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It is well known that lesions of the lateral hypothalamus (LH) produce aphagia. Several previous studies have reported that lateral hypothalamus 
damage produces food aversion in addition to aphagia. However, damage to other regions near the LH also produce aphagia and enhanced 
aversion. The purpose of this study was to resolve where the site or sites for aversion-inducing lesions is/are located. Small, bilateral excitotoxin 
lesions (QUIN, 10/xg in 1 ~.1 or IBO, 15/zg in 1/.d) or bilateral sham injections of vehicle were made into the globus pallidus (GP), the ventral 
pallidum/substantia innominata (VP/SI) or the lateral hypothalamus (LH). Affective reactions to taste were elicited by infusing sucrose 
solutions (1 M) into the mouth via chronic oral cannulae. The number of aversive responses (gapes, chin-rubbing, head-shaking and forelimb 
flails) emitted was tallied. Individual lesions were mapped and a single 'necessary and sufficient' site for damage-induced aversion was identified 
(the area of overlapping damage common to all rats that showed enhanced aversive reactions). To identify the lesions, two lesion-mapping 
techniques were used: (1) a conventional neuron-counting procedure in which an attempt is made to count all neurons within a brain region, and 
(2) a new modified 'fractionator' procedure consisting of exhaustive 400× magnification counts at point locations within a brain region. Results 
indicated that aversive reactions to food are enhanced only following bilateral neuron loss ( > 70%) from the caudal ventromedial VP/SI alone. 
This shared site has a lateral diameter of 1.0 mm, a dorsoventral diameter of 0.5 mm and a rostrocaudal diameter of 1.0 mm. Damage restricted 
to the LH never produced enhanced aversion even when it produced aphagia. The crucial region for aversion is located ventral and medial to the 
globus pallidus and dorsal and lateral to the lateral hypothalamus. 

INTRODUCTION 

Large  e lec t ro ly t ic  les ions  of  the  l a te ra l  hypo tha la -  

mus  (LH)  have long been  known to l ead  to aphag ia  

and ad ips ia  2'9'38. A p h a g i a  also resul ts  a f te r  exci totoxin 

lesions of  the  L H  tha t  spa re  f ibers  o f  passage  26'37'43. In  

addi t ion ,  especia l ly  a f te r  ros t ra l  and  fa r - la te ra l  e lec-  

t rolyt ic  L H  lesions,  ra ts  may  show active avers ion to 

normal ly  pa l a t ab l e  food,  by engag ing  in food spi l lage,  
gaping,  and  fo re l imb f lai l ing 35,36'39. Not  all aphag ic  ra ts  

show e n h a n c e d  aversive reac t ions  to food bu t  some do. 

F o r  example ,  in one  s tudy ra ts  with b i l a t e ra l  L H  dam-  

age were  p r e s e n t e d  with a sugar  so lu t ion  and,  'dis-  

p layed  vigorous  wi thdrawa l  b e h a v i o r s . . ,  when  the  st im- 

ulus was b rough t  to the  mouth ;  the  ra t  typical ly  ori-  

e n t e d  away f rom the  s t imulus,  b locked  its mou th  with 

its fo repaws  and  t ight ly c losed  its l ips '36. In  a no the r  

study, when  a pa l a t ab l e  cookie  mash  was spoone d  into  

the  mouth ,  ra ts  with L H  d a m a g e  were  r e p o r t e d  to, 

' d i sp lay  reac t ions  of  avers ion and  actual ly  avoid con- 

tact  with these  st imuli  on  r e p e a t e d  p resen ta t ions .  '35. 

T h e  la te ra l  hypo tha l a mus  is not  the  sole basa l  fore-  

b ra in  reg ion  in which lesions p r o d u c e  aphag ia  and 

e n h a n c e d  aversion.  F o r  example ,  e lect rolyt ic  or  excito- 

toxin lesions of  the  globus pa l l idus  (GP)  have been  

sugges ted  to p r o d u c e  aphag ia  as severe  as tha t  p ro-  
d u c e d  by L H  d a m a g e  m26'27,34. Exci totoxin lesions o f  

the  basa l  fo reb ra in  wi thin  e i the r  the  vent ra l  p a l l i d u m /  

subs tan t ia  i nnomina t a  ( V P / S I )  or  nucleus  basal is  also 

have been  sugges ted  to p r o d u c e  aphag ia  5'7,42. Final ly,  

many  of  these  ex t r a -hypo tha lamic  lesions also p r o d u c e  

e n h a n c e d  aversive reac t ions  (gapes ,  chin rubs,  etc.) to 
normal ly  pa l a t ab l e  tas tes  such as sucrose 7A3'42. 

The  abi l i ty  o f  bo th  L H - c e n t e r e d  lesions and lesions 

c e n t e r e d  u p o n  o the r  basa l  fo reb ra in  si tes to enhance  

food avers ion as well  as to p r o d u c e  aphag ia  ra ises  the  
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question of whether aversion-producing lesions act 
upon the same or separate neural systems. Are there 
multiple sites in which neuronal cell loss creates en- 
hanced aversion for food? Or do these ostensibly dif- 
ferent lesions actually depend upon damage to a single 
anatomical population of neurons? 

