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Synaptic Interactions among Excitatory Afferents to Nucleus
Accumbens Neurons: Hippocampal Gating of Prefrontal Cortical

Input
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The interactions among excitatory inputs arising from the
prefrontal cortex, amygdala, and hippocampus, and inner-
vating nucleus accumbens neurons were studied using in
vivo intracellular recording techniques. Neurons recorded
in the accumbens displayed one of three activity states: (1)
silent, (2) spontaneously firing at low, constant rates, or (3)
a bistable membrane potential, characterized by alternating
periods of activity and silence occurring in concert with
spontaneous transitions between two steady-state mem-
brane potentials (average, —77.3 = 7.1 mV base, —63.0 =
7.4 mV plateau). These neurons also exhibited a high de-
gree of convergence of responses elicited by stimulation
of each of the three excitatory inputs tested. Activation of
hippocampal afferents, but not cortical, amygdaloid, or tha-
lamic afferents, induced bistable cells to switch to the de-
polarized (active) state. In contrast, no bistable cells were
encountered in the nucleus accumbens following an acute
transection of the fornix. Furthermore, microinjection of li-
docaine in the vicinity of the hippocampal afferents at the
level of the fornix caused a reversible elimination of the
plateau phase in bistable cells. These data suggest that
hippocampal input is necessary for accumbens neurons to
enter a depolarized, active state. Furthermore, activation of
prefrontal cortical inputs fail to evoke spike firing in ac-
cumbens neurons unless they are in this active state. Con-
sequently, the hippocampus appears to be capable of gat-
ing prefrontal corticoaccumbens throughput.

[Key words: accumbens, intracellular recordings, in vivo,
prefrontal cortex, hippocampus, amygdala, fornix, schizo-
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Based on its anatomical interconnections, the nucleus accum-
bens is proposed to be involved in the coordination of limbic
and motor systems (Mogenson et al., 1980; Mogenson and Yang,
1991). This structure has received increasing attention in recent
years, particularly with regard to its possible involvement in the
genesis and treatment of schizophrenia. It is generally believed
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that alterations in dopamine (DA) neurotransmission are in-
volved in schizophrenic symptoms, as shown by pharmacolog-
ical evidence such as the ability of drugs which increase DA
levels (e.g., amphetamine, L-DOPA, or cocaine) to induce a
schizophrenia-like state in controls (Snyder, 1973), and the find-
ing that the therapeutic efficacy of antipsychotic drugs is highly
correlated with their ability to block DA D, receptors (Seeman,
1987). Furthermore, antipsychotic drugs have been proposed to
exert their therapeutic actions by inducing depolarization block
in the dopamine (DA)-containing cells located in the anterior
ventral tegmental area (VTA) (Chiodo and Bunney, 1983; White
and Wang, 1983; Grace, 1992) which project preferentially to
the accumbens (Groenewegen et al., 1980). Nonetheless, inves-
tigations to date have failed to find substantial evidence for a
primary disruption of the DA system itself in schizophrenia
(Grace, 1991; Carpenter and Buchanan, 1994). On the other
hand, there is substantial evidence that a pathological change in
the prefrontal cortex may contribute to this disorder, including
(1) a reduction in regional cerebral blood flow (rCBF) in the
dorsolateral aspect of the prefrontal cortex (PFC) of schizo-
phrenics (Buchsbaum et al., 1982; Berman et al., 1986; Friston,
1992; Liddle et al., 1992a,b), even in never-medicated patients
(Buchsbaum et al., 1992); (2) poor performance in neuropsy-
chological tests sensitive to PFC function (Liddle and Morris,
1991; Raine et al., 1992); (3) structural deficits observed with
magnetic resonance imaging (MRI) (Raine et al., 1992); (4) a
reduction in the release of GABA and glutamate in PFC tissue
obtained from schizophrenics (Sherman et al.,, 1991); and (5)
alterations in phosphomonoesters in the frontal cortical fibers as
shown by in vivo P* magnetic resonance spectroscopy (Pette-
grew et al., 1991). However, despite the preponderance of evi-
dence for a disruption in PFC activity in schizophrenia (Robbins,
1990; Berman and Weinberger, 1991; Weinberger et al., 1992),
reports of cellular or structural pathology in this region have
been inconclusive (Weinberger, 1987; Shapiro, 1993). On the
other hand, several studies have provided evidence for anatom-
ical disruptions occurring in the amygdala—entorhinal complex
(Arnold et al., 1991) and in the hippocampus (Kovelman and
Scheibel, 1984; Falkai and Bogerts, 1986) in this disorder. A
potential involvement of these structures is further supported by
MRI studies of schizophrenics in which a reduction in the size
of the left temporal lobe has been reported (Barta et al., 1990;
Suddath et al., 1990; Shenton et al., 1992; Bogerts et al., 1993;
Gur and Pearlson, 1993; Kawasaki et al., 1993; Waddington,
1993) and by PET studies revealing the presence of diminished



metabolic activity in the hippocampus of schizophrenics (Tam-
minga et al., 1992).

The physiological properties of nucleus accumbens neurons
have been well characterized in vitro in the brain slice prepa-
ration, where they have been shown to have a very polarized
membrane potential and exhibit EPSPs in response to stimula-
tion of cortical, hippocampal, and amygdaloid afferents (Chang
and Kitai, 1986; Uchimura et al., 1989a; Meredith et al., 1993;
O’Donnell and Grace, 1993b, 1994a; Pennartz et al., 1993;
Kombian and Malenka, 1994). However, because these regions
do not lie in a single plane within the accumbens, at least some
of these afferent processes are transected during preparation of
the brain slices prior to recording. Furthermore, due to the ab-
sence of spontaneously discharging cortical neurons in the slice,
nucleus accumbens neurons do not exhibit spontaneous EPSPs
or spike activity in vitro. As a result, it is difficult to assess how
afferent systems interact to drive the spontaneous spike firing
that is present in nucleus accumbens neurons in the intact brain.

In addition to having one of the densest DA innervations in
the brain (Johansson and Hokfelt, 1981), the nucleus accumbens
receives massive inputs from the PFC, the hippocampus (mainly
the ventral subiculum), and the amygdala (Swanson and Cowan,
1975; Groenewegen et al., 1980; Kelley and Domesick, 1982;
De France et al., 1985; Sesack et al., 1989; Kita and Kitai, 1990).
Although there are numerous studies showing the modulatory
actions produced by DA and VTA stimulation on hippocampal
(Reinstein et al., 1982; Yang and Mogenson, 1984, 1986, 1987;
Mogenson and Yim, 1991; Meredith et al., 1993; Mittleman et
al., 1993), cortical (O’Donnell and Grace, 1994a), and amyg-
daloid (Yim and Mogenson, 1982, 1986, 1988, 1989) inputs to
this region, the interactions between the three primary excitatory
afferents (i.e., PFC, amygdala, and hippocampus) have not yet
been examined in detail. This investigation focuses on the effects
mediated by activation of these inputs on accumbens cell phys-
iology using in vivo intracellular recordings, with an emphasis
placed on assessing the degree of convergence of these inputs
upon single neurons within the accumbens. In particular, we ex-
amined the contribution of these afferents to driving spontaneous
activity states of accumbens cells, including the sudden, 10-20
mYV switches in the membrane potential that persist for hundreds
of milliseconds as first described by Yim and Mogenson (1988).
This bistable pattern of activity is similar to that reported for
dorsal striatal cells (Hull et al., 1970; Wilson and Groves, 1981;
Calabresi et al., 1990; Wilson, 1992a,b, 1993; Onn et al., 1994)
and cortical cells (Steriade et al., 1993; Cowan and Wilson,
1994) recorded in vivo, although its origin in any of these struc-
tures has not been established conclusively.

Part of this work has been presented in abstract form (Grace
and O’Donnell, 1994; O’Donnell and Grace, 1994b).

Materials and Methods

Animals and surgery. Intracellular recordings of accumbens neurons
were obtained in vivo from 24 male Sprague-Dawley adult rats pur-
chased from Zivic-Miller laboratories (Allison Park, PA) and weighing
271-415 gm. All experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals published by the
USPHS, with the specific protocols approved by the University of Pitts-
burgh Institutional Animal Care and Use Committee. The rats were
deeply anesthetized with chloral hydrate (400 mg/kg, i.p.) before being
placed in a stereotaxic apparatus (Narishige, Tokyo, Japan). Supple-
mental anesthetic (chloral hydrate, 1.5%) was continuously adminis-
tered throughout the experiment by means of a microdrip system at-
tached to a cannula located in a lateral tail vein, with the rate of infusion
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adjusted to maintain a constant level of anesthesia as determined by
periodic testing of the hindlimb compression reflex.

