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Most of the research on cortical processing of taste has focused on either the primary gustatory cortex (GC) or the orbitofrontal cortex
(OFC). However, these are not the only areas involved in taste processing. Gustatory information can also reach another frontal region, the
medial prefrontal cortex (mPFC), via direct projections from GC. mPFC has been studied extensively in relation to its role in controlling
goal-directed action and reward-guided behaviors, yet very little is known about its involvement in taste coding. The experiments
presented here address this important point and test whether neurons in mPFC can significantly process the physiochemical and hedonic
dimensions of taste. Spiking responses to intraorally delivered tastants were recorded from rats implanted with bundles of electrodes in
mPFC and GC. Analysis of single-neuron and ensemble activity revealed similarities and differences between the two areas. Neurons in
mPFC can encode the chemosensory identity of gustatory stimuli. However, responses in mPFC are sparser, more narrowly tuned, and
have a later onset than in GC. Although taste quality is more robustly represented in GC, taste palatability is coded equally well in the two
areas. Additional analysis of responses in neurons processing the hedonic value of taste revealed differences between the two areas in
temporal dynamics and sensitivities to palatability. These results add mPFC to the network of areas involved in processing gustatory

stimuli and demonstrate significant differences in taste-coding between GC and mPFC.

Introduction
The insular cortex is the main cortical recipient of gustatory in-
formation. Ascending inputs carrying taste-related signals reach
the gustatory portion of the insular cortex (GC) from subcortical
relays (Spector and Travers, 2005; Carleton et al., 2010). Neurons
in GC integrate information from multiple gustatory afferents
and generate dynamic and multimodal responses known to en-
code the physiochemical and psychological dimensions of taste
(Katz et al., 2002; Fontanini and Katz, 2008; Jezzini et al., 2012;
Maffei et al., 2012; Piette et al., 2012; Samuelsen et al., 2012).
However, the gustatory cortex (GC) is not the only cortical area
involved in processing taste. GC sends projections capable of
carrying gustatory information to two frontal areas: the orbito-
frontal cortex (OFC) (Baylis et al., 1995; Gutierrez et al., 2006)
and the medial prefrontal cortex (mPFC) (Gabbott et al., 2003).
Although a considerable amount of work has been devoted to
studying how OFC processes gustatory stimuli (Kadohisa et al.,
2005; Gutierrez et al., 2006, 2010; Small et al., 2007), the role of
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mPFC in taste is much less understood. In mammals, the mPFC
has been studied mostly in reference to its function in controlling
goal-directed actions and reward-guided behaviors (Matsumoto
etal., 2003; Wallis and Kennerley, 2010; Laubach, 2011; Kvitsiani
etal., 2013). In these experimental conditions, neurons in mPFC
respond to rewarding or aversive outcomes (Baeg et al., 2001;
Zhang et al., 2004; Horst and Laubach, 2013). Neurons in mPFC
can encode different type of rewards (i.e., sucrose, juice, intracra-
nial stimulation; Takenouchi et al., 1999; Amiez et al., 2006;
Petyké et al., 2009), and the magnitude of their responses corre-
lates with the magnitude of the reward (Amiez et al., 2006). In
addition, mPFC neurons display characteristic patterns of persis-
tent firing with outcome- and task-dependent changes in firing
rates that can be maintained for several seconds (Baeg et al., 2001,
2003; Narayanan and Laubach, 2008, 2009).

What is known about how mPFC encodes taste comes from
experiments relying on complex behavioral tasks using sucrose or
juice as rewards. To our knowledge, no study has directly inves-
tigated how mPFC represents the chemosensory and hedonic
dimensions of different tasting solutions. Given the strong inputs
from GC (Gabbott et al., 2003), it is reasonable to expect that
neurons in mPFC might encode not only reward value but also
chemosensory identity. The connectivity of these two areas also
suggests that gustatory information may reach mPFC only after
having been processed in GC. However, the lack of data from
combined recordings of mPFC and GC in a paradigm optimized
to study sensory processing has made it difficult to compare gus-
tatory dynamics in the two areas.

The experiments conducted in this study were designed to
directly address how mPFC processes gustatory information and
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how taste-evoked dynamics in mPFC relate to GC activity. By
relying on the passive delivery of tasting solutions while record-
ing neural ensembles in mPFC and GC, our experiments allowed
us to investigate neural responses to taste in isolation of cognitive
influences. We found that neurons in mPFC can sequentially
encode both the identity and the palatability of gustatory stimuli
and that response properties and dynamics differed from those
observed in GC. The results provide a novel description of the
involvement of mPFC in taste coding and demonstrate signifi-
cant functional differences between GC and mPFC.

Materials and Methods

Experimental subjects. The experiments of this study were performed on
eight female Long—Evans rats (250—350 g). Animals were maintained on
a 12 h light/dark cycle with ad libitum food and water diet, unless other-
wise specified. All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of Stony Brook University and
complied with university, state, and federal regulations on the care and
use of laboratory animals.

Surgery. Stereotactic surgeries were performed under aseptic condi-
tions and general anesthesia (ketamine—xylazine—acepromazine mixture
at 100, 5.2, and 1 mg/kg, respectively). Two movable electrode bundles
were implanted unilaterally in the GC (AP, 1.4 mm; ML, 5 mm from
bregma; DV, 4.5 mm from the dura) and in the mPFC (AP, 3.2 mm; ML,
0.7 mm; DV, 2.5 mm from the dura). To allow gustatory stimuli delivery,
intraoral cannulae (IOCs) were implanted bilaterally (Phillips and Nor-
gren, 1970). A 7 d postsurgical recovery period was given to each animal.
Pain and antibiotic medications were administered during the recovery
period.

Gustatory stimulation. After recovery from surgical procedures, rats
were placed on a water restriction regimen (45 min of water access per
day). Subjects were habituated to stay calmly in a behavioral box and to
receive and drink fluids through the IOCs. During each recording ses-
sion, four basic tastants [0.1 M sucrose (S), 0.1 M sodium chloride (N), 0.2
M citric acid (C), and 0.001 M quinine (Q)] were delivered directly into
the mouth through the IOC by means of a manifold of four polyimide
tubes (Samuelsen et al., 2013). The concentrations used for the four
tastants are consistent with the ranges reported in the literature
(Yamamoto et al., 1985; Verhagen et al., 2003; Fontanini and Katz, 2006;
Stapleton et al., 2007; Piette et al., 2012; Samuelsen et al., 2012). Previous
studies relying on intraoral deliveries of tastants in water-restricted rats
have shown that 0.1 M S and 0.1 M N consistently evoke orofacial reac-
tions that signal positive palatability, whereas 0.2 M C and 0.001 M Q are
effective in evoking reactions that signal aversion (Fontanini and Katz,
2006; Samuelsen et al., 2013). Each trial consisted of a variable intertrial
interval (30 = 10 s), followed by a delivery of 40 ul (computer-controlled
opening time ~60 ms) of one of the four tastes presented pseudoran-
domly. Every taste delivery was followed by ~50 ul of water rinse deliv-
ered via the second IOC. Each taste presentation was repeated for at least
10 times in each recording session.

Electrophysiological recordings. Extracellular spiking activity of single
neurons was recorded using 25 um Formvar-coated nichrome mi-
crowires. Neuronal activity was amplified, bandpass filtered (300 Hz to 8
kHz), and digitally recorded (Plexon). Single-unit action potentials were
discriminated and isolated using a template algorithm, cluster cutting
techniques, and examination of interspike interval plots (Offline Sorter;
Plexon).

