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Résumé

Nous avons identifi€ comment les propriétés fonctionnelles des microcircuits GABAergiques du
striatum se mettent en place depuis la période embryonnaire jusqu’a I'adulte, et comment elles
sont modifiées dans un modeéle adulte pharmacologique (6-hydroxydopamine) ou génétique
(PINK1 KO) de la maladie de Parkinson. Les neurones de projection (MSNs) immatures du
striatum générent une séquence d’activités spontanées : des spikes calciques isolés et des
plateaux calciques dans des petites assemblées de neurones connectés par des jonctions gap
(E14-P8) puis des bouffées de spikes synchronisées d’origine synaptique (P6-P7). Ensuite les
MSNs deviennent silencieux in vitro juste avant I'apparition de la locomotion du fait de
I'expression du courant K de la rectification entrante et de la perte de la composante NR2C/D
des réponses synaptiques cortico-striatales. Enfin dans les deux modéles murins de Parkinson,
les courants synaptiques GABAergiques spontanés des MSNs deviennent géants ou en
bouffées du fait du dysfonctionnement d’'un seul type d’interneurone GABAergique. Ces
résultats montrent I'importance de déterminer l'impact des altérations précoces du systéme

dopaminergique sur le développement des microcircuits GABAergiques du striatum.

Summary

We investigated how the functional properties of the mouse GABAergic microcircuits of the
striatum mature from embryonic to adult stages and how they are altered in a pharmacological
(6-OHDA) or genetic (PINK 1 KO) adult model of Parkinson’s disease (PD). The dominant
population of immature projection neurons, the medium spiny neurons (MSNs) generates a
sequence of spontaneous calcium activities: calcium spikes and synchronized gap junction-
driven calcium plateaus (E14-P8) followed by synapse-driven synchronized calcium spikes (P6-
P7). Then they become silent in vitro (P8-P10) just before the onset of locomotion (P10-P12),
because of the parallel expression of the K' rectifying current and loss of the NR2C/D
component of NMDA receptor-mediated cortico-striatal responses. In addition, we show that the
tonic low frequency, spontaneous GABAergic activity of MSNs switches to a gigantic or bursting
pattern in both PD models. This switch is due to only one subtype of GABAergic interneuron
which entrains the striatal microcircuits in abnormal GABAergic oversynchrony. This study
reflects the need for developmental investigations on the impact of early alteration of the

dopaminergic system on striatal GABAergic microcicuits.
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Figure 1: The Basal Ganglia are a set of interconnected subcortical nuclei. The striatum
represents the input nucleus of the basal ganglia.

A. Left, The basal ganglia (BG) are located deep within the cerebral hemispheres in the telencephalon
region of the human brain. Right, schematic representation of a coronal section. The BG comprises five
interconnected nuclei. Image Credit: www.pdrhealth.com and www.dana.org (Ellen Davey).

B. The direct and indirect pathways. The rodent striatopallidal (indirect, yellow) and striatonigral (direct,

red) projections from the striatum receive excitatory inputs from the cortex (+) and provide inhibitory
inputs (-) to the globus pallidus and the substantia nigra, respectively. Modified from Gerfen, 1992.
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PREAMBLE

The basal ganglia (BG) consist of five subcortical nuclei, namely the striatum
(caudate nucleus and putamen in primates), the globus pallidus (GP, external and
internal), the subthalamic nucleus (STN) and the substantia nigra (pars compacta, SNc
and pars reticulata, SNr) (fig. 1A). The largest input station of the basal ganglia, the
striatum, collects inputs from the entire cortex and sends processed information to the
other BG, namely GP and SN. The striatum also receives inputs from the medial
thalamus (centromedian and parafascicular nucleus) and from the amygdala. BG are
included in a cortico-subcortical loop since the two main output structures of the BG
(GPi and SNr) project back to the cortex via the thalamus (and to a lesser extent to the
brainstem) (fig. 1B). To process cortical information, the striatum needs two modulators,
acetylcholine (ACh) and dopamine (DA) released by local cholinergic interneurons and

afferences from the SNc, respectively.

One of the characteristics of the striatum is the absence of intrinsic glutamatergic
neurons. Around 98% of the striatal cells are GABAergic, including a large population of
principal projection neurons (95%) and a small interneuron population (3%), the
remaining 2% are cholinergic. These neurons differ by their morphology,
electrophysiological properties, and neurochemical content (Kreitzer 2009). The
GABAergic output neurons of the striatum, the so-called Medium Spiny Neurons
(MSNs) further divide into two subtypes, on the basis of which types of dopaminergic
receptors (D) they express and their target nuclei (Gerfen et al., 1990; For review, Smith
et al., 2008) (Fig. 1).The D1 receptor/ substance P/ Dynorphin/ muscarinic M4 receptor
expressing MSNs send projections to SNr and GPi (the direct pathway) whereas the D2
receptor/enkephalin/ Adenosin A2A receptor expressing MSNs send projections to GPe
(the indirect pathway). This segregation between the direct and indirect pathways is not
absolute since some neurons from the direct pathway also send axon collaterals to GPe
(Kawaguchi et al., 1990). In addition, single-cell RT-PCR studies have revealed that
some MSNs express both D1 and D2 receptors and contain SP together with ENKs
(Surmeier et al., 1996). But recent optogenetic studies clearly confirmed the D1/D2

MSNSs segregation at least in rodents (Kravitz et al., 2010).

16



MSN FS P/LTS TAN
CB+ PV+ SST+ ChAT+
NOS+
NPY+
CR+
20mv|

100 ms

cortex ‘

FS-MSN MSN-MSN

| 0.05nA

{’Striatum

20 ms |20 mv

70 mv -65 mV

Figure 2: The adult striatal network consists of GABAergic microcircuits.

A. Top: Morphological characteristics of the adult striatal neurons. Projection neurons of the striatum are
Medium Spiny Neurons (MSN) whereas interneurons are aspiny (FS, LTS, TAN). Bottom: Whole-cell
current-clamp recordings in vitro showing firing properties of the adult MSN (black), GABAergic
interneurons FS and P/LTS (blue and red) and cholinergic interneurons (green). FS: Fast Spiking; P/LTS:
Persistent/ Low Threshold Spiking; TAN: Tonically Active Neurons.

B. Connections between the different neurons in A that form the microcircuits of the striatum. In grey:
MSNs; blue: GABAergic interneurons; green: cholinergic interneurons; purple: cortico-striatal neurons;
orange: nigrostriatal dopaminergic neurons.

C. Feedforward (FS-MSN) and feedback (MSN-MSN) inhibitions control the MSN response (top traces).

Modified from Kreitzer, 2009; Tepper and Bolam, 2004; For review, Tepper et al., 2008.
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MSNs are characterized by their high spine density, low input resistance, strong
inward rectification, negative resting potential, and long delay to initial spiking (For
review, Kreitzer, 2009) (Fig. 2A). GABAergic interneurons are classified according to
their neurochemical content (Tepper and Bolam 2004), their electrophysiological and
morphological features: (1) GABAergic parvalbumin-expressing interneurons (PV), are
fast-spiking (FS) neurons with a characteristic rapid firing pattern and low input
resistance; they receive massive cortical innervation (Ramanathan et al 2002) and
represent 1.5% of the striatal cells. (2) GABAergic somatostatin (SST), nitric oxide (NO),
neuropeptide Y (NPY) expressing-interneurons are persistent low-threshold-spiking
(P/LTS) neurons and calretinin (CR) expressing-interneurons which electrophysiological
properties have not yet been precisely described. They are characterized by a high
input resistance and a sustained plateau potential that persists after the end of current
injections. LTS interneurons also display rebound spiking following hyperpolarizations
(Kawaguchi et al., 1995; For review, Kawaguchi, 1997). The remaining 2-3% of the cells
are the cholinergic interneurons, characterized by a large cell body, a tonic activity in
vitro and in vivo (Tonically Active Neurons, TANs), a prominent hyperpolarization-
activated current, broad spikes with long after spike hyperpolarization and dense local
axonal arborization (Zhou et al., 2002; Bennett and Wilson 1999; Bennett et al., 2000).

GABAergic microcircuits of the striatum consist of powerful GABAergic
connections that regulate the synaptic strength of afferent glutamatergic corticostriatal
synaptic inputs with high level precision (For review Plenz, 2003). Feedforward and
feedback inhibitions function together to precisely control spike timing in MSNs in
response to cortical activation. Feedforward inhibition is achieved by FS and LTS
interneurons (Koos and Tepper 1999; Tepper et al. 2004, 2008), with each interneuron
making synapses with hundreds of MSNs (Fig. 2B, C). Feedback inhibition is exerted
by the recurrent collaterals from MSNs to MSNs (Fig. 2B, C). Although such recurrent
collaterals bear more synapses than the feedforward circuit, this inhibitory control is
much less effective (Fig. 2C, right compared to left), probably due to a more distal
synaptic location and a small number of release sites (For review, Wilson, 2007). Only
when MSNs generate bursts of action potentials would lateral inhibition become efficient
(For review Plenz, 2003).

18
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Figure 3: Selection of motor program is under the control of the striatum.

Dopamine (DA) acts on the “direct” and “indirect” pathways via subsets of D1 and D2 receptors-
expressing MSNs. DA has a repressing effect on the striatopallidal MSNs (-) and a facilitating one in the
striatonigral MSNs (+). Under resting conditions, the output nuclei (GP, SNr) project to several motor
programs and prevent them being active. If a subgroup of striatal neurons is activated, it provides strong
inhibition to pallidal neurons (output nuclei), which have high resting activity and thereby disinhibits target
neurons in a motor centre. When the D2 striatal neurons are activated, they inhibit the GP (blue circle)
which excites the STN and induces the release of a motor program. Absence of dopamine leads to the
imbalance between the striatopallidal pathway for inducing movements and the pathways for braking or
terminating motor activity (via STN, “hyperdirect” pathway and striatonigral pathway).

From Grillner et al., 2005.
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The striatum participates in various motor control tasks such as motor planning,
motor sequencing and motor learning of automatized voluntary movements (Fig. 3). It
also participates in motor tasks involving motivational, cognitive and emotional drive
(For review, Tisch et al 2004; Graybiel et al., 1994). Basal Ganglia are primarily involved
in the selection of several possible behaviors to execute at any given time. BG exert an
inhibitory influence on thalamo-cortical motor systems, and the release of this inhibition
allows the motor system to become active. In pathological conditions, the striatum is
involved in several movement disorders, like choreas (e.g Huntington's disease),
dyskinesias and Parkinson's disease (For review, Crossman, 2000). Parkinson's
disease is characterized by the inability to initiate desired movements (akinesia) and the
slowness of movement execution (bradykinesia). This motor disorder results from the

degeneration of the dopaminergic neurons of the SNc.

This manuscript describes the development of the GABAergic microcircuits of the
striatum and their alteration in adulthood. Understanding how the striatum builds up
during development is instrumental to better appreciate how it is altered in adulthood.
This information is useful for investigations aiming at understanding whether early
genetic or environmental insults alter the developmental sequence and lead to long
term deleterious sequels. The introduction is divided in three chapters: the first one
describes the early phases of striatal development (neurogenesis, migration); the
second concerns the developmental activities of GABAergic microcircuits; the third and
last chapter discusses how the activity of adult striatal GABAergic microcircuits is

altered in different models of Parkinson’s Disease.
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CHAPTER 1. How does the striatal network build up during
development?

1. Striatal neurons originate and migrate from the ganglionic

eminences and the preoptic area

1.1. The fated-projection neurons and the fated-interneurons of the striatum

have different temporal and spatial origins.

During vertebrate embryonic development, the prosencephalon, the most anterior
of the three vesicles derived from the embryonic neural tube, is further subdivided into
the telencephalon and diencephalon at embryonic day 8 (E8) in the mouse. The
telencephalon gives rise to two lateral telencephalic vesicles at E9 which will become
the left and right cerebral hemispheres. The dorsal telencephalon (pallium) develops
into the cerebral cortex and hippocampus, whereas the ventral telencephalon, or
subpallium, becomes the basal ganglia (For review, Marin et Rubenstein, 2003). All the
different types of striatal neurons originate from the Caudal, Median and Lateral
Ganglionic Eminences (CGE, MGE and LGE) transitory brain structures located in the
floor of the embryonic ventricles (Fig.4A). Each ganglionic eminence consists of three
molecularly distinct cell layers: the ventricular zone (VZ) composed of undifferentiated
dividing cells, the subventricular zone (SVZ) a second proliferative zone and the mantle
zone formed by postmitotic cells migrating from the proliferative zones. In the mouse,
the MGE is distinct at E11 and the LGE at E12 (Smart et al., 1979).

Specific populations of immature neurons spread out from the different germinal
progenitor domains and have unique migratory potentials (Wichterle et al., 1999,
Flames et al; 2007). On the basis of transplantation studies, it was established that the
two populations of GABA-expressing MSNs (D1 and D2), originate in the LGE (Deacon
et al., 1994; Olsson et al., 1995, 1998; Campbell et al., 1995) (Fig. 4B).
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Figure 4: Development of the rodent striatum: the fated-striatal neurons originate in and
migrate from the ganglionic eminences.

A. Ganglionic eminences (LGE, MGE) are located in the ventral part of the telencephalon. Sagittal (left)
and coronal (right) views.

B. Schematic representation of a coronal section showing that MSNs derive from the LGE whereas the
GABAergic striatal interneurons derive from the MGE. Cholinergic interneurons of the striatum derive
from the AEP/POA.

LGE: Lateral Ganglionic Eminence, MGE: Medial Ganglionic Eminence; POA: Preoptic area. AEP:
anterior entopeduncular area. Modified from Marin, 2003; Marin and Rubenstein, 2001.
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Early-born MSNs (between E11 and E12 in the mouse (Bhide, 1996; Sturrock,
1980), migrate radially into the developing striatum via radial glial fibers (Kakita and
Goldman, 1999) and display a strong ventrolateral to dorsomedial gradient (Fentress et
al., 1981). To a lesser extent, MSNs of the posterior striatum may also derive from the
CGE (Nery et al., 2002; Sussel et al., 1999; Wichterle et al., 1999).

Striatal GABAergic interneurons mainly originate in the MGE (Marin et al., 2000).
Indeed lack of MGE results in the loss of cells migrating to the striatum and cortex. The
Somatostatin subtype of GABAergic interneurons (SST/NPY/NOS/NADPH) may
originate in the LGE according to Olsson et al. (1998), but this study is still controversial
(Marin et al., 2000). Hamasaki and collaborators (Hamasaki et al., 2001) also proposed
another source of transient interneurons, the preplate region. These presumably striatal
CR-expressing interneurons named SPEG neurons (subcortical preplate early
generated neurons) have a peak of birth at PO and are apparently eliminated by
apoptosis in the first postnatal week. Birth-dating of GABAergic interneurons in the
differentiating striatum revealed that: PV-expressing interneurons are born between E13
and E20 (max E14-E17) (Sadikot and Sasseville, 1997); CR-expressing interneurons
are born between E14 and E17 according to Rymar et al. (2004), with a peak at E15.

SST-expressing interneurons are born between E15 and E16 (Semba et al., 1988).

Cholinergic interneurons principally derive from the ventral region of the
subpallial telencephalon (Fig. 4B). Progenitor cells in the anterior/ preoptic
entopeduncular areas (AEP/POA), a region at the limit between telencephalon and
diencephalon, migrate dorsally into the striatum to become the cholinergic interneurons
(Marin et al., 2000; Zhao et al., 2003). MGE is also a source of cholinergic interneurons
(Fragkouli et al., 2009) which are among the earliest born cells of the striatum (rat: E12-
E17, with 75% of them being born between E13 and 15) with a caudal to rostral
neurogenesis gradient (Semba et al., 1988; Phelps et al., 1989). Nevertheless,
according to Fragkouli and collaborators, less than 20% of the cholinergic interneurons
are derived from the MGE (Fragkouli et al., 2009).
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1.2.Neurons migrate to the developing striatum in response to intrinsic and

extrinsic cues.

Migration of the fated-striatal cells is strongly submitted to molecular cues (For
review, Nobrega-Pereira and Marin, 2009). MSNs and interneurons, coming from
different spatial origins, migrate differently. Fated-projections neurons of the striatum
migrate radially from the LGE and invade the developing striatum following a
spatiotemporal distribution. In contrast, fated-striatal interneurons reach their final
destination from the MGE via a tangential migration. Two distinct interneuronal
populations follow guidance cues: the fated-cortical interneurons, avoiding the striatum
and the fated-striatal interneurons entering in the striatum. Numerous molecular cues
are involved in the migratory process. Given this, we will focus on the major
transcription factors and guidance molecules playing a role in the migration of the

striatal neurons.

1.2.1. The fated-projection neurons migrate from the LGE to the striatal

“anlage”

The striatum consists of two compartments, patches (or striosomes) and matrix,
occupying respectively about 15% and 85% of the striatum (Johnson et al., 1990).
Patch/matrix areas differ in their neuronal birthdates, connectivity and neurochemical
content. Notably they are delimited by high level of neuropeptides which are all
expressed early during development. The patch compartment is characterized by the
expression of p opioid receptors, first detected from E15 (Winzer-Serhan et al., 2003;
Pert et al., 1976), whereas the matrix compartment is identified via somatostatin and
acetylcholinesterase (Gerfen et al., 1987). The compartments are generated by two
waves of neurogenesis. The early-born cells (E12-17) are forming the patch, and the
late-born cells (from E17 until the early postnatal period) forming the matrix (Van der
kooy and Fishell, 1987). Both neuronal populations are first intermixed but then sort out

into compartments as the striatum matures postnatally (Krushel et al., 1995).
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Figure 5: DIx1-2 genes regulate the migration of late-born striatal precursors of MSNs

from the LGE to the striatum.

BrdU injections at early (E11.5, A and B) or late (E15.5, C and D) embryonic stages in pregnant mice and
location of the labelled cells at PO. Note that DIx1/2 mutation does not affect the migration of the early
born cells (A compared to B) whereas late-born cells do not migrate and remain in the LGE in the double
mutant DIx1-2 (C compared to D). (E, B) At E15.5, cell migration in organotypic slice cultures is altered in
the DIx1/2 -/- mutant (right) compared to the wild type (left). LV: Lateral Ventricule. From Anderson et al., 1997.
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Neuronal compartmentalization, reminiscent from the developmental stages, is

also detected in the adult striatum (see 2.2).

DIx (Distal-less related, DLX) homeobox genes family encodes for transcription
factors required for brain and craniofacial development (Anderson et al., 1997; Qiu et
al., 1997). DIx-1/2 and DIx-5/6 genes are expressed from E9.5 in the primordium of the
mouse striatum, MGE and LGE VZ/SVZ (Liu et al., 1997; Eisenstat et al., 1999). Each
of the DIx genes has a distinct role in striatal differentiation and is necessary for the
initiation of GABA synthesis (Stihmer et al., 2002). DIx1 and DIx2 are essential for the
LGE/MGE differentiation and for the proper migration of the late born neurons from the
LGE subventricular zone (Anderson et al., 1997) (Fig. 5). The homozygous mutation for
DIx1-2 is not viable. Indeed loss of function of DIx1/2 leads to abnormal accumulation of
precursors destined to the striatal matrix neurons in the proliferative zone of the LGE.
However histogenesis of the early-born (E10-E12) striatal neurons expressing DIx5/6
appears normal. DIx1 and 2 could regulate in consequence the expression of DIx5 and
DIx6 (Anderson et al., 1997; Eisenstat et al., 1999). Single mutants for DIx1, DIx2 or
DIx5 gene have almost no detectable defects in the forebrain (Qiu et al., 1997) whereas
both DIx1/2 and DIx5/6 mutants have abnormalities. Anderson and collaborators
(Anderson et al., 1997) suggest that several lineages could be involved to generate
neurons of the striatum: One DIx1-2 independent lineage producing the early-born
neurons and one DIx1-2 dependent lineage producing the late-born neurons.
Characterization of the genes regulating DIx-5 and DIx-6 expression in the early-born

cells of the developing striatum is still under investigation.
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Figure 6: Striatal compartmentalization of MSNs is regulated by repulsive guidance
cues.

A. Early-born cells (from E12 in the LGE) form the striosomes and express high levels of ephrin ligands
(red) and low level of Eph receptors (green). Late-born neurons (from E16 in the LGE) generate the
matrix compartment, expressing high level of receptors and low level of ligand. Cells in matrix and
striosomes are first intermixed, and then partially segregate to form the mature mosaic pattern of the
striatum at postnatal stages.

B. Netrin-1 signalling regulates the outward migration of the striatal late-born (matrix) neurons. Left,
illustration in a coronal slice of the neuronal migration from the LGE to the developing striatum (grey)
occurring in a rat at E18. Right, schematic presentation of the expression of Netrin-1. Netrin-1 is strongly
expressed in the VZ (ventricular zone, white cells) but not in the SVZ (subventricular zone, dark cells) and
thus Netrin-1 extracellular concentration follows a gradient (gray gradient field) from maximal in the VZ to
minimal in the SVZ. Its receptor DCC (dots on the cell surface) is expressed on SVZ cells and striatum
border. DCC-positive cells exit from the SVZ to the developing striatum due to the repulsive effect of

Netrin-1.
Modified from Passante et al., 2008 and Hamazaki et al., 2003.
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Gradient molecules modulate neuronal migration and therefore are also involved
in the initial differentiation of the striatum. For instance, ephrins and Eph receptors are
repulsive guidance cues that control the compartmentalization of the mouse striatum
into striosomes and matrix (Fig.6 A). Indeed, disruption in the ephrin/ Eph signalling
results in the mislocalization of matrix and striosomes neurons (Passante et al., 2008).
Ephrin (A5 and B2) ligands and Eph receptor (EphA4) display differential spatiotemporal
patterns of expression. More particularly, ephrins are preferentially expressed in early-
generated striatal neurons (from E12 LGE), corresponding to striosomal neurons
whereas EphA4 receptor is preferentially expressed in later-generated neurons (from

E16), corresponding to the matrix neurons (Fishell and Van der Kooy, 1987).

Netrin-1 a diffusible protein expressed in the striatal ventricular zone during the
striatal embryogenesis, also serves to guide the large influx of striatal matrix neurons
(late born neurons; Van der Kooy and Fishell, 1987) into the striatal primordium by a
repulsive chemotropic gradient (Hamasaki et al., 2001; For review, Hamasaki et al.,
2003). Its putative receptor DCC, expressed in the striatal SVZ during the neurogenesis
of matrix cells in the LGE (from E18), displays complementary expression pattern (Fig.6
B).

Notch receptor/ DSL ligand signalling is required to control cell fate only at early
stages of striatal development. More particularly, early removal (E11- E14) of Notch1 in
mouse embryos only alters early-born patch neurons, indicating that notch signalling
coordinates the patterning of striatal compartments (Mason et al., 2005). The precise

underlying mechanisms are still unknown.
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Figure 7: The final destination of the MGE sorting-interneurons is under the control of
several molecules.

A. Coronal section at E18 illustrating the migration of the interneurons (generated by the MGE SVZ, blue)
in response to the repulsive action of Slit (red). Semaphorins expression within the striatum prevents the
fated-cortical interneurons expressing neuropilin (Nrp1/2, semaphorin receptor) and robo (slit receptor)
from entering the striatal anlage. Nkx2.1 directly repressing the expression of Nrp2 enables interneurons
to invade the striatum. Unidentified repulsive action in the preoptic area (POA) prevents the neuronal
migration ventrally whereas attractive cues guide neurons towards the cortex.

B. Nkx2.1 is expressed in most striatal interneurons (C-H) but not in projections neurons (A, B, ).
Arrowheads indicate cells expressing only Nkx2.1 and arrows show colocalization. CB, Calbindin, marker
of the matrix neurons, is also expressed in a small subpopulation of NOS interneurons. DARPP 32:
projection neurons marker. ChAT: Acetylcholine Transferase, cholinergic interneurons marker. PV,
Parvalbumin; CR, calretinin; NPY, Neuropeptide Y; SOM, somatostatin: markers of the GABAergic

interneurons. Scale bar: 40 um, P18 mouse slice, P: patch.
Modified from Andrews et al., 2007; Nobrega-Pereira and Marin, 2009; Marin et al., 2000.
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1.2.2. GABAergic interneurons of the cortex and the striatum both originate
from the MGE: how does the segregation between these two

populations occur?

Migration of GABAergic striatal interneurons is particularly submitted to molecular
control. Notably, the slit/robo signaling pathway is required to steer neurons into their
correct position. Slit protein/ Robo receptor signaling pathway affect cellular migration in
vertebrates (For review, Brose and Tessier-Lavigne, 2000). Slits are extracellular
molecules which are chemorepulsive to growing axons of the subpallial GABAergic
neurons (For review, Marin and Rubenstein, 2001). The ventricular zone of the LGE is
repulsive to the fated cortical GABAergic interneurons, via the secretion of the slit
protein during the period of interneuronal migration (E13-E17 in rats) (Zhu et al., 1999).
Robo1 and 2, receptors for slit, show complementary expression patterns in the
subpallium but the Robo2 expression is restricted to the differentiating striatum
(Andrews et al., 2007). Robo1 but not robo2 is required for cortical interneurons to avoid
the striatum (Fig. 7A): Indeed, loss of Robo1 leads to an increased number of cells
entering in the striatum (Andrews et al., 2007). As a result the striatum remains an
exclusion zone throughout the period of generation and migration of the fated-cortical
interneurons, and slit has a role in streaming these cells to their appropriate tangential
routes (Marin and Rubenstein,, 2001; Marin and Rubenstein, 2003).

