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Dynamics of the Parkinsonian Striatal Microcircuit:
Entrainment into a Dominant Network State
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Neuronal synchronization in basal ganglia circuits plays a key role in the encoding of movement, procedural memory storage and habit
formation. Striatal dopamine (DA) depletion during Parkinsonism causes abnormal synchronization in corticobasal ganglia loops
resulting in motor dysfunction. However, the dynamics of the striatal microcircuit underlying abnormal synchronization in Parkinson-
ism is poorly understood. Here we used targeted whole-cell recordings, calcium imaging allowing the recording from dozens of cells
simultaneously and analytical approaches, to describe the striking alterations in network dynamics that the striatal microcircuit under-
goes following DA depletion in a rat model of Parkinson disease (PD): In addition to a significant enhancement of basal neuronal activity
frequent periods of spontaneous synchronization were observed. Multidimensional reduction techniques of vectorized network dynam-
ics revealed that increased synchronization resulted from a dominant network state that absorbed most spontaneously active cells.
Abnormal synchronous activity can be virtually abolished by glutamatergic antagonists, while blockade of GABAergic transmission
facilitates the engagement of striatal cell assemblies in the dominant state. Finally, a dopaminergic receptor agonist was capable of
uncoupling neurons from the dominant state. Abnormal synchronization and “locking” into a dominant state may represent the basic
neuronal mechanism that underlies movement disorders at the microcircuit level.

Introduction
The synchronous firing of neurons has been proposed as a mech-
anism to generate representations of perceptual objects, cognitive
functions and motor programs (Singer, 1999; Uhlhaas et al.,
2009). Correlated activity of different neurons between the cortex
and the basal ganglia (BG) follows reentrant loops whose cyclical
activity encode movement, procedural memories, and habit for-
mation (Barnes et al., 2005; DeLong and Wichmann, 2007; Fries
et al., 2007; Carrillo-Reid et al., 2008; Graybiel, 2008). Spatiotem-
poral patterns of correlated activity can be induced in the striatal
microcircuit and shown to be dependent upon both synaptic and
intrinsic neuronal properties (Carrillo-Reid et al., 2008, 2009a,b).

In pathological states such as Parkinson disease, BG neurons
change their behavior (Tseng et al., 2001) exhibiting enhanced
and abnormal synchronization (Costa et al., 2006; Fuentes et al.,
2009; Walters and Bergstrom, 2009). Dopamine (DA) depletion
changes global functions, promoting anomalous consequences

(Magill et al., 2001; Ni et al., 2001; Wilson et al., 2006): bradyki-
nesia, akinesia, tremor and muscular rigidity are attributed to
abnormal synchronization (Brown, 2007; Hammond et al., 2007;
Fuentes et al., 2009; Walters and Bergstrom, 2009; Zold et al.,
2009). Nevertheless, a study of the changes of neuronal activity,
explaining abnormal synchronization in the striatal microcircuit
or, any other BG local network under DA depletion, is missing.
Such correlation would support the hypothesis that global cir-
cuits are dynamically built by the coordinated actions of several
similar interconnected microcircuits (Uhlhaas et al., 2009) that
integrate their activity.

It has been shown previously, in vitro and in vivo, that spontane-
ous firing and synaptic activity of striatal neurons is enhanced with
respect to the control condition after DA depletion (Galarraga et al.,
1987; Tang et al., 2001; Tseng et al., 2001; Liang et al., 2008). En-
hanced activity is characterized by recurrent bursting accompanied
by numerous periods of spontaneous synchronization not seen in
the controls (Zold et al., 2009). However, microcircuit dynamics in
these conditions has not been described. Previously, we reported
that microcircuit dynamics can be induced in control non-DA-
depleted corticostriatal slices during NMDA administration.
NMDA-induced microcircuit dynamics consists in spatiotemporal
patterned and correlated activity that travels among diverse network
states (Carrillo-Reid et al., 2008, 2009a). Here we use whole-cell
recordings, calcium imaging techniques and analytical approaches
to first compare control and unilateral DA-depleted preparations,
and second, to discuss the differences between spontaneous circuit
dynamics found during DA-depletion and induced dynamics dur-
ing NMDA from our preceding work.

Dimensional reduction of vectorized network activity re-
vealed that episodes of synchronous activity in DA-depleted slices
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result from a dominant network state that absorbs most active
cells. Blockade of glutamatergic transmission reduced hyperac-
tivity and abnormal synchronization of the pathological network,
while blockade of GABAergic transmission facilitated the en-
trainment of the circuit into the anomalous dynamics. In addi-
tion, a dopamine receptor agonist was capable of disengaging the
neurons from the dominant state, partially reestablishing dy-
namics between diverse network states. We demonstrate a
remarkable functional reconfiguration of the striatal micro-
circuit after DA-depletion. This pathological configuration
could be partially reverted after dopamine agonist administra-
tion making our preparation a suitable approach to test the
effect of different pharmacological agents to reduce the signs
of movement disorders.

Materials and Methods
Rat model of Parkinson disease. Anesthetized Wistar male rats (postnatal
day 12–25) were injected with 2 �l of 6-hydroxydopamine (6-OHDA)
(Sigma; 4 �g/�l in 0.9% NaCl, 0.5% C6H8O6) into the right substantia
nigra (SN) at 1 �l/min at stereotaxic coordinates: anteroposterior, 3.9;
lateral, 1.8; ventral, 6.7 mm (Dunnett et al., 1981). After 1 week postin-
jection, rats were treated with 4 mg/kg i.p. amphetamine and ipsilateral
turns were counted for 90 min with an automatic apparatus. Animals
showing �500 ipsilateral turns were used for the experiments, which
were performed 11–15 d after the lesion. This rotational score corre-
sponds to �97% lesion of SN dopaminergic cells (Dunnett et al., 1981;
Ingham et al., 1998; Grant and Clarke, 2002).

