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Correlations between substantia nigra (SN) dopamine (DA) cell
activity and striatal extracellular DA were examined using si-
multaneous extracellular single-unit recordings and in vivo mi-
crodialysis performed in drug-naive rats and in rats treated
repeatedly with haloperidol (HAL). Intact rats treated with HAL
for 21–28 d exhibited significantly fewer active DA cells, indi-
cating the presence of depolarization block (DB) in these cells.
However, in rats that received surgical implantation of the mi-
crodialysis probe followed by a 24 hr recovery period, HAL-
induced DA cell DB was reversed, as evidenced by a number of
active DA neurons that was significantly higher than that in
HAL-treated intact rats and similar to that of drug-naive rats. In
contrast, using a modified probe implantation procedure that
did not reverse SN DA neuron DB, we found striatal DA efflux to
be significantly lower than in controls and significantly corre-
lated with the reduction in DA neuron spike activity. Further-

more, although basal striatal DA efflux was independent of SN
DA cell burst-firing activity in control rats, these variables were
significantly correlated in rats with HAL-induced DA cell DB.
Therefore, HAL-induced DB of SN DA neurons is disrupted by
implantation of a microdialysis probe into the striatum using
standard procedures. However, a modified microdialysis
method that allowed reinstatement of DA neuron DB revealed
that the HAL-induced inactivation of SN DA neurons was as-
sociated with significantly lower extracellular DA levels in the
striatum. Moreover, the residual extracellular DA maintained in
the presence of DB may, in part, depend on the burst-firing
pattern of the noninactivated DA neurons in the SN.
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Antipsychotic drugs (APDs) display a range of potency and
selectivity in their ability to reduce psychotic symptoms in schizo-
phrenia (Arnt and Skarsfeldt, 1998). Of the multiple effects of
APDs in animal models, their impact on the physiology of dopa-
mine (DA) cells in the midbrain of rats has been shown to
correlate with the degree of dissociation between antipsychotic
efficacy and extrapyramidal side effects (Grace et al., 1997). Thus,
administration of APDs for 3 weeks or more induces depolariza-
tion block (DB) in midbrain DA neurons, a condition in which
these cells are depolarized to the extent that action potential
generation is inactivated, resulting in a cessation of spontaneous
and elicited spike activity (Bunney and Grace, 1978; Grace and
Bunney, 1986; for review, see Grace et al., 1997). Although one
report has suggested that anesthesia contributes to the expression
of DA cell DB (Mereu et al., 1995), other studies have shown that
APD-induced DA cell DB does occur in nonanesthetized animals

(Bunney and Grace, 1978; Chiodo and Bunney, 1983; for review,
see Grace et al., 1997).

Given the evidence of its expression in nonanesthetized ani-
mals and the predictive validity of APD-induced DA cell DB for
the differential clinical effects of APDs (Grace et al., 1997), the
neurochemical correlates of DA cell DB are likely to be relevant
to the therapeutic actions of APDs. One expected correlate of
APD-induced DB in substantia nigra (SN) DA neurons would be
a decrease in extracellular DA in the striatum, depending on the
extent of compensatory changes in DA synthesis and release (see
Biggio et al., 1980; Zigmond et al., 1990). However, numerous
studies of extracellular DA levels using in vivo microdialysis or
voltammetric techniques have yielded inconsistent data regarding
the impact of repeated APD treatment on extracellular DA levels
in forebrain regions. For example, although several in vivo micro-
dialysis studies have reported that chronic haloperidol (HAL)
treatment decreases extracellular DA levels in forebrain terminal
regions, an effect consistent with the presence of DB in the DA
neurons (Hernandez and Hoebel, 1989; Ichikawa and Meltzer,
1990, 1991, 1992; See and Murray, 1992), other studies have
reported a lack of a change (Invernizzi et al., 1990; See et al.,
1992; Moghaddam and Bunney, 1993; See, 1993; Yamamoto and
Cooperman, 1994) or even increases (Imperato et al., 1994). In
addition, studies using voltammetry have reported APD-induced
decreases (Lane and Blaha, 1987; Chesi et al., 1995; Feasey-
Truger et al., 1995) or an absence of a change (Wiedemann et al.,
1992) in stimulated DA overflow in forebrain DA terminal
regions.

Although the reason for these conflicting results is not imme-
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diately evident, one important consideration is that none of these
studies provided a confirmation that the microdialysis or voltam-
metric procedure did not alter the APD-induced state of the DA
system. This consideration may be central to the interpretation of
these studies, given that it has been shown that an intact stria-
tonigral pathway is necessary for both the induction (Bunney and
Grace, 1978) and maintenance (Chiodo and Bunney, 1983) of DB
in SN DA neurons. Disruption of the striatonigral pathway is
likely to occur at least temporarily during the surgical implanta-
tion of a microdialysis probe (Egan et al., 1996), a manipulation
that can alter the blood–brain barrier integrity and metabolism of
the surrounding tissue for several hours after surgery (Ben-
veniste, 1989; Shuaib et al., 1990; Dykstra et al., 1992; Georgieva
et al., 1993; Morgan et al., 1996). Thus, short-term changes in the
striatum associated with surgical probe implantation could pre-
sumably disrupt APD-induced DB of SN DA cells. Given this
possibility, we examined the impact of microdialysis probe im-
plantation on APD-induced physiological changes in midbrain
DA neurons to evaluate accurately the impact of APDs on striatal
DA efflux.

