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Opiate Influences on Nucleus Accumbens Neuronal
Electrophysiology: Dopamine and Non-Dopamine Mechanisms

R. L. Hakan and S. J. Henriksen

Department of Neuropharmacology, Research Institute of the Scripps Clinic, La Jolla, California 92037

Single-unit recordings of nucleus accumbens septi (NAS)
neurons in halothane-anesthetized rats revealed that mi-
croinfusions of morphine into the ventral tegmental area (VTA)
primarily inhibited spontaneously active NAS units. These
inhibitory effects were reversed by alpha-flupenthixol (s.c.),
suggesting a role for dopamine (DA) in the observed opiate-
induced effect. VTA opiate microinfusions also inhibited the
evoked (driven) responses of silent cells (spontaneously
inactive) in the NAS elicited by stimulation of hippocampal
afferents to the NAS. In addition, this inhibition of driven
response was reversed by naloxone (s.c.) but not by alpha-
flupenthixol, implying a VTA-mediated non-DA mechanism.
Morphine applied iontophoretically to cells within the NAS
inhibited spontaneous activity but not fimbria-driven cellular
activity, suggesting that the systemic effects of opiates on
NAS activity can be mediated directly in the NAS as well as
through VTA afferents. Moreover, since VTA-induced inhi-
bition of fimbria-driven activity was reversed by systemic
opiates, opiates also can exert effects through other, as yet
unidentified NAS afferent systems.

The nucleus accumbens septi (NAS) is a basal forebrain struc-
ture that can be distinguished in part from adjacent brain regions
(e.g., the caudate nucleus) by its differential patterns of neural
connectivity (Heimer and Wilson, 1975; Swanson and Cowan,
1975; Powell and Leman, 1976; Williams et al., 1977; Nauta
et al., 1978; Troiano and Siegel, 1978; Groenwegen et al., 1980;
Newman and Winans, 1980; Chronister and De France, 1981;
Kelley and Domesick, 1982; Kelley and Stinus, 1984; Phillipson
and Griffiths, 1985). The NAS receives substantial input from
limbic structures (e.g., hippocampus, amygdala, septal nuclei,
cingulate cortex, mammillary bodies) and projects to nuclei me-
diating extrapyramidal motor functions (the ventral pallidal re-
gion). Thus, some researchers have suggested the NAS serves
to integrate motivation-related inputs that are vital to goal-
seeking behaviors (Beninger, 1983; Mogenson, 1987). More-
over, the NAS also seems critical for the locomotor stimulant
effects elicited by many drugs of abuse (Pigenberg and Van
Rossum, 1973; Kelly et al., 1975; Jones and Mogenson, 1980;
Wise, 1984; Swerdlow et al., 1986; Ksir and Kline, 1987; Mo-
genson, 1987). For example, animal studies suggest that the NAS
is critical for supporting the self-administration of drugs having
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abuse potential for humans such as the opiate alkaloids (Goeders
et al., 1984; Vaccarino et al., 1985; Corrigal and Vaccarino,
1988; Koob and Goeders, 1989). Although there is controversy
regarding the precise neuropharmacological mechanism(s) un-
derlying opiate actions on the NAS and on NAS-related brain
circuitry (e.g., see Wise, 1987), behavioral research has indicated
that these drugs may exert pharmacological influence over NAS
function via dopamine (DA)-dependent and DA-independent
projections from the DA containing cell bodies of the midbrain
ventral tegmental area (VTA) (Bozarth and Wise, 1981), the
cellular origin of the DA-ergic input to the NAS (see Kelly et
al., 1980; Stinus et al., 1980; Kalivas et al., 1983; Pettit et al.,
1984; Amalric and Koob, 1985; Vaccarino et al., 1986; Wise,
1987; Di Chiara and Imperato, 1988; Koob and Goeders, 1989).

Electrophysiological studies have shown that morphine will
excite VTA-DA projection neurons when administered either
systemically (Nowycky et al., 1978; Glysing and Wang, 1983)
or electrophoretically onto identified VTA-DA neurons (Hu and
Wang, 1984; Mathews and German, 1984). Moreover, exci-
tation of NAS activity by hippocampal or amygdala stimulation
is inhibited by VTA conditioning stimulation, and this effect is
mimicked by the actions of iontophoretically applied dopamine
in the NAS (Yim and Mogenson, 1982; Yang and Mogenson,
1984; but see Akaike et al., 1981). Finally, opioid receptors
primarily of the u-receptor subtype exist in the NAS (Wamsley
et al., 1980; Herkenham et al., 1984; Unterwald et al., 1986),
providing a substrate for direct action of opioids on NAS neu-
rons.

