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Abstract

Recent research has suggested that the mesencephalic dopaminergic (DA) system is activated by stress. For example, alterations
in DA metabolites have been found in the ventral tegmental area (VTA) following footshock and immobilization in the rat [15,37].
Furthermore, this activation appears selective to DA neurons within the VTA since no changes were observed within the
substantia nigra [15,16]. While this research suggests that DA neurons in the VTA are activated by aversive events, there has been
a paucity of electrophysiological research designed to examine the sensory response characteristics of these DA neurons, and in
particular their response to stimuli which predict aversive events. The present study was conducted to investigate the response
characteristics of DA neurons within the VTA of the awake rabbit to acoustic stimuli which, via Pavlovian aversive conditioning
procedures, came to predict the occurrence of a mild shock to the pinna. 45% of the neurons meeting pre-established criteria for
DA neurons demonstrated either significant excitation or inhibition to conditioned aversive stimuli. These neurons responded
differentially to CS+ and CS− presentations. Some of these neurons (65%) demonstrated a greater increase in activity during
the CS+ compared to the CS− , some (22%) demonstrated a greater decrease in activity during the CS+ compared to the CS−
and some (13%) demonstrated a greater increase in activity during the CS− compared to the CS+ . Further, conditioned heart
rate responses in the rabbits occurred during the recording of a majority of these neurons. These overall results suggest that
conditioned aversive stimuli can affect the firing of VTA DA neurons and that these neurons comprise a heterogenous population
with respect to their response profiles. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The mesencephalic dopaminergic (DA) system has
been identified as a crucial neural system mediating the
rewarding properties of various incentive stimuli, in-
cluding food and water in deprived animals [2,21,49],
sex [12,34], electrical brain stimulation [36] and drugs of
abuse (e.g. opiates and psychomotor stimulants
[17,45,46]). Additional research has suggested that this

system is also activated by the stress of aversive events.
This activation has been inferred from alterations in
postmortem or in vivo levels of dopamine and its
metabolites. For example, increased DA release and/or
altered levels of DA metabolites have been reported in
numerous brain areas following a variety of aversive
events including footshock, immobilization, swim
stress, and conditioned aversive stimuli. These areas
include the ventral tegmental area (VTA) [15,16,25], the
medial prefrontal cortex (mPFC) [1,9,18,22,27], the nu-
cleus accumbens [1,9,18,22] and the amygdala [10,22].
Contradictory results, however, have also been reported
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that demonstrate no evidence of altered dopamine re-
lease or metabolism in each of these areas in response
to some of these aversive events [1,5,6,9,22,27,33,37].

These disparate results may be a function of the
potential problems inherent in the techniques used in
these studies to infer activation of DA neurons from
metabolic by-products. For example, while some DA
metabolites may be more accurate measures of do-
pamine release [47], others may be more representative
of recently formed intracellular pools [41]. Further, the
extent to which enhanced dopamine release or
metabolism is observed in response to a particular
aversive event will depend upon the exact time that
neurochemical samples are collected. Indeed, Commis-
siong [11] has argued that changes in DA metabolites
may have been falsely equated with changes in DA
neuronal activity, and therefore electrophysiological
monitoring of neuronal activity should be used to
provide converging evidence to compliment research
conducted using metabolic by-products.

While electrophysiological research has been directed
at characterizing the response of DA neurons to re-
warding stimuli [26,28,30,38–40], little research has
been directed towards characterizing their response to
aversive events, and in particular conditioned stimuli
predictive of aversive events. In one related study,
Trulson and Preussler [44] characterized the response of
VTA DA neurons in the cat to a tone which was paired
with a corneal airpuff. They reported that a majority of
these neurons demonstrated enhanced activity during
tone presentations when compared to activity during a
period of quiet waking. Although these data suggest
that these neurons are activated by a conditioned aver-
sive stimulus, an important question remains unan-
swered from this experiment. Since the activity of these
neurons was not examined in response to presentations
of a second tone of a different frequency that had not
been paired with the airpuff, it is not possible to
determine the extent to which this activity simply
reflects the sensory responsiveness of these neurons
rather than a specific response to the conditioned aver-
sive characteristics of the stimulus. This is an important
distinction in light of the data demonstrating that mes-
encephalic DA neurons are responsive to acoustic, vi-
sual and somatosensory stimuli [7,19,29,42,43].

