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Conditional, inducible gene silencing in dopamine neurons
reveals a sex-specific role for Rit2 GTPase in acute cocaine
response and striatal function
Carolyn G. Sweeney1, Patrick J. Kearney 1, Rita R. Fagan 1, Lindsey A. Smith1, Nicholas C. Bolden1, Rubing Zhao-Shea1, Iris V. Rivera1,
Jenya Kolpakova1, Jun Xie2, Guangping Gao 2, Andrew R. Tapper 1, Gilles E. Martin1 and Haley E. Melikian 1

Dopamine (DA) signaling is critical for movement, motivation, and addictive behavior. The neuronal GTPase, Rit2, is enriched in DA
neurons (DANs), binds directly to the DA transporter (DAT), and is implicated in several DA-related neuropsychiatric disorders.
However, it remains unknown whether Rit2 plays a role in either DAergic signaling and/or DA-dependent behaviors. Here we
leveraged the TET-OFF system to conditionally silence Rit2 in Pitx3IRES2-tTA mouse DANs. Following DAergic Rit2 knockdown (Rit2-
KD), mice displayed an anxiolytic phenotype, with no change in baseline locomotion. Further, males exhibited increased acute
cocaine sensitivity, whereas DAergic Rit2-KD suppressed acute cocaine sensitivity in females. DAergic Rit2-KD did not affect
presynaptic TH and DAT protein levels in females, nor was TH was affected in males; however, DAT was significantly diminished in
males. Paradoxically, despite decreased DAT levels in males, striatal DA uptake was enhanced, but was not due to enhanced DAT
surface expression in either dorsal or ventral striatum. Finally, patch recordings in nucleus accumbens (NAcc) medium spiny
neurons (MSNs) revealed reciprocal changes in spontaneous EPSP (sEPSP) frequency in male and female D1+ and D2+ MSNs
following DAergic Rit2-KD. In males, sEPSP frequency was decreased in D1+, but not D2+, MSNs, whereas in females sEPSP
frequency decreased in D2+, but not D1+, MSNs. Moreover, DAergic Rit2-KD abolished the ability of cocaine to reduce sEPSP
frequency in D1+, but not D2+, male MSNs. Taken together, our studies are among the first to acheive AAV-mediated, conditional
and inducible DAergic knockdown in vivo. Importantly, our results provide the first evidence that DAergic Rit2 expression
differentially impacts striatal function and DA-dependent behaviors in males and females.
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INTRODUCTION
Dopamine (DA) neurotransmission is critical for learning, motiva-
tion, movement, anxiety, and rewarding behaviors [1, 2]. DAergic
dysfunction has profound clinical consequences, as evidenced by
multiple DA-related neurological and neuropsychiatric disorders,
including Parkinson’s disease (PD), attention-deficit hyperactivity
disorder (ADHD), schizophrenia, autism spectrum disorder (ASD),
and anxiety [3–6]. DAN cell bodies are densely clustered within the
midbrain structures of the substantia nigra pars compacta (SNc)
and ventral tegmental area (VTA). The SNc primarily projects to
the dorsal striatum (DS), whereas the VTA densely innervates the
prefronal cortex (PFC) and NAcc. DA is largely modulatory in these
regions, where it significantly modulates target cell excitability. DA
release in the NAcc is required for the rewarding behaviors elicited
by addictive drugs. Moreover, addictive psychostimulants, such as
cocaine and amphetamines, increase NAcc DA levels by inhibiting
the presynaptic DA clearance by the plasma membrane DAT [7].
Thus, mechanisms that alter DAergic signaling are predicted to
have a broad downstream impact on both neuronal excitability
and response to addictive drugs.
The neuronal, Ras-like GTPase, Rit2 (aka: Rin, ras-like in neurons),

is enriched in DANs [8] and is required for NGF-mediated MAP

kinase activation in neuroendocrine cells [9, 10]. Multiple genome-
wide association studies (GWAS) identified Rit2 in several DA-
related disorders, including PD [11], ASD [12], essential tremor,
schizophrenia, and bipolar disorder [13–15]. We previously
demonstrated that Rit2 binds directly to the presynaptic,
cocaine-sensitive DAT, and that Rit2 activity is required for PKC-
stimulated DAT endocytosis in cell lines [16]. Despite the putative
linkage between Rit2 and DAergic function, it is entirely unknown
whether or how Rit2 influences either DAergic function and/or
DA-related behaviors.