Recently, the electrophysiological effects of systemically ad-
ministered opiates on NAS single-units have been described
(Hakan and Henriksen, 1987). While systemically administered
opiate alkaloids inhibited the majority of single-cells recorded
(55%), significant numbers of other NAS cells were either excited
(19%) or unaffected (25%). It is possible that the heterogeneity
of NAS responses to systemically administered opiates is a con-
sequence of combined direct opiate effects in the NAS as well
as indirect opiate effects mediated by NAS afferents such as the
mesolimbic DA projections originating from the VTA. The
present experiments were designed to assess electrophysiologi-
cally the roles of DA-dependent and DA-independent processes
underlying opiate actions on NAS neurons.

Materials and Methods

Male Sprague-Dawley rats weighing 250-350 gm were ased in these
experiments. Subjects were housed 3 per cage and allowed free access
to food and water. The animal housing facility was maintained at a
constant temperature (21-23°C) and normal lighting cycle. The subjects
were tested during the light phase.

Individual rats were prepared for acute electrophysiological record-
ings in the following manner: Subjects were first anesthetized with 2%
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halothane in air; a tracheotomy was performed, and the rats were then
placed in a stereotaxic holder (Kopf). Body temperature was monitored
by rectal probe and maintained at 36°C by a thermostatically controlled
abdominal heating pad. Light anesthesia was maintained with 0.6-0.8%
halothane in air delivered to the subject through the implanted tracheal
tube. A craniotomy was performed to allow insertion of a bipolar con-
centric stimulating electrode (Rhodes Medical, SNE-100) in the fimbria
(A 2.0 mm, L 2.0 mm from bregma and DV —4.0 to —5.0 mm from
brain surface; Paxinos and Watson, 1982) and to allow placement of a
single or a multibarrel glass micropipette used for recording unit activity
and “population” field responses evoked by fimbria stimulation. Single-
barrel micropipettes (9-50 MQ resistance) or one of the barrels of the
multibarrel micropipettes (10-25 MQ) were backfilled with Pontamine
sky blue (PSB) in 0.5 M sodium acetate and lowered with a microdrive
unit (Narishige) into the NAS (A +1.1t0 2.2 mm, L. —1.1 to ~1.7 mm
from bregma, and DV —5.7 to —7.3 mm from brain surface) ipsilateral
to the stimulating electrode. A 23 gauge cannula (10 mm long) prefit
with a 30 gauge stylet to prevent plugging of the tip was inserted 1.5
mm above the ipsilateral VTA (A —5.0 mm, L —0.8 mm from bregma,
and DV —6.5 mm from brain surface). Both stimulating electrode and
recording electrode coordinates were adjusted as necessary to maximize
NAS field responses to fimbria stimulation (De France and Yoshihara,
1975; Hakan and Henriksen, 1987) as well as to discriminate single-
unit activity.

Single square-wave monophasic current pulses (0.15 msec duration
and approximately 100-600 uA intensity) were delivered to the ipsi-
lateral fimbria at 0.1 Hz by a stimulus generator (Grass S-88) coupled
1o an optically isolated stimulus isolation unit. Amplified electrical sig-
nals from the recording electrode were either unfiltered (for field poten-
tial recording) or filtered (1-20 kHz for single-unit activity) and dis-
played on oscilloscopes. Randomly encountered single-unit potentials
were separated from background noise by a voltage-gated window dis-
criminator (Neurolog systems), and the discriminated output was re-
layed to a chart recorder (Gould) and to a computer (MINC, digital
Equipment) for spike-train analysis. Systemically administered nalox-
one (4.0 mg/kg), alpha-flupenthixol (0.5 mg/kg), or heroin (0.5 mg/kg)
were administered in a volume of 1 mg/mi through a subcutaneous
injection needle inserted into the flank region. Prior to isolation of NAS
single-unit activity, the cannula stylet was replaced by a 30 gauge in-
jection needle (11.0 mm in length) connected to PE-10 tubing so that
morphine (2.5 ugin 1 ul) could be later infused (over 1 min) to the VTA
with the aid of a 5.0 ul Hamilton syringe and syringe pump. The injection
needle then remained in the cannula for the remainder of the experi-
mental session. All drug doses used in these studies were chosen on the
basis of studies indicating behavioral or biochemical effectiveness (e.g.,
Kalivas et al., 1983; Vaccarino et al., 1985, see Koob and Goeders,
1989). Standard 4-barrell micropipettes (Omega Dot, 0.25 mm o.d.)
with tip diameters ranging from 5-8 um were used for iontophoresis.
The PSB-filled barrel was used for recording. Two barrels were filled
with morphine sulfate (0.2 M, pH 4.5) or naloxone (0.01 M, pH 4.0).
The fourth barrel was filled with NaCl (3.0 M) for automatic current
balancing. Negative current (—5 to ~ 15 nA) was used to prevent passive
diffusion of substances from the pipette tips. Morphine and naloxone
were ejected with positive current (+5 to +30 nA) by an iontophoresis
unit (Neurophore-BH-2). Onset and offset of ionotophoretic gjection
currents were monitored on the chart recorder.

