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Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disorder, affecting 1%-2% of the population
(1). Cardinal symptoms of PD include bradykinesia, rigidity,
and resting tremor caused by the progressive loss of midbrain
dopamine (DA) neurons in the substantia nigra pars compacta
(SNc) (2). The mechanisms underlying DA neuron degeneration
remain unclear, but include mitochondrial dysfunction, oxida-
tive stress, and a-synuclein aggregation (3). Compared with
SNc DA neurons, adjacent DA neurons in the ventral tegmental
area (VTA) are less susceptible to degeneration in both humans
and animal models, but the features conferring susceptibility
and resistance of midbrain DA neuron subpopulations remain
incompletely understood (4).

A subset of midbrain DA neurons corelease glutamate and
express vesicular glutamate transporter 2 (VGLUT?2) in the adult
mouse, rat, primate, and human (5-9). Evidence indicates that
VGLUT2 is expressed more broadly in midbrain DA neurons
during development (10-12); but VGLUT2 expression is restrict-
ed to smaller subsets in the adult mouse, when colocalization
with DA markers is most pronounced in medial regions of the
VTA (7,10, 13). It is these medial VTA DA neurons that are gener-

Conflict of interest: The authors have declared that no conflict of interest exists.
Submitted: June 19, 2017; Accepted: November 21, 2017.

Reference information: J Clin Invest. 2018;128(2):774-788.
https://doi.org/10.1172/)C195795.

jci.org  Volume128  Number2  February 2018

Parkinson’s disease is characterized by the loss of dopamine (DA) neurons in the substantia nigra pars compacta (SNc).
DA neurons in the ventral tegmental area are more resistant to this degeneration than those in the SNc, though the
mechanisms for selective resistance or vulnerability remain poorly understood. A key to elucidating these processes
may lie within the subset of DA neurons that corelease glutamate and express the vesicular glutamate transporter
VGLUT2. Here, we addressed the potential relationship between VGLUT expression and DA neuronal vulnerability

by overexpressing VGLUT in DA neurons of flies and mice. In Drosophila, VGLUT overexpression led to loss of select

DA neuron populations. Similarly, expression of VGLUT2 specifically in murine SNc DA neurons led to neuronal loss
and Parkinsonian behaviors. Other neuronal cell types showed no such sensitivity, suggesting that DA neurons are
distinctively vulnerable to VGLUT2 expression. Additionally, most DA neurons expressed VGLUT2 during development,
and coexpression of VGLUT2 with DA markers increased following injury in the adult. Finally, conditional deletion

of VGLUT2 made DA neurons more susceptible to Parkinsonian neurotoxins. These data suggest that the balance of
VGLUT2 expression is a crucial determinant of DA neuron survival. Ultimately, manipulation of this VGLUT2-dependent
process may represent an avenue for therapeutic development.

ally spared in human PD and in PD animal models (14-19), por-
tending a potentially important relationship between VGLUT2
expression and vulnerability to DA neuron degeneration.

The Drosophila melanogaster model has been increasingly
used to dissect the mechanisms of DA neuron degeneration,
including within the context of PD (20, 21). Moreover, previous
work has shown that the sole Drosophila VGLUT, dVGLUT, can
cause toxicity when overexpressed in some neurons but not oth-
ers (22). Here, we use both Drosophila and mouse models to test
how selective VGLUT expression within the dopaminergic sys-
tem influences DA neuron survival and vulnerability to neurode-
generation. We took advantage of the genetic tractability of both
fly and mouse models, using conditional genetic approaches to
constitutively express dVGLUT in fly DA neurons, or VGLUT2 in
adult mouse DA neurons. In flies, we found that overexpression
of dVGLUT led to disruption of DA system neuroarchitecture and
loss of select DA cell populations within the adult fly central brain.
Remarkably, we observed similar results in mice, where the het-
erologous expression of VGLUT?2 resulted in selective loss of SNc
DA neurons and motor deficits. Importantly, other neuronal popu-
lations were not affected by VGLUT2 overexpression, suggesting
that (a) SNc DA neurons are selectively vulnerable to this manipu-
lation, and (b) control over VGLUT expression levels in DA neu-
rons has profound implications for neuronal survival. In support
of the idea that VGLUT2 coexpression in midbrain DA neurons is
under active regulatory control, we found that, while native coex-
pression in the adult was low, the vast majority of SNc DA neurons


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/2
https://doi.org/10.1172/JCI95795

The Journal of Clinical Investigation RESEARCH ARTICLE

C
> I Control
%8 4 1 dVGLUT HE
2E
o
22
@ 8 Raad w2ad Erod
1 3.7 14
Day
F o 25 4
f £5 * 8
" control dVGLUT HE T84 o 8 £ 30 .
'§§ 9 5_1':, 20 hk
o @ c 10
0o [%) Q
w0 O L o
w 1 3 7 14 1 3 7 14
Day Day
G _ 150,
2 £g
§8 8 §Z 100
oE 'a‘gn ek o ¥
G4 55 50
= &
5® 53
1 3 7 14 1 3 7 14
Day Day

Figure 1. dVGLUT overexpression causes loss of select dopaminergic populations in Drosophila. Drosophila VGLUT (dVGLUT) was expressed specifically
in DA neurons via the TH-GAL4 expression driver and termed dVGLUT high expressors (dVGLUT HE). dVGLUT HE brains were compared with control brains
expressing dVGLUT at WT levels. Presynaptic DA neurons in both dVGLUT HE and control flies were labeled with TH-GAL4-driven GFP and whole living
brains visualized by multiphoton microscopy. (A-C) dVGLUT HE brains demonstrated complete loss of DA innervation to the ellipsoid body (EB). Insets

in A and B highlight the EB region. Two-way ANOVA; main effect of genotype: F(1,10) = 1,316, P < 0.0001; time x genotype interaction: F(3,30) = 26.5, P <
0.0001. (D-F) While the overall morphology of the fan-shaped body (FSB) was preserved in dVGLUT HE brains, there were fewer DA cell bodies innervat-
ing it [2-way ANOVA; main effect of genotype: F(1,9) = 6.6, P = 0.03], and diminished axon length compared with controls [2-way ANOVA; main effect of
genotype: F(1,4) = 277, P < 0.0001]. (G) The number of DA neurons innervating the subesophageal ganglion (SEG) showed no significant changes, but axon
length in dVGLUT HE was significantly reduced compared with WT [2-way ANOVA; main effect of genotype: F(1,4) = 35.7, P = 0.004]. Comparable results
were obtained from n > 3 independent experiments. Images are projected Z series of coronal sections 3 days after eclosion. Scale bars: 50 pm; insets, 25

um. *P < 0.05, **P < 0.01, ***P < 0.001 across genotype, within time point by Sidak’s multiple-comparisons post hoc.

expressed VGLUT2 during development. We also observed that
VGLUT?2 coexpression in SNc DA neurons reemerges in adults
after DA neuron insult. Finally, when the gene encoding VGLUT2
was selectively disrupted from DA neurons, these cells were more
susceptible to Parkinsonian neurotoxins. Taken together, these
data support a model where VGLUT?2 expression is under active
repression in most adult SNc DA neurons, and injury may release
this repression. Moreover, though endogenous VGLUT2 coexpres-
sion can promote DA neuron survival under some circumstances,
disruption of this balance through uncontrolled or sustained
expression may contribute to DA neuron death.