In the current study, we aimed to directly test a putative role for
Rit2 in DA-dependent behaviors and striatal physiology, by
conditionally silencing Rit2 in DANs. Conditional, inducible, rAAV-
mediated gene delivery is an indispensable tool to define neuronal
circuitry and pinpoint molecular mechanisms required for neuronal
development, signaling and dysfunction. However, in vivo condi-
tional gene expression approaches, such as Cre-lox system or cell-
specific promotors, are not ideal for DAergic, AAV-mediated shRNA
expression. First, the hairpin-like secondary structures, inherent to
shRNAs and lox sites, create AAV genome instability that hetero-
geneously truncates viral genomes [17]. Moreover, self-
complimentary AAVs have packaging size constraints that prohibit
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utilizing large DAergic promoters, such as those for tyrosine
hydroxylase (TH) and DAT, to conditionally drive shRNA expression
[18]. Here, we leveraged the TET-OFF system to acheive AAV-
mediated, conditional and inducible gene silencing in adult mouse
DANs, and utilized this approach to test whether Rit2 expression is
required for DA-dependent behaviors and striatal function.

MATERIALS AND METHODS
See Supplementary Materials for detailed protocols

Mice
Pitx3IRES-tTA/+mice (on the C57Bl/6J background) were the generous
gift of Dr. Huaibin Cai (National Institute on Aging), and were
backcrossed to C57Bl/6J mice a minimum of 4 generations.
Homozygous Pitx3IRES-tTA were crossed to D1-tD-tomato mice
(Dr. Gilles Martin) to generate Pitx3IRES-tTA; D1-tD-tomato mice used
for electrophysiology studies. Mice were maintained in 12 h light/
dark cycle at constant temperature and humidity. Food and water
was available ad libitum, and mice were maintained on either
standard or doxycycline-supplemented (200mg/kg) chows (S3888,
BioServ), as indicated. All studies were conducted in accordance
with UMASS Medical School IACUC Protocol A-1506 (H.E.M).

Mouse Behavior
For all tests, mice were habituated to the experimental room for
>30min. Rooms were kept in dim light, and white noise was used
to maintain constant ambient sound.

Open field test
Mouse activity was individually assessed in a 38.5 × 40 cm open
arena, 10 min Total distance traveled, and time spent in the arena
center vs. periphery, were measured with EthoVision software
(Noldux).

Elevated Plus Maze (EPM)
Mice were placed in the maze junction and their position over 5
min was recorded by MED-PC IV software (MED Associates, Inc.).
The time spent in open and closed arms, in the junction, and total
entries were determined.

Cocaine-induced locomotor activity
Ambulatory activity was recorded in individual photobeam activity
chambers (San Diego Instruments), following the indicated drug
injections. On all test days, mice habituated to the chamber for
45min and post-injection locomotor activity was recorded for 90
min. On day one, mice received saline (10 mL/kg, I.P.). On day 2,
mice received a single cocaine injection (5, 15, or 30 mg/kg, I.P.).
For data analysis, total horizontal movement was measured, and
mouse movement in 5-minute bins on cocaine-treatment days
was normalized to the corresponding 5-minute bin from saline-
treatment days for each mouse.

Cell culture and transfections
A total of 5 × 105 HEK293T cells per well were seeded in 6-well
plates 16–24 h prior to transfection. Cells were transfected with
Lipofectamine 2000 (Thermo Fisher) per manufacturers protocols,
using 2 µg plasmid DNA/well, at a 2:1 lipid to cDNA ratio. For initial
Rit2 shRNA screens: cells were co-transfected with RFP-Rit2
reporter (0.67 µg per well) and either shRit2#1, shRit2#2, or pGIPZ
vector control (1.33 µg per well). For pAAV validation: 660 ng
shRNA plasmid, 330 ng RFP-mRit2 reporter plasmid, and 1 µg rtTA
plasmid, and cells incubated ± 500 ng/mL doxycycline, 48 h, 37 °C.

Ex vivo striatal slice studies
Total DAT protein, [3H]DA uptake, and DAT surface levels were
measured in acute coronal striatal slices, as previously described
[19, 20].

Electrophysiology
We recorded spontaneous excitatory post-synaptic potentials
(sEPSPs) in presence of 15 µM bicuculline at resting membrane
potential (−85 ± 1.2 mV). Experimentalists were blinded to the
viral treatment for any given mouse.

RESULTS
Conditional and inducible DAergic Rit2 knockdown using the Tet-
OFF/ON system
We identified two mouse-specific, Rit2-directed candidate shRNAs,
which significantly reduced RFP-mRit2 protein in vitro (Supple-
mentary Fig. S1a). We chose the more efficacious shRNA (#1) for
in vivo studies, and cloned it into an artificial microRNA backbone
within the pscAAV-TRE-mIR33-eGFP vector (hereafter referred to
as shRit2). When coexpressed with rtTA (TET-ON), shRit2
efficaciously silenced RFP-mRit2 in a doxycycline-dependent
manner (Supplementary Fig. S1b). We therefore used this plasmid
to generate AAV9 particles for in vivo Rit2 knockdown (Rit2-KD)
studies.