Due to the lack of definitive results of previous
experiments, the present study was conducted to char-
acterize the response of individual DA neurons in the
VTA of the rabbit to conditioned acoustic stimuli pre-
dictive of an aversive event. A Pavlovian differential
fear conditioning paradigm was used to distinguish
nonspecific neuronal responses to acoustic stimuli from
specific responses to the aversive characteristics of con-
ditioned acoustic stimuli.

2. Method

2.1. Animals

Eight experimentally naive female New Zealand rab-
bits (Oryctolagus cuniculus) weighing from 2.3 to 2.6 kg
at the start of the experiment were used. They were
maintained on a 12:12 h light/dark cycle and given food
and water ad libitum. Principles for the care and use of
laboratory animals in research, as outlined in the Guide
for the Care and Use of Laboratory Animals (National
Institutes of Health, 1985), were strictly followed. All
procedures were approved by the University of Ver-
mont Animal Care and Use Committee.

2.2. Surgical procedure

Following application of topical lidocaine (4%) to the
region of the marginal ear vein, each rabbit was anes-
thetized with an injection of PromAce (acepromazine, 4
mg/kg) followed by sodium pentobarbital (30–60 mg/
kg, i.v.). Each rabbit was mounted into a Kopf
stereotaxic instrument fitted with a rabbit head holder.
Using aseptic surgical procedures, a midline incision
was made over the skull and holes were drilled to
provide access to the brain for the recording of single
neurons and for the placement of an indifferent elec-
trode. Additional holes were drilled into the skull for
the placement of five stainless steel anchor screws, one
of which served as a ground. Nylon bolts for head
immobilization were attached to the skull with
cyanoacrylate cement. The indifferent electrode was
comprised of a 0.01 cm in diameter stainless steel wire
insulated except at the cross-sectional tip. The exposed
tip was inserted approximately 0.5 mm into the neocor-
tex at the following coordinates: 6.0 mm posterior to
bregma, 3.0 mm lateral to the midline suture. For the
purpose of single neuronal recording, a stainless steel
electrode well, designed to accommodate a miniature
hydraulic microdrive (Trent Wells), was positioned over
a 3.0 mm in diameter hole in the skull (5.5 mm poste-
rior from bregma and centered on the midline) to
provide stereotaxic access to the VTA. The well was
secured in place with cyanoacrylate cement, swabbed
with antibiotic (Bacitracin) and sealed with a nylon
plug. The exposed skull was then covered with dental
cement. Each rabbit was closely monitored following
surgery until it regained postural control. Each rabbit
was monitored daily thereafter for a seven day postsur-
gical recovery period. Behavioral experiments then
commenced.

2.3. Apparatus

During the experiment, each rabbit was placed in a
Plexiglas restrainer with an adjustable headstock and
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padded backplate. The restrainer was placed within a
shielded, ventilated and sound-attenuating recording
chamber (Industrial Acoustics) that was equipped with
a 24 cm in diameter speaker situated 24 cm in front of
the rabbit. A modified stereotaxic frame was used to
immobilize the rabbit’s head. Responses of single neu-
rons were amplified by a high-impedance, differential
preamplifier (World Precision, model DAM-6A), cou-
pled with a main amplifier (Grass Instruments model
7P511). The bandwidth was 0.1–10 kHz. Responses
from single neurons were isolated, fed into an audio
monitor and a window discriminator (Frederick Haer)
and displayed on a storage oscilloscope (Tektonix
model 5103N). Two independent output channels of a
Grass S88 stimulator were used to administer the un-
conditioned stimulus (US) to the pinna during behav-
ioral conditioning and to produce anodal d.c. marker
lesions (100 mA anodal d.c. for 5.0 s) at the end of
selected, daily recording sessions. Acoustic stimuli were
generated with two separate voltage controlled genera-
tors (Wavetek model 111). Neuronal responses, verbal
commentary, heart rate and event markers were
recorded by a multichannel FM tape recorder (A.R.
Vetter model 420). The neuronal responses were fed
into a laboratory minicomputer (ABLE 40, New Eng-
land Digital) for online data analysis. This computer
also controlled the presentation of stimuli during the
conditioning procedure.

