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Abstract

Conditioned taste aversions (CTAs) are well known to be robust and long-lasting instances of learning induced by a single CS
(taste)~US (malaise) pairing. CTA can be taken as a general model to search for neural mechanisms of learning and memory. In spite
of extensive research on CTAs using a variety of approaches during the last three decades, the neural mechanisms of taste aversion
learning still remain unsolved. In this article we propose a model of neural substrates of CTAs on the basis of our recent studies in-
corporating previous findings by other workers. Our studies mainly included experiments using ibotenic acid injections into various
parts of the rat brain as a lesion technique, and c-fos immunohistochemistry in naive and CTA trained rats. CTAs were established
by pairing the ingestion of saccharin (CS) with an ip injection of LiCl (US). Behavioral studies have shown that the parabrachial nucleus
(PBN), medial thalamus, and basolateral nucleus of the amygdala are essential for both acquisition and retention of CTAs. C-fos studies
suggested that association between gustatory CS and visceral US takes place in the PBN. The gustatory cortex (GC) may modify the
strength of this association depending on the nature of the CS, viz., novel or familiar. The amygdala is indispensable for the expres-
sions of CTAs. Tastes with hedonic values are stored in the GC in a long-term manner.

Key words: Conditioned taste aversion; Ibotenic acid lesion; C-fos immunoreactivity; Parabrachial nucleus; Thalamus; Amygdala;

Cortex; Learning; Memory

1. Conditioned taste aversion

Memories of events which are based on combinations
of sensory signals can lead animals to select correct adap-
tive behaviors to the environmental changes. Typical ex-
amples are memories governing food ingestion, Organisms
have to ingest food to maintain their lives. Some food
components stimulate sensory organs, i.e., the exterocep-
tive olfactory and gustatory chemoreceptors. The food is
swallowed and its nutrients are absorbed. When ingestion
of specific food improves feeble body conditions or elic-
its a highly preferable feeling, organisms remember the
taste and/or smell of that particular food and will develop
a preference for it. However, on some occasions food may
cause toxic effects. Animals can remember the chemical
signals corresponding to a particular food that once elic-
ited malaise after being ingested, and they will develop an
aversion for it.

To facilitate elucidating the basic brain mechanisms of
feeding-related learning, we have to employ a simple para-
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digm leading to convincing behavioral results. A good
example for such a paradigm is conditioned taste aversion
(CTA) which has been described above briefly. More spe-
cifically, when ingestion of a substance is followed by
malaise manifested by gastrointestinal distress and nau-
sea, an association between the taste of the ingested sub-
stance and internal consequences of its ingestion is quickly
established, maintained in a long-term manner, so that the
animals reject ingestion of the substance at subsequent
exposures. CTA is a rapidly established and robust phe-
nomenon and has the following characteristics which are
not found in other forms of classical conditioning [ 13,24],
1) Strong CTAs to novel taste stimuli can be established
after only one pairing of a conditioned stimulus (CS) that
is followed by an unconditioned stimulus (US). 2) Suc-
cessful CTAs can develop after delays of as long as sev-
eral hours between exposure to the CS and delivery of the
US. 3) The association between the CS and the US can
proceed under deep pentobarbital anesthesia.

CTAs have been well documented [7,19,22,24,57,126]
in terms of their behavioral mechanisms and phenomeno-
logical aspects since the pioneering studies by Garcia and
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his colleagues [54-56]. However, brain mechanisms of
this kind of learning, especially neural substrates for ac-
quisition and retention of CTAs, are still unclear.

In the present article, we would like to elaborate on the
possible neural substrate for CTA learning on the basis of
recent experimental results obtained in our laboratory to-
gether with previous findings from other laboratories.

2. CS-US interaction

Lithium chloride (LiCl) is one of the most commonly
used USs in the CTA paradigm. According to Nachman
and his colleagues [ 103,104 ], an intraperitoneal (ip) injec-
tion of isotonic (0.15 M) LiCl (2%, of body weight) fol-
lowing a gustatory CS is very effective in establishing
strong CTAs in the rat. Signs of sickness such as de-
creased activity, diarrhea, and urination appear within
5-10 min after injection of LiCl [38,102,104]. An electro-
physiological study [162] showed that neurons in the vis-
cerosensory insular cortex of the rat responded tonically
to an i.p. injection of 0.15 M LiCl with the shortest latency
being approximately 5 min. These findings suggest that
LiCl exerts its effect on the peripheral gastrointestinal
organs and central nervous system with the latency of
5-10 min.

Niijima and Yamamoto [105] have recently shown in
anesthetized rats that direct application of 0.15 M LiCl
onto the visceral organs elicits gradually increasing and
long-lasting discharges in afferent fibers of the vagal (para-
sympathetic) and splanchnic (sympathetic) nerves with an
onset latency of 5-10 min. According to their results, the
following findings are noted: (1) The splanchnic and vagal
nerves respond to LiCl admiristered not only intraperito-
neally but also intraduodenally. This finding explains the
fact that drinking of LiCl as well as an i.p. injection of LiCl
exerts its US effects [101]. (2) The magnitude of neural
discharges is larger in the splanchnic nerve than in the
vagal nerve both after intraduodenal and ip application-of
LiCl, suggesting a more important role of the splanchnic
nerve than of the vagal nerve in transmitting LiCl-induced
sensory information. These results are in agreement with
the finding by Martin et al. [94] that bilateral subdiaphrag-
matic vagotomy in rats did not prevent subsequent acqui-
sition of CTAs when toxicosis was induced with isotonic
LiCl. (3) LiCl primarily activates C-fibers rather than
B-fibers, suggesting that the information transmitted is
related to nociceptive information. The activation of noci-
ceptive fibers to LiCl application corresponds well with
the recent c-fos immunohistochemical study showing that
after i.p. injections of LiCl [ 163,166} or acetic acid [97],
Fos-labeled neurons were found in the superficial dorsal
horn, a projection site for visceronociceptive information

in the thoracolumbar spinal cord [146]. This spinal vis-
ceronociceptive information is known to project to-the
parabrachial nucleus {70], a nucleus receiving also gusta-
tory information.

