Dopamine controls the firing pattern of dopamine
neurons via a network feedback mechanism
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Changes in the firing pattern of midbrain dopamine neurons are
thought to encode information for certain types of reward-related
learning. In particular, the burst pattern of firing is predicted to
resultin more efficient dopamine release at target loci, which could
underlie changes in synaptic plasticity. In this study, the effects of
dopamine on the firing patterns of dopaminergic neurons in vivo
and their electrophysiological characteristics in vitro were exam-
ined by using a genetic dopamine-deficient (DD) mouse model.
Extracellular recordings in vivo showed that, although the firing
pattern of dopamine neurons in normal mice included bursting
activity, DD mice recordings showed only a single-spike pattern
of activity with no bursts. Bursting was restored in DD mice
after systemic administration of the dopamine precursor, L-3,4-
dihydroxyphenylalanine (L-dopa). Whole-cell recordings in vitro
demonstrated that the basic electrophysiology and pharmacology
of dopamine neurons were identical between DD and control mice,
except that amphetamine did not elicit a hyperpolarizing currentin
slices from DD mice. These data suggest that endogenously re-
leased dopamine plays a critical role in the afferent control of
dopamine neuron bursting activity and that this control is exerted
via a network feedback mechanism.

he activity of dopamine neurons has been shown to correlate

with behavioral adaptations during reward-related learning
in primates and rodents (1-4). Dopamine neurons fire sponta-
neously in vivo in a spectrum of patterns ranging from pace-
maker, to random, to bursting modes (5, 6). Clusters of two to
eight spikes characterize the burst mode (7, 8). The random
mode is the most common pattern encountered in vivo and is
characterized by bursts of spikes followed by single-spike activity
(5,9). The pacemaker pattern, encountered in ~20% of neurons
recorded in vivo, is characterized by single spikes firing in a
clock-like manner, interrupted by infrequent bursts (2, 5, 6).
Determining the origins and mechanisms responsible for burst
firing in vivo is of interest because this firing pattern is thought
to be responsible for large increases in dopamine release in the
striatum that may mediate synaptic plasticity and contribute to
reward-related learning (4, 10-17).

The only pattern recorded spontaneously in vitro is the
single-spike, pacemaker pattern without bursts (18-20). This
contrasts markedly with recordings in vivo where bursts can still
be encountered even if a neuron is classified as firing in a
pacemaker mode (2). This disparity between in vivo and in vitro
recordings suggests that afferents play a critical role in the
control of dopamine neuron firing pattern.

Release of dopamine in the basal ganglia and other projection
areas may influence the afferent regulation of dopamine neu-
rons through reciprocal and other long distance, multisynaptic
connections (e.g., see ref. 21). This study investigates the effects
of removing dopamine on the activity of dopamine neurons by
using mice that were rendered dopamine-deficient (DD) by the
selective removal of the tyrosine hydroxylase (7/) gene in
dopamine neurons. This genetic lesion was achieved by inacti-
vating the endogenous 7h gene and then restoring 7h function
to noradrenergic and adrenergic cells by targeting the Th gene
to the dopamine B-hydroxylase (Dbh) locus (22). In this mutant,
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the dopamine neurons are intact and seem to make normal
connections (22). DD mice manifest a severe parkinsonian-like
state beginning about 2 weeks after birth, and they will not
survive without intervention; however, they can be rescued by
daily administration of L-3,4-dihydroxyphenylalanine (L-dopa)
(22). Here we assess the firing patterns and properties of
dopamine neurons of DD mice in both their dopamine-depleted
state and after restoration of dopamine to gain insights into how
this neurotransmitter influences dopamine neuron activity.

Materials and Methods

Animals. Mice were used in accordance with guidelines for animal
care and use established by the National Institutes of Health, and
the Animal Care Committees at the University of Washington
and Oregon Health Sciences University. Control and DD mice
(Th='=; Dbh™'*), previously called DA—/— mice, were bred as
described and maintained on a mixed C57BL/6 X 129/SvEv
genetic background (22). Control mice included animals that had
at least one intact 7/ and one intact Dbh allele; previous studies
established that one Th or Dbh allele is sufficient for production
of nearly normal levels of dopamine and norepinephrine (23, 24).
DD mice were maintained from ~2 weeks of age until experi-
mentation by daily injections of L-dopa (50 mg/kg body weight,
i.p.). DD and control mice used for recordings in vitro were 4-5
weeks old, and those used for recordings in vivo were 3 months
old. All recordings were performed at least 24 h after the last
daily L-dopa injection, when brain dopamine levels are <1.0% of
control mice (22, 25).