Tyrosine hydroxylase immunoreactivity. The degree of lesion was veri-
fied using tyrosine hydroxylase (TH) immunostaining in a subset of rats.
One week after 6-OHDA injection, rats were perfused transcardially with
4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3. Then the brain
was removed and coronal slices 40 �m in thickness were obtained with a
cryostat (Leica CM 1900). Slices were incubated overnight with rabbit
anti-TH primary antibody (Millipore Bioscience Research Reagents;
AB152, 1:1000) in PBS containing 10% normal donkey serum (NDS) and
0.3% Triton X-100 (Tx) at 4°C. After being washed in PBS, the sections
were incubated for 2 h at room temperature with biotinylated donkey
anti-rabbit IgGs diluted 1:200 in PBS-Tx containing 1% NDS. The sec-
tions were then cleansed and reacted with the avidin-biotin peroxidase
complex at room temperature for 2 h. Bound peroxidase enzyme activity
was revealed using TRIS-buffered saline, pH 7.3, containing 6 mg of
3,3-diaminobenzidine tetrahydrochloride (DAB) and 0.1 ml of 3% hy-
drogen peroxide in 10 ml of PBS. Phase contrasted images were captured
with a digital camera mounted on an upright microscope.

Preparation of corticostriatal slices. Transverse corticostriatal slices
(200 –250 �m in thickness), were obtained either from control or
6-OHDA-treated rats (postnatal day 23–29) as previously described
(Kawaguchi et al., 1989; Vergara et al., 2003). All procedures conformed
to the guidelines of the Universidad Nacional Autónoma de México’s
Animals Scientific Procedures Committee. Animals were anesthetized
via intraperitoneal sodium pentobarbital (1 ml/2.5 kg) and perfused
transcardially using ice-cold (4°C) saline solution containing the follow-
ing (in mM): 124 choline chloride, 2.5 KCl, 1.3 MgCl2, 26 NaHCO3, 1.2
NaH2PO4, 2.4 CaCl2, and 10 glucose. Solution was saturated with 95%
O2 and 5% CO2; pH � 7.4; 298 mOsm/L. Then slices were cut in ice-cold
saline (4°C) containing the following (in mM): 123 NaCl, 3.5 KCl, 1
MgCl2, 1 CaCl2, 26 NaHCO3, and 11 glucose (25°C; saturated with 95%
O2 and 5% CO2; pH � 7.4; 298 mOsm/L). Slices were then transferred to
saline where they remained for at least 1 h before recording at room
temperature (21–25°C).

Calcium imaging. Slices were incubated at 35°C in the dark for 20 –30
min in the presence of 10 –20 �M fluo 4-AM (Invitrogen Life Sciences)
and 0.1% DMSO equilibrated with 95%O2 and 5%CO2. Once loaded
with fluo-4, slices were transferred to a perfusion chamber and perfused
continuously with control saline (see above) on the stage of an upright
microscope (Nikon Eclipse 80i) equipped with a 10� water-immersion
objective (Nikon 0.3 NA; 2 mm WD). Fluo-4 was excited at 488 nm with

monochromatic light (Polychrome V, Illumination System, TILL Pho-
tonics), and emitted fluorescence was band-passed with a Nikon B-2E/C
filter set. Fluorescence images were acquired with a cooled digital CCD
camera (Imago QE, TILL Photonics) under protocols written in TILL
vision software 4.0. The field of view was 800 � 600 �m in size. Short
movies (100 –250 s, 50 –100 ms exposure and 250 –500 ms/frame) were
taken at time intervals of 5–20 min during one to 2 h. Experiments were
performed at room temperature. The number of fluo 4 loaded neurons in
the field was determined at the end of the experiment by the application
of a 5 s puff of a solution containing 50 mM KCl, 120 mM NaCl, 10 mM

HEPES-Na and 2 mM CaCl2 pH 7.4 (see Fig. 1 D). This maneuver dis-
closed the population of excitable fluo-4-labeled neurons in the field of
vision (either active or silent during the experiment). Cells active during
the experiment were analyzed and the ratio of active/silent cells was
obtained. Spontaneous calcium transients, together with voltage re-
sponses were recorded in some cells (see below).

Drugs. Stock solutions were prepared before each experiment and
added to the perfusion solution in the final concentration indicated.
(2R)-amino-5-phosphonovaleric acid (APV), 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX), SKF 81297 and bicuculline methiodide or hydrochlo-
ride were obtained from Sigma.

Electrophysiology. Calcium imaging and simultaneous electrophysio-
logical recordings were obtained from areas of the dorsal striatum previ-
ously shown as receiving numerous cortical fibers (Flores-Barrera et al.,
2009). The firing of more than one action potential is needed to produce
significant calcium transients (Fig. 1). Electrophysiological recordings
were made from medium spiny neurons visualized using infrared differen-
tial interference video microscopy and a 40� water-immersion objective
(COHU 4915–2000 and Eclipse FN1, Nikon Corporation). Micropi-
pettes for whole-cell recordings were pulled (Sutter Instrument) from
borosilicate glass tubes (1.5 mm outer diameter, WPI) and had a final
resistance of 5– 8 M� filled with (mM): 112 KSO3CH3, 14 KCl, 10
HEPES, 1.1 K2-EGTA, 1.1 ATP-Mg and 1.1 GTP-Na (pH 7.3 adjusted
with KOH; osmolarity, 287–290 mOsm L �1). In some experiments
fluo-4 salt (20 –30 �M) was added to the recording pipettes.

Image analysis. Image analysis and processing was performed as pre-
viously reported (Carrillo-Reid et al., 2008, 2009a), using ImageJ (v.1.4 g,
National Institutes of Health), Multicell 2.0 (kindly supplied by Robert
Froemke, Max-Delbrück Center for Molecular Medicine and NeuroCure
Neuroscience Research Center, Berlin, Germany), MATLAB (The Math-
Works, Natick, MA), and custom made programs written in IDL
(Schwartz et al., 1998; Mao et al., 2001; Cossart et al., 2003).

