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Bilateral damage to the central nucleus of the amygdala (CeAX) in the rat blunts need-induced NaCl intake and abolishes daily need-free
NaCl intake when measured with a two-bottle test. Such a deficit could be the result of impaired taste function. To assess the taste function
of the CeAX rat various taste stimuli were introduced directly into the cral cavity and taste-elicited oral motor responses were measured. Oral
motor responses elicited by 0.62 M and 0.13 M sodium chloride, 0.3 M sucrose and 0.01 M citric acid, were similar in control and CeAX rats.
Additionally CeAX and control rats acquired a taste aversion for fructose or maltose when either was paired with LiCl. Finally, in CeAX rats,
like in control rats, the pattern of oral motor responses to 0.5 M NaCl was dependent on internal state; sodium depletion dramatically altered
taste-elicited oral motor behavior. These results suggest that, in the rat, the deficits in NaCl intake behavior that follow CeAX do not appear
io be a result of dramatic changes in gustatory function.

INTRODUCTION directly into the oral cavity via an indwelling cannula,
stereotyped ingestive and aversive oral motor responses
We have recently shown that damage to the central can be videotaped, analyzed and quantified. Moreover,
nucleus of the amygdala (CeA) blunts the Na(l intake the rat’s evaluation of a taste stimulus, as measured by
induced by sodium depletion and abolishes the NaCl the amount of aversive and ingestive responses, can
intake evoked by either systemic mineralocorticoid change due to modification of the internal state or to
treatment or by renin given into the anterior cerebral learning. For example, if sucrose is paired with LiCl
ventricles in rats given free access to water anda0.5M (conditioned taste aversion Or CTA), the proportion of
(3% )NaCl solution’. The same rats show normal water ingestive responses decrease and aversive responses
intake to these challenges, and their food intake and increase?. Inversely, if a rat is made sodium deficient,
body weight are normal. Nonetheless rats with CeA- the rat’s evaluation of NaCl changes such that the pro-
lesions reject NaCl solutions at all concentrations above portion of ingestive responses increase and aversive
0.03 M (0.2%). Given that the CeA is a major limbic responses decrease’. This paradigm is a useful tool for
projection of the central gustatory system'?", the effect the assessment of gustatory function when taste guided
of damaging the CeA on the rat’s ability to evaluate behaviors are impaired following lesions along the
gustatory input needed to be assessed. ascending gustatory pathway.
The taste reactivity paradigm developed by Grill and The afferent gustatory nerves enter the brain through
Norgrenm enables one to evaluate aspects of gustatory the nucleus of the solitary tract (NTS)'*. Bilateral dam-
function. Briefly, when a taste stimulus is introduced age to the rostral NTS results in a rat capable of form-

ing taste aversions but not of expressing sodium appe-
* Corresponding author. Present address: Department of Psychol- Flte after body SOdlu.m_ deplet170n as measured by either
ogy, NI-25, University of Washington Seattle, WA 98195, USA. intake or taste reactvity teSt.S . Bilateral damage to the
Email: rseeley @ u.washington.edu second relay, the parabrachlal nucleus (PBN), yields a
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rat incapable of forming taste aversions or expressmg
a sodium appetite after body sodium depletion’.

The projection from the PBN to the forebrain is
bifurcated"*">. One is the classical thalamic—cortical
gustatory pathway that has been hypothesized to be the
anatomical pathway for gustatory discriminations®
Bilateral damage confined to the taste-responsive ven-
tral posteromedial thalamic nucleus (VPMpc) does not
alter sodium appetite after sodium depletion, nor does
it suppress the ability to form a CTA’. The other path-
way from the PBN projects to a variety of ventral fore-
brain sites, including the CeA. In fact a greater num-
ber of gustatory fibers terminate in the CeA than in the
classical thalamic and gustatory insular cortex (see
Norgren'). This pathway has been hypothesized to be
the anatomical substrate for taste-motivated behav-

Given the gustatory projection from the PBN to the
CeA and the deficit in NaCl intake after CeA damage,
it was logical to test the oral motor responses to cOm-
mon tastants of rats with bilateral lesions of the CeA
(CeAX). Additionally we examined tastes paired with
LiCl for evidence of the ability to form a CTA. Finally,
we evaluated NaCl-elicited oral motor responses before
and after body sodium depletion.

