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Frequency of Dopamine Concentration Transients Increases in
Dorsal and Ventral Striatum of Male Rats during Introduction

of Conspecifics
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Transient, elevated concentrations of extracellular dopamine
were characterized in the dorsal and ventral striatum of male
rats during solitude, brief interaction with a conspecific, and
copulation. Conspecific rats were systematically presented to
male rats and allowed to interact for 30 sec; the males were
kept in solitude between each presentation. During these epi-
sodes, 125 dopamine concentration transients from 17 rats
were detected with fast-scan cyclic voltammetry at carbon-
fiber microelectrodes (peak amplitude, 210 = 10 nwm; duration,
530 = 20 msec). The frequency of dopamine transients in-
creased sixfold during conspecific episodes compared with
solitude. However, the phasic dopamine activity habituated on
the second presentation of the conspecifics. When males were
allowed to copulate with receptive females, additional dopa-
mine transients were observed at frequencies ~20% of those
during the previous interaction episodes. A subset of these
transients immediately preceded intromission. Overall, phasic

dopamine activity appeared to be associated with input from
multiple sensory modalities and was followed by a variety of
approach and appetitive behaviors, consistent with electro-
physiological observations of dopaminergic neuron burst-firing.
In summary, (1) dopamine concentration transients occur in
awake rats during solitude, in the absence of overt external
cues; (2) dopamine transients are significantly more frequent in
the presence of a conspecific, although this effect habituates;
and (3) dopamine transients are less frequent during copulation
than during brief conspecific episodes. These results establish
for the first time that transient dopamine fluctuations occur
throughout the dorsal and ventral striatum and demonstrate
that they are more frequent with salient stimuli that elicit a
response behavior.
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Considerable evidence indicates that dopamine systems in the
forebrain contribute to various aspects of reinforced behavior
(Wise and Rompre, 1989). Traditionally, nigrostriatal dopamine
is viewed as necessary for sensorimotor coordination, and me-
solimbic dopamine is viewed as necessary for appetitive and
motivational aspects. Neurochemical measurements of dopamine,
such as those provided by microdialysis, have supported these
roles for dopamine during a variety of behaviors (Westerink,
1995). The time scale of these measurements (in minutes) pro-
vides an index of dopamine neurotransmission that arises from
the normal, tonic firing of dopaminergic neurons and possibly a
presynaptic modulation of release (Grace, 2000). However, do-
paminergic neurons also fire more rapidly in phasic bursts of
neuronal activity (Overton and Clark, 1997; Schultz, 1998). Such
firing patterns should cause discrete chemical surges of dopamine
into the extrasynaptic space, lasting for 1 or 2 sec (Kawagoe et al.,
1992; Suaud-Chagny et al., 1995). Only recently has technology
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advanced to the degree that such dopamine concentration tran-
sients, possibly arising from bursting of dopaminergic neurons,
can be measured in behaving animals (Rebec et al., 1997; Rob-
inson et al., 2001).

Rebec et al. (1997) measured dopamine concentration tran-
sients in the nucleus accumbens (NA) shell of male rats at their
initial entrance to a novel environment. The chemical signal was
not observed in the NA core, nor was it observed on subsequent
reentry. We recently measured phasic dopamine signals in the
context of sexual behavior (Robinson et al., 2001) and observed
transient, robust increases in extracellular dopamine in the NA
core of male rats on initial exposure to receptive female rats and
subsequent approach behaviors. Both studies were remarkable in
the linkage of discrete extrasynaptic dopamine signals with dis-
crete salient events. However, nothing is yet known about the
occurrence of dopamine transients in simple wakefulness or the
relative frequency among striatal regions.

The purpose of the present study was to explore the incidence
of dopamine concentration transients in the dorsal and ventral
striatum in freely moving rats, replicating previous reports of
transients in the NA, and extending these findings to the caudate
putamen (CP) and olfactory tubercle (OT). We systematically
compared phasic dopamine activity in the CP, NA, and OT
during solitude versus brief interaction with a conspecific, hypoth-
esizing that the frequency of phasic dopamine would be higher in
the presence of a conspecific, because it represents a biologically
salient stimulus to the rat. We presented each conspecific (male,
receptive female, and nonreceptive female) twice to evaluate
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whether the dopamine response habituated as predicted for the
role of phasic dopamine as an alerting signal (Schultz, 1998;
Redgrave et al., 1999). Finally, to replicate our previous findings
in the NA and extend them to the CP and OT, we monitored
extracellular dopamine during copulation in the same rats.

