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ABSTRACT: Fragile X syndrome (FXS) is a neurodevelopmental disorder
characterized by intellectual disabilities and a plethora of neuropsychiatric
symptoms. FXS is the leading monogenic cause of autism spectrum disorder
(ASD), which is defined clinically by repetitive and/or restrictive patterns of
behavior and social communication deficits. Epilepsy and anxiety are also
common in FXS and ASD. Serotonergic neurons directly innervate and
modulate the activity of neurobiological circuits altered in both disorders,
providing a rationale for investigating serotonin receptors (5-HTRs) as targets
for FXS and ASD drug discovery. Previously we unveiled an orally active
aminotetralin, (S)-5-(2'-fluorophenyl)-N,N-dimethyl-1,2,3,4-tetrahydronaph-
thalen-2-amine (FPT), that exhibits partial agonist activity at 5-HT1ARs, 5-
HT2CRs, and 5-HT7Rs and that reduces repetitive behaviors and increases
social approach behavior in wild-type mice. Here we report that in an Fmr1 knockout mouse model of FXS and ASD, FPT is
prophylactic for audiogenic seizures. No FPT-treated mice displayed audiogenic seizures, compared to 73% of vehicle-treated mice.
FPT also exhibits anxiolytic-like effects in several assays and increases social interactions in both Fmr1 knockout and wild-type mice.
Furthermore, FPT increases c-Fos expression in the basolateral amygdala, which is a preclinical effect produced by anxiolytic
medications. Receptor pharmacology assays show that FPT binds competitively and possesses rapid association and dissociation
kinetics at 5-HT1ARs and 5-HT7Rs, yet has slow association and rapid dissociation kinetics at 5-HT2CRs. Finally, we reassessed and
report FPT’s affinity and function at 5-HT1ARs, 5-HT2CRs, and 5-HT7Rs. Collectively, these observations provide mounting support
for further development of FPT as a pharmacotherapy for common neuropsychiatric symptoms in FXS and ASD.
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■ INTRODUCTION

Fragile X Syndrome (FXS) is the leading monogenic cause of
intellectual disability and autism spectrum disorder (ASD),
which is defined clinically by the presence of repetitive and/or
restrictive patterns of behavior and social communication
deficits.1 Up to 31% of individuals with FXS who are also
diagnosed with ASD have epilepsy, and most exhibit other
neuropsychiatric symptoms, including sensory hypersensitiv-
ities, hyperactivity, and anxiety.2−4 One study reported that an
astonishing 98% of adolescents and young adults with FXS and
ASD have an anxiety disorder.3

FXS is caused by hypermethylation of the FMR1 gene that
ultimately prevents expression of FMRP, an RNA binding
protein that regulates translation of over 800 mRNAs,
including many causally linked to ASD.5,6 Despite a trove of

neurobiological knowledge about FXS and ASD discovered in
the last several decades, the development of safe and effective
medications for FXS and ASD remains an urgent need. There
are no FDA-approved drug therapies for FXS, and medications
for ASD, the antipsychotics risperidone and aripiprazole, are
approved only to treat irritability.7

Central inhibitory−excitatory dyshomeostasis is the pre-
dominant pathophysiological theory of FXS and ASD, based
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on observations, for example, of deficiencies in GABA
receptors and neural circuitry.2,8−11 Serotonin (5-hydroxytrypt-
amine, 5-HT) neurons directly innervate and modulate the
activity of GABAergic and glutamatergic neurons,12−14 and
selective 5-HT reuptake inhibitors (SSRIs) have treated
millions of neurotypical individuals with anxiety disorders
and obsessive-compulsive disorder. Several new lines of
evidence suggest that targeting the 5-HT system is effective
for treating neuropsychiatric symptoms in FXS and ASD.15−18

A retrospective study found that SSRIs were one of the most
commonly used pharmacotherapies for psychiatric symptoms
in adults with FXS,19 and a recent randomized, double-blind,
placebo-controlled clinical trial showed that the SSRI sertraline
improves fine motor skills and social participation in children
with FXS.17 Also, a new study showed that mutating
SHANK3variants of which are causal risk factors for
ASDin a cynomolgus monkey produces core ASD
phenotypes that are alleviated by the SSRI fluoxetine.20

