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A B S T R A C T

Rats are often reluctant to consume novel tastes because they lack knowledge about the postingestive effects the
new foods might have. This paper examines the effect of excitotoxic lesions and temporary inactivation of the
perirhinal cortex (Prh), a key region in the recognition memory system, on taste neophobia and its attenuation.
Using a two-bottle choice paradigm (saccharin vs water), excitotoxic lesions were found to disrupt taste neopho-
bia to 0.3% and 0.5% saccharin. However, the lesions had no effect when using a concentration of 0.7%, which
is qualitatively aversive (expt. 1a-1c). In a second series of experiments the same animals were able to acquire a
flavor preference learning on the basis of a flavor-taste association. Lesioned and control rats showed, during a
choice test, a clear preference for the flavor associated with saccharin (expt. 2a-2c). Finally, in a third series of ex-
periments, Prh inactivation with lidocaine after trial 1 (expt. 3) and after trials 1-3 (expt. 4) delayed attenuation
of the neophobia. These findings suggest that Prh lesions do not significantly affect taste processing/ perception.
Prh thus appears to play an essential role in taste neophobia and its attenuation.

1. Introduction

Animals have developed several mechanisms to protect themselves
from potentially toxic/poisonous foods they find in their environment.
One of these mechanisms is taste neophobia, which limits the ingestion
of novel foods and thereby increases the chances of survival in case the
novel food consumed is toxic (Corey, 1978; Domjan, 1976; Miller
& Holzman, 1981; Reilly, 2018a). If the intake of the novel food
is not followed by aversive consequences, then neophobia diminishes
and intake will increase in subsequent encounters with the food (at-
tenuation of the neophobia) and the taste will become familiar and be
considered safe (Bermúdez-Rattoni, 2004; Best, Domjan, & Han-
skins, 1978; Monk, Rubin, Keene, & Katz, 2014; Siegel, 1974).
However, if after consuming the novel food subjects experience aversive
post-ingestive consequences, they will develop conditioned taste aver-
sion (CTA) and show reduced intake of the food in future encounters
with it (Bernstein, 1999; Bures, Bermúdez-Rattoni, & Yamamoto,
1998; García, Kimmeldorf, & Koelling, 1955; Milgram, Krames,
& Alloway, 1977; Reilly & Schachtman, 2009).

Recent research on the neurobiological substrates of taste neopho-
bia has identified some structures that appear to be involved in the nor-
mal occurrence of this phenomenon (Osorio-Gómez, Guzmán-Ramos,
& Bermúdez-Rattoni, 2018; Reilly, 2018b). Excitotoxic lesions to
the gustatory thalamus or lesions to the medial amygdala disrupted
taste neophobia and experimental rats consumed signifi

cantly more novel saccharin in trial 1 than control subjects, with both
groups reaching a similar and asymptotic intake in trial 3-4 (Arthurs,
Lin, & Reilly, 2018; Arthurs & Reilly, 2013; Lin, Roman, Arthurs,
& Reilly, 2012; Lin, Roman, St. Andre, & Reilly, 2009). A greater
impairment in taste neophobia has been observed following excitotoxic
lesions to the basolateral amygdala or after lesions to the gustatory
cortex, two structures that may be a functional unit (Lin & Reilly,
2012). Rats with bilateral excitotoxic lesions to either of these struc-
tures show a deficit pattern similar to the one observed following dam-
age to the gustatory thalamus, that is, high intake of the novel sac-
charin solution (trial 1) and an intake similar to that of controls at
asymptote by trial 3–4 (Dunn & Everitt, 1988; Lin et al., 2009;
Moraga-Amaro, Cortés-Rojas, Simon, & Stehberg, 2014; Reilly,
2018b; Stehberg, Moraga-Amaro, & Simon, 2011). The temporary
inactivation of either of the two structures mentioned (by infusion of
baclofen/muscimol) before exposure to a novel saccharin solution in-
duced both a deficit in taste neophobia in trial 1 and, surprisingly, a
lower intake in trial 2 (Lin, Arthurs, & Reilly, 2018; see also, Nach-
man & Ashe, 1974; Gutiérrez, Téllez, & Bermúdez-Rattoni, 2003;
Figueroa-Guzmán & Reilly, 2008). The absence of neophobia atten-
uation in trial 2 suggests that the pharmacological inactivation of these
structures during the first encounter with a novel taste, and during the
subsequent post-intake interval, delays the consolidation of the novel
taste as a safe taste memory. This is important because it suggests that a
single structure, in this case either the basolateral amygdala or the gusta
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tory cortex, may be involved in two processes, one related to the initial
neophobic response and one related to the plastic changes underlying
neophobia attenuation (see also, Ho et al., 2015).

Since the ability to process/recognize a stimulus as either novel or
familiar is essential for taste neophobia to occur normally, the pre-
sent study aimed to investigate the contribution of the perirhinal cortex
(Prh), a key region in recognition memory, to taste neophobia and its
attenuation (Brown, Warburton, & Aggleton, 2010; Eichenbaum,
Yonelinas, & Ranganath, 2007). There are several reasons to think
that Prh may be involved in taste neophobia. First, neuroanatomical re-
search has shown strong reciprocal connections between the Prh and
the basolateral amygdala and the insular cortex, two regions associ-
ated with the initial neophobic response and its attenuation (Agster &
Burwell, 2009; Agster, Pereira, Saddoris, & Burwell, 2016; Bur-
well & Amaral, 1998; Pereira, Agster, & Burwell, 2016; Shi &
Cassel, 1999; Suzuki & Amaral, 1994). Therefore, Prh could inter-
act critically with these structures during taste neophobia. Second, be-
havioral studies have established that Prh plays an essential role when
animals show preferential exploration of novel vs familiar stimuli dur-
ing a typical object recognition task (Albasser, Poirier, & Aggle-
ton, 2010; Brown & Banks, 2015; Bussey, Muir, & Aggleton,
1999; Ennaceur, Neave, & Aggleton, 1996; Mumby & Pinel, 1994;
Otto & Eichenbaum, 1992; Winters, Forwood, Cowell, Saksida,
& Bussey, 2004; Winters, Saksida, & Bussey, 2008). Third, thanks
to diverse techniques for recording/imaging neuronal activity, it has
been possible to observe that many neurons in Prh and its neighbor-
ing regions respond more intensely to novel than to familiar stimuli.
This effect is known as “repetition suppression” and has been observed
in multiple studies (Ahn, Lee, & Lee, 2019; Brown, 2000; Fahy,
Riches, & Brown, 1993; Li, Miller, & Desimone, 1993; von Lin-
stow Roloff, Muller, & Brown, 2016; Wan, Aggleton, & Brown,
1999; Xiang & Brown, 1998; Young, Otto, Fox, & Eichenbaum,
1997; Zhu, Brown, & Aggleton, 1995). Although most of the stud-
ies have used visual stimuli, a recent report has confirmed the same ef-
fect with gustatory stimuli. More specifically, using c-Fos immunoreac-
tivity as a marker for neuronal activity, its authors showed that intake
of a novel flavor solution induced a higher number of Prh c-Fos-positive
neurons during trial 1 than during trial 2 and trial 6 (Gómez-Chacón,
Morillas, & Gallo, 2015). Finally, a change in activity opposite to the
aforementioned one –that is, an increase in activity due to the repetition
of the stimulus– has been found less frequently within the Prh and has
been associated with the plastic changes underlying memory consolida-
tion (see, for example, Hölscher, Rolls, & Xiang, 2003).