All fluo-4 loaded neurons in a field of view were semiautomatically
identified, their contours defined as regions of interest and their mean
fluorescence was measured as a function of time. The changes of fluo-4
fluorescence (Ca 2�signals) were computed as (Fi � Fo)/Fo, where Fi

is fluorescence intensity at any frame, and Fo is resting fluorescence, i.e.,
average fluorescence of the first 4 frames of the movie. Calcium signals
elicited by action potentials were detected based on a threshold value
given by their first derivative over time (2.5 times the SD of the noise
value). Records were inspected manually to remove from the analysis
artifacts and slow calcium transients which are likely to correspond to
glial cells (Ikegaya et al., 2004; Sasaki et al., 2007; Carrillo-Reid et al.,
2008, 2009a).

Statistical methods. All statistical methods used have been previously
described (Carrillo-Reid et al., 2008, 2009a). Briefly, to determine
whether calcium transients recorded from different cells in the field were
correlated, we added the number of simultaneous activations per trial. To
determine whether the p value of simultaneous Ca 2� transients occurred
randomly, the distribution under the null hypothesis of independent
transients using Monte Carlo simulations with 1000 replications were
computed (Mao et al., 2001). The degree of correlation between active
cells was calculated with the Jaccard correlation coefficient and cross-
correlation maps of Jaccard correlation coefficients were constructed to
show the spatial coordinates and the magnitude of the correlations be-
tween all cells pairs (Fig. 2 D). We also constructed pseudo-colored cross-
correlation maps to visualize the degree of correlation between cell pairs.
Then we identified the sets of cells activated simultaneously over time.
Monte Carlo simulations were also used to estimate the significance of
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their firing together. The threshold corresponded to a significance level
of p � 0.01. The peaks that were significant at p � 0.01 were selected for
further analysis.

To analyze the cell assemblies of the striatal microcircuit, D � N
matrices were constructed, where D represents the number of active
neurons in a set of experiments, and N denotes the firing of cells
during 250 ms to 1 s time bins (spontaneous up-states last between 0.5
and 5 s) (Fig. 2 A). Then, peaks of synchronous activity were vector-
ized so that bursting activity of synchronized cells over time was
associated with different vector elements. In this way each vector
element was formed by the sum of differentiated calcium transients
displayed by a single neuron during the time bin. We have previously
shown that the first time derivative of the calcium transient corre-
sponds to the duration of the electrophysiologically recorded burst or
up-state in single neurons (Carrillo-Reid et al., 2008, 2009a). There-
fore, the set of vectors denote network activity as a function of time
(Brown and Williams, 2005; Sasaki et al., 2007; Carrillo-Reid et al.,
2008).

To see whether two vectors have the same components, we measured
the similarity index between network vectors using the normalized scalar
product of all possible vector pairs, which is equivalent to the cosine of
the angle between the vectors (Schreiber et al., 2003; Sasaki et al., 2006).
Then, we generated matrices which denote the similarity indexes of all
paired vectors and displayed them in pseudo-color scale (Figs. 3A and
4A). Functional states sustained by significantly correlated or synchro-
nized bursting neuronal pools, appear as clustered structures in these
plots (Sasaki et al., 2006).

The dimensionality reduction of network vectors was performed with
the locally linear embedding (LLE) algorithm (Figs. 3B, 4 B). LLE is an
unsupervised learning technique that discloses nonlinear structures from
multidimensional data (Roweis and Saul, 2000; Stopfer et al., 2003;
Brown and Williams, 2005). The trajectories of our high dimensional
data were not well described by linear dimensionality reduction methods
(Brown and Williams, 2005; Carrillo-Reid et al., 2008, 2009a). After LLE,
vectors representing the network states were projected into a space made
by the first two dimensions of vectors where data points represent vectors

Figure 1. Optical and electrophysiological recordings from striatal neurons. A, Bright-field image of a TH-immunostained coronal brain slice (brown color indicates strong reaction) from an
animal that received unilaterally an injection of 6-OHDA in the substantia nigra pars compacta (see Materials and Methods). B, Voltage responses (top) of a medium spiny neuron to the injection of
current steps of increasing amplitude (bottom). Current-clamp recordings were obtained from a neuron in the corticostriatal slice of an untreated rat. Inward rectification and long latency to the first
spike are characteristics of these neurons. C, Steady-state current–voltage relationship obtained from data in B. D, Fluorescence image from a corticostriatal slice loaded with fluo-4 AM (average of
100 frames with background subtraction, scale bar: 100 �m). E, Map of 270 cells in the field shown in D that responded with a fluorescence increase after high K � depolarization. Red circles indicate
the position of neurons exhibiting spontaneous calcium fluctuations (62 of 270: 23%). F, Spontaneous calcium transients recorded from 4 such neurons. G, A fluo-4-loaded neuron targeted for
electrophysiological recording was patch-clamped and current steps of increasing amplitude were applied while membrane voltage and fluorescence images were recorded. Cell was further loaded
with fluo-4 pentapotassium salt through the recording patch pipette. Cell fluorescence increases proportionally to the number of action potentials (indicated) generated by membrane depolariza-
tions of different amplitudes. Scale bar: 10 �m. H, Simultaneous recordings of membrane depolarization, action potential generation (upper trace), calcium signaling (middle record) and first
derivative of the calcium transients (bottom trace). Dashed line indicates 2.5 times the SD of the noise. Dots at the bottom indicate events where d(�F/F )/dt � 2.5 times SD. Similar data were used
to build raster plots as those shown in Figure 2 A. Calcium transients elicited by trains of two or more action potentials were considered for analysis.
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at a given time (Figs. 3B, 4 B). To choose the optimal number of states
depicted from the LLE reduction, we used hard and fuzzy clustering
algorithms taking the Dunn’s index as a validity function (Sasaki et al.,
2007; Carrillo-Reid et al., 2008, 2009a). To determine which neurons
belong to each state, hierarchical cluster analysis was computed using
Euclidean distances and the nearest neighbor single linkage method (Sys-
tat) (Figs. 3F, 4 F).

