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Phosphoproteomic approach for agonist-specific signaling in
mouse brains: mTOR pathway is involved in k opioid aversion

Jeffrey J. Liu
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Kappa opioid receptor (KOR) agonists produce analgesic and anti-pruritic effects, but their clinical application was limited by
dysphoria and hallucinations. Nalfurafine, a clinically used KOR agonist, does not cause dysphoria or hallucinations at therapeutic
doses in humans. We found that in CD-1 mice nalfurafine produced analgesic and anti-scratch effects dose-dependently, like the
prototypic KOR agonist U50,488H. In contrast, unlike U50,488H, nalfurafine caused no aversion, anhedonia, or sedation or and a low
level of motor incoordination at the effective analgesia and anti-scratch doses. Thus, we established a mouse model that
recapitulated important aspects of the clinical observations. We then employed a phosphoproteomics approach to investigate
mechanisms underlying differential KOR-mediated effects. A large-scale mass spectrometry (MS)-based analysis on brains revealed
that nalfurafine perturbed phosphoproteomes differently from U50,488H in a brain-region specific manner after 30-min treatment.
In particular, U50,488H and nalfurafine imparted phosphorylation changes to proteins found in different cellular components or
signaling pathways in different brain regions. Notably, we observed that U50,488H, but not nalfurafine, activated the mammalian
target of rapamycin (mTOR) pathway in the striatum and cortex. Inhibition of the mTOR pathway by rapamycin abolished
U50,488H-induced aversion, without affecting analgesic, anti-scratch, and sedative effects and motor incoordination. The results
indicate that the mTOR pathway is involved in KOR agonist-induced aversion. This is the first demonstration that
phosphoproteomics can be applied to agonist-specific signaling of G protein-coupled receptors (GPCRs) in mouse brains to unravel
pharmacologically important pathways. Furthermore, this is one of the first two reports that the mTOR pathway mediates aversion

caused by KOR activation.

Neuropsychopharmacology (2019) 44:939-949; https://doi.org/10.1038/s41386-018-0155-0

INTRODUCTION

KOR is expressed mainly in the nervous systems in mammals.
Activation of the KOR produces many effects, such as analgesia,
antipruritic effect, water diuresis, dysphoria/aversion, sedation,
motor incoordination, and psychotomimetic effects, including
hallucinations [1-6]. Selective KOR agonists are effective analge-
sics, but without respiratory depression and abuse potential
associated with mu opioid receptor (MOR)-preferring analgesics
such as morphine and fentanyl [7]. Selective KOR agonists are also
promising antipruritic agents and water diuretics. However,
clinical applications of KOR agonists are limited by dysphoria
and psychotomimetic effects in humans [4, 8], except for
nalfurafine in most patients. Salvinorin A, the active component
of the hallucinogenic plant Salvia divinorum, was identified to be a
selective KOR agonist [5].

Nalfurafine has been used in Japan for treatment of pruritus in
hemodialysis patients [9-12]. Notably, at the therapeutic doses,
dysphoria was not reported as an adverse drug reaction and
hallucinations occurred at a low rate (0.25%) [9-11], making it a
valuable tool compound for study of KOR-mediated side effects.
Specifically, comparison of treatment of animals with nalfurafine
and classic aversive KOR-specific agonists can yield biochemical

insights to this important clinical observation. Two selective KOR
agonists were used for comparison. U50,488H is the prototypic
KOR-selective agonist [13]. Methoxymethyl salvinorin B (MOM-
SalB) [14] is an analog of salvinorin A with a longer duration of
action (chemical structures in Fig. S1).

Our understanding of KOR signal transduction is largely derived
from in vitro studies. As a G protein-coupled receptor (GPCR), KOR
activates G protein-dependent and arrestin-dependent signaling
in parallel. Some GPCR agonists preferentially activate G protein-
dependent or arrestin-dependent signaling, which is referred to as
“functional selectivity” or “biased signaling” [15, 16]. The concept
of functional selectivity predicts that biased ligands impart
different behavioral responses, raising the hope of reduced side
effects without impacting the therapeutic efficacy. Conditioned
place aversion (CPA) has been used as a dysphoria-like behavior in
animals. In mice B-arretin2 deletion did not affect CPA induced by
three KOR agonists [17]. In contrast, KOR-mediated CPA was
reported to be mediated by GRK3-dependent p38 MAPK
activation [18-21].

Recent studies revealed that GPCR signaling is cell-dependent;
therefore, agonist in vitro functional selectivity from cell-based
assays may not be extended to behavioral effects in animals and
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Overview of the “from Beside to Bench” strategy: Nalfurafine, the only KOR agonist in clinical use, has antipruritic effect without

dysphoric effects and a very low rate of hallucinations, two side effects commonly associated with other KOR agonists. To investigate the
biochemical mechanism, we established a mouse model to compare the effect of nalfurafine and U50,488H, a prototypic KOR agonist. This
animal model enabled us to conduct mass spectrometry-based systems biology analysis. The insights obtained allowed us to generate and
test hypothesis using behavioral tests, biochemical and pharmacological assays. This integrated strategy allowed us to bypass the in vitro

model to generate insights that could impact on future drug discovery

in humans (reviewed in [15, 22]). As such, one of the immediate
objectives in actualizing pathway-selective GPCR therapeutics is to
develop approaches for evaluating ligand-specific signaling
in vivo.

Herein we demonstrated that in mice nalfurafine did not
cause CPA at doses effective for anti-scratch effects, mimicking
clinical observations, whereas the opposite was observed for
U50,488H and MOM-SalB. We thus formulated a “from-bedside-
to-bench” approach to understand mechanisms underlying
KOR-mediated aversion (Fig. 1). This approach bypasses the
need of an in vitro cell-based system, by directly using mice as
the platform for investigation. In particular, the recent break-
throughs in MS-based phosphoproteomic [23-25] enabled us to
obtain comprehensive phosphoproteomes of brain tissues,
which allowed a detailed investigation of the molecular
mechanisms of KOR actions. From such experiments, we
obtained an unprecedented overview of KOR drug actions in
various relevant brain regions. The combination of phospho-
proteomics and pharmacologic approaches enabled us to
predict and test signaling pathways involved in KOR-mediated
aversion. This approach presents a novel path in discovery of
GPCR-based therapeutics.

MATERIALS AND METHODS

Drugs

(+)U50,488H and nalfurafine were obtained from the National
Institute on Drug Abuse (Bethesda, MD). MOM-SalB was provided
by Dr. David Lee of McLean Hospital (Belmont, MA). Rapamycin
was purchased from LC Laboratories (Woburn, MA). The vehicle for
U50,488H and nalfurafine was saline, while that for MOM-Sal B and
rapamycin was ethanol: Kolliphor EL:water (1:1:98) (veh-EK). Unless
otherwise noted, KOR agonists, rapamycin and vehicles were
injected subcutaneously (s.c.) in a volume of 0.1 ml/10g body
weight.