In all experiments, single units were isolated and determined to be
stable (defined as a constant pattern of activity for at least 10 min), and
baseline interspike interval histograms and peristimulus histograms were
compiled via the on-line computer (ISH, PISH, K. Liebold, DECUS
Library, Digital, Marlboro, MA) before drugs were applied. In cases
where evoked single units (driven cells) were tested, quantified records
of baseline occurrences were visually counted and recorded both at sub-
and supermaximal stimulation current values. Postdrug signal analysis
was then conducted for at least 40 min following systemic administra-
tions, at least 5 min after initiation of iontophoretic gjection current or
until drug effects were evident. Except for experiments that employed
microiontophoresis, only one unit was examined in this fashion per
subject. Alpha-flupenthixol and/or naloxone (or heroin; see below) were
administered approximately 10 min after onset of morphine effects when
attempting to reverse these effects. ANOVAs were used to assess the
significance of observed effects, and opiate effects were considered valid
only if a reversal was subsequently observed. In a subset of control
experiments, VTA saline microinfusions were administered and NAS
cell activity was monitored as described above. Electrode and cannulae
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TABLE 1. THE EFFECTS OF FIMBRIA STIMULATION ON NAS SINGLE
UNIT ACTIVITY

TOTAL # OF NAS CELLS RECORDED - 372
TOTAL # OF (QUIET) DRIVEN CELLS -118 (32%)
TOTAL # OF SLOW CELLS -149 (40%)

TOTAL # OF FAST CELLS -105 (28%)

EFFECTS OF STIMULATION ON
SPONTANEOQUSLY ACTIVE NAS CELLS
SLOW CELLS FAST CELLS

EXCITED 22 15
INHIBITED 31 25
DRIVEN 56 18
(w/spont.)

COMPLEX 20 29
NO EFFECT 20 18

AVERAGE LATENCIES OF RIVEN
5-12 ms 13-25 ms BOTH OTHER
70 66 41 15

The data reflect the single-cell electrophysiological profile of the NAS region and
the variety of effects fimbria stimulation exerts on NAS cellular activity. Fimbria
stimulation-evoked cellular responses from quiet cells (driven), slow (<4 Hz) and
fast (>4 Hz) NAS cellular activity were encountered throughout the NAS with
essentially equal probability (see text for further details). Fimbria stimulation
would typically drive NAS silent cells (but also some spontaneously active cells)
at 7 or 17 msec, though other patterns of response were sometimes seen (see Fig.
2). Fimbria stimulation also had a variety of effects on spontaneously active NAS
units (see Fig. 2). In addition to pure excitation or inhibition, these responses were
sometimes complex in that combinations of excitations, inhibition, and drive
were elicited.

sites were later identified using the following verification procedure: At
the end of each recording session, PSB was injected from the recording
electrode by electrophoresis (10-15 min at 10 pA); 0.5 ul PSB was also
infused through the VTA cannula to mark its location, and lesions were
made by positive current (500 uA, 10 sec) through the stimulating
electrodes. The subjects were then killed by anesthestic overdose, and
their brains were removed and stored in formalin. Identification of the
electrode lesion sites was accomplished by saturation of the formalin
with potassium ferricyanide. A blue spot was observed in histological
sections where the potassium ferricyanide had reacted with the ferrous
residues deposited at the electrode-lesion sites.

Resuits

Spontaneous cellular activity and fimbria driven activity in the
NAS and adjacent regions

A total of 372 histologically identified cells were recorded in the
NAS. Although the majority of these cells were recorded in the
posteromedial portion of the NAS (n = 197), where cellular
activity was encountered most frequently, many cells were also
recorded throughout the greater NAS region (n = 175). In gen-
eral, slow (<4 Hz) bursty cells, fast-firing cells, and silent (driv-
en) cells were encountered equally throughout the NAS. More-
over, for all cells encountered there was similar diversity of
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Figure 1. Fimbria stimulation-evoked “field” responses and neuronal activity in the NAS. 4: I, Representative fimbria-evoked population field

