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Abstract

Previous behavioral and acute electrophysiological data have lead researchers to speculate that the nucleus accumbens
integrates limbic, reward and motor information [5,12,22,31]. The present study examined the behavioral correlates to single unit
activity of the nucleus accumbens and surrounding ventral striatum as a means of evaluating the integrative functioning of this
region in an awake animal. Medial ventral striatum (mVS) activity was recorded as rats completed multiple trials on an eight arm
radial maze. Neuronal activity was found to correlate with spatial, reward- and movement-related behavioral conditions. While
the majority of cells demonstrated correlates of a single type (i.e. either spatial or reward correlates), 6 cells encoded multiple
correlates of different types (i.e. spatial and reward correlates). The data suggests that this integrative process can be active both
at the level of the individual neuron, and at the structural level. These results are consistent with the hypothesis that the mVS
integrates spatial and reward-related information, which in turn influences voluntary motor output structures in order to achieve

accurate navigational behavior.
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1. Introduction

It is generally agreed that the hippocampus is an
essential structure for normal spatial learning. Many
hippocampal neurons preferentially fire when an ani-
mal is at a particular spatial location in its environment
[25,34,37,38,40,41]. Also, hippocampal lesions produce
selective spatial learning deficits [33,42,52]. Therefore
the hippocampus may contribute knowledge concern-
ing the spatial context of a situation [39]. The mecha-
nism by which newly formed associations in the hip-
pocampus guide subsequent behavioral output, how-
ever, remains to be determined. One possibility is that
the hippocampus affects motor output via the medial
ventral striatum, in particular the nucleus accumbens.
Indeed, based primarily on neuroanatomical data and
electrophysiological results from anesthetized animals,
many have postulated that the accumbens somehow
integrates limbic information with motor systems driven
by the ventral pallidum [5,12,22,31]. The accumbens is
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also known to be involved in reinforcement aspects of
behavior [8,19,27,61]. Therefore, the present experi-
ment evaluated the hypothesis that the medial ventral
striatum serves to integrate spatial- and reward-related
information which in turn can affect the voluntary
motor output system of the ventral pallidum to achieve
accurate navigational behavior.

Although most of the behavioral literature concern-
ing the ventral striatal area involves the nucleus accum-
bens (ACC), more recent neuroanatomical evidence
suggests that this structure might not be as discretely
defined as was once thought. Neurons surrounding the
ACC, primarily in the olfactory tubercle, demonstrate
similar morphologic and striated characteristics that
define the ACC [15]. Therefore Heimer and colleagues
proposed that these two structures be collectively re-
ferred to as the ventral striatum (VS). Subsequent
electrophysiological studies have adopted this termi-
nology, and shown that behavioral correlates to neu-
ronal firing are evenly distributed throughout the me-
dial ventral striatum (mVS) [49].

The mVS is known to play a role in some types of
spatial information processing. Ibotenic acid lesions of
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the nucleus ACC cause impairments on a spatial dis-
crimination and reversal learning task, as well as on
spatial versions of the Morris water maze task [1].
Additional evidence suggests that, similar to hippocam-
pus, the ACC is selectively involved in the acquisition
of spatial information. For example, c-fos expression in
ACC is associated with the acquisition of conditioned
place preferences, and not subsequent activation of the
learned response [6].

Given the role of hippocampus in spatial learning,
afferent projections from the subiculum or entorhinal
cortex of the hippocampus [3,13,20,50,53,56,57,62]
might provide spatial information to the mVS. Ventral
tegmental area (VTA) derived dopamine activity in the
mVS [45,47] appears to modulate incoming hippocam-
pal information since iontophoretic application of
dopamine in the ACC attenuates subicular stimulation-
induced activation of ACC neurons [63]. The modula-
tory effects of dopamine appear to depend on the
frequency of fornix (which carry subicular afferents to
ACCQC) stimulation: dopamine enhanced ACC responses
to high frequency inputs, while inhibition of ACC
responses was observed following low frequency stimu-
lation [44]. It was postulated that dopaminergic influ-
ences on ACC excitability is determined by the “rela-
tive weight of the excitatory and inhibitory compo-
nents” that define specific environmental events. Simi-
lar to observations of hippocampal-ACC system func-
tion, dopamine appears to modulate information from
the amygdala to the ACC. Dopamine application or
VTA stimulation attenuated the excitatory response of
ACC neurons to amygdala stimulation [65]. Numerous
neuroanatomical studies show that there is significant
overlap of terminals from the basolateral nucleus of
the amygdala (BLA) and hippocampus within the me-
dial portion of the ACC [13,20,21,23]. Therefore, the
ACC is strategically located to integrate amygdaloid
and hippocampal information.