Results

dVGLUT overexpression in Drosophila DA neurons leads to loss of
select populations. We used D. melanogaster to visualize the effects
of increasing dVGLUT expression selectively in DA neurons on
their overall morphology and organization in whole living brain
(23). The tyrosine hydroxylase (TH) promoter was used to selec-
tively label DA neurons with a soluble GFP marker distributed
uniformly throughout the cells and visualized by multiphoton
microscopy of intact living brain preparations from 3-day-old
adult flies (24). Strikingly, we found that coexpression of dVGLUT
with GFP in DA neurons eliminated dopaminergic innervation of
the ellipsoid body (EB) within the central complex compared with

the WT control expressing GFP alone (Figure 1, A and B). This
absence of dopaminergic EB innervation was observed across all
ages surveyed (days 1-14 after eclosion; Figure 1C). Additionally,
we found diminished dopaminergic innervation to the other major
central complex structure, the fan-shaped body (FSB), in brains
with increased dVGLUT expression (Figure 1, D and E). Consis-
tent with this, there were significant reductions in the number and
axon lengths of DA neurons innervating the FSB, compared with
the control and across several time points (days 1-14 after eclosion)
(Figure 1F). In contrast, the number of DA neurons innervating
the subesophageal ganglion was unchanged, but axon lengths of
these subesophageal ganglion-projecting neurons were reduced
in dVGLUT-overexpressing brains (Figure 1G). Taken together,
our findings suggest that populations of Drosophila DA neurons
are differentially susceptible to increased dVGLUT expression.
Heterologous expression of VGLUT2 in vivo endows glutamate
release. Heterologous expression of VGLUT is sufficient for gluta-
mate release from nonglutamate neurons in primary culture (25-
27), presumably because glutamate is present at low millimolar
concentrations across neuronal cytoplasmic compartments (28).
To test whether heterologous VGLUT2 expression also permits
glutamate release from mammalian SNc DA neurons, and wheth-
er it would induce toxicity similar to that observed in the fly, we
ectopically expressed VGLUT?2 in vivo. We injected adeno-associ-
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ated virus (AAV) engineered for Cre-dependent expression of rat
VGLUT?2 (AAV-DIO-VGLUT?2) into mice expressing Cre recombi-
nase under the control of Slc6a3 regulatory elements (dopamine
transporter, DAT<). Though endogenous VGLUT2 localizes to
nerve terminals and is virtually undetectable in soma or other
neuronal compartments, VGLUT2 was immunohistochemically
detected throughout the cell following its heterologous overex-
pression in DA neurons (Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI195795DS1). To test its functionality, we expressed Channelrho-
dopsin-2 (ChR2) alone, or together with VGLUT2, in conditional
knockout (cKOj; Slc6a37¢;Slc17a6™M) mice lacking endogenous
VGLUT?2 in DA neurons (ref. 6 and Figure 2, A and B). We then
measured optogenetic-evoked excitatory postsynaptic currents
(EPSCs) in striatal medium spiny neurons (MSNs) from these cKO
mice. As previously reported (9, 29, 30), cKO mice lack glutamate-
mediated ChR2-evoked EPSCs, but following AAV-DIO-VGLUT2
expression, we observed 6,7-dinitroquinoxaline-2,3-dione-sensi-
tive (DNQX-sensitive) EPSCs in all cKO MSNs assessed (Figure
2C). This indicated that the heterologous expression of VGLUT2 is
sufficient to endow glutamate release from midbrain DA neurons.

During the histological examination of midbrain sections to
verify transgene expression, we observed markedly weaker TH sig-
nal on the hemisphere corresponding to VGLUT2 expression, com-
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Figure 2. Heterologous expression of VGLUT2
in adult DA neurons enables glutamate
release. (A and B) AAV containing Vglut2
transgene in the double inverted open reading
frame configuration (AAV-DIO-VGLUT2) (A)

and strategy to selectively express VGLUT2 and
ChR2:mCherry in Cre recombinase-express-

ing DA neurons of VGLUT2 cKO mice (B). (C)
AAV-DIO-ChR2:mCherry and blue light pulses
were used to evoke transmitter release from DA
terminals. No excitatory currents were detected
in VGLUT2 cKO mice (controls), but heterolo-
gous expression of VGLUT2 led to light-evoked
AMPA-type EPSCs that were blocked by DNQX.
Paired t test, t =4.6, df =4, n=5; **P = 0.01.
Scales: 100 pA, 50 ms. (D) Histology confirms
expression of VGLUT2 and ChR2:mCherry in TH*
neurons, and shows reduced TH signal on the

side of injection. Scale bar: 100 pum.
VGLUT2

pared with the contralateral side that did not overexpress VGLUT2
(Figure 2D). This suggested that, as in flies, heterologous VGLUT2
expression may have induced loss of TH* SNc neurons in mice.

VGLUT2 overexpression in SNc DA neurons causes their neuro-
degeneration. To investigate the effect of heterologous VGLUT2
expression on DA neuron survival, we systematically analyzed
DA neuron numbers after unilateral injection of AAV-DIO-
VGLUT?2 in the SNc of DAT®* mice using unbiased stereology.
Ten days after injection, SNc DA neuron number was markedly
reduced in the VGLUT2-targeted hemisphere compared with
the contralateral side (-47% * 12.3%), with further reductions
at days 21 (-79% * 8.9%), 42 (-69% *+ 2.8%), and 240 (-96% +
0.6%) after injection (Figure 3, A and B). The loss of TH-labeled
cell bodies in the SNc was accompanied by fewer TH* terminals
in the dorsal striatum, which we quantified using densitometry
in IHC-labeled images (Figure 3, C-F). In contrast, heterologous
VGLUT?2 expression targeted to neighboring VTA DA neurons
produced a more modest loss of TH-labeled cells 21 days after
injection (34% * 8.2% reduction in VTA, compared with 79% *
8.9% in SNc), with medial VTA DA cells appearing particularly
resistant (Supplemental Figure 2, A and B).

Viral transduction itself was not toxic, since unilateral injection
of AAV-DIO-VGLUT2 vectors did not reduce DA neuron numbers in
Cre-negative WT mice (Table 1). Moreover, toxicity was not simply
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Figure 3. Cell loss following heterologous expression of VGLUT2 in adult SNc DA neurons. DAT®® or DAT*/* mice were unilaterally injected with AAV-DIO-
VGLUT2, AAV-DIO-GFP, or AAV-DIO-VMAT2:pHluorin into the SNc and euthanized at indicated time points, and coronal sections were immunostained
against TH. (A) Images of sections through SNc and VTA show pronounced loss of DA neurons in the SNc on the side of injection, while medial VTA is
relatively spared. Scale bar: 500 um. (B) TH* cell counts in the SNc assessed by unbiased stereology. (C) Striatal sections stained for TH after unilateral viral
injection of GFP or VGLUT2 at indicated time points. Note that holes on the contralateral side were to track the uninjected hemisphere. Scale bar: 1,000
um. (D-F) Loss of TH signal in the striatum after VGLUT2 overexpression assessed by densitometry. Ten days: unpaired t test, t=1.0, df =4, P=0.37,n =

3 per group; 21 days: unpaired t test, t = 3.090, df = 4, P = 0.037, n = 3 per group; 240 days: unpaired t test, t = 13.8, df = 6, P < 0.0001, n = 4 per group. See

Table 1 for additional statistics. *P < 0.05, ****P < 0.0001.

due to effects of viral-mediated expression, since expression of GFP
or an alternate vesicular neurotransmitter transporter, the vesicu-
lar monoamine transporter VMAT?2, did not reduce DA neuron cell
counts (Table 1). In contrast, we made several variants of AAV-DIO-
VGLUT?2 using different serotypes, promoters, and epitope tags —
each proved toxic to SN¢ DA neurons (Table 1). Hence, similar to our
observation in flies, we conclude that the loss of TH* neurons in the
SNc is a specific consequence of heterologous VGLUT?2 expression.