Several researchers [8,141,169] have shown that reli-
able CTAs can be established when the CS presentation
coincides with the injection of LiCl (US), or even when the
US precedes the CS by 5 to 10 min. In other words, when
the US precedes the CS more than 10 min, no reliable
CTAs can be formed. Comparison of such interstimulus
interval effects on CTA acquisition together with the afore-
mentioned latency of viscerosensory discharges explains
why a successful formation of CTAs requires that gusta-
tory neural information should reach the brain simulta-
neously with or before the entry of visceral sensory infor-
mation.

In the reverse situation, CTAs can be acquired with long
CS-US intervals extending up to several hours. One ex-
planation for such a long delay is that the gustatory CS
information is stored in the brain in form of a short-term
memory, which will be associated with the subsequent US
[20,130]. Alternatively, peripheral afferent discharges elic-
ited by the CS may last long enough to be associated with
the following US. This latter possibility may not be plau-
sible on the basis of several experimental data showing
that taste aversion learning is possible under conditions
that should greatly minimize any. aftertaste [131]. How-
ever, if CS-US delay is within | h, peripheral afferent
discharges outlasting the application of the taste stimulus
might also participate in CTA acquisition. The idea of
such an aftertaste involvement comes from the recent find-
ing by Matsuo et al. [95,96], who recorded the chorda
tympanic fibers during ingestive behavior of the rat, that
the taste responses were slowly adaptive, and if the ani-
mals did not exhibit grooming, licking, or feeding behav-
iors after exposure to a taste stimulus, the fibers continued
to discharge more than 30 min.

Neuroanatomical studies suggest that the possible sites
for an interaction between gustatory and general visceral
signals in the rat are the pontine parabrachial nucleus
(PBN), amygdala, and gustatory cortex (GC). Therefore,
the role of these areas in CTA formation will be.discussed
in the following sections.

3. PBN, site for taste—visceral 'interaction?

3.1. Neuroanaiomy of the PBN: tract tracing study

The PBN is the second-order relay nucleus of the taste
pathway in the rat [110]. Axons of neurons in the gusta-
tory zone in the rostral part of the nucleus of the tractus
solitarius (NTS) ascend ipsilaterally through the reticular
formation to the PBNin the caudal pons [108]. The PBN
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is also a principal target of neurons in the caudal general
visceral zone of the NTS [32]. Anatomical studies
[66,109,125] suggest that these two parts of the NTS
project to different subnuclei in the PBN, i.e., the major-
ity of neurons from the gustatory zone of NTS project to
the medial subnuclei of PBN and from the visceral zone
of NTS to the lateral subnuclei of PBN. Herman et al.
[67] have shown that first-order hepatic and gustatory
afferents project to separate regions of the NTS and do
not converge upon the same neurons within this structure,
but that both gustatory and hepatic divisions of the NTS
send efferents to a confined region of the PBN at poste-
rior levels besides the aforementioned separate recipient
sites, suggesting convergence of hepatic-vagal and gusta-
tory afferents. The PBN also receives projections from the
area postrema [ 139,149] which is known to be responsive
to various emetic stimuli including LiCl [1-~3,147].

3.2. Functional neuroanatomy of the PBN: c-fos study

To elucidate the functional segregation more precisely
within the PBN, we have tried to use c-fos protein as an
anatomical marker for activated neurons [155,163,165-
167]. C-fos is a proto-oncogene which is expressed in
neurons following voltage-gated calcium entry into the cell
[98]. Neurons showing c-fos-like immunoreactivity (c-fos
neurons) were surveyed in the PBN after visceral stimu-
lation with an i.p. injection of LiCl and oral stimulation
with taste solutions of different qualities and different
hedonic values.

Fig. 1 summarizes the results of our c-fos immunoreac-
tivity study [165] as a schematic drawing showing func-
tional localization at 4 rostrocaudal levels of the PBN.
Cytoarchitectural subdivisions of the PBN are according
to Fulwiler and Saper [50]. Abdominal visceral informa-
tion projects to the rostral part of the external lateral sub-
nucleus (els) (Fig. 1A). Caudally, taste information of qui-
nine and HCl projects to the lateral border of the brachium
in a ‘capping’ pattern including the els and external medial
subnucleus (ems) (Fig. 1B). More caudally, hedonics of
taste may be represented, i.¢., the dorsal lateral subnucleus
(dls) may be related to ingestive behavior or positive he-
donics, and the els may be related to aversive feeling or
negative hedonics (Fig. 1C). Most caudally, taste infor-
mation of sweeteners and NaCl may project to the central
lateral subnucleus (cls) and central medial subnucleus
(cms), respectively (Fig. 1D). Generally speaking, the me-
dial part of the PBN (PBNmed), which consists of dls, cls
and cms, seems to be concerned with palatable tastes and
hedonically positive value, while the lateral part (PBNlat),
which consists of els and ems, is related to aversive tastes
with hedonically negative value and gastrointestinal dis-
tress.

caudal

Fig. 1. Diagram depicting functional segregation in the parabrachial
nucleus of the rat. Gastrointestinal signals project to the rostrolateral
part of the external lateral subnucleus (els in A), caudally taste informa-
tion of quinine and HCI projects to the els and external medial sub-
nucleus (ems) in a ‘capping’ pattern (B), more caudally hedonically nega-
tive (els) and positive (dorsal lateral subnucleus, dls) sites are located (C),
and most caudally taste information of sucrose (and saccharin) and
NaCl projects to the central lateral subnucleus (cls) and central medial
subnucleus (cms), respectively (D). From Yamamoto et al [165].

As mentioned above, saccharin induced c-fos neurons
in both dls and cls in naive rats. On the other hand, rats
with CTAs to saccharin showed c-fos neurons predomi-
nantly in the els as well as in the cls of the PBN after
forced ingestion of saccharin [154,155]. These results sug-
gest that the recipient zone for saccharin taste shifts from
the dls to els after acquisition of CTAs, although
saccharin-induced c-fos neurons in the cls being similarly
observed in the aversively conditioned rats just like in
naive rats. In other words, the hedonic aspect of saccharin
taste shifts from positive to negative with quality aspect
unchanged after aversive conditioning to saccharin.