Migration of neurons to their corresponding target territories is highly regulated.
In particular, Marin and his colleagues showed in 2001 that the final destination of the
tangentially migrating interneurons is determined by the signaling system semaphorin/
neuropilin. The striatum expresses semaphorins (3A, 3F) during the interneuronal
migration from E12 to E16 in mice. The migrating interneurons enter to the striatum
because they lack semaphorins transmembrane receptors, neuropilins 1 and 2, both
required for mediating a repulsive effect on semaphorin-expressing axons. On the
contrary, the neuropilin-expressing interneurons migrate to the cortex, repelled by the
semaphorin-expressing neurons of the striatum (Fig. 7A). Loss of neuropilin function
increases the number of interneurons migrating into the striatum and decreases the one
reaching the embryonic cortex. Neuropilin 2 is directly regulated by Nkx2.1 transcription
factor to enable interneurons to evade the developing striatum (Nobrega-Pereira et al.,
2008).
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Figure 8: The specification of the GABAergic and cholinergic striatal interneurons is
regulated by Nkx2.1, Lhx6 and Lhx7.

A. Under the continuous activity of Lhx6, many of the precursors (® ) differentiate into mature

GABAergic interneurons (. .). Activity of Lhx7 downregulates Lhx6 and induces the entrance into the
cholinergic interneurons sublineage.

B. Expression of Lhx7 and Lhx6 in the striatum (Str) from coronal sections of E18.5 wild type (A and B)
and Nkx2.1 mutant (C and D) mice. The absence of Nkx2.1 induces Lhx7 (C) loss and Lhx6 (D)
expression. Cx: Cortex. From Fragkouli et al., 2009; Marin et al., 2000.
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The homeodomain transcription factor Nkx2.1, expressed from E8 in mouse in
the three layers of the MGE, the maturing MGE derivatives and POA (Shimamura et al.,
1995) is also necessary for the correct migration of GABAergic interneurons in the
striatum. On the contrary, its down regulation is required for the migration of GABAergic
interneurons to the cortex (For review, Nobrega-Pereira and Marin, 2009) (Fig. 7A and
B). Postmitotic Nkx2.1 directly represses the expression of neuropilin 2 (receptor for
Semaphorin 3A) which enables interneurons to avoid the striatum (Nobrega-Pereira et
al., 2008). Sussel and colleagues (1999) showed that this transcription factor is crucial
for the early born neurons of the striatal primordium (from E8). Indeed, Nkx2.1 mutants
(Nkx2.1- /) lack most striatal interneurons and die at birth (Fig. 8B). This defect is due to
molecular re-specification of the ventral MGE and AEP progenitor cells to a dorsal fate,
similar to the LGE progenitors (Sussel et al., 1999). Among the same line, removal of
the Nkx2.1 gene by conditional loss of function at embryonic stages (E9-E12) also
revealed a switch in the neuronal specification as expressed by an increase in the
production of striatal projections neurons post-natally (Butt et al., 2008). Nkx2.1 is
consequently used as a marker of the striatal interneurons: the majority of the
interneurons in the striatum expresses Nkx2.1 and maintains the protein expression into
adulthood whereas neither projection neurons (from the LGE) nor the fated cortical

interneurons do express Nkx2.1.

Nevertheless some striatal interneurons (NPY/SOM/NOS) appear to down-
regulate the expression of Nkx2.1 after leaving the MGE. As a consequence, only 10%
of these neurons contain NKx2.1 at the adult stage (Marin et al 2000). Nkx2.1
expression could be modulated by another transcription factor, sonic hedgehog (Shh), a
ventral telencephalic gene (Ericson et al., 1995) and, in turn, Nkx2.1 would modulate

the Shh molecule expression.

Lhx 6 and 7 LIM homeobox genes intervene in the striatal differentiation (Fig. 8A
and B). Expression of Lhx6 is restricted to the MGE but unlike Nkx2.1, it is also
expressed in the cerebral cortex (Fragkouli et al., 2009, Sussel et al., 1999, Marin et al.,
2000, Cobos et al., 2006). Lhx6 is induced in Nkx2.1-expressing MGE progenitors as
they colonise the SVZ (Flames et al., 2007). Lhx6 acts as effector of Nkx2.1 in the

specification of PV and SST expressing-interneurons.
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Indeed, the interneuron generation can be rescued in the Nkx2.1 null mice with ectopic
expression of Lhx6 (Du et al., 2008, Elias et al., 2008).

Lhx7 is expressed in the ventral forebrain cholinergic neurons only (Zhao et al.,
2003). Homozygous mice (Lhx7-/-) display a reduced number of the ventral forebrain
cholinergic neurons (Mori et al., 2004) suggesting that Lhx7 is required for the specific
differentiation of the striatal cholinergic interneurons. Bachy and Retaux (2006)
proposed that early inhibitor action of Lhx7 on GABA would preserve a pool of future
cholinergic neurons which would have differentiated late during development to become
GABAergic. In contrast to Lhx6 which is used as marker of the striatal interneurons
(Gittis et al., 2010), Lhx7 represents a specific marker of the cholinergic interneurons of
the striatum (Fragkouli et al., 2009).

Interaction between the different transcription factors and the mechanisms
underlying the generation of variety of subpallial neuronal populations remain elusive.
Flames et al. (2007) emphasized this complexity and proposed that ventricular zone can
be divided in different functional domains according to the combinatorial expression of
several transcription factors in progenitor cells. Migratory process of the cells occurs as
a second step and is controlled by guidance molecules. Representation of the
developmental history of each cell or “fate mapping” has become the key tool for

neuroscientists to understand the origin of cellular diversity.

It is clear that neuronal subtypes of the striatum can be directly related to their
embryonic temporal and spatial origins. Transcriptional process regulates neuronal fate
specification while guidance decisions are made downstream to interact during the
process of cell migration. Striatal development is governed by plural signalling
pathways, each of which being more or less important and compensated if needed by

the expression of others proteins with analogous functions.
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Figure 9: MSNs are preferentially organized in clusters at perinatal stages.

Reconstruction of neurobiotin-labelled MSNs in E18 (left) and P30 (adult, right,) mice striatal slices.
Clusters of 2-6 MSNs (left) are observed in 60% of the recordings at E16-P2 compared to clusters of 2
MSNs in only 15% of the recordings in the adult striatum (right). From article 1 Dehorter.
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2. The synaptogenesis in the striatal network follows a sequence

Formation of functional neuronal networks during development is governed by
the onset of proper synaptic connections between cells and the expression of numerous

pre and postsynaptic receptors.

2.1.Electrical synapses are the first connections present in the developing

striatum

Fast signalling in the striatum is achieved by electrical communication through
gap junctions before the onset of chemically-mediated synaptic transmission. Each gap
junction contains numerous gap junction channels which cross the membranes of both
cells to form an electrically conductive link between two neurons. Such channels allow
direct passage of various ions and molecules such as second messengers and
metabolites, with a weak selectivity. Intercellular channels are formed by two close
hemichannels (connexons), each of which composed of six protein subunits (connexins)
(For review, Sohl et al., 2005). Electrical synapses represent a low-pass filter which
assures rapid transmission (around 0.2 ms). These characteristics allow electrically-
connected neurons to fire synchronously (For review, Bennet and Zukin, 2004; Gibson
et al., 2004; for review, Séhl et al, 2005).

Gap junctions are commonly found in the striatum (For reviews, Galaretta and
Hestrin, 2001; Vandecasteele et al., 2007) where several connexin mRNAs are
expressed during development: Cx47, Cx31.1, Cx36 and Cx32 (Venance et al., 2004).

Expression of gap junctions within the striatum is specifically distributed.

MSNs and interneurons populations correspond to two distinct electrically-coupled
networks (Koos and tepper, 1999; Venance et al., 2004). MSNs are mainly organized in
clusters at early stages (E14-P2; Fig.9) and display synchronized network activity
(Article 1 Dehorter). FS GABAergic interneurons connected by functional electrical
synapses also display synchronous activity in the adult. Electrical coupling is observed
in 33% of the GABAergic interneurons (FS) and 24% of the MSNs pairs in juveniles
(P17-21) (Koos and Tepper, 1999).
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Coupling occurrence is high at P5, representing 60% of the MSNs pairs and then
decreases in the adulthood (9-15%) (Venance et al., 2004; article 1 Dehorter) (Fig. 9).
The decrease of dye coupling is associated with a decrease of gap junction permeability
during maturation (Cepeda et al., 1991). Endogenous substances, such as dopamine,
modulate gap junctions (Onn and Grace, 1999; Cummings et al., 2008). Activation of D1
receptors decreases dye coupling whereas activation of D2 receptors enhances
coupling. Degeneration of the adult nigro-striatal dopaminergic system, leads to a 4-fold

increase in dye coupling between cells in vivo (Onn and Grace, 1999).

2.2.Feedforward and feedback GABAergic synapses develop sequentially

In parallel to electrical signaling, neurotransmitter-releasing chemical
communication develops in the striatum during maturation. Although most synapses of
the adult striatum are glutamatergic, GABAergic synaptic inhibition plays a key role in
the modulation of striatal outputs (For review, Wilson 2007).Yet, little is known about the
onset of GABAergic synapses maturation in the striatum at embryonic and perinatal
periods. GABAergic symmetric synapses mature before the excitatory glutamatergic
ones (Misgeld et al., 1986).

Axons of adult MSNs give rise to extensive local axon collaterals (Wilson and
Groves, 1980) connecting to other MSNs and generating feedback (lateral) inhibition
(Tunstall et al., 2002). There are more synapses involved in the feedback circuit than in
the feedforward circuit and there is 50-100 times more convergence from MSNs to
MSNs than from FS interneurons to MSNs (For review, Tepper et al., 2004).
However, lateral inhibition between MSNs is much less efficient than feedforward
inhibition (Jaeger et al., 1994), probably due to the more distal synaptic location and the
low number of release sites with high failure rate at the MSN-MSN synapses. Thus, they
play a role in the control of neighbouring synapses and synaptic plasticity (Carter and
Sabatini, 2004 and for review, Tepper et al., 2008). In embryonic and early postnatal
stages, feedback inhibition would be even weaker. The dendritic and axonal
arborizations of MSNs are limited (Article 1, Dehorter) and the probability of a synaptic
connection among pairs of immature MSNs is low or null before P11. It increases to
around 16% at P11-P14 to reach adult level at P15 in the rat striatum i.e. 33% of the

recorded MSNs pairs are connected (Koos et al., 2004).
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During the two first postnatal weeks, the proportion of GABAergic synapses to
the total synapses population is larger than in the adult because only a few
glutamatergic synapses are present and spontaneously active (Tepper et al., 1998;
article 1 Dehorter). Around P5, all the MSNs generate spontaneous GABAergic
postsynaptic currents, but their frequency represents only one third of the adult one,
indicating that GABAergic transmission is still not yet mature. The frequency of
spontaneous GABAergic activity reaches the adult level around P17 in mice (Article 1
Dehorter). FS interneuron—-MSNs synapses reach near-maximum numbers by P14
(Uryu et al., 1999), and stimulation of FS interneurons evoke IPSPs in MSNs already at
P14 in rats (Tepper et al., 1998). FS interneuron-mediated feed-forward inhibition may
thus be present when the striatum is still undergoing major changes of morphology,
physiological properties, synaptogenesis and receptor composition. Consequently,
GABAergic synaptic activity recorded in the MSNs may principally originate from
GABAergic interneurons during the perinatal period. Starting at the third postnatal week,
GABAergic synaptic activity would result from both local interneurons and neighbouring
MSNSs.
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2.3.Cholinergic interneurons are early-born neurons that establish synapses
with all striatal neuronal types

In the adult striatum, cholinergic neurons form symmetrical synapses with
dendritic spines necks or distal branches of MSNs (Wilson, 1980; Aznavour et al., 2003)
and contact also the GABAergic interneurons (Chang and Kita, 1992). A number of
presynaptic and postsynaptic neuronal mechanisms are controlled by nicotinic and
muscarinic acetylcholine receptors in the striatum (Koos and Tepper, 2002; Pakhotin
and Bracci, 2007). The striatal cholinergic neurons express D5 and D2 receptors which
activation decreases ACh release via inhibition of N-type Calcium current (Yan et al.,
1997).

Cholinergic neurons are among the first cells appearing in the developing
striatum. Born between E11 and E18, cholinergic interneurons are detected in the
lateral part of the developing striatum at birth (Aznavour et al., 2003). Choline
acetyltransferase staining (ChAT, the enzyme for ACh synthesis) is first detected at E13
in rats (Kessler, 1986). ChAT is strongly expressed in the matrix compartment at early
stages (Graybiel et al., 1981). At P8, cholinergic axons fill the entire striatal region and
starting at P16, they represent a dense network in the striatum (Aznavour et al., 2003).
At early stages, we can assume that before MSNs become spiny, cholinergic neurons

would form synapses with dendrites of the projection neurons.

Nicotinic binding sites have been detected in the striatum by autoradiography
from E16 in rat (Naeff et al., 1992), nicotinic receptors and vesicular acetylcholine
transport sites at E20 (Aubert et al., 1996). Muscarinic (M1, M2 and M3) receptors are
weakly detected at E16 and the adult level is reached from the third (M1, M3) and the
fifth (M2) postnatal weeks (Aubert et al., 1996). Functional muscarinic post-synaptic
receptors have been first detected at E17 on rat (De Vries et al., 1992). Consequently,

an important role can be presumed for aceylcholine during the striatal development.
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2.4. NMDA and non-NMDA receptors-mediated glutamatergic responses do

not show the same developmental profile

Glutamate, the principal excitatory transmitter in the mammalian brain plays a
crucial role in the physiology of the striatum for movement regulation. Striatum receive
glutamatergic afferents from many parts of the primary motor cortex, somatosensory
cortex, premotor cortex and supplementary motor area (For review, Tisch et al., 2004).
The cortical pyramidal neurons projecting to the striatum are located in layers II-VI, most
of which coming from the deep layer V. Distribution of glutamatergic inputs is
compartmentalized. In the adult, layers lI-lll and superior layer V of the motor cortex
project to the matrix compartment (Gerfen, 1989), whereas deep parts of layers V-VI of
the neocortex project to the patch compartment (Christensen et al., 1999). Cortico-
striatal fibers terminate on the dendritic shafts of GABA interneurons and on MSNs
dendritic spines (asymmetric axospinous synapses) (Kemp and Powell, 1971; Sharpe et
Tepper, 1998). Each MSN receives convergent inputs from multiple cortical areas
(Gerfen, 1989) and their firing requires cortical synchronization (For review, Mahon et
al., 2004). Intralaminar (centro median — parafascicular nuclei) and ventral motor nuclei
are the main sources of thalamic inputs to the striatum. Thalamo-striatal neurons make
direct synaptic contact with the dendritic shafts of spiny neurons (For review, Smith et
al., 2004; Lapper and Bolam, 1992).

Corticostriatal fibers arrive at E16 and follow a progressive postnatal
development (Christensen, 1999; article 1 Dehorter). The majority of glutamatergic
synaptic contacts are established during the third postnatal week, between P15 and
P21 in the rat (Sharpe and Tepper, 1998; Uryu et al., 1999). Before P12, MSNs are
mostly aspiny with varicose dendrites (Tepper and Trent, 1993), in contrast with the
highly spiny adult MSNs dendrites (Wilson et al., 1983). Due to the absence of dendritic
spines, cortical inputs in the developing striatum first terminate on MSNs dendritic

shafts.
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Most excitatory responses are mediated by two classes of ionotropic glutamate
receptors: N-methyl-D-aspartate  (NMDA) and non-NMDA receptors, Q-amino-3-
hydroxy-5-méthylisoazol-4-propionate (AMPA) and kainate (KA). According to Nansen

and collaborators, glutamate receptors are present at birth in the striatum, the non-
NMDA receptors KA and AMPA receptors are the first to mature, followed by NMDA
receptors (Nansen et al., 2000). More precisely, AMPA receptors GluR1, Glur2/3
subunits staining are first observed at PO and are distributed in the striatal patches until
P3. After P7, staining becomes homogenous and from P15, GIluR1 and GIuR2 non-
NMDA components are the predominant receptors expressed within the somatic and
proximal dendritic membrane of MSNs in rat (Nansen et al., 2000). AMPA Glur1-2 and 3
develop throughout the second week of life (Hurst et al., 2001). Electron microscopy
revealed that GIuR1 subunit is mainly distributed in the dendrites and spines (Bernard et
al., 1997), GIuR3 is found in the substance P and enkephalin expressing-neurons
whereas GIuR4 is detected in interneurons (Stefani et al., 1998). AMPA-mediated
spontaneous postsynaptic excitatory currents (AMPA-EPSCs) gradually develop from
E16 to P7 and from P17 the frequency of AMPA-sEPSCs reaches the adult level (Article
1 Dehorter).

Adult distribution of the KA receptor (GIluR5/6 and KA1/2, cation channels
permeable to Na+/ K+), expression is observed by P3 in the striatum (Nansen et al.,
2000; Willner et al., 1997). KA2 and GluR6 mRNA are abundant but GIuR7 is weak at
P1, and GluR6 expression decreases between P1-P4 and P10-P20 in rats (Wdullner et
al., 1997). Functionally, the frequency of the spontaneous KA-mediated postsynaptic

currents is mature at P17 (Article 1 Dehorter).

NMDA receptors are glutamate-activated cationic (Ca2+/Na+/K+) channels which
require both glutamate and membrane depolarisation to open. NR1, NR2 (A and B)
NMDA-subunits are predominantly expressed in the adult striatum (Albers et al., 1999;
Nansen et al., 2000). While NR1 is expressed ubiquitously throughout the brain, NR2
subunits are submitted to temporal and spatial regulation (Monyer et al., 1994) inducing
a different processing of glutamatergic inputs in the ventromedial (limbic) and

dorsolateral (sensorimotor) regions of the striatum (Chapman et al.,, 2002).
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Expression levels of NR2A and NR2D mRNA are high at P7-P14 and decrease
to moderate level in adult whereas NR2B and NR2C expression is low at P1 but
increases at P7 until adulthood (Lau et al., 2003; Wenzel et al., 1997). Immunodetection
of the NR2C and D subunits in the striatum is difficult: NR2D subunit is barely
detectable at the maximal level in perinatal rat striatum (E14-P7). The protein level
decreases by twofold throughout the brain from the peak of expression at P7 until
adulthood (Dunah et al., 1996; Monyer et al., 1994).

We first detected functional synaptic NMDA receptors at E16 in 20% of the
MSNs, At P5-P7 100% of the MSNs generate spontaneous NMDA synaptic currents, in
contrast to 33% of adult MSNs (Article 1 Dehorter). Decay times of the NMDA-mediated
EPSCs also largely decrease from the second postnatal week in the dorsal striatum
(Hurst et al., 2001; article 1 Dehorter) as shown in the accumbens (Zhang and Warren,
2008). Based on these observations, Logan and collaborators hypothesized a possible
incorporation of the NR2D subunit into heterotrimeric complex (NR1/NR2B/NR2D) after
the first postnatal week in mice (Logan et al., 2007) and both NR2C and NR2D could
have a role in shaping the perinatal synaptic NMDA response (Logan et al., 2007;
Standaert et al., 1994; article 1 Dehorter).

Decrease in the receptor subunits expression and decay times both suggest that
functional properties of the NMDA receptors shift during the second postnatal week in
the striatum. This shift could probably correspond to a change in the ability to
experience plasticity as function of time, between high plastic periods of the early
stages (E14-P12) and low plastic period in adult (Partridge et al., 2000; Schramm et al.,
2002). A role in synaptogenesis is also attributed to NMDA receptors in the developing
striatum: they would reshape the corticostriatal connections during the third postnatal
week (Butler et al., 1999). Activation of NMDA receptors could prevent the premature
synaptic maturation; only punctuated bursts of activity could lead to the induction of

functional synapses (Adesnik et al., 2008).

Precise developmental pattern of the glutamate receptors in striatal interneurons
is poorly known. Striatal interneurons, like the FS ones, are submitted to a strong
cortical control. Their cortical innervation consists of convergent synapses from

somatosensory and motor corticostriatal afferences (Ramanathan et al., 2002).
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Striatal interneurons receive a massive glutamatergic innervation from P15
(Tepper and Trent, 1993; Tepper et al., 1998) and mature considerably between P12
and P19 in the rat striatum (Chesselet et al., 2007). In the adult rat, cortical inputs form
asymmetric synapses on the soma and proximal dendrites of FS interneurons (Bennett
& Bolam, 1994). Cholinergic neurons receive a prominent direct synaptic input from
thalamus in the distal dendritic regions (Lapper and Bolam, 1992) and to a lesser extent
from the cortex (Thomas et al.,, 2000). Adult interneurons express KA receptors
(GIuR5/6/7) (Stefani et al., 1998), AMPA receptors (GluR1-2-3) and different NMDA
receptor subunits (NR1, NR2). Double immunofluorescence studies reveal that during
development FS PV+ neurons display a high level of NR1 and NR2A at P14 but not
NR2B which is only expressed in adult. On the contrary, cholinergic interneurons

express the three of them from P14 to adulthood (Lau et al., 2003).

2.5.Dopaminergic nigrostriatal projections are present early during

development and mature in two waves, one prenatal and one postnatal.

In the adult striatum, nigro-striatal dopaminergic terminals form symmetric
synaptic contacts with necks of MSNs dendritic spines (For review, Bolam et al., 2000)
and control GABAergic and glutamatergic synaptic transmissions (Delgado et al., 2000;
Centonze et al., 2004; Surmeier et al., 2007). Dopamine is also supposed to play a role
in the development of the striatum. It is therefore crucial to birth date dopaminergic
neurogenesis and nigro-striatal synapse formation. Bromodeoxyuridine (BrdU)
administration and immunohistochemical studies for tyrosine hydroxylase (TH, enzyme
involved in the dopamine synthesis) distribution in rats determined that dopaminergic
cells are born between E11 and E14, with a peak at E12 when almost 80% of the
dopaminergic cells are generated (Gates et al., 2004; Gates et al., 2006) in the most

ventral surface of the mesencephalic flexure.
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Figure 10: Tyrosine hydroxylase-positive fibres invade the striatum at E17-19 in the rat
and E13-16 in the mouse.

A. lllustration of the timing of the dopaminergic nigro-striatal innervation (sagittal view). Majority of
dopaminergic neurons are born at E12 in the fated-SN in rats. Between E17 and E19 dopaminergic
fibres start innervating the latero-ventral part of the striatum.

B. Tyrosine Hydrolylase (TH) immunoreactivity of horizontal section from a P7 mouse. Dopaminergic
afferences innervate the whole surface of the striatum and follow the striosome/matrix distribution at
P7.

C. Immunohistochemistry for TH reveals positive axons in the striatum at E13 in the mouse (arrow).
D. Higher magnification from the boxed area (in C). Arrows show growing tips of TH-positive fibers.

Scale: A, 50 um and B, 10 ym. From Ohtani et al., 2003; Gates et al., 2004, Miura et al., 2007.
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Dopaminergic TH-positive fibres and terminals begin to innervate the emerging striatum
between E17 (Goffin et al., 2010) and E19 (Gates et al., 2004) in the rat. By P4, the
whole striatal surface is immaturely innervated (Gates et al., 2004). Coincident TH-
positive axons arrival has also been detected by immunohistochemistry at E13-E14 in
the latero-ventral part of the mouse striatum (Ohtani et al., 2003; Ferrari et al., in prep)
(Fig. 10). Mouse embryonic basal forebrain is enriched in dopamine D1-like and D2-like
binding sites that are first detected in the LGE by E13 and are heterogeneously
distributed. The first receptor-mRNAs are expressed at E12 in the ganglionic
eminences, with D2R mRNAs higher expressed than the D1 ones, and largely superior
to D4R and D5R (Araki et al., 2007).

Genesis of striatal neurons in the striosomes coincides with the arrival of the first
nigro-striatal dopaminergic fibres at E14. Dopaminergic innervation and patch-matrix
compartments distribution both follow a ventro-lateral to dorso-medial gradient (Fishell
and Van der Kooy, 1991). The patch MSNs are mainly innervated by DA neurons of the
SNr, prior to MSNs of the matrix that will be innervated by DA neurons of SNc (Gerfen
et al., 1987). The rich dopaminergic innervation of the striatum that arises from the SNc
intimately and equally interacts with the dense local cholinergic innervation of the

striatum.

Dopaminergic projections develop in two waves of innervation. First the
afferences homogeneously innervate the striatum from E14. Matrix dopaminergic
innervation only starts postnatally (from PO to P16), revealing clusters of dopaminergic
fibres in patches (Moon Edley, 1984; Popolo et al., 2004). Mature level of innervation is
reached by P16 and until adulthood, dopamine distribution appears diffuse and
homogeneous. This would suggest that DA innervation influence the onset of the
patch/matrix organization in the striatum during embryonic and postnatal periods
(Snyder-keller et al., 2008, Goffin et al., 2010). But it has been shown that DA is not
crucial for this compartmentalization since neither in utero and prenatal 6-OHDA
depletions (Snyder-keller, 1991; Van der Kooy and Fishell, 1992) nor homozygous null
mutation (Kim et al., 2002) have an effect on the appearance of patch/matrix

organization.
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Exogenously applied dopamine controls cell proliferation, with D1 receptor
activation reducing and D2 receptor activation promoting cell cycle in the LGE (Ohtani
et al., 2003). It also acts on the progenitor cell type specification in the LGE with

differential antimitogen effects.

