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RESERVATION OF THE DIRECT AND INDIRECT PATHWAYS

N AN IN VITRO PREPARATION OF THE MOUSE BASAL GANGLIA
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NSERM, U29, Institut de Neurobiologie de la Méditerranée, Université
e la Méditerranée, 163 route de Luminy, BP 13, 13273 Marseille
edex 09, France

bstract—We have developed a slice preparation of the
ouse basal ganglia which contains portions of the striatum,

xternal pallidum, subthalamic nucleus and substantia nigra
nd the neocortex. This basal ganglia slice is unique in pre-
erving functional direct and indirect connections between
he striatum and the substantia nigra as well as interconnec-
ivity between the globus pallidus and the subthalamic nu-
leus. We used fiber tract tracing studies and electrophysio-
ogical recordings to demonstrate the full functionality of
hese pathways. Deposits of 1,1=-dioctadecyl-3,3,3=,3=-tetra-

ethylindocarbocyamine perchlorate in the different basal
anglia resulted in labeled fibers in each of their target nuclei.
onfirming these results, electrical stimulation of the differ-
nt nuclei elicited whole-cell recorded postsynaptic poten-
ials in their target neurons with an appropriate pharmaco-
ogical profile. Electrical and glutamate activation of the
triatum evoked bursts of glutamatergic and GABAergic ac-
ivities in whole-cell recorded nigral neurons indicating that
he direct and indirect pathways are operative in this slice. It
lso showed that the responses evoked are not due to fibers
n passant but to the activation of striatal cell bodies. These
ndings provide the first direct evidence for a preserved
asal ganglia circuitry in vitro and make the basal ganglia
lice a suitable preparation for analyzing the activity of the
irect and indirect pathways in physiological and pathologi-
al conditions. © 2006 IBRO. Published by Elsevier Ltd. All
ights reserved.

ey words: DiI, patch clamp, striatum, pallidum, subthalamic
ucleus, substantia nigra.

he basal ganglia (BG) nuclei are a set of interconnected
ubcortical brain nuclei primarily involved in movements
nd motivational aspects of motor behavior (Crossman,
987; Graybiel et al., 1994). The striatum is the major input
tructure of the BG since it receives excitatory afferents
rom nearly all cortical regions (McGeorge and Faull, 1989)
hereas the substantia nigra pars reticulata (SNr) and the

Corresponding author. Tel: �33-491-82-81-10; fax: �33-491-82-81-01.
-mail address: beurrier@inmed.univ-mrs.fr (C. Beurrier).
bbreviations: BG, basal ganglia; BGS, basal ganglia slice; DiI, 1,1=-
ioctadecyl-3,3,3=,3=-tetra-methylindocarbocyamine perchlorate; DPSPs,
epolarizing postsynaptic potentials; EP, entopeduncular nucleus;
PSCs, excitatory postsynaptic currents; GP, globus pallidus; IPSCs,

nhibitory postsynaptic currents; L-glu, L-glutamic acid; MSN, medium
piny neuron; NBQX, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxa-
ine-7-sulfonamide; polyPSC, polysynaptic postsynaptic current; QX314,
-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium bromi69; SNc,
p
ubstantia nigra pars compacta; SNr, substantia nigra pars reticulata;
TN, subthalamic nucleus; TH, tyrosine hydroxylase.

306-4522/06$30.00�0.00 © 2006 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2006.02.029
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ntopeduncular nucleus (EP, the homologue in rodents of
he internal pallidal segment) are the output structures.
wo main intrinsic pathways connect these input and out-
ut structures, the direct and indirect striato-nigral/entope-
uncular pathways (Smith et al., 1998). The indirect path-
ay successively involves the globus pallidus (GP, homo-

ogue in rodents of the primate external pallidal segment),
he subthalamic nucleus (STN) and the SNr (or the EP).
xtracellular recordings performed on anesthetized rats
howed that activation of the indirect pathway generates
n excitation of SNr neurons via a disinhibitory process
ecause the striato-pallidal and pallido-subthalamic neu-
ons are GABAergic whereas the subthalamic ones are
lutamatergic. In contrast the direct striato-nigral GABAer-
ic pathway inhibits the tonic activity of SNr neurons (Mau-
ice et al., 1999; Kolomiets et al., 2003). As a result, the
ndirect pathway counteracts the inhibitory influence ex-
rted by the direct one on SNr neurons.