potential in the NAS. Two components to this field were typically observed: an early negative deflection with a peak latency of approximately 7
msec and a later negative deflection with a peak latency of approximately 17 msec. 2, Evoked cellular activity from neurons that were otherwise
inactive. These “driven cells” had characteristic latencies that usually coincided with the field component peaks at 7 and 17 msec. The most
common response of this type consisted of single discharges at either 7 or 17 msec. Less frequently, discharges would be seen simultaneously at
both 7 and 17 msec and on more rare occasions other discharge patterns would occur. B, Computer-generated peristimulation rate histogram (PISH;
stimulation = 500 pA at 0.1 Hz for 25 sweeps) for the fimbria-driven cell shown in 4. These histograms aided in the quantification of cell discharge
rates and response to stimulation. C, Similarly generated PISHs for spontaneously active NAS units representative of the different responses to
fimbria stimulation observed in the NAS: J, inhibition; 2, excitation; 3, drive/inhibition; 4, drive with a low rate of associated spontaneous activity;
5, no effect (see text for further description of NAS cellular responsiveness to fimbria stimulation). S.4., stimulation artifact.

cellular characteristics when examined on the basis of rate of
discharge, burstiness, patterns of discharge, extracellularly re-
corded waveforms, or response to fimbria stimulation. An ex-
ception to this heterogeneity was observed at the ventral NAS

Effects of fimbria stimulation on NAS activity

Fimbria stimulation evoked several types of responses from the
NAS region. A population “field” response was consistently

and olfactory tubercle border, where fast-firing units (>4 Hz;
mean, 10 Hz) were encountered with more regularity than were
slow or driven cell types.

evoked with 2 negative deflections occurring at approximately
7 and 17 msec poststimulation (see Fig. 2, A-1). This field was
consistently observed though the amplitude of the field deflec-
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Figure 2. Dopamine-dependent and dopamine-independent effects of morphine on the NAS. The ratemeter records shown above were collected
from a spontaneously active (=3 Hz) NAS cell which was stimulated at 0.1 Hz by an electrode located in the ipsilateral fimbria. 4, Baseline rate
of spontaneous activity for this cell. B, Inhibitory effect of VTA-morphine microinfusion (administration indicated by arrow) on cell discharge
rate. The onset of this inhibition was observed at approximately 2 min postinfusion and was observed for approximately 5 min before alpha-
flupenthixol was administered (0.5 mg/kg, s.c.). The subsequent reversal of this inhibition by alpha-flupenthixol (C) was seen at approximately 3
min postinjection. D, The same spontancously active cell is inhibited by heroin (0.5 mg/kg, s.c.) while alpha-flupenthixol is still present in the
system (alpha-flupenthixol + 10 min). E, The heroin-induced inhibition is reversed by naloxone (4.0 mg/kg, s.c.).

tions rarely exceeded 2 mV. Action potentials of silent cells were
sometimes evoked by fimbria stimulation and when evoked,
these “driven” cells were typically coincident with the “field”
deflections in that unit discharges were evoked with variable
latency (typically <1-2 msec variance) with the peak of these
negative deflections (see Fig. 2, 4-2, B). Cells that could be
driven by fimbria stimulation occasionally exhibited some spon-
taneous activity. However, the rate of spontaneous activity for
this type of driven cell was very low (<1 Hz). Collision tests
were not conducted because these driven cells were largely quies-
cent. However, these cells did not exhibit all or nothing re-
sponsiveness to afferent stimulation, demonstrated 1-2 msec
variations in latency, and did not exhibit following to high-
frequency stimulation. Thus, it is likely that these cells represent
NAS cell bodies that were orthodromically activated by hip-
pocampal afferent fiber terminals.

The effects of fimbria stimulation on NAS spontaneous ac-
tivity also produced a variety of responses (Fig. 1C, Table 1).
Most of NAS cells were excited (68%) but other spontaneously
active units were inhibited (23%). Still other units showed com-
plex responses to stimulation (i.e., initial excitation followed by
prolonged inhibition), while other cells were unaffected. The
cellular response to stimulation was not a function of either cell
discharge rate or region. Table 1 summarizes the various NAS
cell types encountered and the effects of fimbria stimulation.