Activation of D1 receptors favours the presumptive neuronal precursors in the VZ
whereas activation of the D2 receptors promotes the presumptive glial precursor cells in
the SVZ (Popolo et al., 2004). Migration of the GABAergic neurons from the MGE and
LGE to the cortex is also controlled by exogenously applied dopamine. Activation of D1
receptors promotes whereas that of D2 receptors decreases neuronal migration
(Crandall et al., 2007). Dopamine consequently acts on neuronal proliferation,
specification and migration via opposite effects of D1 and D2 receptors activation.
Nevertheless, dopaminergic receptors can play a united role as well during
development. For instance, activation of both D1 and D2 receptors influences the
GABAergic synaptogenesis by decreasing the number of functional GABAergic synaptic

contacts between embryonic precursors of MSNs (Goffin et al., 2010).

However, all these data do not take into account the time when dopamine starts
being spontaneously released (Popolo et al., 2004; Goffin et al., 2010; Gates et al.,
2006). Roles of dopamine on migration and neurogenesis described by Crandall, Othani
and Popolo have been observed in response to the application of exogenous dopamine.
Some precautions have to be taken concerning the physiological relevance of these
results. The presence of dopamine receptors does not imply that they are activated by
synaptically-released dopamine. From E14 to PO in mice, TH —labelled fibres are mainly
present in the latero-ventral part of the striatum, where the early-born (older) neurons
are located. Besides evoked spontaneous dopamine release is first detected in
amperometry at E18 (Ferrari et al., in prep.). This distribution suggests, in contrast to
the above studies, a role of synaptic dopamine on late stages of development like

synaptogenesis.
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3. The development of the striatal output is sequential

The main function of the striatum is to collect the excitatory inputs from the cortex
and to send the information processed by the GABAergic microcircuits to the other

basal ganglia nuclei. How does the striatal output develop?

Early striatal projections from MSNs to the substantia nigra follow the segregation
patch/matrix. Fluorescent anterograde axonal labeling in rats revealed that the majority
of patch neurons sends the first striatonigral projections at E18 whereas a majority of
matrix neurons do not form an efferent connection to the substantia nigra until the first
postnatal week (Fishell and Van der Kooy, 1987 and 1989). In other words, MSNs in
patches at embryonic stages transiently send projections to the dopamine enriched-cell
pars compacta (Gerfen, 1984 and 1985).

A vast majority of the patch and matrix projections then innervate the substantia
nigra reticulata from P2 until adulthood. Nevertheless, it remains still possible that patch
MSNs selectively form synapses with dopaminergic dendrites of the pars compacta that
extend into the pars reticulata (Fishell and Van der Kooy, 1989). In adult, the
reminiscent matrix and patch compartments, distinguished by immunocytochemistry
(see 2.4) both contain enkephalin and subP-expressing neurons and consequenlty have
heterogeneous efferent projections to the GPe and to the SN respectively (Kawaguchi
et al., 1990; Tokuno et al., 2002). Only dendritic fields of the MSNs in the patch and
matrix are confined in the compartments whereas dendritic fields of the interneurons

convey information between the compartments (Kawaguchi et al., 1989).

The developing striatum displays a unique mosaic organization based on
neuronal segregation in two compartments (patch and matrix) which distinct function is
still poorly understood. This organization in three dimensions appears extraordinarily
complex and has to be taken into account in the study of the striatal development. The
development of the direct and indirect pathways and how MSNs segregate into these

two pathways is also poorly understood.
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In the adult, cortical information processed by the output neurons of the striatum
is targeted to SNr and GPi (direct pathway) and GPe (indirect pathway). MSNs of the
“direct” pathway inhibit the activity of SNr and GPi neurons via GABAergic synapses
and finally disinhibit thalamo-cortical neurons. On the contrary, MSNs of the “indirect”
pathway projecting to SNr/GPi via GPe and STN (Fig. 1B) finally inhibit the activity of
thalamo-cortical neurons. Thus, the “direct” and “indirect” pathways have opposite
effects. In other words, activation of the “direct” pathway leads to the cortical excitation
whereas activation of the “indirect” pathway causes cortical inhibition (For review,
Deniau et al., 2007).

The two populations of MSNs are randomly distributed in the striatum (Shuen et
al., 2008) (Kawaguchi et al., 1990). They are characterized by their neuropeptide
content. MSNs from the “direct” pathway preferentially express substance P, dynorphin
and neurokinin A whereas neurons from the “indirect” striatopallidal pathway
preferentially express enkephalin and neurokinin B. D1 and D2 dopamine receptors are
also preferentially segregated in the direct and indirect MSNs, respectively (Gerfen et
al., 1990; Bolam et al., 2000). DARPP-32 (dopamine-associated receptor
phosphoprotein) expressed in a postmitotic postmigrational manner from E14 in the rat
developing striatum (Foster et al., 1987) is used as marker to identify D1-expressing
striatal medium-sized spiny neurons of the “direct” pathway (Anderson and Reiner,
1991).
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Figure 11: Birth dating of neurogenesis and synaptogenesis in the rat developing

striatum.

Birth dating of the striatal neurons, MSNs (black), GABAergic (blue) and cholinergic (green) interneurons
and functional synapse formation with intrinsic (black, blue, green) and extrinsic (from cortex (purple),

thalamus (orange) and SN (red)).
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Conclusion of chapter 1

The striatum undergoes a long developmental process, starting from the
embryonic day 8 in the mouse. Cell proliferation from the primordium of the striatum, the
ganglionic eminences of the subpallium, generates a large number of MSNs and
interneurons. Neuronal migration achieves the final location of the fated-striatal cells to
the developing striatum. Then, differentiation, including the maturation of transmitter
specification and outgrowth of axons and dendrites, enables synapse formation
(Fig. 11). Consequently, by the end of the first postnatal week all the MSNs are
synaptically connected. But it is only from the fourth postnatal week that the maturation
of the striatum is achieved. At this time, MSNs display adult morphology, membrane

properties and activity.
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CHAPTER 2. Developmental activities of the GABAergic
microcircuits of the striatum

Early cellular activity is presumed to be a required partner to genetic programs at
different stages of development such as neuronal proliferation, migration and
differentiation (For review, Spitzer 2006). Maturation of neuronal networks starts from
non-synaptically connected neuronal populations, displaying scattered spontaneous
activity, to neuronal microcircuits communicating though thousands of synapses. This
precise onset generates specific patterns of activity which leads to functional neuronal
network. Features of the neuronal activity in the striatal network have been extensively
studied after the first postnatal week in vitro and in vivo (Vergara et al., 2003; Carrillo-
Reid et al., 2008; Mahon et al., 2003), but little is known about this network activity at
perinatal stages. In this chapter we try to bring some clues based on our original study
(see article 1 Dehorter) to characterize the type and timing of the immature network

activities generated in the striatum at embryonic and perinatal stages?

1. The developing striatal network first generates isolated or gap-

junction mediated calcium events at perinatal stages.

Electrical recordings and intracellular calcium imaging at embryonic or perinatal
stages revealed that cells communicate even before the presence of synapses, notably
through paracrine signalling (Platel et al., 2005). Gap junctions might be used as a
paracrine route to spread factors that modulate the fate of the surrounding cells (For
review, Krysko et al., 2005) making up inaugural microcircuit (Crépel et al., 2007).
During the embryonic period, immature striatum displays spontaneous activities
consisting of intrinsic non-synaptic voltage-gated calcium currents (see article 1).
Voltage-gated calcium channels, activated at depolarized membrane potentials, directly
promote calcium entry. Calcium influx couples neuronal activity to metabolic processes.
Both MSNs and interneurons display spontaneous asynchronous calcium spikes
recorded from E14 with a peak around birth (Article 1 Dehorter).
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Nifedipine, a L-type calcium channel blocker, and TTX, the Na+ channel blocker, fully
block spontaneous calcium spikes, suggesting that spontaneous calcium activity is
strongly dependent on the extracellular calcium influx. Uncorrelated calcium spikes
represent the dominant pattern between E14 and P10. Synchronous calcium plateaus in
cell assemblies (SPAs), restricted to gap junction interconnected MSNSs, progressively
develop between E14 and P4 (see chapter 1- 2.1). SPAs are voltage dependent events
that disappear when the cell is hyperpolarized (e.g -80 mV). Therefore, micro networks
of intrinsically active neurons generate synchronized recurrent bursts during the

perinatal period and form the earliest pattern of correlated activity in the striatum.

2. The developing striatal network then displays synaptically-driven

events at the end of the first postnatal week.

Initially restricted to few neurons, spontaneous activity follows synapse formation
and becomes more complex, involving larger ensembles of neurons as the network
matures and the density of functional synapses increases (Owens and Kriegstein,
1998). Spontaneous synchronous neuronal activity is a feature of the developing brain
and has been observed in a wide range of peripheral and central structures such as the
retina, cortex and hippocampus (Meister et al., 1991; Syed et al., 2004; Crépel et al,
2006; Allene et al., 2009). These synchronous events are described as Giant
Depolarizing Potentials (GDP) and are generated by GABA and glutamate synapses.
The exact mechanisms by which GDPs are generated and in particular the proportion of
GABA to glutamate synapses needed is controversial notably in neonatal rat
hippocampal slices. GABAergic depolarization would promote voltage-dependent
bursting activity and glutamatergic inputs would trigger GDPs (Sipila et al. 2005). This
spontaneous coordinated activity is believed to control the formation of region-specific
synaptic connections (Colin-Le Brun et al., 2004; Garaschuk et al., 2000; Kasyanov et
al., 2004).
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In the striatum, MSNs generate synchronous synapse-driven events during a
narrow time window (P5-P7). This seems to be directly correlated to the increase of
synaptic inputs to MSNs. Striatal network indeed displays synchronous global events/
GDPs, when all MSNs receive glutamatergic and GABAergic afferents. In the same

period, changes occur in the intrinsic membrane properties of MSNs.

The action of GABA and the characterization of the membrane potential of MSNs
have been extensively studied at early and adult stages with different
electrophysiological techniques like gramicidin-perforated patch (Bracci et al., 2006;
Gustafson et al., 2006) or cell-attached recordings (Article 1 Dehorter; Dehorter et al.,
2009). At resting membrane potential (around -70 mV at P2 and -80 mV in adult), GABA
is depolarizing but not excitatory. GABA reversal potential is around -55 mV in the
young (P2) and -65 mV in the adult MSNs, and both values are far from the threshold
potential for spikes (around — 35 mV; Dehorter et al., 2009, Fino et al., 2007). GABA-
induced depolarization attenuates the voltage-dependent magnesium block of NMDA
channels (Ben-Ari et al.,, 2007 for review). NMDA channels are highly permeable to
calcium and prolonged NMDA EPSCs lead to sodium and calcium entry which in turn

depolarize the MSNs membrane.

Based on that, it is clear that GABA alone is not sufficient to trigger action
potentials in MSNs. Generation of spikes in neostriatal neurons are thus influenced by
the combined action of both GABA and glutamatergic inputs, notably NMDA (Kita 1996;
Bracci et al., 2006; article 1 Dehorter). During early development, MSNs do not express
any inward rectification via KIR channels and, consequently have a depolarized resting
membrane potential. They also display a high input resistance, mainly due to the lack of
potassium channels (Tepper et al., 1998; Belleau and Warren, 2000; article 1 Dehorter).
Hence, MSNs generate calcium activities between E14 and P8 because their
membrane properties largely differ from the more mature ones, enabling immature

MSNSs to fire more easily compared to the adult MSNs.
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3. Maturation of the intrinsic membrane properties of the output
neurons of the striatum coincides with the disappearance of

immature activities.

Young and adult MSNs are likely to integrate excitatory synaptic inputs differently
during development because of their differences in their membrane and firing
properties. Intrinsic membrane properties of the MSNs rapidly mature (Tepper et al.,
1998; Belleau and Warren, 2000 and article 1 Dehorter). From the beginning of the
second postnatal week, resting membrane potential hyperpolarizes, input membrane
resistance decreases and inward rectification develops in the MSNs. Notably,
disappearance of the immature oscillations at P8-P10 in the MSNs is correlated to a
hyperpolarised resting membrane potential, a decrease of input membrane resistance
and increase of inward rectification (Article 1 Dehorter).Taken together these data mean
that the output neurons of the striatum become less likely to spontaneously generate
action potentials from the second postnatal week in vitro. Along those lines, calcium
imaging recordings of striatal neuronal populations reveal sporadic, asynchronous
activities in rat (P14-29) and mice (P12) striatal slices, involving only 4% of the cells
(Carrillo-reid et al., 2008; article 1 Dehorter).

Discrete up and down states described in adult rat MSNs in vivo (Tseng et al.,
2001; Wilson and Kawaguchi, 1996) are absent in young animals until P15. Down
states are mainly due to an inwardly rectifying potassium conductance, dominating the
membrane conductance at rest; the up states result from complex interaction between
excitatory synaptic inputs and voltage-dependent outward K+ conductances, activated
below spike threshold. In young MSNs, such K+ conductances are absent (Tepper et
al., 1998; Belleau and Warren, 2000; article 1 Dehorter) and the tonic excitatory imput
from cortex and thalamus is low. In fact even if functional corticostriatal and
thalamostriatal connections are present earlier, neurons have a low probability of

spontaneous activity (Tepper et al., 1998; article 1 Dehorter).
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Feedforward and feedback inhibitions regulate synaptic strength of the
corticostriatal synaptic inputs in the adult MSNs with high level precision (For review,
Plenz, 2003). Individual interneurons are responsible for feedforward inhibition and
exert powerful IPSPs that can prevent or delay action potentials in MSNs (Gustafson et
al., 2006; Koos and Tepper, 1999). MSNs control feedback inhibition via their reciprocal
connectivity (Tunstall et al., 2002). Precise onset of feedforward and feedback
inhibitions during the first postnatal week still remains unknown. The only available data
concern the process of maturation of the GABAergic interneurons in the striatum which
precedes the maturation of the MSNs. For instance, electrophysiological properties are
more mature in striatal FS interneurons than projection neurons at P12—-14 (Plotkins et
al., 2005), and interneurons are already under continuous cortical influence by the end
of the second postnatal week. GABAergic synaptic connectivity progressively increases
during the first postnatal week and thus feedback inhibition is presumably weak at this

time point (see chapter 1-2.2).
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Conclusion of chapter 2

Cerebral cortex is responsible for the initiation of any goal-directed behaviour,
whereas subcortical structures determine when a given motor program should be
selected and engaged. Changes in the intrinsic membrane properties and synaptic
connectivity of the MSNs occur at the beginning of the second postnatal week.
Interestingly, though corticostriatal spontaneous activities already appear at E16,
movements are not generated because of the developmental retardation in the
formation of functional cortico-spinal pathways (Gianino et al., 1999; For review, Vinay
et al., 2002). In rodents, corticospinal tract progressively grows during the first postnatal
week of life. The axons are located above the distal cervical region at P2, the distal
thoracic region at P7 and the distal lumbar region at P9. All levels of the spinal cord are
innervated at P11 (Gianino et al., 1999). Onset of goal oriented locomotor behavior is

observed around P10 in mice (Article 1 Dehorter).

Walking Gait fully matures during the third postnatal week by P24 (Clarke and Still,
2001), which could correspond to the maturation of the motor units like the striatum
(Article 1 Dehorter; For review, Grillner et al., 2005). The immature striatal network thus
generates developmental activities and then shuts down before the largest increase of
glutamatergic synapses occurs (from P15) and the corticospinal pathway becomes
functional (from P11-P13).

GABAergic microcircuits of the striatum follow a developmental sequence
consisting of a succession of intrinsic network activities similar to those described in the
cortex and hippocampus where the principal neurons are glutamatergic (Crépel et al.
2007; Allene et al., 2009). This interesting data suggests that a conserved activity-
dependent pattern of maturation exists for the developing networks. Nevertheless,
striatum has a particular feature compared to the other structures cortex and
hippocampus. The main output neurons (MSNs) exhibit very little spontaneous activity
at rest in adult, and are activated only during goal directed movements. Adult striatal
neurons are electrically silent because of a strong hyperpolarized resting membrane
potential, powerful potassium currents and a synaptic control of the GABAergic

interneurons. This silence is interrupted by converging cortical stimuli relying on the high
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signal noise ratio that enable to generate an output signal associated with goal-directed

movements.

In other words, coordinated sequence of events occurs in the cortico-striatal
ensemble such as during transient developmental period (< P8), high level of network
activity is generated but with no external manifestations. Then developmental
oscillations silence to avoid producing uncoordinated movements once the outputs of

the basal ganglia are mature.
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CHAPTERS3: Is there a functional signature of Parkinson’s
disease in the adult striatum?

Subcortical structures constitute key elements for motor planning. In particular,
the striatum, the input nucleus of the basal ganglia, is instrumental for selection and
initiation of motor behavior (For review, Graybiel et al., 1994) (see Fig. 3). Parkinson’s
disease (PD) is a neurodegenerative disorder characterized by the progressive loss of
the dopaminergic neurons of the substantia nigra pars compacta. Reduced dopamine
innervation of the striatum results in hypokinesia with difficulties to initiate motor tasks.
The identification of early functional dysfunctions of the striatum in animal models
reproducing the PD pathological features is decisive to find new therapeutic strategies
to delay the onset of motor signs. In this chapter we focus on the impact of
dopaminergic denervation on the activity of GABAergic microcircuits of the striatum in

different models of PD and ask whether a common signature can be found.

Although PD aetiology is not fully understood, major biochemical processes
involved in DA neurons death such as oxidative stress and mitochondrial inhibition have
been identified (Dawson and Dawson, 2003). Decrease of the number of SNc
dopaminergic neurons and the presence of intra-cytoplasmic inclusions (also called
Lewy’s bodies) containing alpha-synuclein, ubiquitin and parkin proteins
(Schlossmacher et al., 2002), are the cellular hallmarks of the disease. It is generally
admitted that the first parkinsonian signs appear when DA neuronal death exceeds 80%

of nigro-striatal terminals.
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1. The animal models of Parkinson’s disease are of two types:

pharmacological and genetic.

What would be a “realistic” rodent model of PD (Dawson et al., 2010)? It should be
age-dependent and progressive. The motor dysfunction should include slowness of
movements. Lewy bodies that contain alpha-synuclein and ubiquitin-proteosomal
proteins should be present and the loss of DA neurons should be progressive
(Chesselet, 2008). These requirements imply that rodent dopaminergic neurons have
the same sensitivity as human ones to toxic and/or genetic factors which are still to be
demonstrated. Both may have common genetic factors or compensatory mechanisms
that protect their DA neurons. If true, conditional approaches that enable deletion or

expression of mutated forms in adult animals must be the best option.

Although none of the current models recapitulates accurately key clinical and neuro-
pathological features of PD, the use and constant improvement of both phenotypic and
genetic models can significantly speed up progress toward understanding the patho-

physiology of PD and finding innovative cures.

1.1.The pharmacological models of Parkinson’s disease are based on the

selective killing of central dopaminergic neurons

The main chronic animal models of PD are based on toxins that specifically target
the dopaminergic neurons. These include the 6-hydroxydopamine (6-OHDA) model in
rodents (rats and mice) and the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (a-MPTP)

model in mice and primates (For review, Blum et al., 2001; Blandini et al., 2008).
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Figure 12: 6-OHDA and MPTP toxicity lead to the dopaminergic cell death.

6-OHDA (blue) enters the dopaminergic neuron via the dopamine transporter (DAT). Intracellular
hydrogen peroxide formation (H,O,) induced by MAO activity (a), extracellular auto-oxidation (b) and
direct inhibition of the mitochondrial respiratory chain (c) lead to strong oxidative stress causing the cell
death. MPTP (orange) injected peripherally, crosses the blood—brain barrier (BBB) and is transformed by
glial enzyme MAO into the active compound MPP+ (red). The latter crosses the neuronal membrane by a
specific uptake mechanism. Once inside the cells, MPP+ leads to a major inhibition of the respiratory
chain but also to oxidative stress, both triggering cell death. Modified from Blum et al., 2001.
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Figure 13: 6-OHDA intrastriatal injection leads to a progressive deprivation of the
dopaminergic afferences in the striatum.

Immunohistochemical stainings for Tyrosine Hydroxylase (TH, dark staining) in the striatum at 1, 7 and 28
days post-lesion in adult rats. From Blandini et al., 2008.
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1.1.1. The 6-OHDA rodent model allows studying the adult, dopamine-
depleted basal ganglia.

Among the specific neurotoxins targeting the catecholaminergic neurons, 6-
OHDA is the most common tool for the selective destruction of the SNc dopaminergic
neurons (For review, Blum et al., 2001, Blandini et al., 2008). Since it does not cross the
blood brain barrier, 6-OHDA is directly injected by stereotaxy in deep cerebral structures
such as the SNc, median forebrain bundle (MFB) or striatum, the latter for retrograde
degeneration. The neurotoxin is specifically up-taken by the dopamine transporter
(DAT), enters the dopaminergic neurons and induces an oxidative stress by inhibition of
the mitochondrial respiratory chain (possibly by inhibition of the activity of complex | and
V). This process, amplified by the cytoplasmic calcium increase and the cellular ATP
decrease, induces the degeneration of dopaminergic neurons (Dawson and Dawson,
2003) (Fig. 12, 13).

Versatility is a characteristic of the 6-OHDA model (For review, Blandini et al.,
2008). 6-OHDA intrastriatal injections induce the delayed and progressive retrograde
degeneration of DA cells and provide an excellent tool for testing innovative treatments
(e.g neuroprotection). On the contrary, direct injection in the SN or MFB can induce
complete and immediate lesion. In this case, immediate consequences of the
dopaminergic loss in the striatum can be studied. Therefore, the 6-OHDA model is
suitable for studies during the symptomatic phase of the disease, when DA cell loss is

still in progress.

11.2. The chronic MPTP primate model allows studying the

presymptomatic phases of the disease

MPTP has been discovered in the 80s for its toxicity on human dopaminergic
neurons (Bradbury et al., 1986). This neurotoxin which easily crosses the blood brain
barrier is now largely used to obtain primates and mice models of PD. Inside the brain,
MPTP is metabolised in MPP+ (1-methyl-4-phenylpyridinium), a compound toxic for the

dopaminergic neurons. MPP+ is specifically uptaken by dopaminergic neurons by the
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dopamine transporter (DAT) (For review, Storch et al., 2004) and interferes with the
respiratory chain complex | leading to neuronal cell death and accumulation of free
radicals (Fig. 12). MPTP also induces “parkinsonian” signs in mice but at much higher
doses. Since the MPTP chronic model reproduces the evolution of the major motor
symptoms of PD in primates and is reversed by L-dopa (Levodopa, a dopamine
precursor) treatment (Langston et al., 1984), it became the main model for the study of
the pre-symptomatic phases of the disease (For review, Blum et al., 2001 and Bezard et
al., 2003).

1.2.Genetic animal models of Parkinson’s disease show dopaminergic

impairments and motor symptoms at old ages.

Although the majority of human PD cases are sporadic, a small percentage (around
10%) is familial. Several loci and mutations in genes involved in the pathogenesis of
familial PD have been described and some of them may be susceptible factors in the
sporadic forms (For review, Dawson et al., 2002). Alternative to the toxic models,
“physiological” models (transgenic mice) have been engineered. They enable to tackle
the neurodegenerative process observed in the familial cases of PD. We will focus on
two mouse models, a-synuclein mutated and PINK1 KO (For review, Chesselet, 2008;
Dawson et al., 2010).

1.2.1. Alpha-synuclein transgenic mouse models may help to understand

molecular mechanisms of early and late stages of PD.

Alpha-synuclein is is a presynaptic protein encoded by the SNCA gene that has a
role in neurotransmitter release. Alpha-synuclein is a soluble, natively unfolded 17 kDa
protein, which acquires an anti-parallel conformation after binding to phospholipid
surfaces. Its abundant expression in neurons and the selective localization to nerve
terminals point to an important role for signaling and synaptic maintenance. Evidences
implicate alpha-synuclein in synaptic vesicle recycling and neurotransmitter release in
interaction with the vesicle co-chaperone cysteine-string protein-a (CSPa) (Chandra et
al., 2005).
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Figure 14: Mutations in the a-synuclein and PINK1 genes induce the pathogenesis of
Parkinson’ disease.

Mutation (mut) or duplication (dup) in the a-synuclein gene result in excessive intracellular accumulation
of a-synuclein leading to the formation of Lewy Bodies (LB). Two mechanisms potentiate the aggregation
of LB: The degradation process of a-synuclein in the proteasome, genetically controlled and inhibited by
both the protofibrils and LB. Dopamine (DA) may also form stable products with protofibrils, inducing a
neuronal stress which, combined to environmental stress, leads to neuronal loss. Mutation (mut) in the
PINK1 gene induces mitochondrial dysfunction which would render DA neurons more vulnerable to injury.
It could also trigger misfolded proteins formation that may contribute to neurodegeneration. Precise
underlying mechanisms are unknown. Modified from Eriksen et al., 2003 and Vila and Przedborski, 2004
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More particularly it has been recently shown that synucleins may function to
sustain normal SNARE-complex assembly in a presynaptic terminal during aging (Burré
et al., 2010). The rare missense mutations in the SNCA gene (A53T, A30P and E46K),
duplication and triplication of the gene are responsible for autosomal dominant variants
of PD with particularly early manifestation and full (100%) penetrance (Polymeropoulos
et al., 1998). a-synuclein is the major component of the Lewy body; it aggregates,
assembles into fibrils and is supposed to be involved in neuroprotection (For review,
Dawson, 2000), e.g. after oxidative stress (Kowall et al., 2000) (Fig. 14).

