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Dopa111i11e (DA) receptor actimtion lws bee11 shown to 
affect the striatal complex in a mu/tidi111ensional manner. 
However, the questio11 of whether its net effect 011 
postsynaptic targets in tlze 11ucle11s accu111be11s and striatz1111 
is excitatory or inhibitory i11 nature has bee11 a topic of 
controversy for some time. This study focuses 011 the effects 
of DA ag011ists 011 indices c:f postsy11aptic cell membrane 
excitability in 1111cle11s accumbc11s neurons, such as the 
amount of i11traccllular current i11jectio11 required to elicit 
spike firing and the 111embra11c potcntial at which action 
potc11tials arc evoked. Ad111i11istratio11 of the nonspecific 
D1,1J2 DA ago11ist apo111orphi11e i11duced a membrane 
depolarization that was not 111i111ickcd b11 tlze 01 ago11ist 
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The nucleus accumbens comprises the limbic aspect of 
the striatal complex, and it is a component within sev
eral parallel circuits involved in basal ganglia function 
(Alexander and Crutcher 1990). Most of the afferents to 
the accumbens arise within limbic cortical and subcorti
cal areas, such as the amygdala, hippocampus, and pre
frontal cortex (Groenewegen et al. 1980; Sesack et al. 
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SKF 38393, by the 02 agonist quinpirole, or by the 
combined administration of both drugs. On the other hand, 
s!lbsets of neurons responded to apomorphine or combined 
0 1!D2 agonist administration with a response that reversed 
near -90 mV Following the administration of 
apomorphinc or the combined administration of the 01 and 
02 agonists, nucleus accumbens neurons required 
significantly higher amplitlldes of depolarizing current 
iniection to elicit spike firing. These results suggest that 
coactirntion of 01 and 02 receptors on accumbens neurons 
C/1!/SCS a reduction in their membrane excitability. 
[Neuropsychopharmacology 15:87-97, 1996] 

1989). In turn, the nucleus accumbens can affect limbic 
system activity via its output through the ventral palli
dum (Heimer et al. 1991) to the thalamic mediodorsal 
nucleus (Lavin and Grace 1994; Young et al. 1984), 
which in turn projects to the prefrontal cortex (Uylings 
and van Eden 1990). Based on differences in neuro
chemistry and connectivity, the accumbens has been 
subdivided into two major compartments: the area sur
rounding the anterior commissure known as the core, 
and the ventral and medial aspects of the accumbens 
that have been termed the shell (Heimer et al. 1991; Pax
inos and Watson 1986; Zaborszky et al. 1985). Although 
core cells are considered striatal-like in function and 
neurons in the shell region are believed to be part of the 
extended amygdala (Alheid and Heimer 1988), we have 
recently demonstrated that, aside from a few specific 
physiological differences, neurons in both regions ex
hibit primarily striatal-like morphological and electro-
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physiological characteristics (O'Donnell and Grace 
1993b). 

The nucleus accumbens is gaining increasing atten
tion as a result of data suggesting that dopamine (DA) 
transmission within this region is involved in the etiol
ogy and treatment of schizophrenia and other neuro
psychiatric disorders (Snyder 1973; Chiodo and Bunney 
1983; Grace 1991). However, the precise nature in which 
DA affects accumbens neuron physiology has not been 
established. Indeed, the actions of DA in the accum
bens, as in the striatal complex in general, have re
mained the subject of controversy for some time. Thus, 
dopaminergic effects on striatal and accumbens me
dium spiny neurons were initially characterized as in
hibitory in nature (Connor 1970; McLennan and York 
1976), although several investigators had challenged 
this concept (Kitai et al. 1976). Moreover, studies utiliz
ing intracellular recording techniques have reported 
both depolarizing and hyperpolarizing responses to 
DA that appeared to be dependent on such factors as 
the dopamine concentration or firing status of the neu
ron recorded (Herrling and Hull 1980; Uchimura et al. 
1986; Akaike et al. 1987). In most studies employing ex
tracellular recording approaches, iontophoretic applica
tion of DA or stimulation of the substantia nigra was 
consistently found to inhibit striatal or accumbens cell 
activity (Connor 1970; Woodruff et al., 1976; Brown and 
Arbuthnott 1983; White and Wang 1986; Ohno et al. 
1987; Hu and Wang 1988). Although there are also re
ports of subsets of cells showing an increase in activity 
after stimulation of the substantia nigra (Connor 1970; 
Kitai et al. 1976), based on the rapid onset of the evoked 
responses these excitatory events appeared to involve 
the activation of a fast-conducting pathway, such as the 
corticospinal fibers traversing the pedunculus (Connor 
1970) or a nondopaminergic nigrostriatal neuron type 
(Guyenet and Aghajanian 1978). 