Small burr holes were drilled in the skull in order to allow the place-
ment of stimulating and recording electrodes. Bipolar concentric stim-
ulating electrodes (model NE-100X; Rhodes Med. Instr, Woodland
Hills, CA) were placed in the prefrontal cortex (A +3.0 mm, L 0.6
mm, H =52 mm; or A +3.7 mm, L 1.0 mm, H —2.5 mm), the fornix-
fimbria (A —0.3 mm, L 0.2-0.5 mm, H —6.2 mm), the amygdala (A
—23 to —2.5 mm, L 4.9 mm, H —8.5 mm), the paraventricular (PV)
midline thalamic nucleus (A —2.0 mm, L 0.1 mm, H —6.0 mm), and/
or the entorhinal cortex (A —6.5 mm, L. 7.0 mm, H —8.0 mm). All the
coordinates were determined using a rat brain stereotaxic atlas (Paxinos
and Watson, 1986).

Electrophysiological recordings. Micropipettes were pulled from-1
mm o.d. Omegadot borosilicate glass tubing (World Precision Instru-
ments, Sarasota, FL) using a Flaming-Brown P-80/PC microelectrode
puller and filled with 3 m potassium acetate. Electrode potentials were
amplified by a headstage amplifier connected to a NeuroData intracel-
lular preamplifier (NeuroData IR-283). Current was injected through a
bridge circuit integral to the amplifier, and the amplitude of current
injected and the membrane potentials recorded were observed on-line
on an oscilloscope (Kikusui COS 5042) in addition to being continu-
ously digitized by a NeuroData Neurocorder (DR-390) and stored on
VHS videotapes for subsequent off-line analysis. For data analysis, a
CED1401 Intelligent Laboratory Interface (Cambridge Electronic De-
sign, Cambridge, UK) connected to a Gateway 486 computer was used,
with hardcopies obtained by directing the output to a Hewlett-Packard
7475A digital plotter.

Stimulating pulses with durations of 100-500 psec and intensities
between 100 pA and 1.5 mA were delivered using two Grass S88
stimulators connected to Grass PSIU6 constant current stimulus isola-
tion units. After obtaining a stable penetration of a cell, its baseline
activity was recorded for a few minutes before applying depolarizing
and hyperpolarizing pulses through the recording electrode for assess-
ment of membrane properties. A stable penetration was defined by the
presence of (1) a stable resting membrane potential of at least —55 mV,
(2) action potentials greater than 45 mV in amplitude, and (3) a train
of spikes induced by membrane depolarization. Each cell from which
data was collected was recorded in a stable state for a minimum of 5
min.

Fimbria-fornix transections. A subset of nine cells was recorded from
seven animals in which the fimbria-fornix system was transected using
a glass microknife constructed from a thickness grade 1 glass coverslip.
The microknife was introduced through a slot drilled in the skull at the
level of bregma, with the knife oriented 15°-30° caudally as it was
inserted to a depth of S mm below the skull surface. Transections were
made by moving the knife from the midline to a point 5 mm lateral to
midline, which was subsequently confirmed in histological analysis to
completely transect the fornix. After the transection, the rats were al-
lowed to recover for at least 1 hr prior to recording. As a control for
the specificity of the transection, an additional group of nine neurons
were recorded from two animals bearing a similar cut that was placed
so as to cut most of the same fiber bundles but specifically spare the
fimbria-fornix system. The section was performed in the same manner
as those of the lesion group, except that the fornix was spared by either
(1) only lowering the microknife to a ventral position that was 2.5 mm
below the brain surface, or (2) by entering the brain at the same coor-
dinates but with the knife oriented in the vertical plane. Throughout
this paper we use the term “fornix” to refer to the fimbria-fornix fiber
system. In a similar manner, we have used the term “hippocampal af-
ferents” to refer to those fibers that reach the nucleus accumbens and
originated mainly from the ventral and dorsal subiculum and, albeit
more sparingly, from the CA1 and CA4 regions (Kelley and Domesick,
1982; De France et al., 1985).

In a group of animals a 27 gauge cannula was positioned at the same
coordinates used for insertion of the stimulating electrodes, which
would place the tip of the cannula within the fornix. After obtaining 5
min of stable baseline data from an impaled nucleus accumbens neuron,
the effects of reversible interruption of transmission along the fornix
was tested by administering 0.1-0.2 ul of 1% lidocaine (Elkins-Sinn,
Cherry Hill, NJ) injected through the cannula using a 1 pl Hamilton
syringe. The effect of lidocaine injection into the fornix was tested in
four nucleus accumbens neurons. In addition, the specificity of the re-
sponse was examined by testing the effects of lidocaine injected into
nearby regions on the activity of nucleus accumbens cells. Lidocaine
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Figure 1.

Nucleus accumbens cells recorded in vivo show several membrane properties that are identical to those observed in vitro. A, Determi-

nation of input resistance in accumbens neurons recorded in vivo. Intracellular injection of 100 msec duration constant current pulses (lower traces)
elicits deflections in the membrane potential (upper traces) in this accumbens cell. B, The steady-state voltage deflections are plotted against the
amplitude of the current pulses injected. The slope of the resultant regression line was used to estimate the input resistance, which in this case was
64 MQ. In response to depolarizing current injection an inward rectification is observed (RMP, —85 mV). C, Depolarization of the membrane of
accumbens neurons induces a slow depolarization that precedes spike discharge. Injection of low levels of depolarizing current into this nondis-
charging accumbens neuron elicits a noninactivating slow membrane depolarization that is present throughout the current pulse. D, Increased levels
of membrane depolarization elicit a slow depolarization that culminates in spike discharge when the depolarization reaches the threshold membrane
potential for triggering an action potertial (RMP, —79). E, Repetitive discharge evoked by membrane depolarization in another nonfiring cell shows
firing-frequency adaptation, in which the interval between spikes increases at later stages of the evoked spike train (MP, —85 mV and —65 mV).

injection into the fornix was also tested for its effects on the activity of
bistable cells recorded in the PFC.

Histology. At the completion of each experiment, the animals were
given an overdose of pentobarbital intraperitoneally and perfused rap-
idly with ice-cold saline prior to perfusion with 10% buffered formalin.
The brains were then removed and fixed overnight in the formalin so-
lution. After fixation, the brains were incubated in phosphate buffer, and
70 pm thick sections were cut using a microtome. The sections were
then mounted and stained with cresyl violet. All recording and stimu-
lating electrode locations, as well as the site of cannula placement and
the extent of the fornix transection, were identified according to a rat
brain stereotaxic atlas (Paxinos and Watson, 1986). In order to aid in
the identification and reconstruction of the recording microelectrode
tracks, a maximum of four penetrations was performed in each animal.

Results

In vivo intracellular recordings were performed from a total of
60 nucleus accumbens neurons in 24 rats: 42 cells were recorded
in 15 untreated rats, nine cells following acute transection of the
fimbria-fornix in seven rats, and nine cells from two rats that
had received a sham lesion. The analysis was limited to data
that had been obtained from cells that exhibited a stable resting
membrane potential of at least —55 mV, displayed action poten-

tials that were 45 mV or greater in amplitude as measured from
the beginning of the fast-rising phase to the spike peak, and in
which subsequent histological analyses showed they were lo-
cated within the anatomical boundaries of the nucleus accum-
bens. Although no systematic attempt was made to identify
whether the cells recorded were located in the core or the shell
region of the accumbens, most of the electrode tracks were
found in the medial aspect of the accumbens, suggesting wat
cells in the shell region were preferentially sampled.

Passive membrane properties

The resting membrane potential of the neurons recorded in intact
animals averaged —74.8 = 10.2 mV (mean *= SD; range, —95
to —55 mV, n = 42). The input resistance was estimated by
injecting a series of 100 msec hyperpolarizing current pulses into
the neurons and plotting the amplitude of the current pulse
against the membrane potential deflections it produced. The
points obtained were fitted to a least squares regression line, with
the input resistance for each neuron calculated from the slope
of the line (Fig. 1). The input resistance of nucleus accumbens



cells averaged 54.3 = 18.3 MQ (range, 22.7-116.8 MQ, n =
27). The membrane time constant (7) was estimated by injecting
a —0.2 nA hyperpolarizing pulse and measuring the time re-
quired for the membrane potential to reach 63% of the maximal
deflection produced; this yielded a T which averaged 6.8 + 2.8
msec (range, 2.7-10.9 msec, n =-24). In 12 of 20 cells, the I/'V
plot (Fig. 1B) revealed an inward rectification in the depolarizing
direction similar to that shown for accumbens neurons recorded
in vitro (O’Donnell and Grace, 1993b), which was correlated
with the presence of a slow depolarization preceding spike dis-
charge. In addition, seven of nine neurons also exhibited an in-
ward rectification in the hyperpolarizing direction when the am-
plitude of the current injected was higher than —0.5 nA, which
is consistent with that reported for in vitro recordings from ac-
cumbens neurons (Uchimura et al., 1989a; O’Donnell and Grace,
1993b).

Spike generation

Action potentials in accumbens neurons occurred spontaneously
or could be evoked by direct depolarization of the membrane
by intracellular current injection (Fig. 1). Spike amplitudes av-
eraged 61.3 = 9.4 mV (range, 48-85.8 mV, n = 42), and the
membrane potential threshold at which spikes were triggered
was —59.8 £ 8.1 mV (range, —82.0 to —38.7 mV, n = 42).
As observed in vitro (O’Donnell and Grace, 1993b), a slow de-
polarization of the membrane preceded both spontaneously oc-
curring and (in 19 of 30 cells) depolarization-induced action
potential discharge (Fig. 1C,D). Furthermore, firing-frequency
adaptation was observed in 15 of the 23 cells tested (Fig. 1E).