It is possible that activation of PBN neurons in the dls
and els of the PBN is due to descending influences from
higher brain centers rather than to ascending inputs.
Namely, the shift of saccharin projections from the dls to
the els after CTA acquisition can be mediated by higher
brain sites. To elucidate this point, a c-fos immunohis-
tochemical study [155] was performed in rats with com-
bined large ibotenic acid lesions of the GC, VPMpc, and
amygdala. Lesions of these areas are considered to elimi-
nate almost all the ascending and descending taste infor-
mation from and to the PBN. When an unconditioned
lesioned rat drank (10.5 ml/h) the saccharin solution, c-fos
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neurons appeared in the dls as in naive rats. Since the rats
with the combined lesions could not acquire CTAs [154],
they drank the saccharin solution even after its intake had
been paired with an i.p. injection of LiCl. When such a
conditioned lesioned rat ingested saccharin (9.0 ml/h),
c-fos neurons were observed in the els, but not in the dls,
of the PBN. It is of great interest that even though the
conditioned lesioned rat drank saccharin as much as the
naive rat did, c-fos expression was observed in the region
corresponding to the hedonically negative value. These
results suggest that (1) gustatory hedonic responses of
PBN neurons can be expressed without involvement of the
higher levels of the central nervous system, and (2) even
if the hedonic shift has occurred at the PBN level after the
CTA procedure, expression of aversive as well as of avoid-
ance behavior requires the higher nervous centers. The
latter statement is consonant with Grill and Norgren’s
finding [60] that chronically decerebrate rats neither re-
jected nor decreased ingestive reactions to a novel taste
after that taste had been repeatedly paired with LiCl-
injected illness.

3.3. Electrophysiology of PBN neurons

The aforementioned c-fos study suggests the existence
of two types of taste-responsive neurons in the PBN: the
‘taste-quality’ neurons, which respond best in excitatory or
inhibitory manner to one specific taste stimulus, and
‘taste-hedonic’ neurons, the responses of which reflect the
palatability of a liquid. Such classification has been sug-
gested by Yamamoto et al. [ 162] to exist for neurons in the
cortical taste area of the rat but has not yet been exam-
ined in PBN neurons. Although a number of researchers
have recorded and analyzed responses of PBN neurons to
taste stimuli within cms, cls, and ventral lateral subnuclei
in anesthetized [39,40,42,111,114] and conscious [106]
rats, electrophysiological data on chemotopy of taste-
responsive neurons in the PBN with regard to their func-
tional roles are not enough. The chemotopy revealed by
the c-fos studies is partly consistent with the electrophysi-
ological results obtained by Ogawa etal. [114] who
showed that NaCl-best neurons were located primarily in
the cms and sucrose-best neurons were located in the cls.
They did not find quinine-best neurons in the PBN.

Decerebration [39], infusions of procaine into the GC
{401, or electrical stimulation of the GC [83] all influenced
responsiveness of PBN neurons, suggesting the existence
of corticofugal control of PBN neuronal activity. Prelimi-
nary studies [37,41] suggest that some PBN neurons of
the rat show enhanced responses to a taste stimulus which
has been paired with LiCl administration. Modulation of
gustatory responses after CTAs were reported for neurons
in the NTS [36], GC [26,162], hypothalamus [6,26], and

amygdala [26,164,170]. The neural mechanisms mediat-
ing such response modifications in CTA-trained rats will
be a key to understanding the neural basis of CTAs.

Suemori et al. [145] have shown in the rat that PBN
neurons located mainly in the els (according to Fig. 7 of
their paper) respond to visceral stimulation such as dis-
tension of the stomach. Yuan and Barber {172] recorded
unit responses in the lateral parabrachial nucleus of the cat
to electrical stimulation .of gastric vagal and greater
splanchnic nerves and suggested that this nucleus receives
and processes a substantial amount of general visceral
afferent input. Herman and Rogers [68] recorded unit
responses of the rat PBN to electrical stimulation of the
vagal and taste nerves and -found convergence of both
inputs onto neurons-within an interstitial zone in the cau-
dal PBN. These representative electrophysiotogical studies
showing projections of gustatory and general visceral sig-
nals to the PBN together with the recent ¢-fos immuno-
histochemical studies and behavioral lesion studies will
provide a basis for a neural substrate of taste—visceral
integration during the formation of CTAs.

3.4. Lesion effects on CTAs

Several investigators have reported that bilateral revers-
ible [73] or irreversible [137,158]-lesions of the whole
PBN (PBNmed + PBNlat), which invade the taste and
visceral recipient zones, severely impair the ability of rats
to acquire CTAs. Ivanova and Bures [74] also showed
that functional PBN lesions with tetrodotoxin made after
a conditioning trial disrupted CTA consolidation.

Electrolytic lesions confined to the PBNmed, which re-
ceives taste information of gustatory CSs (0.1 M sucrose,
0.1 M NaCl, 0.3 M alanine, or 0.004 M saccharin); dis-
rupt acquisition of CTAs to these CSs [38,48,124,143].
Flynn et al. [48] and Spector et al. [143] found this dis-
ruption by analyzing consummatory oral motor responses
(taste reactivity) to the intraorally infused CS- that had
been paired with LiCl injection. Di Lorenzo [38],with the
intake test, showed that medial PBN lesions disrupted:
CTAs to saccharin, but not to LiCl whose taste is* simi-
lar to the taste of NaCl: According to our c-fos study, her
‘medial’ lesions (Fig. 1 in her paper) seem to invade the
projection zone for sweeteners, but not the projection zone
for NaCl. This might explain the different effects on CTAs
depending on the kind of CSs, saccharin vs. LiCl. How-
ever, as suggested by her there is a possibility that rats with
PBN lesions require considerably more CS-US continu-
ity (or less CS—US delay) for the establishment of CTAs.
In addition, her ‘lateral’ PBN lesions are not lateral enough
to invade the els where general visceral and aversive taste
inputs terminate.

More lateral lesions which-included the PBNlat im-
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paired CTAs induced by intragastric administration of
LiCl [4] or electrical stimulation of the area postrema [5].
Another study by Bechara et al. [10] showed that cyto-
toxic lesions of the PBNlat disrupted CTAs induced by
morphine but not by LiCl. In the latter paper, flavored
solutions (CSs) were paired 10 times with LiCI (US). The
rats with PBNIat lesions could learn aversions to the CSs
on the basis of non-gustatory sensory cues after such a
strong conditioning procedure. Therefore, the conclusion
that lesions of the PBNIat do not disrupt CTAs induced
by LiCl must be accepted with caution.

