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The Anterior Cerebellar Vermis: Essential Involvement in Classically 
Conditioned Bradycardia in the Rabbit 

William F. Supple, Jr., and Bruce S. Kapp 
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The effects of lesions of the cerebellum on the acquisition 
and retention of aversive Pavlovian conditioned bradycardia 
were examined in rabbits. Lesions of the anterior cerebellar 
vermis severely attenuated the acquisition of simple con- 
ditioned bradycardia without disrupting baseline heart rate 
(HR), or unconditioned HR responses. Also, lesions of the 
vermis performed after the acquisition of conditioned brady- 
cardia eliminated evidence of prior conditioning. Bilateral 
lesions of the cerebellar hemispheres did not affect condi- 
tioned or unconditioned HR responses. These results were 
interpreted to indicate that anterior vermis lesions specifi- 
cally disrupted part of an essential conditioned response 
pathway without interfering with the neural circuits that me- 
diate unconditioned HR responding. These lesion data, cou- 
pled with recent electrophysiological evidence of learning- 
related changes in neuronal activity within the anterior 
vermis of the fear-conditioned rabbit, suggest that the an- 
terior cerebellar vermis is critically involved in the acquisition 
and retention of this rapidly learned autonomic conditioned 
response. 

[Key words: cerebellar vermis, conditioned bradycardia, 
lesions, unconditioned response, cerebellar hemisphere, 
learning and memory] 

The cerebellum contributes to a variety of complex behavioral 
processes in addition to its well-documented role in skeletal 
motor regulation and coordination (Dow and Moruzzi, 1958). 
The midline cerebellum, which includes the vermal cortex and 
fastigial nuclei, has a functional contribution to a variety of 
affective and fear-related behaviors (Berman et al., 1974; Bernt- 
son and Torello, 1982; Supple et al., 1987). Decreased behav- 
ioral reactivity followed lesions of the vermis in cats and mon- 
keys (Peters and Monjan, 197 1; Berman et al., 1974), and several 
fear-related behaviors are attenuated after vermis or fastigial 
nucleus lesions in rats (Berntson and Torello, 1982; Supple et 
al., 1987, 1988). Furthermore, stimulation of the midline cer- 
ebellum evokes affective behavior that resembles fear-related 
responses (Asdourian and Frerichs, 1970; Reis et al., 1973; Al- 
bert et al., 1985) and also results in many of the autonomic 
responses that accompany these affective states (Maimer, 1975). 
For example, midline cerebellar stimulation resulted in dra- 
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matic changes in heart rate (HR) (Hockman et al., 1970; Hoffer 
et al., 1972; Nisimaru and Watanabe, 1985) arterial blood pres- 
sure (Miura and Reis, 1969; Chida et al., 1986) and respiration 
rate (Snider, 1972). 

This correspondence between the effects of midline cerebellar 
lesions and stimulation on fear-related behaviors and autonom- 
ic responses prompted an examination of the contributions of 
the vermis to a classically conditioned fear-related autonomic 
response. Large lesions of the vermis severely attenuated the 
acquisition of conditioned bradycardia in the restrained rat 
(Supple and Leaton, 1990a,b). Importantly, the lesions specif- 
ically disrupted the conditioned response (CR) without altering 
unconditioned HR (UCR) responses. Furthermore, within the 
cerebellum the vermis seems particularly critical as bilateral 
lesions ofthe cerebellar hemispheres did not disrupt conditioned 
HR responding (Supple and Leaton, 1990b). 