While the hippocampus may provide spatial infor-
mation to the ACC, the amygdala may supply the ACC
with information concerning stimulus-reward associa-
tions. Cador and colleagues [7] demonstrated that le-
sions of the BLA reduced responding to a conditioned
reinforcer, and that appropriate responding according
to these stimulus—reward associations was dependent
upon the presence of dopamine in the ventral striatum.
A role for the amygdala in stimulus—reward associa-
tions was also suggested by Rolis [48] who demon-
strated that amygdala neurons selectively respond to
stimuli previously related to reward. Control studies
illustrated that these cells do not respond to the stimuli
or reward per se, but only to their paired association.

In addition to providing a center for limbic integra-
tion, the ACC may provide a mechanism by which such
information can guide subsequent navigational behav-
jor. The primary output for the ACC is the ventral

pallidum (VP) [14,64,66], which is known to be involved
with the activation of voluntary movements [15,54].
Jones and Mogenson [18] showed that dopaminergic
microinjections into the ACC cause increases in ambu-
latory locomotion, an effect which is attenuated by the
addition of GABA in the ventral posterior globus pal-
lidus. Further neurochemical data from these investi-
gators [17] showed that the ACC projection neurons
liberated GABA in the globus pallidus. Thus the
GABAergic projections from the ACC were implicated
in a mechanism for the initiation of locomotion.

Our working hypothesis regarding the role of the
nucleus accumbens in spatial navigation is that this
structure associates spatial contextual information
(from the HPC) with reward information (from the
BLA), to facilitate initiation of appropriate behavioral
output via the ventral pallidal system. The first step in
evaluating this hypothesis was to examine the nature of
information coded by neurons within the mVS. In
particular, mVS single unit activity was recorded while
rats performed a spatial maze task. Such activity was
correlated with spatial, reward and movement aspects
of behavior.

2. Materials and methods
2.1. Subjects and apparatus

Twelve male Fischer-344 rats (10-13-month-old retired breeders)
were individually housed in a controlled environment (70°C; 12 h
light /dark cycle) and maintained at 80% ad libitum body weights
during behavioral testing. An automated 8 arm radial maze [28] was
constructed of 8 black Plexiglas runways (58.0%5.5 ¢m) radiating
from a center platform (19.5 cm diameter) that was supported 79.0
cm off the ground. The maze was located in a 3X3.7 m room and
was surrounded by various pieces of furniture that could serve as
visual cues.

2.2. Behavioral training

Animals were trained to perform a spatial memory task according
to a partial forced choice procedure [30]. Alternate arms were
consistently baited with small and large rewards (1 and 3 drops
chocolate milk, respectively). Trials consisted of the random, sequen-
tial presentation of 4 different arms followed immediately by the
presentation of all 8 arms. The memory portion of the task entailed
entering only the arms not previously entered that trial. Thus, repeat
entries were considered errors. A trial ended when the rat selected
all 8 arms. Once the animal was able to perform 8 such trials within 1
h (with 2 min inter-trial intervals) for 7 consecutive days, recording
electrodes were surgically implanted into the striatum.

2.3. Electrode construction

The stereotrode and microdrive design were adopted from Mc-
Naughton and colleagues [24,26]. Two lacquer coated tungsten wires
were twisted together (25 wm tip diameter) and coated with Epoxylite
to serve as stereotrodes. Each stereotrode was then threaded through
30-gauge cannulae leaving at least 2 mm extending from the bottom.
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Two cannulae were mounted 1 mm apart on each microdrive. One
microdrive was implanted over each hemisphere. Prior to surgery the
stereotrode tips were cut at a 45° angle and gold plated to reduce
their impedance (70-200 k{2; tested at 1 kHz). Reference electrodes
were constructed from 114 pum teflon-coated stainless steel wire. A
ground lead (250 um insulated stainless steel wire) was soldered to a
jeweler’s screw. Amphenol pins were crimped onto the stripped ends
of all recording electrodes and ground wires.

2.4. Surgical procedure

Following 24 h of food and water deprivation, maze trained
subjects were anesthetized with sodium pentobarbital (40 mg/kg).
Animals were secured in a rat stereotaxic apparatus (David Kopf),
and electrodes were placed relative to bregma [43]. Burr holes were
drilled through the skull and two stereotrodes per hemisphere were
implanted above the mVS (AP: +1.0-3.2 mm; L: +0.8-1.8 mm;
D-V: —4.5-5.0 mm). A single reference electrode was placed in
corpus callosum, and a ground screw was anchored to the skull.
Amphenol pins were inserted into a plastic 9 pin connector [32] that
could later be connected to the recording equipment. Additionally,
several jewelers screws were secured into the skull. These provided
anchors for the dental acrylic, which was allowed to harden around
the base of the microdrive posts, onto the 9 pin holder, and over the
exposed skull. Animals were allowed 7-10 days recovery at which
time they began post-surgical maze training to the same criterion as
described above.

