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several recent studies failed to observe overall decrease in fi ring rate 
in motor cortex after dopamine depletion (Goldberg et al., 2004; 
Costa et al., 2006), even when pronounced changes in striatal fi ring 
rate were observed (Costa et al., 2006).

It is also increasingly evident that DA loss can result in abnormal 
oscillatory activity and increased synchrony in the basal ganglia. 
Slice studies, pharmacological and lesion models of PD in rodents 
and primates, and studies of idiopathic PD patients have shown 
the appearance and possible propagation of rhythmic and syn-
chronous fi ring in basal ganglia structures. Organotypic cultures 
of the rat external globus pallidus (GPe)-subthalamic nucleus 
(STN) network have suggested the existence of a basal ganglia 
pacemaker center in the absence of DA (Plenz and Kital, 1999). 
Dual site single-unit studies in lesioned primates and human PD 
patients have shown correlated oscillatory fi ring between basal 
ganglia neuron pairs (Bergman et al., 1994; Levy et al., 2000; Raz 
et al., 2000, 2001; Brown et al., 2001, 2004; Brown, 2003). Neuronal 
population correlates of PD and related DA dysfunctions in awake 
behaving animals have been less studied, but some recent results 
suggest that acute DA depletion or DA receptor blockade results 
in synchronous and oscillatory activity across basal ganglia neu-
ron populations (Costa et al., 2006; Burkhardt et al., 2007), even 
when no net change in motor cortex fi ring rate is observed (Costa 
et al., 2006). Additionally, local fi eld potential (LFP) recordings 
show decreased power in the gamma frequencies (30–60 Hz) and 

INTRODUCTION
The basal ganglia are known to be involved in action selection and 
movement initiation (Groenewegen, 2003; Gurney et al., 2004). 
Dopamine (DA) transmission within the basal ganglia is essential 
for the normal expression of spontaneous and voluntary movement 
(Poirier et al., 1975; Amalric and Koob, 1987; Fletcher and Starr, 
1987; Zhou and Palmiter, 1995). Dysfunction of DA transmission 
has profound consequences upon the function of the basal ganglia, 
altering downstream activity and motor output (Lloyd, 1977; Filion, 
1979; Sanderson et al., 1986; Pan and Walters, 1988; MacLeod 
et al., 1990; Calabresi et al., 1993; Burbaud et al., 1995; Chesselet 
and Delfs, 1996; Levy et al., 1997; Murer et al., 1997; Rohlfs et al., 
1997; Moore et al., 1998; Ni et al., 2000; Chen et al., 2001; Magill 
et al., 2001; West and Grace, 2002). Loss of DA projections is the 
characteristic morphological feature of Parkinson’s disease (PD) 
(Shimohama et al., 2003), wherein degeneration of substantia nigra 
pars compacta (SNc) projections results in decreased extracellular 
striatal DA levels (Schober, 2004). These changes in dopamine levels 
lead to changes in striatal fi ring rate, and it is generally believed that 
upon DA depletion there is increased activity of indirect pathway 
neurons (striatopallidal neurons, which express mainly D2 type 
receptors) and decreased activity of direct pathway neurons (stria-
tonigral neurons, which express predominantly D1 type receptors), 
ultimately resulting in inhibition of motor cortex activity (Albin 
et al., 1989; Alexander and Crutcher, 1990; Jenner, 1995). However, 
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 complete recovery from injections. Twenty-nine mice were used 
for behavioral testing, and a total of 14 subjects were implanted for 
multielectrode recording. Two subjects lost their microelectrode 
headstages prior to completion of all treatment conditions and 
had to be euthanized; only the data from completed sessions are 
included in our analyses.

Animals were housed under a 12-h dark-light cycle (lights off at 
19:00). Experimental procedures were performed during the light 
phase of their cycle. Animals had free access to food and water at 
all times except during recording sessions.

DRUGS
We used the DA D1-receptor antagonist SCH-23390 (Sigma, R(+)-
7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5- tetrahydro-1 
H-3-benzazepine), and the DA D2-receptor antagonist raclo-
pride (Sigma, 3,5-dichloro-N-(1-ethylpyrrolidin-2-ylmethyl)-
2-hydroxy-6-methoxybenzamide). All drugs were dissolved in 
phosphate-buffered saline with 1% DMSO, which also served as the 
control injection. Injections were given intra-peritoneally (i.p.) at 
10 mL/kg. As previously stated, in both locomotor assessment and 
electrophysiological recordings, the treatments (saline, SCH-23390, 
raclopride, and SCH-23390 + raclopride) were administered to the 
same subjects using a latin square design. Different groups of ani-
mals were used for the administration of different doses. For the D1 
blockade sessions, SCH-23390 was administered at 0.4 mg/kg. For 
D2 sessions, raclopride was administered at 2.0 mg/kg. For D1 + D2 
sessions, SCH-23390 and raclopride were co-administered at these 
same doses. These doses were selected because co- administration 
at these doses blocks completely the effects of L-DOPA after DA-
depletion (Costa et al., 2006).

LOCOMOTOR ASSESSMENT
Spontaneous locomotor activity was measured using infrared 
beams (Opto M3, Columbus Instruments, Columbus, OH, USA). 
Prior to assessment, subjects were randomly assigned to either a 
drug or control group. Subjects were placed in a novel cage, and 
ambulatory counts were recorded for 30 min under dim illumi-
nation. After 30 min, subjects received either i.p. drug or saline 
vehicle injections, and were placed in a second novel cage where 
ambulatory counts were recorded for 60 min. Ambulatory counts 
were tallied for each 5-min bin for subsequent analysis.

SURGERY
Animals were anesthetized with isofl uorane and placed in a stere-
otaxic apparatus. The scalp was shaved and swabbed with iodine. A 
central incision was made to expose the skull. The skull was mapped 
stereotaxically for bregma, and two craniotomies approximately 
1 mm wide and 2 mm long were drilled in the skull bilaterally 
(centered at +0.5 mm AP, ±1.8 mm ML, −2.3 mm DV; all coordi-
nates relative to bregma). A 16-microelectrode array designed to 
target dorsal striatum was lowered into each hemisphere. Neural 
activity was monitored online while lowering electrodes into the 
striatum to ensure proper electrode depth and positioning. Ground 
wires were wrapped around skull screws, and the microelectrode 
arrays were anchored with dental acrylic, using the skull screws as 
anchors. Subjects were given at least 5 days to recover after surgery 
before beginning and experimental procedures.

increased power of lower frequency oscillations, namely in the 
beta band (10–30 Hz), in the subthalamic nucleus, cortex, and 
dorsal striatum (Kuhn et al., 2005; Sharott et al., 2005; Costa et al., 
2006; Androulidakis et al., 2008; Mallet et al., 2008) after dopamine 
depletion. It has been postulated that this oscillatory activity is 
pathological, and possibly a neurological correlate of Parkinsonian 
motor defi cits (Bevan et al., 2002; Hammond et al., 2007).

