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In brief

Sensory cortices have long been
proposed to play a role in working
memory. Juen et al. demonstrate that
persistent activity in gustatory cortex
functions as a memory trace of a recent
taste experience. They show that by
manipulating the duration of persistent
activity, they abolish or enhance short-
term taste memories.
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SUMMARY

Real-time decisions on what foods to select for consumption, particularly in the wild, require a sensitive
sense of taste and an effective system to maintain short-term taste memories, also defined as working mem-
ory in the scale of seconds. Here, we used a behavioral memory assay, combined with recordings of neural
activity, to identify the brain substrate for short-term taste memories. We demonstrate that persistent activity
in taste cortex functions as an essential memory trace of a recent taste experience. Next, we manipulated the
decay of this persistent activity and showed that early termination of the memory trace abolished the mem-
ory. Notably, extending the memory trace by transiently disinhibiting taste cortical activity dramatically
extended the retention of a short-term taste memory. Together, our results uncover taste cortex as a neural
substrate for working memory and substantiate the role of sensory cortex in memory-guided actions while

imposing meaning to a sensory stimulus.

INTRODUCTION

The taste system is responsible for detecting and responding to
the five basic taste qualities: sweet, umami, bitter, sour, and
salty."? Sweet and umami taste-receptor cells (TRCs) promote
the ingestion of energy-rich and protein-rich food sources,**
respectively, whereas bitter and sour TRCs ensure aversion to
toxic and spoiled (acid/fermented) foods.>® Salt-sensing TRCs
detect and help maintain sodium balance.”™

Over the past several years, we have identified the TRCs and
receptors mediating all five taste qualities (see for example
Zhao et al.,° Mueller et al.,® Chandrashekar et al.,” and Zhang
et al.?), and showed that taste signals from TRCs are transferred
via labeled lines to matching taste neurons,®° such that sweet
TRCs connect to sweet ganglion neurons,'® and they, in turn,
enter the brain to connect with matching brainstem neurons
tuned to sweet taste (i.e., in the rostral nucleus of the solitary tract
['NST]'"); similar logic applies to labeled lines connecting bitter
TRCs to bitter neurons, sour to sour, and so forth.>'%"" From
the rNST, taste signals travel to the parabrachial nucleus, then
the ventral posteromedial nucleus of the thalamus, and finally
to the gustatory cortex in the insula, where information about
different tastes is represented by different cortical neurons.”'#~'°
Gustatory cortex, in turn, communicates with other brain areas,
including those involved in valence, feeding, emotions, multisen-
sory integration, and the internal state, to drive taste-evoked be-
haviors.'®"'® Importantly, the hardwired organization of the taste
system does not mean that taste is not subjected to modulation

L)

or plasticity,'" it means that these innate behaviors are predeter-
mined, independent of learning or experience.

As animals forage for food, they must be capable of holding a
memory trace of their recent taste experiences to compare and
contrast the potential food choices and make the appropriate
decisions.?®?" Anumber of studies have suggested that the stor-
age of short-term memories may involve the same cortical areas
that encode the stimulus features.?”~ In this regard, persistent
activity has been observed in the somatosensory cortex of mon-
keys®® and in the early visual cortex,”>?* auditory cortex,?”*°
and piriform cortex® of animals performing delayed-response
tasks. Here, we combined behavior, physiology, and activity re-
cordings to examine stimulus-evoked activity in taste cortex and
then manipulated the persistent activity to directly demonstrate
that it represents a memory trace of the animal’s recent taste
experience.

RESULTS

A short-term taste memory assay
We implemented a behavioral assay in mice, where animals
placed on a running wheel learned to lick a taste cue from a
sample spout and, after a variable delay period, to report the
identity of the tastant by going to the appropriate reward port
(Figure 1A)*'2% correct responses were rewarded with water
(mice were thirsty and thus motivated to perform this task).

In our first iteration, animals were provided with random pre-
sentations of a single drop of a bitter (1 mM quinine) or a sweet
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Figure 1. A short-term taste memory assay

(A) The cartoon illustrates the behavioral arena and the protocol used to examine short-term taste memories. Head-restrained mice, placed on a running wheel,
were given random presentations of bitter (1 mM quinine) or sweet stimulus (5 MM AceK) from a sampling spout (middle bottle, labeled T). After a variable delay
period of 1-9 s, an odor cue was presented to signal the end of delay and mark the response window (2 s). The animals were trained to report the identity of the
taste stimulus by going to the left or right spout for a water reward (labeled W). Correct responses required the mice to be capable of holding the memory of the
taste stimuli during the variable delay and to properly match them to the odor cue. Each session had 90-130 trials. Odor A, n-amyl acetate; odor B, benzaldehyde
(see text for details). The two boxes detail the taste-odor combinations used in the four- and three-arm behavioral paradigms (see STAR Methods); also shown are

the corresponding differences in training time and performance (Figure S1).

(B) Short-term taste memory performance with a 1-, 3-, 6-, and 9-s delay period in the three-arm paradigm. The graphs show the correct choices (%) for each
delay. Note that the memory of the sweet odor A and bitter odor A combinations decays over time. Tastants were randomly presented in each session. Light and
bold traces represent the individual and average correct choices, respectively; values are mean + SEM; n = 14 mice. Please note that of the 14 animals tested,
8 were trained to go to the right after bitter odor A and 6 were trained to go to the left after bitter odor A, such that any potential “sideness effects” are

counterbalanced.

(5 mM acesulfame K [AceK]) stimulus from the center spout and
allowed to drink it for 0.5 s (total volume ~ 1 pL). Importantly,
mice were trained to hold the memory of the tastant until an
odor cue was presented at the end of a variable delay period
(Figure 1A, see four-arms diagram); this behavioral paradigm
had all possible combinations (sweet odor A, sweet odor B, bitter
odor A, and bitter odor B). However, it required over 20 weeks of
continuous training per animal (see STAR Methods; Figure S1).
Thus, we simplified the assay to three arms (Figure 1A, three-
arms diagram). Under these simpler conditions, we still greatly
minimized premature licking from the water reward ports during
the delay period (Figures S2 and S3), and critically, the animals
also needed to hold the memory of the test stimuli during the
delay period.

