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Serum- and glucocorticoid-inducible kinase 1 activity
in ventral tegmental area dopamine neurons regulates
cocaine conditioned place preference but not cocaine
self-administration
Marie A. Doyle1, Vedrana Bali2, Andrew L. Eagle 2, Ali R. Stark1, Barbara Fallon3, Rachael L. Neve4, A. J. Robison1,2 and
Michelle S. Mazei-Robison1,2

Drugs of abuse regulate the activity of the mesolimbic dopamine (DA) system, and drug-induced changes in ventral tegmental area
(VTA) cellular activity and gene regulation are linked to behavioral outputs associated with addiction. Previous work from our lab
determined that VTA serum- and glucocorticoid-inducible kinase 1 (SGK1) transcription and catalytic activity were increased by
repeated cocaine administration; however, it was unknown if these biochemical changes contributed to cocaine-elicited behaviors.
Using transgenic and viral-mediated manipulations, we investigated the role of VTA SGK1 catalytic activity in regulating cocaine
conditioned place preference and self-administration. We showed intra-VTA infusion of a catalytically inactive SGK1 mutant (K127Q)
significantly decreased cocaine conditioned place preference (CPP). Further, we found that K127Q expression in VTA DA neurons
significantly decreased cocaine CPP, while this same manipulation in VTA GABA neurons had no effect. However, blunted VTA DA
SGK1 catalytic activity did not alter cocaine self-administration. Altogether, these studies identify the specific VTA cells critical for
SGK1-mediated effects on cocaine CPP but not self-administration.

Neuropsychopharmacology (2021) 46:1574–1583; https://doi.org/10.1038/s41386-021-01032-3

INTRODUCTION
Serum- and glucocorticoid-inducible kinase 1 (SGK1) was initially
identified as an immediate early gene transcriptionally induced by
serum and glucocorticoids [1]. This early work was critical in
defining SGK1 as a serine/threonine kinase and member of the
AGC family of kinases, which achieve maximal catalytic activity
though phosphorylation of the activation segment and hydro-
phobic motif [2–5] and share a highly conserved ATP-binding
motif [2]. For SGK1, these phosphorylation events occur at Ser422
and Thr256, respectively [5, 6], and Lys127 is critical for ATP
binding, as mutations at this site produce a catalytically inactive
protein [5, 7–9]. SGK1 catalytic activity regulates a variety of ion
channels, transporters, and transcription factors in the periphery
[10]; however, far less is known about the functional role of SGK1
in the central nervous system.
SGK1 mRNA and protein is expressed throughout the brain [11]

and transcription can be induced by learning, stress, seizures, and
drugs of abuse [12–19]. However, nearly all information character-
izing sgk1 mRNA regulation was collected as part of large-scale
screening investigations, with few studies expanding upon
transcript findings with protein-level assays. Given that changes
in transcription may not directly parallel modifications in protein
expression or activity, it is critical to investigate SGK1 protein
regulation. Importantly, SGK1 activity modulates learning- and
stress-related behaviors. In the hippocampus, training in the

Morris water maze task increased SGK1 Thr256 and Ser422
phosphorylation [20], phospho-sites required for maximal kinase
activity [21]. Moreover, mice overexpressing SGK1 mutants at
these sites (T256A or S422A) exhibited impaired context-
dependent learning [19, 20, 22, 23], indicating that hippocampal
SGK1 activity is critical for spatial learning. In addition, stress
regulates SGK1 protein in the prefrontal cortex (PFC). In a model of
learned helplessness, total SGK1 protein was decreased in rats
showing greater escape failures, and PFC overexpression of S422A
SGK1 increased the number of escape failures [18]. In contrast,
acute forced swim stress increased PFC SGK1 protein, and
blocking SGK1 function via protein interference (TAT-SGK1)
prevented increased performance in a T-maze task, suggesting
SGK1 activity promotes stress-induced enhancement of working
memory [24]. While these studies highlight opposing SGK1
regulation by different forms of stress, together with hippocampal
findings, they implicate SGK1 catalytic activity in the central
nervous system as an important mediator of learning and stress
behaviors.
Though SGK1 function in response to learning and stress has

been examined, relatively little is known about SGK1 catalytic
activity in the context of drugs of abuse. Using RNA-sequencing,
we previously identified SGK1 as one of only five genes
transcriptionally upregulated in the ventral tegmental area (VTA)
by both repeated cocaine and morphine treatment [13]. VTA SGK1
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catalytic activity was also increased following repeated, but not
acute, administration of cocaine [13]; however, the functional
relevance of VTA SGK1 catalytic activity remains unknown. Thus, in
this study we sought to determine whether blunted SGK1 catalytic
activity in VTA attenuated cocaine-elicited behaviors. Moreover,
given that the VTA is a heterogenous brain region [25, 26], we
utilized cell type-specific approaches to determine the neuronal
population/s critical for driving SGK1 effects on behavior.

MATERIALS AND METHODS
Animals
Herpes simplex virus (HSV) overexpression experiments used
adult (8–9 weeks) male c57BL/6 J mice (Jackson Laboratory)
allowed to habituate to the animal facility >7 days prior to the
start of experiments. Cell type-specific experiments utilized adult
(8–15 weeks) male and female heterozygous dopamine transpor-
ter (DAT)-Cre recombinase (Cre) mice (Jackson Laboratory,
006660) or vesicular GABA transporter (VGAT)-Cre mice (Jackson
Laboratory, 028862), bred inhouse. DA-SGK1-KO mice (Supp Fig. 6)
were generated via crossing homozygous floxed SGK1 (FlxSGK1)
mice [27, 28] with DAT-Cre mice.
All mice were housed at 22–25 °C on a 12 h light–dark cycle

with food and water ad libitum. Behavioral testing took place
during the light phase, unless otherwise noted. All experiments
were approved by Michigan State University Institutional Animal
Care and Use Committee and were carried out in accordance with
the guidelines set in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.