Extracellular Recordings. Twelve mice (seven DD mice and five
control mice) were anesthetized (10 ml/kg body weight of 2.5%
ketamine, 1% xylazine, and 0.5% acepromazine in normal
saline) and placed in a stereotaxic frame. All wound margins and
points of contact between the animal and stereotaxic apparatus
were infiltrated with lidocaine (5%) ointment. A small hole was
drilled and the dura was punctured at the following coordinates
from Bregma (26): anterior, —3.1 to —3.5 mm; lateral: —0.9 to
—1.3 mm. Glass electrodes (5-10 MQ) filled with 1M NaCl were
lowered 3.5 to 4.2 mm from the dural surface, and recordings
were made at room temperature.

Single units were amplified with an Axoclamp-2A amplifier
(Axon Instruments, Foster City, CA) and displayed on a
Tektronix storage oscilloscope. Dopamine neurons were iden-
tified by their extracellular waveforms (characterized by a
prominent notch in the initial positive phase and having
durations of 2-5 ms), slow spontaneous activity, and sensitivity
to apomorphine (0.75 mg/kg, i.p.) (8, 27). At the end of
experiments, some mice were given a lethal overdose of
anesthetic, and brain slices were examined for histological
verification of the recording sites (n = 5).

Abbreviations: CV, coefficient of variation; L-dopa, L-3,4-dihydroxyphenylalanine; DD,
dopamine-deficient; GABAg, y-aminobutyric acid type B; mGluR, metabotropic glutamate
receptor.
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Slice Recordings. Midbrain horizontal slices (200-300 um) were
prepared from 25 mice (13 DD mice and 12 control mice) as
described (28). Horizontal slices were placed in a chamber (0.5
ml) superfused with physiological saline (35°C) at a rate of 1.5
ml/min. The solution was equilibrated with 95% 0,/5% CO,
(pH 7.4) and contained 126 mM NaCl, 2.5 mM KCI, 1.2 mM
MgCly, 2.4 mM CaCl,, 1.4 mM NaH,PO4, 25 mM NaHCOs, and
11 mM D-glucose. The internal solution used for whole-cell
recordings contained 115 mM K-methyl sulfate, 20 mM KCI, 1
mM MgCl,, 10 mM Hepes, 0.1 mM EGTA, 2 mM ATP, 0.3 mM
GTP, and 10 mM creatine phosphate.

Patch recordings were made by using an Axopatch 200A
amplifier (Axon Instruments, Foster City, CA). Midbrain dopa-
mine neurons were identified by their electrical properties, which
included slow spontaneous activity and a hyperpolarization-
induced inward current (H-current; refs. 29 and 30).

Evoked Responses. Iontophoretic pipettes (2050 MQ) were filled
with L-aspartate (1 M, pH 7.5) and placed within 10 um of the
soma or proximal dendrite. Iontophoretic pulses (=50 nA, 50
ms) were applied once per minute. Picrotoxin (100 uM) and
strychnine (1 uM) were used to block y-aminobutyric acid type
A and glycine receptors, respectively. The metabotropic gluta-
mate receptor (mGlIuR) inhibitory postsynaptic potential was
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isolated by using 2,3-dihydroxy-6-nitro-7-sulfamoylbenzolf]-
quinoxaline (NBQX) (5 uM), MK-801 (50 uM), and CGP
56999a (100 nM) to block «-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid, N-methyl-D-aspartate, and y-amino-
butyric acid type B (GABAg) receptors, respectively.