Mice were trained for 30-60 sessions (2 sessions/day for
3-4 weeks), each consisting of 90-130 trials. When the mice
were presented with a bitter stimulus followed by odor A
(n-amyl acetate) at the end of the delay, they had to choose
the right port for a water reward. However, if presented with a
sweet stimulus followed by the same odor A, animals had to
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choose the left port for the water reward. A sweet stimulus fol-
lowed by odor B (benzaldehyde) required the animals to choose
the right port for a water reward (see Figure 1A, three-arms dia-
gram). At the end of the training period (see STAR Methods),
mice were able to report the identity of the taste stimulus with
over 90% accuracy when using a 1-s delay (Figure 1B). Because
short-term memories are expected to decay as a function of
time,”**> we then tested responses following a delay period of
3, 6, or 9 s. For the sweet odor A and bitter odor A tasks, the
behavioral performance deteriorated as the duration of the delay
was increased (Figure 1B, left and middle), consistent with the
decay of a short-term memory trace. In the sweet odor B trials,
animals were able to respond correctly, almost independently
of delay time; this would be expected because recognition of
the odor cue alone (odor B) is sufficient to enable the correct
response (see Figure 1B, right).

Activity in gustatory cortex
Previously, we showed that gustatory cortex is essential for
imposing identity to a taste stimulus (i.e., is it sweet or
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(A) Schematic of fiber photometry recordings of taste-evoked activity in the GCbt. AAV-Syn-Flex-GCaMP6s and AAV-CaMKII-Cre viruses (1:1 mixture; see STAR
Methods) were stereotaxically targeted to GCbt (bregma —0.35 mm) unilaterally, and a recording optical fiber was positioned above the injected site.

(B) Traces show GCaMP6s responses to water stimulation (~5 L, 0.5 s) or to dry licks (0.5 s, see STAR Methods). Solid black lines show the average responses +
SEM (gray); n = 8 animals. Note the strong responses to water and even dry licking; these are not taste-evoked responses.

(C) GCbt neurons respond preferentially to bitter stimuli. To distinguish water licking and orofacial activity signals from tastant-evoked responses, the animals
were trained to drink water for 8 s (~20 pL, gray bar) prior to delivery of the taste stimuli (1 L, red arrow). Left: bitter stimuli evoke large responses, time locked to
stimulus delivery (4 mM quinine, red trace, and 0.05 mM Cyx, blue trace). In contrast, GCbt is poorly activated by a strong sweet stimulus (20 mM AceK, green
trace). Right, quantification of fiber photometry responses (Area under the curve [AUC] for the first 3 s). Values are mean + SEM; quinine and AceK, n = 9 animals;
Cyx, n = 5 animals. Individual traces are shown in Figure S4.

(D) The tastant-evoked responses depend on the activation of taste-receptor cells (TRCs) as they are missing in knockout animals unable to activate sweet and

bitter TRCs. Values are mean + SEM; n = 5 animals. Note that responses to water are unaffected.

bitter?).'>'®> We hypothesized that the sweet and bitter cortex
may function as key substrates for retaining short-term taste
memories. We reasoned that a short bitter stimulus would trigger
strong short-term memories and therefore focused our work on
bitter-evoked responses.

In the taste cortex (insula), bitter-responding neurons are
greatly enriched in the posterior insula (hereafter referred to as
"Gustatory Cortex-bitter" and abbreviated GCbt; bregma
—0.15 to —0.5 mm).">"">"® Thus, we infected GCbt of wild-
type mice with a mixture of AAV-CaMKII-Cre and AAV-
Synapsin-Flex-GCaMP6s constructs,*® so as to drive expres-
sion of the genetically encoded calcium indicator GCaMP6s in
GCbt neurons, and used fiber photometry®” to monitor tastant-
evoked responses (Figures 2A and S4-S6).

Insular cortex is known to respond robustly to water and
licking (Figure 2B).>**" In order to distinguish these orofacial
signals from tastant-evoked responses, we first allowed the an-
imals to lick water (Figures 2C and S4) or dry licking (Fig-
ure S5B) prior to tastant delivery, so as to establish a baseline
(total consumption ~ 20 pL of water, or 15 dry licks), and then
presented them with 1 pL of a bitter (4 mM quinine or 50 uM
cycloheximide [Cyx]) or a sweet stimulus (20 mM AceK). As ex-

pected, GCbt neurons exhibited robust, time-locked responses
to bitter tastants (Figures 2C, S4, and S5B). By contrast, re-
sponses to sweet tastant were very small, even when using
exceedingly strong sweet stimuli (Figures 2C, S4, and S5B).
To demonstrate that these tastant-evoked responses indeed
originate from the selective activation of TRCs on the tongue
and represent validated cortical taste responses (rather than re-
sponses to water, licking, orofacial, or other non-taste activity,
see Chen et al."") we repeated the fiber photometry recording
experiments in animals lacking the taste signaling channel
TRPMS; this ion channel is essential for bitter and sweet
signaling.*? Indeed, all responses to bitter, as well as the small
responses to sweet, were abolished in the taste cortex of the
TRPM5 knockout animals (Figure 2D). Not surprisingly, re-
sponses to water were unaffected (Figure S5C). These results
substantiate the tastant-dependency of the responses and
further illustrate the strong representation of bitter- versus
sweet-responding neurons in posterior insula.’®"'®

Next, we examined the time course of the taste responses.
Notably, we observed significant persistent activity during the
variable delay period, long after termination of the 0.5 s bitter
taste stimulus, and with a timescale that far exceeded the
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Figure 3. Persistent activity in taste cortex

(A) Schematic of photometry and short-term taste memory assay. Mice were given one drop of water (~1 puL), followed by 2.5 s of dry licks prior to the presentation
of the sweet (5 mM AceK) or bitter (1 mM quinine) stimulus. The incorporation of the dry-lick window helps minimize the volume of water consumed and motivates
the animals to continue performing for a water reward.

(B) Normalized average GCaMP6s responses in GCbt to the bitter odor A stimuli (black trace + SEM), using a 1-s delay. n = 6 animals, 175 trials.