Materials

[3*SIGTPyS (1250 Ci/mmol) was purchased from PerkinElmer Life
Sciences (Boston, MA). Mouse neuro2A neuroblastoma (N2A) cells
were obtained from the ATCC (Manassas, VA). The following
materials were purchase from Sigma-Aldrich (St. Louis, MO):
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formalin, compound 48/80, Kolliphor EL, GDP and GTPyS.
Phospho-p70 S6 Kinase (Thr389) (108D2) Rabbit mAb #9234,
HRP-linked goat anti-rabbit IgG Antibody #7074, p70 S6 Kinase
Antibody #9202 were from Cell Signaling Technology (Danvers,
MA). Other commonly used chemicals were obtained from Sigma-
Aldrich or ThermoFisher Scientific.

Animals and behavior tests

Adult male CD-1 mice (Charles River Laboratories, Wilmington,
MA), 30-35 g, were used for most experiments. Adult male MOR
knockout [26] and wildtype mice in C57BL/6 background (25-30 g)
were used in some experiments. All procedures were approved by
Temple University School of Medicine Institutional Animal Care
and Use Committee.

Compound 48/80 scratching test was performed as we
described [27]. Briefly, after acclimation to individual observation
boxes for 1H, mice were injected with vehicle or a KOR agonist
and 20 min later with 0.1 ml compound 48/80 (0.5 mg/ml, 50 ug,
s.c) into the nape. Starting 1 min post-injection, the number of
bouts of hind leg scratching the neck was counted for 30 min. The
relative % reduction of scratching was calculated as follows:

Mean number of scratches by control group — mean number of scratches by treatment group
Mean number of scratches by control group

x 100%

Formalin test was performed as described [28]. Briefly, after
acclimation, mice were treated with vehicle or a KOR agonist and
placed in glass jars (14 cm in diameter). Five minutes later, mice
were mildly sedated with 3-5% isoflurane, injected s.c. with 5%
formalin (20 pl) into the plantar region of the right hind paw, and
returned to the jars. The time each animal licked/groomed the
formalin-injected paw was recorded from 15 to 35 min post-
injection (phase Il reaction). The relative % antinociception was
calculated as follows:

Mean licking time of control group — Mean licking time of treatment group % 100%
Mean licking time of control group 0

Asq values of KOR agonists in the anti-scratch and antinocicep-
tion tests were determined by plotting dose against % anti-scratch
or antinociception and using linear regression to obtain a best-fit
line (Prism 6.0, GraphPad Software, La Jolla, CA).
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Conditioned place aversion (CPA) is a rodent model of
dysphoria. The procedure was adapted from our method of
conditioned place preference (CPP) [29]. During the pre-test on
Day 0, each animal roamed freely between the two chambers for
15 min and the time spent in each was recorded. An unbiased and
counterbalanced design was used. In the conditioning phase
(Days 1-6), two sessions/day were conducted, with =4H in
between. Injections of vehicle and a KOR agonist were carried
out in the morning and afternoon sessions, respectively. After
each injection, the mouse was placed in the home cage for 15 min
and then confined to one chamber for 30 min for conditioning. On
the post-test day (Day 7), the animals again roamed freely
between the two chambers for 15 min, and time spent on each
side was recorded. The score was calculated by subtracting the
pre-test time from the post-test time in the drug-paired chamber.
A negative score indicates aversion, while a positive score
indicates preference.

In the rapamycin experiments, from day 1 to 6, in the morning
mice were injected with vehicle followed by 30 min later with
saline before conditioning. In the afternoon, mice were pre-
treated with rapamycin (5 mg/kg, on days 1, 3, 5) or vehicle for
30min followed by U50,488H (5mg/kg) or saline before
conditioning.

Intracranial self-stimulation (ICSS) was performed on mice as
described (Muschamp et al. 2011)[30]. Mice were stereotactically
implanted with a monopolar stimulating electrode (PlasticsOne,
Roanoke, VA) located in the medial forebrain bundle (from
bregma: AP: —1.9, ML: +0.8, DV: —4.8 mm). After five days of
recovery, mice were trained at the lowest current that would
sustain responding at a rate of ~1 response/s (£10%; FR1 schedule
of reinforcement). This preferred current was then maintained
through testing in which mice were permitted 50 s to respond for
one of fifteen stimulation frequencies (158-34 Hz). The minimum
frequency at which stimulation supports operant responding was
reward threshold or “6,". Drug testing began when reward
thresholds reached a stable performance criteria (£10% for three
consecutive days). For drug treatment sessions, U50,488H or
nalfurafine were administered 45 min after beginning the task.
Fifteen min later, thresholds were quantified from performance
during 15-min test sessions. Percent baseline was computed as:
(threshold after drug/threshold before drug) x 100.

Measurement of locomotor activities was performed according
to our published procedures [29] using a Home Cage Locomotor
Activity System (Omnitech Electronics Inc., Columbus, OH) and
eight individual activity monitors. Mice were treated with saline,
U50,488H (5 mg/kg) or nalfurafine (20 pg/kg) (2.5x Asq values in
the anti-scratching test) and put into locomotor chambers right
after injections. Activities were continuously monitored over a
60 min period.

Rotarod test was performed with procedures adapted from that
of White et al. [17] using a mouse rotarod apparatus (Ugo-Basile,
Stoelting Co., Wood Dale, IL). One day before the test, mice were
trained to run on the rotarod for 5 min with the rotation revolution
changing from 5 to 50 rpm. Each mouse was trained for 2-3 trials
with a 1-min break between trials. Mice which could stay on the
rotarod for >240s (80% of the 5-min period) after training (~50%
of mice) were used. One the test day, mice were tested on the
rod first to measure baselines. The mice (>90%) having baseline
>240 s were injected with a KOR agonist or saline. 10, 20, 30, and
40 min after injection, mice were repeatedly tested for the time
staying on the rotarod for 5 min. Results are shown as % time
staying on the rod following drug or vehicle administration
compared with the baseline.

Phosphoproteomic analyses of the mouse brain regions following
treatment with U50,488H and nalfurafine

CD-1 mice were injected with vehicle, U50,488H (10 mg/kg), or
nalfurafine (30 pg/kg) (n =3 each) and euthanized 30 min later.
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Brain regions were dissected and solubilized in 4% SDS, 50mM
Tris, pH 7.4 (40mg wet weight tissue /0.6ml) and stored at —20 °C
until analysis. Phosphoproteomic sample preparation was
described previously [24]. Samples were then measured using
Thermo Scientific Qxactive HF orbitrap, and processed with
Maxquant (version 1.5.5.2) [31]. The resulted data table was
processed bioinformatically using R and Perseus (version
1.5.2.17) [32].