To mimic the human pathology, a-synuclein knock-out (KO) or transgenic mice
expressing high levels of human wild-type or mutated SNCA have been generated
(Dawson et al., 2002). The KO or deficient mice for a-synuclein do not show lesions of
the nigral pathway but display impaired dopaminergic neurotransmission (Abeliovich et
al., 2000). In contrast, in 3 to 4 month-old transgenic mice expressing wild-type human
a-synuclein there are cytoplasmic inclusions in several cerebral structures including
SNc (Masliah et al., 2000). At the age of 12 months these mice show reduced tyrosine
hydroxylase (TH) activity and DA content in the striatum and progressive behavioural
deficits (Masliah et al., 2000). This suggests the requirement of a critical threshold of a-
synuclein accumulation to detect dopaminergic and behavioural deficits (Masliah et al.,
2000). However, only transgenic mice expressing A53T alpha-synuclein under control of
the mouse prion promoter (Giasson et al., 2002) exhibit alpha-synuclein aggregation,
fibrils and truncation, and progressive age-dependent degeneration (For review,
Fleming et al., 2005; Chesselet, 2008; Dawson et al., 2010). They exhibit altered DA
content and elevated DA receptors in the striatum, together with a reduced postsynaptic
transcriptional response to DA and impaired spontaneous locomotor activity by the
advanced age of 18 months, features highly similar to early PD stages (Kurz et al.,
2010). Progressively altered striatal levels of the endocannabinoid receptor CB1 and the
mGlIuR-interactor Homer1 together with the loss of LTD indicate a relevant pathology of

corticostriatal plasticity in these mice (Kurz et al., 2010).
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Figure 15: PINK1 KO mouse is a suitable model for the pre-symptomatic phase of PD.

PINK1 KO mice model show a progressive reduction of spontaneous movement (left). Such a motor
deficit is associated with impaired dopamine release (middle) without detectable striatal dopaminergic
denervation (right). Abbreviations: DS: Dorsal Striatum, VS: Ventral Striatum, WT: Wild Type, KO: Knock
Out. Scale: 500 um; From Kitada et al. , 2007 and Gispert et al. , 2009.
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1.2.2. The PINK1 mice model is suitable for the study of the earliest

changes that might occur in Parkinson’s disease.

PINK1 (PTEN-induced kinase 1) is a ubiquitously expressed protein with a
serine-threonine kinase domain and an N-terminal mitochondrial targeting motif. PINK1
is localized to the mitochondrial inter membrane space and membranes of the
mitochondria (Silvestri et al., 2005). The kinase domain is supposed to face the cytosol
suggesting that physiological substrates may reside in the cytosol. PINK1 gene activity
is required for cell survival, and plays a role in DA neurotransmission and/or
mitochondrial function (For review, Shen and Cookson, 2004). Mutations in the
mitochondrial protein PINK1 cause autosomal recessive PD, with particularly early
onset and mild progression (Valente et al., 2004; Gispert et al., 2009). G309D-PINK1
mutation of patients has been inserted into the orthologous mouse locus to generate
PINK deficient mice (Gispert et al., 2009).

PINK1 KO mice already display significant reduction in weight at 1 year of age
that suggests altered bioenergetics and mitochondrial dysfunction. They also show
progressive and late motor impairments with no detectable reduction of locomotor
activity until the age of 16 months (Fig. 15, left). These locomotor impairments in the
aged PINK1 deficient mice might be caused by impaired dopaminergic transmission but
not by dopaminergic neurodegeneration. Indeed, 2-3 months-old PINK1 KO mice
already show a decrease in the evoked DA release recorded by amperometry in the
striatum (Fig.15, middle), inducing an impaired synaptic plasticity at the corticostriatal
synapses in the MSNs (Kitada et al., 2007). On the contrary, any reduction in the optical
density of TH-positive terminals has been detected in the striatum of 9 and 18 months-
old mice (Gispert et al., 2009) (Fig.15, right). Along the same line, nigral cell loss and
Lewy bodies are not detectable in these mice even after 18 months (Gispert et al.,
2009). Thus, although neurodegeneration is not detectable within transgenic mice
lifespan and their life time remains unchanged, alterations suggest an accompanying

pre-synaptic pathology which might model early stages of PD.
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control DA-depleted BAC D1 DA-depleted BAC D2

Figure 16: Dopamine depletion induces a reduction in spine density in the D2 but not
D1 receptor-expressing MSNs

Labelling of MSNs with Alexa Fluor 594 in P17-25 mice in control (left) and 6-OHDA-treated slices (DA-
depleted, middle and right). Note the decrease in spine density in the DA-depleted BAC D2 MSNs (right)
compared to the control (left) or DA-depleted BAC D1 MSNs.

Scale: 40 ym, magnification: 5 um. Modified from Day et al., 2006
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2. The striatal network is altered by chronic dopamine depletion

Dopaminergic neurons massively innervate the principal neurons of the striatum
and dopamine assures the proper function of the striatal network (see Fig.3), Therefore
dysfunction or degeneration of the dopaminergic system should lead to profound

changes of this network.

2.1.The morphological characteristics of striatal neurons change in the

chronic absence of dopamine.

Loss of striatal dopaminergic innervation results in morphological changes in striato-
fugal neurons. Indeed there is a significant loss of dendritic spines of MSNs in MPTP-
treated monkeys (Smith and Villalba, 2008). In 6-OHDA-treated rats, spine loss is
correlated to the decreased number of afferent glutamatergic synapses (see below)
(Solis et al., 2007; Ingham et al., 1998). In vitro imaging studies in D1/D2-EGFP
reserpinized mice and electronic microscopy of immunoreactive spines in 6-OHDA adult
rats, have characterized more precisely this alteration. D2-containing striatopallidal
neurons are selectively affected by spine loss (Fig. 16). L-type voltage gated calcium
channels (LVGCC) may be involved in this process since genetic deletion or
pharmacologic blockade of LVGCC in DA-depleted MSNs totally block spine loss (Day
et al., 20006).

The absence of dopamine in the striatum also leads to compensatory mechanism in cell
composition. Dye coupling between MSNs and between aspiny interneurons increases
in DA-depleted rat striatum (Onn and Grace, 1999). Coupling allows the transfer of
excitatory signals among clusters of neurons underlying synchronous activity among
connected cells. The density of intrastriatal dopaminergic neurons, described in rat,
monkey and human striatum (For review, Smith and Kieval, 2000; Cossette et al., 2005;

Ibanez-Sandoval et al., 2010) increases after DA depletion.
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Figure 17: Synaptic reorganization between interneurons and projections neurons
follows the striatal dopamine denervation.

Interneurons are trans-synaptically-labelled following rabbies virus infection of the GPe or SNr in control
and in 6-OHDA ftreated rats to determine the number of connected interneurons to the MSNs of the
“indirect” and “direct” pathway. The population of cholinergic interneurons (ChAT) increases in the
“indirect pathway” MSNs and decreased in the “direct” one. In contrast, the population of GABAergic PV-
positive interneurons is reduced in the SNr-projecting MSNs only. From Salin et al., 2009.
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Such an increase in cell density may underly a compensatory mechanism for the
progressive DA loss (Bezard et al., 2003). The functional role of these striatal DA

neurons intrinsic to the striatum is still under investigation.

Neuronal reorganization is reported in the 6-OHDA-treated rat striatum (Salin et
al., 2009) (Fig. 17). The number of cholinergic interneurons innervating the
striatopallidal MSNs increases whereas that innervating the striatonigral MSNs
decreases. Moreover, the number of PV-expressing GABAergic interneurons

decreases.

2.2.The glutamatergic cortico-striatal synapses become overactive in the

absence of dopamine.

Striatal dopaminergic depletion increases the excitability of MSNs in vivo (Tseng et
al., 2001) and in vitro, in chronic (Azdad et al., 2009) and acute animal models (Fino et
al., 2007). MSNs excitability is primarily due to the decrease of the rapidly inactivating
A-type potassium current (la) (Azdad et al., 2009). Intrinsic membrane properties such
as resting membrane potential, input resistance or action of GABA in the MSNs are not
changed after dopamine-depletion (Calabresi et al., 1993; Centonze et al., 2005, Azdad
et al., 2009; Dehorter et al., 2009) suggesting a key role of the synaptic inputs for the
excitability of the MSNs. Notably, excitatory inputs from the thalamus and cortex are
increased in the DA-depleted striatum (Aymerich et al., 2006; Pang et al., 2001; Picconi
et al., 2004; Centonze et al., 2006) (Fig.18A). Dopamine depletion acts on the
glutamatergic signalling at the post-synaptic level in the MSNs by reducing the number
of the excitatory synapses, which follows spines loss (see 2.1 and Fig. 18B). The
remaining synapses are presumed to have enhanced responsiveness and consequently
an increase in the dendritic excitability of the striatal neurons (Day et al., 2006). Since
dopamine depletion slightly decrease the mean discharge rate of the cortico-striatal
neurons (Mallet et al., 2006; Ballion et al., 2008), the enhanced excitatory inputs

afferent to the MSNs should be due to a sprouting of the cortical afferents.
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Figure 18: Dopamine depletion impairs the cortico-striatal pathway.

A. Traces of spontaneous excitatory synaptic currents (SEPSCs) in MSNs, recorded in voltage clamp at -
80 mV in control (a, left traces) and SN/MFB-injected 6-OHDA (a, right traces) adult rat slices. Both
sEPSC frequency (b, left) and amplitude (b, right) increase in the absence of dopamine.

B. Traces of miniature events (MEPSCs) recorded in D1 and D2 MSNs in voltage clamp at -60 mV in
control (a, left traces) and 6-OHDA (a, right traces) conditions from P17-25 transgenic mice. Frequency of
the mEPSCs is unchanged in the D1-expressing MSNs in absence of dopamine (a, top traces). On the
contrary, D2-expressing MSNs display reduced mEPSCs frequency (a, bottom traces). Cumulative
probability plots illustrate the invariance in the inter-event interval of MEPSCs between the control and the
dopamine-depleted D1 MSNs (b, left) and an increase in the inter-event interval between the control and
the dopamine-depleted D1 MSNs (b, right). Modified from Centonze et al., 2006 and Day et al., 2006.
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2.3.The GABAergic synaptic activity afferent to MSNs is increased and

synchronized in the absence of dopamine.

2.3.1 Dopamine depletion imbalances the direct and indirect striatofugal

GABAergic pathways.

Many studies have reported an imbalance between the direct and indirect
pathways in parkinsonian state (Gerfen et al., 1990; For review, Surmeier et al., 2007).
In vivo specific activation of the MSNs involved in the direct pathway via channel
rhodopsin activation in transgenic D1R-GFP mice, fully rescues motor deficits induced
by 6-OHDA-treatment (Kravitz et al., 2010). This clearly demonstrates that the indirect
pathway is overactive in the absence of dopamine compared to the direct pathway.

D1 receptor activation increases inwardly rectifying potassium current (IKir) in MSNs
and should serve to suppress activity evoked at membrane potentials close to the
potassium equilibrium potential (For review, Nicola et al., 2000). Besides, D2-EGFP but
not D1-EGFP MSNs display reduces opening of Kir2 potassium channels via a
signalling through M1 muscarinic receptors in 6-OHDA-treated mice (Shen et al., 2007).
This modulation leads to an increased dendritic excitability and synaptic integration of

the striatopallidal neurons in parkinsonian state.

Secondary mechanisms might contribute to the imbalance observed in the DA-
depleted striatum. Notably, feedforward inhibition worsens the D1/D2 imbalance by
differentially regulating the time window of responses to cortical inputs for the two
pathways in 6-OHDA-treated rats. Cortically evoked responses are narrower for
striatonigral neurons and wider for striatopallidal neurons (Mallet et al., 2006). This
striatal imbalance results from intrinsic mechanisms rather than cortico-striatal
imbalance (Ballion et al., 2008). D2-expressing MSNs are more excitable to cortico-
striatal stimulation than the D1-expressing MSNs in control, and DA-depletion increases
this disparity (Flores-Barrera et al., 2010).

Lateral (feedback) inhibition is also disrupted in PD models. Synaptic connections
between MSNs, differentially coupling the D1 and D2 MSNs are dramatically attenuated
in 6-OHDA treated-rats (Tecuapetla et al., 2009; Taverna et al., 2008).
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Figure 19: Bursting pattern of the spontaneous GABAergic currents is found in 40-50 %

of the 6-OHDA and PINK1 KO MSNs.

Spontaneous GABAergic activity afferent to the MSNs in 19-month old PINK1 KO (A) and 2 month-old 6-
OHDA mice (B) recorded in voltage-clamp at +10mV. Note the similarity in the pattern of activity in both
conditions (bottom), compared to the control (WT: Wild type; top). C. Intra-burst frequency (left) and
amplitude (right) of the spontaneous GABAergic events are significantly higher in 6-OHDA than in PINK1

KO MSNSs. Unpublished data from Dehorter et al..
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This impairment in the GABAergic connectivity would contribute to alter the

strength in the glutamatergic connection of the DA-depleted MSNs.

2.3.2 GABAergic synaptic activity afferent to MSNs is increased and synchronized

in the absence of dopamine.

In vitro, the spontaneous GABAergic postsynaptic currents (IPSCs) afferent to the
MSNSs have a tonic, low frequency pattern. This pattern switches from tonic to bursting
in 50% of the DA-depleted MSNs (Dehorter et al., 2009) (Fig. 19A). This switch is due to
the shift of activity of a subtype of GABAergic interneurons, the LTS, in the chronic
absence of DA. In contrast, after acute dopaminergic depletion with a-MTP, Fino and
collaborators did not show any difference of GABAergic interneurons activity compared
to control (Fino et al., 2007). These data suggest that changes occurring in LTS

interneurons occur in chronic DA-depleted conditions only.

In our preliminary study in the striatum of 19 months-old PINK1 KO (Gispert et al.,
2009) or A53T-SNCA a-synuclein surexpressing mice (Kurz et al., 2010), we also
recorded the bursting and synchronized GABAergic pattern from 40 to 50% of the
MSNs. This pattern is similar to that previously observed in 6-OHDA-treated mice
(Dehorter et al., 2009) (Fig. 19B). Emergence of the bursting pattern of the spontaneous
GABAergic inputs afferent to the MSNs could be directly related to the progressive
alteration of the dopaminergic innervation in the striatum. Different intra-burst frequency
and amplitude observed between the two models (Fig. 19C) could be attributable to
different alteration of the dopaminergic system. Indeed, compared to the 6-OHDA toxin-
based model that fully depletes the striatal dopaminergic innervation, genetic models
displays deficient dopaminergic transmission (For review, Blandini et al., 2008; Gispert
et al., 2009). Compensatory mechanisms in the 19 months—old PINK1 null mutants
could have decreased the impact of deleterious effects on the dopaminergic system.
Examining the progression of the pathological phenotypes in the MSNs of the
transgenic mice, PINK1 and surexpressing a-synuclein, should provide insights into the

age-related progression of DA neurodegeneration.
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Conclusion of chapter 3

PD is a complex disorder requiring the investigation of good models recapitulating the
major symptoms of the disease, namely the motor signs -rigidity, akinesia, resting
tremor- and DA degeneration. Toxic-based and genetic models in primates and rodents
both suggest that dopaminergic denervation alters the activity of the GABAergic
microcircuits of the striatum. Striatal network undergoes profound physiological
reorganization already from the early phase of the disease. Physiology of the neurons in
the developing striatum from genetic models of PD is currently unknown. Investigating
this should further our understanding of the time-course of the pre-symptomatic

compensatory mechanisms which precede the dopaminergic cell loss.
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Article 1

Déterminer comment le réseau immature du striatum génére des activités
développementales est fondamental pour la compréhension de sa mise en place. Or si
les propriétés électrophysiologiques des neurones de sortie du striatum, les neurones
épineux de taille moyenne (MSNs), ont été largement étudiées aprés la premiére
semaine de vie postnatale, peu de données concernaient I'activité de ces neurones, et
plus largement l'activité de réseau du striatum, aux stades embryonnaires et lors de la

premiere semaine de vie postnatale.

En utilisant une imagerie calcique ultra rapide (2-photons) et I'électrophysiologie
de patch clamp sur des tranches immatures de souris transgéniques Nkx2.1 GFP (E14-
P12) afin de différencier les MSNs (GFP négatifs) des interneurones (GFP-positifs),
nous montrons que les MSNs générent trois types d’activités immatures spontanées : 1)
Des pics calciques correspondants a des potentiels d’action calciques et générés par
des canaux voltage-sensibles intrinseques aux MSNs (dés E14 et maximum a PO0). 2)
Des plateaux calciques synchrones restreints a de petits groupes de MSNs
interconnectés par des jonctions communicantes (de type gap), et générés par des
canaux calciques voltage-sensibles (SPAs, dés E14 et maximum a P4). 3); 3) Des
activités synaptiques synchrones, médiées par les courants GABA et glutamate (P5-

P7). Puis les MSNs deviennent silencieux in vitro comme dans les tranches adultes.

Entre E14 et P8, les propriétés membranaires des MSNs, sont trés différentes de
celles de l'adulte ce qui leur permet de générer spontanément les pics et plateaux
calciques : leur résistance membranaire est forte et leur potentiel de repos est
dépolarisé, essentiellement du fait de I'absence du courant potassique de la rectification
entrante. L’apparition des événements synaptiques synchrones entre P5 et P7
correspond a la période ou 100% des MSNs générent des courants glutamatergiques et
GABergiques spontanés. C’est aussi la période ou les courants glutamate de type

NMDA sont fortement exprimés avant de décliner.
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C’est seulement vers P8 que les synapses corticostriatales augmentent en
densité et que les propriétés membranaires intrinseques aux MSNs changent. Un

comportement locomoteur dirigé se met en place a ce moment.
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The Immature Activities of the Striatum Resume before the

Mouse Pup Walks

Dehorter et al in preparation

Abstract

Immature networks initially generate primitive patterns required to
modulate the formation of functional entities followed by specific oscillations
signalling the emergence of coordinated behaviour. What are the mechanisms
involved in this shift? The Basal Ganglia are particularly suitable to investigate
these changes as striatal output medium spiny neurons (MSNs) must be silent to
integrate cortical inputs and generate coordinated motor behaviour. Here using
dynamic imaging, we report that voltage and synapse synchronised activities that
engage large populations of embryonic and early neonatal MSNs are silenced
around P10 when coordinated gait is first identified in pups. Using embryonic and
neonatal MSN recordings, we show that this is mediated by activation of a K*
current that shifts the resting membrane potential to negative values and down
regulation of the NR2CD-mediated component of corticostriatal responses. Our
results demonstrate how immature activities stop in a central motor network
precisely when the corticostriatal system is ready to generate coordinated
locomotion. The sequence and mechanisms described here may provide

information relevant to genetic motor disorders involving basal ganglia.

Results

Using an imaging device, we quantitatively determined the maturation of
pup locomotor behavior relying on belly contact with the platform, dynamic of
paw contacts and vectorial displacement of the pup in an open field (24 x 16 cm)

during one-minute tests.



P2 pups spent most of their time on the belly (35.3 £+ 4.9 %, n = 16) and
barely moved in the field; Pivoting and crawling predominated in P3-P6 pups
whereas P7-P8 pups have lifted their belly (2.9 £ 0.7% of time contact compared
to 17.8 £ 1.6% at P3-P6, n = 16) and started walking but to a limited extent.
Spontaneous quadruped walking with the ventral surface of the body off the floor
was first observed at P10. Then the fraction of time during which the mice walked
following a straight line significantly increased at P9-P10 (13.1 + 2.6%, top)
compared to P7-P8 (3.3 + 1.0%) (n = 14) (Fig. 1A, B, S1).

Spontaneous calcium activities of the striatal network recorded in
embryonic and postnatal brain slices using multibeam two photons imaging (a
total of 260 movies covering 115 188 neurons) revealed a striking parallel
change of activity during the same time window. The fraction of striatal neurons
generating spontaneous immature activities in the field (444 x 336 um) shifted
from 17.5 £ 1.0 % at PO-P2 (58 £ 4 out of 337 £+ 16 fura 2-loaded cells, n = 51
fields) and 14.4 + 1.1 % at P3-P6 (34 £ 3 out of 244 + 34, n = 26 fields) to 4.2
0.8 at P9-P10 (6 £ 1 out of 148 + 12, n =15 fields). At least half of the remaining
activity at P10 and after was generated by interneurons (7) identified as GFP-
positive neurons in slices from Nkx2.1-GFP mice (2) (Fig. 1C, D and S2). Before
silencing, embryonic (E14-E18) and postnatal (P0-P8) MSNs exhibited a three
phase sequence that parallels that reported for cortical networks: isolated Ca**
spikes, correlated Ca?* plateaus synchronized in small cell assemblies (SPAs)
and synchronized synapse-driven network events similar to the Giant
Depolarising Potential (GDPs, (3, 4) (Fig. 2A, B).

Ca?* spikes predominated from E14 (93.0 + 0.8% of active cells, 11.5 +
4.3% of total fura-2 loaded cells, 0.2% cell pairs significantly correlated, 4 fields,
2268 cells) to P6 (88.9 + 4.1% of active cells, 10.2 + 2.1% of total cells, 0.6% cell
pairs significantly correlated, 12 fields, 3143 cells) and decreased to 4.2 £ 0.8%
of total cells at P10 (0% cell pairs significantly correlated, 15 fields, 2357 cells)
(Fig. 2C, 5A).



They had a mean frequency of 0.021 £ 0.002 Hz (E14-E16) and their time
to peak was of longer duration at E14-E18 (1.31 £ 0.08 s, 777 events, 18 fields)
compared to PO-P5 (0.92 £ 0.07 ms; 207 events, 7 fields, p < 0.01).

SPAs were rare at E14 (14.7 + 2.4% of active cells, 6% cell pairs
significantly correlated, 4 fields, 2268 cells), peaked at P4 (36.3 + 8.0% of active
cells, 5% cell pairs significantly correlated, 5 fields, 1166 cells) and were virtually
absent at P9-P12 (0.2 + 0.1%, 21 fields, 2862 cells). They had a similar mean
frequency at E18 and P4 (0.014 £ 0.003 Hz vs 0.017 + 0.002 Hz, p = 0.8) and a
similar mean duration (144 +1.9svs 14.5+0.8 s, p = 0.1) (107 and 89 events,
10 and 5 fields). Ca** spikes and SPAs were intrinsic, non synaptic, voltage-
gated currents insensitive to ionotropic GABA and glutamate receptors
antagonists (decreased by 9.0 + 1.3 %, p = 0.79 and 3.4 £ 0.6 %, p = 0.08,
respectively; Fig. 2D, E P2) that differed in duration (1.31 £ 0.08 s vs 16.46 *
2.01 s at E14-E18, p < 0.001).

Also, SPAs were likely to be generated by gap junction-connected cells
since multiple labelling of 2-7 MSNs was observed after intracellular labelling of
only one MSN (Fig. S3, 5C). These gap junctions were not specifically sensitive
to carbenoxolone (100 uM) or mefloquine (25 uM). GDPs were absent before P5,
appeared at P5-P7 (10 % of the recordings, n = 4 out of 40 fields, 13 £ 4 % of the
total imaged neurons (24 % cell pairs significantly correlated, 4 fields, 823 cells)
and disappeared subsequently. They involved 80.1 £+ 12.6% of the active cells,
had a mean frequency of 0.06 £ 0.02 Hz and a mean duration of 0.75 £ 0.13 s
(81 events, 4 fields). They were synapse-driven events totally abolished by the
antagonists of ionotropic glutamate and GABA receptors (Fig. 2E P6). They were
present during the transition phase (P5 to P7) that preceded the expression of

coordinated locomotion.



Targeted patch clamp recordings from 519 identified MSNs in striatal
slices revealed that both the frequency of GABAa receptors-mediated
spontaneous postsynaptic currents (sPSCs) and the percentage of MSNs
generating GABAA sPSCs (n = 38) increased monotonously from E14 to P30
whereas the amplitude or kinetics of GABAA sPSCs did not significantly change
from E16 to P30 (Fig. S4, 5D).

The resting membrane potential (V,est) determined from current—voltage (-
V) relationships of single NMDA channel recordings (5) progressively and
significantly hyperpolarized by circa 10 mV from P2-P6 to P10 with no further
change afterward (6) (Fig. S5A). The Driving Force of GABA (DFgasa)
determined with single GABA channels was not significantly different between P2
and P30 (6) (Fig. S5B). The estimated values of E gaga (DF GABA — V,est) was
however 15-20 mV more depolarised at P2 than P30 (Egagaa = —55 £ 5 mV at P2
and - 64 + 3 mV at P30) (Fig. S5C). In spite of this depolarisation, focal
application of the GABAA receptor agonist isoguvacine failed to generate action
potentials in cell-attached recorded MSNs at P2 (n = 6, Fig. S5D) or P5 (n = 7,

data not shown) reflecting the need for additional currents to generate them.

We therefore examined glutamatergic EPSCs and particularly NMDA
receptor-mediated currents that could act with depolarising GABA to generate
immature patterns and play an important role in developmental processes. With
specific antagonists, the isolated AMPA and KA receptor-mediated sEPSCs
revealed a monotonous increase of the fraction of MSNs generating AMPA or KA
receptor-mediated sEPSCs as well as the mean frequency of AMPA and kainate
receptor mediated sEPSCs suggesting that they are not involved in the transition
phase. In striking contrast, the fraction of MSNs generating NMDA receptor-
mediated SEPSCs shifted from less than 40% at PO, to more than 80% at P5-7
and decreased thereafter to 30% at P30, suggesting an abrupt increased
contribution of NMDA receptor mediated signals prior to MSNs silencing (n= 12
at PO, 18 at P5-7 and 12 at P30; Fig. S6, 5E).