MATERIALS AND METHODS

Animals. Male and ovariectomized female adult Sprague Dawley rats
(Charles Rivers, Raleigh, NC) were housed in a vivarium on a 12 hr
light/dark cycle (lights on at midnight) with food and water available ad
libitum. Males were singly housed; females were group-housed. All rats
were well handled by the experimenter. Measurements were made in 17
male rats, which each received at least three 30 min opportunities for
copulation before the experiment and reached ejaculation during at least
two of these opportunities. Females were induced to behavioral estrus by
the injection of 10 ug of estradiol benzoate 48 hr before and 500 ug of
progesterone 4 hr before testing. They were checked for behavioral
estrus by the presence of lordosis and proceptive behaviors (ear wiggling,
hopping, and darting) when placed with a sexually experienced male
before the experiment. All experimental procedures were approved by
the Institutional Animal Care and Use Committee at the University of
North Carolina.

Surgery. Surgical procedures were performed as described previously
(Garris et al., 1997), with minor modifications. Male rats (350-450 gm)
for electrochemical experiments were anesthetized with ketamine (80
mg/kg) and xylazine (12 mg/kg). A guide cannula (Bioanalytical Systems
Inc., West Lafayette, IN), an Ag/AgCl reference electrode, and a bipolar
stimulating electrode (Plastics One, Roanoke, VA) were implanted in
each rat as described previously (Robinson et al., 2001). The guide
cannula was positioned 1.2 mm anterior and 2 mm lateral to bregma and
extended 2.5 mm below the skull surface; all recordings were made on
the right side of the brain. This placement allowed insertion of the
carbon-fiber microelectrode into the CP (4-5.5 mm ventral from the
skull surface), NA (6-8.4 mm ventral), or OT (8.8-9.2 mm ventral). The
stimulating electrode was positioned at the medial forebrain bundle (4.1
mm posterior and 1.4 mm lateral to bregma; ~8 mm ventral from the
skull surface) or the substantia nigra/ventral tegmental area (5.6 mm
posterior and 1 mm lateral to bregma; ~9 mm ventral from the skull
surface) to stimulate dopaminergic fibers. The extracellular dopamine
concentrations resulting from mild electrical stimulation of the dopamine
pathway at these two placements did not differ, and were used as a
calibration signal for each rat. Rats were allowed at least 2 d to recover
after surgery.

Carbon-fiber microelectrode. Carbon-fiber electrodes were constructed
using individual carbon fibers (6 wm diameter, T650; Amoco, Greenville,
SC) pulled and sealed in glass capillaries (0.6 mm diameter). The
exposed fiber was trimmed to 130-225 pum from the glass seal. The
carbon fiber was acutely inserted with a detachable micromanipulator
(Chemistry Instrument Facility, University of North Carolina) that
locked into the guide cannula and allowed ventral placement of the
electrode into the CP, NA, or OT at <0.1 mm increments. The elec-
trodes were calibrated for dopamine concentration after each experi-
ment in an in vitro flow-cell system.

Voltammetric measurements. The carbon-fiber and reference electrodes
were connected to a voltammetric amplifier mounted near the rat’s head
at the base of the tether. Voltammetric recordings were made at the
carbon-fiber electrode every 100 msec by applying a triangular waveform
(—0.4 to 1.0 V vs the reference electrode, 300 V/sec) with an EI 400
potentiostat (Cypress Systems, Lawrence, KS). Each scan took 9.3 msec
to complete, and the electrode was held at —0.4 V between scans.
Voltammetric parameters, stimulation parameters, and data acquisition
were controlled by a computer using LabVIEW computer instrumenta-
tion (National Instruments, Austin, TX) (Michael et al., 1999).

A high-throughput algorithm within the LabVIEW collection and
analysis program was used to target potential dopamine concentration
transients for additional investigation. A template of the subtracted cyclic
voltammogram for dopamine for each particular animal was selected
from the electrochemical response during the electrical stimulation of
dopamine neurons. As a data file was loaded, the computer automatically
scaled the current amplitude at the dopamine oxidation peak to the
template, subtracting the average of 10 scans before the scan under
evaluation. The mean squared error between the two voltammograms
was calculated, the inverse of this quantity was plotted, and a cutoff point
was determined, above which a voltammogram was targeted. To validate
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these targets as dopamine transients, the background-subtracted cyclic
voltammograms at the targeted times were compared with those for
dopamine. Criteria included peaks at approximately +0.6 and —0.2 V
versus Ag/AgCl, their relative amplitude, the absence of extraneous
peaks, and a minimum of at least two consecutive scans. The duration of
dopamine transients was determined from the cyclic voltammograms
examined on a scan-by-scan basis. The peak amplitude of dopamine
concentration, or [DA],,.,, was measured from the current versus time
plot at the dopamine oxidation potential and converted to concentration
using postexperiment in vitro calibration of the carbon-fiber electrode.

Experimental design. Experiments were conducted during the animal’s
dark cycle, when the rats were most active. The test male was placed in
a clean 60 X 60 cm test chamber in a Faraday cage and attached to a
tether secured to the stimulating electrode. The tether extended to a
swivel at the top of the Faraday cage, allowing the rat full access to the
test chamber. Rats were allowed at least 3 hr to habituate to the cage and
the tether on the experiment day. A new carbon-fiber microelectrode was
then inserted into the guide cannula and lowered to the target region.
The proximity to dopamine terminals was confirmed by the detection of
electrically evoked dopamine release (24 rectangular pulses, 60 Hz, 120
A, 2 msec/phase, biphasic).

