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Serotonin, But Not N-Methyltryptamines, Activates the
Serotonin 2A Receptor Via a 3-Arrestin2/Src/Akt Signaling
Complex In Vivo

Cullen L. Schmid'? and Laura M. Bohn'!
IThe Scripps Research Institute, Molecular Therapeutics and Neuroscience, Jupiter, Florida 33458, and 2The Ohio State University Neuroscience Graduate
Studies Program, Columbus, Ohio 43210

Hallucinogens mediate many of their psychoactive effects by activating serotonin 2A receptors (5-HT,,R). Although serotonin is the
cognate endogenous neurotransmitter and is not considered hallucinogenic, metabolites of serotonin also have high affinity at 5-HT,,R
and can induce hallucinations in humans. Here we report that serotonin differs from the psychoactive N-methyltryptamines by its ability
to engage a [-arrestin2-mediated signaling cascade in the frontal cortex. Serotonin and 5-hydroxy-L-tryptophan (5-HTP) induce a
head-twitch response in wild-type (WT) mice that is a behavioral proxy for 5-HT, R activation. The response in 3-arrestin2 knock-out
(Barr2-KO) mice is greatly attenuated until the doses are elevated, at which point, Barr2-KO mice display a head-twitch response that can
exceed that of WT mice. Direct administration of N-methyltryptamines also produces a greater response in 3arr2-KO mice. Moreover, the
inhibition of N-methyltransferase blocks 5-HTP-induced head twitches in Barr2-KO mice, indicating that N-methyltryptamines, rather
than serotonin, primarily mediate this response. Biochemical studies demonstrate that serotonin stimulates Akt phosphorylation in the
frontal cortex and in primary cortical neurons through the activation of a (-arrestin2/phosphoinositide 3-kinase/Src/Akt cascade,
whereas N-methyltryptamines do not. Furthermore, disruption of any of the components of this cascade prevents 5-HTP-induced, but
not N-methyltryptamine-induced, head twitches. We propose that there is a bifurcation of 5-HT, R signaling that is neurotransmitter
and S-arrestin2 dependent. This demonstration of agonist-directed 5-HT, R signaling in vivo may significantly impact drug discovery
efforts for the treatment of disorders wherein hallucinations are part of the etiology, such as schizophrenia, or manifest as side effects of

treatment, such as depression.

Introduction

The serotonin 2A receptor (5-HT,R) is highly expressed on py-
ramidal neurons in the frontal cortex and has been implicated in
several mental health disorders, including schizophrenia, anxi-
ety, and depression (Jakab and Goldman-Rakic, 1998; Meltzer,
2002; Miner et al., 2003; Roth et al., 2004; Berg et al., 2008). The
5-HT, R is also the target of serotonergic hallucinogenic drugs
(Aghajanian and Marek, 1999; Nichols, 2004). Hallucinogens act
at the 5-HT,,R to produce a distinct head-twitch response in
rodents (Corne and Pickering, 1967) that is prevented by genetic
ablation or pharmacological antagonism of the 5-HT, ,R (Willins
and Meltzer, 1997; Gonzélez-Maeso et al., 2007; Keiser et al.,
2009). Furthermore, systemic injections of 5-hydroxy-L-trypto-
phan (5-HTP), a metabolic precursor of serotonin, can elevate
serotonin in the brain to levels that induce a robust head-
twitch response in mice (Corne et al., 1963; Schmid et al.,
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2008). Moreover, the selective antagonist M100907 [R(+)-a-
(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenylethyl)]-4-piperi-
dinemethanol] [Chemical Abstract Services (CAS) registry
number 139290-65-6], blocks this response, and 5-HTP-induced
head twitches are lacking in 5-HT,,R knock-out (KO) mice
(Schmid et al., 2008) (B. L. Roth, personal communication). The
expression of 5-HT,,Rs in forebrain are likely mediating this
response because the response to 5-HT,,R agonists can be res-
cued by expression of receptors in glutamatergic neurons in the
frontal cortex of 5-HT,,R-KO mice (Gonzélez-Maeso et al.,
2007).

The 5-HT,,R is a G-protein-coupled receptor (GPCR), and
GPCRs can be activated by chemically distinct ligands to prefer-
entially engage select signaling pathways, a characteristic referred
to as “agonist-directed signaling” or “functional selectivity”
(Kenakin, 1995; Kobilka and Deupi, 2007; Urban et al., 2007).
B-Arrestins are intracellular scaffolding proteins that can either
dampen or facilitate GPCR signaling and therefore may represent
akey point at which receptor signaling may diverge in response to
particular ligands (Luttrell and Lefkowitz, 2002; Lefkowitz et al.,
2006; DeWire et al., 2007; Rajagopal et al., 2010). Diverse ligands
to the 5-HT, 4R have been shown to differentially activate down-
stream signaling cascades both in vitro and in vivo (Berg et al.,
1998; Kurrasch-Orbaugh et al., 2003; Gonzalez-Maeso et al,,
2007; Schmid et al., 2008). We showed previously that serotonin
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Table 1. Numbers of mice used in behavioral studies

Schmid and Bohn e 5-HT, ,R Signaling through 3-Arrestin2 in Cortex

Figure Treatment in mice Serotonergic dose and n values
1AB 5-HTP (mg/kg, i.p.) =M100 100 200 M100 + 200
WT, Barr2-KO n=13,8 n=17,5 n=28,7 n==6,6
16D 5-HT (g, i.cv.) =M100 10 40 M100 + 40
WT, Barr2-KO n=45 n=15 =56 n=44
1EF Veh/Clor (=M100) + 5-HTP Veh +50 Veh +100 Clor +50 Clor +100 Clor + M100 +100
WT, Barr2-KO n==6,5 n==6,5 n=>5,6 n=928 n=4,4
24,8 Veh/MTZ + 5-HTP Veh + 200 MTZ + 200
WT, Barr2-KO n=4,5 n=4,5
34,8 N-Me-5-HT (g, i.cv.) 10 40
WT, Barr2-KO n=44 n=>5,5 n=44
3C Veh/M100 + N-Me-5-HT Veh + 20 M100 + 20
WT, Barr2-KO n=44 n=4,4
3D Veh/MTZ + N-Me-5-HT Veh + 20 MTZ + 20
WT n=>5 n=4
3EF 5-Me0-DMT (mg/kg, i.p.) 5 15
WT, Barr2-KO n=2910 n=10,16 =55
36 Veh/M100 + 5-MeO-DMT Veh +10 M100 + 10
WT, Barr2-KO n=59 n=15,5
3H Veh/MTZ + 5-Me0-DMT Veh + 10 MTZ + 10
(57BL/6 n==6 n=4
64,8 Veh, LY, PP2, AKTi + 5-HTP Veh + 200 LY + 200 PP2 + 200 AKTi + 200
(57BL/6 n=10 n=>5 =5 n=>5
6C Veh, AKTi + 5-Me0-DMT 10 AKTi 4200
(57BL/6 n==6 n=4
7A.B Veh, LY, PP2, AKTi + 5-HTP 200 LY + 200 PP2 + 200 AKTi + 200
Bbarr2-KO n=7 n==6 n==6 n==6
84,8 Veh, AKTi, MTZ, AKTi + MTZ + 5-HTP 200 MTZ + 200 AKTi + 200 MTZ + AKTi +200
WT n=1 n==6 n=>5 n=>5

Veh, Vehicle; 5-HT, serotonin; M100, M100907; Clor, clorgyline; N-Me-5-HT, N-methylserotonin; LY, LY294002. Serotonergic dosing routes: 5-HTP, mg/kg, i.p.; 5-HT and N-methylserotonin, g, i.c.v.; 5-Me0-DMT, mg/kg, i.p. For inhibitor

and antagonist dosage information, see Materials and Methods.

and a synthetic hallucinogen, 2,5-dimethoxy-4-iodoamphet-
amine (DOI), can differentially activate the 5-HT,,R in cellular
models as well as in vivo, wherein 5-HTP requires 3-arrestin2 for
the expression of the head-twitch response yet DOI does not
(Schmid et al., 2008).

