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Abstract Striatal medium spiny neurons (MSNs) are

contacted by glutamatergic axon terminals originating from

cortex, thalamus and other regions. The striatum is also

innervated by dopaminergic (DAergic) terminals, some of

which release glutamate as a co-transmitter. Despite evi-

dence for functional DA release at birth in the striatum, the

role of DA in the establishment of striatal circuitry is un-

clear. In light of recent work suggesting activity-dependent

homeostatic regulation of glutamatergic terminals on

MSNs expressing the D2 DA receptor (D2-MSNs), we

used primary co-cultures to test the hypothesis that

stimulation of DA and glutamate receptors regulates the

homeostasis of glutamatergic synapses on MSNs. Co-cul-

ture of D2-MSNs with mesencephalic DA neurons or with

cortical neurons produced an increase in spines and func-

tional glutamate synapses expressing VGLUT2 or

VGLUT1, respectively. The density of VGLUT2-positive

terminals was reduced by the conditional knockout of this

gene from DA neurons. In the presence of both mesen-

cephalic and cortical neurons, the density of synapses

reached the same total, compatible with the possibility of a

homeostatic mechanism capping excitatory synaptic den-

sity. Blockade of D2 receptors increased the density of

cortical and mesencephalic glutamatergic terminals, with-

out changing MSN spine density or mEPSC frequency.

Combined blockade of AMPA and NMDA glutamate re-

ceptors increased the density of cortical terminals and de-

creased that of mesencephalic VGLUT2-positive terminals,

with no net change in total excitatory terminal density or in

mEPSC frequency. These results suggest that DA and

glutamate signaling regulate excitatory inputs to striatal

D2-MSNs at both the pre- and postsynaptic level, under the

influence of a homeostatic mechanism controlling func-

tional output of the circuit.
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Introduction

The striatum is composed in large part of GABAergic

projection neurons known as medium spiny neurons

(MSNs). While MSNs in the dorsal aspect of the striatum

are a component of the basal ganglia circuits involved in

the control of voluntary movements (Mink 1996; Redgrave

et al. 1999; Cisek and Kalaska 2010), MSNs in the ventral

part of the striatum are a component of the mesolimbic

system involved in the regulation of motivated behaviors

(Wise and Bozarth 1987; Salamone and Correa 2012).

Glutamatergic axon terminals arising mostly from the

cortex and thalamus establish synapses on MSN dendrites

(Bolam et al. 2000). While the former express the type 1

vesicular glutamate transporter (VGLUT1), the latter ex-

press the type 2 isoform VGLUT2. MSNs are also con-

tacted by VGLUT3-positive terminals arising from striatal

cholinergic interneurons (El Mestikawy et al. 2011). In

addition, MSNs located in the ventral striatum receive

VGLUT2-positive glutamatergic terminals arising from

mesencephalic neurons including ventral tegmental area
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(VTA) dopamine (DA) neurons (Dal Bo et al. 2004;

Mendez et al. 2008; Stuber et al. 2010; Tecuapetla et al.

2010; Yamaguchi et al. 2011; El Mestikawy et al. 2011).

The striatum is also the principal target of VTA and sub-

stantia nigra pars compacta DA neurons, projecting re-

spectively to ventral and dorsal aspects of this nucleus. DA,

released from a dense plexus of axon terminals in this

structure, is a crucial regulator of striatal activity, par-

ticularly at the level of the excitatory synapses that form on

MSNs (Shen et al. 2008; Gerfen and Surmeier 2011; Sur-

meier et al. 2011).

Dorsal striatal MSNs send their axons along two efferent

pathways: the striatonigral (direct) and striatopallidal

(indirect) pathways (Smith et al. 1998; Wu et al. 2000;

Bertran-Gonzalez et al. 2010). Striatonigral MSNs express

high amounts of D1 DA receptor and very little amounts of

D2, while striatopallidal MSNs show the opposite ratio

(Gerfen et al. 1990; Lester et al. 1993; Surmeier et al. 1996;

Ade et al. 2011). Recent work has shown that this segre-

gation is established early in development (Thibault et al.

2013). Interestingly, depletion of DA induces a dramatic

loss of dendritic spines and excitatory synapses on stri-

atopallidal neurons, leaving striatonigral neurons practi-

cally intact (Day et al. 2006). This structural and functional

plasticity in the striatum seems to be indirectly dependent

on DA, since lesions of corticostriatal afferents prior to DA

depletion prevents the spine loss in MSNs (Neely et al.

2007; Garcia et al. 2010). Such findings raise the possi-

bility that the density of excitatory glutamate inputs to

MSNs is regulated through complex DA-dependent

homeostatic mechanisms. In favor of this possibility,

chronic depolarization of cortical and striatal neurons in

culture induces a decrease in spine density in MSNs that

mimics the effect of DA depletion (Tian et al. 2010).

The mechanisms driving synaptogenesis in immature

MSNs are still ill-defined. Predictably, co-culture with

cortical neurons induces the appearance of dendritic spines

and functional glutamatergic synapses in MSNs (Segal

et al. 2003; Penrod et al. 2011). To the contrary, inhibition

of cortical inputs to MSNs during early brain development

induces a decrease in MSN spine density in vivo (Ko-

zorovitskiy et al. 2012). DA afferents innervate the stria-

tum at a very early stage of development (Specht et al.

1981; Voorn et al. 1988; Perrone-Capano and Di Porzio

2000), and there is evidence that the DA release machinery

is already functional at birth (Ferrari et al. 2012). Although

DA receptor activation has been reported to trigger the

formation of filopodia and immature spines on developing

MSN dendrites (Fasano et al. 2013), little is currently

known about the role of DA in the establishment of exci-

tatory inputs on MSNs.