Itis conceivable that, rather than killing DA neurons, VGLUT2
overexpression induced a change in neurotransmitter pheno-
type, e.g., downregulation of TH expression. Several pieces of
data argue strongly against that possibility: (a) Immunostaining
against DAT and the pan-neuronal marker NeuN also showed a
loss of SNc neurons following VGLUT2:HA expression, but not
on the uninjected hemisphere or after VMAT2:pHluorin expres-
sion (Supplemental Figure 1, A and B, and Table 1). (b) VGLUT2,
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Table 1. VGLUT2 expression induces neurodegeneration in DA neurons but not in other neuronal populations

AAV-DIO Serotype Promoter  Titer Volume Mouse Days after Marker Cell n Statistical Pvalue Fort Post hoc

transgene (GC/ml)  (n1)* line surgery counts test value Pvalue

SNc dopamine neurons

VGLUT2 1 EFlo.  3.3x10% 400 DATCe 10 TH 3,790 + 871 3 One-way ANOVA <0.0001 F(1033)=123 P<0.05

followed by Dunnett's (vs. GFP)
multiple-comparisons test

VGLUT2 1 EFla 33107 400 DATC® 21 TH 1475 £ 630 3 P<0.0001
(vs. GFP)

VGLUT2 1 EFlo.  3.3x10% 400 DATCe 42 TH 2,209 + 202 3 P<0.0001
(vs. GFP)

VGLUT2 1 EFlo.  3.3x10% 400 DATCe 240 TH 234 + 84 4 P<0.0001
(vs. GFP)

VGLUT2 1 EFlo.  3.3x10% 400 WT 2 TH 7493 £ 452 3 P<0.01
(vs. GFP)

VGLUT2:HA 1 EFla 5.0x10" 300 DATCe 21 TH 2,005+£1150 3 P<0.05
(vs. GFP)

VGLUT2:HA D Syn1 2.0x10% 300 DATCe 2 TH 3506£668 3 P<0.05
(vs. GFP)

VMAT2:pHIuorin 1 EFlo 23x10"” 400 DATC® 21 TH 6,447 + 475 3 NS
(vs. GFP)

GFP D Syn1 3.6x108 400 DATCe 2 TH 7493 + 385

VGLUT2:HA 1 EFlo.  5.0x10" 300  Quadruple 2 TH  Ipsi: 2,005 +1150; 3 Paired t test <005 t=28df=4

glutamate contra: 5,377 + 380 (ipsi vs. contra)
receptor cKO

Other neuronal types

mCherry® 2 EFlo 2.0x10? 200  VGLUT2™ 21 NeuN 988 £ 39 3

VGLUT2:HA® 1 EFla 5.0x10" 200 VGLUT2"® 21 NeuN 1,057 + 40 3 ttest (vs. mCherry) 028 t=12,df=4

GFpP? D Syn1 36x10% 400 ChATCe 21 ChAT 705+ 35 3

VGLUT2 1 EFla 33107 400 ChATCe 21 ChAT 714 £10 3 t test (vs. GFP) 082 t=024,df=4

GFP® D Syn1 3.6x10® 500 SERTCe 2 5-HT 2,701+ 379 3

VGLUT2:HA® 1 EFlo.  5.0x10" 500 SERTCe 2 5-HT 2803+680 3 t test (vs. GFP) 090 t=013,df=4

mCherry® 2 EFlo.  2.0x10%? 300 VGAT®® 21 zsGreen 8,007 £ 510 3

VGLUT2:HAC 1 EFlo.  5.0x10" 300 VGAT® 2 zsGreen 6,948 +406 3 ttest (vs. mCherry) 018 t=16,df=4

AVolume reflects final volume injected; ®fluorescent control vectors were diluted 1:1 with HBSS; “VGLUT2 vectors were diluted 1:1 with fluorescent control
vectors. GC, genome counts.

but not VMAT2, expression caused a prominent upregulation of  receptor subunit GluN1 (GrinI?f) and 3 AMPA receptor subunits
glial fibrillary acidic protein (GFAP) and the microglial marker  (Grial™, Gria2"?, Gria3"f). DA neurons in these mice lack func-
Iba-1 (ionized calcium binding adaptor molecule-1), indicative of ~ tional NMDA receptors and show approximately 90% reduction in
inflammatory gliosis (Supplemental Figure 1C). (c) The apoptosis =~ AMPA-mediated EPSCs (32). However, expression of VGLUT2 in
marker cleaved caspase-3 was detected in the SNc after VGLUT2  the SNc of these quadruple conditional KO mice still led to degen-
but not VMAT?2 or GFP expression (Supplemental Figure 1, Dand  eration of SNc DA neurons (Supplemental Figure 3), comparable
E), suggesting apoptotic cell loss. (d) Coinjection of AAV-DIO-  to what we detected in DAT®* mice with WT expression of gluta-
GFP with AAV-DIO-VGLUT?2 resulted in fewer GFP* cell bodies  mate receptor subunits (Table 1). These data suggest that VGLUT2-
in the SNc, and GFP fluorescence in striatal terminals was weak ~ mediated toxicity does not require activation of NMDA- or AMPA-
compared with that in animals injected with AAV-DIO-GFP alone  type glutamate receptors present on DA neurons.

(Supplemental Figure 1F). Taken together, these data indicate that Loss of SNc DA neurons after VGLUT2 overexpression impairs
overexpression of VGLUT2 in DA neurons causes a degeneration  motor behaviors. We next investigated whether VGLUT2-mediated
of SNc neurons rather than a switch in neurotransmitter identity. loss of SNc¢ DA neurons affected motor function. Following unilat-

Increased release of glutamate is associated with excitotoxic-  eral injection of AAV-DIO-VGLUT?2, mice displayed pronounced
ity, and some evidence indicates that DA neurons are particularly ~ behavioral alterations compared with AAV-DIO-GFP (controls).
sensitive to excitotoxic stress (31). Thus, the selective vulnerability =~ DA cell loss by VGLUT2 expression led to reduced horizontal
of DA neurons to VGLUT2 expression could be linked to the release ~ locomotor activity in the open field (Figure 4A), and reduced loco-
of glutamate from DA release sites, resulting in excess activationof ~ motor responses to acute injections of amphetamine (3 mg/kg) or
presynaptic glutamate receptors. We tested this idea using DAT®®  cocaine (20 mg/kg) (Figure 4, B and C). Additionally, we observed
mice harboring homozygous floxed alleles for the essential NMDA  a pronounced increase in ipsiversive rotations, typical of unilateral
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Figure 4. Heterologous expression of VGLUT2 in DA neurons induces Parkinsonian behavior. WT VGLUT2 or GFP (control) was unilaterally expressed in
the SNc of DAT® mice, and mice were tested in the open field beginning 21 days after surgery. (A) VGLUT2 expression significantly reduced spontaneous
locomotor activity [left panel: 2-way ANOVA followed by Sidak’s multiple comparisons; main effect of treatment: F(1,312) = 86, P < 0.0007; right panel:
unpaired t test, t = 3.7, df = 26, P = 0.001; GFP n = 12, VGLUT2 n = 17]. (B and C) Heterologous VGLUT2 expression significantly decreased locomotion in
response to amphetamine [B; left panel: 2-way ANOVA followed by Sidak’s multiple comparisons; main effect of treatment: F(1,972) = 233, P < 0.0007; right
panel: unpaired t test, t = 2.6, df = 27, P = 0.01; GFP n = 13, VGLUT2 n = 16] or cocaine [C; left panel: 2-way ANOVA followed by Sidak’s multiple comparisons;
main effect of treatment: F(1,1008) = 132, P < 0.00071; right panel: unpaired t test: t = 2.8, df = 28, P = 0.01; GFP n = 13, VGLUT2 n = 17]. Left panels show time
courses in 5-minute bins; right panels are summated over 60 minutes. (D) Unilateral VGLUT2 expression led to ipsiversive rotational behavior [2-way ANOVA
followed by Sidak’s multiple comparisons; main effect of treatment: F(1,56) = 25, P < 0.0001; GFP n = 13, VGLUT2 n = 17]. (E and F) Rotations were reversed
to contraversive by apomorphine [E; 2-way ANOVA followed by Sidak's multiple comparisons; main effect of treatment: F(1,56) = 4.5, P = 0.04; GFP n =13,
VGLUT2 n = 17] or .-DOPA/benserazide [F; 2-way ANOVA followed by Sidak’s multiple comparisons; main effect of treatment: F(1,56) = 11, P = 0.002;

GFP n =13, VGLUT2 n = 17]. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

DA depletion (Figure 4D). Administration of either the mixed DA
D,/D, receptor agonist apomorphine (Figure 4E) or the DA pre-
cursor L-DOPA (Figure 4F) resulted in significantly more contra-
versive rotations in VGLUT2- but not GFP-injected animals, sug-
gesting that loss of DA transmission on the injected hemisphere
led to sensitized striatal DA receptors.