In accordance with the foregoing, a previous study in our labora-
tory found that excitotoxic lesions to the Prh impaired taste neopho-
bia. Thus, Prh-lesioned rats drank significantly more novel 0.3% and
0.5% saccharin solution than control subjects in trial 1, although the
amount of fluid intake at asymptote was similar in the two groups in
trial 2-3 (Ramos, 2015). This study, however, raises a series of impor-
tant issues, further study of which is needed to help clarify Prh con-
tribution to taste neophobia. The first aim of this study was to repli-
cate our previous results, but on this occasion a two-bottle choice test
was used each day (from trial 1 to trial 4) and the rats had to discrim-
inate between water vs a saccharin solution (experiments 1a, 1b and
1c). We hypothesized that Prh-lesioned rats would drink more saccha-
rin than the controls in trial 1, thereby replicating our previous data in
a two-bottle choice test procedure. Second, to examine whether Prh-le-
sioned rats have a gustatory perceptual deficit, the same rats used in the
three previous experiments were subjected to a flavor-taste preference
learning task. The aim was to investigate whether lesioned rats could
discriminate as well as controls between two flavored solutions with dif-
ferent hedonic value (experiments 2a, 2b and 2c). Third, to determine
whether Prh also contributes to a novel taste being deemed safe and
familiar, we examined the effect of lidocaine infusion into the Prh im-
mediately following the intake of a saccharin solution (experiments 3

and 4). We found that Prh is critical for both the initial taste neophobia
response and its attenuation.

2. Materials and methods

2.1. Experiments 1a, 1b and 1c: Prh-lesions disrupt taste neophobia when
using a two-bottle choice procedure (saccharin versus water)

Our main aim was to replicate the previous findings showing impair-
ment in taste neophobia after Prh lesions (Ramos, 2015). However, in
the present study we used a two-bottle choice procedure (saccharin ver-
sus water) instead of a one-bottle test. Using a two-bottle test, a disrup-
tion in the neophobia would easily be detected if lesioned rats in trial 1
drank approximately the same amount of saccharin as water and showed
a preference for saccharin significantly greater than that observed in the
control group. The two groups should, however, show a similar intake
and preference for saccharin at asymptote.

2.1.1. Subjects
The subjects were 44 male Wistar rats from Charles River Laborato-

ries (France). Specifically, the number of animals per experiment was (n
lesioned vs n controls): experiment 1a = 8 versus 7; experiment 1b = 8
versus 6; experiment 1c = 8 versus 7. The rats initially weighing be-
tween 270 and 290 g were individually housed in single polycarbon-
ate cages (480 × 265 × 210 mm, Tecniplast, Italy) and maintained at a
constant temperature of 22 ± 1 °C. Rats were given ad libitum food and
water until experiments started. All experimental procedures were per-
formed in conformity with European (2010/63 EEC) and Spanish (BOE
RD 53/2013) legislation and were approved by the Ethics Committee for
Animal Research of the University of Granada.

2.1.2. Surgery
Under the effects of sodium pentobarbital anesthesia (60 mg/kg,

i.p., Sigma Chemical, St. Louis, Missouri), the rats were placed in a
David Kopf stereotaxic apparatus (mod. 900, David Kopf Instruments,
Tujunga, California) with the incisor bar adjusted so that lambda and
bregma were level. Rats were randomly assigned to either an experi-
mental or a control group. The lesioned subjects received bilateral in-
jections of N-methyl-D-aspartic acid (NMDA, Sigma Chemical, PBS, pH
7.4, 0.07 M) through the insertion of a 30-gauge stainless steel cannula
in six sites of the perirhinal cortex. The cannula was laterally oriented
at 26° from the vertical. The coordinates were derived from the atlas
of Paxinos and Watson (1998) and based on the anatomical location
of the perirhinal cortex, as delineated by Burwell and colleagues (Bur-
well, 2001; Burwell & Amaral, 1998; Burwell, Witter, & Ama-
ral, 1995; Furtak, We, Agster, & Burwell, 2007). The anteropos-
terior (AP) stereotaxic coordinates were calculated relative to bregma,
the lateral (L) relative to the midline and the dorsoventral (V) relative
to the top of the skull: AP = −3.6, L = ±2.9, V = 9.8; AP = −4.8,
L = ±3.3, V = 9.8; AP = −5.8, L = ±2.8, V = 9.8. NMDA was ad-
ministered in a 0.3 µl volume at each site through the cannula that
was attached to a 5 µl Hamilton microsyringe (Teknokroma, Barcelona,
Spain). Delivery of the solution was carried out with a Harvard Appara-
tus pump set (model 22, Panlab-Harvard Apparatus, Barcelona, Spain)
at an infusion rate of 0.1 µl/min. The cannula was left in situ for an ad-
ditional 5 min before being withdrawn. The control groups underwent
identical surgical procedures with one exception, that equivalent vol-
umes of phosphate-buffered saline (PBS) were infused into the Prh. After
surgery, each rat was injected with buprenorphine to reduce post-oper-
ative pain (0.2 mg/kg, i.p., Bupaq®, richterpharma, ag, Austria).

2.1.3. Behavioral procedure
All behavioral testing occurred in the home cages. After recov-

ery from surgery, rats were adapted to a water-restriction schedule of
15-min of water access in the morning followed 6 h later by a second
15-min period of water access in the afternoon. After 4 days of this ha-
bituation program, on the fifth day, taste neophobia trials began. Dur
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ing each of the neophobia trials (from day 5 to day 8) the animals were
presented, in the middle of the front part of their home cage, with two
calibrated tubes fitted with a rubber stopper and a steel sipper spout ex-
tending 1.5 cm into the cage. The two tubes were 2 cm apart from each
other. One tube contained water and the other tube contained a sodium
saccharin solution (Sigma-Aldrich, Madrid, Spain) at 0.3% (experiment
1a), 0.5% (experiment 1b) or 0.7% (experiment 1c). The position of the
tubes was doubly counterbalanced, by day and over the course of the
days, to control for possible side preferences. The tastant was always
presented in the morning. Saccharin and water intake was assessed by
weighing the tubes before and after each neophobia trial, to the nearest
0.1 g. Six hours after each neophobia trial, all rats had unlimited access
to water for 15 min.

2.1.4. Data analysis
The preference for saccharin over water was analysed using a 2-way

mixed design analysis of variance (ANOVA) with group as the be-
tween-subject variable and trial as the within-subject variable (2
group × 4 trial). The saccharin preference index, defined as the per-
centage of saccharin consumed in relation to the total fluid consumed
in each taste neophobia trial, was calculated with the following formula
(see Bahar, Dorfman, & Dudai, 2004):
Preference index = 100 × saccharin consumed/(water
consumed + saccharin consumed)

Hence, a preference index >50 implies higher preference to sac-
charin over water. Post-hoc Tukey tests were used where appropriate.
All analyses were conducted with the Statistica software 8.0 (StatSoft,
Tulsa, Oklahoma).