In the present study, we used primary co-cultures to test

the hypothesis that DA and glutamate interact to regulate

the homeostasis of developing glutamatergic synapses on

MSNs. Our results suggest that DA and glutamate regulate

excitatory terminal and spine density, but that alterations in

functional excitatory synaptic function is tightly regulated

through a homeostatic mechanism.

Materials and methods

Animals

BAC transgenic drd2-GFP hemizygous mice (C57BL/6

background) (Gong et al. 2003) were crossed with wild-

type (WT) C57BL/6 (Charles River, Saint-Constant, QC,

Canada); 50 % of the offspring were drd2-GFP-positive

and 50 % drd2-GFP-negative. For experiments using

conditional VGLUT2 knock-out (KO) mice in DA neurons,

hemizygous DAT-CRE transgenic mice (129/Sv/J back-

ground) (Zhuang et al. 2005) were mated with

VGLUT2flox/flox mice (129, C57Bl/6 background) (Tong

et al. 2007) carrying the exon 2 surrounded by loxP sites. A

breeding colony was maintained by mating DAT-CRE;

VGLUT2flox/? mice with VGLUT2flox/flox mice. As previ-

ously described (Bérubé-Carrière et al. 2009; Fortin et al.

2012), 25 % of mice lacked VGLUT2 in DA neurons (i.e.,

DAT-CRE; VGLUT2flox/flox mice) and the littermates used

as controls (CTRL) were DAT-CRE; VGLUT2flox/? mice

(25 %). VGLUT3 KO (VGLUT3-/-) mice, previously de-

scribed (Gras et al. 2008), were obtained by crossing

heterozygous VGLUT3?/- mice (129/Sv C57/BL6). BAC

transgenic drd2-GFP mice were mated with VGLUT3 KO

mice resulting in 100 % of drd2-GFP-positive; VGLUT3?/–

mice. A breeding colony was maintained by mating drd2-

GFP-positive; VGLUT3?/– mice with VGLUT3-/- mice.

Twenty-five percent of the offspring from such mating

were drd2-GFP-positive; VGLUT3-/- mice and 25 % of

the littermates used as controls (CTRL) were drd2-GFP-

positive;VGLUT3?/– mice.

Cell culture

Cultures were prepared according to a previously described

protocol, with minor variations (Fasano et al. 2008).

Briefly, dissociated neurons from the dorsal striatum (drd2-

GFP-positive mice or drd2-GFP-positive; VGLUT3-/-

mice and their control littermates) and/or ventral mesen-

cephalon (drd2-GFP-negative mice or DAT-CRE;

VGLUT2flox/flox mice and their control littermates) and/or

cortex (drd2-GFP-negative) of P0–P2 animals were seeded

on a monolayer of cortical astrocytes (C57BL/6) grown on

poly-L-lysine-coated glass coverslips. For the four different

culture conditions, the total seeded neuron density was

always 240,000 cells/mL divided as follows (in cells/mL):
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240,000 striatal cells for monocultures (mono); 140,000

striatal cells plus 100,000 mesencephalic cells for co-

mesencephalic cultures (CoMs); 140,000 striatal cells plus

100,000 cortical cells for co-cortical cultures (CoCx);

40,000 striatal cells plus 100,000 mesencephalic cells and

100,000 cortical cells for triple cultures (39). These ratios

were selected to maximize the effect of mesencephalic and

cortical neurons on MSN spinogenesis, while maintaining

the same total neuron density across each culture type. All

cultures were incubated at 37 �C in 5 % CO2 and main-

tained in Neurobasal medium enriched with 1 % penicillin/

streptomycin, 1 % Glutamax, 2 % B-27 supplement and

5 % fetal bovine serum (Invitrogen). For chronic drug

treatment conditions, the following drugs were added to the

culture medium on days 1, 5, 9 and 13 in different com-

binations of appropriate vehicle: sulpiride (Sulp, D2-like

receptor antagonist, 2 lM, Sigma-Aldrich), CNQX (AMPA

receptor antagonist, 10 lM, Sigma-Aldrich) and CPP

(NMDA receptor antagonist, 20 lM, Ascent Scientific).

After 14 days in culture, cells were either used for elec-

trophysiology or fixed in PBS solution with 4 % PFA for

30 min for immunostaining. Four different cultures were

analyzed for each of the experiments comparing culture

types, effects of DA receptor antagonists and glutamate

receptor antagonists, while two cultures were used in each

of the VGLUT2- and VGLUT3-KO experiments. For each

culture, three to four independent coverslips were

evaluated per condition.

Immunostaining and image analysis

Fixed cultures were permeabilized for 20 min in a PBS

solution containing 0.1 % Triton X-100 and 0.02 % NaN3,

and nonspecific binding sites were blocked in the same

solution with an added 5 % of goat serum and 1 % BSA. All

antibodies were used in a PBS solution containing 0.1 %

Triton X-100 and 0.02 % NaN3, 5 % of goat serum and

0.5 % BSA. Primary antibodies were incubated overnight,

while secondary antibodies were incubated for 1 h, all at

room temperature. A rabbit anti-GFP primary antibody

(1:5000, Abcam), detected with an Alexa 488 goat anti-

rabbit secondary antibody (1:500, Molecular Probes), was

used to visualize dendrites and spines from D2-MSNs. The

type 1 vesicular glutamate transporter (VGLUT1) and

VGLUT2 were labeled with guinea pig (1:5000, Millipore)

and mouse (1:4000, Millipore) primary antibodies, respec-

tively, coupled with Alexa 647 goat anti-guinea pig (1:500,

Molecular Probes) and Alexa 546 goat anti-mouse (1:500,

Molecular Probes). TH immunolabelling was performed

with a mouse antibody (1:5000, Milipore). 5–10 MSNs per

culture coverslip were randomly selected by a blind ob-

server. Confocal z-stack images were acquired on a laser

scanning confocal microscope (FV1000 MPE, Olympus)

equipped with multi-argon and helium/neon lasers and a

609 oil-immersion objective. Spine density analysis was

performed using NeuronStudio software [Mount Sinai

School of Medicine, (Rodriguez et al. 2008)]. Dendrites

were traced automatically but spines were identified

manually: 3–6 dendrites per neuron (secondary dendrites, or

segments at least 50 lm from the soma) of at least 30 lm in

length were first randomly selected by a blind observer and

straightened using ImageJ software (NIH) before analysis

with NeuronStudio. As an index of maturity (Yoshihara

et al. 2009), spine morphology was attributed manually

between three general categories: stubby (mature, large

head and no neck), mushroom (mature, large head and short

neck) and thin (immature, small head and long neck).