AAV-mediated Rit2 knockdown in Pitx3IRES-tTA/+ mouse
dopaminergic neurons
We used Pitx3IRES2-tTA mice, which selectively expresses tTA in TH
+midbrain neurons [21], to conditionally drive DAergic TRE-shRit2
expression (see schematic, Fig. 1a). To test whether shRit2 could
achieve conditional, inducible, and efficacious in vivo Rit2-KD, we
bilaterally injected Pitx3IRES2-tTA/+ VTA with AAV9-TRE-shRit2
(Fig. 1b), and maintained mice ± 200 mg/kg doxycycline diet for
6 weeks post-injection. In (-)dox mice, GFP reporter expression
was clearly visible in TH+ cell bodies within the VTA and SNc
(Fig. 1c, e), but not in adjacent TH− cells of the interpeduncular
nucleus (IPN; Fig. 1c) and substantia nigra reticulata (SNr; Fig. 1e).
In contrast, in (+)dox mice, GFP expression was markedly
suppressed in TH+ neurons (Fig. 1d, f), consistent with dox-
mediated suppression of TRE-driven shRNA and GFP expression.
RT-qPCR studies revealed that AAV9-TRE-shRit2 did not affect Rit2
expression in the non-DAergic SNr (Fig. 1g), but significantly
decreased Rit2 expression in SNc-enriched tissue from females
(Fig. 1h), and males (Fig. 1i), as compared to control (+dox) mice.
shRit2 was highly specific for Rit2, as expression of Rit1, the closest
ras homolog to Rit2, was unaffected by shRit2 (Supplementary
Fig. S1c, d).

DAergic Rit2 knockdown impacts baseline anxiety, but not
locomotion
DAergic transmission is central to multiple rodent behaviors,
including locomotion [22] and anxiety [23]. We first assessed mice
in the in the open field test (OFT) to test whether DAergic Rit2-KD
affected baseline locomotion. We observed no significant effect of
sex on baseline locomotion (p= 0.94, two-way ANOVA, sex effect,
F1,26= 0.058, n= 7–8), therefore we grouped sexes for OFT
analyses. DAergic Rit2-KD (-dox) did not affect total distance
traveled, as compared to controls (+dox) (Fig. 2a). However, Rit2-
KD mice spent significantly more time in the arena center than
controls (Fig. 2b), suggesting an anxiolytic phenotype. We further
tested this possibility using the elevated plus maze (EPM). Similar
to OFT results, sex did not affect time spent in open arms (p=
0.63, two-way ANOVA, sex effect, F1,26= 0.24, n= 7–8); therefore,
we grouped both sexes for analysis. Rit2-KD (-dox) mice spent
significantly more time in the open arms as compared to controls
(+dox; Fig. 2c), consistent with an anxiolytic effect. There was no
significant difference in either the time spent in the closed arms
(p= 0.35; Supplementary Fig. S2a) or in the junction (p= 0.13;
Supplementary Fig. S2b); however Rit2-KD significantly increased
total entries (Supplementary Fig. S2c). The observed anxiolytic
effect was not due to the dox diet (Supplementary Fig. S2d). Taken
together, these data demonstrate that DAergic Rit2 expression
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impacts baseline anxiety-like behaviors in both sexes, but does
not impact baseline locomotion.

DAergic Rit2 knockdown differentially impacts acute locomotor
response to cocaine in males and females
Cocaine is a potent DAT inhibitor that acutely increases
extracellular DA levels and elicits robust hyperlocomotion [7].
Therefore, we used shRit2 to test whether DAergic Rit2 expression
is required for cocaine-induced hyperlocomotion following a
single, I.P. cocaine injection (5, 15 or 30 mg/kg). In males, DAergic
Rit2-KD significantly increased acute cocaine responses over time
at all doses tested (-dox; Fig. 3a–c). Male total ambulation was also
significantly higher than controls at 5 and 15mg/kg cocaine
(Fig. 3a, b insets). In contrast, in females, DAergic Rit2-KD
significantly decreased acute cocaine responses over time at the
15mg/kg dose, but not at either the 5 or 30 mg/kg doses
(Fig. 3d–f), and female total ambulation following cocaine
injection was also significantly lower than controls at the 15mg/
kg dose (Fig. 3e, inset). The observed effects were not due to
either the dox treatment or viral injection in either sex at 15mg/
kg, the dose where Rit2-KD drove sex-dependent differences in

cocaine response (Supplementary Fig. S3a, b). Moreover, there was
no significant effect in female fine motor behavior at any cocaine
dose (Supplementary Fig. S3c), suggesting that the attenuated
cocaine response was not likely due to increased stereotypy.