In our recent study [133] we destroyed the PBNmed
and PBNIlat separately to examine the role of these areas
on acquisition and retention of CTAs to saccharin. It was
found that the rats with PBNmed lesions did not show
neophobia to saccharin (CS) and failed to establish CTAs
to the CS paired with LiCl. This might have been caused
by blockade of transmission of taste quality information.
Rats with PBNIat lesions showed neophobia, but failed to
establish CTAs. Further, we found that the retention of
CTAs is impaired severely by the PBNmed lesions but
only slightly by PBNIlat lesions. These results suggest that
taste quality information of saccharin transmitted through
the PBNmed is important for both acquisition and re-
trieval of CTAs, but that the PBNIlat, which may be con-
cerned with processing of general visceral signals and
taste—visceral association (see below), is crucial only for
acquisition of CTAs.

3.5. CS-US association in the PBN

As described above, neuroanatomical, electrophysi-
ological, and behavioral lesion studies all indicate that the
PBN plays a crucial role in the formation of CTAs. We
should like to present here a hypothesis about the inte-
gration of gustatory and visceral signals within the PBN.
The idea, which has already been introduced elsewhere
[154], derives from our ¢-fos immunohistochemical study
in naive rats and brain lesioned rats with or without CTAs.
The nomenclature of subnuclei in Fig. 3 of Yamamoto’s
paper [154] has been revised in the present article. When
the rat ingests saccharin as the CS, saccharin derived
neural information projects primarily to the cls for taste
quality processing, to the dls for positive hedonics, and
weakly to the caudal els for negative hedonics (Fig. 2A).
We assume that gustatory signals of any taste stimulus
project to the hedonically positive site, negative site, and
quality transmission site with different projection densities
depending on the particular taste stimulus. When the rat
receives a LiCl injection as the US during ongoing activ-
ity of the CS, neural information of injected LiCl projects
primarily to the rostral els for transmission of visceral
sensation, to the caudal els for negative hedonics, and

Sac
Fig. 2. Diagram depicting association of visceral and taste information
in the parabrachial nucleus before (A), during (B), and after (C) CTA
learning. Visceral and taste inputs are induced by an intraperitoneal in-
jection of 0.15 M lithium chloride (LiCl) and 0.01 M sodium saccharin
(Sac), respectively. S, sweetness; P, positive hedonics; N, negative
hedonics; V, abdominal visceral sense; BC, brachium conjunctivum; cls,
central lateral subnucleus; dls, dorsal lateral subnucleus; els, external
lateral subnucleus; +, potentiation; -, suppression. Sec text for details.

weakly to the dls for positive hedonics (Fig. 2B). We as-
sume that the US and CS inputs converge on neurons in
the els and the US signal potentiates the CS transmission
in a long-term manner, whereas neurons receiving the con-
vergent inputs in the dls show depressed CS transmission
by the US signal in a long-term manner. The possible
existence of such neurons co-activated by both taste and
general visceral stimuli has been suggested by Hermann
and Rogers [68] in the interstitial zone of the posterior
PBN, but neither in the els nor dls. More extensive studies
are needed to explore the existence of co-activated neu-
rons to both taste and visceral stimulations and their lo-
cation within the PBN. After acquisition of CTAs
(Fig. 2C), therefore, even if the CS information projects
similarly, the neural activity in the hedonically negative site
(els) increases and the activity in the hedonically positive
site (dls) decreases, whereas the activity of quality trans-
mission neurons in the cls is unchanged. Such changes in
neural responses in the dls and els may be represented as
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a shift of c-fos neurons from the dls to els as the result of
formation of CTAs.

It is conceivable that saccharin information projects to
the els because saccharin contains ‘bitter’, i.e., a kind of
aversive, component [9] and a learned quinine aversion
generalizes to saccharin [99]. Our model, therefore, is
applicable to saccharin but not to sucrose which is also
sweet but is supposed to have only a small aversive com-
ponent. However, Moskowitz et al. [ 100] have shown that
sweetness and the pleasantness of the sweetness of su-
crose solutions and sweetened food are two different func-
tions, i.e., sweetness increases with concentration, whereas
pleasantness first increases and then decreases, suggesting
a participation of unpleasantness in gustatory effects of
sucrose. In fact, we have observed (unpublished) that c-fos
expression elicited by sucrose stimulation also shifts from
the dls to the els after the rat has learned aversion to su-
crose. We assume that every taste more or less projects to
the els and dls besides its quality projection site and that
the model is applicable to every taste. The finding [ 18] that
quinine is more easily associated with illness than saccha-
rin may reflect the more abundant projections to the els for
quinine than for saccharin.

Another claim might be that the taste quality of saccha-
rin changes to ‘bitter’ or a quinine-like taste after aversion
learning to saccharin [99] since saccharin contains a
‘bitter’ taste [9], c-fos neurons shift from the dls to els as
the result of learned aversion to saccharin, and quinine
also elicits c-fos neurons in the els. In accordance with this
claim, Chang and Scott [36] showed that within the three-
dimensional taste space, as determined by neural activity
in the NTS, the saccharin CS after the acquisition of CTA
was in close alignment with quinine. It should be noted
here that the taste spaces represent similarities among
stimuli in terms of taste hedonics as well as of taste quality.
In the same paper [36], they found that the CS evoked a
significant larger response from CTA-acquired rats than
from control rats, and that the effect was limited to the
subgroup of neurons sensitive to sweeteners. On the basis
of these results, Scott and Giza [138] have suggested that
among the gustatory processes performed in NTS it is
primarily the hedonic appreciation of a taste, rather than
its quality, that appears to be altered. In fact, behavioral
studies [49,112] have shown that aversion learning to sac-
charin generalizes only to sweeteners, but not to other
taste stimuli representing salty, sour, and bitter tastes,
indicating that the taste quality of saccharin does not
change from ‘sweet’ to ‘bitter’.