The possibility that both types of lesions owe their 
food aversion effects to a shared site of damage is 
made plausible by the fact that most of the previous 
studies have used large and overlapping lesions. For 
example, the dorsal tip of the electrolytic LH lesions 
made by Teitelbaum and Epstein 39 ascended into the 

internal capsule, passing through the posterior ventral 
pallidal region. Schallert and Whishaw 35 identified two 
qualitatively different types of LH aphagia. Only one of 
these, active aphagia, was accompanied by aversive 
reactions to food. Active aphagia was produced only by 
anterior LH lesions in which damage invaded the ven- 
tral pal l idum/substantia innominata region, and it is 
possible that some behavioral 'LH'  effects were due to 
pallidal damage. Conversely, previous studies of aver- 
sion produced by non-LH basal forebrain lesions have 
often produced incidental damage in the lateral hy- 
pothalamus, so it is possible that some 'ventral pallidal 
or nucleus basalis' effects are due to LH damage 5'7'42. 

The purpose of the present study was to ascertain 
whether LH, GP and VP /S I  lesions that induce aver- 
sion, in addition to aphagia, do so by damaging sepa- 
rate sites or one common site. In order to do this, we 
compared the aversion-enhancing effects of small exci- 
totoxin lesions that were centered in either the LH or 
the VP/SI .  The boundaries of lesions that produced 

enhanced aversion in a taste reactivity paradigm ~7 were 
carefully mapped using an objective and sensitive tech- 
nique: a modification of the fractionator technique of 
Gundersen et al. 2°. Areas of damage that were shared 
by aversion-enhancing lesions were identified by a 
'subtraction analysis'. Our results suggest that there is 
only one region in the basal forebrain in which neuron 
loss enhances aversion. This site lies outside the lateral 
hypothalamus itself, but within the region damaged by 
many 'LH'  lesions: a site at the ventromedial edge of 
the ventral pal l idum/substantia innominata (vmVP/  
SI). 

MATERIAL AND METHODS 

Subjects 
Subjects were 52 male Sprague-Dawley rats (Charles-River) 

weighing 300+50  g at the beginning of the experiment. They were 
housed singly under  a 12 : 12 h light : dark cycle. Water  and food were 
freely available. 

Surgical procedures 
Rats were anesthetized using first halothane (within a desiccator) 

and then methoxy-fluorane given through an air anesthesia system 
for small animals 25. Excitotoxin injections intended to destroy neu- 
rons within the globus pallidus were centered at the coordinates: AP 
1.0 mm posterior to bregma; L _+ 2.8 mm lateral to the midline; V 7.5 
mm ventral to the skull (quinolinic acid, 10/zg,  n = 10 rats). Excito- 
toxin injections intended to destroy neurons within the ventral pal- 
l idum/subs tan t ia  innominata region were centered at the coordi- 
nates: AP 1.0 mm posterior to bregma; L 5:2.8 mm lateral to the 
midline; V 8.0 mm ventral to the skull (quinolinic acid, 10 p,g, n = 11 
rats; ibotenic acid, 15 p~g, 3 rats). Injections intended to destroy 
neurons in the lateral hypothalamus were centered at the coordi- 
nates: AP 2.7 mm posterior from bregma; L + 1.2 mm lateral to the 
midline; and V 8.5 mm ventral to the skull (ibotenic acid, 15 p,g, 
n =  9 rats; quinolinic acid 10 p,g, 3 rats). The actual center of 
individual lesions varied from rat to rat (standard deviation (S.D.)= 
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Fig. 1. Affective reactions to taste. Hedonic reactions (top) are elicited by sucrose and other  palatable tastes. Hedonic reactions include rhythmic 
midline tongue protrusion, nonrhythmic lateral tongue protrusion, and paw lick. Aversive reactions (bottom) are elicited by quinine and other 

non-palatable tastes. Aversive reactions include gape, head-shake,  face wash, and forelimb flail. 



0.8 mm). All injections were 1/~1 and the vehicle solution was always 
phosphate-buffered saline (pH = 7.4). Ibotenic acid was used as the 
primary neurotoxin for the LH lesions because previous work has 
shown that this neurotoxin reliably produces aphagia and adipsia 
after being injected into the LH 43. Sham-operated controls received 
infusions of PBS alone (pallidal/SI, n = 8; LH, n = 8). Each injection 
was made over a 3-min period, and the needle was left in place for 
an additional 5 min. Diazepam (8 mg/kg) was given within 30 min of 
the injection. Atropine sulfate (3 mg/kg, i.p.) and bicillin (30,000 
units, i.m.) were given prior to surgery. 