Analysis of electrophysiological data. Spike sorting and data analysis
were performed by means of Offline Sorter (Plexon), NeuroExplorer
(Nex Technologies), and MATLAB scripts (MathWorks). Single-neuron
and population peristimulus time histograms (PSTHs) were plotted
around the taste deliveries. A bin size of 200 ms was used unless otherwise
specified. Neurons with peak firing rate lower than 1 Hz were excluded
from further analysis to avoid statistical artifacts. Neurons with a large
peak around the 6-10 Hz in the spike power spectrum were considered
somatosensory (Katz et al., 2001; Samuelsen et al., 2012; Horst and
Laubach, 2013) and excluded from additional analysis to avoid con-
founds related to mouth movements.
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Taste responsiveness. Taste responsiveness was assessed by studying the
single-unit cumulative distribution function (cdf) of spike occurrences
across all trials for a given taste. For each neuron and for each taste, we
considered the cdf in the interval starting 1 s before and ending 5 s after
taste delivery. The response of a neuron to a stimulus was signaled by the
occurrence of a “change point” (CP), i.e., a sudden change in firing rate
during the post-stimulus interval due to a piecewise change in the slope
of the cdf. To avoid detection of CPs in the baseline period, we intro-
duced an adaptive CP procedure. Briefly, we ran the first CP sweep of the
cdf at a fixed tolerance level [using the algorithm in the study by Gallistel
etal. (2004), with p = 0.05]. Ifa CP was detected before taste delivery, the
CP analysis was repeated from the start by decreasing the tolerance level
[i.e., by increasing the logit in steps of 0.2, where logit = log(1 — p)/p)],
so as to make the CP detection more conservative. If no CP was detected
for any of the four tastes, the neuron was deemed not responsive. If a CP
was detected in the post-delivery interval for at least one taste, a ¢ test was
performed to establish whether taste-evoked activity was significantly
different from baseline activity (1 s interval before taste delivery; p <
0.05). By definition, a neuron was taste responsive (TR) if at least one
significant CP was found after delivery. This adaptive CP procedure was
preferred to the more common practice of comparing a sequence of
post-stimulus time bins to the baseline because it does not rely on bin-
ning, allowing a more precise temporal determination of the latency of
responsiveness.

The time of the earliest post-delivery CP (across all tastes) was used to
define the latency of the response. We characterized latencies through
their medians and 68% bootstrapped confidence intervals (Cls) (Efron,
1986) due to the non-normal nature of the latency distribution (Fig. 1C).
For the same reason, within-area latencies for different subpopulations
were compared via a Kruskal-Wallis non-parametric one-way ANOVA
test. Value and time of the peak response was computed by identifying
the largest extremum in the smoothed PSTH (BARS algorithm of DiMat-
teo etal. (2001)) occurring after the first significant CP. The normalized
firing rate shown in Figure 1B was obtained as the average across tastes
and neurons of the difference between the maximal firing rate at peak
minus the average firing during baseline (0.5 s before stimulus delivery).
The temporal resolution to locate the peak was 50 ms.

Taste selectivity. A neuron was considered as taste-selective (TS) if its
response to the stimuli varied significantly across different tastants in
either magnitude or time course. Taste selectivity (Fig. 2A) was assessed
by two different and independent methods. The first approach was based
on a two-way ANOVA (taste identity X time course), using 200 ms bins
in the [0, 5] s post-delivery interval. A neuron was defined TS if either the
taste main effect or the interaction term was found significant (at p <
0.01). To determine the time course of selectivity, the taste-evoked pe-
riod was divided into 200 ms bins, and the number of taste-selective
neurons was computed within each bin (one-way ANOVA for taste iden-
tity, p < 0.05). To assess whether the time course of taste selectivity
differed between the two areas, a Kolmogorov—Smirnov test was per-
formed on the across-bins cdf of taste-selective neurons. A second
approach to determine taste selectivity relied on a more sensitive classi-
fication procedure based on a decoding analysis (for details, see below,
Single-neuron decoding). A neuron was defined as TS by decoding if its
performance in a taste classification algorithm was significantly above
chance level for at least one taste. Comparison of tuning of taste-selective
neurons (Fig. 2B) was performed with a x> test, followed, if significant,
by the Marasquilo’s post hoc test for multiple comparisons (for a detailed
description of the procedure, see La Camera and Richmond, 2008).

Taste classification. To assess the amount of taste-related information
in single-neuron taste profiles, we used a decoding procedure for taste
classification. We considered all trials in each session and split them into
four “training sets,” one for each taste, and one “test set,” containing all
remaining trials from all tastes. We trained a classifier on the four train-
ing sets and then classified each of the test trials as belonging to one of the
four conditions (S, N, C, and Q). We used a onefold or twofold cross-
validation procedure. All decoding analyses were based on a maximum
likelihood classifier that relies on the firing rate temporal profiles of the
four tastes, using 200 ms bins in the post-delivery interval (for details, see
below, Single-neuron decoding). Decoding performance was defined as
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the fraction of test trials that were classified
correctly over a series of cross-validation trials
(Stone, 1974; Shao, 1993). For each taste, either
one or two trials were removed from the train-
ing set and then used as test trials to assess de-
coding performance; the procedure was
repeated leaving out a single trial until all »n
trials had been used and leaving out a single
pair until all #(n — 1)/2 pairs of trials had been
used to increase the number of test trials (Mi-
namimoto etal., 2009). The CI (p_, p. ) on the
decoding performance p of a single unit was
defined by p.. = (1/2)[pn + 1/2 = /[p(1 —
p)n+1/4)]/(n + 1), where n was the total num-
ber of validation trials (La Camera et al., 2006).
CIs were otherwise obtained by a bootstrap
procedure in the case of population decoding
or by evaluating the relevant percentiles of the
performance distribution when pooling across
single neurons (for details, see below).
Single-neuron decoding. In single-neuron
trial-by-trial decoding, each tastant was repre-
sented by a point in an M-dimensional vector
space of firing rates, where M was the total
number of temporal bins after delivery and
each entry was the average firing rate across
all trials in the training set in a particular bin;
each trial from the test set was then classified
according to the smallest Euclidean dis-
tance from the four training points in such
M-dimensional space. Under some standard
assumptions, this procedure can be understood
as approximating a maximum likelihood classi-
fier (Press et al., 2007). Misclassifications led to
false positives for which we adopted the following
nomenclature (see Results, Coding of taste hedo-
nic value, and Fig. 4): an S test trial erroneously
classified as Q is referred to as a Q false positive in
S trials, and similarly for all other cases.
Population decoding. To perform a popula-
tion decoding analysis of taste, we constructed
a “pseudopopulation” of neurons, collecting
units from different sessions and animals
under the same stimulus condition. Each tas-
tant was represented as a point in an N X
M-dimensional vector space of firing rates,
where N is the number of units included in the
pseudopopulation (units from sessions with at
least 10 trials for each taste were considered),
and M is the number of temporal bins. Statis-
tical significance of decoding was assessed with
a bootstrap procedure, by sampling with re-
placement a subset of 80% of the neurons from
the whole population for each bootstrap run
(50 bootstrap runs were used). In each run,
decoding performance was assessed via the Eu-
clidean distance as done for the single-neuron

<«

in successive 200 ms bins for the 5 s period after tastants de-
livery. Responsesin GC(red bars) peaked at ~0.4s, whereasin
mPFC (blue bars), the responses were more homogeneously
distributed over 5s. E, Raster plots and PSTH of representative
taste-responsive neurons. Left, GC taste-responsive neuron.
Right, mPFC taste-responsive neuron. Both neurons re-
sponded with increases in firing rates to each of the four tas-
tants (S in dark blue; N in dark cyan; Cin dark magenta; Q in
dark red). Taste delivery occurs at time 0 (vertical lines).