2.5. Cell recording

Animals were connected to the recording equipment via a 1X
pre-amplification headstage consisting of 5 high input impedance
FETs and a light emitting diode. Incoming signals were amplified
3-10,000 times, then filtered at 600 Hz (high pass) and 6 kHz (low
pass). The stereotrodes were lowered 20-200 um per day until
spontaneous unit activity was encountered. Electrophysiological and
behavioral data were collected and analyzed on a BrainWave Neuro-
science Workstation. Single units were isolated by comparing spike
characteristics (e.g. spike amplitude, duration, latency to voltage
maxima and minima) recorded from the X and Y electrodes. Cells
were initially classified on line as either tonic, low frequency phasic,
or high frequency phasic firing cells: tonic firing cells discharged
constantly, low frequency phasic cells demonstrated episodic bursting
with interspike intervals greater than 3 ms, and high frequency
phasic cells fired episodically with interspike intervals that did not
exceed 3 ms.

2.6. Behavioral monitoring

The animal’s position on the maze was recorded with the aid of
an automatic tracking system (Dragon Tracker) which monitored the
animal’s position on the maze via the light emitting diode mounted
on the headstage (sampling frequency 20 Hz, resolution 1.5-2.0 cm)
[28].

2.7. Histology

Once the electrodes had been lowered through the depth of the
mVS (—7.5-8.0 mm) in both hemispheres, rats were perfused with
0.9% saline then 10% formalin. Electrodes were retracted, then the
brains were removed and allowed to sink in 30% sucrose formalin
solution. Forty um thick frozen sections were sliced with a cryostat,
then stained with cresyl violet. Recording sites were histologically

verified by comparing depth measurements at the time of recording
with the electrode track reconstruction from serial sections of each
hemisphere.

2.8. Data analysis

Various analysis routines (courtesy of B.L.. McNaughton and C.A.
Barnes, or available from BrainWave) were utilized to analyze behav-
joral and unit data. The mean spike amplitude, duration and firing
rate over the entire recording session were calculated. Also, graphic
illustration of the spatial distribution of firing was shown by spot rate
diagrams (Fig. 4). In these diagrams, cell firing is presented relative
to position. The size of the circles is linearly related to the firing rate
of the cell. Dots represent positions occupied by the rat. The
direction of diode movement (presumably corresponding with the
direction faced by the animal) during cell discharge is shown by a
vector projecting from the center of the firing rate circle. This type of
visual representation was useful for identifying firing preferences for
a particular spatial location (place field), and also for noting direc-
tional firing on any or all arms.

To quantify location-related firing, the mean firing rates were
calculated across trials as the rat moved inward and outward on all 8
maze arms (16 values total) [25]. The highest rate was divided by the
mean of the other 15 rates to arrive at a place specificity score. This
score may underestimate actual place specificity because place fields
do not always cover the entire length of the maze arms. Also, it
should be noted that this calculation considers each direction of
movement on maze arms independently. Thus bidirectional place
fields are assigned a lower place specificity score than unidirectional
fields. Cells with place specificity scores greater than 2.0 were
preliminarily classified as having place fields. The reliability of cell
firing within these fields was then examined, and used to help
confirm spatial correlates (cells which fired less than 50% of the time
in the field were excluded). Additionally, spot rate diagrams for the
remaining candidate cells were inspected. Only those cells which
surpassed the threshold firing rate (30% of the maximum firing rate)
more than 3 times anywhere on the maze, were finally classified as
spatially correlated. This visual inspection eliminated low rate cells
which fired 1-3 super threshold burst(s) and consequently yielded
misleadingly high specificity and reliability scores. Place specificity
scores were used for classification purposes, and for comparison with
previously recorded hippocampal place cells.

A few mVS cells had spot rate diagrams which showed firing
rates on 3 or 4 non-adjacent arms that were twice as high as on the
remaining arms. For these cells, of the 16 location by direction rates
described above, those associated with elevated firing (by more than
100%) were averaged and then divided by the mean of the remaining
12-13 rates.

To evaluate firing rates relative to specific behavioral events,
behavior flags were inserted into the position datastream off-line.
These flags were used to indicate times at which the animal began
outward locomotion on a maze arm (outbound condition), reached
the arm end reward site (reward encounter), began to turn around at
the arm end (turn), and began inward locomotion on the arm
(inbound). Peri-event time histograms (PETHSs) were created to
indicate the mean firing rate 2.5 s before and after each behavior
flag (Fig. 5). For statistical reasons, these graphs were used only for
neurons with mean firing rates of at least 1.0 Hz. Mean firing rates
during each of the scored conditions (outbound, reward encounter,
turns, inbound) as well as during still (non-movement following
reward retrieval, just prior to turning) and center crossing (just prior
to outbound movement) conditions were extracted from the PETHs.
Firing rates during each behavioral condition was divided by the
mean still rate in order to normalized the data for comparison
between cells. Cells with behavioral condition/still ratios of 2.0 or
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Table 1
(A)