VGLUT2 overexpression is not toxic to other neuronal populations.
To assess whether VGLUT2 expression is toxic to other neuronal
types, we used several distinct Cre mouse lines to express VGLUT2
or control proteins (GFP or mCherry) in non-DA populations. These
included glutamate neurons in the subthalamic nucleus (STN),
striatal cholinergic interneurons, serotonin neurons in the dorsal
raphe, and GABA neurons in the VTA, as summarized in Table 1.

Three weeks after viral injection, we assessed possible cell death
by staining for cell type-specific marker proteins. Following over-
expression of VGLUT?2 in the STN of VGLUT2* mice, we saw no
change in NeuN-labeled cells (Supplemental Figure 4, A-C). We
also observed no reduction in the number of choline acetyltransfer-
ase-labeled (ChAT-labeled) interneurons following overexpression
of VGLUT2 in the striatum of ChAT®* mice (Supplemental Figure 4,
D-F). Likewise, no significant change was detected in the number
of serotonin-labeled neurons in the dorsal raphe following overex-
pression of VGLUT2 in SERT®* (serotonin transporter) mice (Sup-
plemental Figure 4, G-1); nor in the number of zsGreen-expressing
cells following VGLUT2 overexpression in VTA of VGAT®* (vesic-
ular GABA transporter) mice crossed to a Rosa26 floxed-stop-
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Injury leads to reemergence of VGLUT2 coexpression
in adult SNc DA neurons. Because most SNc DA neurons
have the capacity to express VGLUT2 during develop-
ment (Figure 5), and heterologous VGLUT2 expres-
sion is sufficient to cause DA cell loss and Parkinsonian
phenotypes in the adult, we speculated that VGLUT2
expression may reemerge in DA neurons during injury in
the adult. We tested this hypothesis by injecting the DA
neuron-selective toxin 6-hydroxydopamine (6-OHDA)
into the dorsal striatum. Striatal 6-OHDA toxicity
begins at DA nerve terminals, and causes a relatively
slow and mild loss of DA neurons compared with medial
forebrain bundle or midbrain injections, thereby pre-
serving sufficient numbers of DA neurons to investigate
VGLUT2 coexpression. We used RNAscope to detect
e Th and Vglut2 (also known as Slc17a6) transcripts in the
midbrain (Figure 6, A and B), and found that unilateral
injection of 6-OHDA into the dorsal striatum reduced
the number of Th-expressing cells in the SNc by 50 %-
60% (Figure 6C). In contrast, Th mRNA was not signifi-
cantly affected in the VTA (Figure 6D). Remarkably, we
found that the fraction of Th-labeled cells expressing

zsGreen 0-

SNc

Figure 5. VGLUT2 is transiently expressed in most mouse midbrain DA neurons. (A
and B) Coronal sections from mice expressing zsGreen reporter in a VGLUT2% driver line

Vglut2 transcripts was indeed elevated in the SNc by this
insult, but not in the hemisphere contralateral to lesion
(Figure 6, C and D). Furthermore, the distribution in the
number of Vglut2* puncta per Th* neuron was shifted

VTA

reveal marked colocalization with the DA maker TH in both the SNc (A) and the VTA rightward, indicative of increased levels of Vglut2 per
(B). Scale bars: 100 pm. (C) Higher-magnification image of SNc DA neurons labeled with  cell following 6-OHDA injury (Figure 6, E and F). These

zsGreen. Scale bar: 20 pm. (D) Fraction of TH-labeled cells that express zsGreen (n1=2).  data support the hypothesis that injury stimulates the

zsGreen reporter (Supplemental Figure 4, J-L). Cumulatively, these
data argue that SNc DA neurons are particularly susceptible to cell
death induced by heterologous VGLUT2 expression.

VGLUT2 is transiently expressed in most DA neurons during
development in the mouse. We next examined the physiologi-
cal relevance of native VGLUT2 expression in DA neurons.
VGLUT?2 is expressed broadly during mammalian development,
but its expression pattern is more constrained in the adult (33).
We thus conducted a lineage mapping experiment to deter-
mine what fraction of DA neurons has or had the potential to
coexpress VGLUT2. We crossed mice expressing Cre recombi-
nase under the control of Slc17a6 (VGLUT2¢*) regulatory ele-
ments to a zsGreen reporter line (Rosa26 floxed-stop-zsGreen).
This reporter line facilitates detection of colabeled cells, since
zsGreen is largely restricted to soma (34). Importantly, even
transient expression of VGLUT2¢* will permanently label cells
with zsGreen. We stained midbrain sections from adult mice (12
weeks) for TH and counted the number of TH* neurons coposi-
tive for zsGreen (Figure 5, A-C). More than 90% of both SNc and
VTA DA neurons labeled with zsGreen (Figure 5D). However, in
the adult mouse and other mammals, only a subset of midbrain
DA neurons express VGLUT2 (or VGLUT2¢®), and these are
more abundant in the medial VTA (5,7, 8, 35, 36). Together, these
results indicate that most SNc¢ and VTA DA neurons transiently
express VGLUT2 during development, but only a small subset
continue to express VGLUT2 in the adult.
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transcriptional reemergence of VGLUT2 expression in
adult SN¢ DA neurons.

Conditional knockout of VGLUT?2 increases susceptibility of DA
neurons to toxins. An alternative explanation for the increased rate
of VGLUT2* DA neurons following 6-OHDA is that, while heterol-
ogous VGLUT2 expression is toxic, endogenous VGLUT2 may con-
fer neuroprotective properties. To test this hypothesis, we subjected
conditional VGLUT2 KO mice (Slc17a6"%;Slc6a3+/RESC) or hetero-
zygous control littermates (Sic17a6"%;Slc6a37/E9) to dopaminer-
gic neurotoxins. Although the loss of VGLUT2 on its own did not
influence DA neuron number, striatal injection of 6-OHDA led to
significantly fewer SNc DA neurons in the cKO compared with con-
trol (Figure 7, A and B). To extend these findings, we used systemic
administration of moderate doses of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), delivered using either acute or chronic
regimens (37). Consistent with the 6-OHDA finding, midbrain DA
neurons in cKO mice were more sensitive to both acute (Figure 7, C
and D) and chronic MPTP (Figure 7, E and F). Altogether, our data
indicate that uncontrolled VGLUT2 expression is potently toxic to
SNc DA neurons, but its endogenous expression can confer selec-
tive advantage in response to injury. Thus, VGLUT2 expression in
DA neurons requires tight regulatory control.