In the brain, serotonin is a substrate for N-methyltransferases,
enzymes that act to convert serotonin to N-methyltryptamines;
these metabolites possess psychoactive properties and can be hal-
lucinogenic in humans (Axelrod, 1962; Glennon and Gessner,
1979; Shulgin and Shulgin, 1997; McBride, 2000). It has previ-
ously been very difficult to delineate the distinct neuropharma-
cological effects produced by serotonin and its psychoactive
metabolites in vivo because many of the biogenic amines have
higher affinities than serotonin at the 5-HT,,R (Glennon and
Gessner, 1979; Blair et al., 2000). In this study, we demonstrate
functional selectivity at the 5-HT,,R by serotonin and
N-methyltryptamines in vivo, as well as in the mouse frontal cor-
tex and in primary cortical neurons in which we show that the
actions of these neurotransmitters are functionally distinct.

Materials and Methods

Drugs. 5-HTP, serotonin (5-HT), N-methylserotonin oxalate salt (CAS
registry number 1134-01-6), 5-methoxy- N, N-dimethyltryptamine
(5-MeO-DMT) (CAS registry number 1019-45-0), and clorgyline were
purchased from Sigma-Aldrich. MTZ [N, N'bis-(3-methyl-2-thiazoli-
dinylidene)succinamide] (CAS registry number 65400-75-1) was
purchased from Life Chemicals. LY294002 [2-(4-morpholinyl)-8-
phenyl-1(4 H)-benzopyran-4-one], Akt inhibitor VIII (Akti; 1,3-dihydro-1-
((4-(6-phenyl-1H-imidazo[4,5-g]quinoxalin-7-yl)phenyl)methyl)-4-
piperidnyl)-2H-benzimidazol-2-one) and Src tyrosine kinase inhibitor
(PP2; 4-amino-5-(4-chlorophenyl)-7-(t-butyl)-pyrazolo|3,4-d]pyrimi-
dine) were purchased from Cayman Chemical, Calbiochem, and Tocris
Cookson, respectively. M100907 was provided by Dr. Kenner Rice (Na-

tional Institute on Drug Abuse/National Institute on Alcohol Abuse
and Alcoholism/National Institutes of Health, Bethesda, MD).
Primary antibodies. Total Akt (1:2000; pan C67E7), phospho-Akt (1:
1000; Thr308 C31E5E), and Src (1: 500; L4A1) antibodies were obtained
from Cell Signaling Technology (Luan et al., 2009); anti-PSD-95 (1:500;
K28/4) was purchased from University of California, Davis/National In-
stitute of Neurological Disorders and Stroke/National Institute of Mental
Health NeuroMab Facility (Davis, CA) (Fan et al., 2009); B-arrestin2
(1:2000; A2CT) antibody was provided by Dr. Robert Lefkowitz (Duke
University, Howard Hughes Medical Institute, Durham, NC) (Bohn et
al., 1999); the polyclonal antibody to the N terminus of the 5-HT,,R
(1:500) was from Neuromics (Magalhaes et al., 2010); the c-Myc mono-
clonal antibody (1:500) was from Clontech/Takara Bio (Hu et al., 1995).
Mice. Subjects used in the experiments include male wild-type (WT)
and B-arrestin2 knock-out (Barr2-KO) mice derived via heterozygous
breeding as well as male C57BL/6] mice (The Jackson Laboratory) be-
tween 2.5 and 9 months of age (Bohn et al., 1999; Schmid et al., 2008).
Drugs administered intraperitoneally were prepared in 0.9% saline at a
volume of 10 ul/g body weight; drugs administered intracerebroven-
tricularly were prepared in 18 () purified, distilled, sterile water and
injected at a volume of 5 ul, 2 mm caudal and 2 mm lateral from bregma
at a depth of 3 mm. Immediately after injection with agonist, mice were
placed in individual Plexiglas boxes, and the number of head twitches
were counted in 5 min increments for either 30 or 60 min (Schmid et al.,
2008). In all cases, mice were used only once. All experiments were per-
formed with the approval of the Institutional Animal Care and Use Com-
mittee of The Ohio State University or The Scripps Research Institute.
Behavioral experiments. The number of mice used in the experimental
design is summarized in Table 1. For dose-response studies, WT and
Barr2-KO mice were treated with 5-HTP (100, 150, and 200 mg/kg, i.p),
serotonin (10, 20, and 40 pg, i.c.v.), N-methylserotonin (10, 20, and 40
g, i.c.v.), or 5-MeO-DMT (5, 10, and 15 mg/kg, i.p.). To determine the
contribution of monoamine oxidase A (MAO-A) metabolism to 5-HTP-
induced head twitches, mice were pretreated (intraperitoneally) with
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either vehicle (0.9% saline) or clorgyline (1 mg/kg) 60 min before treat-
ment with 5-HTP (50 and 100 mg/kg, i.p.). The 5-HT, R antagonist
M100907 (0.05 mg/kg, i.p.) was administered 10 min before 5-HTP (200
mg/kg, i.p.) or 5-HT (40 pg, i.c.v.) in Figure 1, B and D, or 50 min after
treatment with clorgyline (1 mg/kg, i.p.) and 10 min before treatment
with 5-HTP (100 mg/kg, i.p.) in Figure 1F. In Figure 3, M100907 was
administered 10 min before treatment with N-methylserotonin (20 ug,
i.c.v.) or 5-MeO-DMT (10 mg/kg, i.p.). The M100907 vehicle was 0.02%
Tween 80 in water. The N-methyltransferase inhibitor MTZ (125 ng,
i.c.v.) or vehicle (dH,O for studies in Figs. 2, 3 and in 1% DMSO for
studies in Fig. 8) was injected 10 min before treatment with 5-HTP (200
mg/kg, i.p.), N-methylserotonin (20 ug, i.c.v.), or 5-MeO-DMT (10 mg/
kg, i.p.). Vehicle (1% DMSO), LY294002 (125 ng, i.c.v.), PP2 (300 ng,
i.c.v.), or AKTi (55 ng, i.c.v.) was injected 10 min before treatment with
5-HTP (200 mg/kg, i.p.). For the studies detailed in Figure 8, WT mice
were pretreated with vehicle (1% DMSO), AKTi (55 ng, i.c.v.), MTZ (125
ng, i.c.v.), or both ATKi and MTZ for 10 min before treatment with
5-HTP (200 mg/kg, i.p.). Dosing of the inhibitors was based on the
literature (clorgyline: Tadano et al., 1989; MTZ: Mandel et al.,, 1978,
Rokach et al., 1980; LY294002: Beaulieu et al., 2005; PP2: Narita et al.,
2006; AKTi: Xu et al., 2008).

Biochemistry. Signaling in the mouse frontal cortex was determined
after treatment of both WT and Barr2-KO mice with vehicle (0.9% sa-
line, n = 23 per genotype), 5-HTP (100 mg/kg, i.p., n = 16 per genotype),
or 5-MeO-DMT (10 mg/kg, i.p., n =5 WT and 6 Barr2-KO). Mice were
killed by cervical dislocation, and tissue was frozen immediately in liquid
nitrogen. Tissue was homogenized by polytronic tissue grinder, followed
by glass-on-glass dounce homogenization and then solubilized overnight
at 4°C in immunoprecipitation lysis buffer (20 mm NaF, 10% glycerol, 50
mM Tris, 150 mm NaCl, 0.5% NP-40, 1 mm PMSF, and 1 mm EDTA)
containing a Mini EDTA-free protease inhibitor cocktail tablet (Roche
Diagnostics) (Luan et al., 2009). Protein levels were determined by a
protein assay kit compatible with detergent-based buffers (Bio-Rad) and
25-30 ug of protein per lane were resolved on 10% Bis-Tris gels (Invitro-
gen). Proteins were transferred to polyvinylidene fluoride membranes
(Millipore Corporation) and immunoblotted for total-Akt or phospho-
Akt. Chemiluminescence was detected using a Kodak 2000R imaging
system (Eastman Kodak), and fluorescence was detected using an Odys-
sey Infrared imaging system (LI-COR Biosciences). Blots were quantified
using NIH Image] analysis software. For each sample, phospho-Akt lev-
els were normalized to corresponding total-Akt levels, and fold stimula-
tion was determined by normalizing to the average vehicle levels for each
experiment.