(C) Normalized average GCaMP6s responses in GCbt to the bitter odor A stimuli (black trace + SEM), using a 3-s delay. n = 6 animals, 174 trials.

(D) Normalized average GCaMP6s responses in GCbt to the bitter odor A stimuli (black trace + SEM), using a 6-s delay. n = 6 animals, 166 trials.

In all cases, individual responses were normalized to the maximal activity recorded for each animal (see Figures S5D-S5F for responses to sweet stimuli); graphs
include correct and incorrect trials. Arrows denote the location of the 1- and 3-s delay time points. We note that the kinetics of decay of GCbt activity (i.e.,
persistent activity) are far longer than the spontaneous decay of GCaMP6s (see Figure S6A).>%**~*® Also, there are no significant facial movements during the
delay period on the timescale of the activity decay (Figure S7).

(E) Graph showing GCbt responses remaining at the end of delay period (red dash lines in B-D); shown is the average amplitude as a percent of the maximal
response. Values are mean + SEM; n = 6 animals; paired t test: 1 versus 3 s, ** p = 0.0023; 1 versus 6 s, p = 0.0007; 3 versus 6 s, ** p = 0.0016.

decay kinetics of the GCaMP6s reporter (Figures 3, SSD-S5F, delay period, we performed two sets of complementary
and S6).%5437%° This persistent activity was detected under all ~ studies. First, we targeted ChR2 to the neurons in the brain-
variable delays and is best observed in the 6-s trials (Figure 3D).  stem that carry all bitter signals from the periphery into the

brain,"" and examined the responses of GCbt to a short
Persistent activity is not the result of residual tastant pulse of optogenetic rather than a chemical taste stimulus
To confirm that the persistent activity was not a consequence (Figures 4A, S8A, and S8B; see STAR Methods for details).
of residual bitter tastant remaining on the tongue during the  Our results (Figures 4B and S6D) demonstrated that a transient

280 Neuron 112, 277-287, January 17, 2024
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Figure 4. Persistent activity in the GCbt

(A) Schematic of photometry recordings from GCbt, and optogenetic stimulation of bitter neurons in the rostral NST (rNST). GCbt was targeted with AAV-CamKII-
GCaMP6s, and the rNST of SST-ires-Cre mice was targeted ipsilaterally with an AAV-EF10-DIO-hChR2 virus. A recording fiber for GCaMPs photometry was
implanted above GCbt, and a stimulating fiber was positioned above the bitter neurons expressing ChR2 in the rNST.

(B) Responses of GCbt neurons to a 0.5 s laser pulse activating bitter neurons in rNST. The blue bar denotes the laser stimulus (see text). Average responses
(+SEM) were normalized to the maximal activity recorded for each animal; n = 5 animals. For analyses of half-decay times, see Figure S6D.

(C) Silencing bitter neurons in the rNST. An AAV1-EF1a-DIO-GtACR1 virus was bilaterally injected into the rNST of SST-ires-Cre animals, and two optical
stimulating fibers were implanted above each injection site.

(D) Transient optogenetic silencing of bitter neurons in the rNST during sampling of the bitter stimuli (1 mM quinine) abolished the capacity of the animal to identify
the bitter tastant. In contrast, responses to sweet stimuli were unaffected. Note normal performance in laser-off trials. Values are mean + SEM; n = 5 animals;
paired t test: bitter odor A, * p = 0.0272; sweet odor A, p = 0.268; sweet odor B, p = 0.503.

(E) Silencing bitter neurons in the rNST after sampling the bitter stimuli (i.e., during the delay period) had no noticeable impact on the animals’ performance. Values
are mean + SEM. Shown are results using a 1 s (paired t test, p = 0.186) or a 3 s (p = 0.649) delay; n = 5 animals. The 1- and 3-s delays were tested in different

sessions.

0.5 s laser stimulus produces time-locked GCbt activation with
slow-decaying, persistent activity, as was observed with chem-
ical stimulation of the tongue (Figures 2C and 3B-3E). Second,
we reasoned that if we could prevent any signals from the
tongue from reaching the cortex during the delay period, we
would then prevent any contribution from potential residual
TRC activity. Thus, we bilaterally targeted the GtACR1 inhibi-
tory opsin“® to the bitter neurons in the brainstem (Figures 4C
and S8C), such that all incoming bitter signals from the tongue
could be experimentally blocked from continuing to the cor-
tex."" We then tested the behavioral performance of these an-
imals by comparing the effect of silencing bitter brainstem neu-
rons during sampling versus silencing after sampling the bitter
stimulus. As would be predicted, silencing during tastant sam-
pling abolished the capacity of the animals to recognize and
respond to the bitter stimuli (Figure 4D). Notably, silencing after
sampling, during the variable delay period, had no effect on

the animals’ short-term taste memory, with performance
indistinguishable from the control trials (Figures 4E and S8D).
Together, these results demonstrated that signaling from the
tongue during the delay window is not a contributor to the an-
imal’s performance and that the tastant-evoked persistent ac-
tivity in GCbt can be recapitulated even by a transient fictive
(optogenetic) bitter stimuli.

Gustatory cortex holds short-term taste memories

If the persistent activity of GCbt is the neural substrate for short-
term taste memories, we made three predictions: first, the time
course of decay of the memory trace should correlate with the
animal’s short-term memory performance. Second, transient
silencing of taste cortex during the variable delay should erase
the memory trace. Finally, extending the decay should help pre-
serve the short-term memory for a longer time and,

Neuron 112, 277-287, January 17, 2024 281
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Figure 5. Decay of taste cortical activity mirrors behavioral performance

(A) Schematic of GCbt photometry recordings during the short-term taste memory tests.

(B) Shown are sample traces of activity in GCbt to the bitter odor A stimuli for one animal, from delivery of the stimuli (taste) to response. The black trace denotes
average responses for trials where the mouse correctly identified the bitter stimuli after a 3-s delay period (correct). The red trace shows average responses in
trials that produced incorrect responses (total for this example: 37 trials; 32 correct and 5 incorrect). The right panel shows the summary of decay traces for 6
different mice. Plotted is the normalized average GCaMP6s signals during the 3-s delay window in GCbt. Responses were normalized to the maximal activity
recorded in each trial. Values are mean + SEM; n = 6 animals; correct, 119 trials; incorrect, 33 trials; Kruskal-Wallis test: **** p < 0.0001. For analyses of half-decay
times, see Figure S6E.