2.2. Experiments 2a, 2b and 2c: Effect of Prh lesions on conditioned flavor
preference based on a flavor-taste learning paradigm

These experiments were designed to rule out the possibility that the
deficit in taste neophobia seen in rats with Prh lesions could be due
to an alteration in taste processing. Specifically, the aim was to exam-
ine whether the lesioned rats of the three previous experiments were
capable of discriminating between two flavored solutions using a fla-
vor-taste learning paradigm. The acquisition of flavor preferences seems
to depend on associative learning mechanisms (Díaz & De la Casa,
2011; Díaz, De la Casa, Ruiz, & Baeyens, 2004; Rozin & Zell-
ner, 1985). Two types of flavor preference can be established in lab-
oratories: flavor-nutrient and flavor-taste conditioning. In the former,
two neutral flavors are presented every other day for several days, pair-
ing one of them (CS+) with post-ingestive consequences. In the latter,
of the two initially non-preferred flavors, one is paired (CS+) every
other day with a sweet taste that has no postingestive effect. Many stud-
ies have shown that after several days of pairing, when a two-bottle
choice test is used in which both flavors are simultaneously presented
in water, normal rats prefer the taste that was paired with postingestive
consequences or the sweet taste, respectively (Dwyer, 2011; Reilly
& Pritchard, 1996; Sclafani, 2004; Sclafani & Ackroff, 1994;
Touzani & Sclafani, 2005; Ueji, Minematsu, Takeshita, & Ya-
mamoto, 2016; Yamamoto & Ueji, 2011).

With regard to flavor-taste conditioning, some studies have shown
robust learning using saccharin as the sweet taste without post-inges-
tive/nutritional consequences (Díaz & De la Casa, 2011; Díaz et al.,
2004; Fanselow & Birk, 1982; Forestell & Lolordo, 2003; Hol-
man, 1975; Messier & White, 1984; Ueji et al., 2016). Therefore,
since the flavor-taste conditioning using saccharin as US depends com-
pletely on orosensory mechanisms, this procedure seems ideal for eval-
uating whether Prh-lesioned rats have a deficit in taste processing/per-
ception. We hypothesized that if such a deficit existed, lesioned rats
would fail when discriminating between the two flavors (CS+ versus
CS−) and impairment in flavor-taste conditioning would be evident.

On the other hand, normal flavor-taste preference learning would be the
sign of no deficit in taste processing/perception.

2.2.1. Subjects
The subjects were the same as the ones used in experiments 1a, 1b

and 1c.

2.2.2. Behavioral procedure
After completing experiments 1a, 1b and 1c the rats were main-

tained ad libitum in their usual cages for 14 days. Then the animals were
adapted, over a period of 4 days, to a water-restriction schedule like the
one used in the first series of experiments. During the following six days
(days 5–10) the acquisition phase took place, to establish a flavor-taste
preference learning using a modified version of procedures described in
previous studies (Dwyer, 2011; Gilbert, Campbell, & Kesner, 2003;
Renteria, Silbaugh, Tolentino, & Gilbert, 2008; Ueji et al., 2016).
During these six consecutive days, half of the rats in the lesioned and
control groups were presented with an unsweetened grape-flavored so-
lution (CS-w) on odd days and with a sweetened cherry-flavored solu-
tion (CS+ saccharin) on even days. The other half of the rats received
a sweetened grape-flavored solution (CS+ saccharin) on odd days and
an unsweetened cherry-flavored solution (CS-w) on even days. The CS+
solutions were sodium saccharin (0.175% w/w, Sigma-Aldrich, Madrid,
Spain) flavored with grape or cherry Kool Aid (0.05%, Kraft Foods, NY,
USA). The CS− were the flavored solution, grape or cherry, but they
were not mixed with saccharin. In a choice between these flavors, naïve
rats show no preference whatsoever (Elizalde & Sclafani, 1990). The
CS+ or the CS− were presented for 15 min in the morning session.
The tubes were placed in the middle of the front part of the cage. Six
hours after each training trial, all rats had unlimited access to water for
15 min. Since we observed that rats drank a slightly greater quantity of
CS+ than of CS− during the 6 days of training, all animals had a sev-
enth additional day of training in order to make the magnitude of the
CS+ and CS− consumed by each subject exactly equal. Thus, on day
11, during the 15 min session in the morning, each rat was presented
with a tube that contained its unsweetened solution (CS−) in the volume
required to equal the amount of CS+ consumed during the training.
Once each animal had consumed the additional unsweetened solution,
it was presented with a tube with water and had unlimited access dur-
ing the remainder of the 15 min session. In this way, during the training
all the animals consumed the same amount of both solutions, CS+ and
CS−. On day 12 the choice-preference test was performed and each rat
was presented simultaneously with two graduated tubes in the middle
of the front part of the cage, 2 cm apart from each other. One tube con-
tained an unsweetened grape-flavored solution and the other contained
an unsweetened cherry-flavored solution (both at 0.05%), with the posi-
tion of each flavor being counterbalanced in each group. The amount of
each solution consumed was recorded to the nearest 0.1 g.

2.2.3. Histology
When the behavioral testing was completed, the rats were deeply

anesthetized with sodium pentobarbital (90 mg/kg, i.p.) and perfused
intercardially with 0.9% saline, followed by 10% formalin. After extrac-
tion from the skull, the brains were post-fixed in 10% formalin for sev-
eral days and subsequently in 10% formalin-30% sucrose until section-
ing. Coronal sections (50 µm) were cut on a cryostat (Leica CM 1850, Le-
ica Microsystems, Germany) and stained with Cresyl violet, a Nissl stain.

In order to quantify the extension of the damage in each lesioned
rat, regions of cell loss and gliosis identified microscopically were plot-
ted on drawings of coronal sections from the Paxinos & Watson atlas
(1998). For each perirhinal-lesioned rat, the reconstruction of the le-
sion was made based on eight coronal sections (anteroposterior levels
from bregma: −3.3, −3.8, −4.3, −4.8, −5.2, −5.6, −6.0 and −6.3 mm).
Each coronal section was digitized and the lesioned area was calcu
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lated (ImageJ, http://imagej.nih.gov/ij/). The anatomical limits of the
perirhinal, entorhinal and postrhinal cortices were defined using works
by Burwell and associates (Burwell, 2001; Burwell et al., 1995). The
volume of damage was expressed as a percentage, reflecting the amount
of lesioned tissue in relation to four normal non-lesioned rats.

2.2.4. Data analysis
During the acquisition phase, the intake of the sweetened solution

and the unsweetened solution over the 6 days of training was analysed
with a 3-way mixed design analysis of variance (ANOVA), with group as
the between-subject variable, trial as a within-subject variable and solu-
tion as another within-subject variable (2 group × 3 trial × 2 solution).
During the two-bottle choice-preference test, which took place on exper-
imental day 12, the preference of one flavor over another was analysed
using a 2-way mixed design analysis of variance (ANOVA) with group as
the between-subject variable and solution as the within-subject variable
(2 group × 2 solution). Post-hoc Tukey tests for the analyses of simple
main effects were used where appropriate.