The 5-HT system might also be targeted to treat epilepsy.
Depleting 5-HT increases seizure severity,21 and sertraline or
optogenetic stimulation of raphe nuclei dose-dependently
prevents respiratory arrest induced by audiogenic seizures or
proconvulsants, respectively, in seizure-prone mice.22,23 SSRIs,
however, indiscriminately and indirectly activate all 5-HT
receptors (5-HTRs); targeting individual 5-HTRs is a more
precise strategy for effecting therapeutic outcomes. With few
exceptions, many studies show that activating 5-HT1ARs, either
systemically or via direct injections into the hippocampus,
attenuates seizures induced by both GABA antagonists and
glutamate agonists in wild-type animals.24−27 Also, 5-HT7R
antagonism appears to prevent audiogenic seizures in mouse
models.28 Two recent, though small, clinical trials reported that
the selective 5-HT2CR agonist lorcaserin (Belviq) effectively
treats seizures in childhood-onset epilepsies.29,30 These data
provide compelling evidence that distinct 5-HTRs can
modulate critical inhibitory and excitatory neural circuitry
that translates behaviorally. Few clinical studies, however, have
focused on 5-HT1ARs, and no studies have focused on 5-
HT2CRs or 5-HT7Rs as targets for treating neuropsychiatric
symptoms in FXS or ASD.
5-HT1ARs are densely expressed in the hippocampus,

amygdala, and neocortex and are the predominant inhibitory
5-HTR subtype, decreasing cAMP production via activation of
Gαi proteins and subsequent inhibition of adenylyl cyclases;
the cAMP system is targeted by FMRP and altered in FXS and
ASD.5,31 5-HT1ARs are expressed pre- and postsynaptically
where they regulate cellular activity via modulation of inwardly
rectifying potassium channels, which also are targets of
FMRP.5 Moreover, activation of 5-HT1ARs promotes prosocial
behavior, and agonists are used to treat anxiety.32,33 Recently,
Chugani et al. reported that the 5-HT1AR partial agonist
buspirone (Buspar) reduces repetitive behaviors in children
with ASD, and several subsequent clinical studies confirmed
the anxiolytic effectiveness of buspirone in ASD.34−36

Buspirone, however, has substantial off-target activity as a
dopamine D2-type antagonist,

37 which limits its clinical utility
given well-known side effects, including sedation.38 5-HT2CRs,
which directly regulate the activity of GABAergic neurons, are
modestly expressed in the cortex and amygdala and are densely
expressed in the striatum, a neural system that regulates social
and motor behaviors.39−41 5-HT7Rs, relative to 5-HT1ARs and
5-HT2CRs, are limited in their distribution in the mammalian
brain. They are expressed in midline neural structures,

including the lateral septum, thalamus, and hypothalamus42

and are located on GABAergic and glutamatergic neurons43,44

where they regulate cellular activity by coupling to Gαs and
Gα12 proteins,45 increasing cAMP and Rho signaling,
respectively. Like the cAMP system, several molecular
components of the Rho pathway are regulated by FMRP.5

Finally, 8-OH-DPAT, a 5-HT1AR agonist that decreases
adenylyl cyclase activity, or LP-211, a noncompetitive
antagonist of 5-HT7R activation of adenylyl cyclase and
cAMP formation that appears to act as a 5-HT7R agonist in
vivo,46,47 corrects mGluR-dependent long-term depression
abnormalities in Fmr1 knockout mice.48

We previously reported that (S)-5-(2′-fluorophenyl)-N,N-
dimethyl-1,2,3,4-tetrahydronaphthalen-2-amine (FPT), an or-
ally active medication candidate that partially activates 5-
HT1ARs, 5-HT2CRs, and 5-HT7Rs, increases social interactions
in C57BL/6J mice and eliminates idiopathic repetitive jumping
in C58/J mice in a dose-dependent manner, with optimal
effects at 5.6 mg/kg.49 Importantly, FPT did not alter
locomotor behavior, showing its effects were not mediated
by sedation. FPT, however, had not been tested in a genetic
model useful for the study of FXS or ASD, such as Fmr1
knockout mice. Herein, we characterized the effects of FPT, at
the 5.6 mg/kg dose, in Fmr1 knockout and wild-type mice, on
several neurobehavioral measures with translational relevance
for epilepsy, anxiety, repetitive behaviors, social behaviors, and
spatial working memory. Mice were assessed, in novel
environments, for audiogenic seizure susceptibility, social
approach behavior, marble-burying behavior, grooming, rear-
ing, spontaneous alternation performance, exploratory behav-
ior, and locomotor activity. In addition, we evaluated the
effects of FPT on expression of the immediate early gene, c-
Fos, in several neural systems implicated in anxiety, social
behavior, and memory, and tested the effects of FPT on c-Fos
expression in the inferior colliculusa midbrain auditory
structure recently shown to be necessary for the audiogenic
seizure phenotype in Fmr1 knockout mice50after Fmr1
knockout mice were briefly exposed to a seizure-eliciting alarm.
Current experiments used the more active S-enantiomer of
FPT obtained via a chiral synthesis strategy, whereas our
previous report used single enantiomer FPT obtained via
HPLC separation of the racemate.49 Thus, we reassessed FPT’s
affinity and function at 5-HT1ARs, 5-HT2CRs, and 5-HT7Rs.
Finally, we characterized FPT’s kinetic binding parameters at
each of these 5-HTRs.