GENERAL METHODS

Rats and housing
Adult male Sprague-Dawley rats, weighing 350-
400 g at the beginning of the experiment were housed
in individual wiremesh cages in a temperature and
humidity-controlled room on a 14:10 light/dark cycle,
fed Purinarat chow pellets (Na* content approximately
59%) and given tap-water ad lib.

Surgery and recovery

Rats received stereotaxically-guided electrolytic le-
sions of the CeA under intramuscular ketamine hydro-
chloride (40 mg/kg) and acepromazine maleate (15 mg/
kg). A prophylactic dose of gentamicin sulfate was
administered intramuscularly immediately prior to sur-
gery as well as for the 3 days that follow surgery. An-
odal lesions were made by delivering a current of 1 mA
for 20 s through an insulated tungsten electrode with
0.5 mm exposed at the tip. Two lesions were placed
within each CeA. The lesion coordinates were 2.2 mm
and 2.7 mm caudal to bregma, 4.1 mm lateral from the
midsagittal sinus, and 7.4 mm in depth from the dural
surface. No current was passed in rats with sham le-
sions. Rats were also implanted with an intraoral can-
nulae for taste stimulus delivery. Cannulae consisted of

PE-100 tubing that was inserted through the temporaljs
muscle and opens in the oral cavity just lateral to the
first molar. The cannulae was anchored to the sky]
with skull screws and dental acrylic (for a detailegq
description se Grill et al.'!).

The rats recovered for 2 weeks prior to testing. Some
rats with CeA damage showed hypophagia and hypo.
dipsia for the first 3 to 5 days following surgery and 3
weight loss of approximately 15 g. These rats were fed
wet mash made from standard Purina rat chow and tap
water until normal feeding and drinking resumed.

Taste reactivity tests

The rats were placed in a cylindrical, clear plastic
testing chamber, and their oral cannulae were connected
via tubing to an infusion pump which delivered the
stimulus for 1 min at a constant rate of 1 ml/min. The
rat’s face and ventral body were videotaped through a
mirror below the cage to record the behavioral response
to the taste stimuli.

Behavioral analysis

Using slow motion videotape analysis, each occur-
rence of ingestive and aversive behaviors was scored.
These behaviors included: mouth movements, tongue
protrusions, lateral tongue protrusions, and paw lick-
ing, aversive components were gaping, chin rubbing on
the floor of the cage, head shaking, forelimb flailing,
face washing and fluid ejection (for a more detailed
description of each of these behaviors see Grill et al.'").
The ingestive and aversive behaviors were scored by
counting the ‘bins’ where these responses occurred®.
The clock was started at the time the rat began engaging
in a typical response. The time the rat spent engaging
in that response is divided into equal ‘bins’ of 2 s or 5 s,
depending on the response being scored. The different
sized bins are used so that equal weight is given to each
of the behaviors independent of their relative frequen-
cies (for a detailed description of how this weighting
scheme was devised see Berridge and Grill®). Each
behavior is scored either for the number of discrete
occurrences or for how many bins in which it appears,
1.e. several identical responses that occur continuously
within the same bin is scored as one occurrence. In-
gestive tally was the number of 2-s bins in which tongue
protrusions occurred plus the number of 3-s bins in
which paw licking occurred plus the number of lateral
tongue protrusions. In this scoring method, mouth
movements are considered a neutral rather than an
ingestive behavior and hence are not included in the
ingestive tally. Aversive score is the number of gapes
plus the number of chin rubs plus the number of fore-
limb flails.
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Histology

At the conclusion of each experiment the rats Were
euthanized with 0.5 ml of Socumb (Butler) and per-
fused with 107 formalin through a cardiac catheter.
Brains were removed and immersed for 1 week In 2
10%, formalin solution, after which it was transferred
to a 50% w/v sucrose-formalin for 1 more week, and
then sectioned into slices of 16 micron with a cryostat,
and stained with Thionin blue to evaluate the anatomi-
cal extent of the lesions.