n Mean firing Amplitude Duration Specificity

rate (Hz) (uV) (us) score

Tonic 25 125(1.62) 107 (6.2) 272(10.9) 1.3(0.03)
Low freq. 74 1.5(0.16) 143 (6.2) 305 (5.6) 2.4(0.18)
phasic
High freq. 4 65(2.83) 197(41.6) 222(22.7) 1.8(0.22)
phasic
Total 103 44(0.63) 136 (5.2) 294 (5.3) 2.1(0.14)
(B)
Group n  Mean firing Amplitude Duration Specificity

rate (Hz) (uV) (us) score

Spatial 19 1.7(0.55) 138 (11.7) 300 (8.6) 2.5(0.28)
Reward 16 5.6(1.37) 154 (20.6) 300(11.8) 1.6(0.13)
Movement 22 6.0(2.12) 148 (9.8) 310(11.8) 1.7 (0.08)
Total 51 4.5(1.04) 143 (8.0) 304 (6.5) 2.0(0.13)

Summary of cell firing characteristics. Numbers represent mean
values (+S.E.M.). (A) The first table illustrates values when cells are
grouped as a function of firing pattern. (B) The second table com-
pares the same spike parameters when cells are grouped according
to behavioral correlate.

greater (representing 100% increase in firing) and less than 0.50
(representing a 50% decrease in firing) were considered to be
correlated with a particular behavior.

3. Results

All of the 103 cells analyzed were histologically
verified to have been recorded in the mVS (excluded
were cells with mean firing rates less than or equal to
0.1). Within this cell population, 25 cells displayed
tonic firing characteristics, 74 showed low frequency
phasic firing, and 4 demonstrated high frequency pha-
sic firing. Spike characteristics were compared between
cells grouped by firing pattern (tonic, low frequency
phasic or high frequency phasic) or by behavioral cor-
relate (spatial, reward or movement) using a one way
ANOVA. Mean firing rate, spike amplitude, duration
and mean place specificity were significantly different
between cells with different firing patterns (P < 0.01;
Table 1). Tonic and low frequency phasic cells ap-
peared evenly distributed throughout the recorded
area, but high frequency phasic cells were only recorded
from the ventral border of the ACC within the mVS.
This is consistent with acute recordings by Yim and
Mogenson [65].

Behaviorally correlated cells appeared to be uni-
formly dispersed throughout the mVS (Fig. 1). Three
distinct behavioral correlates were identified: place,
reward and movement. Spike characteristics were com-
pared between cells with behavioral correlates from
only one of these groups (e.g. cells demonstrating re-
ward correlates only). Mean rate, amplitude and dura-
tion were not significantly different (P > 0.1), while

Fig. 1. A schematic of behaviorally correlated recording sites within
the mVS. Shaded areas correspond to mVS areas. Open symbols
indicate behaviorally correlated cells: triangle = spatial correlate,
square = reward correlate, circle = movement correlate. Overlapping
symbols indicate single cells demonstrating behavioral correlates of
two different types (i.e. an overlapping triangle and square repre-
sents a cell with spatial and reward correlates). Non-correlated
neurons were evenly distributed throughout the recorded area and
are not represented here. (CC = corpus collosum, AC = anterior
commissure.)

specificity scores were significantly different between
groups (F, 4 =6.08, P <0.01; Table 1). Additionally,
tonic firing cells were less likely to demonstrate behav-
ioral correlates (7/25 correlated cells; 28%) than ei-
ther of the phasic cell types (low frequency, 40/74;
54% and high frequency, 4/4; 100%; Fig. 2). Thus,
while behavioral correlates were found in all types of
spontaneously active neurons, they were most common
in cells that fired in phasic bursts. Furthermore, of the

Correlated and Non—correlated Neurons
Compared by Firing Pattern

Number of Cells

i Il correlated BB non-correlated

Fig. 2. Ratios of behaviorally correlated and non-correlated neurons,
shown as a function of firing pattern. Patterned bar (top) reflects the
total number of cells recorded, solid bar (bottom) indicates total
number of correlated cells of that firing type. From left to right are
ratios for tonic firing, low-frequency firing, and high frequency firing
neurons.
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Table 2
(A)
Spatial Reward Movement Total
Tonic 0 3 3 6
Low freq. 15 8 14 37
phasic
High freq. 0 1 1 2
phasic
Total 15 12 18 45
(B)
Spatial / Spatial / Reward / Total
reward movement movement
Tonic 1 0 0 1
Low freq. 0 2 1 3
phasic
High freq. 1 0 1 2
phasic
Total 2 2 2 6

Summary of the number of cells with behavioral correlates when
grouped by firing pattern. (A) Table A represents all cells with
correlates within a single behavioral type. (B) The second table
shows the numbers of cells demonstrating behavioral correlates of
two different behavioral types.

cells with behavioral correlates, tonic firing cells tended
to demonstrate reward correlates (4 /7), low frequency
phasic cells often showed spatial and/or movement
correlates (17/40 each), and high frequency phasic
cells usually had reward correlates (3/4; Table 2).
Cells with behavioral correlates were evenly distributed
throughout the mVS, with the exception of one type of
reward correlated neuron (which coded expectation of
reward) which most often corresponded with high fre-
quency phasic cells recorded from the ventral border of
the ACC within the mVS.