We first examined the effects of two striatal microdialysis probe
implantation procedures on the spike activity of SN DA neurons
in control and HAL-treated rats. Then using a probe implanta-
tion method that allowed reinstatement of DB, we performed
microdialysis in the striatum and single-unit electrophysiological
recordings in the SN simultaneously within subjects to determine
correlations between HAL-induced SN DA cell DB and striatal
extracellular DA levels. Parts of this paper have been published
previously in abstract form (Todd et al., 1996, 1997).

MATERIALS AND METHODS
All experiments were performed in accordance with the guidelines
established in The Guide for the Care and Use of Animals in Research
(United States Public Health Service) and were approved by the Univer-
sity of Pittsburgh Animal Care and Use Committee.

Drug treatment
Male Sprague Dawley rats (Zivic Miller, Allison Park, PA) weighing
;100–125 gm at the beginning of the study were randomly assigned to a
drug-naive or HAL-treated group. HAL (R. W. Johnson Pharmaceutical
Research Institute, La Jolla, CA) was dissolved in water with methyl
paraben (1.8 mg/ml) and propyl paraben (0.2 gm/ml) and adjusted to a
pH of 3.6–4.0. This solution was added to the drinking water of the
experimental animals for 21–30 d. These rats were weighed, their water
intake was measured daily, and the amount of HAL solution added was
adjusted to obtain a daily dose of 0.5–0.7 mg/kg. Rats were housed in
hanging cages and given food and water ad libitum. Control (drug-naive)
rats received water with no additives but were housed and handled
identically to HAL-treated rats.

Microdialysis probe or guide cannula implantation
HAL-treated and drug-naive rats were further randomly assigned to
three groups: intact group (no surgical manipulation before electrophys-
iological recording), 24 hr probe group, and chronic guide cannula group
as described below in Experimental design and statistical analyses.
Probes used in the 24 hr probe group were of standard concentric design,
with 26 ga stainless-steel tubing (12–15 mm in length) serving as the
outlet (outer) tubing and gas chromatography-grade capillary tubing [75
mm inner diameter (i.d.); 150 mm outer diameter (o.d.); Polymicro
Technologies, Phoenix, AZ] used for the inlet (inner) cannula. The tip of
the inner cannula extended beyond the outer cannula by 2–4 mm and was
covered with a dialysis membrane (MWCO 6000; Spectrapor; Fisher
Scientific, Houston, TX). The final active tip length of the probes was
2.5–3.5 mm with a tip diameter of 225–260 mm. Probes used in the
chronic guide cannula group were commercial concentric probes with
tips of 0.5 mm diameter and an active dialyzing length of 3 mm (CMA10;
CMA Microdialysis, Acton, MA).

Rats were anesthetized with Nembutal (sodium pentobarbital solution;

50–60 mg/kg; Abbott Labs, North Chicago, IL) and placed in a stereo-
taxic instrument (D. A. Kopf, Tujunga, CA). An incision was made in
the skin overlying the skull, and burr holes were drilled through the skull
;1.5 mm anterior to the site at which the probe would terminate in the
striatum. The microdialysis probe or guide cannula (CMA10 guide; 0.6
mm o.d.; CMA Microdialysis) was positioned at a 20° angle anterior to
the coronal plane and lowered (at 0.2–0.7 mm/min) for 5 mm (probe) or
2 mm (guide cannula) from a point on the cortical surface at 1.0 mm
anterior to bregma and 2.0–3.0 mm lateral to the midline (Paxinos and
Watson, 1986); this positioned the microdialysis probe tip in the dorsal
central caudate nucleus during testing. The probe or guide cannula was
secured to the skull with screws and dental acrylic. In this way, the probe
or cannula and associated cement and skull screws did not interfere with
the stereotaxic electrode holder during the recording session (see below).
Rats were housed in polycarbonate tubs [17.5 inches (length) 3 9.5
inches (width) 3 8.0 inches (depth)] with wood-chip bedding during
recovery from surgery (see below).

Electrophysiological recordings
Rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) and
mounted in a stereotaxic device. Anesthesia was maintained throughout
the experiment by means of a constant intraperitoneal infusion of chloral
hydrate (;150 mg/kg/hr) via a syringe pump (Razel model A-99 or Baby
Bee; BioAnalytical Systems, West Lafayette, IN). The scalp was re-
tracted, and a burr hole was drilled in the skull overlying the SN
(centered at 2.2 mm lateral to midline and 2.9 mm anterior to lambda)
(Paxinos and Watson, 1986). Recording electrodes were constructed
using 2.0 mm o.d. glass pipettes (WPI) that were pulled on a vertical
electrode puller (Narishige PE-2) and broken back under microscopic
control to a diameter of ;1–2 mm before filling with 2 M NaCl containing
2% pontamine sky blue. These electrodes typically exhibited impedances
of 4–12 MV. The electrode signal was amplified, filtered, and discrimi-
nated from noise using a combination amplification and window discrim-
ination unit for extracellular recording (Fintronics, Orange, CT) and
displayed on an oscilloscope (Tektronics, Wilsonville, OR). The data
were acquired, stored, and analyzed using custom-designed computer
software (Neuroscope) running on an Intel-based personal computer
interfaced with a data acquisition board (Microstar Laboratories, Belle-
vue, WA).

