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GABAgR-dependent activation of G protein-gated inwardly recti-
fying potassium channels (GIRK or Kz3) provides a well-known
source of inhibition in the brain, but the details on how this im-
portant inhibitory pathway affects neural circuits are lacking. We
used sorting nexin 27 (SNX27), an endosomal adaptor protein that
associates with GIRK2c and GIRK3 subunits, to probe the role of
GIRK channels in reward circuits. A conditional knockout of
SNX27 in both substantia nigra pars compacta and ventral teg-
mental area (VTA) dopamine neurons leads to markedly smaller
GABAGgR- and dopamine D,R-activated GIRK currents, as well as to
suprasensitivity to cocaine-induced locomotor sensitization. Ex-
pression of the SNX27-insensitive GIRK2a subunit in SNX27-
deficient VTA dopamine neurons restored GIRK currents and
GABAgR-dependent inhibition of spike firing, while also resetting
the mouse’s sensitivity to cocaine-dependent sensitization. These
results establish a link between slow inhibition mediated by GIRK
channels in VTA dopamine neurons and cocaine addiction, reveal-
ing a therapeutic target for treating addiction.

psychostimulants | addiction | potassium channel | dopamine |
ventral tegmental area

majority of dopamine (DA) in the brain is produced by DA
neurons in two small, adjacent nuclei in the midbrain: the
ventral tegmental area (VTA) and the substantia nigra pars
compacta (SNc). VTA DA neurons project to the nucleus
accumbens (NAc), medial prefrontal cortex (mPFC), and other
regions, and are strongly associated with learning, reward, and
addiction (1). SNc DA neurons, on the other hand, project
predominantly to the dorsal striatum (DS) and are traditionally
associated with the initiation of motor behaviors, a process that
is disrupted in Parkinson disease. Addictive drugs converge on a
common pathway of elevating DA levels in the NAc (2), mPFC
(3), and VTA (4). These increases in DA concentration con-
tribute to the neuronal plasticity that leads to compulsive sub-
stance use despite negative consequences (5, 6). Consistent with
this role, direct optogenetic excitation of VTA DA neurons can
induce conditioned place preference, similar to that with drugs
of abuse (7). Additionally, mice will perform intracranial self-
stimulation via optogenetic excitation of VTA DA neurons (8).
Together, these and other studies (1) implicate the activity of
VTA DA neurons in rewarding and addictive behaviors.
Classically, DA neurons in the midbrain were defined by the
presence of a hyperpolarization-activated cyclic nucleotide-gated
channel-mediated current (I,); cells lacking this current were
assumed to be GABAergic (9). Howewver, several recent studies
suggest that the population of DA neurons is more diverse, and
includes I;,” neurons (10). VTA DA neurons expressing I
project primarily to the NAc lateral shell, while DA neurons
lacking I, project to the NAc core and medial shell, mPFC, and
amygdala (11). Interestingly, these populations are differentially
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modulated by cocaine (12). SNc DA neurons also express I}, and
have been recently shown to have similar functions to VTA DA
neurons in reward and addiction (13, 14). Thus, SNc DA neurons
may play an important but largely uncharacterized role in ad-
dictive behavior. Because drugs of abuse can have markedly
different effects on different cell populations (12, 15), and
changes in neuronal circuitry determine the behavioral response
to drugs of abuse (5, 6), it is important to specifically interrogate
these neuronal populations, using cell type- and projection-
specific techniques.

An important pathway for regulating neuronal excitability in
VTA DA and SNc DA neurons is provided by G protein-gated
inwardly rectifying potassium (GIRK or K;r3) channels (16).
GIRK channels are activated by Gfy subunits (17-19) of Go;,-
type heterotrimeric G proteins that couple to metabotropic
neurotransmitter receptors, such as the y-amino butyric acid
(GABA) type B (GABAg) (20) and dopamine type 2 (D) (21)
receptors. Activation of these receptors leads to opening of
GIRK channels, producing an outward K* current that hyper-
polarizes the cell’s membrane potential and inhibits neuronal
action potential firing. GIRK channels have been shown to be
critical regulators of VTA and SNc DA neuronal activity in the
context of addiction (1). Exposure to cocaine or methamphet-
amine (22-25) leads to down-regulation of agonist-evoked
GABAgR-GIRK currents in VTA DA neurons via a mechanism
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that requires the GIRK3 subunit (25) and intracellular Ca** (24).
Selective deletion of GIRK2 from DA neurons results in elevated
cocaine-dependent locomotor sensitization and increased in-
travenous cocaine self-administration (26). The subcellular local-
ization, surface expression and recycling of GIRK channels have
emerged as key properties governing their functional role in vivo
(16, 27), but the mechanism controlling trafficking of GIRK
channels remains poorly understood.

Attempts to understand the trafficking of GIRK channels led
to the identification of sorting nexin 27 (SNX27) as a cytoplasmic
protein that binds to and regulates GIRK channels containing
PDZ-binding motifs (28). SNX27 is an adaptor protein that
contains a PDZ domain, Phox homology (PX) domain, and 4.1/
ezrin/radixin/moesin (FERM)-like domain (29, 30), and is itself
regulated by psychostimulants (30). In mice lacking SNX27 in
DA neurons (SNX27p, KO), GABAgR-activated GIRK cur-
rents are significantly smaller in VTA DA neurons, resulting in
an elevated locomotor response to a single injection of cocaine
(31). A potential susceptibility of SNX27p, KO mice to be-
coming addicted to psychostimulants, such as in a locomotor
sensitization test, however, is unknown. Furthermore, the role of
SNX27 in regulating GIRK channels in specific DA neuron
subpopulations, such as VTA DA neurons projecting to the NAc
or SNc DA neurons projecting to the DS, has not been in-
vestigated. In the present study, we determined that SNX27 is
important for maintaining GIRK currents in both VTA DA and
SNc DA neurons, and that reduction of GIRK currents in VTA
DA neurons enhances the locomotor-sensitizing effects of co-
caine. These results provide a clear example of where GIRK
currents in VTA DA neurons control the sensitivity of mice to
cocaine in a model of addiction.

Results

SNX27 Regulates GABAgR-GIRK Currents in Both VTA and SNc DA
Neurons. In most neurons, GIRK1, GIRK2, and GIRK3 subunits
are expressed together. In contrast, VTA DA neurons express only
GIRK2c and GIRK3 subunits (15) and SNc DA neurons express
only two splice variants of GIRK2, GIRK2a, and GIRK2c (32).
SNX27 associates directly with a C-terminal PDZ motif (i.e.,
ESKV), present in GIRK2c and GIRK3 (28). Previous work
established that ablation of SNX27 in VTA DA neurons leads to
reduced GABABR-GIRK currents (31). It was unknown whether
the loss of SNX27 affects GIRK currents in SNc DA neurons,
which lack the GIRK3 subunit. To address this question, we com-
pared the GABAgR-activated GIRK currents in VTA DA and SNc¢
DA neurons lacking SNX27, using a conditional KO strategy
(Materials and Methods).