Viral constructs
HSV vectors encoding green fluorescent protein (GFP), HA-tagged
SGK1 (wild-type SGK1), catalytically inactive K127Q mutant, and
N-terminal phosphorylation mutants (S78A, S78D) have been
previously used and validated [13, 29]. HSVs (HSV-CMV-GFP, HSV-
HA-SGK1-WT-GFP, HSV-HA-SGK1-K127Q-GFP, HSV-HA-SGK1-S78A-
GFP, HSV-HA-SGK1-S78D-GFP) were packaged by Dr. Rachael Neve
at the Gene Technology Core (Massachusetts General Hospital).
AAVs were packaged by the University of North Carolina GTC
Vector Core (AAV2-EF1α-DIO-HA-SGK1-K127Q, AAV2-EF1α-DIO-EYFP-
WPRE-pA). Expression of HA-tagged SGK1 mutants in the VTA
was validated using standard western blot and IHC methods (see
supplemental methods).

Viral-mediated gene transfer and stereotaxic surgery
Stereotaxic surgeries used established procedures [13, 30]. Adult
mice (8–10 weeks) were anesthetized using 100mg/kg ketamine
and 10mg/kg xylazine. All mice received bilateral intra-VTA
infusions (HSV: 0.5 μl, AAV: 0.4 μl) at established coordinates
(−3.2 mmA/P,+1.0 mmM/L,−4.6 mm D/V, 7° angle). Behavioral
experiments began either 1 day (HSV) or >21 days (AAV) following
surgery.
For AAV experiments, control mice consisted of Cre-negative

mice that received AAV-DIO-SGK1-K127Q and Cre-positive mice
that received AAV-DIO-EYFP; control data were combined as there
were no differences between groups.

Viral targeting and immunohistochemistry (IHC) to verify viral
expression
VTA expression of SGK1 was confirmed using standard IHC
methods [31]. Viral-mediated expression of SGK1 was verified via
IHC for HA-tagged SGK1 and TH was used to assess whether
expression was localized to dopamine neurons. VTA targeting was
confirmed by a blinded observer following behavioral testing.
Slices between −3.64 and −3.08 mm from bregma across the
anterior/posterior axis were visualized for bilateral viral expression
within the VTA. Mice were excluded from analysis if viral
expression was unilateral or outside of the VTA (Supp Fig. 7).

Across all experiments, a total of 82 of 448 mice were excluded
due to missed injection or lack of fluorescent signal.

Drugs
Cocaine (Sigma) was dissolved in 0.9% sterile saline for all
experiments. Dose varied depending on experiment and sex. This
included 7.5 mg/kg cocaine for HSV CPP, 12.5 mg/kg cocaine for
male AAV CPP and 10mg/kg cocaine for female AAV CPP; a lower
drug dose was selected for females to produce comparable
preference scores to males [32]. For locomotor activity, 7.5 mg/kg
and 5mg/kg were used for males and females, respectively. For
self-administration experiments, 0.5 mg/kg/infusion of cocaine
was used for acquisition and progressive ratio assays. Cocaine
doses of 1.0, 0.5, 0.25, 0.063, 0.016, and 0.001mg/kg/infusion
were used during dose–response testing. For biochemical studies,
20 mg/kg cocaine was used.

Cocaine conditioned place preference (CPP)
Cocaine CPP was performed using established procedures [13].
Briefly, mice were placed in the center of a three-chambered CPP
box (San Diego Instruments) and allowed to freely explore for a 20
min pretest. Mice that spent ≥20% of total time more in one side
chamber than the other during the pretest session were excluded
from analysis due to the presence of an initial side bias. Across all
experiments, 31 of 351 total mice assessed in CPP were excluded
due to pretest side bias. Next, during unbiased conditioning
sessions, mice were restricted to one chamber in the morning
(saline, 30min) and the opposite chamber in the afternoon
(cocaine, 30 min) for two conditioning days, followed by a 20min
posttest. CPP score was calculated as the time (seconds) spent
in the drug-paired minus saline-paired chamber. Total beam
breaks (from y-photodetectors only) during each conditioning
session were used to calculate locomotor activity, and 2-day
averages were used to analyze locomotor activity during the
conditioning sessions.

Cocaine locomotor activity
Locomotor activity in response to repeated cocaine injections was
performed as previously described with minor modifications [13].
Locomotor activity was measured in a three-chambered CPP box
(San Diego Instruments) and calculated as total beam breaks (4 ×
16 (x-y) photobeam array). One day prior to the start of the
experiment, mice were habituated to the boxes for 60min. Next,
in daily testing sessions (7 days) mice were first i.p. injected with
saline and locomotor behavior was recorded for 30 min, this was
immediately followed by cocaine injection and an additional 30
min recording of locomotor behavior.