The 5-HT,,R was immunoprecipitated from equivalent aliquots of
remaining lysates by overnight incubation with a polyclonal rabbit anti-
body against the N terminus of the 5-HT, R (1:133; Neuromics) at 4°C;
complexes were immobilized on Protein A Sepharose 4 Fast Flow (GE
Healthcare) beads for 3 h at room temperature. Beads were washed three
times in lysis buffer, and proteins were eluted by heating in SDS sample
buffer containing 5% B-mercaptoethanol at 55°C for 20 min. Immuno-
blot analysis was performed as described above, and representative West-
ern blots are shown (vehicle, n = 11-24 WT and 19-24 Barr2-KO;
5-HTP,n = 4-18 WT and 13-18 Barr2-KO; 5-MeO-DMT, n = 5-7 WT
and 6-7 Barr2-KO). Any alterations to enhance brightness or contrast
were applied to the entire gel image. For quantification of the immuno-
precipitation studies, the protein levels were first normalized to their
corresponding 5-HT,,R immunoblots, and then drug treatment was
normalized to vehicle-treated controls.

Primary neuronal cultures were generated from postnatal day 1 mouse
neonates obtained from homozygous breeding of Barr2-KO or WT mice
(Askwith et al., 2004; Schmid et al., 2008). Frontal cortex was removed
and digested in Leibovitz’s L-15 (Invitrogen) solution containing 0.025%
bovine serum albumin and 0.0375% papain for 15 min at 37°C with 95%
oxygen/5% carbon dioxide gently agitating the media. Tissue was washed
in complete Neurobasal-A media (with 2% B-27 serum supplement, 0.5
mM L-glutamine, 1.675 ug/L sodium selenite, 2.5 mg/L insulin, 1.375
mg/L transferring, and 50 ug/ml gentamycin; Invitrogen). A single-cell
suspension was generated by triturating the tissue with glass pipettes of
decreasing diameter. Neurons were then plated in Neurobasal-A media
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in 12-well dishes (one neonate = two wells) coated with poly-L-lysine
(Sigma-Aldrich).

Activation of Akt in neuronal cultures was determined on the fifth
day after plating. Unless stated otherwise, neurons were incubated in
serum-free MEM (Invitrogen) for 1 h before a 10 min drug treatment
with 1 uM agonist. For each assay, the number of wells of neurons
treated over at least four separate experiments is provided. For
agonist-induced Akt studies, neurons were treated with “agonist ve-
hicle” (2 uMm ascorbate in water; n = 56 WT and 35 Barr2-KO) or
serotonin (n = 35 WT and 23 Barr2-KO), N-methylserotonin (n = 19
WT and 12 Barr2-KO), or 5-MeO-DMT (n = 13 WT and 12 Barr2-
KO). For Figure 5B, WT neurons were pretreated with M100907 (10
nM) (Johnson-Farley et al., 2005) or M100907 vehicle (0.0001%
DMSO) during the last 15 min of the serum starvation and before
agonist stimulation. Neurons were then treated with either agonist
vehicle or serotonin (n = 8 for each of the 4 conditions). For time
course studies, neurons were lysed 0, 1, 3, 5, 10, 20, and 30 min after
treatment with serotonin (n = 4-8 WT and 4-6 [arr2-KO),
N-methylserotonin (# = 3—6 per genotype), or 5-MeO-DMT (n = 4—6 per
genotype). A concentration curve was completed for serotonin stimulation
of Akt, wherein WT neurons were treated with agonist vehicle or 0.001-10
uM serotonin (n = 8 per dose) (data not shown). To compare basal
phospho-Akt to total-Akt ratios between genotypes, WT and
Barr2-KO neurons were plated concurrently and lysed after treatment
with agonist vehicle (n = 9 per genotype) (data not shown). For
Figure 5E, inhibitor vehicle (0.1% DMSO) or 1 um LY294002 or PP2
was added to the serum-free media during the 1 h incubation. Neu-
rons were then treated with either agonist vehicle or serotonin (Gin-
gerich and Krukoff, 2008) (inhibitor vehicle + agonist vehicle, n =
17;LY294002 + agonist vehicle, n = 9; PP2 + agonist vehicle, n = 10;
inhibitor vehicle + serotonin, n = 19; LY294002 + serotonin, n = 10;
PP2 + serotonin, n = 11).

Rescue of serotonin-mediated Akt phosphorylation was accomplished
by transfecting Barr2-KO neurons with 4 ug of N-terminal Myc-tagged
B-arrestin2 or empty vector (pcDNA3.1) via the calcium phosphate
method (Jiang et al., 2004) (Clontech/BD Bioscience). After incubation
in the DNA/calcium phosphate suspension for 2 h at 37°C, neurons were
washed twice with complete Neurobasal-A medium. Forty-eight hours
after transfection, neurons were treated with either agonist vehicle or
serotonin (n = 9 for each condition).

After treatment with agonist, primary neurons were washed once in
PBS, and lysates were prepared in lysis buffer (20 mm Tris, 150 mm NaCl,
2 mm EDTA, 0.1% SDS, 1% NP-40, 0.25% deoxycholate, 1 mm sodium
orthovanadate, 1 mm PMSF, 1 mm NaF, and protease inhibitors) (Groer
etal.,2007; Schmid et al., 2008). Lysates were prepared and Western blots
were performed as described above to assess phospho-Akt and total-Akt
levels. For B-arrestin2-rescue experiments, immunoblots were also
probed with c-Myc antibody to confirm transfection. For each sample,
phospho-Akt levels were normalized to corresponding total-Akt levels,
and fold stimulation was determined by normalizing to the average ve-
hicle levels for each experiment (or untreated controls for time course
experiments).

Statistical analysis. Two-way ANOVA was used to examine group dif-
ferences in head-twitch responses, comparing two main effects (such as
genotype and dose); three-way ANOVA was used to compare three main
effects, such as pretreatment, genotype, and dose. Post hoc comparisons
between the total number of twitches between drug doses or across ge-
notypes, as well as comparisons of the biochemical data were completed
with a Student’s unpaired, two-tailed ¢ test. All statistics were conducted
with a confidence interval of 95% and were performed using GraphPad
Prism 5.0 software (GraphPad Software) with the exception of the three-
way ANOVAs, which were performed using PASW/SSPS 18.0 software
(IBM). Three-way ANOVAs were followed by two-way ANOVA to fur-
ther examine main effects within groups if visualization prompted the
hypothesis that effects may differ within the groups. The use of three-way
and one-way ANOVAs are noted in the text; otherwise, the analyses
represent two-way ANOVA. Unless stated otherwise, Student’s ¢ tests are
presented in the figure legends.



13516 - J. Neurosci., October 6, 2010 - 30(40):13513-13524

Results

High doses of serotonin induce head twitches in

Barr2-KO mice

Previously, we showed that mice lacking B-arrestin2 do not dis-
play a head-twitch response to a moderate dose of 5-HTP (100
mg/kg, i.p.) (Fig. 1B), suggesting that serotonin requires
B-arrestin2 to mediate this effect (Schmid et al., 2008). However,
as the dose of 5-HTP increases, the number of twitches observed
in both the WT and the Barr2-KO mice also increases (Fig. 1B:
for genotype, F; 45, = 7.99, p = 0.0072; for dose, F, 4,y = 15.30,
p < 0.0001). In effect, when the dose of 5-HTP is doubled, the
response in the Barr2-KO mice approaches that observed in WT
mice (Fig. 1 A: for genotype, F; 155, = 8.15, p = 0.0049; for time,
F11,156) = 7.15, p < 0.0001), indicating that high doses of 5-HTP
can ultimately induce a head-twitch response in mice lacking
B-arrestin2.

To ensure that this response was not attributable to unantici-
pated differences in the conversion of 5-HTP to serotonin in the
Barr2-KO animals, mice were also treated directly with seroto-
nin. After intracerebroventricular injection, lower doses of sero-
tonin produce robust head twitches in WT mice that greatly
exceed those observed in Barr2-KO mice (Fig. 1 D: interaction
genotype X dose, F, 5,, = 9.27, p = 0.0012), which seems to be in
agreement with the previous observations. Again, when the dose
is escalated, the Barr2-KO mice display more twitches than their
WT littermates (Fig. 1C: for genotype, F; s,) = 16.61, p = 0.0002;
for time, F(5 54) = 17.62, p < 0.0001). Importantly, the effects of
the highest doses of 5-HTP and serotonin were blocked by pre-
treatment with the 5-HT,,R antagonist M100907 (Fig. 1 B: effect
of M100907, F(5,3, = 8.37, p = 0.0006, one-way ANOVA; Fig.
1D: effect of M100907, F;,5 = 16.42, p < 0.0001, one-way
ANOVA), demonstrating that these actions are indeed mediated
via the 5-HT,,R. Therefore, a question arises as to whether the
deletion of B-arrestin2 simply shifts the relative potency of sero-
tonin at the 5-HT, R or if serotonin really requires B-arrestin2
for signaling, as initially proposed (Schmid et al., 2008).