The SN was systematically sampled for the presence of spontaneously
discharging DA neurons by lowering the recording electrode nine times
through a rectangular area in the SN from 2.0 to 2.4 mm lateral to
midline and 2.7 to 3.1 mm anterior to the lambdoid suture, with each
electrode track separated by 200 mm (Bunney and Grace, 1978). Between
2 and 5 min of spike activity was recorded from spontaneously active
neurons in the SN that were identified as DA neurons according to the
criteria of Grace and Bunney (1983). The mean firing rate and percent-
age of spikes fired in bursts were calculated, with bursts defined as follows
(Grace and Bunney, 1983, 1984): the beginning of a burst was defined as
the occurrence of two consecutive spikes with an interspike interval of 80
msec or less, and the termination of a burst was defined as the subsequent
occurrence of an interspike interval of 160 msec or more. The percentage
of spikes fired in bursts during a 2–5 min recording sample was calculated
by dividing the total number of spikes occurring in bursts by the total
number of spikes fired in the same period of time. At the conclusion of
each experiment, pontamine sky blue dye was ejected from the recording
pipette with anodal current (30 mA for 30 min) to mark the location of
the electrode at the completion of the final electrode track. The brain was
removed and placed in 10% buffered formalin for subsequent histological
verification of the site of the dialysis probe and the recording electrode
tracks (see below).

Striatal microdialysis
At 2.5–3.5 hr before electrophysiological recording, rats in the chronic
guide cannula group were lightly anesthetized with chloral hydrate, and
the probe was inserted slowly (0.1–0.3 mm/min) through the guide
cannula into the striatum. The probe was perfused with artificial CSF
(aCSF; 145 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl2 , and 1.2 mM CaCl2 )
at a rate of 1.5–2.0 ml /min for at least 2 hr before recording. Immediately
before recording, the animal was fully anesthetized with a supplemental
administration of chloral hydrate, and the procedure described above was
used for electrophysiological recording. Dialysis samples were collected
every 15 or 20 min during simultaneous electrophysiological sampling of
the SN (see above); samples were placed immediately on dry ice and then
stored at 270°C until analyzed.
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Quantification of DA in the dialysis samples was performed using
HPLC coupled with electrochemical detection as described previously
(King et al., 1997). Briefly, DA was separated from its metabolites and
other monoamines with a reverse-phase C18 column (Brownlee Velosep;
Applied Biosystems, Foster City, CA) and a mobile phase composed of
0.1 M sodium acetate, 0.1 mM EDTA, 7% v/v methanol, and 0.7–1.4 mM
octyl sodium sulfate, pH 4.1, flowing over the column at 0.7 ml/min. The
concentration of DA was quantified by comparing the peak height of DA
in the sample with its height in external standards.

Experimental design and statistical analyses
The aim of experiment 1 of this study was to determine whether micro-
dialysis probe implantation would alter HAL-induced DA neuron DB
and, if necessary, to modify the probe implantation procedure to allow
DB in SN DA cells to be maintained during microdialysis sampling in the
striatum. In the subsequent experiment, the modified microdialysis
method (chronic guide cannula implantation and extended recovery from
surgery with continued HAL treatment) was used to test the effects of
repeated HAL treatment on extracellular DA levels in the striatum in
animals in which DA neuron DB in the SN was confirmed electrophysi-
ologically. The treatments used in these two experiments are described in
detail below.

Measurement of the effects of probe implantation on DA neuron activity
(experiment 1). Drug-naive and HAL-treated rats were randomly as-
signed to one of three probe implantation protocol groups: intact, 24
hr-probe, or chronic guide cannula. Intact rats (i.e., either drug-naive or
treated with HAL for 21–28 d) were removed from their home cages on
the day of testing and subjected to electrophysiological recordings as
described above. In the 24 hr probe groups, surgical implantation of the
concentric microdialysis probe was performed as described above, and
the animals were allowed to recover for 20–30 hr in polycarbonate tubs.
To be consistent with previous studies examining extracellular DA in the
striatum after chronic treatment with HAL (e.g., Ichikawa and Meltzer,
1990, 1992; Moghaddam and Bunney, 1993), we withdrew all drug-
treated animals from HAL during the recovery period. Electrophysio-
logical recordings of SN DA neurons were performed 24–30 hr after
surgery as described above; in these rats, the probe was not perfused
during recording. Rats in the chronic guide cannula groups underwent
surgical implantation of a guide cannula as described above and then
were allowed to recover for 4–7 d before the electrophysiological record-
ing session. During the recovery period, HAL-treated rats continued to
receive the same dose of HAL in their drinking water, whereas drug-
naive rats continued to receive regular water. Food and water were
available ad libitum until the recording session, and all rats were at or
above presurgery weight at the time of electrophysiological recording. On
the day of recording, the probe was inserted and perfused with aCSF,
and microdialysis and electrophysiological procedures were performed
simultaneously according to the methods described above. In a subset of
the intact and 24 hr probe groups, recording was begun after the rat had
been anesthetized for 2 hr to control for the possible effects of prolonged
anesthesia on the activity of DA cells.

For each rat, the number of spontaneously active cells per electrode
track (six to nine tracks per animal), the mean firing rate, and the mean
percentage of spikes fired in bursts were calculated. The effects of HAL
treatment and probe implantation were analyzed using a two-way
ANOVA with HAL treatment (two levels) and microdialysis probe
implantation procedure (three levels) as between-subjects factors.
Planned comparisons testing the effect of HAL treatment in intact rats
and the effects of the 24 hr probe and chronic guide cannula procedures
in drug-naive or HAL-treated rats were conducted with independent t
tests corrected for multiple comparisons by the layered Bonferroni tech-
nique (Darlington, 1990).