We recorded macroscopic currents from the VTA (SI Ap-
pendix, Fig. S14) or SNc (SI Appendix, Fig. S1D) DA neurons in
acutely prepared slices from SNX27p, KO and control mice
(e, SNX27"" and DAT-Cre*"). SNX27p, KO mice were
generated by breeding SNX27"" mice with DAT-Cre*'~ mice,
which express Cre in dopamine transporter (DAT)-containing
DA neurons (31). DA neurons were identified by the presence
of I, and cell size (23, 33). No statistical differences in the am-
plitude of I}, current and cell membrane capacitance were de-
tected among different genotypes (SI Appendix, Table S1). Bath
application of a saturating concentration of baclofen (300 pM)
(15) elicited the canonical desensitizing, outward current
(IBaclofen), Which was blocked by the Kjr inhibitor Ba*. In the
VTA, the amplitude of Ig,cioten Was significantly smaller in DA
neurons from SNX27p4 KO mice (ST Appendix, Fig. S1 B and
(), similar to previous results (31). In the SNc, Igaciofen Was also
significantly smaller in DA neurons from SNX27p, KO mice,
compared with SNX27"" and DAT-Cre*’~ control mice (SI
Appendix, Fig. S1 E and F). Thus, SNX27 appears to regulate
GIRK signaling in both VTA and SNc DA neurons.
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SNX27 Regulates Excitability and GIRK Currents in VTA-to-NAc and
SNc-to-DS Projecting DA Neurons. Recent studies have indicated
that midbrain DA neurons with diverse electrophysiological
phenotypes, projection targets, and behavioral effects are dis-
tributed in a medial-to-lateral pattern that spans subregions of
the VTA and the SNc (10-12). We therefore sought to charac-
terize the effect of the SNX27 KO in a DA cell type- and
projection-specific manner. To identify VTA DA neurons pro-
jecting to the NAc, we injected a retrograding adeno-associated
virus 5 (AAV5) that expresses Cre-dependent eYFP (AAV.DIO.
eYFP) into the NAc of SNX27ty KO mice or TH-Cre*'~ con-
trols, and recorded from YFP* neurons in the VTA after 4-5 wk
(Fig. 14). We injected the NAc lateral shell, which is the primary
target of “conventional” I;,* and D,R-expressing DA neurons in
the VTA (11). Recently, some concern has been raised for the
selection of Cre-driver lines for targeting midbrain DA neurons
(34, 35). Therefore, we also used a Bac-transgenic TH-Cre*’~
line, backcrossed more than five generations into C57BL/6 (36,
37), to breed with SNX27"" mice (i.e., SNX271y4 KO). In VTA
DA neurons projecting to the NAc of TH-Cre™~ mice, we
recorded large GABAgR-GIRK currents (Igaciofen = 195.0
25.5 pA, n =16 cells/6 mice) and D,R-GIRK currents (Iquinpirole =
37.9 + 10.0 pA, n = 7 cells/3 mice) (Fig. 1 B-E), consistent with
previous findings in DAT-Cre™~ mice (SI Appendix, Fig. S1).
Similar to SNX27p4 KO mice, we observed significantly smaller
GABAgR-GIRK currents (Igaciofen = 79.6 + 26.0 pA, n = 9 cells/
5 mice, P = 0.0035) (see SI Appendix, Supplemental Materials and
Methods for complete statistical results) and D,R-GIRK currents
(Iouinpirole = 7.7 = 3.7 pA, n = 7 cells/3 mice, P = 0.0379) in VTA-
to-NAc projecting DA neurons of SNX271y KO mice (Fig. 1 B-
E). Thus, two different lines of mice lacking SNX27, SNX27p
KO and SNX271y KO, exhibit reduced GIRK currents.

In current-clamp recordings, we found that baclofen applica-
tion hyperpolarized the resting membrane potential by —24.0 mV
(£2.7 mV, n = 14 cells/5 mice) in VTA-to-NAc projecting DA
neurons from TH-Cre™~ mice (Fig. 1F). The baclofen-evoked
hyperpolarization was smaller in SNX27t; KO mice (AV,, =
—11.6 £ 1.6 mV, n = 9 cells/5 mice, P = 0.0043) (Fig. 1F). Taken
together, the electrophysiological recordings revealed reduced
GABAgR-dependent activation of GIRK channels. We next ex-
amined whether loss of SNX27 in midbrain DA neurons altered
total protein levels of GIRK2 or GABAg receptors. In VTA/SNc
midbrain micropunches, Western analysis for GABAg R1,
GABAg R2, and GIRK2 showed no significant decrease in total
protein (SI Appendix, Fig. S2), suggesting that changes in channel
trafficking may underlie the decrease in GIRK current.

To identify SNc DA neurons that project to the DS, we in-
jected AAV.DIO.eYFP into the DS of SNX271y KO or TH-
Cre*’~ mice, and recorded from YFP-labeled neurons in the
SNc (Fig. 1G). In TH-Cre™~ mice, SNc-to-DS projecting DA
neurons express large GABAgBR-GIRK currents (Igaciofen =
414 + 65 pA, n = 12 cells/4 mice) and D,R-GIRK currents
(IQuinpirole = 107 + 39 pA, n = 9 cells/3 mice). In SNX27ry KO
mice, there was a significant decrease in GABAgR-GIRK cur-
rents (Igaciofen = 125.4 + 23.2 pA, n =9 cells/4 mice, P = 0.0003)
and D,R-GIRK currents (ouinpirole = 17.6 + 5.9 pA, n =9 cells/
4 mice, P = 0.0056) (Fig. 1 H-K). Similar to VTA-to-NAc DA
neurons, baclofen hyperpolarized the resting membrane poten-
tial (AVy = —22.3 + 2.0 mV, n = 12 cells/4 mice) in TH-Cre*'~
mice, but to a smaller degree in SNX27ty KO (AV,,, = =154 =
1.9 mV, n =9 cells/4 mice, P = 0.0278) (Fig. 1L). These findings
demonstrate that SNX27 is required for maintaining GABAgR-
GIRK and D,R-GIRK signaling in both ventral and DS-
projecting DA neurons. Furthermore, SNX27 appears to regu-
late GABABR-GIRK and D,R-GIRK signaling in the absence of
the GIRK3 subunit, because SNc DA neurons appear to lack
GIRK3 (32).
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Fig. 1. Reduced GABAgR-GIRK and D,R-GIRK currents in VTA-to-NAc and
SNc-to-DS projecting DA neurons in SNX271, KO mice. (A) Cartoon shows
AAV.DIO.eYFP injection into NAc and recording of labeled DA neuron in
VTA. DA neurons were confirmed by the presence of I, current (S/ Appendix,
Table S2). Representative current traces for labeled VTA DA neurons in TH-
Cre*’~ (B, black) and SNX271y4 KO (C, blue) mice show response to bath ap-
plication of (+)-baclofen (Bac, 300 uM), CGP54626 (CGP, 5 uM), (-)-quinpirole
(Quin, 100 pM), (S)-(-)-sulpiride (8 pM), or Ba%* (1 mM). V}, = —40 mV. Gap in
current trace represents switch to current-clamp. (D-F) Bar graphs show
mean lgaciofens lquinpiroter @nd baclofen-induced hyperpolarization in VTA-to-
NAc DA neurons. (D) lgaciofen i significantly smaller in VTA-to-NAc DA neu-
rons of SNX277; KO mice (n = 9/5 mice) compared with TH-Cre*’~ control
(n = 16/6 mice, **P = 0.0035). (E) lquinpirole is significantly smaller in SNX27
KO mice (n = 7/3 mice) compared with TH-Cre*'~ controls (n = 7/3 mice, *P =
0.0379). (F) Baclofen-dependent hyperpolarization of resting membrane
potential (AV,,) is reduced in SNX271y KO mice (n = 9/5 mice), compared
with TH-Cre*’~ controls (n = 14/5 mice, **P = 0.0043). (G) Cartoon shows
AAV.DIO.eYFP injection into DS and recording of labeled DA neuron in SNc.
Current traces are shown for SNc DA neurons in TH-Cre*~ (H, black) and
SNX27+y KO (I, blue) mice. (J) In SNc-to-DS projecting DA neurons, lgaciofen iS
smaller in SNX27+ KO mice (n = 9/4 mice) compared with TH-Cre™~ control
(n = 12 cells/4 mice, ***P = 0.0003). (K) Iquinpirole is reduced in SNX27+, KO
mice (n = 9/4 mice) compared with TH-Cre*~ control (n = 9/3 mice, **P =
0.0056). (L) Baclofen-dependent AV, is reduced in SNX27y KO mice (n = 9/4
mice) compared with TH-Cre*'~ mice (n = 12/4 mice, *P = 0.0278). Mann-
Whitney U test.