Discussion

Though SNc DA neurons are not the only cells lost in Parkinson’s
disease (PD), their loss precipitates the defining symptoms of
disease (2, 38). SNc DA cells are particularly sensitive to a vari-
ety of endogenous and exogenous insults, including oxidative
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Figure 6. Endogenous VGLUT2 expression emerges in SNc of surviving DA neurons after neurotoxic insult. (A) SNc images labeled using probes against Th and
Vglut2 mRNA following the unilateral injection of 6-OHDA (right panel) or vehicle (left panel) into the dorsal striatum. Scale bars: 500 pum. (B) Higher-magnification
images of injected (right panel) and uninjected (left panel) SNc neurons after 6-OHDA. Arrows indicate Th/Vglut2 colabeling. Scale bars: 10 um. (C) Quantification
of Th* cells on ipsi- and contralateral sides in the SNc after vehicle or 6-OHDA treatment [left panel: 2-way ANOVA followed by Sidak’s multiple comparisons; treat-
ment x hemisphere effect: F(1,16) = 6.4, P < 0.05; treatment effect: F(1,16) = 8.9, P < 0.01; vehicle n = 4, 6-OHDA n = 6] and fraction of Th-labeled cells that colabel
for Vglut2 [right panel: 2-way ANOVA followed by Sidak’s multiple comparisons; treatment x hemisphere effect: F(1,16) = 17.2, P < 0.001; treatment effect: F(1,16) =
20.4, P < 0.0071; vehicle n = 4, 6-OHDA n = 6]. (D) Quantification of Th* cells on ipsi- and contralateral sides in the VTA after vehicle or 6-OHDA treatment (left panel:
unpaired t test; t =1.2, df = 6, n = 4 per group, P > 0.05) and fraction of Th-labeled cells that colabel for Vglut2 (right panel: unpaired t test; t =11, df = 6, n = 4 per
group, P > 0.05). (E) Histogram showing the distribution of Vglut2* puncta in Th* cells in the SNc after 6-OHDA (red) or vehicle (black) treatment. (F) Cumulative
probability blot comparing 6-OHDA-induced increase in the number of Vglut2* puncta per TH* cell in the SNc (vehicle n = 4, 6-OHDA n = 6; Kolmogorov-Smirnov [KS]

test). *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Figure 7. Conditional knockout of VGLUT2 makes DA neurons more susceptible to 6-OHDA and MPTP. (A) Mice received intrastriatal injections with
6-0OHDA (4 pg) or vehicle unilaterally into the dorsal striatum. (B) Sections through the SNc were stained for TH and TH* SNc neurons counted with unbiased
stereology [treatment effect: F(1,18) = 108, P < 0.0007; vehicle n = 4, 6-OHDA n = 6-8]. (C) Mice were systemically treated with MPTP or vehicle according to
an acute regimen (4 injections in 1 day with 15 mg/kg i.p.) and (D) TH* cells were counted by unbiased stereology [treatment effect: F(1,10) = 14.8, P < 0.07;

n = 3-4]. (E) Mice were systemically treated with MPTP or vehicle according to a chronic regimen (30 mg/kg daily over 5 days, i.p.) and (F) TH* cells were
counted by unbiased stereology [treatment effect: F(1,8) = 7.8, P < 0.05; 1 = 3]. Scale bars: 500 um. *P < 0.05, ****P < 0.0007; Sidak’s multiple comparisons.

stressors, inflammatory factors, a-synuclein overexpression or
mutations, and perturbations of mitochondrial function (39-41).
Here we report that DA neurons in the fly and in the mouse
SNc are not only particularly sensitive to the overexpression
of VGLUT, but loss of endogenous VGLUT2 from DA neurons
increases their susceptibility to Parkinsonian neurotoxins. Our
data also add support to the hypothesis that VGLUT2 expression
in DA neurons is dynamically regulated during development and
in response to injury in the mature brain. Together, these data
indicate that the expression of VGLUT2 in DA neurons needs to
be delicately balanced, because perturbations in either direction
can have profound effects on DA neuron survival.
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Heterologous VGLUT2 expression can be toxic to SNc DA neurons.
Previous work has shown that VGLUT overexpression in flies can
lead to lethality and toxicity in postsynaptic cells (22). While we
did not systematically assess postsynaptic regions in this study, we
found that driving VGLUT expression in DA neurons leads to rapid
DA neuron loss, apparently through a cell-autonomous process. In
our Drosophila model, transgenic overexpression of dVGLUT in
TH* neurons induced gross morphological abnormalities and DA
neuron loss, suggesting that tight regulation of VGLUT expression
within DA neurons is conserved across species.

Significantly, as in mammals, our data in the fly indicate
differences in neuronal susceptibility to dVGLUT-mediated
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neurotoxicity, with DA neurons of the central complex most
affected. Moreover, previously reported motor deficits in Dro-
sophila overexpressing dVGLUT (22) may be attributable to
selective loss of dopaminergic innervation of the EB, given that
DA signaling in the EB modulates fly locomotion (42). Like-
wise, the loss of DA neurons in the SNc secondary to VGLUT2
overexpression was accompanied by altered motor behavior in
mice, including reduced horizontal activity, attenuated loco-
motor responses to psychostimulants, and rotational behaviors.
Overall, these behavioral abnormalities are consistent with
decreased striatal DA neurotransmission on the affected hemi-
sphere. Importantly, the expression of proteins besides VGLUT2
failed to induce toxicity in murine DA neurons, suggesting that
toxicity was not a simple consequence of viral transduction or
protein overexpression, though we cannot entirely rule these
out as contributing or interacting factors. Strikingly, we tested
the effects of heterologous VGLUT?2 expression in several other
types of neurons, and, of those tested, cell-autonomous toxicity
was observed only in DA neurons.

The mechanisms by which VGLUT expression led to cell-
autonomous DA neuron death remain unclear, but could include
the triggering of an unfolded protein response, inappropriate
VGLUT trafficking, dysregulation of organelle acidification,
depletion of cytosolic glutamate, and/or ectopic glutamate
release. For example, though VGLUT2 does not normally local-
ize to soma and dendrites, following heterologous expression,
we can detect it at these sites. VGLUT2 trafficking to sites of
somatodendritic DA release may lead to the activation of pre-
synaptic glutamate receptors on DA neurons, perhaps resulting
in “auto-excitotoxicity.” Arguing against this hypothesis is our
finding that mice lacking AMPA- and NMDA-type glutamate
receptors on DA neurons still show VGLUT2-mediated toxicity.
Nevertheless, we cannot presently rule out a potential excito-
toxic mechanism dependent on metabotropic or other glutamate
receptors (43, 44).

Dynamic VGLUT2 coexpression in midbrain DA neurons dur-
ing development and injury. The effect of heterologous VGLUT
expression on DA neuron survival is both profound and repro-
ducible across species. But what might this teach us of the under-
lying neurobiology, or about selective DA neuron vulnerability?
In the mouse, rat, marmoset, and human, endogenous VGLUT2
expression has been colocalized to a subset of midbrain DA neu-
rons (5,7, 8, 45). The fraction varies by subregion and projection
target, and estimates range across species, study, and approach,
but generally only a minority (<20%) of midbrain DA neurons
express detectable levels of VGLUT?2 in the adult. Rates of colo-
calization, however, may be higher during development (10, 12).
Consistent with this, using a fate-mapping strategy, we found
that more than 90% of SNc¢c DA neurons expressed a reporter
indicative of past VGLUT2 expression. Together, these data sug-
gest that SNc DA neurons express VGLUT2 early in life and that
the majority of these cells repress VGLUT?2 as they mature. Nev-
ertheless, our data suggest that at least some retain the potential
to express VGLUT2 in the adult.

We speculated that VGLUT2 expression may be under
dynamic control and that the fraction of DA neurons express-
ing detectable VGLUT2 might change in the adult in response to
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injury. Indeed, there is evidence that glutamate signaling itself'is
capable of modifying transcriptional regulation and expression,
notably in the context of brain injury (46). VGLUT expression is
regulated in other brain regions in response to seizures, hypox-
ia, stress, methamphetamine, antidepressants or in PD (47-52).
Remarkably, we saw an approximate doubling in the fraction of
DA neurons labeled for VGLUT2 following a striatal 6-OHDA
injection. Importantly, despite 6-OHDA reducing the number of
DA neurons, we identified an absolute increase in the number
of DA neurons that contain higher levels of Vglut2 transcripts.
These results indicate that 6-OHDA provokes a transcriptional
upregulation of cellular VGLUT2 levels in adult SNc DA neurons,
and extend previous observations showing that 6-OHDA treat-
ment or striatal lesions in neonates increased rates of VGLUT2
expression (11, 12, 53).