A slow spike resembling the low threshold spikes (LTS) de-
scribed in other preparations (Jahnsen and Llinas, 1984) could
be evoked in 10 of 24 cells tested. This LTS could be triggered
by hyperpolarizing the membrane prior to applying a depolar-
izing current pulse. The LTS consisted of a slowly rising and
slowly falling low-amplitude all-or-none potential that often was
of sufficient amplitude to trigger action potential discharge (Fig.
2A,B). The LTS was also triggered in neurons with a depolarized
membrane potential as a rebound following a brief membrane
hyperpolarization (Fig. 2C).

Spontaneous activity

Approximately 75% (39 of 51) of the cells recorded in both the
intact and sham-lesioned groups exhibited spontaneous spike
discharge (Fig. 3A,B,E), although their firing rate was compar-
atively low (3.8 = 4.1 Hz; range, 0.1-14.9 Hz; n = 39). The
remaining cells did not discharge action potentials spontaneous-
ly, although synaptic responses could be evoked by stimulation
of the prefrontal cortex in all cells tested. In addition, 59% (30
of 51) of the cells recorded (25 spontaneously active, 5 nonfir-
ing), exhibited rapid, large-amplitude spontaneous shifts in
membrane potential, with the shifts occurring between two rel-
atively stable membrane potentials separated by 8-22 mV (n =
30; 24 in intact, 6 in sham; Fig. 3A,B). This corresponded to the
average difference between basal membrane potentials (—77.3
+ 7.1 mV; range, —64 to —95 mV; n = 30) and plateau mem-
brane potentials (—63.0 = 7.4 mV; range, —50 to —78 mV, n
= 30), respectively. The presence of a bistable event was defined
as a rapid transition in membrane potential occurring with a rise
time of 5 mV/msec or greater, and achieving a plateau depolar-
ization within the range of 8-22 mV depolarized to the RMP,
with the depolarization being maintained for a minimum of 100
msec (Fig. 3B). This criterion was employed in each case in
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Figure 2. Low-threshold spikes can be evoked by membrane polar-
ization in accumbens neurons. A, Depolarization of the membrane of
an accumbens neuron at resting membrane potential typically triggers
repetitive action potential discharge. B, However, if the membrane of
the same neuron is first hyperpolarized by 10-20 mV, subsequent de-
polarizing current pulses will elicit a slow, all-or-none depolarization
that in this neuron triggers spike discharge. This slow event resembles
the low-threshold spikes described elsewhere in terms of its voltage
dependency and all-or-none nature (RMP, —95 mV). C, Conversely, if
the membrane of this neuron is first depolarized by 7-15 mV from rest,
injection of brief hyperpolarizing pulses at increasing amplitudes will
evoke rebound all-or-none depolarizing events. The all-or-none nature
of this event can be observed in this case, since only one of two nearly
equal-amplitude hyperpolarizing pulses is shown to evoke the rebound
LTS (RMP, —83 mV).

which quantitative descriptions of the properties of the bistable
events is presented. Events that met this criteria could be readily
distinguished from spontaneously occurring EPSPs, since the
latter were typically much smaller in amplitude and did not
maintain a stable depolarized potential, but instead rapidly de-
cayed after achieving its maximal depolarization. The continu-
ous presence of these bistable states of the membrane potential
can further be observed by constructing a time histogram of the
membrane potential of individual cells that encompassed periods
of 20-30 sec of recording. In each case, cells classified as bist-
able exhibited a bimodal distribution in the membrane potential,
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Figure 3. Most of the nucleus accumbens neurons recorded in vivo fired spontaneously with one of two distinct discharge patterns: bistable
and continuous. A, The bistable pattern of activity is characterized by the presence of rapid spontaneous shifts in the steady-state membrane
potential. Rapid switches in membrane potential that were nearly 20 mV in amplitude are observed to move the cell between two clearly
distinguishable stable states. Action potential discharge occurs only when the membrane is in the depolarized state (MP oscillated between —78
mV and —60 mV). B, Observed at a faster time base, the components of a plateau depolarization are illustrated. C, Time—frequency histogram
showing the number of 0.1 msec bins during which the membrane was at the potential indicated; total record length from A, 20 sec. The y-axis
has been converted to show the results in terms of the percent of the 20 sec period spent at the membrane potential shown. A bimodal distribution
is present, with the two modes representing the two membrane potential states. D, The data surrounding each peak of the histogram in C (i.e.,
the maximum amount of time spent at each membrane potential) can be fitted to two normal functions with high coefficients of determination
(7). E, A smaller proportion of spontaneously firing cells exhibited a continuous irregular slow firing frequency. No spontaneous transitions in
activity states were observed in these neurons (RMPF, —76 mV). F, The membrane potential frequency histogram obtained from the tracing in
E shows a normal distribution. G, Several nucleus accumbens neurons exhibited 5—-8 Hz oscillations in the membrane potential. A 6 Hz oscillation
of the membrane potential of this accumbens neuron recorded at RMP (=55 mV, upper trace) is not altered in frequency by hyperpolarization
of the membrane (—0.3 nA, bottom trace), although the oscillatory events switch to a hyperpolarizing direction. The dashed line indicates
—60 mV.
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Figure 4. Bistable cells exhibit two steady-state membrane potentials.
Membrane potentials are plotted for nonfiring cells (non-f), bistable
cells while in the hyperpolarized (bist-H) and depolarized (bist-D)
states, and tonically active cells (active). In addition, membrane poten-
tials are plotted for the plateau-like depolarizations induced by fornix
stimulation (stim), and for the silent cells encountered in the fornix-
lesioned group (lesion). The means are shown as horizontal bars. When
bistable cells are in the hyperpolarized, nonfiring state (bist-H), the av-
erage membrane potential is within the range of that of nonfiring cells
in either control (non-f) or fornix-lesioned (lesion) groups. Furthermore,
the membrane potentials of bistable cells when they are in the depolar-
ized, discharging state (bist-D) are similar to those of tonically spiking
cells (active) or cells recorded during fornix stimulation (stim).

with the peak time spent at membrane potentials that represented
the values reported for the resting potential and the depolarized
plateau potential. Intermediate values reflect the brief depolari-
zations presumably due to the presence of EPSPs occurring dur-
ing both the resting potential and the plateau phase of cell ac-
tivity. In addition, the values clustered around each of these two
modes could be fitted to respective normal curves with an r2 of
at least 0.95 (Fig. 3D). In contrast, cells which had a constant
firing rate did not exhibit such shifts in membrane potential (Fig.
3E). In these cells, construction of a membrane potential histo-
gram resulted in a normal distribution of potentials around a
single peak (Fig. 3F). Some cells recorded for long periods of
time (i.e., 2 hr or longer) were observed to switch back and
forth between activity states; for example, a cell that had been
firing in a bistable pattern for 12 min would cease spike activity
for 38 min before resuming the bistable state. These changes in
pattern were especially apparent when supplemental anesthesia
was administered, which caused a substantial slowing of the
firing rates and a transition to the hyperpolarized state.

The bistable cells exhibited spiking only during the depolar-
ized state (Fig. 3A,B), with the spikes often occurring in bursts.
The tonically firing cells discharged action potentials at mem-
brane potentials that were not significantly different from those
observed at the depolarized state of bistable cells (—64.6 = 6.8
mV, range, —55 to —76 mV, n = 14; Fig. 4). In contrast, the
non-firing neurons had a comparatively hyperpolarized mem-
brane potential that was significantly larger than that present
during the hyperpolarized state of bistable cells (—87.1 + 6.7
mV, range, —75 to —95 mV, n = 7; p < 0.002, Student’s ¢ test;
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Figure 5. The amplitude and frequency of occurrence of the mem-
brane potential transitions present in bistable cells are not dependent on
the basal membrane potential of the accumbens neuron. Progressive
depolarization (top two traces) or hyperpolarization (bottom three trac-
es) from RMP (center trace) alter the spike discharge frequency of the
cell without affecting the frequency of occurrence or the amplitude of
the depolarizing plateau potentials that comprise the bistable state. A
membrane potential frequency histogram (as described in Fig. 3) is
shown and illustrates the typical bimodal distribution of the membrane
potential transitions that occur in bistable cells (MP, —90 mV and —72
mV).

Fig. 4). The depolarized (excitable) periods lasted for an average
of 419 = 209 msec (150-1000 msec, n = 24) and occurred at
a frequency of 0.8 £ 0.5 Hz (0.1-2 Hz, n = 24). On average,
the bistable cells remained in the depolarized state for 31% =+
20% of the recording period (range, 5%—84%, n = 24). Depo-
larizing or hyperpolarizing the membrane of the recorded cell
by intracellular current injection did not modify the duration,
frequency or amplitude of these events (Fig. 5), but instead only
affected the frequency of spiking produced during the depolar-
ized state.