The present experiment examined the contributions of the 
cerebellum to the acquisition and retention of conditioned bra- 
dycardia in the rabbit, a species considered by many as an ideal 
intact preparation for the study of neural mechanisms of leam- 
ing and memory, and in particular, cardiovascular conditioning 
(see Schneiderman et al., 1986; Pascoe et al., 199 1). This ex- 
periment examined the effects of cerebellar lesions on condi- 
tioned bradycardia using a simple, nondiscriminative condi- 
tioning paradigm. HR was recorded during several different 
phases of the conditioning procedure to determine the effects 
of the lesions on unconditioned and conditioned HR changes. 
HR was recorded during baseline periods and unreinforced tone 
conditioned stimulus (CS) presentations to determine if lesions 
altered resting HR, the HR orienting response (HR OR), or its 
habituation. During acquisition training the unconditioned HR 
response following the aversive unconditioned stimulus (UCS) 
was also examined. Measurement of these unconditioned HR 
responses during the various phases of training should indicate 
if the lesions have disrupted unconditioned features of the HR 
response that might complicate the interpretation of any ob- 
served conditioning deficit. 

Two distinct regions of the cerebellum were lesioned in sep- 
arate groups. The anterior cerebellar vermis (ACV) was targeted 
because it was included in the effective lesions in the rat (Supple 
and Leaton, 1990a,b) and because subsequent electrophysio- 
logical data in the rabbit indicated learning-related alterations 
in neuronal activity within the anterior vermis (Supple and 
Kapp, 1988). Another group with bilateral cerebellar hemi- 
spheric lesions (HEM) was included to serve as a surgical control 
for any general debilitating effects of cerebellar damage per se, 
and because previous research (Lavond et al., 1984; Supple and 
Leaton, 1990b) has shown similar lesions to be ineffectual on 
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autonomic conditioning yet devastating on somatomotor CRs 
like the nictitating membrane response in the rabbit (McCor- 
mick and Thompson, 1984; Yeo et al., 1985). 

Materials and Methods 
Subjects 
Experiments were performed on 20 adult New Zealand White rabbits 
(Oryctolagus cuniculus) weighing between 2.2 and 2.5 kg and obtained 
from a local licensed supplier. Animals were maintained on a 12 hr: 12 
hr light : dark cycle with food and water available ad libitum. Each rabbit 
was handled extensively prior to the start of the experiment. Principles 
for the care and use of laboratory animals as outlined by the U.S. Public 
Health Service were strictly followed. 

Surgery 
At least 2 weeks before the initiation of behavioral training, the animals 
were surgically prepared. After application of topical lidocaine to the 
region of the marginal ear vein, the rabbits were pretreated with chlor- 
promazine HCl (20 mg in 0.8 ml of saline, iv.) and anesthetized with 
sodium pentobarbital (60 m&kg, i.v.). The rabbits were mounted in a 
Kopf stereotaxic instrument and the scalp was incised. One group (n = 
5) received lesions of the vermis (VER). A section of skull beginning 
approximately 1 .O mm posterior to lambda and extending 3.0 mm on 
both sides of the midline and 5.0 mm in length was removed by drilling. 
The anterior lobules of the vermis were aspirated under visual guidance 
with the assistance of a dissecting microscope. A second group (n = 5) 
received bilateral cerebellar hemispheric aspiration lesions (HEM), made 
by removing bilateral sections of interparietal bone starting 3.0 mm 
lateral to the midline and extending to the external suture, and extending 
4.0 mm posterior to lambda. These lesions were intended to remove 
the cortex of the anterior lobules of the cerebellar hemispheres without 
extending into the midline vermis or underlying dentate-interpositus 
nuclear complex. A third group (n = 10) served as an unoperated control 
(UNOP). Each animal’s recovery was closely monitored until it regained 
sternal position and then was returned to its home cage. 

Experimental apparatus and procedure 
This experiment consisted of three phases: orienting response habitu- 
ation, acquisition, and retention. 

Habituation. Each rabbit was habituated to restraint by placement in 
a standard rabbit restrainer with adjustable head stock and backplate 
for five daily 30 min sessions. During the last two of these sessions, the 
rabbits were habituated to the sound-attenuating experimental chamber. 
This chamber was equipped with a ventilating fan that provided broad- 
range masking noise of -70 dB SPL and a speaker, and was located 
within a larger electrically shielded, soundproof chamber. Recording 
leads located within the chamber led to a Grass Instruments model 78 
polygraph that recorded the heart signal as well as event markers de- 
noting stimulus presentations. All recording and programming equip- 
ment was located outside the larger soundproof chamber. 

