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Identification of a Vav2-dependent mechanism for
GDNF/Ret control of mesolimbic DAT trafficking

Shuyong Zhu'""®, Chengjiang Zhao'*®, Yingying Wu'**

, Qiaogiao Yang'", Aiyun Shao', Tiepeng Wang', Jianfu Wu',

Yangqing Yin!, Yandong Li', Jincan Hou', Xinhua Zhang1’4, Guomin Zhou®, Xiaosong Gu*, Xiaomin Wangs, Xosé R

Bustelo® & Jiawei Zhou!

Dopamine (DA) homeostasis is essential for a variety of brain activities. Dopamine transporter
(DAT)-mediated DA reuptake is one of the most critical mechanisms for normal DA homeostasis.
However, the molecular mechanisms underlying the regulation of DAT activity in the brain remain

poorly understood. Here we show that the Rho-family guanine nucleotide exchange factor protein Vav2

is required for DAT cell surface expression and transporter activity modulated by glial cell line—derived
neurotrophic factor (GDNF) and its cognate receptor Ret. Mice deficient in either Vav2 or Ret displayed
elevated DAT activity, which was accompanied by an increase in intracellular DA selectively in the

,/,
nucleus accumbens. Vav2

mice exposed to cocaine showed reduced DAT activity and diminished

behavioral cocaine response. Our data demonstrate that Vav2 is a determinant of DAT trafficking in

vivo and contributes to the maintenance of DA homeostasis in limbic DA neuron terminals.

DA has long been known to regulate diverse

brain functions, including movement

coordination, reward, learning and memory.
Dysfunction in DA systems is associated with a
variety of mneurological disorders, such as
psychiatric diseases, attention deficit/hyperactivity
disorder and Parkinson’s disease. The impact of
dysfunction of DA system on health indicates the
importance of maintaining DA functionality
through homeostatic mechanisms that are largely
dependent on the delicate balance between
synthesis, storage, release, reuptake and
metabolism. DA signaling is highly regulated in
a temporal and spatial fashion. After release into
the synaptic cleft, DA is quickly removed by
DAT, which is central to terminating DA
signaling and maintaining DA homeostasis in
single DA neuron terminals. As such, DAT

(Slc6a3”") mice display dramatic DA depletion

in tissue stores and hyperlocomotion'. DAT is
also known as the primary target for the addictive
drugs cocaine and amphetamine. Thus, an
understanding of the molecular mechanisms
underlying control of DAT expression and activity
is helpful for advancing our understanding of DA
signaling and DAT-associated brain disorders.

The function of DAT can be regulated through
redistribution of the protein to or from the cell
surface. Much has been learned in recent years
about the mechanisms underlying DAT trafficking,
which has been characterized most thoroughly by
studying DAT-interacting proteins in culture. A set
of proteins that mediate DAT trafficking, such as
protein kinase C (PKC)**, PICK1 (ref. 4), Hic-5
(ref. 5), calcium/calmodulin-dependent kinase II
(ref. 6), flotilin-1 (ref. 7) and Rin GTPase®, has
been identified. Recently, S-palmitoylation has
been identified as a regulator of DAT kinetics,

'Institute of Neuroscience, State Key Laboratory of Neuroscience, Chinese Academy of Sciences Center for Excellence in
Brain Science, Shanghai Institutes for Biological Smences Chinese Academy of Sciences, Shanghai, China. *University
of the Chinese Academy of Sciences, Shanghai, China. *Department of Anatomy, Histology and Embryology, Shanghai
Medical School, Fudan University, Shangha1 China. *Co-innovation Center of Neuroregeneration, School of Medicine,
Nantong Unlvers1ty, Nantong, China. *Center of Parkinson’s Disease, Beijing Institute for Brain Disorders, Begmg,
China. "Centro de Investlgacwn del Cancer, Consejo Superior de Investigaciones Cientificas, University of Salamanca,
Salamanca, Spain. "Present address: Institute of Virology, Hannover Medical School, Hannover, Germany. “These authors
contributed equally to this work. Correspondence should be addressed to J.Z. (]wzhou@lon ac.cn).
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degradation and PKC-dependent regulation’,
indicating the complexity in regulation of DAT
function. Although these studies have provided
much insight into the protein machinery involved
in DAT trafficking, most have been performed
predominantly in heterologous systems. As a
consequence, the functional significance of many
observations has not been evaluated in the brain
in vivo and the specific mechanisms of DAT
internalization remain to be fully defined.
Recently, Vav2 was described as potential
mediator of endocytosis'®'". Vav2 belongs to the
VAV family of oncogene proteins with guanine
nucleotide exchange factor (GEF) activity for
small G proteins of the Rho family. The Vav
family  comprises three  distinct  genes
(Vavi-Vav3). Unlike Vavl, which is exclusively
expressed in hematopoietic cells, Vav2 and Vav3

are broadly expressed in
12,13

embryonic and
postnatal tissue These two proteins are
essential for proper signaling responses in
cytoskeletal organization, mitogenesis, neuronal
morphogenesis during development, and other

13-15 . .
. Vav proteins contain

biological processes'”
several subdomains, including Src-homology
domains 2 and 3 (SH2 and SH3, respectively)
and a guanine nucleotide releasing factor—like
domain, each of which exhibits distinctive
features. The SH2 and SH3 domains function as
molecular adhesives linking cell surface receptor
and downstream signaling proteins. The guanine
nucleotide releasing factor—like domain can be
quickly triggered by direct interaction with
several ligand-activated transmembrane tyrosine

. 10,16
kinases

. Tyrosine phosphorylation of Vav
activation of Vav GDP/GTP

exchange activity that stimulates Rho and Rac

triggers the

GTPases'’. Previous studies have shown that
deficiency of Vav3 causes an increase in the
concentration of plasma DA, whereas loss of
Vav2 results in elevated plasma concentrations of

1819 Given that

Vav2 and 3 are expressed in developing and
10,11,15

noradrenaline and adrenaline
adult brain and loss of Vav2 or Vav3
perturbs the balance of catecholamines in the
peripheral sympathetic nervous system'>", we
hypothesize that Vav proteins may also control
steady-state levels of catecholamine in the brain.

