
Behavioral/Systems/Cognitive

Aversive Stimuli Alter Ventral Tegmental Area Dopamine
Neuron Activity via a Common Action in the Ventral
Hippocampus
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Stress is a physiological, adaptive response to changes in the environment, but can also lead to pathological alterations, such as relapse in
psychiatric disorders and drug abuse. Evidence demonstrates that the dopamine (DA) system plays a role in stress; however, the nature
of the effects of sustained stressors on DA neuron physiology has not been adequately addressed. By using a combined electrophysiolog-
ical, immunohistochemical and behavioral approach, we examined the response of ventral tegmental area DA neurons in rats to acute as
well as repeated stressful events using noxious (footshock) and psychological (restraint) stress. We found that aversive stimuli induced
a pronounced activation of the DA system both electrophysiologically (population activity; i.e., number of DA neurons firing spontane-
ously) and behaviorally (response to psychostimulants). Moreover, infusion of TTX into the ventral hippocampus (vHPC) reversed both
behavioral and electrophysiological effects of stress, indicating that the hyperdopaminergic condition associated with stress is driven by
hyperactivity within the vHPC. Therefore, the stress-induced activation of the DA system may underlie the propensity of stress to
exacerbate psychotic disorders or predispose an individual to drug-seeking behavior. Furthermore, the vHPC represents a critical link
between context-dependent DA sensitization, stress-induced potentiation of amphetamine responsivity, and the increase in DA associ-
ated with stressors.

Introduction
The dopamine (DA) system is historically associated with
reward-related events (Schultz et al., 1997) and drug abuse
(Henry et al., 1989; Pierce and Kalivas, 1997; Lodge and Grace,
2008). Nonetheless, neurochemical studies demonstrated that
this system is also activated by maintained stressful stimuli (Im-
perato et al., 1993; Piazza and Le Moal, 1998). However, to date
electrophysiological studies have not shown a response to stress
that is consistent with these neurochemical measures; thus, upon
exposure to a brief noxious stimulus, DA neurons exhibit a tran-
sient inhibition in firing (Schultz and Romo, 1987; Grace, 2000;
Ungless et al., 2004) and, in a minority of cases, excitation
(Brischoux et al., 2009). In contrast, microdialysis studies indi-
cate that stress elicits a pronounced increase in extracellular DA
levels in postsynaptic sites (Thierry et al., 1976; Abercrombie et
al., 1989; Kalivas and Duffy, 1995; Saulskaya and Marsden, 1995;
Pascucci et al., 2007). Therefore, electrophysiological and micro-
dialysis data appear to be contradictory with respect to aversive

event-related DA system responses, and the reason for this dis-
crepancy is unknown. One possible explanation may relate to the
time course studied; recordings generally examine the response
of single neurons to brief noxious events, whereas neurochemical
studies observe changes to maintained stressors measured over a
much longer time course. We previously found that maintained
alterations within limbic circuits can alter the population activity
of DA neurons (i.e., the number of neurons firing spontane-
ously), an index that was found to correspond to extracellular DA
levels measured in the nucleus accumbens (NAc) by microdialy-
sis (Floresco et al., 2003).

One region that controls DA neuron population activity is the
ventral subiculum (vSub) of the hippocampus. Thus, activation
of the vSub increases DA neuron population activity (Floresco et
al., 2001). Moreover, manipulations that increase the behavioral
response to amphetamine, such as developmental alterations
(Lodge and Grace, 2007) or amphetamine sensitization (Lodge
and Grace, 2008), also increase DA neuron population activity
via activation of the vSub. The ventral hippocampus (vHPC), and
the vSub in particular, is a brain region that is involved in
context-dependent processes (Jarrard, 1995; Maren, 1999; Sharp,
1999), and also is considered to be a central mediator of stress
responses (Herman et al., 1995). Given that stressors also tend to
be context-dependent phenomena, we examined the effects of
two types of stressors known to cause activation of the DA system
(i.e., repeated footshock and restraint stress) on DA neuron pop-
ulation activity, and whether the vHPC is involved in this re-
sponse. We show that noxious and psychological stress increase
DA neuron population activity, and suggest that this increase can
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account for the increased release of DA in postsynaptic sites to
stressors and also to drugs of abuse. Thus, our findings provide an
explanation that reconciles divergent data regarding the effect of
stress on the DA system. In addition, our results indicate that
activation of the DA system could be driven by hyperactivity
within the vHPC, as local infusion of TTX into this region rein-
stated the response to control levels.

Materials and Methods
Subjects and materials. A total of 181 male Sprague Dawley rats (280 – 400
g; Hilltop Lab Animals) were used in this study; 129 rats were used for
electrophysiological recordings, 10 rats for immunohistochemistry, and
52 rats for behavioral testing. At arrival, rats were housed for at least 5 d
in pairs in a temperature (22°C)- and humidity (47%)-controlled facility,
with lights maintained on a 12 h light/dark cycle (lights on at 7:00 A.M.)
and food and water available ad libitum.

Pentobarbital sodium (USP) was obtained from Ovation Pharmaceu-
ticals; all other chemicals and reagents were obtained from Sigma-
Aldrich, unless otherwise specified.

Handling of all animals, surgery, and experiment protocols were in
accordance with the guidelines outlined in the United States Public
Health Service Guide for the Care and Use of Laboratory Animals, and
were approved by the Institutional Animal Care and Use Committee of
the University of Pittsburgh.

Stress paradigms. The effects of acute, repeated, and/or combined
stressors on the activity of ventral tegmental area (VTA) DA neurons
were assessed using two distinct stressor paradigms and single-unit ex-
tracellular recordings.

In the first study, the effects of a repeated noxious stimulus were ex-
amined according to a protocol that has been shown to increase DA levels
in postsynaptic sites (Saulskaya and Marsden, 1995) in behaving rats.
Thus, 10 repeated electrical stimulations of the sciatic nerve (footshocks)
were delivered to the footpad contralateral to the recording site (3 mA,
1 s; every 1 min for 10 consecutive minutes) in anesthetized rats.