2.4. Beha6ioral training

Following surgical recovery, each rabbit was placed
into the restrainer within the recording chamber for six,
daily, 1 h sessions, and the head was immobilized
during the last two sessions by attachment of the nylon
bolts to the modified stereotaxic frame. On the day
following the last habituation session, a Pavlovian dif-
ferential conditioning procedure was administered dur-
ing which conditioned decelerative heart rate changes
(i.e. bradycardia) were measured to demonstrate the
ability of the rabbit to learn that an acoustic stimulus
predicts the occurrence of an aversive event. The orient-
ing phase of the procedure consisted of 18 pseudoran-
dom presentations each of two tones of differing
frequency (500 and 1300 Hz, 80 dB, 5.0 s). They were
administered so that no more than two consecutive
presentations of either tone was presented. A variable
60 s intertrial interval was used. These trials were
necessary in order to habituate the bradycardic orient-
ing response, a decrease in heart rate commonly ob-
served in rabbits in response to the presentation of a
novel stimulus. The conditioning phase then began
during which 24 pseudorandom presentations of each
tone were administered with the offset of one tone
(CS+ ) being coincident with the onset of the US (500
ms, 1.0 mA, 60 Hz stimulus train applied to the pinna).

The second tone (CS− ) never was followed by the US.
The US was administered via two stainless steel wire
loops that pierced the pinna and were spaced approxi-
mately 2.0 cm apart. They were inserted under local
lidocaine anesthetic 24 h prior to behavioral condition-
ing. The designated tone frequencies for the CS+ and
CS− were counter-balanced among rabbits. To opti-
mize conditioned discrimination between the CS+ and
the CS− , a second differential conditioning session,
again consisting of 24 presentations each of the CS+
and the CS− , was administered 24 h later. The second
day of behavioral conditioning was followed by daily
electrophysiological recording sessions.

For the recording of heart rate, electrodes were posi-
tioned by threading a stainless steel wire subcuta-
neously using a sterile 21 gauge hypodermic needle. The
free ends of the wire were then twisted together to form
a loop to which the heart rate leads were attached. The
insertion procedure for the heart rate electrodes pro-
duces no movement of, nor discomfort to, the rabbit,
and the electrodes were removed immediately after the
experimental session.

2.5. Electrophysiological recording procedure

Recordings from single neurons were made via pla-
tinized, tungsten microelectrodes (4 MV tip impedance;
Frederick Haer). The microelectrodes were advanced
toward the VTA using a hydraulic microdrive. To aid
in identifying DA neurons, occasional novel acoustic
stimuli (e.g. brief white noise bursts) were presented to
the rabbit during neuronal recordings, since DA neu-
rons have been reported to be responsive to novel
acoustic stimuli [19,42,43]. Successive electrode penetra-
tions took place on subsequent days and were spaced
0.2–1.0 mm apart. The criteria for successful isolation
of a putative DA neuron was as follows: (a) waveform
constancy during the observation period, (b) a 3:1
signal-to-noise ratio to permit sufficient waveform am-
plitude to enable reliable and unambiguous discrimina-
tion, (c) a waveform duration of 2.0 ms or longer, (d) a
firing frequency of between 1.0 and 12 Hz and (e) burst
firing with descending amplitude spikes [20,48].

Following isolation, an interspike interval histogram
was generated over a 30 s period in order to character-
ize rates and patterns of spontaneous activity. Six pre-
sentations of each of the CS+ and CS− were then
presented in a pseudorandom sequence using a variable
60 s intertrial interval. Each trial consisted of a 5.0 s
pre-CS baseline period followed by a 5.0 s CS period.
Electrophysiological recordings were conducted during
an extinction phase (i.e. in the absence of US presenta-
tions) to provide a more stable recording environment
free of shock artifact. Additional blocks of conditioning
trials (six CS+ and six CS− ) in which the CS+ was
followed by the US were administered as needed to
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maintain conditioned discrimination across recording
sessions. These trials were administered following the
completion of recordings from an individual neuron.