(C) When animals were trained on the short-term taste memory assay using a delay of 6 s (instead of the standard 1-s delay), their short-term memory per-
formance improved from being correct in less than 60% of the trials to over 80% correct. Values are mean + SEM; n = 5 animals; Mann-Whitney test: ** p = 0.0022.
We note that approximately 30% of the animals did not meet the criteria for inclusion for testing after 6-s delay training (>70% correct responses after the 10 days
of training with a 6-s delay; see STAR Methods).

(D) Shown are traces of activity in GCbt during the 6-s delay window for animals that were trained using the standard 1-s delay but tested using a 6-s delay (Before)
versus animals that were trained using a 6-s delay window and tested with the same 6-s delay (After). GCaMP6s responses were normalized to the maximal
activity recorded in each trial. Values are mean + SEM; n = 5 animals; before, 132 trials; after, 146 trials; Kruskal-Wallis test: **** p < 0.0001. For analyses of half-
decay times see Figure S6F.

(E) Shown is summary of decay traces for mice trained and tested with the 6-s delay (green trace in C). Plotted is the normalized average GCaMP6s signals during
the 6-s delay window in GCbt. Responses were normalized to the maximal activity recorded in each trial. Values are mean + SEM; n = 5 animals; red, 125 correct
trials; black, 21 incorrect trials; Kruskal-Wallis test: **** p < 0.0001.

correspondingly, lead to an improvement in the animal’s short-  6-s delay (rather than the standard 1-s delay; see STAR

term memory performance.

We asked whether the time course of the decay is corre-
lated with performance by comparing trials that produced
correct responses with those that produced incorrect re-
sponses.”* Our results revealed a difference in the time
course of the memory trace, with correct trials exhibiting sta-
tistically significant prolonged GCbt activity (Figures 5A, 5B,
and S6E). Next, we hypothesized that training mice using a

282 Neuron 112, 277-287, January 17, 2024

Methods) should extend the decay time and significantly
improve the animals short-memory performance in the 6-s
delay tests, in essence, by having the animals learn to hold
the memory of the tastant for a full 6 s before receiving a
reward. Indeed, animals improved their short-term memory
performance, from initially being correct in only ~60% of the
trials to well over 80% correct (Figure 5C), and as predicted,
they showed a correlated change in the decay of the memory
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Figure 6. Short-term taste memory in gustatory cortex

(A) Silencing GCbt during the delay period abolishes short-term taste memory. Top, the diagram shows the strategy used to silence GCbt neurons. An optic fiber
was unilaterally implanted above GCbt in VGAT-ires-Cre::Ai32 mice to activate GABAergic interneurons. To maximize the efficiency of silencing, we ablated the
contralateral GCbt with ibotenic acid (see STAR Methods and Figures S9D-S9F). Bottom, quantification of correct choices in the short-term memory assay. The
laser was on during the entire delay period; different sessions were used for 1- and 3-s delays. Values are mean + SEM; n = 6 animals; Mann-Whitney test: bitter
odor A, ™ p = 0.0043 for 1-s delay, ** p = 0.0022 for 3-s delay; sweet odor A, p = 0.54 for 1-s delay, p = 0.17 for 3-s delay; sweet odor B, p = 0.11 for 1-s delay, and
p = 0.45 for 3-s delay. Note selective loss of bitter, but not sweet short-term memory. Similar results were obtained with either side lesioned (right lesion, black
lines; left lesion, red lines).

(B) Silencing GCbt during sampling abolished bitter taste recognition. Top, the diagram shows the strategy to silence GCbt neurons during sampling. The laser
was turned on ~0.2 s before sampling and turned off at the end of the sampling window. Bottom, quantification of correct choices. Values are mean + SEM; n =6
animals; Mann-Whitney test: bitter odor A, ** p = 0.0022; sweet odor A, p = 0.30; sweet odor B, p = 0.99.

(C) Disinhibiting GCbt enhances short-term taste memory. Top, the diagram shows the strategy to disinhibit GCbt neurons. GCbt was bilaterally infected with
AAV-EF10-DIO-hChR2 in VIP-ires-Cre mice, and animals were trained in the memory test using a 1-s delay. Bottom, quantification of correct choices. The test
delay duration was 6 s, and the laser was for 5 s of the delay period. Values are mean + SEM; n = 9 animals; Mann-Whitney test: bitter odor A, * p = 0.047; sweet

odor A, p = 0.71; and sweet odor B, p = 0.99.

trace when compared to the responses prior to 6 s training
(Figures 5D, 5E, and S6F).

Our strategy to erase the memory trace was to optogeneti-
cally stimulate inhibitory interneurons®*” in the GCbt during
the variable delay, in essence terminating the persistent activ-
ity of bitter-activated neurons. First, we used slice recordings
from GCbt to demonstrate that transiently activating VGAT-
expressing inhibitory interneurons effectively abolished activ-
ity in excitatory neurons (Figures S9A-S9C). Next, we gener-
ated VGAT-ires-Cre mice expressing ChR2,*%*° implanted a
stimulating fiber above GCbt (Figures S9D-S9F; see STAR
Methods) and examined the animal’s short-term memory per-
formance in control trials versus trials coupled to optogenetic
activation of inhibitory interneurons. Indeed, when we silenced
GCbt during the variable delay, the mice were no longer
capable of holding the memory of the bitter taste; the results
shown in Figure 6A demonstrate that trials coupled to optoge-
netic activation of VGAT neurons have a dramatic loss of per-
formance. Next, we repeated these experiments but silenced
only during the last 1 s of a 3-s delay period, or only during the
last 2 s of a 6-s delay period (in animals trained with 6 s). Both

sets of experiments effectively abolished short-term memory
(Figure S10). Together, these results further demonstrate
that continuous activity is required to maintain the mem-
ory trace.

As anticipated, if VGAT neurons in GCbt were activated during
the sampling of the bitter stimulus (rather than during the variable
delay period), animals could no longer recognize and respond to
the bitter tastant (Figure 6B). In contrast, no effect on memory
performance for control sweet trials was observed (Figures 6A
and 6B; see also Peng et al.'®).