Although it is clear from the studies mentioned previously that DA 
depletion can lead to both changes in fi ring rate and in synchrony in 
striatum (e.g. Costa et al., 2006), it is not known if these changes are 
mechanistically related or independent. For example, although it is 
known that DA D1–type receptors (D1) and DA D2–type receptors 
(D2) have different physiological properties and different distribu-
tions in striatal neural populations (Gerfen et al., 1990; Joyce, 1993; 
Surmeier and Kitai, 1994; Wooten, 1997; Bertran-Gonzalez et al., 
2008; Taverna et al., 2008), it is not known if lack of D1 or D2 type 
receptor activation produces similar effects in striatal rate and syn-
chrony. Furthermore, there may be more interactions between the 
direct and indirect pathways than initially thought (Lévesque and 
Parent, 2005; Nadjar et al., 2006; Taverna et al., 2008), and different 
receptors of each receptor subtype could be co-expressed and have 
different functions within the same neuron (Fiorentini et al., 2008; 
Marcellino et al., 2008). It is therefore important to investigate if stri-
atal changes in rate and synchrony upon DA depletion are related.

In this study, we investigated the effects of D1 and D2 receptor 
antagonism on the fi ring rate and synchrony of striatal neurons in 
awake behaving mice, by recording the activity from multiple single 
units and local fi eld potential oscillations in the dorsal striatum 
before and after acute dopamine receptor blockade with SCH-
23390 (a D1-type antagonist), raclopride (a D2-type antagonist), 
or both. As observed after acute DA depletion (Costa et al., 2006), 
D1 + D2 receptor blockade caused (1) changes in fi ring rate with 
the majority of medium spiny neurons decreasing fi ring frequency, 
(2) changes in the relative power of the LFP oscillations in stria-
tum, and (3) increase in entrainment of medium spiny neurons 
to the LFP. However, although blockade of D1 or D2 receptors 
alone produced a similarly profound akinesia, the effects of D1 or 
D2 antagonism on striatal fi ring rate and synchrony, measured by 
entrainment to the local fi eld potential oscillations, were different. 
Blockade of D2-type receptors affected the fi ring rate of medium 
spiny neurons and the power of the LFP oscillations substantially, 
but did not affect synchrony, while D1 blockade affected synchrony 
dramatically. We failed to observe a consistent relation between a 
neuron changing fi ring rate and changing LFP entrainment after 
DA- receptor blockade. These results suggest that lack of D1 and 
D2 type receptor activation can exert independent yet interactive 
effects, which may interact in PD.

MATERIALS AND METHODS
ANIMALS
All experiments were approved by the NIAAA ACUC. Subjects were 
experimentally naïve, adult male C57BL/6J mice purchased from 
the Jackson laboratory, initially weighing 25–30 g, ages 3–6 months. 
To minimize the number of animals used and allow comparisons 
in the same individual, all subjects received all the treatments using 
a latin square design, which controls for order and carry-over 
effects. Subjects were given 1–3 days between sessions to allow for 
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MICROARRAYS
Electrode microarrays were obtained from CD Neural Technologies 
(Durham, NC, USA). The arrays were confi gured in two rows of 
eight microelectrodes, with 1000 µm of space between rows and 
200 µm of space between electrodes within a row. Microelectrodes 
consisted of 50 µm tungsten wire with platinum-plated tips con-
nected to a printed circuit board (PCB). The PCB was attached 
to a connector plug on the opposing side, for connection to the 
recording preamplifi er (Costa et al., 2004).

NEURONAL AND LFP RECORDINGS
Single-unit and LFP activity were recorded using the MAP system 
(Plexon Inc, TX, USA) using established procedures (Costa et al., 
2006). Subsequent to recording, units were further sorted and clari-
fi ed offl ine via Offl ine Sorter (Plexon Inc, TX, USA). In the saline 
condition, 147 units were recorded (13.4 ± 2.0 per subject, n = 11). 
During the D1 + D2 sessions, 99 units were recorded (14.1 ± 1.8, 
n = 7). In the D1 condition, 140 units were recorded (15.6 ± 1.4, 
n = 9). In the D2 condition, 138 units were recorded (17.3 ± 3.4, 
n = 8). For clarifi cation and differentiation of neuron type, single-units 
were sorted and exported to Matlab (MathWorks, Natick, MA, USA). 
To  separate between putative medium spiny neurons (MSNs), fast-
spiking interneurons (FSIs), and large aspiny cholinergic interneu-
rons (LANs), we calculated the fi ring rate during the fi rst 25 min after 
putting the animal into the recording cage (before any drug injection); 
the amplitude of the spikes as the maximal peak-valley difference for 
each neuronal waveform; and the half-width of each waveform as the 
valley width at the half-maximum of spike amplitude. Although extra-
cellular recordings do not allow for defi nitive classifi cation of neuronal 
types, putative fast-spike interneurons were identifi ed as waveform 
half-width less than 150 µs and baseline fi ring rate more than 10 Hz. 
Putative cholinergic interneurons were identifi ed as tonically active 
with half-width of spike waveform more than 400 µs. The rest were 
treated as putative medium spiny projection neurons in striatum.

DATA ANALYSIS
Data analyses were carried out using the Neuroexplorer (Nex 
Technologies) and Matlab software packages.

Firing rate
To determine whether a neuron showed a signifi cant change in fi ring 
rate subsequent to injection, we calculated the average fi ring fre-
quency in 100-s bins for 900 s before and after the injection time, and 
pre-injection bins were compared against post-injection bins using a 
paired t-test (α = 0.01). We considered a neuron to show a signifi cant 
change in fi ring rate if this comparison proved signifi cant.

Spike-triggered average
An STA was considered to be signifi cant if 20 consecutive 1 ms bins 
between −100 and +100 ms from 0 passed either above or below the 
maximal or minimal values observed in the periods between −3000 
to −1000 ms and +1000 to +3000 ms from 0 (Costa et al., 2006).

LFP power spectrum
The power spectrum of LFP was estimated for each 2-s sliding 
window with 1-s step via Welch’s method, and the parameters were 
chosen to allow for a frequency resolution of 0.5 Hz.

Power spectrum index
To analyze the changes in the relative power of different fre-
quency oscillations across different states, we calculated a power 
spectrum index (PSI) as the average power at 4.5–9 Hz * 30–55 
Hz/1.5–4 Hz * 11–30 Hz (Costa et al., 2006).