In working models of the BG, it is assumed that func-
ional imbalance between the direct and indirect pathways
nderlies the motor disorders observed in BG pathologies
Albin et al., 1989; DeLong, 1990). In Parkinson’s disease,
he loss of dopaminergic innervation of the striatum, due to
he degeneration of nigro-striatal dopaminergic neurons is
esponsible for this imbalance.

In vivo studies greatly contributed to our understanding
f the normal and altered function of this network but are

imited, as far as the cellular and molecular mechanisms
nderlying the network events are concerned. Slice exper-

ments, which allow a better control of the external medium
nd recordings from identified structures and neurons,
ave indeed provided most of our present knowledge
bout the physiological mechanisms of neuronal plasticity,
ynaptic function and intrinsic oscillations. However, to
ate, standard BG slices contained two or three nuclei at
est (Calabresi et al., 1991; Kita, 2001; Falkenburger et al.,
001; Cooper and Stanford, 2001; Hallworth and Bevan,
005), thus reducing their utility for more integrative stud-

es. Organotypic cultures, where up to three BG nuclei
ere co-cultivated, provided an interesting opportunity to
ropose that STN and GP neurons form a BG pacemaker

oop (Plenz and Kitaï, 1999). However, this preparation
sed immature neurons and thus does not necessarily
eflect the adult in vivo situation as it may favor the devel-
pment of abnormal connections (Czubayko and Plenz,
002).

To better understand the normal and pathological func-
ion of this complicated set of structures, we have devel-
ped an in vitro preparation of the direct and indirect BG

athways. To this aim, we performed 400 �m-thick para-

ved.
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agittal slices of the mouse brain with different angles
from 0° to 20°) from the medial sagittal plane and checked
he presence and functionality of the different components
f the direct and indirect pathways by anatomical and
lectrophysiological techniques. We show that the best
ompromise is a 10° angle, which allows getting in the
ame slice, portions of four BG nuclei plus the cortex,
unctional direct and indirect connections between the stri-
tum and the SNr, as well as part of the pallido-sub-
halamo-pallidal loop. This basal ganglia slice (BGS),
hich can be performed from control, lesioned or trans-
enic mice, will allow understanding the cellular mecha-
isms underlying the activity of the BG network in physio-

ogical and pathological conditions.

EXPERIMENTAL PROCEDURES

lice preparation

ll animal experiments were carried out in accordance with the
uropean Communities Council Directive of 24 November 1986

86/609/EEC). The experimental protocols were carried out in
ompliance with institutional ethical committee guidelines for an-
mal research, and all efforts were made to minimize the number
f animals used and their suffering. C57/Bl6 mice aged postnatal
ays 20–32 were killed by decapitation under halothane anesthe-
ia and 400 �m-thick parasagittal slices were cut. They included
art of the striatum, the GP, the STN and the SN and their main
onnections when cut at an angle of 10�2° (Fig. 1). This method
enerated one slice per hemisphere where most of BG nuclei and
heir connections were well preserved. For the slicing procedure,
he solution contained (in mM) 110 choline, 2.5 KCl, 1.25

°10 °10
A

GABA

Glu

B

BG nuclei

DA

ig. 1. The BG slice. (A) Scheme of the mouse brain seen from above
eparated along the midline and glued to an agar block tilted at 10°. T

howing the BG nuclei identified and the connections assessed. The two path
esults).
aH2PO4, 7 MgCl2, 0.5 CaCl2, 25 NaHCO3, 7 glucose. After a
ecovery period, we recorded the slices in a submersion-type
hamber at room temperature with standard ACSF saturated with
5% O2/5% CO2 and containing (in mM) 126 NaCl, 3.5 KCl, 1.2
aH2PO4, 1.3 MgCl2, 2 CaCl2, 25 NaHCO3, 11 glucose. During

he recovery period, we kept the slices in this solution supple-
ented with 250 �M kynurenic acid and 1 mM sodium pyruvate.

