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Administration of recombinant glial cell line-derived neurotrophic factor into the putamen has been tested in preclinical and clinical

studies to evaluate its neuroprotective effects on the progressive dopaminergic neuronal degeneration that characterizes Parkinson’s dis-

ease. However, intracerebral glial cell line-derived neurotrophic factor infusion is a challenging therapeutic strategy, with numerous po-

tential technical and medical limitations. Most of these limitations could be avoided if the production of endogenous glial cell line-

derived neurotrophic factor could be increased. Glial cell line-derived neurotrophic factor is naturally produced in the striatum from

where it exerts a trophic action on the nigrostriatal dopaminergic pathway. Most of striatal glial cell line-derived neurotrophic factor is

synthesized by a subset of GABAergic interneurons characterized by the expression of parvalbumin. We sought to identify molecular

targets specific to those neurons and which are putatively associated with glial cell line-derived neurotrophic factor synthesis. To this

end, the transcriptomic differences between glial cell line-derived neurotrophic factor-positive parvalbumin neurons in the striatum and

parvalbumin neurons located in the nearby cortex, which do not express glial cell line-derived neurotrophic factor, were analysed.

Using mouse reporter models, we have defined the genomic signature of striatal parvalbumin interneurons obtained by fluorescence-

activated cell sorting followed by microarray comparison. Short-listed genes were validated by additional histological and molecular

analyses. These genes code for membrane receptors (Kit, Gpr83, Tacr1, Tacr3, Mc3r), cytosolic proteins (Pde3a, Crabp1, Rarres2,

Moxd1) and a transcription factor (Lhx8). We also found the proto-oncogene cKit to be highly specific of parvalbumin interneurons in

the non-human primate striatum, thus highlighting a conserved expression between species and suggesting that specific genes identified

in mouse parvalbumin neurons could be putative targets in the human brain. Pharmacological stimulation of four G-protein-coupled

receptors enriched in the striatal parvalbumin interneurons inhibited Gdnf expression presumably by decreasing cyclic adenosine mono-

phosphate formation. Additional experiments with pharmacological modulators of adenylyl cyclase and protein kinase A indicated that

this pathway is a relevant intracellular route to induce Gdnf gene activation. This preclinical study is an important step in the ongoing

development of a specific pro-endo-glial cell line-derived neurotrophic factor pharmacological strategy to treat Parkinson’s disease.
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Abbreviations: AC ¼ adenylyl cyclase; AMP ¼ adenosine monophosphate; cAMP ¼ cyclic adenosine monophosphate; CRABP1
¼ cellular retinoic acid-binding protein 1; CRE ¼ cAMP response element; CREB ¼ cAMP response element-binding protein; CTX
¼ cortex; DA ¼ dopamine; DE ¼ differentially expressed; FACS ¼ fluorescence-activated cell sorting; FC ¼ fold-change; FSK ¼ for-
skolin; GDNF ¼ glial cell line-derived neurotrophic factor; GO ¼ gene ontology; GPCR ¼ G-protein-coupled receptor; GPR83 ¼
G-protein-coupled receptor 83; LHX8 ¼ LIM homeobox 8; MC3R ¼ melanocortin receptor 3; NK1R ¼ neurokinin receptor 1;
NK3R ¼ neurokinin receptor 3; PDE3A ¼ phosphodiesterase 3A; PKA ¼ protein kinase A; PV ¼ parvalbumin; RA ¼ retinoic acid;
RARRES2 ¼ retinoic acid receptor responder 2; RET ¼ rearranged during transfection; SNpc ¼ substantia nigra pars compacta;
SPATA18 ¼ spermatogenesis-associated 18; ST ¼ striatum; XGal ¼ 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside.

Introduction
Parkinson’s disease, the second most prevalent neurodege-

nerative disorder, is characterized by the progressive loss

of mid-brain dopamine (DA) neurons (Surmeier et al.,

2017). Currently, there are no therapies available to pre-

vent damage to dopaminergic nigrostriatal neurons or

promote regeneration of their axons, with existing treat-

ments addressing symptom relief only (Pires et al., 2017).

Glial cell line-derived neurotrophic factor (GDNF) has

long been known for its potent trophic action on mesen-

cephalic DA neurons (Lin et al., 1993; Kordower and

Bjorklund, 2013). GDNF binds to GDNF family receptor

a1 (GFRa1), and the resulting complex activates the RET

receptor tyrosine kinase and subsequent downstream sig-

nals. Both receptors are expressed by DA neurons and

their selective deletion in mice is associated with progres-

sive loss of the nigrostriatal pathway (Kramer and Liss,

2015). Numerous preclinical studies involving rodent and

non-human primate models have established the efficacy

of cell-derived or recombinant GDNF treatment in pro-

tecting and restoring substantia nigra pars compacta

(SNpc) DA neurons (Sauer et al., 1995; Kirik et al.,

2004; Gash et al., 2005; Mu~noz-Manchado et al., 2013).

The clinical effect of GDNF treatment delivered directly

to the brain via intracerebral infusion devices has also

been tested in Parkinson’s disease patients (d’Anglemont

de Tassigny et al., 2015). Although safety has been

shown for direct intraparenchymal injection of recombin-

ant GDNF (Gill et al., 2003) or viral-mediated strategy

(Heiss et al., 2019), clinical evidences have not fully dem-

onstrated the efficacy of these approaches (Slevin et al.,

2005; Lang et al., 2006). Recently, GDNF therapy in

Parkinson’s disease has regained attention due to the

publication of a novel, intermittent intraputamenal deliv-

ery strategy to optimize GDNF diffusion (Whone et al.,
2019). Although the criteria for clinical improvement

were not met after 40 weeks of GDNF delivery, this new

approach resulted in significant progress on PET images.

Indeed, there was a significant increase in 18F-DOPA

putamenal uptake compared to the placebo group in

patients that received GDNF (Whone et al., 2019). These

data, suggesting dopaminergic sprouting in the putamen,

pointed to a regenerative effect of GDNF, an outcome

that had previously been observed only in a single-case

report (Love et al., 2005).