STATISTICS
Statistical comparisons were performed using the SPSS (SPSS, 
Chicago, IL, USA) software package. Unless otherwise noted, 
all results were computed and averaged per subject, and subse-
quent statistical analyses were performed on each subject’s aver-
age value.

Locomotor sessions were analyzed via repeated-measures 
ANOVA, using Fisher’s LSD as a post-hoc measure (α = 0.05). 
Changes in fi ring rate and entrainment-rate interactions were 
analyzed using single-factor ANOVA to examine main effects, 
using Fisher’s LSD as a post-hoc measure (α = 0.05). For pre-post 
comparisons (e.g. LFP entrainment, and PSI comparisons) we used 
a paired t-test (α = 0.05). When performed, direct comparisons 
between specifi c experiments (e.g. D1 vs. D2) were performed via 
unpaired t-test (α = 0.05).

All data are presented as mean and standard error of the 
mean (SEM).

RESULTS
ACUTE DOPAMINE RECEPTOR BLOCKADE PRODUCES PROFOUND 
AKINESIA
We fi rst examined how acute blockade of D1-type, D2-type, or both 
types of DA receptors would affect spontaneous locomotion. Mice 
were allowed to move freely within a novel cage, and ambulatory 
counts were assessed for pre- and post-drug conditions.

We observed a main effect of treatment, with all treatments 
producing a signifi cant decrease in spontaneous locomotion in 
comparison to saline injection (F

3,83
 = 28.09, p < 0.05; Figure 1). 

Notably, concurrent blockade of D1 and D2 receptor types pro-
duced almost complete akinesia through the fi rst 45 min of the 
sessions (F

1,27
 = 27.99, p < 0.05) (Figure 1A). Blockade of either D1 

(F
1,27

 = 42.02, p < 0.05) or D2 (F
1,27

 = 43.16, p < 0.05) type recep-
tors alone (Figures 1B,C, respectively) produced severe akinesia 
to a similar extent, though of lesser magnitude than the akinesia 
produced by concurrent blockade of both receptor types. There was 
a signifi cant effect of the different DA treatments used (F

2,41
 = 8.78, 

p < 0.05); D1 + D2-receptor blockade differed signifi cantly from 
both D1-receptor blockade (p < 0.05) and D2-receptor blockade 
(p < 0.05), but D1-receptor blockade and D2-receptor blockade 
were not statistically different (p > 0.05).

EFFECTS OF DOPAMINE RECEPTOR BLOCKADE ON STRIATAL NEURON 
FIRING RATE
We investigated the effects of DA-receptor blockade on striatal neu-
ronal activity by continuously recording the activity of the multiple 
single units and LFPs in the dorsal striatum. Neurons were isolated 
from background noise on the basis of waveform, interspike inter-
val, principle component clustering, and fi ring pattern (Figure 2A), 
and we followed the continuous activity of each neuron during the 
whole experimental session, with 30 min recorded pre- injection and 
60 min recorded post-injection. Putative medium spiny  neurons 
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Although intraperitoneal injections are not ideal to study the 
changes in local circuit function because they affect DA receptors 
widely, they permit us to follow the same neurons before and after 
injection, which is very diffi cult to achieve using local injection of 
the antagonists due to the pressure applied to the tissue around the 
electrodes. Nonetheless, in PD, loss of DA function is not localized to 
the striatum, and at the doses used here, the blockade of D1 and D2 
type receptors in the basal ganglia and their inputs should be complete, 
and therefore most effects observed should result from changes in 
dopamine receptor activation in cortico-basal ganglia circuits.

It has been previously shown that acute DA depletion causes a 
large percentage of striatal medium spiny neurons to change their fi r-
ing rate, and that most of these neurons decrease their fi ring rate after 
DA depletion (Costa et al., 2006). We therefore investigated the effects 
of acute dopamine blockade on striatal fi ring rate. We observed that 
in each treatment condition neurons showed increase, decrease, or no 
change in fi ring rate (examples shown in Figures 3A–L). There was a 
main effect of treatment (F

3,34
 = 3.93, p < 0.05), and similarly to what 

we observed during acute dopamine blockade, we found that the 
majority of striatal neurons displayed a signifi cant change in fi ring 
rate in response to D1 + D2 blockade (67.5%), as compared to saline 
(31.9%) (p < 0.05). Blockade of D2 type receptors alone also caused 
a signifi cant proportion of neurons to change fi ring rate (59.3%) 
compared to saline (p < 0.05), while blockade of D1-type receptors 
did not (50.8%) (p > 0.05) (Figure 4A, although direct comparison 
of the magnitude of the effects after D1 and D2 treatments showed 
no signifi cant difference between them, T

5
 = 0.30, p > 0.05).

We next investigated if the changes in fi ring rate corresponded 
to increases or decreases in fi ring frequency. In the saline condi-
tion, a similar proportion of neurons increased (61.58 ± 12.40%) 
versus decreased (38.42 ± 12.40%) fi ring rate (F

1,19
 = 1.75, p > 0.05; 

Figure 4B). However, after D1 + D2 blockade, the majority of 
neurons decreased fi ring (82.25 ± 13.88% versus 17.75 ± 13.88% 
increasing, F

1,13
 = 10.80, p < 0.05), as it was observed after acute 

DA depletion (Costa et al., 2006). Similar effects were observed 
after D1 (89.09 ± 5.84% decreasing versus 10.91 ± 5.84% increas-
ing, F

1,17
 = 89.74, p < 0.05) and surprisingly, also after D2 block-

ade (75.84 ± 11.50% increasing versus 24.16 ± 11.50% decreasing, 
F

1,15
 = 10.10, p < 0.05). There were no signifi cant differences 

observed among the different DA-blockade treatments (p < 0.05), 
so the difference observed in the number of neurons changing rate 
after D1 or D2 blockade cannot be attributed to differences in the 
sign of the changes (increase versus decrease of fi ring rate).

Taken together, these data suggest that D2-receptor blockade 
produces similar changes in medium spiny neuron fi ring rate in the 
dorsal striatum to those caused by D1 + D2-receptor blockade, while 
complete blockade of D1-receptors produces smaller changes.

However, the majority of neurons changing fi ring rate after D1 
blockade decreased fi ring rate suggesting that D1-receptor blockade 
produces similar changes in rate to D2-receptor blockade, but in 
a smaller population of neurons.