Each rat was implanted with bilateral chronic oral cannulae to 
allow for the infusion of taste solutions into the mouth. These 
cannulae (heat-flared PE-50 tubing) enter the mouth lateral to the 
first maxillary molar and exit the head near the dorsolateral bound- 
ary of the skull, where they are anchored with skull screws and 
acrylic cement. 

Thirty minutes post-surgery, a second injection of diazepam (8 
mg/kg) was given to reduce any convulsive activity (although obvious 
convulsions were not usually observed). All rats were given 250 ml of 
cereal mash (commercial baby cereal mixed with water), 5 chow 
pellets and 40 ml of water per day (feeding between 17.00 and 19.00 
h). Intake was monitored by counting the number of pellets con- 
sumed, the approximate amount of mash eaten, and the amount of 
water drank within a 24-h period. Rats were weighed daily. If a rat 
lost weight compared to his pre-surgical weight, then an intubation 
procedure was initiated. For each 5 g of weight lost, the rat was 
intubated with 12 ml of vitamin-supplemented sweetened milk solu- 
tion, up to 3 intubations per day. Rats were considered aphagic if 
neither chow pellets nor cereal mash was eaten. 

Behavioral testing 
Using the taste reactivity paradigm devised by Grill and 

Norgren 17, taste reactions were videotaped to oral infusions of su- 
crose (1 M) or quinine (HCL 3 × I0 -4 M), given in random order, 
beginning 48 h following surgery. The initial trial used distilled water 
infusions in order to habituate rats to the procedure. A delivery tube 
was connected to an oral cannula of the rat, and following a 5-min 
habituation period, 1 ml of the test solution was infused directly into 
the mouth over a l-rain period. If multiple stimuli were given in one 
day, there was a 2-h interval between the tests. Tests were run 
between 16.00 and 20.00 h (i.e. shortly prior to lights out). On each 
trial, a rat was placed in a transparent test chamber, the floor of 
which was suspended over an angled mirror. The mirror reflected a 
view of the rat's mouth and forepaws to the videocamera. 
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Fig. 2. Cumulat ive percent weight change f rom pre-surgery weight. 
There was no signif icant di f ference between the [.]-]-controls or  
VP/SI -con t ro ls  so these groups were combined into one control 
group. Body weights of the GP lesion group did not differ from 

controls and is not shown. * denotes significance at P < 0.01. 

Sucrose elicits primarily hedonic responses from normal rats and 
quinine elicits primarily aversive responses. 24 h after the distilled 
water taste trial, each rat was given sucrose (1 M) or quinine 
(3x 10 -4 M) (1 ml delivered for a 1-min period) on separate days in 
counterbalanced order. For aphagic rats receiving intubations, taste 
trials were conducted at least 2 h after the last intubation. 

Taste reactivity scoring 
Videotapes were scored in slow motion (frame by flame to 1/10 

the normal speed) for the occurrence of aversive and hedonic reac- 
tions (see Fig. 1.) Aversive actions include: gapes, large openings of 
the mouth and jaw lasting about 125 ms; chin-rubbing, bringing the 
chin in direct contact with the floor and projecting the body forward; 
face-washing, either a single wipe with the paws over the face or a 
bout of several wipes; forelimb flails, shaking of the forelimb back 
and forth; and rapid head shaking. 

The following hedonic reactions were scored: lateral tongue 
protrusions (non-rhythmic) lasting about 160 ms; rhythmic tongue 
protrusions: these protrude along the midline with a cycle length of 
roughly 160 ms; and paw-licking. Each action was scored and counted 
using criteria described in Grill and Berridge TM. 

Histology 
At the conclusion of the behavioral testing, each rat was deeply 

anesthetized and intracardially perfused. Perfusions were completed 
with 0.9% saline followed by 10% formalin in PBS, pH = 7.4. Brains 
were removed and stored in a 30% sucrose solution (10% formalin). 
Rats that died prior to perfusion were decapitated, and the brain was 
removed and soaked in formalin for at least 7 days. The brains were 
blocked, frozen, and sliced in 30 gm slices using a sliding microtome. 
Slices were mounted directly onto gelatin-coated slides for Nissl 
staining. The slides were dipped in xylene and ethanol baths (70%, 
95% and 100%) for cleaning and defatting. After being dipped in 
Cresyl violet, the slides were taken through the final alcohols and 
xylenes prior to coverslipping using permount. 

Analysis 1: conventional neuron count for lesion mapping 
Three anterior-posterior (AP) levels per brain were counted. 