A reduction in GABAgR-GIRK currents can increase the
excitability of DA neurons (31). To examine this in VTA-to-NAc
projecting DA neurons, we measured the firing rate induced by
current injections of increasing amplitude (e.g., 20-300 pA) in
the absence and then presence of baclofen. In TH-Cre™~ mice,
the spike number increased with larger current injections, but was
suppressed by baclofen at most current steps (interaction between
drug and current, P < 0.0001, n = 12 cells/6 mice). Baclofen ap-
plication also reduced firing in the SNX271 KO mice (interaction
between drug and current, P = 0.0096, n = 9 cells/5 mice) (Fig. 2.4
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and B). To directly compare the effect of baclofen on VTA-to-
NAc projecting DA neurons in SNX27ty KO mice with those in
TH-Cre*~ mice, we calculated the baclofen-induced reduction in
firing (i.e., Aspike number). In SNX27y KO mice, the Aspike
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Fig. 2. Attenuation of baclofen-dependent inhibition of firing in VTA-to-
NAc DA neurons and SNc-to-DS DA neurons of SNX271y KO mice. (A) Car-
toon shows AAV.DIO.eYFP injection into NAc. Representative voltage traces
show induced action potentials (280 pA) in the absence and then presence of
baclofen for VTA-to-NAc projecting DA neurons. (B) Input-output activity
plots for VTA-to-NAc projecting DA neurons for the indicated genotype. For
TH-Cre™~ mice (n = 12/6 mice), baclofen silenced evoked firing (****P <
0.0001). In contrast, silencing is less effective although still statistically sig-
nificant in SNX271y KO mice (n = 9/5 mice) (*P = 0.0231). (C) The baclofen-
induced (+Bac) reduction in firing (Aspike #) for SNX271y KO mice is signif-
icantly reduced compared with TH-Cre*’~ (****P < 0.0001). (D) Cartoon
shows AAV.DIO.eYFP injection into DS. Voltage traces show induced action
potentials (+280 pA) in the absence and then presence of baclofen for SNc-
to-DS projecting DA neurons. (E) Input-output activity plots for SNc-to-DS
projecting DA neurons for the indicated genotype. For TH-Cre*/~ DA neurons
(n = 12/4 mice), induced firing is suppressed by baclofen (****P < 0.0001).
For SNX2714 KO mice, baclofen-dependent silencing is incomplete (n = 9/
4 mice), although still statistically significant (****P < 0.0001). (F) Aspike # is
reduced in SNX2714 KO mice (****P < 0.0001). Two-way repeated-measures
ANOVA with asterisks representing P value for interaction between drug/
group and current.
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number was significantly smaller, compared with TH-Cre*’~ mice

(interaction between group and current, P < 0.0001) (Fig. 2C).

SNc-to-DS projecting DA neurons in SNX271y KO mice also
showed impairments of baclofen-dependent inhibition of firing
(+baclofen) (Fig. 2D). In SNc¢ DA neurons of control TH-Cre*'~
mice (n = 12 cells/4 mice), we observed robust firing that was
silenced by baclofen (interaction between drug and current P <
0.0001) (Fig. 2E). In SNX271 KO mice (n = 9 cells/4 mice), the
firing was also significantly reduced by baclofen (interaction
between drug and current, P < 0.0001) (Fig. 2E) but the ability of
baclofen to suppress induced firing (Aspike number) was sig-
nificantly impaired in SNX271y KO mice, compared with TH-
Cre*~ controls (interaction between group and current, P <
0.0001) (Fig. 2F). Taken together, these results demonstrate that
deletion of SNX27 in both VTA-to-NAc and SNc-to-DS pro-
jecting DA neurons leads to an increase in neuronal excitability that
manifests, in part, in a reduction in GABAgR-dependent inhibition.

Collectively, the electrophysiological experiments demonstrate
that SNX27 plays an important role in regulating GABAgR-
dependent inhibition of firing, with little change in resting neuro-
nal excitability (Viest) (SI Appendix, Table S2). These cell type- and
projection-specific findings in SNX27ty KO mice suggest that
GIRK3 is not required for SNX27-dependent regulation of GIRK
channels in midbrain DA neurons in vivo.

SNX27 in Midbrain DA Neurons Regulates Locomotor Sensitization to
Cocaine. The reduction in receptor-activated GIRK currents in
SNX27ty KO mice provides a unique tool to assess whether this
functional change in midbrain DA neurons could alter the
behavioral response to psychostimulants. Cocaine-dependent
locomotor sensitization provides a behavioral test for context-
specific enhancement of the response to drug (38). We hypoth-
esized that mice with reduced GIRK currents in midbrain DA
neurons would exhibit an increased sensitivity to drug-induced
locomotor sensitization. Following acclimatization to saline in-
jections (3 d), we measured the locomotor activity of mice in-
jected with cocaine for the next 5 d (1x/d, i.p.) (Fig. 34), using a
typical dosage of 7.5 mg/kg cocaine that was shown previously to
induce locomotor sensitization (39). Locomotor activity in SNX271y
KO mice was significantly greater than that in SNX27 or TH-
Cre™~ controls, with a significant interaction between group and
day (P < 0.0001) (Fig. 3B). Significant effects were also detected in
both males and females (SI Appendix, Fig. S3). To capture the initial
difference in locomotor response and acquisition of sensitization with
cocaine, we calculated the average change in locomotor activity over
the first 2 d of cocaine injections, and found this 2-d change in lo-
comotor activity was significantly greater in SNX27ry KO mice
(1,930 + 191 beam breaks per day, n = 13), compared with SNX27"1
(585 + 185 beam breaks per day, n = 9, P < 0.0001) or TH-Cre*'~
(639 + 107 beam breaks/day, n = 10, P < 0.0001) (Fig. 3C).