DIFFERENTIAL EFFECTS OF D1 AND D2 ACUTE DOPAMINE BLOCKADE ON 
STRIATAL LFP POWER
Our previous results showed that acute DA-depletion causes 
profound changes in the power of the striatal local fi eld potential 
(LFP) oscillations, with mainly gamma oscillations decreasing 

FIGURE 1 | Effect of dopamine receptor blockade on spontaneous 

locomotion. (A) D1 + D2 antagonist. (B) D1 antagonist. (C) D2 antagonist. All 
treatments signifi cantly reduced spontaneous locomotion in comparison to 
saline injection. Effect of combined D1 + D2 antagonist treatment was 
signifi cantly greater than either D1 antagonist alone or D2 antagonist alone.

(MSNs) were discriminated from fast-spiking interneurons (FSIs) 
and large aspiny neurons (LANs) on the basis of half-width, fi r-
ing frequency, and amplitude (Figures 2B,C). Because of the low 
number of interneurons recorded, all analyses reported here were 
performed using putative MSNs.
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FIGURE 2 | (A) Example of a sorted single unit, recorded 2 weeks 
subsequent to electrode implantation. From left: unit waveforms (yellow) 
isolated from noise (gray) (x-axis, 800 µs; y-axis, 120 µV); interspike interval 
histogram; isolated unit and noise on a principle component plot (x-axis, PC1; 
y-axis, PC2); bottom, raster trace of unit events and noise events over a 
selected time period. (B,C) Sorting criteria for identifying putative medium 

spiny neurons (MSNs), fast-spiking interneurons (FSIs), and large aspiny 
neurons (LANs). (B) Criteria used for identifying putative neuron types were 
half-width (x-axis), fi ring rate (y-axis), and amplitude (z-axis). (C) 
Representative waveforms. Top panel (in red) depicts a putative FSI. Middle 
panel (in blue) depicts a putative MSN. Bottom panel (in black) depicts a 
putative LAN.
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in power, while beta and delta oscillations increased in power 
(Costa et al., 2006). This was evident by a decrease in the ratio 
between the power of gamma and theta oscillations, over the 
power of beta and delta oscillations (4.5–9 Hz * 30–55 Hz/1.5–
4 Hz * 11–30 Hz, herein designed as power spectrum index or 
PSI). We therefore examined the relative changes in the power of 
LFP oscillations after the different conditions of acute dopamine 
blockade (examples shown in Figure 5). D1 + D2-receptor 

 blockade (Figure 5B) resulted in a visible decrease in power of 
gamma range (30–55 Hz) oscillations and an increase in power 
of lower frequency oscillations, e.g. beta (11–30 Hz), an effect 
not seen with saline injection (Figure 5A).

The investigation of the relative changes in the power of LFP 
oscillations revealed that D1 + D2-receptor blockade produced a 
robust decrease in PSI (T

4
 = 4.86, p < 0.05, Figure 4E). Blockade 

of D2-receptors likewise resulted in a signifi cant decrease in PSI 

FIGURE 3 | Examples of fi ring rate change in single neurons. Single neurons showing increase (left column) and decrease (center column) in fi ring rate were 
observed after all treatment conditions. Neurons displaying no signifi cant change in rate were also observed (right column). (A–C) Saline injection. (D–F) D1 + D2 
antagonist injection. (G–I) D1 antagonist injection. (J–L) D2 antagonist injection.
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(T
4
 = 3.34, p < 0.05). In contrast, we observed no decrease in PSI 

after D1-receptor blockade (T
4
 = 1.36, p > 0.05), or saline injection 

(T
5
 = −1.11, p > 0.05).
These results indicate that, at these doses, D2-receptor blockade 

has greater infl uence in the relative power of the LFP oscillations 
than D1-receptor blockade. It is interesting that the treatments 
that had a greater effect in fi ring rate were also the treatments that 
decreased the relative power of gamma oscillations (D1 + D2 and 
D2 blockade), especially given recent studies which have associated 
changes in interneuron fi ring to both gamma oscillations and fi ring 
rate (Sohal et al., 2009).

EFFECTS OF DOPAMINE RECEPTOR BLOCKADE ON STRIATAL ENSEMBLE 
COORDINATION
As previously mentioned, dopamine depletion does not only cause 
changes in fi ring rate and LFP power, but also in the coordinated 
activity of neurons, as measured for example by changes in the 
entrainment of neurons to the LFP (Costa et al., 2006). We therefore 
examined how acute DA-blockade changed the entrainment of 
medium spiny neurons to LFP oscillations by calculating the spike 
triggered averages (STAs) of the LFPs (Fries et al., 2001; Goldberg 
et al., 2004; Kuhn et al., 2005; Costa et al., 2006).

Consistent with previous results, all conditions showed a base-
line entrainment in ∼20–30% of neurons. As expected, we observed 
no signifi cant increase in entrainment to the LFP post-injection 
in the saline condition (T

6
 = −2.16, p > 0.05, Figures 6B,E), and 

we observed a signifi cant increase in entrainment after D1 + D2 
blockade (T

4
 = −3.14, p < 0.05), and effect which was signifi cantly 

different from saline (p < 0.05). However, in contrast to the effects 
on rate, we found that D1 blockade produced a signifi cant increase 
in entrainment subsequent to injection (T

5
 = −3.14, p < 0.05), while 

D2 receptor blockade did not (T
3
 = −0.93, p > 0.05).

Interestingly, putative MSNs showing entrainment to the 
LFP tended to fi re around or after the trough of the extracellular 
recorded LFP oscillation after DA-blockade, which corresponds 
to the point of highest intracellular depolarization (representative 
STA shown in Figure 6A). In contrast, FSIs fi red preferentially at 

the peak of the LFP, when intracellular potentials should be more 
hyperpolarized (consistent with inhibition being maximal at this 
point; Figure 6C), while putative LANs tended to fi re after the 
trough of the LFP oscillation (Figure 6D).

Taken together, these data confi rm that acute D1 + D2 recep-
tor blockade leads to increased entrainment of striatal medium 
spiny neurons to the LFP as observed after DA depletion (Costa 
et al., 2006). Interestingly, blockade of D1 receptors alone caused 
a similar increase in entrainment to the LFP, while blockade of D2 
receptors did not.