Jezzini, Mazzucato et al.  Taste Processing in mPFC

>
w

Taste-selective neurons Tuning of taste-selective neurons
2'%® w2 [ R B e
5 80 *% xR 5
g e 60
) o 30
260 2
3] o
Q2 Q2 40
$ 40 $ 20
L 2
8 20 & 10 20
s 5 =@=mPFC =4=GC =@=mPFC =4=GC
=0 R0 0
GC mPFC  GC mPFC One two three Four S N C Q
ANOVA DECODING
C GC mPFC
[ T RN R TR TR VR TTI] RN L TN R NN TR B RN T TR
RN [ i NN NI IR RN TTRAE |
TR | [T AR NI N R TTTT a [T e
TR T | WO (AN T EA . M T
T [0 | [N TR T T N IR 1l
R (TR R L T R T | [ L
iy | I L B H A T T e B TR X A N TH T I TR T IY TR RRCL
Q TR M gl M
o [T YRR A TR [N RN TR TN
Iy LR LT S T R S T N A R Y NIl (Y W
\“\“\ e “‘HH I ‘u\‘ i ‘H i : ‘H\ HHH“
W e e IR L T TN A TR AR T TN
I A m R R T L T L AT R, T
| i ! vt e |
iy \‘\ ‘\ H‘ ‘\ ‘H \‘ ‘\ ‘\ ‘IHH‘H\I\‘H‘HI ‘\ \‘H I }\H ‘H\ \‘ \‘H‘\‘“‘\ 0 H‘\ H‘ W I \‘\ \H\ H‘
c | [ NI B8 TR T e R TTRR TR [N
e Pt T B R T T
W B R S I !
[ W I S v
111 | [ L L N LT e I VAT 1 A YT
(1] il [ T et FLETIE [N ] [N LIRN NN N
T T T TR NIRRT 1 [N [T NI AT T e i
1 T T [T (] I I T A AR BTN RYATINE YRR (A
i bt ! R R T IR NIRRT IR AN
o mt IR T (AT R KT EE R AT A N A TN N (RN R TR [
I T o J Y T A A A L RN
N ““l‘i}}“‘w‘w““w“‘:‘ ““ b : " “I“ ‘ u‘u‘\“u‘\‘m (] REEIIIRINIRT ‘HH Cor
W " | | T ST RRN TR TR A ST [NIRRNTI|
P | O " A A R R T U R UA R
| W NIRRT I I [T e
[ A R I B | | [ At T e S 1 A B | |
| LR T 1 A S L LY L L Y TR
T T A n it R AT R (L TR N
I I ‘}\‘:H‘\H‘:\‘\‘\ ““ }‘\ | I “ I‘: ‘HH\ ‘\‘ ] ‘HH o I ‘| \‘ :H‘HH‘ “\ \“\‘\‘ \HH“\‘\“\‘\‘\“\‘} :\‘\‘ I ‘H‘\ ‘\“HH‘\“ \“\“H ‘H‘ \“\ ‘\ \“H ‘\‘H“‘H I \:\‘H
S AT ol re T e b e T
Vil | LR TR T VR TR A AT NI RN
At ! | TR L A R L N N R R AR TR TR TN
rm NN [ ! \H\HH \} \‘ ‘\HH\‘\HHHHH‘HH}HH‘ LUIRRININAT] H\‘\‘ ‘\HHH}H‘\ ‘}H‘\‘I‘H\‘Hw
[RRAREI) [ [ [ i [t I
HEC e e | | o [T AT e o
I i [ | [ | [T |
N N 14
< <12
o & 10
9] o 8
=] >
g g °
[ - 49 |
-1 0 1 2 3 4 5
Time (s)
Classification of gustatory information Classification of gustatory information
(single unit decoding) (population decoding)
best taste performance  performance average
single tastes average of all tastes
—mPFC o MPFC —mPFC 1001 wprc
= GC . — GC = GC - GC
~ 70 [
< - A = 8of
3 60 o -
< o
5] c
€ 50 ©
S £
b= o
& 40 £ b
c o
k) c
® 30 2
L ©
& 20 @
o o
10 ©
0 0
S NCAQ 5 10 15 20 25 30 35 40 45 50

# of neurons

Figure2. Taste-selective responsesin mPFCand GC.A, Percentage of neurons that responded selectively to one or more tastant.
Taste selectivity was assessed using two different methods: a two-way ANOVA test (left bars) and a decoding algorithm (right
bars). **p << 0.01, x* test. B, Tuning of taste-selective neurons (according to the decoding algorithm of A). Left, Percentage of
neurons that respond selectively to one, two, three, or four tastes in GC (red) and mPFC (blue). Right, Percentage of taste-selective
neurons thatrespondedtoS, N, C, and Q, respectively. **p << 0.01, post hoc Marascuilo’s test (see Materials and Methods). €, Raster
plotsand PSTH of representative taste-selective neurons. Left, AGC neuron that is selective to four tastants. Right, An mPFCneuron
that is selective to one tastant. The black dots under the rasters mark bins of significant taste-selectivity (t test, p << 0.05). D,
(lassification of gustatory information based on the activity of single taste-selective neurons. Left, Histogram indicating the
percentage of trials that were correctly attributed (hits) to the tastant delivered (best taste per unit only): S, N, C, and Q. Middle,
Histogram showing the average best performance across taste-selective neurons (see Results). Right, Histogram showing the
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case (see above) but this time summing over
both bins and neurons of the subpopulation.
To study the relationship between decoding ac-
curacy and the size of the pseudopopulation
(Fig. 2E), we constructed a sequence of increas-
ingly larger pseudopopulations, starting froma
pool of five units, in incremental steps of five
units. For each fixed size of the subpopulation,
we computed the decoding accuracy for taste
classification in each of 50 bootstrap runs, each
time drawing with replacement a different ran-
dom subset of units from the appropriate
subpopulation. In all cases, we matched the
number of neurons in each subpopulation in
GC with the number in each subpopulation in
mPFC. Bootstrap Cls were used to compare
performance of GC versus mPFC ensembles.
Multiple comparisons were corrected by con-
trolling the false-discovery rate (Benjamini and
Hochberg, 1995). To estimate the minimal
number of neurons needed to reach a decoding
accuracy of 95%, we created a large surrogate
neuronal population from the available data
(Rigotti et al., 2013). For each area, we consid-
ered the population of taste-selective units
(based on the decoding procedure) and resa-
mpled the recorded neurons by randomly re-
assigning the labels of the spike responses to
different tastes. For example, the recorded ac-
tivity of a particular neuron in response to, re-
spectively, S, N, C, and Q, was reassigned to the
response of a new surrogate neuron to, respec-
tively, Q, C, N, and S. This procedure was re-
peated for all 4! = 24 possible permutations of
the four taste labels, giving a neural population
24 times larger than the recorded one (for a
more detailed description of the procedure, see
Rigotti et al., 2013). We then proceeded with
the same bootstrapped population decoding
procedure as described above.

The analysis of the time course of decoding
(Fig. 3C) was performed using a decoding win-
dow of 200 ms, stepping along at 50 ms steps,
with a bootstrap procedure applied in each
window, as described above.

We performed a comparative analysis of
latencies of taste coding onsets in the two
areas in which latency of coding is defined as
the first bin, in which the taste decoding per-
formance is significantly above chance level.
To control for the difference in firing rates
between the two areas, we first transformed
each unit response into z-scores, defined as
z = (x — p)/o, where x is the single-trial
firing rate in each post-delivery bin, w is the
average baseline firing rate, and o its stan-

<«

average overall performance across taste-selective neurons
and across all the tastants. Red, GC; blue, mPFC. *p << 0.05,
*%p < 0.01, X test. Error bars indicate SEM. E, Population-
based classification of gustatory information as a function of
population size. Solid lines (red: GC; blue: mPF() indicate the
percentage correct decoding across all tastants. The x-axis in-
dicates the number of neurons used for classification. Signifi-
cant difference between GC and mPFC was fixed at p << 0.05
and false discovery rate corrected for multiple comparisons
(shaded areas). For details, see Materials and Methods.
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Figure 3.

Time course of chemosensory processing in mPFC and GC. A, Time course of taste selectivity computed in successive 200 ms time-bin size over 5 s after the tastants delivery. Each bar

represents the percentage of neurons that are TSin a given time bin. The distribution of taste-selective neurons peaks in the two bins at ~1sin GC, and it is more homogenously distributed in mPFC.
B, Cumulative distribution of the percentage of taste-selective neurons as a function of time. (, Time course of the classification of gustatory information. Solid lines (red, GC; blue, mPFC) represent
the percentage of correctly classified trials based on the population activity. Shading around traces: 95% bootstrapped CI; solid lines above trace represent significance from chance levels (95%
bootstrapped Cl above chance level) for a consecutive interval larger than the moving window bin size (200 ms). Vertical dashed lines indicate the decoding latency. D, Raster plots and PSTHs of
representative selective neurons showing the time course of taste selectivity in GC (left) and mPFC (right). Black lines represent times at which responses are TS as determined with a one-way ANOVA

(p < 0.05).

dard deviation; then, we normalized each unit z-score to its absolute
value peak across all trials and events. Finally, we performed the
population decoding as outlined above, replacing the firing rates with
normalized z-scores.