Slices for each rat were chosen to approximate each level. The 
anterior level was located at roughly -0 .3  mm posterior from 
bregma. The landmarks associated with the anterior level include 
crossing of the anterior commissure as well as a rounded fornix. The 
medial level was located - 1.3 mm from bregma. Landmarks associ- 
ated with this area include a triangular septal area with an enlarged 
globus pallidus. The posterior level was roughly located at -2 .8  mm 
from bregma, and was characterized by the flattened hippocampal 
commissure, the appearance of the CA3 field of Ammon's horn, the 
disappearance of the ventral pallidum, and the appearance of the 
lateral hypothalamus medially and the anterior amygdala laterally. 
Counts of neurons were made using a light microscope (Leitz Labor- 
lux S). To determine the neuronal density within striatopallidal and 
lateral hypothalamic zones, neuron cell counts were completed using 
a eyepiece reticule (10 mm by 10 mm divided into 1.0 mm squares) 
placed into a 10× eyepiece. The light microscope analysis was 
completed using a 20× objective (total magnification 200×). A 
neuron was defined for scoring purposes as an intact circular- or 
ovoid-shaped object with a light purple interior stain, at least 10/zm 
in diameter (i.e. the diameter of one-fifth o[ an individual 50-1zm 
grid). The nucleus was not required in order to be counted as a 
neuron. At each of these 3 AP levels, neuron counts were made 
bilaterally in five different regions: the centromedial striatum; the 
centrolateral striatum; the ventrolateral region; the globus pallidus; 
and the basal forebrain region which includes the VP/SI  at the 
anterior level and the lateral hypothalamus at the posterior level. 

Statistics 
Group taste reactions were compared using the Mann-Whitney 

U non-parametric test. Means of regional neuron counts between 
each lesion group and each sham injected control group were com- 
pared using both the single factor randomized ANOVA and the 
Newman-Keuis test. Means of regional neuron counts between 
lesion groups were compared using the Newman-Keuls test. 



RESULTS 

Food intake and body weight 

GP 
None of the rats that received excitotoxin injections 

into the globus pallidus showed any significant loss of 
feeding or drinking behavior. During the first 24-72 h 
post-surgery, the main form of food eaten was cereal 
mash in these animals. Feeding upon chow pellets 
usually began within 3 days. Body weights did not vary 
significantly from controls. 

LH 
Eight out of 12 rats that received ibotenic acid 

(n = 6) or quinolinic acid (n = 2) injections into the LH 
were aphagic and adipsic. The average length of apha- 
gia and adipsia was 4.9 days (range 2-8  days) and the 
average weight loss was 57 g (a cumulative average 
decrease of 14% compared to controls, F o 4  = 16.91, 
P < 0.01, see Fig. 2). 

V P /  SI 
Eight out of 14 rats that received quinolinic acid 

injections into the V P / S I  were aphagic and adipsic. 
The average length of aphagia and adipsia was 5 days 
(range, 2-7  days). The average weight loss was 64 g 
over a 6-day period (average cumulative percent de- 
crease = 21% compared to 5 controls, F1,1~ =31.23, 
P < 0.001, see Fig. 2). The aphagia following V P / S I  
excitotoxin injection was most intense during the first 
24 h post-surgery when rats lost on average > 40 g in 
this time period (see Fig. 2). Other  changes seen in the 
home cage included motor impairments such as akine- 
sia and postural deficits. Some rats showed chronic 
limb extension, mainly of the hindlimbs extending out 
90 degrees from the main axis of the body, and sensory 
orientation deficits. 

Auersiue and hedonic taste reactiuity 

In order to maximize the detection of aversion en- 
hancement, only taste reactivity data from the period 
of actual aphagia were analyzed from rats with lesions. 
The LH lesion group (n = 8) did not show enhanced 
aversive reactions, even though these rats were aphagic. 
Instead these rats showed a trend towards suppression 
of both aversive responses to quinine (3 x 10 -4 M)  

(11.2 aversive responses to 17.2 aversive responses in 
controls) and hedonic responses to palatable sucrose (1 
M) (5.5 ingestive responses compared to 12 ingestive 
responses in control animals). This trend did not reach 
significance in this analysis of reactions to sucrose and 
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Fig. 3. Number of aversive taste reactions per 1-min taste trial of I M 
sucrose solution. L denotes rats which received excitotoxin injection 
into a particular subregion and C denotes sham-injected control 

animal. * * denotes significance at P < 0.001. 

quinine solutions, although the suppression of hedonic 
and aversive reactions was significant in a more ex- 
haustive analysis that included reactions to other 
tastes s. LH rats emitted no aversive reactions to palat- 
able sucrose. By contrast, rats that received excitotoxin 
injections into the V P / S I  region had a significant 
increase in the number of aversive responses to sucrose 
(1 M) compared to sham-injected control rats (n = 8, 
13.5 + 2 to 0.00 responses, Mann-Whitney U test, 
P < 0.001, see Fig. 3) and compared to LH rats (13.5 to 
0.00 responses, Mann-Whi tney U, P < 0.01). 