RELATION BETWEEN THE CHANGES IN FIRING RATE AND LFP 
ENTRAINMENT AFTER DA-BLOCKADE
The effects of the different dopamine treatments described above 
suggest that the infl uences DA signaling on striatal fi ring rate and 
synchrony are somewhat dissociable. However, this evidence is indi-
rect and based solely on the different magnitudes of the effects of 
D1 and D2 receptor blockade. We therefore investigated whether 
there was any relation between the probability of a neuron changing 
fi ring rate and changing entrainment to the LFP after DA-blockade. 
We examined in each treatment condition whether neurons show-
ing a signifi cant change in fi ring rate or no change in fi ring rate 
would be more or less likely to show a signifi cant change in LFP 
entrainment (Figure 7). We observed no signifi cant differences in 
the probability of a change in entrainment between rate-changing 
neurons and non-rate-changing neurons (F

1,13
 = 0.56, F

1,9
 = 0.87, 

F
1,11

 = 3.39, F
1,7

 = 0.01 for saline, D1 + D2, D1, and D2 conditions, 
respectively; all p > 0.05), suggesting that there was no consistent 
relation between changes in fi ring rate and changes in entrainment 
after DA-blockade.

DISCUSSION
The goal of this study was to investigate the effects of selective 
acute blockade dopamine D1-type receptors and D2-type recep-
tors on the activity of neuronal ensembles in the dorsal striatum. 
We found that acute concurrent blockade of D1 and D2 receptors 
produced complete akinesia, while blockade of D1- or of D2-type 

FIGURE 4 | Effect of dopamine receptor blockade on neuronal fi ring rate. 

(A) Percentage of total neurons showing a signifi cant change in fi ring rate after 
treatment. After D1 + D2 and D2 receptor blockade more neurons changed fi ring 
rate than after saline injection. (B) Proportion of the neurons that changed fi ring rate 

showing increase in fi ring rate versus decrease in fi ring rate. With saline injection 
the proportion of neurons showing rate increase versus decrease was equivalent 
to each other. With all dopamine receptor antagonist treatments, signifi cantly more 
neurons showed decrease in fi ring rate (∼80%) than increase in rate.
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FIGURE 5 | (A–D) Examples of LFP power spectra and corresponding power spectrum index for different treatments throughout the time course of the experiment. 
Arrow indicates the time of injection. (E) Summary of the effect of dopamine receptor blockade on power spectrum index. D1 + D2 antagonist and D2 antagonist 
caused a signifi cant decrease in power spectrum index after injection.
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FIGURE 6 | (A–D) Representative spike-triggered average histograms. 
(A) An MSN shows no signifi cant entrainment to the LFP in the baseline state, 
but develops a pronounced entrainment to the trough of the LFP oscillation 
subsequent to DA receptor blockade. (B) An MSN showing no entrainment to 
the LFP continues to show no entrainment after saline injection. (C) An FSI 
shows some entrainment to the LFP peak in the pre-injection state, with a 

substantial increase in entrainment post-injection. (D) A LAN shows signifi cant 
entrainment to the LFP trough in both pre- and post-injection. (E) D1 + D2 
antagonists and D1 antagonist alone resulted in a signifi cant increase in the 
percentage of neurons showing entrainment to the LFP oscillation post-
injection, while D2 antagonist alone and saline produced no signifi cant 
changes.
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DA receptors alone resulted in lower but similar levels of akinesia. 
Concurrent blockade of D1 and D2 receptors caused signifi cant 
changes in striatal neural activity and synchrony, and recapitulated 
the effects observed after acute dopamine depletion (Costa et al., 
2006). In summary, after acute D1 + D2 blockade, the majority 
of neurons in the striatum decreased fi ring rate, the power of the 
local fi eld potential changed with the power of gamma oscilla-
tions decreasing while the power of beta and delta oscillations 
increased, and signifi cantly more neurons became entrained to 
the LFP. Nonetheless, although in the results presented here acute 
dopamine receptor blockade in awake behaving mice seems to pro-
duce decreased fi ring rate and increased synchrony and beta oscilla-
tions, it is important to note that exaggerated pathological changes 
in fi ring rate, oscillatory activity, and synchrony observed in the 
basal ganglia of Parkinson’s patients may take longer to develop, 
and be the result of more chronic plastic changes in basal ganglia 
circuits (Liang et al., 2008; Mallet et al., 2008).

Interestingly, although blockade of either D1 or D2 alone was 
suffi cient to cause similarly profound locomotor effects, the effects 
of D1 blockade alone and D2 blockade alone on striatal neural 
activity differed substantially. Blockade of D2 receptors resulted in 
a dramatic change in the fi ring rate of the majority of the medium 
spiny neurons recorded, and in a change in the relative power of 
the local fi eld potential oscillations, but did not cause substantial 
changes in synchrony as measured by entrainment of the neural 
activity to the LFP oscillations. In contrast, D1 receptor blockade 
caused substantial changes in synchrony but had less effect on fi r-
ing rate and power of the LFP. Together with the lack of relation 
between a neuron changing fi ring rate and changing LFP entrain-
ment after DA-blockade, these results suggest that the effects of DA-
depletion on striatal rate and on synchrony may be dissociable.

Since both D1 and D2 blockade produced similarly dramatic 
behavioral effects, it is possible that either increased entrainment or 
decreased fi ring rate alone can result in a hypokinetic phenotype, 
with stronger effect when both occur simultaneously. The near-
total immobility caused by concomitant blockade of D1 and D2 

type receptors is consistent with this possibility. Furthermore, since 
D2-type receptors have higher affi nity for dopamine than D1 type 
receptors (Richfi eld et al., 1989), these results suggest that changes 
in striatal synchrony and rate could emerge at different timepoints 
during Parkinson’s disease progression. D1-mediated effects could 
emerge earlier in Parkinson’s disease given that small changes in DA 
levels could affect preferentially the activation of low affi nity versus 
high affi nity receptors, while D2-mediated effects could become 
more prominent as the disease progresses.

In interpreting these results, we should consider that the systemic 
blockade of D1 and D2 type receptors can cause very complex inter-
actions that stem from places other than the basal ganglia. However, 
idiopathic PD is in most cases a systemic and widespread DA deple-
tion, and not simply hypodopaminergism of the striatum (Gerlach 
et al., 1991; Biehlmaier et al., 2007). Moreover, as SNc neurons are 
known to project to the GPe and STN as well as to the striatum, and 
these structures can modulate striatal activity (Bevan et al., 2002), 
localized DA-blockade may not refl ect all the interactions resulting 
from DA depletion in PD, although local manipulations would be 
better to mechanistically isolate the effects observed.