There are several studies of DA actions on mem
brane potential, firing rate, synaptic responses, and 
electrotonic transmission between neurons in the nu
cleus accumbens (Woodruff et al. 1976; De France et al. 
1985; Uchimura et al. 1986; White and Wang 1986; 
Mogenson et al. 1988; O'Donnell and Grace 1993a, 1994; 
Pennartz et al. 1992a, b); nonetheless, the multiplicity of 
its actions has complicated our understanding of the 
overall effects of DA on striatal cell activity. A different 
approach to interpreting the actions of DA on nucleus 
accumbens neuronal membrane properties may be de
rived from a consideration of its relevance to the infor
mation processing function of this structure. The aim of 
this study was to assess the effects of DA agonists on 
the excitability of neurons in the core and shell regions 
of the nucleus accumbens as it relates to the interaction 
between membrane potential and cell excitability using 
an in vitro rat brain slice preparation (O'Donnell and 
Grace 1993b). 

NEUROPSYCHOPHARMACOLOGY 1996-VOL. 15, NO. 1 

MATERIALS AND METHODS 

Intracellular recordings were performed from neurons 
located in the nucleus accumbens of rat brain slices 
maintained in vitro. Adult male Sprague-Dawley rats 
(190-340 g) obtained from Zivic-Miller laboratories (Al
lison Park, PA) were used in this study. All procedures 
were performed in accordance with the Guide for the 
Care and Use of Laboratory Animals published by the US
PHS, and the experimental protocol was approved by 
the University of Pittsburgh Animal Care and Use Com
mittee. Experimental details are outlined elsewhere 
(O'Donnell and Grace 1993b). Briefly, rats were deeply 
anesthetized with chloral hydrate (400 mg/kg) before 
decapitation. The brain was rapidly removed and 4 mm 
parasagittal blocks containing the nucleus accumbens 
were made using a rat brain matrix (Activation Systems 
RBM-4000S). The blocks were placed in ice-cold physio
logical saline solution containing 124 mM NaCl, 5 mM 
KCl, 1.2 mM KH2PO4, 2.4 mM CaCb, 1.3 mM MgSO4, 
26 mM NaHCO3, and 10 mM glucose, and saturated 
with 95%:5% O2:CO2 before sectioning into 400-µm
thick slices using a Vibratome (Vibratome® series 1000). 
The sections were incubated at room temperature in 
continuously oxygenated physiological saline for at 
least 1 hour. The slices were then placed into a submer
sion-type recording chamber maintained at 33 to 35°C 
and superfused with oxygenated physiological saline 
solution at a flow rate of 1 to 2 ml/minute controlled by 
a peristaltic pump (Haake-Buchler, model MCP 2500). 
The time required to completely change the media 
within the chamber at this rate was 2 to 4 minutes 
(O'Donnell and Grace 1993b). 

Electrodes were constructed from 1 mm OD Omega
dot (WPI, Sarasota, FL) borosilicate glass tubing using a 
Flaming-Brown P-80/PC electrode puller. The electrodes 
were filled with 3 mM potassium acetate (electrode re
sistance: 60 to 120 MO measured in situ). Recording 
electrodes were lowered into the core or the shell region 
of the nucleus accumbens. These areas were identified 
using a stereomicroscope (Nikon SMZ-2B) according to 
a rat brain stereotaxic atlas (Paxinos and Watson 1986). 
The anterior commissure, striatum, septum, and sub
cortical white matter were used as landmarks to guide 
electrode placement. 

