The Journal of Neuroscience, July 1, 2001, 27(13):4915-4922

Glutamatergic Afferents from the Hippocampus to the Nucleus
Accumbens Regulate Activity of Ventral Tegmental Area

Dopamine Neurons

Stan B. Floresco, Christopher L. Todd, and Anthony A. Grace
Departments of Neuroscience and Psychiatry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Several studies have shown that the mesolimbic dopamine (DA)
system is strongly influenced by the ventral subiculum (vSub) of
the hippocampus. To examine whether this occurs by activation
of DA neuron firing, the effects of chemical stimulation of the
vSub on ventral tegmental area (VTA) DA neuron activity were
examined using extracellular single-unit recordings. Infusions
of NMDA into the vSub increased the number of spontaneously
firing DA cells recorded per electrode track, while having no
effect on firing rate or burst firing. This response was abolished
by intranucleus accumbens (NAc) infusions of the glutamate
receptor antagonist kynurenic acid. This effect did not involve
the prefrontal cortex, because infusions of tetrodotoxin into the
prefrontal cortex did not affect the increase in spontaneously

active DA cells. Infusions of either kynurenic acid into the NAc
or tetrodotoxin into the vSub decreased the firing rate and burst
firing of DA neurons without altering the number of spontane-
ously active DA neurons. These data show that glutamatergic
afferents from the vSub to the NAc exert a potent excitatory
effect on VTA DA neurons, influencing both DA neuron popula-
tion activity and the regulation of the firing properties of these
neurons. As a result, dysfunctions in hippocampal circuitries
may contribute to the hyperexcitable state of the DA system
that is present in schizophrenia.
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The nucleus accumbens (NAc) is a central component of the
basal ganglia that is positioned to integrate signals arising from
limbic and cortical areas and to modulate motor output related to
goal-directed behavior (Groenewegen et al., 1991; Mogenson et
al., 1993). A prominent, excitatory glutamatergic input to the
medium spiny neurons of the NAc arises from the ventral CA1/
subiculum (vSub) region of the hippocampus (Groenewegen et
al., 1987; Brog et al., 1993), and these inputs are in close apposi-
tion to dopaminergic projections arising from the ventral tegmen-
tal area (VTA) (Totterdell and Smith, 1989; Sesack and Pickel,
1990). Electrophysiological studies have demonstrated that me-
soaccumbens dopamine (DA) transmission exerts a powerful
neuromodulatory influence over hippocampal inputs to the NAc.
Stimulation of the VTA, or direct activation of DA receptors by
exogenous application of DA agents, can either inhibit or facili-
tate neural activity of NAc neurons driven by hippocampal input
(Yang and Mogenson, 1984, 1986, 1987; DeFrance et al., 1985;
Pennartz et al., 1992, 1994; Gonon and Sundstrom, 1996). More-
over, behavioral studies have shown that DA transmission in the
NAc also exerts modulatory control over behaviors that are me-
diated by hippocampal—ventral striatal circuits (Burns et al., 1993,
1996; Wu and Brudzynski, 1995; Floresco et al., 1996; Bardgett
and Henry, 1999; Floresco and Phillips, 1999).

Recent neurochemical studies show that the hippocampus in
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turn can influence DA release in the ventral striatum. Thus,
chemical or electrical stimulation of the vSub produces robust and
sustained increases in extracellular DA levels in the NAc (Blaha
et al., 1997; Brudzynski and Gibson, 1997; Legault and Wise,
1999; Taepavarapruk et al., 2000). However, the mechanisms by
which these effects occur remain in dispute. The ability to abolish
vSub-stimulated mesoaccumbens DA efflux by blockade of gluta-
mate receptors in the NAc suggests that these increases in DA
release may be mediated primarily by glutamate receptor-
mediated mechanisms localized within the ventral striatum
(Blaha et al., 1997; Taepavarapruk et al., 2000). In contrast,
Legault et al. (2000) have shown that the increase in mesoaccum-
bens DA after infusion of NMDA into the vSub can be blocked
by application of glutamate antagonists in the VTA. The obser-
vation that this increase is accompanied by an increase in DA
efflux in the VTA and changes in DA neuron firing suggests that
the vSub may also modulate NAc DA via changes in DA neuron
activity.