lectrophysiology

ells were visualized with infrared-differential interference optics (Ax-
oskop2, Zeiss, LePecq, France). We performed patch-clamp record-
ngs in the whole cell configuration using the Digidata 1344A inter-
ace, the Multiclamp 700A amplifier and PClamp8 software (Axon
nstruments, Foster City, CA, USA). For current-clamp recordings,
atch electrodes (6–10 M�) contained (in mM): 120 K-gluconate, 20
Cl, 10 HEPES, 2 MgATP and 0.5 NaGTP, pH 7.2–7.4 (285–295
Osm). For voltage-clamp recordings of nigral neurons, the pipette

ontained (in mM) either: 140 CsCl, 10 NaCl, 0.1 CaCl, 10 HEPES,
EGTA, 2 MgATP and 0.5 NaGTP or 120 Cs-gluconate, 13.6 CsCl,
0 HEPES, 1.1 EGTA, 0.1 CaCl, 2.5 MgATP and 0.3 NaGTP, pH
.2–7.4 (285–295 mOsm). N-(2,6-dimethylphenylcarbamoylmeth-
l)triethylammonium bromi69 (QX314, 2 mM) was included to the
sCl solution to block postsynaptic sodium currents. The KGlu and
sCl pipette solutions gave a reversal potential for chloride equal to
48 and 0 mV, respectively. We used the CsGlu solution to measure

pontaneous inhibitory and excitatory currents at the reversal poten-
ial for glutamatergic (�10 mV) and GABAergic (�60 mV) events
espectively as already described in hippocampal neurons (Cossart
t al., 2000).

Electrical stimulation was provided by custom-made bipolar
lectrodes positioned in the different nuclei under study (20–50 �s

n duration, intensity from 6 to 80 V).

°10

agar block

St

GP

STN SNc

SNr

estimated location of four of the BG nuclei. The two hemispheres are
le arrow represents the vibratome blade. (B) Scheme of the 10° slice
Cx

with the
he doub
ways represented with dotted lines are not present in the slice (see
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A glass electrode (tip diameter, 3–5 �m) was placed in the
triatum and was used to evoke synaptic responses in nigral cells.
his stimulating electrode was filled with 3 mM L-glutamic acid
onosodium salt (L-glu) in extracellular solution and was connected

o a picospritzer. L-Glu was ejected by pulses of 10 p.s.i. and 10–900
s duration (increment: 50–100 ms). The synaptic bursts included

n the analysis were the ones obtained with the minimal duration
voking a response. In some experiments the addition of Methyl-
ne Blue in the electrode solution enabled the spread of the
timulating solution to be visualized. All ejections were restricted
o the striatum.

ata analysis

o isolate pharmacologically the GABAergic and glutamatergic
athways, we used blockers of the ionotropic glutamatergic and
ABAergic transmissions, respectively. We stimulated the affer-
nt structures at 0.1 Hz and analyzed the evoked synaptic re-
ponses with Mini-analysis software (Synaptosoft, v6.0.1). We
onsidered the evoked synaptic potentials as monosynaptic on
he basis of their constant latency over the sweeps, one trial
onsisting of 10–20 sweeps. Following afferent stimulation, neu-
ons from a given nucleus within the same slice behaved consis-
ently: they either presented a synaptic response or not. No at-
empt was made to identify areas within individual nuclei that
ight better respond to afferent stimulation. We considered a

ynaptic connection reliable when the stimulation of the afferent
tructure elicited a response in at least 90% of the slices.

The charge transfer of the polysynaptic responses observed
n nigral cells after electrical or L-glu stimulation of the striatum
as measured by integrating the area between the baseline and

he evoked current trace using Origin 7.5 (OriginLab Corporation,
orthampton, MA, USA). The charge transfer of the L-glu-evoked
ursts (burst charge transfer) was compared with the charge
ransfer measured from recordings taken just before L-glu ejection
control charge transfer). The length of the period analyzed in
ontrol was equal to that of the L-glu-evoked synaptic burst.
harge transfer gives a good measure of the amount of synaptic

nputs received by the cells as it takes into account the increase in
he frequency of spontaneous post-synaptic currents and the de-
elopment of tonic currents, both phenomena being observed in
Nr cells after striatal L-glu stimulation.