In this study, we identify a Vav2-dependent
mechanism for GDNF/Ret control of DAT
trafficking as a crucial signaling pathway in the
maintenance of DA homeostasis in the nucleus
accumbens (NAc). We demonstrate that loss of
Vav2 or Ret leads to an abnormal accumulation
of DAT in the plasma membrane, resulting in
disrupted DA homeostasis in DA neuron
terminals and impaired behavioral response to
Our data Ret/Vav2

signaling is regulating  the

cocaine. indicate that
essential  in

mesolimbic DA system.

RESULTS

Midbrain Vav2 protein is preferentially found
in adult VTA

Immunoblot analysis revealed a heterogeneous
expression of Vav2 in adult mouse brain, with
the highest levels in the ventral tegmental area
(VTA) and olfactory bulb among the major brain
regions examined, including the NAc, dorsal
striatum (dSTR) and cerebral cortex (Fig. 1a,b).
To dissect these brain regions more precisely, we
used transgenic mice expressing GFP under the
of the
promoterzo. Vav2 expression was notably higher
in the VTA than in the substantia nigra (SN) both
at postnatal day (P) 14 and in the adult (Fig. 1c,d
and Supplementary Fig. 1a,b), whereas in the
SN, Vav2
consistent with developmental expression profile

control tyrosine hydroxylase (Th)

expression declined with age,

of Vav2 in whole brain lysateslo.

Further western blotting analysis on the
synaptosomes prepared from the NAc and dSTR
showed that the levels of synaptosomal Vav2

5



protein in the NAc were 2.46-fold higher than in
the dSTR (Vav2/DAT ratio: NAc, 0.90 £ 0.26;
dSTR, 0.37 £ 0.07; » = 8 mice per group;
unpaired two-tailed t-test, t;4 = 7.098, P <0.0001)
(Fig. 1e). Vav2 in situ hybridization combined
with
hydroxylase (TH) performed on adult mouse

immunohistochemistry ~ for  tyrosine
brain sections showed that Vav2 hybridization
signals were localized to TH' neurons in both the
VTA and SN (Fig. 1f). Some TH™ neurons in
both the VTA and SN pars compacta expressed
Vav2 protein (Fig. 1g). These results suggest that
Vav2 displays a distinct expression pattern from
Vav3 in brain (Supplementary Fig. 1c) with
preferential expression in VTA DA neurons.

Elevation of DA, but not noradrenaline and
serotonin, in NAc of Vav2™™ mice

To unravel the potential function of Vav2 in the
DA neuron systems, we measured monoamine
concentrations in the NAc and dSTR of adult mice
using high-performance liquid chromatography
(HPLC). The of DA, but not of
noradrenaline and serotonin, in the NAc of
Vav2”™ mice were markedly elevated (~150%)
compared with those in their wild-type (WT)
levels of the DA
metabolites  3,4-dihydroxyphenylacetic  acid
(DOPAC) and homovanillic acid and the
serotonin metabolite 5-hydroxyindoleacetic acid

levels

counterparts, whereas

remained unchanged (Fig. 1h). This may be an
indication that the mutation has no influence on
DA release, which would likely result in a
parallel increase in DOPAC. However, the
alteration of DA levels was not seen in the dSTR
or olfactory bulb of Vav2”™ mice (Fig. 1i and
Supplementary Fig. 1d). Likewise, ablation of
Vav3 did not result in a marked alteration in the
concentrations of monoamines in both the NAc
and dSTR (Supplementary Fig. 1le,f). No
significant

morphological alteration in the

mesolimbic and mesostriatal pathways in Vav2 ™"

6

mice was observed (Supplementary Fig. 1g,h).
Taken together, these results suggest that Vav2 is
required for the maintenance of DA homeostasis

in limbic DA neuron terminals in a brain

region—specific manner.
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Figure 1 Vav2 is a VTA-enriched protein required for
DA homeostasis in mesolimbic neuron terminals. (a)
Immunoblotting for Vav2 and TH in the olfactory bulb
(OB), brainstem, NAc, ventral tegmental area (VTA),
nigra (SN), dSTR,
hippocampus and cerebellum in adult mouse brain. (b)

substantia cerebral  cortex,
Quantification of a. n = 3 mice per group; one-way
ANOVA. Fg 5 = 5.354, P = 0.0015. (¢) Immunoblotting
reveals higher expression of Vav2 in the VTA of
developing and adult TH-GFP transgenic mouse brain
than in the SN. VM, ventral mesencephalon. (d)
Quantification of ¢. PO, n = 3 mice, P7 and P14, n = 4
mice per group; unpaired two-tailed t-test, tg = 3.707, *P
= 0.01. (e) Immunoblotting for Vav2 in synaptosomes
prepared from the NAc and dSTR. (f) Vav2 in situ
hybridization combined with TH immunohistochemistry.
Vav2 hybridization signals (purple) were localized to
TH' neurons (brown) in both the VTA (boxed) and SN.
Right panel is an enlarged view of the box in the left
panel. Inset is an enlarged view of the box in the right
panel. Arrows indicate a typical cell with colocalization

of Vav2 mRNA hybridization signals and TH



immunoreactive signals. Scale bar, 200 um. Data shown
in a—f were from at least three independent experiments.
(g) Double immunofluorescence staining. Some TH'
(green) neurons (arrows indicate examples) express Vav2
(red) in the VTA and SN pars compacta (SNc) of adult
mouse brain. Right panel is an enlarged view of the box
in the left panel. Scale bar, 300 pm. (h,i) Measurement of
monoamines and their metabolites in the NAc (h) and
dSTR (i) of Vav2”~ and WT mice (n = 14 mice per
group); unpaired two-tailed z-test. HVA, homovanillic
acid; NE, noradrenaline; 5-HT, serotonin; 5-HIAA,
5-hydroxyindoleacetic acid. (h), s = 4.614,*P < 0.0001
for DA. (i), t,s = 0.8530, P = 0.4014 for DA. All values
presented as mean + s.e.m. Full-length blots for a,c,e
presented in Supplementary Figure 10.