One caveat in this analysis is the lack of evidence of a direct
projection from the hippocampus to the VTA. As such, it is likely
that the modulation of DA cell body activity by the vSub occurs
via a polysynaptic circuit. As noted above, the vSub sends a dense
projection to the NAc (Groenewegen et al., 1987; Brog et al.,
1993). Moreover, the NAc can influence DA neuron activity by
both a direct projection to the VTA and an indirect projection via
the ventral pallidum (Zahm and Heimer, 1990). The vSub also
sends a projection to the medial prefrontal cortex (mPFC)
(Conde et al., 1995), which in turn sends excitatory glutamatergic
projections to the VTA, although this projection only innervates
the mesocortical DA neurons (Carr and Sesack, 2000). Because of
these anatomical considerations, the present study was conducted
to assess the role of the vSub in the modulation of firing activity
of DA neurons in the VTA and the neural circuits that mediate
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these effects. Initial extracellular recording experiments used
infusions of either NMDA or tetrodotoxin (TTX) into the vSub
to assess the effects of stimulation or inactivation of the vSub on
the spontaneous activity and firing characteristics of DA neurons.
Subsequent pharmacological manipulations of the NAc and the
mPFC were conducted to elucidate the potential neural pathways
by which the vSub would influence mesolimbic DA neuron activ-
ity. Understanding the mechanisms by which the hippocampus
may modulate DA cell body activity may have important impli-
cations for understanding the etiology of schizophrenia, which
has been proposed to be linked to both hippocampal dysfunction
and hyperexcitability of the DA system (Bogerts, 1993).

MATERIALS AND METHODS

Subjects and surgery. All experiments were performed on male Sprague
Dawley rats (Hilltop, Scottsdale, PA). Animal care and surgical proce-
dures were performed in accordance with the guidelines outlined in the
National Institutes of Health 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. Rats weighing between 290
and 450 gm were deeply anesthetized with chloral hydrate (400 mg/kg,
i.p.) and placed in a stereotaxic apparatus (Narishige, Tokyo, Japan),
with the incisor bar set at —3.3 mm. Core body temperature was moni-
tored by a rectal probe and maintained at 35°C by a thermostatically
controlled heating pad. Supplemental anesthetic was administered intra-
peritoneally by constant infusion via a syringe pump (Razel model A-99)
at a rate of 10-30 mg - kg ~' - hr ~!. In all surgical preparations, the scalp
was incised, and holes were drilled in the skull overlying the VTA and
the vSub region of the hippocampus. All rats were implanted with 23
gauge guide cannulas directed to a location ~2 mm dorsal to the vSub
(anteroposterior, —6.0 mm from bregma; mediolateral, +5.3 mm from
the midline; and dorsoventral, 4.0 mm from the dura). Subsets of rats
were also implanted with guide cannulas directed ~1 mm dorsal to either
the NAc (anteroposterior, +1.4 mm from bregma; mediolateral, 1.3 mm
from the midline; and dorsoventral, —6.0 mm from the dura) or the
mPFC (anteroposterior, +3.0 mm from bregma; mediolateral, +0.7 mm
from the midline; and dorsoventral, —3.0 mm from the dura).

Drugs and drug microinfusions. NMDA (0.25 and 0.75 ug), TTX (1
uM), the broad-spectrum glutamate receptor antagonist kynurenic acid
(10 ng), and Dulbecco’s buffer were all obtained from Sigma (St. Louis,
MO). NMDA was dissolved in Dulbecco’s buffer, TTX was dissolved in
deionized water, and kynurenic acid was dissolved in one drop of 0.1 M
NaOH, to which Dulbecco’s buffer was added. The pH of the kynurenic
acid solution was then adjusted to ~7.4 with 0.1 M HCI. The doses of
NMDA used in the present study were similar to those used by Legault
and Wise (1999), and the dose of kynurenic acid was the same as that
used by Blaha et al. (1997).

NMDA or TTX was infused into the vSub through a 30 gauge
injection cannula that protruded 2.0 mm past the end of the guide.
Infusions were delivered at an injection volume of 0.5 ul over 2 min.
Subsets of rats received intra-NAc infusions of kynurenic acid at a rate
of 1.0 ul over 1 min or intra-mPFC infusions of TTX at a rate of 0.5 ul
over 1 min via an injection cannula that protruded 0.8 mm past the end
of the guide. In these experiments, infusions into the NAc or the mPFC
were administered 3 min before infusions of NMDA into the vSub.