Conspecific and solitary episodes. Conspecifics (receptive female, non-
receptive female, and male) were presented one at a time to the test male
rat in random order and allowed to interact with the test rat for 30 sec.
The conspecific rats were presented by gently pushing them over the lip
of the test chamber and were manually removed after 30 sec. Conspecific
episodes were defined as the 30 sec interaction time plus the 10 sec
before and after presentation to account for any alerting stimuli (sounds,
olfactory stimuli) associated with the introduction and removal of the
conspecific. The brief time with the conspecific was designed to examine
the effect of initial contact and yet militate against copulation, because 30
sec is generally shorter than the latency to intromit (Sachs and Barfield,
1976). The test animal was left undisturbed for an additional 190 sec
between presentations; these periods were termed solitary episodes.
Dopamine concentration transients were continuously monitored
throughout the solitary and conspecific episodes. Periodically, during
solitary episodes, dopamine neurons were mildly stimulated (24 rectan-
gular pulses, 60 Hz, 120 nA, 2 msec/phase, biphasic) to examine the
electrode response. To test for the habituation of dopamine transients to
the presentations, each conspecific was presented a second time, again in
random order. Thus, each male received six brief conspecific presenta-
tions, interspersed with solitary episodes.

Copulation episode. After the conspecific and solitary episodes, the test
rat was left undisturbed for 10 min before voltammetric data collection
resumed. Then the receptive female was presented a third time and the
pair was allowed to copulate. Electrochemical data were collected
throughout the copulation period and for 2—4 min after ejaculation.

Behavioral analysis. The entire experiment was videotaped with a
camera mounted in the Faraday cage. The electrochemical and behav-
ioral data were synchronized with a video character generator (Chem-
istry Instrument Facility, University of North Carolina) that superim-
posed the episode and electrochemical scan numbers on the video record.
Behavior for *5 sec before and after each dopamine concentration
transient was examined frame by frame and cataloged into 1 sec bins,
using the following categories: sniffing rat (whisker contact; sniffing face,
body, anogenital region), general sniffing (ground or cage walls, air),
orientation (head turn, whole body turn), locomotion to rat, and sexual
behaviors (mounting, intromission, ejaculation, genital grooming). For
statistical analysis, the total count for each behavior in the 5 sec before
a transient was compared with the count 5 sec after the transient. In
addition, copulatory behavior was evaluated by the construction of an
event record of mounts (simple and ectopic), intromissions, ejaculations,
genital grooming, and 22 kHz vocalizations (Sachs and Barfield, 1976).

Histology. Rats were administered a lethal dose of urethane and
perfused through the heart with saline and a 10% formalin solution. The
brains were removed and stored in 4% paraformaldehyde in phosphate
buffer until sliced into 40 um coronal sections and stained with thionine.
The carbon fiber was too small to produce damage detectable with a light
microscope. However, the dorsal part of the glass capillary left a detect-
able tract, and the total distance inserted was known from the microma-
nipulator, allowing reconstruction of the tip location.

Statistical analysis. Nonparametric statistics were used for analysis,
which varied according to the distribution of the data. Comparisons of
the frequency (number of transients per minute) of the dopamine con-
centration transients in different experimental conditions were made



Robinson et al. « Dopamine Concentration Transients in Rat Striatum

Figure 1. Representation of the carbon-fiber microelectrode recording
sites in the dorsal and ventral striatum, as constructed from histological
sections. The rectangles, circles, and triangles represent placements in the
CP, NA, and OT, respectively.

with a Poisson distribution regression model with repeated measures.
Comparisons of transient duration and [DA],,, were made with a
gamma distribution regression model with repeated measures. Compar-
isons of behaviors 5 sec before and after dopamine transients were made
with a binomial distribution regression model with repeated measures.
Interactions, main effects, and pairwise contrasts were tested using Wald
statistics. All calculations were performed using SAS software (SAS
Institute, Inc., Cary, NC) on consultation with Statistical Services at the
Odum Institute at the University of North Carolina.

RESULTS

Histological verification of carbon-fiber placement

The recording sites for the 17 male rats are illustrated in Figure
1. The dorsal and ventral striatum were divided into three broad
regions: CP, NA, and OT. Six recordings were made in the CP
(rectangles), seven in the NA (circles) and four in the OT
(triangles).

Dopamine concentration transients during solitude

and conspecific episodes

A total of 125 dopamine concentration transients, identified by
cyclic voltammograms, were detected during the first phase of the
experiment, which evaluated dopamine transients during solitary
and conspecific episodes in two consecutive presentation sets over
a total of 26 min. Transients occurred in both solitary and con-
specific episodes in the 17 male rats tested (range, 1-22 transients
per animal; mean, 7.4 = 1.5; median, 5). Transients were observed
in the CP, NA, and OT (vide infra).