Finally, number of active neurons as well as number of significant
synchronous peaks, were compared in the same slices before and after
drug applications (Wilcoxon t test) or between control and DA-depleted
slices or DA-depleted and DA-depleted slices plus the application of
some drugs (Mann–Whitney U test) for epochs lasting the same time.

Results
Optical and electrophysiological recordings of fluo-4 loaded
striatal neurons
The simultaneous recording of electrical activity of a large num-
ber of cells with single cell resolution is required for the proper
description of local network dynamics. Network or microcircuit
dynamics is defined as the recurrent and alternating changes of
correlated and synchronous activity generated by identified
groups of neurons along time in a determined field of view. Cor-
related and synchronous firing is detected by the spontaneous
firing together of several neurons, so-called synchrony peaks. We
have previously shown that Ca 2� imaging allows record firing of
dozens of striatal neurons as transient fluorescence changes (Fig.
1) (Carrillo-Reid et al., 2008). Image sequences from a field of
view 800 � 600 �m in size of the dorsal striatum were recorded in
67 corticostriatal slices from both nondepleted (control) and DA-
depleted sides (Fig. 1A), as well as from slices obtained from
intact nonlesioned rats (naive) (see Materials and Methods).
Electrophysiologically, recorded neurons show characteristics of
medium spiny projection neurons (MSNs) such as inward recti-

fication and a delayed firing of the first action potential (Fig.
1B,C). A representative field of view containing fluo-4 loaded
neurons is shown in Figure 1D. A semiautomatic contour detec-
tion algorithm defined the spatial distribution of all active and
inactive neurons (Fig. 1E, filled and empty contours, respec-
tively) in each experiment (see Materials and Methods). The
Ca 2� transients generated by all active cells were followed along
time. Figure 1F exemplifies representative Ca 2� transients from
four spontaneously active cells. Evoked firing of two or more
action potentials in MSNs elicits significant Ca 2� transients (Fig.
1G) ensuring that optical methods can accurately reflect electrical
activity. In fact, the intensity of fluorescence change is propor-
tional to the number of action potentials fired (Fig. 1G,H). Si-
multaneous Ca 2� imaging and electrophysiological recordings
showed that the first derivative of a Ca 2� transient represents the
duration of the electrical activity that evoked it (Fig. 1H)
(Carrillo-Reid et al., 2008, 2009a). This allowed us to reconstruct
the electrical activity of each recorded neuron in the network,
represented as dots in a raster plot (Fig. 1H; black dots at the
bottom represent bursting activity).

Striatal network dynamics in DA-depleted microcircuits
Striatal neurons in control or naive slices remained mostly silent,
with only a few neurons showing spontaneous activity, as seen in
the raster plot (Fig. 2A, left) (Liang et al., 2008). These few active
neurons lacked significant correlated activity (bottom; signifi-
cance level was set at p � 0.01; dashed line) (Crutcher and
DeLong, 1984; Kimura, 1992; Carrillo-Reid et al., 2008). In con-
trast, in DA-depleted slices from 6-OHDA-treated rats, the num-
ber of neurons exhibiting spontaneous firing increased greatly
(Fig. 2A; DA-depleted, notice the change in y-axis scale) (Galar-
raga et al., 1987; Raz et al., 1996; Tang et al., 2001; Tseng et al.,

Figure 2. Network dynamics in control and denervated striatum. A, Raster plots of spontaneously active neurons in the normal striatum (naive rat; left) and in the DA-depleted striatum (right).
Each row represents an active cell. Histograms below illustrate the percentage of coactive neurons along time. Peaks of spontaneous synchronous activity (red) indicate sets of neurons with
simultaneous recurrent bursting. Significance level was set at p � 0.01-dashed line. Patterns of synchronous activity are only present in the DA-depleted striatum. B, Electrical activity recorded from
a medium spiny neuron in the DA-depleted striatum. Notice spontaneous bursting (arrow) and spontaneous synaptic events (arrowhead). C, Spatial map of neurons exhibiting spontaneous calcium
signals in the DA-depleted striatum (filled circles). Empty circles indicate cells inactive during the time of recording, but which responded to high K � depolarization with fluorescence increases. Red
circles point to cells firing during peaks of synchronous activity. Calibration bar, 100 �m. D, Correlation map of spontaneously active cells. Cell pairs whose firing was significantly correlated at some
moment are joined by a line (see Materials and Methods). E, Cross-correlation matrix of all possible neuron pairs from C and D. Note heterogeneous distribution of correlation coefficients.
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2001; Goldberg et al., 2004; Costa et al.,
2006; Liang et al., 2008). It has been hy-
pothesized that hyperactivity in DA-
depleted striatum is accompanied by
increased synchronization of active neurons
leading to an impaired selection of motor
synergies (Uhlhaas and Singer, 2006; Ham-
mond et al., 2007; Fuentes et al., 2009;
Zold et al., 2009). We demonstrate this
hypothesis showing that the number of
neurons exhibiting correlated firing in-
creases significantly in DA-depleted stria-
tum as revealed by the appearance of
numerous and significant synchrony peaks
(Fig. 2A, right; DA-depleted; at the bottom
synchrony peaks are shown in red with as-
terisks). Spontaneous synchrony peaks
denote the enhanced correlated and syn-
chronous activity of identified groups of
neurons (Cossart et al., 2003; Ikegaya et al.,
2004; Carrillo-Reid et al., 2008). The num-
ber of synchrony peaks per 180 s time ep-
ochs was (mean 	 SEM): 11.3 	 1.8 in the
DA-depleted side compared with 0.9 	 0.9
in the control, non-DA-depleted side ( p �
0.0001; Mann–Whitney U test, n�17 slices;
both sides taken from the same rats). More-
over, spontaneous synchrony peaks were
detected in all DA-depleted slices (n �
54 slices) and very rarely in control or
naive slices. Targeted whole-cell record-
ings from cells participating in the syn-
chrony peaks showed spontaneous
depolarization, bursting and frequent
spontaneous synaptic events (Fig. 2 B,
arrow and arrowhead, respectively)
(Galarraga et al., 1987; Tang et al., 2001;
Zold et al., 2009). Spontaneous bursting
induced by DA-depletion is rarely ob-
served in control or naive striatal neu-
rons and appeared variable, that is, it
shows more kinds of bursting activity
(Fig. 2 B; note three kinds of burst) than
bursting induced in naive slices by
NMDA (Carrillo-Reid et al., 2009a). En-
hanced, spontaneous, correlated and
synchronous bursting denotes a re-
markable change of network dynamics
in the pathological tissue compared
with the control or naive tissues.