DAT influences both extracellular clearance of
DA and steady-state tissue levels of DA?'. We
thus first evaluated the effect of Vav2 ablation on
the DA uptake. ["H]DA radioassay revealed that
genetic deletion of Vav2 resulted in an ~60%
increase of DAT-mediated DA uptake in
synaptosomal preparations from the NAc, but
not from the dSTR. This effect could be rescued
(AAV)-mediated

overexpression of Vav2 selectively in the VTA,

by adeno-associated virus

but not SN (Fig. 2a,b and Supplementary Fig.
1i). In contrast, Vav3 ablation had no effect on
DAT

Similarly,

(Supplementary Fig. 1j).

knockdown of Vav2 or
overexpression of a GFP-Vav2 L212Q mutant,
which has Vav2 GEF
activity*, caused an increase in [’H]DA reuptake
in human embryo kidney (HEK)-293 cell line
stably expressing YFP-tagged DAT (Fig. 2¢ and
Supplementary Fig. 1k). Moreover, knockdown

activity
either

dominant negative

of Vav2 caused the same effect in the Neuro 2A
(N2a) mouse neural crest—derived cell line stably
expressing both red fluorescent protein
(RFP)-tagged DAT and GDNF co-receptor
GFRal (Fig. 2d,e), and this effect could be

rescued by co-expression of RFP-tagged human

Vav2 (Fig. 2e). These results collectively support
the idea that Vav2 functions as a negative
of DAT

activity—dependent manner. Further biochemical

regulator activity in a GEF
analysis showed normal degradation of DA with
reduced DA biosynthesis in the absence of Vav2
(Supplementary Fig. 2a-1), which may result
from negative feedback inhibition by the
aberrantly high DA levels.

Vav2
expression

negatively regulates DAT surface
The upregulation of DAT transporter activity in

Vav2”~ mice suggests enhanced surface
expression of DAT. To test this, synaptosomes
from both genotypes were biotinylated and
immunoblotted using DAT-specific antibody.
Levels of biotinylated DAT were markedly
higher (~70%) in the NAc of Vav2” mice
relative to WT mice, while dSTR surface DAT
expression showed no significant differences
between genotypes (Fig. 2f,g). In either case, the
total DAT levels remained the same between
genotypes (Supplementary Fig. 3a). Likewise,
in HEK293
overexpression of Vav2 or a constitutive active
mutant (Vav2 Y 172F) also markedly altered DAT

surface expression (Fig. 2h,i), but not total DAT

cells, either knockdown or

levels (Supplementary Fig. 3b,c). Consistent
with these results, the maximal velocity (Vp.x) of
[3H]DA uptake was significantly higher in the
NAc of Vav2™™ mice than in WT control (WT,
30.84 + 0.80 pmol per mg protein per min;
mutants, 51.29 = 4.04 pmol per mg protein per min,
P = 0.0077) with no significant changes in the
Michaelis constant (Km) (34.45 + 2.48 versus
43,96 + 9.06 nmol, P = 0.3686, Fig. 2j). These
results

suggest that the synaptosomal DAT

transporter activity is largely regulated by

Vav2-mediated membrane trafficking.
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Figure 2 Enhanced surface expression and DAT activity in Vav2~'~ mice. (a) Measurement of DAT transporter activities
in synaptosomal preparations from NAc and dSTR of Vav2~~ and WT mice. Data were from three independent
experiments, with NAc from a total of 9 pairs of mice and dSTR from 3 pairs of mice; unpaired two-tailed #-test. ¢,=
6.658, *P = 0.0026 for NAc; #,= 1.605, P = 0.1873 for dSTR. (b) Upregulation of DAT activity in the NAc of Vav2™~
mice was rescued by AAV-mediated Vav2 overexpression. Two independent experiments, with NAc from a total of 6
pairs of mice and dSTR from 2 pairs of mice; unpaired two-tailed #-test. z,= 12.98,*P = 0.0059 for NAc; .= 0.6665, *P
=0.5737 for dSTR. (¢) [*H]DA uptake in HEK293 cells that stably overexpressed YFP-DAT, transiently overexpressing
shRNA specific to Vav2 (shVav2 #1) or dominant negative Vav2 L212Q. c.p.m., counts per minute. » = 7 independent
experiments; unpaired two-tailed #-test, 7,= 5.578, ***P = (0.0001, **P = 0.0030. Inset immunoblots show equal protein
levels of B-actin between Vav2 shRNA and control. (d) [PH]DA uptake in N2a cells stably overexpressing RFP-tagged
DAT and GFRal. Cells were transfected with shVav2 #1, #2 or Vav2 L212Q and maintained for 72 h before western
blotting. » = 3 independent experiments; one-way ANOVA with Sidak’s multiple comparisons test, F.,=13.74, P =
0.0016; post hoc: t,= 3.422, P = 0.0226 for shVav2 #2; t,= 6.404, P = 0.0006 for shVav2 #1; t,= 3.576, P = 0.0182 for
L212Q. *P < 0.05. Immunoblot (right) shows equal protein levels of B-actin in each group. (e) [’H]DA uptake in N2a
cells stably overexpressing RFP-DAT and GFRal. Cells were transfected with shVav2 #2, RFP-tagged Vav2 or
scrambled shRNA as a control. » = 3 independent experiments; one-way ANOVA with Sidak’s multiple comparisons test,
F,,=8.765, P = 0.0166; post hoc: t,= 3.533,*P = 0.0246 for #2; t,= 0.1783, P = 0.9816 for rescue. (f) Surface
biotinylation analysis for surface expression of DAT in NAc and dSTR synaptosomal preparations in Vav2~'~ and WT
mice. (g) Quantification of f. Four independent experiments for NAc from a total of 12 pairs of mice and dSTR from 4
pairs of mice; unpaired two-tailed z-test. z,= 2.692,*P = 0.0359 for NAc. n.s., not significant; P = 0.2422. (h,i) Surface
biotinylation analysis to assess surface and total DAT levels in HEK293 cells stably overexpressing YFP-tagged DAT.
Cells were transiently transfected with shVav2 #2, RFP-tagged Vav2 or constitutively active Vav2 Y172F. Representative
of at least three independent experiments. (j) Kinetic characteristics of DAT-mediated DA uptake in NAc synaptosomal
preparations of Vav2™~ and WT mice. Three independent experiments with NAc from a total of 8 pairs of mice; unpaired
two-tailed #-test. £,= 11.77, P = 0.0003. All values presented as mean + s.e.m. Full-length blots for c—f,h,i presented in
Supplementary Figure 10.
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Figure 3 Vav2 is a substrate of Ret receptor tyrosine kinase contributing to the regulation of DAT trafficking and
function. (a) PH]DA uptake assessment in NAc or dSTR synaptosomal preparations of Rer”” mice and WT mice.
Representative of four independent experiments with NAc from a total of 12 pairs of mice and of three independent
experiments with dSTR from a total of 3 pairs of mice. Unpaired two-tailed #-test; 75 = 6.001, *P = 0.0010 for NAc; t, =
0.4782, P = 0.6574 for dSTR. (b) Surface biotinylation combined with immunoblotting shows elevated surface DAT in
NAc and dSTR synaptosomes of Ref” mice. (¢) Quantification of b. n = 3 independent experiments; unpaired
two-tailed #-test; 7, = 3.218, *P = 0.0323 for NAc; #, = 0.6840, P = 0.5316 for dSTR. (d,e) HPLC analysis of
monoamines and their metabolites in the NAc (d) and dSTR (e) of Ref” and WT mice. (d) n = 7 mice per group;
unpaired two-tailed #-test; ¢, = 2.727, *P = 0.0184 for DA. (e) n = 9 mice per group; unpaired two-tailed #-test; t;5 =
0.5411, P = 0.5959 for DA. (f) Characterization of Vav2 and the intracellular domain of Ret interaction using a yeast
two-hybrid assay. (g) GST pulldown assay showing the interaction between the GST-Vav2 C-terminal adaptor domain
(GST-Vav2-C) and Flag-tagged Ret, which is abolished by PP2 (15 uM) treatment for 60 min before harvesting cells. IB,
immunoblot. (h) Coimmunoprecipitation (IP) reveals that Vav2 interacts with Ret in a kinase-dependent manner. PP2 or
PP3 was added to cultures each at 15 uM for 60 min before cells were harvested. pTyr, phosphotyrosine. (i)
Identification of the tyrosine residues of Ret responsible for Vav2 activation using site-directed mutagenesis combined
with yeast two-hybrid assay. BD, Gal4 DNA-binding domain—Ret ICDs; AD, Gal4 activation domain—Vav2. (j,k) GST
pulldown (j) and coimmunoprecipitation (k) assays. GST-Vav2-C interacts with Ret-Flag, but not the Flag-tagged Ret
Y905F mutant. Data in f-h,j,k were from at least two independent experiments. All values presented as mean + s.e.m.
Full-length blots for b,g,h.j presented in Supplementary Figure 10.