The frequency of dopamine concentration transients was six-
fold greater during episodes with conspecifics compared with
solitary episodes (Fig. 24). The Poisson distribution regression
model yielded significant main effects of episode (z; = 94.10; p <
0.0001) as well as striatal region (z, = 3.99; p < 0.001). Pairwise
comparisons demonstrated significant differences between the
CP and the other nuclei (CP vs NA, z; = —3.75, p < 0.001; CP
vs OT, z; = —2.62, p < 0.01). Thus, although dopamine transients
were seen in each brain region tested, they were most common in
the NA and OT.

The duration of the dopamine transients varied by experimen-
tal episode but not by brain region (Fig. 2B) (main effect of
episode, z; = 3.87, p > 0.0001). The duration of transients during
conspecific episodes was 40% longer than during solitary episodes
(conspecific episodes, 600 = 40 msec; range, 300-1600; solitary
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Figure 2. Dopamine concentration transients in the CP, NA, and OT:
solitude versus brief conspecific interaction. A, Frequency of transients by
brain region and episode; *p < 0.0001; **p < 0.01, less frequent than NA
and OT. B, Duration of transients by brain region and episode; *p <
0.0001. C, Peak concentration of transients by brain region and episode;
*p < 0.01.

Conspecific

episodes, 440 = 20 msec; range, 200-900). The [DA],,., (peak
amplitude) had a similar profile (Fig. 2C), because transients
observed during conspecific episodes were 50% larger than those
observed during solitary episodes (main effect of episode, z, =
2.73, p > 0.01). The mean [DA],,.x of the transients during brief
conspecific episodes was 240 = 20 nm (range, 80-1350), whereas
that of the transients during solitary episodes was 160 = 10 nm
(range, 60-330).

Dopamine transients were not exclusively associated with any
one discrete event. However, 50% of the transients were observed
for 5 sec before and after the introduction of the conspecific to the
test chamber; 25% of the transients occurred within 1 sec. The
distribution of dopamine transients within the interaction epi-
sodes is presented in Figure 3, illustrating that phasic dopamine
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Figure 3. Histogram of dopamine concentration transients during the
brief conspecific interaction episodes. Transients from all striatal regions
and all interaction episodes were pooled into 2 sec bins, with the intro-
duction of the conspecific at time 0. The presence of the conspecific is
denoted by the gray bar from 0 to 30 sec.

activity clustered around the introduction of the conspecific to the
test chamber. This effect was not simply a consequence of a
foreign object entering the test chamber, because there was no
cluster of transients around the removal of the conspecific, which
required insertion of the experimenter’s hand into the cage.
Examples of dopamine concentration transients recorded at
the start of a brief conspecific episode are shown in Figure 4. A
sequence during the presentation of a receptive female is shown
in Figure 4C, whereas the trace in Figure 44 shows the changes
in dopamine concentration in the OT of the male recorded by
fast-scan cyclic voltammetry over the same time span (4 sec). The

Figure 4. Two dopamine concentra-
tion transients in the OT of a male rat A
associated with the introduction of a
receptive female to the test chamber
and subsequent contact. A, A 4 sec trace
of the electrochemical signal at the ox-
idation potential of dopamine (+0.6 V
vs Ag/AgCl reference) converted to do-
pamine concentration using the in vitro
calibration of the electrode after the
experiment. The electrochemical scans
confirmed to be dopamine by the cyclic
voltammograms are indicated by open
circles. B, Cyclic voltammograms corre-
sponding to the electrochemical signal B
at the times indicated by the arrows.
The cyclic voltammograms verify that
the changes in electrochemical signal
during the two transients are attribut-
able to the oxidation of dopamine (mid-
dle and right), whereas no changes in
dopamine are apparent beforehand
(left). The oxidative and reductive C
peaks of the dopamine transients are
compared with those of dopamine ob-
tained during the electrical stimulation
of the dopamine fibers (dotted line,
scaled to size). C, The video record of
the experiment corresponding to the
electrochemical signal at the times indi-
cated by the arrows. The first dopamine
transient coincided with the entrance of
the female to the test chamber and was

75 nM

0.5s
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numbers in the top right corner of the video stills indicate the
corresponding cyclic voltammogram, imprinted on the video
record by the video character generator. Before presentation, the
male was sitting quietly on an absorbent pad in the chamber and
the concentration changes stayed within the noise level (Fig. 4C,
left). Although basal concentrations cannot be measured with this
technique, transient concentration changes are readily discerned,
as seen in the middle of the figure. As the female entered the test
chamber (Fig. 4C, middle), a transient dopamine concentration
change occurred; because the male faced away from the female,
the sensory trigger was presumably auditory. Immediately after
the transient, the male oriented toward the conspecific. A second
transient occurred as the male made whisker contact with the
female (Fig. 4C, right). The whisker contact was easily discernible
in an enlarged video image (data not shown). Dopamine was
identified by its cyclic voltammogram (Fig. 4 B); those recorded at
the maximum concentration changes have the features of a do-
pamine cyclic voltammogram. This is shown by the overlap of the
cyclic voltammograms with one recorded in this animal during
the electrical stimulation of the dopaminergic pathway (dotted
line, scaled to size). The durations of transients in this example
are 0.8 sec (middle) and 0.4 sec (right); the electrochemical scans
confirmed to be dopamine are shown by open circles. This se-
quence was followed by the male initiating sniffing of the female.