Extracellular recordings and experimental protocol. Extracellular re-
cording microelectrodes were constructed from 2.0-mm-outer-diameter
borosilicate glass capillary tubing (WPI) using a vertical micropipette
puller (Narishige). The tips of the electrodes were broken back against a
glass rod to an ~1 um tip diameter and filled with 2 M NaCl containing
2% Pontamine sky blue dye. The in vitro impedance of the microelec-
trodes ranged from 5 to 10 M{) as measured at 135 Hz using a Winston
Electronics BL-1000 impedance meter. After drilling a burr hole over-
lying the VTA, the dura was resected, and the electrode was lowered into
the VTA (coordinates, +3.6 mm anterior from lambda, 1.0 mm lateral
from the midline, and 6.5-9 mm ventral from the brain surface) with a
hydraulic microdrive (Kopf model 640). The electrode signal was ampli-
fied, filtered, and discriminated from noise using a combination ampli-
fication and window discrimination unit for extracellular recording (Fin-
tronics, Orange, CT) and displayed on an oscilloscope (Tektronics,
Wilsonville, OR). The data were acquired, stored, and analyzed using
custom-designed computer software (Neuroscope) running on an Intel-
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based personal computer with a data acquisition board interface (Mi-
crostar Laboratories, Bellevue, WA).

Immediately after infusions into the vSub, a recording electrode was
lowered into the VTA. The electrophysiological properties of spontane-
ously active DA neurons were sampled in the VTA by making six to nine
vertical passes of the electrode through the DA cell body region. These
tracks were made in a predefined pattern, with each track separated by
200 pm. A typical experiment would take 2-3 hr to complete all nine
tracks. DA neurons were identified using established electrophysiological
criteria described by Grace and Bunney (1983). Specific electrophysio-
logical characteristics include a slow irregular or bursting discharge
pattern, an initial segment-somatodendritic break in the positive phase,
and a long-duration (2-4 msec) biphasic action potential waveform. After
an individual DA neuron was isolated, its spontaneous activity was
recorded for 2-3 min. Three parameters of activity were sampled, the
first being the number of spontaneously active DA neurons recorded per
electrode track. The validity of this index as a reliable measure of DA
neuron activity change has been discussed previously (West and Grace,
2000). This index has been shown to be reliable and consistent across
animals and across laboratories (Bunney and Grace, 1978; Chiodo and
Bunney, 1983; White and Wang, 1983). Furthermore, treatments that
increase or decrease the number of spontaneously active DA neurons per
electrode track have been shown to provoke corresponding changes in
DA efflux (Moore et al., 1998). The other two parameters of activity that
were sampled were the basal firing rate and the proportion of spikes fired
by the DA neurons that occurred in bursts. The onset of a burst was
defined as the occurrence of two spikes with an interspike interval <80
msec, and the termination of a burst was defined as the subsequent
occurrence of an interspike interval >160 msec (Grace and Bunney,
1983). The percentage of spikes in bursts (% SIB) was calculated by
dividing the number of spikes occurring in bursts by the total number of
spikes occurring in the same period of time.

Histology. At the end of each experiment, the recording site was
marked via iontophoretic ejection of Pontamine sky blue dye from the tip
of the recording electrode (30 wA constant current for 20-30 min). After
dye ejection, brains were removed and fixed in formalin for at least 48 hr.
The brains were then immersed in phosphate-buffered sucrose solution
(25%) until saturated. The tissue was sectioned into 40 um coronal slices,
mounted, and stained with cresyl violet to enable histological determi-
nation of recording electrode and cannula infusion sites.

Data analysis. The number of spontaneously active DA neurons ob-
served per electrode track, the basal firing rates of all DA neurons, and
the % SIB were calculated as an average value for each rat and analyzed
using three separate one-way ANOVAs with treatment group as the
between-subjects factor. Multiple comparisons were made using two-
tailed Dunnett’s tests. Analyses of the distribution of firing rates and %
SIB of all DA neurons across all rats in different treatment groups were
assessed using Kolmogorov—Smirnov two-sample tests.

RESULTS

Histology

The locations of the tips of the cannulas were confirmed to lie
within the vSub, the NAc, and the mPFC (Fig. 1). All rats had
infusions that were localized primarily within the ventral CAl
and subicular regions of the ventral hippocampus, with some
placements encroaching on the entorhinal cortex or medial den-
tate gyrus. The data from these rats did not differ from the data
of rats with placements that were exclusively in the vSub. Infu-
sions of kynurenic acid into the NAc were localized to the medial
shell region, whereas infusions of TTX into the mPFC were
localized to the prelimbic or infralimbic cortex. Both of these
regions receive a dense projection from the vSub (Brog et al.,
1993; Conde et al., 1995).