The use of exogenous GDNF as restorative therapy for

Parkinson’s disease is faced with serious limitations (e.g.

major surgery, outpatient care or intraputamenal deliv-

ery), which highlight the importance of the further
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investigation to explore new options for GDNF-based

neuroprotection. In this regard, new GDNF mimetic com-

pounds, such as the brain penetrant RET receptor agonist

BT13 (Mahato et al., 2020), are also being tested with a

good prospect. Interestingly, GDNF is naturally produced

in the adult mammalian brain, particularly in the stri-

atum (ST) (Springer et al., 1994; Trupp et al., 1997;

Mogi et al., 2001; Bäckman et al., 2006) and provides

trophic signals to distantly located somas of catecholami-

nergic neurons by retrograde transport along the axon

(Ito and Enomoto, 2016). For instance, noradrenergic

neurons of the locus coeruleus depend on GDNF

expressed in the septo-thalamic regions (Arenas et al.,

1995; Zaman et al., 2003; Pascual et al., 2008; Enterrı́a-

Morales et al., 2020). Likewise, GDNF produced in the

ST seems to promote the survival of DA neurons located

in the SNpc by stimulating their broad striatal axonal

network. Although the physiological effects of striatal

GDNF on DA nigrostriatal neurons are a matter of de-

bate (Kopra et al., 2015; Pascual and Lopez-Barneo,

2015; Enterrı́a-Morales et al., 2020), it is well established

that heterozygous GDNFþ/� mice show accelerated im-

pairment of the nigrostriatal pathway and decline of

motor coordination with age (Boger et al., 2006). In add-

ition, conditional deletion of the Gdnf gene in adult mice

results in a progressive degeneration of the nigrostriatal

dopaminergic pathway when GDNF levels are sufficiently

low (Pascual et al., 2008; Enterrı́a-Morales et al., 2020).

Importantly, the main source of striatal GDNF has been

identified as a subclass of GABAergic interneurons con-

taining parvalbumin (PV), a calcium-binding protein

(Hidalgo-Figueroa et al., 2012). PV neurons are uniform-

ly distributed throughout the ST, therefore providing a

homogenous trophic support to the profusely ramified

axons of nigrostriatal DA neurons. Genetically, modified

PV neurons producing twice the normal amount of

GDNF protect DA neurons from neurotoxic insults

(Kumar et al., 2015). Similarly, recent data obtained with

SINEUPs, a new class of antisense long non-coding RNA

targeting Gdnf mRNA, provided evidence that a 2-fold

increase in GDNF is sufficient to significantly ameliorate

motor deficits and prevent degeneration of DA neurons

in a Parkinson’s disease neurochemical mouse model

(Espinoza et al., 2020). These observations support the

view that the pharmacological modulation of endogenous

GDNF production in the ST, which is normally expressed

at very low concentrations, could be a therapeutic ap-

proach to Parkinson’s disease complementary to other

treatments. Identifying molecular targets specific to striat-

al PV interneurons is therefore a critical step to stimulate

GDNF production.

Here, we report the differential molecular characteris-

tics of GDNF-synthesizing striatal PV interneurons and

their potential role in endogenous GDNF modulation.

We performed a detailed transcriptomic analysis of two

PV interneuron populations with the same embryological

origin (Marı́n et al., 2000; Xu et al., 2004) and sharing

several neurochemical and electrophysiological properties

(Hu et al., 2014) but differing in their ability to express

GDNF [GDNF negative in the cortex (CTX) and GDNF

positive in the ST] (this work). The specific striatal PV

interneuron transcriptomic profile, obtained by using

fluorescence-activated cell sorting (FACS) followed by

microarray comparison, was validated by additional

histological and molecular analyses, with some of the

studies in mice extended to striatal PV interneurons in

non-human primates. Finally, we evaluated the impact on

GDNF synthesis of pharmacological modulation of PV

interneuron membrane receptors and the cyclic adenosine

monophosphate (cAMP)-protein kinase A (PKA) intracel-

lular pathway.

Materials and methods

Mice

Adult heterozygous GdnfLacZ mice were used for the detec-

tion of GDNF expression pattern (Sanchez et al., 1996;

Hidalgo-Figueroa et al., 2012). The PV-tdTomato mice

were obtained from The Jackson Laboratory (C57BL/6-

Tg(Pvalb-tdTomato)15Gfng/J – JAX no. 027395), originally

published in (Kaiser et al., 2016). The PV-Cre;

tdTomato mice were obtained by crossing PV-Cre mice

(B6; 129P2-Pvalbtm1(cre)Arbr/J - JAX Stock no. 008069)

(Hippenmeyer et al., 2005) with tdTomato reporter mice

(B6.Cg-Gt(ROSA)26Sortm27.1(CAGCOP4*H134R/tdTomato)Hze/J -

JAX Stock no. 012567). All transgenic mice were bred in

our animal facility and housed under a 12:12 h lighting

schedule (lights on at 7:00 a.m.) with ad libitum access to

food and water. The wild-type C57BL/6J mice for ex vivo
experiments were purchased from Charles River France.

Mice were sacrificed on postnatal Day 30 (P30) or at

2 months of age by thiobarbital overdose. All experiments

were performed according to European Community guide-

lines (Council Directive 86/609/EEC) and were approved by

the Ethics Committee of the ‘Virgen de la Macarena’ and

“Virgen del Rocı́o’ hospitals (Seville, Spain) under project

license no. 27-05-15-255 provided by the Government of

Andalusia.

Monkeys

We analysed brain tissue sections stored in our brain

bank and obtained from control monkeys (Macaca fasci-
cularis) used in previous publications (Blesa et al., 2012;

Jiménez-Sánchez et al., 2020; Monje et al., 2020). Non-

human primate studies were performed according to

European and Spanish guidelines (86/609/EEC and 2003/

65/EC European Council Directives; and Spanish

Government) and were approved by the research ethics

committees of the universities of Navarra and Autónoma

de Madrid.
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Histology and
immunohistochemistry procedures

For histological detection of GDNF expression in adult

mouse coronal brain sections, we revealed b-galactosidase

activity with 5-bromo-4-chloro-3-indolyl- b-D-galactopyr-

anoside (XGal) staining. This step was followed by

immunohistochemical detection of PV interneurons fol-

lowing the procedures detailed in the Supplementary ma-

terial. To reveal PV-Cre activity and PV-tdTomato

fluorescence in the PV neurons, we followed the proce-

dures detailed in the Supplementary material (see also

Enterrı́a-Morales et al., 2020). Co-expression analyses of

cKit and PV in the mouse or monkey brain were per-

formed as indicated in the Supplementary material.

Tissue dissociation and cell
preparation

Motor and somatosensory CTX or dorsal ST brain

regions were dissociated into single-cell suspensions using

a protocol modified from Zeisel et al. (2015). See

Supplementary material for extended protocol.

Fluorescence-activated cell sorting

After dissociation of CTX and ST cells from PV-Cre;

tdTomato or PV-tdTomato mice, tdTomato-positive cells

were sorted using a FACS Jazz cell sorter (BD

Biosciences). The tdTomato-positive cells were collected

in RNAlater solution (Thermo Fisher Scientific) and im-

mediately frozen at �80�C until RNA isolation. The yield

obtained from two PV-Cre; tdTomato brains was �2000

cells/CTX and �250–1000 cells/ST. The yield from

PV-tdTomato brains was �5000 cells/CTX and �2000

cells/ST. When necessary, cells from two or three sorting

experiments were pooled to bring the total number to

2000 tdTomato-positive cells per replicate, which we esti-

mated to be the minimum number required for micro-

array analysis (Supplementary Fig. 1C and D).