We next investigated the effect of a subthreshold dose of co-
caine 93.75 mg/kg) on locomotor sensitization. In control
SNX27"" or TH-Cre*'~ mice, a low dose of cocaine (3.75 mg/kg)
was insufficient to induce locomotor sensitization (Fig. 3 D and
E). In contrast, SNX27ty KO mice exhibited locomotor sensi-
tization to the low dose of cocaine, with a significant interaction
effect between group and day (P < 0.0001) (Fig. 3D). Addi-
tionally, the 2-d change in locomotor activity was significantly
higher in SNX271 KO mice (521 + 69 beam breaks per day, n =
11) compared with TH-Cre™~ mice $154 + 99 beam breaks per
day, n = 11, P = 0.0103) or SNX27"" (57 + 74 beam breaks per
day, n = 11, P = 0.0011) (Fig. 3E). Importantly, after a 1-wk
withdrawal period, all groups exhibited enhanced locomotor
activity with a single cocaine injection, indicating that a low level
of sensitization occurred with 3.75 mg/kg cocaine in all groups
(Fig. 3D). However, the SNX271y KO mice continued to show
the largest locomotor response (Fig. 3D). These findings estab-
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Fig. 3. SNX27:4 KO mice exhibit increased sensitivity to locomotor sensiti-
zation with cocaine. (A) Mice received saline intraperitoneal injections for
3 d, cocaine injections for 5 d, and in some experiments, a single cocaine
injection 7 d later. Locomotor activity was measured in an activity chamber
after each injection for 45 min. (B) Plot shows the number of beam breaks on
each day. SNX27+y KO mice (n = 13) exhibit increased locomotor response
with 7.5 mg/kg cocaine, compared with controls (significant interaction be-
tween group and day; days 1-5, gray and black ****P < 0.0001) using two-
way repeated-measures ANOVA with Bonferroni post hoc test. (C) The av-
erage change in locomotor activity on day 2 is significantly higher in
SNX27+4 KO mice (n = 13) compared with SNX27"f (n = 9, ****P < 0.0001)
and TH-Cre*~ (n = 10, ****P < 0.0001). (D) SNX274 KO mice (n = 11) exhibit
increased locomotor response with 3.75 mg/kg cocaine, compared with
SNX27% (n = 11) and TH-Cre*~ (n = 11) controls. Same difference in sen-
sitivity exists following 1 wk (1W) withdrawal. (Day 2: gray *P = 0.0222, black
*P = 0.0168; day 4: gray *P = 0.0186, black **P = 0.0096; day 5: gray **P =
0.0071, black **P = 0.0029; day 12: gray *P = 0.0215, black ****P < 0.0001.)
(E) The average 2-d change in locomotor activity is significantly higher in
SNX27+4 KO mice compared with TH-Cre™~ (*P = 0.0103) or SNX27%f! (x*p =
0.0011) mice.

lish that SNX27 expression in midbrain DA neurons functions as
a negative regulator of locomotor sensitization to cocaine.

Projection-Specific Rescue of GABAgR- and D,R-GIRK Currents in
SNX27;y; KO Mice. In addition to GIRK2c¢/GIRK3 channels,
SNX27 regulates trafficking of other signaling proteins—for
example, glutamate receptors and p-adrenergic receptors (40)—
raising the possibility that some of the behavioral changes ob-
served in SNX271 KO may not be due to changes in regulation
of GIRK channels. We therefore attempted a functional rescue
experiment to determine if the effects of SNX27 are mediated
via its interaction with GIRK channels. To accomplish this, we
conditionally expressed the GIRK2a subunit, which lacks a PDZ
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binding motif but is otherwise identical to GIRK2c (28, 32), in
DA neurons lacking SNX27.

We first examined whether expression of GIRK2a was suffi-
cient to restore GIRK currents. Following stereotaxic injection
of AAV.DIO.GIRK2a-eYFP into the NAc of SNX27ty KO
mice (i.e., “Resc”: KO + GIRK2a-YFP), we measured the GIRK
currents in DA neurons (Fig. 4 A-F). Whereas VTA-to-NAc
projecting DA neurons in SNX27ty KO mice (+AAV.DIO.
eYFP) have reduced Ip,ciofen (599 = 15.2 pA, n = 14 cells/
6 mice; P = 0.0358) and Iouinpirote (12.0 + 3.7 pA, n = 11 cells/
5 mice, P = 0.0011), the expression of GIRK2a-eYFP in
SNX27ty KO mice resulted in large Iciofen (468 + 146 pA,
n = 7 cells/4 mice, P = 0.0018) and Iquinpirole (109 £ 25 pA,
n = 7 cells/4 mice, P = 0.0016) (Fig. 4 B-D). The baclofen-
dependent hyperpolarization was also restored to control levels
by expressing GIRK2a-eYFP in SNX27ty KO mice (Resc)

Similar to VTA-to-NAc projecting DA neurons, we asked
whether expression of GIRK2a-eYFP could restore GIRK cur-
rents in SNc-to-DS DA neurons. In SNX271 KO mice injected
with AAV.DIO.GIRK2a-eYFP into the DS, GABAgR-GIRK
(IBaclofen = 656 = 96 pA, n = 8 cells/5 mice, P < 0.0001) and
D,R-GIRK (Iguinpirole = 119 + 35 pA, n = 6 cells/5 mice, P =
0.0156) currents were all increased relative to SNX27ry KO
receiving control AAV.DIO.eYFP (Igaciofen = 120 £ 23 pA, n =
16 cells/5 mice; Iquinpirole = 21.5 + 6.8 pA, n = 9 cells/5 mice)
(Fig. 4 F-I). In the SNc-to-DS DA neurons, Igcofen €Xceeded
that in control mice (TH-Cre™~ + AAV.DIO.eYFP; P < 0.0001)
(Fig. 4 H and I). Interestingly, Iquinpirole Was not significantly
smaller in this cohort of SNX271; KO, compared with control mice
(Fig. 4I). Expression of GIRK2a in SNX271 KO DA neurons also
restored baclofen-dependent hyperpolarization (Fig. 4/).