Drugs. Drugs were applied to the slice by superfusion, except
aspartate (see above). For the experiments in vivo, drugs were
administered intraperitoneally. Adenosine trisphosphate, (+)-
amphetamine sulfate, baclofen, dopamine-HCIl, guanosine
trisphosphate, L-aspartate, L-dopa, quinpirole, picrotoxin,
and strychnine were from Sigma. S(—)-eticlopride and MK-801
were from Research Biochemicals (Natick, MA). NBQX, (§)-
a-methyl-4-carboxyphenylglycine (MCPG), and (S)-3,5-
dihydroxyphenylglycine were from Tocris Cookson (St. Louis).
CGP 56999a was a gift from Novartis Pharmaceuticals (Basel).

Data Analysis. Values are given as means = SEM. For all
experiments, P < 0.05 was considered as a significant difference.
For in vitro recordings, the change produced by a drug was
calculated as the mean holding/evoked current amplitude ~30
s after equilibrium had been reached relative to the holding
current before drug superfusion. Unpaired comparisons be-
tween two groups were made with a Mann-Whitney U test,

30

20

Count

10

Count

1 2
Interspike Interval (s)

Fig. 1.

Control
100
50
DD Baseline
100
50| ﬂ l | I
DD L-Dopa
100
50
1 Z 3
Time (s)

Firing patterns in vivo are different between DD and control mice. Sample raw trace (Left), first-order histogram (Center), and autocorrelogram (Right)

of extracellular recordings from identified dopamine neurons displayed for a control mouse (A) and a DD mouse (B and C). (A) This dopamine neuron fired in
a burst-firing pattern as indicated by the closely spaced spikes (Left), numerous interspike intervals <80 ms (Center), and the initial peak in the autocorrelogram
with a decay to a steady-state level (Right). (B) Before any drug administration, this dopamine neuron from a DD mouse fired in a somewhat irregular single-spike
pattern without any bursts (Left), as indicated by the relatively long interspike intervals (Center), and multiple peaks in the autocorrelogram (Right). (C) After
administration of L-dopa, this same neuron shifted to a random firing pattern with some bursts revealed as dispersed interspike intervals (Center) and indicated
by the initial rise to a steady-state level with no peaks in the autocorrelogram (Right). Autocorrelogram and first-order histogram have bin widths of 20 ms.
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whereas paired comparisons were made by using a Wilcoxon
signed-rank test.

For in vivo recordings, baseline firing rate and patterns were
analyzed over 5 min of activity before any drug administration.
Bursts were defined by using the previously established criteria
of =80 ms interspike interval to signal the onset of a burst, and
an interval of >160 ms to signal the end of a burst (7).
Autocorrelation and first-order histograms were constructed
from samples of spontaneous spike trains. The autocorrelation
measures interspike intervals to the nth order. One property of
this function is that it asymptotes to a constant limiting value so
that highly regular spike trains reach this value more slowly than
spike trains with a higher degree of variability. Thus, the number
of peaks in the autocorrelogram that occur at integral multiples
of the mean interspike interval, before reaching a constant
limiting value, represent an index of regularity of firing (31).
Neurons that exhibit an initial peak with a decay to a steady-state
level are classified as bursty, whereas neurons that exhibit a
random firing pattern display an autocorrelation function char-
acterized by an initial trough that rises to a steady-state value (6).
The coefficient of variation (standard deviation divided by mean
interspike interval) was calculated as an additional measure of
regularity of firing.

Results

Extracellular Recordings in Vive. Dopamine neurons were recorded
in vivo to determine whether the firing patterns were different
between DD and control mice. Spike trains recorded from
control mice had many different firing patterns with bursts
always occurring regardless of the overall firing rate or pattern.
Fig. 14 shows a representative trace from a control mouse with
burst firing, short interspike interval and an autocorrelogram
indicative of bursting activity. The average firing rates and
coefficients of variation (CV) obtained from six control neurons
were 3.57 = 1.3 spikes per s and 65 = 8%, respectively. Many of
the spikes (34%) were fired in bursts as defined in Materials and
Methods.

Fig. 1B shows a typical trace from a recording obtained from
a DD mouse; note the absence of bursts and the relatively long
interspike intervals. No bursts were recorded from 11 neurons
from DD mice over a combined period of 80 min. The average
firing rate of these 11 neurons was 0.97 = 0.1 spikes per s with
a CV of 28 = 3%. The autocorrelograms of dopamine neurons
in DD mice indicated either random or pacemaker patterns
(Fig. 1B).