2.6. Histology

Each rabbit was euthanized with an overdose of
sodium pentobarbital (Somlethal; 150 mg/kg, i.v.) and
perfused with physiological saline followed by a 10%
formol-saline solution. Seventy micron frozen sections
were taken through the rostral-caudal extent of the
VTA. Sections were stained with thionin to determine
the location of recording sites. The location of these
sites was determined microscopically by comparing mi-
crodrive coordinates with the relative electrode tract
positions and marker lesions.

2.7. Data analysis

2.7.1. Heart rate conditioning
To determine the magnitude of the heart rate change

to presentations of each CS, the number of beats
occurring during the 5.0 s CS period was compared
with the number of beats during the 5.0 s pre-CS
period. The difference was expressed as a percent
change from the pre-CS baseline period. Mean changes
in heart rate during each daily session of 24 CS+ and
CS− trials were calculated and data were evaluated on
each of two days of conditioning using a two-factor
(CS-TYPE X DAYS) within-subjects analysis of vari-
ance. During single unit recording sessions, the reliabil-
ity of differential changes in heart rate during blocks of
each of the CS+ and the CS− presentations were
evaluated using two-tailed t-tests for related measures.

2.7.2. Electrophysiological data
Peristimulus time histograms were generated for each

block of CS+ and CS− trials administered during the
recording sessions. The number of spikes occurring in
consecutive 10, 100 ms, or 1.0 s bins of the 5.0 s pre-CS
and CS periods were calculated. Neuronal responses
were analyzed in several ways. First, the mean and
standard deviation for the pre-CS baseline period were
derived and standard scores were calculated and used
to detect significant changes in spike discharge rate
during stimulus presentations. Calculations were based
on 10 ms and 1.0 s bins, and on the entire 5.0 s CS
period, depending on the response parameter in ques-
tion, such as onset latency or response duration. Stan-
dard scores exceeding 91.96 (95% confidence interval)
were considered to represent a statistically significant
change in neuronal activity during a block of CS+ and
CS− trials. Second, to statistically characterize the
differential responsiveness of a neuron to CS+ versus
CS− presentations, mean neuronal responses during
the entire 5.0 s presentations were compared using
two-tailed t-tests for related measures.

A final analysis was used to determine the relation-
ship between changes in neuronal firing rates and
changes in heart rate responses. The degree to which
these two measures varied on a trial-by-trial basis was
determined by calculating the correlation between neu-
ronal activity and heart rate changes to each CS presen-
tation during all CS+ and CS− trials.

3. Results

3.1. Heart rate conditioning

Single unit activity was recorded from histologically
verified VTA neurons in six rabbits. The electrode
placements in the remaining two rabbits were anterior
to the VTA and these animals were excluded from the
data analysis. Of the six rabbits included in the data
analysis, all developed reliable differential heart rate
responses to the CS+ and the CS− as shown in Fig.
1. A two-factor (CS-TYPE X DAYS) within-subjects
analysis of variance (ANOVA) revealed a significant
CS-TYPE effect (F(1,5)=14.3, pB0.05) and a signifi-
cant CS-TYPE X DAYS interaction (F(1,5)=14.77,
pB0.01). The DAYS factor was not significant. The
significant CS-TYPE and CS-TYPE X DAYS interac-
tion demonstrated that bradycardic heart rate responses
emerged to the CS+ , and that these responses were
statistically distinguishable from those that emerged to
the CS− . Further t-tests revealed that heart rate re-
sponses during the CS+ were not significantly differ-
ent from heart rate responses during the CS− on the
first day of conditioning. However, on the second day
of conditioning, heart rate responses during the CS+
were significantly decelerated when compared to heart
rate responses during the CS− (t(5)=4.65, pB0.005).

Fig. 1. The mean percent change in heart rate to CS presentations
during the two days of conditioning for the six rabbits from which
recordings were made in the VTA. Note the emergence of the
conditioned bradycardic response to presentations of the CS+ . Error
bars represent standard error of the mean.
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Fig. 2. (A). Oscilloscope traces (four overlays) of a representative
neuron recorded from within the VTA. Note the long duration of the
action potential (\3.0 ms). (B) An oscilloscope trace depicting the
spontaneous discharges of the neuron in (A). Note high-frequency
bursts (brackets; mean interspike interval approximately 60 ms) inter-
spersed with single spike discharges (asterisks), characteristics of VTA
DA neurons.

duration revealed Z scores ranging from 2.10 to 10.03
(pB0.05). For eight of these 15 neurons, there was also
a significant increase in activity during CS− presenta-
tions (Z scores: 2.03–2.70, pB0.05).