CTX and ST whole tissue
preparation

As described in the ‘Tissue dissociation and cell prepar-

ation’ section in Supplementary material, mice were

euthanized at P30 by thiobarbital overdose, and intracar-

dially perfused with ice-cold oxygenated working solution

(ICOWS). The brain was extracted rapidly, placed in O2-

saturated ICOWS, and sectioned (thickness 300 mm) on a

VT1200S vibratome (Leica). Next, brain slices were

placed in oxygenated working solution at 37�C for

45 min and areas of interest (motor CTX; and dorsal ST)

then dissected from each slice, snap frozen in liquid nitro-

gen, and stored at �80�C until used for RNA isolation.

RNA preparation, quality control
and quantitation

Total RNA from cortical and striatal whole tissue sam-

ples and FACS-captured cells was isolated using the

TRIzol method (Thermo Fisher) following the manufac-

turer’s instructions with minor modifications.

Quantification and quality control were performed using

a Nanodrop 2000 spectrophotometer (Thermo Fisher) for

tissue RNA, or with an Agilent 2100 Bioanalyzer system

for RNA obtained from FACS-captured PV cells. See

Supplementary material for detailed protocol.

Microarray analysis

RNA from FACS-captured cells was amplified and

labelled using Affymetrix GeneChip WT PLUS Reagent

Kit (Thermo Fisher). Amplification was performed with

5 ng of total RNA as per procedures described in the WT

PLUS Reagent Kit user manual. The amplified cDNA was

quantified, fragmented and labelled in preparation for hy-

bridization to an Affymetrix GeneChip Mouse

Transcriptome 1.0 Array (Thermo Fisher) using 5.5 lg of

single-stranded cDNA product and following protocols

outlined in the user manual. Washing, staining

(GeneChip Fluidics Station 450, Affymetrix) and scanning

(GeneChip Scanner 3000, 10 Affymetrix) were performed

as per protocols outlined in the user manual for cartridge

arrays. Data were processed for gene-level background

subtraction, normalization and signal summarization

(SST-RMA, signal space transformation-robust multi-

array average) using the BioConductor oligo package (R

version 3.2.3) (Carvalho and Irizarry, 2010). To assess

the overall similarity among samples, hierarchical cluster-

ing analysis of full expression profiles and principal com-

ponent analysis were then performed. For hierarchical

clustering analysis, the Pearson correlation metric and

complete agglomeration methods were used. Differential

expression analysis was performed using the R Limma

(Linear Models for Microarray Analysis) package. This

analysis applies a t-test empirically adjusted by a Bayes

test (Huber et al., 2015). Changes in gene expression be-

tween groups were considered significant with false dis-

covery rate (FDR) < 0.05 and fold change > 2 or < �2.

Heatmap figures (hierarchical clustering) were obtained

using the Transcriptome Analysis Console 3.0 Software

(TAC 3.0) from Affymetrix.

Real-time quantitative RT-PCR

Real-time quantitative RT-PCR (qPCR) was run to valid-

ate the microarray results obtained from the FACS-cap-

tured PV-positive cells, as well as to compare

transcriptomic differences between the PV cells and whole

tissue from which they were isolated. See Supplementary

Table 1 and Supplementary material for the full protocol.
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RNAscope

We carried out in situ hybridization using the protocol

from Advanced Cell Diagnostics (ACDbio), following the

manufacturer’s instructions (RNAscopeVR Fluorescent

Multiplex kit). This technique is used to visualize single

RNA molecules in tissue samples on glass slides (Wang

et al., 2012). See Supplementary material for extended

protocol and analysis.

Ex vivo pharmacological
experiments

We used 250 mm-thick coronal slices containing the ST

(hemibrain) prepared from P30 male mice. The slices

were kept in oxygenated artificial cerebrospinal fluid

(aCSF) at 36�C and challenged with different pharmaco-

logical compounds for 5 or 12 h. At the end of incuba-

tion, striatal regions were dissected from each slice of the

same hemibrain, placed in RNAlater and stored at

�80�C until RNA extraction. Survival tests consisting of

amperometric measurements of DA release in response to

high potassium were performed to validate this ex vivo

protocol. See Supplementary material for detailed proce-

dures and pharmacological compounds used in this

study.

In vivo stereotaxic experiments

Detailed procedures for administering stereotaxic injec-

tions into 2-month-old f male mice are available in the

Supplementary material.

Statistical analysis

No statistical methods were used to predetermine sample

size. For qPCR analyses, a minimum of two technical

replicates were performed, with mean values used in cal-

culations. Statistical analysis was performed using Prism

software version 6.0 (GraphPad). Normality was tested

with the Shapiro–Wilk test. We applied ordinary one-way

analysis of variance with Tukey’s multiple comparison

tests for a parametric set of data, or one-way ANOVA

on ranks (Kruskal–Wallis) for non-parametric tests. A

two-tailed Student’s t-test was performed for pairwise

data. Data were presented as the mean 6 SEM with the

number (N) of experiments indicated in the figures. A

value of P< 0.05 was considered statistically significant.

Significance thresholds are indicated with asterisks in the

figures as P< 0.05, P< 0.01, P< 0.001 and P< 0.0001,

and standard errors of the mean are indicated by error

bars. The statistical analysis specific to the microarray

data is described in the ‘Microarray analysis’ section.

Data availability

The gene expression datasets generated in this study are

available through NCBI Gene Expression Omnibus

(GEO) with the series accession number (GEO:

GSE100300). All other data generated or analysed during

this study are included in this published article (and

Supplementary material files).

Results

Differential GDNF expression in PV
interneuron populations

We studied neural GDNF expression by histological XGal

staining of coronal brain sections from adult GdnfLacZ

mice, which showed b-galactosidase activity resulting from

the LacZ insert within exons 1 and 2 of the Gdnf gene.

Dual XGal and PV immunohistochemical staining showed

that, as reported previously (Hidalgo-Figueroa et al.,

2012), GDNF is expressed in more than 95% of striatal

PV-positive interneurons distributed uniformly over the ST

(Fig. 1A and B). Remarkably, XGal staining, indicative of

GDNF expression, was never seen in the PV neurons of

the nearby somatosensory CTX or external globus pallidus

(Fig. 1B). Moreover, the qPCR analysis confirmed the

XGal data, as Gdnf mRNA expression levels were much

higher in the ST than in the CTX of the mouse brain

(P< 0.01, N¼ 4) (Fig. 1C). Indeed, Gdnf mRNA was

barely amplified in cortical tissue. These data indicate that

GDNF is selectively expressed by the striatal subclass of

brain PV interneurons.