The effect of L-dopa was examined in both control and DD
mice. After ~5-10 min of extracellular recordings, mice were
injected with L-dopa (50 mg/kg, i.p.). Sample spike trains were
recorded beginning at 5, 10, 20, and 30 min after L-dopa
administration. L-Dopa had no effect on the firing pattern of
control mice (data not shown). Dopamine neurons recorded
from DD mice began to show bursts by 15 min in two neurons,
20 min in eight neurons, and 30 min in one neuron. Fig. 1C is the
same neuron shown in Fig. 1B 20 min after administration of
L-dopa; note the presence of bursts, decrease in interspike
interval, and change in the autocorrelogram. Overall, 4% of the
spikes occurred in bursts after L-dopa administration with a CV
of 40 = 10% (n = 11). The average firing rate increased only
modestly after L-dopa administration in DD mice (1.17 = 0.16
spikes per s; P > 0.05), whereas there was a pronounced increase
in variability of interspike intervals. The autocorrelograms of
dopamine neurons in DD mice after L-dopa administration
indicated random firing patterns.

Recordings in Vitro. To assess whether the lack of bursting activity
of dopamine neurons from DD mice reflects changes in their
intrinsic properties, experiments were conducted in slices in
which long-range afferents are removed. Dopamine neurons fire
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Fig. 2. Firing pattern and membrane conductances in vitro are the same

between DD and control mice. (4) Cell-attached voltage recording of dopamine
neuron firing rate in a slice from a DD mouse. No differences were observed
between DD (n=10) and control (n=9) mice. (B) Currents evoked from a dopa-
mine neuron in response to steps from —40 to —80 mV (holding current = —50
mV) ina DD mouse (single traces). Currents were measured early and late (dashed
lines in figure) during the voltage steps. The current-voltage relationships of DD
(n=7) and control (n=7) mice are indistinguishable.

spontaneously in vitro in a clock-like, single-spike mode, some-
times referred to as a pacemaker pattern (18-20). A typical firing
pattern of a dopamine neuron recorded in the cell-attached
mode is shown in Fig. 24. The average firing rates from DD and
control mice were the same (DD: 2.3 = 0.18 spikes per s, n = 10;
control: 1.9 = 0.21 spikes per s, n = 9; P > 0.05). The pacemaker
activity is confirmed by a CV of 5 = 1% (P < 0.05 compared to
recordings from DD mice in vivo). Dopamine neurons also
characteristically display a time-delayed inward current in re-
sponse to a hyperpolarizing voltage command (H-current; 10
mV steps from —40 to —80) (18, 30, 32). The instantaneous and
slow currents were measured and compared between DD and
control mice. As shown in Fig. 2B, no difference in amplitude
could be detected between the neurons in slices from DD or
control mice. The time constants of H-currents measured at —80
mV were also the same between recordings from both genotypes
(DD: 7 =595 = 74 s,n = 7; control: 7 = 658 * 34 s,n =7,
P > 0.05). Thus, in the absence of afferent input, the basic
electrophysiological properties were the same between dopa-
mine neurons of DD and control mice.

Response to Amphetamine. Amphetamine-induced release of do-
pamine in the midbrain is known to inhibit the activity of
dopamine neurons through activation of D2 autoreceptors (33—
35). Amphetamine induced an outward current of 47 = 9 pA
(n = 7, P < 0.05) in control mice (Fig. 34) but had no effect on
slices from DD mice (—2 *= 4 pA, n = 5). After superfusion of
the slice with dopamine (100 uM, 1-5 min), amphetamine
produced an outward current of 64 * 24 pA, (n = 5) in neurons
from DD mice, similar to control mice (25 = 3 pA after washing
the slice with dopamine, n = 4; P > 0.05) (Fig. 3B). The effect
of amphetamine was reversed by bath application of the D2
receptor antagonist eticlopride (100 nM; data not shown).
Similarly, when slices from DD mice were treated with L-dopa
(100 uM), a subsequent application of amphetamine caused an
outward current. The average response to amphetamine of DD
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Fig. 3. Dopamine neurons from DD mice do not respond to amphetamine.
(A) Current recordings from a control mouse. An outward current was ob-
served in response to amphetamine (10 uM) before and after application of
dopamine (100 wM). (B) In a recording from a DD slice, amphetamine (10 uM)
had no effect before the slice was superfused with dopamine but induced an
outward current after dopamine wash. (C) Similarly, amphetamine had no
effect before L-dopa but caused an outward current after the neuron con-
verted L-dopa into dopamine inside the neuron. All traces are single traces.