We should also consider that we used doses of D1 and D2 type 
receptor antagonists that completely block the receptors, as they block 
the effects of L-DOPA in restoring movement in DA-depleted animals 
(Costa et al., 2006). Therefore, it is possible that the singularity of the 
results obtained from the complete blockade of only one dopamine 
receptor type but not the other could arise from the treatment being 
rather different than dopamine depletion (which typically affects 
both receptor types) and therefore from an imbalance or a competi-
tion between the different receptors and/or pathways (Taverna et al., 
2008), which may never happen to this extreme in a more natural sit-
uation. Nonetheless, the fact that across all treatments the probability 
of a neuron changing fi ring rate was not related to the probability of 
changing entrainment to the LFP still indicates that mechanistically, 
changes in fi ring rate and entrainment to the local fi eld potential in 
the dorsal striatum after DA depletion can be somewhat independ-
ent. Further, these results suggest that given the complexity of the 

FIGURE 7 | Probability of changing entrainment to the LFP for neurons changing or not changing fi ring rate after DA-blockade. Across all treatment 
conditions there was no difference in the probability of changing entrainment to the LFP between neurons that changed fi ring rate versus neurons that did not 
change fi ring rate after DA-blockade.
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anatomical and functional interaction between  different “nuclei” and 
different cell types in the basal ganglia (Lévesque and Parent, 2005; 
Mallet et al., 2006; Nadjar et al., 2006; Taverna et al., 2008), move-
ment problems arising from DA depletion in Parkinson’s disease are 
probably overly simplisticly conceptualized.

It is possible that the preferential effects seen after D1- and D2-
receptor blockade in MSNs are mediated by striatal interneurons, 
either GABAergic FSIs or cholinergic LANs, or both. We recorded 
a small sample of these neurons; however, we were unable to record 
enough to perform robust statistical analyses. Future investiga-
tions should examine the possibility that DA modulation of striatal 
interneurons affects the fi ring rate and/or synchrony of striatal 
MSNs. Although it is very diffi cult to test the involvement of stri-
atal interneurons using extracellular recordings and global phar-
macological manipulations, they may be better investigated using 
optogenetics or selective elimination.

In summary, the data presented here suggest that although 
dopamine depletion and dopamine receptor blockade cause both 
alterations in the fi ring rate and in the entrainment to the local 
fi eld potential of medium spiny neurons in the dorsal striatum, 
these effects seem to arise via different mechanisms, as they emerge 
preferentially after the blockade of D1- or D2-type receptors, and 
changes in one do not seem to be related to changes in the other. 
These results indicate that changes in fi ring rate and synchrony of 
striatal neurons may be the result of dissociable and interactive 
actions of dopamine in the activity of neuronal ensembles in the 
dorsal striatum.

ACKNOWLEDGMENTS
This research was supported by the Division of Intramural Clinical 
and Basic Research of the NIAAA, NIH and the Champalimaud 
Neuroscience Programme at Instituto Gulbenkian de Ciência.

REFERENCES
Albin, R., Young, A. B., and Penney, J. B. 

(1989). The functional anatomy 
of basal ganglia disorders. Trends 
Neurosci. 12, 366–375.

Alexander, G. E., and Crutcher, M. D. 
(1990). Functional architecture of 
basal ganglia circuits: neural substrates 
of parallel processing. Trends Neurosci. 
13, 266–271.

Amalric, M., and Koob, G. F. (1987). 
Depletion of dopamine in the caudate 
nucleus but not in nucleus accumbens 
impairs reaction-time performance in 
rats. J. Neurosci. 7, 2129–2134.

Androulidakis, A., Brücke, C., Kempf, F., 
Kupsch, A., Aziz, T., Ashkan, K., 
Kühn, A., and Brown, P. (2008). 
Amplitude modulation of oscillatory 
activity in the subthalamic nucleus 
during movement. Eur. J. Neurosci. 
27, 1277–1284.

Bergman, H., Wichmann, T., Karmon, B., 
and DeLong, M. R. (1994). The 
primate subthalamic nucleus. II. 
Neuronal activity in the MPTP model 
of Parkinsonism. J. Neurophysiol. 72, 
507–520.

Bertran-Gonzalez, J., Bosch, C., 
Maroteaux, M., Matamales, M., 
Herve, D., Valjent, E., and Girault, J.-A. 
(2008). Opposing patterns of signal-
ing activation in dopamine D1 and D2 
receptor-expressing striatal neurons in 
response to cocaine and haloperidol. 
J. Neurosci. 28, 5671–5685.

Bevan, M. D., Magill, P. J., Terman, D., 
Bolam, J. P., and Wilson, C. J. (2002). 
Move to the rhythm: oscillations in the 
subthalamic nucleus-external globus 
pallidus network. Trends Neurosci. 25, 
525–531.

Biehlmaier, O., Alam, M., and Schmidt, 
W. J. (2007). A rat model of 
Parkinsonism shows depletion of 
dopamine in the retina. Neurochem. 
Int. 50, 189–195.

Brown, P. (2003). Oscillatory nature of 
human basal ganglia activity: rela-
tionship to the pathophysiology of 
Parkinson’s disease. Mov. Disord. 18, 
357–363.

Brown, P., Mazzone, P., Oliviero, A., 
Altibrandi, M. G., Pilato, F., 
Tonali, P. A., and Di Lazzaro, V. (2004). 
Effects of stimulation of the subtha-
lamic area on oscillatory pallidal activ-
ity in Parkinson’s disease. Exp. Neurol. 
188, 480–490.

Brown, P., Oliviero, A., Mazzone, P., Insola, 
A., Tonali, P., and Di Lazzaro, V. (2001). 
Dopamine dependency of oscilla-
tions between subthalamic nucleus 
and pallidum in Parkinson’s disease. 
J. Neurosci. 21, 1033–1038.

Burbaud, P., Gross, C., Benazzouz, A., 
Coussemacq, M., and Bioulac, B. 
(1995). Reduction of apomorphine-
induced rotational behaviour by sub-
thalamic lesion in 6-OHDA lesioned 
rats is associated with a normalization 
of fi ring rate and discharge pattern of 
pars reticulata neurons. Exp. Brain Res. 
105, 48–58.

Burkhardt, J. M., Constantinidis, C., 
Anstrom, K. K., Roberts, D. C. S., 
and Woodward, D. J. (2007). 
Synchronous oscillations and phase 
reorganization in the basal ganglia 
during akinesia induced by high-
dose haloperidol. Eur. J. Neurosci. 
26, 1912–1924.

Calabresi, P., Mercuri, N. B., Sancesario, 
G., and Bernardi, G. (1993). 
Electrophysiology of dopamine-den-
ervated striatal neurons. Implications 
for Parkinson’s disease. Brain 116, 
433–452.

Chen, M. T., Morales, M., Woodward, 
D. J., Hoffer, B. J., and Janak, P. H. 
(2001). In vivo extracellular recording 
of striatal neurons in the awake rat fol-
lowing unilateral 6-hydroxydopamine 
lesions. Exp. Neurol. 171, 72–83.

Chesselet, M. F., and Delfs, J. M. (1996). 
Basal ganglia and movement disor-
ders: an update. Trends Neurosci. 19, 
417–422.