2.3. Experiment 3: Prh lidocaine inactivation immediately after trial 1

Since in the previous experiments permanent excitotoxic lesions only
impaired the initial neophobic response, the aim of experiments 3 and
4 was to investigate whether Prh is involved in the attenuation of taste
neophobia. To selectively affect the memory formation process, in these
experiments Prh was temporarily inactivated immediately after taste
presentation. In experiment 3 transient inactivation of Prh was accom-
plished immediately after the first taste neophobia trial by means of
bilateral microinfusions of lidocaine, a sodium channel blocker with
short-lived effects (Martin, 1991; Pereira de Vasconcelos et al.,
2006; Tehovnik & Sommer, 1997). Previous studies have shown that
in low amounts and low doses, lidocaine locally infused into Prh dis-
rupts consolidation of object recognition memory when it is applied af-
ter the sample phase (Winters & Bussey, 2005). Consequently, if Prh
is involved in taste neophobia attenuation, the reversible blocking of the
perirhinal region immediately after the intake of the saccharin solution
should disrupt this process, delaying the transition from novel to famil-
iar safe taste.

A central objective of experiments 1a-1c was to repeat our previous
data, obtained with one-bottle forced-drinking protocol (see, Ramos,
2015), but using a different protocol. For this reason a two-bottle proce-
dure was used in experiments 1a-1c. Equivalent conclusions have been
obtained using one-bottle forced-drinking and two-bottle choice proce-
dures. So, in experiments 3 and 4 we used the one-bottle procedure
which is commonly used as a standard taste neophobia protocol in the
studies conducted in this area (Reilly, 2018a).

2.3.1. Subjects
The subjects were 16 male Wistar rats from Charles River Labora-

tories (France), with the same characteristics as those described in the
earlier experiments.

2.3.2. Surgery
Rats were anesthetized with a mixture of ketamine (100 mg/kg)

and xylazine (15 mg/kg) and placed in a David Kopf stereotaxic appa-
ratus with the incisor bar adjusted so that lambda and bregma were
level. All animals were implanted bilaterally with 22-gauge stainless
steel guide cannulas built in our lab. Each cannula was laterally ori-
ented at 26° from the vertical and implanted using the following co-
ordinates: AP = -4.4 mm from bregma; L = ±3.3 mm from the mid-
line; V = 4 mm from the skull surface (Paxinos & Watson, 1998).
The cannulas were anchored to the skull by two stainless steel screws
and dental cement and closed with a dummy cannula to maintain pa-
tency. Each rat received the antibiotic Omnamicina (0.1 cc intramus-
cular; Hoechst Ibérica, Spain) and buprenorphine to reduce post-opera

tive pain (0.2 mg/kg, i.p., Bupaq®, richterpharma, ag, Austria). Rats
were given at least 10 days of recovery before training began.

2.3.3. Behavioral procedure
After recovery from surgery rats were adapted over a period of

4 days to a water-restriction schedule like the one used in the previous
experiments. During these four days the animals were habituated to the
infusion process, as follows: after the 15 min period of water access in
the morning, each rat was taken to the experimental room where the in-
tracranial microinfusions were to take place and was immediately taken
from its cage and restrained gently by the experimenter for 3 min. The
dummy cannulas were removed during this time and the rats could hear
the sound of the infusion pump. After this period of 4 days the taste
neophobia trials began, which lasted 3 consecutive days (from day 5 to
day 7). The behavioral procedure was the same as used in experiments
1a-1c, with the exception that now in each taste neophobia trial only
one calibrated tube was presented in the middle of the front part of each
animal's cage. The tube contained a sodium saccharin solution at 0.5%.
A taste neophobia trial consisted of 15-min access to the saccharin solu-
tion during the morning period. On experimental day 5, right before the
infusion of lidocaine or buffer into the Prh, each animal was randomly
assigned to either the experimental or the control group without tak-
ing into account the number of animals that had already been assigned
to one group or the other just moments before (experimental n = 6,
control n = 10). All rats received bilateral intracranial microinfusions
1–2 min after trial 1. Experimental rats received lidocaine hydrochoride
at 4% (Sigma-Aldrich, Madrid; 40 µg/µl in PBS; 1 µl in 90 s per side)
and control rats received buffer infusions. Prior to the infusion, dummy
cannulas were removed and infusion cannulas (30-gauge stainless steel),
measuring 9.7 mm in length from the surface of the skull to the tar-
get region, were inserted into the guide cannula. Bilateral microinfu-
sions were made simultaneously, using two 5-µl Hamilton microsyringes
(Teknokroma, Barcelona). The microsyringes were driven by a Harvard
Apparatus pump (model 22, Panlab, Barcelona) and the cannulas were
left in situ for an additional 2 min before being withdrawn.

2.3.4. Histology
At the end of the experiment all rats were anesthetized with sodium

pentobarbital (60 mg/kg, i.p. Sigma Chemical, St. Louis, Missouri) and
placed in a David Kopf stereotaxic apparatus with the incisor bar ad-
justed so that lambda and bregma were level. The same infusion can-
nulas used previously for the intracranial microinjections were inserted
now in the guide cannulas of each rat, to produce small excitotoxic le-
sions in the target zone, in order to more precisely evaluate placement
of the injection tip. All rats received bilateral injections of NMDA (Sigma
Chemical, PBS, pH 7.4, 0.12 M), administering 0.05 µl of the neurotoxin
in each hemisphere. The injection cannulas were attached a 5-µl Hamil-
ton microsyringe and the delivery of the solution was carried out with
a Harvard Apparatus pump set at an infusion rate of 0.1 µl/min. The
cannula was left in situ for 3 min before being withdrawn. Ten days
later all animals were sacrificed by an overdose of sodium pentobarbital
and perfused intercardially with 0.9% saline, followed by 10% formalin.
The brains were post-fixed in 10% formalin for several days and subse-
quently in 10% formalin-30% sucrose, and then sectioned and stained
with Cresyl violet to study the injection tip placement under a micro-
scope.

2.3.5. Data analysis
The intake of saccharin was analysed with a 2-way mixed design

analysis of variance (ANOVA) with group as the between-subject vari-
able and trial as the within-subject variable (2 group × 3 trial). A 2-way
mixed ANOVA was also used to compare the volume of water con-
sumed on the last day of the water-restriction schedule with the sac-
charin consumed during the first taste neophobia trial (day 4 vs day 5,
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2 group × 2 trial). Post-hoc Tukey tests were used for the analyses of
simple main effects.

2.4. Experiment 4: Prh lidocaine inactivation immediately after trial 1, 2
and 3

To determine whether in the previous experiment Prh lidocaine in-
fusion actually disrupts taste neophobia attenuation or simply induces
taste aversion learning by acting as an unconditioned stimulus, in the
present experiment we repeated experiment 3 but on this occasion lido-
caine infusion was applied immediately after trial 1, 2 and 3. It has been
established in studies elsewhere that an increase in the number of trials
pairing CS-US increases the intensity of the CTA (Bures et al., 1998;
Riley & Mastropaolo, 1989; Roman, Lin, & Reilly, 2009; Roman
& Reilly, 2007). Therefore, if Prh lidocaine infusion induces CTA, three
CS-US trials, taking place on three consecutive days, should produce a
significantly greater reduction in the consumption of saccharin than the
one observed in experiment 3, in which only one CS-US trial was ap-
plied.

2.4.1. Subjects
The subjects were thirteen male Wistar rats like the ones described

in previous experiments. Six rats were assigned randomly to the experi-
mental group and seven to the control group.

2.4.2. Surgery
As described in experiment 3.

2.4.3. Behavioral procedure
The behavioral procedure was identical to the one described in ex-

periment 3 except on this occasion three intracortical infusions were ap-
plied in the Prh immediately after trial 1, 2 and 3 (days 5, 6 and 7) and
six neophobia trials were conducted (from day 5 to day 10).