Palatability analyses. We used several independent analyses to assess
the palatability-related information content of neuronal responses to
taste delivery. To assess whether the response of a neuron encoded
palatability-related information that was not related to its taste specific-
ity, we used the taste-classification procedure described above but
focused on the misclassification rate rather than the decoding perfor-
mance. By definition, a neuron encoded palatability-related information
(but not correct taste identity) if it misclassified rewarding S and N test
trials as either N or S but not as aversive C or Q (or vice versa for
information related to aversive tastes). More precisely, we defined a re-
sponsive neuron as palatability specific (PS) if (1) the misclassification of
test trials was significantly above chance (x? test, p < 0.01) and (2) the
misclassification into tastes with the same palatability as the test trials was
larger than the misclassification into tastes of the opposite palatability. As
a second measure of how single-unit responses reflect palatability, we
considered the time course of the difference in the PSTHs in response to
tastes of the same versus opposite palatability (Piette et al., 2012) to build
ameasure of palatability-related information that we call the palatability
index (PI; defined below). Neurons in GC showed a larger firing rate
response to taste delivery with respect to neurons in mPFC, which might
introduce a bias in the estimate of the PI. To remove this bias, we first
normalized the PSTHs in both areas according to the receiver operating
characteristic (ROC)-based procedure (Cohen et al., 2012). Briefly, we
compared the histogram of spike counts during the baseline period with
that during a given bin by moving a criterion from zero to the maximum
firing rate. We then plotted the probability that the activity during the
chosen bin was greater than the criteria against the probability that the
baseline activity was greater than the criteria. For each bin, the area under
this curve is the ROC-normalized PSTH for that bin; this is a number
between zero and one and quantifies the degree of overlap between the
two spike count distributions (i.e., the discriminability of the two). Val-
ues larger than 0.5 express the likelihood that the firing rate in the bin is

above baseline, whereas values below 0.5 express the likelihood that the
firing rate in the bin is below baseline (for details, see Cohen et al., 2012).
The PI was then computed as follows. We first evaluated the average of
the absolute value of the log-likelihood ratio of taste responses with the
same and opposite palatability:

1/ s Q
LR = {1101+ 110 Q1) LR

S S e N e N
=1 \1ﬂ6| |1n6| |1n6\ |1n6| >

where S, N, C, and Q denote the value of the ROC-normalized PSTH in
S,N, C, and Q trials, respectively. We then defined the PI as the difference
between those two averages, i.e., PI = (|LR|)op posite — (|LR|)ame- A positive
PI value suggests that a neuron responds similarly to tastes with the same
palatability and differently to tastes with opposite palatability. A negative
PI value indicates the opposite.

Spatial distribution of recorded neurons. Possible spatial clustering of
response types (i.e., taste-selective vs palatability-specific) was assessed
by comparing the depth distributions of taste-selective, palatability-
specific, and taste-unresponsive neurons using a Kolmogorov—Smirnov
test.

Histological procedures. At the end of the recording experiments, rats
were anesthetized (ketamine—xylazine—acepromazine mixture at 100,
5.2, and 1 mg/kg, respectively), and electrolytic lesions (7 wA cathodal
current for 7 s) were made through selected wires to mark electrode
positions. Subsequently, subjects were perfused through the left cardiac
ventricle with saline, followed by 10% Formalin. All solutions were pre-
pared in phosphate buffer (0.1 M, pH 7.4). Fixed brains were stored in
10% Formalin and cut into 60-um-thick coronal sections. The sections
were stained using standard Nissl procedures, and the correct position-
ing of electrodes was verified by assessing the electrode tracks. Location
of the neurons recorded was estimated post hoc on the basis of histological
reconstruction, measurement of initial positioning during the surgery,
and measurement of electrode advancement. In mPFC, neurons re-
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corded at depths 2.5-3.3 and 3.3—4.1 mm from the surface were classified
as belonging to prelimbic and infralimbic areas, respectively. As for GC,
neurons were recorded between 4.3 and 5.9 mm from the surface of the
brain.

Results

Responsiveness to gustatory stimulation

The data presented here come from the analysis of 354 and 115
neurons, recorded in mPFC and GC, respectively, from eight
freely moving rats passively receiving tasting solutions through
I0Cs.

To begin evaluating the differences in taste responsiveness
between the two areas, the number of neurons significantly
changing their firing rates in the first 5 s after gustatory stimula-
tion was compared. As Figure 1A shows, firing activity in mPFC
neurons is significantly modulated by taste delivery. Of the 354
mPFC neurons recorded, 174 (49%) significantly changed their
firing rates in response to gustatory stimulation; excitatory and
inhibitory responses (i.e., increases and decreases in firing rates)
were observed in a similar proportion of neurons [51% (89 of
174) of excitatory responses against 49% (85 of 174) of inhibitory
responses]. The proportion of taste-responsive neurons was sig-
nificantly lower in mPFC than in GC [49% (174 of 354) vs 75%
(86 of 115) of taste-responsive neurons in mPFC and GC respec-
tively, X1, = 24, p < 0.001], but the relative proportion of excit-
atory and inhibitory responses was similar in the two areas [GC:
50% (43 of 86) of each type of response; mPFC: 51% excitatory
(89 of 174), 49% inhibitory (85 of 174); Fig. 1A]. To assess the
magnitude of responses to taste, peak firing rates in response to
gustatory stimulation were computed for neurons with excit-
atory and inhibitory responses (Fig. 1B, firing rates are normal-
ized to baseline). Peak inhibitory responses were similar in mPFC
(—=3.9 £ 0.6 Hz, n = 85) and GC (—4.4 = 0.8 Hz, n = 43), but
peak excitatory responses were significantly higher in GC com-
pared with mPFC (11.4 = 2.1 Hz, n = 43 for GCvs 6.4 = 1.2 Hz,
n = 89 for mPFC; t test, £ 9y = 2.1, p < 0.05). Next, the temporal
structure of taste responses in the two areas was compared. Figure
1C shows the cdf of the response latency computed relying on a
change point (CP) analysis (for details, see Materials and Meth-
ods). The median onset of responses across the two areas was
significantly different (Mann—Whitney U = 4423, r = 0.4, p <
0.001): it was 0.19 s (CI = 0.16, 0.22 s; n = 174) in mPFC and
0.06 s (CI = 0.05, 0.07 s; n = 86) in GC (Fig. 1C, inset). A larger
proportion of neurons responded in the first 250 ms in GC than
in mPFC, as confirmed by the cumulative distribution plot in the
main panel of Figure 1C. Hence, changes in taste-evoked firing
activity occurred earlier in GC than mPFC. The overall temporal
distribution of responses also revealed differences between the
two areas. As shown in Figure 1D, which displays the distribution
in time of significant changes in firing rates evoked by tastants,
responses in GC peaked at ~0.4 s after taste delivery. Firing rate
modulations in mPFC appeared to be more homogeneously dis-
tributed over the 5 s windows examined. Figure 1E features rep-
resentative raster plots and PSTHs for GC (left) and mPFC
(right) neurons with excitatory responses to the four tastants
delivered (S, N, C, and Q). Inspection of these plots confirms the
results presented above indicating that excitatory responses are
stronger and faster in GC than mPFC.

Taste selectivity and coding of taste quality

It is well established that neurons in GC do not simply respond to
gustatory stimulation with a specific modulations of their firing
rates, they fire differently to different tastants (Katz et al., 2001;
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Samuelsen et al., 2012, 2013; Maier and Katz, 2013). To evaluate
the ability of mPFC to process gustatory information, the num-
ber of neurons responding selectively to one or more taste
qualities was computed (for definition of taste selectivity, see
Materials and Methods). Figure 2A displays the comparison for
the number of taste-selective neurons in mPFC and GC. Neurons
in mPFC can selectively respond to specific taste qualities, but the
proportion of taste-selective neurons is smaller in mPFC than GC
as shown in Figure 2A. When using a conservative measure of
selectivity, i.e., positivity to a two-way ANOVA test (see Materials
and Methods), 28% (98 of 354) of the mPFC neurons appeared to
respond selectively to different stimuli (vs 61%, 70 of 115, in GC,
Xi1) = 41, p <0.001). Use of a more sensitive decoding algorithm
revealed a higher proportion of taste-selective cells in mPFC
(45%, 158 of 354), yet the number was still lower than that ob-
served with the same method for GC (73%, 84 of 115; x{;, = 27,
p < 0.001). To assess differences in breadth of tuning, the pro-
portion of neurons that responded specifically to one, two, three,
or four tastants was computed (Fig. 2B, left). This analysis re-
vealed significant differences between mPFC and GC distribu-
tions (x(;) = 94, p < 0.01). A post hoc analysis revealed that,
although the proportion of neurons that responded to one tastant
only was higher in mPFC than GC (mPFC, 33%, 52 of 158; GC,
10%, 8 of 84; Marasquilo’s test, p < 0.01), the opposite was true
for neurons that showed taste-selective responses to all four stim-
uli (mPFC, 21%, 33 of 158; GC, 40%, 34 of 84; Marasquilo’s test,
p <0.01). To determine differences in how each taste was repre-
sented in mPFC, the distribution of neurons encoding for each of
the four tastes was determined. Figure 2B, right, shows that, al-
though the four tastes were encoded homogeneously in GC
(Xé) = 0.4, p > 0.9), mPFC showed a modulation in the prefer-
ence for taste quality (x(s = 12, p < 0.01). Figure 2C shows raster
plots for two representative units: a broadly tuned GC neuron
(left) and an mPFC neuron responding to a single tastant (right).