The postsynaptic potentials or currents evoked by afferent
timulation illustrated in the figures represent the average of eight
o 20 individual sweeps. Average values are presented as
eans�S.E.M. Statistical comparisons were performed with the
tudent’s t-test.

rugs

rugs were prepared as concentrated stock solutions and diluted
n ACSF for bath application or pressure ejection. Bicuculline, a
elective GABAA receptor antagonist, and 2,3-dioxo-6-nitro-1,2,3,4-
etrahydrobenzoquinoxaline-7-sulfonamide (NBQX), an AMPA-
ainate receptor antagonist, were used at a concentration of
0 �M. These agents, plus QX314, were purchased from Tocris-
isher Bioblock Scientific.

,1=-Dioctadecyl-3,3,3=,3=-tetra-methylindocarbocyamine
erchlorate (DiI) experiments

ice (P20–22) were anesthetized with chloral hydrate (7%) and
ntracardially perfused with 4% paraformaldehyde. Brains were post-
xed by immersion for 2–4 weeks in the cold fixative solution con-
aining 4% paraformaldehyde and cut into 400-�m parasagittal sec-
ions with an angle of 10�2°. The slices used for axon tracing
xperiments were prepared exactly as those used for electrophysi-
logical recordings (Fig. 1). We injected small amounts of DiI (Inter-

him, France) crystals diluted in ethanol in one nucleus of the BG. a
lices were then incubated in the fixative solution at 32 °C for 2–3
eeks, counterstained with green fluorescent Nissl stain (Molecular
robes), coverslipped and examined with a fluorescence (Nikon
clipse E800) and a confocal (Olympus Fluoview-500) microscope.
o study the projection of the GP to the STN, a hemitransection
ostral to the GP was performed 15 days before mice perfusion to
nsure degeneration of cortico-subthalamical fibers that could be

abeled by the DiI injection in the GP. Anesthetized mice were placed
n a stereotaxic apparatus. A knife blade was lowered 4.9 mm from
he skull surface and moved medio-laterally to cut fibers rostral to GP
t anteriority 1.5 from the bregma.

mmunohistochemistry

n order to visualize the trajectory of nigro-striatal dopaminergic
xons in the BGS, immunocytochemistry of tyrosine hydroxylase
TH) was performed in 75 �m-thick, 10°- tilted parasagittal slices
nd in horizontal slices. Sections were blocked by 2% normal goat
erum (Abcys) in PBS containing 0.3% Triton X-100 for 30 min,
nd then incubated for 12 h with anti-TH monoclonal antibody
Chemicon International) at a dilution of 1:500 or 1:1000. After the
ections had been washed with PBS, they were incubated for 1 h
0 with anti-mouse IgG secondary antibody (Tebu) at a dilution of
:300. Sections were washed with PBS and incubated for 1 h 30

n Cy3-conjugated streptavidin (Jackson). They were mounted in
uoromount (Euromedex), coverslipped and examined with a con-
ocal microscope (Olympus Fluoview-500).

RESULTS

n the 10° tilted parasagittal slice (Fig. 1A), portions of all
G nuclei were identified except for the EP. We checked

he presence and functionality of the connections between
ach of the individual BG nuclei present in the slice (Fig.
B). In addition to these pathways, which are intrinsic to
he BG network, we also tested for the presence of the
ortical entries to the BG: the cortico-striatal and the cor-
ico-subthalamic pathways. We will present these results
rst. Two methods were used to check a connection: we
isualized specific pathways using the axonal tracer DiI,
hen tested their functionality by stimulating the afferent
tructure and recording the synaptic response in the target
ucleus. For technical reasons, DiI and electrophysiologi-
al experiments were conducted in different slices but cut
xactly the same way (Fig. 1A). We then demonstrated the
ull functionality of the direct and indirect pathways by
howing that electrical or pharmacological activation of the
triatum evokes direct and indirect responses in the SNr.

ortical inputs to BG

he two main BG nuclei that receive glutamatergic cortical
nputs are the striatum and the STN (Afsharpour, 1985;

cGeorge and Faull, 1989). We injected DiI crystals either
ver the whole cortex or in a restricted frontal area (Fig.
A, B). Labeled corticofugal axons formed numerous bun-
les running radially through the whole striatum, reproduc-

ng the well-known striped appearance of this structure
n�15/15 slices) (Fig. 2A). The functionality of the connec-
ion was then assessed at the electrophysiological level.
eurons recorded in the striatum were identified as me-
ium spiny neurons (MSNs) on the basis of their electro-
hysiological features (Wilson and Groves, 1981; Kita et

l., 1985; Stern et al., 1997; Koos and Tepper, 1999).