The annotation matrix algorithm was applied under the Perseus
environment (version 1.5.0.1). Briefly, individual data set was
normalized against the median of their respective control groups
and was annotated with Gene ontology terms or KEGG pathways
terms based on their protein identification. The annotation matrix
is an expansion of 1D annotation enrichment described by Cox
and Mann [33]. In brief, phosphosites of proteins in the one
annotated category was tested against the remaining phospho-
sites through a Wilcoxon-Mann-Whitney U test. We then set p-
value = 0.001 as the cutoff, and obtained the median differences
between the significantly regulated category and the background.
We then performed one sample t test on each experimental
condition against 0.

The annotation matrix algorithm has been previously used in
proteomic studies [33]. The rationale is that if a signaling pathway
is activated by receptor-agonist interaction, phosphorylation
changes in multiple members of this pathway will occur. Such
perturbation will be statistically significant on the pathway as a
whole, even if not at individual phosphorylation event. In addition,
most phosphorylation events have not been characterized in the
brain and this method brings the focus on the pathway level
instead. For proteomics or phosphoproteomics studies that
examine signaling pathways as a whole, it is a common practice
to measure 3-4 biological replicates per condition [34-36].

Effects of U50,488H, rapamycin or both on p70S6K
phosphorylation

Clonal N2A-FmK6H cells established previously [37] (see Supple-
mentary Methods) were seeded in 24-well plates, grown to ~80%
confluence and serum-starved overnight. Cells were washed with
Minimum Essential Medium, incubated with rapamycin (40 nM) or
vehicle for 30 min and U50,488H (10 uM), vehicle or fetal bovine
serum (FBS) (10%) was added and incubated for another 10 min.
P70S6K phosphorylation at T389 was detected by immunoblotting
[37] with phospho-T389 p70S6K rabbit monoclonal antibodies
followed by goat anti-rabbit IgG light chain conjugated with
horseradish peroxidase and then reaction with Enhanced Chemi-
luminescence reagents. Images were captured and staining
intensities of bands were quantitated using the ImageGauge
software. The blots were stripped and re-blotted for total p70S6K.
Images were captured and staining intensities of bands were
quantitated. Intensity of p-T389 p70S6K was normalized against
that of total p70S6K in the same lane and then the relative
intensity was normalized against that of FBS.

RESULTS
While U50,488H, MOM-SalB and nalfurafine produced anti-scratch
and analgesic effects, U50,488H, but not nalfurafine, promoted
CPA, anhedonia, sedation and motor incoordination in mice
Each agonist dose-dependently inhibited compound 48/80-
induced scratching behavior (Fig. 2a). U50,488H at 2.5 and 5 mg/
kg, MOM-SalB at 0.05, 0.1, 0.2, and 0.3 mg/kg and nalfurafine at 5,
10, 20 and 30 pg/kg significantly reduced scratching behavior. The
Asq values for nalfurafine, MOM-SalB and U50,488H were 8.0 ug/
kg, 70.2 ug/kg, and 2.07 mg/kg, respectively, similar to those
previously reported [27].

Each agonist also inhibited pain behaviors in the late phase of
the formalin test (Fig. 2b) in a dose-dependent manner, with Asq
values of 5.8 pg/kg, 17 ug/kg, and 0.58 mg/kg, respectively.

SPRINGER NATURE

941



Phosphoproteomic approach for agonist-specific signaling in mouse brains:...

JJ Liu et al.
942
a) Anti-scratch effect con . . .
(@) 0 min 482/‘3‘%” 0 min (d) Intracranial self-stimulation
agonis‘t/vehicle ! Count bouts of scratchirE
o 400 A,,=2.07mglkg 400 A, =70.2 pglkg 40 A,, = 8.0 ug/kg o
£ s} .
S 300 300 i 7 190 2w 150
8 200 200 =100 100
‘s c
2 100 100 s 50 50
> ok ©
s & P DY Q'b 0_\(@ BN g0 00250510 25 % 0 5 10 20
Fs O O > U50,488 (mg/kg) Nalfurafine (ng/kg)
U50,488 (mg/kg) ¢ MOM-SalB (mg/kg) Nalfurafine (ng/kg)
(b) Analgesic effect 0min %"L’Rﬁ"” 20 min 40 min (e) Locomotor activities

|
I'Record time spent !
grooming injected paw

A,, =17.0 uglkg

I I
agonist/vehicle

A,, = 0.58 mg/kg A,, = 5.8 uglkg

U”G . . K*kkk Fkk
% g % 4000 » R g 2500
=z S% 3000 o 2000
S8 >= 2 1500
2o S~ 2000 k]
» @ sE @ 1000
£s 38 1000 2 s
=.c E~ s
° ) > @ >
£ o oS o N & «00??) & » @Q?(‘b &
U50,488 (mg/kg) ¢ MOM-SalB (mg/kg) Nalfurafine (ug/kg) N Q,,,@ S (\,;\
(c) Conditioned place aversion (f) Motor incoordination
| | Days 1-6: Conditioning AM/PM |
[ I |
Day 0 Day 7
56\ Pre-test Post-test _e- saline
8 100 100 100 3 -® U50,488
Q= =
58 0 * %k * * %k dk  kk * O * * * % * % * 0 g _._ na'furaﬁne
E5-100 -100 -100 ! °
££-200 -200 -200 E
°R-1 =
25-300 -300 -300 S
55-a00- T o o 05 - 00— 404 . . g
e N Q ¢ N D N D R 0 20 40 60
N ¥ o7 T A N o@i PERCIFCIPSENOEN PN N ) i
U50,488 (mg/kg)  © MOM-SalB (mg/kg) Nalfurafine (ug/kg) Time (min)

