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Partial Dopamine Depletion of the Prefrontal Cortex Leads to
Enhanced Mesolimbic Dopamine Release Elicited by
Repeated Exposure to Naturally Reinforcing Stimuli

John B. Mitchell® and Alain Gratton

Douglas Hospital Research Center, Department of Psychiatry, McGill University, Montreal, Quebec, Canada H4H 1R3,
and Center for Studies in Behavioral Neurobiology, Concordia University, Montreal, Quebec, Canada H3G 1M8

High-speed chronoamperometry was used to monitor the
extracellular concentration of dopamine within the nucleus
accumbens, a terminal field of the mesolimbic dopamine
system, in freely behaving rats exposed daily, on 6 consec-
utive days, to one of two naturally reinforcing stimuli; a highly
palatable food or sex-related olfactory cues. The animals
either were intact or had previously received microinjections
of 6-hydroxydopamine into prefrontal cortex to lesion do-
pamine terminals. Food reliably elicited increases in dopa-
mine levels within the nucleus accumbens, and if prefrontal
cortical dopamine had been depleted, the response to food
increased with repeated testing. Animals exposed to the
sexually relevant olfactory stimulus showed progressively
enhanced dopamine release with repeated testing, and this
enhancement was potentiated by prefrontal cortical dopa-
mine depletion. These results indicate that repeated expo-
sure to naturally reinforcing events can lead to a hyperre-
sponsiveness of the mesolimbic dopamine system upon
future activation, and suggest that the dopamine projection
to prefrontal cortex exerts an indirect, inhibitory influence
on mesolimbic dopamine neurotransmission.

The results of a number of pharmacological studies have indi-
cated that mesencephalic dopamine (DA) is involved in the
motivational processes underlying feeding and sexual behaviors.
Destruction of mesencephalic DA cells by treatment with the
catecholamine neurotoxin 6-hydroxydopamine (6-OHDA) pro-
duces aphagia (Ungerstedt, 1971) and deficits in sexual behav-
iors (Caggiula et al., 1976). The systemic administration of DA
antagonists decreases feeding in a manner consistent with DA
antagonism inhibiting the motivational component of feeding
(Blundell and Latham, 1978; Wise etal., 1978; Geary and Smith,
1985). The administration of the psychomotor stimulant am-
phetamine directly into mesolimbic terminal fields facilitates
feeding (Evans and Vaccarino, 1986; Wise et al., 1989). Simi-
larly, the display of sexual behaviors by both castrated and
gonadally intact males can be facilitated by a variety of treat-
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ments that increase or enhance dopaminergic neurotransmis-
sion, and is inhibited by DA antagonists (Butcher et al., 1969;
Malmnas, 1973, 1976, 1977; Foreman and Hall, 1987). The
administration of opiates to the region of mesolimbic DA cell
bodies increases the firing frequency of a population of A10
neurons (Gysling and Wang, 1983) and increases DA metabo-
lism in mesolimbic terminal fields (Kalivas et al., 1983). Similar
injections of opiates and opioid peptides into the region of mes-
encephalic DA cells elicit feeding (Mucha and Iversen, 1986;
Hamilton and Bozarth, 1988) and facilitate stimulation-induced
feeding (Jenck et al., 1986), and can also facilitate sexual be-
haviors, especially indices of sexual arousal (Mitchell and Stew-
art, 1990).

Electrical stimulation can also elicit or facilitate both feeding
and sexual behaviors. Electrical stimulation of the medial fore-
brain bundle, a fiber tract connecting midbrain and forebrain
structures, elicits feeding (Glickman and Schiff, 1967) and sexual
behavior (Vaughan and Fisher, 1962; Caggiula and Hoebel,
1966). When applied directly to the region of the mesolimbic
DA cell bodies, electrical stimulation will elicit feeding (Cox
and Valenstein, 1969; Gratton and Wise, 1988) and copulation
(Eibergen and Caggiula, 1973).

Direct assessment of the activity of mesolimbic DA system
activity accompanying exposure to incentive-motivational
stimuli has come from studies that have measured the concen-
trations of DA, or DA metabolites, in mesolimbic terminal fields
concomitant with exposure to food or sexual stimuli. Intraoral
infusions and feeding among both food-deprived and food-sated
rats increase extracellular DA concentrations within the nucleus
accumbens (nAcc), a major mesolimbic DA system terminal
field (Hernandez and Hoebel, 1988; Rose and Gratton, 1990;
Mark et al., 1991). Similarly, the concentrations of DA and DA
metabolites in the nAcc are increased when measured during
or after copulation (Mitchell and Stewart, 1989; Pfaus et al.,
1989; Mas et al., 1990). Recently, we reported that exposure to
sexually relevant olfactory cues, alone, increased the extracel-
lular concentrations of DA within the nAcc (Mitchell and Grat-
ton, 1991), suggesting that sex-related olfactory cues, without
the intense locomotor activation that accompanies copulation,
can activate the mesolimbic DA system. Thus, electrical and
pharmacological activation of the mesolimbic DA system fa-
cilitates feeding and sexual behaviors, and exposure to both
feeding and sex-related stimuli increases activity within the me-
solimbic DA system.