To further explore this question, we asked whether serotonin
metabolites might contribute to the behavioral response. When
serotonin levels are elevated, the neurotransmitter is primarily
metabolized by MAO-A into 5-hydroxyindoleacetic acid
(5-HIAA). However, serotonin can also be metabolized by
N-methyltransferases into N-methyltryptamines, including
N-methylserotonin, N,N-dimethylserotonin (bufotenine), and
indirectly into dimethyltryptamine (Axelrod, 1962; Saavedra
and Axelrod, 1972; Rosengarten and Friedhoff, 1976; Crooks
et al., 1979). Whereas 5-HIAA is psychoactively inert,
N-methyltryptamines are active neurotransmitters at the
5-HT, AR and have been reported to induce hallucinations in
humans when taken directly (Glennon and Gessner, 1979; Shul-
gin and Shulgin, 1997; McBride, 2000). To determine whether
the metabolism of serotonin could affect the number of head
twitches observed in the WT and Barr2-KO mice, the MAO-A
inhibitor clorgyline was administered before low and moderate
doses of 5-HTP treatment. As anticipated, inhibition of MAO-A
shifts the dose—response curve leftward such that Barr2-KO mice
now respond to doses of 5-HTP that are ineffective when given
alone (Fig. 1E: three-way ANOVA, multivariate analysis for the
main effect of time, F(, ,,) = 4.87, p = 0.003; two-way ANOVA for
WT, interaction of pretreatment X time, F(,, ;56 = 2.89,p = 0.0017;
Barr2-KO, interaction of pretreatment X time, F;, 13, = 2.18,
p = 0.019; vehicle pretreatment, interaction of genotype X time,
Fi108) = 6.98, p < 0.0001; clorgyline pretreatment, genotype,
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Figure 1. High doses of serotonin and 5-HTP can induce a head-twitch response in the
[Barr2-KO mice. A-D, 5-HTP and serotonin induce a head-twitch response in WT and 3arr2-KO
mice. Time course of 5-HTP (200 mg/kg, i.p.)-induced head-twitch response (4) and 5-HTP
dose—response curves in WT and [3arr2-KO mice and blockade of 5-HTP-induced (200 mg/kg)
responses (B) after a 10 min pretreatment with M100907 (M100; 0.05 mg/kg, i.p.). WT versus
Barr2-K0 within dose: *p << 0.05; **p << 0.001; within genotype: 200 mg/kg 5-HTP versus
M100 + 200 mg/kg 5-HTP, #p << 0.001. Time course of 5-HT (40 g, i.c.v.)-induced head-
twitch response (€) and serotonin dose—response curves in WT and [3arr2-KO mice and block-
ade of 5-HT-induced (40 g, i.c.v.) responses (D) after a 10 min pretreatment with M100907
(0.05 mg/kg, i.p.). WT versus Barr2-KO at the same dose: *p << 0.05; **p << 0.001; within
genotype: 40 g of 5-HT versus M100 + 40 g of 5-HT: #p << 0.001.E, F, Inhibition of MAO-A
enhances 5-HTP potency in both genotypes. Time course of 5-HTP (100 mg/kg, i.p.)-induced
head-twitch responses aftera 1 h pretreatment with clorgyline (Clor; 1mg/kg, i.p.) or clorgyline
vehicle (Veh; 0.9% saline, i.p.) (E) and the sum of twitches induced over the 60 min observation
period at two doses of 5-HTP (50 and 100 mg/kg, i.p.) in WT and 3arr2-KO mice and blockade of
clorgyline-enhanced 5-HTP-induced (100 mg/kg) responses after a 10 min pretreatment with
M100907 (0.05 mg/kg, i.p.) (F). WT versus Barr2-KO at the same dose: ***p < 0.0001. Vehicle
pretreatment versus clorgyline pretreatment within genotype: p < 0.05, *p < 0.001,
##p < 0,0001; within genotype: clorgyline -+ 100 mg/kg 5-HTP versus M100 + clorgyline -+
100 mg/kg 5-HTP: *p < 0.05. Mean = SEM are shown.

F(1 180y = 6.48, p = 0.0118; Fig. 1 F: three-way ANOVA, for dose,
F(1 45 = 6.07, p = 0.0180; for pretreatment, F, ,,, = 26.00, p <
0.001; for genotype, F, 45, = 4.59, p = 0.0380). Again, these
effects are mediated through activation of the 5-HT,,R as the
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Figure 2.  An N-methyltransferase inhibitor eliminates 5-HTP-induced head twitches in

Barr2-KO mice. Pretreatment with an N-methyltransferase inhibitor, MTZ, blocks 5-HTP-
induced head-twitch response in the Barr2-KO mice and attenuates the response in WT mice.
Time course analysis of head twitches induced by 200 mg/kg 5-HTP (intraperitoneally) (4) and
the total number of twitches observed over 60 min after a 10 min pretreatment with MTZ (125
ng, i.c.v.) or vehicle (5 wl of dH,0, i.c.v.) (B). WT versus [Barr2-KO with the same treatment:
**xp < 0.001. Vehicle pretreatment versus MTZ pretreatment within genotype: *p < 0.05,
#p < 0.01. Mean = SEM are shown.

enhanced 5-HTP responses in both WT and Barr2-KO mice are
completely blocked by the 5-HT, R antagonist (Fig. 1 F: effect of
M100907 on 100 mg/kg clorgyline treatment, F; ,;) = 5.21,p =
0.0076, one-way ANOVA). Because clorgyline blocks the primary
metabolic pathway for serotonin degradation, the increase in
head twitches observed in the clorgyline pretreated Barr2-KO
mice may reflect an increase in N-methyltryptamine synthesis
resulting from high levels of serotonin.

Inhibitors of N-methyltransferase prevent the head-twitch
response in arr2-KO mice

High doses of 5-HTP promote high levels of serotonin in brain
and may thereby facilitate N-methyltransferase metabolism of
serotonin to N-methyltryptamines (Axelrod, 1962). To deter-
mine the role of N-methyltryptamines in mediating the head-
twitch response, we attempted to suppress N-methyltryptamine
synthesis using an N-methyltransferase inhibitor, MTZ before
injection with a dose of 5-HTP (200 mg/kg), which induces the
greatest number of head twitches in the Barr2-KO mice (Fig.
1A, B) (Borchardt and Wu, 1976; Domino, 1976; Mandel et al.,
1978; Rokach et al., 1980). The N-methyltransferase inhibitor
decreases the number of 5-HTP-induced head twitches in both
WT and Barr2-KO mice, although the inhibitory effect is more
pronounced in the Barr2-KO mice (Fig. 2A: three-way ANOVA
for interactions of genotype X time, F(;, 4,y = 5.99, p = 0.0492;
two-way ANOVA for WT, pretreatment, F72) = 3484, p <
0.0001; time, F(;, 75, = 12.11, p < 0.001; for Barr2-KO, interac-
tion of pretreatment X time, F(;, 65y = 6.51, p << 0.0001; for
vehicle pretreatment, genotype, F(; g4y = 22.30, p < 0.0001; time,
F11,84) = 18.18, p < 0.0001; MTZ pretreatment, interaction of
genotype X time, F(,; g4y = 6.48, p < 0.0001; Fig. 2 B: for geno-
type, F(; 14 = 16.25, p = 0.0012; for pretreatment, F(, ,,) = 21.95,
p = 0.0004). These findings suggest that the head-twitch response
induced in the Barr2-KO mice may predominantly be attributed
to the actions of the N-methyltryptamines at the 5-HT, 4R rather
than those of serotonin per se.