DAergic Rit2 knockdown differentially impacts DAergic
characteristics in males and females
The observed changes in DA-dependent behaviors suggest that
DAergic Rit2 expression may impact DAergic function. Rit2 binds
directly to DAT, and Rit2 activity is required for PKC-stimulated
DAT endocytosis in cell lines [16]. However, it is unknown whether
Rit2 impacts critical determinants of the DAergic phenotype
in vivo, such as TH and DAT. Therefore, we measured TH and DAT
mRNA levels in ventral midbrain, and their respective protein
levels in ex vivo striatal slices, in both males and females, following
injection with AAV9-TRE-shRit2 and maintenance ± dox. DAergic
Rit2-KD had no significant effect on either TH or DAT mRNA levels
in females (Fig. 4a, b). However, in males, Rit2-KD significantly
decreased DAT and TH mRNA levels (Fig. 4c, d). DAergic Rit2-KD
did not significantly affect either total striatal TH or DAT in
females (Fig. 4e, f), and likewise did not affect male TH levels

Fig. 1 Conditional and inducible gene silencing in midbrain DA neurons. a Strategy for conditional and inducible Rit2 silencing in DA
neurons. Conditional and inducible Rit2-KD in DA neurons was achieved using the Tet-Off system, in which tTA expression was driven
downstream of the DAergic transcription factor, Pitx3. Following injection with an AAV encoding TRE-shRit2-GFP, tTA binds the Tet-response
element (TRE) and drives both shRit2 and GFP reporter expression under (−)dox conditions. When mice are maintained on a (+)dox diet,
doxycycline binds the tTA and prevents TRE-driven shRit2 and GFP expression. b Pitx3IRES-tTA/+ mouse VTA was bilaterally injected with AAV9-
TRE-GFP and mice were maintained ± dox diet ≥6 weeks. c–f Immunohistochemistry: Brains were sectioned 6 weeks post-injection, stained for
TH (red) and GFP (green), and imaged as described in “Methods” section. GFP was selectively expressed in TH+midbrain neurons, and (+)dox
diet suppressed GFP expression in both the VTA (c, d) and SNc (e, f). g–i RT-qPCR studies. The indicated brain regions were harvested by tissue
punch and/or laser capture microscopy, and Rit2 mRNA levels were quantified by RT-qPCR, as described in “Methods”. Data are presented as
2−ΔCt values, ± S.E.M. g, h Female data: AAV9-TRE-shRit2 did not affect Rit2 expression in non-DAergic, SNr (g; p= 0.92), but significantly
decreased Rit2 expression in SNc (h; *p < 0.02). i Male data from midbrain punches: AAV9-TRE-shRit2 significantly decreased midbrain Rit2
(p= 0.021), one-tailed Student’s t test, n= 7–12

Conditional, inducible gene silencing in dopamine neurons reveals a. . .
CG Sweeney et al.

386

Neuropsychopharmacology (2020) 45:384 – 393



(Fig. 4g), despite decreased male TH mRNA levels. However, Rit2-
KD significantly decreased total DAT protein in male striatum
(Fig. 4h). Remarkably, decreased total male DAT was accompanied
by significantly increased striatal DAT function, as measured by
[3H]DA uptake (Fig. 4i). These surprising results prompted us to ask
whether, Rit2-KD may have shifted the DAT distribution to the
plasma membrane in males as a compensatory mechanism.
Ex vivo slice biotinylation studies revealed that Rit2-KD did not
significantly alter the fraction of DAT on the plasma membrane in
either DS (p > 0.99). or VS (p > 0.99), as compared to control (eGFP)
slices (Fig. 4j). Coupled with the decrease in total DAT, these
results suggest that the absolute DAT level at the plasma
membrane is reduced in males. Morevoer, since Rit2 plays a role
in maintaining DAT protein levels in males, but not females, it is
possible that these differences may have contributed to the sex-
specific, differential impact on acute cocaine responses. Interest-
ingly, baseline DAT surface distribution in controls was signifi-
cantly lower in DS than VS, which suggests that mechanisms
controlling DAT’s presentation at the plasma membrane may be
subject to region-specific control.

DAergic Rit2-KD impacts spontaneous glutamatergic input onto
NAcc MSNs in a sex- and cell type-specific manner
DA in the NAcc (1) influences MSN responses to excitatory input
[24], and (2) modulates the spontaneous activity of glutamatergic
afferents that synapse onto MSNs [25]. Moreover, cocaine impacts
many of these parameters [26, 27]. Since DAergic Rit2-KD
impacted both acute cocaine responses and presynaptic DAT,
we hypothesized that that NAcc MSN spontaneous activity,
intrinsic biophysical properties, and/or response to cocaine may
be affected by DAergic Rit2-KD. To test these possibilities, we
recorded from D1+ and D2+ MSNs in NAcc core, from slices
prepared from male and female Pitx3IRES2-tTA;D1-tdTomato mice
injected with either AAV9-TRE-eGFP or AAV9-TRE-shRit2. In males,
DAergic Rit2-KD significantly decreased baseline spontaneous
sEPSP (sEPSP) frequency in D1+, but not D2+, MSNs (Fig. 5a, b). In
contrast, in females, DAergic Rit2-KD significantly decreased
baseline sEPSP frequency in D2+, but not D1+, MSNs (Fig. 5c,
d). Rit2-KD additionally decreased the input resistance in D1+, but
not D2+, MSNs in both males and females (Fig. 5e–h). sEPSP
amplitudes were also differentially impacted by DAergic Rit2-KD in
a cell-type and sex-specific manner: In males, D1+ amplitudes
were increased, while D2+ amplitudes were decreased (Supple-
mentary Fig. S4a, b), whereas in females sEPSP amplitude was
increased in D1+, but unchanged in D2+, MSNs (Supplementary
Fig. S4c, d). In male controls, cocaine significantly decreased sEPSP
frequency in D1+, but not D2+, MSNs, and DAergic Rit2-KD
abolished the effect of cocaine on sEPSP frequency (Fig. 5i, j). Rit2-
KD did not affect either RMP, AP threshold, AHP, or AP overshoot

in either D1+ or D2+MSNs from either sex (Supplementary
Fig. S4e–t). Taken together, these results demonstrate that
DAergic Rit2 expression significantly impacts multiple facets of
striatal physiology, with distinct, sex-specific differences.