Orienting response habituation. On the next day following the last 
restraint habituation session. each rabbit was fitted with ECG leads 
consisting of stainless steel 26 gauge wire loops positioned subcutane- 
ously on the right front shoulder and left flank. Stainless steel 26 gauge 
wire loops for delivery of the UCS were inserted into the left pinna 5 
mm medial to the marginal ear vein under local anesthesia (4.0% topical 
Xylocaine). All recording leads were implanted 2 hr prior to each train- 
ing session. 

Approximately 10 min after placement into the chamber, each rabbit 
received 20 unreinforced presentations of the tone stimulus (5.0 set, 
1000 Hz, 90 dB SPL) presented on a 90 set variable interval (VI) 
intertrial schedule. These tone-alone trials were given prior to acqui- 
sition training to habituate the unconditioned HR OR that rabbits show 
to novel auditory stimuli. Without habituation, any bradycardiac re- 
sponse subsequently observed during training would be confounded 
with conditioned bradycardiac responses. 

Acuuisition training. Immediately after completion of habituation, 
the first acquisition phase consisting of 40 paired trials commenced. 
Each nresentation of the CS was followed at offset by a 1 .O mA, 60 Hz, 
500 msec pinna shock UCS; trials were presented on a 90 set VI sched- 
ule. The next day each animal received an additional identical 40 paired 
training trials, generating a total of 80 acquisition trials across 2 d of 
training. 

Retention. To assess the effects of VER lesions on retention of the 
conditioned bradvcardiac resnonse. the UNOP groun (n = 10) from the 
acquisition phase was randomly split into two equal groups:‘a SHAM 
group and a VER group. The SHAM group was anesthetized and the 
scalp was incised and sutured, while the VER group received aspiration 
lesions of the anterior vermis as described above. Five days later 20 
CS-alone test (retention) trials were presented on a 90 set VI intertrial 
interval to assess retention of conditioned bradycardia. 

Histological procedures 
At the conclusion of behavioral testing, the lesioned rabbits were given 
a lethal dose of sodium pentobarbital (120 mg/kg, i.v.) and perfused 
intracardially with 0.9% saline followed by 10% buffered neutral for- 
malin. The brains were removed and stored in 10% formalin for at least 
48 hr. Frozen 80 pm sections were taken throughout the extent of the 
lesions. Every fourth section was mounted and stained with thionin. 
The extent of the lesions was determined by camera lucida drawings. 

Data analysis 
HR responses were calculated by measuring the interbeat interval as 
indexed by successive R-waves of the cardiac cycle. HR changes during 
the CS (expressed in beats per minute) were computed by comparing 
HR during the 5.0 set CS from that during the 5.0 set pre-CS baseline 
period using a microcomputer system that measured the interbeat in- 
tervals with millisecond resolution. Responses following the UCS were 
computed by comparing HR during a 5.0 set period following UCS 
offset with the pre-CS baseline HR. The initial 1.0 set block after CS 
offset was not analyzed as shock artifact blocked amplification of the 
heart signal. These responses were computed by measuring successive 
R-R intervals in the aforementioned periods. These intervals were read 
to the nearest 0.5 mm from the polygraph chart, which traced the heart 
signal on a paper speed of 25 mm/set. To examine the topography of 
the HR responses during the various phases of training, the following 
procedures were used. The topography of the response to the tone or 
CS was determined by comparing the mean pre-CS HR (in beats/min) 
with each 1 set interval during the 5.0 set tone. The topography of the 
response to pinna shock was determined by comparing the mean pre- 
CS HR with each 1 set interval for 5.0 set commencing after the initial 
1 .O set shock artifact period described above. Repeated-measures anal- 
yses of variance (ANOVA) were performed on the beats per minute 
values. Post hoc Neuman-Keuls pairwise comparisons between means 
were performed where appropriate. 