Synaptosomal DAT activity is regulated by and  amphetamine-stimulated  efflux®.  Thr53
phosphorylation of DAT*** in addition to membrane phosphorylation of DAT in the NAc, dSTR and VTA
trafficking” >’. To clarify the contribution of DAT showed no significant differences between
phosphorylation to Vav2-mediated DAT regulation, genotypes (Supplementary Fig. 2m,n), supporting
we analyzed DAT phosphorylation using a the idea that DAT phosphorylation at this site is not
Thr53-phosphospecific antibody, since the Thr53 involved in Vav2-mediated DAT trafficking.

DAT phosphorylation site regulates substrate reuptake



Vav2 is a substrate of Ret receptor tyrosine
kinase

Next we sought to determine the mechanisms by
which Vav2 is activated in the regulation of DAT
function. Recent studies have shown selective
enhancement of DAT activity in the NAc of
Gdnf" " mice®, which resembles the phenotypes
observed in Vav2™~ mice (Fig. 2). This led us to
hypothesize that Vav2 may be functionally
related to GDNF
hypothesis, we first assessed the DA tissue levels

signaling. To test the

and DAT activity in Rer”” mice, since Ret is a
cognate receptor for GDNF with transmembrane
tyrosine receptor kinase (RTK) activity’’. In
accordance with the biochemical changes
observed in Vav2™ mice, there were significant
increases in DA uptake in the synaptosomes
from the ventral, but not dorsal, striatum of
Ret"” mice (Fig. 3a). This was accompanied by
a significant increase in DAT surface expression
(Fig. 3b,c), whereas total DAT levels were not
significantly altered (Supplementary Fig. 3d).
We also found selective augmentation of tissue
DA levels in the NAc, but not dSTR or olfactory
bulb, of Ret”” (Fig. 3de and
Supplementary Fig. 4a). Consistent with the
result that the levels of phospho-Thr53-DAT were

not significantly different between genotypes in

mice

various brain regions (Supplementary Fig. 2m,n),
Ret”” mice also showed no marked alteration in
the levels of phospho-Thr53 DAT expression
(Supplementary Fig. 4b,c).

The evidence of a functional link between Vav2
and Ret suggests that the two proteins may function
together in a complex to regulate limbic DAT
activity. A yeast two-hybrid assay revealed that
Vav2 bound to the intracellular domain (ICD) of Ret,
whereas Vav3 interacted much more weakly with
the Ret ICD than Vav2 in yeast cells (Fig. 3f and
Supplementary Fig. 5a). Coimmunoprecipitation
assays confirmed that there was no interaction
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between Vav3 and full-length Ret in HEK293 cells
(Supplementary Fig. 5b). Moreover, we identified
a fragment of Vav2 that mediates the interaction
between Vav2 and Ret. Among a series of deletion
mutants of Vav2, the C-terminal SH2 domain of
Vav2 was the minimal fragment for direct
interaction between Vav2 and Ret (Fig. 3f).
Glutathione S-transferase (GST) pulldown or
coimmunoprecipitation — assay  confirmed the
observation that Vav2, through its adaptor domain,
interacted with phosphorylated full-length Ret (Fig.
3g,h). Moreover, the binding between full-length
Ret and Vav2 (Fig. 3h) or the Vav2 adaptor domain
(Fig. 3g) depended on Ret phosphorylation(s), as
inhibition of Ret kinase using the inhibitor
4-amino-5-(4-chlorophenyl)-7-(z-butyl)pyrazolo[ 3,4-
d]pyramidine (PP2), but not its negative control
4-amino-7-phenylpyrazolo[3,4-d]pyramidine
(PP3)’', drastically suppressed the phosphorylation
of Vav2 and the interaction between phospho-Vav2
and phospho-Ret in HEK293 cells (Fig. 3h).
Similarly, coexpression of Vav2 and Ret resulted in
enhanced phosphorylation of Vav2 tyrosine
residue(s), which was also abrogated by PP2 only
(Fig. 3h).