Simultaneous measurement of striatal DA efflux and electrophysiolog ical
indices of SN DA neuronal activity (experiment 2). All rats in this exper-
iment were either drug-naive or treated with HAL in their drinking
water for 21–30 d as described above. After treatment, the chronic guide
cannula was surgically implanted, and rats were allowed to recover for
4–7 d with continued HAL treatment as described above for the chronic
guide cannula groups. Electrophysiological recording of SN DA neurons
and microdialysis sampling of extracellular DA in the striatum were
performed as described above. After at least three baseline dialysis
samples were taken and after sampling of DA cell activity was completed
in six electrode tracks, some rats then received either baclofen (0.2
mg/kg, i.p., or 0.1 mg/kg, i.v.) or tetrodotoxin (TTX; 10 mM into the
striatum via the probe). Basal striatal DA efflux and the electrophysio-

logical measures (spontaneously active cells per electrode track, mean
firing rate, and mean percentage of spikes fired in bursts) were compared
between drug-naive and HAL-treated rats using independent t tests. In
addition, two other measures of DA cell population activity were calcu-
lated for the rats used in experiment 2. For each rat, “population firing
rate” was calculated by multiplying the number of cells per electrode
track by the mean firing rate, and “population burst firing” was calculated
by multiplying population firing rate by the mean percentage of spikes
fired in bursts. Correlations between basal striatal DA efflux and mea-
sures of DA cell activity (spontaneously active cells per electrode track,
mean firing rate, mean percentage of spikes fired in bursts, population
firing rate, and population burst firing) were determined with the Pear-
son correlation method. Values are reported as mean 6 SEM. For all
statistical analyses, a 5 0.05.

RESULTS
All microdialysis probe tips were confirmed to lie in the dorsal
striatum between 1.7 mm anterior and 0.2 mm posterior to
bregma, 1.5–4.0 mm lateral from the midline, and 3.3–5.5 mm
deep from the dural surface (Fig. 1; Paxinos and Watson, 1986);
all electrode tracks were confirmed to pass through the SN be-
tween 2.7 and 3.4 mm anterior to the interaural line and 1.8 and
2.3 mm lateral to the midline (Paxinos and Watson, 1986).

Effects of probe implantation on DA neuron activity
The effects of HAL treatment and probe implantation were
evaluated with respect to the number of spontaneously firing DA
cells per electrode track (Fig. 2, top), firing rate (Fig. 3, top), and
burst firing (Fig. 3, bottom). Both HAL treatment and microdi-
alysis probe implantation significantly affected the number of
spontaneously active DA cells in the SN [the main effect of drug
treatment, F(1,42) 5 33.22; p , 0.001; the main effect of the probe
implantation protocol, F(2,42) 5 6.22; p , 0.004; Fig. 2]. Similar to
previous reports, the HAL-treated intact group (n 5 14) exhib-
ited significantly fewer spontaneously active DA cells in the SN
than did drug-naive intact rats [n 5 7; t(19) 5 7.54; p , 0.001],
supporting the interpretation that the repeated HAL treatment
was sufficient to induce DB.

There was also a significant interaction between the effects of
HAL treatment and probe implantation condition [Fig. 2, top;
F(2,42) 5 6.26; p , 0.01]. Planned comparisons revealed that in
drug-naive rats, probe implantation had no significant effect on
the number of active DA cells per track, regardless of the method
of implantation [24 hr probe (n 5 8) vs intact, t(13) 5 0.27; p . 0.7;
chronic guide cannula (n 5 6) vs intact, t(11) 5 1.07; p . 0.3]. On
the other hand, probe implantation significantly affected the ac-
tivity of the SN DA neurons in HAL-treated rats. Rats in the
HAL-treated 24 hr probe group (n 5 7) exhibited significantly
more spontaneously firing DA cells than did HAL-treated intact
rats [t(19) 5 5.62; p , 0.01]. Indeed, the number of active DA cells
in the HAL-treated 24 hr probe group was not significantly
different from that of drug-naive rats [HAL-treated 24 hr probe
vs drug-naive 24 hr probe, t(13) 5 0.49; p . 0.63; HAL-treated 24
hr probe vs drug-naive intact, t(12) 5 0.87; p . 0.39]. In contrast,
the number of spontaneously active DA cells in HAL-treated
chronic guide cannula rats (n 5 6) was not significantly different
from that of HAL-treated intact rats [t(18) 5 0.55; p . 0.58]. As
seen with the HAL-treated intact group, the number of active
cells in the HAL-treated chronic guide cannula rats was signifi-
cantly lower than that in the drug-naive rats [t(11) 5 5.19; p ,
0.001] or in the HAL-treated rats with the 24 hr probe treatment
[t(11) 5 3.72; p , 0.01].

To detect early effects of probe implantation surgery in the
striatum on chronic HAL-induced DB of SN DA cells, we sam-
pled cell activity in a subset of HAL-treated rats (n 5 6) before
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Figure 1. Microdialysis probe placements and location of recording electrode track. Top, Photomicrograph of a Nissl-stained sagittal section showing
the recording electrode track terminating in the substantia nigra pars compacta and the guide cannula track terminating just ventral to the corpus
callosum. Extending ventrally from the guide cannula track is the dorsal extent of the smaller track made by the dialysis probe. The probe terminated
medial to this plane at ;1.9 mm lateral to the midline and 5–6 mm ventral to the skull surface (represented in the bottom panel ). The relatively intensely
stained cells near the termination of the electrode track indicate that the electrode tip was in the region of the SN DA cells. Bottom, Schematic drawings
of coronal sections (Paxinos and Watson, 1997) showing the placements of the microdialysis probes in the striatum. Vertical bars represent probe tips,
with HAL-treated and drug-naive rats represented in the lef t and right hemispheres, respectively. Probe tips used in the 24 hr probe condition are
represented by the narrower, longer bars, whereas the wider, shorter bars represent probes in the chronic guide cannula condition. Hatched bars show
placements in subjects in which extracellular DA levels were measured.
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and for up to 2 hr after probe implantation. DA neuron activity
was first sampled in the SN contralateral to the final recording
site, and after completion of that sampling, a microdialysis probe
was lowered into the striatum ipsilateral to the final recording site.
Sampling of DA cell activity in the SN ipsilateral to the probe
then began ;20 min after the probe was lowered to its final
position and continued for 1.5–2 hr. In these rats, the number of
active DA cells in the SN ipsilateral to the microdialysis probe
was significantly higher than that in the contralateral SN [Fig. 2,
bottom; paired t(5) 5 4.29; p , 0.01]. The firing characteristics of
the active DA cells measured before and after probe implantation
were similar with respect to firing rate [4.44 6 0.83 and 4.46 6