N-methyltryptamine-induced head-twitch responses
The actions of N-methyltryptamines at the 5-HT,,R were directly
evaluated in vivo using the endogenous metabolite N-methy-
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Iserotonin, as well as a psychoactive yet hydrolysis-resistant dimeth-
yltryptamine, 5-MeO-DMT. Direct intracerebroventricular injection of
increasing doses of N-methylserotonin induces a greater number
of head twitches in the Barr2-KO mice than their WT littermates,
a response similar to that observed for the highest dose of sero-
tonin tested (Fig. 3A: for genotype, F(; 44) = 5.23, p = 0.0002; for
time, F5 45) = 14.74, p < 0.0001; Fig. 3B: interaction genotype X
dose, F(,,9) = 6.45, p = 0.0069). N-Methylserotonin induces
head twitches through activation of the 5-HT,,R as the antagonist
M100907 significantly inhibits the response in both genotypes (Fig.
3C: interaction genotype X pretreatment, F( ;5 = 6.60, p =
0.0246). Importantly, inhibition of N-methyltransferase by MTZ
has no effect on N-methylserotonin-induced head twitches in WT
mice, arguing against a nonspecific blockade of the behavior by the
enzyme inhibitor (Fig. 3D: for pretreatment, p > 0.05).

A similar response profile is observed after systemic treatment
with 5-MeO-DMT wherein the Barr2-KO mice display an en-
hanced head-twitch response compared with their WT litter-
mates (Fig. 3E: for genotype, F(; 1,4y = 32.70, p < 0.0001; for
time, F(5 ;,4) = 54.67, p < 0.0001; Fig. 3F: interaction genotype X
dose, F(; 49, = 3.79, p = 0.0294). In addition, 5-HT,,R blockade
with M100907 abrogates 5-MeO-DMT-induced head twitches in
both genotypes (Fig. 3G: interaction genotype X pretreatment,
F50) = 5.85, p = 0.0253), whereas MTZ pretreatment has no
effect on 5-MeO-DMT-induced responses in normal mice (Fig.
3H: for pretreatment, p > 0.05). These findings suggest that
N-methyltryptamines do not require B-arrestin2 to produce the
head-twitch response in vivo and that B-arrestin2 may play a
negative regulatory role in this cascade because the mice consis-
tently display greater responses to the N-methyltryptamines
when the protein is deleted.

Phosphorylation of Akt in the frontal cortex

The findings presented thus far suggest that the behavioral re-
sponse to serotonin in the Barr2-KO mice may be fundamentally
different from that observed in the WT mice. To elucidate the sig-
naling mechanisms underlying the differences in the head-twitch
response between the two genotypes, the effects of serotonin on the
5-HT, R were evaluated at the biochemical level. Therefore, we as-
sessed agonist-induced activation of the serine-threonine kinase Akt
in WT and Barr2-KO frontal cortex after treatment with 5-HTP
and 5-MeO-DMT. To attempt to exclude the contribution of the
metabolites after the 5-HTP treatment, we used the dose of
5-HTP (100 mg/kg, i.p.) that only produced a head-twitch re-
sponse in the WT mice, presuming that the head twitches ob-
served in the Barr2-KO mice at higher doses are indicative of the
presence of serotonin metabolites. The dose of 5-MeO-DMT (10
mg/kg, i.p.) was chosen because it induces the greatest number of
head twitches in both genotypes and therefore should elicit the
most robust activation of the receptor signaling cascade. Treat-
ment of WT mice with 5-HTP induces phosphorylation of Akt at
threonine 308 (Fig. 4A: WT, vehicle vs serotonin, p = 0.0018,
Student’s ¢ test). However, Akt is not activated in the frontal
cortex of Barr2-KO mice after 5-HTP treatment (Barr2-KO, ve-
hicle vs 5-HTP, p > 0.05, Student’s ¢ test). Treatment with
5-MeO-DMT does not induce Akt phosphorylation in either ge-
notype (vehicle vs 5-MeO-DMT, p > 0.05, Student’s ¢ test). Im-
portantly, comparison of vehicle-treated animals reveals no
differences in Akt phosphorylation levels between genotypes,
suggesting that the lack of serotonin-induced Akt stimulation in
the Barr2-KO mice is not attributable to an elevated basal state of
Akt activation in the frontal cortex (data not shown). Together,
these findings suggest that serotonin and 5-Meo-DMT differ in
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Figure3. N-Methyltryptamines induce more head twitches in Barr2-KO mice than their WT littermates. Barr2-KO mice treated with either N-methylserotonin (N-Me-5-HT) (A-D) or
5-Me0-DMT (E-H) display significantly more head twitches than WT mice. Time course of head twitches induced by N-methylserotonin (20 wg, i.c.v.) (4) and dose—response curve for
the total number of head twitches observed over 30 min (B). WT versus Barr2-KO: *p << 0.05, **p << 0.01. (, Pretreatment (10 min) with the 5-HT,,R antagonist M100907 (M100; 0.05
mg/kg, i.p.), but not vehicle (0.02% Tween 80), blocks the N-methylserotonin (20 g, i.c.v.)-induced head-twitch response in both genotypes. WT versus Barr2-KO: *p < 0.05; values
for M100907 treatment were 0 == 0. D, Pretreatment (10 min) of WT mice with the N-methyltransferase inhibitor MTZ (125 ng, i.c.v.) or vehicle (5 wl of dH,0, i.c.v.) has no effect on the
N-methylserotonin (20 g, i.c.v.)-induced head-twitch response. E, F, Time course of head twitches induced by 5-Me0-DMT (10 mg/kg, i.p.) (E) and dose—response curve for the total
number of head twitches observed over 30 min (F). WT versus Barr2-K0: *p < 0.05, ***p < 0.001. G, Pretreatment (10 min) with M100907 (0.05 mg/kg, i.p.), but not vehicle, blocks
the 5-Me0-DMT (10 mg/kg, i.p.)-induced head-twitch response in both genotypes. WT versus Barr2-K0: *p << 0.05; vehicle versus M100 within genotype: **p < 0.01, ***p < 0.0001.
H, Pretreatment (10 min) of C57BL/6J mice with MTZ (125 ng, i.c.v.) or vehicle (5 ul of dH,0, i.c.v.) has no effect on the 5-Me0-DMT-induced (10 mg/kg, i.p.) head-twitch response.
Mean == SEM are shown.
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Figure4. 5-HTP stimulates Akt phosphorylation and the association of B-arrestin2/Akt/Src complex with the 5-HT, R in the frontal cortex. 4, Treatment with 5-HTP (100 mg/kg, i.p.) for 10 min
induces Akt phosphorylation (P-Akt) in the frontal cortex of WT but not 3arr2-KO mice. 5-MeO-DMT (10 mg/kg, i.p.) does not induce Akt phosphorylation in either genotype [total Akt (T-Akt)].
Vehicle versus 5-HTP: **p << 0.01. B, 5-HT,,R immunoprecipitation reveals that 5-HTP treatment (100 mg/kg, i.p.) for 10 min decreases 5-HT, ,R association with PSD-95 but increases 5-HT,,R
associations with 3-arrestin2, Src, and Akt. 5-HTP treatment has no effect on PSD-95, Src, or Akt coimmunoprecipitation with 5-HT,,R in Barr2-KO mice. C, 5-Me0-DMT treatment (10 mg/kg, i.p.
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Figure 5.  Serotonin stimulates Akt phosphorylation in mouse cortical neurons. 4, A 10 min

5-HT (1 um) treatment induces Akt phosphorylation in WT but not 3arr2-KO primary cortical
cultures. N-Methylserotonin (N-Me-5-HT) and 5-MeO-DMT do not stimulate Akt phosphoryla-
tion in either genotype. Vehicle versus 5-HT: ***p << 0.001. B, M100907 pretreatment (M100;
10 nmfor 15 min) inhibits Akt phosphorylation by serotonin (5; T um for 10 min) compared with
neurons that were pretreated with vehicle [M100 vehicle (Veh; Vehicle on abscissa) = 0.0001%
DMSO; serotonin vehicle (V; Vehicle in the legend) = 2 pmascorbate] for the same time period.
Vehicle versus 5-HT: ***p << 0.001, Bonferroni's post hoc analysis. €, Time course studies reveal
Akt phosphorylation after treatment with 1 um serotonin (left) but not 5-Me0-DMT (right) in
primary cortical cultures from WT mice, whereas Barr2-KO neurons do not show Akt activation
with either agonist. WT versus Barr2-KO: **p << 0.01, ***p << 0.001, Bonferroni’s post hoc
analysis. D, Serotonin induces (5; 1 wm for 10 min) Akt phosphorylation compared with vehicle
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their ability to activate Akt, such that serotonin requires
B-arrestin2, whereas 5-MeO-DMT does not activate this kinase
in frontal cortex.