Lesion identification 

Rats that received excitotoxin injection into the GP 
had neuronal depletion > 60% bilaterally from the 
ventromedial GP. Aphagic rats that received excito- 
toxic acid injections into the LH had > 70% neuron 
loss bilaterally from the LH (see Table I). Aphagic rats 
that received injections into the V P / S I  had significant 
neuron depletion in the ventral pal l idum/substantia 
innominata (VP/SI ,  mean = 66%), the globus pallidus 
(GP, mean = 47%) and the lateral hypothalamus (LH, 
mean = 53%) (see Table I). However, a rat-by-rat anal- 
ysis showed that only one zone had greater than 50% 
depletion in all rats that showed enhanced aversion: 
the V P / S I  region. The minimum level of damage 
found in rats that showed enhanced aversion by this 
conventional neuron count analysis was 55% average 
neuron depletion. This level of depletion appeared to 
be the approximate minimum threshold of damage for 
enhanced aversion. Only 5 out of 8 of the 'aversive' 
rats had > 50% depletion in the GP and only 4 out of 
8 rats had > 50% depletion in the LH. Even though 



TABLE I 

Regions with a significant neuron depletion in rats receiving excitotoxin 
injections into the GP, L H  or I/P / SI 

The excitotoxin is given following the injection site (ibotenic or 
quinolinic). Only the V P / S I  region (in italics) was damaged in every 
rat that showed aversion. * and * * are given to denote significance 
at P < 0.05 and P < 0.01 levels, respectively. Statistical analysis was 
completed using region count averages for each group with the 
Newman-Keuls  test. 

Injection site (n) Region Neuron % Reduced 

GP-QUIN(8)  GP-LEFT 22+ 3 72 * 
GP-SHAM (8) GP-LEFT 79 + 17 

GP-QUIN(8)  GP-RIGHT 32+ 6 63 * 
GP-SHAM GP-RIGHT 86 + 25 

V P / S I - Q U I N  (8) GP-LEFT 30 :t: 11 62 * 
V P / S I - S H A M  (7) GP-LEFT 79 + 17 

V P / S I - Q U I N  (8) GP-RIGHT 60 _+ 21 30 
V P / S I - S H A M  (7) GP-RIGHT 86 + 25 

VP / SI-QUIN (8) VP-LEFT 5 2 + 1 7  60 ** 
VP/SI -SHAM (7) VP-LEFT 131 + 22 

VP/SI-QUIN (8) VP-RIGHT 27 +_ 6 72 * * 
VP / SI-SHAM (7) I/P-RIGHT 130 +_ 25 

V P / S I - Q U I N  (8) LH-LEFT 72+ 14 47 * 
VP /S I -SHAM (7) LH-LEFT 137 + 15 

V P / S I - Q U I N  (8) LH-RIGHT 62 + 10 58 * * 
VP /S I -SHAM (7) LH-RIGHT 146 _+ 21 

LH-IBOTENIC (8) LH-LEb"r 30 + 21 81 * * 
LH-SHAM (8) LH-LEFT 154_+ 17 

LH-IBOTENIC (8) LH-RIGHT 37 + 17 73 * * 
LH-SHAM (8) LH-RIGHT 146 + 21 

the highest average levels of neuronal depletion oc- 
curred in the LH (81%) rather than the VP/SI, no 
aversion was produced by LH-centered lesions. 

Fibers of passage. Destruction of ascending dop- 
amine fibers of passage through the LH is well known 
to produce aphagia 4°. Therefore it is imperative to rule 
out the possibility that damage to fibers of passage 
contributed to behavioral changes. In order to deter- 
mine whether fibers of passage were destroyed by 
excitotoxin lesions, leading to neuron loss elsewhere, 
we examined target structures of fibers for evidence of 
gliosis and neuron loss. Outside of the GP, VP/SI, or 
LH damage was rare. Less than 20% of the rats show- 
ing enhanced aversion had significant neuron depletion 
or gliosis in the striatum, thalamus, hippocampus, or 
medial cortex. Finally, it is especially unlikely that 
damage to mesotelencephalic dopamine fibers of pas- 
sage contributed to the enhancement of aversion, since 
it has been shown that the aphagia which is produced 
by bilateral 6-OHDA lesions does not enhance aversive 
reactions to taste 6. 

The observation that damage within the VP/SI re- 
gion is the only histological feature to unite all rats that 

show enhanced aversion indicates that damage within 
this region may be the chief cause of all enhanced 
aversion. However, it does not tell us the location 
within the VP/SI region of the crucial site of damage 
which produces aversion. 

Analysis 2: modified fractionator technique 

In order to identify the crucial site within the ven- 
tral pallidum where cell loss enhances aversive reac- 
tions to food, a second analysis was made based on the 
fractionator method of Gundersen et al. 1°, which was 
modified to allow application to lesion mapping. The 
modified fractionator method is a technique that al- 
lows precise and objective identification of a lesion's 
location, and the size and shape of its boundaries. 