DISCUSSION
DAergic transmission drives locomotor behavior both in rodents
[28, 29], and in humans, where DAN death underlies the
movement anomalies in PD [30]. Aberrant DA signaling is a
hallmark of multiple neuropsychiatric disorders, most notably
addiction and schizophrenia [31, 32]. Although optogenetic and
chemogenetic tools, in combination with Cre/Lox technology,
have advanced our understanding of the circuitry and molecular
mechanisms that impact DAergic function, AAV-mediated condi-
tional knockdown in DANs has been significantly more challen-
ging to accomplish. Here, we demonstrated that the Tet-OFF
approach can be leveraged to achieve AAV-mediated, conditional,
inducible, in vivo gene silencing. Using this approach, we
identified sex-specific roles for DAergic Rit2 expression in DA-
dependent behaviors, presynaptic DAT function, and striatal
physiology. We should note that GFP reporter expression was
visibly lower in Pitx3IRES2-tTA SNc, as compared to the robust VTA
signal. This could reflect limited viral spread away from the VTA;
however the AAV9 serotype is noted for its widespread infection
[33]. Pitx3 gene expression is ~6-fold higher in VTA than SNc [34];
thus is it more likely that differential Pitx3 promoter activity drove
differential GFP expression in VTA vs. SNc. Nevertheless,
shRit2 significantly decreased Rit2 expression in SNc, suggesting
that the SNc Pitx3 promoter is sufficiently active to drive tTA, and
TRE-shRit2, expression. We also observed some sparse GFP+ cells
dorsomedial to the VTA, likely the periacqueductal gray. These
cells were TH-, consistent with a previous report in Pitx3Cre mice
[35]. Both DATtTA and THtTA mice have also been reported [36, 37].
However, DAT expression in DATtTA mice is markedly reduced, due
to the tTA placement in the DAT 5′-UTR [37], and THtTA transgenic
mice exhibit incomplete tTA expression throughout the SNc and
VTA [36]. Moreover, since noradrenergic neurons are TH+, tTA
expression is not limited to DAergic neurons in THtTA mice. Thus,
Pitx3IRES2-tTA mice are currently the best option for DAergic tTA
expression. Another considerable advantage to TET-OFF approach
for shRNA expression is the ability to induce/suppress knockdown
with doxycycline. It should be noted, however, that we
occasionally observed GFP signals in TH+ cells in tissue harvested
from dox-treated mice (not shown). This is likely the reason that
Rit2 mRNA levels were significantly more variable in (+)dox mice
vs. (-)dox mice (Fig. 1h, i), and may be attributed to either the short
dox half-life, and/or the inability to strictly control mouse dox
dosing via ad libitum route. Nevertheless, given the robust in vivo

Fig. 2 Rit2-KD in DA neurons does not affect baseline locomotor activity, but reduces generalized anxiety. AAV9-TRE-shRit2 was injected into
male and female Pitx3IRES2-tTA/+ VTA, and mice were maintained ± dox diet for 6 weeks prior to assessing behavior. Male and female data
were pooled, and -dox vs. +dox results were compared using a two-tailed Student’s t test (n= 15). a, b Open field test. a Total distance
traveled (p= 0.67). b Time spent in center of field. *p < 0.02 c Elevated plus maze. Rit2-KD (-dox) mice spent significantly more time in open
arms than control (+dox) mice. *p < 0.01
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knockdown and behavioral phenotypes we observed, we believe
that the tTA/TRE approach for gene silencing will have broad
utility in future longitudinal behavioral/addiction studies, where
gene silencing could be temporally controlled across varying

stages of establishing, extinguishing and reinstating psychosti-
mulant reward.
Rit2 expression increases throughout postnatal development