VGLUT1 and VGLUT2 excitatory terminal quantification

was performed with ImageJ software by first applying a

threshold value to obtain binary images, and then counting

continuous signal puncta of diameters between 0.5 and 5

lm with the particle analysis function. Average puncta size

in this analysis ranged from 0.75 to 1.5 lm across all dif-

ferent conditions (data not shown). For the assessment of

VGLUT colocalization with PSD-95, 39 cultures were

fixed in 4 % PFA and sucrose and washed 3 times with PBS

without potassium. The same PBS was used to wash the

cells during immunocytochemistry. Cells were permeabi-

lized and nonspecific binding sites blocked. Cells were then

incubated overnight with a primary antibody solution con-

taining 1 % BSA, 0.1 % Triton X-100 in PBS, 5 % goat

serum and 0.02 % NaN3. Cells were washed several times

in PBS before incubation for 1 h with the appropriate

Alexa-labeled secondary antibodies. The primary antibod-

ies used where mouse PSD-95 (6G6 1C9) (1:2000, Pierce

antibody) and either guinea-pig VGLUT1 (1:5000, AbCam)

and rabbit GFP (1:5000, AbCam) or rabbit VGLUT2

(1:4000, Millipore) and chicken GFP (1:2000, Aves Lab).

The secondary antibodies were Alexa 546 goat anti-mouse

and either Alexa 647 goat anti-Guinea Pig and Alexa 488

goat anti-rabbit or Alexa 647 goat anti-rabbit and Alexa 488

goat anti-chicken (1:500, Molecular Probe). Confocal im-

ages were obtained with sequential scanning of single im-

age planes, selecting randomly 10–15 MSNs per coverslip.

We used a homemade macro in image J to perform the

colocalisation analyses. After thresholding the GFP,

VGLUT and PSD-95 signals, VGLUT terminals on GFP-

positive MSNs were isolated using a mask of the GFP

signal. Following this, PSD-95 signal present in these

VGLUT terminals was isolated using a mask of the re-

maining VGLUT signal and the proportion of these

VGLUT terminals expressing PSD-95 was quantified.

Varicosities containing 3–100 pixels were considered as a

putative axon terminal. We also excluded terminals with a

circularity of 0.1 or less to remove any linear background

signal.
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Electrophysiology

Neuron culture coverslips were inserted in a recording

chamber affixed to the stage of an inverted Nikon Eclipse

TE-200 fluorescent microscope and gravitationally per-

fused with a physiological saline solution composed of (in

mM): 140 NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 6

sucrose, and 10 glucose. Whole-cell patch-clamp record-

ings were performed on GFP expressing cells using bor-

osilicate pipettes (5.5–6.5 MX) filled with an intra-pipette

solution composed of (in mM): 120 CsMeSO3, 1.1 EGTA,

4 ATP (Mg salt), 0.3 GTP (tris salt), 10 HEPES, 5 NaCl,

and 10 TEA-Cl. The signal was amplified and controlled

using a PC-505 patch-clamp amplifier (Warner), filtered at

2 kHz, digitized at 10 kHz and analyzed with pClamp10

software (Molecular Devices). Series resistance was com-

pensated to approximately 70 % and membrane potential

was always adjusted to account for the calculated liquid

junction potential (&10 mV). Miniature excitatory post-

synaptic currents (mEPSCs) were recorded with the

membrane voltage-clamped at -60 mV under perfusion of

the physiological saline solution containing the sodium

channel blocker tetrodotoxin (0.5 lM, Alomone Labs) and

the GABAA receptor antagonist SR-95531 (2 lM, Sigma-

Aldrich). Analysis of mEPSCs was performed with

MiniAnalysis software (Synaptosoft Inc.).

Statistical analysis

Data are always presented as mean ± SEM. All ANOVA

analyses were performed with Bonferroni’s multiple com-

parison test. The level of statistical significance was estab-

lished at p \ 0.05 in ANOVAs and two-tailed t tests

performed with the Prism 5 software (GraphPad Software).

Statistical outliers were excluded when they differed by

more than two standard deviations above or below the mean.

Results

Competitive equilibrium in the establishment

of glutamate synapses on cultured striatal neurons

We first characterized a culture system containing striatal,

mesencephalic and cortical neurons to test the hypothesis

that mesencephalic DA neurons regulate the establishment

of spines and excitatory synapses on D2-MSNs. To achieve

this goal, we compared striatal monocultures (mono) to co-

cultures of striatal neurons together with mesencephalic

and/or cortical neurons (CoMs, CoCx and 39, see ‘‘Mate-

rials and methods’’) at 14 days in vitro. As expected, only

CoMs and 39 cultures contained tyrosine hydroxylase

(TH)-positive DA neurons (Fig. 1a). In terms of spine

density, all co-cultures yielded D2-MSNs with more spines

per 10 lm of dendritic length than in monocultures

(p \ 0.001 in one-way ANOVA; n = 76 neurons for mono,

78 for CoMs, 74 for CoCx and 78 for 39; Fig. 1b, c). In-

terestingly, the CoCx condition clearly yielded the greatest

spine density of all and was even significantly higher than

the 39 condition, even though they both contained the same

number of cortical neurons (Fig. 1c). When evaluating the

distribution of spine type according to morphology more

closely, we noticed that the CoCx condition produced the

highest spine density for all spine types (Fig. 1d).