Effect of VT A morphine microinfusion on spontaneously active
NAS neurons

Previous work has shown that systemically administered opiates
can exert a variety of effects on spontaneously active NAS units
(Hakan and Henriksen, 1987). Part of this heterogeneous re-
sponse may have been mediated by opiates acting on DA-ergic
cell bodies projecting from the VTA. To test this hypothesis a
total of 30 spontaneously active NAS neurons were tested for
their response to intra-VTA morphine microinfusion. NAS, fim-
bria, and VTA sites were histologically verified for 25 of the
spontaneous units recorded. Intra-VTA injections of Pontamine
sky blue (1.0 ul) were restricted to 1.0- to 1.5-mm-diameter
spheres. Fourteen of 25 (56%) cells were depressed [F(2,8) =
13.7, p < 0.01], 9 (36%) were unaffected, and 2 (8%) were found
to be excited by VTA morphine microinfusions (F(2,1) = 33.1,
p < 0.03). In all cases, opiate effects occurred at an average of
6 min postinfusion. Reversal of the effects of VTA morphine
microinfusions on NAS neuronal activity was accomplished for
all but 3 cells. These 3 cells were lost before reversal was ob-
served. Naloxone (4.0 mg/kg, s.c.) reversed the inhibitory effects
of VTA morphine in 9/9 cells tested. This reversal was also
observed to occur at an -average 6—7 min after injection. Fol-
lowing VTA morphine microinfusion-induced inhibitions of
NAS neuronal activity alpha-flupenthixol (s.c.) elicited reversal
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Figure 3. The DA-independent inhibitory effects of VTA morphine
microinfusions on fimbria-driven NAS single units. The histogram above
shows the consecutive effects of VT A-morphine microinfusion (VTA-
M), alpha-flupenthixol (s.c.), and naloxone (s.c.) on a fimbria-driven
NAS single unit. Displayed as a function of baseline occurrences counted
at near half-maximal stimulation current, VTA-M totally inhibited the
driven response of this cell. This inhibition was observed at =10 min
postinfusion. In contrast to the effects observed for spontaneously active
NAS units (see Fig. 3), alpha-flupenthixol (s.c.) was ineffective at re-
versing this inhibition for driven cells. However, naloxone (s.c., ad-
ministered at =40 min after alpha-flupenthixol) did reverse this VTA-M
effect.

in 5/5 spontaneously active cells tested (see Fig. 2, Table 2).
This reversal also typically occurred within 10 min after alpha-
flupenthixol [F(2,4) = 24.4, p < 0.039]. In some cases, cells that
were found to be unaffected by VTA morphine were subse-

Table 2. Reversal of VT A-morphine induced effects on NAS single
unit activity
ALPHA-FLU. NALOXONE HEROIN
sC. sc. s.C.
DRIVEN
CELLS 0/6 1011 78
SPONTANEOUSLY 5/5 1111 00
ACTIVE CELLS

VTA morphine microinfusions typically inhibited both spontaneously active and
fimbria-driven “‘guiet” cells in the NAS. Reversal of these inhibitions was con-
sistently observed for both cell types following the administration of naloxone
(s.c.). However, alpha-flupenthixol, a DA receptor antagonist, reversed these ef-
fects only for spontaneously active NAS cells. In some cases, the inhibitory effects
of VTA morphine microinfusions on driven cells was subsequently challenged
with systemically administered heroin (see text for explanation). Heroin (s.c.) was
a potent antagonist of these inhibitions. The first number in each category rep-
resents the number of successful reversals observed following alpha-flupenthixol
(s.c.), naloxone (s.c.), or heroin (s.c.; see text). The second number represents the
total number of attempted reversals.
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Figure 4. Systemically administered heroin was capable of reversing
the inhibition by VTA-morphine infusions (¥ TA-M) of fimbria-driven
NAS single units. This phenomenon is represented by the data from
cell 226 above, which is graphed as a function of baseline occurrences
counted at near half-maximal stimulation current.

quently tested for response to heroin (s.c.). In 5/6 cases, these
cells were also unaffected by heroin, while in 1 case heroin (s.c.)
subsequently produced an inhibition that was then reversed with
naloxone (s.c.). VTA saline microinfusions had no effects on
NAS units (n = 3), and in cases where VTA cannula placements
were imprecise (i.e., >1 mm anterior, posterior, or lateral to
the VTA proper, n = 2), morphine microinfusions had no sig-
nificant effect on NAS activity. In cases where single units of
brain regions neighboring the NAS were inadvertently tested (n
= 5), VTA morphine had no effect.

Effect of VTA morphine on driven cells

NAS silent cells driven by fimbria stimulation (as described
above) are unaffected by systemically administered opiates at a
full range of stimulation intensities (Hakan and Henriksen, 1987).
In this sense, these neurons may represent a special category of
NAS cells and were treated as such in the present investigation.
Twenty-eight fimbria driven cells were tested for their response
to VT A morphine and verified by histology to reside within the
NAS region. VTA-morphine microinfusions inhibited 22/28
(78%) of the driven cells tested, while 6/28 (21%) were unaf-
fected. None of the driven cells tested were excited. The sub-
sequent administration of naloxone (s.c.) reversed the inhibitory
effects of VTA morphine in 11/12 cells tested [F(2,11) = 37.0,
p < 0.001; one cell was lost prior to reversal]. Alpha-flupen-
thixol (s.c.) was found to be ineffective at reversing these inhib-
itory effects (0/6), though the cells were monitored for 40-60
min before further attempt was made to reverse the inhibition
with naloxone (s.c.). Moreover, though the morphine-induced
inhibitions were not reversed with alpha-flupenthixol (s.c.), they
were subsequently reversed with naloxine (or heroin; see text
below and see Fig. 3 and Table 2). Because fimbria-driven cells
are resistant to the effects of systemically applied heroin (Hakan
and Henriksen, 1987), it was surprising that these cells were
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15 nA MORPHINE +
20 nA NALOXONE