0.16 Hz in the contralateral and ipsilateral SN, respectively; t(5) 5
0.02; p . 0.9] and percentages of spikes fired in bursts [17.0 6
10.7 and 14.9 6 7.4 in the contralateral and ipsilateral SN,
respectively; t(5) 5 0.14; p . 0.85]. This increase in the number of
active DA cells was not caused by effects of the prolongation of
the recording session, because no differences between hemi-
spheres were observed if the microdialysis probe was not inserted
(data not shown).

The effects of HAL treatment and microdialysis probe implan-
tation were also examined with respect to the mean firing rate and
percentage of spikes fired in bursts in drug-naive and HAL-
treated rats (Fig. 3). It should be noted that several HAL-treated
animals showed a complete absence of spontaneously active DA
cells in the six to nine SN tracks sampled and, therefore, are not
represented in analyses of firing characteristics. A two-way
ANOVA revealed that the mean firing rate (Fig. 3, top) was not
affected by either drug treatment [F(1,38) 5 1.35; p . 0.2], probe
implantation [F(2,38) 5 0.13; p . 0.8], or their interaction [F(2,38)

5 0.11; p . 0.9]. The effects of the implantation procedure on
burst firing (Fig. 3, bottom) in drug-naive and chronic HAL-
treated rats were more variable, as indicated by weak trends

Figure 2. Effects of microdialysis probe or guide cannula implantation on
the number of spontaneously firing DA cells in drug-naive and chronic
HAL-treated rats. Top, The number of spontaneously active cells per
electrode track in drug-naive and HAL-treated rats in the intact (open
bars), 24 hr probe (solid bars), and chronic guide cannula (hatched bars)
groups. Values represent between-animal means and SEMs. HAL-
treated intact rats exhibited significantly fewer active DA cells per track
than did the drug-naive group (*p , 0.01). In the 24 hr probe group, the
number of active DA cells was significantly higher than that in the
HAL-treated intact group and was not different than that in drug-naive
animals (†p , 0.01). In contrast, HAL-treated animals in the chronic
guide cannula group showed a lower number of active DA cells in the SN
compared with that in drug-naive intact rats (‡p , 0.001) but were not
different than the HAL-treated, intact animals. Bottom, The acute effect
of microdialysis probe insertion on SN DA cell activity in rats with
HAL-induced DA cell DB. In a subset of the intact HAL-treated group,
SN DA cell activity was measured before and after insertion of a micro-
dialysis probe into the striatum. As shown in the top, in the intact
hemisphere of HAL-treated rats, few SN DA cells were found to be
spontaneously active (lef t bar). Within 2 hr of striatal probe implantation
into the opposite hemisphere, a significantly greater number of DA cells
in the SN ipsilateral to the probe were spontaneously active (right bar),
relative to the control hemisphere (§p , 0.05).

Figure 3. Effects of microdialysis probe or guide cannula implantation on
firing rate and burst firing in drug-naive and HAL-treated rats. Presented
are means and SEMs from drug-naive and HAL-treated rats that were in
the intact (open bars), 24 hr probe (solid bars) or chronic guide cannula
(open hatched bars) groups and from HAL-treated rats in which the SN
was sampled during the first 2 hr after striatal probe implantation (shaded
hatched bar; from Fig. 2, bottom). Top, Average firing rate of all active DA
cells sampled in six to nine tracks. Neither drug treatment nor microdi-
alysis probe implantation significantly affected the average firing rate of
DA cells in the SN. Bottom, Burst firing. The percentage of spikes fired in
bursts in the HAL-treated 24 hr probe group was significantly higher than
that in the HAL-treated intact group (*p , 0.05).
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toward effects of drug [F(1,38) 5 2.49; p 5 0.12] and probe
implantation [F(2,28) 5 2.13; p 5 0.13] and a trend for an inter-
action between these factors [F(2,38) 5 2.32; p 5 0.11]. Planned
comparisons revealed that, relative to the HAL-treated intact
group, the HAL-treated 24 hr probe group displayed a signifi-
cantly larger percentage of spikes fired in bursts [t(16) 5 2.14; p ,
0.05], whereas the HAL-treated chronic guide cannula group did
not differ from the HAL-treated intact group [t(14) 5 20.19; p .
0.85]. On the other hand, probe implantation conditions did not
significantly affect burst firing in the drug-naive rats [24 hr probe
vs intact: t(13) 5 0.59; p . 0.55; chronic guide cannula vs intact:
t(11) 5 1.76; p . 0.1].

The effect of repeated HAL treatment on striatal DA
efflux in animals with HAL-induced decreases in
spontaneously active SN DA cells
As reported above, the method of probe insertion used in the
chronic guide cannula group allowed in vivo microdialysis to be
performed in the striatum, whereas DB was maintained in the DA
cells of the SN. Under these conditions, administration of tetro-
dotoxin (10 mM) through the probe during dialysis suppressed
striatal DA efflux [suppression, 84 6 11% for drug-naive rats (n 5
3); 68 6 19% in HAL-treated rats (n 5 2)], indicating that DA
release was spike-dependent. As observed previously and de-
scribed above, the number of spontaneously active DA cells per
electrode track in HAL-treated rats (0.39 6 0.23; n 5 12) was
significantly lower than that in drug-naive rats [0.95 6 0.13; n 5
5; t(15) 5 5.22; p , 0.001]. Under these conditions, HAL-treated
rats exhibited significantly lower basal striatal DA efflux than did
drug-naive rats [Fig. 4, top; t(16) 5 2.52; p , 0.05].