Repeated exposure to pharmacological agents known to in-
crease extracellular concentrations of DA, such as psychomotor
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stimulants (Kuczenski, 1983) and opiates (Gysling and Wang,
1983), leads to an increased, or sensitized, behavioral response
(Babbini et al., 1975; Post, 1980; Vezina and Stewart, 1984;
Kalivas et al., 1985) and enhanced DA release (Peris and Zahni-
ser, 1987: Robinson et al., 1988) upon subsequent pharmaco-
logical activation. Repeated exposure to sex-related olfactory
cues can also lead to progressively increased extracellular con-
centrations of DA (Mitchell and Gratton, 1991), suggesting that
naturally reinforcing events, not only pharmacological inter-
vention, can result in hyperresponsiveness of the mesolimbic
DA system upon future activation. Whether or not a sensitized
response of the mesolimbic DA system can be obtained with
food has not been explored.

The A10 cell group also contains DA cells that innervate
cortical, rather than limbic, targets (Bjorklund and Lindvall,
1984). The prefrontal cortex (PFC), a terminal field of the me-
socortical DA system, in turn projects to the nAcc (Beckstead,
1979). Evidence from several sources suggests that the meso-
cortical DA system functions, in part, in opposition to meso-
limbic DA. For example, DA receptor activation within the
PFC suppresses self-stimulation of the medial forebrain bundle
(Olds, 1990), and damage to the PFC potentiates amphetamine-
induced locomotion (Adler, 1961; Lynch et al., 1969; Iversen,
1971). Increased concentrations of DA within the PFC decrease
extracellular concentrations of the DA metabolite dihydroxy-
phenylacetic acid (DOPAC) within the nAcc, and DA antago-
nists applied to the PFC increase concentrations of DOPAC
within the nAcc (Louilot et al., 1989). Thus, separate A10 DA
cells project to the PFC and to the nAcc, and DA within the
PFC acts indirectly to dampen mesolimbic DA neurotransmis-
sion {(Spence et al., 1985), providing an inhibitory cortical con-
trol over limbic output. Whether the mesocortical DA system
regulates the mesolimbic DA response to naturally occurring
stimuli, such as food and sex-related cues, has not been explored.

In the present study, high-speed chronoamperometry with
monoamine-selective voltammetric electrodes (Gerhardt et al.,
1984, 1986; Nagy et al., 1985) was used to monitor changes in
extracellular levels of amines in the nAcc. Animals were tested
repeatedly with either a highly palatable food or with sex-related
olfactory cues. The use of a highly palatable food avoided the
necessity of food deprivation, and the use of sex-related olfac-
tory cues, bedding from cages that housed estradiol-progester-
one-primed female rats, avoided any contribution from the in-
tense locomotor activity that accompanies copulatory exposure
to an estrus female conspecific. Furthermore, some animals ex-
posed to each of these stimuli had previously undergone 6-OHDA
lesions of the PFC. Thus, these experiments allowed for tests
of initial and potentially sensitized DA release within the nAcc
elicited by naturally reinforcing events, and examined the con-
tribution of mesocortical DA in modulating mesolimbic DA
release.

Materials and Methods

Subjects
Long-Evans male rats (Charles River, St. Constant, Quebec, Canada),
weighing 275-320 gm, were used. Subjects were selected from a larger
population on the basis of two tests of copulatory behavior; only those
males that mounted within 20 min of the introduction of the female,
and ejaculated within 30 min of the first intromission on both tests were
included as subjects.

Female rats were ovariectomized under methoxyflurane anesthesia
(Pitman-Moore, Mississauga, Ontario, Canada). Estrus was induced by
injections of 10 ug of estradiol benzoate (Sigma, St. Louis, MO), sub-

cutaneously, in 0.1 ml of peanut oil 72 and 24 hr before use, and 0.5
mg of progesterone (Sigma), subcutaneously, in 0.2 ml of peanut oil 4—
5 hr prior to use in copulation tests and 6-7 hr before bedding was
collected (see below).

All animals were housed in plastic cages lined with bedding and had
Purina Rat Chow and water available ad libitum. The animal colony
was maintained on a 12 hr light/12 hr dark reverse light ¢ycle with
lights off at 0800.

Stereotaxic surgery

6-OHDA lesions. Subjects were injected with 0.6 mg/kg (i.p.) atropine
sulfate (Abbott Laboratories, Montreal) and anesthetized with sodium
pentobarbital (60 mg/kg, i.p.; Nembutal, Abbott), and 30—45 min prior
to 6-OHDA infusion were treated with 25 mg/kg desipramine (Research
Biochemicals Inc., Natick, MA). With the incisor bar adjusted to main-
tain the skull between bregma and lambda horizontal, an injection can-
nula was inserted into the medial prefrontal cortex 3.5 mm anterior to
bregma and 0.8 mm lateral of the midline (Paxinos and Watson, 1982).
Consecutive injections were made at three dorsal/ventral sites 1.0, 2.0,
and 3.0 mm below the surface of the brain. At each injection site, 4 ug
of 6-OHDA (expressed as salt; Sigma) was injected in a volume of 1 ul
of 0.4% ascorbic acid over 2 min. The injection cannula was left in
place for 2 min after each injection to allow diffusion of the toxin away
from the cannula tip. Animals were tested 4-6 weeks after lesioning.
Electrode placement. Subjects were injected with 0.6 mg/kg (i.p.) at-
ropine sulfate and anesthetized with sodium pentobarbital (60 mg/kg,
i.p.). Animals were placed in a stereotaxic frame with the incisor bar
adjusted to maintain the skull between bregma and lambda horizontal.
An electrochemical probe, an Ag/AgC! reference electrode and a stain-
less steel ground wire were implanted in each animal. The coordinates
for the electrochemical probe were 1.6 mm anterior to bregma, 1.6 mm
lateral of the midline (ipsilateral to the PFC lesion), and 7.4 mm below
the surface of the brain (Paxinos and Watson, 1982). The reference and
ground wires were implanted in parietal cortex. The electrodes and
connector were secured by dental acrylic and anchored to five stainless
steel screws embedded in the skull. Testing commenced 2 d after surgery.