3.2.2.1.2. Differential responsi6eness. Individual t-
tests for related measures revealed that there was a
significantly greater response to presentations of the
CS+ when compared to the CS− for nine of these 15
neurons (t : 2.26–4.13, pB0.05). The mean data for
these nine neurons are presented in Fig. 4. As is appar-
ent from this figure, the significant increase in activity
during CS+ presentations occurred during the entire
5.0 s period. Standard score analyses revealed a signifi-
cant increase in activity between the first and eighth 10
ms bin (0–80 ms) for these nine neurons following the
onset of either the CS+ or the CS− with a mean
latency of 22.6 ms (Z scores: 2.02–9.01, pB0.05).
Furthermore, four of these nine neurons also demon-
strated a significant correlation between neuronal activ-
ity and heart rate changes on a trial-by-trial basis (r :
−0.58, −0.59, −0.60 and −0.67, pB0.05). An ex-
ample of recordings from one of these neurons during
representative CS+ and CS− presentations is shown
in Fig. 5.

3.2.2.1.3. Heart rate conditioning. Differentially con-
ditioned bradycardic responses were observed in re-
sponse to CS presentations during the recording of
eight of these 15 neurons. This was demonstrated by
significantly greater bradycardic responses during CS+
trials than during CS− trials (t : 3.98–7.10, pB0.05).
Of the nine neurons which demonstrated significantly
greater activity during the CS+ than during the CS− ,
six were also accompanied by significantly greater
bradycardic responses during CS+ trials than during
CS− trials. The mean heart rate data from CS+ and
CS− trials presented during the recording of these six
neurons are shown in Fig. 6. Differential bradycardic
responses were not observed in response to the CS+
versus the CS− for three of the six neurons that did
not respond differentially to the conditioned stimuli.

3.2.2.2. Type II
3.2.2.2.1. CS responsi6eness. Type II neurons (n=5)

demonstrated a statistically significant decrease in activ-
ity to presentations of the CS+ . Standard score analy-
ses for the entire 5.0 s CS duration revealed Z scores
ranging from −2.24 to −2.94 (pB0.05) during CS+
presentations for these neurons. There was no signifi-
cant change in the activity of these neurons to CS−
presentations.

3.2.2.2.2. Differential responsi6eness. Individual t-
tests for related measures revealed that there was sig-
nificantly less activity during CS+ presentations than
during CS− presentations for these neurons (t : 2.98–
10.97, pB0.05). The mean data for these neurons are
presented in Fig. 7. An example of recordings from one

3.2. Electrophysiological data

3.2.1. Characteristics of 6entral tegmental area
dopaminergic neurons

Extracellular single unit recordings were made from
51 neurons which (a) met the electrophysiological crite-
ria for VTA DA neurons, as described previously and
shown in Fig. 2(A) and (B), (b) were located within the
VTA based on histological analysis and (c) were tested
for responsiveness to at least four presentations of each
of the CS+ and CS− . Of these 51 neurons, 31 were
responsive to the conditioned stimuli, and their re-
sponses were subjected to statistical analyses. Each of
these neurons was classified into one of three categories
described below. The remaining 20 neurons were not
responsive to CS presentations as determined by a lack
of responsiveness to at least two presentations of the
CS+ and the CS− . Fig. 3 depicts the location of the
31 CS-responsive neurons in coronal, thionin-stained
sections through the rostral-caudal extent of the VTA.
As depicted in Fig. 3, these CS-responsive neurons were
all within the DA neuron-rich region of the VTA.