M
�
a

t
p

F
g
l
i
c
(
(
b
s
c
c
r
(
t
a
G
o

C. Beurrier et al. / Neuroscience xx (2006) xxx4

ARTICLE  IN  PRESS
SNs (n�11) were silent at rest (Vrest��74.1�0.7 mV,
76.5 to �70.0 mV, n�10), showed a delay to fire the first

BA

C

Cx

St

D

St

GP STN SN

F

G

E

ig. 2. The cortico-striatal, the direct striato-nigral and the striato-pa
reen fluorescent Nissl counterstain after DiI injections (white arrows)

abeled fluorescent axons in the striatum (St, scale bar�100 �m). In t
mage. (B) Left, schematic illustrations of DiI injection (red dots), stimula
urrent pulses allowed the identification of MSN (Vm��80 mV, ar
C) Pharmacology of DPSP for individual neurons (left) and for all th
D) Computer-generated overlays of DiI labeled axons and green fluore
ars�500 �m). The insets show confocal views of labeled axons in the
chematic illustrations of DiI injection, stimulation and recording sites i
ells to current injections (calibration bars: 20 mV and 100 ms). The SN
ell (Vm��60 mV) displayed a pronounced time- and voltage-depend
obust depolarizing rebounds (black arrows). The GP neuron (Vm��7
unfilled arrow). The inset shows the membrane response to the most
ime- and voltage-dependent sag of the membrane potential (unfilled a
nd 200 ms). (F, G) Pharmacology of the DPSPs for individual neuron
P (G, Vm��75 mV) after striatal stimulation. For interpretation of the r
f this article.
ction potential when depolarized by positive current injec- t
ion and a strong inward rectification at hyperpolarized
otentials (Fig. 2B, right). Electrical stimulation of the cor-
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ostsynaptic potential (DPSP) in MSNs (Vm��80 mV,
�8 cells, seven slices). NBQX fully blocked this response
n�6 cells, six slices) (Fig. 2C). Thus, functional glutama-
ergic cortico-striatal connections are present in the BGS.

The second main target of the cortex is the STN. After
eposit of DiI in the cortex, the fibers did not enter the STN
ven though the internal capsule and peduncles were

abeled (n�10/12 slices, not shown). Indeed, cortical stim-
lation in the presence of bicuculline consistently failed to
voke DPSPs in STN neurons, although both striatal and

nternal capsule stimulations did. These results suggest
hat even though the complete cortico-subthalamic path-
ay might not be present in the slice, cortical fibers pass-

ng through the striatum and projecting to the STN were
till able to release glutamate and evoke a synaptic re-
ponse in STN neurons.

ntrinsic BG connections

he input structure of the BG network, the striatum, is
onnected to the output structures, the SNr and the EP, by
direct GABAergic striato-nigral pathway (Bevan et al.,

994), and an indirect one composed of the GABAergic
triato-pallidal (Chang et al., 1981), the GABAergic pallido-
ubthalamic (Van der Kooy et al., 1981) and the glutama-
ergic subthalamo-nigral (Chang et al., 1984) connections.
s the EP was absent in the BGS, we focused on the SN.

n addition to the direct and indirect pathways, we also
ested the glutamatergic subthalamo-pallidal (Kanazawa et
l., 1976; Kita and Kitai, 1987) and the dopaminergic nigro-
triatal (Freund et al., 1984) connections (Fig. 1B).