and stabilizes 3–4 weeks postnatally [9, 38]. To assure that Rit2-KD

Fig. 3 Rit2-KD in DA neurons increases acute cocaine sensitivity in males, and decreases acute cocaine sensitivity in females. Cocaine-induced
hyperlocomotion. AAV9-TRE-shRit2 was bilaterally injected into male and female Pitx3IRES2-tTA/+ VTA, and mice were maintained ± dox diet,
6 weeks prior to assay. Horizontal ambulation was recorded in PAS chambers as described in “Materials and Methods” section. Average
ambulation ± S.E.M. is displayed over time, following either a 5, 15, or 30mg/kg I.P. cocaine injection. Values in each time bin were normalized
to the saline response for each animal, acquired one day prior to cocaine administration. Arrows indicate time of cocaine injection.
Timecourse data were analyzed by two-way ANOVA. Insets: Total ambulation across the indicated session is presented, and was analyzed
using an unpaired, two-tailed Student’s t test. a–c Male locomotor activity. Rit2 knockdown in DANs significantly increased male response
to cocaine at all doses tested (5 mg/kg: time: F(27, 645)= 3.475, p < 0.001, knockdown: F(1, 645)= 26.1, p < 0.001; 15mg/kg: time: F(26, 386)= 2.197,
p < 0.001, knockdown: F(1, 386)= 5.163, p= 0.02; 30mg/kg: time: F(26, 339)= 3.569, p < 0.0001, knockdown: F(1, 339)= 6.226, p= 0.013), and total
ambulation was significantly increased as compared to controls at the 5mg/kg (p= 0.01) and 15mg/kg (p= 0.04) doses. d–f Female
locomotor activity. Rit2 knockdown in DANs significantly decreased female response to cocaine at 15 mg/kg (time: F(26, 333)= 1.702, p= 0.019,
knockdown: F(1, 333)= 26.08, p < 0.0001), and significantly decreased total ambulation in response to cocaine at the 15 mg/kg dose (p= 0.04)
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Fig. 4 Sex-specific effects on DAergic determinants following Rit2-KD. Pitx3IRES2-tTA/+ mouse VTA were bilaterally injected either: with AAV9-
TRE-shRit2 and maintained ± dox diet (a–i), or AAV9-TRE-shRit2 vs. AAV9-TRE-eGFP (j). Mice were assessed 4–6 weeks post-injection. a–d RT-
qPCR studies. Tissue was isolated by laser capture microscopy (SNC; females) or midbrain punch (males), and the indicated mRNA levels were
measured as described in “Methods” section. Rit2-KD did not affect either TH (a; p= 0.87) or DAT (b, p= 0.52) expression in female SNc, but
significantly decreased both TH (c, p= 0.02) and DAT (d, p= 0.014) expression in male midbrain. Asterisks indicate a significant difference
from+ dox control, two-tailed Student’s t test, n= 7–8. e–h Striatal immunoblots for TH and DAT. Female (e, f) and male (g, h) striata were
harvested and total striatal TH and DAT content were measured by immunoblot, as indicated. Tops: Representative immunoblots for the
indicated proteins. Bottoms: Quantified band intensities, normalized to actin loading controls. **Significantly less than+ dox control, p=
0.006, two-tailed Student’s t test, n= 5 independent mice/condition. i [3H]DA uptake in ex vivo striatal slices: DA uptake was measured in male
striatal slices, as described in “Methods” section. Data are presented as specific DA uptake, normalized to TH content in each slice.
*Significantly larger than+ dox control, p= 0.047, two-tailed Student’s t test with Welch’s correction, n= 11–18 slices from 4–6 independent
mice/condition. j Ex vivo striatal slice biotinylation. Steady state DAT surface levels were determined in dorsal (DS) and ventral (VS) striatal
slices as described in “Methods” section. Top: Representative immunoblots of DAT surface and input fractions. Bottom: Average DAT surface
distribution, presented as %total input DAT on cell surface. In control mice (-shRit2), baseline DAT surface distribution was significantly lower
in dorsal vs. ventral striatum *p= 0.013, one-way ANOVA with Sidak’s multiple comparison test, n= 8–12 independent slices from 3 to 4 mice/
condition. Bands displayed within each panel are from the same exposure of the same immunoblot, and were cropped for presentation
purposes only

Conditional, inducible gene silencing in dopamine neurons reveals a. . .
CG Sweeney et al.

389

Neuropsychopharmacology (2020) 45:384 – 393



in our studies did not confound the Rit2 developmental time-
course, we assessed Rit2 mRNA expression in VTA-enriched tissue
in wildtype mice at 4, 7, and 11 weeks, and observed no significant
differences in Rit2 expression within this timeframe (Supplemen-
tary Fig. S5). Thus, it is unlikely that Rit2-KD performed during this
window interfered with any Rit2-dependent developmental
mechanisms. However, since mice were administered shRit2 as
juveniles, we currently cannot determine whether the observed
Rit2-KD effects were specifically due to Rit2 loss in adulthood, or
were a carryover effect from pre-adolescence. Rit2 is required for
neurotrophic signaling and constitutively active Rit2 expression
results in neurite formation in PC6 cells [10]. Thus, it is possible
that the observed changes in DA-dependent behaviors and MSN
physiology following Rit2-KD may reflect a trophic impact on DA
neuron viability. Rit2-KD did not affect either TH or DAT gene
expression in females, but did significantly decrease TH and DAT
mRNA in males (Fig. 4c, d), which was accompanied decreased
DAT, but not TH, striatal protein (Fig. 4g, h). Given that we did not
detect any motor deficits in either males or females in the OFT
(Fig. 2), it is unlikely that DAT and TH mRNA losses reflect

diminished DA neuron viability. Indeed, global Rit2 knockout did
not affect neuronal development [39]. Thus, it is more likely that
DAergic Rit2 loss impacted intrinsic DAergic function, rather than
DA neuron viability. Future studies probing the effect of DAergic
Rit2-KD on spontaneous and evoked DA release kinetics, as well as
post-synaptic DA signaling should be illuminating in this regard.
Recent GWAS studies reported Rit2 as a risk allele for several