2.4.4. Histology
The procedures were the same as those followed in experiment 3.

2.4.5. Data analyses
Two 2-way mixed analysis of variance (ANOVA 2 × 2 and 2 × 6)

with group as between-subject variable and trial as within-subject vari-
able were used where appropriate. Post-hoc Tukey tests were used for
the analyses of simple effects.

3. Results

3.1. Experiments 1a, 1b and 1c

3.1.1. Histological results
Representative photomicrographs and a diagram representing the ex-

tension of the lesions of the experimental subjects, which were the same
in experiments 1a-1c and 2a-2c, are shown in Fig. 1. In general, the
lesions affected all layers of the Prh and rarely reached the rostral por-
tion of the postrhinal cortex or the CA1 field of the ventral hippocam-
pus. Some rats presented minimal damage in the lateral entorhinal cor-
tex and the ventral temporal association area, but such lesions were al-
ways under 10% of these structures. The insular cortex was intact in
all the subjects (see Cechetto & Saper, 1987; Kosar, Grill, & Nor-
gren, 1986). A one-way analysis of variance (ANOVA) indicated that
the mean percentage of the perirhinal damage (areas 35 and 36) among
the Prh-lesioned groups was similar (F < 1), ranging from 69 to 89 per-
cent.

3.1.2. Behavioral results
3.1.2.1. Experiment 1a: 0.3% saccharin versus water To study the dis-
ruption of neophobia following Prh lesions we analyzed the data us-
ing the saccharin preference index as a dependent variable (Fig. 2A).

Fig. 1. A) Lateral view of a representative perirhinal lesion and photomicrographs of coro-
nal sections stained with cresyl violet from a representative lesioned rat. B) Coronal sec-
tions showing the largest (gray) and smallest (central white area) perirhinal lesions in the
lesioned groups of experiments 1a-1c and experiments 2a-2c. AP coordinates are shown in
relation to the bregma.

Data indicated a clear neophobia in the control animals but a disrup-
tion in the neophobia in the lesioned group. Thus, in the first neophobia
trial, Prh-lesioned rats drank very similar amounts of saccharin and wa
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Fig. 2. Index of preference to saccharin (mean ± SEM) in experiment 1a (A), experiment
1b (B) and experiment 1c (C). ** p < 0.01, *m marginally significant.

ter (mean saccharin = 4.8 ± 1.1 versus mean water = 3.5 ± 0.6). This
pattern contrasts with the performance of the control group, which
consumed almost four times more water than saccharin (mean saccha-
rin = 1.5 ± 0.4 versus mean water = 5.8 ± 0.7). A 2-way mixed de-
sign analysis of variance (ANOVA) showed no significant effect of group
(F1, 13 = 2.06, p = 0.17, η2p = 0.13), a significant effect of trial (F3,
39 = 40.60, p < 0.0001, η2p = 0.75) and a significant group × trial
interaction (F3, 39 = 5.98, p < 0.001, η2p = 0.31). Tukey tests to an-
alyze the interaction revealed that Prh-lesioned animals presented a
significantly higher preference for saccharin than controls did in the
first trial (p < 0.01) but not in the second, third

and fourth trial. This data suggests a disrupted neophobic response in
Prh-lesioned rats. In addition, Tukey tests to analyze the trial factor
showed that control rats presented a significantly lower preference in-
dex in the first trial compared to the second trial (p < 0.0001) but no
significant differences were detected when comparing the intake of the
second and third days (p = 0.50) and the intake of the third and fourth
days (p = 0.99). Regarding the experimental group, significant differ-
ences were observed between trial 1 and 2 (p < 0.03) but no differ-
ences were found between trial 2 and 3 (p = 0.98) or between 3 and 4
(p = 1.0). This means that the neophobic response of both groups was
attenuated in the second trial. Also, both groups presented asymptotic
performance on the fourth and last day of the experiment.
3.1.2.2. Experiment 1b: 0.5% saccharin versus water Fig. 2B represents
the saccharin preference index obtained in lesioned and control rats
during the four consecutive trials of experiment 1b. A 2-way mixed
design analysis of variance (ANOVA) showed no significant effect be-
tween groups (F1, 12 = 1.81, p = 0.20, η2p = 0.13), but a significant
effect of trial (F3, 36 = 104.09, p < 0.0001, η2p = 0.89) and a signif-
icant group × trial interaction (F3, 36 = 3.76, p < 0.01, η2p = 0.23)
were observed. The interaction analysis indicated a greater but mar-
ginal preference for saccharin in lesioned rats than in controls in trial
1 (p = 0.07) but a similar preference in trials 2–4 (p = 0.99). Further-
more, Tukey tests for the trial factor showed that control animals pre-
sented a significantly lower preference index in the first trial than in the
second (p < 0.0001) but no significant differences were detected upon
comparing the preference index of trial 2 with that of trial 3 (p = 0.89),
or upon comparing the third and fourth trial (p = 0.94). With regard to
the experimental group, significant differences were observed between
trial 1 and 2 (p < 0.0001), but no differences were found between trial
2 and 3 (p = 0.74) or between trial 3 and 4 (p = 0.98). As in exper-
iment 1a, these results support a deficit in the initial taste neophobic
response in Prh-lesioned rats, but not a disruption in neophobia attenu-
ation.
3.1.2.3. Experiment 1c: 0.7% saccharin versus water Fig. 2C shows the
saccharin preference index obtained in lesioned and control rats dur-
ing the four consecutive trials of experiment 1c. A 2-way mixed de-
sign analysis of variance (ANOVA) indicated that only the trial main
effect was significant (F1, 13 group = 0.45, p = 0.51, η2p = 0.03; F3,
39 trial = 30.06, p < 0.0001, η2p = 0.70; F3, 39 group × trial = 0.02,
p = 0.99, η2p = 0.08). The analysis of the main trial factor revealed sig-
nificant differences upon comparing trial 1 with trial 2 (p < 0.001) and
trial 2 with trial 3 (p < 0.01), but asymptotic performance upon com-
paring trial 3 and trial 4 (p = 0.99). These data suggest normal taste
neophobia and normal attenuation of the neophobia in lesioned and
control rats.

