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1. Introduction

Experimentally, depriving the basal ganglia (BG) from their dopaminergic innervation,
dramatically changes the behavior of all their circuits, neurons, and synapses in multiple
ways. Dopamine afferents are received by all BG nuclei (Rommelfanger and Wichmann,
2010). In the absence of DA, BG generate enhanced pathological oscillatory patterns in the
external segment of the striatum: globus pallidus (GPe), internal segment of the globus
pallidus (GPi), subthalamic nucleus (STN) and substantia nigra pars reticulata (SNr)
(Blandini et al., 2000). These pathological oscillatory patterns are expressed as increased
cortical beta frequency coherence (Costa et al., 2006; Fuentes et al., 2009; Kozlov et al., 2009;
Walters and Bergstrom, 2009) and are reflected as the inability to select, change or initiate
motor actions (Magill et al., 2001; Ni et al., 2001; Wilson et al., 2006), as though all neurons
were trapped in a massive oscillation that does not allow the selection of any circuit or
action. Behaviorally, circuit disfunction is accompanied by bradykinesia, akinesia, tremor
and muscular rigidity (Brown, 2007; Hammond et al., 2007; Galvan and Wichmann, 2008;
Fuentes et al., 2009; Walters and Bergstrom, 2009; Zold et al., 2009).

One question is what are the manifestations of these changes at the level of the striatal
microcircuitry (Alexander and Crutcher, 1990; Middleton and Strick, 2002), given that its
neurons are the principal entrance to the BG (Alexander and Crutcher, 1990; Middleton and
Strick, 2002), and DA is particularly concentrated in this nucleus (striatum); more than in
any other BG nuclei (Bjorklund and Dunnett, 2007). To answer this question, here we show
how the striatal microcircuit functions before and after DA depletion. The changes observed
may be fundamental to understand BG activity during Parkinsonism.

2. Activity in the striatal microcircuit

The striatum integrates inputs from the cortex, the intralaminar thalamic nuclei, the
dopaminergic afferents from the substantia nigra pars compacta (SNc) and other nuclei (Smith
et al., 1994; Parr-Brownlie et al., 2009). The basic elements that configure the striatal
microcircuit are the medium spiny projection neurons (MSNs) and its interneurons
(Kreitzer, 2009). MSNs are the major cell population commonly being in a resting state with
a polarized membrane potential (ca., -80 mV) and relatively low input resistance (ca., 100
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MQ in adult neurons) (Bargas et al., 1988; Reyes et al., 1998). Upon depolarization, these
neurons fire tonically due to persistent voltage-activated K*-currents (Galarraga et al., 1989;
Nisenbaum and Wilson, 1995; Bargas et al., 1999), with a long latency to first spike due
inactivating K*-currents (Surmeier et al., 1988; Bargas et al., 1989), inward rectification
(Galarraga et al., 1994; Nisenbaum and Wilson, 1995), and interspike intervals partially
dependent on Ca2?*-activated K*-currents (Pineda et al., 1992; Bargas et al., 1999), among
other outward currents (Nisenbaum and Wilson, 1995; Shen et al., 2005).

MSNs can be classified as striatopallidal or indirect pathway neurons and striatonigral or
direct pathway neurons, based on their axonal projections, receptors and peptide expression
(Gerfen et al., 1990; Smith et al., 1998). Striatopallidal fibers target the GPe and striatonigral
axons target the output nuclei of the BG: GPi and SNr. Interneurons are divided into genres
with much intrinsic, still not-well studied variation: i) the parvalbumin-immunoreactive (PV+)
or fast spiking interneurons (FS), ii) the somatostatin (SS), neuropeptide Y (NPY), tyrosine
hydroxylase (TH), nitric oxide synthase (NOS)-immunoreactive populations of cells that fire
with a low threshold calcium spike (LTS), iii) large cholinergic or tonic active neurons (TANSs),
and iv) calretinin-immunoreactive neurons (Wilson et al., 1990; Kawaguchi et al., 1995; Tepper
et al., 2004; Kreitzer, 2009; Ibafiez-Sandoval et al., 2010; Tepper et al., 2010). A challenge is to
find out how all these neurons process striatal inputs into coherent spatio-temporal patterned
outputs: what is their role in microcircuitry processing. Thus, as a first approach we decided to
observe what characteristics of the microcircuit activity are plainly evident in order to establish
top-down hypothesis and experimental designs to understand the role of each neuron class
during microcircuit activity (Carrillo-Reid et al., 2008).