Cocaine self-administration
Cocaine self-administration protocols were adapted from previous
methods [33, 34]. Due to the consistently more robust cocaine CPP
and locomotor effects in DAT-K127Q male mice and the difficulty
in performing self-administration in female mice, only male mice
were used for self-administration studies. Mice underwent self-
administration experiments in operant boxes (MedAssociates).
Selecting the active nose poke resulted in the delivery of a reward
and a concurrent light cue (nose poke illumination and house
light). Action on the inactive nose poke had no consequences.
Mice were first trained to respond for sucrose pellets (food
training). Briefly, mice were food restricted to 90% of their free
feeding weight and sucrose self-administration was conducted on
a fixed ratio of 1 (FR1) schedule in 1 hr sessions for 7 days. Mice
that did not acquire were removed from the experiment
(a total of 9/42 mice were removed due to not meeting the
acquisition criteria). Following food training, mice were anesthe-
tized (100mg/kg ketamine, 10mg/kg xylazine) and implanted with
a chronic indwelling jugular catheter. Following surgery, mice were
allowed to recovery for 3 days. Catheter patency was assessed at
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the start and end of each experiment using 20 μl Brevital (5 mg/mL
in 0.9% sterile saline), and catheters were considered functional if
the animal lost muscle tone in <5 seconds from the time of
infusion. Cocaine self-administration was conducted (19.6 μl
infusion, 0.5 mg/kg/infusion) on a FR1 schedule in 2 h session for
7–10 days. Following acquisition of cocaine self-administration,
separate cohorts of mice underwent self-administration (19.6 μl
infusions, 0.5 mg/kg/infusion) on a progressive ratio (PR) schedule
in a 2 hr session [35] or a dose–response analysis where mice self-
administered a descending set of doses (19.6 μl infusion, 1.0, 0.5,
0.25, 0.063, 0.016, and 0.001mg/kg/infusion) on an FR1 schedule in
2 h sessions (method adapted from [34, 36]). Each dose was run for
two consecutive days, and the average of responses at each dose
were used for analysis.

Two-bottle sucrose choice (TBC) task
To assess preference, mice were singly housed with access to two
50mL conical tubes fitted with sipper tops following established
procedures [17, 30]. Briefly, bottle volume was measured at the
same time each morning and bottle placement was swapped daily
to account for potential side bias. Mice that displayed a > 30%
side/bottle preference during testing were excluded from analysis.
Following water/bottle habituation (1–2 days), sucrose preference
(1% sucrose or water) was assessed (4 days). Fluid intake (mL) was
measured daily and results are reported as percent preference
(sucrose consumed/total fluid consumed x 100, calculated for each
day), average preference (4-day average of daily percent sucrose
preference), and average fluid intake (4-day averages of fluid
intake).

Statistics
Full statistical analyses are reported in Supplemental Table 1.
GraphPad Prism was used for all statistical analyses, and all values
are represented as mean ± SEM. The means of two groups were
compared using an unpaired t-test (two-tailed), and the means of
three groups were compared using a one-way analysis of variance
(ANOVA), followed by a Dunnett post hoc test when appropriate.
A two- or three-way ANOVA was used when comparing two or
three variables, and an ANOVA with repeating measures (RM) was
used when analyses were repeated on multiple days. ANOVAs
were followed by Tukey or Sidak post hoc tests when appropriate.
Males and females were always analyzed separately for behavior.
Significance was defined as p < 0.05.
Additional methodological details are presented in Supple-

mental Methods.

RESULTS
Blunted VTA SGK1 catalytic activity decreases cocaine CPP
Repeated, but not acute, cocaine administration increases VTA
SGK1 catalytic activity [13]; however, the functional relevance of
SGK1 activity remains unknown. Therefore, we generated an SGK1
mutant with an amino acid substitution at Lys127 to create a
catalytically inactive mutant (K127Q) [9, 29]. To validate this viral
approach, we injected a herpes simplex virus (HSV) overexpressing
K127Q (HSV-SGK1-K127Q) or mutant constructs that alter the
SGK1 N-terminal phosphorylation site (HSV-SGK1-S78D, HSV-
SGK1-S78A) into the VTA (Fig. 1A). We then performed western
blot analysis on microdissected VTA tissue to assess changes in
SGK1 Ser78 phosphorylation and SGK1 catalytic activity (pNDRG)
compared to HSV-GFP infused controls. We found that HSV-K127Q
significantly increased pS78-SGK1 signal (Fig. 1B; F(3,38)= 15.41,
p < 0.0001; GFP vs K127Q: p < 0.0001) consistent with SGK1 pro-
tein overexpression, as the K127Q mutation is not expected to
impact Ser78 phosphorylation. In contrast, HSV-S78A and HSV-
S78D pS78-SGK1 levels do not differ from HSV-GFP controls
(Fig. 1B; GFP vs S78A: p= 0.49; GFP vs S78D: p= 0.69), validating
specificity of the pSer78-SGK1 antibody to recognize the

phosphorylated Ser78 site. SGK1 catalytic activity was assessed
through phosphorylation of its specific substrate, NDRG [37]. As
expected, HSV-S78A and HSV-S78D both significantly increased
pNDRG levels compared to HSV-GFP controls (Fig. 1C; F(3,38)= 8.22,
p= 0.0002; GFP vs S78A: p= 0.0006; GFP vs S78D: p= 0.01),
similar to previously observed effects with VTA SGK1 over-
expression [13]. In contrast, pNDRG levels did not differ between
HSV-K127Q and HSV-GFP controls despite the overexpression of
SGK1 protein (p= 0.99), validating that K127Q is catalytically
inactive. We also assessed whether VTA expression of K127Q could
alter cocaine-induced increases in SGK1 catalytic activity. A
“binge” cocaine protocol (5–20mg/kg injections over 3 days
[38, 39]) was used as it has previously been shown to increase VTA
SGK1 catalytic activity [13] and allowed repeated cocaine
administration within the abbreviated HSV expression timeframe.
While there was a trend for higher pNDRG levels in the
GFP-cocaine group (140.4 ± 19.3) compared to the K127Q
group (107.5 ± 12.1) and GFP-saline controls (100.0 ± 10.2),
we did not detect a significant difference in pNDRG signal
(Supp Fig. 1; F(2,30)= 2.09, p= 0.14). Together, these data support
that K127Q is catalytically inactive and may be able to blunt
cocaine-induced responses in the VTA, and therefore be a useful
tool for assessing the effect of constrained VTA SGK1 catalytic
activity on cocaine-elicited behaviors.
HSV expressing the catalytically inactive SGK1 mutant