To assess the impact of differences between the two areas on
taste coding, GC and mPFC performances in correctly classifying
gustatory information were computed. Single-neuron ability in
encoding taste quality was quantified by computing the best clas-
sification performance for each taste quality and for each taste-
selective neuron in mPFC and GC. This analysis amounted to
decoding single-trial firing rates over 5 s after the presentation of
the stimulus (see Materials and Methods). Figure 2D shows the
across-neuron average performance for each of the four stimuli
for mPFC and GC. The left in Figure 2D shows the across-neuron
average best classification for each tastant. For both mPFC and
GG, the classification was above chance level for all tastants (GC,
)&7) = 22; mPFC, )(%7) = 25; p < 0.01) and was significantly
different between the two areas (two-way ANOVA, main effect,
F 56 = 9.2, p < 0.01). The middle shows that the overall best
performance across neurons was lower in mPFC than in GC
(mPFC, 51 = 1%, n = 158 neurons; GC, 60 * 2%, n = 84
neurons; t test, 49y = 4.0, p < 0.001; for each neuron, its “pre-
ferred taste” was used, i.e., the taste having best classification
performance). We also computed the average across all taste-
selective neurons and across all four tastes, as shown in the right
of Figure 2D. Also in this case, the performance for mPFC was
significantly lower than for GC (mPFC, 30 * 1%, n = 158 neu-
rons; GG, 38 & 1%, n = 84 neurons; ttest, t ¢, = 5.6, p < 0.001).

Taste coding in the two areas was further evaluated using a
decoding analysis performed on the basis of ensemble data. Fig-
ure 2E shows the decoding performance for mPFC and GC en-
sembles as the number of neurons used for the classification
increased. As expected, maximal performance was greatly in-
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creased by pooling multiple neurons. Ensemble decoding of tas-
tants was significantly different between the two areas (two-way
ANOVA, area effect, F(, 1470, = 2641 and population size effect,
F14,1470) = 85, both p < 0.001). Although for ensembles of five
neurons the performance between the two areas was similar
(Xt1) = 2.5, p > 0.1), GC performance was notably higher than
that for mPFCs for classifications based on groups of neurons
larger than 20 units (x{;, = 4.4, p < 0.05). The maximal perfor-
mance occurred for the largest population of neurons (n = 50),
giving a correct classification performance of 73 = 4% for GC
and 53 * 7% mPFC (x{,, = 5.5, p < 0.05). Both values are
significantly higher than average performance of single neurons
(GG, 38%, x{1) = 15.4, p < 0.001; mPFC, 30%, x¢,) = 8.7, p <
0.01).

To quantify the size of the population needed to decode tas-
tants in a highly accurate manner (>95% correct), we created
surrogate neuronal ensembles (using the procedures described
by Rigotti et al., 2013; see Materials and Methods). A boot-
strapped population decoding procedure was used on pseudo-
ensembles of increasing numbers of neurons. The minimal
number of neurons needed to reach 95% performance was 190
for GC and 300 for mPFC. This analysis further confirms that GC
encodes taste more efficiently than mPFC, yet the absolute num-
ber of neurons needed for encoding taste in a highly accurate
manner is relatively low for both areas.

Altogether, these data show that information pertaining to the
chemosensory identity of gustatory stimuli is represented in
mPFC single-neuron and ensemble activity. However, relative to
GC, mPFC showed a significantly lower number of taste-selective
neurons and a lower ability to encode taste identity.

Time course of chemosensory processing

Taste evokes time-varying chemosensory responses in multiple
brain regions (Katz, 2005; Di Lorenzo et al., 2009; Gutierrez et al.,
2010). To investigate the differences between mPFC and GC, the
temporal structure of chemosensory responses in the two areas
was compared. Figure 3A shows the results of a quantification of
the temporal distribution of chemosensory neurons in mPFC
and GC. Each bar in the plot indicates the number of neurons that
are TS within each time bin. In accordance with previous work
(Piette et al., 2012; Samuelsen et al., 2012), the number of
taste-selective GC neurons peaks between ~0.5 and ~1.5 s. Con-
versely, in mPFC, the temporal distribution of taste responsive-
ness appears to be flat and sparse. This difference can be observed
in Figure 3B, featuring the significantly different cumulative dis-
tributions of taste selectivity in time (Kolmogorov—Smirnov test,
kir7a) = 0.38, p < 0.001).

Additional analyses were performed to determine the latency
of chemosensory coding in GC and mPFC. In the two areas, the
time course of a classification analysis was computed for the pop-
ulations of taste-selective neurons in mPFC and GC (for this
analysis, a population of 67 neurons was used in both areas,
which amounts to 80% of the taste-selective neurons in GC for
each bootstrap run; see Materials and Methods). Figure 3C shows
the bin-by-bin classification performance based on population
activity over 5 s after taste delivery for GC (top) and mPFC (bot-
tom). Although populations in both areas show a significantly
above chance classification performance (black solid line above
traces, 95% bootstrapped CI above chance level), the onset of
coding differed for the two areas, with GC neurons allowing for
shorter-latency classification than mPFC neurons. The earliest
time at which GC ensembles encoded taste significantly above
chance was 175 versus 575 ms for mPFC. At 175 ms, coding in GC
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was significantly higher than in mPFC (¢ test, t,q) = 7.2, p <
0.001). Additional analyses were performed on normalized re-
sponses to determine whether the difference in latency depended
on differences in firing rates between GC and mPFC. Single-
neuron responses were normalized using a two-step procedure:
first the z-score was computed, and then the score of each neuron
was normalized to its maximum z-score. The second step of this
procedure was implemented specifically to eliminate differences
in maximal firing rates between neurons and thus eliminate the
potential confound of weak responses on the assessment of la-
tency. The same classification procedures described above were
applied to the normalized dataset. Quantification of the latency
of taste coding confirmed that GC encodes identity more rapidly
than mPFC (GC, 75 ms; mPFC, 225 ms), indicating that the
difference in onset is related to the tuning of responses rather
than the magnitude.

Figure 3D features raster plots and PSTHs from representative
neurons showing area-dependent latency of chemosensory cod-
ing. Both the excitatory and inhibitory responses in mPFC be-
come TS after ~1.5 s after tastant delivery. Conversely, GC
neurons show selectivity well before ~1 s.