Habituation of dopamine concentration transients
during conspecific episodes

The frequency of dopamine transients within conspecific episodes
was found to decrease during the second presentation set, indi-
cating habituation of dopamine transients (Fig. 54). Although
there was no significant interaction between the brain region and
the presentation set, the main effect of the set was significant

followed by immediate orientation of the male toward the female. The second transient was concurrent with the initial whisker contact between the rats

and was followed by investigative sniffing of the female by the male.
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Figure 5. Frequency of dopamine concentration transients during brief
conspecific episodes: effects of presentation set and conspecific rat. A,
Habituation of transients during the second presentation set, by brain
region; *p < 0.0001. B, Frequency of transients in the presence of different
conspecific rats, by brain region; *p < 0.05, greater than CP nonreceptive
female; **p < 0.05, greater than NA male; #p < 0.05, greater than NA
male, greater than CP nonreceptive female; ##p < 0.05, greater than CP
male.

(z; = 4.01; p < 0.0001), indicating that the frequency of transients
decreased by 60% during the second presentation set. In contrast,
significant habituation did not occur within the first presentation
set. The frequencies of dopamine transients (per minute, pooled
across striatal regions) during the individual conspecific episodes
were: first, 1.1 * 0.3; second, 1.4 = 0.3; third, 1.1 = 0.3; fourth,
0.6 = 0.1; fifth, 0.4 = 0.1; and sixth, 0.4 = 0.1. Only the fifth and
sixth presentations were significantly different from the first (first
vs fifth, z, = 3.17, p < 0.01; first vs sixth, z, = 2.16, p < 0.05).
Moreover, the habituation was not attributable to an altered
response of the carbon-fiber electrode or to an inability of the
surrounding tissue to support transients, because the amplitude of
electrically evoked dopamine signals did not change across the
experiment (paired ¢ test; p > 0.05; data not shown). Anecdotally,
we note that the habituation was not attributable to a general
decrease in activity, because the rats appeared to be more re-
sponsive to the conspecific and more behaviorally invigorated
during the second presentation set.

Dopamine concentration transients during episodes
with females compared with males

Across all striatal regions, dopamine transients were 2.4 times
more frequent when receptive females were present and 1.8 times
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more frequent when nonreceptive females were present com-
pared with males (Fig. 5B). The Poisson distribution regression
model yielded a significant interaction between the brain region
and the type of conspecific rat (z, = 3.16; p < 0.05). Subsequent
pairwise comparisons showed that in the CP, the frequency of
dopamine signals with a receptive female present were marginally
higher than with a male (z; = 1.90; p < 0.058) and significantly
higher than with a nonreceptive female (z; = 2.26; p < 0.05). In
the NA, dopamine transients were observed as frequently with
receptive as with nonreceptive females, but significantly less often
with males (males vs receptive females, z; = —2.38, p < 0.05;
males vs nonreceptive females, z; = —2.35, p < 0.05). In the OT,
there was a trend for increased transients during the presence of
receptive females that did not reach statistical significance (re-
ceptive females vs males, z; = 1.72, p < 0.09). Among brain
regions, the frequency of the transients during the presence of
nonreceptive females was significantly higher in the NA than in
the CP (z; = 2.34; p < 0.05). Finally, transients associated with
the presence of males were significantly higher in the OT than
in the CP (z; = 2.19; p < 0.05).

Association of dopamine concentration transients with
specific behaviors during conspecific episodes

The behavior of the test rat before and after each dopamine
concentration transient during conspecific episodes was evaluated
in 1 sec increments. The compiled behavior for all transients
observed during the conspecific episodes is shown in Figure 6 for
each brain region. In the left panels, the y-axis designates the
counts of particular behaviors, with the maximum value as the
number of dopamine transients observed in the respective striatal
region; thus, it is readily apparent that no one behavior was
associated with every transient. Nevertheless, increases in behav-
ioral activation can be seen after the dopamine transients (Fig. 6,
left), with the most robust increase being in sniffing the conspe-
cific. For statistical analysis, the sum of the scores for each
behavior in the 5 sec interval after the dopamine transient was
compared with the sum of the scores for the 5 sec before (Fig. 6,
right). With 70% of the transients in the CP, 50% of those in the
NA, and 40% of those in the OT, sniffing of the conspecific
increased after the transient (CP, z; = 2.28, p < 0.05; NA, z, =
242, p < 0.05; OT, z; = 1.94, p < 0.053). In the NA, other
behaviors were also increased after the dopamine transient. Gen-
eral sniffing increased in 60% of the transients (z; = 2.51; p <
0.05), orienting behaviors increased in 60% (z, = 3.38; p < 0.001),
and locomotion to the rat increased in 30% (z; = 2.59; p < 0.01).
There was no association between dopamine concentration tran-
sients and changes in sexual behavior, 22 kHz ultrasonic vocal-
izations, or grooming (data not shown).