Fig. 2 a KOR agonists inhibited scratching behavior induced by compound 48/80. Vehicle or one of the different doses of U50,488H, MOM-
SalB or nalfurafine was injected (s.c.) 20 min before compound 48/80 and the bouts of scratching were counted for 30 min. Asy doses were
determined as described in Methods. Data were analyzed using one-way ANOVA followed by Dunnett’s post-hoc test. Results of one-way
ANOVA were: U50,488H, F(3,29) = 14.12, p < 0.0001; MOM-SalB, F(5,42) = 57.18, p < 0.0001; nalfurafine, F(5,44) = 31.04, p < 0.0001. Significance
levels are **p <0.01, ***p <0.001, compared to vehicle control by Dunnett’s post-hoc test (mean + SEM, n=8-10 animals/group). b KOR
agonists inhibited formalin-induced pain behaviors. Vehicle or one of several doses of U50,488H, MOM-SalB or nalfurafine was injected (s.c.)
5 min before formalin and the amount of time the animal spent licking the injected paw was counted for 20 min starting ~15 min after
formalin injection. Asy doses were determined as described in Methods. Data were analyzed using one-way ANOVA followed by Dunnett’s
post-hoc test. Results of one-way ANOVA are: U50,488H, F(4,41) = 11,43, p < 0.0001; MOM-SalB, F(3,32) = 21.13, p < 0.0001; nalfurafine, F(4, 41)
= 18.65, p < 0.0001. Significance levels are *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, compared to vehicle control, from Dunnett’s
post-hoc test (mean + SEM, n = 8-10 animals/group). ¢ Conditioned place aversion (CPA) produced by U50,488H, MOM-SalB and nalfurafine.
On Day 0, mice were subject to pre-test. On Days 1-6, KOR agonists were injected with vehicle or one of the various doses of U50,488H, MOM-
SalB or nalfurafine 15 min before each 30-min conditioning session (2 sessions/day) for 6 days. On Day 7 (post-test), the length of time the
animal spent on the drug-paired side was measured. The graph shows the time the animal spent during the post-test subtracting the amount
of time spent during the pre-test. Results of one-way ANOVA are: U50,488H, F(6,56) = 3.738, p = 0.0034; MOM-SalB, F(5,53) = 5.318, p = 0.0005;
nalfurafine, F(4,47) =0.3811, p =0.8210. Significance levels are *p <0.05, **p <0.01, compared to vehicle control (mean +SEM, n=28-10
animals/group) by Dunnett’s post-hoc test. d Effects of U50,488 and nalfurafine on % change in baseline reward threshold in ICSS. Vehicle or
one of the different doses of either drug was injected and 15 min later thresholds were measured. Data are mean +S.E.M. (n = 12/group).
Results of repeated measures one-way ANOVA revealed a significant main effect of U50,488H dose on baseline threshold [F(4,30) = 5.029, p <
0.01]. **p <0.01 and *p < 0.05, compared to the control group by Dunnett’s post-hoc multiple comparisons test. e Effects of U50,488 and
nalfurafine on novelty-induced locomotor activity. Mice were treated s.c. with saline, U50,488H (5 mg/kg) or nalfurafine (20 pg/kg) (2.5x Aso
values in the anti-scratching test) and total locomotor activities were monitored. Cumulative data between 0 and 30 min post-injection are
shown here. Each value represents mean £ SEM (n = 8-12). Ambulatory activity: **p < 0.01, *p < 0.05, compared with the U50,488H group by
one-way ANOVA [F (2,27) = 6.254, p = 0.0059] followed by Tukey post-hoc test. Total distance: ***p < 0.001, ****p < 0.0001, compared with the
U50,488H group by one-way ANOVA [F (2, 29) = 15.61, p < 0.0001] followed by Tukey post-hoc test (f) Effects of U50,488H and nalfurafine on
motor coordination on the rotarod test. After training the previous day, mice were injected s.c. with saline, U50,488H (5 mg/kg) or nalfurafine
(20 pg/kg) and tested on the rotarods 10, 20, 30, and 40 min after injection. The time each stayed on the rods was recorded and normalized
against the baseline. Data were analyzed with 2-way ANOVA followed by Tukey’s multiple comparisons test (mean £ SEM, n =9 or 10/group).
Results of two-way ANOVA showed a siginificant main effect of treatment [F (2,130) = 65.2, p <0.0001], a significant main effect of time
[F (4,130)=17.32, p<0.0001] and a significant interaction [F (8,130) = 6.343, p <0.0001]. *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001,
compared with saline group; $p < 0.05, $$$p < 0.001, $$$$p < 0.0001, compared with the nalfurafine group, by Tukey’s post-hoc test
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U50,488H at 0.5, 1.0, 2.5 mg/kg, MOM-SalB at 0.01, 0.03, 0.05 mg/
kg and nalfurafine at 2.5, 5, 10, 20 pg/kg significantly reduced pain
behavior.

In the CPA test, all the doses tested of U50,488H (0.25-10 mg/
kg) or MOM-SalB (0.01-0.3 mg/kg) produced significant aversion,
compared to vehicle (Fig. 2c). Curiously, the effect was not dose-
dependent for either drug. In contrast, nalfurafine (Fig. 2c) did not
produce significant aversion at 2.5, 5, 10, or 20 pg/kg. U50,488H at
0.25, 0.5, 1, 2.5, 5, 10 mg/kg and MOM-SalB at 0.01, 0.03, 0.05, 0.1,
0.2, and 0.3 mg/kg caused significant CPA.

Thus, MOM-SalB and U50,488H were aversive at doses that are
much lower than the Asq values for anti-scratch and antinocicep-
tion. However, nalfurafine did not produce significant aversion at a
dose that is 2.5-fold of the Asy in the anti-scratch test (Table S1).

In vitro selectivity of nalfurafine for the KOR over MOR ranges
from 15 to 69 and nalfurafine is a full agonist at the KOR and a
partial agonist at the MOR [27, 38]. The inability of nalfurafine to
induce CPA may be due to its action on the MOR that produces
conditioned place preference, which counteracts KOR-induced
CPA. To test this possibility, CPA was performed in MOR—/— mice.
As shown in Fig. S2a, nalfurafine (10 pug/kg) did not cause CPA in
either the wildtype or MOR—/— mice, whereas 10 ug/kg
nalfurafine inhibited compound 48/80-induced scratch by ~50%
in MOR—/— mice (Fig. S2b). These results indicate that nalfurafine
at the dose we used does not act on the MOR.

In the ICSS test, compared with the control, U50,488H at 0.5, 1.0,
and 2.5 mg/kg significantly increased baseline threshold, consis-
tent with previous results [39], whereas nalfurafine up to 20 ug/kg
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did not (Fig. 2d). Neither drug altered the % maximum rate (not
shown). Thus, U50,488H, but not nalfurafine, produced anhedonia
without interfering with physical response capabilities. These
results are consistent with the CPA results.

Inhibition of novelty-induced locomotion has been used as an
indicator of sedation. U50,488H at 5mg/kg showed significant
inhibition, whereas nalfurafine at 20 pg/kg did not (Fig. 2e). The
rotarod test was employed to measure motor incoordination.
U50,488H at 5 mg/kg significantly reduced the time mice stayed
on the rod at 10, 20, 30, and 40 min after drug administration, but
nalfurafine at 20 pg/kg only had a small effect at 30 and 40 min
following drug injection (Fig. 2f). The doses used are 2.5x Asq
values in the anti-scratching test.

System view of phosphorylation events promoted by nalfurafine
and U50,488H in mouse brains

A large-scale comparative high-throughput single-shot label-free
MS-based phosphoproteomics study of KOR ligand in vivo effects
was used for the survey of KOR signaling in different brain regions
and the search of underlying mechanism of KOR-mediated
aversion. Because MOM-SalB vyielded similar CPA results as
U50,488H, we compared only U50,488H and nalfurafine.