In a separate group of rats another stimulus that represents a “psycho-
logical” stressor was used on awake rats. Rats were restrained in Plexiglas
cylinders (custom made; internal diameter � 6 cm, length adjusted ac-
cordingly to rat size) for either a 2 h acute restraint (AR) session or a
repeated restraint (ReptR) session, 1 h restraint each day for 10 consec-
utive days. In a subset of the last group, the effects of repeated restraint (1
h/d for 9 d) followed by a subsequent 2 h acute restraint on the 10th day
(combined restraint, CombR) was also evaluated. Single-unit electro-
physiological recordings (see below) were performed in anesthetized rats
immediately after the stressor for rats that received either AR or CombR,
whereas rats receiving ReptR were tested 24 h after the last stress session.

Surgery and electrophysiological recordings from anesthetized rats.
Single-unit extracellular recordings were performed as previously de-
scribed, with few modifications (Valenti and Grace, 2010). Rats were
anesthetized with 8% chloral hydrate (400 mg/kg, i.p.) and placed in a
stereotaxic apparatus (David Kopf Instruments); core body temperature
of 37°C was maintained by a temperature-controlled heating pad. Sup-
plemental injections of anesthetic were administered as needed to sup-
press the hindlimb compression withdrawal reflex. A burr hole was
drilled in the skull overlying the recording region in the VTA [in mm
from bregma: anteroposterior (AP), �5.3; mediolateral (ML), �0.6],
and the dura was resected. Glass electrodes, constructed from 2 mm
outer diameter Omegadot filament glass (World Precision Instruments)
and with in situ impedance of 8 –12 M�, were lowered slowly into the
VTA [dorsoventral (DV), �6 to �9 mm] using a hydraulic microdrive
(David Kopf Instruments, model 640). Signals from the recording elec-
trode were amplified by a headstage before being fed into a window
discriminator/amplifier (1000� gain, 100 – 4000 Hz bandpass; Fintron-
ics Inc.). Signals were also fed into an audio monitor (Grass Instruments,
model AM8) and displayed on an oscilloscope (B&K Precision, model
2120) for real-time monitoring. Data were collected using a data acquisition
board interface (Microstar) and monitored on-line using custom-designed
computer software (Neuroscope; Brian Lowry, Pittsburgh, PA).

DA neurons were identified with open filter setting (low pass, 50 Hz;
high pass, 16 kHz) and distinguished from other VTA neurons based on
their unique long-duration waveform, slow irregular firing rate, and
other well established criteria (Grace and Bunney, 1983; Grace et al.,
2007). After isolating a DA neuron, 3 min of baseline activity was re-
corded to determine the baseline firing rate and percentage burst firing.
Burst firing was quantified by examining the proportion of action poten-
tials occurring in bursts, or percentage of burst firing, with burst firing
defined as the occurrence of two spikes with an interspike interval (ISI) of
�80 ms indicating the initiation of a burst, and two spikes with an ISI
�160 ms signaling burst termination (Grace and Bunney, 1984). To test
the effect of noxious stimuli, repeated footshocks were administered (see
above) and the activity of the DA neuron was recorded continuously
both during the footshocks as well as during the intershock interval. At
the cessation of the footshock protocol, recording continued to assess the
effect of repeated footshock on VTA DA neuron population activity.
Population activity was also assessed in a separate group of rats that had
received restraint stress (see above). The effect of these stressors on VTA
DA neuron population activity was assessed by passing the electrode
through the VTA in a predetermined grid pattern of six to nine tracks
separated by 0.2 mm; all spontaneously active DA neurons encountered
per electrode track were counted and their firing rate and percentage
burst firing determined. In one set of rats, subsequent tracks were made
from the medial to the lateral VTA (ML group), while in the second set of
rats, recordings were made in a similar pattern but beginning with the
lateral VTA and progressing medially (LM group). The three tracks
aligned along the measurement of 0.6 mm from bregma were defined as
“medial” VTA; similarly, the three tracks recorded at 1 mm from bregma
were defined as “lateral.”

At the end of the experiments, three parameters of VTA DA neuron
activity were calculated for each rat; first, the “population activity,” de-
fined as the number of spontaneously active VTA DA neurons encoun-
tered in each of the completed tracks (i.e., total number of neurons/
number of tracks). In addition, all firing rate and percentage of burst
firing of all of the DA neurons recorded in each rat were averaged to
obtain the average firing rate (FR) and average percentage burst firing
(%B firing) for the DA neurons for a given animal, respectively. The three
parameters obtained from one rat were then averaged among up to 18
rats per condition.

Immunohistochemistry and pharmacological manipulation of the vHPC.
The activity of brain regions known to affect DA neuron activity states
and their modulation by stressors was examined using immunocyto-
chemical localization of c-fos protein. Immunohistochemical studies
were performed as described previously (Knapska and Maren, 2009)
using commercially available antibodies. Following either 1 h of acute
restraint stress (see above) or no stress, adult male rats were overdosed
with sodium pentobarbital (120 mg/kg, i.p.) and perfused transcardially
with saline (50 ml) followed by paraformaldehyde (150 ml, 4% w/v in
0.1 M PBS). Rats were decapitated and their brains removed, postfixed for
24 h (4% w/v paraformaldehyde in 0.1 M PBS), and stored in 0.1 M PBS
until sectioning. Free-floating coronal sections (60 �m) containing the
prefrontal cortex (PFC) or HPC were cut using a freezing microtome.
Slices were preblocked with 2% v/v normal goat serum (NGS) in PBS
containing 0.3% v/v Triton X-100 for 30 min at room temperature fol-
lowed by 3 � 10 min washes in PBS. Sections were incubated at 4°C for
48 –72 h in PBS containing a rabbit anti-c-fos antibody (PC38; Calbio-
chem) at a concentration of 1:3000. Sections were washed (3 � 10 min)
and incubated for 1 h with biotinylated horse anti-rabbit-IgG 1/250
(containing 1% NGS 0.3% Triton X-100) at 37°C. Color was developed
with nickel-enhanced 3,3�-diaminobenzidine following the Vectastain
ABC method (Vector Laboratories).

The role of vHPC in modulating the response to stress was tested by
local inactivation with TTX followed by single-unit recordings. Acute
surgery was performed by drilling another hole overlying the vHPC (AP,
�6; ML, �5.3; DV, �5.5), and a stainless steel guide cannula (26 ga;
Plastics One Inc.) was implanted to allow local infusion of TTX (1 �M, 0.5
�l) or Dulbecco’s PBS (dPBS) (0.5 �l). All infusions occurred through a
microinfusion injector (Plastics One) extending 2 mm ventral from the
guide cannula, and connected to a 5 �l glass syringe (Hamilton Com-
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pany, model 88011). The speed of TTX admin-
istration was controlled with a BAS syringe
pump (Bioanalytical Systems Inc, model MD-
1001) to allow slow infusions over a minute
time period. Given that infusion of dPBS did
not affect population activity in either control
group, the data from the untreated control and
the dPBS groups (for both control and stress
rats) were combined.