Finally, expression of GIRK2a-eYFP in SNX27ry KO DA

(Fig. 4E). neurons restored GABAgR-dependent inhibition of firing in both
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Fig. 4. GABAgR-GIRK and D,R-GIRK currents are restored by expression of GIRK2a-eYFP in VTA-to-NAc and SNc-to-DS DA neurons of SNX27+ KO mice. (A)
Cartoon shows virus injection into the NAc. (B) Current traces from labeled VTA DA neurons in TH-Cre*~+eYFP (control, black), SNX27+,KO+eYFP (KO, blue),
and SNX2713KO+GIRK2a-eYFP (Resc, green) mice show response to bath application of (+)-baclofen (300 pM), CGP54626 (5 pM), (-)-quinpirole (100 pM),
or BaZ* (1 mM). (C) gaciofen is significantly smaller in VTA-to-NAc projecting DA neurons of KO mice (n = 14/6 mice; *P = 0.0358) compared with control
mice (n = 9/5 mice). lgaciofen is restored in KO mice expressing GIRK2a-eYFP (Resc, n = 7/4 mice, **P = 0.0018). (D) Iquinpirole iN VTA-to-NAc projecting DA
neurons is decreased in KO mice (n = 11/5 mice, **P = 0.0011), compared with control mice (n = 5/4 mice), and is restored in KO mice expressing GIRK2a-eYFP
(Resc, n = 7/4 mice, **P =0.0016). (E) AV,, (+Bac) is reduced in KO mice (n = 8/4 mice, *P = 0.0497) compared with control mice (n = 7/4 mice), but is restored in
KO mice expressing GIRK2a-eYFP (Resc, n = 7/4 mice, *P = 0.0497). (F) Cartoon shows virus injection into DS. (G) Current traces from labeled SNc DA neurons in
TH-Cre*’~+eYFP (control, black), SNX27+3KO+eYFP (KO, blue), and KO+GIRK2a-eYFP (Resc, green) mice. (H) lgaciofen is decreased in SNc DA neurons of KO mice
(n = 16/5 mice, **P = 0.0026) compared with control mice (n = 21/4 mice), and is restored in KO mice expressing GIRK2a-eYFP (n = 8/5 mice, ****P < 0.0001).
() Iquinpirole in KO mice (n = 9/5 mice, P> 0.05) is similar to control mice (n = 10/4 mice), but is significantly increased in KO mice expressing GIRK2a-eYFP (Resc,
n =6/5 mice, *P=0.0156). (J) AV,, (+Bac) is reduced in KO mice (n = 16/5 mice, **P = 0.0013) compared with control mice (n = 20/5 mice), and is restored in KO
mice expressing GIRK2a-eYFP (n = 7 cells/4 mice, ***P = 0.0005). One-way ANOVA with Bonferroni post hoc test (C, D, H, and /) or one-way ANOVA with
Holm-Sidak post hoc test (E and J).
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VTA-to-NAc (Fig. 5 A-D) and SNc-to-DS projecting DA (Fig.
5 E-H) neurons. In VTA-to-NAc DA neurons, this effect of
baclofen was markedly attenuated in SNX27ty KO mice but
restored to wild-type levels in the GIRK2a Resc mice (n =
7 cells/4 mice; interaction between drug and current, P <
0.0001) (Fig. 5 4 and C). In SNc-to-DS DA neurons, GIRK2a
Resc similarly restored the effect of baclofen (n = 7 cells/
4 mice; interaction between drug and current P < 0.0001) (Fig.
5 E and G). Interestingly, the Aspike number with baclofen for
the SNX27ty KO was not much smaller than control or Resc
mice (Fig. 5H), perhaps due to larger Ipaciofen in SN DA
neurons (Fig. 4H).

A B
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Thus, three different measures of GIRK function indicated
that expression of GIRK2a-eYFP in DA neurons lacking
SNX27 can restore GIRK signaling. Although SNX27 interacts
with a diverse set of proteins, its effects on evoked firing in the
presence of baclofen can be linked directly to GIRK channels.

SNX27 Acts via GIRK Channels in VTA DA Neurons to Regulate
Locomotor Sensitization to Cocaine. The mesolimbic DA pathway
has long been implicated in addiction (2). We therefore interro-
gated the role of VTA-to-NAc DA neurons in the locomotor re-
sponse to cocaine. To address this, we first attempted to study the
effect of a pathway-specific rescue on cocaine-dependent locomotor
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Fig. 5. GABAgR-dependent inhibition of firing is restored in SNX271 KO mice expressing GIRK2a-eYFP in both VTA-to-NAc and SNc-to-DS DA projection
neurons. (A) Cartoon shows virus injection into the NAc. (B) Voltage traces show induced spikes (+300 pA) in the absence and then presence of baclofen
(300 uM) for TH-Cre™~+eYFP (control, black), SNX27,KO+eYFP (KO, blue), and SNX2713KO+GIRK2a-eYFP (Resc, green) mice. (C) Baclofen strongly suppresses
firing in VTA-to-NAc DA neurons from control mice (n = 6/5 mice; ****P < 0.0001) and KO mice expressing GIRK2a-eYFP (Resc) (n = 7/4 mice; **P = 0.0016) but
not in KO (n = 8/5 mice; P = 0.1408). (D) Aspike # is significantly smaller in KO mice, compared with control mice and KO mice expressing GIRK2a-eYFP (Resc).
Bonferroni post hoc test at indicated current (*P < 0.05, **P < 0.01). (E) Virus injection into the DS. (F) Voltage traces show induced spikes (+300 pA) in the
absence and presence of baclofen (300 pM) for SNc-to-DS DA neurons. (G) Baclofen strongly suppresses firing in SNc-to-DS DA neurons in control mice (n =
20/5 mice; ****P < 0.0001) and Resc mice (n = 7/4 mice; ****P < 0.0001), but to a lesser extent in SNX271 KO mice (n = 16/5 mice; ****P < 0.0001). (H) Aspike
# is significantly smaller in KO mice compared with control mice and Resc mice. Bonferroni post hoc test at indicated current (*P < 0.05).
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sensitization. SNX27ty KO mice received AAV.DIO.eYFP or
AAV.DIO.GIRK2a-eYFP injections into the NAc and were
then examined for locomotor sensitization with a low concen-
tration of cocaine, 3.75 mg/kg (Fig. 64, cohort 1). Unexpectedly,
locomotor sensitization in the SNX27ty KO mice injected with
GIRK2a-eYFP into the NAc was indistinguishable from that of
SNX271y KO alone (SI Appendix, Fig. S4). However, a post hoc
analysis of the number of retrogradely labeled DA neurons in the
VTA indicated a low percentage of YFP-expressing DA neurons,
suggesting an insufficient number of VTA DA neurons expressed
GIRK2a-¢YFP (Fig. 64). To explore this possibility, we plotted
the 2-d change in locomotor activity as a function of the mean
number of YFP* cells in the VTA for each mouse, and observed
an inverse correlation (Fig. 6B). That is, mice with a greater
number of neurons positive for GIRK2a-YFP tended to respond
more like control mice (i.e., rescued) than KO mice.