3.2. Experiments 2a, 2b and 2c

3.2.1. Histological results
Representative Prh lesions are summarized in Fig. 1.

3.2.2. Behavioral results
3.2.2.1. Experiment 2a Fig. 3A shows the intake of CS+ and CS− dur-
ing the acquisition. A 3-way mixed design ANOVA found significant
results in the trial main effect (F2, 26 = 5.99, p < 0.01, η2p = 0.31)
and in the solution main effect (F1, 13 = 15.51, p < 0.001, η2p = 0.54)
but not in the group main effect (F1, 13 = 0.45, p = 0.50, η2p = 0.03)
nor in the group × trial × solution main interaction (F2, 26 = 1.90,
p = 0.16, η2p = 0.12). A secondary interaction was also significant (F2,
26 trial × solution = 5.15, p < 0.01, η2p = 0.28).Fig. 3D depicts mean
intakes of CS+ and CS− in the two-bottle choice-preference test. A
2-way mixed ANOVA (2 group × 2 solution) showed only a significant
effect of the factor solution (F1, 13 = 31.57, p < 0.0001, η2p = 0.70),
not of the factor group (F1, 13 = 0.13, p = 0.71, η2p = 0.00) nor of
the interaction (F1, 13 = 0.00, p = 0.95, η2p = 0.00). Based on this,
the size of the solution effect can be consid
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Fig. 3. A, B and C: Acquisition of flavor-taste preference learning in experiment 2a, 2b and 2c, respectively. Intake of CS+ and CS− flavors (mean ± SEM) across acquisition sessions. D,
E and F: Mean intake (±SEM) of CS+ and CS− flavors in the choice-preference test in experiments 2a, 2b and 2c, respectively. *** p < 0.0001, ** p < 0.001, * p < 0.01.

ered equivalent in the lesioned and control groups. It appears that both
groups acquired flavor-taste preference learning, discriminating finely
between the two solutions (CS+ vs CS−) in the choice test.
3.2.2.2. Experiment 2b Results regarding the acquisition are repre-
sented in Fig. 3B. A 3-way mixed design ANOVA found significant
results in the trial factor (F2, 24 = 3.46, p < 0.04, η2p = 0.22) and
in the solution factor (F1, 12 = 13.14, p < 0.01, η2p = 0.52) but not
in the group factor (F1, 12 = 0.17, p = 0.68, η2p = 0.01) nor in the
group × trial × solution main interaction (F2, 24 = 1.16, p = 0.84,
η2p = 0.01). As in experiment 2a, a secondary interaction was sig-
nificant (F2, 24 trial × solution = 18.31, p < 0.0001, η2p = 0.60).Dur-
ing the choice-preference test, a 2-way mixed ANOVA revealed only
a significant effect of the factor solution (F1, 12 = 26.49, p < 0.001,
η2p = 0.68) and not of the factor group (F1, 12 = 3.23, p = 0.09,
η2p = 0.21) nor of the interaction (F1, 12 = 0.58, p = 0.45,

η2p = 0.04. See Fig. 3E). As in the preceding experiment, these results
imply that the size of the solution effect was equivalent in lesioned and
control rats, suggesting normal flavor-taste preference learning in both
groups.
3.2.2.3. Experiment 2c Fig. 3C depicts intake of the CS+ and CS−
during the three acquisition trials. A 3-way mixed ANOVA found sig-
nificant results only in the secondary interaction trial × solution (F2,
26 = 3.34, p = 0.05, η2p = 0.20).During the choice-preference test, a
2-way mixed ANOVA showed only a significant main effect of solution
(F1, 13 = 11.70, p < 0.01, η2p = 0.47) and not of the factor group (F1,
13 = 0.61, p = 0.44, η2p = 0.04) nor of the interaction (F1, 13 = 0.13,
p = 0.71, η2p = 0.01. See Fig. 3F). The finding that neither the factor
group nor the interaction group × solution was significant implies that
the size of the solution effect was equivalent in the two groups, sug

7



UN
CO

RR
EC

TE
D

PR
OO

F

J.M.J. Ramos Neurobiology of Learning and Memory xxx (xxxx) xxx-xxx

gesting that both groups discriminated in the same way between the two
solutions (CS+ vs CS−) available in the choice test.

3.3. Experiment 3

3.3.1. Histological results
Fig. 4 depicts the location of the tip of the injection cannulas for the

experimental rats. In all the rats the infusion needle tips were within the
perirhinal region, in accordance with the limits indicated by Burwell
(2001).

3.3.2. Behavioral results
The behavioral results appear in Fig. 5A and 5B. The main results

were the following. First, a 2-way mixed ANOVA showed that our pro

Fig. 4. A) Photomicrograph showing a very small excitotoxic lesion (arrow) around the
tip of the infusion cannula, within area 36 of Prh. B) The gray area represents the location
within the Prh in which the tips of the infusion needles were identified. AP coordinates are
shown in relation to the bregma.

Fig. 5. A) Experiment 3: Mean (±SEM) water and saccharin intake during the last day
of water access and the first taste trial. B) Experiment 3: Mean (±SEM) saccharin in-
take across the 3 successive taste trials. Arrow indicates when lidocaine was infused. *
p < 0.01.

cedure produced a robust gustatory neophobia. Thus, upon comparing
the water intake on the last day of water access with that of saccharin in
the first neophobic trial, only a significant effect of trial was found (F1, 14
group = 0.01, p = 0.91, η2p = 0.00; F1, 14 trial = 194.57, p < 0.0001,
η2p = 0.93; F1, 14 group × trial = 3.32, p = 0.09, η2p = 0.19). Second,
upon analyzing the intake of saccharin over the course of the 3 neopho-
bic trials, a 2-way mixed ANOVA showed a marginal group main effect
(F1, 14 = 3.40, p = 0.08, η2p = 0.19), a significant trial main effect (F2,
28 = 39.97, p < 0.0001, η2p = 0.73) and a significant group × trial
interaction (F2, 28 = 7.04, p < 0.01, η2p = 0.33). Tukey tests for the
analysis of the interaction revealed significant differences between ex-
perimental and control animals only in trial 2 (p < 0.01), and not in
trial 1 (p = 0.99) nor in trial 3 (p = 0.87). In addition, post-hoc Tukey
tests to analyze the trial factor showed normal attenuation of the neo-
phobia in the control group but disrupted attenuation in the experi-
mental group. Specifically, control subjects consumed significantly more
saccharin during the second neophobic trial than during the first one
(p < 0.0001), with saccharin intake stabilizing in the third trial (trial 2
vs trial 3, p = 0.52). In contrast, lidocaine-injected rats drank a similar
amount of saccharin in trial 2 and trial 1 (p = 0.99) suggesting a dete-
rioration in the neophobia attenuation. However, lidocaine-injected rats
showed significantly greater intake in trial 3 than in trial 2 (p < 0.01).
Importantly, Cohen’s d effect size comparing trial 2 to trial 3 in experi-
mental rats was 0.68. Taken together these data suggest that Prh neural
activity is necessary, at least during a short time after the first experi-
ence with a taste, in order for normal attenuation of the neophobia to
occur.

3.4. Experiment 4

3.4.1. Histological results
The location of the tips of the injection cannulas was essentially the

same as in the previous experiment, all being limited to area 36 (Fig.
4).

3.4.2. Behavioral results
The main results are depicted in Fig. 6A and 6B. Experimental and

control groups showed a robust neophobic response the first time they
were presented with saccharin. Thus, a significant reduction in intake
of the novel saccharin was observed in the first neophobia trial as com-
pared to the last day of baseline water intake (F1, 11 group = 0.30,
p = 0.59, η2p = 0.02; F1, 11 trial = 89.35, p < 0.0001, η2p = 0.89; F1,
11 group × trial = 0.01, p = 0.92, η2p = 0.01). Additionally, upon an-
alyzing the intake of saccharin over the course of the six neopho-
bia trials, a 2-way mixed ANOVA revealed a significant effect in the
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Fig. 6. A) Experiment 4: Mean (±SEM) water and saccharin intake during the last day of water access and the first taste trial. B) Experiment 4: Mean (±SEM) saccharin intake across the
6 successive taste trials. Arrows indicate when lidocaine was infused. ** p < 0.01, * p < 0.05.