Survival surgery and locomotor response to
psychostimulants. Survival surgery procedures
were conducted in a semi-sterile environment
as described previously (Lodge and Grace,
2007) with some modifications. Animals were
anesthetized by injection of sodium pentobar-
bital (Nembutal; 50 mg/kg, i.p.) and placed in a
stereotaxic apparatus equipped with blunt
atraumatic ear bars. Guide cannulae (22 ga;
Plastics One Inc.; AP, �6; ML, �5.3; DV,
�5.5) with a cylindrical plastic pedestal
molded around a 5 mm stainless steel tubing
were implanted bilaterally in the vHPC and af-
fixed in place with dental cement and four an-
chor screws (Fine Science Tools). Once the
cement solidified, the wound was sutured and
the rats were removed from the stereotaxic
frame and placed on a thermal heating pad in a
clean cage. Rats were administered antibiotics
(3 mg/kg gentamicin, s.c.) and postoperative
analgesia (1 mg/kg ketoprofen, i.m., and 5%
v/w Children’s Tylenol syrup added to rat
chow). Following recovery from anesthesia, all
rats were transferred to a reverse light/dark cy-
cle facility (lights on 7:00 P.M.–7:00 A.M.)
where they were housed for 	15 d before be-
havioral testing, with tests performed during
the active part of the diurnal cycle. On the day
of the experiment, clusters of four rats segre-
gated into groups of two were randomly as-
signed to the control or AR group, in which the
two AR rats received 2 h restraint stress in a
room with dark or red light on. To maintain
consistency with the timing of the electrophysio-
logical recordings, both AR and control rats were housed in the same room
for another 2 h. This post-restraint interval was found to yield the most
reliable and consistent results with respect to measuring the effect of restraint
stress on the activity of DA neurons. Rats were then transported to a different
room for behavioral testing; TTX (1 �M, 0.5 �l) was infused bilaterally in the
vHPCs of one rat in each group (one AR, one control) whereas the other two
rats were infused with 0.5 �l of dPBS. Following infusion, the four rats were
placed in four separate open-field arenas (Coulbourn Instruments), and
locomotor activity in the x-y plane was assessed by measuring beam breaks
(TruScan Software; Coulbourn Instruments). First, 30 min of sponta-
neous locomotion was recorded; all four rats were then injected in-
traperitoneally with 1.5 mg/kg D-amphetamine, and drug-induced
locomotor behavior was recorded for the following 120 min.

Histology. At the cessation of each experimental procedure, all rats
were deeply anesthetized with an overdose of chloral hydrate or Nembu-
tal. For electrophysiological recordings, recording sites were marked via
electrophoretic ejection of Pontamine sky blue dye from the tip of the
recording electrodes (	�20 �A constant current, for 20 –30 min; bipo-
lar constant current source; Fintronics Inc.).

Rat brains were removed and placed in 8% w/v paraformaldehyde in
PBS for a minimum of 48 h; brains were then cryoprotected with 25%
w/v sucrose in PBS until saturated and were then sectioned into 60 �m
coronal sections with reference to a stereotaxic atlas (Paxinos and Wat-
son, 1998). Brain slices were then mounted onto gelatin chrome-alum-
coated slides, and stained with cresyl violet for histochemical verification
of electrode and/or cannula sites.

Data analysis and statistics. The electrophysiological activity of VTA
DA neurons was analyzed off-line using Neuroscope. All statistics were
performed on raw data using SigmaStat 3.1 (Systat Software Inc.). In
electrophysiology experiments, the response to footshock was evaluated
in terms of changes in FR, and a change of 2 SDs was used as the criterion
for distinguishing responsive from nonresponsive DA neurons. To study
changes in population activity, rats were defined as “DA activated” if the
value of VTA DA neuron population activity was significantly greater
[i.e., lay above the 95% confidence interval (CI)] compared with mean
population activity recorded in control rats; the range of CI values ob-
tained from controls was 0.9 –1.2 cells/track. The effects of acute stress
were analyzed using one-way ANOVA or Kruskal–Wallis one-way
ANOVA on ranks; the effects of repeated stress were analyzed using
one-way ANOVA with repeated measures (RM). A two-way ANOVA
was used to analyze multiple comparisons in behavioral studies, with
manipulation (controls vs stress) as the between-subjects factor and
treatment as the within-subjects factor.

All data are reported as mean 
 SEM.

Results
Footshock evokes both inhibitory and excitatory responses in
VTA DA neurons
Microdialysis studies show that repeated footshock induces a
prominent and time-locked DA increase in postsynaptic targets
(Saulskaya and Marsden, 1995). By using a similar protocol, the
response of VTA DA neurons to single and repeated noxious