Effects of infusions of NMDA or TTX into the vSub on
DA neuron activity

Infusions of NMDA into the vSub caused a dramatic increase in
the number of DA neurons encountered per electrode track.
After infusions of 0.25 ug of NMDA, there was a 60.1% increase
in the number of spontaneously active DA cells, and infusions of
the 0.75 ng dose caused a 111.2% increase relative to that of
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Figure 1. Histological verification of all recording and infusion sites in
the present study. The location of infusions is shown for all rats receiving
the following: A4, infusions of 0.75 ug of NMDA (black circles) or TTX
(gray squares) into the vSub; B, infusions of kynurenic acid into the NAc
(gray circles); or C, infusions of TTX into the mPFC (gray squares).
Plates are taken from Paxinos and Watson (1997), and the numbers beside
each plate correspond to millimeters from bregma.

vehicle-treated animals. Overall, an infusion of NMDA into the
vSub is the most potent stimulus for activating silent DA neurons
reported to date.

Analysis of the number of spontaneously active DA neurons
per electrode track for all treatment groups revealed a significant
effect of treatment (F3s5) = 13.64; p < 0.001; Figure 24).
Significant effects of treatment were also observed with respect to
both the basal firing rate data (F 35, = 4.12; p < 0.005) and the
% SIB (F (s 35y = 3.926; p < 0.005). Dunnett’s tests revealed that
infusions of either 0.25 pg (n = 6 rats; 104 neurons) or 0.75 ug
(n = 7 rats; 162 neurons) of NMDA into the vSub increased the
number of spontaneously active DA neurons per electrode track
in a dose-dependent manner, relative to vehicle treatments (n =
6 rats; 65 neurons) (p < 0.05 and 0.01, respectively; Fig. 2A4).
Interestingly, this occurred without a change in either the mean
firing rate or the % SIB (Figs. 34, 44, respectively). At least part
of this effect may have been caused by activation of silent DA
neurons that displayed activity at substantially lower firing rates,
as suggested by differences in the firing rate distribution (Kol-
mogorov—Smirnov test, p < 0.01; Fig. 3C). Thus, particularly with
the low dose of NMDA, there was an apparent increase in the
number of slowly firing DA neurons. The apparent lack of in-
crease in slowly firing DA neurons after the 0.75 pg dose of
NMDA (compared with the 0.25 ug dose) suggests that the
higher dose of NMDA may have also increased the firing rates of
DA neurons that would normally be spontaneously active at a
lower firing rate after the lower dose of NMDA. A separate
analysis revealed that there were no differences in the number of
spontaneously active DA neurons encountered across all nine
tracks (Fs .4y = 0.87; NS). Thus, stimulation of the vSub exerted
a robust excitatory influence on the basal level of DA neuron
firing in the VTA, as indicated by the increase in the number of
spontaneously active DA neurons per electrode track that were
observed after NMDA infusions into the vSub.

In contrast to the effects of NMDA, infusions of TTX into the
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Figure 2. Infusions of NMDA into the vSub increase DA neuron pop-

ulation activity. 4, Activation of the vSub led to a dose-dependent
increase in spontaneously active DA neurons. The mean number of
spontaneously active DA neurons (+SEM) recorded per electrode track
from rats receiving vehicle infusions (n = 6 rats; white bar), 0.25 or 0.75
ug of NMDA (n = 6 rats, 7 rats, respectively; black bars), or TTX (n =
6 rats; gray bar) into the vSub is shown. B, Blockade of glutamate
transmission in the NAc prevented the activation of VTA DA neuron
firing by vSub stimulation in a manner that was independent of the
vSub-mPFC pathway. The mean number of spontaneously active DA
neurons (+SEM) recorded per electrode track from rats receiving vehicle
infusions (same as A; white bar), infusions of kynurenic acid (Kyn) into the
NAc in combination with vehicle infusions into the vSub (n = 6 rats;
hatched bar), infusions of kynurenic acid into the NAc in combination
with 0.75 ug of NMDA into the vSub (n = 6 rats; cross-hatched bar), or
infusions of TTX into the mPFC in combination with 0.75 ug of NMDA
into the vSub (n = 5 rats; gray bar) is shown. *p < 0.05 and **p < 0.01
versus control; fp < 0.05 versus the group receiving 0.75 pug of NMDA.

vSub (n = 6 rats; 37 neurons) caused a trend toward a decrease in
the number of spontaneously active DA cells per electrode track
relative to vehicle treatments, but this difference was not statis-
tically significant ( p > 0.10; Fig. 24). However, infusions of TTX
into the vSub caused a significant decrease in the basal firing rates
of DA neurons ( p < 0.05; Fig. 34) and the % SIB (p < 0.05; Fig.
4A4). These data show that vSub also exerts a tonic excitatory
influence over the firing characteristics of VTA DA neurons, as
suggested by the decreases in both the firing rate and bursting
activity of DA neurons observed after inactivation of the vSub
by TTX.