(K127Q), wild-type SGK1 (WT), or control GFP was bilaterally
injected into the VTA of adult male mice, and cocaine CPP was
assessed (Fig. 1A). Following conditioning, we found significant
main effects of conditioning (F(1,112)= 15.77, p= 0.0001), virus
(F(2,112)= 4.34, p= 0.02), and interaction of conditioning x virus
(F(2,112)=3.2, p= 0.02). Time spent in the drug paired chamber
was significantly decreased in mice with VTA K127Q expression
compared to GFP controls (Fig. 1B; p= 0.02). WT SGK1 mice did
not differ from GFP controls (Fig. 1B; p= 0.99), suggesting that
VTA overexpression of SGK1 protein alone does not impact CPP.
Cocaine injections caused an expected increase in average
locomotor activity during the conditioning sessions (Fig. 1C;
main effect of drug: F(1,112) = 12.48, p= 0.0006), but no main
effect of virus was observed (F(2,112)= 0.53, p= 0.59). These
findings indicate that blunted VTA SGK1 catalytic activity is
sufficient to impair cocaine CPP.

K127Q expression in VTA DA, but not GABA, neurons alters
cocaine CPP and psychomotor activity
Given that SGK1 catalytic activity is capable of regulating cocaine
CPP, we next sought to determine if these effects were cell type-
specific. The VTA is a heterogenous brain region made up of ~60%
DA and ~30% GABA neurons [25, 26]. We generated a novel Cre-
dependent K127Q construct and performed VTA injections in
adult male and female DAT-Cre or VGAT-Cre mice to blunt SGK1
catalytic activity specifically in VTA DA or GABA neurons,
respectively (Fig. 2A, B). In DAT-Cre mice, following conditioning
male mice showed significant main effects of conditioning
(F(1,46)= 14.08, p= 0.0005), virus (F(1,46)= 8.75, p= 0.005), and an
interaction of conditioning x virus (F(1,46)= 7.49, p= 0.009).
Female mice displayed a significant main effect of conditioning
(F(1,54)= 35.70, p < 0.0001) and an interaction of conditioning x
virus (F(1,54)= 7.37, p= 0.009) but only a trend for a main effect of
virus (F(1,54)= 2.87, p= 0.096). When K127Q was overexpressed in
VTA DA neurons, both male and female mice spent significantly
less time in the drug-paired chamber compared to controls
following cocaine conditioning (Fig. 2C; male: p= 0.001; female:
p= 0.02). In VGAT-Cre mice, both male and female mice showed a
significant main effect of conditioning (male: F(1,88)= 27.82,
p < 0.0001; female: F(1,76)= 12.40, p= 0.0007) but not virus (male:
F(1,88)= 0.074, p= 0.79; female: F(1,76)= 2.08, p= 0.15). In contrast
to DAT-Cre mice, both male and female mice with K127Q
expression in VTA GABA neurons did not differ from controls
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(Fig. 2E; male: p= 0.99; female: p= 0.25). Together, these data
indicate that reduced catalytic activity in VTA DA, but not GABA,
neurons likely drove behavioral results observed with HSV tools
(Fig. 1D, E).
In addition to decreased cocaine CPP, mice with VTA DA-K127Q

expression showed increased psychomotor responses to cocaine.
Specifically, male mice displayed main effects of drug (F(1,46)=
19.72, p < 0.0001), virus (F(1,46)= 16.08, p= 0.0002), and an
interaction of drug x virus (F(1,46)= 4.36, p= 0.04). Female mice
showed main effects of drug (F(1,54)= 37.62, p < 0.0001) and virus
(F(1,54)= 4.60, p= 0.04) in average locomotor activity recorded
during the two conditioning sessions. DA-specific expression of
K127Q elicited enhanced psychomotor effects in both male and
female mice (Fig. 2D; male: p= 0.0005, female: p= 0.04). In GABA-
specific studies, however, while cocaine produced the expected
increase in locomotor activity in males and females (Fig. 2F; males:
F(1,88)= 39.85, p < 0.0001; females: F(1,76)= 32.39, p < 0.0001) there
was no main effect of virus (males: F(1,88)= 1.24, p= 0.27; females:
F(1,76)= 0.09, p= 0.76).
To further investigate the enhanced psychomotor activity driven

by cell type-specific K127Q expression, a cohort of mice received
repeated cocaine injections to determine if the viral effect on

locomotor activity adapted over multiple drug administrations. Male
VTA DA-specific K127Q expression robustly increased cocaine-
induced locomotor activity (Fig. 3A, Supp Fig. 2; main effects of
drug: (F(1,23)= 52.32, p < 0.0001), virus: (F(1,23)= 19.08, p= 0.0002),
and drug x virus: (F(1,23)= 13.37, p= 0.001)) and females with VTA
DA-specific K127Q expression showed a main effect of drug (Fig. 3A,
F(1,21)= 6.02, p= 0.02) and an interaction of day x drug (F(1,21)= 9.53,
p= 0.006); however, there was only a non-significant trend for a
virus main effect on psychomotor activity (F(1,21)= 4.11, p= 0.06).
Importantly, mice with K127Q expression in VTA GABA neurons
again showed an expected main effect of cocaine treatment (Fig. 3B;
males: F(1,10)= 8.08, p= 0.02; females: F(1,10)= 6.99, p= 0.03), but
viral expression did not significantly affect locomotor activity (males:
F(1,10)= 0.58, p= 0.46; females: F(1,10)= 0.52, p= 0.49). These data
replicated the psychomotor effect originally observed during CPP
conditioning of male, but not female, DA manipulated mice (Fig. 2D).
As these locomotor assays were performed at lower cocaine doses
than CPP conditioning, we next sought to determine if CPP
conditioned at a lower dose was similarly altered by VTA DA SGK1
manipulation.
When conditioned at a low dose of cocaine, a main effect of

conditioning was observed (males: F(1,36)= 7.30, p= 0.01; females:

Fig. 1 VTA SGK1-K127Q expression is capable of modulating cocaine CPP. A Representative image of VTA HSV-HA-SGK1-K127Q viral
expression. B VTA overexpression of a catalytically inactive SGK1 mutant (HSV-HA-SGK1-K127Q) significantly increased phospho-SGK1 (Ser78)
compared to GFP controls (GFP= 14, K127Q= 12, one-way ANOVA followed by a Dunnett post hoc test), consistent with increased SGK1
expression, while overexpression of Ser78 mutants (HSV-HA-SGK1-S78A= 8 and HSV-HA-SGK1-S78D= 8) showed no difference from controls,
highlighting antibody specificity. C In contrast, K127Q expression did not increase phosphorylation of the SGK1 substrate NDRG above control
levels (GFP= 14, K127Q== 12) while expression of S78A and S78D mutants both significantly increased pNDRG compared to GFP controls
(S78A= 8, S78D= 8, one-way ANOVA followed by a Dunnett post hoc test). Representative blots are shown above each graph. D VTA K127Q
expression decreased cocaine CPP compared to GFP controls while WT SGK1 had no effect (7.5 mg/kg cocaine, GFP= 22, K127Q= 26, WT=
11, two-way ANOVA followed by a Tukey post hoc test). E While there was a main effect of drug, locomotor activity during the CPP
conditioning sessions was not changed by either expression of the K127Q mutant or WT SGK1 (7.5 mg/kg cocaine, GFP= 22, K127Q= 26,
WT= 11, two-way ANOVA followed by a Tukey post hoc test). *p < 0.05, **p < 0.01. All data are represented as mean ± SEM.
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F(1,32)= 9.94, p= 0.004); however, differences in cocaine CPP
scores were not observed in mice with VTA DA neuron-specific
K127Q expression (Supp Fig. 3A; main effect of virus in males:
F(1,36)= 1.12, p= 0.29 and females: F(1,32)= 0.03, p= 0.86), sug-
gesting that effects on cocaine CPP may be dose-dependent.
Interestingly, while no main effect of viral expression on CPP
was observed at this dose (male: F(1,36)= 1.12, p= 0.29; female:
F(1,32)= 0.03, p= 0.86), male K127Q mice still exhibited a
robust increase in psychomotor activity during conditioning
sessions, with main effects of drug (F(1,36)= 4.80, p= 0.04) and
virus (F(1,36)= 11.05, p= 0.002) detected. Specifically, K127Q-

expressing mice had significantly increased activity in response
to cocaine compared to controls (p= 0.02). In contrast, females
showed a main effect of drug (Supp Fig. 3B; F(1,36)= 6.23, p= 0.02)
but not virus (F(1,36)= 0.05, p= 0.82). We also tested a higher dose
of cocaine in female mice with VTA DA-K127Q expression,
since the locomotor effect appeared more robust in male mice
(Fig. 3). We observed significant main effects of conditioning (Supp
Fig. 4A; F(1,14)= 14.95, p= 0.002) and drug (Supp Fig. 4B;
F(1,14)= 104.5, p < 0.0001) in CPP and locomotor activity assays,
respectively, but no effect of virus (Supp Fig. 4A; F(1,14)= 0.19,
p= 0.67, Supplementary Fig. 4B; F(1,14)= 0.0007, p= 0.98).

Fig. 2 SGK1-K127Q expression in VTA DA, but not GABA, neurons drives impaired cocaine CPP. A Representative image of AAV-DIO-HA-
SGK1-K127Q viral expression in VTA DAT-Cre mice. B Representative image of AAV-DIO-HA-SGK1-K127Q viral expression in VTA VGAT-Cre
mice. C Expression of a catalytically inactive SGK1 mutant (K127Q) in VTA DA neurons significantly reduced cocaine CPP in male and female
mice (male: 12.5 mg/kg cocaine, n= 10–15, two-way ANOVA followed by a Tukey post hoc test; female: 10mg/kg cocaine, n= 13–16, two-way
ANOVA followed by a Tukey post hoc test). D During CPP conditioning, male and female mice overexpressing VTA DA-specific K127Q
displayed a significant increase in cocaine-elicited activity (male: 12.5 mg/kg cocaine, n= 10–15, two-way ANOVA followed by a Tukey post
hoc test; female: 10 mg/kg cocaine, n= 13–16, two-way ANOVA followed by a Tukey post hoc test). E Expression of VTA GABA-specific K127Q
did not alter cocaine conditioned place preference (male: 12.5 mg/kg cocaine, n= 21–25, two-way ANOVA followed by a Tukey post hoc test;
female: 10mg/kg cocaine, n= 16–24, two-way ANOVA followed by a Tukey post hoc test). F Locomotor activity was not changed by VTA GABA
neuron expression of the K127Q mutant in male or female mice (male: 12.5 mg/kg cocaine, n= 21–25, two-way ANOVA followed by a Tukey
post hoc test; female: 10mg/kg cocaine, n= 16-24, two-way ANOVA followed by a Tukey post hoc test). *p < 0.05, **p < 0.01. All data are
represented as mean ± SEM.
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K127Q expression in VTA neurons does not alter sucrose
preference
Expanding on results demonstrating impaired cocaine CPP driven
by blunted VTA SGK1 catalytic activity, we next sought to
determine if a responses to a non-drug reward were also affected.
Thus, we assessed sucrose preference in a two-bottle choice task
following viral manipulations. Non-cell type-specific expression of
HSV-K127Q did not significantly alter sucrose preference (Fig. 4A;
main effect of virus: F(1,11)= 3.45, p= 0.09). Similarly, both male
and female mice with VTA DA-specific K127Q overexpression did
not show differences in sucrose preference from controls (Fig. 4B;
main effect of virus; males: F(1,25)= 1.43, p= 0.24; females: F(1,30)=
1.55, p= 0.22). Neither viral manipulation altered total fluid
consumption compared to controls (Supp Fig. 5A, B; HSV:
t= 0.82, df= 11, p= 0.43; male DAT-Cre: t= 0.93, df= 25,
p= 0.36; female DAT-Cre: t= 0.93, df= 25, p= 0.62). These data
suggest that blunted VTA SGK1 catalytic activity may specifically
impair the rewarding effects of drugs.