Figure 1. Repeated noxious stimuli induced both inhibition and excitation of VTA DA neurons. A, Effects of footshock on
identified DA neuron activity. A1, Approximately 45% of DA neurons tested responded to footshock, and displayed either inhibition
(bottom of first bar, black) or excitation (top of first bar, vertical lines). A2, A3, Neurons located in the medial portion of the VTA (A2)
were predominantly inhibited whereas DA neurons located in the lateral portions of the VTA (A3) more often showed excitation.
B1, Footshock produced an inhibition in firing of this representative neuron; footshock is delivered at t � 0 and the duration of the
stimulus indicated by the horizontal line. B2, Average change in FR of footshock-inhibited neurons; each point represents the
average (average) response of all neurons recorded, and is repeated during all 10 footshocks. The magnitude of the response was
uniform across each footshock; dashed horizontal line represents average mean change in FR. B3, Individual neurons showed
variable amplitudes of inhibition to footshocks. In this plot different symbols are used for each neuron recorded (x-axis), and within
the same neuron each data point represents a response (expressed as �Hz) to a given footshock; note that not all of the 10
footshocks evoked a response. Horizontal lines indicate the average response for each neuron. As can be observed, although
individual neurons showed marked differences in amplitude of response, within a given neuron the responses were more tightly
clustered in amplitude. C, Same as B, but for neurons that were excited by footshock.
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stimuli was examined in anesthetized rats. A single footshock
evoked a response in 44.8% of the neurons examined (13 of 29),
with 31% of the neurons inhibited and 13.8% excited (Fig. 1A1).
Neurons located in the medial VTA exhibited predominantly
inhibition during footshock, in that 38% of the neurons tested (8
of 21) were inhibited and only 4.8% excited (1 of 21) (Fig. 1A2).
In contrast, neurons located in the lateral VTA exhibited an op-
posite response, with 37.5% (3 of 8) of neurons excited while only
12.5% (1 of 8) were inhibited (Fig. 1A3). There was no significant
difference in the baseline proprieties of the responsive versus
nonresponsive DA neurons, both in terms of firing rate (one-way
ANOVA, p � 0.425), percentage burst firing (Kruskal–Wallis
one-way ANOVA, p � 0.431) or spike train ISI (one-way
ANOVA, p � 0.364). Footshock-evoked inhibition displayed a
rapid onset and an average duration of 1.2 
 0.1 s (Fig. 1B1). The
evoked inhibition in firing rate averaged 85.1 
 4.0% from base-
line activity (% change range: 62.9 –100%) with a change in firing
rate (�FR) of �2.7 
 0.1 Hz (Fig. 1B2). During repetitive pre-
sentation of each footshock, none of the neurons responded to all
10 footshocks; inhibited neurons responded to footshocks 49.5 

6.1% of the time (range: 28.6% to 80%; n � 9 DA neurons). In
addition, three of nine neurons responded to the first three foot-
shocks only and then showed accommodation (Fig. 1B3). How-
ever, when the DA neuron responded, the response was
consistent in both direction and magnitude (one-way RM
ANOVA, p � 0.995). On the other hand, when comparing across
neurons the responses to footshock stimulation were quite vari-
able, with individual neurons exhibiting consistent inhibition
that varied significantly when compared between neurons (one-
way RM ANOVA, F(7,23) � 7.761, p � 0.001; Fig. 1B3).

The footshock-evoked excitation had a rapid onset but a lon-
ger duration compared with the inhibition, lasting 1.7 
 0.2 s

(n � 4 DA neurons; Fig. 1C1). Neurons excited by footshock
displayed a uniform magnitude of response during each foot-
shocks, with 110.1 
 12% increase in firing rate (%change range:
63.2–191%; one-way RM ANOVA, F(3,11) � 1.137, p � 0.413) and a
�FR of 4.5 
 0.6 Hz (Fig. 1C2). Excited neurons responded to foot-
shock 63.7 
 5.5% of the time, but none of the neurons tested
showed accommodation. Moreover, as observed with inhibited neu-
rons, footshock induced different amplitudes of excitation in different
neurons (one-way RM ANOVA, F(6,14) � 6.799, p � 0.05; Fig. 1C3).

Repeated footshock stimulation selectively activates medial
VTA DA neurons in a time-limited manner
After testing footshock stimulation on single neurons, the num-
ber of spontaneously active DA neurons encountered in each
track (population activity) was assessed by using two patterns of
tracks (Fig. 2). Rats were randomly divided into two groups: one
group was recorded beginning with medial tracks first (ML) and
the second group was recorded beginning with lateral tracks (LM;
see Materials and Methods). No difference in population activity
was observed between the two groups in control rats; thus, data
were combined. Population activity averaged 1.1 
 0.1 DA neu-
rons/track, with the neurons exhibiting an average firing rate of
3.7 
 0.2 Hz and average percentage of burst firing of 21.1 

2.5% (n � 8 rats, n � 68 DA neurons), which was consistent with
previous studies (Lodge and Grace, 2007; Valenti and Grace,
2010). In contrast, rats that received footshock were discrimi-

Figure 2. Repeated footshock (Fsk) stimulation causes a selective increase in population
activity of medial VTA DA neurons. A, Distribution of DA neuron population activity (number of
spontaneously active DA neurons encountered per electrode track) for control (CTRL) rats (open
circles), and group ML (black squares, DA activated; gray circles, DA nonactivated) and LM
(triangles) of rats receiving footshock (each symbol represents the response in a single rat). B,
The ML group of rats was segregated into two groups: those rats showing a significant increase
in population activity (ML�; black bar) and those that were DA nonactivated (ML�; gray bar).
Recordings made in LM (horizontal line bar) rats did not reveal differences in population activity
compared to control (white bar). C, When the regions are analyzed separately, a significant
increase in population activity is observed in the medial (M), but not in the central (C) or lateral
(L) VTA. D, The increase in population activity was also limited in duration, in that significant
differences were only observed within 90 min following delivery of the footshock. Significant
difference between Fsk rats and CTRL (one-way RM ANOVA); for all values, *p � 0.001.