Mice were treated with U50,488H or nalfurafine at doses that
reflect the behavioral differences shown above. Phosphoproteo-
mics was performed on the cortex, hippocampus, striatum, spinal
cord, and cerebellum. The mouse cerebellum has little or no
detectable KOR expression [40], and is therefore used as a
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Fig. 3 Comparison of nalfurafine and U50,488-induced phosphoproteomic changes in brain regions: Mice were injected (s.c.) with vehicle,
U50,488H (10 mg/kg), or nalfurafine (30 pg/kg) (n = 3 each) and euthanized 30 min later. Brain regions were dissected for analysis as described
in Methods. a Principal component analysis (PCA) of phosphoproteomic changes induced by U50,488 or nalfurafine. Each drug treatment
experiment was measured in triplicates and normalized against respective saline control. The median value for each condition was used as
inputs for PCA; b Heatmap of annotation matrix analysis. Normalized drug treatment as described in a was used as inputs for annotation
matrix analysis. Details are described in Methods. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databased was used for the
analysis. ¢ Same as in b but gene ontology cellular component was used for the analysis
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Fig. 4 KOR-mediated mTOR signaling in the brain: a a schematic drawing of mTOR signaling based on the KEGG pathway. U50,488-, but not

nalfurafine-, regulated phosphoproteins in the cortex have been circled in red (also marked with

¥). “+p” indicates a kinase-substrate

relationship. The dotted lines indicate indirect relationship, while the solid lines indicate direct interaction, with the arrow end indicating
activation and blunt end indicating inactivation. It should be noted that activation of the mTOR pathway may occur in neurons expressing the
KOR, those that do not express the KOR, but are downstream of KOR-containing neurons or both. b A heatmap of phosphoproteins and their
sites that are annotated with “mTOR signaling pahtway” using KEGG. The p-value obtained from one-way ANOVA followed by Dunnett’s post-
hoc test with respective saline as controls was used to construct the heatmap. The color code is shown top left, with a dotted line indicating
the conventional 0.05 cutoff. An unsupervised hierarchical clustering was performed on phosphosites, indicated by the dendrogram on the
left. The position of phosphosites on each protein are shown inside the parenthesis next to the gene name. “Nalf” indicates nalfurafine

negative internal control. As expected, fewer regulated sites were
observed in the cerebellum than other brain regions (Fig. S3).

Over 50,000 phosphosites were quantified with average
Pearson correlation (r=0.87) among replicates within each
experimental condition. We chose three biological replicates per
experimental condition following the examples of phosphopro-
teomic studies of other systems [34, 35] and proteomic studies
of the brain [36]. To understand the robustness of the present
study, we performed Pearson correlation analysis of samples
within each experimental condition and across different
experimental conditions. We discovered that the Pearson
correlation of samples within each condition is larger than
those across different conditions (p = 0.024, unpaired, two-tailed
Welch’s t-test t=2.573, df =11.42) (Fig. S4). Furthermore, in
each region, only about 5% phosphorylation events were
perturbed by ligand stimulation, with U50,488H somewhat
higher than nalfurafine (Fig. S5). Additionally, nalfurafine-
induced phosphoproteome perturbation differed from
U50,488H perturbation in a region-dependent manner. Using
principal component analysis (PCA) to visualize the difference of
drug actions in each brain region, the main discrepancy of
nalfurafine-mediated and U50,488H-mediated effects resided in
cortex and striatum (Fig. 3a), indicating that drug action is highly
dependent on the brain region.

To further analyze the cellular locations and signaling pathways
differentially impacted by U50,488H and nalfurafine in each brain
region, we used the previously described annotation matrix
algorithm [41]. The underlying principle of the annotation matrix
algorithm is that phosphorylation changes disproportionally occur

SPRINGERNATURE

in proteins annotated to the same cellular components or
signaling pathways (Fig. S6). This approach circumvents the
challenges that heterogeneous neuronal populations in brain yield
changes of small magnitudes in comparison to cultured cell lines.
We then applied hierarchical clustering, from which cellular
components or signaling pathways preferentially activated by
one drug (i.e., low p-value) group together. In accordance with the
PCA analysis, the primary differences between nalfurafine and
U50,488H were observed in the striatum and cortex (Fig. 3a).
Particularly, in the striatum, cellular components such as “late
endosome”, “pre-synaptic active zone”, and “chromosome” was
preferentially impacted by U50,488H (Fig. 3¢c). On the pathway
level, U50,488H also imposed different regulation from nalfurafine
(Figs. 3b, S5). Two pathways may be particularly interesting:
“mTOR signaling pathway” and “Wnt signaling pathway”. mTOR
signaling pathway was selectively affected by U50,488H in
striatum and cortex, whereas the Wnt signaling pathway was
selectively affected by U50,488H in hippocampus and cortex
(Fig. 3b). We examined specifically the difference in drug actions
in striatum and cortex. Close to 1000 and 480 phosphosites were
found to be significantly regulated by at least one ligand
treatment in cortex and striatum, respectively (one-way ANOVA
with post-hoc Dunnett’s test p<0.05, a cutoff of 2x0.7 and
2 x -0.7, equivalents of a minimal 60% increase and 40% decrease,
respectively) (Supplementary Excel file). Within these phospho-
sites, we discovered a group of sites belonging to the mTOR
pathway, which were significantly regulated by U50,488H, but not
nalfurafine (Fig. 4b) in the striatum and cortex. U50,488H-
promoted activation of the mTOR pathway may occur in KOR-
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PhosphoSitePlus

expressing neurons, their downstream neurons through neuronal
circuitry or both (Fig. 4a).

U50,488H and nalfurafine differentially regulate many
phosphosites

A motif analysis, using the consensus kinase substrate motif
[42, 43], was performed on ligand-dependent perturbation of
phosphosites in the striatum and cortex. A Fischer's exact test was
conducted on these phosphosites to examine the statistically
significant over-representation of substrate motif in these
phosphosites (Fig. 5a, b). The motif analysis of the phosphosites
differentially regulated by the two agonists was further supported
by different levels of phosphorylation of many proteins in the
mTOR pathway in the striatum and cortex, but not much in the
hippocampus and spinal cord. p70S6 kinase is downstream of
mTOR and RSK impacts on the mTOR pathway. Phosphorylation of
two of p70S6 kinase substrates, BAD (Bcl-2-associated death
promoter protein) at $S128 [44] and Mapt (Tau) at S214 [45] was
increased by U50,488H, but not nalfurafine (Fig. 5¢). The S6
ribosomal protein was not detected as being differentially
regulated because of technical issues. As trypsin was used for
digestion, the fragments generated from phosphorylated S6 will
require multiple miscleavage events, which compromise the
quantitation accuracy (R¥'RR LpSpSLR ApSTSK pSESpSQR**%)
[46]. These data indicate that the mTOR pathway may play an
important role in the different signaling of nalfurafine and
U50,488H. The mTOR signaling pathway has been implicated in
depression both through direct drug actions and patients with
severely depressive disorders [47, 48]. In addition, the mTOR
pathway is the only one differentially regulated in both striatum
(nucleus accumbens) and cortex (pre-frontal cortex), which
constitute two of the most important brain regions in mood
regulation through the mesolimbic and mesocortical pathways.