DA-associated disorders, including PD, ET, ASD, schizophrenia, and
bipolar disorder [14]. The link between Rit2 expression and
schizophrenia is particularly interesting. A recent report examining
genome-wide human 5′ short tandem repeats (STRs) found that
the RIT2 locus has among the longest GA-STRs in humans, at 11
repeats, and that increased STR length drives increased Rit2
expression [14]. Moreover, a 5/5 STR Rit2 variant was identified in a
proband with profound early onset psychoses, raising the
possibility that decreased Rit2 expression may be linked to
schizophrenia. This is further supported by a previous report that
identified increased RIT2 CNVs in schizophrenic populations that
result in loss of Rit2 expression [15]. Although these Rit2
perturbations would be expected at germline throughout the

Fig. 5 Rit2-KD in DA neurons reduces the excitatory input onto NAcc MSNs in a cell type and sex-specific manner. Ex vivo striatal slice
recordings. Pitx3IRES-tTA;Drd1a-tdTomato mouse VTA were bilaterally injected with either AAV9-TRE-eGFP or AAV9-TRE-shRit2, and MSN activity
was recorded in current clamp, ± 10 µM cocaine, 4 weeks post-injection, as described in “Methods” section. Data shown are from 6 to 8 cells/
condition recorded from 3 to 4 independent male and female mice each. a–d Cumulative distributions of sEPSP frequencies
(interevent interval; IEI) from males and females. Representative traces are shown, above. Scale bar= 0.5 s and 1.0 mV. Asterisks indicate
significant differences between eGFP vs. shRit2 cumulative distributions, two-tailed Kolmogorov–Smirnov test, ***p= 0.0003, ****p < 0.0001.
e–h Input resistance. DAergic Rit2-KD decreased input resistance (R(in)) in D1+ , but not D2+MSNs from both males and females. Asterisks
indicate significant differences between eGFP vs. shRit2 values, unpaired, two-tailed Student’s t test, *p= 0.017, **p= 0.002. i, j Effect of
cocaine on sEPSP frequency. Cocaine treatment significantly decreased sEPSP frequenciy in D1+ cells from control (eGFP) but not shRit2 male
mice. *p= 0.017, paired, two-tailed Students t test
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CNS, acute Rit2-KD in the adult animal may have potential to
recapitulate DAergic dysfunction inherent in these disorders.
DAergic Rit2 silencing significantly reduced baseline anxiety,

but did not affect baseline locomotor activity (Fig. 2). Mounting
evidence suggests that DA signaling is involved in rodent anxiety-
like behaviors. NMDA-mediated phasic bursting is required to
elicit anxiety in response to aversive conditioning [40], and
optogenetic studies demonstrated that activating the VTA➔PFC
projection is sufficient to generate anxiety and place aversion [23].
Moreover, increased DA signaling and reduced glutamatergic
firing within the NAcc is associated with increased anxiety [2]. A
link between reduced NAcc DAT expression and anxiolytic
behavior was recently reported [41], also consistent with our
findings. Given that we used an AAV9 viral serotype, Rit2-KD likely
occurred across multiple DAergic circuits, including VTA➔PFC,
VTA➔NAc, and SNc➔DS. Therefore we cannot distinguish
whether Rit2-KD in a specific DAergic subpopulation mediates
the anxiolytic phenotype. Additionally, DANs are intrinsically
heterogeneous [42], and recent studies further suggest that both
DA and glutamate are released from independent vesicle
populations within DAergic neurons [43]. Thus, it is possible
specific DAergic subpopulations may be more sensitive to Rit2-KD
than others. It is also possible that Rit2-KD impacts intrinsic DA
neuron excitability, and thereby alters DAergic response to
anxiety-related inputs in the somatodendritic regions [40]. Future
studies evaluating how Rit2 expression impacts DAN physiological
properties should shed further light on these possibilities.
DAergic Rit2-KD exerted striking, sex-specific effects on acute