In vivo electrochemical methods

The electrochemical probe consisted of three 30-um-diameter carbon
fibers (Avco Specialty Materials, Lowell, MA) extending 50-70 um be-
yond the tip of a pulled glass capillary. The carbon fibers were coated
with a 5% solution of the anionic polymer Nafion (Aldrich, Milwaukee,
WI). Immediately before implanting, each electrode was calibrated for
its sensitivity to DA and characterized for its selectivity for DA against
ascorbic acid. All calibrations were performed in 0.1 M phosphate-
buffered saline (pH 7.4) that contained 250 um ascorbic acid to mimic
brain extracellular levels. Only electrodes exhibiting a high degree of
linearity (» = 0.997) in response to increasing concentrations of DA,
and displaying a DA to ascorbic acid selectivity ratio of at least 1000
to 1 were used.

Electrochemical recordings were obtained using a microcomputer-
controlled high-speed chronoamperometric apparatus (IVEC 5, Medical
Systems Corp., Greenvale, NY). A +0.55 V pulse, versus the reference
electrode, was applied to the electrochemical probe at a rate of 5 Hz.
The oxidation current was digitally integrated during the last 80 msec
ofthe 100 msec pulse. The average of five oxidative cycles of the chrono-
amperometric waveform was graphically displayed on a video monitor
at the rate of 0.5 Hz. The reverse current flow (reduction current) gen-
erated by the reduction of the oxidized electroactive species was digitized
in the same manner when the potential was returned to its resting level
(0.0 V for 100 msec). The changes in the electrochemical signal were
cxpressed as nanomolar changes from baseline by using the calibration
factor determined for each electrode for DA during the in vitro cali-
bration.

Testing

Animals were tested in a 35 cm x 38 cm x 65-cm-high chamber made
from 1.25-cm-thick plywood that had a Plexiglass front panel. The cham-
bers were housed in a box lined with sound-attenuating tiles and lit by
a 40 W red light bulb. The floor of the testing chamber was covered
with absorbent paper. Subjects were given two 2 hr habituation sessions
to the testing chamber prior to having an electrochemical probe im-
planted. During a testing session, the animal was connected to the chro-
noamperometric apparatus via a shielded cable and a low-impedance



multichannel commutator (Airflyte, Bayonne, NJ). In order to minimize
extraneous electrical interference, the primary signal amplifier was sit-
uated at the end of the shielded cable, connecting directly onto the
animal’s electrode connector.

Two stimuli were presented to the animals, a highly palatable food
(1.7 gm of Froot Loops breakfast cereal, Kellogg’s) and bedding obtained
from cages that housed estrus female rats. The bedding was collected
immediately prior to use and was removed after 15 min. The amount
of food presented and the length of time the bedding was left in the
chamber were chosen to produce changes in the electrochemical signal
of comparable duration and amplitude, during initial exposure. The
stimuli were placed in the center of the recording chamber after 10-15
min of stable baseline was obtained, and the electrochemical signal was
allowed to return to baseline before recording was stopped. Animals
were tested daily during the animals’ dark cycle, between 0830 and 1300
hr. The chamber floor was cleaned between animals.

On day | of testing, animals were presented with both the food and
the bedding, in random order. On days 2-5 of testing, animals were
presented with only the food or the bedding. Animals were retested on
day 6 with both stimuli, presented in random order. Additional groups
of animals were placed, daily, in the recording chambers but were not
presented with either the food or the bedding. Animals in these groups
were left in the recording chamber for a length of time approximating
the average test session length among the food- and bedding-exposed
groups.

At the conclusion of testing, animals were decapitated and the brains
rapidly removed. The brains were transected 1.0-1.5 mm anterior to
the electrode track, and the anterior section, containing the PFC, was
frozen on dry ice for later determination of amine content, while the
posterior section, containing the nAcc, was placed in 10% formalin. The
PFC was sliced in 250 um sections and the medial PFC removed using
the Palkovits microdissection punch technique (Palkovits and Brown-
stein, 1988). High-performance liquid chromatography with electro-
chemical detection was used to determine monoamine content in the
medial PFC using assay procedures published previously (Doherty and
Gratton, 1991). The formalin-fixed posterior brain section was sliced
in 25 um sections for histological determination of electrode tip location.