The mTOR inhibitor rapamycin abolished U50,488H-induced CPA,
without affecting sedative, analgesic, and anti-scratch effects and
motor incoordination

We next examined if the mTOR inhibitor rapamycin affected
U50,488H-induced behaviors. Rapamycin can get into the brain
with a half-life of ~48H [49, 50], so it was injected every other day
(5mg/kg, on days 1, 3, and 5) during 6-day conditioning.
Treatment with rapamycin abolished U50,488H-induced CPA,
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whereas rapamycin alone did not cause CPA or CPP (Fig. 6a). In
contrast, rapamycin (30 min) did not affect U50,488H-induced
sedative, anti-scratch, and analgesic effects and motor incoordina-
tion (Fig. 6b—e). Neither did pretreatment of rapamycin for 3H (not
shown). Rapamycin alone had no effect in these tests. These
results indicate that the mTOR pathway is involved in U50,488H-
induced CPA, but not sedative, analgesic or anti-scratch effect or
motor incoordination.

We then examined if the mTOR pathway was involved in MOM-
SalB-induced CPA. Pretreatment with rapamycin (5 mg/kg) sig-
nificantly reduced CPA promoted by MOM-SalB (0.05 mg/kg)
(Fig. 6a), suggesting that the mTOR pathway may have a general
role in KOR-mediated CPA.

U50,488H-promoted activation of the mTOR pathway in the
brain may occur in KOR-expressing neurons, their downstream
neurons through neuronal circuitry or both. We examined if
U50,488H promoted p70S6K phosphorylation in the striatum by
immunoblotting with antibodies against phospho-T389 p70S6K
and total p70S6K. We found that the Mr of phospho-T389 p70S6K
was ~85 kDa, presumably p85S6K, whereas that of total p70S6K
was ~70 kDa (Fig. S7), making it difficult to interpret the data. We
thus used N2A-FmK6H cells as a model of KOR-expressing
neurons. U50,488H enhanced phosphorylation of p70S6K at
T389 with an Mr of ~70 kDa, which was abolished by pretreatment
with rapamycin, and the total p70S6K also had an Mr of ~70 kDa
(Fig. 6f). As a positive control, 10% fetal bovine serum (FBS) greatly
increased phosphorylation of p70S6K at T389, which was blocked
by rapamycin. These results indicate that KOR activation can
directly activate the mTOR pathway. However, mTOR activation
may also happen in neurons downstream of KOR-containing
neurons.

DISCUSSION

This study showcased the “from-bedside-to-bench” approach to
discern the biochemical mechanisms underlying dysphoria/aver-
sion caused by KOR agonists. The synergy between the mouse
model, which captures important aspects of the clinical observa-
tions, and the large-scale MS-based phosphoproteomics is
powerful in generating hypothesis for testing that can either
point to new drug target or establish a platform for drug screen.
The current study is also among the first to provide
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Treatment with the mTOR inhibitor rapamycin blocked U50,488H-induced CPA without affecting its sedative, analgesic and anti-scratch

effects. a For CPA, male adult CD-1mice were injected with vehicle or rapamycin (5 mg/kg, s.c.) 30 min before administration of saline,
U50,488H (5 mg/kg) or MOM-SalB (50 pg/kg) on days 1, 3, and 5 during conditioning. For U50,488H-induced CPA, data were analyzed with
two-way ANOVA followed by Sidak’s multiple comparisons post-hoc test (mean + SEM, n = 10/group). Results of two-way ANOVA showed a
significant main effect of U50,488H treatment [F (1,36) = 6.917, p = 0.0125] and a significant main effect of rapamycin pretreatment [F (1,36) =
6.022, p=0.0191], but no interaction [F (1,36) = 0.7855, p = 0.3813]. *p < 0.05, compared with vehicle/saline group; *p < 0.05, compared to
vehicle/U50,488H group by Sidak’s post-hoc test. For MOM-SalB-induced CPA, data were analyzed with unpaired t test (t = 4.36, df = 15). Each
value is mean = S.E.M (n = 8 or 9).AAAp < 0.001, compared with vehicle/MOM-SalB. For b-e, mice were injected with rapamycin (5 mg/kg, s.c.)
or vehicle and kept in home cages and 30 min later injected with the vehicle or U50,488H (1 mg/kg, s.c. in the formalin test; 5 mg/kg, s.c. in the
other tests). Experiments were then conducted as described in Fig. 2. b For inhibition of novelty-induced locomotor activity, data were
analyzed with two-way ANOVA followed by Tukey’s multiple comparisons post-hoc test (mean = SEM, n =9 or 10/group). Ambulatory activity:
Results of two-way ANOVA showed a main effect of U50,488H treatment [F(1.34) =27.48, p <0.0001], but no main effect of rapamycin
treatment [F(1,34) = 1.038, p = 0.3155] and no interaction [F(1,34) = 0.647, p = 0.4268]. *** p < 0.001 compared with vehicle/saline group; +p <
0.05 compared to Rap/saline group. Total distance: Results of two-way ANOVA showed a main effect of U50,488H treatment [F (1, 34) =39.9,
p <0.0001], but no main effect of rapamycin treatment [F (1,34) = 1.216, p = 0.2778] and no interaction [F (1,34) = 0.9176, p = 0.3449]. ****p <
0.0001 compared with vehicle/saline group; ++p <0.01 compared to Rap/saline group. ¢ For inhibition of compound 48/80-induced
scratching, data were analyzed with two-way ANOVA followed by Tukey’s multiple comparisons post-hoc test (mean + SEM, n =9 or 10/group).
Results of two-way ANOVA showed a main effect of U50,488H treatment [F(1, 34) = 176, p <0.0001], but no main effect of rapamycin
treatment [F(1,34) = 0.08024, p = 0.7787] and no interaction [F(1,34) = 0.003076, p = 0.9561]. ***p < 0.001, compared with vehicle/saline group;
###p < 0.001, compared to Rap/saline group. d for analgesic effect in the formalin test, data were analyzed with two-way ANOVA followed by
Tukey’s multiple comparisons post-hoc test (mean + SEM, n = 8-10/group). Results of two-way ANOVA showed a main effect of U50,488H
treatment [F(1,32) = 32.88, p < 0.0001], but no main effect of rapamycin treatment [F(1,32) = 0.6782, p = 0.4170] and no interaction [F(1,32) =
0.5623, p = 0.4588]. **p < 0.01, compared with vehicle/saline group; ###p < 0.001 compared to Rap/saline group. e for motor incoordination in
the rotarod test, data were analyzed with 2-way ANOVA followed by Tukey’s multiple comparisons test (mean + SEM, n=9 or 10/group).
Results of two-way ANOVA showed a main effect of treatment [F (2,130) = 62.22, p < 0.0001], a main effect of time [F (4,130) =21.29, p<
0.0001] and a significant interaction [F (8,130) = 5.489, p < 0.0001]. **p < 0.01, ***p < 0.001, compared with vehicle + saline group Tukey’s post-
hoc test. f Rapamycin inhibited U50,488H-promoted phosphorylation of p70S6K at T389 in N2A-FmK6H cells. Cells were grown in 24-well
plates, serum-starved overnight, incubated with rapamycin (40 nM) or vehicle for 30 min and U50,488H (10 uM), vehicle or 10% fetal bovine
serum (FBS) was added for another 10 min. P70S6K phosphorylation at T389 was detected with immunoblotting. The blots were stripped and
re-blotted for total p70S6K. Intensity of p-T389 p70S6K was normalized against that of p70S6K and then the relative intensity was normalized
against that of FBS. Data were analyzed by two-way ANOVA followed by Tukey’s post-hoc test (mean + SEM, n = 3 each). Results of two-way
ANOVA showed a main effect of U50,488H treatment [F(1,8) = 17.09, p =0.0033], a main effect of rapamycin treatment [F(1,8) = 99.05, p <
0.0001], and a significant interaction [F(1,8) = 17.09, p = 0.0031]. *p < 0.05, **p < 0.01compared with VehSal, ####p < 0.0001, compared with