3.1. Spatial correlates

Nineteen of 51 neurons which demonstrated behav-
ioral correlates in our task were sensitive to the spatial
location of the animal. Of these, 3 cells were also
correlated with reward or movement conditions. Three
types of place fields were recorded: single arm, multi-
ple arm, and center platform place fields.

The frequency distribution of place specificity scores
for mVS neurons is illustrated in Fig. 3. The mean
place specificity for all cells was 2.1 (range 1.0-10.6),
while the mean specificity for cells with arm place
fields was 3.3 (range 1.92-5.6).

Three cells demonstrated single arm place fields.
One of the 3 place cells fired in both directions (facing
inward and outward on the maze arm), while the other
2 had unidirectional fields (Fig. 4A). Three cells
demonstrated place fields on 3 or 4 arms, with at least
1 arm non-adjacent to the others (Fig. 4B). All multiple
arm place cells fired preferentially as the rat faced one

A. Ly

C.

Fig. 3. Spot rate diagrams indicating place field firing biases. Dots
represent locations occupied by the rat. Circle size is linearly related
to neuronal firing rate, while vector lines projecting from the circles
represent the direction faced by the animal during cell discharge. (A)
A unidirectional single arm place field on the east arm of the maze.
(B) A bi-directional multiple arm place field, with fields on arms
pointing north, east, and south-east. (C) A center platform place
field demonstrating non-uniform firing on the center platform. This
cell preferred to fire when the rat was located on the northwest
quadrant of the center platform. (Maximum firing rates 12.5, 14.7
and 34.3 Hz, respectively.)
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direction in the field. A majority of place cells (n = 14)
had place fields on the center platform. These fields
were not direction specific and often only covered
portions of the center platform (Fig. 4C).

3.2. Reward correlates

Sixteen cells (of 51) demonstrated reward correlated
firing. Reward encounter cells (n = 11) demonstrated
altered firing rates within 500 ms after reaching the
arm end reward site (9 cells increased firing by at least
100%:; 7 cells attenuated firing by at least 50%; Fig. 3).

In order to ensure that reward encounter was the
relevant correlate for our cells, two probe trials were
run on different animals. During these trials, the maze
was not baited. In both cases, the reward encounter
cells showed dramatically reduced firing at the arm
ends (Fig. 6). Thus, the cells were not responding only
to the cessation of movement at arm ends. This probe
could not be repeated within subjects, as animals
quickly learned not to continue with the trial if reward
was absent from the first reward site.

Other reward correlates included expectation of re-
ward and reward magnitude. Seven expectation cells
showed altered firing 500 ms or less prior to reward
encounter (6 increased firing by at least 100%, and 1
attenuated firing by at least 50%; Fig. 7). Firing just
prior to reward encounter has been described previ-
ously for the mVS [10,16,49]. Two magnitude cells
demonstrated differential firing with large and small
reward at the arm ends. The cell shown in Fig. 7 fired
at a mean rate of 32.3 Hz just prior to encounter of
large rewards, and only 24.7 Hz before small reward
encounter (demonstrating both expectation and magni-
tude reward correlates). Other researchers have also
reported differential firing based on the appetitive
value of reward [49].

The reward magnitude condition was manipulated
for one cell by rotating the arms that held small and
large rewards (Fig. 8). Thus, arms which had always
been baited with small reward now held large rewards

25
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Count

o o r fam | I

Place Specificity Score

Fig. 4. Frequency distributions of place specificity scores for all
neurons recorded in the mVS. Dots represent specificity scores for
cells with an arm bias.
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Fig. 5. Peri-event time histograms demonstrating reward encounter
correlates. Time is represented on the ordinate with time O corre-
sponding to reaching the arm end reward site (bin size, 10 ms). (A)
An example of a cell which increased firing when the animal encoun-
tered the reward. (B) Another cell which ceased firing with reward
encounter.

and vice versa. Prior to reward rotation, cells fired on
average 189% higher rate on arms which held the large
reward relative to small reward arms. Immediately fol-
lowing reward rotation, the firing rate on large reward
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Fig. 6. Dependence on the presence of reward for the reward
encounter behavioral correlate. Time 0 represents reaching the arm
end reward site. (A) The baseline firing rate when rat encounters
reward at the arm end. (B) Firing rate when the rat reached unbaited
reward sites. (C) Firing following the return of reward to the arm
ends.