Cortico-striatal synapses provide most of the glutamatergic synapses to MSNs
and are essential for motor coordination. Already at E16, Dil labelling (n = 5) of
cortical fibers revealed staining in the striatum (Fig. 3A) and intrastriatal
stimulation (500 ps, 50 ms) in the presence of gabazine (10 yM) evoked
glutamatergic EPSCs in 10 % (n= 2/18) of the recorded MSNs.

The percentage of responding MSNs shifted to 76% (n = 10/13) at birth
and remained stable subsequently (75% at P5-P7, n = 9/12; 78% at P30, n =
7/9). At P5-P7 but not at P10 or P30, single cortical stimulation evoked long
lasting EPSCs (455 £ 23 ms,n=7-vs 51 1 ms, n=7; p < 0.001) associated
with a burst of action potentials (2-4 spikes, n = 10) (Fig. 3B). These EPSPs
were strongly reduced by the NMDA receptor antagonist APV (by 46%, n =5; p <
0.001) but not by the AMPA/kainate receptor antagonist and GABA antagonist
(NBQX 10 uM and Gabazine 5 uM, by 10%, n = 4; p= 0.46). PPDA, the specific
antagonist of the NR2CD subtype of NMDA receptors significantly reduced the
gabazine-NBQX-resistant EPSCs by 52% at P6 (n = 5) and only by 2% at P10 (n
= 5) (Fig 3C) suggesting a preferential role of these NR2 subunits. NR2CD
subunits confer a reduced voltage-dependent magnesium blockade and longer
kinetics to NMDA receptor signalling thereby facilitating the generation of NMDA
receptor mediated events at resting membrane potential (7, 8). Therefore,
evoked cortico-striatal stimuli generate at P5-P7 large EPSCs associated with
bursts (Fig. 3B) and spontaneous GDPs (Fig. 2A) when a large NR2CD-
mediated NMDA component is present (Fig. 3C). This suggests that NMDA
receptors are tuned (via NR2CD subunits) to generate maximal activity during

the transition phase before silencing of MSNs (9, 70).

Other intrinsic parameters including Vs, the input membrane resistance
(Rm), the threshold potential for spike (Vireshoa), the delay of firing due to the
early D-type K' current (Ip) and the inward rectifier K* current (IKir) are
instrumental in setting the cellular response of neurons to their synaptic inputs
(Fig. 4A, B) (11).



The mean input resistance of MSNs was 4 times higher during the first
postnatal week (1061 + 88 MQ, P2-P6, n = 42) than P10 (243 £ 16 MQ, n = 8)
and P30 (83 + 6 MQ, n = 6; Fig. 4C) but neither the spike threshold nor the delay
to fire changed between P2 and P10 (Fig. 4B, D, E). The fraction of MSNs
expressing /Kir was small until the end of the first postnatal week as shown with
the linear |-V relationship evoked by hyperpolarizing steps between E16 and P6
(n = 41/44) but not after (n= 8/8 at P10 and n= 6/6 at P30, Fig. 4F).

This shift and the parallel decrease of Vst (Fig. 4G) will enhance the
depolarisation needed to generate a an action potential ( Vinreshold — Vriest =34 £ 3
mV at P10 and 46 £ 1 mV at P10 n = 10; p = 0.03). Therefore, the expression of
IKir and the decrease of R, coincide with striatal silencing and elimination of

immature network patterns at P10 (Fig. 1B, 5B).

Discussion

The present results demonstrate that the in vitro mouse striatal network
spontaneously generates immature activities as early as embryonic day 14 and is
silenced at the beginning of the second postnatal week when all MSNs express
IKir and have reduced Invpa expression. This silencing happens just before the
animal generates the first form of walking and thus immature activties do not

interfere with coordinated locomotion.

We have identified two phases in the maturation process of striatal output
neurons, striatal network and coordinated locomotion, the immature and the
adult-like phases (Fig.5). During the immature phase (from E 14 to P8) the
striatal network is active with a pattern of voltage-gated and synapse-driven
immature activities. MSNs are more excitable than adults because they lack the
typical K currents (IKr and Ip), have a high input resistance and express the
NR2CD component of NMDA currents. Pups at that stage generate crawling
movements only. Then, quite abruptly, between P8 and P10 the adult-like phase

begins.



MSNs immature activities disappear and are replaced in vitro by the adult
silence. The triggering mechanism includes the general expression in all MSNs
of IKr associated with a drop of membrane resistance, hyperpolarization of Viest
and Egasaa and a loss of NR2CD-mediated current leading to a much reduced
contribution of NMDA signals to corticostriatal EPSPs because of the stronger
voltage-dependent Mg?* block of adult NMDA receptor subunits (72, 13). At the

same period pups begin to walk in a coordinated manner.

During the following three-four weeks, until the adult stage, quantitative
(but not qualitative) changes take place in MSNs including development of
intrinsic membrane properties and spine acquisition (74, 15), increased number
of glutamatergic and GABAergic synapse (716), acquisition of the capacity to fire
only in response to precisely synchronized excitatory inputs (For review, (77,
18)).

Our recordings of embryonic and early postnatal MSNs thanks to their clear
identification as Nkx-GFP negative neurons in transgenic mice have enabled to
identify the early transient developmental stage (immature stage) that has not
been observed previously. In parallel, the converging single channel recordings
essential to correctly determine Vs in immature neurons and dynamic two
photons imaging technique needed to record large neuronal ensembles provided

direct evidence of the coordinated maturation of cellular and network patterns.

In a more global perspective, the motoneurons (719), and upper centers (4)
mature first and lastly the descending pathways (P9-P11) (20-22). How this
entire system is coordinated is not known. Present results suggest that cortico-
striatal NMDA-driven ongoing currents play a role in the transition from immature
to adult-like MSNs. The nigro-striatal dopaminergic pathway may also play a role
since the second wave of innervation begins just during the same transition
phase. This should also help to birth date the onset of dysfunction of the striatum

in genetic diseases like Huntington’s or familial forms of Parkinson’s disease.



Methods

Gait development analysis

Gait development was assessed in Swiss newborn mice (n=16) from two
different litters (Janvier SAS, Le Genest Saint Isle, France) from
postnatal day 2 (PND 2, day of birth: PND 0) to PND 12. Each pup was
tested twice a day, with a 20 minutes delay between the two tests.
We recorded the mouse locomotion with two cameras simultaneously recording
the pup in the visible and the infrared. We acquired the contact points of the
paws with the surface depicted by brightly illuminated areas, based on the FTIR
principle (Frustrate Total Internal Reflexion) of the light. The enhanced contrasts
between contact and non contact areas enabled to perform the automatic
detection of the mouse contacts with custom-made software (NeoGAIT). Each
contact was semi-automatically tagged as: right or left forelimb, right or left
hindlimb, tail, head, belly or unspecified. Distribution of the tagged contacts as a
function of time gives variables for the displacement (travelled distance and
duration of the gait) and the locomotion (stance time: duration of a contact and

swing time: duration without any contact).

Embryonic and postnatal slice preparation

Experiments were performed in wild type C57BL/6 mice (Janvier, France)
or Nkx2.1-GFP mice obtained by crossing Nkx2.1-CRE C57BL/6 mice (Jackson
lab) and a reporter strain (kindly provided by G. Fishell lab). Slices were obtained
from embryos at embryonic day E14, E16 and E18 (EO being the morning after
detection of the vaginal plug). Pregnant mice were decapitated under xylazine
(Rompun 2%; used at 0.05%) and ketamine (Imalgene 1000; used at 50g/L)
anesthesia (Volume injected: 0.2 mL/g). Embryos were excised from the uterus
and kept in ice-cold oxygenated solution containing (in mM): 110 choline, 2.5
KCI, 1.25 NaH;POq4, 7 MgCl,, 0.5 CaCl,, 25 NaHCOs3, 7 glucose.



Postnatal C57BL/6 mice (P0-P45) were killed by decapitation under
isofluorane anaesthesia. Coronal, or oblique parasagittal slices (400 ym thick)
were cut in the ice-cold oxygenated choline solution. During the recovery period,
all types of slices were placed at room temperature with standard artificial
cerebrospinal fluid (ACSF) saturated with 95% 02/5% CO2 and containing the
following (in mM): 126 NaCl, 3.5 KCI, 1.2 NaH,PO4, 1.3 MgCl,, 2 CaCl, 25
NaHCOs;, 11 glucose.

Patch clamp recordings

We performed all recordings at 32°C. Cells were visualized with infrared—
differential interference optics (Axioskop2; Zeiss). For whole-cell voltage-clamp
recordings of postsynaptic GABAa and glutamatergic currents, the pipette (6-10
MQ) contained the following (in mM): 120 Cs-gluconate, 13 CsClI, 1 CaCly, 10
HEPES, 10 EGTA, pH 7.2-7.4 (275-285 mOsm). We used the CsGlu solution to
record spontaneous IPSCs (GABAa currents) at the reversal potential of the
glutamatergic events (+10mV). For glutamatergic EPSCs, recordings were
performed in the continuous presence of bicuculine (10 yM), a GABAa
antagonist, at -80 mV and +40 mV to separately detect AMPA and NMDA
SEPSCs, respectively (23).

Because sEPSCs recorded at + 40 mV may consist of both AMPA and
NMDA components the NMDA component was estimated thanks to their kinetics
(the NMDA decay time is longer than the AMPA one) or to its sensitivity to the
AMPA receptor antagonist, NBQX (10uM). The kainate component was
estimated at -80 mV in the continuous presence of APV (40uM), the selective
NMDA receptor antagonist and NBQX (1uM), the preferential antagonist of
AMPA receptors.



Spontaneous postsynaptic currents (sPSCs) analysis was based on
recordings of 180 sec duration at a given membrane potential. Recordings were
transferred into the Mini-Analysis Program (version 5.1.4; Synaptosoft, Decatur,
GA). All events visually judged as PSCs were manually indicated for additional
analysis in Mini-Analysis 5.1 and fully characterized by the following parameters:
rise time (10%—90%), amplitude, and decay time (t). To discriminate mixed
AMPA/Kainate events in the absence of specific receptor antagonists, the
standard deviation given by the fit of each event was used to determine whether
one or two exponentials best fitted the decays (24). Recorded cells were
identified as MSNs from their morphological characteristics (axon, dendritic
tree...) after the first postnatal week. At embryonic and perinatal stages, when
these characteristics are absent, we used Nkx2.1-GFP mice where striatal
interneurons (Nkx2.1 positive) express GFP but MSNs (Nkx2.1 negative) do not
(25).

For current clamp recordings, the pipette contained (in mM):15 KCI, 5
NaCl, 125 KMeSO4, 10 HEPES, 2.5 Mg-ATP, 0.3 Na-GTP. For single channels
recordings (6) the pipette (4—5 MQ) contained the following (in mM): 120 NaCl,
20 TEA-CI (tetraethylammonium chloride), 5 KCI, 5 4-aminopyridine, 0.1 CaCly,
10 MgCl,, 10 glucose, 5 GABA, 5 isoguvacine, 3 CsCl, 10 HEPES-NaOH
buffered to pH 7.2—-7.3; osmolality of 300-320 mosmol.

For single NMDA channels, pipettes were filled with nominally
magnesium-free ACSF containing the following (in mM): 140 NaCl, 3.5 KClI, 1.8
CaCl;, 10 HEPES, 10 NMDA, 10 glycine, 1 strychnine buffered to pH 7.43;
osmolality of 300-320 mosmol. To identify the morphology of neurons recorded
in cell-attached configuration, we repatched them with a conventional whole-cell
electrode containing neurobiotin (Abcys). The single-channel currents were
filtered at 1 kHz (GABAA channels) or 3 kHz (NMDA channels) and digitized at 10
kHz.



Multilevel and short (2 ms) openings were discarded during analysis. -V
relationships were performed by measuring amplitude of unitary GABA and
NMDA currents evoked by steps from -120 to +40 mV. Histograms of cursor-
measured amplitudes allowed determination of the mean unitary current

amplitude at each voltage tested.

Series resistance (Rs), membrane capacitance (Cm), and input resistance
(Rinput) Were determined by on-line fitting analysis of the transient currents in
response to a + 5 mV pulse at -70 mV. Criteria for considering a recording
included Rinput > 100 MQ, Rs < 25 MQ, with Rs < 30% change. Average values
are presented as means SEM and statistical comparisons were performed with
the Student’s t test (SigmaStat 3.1, Origin 5.0), Mann—Whitney rank sum test
(SigmaStat 3.1) or one-way anova (Tukey’s Test as post hoc test; SigmaStat
3.1). The level of significance was set as P = 0.05. Set of datas without any
statistical differences were grouped as follow: P2 (P0-P2), P6 (P3-P6), P8 (P7-
P8), P10 (P9-P10) and P12 (P11-P12) except for figures 2C, 3, 4G and

supplemental figures s4, s5 and s6.

For current-voltage (I-V) curve analysis, we measured voltages at the end
of each current step episode of hyperpolarization (950 ms). The inward
rectification (IKIR) is detected when the I-V relationship below -90 mV is far from
linearity up to -120 mV. To compare immature and adult MSNs adaptation,
corresponding to the delayed inward current (/p), we measured the first interspike
interval of the depolarizing steps. We then pooled the slopes values of the linear

regression lines and compare their distribution as function of time.

The threshold potential for Na+ spikes was estimated in whole-cell
(current clamp) recordings by applying successive depolarizing steps (duration
250 ms, 950 ms) or by evoking spikes by cortical stimulation, both from the value
of Vrest (-70 mV from E16-P7 and -80 mV for the adult).



Calcium Imaging

Slices were incubated in the dark with fura-2 AM for 30 minutes in a
chamber containing 2.5 ml of oxygenated and warmed up ACSF (35°-37°C) with
25yL of a fura-2 AM solution (1 mM, in 100% DMSO; Molecular Probes). Imaging
was performed with a multibeam two-photon laser scanning system (Trimscope-
LaVision Biotec) coupled to an Olympus microscope. Slices were imaged using a
high-numerical-aperture objective (20X, NA 0.95, Olympus). Images (4 x 4
binning) were acquired via a CCD camera (La Vision Imager 3QE) with a time
resolution of 115 to 147 ms. Size of the scan field (500 x 400 ym) and duration of

the movies (1000-3000 images) were unchanged.

Patch clamp recordings were coupled to imaging to correlate calcium
signal to electrical activity of a particular neuron. Fura pentapotassium salt (30
MM; Invitrogen) was added to the pipette solution to keep cell fluorescent during
electrophysiological recordings. Analysis of the calcium activity was performed
with custom-made software (3) written in Matlab (MathWorks). The contour of
each loaded cell is semi-automatically detected and its fluorescence is measured
as a function of time. Active cells are neurons exhibiting at least one calcium
event of at least 5% defeection within the period of recording. We considered an
event with a minimal duration of 30 frames as a ‘calcium plateau’. In slices from
Nkx2.1-GFP mice, we first took images of the GFP-expressing neurons (laser at
910 nm) before acquiring spontaneous fura-2 fluorescence changes. During the

analysis, GFP-expressing neurons are identified by superposing the two fields.



Drugs.

Drugs were prepared as concentrated stock solutions and diluted in ACSF
for bath application: bicuculline 20 uM, Gabazine 5 uM, GABAa receptor
antagonists; D-amino pyruvate (D-APV) 40uM, a NMDA receptor antagonist and
(+/-)-cis-1-(phenanthren-2yl-carbonyl)-piperazine-2,3-dicarboxylic acid (PPDA)
100 nM, a NR2C/D subunits antagonist; 6-cyano-7-nitroquinoxaline 2,3-dione
(CNQX) 10puM, and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[flquinoxaline)
(NBQX) 1-10uM, the AMPA/ kainate receptor antagonists. Isoguvacine 100uM, a
GABAAa receptor agonist, was locally applied. All drugs were purchased from
Sigma (St Louis, MO, USA).

Immunocytochemistry.

To visualize the morphology and identify the recorded cells we revealed
the neurobiotin injected during whole cell recordings. After 12h in
paraformaldehyde (3%) at 4°C, the sections were rinsed in PBS, left 12h in PB-
sucrose 20% and then at -80°C for at least 2h. They were thawed at room
temperature, rinsed in PB and incubated 30 min in 1% H20, in PB. Slices were
washed with PB and KPBS and incubated for 12h in ABC complex at a dilution of
1: 100 in KPBS + 0.3% triton (Abcys).

They were rinsed in KPBS and incubated for approximately 10 min in 3,3’
diaminobenzidine (DAB 0.7 mg/ml) with peroxide (0.2 mg/ml) (Sigma Fast),
rinsed, mounted in Crystal/Mount (Electron Microscopy Sciences), coverslipped
and examined. Dendritic and axonal fields were reconstructed for morphological

analysis using the Neurolucida system (MicroBrightField Inc., Colchester, VT).

For double immunocytochemistry Neurobiotin-Nkx2.1, slices were
cryoprotected in PB with 20% sucrose, freeze-thawed in isopentane and rinsed in
PB. Slices were then incubated in PBS Triton 0.3% normal goat serum (NGS,
2%) for 1 hour and then in Nkx2.1 antibody (1:10) for 4 days at room temperature
(RT).



After thorough rinsing, slices were incubated for 90 min at RT in alexa-488
goat anti-mouse (1:300; Molecular Probes, Leiden, the Netherlands) in PBS and
NGS 2% overnight After thorough rinsing, slices were again incubated in PBS
and Cy3 streptavidine antibody(1:300), rinsed again and incubated with
secondary antibody for 1 hour to label the recorded cell. After thorough rinsing,
slices were mounted in fluoromount, coverslipped and examined with a confocal

microscope (Zeiss LSM 510).
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Figure 1: Maturation of the striatal output precedes the acquisition of coordinated locomotion.

(A) (top) Photos of representative postnatal mice from below showing the number and extent of pressure points
(in blue) at the indicated ages. (Bottom) displacement in the field (same mice) during a 1 min test.

(B) Mean percentage (+ SEM) of belly contact time (n = 16, top) and vectorial walking (n = 14, bottom) as a
function of postnatal age. Boxes represent the median and interquartile range, the top and bottom vertical bars
denote the 90" and 10" percentile.

(C) Calcium fluorescence images of the striatum from Nkx-GFP mice slices (top) and corresponding raster plots of
the calcium activities (bottom) generated by GFP+ cells (interneurons, green dots) and non-GFP cells (MSNs,
black and red dots).

(D) (top) Mean percentage (+ SEM) of all active cells as a function of age. Relative fraction of active GFP-positive
neurons (interneurons, green) and MSNs (black) as a function of age.

*P < 0.05; ** P <0.01; **P <0.001: one-way ANOVA for B and D.
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Figure 2: Immature activities generated by MSNs follow three main maturation steps.

(A) Representative histograms (top) indicating the fraction of imaged MSNs detected as belng actlve (left
and right) or evoking SPAs (middle left) and representative calcium fluorescence traces (Ca spikes in
black, SPAs in red and GDPs in blue) from MSNs (bottom) in control ACSF or in the presence of blockers of
voltage-gated Na® and Ca”" channels (TTX 1 uM- Nifedipin 10 uM, left and middle) or of ionotropic
glutamate and GABA receptors (APV 40 uM-CNQX 10 pM-Bicuculline 10 pM, right). SPAs (red) were
temporally correlated in control ACSF (vertical line).

(B) Simultaneous optical (top) and current clamp (bottom) recordings of calcium spikes (Vm =-70 mV, left),
SPAs (Vm = - 50 mV, middle) and GDPs (Vm = - 60 mV, right).

(C) Mean percentage (+ SEM) of fura-2 loaded cells evoking at least one ca® spike (black) or one SPA
(red) or GDPs (blue) as a function of age (-5 = E14; -3 = E16; -1 = E18; 0= E19 or PO, 4-12 = P4-P12).

(D) Mean percentage (x SEM) of fura-2 loaded cells evoking at least one ca” spike in control ACSF (black)
and in the presence of TTx-Nifedipin (white). (E) Mean percentage (x SEM) of fura-2 loaded cells evoking at
least one Ca** spike (black) and one SPA (red) in control ACSF and in the presence of synaptic blockers
(Antag, white) at P2 and P6.

*P < 0.05; ** P < 0.01: paired Student t test for D and E).
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Fig. 3: Early embryonic cortico-striatal EPSPs and postnatal transient

expression of the NR2CD-mediated NMDA component.

(A) (left) Dil injections in the neocortex in a E16 formalin-treated sagittal slice. After 15 days of
incubation, Dil-labelled cortical fibres were observed in the striatum as shown in the confocal
image (right) of the region indicated by a square (middle). Scale bars: 500, 200 and 50 ym.

(B) Whole cell current clamp responses of embryonic and postnatal MSNs to intra-cortical
stimulation in absence of synaptic blockers. At P6, the response was ten times longer than at
P30 ***P<0.001 (Student t test).

(C) The Gabazine (GBZ 10 uM)-NBQX (10 pM)-resistant whole cell EPSP was decreased by
52 + 10% at P6 (n = 5),2 £+ 1% at P10 (n = 5) by the selective NR2CD antagonist PPDA
(100nM, 15 min) (blue traces; *P<0.05: paired Student t test) and was entirely abolished by
APV (40 uM) at all ages.
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Figure 4: Intrinsic membrane properties of MSNs abruptly change between
P6 and P10

(A) Representative whole cell current clamp responses of embryonic and postnatal MSNs to
intracellular hyperpolarizing steps to determine the presence of inward rectification (V,, = -70
mV). Scale bars: 25 mV; 200 ms.

(B) Representative whole cell current clamp responses to intracellular depolarizing steps (Vy,
= -70 mV). At E16-E18 few MSNs generated overshooting Na* spikes (14%, n = 1/8), half of
them (3/6) at PO, 64% (16/25) at P2, 87% (21/24) at P5 and 100% (12/12) at P7. Scale bars:
25 mV; 200 ms. (C) Input membrane resistance (R,) obtained from responses to
hyperpolarizing steps in A, was 4 times higher at perinatal stages compared to adult (1180
197 MQ at P8, n = 16 vs 273 £ 91 MQ at P30, n = 14) (D) Threshold potential (Vireshoid)
calculated from experiments in A did not change between P0-P2 (32.2 £ 1.7 mV, n = 14) and
P3-P6 (33.8 £ 0.8 mV, n = 32) or P30 (-31.0 £ 0.8 mV, n = 10) (p= 0.65 for all). (E) The first
interspike interval (ISI) frequency is plotted as a function of injected current (insert, Belleau
and Warren, 2000, scale: 20 Hz, 100 pA). Slope values given by each linear regression lines
(correlation coefficient were all > 0.9) are plotted as a function of postnatal age. Slopes at P10
(1.27 £ 0.12, n = 5) were significantly different from that at P30 (0.31 £ 0.04, n= 5). The
linearity of the I-V relationships at E18, P2 and P6 shows that most of the MSNs do not
express K current at these ages (left) compared to adult MSNs (right).

(F) Whole cell I-V relationships at the indicated ages, obtained from experiments in A.

(G) MSNs resting membrane potential (V) determined from the reversal potential of unitary
NMDA currents significantly hyperpolarized from P2 to P10 by around 10 mV (from -70.0 £
1.7mV,n=11t0-77.0£ 1.3 mV, n=11). *P < 0.05; ** P < 0.01: one-way ANOVA for C-G).
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Figure 5: Summary of MSNs properties and activities from E14 to P12

Light orange period when MSNs generate immature activities; grey: period when MSNs are mostly
silent in vitro; bright orange: period of transition between the immature phase and the adult-like
phase. Vireshols measured with whole cell recordings did not significantly change between P7 (-37.3 £
1.9 mV, n = 9) compared to P30 (-38.3 £+ 0.6 mV, n =7; P = 0.65: one way ANOVA).
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Figure S3: MSNs are organized in clusters at perinatal ages

(A) The double immunocytochemistry for neurobiotin (left) and Nkx2.1 (middle) performed on a P2
striatal slice after whole cell recording of a single MSN revealed a cluster of 7 neurobiotin-filled cells
(red) that are all Nkx-negative MSNs (not green, right). Scale bar 20 um.

(B) Neurolucida reconstruction of neurobiotin-filled Nkx-negative neurons (MSNs) at E14, E18 and
P7. When single MSNs were labeled with neurobiotin, clusters of 2-7 cells were observed in 75 % (n =
13/ 17) of the recordings before birth (E14-E18) (scale bar 50 um). In 97 % of the cases, clusters
exclusively consisted of MSNs (n = 36 out of 37) (see supplementary figure 3). Clusters of 6 *+ 1
neurobiotin-labeled neurons were observed in 75 % (n = 13/ 17) of the recordings before birth (E14-
E18) compared to 8% of clusters composed of 2 MSNs (n = 3/ 38) in the adult (P30-P40). MSNs had
2.8 £ 0.3 primary dendrites at E16-E18 (n = 23), 3.9+ 0.4 at PO (n =19),5.1+ 1.1 at P2 (n = 9) and
5.8 £ 0.3 at P7 (n = 11). They gave rise to around 6 - 25 dendritic ends (6 at E16-18, 13 at PO, 17 at
P2, 18 at P5 and 25 at P7).