Involvement of the NAc and the mPFC in the
regulation of DA neuron activity by the vSub

Although there are no direct projections from the vSub to the
VTA, there are several potential pathways via which the vSub
could affect DA neuron firing. Thus, the vSub projects to both the
mPFC and the NAc, which provide direct or indirect afferents to
DA neurons (Brog et al., 1993; Conde et al., 1995). This was
assessed by pharmacological manipulations of each of these sys-
tems. Infusions of kynurenic acid into the NAc in combination
with vehicle infusions into the vSub (n = 6 rats; 64 neurons) did
not alter significantly the number of spontaneously active DA
neurons per electrode track (Fig. 2B). However, similar to the
effects observed after TTX infusions into the vSub, administra-
tion of kynurenic acid into the NAc reduced both the firing rate
(p < 0.01; Fig. 3B) and the % SIB (p < 0.01; Fig. 4B) of VTA
DA neurons.

Infusions of the glutamate receptor antagonist kynurenic acid
into the NAc completely abolished the increase in spontaneously
active DA neurons per electrode track induced by infusions of
0.75 ng of NMDA into the vSub (n = 6 rats; 68 neurons;
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Figure 3. Modulation of DA neuron firing rate by the vSub, the NAc, and
the mPFC. A4, In contrast to the effects on spontaneous activity, activation
of the vSub did not change significantly the VTA DA neuron firing rate.
Nonetheless, inactivation of the vSub did decrease VTA DA cell firing.
The mean firing rate of DA neurons (+SEM) recorded from rats receiv-
ing vehicle infusions (white bar), 0.25 or 0.75 ug of NMDA (black bars),
or TTX (gray bar) into the vSub is shown. B, Blockade of glutamate
transmission in the NAc attenuates the DA neuron firing rate. The mean
firing rate of DA neurons (+SEM) recorded from rats receiving vehicle
infusions (same as A; white bar), infusions of kynurenic acid into the NAc
in combination with vehicle infusions into the vSub (hatched bar), infu-
sions of kynurenic acid into the NAc in combination with 0.75 ug of
NMDA into the vSub (cross-hatched bar), or infusions of TTX into the
mPFC in combination with 0.75 ug of NMDA into the vSub ( gray bar) is
shown. *p < 0.05 and **p < 0.01 versus control. C, Distribution of mean
firing rates of all DA neurons recorded from rats receiving vehicle
injection (C7), 0.25 ug of NMDA (C2) or 0.75 pg of NMDA (C3) into the
vSub, or infusions of TTX into the mPFC in combination with 0.75 ug of
NMDA into the vSub (C4) is shown. This suggests that the increase in
DA cell spontaneous activity after vSub stimulation may be caused by the
activation of slow-firing DA neurons.

Dunnett’s, p = 1.0; Fig. 2B). One planned comparison confirmed
that infusions of kynurenic acid into the NAc in combination with
NMDA in the vSub resulted in significantly fewer spontaneously
active DA neurons compared with NMDA treatments alone
[t(11) = 4.04; p < 0.005]. This combination of treatments did not
alter significantly either the firing rate (Fig. 3B) or the % SIB
(Fig. 4B) of the DA neurons sampled.

In contrast, inactivation of the mPFC by infusions of TTX, in
combination with stimulation of the vSub with 0.75 ug of NMDA
(n = 5 rats; 75 neurons), did not block the increase in the number
of spontaneously active DA neurons produced by NMDA infu-
sions into the vSub (p < 0.05; Fig. 2B). One planned comparison
confirmed that the number of spontaneously active DA neurons
observed in the mPFC TTX and vSub NMDA group did not
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Figure 4. Modulation of DA neuron burst firing by the vSub, the NAc,
and the mPFC. 4, As with firing rate, activation of the vSub did not cause
a significant change in DA cell burst firing, although inactivation of the
vSub did attenuate bursting. The mean % SIB of DA neurons (+SEM)
recorded from rats receiving vehicle infusions (white bar), 0.25 or 0.75 pg
of NMDA (black bars), or TTX (gray bar) into the vSub is shown. B,
Similarly, glutamate transmission in the NAc also controls basal levels of
burst firing of VTA DA neurons. The mean % SIB of DA neurons
(+SEM) recorded from rats receiving vehicle infusions (same as A; white
bar), infusions of kynurenic acid into the NAc in combination with
vehicle infusions into the vSub (hatched bar), infusions of kynurenic
acid into the NAc in combination with 0.75 ug of NMDA into the vSub
(cross-hatched bar), or infusions of TTX into the mPFC in combination
with 0.75 pug of NMDA into the vSub ( gray bar) is shown. *p < 0.05
and **p < 0.01, versus control. C, Distribution of % SIB of all DA
neurons recorded from rats receiving vehicle injection (CI) or infusions
of TTX into the mPFC in combination with 0.75 pug of NMDA into the
vSub (C2) is shown.