In addition to the inactive state and the bistable activity state,
15 of 51 neurons recorded exhibited intermittent subthreshold
oscillations of their membrane potentials that occurred at a fre-
quency of 5-8 Hz. These oscillations were observed as depo-
larizing deflections above the baseline membrane potential; how-
ever, hyperpolarization of the membrane typically shifted the
polarity of the oscillations to a hyperpolarizing direction (Fig.
3G).

Responses evoked in accumbens neurons by stimulation of
afferent fibers from the amygdala, prefrontal cortex, and
hippocampus

Prefrontal cortex stimulation. Stimulation of the prelimbic or
infralimbic regions of the prefrontal cortex induced EPSPs in all
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Table 1. Evoked EPSPs and their convergence in single accumbens cells recorded in control and sham-lesioned animals

Number
Stimu- cells
lation respond- Rise time
site ing Latency Amplitude” Duration Time to peak dvidt Convergence
Cortex 25/26 5.3 = 2.6 msec 14.1 £ 8.1 mV 489 = 253 msec 7.9 + 4.1 msec 1.9 + 1.3 mV/msec Fornix, 19/20
(1.6-12 msec) (535 mV) (18-120 msec) (2.7-19 msec) (0.4-4.5 mV/msec) Amygdala, 7/7
Both, 6/7
Amygdala 717 17.1 £ 54 msec 153 £ 11.7mV 792 + 30 msec  12.6 + 6.2 msec 1.4 + 0.9 mV/msec  Cortex, 7/7
(10-25 msec) (740 mV) (40-120 msec) (6-18.5 msec) (0.5-3.1 mV/msec) Fornix, 6/7
Both, 6/7
Fornix 19/21 7.8 = 4.6 msec 135 £ 9.7 mV 71.2 = 43 msec 9.7 + 3.9 msec 2.0 = 1.9 mV/msec  Cortex, 19/19
(2.5-20 msec) (5-36 mV) (20-180 msec) (3.2-19.4 msec)  (0.1-4.4 mV/msec) Amygdala, 7/7
Both, 6/6

Each mean x SD was calculated from data obtained from all cells responding (number cells responding column). Values in parentheses are ranges. The convergence
column shown number of cells responding to one or more additional stimulation sites.

« Amplitude refers to the maximal EPSP response evoked. In those cells in which afferent stimulation evoked action potential discharge, the EPSP amplitude was
determined to be the threshold potential for action potential generation.

but one of the neurons tested (i.e., 19 of 20 cells in control baseline, 69.6 = 63.6 msec). Furthermore, only 4 of 19 cells
animals; Table 1). In approximately half of the cells tested (9 of  exhibited a late EPSP (12-25 mV in amplitude; 40-55 msec
19), the evoked excitatory potentials were followed by IPSPs duration) which occurred at a latency of 45-80 msec (Fig. 6B).
(Fig. 6A; average amplitude, —9.2 = 5.0 mV; latency, 31.2 = Stimulation of the PFC evoked an EPSP that was of sufficient
14 msec; duration measured from response onset to return to amplitude to trigger spike discharge in 47% (9 of 19) of these
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Figure 6. Synaptic responses evoked in accumbens neurons by prefrontal cortex stimulation. A, Cortical afferent stimulation at intensities sub-
threshold to spike generation evokes an EPSP followed by an IPSP (RMP, —74 mV). B, PFC stimulation evokes an EPSP followed by a membrane
repolarization and a late EPSP in this accumbens neuron (RMP, —83 mV). C, In several cells, stimulation of the PFC evokes an EPSP of sufficient
amplitude to trigger action potential discharge (RMP, —62 mV).

The response evoked by PFC stimulation in bistable cells is dependent on the state of the membrane potential. D, Stimulation of the PFC when
a bistable cell is in the depolarized state and firing spontaneously elicits spike discharge and a transition of the membrane to the hyperpolarized
condition (MP, —83 mV and —68 mV). E, Stimulation of the PFC at an intensity subthreshold for spike generation still causes membrane
repolarization (top traces), which occurs at a similar time course as that of the membrane repolarization that occurs following the EPSPs evoked
during the hyperpolarized state of the same cell (bottom traces; MP, —65 mV and —50 mV). F, Stimulation of the entorhinal cortex evokes an

EPSP similar to that evoked by PFC stimulation (RMP, —65 mV). In this and subsequent figures, the stimulus artifacts have been replaced by
arrows.
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Figure 7. Synaptic responses evoked in accumbens neurons by fornix
stimulation. Stimulation of the fornix evokes EPSPs and extended de-
polarizing events in accumbens neurons. A, In response to fornix stim-
ulation (arrow), this nonfiring accumbens cell exhibits a large amplitude
EPSP (RMP, —85 mV). B, In a bistable neuron, stimulation of the fornix
during the depolarized state evoked an EPSP that was also followed by
an IPSP-EPSP sequence. Action potentials were triggered by both
EPSPs (RPM, —68 mV). C, In contrast, stimulation of the fornix during
recordings from a bistable neuron during its hyperpolarized state evokes
a long-lasting EPSP (MP, —95 mV at the hyperpolarized state).

neurons (Fig. 6C). In bistable cells, PFC stimulation was more
likely to trigger spike discharge when the cell was in the de-
polarized state. The evoked response was then followed by a
rapid switch to the hyperpolarized state in every case examined
(n = 7, Fig. 6D). Furthermore, this transition occurred in every
case examined independent of whether the stimulation had
evoked spike discharge (Fig. 6E). In contrast, when the mem-
branes of bistable cells were in the hyperpolarized state (i.e.,
range, —95 to —65 mV), stimulation of the PFC stimulation
evoked large amplitude EPSPs (Fig. 6E) but failed to trigger
spike discharge in 90% (9 of 10) of the cases. Stimulation of
the entorhinal cortex evoked a similar pattern of response in five
of six accumbens cells recorded (Fig. 6F).
~ Only one neuron did not respond to PFC stimulation with an
EPSP, but instead exhibited an evoked IPSP. However, increasing
the stimulus amplitude induced a decrease in the onset latency
of the IPSP (i.e., from 3 msec to 2.6 msec; not shown), which
suggests that this response may be mediated polysynaptically.
Hippocampal afferent stimulation. Stimulation of the fornix
also evoked EPSPs or an EPSP/IPSP sequence in 14 of 15 cells
tested (Fig. 7A,B, Table 1), although action potential discharge
could be evoked in only three of those cells. In 9 of 12 bistable
cells, fornix stimulation evoked a plateau-like response during
which the membrane potential of the cell depolarized to approx-
imately the same level as that observed when these bistable cells
are in their depolarized state. These responses consisted of either
(1) an EPSP that had a prolonged plateau component lasting 46—
60 msec before repolarization of the membrane occurred (n =
2; Fig. 7C), or (2) a maintained switch to the depolarized state
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Figure 8. A condition resembling the depolarized state of a bistable
neuron can be evoked by fornix stimulation. A, In a recording made
from an accumbens bistable cell when it is in the hyperpolarized state,
stimulation of the fornix (arrow, four traces overlaid) evokes a fast
EPSP followed by a partial repolarization of the membrane which is
followed by a switch to the depolarized state. B, In a display of one of
the tracings shown in A, the prestimulus membrane potential is similar
to the membrane potential of the cell when it is in the hyperpolarized
state (bottom dashed line, MP, —95 mV), whereas the evoked plateau
depolarization reaches membrane potentials that are equivalent to those
observed during the depolarized state of this neuron (upper dashed
lines, MP, —75 mV). C, When the fornix is activated by a brief train
of stimuli (5-15 pulses at 30-50 Hz), a bistable cell in the hyperpolar-
ized state exhibits a prolonged large amplitude depolarization of the
membrane that is maintained for 200 msec following the last stimulus
before returning to baseline membrane potential (MP, —90 mV and —72
mV). The stimulation events are shown by their stimulus artifacts that
were retained in this example.