The spatial distribution of identified neurons firing in syn-
chrony showed groups of neurons close together as well as neu-
rons that were hundreds of micrometers apart with numerous
silent cells in between (Fig. 2C, filled circles; empty circles are
inactive cells). Spatial correlation maps (Fig. 2D) showed that
many of the active neurons exhibited a statistically significant cor-
related activity ( p � 0.01). Lines connecting neurons indicate cor-
related firing at some moment during recording. Line thickness is
proportional to the extent of correlation. On average, 96 	 3% of
active cells at a given moment showed correlated firing (n � 20
slices). Most correlated firing was produced by cells active during the
synchrony peaks (Fig. 2D, filled red circles). Cross-correlation maps
of network activity (Fig. 2E; p � 0.01) denoted that the degree of

correlation among active neurons was heterogeneous; involving di-
verse sets of cells bursting simultaneously.

As our data clearly show, spontaneous neuronal activity is
considerably higher in DA-depleted striatum and this neuronal
activity is characterized by spontaneous peaks of synchrony
rarely seen in control slices (Cossart et al., 2003; Sasaki et al.,
2007; Carrillo-Reid et al., 2008). However, in naive striatal slices
sustained network dynamics can be induced by NMDA. This
dynamics is characterized by spontaneous peaks of synchrony
such that specific groups of neurons exhibit correlated firing in a
recurrent way, alternating their activity with other groups of neu-
rons, conforming self-organized spatiotemporal patterns that
have been called cell assemblies (Hebb, 1949; Harris, 2005;

Figure 3. Engagement of striatal neuronal assembles within a dominant network state. A, Matrix of similarity indexes of all
vectors representing network dynamics as a function of time in DA-depleted striatum. B, Multidimensional reduction using locally
linear embedding (LLE). Each point represents a vector at a given time (see Materials and Methods). Different colors represent
different network states. Percentages indicate network probability of leaving a given state. LLE reveals a dominant state (blue
circles) with high probability of recurrence. C, Raster plot (top) and time histogram (bottom) of network dynamics with all neurons
active during the time of recording (DA-depleted striatum). Colors denote cells pertaining to different states. Note increased
recurrent activity of a dominant state (blue). D, Spatial distribution of the neuron pools supporting the different states. E, Cells
active in two different states (1 and 2, 1 and 3, and 2 and 3). Note high participation of some cells in different states. F, Hierarchical
cluster analysis identifies numbered cells pertaining to each state (1, 2 and 3). Note that only a few cells do not belong to the
dominant state (blue).
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Carrillo-Reid et al., 2008, 2009a). These cell assemblies can be
modulated by transmitters (Vautrelle et al., 2009; Carrillo-Reid et
al., 2009b). Therefore, we decided to compare the properties of
the endogenously generated network activity of DA-depleted
striatal microcircuits to the network activity induced by NMDA
already reported in naive striatum (Carrillo-Reid et al., 2008).

Network states and striatal cell assemblies in
dopamine-depleted slices
To study network states in the DA-depleted slices, the spontane-
ous peaks of synchronous activity were identified and a vector
was formed from the data of each peak (bin � 250 ms). Vectors
depict the network behavior of the striatal microcircuit during
periods of synchrony (see Materials and Methods). A network
state is defined as a set of N vectors (bins) in D dimensions (active
neurons) (Schreiber et al., 2003; Brown and Williams, 2005;
Sasaki et al., 2006, 2007). Similarity indexes (see Materials and
Methods) showed patterned cluster-like structures (mosaics) and
similar behavior between different vectors (Fig. 3A).

To extract microcircuit dynamics from multidimensional
data, the dimensionality of the network was reduced using Lo-
cally Linear Embedding (LLE; see Materials and Methods), a
nonlinear dimensionality reduction technique (Roweis and Saul,
2000; Stopfer et al., 2003; Brown and Williams, 2005; Carrillo-
Reid et al., 2008, 2009a). With this procedure, vectors can be
projected in two dimensions (Fig. 3B). Dimensional reduction
revealed that network dynamics in the DA-depleted striatum is
characterized by a dominant state that comprised most peaks of
synchrony (vectors) (Fig. 3B, blue circles; percentages indicate
the network’s probability of leaving a given state). Thus, the
probability of a dominant state appearing in DA-depleted stria-
tum is significantly higher (recurrence) than the probability of

appearance of any other state (Fig. 3B). The neuron pools that
generate network states in the DA-depleted slices were recorded
with brief movies at given time intervals (epochs) then raster
plots representing the activity of all neurons involved were built
(Fig. 3C).

The neural activity of the DA-depleted striatum is character-
ized by numerous spontaneous peaks of synchronous activity per
epoch (Fig. 3C, top, bottom). In addition to having a dominant
state with a higher probability of appearance, DA-depleted stria-
tal network comprises many cells that belong to different network
states (Fig. 3D). The dominant state attracts most of these cells:
80 	 13% (Fig. 3E; n � 17 slices) as confirmed by hierarchical
cluster analysis (Fig. 3F). Few active cells in the network are not
associated to the dominant state. These experiments demonstrate
that spontaneous network dynamics of the DA-depleted striatal
microcircuit is remarkably different from that of non-DA-
depleted contralateral (control) striatum, or striatal tissue from
naive rats.