The signals collected by the electrode were amplified 
using a headstage located near the preparation and con
nected to an intracellular preamplifier (Neurodata IR-
183). Current was injected into the neurons across an ac
tive bridge circuit integral to the preamplifier, and the 
amplitude of the current injected and the electrode po
tential were monitored on a storage oscilloscope 
(Kikusui COS 5020-ST). Custom-designed software 
(Neuroscope) running on a workstation (Apollo series 
400, Hewlett-Packard) containing a Microstar (Mi
crostar Laboratories, Bellevue, WA) interface board was 
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employed for triggering the stimulator and storage of 
the signals for off-line analysis. The bridge balance was 
continuously monitored during the entire recording 
procedure, and any variation was immediately com
pensated by adjusting the bridge. 

After obtaining stable baseline data for at least 5 min
utes, the perfusion lines leading into the peristaltic pump 
were switched to allow perfusion with the drug-con
taining media, thus maintaining a stable perfusion pres
sure and volume. The drugs used were apomorphine 
(Sigma, St. Louis, MO; 10-150 µM), quinpirole (Research 
Biochemicals Inc., RBI, Nattick, MA; 1-10 µM), and SKF 
38393 (RBI, 3-10 µM). Stock solutions of the drugs were 
prepared by dissolving them in distilled water, with the 
working solutions prepared on the day of use by dilut
ing appropriate amounts of these stock solutions into 
physiological saline. Ascorbic acid (0.02%) was added 
to prevent oxidation of apomorphine. To rule out any 
potential confounds related to the physiological actions 
of ascorbic acid, both control and drug-containing solu
tions contained the antioxidant. For statistical compari
sons the paired Student's t test was employed. Al
though a was set at p < .05, it was adjusted according to 
a Bonferroni correction for multiple comparisons on a 
given data set. All data are expressed as mean ± SD. 

RESULTS 

A total of 45 cells were recorded in slices obtained from 
31 animals. The recordings were obtained from neurons 
located in the core and the shell regions of the accum
bens. Since the results obtained from cells in each re
gion were similar (with the exceptions noted later), the 
data obtained from neurons located in both regions 
were pooled. In control conditions, intrinsic membrane 
properties of accumbens cells were identical to those we 
had reported previously using a similar preparation 
(O'Donnell and Grace 1993b). Neurons located in the 
nucleus accumbens had an average resting membrane 
potential (RMP) of -70.6 :±:: 7.7 mV (mean:±: SD; range: 
-54 to -89 mV, 11 = 45). The input resistance was 55.2 :±: 
23.6 Mn (22.6 to 129.4 Mf!, 11 = 44), and the time con
stant ('r) was 6.9 :±: 2.6 ms (3.2 to 12.0 ms; n = 23). 

Dopamine Agonist Effects on Passive Membrane 
Properties of Accumbens Neurons 

Upon perfusion with apomorphine, the majority of cells 
sampled (23 out of 26) exhibited a membrane depolar
ization. The cells depolarized from a RMP of -68.8 :±:: 

8.3 mV (-54 to -80 mV) to -57.3 :±:: 10.5 mV (-40 to 
-72 mV; 11 = 26; p < .0001 compared to control condi
tions, paired Student's t test, t = 6.2; Figure 1A), which 
was followed by a slow return to control values after 
washout of apomorphine (30 minute washout: -68.2 :±:: 
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7.2 mV; range: -57 to -78 mV; n = 9; Figure 1A, B). The 
average membrane depolarization produced by apo
morphine administration was 11.9 ± 10.0 mV and was 
produced in a dose-dependent manner (r = 0.60; regres
sion F ratio = 13.21; df: 1,24; p < .001; Figure 2A). These 
changes in membrane potential occurred without a cor
responding change in the average input resistance (Fig
ure IC), which was 59.6 :±:: 25.2 Mn (23.1 to 129.4 Mil) 
in control conditions and 57.8 :±: 28.4 Mn (15.9 to 121.5 
Mil, 11 = 26) during perfusion with apomorphine. Thus, 
the average input resistance during apomorphine per
fusion was 99.9 :±: 44.6°/,, of predrug values, and the net 
change across each cell tested was -0.4 :±: 24.4 M!l. 
However, a subset of neurons (5/23) did exhibit sub
stantial alterations in input resistance in addition to a 
membrane depolarization in response to apomorphine 
administration. When this subset of cells was analyzed 
separately, the response was found to exhibit a reversal 
potential of -95.3 :±: 11.8 m V (11 = 5) as determined by 
their current voltage (1'V) plot. No change in T was ob
served in response to apomorphine administration, 
measuring 7.8 :±:: 2.1 ms before and 7.1 :±:: 0.9 ms during 
perfusion with this DA agonist (11 = 13). 