Reporter mouse models and PV
cell sorting

To capture PV-positive cells by FACS, we bred two

mouse models expressing the red fluorescent protein vari-

ant tdTomato (Fig. 2A and Supplementary Fig. 1). We

first used Cre-inducible tdTomato mice (PV-Cre;

tdTomato), which harbour a loxP-flanked STOP cassette

preventing the transcription of a CAG promoter-driven

channelrhodopsin-2 (ChR2)/tdTomato fusion protein.

Following exposure to Cre recombinase, the ChR2/

tdTomato fusion protein is expressed with a predominant

membrane location (Supplementary Fig. 2A). Only about

half of PV interneurons are tdTomato-positive in the ST

and CTX of this model due to a relatively low Cre-medi-

ated recombination (Enterrı́a-Morales et al., 2020). This

resulted in few FACS-captured cells (see below) and,

therefore, several sorting experiments were pooled to

reach the critical threshold of 2000 cells required to guar-

antee good-quality RNA (Supplementary Fig. 1C and D).

The second mouse strain studied (transgenic PV-

tdTomato) was free of Cre recombinase and constitutively

expressed tdTomato in PV interneurons. Soluble

tdTomato fluorescence was easily detected in 30 mm-thick

brain cross-sections (Fig. 2A). Consistent with the original

characterization of this model (Kaiser et al., 2016), we

observed that most PV-immunopositive cells were
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tdTomato-positive in CTX and striatal regions

(Supplementary Fig. 2B).

We set up a FACS protocol to specifically capture PV

interneurons from striatal and cortical tissue preparations

(Fig. 2B and C). In each model, dispersed cells from

tdTomato-negative mice were used to detect non-specific

fluorescence and to set up the gate to collect selectively

tdTomato-positive cells. In a typical experiment, brain tis-

sues were pooled from two PV-Cre; tdTomato mice and

1000–4000 (CTX) and 250–1000 (ST) tdTomato-positive

cells were harvested, accounting for �3% and �0.5% of

the total cell number, respectively. A typical harvest from

two PV-tdTomato brains was 4000–10 000 cells from the

CTX and 1000–2500 cells from the ST, representing

�2.5% and �1% of the total cell number, respectively.

Figure 2B shows representative FACS plots from PV;
tdTomato striatal tissue; additional FACS plots for the

two mouse models used are presented in Supplementary

Fig. 3. To illustrate FACS selectivity, cells collected from

the positive gate were red fluorescent under 568 nm excita-

tion wavelength, whereas cells harvested from the negative

gate were non-fluorescent (Fig. 2D). PV neuron enrichment

was also confirmed by qPCR. Pvalb expression was high

in captured tdTomato-positive cells from both the ST and

CTX compared to cells harvested from the negative gate.

In addition, only striatal tdTomato-positive cells exhibited

high Gdnf mRNA levels (Fig. 2E). ST- and CTX-derived

tdTomato-positive cells were then processed for RNA iso-

lation and microarray analysis (Fig. 2F).

Transcriptomic differences between
ST- and CTX-derived PV
interneurons

The expression profiles of 24 334 genes of FACS-cap-

tured PV neurons were compared between CTX and ST

Figure 1 Selective expression of GDNF in mouse striatal PV interneurons. (A) Schematic illustration of the CTX, STand globus

pallidus in a coronal section of the mouse brain. (B) Immunostaining of PV interneurons (brown) and selective expression of GDNF, reported by

positive XGal-positive staining (blue dots), in the ST. (a), (b) and (c) are magnified fields showing details such as XGal blue dots only visible in (b).

(C) Comparison of Gdnf mRNA expression (measured by qPCR) in the STand CTX (N ¼ 4, ** P < 0.01, two-tailed Student’s t-test).
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Figure 2 Experimental workflow for cell sorting from PV-tdTomato mice and microarray analysis. (A) Left, gene construction of PV-

tdTomato mice and schematic illustration of CTX (CTX) and ST tissue samples obtained for cell dispersion. Right, histological examples of

fluorescent cells (tdTomato-positive) in CTX and ST. (B) Flow cytometry dot plot graphical analysis of dispersed cells from tdTomato-negative

(þ/þ) or positive (tdTomato/þ) ST. The sorting gate (red line) was defined to separate the tdTomato-positive cells (pos) from other cells (see

Supplementary Fig. 3 for extended plots). A negative gate was set to collect tdTomato-negative cells (white square). (C) 2000 tdTomato-positive

cells (pos) were collected for experiment. (D) Phase contrast and fluorescence (568 nm filter) composite microphotographs of floating FACS-

captured striatal cells. Left, negative gate-captured cells. Right, positive gate-captured cells. (E) Qualitative comparison of Gdnf and Pvalb mRNA

expression (measured by qPCR) in tdTomato-positive and negative cells obtained from cortical and striatal cell preparations (N ¼ 1). (F)

Schematic diagram illustrating the experimental workflow after FACS capture of tdTomato-positive cells. Cells were processed for RNA

extraction followed by quality check. Samples with an RNA integrity number above 7 were selected for the Affymetrix microarray procedure.

Final data were analysed by bioinformatics to compare gene expression between STand CTX parvalbumin interneurons.
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in two separate microarray experiments (corresponding to

PV-Cre; tdTomato and PV-tdTomato mouse models). As

illustrated by volcano plots (Fig. 3A and B), a number of

differentially expressed (DE) genes between ST- and

CTX-derived PV neurons were distributed in the top left

(FDR < 0.05 and log2 FC < �1) and top right (FDR <

0.05 and log2 FC > 1) sections of the plots. In the PV-
Cre; tdTomato model, 294 DE genes were identified

(Fig. 3A and Supplementary Table 2). In contrast, 199

DE genes were identified in PV cells from PV-tdTomato
mice (Fig. 3B and Supplementary Table 3). Two model-

combined differential expression analyses (FDR < 0.05,

log2 FC > 1 or < �1) yielded 185 DE genes specific to

PV-Cre; tdTomato mice, and 90 DE genes specific to the

PV-tdTomato-derived PV neurons. Finally, 109 DE genes

overlapped in the two models (Fig. 3C). Although Gdnf
was not DE in the initial microarray analysis, FDR and

P-value indicate enrichment in striatal PV cells (Fig. 3D).