The interaction of gustatory and general visceral signals
has been addressed by Blake and Lin [15] and Cabanac
[30,31] who have indicated that visceral information has
the ability to bias or ‘switch’ the affective aspect of a
gustatory stimulus, i.e., pleasure or displeasure, and the

consequent ingestive behavior, i.e., acceptance or rejec-
tion. We can assume that such a gustatory-visceral asso-
ciation primarily takes place at the lower brainstem level
considering the facts that CTAs-(more precisely, associa-
tion of gustatory trace and malaise) can be acquired under
deep anesthesia [21,29,123], under deep hypothermia [71]
supposed to elicit functional decerebration, or.under cor-
tical spreading depression [27], and that neural responses
to sensory stimulations can be recorded from the PBN {or
PBN neurons are active) under deep anesthesia [40,68,
111]. It should be kept in mind, however, that no CTAs
can be acquired when the CS is applied under these con-
ditions as shown by Bures and his colleagues [21,27,29,
74].

There is a possibility that ‘taste-quality’ neurons in the
PBN show increased responsivity [37,41] to the CS, be-
cause some taste-responsive neurons show inereased re-
sponses to the CS in the NTS [36], GC [162], and
amygdala [ 164,170] after acquisition of CTAs. Our model
should of course be examined- with different approaches
especially including electrophysiological "analyses. It
should also explain in terms of the neuronal circuitry why
a successful formation of CTAs requires that the CS pre-
cedes the US.

Thus, the neural substrate for associative taste aversion
learning can be implemented by the convergence of CS
and US inputs in the PBN. Important in this context-is
the observation by Garcia and- Koelling [56] who have
shown that taste stimuli can be easily associated with the
internal consequences of X-irradiation or LiCl injections,
but not with noxious electrical stimulation of the paws.
After repeated pairings of taste-electrical shock, however,
rats can discriminate a taste stimulus from water, tasty vs.
tasteless [ 144], or they can avoid consuming sucrose with-
out showing aversive reactions when tested with the taste
reactivity test [122]. Nachman demonstrated that oroso-
matic stimuli such as a change in the temperature of dis-
tilled water [102] or as a change in the tactile stimulation
of the tongue corresponding to.lapping vs. licking or to
licking from a spout with a large vs. small opening [7]
could be sufficient CSs when followed by LiCl injections.
These results are in- agreement with the neuroanatomical
and electrophysiological findings indicating that oroso-
matic inputs transmitted through the trigeminal nerve
project to the PBN [34,113]. On the other hand, it is as-
sumed that somatosensory inputs to the PBN from the
body surface, in contrast to general visceral inputs, are at
the most modest [12,34,65,70] and that PBN neurons
receiving convergent inputs from the gustatory and soma-
tosensory afferents are few in-number. It is possible, there-
fore, that discrimination learning between a taste stimulus
(tasty) and water (Lasteless) [7144] or electrical shock-
motivated taste avoidance fearning {122] in rats.is per-



T. Yamamoto et al. | Behavioural Brain Research 65 (1994) 123-137 129

formed in other parts of the brain than the PBN. Further-
more, the existence of neurons responsive to olfactory
stimuli alone or to both olfactory and gustatory stimuli in
the PBN [42] may serve as a neural basis for taste-
potentiated odor aversions [121,132].

Plastic changes to those as depicted in Fig. 2 might also
occur in the NTS [69] or might not occur in the NTS since
the projection zones for taste and gastrointestinal inputs
are separated rostrocaudally [32,67,109]. A possible al-
teration of response patterns of NTS neurons [36,69] is
considered to reflect descending effects from higher cen-
ters, because a temporal analysis of responses of the NTS
neurons showed that the increased CS response after
aversive conditioning started with a fairly long latency of
600 ms [36].

If one assumes that acquisition of CTAs can change the
hedonic value of the CS without involvement of higher
brain centers, decerebrate rats should be able to establish
CTAs. However, Grill and Norgren [60] could not dem-
onstrate CTAs in rats decerebrated at the precollicular
level. This means successful CTA acquisition requires that
quality information about the CS, gastrointestinal, and
hedonic signals reaches the post-PBN gustatory circuitry,
and that the pre-PBN circuitry alone is insufficient for
CTA formation, i.e., the NTS and its local brainstem cir-
cuitry are capable of processing the taste signals on the
basis of hedonic signals but cannot perform the integration
of taste and visceral inputs [47,142,143].

Since PBN as well as NTS are centers of reflex gusta-
tory responses, some behavioral features of CTAs may be
implemented by the local PBN circuitry, i.e., although CTA
formation requires participation of post-PBN structures,
some behavioral manifestations of CTAs may be a result
of a plastic change in the PBN as shown in Fig. 2. For
example, Halpern and Tapper [64] showed that rats con-
ditioned to avoid a CS (0.3 M NaCl) could discriminate
the CS within a brief period (250 to 600 ms) after stimu-
lus onset. Preabsorptive insulin secretion, which is known
to be reflexively elicited by intraoral infusions of glucose
in chronic decerebrate rats [ 59], disappears after aversive
conditioning to glucose {14]. Such a quick reaction time
and such dramatic changes of the CS-elicited reflexes after
CTA formation may result from switching the activated
neurons from positive hedonics to negative hedonics at the
PBN level. Although it is not known how long does such
a plastic change last after a taste—visceral association, we
assume that its existence parallels the process of CTA
extinction.

Bures and his colleagues [22~24,52,73,74], Norgren and
his colleagues [48,124,137,143], and Yamamoto and his
colleagues [133,154,155,158,165] all agree with the notion
that the initial integration of gustatory and visceral signals
takes place in the PBN, and that the behavioral expression

of acquisition and retention of CTAs require participation
of the forebrain structures including the GC and amygdala.
Bures et al. believe that the CTA engram is formed in the
PBN after receiving descending gustatory information
from the GC. Norgren et al. suggest that their PBN lesions
do not impair taste processing or general visceral infor-
mation, but interfere only with taste—visceral integration.
They seem to believe that CTAs can be acquired even if
taste quality is processed in one region and visceral infor-
mation in another region. Yamamoto et al. propose that
PBNmed lesions impair taste quality transmission and
PBNIlat lesions impair the function of the hedonically
negative site where taste—visceral integration occurs.