Results 
Recovery 
The typical postoperative recovery of the cerebellar-lesioned 
rabbits was rapid and unremarkable. There were no persistant 
postural or obvious motor impairments, other than several VER 
animals showing a mild ataxia that dissipated in 1 or 2 d post- 
surgery. 

Histological analysis 
Serial reconstructions of representative VER and HEM lesions 
are presented in Figure 1. Lesions of the vermis were restricted 
to the anterior midline of the cerebellum primarily involving 
the culmen (lobules IV, V, and VI according to the terminology 
of Brodal, 1940) with some damage to the more anteriorly lo- 
cated central lobule (lobule III). The underlying fastigial nuclei 
were not invaded or damaged. Lesions of the cerebellar hemi- 
spheres were bilaterally symmetrical, with damage confined to 
the lateral ansiform and paramedian lobules (Crus 1). There was 
no damage to either the interpositus or dentate nucleus. There 
was no extracerebellar damage in either group. These two lesion 
groups are essentially complementary in that there was no over- 
lap of involved tissue between the VER and HEM groups. 

Heart rate 
Baseline heart rate. All three groups showed similar and con- 
sistent patterns of baseline HR during acquisition training. The 
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mean baseline HRs for the UNOP, VER, and HEM groups were 
232.6 (SD = 22.3) 230 (SD = 25.6) and 221.9 (SD = 17.7) 
beats/min, respectively. There were no significant group differ- 
ences in baseline HR assessed in five-trial blocks across the 2 
d of acquisition training [F(2,17) = 0.78, p > 0.271, suggesting 
no effect of these lesions on resting or baseline HR. 

HR OR and habituation. The initial HR response to the tone 
in all the animals consisted ofbradycardia that habituated across 
repeated tone presentations. The magnitude and subsequent 
habituation of this OR were similar in all groups. Figure 2A 
presents each group’s mean HR response to the tone during this 
phase of training. The initial response was a deceleration that 
habituated over trial blocks [F(3,51) = 45.17, p < 0.011. The 
main effect of groups was not significant [F(2,17) = 0.491, nor 
was the groups x blocks interaction [F(6,5 1) = 1.22, p > 0.321. 
No group differences emerged when the topography of the HR 
OR during the 5 set tone was examined (F values < 1). These 
results indicate that VER or HEM lesions did not disrupt the 
initial magnitude, topography, or habituation characteristics of 
the bradycardiac HR OR. 

Acquisition of conditioned bradycardia. Figure 2B presents the 
data for each group across the 2 d of acquisition training. In- 
spection of Figure 2B shows that both the UNOP and HEM 
groups developed robust bradycardiac responses during the fear 
conditioning procedure. In contrast, lesions of the ACV severely 
impaired the acquisition of conditioned bradycardia. This pat- 
tern of responding resulted in a significant main effect of groups 
[F(2,17) = 8.47, p < 0.011, trial blocks [F(7,119) = 7.59, p < 

Figure I. Serial reconstructions 
showing representative examples of the 
extent of damage (darkly shaded area) 
following cerebellar vermis and bilat- 
era1 cerebellar hemispheric lesions. Note 
that these two lesion groups are essen- 
tially complementary with no overlap 
of involved cerebellar tissue between 
the two groups. 

0.0 11, and a groups x trial blocks interaction [F( 14,119) = 4.32, 
p < 0.011, on the first day of acquisition training. This pattern 
continued on the second day of training as reflected by a sig- 
nificant main effect for groups [F(2,17) = 11.23, p < 0.011. 
Separate Newman-Keuls comparisons showed that the VER 
group demonstrated significantly less bradycardia during the CS 
compared to either the UNOP or HEM group on both days (all 
p values < 0.05). 