We next evaluated the presynaptic component of these

excitatory synapses by quantifying the density of

VGLUT1-positive axon terminals, arising from cortical

glutamate neurons, and VGLUT2-positive terminals, aris-

ing from sub-cortical glutamatergic and DA neurons (El

Mestikawy et al. 2011). VGLUT-positive axonal varicosi-

ties were likely to reflect the presence of synaptic junctions

because more than 80 % of VGLUT1 or VGLUT2-positive

terminals were colocalized with the postsynaptic marker

PSD-95 in 39 cultures (Fig. 1e). We expected that in

CoMs cultures, all excitatory terminals would be

VGLUT2-positive, while in CoCx cultures, all excitatory

terminals would be VGLUT1-positive. We also hy-

pothesized that in 39 cultures, mesencephalic and cortical

neurons should both innervate striatal neurons, leading to a

higher total density of excitatory terminals. As expected,

only VGLUT1-positive terminals and little if any

VGLUT2-positive terminals were detected in CoCx cul-

tures (Fig. 1f, g). Similarly, in CoMs cultures, only

VGLUT2-positive terminals and little if any VGLUT1-

positive terminals were detected (Fig. 1f, g). Surprisingly,

although in 39 cultures both VGLUT1 and VGLUT2-

positive terminals were detected, the density of VGLUT1-

positive terminals was lower than in the CoCx condition

(p \ 0.001 in one-way ANOVA; n = 74 fields for mono,

75 for CoMs, 92 for CoCx and 66 for 39; Fig. 1g).

Likewise, in 39 cultures, the density of VGLUT2-positive

terminals was lower than in CoMs cultures (p \ 0.001 in

one-way ANOVA; Fig. 1h). Moreover, the summation of

all VGLUT1 and VGLUT2-positive terminals per field

revealed that in each co-culture condition, a strikingly

identical maximal density of glutamatergic terminals was

established (p \ 0.001 in one-way ANOVA; Fig. 1i). This

result is suggestive of a cap in the maximal density of

glutamatergic synapses on D2-MSNs and of a competitive

equilibrium between VGLUT1- and VGLUT2-positive

terminals on these striatal neurons.

Finally, to provide a functional readout of synapse

density and activity, we recorded from D2-MSNs and

analyzed the frequency and amplitude of spontaneous

glutamate-mediated mEPSCs (Fig. 1j). The frequency of

mEPSCs in D2-MSNs was significantly higher in the
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Fig. 1 Comparison of four different cultures conditions. a Example of

a TH-positive neuron (red) next to a GFP-positive D2-MSN (green) in

a CoMs culture condition (scale bar 25 lm). b Example of GFP-labeled

D2-MSN dendrites in different culture conditions (scale bar 2 lm).

c Spine density analysis of the different culture conditions presented as

the average number of spines per 10 lm of dendritic segment.

d Average spine density according to morphology. e Assessment of

VGLUT1 and VGLUT2 colocalization with PSD-95 (scale bar 2 lm).

f Examples of a D2-MSN stained for GFP (green) with labeling for

VGLUT1 (blue) and VGLUT2 (red) in the different culture conditions

(scale bar 25 lm). g Quantification of the VGLUT1 signal presented as

the number of VGLUT1-positive terminals per field in the different

culture conditions. h Quantification of the VGLUT2 signal presented as

the number of VGLUT2-positive terminals per field in the different

culture conditions. i Quantification of the total excitatory terminals

presented as the sum of VGLUT1- and VGLUT2-positive terminals per

field in the different culture conditions. j Examples of voltage-clamp

recordings of D2-MSNs in the different culture conditions. k mEPSC

frequency analysis of D2-MSNs recorded in the different culture

conditions. l mEPSC amplitude in the different culture conditions

(*p \ 0.05, **p \ 0.01 and ***p \ 0.001 in Bonferroni’s multiple

comparison test after one- and two-way ANOVAs)
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CoMs, CoCx and 39 conditions compared to the Mono

condition, but not different between themselves (p \ 0.001

in one-way ANOVA; n = 13 neurons for mono, 12 for

CoMs, 13 for CoCx and 10 for 39; Fig. 1j, k). In terms of

mEPSC amplitude, there was no significant difference

between the groups (p [ 0.05 in one-way ANOVA; n = 5

neurons for mono, 12 for CoMs, 13 for CoCx and 10 for

39; Fig. 1l). These results are compatible with the possible

existence of a homeostatic mechanism maintaining a con-

stant excitatory drive on D2-MSNs, a parameter that under

our experimental conditions was more closely related to

excitatory terminal density than with spine density.