To determine whether the decrease in extracellular DA in the
striatum might be related to DB in the SN, the GABAB agonist
baclofen was administered at a dose shown previously to reverse
SN DA cell DB (0.2 mg/kg, i.p., or 0.1 mg/kg, i.v.) (Grace and
Bunney, 1980) after the collection of the last baseline dialysis
sample. There was a trend for baclofen to affect striatal DA efflux
differently in these two groups [independent t test on percentage
change from prebaclofen baseline efflux, t(9) 5 21.46; p 5 0.09],
with baclofen appearing to increase striatal DA efflux only in
HAL-treated rats (Fig. 4, bottom).

Correlations between striatal DA efflux and SN DA
cell firing
Basal extracellular DA in the striatum was found to be positively
correlated with both the number of spontaneously active DA cells
per track (Pearson correlation coefficient, r 5 0.5191; p , 0.05;
data not shown) and the population firing rate (number of cells
per track 3 average firing rate; Fig. 5; r 5 0.50; p , 0.05; n 5 16).
This was consistent with the fact that both DA efflux (Fig. 4) and
the population firing rate (Fig. 5, top, inset; t 5 3.91; p , 0.001)
were found to be lower in HAL-treated rats. This is also consis-
tent with the observation that HAL treatment did not affect the
correlation between extracellular levels of DA in the striatum and
the population firing rate of DA cells in the SN, in that data from
both drug-naive and HAL-treated rats were distributed along one
regression line (Fig. 5, top). The relationship between striatal DA
efflux and population burst firing appeared to be more complex in
that it was not predicted by the group mean values of striatal DA
efflux (Fig. 4, top) or population burst firing (Fig. 5, bottom, inset).
Although mean population burst firing did not differ between
drug-naive and HAL-treated rats (t 5 0.20; p . 0.8), the corre-
lation between striatal DA efflux and population burst firing
appeared to depend on the drug treatment. Thus, when data from

drug-naive and HAL-treated rats were considered as one popu-
lation, there was only a weak trend for a correlation between
striatal DA efflux and population burst firing in SN DA cells (r 5
0.36; p 5 0.087; n 5 16). However, when the data from drug-naive
and HAL-treated rats were analyzed separately, it was observed
that in drug-naive rats, striatal DA did not correlate with burst
firing (Fig. 5, bottom, triangles, dotted line; r 5 0.30; p 5 0.31; n 5
5). In contrast, the correlation between striatal DA efflux and SN
DA cell burst firing in HAL-treated rats was positive and statis-
tically significant (Fig. 5, bottom, circles, solid line; r 5 0.64; p ,
0.05; n 5 11).

DISCUSSION
In the present study, repeated administration of HAL resulted in
;79% fewer spontaneously active SN DA cells. Microdialysis
probe implantation was found to disrupt DA cell DB, depending
on the experimental conditions under which probe insertion took
place. Consequently, a method of probe implantation that al-
lowed the expression of HAL-induced DA cell DB was used to
determine the changes in striatal extracellular DA that accom-
pany SN DA cell DB.

Figure 4. Striatal DA efflux measured in untreated and HAL-treated
rats using the chronic guide cannula procedure. Top, Basal striatal DA
efflux in drug-naive (control) and HAL-treated rats. HAL-treated rats
showed significantly lower levels of extracellular DA in the striatum (*p ,
0.05, relative to drug-naive and chronic guide cannula group). Bottom,
Effects of systemic baclofen on basal striatal DA efflux in drug-naive and
chronic HAL-treated rats. There was a trend ( p 5 0.09) for systemic
administration of a low dose of the GABAB agonist to affect differentially
DA efflux in the two groups. This effect is consistent with a baclofen-
induced reversal of SN DA cell DB in the HAL-treated rats.
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Impact of microdialysis probe implantation on the
physiology of substantia nigra DA cells
In previous studies using in vivo microdialysis to examine the
effect of repeated HAL treatment on striatal DA efflux, dialysates
were typically collected in the awake or reanesthetized subject
18–24 hr after probe implantation surgery (e.g., Ichikawa and
Meltzer, 1990, 1991; Moghaddam and Bunney, 1993). However,
the present results indicate that HAL-induced DA cell DB in the
SN is reversed under these conditions. Thus, the presence of a
large number of spontaneously active DA cells with an elevated
level of burst firing in HAL-treated rats observed 24 hr after

probe implantation surgery suggested that a reversal of DB had
occurred in these cells. Moreover, in rats in which HAL-induced
DA cell DB was present, the subsequent appearance of sponta-
neously active DA cells occurring within 2 hr after the probe
implantation also suggested that a reversal of DB had occurred.
On the other hand, the small number of spontaneously active SN
DA cells detected in the chronic guide cannula group indicated
that DA cell DB could be reinstated after this alternative probe
implantation procedure. The trend for a differential effect of the
GABAB receptor agonist baclofen on striatal DA efflux in HAL-
treated and drug-naive rats also suggests the presence of DB in
the HAL-treated group, given that this treatment has been shown
to reverse DB and to increase DA cell activity in HAL-treated
rats (Grace and Bunney, 1980) and yet either to decrease or not
to affect striatal DA efflux in drug-naive rats (Santiago and
Westerink, 1992; Santiago et al., 1993; Yoshida et al., 1994). The
brief time course of baclofen-induced activation of DA cells in
rats treated repeatedly with HAL, compounded with the rela-
tively extended collection period used in microdialysis, is likely to
have contributed to the variability in our measure of baclofen-
induced increases in striatal DA.