Tyrosine phosphorylation of Ret is crucial for
activation of downstream signaling”’. We next
sought to identify the tyrosine residues of Ret
that are responsible for Vav2 activation by using
a yeast two-hybrid assay. We individually
replaced each of the sixteen tyrosine residues in
the Ret ICD, which have been reported to be
phosphorylated following GDNF stimulation?,
with phenylalanine. Of the sixteen Ret mutants
examined, only the Y905F mutant failed to
interact with Vav2 (Fig. 3i). GST pulldown and
coimmunoprecipitation assays confirmed that
mutation of Y905F markedly reduced Ret
binding to Vav2 (Fig. 3j.,k), suggesting that
Vav2 specifically  with  the
GDNF-activated form of the Ret. Taken together,

interacts



these data suggest that Vav2 binds phos-
phorylated Ret and is a substrate of the Ret
receptor tyrosine kinase.

Vav2 is recruited into GDNF/Ret signaling to
regulate DAT function

Next, we evaluated the impact of Ret/Vav2
signaling on the modulation of DAT function. To

hairpin RNA-mediated Vav2 knockdown in
HEK293 cells stably expressing YFP-DAT. Ret
overexpression—induced suppression of DA uptake
was markedly relieved by shRNA-mediated
knockdown of Vav2 (Fig. 4a). In contrast, TrkA, a
tyrosine receptor kinase that was reported to

activate Vavl in immune systems™, did not

significantly alter DAT transporter activity (P =

investigate whether Vav2 is required for
. . 0.1616; Supplementary Fig. Sc).
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Figure 4 GDNF/Ret/Vav2 signaling modulates DAT activity. (a) ["H]DA uptake assessment in HEK293 cells stably
overexpressing YFP-DAT that were transiently transfected with empty vector (Flag vector), Flag-tagged Ret, scrambled
shRNA or shVav2 #1. n = 3 independent experiments; one-way ANOVA with Dunnett’s multiple comparisons test, Fi5 g
= 12.70, P = 0.0021; post hoc: g3 = 4.832, **P = 0.0034 for Ret-Flag; g5 = 3.453, *P = 0.0216 for Ret-Flag plus
scrambled shRNA; gg = 0.2174, P = 0.9924 for Ret plus shVav2 #1. (b) GDNF stimulation (100 ng/ml) activates
endogenous Vav2 in SH-SY5Y neuroblastoma cells. Cells were incubated with 100 ng/ml GDNF for various times. 1B,
immunoblot; IP, immunoprecipitation; pTyr, phosphotyrosine. (¢) GDNF treatment (100 ng/ml) enhances interaction
between Vav2 and Ret in SH-SYSY cells. Data are from two independent experiments. IgG, immunoglobulin G. (d)
[PH]DA uptake assessment was performed in N2a cells stably expressing RFP-tagged human DAT and GDNF
co-receptor GFRal treated with GDNF (10 or 100 ng/ml) for 30 min. » = 4 independent experiments; one-way ANOVA
with Dunnett’s multiple comparison test: /59 = 26.24, P = 0.0002; post hoc: gy = 4.009, **P = 0.0057; g9 = 7.229, ***pP
< 0.0001. (e) Surface biotinylation combined with immunoblotting shows decreases in surface Ret and DAT in N2a cells
stably overexpressing RFP-DAT and GFRol following transient exposure to GDNF. (f,g) Surface biotinylation
combined with immunoblotting and [PH]DA uptake assessment shows that decreases in surface DAT and DAT
transporter activity in N2a cells stably overexpressing RFP-DAT and GFRal were abolished upon transfection with
shVav2 #2. n = 3 independent experiments; two-way ANOVA with Bonferroni’s post test; main effect of genotype (F g
= 38.10, P = 0.0003) and treatment (F, g = 5.526, P = 0.0466), no effect of interaction (¥, g = 4.050, P = 0.0790); post
hoc: tg = 3.085, P = 0.003 between control and GDNF in scramble group; 75 = 0.2392, P > 0.9999 between control and
GDNF in shVav2 group; #g = 2.942, P = 0.0370 between scrambled and shVav2 in control group; *P < 0.05; n.s. not
significant. All values presented as mean + s.e.m. Full-length blots for b,c,e.f presented in Supplementary Figure 11
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Figure S Ret interacts with DAT. (a) Split-ubiquitin membrane-based yeast two-hybrid assay shows that Ret interacts
with DAT. Photographs show the growth of the transformants on synthetic defined (SD) medium (-Trp —Leu —His plus
3-amino-1,2,4-triazole (3-AT) at three different concentrations). CTL, control. Alg5 is a endogenously expressed
transmembrane protein in yeast used as a positive control. (b,c) Coimmunoprecipitation (IP) shows that DAT interacts
with Ret. IB, immunoblot; IgG, immunoglobulin G. (d) Immunofluorescence staining for DAT and Ret in primary
cultured mesencephalic neurons from embryonic day 16 WT mouse embryos. Arrowheads indicate colocalization of
immunosignals; boxed region enlarged at right. Data are from at least two independent experiments. Scale bars, 20 pm.
(e) Coimmunoprecipitation shows that interaction between endogenous Vav2 and DAT is enhanced in HEK293 cells
stably overexpressing Flag-DAT-IRES-GFP with transient transfection of Ret. Data in a—e are representative of at least
three independent experiments. Full-length blots for b,c,e presented in Supplementary Figure 11.

We then determined whether GDNF functions
via Ret/Vav2 signaling to directly regulate DAT
activity. Exposure to GDNF of the human
neuroblastoma SH-SYS5Y cell which
expresses GDNF receptors and Vav2, increased

line,

Vav2 tyrosine phosphorylation(s) and promoted
Ret—Vav2 interaction (Fig. 4b,c), suggesting that
the Ret/Vav2 signaling is biochemically
activated by GDNF. Augmentation of GDNF/Ret
signaling by treatment with GDNF of N2a cells
stably expressing RFP-tagged human DAT and
the GDNF co-receptor GFRal resulted in a
marked reduction in DA uptake as revealed by
[*H]DA uptake assay (Fig. 4d), suggesting that
GDNF is a regulator for DAT activity, echoing a
DAT
activity in Gdnf" mice®. Treatment of N2a cells

previous study demonstrating higher
with GDNF or overexpression of Flag-tagged
Ret in HEK293T cells also resulted in elevated
Tyr905 phosphorylation of endogenous Ret
(Supplementary Fig. 5d,e), leading to decreased
surface expression of Ret and DAT (relative ratio
of surface DAT to total DAT: 30.72 + 12.35%, n
= 4; unpaired two-tailed z-test, t, = 5.612, P =

12

0.0014), but not total DAT, and this decrease was
accompanied by decreased DA uptake (Fig. 4e
and Supplementary Fig. 3e). Notably, GDNF
induced a much larger change in DAT surface
levels than in DAT activity. Moreover, the
GDNF-induced suppression of DAT transporter
activity and DAT surface expression, but not
total DAT levels, were markedly attenuated by
shRNA knockdown of Vav2 (Fig. 4f,g and
Supplementary Fig. 3f).