(n = 7). Thus, when the bistable cells were in their depolarized
phase, stimulation of the fornix evoked only a small amplitude
EPSP (approximately 4-9 mV). However, when the cells were
in their hyperpolarized state, fornix stimulation evoked an EPSP
followed by a longer latency (92-220 msec) switch to the de-
polarized state (n = 7; Fig. 8A,B). Furthermore, stimulation of
the fornix with a train of pulses (20-75 Hz, 200-300 msec du-
ration, n = 4) induced a sustained depolarization of the mem-
brane that lasted for approximately 200 msec beyond the ter-
mination of the stimulus train (Figs. 8C, 9A). This depolarized
plateau was similar in amplitude and duration to the spontane-
ously occurring depolarizing shifts observed in bistable cells. In
addition, stimulation of the PFC at intensities that were sub-
threshold for evoking spikes when the cell was in the hyper-



3630 O’Donnell and Grace - Hippocampal Regulation of Activity States in the Accumbens

25 mV

~ A
MAMMMMMML. - pRC 200 ms
FORNIX

Figure 9. The synaptic responses evoked in accumbens neurons by
PFC stimulation are facilitated when preceded by a fornix stimulation-
induced depolarized state. A, Stimulation of the fornix with a train of
pulses (stimulus artifacts retained) induces a long-lasting depolarization
of the accumbens cell membrane that resembles the depolarized mem-
brane potential state of a bistable cell. B, In the same cell, stimulation
of the PFC when the cell is in the hyperpolarized state fails to evoke
an action potential (first arrow). However, when the cell shows a spon-
taneous transition to the depolarized state, the same amplitude of PFC
stimulation (second arrow) evokes an action potential. C, Stimulation
of the fornix with trains evokes a prolonged transition of the membrane
to the depolarized state. During this depolarization, stimulation of the
PFC at an intensity that was subthreshold for spike triggering in the
hyperpolarized state (i.e., at the same amplitude used in B) readily
evokes a spike. The stimulus intensity and evoked spike latency were
identical to that in B (RMP, —79 mV and —69 mV).

polarized phase readily evoked spike discharge during the train-
evoked depolarizing plateau (n = 4; Fig. 9). The time course of
this enhancement of cortical input appears therefore to depend
on the duration of the fornix stimulation-induced depolarizing
plateau.

Only one cell tested exhibited an IPSP, but not an EPSP, in
response to fornix stimulation. Furthermore, this was the same
cell that also responded to PFC stimulation with an evoked IPSP.

Amygdala stimulation. Stimulation of the basolateral nucleus
of the amygdala induced long-latency (10-25 msec) EPSPs in
every accumbens neuron tested (n = 7; Fig. 10A, Table 1), al-
though in most cases the stimulus failed to evoke action potential
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Figure 10. Accumbens neurons typically exhibited evoked responses
to stimulation of each of the afferent sites examined. A, Stimulation of
the BL nucleus of the amygdala evoked an EPSP that exhibited a long
onset latency. B, The same accumbens cell also responded to PFC stim-
ulation with a short-latency EPSP. C, Stimulation of the fornix also
evoked a short-latency EPSP in this same cell. D, Overlay of the three
responses (RMP, —77 mV).

25 ms

discharge (evoked spikes, two of seven cells). In contrast, stim-
ulation of the nearby zona incerta region failed to evoke a mea-
surable response (n = 3). Unlike stimulation of the PFC, the
responses evoked in bistable cells by amygdala stimulation were
not altered by the depolarized or hyperpolarized states of the
membrane, nor were they affected during fornix stimulation-
induced membrane depolarizations (n = 6). Amygdala-evoked
responses also exhibited a high degree of convergence with the
other sites. Thus, in every case examined, cells that responded
to hippocampal stimulation also responded to PFC stimulation
and vice versa (n = 14). In addition, six of seven cells tested
for convergence of evoked responses from the PFC, fornix, and
the amygdala exhibited responses to all three stimulation sites
(Fig. 10A-D, Table 1).

All three inputs were studied using a wide range of stimulus
intensities (0.1-1.5 mA). In every case in which stimulation of
the PFC, the amygdala, or the fornix was tested, the responses
exhibited increased amplitudes but constant onset latencies with
increasing stimulus intensities (Fig. 11). These characteristics are
often taken as evidence for a monosynaptic response (Sugimori
et al., 1978). Nonetheless, the very long latency of the amyg-
dala-evoked responses would be difficult to reconcile with a
monosynaptic origin. In addition, the responses to fornix stim-
ulation did on occasion exhibit multiple components (Fig.
10C, D), raising the possibility that a multisynaptic pathway may
also play a role at least in the late components of this response.

Effects of fimbria-fornix transection on the bistable activity
pattern of nucleus accumbens neurons

In order to test whether the hippocampal projection to the ac-
cumbens is involved in regulating the bistable state, the fimbria-
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Figure 11. The responses of accumbens neurons to stimulation of the
PFC and the fornix exhibit characteristics consistent with monosynaptic
events. A, The responses to stimulation of the PFC with increasing
stimulus amplitudes consist of single components that occur at a con-
stant latency (MP, —85 mV and —65 mV). B, The EPSPs evoked by
stimulation of the fornix with increasing stimulus strength also occur at
a constant latency to onset (RMP, —66 mV). C, Stimulation of the BL
nucleus of the amygdala induces EPSPs with comparatively long onset
latencies. Although the latency remains constant as the stimulus inten-
sity is increased, the unusually long delay in the response onset suggests
that multiple synaptic events may be involved in this response. Insets
show the responses at a faster time base to allow for a more clear
visualization of the constant onset latencies (MP, —77 mV and —55
mV).

fornix was transected in a subset of animals approximately 1 hr
prior to the recording session. The data from these animals were
included in the analysis only when subsequent histological anal-
yses could verify that this pathway had been fully transected by
an accurate placement of the knife cut, as described in the his-
tology section (see below). In general, the physiological prop-
erties of accumbens neurons recorded in transected animals were
not substantially different from those observed in intact animals,
except as noted below.

In rats receiving a sham transection that failed to interrupt
hippocampal afferents, the accumbens cells recorded exhibited
similar properties as those in control animals, with the majority
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of the cells recorded (six of nine) exhibiting the bistable pattern
of activity. Stimulation of the PFC in this group induced EPSPs
in all neurons tested (7 = 6; Table 2), and in four of six cases
also evoked action potential discharge. Furthermore, as in con-
trol animals, stimulation of the PFC during the depolarized state
of bistable cells evoked EPSPs or action potentials that were
followed by a switch to the hyperpolarized state (n = 3), where-
as stimulation of the fornix during the hyperpolarized state in-
duced a switch to the depolarized state (n = 4). In addition,
stimulation of the amygdala induced EPSPs in all six neurons
studied, and the degree of convergence between cortical, hip-
pocampal, and amygdaloid afferents onto single cells (5 of 6)
was within the range of that observed in intact animals.

In contrast, none of the accumbens neurons recorded from
animals with histologically confirmed fornix transections were
observed to fire spontaneously (intact, 32 of 42; transected, O of
9), and none of the cells exhibited bistable fluctuations in their
membrane potential (intact, 24 of 42; transected, 0 of 9; p =
0.002, Fisher exact test). The EPSPs evoked by cortical stimu-
lation in the lesioned group were similar to those recorded in
controls with respect to their onset latency (control, 5.3 + 2.6
msec, 1.6-12 msec, n = 25; transected, 3.8 = 1.6 msec, 2-6
msec, n = 5; NS), amplitude (control, 14.1 + 81 mV, 5-35
mV, n = 25; transected, 82 £ 5.2 mV, 3-10 mV, n = 5; NS),
and duration (control, 48.9 + 25.3 msec, 18-120 msec, n = 25;
transected, 32.6 = 15.8 msec, 20-60 msec, n = 5; NS). In ad-
dition, although prefrontal cortical stimulation evoked EPSPs in
all accumbens cells tested (Fig. 124), the stimulus failed to
evoke action potential discharge in any of the cells recorded in
the transected rats (n = 6; Table 2). Furthermore, when the for-
nix was stimulated at a site between the location of the transec-
tion and the nucleus accumbens neurons recorded, EPSPs could
be evoked in only one of six cells tested; this occurred even
when the stimuli were delivered in trains (Fig. 12B). Stimulation
of the amygdala yielded EPSPs in three of four neurons tested
in transected rats (Fig. 12C), and these EPSPs were similar in
amplitude and duration to those evoked by amygdala stimulation
in control animals.

Effects of lidocaine injected into the fornix on the bistable
membrane potential

In two animals a cannula was placed with its tip contacting the
fimbria-fornix system to permit the injection of 1% lidocaine
while recording from a cell in the accumbens. All four bistable
cells tested were rendered silent within 1-3 min following the

Table 2. Effects of hippocampal afferent lesions on activity patterns and responses of nucleus

accumbens neurons to cortical stimulation

% Firing % Showing % Showing
Condition spontaneously % Bistable evoked EPSPs EPSP amplitude evoked spikes
Control 76.2% 57.1% 95% 14.0 = 9.1 mV 45%
(32/42) (24/42) (19/20) (5-35 mV) (9/20)
Transected 0% 0% 83.3% 82 £ 52 mV 0%
(0/9) (0/9) (5/6) (3-16 mV) 0/6)
» <0.001 2 = 0.002 p = 0414 p = 0.054
Sham 77.8% 66.6% 100% 143 £ 40 mV 67%
(7/9) (6/9) (6/6) (10-20 mV) (4/6)
p = 0.647 p = 0.444 p=0.770 p=10323

Numbers in parentheses are cells responsive/cells stimulated for each group and response type. p values were

obtained using the Fisher exact test.
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Figure 12. Transection of the fornix alters the response of accumbens
neurons to PFC stimulation. A, In rats in which the fornix had been
transected, stimulation of the PFC with the maximal stimulation current
tested (1.5 mA) evoked an EPSP but could not evoke spike discharge
in this accumbens neuron (RMP, —81 mV). B, Delivering a train of
pulses to the portion of the fornix proximal to the transection failed to
evoke a response in this accumbens neuron (RMP, —56 mV). C, Stim-
ulation of the amygdala in a fornix-transected rat was still capable of
evoking an EPSP (RMP, —56 mV).