MSNs seldom fire in physiological conditions (without a motor behavior) (Crutcher and
DeLong, 1984; Kimura, 1992; Carrillo-Reid et al., 2008; Liang et al., 2008; Vautrelle, 2009;
Jaidar et al., 2010), due to their intrinsic inward rectifying K* currents and strong
depolarization-activated K*-currents (see above and Bargas et al., 1989; Galarraga et al.,
1994; Nisenbaum and Wilson, 1995; Bargas et al., 1999; Tepper et al., 2004). Since MSNs are
majority, this characteristic makes the striatum to be classified as a quasi-“silent” nucleus;
very different from the neurons of other BG nuclei which exhibit firing all the time (e.g.,
Nakanishi et al., 1987; Kita and Kitai, 1991; Ibahez-Sandoval et al., 2007). Either activity from
the cortex, thalamus, or addition of NMDA in vitro, activates the striatal microcircuits so
that groups of MSNs begin to fire in a persistent or recurrent way (Vergara et al., 2003;
Mahon et al., 2006; Vautrelle, 2009).

Firing in MSNs is characterized by prolonged membrane potential transitions from a
hyperpolarized “down”-state to a depolarized “up”-state where bursts of action potentials
are displayed (Wilson and Kawaguchi, 1996; Vergara et al., 2003; Vautrelle, 2009). In vitro,
this firing pattern occurs without overt stimulation and is due to an acquired conditional
bistability (Vergara et al., 2003; Carrillo-Reid et al., 2008). Because burst firing can also be
recorded using calcium-imaging that allow the recording of dozens of cells simultaneously
(Cossart et al., 2003), the use of this technique resulted useful to observe how burst firing
can extend to neighboring neurons, and how this firing generates network dynamics, that is,
to a cell assembly type of processing (Hebb, 1949).

3. The Cell Assembly hypothesis

Cell Assemblies (CAs) have been posited as the building blocks or structures capable to give
support and store neuronal representations, or coding, of perceptual, cognitive, and motor
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processes (Grinvald et al., 2003; Harris, 2005). However, although Hebbian and non-Hebbian
types of learning have been formalized and used in artificial neuronal networks under
different paradigms (Bowles, 2006), the demonstration of the existence of these structures in
living circuits has not been trivial and they are mostly assumed to exist using indirect
evidence, such as the correlation of the firing generated by a single, or a small group of
neurons, with field or multiunitary population recordings (e.g., Sakurai, 1996; Costa et al.,
2006; Zold et al., 2009), or with population activity as revealed by voltage dyes (Grinvald et
al., 2003; Grinvald, 2005). Numerous evidences of correlated firing in neurons, using these
techniques, are available. However, an inconvenience for cell physiology is that these
techniques do not achieve single cell resolution. That is, these techniques cannot identify the
elements that participate in a given activity of the microcircuit. If they cannot be identified, a
role for them cannot be found or assigned. On the other hand, speculations about how a
circuit may function, based on cell-focused studies, are abundant and utterly speculative.
Between these two extremes: system and cellular neurophysiology, respectively, there is
very little work. To fill the gap we need to make a proper description of network dynamics
at the cellular level while recording many cells simultaneous with single cell resolution. In
the following section we will describe how this is achieved as well as some properties of the
striatal microcircuit that reflect cell assembly organization and dynamics. At the same time,
we will describe how these properties change in a Parkinsonian microcircuit.