differ from that with vSub NMDA treatment alone [¢#(10) = 1.33;
p > 0.20, NS]. However, this combination of treatments did
reduce significantly the basal firing rate and the % SIB recorded
from DA neurons (p < 0.05). Accordingly, inactivation of the
mPFC by TTX resulted in a significant difference in the distri-
butions of both the firing rate and % SIB of DA neurons (Kol-
mogorov—Smirnov test, p < 0.01), increasing the proportion of
neurons that displayed firing rates of <3 Hz (Fig. 3C1,C4) and
the proportion of neurons that displayed <10% of their spikes in
bursts (Fig. 4C1,C2). This supports a role for the mPFC in the
regulation of basal firing characteristics of spontaneously active
DA neurons and confirms that infusions of TTX into the mPFC
were sufficient to reduce activity in this cortical region, as indi-
cated by the decrease in firing rates and burst firing of these
neurons. Thus, the increase in DA neuron activity, induced by
NMDA stimulation of the vSub, is mediated primarily by gluta-
mate receptor activity in the NAc, but not by neural activity of the
mPFC. Moreover, like neural activity in the vSub, glutamate
receptor tone in the NAc exerts a tonic excitatory influence over
the firing characteristics of VTA DA neurons, because blockade
of these receptors decreases both the firing rate and bursting
activity of DA neurons, without influencing the number of spon-
taneously active DA neurons.
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DISCUSSION

The present study demonstrates that the vSub exerts a powerful
control over the activity of DA neurons in the VTA and does so
via glutamatergic mechanisms localized within the NAc. NMDA-
induced stimulation of the vSub dramatically increased the num-
ber of spontaneously active DA neurons per electrode track,
which was completely abolished after glutamate receptor block-
ade in the NAc. This effect was not mediated by the hippocam-
pal—cortical—accumbens pathway, because infusions of TTX into
the mPFC had no effect on the NMDA-induced increase in DA
neuron population activity. In addition, the vSub also exerts a
tonic influence (i.e., the basal steady-state level of activity that
is present in the absence of vSub activation) over the firing rate
and burst firing of VTA DA neurons. Inactivation of the vSub
or glutamate receptor blockade in the NAc decreased both of
these parameters. In view of these data, it is likely that the changes
in mesoaccumbens DA release after chemical stimulation of the
vSub (Brudzynski and Gibson, 1997; Legault and Wise, 1999;
Legault et al., 2000) may have been mediated, in part, by increased
firing of VTA DA neurons. It is interesting to note that basal
striatal DA efflux has been shown previously to correlate strongly
with DA neuron population activity but not to correlate with
either the average firing rate or burst firing level of individual
nigrostriatal DA neurons of drug-naive rats (Moore et al., 1998).

Neural pathways mediating vSub control of VTA DA
neuron population activity

There are several projection pathways that can potentially medi-
ate subicular regulation of VTA DA cell firing. The observation
that infusions of the glutamate receptor antagonist kynurenic
acid into the NAc completely abolished the increase in VTA DA
neuron population activity suggests that this pathway involves
glutamatergic afferents to GABAergic medium spiny projection
neurons of the NAc. Moreover, the lack of effect of mPFC
inactivation on this response suggests that these effects are me-
diated by a direct vSub-NAc projection (Groenewegen et al.,
1987). Anatomical and electrophysiological studies point to at
least two potential efferent pathways by which the firing activity of
NAc projection neurons could modulate DA cell body activity,
the first being a direct projection from the NAc to the VTA
(Zahm and Heimer, 1990; Kalivas et al., 1993). However, it is
unlikely that this projection mediates the increases in DA neuron
activity, because this projection is primarily GABAergic (Kalivas
et al., 1993) and electrophysiological studies have shown that
stimulation of the NAc evokes short-latency inhibitory responses
in VTA neurons (Maeda and Mogenson, 1980).