The direct striato-nigral connection. After striatal in-
ection, DiI-labeled fibers run rostro-caudally to the peduncles
efore entering into the SN (n�7/7 slices) (Fig. 2D). We
ecorded two types of nigral neurons in the BGS. Their elec-
rophysiological features identified the first group as GABAer-
ic SNr neurons and the second group as dopaminergic
ubstantia nigra pars compacta (SNc) neurons (Grace and
nn, 1989; Richards et al., 1997). SNr neurons (n�23)
pontaneously fired at higher frequency (11.8�1.5 vs.
.8�0.1 Hz, P�0.01), had narrow action potentials
0.90�0.04 vs. 2.44�0.13 ms, P�0.001) and did not display
arge rectification currents compared with SNc neurons
n�5) (Fig. 2E, right). Among the recorded cells, SNr neurons
revailed because we preferentially recorded from this area.
oth types of SN cells displayed synaptic responses follow-

ng striatal stimulation confirming the presence of func-
ional striato-nigral connections (n�9 cells, 7 slices). DPSPs
voked in the presence of NBQX were blocked by bicuculline
Vm��70 mV, n�5 cells, 5 slices) (Fig. 2F), showing that
hey were mediated by GABAA receptor activation.

The striato-pallidal connection. Striatal injection of
iI also led to extensive labeling of the GP. DiI-labeled
triatofugal axons formed several high-density bundles
assing rostro-caudally through the GP (n�10/10 slices)
Fig. 2D). Thin perpendicular axon collaterals clearly de-
ineated the boundary between GP and striatum. Most GP
eurons (n�26/33) fired spontaneously at a mean fre-

uency of 14.6�2.6 Hz (1.9–57.1 Hz). In some cells w
n�26/33), negative current pulses revealed a membrane
ag and a depolarizing rebound (Fig. 2E, right) suggesting
he presence of the inward rectifier current, Ih and the low
oltage-activated calcium conductance, IT. Electrophysiol-
gy confirmed the morphological data as striatal stimula-
ion triggered DPSPs in GP neurons (NBQX, Vm��75
V, n�14 cells, 10 slices) that completely disappeared
fter adding bicuculline to the bath (n�6 cells, 6 slices)
Fig. 2G).

The pallido-subthalamic loop. GP and STN are recip-
ocally connected (Van der Kooy et al., 1981; Kita and
itai, 1987). To properly isolate the pallido-subthalamic
onnection, we eliminated cortical fibers passing through
he GP 15 days prior to DiI injection in the GP (see Exper-
mental Procedures and Fig. 3A). Several DiI-positive fi-
ers coursed rostro-caudally leading to dense labeling of
he STN (n�7/7 slices) (Fig. 3A). Most STN neurons were
uiescent (n�26/39, Vrest: �54.9�0.8 mV, �44.9 to
64.0 mV). The remaining neurons (n�13/39) spontane-
usly fired at 6.0�2.1 Hz (1.0–18.9 Hz). Injection of cur-
ent steps into cells revealed a membrane sag as well as a
epolarizing rebound, suggesting the presence of Ih and IT
n�34/41) (Fig. 3B, right). Stimulating the GP in the pres-
nce of CNQX triggered a GABAA receptor-mediated
PSP in STN neurons (Vm��70 mV, n�20 cells, 13
lices) that was fully abolished by bicuculline (n�13 cells,
0 slices) (Fig. 3C).

Injection of the tracer in the STN (Fig. 3D, E) gave rise
o densely packed DiI-positive fibers coursing toward GP
n�16/16 slices). Supporting DiI results, STN stimulation
n the presence of bicuculline triggered AMPA-receptor

ediated DPSPs in GP neurons (Vm��75 mV, n�34
ells, 24 slices) that were blocked by NBQX (n�12 cells,
2 slices) (Fig. 3F).

The subthalamo-nigral pathway. After injection of DiI
n the STN (Fig. 3D), labeled fibers crossed the upper
ranch of the cerebral peduncles and entered into the SN
ia its rostral pole (n�13/16 slices) (Fig. 3D). Part of this
athway was functional as electrical STN stimulation
voked DPSPs in both types of SN neurons in the pres-
nce of bicuculline (Vm��70 mV, n�16 cells, 14 slices).
BQX greatly reduced these DPSPs (n�13 cells, 13
lices) (Fig. 3G).