The effect of probe insertion on the striatonigral pathway is
likely to contribute significantly to the disruption of DB. The
GABAergic striatonigral projection (Gale et al., 1977; Tulloch et
al., 1978; Bolam and Smith, 1990) regulates firing of SN DA
neurons both directly and via its inputs onto the SN GABA
neurons (Collingridge and Davies, 1981; Waszczak et al., 1981;
Grace and Bunney, 1985). Moreover, whereas infusion of the
excitatory amino acid kainic acid into the striatum has been
shown to induce a temporary state of DB in SN DA neurons of
untreated rats (Braszko et al., 1981), lesions of the striatonigral
pathway can prevent the induction (Bunney and Grace, 1978) or
disrupt the maintenance (Chiodo and Bunney, 1983) of SN DA
cell DB in HAL-treated rats. Thus, changes in the activity of the
striatonigral pathway are likely to significantly affect DA cell DB.

The insertion of a microdialysis probe into the striatum has
several time-dependent effects that could potentially disrupt the
striatonigral pathway and, thus, striatal regulation of DA neuron
DB. After probe insertion, the blood–brain barrier is significantly
compromised in the striatum (Dykstra et al., 1992; Morgan et al.,
1996). Moreover, probe insertion also is accompanied by changes
in local glucose metabolism, including increases in metabolism in
the tissue proximal to the probe, with a general depression of
metabolism in the surrounding tissue within the first 2 hr of
dialysis membrane implantation (Benveniste et al., 1987). De-
creases in metabolism also occur in nuclei that receive inputs
from the site of the dialysis membrane. These decreases are
smaller but still significant at 24 hr after implantation (Benveniste
et al., 1987). We would predict that analogous changes would
occur with striatal probe implantation, such as an acute activation
of subsets of striatal cells proximal to the probe accompanied by
a general decrease in synaptic activity in the striatonigral projec-
tion neurons that would persist for up to 24 hr after probe
implantation surgery. Indeed, spreading depression in the stria-
tum has been shown to alter cell activity in the SN pars reticulata
in drug-naive rats (Albe-Fessard and Sanderson, 1987). This
depression did not seem to change the SN DA cell firing rate, a
result that is consistent with the present results in the drug-naive,
24 hr probe group. Nonetheless, given the evidence of regulation
of DA cell firing by striatonigral projections and the impact of
striatal manipulations on DA cell DB (see above), depression of

Figure 5. Correlations (indicated by regression lines) between basal
striatal DA efflux and nigral DA cell electrophysiological activity mea-
sured simultaneously in drug-naive (triangles) and HAL-treated (circles)
rats. Top, Inset, Population firing rate in drug-naive (open bar) and
HAL-treated (solid bar) rats (*p , 0.05, relative to drug-naive group).
Main, Correlation between striatal DA efflux and population firing rate in
all animals. DA efflux was significantly correlated with population firing
rate (Pearson’s r 5 0.50; p , 0.05). Bottom, Inset, Population burst firing
in drug-naive (open bar) and HAL-treated (solid bar) rats. Main, Corre-
lations between striatal DA efflux and population burst firing in drug-
naive (triangles and dotted regression line) and HAL-treated (circles and
solid regression line) rats. The correlation in drug-naive rats was not
significant (Pearson’s r 5 0.30; p 5 0.31), whereas it was significant
(Pearson’s r 5 0.64; p , 0.05) for the HAL-treated rats. Thus, basal
striatal DA efflux appeared to depend on firing rate in both untreated and
HAL-treated rats; however, only in HAL-treated rats did basal DA efflux
appear also to depend on burst-firing activity.
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striatal activity would be expected to interact significantly with
the mechanisms underlying DA cell DB.

The increase in the number of active DA cells in HAL-treated
rats observed 1–2 hr after striatal probe insertion may have
resulted from the probe-induced changes in the striatonigral
pathway (see above). However, this did not prevent the DA cells
from re-entering DB because DA cell DB appeared to be rein-
stated in the chronic guide cannula group. The relative impor-
tance of the modifications incorporated in the chronic guide
cannula procedure (i.e., extended recovery from surgery, the
reinstatement of HAL treatment, and dialysate collection condi-
tions) is not clear. Nonetheless, the present experiments point to
possible confounding variables involved in microdialysis sampling
from regions that provide feedback to the cells releasing the
neurotransmitter of interest.