Data analysis

Data were analyzed using ANOVAs and post-hoc
comparisons were done using Tukey’s HSD test with
a rejection criterion of P<0.05.

Histological analysis of the lesions

Fig. 1 gives, on the right panel, the extended area
drawn from the extreme border of all the lesions used
for this paper and for the companion paper, and on the
left panel an example of a lesioned rat brain taken from
a rat that was used in the present study. The charts use
Paxinos and Watson rat brain atlas drawings (2nd edn.,
1986) at 3 different rostro-caudal levels of the amygda-
loid complex, and the example of the brain lesion is
given at similar levels. The lesions extended from

Fig. 1. Left panel: representation of the extent ©
levels of the amygdaloid complex. The chart uses drawings

around the extreme border of the lesions from all the r

f the electrolytic damage for all the CeA
from Paxinos an
ats and shaded portion represents t
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Bregma —2.0 to Bregma _3.4. Each lesion destroyed
most of the CeA with some damage {0 adjacent struc-
tures. According to the Paxinos and Watson rat brain
atlas nomenclature, the adjacent structures involved in
the lesions were: the intercalated amygdaloid nucleus,
the dorsal portion of the medial amygdala, the medial
portion of the basolateral amygdala, the rostral portion
of the bed nucleus of the stria terminalis, the caudal
portion of the globus pallidus and the caudate putamen.
Finally, in the caudal part of the lesions, the optic tract
and the internal capsule were damaged in some of the

rats.

Experiment I: immediate responses 1o taste stimulation

Subjects. Ten naive CeAX rats and 6 sham-operated
rats were used in Expt. L.

Procedure. Rats werc intraorally infused as described
above. They were either infused with 0.5 M NaCl,
0.13 M NaCl, 0.3 M sucrose, or 0.01 M citric acid In
random order with water infused between each gusta-

tory stimulus.
Resulis and Discussion

Overall, CeAX rats showed a pattern of responses
across all taste stimuli that was very similar to that of
control rats. The discriminative response pattern of

both groups was similar for all tastes except 0.5M

X rats in the experiments at three different rostro-caudal
d Watson (2nd edn., 1986). The outermost line represents the area
he area damaged in every rat. Right panel: represent-

ative sections from a CeAX rat.
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Fig. 2. Ingestive tally and aversive score of oral motor behaviors for
both CeAX and control rats elicited by intraoral infusions of sucrose,
citric acid, 0.13 M NaCl, and 0.5 M NaCL

NaCl. Clearly, the oral motor behavior of both groups
was similarly influenced by taste stimulation.

For ingestive oral motor responses, we found a sig-
nificant effect of surgical condition (between groups:
F, 14=35.05,P<0.05). A post-hoc analysis revealed that
the difference between groups was due to the higher
ingestive tally of the CeAX rats to the 0.5 M NaCl
solution (see Fig. 2). The responses to the different taste
stimuli were also significantly different (between treat-
ments: F; 4, =9.02, P<0.01). There was no between
groups effect for aversive score. For aversive responses,
the only effect was due to taste stimuli (between treat-
ment: F3 4, =11.11, P<0.01).

Experiment II: conditioned taste aversion
Subjects. Nine of the 10 CeAX rats and the 6 sham
operated rats of Expt. I were used in this experiment.

Procedure. Two taste stimuli, a 159 fructose and a
159, maltose solution, were used for this experimep;
For each rat, one taste was paired with LiCl injectiong
(CS +) while the other was not (CS - ). Which tagte
was the CS + and which was the CS — was counter.
balanced across subjects. Each rat received five 0.5-y
infusions at 1 ml/min at approximately 1 min intervajg
of the CS + through the intraoral cannula; an ip. in.
jection of isotonic LiCl (1.5 mEq/kg) was then admip.
istered. This procedure was repeated the following day,
On the third day each rat received a 0.5 ml infusion and
their oral motor responses were videotaped for both the
CS + and CS - which were counterbalanced in their
order of presentation across animals. Each rat was thep
given access to the CS + and the CS - in their home
cages for the next 24 h where their intake was mea-
sured. The videotapes were analyzed using the scoring
method from Expt. I.