Since the behavioral expression of CTA formation re-
quires participation of forebrain structures rostral to the
PBN, the functional relevance of the amygdala, thalamus,
and cortex in the formation of CTAs will be discussed in
the following sections.

4, Amygdala, site for learning and memory?
4.1. Behavioral lesion study

The amygdala is known to be involved in learning and
memory [136]. Functional significance of individual
amygdaloid nuclei has been assessed mainly by lesion-
induced deficits in a variety of behavioral tasks [136]. The
central nucleus of the amygdala (Ce), for example, plays
an essential role in conditioning of both active and passive
shock avoidance responses [ 128], and the lateral nucleus
(La) is important in fear conditioning to auditory stimuli
[89]. Several investigators [103,127,140] have indicated
that the basolateral nucleus of the amygdala (BLA) plays
a crucial role in acquisition and/or retention of CTAs.

Recently, however, other researchers [35,43,46] pointed
out that the amygdala is less important than GC for the
formation of CTAs. They suggest that the impairment of
CTAs after lesions of the BLA is due to the destruction
of the corticofugal fibers passing to the brainstem, but not
to the destruction of the cell bodies in the BLA. Although
it is true that corticofugal fibers affect taste responsiveness
of neurons in the brainstem nuclei [39,40,83], and that
they might carry information whether the CS is novel or
familiar, experienced as safe or dangerous, we do not think
that these descending influences are indispensable for for-
mation of CTAs. Our behavioral studies [154,155,158],
using cytotoxic ibotenic acid lesions before or after acqui-
sition of CTAs, have shown that the BLA plays a major
role both in acquisition and retention of CTAs. Impair-
ment of CTA acquisition by amygdala lesions is more
severe than that induced by GC lesions, but is less severe
than that caused by PBN lesions. Combined lesions of
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amygdala and GC completely disrupted CTA acquisition,
indicating that these two structures are essential for CTA
formation and that if one of them is eliminated, weak
CTAs can be established with the other structure. On the
other hand, retention of CTAs is almost completely dis-
rupted by lesions of BLA [155].

4.2. Inputs to amygdala

The-above lesion studies suggest that the integrated gus-
tatory and visceral signals formed in the PBN are prob-
ably sent to the amygdala. Neuroanatomical studies in the
rat have shown that gustatory information from the PBN
[107] and VPMpc [148] projects exclusively to the Ce,
and from the insular cortex including GC [119,134,148,
150,151}, to the Ce, La, BLA, and other amygdaloid nu-
clei. General visceral inputs also project to the Ce from the
NTS [125] and PBN {32,108,135]. An immunohis-
tochemical study [163] showed that gustatory and visceral
stimulation elicited c-fos expression in the Ce. Thus, the
main projection site for brainstem gustatory and visceral
inputs to the amygdala is the Ce. However, lesions of the
Ce have essentially no or only minor disruptive effects on
acquisition and weak effects on retention of CTAs
[51,75,154,155,158]. It may be relevant to say that the
gustatory and visceral information necessary for CTAs
project directly to other nuclei than the Ce via thalamus
or insular cortex. Concerning this issue, Ottersen [119]
showed the following interesting comment on the basis of
his tract-tracing study: “...the Ce was identified as the
major intra-amygdaloid target of connections from sen-
sory relay nuclei of the brainstem. Provided the perirhinal
cortex, perhaps together with the entorhinal cortex, are the
main sources of cortical sensory input to the rat amygdala,
such input will predominantly reach the La and BLA. The
lack of intrinsic projections from Le would, therefore, seem
to preclude an integration between the relatively unpro-
cessed sensory information thought to reach the amygdala
from the brainstem and the more highly processed infor-
mation supposedly relayed to the amygdala from the
cortex”.

As will be shown in the following sections, the fact that
cortical lesions induce only minor effects on CTA suggests
that amygdala receives gustatory and visceral information
via the thalamus.

5. Thalamus, relay station from PBN to amygdala?

Earlier thalamic lesion studies in the rat employed dif-
ferent CTA paradigms, which makes it difficult to compare
the results with each other. Loullis et al. {93] presented
rats with 0.125%, saccharin followed by a LiCl injection.

They found that animals with VPMpc electrolytic lesions
showed a loss of neophobia and a marked attenuation of
CTA formation. Lasiter [85] also showed that an electro-
lytic lesion of the VPMpc markedly attenuated CTA learn-
ing, i.e., normal rats acquired CTAs to LiCl following the
first conditioning trial, but rats lacking VPMpc required
approximately five conditioning trials to acquire. similar
LiCl aversions. Furthermore, he found that animals lack-
ing both the olfactory bulbs and VPMpc could not acquire
taste aversions to ingested LiCl, suggesting that olfactory
cues associated with drinking solutions play a significant
role in CTA when the gustatory thalamic nuclei are de-
stroyed. On the other hand, Flynn et al. [48] reported that
rats with VPMpc lesions could acquire taste aversions to
alanine which had been paired with injections of LiCl
They measured the number of ingestive and aversive oral
motor responses elicited by intraoral infusion of 1 ml of
alanine instead of using an intake test. However, they did
not exclude the possibility that response could be medi-
ated by nongustatory cues, ¢.g., olfactory cues.

Our recent studies [154,155,158,168] have shown-that
cytotoxic lesions of the VPMpc markedly attenuated both
acquisition and retention of CTAs, whereas lesions -of the
midline part of the VPM (or the area between both sides
of the VPMpc) attenuated acquisition, but had no effects
on retention of CTAs. Moreover, we have found that
lesions of both VPMpc and the midline part of the thala-
mus caused a more severe disruption of CTAs than: iso-
lated lesions of either structures. Neuroanatomical find-
ings [62] indicating that midline and intralaminar parts of
the thalamus receive projections from PBNlat [61,135]
and send axons to the BLA [63.120], support the assump-
tion that general visceral and hedonically negative infor-
mation is sent to the amygdaloid nuclei other than the Ce
via the midline and intralaminar thalamic nuclei. How-
ever, further studies are needed to ascertain these possible
routes.