Taken together, our results suggest that in response to insult,
midbrain DA neurons engage a developmental genetic program that
increases VGLUT2 expression. If true in human PD, such a mecha-
nism might contribute to the progressive nature of DA cell loss, since
our findings suggest that the upregulation of VGLUT?2 in the adult
could ultimately prove toxic. These data also predict that VGLUT2
coexpression may be a cellular biomarker of prodromal PD.

While our data demonstrate that sustained or high levels of
heterologously expressed VGLUT?2 are toxic to DA neurons, we
also surmise that low endogenous VGLUT2 expression can con-
fer a protective effect. This conclusion is based on our finding that
loss of VGLUT?2 increased susceptibility to the DA-selective neu-
rotoxins 6-OHDA and MPTP. We have previously observed that
the vesicular coentry of glutamate through VGLUT can increase
the driving force for VMAT2-mediated exchange in both mice and
flies (6, 54). This mechanism can increase the quantal content of
DA and other cationic transmitters (6, 55-58), but could also help
sequester toxic VMAT?2 substrates, such as 6-OHDA or 1-methyl-
4-phenylpyridinium (MPP*), away from sensitive cellular com-
partments or processes. Thus, increased resistance of VGLUT2-
expressing DA neurons to neurotoxins is likely to explain at least
some of the effects we observe following DA neuron injury with
striatal 6-OHDA or systemic MPTP.

We note that it was previously proposed that VGLUT2 expres-
sion in DA neurons can promote their maturation during develop-
ment, in part because the conditional knockout of VGLUT2 led to
fewer DA neurons in the adult (59). Though we observed no such
effect in this study, there may be interacting genetic or environ-
mental factors that reveal pro- or antisurvival effects of VGLUT2
during development. Indeed, our findings are consistent with a
complex role for VGLUT2 in DA neuron survival.

The expression of VGLUT2 in midbrain DA neurons may be
under tight control during development and in the adult. Low lev-
els of VGLUT expression can have beneficial effects on vesicle fill-
ing or survival in response to insult, while high or sustained levels
lead to DA neuron dysfunction and death. Ultimately, our work
reveals that it is the homeostatic balance of VGLUT2 expression in
select DA neuron populations that plays a determinant role in cell
survival. Further work will be required to determine how VGLUT2
gene expression is regulated in DA neurons, the mechanisms of
selective VGLUT?2 toxicity, and whether VGLUT2 contributes to
DA neuron resistance or vulnerability in human PD.
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Table 2. Adeno-associated viruses

Serotype  Promoter Transgene Source Titer (genomes/ml)
1 EF1a-DIO VGLUT2 Salk GT3 3.3x10%
1 EF10-DIO VGLUT2:HA Salk GT3 5.0 x 10"
DJ Syn1-DIO VGLUT2:HA Salk GT3 2.0 x 107
D) Syn1-DIO EGFP Salk GT3 34 %107
1 EF1o-DIO VMAT2:pHIuorin Salk GT3 23x10"
1 EF1a-DIO ChR2(H134R):mCherry UNC 2.0 x10”
2 EF1.-DIO mCherry UNC 2.0 x 107

UNC, University of North Carolina.

Methods

Drosophila strains. All D. melanogaster strains were grown and main-
tained on standard cornmeal-molasses media at 25°C under a 12:12-
hour light/dark schedule. The following previously described trans-
genic stocks were used: UAS-dVGLUT (60) and UAS-GFP (61, 62). We
used the TH-GAL4 expression driver (a gift of S. Birman, Université
Aix-Marseille II-11I, Marseille, France) (24) for expression in DA neu-
rons. To ascertain effects of dVGLUT overexpression in DA neurons,
UAS-dVGLUT was genetically recombined with the TH-GAL4 expres-
sion driver on chromosome 3. The following transgenic fly strains were
constructed: TH-GAL4, UAS-dVGLUT/UAS-GFP, and TH-GAL4/
UAS-GFP. All fly strains were outcrossed for 10 generations into the w'''®
wild-type genetic background.

Imaging. Isolated ex vivo whole adult fly brain preparations were
microdissected as previously described, placed in a recording cham-
ber (JG-23, Warner Instruments), and imaged under continuous perfu-
sion with artificial hemolymph (in mM: 108 NaCl, 5 KCl, 2 CaCl,, 8.2
MgCl,, 1 NaH,PO,, 10 sucrose, 5 trehalose, 5 HEPES, 4 NaHCO,; pH
75,265 mOsm) as in earlier studies (23, 63). Brains were imaged on an
Ultima multiphoton laser scanning microscope (Bruker Corp.) using
a 20x (1.0 NA) water immersion objective (Carl Zeiss Microscopy
LLC). The illumination source was a Coherent Chameleon Vision II
Ti:Sapphire laser (Coherent Inc.) that typically used less than 5 mW
mean power at the sample. Fluorescent emission was collected using
a 525/50-nm FWHM bandpass filter for imaging of GFP (A = 920
nm). Data acquisition was performed with Prairie View software (ver-
sion 4.0.29, Bruker Corp.). Z-projections or single optical slices were
generated using the Fiji/Image] image processing package (NIH). To
determine effects of dVGLUT overexpression on DA neuron number
in the adult central brain across time (days 1, 3, 7, and 14 after eclo-
sion), GFP-labeled cell bodies were counted within 3D volumes recon-
structed from optical slices imaged through the depth of the entire
brain in 2-um steps. To identify the cell bodies and generate cell num-
bers, axonal inputs to the respective central complex structures were
manually traced back to the individual cell bodies from which they
projected using the Fiji/Image] software package. Axonal projection
lengths were also segmented and their lengths quantitated using the
Simple Neurite Tracer plug-in in the Fiji/Image] software package
as described previously (64). For quantitation of axonal projection
lengths to the FSB, we specifically focused on the PPM3 DA cell clus-
ter innervating this structure as described previously (65). The relative
locations and identities of the DA neurons innervating the EB and FSB
were also confirmed according to earlier studies (65, 66).
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Mice. Mice were used in accordance with protocols approved by the
UCSD Institutional Animal Care and Use Committee. Mice express-
ing Cre under the control of DAT (Slc6a3™F5°*, Jackson stock 006660),
VGLUT2 (Slc17a6™"5¢, Jackson stock 016963), VGAT (Slc32al™®*Cr,
Jackson stock 016962), ChAT (Chat™" Jackson stock 006410),
or SERT (Slc6a4°¢, Jackson stock 014554) regulatory elements were
obtained from The Jackson Laboratory and then bred in house. VGLUT2
conditional knockouts (Slc17a6"%;Slc6a3/"RESC) were made as described
previously (6, 67). Quadruple glutamate receptor cKO mice were pro-
duced by crossing of Grinl", Grial"", Gria2"', Gria3"" quadruple
mice to Slc6a3™F% mice as described previously (32). zsGreen expres-
sion in VGLUT?2 neurons was induced by crossing of Slc17a6™%55¢ mice
with B6.Cg-G#(ROSA)?#Serms(CaczsGreendtize /T reporter mice (Jackson stock
007906). Mice were fully (>10 generations) crossed to C57BL/6, except
Chat™#5¢ mice, which were mixed C57BL/6 x Sv129 background. Both
sexes were used; mice were group-housed on a 12-hour light/dark cycle,
with food and water available ad libitum.

AAV vectors. Rat Slc17a6 (VGLUT2) ¢cDNA was a gift from Rob-
ert Edwards (UCSF, San Francisco, California, USA), and VGLUT2-
expressing AAV constructs were subcloned using standard molecular
biology techniques. Hemagglutinin (HA) tag was added at the C-ter-
minus, subcloned into pAAV plasmids using restriction enzymes, and
verified by site sequencing. Plasmid DNA was purified from E. coli,
and DNA was packaged into indicated AAV serotypes by the Salk GT3
vector core. All constructs (pAAVs) were tested for Cre recombinase-
dependent recombination in HEK293 cells before virus production.
All AAVs used in the study can be found in Table 2.