Iontophoretically applied morphine produced inhibitory effects on spontaneously active NAS single units (15/17). The ratemeter record

above shows this inhibitory effect on cell 332 and the antagonism of this inhibition by the simultaneous ejection of naloxone. In contrast,
iontophoretically applied morphine had no effect on fimbria-driven NAS single units.

inhibited by VTA-morphine. Since systemic heroin may have
actions at multiple brain sites, it is possible that actions of heroin
on other NAS afferents might counteract these VT A-mediated
NAS effects. To test this hypothesis systemic heroin was ad-
ministered in 8 cases to counter the inhibitory effects of VTA
morphine on driven cells. Figure 4 shows an example of a driven
cell in which systemic heroin was found to counter the VTA-
morphine-induced inhibition. Systemic heroin-induced antag-
onism of this inhibitory effect was observed in 9/10 cases tested
[F(2,9) = 15.5, p < 0.0005].

Effects of iontophoretically applied morphine on NAS single
units

We have recorded from 30 spontaneously active NAS cells with
multibarrel micropipettes. Although this number is not suffi-
cient for a full comparison with the previously described cell
population recorded with single-barrel electrodes (Hakan and
Henriksen, 1987), the characteristics of these cells appeared to
reflect those of this larger sample. For example, driven cells (n
= 13) and slow cells (n = 12) were encountered equally as
described for the larger population. A significant number of fast
cells were also encountered but with a lower frequency than that
found for single-barrel recording. We found 15/17 spontaneous-
ly active NAS units to be inhibited by electrophoretically re-
leased morphine (5-30 nA), while 2 were unaffected. These
inhibitions typically occurred within 1-2 min for all cells tested.
In all cases tested, morphine effects were blocked by the si-
multaneous ejection of naloxone (15 nA, n = 3). Figure 5 shows
these iontophoretic effects in a representative NAS cell. Ion-
tophoretically applied morphine had no effect on the evoked
excitability of fimbria-driven NAS units (n = 13).

Discussion

The NAS appears to be critical for opiate self-administration
in rats (Goeders et al., 1984; Vaccarino et al., 1985; Corrigal
and Vaccarino, 1988; Koob and Goeders, 1989). However, the
relative roles of intrinsic and/or specific afferent neurochemical
systems mediating this NAS-dependent behavior remains un-
resolved. Some investigators have attributed primary impor-
tance to VTA-DA input to the NAS (see Wise, 1987), while
others have offered evidence suggesting that postsynaptic mech-
anisms within the NAS proper are primary for this behavior
(see Swerdlow et al., 1986). The present electrophysiological
study was designed to further investigate the potential neuro-
chemical and cellular basis of opiate self-administration by as-
sessing the role of VTA-DA afferent projections in the effects
of systemic opiates on NAS neuronal activity.

Overall, spontaneously active NAS single units were inhibited
(56%) by microinfusions of morphine into the VTA. This in-
hibition was consistently reversed by subsequent administration
(s.c.) of either naloxone or alpha-flupenthixol. Reversal of the
inhibitory effect of VTA morphine microinfusions by system-
ically administered alpha-flupenthixol suggests dopaminergic
mediation. Fimbria-driven silent cells encountered in the NAS
were also inhibited by microinfusions of morphine to the VTA.
This inhibition was reversed with systemically administered
naloxone but not by alpha-flupenthixol, suggesting a nondo-
paminergic mechanism. Further, systemically administered her-
oin was found to reverse the inhibitory effects of VTA opiate
microinfusions on fimbria-driven activity. This finding, along
with other evidence (see below), suggests that systemically ad-
ministered opiates are likely to affect NAS neuronal activity by
acting on other, as yet unidentified brain structures projecting
to the NAS that contain opioid receptors. In addition, results
from our studies of iontophoretically applied morphine onto
individual NAS neurons indicate that opiates also can act di-
rectly on opioid receptors within the NAS to inhibit sponta-
neously active cells (Fig. 5). Therefore, these results provide
evidence that systemic opiate effects on NAS neurons involve
both DA afferents from the VTA, nondopaminergic input from
the VTA, other NAS-afferent systems, as well as opiate effects
mediated within the NAS proper. Although the relative contri-
butions of these sites of opiate action for opiate reward remain
to be elucidated in the unrestrained, opiate self-administration
preparation, the present results suggest that systemically self-
administered opiate actions on NAS neural activity will involve
an array of direct and indirect actions. Thus, important aspects
of opiate reward will probably be best understood by under-
standing the overall changes in circuit activity converging in the
NAS following opiate administration.