20 ms

injection of lidocaine, with three of four cells no longer exhib-
iting the bistable membrane potential (Fig. 13). In those cells
that were held for a sufficient period of time to allow for the
lidocaine to wash out of the system (i.e., 15-20 min), there was
a restoration of the bistable pattern of activity (n = 2; Fig. 13).
In contrast, in two animals in which the cannula was placed in
the dorsal septum, lidocaine injection failed to alter the bistable
firing pattern on the three accumbens neurons tested. This effect
of fornix inactivation appeared to be specific for bistable cell
activity within the accumbens, since injection of lidocaine into
the fornix failed to affect the membrane potential or firing pat-
tern of six cells showing similar bistable activity states that were
recorded from the orbital PFC immediately anterior to the rostral
pole of the accumbens.

Midline thalamic nuclei stimulation

Since the sites of fornix stimulation and injection were located
near the site at which the fornix passes in close proximity to the
paraventricular (PV) thalamic nucleus, which also projects to the
accumbens (Su and Bentivoglio, 1990), we studied whether the
response to fornix stimulation may have involved this adjacent
system as well. However, although stimulation of the PV tha-
lamic nuclei did evoke EPSPs followed by long-lasting IPSPs
(EPSP latency, 6 and 10 msec; duration, 18 and 65 msec; am-
plitude, 11 and 22 mV) in two of four cells recorded in the
accumbens, none of the bistable cells recorded exhibited a tran-
sition to the depolarized level (n = 2).

Histology

The tracks made by the recording electrodes were localized
within accumbens tissue following fixation and histological pro-
cessing as described in Materials and Methods. Only data col-
lected from cells that had been recorded from electrode tracks
that penetrated the boundaries of the nucleus accumbens were
analyzed further. In order to optimize the accuracy of electrode
track identification, a maximum of four electrode penetrations
into the accumbens was attempted in each animal. The location
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Figure 13. The injection of lidocaine into the fornix induces a tem-
porary suppression of the membrane potential transitions in bistable
neurons. Traces from a bistable cell before (control) and after lidocaine
injection, as recorded 3, 10, and 20 min after the injection. Although a
6 Hz oscillation in the membrane potential is evident, the cell stopped
firing action potentials and no transitions to the depolarized state were
observed. Ten minutes after the injection, depolarizations resembling
the spontaneous shifts in membrane potential are again present. Twenty
minutes after injections, the return to the bistable pattern is evident,
although the cell is still firing slower than in the predrug condition. At
the right of each trace a membrane potential frequency histogram re-
veals the characteristic bimodal distribution and its elimination follow-
ing xylocaine injection. By 20 min postinjection, there is a partial re-
covery of the initial bimodal distribution in membrane potential (MP,
=79 mV and —66 mV).

of the stimulation sites was also verified by localizing the tip of
the track produced by the stimulating electrode.

In one set of experiments, the fornix was transected at least
1 hr prior to starting the recording session. Data was included
in the transection group only when subsequent histological ex-
amination confirmed that a complete section of the fornix had
been made (Fig. 14A). In a separate group of experiments, the
effects of knife cuts that interrupted nearby fiber pathways but
spared the fornix were examined (Fig. 14B). In these rats, mi-
croscopic examination confirmed that the fornix had been
spared, although in one of the animals there was some additional
damage to the dorsal septum. The results obtained from this rat
were not noticeably different from those acquired in intact rats.

Discussion

Many of the basic membrane properties and evoked responses
of nucleus accumbens neurons recorded in vivo were similar to
those observed in vitro (Uchimura et al., 1989a,b; Pennartz et
al., 1992a; O’Donnell and Grace, 1993b), except that the neu-
rons recorded in the intact preparation were under the continuous
influence of spontaneous synaptic potentials. Thus, unlike the
brain slice preparation, the activity of the neurons recorded in
vivo is driven by their afferent input. This input appears to sub-
serve several functions that differentiate basal activity in the
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B

Figure 14. Photomicrographs of 70 wm thick sagittal brain slices obtained from a transected and a sham-lesioned rat. A, Full transection of the
fornix (dashed line). B, A more superficial penetration of the knife (dashed line) that spared the fornix.

intact preparation, such as driving spontaneous spike firing, de-
termining the state of the bistable membrane potential, aug-
menting the impact of low threshold spikes, and subserving a
primary role in the generation of rhythmic oscillations. To in-
vestigate the degree of convergence and interaction among af-
ferents arising from widely dispersed brain nuclei (i.e., PFC,
amygdala, and hippocampus) onto single accumbens neurons,
and in particular to facilitate the assessment of the functional
impact of these afferents on accumbens cell activity states, it
was necessary to use the in vivo preparation.

Intrinsic membrane properties

Most of the basic physiological properties of accumbens neurons
recorded in vive were analogous to those reported using in vitro
preparations. The membrane potential of these cells was within
the range of those reported in vitro (Uchimura et al., 1986,
1989a,b; Pennartz et al.,, 1991, 1992ab, 1993; Uchimura and
North, 1991; O’Donnell and Grace, 1993b, 1994a). Cells re-
corded in both preparations exhibited a slow depolarization pre-
ceding spike discharge that corresponds to the increase in the
slope of the [~V plot at depolarized membrane potentials
(O’Donnell and Grace, 1993b). As determined in the more ac-
cessible in vitro preparation, this depolarization was shown to
be mediated by a Ca’*-dependent conductance (O’Donnell and
Grace, 1993b). Membrane hyperpolarization reveals an inward
rectification in both preparations when the amplitude of current
injected was greater than —0.5 nA (Uchimura et al., 1989a).
Furthermore, accumbens cells in both preparations (O’Donnell
and Grace, 1993b) exhibit slow, all-or-none depolarizations that

resemble the low threshold spikes (LTS) described in other sys-
tems (Jahnsen and Llinds, 1984). The LTS probably underlies
the rebound spike firing observed following hyperpolarizing
pulses, and is likely to contribute to bursts of action potentials
occurring during the peak of spontaneous membrane potential
depolarizations observed in vivo. A similar pattern of activity
has been described for medium spiny neurons in the caudate-
putamen recorded in vivo (Wilson and Groves, 1981; Calabresi
et al., 1990; Wilson, 1993; Onn et al., 1994), and recordings
performed in behaving animals showed that these dorsal striatal
cells also fire spikes in bursts (Aldridge and Gilman, 1991).
Approximately 30% of the cells showed spontaneous 5-8 Hz
oscillations in their membrane potential. However, these oscil-
lations were not continuously present; instead, the cells were
observed to spontaneously enter and exit the oscillatory mode
in an irregular manner. Spontaneous oscillating activity that oc-
curs at different frequencies has been described in other cell
types as well, such as the slower (2-4 Hz) oscillations that are
produced in thalamic neurons by the alternation of the LTS with
a Ca’*-dependent membrane afterhyperpolarization (AHP)
(Steriade and Llinds, 1988; McCormick and Pape, 1990; Amzica
et al., 1992). However, two pieces of evidence suggest that, un-
like the thalamic neurons, the oscillations in the accumbens cell
membrane potential are not endogenously generated: (1) in vitro
intracellular recordings show that, unlike the thalamic neurons,
the LTS and AHP in accumbens cells are not of sufficient am-
plitude to drive sustained oscillatory activity (O’Donnell and
Grace, 1993b), and (2) in most of the cells displaying the 5-8
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Hz oscillation, a prominent LTS could not be evoked by current
injection. Thus, given the absence of membrane properties ca-
pable of supporting spontaneous oscillatory spike firing com-
bined with the absence of sustained oscillatory activity in the in
vitro preparation, it is likely that the membrane potential oscil-
lations occurring in the accumbens cells in vivo are mediated
via afferent inputs.

Bistable membrane potential

More than half of the cells recorded in the accumbens exhibited
rapid transitions between two distinct steady-state membrane po-
tentials, with the two membrane potentials separated by approx-
imately 15 mV. The membrane potentials present during the de-
polarized state of bistable cells are within the range of those
occurring in spontaneously discharging accumbens cells (i.e.,
tonically active, —63.8 = 6.7 mV vs depolarized state, —63.2
+ 7.4 mV). On the other hand, the membrane potentials of
bistable cells at their hyperpolarized state are not as hyperpo-
larized as the nonfiring accumbens cells (i.e., non-firing, —87.1
+ 6.7 mV vs hyperpolarized state, —77.3 = 7.1 mV). Thus,
although it is possible that the afferent inputs and membrane
properties may cause cells to be in either a hyperpolarized, non-
firing state or in a depolarized, tonically active condition, the
very polarized membrane potential of nonfiring cells is probably
due to more than just the absence of hippocampal input onto
those cells.

One factor that appeared to influence the bistable state was
the level of anesthesia in that during initial experiments it was
found that injection of supplemental anesthetic doses in bolus
form caused a substantial diminution of the number of transi-
tions to the depolarized state. Since we required a stable level
of the bistable pattern to allow quantitative comparisons of le-
sion- or drug-induced changes, we employed a microdrip con-
tinuous infusion system that would assure a steady-state level of
anesthesia throughout the experiment.