cocaine responses. In males, Rit2-KD increasd acute cocaine
sensitivity (Fig. 3). Previous studies reported increased cocaine-
induced hyperactivity in male DAT-KD mice [44], and that cocaine-
hypersensitive male rats express less DAT [45]. These results raise
the possibility that the enhanced cocaine sensitivity we observed
in Rit2-KD males might be due to their decreased DAT levels
(Fig. 4d). In contrast, in females, Rit2-KD abolished hyperlocomo-
tion at 15mg/kg cocaine (Fig. 3b), whereas DAT protein levels
were unaffected (Fig. 4f). Females exhibit more robust addictive
behaviors than males [46], and female mice in estrous are more
sensitive to cocaine’s rewarding effects and have increased DAT N-
terminal phosphorylation, as compared to dioestrous females [47].
Thus, hormonal signaling in females may contribute both to basal
increased cocaine sensitivity, and to loss of cocaine sensitivity in
response to Rit2-KD. Ongoing studies will further illuminate
potential sex differences in DAT endocytic mechanisms, and
whether these might contribute directly to the Rit2-KD phenotype.
Interestingly, the Nestler laboratory reported that chronic cocaine
treatment increased ΔFosB binding to the Rit2 promotor in mouse
NAcc [48], suggesting that Rit2 may play a wider role within the
reward circuitry, beyond its role in DANs.
In addition to imposing sex-specific effects on acute cocaine

sensitivity, DAergic Rit2-KD also significantly altered the excitatory
drive onto NAcc MSNs in a cell type- and sex-specific manner. sEPSP
frequency was decreased in male D1+MSNs, whereas in females it
was decreased in female D2+MSN populations. D1+MSN
activation is canonically linked to motivation and reward, whereas
D2+MSN activation is thought to mediate drug aversion [49, 50].
However, recent studies challenge this dogma, and provide
compelling evidence that, unlike DS MSNS, NAcc MSN D1+ and
D2+ outputs are significantly more complex than had been
previously appreciated [51]. Moreover, a recent optogenetic study
directly demonstrated that NAcc D2+MSN activation drives a
positive motivational valence [52]. Thus, the differential effect of
DAergic Rit2-KD on D1+ and D2+ excitatory drive in males and
females may potentially underlie the reciprocal changes in cocaine
sensitivity we observed following Rit2-KD. Cocaine-induced
decreases in sEPSP frequency have been reported ex vivo in NAcc
[53], and in vivo in PFC [54], and requires presynaptic D1R activation
on glutamatergic terminals in ex vivo NAcc [53]. We likewise found

that cocaine significantly decreased sEPSP frequency in control male
D1+, but not D2+, MSNs, and DAergic Rit2-KD abolished cocaine-
induced decreases in sEPSP frequency (Fig. 5i, j). The dampened
cocaine effect on D1+MSNs could be directly due to decreased
DAT (Fig. 4h), or could be due to a floor effect on glutamatergic
sEPSPs, since Rit2-KD itself decreased sEPSP frequency in D1+MSNs
(Fig. 5a). Interestingly, similar changes in MSN sEPSPs were reported
in DAT-KD mice, which express 90% less DAT than wildtype
mice [55]. We also found that DAergic Rit2-KD significantly
decreased D1+, but not D2+, MSN input resistance in both males
and females (Fig. 5e–h). DA has broad effects on MSN excitability,
both in the direct and indirect basal ganglia output neurons [56].
Thus, any changes in DA signaling would be expected to influence
MSN excitability and are consistent with our findings.
DAT expression and function have multimodal effects on

DAergic homeostasis and DA-dependent behaviors. Presynaptic
DA content is highly sensitive to DAT expression and function,
where DA recapture is required to maintain DAergic tone [7].
Given that we found that DAergic Rit2-KD decreased male total
striatal DAT protein (Fig. 4h), it is possible that DAT losses
compromised DA signaling, which downstream impacted MSN
function and cocaine responses. Paradoxically, despite losses in
DAT protein, we measured significantly more DA uptake in striatal
slices following Rit2-KD (Fig. 4i). It should be noted that D2R
activation can drive DAT plasma membrane insertion [57, 58].
Taken together with our previous findings that Rit2 is required for
regulated DAT endocytosis [16], it is possible that in the course of
measuring DA uptake, D2R were activated and drove DAT
insertion. In Rit2-KD slices, DAT may have not been effectively
retrieved from the plasma membrane, yielding a net increase in
uptake. Since we did not include D2R antagonists in our DA
uptake studies, this is entirely possible. Future studies measuring
DA release and clearance, and how regulated DAT trafficking
mechanisms impact this process, will directly test these possibi-
lities. It is additionally noteworthy that the DAT baseline
distribution between plasma membrane and endocytic vesicles
was significantly lower in DS than VS, suggesting that there are
region-specific differences in DAT endocytic trafficking. Similar
results were recently reported for a knock-in mouse expressing
the ADHD-associated DAT coding variant, A559V, in which DAT
A559V basal distribution was significantly lower in DS than VS [58].
Taken as a whole, these studies are the first to demonstrate a

role for Rit2 GTPase in DA-related behaviors and striatal
physiology. Morevoer, the approach we developed for conditional,
inducible gene silencing in DANs is likey to facilitate future studies
examining DAergic mechanisms involved in DA-related neurop-
sychiatric disorders.
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