The relationship between the physiological and
neurochemical effects of repeated
haloperidol treatment
Animals with HAL-induced SN DA cell DB exhibited extracel-
lular striatal DA levels that averaged ;50% less than that in
controls. In contrast, previous neurochemical studies of the effects
of subchronic HAL administration showed a significant amount
of variability in this measure that may have depended on the
route and pattern of HAL administration (See and Murray, 1992;
See and Kalivas, 1996), as well as the dialysis probe implantation
and sampling conditions as discussed above (see also Egan et al.,
1996). However, the decrease in striatal extracellular DA ob-
served in the present study is consistent with ex vivo studies that
have reported small to moderate decreases in indices of striatal
DA release in rats treated subchronically with HAL (Rastogi et
al., 1982; Lappalainen et al., 1990; Essig and Kilpatrick, 1991).
This decrease in striatal DA efflux in rats with HAL-induced DA
cell DB is also consistent with the in vivo neurochemical studies
when considered in light of the heterogeneity of the methods
used. For example, in 11 of 12 of the experiments reported in
these studies, the mean dorsal striatal DA efflux was lower in rats
treated subchronically with HAL than in controls [Lane and
Blaha, 1987; Hernandez and Hoebel, 1989; Ichikawa and Meltzer,
1990, 1991, 1992; See and Murray, 1992; Moghaddam and Bun-
ney, 1993 (anesthetized group); Osborne et al., 1994; Yamamoto
and Cooperman, 1994; Klitenic et al., 1996 (two experimental
groups)], although only four studies reported the decreases to be
statistically significant (Lane and Blaha, 1987; Ichikawa and Melt-
zer, 1990, 1991, 1992). Even though DA cell DB was not con-
firmed in these studies, on average, the basal dorsal striatal
extracellular DA levels were 26 6 7% lower in HAL-treated rats
than in controls. Indeed, the present results indicate that the
magnitude and reliability of this effect would be greater had DB
been maintained in previous studies. Furthermore, subchronic
HAL treatment is consistently associated with a decrease in
“stimulated” DA efflux or turnover, such as that evoked by elec-
trical stimulation of the DA fibers (Wiedemann et al., 1992; Chesi
et al., 1995; Feasey-Truger et al., 1995), perfusion with CSF
containing supraphysiological levels of K1 or Ca21 (Westerink et
al., 1988; Ichikawa and Meltzer, 1990, 1991; Osborne et al., 1991;
Moghaddam and Bunney, 1993; Yamamoto and Cooperman,
1994), or acute administration of HAL [Racagni et al., 1980;
Matsumoto et al., 1983; Hernandez and Hoebel, 1989; Essig and
Kilpatrick, 1991; Wiedemann et al., 1992 (before withdrawal)].
This effect may reflect a condition in which HAL treatment has
caused the midbrain DA system to be partially in DB or vulner-

able to DB, which would limit the response of these cells to
further depolarization and thereby reduce the capacity for stim-
ulated DA release (Grace et al., 1997; see also Egan et al., 1996).
Thus, it is likely that the reduced levels of basal extracellular DA
and the reduced capacity for stimulated DA efflux in the striatum
reflect limitations on DA release in terminal regions that result, at
least in part, from DA cell DB in the midbrain.

The significant correlation between the population firing rate
and basal striatal DA efflux also provided preliminary evidence
that the “tonic” extracellular pool of DA in the striatum (Grace,
1991, 1992) depends in part on the number of DA cells that are
active and their average firing rate. On the other hand, several
studies have provided evidence that the “firing pattern” of mid-
brain DA neurons, specifically a change in the proportion of
spikes fired in bursts, is related to the extent to which DA levels
can be “increased” from this baseline level. For example, admin-
istration of g-hydroxybutyrate at a dose that does not affect the
average firing rate of DA cells but eliminates burst firing pro-
duces, at most, a 35% decrease in extracellular DA in the striatum
(Nissbrandt et al., 1994). This indicates that the majority of the
extracellular pool is not regulated by burst firing under normal
conditions. On the other hand, increases in extracellular DA in
the striatum evoked by prefrontal cortical stimulation are associ-
ated with increases in burst firing in the DA cells occurring
without a change in the average firing rate (Murase et al., 1993).
Taken together, this evidence supports a model of the nigrostri-
atal DA system in which the tonic level of extracellular DA is
maintained by the average activity of the DA cell population, with
additional “phasic” changes in extracellular DA levels occurring
as a result of changes in DA cell burst firing. Thus, it is likely that
increases in striatal DA efflux evoked by environmental events
such as reward-related stimuli (Hoebel et al., 1989; Westerink et
al., 1994; Mas et al., 1995; Wilson et al., 1995; Taber and Fibiger,
1997) result from increases in DA cell burst firing evoked by such
stimuli [see Mirenowicz and Schultz (1994), their Fig. 1; (1996),
their Fig. 1].

In the present study, although significantly fewer DA cells were
active, population burst firing appeared to be maintained in
HAL-treated animals. This may contribute to the apparent com-
pensation in striatal DA efflux (efflux in HAL-treated rats was
;50% of that in controls even though only 30% of the DA
neurons were spontaneously active). Because of the small number
of drug-naive animals, the effects of repeated HAL on the rela-
tionship between SN DA cell firing pattern and striatal DA efflux
should be considered preliminary. Nonetheless, this correlation
suggests that a significant proportion of striatal basal extracellular
(i.e., tonic) DA depends on burst firing in SN DA neurons under
the condition of HAL-induced DB but not under normal condi-
tions. This has several implications for mechanisms underlying
the effects of APDs. For example, because basal extracellular DA
may depend to a significant extent on burst firing in the remaining
active DA cells after repeated HAL treatment, we would expect
the capacity of the DA system to respond to environmental events
(i.e., with increases in burst firing and DA release) to be limited.
This hypothesis is consistent with the reduced responsivity of
striatal DA transmission (i.e., reductions in HAL- and K1-
depolarization-stimulated DA efflux observed in animals treated
chronically with APDs) and may contribute to the behavioral
effects of these drugs, which include reduced instrumental re-
sponding for reward (Horvitz and Ettenberg, 1988; Asin and
Wirtshafter, 1990; Hammond et al., 1991; Salamone et al., 1991;
Harrow et al., 1994). With respect to the effects of APDs in
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humans, this reduced responsivity of forebrain DA systems in-
duced by subchronic HAL treatment (see also See and Kalivas,
1996), coupled with the decrease in basal DA levels, would be
expected to reduce psychotic symptoms but not the cognitive or
negative symptoms of schizophrenia, which are characterized by
a lack of selective attention and varying degrees of sensorimotor
neglect.
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