Synaptic mechanisms underlying network states in
DA-depleted slices
DA depletion increases the glutamatergic synaptic activity in
MSNs (Galarraga et al., 1987; Tang et al., 2001; Tseng et al., 2001;
Bamford et al., 2004). We therefore sought to determine the role
of glutamatergic and GABAergic synaptic transmission in the net-
work dynamics of DA-depleted slices. Application of the AMPA/KA
receptor antagonist CNQX (10 �M), reduced the number of ac-
tive cells from 82 	 12 cells to 25 	 10 cells per field ( p � 0.006;
Wilcoxon t test, n � 10 slices), and significantly reduced the
number of peaks of synchrony from 11 	 2 to 1 	 0.9 peaks per
180 s epoch ( p � 0.005; Wilcoxon t test, n � 10 slices) (Fig. 4A).
Similarly, upon inhibition of NMDA receptors with their an-

Figure 4. Inhibition of glutamatergic excitatory transmission on network dynamics of dopamine-depleted striatum. A1, Raster plot (top) and activity histogram (bottom) depicting network
activity in the lesioned striatum of a 6-OHDA-treated rat before (left) and after the application of CNQX (right). Neuronal hyperactivity and peaks of synchrony (red, asterisks) were almost abolished
after CNQX application. A2, Spatial maps showing the position of active neurons. Filled circles represent cells active during time of recording; red circles represent neurons involved in peaks of
synchronous activity in control and CNQX. Blue numbers identify the position of some cells that were active in both conditions. B1, Raster plot (top) and activity histogram (bottom) illustrating
network activity in the depleted striatum of a 6-OHDA-treated animal before (left) and after APV application (right). Peaks of synchronous activity (asterisks) were significantly reduced after APV
application. B2, Spatial maps of cells active during the experiment (filled circles) and during the peaks of synchrony (red circles). Position of some cells active in both conditions are indicated with
blue numbers.
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tagonist APV (50 �M), the number of ac-
tive cells decreased from 83 	 14 cells to
33 	 12 cells ( p � 0.006; Wilcoxon t test,
n � 15 slices) and the number of peaks of
synchrony dropped from 11 	 2 to 4 	 2
peaks per 180 s epochs ( p � 0.0007; Wil-
coxon t test, n � 15 slices) (Fig. 4B). Inter-
estingly, some neurons remained active
even in the presence of both glutamatergic
antagonists.

Intrastriatal connectivity is largely
mediated by GABAergic transmission
(Czubayko and Plenz, 2002; Tunstall et
al., 2002; Guzmán et al., 2003; Koos et al.,
2004; Tepper et al., 2004; Mizuno et al.,
2007; Tecuapetla et al., 2007, 2009) which
includes GABAergic synapses between
MSNs known to be important in sustaining
bursting (Flores-Barrera et al., 2009).
GABAergic transmission is also crucial to
maintain a continuum of state transi-
tions in the NMDA-treated striatal mi-
crocircuit (Carrillo-Reid et al., 2008). It
has been shown that DA modulates the
synaptic connections between MSNs
(Guzmán et al., 2003; Tecuapetla et al.,
2007, 2009), and that under conditions
of DA-depletion, GABAergic transmis-
sion between striatal MSNs is reduced
(Taverna et al., 2008; Tecuapetla et al.,
2009).

We therefore studied striatal network
changes after the blockade of fast GABAergic
transmission with 10 �M bicuculline (Fig.
5). Since DA-depletion reduces inhibi-
tory connectivity among striatal MSNs
(Taverna et al., 2008; Tecuapetla et al.,
2009) it was predicted that the actions of
GABAergic transmission blockade on the
overall activity of the network were par-
tially occluded. We found that GABAergic
blockade is not reflected in the number of
peaks per 180 s epoch: 12 	 2 before vs
10 	 7 after bicuculline (n � 18; p � 0.36,
Wilcoxon t test), confirming the predic-
tion. However, similarity indexes maps
showed an increase in the patterned
cluster-like structures before and after the
application of bicuculline (Fig. 5A). In
fact, after the blockade of GABAergic
transmission the sharing (overlapping) of neurons between dif-
ferent vectors changed from 24 	 3% (n � 25) in DA-depleted
circuits vs 32 	 3% (n � 23) after bicuculline was added to these
circuits ( p � 0.001; Mann–Whitney U test; n � 18 slices). This is
reflected as a restriction in the diversity of network states (Fig.
5B). The loss of GABAergic transmission further facilitated the en-
trainment of neuronal vectors into a dominant state (Fig. 5B).
The dominant state traps most active neurons (Fig. 5C; see
recurrent yellow synchrony peaks). Figure 5D shows the spa-
tial distribution of neuron pools involved in each network
state; note number of neurons participating in the state de-
noted by yellow synchrony peaks. Cells shared by different
states in both conditions are shown in Figure 5E.

In an attempt to rescue the microcircuit from the dominant
state appearing after DA-depletion, we then performed acute ap-
plications of a dopamine receptor agonist. The similarity map of
a representative experiment showed a change in the patterned
structures after the application of a 1 �M concentration of the
D1-class receptor agonist, SKF 81297 (Fig. 6A). A brief image
sequence was enough to corroborate the presence of a dominant
network state during DA-depletion (Fig. 6B, left). Exposure to
SKF 81297, decreased the number of shared neurons between
different vectors, from 26 	 3% (n � 20) in DA-depleted circuit
vs 20 	 3% (n � 29) after adding the D1-receptor agonist ( p �
0.001; Mann–Whitney U test; n � 4 slices). A decrease in the
number of shared neurons is reflected as a partial restoration of