We therefore used an alternative strategy of injecting
AAV.DIO.eYFP or AAV.DIO.GIRK2a-eYFP bilaterally into
the VTA of TH-Cre*'~ mice or SNX2711; KO mice (Fig. 64, cohort
2). Expression of GIRK2a in the VTA restores Iaciofen in VIA DA
neurons of SNX27p4 KO mice (31). Importantly, the expression of
YFP* neurons in the VTA was much more robust (Fig. 64). Fol-
lowing AAV injection (4-5 wk), mice were tested for locomotor
sensitization with the subthreshold dose of 3.75 mg/kg cocaine (Fig.
6C). As shown previously, SNX271y KO (+AAV.DIO.eYFP) mice
exhibit elevated locomotor sensitization relative to TH-Cre™~
(+AAV.DIO.eYFP) control mice on all days (Fig. 6C). This en-
hanced sensitivity to cocaine was absent in SNX27ty KO mice
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Fig. 6. GIRK2a-YFP expressed in VTA DA neurons of SNX27+y KO mice re-
duces locomotor sensitization to cocaine. (A) Schematic shows in vivo virus
injection into NAc (cohort 1) or the VTA (cohort 2). Images show represen-
tative examples of GIRK2a-YFP fluorescence in midbrain of cohort s1 and 2.
(B) Mean number of YFP* puncta in VTA is plotted as a function of the 2-d
change in locomotor activity for each mouse injected with AAV.DIO.GIRK2a-
eYFP into the NAc (S/ Appendiix, Fig. S1). Line shows linear fit (=0.3365,P=
0.048, Pearson correlation). (C) Plot of the average number of beam breaks
per day for the indicated genotype using 3.75 mg/kg cocaine. Locomotor
sensitization is enhanced in KO+eYFP mice (n = 11, blue) compared with TH-
Cre*~+eYFP (control, n = 19, black), but not in KO mice expressing GIRK2a-
eYFP (Resc, n = 15, green) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001 using two-way repeated-measures ANOVA with Bonferroni post hoc
test). (D) The 2-d change in locomotor activity is significantly higher in KO
mice, compared with control mice (n = 19, ***P = 0.0008) as well as Resc
mice (KO+GIRK2a-eYFP, n = 15, *P = 0.0219). Resc mice are not significantly
different from control mice (P = 0.7744).
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expressing GIRK2a-e YFP on days 1-5 (P = 0.1303 vs. TH-Cre™")
(Fig. 6C). Additionally, locomotor sensitization was significantly
greater in SNX27ty KO (+AAV.DIO.eYFP) mice than in
SNX271y KO mice expressing GIRK2a-eYFP (+AAV.DIO.
GIRK2a-eYFP) on day 12 (P < 0.0001) (Fig. 6C), demon-
strating a persistent effect of exogenous GIRK2a-eYFP.

Similarly, in SNX271; KO mice expressing GIRK2a-eYFP
(Resc), the 2-d change in locomotor activity was smaller
(370 + 63 beam breaks per day, n = 15) than SNX27ry KO
(+AAV.DIO.eYFP) (P = 0.0219) but similar to that in TH-
Cre*~ control mice (+AAV.DIO.eYFP) (P = 0.7744) (Fig.
6D). In SNX271 KO mice, the 2-d change in locomotor activity
(696 + 113 beam breaks per day, n = 11) was significantly higher
compared with TH-Cre?~ (+AAV.DIO.eYFP) control mice
(254.9 + 61.97 beam breaks per day, n = 19, P = 0.0008). These
findings demonstrate that, irrespective of the diverse binding
targets of SNX27 (40), the behavioral effects of its deletion from
midbrain DA neurons on locomotor sensitization to cocaine can
be fully reversed by exogenous expression of GIRK2a in pri-
marily VTA DA neurons. Thus, the role of SNX27 in VTA DA
neurons in changing the sensitivity to locomotor sensitization
with cocaine is mediated primarily by SNX27-dependent regu-
lation of GIRK channels.

Discussion

Changes in the excitability of midbrain DA neurons are a central
component of the subcellular alterations that underlie addiction to
abused drugs, as well as of other neurological diseases, such as
Parkinson disease and epilepsy. In the present study, we used cell-
type and projection-specific labeling techniques to elucidate a role
for SNX27, through its regulation of GIRK channels in primarily
VTA DA neurons, in determining the sensitivity of mice to cocaine-
dependent locomotor sensitization. Targeting a specific pathway
and population of DA neurons provides more granularity in the
circuit involved in addiction, further clarifying the role of a diverse
set of midbrain neurons.

SNX27 Regulation of GIRK2c and GIRK3 Channels in the Brain.
SNX27 contains three functional domains: a PDZ domain, a
PX domain, and a FERM-like domain (30, 41). The PX domain
selectively binds phosphatidylinositol-3-phosphate (PI3P), which
is enriched in early endosomes (EE), and therefore targets
SNX27 to the EE with GIRK channels and other proteins (28,
42). The PDZ domain mediates the association of SNX27 with
the PDZ-binding motif of other proteins. The PDZ domain of
SNX27 also binds to and regulates other membrane signaling
proteins, including glutamate receptors and several different G
protein-coupled receptors (GPCRs) (42-49). In an elegant set of
biochemical studies, Temkin et al. (45) showed that SNX27
functions as an adapter between the retromer complex, which
includes VPS29, VPS35, VPS26, and the WASH complex, and
PDZ ligand-containing cargoes. RNAi knockdown of SNX27 in
HEK293 cells reduced recycling of p2AR to the plasma mem-
brane following agonist stimulation (45). In neurons, SNX27 may
also be involved in forward trafficking of cargo proteins to the
plasma membrane. Hussain et al. (47) found that loss of SNX27
in hippocampal neurons impairs recruitment of surface AMPARs
during chemical LTP. Similarly, Wang et al. (50) demonstrated
that Snx27+~ mice also exhibit a reduction in expression of glu-
tamate receptors (NMDAR and AMPAR) coincident with defects
in synaptic function. Thus, SNX27 promotes PDZ-directed plasma
membrane sorting through the retromer tubule via its associa-
tion with the WASH complex and certain PDZ-ligand—containing
proteins (45).

The PDZ domain in SNX27 is highly specific for certain class I
PDZ ligands, which are found in both GIRK2c and GIRK3 sub-
units (28, 51). The role of SNX27 in regulating forward trafficking
of GIRK channels in SNc DA neurons that lack GIRK3 was
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unknown (32). We discovered that GABAgR- and D,R-activated
GIRK currents are significantly smaller in both SNc and VTA DA
neurons of SNX27ty KO mice. These findings suggest
SNX27 may control forward trafficking of both GIRK2c-containing
and GIRK3-containing channels because VTA DA neurons express
GIRK2c and GIRK3, while SNc DA neurons express GIRK2a and
GIRK2c subunits (15, 28, 32, 51). On the other hand, coexpression
of SNX27 with GIRK channels in HEK293 cells (28) or in cultured
hippocampal neurons (51) reduces receptor-activated GIRK
currents, suggesting that overexpression of SNX27 exerts a negative
regulatory effect on GIRK3-containing channels, perhaps due to
the lysosomal targeting motif in GIRK3 (52). In addition to SNX27,
the GIRK3 subunit also contributes to the behavioral response to
drugs. Mice lacking GIRK3 in the VTA show reduced response to
ethanol and increased drinking (53) and reduced morphine-
induced motor activity (54), although these studies did not distin-
guish GIRK3 expression in VTA GABA or DA neurons. Ablation
of GIRK3 in VTA DA neurons prevents activity-dependent po-
tentiation of GABAgR-GIRK currents (55). Taken together, these
findings indicate that SNX27 is directly involved in recycling GIRK
channels from early endosomes to the plasma membrane in DA
neurons. Future studies will need to address whether up-regulation
of SNX27 in VTA DA neurons also leads to reduced GIRK
currents.

