03 for Ensure-water, p < 0.0001; Extended Data Fig. 7h-0), suggesting that most cells
respond to food ingestion rather than the specific food identity.

In all the experiments above, the mouse was allowed to freely initiate consumption. To
rule out the possibility that these differential neural responses to food and water are secondary
to differences in behavior, we performed neural recordings in response to intraoral infusions,
which allows us to precisely control the rate, timing, and duration of oral fluid ingestion (Fig. 5a).
Mice were given four brief (5 second) infusions of either water, sucralose, or Ensure, each
separated by one minute. Consistent with results from free licking, the percentage of responsive
neurons progressively increased as the fluid was changed from water to sucralose to Ensure
(e.g. 37% to 62% to 76% of cells responding in the first bout). There was also an increase in the
magnitude of responses among the activated neurons, with stronger average responses to
Ensure and sucralose than water (e.g. 2.9 £ 0.4 z vs. 5.4 + 0.5 z for water vs. sucralose 15-30s
during the first bout, p < 0.0001; Fig. 5b-f and Extended Data Fig. 8a-c). Interestingly, these
stronger magnitude responses were specific to the period immediately after fluid ingestion (e.g.
15-30s after the start of each trial, Fig. 5e), which resulted in a ramping activation throughout
the session following consumption of sucralose and Ensure but not water (Fig. 5b). Taken
together, these data indicate that, relative to water, food tastes and/or nutrients increase cNTS
activation by (1) recruiting more cells throughout the session, and (2) increasing the duration of
activation of those cells, so that it persists immediately after ingestion stops.

In addition to these chemosensory signals, the volume of fluid ingested can be detected
by monitoring distension of the pharynx and esophagus, which is sensed by cranial afferents
that innervate the throat and project to the caudal brainstem?°. To investigate this, we used an
oral gavage tube to mechanically stimulate the pharynx or esophagus and then compared these
responses to those of Ensure ingestion in the same session (Fig. 5g). We found that many
cNTS neurons were activated by distension of the pharynx (20%) or esophagus (36%) (Fig. 5h
and Extended Data Fig. 8d). This activation was coincident with tube insertion and then rapidly
declined when the tube was removed (Fig. 5i). Subsequent consumption of Ensure recruited a
broad population of activated cNTS neurons (67%), which included almost all cells that
responded to isolated esophageal distension (83%) (Fig. 5j-k and Extended Data Fig. 8e-g).
This indicates that esophageal distension is likely one component of the cNTS response to fluid
ingestion. However, the fact that most Ensure responsive cells were not responsive to