Figure 5. Suppression of fast GABAergic inhibition on network dynamics in the dopamine-depleted striatum. A, Similarity
index matrix of the denervated striatum in the DA-depleted condition (DA dplt) and after the application of the GABAA receptor
blocker bicuculline (10 �M, red line). B, LLE projection showing cell assemblies of the denervated striatum before (left) and after
the application of bicuculline (right). Note that after the application of bicuculline the number of network states is reduced. C,
Raster plot (top) and time histogram of the overall activity (bottom) depicting network dynamics in the denervated striatum before
(left) and after bicuculline application (middle and right). Colors denote cells belonging to the different network states before and
after the application of bicuculline. D, Spatial distribution of neuronal pools pertaining to the different network states before (top)
and after the application of bicuculline. E, Percentage of coactive cells in the DA-depleted condition (top) and in the presence of
bicuculline (bottom).
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the network capability to generate different states (Fig. 6B, right).
Contrary to the expected decrease of the overall activity of the
network; after the application of a dopamine receptor agonist the
striatal network remained hyperactive. Peaks of synchronous ac-
tivity continued appearing (Fig. 6C), perhaps due to hypercho-
linergia (Carrillo-Reid et al., 2009b). The spatial distribution of
the neurons belonging to different network states is shown in
Figure 6D. Figure 6E shows the cells shared by different states in
DA-depleted condition and in the presence of SKF 81297.

The increase in the diversity of network states and activity
traveling among them (Carrillo-Reid et al., 2008) is a good out-
come when several agonists have still to be tested. A detailed
exploration of the effects of diverse dopamine receptor agonists
and antagonists in normal and pathological conditions deserves a
study of its own (now underway).

Discussion
This study demonstrates that spontane-
ous network dynamics of DA-depleted
striatal microcircuits is fundamentally dif-
ferent from that observed in striatal slices
from either control non-DA-depleted, or
naive rats. Striatal neurons, which are
mostly silent under control conditions, be-
come hyperactive and often synchronized
in the denervated striatum, with a domi-
nant network state that engages most active
neurons. This behavior also differs from
NMDA-induced network dynamics in the
normal striatum, where network states are
defined by specific groups of neurons firing
in synchrony with recurrent and alternate
activity. Network hyperactivity and entrain-
ment of active neurons into a dominant
state is antagonized or enhanced by gluta-
mate receptor or GABAA receptor antago-
nists, respectively. Network entrainment
into a dominant state ceased after the addi-
tion of a dopamine receptor agonist. To ob-
serve all these behaviors in a small field of
view suggests that unit microcircuits can be
seen as modules whose similarity and coor-
dination results in the function of more ex-
tended circuits, constituting the interface
between single-cell neuronal activity and
global brain function. Their understanding
may unveil the intrinsic and synaptic rules
that govern normal and pathological circuit
behaviors: Our results support the no-
tion that DA-depletion is correlated
with increased, not decreased activity of
striatal microcircuits. These results are
also consistent with a decreased inhibi-
tion between MSNs combined with an
increased excitatory drive in the DA-
depleted striatum.

Network dynamics in DA-depleted
striatal local networks
Striatal neurons in vivo exhibit infrequent
spontaneous activity during physiological
states unrelated to task performance
(Crutcher and DeLong, 1984; Kimura,
1992; Liang et al., 2008; Vautrelle et al.,

2009). Loss of dopaminergic innervation leads to increased spon-
taneous activity in MSNs both in vitro and in vivo (Galarraga et al.,
1987; Raz et al., 1996; Tseng et al., 2001; Goldberg et al., 2004; Day et
al., 2006; Uhlhaas and Singer, 2006; Liang et al., 2008; Zold et al.,
2009). Such hyperactivity has been associated with signs of Par-
kinson disease such as akinesia, rigidity and tremor (Costa et al.,
2006; Liang et al., 2008; Fuentes et al., 2009; Walters and Berg-
strom, 2009). Nonetheless, network mechanisms underlying hy-
peractivity have not been examined given the technical
limitations of single cell recordings (Kimura, 1992; Courte-
manche et al., 2003; Berke et al., 2004; Goldberg et al., 2004; Costa
et al., 2006; Liang et al., 2008; Blume and Tseng, 2009; Fuentes et
al., 2009). Here we demonstrate that striatal microcircuits from
both control and 6-OHDA lesioned animals are accessible to dy-

Figure 6. Effects of a dopamine receptor agonist. A, Similarity index matrix of the DA-depleted striatum before and after the
application of a D1 receptor agonist: SKF 81297, 1 �M (red line). B, LLE projection showing cell assemblies of the DA-depleted
striatum before (left) and after the application of SKF 81297 (right). Notice the appearance of different network states with no
preference for a particular one (absence of a dominant state) after agonist application. C, Raster plot (top) and time histogram of
the overall activity (bottom) depicting network dynamics in the DA-depleted striatum before (left) and after SKF 81297 application
(middle and right). Colors denote cells belonging to the different network states before and after the application of SKF 81297. D,
Spatial distribution of neuron pools pertaining to the different network states before (top) and after the application of SKF 81297
(bottom). E, Percentage of coactive cells in the DA-depleted condition before (left) and in the presence of SKF 81297 (right).
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namic calcium imaging in corticostriatal slice preparations in
vitro. Single cell resolution and recording from dozens of cells
simultaneously with application of neurotransmitters and drugs
through the bathing media uncover changes in network dynam-
ics seen through vectorization and dimensional reduction (Cos-
sart et al., 2003; Carrillo-Reid et al., 2008). These methods allow a
rigorous comparison of different network states along time (Bar-
nes et al., 2005; Sasaki et al., 2007).

Corticostriatal slices from control, untreated rats, exhibit sel-
dom activity. Moreover, it has been shown that network dynam-
ics induced by NMDA in control striatum involves several
network states with similar probability of appearance. Neuronal
pools underlying these states alternate their synchronized activity
depicting spatiotemporal patterns of self-organized recurrent
pathways (Carrillo-Reid et al., 2008, 2009a). The flow of neural
activity between states following quasi-fixed trajectories has been
considered a property of cell assemblies (Hebb, 1949; Harris,
2005). By contrast, the DA-depleted circuit is characterized by the
emergence of a dominant state with a high probability of recur-
rence and absorbing most active neurons in the field of view. State
transitions decrease due to this highly recurrent state which im-
pairs alternation between neuron pools, perhaps correlating with
impaired switching between motor acts or programs (Olsson et
al., 1995; Hutchison et al., 2004; Uhlhaas and Singer, 2006;
Fuentes et al., 2009; Walters and Bergstrom, 2009). But despite
having a reduced number of states, spontaneous peaks of syn-
chronization increase in frequency, neural activity being signifi-
cantly higher than that evoked with NMDA. Recovery of
sequences of activity may need the eradication of the dominant
state to restore activity cycles (Grillner, 2006). Here we attained a
partial recovery by addition of a dopamine agonist.