The topography of the HR response during the CS was also 
examined. Figure 3 presents the second-by-second topography 
of the HR response of each group collapsed across trials and 
days. The response of both the UNOP and HEM group was 
markedly different than that ofthe VER group. An overall ANO- 
VA found a significant groups x CS periods interaction [F(8,136) 
= 3.79, p < 0.051. This interaction reflected the development 
of greater bradycardia during the latter seconds of the CS for 
the UNOP and HEM groups, while the VER group demonstrat- 
ed minimal bradycardiac responses during the CS. This finding 
illustrates that the VER group, in addition to showing minimal 
bradycardia during the CS, also showed little evidence of a 
within-CS pattern that resembled that of the two other groups. 

Retention of conditioned bradycardia. To assess the contri- 
bution of the anterior vermis to the retention of conditioned 
bradycardia, the UNOP control group from the acquisition phase 
was randomly divided into two groups. Half received VER le- 
sions; half served as surgical controls (SHAM operations). Fig- 
ure 2C shows the effects of lesions of the anterior vermis per- 
formed after the acquisition of conditioned bradycardia 
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Figure 2. The effects of cerebellar VER and HEM lesions on the HR OR, acquisition of the HR CR, and retention of the CR. A, HR OR. Shown 
is the mean HR change in beats/min during the 5.0 set tone period compared to the 5.0 set baseline period in blocks of five trials. Deceleration 
is indicated by negative numbers along the vertical axis. Note that the initial response to the tone was bradycardiac that habituated across trials. 
Cerebellar lesions had no effect on this response. B, Acquisition of conditioned bradycardia. UNOP (Control) and HEM rabbits acquired conditioned 
bradycardia while the VER group did not across the 2 d of acquisition training. C, Retention of conditioned bradycardia. The control group from 
the acquisition phase was split into two groups, one group received VER lesions the other SHAM lesions. After a 5 d recovery period, the retention 
of conditioned bradycardia was assessed under extinction conditions. Initially, the SHAM animals demonstrated bradycardia to the CS that 
subsequently extinguished. The VER group did not show bradycardia, suggesting that the lesion eliminated evidence of prior conditioning. 

compared to SHAM-operated controls. The SHAM group 
showed an initial bradycardia during the CS-alone retention 
trials that subsequently extinguished. These data suggest that 
intact rabbits retain conditioned bradycardia across this time 
interval and that surgery alone did not disrupt conditioned bra- 
dycardia established during the acquisition phase of training. In 
contrast, lesions of the vermis severely reduced evidence of prior 
conditioned responding and attenuated the magnitude of con- 
ditioned bradycardia to a level observed in rabbits with lesions 
performed prior to acquisition training (compare VER group, 
Fig. 2B, with VER group, Fig. 2C). This pattern of responding 
generated significant main effects for groups [F(1,8) = 9.86, p 
< 0.051, trial blocks [F(3,24) = 6.97, p < 0.051, and a groups 
x trial blocks interaction [F(3,24) = 3.71, p < 0.051, for the 
retention phase of training. 

Unconditioned HR response to pinna UCS. The HR UCR 
consisted of a monophasic tachycardiac response. The mean 
tachycardiac response of each group in beats/min was UNOP 
9.33 (SD = 16.45), 13.78 (SD = 13.24); HEM 13.49 (SD = 
12.79) 14.87 (SD = 14.22); and VER 13.88 (SD = 19.34) 16.23 
(SD = 18.20) for days 1 and 2 of acquisition training, respec- 
tively. Importantly, neither the magnitude of the UCR nor the 
pattern over acquisition trials was affected by these cerebellar 
lesions. Analysis of blocks of five acquisition trials across both 
days of training resulted in no significant main effects for groups 
[F(2,17) = 0.42, p > 0.651, trial blocks [F( 15,255) = 1.294, p 
> 0.201, or groups x trials blocks interaction [F(30,255) = 0.47, 
p > 0.801. Also, examination ofthe topographical characteristics 
of the HR response following the pinna shock revealed a similar 
pattern of responding between the three groups. As shown in 
Figure 4, the second-by-second pattern consisted of a mono- 

phasic tachycardia peaking at the second measurement interval. 
An overall ANOVA of these data revealed a significant main 
effect for measurement periods [F(4,316) = 3.87, p < 0.051, 
reflecting the change across measurement periods; however, no 
main effects or interactions involving groups were significant 
(all p values > 0.23). Overall, these results indicated that VER 
lesions, which disrupted conditioned HR responses, did not 
disrupt unconditioned HR responses to the pinna shock UCS 
used in conditioning. 