The ascending nigro-striatal dopaminergic pathway.
mmunolabeling showed that TH-positive SNc (A9) neu-
ons and fibers are present in the BGS. In particular,
ntense fiber labeling was observed in the STN and stria-
um. However, the projection is not included in its full
xtent in the BGS. Horizontal slices revealed clearly that
H-positive fibers course medially to the STN (medial fore-
rain bundle) and are thus at that level medial to the BGS
data not shown).

he direct and indirect pathways

major feature of the BG network is the convergence of
he direct GABAergic and the indirect glutamatergic path-

ays onto single neurons of the output structures (Kita,
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994; Bevan et al., 1994) (Fig. 4A). To date, such polysyn-
ptic responses have been observed in vivo only, since

heir activation require a preserved BG network (Kolomiets
t al., 2003). If the BG circuitry were somehow preserved

n the BGS, we should be able to observe such direct and
ndirect responses in SNr neurons. We triggered them by
triatal activation since cortical stimulation failed to induce
ction potentials in MSNs, evoked DPSPs remaining sub-
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NBQX�Bic, Fig. 4C). These experiments indicate that
oth GABAergic and glutamatergic transmissions partici-
ated to the polyPSC evoked in SNr cells. The bicuculline
ensitive current was likely due to the activation of the
irect GABAergic pathway while activation of indirect
olysynaptic pathways, which include glutamatergic syn-
pses, would be responsible for the NBQX-sensitive cur-
ent. These polysynaptic pathways could be the hyperdi-
ect one (cortico-subthalamo-nigral) and/or the indirect one
striato-pallido-subthalamo-nigral) (Fig. 4A). Even though
he complete cortico-subthalamic pathway is not preserved
n the BGS, we showed above that stimulation of cortical
xons passing through the striatum evoked glutamatergic
esponses in STN neurons (see Cortical inputs to BG).

We used bicuculline to discriminate between these two
ossibilities since the hyperdirect pathway is formed ex-
lusively of glutamatergic synapses. Bicuculline almost
ompletely blocked the polyPSC evoked in SNr cells by
timulation of the striatum. The mean polyPSC charge
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ig. 5. Direct and indirect responses recorded in nigral cells after striatal glutamate stimulation. (A) An example of a burst of action potentials recorded
rom a MSN in response to glutamate (L-glu) application in the striatum (arrow, pulse duration: 40 ms). The MSN membrane potential is �75 mV (no
urrent injected). (B) L-Glu stimulation in the striatum (arrow, pulse duration: 40 ms) evoked a burst of synaptic activities in a SNr cell recorded in
oltage clamp mode with a CsCl-filled electrode (Vh��70 mV). (C) Traces from a SNr cell recorded in voltage clamp mode with a CsGlu-filled
lectrode showing a burst of IPSCs at �10 mV and a burst of EPSCs at �60 mV after L-glu application in the striatum (arrows, pulse duration at �10
V: 400 ms and at �60 mV: 200 ms). The enlarged traces show the slow kinetics of the decay phase of the IPSCs (left) compared with that of EPSCs

right). (D) Summary graph of the synaptic charge transfer calculated before the L-glu striatal application (Pre-burst) and during the burst for all the

Nr cells recorded with a CsGlu-filled electrode (n�5 cells).
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embrane potentials (Fig. 5A). Such L-glu ejection gener-
ted within a few seconds (from 10.03–38.18 s) a burst of
ynaptic activity (duration: 6.33�1.52 s, from 2.52–10.06 s)
n five of six SNr neurons recorded in the voltage-clamp

ode (Vh��70 mV, n�5 slices) (Fig. 5B). It was often
ecessary to move the L-glu-filled electrode several times
efore finding the striatal area connected to the SNr cell
ecorded. The synaptic charge transfer was increased dur-
ng the burst by 714% (from 23.58�5.72–192.12�37.11
C/s, P�0.05, n�5 cells, 5 slices). The CsCl-filled elec-
rode used in these experiments did not allow distinguish-
ng between GABAergic and glutamatergic events as the
eversal potential for both chloride and cationic ions was
qual to 0 mV. For this reason we recorded some cells with
CsGlu-filled electrode to measure inhibitory (IPSCs) and
xcitatory (EPSCs) postsynaptic currents at the reversal
otential for glutamatergic (�10 mV) and GABAergic (�60
V) events, respectively. In this condition, L-glu stimulation
voked a burst of IPSCs at �10 mV (burst duration:
.41�1.97 s, from 2.53–11.79 s, n�5 cells, 5 slices) and a
urst of EPSCs at �60 mV (burst duration: 8.91�2.03 s,
rom 3.27–14.02 s, n�5 cells, five slices) (Fig. 5C). Two
ells displayed a response at �10 mV but not at �60 mV
the reverse was never observed) and were not included in
he analysis. The delay between the L-glu ejection in the
triatum and the synaptic burst evoked in SNr neurons was
uite variable (from 9.98–20.13 s at �10 mV and from
3.82–30.86 s at �60 mV). This variability may be due to
he absence of rigorous somatotopic organization of the
triatal efferences. The synaptic charge transfer was in-
reased during the burst by 295% of control at �10 mV
from 51.1�8.74–201.85�49.62 pC/s, P�0.05) and by
02% at �60 mV (from 15.43�6.67–62.02�20.3 pC/s,
�0.07) (Fig. 5D). The lack of statistical significance at
60 mV is explained by the variability in the charge trans-