Figure 3. Restraint stress potently activates VTA DA neurons. A1, A2, AR induced a pro-
nounced increase in the average population activity (A1) and in the average percentage burst
firing (A2) of the VTA DA neurons recorded. B1, Distribution of population activity observed in
control (CTRL; open circles) versus ReptR; DA-activated rat data are shown in black; DA-
nonactivated data are shown in gray (each symbol represents the response in a single rat). B2,
ReptR induced a twofold increase in population activity in DA-activated rats, but not in the
non-DA-activated group. C, Effect of CombR (repeated plus acute) on VTA DA neuron population
activity. Color code: white, controls; black, DA activated following restraint; gray, DA nonacti-
vated. *Significant difference between CTRL and restraint rats; †significant difference in re-
peated restraint in DA-activated vs -nonactivated rats. Population activity, CTRL vs AR: one-way
ANOVA, p � 0.001; CTRL vs ReptR: one-way RM ANOVA, p � 0.001; CTRL vs CombR: one-way
RM ANOVA, p � 0.001. Avg %B firing, CTRL vs AR: one-way ANOVA, p � 0.043.
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nated into DA activated and DA nonacti-
vated on the basis of a CI value (see
Materials and Methods). Repeated foot-
shock induced a significant increase in
population activity in 11 of the 17 rats of
the ML group (ML: 1.8 
 0.1, n � 11 rats,
n � 169 DA neurons; one-way RM
ANOVA F(10,20) � 15.125, p � 0.001; Fig.
2A,B), while the remaining six ML rats
exhibited no change in population activity
(one-way RM ANOVA, p � 0.789; Fig.
2B). However, footshock did not affect
population activity in any recordings
where the VTA was sampled starting with
the lateral neurons (one-way RM
ANOVA, p � 0.765; Fig. 2A,B). When the
effects of footshocks were compared on
the three medial tracks versus the three
central tracks and the three lateral tracks
(Fig. 2C), in all DA-activated ML rats re-
peated footshock increased the popula-
tion activity in the three medial tracks to
more than double the value of controls
(CTRL: 1.0 
 0.1, n � 7 rats; Footshock
(Fsk): 2.2 
 0.2, n � 11 rats; one-way RM
ANOVA, F(10,19) � 12.712, p � 0.001),
without significantly affecting population
activity of DA neurons in the three central
tracks (one-way RM ANOVA, p � 0.071),
or the lateral VTA (one-way RM ANOVA,
p � 0.799; Fig. 2C). Moreover, footshock
stimulation increased population activity
in a time-limited manner, with a signifi-
cant effect induced within the first 90 min
following delivery of the footshocks (CTRL0 –90�: 1.0 
 0.1, n � 6
rats, Fsk0 –90�: 2.2 
 0.2, n � 11 rats; one-way RM ANOVA,
F(10,18) � 13.477, p � 0.001; Fig. 2D), which then decayed to
control levels (one-way RM ANOVA, p � 0.311; Fig. 2D). How-
ever, footshock did not affect the average firing rate (one-way RM
ANOVA, p � 0.346) or the percentage burst firing (one-way RM
ANOVA, p � 0.103) in any of the groups examined. Given that in
the LM rats the medial tracks were recorded later than the 90 min
time point, it is not surprising that no significant change in the
medial tracks was found in this group.

Together, our data indicate that single DA neurons respond
consistently to repeated footshock in a manner similar to single
footshock, and are mostly inhibited. In contrast, repeated foot-
shock increased DA neuron population activity and, consistent
with microdialysis reports (Abercrombie et al., 1989; Kalivas and
Duffy, 1995), this effect was more prominent in medially located
DA neurons (that project to ventromedial striatal regions) (Ike-
moto, 2007) and occurred only within the first 90 min following
stimulation (Saulskaya and Marsden, 1995).

Acute restraint stress potently activates VTA DA
neuron population
In addition to the noxious stimulus, the effects of a psychological
stressor on the activity of VTA DA neurons were examined by testing
the response to restraint administered both acutely and repetitively.

At the termination of AR, a robust and reliable increase in
VTA DA neuron population activity was observed (CTRL: 1.0 

0.1, n � 5 rats, n � 41 DA neurons; AR: 1.9 
 0.1, n � 11 rats, n �
180 DA neurons; one-way ANOVA, F(1,14) � 44.843, p � 0.001;

Fig. 3A1); thus, all rats were classified as DA activated. In contrast
to footshock, the restraint-induced increase in population activ-
ity was uniform independent of the relative location within the
VTA (medial: 1.8 
 0.2, central: 1.8 
 0.2, lateral: 1.8 
 0.3; n �
11 rats, one-way ANOVA, p � 0.995). In addition, the effect on
DA neuron population activity lasted longer than the effects in-
duced by footshock; i.e., for the entire duration of the experi-
ment (	4 –5 h). Acute restraint did not affect the average
firing rate (one-way ANOVA, p � 0.337); however, a signifi-
cant increase in the average percentage burst firing was ob-
served (CTRL: 24 
 3.4%, AR: 31.9 
 1.9%; one-way ANOVA
F(1,14) � 4.963, p � 0.043; Fig. 3A2).

Repeated and combined restraint stress significantly increase
VTA DA neuron population activity and burst firing
The effects of repeated restraint on VTA DA neuron activity
were examined 24 h after the final day of 10 consecutive days
of 1 h restraint. Similar to repeated footshock, at the cessation
of the stress paradigm rats were characterized as DA activated
(ReptR�) and DA nonactivated (ReptR�; Fig. 3B1,2). Repeated
restraint stress induced a significant increase in DA neuron pop-
ulation activity in only 56% (10 of 18) of the rats tested (CTRL:
1.0 
 0.1, n � 6 rats, n � 54 DA neurons; ReptR�: 2.0 
 0.1, n �
10 rats, n � 176 DA neurons; ReptR�: 0.9 
 0.1, n � 63 DA
neurons; one-way RM ANOVA, F(9,12) � 49.621, p � 0.001; Fig.
3B1,2). Similar to that observed with acute restraint, the repeated
restraint-induced increase in population activity occurred inde-
pendent of the DA neuron location within the VTA and was
stable throughout the experimental recording time (medial:
2.2 
 0.2, central: 2.1 
 0.3, lateral: 1.7 
 0.3; n � 10 rats;

Figure 4. Acute restraint stress induced a selective increase in c-fos expression in the medial PFC and vHPC. A, Acute restraint
causes a significant increase in c-fos expression in the vHPC, shown as an increase in c-fos staining (black dots). A1, Schematic of a
coronal slice illustrating the region under study; A2, c-fos expression in controls; A3, c-fos expression following acute restraint
stress. B, Acute restraint fails to activate c-fos in the dHPC. C, Acute restraint causes a substantial activation of c-fos expression also
in the medial PFC (mPFC).
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one-way RM ANOVA, p � 0.382). Moreover, no change was
observed in either the average firing rate (one-way RM ANOVA,
p � 0.644) or the average percentage burst firing (one-way RM
ANOVA, p � 0.142) across all rats exposed to repeated restraint.

Given that both repeated and acute restraint altered DA neu-
ron population activity, we examined whether the exposure to
repeated restraint altered the DA neuron population response to
subsequent acute restraint. Thus, a subset of rats was exposed to
the combined restraint stress procedure (i.e., repeated followed
by acute restraint; see Materials and Methods). According to the
defined criteria, 11 of 13 rats tested were DA activated, and the
magnitude of increase in population activity was comparable to
the two other restraint paradigms (CTRL: 1 
 0.1, n � 6 rats, n � 54
DA neurons; CombR�: 1.9 
 0.1, n � 11 rats, n � 160 DA neurons;
CombR�: 1.2, n � 2 rats, n � 18 DA neurons; one-way RM
ANOVA, F(10,6) � 40.520, p � 0.001; Fig. 3C1,2). In addition, com-
bined restraint increased population activity uniformly across the
medial-lateral extent of the VTA (medial: 1.9 
 0.2, central: 1.9 

0.2, lateral: 1.8 
 0.3; n � 11 rats; one-way RM ANOVA, p � 0.865)
and did not alter the average firing rate (one-way RM ANOVA,
p � 0.713) or the average percentage burst firing (one-way RM
ANOVA, p � 0.290).