Role of SNX27 in DA Neurons for Cocaine Sensitization. Our exper-
iments demonstrate that deletion of SNX27 selectively from DA
neurons (SNX27ty KO) markedly enhances locomotor sensiti-
zation to cocaine; that is, SNX271y KO mice are susceptible to
the addictive effects of a low dose of cocaine. Ablation of
SNX27 in only TH-expressing neurons results in significantly
smaller receptor-activated GIRK currents in I,¥ SNc DA and
VTA DA neurons. Midbrain DA neurons (9, 56) can be sub-
divided into phenotypically distinct I;," and I,” DA neurons that
project to specific brain regions (10-12). Generally, I;,* SNc and
VTA DA neurons project to the DS and NAc lateral shell, re-
spectively (10-12). Thus, an increase in excitability of both
neurons could contribute to the enhanced sensitivity to cocaine.
Although the reduction of the GIRK current in the VTA-to-NAc
pathway of KO mice could be functionally rescued by expression
of GIRK2a in the NAc, it was not sufficient to rescue (i.e., re-
duce) cocaine sensitivity to control levels. While targeted ex-
pression of GIRK2a in VTA DA neurons of KO mice does
restore GABAgR-GIRK currents (31), as well as decreases co-
caine sensitivity (present study), one caveat is worth noting. In-
jection of AAV DIO-GIRK2a-e YFP into the VTA of KO mouse
will lead to expression of GIRK2a in all VTA DA neurons, in-
cluding those that project to cortex (i.e., meso-cortical) and those
that project to other limbic structures (i.e., amygdala) (10).
These VTA DA projection neurons vary significantly in their
physiology; for example, mesoprefrontal DA neurons express
very low levels of GIRK2 and D,R (11). Thus, viral expression of
GIRK?2a in these neurons likely leads to GIRK expression that
exceeds physiological levels. However, our experimental tools
were not sufficient to isolate the behavioral effects of this
change. Developing viral vectors that can retrograde efficiently
and lead to expression of high quantities (i.e., sufficient to alter
behavior) of GIRK channels should allow their role in these
distinct VTA DA neuron pathways to be disambiguated.

In support of our findings implicating VTA DA neurons, intra-
VTA injection of stimulants is sufficient to produce sensitization
(57, 58). Furthermore, designer receptors exclusively activated
by designer drug (DREADD)-dependent activation of VTA DA
neurons projecting to the NAc induce hyperactivity, whereas
stimulation of the SNc-to-DS projecting neurons produces little
effect on locomotion (59), consistent with intra-NAc injections
of amphetamine eliciting locomotor activity (60). However, re-
cent studies using optogenetic and chemogenetic techniques

E9486 | www.pnas.org/cgi/doi/10.1073/pnas.1807788115

suggest a more complex role of these two pathways. For example,
a recent study with DREADD-dependent activation in a five-
choice serial reaction time task did not elicit impulsivity (61),
although prior studies suggested VTA-to-NAc DA neurons are
involved in impulsivity (62-64). In addition, mice learn to self-
administer optogenetic stimulation of both VTA and SNc neu-
rons (7, 14), implying that SNc DA neurons can function like
VTA DA neurons in reward and addiction (13, 14). Our results
provide evidence to implicate the activity of VTA DA neurons in
determining the sensitivity of the locomotor response to cocaine.

In our electrophysiology experiments, we found that AAV.DIO.
GIRK2a-eYFP virus injected into SNX27ry KO mice led to
substantially larger GIRK currents than in TH-Cre mice receiving
control virus. Thus, our “rescue” experiments are in some cases
more like overexpression. Because SNX271; KO mice displayed
small GIRK currents and enhanced locomotor sensitization to
cocaine, one might predict that overexpression of GIRK2a-eYFP
would result in reduced (i.e., protective) locomotor sensitization.
However, rescued SNX27y KO mice responded to cocaine be-
haviorally similar to control mice. Similarly, the baclofen-
dependent hyperpolarization in rescued neurons was similar to
control. Future experiments can address the impact of increased
GIRK expression by conducting a dose-response to cocaine in
TH-Cre mice that have received intra-VTA injections of AAV.DIO.
GIRK2a-eYFP.

The present findings establish SNX27 acting via GIRK chan-
nels as a new player in the pathophysiology of addiction. Our
findings add to increasing evidence that GABAER-GIRK cur-
rents play a critical role in the development of addictive behavior
to cocaine (16). For example, exposure to psychostimulants has
been shown to induce alterations in GABAgR-GIRK currents
(22-25, 65). In another study, D;R-expressing medium spiny
neurons in the NAc project to the VTA and form primarily
GABAgR-dependent synapses on VTA DA neurons (66). De-
letion of GABAgRs from VTA DA neurons enhances the lo-
comotor sensitization to cocaine (66). Additionally, mice lacking
the GIRK2 subunit in DA neurons exhibit a similarly enhanced
locomotor response to cocaine (26). Thus, deletion of the
GABAgR or its effector (i.e., GIRK2) in DA neurons achieves a
similar phenotype as deletion of SNX27. SNX27 provides a possible
drug-dependent pathway for regulating GABAgR-GIRK currents,
situated as an upstream regulator of GIRK channels. Interestingly,
exposure to psychostimulants up-regulates the mRNA for the
SNX27b splice variant in the cortex, raising the possibility of fo-
cusing on SNX27 as a therapeutic target for treating addiction (30).

While we have focused on GABAg receptors, dopamine D,
receptors also couple to GIRK channels in VTA DA neurons
(21, 67) and are expressed in the presynaptic and somatoden-
dritic compartments of VTA DA neurons, with the notable excep-
tion of mesoprefrontal DA neurons (11, 68). D, autoreceptors
regulate the locomotor sensitization response to cocaine (69) and
their function in VTA DA neurons is altered by psychostimulant
exposure (70), highlighting the importance of understanding how D,
receptors are regulated in these neurons. It is an open question
whether GIRK channels activated by different GPCRs, such as
GABAgR or D,R, belong to a common pool or are separate
populations that are regulated independently. Our electrophysiology
experiments indicate that SNX27 regulates GIRK channels coupled
with D,Rs as well as with GABAgRSs. In both cases, the absence of
SNX27 decreased agonist-evoked GIRK currents, suggesting these
GIRK channels are regulated by SNX27 as a single population.

Our results highlight an important role for SNX27-dependent
regulation of GIRK channels in the context of addiction. SNX27 has
been also implicated in other human disorders, including Alz-
heimer’s disease, epilepsy, and Down’s syndrome. Exome analysis
revealed homozygous mutations in SNX27 in patients who pre-
sented symptoms of intractable myoclonic epilepsy and lack of
psychomotor development (71). In Down'’s syndrome brains, there is
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reduced expression of SNX27 and a putative transcription factor for
SNX27, CCAAT/enhancer binding protein p (C/EBPB) (50). Up-
regulating SNX27 in the hippocampus of Down’s syndrome mice
rescues synaptic and cognitive deficits (50). Thus, elucidating the
function of SNX27 in the brain can provide new strategies for de-
veloping treatments for a variety of neurological diseases.