A more detailed analysis of our electrophysiological results
provides a more complex picture of the NAS than has been
previously described. In agreement with past work from our
laboratory (Hakan and Henriksen, 1987), the NAS was observed
to be a region of great electrophysiological heterogeneity. Qur
recordings from over 300 isolated single units in the NAS of
halothane-anesthetized rats have indicated that fast, slow, and
fimbria-driven unit activity appear equally distributed through-
out the NAS. These observations partially contrast with reports
that have described the NAS as a region of predominant inac-
tivity (Yim and Mogenson, 1982; White and Wang, 1984; Yang
and Mogenson, 1984). Although slow or inactive cells were
regularly encountered, many cells showed considerable spon-
taneous activity (67%). We also observed diversity in NAS unit
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responses to fimbria stimulation. In contrast to studies indi-
cating regional specificity of NAS responses to fimbria stimu-
lation (Yang and Mogenson, 1984), the data presented here show
that inhibition, excitation, or lack of response to fimbria stim-
ulation were observed without obvious relationship to the base-
line rates of neuronal activity nor the region of recording. More-
over, despite earlier anatomical and electrophysiological evidence
suggesting hippocampal terminations predominantly in the cau-
dal, dorsomedial, and lateral NAS (see Yang and Mogenson,
1984; De France et al., 1985), imbria-driven discharges, thought
to represent monosynaptic responses of NAS medium-sized
spiny neurons and large aspiny neurons (De France et al., 1985),
were encountered throughout the NAS in our study. This elec-
trophysiological observation is consistent with a more recent
anatomical report of Groenwegen et al. (1987).

The inhibitory effect of iontophoretically applied morphine
we report is in accord with an earlier brief report in which
homocysteic acid-stimulated NAS neurons were uniformly in-
hibited by iontophoretically applied opioids (McCarthy et al.,
1977). However, the lack of effect of phoretically applied mor-
phine on fimbria-driven cells observed here, as well as the di-
versity in response of NAS neurons to systemic opiate admin-
istration (Hakan and Henriksen, 1987), contrasts with this earlier
report. In addition, as only 50% of the “fast” neurons we re-
corded in the NAS were affected by VTA morphine microin-
fusions, this also contrasts with previously reported uniform
inhibitions of fast-firing spontaneously active NAS neurons by
VTA conditioning stimulation (or iontophoretic application of
DA) (Yang and Mogenson, 1984).

It is possible that some of the reported differences in NAS
cell activity and NAS opiate neuropharmacology result as a
function of anesthetic used. The majority of the early studies of
NAS cellular activity used either urethane or chloral hydrate
anesthesia, while low-level halothane anesthesia was used in the
present investigations. Anesthetic-dependent drug effects have
previously been reported in other brain regions but not the NAS
(Chapin et al., 1981; Rogers et al., 1986).

Avenues of opiate influence on NAS unit activity

The VTA

It is known that opiates have excitatory effects on VTA neurons
(Glysing and Wang, 1983; Mathews and German, 1984), and
VTA DA-derived modulation of NAS neuronal activity is con-
sistent with studies showing that iontophoretically applied DA
as well as VTA stimulation can inhibit NAS unit activity in-
duced by either homocysteic acid (e.g., Woodruff et al., 1976),
glutamate (e.g., Yim and Mogenson, 1982), or CCK (White and
Wang, 1984). In the present study, microinfusions of morphine
into the VTA produced inhibitory (presumably dopaminergic)
effects on 56% (14/25) of the spontaneously active NAS cells
tested. Likewise, since DA agonists or VTA stimulation inhibit
the excitatory NAS responses to amygdala (Yim and Mogen-
son, 1982), hippocampal (Yang and Mogenson, 1984), or para-
fascicular stimulation (Akaike et al., 1981), the inhibition of
fimbria-driven silent cells (76%; 19/25) is consistent with a DA-
mediated action. However, unlike the effects observed for spon-
taneously active NAS neurons, the VTA morphine-induced in-
hibition of fimbria-driven silent cells was not reversed with
alpha-flupenthixol, suggesting a nondopaminergic mechanism.
Collectively, these data indicate that VTA neurons can effect
NAS cellular activity through both dopaminergic and nondo-
paminergic mechanisms. Other studies have demonstrated that

the VTA sends both DA and non-DA fibers to the NAS (Maeda
and Mogenson, 1980; Thierry et al., 1980; Yim and Mogenson,
1980). Evidence for the colocalization of both CCK and neu-
rotensin with VTA-DA also exist (Hokfelt et al., 1980; White
and Wang, 1984) and have been shown to exhibit differential
behavioral relevance (Weiss et al., 1988). Thus, these other
substances may be likely candidate neurochemical substrates
for the DA-independent effects of VTA-morphine microinfu-
sions on fimbria-driven NAS responses. Finally, since a total of
30% (15/50) of the NAS cells we tested were insensitive to
verified VTA opiate microinfusions, a significant number of
NAS neurons may be independent of any VTA influence alto-
gether.