VehU50, by Tukey’s post-hoc test

comprehensive phosphoproteomic analysis in brains following
GPCR activation with unprecedented coverage and quantitation,
which opens avenues for analysis of signaling of GPCRs and
pathways involved in behaviors. This strategy, with no a priori
assumptions, can circumvents the challenges of translating in vitro
results on biased agonists into in vivo effects [15, 22] and opens
the door for understanding in vivo GPCR pharmacology at a
systems biology level. Notably, the mTOR pathway was found to
be involved in KOR-induced CPA for the first time. Our results
suggest that the ability of KOR agonists to activate mTOR pathway
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in the striatum or cortex may provide a method to screen for KOR
agonists devoid of aversive effects. This approach can be generally
used for studying GPCR ligand-specific signaling.

Dose separation for nalfurafine between antinociception and CPA
Our results that nalfurafine at <20 ug/kg did not cause CPA and
that there is dose separation between antinociception/anti-scratch
and CPA for nalfurafine are consistent with published reports in
ddY mice and in rats [51, 52]. Nalfurafine at 20 ug/kg caused lower
motor incoordination in the rotarod test, in accord with the
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finding of Endoh et al. [51]. In ICSS, we found that nalfurafine at 5,
10, or 20ug/kg did not affect baseline threshold; however,
Lazenka et al. [53], reported that nalfurafine at =10pug/kg
decreased rates of responding in Sprague-Dawley rats. The
difference may be due to different species used. Since nalfurafine
at 20 pg/kg did not affect motor activity, its antinociceptive and
anti-scratch effects are not due to reduced motor activity. Our
observations in CD-1 mice are different from those of Lazenka
et al. [53] in rats.

One possibility why nalfurafine did not elicit CPA, sedation and
motor incoordination may be due to its inability to get into the
brain. However, previous studies have demonstrated that this is not
the case. Systemic nalfurafine inhibits intrathecal or intracisternal
morphine-induced scratching [54, 55]. The anti-scratch activity of
s.c. nalfurafine was antagonized by i.c.v. norBNI [55]. The results
shown in Fig. 3 demonstrated that in brain regions some pathways
and subcellular organelle molecules were activated by nalfurafine,
but not U50,488H, indicating its ability to get into the brain.

Another possibility is that nalfurafine may act on targets besides
the KOR. Here we showed that lack of CPA by nalfurafine was not
due to its action on the MOR (Fig. S2). Analgesic and anti-scratch
effects of nalfurafine (20-200 ug/kg, s.c.) were inhibited by norBNI,
but not by a MOR or DOR antagonist, indicating its effects are
KOR-mediated [51, 56, 57]. Thus, at the doses we used (2.5-20 pg/
kg, s.c.), nalfurafine is selective for the KOR. In vitro screening
revealed that nalfurafine at 10 uM did not bind significantly to 45
pharmacological targets, nor did it affect release of several
inflammatory mediators (Supplementary note) [12].

Since both U50,488H and MOM-SalB caused CPA at doses lower
than those effective in the antinociception and anti-scratch tests,
we reasoned that if the lack of CPA by nalfurafine was due to
actions on the MOR, it would have caused CPA at a relatively low
dose in MOR—/— mice, which was why we used 10pug/kg
nalfurafine in the CPA test. For the rotarod and locomotor activity
experiments, we used a dose (20 pug/kg) higher than the Asq values
of nalfurafine in the anti-scratch (8.0 ug/kg) and antinociception
(5.8 ug/kg) tests, to ascertain that there was dose separation
between antinociception and anti-scratch effect vs. motor incoor-
dination and hypolocomotion. Our behavior results indicate that
nalfurafine is fundamentally different from U50,488H; therefore, we
used a higher dose (30 pug/kg) in the phosphoproteomics study.

Phosphoproteomic analysis

Shotgun phosphoproteomic experiments provided a system-wide
view of changes in downstream phosphorylation events upon
KOR activation at the early time points (up to 30 min). The changes
in phosphoproteome provide a tool to generate hypothesis for
the signaling pathways that lead to the eventual behavioral
response. The recent advances in MS-based proteomics [23]
enabled comprehensive coverage and accurate quantification of
tens of thousands phosphosites simultaneously. In particular, the
EasyPhos technology [24] permitted parallelization of sample
preparation, such that hundreds of phosphoproteomic experi-
ments were measured without sacrificing the depth of coverage
or quantification accuracy.

The number of biological replicates in the phosphoproteomic
experiments differs from behavioral experiments due to the
nature of bioinformatic analysis. The advancement in the
quantitative power of mass spectrometry and bioinformatics
analysis have enabled comparative studies of drug actions in the
brain. This is evident in the robust quantification within
experimental conditions (higher Pearson correlation within
experimental condition than between). Furthermore, the annota-
tion matrix approach allows for comparison at the pathway level.
Each signaling pathway contains more than twenty independent
phosphorylation events, boosting the statistical power of compar-
ison. We found that six component proteins of the mTOR pathway
were differentially phosphorylated by the two agonists (Fig. 4a),
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indicating that this pathway is differentially regulate. Since these
changes in phosphoproteins were independently measured, the
statistic power is greater than that from a single observation, such
as a particular behavioral response. Lastly, the hypotheses
generated based on phosphoproteomic observations were
validated at biochemical and behavioral levels.