We also designed an experiment that would increase GCbt ac-
tivity during the delay period. A priori, we recognized that re-acti-
vating GCbt excitatory neurons during the delay would not be
suitable because it would mimic the effect of providing the animal
with a new fictive bitter stimulus.'® Recently, a number of groups
have shown that activation of vasoactive intestinal polypeptide
(VIP)-expressing neurons causes disinhibition of pyramidal cells
by suppressing the activity of inhibitory interneurons,*-°°~>?
hence changing the inhibitory-excitatory balance. To validate
the approach, we prepared tissue slices for patch clamp record-
ings of GCbt from animals engineered to express both a ChR2 in
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VIP interneurons®® and a red-shifted ChrimsonR®* in the thalamo-
cortical taste projections (i.e., to mimic taste-evoked stimulation;
Figure S11A; see STAR Methods). Our results demonstrated
that activation of VIP interneurons substantially disinhibited
and enhanced GCbt activity evoked by activation of the
taste pathway (i.e., the thalamo-cortical taste projections)
(Figures S11B-S11D). Therefore, we implemented this strategy
to reversibly disinhibit cortical activity in GCbt of awake behaving
animals during the variable delay period,* in essence extending
the memory trace of bitter-evoked activity in vivo.

We bilaterally targeted an AAV-DIO-ChR2 to the GCbt of VIP-
ires-Cre mice and waited for 2 weeks for expression in VIP inter-
neurons. Animals were then trained and tested in the short-term
taste memory assay. Remarkably, when the VIP neurons in GCbt
were optogenetically activated during the delay period (6 s),
immediately following presentation of bitter stimuli, there was a
dramatic change in memory performance, with responses now
improving from approximately 60% correct to over 75% correct
in the laser-on trials (Figure 6C; compare laser-on with laser-off).
As expected, the effect is specific only to bitter taste, with no
impact on sweet responses. Importantly, activation of the VIP
neurons in the absence of bitter stimuli does not evoke a bitter
response (see Figure S12).

Taken together, these results illustrate how experimentally
manipulating persistent activity in GCbt can profoundly alter
the capacity of the animal to maintain the memory of a taste stim-
ulus and substantiate taste cortex as a substrate for short-term
taste memories.

DISCUSSION

Short-term taste memories operate as working memory and afford
animals the critical capacity to compare and contrast potential
food sources in real time. In this study, we investigated the neural
basis of short-term taste memory and focused our work on bitter
taste. Previously, we demonstrated that bitter and sweet are rep-
resented in taste cortex (the insula) by different neurons tuned to
each taste, and showed topographic segregation between bitter
and sweet neurons.'>'®'® In addition to taste, insular cortex is
activated by a variety of stimuli, including orofacial responses,
licking, water, and multisensory integration.'® %=1 Therefore,
to extract tastant-evoked signals (versus other signals triggered
by the stimulus), we implemented the use of fiber photometry
combined with genetic validation to demonstrate that the cortical
signals indeed originate from the activation of taste-receptor re-
sponses (Figures 2C and 2D); this fundamental genetic loss-of-
function test can critically distinguish taste versus non-taste
responses (a problem that often confuses the analysis of taste-
evoked responses in insular cortex*"). We also introduced a wa-
ter/dry-lick window prior to tastant stimulation so as to desensitize
responses to licking and focus on taste-evoked responses.

Here, we demonstrated that insular cortex functions as a neu-
ral substrate for short-term taste memories (i.e., working mem-
ory). We showed that persistent activity in gustatory cortex func-
tions as a memory trace, providing the animal with an active
repository of its recent taste experience. As would be expected,
the decay of this memory trace is directly correlated to perfor-
mance in a memory task. Although the work in this study focused
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on bitter memories, we anticipate that similar logic will apply to
sweet and the other basic tastes.

We also showed that experimental manipulation of this persis-
tent activity can predictably alter short-term memory perfor-
mance. For example, by accelerating the termination of bitter-
evoked persistent activity in bitter cortex, we could effectively
abolish working memory of a recent bitter stimulus, with no effect
on sweet taste. By contrast, by experimentally disinhibiting ac-
tivity in bitter cortex (i.e., extending the decay of the memory
trace), we could dramatically enhance the animal’s ability to
maintain and recall a bitter taste memory even after a long delay
period.

Post-stimulus persistent activity has been observed in other
sensory cortices, including V1 in visual cortex, piriform neurons
in olfactory cortex, S1 in somatosensory cortex, and primary
auditory cortex.?>?*2729:30 Also, sustained activity in anterior
lateral motor cortex has been reported to represent motor plan-
ning.>>°® However, a direct causal relationship between persis-
tent activity in sensory cortices and the encoding of working
memory has been elusive. The experiments described in this
study substantiate primary sensory cortex as a selective neural
substrate for the encoding of working memory. These results
also illustrate how it is possible to manipulate cortical activity
and behavioral responses for one taste (i.e., bitter) independently
of others (i.e., sweet; see also Peng et al.™).

Recently, Vincis et al.°® showed that insular cortex, outside of
the bitter and sweet fields, '>~">'® was activated during the per-
formance of a sweet and bitter guided decision-making task.
Notably, silencing this area had no impact on sweet or bitter tast-
ant recognition,® indicating that this activity is not required to
recognize sweet or bitter stimuli. Also, Chen et al.*" used two-
photon imaging to examine taste representations in this area of
insular cortex and reported a sparse and distributed pattern of
neuronal activity. However, a previous study using taste
knockout animals'? showed that such sparse and distributed ac-
tivity was not dependent on the activation of TRCs (i.e., the same
stimulus-evoked sparse activity was observed in animals that
lacked functional taste receptors). It would be important to iden-
tify the nature of the stimulus that produces such sparse, distrib-
uted activity and its role in taste-receptor-dependent behaviors.
By point of contrast, silencing insular cortex in the sweet or bitter
fields'®'® completely abolished the capacity of the animals to
recognize sweet or bitter, respectively, and tastant-evoked
neuronal activity was absent in animals lacking functional taste
signaling (Figure 2) or taste receptors.'?