PKC is known to be an important regulator for
DAT We thus
investigated the potential association between
the GDNF/Vav2 signaling and PKC-mediated
downregulation of DAT activity. In HEK293
cells, Vav2 knockdown partially blocked
reduction in DA uptake by the PKC activator
(PMA)
(Supplementary Fig. 6a), suggesting that PKC
regulation of DAT is partially Vav2 dependent.
Moreover, the GDNF-induced downregulation of

trafficking and activity.

phorbol  12-myristate ~ 13-acetate

DAT transporter activity in the N2a cells was not
significantly attenuated by pretreatment with the
PKC inhibitor GF109203X (P = 0.1695;



Supplementary Fig. 6b), suggesting that (ubiquitin N-terminal amino acids 1-34, with an
GDNF-regulated DAT activity is PKC [13G  mutation) were expressed with no
independent. These data suggest GDNF/Ret self-activation of the histidine reporter gene

signaling is a new type of DAT regulator, and expression (Supplementary Fig. 7a). Hence, we
their action on DAT activity is Vav2-dependent. used the system to determine whether the two
Binding between Ret and DAT is required for membrane proteins bind to each other. DAT did
Ret/Vav2-dependent DAT trafficking interact with Ret (Fig. 5a), providing evidence

. . . i ith i i ion. Thi 1
Given that Ret/Vav2 was functionally associated consistent with a direct interaction Is result

with DAT (Figs. 2 and 3), we speculated that Ret
may interact with DAT in the plasma membrane,

was confirmed by coimmunoprecipitation assay
using tissue lysates from the NAc and dSTR (Fig.
5b,c¢), as well as immunocytochemical staining
showing colocalization of DAT and Ret in
primary cultured mesencephalic neurons (Fig.

providing a molecular basis for Ret/Vav2-dependent
DAT trafficking. To test this, we analyzed potential
binding between Ret and DAT wusing the

split-ubiquitin, membrane-based yeast two-hybrid 5d). Moreover, activation of Ret enhanced

binding between Vav2 and DAT as revealed by

assay.  Colony  growth  assays  showed . o .
coimmunoprecipitation assays (Fig. Se).

DAT-Cub-LexA-VP16 (where Cub is the C-terminal
part of ubiquitin, amino acids 35-76) and Ret-NubG
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Figure 6 Vav2 is required for DAT trafficking in the context of cocaine. (a) Surface biotinylation combined with
immunoblotting. Acute cocaine (20 mg/kg) exposure alters surface expression of DAT in synaptosomal preparations from
the NAc of Vav2”~ and WT mice. SAL, saline; COC, cocaine. (b,c) Quantification of a. Two-way ANOVA with
Bonferroni’s post test. (b) # = 3 independent experiments, main effect of genotype (F1.8= 19.31, P = 0.0023) and interaction
(F,=77.87, P <0.0001), no effect of treatment (F,,= 4.884, P =0.0581); post hoc: t,= 4.677, **P = 0.0032; t,= 7.803, ***P
=0.0001. (¢) n = 7 independent experiments, no effect of genotype (F,..= 0.3892, P = 0.5386), treatment (¥',,= 0.4500, P =
0.5088) or interaction (F,,,= 3.076, P = 0.0922); post hoc: t,,= 1.714, P = 0.1986 between saline and cocaine in WT; .=
0.7658, P = 0.9025 between saline and cocaine in Vav2™". n.s., not significant. (d,e) ["HJDA uptake assessment in
synaptosomal preparations from the NAc (d) or dSTR (e) of Vav2~~ mice and WT mice treated with acute cocaine (20
mg/kg) or vehicle. Representative of four independent experiments with NAc from a total of 32 pairs of mice and of six
independent experiments with dSTR from a total of 12 pairs of mice. Two-way ANOVA followed by Bonferroni’s
multiple-comparisons test. (d) Main effect of interaction (F,,= 42.82, P = 0.0006), no effect of genotype (F,,= 0.1446, P =
0.7168) or treatment (F,,= 2.115, P = 0.1961); post hoc: t,=3.599, P = 0.0228 between saline and cocaine in WT; #,= 5.655,
P = 0.0026 between saline and cocaine in Vav2™". (¢) Main effect of treatment (F,,,= 6.679, P = 0.0272), no effect of
genotype (F,,,= 0.4865, P =0.5014) or interaction (F,,,= 1.804, P = 0.2089); post hoc: F,,,= 1.804, t,= 2.777, *P = 0.0391;
t,= 0.8778; n.s., P = 0.8013, between saline and cocaine in Vav2~ mice. (f) Coimmunoprecipitation (IP). Cocaine (20
mg/kg) reduces binding between Ret and immunoprecipitated Vav2. Data are from at least two independent experiments.
(g,h) Measurement of tissue DA from the NAc of Vav2™~ (g) or Vav3™ (h) and WT mice treated with saline or acute
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cocaine (20 mg/kg). (g) Representative of eight samples of NAc from a total of 16 pairs of mice. Two-way ANOVA
followed by Bonferroni’s multiple-comparisons test; main effect of treatment (£,,,= 4.909, P = 0.0350) and interaction (F\
= 8.455, P =0.0070), no effect of genotype (F...= 2.327, P = 0.1384); post hoc: t,= 3.623, P = 0.0034 between WT saline
and WT cocaine; £,= 3.135, P = 0.0120 between WT saline and Vav2 ™ saline; t,= 2.645, P = 0.0392 between WT saline
and Vav2™" cocaine. (h) n = 4 mice for WT saline, n = 6 mice for Vav3™ saline, n = 3 mice for WT cocaine, n = 6 mice for
Vav3™~ cocaine. Two-way ANOVA followed by Bonferroni’s post hoc test; main effect of treatment (F,,= 24.43, P =
0.0002), no effect of genotype (F,,,= 1.381, P =0.2583) or interaction (¥,,= 0.8399, P = 0.3739); post hoc: t,= 3.672, P =
0.0045 between WT saline and WT cocaine; P = 0.0090 between Vav3 ™ saline and Vav3 ™~ cocaine. *P < 0.05. All values
presented as mean + s.e.m. Full-length blots for a,f presented in Supplementary Figure 11.