Contribution of glutamatergic terminals established

by DA neurons

Considering, on the one hand, that a subset of mesen-

cephalic DA neurons express VGLUT2 (Dal Bo et al. 2004;

Mendez et al. 2008) and contribute to the glutamatergic

innervation of MSNs (Bérubé-Carrière et al. 2009; Stuber

et al. 2010; Tecuapetla et al. 2010) and on the other

hand, that the mesencephalon also contains other non-

DAergic VGLUT2-expressing glutamate neurons (Yama-

guchi et al. 2007; Mendez et al. 2008; Dobi et al. 2010;

Yamaguchi et al. 2011), we sought to determine the im-

portance of glutamate released specifically by DA neurons

in D2-MSN synaptogenesis. To test the hypothesis of a

contribution of this innervation, we prepared CoMs cultures

using cKO mice in which the VGLUT2 gene was selectively

deleted in DA neurons. We thus compared CoMs cultures

containing striatal neurons from drd2-GFP-positive

animals and mesencephalic neurons from either control

VGLUT2f/?;DAT-cre (CTRL) or conditional knock-out

VGLUT2f/f;DAT-cre (cKO) animals (Fig. 2a). A significant

reduction of the density of VGLUT2-positive terminals was

detected in cKO cultures (p \ 0.001 in two-tailed t test;

n = 180 fields for CTRL and 189 for cKO; Fig. 2b). This

was accompanied by a decrease in the density of spines in

D2-MSNs of CoMs cKO cultures in comparison to CTRL

(p \ 0.05 in two-tailed t test; n = 55 neurons for CTRL and

55 for cKO, Fig. 2c, d), with a similar tendency consistent

through every spine category (Fig. 2e). At the functional

level, this decrease in terminal and spine density was not

accompanied by significant change in mEPSC frequency

(p [ 0.05 in two-tailed t test, n = 7 neurons for CTRL and

8 for cKO, Fig. 4f, g) or amplitude (p [ 0.05 in two-tailed

t test, n = 7 neurons for CTRL and 8 for cKO, Fig. 2h).

These results show that although glutamate released by

mesencephalic DA neurons on D2-MSNs has the potential

to contribute to spine formation during the development of

striatal synaptic circuits, it does not affect basal mEPSC

frequency, arguing in favor of a homeostatic mechanism

regulating synaptic excitation of D2-MSNs.

Contribution of glutamatergic terminals established

by striatal cholinergic neurons

Although the frequency of mEPSCs and the density of

detected VGLUT1- or VGLUT2-positive terminals were

close to zero in striatal monocultures, a small density of

spine-like protrusions were detected in these cultures.

Considering that striatal cholinergic interneurons have

been shown to express VGLUT3 and mediate a form of

glutamatergic transmission on MSNs (Gras et al. 2002,

2005; Ding et al. 2010; Higley et al. 2011; El Mestikawy

et al. 2011), we evaluated the occurrence of VGLUT3-

positive neurons in monocultures and evaluated spine

density in mono cultures prepared from VGLUT3 KO

mice. Out of 40 microscopic fields examined in CTRL

littermates (drd2-GFP-positive, VGLUT3?/-), only 2 con-

tained VGLUT3-positive terminals. In 40 fields examined

in cultures prepared from KO mice (drd2-GFP-positive,

VGLUT3-/-), we could not find any detectable VGLUT3

signal (Fig. 3a). Both culture conditions produced identical

D2-MSN spine densities (p [ 0.05 in two-tailed t test;

n = 46 neurons for CTRL and 40 for KO, Fig. 3b, c), with

a similar distribution among the different morphological

subtypes (Fig. 3d). Electrophysiological recordings

showed no detectable mEPSCs in either culture condition

(data not shown), as expected by the very limited amount

of VGLUT3 terminals present and the random selection of

D2-MSNs for the recordings. Overall, these results suggest

that under our experimental conditions, probably related to

the low density of cholinergic interneurons, VGLUT3-

containing glutamatergic terminals emanating from such

neurons play a negligible role in regulating D2-MSN spine

density and glutamatergic synaptogenesis.

DA receptor activity is not necessary for excitatory

synapse formation in D2-MSNs

Based on the previous finding that DA signaling stimulates

the formation of immature spines in developing MSNs in

monoculture (Fasano et al. 2013), we hypothesized that DA

neurons also contribute to functional synaptogenesis in

mature mixed cultures through the stimulation of D2-type

DA receptors located on D2-MSNs. To test this hypothesis,

we exposed 39 cultures chronically to the D2 receptor

antagonist sulpiride (Sulp) (2 lM). D2 receptor blockade

failed to reduce D2-MSN spine density (p [ 0.05 in two-

tailed t test; n = 76 neurons for CTRL and 76 for Sulp;

Fig. 4a, b). This absence of effect was consistent through

every morphological spine category (Fig. 4c).

Despite the fact that spine density was unchanged by D2

receptor blockade, Sulp-treated cultures displayed a higher

density of VGLUT1-positive terminals (p \ 0.001 in two-

tailed t test; n = 74 fields for CTRL and 77 for Sulp;
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Fig. 4d, e). A similar increase in VGLUT2-positive ter-

minals was also induced by chronic D2 receptor blockade

(p \ 0.001 in two-tailed t test; Fig. 4f). The sum of all

VGLUT1 ? VGLUT2-positive excitatory terminals was

thus increased by Sulp (p \ 0.001 in two-tailed t test;

Fig. 4g). However, this increase in excitatory presynaptic

terminals was not accompanied by a significant change in

mEPSC frequency (n = 11 neurons for CTRL and 12 for

Sulp; p [ 0.05 in one-way ANOVA; Fig. 4h, i) or ampli-

tude (n = 11 for CTRL and 12 for Sulp; p [ 0.05 in one-

way ANOVA; Fig. 4j). Our results suggest that chronic D2

receptor antagonism, although without effect on spine

density, perturbs the regulation of axon terminal density,

perhaps by inducing the sprouting of immature, non-func-

tional release sites. Under such conditions, the lack of

change in mEPSC frequency further argues in favor of the

possibility of a homeostatic mechanism controlling D2-

MSN excitation.