esophageal stretch (Fig. 5j-k) indicates that other signals are involved.
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Gl feedback is largely dispensable for rapid cNTS responses to ingestion
Given that most of the cNTS response to ingestion is too fast to be driven by gut
feedback, we designed two experiments to assess whether Gl signals are required for these
310 rapid dynamics. First, we tested whether CCK, which is required for cNTS activation in response
to IG fat (Fig. 1 and Extended Data Fig. 1) is also required for the cNTS activation in response
to orally ingested fat. Remarkably, we found that it was not, as pretreatment with the CCKAR
antagonist devazepide had no effect on any aspect of the response to oral fat ingestion,
including the percentage of activated cells (30 + 10% vs. 27 + 9 % after vehicle vs. devazepide
315 injection, p = 0.9510), the strength of their activation (2.1 £ 0.2 z vs. 2.0 £ 0.3 z after vehicle vs.
devazepide, p = 0.9470), their latency to respond or the duration of their response after Intralipid
consumption (Extended Data Fig. 8h-n). Consistent with this, devazepide pretreatment also had
no effect on the amount of Intralipid consumed by mouth (Extended Data Fig. 80-q). This was in
contrast to IG Intralipid, where devazepide pretreatment caused a dramatic increase in
320 subsequent food consumption (Fig. 10-p). Thus, the cNTS uses different signals to detect
ingested fat when it is consumed by mouth versus when it is infused into the stomach, and CCK
becomes dispensable during oral ingestion.
Many gut-brain signals of food ingestion are transmitted by the vagus nerve'22€11%9 We
therefore asked whether gut-innervating vagal afferents are necessary for cNTS responses to
325 food ingestion. To test this, we took advantage of the fact that our imaging preparation is
unilateral (i.e. we image only one hemisphere of the cNTS per mouse) and the two nodose
ganglia project preferentially to their ipsilateral cNTS®%-62, For this reason, a unilateral, cervical
vagotomy on the same side as the imaging implant will greatly reduce vagal input to the imaged
cells, while at the same time leaving most of the contralateral vagal pathway intact. This allows
330 us to block vagal input without causing the disruptions to Gl function that accompany bilateral
subdiaphragmatic vagotomy and confound the interpretation of behavioral experiments®3-%5.
We first measured cNTS responses, in vagus-intact animals, to Ensure consumption and
CCKinjection. We used CCK as a control because gut-brain signaling by CCK is known to
require the vagus nerve®%87 We then subjected animals to a vagotomy in which we transected
335 the ipsilateral vagus just below the level of the superior laryngeal nerve (Fig. 6a-b and Extended
Data Fig. 9a), which eliminates all vagal input from the viscera (including the stomach,
intestines, and lower esophagus) but has minimal effect on vagal innervation of the oropharynx
and upper esophagus®-7°. After animals recovered from surgery, we then recorded again cNTS

responses to consumption of Ensure or a CCK injection.
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340 As expected, unilateral vagotomy greatly reduced the cNTS responses to CCK injection,
including the percentage of activated cells and the overall strength of activation (78 + 8 % vs. 40
+ 9 % activated cells, before vs. after vagotomy, p = 0.0151; Fig. 6¢c-e and Extended Data Fig.
9b). The fact that the blockade was not complete is presumably due to the fact that some vagal
afferents project to the contralateral cNTS®-2, However, and in striking contrast to the CCK

345  results, vagotomy had minimal effect on most responses to oral ingestion of Ensure (Fig. 6f-j
and Extended Data Fig. 9c-e). For example, there was no difference in the percentage of
activated cells (62 + 7 % vs. 55 + 14 %, before vs. after vagotomy, p = 0.8693) or the strength of
their activation (p = 0.6254) over the course of the 10 min Ensure access (Fig. 6g and Extended
Data Fig. 9e). There was also no difference in the strength of the seconds-timescale cNTS

350 responses that occurred at the start of each lick bout (Fig. 6i-j and Extended Data Fig. 9f). We
did detect a small reduction in vagotomized animals in the persistence of cNTS neuron
activation after Ensure access was removed (Fig. 6h), which is consistent with other data (Fig.
3c and Fig. 5b) suggesting that Gl input may modulate the duration of pregastric responses. In
addition, we found that cNTS neurons were activated even more rapidly by oral ingestion

355 following vagotomy (Extended Data Fig. 9g-j), suggesting that these circuits may become more
tuned to pregastric signals after the partial loss of Gl feedback. Taken together, these data show
that two canonical Gl signals — CCK and the vagus nerve — are dispensable for most of the

cNTS responses to food ingestion, which instead reflect faster, pregastric signals.

360 A PVH to cNTS pathway for rapid responses to ingestion
The fact that most cNTS neuron responses to ingestion do not require gut-innervating

vagal afferents raises the question of where these signals come from. The responses to
pharyngeal and esophageal distension (Fig. 5g-i) are likely transmitted by branches of the vagal
and glossopharyngeal nerves that innervate these structures?*® and which were spared in our

365 vagotomy. However, most cNTS neurons that responded to Ensure ingestion were not activated
by esophageal distension, indicating that additional inputs are involved (Fig. 5j). In addition to
these cranial nerves, the cNTS also receives extensive descending input from the forebrain*'44,
raising the possibility that some of these rapid responses may be inherited from other
structures. One plausible candidate to provide this input is the paraventricular nucleus of the