group factor, trial factor and group × trial interaction (F1, 11
group = 15.99, p < 0.01, η2p = 0.59; F5, 55 trial = 101.19 ,
p < 0.0001, η2p = 0.90; F5, 55 group × trial = 6.03, p < 0.001,
η2p = 0.35). Tukey tests for the analysis of the interaction showed sig-
nificant differences between controls and lidocaine-injected rats over all
the days except in trial 1 and trial 6 (trial 1, p = 0.99; trial 2, p < 0.02;
trial 3, p < 0.05; trial 4, p < 0.01; trial 5, p < 0.01; trial 6, p = 0.29).
To better understand the attenuation of the neophobia, we analyzed the
saccharin intake of each group over the days. In the control group, the
intake in trial 2 was more than double that of trial 1 (p < 0.0001). No
significant differences were detected, however, when comparing day 2
to day 3 (p = 0.34) nor day 3 to day 4 (p = 0.58). Finally, a significant
increment was observed between day 4 and day 5 (p < 0.01), with as-
ymptote being reached on day 6 (trial 5 vs 6, p = 0.99). This pattern
contrasts with the performance of the Prh lidocaine-injected group that
consumed almost the same amount of saccharin in trial 2 as in trial 1
(p = 0.98). On the rest of the days that the rats were injected with lido-
caine immediately after saccharin intake, Tukey tests indicated no sig-
nificant differences between day 2 and day 3 (p = 0.19) nor between
day 3 and day 4 (p = 0.99). Importantly, when the experimental rats
stopped receiving the Prh lidocaine infusion, the intake of saccharin in-
creased sharply (trial 4 vs 5, p < 0.01). Upon comparing trial 4 and trial
5, Cohen’s d effect size was 0.63. Finally, no differences were observed
upon comparing trial 5 to trial 6 (p = 0.89).

It is important to note that the maximum increment in saccharin in-
take in the experimental group occurred once the three microinjections
with lidocaine stopped, that is, from trial 4 to 5. This suggests that the
temporary silencing of Prh interferes with the plastic changes neces-
sary for a novel taste to become familiar and safe. Alternatively, if the
lidocaine microinfusions were producing taste aversion learning, there
would not have been such an increment in saccharin intake after this
massive CS-US pairing. However, Cohen’s d effect size corresponding to
the increase in saccharin intake just after the lidocaine infusions ended
was similar in the experimental groups of expt. 3 and 4 (0.68 and 0.63,
respectively), suggesting that lidocaine does not cause aversive effects.
Therefore, overall, the data from experiment 3 and 4 suggest that Prh
plays a certain role in the attenuation of neophobia.

4. Discussion

Animals must choose what they eat carefully, giving priority to safe
and familiar foods, in order to ensure their survival. To do this cen-
tral mechanisms involved in gustatory processing must interact with
memory systems to determine whether a food is novel or familiar and,

in the event that it has been consumed before, remember what the
post-ingestive consequences were. In this study we investigated the ef-
fect of lesions to the Prh, a key region in the recognition memory sys-
tem (Brown & Banks, 2015; Brown et al., 2010), in taste neopho-
bia and its attenuation. In experiments 1a-1c, which used a two-bottle
choice test (saccharin vs water), the main data indicated that permanent
excitotoxic lesions to the Prh disrupted the neophobic response to 0.3%
and 0.5% saccharin in trial 1. On the other hand, Prh lesions did not
impair neophobia attenuation and in trials 2–4 lesioned and control sub-
jects drank similar amounts of saccharin, reaching asymptote intake in
trial 4. A normal and robust neophobic response, however, was found in
Prh-lesioned rats given a 0.7% saccharin solution. A second set of data
indicate that when the same animals used in experiments 1a-1c were
subjected to a flavor preference learning on the basis of a flavor-taste as-
sociation, lesioned and control rats acquired the task perfectly, showing
during a choice test a clear preference for the flavor associated with the
saccharin (experiments 2a-2c). Finally, a third set of experiments, using
lidocaine inactivation of the Prh immediately after saccharin intake, in-
dicated that neural activity within this region is necessary for attenua-
tion of neophobia (expts. 3 and 4).

The present findings support and broaden our previous conclusions
that Prh is essential for the occurrence of taste neophobia (Ramos,
2015), but now with a two-bottle choice test. One possible interpre-
tation of the trial 1 performance observed in experiments 1a and 1b
is that Prh lesions caused a deficit in taste processing/perception and
rats treat the saccharin solution as if it were more diluted. Two points,
however, do not support this interpretation. First, if Prh lesions had
caused a reduction in perceived stimulus intensity, lesioned rats would
not have shown such a robust neophobia when presented with saccha-
rin at 0.7%. However, in this case experimental and control groups be-
have similarly. A possible explanation for this last finding is that in ad-
dition to a “sweet” component, saccharin contains a “bitter” component
(Horne, Lawless, Speirs, & Sposato, 2002; Kuhn et al., 2004).
Thus, a more concentrated saccharin solution (saccharin at 0.7%, for
example) may be perceived by the animals as qualitatively aversive,
and is normally a non-preferred solution (Smith & Sclafani, 2002;
Strouthes, 1977; Wong, 1985). The important point here is that
Prh-lesioned animals of expt. 1c are sensitive to this qualitative modifi-
cation of the stimulus, reducing intake of it to the same degree as the
control animals did, which suggests intact taste processing. Indeed, le-
sioned and control subjects of expt. 1c present a similar saccharin pref-
erence index in trial 1, consuming 4-5 times more water than saccha-
rin. Thus, Prh-lesioned rats are perfectly capable of detecting a gusta
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tory stimulus and rejecting it, particularly when it is qualitatively aver-
sive. In support of the foregoing, a similar result has been obtained re-
cently using a 3% cider vinegar solution (Morillas, Gómez-Chacón, &
Gallo, 2017). Since vinegar has a sour taste and contains various acidic
elements it is avoided by rodents and can, like high concentrations of
saccharin, produce affectively negative reactions (Schier & Spector,
2019). In congruence with our results in expt. 1c, the authors of the
aforementioned experiment found a similar level of neophobic response
in trial 1 in Prh-lesioned and sham rats (Morillas et al., 2017). A simi-
lar effect has also been observed following excitotoxic lesions to the lat-
eral parabrachial nucleus. Specifically, parabrachial lesions eliminated
the neophobic response to appetitive sapid stimuli (0.15% saccharin and
0.3 M alanine), but had no influence when presented with aversive gus-
tatory solutions (0.0001 M quinine) or aversive olfactory stimuli such as
almond odor (Reilly & Trifunovic, 2001). Second, if Prh lesions had
caused a reduction in perceived stimulus intensity or in taste processing
in general, lesioned animals would present a certain deficit in experi-
ments 2a-2c, yet Prh rats discriminated just as well as controls between
the two unsweetened flavors (CS+ vs CS−) in the choice test.

Relative to the data observed in the flavor-taste preference learning
experiments (expts. 2a-2c), it is well known that the amygdala is nec-
essary in this type of learning. So, rats with large amygdala lesions did
not acquire a preference for a flavor paired with the sweet taste of fruc-
tose (Dwyer, 2011; Touzani & Sclafani, 2005). In addition, the in-
fusion of dopamine D1-like (SCH23390) and D2-like (raclopride) antag-
onists into the amygdala impaired the acquisition of flavor-taste learn-
ing induced by fructose/saccharin (Bernal et al., 2009). These data are
important, firstly, because Prh and the amygdala are anatomically adja-
cent regions and, secondly, because some studies have shown a deficit
in taste neophobia in amygdala-lesioned rats (Dunn & Everitt, 1988;
Reilly, 2018b). In consequence, it could be argued that the deficits in
taste neophobia observed in experiments 1a and 1b, could be the result
of the Prh lesions extending to the amygdala. However, the fact that our
Prh-lesioned rats present an intact flavor-taste preference learning rules
out this possibility and supports a direct contribution of the Prh in taste
neophobia.