Costa, R. M., Cohen, D., and Nicolelis, M. 
A. L. (2004). Differential corticostriatal 
plasticity during fast and slow motor 
skill learning in mice. Curr. Biol. 14, 
1124–1134.

Costa, R. M., Lin, S. C., Sotnikova, T., 
Cyr, M., Gainetdinov, R., Caron, M., 
and Nicolelis, M. A. L. (2006). Rapid 
alterations in corticostriatal ensemble 
coordination during acute dopamine-
dependent motor dysfunction. Neuron 
52, 359–369.

Filion, M. (1979). Effects of interruption 
of the nigrostriatal pathway and of 
dopaminergic agents on the spontane-
ous activity of globus pallidus neurons 
in the awake monkey. Brain Res. 178, 
425–441.

Fiorentini, C., Busi, C., Gorruso, E., Gotti, 
C., Spano, P., and Missale, C. (2008). 
Reciprocal regulation of dopamine D1 
and D3 receptor function and traf-
fi cking by heterodimerization. Mol. 
Pharmacol. 74, 59–69.

Fletcher, G. H., and Starr, M. S. (1987). 
Role of the substantia nigra in the 
expression of dopamine D1 recep-
tor-mediated and D2 receptor-
 mediated behaviours. Neuroscience 
23, 1001–1010.

Fries, P., Schröder, J.-H., Singer, W., and 
Engel, A. K. (2001). Conditions of 
perceptual selection and suppression 
during interocular rivalry in strabis-
mic and normal cats. Vision Res. 41, 
771–783.

Gerfen, C. R., Engber, T. M., Mahan, L. 
C., Susel, Z., Chase, T. N., Monsma, 
F. J. Jr., and Sibley, D. R. (1990). D1 
and D2 dopamine receptor-regulated 
gene expression of striatonigral and 
striatopallidal neurons. Science 250, 
1429–1432.

Gerlach, M., Riederer, P., Przuntek, H., 
and Youdim, M. B. (1991). MPTP 
mechanisms of neurotoxicity and their 
implications for Parkinson’s disease. 
Eur. J. Pharmacol. 208, 273–286.

Goldberg, J. A., Rokni, U., Boraud, T., 
Vaadia, E., and Bergman, H. (2004). 
Spike synchronization in the cortex-
basal ganglia networks of Parkinsonian 
primates refl ects global dynamics of 
the local fi eld potentials. J. Neurosci. 
24, 6003–6010.

Groenewegen, H. (2003). The basal gan-
glia and motor control. Neural Plast. 
10, 107–120.

Gurney, K., Prescott, T. J., Wickens, 
J. R., and Redgrave, P. (2004). 
Computational models of the basal 
ganglia: from robots to membranes. 
Trends Neurosci. 27, 453–459.

Hammond, C., Bergman, H., and Brown, 
P. (2007). Pathological synchroniza-
tion in Parkinson’s disease: networks, 
models and treatments. Trends 
Neurosci. 30, 357–364.

Jenner, P. (1995). The rationale for the use 
of dopamine agonists in Parkinson’s 
disease. Neurology 45, S6–S12.

Joyce, J. N. (1993). Differential response 
of striatal dopamine and muscarinic 
cholinergic receptor subtypes to 
the loss of dopamine. III. Results in 
Parkinson’s disease cases. Brain Res. 
600, 156–160.

Kuhn, A. A., Trottenberg, T., Kivi, A., 
Kupsch, A., Schneider, G. H., and 
Brown, P. (2005). The relationship 
between local field potential and 
neuronal discharge in the subthalamic 
nucleus of patients with Parkinson’s 
disease. Exp. Neurol. 194, 212–220.

Lévesque, M., and Parent, A. (2005). The 
striatofugal fi ber system in primates: 
A reevaluation of its organization 
based on single-axon tracing stud-
ies. Proc. Natl. Acad. Sci. U.S.A. 102, 
11888–11893.



Frontiers in Integrative Neuroscience www.frontiersin.org October 2009 | Volume 3 | Article 28 | 12

Burkhardt et al. Dissociable effects of dopamine on striatal rate and synchrony

Bergman, H. (2001). Activity of pal-
lidal and striatal tonically active neu-
rons is correlated in MPTP-treated 
monkeys but not in normal monkeys. 
J. Neurosci. 21, RC128.

Raz, A., Vaadia, E., and Bergman, H. 
(2000). Firing patterns and correla-
tions of spontaneous discharge of 
pallidal neurons in the normal and 
the tremulous 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine vervet 
model of Parkinsonism. J. Neurosci. 
20, 8559–8571.

Richfield, E. K., Penney, J. B., and 
Young, A. B. (1989). Anatomical and 
affinity state comparisons between 
dopamine D1 and D2 receptors 
in the rat central nervous system. 
Neuroscience 30, 767–777.

Rohlfs, A., Nikkhah, G., Rosenthal, C., 
Rundfeldt, C., Brandis, A., Samii, M., 
and Loscher, W. (1997). Hemispheric 
asymmetries in spontaneous firing 
characteristics of substantia nigra 
pars reticulata neurons following a 
unilateral 6-hydroxydopamine lesion 
of the rat nigrostriatal pathway. Brain 
Res. 761, 352–356.

Sanderson, P., Mavoungou, R., and Albe-
Fessard, D. (1986). Changes in sub-
stantia nigra pars reticulata activity 
following lesions of the substantia 
nigra pars compacta. Neurosci. Lett. 
67, 25–30.

Schober, A. (2004). Classic toxin-induced 
animal models of Parkinson’s disease: 
6-OHDA and MPTP. Cell Tissue Res. 
318, 215–224.

Sharott, A., Magill, P. J., Harnack, D., 
Kupsch, A., Meissner, W., and Brown, P. 
(2005). Dopamine depletion increases 
the power and coherence of beta-oscil-
lations in the cerebral cortex and sub-
thalamic nucleus of the awake rat. Eur. 
J. Neurosci. 21, 1413–1422.

Shimohama, S., Sawada, H., Kitamura, Y., 
and Taniguchi, T. (2003). Disease 
model: Parkinson’s disease. Trends. 
Mol. Med. 9, 360–365.

Sohal, V., Zhang, F., Yizhar, O., and 
Deisseroth, K. (2009). Parvalbumin 
interneurons and oscillations enhance 

Levy, R., Hazrati, L. N., Herrero, M. T., 
Vila, M., Hassani, O. K., Mouroux, M., 
Ruberg, M., Asensi, H., Aqid, Y., 
Feger, J., Obeso, J. A., Parent, A., and 
Hirsch, E. C. (1997). Re-evaluation of 
the functional anatomy of the basal 
ganglia in normal and Parkinsonian 
states. Neuroscience 76, 335–343.