3.2.2. Description of neuronal types (I–III)

3.2.2.1. Type I
3.2.2.1.1. CS responsi6eness. Type I neurons (n=15),

which were the most frequently encountered CS-re-
sponsive neurons, demonstrated a statistically signifi-
cant increase in activity to presentations of the CS+ .
Standard score analyses for the entire 5.0 s CS+
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Fig. 3. Photomicrographs of thionin-stained sections taken through the rostral (A) to caudal (D) extent of the VTA in the rabbit. Solid circles
depict locations of recorded neurons that demonstrated an increase in activity to CS+ versus CS− presentations (n=18; including three neurons
that exhibited a trend towards significance) in conditioned rabbits. Solid stars depict locations of recorded neurons that demonstrated a decrease
in activity to CS+ versus CS− presentations (n=8; including three neurons that exhibited a trend towards significance) in conditioned rabbits.
Solid triangles depict locations of recorded neurons that demonstrated an increase in activity to CS− versus CS+ presentations (n=5; including
two neurons that exhibited a trend towards significance) in conditioned rabbits. Abbreviations: VTA=ventral tegmental area; ml=medial
lemniscus; MP=medial mammillary nucleus, posterior; fr= fasciculus retroflexus; SNc=substantia nigra compacta; SNr=substantia nigra
reticulata; CG=central grey.

of these neurons during representative CS+ and CS−
trials is shown in Fig. 8.

3.2.2.2.3. Heart rate conditioning. Differentially con-
ditioned bradycardic responses were observed in re-
sponse to CS presentations during the recording of
three of these five neurons. This was demonstrated by
significantly greater bradycardic responses during CS+
trials than during CS− trials (t : 2.21–11.40, pB0.05).

3.2.2.3. Type III
3.2.2.3.1. CS responsi6eness. Type III neurons (n=3)

demonstrated a statistically significant increase in activ-
ity to presentations of the CS− . Standard score analy-
ses for the entire 5.0 s CS duration revealed Z scores
ranging from 4.82 to 5.78 (pB0.05) during CS− pre-
sentations. There was no significant change in the activ-
ity of these neurons to CS+ presentations.

3.2.2.3.2. Differential responsi6eness. Individual t-
tests for related measures revealed that there was sig-
nificantly greater activity during CS− presentations
than during CS+ presentations for these neurons (t :
2.10–7.68, pB0.05). Standard score analyses revealed a
significant increase in activity between the second and
seventh 10 ms bin (11–70 ms) for these neurons follow-
ing the onset of the CS− with a mean latency of 31.0
ms (Z scores: 3.00–3.25, pB0.05). An example of
recordings from one of these neurons during represen-
tative CS+ and CS− trials is shown in Fig. 9.

3.2.2.3.3. Heart Rate conditioning. Differentially con-
ditioned bradycardic responses were observed in re-
sponse to CS presentations during the recording of two
of these three neurons. This was demonstrated by sig-
nificantly greater bradycardic responses during CS+
trials than during CS− trials (t : 5.01 and 20.80, pB
0.05).
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Fig. 4. Mean response of nine of the 31 sensory responsive neurons
recorded from within the VTA that demonstrated a significant in-
crease in activity to presentations of the CS+ when compared to
presentations of the CS− . The x-axis represents the 5.0 s pre-CS
baseline period and the 5.0 s CS period. The y-axis represents the
mean number of spikes per 1.0 s bin. The horizontal broken line
indicates a significant increase in activity from the pre-CS baseline
period as determined by standard score analysis.

Fig. 6. Mean percent change in heart rate from pre-CS baseline in
response to presentations of the CS+ and CS− during which six of
the nine neurons depicted in Figs. 3–5 were recorded. Error bars
represent the standard error of the mean.

that their activity is affected by conditioned aversive
stimuli. It is important to note that non-discriminative
responses to the two CSs were also observed. Interest-
ingly, 50% of the neurons showing non-discriminative
responses were accompanied by non-discriminative
heart rate responses. The lack of discriminative neu-
ronal and heart rate responses may have resulted from
behavioral extinction produced by non-reinforced
CS+ presentations during the testing procedures.
Thus, some of the neurons demonstrating non-discrimi-
native responses may have demonstrated discriminative
responses had the extinction procedures for neuronal
testing not been used. Nevertheless, the observation
that a substantial number of VTA DA neurons re-
sponded differentially to CS+ versus CS− presenta-

4. Discussion

The results of the present experiment demonstrated
that VTA DA neurons exhibit a variety of response
patterns to conditioned stimuli predictive of an aversive
event during Pavlovian fear conditioning. That some of
these neurons displayed discriminative responses to
CS+ and CS− presentations in rabbits that also
showed discriminative heart rate responses suggests

Fig. 5. An example of an individual neuron recorded from within the
VTA that demonstrated a significantly greater increase in activity to
the presentation of five CS+ trials when compared to five CS−
trials. Oscilloscope traces depict the 2.5 s prior to the CS onset and
the first 2.5 s of the CS for a representative CS+ and CS− trial.
The arrow depicts time of CS onset.