Measures and statistics

Digitized values of the basal oxidative current were obtained 20 min
after each animal was placed into the testing chamber, prior to obtaining
baseline recordings for the day’s testing. The basal oxidative current
varies across electrodes; in order to compensate for this, the basal current
of each animal was expressed as the percentage of the current recorded
on test day 1 and analyzed using analysis of variance. After obtaining
the resting oxidation current, changes in oxidative current were mon-
itored and automatically converted to nanomolar changes in DA levels
using the calibration factor for DA determined in vitro for each electrode
prior to implantation. Three measures were obtained during the test
session: the rate of increase, peak amplitude, and the reduction to ox-
idation current ratio (Red:Ox ratio) of the increase. The rate of increase,
expressed as nM/sec, from the initial change in the electrochemical sig-
nal-to-peak amplitude was analyzed to assess responsiveness. Peak am-
plitude of the signal was defined as the highest point, in nanomolar
concentration, recorded during exposure to the stimulus. The Red:Ox
ratio was calculated at the point at which the change in the electro-
chemical signal reached asymptote and was used to identify the con-
tributors to the increase in the electrochemical signal. All measures were
analyzed using analysis of variance (Myers, 1979) and analysis of simple
effects (Winer, 1971).

Results

Tests with food

Two groups of animals were tested with a highly palatable food,
intact animals (Intact-Food; » = 7) and animals that had pre-
viously received 6-OHDA lesions of the PFC (Lesion-Food; »
= 6). The use of a highly palatable food avoided potentially
confounding factors associated with food deprivation (see Carl-
son et al., 1987)and allowed for experimenter control over when
the animals would eat. As mentioned earlier, all animals were
tested with both food and bedding on the first and sixth test
day. An additional group of intact (Intact-Control, n = 6) and
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Figure 1. Location of the injection sites of 6-OHDA in the PFC (solid
circles, upper section). Injections were made successively at increasingly
more ventral locations. The lower section shows the location of the
electrochemical probes for animals that had previously received 6-OHDA
lesions of the PFC (open symbols) or had PFC DA intact (solid symbols)
and were tested each day with a highly palatable food (squares) or
bedding from cages that housed estrus female rats (circles) (adapted
from Paxinos and Watson, 1982).

lesioned (Lesion-Control, n = 6) animals were placed, daily, in
the recording chambers but were not exposed to either stimulus.
Animals in these two groups were left in the recording chamber
for 60 min and then returned to their home cages.

The 6-OHDA lesions resulted in a 89.6% (+3.1) depletion of
DA and 94% (+2.8) depletion of DOPAC within the PFC. Con-
centrations of norepinephrine and 5-HT were not affected. The
electrochemical probes for all animals were within the medial
region of nAcc (see Fig. 1).

Basal electrochemical current. The analysis of the basal elec-
trochemical current recorded after 20 min in the chamber re-
vealed a significant effect of lesion [F(1,21) = 6.78, p < 0.05].
As shown in Figure 2, the resting oxidation current recorded
prior to the day’s testing was higher for the lesioned than the
intact animals.

Rate of increase. The lesioned animals tested repeatedly with
food showed a faster rate of increase in the electrochemical
signal, and the difference increased across days (see Fig. 3). There
was an effect of lesion [F(1,11) = 8.28, p < 0.05], and a marginal
lesion x day interaction [F(5,55) = 2.15, p = 0.07]. Simple
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Figure 2. Basal oxidation current recorded after 20 min in the testing
chamber prior to each test. Animals had previously received 6-OHDA
lesions of the PFC (open symbols, LESION) or had PFC DA intact
(solid symbols, INTACT) and were tested each day with a highly pal-
atable food (circles, FOOD) or exposed only to the recording chamber
(squares, CONTROL). Current is expressed as mean percentage (%1
SEM) of the current on day 1 of testing.

effects analysis found that the rate of increase did not vary across
days for the Intact-Food group (p > 0.1), but that among the
Lesion-Food group, the rate of increase did vary across days
[F(5,55) = 3.863, p < 0.01]. Furthermore, there was an effect
of lesion on days 4 and 5 (p values < 0.05), indicating that the
difference between the groups was due to an increased rate of
change among the lesioned animals on these days.

The analyses of the rate of increase in the electrochemical
signal elicited by exposure to food indicated that the intact and
lesioned animals displayed similar rates of increase on the first
test with food, but that the electrochemical signal increased
more rapidly in the lesioned animals after repeated testing.

Peak amplitude. The maximum amplitude of the stimulus-
elicited increase in the electrochemical signal was also analyzed.
There were effects of day [F(5,55) = 2.48, p < 0.05)] and lesion
[F(1,11) = 5.42, p < 0.05]. The Lesion-Food group showed
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Figure 3. Mean (1 SEM) rate of increase of the electrochemical sig-
nals recorded during eating for intact animals (INTACT-FOOD, solid
circles) and animals that had previously received 6-OHDA lesions of
the PFC (LESION-FOOD, open circles). *, different from the Intact-
Food group on the same day, p < 0.05.
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Figure 4. Mean (+1 SEM) maximum increase of electrochemical sig-
nals induced by eating among intact animals (/INTACT-FOOD, open
bars) and animals that had previously received 6-OHDA lesions of the
PFC (LESION-FOOD, solid bars). *, different from the Intact-Food
group on the same day, p < 0.05.

larger increases than the Intact-Food group, and the peak am-
plitude increased across days. As can be seen in Figure 4, the
effect of day can be attributed to an increase among the lesioned
animals. Simple effects analysis confirmed that the effect of day
was due to an increase in maximum amplitude across days for
the lesioned group [F(5,55) = 3.84, p < 0.01]; the intact group
did not vary significantly across days (p > 0.1). Furthermore,
the effect of lesion was due to the Lesion-Food group showing
a significantly greater change in the electrochemical signal than
the Intact-Food group on days 4 and 5. That is, intact animals
given repeated exposure to food showed increases in the elec-
trochemical signal that did not vary in amplitude across days,
whereas animals with PFC 6-OHDA lesions showed increased
food-elicited changes after repeated testing.