Similar results were seen when the data were pooled across
brain regions and separated according to the type of conspecific
rat presented (data not shown). In that analysis, general sniffing
associated with dopamine transients did not significantly change,
whereas both orienting behaviors and sniffing the conspecific
increased with similar magnitude in all groups. The increase in
orientation reached significance only in the presence of nonre-
ceptive females (z; = 2.28; p < 0.05); the increase in sniffing the
conspecific reached significance in the presence of both females
(receptive females, z; = 3.19, p < 0.01; nonreceptive females,
z, = 3.40, p < 0.001). In contrast, locomotion to the rat increased
in the presence of both female conspecifics and was statistically
significant in the presence of nonreceptive females (z; = 2.85; p <
0.01) but was minimal and did not change in the presence of males.
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NA were significantly associated with in- (3@
creases in general sniffing and orienting
movements, as well as approach to and
sniffing the conspecific; *p < 0.05, before
versus after.

Copulatory behavior

Seven of the males performed at least one intromission and one
male ejaculated during the brief conspecific episodes. During the
copulation phase of the experiment, 12 of the 17 male rats
copulated (six rats from the CP group, three rats from the NA
group, and three rats from the OT group). The rats that engaged

in copulation during the copulation phase exhibited 5 * 1 simple
mounts with an 8 * 2 sec latency to mount and 7 * 1 intromis-
sions with a 56 = 37 sec latency to intromit and a 20 *= 2 sec
inter-intromission interval. The ejaculation latency was 197 = 80
sec, and the subsequent vocalization latency was 216 *= 94 sec.
Thus, males that copulated did so quite rapidly; however, the fact
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dopamine concentration transients dur-
ing copulation episodes. Left, Behaviors
were scored for 5 sec before (white bars)
and 5 sec after (gray bars) the start of
each dopamine transient; the transient
occurred at time 0. The y-axis desig-
nates the counts of particular behaviors,
with the maximum value considered to
be the number of dopamine transients
observed. The x-axis shows seconds be-
fore and after the dopamine transient,
whereas the z-axis displays various be-
haviors. Right, The behavior counts
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that the receptive female was available only briefly before the
copulation episode likely influenced the speed of subsequent
copulation (Sachs and Barfield, 1976).

Dopamine concentration transients during
copulation episodes
A total of 15 dopamine concentration transients were detected in
the 12 rats that copulated. The number of transients observed in
each rat ranged from 0 to 3, with a mean of 1.3 = 0.3 and a
median of 1. The number of rats that copulated and the frequency
of the transients in those rats were too small to compare frequen-
cies among brain regions. The overall frequency of dopamine
transients during copulation was 0.17 = 0.05 per minute, which is
20% of that during the brief conspecific episodes and 120% of
that during the solitary episodes. The [DA],,., was 190 = 20 nm
(range, 90-330), and the average duration was 390 = 30 msec
(range, 300-600). Interestingly, 26% of the transients occurred 5
sec before and after the introduction of the receptive female.
The compiled behavior of the test rats 5 sec before and after
each dopamine transient during the copulation episode is shown
in Figure 7. With 50% of the transients, general sniffing decreased
(z; = —2.2; p < 0.05), and with 60% of the transients, orienting
movements decreased (z; = —2.81; p < 0.01). Moreover, two-
thirds of the dopamine transients were followed by increases in
sexual behavior (z; = 3.78; p < 0.001). There were no significant
associations with changes in grooming (data not shown), sniffing
the female, or locomotion.

Dopamine concentration transients associated

with intromission

Eleven dopamine transients (five in CP, four in NA, and two in
OT) occurred in the 5 sec leading to intromission; two of these
transients were observed during the brief conspecific episodes,
whereas the remaining transients were observed during the cop-
ulation period. Five of these transients were observed in the 2-5
sec before the intromission, whereas the remaining six occurred
within 1 sec. A histogram of the transients along the intromission
sequence is shown in Figure 8. “Mount” was defined as the time
from when the forepaws were placed on the female’s back to the
beginning of thrusting and lasted 200—400 msec; thrusting lasted
200-600 msec. “Dismount” was defined as the time from when
the male’s forelimbs splayed to the conclusion of the jump away

‘{db 6@ @&Q\e 6‘\0‘
o"p

pooled into before (Pre; white bars) and
after (Post; gray bars) totals. Dopamine
transients were significantly associated
with increases in sexual behaviors and
with decreases in general sniffing and
orienting behaviors; *p < 0.05, before
versus after.
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Figure 8. Histogram of dopamine concentration transients associated
with intromissions. The x-axis displays time, with the end of intromission
at 0 sec. See Results for operational definitions of mount, thrust, and
dismount. The majority of transients occurred before the consummatory
aspect of intromission (i.e., thrusting).

from the female and lasted 100-200 msec. Strikingly, 82% of
these transients occurred before what would be considered the
consummatory phase of intromission (i.e., before thrusting and
penetration of the penis).