The total dendritic length was multiplied by 5 between E16-18 and P7 (339 £ 64 um at E16-18, 646 +
148 ym at PO, 574 + 123 ym at P2, 818 £ 161 um at P5 and 1751 + 219 ym at P7). Dendritic spines
were virtually absent at all ages. Average cell capacitance progressively increased from E16 to P7
(14.3 £ 0.9 pF at P2, n=47 vs 51.7 + 5.3 pF at P30, n = 74; ***P < 0.001: one way ANOVA). Axons
coursing down to the globus pallidus were identified in few E18 MSNs but were consistently observed
for P5-P7 MSNs.
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Figure S4: Spontaneous GABAa postsynaptic currents (GABAA-PSCs)
recorded from E16 to P30 MSNs

(A) Voltage clamp recordings of spontaneous GABAA-PSCs with CsGlu intrapipette solution
during development (Vy = +10 mV). Scale: 50 pA, 500 ms. At the youngest ages tested (E16-
P2), a fraction of the recorded MSNs did not generate any GABA, sPSCs or only few of them
with a frequency lower than 0.05 Hz (85% at E16, 60% at E18-P0O and 25% at P2). These
were not included in the analysis of GABA, sPSCs frequency and amplitude.

(B) Fraction of the recorded MSNs which displayed spontaneous GABAA-PSCs as a function
of time. From P5-P7, all MSNs display spontaneous GABA, currents. GABAA-PSCs
Frequency gradually increased during development (R > 0.9) whereas amplitude of the PSCs
remained stable (P > 0.05: one way ANOVA). GABA, sPSCs frequency at P30 (5.4 + 1.0 Hz;
n = 10, **P<0.001: one way ANOVA) was significatively different from the frequency at P7
(2.1 £ 0.4 Hz; n = 22). GABA, sPSCs amplitude was not statistically different between E16
(30.3 £ 2.0 pA, n =19) and P30 (30.0 £ 4.3 pA; n = 10, P= 0.93: one way ANOVA). Rise time
around 2 ms (2.3 £ 0.1 ms at P7 and 2.4 + 0.2 ms at P30) and decay time around 35 ms (39.3
2.1 ms at P7 vs 32.0 £ 4.2 ms at P30) of GABAA-PSCs remained stable during development
(n=22,P=0.7and n =10, P = 0.12: one way ANOVA).
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Figure S5: Resting membrane potential (Vrest) and reversal potential for
GABAA — mediated currents (EGABAA) of P2 MSNSs.

(A) Representative cell-attached recordings of unitary NMDA currents at the indicated Vy (in
mV) from a P2 MSN (Scale bars: 5 pA; 10 ms) and corresponding |-V relationship of the
recorded currents to determine Vs (-67 mV).

(B) Representative cell-attached recordings of unitary GABA, currents at the indicated Vy (in
mV) from a P2 MSN (scale bars: 1 pA, 20 ms) and corresponding |-V relationship of the
recorded GABA, currents to determine DFgaga -

(C) The driving force for GABA was similar at P2 and P30 (DFgaga = 15.3 £ 3.4 mV; n =8 vs
16.1 £ 1.9 mV, n = 11; P = 0.8: Student t test) (Dehorter et al, 2009).

(D) Pressure application of isoguvacine (iso, 100 uM) during cell-attached recordings did not
elicit any action potential at P2 (Scale bars: 100 pA, 125 ms). Inset shows the depolarization
evoked by the same pressure application of isoguvacine during whole cell recording of the
same P2 MSN (Scale bars: 25 mV, 5 s).
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Figure S6: Spontaneous AMPA, KA and NMDA receptor-mediated
postsynaptic currents (EPSCs) recorded from E16-P30 MSNs.

(A) Representative voltage-clamp recordings of spontaneous AMPA (Vy = - 80 mV), kainate
(KA, Vy = - 80 mV in NBQX 1 pM) and NMDA (Vg = + 40 mV in NBQX 10 uM) receptor-
mediated EPSCs (CsGlu intrapipette solution) at P6. Scale: 100 pA, 200 ms (AMPA and KA)
and 2 s (NMDA). Insets show each spontaneous current at an expanded time scale (50 pA,
125 ms). Between E16 and P2, around half of the recorded MSNs did not generate
glutamatergic sEPSCs (non-NMDA component, n = 32/67) and NMDA component (n = 27/41)
or displayed currents with a frequency lower than 0.05 Hz. These neurons were not included
in the quantification.

(B) The fraction of the recorded MSNs which displayed spontaneous glutamatergic currents
as a function of time increases with age and is close to 100% at P5-P7 for AMPA, KA and
NMDA sEPSCs (n = 16, 22 and 16). This increase is transient for NMDA sEPSCs.

(C) The frequency of AMPA and KA receptor-mediated sEPSCs significantly increased by a
factor 10 from E18 (-1) (0.11 £ 0.04 Hz and 0.3 £ 0.1 Hz; n = 5 and 5 MSNs, respectively) to
P30 (1.3 £ 0.7 Hz and 0.9 + 0.2 Hz; n = 5 and 6 MSNs), respectively (*P < 0.05 and **P <
0.01: one way ANOVA). In contrast the frequency of NMDA receptor-mediated sEPSCs
remained stable around 0.1 Hz from E16 to P30 (P> 0.05: one way ANOVA).

(D) The amplitude of the three glutamatergic PSCs remained stable along development (P>
0.05: one way ANOVA).
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Article 2

Le striatum étant la structure d’entrée des ganglions de la base, cette structure
représente un point clé dans l'intégraton des afférences corticales. Comprendre quelle
est l'activité des micro-circuits GABAergiques au stade adulte est crucial pour mieux
appréhender le réle du striatum dans lintégration et le traitement de l'information
corticale au sein des ganglions de la base. L’étude réalisée s’est portée sur I'impact de
I'absence chronique d’innervation dopaminergique dans le striatum, a savoir si cette
déplétion perturbait I'activité des micro-réseaux GABAergiques du striatum? Plus
particulierement au sein de ces microcircuits GABAergiques, quelles sont les cellules

affectées?

En utilisant les techniques électrophysiologiques de patch clamp sur des
tranches sagittales inclinées de cerveau de souris, nous avons enregistré les courants
post-synaptiques GABAergiques spontanés (IPSCs) générés par les MSNs. Dans le
striatum adulte contréle, les IPSCs GABA afférents aux MSNs ont une fréquence
réguliere (4 Hz) et sont de faible amplitude (30 pA). Les interneurones GABA sont en
effet peu actifs dans cette préparation in vitro et les collatérales récurrentes GABA des

MSNs sans doute silencieuses car les MSNs le sont.

Par contre, en I'absence chronique de dopamine (modéle 6-hydroxydopamine),
les courants GABA afférents a environ 50% des MSNs deviennent géants, soit sous
forme d’événements isolés soit organisés en bouffées (autour de 60 Hz). Ce
changement de patron de décharge qui est trés frappant, ne s’accompagne pas de
changements post-synaptiques comme le potentiel d’inversion des courants GABA, ni
de changements du contréle pré-synaptique de la libération de GABA par
I'acétylcholine. Les interneurones GABA de type FS et les interneurones cholinergiques
(TANs) ne changent pas d’activité en fonction de la présence ou de I'absence chronique

de dopamine.
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Par contre des interneurones GABA de type LTS déchargent de fagon répétitive en
bouffées de potentiels d’action a haute fréequence (60-120 Hz) en I'absence chronique
de dopamine alors qu’ils ont une activité en potentiels d’action isolés dans le striatum
contréle. lls seraient donc les seuls responsables du changement de patron de

décharge des courants synaptiques GABA afférents aux MSNs.
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Dopamine-Deprived Striatal GABAergic Interneurons Burst
and Generate Repetitive Gigantic IPSCs in Medium Spiny
Neurons

Nathalie Dehorter,' Celine Guigoni,? Catherine Lopez,' June Hirsch,' Alexandre Eusebio,' Yehezkel Ben-Ari,' and
Constance Hammond!

nstitut de Neurobiologie de la Méditerranée Unité Mixte de Recherche (UMR) 901, Inserm and Aix Marseille IT University, 13009 Marseille, France, and
2Centre National de la Recherche Scientifique UMR 5227, Université Bordeaux 2, 33076 Bordeaux, France

Striatal GABAergic microcircuits modulate cortical responses and movement execution in part by controlling the activity of medium
spiny neurons (MSNs). How this is altered by chronic dopamine depletion, such as in Parkinson’s disease, is not presently understood.
We now report that, in dopamine-depleted slices of the striatum, MSNs generate giant spontaneous postsynaptic GABAergic currents
(single or in bursts at 60 Hz) interspersed with silent episodes, rather than the continuous, low-frequency GABAergic drive (5 Hz)
observed in control MSNs. This shift was observed in one-half of the MSN population, including both “D,-negative” and “D,-positive”
MSNGs. Single GABA and NMDA channel recordings revealed that the resting membrane potential and reversal potential of GABA were
similar in control and dopamine-depleted MSNs, and depolarizing, but not excitatory, actions of GABA were observed. Glutamatergic and
cholinergic antagonists did not block the GABAergic oscillations, suggesting that they were generated by GABAergic neurons. In support
of this, cell-attached recordings revealed that a subpopulation of intrastriatal GABAergic interneurons generated bursts of spikes in
dopamine-deprived conditions. This subpopulation included low-threshold spike interneurons but not fast-spiking interneurons, cho-
linergic interneurons, or MSNs. Therefore, a population of local GABAergic interneurons shifts from tonic to oscillatory mode when
dopamine deprived and gives rise to spontaneous repetitive giant GABAergic currents in one-half the MSNs. We suggest that this may in

turn alter integration of cortical signals by MSNs.

Introduction

The striatum plays a central role in movement elaboration, most
notably by integrating the converging glutamatergic inputs from
the neocortex. The GABAergic medium spiny projection neurons
(MSNs) that constitute 95% of all striatal neurons provide the
only output of the striatum and are the final step of this integra-
tion process. Local GABAergic and cholinergic interneurons rep-
resent the remaining 5%. The striatal network is controlled by
dopaminergic synapses, whose loss in Parkinson’s disease leads to
major motor deficits. The manner by which dopamine controls
the operation of the striatal network is not yet understood. In
contrast to the extensive investigations performed on the fate of
spontaneous or evoked glutamatergic currents (PSCs) in dopa-
mine (DA)-depleted MSNs (Calabresi et al., 2007) and despite
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the overwhelming role of GABA microcircuits in the striatum
(Wilson, 2007), little is known on the alterations of GABAergic
currents under these conditions.

Two types of intrastriatal GABAergic interneurons control the
activity of MSNs: fast-spiking (FS) interneurons and low-
threshold spike (LTS) interneurons (Kawaguchi, 1993; Tepper
and Bolam, 2004) that innervate the soma and proximal den-
drites of MSNs (Kita et al., 1990; Bennett and Bolam, 1994; Kub-
ota and Kawaguchi, 2000). They exert feedforward inhibition
that prevents or delays the generation of action potentials (Plenz
and Kitai, 1998; Kods and Tepper, 1999; Mallet et al., 2005;
Gustafson et al., 2006). There is also a dense network of recurrent
GABAergic synapses between MSNs, located on dendritic spines
and shafts (Wilson and Groves, 1980). These provide lateral in-
hibition as a result of summation of the small amplitude IPSCs
(Czubayko and Plenz, 2002; Tunstall et al., 2002; Venance et al.,
2004; Tepper et al., 2008). Dopaminergic input from the substan-
tia nigra modulates the activity of GABAergic interneurons via
several presynaptic and postsynaptic dopamine receptor sub-
types (Bracci et al., 2002; Momiyama, 2002; Centonze et al., 2002,
2003), as do cholinergic interneurons [the tonically active neu-
rons (TANs)] (Zhou et al., 2002; Sullivan et al., 2008) via musca-
rinic and nicotinic receptors (Kods and Tepper, 2002).

Using the basal ganglia slice (BGS) (Beurrier et al., 2006) and
slices of isolated striatum in which the striatum is deprived of its
cortical and thalamic inputs, we now report that, in chronically
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Figure 1.

length of the axon.

DA-depleted MSNs, the continuous activity of small amplitude
GABAergic sPSCs is replaced in one-half of the MSN population
by giant GABAergic events separated by silent episodes. These
were not affected by nicotinic or muscarinic receptor antagonists.
Cell-attached recordings of single GABA, and NMDA channels
from MSNs showed that this shift is not attributable to modifi-
cations of resting membrane potential (V) or of the reversal
potential for GABA (Egap,). Nor did we find alterations of the
spike threshold. Giant GABAergic currents are depolarizing but
do not generate spikes in either control or DA-depleted MSNs.
Chronic DA depletion did not affect the activity of MSNs (silent)
or cholinergic interneurons (TANs, tonically active) or GABAer-
gic FS interneurons (tonically active or silent) recorded in the
cell-attached configuration in vitro. Rather, it led to remarkable
intrinsic oscillations in a subpopulation of GABAergic LTS inter-
neurons. We propose that the ensuing powerful GABAergic bar-
rage of giant GABA sPSCs profoundly alters the integrative func-
tions of the striatum by interacting with cortical information
traveling throughout the striatum.

}%

Extent of DA depletion in the striatum and identification of the recorded MSNs. THimmunohistochemistry of adult
BGS (7) and isolated striatum (2) from control (4) and DA-depleted (B) mice. The striatum was isolated from the corresponding
BGS before the recording session. Note the absence of dark TH labeling in the BGS (B7) and in the two isolated striatum (B2) from
6-0HDA-treated mice compared with the corresponding control ones (47, 42). Neurolucida reconstruction of biocytin-filled MSNs
recorded in control (43) and DA-depleted (B3) isolated striatum is shown. Somas and dendritic trees are in black and axons are in
gray. The single bars crossing the axons indicate GP boundary; the double bars indicate interruption in the drawing because of the
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Materials and Methods

Chronic lesion of the dopaminergic innervation
of the striatum. We lesioned the dopaminergic
innervation in one striatum of C57BL/6 mice
(15-25 g) aged postnatal day 15 (P15) to P50 by
local stereotaxic injection of 6-hydroxydo-
pamine (6-OHDA) under 5% ketamine (Imal-
gene 1000)/2.5% xylazine (Rompun 2%) anes-
thesia (10 pl/g, i.p.). Two microinjections of
6-OHDA were performed through a NanoFIL
syringe (outside diameter, 135 pm; WPI)
placed into the left dorsal striatum at the fol-
lowing coordinates using a David Kopf stereo-
taxic apparatus: 1.0 and 1.2 mm rostral to
bregma, 1.8 and 2.2 mm lateral to the midline,
2.7 and 2.8 mm, respectively, below the surface
of the skull. 6-OHDA was dissolved in saline
containing 0.05% ascorbic acid, and injected at
adose of 6 ugin avolume of 0.5 ul over a 5 min
period. The syringe was left in place for 5 min
after the end of injection. We performed in vitro
recordings 15-30 d after the lesion. The efficacy
of the 6-OHDA-induced lesion of dopaminer-
gic terminals in the striatum was determined
2-3 d before the recording session by
apomorphine-induced rotation (0.5 mg/kg in
0.1% ascorbic acid, i.p.; Sigma-Aldrich) (Iancu
etal., 2005). Lesioned mice performed 7.0 = 0.3
right turns per minute and no left turn (n = 47).
In contrast, control mice performed 0.18 *=
0.07 right turns per minute and 0.23 = 0.06 left
turns per minute (n = 11). We checked the ex-
tent of the lesion after the recording session by
immunohistochemical visualization of tyrosine
hydroxylase (TH) in the striatum (see below,
Immunocytochemistry).

Slice preparation. C57BL/6 mice (P25-P60),
either control or bearing a chronic lesion of the
dopaminergic fibers in the striatum, were killed
by decapitation under halothane anesthesia.
Oblique parasagittal slices (380 wm thick) were
cut with an angle of 10 = 2° to obtain the BGS as
previously described (Beurrier et al., 2006) (Fig.
1A1,BI). For the slicing procedure, the ice-cold
oxygenated solution contained the following
(in mm): 110 choline, 2.5 KCl, 1.25 NaH,PO,,, 7
MgCl,, 0.5 CaCl,, 25 NaHCO;, 7 glucose. To
test for a possible role of choline, slices were also
cut in a sucrose solution containing the follow-
ing (in mm): 85 NaCl, 2.5 KCl, 1 NaH,PO,, 4 MgCl,, 1 CaCl,, 25
NaHCO;, 25 glucose, 75 sucrose (n = 4). During the recovery period,
BGSs were placed at room temperature (RT) with standard artificial CSF
(ACSF) saturated with 95% O,/5% CO, and containing the following (in
mM): 126 NaCl, 3.5 KCl, 1.2 NaH,PO,, 1.3 MgCl,, 2 CaCl,, 25 NaHCO,,
11 glucose. To isolate the striatum from its surrounding structures (cor-
tex, thalamus, pallidum), we performed a knife cut along its borders
under a dissecting microscope before the recording session (Fig.
1A2,B2). These slices were prepared to study the direct effect of bath-
applied drugs on the striatal network.

Electrophysiology: solutions, data acquisition, and analysis. All record-
ings were made at 32°C. Cells were visualized with infrared—differential
interference optics (Axioskop2; Zeiss). For whole-cell voltage-clamp re-
cordings of postsynaptic GABA, currents, the pipette (6—10 M{)) con-
tained the following (in mm): 120 Cs-gluconate, 13 CsCl, 1 CaCl,, 10
HEPES, 10 EGTA, pH 7.2-7.4 (275-285 mOsm), or 110 CsCl, 30
K-gluconate, 0.1 CaCl,, 10 HEPES, 1.1 EGTA, 4 MgATP, and 0.3 NaGTP.
We used the CsGlu solution to measure spontaneous GABA , currents at
the reversal potential for glutamatergic (+10 mV) events (Cossart et al.,

500 pm
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2000) and the CsCl solution to measure the miniature GABA , currents at
Vi = —60 mV (in the continuous presence of 1 um TTX plus 10 pum
CNQX plus 40 um APV). For current-clamp recordings, patch electrodes
contained the following (in mm): 128.5 K-gluconate, 11.5 KCl, 1 CaCl,,
10 EGTA, 10 HEPES, 2.5 MgATP, and 0.3 NaGTP, pH 7.32, 280 mOsm
or the following (in mm): 125 KMeSO,, 15 KCl, 5 NaCl, 10 HEPES, 2.5
Mg-ATP, 0.3 Na-GTP. The CsGlu, CsCl, and KGlu pipette solutions gave
a reversal potential for chloride close to —58, —5, and —63 mV at 35°C,
respectively. Biocytin (Sigma-Aldrich; 5 mg/ml) was added in all pipette
solutions and osmolarity corrected when necessary. We performed
patch-clamp recordings in whole-cell or cell-attached configuration us-
ing the Digidata 1344A interface, the Multiclamp 700A amplifier, and
pClamp8 software (Molecular Devices). Spontaneous and miniature
GABA , receptor-mediated PSCs (sPSCs and mPSCs) were recorded at a
holding potential of +10 and —60 mV, respectively. Currents were
stored on pClamp8 (Molecular Devices) and analyzed off-line with Mini
Analysis program (Synaptosoft 6.0), Clampfit 9.2, Origin 5.0, and Au-
tosignal 1.7 to determine the frequency and amplitude of GABAergic
synaptic events. All detected currents were then visually inspected to
reject artifactual events. To generate the averaged GABA , mPSCs, mul-
tiple overlapping events were first discarded, and the remaining events
were aligned on their rising phase. Only MSNs that exhibited a stable
pattern of GABA, mPSCs during 20-30 min were taken into account.
The histogram and cumulative distributions were constructed using
GABA, mPSCs recorded over 3 min. In the sPSC recordings, we defined
as “giant” any sPSC with an amplitude >200 pA and as “burst” a mini-
mum of five sPSCs associated with a baseline elevation. More than five
giant events and three bursts were required during the 3 min analysis for
the pattern to be deemed “oscillatory.”

For cell-attached recordings of single GABA, channels, the pipette
(4-5 M) contained the following (in mm): 120 NaCl, 20 TEA-CI (tet-
raethylammonium chloride), 5 KCI, 5 4-aminopyridine, 0.1 CaCl,, 10
MgCl,, 10 glucose, 10 HEPES-NaOH bulffered to pH 7.2-7.3, osmolality
of 300-320 mosmol. GABA (5 um) was included in the above pipette
saline together with isoguvacine (5 um) and CsCl (3 uMm) to optimize
channel openings (because of the negative charge of GABA, positive
currents may repulse GABA far from the membrane; under these condi-
tions, isoguvacine may thus replace it). For single NMDA channels, pi-
pettes were filled with nominally magnesium-free ACSF containing the
following (in mm): 140 NaCl, 3.5 KCl, 1.8 CaCl,, 10 HEPES, buffered to
pH 7.43, osmolality 0of 300—320 mosmol. NMDA (10 um) and glycine (10
M) were included in the above saline to optimize channel openings and
strychnine (1 um) to block glycinergic receptors. For cell-attached re-
cordings of neuronal activity, pipettes (4—5 M()) contained 150 mm
NaCl. To identify the morphology of neurons recorded in cell-attached
configuration, we repatched them with a conventional whole-cell elec-
trode containing biocytin (see above). The single-channel currents were
filtered at 1 kHz (GABA, channels) or 3 kHz (NMDA channels) and
digitized at 10 kHz. Multilevel and short (<2 ms) openings were dis-
carded during analysis. I-V relationships were performed by measuring
amplitude of unitary GABA and NMDA currents evoked by steps from
—120 to +40 mV. Histograms of cursor-measured amplitudes allowed
determination of the mean unitary current amplitude at each voltage
tested. Series resistance (R,), membrane capacitance (C,,), and input
resistance (R;,,,,,,) were determined by on-line fitting analysis of the tran-
sient currents in response to a —5/10 mV pulse. Criteria for considering
a recording included Ry, > 100 M, R; < 25 M{), with AR < 30%
change. Average values are presented as means = SEM and statistical
comparisons were performed with the Student’s ¢ test (SigmaStat 3.1,
Origin 5.0) or Mann—Whitney rank sum test (SigmaStat 3.1). The level of
significance was set as p < 0.05.

We performed extracellular unit recording of striatal neurons with
either conventional extracellular tungsten electrodes or with the multi-
electrode array (MEA) technology (Heuschkel et al., 2002; Steidl et al.,
2006). The MEA setup (Multi Channel Systems) is composed of a 60
channel amplifier head stage connected to a 60 channel A/D card. The
slice is gently positioned on the array of 60 platinum electrodes (spaced
by 100 wm) used as recording electrodes (Ayanda Biosystems). Record-
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ings were acquired and analyzed with the MC Rack software commer-
cially available from Multi Channel Systems.

Measurements of V..o EGapa, Vinresnotar T0 determine the action of
GABA 1in a given neuron (depolarizing or hyperpolarizing), one must
measure the reversal potential of the GABA ,-mediated current (Egpa, )
and the resting membrane potential (V,.,). However, conventional
whole-cell recordings introduce a number of errors in these measures.
We therefore estimated the value of V., from cell-attached recordings of
the single-channel NMDA current (iyyp4 ), Which is known to reverse at
a membrane potential (V,,) close to 0 mV (Nowak et al., 1984) (see
Discussion). We plotted the relationship between iypa and the extra-
cellular potential applied to the patch of membrane (V) from experi-
mental data (see Fig. 5A). This curve [iypa = f(Vp)] gives the value of
V, when igypa = 0 pA. At this value of V,, single-channel NMDA
current is null because V,,, = V|, — V. = 0 mV. This allows estimation
of Voot (Vi = V). To estimate (Egap,a, )> We plotted the relationship
between the single-channel GABA, current (igzga, ) and V. This curve
ligasaca = flV,)] gives the value of V|, when i s34, = 0 pA (see Fig. 5B),
because by definition when ig g, isnull, V,, = EGzpa,. Therefore, when
igasa, = OPA, Vi, =V, = Vi = Ecapa, (b€ Egapa, = View = ~Vp)-
By definition, Egapa, = Vyest = DFGaga,» the driving force of chloride
ions through the GABA, channel (Tyzio et al., 2003). Therefore, when
igasa, = 0PA, DFgapa, = =V, Knowing V,  and DFg 4, itis easy to
calculate Egapa, = DFgapa, T Vies In addition, the slopes of the iy-
Mpa-V,, and igap,,— V), relationships provide an estimate of the conduc-
tance of NMDA and GABA, channels, respectively. The threshold po-
tential for Na ™ spikes (Vy, eqho1a) Was estimated in whole-cell current-
clamp recordings by applying successive depolarizing steps [duration,
250 or 950 ms (Centonze et al., 2003)] or by evoking spikes by cortical
stimulation, both from the value of V,, calculated above.

Identification of recorded striatal neurons. We identified MSNs during
recording based on their typical rectification during hyperpolarizing
steps and their firing delay in response to depolarizing steps (see Fig. 5C).
They had a round dendritic field with extremely spiny dendrites and
axons that extended outside the striatum toward the globus pallidus (Fig.
1A3,B3). Cholinergic interneurons were readily identified in the slice by
their large somata and thick primary dendrites. Negative-current pulses
produced an initial hyperpolarization followed by a depolarizing sag in
the membrane potential. Depolarizing pulses resulted in nonadapting,
regular spiking. Examination of biocytin-filled neurons confirmed the
above morphological criteria (see Fig. 6 B). FS interneurons discharged in
trains of narrow action potentials. Epochs of firing were interspersed
with periods of silence during depolarizing steps just above threshold.
Their aspiny dendrites branched modestly (see Fig. 7A). In addition to
fast spikes, LTS interneurons also displayed low-threshold spikes when
depolarized from potentials near —70 mV or after cessation of hyperpo-
larized pulses (see Fig. 7B). They had a high input resistance compared
with the other neuronal types (~600 M()). Their dendrites radiated a
long distance and were infrequently branched (Kawaguchi, 1993; Tepper
and Bolam, 2004).