An interesting question that deserves certain discussion is how the
Prh contributes to taste neophobia. Data from expts. 1a and 1b sug-
gest that lesioned animals treat the novel taste as if it were safer and
more familiar than it really is. This implies that lesioned subjects are
incapable of evaluating the potential danger associated with any new
stimulus, and consequently an increase in the intake of the novel taste
is observed in trial 1. A number of studies support this possibility.
First, electrophysiological recordings from single neurons in monkeys
and rats have shown in Prh a higher proportion of neurons that re-
spond more strongly to novel than to familiar visual stimuli (Xiang &
Brown, 1998; Zhu et al., 1995). This same effect, known as “rep-
etition suppression”, has been observed in rats when using gustatory
stimuli. Specifically, intake of a novel flavor solution induced a higher
number of Prh c-Fos-positive neurons in trial 1 than in trial 2 or in
trial 6 (Gómez-Chacón et al., 2015). Likewise, using immunohisto-
chemical imaging techniques in rats, other studies have shown that
the presentation of novel stimuli, as compared to familiar, produced a
greater level of activation of the Prh (Albasser et al., 2010; Wan et
al., 1999). Secondly, behavioral studies indicate that Prh-lesioned rats
are impaired in the performance of object recognition tasks in which
the animals must discriminate between the novelty/familiarity of the
stimuli used (Brown, 2009; Mumby & Pinel, 1994; Winters et
al., 2008). Third, some authors have observed an attenuated acquisi-
tion of CTA after Prh (Gutiérrez, De la Cruz, Rodríguez-Ortiz, &
Bermúdez-Rattoni, 2004; Tassoni, Lorenzini, Baldi, Sacchetti, &
Bucherelli, 2000), insular cortex (Roman & Reilly, 2007; Roman
et al., 2009; see also, Lin, Arthurs, & Reilly, 2011) and basolat-
eral amygdala lesions (St. Andre & Reilly, 2007). Since these le-
sions also produce a disruption of taste neophobia (Lin et al., 2018;

Ramos, 2015), it has been proposed that the CTA deficit could be sec-
ondary to the neophobic deficit (Reilly, 2018b). This implies that in
a paradigm using CTA, insular cortex, basolateral amygdala and, in our
case, Prh-lesioned rats, they would treat the novel stimulus (CS) as if
it were familiar, which causes a delay in CTA due to a latent inhibi-
tion-like effect (Reilly, 2018b). Supporting this hypothesis, some au-
thors have shown that rats with excitotoxic lesions to the insular cortex
acquired a CTA using a novel taste as CS at the same slow rate as the
control subjects when a familiar taste was employed as CS (Roman et
al., 2009). To further examine this possibility, future studies should in-
vestigate whether Prh-lesioned rats acquire a CTA with similar charac-
teristics as observed in insular-lesioned rats.

To investigate whether Prh is necessary for a novel taste to become
safe and familiar, we blocked the neural activity of this region by infus-
ing it with lidocaine immediately after the intake of saccharin in trial 1
(expt. 3) and in trials 1, 2 and 3 (expt. 4). In experiment 3, lidocaine
completely blocked the attenuation of the neophobia and experimental
rats drank in trial 2 a volume of saccharin similar to the one registered in
trial 1. However, without the effect of the lidocaine the intake increased
abruptly when comparing trial 2 vs trial 3, indicating a normal attenua-
tion of the neophobia. A potential interpretation of the reduction of sac-
charin intake in trial 2 is that lidocaine infused into the Prh may some-
how have functioned as a US, favoring the development of a mild CTA.
This hypothesis was tested in a follow-up experiment in which lidocaine
was infused into the Prh during three consecutive trials. The rationale
was that if lidocaine infusion functions as an US, then three CS-US tri-
als would increase the strength of the aversion in comparison to a single
CS-US trial (Riley & Mastropaolo, 1989; see also, Roman & Reilly,
2007). This implies that the experimental rats of expt. 4 should present
a greater reduction in the intake of saccharin than the experimental rats
of expt. 3, once the infusions ended. However, the results of expt. 4 did
not confirm this. Prh lidocaine inactivation prevented the neophobia at-
tenuation from developing normally during the three days of infusion;
however, once the infusions ended the intake of saccharin increased sig-
nificantly (trial 4 vs 5). Importantly, upon comparing the performance
of experimental rats from expt. 3 and expt. 4, a greater aversion is not
appreciated in infused rats with 3 consecutive CS-US trials compared to
those with a single CS-US trial. In consequence, these data encourage
the view that Prh lidocaine inactivation disrupted the attenuation of the
neophobia without affecting the development of CTA. This conclusion
agrees with a previous paper that showed that infusions of lidocaine in
the parabrachial nucleus did not produce CTA (i.e., did not serve as a
US). Specifically, rats receiving sequential infusions of lidocaine and ani-
somycin in the parabrachial region presented less taste aversion than
rats receiving only the infusion of anisomycin (Lin, Amodeo, Arthurs,
& Reilly, 2012). Our results are also in line with a previous paper in-
dicating that Prh-cholinergic activity is critical in neophobia attenuation
(Gutiérrez et al., 2004).

Finally, in relation to neophobia attenuation, a previous study found
that Prh excitotoxic lesions disrupted the attenuation of the neopho-
bia but not the initial neophobic response (Morillas et al., 2017).
As discussed above, it is conceivable that Prh lesions do not inter-
rupt the initial neophobic response to certain gustatory stimuli (see
expt. 1c), but the reason that such lesions delay the attentuation in the
preceding study is less evident. The authors themselves indicate that
the piriform cortex was damaged in some rats, so it may be that ex-
traperirhinal damage contributed to this effect. A recent study by the
same group supports this possibility. Specifically, the authors showed
that the number of c-Fos positive cells in the posterior piriform cortex
in adult rats was higher after the presentation of the taste over a pe-
riod of 6 days, in comparison to the first or second day of presentation
(Grau-Perales, Gómez-Chacón, Morillas, & Gallo, 2019). Thus, in
harmony with the foregoing, damage to the piriform region is compat-
ible with a slower attenuation of taste neophobia. Alternatively, as the
authors point out, it may be that the Prh lesion has a greater impact
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on neophobia attentuation when a taste with a strong odor component
is used, such as vinegar (Morillas et al., 2017, p. 233).

To conclude, the Prh has been clearly seen to be involved in the
discrimination between novel and familiar items and in related mem-
ory processes. Using different lesion methods, we have affected, in the
same structure, two different processes related to gustatory neophobia.
Permanent excitotoxic lesions to the Prh disrupted the initial neophobic
response; however, Prh lidocaine inactivation after the first experience
with the novel taste prevented this taste from becoming familiar and
safe. Future investigation should focus on determining how the Prh in-
teracts with the rest of the structures involved in gustatory neophobia to
carry out each of these two functions.
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