Fig. 7. Mean response of five of the 31 sensory responsive neurons
recorded from within the VTA that demonstrated a significant de-
crease in activity to presentations of the CS+ when compared to
presentations of the CS− . The x-axis represents the 5.0 s pre-CS
baseline period and the 5.0 s CS period. The y-axis represents the
mean number of spikes per 1.0 s bin. The horizontal broken line
indicates a significant increase in activity from the pre-CS baseline
period as determined by standard score analysis.
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Fig. 8. An example of an individual neuron recorded from within the
VTA that demonstrated a significant decrease in activity to the
presentation of five CS+ trials when compared to four CS− trials.
Oscilloscope traces depict the 2.5 s prior to the CS onset and the first
2.5 s of the CS for a representative CS+ and CS− trial. The arrow
depicts time of CS onset.

The present data are also consistent with and extend
the findings of Trulson and Preussler [44], who charac-
terized the response of VTA DA neurons in the cat
during presentations of a tone that had previously been
paired with an aversive airpuff. The use of a differential
conditioning paradigm and the demonstration of con-
current discriminative heart rate and neuronal respond-
ing in the present study suggests that the responsiveness
of at least some VTA DA neurons reflects a response to
the acquired motivational significance of the condi-
tioned stimuli and not merely the sensory responsive-
ness of these neurons.

Recently, however, Mirenowicz and Schultz [32], us-
ing an avoidance paradigm, reported that very few
mesencephalic DA neurons (15%) demonstrated en-
hanced activity in response to conditioned stimuli sig-
nalling ‘non-noxious’ airpuff presentations delivered to
the hand, or hypertonic saline solution delivered into
the mouth, in two well-trained monkeys. Most of the
neurons, however were excited by primary and condi-
tioned appetitive stimuli, leading to the conclusion that
activation of mesencephalic DA neurons convey infor-
mation primarily about the appetitive value of primary
and conditioned environmental stimuli. A number of
reasons may account for why VTA DA neurons were
encountered which were excited by conditioned aversive
stimuli in the present study but very few were encoun-
tered by Mirenowicz and Schultz [32]. First, the dis-
crepancy may lie in the differences between the two
tasks. Airpuff delivery to the hand or oral injections of
hypertonic saline in monkeys may not have been suffi-
ciently noxious to condition significant levels of fear to
the environmental stimuli signaling their occurrence.
This is of considerable importance since the magnitude
of a stressor is related to the magnitude of dopamine
activation in specific terminal regions, as well as to how
wide-spread dopamine activation is in multiple DA
terminal regions as measured with in vivo and in vitro
procedures [23]. Had Mirenowicz and Schultz [32] used
a more noxious US, substantial fear may have been
conditioned to the environmental stimuli, yielding
greater numbers of neurons excited by the conditioned
stimuli. Second, Mirenowicz and Schultz [32] recorded
from mesencephalic DA neurons in well-trained mon-
keys during an instrumental avoidance task. Generally,
well-trained subjects in such a task completely avoid
US presentations by responding appropriately during
the CS, and it has been repeatedly demonstrated that
CS presentations to well-trained animals in instrumen-
tal avoidance conditioning paradigms elicit little signs
of overt fear [31]. Mirenowicz and Schultz [32] may
have encountered a smaller percentage of neurons
which responded to conditioned stimuli predictive of an
airpuff or orally administered hypertonic saline solution
because of a lack of substantial fear elicited by these
conditioned stimuli in the instrumental avoidance task.

tions during differential Pavlovian fear conditioning
suggests that the release of dopamine is altered in VTA
terminal fields when these neurons are affected by
fear-arousing stimuli. These data are consistent with a
large body of research illustrating changes in dopamine
release and metabolism in various terminal regions,
particularly in the mPFC, in response to both condi-
tioned and unconditioned stressors.