er of the evoked synaptic bursts. These results suggested
hat the neurons forming the direct and indirect pathways
ere preserved in the BGS.

DISCUSSION

o our knowledge, this is the first description of a mouse
lice preparation where four different BG nuclei plus the
ortex are maintained with most of their connections. Even
hough the BGS does not contain the entirety of the BG
uclei and pathways, the neuronal populations and con-
ections preserved are sufficient to reproduce responses

n vitro that are generated by the BG network in vivo. The
lutamatergic and GABAergic responses obtained in SNr
eurons after electrical and L-glu stimulation of the striatum
uggest that both the direct and indirect pathways are
resent and functional in the BGS. However, we cannot
ompletely rule out the participation of other pathways to
hese responses. We think that the BGS is a suitable
reparation to study information processing all the way
rom the input (striatum) down to the output (SNr) struc-
ures of the BG network.

One BG nucleus, the EP, and two pathways, the hy-

erdirect cortico-subthalamic and the dopaminergic nigro-
triatal pathways are absent in the BGS. Morphological
esults suggested that the cortico-subthalamic pathway
tems out from the pyramidal tract and originates mainly
rom M1 cortical neurons in contrast to cortico-striatal neu-
ons that arise from the entire cortical mantle (Wilson,
987; Cowan and Wilson, 1994; Parent and Hazrati, 1995;
omanelli et al., 2005). This would explain why cortico-
triatal connections are present in the BGS whereas cor-
ico-subthalamic ones are not and why the stimulation of
he internal capsule evoked glutamatergic DPSPs in STN
eurons. Immunohistochemical results showed that the
GS does not contain the entire course of the dopaminer-
ic ascending axons. TH-positive fibers were observed
nly rostrally to the STN in their course toward the stria-
um. However, the striatum and to a lesser extent the STN
howed dense immunocytochemical labeling. Thus, the
GS is not a dopamine-deficient BG system.

Previous in vitro acute preparations of the BG allowed
tudying individual connections only, such as the cortico-
triatal (Calabresi et al., 1991; Cepeda et al., 1993), the
triato-pallidal (Kita, 2001; Cooper and Stanford, 2001),
he subthalamo-nigral (Falkenburger et al., 2001) and
ore recently the pallido-subthalamic and subthalamo-
allidal connections (Hallworth and Bevan, 2005; Loucif et
l., 2005). Although fundamental observations have been
ade in these preparations, the connectivity was restricted

n most of the cases to two BG nuclei. The angle of 10° that
e chose for the BGS was the best compromise for having

n the same parasagittal slice significant parts of the rostral
nd caudal BG nuclei together with the neurons participat-

ng in the direct and indirect pathways.
It is currently believed that abnormal processing of

ortical inputs through the striatofugal systems is involved
n hyper and hypokinetic disorders. In particular, an imbal-
nce between the direct and indirect pathways has been
uspected to underlie the dyskinesia characteristics of Par-
inson’s disease (degeneration of dopaminergic neurons),
allism (STN lesion) or dystonia (unknown origin) (Albin et
l., 1989; DeLong, 1990). By offering the unique opportu-
ity to apprehend these aspects in a simplified but func-
ional preparation from control, lesioned and/or transgenic
ice, the BGS will help contributing to the comprehension
f information processing performed by the BG network.
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