Administration of the selective D1 agonist SKF 38393 
(3-10 µM) or the D2-D3 agonist quinpirole (1-10 µM) 
did not alter the RMP, input resistance, or T of accum-
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Figure 1. Perfusion with the D1/D2 DA agonist apomor
phine induces a change in resting membrane potential, but 
not in input resistance, of accumbens cells. (A) The steady
state membrane potential (horizontal line) and the relative 
input resistance (vertical deflections produced by -0.25 nA 
current pulses) of an accumbens neuron recorded during 
administration of 50 µM apomorphine (open bar below 
trace). Perfusion with apomorphine resulted in an 8 mV 
depolarization of the membrane relative to resting values 
(dashed line) without producing a significant change in the 
input resistance. After a 30-minute period of drug washout 
(break in trace at arrow), the membrane potential returns to 
control values. (B) Membrane potential and (C) input resis
tance values before (control), during, and after (washout) 
administration of 10-150 µM apomorphine. **p < .0001, 
paired Student's t test. 
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Figure 2. Most of the effects produced by apomorphine on 
accumbens neurons are dose-dependent. (A) The membrane 
depolarizations observed in cells located in the nucleus 
accumbens are plotted against the concentration of apomor
phine administered. Larger depolarizations are observed 
with higher concentrations of apomorphine (r = 0.60; p < 
.001). (B) Similarly, larger changes in spike threshold are 
observed with larger apomorphine doses (r = 0.52; p < .01). 
(C) The current injection required to elicit action potential 
firing was increased upon administration of apomorphine in 
the perfusion fluid, although the magnitude of this effect 
was not linearly related to the dose of apomorphine admin
istered (r = 0.15; p > .4). 

bens neurons when analyzed as a single group (Table 
1). Furthermore, perfusion with both the 0 1 agonist and 
the 02 agonist simultaneously also failed to yield signif
icant changes in the membrane potential, input resis-
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tance, or T of the accumbens neurons studied (n = 5; Table 
1). However, as found with apomorphine administra
tion, a subset of these cells (2 out of 5) exhibited both a 
membrane depolarization and an increase in input re
sistance, with reversal potentials of -91 and -88 mV. 

Dopamine Agonist Effects on Spike 
Discharge Properties 

Although none of the nucleus accumbens neurons re
corded exhibited spontaneous spike discharge, spikes 
could be evoked by intracellular injection of depolariz
ing current. The threshold level of current injection re
quired to elicit spike discharge in 50% of trials averaged 
0.32 :+:: 0.20 nA (range: 0.06 to 0.76 nA; n = 42) in the 
population of accumbens neurons tested. Action poten
tials were elicited when the membrane potential reached 
a threshold value of -42.3 :+:: 9.0 mV (range: -22.8 to 
-73.1 mV; n = 42). The action potential threshold was 
found to correlate with the resting membrane potential 
of the cell (r = 0.49; regression F ratio= 5.99; df: 1,23; 
p < .03; Figure 3A), although this relationship ac
counted for less than 25% of the variance (r2 = 0.24). As 
described previously (O'Donnell and Grace 1993b), 
spikes were preceded by a slow depolarization (Figures 
4A, SA, B) that was observed as an inward rectification 
in the depolarizing direction in I/V plots (Figures 4B, 
50). Perfusion of the slice with apomorphine prevented 
the occurrence of the slow depolarization preceding 
spikes in 77% (10 out of 13) of the neurons studied in 
the core region (Figure 5), but failed to block similar de
polarizations in any of the four cells that exhibited this 
potential in the shell region (Figure 4). 