Coding of taste hedonic value

Taste quality is not the only feature encoded by cortical neurons;
in fact, taste palatability is also processed in GC (Accolla and
Carleton, 2008; Grossman et al., 2008; Sadacca et al., 2012). On
the basis of the literature, it is reasonable to expect that rat mPFC
might encode palatability at least as well as GC (Amiez et al., 2006;
Petyké et al., 2009; Horst and Laubach, 2013). To address this
issue, the number of neurons whose firing rate activity encoded
palatability information was computed. A neuron was consid-
ered to encode palatability if it responded similarly to stimuli that
belonged to the same hedonic category (i.e., rewarding, S and N;
or aversive, Q and C) and differently to stimuli that had opposite
hedonic value (Fontanini et al., 2009; Piette et al., 2012). Similar-
ity and differences of responsiveness were assessed using a decod-
ing algorithm (see Materials and Methods). Figure 4A shows the
results of this quantification. No significant difference was ob-
served in the proportion of taste-responsive neurons that
encoded palatability in mPFC and GC (mPFC, 26% of the taste-
responsive neurons, 46 of 174; vs GC, 21% of the taste-responsive
neurons, 18 of 86, x{;, = 0.9, p > 0.3). This result was confirmed
when neurons were grouped depending on whether they pro-
duced excitatory or inhibitory responses to taste. Neither of the
groups showed a significant difference in the two areas. A classi-
fication analysis was performed on palatability encoding neurons
to determine differences in their overall performance. This anal-
ysis computed the across-neuron average classification perfor-
mance for each tastant. The results shown in Figure 4, B and C,
confirm that, in both areas, these neurons encode for palatability.
Palatability-encoding neurons in GC displayed the best perfor-
mance for the actual stimulus delivered, but in all instances, the
highest scoring false positive was a tastant belonging to the same
hedonic category as the one presented. For instance, as Figure 4B,
left, shows GC neurons correctly classify S deliveries, and when
they fail to do so, the most common confusion is between Sand N
(i.e., S, 35%, N false positive: 29%; N, 39%, S false positive: 28%;
C, 56%, Q false positive: 22%; Q, 39%, C false positive: 34%).
Differently from GC neurons, mPFC palatability neurons en-
coded preferentially palatability over identity. In fact, tastants
were classified more accurately according to palatability than
identity. Except for the citric acid, the decoding performance in
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Figure4. Coding of palatability in mPFCand GC. 4, Percentage of neurons whose firing rates showed specificity to taste palatability (i.e., similar firing pattern between tastants with the same
palatability and different firing pattern between tastants with the opposite palatability). Left, GC; right, mPFC. B, Histograms showing taste classification performance for palatability-specific
neurons in GC (left) and mPFC (right). Each group of bars indicates the percentage of trials classified for each of the tastants. The label under the plot indicates the actual delivered tastant, and the
color of each barindicates the tastant determined by the classifier. Dashed lines around bars indicate the significant difference ( p << 0.05) from the delivered taste. Error barsindicate SEM. (, Average
classification in GC (red) and mPFC (blue) for correct hits (hits), false-positive errors for tastants with same palatability (FP-same), and false positive errors for tastants with opposite palatability
(FP-opposite); *p << 0.05; **p << 0.01, ttest. D, Raster plot and PSTHs of representative palatability-specific neurons. Left, Two GC palatability-specific neurons (left). Right, Two mPFC palatability-

specific neurons. Error bars indicate SEM.

mPFC was at least as good for the nonstimulus tastant with the
same palatability as the stimulus than for the delivered stimulus
itself, suggesting a high degree of similarity between responses to
stimuli with similar hedonic value (i.e., S, 25%, N false positive:
37%; N, 29%, S false positive: 36%; C, 41%, Q false positive: 26%;
Q, 27%, C false positive: 34%;). Figure 4C features the results of
averaging correct classifications (Hits), similar-palatability false
positives (FP-same), and false positives for tastants of opposite
palatability (FP-opposite) across neurons in GC (red bars) and
mPFC (blue bars). The results indicate that, whereas in GC cor-
rect classification was more likely than misclassification (42 * 5
vs 28 & 3%, ttest, t(,4) = 4.8, p < 0.01), in mPFC, the probability
of these two events was not significantly different (30 = 4 vs 33 +
2%, t test, t,4) = 1.6, p > 0.1). Figure 4, D and E, shows four
representative neurons recorded in GC and mPFC. Visual inspec-
tion of the rasters clearly highlights the similarity between re-
sponses to similarly palatable stimuli.

Temporal dynamics of palatability-related responses

To gain insight into the temporal structure of palatability-related
response, the time course of a palatability response was computed.
This response was obtained by determining, for each neuron, the
palatability index (PI; see Materials and Methods). The population
PIs for GC and mPFC are shown in Figure 5A. Comparison of the
two PIs clearly shows differences in the time course (left panel, GC;
right panel, mPFC): GC showed a pronounced peak in the PI be-
tween 0.6 and 1.2 s, whereas mPFC showed a more tonic palatability
response in the PI starting at 0.8 s and sustained until 5 s. The analysis
of single-unit PIs revealed that the across-neurons average onset of
the significant palatability response was similar in the two areas
(mPFC, 0.63 * 0.06 s, n = 46; GC, 0.67 * 0.15 s, n = 18). Neural
responses in mPFC carried palatability information for longer than
GC (see solid black bar above traces, indicating periods of signifi-
cantly above-baseline values, t test, p < 0.05), up to 5 s after stimulus
delivery. To further analyze the time course of palatability-related
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responses, the population PSTHs were — A Palatability index
computed for neurons encoding palatability GC mPFC
in the two areas. Specifically, to determine 02 -— - —  mm mm
whether GC or mPFC showed across- & .. ' A
neuron patterns of responses to palatable 2 f
and aversive stimuli, population PSTHs for E 0.1
tastants with similar palatability were aver- ~ §
aged (Fig. 5B). Analysis of excitatory re- £ 0.05
sponses in GC revealed little differences 2
between responses to the two categories of § 0
stimuli. Significant differences between re- 3 1V
sponses to palatable and aversive tastants =~ |
2 3 4 5 -1 0 1 2 3 4 5

(black lines above traces, t test, p < 0.05) -1 0 1
were observed in GC for a window from 1 to
2.6 s, with excitatory responses to rewarding
stimuli lasting slightly longer than responses
to aversive tastants (Fig. 5B, left top).
Palatability-specific patterns confined be-
tween 0.6 and 1.2 s after stimulus delivery
were observed also for inhibitory responses
(Fig. 5B, left bottom). However, differently
from excitatory responses, strong inhibitory
responses lasted longer for aversive stimuli
than responses to S and N (1.2 vs 0.6 s). Vi-
sual inspection of the mPFC population 3

Frequency (Hz)
~

GC (excitatory responses)

Time (s)

Population PSTH (palatable v aversive)
mPFC (excitatory responses)
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PSTHs featured in Figure 5B, right, imme-
diately suggests a strong and long-lasting
grouping of responses for tastants with sim-
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mPFC (inhibitory responses)

ilar hedonic value. Comparison of patterns 8 — = — e —
in mPFC revealed a difference between ac- 7 '
tivity evoked by palatable and aversive stim- 6
uli that was consistent for both excitatory &
and inhibitory responses. In both cases, T 5
aversive stimuli evoked significantly stron- & 4
ger excitatory and inhibitory responses than % 3
palatable ones. Inspection of Figure 5 clearly ~ * :
reveals a significant difference between re- 2 Palatable 6 8 == Palatable
sponses to the two categories of stimuli; 1 Aversive = =Aversive
-1 0 1 3 4 5 -1 0 1 2 3 4 5

these differences emerge ~1.5 s after stimu-
lus presentation and remain in place until
the delivery of a water rinse at 5 s.

Comparison between GC and mPFC re-
sponses reveals significantly different pro-
files, with mPFC showing a bias toward
aversive gustatory stimuli than GC. Addi-
tionally, divergence between responses to
palatable and aversive stimuli has a later onset and a longer duration
inmPFC than in GC. The onset of the significant divergence between
responses to palatable and aversive stimuli was 1 s for excitatory and
1.6 s for inhibitory responses in mPFC versus 1 s for excitatory and
0.6 s for inhibitory in GC. The overall time over the 5 s window in
which responses were grouped according to palatability was 3.2 s (for
excitatory responses) and 2.8 s (for inhibitory responses) in mPFC
versus 1 s (for excitatory responses) and 0.8 s (for inhibitory re-
sponses) in GC. Representative examples of mPFC neurons display-
ing responses biased toward aversive gustatory stimuli are featured
in Figure 4E. Both the excitatory and the inhibitory examples of
mPFC neurons show the characteristic late onset and long-lasting
strong response to Q and C.

Figure5.