The Red:Ox ratio, calculated at the asymptote of the increase,
did not differ between groups or across days (p values > 0.1;
see Table 1). Thus, although the electrochemical signal varied
in rate of change and maximum amplitude as a function of
lesion and repeated testing, the contributors to the electrochem-
ical signal remained consistent.

Response to bedding. To investigate if repeated testing with
food affected responsiveness to another naturally reinforcing
stimulus, animals were also tested with bedding on days 1 and
6. The rate of increase elicited by exposure to bedding did not
differ between days, although there was an effect of lesion [F(1,11)
=13.362, p < 0.01]. That is, when exposed to the bedding, the
lesioned animals showed a faster rate of increase than did the
intact animals, but the rate of increase was not influenced by
the intervening experience with food. The amplitude of the bed-
ding-elicited increase was not affected by repeated exposure to
food.

Sex-related olfactory cues

Two groups of animals were tested with bedding obtained from
cages that housed estrus female rats: intact animals (Intact-Bed-
ding, n = 7) and animals that had previously received 6-OHDA
lesions of the PFC (Lesion-Bedding, n = 6). All animals were
tested with both food and bedding on the first and sixth test
day. Groups of intact (Intact-Control, n = 6) and lesioned (Le-
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Table 1. Mean (=1 SEM) Red : Ox ratio for the groups tested daily with a highly palatable food (Food) or sex-related olfactory cues (Bedding)

Day
Group 1 2 3 4 5 6
Intact-Food 0.78 + 0.12 0.79 + 0.24 0.62 = 0.11 0.77 = 0.15 0.68 = 0.10 0.77 +£ 0.06
Lesion-Food 0.89 + 0.14 0.72 = 0.11 0.79 £ 0.05 0.92 + 0.14 0.66 + 0.23 0.73 £ 0.15
Intact-Bedding 0.68 + 0.14 0.76 = 0.14 0.63 = 0.11 0.77 £ 0.10 0.99 + 0.17 0.61 + 0.08
Lesion-Bedding 0.71 = 0.12 0.92 = 0.21 0.58 + 0.08 0.65 £ 0.09 0.79 + 0.05 0.60 + 0.10

The Red : Ox ratio was calculated at the point that the increase in the electrochemical signal reached asymptote. The Red : Ox ratio for DA is 0.6-0.8.

sion-Control, # = 6) animals were tested without presentation
of the bedding.

DA and DOPAC depletions were similar to those reported
above for the animals in tests with food. There was a significant
depletion of DA (87% =+ 3.8), and depletion of DOPAC (92.4%
+ 3.2) within the prefrontal cortex. Concentrations of norepi-
nephrine and 5-HT were not significantly affected. The electro-
chemical probes for all animals were within the nAcc (see Fig.
).

Basal electrochemical current. The analysis of the basal elec-
trochemical current recorded prior to each day’s test found sig-
nificant effects of lesion [F(1,21) = 6.28, p < 0.05], stimulus
[control vs. bedding; F(1,21) = 6.68, p < 0.05], and day [F(4,84)
=15.13, p < 0.01], as well as a lesion x day interaction [F(4,84)
= 6.39, p < 0.01]. Figure 5 presents the basal electrochemical
currents across days. Simple effects analysis found that there
was an effect of day among the bedding-exposed animals [F(4,84)
= 13.05, p < 0.001] but not among the control groups (p >
0.1), and that the effect of day was present among the lesioned
animals [F(4,84) = 7.29, p < 0.001] but not the intact animals
(p > 0.1). That is, the effects of lesion and stimulus were due
to an increase in the basal oxidation current among the Lesion-
Bedding group on days 4, 5, and 6 (p values < 0.01).

Rate of increase. The analysis of the rate of increase, in nM/
sec, from the initial change in the electrochemical signal to the
peak amplitude yielded a significant lesion x day interaction
[F(5,55) = 2.49, p < 0.05]; the effect of lesion did not quite

attain statistical significance [F(1,11) = 4.1, p < 0.07]. As shown
in Figure 6, the lesioned animals showed a faster rate of change
on days 4 and 6 than did the intact animals (p values < 0.01).

Peak amplitude. Overall, there was a significant effect of lesion
[F(1,11)=7.07, p < 0.05]; the lesioned animals showed a larger
response to the bedding than did the intact animals (see Fig. 7).
Simple main effects analysis found that the effect of lesion was
due to a significantly larger response by the lesioned animals on
days 3 and 6 (p values < 0.05). There was also an effect of day
[F(5,55) = 2.95, p < 0.05]; both groups exposed to the estrus
female bedding showed an enhanced response with experience.
The Intact-Bedding group showed more than a doubling of the
maximum increase by day 4, and the Lesion-Bedding group an
increase that had almost doubled in amplitude by day 3. Ex-
amples of bedding-elicited electrochemical signals recorded in
an intact and a lesioned animal on test days 1, 3, and 6 are
shown in Figure 8.