Stereotactic surgery. Mice (>4 weeks) were anesthetized with isoflu-
rane (1%-2%) and placed into a stereotaxic frame (David Kopf Instru-
ments). For microinfusion of virus, a custom-made 30-gauge stain-
less injector was used to infuse virus unilaterally at 100 nl/min using
a micropump (WPI UltaMicroPump). Following infusion, mice were
allowed to recover for atleast 21 days before behavioral experiments, or
for 10, 21, 42, or 240 days before histological processing. The following
injection coordinates (in millimeters from bregma) were used: SNc-3.4
anterior-posterior (AP), -1.25 medial-lateral (ML), -4.25 dorsal-ventral
(DV); VTA -3.4 AP, -0.3 ML, -4.4 DV; STN -2.0 AP, -1.5 ML, -4.5 DV;
caudate putamen (CPu) 0.4 AP, -1.8 ML, -3.5 DV; dorsal raphe nucleus
(DRN) -4.5 AP, -1.35 ML with 25° angle toward midline, -3.1 DV.

6-OHDA lesions. WT C57BL/6 mice (6 weeks) or cKO (Slc17a6™;
Slc6a3*/™Esc) and heterozygous control littermates (Slc17a6"";
Slc6a3*/REscre) (8-12 weeks) were anesthetized using isoflurane (1%-
2%), and mice were placed into a stereotaxic frame. 6-OHDA-HBr
(Sigma-Aldrich; 2 pug/ul of the free base) was dissolved in 0.2% (wt/
vol) ascorbate in saline and injected unilaterally into the dorsal stria-
tum (AP +0.4, ML -1.8, DV -3.5) using a 5-ul Hamilton syringe. Control
mice received infusions of 0.2% (wt/vol) ascorbate in saline. The total
infusion was 2 pl at a speed of 0.5 ul/min. After surgeries, body weights
were monitored daily, and mice received subcutaneous 5% glucose
(wt/vol) in saline injections once daily for the next 3-5 days to prevent
dehydration and promote feeding. For RNAscope, mice were anesthe-
tized with pentobarbital (100 mg/kg, i.p.) and killed by cervical dis-
location 10 days after surgery. Brains were immediately removed and
snap-frozen in isopentane chilled on dry ice and stored at -80°C until
use. For stereology, mice were perfused with 4% paraformaldehyde
(PFA) and processed for TH immunostaining using the chromogenic
DAB method 10 days after 6-OHDA infusions as described below.


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/2

The Journal of Clinical Investigation

Table 3. Antibodies

Antibody Manufacturer Concentration
Chicken anti-GFAP Millipore, AB5541 1:500
Chicken anti-GFP Invitrogen, A10262 1:1,000
Goat anti-ChAT Millipore, AB144P 1:500
Guinea pig anti-NeuN Millipore, AB2251 1:1,500
Guinea pig anti-VGLUT2 Millipore, AB2251 1:2,000
Mouse anti-HA Sigma-Aldrich, H9658 1:2,000
Rabbit anti-5-HT Immunostar, 20080 1:3,000
Rabbit anti-cleaved caspase-3 (Asp175) Cell Signaling, 9661 1:300
Rabbit anti-GFP Invitrogen, A11122 1:2,000
Rabbit anti-Ibal Wako, 019-19741 1:1,500
Rabbit anti-parvalbumin Millipore, MAB1572 1:1,000
Rabbit anti-TH Millipore, AB152 1:2,000
Rabbit anti-VGLUT2 Synaptic Systems, 135403 1:2,000
Rat anti-DAT Millipore, MAB369 1:1,000
Sheep anti-TH PelFreeze, P60101-0 1:1,000

MPTP treatment. Procedures for working with MPTP or MPTP-
treated animals were followed as described previously (68) and
approved by UCSD Institutional Biohazard Use Authorization. For the
acute treatment, mice received 4 MPTP (15 mg/kg, free base) or saline
injections (i.p.) 2 hours apart and were perfused 7 days after the last
injection. For the chronic treatment, mice received a single injection of
MPTP (30 mg/kg, free base) or saline once a day for 5 days and were
perfused 21 days after the last injection as described below.

Electrophysiology. Adult mice (6-12 weeks) were deeply anesthe-
tized with pentobarbital (200 mg/kgi.p.; Virbac) and perfused intracar-
dially with 10 mlice-cold sucrose-artificial cerebrospinal fluid (sucrose-
ACSF) containing (in mM) 75 sucrose, 87 NaCl, 2.5 KCI, 7 MgCl,, 0.5
CaCl,, 1.25 NaH,PO,, 25 NaHCO, and continuously bubbled with
carbogen (95% 0,/5% CO,). Brains were extracted and 200-um coro-
nal slices were cut in sucrose-ACSF using a Leica Vibratome (vt1200).
Slices were transferred to a perfusion chamber containing ACSF at 31°C
(in mM): 126 NaCl, 2.5KCl, 1.2 MgCl,, 2.4 CaCl,, 1.4 NaH,PO,, 25 NaH-
CO,, 11 glucose, continuously bubbled in carbogen. After more than 60
minutes of recovery, slices were transferred to a recording chamber con-
tinuously perfused with ACSF (1-3 ml/min). Patch pipettes (3.5-6.5 MQ)
were pulled from borosilicate glass (King Precision Glass) and filled
with internal recording solution containing (in mM) 120 CsCH,SO,, 20
HEPES, 0.4 EGTA, 2.8 NaCl, 5 tetraethylammonium, 2.5 Mg-ATP, 0.25
Na-GTP, at pH 7.25 and 285+ 5 mOsm.

mCherry-labeled terminals in the nucleus accumbens (ventro-
medial striatum) and the CPu (dorsomedial striatum) were visualized
by epifluorescence, and visually guided patch recordings were made
using infrared-differential interference contrast (IR-DIC) illumination
(Axiocam MRm, Examiner.Al, Zeiss). ChR2 was activated by flash-
ing blue light (473 nm; 5-millisecond pulse width to trigger postsyn-
aptic currents in whole cell) through the light path of the microscope
using an ultrahigh-powered light-emitting diode (LED460, Prizmatix)
under computer control. Excitatory postsynaptic currents (EPSCs) were
recorded in whole-cell voltage clamp with a holding potential of -65 mV
(Multiclamp 700B amplifier, Axon Instruments), filtered at 2 kHz, digi-
tized at 10 kHz (Axon Digidata 1550, Axon Instruments), and collected
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on-line using pClamp 10 software (Molecular Devices). Photostimuli
were applied every 45 seconds, and 10 photo-evoked currents were aver-
aged per neuron per condition. DMSO stock solution of DNQX (Sigma-
Aldrich) was diluted 1,000-fold in ACSF and bath applied 10 pM. Cur-
rent sizes were calculated using peak amplitude from baseline. Series
resistance and capacitance were electronically compensated before
recordings. Estimated liquid-junction potential was 12 mV and was left
uncorrected. Series resistance and/or leak current were monitored dur-
ing recordings, and cells that showed more than 25% change during
recordings were considered unstable and discarded.