370  hypothalamus (PVH), which provides dense glutamatergic input to the cNTS*"7'-73 and which,
like the cNTS, contains neurons whose activity is time-locked to the dynamics of food

ingestion™.
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We first tested whether the PVH neurons that project to the cNTS exhibit ingestion-
activated dynamics. A Cre-dependent AAV expressing axon-GCaMP6s was injected into the
PVH of Sim1-Cre mice (which labels almost all PVH neurons)’>7 and an optical fiber was
implanted above the cNTS to record axonal calcium by photometry (Fig. 7a-b). We found that
Ensure ingestion triggered rapid activation of PVH terminals that was time-locked to the start of
each lick bout and then decayed when the lick bout stopped (Fig. 7c-e). Additionally, PVH
terminals were rapidly activated by ingestion of sucralose (0.75 + 0.18 z, p = 0.0002) but not
saline (0.29 £ 0.16 z, p = 0.2424) or when mice performed dry licks at an empty sipper (Fig. 7d-
f). Thus, PVH—cNTS axon terminals respond to ingestion with rapid dynamics similar to cNTS
neurons, suggesting that PVH input could contribute to these cNTS responses.

We next measured how PVH input modulates cNTS neurons in vivo. To do this, we
designed an experiment in which we could stimulate PVH terminals while simultaneously
imaging calcium dynamics in cNTS cell bodies. A Cre-dependent AAV expressing the red-shifted
opsin ChrimsonR was targeted to the PVH of Vglut2-Cre mice and, in the same surgery,
GCaMP6s was targeted to the cell bodies of neurons in the cNTS (Fig. 7g-h). We then installed
a GRIN lens above the cNTS so that we could image local cell bodies while stimulating PVH
axons using an nVoke microscope’®.

We first showed that stimulation of PVH axons in the cNTS caused rapid activation of a
large subset of cNTS cells in mice expressing ChrimsonR but not in controls (Fig. 7i-j and
Extended Data Fig. 10a-b). This activation scaled with the duration of axon stimulation, as
longer stimulation (from 10 to 40 to 120 s) resulted in the progressive recruitment of more cNTS
cells (e.g. 20% to 48% to 61% of cells activated) and stronger activation during stimulation or
after laser offset (Fig. 7k and Extended Data Fig. 10c-f). To determine whether the same cNTS
cells respond to PVH input and natural ingestion, we allowed mice to lick Ensure for 10 min,
then removed access for 20 min and briefly stimulated PVH axons. There was extensive overlap
between the cells that responded to Ensure and PVH stimulation (47% of cells responded to
both), and their responses were significantly correlated (p < 0.0001, Fig.7l-n and Extended Data
Fig. 10g-1). This suggests that PVH input contributes to the natural activation of cNTS during
ingestion, although other inputs are likely also involved.

To test the functional importance of this PVH input for behavior, we targeted the
inhibitory opsin eOPN3 to the PVH of Vglut2-Cre mice and, in the same surgery, installed a
bilateral optical fiber above the cNTS for silencing (Fig. 7o0-p). Of note, terminal silencing with
eOPN3 blocks synaptic transmission from the targeted axons without impairing firing of distant

cell bodies’, and therefore allows for functional characterization of individual pathways even
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when the axon projections are highly collateralized. We found that silencing of PVH to cNTS
axons increased consumption of both Ensure and chow, but not water (chow consumed = 0.17
+ 0.03 g vs 0.31 £ 0.04 g, without and with laser, p = 0.0078; Fig. 7g-r and Extended Data Fig.
11a, f-g, j-k), indicating that, like many cNTS cell types'’, this pathway specifically suppresses
food consumption. In contrast, no effect of laser stimulation was observed in control animals
that expressed mCherry (Extended Data Fig. 11b-e, h-i, I-m). Taken together, these data show
that (1) the PVH relays a lick-triggered signal of ingestion to the cNTS, (2) this pathway
activates many of the same neurons that respond to natural ingestion, and (3) this pathway is

necessary for restraining consumption of food but not water.