Drugs. Drugs were prepared as concentrated stock solutions and diluted in
ACSF for bath application: bicuculline, a GABA, receptor antagonist; car-
bachol, a cholinergic agonist; muscarine, a muscarinic cholinergic agonist;
nicotine, a nicotinic cholinergic agonist; mecamylamine, a nicotinic antag-
onist; scopolamine, a muscarinic antagonist; D-APV, a NMDA receptor an-
tagonist; 6-cyano-7-nitroquinoxaline 2,3-dione (CNQX), an AMPA-
kainate receptor antagonist; tetrodotoxin (TTX), a Na™ channel blocker;
R(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1 H-3-
benzazepine hydrochloride (SCH23390), a D, -like receptor antagonist; and
sulpiride, a D, receptor antagonist. All drugs were purchased from
Sigma-Aldrich.

Immunocytochemistry. To visualize the lesion of dopaminergic axons
in the striatum, we performed immunocytochemistry of TH in the re-
corded slices, or those just medial or lateral to those recorded. After 12 h
in paraformaldehyde (3%) at 4°C, the sections were rinsed in PBS and
pretreated with 30% H,O, (30 min) and blocked by 2% normal goat
serum (NGS) in PBS containing 0.3% Triton X-100 for 30 min, and then
incubated for 12 h with anti-TH polyclonal antibody (Pel-Freez) at a
dilution of 1:1000. After rinsing with PBS, they were incubated for 1.5 h
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with anti-mouse IgG secondary antibody (Tebu) at a dilution of 1:300 in
PBS plus 2% normal goat serum. Sections were washed with PBS and
incubated for 1.5 h in ABC complex at a dilution of 1: 500 (Euromedex).
They were rinsed and incubated for ~10 min in 3,3’-diaminobenzidine
(DAB) (0.7 mg/ml) with peroxide (0.2 mg/ml) (SigmaFast), rinsed,
mounted in Crystal/Mount (Electron Microscopy Sciences), cover-
slipped, and examined with a conventional microscope. Electrophysio-
logical data were taken into account only when a severe loss (>90%) of
tyrosine hydroxylase immunoreactivity was present in the dorsomedial
striatum in which recordings were performed (Fig. 1 B1,B2). To visualize
the recorded cells in the striatum and identify them, we revealed the
biocytin injected during whole-cell recordings. After 12 h in paraformal-
dehyde (3%) at 4°C, the sections were rinsed in PBS, left 12 h in 20%
sucrose in phosphate buffer (PB), and left at —80°C for at least 2 h. They
were thawed at room temperature, rinsed in PB, and incubated 30 min in
1% H,0, in PB. Sections were washed with PB and KPBS and incubated
for 12 h in ABC complex at a dilution of 1:100 in KPBS plus 0.3% Triton
(Abcys). They were rinsed in KPBS and incubated for ~10 min in DAB
(0.7 mg/ml) with peroxide (0.2 mg/ml) (SigmaFast), rinsed, mounted in
Crystal/Mount (Electron Microscopy Sciences), coverslipped, and exam-
ined. Dendritic and axonal arbors were reconstructed for morphological
analysis using the Neurolucida system (MicroBrightField).

To identify the D, phenotype of the MSNs recorded, D, R was detected
by immunohistochemistry using a monoclonal antibody raised in rat
against a 97 aa sequence corresponding to the C terminus of the human
D, R (Sigma-Aldrich) (Levey etal., 1993; Guigoni etal., 2007). Slices were
cryoprotected in PBS with 25% saccharose, freeze-thawed in isopentane,
and rinsed in PBS. Slices were then incubated in 4% NGS for 30 min and
then in D, R antibody (1:1000) supplemented with 1% NGS overnight at
RT. After thorough rinsing, slices were incubated for 90 min at RT in
Alexa 568 goat anti-rat (1:200 in PBS; Invitrogen) with streptavidin cou-
pled with DTAF (dichlorotriazinylamino-fluorescein) (1:200; Fluo-
Probes; Interchim) to detect biocytin injected in the recorded neurons.
After thorough rinsing, slices were again incubated in DR antibody for
60 min, rinsed again, and incubated with secondary antibody for 60 min.
This step was repeated once more. After thorough rinsing, slices were
mounted in Vectashield (Vector Laboratories/Biovalley), coverslipped,
and examined with a confocal microscope (Zeiss LSM 510).

Results

Spontaneous GABA, currents increase in amplitude and shift
to oscillatory mode in DA-depleted MSN's

We have recorded the activity of 97 control and 98 DA-depleted
MSNss in slices of isolated striatum that have been disconnected
from their glutamatergic afferent neurons (cortical and thalamic)
and of 10 control and 18 DA-depleted MSNs in BGS. In whole-
cell or cell-attached configuration (current-clamp mode), all the
recorded MSN’s were silent at resting membrane potential in both
the control and DA-depleted states. The pattern of GABA , sPSCs
in identified MSNs (n = 40) was mainly tonic, with low-
frequency (4.5 = 0.4 Hz) and low-amplitude (34.1 £ 1.8 pA)
events in isolated striatum (Fig. 2A). The overall mean current
density of this tonic pattern was 459 * 40 nA - ms (Fig. 2C, top).
In 10 of the 40 MSNs, we also observed rare giant (>200 pA)
currents (mean amplitude, 306 = 8 pA; range, 200—650 pA;
mean frequency, 0.14 = 0.03 Hz) or rare bursts (mean intraburst
frequency, 29.3 £ 1.1 Hz; mean intraburst amplitude, 51.3 = 1.0
pA; n = 3 0f 40) (Figs. 2A, middle and bottom traces; C, top; 3A,
control). The results obtained in BGS were totally similar as those
fromisolated striatum (5.6 = 1.0 Hz, p = 0.31;30.0 £ 4.3 pA,p =
0.44).

After chronic DA depletion, a new pattern emerged, charac-
terized by a higher current density (1311 * 142 nA - ms) and the
higher occurrence of giant GABA , sPSCs such as (1) single sPSCs
of higher amplitude (340 * 6 pA; range, 240—1900 pA; p < 0.01)
and frequency (0.29 * 0.07 Hz; p < 0.05) compared with control
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and (2) bursts of sPSCs, which recurred at regular intervals of
6.0 = 0.8 s during periods varying from 6 to 1650 s (Fig. 2 B1,C).
The mean intraburst frequency of sPCSs (58.7 = 1.3 Hz) and
amplitude (95.9 = 2.6 pA) both doubled compared with control
(p <0.001 for both) (Fig. 3A, DA-depleted). This new giant and
oscillatory pattern was observed in 45% of the recorded MSNs
(n = 20 of 45). In the remaining 55% MSNs (n = 25 of 45), the
pattern of afferent GABA , sPSCs was relatively unchanged by the
DA lesion. The mean current density, frequency, and amplitude
of sPSCs was not statistically different from control (496 = 59
nA-ms,p=0.355.6 = 0.6 Hz,p = 0.11; 35.3 £ 2.0 pA, p = 0.67;
n = 25) (Fig. 2B2;C, top). The results obtained in DA-depleted
BGS were similar as those recorded in isolated DA-depleted stri-
atum with the presence of the oscillatory pattern of PSCs in 45%
of MSNs (intraburst frequency, 73.3 * 3.1 Hz, and intraburst
amplitude, 111.4 * 4.2 pA; giants amplitude, 270 = 39 pA;n =8
of 18) and of the regular pattern in the remaining 55%. In con-
clusion, spontaneous GABA , sPSCs became strikingly oscillatory
in ~50% of the MSNs in chronically DA-depleted striatum inde-
pendently of the presence of corticostriatal neurons. We never
observed such a pattern in control conditions.

The oscillatory pattern of GABA, sPSCs did not depend on
the internal pipette solution, holding membrane potential, or
spontaneous glutamate synaptic activity. This pattern was ob-
served with a recording solution with low internal chloride
(CsGlu-filled electrodes) from Vi; = —75to + 10 mV (Fig. 3B) or
with high internal chloride (CsCl-filled electrode) (data not
shown) and in the absence or presence of CNQX (10-30 um) and
APV (40 pM) (Fig. 3C). As expected, bicuculline (10 um), an
antagonist of GABA, receptors, suppressed all sPSCs (Fig. 3C).
To test whether the oscillatory pattern resulted from chronic or
acute dopamine depletion, we acutely blocked dopaminergic
transmission in control slices by simultaneously applying D,R
and D,R antagonists (SCH23390, 10 uMm; sulpiride, 10 um). Acute
blockade did not mimic chronic DA depletion. This treatment
did not cause sPSCs to become oscillatory, nor did it significantly
affect their frequency (from 6.6 * 1.0 to 5.5 = 1.5 Hz; p = 0.91)
or amplitude (from 29.6 = 1.6 to 24.8 * 3.5; p = 0.45) (data not
shown) (n = 7). This strongly suggested that the oscillatory pat-
tern of GABA, sPSCs resulted from the chronic, rather than
acute, absence of dopaminergic terminals.

To understand whether giant currents had a postsynaptic or a
presynaptic origin, we recorded miniature GABA, currents. Their
mean frequency and mean amplitude were not significantly different
between control and DA-depleted MSNs that displayed the oscilla-
tory pattern (frequency: 1.5 £ 0.2 Hz,n = 15,vs 1.8 * 0.5Hz,n =7,
p = 0.5;amplitude: 31.9 + 1.5pA,n =15,vs 32.7 = 2.8, n=7,p =
0.8), suggesting that the oscillatory pattern has a presynaptic origin
(supplemental Fig. 1, available at www.jneurosci.org as supplemen-
tal material).

D,-positive and D,-negative MSNs generate the

oscillatory pattern

Since MSNss are composed of D, striatopallidal and D, stria-
tonigral subtypes, with a relatively selective distribution of D,
and D, dopamine receptors that are not altered by chronic
dopamine depletion (Nadjar et al., 2006), we reasoned that the
two types of GABA, sPSCs patterns recorded could corre-
spond to these two types of MSNs. To test this hypothesis, we
performed immunocytochemical labeling of intracellularly
injected biocytin with D; dopamine receptor antibodies (see
Materials and Methods). Of the 30 double-labeled MSNs re-
corded in DA-depleted striatum, 13 generated the oscillatory
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Spontaneous GABA, currents recorded in MSNs before and after chronic DA depletion. Voltage-clamp recordings of GABA, sPSCs with CsGlu-filled electrodes (V,, =
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A, Tonic pattern of GABA, sPSCs in control isolated striatum (68% of MSNs; top traces) with the rare presence of single sSPSCs >200 pA (°) (23% of MSNs; middle traces) and bursts of sSPSCs
(*) (9% of MSNs; bottom traces). B, The two patterns of GABA, sPSCs recorded from DA-depleted isolated striatum. B1, Oscillatory pattern observed in 45% of the MSNs and characterized
by the frequent presence of giant events: single sPSCs (°) and bursts of sPSCs (*). B2, Tonic pattern in the remaining MSNs (55%). The calibration bars are the same for all recordings in
Aand B. C (from top to bottom), Quantification of the data from control MSNs as shown in A (white) and from DA-depleted MSNs as shown in BT (black) or B2 (gray). The mean current
density (CD) of GABA,, sPSCsincreased threefold between Aand B7 or B2 and B1. Giant events represented 11 and 8% of the total (D in Aand B2, respectively, but 61%in B7. The baseline
events (<<200 pA) represented 89 and 92% of the total (D in A and B2, respectively, but 38% in B1. The distribution of single giant sPSCs >200 pA shows the increased number of these
events and the presence of very large amplitude events (1000 —1800 pA) in BT compared with A. Interevent intervals were shorter in BT than in A as most of the events were present in

the interval 0—20 ms. Error bars indicate SEM. *p << 0.05; ***p < 0.001.

GABA, pattern and 17 the tonic one. Among the 13 MSNs
with the oscillatory pattern, 6 MSN's expressed D; dopamine
receptors and 7 MSNs did not (Fig. 4). Among the 17 MSNs
with a tonic GABA, pattern, 4 MSNs expressed D, receptors
and 13 MSNs did not. Therefore, both “D, positive” and “D,
negative” MSN’s can generate the oscillatory GABA, pattern
when dopamine deprived.

Viest> Egaga, » a1 Vipreshora Of MSNs are identical in control
and DA-depleted striatum

Alterations of intrinsic parameters or the polarity of GABAergic
synapses could also underlie the shift in the firing pattern of
MSNs. Indeed, GABA signals in neuronal disorders have been
reported to shift from inhibition to excitation (Cohen et al.,
2002). To determine whether dopamine depletion leads to simi-
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(mean NMDA conductance, 79 * 3 pS;
n = 9) (Fig. 5A). The extracellular Ca*"
concentration (1.8 mM) and the recording
temperature (32°C) may explain this large
conductance compared with the typical
value obtained from cell-attached record-
ings in central neurons (50—60 pS) (Clark
etal., 1997). Current—voltage relationships
of single GABA, channel currents re-
corded in identified MSNs yielded a mean
driving force of DF; 5, = 16.1 = 1.9 mV
(n = 11) (Fig. 5B), suggesting a mean re-
versal potential of GABA, currents of Eg -
BA = —63.6 = 2.9 mV (conductance,
14.9 = 1.1 pS; n = 11). The threshold po-
tential for Na™ spikes in response to 250
ms depolarizing steps (Fig. 5C, control)
Was Vireshold = —35.7 £ 1.4 (n = 22). The
threshold of spikes evoked in response to
cortical stimulation in control MSNs was
Vireshod = —38.3 = 0.6 mV (n = 7) (Fig.
5C, control). Vi, eshola Obtained with these

T Gounl two methods were not statistically differ-
B +10 mV o APV/ CNQX ent (p = 0.18).

In DA-depleted striatum, the results
obtained with the same methods were not
statistically different from control: V., =
—80.1 £1.0mV (n=7;p = 0.8) (Fig. 54,
right), DFgapa, = 17.1 = 1.6 mV (n = 105
p = 0.7) (Fig. 5B, right), Egapa, =

+ bicuculline —63.0 £2.9mV (n = 10),and Vi, ehola =

-30 mv —35.0 0.9 (n=36;p = 0.6) or —40.8 +

) » DA. E 1.0 mV for cortical stimulation evoked

+ APV/CNQX [ spikes (n = 8; p = 0.06) (Fig. 5C, right).

400 150 Pressure-applied isoguvacine (100 puMm;

-75 mV E:N/ - <<3 100 ms), a GABA, receptor agonist, never

. o z 100 excited control or DA-depleted MSNs re-

-r r r ’ ( r § S0 2 - corded in cell-attached configuration (n =
g 25 g 8) (Fig. 5D). Therefore, in DA-depleted

L pﬂ " = striatum GABA , PSCs have the same effect

1s

Figure 3.

Bursts Baseline

Burst characteristics. A, Whole-cell recordings (V, = +10 mV) of rare bursts (A) and recurrent bursts (B) of
GABA, sPSCs in control (left) and DA-depleted (right) MSNs and corresponding power spectrum analysis of a single burst.
Intraburst frequency of GABA, sPSCs are visualized by time—frequency representations (bottom colored diagrams) that
enables determining the implication of different frequency ranges within the burst. The field power is here coded in colors
so that red corresponds to higher amplitudes. The calibrations are identical for the left and right traces. Histograms in the

Bursts Baseline  ,;, membrane potential of MSNs as in

control striatum. Specifically, GABA de-
polarizes MSNs by 16—17 mV from V.,
(Fig. 5E), without evoking Na ™ spikes, as
the threshold potential for spikes was ~25
mV more depolarized than Eg .

center, Mean intraburst amplitude and frequency of GABA, sPSCs in control MSNs ([1) and in DA-depleted MSNs with an

oscillatory pattern (H). B, Recordings of recurrent bursts in a DA-depleted MSN at the indicated holding potentials
(whole-cell configuration, internal CsGlu). C, Application of APV (40 wm) plus CNQX (10 wm) at Vy = +10 mV did not
significantly affect the frequency and amplitude of bursts or baseline events (bottom histograms), whereas bicuculline at

20 wm totally abolished them. Error bars indicate SEM. ***p < 0.001.

lar alterations, we performed single NMDA and GABA channel
recordings to determine V.., and Egaga, respectively. We also
measured the threshold for spike generation (Vi cshoa) (S€€ Ma-
terials and Methods). Each tested neuron was successively
patched in cell-attached configuration to record NMDA or
GABA,, single-channel currents and then in whole-cell configu-
ration to test the I-V relationship and label them with biocytin to
confirm their identity as MSNGs.

Current—voltage relationships of single NMDA channel cur-
rents from identified MSNs in control striatum yielded a mean
resting membrane potential of V., = —79.7 £ 1.0 mV (n = 9)

est

GABA oscillations of DA-depleted
MSNs are not mediated by

cholinergic signaling

Several mechanisms could lead to the
novel pattern of GABAergic oscillations
observed, including changes in (1) activity of cholinergic inter-
neurons, (2) presynaptic inhibition of GABA release by musca-
rinic receptors, (3) MSN-MSN recurrent collateral activity, or
(4) activity of GABAergic interneurons, which would in turn
generate GABA oscillations in MSNs. Interestingly, acetylcholine
released by TANSs excites GABA interneurons via nicotinic recep-
tors (nAChRs) (Ko6s and Tepper, 2002), and in a primate Par-
kinson’s disease model, TANs were said to shift to a bursting and
oscillatory mode of activity (Raz et al., 1996). We performed the
following pharmacological experiments in isolated striatum to
avoid activation of structures afferent to striatum. Although nic-
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D1R

A1 Biocytin

B1 20

Figure 4.
labeled for D, receptor (red) and biocytin (green) (A7, BT). The boxes contain enlarged portions of dendritic arbors to show the presence (4) or the absence (B) of colabeling. In A7, the recorded MSN
is on the left. The MSN on the right was indirectly filled with biocytin, likely because of gap junction connections with the recorded MSN. Both recorded neurons in A and B generated the oscillatory
pattern of GABA, sPSCs (42, B2).

otine (10—30 uM) increased the mean current density of GABA
sPSCs 13-fold (from 1655 = 44 t0 20,941 = 1052 nA - ms; n = 7;
p < 0.005) (data not shown) in DA-depleted oscillating MSNs,
the specific nicotinic antagonist mecamylamine (3-10 um) al-
tered neither their mean current density (from 2508 = 862 to
1975 £ 985nA - ms; n = 6; p = 0.13) nor their oscillatory pattern
(Fig. 6 A). Alternately, acetylcholine released by TANs could af-
fect GABA interneurons via muscarinic receptors (mAChRs).
Muscarine (10 um) did not significantly affect the current density
of oscillatory GABA, sPSCs (n = 6) (data not shown), and sco-
polamine (10 um), a broad spectrum muscarinic antagonist, also
did not affect their mean current density (from 1894 * 300 to
1497 * 400 nA - ms; n = 5; p = 0.21) or their oscillatory pattern
(Fig. 6A).

To further investigate a presynaptic modulation by musca-
rinic receptors of GABA release (Kods and Tepper, 2002), we
determined the effects of carbachol on miniature GABA, PSCs.
Carbachol (30 uMm) significantly decreased this frequency by 33%
in control striatum (from 1.5 = 0.2t0 1.0 = 0.1 Hz; p < 0.01;n =
9 cells), an effect that was totally reversed by scopolamine (10 um)
(from 1.0 £ 0.1 to 1.9 £ 0.2 Hz; n = 9 cells) (supplemental Fig.
1A, available at www.jneurosci.org as supplemental material). In
DA-depleted striatum, carbachol decreased the frequency of
miniature GABA , events by 18% (from 2.2 + 0.5to 1.8 = 0.5 Hz;
p < 0.05; n =9 cells), an effect that was completely reversed by
scopolamine (from 1.8 = 0.5 to 2.2 = 0.6 Hz; n = 9 cells). The
effects of carbachol on miniature GABA , currents was not statis-
tically different between control and DA-depleted striatum ( p =
0.12) (supplemental Fig. 1B, available at www.jneurosci.org as
supplemental material).
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Finally, cell-attached recordings of identified TANs con-
firmed that DA-depletion did not affect their tonic pattern of
activity recorded in vitro (mean control frequency, 2.7 £ 1.1 Hz;
n = 9;mean DA-depleted frequency, 4.0 = 1.4 Hz; n = 8;p = 0.4)
nor their basic characteristics (Fig. 6 B). All of the above results
strongly suggest that the oscillatory pattern of GABA, sPSCs is
independent of TAN activity.

LTS GABA interneurons show bursting activity in
DA-depleted slices
Because all MSNs recorded in cell-attached or whole-cell config-
uration were silent in both control and DA-depleted striatum
(Fig. 5D) and the strength of MSN-MSN connections dramati-
cally reduced in DA-depleted conditions (Taverna et al., 2008),
the synchronization of GABA, currents observed here likely re-
sulted from a direct effect of chronic dopamine depletion on the
activity of GABAergic interneurons. As these interneurons are
rare and difficult to target with single-cell electrophysiological
techniques, particularly in lesioned tissue, we first performed ex-
tracellular recordings with conventional extracellular electrodes
or multiarray electrodes (see Materials and Methods) to test for
the presence of oscillatory activities under control or lesioned
conditions. In control BGS (n = 3 slices) and control isolated
striatum (n = 12 slices), we never recorded oscillatory activities.
Neurons were either silent or showed single-spike activity. In
contrast, in DA-depleted BGS (n = 2) and isolated striatum (n =
11), oscillatory activity was observed together with single-spike
activity (data not shown).

Cell-attached recordings combined with subsequent whole-
cell recording of spike responses to intracellular current steps and
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Figure 5. V., Egagn, and Vypyeshora i MSNs of control and DA-depleted striatum. 4, Cell-attached recordings of unitary
NMDA currents at the indicated holding potentials (in millivolts) from a DA-depleted MSN (left) and iyy,,—V relationship in
control (O) and DA-depleted (@) MSNs (right). B, Cell-attached recordings of unitary GABA, currents at the indicated holding
potentials (in millivolts) from a DA-depleted MSN (left) and igyg,,~V relationship in control (O) and DA-depleted (@) MSNs
(right). The illustrated traces and corresponding /-V/ curves for NMDA and GABA currents are from the same cells. C, Whole-cell
current-clamp recordings of the responses of control (left) and DA-depleted (right) MSNs to intracellular hyperpolarizing and
depolarizing steps and to cortical stimulation. D, Absence of excitatory responses of cell-attached (c.a) recorded MSNs to local
pressure application of isoguvacine (100 ), a GABA, receptor agonist, in control (left) and DA-depleted (right) state. The insets
show the depolarizing effect of isoguvacine (100 ruu) after rupture of the membrane [whole-cell recording (w.c)] to check the
efficacy of pressure application. E, Spike threshold was not significantly different in control and DA-depleted MSNs when tested in
response to 250 or 950 ms intracellular currents pulses or evoked by cortical stimulation. Resting membrane potential (V,,,),
driving force for chloride ions (DF g, ) or reversal potential for GABA, current, and threshold potential for spikes (Vypeshola) Were
not significantly different in control and DA-depleted MSNSs. Error bars indicate SEM. See Results for additional explanations.
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post hoc morphological examination of the
recorded neurons showed that FS (Fig. 74,
left) and LTS (Fig. 7B, left) interneurons
were silent or tonically active in control
striatum. FS mean frequency of activity
was 10.1 = 0.2 Hz (n = 2 of 5) and LTS
mean frequency was 8.8 = 1.1 Hz with rare
trains at ~20 Hz (n = 3 of 5). In lesioned
conditions, FS interneurons still dis-
charged in single-spike mode (7.4 * 2.5
Hz; n = 6 of 18) or stayed silent (Fig. 7,
compare B3, B4, with A3, A4). In contrast,
some LTS interneurons shifted to an oscil-
latory activity consisting of long bursts of
spikes at a mean frequency of 71 * 30 Hz
separated by silent periods of 3.9 * 1.6 s
(n =3 of5). This LTS bursting activity was
insensitive to the presence of blockers of
glutamatergic transmission (Fig. 7B4),
suggesting that it is not generated by cor-
ticostriatal activity. The remaining LTS
displayed a tonic activity at 9.7 = 1.7 Hz
(n = 2 of 5). Interestingly, the intraburst
frequency of spikes generated by LTS in-
terneurons in DA-depleted condition was
close to the intraburst frequency of
GABA,, currents recorded in DA-depleted
MSN:s (see results above).

Discussion

Our results show that chronic dopamine
depletion profoundly alters the pattern of
GABA, activity, shifting the currents in
one-half of the MSN population from a
continuous tonic pattern of sPSCs to an
oscillatory pattern consisting of giant sin-
gle sPSCs, and/or bursts of sPSCs at a
gamma frequency (~60 Hz). Using, for
the first time, single-channel recordings of
NMDA and GABA receptors in the stria-
tum, we show that these alterations are not
associated with shifts of the reversal poten-
tial for GABA or the resting membrane po-
tential, suggesting that they are not attrib-
utable to excitatory actions of GABA. The
threshold for spike generation is also unal-
tered by chronic dopamine depletion and
cholinergic signals are not involved. We
propose that the fundamental effect of the
chronic removal of dopaminergic control
on GABAergic circuits of the striatum is
the shift of activity of GABAergic LTS in-
terneurons from single-spike to bursting
pattern and the increase in efficacy of
GABAergic synaptic transmission. This
leads in turn to the generation of repetitive
giant bursts of GABA currents by one-half
of the MSN population.