The differences in activation between high CPA-producing
U50,488H and no CPA-producing nalfurafine should be reflected
in the perturbation of downstream phosphoproteome. Phospho-
proteomics studies on GPCR signaling have been performed on
cultured cells [for example [58, 59]]. To the best of our knowledge,
this study and that of Liu et al. [60] are the first two performed on
brains. One of the most prominent discoveries is that nalfurafine
and U50,488 induces different perturbation in different brain
regions (Fig. 3), demonstrating that a complex environment of
in vivo pharmacology.

Involvement of the mTOR pathway in KOR-mediated CPA

mTOR complex 1 activates p70S6 kinase, which in turn increases
phosphorylation of the ribosomal protein S6, leading to increased
protein synthesis. We showed that the mTOR pathway was
activated to higher degrees by U50,488H than by nalfurafine in
the striatum and cortex. The mTOR inhibitor rapamycin blocked
U50,488H-induced and MOM-SalB-induced CPA, demonstrating
for the first time that the mTOR pathway is involved in KOR-
mediated CPA. Consistent with our finding is a recent study that
the mTOR pathway in the striatum and cortex of C57BL/6 mice
was differentially regulated by intracerebroventicular administra-
tion of U50,488H, which caused CPA, and 6’-GNTI, which did not
cause CPA [60]. Thus, the ability of KOR agonists to activate the
mTOR pathway may be used as a method to distinguish high and
low CPA-producing KOR agonists. Although mTOR inhibition
abolished KOR-mediated aversion, addition of rapamycin or any
other mTOR inhibitor to a KOR agonist for therapeutic use is not
advised since mTOR inhibitors have anticancer and immunosup-
pressant effects (https://www.accessdata.fda.gov/drugsatfda_do
cs/label/2015/0210835058,021110s075Ibl.pdf).

The mTOR pathway has been implicated in learning and memory.
However, rapamycin had no effect on cocaine CPP when given prior
to each conditioning session [61], excluding the possiblility that
abrogation of U50,488-induced CPA by rapamycin is due to its
inhibition on learning and memory during conditioning.

Activation of the mTOR pathway and the subsequent increases
in synaptic protein synthesis and synapse formatin in the rat
prefrontal cortex have been implicated in rapid-acting antide-
pressant effects of ketamine [48, 62]. Our findings raise many
questions about the mTOR pathway and KOR-mediated CPA: are
mTOR-mediated increased synaptic protein synthesis and synaptic
formation are involved in CPA? Are the two p70S6 kinase
substrates Mapt and BAD, which were differentially phosphory-
lated by U50,488H and nalfurafine, participate in CPA induced by
U50,488H? In what brain nuclei and specific neurons does mTOR
activation occur following KOR activation? Does mTOR activation
happen in KOR-containing neurons. These questions remain to be
investigated.

p38 MAPK activation in the VTA and raphe nucleus have been
implicated in CPA induced by KOR agonists [18, 19, 21]. KOR
activation enhanced p38 MAPK phosphorylation in primary mouse
striatal neurons and astrocytes [20] and in mouse striatum [19].
However, in our phosphoproteomics measurements, we did not
consistently observe phosphorylation of the p38 MAPK signaling
pathway following U50,488H. Changes of phosphorylation levels
are dynamic and transient. Therefore, it is possible that p38
phosphorylation may occur at a time point not captured in the
current study.

It is likely that multiple signaling pathways in different brain
regions are involved in KOR-mediated CPA. This notion is
supported by the observation that several other pathways were
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differentially regulated by U50,488H and nalfurafine (Fig. 3). Some
of these pathways, including the Wnt pathway, may be involved in
CPA. Here we chose to study the mTOR pathway for three reasons.
It is the only pathway differentially regulated in the cortex and
striatum, two regions important in mood regulation. In addition, it
is involved in emotional response and synaptic protein regulation.
Furthermore, there are readily available inhibitors of this pathway.
The other differentially regulated signaling pathways will be
investigated in future studies.

Interestingly, even though U50,488H, but not nalfurafine,
caused significant sedation and motor incoordination, inhibition
of the mTOR pathway did not affect these behaviors, indicating
that other signaling pathway(s) is(are) involved in these effects.
Prototypic KOR agonists cause hallucinations. It should be noted
that none of the behaviors examined here is a model or test for
hallucinations. Mechanisms underlying this behavior remain to
be investigated.

In vivo and in vitro differences

Nalfurafine clearly produced different behavioral effects in vivo
from U50,488H and MOM-SalB. In contrast, we did not observe G
protein-dependent or arrestin-dependent functional selectivity
in vitro. We found that U50,488H, nalfurafine and MOM-SalB were
full agonists in promoting KOR-mediated [>*SIGTPYS binding to
membranes of N2A-FmK6H cells with ECs5o and E,,, values shown
in Table S2. In addition, nalfurafine induced recruitment of B-
arrestin1 or 2 dose-dependently with high potency and to levels
comparable to U50,488H and/or MOM-SalB in HEK293 cells
expressing mKOR-donor and -arrestin1- or 2-acceptor using (-
galactosidase complement assay (Table S3). When the bias factor
of U50,488H was set at 1, nalfurafine did not show a bias factor
different from U50,488H (Table S4). Schattauer et al. [63] recently
reported that nalfurafine was a G protein-biased KOR agonist in
HEK293 cells using ERK1/2 and p38 MAP kinase phosphorylation
as functional end points of G protein-dependent and f-arrestin-
dependent pathways, respectively. Thus, there are system and
end-point-dependent results in vitro. This, therefore, highlights
the importance of studying brains directly. As reviewed previously
[15, 22], many factors may contribute to the disconnect between
in vitro and in vivo results, including heterogeneity of neurons and
glias in the brain, complex involvement of neuronal circuitry,
receptor expression levels, cellular components involved in
receptor phosphorylation and signaling (GRKs, B-arrestins, and
downstream effectors).

Biased KOR signaling in behaviors

G protein and B-arrestin2-biased signaling was linked to KOR-
mediated behaviors. [-arrestin2 deletion impaired KOR-
mediated motor incoordination [17], demonstrated involvement
of B-arrestin2 in this behavior, but did not affect antinocicep-
tion, hypolocomotion, CPA, or anti-scratch effect [17, 64].
Studies have also been done on KOR agonists shown to be G
protein-biased in cultured cells, including RB-64 [17] and triazole
1.1 [65]. RB-64 produced antinociception and CPA without
causing motor incoordination, sedation and anhedonia in the
ICSS test. Triazole 1.1 produced analgesic and anti-pruritic
effects without causing sedation, reduction in dopamine release
or anhedonia. Nalfurafine exhibits analgesic and anti-scratch
effects, but causes no CPA, anhedonia, motor incoordination or
sedation. Thus, KOR agonists may share some pharmacological
effects, but also show individual differences.
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