Levy, R., Hutchison, W. D., Lozano, A. M., 
and Dostrovsky, J. O. (2000). High-
 frequency synchronization of neuronal 
activity in the subthalamic nucleus of 
Parkinsonian patients with limb 
tremor. J. Neurosci. 20, 7766–7775.

Liang, L., DeLong, M. R., and Papa, S. M. 
(2008). Inversion of dopamine 
responses in striatal medium spiny 
neurons and involuntary movements. 
J. Neurosci. 28, 7537–7547.

Lloyd, K. G. (1977). CNS compensation to 
dopamine neuron loss in Parkinson’s 
disease. Adv. Exp. Med. Biol. 90, 
255–266.

MacLeod, N. K., Ryman, A., and Arbuthnott, 
G. W. (1990). Electrophysiological 
properties of nigrothalamic neurons 
after 6-hydroxydopamine lesions in 
the rat. Neuroscience 38, 447–456.

Magill, P. J., Bolam, J. P., and Bevan, M. D. 
(2001). Dopamine regulates the 
impact of the cerebral cortex on the 
subthalamic nucleus-globus pallidus 
network. Neuroscience 106, 313–330.

Mallet, N., Ballion, B., Le Moine, C., and 
Gonon, F. (2006). Cortical inputs 
and GABA interneurons imbalance 
projection neurons in the striatum 
of parkinsonian rats. J. Neurosci. 26, 
3875–3884.

Mallet, N., Pogosyan, A., Sharott, A., 
Csicsvari, J., Bolam, J. P., Brown, P., 
and Magill, P. J. (2008). Disrupted 
dopamine transmission and the emer-
gence of exaggerated beta oscillations 
in subthalamic nucleus and cerebral 
cortex. J. Neurosci. 28, 4795–4806.

Marcellino, D., Ferre, S., Casado, V., 
Cortes, A., Le Foll, B., Mazzola, 
C., Drago, F., Saur, O., Stark, H., 
Soriano, A., Barnes, C., Goldberg, S. 
R., Lluis, C., Fuxe, K., and Franco, R. 
(2008). Identifi cation of dopamine 

D1–D3 receptor heteromers. 
Indications for a role of synergis-
tic D1–D3 receptor interactions in 
the striatum. J. Biol. Chem. 283, 
26016–26025.

Moore, H., Todd, C. L., and Grace, A. A. 
(1998). Striatal extracellular dopamine 
levels in rats with haloperidol-induced 
depolarization clock of substantia 
nigra dopamine neurons. J. Neurosci. 
18, 5068–5077.

Murer, M. G., Riquelme, L. A., Tseng, K. Y., 
and Pazo, J. H. (1997). Substantia nigra 
pars reticulata single unit activity in 
normal and 60HDA-lesioned rats: 
effects of intrastriatal apomorphine 
and subthalamic lesions. Synapse 27, 
278–293.

Nadjar, A., Brotchie, J. M., Guigoni, C., Li, 
Q., Zhou, S.-B., Wang, G. J., Ravenscroft, 
P., Georges, F., Crossman, A. R., and 
Bezard, E. (2006). Phenotype of stri-
atofugal medium spiny neurons in 
Parkinsonian and dyskinetic non-
human primates: a call for a reap-
praisal of the functional organization 
of the basal ganglia. J. Neurosci. 26, 
8653–8661.

Ni, Z., Bouali-Benazzouz, R., Gao, D., 
Benabid, A. L., and Benazzouz, A. (2000). 
Changes in the fi ring pattern of globus 
pallidus neurons after the degeneration 
of nigrostriatal pathway are mediated by 
the subthalamic nucleus in the rat. Eur. 
J. Neurosci. 12, 4338–4344.

Pan, H. S., and Walters, J. R. (1988). 
Unilateral lesion of the nigrostriatal 
pathway decreases the fi ring rate and 
alters the fi ring pattern of globus pal-
lidus neurons in the rat. Synapse 2, 
650–656.

Plenz, D., and Kital, S. T. (1999). A basal 
ganglia pacemaker formed by the sub-
thalamic nucleus and external globus 
pallidus. Nature 400, 677–681.

Poirier, L. J., Filion, M., Larochelle, L., and 
Pechadre, J. C. (1975). Physiopathology 
of experimental Parkinsonism in 
the monkey. Can. J. Neurol. Sci. 2, 
255–263.

Raz, A., Frechter-Mazar, V., Feingold, 
A., Abeles, M., Vaadia, E., and 

information processing in cortical 
microcircuits. Nature 459, 698–702.

Surmeier, D. J., and Kitai, S. T. (1994). 
Dopaminergic regulation of stri-
atal efferent pathways. Curr. Opin. 
Neurobiol. 4, 915–919.

Taverna, S., Ilijic, E., and Surmeier, D. J. 
(2008). Recurrent collateral connec-
tions of striatal medium spiny neurons 
are disrupted in models of Parkinson’s 
disease. J. Neurosci. 28, 5504–5512.

West, A. R., and Grace, A. A. (2002). 
Opposite infl uences of endogenous 
dopamine D1 and D2 receptor activa-
tion on activity states and electrophys-
iological properties of striatal neurons: 
studies combining in vivo intracellular 
recordings and reverse microdialysis. 
J. Neurosci. 22, 294–304.

Wooten, G. F. (1997). Functional anatomi-
cal and behavioral consequences of 
dopamine receptor stimulation. Ann. 
N. Y. Acad. Sci. 835, 153–156.

Zhou, Q. Y., and Palmiter, R. D. (1995). 
Dopamine-defi cient mice are severely 
hypoactive, adipsic, and aphagic. Cell 
83, 1197–1209.

Conflict of Interest Statement: The 
authors declare that the research was 
conducted in the absence of any com-
mercial or financial relationships that 
could be construed as a potential confl ict 
of interest.

Received: 16 March 2009; paper pend-
ing published: 13 April 2009; accepted: 
09 October 2009; published online: 30 
October 2009.
Citation: Burkhardt JM, Jin X and Costa 
RM (2009) Dissociable effects of dopamine 
on neuronal fi ring rate and synchrony in 
the dorsal striatum. Front. Integr. Neurosci. 
3:28. doi: 10.3389/neuro.07.028.2009
Copyright © 2009 Burkhardt, Jin and 
Costa. This is an open-access article subject 
to an exclusive license agreement between 
the authors and the Frontiers Research 
Foundation, which permits unrestricted 
use, distribution, and reproduction in any 
medium, provided the original authors and 
source are credited.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