Clustering of selected ST-specific DE genes showed that

genes such as Gpr83, Mia, Tmem212, Spata18, Mc4r,

Pde3a and Prokr2 are shared between the two reporter

models (Fig. 3E and F). Other DE genes, such as Kit,
were identified in PV-Cre; tdTomato mice but not in PV-

tdTomato mice (Fig. 3E). On the other hand, Mc3r,

Figure 3 Microarray analysis of transcriptomes from cortical (CTX) and striatal (ST) PV interneurons. (A) Volcano plot

illustrating DE genes [DE, magenta, logFC < �1 or > 1, �log2(FDR) < 0.05] compared to genes without differential expression (non-DE, green)

from PV-Cre; tdTomato P30 mice. (B) Volcano plot illustrating DE genes from PV-tdTomato P30 mice. (C) Venn diagram showing ST/CTX gene

expression variation present in the two set of arrays. (D) Detection of Gdnf gene transcripts (in log2 scale) in RNA samples from STand CTX

PVþ cells captured by FACS in the two reporter mouse models. (E) Hierarchical clustering of selected genes from PV-Cre; tdTomato CTX and ST

(N ¼ 4). The colour-ratio bar on the side indicates relative intensity (log2 scale) of gene up-regulation (magenta), down-regulation (black) and no

change (white). (F) Hierarchical clustering of selected genes from PV-tdTomato CTX and ST. Asterisks indicate selected genes that were found in

both arrays. logFC: log2-fold change, log2(FDR): log2 FDR.
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Tacr1, Tacr3 and Lhx8 were DE only in striatal PV cells

of PV-tdTomato mice (Fig. 3F).

We next short-listed several DE genes obtained from

the two models to carry out qPCR validation. This short-

list was based on positive ST/CTX fold change (i.e.

higher expression in striatal PV interneurons) and bio-

logical interest (membrane receptors, cellular function and

gene regulation). For this step, we included cDNA pre-

pared from whole tissue samples (ST or CTX) in order

to discard DE genes that although showed regional speci-

ficity was not highly expressed in PV neurons. Figure 4

shows qPCR data from eleven striatal PV-enriched genes

(Kit, Gpr83, Mc3r, Tacr1, Tacr3, Crabp1, Rarres2,

Moxd1, Pde3a, Spata18 and Lhx8). Other DE genes

were discarded because exhibited either a low level of ex-

pression in PV neurons or high, non-PV-neuron-selective

regional differences (ST versus CTX) (Supplementary Fig.

4). These genes were considered marginally selective and,

therefore, less relevant for our study.

Histological analysis of PV
interneuron-specific gene expression

Based on microarray and qPCR data, we examined the

anatomical distribution of selected PV neuron-specific

genes in the mouse brain with particular attention paid to

the ST. We first browsed through the Allen Mouse Brain

Atlas in situ hybridization database for pattern similarity

(Lein et al., 2007) and found a very similar distribution

across the ST between Pvalb and some of our short-listed

striatal PV neuron-specific genes (Crabp1, Lhx8, Pde3a,

Tacr1, Tacr3) (Supplementary Fig. 5). We next searched

for co-expression of selected genes in the mouse brain by

histological methods. We chose the Kit gene for immuno-

histochemical analysis as highly specific antibodies for the

cKit receptor are available (May et al., 2018) and deter-

mined that virtually all PV-immunopositive neurons were

also cKit-positive in the mouse ST. On the other hand,

only a small proportion of striatal cKit-positive cells were

PV-negative (Fig. 5A; Supplementary Fig. 6A). Although

cKit-positive cells were observed in the nearby somatosen-

sory CTX, very few expressed both cKit and PV

(Supplementary Fig. 6B). These histological results confirm

the molecular data regarding Kit gene expression. In the

absence of highly specific antibodies, we performed

RNAscopeVR in situ hybridization analyses to examine

Gpr83 and Lhx8 expression in the ST. Gpr83, Lhx8 and

Gdnf mRNA were clearly co-labelled in the ST as illus-

trated in Fig. 5B (and Supplementary Fig. 7). These histo-

logical results support the molecular data described above.

To evaluate whether the PV neuron-specific genes identified

in the mouse ST might be conserved across species, we

Figure 4 Differential gene expression between parvalbumin interneurons from STand CTX compared to tissue gene

expression level in P30 mice. (A) Schematic illustration of parvalbumin interneurons (in red) within the whole CTX or STregion (yellow) in

a coronal section of the mouse brain. Vertical bar graphs show cDNA level (measured by qPCR), as a measure of mRNA, in FACS-captured PV

interneurons (red) and in whole tissue preparation (yellow) from ST (ST) and CTX (CTX). Gene expression for each sample was normalized to

Actb mRNA. (B) Genes coding for membrane receptors. (C) Genes coding for cell signalling- and metabolism-associated proteins. (D) Gene

coding for the transcription factor LHX8. N ¼ 3 or 4, *P < 0.05, **P < 0.01, non-parametric one-way ANOVA on ranks (Kruskal–Wallis test).
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investigated the expression of cKit in the Macaca fascicularis,

brain, a non-human primate model studied previously in our

laboratories (Blesa et al., 2012; Jiménez-Sánchez et al., 2020;

Monje et al., 2020). We stained the striatal PV-positive

interneuron population and showed their resilience

to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine treatment

Figure 5 Selective expression of cKit (protein), Gpr83 and Lhx8 (mRNA) in Gdnf-positive mouse striatal parvalbumin

interneurons. (A) Left, histological immunodetection of parvalbumin (PV, magenta) and cKit receptor (green) in coronal brain sections. Right,

quantification of striatal PV-positive interneurons expressing cKit (circle plot on left), and cKit-positive cells expressing PV (circle plot on right)

with co-expression percentages indicated (N ¼ 3 adult mice). (B) In situ hybridization (by RNAscope method) analysis of Gdnf, Gpr83 and Lhx8

gene expression in the mouse ST. Greyscale confocal microphotographs show, from left to right: nuclei (stained by DAPI), specific probes for

Gdnf, Gpr83 and Lhx8 mRNA. High magnification pictures of the fields delineated by dotted lines are displayed below the respective lower

magnification images. Bottom left corner of the panel, composite image with merged labelling for Gdnf, Gpr83 and Lhx8. The circle plots indicate

quantification of striatal Gdnf-positive cells expressing Gpr83 mRNA (left circle plot), Lhx8 mRNA (centre circle plot, and both Gpr83 and Lhx8

mRNAs (right circle plot) with co-expression percentages indicated (N ¼ 3 adult mice). Additionally, 36 6 4% of the Gpr83-positive cells were

positive for Gdnf mRNA, and 86 6 3% of Lhx8-positive cells expressed Gdnf mRNA in the ST (data not shown).
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(Supplementary Fig. 8). This observation in monkey brain sup-

ported our previous data obtained in the mouse brain show-

ing that Gdnf-expressing striatal PV interneurons survive to

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine -induced DA

depletion (Hidalgo-Figueroa et al., 2012). Dual labelling of

the caudate nucleus and putamen showed a tight and select-

ive co-expression of PV and cKit. Over 99% of PV-positive

neurons appeared cKit-positive in the caudate nucleus and

putamen of the Macaca fascicularis brain (Fig. 6). As previ-

ously observed in mice, cKit and PV were predominantly

expressed by distinct cells in the nearby cortical region (only

4.4% of PV-positive neurons were cKit-positive). These

results in the monkey are thus comparable to those obtained

in the mouse brain.