Acute restraint induced a significant increase in c-fos
activation in the vHPC
Together, these data suggest that both noxious and psychological
stressors induce a pronounced activation of VTA DA neurons
manifested as an increase in VTA DA neuron population activity
and, with respect to restraint, an increase in burst firing. Our
previous work showed that population activity is selectively reg-
ulated by the vHPC (Floresco et al., 2001). Therefore, we tested
whether the stress-induced increase in population activity was
associated with hyperactivity within the vHPC. Exposure to 1 h
restraint stress induced a prominent increase in c-fos expression

in the vHPC (control � 5 rats, restraint �
5 rats; Fig. 4A) but did not alter c-fos levels
in the dorsal HPC (Fig. 4B). In addition,
an increase in c-fos expression was ob-
served in the medial PFC (Fig. 4C), a re-
gion known to be involved in modulating
stress responsivity (Rosenkranz et al.,
2003) and that receives potent input from
the vHPC (Jay and Witter, 1991).

Local infusion of TTX into the vHPC
reversed the effects of noxious stimuli
on VTA DA neuron activity
Given the histochemical evidence for
vHPC activation, we examined whether
the vHPC was necessary for the stress-
induced increase in DA neuron popula-
tion activity. The vHPC was inactivated by
local infusion of TTX (Fig. 5A) (Lodge
and Grace, 2008) both prior or following
delivery of footshocks, and the response of
VTA DA neurons examined. Infusion of
TTX did not alter in any way the effect of
footshocks on identified DA neurons
(data not shown).

When infused into the vHPC of sham
rats, TTX did not affect the number of
spontaneously active DA neurons (TTX:
0.9 
 0.1; n � 4 rats, n � 31 DA neurons;

one-way ANOVA, p � 0.322), average firing rate (TTX: 3.1 
 0.7
Hz; Kruskal–Wallis one-way ANOVA on Ranks, p � 0.461) or
average percentage burst firing (TTX: 29.4 
 2.5%; one-way
ANOVA, p � 0.067) compared with controls, which is consistent
with previous observations (Lodge and Grace, 2007). In contrast,
following 10 repeated footshock stimulations, local administra-
tion of TTX into the vHPC both prevented (when administered
before footshocks, n � 6 rats) or reversed (when administered
following footshocks, n � 3 rats) the footshock-induced in-
crease in population activity of ML rats, thus data were com-
bined (ML: 1.8 
 0.1, n � 11 rats, n � 169 DA neurons; ML �
TTX: 1.1 
 0.05, n � 9 rats, n � 71 DA neurons; one-way RM
ANOVA, F(10,8) � 34.696, p � 0.001; Fig. 6 A). Specifically,
inactivation of vHPC prevented the increase in population
activity of DA neurons located in the medial VTA of the ML
group (ML: 2.2 
 0.2, ML � TTX: 1.0 
 0.1; one-way RM
ANOVA, F(10,8) � 22.533, p � 0.001; Fig. 6 B) as well as within
the first 90 min following footshock (ML: 2.2 
 0.2, ML �
TTX: 1.0 
 0.1; one-way RM ANOVA, F(10,8) � 29.186, p �
0.001; Fig. 6C).

Inactivation of the vHPC reversed the effects of restraint
stress on VTA DA neuron activity
The effect of vHPC inactivation on the restraint-induced increase
in VTA DA neuron population activity was also examined. TTX
was infused locally into the vHPC immediately before initiation
of single-unit recordings. In rats exposed to acute restraint stress,
TTX infusion into the vHPC reversed the stress-induced increase
in population activity (AR: 1.9 
 0.1, n � 11 rats, n � 180 DA
neurons; AR � TTX: 1.0 
 0.1, n � 8 rats, n � 71 DA neurons;
one-way ANOVA, F(1,17) � 53.538, p � 0.001; Fig. 7A). However,
infusion of TTX into the vHPC failed to reverse the acute
restraint-induced increase in percentage burst firing (one-way
RM ANOVA, p � 0.938; Fig. 7B).

Figure 5. Location of cannulae placements for vHPC inactivation in electrophysiology and behavioral experiments. A, Repre-
sentative localization of cannulae placements (filled dots) in rat vHPC coronal sections for local infusion of 1 �M TTX (0.5 �l)
(electrophysiology experiments). B, Arrows indicate location of bilateral cannula placements for TTX infusion in representative
behavioral experiment in the left and right vHPC, respectively.
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Similarly, inactivation of the vHPC also reversed the increase in
DA neuron population activity occurring following repeated re-
straint stress (ReptR: 2.0 
 0.1, n � 10 rats, n � 176 DA neurons;
ReptR � TTX: 0.9 
 0.1, n � 9 rats, n � 63 DA neurons; one-way
RM ANOVA, F(9,8) � 67.424, p � 0.001; Fig. 7C) and the increased
population activity observed following combined restraint (CombR:
1.9 
 0.1, n � 11 rats, n � 160 DA neurons; CombR � TTX: 0.9 

0.1, n � 8 rats, n � 57 DA neurons; one-way RM ANOVA, F(12,7) �
29.107, p � 0.001; Fig. 7D). As expected (Lodge and Grace, 2007),
infusion of TTX into the vHPC of sham rats did not change any of
the DA neuron proprieties compared with matched CTRL (popula-
tion activity, Kruskal–Wallis one-way ANOVA on Ranks, p � 0.423;
Avg FR, one-way ANOVA, p � 0.549; Avg %B Firing, one-way
ANOVA, p � 0.082).