Within-area comparison of neural responses
Neurons in mPFC and GC can be taste-responsive (i.e., change
their firing rates after taste delivery, TR), taste-selective (i.e., ex-

2
Time (s) Time (s)

Time course of the palatability coding. 4, Time course of Pl measured for 200 ms wide bins over 5 s after delivery of the
tastant. Left, GC; right, mPFC. Shaded areas indicate the SEM. Black lines indicate bins in which the Plis significantly different from
baseline (t test, p << 0.05). B, Population PSTHs plotted for palatable (i.e., S and N, solid lines) and aversive (i.e., Cand Q, dashed
lines) tastants. Top row shows population PSTHs for excitatory responses and bottom row for inhibitory responses. Black lines
indicate bins in which population PSTHs for palatable and aversive tastants are significantly different (¢ test, p << 0.05).

press a different response for different tastants, TS), and
palatability-specific (i.e., express responses that correlate with the
hedonic value of the taste, PS). To assess possible differences
between these groups of neurons, a within-area comparison of
relative proportions and dynamics was performed. In mPFC,
49% (174 of 354) of the neurons recorded were TR; of these, 56%
(98 0f 174) were TS, and 26% (46 of 174) were PS. In GC, 75% (86
of 115) of the neurons recorded were TR; of these, 81% (70 of 86)
were TS, and 21% (18 of 86) were PS. Using the more sensitive
decoding method for assessing taste selectivity greatly increased
the proportion of taste-selective neurons in both GC (to 98% of
responsive, 84 of 86) and mPFC (to 91% of responsive, 158 of
174). This result suggests that most taste-responsive neurons en-
code information regarding tastants.

Additional analyses were performed to determine the degree
of overlap between taste- and palatability-specific groups. The
majority (mPFC, 72%, 126 of 174; GC, 81%, 70 of 86) of the
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neurons that responded to taste encoded selectively for only one
specific variable. For instance, in mPFC, 68% (119 of 174) of
taste-responsive neurons were TS without being PS (“T'S_only”),
and just 4% (7 of 174) encoded exclusively palatability (“PS_
only,”i.e., not TS). In GC, the proportions were similar: TS_only,
79% (68 of 86) of taste-responsive neurons; PS_only, 2% (2 of
86). In both areas, however, a group of taste-responsive neurons
recorded (mPFC, 22%, 39 of 174; vs GC, 19%, 16 of 86) encoded
more than one variable over time. For instance, 25% (39 of 158)
and 19% (16 of 84) of taste-selective neurons in mPFC and GC,
respectively, encoded both taste selectivity and palatability. This
result indicates that processing of information regarding differ-
ent aspects of taste consumption in both mPFC and GC is not
exclusively performed by very selective neurons; on the contrary,
processing of gustatory information seems widely distributed
over neurons with mixed selectivity to various aspects of gusta-
tion (Rigotti et al., 2013).

Additional analyses were performed on these neurons to de-
termine whether or not there was any within-area difference in
the latency of encoding for unspecific taste responsiveness, taste
identity, and taste palatability. In mPFC, TR neurons became
responsive at 0.19 s (0.16, 0.22 s), TS neurons started to encode
identity 0.22 s (0.17, 0.22 s), and PS neurons began to encode
palatability at 0.8 s (0.5, 0.9 s). In GC, TR neurons were respon-
sive as early as 0.06 s (0.05, 0.07 s), TS neurons began to encode
identity at 0.20 s (0.12, 0.28 s), and PS neurons encoded
palatability with a latency of 0.5 s (0.5, 0.7 s). Within-area sub-
population latencies were significantly different in both areas
(Kruskal-Wallis one-way unbalanced ANOVA; mPFC, X%Z) = 36,
p <0.001; GC, x(») = 32, p < 0.001). Post hoc multiple compar-
ison analyses revealed that, in mPFC, both TS and TR latencies
were significantly (p < 0.05) different from PS ones (but not
from each other), whereas in GC, all subpopulation latencies
significantly differed (p < 0.05). These results suggest a sequen-
tial processing of different components of a gustatory experience
in mPFC and GC.

To investigate whether TS and PS neurons were located in
distinct divisions of the mPFC and GC, the depth profile of
the distributions of the locations of the TS, PS, and taste-
unresponsive neurons (see Materials and Methods) were
compared using a Kolmogorov—Smirnov test. No significant
clustering of response type was observed in mPFC. TS and PS
neurons showed depth profiles that were not statistically different
from the distribution of neurons unresponsive to taste (PS vs
non-PS, k5 = 0.12, p = 0.66; TS vs non-TS, k) = 0.07, p =
0.93). A similar analysis was performed on GC units and showed
no specific clustering according to recording depth (PS vs non-
PS, k15, = 0.27, p = 0.22; TS vs non-TS, k5, = 0.18, p = 0.50).
In summary, response types appeared distributed equally along
the extent of mPFC and GC, and no specific cluster of responses
was identified.

Discussion

The gustatory portion of the insular cortex, commonly known as
GC, is the most studied cortical recipient of taste information
(Carleton et al., 2010; Maffei et al., 2012). However, GC is not the
only cortical area involved in processing taste. Gustatory signals
reach also the OFC and the mPFC (Gabbott et al., 2003; Gutierrez
et al., 2006). Although considerable work has been devoted to
understanding OFC contribution to taste processing, much less is
known about mPFC involvement. Here we report evidence from
electrophysiological recordings in alert rats demonstrating
mPFC involvement in taste processing. Analysis of firing re-
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sponses revealed similarities and differences in how taste engages
neurons in mPFC and GC. Neurons in mPFC, like those in GC,
can effectively process both taste quality and palatability. In
both areas, some neurons encoded selectively for taste delivery
(regardless of taste identity), taste quality, or taste palatability,
whereas others showed mixed selectivity (Rigotti et al., 2013).
mPFC and GC also shared a similarity in the temporal se-
quence of information processing, with taste identity being
encoded first, followed by encoding of palatability. However,
significant differences were also found. First, gustatory stimuli
result in stronger and more widespread activation of GC than
mPFC. Second, coding of taste quality occurs more rapidly in
GC. Third, although palatability is coded equally well in GC
and mPFC, neurons in mPFC show bias to aversive stimuli,
which evoke stronger and more persistent responses than pal-
atable tastants. Altogether, these differences suggest a division
oflabor among cortical areas involved in taste processing, with
GC processing taste earlier than mPFC, and mPFC retaining
longer palatability-related representations.

Taste coding in mPFC

The mPFC has been historically considered an area involved in
cognitive and motivational control of behavior (Laubach, 2011).
Behavioral tasks designed to investigate mPFC function have re-
vealed, among others, responses to primary reinforcers, either
positive or negative outcomes (Baeg et al., 2001; Matsumoto et
al., 2003; Zhang et al., 2004; Horst and Laubach, 2013). Neurons
in mPFC respond to rewards of different nature and magnitude.
Fruit juice, different amounts of S, as well as rewarding intracra-
nial stimulation have all been described to be effective in modu-
lating activity in mPFC (Takenouchi et al., 1999; Amiez et al.,
2006; Petyko et al., 2009). Although these studies demonstrated
that outcome-related information can reach mPFC, to our
knowledge, no experiment has been directed at understanding
how mPFC neurons encode the different sensory qualities of nat-
ural rewards. Here we studied how mPFC responds to gustatory
stimuli that differ for their sensory identity and their palatability,
by passively administering tasting solutions via IOCs. Because
responses in mPFC are known to be highly task dependent
(Laubach, 2011), we chose to use an experimenter-controlled
delivery paradigm (Katz et al., 2001; Fontanini and Katz, 2006).
Such a design allowed us to focus on stimulus processing alone
without engaging cognitive processes in the context of more
complex behavioral tasks. The ability to respond to taste and
encode gustatory information was evaluated in comparison with
the GC, the primary cortical area devoted to process gustatory
signals. Almost half of the neurons recorded in mPFC had their
firing rates modulated by intraoral delivery of tasting solutions.
However, tastants engaged mPFC less potently than GC. We
found that a significantly lower percentage of mPFC responded
to taste stimulation compared with GC. Furthermore, the mag-
nitude of excitatory responses to tastants was smaller in mPFC
than GC. Analysis of the taste coding in mPFC revealed that a
significant number of prefrontal neurons can also respond
specifically to different tastants. Several differences were ob-
served in the ability of mPFC and GC neurons to encode taste.
A lower number of mPFC neurons showed taste-selective re-
sponses compared with GC. Responses to tastants appeared to
be sparser and more narrowly tuned in mPFC compared with
GC. The majority of mPFC neurons responded to one or two
tastants. Conversely, in GC, the majority of neurons were
broadly tuned and responded selectively to three or four stim-
uli. A comparative analysis of taste coding indicated a better
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classification performance for gustatory cortical neurons
compared with prefrontal ones. Single neurons as well as
pseudo-ensembles of neurons in mPFC contained less taste-
related information than in GC yet were capable of allowing
significantly above-chance taste classification. Decoding anal-
ysis on a surrogate dataset based on mPFC neurons revealed
that >95% accurate classification performance could be
achieved with as little as 300 mPFC neurons.