GDNF modulation by
pharmacological activation of
PV interneuron-specific
G-protein-coupled receptors

To assess whether stimulation of striatal PV interneuron-

specific G-protein-coupled receptors (GPCRs) modulates

GDNF expression, we tested ex vivo the effect of specific

Figure 6 Selective expression of cKit in striatal parvalbumin interneurons of non-human primate brain. (A) Immunostaining of

parvalbumin (PV) interneurons (green) and cKit receptor (magenta) in the putamen (top) and CTX (bottom) of the Macaca fascicularis brain.

Insets show magnified images of fields demarcated by dotted lines. (B) Quantification analysis of PV-positive and cKit-positive co-labelling is

presented as circle plots. Upper row, PV-positive cells expressing cKit in caudate (N ¼ 3), putamen (N ¼ 3) and CTX (N ¼ 4). Lower row, cKit-

positive cells expressing PV in caudate, putamen and CTX. Note the co-expression of PV and cKit in the putamen. In the CTX, PV-positive and

cKit-positive cells are distinct neurons.

Molecular targets for striatal GDNF modulation BRAIN COMMUNICATIONS 2020: Page 11 of 18 | 11

https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa105#supplementary-data


agonists of GPR83, MC3R, NK1R (from Tacr1) and

NKR3 (from Tacr3). First, we showed that ex vivo slices

remained viable after up to 12 h of incubation; this was

done by measuring the striatal external Ca2þ-dependent

DA release in response to depolarization with high potas-

sium (40 mM KCl) using an amperometric carbon-fibre

electrode (Supplementary Fig. 9) (Mejı́as et al., 2006). The

GPR83-specific agonist mPEN (Gomes et al., 2016) signifi-

cantly reduced the level of Gdnf mRNA in the ST after

5 h of incubation (Fig. 7A). Likewise, incubation with the

MC3R agonist Melanotan II significantly decreased Gdnf
mRNA content after a long-lasting (12 h) incubation

(Fig. 7B). Finally, stimulation of the tachykinin receptor

NK3R, by 5mM and 10mM Senktide, proved to signifi-

cantly inhibit Gdnf gene expression (Fig. 7C). However,

stimulation of the neurokinin B receptor NK1R by its spe-

cific agonist GR73632 showed no statistically significant

effect (Fig. 7C). In parallel to the actions on Gdnf modu-

lation, we analysed the effects of the GPCR agonists on

Fos gene expression, a proto-oncogene used as a marker

of neuronal activity (Morgan et al., 1987; Didier et al.,

2018), to rule out a non-selective pan-neuronal action of

the agonists. The lack of changes in Fos expression

(Fig. 7A–C) suggested that GPR83, MC3R and NK3R

agonists act selectively on striatal PV interneurons to

down-regulate Gdnf expression.

Pro-endo-GDNF effect of
cyclic-AMP/PKA pathway
stimulation

Gene ontology analysis performed on cells from PV-CRE;

tdTomato and PV-tdTomato mice suggested the up-regu-

lation of several signalling pathways in PV-positive neu-

rons (see Supplementary Tables 4 and 5). Interestingly,

gene ontology analysis of ST versus CTX gene DE from

PV-tdTomato mice revealed a positive perturbation of the

adenylyl cyclase (AC)/cyclic adenosine 30,50-monophos-

phate (cAMP) signalling pathway (Supplementary Table

5). Based on these data, we carried out ex vivo experi-

ments to test the effect of pharmacological modulation of

this pathway on Gdnf gene expression. We assayed the

effect of dibutyryl-cAMP (dbcAMP), a cell-permeable

cAMP analogue that activates cAMP-dependent protein

kinases (PKA), and observed that incubation for 5 h with

1 mM dbcAMP was the optimal condition to obtain a

consistent increase in striatal Gdnf mRNA levels (Fig. 8A

and Supplementary Fig. 10). Similar results were obtained

with direct activation of AC by forskolin (FSK, 50 mM)

(Fig. 8B). The increase in Gdnf gene expression induced

by dbcAMP or FSK was partially prevented by 666-15

(10 mM), a selective cAMP response element-binding pro-

tein (CREB) inhibitor (Fig. 8C and D). The effect of 666-

15 was confirmed based on the expression of Ptgs2, a

well-known CREB-sensitive gene coding for prostaglan-

din-endoperoxide synthase 2 (Xie et al., 2015)

(Supplementary Fig. 11). Gdnf mRNA expression was

also modulated by incubation of slices with cadmium

chloride (200 mM), a blocker of voltage-gated Ca2þ chan-

nels (Ure~na et al., 1994), suggesting that Ca2þ entry con-

tributes to striatal GDNF homeostasis (Fig. 8E and F). In

parallel with ex vivo experiments, we tested the effects of

the intrastriatal administration of dbcAMP and FSK in

anaesthetized mice. While dbcAMP had no effect on

Gdnf mRNA levels (Fig. 8G), FSK evoked a significant

1.5-fold increase in Gdnf gene expression (Fig. 8H). As

expected, generalized activation of the AC-cAMP-PKA

pathway also induced the expression of Fos

(Supplementary Fig. 10).

Discussion
The intrastriatal administration of GDNF is a potential

disease-modifying therapeutic strategy for Parkinson’s dis-

ease that has been intensely studied in preclinical models

as well as in patients though with variable results in the

latter (Gill et al., 2003; Lang et al., 2006; Slevin et al.,

2007). Recently, the design of a new protocol for GDNF

delivery has raised hopes concerning its clinical efficacy

(Whone et al., 2019). GDNF is produced in the mamma-

lian brain, and adult central catecholaminergic neurons

seem to rely on endogenous GDNF production for sur-

vival (Arenas et al., 1995; Pascual et al., 2008; Enterrı́a-

Morales et al., 2020). The main source of striatal GDNF

in adult mice are GABAergic PV interneurons, which are

densely innervated by nigrostriatal dopaminergic nerve

endings that capture the GDNF necessary for the trophic

maintenance of SNpc neurons (see Hidalgo-Figueroa

et al., 2012 and references therein). Based on these early

findings, the main goal of this work was to define a sig-

nature gene expression profile in striatal GABAergic PV

interneurons, which could help to identify molecular tar-

gets for the pharmacological modulation of endogenous

GDNF production.