Identification of a B-arrestin2-dependent 5-HT, ,R signaling
scaffold in frontal cortex

To directly implicate the 5-HT, R in the agonist-induced signal-
ing in vivo, the receptor was immunoprecipitated from the fron-
tal cortex of both WT and Barr2-KO mice after drug treatment.
We then examined the contribution of B-arrestin2 in assembling
an Akt signaling scaffold by probing for proteins that associate
with the receptor in response to 5-HTP or 5-MeO-DMT. Inter-
estingly, treatment of WT mice with 5-HTP at the same dose that
stimulates Akt phosphorylation in the frontal cortex reveals a
depletion of PSD-95 from the receptor complex and a recruit-
ment of B-arrestin2, Src, and Akt (Fig. 4 B: WT, vehicle vs 5-HTP:
PSD-95, p = 0.0004; B-arrestin2, p = 0.0024; Src, p = 0.0017;
Akt, p = 0.0002, Student’s t test). In contrast, in the absence of
B-arrestin2, there is no depletion of PSD-95 or recruitment of Src
or Akt to the receptor in response to 5-HTP (Barr2-KO, vehicle vs
5-HTP, p > 0.05, Student’s ¢ test). In agreement with the studies
presented in Figure 4A, treatment with 5-MeO-DMT does not
lead to the recruitment of B-arrestin2, Src, or Akt to the 5-HT,,R
in either genotype (Fig. 4C: vehicle vs 5-MeO-DMT, p > 0.05,
Student’s t test). These findings demonstrate that B-arrestin2 is
integral to mediating serotonin-induced assembly of a 5-HT, ,R/
Src/Akt signaling complex and that 5-MeO-DMT does not re-
cruit this complex in the frontal cortex.

Phosphorylation of Akt in primary cortical neurons

To further characterize 5-HT,,R-mediated serotonin-induced
Akt activation, we used primary neuronal cultures generated
from the frontal cortex of WT and Barr2-KO neonates. Serotonin
induces robust Akt phosphorylation in WT cortical neurons,
which is maximal at 1 um (Fig. 5A: WT, vehicle vs serotonin, p <
0.0001, Student’s ¢t test; dose-response not shown). However,
N-methylserotonin and 5-MeO-DMT do not activate the kinase
(Fig. 5A: WT, vehicle vs N-methylserotonin or 5-MeO-DMT,
p > 0.05, Student’s ¢ test). In agreement with the observations
made in the adult frontal cortex in Figure 4A, none of the agonists
induce Akt phosphorylation in neuronal cultures derived from
Barr2-KO neonates (Fig. 5A: Barr2-KO, vehicle vs agonist, p >
0.05, Student’s ¢ test). Furthermore, pretreatment with M100907
prevents serotonin-induced Akt phosphorylation in WT neu-
rons, demonstrating that the actions of serotonin are mediated
viathe 5-HT, 4R (Fig. 5B: vehicle vs serotonin: vehicle-pretreated,
p = 0.0009; M100907-pretreated, p > 0.05, Student’s ¢ test).

To be certain that the lack of Akt phosphorylation observed in
the above studies was not attributable to temporal shifts in kinase
activation profiles, we performed several time-dependent stud-
ies. Serotonin treatment over time reveals that Akt is phosphor-
ylated within 1 min and peaks at 5-10 min in the WT neurons.
The absence of Akt phosphorylation at all time points in the
Barr2-KO neurons demonstrates that there is not a B-arrestin2-

<«

(V; 2 um ascorbate) in 3arr2-KO neurons transfected with Myc-tagged [-arrestin2 (Barr2-
myc), whereas those neurons transfected with empty vector (Mock) do not. Vehicle versus 5-HT:
*p < 0.05. E, Pretreatment (10 wum for 1h) with the PI3K inhibitor [LY294002 (LY)] or the Src
inhibitor (PP2) blocks Akt phosphorylation induced by serotonin (5; T pm for 10 min) in WT
primary cortical neurons [inhibitor vehicle (Veh; Vehicle on abscissa) = 0.1% DMSO; serotonin
vehicle (V; Vehicle in the legend) = 2 um ascorbate). Vehicle versus 5-HT: ***p < 0.001.
Representative blots and densitometric analysis are provided. Mean = SEM are shown.
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dependent temporal shift in the activation profile, but rather that
B-arrestin2 is essential for serotonin activation of Akt (Fig. 5C,
left: for genotype, F(; 49y = 55.47, p < 0.0001; for time, F4 ¢y =
2.40, p = 0.0367). In addition, 5-MeO-DMT (Fig. 5C, right) and
N-methylserotonin (data not shown) fail to induce Akt phos-
phorylation in both genotypes at any time point tested,
thereby demonstrating that the lack of Akt activation is not
attributable to a temporal shift in activation profiles for these
agonists (p > 0.05).

To determine whether the lack of serotonin-induced Akt
phosphorylation in the Barr2-KO neurons is attributable to
higher relative basal Akt activation levels, we directly compared
phosphorylated Akt levels from vehicle-treated neurons of both
genotypes run in parallel on the same gels. The data reveal that
there are no differences between genotypes, suggesting that the
inability of serotonin to stimulate Akt phosphorylation in the
Barr2-KO neurons is not attributable to increased basal phos-
phorylation of the kinase in these preparations (data not shown).
In addition, treatment with fetal bovine serum stimulates Akt
phosphorylation in Barr2-KO neurons, demonstrating that Akt
can be activated in this system (data not shown). Finally, trans-
fection of Myc-tagged B-arrestin2 into Barr2-KO neuronal cul-
tures rescues serotonin-induced Akt phosphorylation, further
demonstrating the necessity of B-arrestin2 in the activation of
this pathway (Fig. 5D: vehicle vs serotonin: mock transfected, p >
0.05; Myc-Barr2 transfected, p = 0.0100, Student’s t test).

Inhibition of serotonin-mediated Akt phosphorylation

in neurons

To evaluate the interplay of the signaling elements within the
assembled complex, Akt phosphorylation was assessed after in-
hibiting individual components of the potential signaling cascade
in primary cortical neuronal cultures. Phosphoinositide 3-kinase
(PI3K) is an activator of Akt downstream of GPCRs, and pre-
treatment with a PI3K inhibitor (LY294002) prevents serotonin-
induced Akt phosphorylation in the WT neurons. The Src
inhibitor PP2 also blocks Akt phosphorylation, further implicat-
ing these signaling elements in mediating the activation of Akt by
serotonin (Fig. 5E: vehicle vs serotonin: vehicle-pretreated, p <
0.0001; inhibitor-pretreated, p > 0.05, Student’s ¢ test).

B-Arrestin2/PI3K/Src/Akt mediation of the head-twitch
response

To test whether the B-arrestin2/PI3K/Src/Akt complex contrib-
utes to the serotonin-mediated head-twitch response, we used
kinase inhibitors to disrupt the function of the complex in vivo.
Normal C57BL/6] mice were injected (intracerebroventricularly)
with inhibitors of PI3K [LY294002 (Beaulieu et al., 2005)], Src
[PP2 (Narita et al., 2006)], and Akt [AKTi (Xu et al., 2008)]
before treatment with 5-HTP (200 mg/kg, i.p.). At this dose of
5-HTP, we would predict that both serotonin and N-methy-
ltryptamine levels would be elevated. Because Akt only appears to
play a role in the actions of serotonin, we might predict that the
inhibitors of the Akt signaling cascade would inhibit the serotonin
effects but maintain the N-methyltryptamine effects. Accordingly,
we find that each of the individual kinase inhibitors blocks ~50% of
the head-twitch response produced in the C57BL/6] mice (Fig. 6 A:
vehicle vs LY294002: for pretreatment, F; ;55) = 38.52, p < 0.0001;
for time, F;, 156y = 5.51, p << 0.0001; PP2, for pretreatment, F, ;55, =
43.02, p < 0.0001; for time, F(;; ;55 = 6.17, p < 0.0001; AKTi, for
pretreatment, F(, |56, = 35.94, p < 0.0001; for time, F(,, ;55) = 6.49,
P < 0.0001; Fig. 6 B: F3 5,y = 5.54, p = 0.0058, one-way ANOVA).
Interestingly, the Akt inhibitor has no effect on the number of head
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Figure 6. Inhibition of PI3K, Src, or Akt attenuates 5-HTP-mediated but not