The origin of the bistable membrane potential observed in
nucleus accumbens neurons (Yim and Mogenson, 1988; Leung
and Yim, 1993) and in subpopulations of striatal cells recorded
in vivo (Hull et al., 1970; Wilson and Groves, 1981; Calabresi
et al., 1990; Wilson, 1992a,b, 1993) is not clear, although several
possible mechanisms have been advanced by others, including
(1) the (in)activation of a K* conductance (Wilson, 1992b), (2)
the activation of receptors for ACh or DA (Kitai and Surmeier,
1993), or (3) continuous afferent drive by corticostriatal cells
(Wilson, 1993; Cowan and Wilson, 1994). In the dorsal striatum,
activation of ACh receptors at hyperpolarized membrane poten-
tials triggers the opening of A-type potassium conductances (Z,),
which are believed to suppress excitatory inputs and thereby
slow the firing rate of the cell. On the other hand, at depolarized
membrane potentials, activation of I, is proposed to cause an
increase in membrane excitability. In this model, ACh is pro-
posed to act as a state stabilizer (Kitai and Surmeier, 1993).
Conversely, our data is not consistent with models in which
intrinsic properties of accumbens cells or tonic influences of
neuromodulators are the primary determinant of these fluctua-
tions in membrane potential. Thus, although changing the mem-
brane potential is known to activate or inactivate most of the
ionic conductances that may be involved in endogenously driven
oscillatory activity (Llinds and Yarom, 1981; Jahnsen and Lli-
nas, 1984; Stafstrom et al., 1984; Llinas, 1988), direct polariza-
tion of accumbens cell membranes failed to affect the frequency
and amplitude of the membrane potential changes that underlie

these events. Therefore, our results suggest that the bistable state
in nucleus accumbens cells in vivo is not determined by intrinsic
membrane properties, but instead is driven by afferent processes,
with the data strongly implicating the hippocampal afferents in
this process.

Convergence of synaptic responses onto accumbens neurons

Membrane depolarization and spike activity in accumbens neu-
rons could be evoked to varying degrees by stimulating each of
the three primary excitatory afferents to this region: the hippo-
campal fibers within the fornix (Kelley and Domesick, 1982; De
France et al., 1985), the PFC (Fuller et al., 1987), and the amyg-
dala-accumbens path (Callaway et al., 1991). In this study, every
accumbens neuron tested exhibited some level of synaptic acti-
vation in response to stimulation of one or more of these afferent
systems. Stimulation of either the entorhinal cortex or the in-
fralimbic or prelimbic regions of the prefrontal cortex resulted
in an EPSP in 19 of 20 cells (95%), which in 47% (9 of 19) of
the cells triggered an action potential. The evoked EPSPs were
usually followed by IPSPs, probably due to activation of GA-
BAergic collaterals arising from neighboring accumbens neu-
rons (Calabresi et al., 1991; Nisenbaum and Berger, 1992;
O’Donnell and Grace, 1993b) that also were activated by the
afferent stimulation. The only neuron that responded with an
IPSP exhibited this response to stimulation of all three inputs
(i.e., PFC, hippocampus, and amygdala); furthermore, the vari-
able latency in the IPSP onset suggests that it was mediated
polysynaptically, possibly as a result of preferential activation
of neighboring GABAergic cells. Stimulation of the fornix,
which carries inputs from the subiculum (Swanson and Cowan,
1975; Kelley and Domesick, 1982), also induced EPSPs in 93%
of the cases (19 of 21), although action potentials were evoked
in only 24% (5 of 21) of the cells tested. These responses were
usually followed by an IPSP and occasionally by a late depo-
larization. Stimulation of the basolateral nucleus of the amygdala
also caused long-latency EPSPs in seven of seven cells, but only
evoked spike discharge in 29% (2 of 7) of the cells tested. Thus,
although EPSPs were evoked in accumbens cells from each
stimulation site in a high percentage of cases, these stimuli typ-
ically were not capable of evoking spike discharge, suggesting
that activation of several convergent inputs may be required to
trigger spike firing in these cells. Therefore, the high degree of
convergence of excitatory inputs may be a necessary prerequi-
site for the transfer of information through the accumbens, given
that the level of convergence of two or three inputs onto a single
neuron approached 100% in this study.

The high degree of synaptic convergence observed in these
studies is consistent with anatomical studies showing an exten-
sive overlap of afferent inputs from different cortical regions
within the nucleus accumbens (Domesick, 1981). On the other
hand, others using electrophysiological measures have reported
a low degree of convergence of amygdala and hippocampal in-
puts onto nucleus accumbens neurons (Callaway et al.,, 1991).
However, this discrepancy can probably be attributed to the use
of extracellular recording techniques, which must relay on
evoked spike discharge to assess connectivity. Given the fact
that our study found a high degree of convergence with respect
to evoked EPSPs but a low probability of evoking a spike, it is
likely that most of the convergence was missed by relying on
spike discharge as an indicator of convergence. Another concern
is the possibility that at least a portion of the apparent conver-
gence may be a consequence of electrical coupling between ac-



cumbens neurons receiving distinct inputs (O’Donnell and
Grace, 1993a). However, given the comparatively low degree of
variability in the rate-of-rise and amplitude of the evoked re-
sponses observed in each cell upon stimulation of these path-
ways, the responses are more likely due to a direct synaptic input
to each cell. Furthermore, the sites of stimulation appeared to
be limited to the target site, with little spread of current to ad-
jacent regions, as shown by the failure to observe synaptic ac-
tivation after stimulation of the zona incerta region, which does
not project to the accumbens.

The EPSPs evoked by stimulation of each of the three sites
were similar with respect to their amplitude and rise time, al-
though they occurred at different latencies. For a given cell,
measurement of the amplitude and latencies of EPSPs evoked
by stimulation of the fornix were taken from the onset of the
response, which occurred at a constant latency, and therefore
were not contaminated by variations due to the delayed switch
to the depolarized state that is present in bistable cells (see be-
low). The mean response amplitude across all stimulation sites
was approximately 14 mV (Table 1). The latency to the onset
of the responses was approximately 5 msec for PFC-evoked
EPSPs, 8 msec for fornix-evoked EPSPs, and 17 msec for amyg-
dala-evoked EPSPs. Although the constant latency of the re-
sponses evoked by stimulation of the amygdala is typically taken
as evidence of a monosynaptic response, the extraordinary long
latencies for such short straight-line conduction distance argues
against a monosynaptic nature for this response.

Interactions between afferent inputs and the bistable pattern of
activity

As described above, most of the nucleus accumbens cells tested
exhibited excitatory responses upon stimulation of hippocampal
afferents. However, in the cells that initially exhibited a bistable
membrane potential (9 of 12), a unique response was evoked:
either a long-lasting switch to the depolarized state (n = 7) or
a prolonged EPSP/plateau potential that lasted for 46-60 msec
before repolarization (n = 2). These responses could also be
induced in these cells by delivering trains of pulses to the fornix.
In contrast, following transection of the fimbria-fornix, none of
the accumbens cells recorded exhibited the bistable firing pattern
(n = 9). Stimulation of the PFC in these cells induced EPSPs
that were not significantly smaller in amplitude than those
evoked in intact rats. Furthermore, although 47% of the EPSPs
evoked in accumbens cells in intact rats upon PFC stimulation
also triggered spikes, none of the fornix-transected rats respond-
ed to PFC stimulation with evoked action potential discharge.
In addition, the acute injection of lidocaine into the fornix in-
duced a transient suppression of the depolarized state in bistable
cells. Therefore, these data suggest that the hippocampal affer-
ents to the accumbens traveling in the fornix (1) are the source
of the synaptic influence that causes bistable cells to exhibit the
depolarized plateau, and (2) are required to allow PFC afferent
input to elicit spike discharge within the nucleus accumbens. In
contrast, in sham-lesioned rats in which the fornix was spared,
67% (6 of 9) of the cells exhibited the bistable pattern and PFC
stimulation evoked action potential discharge in 66% (4 of 6) of
the cells tested.