A fundamental observation in our study was that,

whereas more than 95% of mouse striatal PV neurons ex-

press GDNF, this property is completely absent in the

neighbouring and more numerous neocortical (and globus

pallidus) PV interneurons, despite the fact that all three

neuronal classes share a similar embryological origin

(Marin et al., 2000; Xu et al., 2004) and functional prop-

erties (Hu et al., 2014). This finding, which further sug-

gests a neuroprotective role of striatal GDNF on

mesencephalic dopaminergic neurons, also provides an op-

timal experimental model for separation of GDNF-produc-

ing (ST) and non-GDNF-producing (CTX) PV neuronal

populations, thereby facilitating the study of their differen-

tial molecular properties. To this end, we performed a

comparative transcriptomic analysis of tdTomato-labelled

striatal versus cortical GABAergic PV cells using cDNA

microarrays with posterior qPCR validation in two differ-

ent transgenic mouse models. A point worth clarifying is

that our analysis focused on the entire population of
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striatal PV interneurons, because all them express GDNF,

although specific subclasses of PV striatal interneurons

have been described based on their intrinsic electrical

properties (Garas et al., 2016; Monteiro et al., 2018),

functional inputs (Klug et al., 2018) or single-cell RNA

sequencing (Mu~noz-Manchado et al., 2018). Indeed, some

of the PV genes reported in this last-mentioned study are

coincident with the gene profile described here.

Within the several DE genes found in striatal versus

cortical PV neurons, we defined 11 genes coding for

Figure 7 Effect on Gdnf gene expression of pharmacological modulation of GPCRs expressed in striatal parvalbumin

interneurons. Vertical bar graphs indicate Gdnf mRNA level (measured by qPCR with Hmbs gene as internal reference) in the ST from brain

slices incubated for 5 or 12 h under ex vivo conditions. The level of Fos mRNA was used as a marker for pan-neuronal activation (measured by

qPCR and normalized to Actb mRNA). (A) Stimulation of GPR83 by selective mPEN (1 mM) for 5 h. (B) Stimulation of Melanocortin receptor 3

(MC3R) by Melanotan II (20 mM) for 5 or 12 h. (C) Stimulation of tachykinin receptors 1 and 3 (NK1R, NK3R) for 5 h by their respective specific

agonists GR73632 (GR73; 10 mM) and Senktide (10 mM). The number of experimental replicates (N) is indicated above the bar graphs. * P <

0.05, ** P < 0.01, two-tailed Student’s t-test for two sample differences, or one-way ANOVA with Tukey’s multiple comparison test were applied.
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potentially relevant proteins, such as membrane receptors

or cell signalling and transcription factors, with high stri-

atal PV interneuron specificity. Some differences observed

in the highly expressed genes between the two reporter

mouse models could be ascribed to a non-specific effect

of Cre recombinase present only in the PV-Cre;

tdTomato strain (Harno et al., 2013) or to a bias intro-

duced by the distinct localization of the fluorescent signal

(anchored to the plasma membrane in PV-Cre; tdTomato

or free in the cytosol in PV-tdTomato) influencing the

cell sorting output. However, these possibilities were

ruled out given the selectivity of specific genes that was

confirmed by immunocytochemistry and RNAscope in

wild-type mice. The proto-oncogene Kit, which encodes a

tyrosine kinase receptor, was found to be highly

expressed in striatal PV interneurons in the PV-Cre;

tdTomato model only. However, detailed immunohisto-

chemical analyses in normal mice showed that this mem-

brane-spanning receptor is actually expressed in almost

100% of striatal PV interneurons, both in mice and

Figure 8 Effect of modulation of the cyclic-AMP/protein kinase and calcium-dependent pathways on striatal Gdnf gene

expression under ex vivo and in vivo conditions. Vertical bar graphs indicate Gdnf mRNA level (measured by qPCR with Hmbs or Actb genes

as internal reference) in the STafter 5 h incubation under ex vivo conditions, or 4 h after stereotaxic intrastriatal administration (in vivo). (A) Ex

vivo stimulation of PKA by dibutyryl-cAMP (dbcAMP; 1 mM) versus control (CTL). (B) Ex vivo stimulation of AC by FSK (50mM) versus control

(DMSO vehicle) (C) Ex vivo stimulation of PKA by dbcAMP (1 mM) and effect of 666-15 (10 mM), a selective CREB inhibitor. (D) Ex vivo

stimulation of AC by FSK 50mM and effect of 10 mM of 666-15. (E) Ex vivo stimulation of PKA by dbcAMP (1 mM) and effect of CdCl2 (200 mM), a

blocker of voltage-gated calcium channel. (F) Ex vivo stimulation of AC by FSK (50mM) and effect of CdCl2 (200 mM). (G) In vivo stimulation of

PKA with intrastriatal administration of 49 mg dbcAMP, with controls receiving PBS. (H) In vivo stimulation of AC with intrastriatal administration

of 8.2 mg FSK, with controls receiving DMSO. The number of experimental replicates (N) is indicated above the bar graphs. * P < 0.05, ** P <

0.01, *** P < 0.001, **** P < 0.0001, two-tailed Student’s t-test or one-way ANOVA with Tukey’s multiple comparison test.
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monkeys, and that this close association is not seen in

other brain regions. In the same way, striatal Lhx8
mRNA expression, which is only seen in PV-tdTomato

mice, was confirmed to be a robust property of Gdnf-

positive PV interneurons of the adult normal mouse ST

that is also regionally conserved in humans (Hawrylycz

et al., 2012). LHX8 is a transcription factor broadly

expressed in the developing mouse brain that functions as

a cell fate regulator to median ganglionic eminence-

derived cells (Zhao et al., 2003), which include choliner-

gic projection neurons and PV interneurons (Mayer et al.,
2018). Embryonic deletion of the Lhx8 gene causes loss

of the nucleus basalis of Meynert and a dramatic drop in

the number of striatal cholinergic neurons, although PV

interneurons remain present in adult Lhx8-null mice

(Zhao et al., 2003).

Among the striatal PV signature genes, five code for

GPCRs (GPR83, MC3R, NK1R and NK3R) and a

phosphodiesterase (PDE3A), suggesting the participation

of the cAMP/PKA/CREB pathway in GDNF expression.