N-methyltryptamine-mediated head twitches in mice. 4, B, Inhibitors of PI3K (LY294002), Src
(PP2), or Akt (AKTi) attenuated 5-HTP-induced head twitches in normal mice. Time course of
head-twitch responses (4) and the total number of head twitches (B) observed in (57BL/6)
mice that were pretreated for 10 min with either vehicle (Veh; 1% DMSO0 in dH,0, i.c.v.) or
LY294002 (LY; 125 ng, i.c.v.), PP2 (300 ng, i.c.v.), or AKTi (55 ng, i.c.v.) before 5-HTP adminis-
tration (200 mg/kg, i.p.). Vehicle versus inhibitor: *p < 0.05. C, Pretreatment with AKTi (55 ng,
i.cv. for 10 min) has no effect on 5-Me0-DMT-induced (10 mg/kg, i.p.) head twitches in
(57BL/6J mice compared with vehicle-pretreated (1% DMSQin dH,0, i.c.v.) mice. Mean = SEM
are shown.

twitches induced by 5-MeO-DMT (Fig. 6C: p > 0.05). These data
suggest that the head twitches induced by a high dose of 5-HTP can
be partially blocked by inhibition of the Akt signaling cascade, sug-
gesting that the remaining activity is either attributable to 5-HT,,R
activity that is independent of this cascade or, alternatively, that me-
tabolites of serotonin are signaling in an Akt-independent manner to
mediate the head-twitch response.

In contrast, treatment of Barr2-KO mice with PI3K, Src, and
Akt inhibitors before treatment with 5-HTP (200 mg/kg, i.p.)
does not lead to suppression of the head-twitch response (Fig. 7A:
LY294002, PP2, and AKT]j, for pretreatment, p > 0.05; Fig. 7B:
p > 0.05, one-way ANOVA). This may not be unanticipated
because the behavioral data suggest that the highest dose of
5-HTP produces the head-twitch response in the Barr2-KO mice
primarily as a result of the actions of the N-methyltryptamine
metabolites (Fig. 2) and these metabolites do not activate Akt in
vivo or in neuronal cultures (Figs. 4, 5). These findings further
support a model wherein the head twitches that can be observed
in the Barr2-KO mice occur independent of a PI3K, Src, and Akt
signaling mechanism.

Separation of serotonin and N-methyltryptamine responses
in vivo

Together, the biochemical and behavioral data suggest that the
head-twitch response induced by high doses of 5-HTP or seroto-
nin in WT mice may reflect the activity of both serotonin and
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Figure 7.  Inhibition of PI3K, Src, or Akt has no affect on 5-HTP-induced head twitches in

[Barr2-KO mice. Inhibitors of PI3K (LY294002), Src (PP2), or Akt (AKTi) have no effect on 5-HTP-
induced head twitches in Barr2-KO mice. Time course of head-twitch responses (A) and the
total number of head twitches (B) observed in Barr2-KO mice that were pretreated for 10 min
with either vehicle (Veh; 1% DMS0in dH,0, i.c.v.) or LY294002 (LY; 125 ng, i.c.v.), PP2 (300 ng,
i.c.v.), or AKTi (55 ng, i.c.v.) before 5-HTP administration (200 mg/kg, i.p.). Mean = SEM are
shown.
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Figure 8.  5-HTP-induced head twitches in WT mice are blocked by combined inhibition of

N-methyltransferase and Akt. Pretreatment with the Akt inhibitor (AKTi) or the N-methy-
Itransferase inhibitor (MTZ) individually reduce 5-HTP-induced twitches in WT mice; coadministra-
tion of the inhibitors is additive. Time course (A) and total numbers (B) of head twitches observed in
WT mice after 10 min pretreatment with either vehicle (Veh; 0.1% DMSO in dH,0, i.c.v.), AKTi (55 ng,
i.cv.), or MTZ (125 ng, i.c.v.) alone, or AKTi and MTZ concurrently before 5-HTP administration (200
ma/kg, i.p.) Vehicle versus inhibitor: *p << 0.01, *#p < 0.001. AKTi versus AKTi + MTZ: **p <
0.01; MTZ versus AKTi + MTZ: ***p < 0.001. Mean == SEM are shown.

N-methyltryptamines. To directly test this hypothesis, WT mice
were treated with the Akt inhibitor (to block serotonin-mediated
signaling) and the N-methyltransferase inhibitor (to prevent
N-methyltryptamine synthesis) before treatment with a dose of
5-HTP (200 mg/kg, i.p.) that produces the greatest response
when given alone (Fig. 1A). Remarkably, this double blockade
nearly abolishes the 5-HTP-induced head-twitch response in WT
mice (Fig. 8: compared with vehicle: AKTi, for pretreatment,
F1180) = 96.55, p < 0.0001; for time, F,; 159y = 19.77, p <
0.0001; MTZ, for pretreatment, F(, ,5) = 53.73, p < 0.0001; for
time, F(;) 165) = 18.82, p < 0.0001; AKTi + MTZ, for pretreat-
ment, F(; 145y = 172.24, p < 0.0001; for time, F;, 165y = 10.77,
p < 0.0001).

Discussion

In this study, we demonstrate functional selectivity at the
5-HT,,R whereby serotonin and N-methyltryptamines differen-
tially induce the head-twitch response in mice and promote dif-
ferential signaling in mouse frontal cortex and in primary cortical
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neurons. We show that serotonin activates the formation of a
receptor signaling complex that includes B-arrestin2, Src, and
Akt and that blockade of any individual component, as well as
PI3K, prevents the full expression of the head-twitch response,
thus demonstrating the physiological relevance of this com-
plex formation. Furthermore, we also show that, although
N-methyltryptamines mediate the head-twitch response through
activation of the 5-HT,,R, the mechanism is independent of
B-arrestin2 and does not require Akt activation (summarized in
Fig. 9). Together, these findings point to a signaling pathway that
may represent a signature of the actions of serotonin at the
5-HT,,R in cortex that is distinct from those activated by
N-methyltryptamines.

The differences between these neurotransmitters, observed in
both behavioral and biochemical responses, fit into the concep-
tual framework of functional selectivity, an idea based on the
understanding that a ligand can selectively stabilize a receptor
conformation, causing the receptor to preferentially interact with
particular intracellular signaling components (Kenakin, 1995;
Mailman, 2007; Urban et al., 2007; Violin and Lefkowitz, 2007;
Rajagopal etal., 2010). Agonist-directed signaling at the 5-HT, ,R
has been demonstrated previously in vitro wherein certain ago-
nists have been shown to preferentially stimulate different de-
grees of phospholipase C or phospholipase A, activity (Bergetal.,
1998; Kurrasch-Orbaugh et al., 2003; Moya et al., 2007). More-
over, functional selectivity at the 5-HT, 4R has long been specu-
lated in vivo, because not all agonists at the receptor induce
hallucinations in humans (Pieri et al., 1978). Studies addressing
differences between hallucinogenic and non-hallucinogenic ago-
nists have shown that LSD (hallucinogen) and lisuride (non-
hallucinogen) differ in their ability to induce the head-twitch
response and activate distinct patterns of gene expression in the
frontal cortex (Gonzalez-Maeso et al., 2003, 2007). Our findings
further support the physiological relevance of agonist-directed
signaling at the 5-HT,,R in vivo, because two endogenous neu-
rotransmitters (hallucinogenic N-methyltryptamines and non-
hallucinogenic serotonin) differentially use B-arrestin2 to signal
and induce the head-twitch response.

The fact that functional selectivity can be observed between
two endogenous neurotransmitters may have a significant im-
pact on how modulation of 5-HT, R activation is targeted from
a drug discovery perspective. This may be particularly important
for the treatment of depression wherein traditional therapies fo-
cus on elevating endogenous serotonin levels that can produce
adverse side effects such as a “serotonin syndrome.” This condi-
tion can be accompanied by hallucinations and is particularly
problematic when selective serotonin reuptake inhibitors are
taken with monoamine oxidase inhibitors (Insel et al., 1982;
Sternbach, 1991; Boyer and Shannon, 2005) when serotonin, and
presumably N-methyltryptamine, levels would be greatly ele-
vated. If we surmise that the actions of serotonin are beneficial as
opposed to the actions of the N-methyltryptamines (which can be
hallucinogenic), then, from a therapeutic perspective, it would be
beneficial to directly mimic the actions of serotonin at the
receptor. This would involve the identification of agonists that
preferentially engage the B-arrestin2-dependent pathway as
opposed to a G-protein-mediated, B-arrestin2-independent
signaling pathway.