We cannot definitively exclude that the taste coding activity
observed in mPFC might be related, at least in part, to different
consummatory behaviors triggered by specific tastants. However,
EMG recordings performed in experimental conditions similar
to ours (Travers and Norgren, 1986) revealed that taste-selective
orofacial reactions occur at a latency longer than 1 s. We com-
puted the latency of identity coding with different methods and
found that it was consistently faster than 1 s, suggesting that at
least the early portion of the taste specificity observed is not at-
tributable to taste-specific mouth movements.

Although mPFC encoded taste quality less successfully than
GG, it was at least as good as GC in encoding palatability. A
quarter of mPFC neurons produced responses that matched the
hedonic value of the four tastants used. Although no specific
pattern of firing to rewarding and aversive tastants was observed
in excitatory and inhibitory responses in GC, mPFC consistently
responded more strongly to aversive gustatory stimuli. Q and C
resulted in stronger excitation or stronger inhibition than S and
N. These results suggest a bias for aversive gustatory stimuli in the
population of mPFC palatability-specific neurons. Interestingly,
palatability coding persisted longer in mPFC than in GC. Pres-
ence of persistent responses to hedonic value are consistent with
evidence showing persistent activity in mPFC (Baeg et al., 2001,
2003; Narayanan and Laubach, 2008, 2009).

Although the latency for palatability coding is shorter than the
one reported for orofacial reactions (Travers and Norgren, 1986),
the persistence of the bias toward aversive tastants observed in
mPFC could potentially be related to differences in how the rats
consumed rewarding and aversive solutions. Tongue protrusions
and gapes might also contribute to this bias, as also suggested by
recent reports showing a close relationship between mPFC activ-
ity and licking behavior (Horst and Laubach, 2013). However,
whether mouth movements would be the cause or the effect of the
persistent differential activity in mPFC is not known. Future
studies combining electrophysiological recordings, EMG record-
ings, and video analysis will be directed at investigating this issue
in depth. Regardless of the potential coupling between sensori-
motor behaviors and mPFC bias toward aversive stimuli, we note
that such a bias was not observed in GC, another area in which
long-latency firing could also in principle be modulated by inges-
tive behaviors. This result further emphasizes the functional dif-
ferences between mPFC and GC.

GC-mPFC flow of gustatory information

The mPFC receives dense projections from the gustatory and
visceral portions of the insular cortex (Gabbott et al., 2003). To
our knowledge, projections to mPFC from other gustatory areas
are limited. Tracing experiments have shown that the parvicellu-
lar portion of the ventroposteromedial nucleus of the thalamus,
the thalamic source of gustatory signals to GC, does not project
directly to mPFC (Condé et al., 1990). Similarly, projections from
the parabrachial nucleus to mPFC are lighter than those to GC
and unlikely to be a significant source of gustatory information
(Divac et al., 1978; Saper and Loewy, 1980). Hence, processing of
gustatory quality in mPFC is likely dependent on inputs from GC.
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If that is the case, one should expect gustatory responses to have a
faster onset in GC than in mPFC. Indeed, our data show a faster
onset of taste identity coding in GC relative to mPFC. Although
these results are not sufficient to draw a causal relationship be-
tween activity in GC and activity in mPFC, they are consistent
with a model in which gustatory signals activate serially GC and
then mPFC. The observation that fewer mPFC neurons are acti-
vated by taste indicates a loss in the transmission of gustatory
signals from GC to mPFC. Signals are also transformed, as neu-
rons become less broadly tuned and representations are sparser in
mPFC. This result is consistent with the view that mPFC cortex
represents a higher-order area involved in integrating taste with
multiple other stimuli.

As for the sources of hedonic coding, those can be numerous.
Areas such as the amygdala, the mediodorsal thalamus, and the
lateral hypothalamus are known to be involved in processing
rewarding and hedonic value (Oyoshi et al., 1996; Fontanini et al.,
2009; Li et al., 2013; Zhang et al., 2013) and are known to send
significant projections to mPFC (Hoover and Vertes, 2007). The
GC itself shows neurons whose responsiveness is primarily influ-
enced by the palatability (Fontanini and Katz, 2006; Grossman et
al., 2008). Consistently, GC could also be one of the sources of
hedonic signals to mPFC. In general accordance with previous
reports, palatability-related activity in GC starts at around ~0.75
s (Sadaccaetal., 2012). The overall onset of palatability responses
is similar in GC and mPFC. However, palatability-related activity
had a different duration in the two areas, lasting longer in mPFC
than GC. Our data are compatible with the view that palatability
signals from different sources, including GC, could converge in
mPFC and generate sustained activity.

Although our data are consistent with gustatory signals trav-
eling from GC to mPFC, anatomical reports also show evidence
of reciprocal projection between the two areas (Gabbott et al.,
2003). A recent model has suggested that bidirectional connec-
tions between GC and mPFC might play a role generating persis-
tent activity (Laubach, 2011). Evidence of persistent hedonic
signals in mPFC is consistent with this view. However, more
experiments are needed to investigate the function of reciprocal
connections and the nature of the information passed from
mPFC to GC.

Gustatory coding and current views of mPFC

The mPFC has been investigated intensely for its role in control-
ling motivated behaviors (Wallis and Kennerley, 2010; Laubach,
2011; Kvitsiani et al., 2013). Recordings from an array of behav-
ioral paradigms have shown that neurons in mPFC change their
firing rates in relation to multiple cognitive processes. Strong
evidence has also been accumulating on the involvement of
mPFC in encoding predictive cues and behavioral outcomes
(Matsumoto et al., 2003; Amiez et al., 2006; Bouret and Rich-
mond, 2010; Wallis and Kennerley, 2010). It is well known that
activity in mPFC can be strongly modulated by natural rewards,
such as sucrose, juice, or food. Neurons in mPFC do not just
respond to rewarding stimuli, they can also signal aversive events
(Baegetal., 2001; Zhang et al., 2013). mPFC can retain persistent
representations of negative outcomes, such as errors in perform-
inga task (Narayanan and Laubach, 2008). Neurons in the mPFC
can also persistently encode nociceptive stimulation (Zhang et
al., 2004; Onozawa et al., 2011) and respond to cues anticipating
noxious stimulus with responses lasting several seconds (Baeg et
al., 2001). In addition, it has been reported that mPFC plays arole
in the formation and retrieval of aversive taste memories
(Hernadi et al., 2000). Our results confirm mPFC involvement in
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processing aversive events and further show that aversive gusta-
tory stimuli appear particularly effective in activating a subset of
taste-specific neurons. In particular, we found that aversive gus-
tatory stimuli evoke stronger and longer-lasting responses than
rewarding stimuli in neurons tuned to encode hedonic value.
Although these data are not evidence for a generalized tuning of
mPFC toward aversive events, they nevertheless suggest that,
when it comes to taste, mPFC neurons appear more sensitive to
unpalatable tastants than to palatable ones.

It is important to notice that representations of positive and
negative outcomes in mPFC are not abstract and stimulus inde-
pendent. In fact, the data presented here indicate that mPFC can
effectively encode not only the hedonic value of a tasting solution
but also its specific sensory identity. The ability to finely represent
different gustatory qualities, i.e., sweet, salty, sour, and bitter, is
consistent with an involvement of mPFC in selecting appropriate
nutrients and avoiding specific substances (Nagy et al., 2012;
Horst and Laubach, 2013). These results, together with evidence
showing that neurons in mPFC can encode homeostatic signals
and drive licking (Horst and Laubach, 2013), suggest a funda-
mental involvement of this area in adaptively regulating feeding
behaviors.
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