slices before L-dopa treatment was —9 * 1 pA (n = 5), whereas
in control mice the average response was an outward current of
40 = 13 pA (n = 4; P < 0.05). After L-dopa (1-5 min),
amphetamine caused an outward current of 39 = 9 pA (n = 7)
in slices from DD mice, similar to that in control mice (25 = 6
pPA, n = 4; P > 0.05) (Fig. 3C). Therefore, dopamine neurons
from DD mice can produce, release, and respond to dopamine.

D2, GABAg, and mGIuR Receptor Sensitivity. The sensitivity of
dopamine neurons to D2 receptor activation was compared in
DD and control mice. The dose-response curves to the D2
receptor agonist, quinpirole (0.01 to 10 uM), were identical in
DD and control mice (Fig. 44). The GABAg receptor agonist,
baclofen (10 uM), caused an outward current in dopamine
neurons from both DD and control mice. The effect of baclofen
was reversed with the GABAGg receptor antagonist CGP-56999a
(100 nM). No differences were observed between the two
genotypes (DD: 347 = 57 pA; control: 297 + 48 pA; n = §,
P > 0.05; Fig. 4B). Iontophoretic application of aspartate has
been shown to activate mGluR on dopamine neurons to induce
an outward current (36). There were no differences between the
mGluR-mediated outward currents recorded from dopamine
neurons of DD and control mice (DD: 102 * 51 pA; control:
121 = 24 pA; n = 4, P > 0.05) (Fig. 4C).
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Fig. 4. Response of dopamine neurons to pharmacological agents are the
same between DD and control mice. (A) Bath application of the D2 receptor
agonist, quinpirole (0.01-10 uM), induced an outward current in dopamine
neurons from both DD and control mice. There was no difference in the
concentration-response curves. Numbers indicate the number of neurons
tested per concentration. (B) Bath application of the GABAg receptor agonist,
baclofen (10 uM), induced a large outward current in DD and control mice
(single trace) that was blocked by the GABAg receptor antagonist, CGP56999a.
(C) lontophoretic application of aspartate (50 nA, 100 ms) induced equivalent
mGluR-mediated outward currents in both DD and control mice (average of
four traces).

Discussion

An important attribute of the DD mouse mutant is that dopa-
mine neurons are intact and their ability to make dopamine can
be controlled by the addition of L-dopa (22, 25). Starting at ~2
weeks of age, DD mice require daily L-dopa injections for
survival. In untreated DD mice, brain dopamine levels are
<1.0% of normal levels; the mice are hypoactive and will die of
starvation/dehydration (22). Administration of L-dopa (50 mg/
kg) restores dopamine levels to ~10% of wild-type levels, which
is accompanied by behavioral activation and feeding that lasts
~8§ h; by 24 h dopamine levels fall to <1.0% again. This model
provides a means to study the influence of dopamine on
midbrain dopamine neuron characteristics in vitro and in vivo.
There are three main findings: (i) the basic electrophysiological
characteristics of dopamine neurons do not depend on dopamine
tone; (if) endogenously released dopamine directly influences
the membrane physiology of dopamine neurons by activating a
D2 receptor-mediated hyperpolarizing current; and (iif) endog-
enously released dopamine influences the burst firing of mid-
brain dopamine neurons via a network feedback mechanism.
The pacemaker-like firing pattern of midbrain dopamine
neurons recorded in vitro from DD mice was indistinguishable
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from that of control mice. Voltage steps induced an H-current
of the same magnitude and time-course in neurons from control
and DD mice. Further, the activity of mGluR and GABAg
metabotropic receptors were unaffected in DD mice. Thus,
dopamine neurons do not depend on dopamine tone to maintain
these intrinsic properties.