Mechanisms underlying anomalous network behavior in the
DA-depleted striatum
Parkinson disease signs emerge after the loss of striatal dopami-
nergic innervation (Carlsson, 1972; Zgaljardic et al., 2003). Do-
pamine depletion enhances the corticostriatal excitatory drive
being this a main source of hyperactivity (Galarraga et al., 1987;
Tang et al., 2001; Tseng et al., 2001; Liang et al., 2008; Blume and
Tseng, 2009; Zold et al., 2009). In addition, decreased inhibition
among principal cells (Taverna et al., 2008; Tecuapetla et al.,
2009) has been demonstrated, becoming a second source of hy-
perexcitability (Costa et al., 2006; Carrillo-Reid et al., 2008). Ac-
cordingly, we show that blockade of glutamatergic synapses
reduced both hyperactivity and synchrony in DA-depleted cir-
cuits. Activation of striatal neurons through AMPA receptors
resulted crucial for pathological network dynamics because their
blockade produced a dramatic decrease in the number of syn-
chrony peaks (Day et al., 2006; Calabresi et al., 2007; DeLong and
Wichmann, 2007; Flores-Barrera et al., 2009). NMDA receptors
inhibition also decreased hyperactivity and synchrony, indicating
that plateau potentials tune the output of striatal networks
(Schiller and Schiller, 2001; Vergara et al., 2003; Carrillo-Reid et
al., 2008; Flores-Barrera et al., 2009). Enhanced excitatory drive
(Galarraga et al., 1987; Tseng et al., 2001; Bamford et al., 2004;
Calabresi et al., 2007) is perhaps caused by both lack of presyn-
aptic modulation of glutamatergic afferents mediated by dopa-
mine (Flores-Hernández et al., 1997; Tang et al., 2001; Bamford
et al., 2004) and secondary alterations in other transmitter sys-
tems and neuronal intrinsic properties (Galarraga et al., 1999;
Day et al., 2006; Carrillo-Reid et al., 2009b).

Inhibitory connections between MSNs are essential for the
alternation of activity among different neuronal pools as well as

for sustaining plateau potentials and bursting (Carrillo-Reid et
al., 2008; Flores-Barrera et al., 2009). When GABAergic synapses
are blocked in the NMDA-treated normal striatum, increased
network activity becomes engaged into a dominant network state
(Carrillo-Reid et al., 2008). Thus, entrainment into a dominant
state may depend on a limited interaction among striatal neurons
(Mizuno et al., 2007; Tecuapetla et al., 2007, 2009; Taverna et al.,
2008). However, DA-blockade does not disrupt strong connec-
tions among striatopallidal D2-receptor-containing neurons
(Tecuapetla et al., 2009) and inhibitory synapses from GABAergic
interneurons (Tepper et al., 2004; Tecuapetla et al., 2007;
Dehorter et al., 2009), suggesting that specific GABAergic syn-
apses have different roles in modulating network dynamics
(Berke et al., 2004; Carrillo-Reid et al., 2008; Gittis et al., 2010;
Planert et al., 2010). Blockade of remaining inhibition in the
DA-depleted striatum produces a more pronounced dominant
state, suggesting that intrastriatal connectivity is essential in cir-
cuitry processing for the transformation of cortical commands
into spatiotemporal patterned output.

Physiological relevance
Synchronous neuronal firing reflects coordinated activity of spe-
cific networks (Singer, 1999; Barnes et al., 2005; Fries et al., 2007;
Carrillo-Reid et al., 2008; Graybiel, 2008). Sequential synchro-
nous activation of neuronal pools generates ordered spatiotem-
poral patterns that may explain procedural memory processes
and habit formation (Barnes et al., 2005; Harris, 2005; Graybiel,
2008; Uhlhaas et al., 2009). Pathological states result from rules
similar to those governing physiological states, but in a more
frequent and less modulated situation (Costa et al., 2006;
Carrillo-Reid et al., 2008, 2009a; Walters and Bergstrom, 2009).
Thus, epilepsy, schizophrenia, compulsive disorder, dementia,
Alzheimer and Parkinson disease have been associated with ab-
normal processes of synchronization (Uhlhaas and Singer, 2006;
Hammond et al., 2007; Kreitzer and Malenka, 2008; Uhlhaas et
al., 2009) whose cellular mechanisms are still not understood.

We here demonstrate that a dramatic reconfiguration of stri-
atal network dynamics occurs at the microcircuit level after DA-
depletion. Bizarre hyperactivity and enhanced synchronization
may induce anomalous pattern generators (Yin et al., 2009;
Carrillo-Reid et al., 2009a) comprised by dominant neuronal
pools that absorb cell assemblies forcing them to execute repeat-
edly the same configuration thus impeding the normal flow of
activity. In the long term (chronicity), these anomalies may lead
to robust modifications of microcircuit connectivity through
plastic mechanisms (Pisani et al., 2005; Day et al., 2006). When a
given proportion of cell assemblies get tied up into these anom-
alous unproductive states, the availability of neuronal pools
required for the execution of voluntary procedures may be per-
manently decreased (Brown, 2007; Hammond et al., 2007;
Fuentes et al., 2009). The present experiments show that calcium
imaging techniques in the slice preparation of denervated stria-
tum can help to distinguish between normal and abnormal mi-
crocircuit behaviors, and also provide clues to understand the
physiological actions of potential therapeutic agents, thus paving
the way for a novel in vitro bioassay characterization.
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