After perfusion with apomorphine, the membrane 
potential corresponding to spike threshold was shifted 
to more depolarized values in most cells recorded (Fig
ures 4, 6A). The membrane potential at which cells fired 
during intracellular current injection shifted from -44.2 :±: 
8.2 m V ( -32.5 to - 73.1 m V) in control conditions to 
- 33.6 :+:: 13.1 m V ( -10 to - 59 m V) in the presence of 
apomorphine (11 = 22, t = 4.9, p < .0001; average change 
in threshold: 10.6 :+:: 10.7 mV). These actions were not a 
consequence of nonspecific membrane effects of the 
drug because the action potentials elicited in both con
trol and drug perfusion conditions reached similar peak 
values (upper dashed line in Figure 4). Furthermore, 
significantly larger amplitudes of current injection were 
required in order to induce spike discharge following 
apomorphine (control: 0.28 :+:: 0.18 nA, apomorphine: 
0.49 :+:: 0.32 nA, 11 = 25; t = 3.5; p < .005; Figure 6B). After 
washout of the drug for 20 to 30 minutes, the spike 
threshold returned to control levels: spikes were again 
elicited at a membrane potential of -40.0 :+:: 5.3 m V 
(-32.8 to -45.2 m V; 11 = 9) and by current injection am
plitudes of 0.35 :+:: 0.13 nA or greater (0.19 to 0.62 nA, 
11 = 9). There was a significant correlation between these 
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Figure 3. Relationship between membrane potential and 
spike threshold and their alteration by apomorphine admin
istration. (A) Spike threshold is plotted against the basal 
membrane potential for each cell. In the control state, there 
was a small but significant correlation between RMP and 
spike threshold (r = 0.49; p < .03). (B) In contrast, the change 
in spike threshold induced by apomorphine shows a higher 
level of correlation with the magnitude of membrane depo
larization induced by this drug (r = 0.67; p < .001). 

changes in threshold and the degree of membrane de
polarization observed in accumbens neurons treated 
with apomorphine (r = 0.67; regression F ratio = 18.32; 
df: 1,22; p < .0001; Figure 3B), and the correlation was 
dose dependent (r = 0.52; regression F ratio = 8.1; df: 
1,22; p < .01; Figure 2B). However, the effects of apo
morphine on the amplitude of intracellular current in
jection required to elicit spike firing were not correlated 
with the concentration of the drug administered (r = 
0.15; regression F ratio= 0.51; df: 1,22; Figure 2C). 

Perfusion with the 02 agonist quinpirole alone did 
not result in changes in spike threshold, nor did it 
change the threshold amplitude of current injection nec
essary to induce spike discharge (Table 2). Similarly, ad
ministration of the D1 agonist SKF 38393 did not change 
either the amplitude of current injection required to 
reach spike threshold or the membrane potential corre
sponding to spike threshold (Table 2). Although simul
taneous administration of the selective D1 and 0 2 ago-
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Figure 4. Apomorphine induces a membrane depolarization accompanied by an increase in the threshold for spike firing in 
accumbens neurons. (A) Overlay of voltage deflections (top) obtained in response to intracellular injection of current pulses 
(bottom) recorded from a shell neuron before (left) and during (right) apomorphine (80 µM). Although apomorphine pro
duced a 24 mV depolarization of the membrane, the membrane threshold required to evoke spike discharge was shifted by 
25 m Vin the depolarizing direction. The dashed line indicates the degree by which the membrane had to be depolarized dur
ing apomorphine administration to evoke spike discharge compared with that observed in control conditions for this neu
ron. The absence of a change in spike peak confirms that this response to apomorphine administration is not a consequence 
of nonspecific effects on the apparent membrane potential of the cell. (B) The current and voltage traces shown in A are plot
ted to construct l/V curves for this cell before (solid squares) and during (open triangles) apomorphine perfusion. 

nists did not produce significant changes in the spike 
threshold membrane potential, significantly higher am
plitudes of current injection were required to reach this 
spike threshold and evoke action potential discharge 
(Table 2). 