Restraint stress potentiates amphetamine-induced locomotor
activation in a vHPC-dependent manner
Stress is known to cross-sensitize with amphetamine, in that re-
straint stress will increase the locomotor response to acute am-

phetamine injection (Antelman et al., 1980; Pacchioni et al.,
2007). Furthermore, we have found that the level of DA neuron
population activity correlates with the behavioral responses to
amphetamine (Lodge and Grace, 2007, 2008). Given that stres-
sors also cause a prominent increase in DA neuron population
activity, we examined whether this increase was associated with
an increased behavioral response to the drug. In rats that had
undergone 2 h of restraint, the distance traveled in an open field
was altered (trend toward less activity) from that observed in
control rats; thus, all data are expressed as percentage change
from predrug baseline (Fig. 8). Following administration of 1.5
mg/kg amphetamine, rats that had been previously exposed to
restraint displayed significantly higher levels of locomotion com-
pared with rats infused with dPBS, which corresponded to a 24.3%
higher level of locomotor activity over baseline (CTRL: 1362.1 

188.4 cm, n�13 rats; AR: 1799.8
128.6 cm,n�15 rats; peak: 40 min
from amphetamine administration; two-way ANOVA, F(1,1,836) �
18.984, p � 0.001; Fig. 8A). Furthermore, inactivation of the
vHPC by bilateral infusion of TTX (Fig. 5B) resulted in a signif-
icant decrease in amphetamine-induced locomotion in restraint
rats (AR � TTX: 1618.6 
 157.6 cm, n � 12 rats; two-way
ANOVA, F(1,1,806) � 8.246, p � 0.004; Fig. 8B) but not in controls
(two-way ANOVA, p � 1.0; Fig. 8C). In particular, following inac-
tivation of the vHPC, the amount of locomotion produced by am-
phetamine was not significantly different in the restraint animals
compared with controls. Therefore, following acute restraint, the
ability of restraint stress to potentiate amphetamine-induced loco-
motor behavior was attenuated by inactivation of the vHPC.

Discussion
The data presented here provide the first physiological explana-
tion regarding how stressful stimuli can increase neurochemical in-
dices of mesolimbic DA activity. We found that, although single
footshocks tend to transiently inhibit DA neuron firing, repeated
stimuli similar to those that induce increases in DA in the NAc cause

Figure 6. The vHPC is required for the footshock-induced increase in VTA DA neuron popu-
lation activity. A–C, Local infusion of TTX into the vHPC either prevented or reversed (see Re-
sults) the footshock-induced increase in DA neuron population activity (A) that predominantly
occurred in the medial VTA (B) and within the first 90 min following repeated footshocks (C).
Color code for bar diagram and symbols: white, controls; gray, control � TTX; black, footshock;
grid, footshock � TTX. Significant difference between footshock (group ML, DA activated only)
and CTRL (one-way RM ANOVA), *p � 0.001; significant difference between footshock (Fsk) ML
and Fsk ML � TTX (one-way RM ANOVA), †p � 0.001.

Figure 7. Inactivation of the vHPC reversed the restraint-induced increase in DA neuron
population activity. A, Population activity in control (CTRL) and AR rats; TTX administered into
the vHPC following restraint reversed the increase in population activity in the AR rats but did
not affect controls. B, In contrast, inactivation of the vHPC did not affect the AR-induced increase
in percentage burst firing. C, The effects of ReptR stress on DA neuron population activity and its
reversal by infusion of TTX into the vHPC. D, Effect of CombR stress on population activity and its
reversal by infusion of TTX. Color code for bar diagram and symbols: white, controls; gray,
control � TTX; black, footshock; grid, footshock � TTX. *Significant difference between re-
straint and CTRL; †significant difference between restraint and restraint�TTX; AR vs AR�TTX:
one-way ANOVA, p � 0.001; ReptR vs ReptR � TTX: one-way RM ANOVA, p � 0.001; CombR vs
CombR � TTX: one-way RM ANOVA, p � 0.001.
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a pronounced increase in DA neuron population activity in the ma-
jority of the rats tested. Moreover, this stress-induced increased in
population activity is driven by activation of the vHPC. Thus, re-
straint causes increased c-fos protein in the vHPC, whereas inactivation
of the vHPC reversed both the increase in DA neuron population activ-
ity and the stress-induced augmentation of amphetamine-induced in-
crease in locomotor activity, supporting a key role of vHPC in
modulating stress cross-sensitization with drugs of abuse.

The finding that stressors applied either during anesthesia
(i.e., footshock) or in the awake state (i.e., restraint) have similar
effects on DA neuron population activity suggest that a conscious
state is not required for activation of the vHPC-VTA circuit.
Moreover, the change in DA neuron population activity to foot-
shock in the anesthetized rat parallels both the time course and
regional specificity of the neurochemical response of the DA sys-
tem measured in awake animals. However, whether the long-
term activation that occurs with restraint is partly due to the fact
that this stressor is applied during the conscious state is unclear. We
have shown previously that conditioned responses in the amygdala
are more robust when the conditioning occurs in the conscious state
(Rosenkranz et al., 2003), suggesting that stimuli may have a more
robust impact when cognitive processes are intact.

Although the DA system has long been known to play a role in
reward and novelty, its function in responding to aversive events
has been unclear. Thus, recordings of the activity of single DA
neurons to transient noxious stimuli have revealed a predomi-
nantly inhibitory response (Bunney et al., 1973; Grace and Bun-
ney, 1979; Schultz and Romo, 1987; Brischoux et al., 2009), and
excitation in a few cases (Ungless et al., 2004). This increase in DA
neuron population activity is consistent with microdialysis stud-
ies that demonstrated a significant increase in DA levels in post-
synaptic targets of DA neurons following presentation of aversive
stimuli. Moreover, the stimulus-induced increase in DA neuron
population activity produced time-limited effects that were also
regionally selective, in that only medial VTA DA neurons showed
increased population activity to footshock. This result correlates
with microdialysis reports that indicate a specific increase in DA
levels in NAc shell, but not in the core (Abercrombie et al., 1989;
Kalivas and Duffy, 1995). Moreover, the stress-induced increase
in population activity arose immediately after cessation of foot-
shock and lasted for 	 90 min, which is consistent with the time-
limited increase in NAc shell DA levels observed in microdialysis
studies (Saulskaya and Marsden, 1995).