Exogenous application of dopamine induced outward currents
of equal magnitude from DD and control mice that were blocked
by a D2 receptor antagonist. The dose-response experiments
indicated no difference in sensitivity to the D2 receptor agonist,
quinpirole. This finding was unexpected because DD mice
manifest both behavioral and biochemical hypersensitivity to D1
receptor agonists in vivo (37). Although DD mice show a more
pronounced locomotor response to quinpirole than do controls
(37), this behavioral assay is complicated because quinpirole
inhibits dopamine release (and locomotion) in control mice via
its actions on autoreceptors (38, 39), but this effect is inconse-
quential in mice lacking dopamine. Thus only the postsynaptic
effects of dopamine are observed in DD mice. Our results
reported here provide the first indication that D2 autoreceptors
are not hypersensitive in DD mice but leave open the possibility
that postsynaptic D2 receptors may be hypersensitive.

Amphetamine was used to verify the dopamine-depleted state
of dopamine neurons and to show that dopamine neurons from
DD mice were able to transport and store dopamine in vesicles
after bath application of dopamine or L-dopa. As expected,
amphetamine does not induce a D2 receptor-dependent outward
current in slices from DD mice because there is no dopamine to
release (22, 25). The lack of effect of amphetamine also indicates
that other monoamines in these slice preparations do not affect
the holding current. Although slices from DD mice failed to elicit
an outward current with amphetamine, this property was re-
stored within a few minutes by either bathing the slices with
dopamine, which is taken up by dopamine transporter (37, 40),
or with L-dopa, which is taken up by amino acid transporters (41,
42), and metabolized to dopamine inside the neuron. Thus, there
was no permanent defect in the ability to take up or release
dopamine.

Bursts recorded from dopamine neurons of control mice in
vivo presumably result from phasic afferent inputs (for review,
see ref. 43). The firing pattern in anesthetized DD mice is an
irregular single spike pattern as indicated by the high CV (28 =
3%) and lack of bursts. This activity is different from the
pacemaker pattern encountered during in vitro recordings where
the CV is lower (5 £ 1%), which indicates a higher degree of
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regularity. Thus, afferent regulation of firing still seems to be
involved in the in vivo firing pattern of dopamine neurons in DD
mice. Importantly, bursting activity begins to recover ~20 min
after treatment with L-dopa, which partially restores dopamine.
Therefore, dopamine seems to be capable of coordinating
afferents that elicit bursting.

The difference between the results in vivo and in vitro suggests
that the bursting activity of dopamine neurons is regulated by
network feedback mechanisms. Dopamine neurons can affect
many target nuclei that have direct or indirect reciprocal con-
nections with dopamine neurons. For example, dopamine neu-
rons project to GABAergic neurons in the striatum (27, 44),
which in turn project back to the dopamine neurons in the
midbrain (45-49). Dopamine neurons also project to glutama-
tergic neurons in prefrontal cortex that can affect the firing
pattern of dopamine neurons either directly (50-52) or through
other nuclei such as the subthalamic nucleus (53). No attempt
was made to determine the exact circuitry that normally supports
bursting activity in this study. It might be possible to map where
dopamine signaling is required for bursting activity by restoring
dopamine signaling in selected brain regions. For example,
infection of the caudate putamen with adeno-associated viruses
carrying genes that permit local synthesis of L-dopa is sufficient
to rescue DD mice (54). Would dopamine signaling in that
restricted brain region be sufficient to restore dopamine bursting
activity in the midbrain? It will be interesting to repeat these
experiments in freely moving, awake animals, where we expect
there would be many more opportunities for afferents to affect
bursting activity.

Although there was a difference in the firing pattern between
DD and normal mice found using in vivo extracellular recordings
from midbrain dopamine neurons, no differences were discern-
ible in pharmacology or electrophysiology in the brain slice
preparation. Importantly, after treatment of DD mice with
L-dopa the firing pattern began to resemble that of controls.
These results suggest that dopamine is necessary for the normal
afferent control of dopamine neuron firing. The severe behav-
ioral abnormalities of DD mice may reflect both the absence of
tonic dopamine signaling and phasic increases in dopamine
release associated with bursting activity.
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