This is supported by the existence of a least three cAMP-

responsive elements (CREs) in the GDNF promoter

(Lamberti and Vicini, 2014) and the stimulatory effect of

follicle-stimulating hormone, which acts on Gs-coupled

receptors, on GDNF production by Sertoli cells (Reichert

and Dattatreyamurty, 1989; Parekh et al., 2019). Indeed,

we showed that direct pharmacological activation of AC

or dbcAMP induced clear increases in striatal GDNF

mRNA levels which were inhibited by the blockade of

CREB. In contrast, stimulation of three of the four specif-

ic agonists of the GPCRs found in the PV interneurons

(GPR83, MC3R and NK3R) resulted in a significant in-

hibition of Gdnf gene expression. It has been shown that

GPR83 receptors signal via Gi (Mack et al., 2019) and

that their activation with PEN (a physiological ligand)

leads to a dose-dependent decrease in intracellular cAMP

(Gomes et al., 2016). Therefore, it is possible that the en-

dogenous activation of MC3R and NK3R receptors also

decreases intracellular cAMP. In this manner, local neuro-

peptides of the tachykinin family, such as substance P,

which is known to be released by striatal neurons (He

et al., 2019), could provide basal inhibition of the cAMP/

PKA/CREB pathway in PV cells that contributes to main-

taining a low physiological production of GDNF.

Along with GPCRs, our study also suggests that the

retinoic acid (RA) signalling pathway could also contrib-

ute to low basal striatal GDNF production because two

RA-related genes (Crabp1 and Rarres2) appeared in the

signature profile of PV neurons. CRABP1 (cellular retin-

oic acid-binding protein 1) is a cytoplasmic RA carrier

that promotes the activation of specific RA nuclear recep-

tors to eventually regulate the transcription of different

sets of genes. However, CRABP1 is also a signalling mol-

ecule that mediates numerous rapid, non-genomic actions

of RA, such as dampening growth factor sensitivity in

stem cells, prevention of over-activation of calcium-cal-

modulin-dependent protein kinase II in heart cells, or

modulation of the Raf-Ras-MEK-ERK signalling pathway

(Nagpal and Wei, 2019; Park et al., 2019). Regarding

the genomic actions of RA, a recent study on Sertoli cells

showed that RA negatively regulates GDNF synthesis

through binding of RARa to a new RA response element,

DR5-RARE, on the Gdnf promoter (Saracino et al.,

2020). Moreover, in some cell lines, RA induces tran-

scriptional upregulation of retinoic acid receptor respond-

er 2 (RARRES2), a poorly known protein that seems to

act as a chemokine, adipokine or growth factor and has

been associated with metabolic disorders (Helfer and Wu,

2018). However, it has been shown that RARRES2 pro-

motes b-catenin phosphorylation and degradation (Liu-

Chittenden et al., 2017). The interaction of RARRES2

with the Wnt/b-catenin canonical pathway could be of

particular interest for understanding striatal GDNF

modulation, as it is known that inhibition of glycogen

synthetase kinase 3 prevents b-catenin degradation and

leads to strong induction of GDNF in Sertoli cells

(Tanwar et al., 2010). Interestingly, the Wnt/b-catenin

pathway is required for embryonic differentiation and

survival of mesencephalic dopaminergic neurons (Castelo-

Branco et al., 2004; Joksimovic and Awatramani, 2014)

and its dysregulation has been implicated in Parkinson’s

disease pathogenesis (Zhang et al., 2016; Berwick et al.,

2017). GDNF induction by b-catenin may also explain

the functional role of Kit and Lhx8 genes that, as indi-

cated above, are highly specific to striatal PV cells. It has

been shown that cKit can directly phosphorylate tyrosine

residues in b-catenin and increase its translocation to the

nucleus and transcriptional activity (Kajiguchi et al.,

2008; Jin et al., 2014). On the other hand, the Lhx8
promoter contains an enhancer with an evolutionarily

conserved binding site for b-catenin (Landin Malt et al.,

2014); transgenic LIM homeobox protein 8 (LHX8)

over-expression increases b-catenin levels and its nuclear

translocation (Zhou et al., 2015). Moreover, Lhx8�/�
mice show a drastic down-regulation of Kit in neonatal

ovaries (Choi et al., 2008). Therefore, it seems that

LHX8 could induce cKit and activate the b-catenin path-

way to further upregulate Lhx8 expression.

The last two specific striatal PV genes to discuss here

are Spata18 and Moxd1. Spata18 codes for spermatogen-

esis-associated 18 homologue protein which is expressed

in embryonic and adult testis (Bornstein et al., 2011).

While the function of SPATA18 is poorly understood, it

appears to be involved in the degradation of unhealthy

mitochondria (Kitamura et al., 2011). Moxd1, which

codes for DA beta hydroxylase-like monooxygenase pro-

tein, could contribute to the local inactivation of neuro-

transmitter in striatal dopaminergic synapses, although

this function has not been demonstrated.

Taken together, our findings suggest that striatal

GDNF homeostasis depends on a complex and delicate

equilibrium between several signalling pathways. Strong

inhibition of the cAMP/PKA/CREB pathway and the acti-

vation of RA signalling are probably responsible for a

Molecular targets for striatal GDNF modulation BRAIN COMMUNICATIONS 2020: Page 15 of 18 | 15



low basal level of GDNF synthesis and secretion by PV

neurons. GDNF homeostasis is likely more complex and

involves regulation at several non-transcriptomic levels

(d’Anglemont de Tassigny et al., 2015). For instance,

Gdnf mRNA degradation is highly regulated by

microRNAs (Kumar et al., 2015; Xia et al., 2016; Zhang

et al., 2019). However, a low basal level of expression is

probably necessary to prevent over-activation of dopamin-

ergic terminals and deleterious effects of GDNF. It is well

known that local injection of GDNF produces structural

aberrations in SNpc neurons (Kirik et al., 2000a, b); and

that the intracerebroventricular injection of GDNF in

humans induces a wide variety of side effects (Nutt et al.,

2003). Overlapping with this tonic inhibition, selective ac-

tivation of the cKit and Wnt/b-catenin pathways could re-

sult in a controlled production of GDNF as per

physiological needs. In sum, the therapeutic potential of

PV interneurons as a target is significant since they are

the only cells to synthesize GDNF in the ST. These neu-

rons remain functional, and continue producing GDNF

after experimental destruction of nigrostriatal dopamin-

ergic neurons in mice (Hidalgo-Figueroa et al., 2012) and

monkeys (this work). We have shown that striatal GDNF

production can be pharmacologically modulated (increased

or decreased) and have also identified several pathways

with druggable targets that are potentially relevant for

controlling GDNF synthesis and/or release by striatal PV

neurons. Development of a specific and safe pharmacol-

ogy capable of modulating striatal GDNF production in

man is a feasible goal that could eventually be of major

therapeutic benefit for combating Parkinson’s disease.
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