These changes in cell excitability were also reflected 
in the firing rate-current (JI) ratio measured during de
polarization-induced spike discharge in these cells. In
tracellular injection of current pulses at amplitudes in 
excess of threshold levels for evoking spike discharge 
induced the cell to fire a series of action potentials. Fur
thermore, progressive increases in the amplitude of cur
rent injected caused the cell to fire trains of spikes at 
progressively higher frequencies (Figure 7 A, B). The fir
ing frequency-current ratio was examined by plotting 
the inverse of the intervals between spikes (i.e., the in
stantaneous firing frequency) against the amplitude of 
the current injected (Figure 7C) and by assessing the re
sultant slope of this linear function (O'Donnell and 
Grace 1993b). Following the administration of apomor-

phine the fl ratio was reduced in every cell tested (n = 
4), with controls showing a slope of 175.3 ± 39.3 Hz/nA 
(126.5 to 216.7 Hz/nA) compared to 56.9 ± 35.8 Hz/nA 
(25 to 93.8 Hz/nA) following apomorphine administra
tion (t = 3.5, p < .05 paired t test; Figure 7D). 

DISCUSSION 

Apomorphine-Induced Changes in Passive 
Membrane Properties 

The electrophysiological characteristics of accumbens 
neurons reported here are similar to those described 
previously in the in vitro preparation in terms of their 
passive and active membrane properties and synaptic 
responses (Chang and Kitai 1986; Uchimura et al. 1986; 
Pennartz and Kitai 1991; O'Donnell and Grace 1993b, 
1994). Perfusion of the accumbens slices with the nonse
lective dopaminergic agonist apomorphine induced a 
reversible depolarization in most of the neurons tested 
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Figure 5. Apomorphine blocks the slow depolarization 
preceding spikes that is observed in most core cells. (A) 
Overlay of voltage deflections produced by a 0.2 nA intracel
lular current injection into a core cell that had been perfused 
with physiological saline (control) and with apomorphine. 
(B) An example of the full range of membrane potential 
deflections (upper tracl.'s) observed in response to intracellular 
current injections (lower tracl.'s) in control conditions. (C) 
After apomorphine administration, the slow depolarization 
preceding spikes is no longer observed. (D) IIV curve con
structed from tracings in B and C, showing the inward rectifica
tion with depolarizing current injections that corresponds to 
the slow depolarization in control conditions (squares) and 
the absence of such a rectification after apomorphine perfu
sion, as evidenced by the linearity of the plot in the depolar
izing direction (circles). This cell was one of a subset of 
accumbens neurons that also exhibited an increase in input 
resistance in response to apomorphine administration. 

in the core and shell regions of the accumbens without 
changing their input resistance or the time constant. 
This finding is consistent with the dopamine-induced 
depolarizations observed in accumbens neurons re
corded in guinea pig slices (Uchimura et al. 1986) and 
with the depolarization induced by DA in the dorsal 
striatum using a similar preparation by some (Akaike et 
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B 
I 

1111 
Figure 6. Apomorphine administration induces an increase 
in the threshold for action potential firing in accumbens neu
rons recorded in vitro. (A) The membrane potential at which 
spikes are elicited is shifted to a more depolarized value dur
ing apomorphine administration and exhibits a return toward 
control values during apomorphine washout. (B) The amount 
of current injection required to reach spike threshold for elic
iting action potential firing is also significantly higher during 
perfusion with apomorphine. * p < .005, ** p < .0001, paired 
Student's t test. 

al. 1987), but not all (Calabresi et al. 1987), authors. In 
addition, 19% (5/26) of the cells treated with apomor
phine showed a membrane depolarization along with 
an increase in input resistance. If these cells are ana
lyzed as a separate group, the responses were found to 
have a reversal potential near -95 m V, which is within 
the range of potentials typically associated with changes 
in potassium conductances. Therefore, it is possible that 
the stimulation of DA receptors in some accumbens 
cells may result in the inactivation of potassium con
ductances, as was proposed in experiments using 
acutely dissociated dorsal striatal cells (Kitai and Sur
meier 1993). On the other hand, if the depolarization in
duced by apomorphine is produced in all cells indepen
dent of the changes in input resistance, it would suggest 
that the increase in resistance observed in these cells 
may be due to a decrease in a conductance that has a re
versal potential near RMP, such as attenuation of a chlo
ride conductance. Thus, the biophysical mechanisms 
underlying the changes observed remain to be eluci
dated. 