The taste cortex connects to a number of cortical and subcor-
tical brain areas (e.g., thalamus, amygdala, frontal cortex, and
entorhinal cortex)'® that have been implicated in memory and ex-
ecutive functions.®”~>° In the future, it will be of great interest to
explore how this neural network guides food preferences, is
modulated by the internal state, and orchestrates taste-evoked
changes in behavior.
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KEY RESOURCES TABLE
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and virus strains

pPENN-AAV-CamKII-Cre-SV40
pAAV-Syn-Flex-GCaMP6s-WPRE-SV40
AAV-CamKII-GCaMP6s-WPRE-SV40

pAAV-EF1a-double floxed-hChR2(H134R)-EYFP-WPRE-HGHpA

a gift from James M. Wilson

a gift from Douglas Kim & GENIE Project
gift from James M. Wilson

a gift from Karl Deisseroth

Addgene AAV1; 105558-AAV1
Addgene AAV1; 100845-AAV1
Addgene AAV9; 107790-AAV9
Addgene AAV1; 20298-AAV1

AAV1-EF1a-DIO-GtACR1-P2A-GFP Janelia N/A
AAV2/9-CaMKII-ChrimsonR-tdtomato Janelia N/A
Chemicals, peptides, and recombinant proteins

Acesulfame K Sigma-Aldrich 04054
Actidione (Cycloheximide) Sigma-Aldrich 01810
Quinine monohydrochloride dihydrate Sigma-Aldrich 145920
Ibotenic acid Santa Cruz Biotechnology sc-200449, CAS 2552-55-8
N-Amyl acetate Sigma-Aldrich W504009
Benzaldehyde Sigma-Aldrich W212717
Experimental models: Organisms/strains

C57BL/6J The Jackson Laboratory 000664
SST-IRES-Cre The Jackson Laboratory 013044
TrpM5 -/- Zhang et al.* N/A
VGAT-IRES-Cre The Jackson Laboratory 028862
Ai32 The Jackson Laboratory 024109
VIP-IRES-Cre The Jackson Laboratory 010908

Software and algorithms

Arduino Arduino https://www.arduino.cc/
MATLAB MathWorks https://www.mathworks.com/
DeeplLabCut Mathis et al.®® https://github.com/DeeplLabCut
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to Zhang Juen (jz2956@columbia.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The data and custom code that support the findings from this study are available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All procedures were performed in accordance with the U.S. National Institutes of Health (NIH) guidelines for the care and use of lab-
oratory animals, and were approved by the Columbia University Institutional Animal Care and Use Committee. Mice at least 8 weeks
of age were used in the study. These mouse strains used were purchased from the Jackson Laboratory: C56BL/6J (000664); SST-
IRES-Cre (013044)°%; VGAT-IRES-Cre (028862)"?; Ai32 (024109)*?; VIP-IRES-Cre(010908).°° TRPMS5 knockout mice were generated
in the Zuker lab.*?
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METHOD DETAILS

Viral constructs

The following AAVs were purchased from Addgene: pAAV-Syn-Flex-GCaMP6s-WPRE-SV40 (AAV-Flex-GCaMP6s); pENN-AAV-
CamKII-Cre-SV40 (AAV-CaMKII-Cre); AAV-CamKII-GCaMP6s-WPRE-SV40 (AAV-CaMKII-GCaMP6s); pAAV-EF1a-double floxed-
hChR2(H134R)-EYFP-WPRE-HGHpA (AAV-DIO-ChR2). The following viruses were obtained from HHMI/Janelia Vector Core:
AAV1-EF1a-DIO-GtACR1-P2A-GFP (AAV-DIO-GtACR1); AAV2/9-CaMKII-ChrimsonR-tdtomato (AAV-CaMKIIl- ChrimsonR).

Stereotaxic surgery

All the stereotaxic surgery procedures were carried out using aseptic technique. Mice were anesthetized with a mixture of ketamine
hydrochloride (Covetrus, 1169-0703-1, 0.1mg/g, intraperitoneally) and xylazine (Covetrus, 11695-4024-1, 0.01 mg/g, intraperitone-
ally). Animals were then placed onto a stereotaxic frame with a closed-loop heating system to help maintain body temperature. The
skin was incised at the midline to expose the skull, and a small craniotomy was made at the site above regions of interest. The viral
constructs or chemicals were loaded into a pulled glass capillary and injected using a nanoliter system at 40 nl/min.

The GCbt coordinates (Paxinos stereotaxic coordinates) used for injections are relative to the bregma: anterior to posterior
(AP) -0.35 mm, medial to lateral (ML) 4.1mm, dorsal to ventral (DV) 2.7 mm. Injection volumes were: 120 nl 1:1 mixture of AAV-
Flex-GCaMP6s and AAV-CamKII-Cre, or 120 nl of AAV-DIO-ChR2, or 120 nl AAV- CamKII-GCaMP&6s, or 100 nl 10mg/ml ibotenic
acid in saline. Optic fiber implantation used the same AP and ML coordinates, and DV 2.55 mm for photometry fibers or DV
2.4 mm for optogenetic stimulating fibers.

The coordinates for rINST were as described previously.'" Fibers were tapered by immersing into hydrofluoric acid (45%, Sigma,
339261) for 50 to 60 min, and the polymer cladding was removed by transient flame burning.

After surgery, all animals were returned to the home-cage and allowed to recover for at least one week prior to any tests.

Short-term taste memory assay

Allmemory assays were performed on head-restrained mice running on a running wheel (Figure 1A), and placed inside a sound atten-
uating cubicle (Med Associates). Three retractable spouts were placed in front of the animal’s mouth: a sample delivery spout in the
middle and water reward spouts to the left and right. All three spouts were connected to servo motor controllers so they can be auto-
matically presented or retracted; licks were detected and tracked by a multi-channel capacitive touch sensor (Adafruit). The setup
also housed an odor delivery tube above the sample delivery spout. The open/close states of the spouts, the delivery of the odor, and
the movement of spouts were controlled by a customized MATLAB and arduino program.