Our application of the fractionator method was done 
in three steps. First, a control baseline analysis of 
normal neuronal density was made using the fractiona- 
tor method for 8 fractions within the ventral pallidum 
and the LH areas of interest (n = 8 rats). Second, the 
lesion of each rat that showed enhanced aversion was 
mapped using the fractionator method in order to 
identify (a) the location of center of the lesion, (b) the 
degree of neuronal depletion at the center of the lesion 
and (c) the location of the boundaries of the lesion 
'core' (defined as the area of > 80% neuron depletion) 
and the lesion 'shell' (defined as the area of > 50% 
neuron depletion). An analysis of lesion 'cores' and 
'shells' indicated that the approximate distance be- 
tween the perimeter of > 80% neuron depletion and 
50% depletion was 250-500 /zm. Thus, the apparent 
'threshold' level of aversion-inducing damage (55%) 
was always contained within this radius between the 
lesion core (80% neuron depletion) and shell (50% 
neuron depletion) borders. Third, the location and 
boundaries of the crucial aversion site (defined as the 
site which must be damaged in order to produce aver- 
sion) were mapped by subtracting unshared regions of 
damage from the area of overlap among lesions that 
induced aversion. Our rationale for identifying the 
crucial site was chosen in order to define the site in 
which damage was a necessary and sufficient cause for 
enhanced aversion. Only a site which was damaged in 
every rat that showed enhanced aversion could be a 
necessary site for aversive enhancement; sites that were 
spared in any aversive rat could not be regarded as 
necessary for the enhancement of aversion. Only a site 
in which damage above 55% was always accompanied 
by aversion could be considered sufficient in producing 
enhanced aversion: sites that had bilateral damage 
> 55% in any rat that showed normal taste reactions 
could not be regarded as sufficient for the enhance- 
ment of aversion. 



VP/Sl LH 

Fig. 4. Left side: location of fractions in which neuron count samples 
were taken for the modified fractionator technique. Right side: 
example of lesion boundary analysis along 8 radial arms from the 
center of a VP lesion. Neuron counts were continued along each arm 
until either the outer boundary of the lesion edge or the circumfer- 

ence was reached (2.5 mm from center), whichever came first. 

Stage 1. Determination of  baseline neuron numbers 
For each of the 28 fractions (see Fig. 4), an exhaus- 

tive neuronal count was made of a 250 x 250 x 30 ~m 

'core sample'. This was done by delineating a 250 ~m 2 

of a 30 ~m tissue section (randomly chosen within each 

fraction), setting the microscope-video image analysis 

system at 400 x magnification, and counting all neu- 
rons within that tissue volume. The computerized sys- 

tem (JAVA, Jandel) was used to project an image of 

the striatopallidal area under analysis upon a monitor 

screen and delineate the borders of each brain fraction 

in which a fraction was to be sampled. To count the 

total neurons from the top of the section to the bot- 

tom, the counting grid was focused on the surface of 

the slice and all neurons in focus were counted. The 

microscope was then adjusted to a deeper plane of 

focus, so that the images of the counted neurons were 

blurred and the images of the deeper neurons became 

clear. Neurons at these deeper levels were added to 

the count for the total core sample. The entire depth 

of the section was 'focused through' in this way until 

every level within the core sample had been counted. 
The criteria for what constitutes a neuron was identical 
to the criteria in the methods in the first analysis 

(circular or ovoid object larger than 10 tzm in diame- 
ter). Neuronal density varied in normal animals from 

12 neurons in fractions from the globus pallidus to 154 
neurons in fractions from the ventrolateral striatum. 

However, neuronal density varied by less than 25% 
between different rats for the same fraction. This con- 

sistency in fraction neuronal number between animals 
allowed us to set a criterion for the detection of 

lesions. 

Stage 2a. Identifying lesions by the fractionator method 
Neuron counts of different control rats varied by 

less than 25% for the same fraction. This consistency 

in the fraction neuronal number between animals al- 

lowed us to set a criterion for the detection of lesions. 

'Moderate neuron loss' was judged to exist if a fraction 

had less than 50% of the normal mean number of 

neurons for that fraction; this deviation below normal 

is twice the maximum variation seen between control 

rats for any one fraction. 'Severe neuron loss' was 

judged to exist if the fraction had lost at least 80% of 

its neurons. Fractions which had the most severe neu- 

ron loss were labeled the center of the lesion. 

Stage 2b. Lesion border analysis 
Once the center of the lesion had been located, 8 

radial arms were drawn using the video image analysis 

system (JAVA System, Jandel, Corp.) emanating from 

the center along the major compass points (0 degrees, 
45 degrees, 90 degrees, 135 degrees etc., see Fig. 4). 

'Core sample' counts were taken along each line at 250 

~m steps at 400 x magnification (see above) until the 

neuron density rose above 50% of the normal level for 

that fraction. Lesion borders were mapped onto stereo- 

taxic atlas pictures of the representative brain slices 2~ 

and were traced into the computer using a digitizing 

tablet and a 3-D reconstruction program (PC3D, Jan- 

del). The digitized slices were converted into a 3-D 

representation for viewing lesions from a lateral, ven- 

tral, and a dorsal 3-D view (see Fig. 6). 

Stage 3. Subtraction of  non-crucial sites of damage 
In order to determine the crucial site for aversion, 

defined as the site in which damage was necessary and 

sufficient for aversion to occur, a composite map of 

shared damage was made. This was done by adding the 

mapped lesions (area of depletion above 55%) of each 
aversive rat together, and subtracting away any area of 

damage that was not shared unanimously by the group. 