A.M. Lavoie, S.J.Y. Mizumori / Brain Research 638 (1994) 157-168 163

A.
100
N
z
L
S
&
0
B.
100
N
T
s
o4
5]
=4
0
2,50 0 2.50

Time (s)

Fig. 7. Peri-event time histograms demonstrating differential firing
related to magnitude of reward. Time O corresponds to reaching the
arm end reward site. Graphs represent outward locomotion towards
a location associated with small (A) or large (B) magnitude reward.
A) Mean firing rate 1.25 s prior to small reward encounter was 32.3
Hz. B) This cell fired at a mean rate of 24.7 Hz 1.25 s prior to large
reward encounter. Note: higher firing rate corresponds to smaller
reward situation, and thus does not indicate an increased prepara-
tion for larger ingestion.

arms (now in a different spatial location) was much
higher than on small reward arms (164%), a trend
which continued throughout the four rotated reward
trials (173% mean rate difference). Upon return to the
original reward locations, the highest firing rate again
followed the large reward arm (197%). Therefore, dif-
ferential neuronal firing patterns appeared to rotate
with the reward and were not a function of the spatial
location of different magnitude rewards. The other cell
which appeared to encode reward magnitude demon-
strated similar differential firing but 500 ms prior to
reward encounter. In this case, differential firing ap-
peared to depend on expectations of reward magni-
tude.

3.3. Movement correlates

Twenty one of the 51 correlated cells were sensitive
to various movement conditions. Units classified as
general movement cells (n = 6) showed altered firing
rates during all movement conditions (turns, inbound,
center and outbound) relative to periods of non-move-
ment (3 increased firing by at least 100%, 3 attenuated
firing by at least 50%). Units that demonstrated signifi-
cant alterations in firing during particular movements
were classified according to the movement descriptor;
e.g. turn (2 increased, 0 attenuated), inbound (4 in-
creased, 3 attenuated) or outbound (7 increased, 2
attenuated; Fig. 9).

3.4. Overlapping correlates

The firing rates of several cells (n = 10) were corre-
lated with two behaviors. Five of these cells had multi-
ple correlates within a single category of behavior; 3
cells demonstrated both reward encounter and reward
expectation correlates, and 2 cells had movement cor-
relates for inward and outward locomotion (without
corresponding correlates for turns or center crossing
movements). The other 6 cells either had correlates to
both space and reward (n = 2), space and movement
(n =2), or reward and movement (n = 2; Fig. 10).

Further analysis was necessary to determine whether
the overlapping correlates were independently en-
coded, or conversely if one correlate was a function of
another. For example, a cell which demonstrated a
multiple arm place field and also increased firing dur-
ing reward encounter, was analyzed to see if the re-
ward correlate was only evident on arms within the
place field. Since firing rates increased during reward
irrespective of spatial location, these behavioral corre-
lates were considered to be separately encoded. Simi-
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Fig. 8. Peri-event time histograms during rotation of the spatial
location of rewards of different magnitudes. Time 0 indicates reward
encounter for all graphs. (A) Baseline firing rates upon encountering
large (left) and small (right) rewards (means 6.8 and 3.6 Hz, respec-
tively). (B) Firing during encounter of small (left) and large (right)
rewards following rotation of reward locations, such that arms which
previously held large reward, now held small reward and vis versa
(mean rates 3.3 and 5.7 Hz, respectively). (C) Firing after reward
magnitudes were returned to standard locations (as in A; mean rates
6.1 and 3.1, respectively).
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Fig. 9. A spot rate diagram (top) and a peri-event time histogram (PETH; bottom) illustrating movement correlates. (A) This cell fired
preferentially during outward locomotion on all maze arms. The maximum firing rate was 41.8 Hz, while the mean firing rate was 13.3 Hz for the
1.25 s following time 0 (representing outward movement). In contrast, the mean firing rate during inward locomotion was 1.5 Hz. (B) This cell
demonstrated its highest firing rates when turning at the ends of all arms. The maximum firing rate was 37.8 Hz, while the mean firing rate was
5.0 Hz (time 0 represents the beginning of the turn). (C) This cell was found to fire most during movement in the inward direction on all maze
arms. The maximum firing rate was 10.2 Hz, while the mean firing rate was 3.8 Hz for the 1.25 s following time 0 (which represents inward
movement). In contrast, the mean firing rate during outward locomotion was 1.5 Hz.
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Fig. 10. Overlapping correlates from a single cell. (A) Spot rate
diagram illustrating the consistancy of firing at arm ends and in the
center platform place field (maximum rate 14.4 Hz). (B) Peri-event
time histogram showing increased cell firing 300 ms prior to reaching
the arm end (mean rate approximately 7.5 Hz for 500 ms prior to
time 0).

larly, reward and movement correlates were deter-
mined to be independent because they occurred at
different times within a trial. For example, a cell which
increased firing just prior to reaching the reward site
also attenuated firing during inward locomotion, which
occurred more than 1 s later. Cells with both spatial
and reward correlates were obviously independent be-
cause their spatial fields were located on the center
platform while reward related firing was seen on the
arm ends. Consequently, it appears that single mVS
neurons are able to encode multiple behavioral corre-
lates.