Discussion:

The question of why we stop eating is one of the fundamental problems in physiology.
Traditionally, this process has been explained in terms of negative feedback from the stomach
and intestines, which gradually intensifies as a meal progresses, tracks cumulative food
consumed, and is integrated in meal termination circuits within the cNTS. Here, we have tested
this idea by recording for the first time the activity of individual neurons across the cNTS while
animals eat. Contrary to current models, we found that most cNTS neurons do not track Gl
feedback during eating and instead are rapidly activated before any significant amount of food
reaches the gut. This rapid feedback is time-locked to ingestion, arises from the mouth and
throat, and reflects a combination of mechanical, gustatory and nutritive pregastric signals.
These pregastric responses do not depend on canonical gut-brain pathways, including the
vagus nerve, although Gl feedback likely modulates their duration. We show that one source of
this rapid, pregastric input is descending projections from the PVH, which track ingestion
dynamics and are required for satiation. These findings challenge the prevailing view that meal
termination is driven primarily by gut-brain signals that report on cumulative food consumed.
Instead, our data suggest that the caudal brainstem makes extensive use of pregastric signals

that track the dynamics of ingestion in order to anticipate when eating should stop.

cNTS responses are dominated by pregastric signals during ingestion

An unexpected finding from this study is that most cNTS responses to food consumption
appear to be driven by pregastric rather than Gl cues. This conclusion is based on nine lines of
evidence. (1) Most ingestion-activated cNTS neurons respond coincident with, or within a few
seconds after, the start of eating (Fig. 4b-e). This timescale precedes any significant food

accumulation in the gut®. (2) Many cNTS neurons respond to a conditioned auditory cue that
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precedes the start of eating and predicts food delivery (Fig. 4b-e). (3) The neural response to IG
infusion is, on average, much slower than the response to volume, rate and calorie-matched
oral consumption of the same food (Fig. 2d and Extended Data Fig. 3a-b). This confirms that Gl
responses are, indeed, slow and therefore cannot explain the fast dynamics we observe during
normal eating. (4) In addition to having a faster onset, the responses to oral consumption have a
faster offset than the responses to matched IG infusion (Extended Data Fig. 3g-j), which again
suggests different mechanisms. (5) The response to IG infusion is highly correlated with the
total amount of food infused, whereas the response to oral consumption is uncorrelated with
total intake (Fig. 2g and Extended Data Fig. 3k-I). This result does not make sense if the same
signals are driving cNTS activity. (6) Oral ingestion activates many cNTS neurons that do not
show any response to |G infusion of nutrients (Fig. 3c-d). Thus, these cells are tuned to
pregastric cues and their activation during normal ingestion cannot be attributed to Gl signals.
(7) Many cNTS neurons are activated by consumption of the non-caloric sweetener sucralose,
which has little or no post-ingestive effect (Fig. 3d). (8) Responses to oral consumption are
mostly preserved after loss of key gastrointestinal feedback, including notably severing of gut-
innervating vagal afferents (Fig. 6f-j) or blocking the hormone CCK (Extended Data Figure 8h-
n). (9) Oral sucralose ingestion causes activation of cNTS neurons that persists for several
minutes after the end of ingestion (Extended Data Fig. 5i), whereas IG sucralose has no effect.
This is important because it reveals that an oral, gustatory stimulus alone can cause responses
that are sustained into the post-ingestive period without any involvement from gastrointestinal
feedback.