The Red:Ox ratio, calculated.at the asymptote of the increase,
did not vary significantly between intact and lesioned animals,
or across days (see Table 1). The Red:Ox ratio indicates that
the contributors to the electrochemical signal did not vary de-
spite changes in basal oxidation current, rate, and amplitude.

Response to food. The two groups of animals repeatedly ex-
posed to the bedding were also tested with food on days 1 and
6. None of the terms in the analyses of the rate of increase
during exposure to food were statistically significant. The anal-
ysis of the maximum amplitude of the electrochemical signal
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Figure 5. Basal oxidation current recorded after 20 min in the testing 1 2 3 4 5 6
chamber prior to the beginning of each test. Animals had previously DAY

received 6-OHDA lesions of the PFC (open symbols, LESION) or had
PFC DA intact (solid symbols, INTACT) and were tested each day with
sex-related olfactory cues (circles, BEDDING) or exposed only to the
recording chamber (squares, CONTROL). Current is expressed as mean
percentage (=1 SEM) of the current recorded on day 1 of testing. *,
different from the intact groups on the same day, p < 0.05.

Figure 6. Mean (1 SEM) rate of increase of the electrochemical sig-
nals during exposure to the bedding among intact animals (INTACT-
BEDDING, solid circles) and animals that had previously received
6-OHDA lesions of the PFC (LESION-BEDDING, open circles). *,
different from the Intact-Bedding group on the same day, p < 0.05.
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Figure 7. Mean (+1 SEM) maximum increase of the electrochemical

signals induced by exploration of the bedding among intact animals
(INTACT-BEDDING, open bars) and animals that had previously re-
ceived 6-OHDA lesions of the PFC (LESION-BEDDING, solid bars).
* different from the Intact-Bedding group on the same day, p < 0.05.

found only an effect of lesion [F(1,11) = 6.914, p < 0.05]. The
lesioned animals displayed larger increases than did the intact
animals, but the response to food was not influenced by repeated
exposure to bedding.

Discussion

The results of these experiments indicate that both a highly
palatable food and sex-related olfactory cues are able to elicit
increases in the electrochemical signal recorded within the nAcc.
If animals were tested with food, the amplitude and temporal
characteristics of the response remained consistent across the 6
test days. Repeated exposure to the sex-related cues led to a
progressively enhanced, or sensitized, response among intact
animals. If, however, PFC DA was partially depleted, the re-
sponse to food was enhanced; the rate of change and amplitude
increased with repeated testing (see Figs. 3, 4). PFC DA deple-
tions increased the amplitude of the response to the sex-related
olfactory cues and resulted in a faster rate of increase on test
days 4 and 6 (see Figs. 6-8).

In vivo electrochemical techniques, including chronoamper-
ometry, do not positively identify the specific neurochemicals
contributing to the electrochemical signal. Previous /n vivo and
in vitro studies using Nafion-coated electrodes and the sampling
rate (5 Hz) used in the present experiments (Gratton et al., 1988,
1989), however, have found that the Red:Ox ratios provide a
means of identifying the electroactive species interacting with
the electrode. Using electrodes and sampling rate similar to
those used in the present experiments, DA yields a Red:Ox ratio
0f0.6-0.8; virtually all of the oxidized DOPAC is reduced (Red:
Ox = 0.9-1.0), and the Red:Ox ratios for norepinephrine and
5-HT are 0.4-0.5 and 0.1-0.2, respectively. Increases in the
electrochemical signal concomitant with feeding or exploration
of the estrus female bedding yielded a Red:Ox ratio within the
range expected for DA, although the Red:Ox ratio on 4 of the
24 tests was somewhat higher than would be expected for DA
(see Table 1). These results suggest that DA was the major
contributor to the electrochemical signal, but that there may
have been a contribution of the DA metabolite DOPAC. These
results are consistent with the known neurochemical content of
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Figure 8. Examples of electrochemical signals recorded on test days
1, 3, and 6 from a lesioned (tfop) and an intact animal (bottom) in
response to bedding. The data are expressed as micromolar change in
dopamine concentration. Length of horizontal bar corresponds to du-
ration of exposure to bedding.

the nAcc, a rich DA innervation with a comparatively sparser
innervation by norepinephrine- and 5-HT-containing terminals.
The Red:Ox ratios, the temporal contiguity of the changes in
the electrochemical signal with the stimuli, and the electro-
chemical probes’ relative insensitivity to anionic compounds,
such as DOPAC, all suggest that the changes in the electro-
chemical signals are principally due to increases in the concen-
tration of DA, and perhaps also DOPAC, at the electrode sur-
face.