6. Gustatory cortex, site for short-term or:-long-term me-
mory?

6.1. Effects of dysfunction of GC-on CTAs

The GC is primarily located in the dysgranular insular
cortex [33,115,152,162], and-the viscerosensory cortex is
in the granular insular cortex caudodorsal to the GC
[33,72] in rats. Lesions of the insular cortex-including the
GC, and often also a part of the viscerosensory cortex,
attenuated both acquisition [17,18,28,44,45,53,76-80,82,
86—~88,92] and retention [16,53,156,160,161] of €TAs.

The essential findings by Braun and his colleagues
[16,17,77,92] can be summarized as follows: (1) rats with
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GC lesions can learn to avoid ingesting a taste stimulus
paired with illness, but this learning requires more CS-US
pairings. (2) Rats with GC lesions tend to show greater
generalization to unpaired taste stimuli, indicating less
efficient learning as compared to normal rats. (3) Increas-
ing the strength of the conditioned taste stimuli facilitates,
though not completely, CTA learning in rats with GC
lesions. (4) Retention of learned taste aversion to a taste
stimulus is disrupted by GC lesions, but the rats can
acquire CTAs to the same taste again.

Bures and his colleagues [23,24,52] have shown in a
series of experiments using the cortical spreading depres-
sion (CSD) technique that no CTAs develop when the
gustatory CS is presented under CSD, but strong CTAs
develop when CSD is elicited after the CS and before the
US (i.e. administration of LiCl). They believe that gusta-
tory CS signals are initially processed in the GC, and that
the gustatory trace is then transferred from the GC to the
PBN to be associated with the US in this nucleus.
Bermudez-Rattoni and his colleagues [44,45,91,171] also
stressed the important role of the GC in formation of
CTAs by showing that in rats in which CTA learning has
been impaired by GC lesions this capability can be re-
stored by transplantation of homotopic cortical tissue
grafts. They also indicated the importance of cholinergic
transmission in the formation of CTAs within the GC
[44,91]. Rosenblum et al. [129] have suggested the im-
portance of protein synthesis in the GC for formation of
taste memories by showing that application of a protein
synthesis inhibitor attenuates CTA formation and latent
inhibition to saccharin in rats.

In contrast to these results, our recent behavioral ex-
periments [154,155,158] with cytotoxic lesions showed
that the GC is not indispensable for acquisition of CTAs,
but that it is rather important for retention of CTAs. To
examine the possibility that taste potentiated odor aver-
sion [132] may account for our experimental results, we
familiarized the rats previously with the odor of 0.01 M
saccharin which served as the CS, or we used lower con-
centration (0.005 M) of saccharin, which was used by the
aforementioned authors, to avoid possible odor effects. In
spite of these precautious procedure results remained the
same, i.e., no major disruptive effects on acquisition of
CTAs were observed. Our results seem to be different
from those of other researchers. The differences may
largely result from procedural variables, i.e., 0.01 M sac-
charin vs. 0.005 M saccharin [18,53,171], 0.1 M sucrose
[79,81], 0.146 M sucrose [77,92], 0.1 M NaCl [81],
0.153 M NaCl [77,92], 0.12 M LiCl [88], 0.25%, HCI
[92], 0.1 mM quinine hydrochloride [18,92], 5% alcohol
[79]. or a mixture of 0.075 M sucrose and 0.05 M NaCl
[86] as the CS, 0.15 M LiCl (i.p. injection of 2%, volume
of the body weight) vs. cyclophosphamide [18,92], apo-

morphine hydrochloride [77], or ingestion of LiCl
[44,88,91] as the US, single CS-US pairing vs. several
pairings [77,81,88], ibotenic acid lesions vs. aspiration
[77,79,81,92], electrolytic lesions [44,86,88,91,171], tetro-
dotoxin blockade [53], or cortical spreading depression
[27], and single bottle test vs. multiple choice test [53] or
taste reactivity responses [81]. Another point to be noted
is the expression of the results such as ‘disruption’,
‘impairment’, or ‘attenuation’. To our judgment, most of
the earlier data show that elimination of the GC impairs
CTAs less completely than subcortical lesions. All earlier
data are. however, consistent with the ours in the sense
that the effects are best expressed as attenuation rather
than disruption or impairment of CTA. We would like to
quote the following sentences from the review paper by
Braun et al. [17] saying that “Everyone was right. The
neocortex is clearly involved, but not essential, in the
establishment and retention of a taste aversion learning
engram’.

6.2. Functional significance of GC

Our recent study (unpublished) has shown that lesions
of the GC facilitate rats’ capability to acquire CTAs to a
familiar CS, i.e., GC lesioned rats behave as if the famil-
iar CS is a novel one. As shown in Fig. 3, rats preexposed
for 30 days to saccharin showed no neophobia to this
solution on the conditioning day and formed markedly
weaker CTA (Fig. 3B) than normal control rats who ex-
perienced the CS for the first time on the conditioning day
(Fig. 3A). Another group of rats was similarly preexposed
to saccharin, then received bilateral lesions of the GC after
30 days of preexposure. As shown in Fig. 3C, these rats
showed neophobic ingestion (decreased intake compared
to saccharin intake level) on the conditioning day and
acquired CTAs to this solution. These results suggest that
GC is the site where long-term memory of taste is stored,
and a judgment is made whether the taste is novel or
familiar. Concerning retrieval of CTA, Buresova [25] used
combinations of unilateral lesion of BLA with unilateral
functional decortication by CSD in rats, and suggested an
important interplay between GC and amygdala by show-
ing a mechanism which involves projections of stored gus-
tatory trace from the GC to the BLA or facilitation of
memory readout from the GC under the influence of
amygdala. Very interesting is the suggestion by Rosenblum
et al. [129] that syntheses of certain proteins after gusta-
tory learning are the molecular basis of learning and me-
mory in the GC.