The divergence in neurotransmitter-directed 5-HT, ,R signal-
ing may also have implications for the treatment of schizophre-
nia, because there has been a long-standing hypothesis that the
hallucinations associated with this disease may be attributed to
N-methyltryptamine actions (Kety, 1959; Snyder et al., 1974;
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Domino, 1976). Moreover, schizophrenic
patients that experienced hallucinations
as part of the pathology were found to
have elevated N-methyltryptamine levels
in urine, which may indicate higher en-
dogenous levels of these amines (Bidder et
al., 1974; Lipinski et al., 1974; Angrist et
al., 1975; Takeda et al., 1995; Emanuele
et al., 2010). Because both serotonin and
the N-methyltryptamines produce the
same behavior in mice (the head-twitch
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transmitter serotonin is not considered to
be a hallucinogen, and the direct adminis-
tration of N-methyltryptamines can pro-
duce hallucinations, further supporting
the idea that these two agonists likely have
divergent signaling mechanisms in hu-
mans. Our studies in mice demonstrate a
mechanistic divergence of these neuro-
transmitters and indicate that it may be
possible to pharmacologically inhibit the
actions of the N-methyltryptamines while
simultaneously permitting signaling that
mimics that promoted by serotonin.

The critical role scaffolding molecules
play in neurotransmitter receptor signal-
ing may become more apparent when
these receptors are studied in neuronal
systems. For example, the activation of D, dopamine receptors
leads to B-arrestin2-dependent inhibition of Akt by forming a
PP2A/Akt/B-arrestin2 complex, suggesting that 3-arrestin2 plays
a facilitatory role toward deactivating Akt in this system (Beau-
lieu et al., 2005, 2008). However, interactions between Akt and
Src are necessary for full activation of Akt in some systems (Chen
et al,, 2001; Jiang and Qiu, 2003), and our findings suggest that
this B-arrestin2-facilitated interaction is of functional conse-
quence for serotonin signaling at the 5-HT,,R. In addition to
B-arrestin2, the postsynaptic density scaffolding protein PSD-95
has also been shown to interact with the 5-HT,,R and to play an
essential role in regulating signal transduction for hallucinogenic
drugs at this receptor; PSD-95 promotes clustering of the
5-HT, R on the plasma membrane in HEK-293 cells (Xia et al.,
2003) and is integral for the dendritic targeting of the receptor in
cortical pyramidal neurons (Abbas et al., 2009). Our previous
work demonstrates that the 5-HT, R is more highly localized to
the plasma membrane of cortical neurons in Barr2-KO mice,
although it is constitutively internalized in the WT neurons
(Schmid et al., 2008). Our findings here show that, in the absence
of B-arrestin2, PSD-95 is not displaced from the 5-HT,,R in
response to 5-HTP (Fig. 4B). Altogether, the interplay between
B-arrestin2 and PSD-95 may determine whether the receptor is
internalized or remains on the cell surface. Moreover, an attrac-
tive hypothesis is that B-arrestin2, in concert with PSD-95, rep-
resents a fulcrum in the ligand-directed signaling of this receptor
in vivo.

The question remains as to how the N-methyltryptamines
induce the head-twitch response. Because this effect is indepen-

Figure9.

e J¢

Schematic representing 5-HT, ,R signaling in vivo. When serotonin levels are increased (by direct administration or by
blocking the MAO-A route of metabolism to the inactive 5-HIAA using clorgyline), an elevation of psychoactive
N-methyltryptamine metabolites can occur via N-methyltransferase (NMT) metabolism of serotonin and tryptamines. Serotonin
and these psychoactive metabolites then differentially activate the 5-HT,,R to produce the head-twitch response in mice. Left,
Serotonin promotes disengagement of PSD-95 and recruitment of 3-arrestin2, PI3K, Src, and Akt to the 5-HT,,R. This leads to Akt
phosphorylation, which can be prevented when any member of this scaffold is disrupted. Inhibition of the kinases or disruption of
the scaffold by removal of B-arrestin2 reduces serotonin-mediated head twitches in WT mice by ~50%. Right,
N-Methyltryptamines at the 5-HT,,R do not induce Akt phosphorylation and mediate head twitches in mice independent of
B-arrestin2 and Akt, because neither kinase inhibition nor [B-arrestin2 deletion blocks N-methyltryptamine-induced head
twitches. Furthermore, B-arrestin2 appears to dampen the effect of N-methyltryptamines in the head-twitch response as the
response to the N-methyltryptamines is enhanced in the Barr2-KO mice. All of these effects are mediated by the 5-HT, R as the
antagonist M100907 blocks the response in its entirety. Finally, an inhibitor of N-methyltransferase (MTZ) prevents the
B-arrestin2-independent head-twitch response that occurs after administration of high doses of serotonin, furtherindicating that
this response is mediated by the N-methyltryptamines.

dent of B-arrestin2, it is likely that G-protein-dependent signal-
ing mediates the effects of these metabolites. It is well established
that the 5-HT, ,R couples primarily to Gaq and can also couple to
G- and Gay,,3-proteins. Interestingly, the genetic deletion of
Ga, decreases responsiveness to DOI-induced head twitches,
suggesting that this G-protein plays an important role in mediat-
ing the effects of DOI in vivo (Garcia et al., 2007). Furthermore,
DOl induces head twitches in the Barr2-KO mice, suggesting that
its effects are not mediated via a B-arrestin2-dependent pathway
(Schmid etal., 2008). Together, these findings suggest that at least
part of the B-arrestin2-independent head-twitch response may
be mediated through a G-protein pathway.

Interestingly, an enhanced head-twitch response is observed
in the Barr2-KO mice after treatment with both 5-MeO-DMT
and N-methylserotonin, suggesting that B-arrestin2 may play a
negative regulatory role on 5-HT, R function when activated by
these agonists, a phenomenon observed for other GPCRs in vivo
(Bohn et al., 1999; Breivogel et al., 2008; Deshpande et al., 2008;
Schmid and Bohn, 2009). However, if B-arrestin2 was negatively
regulating the receptor, then one might expect to find B-arrestin2
coimmunoprecipitated with the 5-HT,,R after 5-MeO-DMT
treatment. This does not occur (Fig. 4C), and it is not clear
whether this lack of coimmunoprecipitation is a result of a lack of
interaction or a difference in the agonist-induced nature of the
interaction that renders the complex less stable during the immu-
noprecipitation process. Behaviorally, the N-methyltryptamines
(either by direct administration or metabolically derived from
high doses of serotonin) consistently induce more head twitches
in the Barr2-KO mice than in the WT mice, whereas lower doses
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of serotonin only induce twitches in the WT mice. Therefore,
B-arrestin2 appears to be both facilitating (for serotonin) and
dampening (for N-methyltryptamines) a particular receptor-
mediated response, wherein the agonist determines the regula-
tory role that B-arrestin2 plays during interaction with the
5-HT, R (Fig. 9).

Our studies have focused primarily on the 5-HT,,R because
this receptor has been most highly correlated with the agonist-
induced display of the head-twitch response in mice, although
other serotonin receptor subtypes, including the 5-HT,-R and
the 5-HT, sR, can modulate the extent of this behavioral response
(Arnt and Hyttel, 1989; Berendsen and Broekkamp, 1991; Schre-
iber et al., 1995; Canal et al., 2010). As with any pharmacological
studies performed in vivo, drug effects may be influenced by ac-
tions at nontarget receptors, and the variations in the head-twitch
response profiles observed between the agonists could reflect
differential contributions of other serotonin receptors. Nev-
ertheless, the immunoprecipitation studies reported herein,
which use an N-terminal-directed antibody that does not de-
tect the protein in the 5-HT,,R-KO mice (Magalhaes et al.,
2010), support the conclusion that the lack of Akt activation
by serotonin in the Barr2-KO mice is attributable to disrup-
tion of 5-HT,,R signaling.

Overall, these studies demonstrate that, although both serotonin
and its metabolic products act at the 5-HT, R, the functionality of
the receptor diverges in vivo at the level of the ligand-directed
receptosome formation, which dictates signaling that underlies
the display of the head-twitch response in mice. Future drug
discovery efforts to identify serotonin mimetics should consider
agonist-dependent signal bifurcation at B-arrestin2 because this
may have particular relevance to the development of antipsy-
chotic and antidepressant therapies.
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