The resting oxidation current recorded when the animals were
placed in the testing chambers increased across days, especially
for the Lesion-Bedding groups. That is, as these animals gained
experience with the stimuli in the test chamber, the oxidation
current at the beginning of the day’s test increased. Although
these experiments were not designed to test for conditioned
effects, the increase in the basal oxidation current during the
first 20 min in the testing chamber, prior to that day’s presen-
tation of the stimulus, suggests that exposure to the test chamber
itself increased the availability of electroactive compounds at
the electrode surface. A conditioned release of DA has been
reported for stimuli associated with repeated injections of opi-
ates (see Schiff, 1982), and the data presented here suggest that
stimuli associated with the presentation of a naturally reinforc-
ing event can also increase the release of DA. That is, a specific
environment associated with the presentation of stimuli that
increase the extracellular concentrations of DA within the nAcc



may, itself, acquire the ability to elicit mesolimbic DA release.
It will be interesting to test explicitly the ability of conditioned
stimuli to elicit mesocorticolimbic DA release.

Interestingly, Pycock and coworkers have reported increased
turnover of DA within the nAcc of PFC DA-depleted animals
(Carter and Pycock, 1980; Pycock et al., 1980), whereas more
recent postmortem studies have failed to observe such changes
(Rosin et al., 1987; Clark et al., 1988). Both of the experiments
reported here found that initially the lesioned and intact animals
had similar basal oxidation currents within the nAcc; differences
between groups emerged only with repeated testing in the stim-
ulus-associated environment. These findings suggest that the
testing history of the animal and the environment in which the
animal is killed may have an impact on putative “basal” con-
centrations of DA within the nAcc.

The electrochemical signal increased during the time that the
animals were interacting with the stimuli used: increasing to a
plateau during feeding or exploration of the bedding, and then
returning to baseline after the food had all been consumed or
the bedding removed from the testing chamber. While the an-
imals were interacting with the stimuli and the electrochemical
signal was increased above baseline, the behavior of the animals
was focused on the stimuli; animals typically ate the pieces of
food in quick succession or remained relatively immobile while
sniffing the bedding. In both cases, stimulus-directed behavior
was mostly uninterrupted by exploration of the chamber or other
behaviors, except for some sporadic grooming. Interestingly, the
return of the electrochemical signal to baseline after the food
had been consumed or bedding removed often coincided with
a period of increased locomotor activity by the animal. These
observations suggest that the increases in the electrochemical
signal were due to the impact of the stimuli, and not to increased
motor activity or other nonspecific factors. This interpretation
is consistent with previous research that has indicated that me-
solimbic DA is important in mediating the incentive-motiva-
tional properties of reinforcing stimuli (e.g., Blundell and La-
tham, 1978; Wise et al., 1978; Geary and Smith, 1985; Mitchell
and Stewart, 1989; Mitchell and Gratton, 1991).

The stimuli used in the present experiment, a highly palatable
food and sex-related olfactory cues, were both effective in in-
creasing extracellular concentrations of DA. One important re-
spect in which these stimuli differ is that interaction with the
food evoked a consummatory response (feeding) whereas ex-
posure to the bedding did not elicit a consummatory response.
Both stimuli, however, are reinforcing: copulation without ejac-
ulation and noncopulatory exposure to an estrus female are
effective reinforcers in instrumental conditioning (Kagan, 1955;
Whalen, 1961; Jowaisas et al., 1971), and food is well known
to be an effective reinforcer in instrumental conditioning. Sex-
ually active male rats show a preference for the odor of an estrus
female (Carr et al., 1966; Lydell and Doty, 1972), and animals
show a preference for stimuli associated with food. Thus, al-
though eating a highly palatable food and exploration of sex-
related olfactory cues differ in the presence or absence of a
consummatory response, among other dimensions such as sen-
sory modality, both are reinforcing events. As discussed pre-
viously, copulation and exposure to sex-related cues (Mitchell
and Stewart, 1989; Mas et al., 1990; Mitchell and Gratton, 1991)
and feeding (Hernandez and Hoebel, 1988; Rose and Gratton,
1990; Mark et al., 1991) have been reported to increase DA and
DA metabolite levels in the nAcc. Thus, these two reinforcing
stimuli, regardless of their specific characteristics, activate the
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mesolimbic DA system leading to increased extracellular DA
concentrations within the nAcc.

Among the intact animals, both of the stimuli used were
capable of eliciting an increase in extracellular concentrations
of DA on the first exposure, but an enhanced release occurred
only with repeated exposure to the bedding; the intact animals
repeatedly tested with food showed increases that did not vary
predictably from day to day. It is not known why repeated
presentation of the food did not lead to an enhanced release
while the bedding did. It should be noted that intact and lesioned
animals did not differ on day 1 on any measure, and yet lesioned
animals repeatedly exposed to food showed evidence of a sen-
sitized DA release on later tests. Thus, at least among lesioned
animals, food-elicited releases were of sufficient magnitude and
invoked elements necessary for sensitization to occur. It is pos-
sible that food activated pathways that interfered with the de-
velopment of sensitization, such as the mesocortical DA system,
and that sex-related cues have less of an impact on mesocortical
DA (see below). The reason(s) why, among intact animals, re-
peated exposure to sex-related olfactory cues, but not food, can
lead to increased activation of the mesolimbic DA system re-
mains to be addressed in future experiments.

We have reported previously (Mitchell and Gratton, 1991)
that sex-related olfactory cues elicited increased DA concentra-
tions within the nAcc, but not at more dorsal nAcc sites or
within the caudate-putamen, a terminal field of the nigrostriatal
DA system. Food, however, has been reported to increase ex-
tracellular DA concentrations at nigrostriatal as well as meso-
limbic terminal sites (Rose and Gratton, 1990). The effects of
sexual incentive stimuli, therefore, appear to be specific to the
mesolimbic DA system, but exposure to food, at least when
eating is allowed, affects both the mesolimbic and nigrostriatal
DA systems. It will be interesting to examine whether this dif-
ference is due to eating per se, or if there is indeed a difference
in the pattern of activation within the forebrain DA terminals
dependent on the specific incentive stimulus used.