The remaining composite lesion identified the common 

site that was damaged in every rat which displayed 

enhanced aversion. 

Results of fractionator analysis 

Taken as a group, aphagic rats that showed en- 

hanced aversion had unanimous severe damage in a 
single restricted bilateral area within the VP /S I :  the 
ventromedial corner of the structure, which is adjacent 
to but outside of the dorsolateral rim of the lateral 
hypothalamus (see Fig. 5 for an example of a mapped 
aversion-inducing lesion and Figs. 6 and 7 for common 
subregion). The stereotaxic center for this lesion was 
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Fig. 5. Mapped lesion for a rat that showed enhanced aversion (right 
side, inner perimeter denotes border of > 80% neuron loss; outer 

perimeter denotes area of > 50% neuron depletion). 
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Fig. 6. Three-dimensional (above) and single slice view (below) of the 
crucial site of damage related to enhanced aversion. Solid region 

represents site where all rats had at least 70% neuron depletion. 

located at 1.3 mm posterior from bregma (at this AP 

level each rat had the largest lesion area), 1.9 + 0.5 mm 

lateral from bregma, and 7.3 + 0.25 mm ventral to the 

skull. The lateral diameter of the shared lesion site was 

1.0 mm, the dorsoventral diameter was 0.5 mm and the 

AP diameter was 1.0 mm. 

Each rat with enhanced aversion had at least 70% 
neuron depletion within this area of the VP/SI .  No 

other structure was damaged bilaterally to this extent 

in all rats. Only 4 of the rats had bilateral damage in 

the LH (>  50%). Only 5 of the rats had damage in the 

GP dorsal to the V P / S I  region (>  60% neuron loss on 
average). No other structure in the basal forebrain was 

damaged in more than 2 of the rats that showed 
aphagia and enhanced aversion. 

DISCUSSION 

There appears to be one crucial anatomical site 

where lesions produce enhanced aversion, located in 
the ventromedial co rne r  of the ventral pal l idum/ 

substantia innominata (see Fig. 6). All rats that showed 
enhanced aversion had significant neuron loss (>  70% 

for the fractionator analysis) from this site. Out of the 

eight rats that showed enhanced aversion to sucrose (1 

M) only 4 had significant damage in the LH, and even 

these rats had centers of damage in the V P / S I  region. 

s • 3 2 1 -,3 ; , _ _  
- J , , • ! • i i i ' , i 

BRECMA tl 

VP/SI ~'~' --  9 
AVERSION SITE 

111 
LATERAL 1 .90  

Fig. 7. Sagittal view of the crucial site in which damage produces 
enhanced aversion (solid region). 



Conversely, none of the rats that had lesions centered 
within either the GP or the LH showed enhanced 
aversive responses to sucrose, even though the absolute 
magnitude of neuronal depletion from both these sites 
was as great as most aversion-inducing lesions > 60% 
GP, > 70% LH; Table I). In LH-centered lesions, 
neural depletion of the V P / S I  aversion site did not 
exceed 50% in most rats. Previous reports of 'active 
aversion' produced by large electrolytic lesions of ei- 
ther the GP 27 or the anterior LH 35 may actually have 

depended upon intrusion of the lesion into the ventro- 
medial V P / S I  site. The facts that (1) the center of 
lesions that produced aversion were within the medial 
V P / S I  rather than the LH, (2) several rats that showed 
aversion had no damage within the LH, and (3) lesions 
that were centered in the anterior LH region of 
Schallert and Whishaw 35 did not produce aversion, 
together provide strong evidence that the crucial locus 

of aversion is outside of the LH. 
Why should the ventromedial V P / S I  be the site for 

lesion-induced food aversion? A lesion in the ventral 
pal l idum/substantia innominata could affect neurons 
belonging to at least four separable neuroanatomical 
systems: (1) the 'ventral striatopallidal pathway', (2) 
the 'extended amygdala' system, (3) the cholinergic 
corticopetal system or (4) gustatory projections to the 
ventral pall idal/substantia innominata region (see Fig. 

8). 

Ventral striatopallidal pathway 
The medial portion of the ventral pallidum has been 

suggested by Heimer and colleagues to differ from the 

/•--THAL• 
vE.T.^L L 
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] AMYGDALA I I = " ~ '  t 

CORTE× ~ . . . . . . . . .  ~ J  

Fig. 8. Some of the basal forebrain subsystems which could be 
involved in the enhancement of aversion. Area in gray highlights a 
sample of four of the possible neuronal populations which could be 
directly affected by the lesion. CENTROMED. AMYGDALA, cen- 
tromedial amygdala; DM THALAMUS, dorsomedial thalamus; EX- 
TENDED AMYG. SI, extended amygdala system; HYPOTHAL., 
hypothalamus; MEDIAL BNST, medial bed nucleus of the stria 
terminalis; Mnb, magnocellular nucleus of the nucleus basalis; PTA, 

pontine taste area; TASTE SI, taste substantia innominata. 