Apomorphine-Induced Changes 
in Firing Properties 

Despite the marked depolarization induced by apomor
phine, the excitability of these cells with respect to spike 
discharge was substantially reduced. Under control con
ditions, intracellular current injection amplitudes of 0.3 
nA were typically sufficient to trigger spike firing in ac
cumbens neurons. However, when the slices were ex
posed to apomorphine the amplitude of current that 
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Figure 7. In the presence of apomorphine, significantly 
larger amplitudes of depolarizing current injection are 
required to evoke the same number of spikes as in controls. 
This is observed as a decrease in the firing frequency-current 
injection ratio in nucleus accumbens cells following apomor
phine administration. (A, B) Three pairs of tracings showing 
changes in membrane potential (upper traces) in response to 
intracellular current injection (lower traces, square pulses) 
before A and after B administration of apomorphine (70 
µM). Increasing amplitudes of current injection result in a 
higher number of action potentials evoked per pulse. In the 
presence of apomorphine, larger amplitudes of current injec
tions are required to evoke the same number of spikes as in 
control. (C) An fl plot constructed from data in A and B 
reveals the linear increase in frequency of firing with increas
ing current injection amplitude. Following apomorphine 
administration, the fl plot exhibited a significantly smaller 
slope. (D) Bars show the mean:+:: SD of the slopes off! ratios 
obtained before and after apomorphine administration in all 
four cells tested, revealing a significant decrease in cell excit
ability after apomorphine administration. 

was required to evoke spike discharge was significantly 
higher. This decrease in excitability was not simply a 
consequence of increased membrane conductance, since: 
(1) apomorphine did not decrease the input resistance 
in any of the accumbens cells tested; and (2) the mem
brane potential corresponding to spike threshold shifted 
to significantly more depolarized levels. This effect, 
which was observed in neurons from both the core and 
shell regions, is similar to what has been reported in 
slices of the dorsal striatum (Akaike et al. 1987; Ruther
ford et al. 1988) and the human caudate nucleus (Cepeda 
et al. 1994). In addition to increasing the threshold for 
spike discharge, apomorphine also attenuated the abil
ity of accumbens cells to fire high-frequency trains of 
spikes. Thus, perfusing the cells with apomorphine re
duced the slope of the fl ratio: following treatment with 
apomorphine there is a smaller increase in firing fre
quency with increasing amplitudes of current injection. 
Thus, the activation of DA receptors results in a reduced 
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number of action potentials evoked in response to a 
predetermined amplitude of membrane depolarization. 

The inhibitory nature of apomorphine on these neu
rons was further reflected in the reversible blockade of 
the slow depolarization preceding spike discharge that 
was observed in a majority of neurons in the core region. 
We have recently demonstrated that the prespike slow 
depolarization is a calcium-dependent event (O'Don
nell and Grace 1993b ). Thus, it is possible that, at least 
in some core neurons, DA receptor activation leads to a 
decrease in calcium conductances in accumbens neu
rons in a manner similar to that reported for DA effects 
on pituitary melanotrophs (Williams et al. 1990). 

Activation of Both 0 1 and 0 2 Receptors 
is Required to Elicit the Decrease in Accumbens 
Neuron Excitability 

Although we have previously shown that the apomor
phine-induced decrease in excitatory postsynaptic po
tential (EPSP) amplitude could be observed with perfu
sion of quinpirole (O'Donnell and Grace 1994), few of 
the effects of apomorphine on cell excitability could be 
mimicked by the selective agonists SKF 38393 or quin
pirole when administered alone. Thus, the changes in 
membrane potential or spike threshold occurring with 
apomorphine were not reproduced by the selective ago
nists when they were administered independently. In 
contrast, the combined administration of both D1 and 
D2 agonists together produced the same effects as apo
morphine with respect to the increase in amplitude of 
intracellular current injection required to elicit action 
potential firing, although the increase in spike threshold 
membrane potential produced by combined D1/D2 ago
nist administration was smaller in amplitude and did 
not reach statistical significance when the responses are 
averaged across the population of cells recorded. This 
suggests that a synergistic coactivation of both DA re
ceptor subtypes may be necessary to induce the de
crease in cell excitability that is observed with apomor
phine administration. Although the mechanism behind 
this synergistic action is not known, a synergistic coacti
vation of D1 and D2 dopamine receptors has been pro
posed to modulate striatal cell excitability by suppres
sion of Na 1 /K+ ATPase activity (Bertorello et al. 1990). 