Critical role of ionotropic glutamate receptors

in striatal synapse formation

We next aimed to determine the role of ionotropic gluta-

mate receptors in regulating spine formation on D2-MSNs.
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Based on previous reports showing that the establishment

of cortical synapses on striatal neurons is activity-depen-

dent (Segal et al. 2003; Penrod et al. 2011), we hy-

pothesized that ionotropic glutamate receptor activation is

required for spine and synapse formation. Thus, we per-

formed chronic treatments of the 39 cultures with the

AMPA receptor antagonist CNQX (10 lM) and/or the

NMDA receptor antagonist CPP (20 lM). Our data show

that although CNQX or CPP alone did not alter spine

density, combined blockade of AMPA and NMDA recep-

tors significantly reduced spine density in D2-MSNs

(p \ 0.001 in one-way ANOVA; n = 59 neurons for

CTRL, 58 for CNQX, 58 for CPP and 58 for

CNQX ? CPP, Fig. 5a, b). Once again, the same differ-

ence was reflected by a similar pattern across all different

spine morphology types (Fig. 5c).

Paradoxically, the combined blockade of AMPA and

NMDA receptors caused a substantial increase in the

density of VGLUT1-positive terminals compared to CTRL

(p \ 0.01 in one-way ANOVA; n = 88 fields for CTRL,

85 for CNQX, 91 for CPP and 86 for CPP ? CNQX;

Fig. 5d, e), while all treatment groups showed significantly

less VGLUT2-positive terminals compared to the CTRL

condition (p \ 0.001 in one-way ANOVA; Fig. 5f). In-

terestingly, the increase in VGLUT1-positive terminals and

the parallel decrease in VGLUT2-positive terminals

amounted to a lack of significant difference in the total

density of VGLUT1- or VGLUT2-positive terminals for all

of the drug treatments (p [ 0.05 in one-way ANOVA,

Fig. 5g). Compatible with the lack of change in total

VGLUT1 and VGLUT2 terminals, the treatment protocols

produced no significant change in mEPSC frequency

(p [ 0.05 in one-way ANOVA; n = 11 neurons for CTRL,

10 for CNQX, 11 for CPP and 10 for CNQX ? CPP;

Fig. 5h, i). However, mEPSC amplitude was significantly

higher in the CNQX ? CPP group compared to all others

(p \ 0.01 in one-way ANOVA; n = 11 neurons for CTRL,

10 for CNQX, 11 for CPP and 10 for CNQX ? CPP;

Fig. 5j). Taken together, our data suggest that ionotropic

glutamate receptors play an important role in regulating

spinogenesis and axon terminal development in striatal

circuitry. However, the lack of effect on mEPSC frequency

and the balanced regulation of VGLUT1- and VGLUT2-

positive terminals induced by glutamate receptor blockade

provide further evidence for global homeostatic regulation

of excitatory inputs on D2-MSNs.

Discussion

In the present study, we used primary co-cultures to test the

hypothesis that DA and glutamate interact to regulate the

homeostasis of developing glutamatergic synapses on MSNs

expressing the DA D2 receptor. Our first primary finding is

that co-culture of D2-MSNs with mesencephalic neurons

increased dendritic spine, VGLUT2-positive axon terminal

density and functional synapse formation on D2-MSNs when

compared to striatal monocultures. The effect on spine den-

sity was due in part to expression of VGLUT2 by double-

phenotype DA neurons. Likewise, we also found that co-

culture of D2-MSNs with cortical neurons produced a large

increase in spines and in the density of VGLUT1-positive
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glutamatergic axon terminals. Strikingly, the addition of both

mesencephalic and cortical neurons produced the same total

density of synaptic terminals, compatible with a mechanism

capping excitatory synaptic density. Moreover, although

there was a significant difference in spine density across

culture types, this did not translate to a different functional

excitatory drive on D2-MSNs, as estimated by mEPSC fre-

quency. Although other interpretations are possible, one

possibility is that a homeostatic mechanism regulates the

functional output of glutamatergic synapses on D2-MSNs.

Secondly, our data suggest that while glutamate released by

VGLUT2-expressing DA neurons has the potential to con-

tribute to D2-MSN spinogenesis, glutamate from VGLUT3-

expressing cholinergic interneurons of the striatum does not

play a significant role under our culture conditions, perhaps

due to the low density of such neurons. Our third major

finding is that although blockade of D2 receptors perturbed

this homeostatic regulation of axon terminal density and lead

to an increase in the density of cortical and mesencephalic

glutamatergic terminals, it did not change MSN spine density

or mEPSC frequency. These results nonetheless argue for the

existence of a negative regulation of glutamate inputs by D2

receptors. Finally, we found that although combined blockade

of AMPA and NMDA glutamate receptors reduced the for-

mation of spines, it increased the density of VGLUT1-posi-

tive cortical terminals and decreased that of VGLUT2-

positive mesencephalic terminals, with no net change in total

excitatory terminal density or in mEPSC frequency. Globally,

one interpretation of our findings is that a tight homeostatic

mechanism controls functional glutamate inputs to D2-

MSNs.

Effect of cortical and mesencephalic neurons

on spine and synapse formation

We found that adding both mesencephalic and cortical

glutamatergic neurons to D2-MSNs did not produce an

additive effect on spine density, but rather induced a spine

density equivalent to that of cultures including mesen-

cephalic neurons alone. We also found that in such triple

cultures, the total density of glutamatergic axon terminals

was the same as in co-cultures including mesencephalic or

cortical neurons alone. We also observed a mismatch be-

tween axon terminal and spine density in these different

culture models: spine density was lower in triple cultures

and in co-cultures with mesencephalic neurons than in co-

cultures with cortical neurons; however, excitatory terminal

density was the same across all co-culture conditions.

Notably, in this case, mEPSC frequency was better corre-

lated with axon terminal density than with spine density.

Considering the previous observation that cortical

VGLUT1-positive terminals almost always form synapses

on MSN dendritic spines, while thalamic VGLUT2-positive

excitatory terminals establish a substantial proportion

(20–30 %) of their synapses on dendritic shafts (Moss and

Bolam 2008; Smith et al. 2009), it may be hypothesized that

mesencephalic neurons establish many of their VGLUT2-

positive terminals on dendritic shafts and not on spines.