4. Discussion

The predominant finding of this study was that
there is spatial-, reward and movement-sensitive neu-
ronal firing in the medial ventral striatum (mVS) of
rats performing a spatial memory task. Although some
single mVS neurons were correlated with several be-
haviors within a trial, the firing of the majority of cells
occurred relative to a single category of behavior.

4.1. Spatial correlates

Although spatial correlates to unit firing have been
well documented in pyramidal cells of the hippocampal
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formation [25,34,37,38,40,41] the present study demon-
strated for the first time that such correlates can be
observed ‘downstream’ from the hippocampus. Medial
VS place fields which covered all or a portion of one
maze arm most closely resembled hippocampal place
fields. Barnes and colleagues [4] reported mean place
specificity scores for different regions of the hippocam-
pus proper as follows; CAl =4.5, CA3 =17.5, subicu-
lum = 2.0 and entorhinal cortex =2.0. Mean place
specificity for all mVS neurons in the present study was
2.1, while the mean specificity of cells with arm place
fields was 3.3. Thus, while mVS neurons are able to
demonstrate spatial selectivity, they do not tend to
have place fields as specific as those reported in CAl
and CA3 of hippocampus. Instead, mean mVS place
specificity scores fall between those expected for CAl
and the subiculum and entorhinal cortex. The moder-
ate nature of mean mVS place specificity may reflect
the range of spatial information entering the mVS.
More specifically mVS neurons which demonstrate
place fields with low specificity may be receiving input
from hippocampal regions also with low place field
specificity such as the subiculum and entorhinal cortex.
Medial VS neurons with very specific place fields may
receive input from an alternate population of hip-
pocampal neurons originating from CA1l pyramidal
cells, which are assiciated with more specific place
fields [55,58]. Alternatively, the lower specificity seen
in the mVS could reflect the integration of spatial with
other non-spatial information within these individual
neurons. That is, mVS specificity could be a function of
the integration of hippocampal spatial information with
other context specific information provided by, for
example, the amygdala.

Multiple arm place fields were recorded as often as
single arm fields in the mVS. Some hippocampal place
cells have also been reported with fields that covered
more than one arm of the radial maze [25,28], but most
often the arms were adjacent and the two arm field
was considered to be a single, larger place field. Hip-
pocampal place fields found on non-adjacent arms
have been interpreted by some to belong to different
cells that could have been more well isolated using the
tetrode technique [51]. Multiple arm fields that were
recorded from mVS neurons were never restricted to
adjacent arms and thus were not considered to repre-
sent larger single fields. Since these neurons were
recorded with stereotrodes and not a tetrode, one
could question whether mVS multiple arm fields repre-
sented the cumulative fields of several non-isolated
cells. This is not likely to be the case. Firstly, neurons
in the mVS are sparsely distributed and seen predomi-
nantly singly, or in clusters of 2 and 3 neurons [11].
Supporting this, our mVS recording sessions did not
include the abundance of multiple cell recording ob-
served in our previous hippocampal experiments. If we

presume that spatial mVS neurons receive afferent
input from the HPC, then it is noteworthy that hip-
pocampal-mVS afferents tend to avoid clusters of neu-
rons in preference of single, isolated neurons [13].
Additional mVS recording using a tetrode recording
technique would be necessary to resolve this issue.

The majority of spatially sensitive mVS neurons
fired preferentially on the center platform of the radial
maze. Center platform spatial firing has also been
reported for hippocampal interneurons [26,28,29].
These hippocampal cells fire as the animal crosses the
center platform from any direction, and thus the firing
distribution is symmetrical about the central platform.
In contrast, mVS center platform place cells often fired
within distinct regions of the center platform, and thus
their place fields did not merely reflect behaviors
unique to crossing the center platform. Rather, these
cells appear to encode location specific information.

Given that both the mVS and hippocampus code
spatial information, and that hippocampus comprises a
major mVS afferent system, it is likely that such infor-
mation is passed from limbic to striatal structures within
the mVS. Limbic spatial information may become asso-
ciated with other non-spatial data such as reward asso-
ciations.

4.2, Reward correlates

Medial VS neurons appear to be involved with re-
ward encounter, expectation and magnitude. Schultz
and colleagues [49] reported similar reward related
neuronal activity in the monkey mVS. They found
reward encounter associated activity in both ACC, and
in the surrounding mVS, but a higher percentage of
non-ACC mVS neurons were active during reward
expectation. These results are consistent with our own
distribution of reward encounter and expectation neu-
rons.