In contrast to responses to noxious stimuli, more complex psy-
chological stressors such as restraint induce prolonged changes in
DA system responsivity. Thus, studies show that 2 h of restraint
stress increase the behavioral response to amphetamine for 24 h
following the exposure (Pacchioni et al., 2007). Therefore, we exam-
ined how 2 h of restraint affected DA neuron population activity. In
contrast to footshock, the restraint stress-induced increase in DA
neuron population activity was both sustained and was uniform
across the medial-lateral extent of the VTA. Interestingly, while
acute restraint consistently increased DA neuron population ac-
tivity across all animals tested, if the restraint was repeated across
10 d the rats, as with repeated footshock, fell into two groups: a
DA-activated and a DA-nonactivated group. The reason for this
difference in response is not clear, but may be due to individual
differences in the ability of animals to accommodate to repeated
stressful events (Bhatnagar et al., 2004). Another difference with
restraint stress is the increase in burst firing observed with acute
stress. This is consistent with previous reports showing that re-
straint stress in awake behaving animals also led to increased
burst firing in DA neurons (Anstrom and Woodward, 2005).
While the origin of burst firing following restraint is not clear, it
appears to be mediated via a different pathway than that mediat-
ing the increase in population activity, since inactivation of the
vHPC reversed restraint stress-induced increases in DA neuron
population activity without affecting burst firing. This is also
consistent with our studies showing that population activity and
burst firing are mediated by distinct afferent systems (Floresco et
al., 2003; Lodge and Grace, 2006b).

Previous studies from our laboratory showed that DA neuron
population activity is regulated by the vHPC, via a vHPC-NAc-
ventral pallidum-VTA pathway (Floresco et al., 2001). Modula-
tion of DA neuron population activity has been proposed to
determine the “gain” of the DA system (Lodge and Grace, 2006b),
in that phasic DA neuron burst firing will only occur in DA
neurons that are already firing spontaneously (Floresco et al.,
2001). Thus, an increase in the number of DA neurons firing will
increase the amplitude of response to phasic events (Lodge and
Grace, 2006a). This model is also consistent with the role of the
vHPC in context-dependency, in that the responsivity of the DA
system should be functionally related to the demands of the con-
text (Grace et al., 2007). Stress is a context-dependent process, in
that the response of an animal to an acute stressor is dependent

Figure 8. Inactivation of the vHPC reverses the acute restraint-induced potentiation of
amphetamine-induced locomotion. A, Time course of amphetamine-induced increase in loco-
motor activity, comparing AR (black squares) and control (CTRL; open circles). In acute restraint
animals, administration of 1.5 mg/kg amphetamine caused a substantially greater increase in
locomotor activity compared with nonstressed controls. B, Infusion of TTX into the vHPC re-
versed the stress-induced augmentation of amphetamine-induced locomotion in the AR rats
(triangles, AR followed by infusion of TTX). C, Inactivation of the vHPC did not affect the loco-
motor response to amphetamine in control rats (open triangles; CTRL � TTX). Significant dif-
ference between CTRL � dPBS and AR � dPBS (two-way ANOVA), *p � 0.001; significant
difference between AR � dPBS and AR � TTX (two-way ANOVA), †p � 0.004.
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on the context (Bouton and Bolles, 1979; Bouton and King,
1983). Indeed, we have shown that amphetamine sensitization,
which is also context-dependent (Vezina et al., 1989; Crombag et
al., 2000), is also attenuated by inactivation of the vHPC (Lodge
and Grace, 2007). Similarly, we showed here that stress-induced
increases in DA neuron population activity depend on the vHPC.
Thus, restraint stress increases c-fos protein in the vHPC, and
inactivation of the vHPC prevents or reverses the increase in DA
neuron population activity in response to repeated footshock and
restraint stress, as well as attenuating the restraint stress-induced
augmentation of the behavioral response to amphetamine. This
latter finding is consistent with the reported cross-sensitization
that occurs with stress and amphetamine (Antelman et al., 1980;
Pacchioni et al., 2007).

The dependence of stress-induced amphetamine sensitization
on the vHPC is also consistent with studies showing that stress
(Shaham and Stewart, 1995) and the vHPC (Vorel et al., 2001)
play key roles in mediating relapse to drug-seeking behavior, and
the vHPC modulates the amplitude of the behavioral response to
psychostimulants (Taepavarapruk and Phillips, 2003; White et
al., 2006). Studies show that the vHPC has a central role in or-
chestrating the response to stress via a regulation of the
hypothalamic-pituitary adrenal axis (Herman et al., 1995; Coo-
per et al., 2006). Stress has also been shown to be a risk factor in
the onset and exacerbation of psychosis. Interestingly, in a devel-
opmental disruption animal model of schizophrenia, the hyper-
responsivity to amphetamine was also found to be dependent on
hyperactivity within the vHPC (Lodge and Grace, 2008).

In conclusion, our data are suggestive of a hyperdopaminergic
condition associated with stress (either acute or repeated) which
we propose is driven by hyperactivity within the vHPC. The
mechanism underlying this hyperactivity is not clear, but we have
found in preliminary studies that the vHPC is potently excited by
stimulation of sites with known involvement in stress, such as the
locus ceruleus and the basolateral amygdala (Lipski and Grace,
2008). Indeed, the response of vHPC neurons to footshock was
found to correlate with their response to locus ceruleus stimula-
tion (Lipski and Grace, 2009). Therefore, the vHPC appears to be
a critical link between context-dependent sensitization of the DA
system, stress-induced potentiation of amphetamine responsiv-
ity, and the increase in DA levels associated with both repeated
noxious or acute psychological stressors. Whether the vHPC is
the primary drive of the stress responsivity or more of an enabling
system is unclear from the present studies. Nonetheless, the
vHPC role in context suggests that this system is not mediating
the stress response, but is instead biasing the DA system into a
high or low responsive state depending on prior experience
within a given context. As such, the VTA would be in a state to
show high levels of responsivity to inputs signaling an encounter
with a behaviorally salient stimulus (either threatening or re-
warding) within this context. The finding that there is an increase
in VTA activity for both reward-related events (Lodge and Grace,
2008) and maintained stressors is consistent with a role for VTA-
accumbens activation as a means to control vigilance and reactivity
depending on the conditions of the environment. Moreover, the
finding that stress, drug abuse (Lodge and Grace, 2008), and models
of schizophrenia (Lodge and Grace, 2007) all exhibit similar vHPC-
dependent potentiation of VTA neuron responsivity could pro-
vide an explanation for the common role of stress in the
exacerbation and relapse in several psychiatric disorders, and
therefore may be an effective therapeutic target in the treatment
of these disorders.
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