This could explain why synaptic activity in the different

culture conditions examined here correlated better with the

total excitatory terminal density rather than with spine

density. It will be necessary to perform ultrastructural

analyses of these VGLUT1 and VGLUT2 synapses to test

this hypothesis. A larger number of recordings might also

increase the statistical power to detect small differences in

mEPSCs frequency between conditions.

As a technical limitation, it should be emphasized that the

relative proportion of mesencephalic, striatal and cortical

neurons used in the co-cultures of the present study do not

reflect the proportions of neurons part of the actual striatal

circuitry in vivo. In particular, the proportion of mesen-

cephalic neurons used was likely much higher than that

found in vivo. The ratios used were selected, based on pre-

liminary data, to maximize the likelihood of detecting the

impact of DA neurons on MSN spine density. To maintain a

constant total cell density across all culture conditions, the

amount of striatal neurons in the co-cultures used in the

present study was adjusted such that the ratio of cortical or

mesencephalic neurons to striatal neurons was higher in 39

cultures than in the CoCx or CoMs cultures. In theory, this

should have led to an increased potential for excitatory sy-

napse formation per MSN in the 39 cultures. The fact that

total excitatory terminal density was the same in 39 cultures

compared to CoCx or CoMs suggests that this was not a

major problem and actually argues in favor of a cap in the

total excitatory synapse load per unit of D2-MSN dendrite.

We found that the combined blockade of AMPA and

NMDA glutamate receptors greatly reduced spine density.

This observation is compatible with previous work show-

ing that cortical glutamate neurons and their activity play

an important role in excitatory synaptogenesis in striatal

cultures (Segal et al. 2003; Penrod et al. 2011) and in vivo

(Kozorovitskiy et al. 2012). Surprisingly, we found that

spine loss was not accompanied by a reduction in the

density of excitatory axon terminals: VGLUT1-positive

axon terminals increased in density, while VGLUT2-posi-

tive axon terminals decreased in density, resulting in a

constant total density of excitatory terminals. It thus seems

that AMPA and NMDA blockade induces a complex

combination of pre- and postsynaptic effects. Presynapti-

cally, there is evidence showing increased axonal sprouting

in hippocampal neurons treated with NMDA receptor an-

tagonists (McKinney et al. 1999), which is in line with our

present results. Our observation of a decrease in the density

of VGLUT2-positive terminals is also compatible with

previous work showing that stimulation of both AMPA and
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NMDA receptors in DAergic neurons promotes axonal

growth and branching (Schmitz et al. 2009). Again, ultra-

structural analysis would be beneficial to see if gluta-

matergic receptor antagonists induce a redistribution of

synapses from spines to dendritic shafts, which could ac-

count for the observed discrepancy between spine and axon

terminal density. Further studies would also be needed to

explore the mechanism linking glutamate receptor block-

ade to spine and terminal plasticity. Changes in intracel-

lular calcium could for example be involved. Chronic

depolarization with KCl was previously shown to cause

MSN spine pruning in a culture system similar to the one

used here, through the involvement of L-type calcium

channels (Tian et al. 2010). A change in the intrinsic ex-

citability of D2-MSNs could also have resulted from

chronic blockade of AMPA and NMDA receptors; such a

change in excitability has previously been shown to be

associated with structural and functional plasticity in

MSNs (Day et al. 2008; Azdad et al. 2009).

Role of dopamine

DA represents a crucial modulator of glutamatergic sy-

napses in the mature striatum (Shen et al. 2008; Gerfen and

Surmeier 2011; Surmeier et al. 2011) and DAergic signaling

is involved in mature MSN spine maintenance (Ingham et al.

1989, 1993; Stephens et al. 2005; Zaja-Milatovic et al. 2005;

Neely et al. 2007; Villalba et al. 2009; Garcia et al. 2010),

particularly in D2-MSNs, as demonstrated in a mouse model

of Parkinson’s disease (Day et al. 2006). Chronic treatment

with haloperidol, a specific D2R antagonist used as an an-

tipsychotic, was shown to reduce striatal dendritic spine

density (Kelley et al. 1997). Whether DA receptors localized

on D2-MSNs directly or indirectly regulate spines is not

completely clear at the present time. Some evidence favors

an increase of corticostriatal glutamate transmission as the

necessary intermediate in DA depletion-induced spine loss

in the striatum (Neely et al. 2007; Garcia et al. 2010). It has

also been proposed that changes in spine density represent a

homeostatic adaptation resulting from an increase in the

intrinsic excitability of D2-MSNs following D2 receptor

blockade or loss of DA inputs (Day et al. 2008; Azdad et al.

2009; Tian et al. 2010). Whether DA-dependent regulation

of spines on D2-MSNs occurs during development has not

received much attention. It is interesting to note that

DAergic projections to the striatum are already present and

active at birth in rodents (Specht et al. 1981; Voorn et al.

1988; Perrone-Capano and Di Porzio 2000; Ferrari et al.