Conclusions and Functional Implications 

Although apomorphine administration typically results 
in the depolarization of accumbens cell membranes, it is 
apparent that its net effect on accumbens cell spike dis
charge is inhibitory. This inhibition is observed as: (1) 
an increase in the threshold membrane depolarization 
required to trigger spike firing; (2) a higher amplitude 
of depolarizing current injection required to reach 
threshold for eliciting spike discharge; (3) a reduced 
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slope in the firing frequency-current injection ratio; and 
(4) a reduction in the slow depolarization preceding 
spikes that is typically present in core but not shell neu
rons. In addition, we have recently shown that D2/D3 re
ceptor activation induces a reduction in the amplitude 
of EPSPs evoked by cortical afferent stimulation 
(O'Donnell and Grace 1994). Thus, despite its ability to 
depolarize the membrane of accumbens cells, the action 
of apomorphine in decreasing evoked excitation and its 
ability to decrease cell excitability should result in a po
tent inhibition of accumbens cell firing. In contrast, al
though D1 and D2 agonists combined mimic the ability 
of apomorphine to decrease cell excitability, these drugs 
did not induce a depolarization of the membrane po
tential in the majority of the neurons tested. Because 
apomorphine has a high affinity for all DA receptor 
subtypes (Sokoloff et al. 1992), SKF38393 binds to both 
D1 and D5 receptors, and quinpirole has a high affinity 
for D2 and D3 (but not D4) receptors, a possible interpre
tation is that the depolarizing effect may be due to the 
activation of D4 receptors. However, the distribution of 
D4 receptors within the accumbens appears to be sparse 
(Van Toi et al. 1991), and furthermore our preliminary 
results show that the apomorphine-induced depolariza
tion in accumbens neurons is not altered by administra
tion of the potent D4 antagonist (Van Tol et al. 1991) 
clozapine (unpublished observation). 

One possible implication of the changes in cell excit
ability observed here is that the activation of DA recep
tors in the accumbens results in a decrease in the back
ground level of accumbens cell firing. Because DA has 
been proposed to also act via "volume transmission" 
(Fuxe and Agnati 1991), some of its effects are likely to 
occur over a large distance rather than in a highly local
ized mode. Furthermore, in addition to lowering ac
cumbens cell postsynaptic excitability, DA has been 
shown to induce a decrease in the amplitude of corti
cally evoked EPSPs in accumbens cells (O'Donnell and 
Grace 1994) and in the degree of electrotonic transmis
sion (observed as a decrease in the incidence of dye 
coupling) among neurons in the core region of the ac
cumbens (O'Donnell and Grace 1993a). Taken together, 
each of these actions of DA would be expected to reduce 
the background levels of spontaneous spike discharge 
in a population of accumbens cells, resulting in an in
creased signal-to-noise ratio for cortical throughput 
within the accumbens. Our in vivo studies have shown 
that the accumbens neurons that exhibit a bistable 
membrane potential are activated by cortical afferents 
only when the cells are first put into the depolarized 
state by activation of hippocampal inputs (O'Donnell 
and Grace 1995). Therefore, in the absence of DA one 
might predict that the cortical inputs alone may be suf
ficient to induce accumbens cell firing; however, in the 
presence of DA, both baseline firing and the cortex
induced excitation of accumbens cells should be attenu-
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ated. Under these conditions, the requirement for co
activation of hippocampal afferents to enable corticoac
cumbens throughput to occur would be even more 
stringent. Indeed, this could represent the cellular 
mechanism underlying the proposed role of DA in ex
erting a focusing effect on information flow in the stria
tum (Schultz 1989). 
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