While these observations imply a major role for pregastric signals in driving cNTS
dynamics during eating, we did find evidence for an effect of Gl feedback in modulating the
duration of these responses. For example, we found that whether a neuron responds to IG
Ensure predicts the duration of its response to oral Ensure (Extended Data Fig. 5e), even
though the rapid onset of those oral responses is not due to Gl feedback. We likewise found
that, during intraoral infusions, the presence of nutrients increases the duration of activation that
persists immediately after the infusion stops (Fig. 5d-f). Similarly, we found that removal of gut-
innervating vagal afferents selectively decreases the cNTS activation that persists after the end
of oral Ensure consumption (Fig. 6h). All these findings suggest that Gl signals exert their force,
in part, by modulating the persistence of neural responses that are initiated by pregastric cues.
This modulatory effect occurs on a timescale of seconds to a few minutes. In addition to these

modulatory effects, we also identified a small percentage of cells (5% during Ensure free licking,

14


https://doi.org/10.64898/2025.11.30.691333
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.11.30.691333; this version posted February 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Extended Data Fig. 2a) that have a slow onset activation and may be driven entirely by bona

475 fide post-ingestive signals.

Rapid cNTS activation involves both chemosensory and mechanical signals from the
oropharynx and esophagus

Our data suggest that both mechanical and chemical signals from the mouth and throat

480 are involved in the rapid activation of cNTS neurons during eating. Regarding the former, we
found that direct distension of the oropharynx or esophagus activates many of the same cNTS
cells that respond to eating (Fig. 5j), suggesting that distension is one component of the rapid
response to ingestion. Consistently, we found that ingestion of water, which lacks calories and
has minimal taste, is sufficient to activate many cNTS neurons (Fig. 4f-g). Nevertheless, we

485  observed much stronger and broader activation when animals ingested nutritive or sweet
solutions compared to water (Fig. 4f-p), and these differences persisted even when we precisely
matched the ingestion dynamics using an intraoral catheter (Fig. 5a-f). We also found that food
consumption caused broader activation than isolated esophageal stimulation (Fig. 5j). These
data suggest that there is a baseline response in the ctNTS to mechanical signals from the

490 mouth and throat during ingestion, which is then amplified by chemosensory cues associated
with food.

How these chemosensory cues become associated with food is an important subject for
future investigation. We found that ingestion of a sweet tastant, even when non-nutritive, was
sufficient to acutely activate more cNTS neurons than ingestion of water (Fig. 4f-i). This is

495  presumably because sweet taste is associated with nutrient-dense foods, but whether this
association in the cNTS is learned or innate is unknown. On the other hand, ingestive
responses were stronger and more sustained when an actual nutrient-dense solution (Ensure)
was consumed (Fig. 5b,e). This ability of cNTS neurons to rapidly distinguish between nutritive
and non-nutritive sweet solutions could involve several mechanisms, including (1) direct nutrient

500 sensing in the mouth®'-83 (2) modulation of pregastric responses, in real time, by nutrient
sensing in the intestine, and (3) a slower learning process in which post-ingestive nutrients feed
back to reinforce an association between orosensory cues and caloric value®-%. Regarding the
last possibility, classic experiments using sham feeding showed that an important component of
satiation is pregastric and remains intact even when all Gl feedback is lost®”-%. This residual

505 satiety was hypothesized to be driven by orosensory cues that had become associated, through
learning, with a food’s nutrient content®’. Our discovery of widespread cNTS responses to

orosensory cues associated with food is consistent with this behavioral data.
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Gut feedback is reduced, and becomes partly dispensable, during oral ingestion

510 Signals from the stomach and intestine are thought to be indispensable for satiety, yet
we found that cNTS responses to this Gl feedback are reduced when food is consumed by
mouth. For example, we showed that many cNTS responses to nutrients, particularly fat, are
more sustained when they are delivered directly to the stomach compared to when they are
ingested orally, even when the food is delivered in the same amount. Moreover, the activation of

515 ¢cNTS neurons by fat depends on CCK only when the fat enters the body through an IG catheter
(Fig. 1m and Extended Data Fig. 1g-r). Similarly, we identified many individual neurons that are
strongly activated by IG infusion but not at all by matched oral ingestion, which is paradoxical
since all food consumed by mouth reaches the stomach. While there are clearly some cNTS
neurons that are tuned only to Gl signals, our data suggest that most cNTS cells respond

520  weakly to traditional Gl feedback during normal ingestion, at least under our imaging
conditions.