To motivate licking, mice were water deprived for 24 hr. Animals had an average of 2 sessions/day of training. In a typical session,
animals were trained to taste a randomly presented sweet or bitter stimulus from the sample delivery spout (~1 pl of 5mM AceK or
1mM Quinine), hold the memory of the taste during a variable delay period, and then upon presentation of an odor cue (see below),
report the identity of the tastant by licking the left or right spouts for a water reward (Figure 1A). The sample delivery spout was re-
tracted during the delay period. Mice were trained with four or three taste-odor combinations (see Figure 1A, compare ‘Four-Arms’ vs
‘Three Arms’ insets). When a bitter stimulus was followed by odor A (5% n-amyl acetate in mineral oil) at the end of the delay period,
mice had to lick the right spout for a water reward. If a sweet stimulus were followed by the same odor A, animals had to lick the left
spout. When a sweet stimulus was followed instead by odor B (5% benzaldehyde in mineral oil), the mice had to lick the right spout. In
addition to these three taste-odor combinations, in the Four-Arm paradigm, mice were presented with the bitter-odor B combination,
where animals had to lick the left spout for a water reward (Figure 1A, see ‘Four-Arms’ diagram). Correct responses were rewarded
with ~7 ul of water; incorrect responses were not rewarded. If the first lick was to the incorrect port, the response was computed as
incorrect even if the mouse then attempted to go to the opposite port for water. Below is a detailed description of the training regime:

Stage 1(1-2 days), animals were acclimated to the setup, cubicle and running wheel. Stage 2 (1-2 days), animals learned that water
will be delivered from the sample delivery spout. Stage 3 (1 day), animals learned that different tastants (other than water) are deliv-
ered from the sample delivery spout. During this session, the servo controller moved the spout in front of the animal’s mouth and the
mouse was allowed to drink randomly presented AceK (5mM), quinine (0.25 mM for the first session and 1 mM on the second session)
or water for 5 s; this was repeated for ~ 50 trials/session, with intertrial intervals of 5s. Stage 4 (1-2 days), animals learned that water
can be delivered from the left and right reward spouts. Mice were allowed free drinking from either spout (performed with the sample
delivery spout retracted such that only left and right spouts were available); if a strong bias was detected, only the unpreferred side
spout was presented until they made ~100 licks, and then retested with both spouts. This procedure was repeated until there was no
apparent bias for one spout over the other. Stage 5 (1-2 days), animals learned to drink water from the left or right spout only within
the odor stimulus time window (2 s). In essence, Odor A or Odor B were randomly delivered every 10s and animals received water
reward only if they licked the left or right spout during odor stimulus. Again, if a strong bias was detected, only one spout was pre-
sented. Stage 6 (1-2 days; only sweet), animals were trained with randomized sweet-odor A and sweet-odor B trials, until they made
more than 75% correct choices under both conditions. The delay period in this and subsequent stages of training was 1 s. Stage 7
(38-7 days), the animals were trained with a series of micro-sessions, consisting of ten randomized sweet-odor A or sweet-odor B
trials followed by five consecutive bitter-odor A trials, until the animals made more than 75% correct choices under all 3 conditions.
The purpose of micro-session training was to help animals differentiate sweet and bitter stimuli. Stage 8 (7-14 days; final stage of
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three-arm training before testing), the animals were trained with randomized bitter-odor A, sweet-odor A or sweet-odor B trials, until
they made ~ 90% correct choices under all 3 conditions (with 1 s delay). Note that ~15% of the animals did not improve beyond 70%
correct choices even after 14 days of stage 8 training, and were excluded from further training or testing.

For the four-arms training, mice were trained (Stages 1-8) until they made 75% correct choices (rather than 90% as in the
three-arm paradigm), and then began training with all four taste-odor combinations. Stage 9 (7-10 days), mice were trained
with nine randomized trials (consisting of the familiar three arms) followed by 3 consecutive bitter-odor B trials, until they at-
tained ~70% correct choices in each of the familiar three arms (i.e. this stage ensures that introduction of the new condition
does not diminish performance on the original 3 arms). Stage 10 (3-4 weeks), the animals were trained with consecutive trial
blocks (four sweet-odor A trials, four bitter-odor A trials, four sweet-odor B trials, and four bitter-odor A trials), until the animals
made more than 70% correct choices under all conditions. Stage 11 (2-3 weeks), the block size was reduced to 3 consecutive
trials, until the animals made more than 70% correct choices under all conditions. Stage 12 (2-3 weeks), the block size
was reduced to 2 consecutive trials, until the animals made more than 70% correct choices under all conditions. Stage 13
(2-3 weeks), the block size was reduced to 1 trial, until the animals made more than 75% correct choices under all conditions.
Stage 14 (4-8 weeks, the final stage before testing), the animals were trained with randomized trials of the four taste-odor com-
binations, until the animals made more than 75% correct choices under all conditions. At this stage, the overall performance
often dropped to less than 65%, so to help mice reach the learning criterion, they were iteratively trained from stage 12 to stage
14 several times. After 20 weeks of four-arms training, 30% mice showed less than 60% correct choices, and were excluded
from further training or testing.

To train animals to hold a taste memory for 6 s (Figure 5C), we initially trained the animals with 1s delay until the animals made ~
90% correct choices under all 3 conditions (see above), and tested with 6 s delay (1-2 sessions). Then, we continued training these
animals using only a 6s delay (2-3 sessions/day), until they made more than 80% correct choices. Around 30% mice showed less
than 70% correct responses after 10 days training, and were excluded from further training or testing.

To analyze facial movements during the memory task, we recorded facial images (frame rate = 20 Hz), and analyzed the videos
using DeeplabCut.®® We selected 13 features: 3 nose, 3 mouth, 4 locations on the whisker pad, and 3 eye (see Figure S7). The
average feature positions during the 1s period prior to sampling the tastant were used as the baseline. Movements were quantified
as trajectories from baseline for each of the 13 features for the 6.5 s duration of each ftrial.

Laser-stimulation in behaving mice
To activate rNST SST neurons and record evoked GCaMP®6 signals in GCbt (Figure 4B), we used a blue laser (5-10 mW, 40 Hz, 5 ms
pulses, 0.5 s duration), and the inter-stimulation periods were 20-40 s.