The GC has dense fiber connections with subcortical
structures. Both amygdala [ 157] and PBN [40,83] receive
corticofugal input from the GC. These cortical connec-
tions to taste-responsive neurons in the PBN and
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Fig. 3. Acquisition and retention of CTA learning in neurologically nor-
mal rats (A and B) and rats with bilateral ibotenic acid lesions of the
gustatory cortex (C). Rats in each group were preexposed to 0.01 M
sodium saccharin for a month (Pre-exposure). Each column shows the
mean + S.D. saccharin intake for 20 min on the conditioning day (C) and
on the subsequent 4 days. The horizontal lines in the graph show the
mean + S.D. water or saccharin intake during 4 days before condition-
ing. Ope, lesions of the gustatory cortex (GC).

amygdala may convey the information on whether the
ongoing taste stimulus is familiar or novel, acceptable or
undesirable, safe or harmful. If the CS is familiar, corti-
cal feedback suppresses association between the CS and
the US, whereas if the CS is novel, association between
the two stimuli is enhanced. Cortical damage precludes the
ability to respond normally to the novelty of the CS, and
this diminishes the subsequent aversion [76].

Kiefer and Orr [81] recently reported that rats with GC
lesions avoided drinking sucrose and NaCl after repeated
taste-illness pairings, but failed to display aversive reac-
tivity to intraoral infusions of these tastes. These rats,
however, showed normal aversive reactivity to strong qui-
nine solution. The authors have concluded that rats lack-
ing GC can learn taste avoidance (not to consume the
tastants paired with illness), but cannot show taste aver-
sion (disgust, distaste, or unpalatability after hedonic shift)
to those tastes. Brain-lesioned rats as well as normal rats
can display an aversive reactivity to unpalatable quinine

since taste reactions are established by the lower brain-
stem centers including both NTS and PBN [60]. Hedonic
value of sucrose and NaCl can be changed from ingestive
to aversive in the PBN after having been paired -with- LiCl
(see Fig. 2), but this hedonic shift may not be retained
firmly without descending influences from the GC. More-
over, the GC may play an important role in storing aver-
sive information about the CSs and in the expression of
aversive reactivity to the CSs; the GC is known 1o be
responsible for jaw~tongue movements [153,162}, and
calcitonin gene-related peptide found in the GC is related
to aversive tastes [159]. Even if aversive reactions dis-
appear after GC lesions, the CS can be avoided as far as
intact amygdala receives hedonic and qualitative taste in-
formation from the PBN via the thalamus.

Finally, it must be pointed out that GC lesions interfere
with taste memory and with association processes, but
leave odor conditioning and the potentiation of odor by
taste relatively unaffected. This suggests that the GC is tiot
necessary for the acquisition or retention of odor aversions
or taste-potentiated odor aversions [78,80,82]. The vent-
rolateral prefrontal cortex (VLPC), which is located ros-
tral to the GN, probably contributes to the higher-order
integration of olfactory stimuli, because several morpho-
logical studies have demonstrated olfactory afferents from
the mediodorsal nucleus of the thalamus and from-the
piriform cortex to the VLPC-[11,58,84,90]. Further,
Onoda et al. [ 116—118] showed neural responses to odors
in the VLPC. Lasiter et al. [87]. however, could not con-
firm that the VLPC involvement in taste-potentiatéd odor
aversion learning. They suggested that GC was involved
in the odor aversion as well as in taste aversion learning.
Further studies are needed to determine the cortical area
critical for learning and memory of odors.

7. Summary: neural substrate for CTA

Our behavioral lesion studies {154,155,158,165] can-be
summarized as follows. When ibotenic acid lesions were
made before acquisition of CTAs to saccharin by pairing
its intake with an i.p. injection of LiCl, rats lacking PBN
completely failed to establish CTAs. The second most
effective lesion was in the medial thalamus including the
VPMpc and the midline part, followed by the damage of
the lateral subnuclei of the amygdala including the BLA.
Lesions of the GC and hippocampus induced moderate
effects, but lesions of the other subnuclei of the amygdala,
entorhinal cortex, bed nucleus of the stria terminalis, sub-
stantia innominata, lateral hypothalamic area, ventrome-
dial hypothalamus induced slight or no effects.

When ibotenic acid lesions were made affer acquisition
of CTAs, rats with PBN, VPMpc or BLA lesions showed
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a dramatic disruption of retention of the taste aversion.
Lesions of the GC or the hippocampus elicited a gradual
disruption of retention, and a weak disruption of retention
of the CTA was observed by lesions of the Ce. Essentially
the same results were obtained when the ibotenic acid
lesions were made before or after CTA procedures, i.e., the
PBN, medial thalamus, and BLA are indispensable for
acquisition and retention of a strong CTA.

On the basis of our results together with the findings by
other workers, possible neural substrates for CTA forma-
tion are diagrammatically shown in Fig. 4. Association
between taste and gastrointestinal information takes place
in the PBN, but not in the NTS. Parabrachial neurons in
the els, which is concerned with aversive hedonics, are
assumed to receive collateral convergence from taste
(saccharin) and gastrointestinal (LiCl) inputs (as indicated
by dashed lines and dotted area in the figure). Since the
saccharin responses in these els neurons are assumed to
be enhanced by the visceral input in a long-term manner,
the taste of saccharin is changed to be hedonically aver-
sive, and this information is transmitted to the amygdala
(BLA) via the thalamic midline and/or intralaminar nuclei
(dashed lines and dotted area). Taste quality information
of saccharin is also sent to the amygdala via the thalamus
and/or GC. Thus, the integrative learning that “saccharin
taste is aversive and should be avoided” is established in
the amygdala. In this idea, therefore, LiCl information
serves as an enhancer of saccharin responses in the els and
depressor of these responses in the dls of the PBN. Cor-
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Fig. 4. Diagram depicting possible neural substrates for formation of
conditioned taste aversion (CTA). NTS, nucleus of the tractus solitarius;
PBN, parabrachial nucleus; Sac, saccharin. See text for details.

tical influences upon the PBN can modify the strength of
this taste—visceral association. The amygdala plays an
essential role in behavioral expression of CTAs (viz.,
avoidance of the CS). The experienced tastes with aver-
sive hedonics are sent from the amygdala to the GC and
will be stored there in a long-term manner. In turn, cor-
ticofugal feedback to the amygdala is important in reten-
tion of the CTA. Blockade of either transmission of
saccharin taste (PBNmed lesions) or integration of taste—
visceral signals (PBNlat lesions) will result in disruption
of CTA formation. Finally, it must be stressed that the
gustatory or general visceral information is generally con-
veyed via multiple routes so that lesions of a single brain
site may demonstrate only subtle or incomplete effects due
to compensation of the deficit by other routes and sites.
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