We also found that the binding between Ret and
DAT was independent of Ret phosphorylation
status, as PP2 treatment had no marked impact
on the interaction between Ret and DAT in
HEK293 cells (Supplementary Fig. 7b),
suggesting the Ret-DAT binding assumes a
different nature from the Ret-Vav2 interaction,
given that in the Ret-Vav2 interaction the
phosphorylation of Ret is absolutely required
(Fig. 2). Also, coexpression of Ret and human
DAT in HEK293 cells did not markedly alter
Thr53 phosphorylation of DAT (Supplementary
Fig. 7c¢). These results further support the
observation that GDNF/Ret/Vav2 signaling is
vital for the regulation of DAT trafficking.

Vav2 is required for DAT trafficking in the
context of cocaine

Previous studies have demonstrated that acute
cocaine administration in rodents leads to
elevated surface DAT expression and DAT

34,35

activity” >, We hence examined whether Vav2

regulates DAT expression in response to cocaine.

As expected, acute administration of cocaine
resulted in a profound increase in levels of
cell-surface, but not total, DAT in both the NAc
and dSTR synaptosomes of WT mice as
compared with saline-treated control (Fig. 6a—c
and Supplementary Fig. 3g,h). This may be
partially explained by
signaling, as manifested by marked decreases in
the binding between Vav2 and Ret (Fig. 6f),
which may allow more DAT protein to be
released from the Ret/Vav2/DAT complex for its
membrane

impaired Ret/Vav2

accumulation. Similarly to the
in DAT

DAT

cocaine-evoked increases surface

expression in WT animals, surface
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expression levels were also elevated in the NAc,
but not dSTR, of saline-treated Vav2™~ mice.
However, there was a dramatic decrease in the
DAT surface expression and a trend toward the
decrease in extracellular DA in the NAc of
Vav2”~ mice administered cocaine compared
with cocaine-treated WT mice (Fig. 6a—c and
Supplementary Fig. 8a),
inactivation of Vav2 contributes to cocaine-induced

indicating  that

abnormal distribution of limbic surface DAT, as
well as perturbed synaptic cleft DA levels. Notably,
a similar trend for DAT activity was found in
cocaine-treated  Vav2”~  mice (Fig. 6d.e).
Furthermore, the cocaine-induced tissue DA
increase in the NAc of WT mice was blocked in
Vav2™" mice (Fig. 6g), indicating that the DAT in
Vav2”" mice failed to functionally response to
cocaine stimulation. In contrast, Vav3™™ mice and
their WT counterparts displayed similar tissue DA
levels following cocaine administration (Fig. 6h).
These results suggest that cocaine exposure impairs
the Ret/Vav2 signaling pathway, leading to
dysregulated DAT function and unbalanced DA
homeostasis in limbic DA neuron terminals.

To assess the impact of Vav2-mediated DAT
trafficking in the context of cocaine-induced
addiction, we examined a series of behaviors in
Vav2”~ mice and controls. In tests of
spontaneous activity, Vav2~"~ animals showed no
marked difference in either novelty-associated
locomotion over 30 min or in total locomotor
activity patterns over 24 h when placed in a
novel environment (Fig. 7a and Supplementary
Fig. 8b). Cocaine administered daily produced
the expected increase in locomotor activity, and
the magnitude of the response was larger on day
16 than on day 1, indicating the development of



behavioral sensitization (Fig. 7b). However, the
response of Vav2™ ~, but not Vav37/7, mice was
significantly blunted from day 3 onwards
compared to that in WT mice after cocaine
administration (Fig. 7b,c¢). Consistent with these
results, Vav2~~ mice administered nomifensine,
a norepinephrine-dopamine reuptake inhibitor,
showed reduced and delayed locomotor activity
(Supplementary Fig. 8b,c). Moreover, the
conditioned place preference (CPP) test revealed
no preference evoked by low dose of cocaine (5

(Fig. 7d). This was not due to impaired learning
and memory or to a difference in basal CPP, as
there was no significant difference in performance
in sucrose preference and contextual fear
conditioning between genotypes (Supplementary
Fig. 8e,f). In comparison, Vav3~~ mice did not
display a profound change in CPP assay as
compared with WT control (Supplementary Fig.
8g). Vav2~" mice also exhibited normal response
to the acoustic startle stimulation and prepulse
inhibition (Supplementary Fig. 8h,i). Notably,

the attenuated cocaine-induced CPP and DAT
activities in Vav2-deficient mice could be rescued
AAV-mediated Vav2 gene
selectively in the VTA (Fig. 7d,e).

mg/kg) or significantly decreased preference (10
mg/kg cocaine) for the compartment paired with
cocaine in Vav2~ mice, whereas cocaine at both by transfection

5 and 10 mg/kg induced robust CPP in WT mice

O Vav2**

a b c d ez e
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Figure 7 Altered cocaine-induced behavioral sensitization in ¥av2~ mice. (a) The spontaneous activity of Vav2™ mice
over 30 min is not altered compared with that of WT mice. Unpaired two-tailed #-test, 33 = 1.800, P = 0.0809 (n = 17 per
group). (b,¢) The cocaine-induced behavioral sensitization of Vav2™”~ (b), but not Vav3~~ mice (c), is altered compared
with that of WT mice. Paired #-test for same genotype, unpaired #-test for different genotype. (b) n = 15 for WT saline, n =
12 for WT cocaine, n = 15 for mutant saline, n = 16 for mutant cocaine. #;; = 5.343, P = 0.0002 between WT first day and
challenge day; #;5 = 1.314, P = 0.2086 between mutant first day and challenge day; t,s = 3.585, P = 0.0014 for challenge day
between genotypes. *P < 0.05 within subjects between the first and last days. (¢) n =8 for WT saline, n = 8 for WT cocaine,
n =9 for mutant saline, » = 10 for mutant cocaine. #; = 3.782, P = 0.0069 between WT first day and challenge day, #, =
4.755, P = 0.0010 between mutant first day and challenge day, 7, = 0.2062, P = 0.8392 for challenge day between
genotypes. (d) CPP test performance in Yav2~~ and WT mice that received acute cocaine (5 or 10 mg/kg) and/or bilateral
injection of AAV-GFP or AAV-Vav2 in the VTA. Two-way ANOVA with Sidak’s post test for WT and mutants: main
effect of genotype (F 53 = 11.14, P = 0.0015) and treatment (F, 53 = 13.48, P < 0.0001), no effect of interaction (F,s;3 =
3.082, P = 0.0542); post hoc: **P = 0.0031 between mutant (n = 8 mice) and WT (n = 10 mice) treated with 5 mg/kg
cocaine; F1,53 = 11.14, *P = 0.0457 between mutant (n = 12 mice) and WT (n = 12 mice) treated with 10 mg/kg cocaine.
For AAV-transfected animals, unpaired two-tailed t-test, 7,4 = 2.242, *P = 0.0395 (n = 9 per group). (¢) DAT-mediated DA
uptake of the animals examined in d, assessed after the CPP test. n = 5 mice per group. One-way ANOVA with
Bonferroni’s multiple comparison test: £, 1, = 11.89, P = 0.0014; post hoc: t;, = 4.069, *P = 0.0031 between WT saline and
AAV-GFP, £, =0.2915, P> 0.9999 between WT saline and AAV-Vav2. All values presented as mean + s.e.m.