Although the rate and amplitude of the food-elicited changes
increased across days among the lesioned animals, the results
of the test on the sixth day were similar to those obtained on
the initial tests. It is not clear why there was a decrease in food-
elicited DA release on day 6. The response to the bedding, once
increased, stayed elevated. It is possible that the potentiation
of food-elicited DA release was temporary; however, results
from other studies of sensitized DA release using stress, opiates,
or pyschomotor stimulants all suggest that, once sensitized, the
mesolimbic DA system remains hyperresponsive for as long as
months (Robinson and Becker, 1986; Robinson et al., 1988).
These findings, together with the more potent effects of the
bedding, suggest that repeated exposure to natural stimuli may
come to elicit persistent changes with sufficient experience, but
that in the case of food among non-food-deprived animals, more
experience may be necessary to sensitize the system.

The differences between the intact and lesioned animals sug-
gests areas involved in the development of sensitization. Sen-
sitization to the effects of a stimulus may be mediated, at least
in part, by changes within the mesolimbic DA system, or within
a PFC input to DA neurons that innervated nAcc. If the changes
occur only with repeated activation of the mesolimbic DA sys-
tem, then intact and lesioned animals should not differ in the
development of sensitization. If PFC-mesolimbic DA interac-
tions are involved, then lesioned animals should differ in the
development of sensitized DA release in the nAcc. Lesioned
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animals tested with food showed evidence of sensitized DA
release with repeated testing (see Figs. 3, 4). These differences
in the effects of repeated food presentation between intact and
lesioned animals indicate that the PFC is involved in the sen-
sitization of nAcc DA release. Dopamine mainly inhibits unit
activity in PFC (Gratton et al., 1987; Sesack and Bunney, 1989),
and this region of cortex is thought to send excitatory amino
acid—containing projections to subcortical structures, including
the nAcc and ventral tegmental area (Christie et al., 1985a,b;
Sesack et al., 1989). Thus, destruction of cortical DA may chron-
ically disinhibit this excitatory input to the mesolimbic DA
system. However, if simple disinhibition of this system is in-
volved, then it might be expected that lesioned animals would
show greatly amplified DA release, even on the initial exposure
to the stimuli. Indeed, PFC DA depletion has been reported to
potentiate the stimulant effect of acute stress on mesolimbic DA
levels (Deutch et al., 1990). However, while DA release was
amplified in response to an initial exposure to the bedding par-
ticularly, significant differences between the intact and lesioned
animals emerged only with repeated testing, indicating that re-
peated activation of the mesolimbic DA system was required.
Thus, an interaction between the PFC input to the mesolimbic
DA system and DA release within the nAcc appears to be in-
volved in the development of sensitized DA release elicited by
naturally reinforcing stimuli. Corticostriatal glutamatergic neu-
rons are involved in the presynaptic regulation of DA release
from DA terminals within the striatum (Nieoullon et al., 1978;
Romo et al., 1986). Glutamate increases the release of DA with-
in the striatum via both quisqualate/kainate and NMDA re-
ceptors (Roberts and Anderson, 1979; Krebs et al., 1989; Bar-
beito et al., 1990), and NMDA receptors have been found on
rat striatal synaptosomes (Krebs et al., 1991). Evidence also
exists for glutamatergic control of DA release in nAcc; 6-OHDA-
induced lesions cause a reduction of PCP/NMDA receptor sites
in nAcc (French et al., 1985), and lesions of PFC result in a
reduction of high-affinity uptake of glutamate in this region
(Carter, 1980; Walaas, 1981). Furthermore, NMDA, kainate,
and quisqualate have been shown to stimulate radiolabeled DA
release in nAcc (Marien et al., 1983; Jones et al., 1987). These
findings indicate that glutamatergic projections can act on DA
nerve terminals to modulate DA release. However, mesocortical
DA could also be acting on PFC efferents to the DA cell bodies
region in the ventral mesencephalon, where microinjections of
NMDA and kainate have been shown to increase DA metab-
olism in PFC and nAcc, respectively (Kalivas et al., 1989).
Mechanisms in the DA cell body region are thought to be im-
portant in the development of sensitization to psychomotor
stimulants (Stewart and Vezina, 1989) and opiates (Vezina and
Stewart, 1984; Kalivas and Duffy, 1987), and PFC glutamatergic
projections to this region may be important in modulating the
development of sensitized DA release elicited by naturally oc-
curring stimuli. It is interesting to note in this context the wide-
spread role that glutamate plays in mediating synaptic plasticity
within the CNS (see Monaghan et al., 1989, for a recent review).

In conclusion, the present results indicate that the DA pro-
jection to PFC normally acts to dampen the reactivity of the
mesolimbic DA system to environmental stimuli. These results
also provide neurophysiological evidence in support of current
hypotheses concerning the role of cortical mechanisms in the
functional hyperactivity of subcortical DA systems associated
with psychosis (see Grace, 1991).
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