There are several possible explanations for these observations. One possibility is that
oral ingestion causes changes in gut reflexes that minimize the production of the Gl signals
associated with food ingestion. We were unable to detect differences in gastric emptying or lipid

525  absorption between oral and |G infusion (Extended Data Fig. 4), but it is possible that other
reflexes are differentially engaged depending on the ingestion route. We previously identified
one rare cell type that responds only to Gl feedback (GCG neurons) and, in this case, there was
no difference in the neural response to oral versus IG infusion of the same food'’, which argues
against this explanation. However, it is possible that other cell types have different sensitivity to

530 these signals.

A second possibility, which is not mutually exclusive with the first, is that oral ingestion
modulates the intrinsic sensitivity of cNTS neurons to signals from the gut. This could involve
GABAergic interneurons in the cNTS, which are anatomically positioned to gate vagal input to
neighboring glutamatergic cells through feedforward inhibition®®°' and which have been shown

535 to shape the responsiveness of glutamatergic cNTS cells to vagal input in anesthetized
animals'?. This would have parallels to other motivational systems, such as the dopamine
system, in which GABAergic interneurons function to blunt the response to expected rewards®2.
The effect of such context-dependent gating would be to shift the neural responses to ingestion
forward in time, so that pregastric cues, which precede and anticipate the bodily effects of

540 ingestion, can be used to rapidly guide behavior. This would be adaptive in the context of meal

termination, because digestion and absorption are slow (e.g. gastric emptying requires
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hours®%), and satiety must therefore be generated in anticipation of the physiologic effects of

eating. Indeed, such anticipatory regulation has now been observed for a number of important

cell types that control appetite’%-8 It will be important in the future to investigate how exactly

545 these anticipatory signals are generated and used to guide behavior.
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780 Methods

All experimental protocols were approved by the Institutional Animal Care and Use Committee
of the University of California, San Francisco, following the National Institutes of Health

guidelines for the Care and Use of Laboratory Animals.

785  Mouse Strains
Animals were maintained in temperature- and humidity-controlled facilities with 12 h light-dark
cycle and ad libitum access to water and standard chow (PicoLab 5053. All studies employed a
mixture of male and female mice. We obtained wild-type (C57BL/6J, Jackson cat.n0.000664),
Vglut2©™ (B6;SIc17a6m2(crelow/j - Jackson cat.no.016963), and Sim1°® (B6; Tg(Sim1-cre)'-o"/J,
790  Jackson cat.no. 006395) mice from Jackson Labs. All transgenic or knock-in mice used in these
studies were on the C57BL/6J background.

Intracranial Surgery

General procedures: Animals were anaesthetized with 2% isoflurane and placed in a stereotaxic

795  head frame on a heating pad. Ophthalmic ointment was applied to the eyes and subcutaneous
injections of meloxicam (5 mg kg™') and sustained-release buprenorphine (1.5 mg kg™') were
given to each mouse before surgery. The scalp was shaved, scrubbed (betadine and alcohol
three times), a local anesthetic was applied (bupivacaine 0.25%) and then an incision was made
through the midline. A craniotomy was made using a dental drill (0.5 mm). Virus was injected at

800 arate of 150 nL min~" using a glass pipette connected to a 10 yl Hamilton syringe (WPI),
controlled using a Micro4 microsyringe pump controller (WPI). The needle was kept at the
injection site for 2 min before withdrawal. Fiber optic cannulas or a GRIN lens were implanted
after virus injection during the same surgery, and these were secured to the skull using
Metabond (Patterson Dental Supply, 07-5533559, 07-5533500; Henry Schein, 1864477) and

805  Flow-It (Patterson Dental Supply, 07-6472542).

Microendoscopy in the cNTS: Vglut2° mice (n = 19) were prepared for imaging by injecting

AAV1-CAG-Flex-GCaMP6s-WPRE-SV40 (200 nL; 3 x 10" viral genome copies (vg) mL™";