Cocaine self-administration is not altered by VTA DA K127Q
expression
To better define changes in cocaine response driven by blunted
SGK1 activity in VTA DA neurons, cocaine self-administration was
used to assess additional cocaine-elicited behaviors. Male mice with
VTA DA neuron-specific expression of the K127Q mutant were first
trained to respond for food, where sucrose pellets were earned on a
fixed ratio of 1 (FR1) schedule, and mice that did not meet criteria for
acquisition of food training were excluded from analysis and further
experimentation. Both control mice and those expressing the K127Q
mutant acquired the operant behavior, with no observed differences
between groups in the percentage of mice to meet acquisition
criteria (Fig. 5A; Chi square= 0.21, p= 0.65). In addition, VTA DA
K127Q expression did not significantly alter the number of days to

meet acquisition (Fig. 5C; t= 0.99, df= 19, p= 0.34) or the number
of rewards earned during sucrose self-administration sessions (Fig. 5B;
main effect of virus: F(1,19)= 3.34, p= 0.08), consistent with sucrose
preference findings and indicating that the processing of natural
reinforcement is intact in DA SGK1 mutant-expressing mice.
To assess potential changes to cocaine behavior, mice then

underwent cocaine self-administration on an FR1 schedule. Both
control and VTA DA SGK1 mutant mice acquired cocaine self-
administration and the number of cocaine infusions earned was not
different between groups (Fig. 5D; main effect of virus: F(1,19)= 1.53,
p= 0.23), indicating that blunted VTA DA SGK1 activity did not
modulate cocaine intake. Next, to determine if motivation to earn a
cocaine reward was altered by K127Q expression, mice were put
through progressive ratio (PR) testing. The PR breakpoint was not
different between control and K127Q-expressing mice (Fig. 5E; t=
0.17, df= 9, p= 0.87), suggesting that blunted catalytic activity in
VTA DA neurons did not alter motivation to obtain cocaine infusions.
Finally, given deficits in cocaine CPP at a moderate but not low dose
of cocaine, a dose–response assay was completed to determine if
effects on self-administration were potentially obscured by the dose
administered during acquisition and PR testing [34, 36]. There was a
significant main effect of dose on the number of cocaine infusions
earned (Fig. 5F; F(2.649, 34.44)= 23.07, p < 0.0001); however, no
differences were observed between DA SGK1 K127Q-expressing
mice and controls (main effect of virus: F(1,13)= 1.51, p= 0.24). Thus,
while cocaine-elicited behaviors were altered in a CPP paradigm,
reduced VTA DA SGK1 catalytic activity did not affect cocaine self-
administration behaviors.

VTA K127Q expression in DA SGK1 gene knockout mice does not
alter cocaine CPP
While viral-mediated overexpression of a catalytically inactive
SGK1 mutant (K127Q) has been a critical tool for understanding

Fig. 3 Cocaine-elicited locomotor activity is altered by K127Q expression in VTA DA neurons. A VTA DA K127Q expression (AAV-DIO-HA-
SGK1-K127Q) altered psychomotor activity in male, but not female, mice (male: 12.5 mg/kg cocaine, three-way ANOVA with repeated
measures; female: 10mg/kg cocaine, n= 10–13, three-way ANOVA with repeated measures). B A main effect of drug was observed in male
and female mice with VTA GABA K127Q expression (AAV-DIO-HA-SGK1-K127Q), but no effect of virus was detected (male: 12.5 mg/kg cocaine,
n= 6, three-way ANOVA with repeated measures: p= 0.0175; female: 10mg/kg cocaine, n= 6, three-way ANOVA with repeated measures).
*p < 0.05, **p < 0.01. All data are represented as mean ± SEM.
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the role of SGK1 activity in cocaine behaviors, this method
overexpresses the mutant on top of endogenous SGK1 protein
expressed by the neuron. In order to assess the potential
contribution of endogenous SGK1 signaling on the observed
cocaine CPP effects, DA-SGK1-KO male mice were utilized to
assess the effects of VTA DA-specific expression of the K127Q
mutant in a null background. Following conditioning, a main
effect of conditioning was observed (F(1,30)= 8.33, p= 0.007) but
not SGK1 manipulation (F(2,30)= 0.01, p= 0.99). Mice with DA
neuron-specific SGK1 deletion (DA-SGK1-KO group) exhibited
preference similar to that of controls (Supp Fig. 6A, p= 0.99),
replicating previous findings [28]. When the K127Q mutant was
expressed in VTA DA-SGK1-KO mice (KO-K127Q group), preference
did not differ from controls (Supp Fig. 6A, p= 0.99), diverging
from impaired CPP effects seen with DA-K127Q expression with
endogenous SGK1 (Fig. 2C). During the CPP conditioning sessions,
there was a main effect of drug (Supp Fig. 6B; F(1,30)= 10.11, p=
0.003) but not SGK1 manipulation (F(2,30)= 0.03, p= 0.97) on
locomotor activity. Accordingly, K127Q expression in VTA DA-
SGK1-KO mice failed to enhance psychomotor activity (p > 0.99) in
contrast to DA-K127Q mice with endogenous SGK1 protein
(Fig. 2D). These data suggest that the effect of K127Q expression
on cocaine CPP and locomotor activity is mediated in part by