Results and Discussion

Both groups, lesioned or controls, showed similar
responses to the CS + and CS - . Both groups acquired
the aversion for the CS + as demonstrated by the dif-
ferential pattern of oral motor responses toward the
CS + and the CS —. The aversive responses were sig-
nificantly higher for the CS + (F,,;=8,81, P<0.02).
The ingestive responses were lower for the CS + even
though this tendency was not statistically significant.
There was not a significant interaction between the
within and between subject variables (F, ;=2.29,
P <0.15). In addition, the 24 h intake of the CS + was
significantly reduced (F, ;; =42.53, P<0.001).

Experiment I11: sodium appetite

Subjects. For this experiment, 15 male Sprague-
Dawley rats (Charles River Co.) were used. Eleven of
the rats (6 CeAX and 5 sham rats) were sodium de-
pleted 3 times before this experiment for experiments
presented in the companion paper (Seeley et al. this
issue) while the remaining 4 CeAX rats were depleted
only once.

Procedure. The oral motor responses to 0.5 M NaCl
was first assessed while the rats were sodium replete,
i.e., the rats were fed standard chow. A week later, each
rat was sodium depleted by two injections (s.c.) of 5 mg
of furosemide (Lasix) separated by 2 h. At the time of
the first injection, the cage was washed in order to re-
move adherent NaCl, and the standard rat chow was
replaced by a sodium-deficient diet (Teklad # 81263,
Na* content: 0.005-0.01%) for the next 24 h. The
following day the rats were again videotaped while 2
0.5 M NaCl solution was orally infused. For the rats
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Fig. 3. Top panel: ingestive tally and aversive score of oral motor

behaviors for both CeAX and control rats elicited by either a mal-

tose or fructose solution paired with LiCl injection (CS + ) or saline

injection (CS — ). Bottom panel: the amount consumed of the CS +
and CS - solutions in a 24-h two-bottle intake test.

that were depleted 3 times, a period of 1 week was given
between each sodium depletion.

Videotape analysis. This work was performed mn a
different laboratory and consequently the videotape
analysis was slightly different. Rather than count the
number of bins in which a response occurred, the actual
number of mouth movements, tongue protrusions, and
lateral tongue protrusions were counted and summed
for the entire minute of the infusion. The total numiber
off these behaviors was defined as the ingestive score.

Results and Discussion
Both CeAX and intact rats changed their oral motor

tesponses appropriately to NaCl when made sodium
deplete. The number of sodium depletions did not

300
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Fig. 4. Top panel: ingestive score of oral motor behaviors for both
CeAX and control rats elicited by 0.5 M NaCl when either sodium
replete or sodium deplete. Bottom panel: aversive score of oral motor
behaviors for both CeAX and control rats elicited by 0.5 M NaCl

when either sodium replete or sodium deplete. ’

produce a significant difference in the oral motor
responses to 0.5 M NaCl, so the data were pooled for
the analysis. As can be seen in Fig. 4, both intact and
CeAX rats significantly increased the number of inges-
tive responses after sodium depletion (Fy;3=22.58,
P<0.001). Additionally, both intact and CeAX rats
decreased their aversive behaviors to NaCl while
sodium deplete (F, j; = 14.003, P<0.01).

GENERAL DISCUSSION

The results of the present experiments indicate that
bilateral lesions of the CeA do not dramatically alter
gustatory function when assessed using taste reactivity.
CeAX rats were not significantly different from control
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rats in their ingestive or aversive responses to either
sucrose or citric acid. For NaCl, only the ingestive tally
to the higher concentration differed from controls. Such
results indicate that the CeAX rat: (1) can display ap-
propriate numbers and categories of oral motor
responses to common tastants and (2) can make dis-
criminative responses to different stimuli.