Addgene) into the cNTS (1.3 mm AP; £0.3 mm ML; -4.3 mm DV relative to the occipital crest
810  with 20° in the AP direction) and installing a GRIN lens (9 x 1 mm length; Inscopix 1050-004596)

above the injection site (1.5 mm AP; £0.37 mm ML; -4.27 mm DV relative to the occipital crest

with 20° in the AP direction) in the same surgery. The GRIN lens was slowly lowered into the
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Extended Data Figure 10: PVH terminals activate downstream cNTS neurons.

a, Percentages of ctNTS neurons classified as activated, inhibited, or non-responsive during PVH—
cNTS ChrimsonR photostimulation (left) and in the post-stimulation period (right), compared to
no-opsin controls.

b, CDF of mean z-scores during the 2—10 min post-stimulation window for ChrimsonR versus control
mice.

¢, Individual cNTS neuron traces during 2s ON / 3s OFF photostimulation for stimulation durations of
10s, 40s, and 2 min.

d, Percentage of neurons categorized as activated, inhibited, or non-responsive at each stimulation
duration in ChrimsonR mice.

e, Mean z-scores across all neurons during stimulation for no-stim controls and each stimulation
duration.

f, Mean z-scores in the immediate post-stimulation period (0—1 min) for each stimulation duration.

g, Venn diagram percentage of cNTS neurons responsive to oral Ensure ingestion (0-10 min), PVH
terminal stimulation, or both.

h, Heatmaps of cNTS neuron activity aligned to the first Ensure lick bout (left) and to PVH terminal
stimulation (right), with neurons categorized as responsive to Ensure only, stimulation only, both, or
non-responsive.

i, Venn diagram showing percentage of neurons responsive to the first Ensure bout (0-15s), PVH
terminal stimulation, or both.

j, Histogram of stimulus bias indexes for the first bout of Ensure ingestion vs. PVH terminal stimulation.
k, Histogram of Pearson correlation coefficients (PCC) between single-cell responses to Ensure
ingestion and PVH terminal stimulation.

I, CDF of PCC for Ensure ingestion versus PVH terminal stimulation with shuffled controls (gray).
NS, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Data are mean £ sem.
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PVH-cNTS terminal silencing increases food intake
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Extended Data Figure 11: PVH—cNTS terminal silencing increases food intake.

a, Bout size (left) and bout number (right) during dark-phase Ensure intake (2 hours) for mice expressing
eOPN3 with no laser (NL) versus laser (L).

b, Histological verification of PVH neurons and terminals in the cNTS expressing mCherry and optic fiber
placement above the cNTS. Scale bar = 100 pm.

c, Left, cumulative licks during dark-phase Ensure intake for NL versus L. Right, total licks.

d, Bout size (left) and bout number (right) during dark-phase Ensure intake (2 hours) for mice expressing
mCherry with NL versus L.

e, Total chow consumed (grams) during the dark phase for mice expressing mCherry for NL versus L.

f, Left, cumulative licks during Ensure intake for fasted mice expressing eOPN3 with NL versus L. Right,
total licks.

g, Bout size (left) and bout number (right) during Ensure intake (1 hour) for fasted mice expressing
eOPN3 with NL versus L.

h, Left, cumulative licks during Ensure intake for fasted mice expressing mCherry with NL versus L.
Right, total licks.

i, Bout size (left) and bout number (right) during Ensure intake (1 hour) for fasted mice expressing
mCherry with NL versus L.

j, Left, cumulative licks during water intake for water-deprived mice expressing eOPN3 with NL versus L.
Right, total licks.

k, Bout size (left) and bout number (right) during water intake (1 hour) for water-deprived mice
expressing eOPN3 with NL versus L.

I, Left, cumulative licks during water intake for water-deprived mice expressing mCherry with NL versus
L. Right, total licks.

m, Bout size (left) and bout number (right) during water intake (1 hour) for water-deprived mice
expressing mCherry with NL versus L.

NS, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Data are mean £ sem.
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