DISCUSSION

These studies reveal that dopamine concentration transients nat-
urally occur in the CP, NA, and OT of male rats. The frequency
of the transients was low during solitude and copulation and
increased dramatically during brief conspecific interaction, par-
ticularly at the introduction of the conspecific to the test chamber.
Although dopamine transients were more frequent in the ventral
striatum, the overall characteristics of the signals were remark-
ably similar among striatal regions. They reached concentrations
similar to the K,,, for the dopamine transporter (~200 nm) (Near
et al., 1988), sufficient to interact with some low-affinity receptors
(Richfield et al., 1989), and lasted for only ~0.5 sec. The fre-
quency of dopamine transients was highest at the initial presen-
tation of females. The phasic dopamine response to a conspecific
habituated with a second encounter. During copulation, dopa-
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mine concentration transients continued, although their fre-
quency was much lower than during the initial conspecific inter-
actions. Two-thirds of the transients observed during copulation
were related to sexual behaviors, and the majority of these pre-
ceded consummatory aspects. These results establish for the first
time that transient dopamine concentrations occur throughout
the dorsal and ventral striatum, and show that they are more
frequent with biologically salient stimuli.

Dopamine concentration transients

These electrochemical recordings provide a unique view of brain
dopaminergic activity, revealing dopamine fluctuations on a time
scale similar to burst firing. In contrast to microdialysis, which
integrates samples collected over minutes from millimeters of
tissue, the carbon-fiber electrode provides subsecond measure-
ments of dopamine from discrete anatomical locations. More-
over, unlike other electrochemical reports (for review, see Wight-
man and Robinson, 2002), the signal has been established as
endogenous dopamine by multiple criteria. First, dopamine tran-
sients were identified by computer-matching of the voltammo-
grams and verified subsequently by human inspection. Second,
recordings were made in anatomical sites selected because they
supported robust dopamine release during electrical stimulation
of the ascending dopaminergic processes. Third, we demon-
strated previously that the duration and the number of transients
increase after pharmacological inhibition of dopamine uptake
(Robinson et al., 2001). Thus, unlike previous reports of
“dopamine-like signals,” the transients shown here are attribut-
able to dopamine released into the extracellular space.

A fourth indication that dopamine is the identified species is
the concurrence with electrophysiological data. Dopaminergic
neurons periodically burst fire, and these bursts have been hy-
pothesized to generate dopamine transients (Schultz, 1998).
Burst firing of dopaminergic neurons is found in nonhuman
primates, cats, and rats in response to a variety of stimuli. These
include the unexpected presentation of rewards (Romo and
Schultz, 1990; Mirenowicz and Schultz, 1996), conditioned stimuli
(Mirenowicz and Schultz, 1994), discriminative stimuli (Miller et
al., 1981), and novelty (Steinfels et al., 1983; Freeman and Bun-
ney, 1987; Ljungberg et al., 1992). The bursts occur with the
synchrony of many neurons (Grace, 1991), similar to the syn-
chrony induced during electrical stimulation. Indeed, the natu-
rally occurring concentration transients reported here closely
resemble dopamine release during high-frequency stimulation of
dopaminergic neurons (Robinson et al., 2001). The higher fre-
quencies of transients in ventral versus dorsal striatum may reflect
differences in bursting rates between the ventral tegmental area
and the substantia nigra (Overton and Clark, 1997).