4. Recurrent bursting

The first property is recurrent burst firing. Striatal neurons fire in bursts of action potentials
riding on top of depolarizing plateau potentials called “up-states”. This firing mode has
been shown in vivo and in vitro (Wilson, 1993; Stern et al., 1997; Vergara et al., 2003).
Plateau potentials underlying bursts of spikes can arise from intrinsic nonlinear properties
leading to bistability (Hounsgaard and Kiehn, 1989; Hsiao et al., 1998; Kiehn, 2006), from
temporal summation of excitatory and inhibitory synaptic events (Sanchez-Vives and
McCormick, 2000; Yanagawa and Mogi, 2009), or both (Destexhe and Pare, 1999; Tal et al.,
2008). It is possible that the same neurons can generate plateau potentials of different origin
depending on network situation (Hounsgaard and Kiehn, 1989; Alaburda et al., 2005;
Vautrelle, 2009).

Interestingly, recurrent bursts of action potentials on top of sustained depolarizations (up-
states or plateau potentials) resemble a basic property of certain microcircuits called Central
Pattern Generators (CPGs) (Grillner, 2006). The main difference between CAs and CPGs is
that CPGs activity is thought to be “innate”, whereas CAs are supposedly to be “acquired”
through synaptic plasticity. CPGs can display their electrical behavior in the absence of
afferent inputs, and in isolated tissue maintained vitro, as long as an “excitatory drive”
turns them on. In the case of fictive locomotion and swimming, a physiological excitatory
drive can be generated pharmacologically: by the addition of micromolar NMDA into the
bath saline, a maneuver that induces conditional bistability, plateau potentials and recurrent
regular bursting (Grillner et al., 1981; Guertin and Hounsgaard, 1998).

In the striatal microcircuit robust recurrent bursting is induced by the same pharmacological
manipulation in vivo (Herrling et al., 1983) and in vitro (Vergara et al., 2003) obtaining an
electrophysiological patterned output from spiny neurons; similar to that previously
recorded in both CPGs or suspected CAs. Furthermore, unilateral NMDA administration
induces contralateral turning behavior directly relating recurrent burst firing in medium
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spiny neurons with a rhythmic and regular motor behavior (Ossowska, 1995). Then, we can
say that the striatal bursting activity under these conditions codes for movement (e.g.,
Hikosaka et al., 2006).

What happens when the DA is absent? A “logical” common mistake is to think that if a
Parkinsonian patient or animal cannot generate movements then, the striatal microcircuit
should even be more “silent” that in control conditions. However, it has been shown, in vitro
and in vivo, exactly the opposite: after DA depletion the spontaneous firing and synaptic
activity of striatal neurons becomes more active and noisy (Galarraga et al., 1987; Tang et al.,
2001; Tseng et al., 2001; Liang et al., 2008). That is, a more robust neuronal activity and
bursting can be recorded in the DA-depleted striatum.

5. Correlated firing

The next property observed during CAs physiological behavior, and which can be observed
in the striatal microcircuit, is the synchronous or correlated firing of pools of neurons that
here will be called “neuronal aggregates”. Synchrony or correlated firing (coherence, phase
locking) between these auto-associated clusters of neurons make up network states as
described in many circuits (e.g., Petersen and Sakmann, 2000; Doupe et al., 2004; Carrillo-
Reid et al., 2008; Li et al., 2010). In some cases, the time scale of synchronization is fast: that
of synaptic and action potentials duration (Diesmann et al., 1999; Leger et al., 2005; Robbe et
al., 2006). However, in most physiological conditions, a great variability in the responses of
neurons at the action potential time scale is found (Calvin and Stevens, 1968; Shadlen and
Newsome, 1994; Grinvald et al., 2003; Kostal et al., 2007). Thus, synchronicity in the action
potential time scale is hard to record in most central nervous system circuits (Shadlen and
Newsome, 1994; Arieli et al., 1996) and simulations of that activity change with minimal
perturbations (Izhikevich and Edelman, 2008).

Notwithstanding, recurrent burst firing of individual neurons has been found to be
synchronized and correlated among several members of a neuronal aggregate (Carrillo-Reid
et al., 2008), and also in population recordings of network conditions in which a given
neuron participates: its “preferred condition” (Grinvald et al., 2003). Moreover, up-states
and bursting have been found to be a reflection of an attractor-like network dynamics
(Cossart et al.,, 2003) capable to recruit connected neurons into a preferred aggregate.
Connections, internal to the aggregate, can in part explain the maintenance of bursts shared
by the elements of the group (Lambe and Aghajanian, 2007). That is, the up-state is a
product or reflection of the correlated firing of a group of interconnected neurons.