In both sagittal striatal slices from con-
trol mice (the present experiment) and
coronal slices from control rats (Centonze
etal., 2004; Cummings et al., 2008), MSNs
generate a tonic pattern of low amplitude



7784 - ). Neurosci., June 17, 2009 - 29(24):7776 7787

GABA, currents (5-30 pA) at low fre-
quency (~2.5-4 Hz). DA depletion
shifted this pattern to an oscillatory one in
D,-positive as well as D,-negative MSNs, H
suggesting that the effect of DA depletion
on the pattern of GABA, currents did not
target a particular subpopulation of
MSNs. The 55% of the MSNs that gener-
ated the tonic GABA, pattern rather than il
the oscillatory one may be explained by
their low degree of connectivity to GABA
interneurons in the slice, or to a true dif-
ference in GABAergic innervation be-
tween the two MSNs groups. ‘
What is the origin of the shift to the ‘
oscillatory pattern? Cholinergic interneu-
rons, the TANs, were good candidates, as
they are supposed to oscillate in the
chronic absence of dopamine (Raz et al.,
1996). However, in our experimental con-
ditions, nicotinic and muscarinic blockers
did not affect the oscillatory pattern, and
identified TANs displayed the same tonic
pattern of activity in the presence or ab-
sence of dopaminergic innervation. In si-
multaneous whole-cell recording of pairs
of FS interneurons and MSNss, acetylcho-
line attenuates GABAergic inhibition of
MSNs through activation of presynaptic
muscarinic receptors located on GABA
axon terminals (Marchi et al., 1990; Koos
and Tepper, 2002). We showed that dopa-
mine depletion of the striatum does not
affect this process, suggesting that chronic
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TAN activity
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alterations of presynaptic inhibition of
GABA release by muscarinic receptors is
also unlikely to be responsible for the gen-
eration of oscillatory GABA sPSCs. Con-
cerning presynaptic control of GABA re-
lease by dopamine receptors, recordings of
spontaneous GABA, currents from D, re-
ceptor knock-out mice revealed a loss of
the inhibitory effect of the D, agonist
quinpirole (Centonze et al., 2004).

Lack of effect of bath application of mecamylamine (5 wum) (top traces) or scopolamine (10 wum) (bottom traces) on the oscillatory
pattern of GABA, PSCs recorded in MSNs from DA-depleted isolated striatum. These nicotinic and muscarinic receptor antagonists
did not affect current density (CD) of giant or baseline events of the oscillatory pattern (right diagrams). B, Current-clamp,
cell-attached (top), and subsequent whole-cell (bottom) recordings from the same TANs in control (left) or in DA-depleted BGS

(right). Current steps were applied from V., = —57 mVin control and — 59 mV in DA-depleted TANs to V/,, = —90, —85, and
—40mV. Notice the characteristic sag in response to hyperpolarizing current steps. Neurolucida reconstruction of a biocytin-filled
TAN with its dendritic tree in black and its collateralized axon in gray. Scale bar, 50 wm. DA depletion did not affect TANs
spontaneous pattern of activity (see the distribution of interevents intervals) nor their mean values of V., (—54.0 = 2.7 vs

=572+ 12mV;n=7and 11; p = 0.4), Vigreshora (—44.2 = 03 vs —41.7 = 0.9 mV; n = 7 and 11; p = 0.1) and input
resistance (R; ) (255 = 63vs 357 = 74MC); p = 0.4) (right diagrams). Calibration: 4, 255, 100 pA; B, 5 5 (top) and 200 ms, 25

Therefore, dopamine deprivation may
produce a dual action: alteration of the ba-
sic activity pattern of a subpopulation of GABA interneurons,
and decrease of presynaptic inhibition of GABA release leading to
repetitive giant GABA, currents. Approximately 4-27 FS inter-
neurons project to each MSN (Kods and Tepper, 1999), and each
FS cell establishes a mean of six release sites per MSN (up to 18)
that are often organized in clusters of synaptic contacts on the
soma or proximal dendrites (Kita et al., 1990). This distribution
and the proximity to the cell body enable an efficient inhibitory
control of MSNs. In contrast, MSN-MSN recurrent synapses are
on distal dendrites with only a small number of release sites (av-
erage of three) (Wilson and Groves, 1980). These may thus be less
prone to generation of giant sPSCs. Despite the relatively high
degree of convergence (each MSN receives ~500 synapses from
other MSNs) (Czubayko and Plenz, 2002; Guzman et al., 2003;
Kods et al., 2004), this recurrent system is unlikely to mediate the
generation of giant GABAergic currents, because MSNs were si-
lent in BGS and isolated striatum and their strength mostly de-

mV (bottom steps). Error bars indicate SEM.

creased in the chronic absence of dopamine (Taverna et al.,
2008). FS interneurons are also unlikely to mediate bursts of
GABAergic currents because DA depletion did not affect their
single-spike firing pattern. In contrast, we showed for the first
time that identified LTS interneurons spontaneously discharge
with a striking bursting pattern in the absence of dopamine, a
type of activity not recorded under control conditions. More-
over, the intraburst frequency of LTS spikes was close to that of
GABAergic currents recorded in MSNs.

Our single GABA and NMDA channel recordings (Tyzio et al.,
2003) indicate for the first time a value for the reversal potential
of GABA current (Egapa= —63.0 = 2.9 mV) of DA-depleted
MSNs. We also showed that the resting membrane potential
(Viess = —80 mV) and E; 5, of MSNs are not affected by dopa-
mine depletion. All these values are based on the assumption that
the NMDA current reverses at 0 mV in MSNs. Although an error
of ~5 mV may exist (Tyzio et al., 2003), the comparison of V.,
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Figure 7.  Spontaneous activity of GABAergic FS and LTS interneurons in control and DA-depleted striatum. A, Activity of FS interneurons recorded in cell-attached configuration in control (7, 2)
and DA-depleted (3, 4) striatum. Sixty percent of FS were silent in control striatum (7) and 67% in DA-depleted one (3). The remaining FS displayed single-spike reqular activity with rare trains of
spikes (4). The bottom traces in 2 and 4 are expanded traces of the top ones as indicated. Note the typical FS firing in response to depolarizing steps (bottom traces) recorded in control from neuron
2and in DA-depleted striatum from neuron 4. Current steps were applied from V., = —74.8mVto V,, = —82, —78,and —29mV in control and from V.., = —78 mV to —90, —85,and —37
mV in DA-depleted FS neurons. Neurolucida reconstruction of the biocytin-filled FS interneuron 2 show the aspiny dendrites (black) and the collateralized axon (gray). The right diagrams show that
the interevent intervals distribution and the mean value of V., (—73.0 = 2.3vs —69.6 = 5.0mV;n = 5and 6; p = 0.6), Vyyrecnoiq (—34.0 £ 5.8vs —34.8 = 3.7mV;n =5and 7;p = 0.9),
and input resistance (R,,,,) (199 = 18 vs 217 = 21 M{);n = 5and 7; p = 0.6) were unchanged by DA depletion. B, LTS interneurons switch from a tonic control activity to a bursting one in
DA-depleted condition. Two examples of control (7, 2) and DA-depleted (3, 4) LTS activities are shown. LTS in 4 was recorded in the continuous presence of the glutamatergic antagonists APV (10
M) and CNQX (40 um). Note the typical rebound after hyperpolarizing steps giving rise to spikes and the low-threshold Ca* spike in response to depolarizing steps (bottom traces) recorded in
control from neuron 1and in DA-depleted striatum from neuron 3. Current steps were applied from V,, = —70mVto V,, = —130, —115,and —43 mV in control and from V,, = —71mV to
—120, —115, —55,and —47in DA-depleted LTS neurons. Neurolucida reconstruction of the biocytin-filled LTS interneuron 3 show the extended dendritic field and the aspiny dendrites (the axon
was not visible). The right diagrams show that the interevent intervals distribution was shifted to the left. The mean values of V., (—48.7 == 2.5vs —51.0 = 3.1mV;n = 5and 6; p = 0.6),
Vitreshold (—46.5 = 0.7vs —42.4 = 1.4mV;n = 5and 5;p = 0.06), and input resistance (R;,,,,,) (622 = 97vs 630 = 118M(); n = 5and 6;p = 0.9) were unchanged by DA depletion. Calibrations
are identical for all cell-attached recordings (5 s for main traces and 1 for enlarged ones) and for all whole-cell recordings (25 mV, 200 ms). Scale bar for neurons, 50 um. Error bars indicate SEM.

and Eg 5, obtained with the same methods in control and DA-
depleted MSNs confirms the validity of our conclusions. Another
noninvasive method to determine V.., consists in estimating the
reversal potential for K ions using cell-attached recordings with
pipettes containing 145-155 mM K * ions. With the symmetric
K™ gradient, the K™ current through the membrane patch re-
verses when the potential of the pipette is equal to the membrane
potential (V,.) (Verheugen et al., 1999). This measure is based
on the approximation of the internal K * concentration. Interest-

ingly, both protocols (single NMDA current or equimolar K ™)
gave similar results (—80/—81 mV) in control MSNs (Ade et al.,
2008). These values are also close to those obtained with grami-
cidin perforated patch that leaves the internal chloride concen-
tration intact (—81 and —64 * 4 mV, respectively) (Bracci and
Panzeri, 2006) [for more depolarized values in organotypic cul-
tures, see also Gustafson et al. (2006)]. Our determination of
spike threshold in control and DA-depleted MSNs in whole-cell
recordings and KGlu electrodes is close to that previously identi-



7786 - ). Neurosci., June 17, 2009 - 29(24):7776 7787

fied under the same conditions [—36 mV (Taverna et al., 2007);
—38 mV (Fino et al., 2007)]. Therefore, GABAergic synapses
depolarize MSNs from V., (Misgeld et al., 1982; Kods and Tep-
per, 1999) but do not trigger action potentials and hence can
exert inhibitory actions (Plenz and Aertsen, 1996). The mem-
brane potential of MSNs in vivo, under urethane or sodium pen-
tobarbital anesthesia, oscillates between down and up states, the
latter being generated by glutamatergic afferents (Wilson and
Kawaguchi, 1996; Mahon et al., 2001; Tseng et al., 2001). Spon-
taneous or evoked activation of GABA, receptors depolarize the
MSN membrane in vivo during the down state (Mercuri et al.,
1991) and hyperpolarize it during the up state (Plenz and Kitai,
1998), suggesting that GABA exerts an inhibitory action on MSN
activity.

We propose that the fundamental feature of the dopamine-
deprived isolated striatum is a shift from a continuous tonic
GABA pattern to one that oscillates between repetitive giant sP-
SCs and silent episodes. This results from alterations of the firing
properties of a subpopulation of GABA interneurons that shifts
from low-frequency tonic to high-frequency oscillatory activity.
The shift in the GABA, pattern may profoundly alter the re-
sponse of one-half the MSNs to cortical inputs in vivo, thus de-
stabilizing striatal function. During down states, GABA-induced
depolarization decreases the impact of the hyperpolarization-
activated inward rectifier K™ current that prevents MSNs from
excitation-induced rapid firing (Surmeier and Kitai, 1993; Nicola
et al., 2000). It will also drive the MSN membrane to a potential
(—65 mV) at which its input resistance and time constant are
close to maximal (Wilson, 2007), which may facilitate glutama-
tergic inputs and lead to the generation of action potentials
(Bracci and Panzeri, 2006). Along the same lines, blockade of
spontaneous and tonic GABA, synaptic transmission decreased
the cortically evoked excitation recorded from MSNs in the cell-
attached configuration (Ade et al., 2008). In contrast, during up
states that are more frequent in DA-depleted striatum [MSNs
spend a longer time in wup states in chronically
6-hydroxydopamine-lesioned rats (Murer et al., 2002)], giant
GABAergic currents should efficiently and transiently inhibit
cortical inputs, preventing information transfer and integration.
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DISCUSSION

| have focused my research during my thesis on the activity of the GABAergic
microcircuits of the striatum in embryonic and perinatal developmental states and in

adult pathological state. We have identified that:

(1) The spontaneous developmental activities of the striatal network consist of first,
intrinsic voltage-gated calcium signals, followed by synapse driven activities. They

disappear around P8-P10 in vitro;

(2) The frequency of the spontaneous GABAergic and glutamatergic currents
afferent to the MSNs increases from E16 to P30 and from P8 all MSNs already
receive both types of synapses. Interestingly there is a transient increase of the

NR2DC-mediated component of the glutamatergic EPSP which peaks around P6;

(3) The silencing of all the immature activities generated by MSNs is due to an
increase in the number of MSN expressing the inward rectifier K conductance and
the parallel decrease of the NMDA conductances. This occurs just before the onset

of locomotor behaviour (P10-P12);

(4) GABAergic interneurons (P/LTS) are overactive in adult parkinsonian state.
They generate long bursts of spikes that evoke bursts of GABAergic currents in
MSNs. Interestingly, the bursting activity is found in both toxin-based and genetic
models of PD, suggesting a common patho-physiological signature of the disease in
the striatum. This again stresses the importance of GABAergic neurons and derived
patterns in the generation of pathological activities as they are engaged in the

modulation and maturation of physiological patterns.

In the present chapter, we discuss the functional role and the origin of the striatal
activities, the mechanisms underlying the silencing of the MSNs at the beginning of the
second postnatal week, and the role of GABAergic interneurons during development

and in adult-depleted striatum.
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1. What is the origin and functional significance of the immature

activities in the striatum?

Neuronal synchronization in the basal ganglia plays a key role in encoding
movement, procedural memory storage and habit formation (For review, Obeso et al.,
2008). The functional significance of synchronized activities in the immature striatum
remains unknown at the end of our study. Nevertheless we propose here some

hypotheses concerning the GAP-junction and synaptic-driven activities.

1.1.Functional role of the intrinsic and synaptic immature activities in the

developing striatum.

Synchronized voltage-gated calcium plateaus in small cell assemblies connected
by gap junctions (SPAs) may represent a key step in the initiation of calcium waves that
notably coordinate cell cycle and enable diffusion of morphogenetic cues (For review,
Bruzzone and Dermietzel, 2006), regulate modulating signals involved in programmed
cell death or survival (For review, Krysko et al., 2005). They could also provide a
mechanism to reinforce the initial connectivity between neurons and may represent an
early form of functional units preceding the network organization by synaptic activity
(Crépel et al., 2006).

Synaptic activity gradually mature during development and by the end of the first
postnatal week, all MSNs receive GABAergic and glutamatergic innervation. At that
moment spontaneous synchronous synapse-driven events occur in the mouse striatum.
They are generated by depolarizing GABA and glutamate, notably via the activation of
the NMDA receptor subunits NR2C/D. Synchronous synapse-driven events may
represent a crucial developmental stage for the cortico-striatal entity and more precisely

for the establishment of functional connections between the two structures.
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Indeed, in parallel to these activities, an intense cell death period occurs in the
striatum by the beginning of the second postnatal week (P8) (Fishell and Van der Kooy
1991; Fentress et al., 1981). Such a cell death period occurs in roughly one third of the
neuronal population and affects both the patch and matrix compartments. This massive
neuronal death may select neurons none misconnected during development. This
hypothesis can be easily tested by studying for instance the effect of the absence of
gap-junction expression during development, notably by using KO mice for the different

connexins (Cummings et al., 2008; Venance et al., 2004).

1.2. What is the origin of the synchronous synapse-driven events of the

striatum?

Glutamatergic innervation arising mainly from the cortex is crucial for the
generation of the highly synchronized events observed between P5 and P7 in the
striatum (Article 1 Dehorter). Besides, cortical GDPs have been described between P4
and P9 in rats (Alléne et al., 2008). We are logically tempted to ask whether the GDPs
recorded in the striatum are driven by the cortical ones. Before P5 in the striatum,
synaptic connectivity is poor and thus the probability of a connection between a cortical
GDP-cell (representing 50% of the cells in the deep cortical layers) and a striatal cell is
small. At P5-P7 this probability increases since all MSNs receive few glutamatergic

inputs and thus could receive synchronized glutamatergic inputs.

The spontaneous GABAergic synaptic currents afferent to the MSN are in 11 and
13% of the recorded MSNs organized in recurrent bursts at P5 and P7, respectively.
These bursts are absent at P10 and P17 (unpublished data from Dehorter). Bursts are
probably the consequence of synchronized burst firing in neighboring GABAergic
neurons, either MSNs or interneurons. Together with the GABA depolarizing effect,
glutamate should trigger the synchronization observed in the striatum. Simultaneous

calcium imaging recording of the cortex and striatum should test this possibility.
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Low observation occurrence of the striatal GDPs in slices (only 10% of our slices),
suggests that emergence of synchronization demands the requirement of a minimum of
connected microcircuits. We expect that using a more appropriate in vitro preparation
preserving the inter-neuronal connections, one might expect an increase in the
percentage of observed “GDP-expressing” slices.
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2. What are the mechanisms underlying the silencing of the striatal

network?

“Silencing” of the MSNs is observed in our in vitro and in vivo conditions after P8
concomitantly with the disappearance of the synchronized events recorded between P5
and P7. The underlying signal triggering the silencing remains to be explored. This
issue is of particular interest since silencing of MSNs occurs just before the onset of
coordinated locomotion. Indeed, the descending cortico-spinal tract reaches the lumbar
level only at P9 (Gianino et al., 1999). Two days later the lumbar cortico-spinal
synapses are functional. It seems therefore logical that the immature activities of the

striatum have disappeared to avoid involuntary movements.

We propose that the expression of K* conductances develop in the MSNs with a
highly appropriate time dependent sequence. This leads to the decrease of membrane
resistance, hyperpolarisation of the resting membrane potential and of the reversal
potential for GABA. In parallel, we observed that the functional expression of the
NMDA-mediated receptors drops at the beginning of the second postnatal week leading
to shorter and reduced NMDA components to ongoing activity notably as NR2D
subunits have a lesser voltage dependent blockade by Mg®". Consequently, the
concomitant expression of KIR and decrease in the NMDA receptors expression leads
to the decreased probability of MSNs excitation. At this point, it would be interesting to
investigate whether the blockade of expression of IKigr in MSNs delays the silencing of
the network. Or conversely, does the over-expression of IKr in MSNs suppress their

spontaneous immature activities?

Interestingly, several studies report potassium channel dysfunction in
Huntington’s disease transgenic mice (Ariano et al., 2005) that leads to a depolarization
of the membrane potential and an increase in the input resistance of the MSNs. The
corticostriatal pathway is also altered in these mice (Cepeda et al., 2003) since

response to NMDA receptor activation are largely increased (Cepeda et al., 2001).
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Kitai and Surmeier (1993) emphasized the crucial role of both acetylcholine and
dopamine in the modulation of IKr (Kitai and Surmeier, 1993). It should be of a
particular interest to determine the developmental profile of the activity in the striatum in
the absence of cholinergic or dopaminergic ongoing signals. For instance the “aphakia”
transgenic mice, deficient for the transcription factor Pitx3, could be a useful model to
address this issue. Indeed, these mice show a complete cell loss already at birth,
specifically in the SNc, and locomotor deficits in the adult (Van der Munckhof et al.,
2006).

3. What are the functional roles of the GABAergic interneurons during

development and in adult parkinsonian state?

We described the developmental sequence of the immature activities in the
striatum. Our imaging recordings in Nkx2.1-GFP mice enabled us to distinguish the
MSNs (Nkx2.1 negative) from the interneurons (Nkx2.1 positive, GABAergic and
cholinergic interneurons). From embryonic and perinatal stages, we observed that
activity of the interneurons is not different from the MSNs one. Indeed interneurons also
display calcium plateaus and individual calcium spikes. However, in contrast with the
MSNSs, they do not silence after P8. Interneurons represent 40% of the total active cells
at P10, compared to 12% at P2 (Article 1 Dehorter). An accurate study of the maturation
of striatal interneurons should provide insights into their functional role during

development.

The main physiological hallmark of PD is over-activity of the STN neurons
consisting of recurrent bursts of spikes instead of a tonic single spike activity (For
review, Hamani et al., 2003). Based on this observation, STN lesion (Bergman et al.,
1990) or STN high-frequency stimulation (Benazzouz et al., 1993) has been proposed

for the surgical treatment of PD since 15 years (For review, Benabid et al., 2009).
Our study in the adult 6-OHDA, PINK1 KO and SNCA-surexpressing mouse

models reveals a new patho-physiological signature in the striatum: recurrent bursts of

postsynaptic GABAergic currents in the MSNs (Fig. 20).
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Figure 20: Spontaneous postsynaptic GABAergic currents represent a new
electrophysiological signature of Parkinson state in the striatum.

The spontaneous GABAergic activity (IPSCs) afferent to MSNs (blue neurons) recorded in voltage clamp
at +10 mV have a low frequency, a small amplitude and a tonic pattern at perinatal ages (green trace, P7)
(article 1). Their frequency gradually increases until adulthood following the same tonic pattern (black
trace, P30; article 1). Alteration of dopaminergic signalling (Red Cross; SN in orange) in both genetic
models (PINK1 KO and a- synuclein surexpressing 19-month old mice) and 6-OHDA-treated mice, leads
to single or bursts of gigantic IPSCs in MSNs (red traces, article 2 and unpublished data). This change of
pattern of GABA, currents is due to a change of spontaneous discharge pattern of a subtype of striatal
interneurons, the LTS interneurons. It would contribute to alter striatal output activity (blue arrow).
Together with the abnormal firing of the STN in parkinsonian state (pink), bursting GABA currents in the
striatum are the electrophysiological signatures of the disease.

It will be of interest to birth date the electrophysiological signature in the striatum of genetic mice models
of PD. Do GABAergic microcircuits of the striatum are ‘pathological’ from early ages(a)? Or do they
appear in the old adult after a correct maturation and functioning of the circuit (b) (b,) ?

Scale: 100 pA, 1s. SN: Substantia Nigra; STN: Subthalamic Nucleus; St: Striatum.
Modified from Kreitzer and Malenka, 2008, Dehorter et al., 2009 and Dehorter et al., in prep.

185



We have identified the generators, the GABAergic interneurons of P/LTS-type
that switch their firing pattern in the chronic absence of dopamine (Dehorter et al.,
2009). Along the same line, study from Carrillo-Reid and collaborators suggested that
GABAergic interneurons are involved in NMDA-induced network oscillatory dynamics in
striatal slices (Carrillo-Reid et al., 2008).

We still have to identify the precise mechanisms underlying the switch of pattern
of activity of LTS GABAergic interneurons following dopaminergic depletion. Double
patch recording in DA-depleted condition of Nkx2.1 or Lhx6 GFP-neurons in the
striatum of transgenic mice where striatal interneurons are specifically labelled (see
Chapter 1, 1.2.2) will allow recording the cells displaying a bursting pattern and studying
its underlying mechanisms. To identify a possible synchronization among interneurons

we should use calcium imaging in slices from animal models of PD.

4. Are the adult pathological oscillations similar as the immature

synchronous activities of the developing striatum?

Recordings of the adult striatal network activity with calcium imaging in slices
from P14-P24 6-OHDA-treated rats revealed an increase in the overall network activity
and synchrony compared to the control (Jaidar et al., 2010). NMDA receptors may
contribute to the overall excitability of MSNs by regulating the transition to up-states in
vitro in the adult rat (Vergara et al 2003; Carillo-reid et al., 2008). Indeed NMDA
receptor channels regulate different signalling mechanisms via intracellular calcium
increase that influence notably synapse formation, gene transcriptional profiles,
glutamate receptor expression or neuronal excitability (For review, Sheng and Kim,
2002; Butler et al., 1999; Adesnik et al., 2008).

Many studies reveal a complex interplay between DA and NMDA receptors
(Cepeda et al. 1998) and specially in motor syndromes like PD (For review, Chase,
2004; see also Bagetta et al., 2010) or Huntington’s disease (For review, Levine et al.,
2010).
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These data suggest that a set of unitary central pattern generators capable of
generating oscillations reside in both the immature and adult striatal network (Griliner
2006). Indeed, it is interesting to emphasize that the immature synchronized activities
occur in the developing striatum at P5-P7, at the time when the expression of NMDA
receptors is maximal and when all the MSNs generate spontaneous NMDA currents
(see chapter 1, 2.4 and article 1 Dehorter). Conversely, disappearance of such
oscillatory immature activities is associated with a large drop in NMDA receptors
subunits expression and functional NMDA receptor-mediated currents in the MSNs (see

chapter 1, 2.4 and article 1 Dehorter).

Since NMDA receptors activation is directly correlated to the immature and
pathological oscillatory patterns generation, we wonder whether the NMDA-induced
pathological synchrony in the adult is reminiscent of the synchronized activity observed
in the developmental period (For review, Ben-Ari, 2008) and thus based on the same
mechanisms of initiation? In such case, differential experience of plasticity at early and
late stages of the development would lead to deleterious effects of the oscillatory

pattern in the adult but not in the more plastic immature striatum (see chapter 1, 2.4).
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Conclusion

This original study on the functional development of the striatum opens the path for

further investigations. It will be of a great interest to determine:

1. The role of dopamine on the maturation of striatal activities? More particularly,
does dopamine act on the signalling pathway inducing the onset of synaptically-

driven immature activities (GDPs)?

2. The mechanisms underlying the electrophysiological signature of PD in the adult

striatum observed in both toxin-based and genetic models of the disease?

3. The origin, birth date and role during development of the GABAergic interneurons

whose activity is strongly altered by dopaminergic depletion in the adult?
4. whether and how does an early insult during maturation leads to the late

expression and manifestation of the clinical symptoms of Parkinson and other

disorders ?
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