One possible explaination for reward correlates is
that cells are firing in response to oral motor muscle
activity. Two pieces of evidence indicate that masseter
EMG recording is not necessary to infer that reward
correlates are independent from oral motor activity.
First, increased firing was found to correlate with
smaller magnitudes of reward, indicating that muscle
activity was not directly correlated with cell activity.
Secondly, reward cells were found which fired prior to
reward encounter, presumably before oral-motor mus-
cles were active. This was consistant with Apicella and
colleagues [2] who recorded similar reward delivery
correlates in monkey mVS. Using EMG recordings of
masseter muscle, these researchers were able to con-
clude that reward delivery neuronal activation was
independent of the oral-motor movements of reward
consumption. v

Reward information could be accessing the mVS via
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the basolateral amygdala (BLA). Chronic recordings
from monkey amygdala have shown that BLA neurons
respond to reward presentation [36] in a manner that
resembles mVS encounter correlates. To our knowl-
edge, no one has tested the response of BLA to reward
expectation. However, reward expectation correlates
have been demonstrated in the medial prefrontal cor-
tex [59]. Based on this and our own electrophysiological
data, it is possible that reward encounter signals reach
the mVS through BLA afferents, while reward expecta-
tion information accesses the striatum through other
routes, possibly via association cortex.

Other researchers have speculated that the mVS
may also be involved with encoding hedonistic evalua-
tions [60]. We recorded 2 mVS neurons which were
sensitive to reward magnitude, and other researchers
have reported finding monkey mVS neurons which
alter their firing rate depending on the appetitive value
of the reward [49]. Given that magnitude correlates
have also been reported in the ventral tegmental area
(VTA), but not in other mVS afferent structures [35],
the VTA (dopaminergic or non-dopaminergic) projec-
tions to the mVS could be responsible for the hedonis-
tic encoding of reward.

4.3. Movement correlates

Movement correlated activity in our study involved
goal directed locomotion through a spatial environ-
ment. Other movement correlates have been reported
in rat mVS during exploration in an open field [9] and
food procurement-related body movements in an oper-
ant chamber [10] (i.e. raising head, rearing and touch-
ing lever). No movement correlates were reported in
monkey mVS recordings where locomotion was prohib-
ited. Although one must be cautious when evaluating
results from such diverse tasks, the combined results
suggest a trend towards mVS activity involving food
procurement body movements (including locomotion).
This would contrast with dorsal striatal movement cor-
relates reported in monkeys which appear primarily
concerned with specific consummatory behaviors (i.e.
arm extension / flexion, bar pressing, chewing, grasping
or gazing) [35]. If one considers the differential inputs
to dorsal and ventral striatum (primarily neocortex and
limbic structures, respectively) [31], and their paraliel
outputs to pallidal motor structures (dorsal and ventral
pallidum, respectively) then it is not surprising that
these structures might encode different aspects of goal
directed motor movement.

Several mVS afferents code movement information,
and could supply this information to the mVS. Hip-
pocampal interneurons have been reported to demon-
strate movement correlates [28,29,46]. For example,
most of these neurons fire consistently during active
locomotion, while a small subpopulation is inhibited

during movement. There is some cvidence of projec-
tions from the interneuron population of CAl to the
nucleus accumbens [55]. Whether activity in this in-
terneuron population is sufficient to allow the transfer
of motor information to the mVS via the fornix, is
presently undetermined.

Additionally, motor information could access the
mVS via reciprocal connections with the ventral pal-
lidum (VP) [14]. The VP is thought to be involved with
the activation of voluntary motor movements'> ** and
thus its connections with the mVS might serve as a
feedforward and/or feedback to motor output struc-
tures. To our knowledge, no electrophysiological
recordings from the VP of freely moving animals have
been published to substantiate this idea.

4.4. Qverlapping correlates

Some cells demonstrated correlates to more than
one type of behavior (i.e. spatial and reward, spatial
and movement, or reward and movement correlates).
These correlates were shown to be expressed inde-
pendently during mVS firing. Thus, single mVS neu-
rons appear to be able to represent different types of
information, presumably derived from different affer-
ent sources. Since these diverse afferent inputs con-
verge on single mVS neurons, which then project pri-
marily to a single source (i.e. motor output structures),
integration of spatial, reward and movement informa-
tion may be possible at the level of the individual
neuron.

4.5. Conclusion

This study provides evidence that mVS neurons
encode spatial, reward and motor information in freely
navigating animals. Integration of such information
may occur at the single cell level, as well as at the
structural level. Together these data are consistent
with the hypothesis that spatial contextual information
(from hippocampus) is integrated with specific stimulus
reward associations (from amygdala) in the mVS to
affect subsequent behavior. In this way limbic struc-
tures can directly affect the accuracy of ongoing navi-
gational behavior.
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