A more likely route by which activity in the hippocampal-
ventral striatal pathway may modulate DA neuron firing is via the
ventral pallidum (VP). The NAc sends a dense GABA projection
to the VP, and stimulation of either the NAc or its glutamatergic
afferents (including the vSub) can inhibit VP neuronal firing
(Jones and Mogenson, 1980; Tsai et al., 1985; Yang and Mogen-
son, 1985, 1987; Chrobak and Napier, 1993). In contrast to the
medium spiny neurons of the NAc, the GABAergic output neu-
rons of the VP are characterized by relatively high rates of
spontaneous activity (Jones and Mogenson, 1980; Yang and Mo-
genson, 1985, 1987; Mogenson et al., 1993), thereby exerting a
tonic inhibitory influence over efferent structures. The VP can
influence DA neural activity via a direct projection to the VTA
(Swanson et al., 1984; Tsai et al., 1985; Zahm and Heimer, 1990;
Mogenson et al., 1993). Although the precise mechanisms by
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Figure 5. A model describing the neural circuitries by which the vSub
may modulate DA neuron activity. Stimulation of the vSub by infusions of
NMDA activates glutamatergic afferents to the NAc. This in turn is
proposed to inhibit the activity of neurons in the VP. As a result, there is
a removal of tonic inhibition of neurons in the VTA. In this model, we
propose that the VP-VTA projection provides sufficient inhibitory
influence to hold a subpopulation of DA neurons in an inactive state.
Thus, inhibition of VP firing would lead to an increase in the number
of VTA DA neurons firing spontaneously. The question mark beside
the VP to VTA path indicates that, although this pathway is known to
be present in the rat, its involvement in this response remains specu-
lative at the present time.

which this could alter VTA DA cell activity in the manner
observed here are not known at present, one potential mecha-
nism that may account for these findings is that stimulation of the
vSub would have increased firing of GABAergic projection neu-
rons of the NAc, causing a decrease in VP neural activity. The
decrease in VP activity would then be expected to cause a
reduction of the GABAergic inhibition over the VTA. It is
known that the spontaneous activity of DA neurons is not de-
pendent on glutamatergic afferents but instead is driven by an
endogenous pacemaker conductance (Grace and Bunney, 1983;
Grace and Onn, 1989; Kitai et al., 1999). Therefore, we propose
that the increase in DA neuron population activity may be caused
by a release from VP GABAergic inhibition (Fig. 5). This acti-
vation of normally silent DA neurons may contribute to the
increase in slow firing, spontaneously active DA cells observed
after NMDA infusions into the vSub. We are currently perform-
ing experiments to evaluate this hypothesis.

The present data suggest that the glutamatergic vSub—NAc
pathway also plays a role in regulating the firing parameters of
DA neurons. Inactivation of the vSub with TTX or infusions of
kynurenic acid into the NAc decreased both the firing rate and %
SIB of DA neurons without decreasing the number of spontane-
ously active DA neurons. These effects are similar to those



4920 J. Neurosci., July 1, 2001, 27(13):4915-4922

observed after transection of striatal outputs to nigrostriatal DA
neurons, which also caused a decrease in firing parameters of A9
DA neurons (Pucak and Grace, 1994). Although the mechanism
by which the basal activity in the vSub projection to the NAc may
regulate firing characteristics of DA neurons remains unclear at
the present time, one possibility is that it may involve outputs
from the NAc to the VP and subsequently to the pedunculopon-
tine tegmental nucleus (PPTg). The VP sends projections to the
PPTg (Swanson et al., 1984; Tsai et al., 1985; Zahm and Heimer,
1990; Mogenson et al., 1993), and previous studies have shown
that the PPTg exerts excitatory control over both the firing
activity of DA neurons (Kelland et al., 1993; Lokwan et al., 1999)
and mesoaccumbens DA efflux via glutamatergic and cholinergic
mechanisms in the VTA (Blaha et al., 1996; Forster and Blaha,
2000). Reducing the activity of NAc neurons, either by TTX in
the vSub or kynurenic acid in the NAc, would cause an increase
in VP firing. The finding that these manipulations also attenuate
burst firing, which has been shown to be dependent on glutama-
tergic afferents in vivo (Overton and Clark, 1997; Kitai et al.,
1999), suggests that these alterations may be caused by increased
inhibition of PPTg neurons, which would decrease VTA burst
firing.