expression of endogenous SGK1 protein and that K127Q may
have dominant-negative actions.

DISCUSSION
Blunting VTA SGK1 catalytic activity impairs cocaine CPP in a cell
type-specific manner
SGK1 is widely expressed in the brain and its transcription can be
induced by virtually all classes of drug of abuse [13–16, 40];
however, few studies have built on transcriptional findings to
characterize protein-level regulation and function. Previous work
from our lab identified an upregulation in VTA SGK1 mRNA and
catalytic activity following repeated cocaine administration [13].
Though SGK1 catalytic activity has been identified as a modulator
of stress- and learning-related behaviors [18–20, 22–24], its effect
on cocaine-elicited behavior remained unknown. Thus, this work
supports the relevance of SGK1 catalytic activity in modulating
cocaine response. We found that blunting VTA SGK1 catalytic
activity (K127Q) impaired cocaine CPP, while wild-type SGK1
overexpression alone had no effect on CPP. This is consistent with
data showing VTA expression of a constitutively active SGK1
mutant (S422D) does not further increase cocaine CPP compared
to GFP controls [13]. Together, these data suggest that while
constraining VTA SGK1 catalytic activity is sufficient to disrupt
cocaine CPP, increasing expression or activity are not sufficient to
further increase CPP.
Chronic cocaine increases VTA SGK1 catalytic activity; however,

the neuronal cell type/s of interest remained unidentified. Due to
SGK1 antibody limitations, immunohistochemistry could not be
used to identify the population in which SGK1 regulation occurs.
Instead, we took a viral-mediated approach, overexpressing a Cre-
dependent catalytically inactive SGK1 mutant (K127Q) in either
VTA DA or GABA neurons. Blunted activity in VTA DA, but not
GABA, neurons impaired cocaine CPP, replicating whole VTA
findings and identifying VTA DA neurons as the likely neuronal
population of interest. Interestingly, both male and female mice
with VTA DA-specific expression showed a robust increase in
psychomotor activity during CPP conditioning. This effect on
cocaine-elicited locomotor activity was replicated in a locomotor
activity assay. While it is possible this increase in cocaine-elicited
locomotor activity contributed to the impaired cocaine CPP in
DAT-K127Q mice, we do not think elevated locomotor activity is
necessary for the impairment, as HSV-K127Q mice had a similar
decrease in cocaine CPP without a change in cocaine-elicited
locomotor activity. Given projection-specific effects of VTA DA
neurons on behavior [41, 42], future studies may seek to
interrogate whether decreasing SGK1 catalytic activity in specific
subpopulations of VTA DA neurons drives effects on cocaine CPP
vs. locomotor activity.
We next sought to determine if responses to non-drug rewards

were altered by VTA K127Q expression, using sucrose preference as
an example. Neither VTA- nor VTA DA-specific K127Q expression
altered sucrose preference in a two-bottle choice task. These data
are consistent with our operant sucrose behavior, as blunted VTA DA
SGK1 activity did not alter the number of sucrose rewards earned
during the food training phase. While these measures do not offer a
perfect comparison to our cocaine CPP data given that performance
in these assays is dependent on both reinforcement and reward,
the combined data suggest that non-drug rewards may not be
sufficient to drive SGK1 signaling pathways, or that SGK1’s role may
be drug-specific.

Blunting SGK1 catalytic activity in VTA DA neurons does not impair
cocaine self-administration
While male mice with VTA DA neuron-specific K127Q expression
showed deficits in cocaine CPP, effects were not significant in
cocaine self-administration paradigms. Blunted VTA DA SGK1
activity did not alter cocaine intake or motivation to earn cocaine

Fig. 4 VTA SGK1-K127Q expression does not alter sucrose
preference. A VTA expression of catalytically inactive SGK1 (VTA-
K127Q; HSV-HA-SGK1-K127Q) did not alter daily or average sucrose
preference in male mice compared to controls (GFP) (n= 6–7, two-
way ANOVA with repeated measures). B Daily or average sucrose
preference of male or female mice was not changed by K127Q
expression in VTA DA neurons (DA-K127Q; AAV-DIO-HA-SGK1-
K127Q) (males: n= 12–15, two-way ANOVA with repeated measures;
females n= 14–18, two-way ANOVA with repeated measures).
*p < 0.05, **p < 0.01. All data are represented as mean ± SEM.
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rewards. In addition, while K127Q-expressing mice exhibited
decreased cocaine CPP at a moderate but not a low conditioning
dose, no differences between groups were seen in dose-
dependent responding during cocaine self-administration. Several
factors could contribute to these differences. First, mice were
taught to respond for sucrose pellets prior to cocaine self-
administration, and it is possible that any modest effects on drug
acquisition or intake were obscured by this prior training. Second,
it is possible that there are more subtle effects on motivation (PR
breakpoint) or dose response that would be revealed with a larger
sample size. Third, CPP and self-administration paradigms differ
greatly in both route of administration and cocaine dose. On top
of self-administered vs. investigator administered methods of
cocaine delivery, self-administrating commonly leads to greater
drug intake for a greater number of sessions compared to CPP.
These factors may contribute to divergent VTA SGK1 regulation.
Evidence of this idea is supported by mRNA studies. We previously
identified a significant increase in VTA sgk1 transcription following