For neurons recruited to fire together, the [DA],,,.x depends on
the release rate and burst frequency, whereas its extracellular
lifetime will depend on uptake (Wightman and Zimmerman,
1990). It is known that release and uptake rates are regionally
specific, with larger rates in the CP (Garris and Wightman, 1994;
Jones et al., 1995). Thus, we were surprised at the lack of varia-
tion in the amplitude and duration of the measured signals among
regions. Instead, release and uptake rates balanced, leading to
similar transients in the different nuclei. In contrast, Rebec et al.
(1997) reported dopamine transients associated with novelty in
the NA shell but not the core. As fast voltammetric measurements
are made in a variety of situations, the nature of phasic dopamine
activity in the striatum will be revealed.
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Association of dopamine concentration transients
with behavior
Although stimuli that promote burst firing of dopaminergic neu-
rons often provoke behavioral responses, the bursting is not
correlated with specific motor movements (Nishino et al., 1987;
Romo and Schultz, 1990). Similarly, the dopamine transients
reported here do not correlate with any one behavior. The signals
observed during solitude, which are presumably distinct from
environmental cues, may arise from bursts similar to those ob-
served in anesthetized animals (Grace and Bunney, 1980). Like
burst firing (Overton and Clark, 1997), the dopamine transients
observed in the presence of conspecifics were apparently trig-
gered by stimuli communicated through various sensory modali-
ties. For example, dopamine transients that occurred during the
introduction of a conspecific could arise from visual or auditory
input. Moreover, some dopamine transients were associated with
sniffing the conspecific, providing olfactory or tactile input. After
the dopamine signals, the rat displayed various appetitive behav-
iors toward the conspecific. These variable causes and responses
are as expected for a circuit in the basal ganglia network that
underlies flexible voluntary movements (Pennartz et al., 1994).
The open-field experimental design permitted an assortment of
potential stimuli. We purposely used this design because the
occurrence of dopamine transients was previously uncharacter-
ized. The findings suggest that a variety of stimuli are effective,
with the highest incidence during introduction of a conspecific.
On the second presentation set, the signal habituated, suggesting
that novelty or expectation contributed to the incidence of dopa-
mine transients. Notably, habituation to the repeated presenta-
tion of a novel stimulus has been reported for single-unit phasic
activity (Ljungberg et al., 1992) and for dopamine transients
(Rebec et al., 1997). Habituation may also contribute to the lower
frequency of dopamine signals during copulation. However, the
number of transients was fewer in the presence of males com-
pared with females, suggesting that a difference in biological
salience also contributes to these signals.

Extracellular dopamine: phasic differs from tonic

On the time scale of minutes, dopamine concentrations increase
during sexual behavior, as measured with microdialysis (Pfaus et
al., 1990; Pleim et al., 1990; Fiorino et al., 1997; Lorrain et al.,
1999). However, based on quantitative microdialysis calibrations
(Justice, 1993), the concentration changes observed in those ex-
periments were <100 nMm and existed for a prolonged period (tens
of minutes). These changes may reflect a variation in the low-
frequency tonic firing of dopaminergic neurons or glutamatergic
actions at dopaminergic terminals (Grace, 2000). Because dopa-
mine transients are difficult to measure with microdialysis (Lu et
al., 1998), phasic dopamine changes are unlikely to contribute to
the dialysis signal. Even previous electrochemical recordings of
dopamine during sexual behavior (Mas et al., 1990; Mitchell and
Gratton, 1991) were on a minute time scale, obscuring transient
changes. Unfortunately, fast-scan cyclic voltammetry cannot mon-
itor slow changes in dopamine, and thus cannot address tonic
changes. However, the advantage of the time resolution in the
present experiments is highlighted in Figure 8, because dopamine
transients can be matched to specific phases of the intromission
event.

Tonic and phasic dopamine neurotransmission, each causing
different changes in dopamine extracellular concentrations, may
play distinct functional roles that influence behavior. The role of
dopamine, especially in reward, has received extensive theoretical
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consideration (Wise and Rompre, 1989; Salamone et al., 1997;
Berridge and Robinson, 1998; Ikemoto and Panksepp, 1999;
Berke and Hyman, 2000). However, most pertinent to our obser-
vations are theories addressing phasic aspects of dopaminergic
function (Schultz, 1998; Redgrave et al., 1999). Schultz (1998)
proposed that phasic firing of dopaminergic neurons predicts
reward in reinforcement learning from studies on firing during
associative learning in primates. Our data were collected within a
nonlearning paradigm and do not address this theory directly.
Nevertheless, they are consistent in that dopamine transients
occur with the unexpected presentation of a conspecific. Further-
more, the habituation of the dopamine response could be attrib-
utable to increased expectation of another conspecific presenta-
tion. Redgrave et al. (1999) offered a more general explanation:
phasic dopamine contributes to switching attention to a salient
stimulus. In this role, phasic dopamine participates not only in
associative learning but more broadly in response facilitation
(Oades, 1985; Salamone et al., 1997; Ikemoto and Panksepp,
1999). Our data are also consistent with this theory, because
dopamine transients were often followed by an increase in behav-
iors toward the conspecific. Nevertheless, until simultaneous elec-
trophysiological and electrochemical measurements are made
from dopamine neurons, the precise relationship between dopa-
mine burst firing and concentration transients will remain
unknown.

Conclusion

The present results characterize dopamine concentration tran-
sients in multiple brain regions of male rats during biologically
relevant situations. Current neurochemical data support the elec-
trophysiological evidence of two parallel modes of dopamine
signaling (Wightman and Robinson, 2002). Tonic dopamine re-
sults in low concentrations that are readily sampled by microdi-
alysis and convey information through high-affinity receptors
(Richfield et al., 1989). Phasic dopamine results in concentration
transients that are best sampled by rapid electrochemical tech-
niques. These higher concentrations saturate the transporter,
allowing dopamine to participate in long-range volume transmis-
sion (Garris et al., 1994) and cause different interactions with
receptors (Williams and Millar, 1990; Gonon, 1997). The present
results are consistent with current theories of phasic dopamine
function, but the precise causes and consequences of the extra-
synaptic signals require additional exploration.
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