Immunohistochemistry. Mice were anesthetized with ketamine (Pfiz-
er; 10 mg/kg, i.p.) and xylazine (Lloyd; 2 mg/kg, i.p.). Animals were trans-
cardially perfused with ice-cold PBS followed by 4% PFA. Brains were
incubated in 4% PFA overnight at 4°C and transferred to 30% sucrose for
48-72 hours until sunk and frozen in chilled isopentane. Brains were seri-
ally cut at 30 um using a cryostat (CM30508, Leica) and collected in PBS
containing 0.01% sodium azide. For immunofluorescence, free-floating
sections were washed 3 times (5 minutes) in PBS and blocked 1 hour in
PBS containing 5% normal donkey serum and 0.3% Triton X-100 (block-
ing buffer) followed by incubation with primary antibodies (see Table 3
for details) in blocking buffer overnight at 4°C. The following day, sec-
tions were washed 3 times (15 minutes) in PBS and incubated with sec-
ondary antibodies in blocking buffer for 2 hours at room temperature.
All secondary antibodies were from Jackson ImmunoResearch Labora-
tories and were conjugated to either Alexa Fluor 488, Alexa Fluor 594,
or Alexa Fluor 647 (5 pg/ml). Sections were rinsed 3 times (15 minutes)
and mounted onto glass slides with Fluoromount-G mounting medium
(Southern Biotech) with or without DAPI (0.5 ug/ml). Images were cap-
tured using a Zeiss Axio Observer Epifluorescence microscope or an
Olympus Fluoview FV300 Laser Scanning Confocal Microscope.

For the chromogenic staining, free-floating sections were washed
3 times (5 minutes) in 0.1 M Tris-buffered saline, pH = 7.6 (TBS),
before incubation of sections in 3% H,0, (in TBS) for 30 minutes at
room temperature to quench endogenous peroxidases followed by
blocking in 5% normal donkey serum/0.3% Triton X-100 in TBS for 1
hour at room temperature. Rabbit anti-TH (Millipore) or rabbit anti-5-
HT (Immunostar) was used at a concentration of 1:2,000 or 1:3,000,
respectively, in blocking buffer. Sections were incubated in primary
antibody solutions overnight at 4°C. The following day, sections were
washed 3 times (15 minutes) in TBS and incubated with a donkey anti-
rabbit biotinylated secondary antibody (Jackson ImmunoResearch
Laboratories) at 1:400 in blocking buffer for 2 hours at room tem-
perature. Sections were again washed 3 times (15 minutes) in TBS and
incubated in avidin-biotin complex solution (Vectastain Elite ABC kit,
Vector Laboratories) for 2 hours at room temperature before addi-
tional washes in TBS (2 times, 10 minutes). Sections were incubated
in DAB solution (0.4 mg/ml 3,3-diaminobenzidine-HCI and 0.005%
H,0,in 0.1 M Tris-HCI) for 3-5 minutes at room temperature. Sections
were again rinsed 2 times in TBS before mounting onto glass slides
and dried overnight. The next day, sections were dehydrated through
increasing concentrations of ethanol, cleared with CitriSolv (Thermo
Fisher Scientific), and cover-slipped using DPX mounting medium.
All antibodies used in the study can be found in Table 3.

RNAscope. Brains were serially cut (20 pm) on a cryostat and
mounted directly onto glass slides. Sections were stored at -80°C
before starting of the RNAscope assay (Advanced Cell Diagnostics).
Briefly, sections were fixed with 4% PFA for 15 minutes at 4°C fol-

jci.org  Volume128  Number2  February 2018


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/2

RESEARCH ARTICLE

lowed by dehydration in increasing ethanol concentrations and pro-
tease treatment. RNA hybridization probes included antisense probes
against mouse Th (317621-C3) and Sic17a6 (319171-C1). Slides were
counterstained with DAPI and coverslipped using Fluoromount-G
mounting medium. Images were taken at x20 magnification using a
Zeiss Axio Observer Epifluorescence microscope.

Unbiased stereology. Stereological sampling was performed using
Stereo Investigator software by investigators blind to treatment.
Counting frames (100 x 100 pum) were randomly placed on a count-
ing grid (200 x 200 pm) and sampled using a 7-um optical dissector
with guard zones of 10% of the total slice thickness on each site (-2
um). The boundaries of the SN¢, VTA, or DRN were outlined under
magnification (x4 objective). Cells were counted with a x20 objec-
tive (0.45 numerical aperture) using an Eclipse €800 microscope
(Nikon). A dopaminergic or serotonergic neuron was defined as an in-
focus TH- or 5-HT-immunoreactive (TH-IR/5-HT-IR) cell body with
a TH-negative or 5-HT-negative nucleus within the counting frame.
Similarly, a VTA GABA neuron was defined when present within the
TH-immunoreactive boundaries delineating the VTA with zsGreen
fluorescence present in the soma. For the SNc and VTA, every fifth sec-
tion was processed for TH-IR/zsGreen-IR, resulting in 10-12 sections
sampled per mouse, and every second section was counted, resulting
in 5-6 sections in total. For the DRN, every fifth section was processed
and sampled per mouse, resulting in 5 sections in total. The number
of neurons in the SNc, VTA, or DRN was estimated using the optical
fractionator method, which is unaffected by changes in the volume of
reference of the structure sampled. Between 70 and 160 objects per
animal were counted to generate the stereological estimates.

Cell counting for fluorescent images. Sections covering the rostrocau-
dal extent of the dorsal striatum (bregma +1.7 to -0.9) were collected
and stained for ChAT, GFP, and VGLUT2. Counts were made by an
investigator blind to treatment. Tiled images were acquired using a
Zeiss Epifluorescence microscope (Axio Observer, Zeiss) and used to
count ChAT-positive cholinergic interneurons by Image]. Counted
sections were 300 pm apart, and 7 sections were counted per animal.
For STN cell counting, sections covering the rostrocaudal extent of the
STN (bregma -1.7 to -2.4) were stained with NeuN and parvalbumin to
delineate STN borders. Single images were taken using a Zeiss Epifluo-
rescence microscope (Axio Observer, Zeiss) and used to count NeuN*
STN neurons by Image]. Sections counted were 150 pum apart, and 4
sections were counted per animal. To count zsGreen-positive TH neu-
rons in VGLUT2¢" x R26 floxed-stop-zsGreen mice, 3 sections covering
the SNc and VTA from each of 2 animals were counted and analyzed by
Image] for colocalization.

TH densitometry. Images (TH-DAB stained) were acquired using
a Zeiss Axio Observer under brightfield illumination. Four to six stria-
tal sections per animal were analyzed using Image]. Briefly, regions of
interest in the dorsal striatum were delineated and pixel densities were
estimated using Image]. Background staining was quantified by mea-
surement of pixel intensities in the dorsomedial cortex and subtracted
from striatal regions for normalization.
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Behavioral pharmacology. Both male and female mice were includ-
ed in behavioral assays, and experiments were started 3 weeks after
surgery. Horizontal locomotor activity and rotational behavior were
measured in square plastic cages (17 x 8.9 cm) using an automated
video tracking system (ANY-maze, Stoelting Co.). The following drugs
(all Sigma-Aldrich) were injected: R-(-)-apomorphine hydrochloride
hemihydrate (0.5 mg/kg, s.c.) in 0.25% (wt/vol) ascorbate in saline,
60 mg/kg L-DOPA and 12.5 mg/kg benserazide (i.p.) in 0.25% (wt/
vol) ascorbate in PBS, D-amphetamine hemisulfate (3 mg/kg, i.p.)
in saline, cocaine hydrochloride (20 mg/kg, i.p.) in saline. All drugs
were injected at 10 ml/kg except for L-DOPA /benserazide, which was
injected at 33 ml/kg. Animals were allowed to recover for at least 1
week between drug treatments.

Statistics. GraphPad Prism (GraphPad Software Inc.) was used to
analyze rodent data. SPSS (version 24.0, IBM) was used for all fly sta-
tistical analyses unless otherwise specified. All data are expressed as
mean + SEM unless otherwise indicated. Student’s # tests calculated
were 2-tailed, and a P value less than 0.05 was considered significant.

Study approval. All animal experiments were approved by the
Institutional Animal Care and Use Committee of UCSD (La Jolla, Cali-
fornia, USA), and NIH guidelines for laboratory animal care and safety
were strictly followed.
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