In Expt. I, both CeAX and intact rats showed a
statistically significant increase in aversive responses
and a not statistically significant trend towards a de-
crease in ingestive responses to a taste stimulus paired
with LiCl. Additionally, in the 24-h intake test, both
CeAX and intact rats show a marked avoidance for the
taste stimulus paired with LiCl. The CeAX rat clearly
demonstrates an ability to associate a taste with the
effects of LiCl injection and learn a taste-avoidance.

The exact role of various amygdala nuclei in taste
aversion learning remains unclear. In agreement with
the current study, Kemble et al. found no effect of CeA
damage on the ability to form a conditioned taste aver-
sion'2. Simbayi et al. showed that electrolytic lesions of
the basolateral nucleus produce significant deficits in
taste aversion learning when assessed with both taste
reactivity and standard intake tests'®. Dunn and Everitt
have shown that electrolytic lesions of the amygdala
that included the basolateral and central nucleus pro-
duced deficits in taste aversion learning®. They also
found, however, that fiber sparing ibotenic acid lesions
at the same level do not produce any deficit. More re-
cently, Yamamoto and Fujimoto showed that fiber
sparing ibotenic acid lesions of the amygdala that in-
cluded the central but not the basolateral nucleus pro-
duced no deficit in taste aversion learning while lesions
that included the basolateral produced a significant
deficit compared to controls®®. In conflict with the cur-
rent study, Lasiter and Glanzman'® using electrolytic
lesions, found a significant deficit in the ability of CeAX
rats to reduce their intake of a LiCl solution on subse-
quent trials when compared to controls while rats with
lesions of the basolateral nucleus showed no deficit™>.

All of the above studies, including those that agree
with the present results, suffer from concentrating solely
on between subject comparisons rather than within
subject comparisons. In the data of Lasiter and Glan-
zman"’, both CeAX and control rats reduced their LiCl
intake over days but the magnitude of the reduction was
different for the 2 groups. Thus a ‘deficit’ emerges only
when CeAX rats were compared to controls. Yet it
would seem at least as important to note the
‘competence’ of the CeAX rats to change their ingestive
behavior on the basis off a taste-visceral relationship.
This interpretational issue aside, the present study adds
weight to the evidence that the cells located within and

the fibers running through the CeA area are not critj. E
cal for an association between a taste and the effects of
LiClL A

In expt. III, the CeAX rat shifted its profile of inges.
tive and aversive oral motor responses to 0.5 M Na(y
as a function of its internal sodium state. The three
experiments presented here suggest that the deficit iy
NaCl intake observed in CeAX rats is not a result of |
gustatory impairment. The taste guided oral motor be.
haviors of the CeAX rat are very similar to those of
intact rats and would not predict any deficit in sodium
intake behaviors. Nevertheless, detailed analysis of
gustatory sensitivity would require more pointed psy-
chophysical experiments. )

The fact that CeAX rats show an appropriate change
in oral motor responses to NaCl when made sodium
deplete contrasts strongly with the impairment in
sodium intake measured by the two bottle test. It
appears that the CeAX rat will not consume NaCl from
a bottle when made sodium deplete despite having a
more positive evaluation of the NaCl solution. To un-
derstand these apparently contradictory results one
could measure the amount of NaCl solution a CeAX rat
would consume when it is presented directly into the
mouth, e.g. in the same manner as the NaCl is pre-
sented in the taste reactivity test. It is this issue which
is addressed in the companion paper (Seeley et al.).

Finally, these results should be placed in the context
of earlier studies discerning the effects of electrolytic
lesions of the gustatory system. Like NTS or VPMpc
damaged rats, CeAX rats demonstrate taste aversion
learning while PBN damaged rats do not>”'®, Like
NTS and PBN damaged rats do not increase their
sodium intake during bottle tests but unlike NTS or
PBN lesioned rats CeAX rats dramatically alter their
oral motor responses to intraoral infusions of NaCl
depending on internal sodium state’~®. Such systematic
experiments on rats with damage to the gustatory sys-
tem continue to shed light on the role of these structures
in taste-guided behaviors.
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