rest of the VP in that the 'ventromedial VP does not 
contain typical 'pallidal' cells like those in the dorsolat- 
eral part of the VP which are crowded in a typical 
palisade type fashion by GABAergic and SP or 
enkephalin-positive boutons; rather the cell bodies and 
proximal dendrites in the ventromedial part of the VP 
are contacted by a moderate number of boutons and 
their axons project primarily to the ventral tegmental 
area rather than the substantia nigra and subthalamus 
as is typical for the dorsolateral part of the VP. '2z. This 
system has been suggested to be involved in motiva- 
tional functions of the basal ganglia 28. Lesions to the 
nucleus accumbens, the main afferent to the VP, how- 
ever, do not produce aphagia or enhanced aversion ~2. 
This suggests that it is not disruption of the ventral 
striatopallidal system per se that leads to aversion. 
However, it is conceivable that damage to the posterior 
VP portion of the system identified by this study could 
lead to a disruption of processing not produced by 
lesions within anterior regions of the same system. 

The medial extended amygdala system 
The boundaries of the medial extended amygdala 

system ~ map within the borders of our aversion site. 
This system consists of projections from the medial 
amygdaloid nuclei to the medial bed nucleus of the 
stria terminalis t. The medial and rostral portion of the 
extended amygdala overlaps with the medial accum- 
bens. Caudally, the medial extended amygdala contin- 
ues in the subcommissural area surrounding the poste- 
rior limb of the anterior commissure ~. Lesions that 
produce enhanced taste aversion also surround the 
posterior limb of the anterior commissure in the sub- 
lenticular area (see Fig. 6). This means that the ex- 
tended amygdala system was damaged in every rat that 
showed enhanced aversion. However, lesions of the 
central amygdaloid complex, the main afferent to the 
medial extended amygdala neurons within our site, do 
not lead to enhanced aversion or aphagia ~5. Therefore 
disruption of the extended amygdala system per se 
does not produce enhanced aversion. But just as for 
the ventral striatopallidal system, it remains possible 
that damage to the extended amygdala system within 
our site enhances aversion in a way that damage at an 
afferent site does not. 

The magnocellular corticopetal group 
This system consists of cholinergic neurons within 

the nucleus basalis and ventral pallidum that receive 
glutamatergic input from the cortex and possibly the 
striatum t1,14. This glutamatergic input could be vital 
because neurons with these receptors would be directly 
vulnerable to the neurotoxic effects of the specific 



excitotoxins used here 3'33. Others have suggested that 
damage to the cholinergic neurons of the nucleus 
basalis might produce aphagia and enhanced 
aversion t3'4~. In the study by Whishaw et al. 42, ibotenic 
lesions appeared to have overlapped with the 
aversion-inducing lesions of the present study. How- 
ever, chronic injections of atropine, a cholinergic an- 
tagonist, used to partially mimic the nucleus basalis 
lesions, does not produce similar aphagia 42. This sug- 
gests that cholinergic neurons of the nucleus basalis 
may not be the neurons responsible for the enhance- 
ment of aversion observed in the present study. Also, it 
should be noted that lesions of cortical regions or total 
decortication (i.e. projection targets of the nucleus 
basalis) does not lead tO enhanced aversion 4°. This 
observation, as in previous cases, shows that general 
disruption of the corticopetal system per se does not 
enhance aversive responses to taste as does damage to 
the ventromedial VP/SI. 

Taste-substantia innominata system 
There is a dense projection of gustatory afferents in 

the rat from the parabrachial taste area of the dorsal 
pons to neurons within the ventromedial VP/SI, 
' . . .  limited to a small zone within and just ventral to 
the medial third of the internal capsule. '29. This con- 
nection may be reciprocal. Neurons within the medial 
substantia innominata region have been shown to pro- 
ject to the parabrachial region 4'23 and to gustatory 
cortex 24. Gustatory responses from the neurons within 
the VP/SI region have been recorded electrophysio- 
logically to tastes such as concentrated sugar solutions 
(20% glucose or saturated sucrose) t°,3l. Electrophysio- 
logical responses to food by neurons in the ventral 
forebrain are also modulated by sensory-specific 
satiety 32. Whether these neurons are driven by direct 
gustatory projections is unknown, but it is possible that 
they are a neural substrate for hedonic taste process- 
ing. If so, it may be the loss of these 'hedonic' neurons 
that 'unbalances' taste reactions towards aversion. 

Since all of these systems overlap at the site where 
lesions produce aversion, it is very difficult to choose 
one system rather than another as responsible for the 
enhanced aversion observed here. In any case, our 
results suggest that there is only a single basal fore- 
brain region in which neuronal damage enhances aver- 
sive reactions to food. This site is outside the LH 
proper and is located instead at the ventromedial edge 
of the ventral pallidum/substantia innominata. 
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