In the striatum, correlated firing has been inferred by recording local field potentials
correlated with neuronal firing (Murer et al., 2002; Berke et al., 2004; Costa et al., 2006;
Mahon et al., 2006; Walters et al., 2007; Zold et al., 2009). Also, the use of calcium imaging
techniques, which records bursting behavior of several cells simultaneously, reveals
spontaneous peaks of burst synchronization and correlated firing after the application of
NMDA (Carrillo-Reid et al., 2008) (See Figure). That is, recurrent bursting recorded in single
neurons (Vergara et al., 2003) has been demonstrated to be shared by sets of neurons that
spontaneously synchronize their bursts in a particular condition (Carrillo-Reid et al., 2008).
During Parkinsonism caused by DA-depletion, the recording of pathological bursting
activity exhibit an increase in the number of synchrony peaks (Jaidar et al.,, 2010).
Synchronizing events emerge spontaneously and regularly during recordings. Up-states are
the manifestation of a network phenomenon linking neurons that sometimes are located far
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Fig. 1. Following the striatal microcircuit with calcium imaging.

A. Top: A raster plot showing the activity of a striatal slice in control conditions. It exhibits a few active
neurons (y-axis = number of active neurons; files, x-axis = time = 3 min recording). No active neurons
synchronized their bursting significantly with other neurons. Bottom: histogram representing activity
displayed in the raster plot on top (sum of columns).

B. Top: After adding 8 uM NMDA to the bath saline more neurons become active (> 40). Colored dots
shows peaks of significant spontaneous synchronization. Bottom: activity histogram shows the
spontaneous peaks of synchronization (colored with asterisks) (P<0.05 dashed horizontal line).

C. Locally linear embedding (LLE) was used to reduce dimensions of the peaks of synchronization and
to project the vectors in a two dimensional space. Column vectors representing similar neurons are
represented by clusters of neighboring circles of the same color (network states). Note that neuronal
aggregates follow a sequence when displaying their activity, that is, the microcircuit shows its dynamics
as an activity cycle or phase sequence. This sequence of network states is robust and may repeat itself
several times during about two hours of recording time (only one representative epoch = 3 min is
shown).

D. Top: After dopamine depletion (DA-depletion) a striatal slice exhibits more active neurons than with
NMDA (> 70). No NMDA is added to DA-depleted slices. That is, DA absence induces that more
neurons in the microcircuit become active. Bottom: nevertheless, the same peak of synchrony repeats
itself almost all the time during recording. That is, microcircuit dynamics is greatly lost. DA was
lowered using the 6-OHDA model of Parkinsonism. The toxin was injected into the substantia nigra
pars compacta and the experiments were done after observing turning behavior in lesioned animals.

E: LLE obtained from a DA-depleted slice shows that one network state becomes dominant impeding
normal dynamics.

F: When a dopamine receptor agonist (1 pM SKF-81296) is administered in a slice with DA-depletion,
diverse peaks of synchrony with high probability of occurrence return. However, the number of active
neurons is still high.

G: LLE shows that microcircuit dynamics tends to be restored because the dominant network state is
dissolved (see: Carrillo-Reid et al., 2008; Carrillo-Reid et al., 2009; Jaidar et al., 2010).
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way from each other (Stern et al., 1997; Carrillo-Reid et al., 2008). Strikingly, in the striatal
parkinsonian microcircuit all active neurons synchronize their bursts with one another
(Jaidar et al., 2010). No matter what is the predominant component of an up-state: intrinsic,
synaptic or both, the important feature is that up-states work as “windows” for
synchronization and correlated activity (Yuste et al., 2005), while action potentials within the
up-states need not be synchronized (Wickens and Wilson, 1998). A signature of a CAs is that
its inputs do not determine all its outputs all the time, in a deterministic way. On the
contrary, the spike trains are variable due to the simultaneous integration of inputs within
internal circuitry states (Arieli et al., 1996; Grinvald et al., 2003; Harris, 2005).