7 days of cocaine i.p. injections with 24 h of withdrawal [13].
However, RNA-sequencing of VTA tissue from mice that self-
administered cocaine showed a significant reduction in VTA sgk1
mRNA following 24 h of withdrawal [33]. Comparing these studies
with our current findings suggests that sgk1 may be differently
regulated in these two administration paradigms. In light of this,
SGK1 activity may be downregulated at the time we measured
PR and ran the dose-response analysis. If this is true, viral-
mediated constraint of catalytic activity would understandably
have little effect when SGK1 activity was already low. However, as
sgk1 mRNA does not always track directly with protein regulation
[13], protein-level analysis is required to confirm this potential
interpretation.

SGK1 K127Q may achieve effects via interfering with endogenous
SGK1 activity
While viral-mediated overexpression of SGK1 mutants has success-
fully been used to define a role for SGK1 in regulating drug-related

Fig. 5 Cocaine intake and motivation to earn a reward are not altered by K127Q expression in VTA DA neurons. A When comparing all
mice run through the initial food training phase, there was no difference between groups (AAV-DIO-HA-SGK1-K127Q or controls) on the
number of mice to acquire the operant behavior (n= 20–22, Log-rank (Mantel–Cox) test). B Of mice that successfully acquired cocaine self-
administration, VTA DA K127Q-expressing mice did not alter the number of rewards earned during food training (n= 10–11, two-way ANOVA
with repeated measures). C Acquisition of sucrose pellet self-administration was not altered by VTA DA K127Q expression compared to
controls (n= 10–11, unpaired t-test). D Expression of K127Q in VTA DA neurons did not change cocaine intake compared to controls (0.5 mg/
kg/infusion cocaine, n= 10–11, two-way ANOVA with repeated measures). E Breakpoint in a progressive ratio test was not different between
mice with VTA DA K127Q expression and controls (0.5 mg/kg/infusion cocaine, n= 5–6, unpaired t-test). F Responding for cocaine during a
dose–response assay showed a main effect of drug dose, but K127Q expression did not change responding compared to controls (n= 7–8,
two-way ANOVA with repeated measures). *p < 0.05, **p < 0.01. All data are represented as mean ± SEM.
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behaviors and learning and memory [13, 18–20, 22, 23, 29, 43], it
remains unknown if these effects occur through dominant-negative
effects or direct action of the mutant SGK1, as endogenous SGK1 is
still expressed in these models. DA-SGK1-KO mice do not exhibit
decreased cocaine CPP [28], likely due to developmental compensa-
tion of SGK1 function via either opportunistic compensation of other
AGC kinases that share SGK1 substrates such as AKT [44] or via
increased expression of other SGK isoforms such as SGK3 [24]. Our
results here may support a viral-mediated disruption of endogenous
SGK1 protein function, as K127Q mutant expression in DA-SGK1-KO
mice does not replicate deficits in cocaine CPP and psychomotor
activity observed when the mutant is expressed in DA neurons with
endogenous SGK1 protein expression. This potential dominant-
negative action of K127Q supports the idea that acutely decreasing
endogenous SGK1 signaling may be beneficial for modulating
cocaine CPP. Future studies overexpressing WT SGK1 both alone and
in combination with the K127Q mutant in a DA-SGK1-KO model that
removes the confound of developmental compensation (i.e., viral-
mediated CRISPR-Cas9 approach) are essential for further defining
this mechanism. Additionally, improved IHC reagents that allow
quantification of SGK1 catalytic activity in individual cells will allow
determination of whether K127Q prevents cocaine-induced
increases in SGK1 catalytic activity in dopamine neurons, which
we were unable to confirm using western blot, likely due to
increased SGK1 activity in non-neuronal cells induced by surgical
procedures. While K127Q has been shown to prevent stimulated
increases in SGK1 catalytic activity in cell culture models [9], it
remains unclear whether K127Q physically interacts with endogen-
ous SGK1 to alter function, as dimers have not been reported, or
may act as a “sponge” interacting with substrates and preventing
access of endogenous SGK1. Given our results that K127Q can
influence behavior, these are important mechanistic questions
deserving of future studies. Additionally, pharmacological inhibition
of endogenous SGK1 is a method worthy of further experimentation.
Unfortunately, while SGK1 inhibitors have been developed [45–48],
there are significant limitations to their use. Particularly for
commercially available GSK650394, the most widely used com-
pound, these issues include specificity for SGK1 over other SGK
isoforms and poor membrane permeability [45, 49]. Once these
limitations can be overcome, future work should utilize pharmaco-
logical inhibitors in the study of VTA SGK1 function.
In summary, this work demonstrates for the first time that VTA

SGK1 is capable of modulating cocaine-elicited behaviors, as
blunted catalytic activity was sufficient to disrupt cocaine CPP
and alter psychomotor activity. Further, it appears that SGK1
activity within VTA DA neurons is critical for effects on cocaine
CPP, though this manipulation did not affect cocaine self-
administration. Altogether, this work expands on the limited
knowledge of SGK1 function in the central nervous system,
critical to understanding the effect of SGK1 catalytic activity on
cocaine-elicited behavior.
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