DISCUSSION

Despite the importance of DAT under both the
physiological and pathological conditions, little
is known about how DAT trafficking is regulated
in vivo and the functional contribution of these
mechanisms to the maintenance of DA

homeostasis in single DA neuron terminals in the
brain. We found that Vav2-deficiency caused
DAT hyperfunction, which was accompanied by
an abnormal increase in intracellular DA
preferentially in the NAc. Vav2™ mice showed
reduced behavioral response to cocaine.
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Moreover, Vav2 interacted with Ret, forming a
functional complex, and they cooperated to
robustly downregulate DAT activity. These data
confirm that Vav2-mediated DAT sequestration
machinery plays a key role in the maintenance of
DA homeostasis at DA neuron terminals in a
brain region that is critical component of the
neural circuitry involved in drug addiction.

We found Vav2 to be required for the
maintenance of DA homeostasis specifically in
the mesolimbic system, as Vav2 is a
VTA-enriched protein in adult mouse brain and
Vav2- or Ret-deficient mice exhibited increases
in DA selectively in the NAc. In agreement with
previous studies®®, striatal DA levels were not
perturbed in Rer”” mice. Overexpression of Vav2
in the VTA attenuated Ret-deficiency-induced
DAT hyperfunction, demonstrating a causal
relationship between the membrane DAT
expression and Vav2 activation. These data thus
provide a regulatory mechanism for the exquisite
specificity of regulation of limbic DA
homeostasis.

Previous studies suggest that Vav2 and Vav3
perform a similar function on many different
occasions'**’. However, we found here that Vav2
had distinct functions from those of Vav3 in the
modulation of DA homeostasis in DA neuron
terminals. In the brain, loss of Jav2, but not Vav3,

resulted in marked elevation of intracellular DA (Fig.

1). In contrast, in the peripheral sympathetic nervous
system, deficiency of Jav3 or Jav2 causes
perturbations in the concentrations of plasma
catecholamines'™'”.  These data  demonstrate
intriguing specialization of Vav family members in
the nervous system. Vav2 and Vav3 participate the
regulation of catecholamine levels of the central and
peripheral nervous systems in a complementary
manner, representing two mechanistically distinct
molecular pathways used in the regulation of DA
homeostasis at DA neuron terminals.

The present findings suggest a new
mechanism of DAT functional regulation via
Ret/Vav2 activation evoked by GDNF. Vav2 is
believed to be involved in RTK signaling
regulation of cell differentiation and outgrowth
during brain development'®'". Activation of a

16

RTK would normally cause the receptor itself to
be downregulated by phosphorylation and
internalization, thus terminating the signaling
from the growth factor'™'®. We speculate that
Vav2 mediates concomitant internalization of
both DAT and RTK in response to GDNF
treatment. The physical binding between DAT
and Ret may facilitate their co-internalization.
This is supported by previous findings that both
Ret and DAT are localized to membrane micro-
domains, also known as lipid rafts’®’. How
might Vav2 modulate DAT function? A likely
scenario is that tight binding between DAT and Ret
allows their redistribution from the cell plasma
membrane domains into endosomes. During this
process, Vav2 is phosphorylated and subsequently
recruited to the Ret-DAT complex through interact-
ing with phospho-Tyr905-Ret. Vav2 then may
activate the Rho small GTPase by catalyzing the
exchange of GDP for GTP, contributing to
endocytosis. Thus, Vav2 functions here in a way
that is distinct from those shown in previous studies,
where Vav2 mediates internalization of RTKs
themselves (for example, Eph, TrkB), contributing
to brain development'*™. Taken together, our
findings reveal a previously unrecognized role of
Ret/Vav2 signaling in regulating DAT membrane
expression and DA homeostasis in DA neuron
terminals (Supplementary Fig. 9). It is worth
noting that although coimmunoprecipitation assays
showed interaction between exogenous DAT and
Vav2 in cell lines, DAT was not
immunoprecipitated with Vav2 in VTA tissue
lysates from adult mouse brain (data not shown).

It has been widely accepted that psychostimulants
and natural rewards have the mesolimbic DA system
as a common substrate. Cocaine dramatically
increases DAT surface expression in mammals***,
although the underlying molecular mechanisms
remain elusive. There are two ways Vav2 may
contribute to this process. First, the reduction
evoked by cocaine in the binding between Ret and
Vav2 suggests the impairment of Ret/Vav2
signaling, which may allow more DAT protein to
be released from the Ret/Vav2 complex in the
tubulovesicular ~ structure for its membrane
accumulation. Second, Vav2 may be required for



DAT endosomal trafficking in the context of
cocaine (Fig. 6). Moreover, it is known that the
ability to rapidly upregulate DAT function in
response to acute cocaine is highly correlated with
cocaine-induced locomotion®. In the present study,
following acute exposure to cocaine, Vav2~~ mice
showed reduced DAT activity and surface
expression in the NAc, which markedly
compromised their ability to rapidly elevate DAT
function and ultimately contributed to their lower
cocaine-induced locomotor activation. On the basis
of these results, we hypothesize that Vav2 is an
important player in the signaling pathways that are
altered in response to cocaine.

METHODS
Methods and any associated references are available in
the online version of the paper.

Note: Any Supplementary Information and Source Data

files are available in the online version of the paper.
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