As stated by the modified Hebbian learning theory, sets of neurons display synchronous or
correlated firing because LTP has strengthened the connections among them: “neurons that
fire together wire together”, whereas LTD has weakened some synapses due to their
uncorrelated firing leading to the separation of different neuronal aggregates. Thus,
connections within a neuronal ensemble are non-random (Kozloski et al., 2001; Song et al.,
2005; Planert et al., 2010). There are preferred pathways for the flow of activity (Markram et
al., 1997; Ikegaya et al., 2004; Song et al., 2005) even if anatomically they seem intermingled
(Grinvald et al., 2003; Harris, 2005; Song et al., 2005). In conclusion, recurrent bursting
elicited in striatal neurons can be seen as the product of correlated firing among neurons
belonging to groups or ensembles. The time window for synchronization is the up-state and
the product of the ensemble is the same up-state shared by the neurons of the ensemble.
Most probably, neurons sharing up-states do in fact maintain these plateau potentials along
time due to their strong interconnections (Flores-Barrera et al., 2010).

6. Microcircuit dynamics as sequences of network states

In what follows, a peak of synchronized activity generated by the members of a neuron
aggregate or cluster will be called a network state. Therefore, what is recorded using
calcium imaging is sequences of network states. That is, different neuronal aggregates with
correlated firing, alternate the activity among them following determined sequences
(Figure). These sequences result in particular trajectories, sometimes following Hamiltonian
or Eulerian rules (Carrillo-Reid et al., 2009). In the case of CPGs, it is clear that what flows
through the circuit is the correlated activity of neuron pools that activate in a rhythmic,
alternating and recurrent way, making up sequences of activity called “activity cycles”
(Grillner, 2003). Activity cycles code for repetitive behaviors such as locomotion, deglutition,
swimming, scratching and so on. Activity cycles can go on spontaneously even when the
physiological stimulus is no longer active, such as in vitro “ficitive locomotion” (Guertin
and Hounsgaard, 1998).

But recursive activity of this sort has also been postulated for CAs where they are called
“phase sequences” by DO Hebb (1949), a term coined for chains of neuronal aggregates
activated in sequence, each one displaying a network state (Harris, 2005).

In the striatum, the trajectories followed by active CAs may change as a result of the
presence of particular modulatory neurotransmitters (Carrillo-Reid et al., 2008; Carrillo-Reid
et al., 2009a). This quality allows the striatal circuit to generate diverse phase sequences that
probably code for different behaviors while using the same neuronal aggregates.
Interestingly, in the absence of DA, phase sequences are lost. Almost all active neurons
participate in the same, repetitive, network state, that apparently is not coding for a useful
command or motor program (Jaidar et al., 2010). The normal dynamics of the microcircuit is
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gone (Figure). Addition of DA agonists under DA depleted states is capable to modify this
state of affairs and partially restore a phase sequence (Jaidar et al., 2010).

To conclude, the striatal microcircuit generates phase sequences, activity trajectories, or
cycles, that are lost during DA-depletion but that can be partially restored with DA receptor
agonists. Because these methods allow the visualization of these phenomena with single cell
resolution, they may be used to test anti-parkinsonian drugs and to search into the details of
microcircuitry processing.

7. Final remarks

Over the last century two main visions of neuronal circuits have been generated from
experimental data: First, the theory of Central Pattern Generators (CPGs) and, second, the
theory of Hebbian Cell Assemblies. What we would like to stress here is that the time has
come for a re-synthesis of both into a new microcircuit hypothesis, while new experimental
evidence arrives. For instance, their requirements are very much the same. And since they
were proposed somewhat independently, we have to conclude that biological evidence that
put them forward is robust. Imaging technology used in conjunction with targeted
recordings will allow the discerning of their operational rules in control and in pathological
situations (Cossart et al., 2003; Grinvald et al., 2003; Carrillo-Reid et al., 2008 ; 2009a; Jaidar
et al., 2010). It perhaps will be possible to record, compare and describe diverse pathological
microcircuits. These microcircuits could then be challenged with therapeutic manipulations
of potential value.
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