Discussion 
This study demonstrated that lesions of the ACV severely dis- 
rupted the acquisition and retention of simple Pavlovian fear- 
conditioned bradycardiac responses in the rabbit. The aversive 
HR conditioning paradigm is a useful model system for the 
analysis of the neural substrates of Pavlovian fear conditioning 
because it allows for the assessment of unconditioned HR re- 
sponsiveness after brain lesions. An advantage of studying a 
response system like conditioned bradycardia is that it is rela- 
tively simple to detect manipulation-induced sensory or motor 
impairments that could interfere with the detection of the stim- 
uli used in training or interruption of the efferent pathway for 
the CR (e.g., Schneiderman et al., 1986; Pascoe et al., 1991). 
The unconditioned HR responses of rabbits with ACV lesions 
were not disrupted. Baseline or resting HR was not altered, nor 
was the magnitude, topography, or habituation characteristics 
of the HR OR to the unreinforced tone presentations. These 
data suggest that the observed conditioning deficit following 
ACV lesions was probably not secondary to brain lesion-in- 
duced auditory impairments or to a disruption of the rabbit’s 
ability to demonstrate stimulus-evoked bradycardia. The bra- 
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Figure 3. Topography of the conditioned HR response. Shown is the 
mean change in HR (beatsimin) during each 1 .O set period of the 5.0 
set CS collapsed across days and trials for the UNOP, HEM, and VER 
groups. Note the difference in the topography of the response of the 
VER group compared to the UNOP and HEM groups. The HEM and 
UNOP groups demonstrated progressively greater bradycardia through 
the CS period, while the VER group showed minimal bradycardia during 
all periods of the CS. 

dycardiac responses to the novel auditory stimulus indicated 
that the animal heard the stimulus and could unconditionally 
decelerate the heart. ACV lesions also did not disrupt the mag- 
nitude or topographical features of the unconditioned tachy- 
cardiac responses to the pinna shock UCS. The results indicating 
intact UCRs following vermis lesions in rabbits are consistent 
with previous data in rats (Peters et al., 1973; Supple and Leaton, 
1990a,b). Overall, these results suggest that the ACV lesions did 
not produce nonspecific primary sensory or cardiomotor im- 
pairments that could interfere with the development of the con- 
ditioned bradycardiac response. Rabbits with ACV lesions can 
hear the tone CS, respond similarly to the shock UCS, and 
unconditionally decelerate the heart. Given the selective elim- 
ination of conditioned but not unconditioned HR responses, 
these lesion results are consistent with the hypothesis that the 
ACV is a component of a neural circuit importantly involved 
in classically conditioned bradycardiac responses in the rabbit. 

Rabbits with ACV lesions showed minimal CRs during both 
acquisition and retention. This minimal response consisted of 
a 3-4 beats/min bradycardia, which was in contrast to the typical 
18-20 beats/min bradycardia shown by the UNOP and HEM 
groups. This minimal bradycardia in the VER group was very 
similar in magnitude to that shown by explicitly unpaired or 
pseudoconditioned control groups from previous studies con- 
ducted in this laboratory and others (e.g., Gallagher et al., 198 1; 
Jarrell et al., 1986). In addition to the greatly reduced overall 
magnitude of conditioned bradycardia was the relative lack of 
topographical features characteristic of conditioned responding 
for this autonomic response in the VER group. In summary, 
ACV lesions severely attenuated the overall magnitude of the 
CR and blocked the appearance of the topographical features 
of the CR that were present in the control animals. 