2012), preceding the postnatal establishment of gluta-

matergic excitatory connections (Tepper et al. 1998; Sharpe

and Tepper 1998). A recent study showed that DA signaling

can trigger the formation of filopodia and immature spines

on developing MSN dendrites (Fasano et al. 2013). Our

present finding of a lack of change in spine density following

chronic D2 receptor blockade argues against the hypothesis

that DA receptor activation directly promotes spine forma-

tion and excitatory synapse formation on D2-MSNs. Rather,

D2 receptor blockade lead to an increase in the density of

excitatory VGLUT1- and VGLUT2-positive terminals. This

observation suggests that D2 receptors perhaps negatively

regulate the development of excitatory inputs to the stria-

tum, which is in line with another study showing that chronic

activation of the D2 receptor can decrease the formation of

DAergic and glutamatergic synapses established by cultured

DA neurons (Fasano et al. 2010). Our results are compatible

with previous work showing that the selective elimination of

DAergic neurons in models of Parkinson’s disease causes an

increase in striatal excitatory terminals (Ingham et al. 1993;

Raju et al. 2008; Villalba and Smith 2011). It has also pre-

viously been shown that pharmacological blockade or ge-

netic deletion of the D2 receptor both increase the density of

DAergic terminals in the striatum (Parish et al. 2001, 2002;

Tinsley et al. 2009). However, contrary to our expectation,

the increase in axon terminal density induced by chronic D2

receptor blockade was not accompanied by any change in

spine density or mEPSC frequency. This finding represents

an exception to the otherwise relatively strong relationship

found in the present work between excitatory terminal

density and synaptic activity. Although speculative, this

exception could possibly be due to the ability of chronic D2

receptor blockade in our developing culture system to per-

turb the normal equilibrium between axon terminal and

spine development through complex pre- and postsynaptic

effects, leading to the accumulation of superfluous terminals

that cannot establish functional contacts with spines. The

lack of change in mEPSC frequency in this experiment ar-

gues in favor of the possibility that it is really the functional

excitatory synaptic drive on D2-MSNs that is the subject of

homeostatic regulation and not the necessarily the density of

terminals or spines. It is possible that DA depletion-depen-

dent striatal spine loss requires a fully mature network to

occur. Additional anatomical and physiological data will be

required to solve this paradox. Pharmacological treatments

in the co-culture system used here have the obvious caveat of

being unable to distinguish between presynaptic, postsy-

naptic or more complex pre- and postsynaptic interactive

effects; the selective perturbation of DA receptors on pre-

and postsynaptic elements would be essential to define the

specific mechanisms involved.

Contribution of mixed phenotype DA neurons

and cholinergic neurons

After conditional deletion of the VGLUT2 gene in DA

neurons, the density of VGLUT2-positive axon terminals

and the density of spines in D2-MSNs were both reduced,
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demonstrating for the first time that the glutamatergic co-

phenotype of DA neurons has the potential to contribute to

early excitatory synapse formation on MSNs. This obser-

vation is compatible with the recent demonstration condi-

tional KO of VGLUT2 in DA neurons leads to a reduced

density of VGLUT2-positive axon terminals in the ventral

striatum (Fortin et al. 2012). Interestingly, VGLUT2 ex-

pression by DAergic neurons is more abundant at early

prenatal stages of development and after 6-hydroxy-DA

lesions of DAergic nuclei (Dal Bo et al. 2008; Mendez

et al. 2008; Fortin et al. 2012). Furthermore, VGLUT2

conditional KO mice display behavioral changes and al-

tered responses to psychostimulants, which are character-

istic of abnormalities in basal ganglia function (Birgner

et al. 2010; Hnasko et al. 2010). Although there is evidence

for a purely glutamatergic VGLUT2-expressing population

in the ventral tegmental area (Dobi et al. 2010; Yamaguchi

et al. 2007, 2011), we show that a significant amount of

VGLUT2-positive terminals are eliminated in the condi-

tional KO CoMs cultures. However, since this decrease in

VGLUT2 terminals did not induce a similar reduction in

mEPSC frequency, it would seem that the remaining purely

glutamatergic mesencephalic neurons also have an impor-

tant and plastic contribution to the excitatory inputs to D2-

MSNs. Thus, in the model used for the present study, the

increase in synaptogenesis attributed to the addition of

mesencephalic neurons is quite possibly the result of both

DA neurons and purely glutamatergic neurons. In vivo,

since DAergic fibers innervate the striatum early in de-

velopment (Specht et al. 1981; Voorn et al. 1988; Perrone-

Capano and Di Porzio 2000; Ferrari et al. 2012), it is

conceivable that the glutamate released by mesostriatal

afferents produces a priming effect on spine and synapse

formation, until cortical and thalamic glutamatergic affer-

ents subsequently generate the bulk of striatal synaptoge-

nesis. It would thus be of interest to examine the origin and

anatomical distribution of VGLUT2-positive axon termi-

nals in the striatum of late embryonic and neonatal mice. It

would also be important to further examine the impact of

the conditional deletion of the VGLUT2 gene in striatoni-

gral DA neurons on striatal excitatory synaptogenesis

in vivo.

We found that deletion of the VGLUT3 gene, normally

expressed in striatal cholinergic interneurons did not affect

D2-MSN synaptogenesis under our experimental condi-

tions. Although we did not quantify the number of

cholinergic interneurons present in our cultures, it was

apparent that the density of such neurons was very low,

perhaps explaining the limited density of VGLUT3-posi-

tive glutamatergic terminals detected and the very low

basal mEPSC frequency in striatal monocultures. It would

nonetheless be of interest to further examine the contri-

bution of glutamatergic terminals established by striatal

cholinergic neurons to striatal excitatory synaptogenesis

in vivo. Despite the fact that VGLUT3-dependent excita-

tory transmission has been demonstrated in the striatum

(Higley et al. 2011), its functional and developmental roles

still remains elusive.

In summary, our data suggest that homeostatic mechan-

isms tightly regulate the functional output of excitatory

connections to D2-MSNs. Furthermore, we find that the

early establishment of VGLUT2-positive axon terminals by

DA neurons may facilitate early spinogenesis in this MSN

population, potentially priming synapse formation for the

subsequent establishment of cortical and thalamic inputs.

Our results suggest that contrarily to glutamate, DA itself

has a dispensable role in excitatory synaptogenesis on D2-

MSNs; however, DA negatively regulates the density of

both cortical and subcortical glutamate inputs to D2-MSNs

by acting through D2 receptors. Further work will be re-

quired to validate these conclusions in vivo.
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