These data provide further support for the hypothesis that
distinct afferent pathways regulate DA cell population activity
and firing rate and burst firing of DA neurons (Pucak and Grace,
1994). This dual regulation of DA neuron activity may be medi-
ated by an interplay between glutamate and GABA afferents
projecting to DA neurons. Thus, in those DA neurons that are
inactive because of a hyperpolarization by VP afferents, one
would expect little effect of glutamate, because (1) glutamate acts
primarily on NMDA receptors on mesolimbic DA neurons (Kar-
reman et al., 1996) and (2) DA neurons hyperpolarized by VP
GABAergic afferents would be unresponsive to NMDA receptor
stimulation caused by Mg" blockade (Mayer et al., 1984). There-
fore, glutamate afferents would only be capable of increasing the
firing rate and burst firing of DA neurons that were previously
spontaneously active. However, after the DA neurons became
spontaneously active via removal of the VP GABAergic inhibi-
tion (as would be achieved by activation of the vSub—NAc path-
way), the glutamatergic afferents could then augment their firing
rate and burst firing.

The fact that infusions of TTX into the mPFC did not block the
increase in DA neuron population activity induced by infusions
of NMDA into the vSub was not surprising, because the propor-
tion of A10 DA neurons that receive mPFC input represents a
minority of the total neuronal population (Swanson, 1982; Carr
and Sesack, 2000). Moreover, DA neurons that receive mPFC
input do not project to the NAc but instead send reciprocal
projections back to the mPFC (Carr and Sesack, 2000). The
observed reduction in burst firing and the firing rate of VTA DA
neurons after infusions of TTX into the mPFC is consistent with
a number of studies showing that cooling or infusions of local
anesthetics into the mPFC decrease burst firing of DA neurons
(Svensson and Tung, 1989; Murase et al., 1993), whereas electri-
cal or chemical stimulation of this region increases bursting ac-
tivity by glutamate-dependent mechanisms (Murase et al., 1993;
Tong et al., 1996). Taken together, the present findings, in addi-
tion to previous data, provide important insight regarding disso-
ciable mechanisms of hippocampal and cortical regulation of DA
neuron activity.
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Modulation of mesoaccumbens DA release by

the vSub

The present findings complement previous studies showing that
stimulation of the vSub can increase mesoaccumbens DA efflux.
Infusions of NMDA into the vSub, similar to those used in the
present study, produced a substantial increase in NAc DA extra-
cellular levels (Legault and Wise, 1999; Legault et al., 2000), an
effect that was abolished by reverse dialysis of glutamate receptor
antagonists into the VTA. This observation complements the
present data, in which stimulation of hippocampal afferents to the
NACc can increase the population activity of DA neurons, which
presumably can enhance mesoaccumbens DA efflux. However,
this does not exclude the potential role of glutamate-mediated
DA release occurring directly in the ventral striatum. Thus,
blockade of NMDA receptors in the NAc will block the increase
in DA efflux evoked by electrical stimulation of the vSub (Blaha et
al., 1997; Taepavarapruk et al., 2000), although NMDA receptors
play only a minor role in the glutamate-evoked activity of NAc
neurons (Pennartz et al., 1991; Hu and White, 1996). Further-
more, it is known that NMDA receptors are located on intervari-
cose segments of tyrosine hydroxylase-containing neuronal pro-
cesses in the NAc shell (Gracy and Pickel, 1996). Therefore, it is
likely that the vSub modulation of DA release in the NAc may be
the result of both a presynaptic mechanism localized within the
NACc and a polysynaptic mechanism involving the NAc, VP, and
VTA. The vSub would thus be in a unique position to regulate
both the tonic and phasic release of DA, the former by presyn-
aptic modulation of DA terminal release (Grace, 1991; Blaha et
al., 1997; Taepavarapruk et al., 2000) and the latter by a polysyn-
aptic circuit linking the NAc to the VTA (Zahm and Heimer,
1990; Grace, 1991).

Implications for schizophrenia

Dysfunction of the DA system has long been implicated as a
primary factor in the pathophysiology of schizophrenia. More
recent studies have suggested that there may be a developmental
pathology of the hippocampus in this disorder (Lipska and Wein-
berger, 2000), particularly in the ventral regions that project to
limbic structures. The present study shows that the vSub is in-
volved in regulating the basal firing characteristics as well as the
overall activity level of VTA DA neurons in the normal rat. If this
system is disrupted, particularly early in development, it is likely
that tonic control of VTA DA neuron activity would be affected.
Under such conditions, stimuli that cause phasic activation of DA
neuron firing may be expected to have an abnormally large impact
on impulse-dependent DA release in limbic structures (Grace,
1991). This could contribute to the heightened DA responsivity
observed in rats with developmental disruptions of ventral hip-
pocampal circuits (Grace, 2000; Lipska and Weinberger, 2000).
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