The demonstrated role of the cerebellum in motor coordi- 
nation and regulation raises the possibility that a subtle motor 
impairment could somehow be responsible for the observed 
autonomic conditioning deficit. The lesion results from the sur- 
gical control group (HEM) provided evidence against this pos- 
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Figure 4. Topography of the HR response following application of the 
pinna shock UCS during acquisition training. Shown is the mean change 
in HR (beats/min) during each 1 .O set period following the offset of the 
UCS collapsed across days and trials. Note the monophasic acceleration 
in HR after the UCS, and the similarity in response profiles among the 
three groups. 

sibility as HEM lesions did not disrupt conditioned bradycardia 
despite any subtle, undetectable motor disruptions that may 
have resulted from these cerebellar lesions. Therefore, these 
findings suggest that cerebellar damage per se does not disrupt 
conditioned bradycardia and generate support regarding the an- 
atomical specificity for the effect consistent with the hypothesis 
that the ACV is importantly involved in this learned autonomic 
response. 

The present results implicating the cerebellar vermis in HR 
conditioning are not without precedent, and are consistent with 
those obtained with rats (Supple, 1986; Supple and Leaton, 
1990a,b). Large lesions of the vermis blocked the acquisition of 
simple and discriminatively conditioned HR responses without 
disrupting unconditioned HR responses in rats. Furthermore, 
bilateral cerebellar hemispheric lesions also did not affect HR 
CRs, which is consistent with the data in the rabbit. The present 
results extend those previous data on the following points: (1) 
replicating the effect ofvermis lesions on HR CRs in the rabbit- 
a species with a wealth of accumulated data regarding the neural 
substrates of classical conditioning (e.g., Schneiderman et al., 
1986) (2) providing partial anatomical localization for the be- 
havioral effect to the ACV, and (3) demonstrating that the ACV 
is importantly involved in retention of the HR CR as well as 
acquisition. Regarding the last point, it is notable that ACV 
lesions blocked the retention of the bradycardiac CR. Disruption 
of a previously acquired response following brain damage, cou- 
pled with the selective abolition of CRs but not UCRs in ac- 
quisition training, may be convincing behavioral evidence that 
the ACV is critically important for this CR. Furthermore, single- 
unit electrophysiological recordings of Purkinje cell activity 
during retention trials allowed us to identify several distinct 
subpopulations of ACV Purkinje cells that show short-latency 
differential responses to tone stimuli trained as CS+ and CS- 
(Supple and Kapp, 1988). Moreover, a group of Purkinje cells 
showed significant correlations between discharges during the 
CS+ and the magnitude of the concomitant conditioned bra- 
dycardiac response (Supple and Kapp, 1988), suggesting possible 
ACV mediation of the amplitude-time course of this autonomic 
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CR. These electrophysiological results, along with the lesion 
data from the present study, provide compelling evidence in 
support of the hypothesis that the ACV has an important func- 
tional contribution to the acquisition and expression of the clas- 
sically conditioned bradycardiac response in the rabbit. 

A related question concerns the location of the ACV in a CR 
circuit for conditioned bradycardia; is it located on the sensory 
or motor side of a CR circuit, efferent to a site of essential 
plasticity or a candidate site of stimulus convergence-a possible 
site of primary neural plasticity? Although answers to these 
questions cannot be derived from lesion experiments alone, 
there are findings from the present study that may be useful 
when considering these issues. In light of the finding of intact 
UCRs following ACV lesions in the present study, it is probable 
that the ACV is not part of a primary or fundamental response 
system for the auditory CS or pinna shock UCS. However, there 
are several reasons to consider the ACV as a site for stimulus 
convergence in this response system. First, the ACV receives 
abundant sensory input (e.g., Fadiga and Pupilli, 1964; Aitkin 
and Boyd, 1975; Ito, 1984) and has extensive output to both 
brainstem and forebrain regions involved in cardiovascular reg- 
ulation (e.g., Ito, 1984; Supple and Kapp, 1993). Second, the 
cerebellar cortex has well-defined and orderly sensory input and 
motor output pathways. The two major types of input to the 
cortex via mossy and climbing fibers may provide the anatom- 
ical substrate for stimulus convergence necessary for some forms 
of associative learning. This anatomical parcellation has sug- 
gested to others that the cerebellum may be a promising site for 
sensorimotor learning (e.g., Marr, 1969; Gilbert, 1975), and has 
recently been extensively studied in the context of the contri- 
butions of the lateral cerebellar hemisphere to aversively con- 
ditioned nictitating membrane responses in the rabbit (Thomp- 
son, 1986; Steinmetz and Sengelaub, 1992). Finally, we have 
obtained electrophysiological evidence of convergence onto sin- 
gle ACV Purkinje cells ofthe two exact stimulus modalities used 
to condition HR in our preparation. Single-unit recordings of 
Purkinje cells showed short-latency UCRs to the prospective 
CSs prior to training, and these responses subsequently habit- 
uated over repeated presentations of the tones. Also, some Pur- 
kinje cells demonstrated short-latency UCRs to brief presen- 
tations of pinna shock stimulation prior to training. Studies in 
progress are examining the relationships between these neuronal 
responses and the conditioned bradycardiac response in the rab- 
bit. 