To silence rNST SST neurons (Figure 4D) during sampling, the blue laser was turned on ~0.2 s before sampling, and turned off after
sampling. For silencing during the delay period (Figures 4E and S8D), the laser stimulation was carried out during the entire delay
period (0.5-1.5 mW, constant stimulation, 1-3 s duration).

To silence GCbt (Figure 6B) during sampling, the blue laser was turned on ~0.2 s before sampling, and turned off after sampling.
For silencing during the delay period, the laser stimulation was carried out during the entire delay period (1-3 s, Figure 6A), or last 1/3
delay period (1-2 s, Figure S10). The laser intensity was 10-15 mW, 20 Hz, 5 ms pulses.

To activate VIP neurons in GCbt during sampling (Figures S12A and S12B) or SST neurons in rNST during sampling (Figures S12C
and S12D), the blue laser stimulation (10 -15 mW, 40 Hz, 5 ms pulses, 0.5 s duration) was triggered by the first sampling lick on the
sample delivery spout.

To activate VIP neurons in GCbt during the delay (Figure 6C), the blue laser stimulation (10-15 mW, 40 Hz, 5 ms pulses) was applied
during the initial 5 s of the delay window.

Fiber photometry

We used fiber photometry to record GCbt responses to tastants. Animals were head restrained on a running wheel. The spout was
connected to a servo motor and presented in front of their mouths. The stimulus time windows were controlled by the movement of
the spout. To measure the non-tastant dependent responses (e.g. water, licking) in GCbt, mice were trained to dry-lick or drink water
for 0.5 s (~5 pl). To separate taste-evoked responses from non-taste responses, animals had to drink water for 8 s (~20 pl) or dry lick
for 2.5 s (~15 licks) prior to tastant delivery (~1 pl of bitter or sweet stimuli). Stimuli: acesulfame K (AceK, 5 or 20 mM, Sigma-Aldrich,
04054); Quinine monohydrochloride dihydrate (Quinine, 1 or 4 mM, Sigma-Aldrich, 145920); Cycloheximide (Cyx, 0.05 mM, Sigma-
Aldrich, 01810). Viral targeting and the placement of fiber implants were verified at the termination of the experiments by histology.
Around 30% animals with misplaced fibers or injection sites were removed from the analysis (see Figures 2 and 3); these animals
often exhibited no responses or no differences to the separate taste stimuli.

We also used fiber photometry to estimate the half decay time of spontaneous GCaMP®6s activity in our in vivo recordings (see
Figure S6A). Animals were placed on a running wheel and after ~5 min of acclimatization, we recorded 2 min of spontaneous activity
in GCbt. Individual events were detected by a custom MATLAB program using the following thresholds for peak selection, width at
half maximum > 0.2s and peak distance between events >0.4s. The half decay time (~0.37 s) is far smaller than the decay kinetics of
the memory trace (2.0-2.5 s; Figures 3, 4, and 5). Similar GCaMP6s decay times have been observed in a number of other in vivo
studies.®%*5°
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Brain slice electrophysiology

Adult mice were anesthetized with ketamine/xylazine (100/10 mg/kg, intraperitoneally). Brains were dissected and placed in ice-cold
oxygenated 110 mM choline chloride, 2.5 mM KCI, 0.5mM CaCl,, 7mM MgCl,, 1.3mM NaH,PO,, 25mM NaHCO3;, 10mM glucose,
1.3mM Na-ascorbate, 0.6mM Na-pyruvate, and 15mM sucrose. Brain coronal sections (250 um) containing GCbt were incubated for
1 h at 34°C in oxygenated ACSF containing 125mM NaCl, 2.5mM KCI, 2mM CaCl,, 1.3mM MgCl,, 1.3mM NaH,PO,, 1.3mM Na-
ascorbate, 0.6mM Na-pyruvate, 10mM glucose, and 25mM NaHCOs;.

For patch clamp recordings slices were superfused with ACSF (3 ml/min) at room temperature. The internal solution of the
recording pipettes (3.5-4.5 MQ) contained 140mM K-gluconate, 10mM HEPES, 0.2mM EGTA, 3mM KCI, 2mM Na,ATP, 2mM
MgCl, (pH 7.2-7.4). Voltage- and current-clamp recordings were performed with a computer-controlled amplifier (Axon 200B, Mo-
lecular Devices; USA), were low-pass filtered at 2 kHz and digitized at 10 kHz (DigiData 1440, Molecular Devices). Optogenetic-stim-
ulation was delivered using an X-Cite Multi-Triggering LED lllumination System (XLED1).

When using VGAT-ires-Cre::Ai32 mice, GCbt neurons were recorded in the current-clamp mode; inward currents (~50 pA) were
injected to evoke action potentials. VGAT-expressing neurons were optogenetically activated using a 1 s or 3 s blue light stimuli
(460 nm, 20 Hz, 5 ms pulse, 3.5 mW/mm?).

When using VIP-ires-Cre slices, neurons were recorded in the voltage-clamp mode. To examine the dis-inhibition effect of VIP
neuron activation, the GCbt neurons were clamped at -50 mV. GCbt VIP expressing neurons were targeted with AAV-DIO-ChR2.
Thalamo-cortical projections to GCbt (VPMpc) were targeted with AAV-CaMKII- ChrimsonR. The coordinates for injection were
AP -2.1mm, ML 0.75mm, DV 4.3mm. Orange light (590 nm, 2 ms single pulse, 0.1 mW/mm?) was used to activate the thalamo-cortical
terminals in GCbt (see text for details). VIP neurons expressing ChR2 were stimulated with blue light (460 nm, 40 Hz, 2 ms pulse, 2 s,
0.2 mW/mm?). The blue light was turned on 1 s before the orange light to ensure activation of VIP neurons prior to stimulation of the
taste pathway. Orange light with or without blue light trials were interspersed with 30s in between trials.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data quantification and statistical analysis was carried out using GraphPad Prism or custom MATLAB programs. Statistical tests

were performed using unpaired t test, paired t test, Mann-Whitney test or Kruskal-Wallis test when appropriate. Each statistical
test used was indicated in the respective figure legends. p < 0.05 was considered to be statistically significant.
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