The role of DA in the VTA-NAS fiber system is unquestion-
ably important and implied by the present data to have a sig-
nificant role in the effects of systemically applied opiates on
NAS activity. However, it is also likely that nondopaminergic
mechanisms have a significant role in the response of NAS cells
to opiates as well. In this regard, it should be pointed out that
although VTA stimulation does have inhibitory effects on NAS
activity, most NAS cells are unaffected by single-pulse VTA
stimulation (Yim and Mogenson, 1982; Le Douarin et al., 1986).
Even when VTA stimulus trains are employed to enhance these
inhibitory effects, many NAS neurons (>20%) remain unaf-
fected (Yim and Mogenson, 1982). Moreover, the tremendous
extent of reciprocal fiber connections between the NAS and its
afferent nuclei (e.g., Chronister et al., 1981; Phillipson and Grif-
fiths, 1985), as well as the existence of opioid binding sites within
many of these afferent structures (Mansour et al., 1988) suggests
numerous mechanisms of opiate influence on the NAS.

Systemically administered drugs typically exert direct recep-
tor-specific effects at multiple, but distinct, brain sites to affect
behavior. Because fimbria-driven NAS activity was predomi-
nantly inhibited (78%) by VTA opiate microinfusions but uni-
formly unaffected by systemically administered opiate drugs
(Hakan and Henriksen, 1987), systemic opiates must also have
had effects on brain regions that counteracted the action of
opiate effects elicited from the VTA alone. This idea is supported
by the fact that systemically administered heroin reversed the
VTA opiate-induced inhibition of fimbria-driven NAS activity.
Although the mechanism of this process is not clear, the present
data suggest that systemic opiate effects on other NAS afferent
systems may be involved since microiontophoresis of morphine
onto fimbria-driven cells was without effect. Inhibitory effects
on NAS neurons by other afferent systems have, in fact, been
observed. For example, excitation of NAS units by hippocampal
stimulation can be inhibited by preconditioning stimulation of
the locus coeruleus (Unemoto et al., 1985), a structure known
to contain opioid receptors (see Mansour et al., 1988).

Iontophoretically applied opiates did inhibit spontaneous NAS
activity in the present study, indicating that systemically ad-
ministered opiates may have significant direct actions on NAS
neurons in addition to indirect actions mediated by NAS afferent
systems. A direct effect of opiates in the NAS is also consistent
with the self-administration of opiates in rats by microinfusion
directly into the NAS. Studies demonstrating that the self-
administration of systemically applied opiate drugs in rats can
be blocked by intra-NAS microinfusion of the stable opiate
antagonist, methylnaloxonium (Vaccarino et al., 1985; Corrigal
and Vaccarino, 1988) also suggest that opiates may have direct
actions in the NAS. Direct NAS opiate effects are probably
independent of DA influences since 6-hydroxydopamine-in-



duced DA denervation of the NAS does not disrupt the intra-
venous self-administration of opiates in rats (see Koob and
Goeders, 1989). Indeed, preliminary investigations in our lab-
oratory have found opiate-induced inhibitions of NAS spon-
taneously active units in rats pretreated with 6-hydroxydopa-
mine.

Conclusions

The present data in conjunction with earlier work (Hakan and
Henriksen, 1987) demonstrate that the effects of systemically
administered opiates on NAS neurons must occur through both
the VTA-DA projection to the NAS, as well as directly within
the NAS. In addition, a significant non-DA VTA influence on
NAS neuronal activity can be elicited by morphine microin-
fusions. It is also likely that opioids affect the NAS by acting
on NAS afferent systems in addition to the VTA. Evidence
provided here suggest that systemic opiate effects on NAS af-
ferents may act in a summatory fashion so that actions on one
afferent system may be altered by effects on other NAS afferent
systems. Consequently, it may prove valuable to further ex-
amine this model of how opioid drugs (or other drugs of abuse
or natural reinforcers) affect the NAS through these multiple
afferent systems, as well as how the effective changes in NAS
neuronal activity reciprocally influence NAS afferent and effer-
ent nuclei.
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