The present results, and a number of previous observations, 
are consistent with the hypothesis that the ACV is part of a 
more extensive neuroanatomical system involved in the acqui- 
sition and expression of conditioned bradycardia and possibly 
other fear-conditioned autonomic responses as well (discussed 
at length in Supple and Leaton, 1990b). This suggestion is con- 
sistent with the growing appreciation of the neuroanatomical 
overlap the ACV shares with other forebrain regions impor- 
tantly involved in conditioned bradycardia, most notably the 
amygdaloid central nucleus (ACE). Converging lines of evidence 
implicate the ACE in conditioned bradycardia in the rabbit. 
Lesions or pharmacological manipulations of the ACE severely 
attenuated the acquisition of conditioned bradycardia without 
disrupting HR UCRs (Kapp et al., 1982). Recordings from ACE 
neurons revealed the presence of associative responses to a fear- 
conditioned CS (Applegate et al., 1982; Pascoe and Kapp, 1985). 
The ACE has extensive anatomical connections with cardioreg- 
ulatory nuclei, thereby suggesting pathways through which al- 

tered ACE neuronal activity could affect HR (Schwaber et al., 
1980). In addition to involvement in this autonomic CR, the 
ACE also importantly contributes to some somatomotor re- 
sponses that are acquired as a result of fear conditioning pro- 
cedures. Lesions of the ACE severely impair conditioned freez- 
ing (Iwata et al., 1986) and potentiated acoustic startle responses 
(Hitchcock and Davis, 1986), thus suggesting a wider role of 
the ACE in the generation of a conditioned central state of fear. 

It is interesting that experimental manipulations of two seem- 
ingly disparate neuroanatomical systems, the ACV and ACE, 
result in strikingly similar effects on conditioned bradycardia in 
the rabbit. These similarities suggest the possibility that these 
two regions are components of a common, more extensive neu- 
roanatomical system involved in this response. Recent anatom- 
ical observations lend support to this hypothesis. Both the ACE 
and ACV receive afferents from common sources, the pontine 
parabrachial nucleus (Dietrichs, 1985) and the lateral hypo- 
thalamus (Dietrichs and Haines, 1986, 1989), both of which 
have been implicated in cardiovascular function. Furthermore, 
we have recently demonstrated that single-pulse electrical mi- 
crostimulation of either the lateral parabrachial nucleus or the 
lateral hypothalamus modulates Purkinje cell discharges in the 
rabbit ACV (Supple and Kapp, 1993; Supple, in press), sug- 
gesting the possibility that these structures may serve as an 
interface between the ACV and other brain regions importantly 
involved in conditioned bradycardia. Further experiments will 
be required to examine the nature of the information relayed 
by these afferents into the ACV and their functional relevance 
to conditioned bradycardia, and the specific contributions of 
the ACV within the context of this larger neuroanatomical sys- 
tem to aversively conditioned bradycardiac responses. 
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