Materials and Methods

Generation of Conditional SNX27 KO Mice. SNX27,, KO mice were derived
from breeding Snx27™f and DAT-Cre*~ mice, as previously described (31). As
the selection of Cre-driver lines for targeting midbrain DA neurons has been
debated (34, 35), we created a second line of SNX27 KO mice using Bac-
transgenic TH-Cre*~ line (SNX271y KO) (36, 37). Bac-transgenic mice expressing
Cre under control of the Th promoter (TH-Cre), backcrossed >5 generations into
C57BL/6 (36, 37), were a gift from Ming-Hu Han, Icahn School of Medicine at
Mount Sinai, New York. Female Snx27"" mice were crossed with male TH-Cre*'~
mice to generate Snx27%*:TH-Cre?~ mice. Male Snx27"+:TH-Cre™~ mice were
crossed with female Snx27"" mice to generate Snx27"":TH-Cre™~ (SNX27 KO)
mice. SNX277; KO male mice were bred with Snx27"" female mice to produce
SNX277 KO experimental mice and Snx27"f littermate controls. TH-Cre™~ male
mice were bred separately with C57BL/6 female mice to generate TH-Cre*~
control mice for experiments. Tail biopsies were collected at weaning and geno-
typed by a commercial vendor (Transnetyx).

All aspects of animal care and experimentation were approved by the
Institutional Animal Care and Use Committee at the Icahn School of Medicine
at Mount Sinai, New York. Animals were housed in a temperature- and
humidity-controlled nonbarrier facility with ad libitum access to water and
standard chow, on a standard (light 0700-1900 hours) light-dark cycle.

Stereotaxic Surgery. Mice were anesthetized via intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (10 mg/kg), confirmed by absence of
pedal pain reflex, and placed in a stereotaxic frame. A midline incision was
made to expose the skull and burr holes overlying the injection sites were
made with a dental drill. A 33-gauge needle was used to infuse 0.5 pL of
AAV5.EF1a.DIO.eYFP or AAV2/5.EF1a.DIO.Girk2a-eYFP virus per side at
0.1 ul/min, followed by a 2- to 5-min wait before slowly retracting the needle.
VTA coordinates (relative to bregma) are as follows: 0° angle, M-L + 0.5 mm,
A-P =3.0 mm, D-V -4.5 mm. NAc coordinates (relative to bregma) are as
follows: + 10° angle, M-L + 2.0 mm, A-P +1.6 mm, D-V —4.4 mm. DS coordi-
nates (relative to bregma) are as follows: 0° angle, M-L +1.9 mm, A-P
+1.0 mm, D-V -2.2 mm. Scalp wounds were sutured and animals were
allowed to recover >20 d in their home cage before electrophysiology or
behavior experiments.

Before electrophysiological labeling and rescue experiments using AAV.DIO.
eYFP or AAV.DIO.GIRK2a-eYFP viruses injected into the NAc or DS, we validated
the injection coordinates using anti-GFP antibody (ThermoFisher #A6455). NAc
coordinates are centered at the NAc lateral shell, but staining typically in-
cluded the NAc core and medial shell. DS coordinates are centered at the
dorsal portion of the DS, with no contamination of the ventral striatum.

Viral Vectors. Girk2a-eYFP, in which GIRK2a is fused to eYFP, was subcloned
into pAAV-EF1a.DIO.eYFP.WPRE.hGH.pA (Addgene plasmid 20296) and made
into high titer (>1 x 10" copies per milliliter) AAV2/5 by the Salk Institute Vector
Core, as previously described (31). Stock high titer (>1 x 10'? copies per milliliter)
AAVS5.EF1a.DIO.eYFP.WPRE.hGH control viruses were obtained from University
of Pennsylvania or University of North Carolina at Chapel Hill vector cores.

Electrophysiology. Artificial cerebrospinal fluid (aCSF) contained the follow-
ing: NaCl 119 mM, p-glucose 11 mM, NaHCO3 26.2 mM, KCl 2.5 mM, MgCl,
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1.3 mM, NaH,PO4 1 mM, CaCl, 2.5 mM (pH 7.3). Sucrose aCSF was prepared
containing the following: sucrose 207 mM, bp-glucose 11 mM, NaHCOs
26.2 mM, KCI 2.5 mM, MgCl, 1.3 mM, NaH,PO4 1 mM, CaCl, 2.5 mM (pH 7.3),
aerated with 95% 0,/5% CO,. Coronal slices (250 pm) of midbrain were
prepared from male and female mice aged 6-12 wk in aerated ice-cold
sucrose-aCSF (SI Appendix, Supplemental Materials and Methods). Briefly,
DA neurons in the VTA or SNc were identified by eYFP/GFP fluorescence
using a Zeiss Axioskop epifluorescent microscope, and recorded via whole-
cell patch clamp. Electrophysiology data were quantified in Python 3 (Py-
thon Software Foundation) using the numpy, matplotlib, and stfio (72)
modules, and plotted using Prism (GraphPad Software).

Behavioral Measurements. For locomotor sensitization studies, age-matched
cohorts of male and female mice were transferred to a nonbarrier vivar-
ium near the testing apparatus >2 wk before testing. On each day of the
experiment, mice were brought into the testing room >1 h before testing.
Experiments were performed during the light cycle (0700-1900 hours) at a
consistent time of day. For 3 d, mice received an intraperitoneal injection of
10 pL sterile PBS per gram body weight and immediately tested for loco-
motor activity in a “PAS-Home Cage” (San Diego Instruments). On 5 sub-
sequent testing days (plus additional challenge days), mice received an
intraperitoneal injection of 3.75 mg/kg or 7.5 mg/kg cocaine in the same
volume of PBS and total beam breaks over 45 min per day were measured.
The change in locomotor activity during the first 2 d was calculated by
measuring the slope between day 2 and day 0 [(day 2 — day 0)/2)].

Immunohistochemistry and Protein Biochemistry. Mice were deeply anes-
thetized via isoflurane inhalation and transcardially perfused with PBS, fol-
lowed by 4% paraformaldehyde in PBS. The brain was removed and fixed
overnightin 4% paraformaldehyde in PBS, then transferred to PBS. Next, 60-pm
coronal sections of the appropriate brain region were made using a vibratome
and stained using rabbit anti-GFP (ThermoFisher #A6455) followed by donkey
anti-rabbit 1gG (Jackson ImmunoResearch #711-545-152) Sections were
mounted on glass slides and imaged using a Zeiss epifluorescent microscope
and analyzed with NIH ImageJ. Midbrain punches were prepared for Western
analysis, as described in S/ Appendix, Supplemental Materials and Methods.

Statistical Analyses. Data analyses were performed in Prism 7.0 (GraphPad
Software). Average data are reported as mean + SEM. For voltage-clamp
data, nonparametric tests were used: the Mann-Whitney test for two
groups, and the Kruskal-Wallis test with Dunn post hoc tests for three
groups. For current-clamp data, one-way ANOVA or two-way repeated-
measures ANOVA with Bonferroni post hoc tests were used. For locomotor
sensitization, two-way repeated-measures ANOVA with Bonferroni post hoc
tests was used. The 2-d change in locomotor activity was analyzed by one-
way ANOVA with Bonferroni post hoc tests. *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001 were considered significant for all analyses. Ac-
tual P values are reported, if available. For complete statistical results, see S/
Appendix, Supplemental Materials and Methods.
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