Fig. 9. An example of an individual neuron recorded from within the
VTA that demonstrated a significantly greater increase in activity to
the presentation of six CS− trials when compared to five CS+
trials. Oscilloscope traces depict the 5.0 s prior to the CS onset and
the 5.0 s of the CS for a representative CS+ and CS− trial. The
arrow depicts time of CS onset.
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The higher percentage of recorded neurons that were
encountered which were responsive to conditioned aver-
sive stimuli in the present study may have been due to
greater fear elicited by these stimuli.

It is important to note that several additional VTA
DA response patterns were encountered in the present
study. The first of these was characterized by differen-
tial decreases in neuronal activity during CS presenta-
tions, with a significantly greater decrease to the CS+
than to the CS− . This response pattern is similar to a
pattern encountered by Mirenowicz and Schultz [32].
They reported neurons (30%) which demonstrated a
decrease in activity in response to conditioned stimuli
that signaled the occurrence of either an airpuff or
orally administered hypertonic saline. However, the
extent to which the response pattern of the population
encountered by Mirenowicz and Schultz [32] is identical
to that encountered in the present study is unknown
since a differential Pavlovian conditioning procedure
was not used in the Mirenowicz and Schultz [32] study,
and, therefore, the differential responsiveness of the
neurons in that study was not examined.

A second pattern was characterized by differential
increases in neuronal activity in response to CS presen-
tations, but significantly greater increases to CS− than
to CS+ presentations. This response pattern may
reflect the activation of VTA DA neurons to the moti-
vational significance of the CS− as a safety signal.
However, the interpretation that this response pattern
reflects the acquired ‘safety’ properties of the CS−
should be considered speculative since the present study
did not rigorously test for the acquired ‘safety’ proper-
ties of the CS− .

A final pattern was characterized by similar increases
in neuronal activity to both conditioned stimuli (i.e. the
CS+ and the CS− ) even though a statistically signifi-
cant, discriminative bradycardic response was observed.
The non-discriminative response of these neurons may
reflect their activation by some common, as yet unde-
termined, property of the conditioned stimuli.

That a population of DA neurons in the VTA was
excited by a fear-arousing CS in the present research
may suggest the contribution of these neurons to the
elicitation and/or expression of a central state of fear.
Evidence consistent with this suggestion comes from
three lines of research in the rat. First, lesions of the
VTA affect a number of fear-motivated behaviors. For
example, 6-hydroxydopamine (6-OHDA) lesions com-
pletely block conditioned avoidance behavior [35],
whereas excitotoxic lesions block the potentiation of
acoustic startle by a conditioned fear-arousing stimulus
in the fear-potentiated startle paradigm [4]. Second,
electrical stimulation of the VTA facilitates acoustic
startle [4]. Third, blockade of dopamine transmission
with systemic injections of DA antagonists has been
shown to disrupt conditioned avoidance and fear po-

tentiated startle [3,8,13,14]. More recent evidence sug-
gests that the avoidance impairments following
administration of DA antagonists are most likely a
function of antagonist-induced enhancement of species-
specific defensive freezing behavior which could poten-
tially compete with the conditioned active avoidance
response, thereby creating impaired avoidance [3]. In
support of this interpretation are the findings that
freezing behavior during contextual fear conditioning is
attenuated by systemic injections of the non-specific
agonist apomorphine or by a combined injection of
quinpirole, a D2 agonist and SKF 38393, a D1 agonist
[24]. These findings suggest that the VTA contributes
importantly to some aspects of fear behavior, and the
results of the present study are consistent with this
suggestion.

Given the present results demonstrating that motiva-
tionally significant conditioned aversive stimuli modu-
late the activity of VTA DA neurons, the question
arises concerning the source of VTA afferents which
contribute to this modulation. Future research specifi-
cally designed to identify and characterize the afferent
modulation of VTA DA neurons during fear condition-
ing is necessary to determine (a) if different afferents to
the VTA contribute differentially to the various re-
sponse patterns exhibited by VTA DA neurons ob-
served in the present study and (b) the functional
significance of these patterns during Pavlovian fear
conditioning.
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