In intact rats, the response to PFC stimulation was dependent
on the current state of the bistable cell. Thus, stimulation of the
PFC at amplitudes too low to evoke spiking in bistable cells
when in their hyperpolarized state could readily evoke spike
discharge in cells in which hippocampal afferent stimulation had
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induced a prolonged depolarization of the membrane analogous
to that present in the depolarized state. Moreover, in accumbens
neurons firing in the depolarized state, stimulation of the PFC
was observed in seven of seven cases to cause a delayed tran-
sition to the hyperpolarized state. Although the mechanism for
this is unclear, there are several possible explanations for this
response. One possibility is that the PFC afferents also caused
an activation of neighboring accumbens cells which in turn in-
hibited the cell impaled. This possibility is consistent with the
presence of an EPSP-IPSP sequence in response to PFC acti-
vation, with the time course of the late IPSP being equivalent
to the delay associated with the PFC stimulation-induced tran-
sition in state. However, this would not be consistent with data
showing that the biphasic state is dependent solely on hippocam-
pal input and is not affected by direct membrane hyperpolariza-
tion. A more likely possibility is that the PFC stimulation some-
how truncated the duration of the synaptic volley arising from
the hippocampus. Thus, it may be that fornix stimulation acti-
vates a reverberating circuit in the hippocampus that maintains
activity within the hippocampus-accumbens projections (Boei-
jinga et al., 1993), and that this tonically activated state in the
hippocampus is somehow “reset” by PFC input to this region.
Indeed, stimulation of PFC has been demonstrated to induce
IPSPs in subicular cells recorded in vivo (White et al., 1990).
Cells located in the dorsal striatum (i.e., the caudate-putamen)
recorded in vivo also exhibit spontaneous plateau-like transitions
in their baseline membrane potential (Wilson and Groves, 1981;
Calabresi et al., 1990; Wilson, 1992a,b; Onn et al., 1994). How-
ever, unlike the accumbens, these transitions are not likely to be
driven by hippocampal afferents since the hippocampal input to
the dorsal striatum is, at best, sparse (Kelley and Domesick,
1982). Furthermore, bistable neurons were readily observed in
the dorsal striatum of the fornix-transected animals (P. O’Don-
nell and A. A. Grace, unpublished observations). Thus, it is un-
clear whether the spontaneous switching reported in dorsal stri-
atal cells is mediated by a distinct afferent system, or if the
bistable pattern represents more of an interaction between cell
membrane properties and neocortical synaptic input within the
striatum as proposed in models of these neurons (Wilson, 1993).
One issue that should be addressed is the possibility that some
of the responses generated by fornix stimulation may have ac-
tually been due to activation of septohippocampal or other af-
ferent fibers to the accumbens that also traverse through the
fornix (Lopes da Silva et al., 1990). Nonetheless, it is our belief
that these responses were mediated via the subicular afferents to
the accumbens for the following reasons: (1) the presence of a
heavy glutamatergic innervation within the accumbens that orig-
inates from the ventral subiculum and reaches the accumbens
via the fimbria-fornix system (Kelley and Domesick, 1982; De
France et al., 1985; Fuller et al., 1987; Boeijinga et al., 1990,
1993), (2) the similarity in the responses obtained by stimulation
of the fornix with those reported by others upon delivering a
stimulus to the ventral subiculum (Boeijinga et al., 1990); this
contrasts with the slower modulatory effects produced by nor-
epinephrine and other monoaminergic fibers that are present in
the fornix-fimbria system (Segal and Bloom, 1976); (3) the pres-
ence of hippocampal-like theta activity rhythms that have been
recorded within the nucleus accumbens (Leung and Yim, 1993);
and (4) our results showing that stimulation of other nearby
structures, such as the thalamus, produce qualitatively different
responses when compared to those occurring with fimbria-fornix
stimulation. Another possibility that was addressed was the po-
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tential involvement of thalamic input to the accumbens. The tha-
lamic afferents comprise a dense projection that arises from the
midline thalamic nuclei (Su and Bentivoglio, 1990). One con-
cern is that this pathway may have also been activated during
stimulation of the fornix. However, although stimulation of the
PV nucleus did elicit EPSPs in two of four accumbens cells
tested, thalamic stimulation-dependent transitions to a depolar-
ized state were not observed.

Hippocampal gating of prefrontal cortical throughput within
the accumbens and its potential relevance to schizophrenia

It is apparent from these studies that the interaction between
hippocampal and PFC inputs to accumbens neurons is complex,
and there are likely to be several plausible models that can be
derived from our data that may explain its functional conse-
quences. One model that is consistent with our data proposes
that the hippocampal afferents are involved in a gating mecha-

nism that regulates information throughput within the accum-

bens. Thus, PFC afferents evoke a brief phasic excitatory re-
sponse that by itself has a low probability of eliciting accumbens
cell firing. The hippocampal input, on the other hand, induces a
prolonged depolarizing plateau in a periodic manner, which ap-
pears to exert more of a modulatory influence rather than rep-
resenting another phasic source of excitatory information. Under
these conditions, activation of the hippocampal input causes the
bistable accumbens cells to shift to the depolarized state, during
which the phasic PFC input is capable of activating accumbens
cell firing to ultimately affect the ventral pallidal-mediodorsal
(MD) thalamic-PFC system (Lavin and Grace, 1994). Moreover,
a strong PFC activation also appears to reset the bistable state,
thereby preventing subsequent PFC activity from reaching the
thalamus. As described, the interaction may be the functional
equivalent of the arming of a one-shot gate: activation of the
hippocampus-accumbens pathway sets up the accumbens to al-
low a burst of information throughput to flow from the PFC to
the thalamus by causing the bistable accumbens cells to enter
the depolarized state. After the next burst of PFC input is al-
lowed to pass through the accumbens and onto the thalamus, the
accumbens neurons are reset to the hyperpolarized state, func-
tionally closing the gate to additional PFC inputs.

A functional interpretation of this model may provide a pos-
sible explanation for some of the characteristics reported in dis-
orders of the PFC-accumbens system, such as schizophrenia.
Thus, several studies have suggested that schizophrenics exhibit
a hypofrontality syndrome (Buchsbaum et al., 1982; Berman et
al., 1986; Friston, 1992; Tamminga et al., 1992), in which the
PFC fails to show activation on certain cognitive tasks in which
schizophrenics perform poorly, such as the Wisconsin Card Sort-
ing Test. Furthermore, several pieces of evidence suggest that
pathological changes in the hippocampus may lead to this hy-
pofrontal state (Kovelman and Scheibel, 1984; Barta et al., 1990;
Kerwin et al., 1990; Shenton et al., 1992; Lipska et al., 1993;
Ulas and Cotman, 1993; Waddington, 1993). The accumbens
itself is contained within a feedback loop system (Fig. 154), in
which the accumbens exerts control over the ventral pallidum,
which in turn sends inhibitory projections to the MD nucleus of
the thalamus (Young et al., 1984; Haber et al., 1985; Lavin and
Grace, 1994). The MD has excitatory interconnexions with the
PFC, which supplies excitatory input to the nucleus accumbens.
Our results provide evidence that the PFC by itself is not capable
of activating nucleus accumbens cell firing. As a result of the
absence of hippocampal-PFC activation of accumbens cells, the
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Figure 15. Model of hippocampal enabling of accumbens distributed
units. A, Hippocampal (Hipp) input onto accumbens neurons converges
with excitatory input from the PFC, and their output is conveyed via
the ventral pallidum (VP) and mediodorsal thalamic nucleus (MD) back
to the PFC. B, Two sets of related accumbens information processing
units are represented by the open or solid circles. All of the neurons
receive PFC input as well as excitatory input from other sources such
as the hippocampus (gray arrows). BI, In a given spatiotemporal con-
text, the hippocampal input, arriving via the fornix, may selectively
enable a subset of units within the accumbens to relay cortical infor-
mation to the ventral pallidum by inducing a switch to the depolarized
(active) state (solid circles). Only the units activated by hippocampal
afferent stimulation are capable of eliciting spikes in response to PFC
input, and therefore are the only units that can relay cortical information
to their targets. B2, In contrast, in a different spatiotemporal context in
which a unique set of behavioral responses are required, the hippocam-
pal input will select a different subset of units for activation. The units
being activated are likely to represent the clusters of neurons that are
required to evoke a coordinated function, given the high incidence of
electrical coupling present between neurons within the accumbens
(O’Donnell and Grace, 1993a).

subsequent disinhibition of the VP-MD projection would con-
tribute to the hypofrontality via a decrease in activity within the
MD-PFEC circuit (Lavin and Grace, 1994). On the other hand, in
normals in which the hippocampoaccumbens pathway is active,
nucleus accumbens cells should be capable of responding to PFC
input, resulting in an upregulation of PFC-accumbens through-
put.

One possible function of such a selective gate could relate to
the hypothesized role of the hippocampus in regulating context-
sensitive cues. The hippocampus has been proposed to play a
role in providing a spatial context frame of reference (O’Keefe
and Dostrovsky, 1971; O’Keefe, 1979; Eichenbaum et al., 1989;



Kesner et al., 1993; Wilson and McNaughton, 1993) and in the
motivation to explore novel environments (Jarrard, 1968). In this
way, the hippocampus may enable transit of information from
the PFC to the accumbens in a context-dependent manner (Fig.
15B). Indeed, recent studies have shown that, as with hippocam-
pal neurons, the activity of a set of accumbens cells is correlated
with the location of the animal in space (“‘place cells’”; Lavoie
and Mizumori, 1994). A disruption of this system, as is proposed
to occur in schizophrenia, may interfere with this context-sen-
sitive gating, potentially leading to increased distractibility and
an inability to screen out irrelevant information (Myles-Worsley
et al., 1991), a greater incidence of perseverative errors (Fey,
1951), and the out-of-context responses that are characteristic of
these patients (Chapman et al., 1964; de Silva and Hemsley,
1977).
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