■ RESULTS
FPT Prevented Audiogenic Seizures in Fmr1 Knock-

out Mice. Fmr1 knockout mice are hypersensitive to acoustic
stimuli, akin to sensory hypersensitivity in individuals with
FXS.50 For example, Fmr1 knockout mice are prone to
audiogenic seizures that are elicited by continuous, high-
decibel (e.g., 120 dB), high-frequency noise. Behaviors elicited
by this auditory stimulus follow a sequential pattern that begins
with a startle response soon after the noise onset, followed by
freezing, then wild-running and jumping (WRJ) that can
progress to tonic-clonic seizures and then to respiratory arrest.
The entire sequence lasts for approximately 2 min. Consistent
with previous findings,51,52 we observed that juvenile
(P23−P25) Fmr1 knockout mice were more susceptible to
audiogenic seizures compared to adult (>P60) Fmr1 knockout
mice (Fisher’s exact test, P < 0.0001). Figure 1 (left) shows
data from vehicle-treated, juvenile Fmr1 knockout mice; Figure
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S1 shows data from vehicle-treated, adult Fmr1 knockout mice.
Because juvenile Fmr1 knockout mice more readily exhibit the
audiogenic seizure phenotype, they were used for testing the
anticonvulsant effects of FPT. [Juvenile wild-type mice (N = 4)
did not display audiogenic seizures (data not shown).] FPT
prevented audiogenic seizures in juvenile Fmr1 knockout mice;
effects were highly significant (Figure 1, right; Fisher’s exact
test, P < 0.0001, compared to vehicle). All FPT-treated mice
survived exposure to the auditory stimulus, and most showed
no signs of abnormal behavior, including freezing or WRJ
during the exposure. [A PDF-enriched media video showing a
representative audiogenic seizure test of three vehicle-treated
next to three FPT-treated juvenile Fmr1 knockout mice is
available upon request.] Early in testing, we observed increased
audiogenic seizure susceptibility in juvenile male compared to
female Fmr1 knockout mice (Figure S2, P < 0.02); FPT’s
anticonvulsant effects did not discriminate between sexes.
FPT Increased Social Interactions in Fmr1 Knockout

and Wild-Type Mice. Two cage-mate mice that were the
same sex, genotype, and age, one treated with vehicle and one
treated with FPT, were placed in a novel open-field, and social
approach behavior was scored by an observer blind to
treatment. There was a significant treatment effect (F(1, 34)
= 10.54, P = 0.0026) and genotype effect (F(1, 34) = 5.421; P
= 0.0260) on social interactions. As shown in Figure 2a, FPT-
treated wild-type mice exhibited significantly more social
approaches than vehicle-treated wild-type mice (P = 0.0116, d
= 1.05) with similar effects in Fmr1 knockout mice (P =
0.0596, d = 1.13). Suggestive of minor social deficits, the
number of social approaches exhibited by vehicle-treated Fmr1

knockout mice was 14% less than vehicle-treated wild-type
mice (P = 0.1879, d = 0.71). After FPT treatment, this
difference vanished. As shown in Figure 2b, closer examination
of the 10 wild-type pairs revealed that every FPT-treated
mouse initiated more social interactions than the vehicle-
treated mouse within each pair. Similarly, of the 9 Fmr1
knockout pairs, 7 of the FPT-treated mice initiated more social
interactions than vehicle-treated mice within each pair.
Notably, we also tested mice in the three-chamber social
interaction test as described,53 but we did not observe a
significant social preference in any group (data not shown),
consistent with some other reports.54

FPT Decreased Marble-Burying in Fmr1 Knockout
and Wild-Type Mice. Marble-burying in mice is an
ethologically relevant, repetitive behavior that has been used
to model obsessive-compulsive behavior and anxiety.55,56

Several approved anxiolytic medications reduce marble-bury-
ing in mice.56 There was a significant treatment effect (F(1,
37) = 34.68, P < 0.0001) and genotype effect (F(1, 37) =
5.425, P = 0.0254) on marble-burying. As shown in Figure 3a,
FPT reduced marble-burying in Fmr1 knockout and wild-type
mice, and the effects were highly significant (P < 0.0001, d =
2.27, Fmr1 knockout; P = 0.001, d = 1.53, wild-type, relative to
vehicle). FPT-treated Fmr1 knockout mice showed signifi-
cantly less marble-burying than FPT-treated wild-type mice (P
= 0.0332, d = 0.80). Picture S1 shows a representative example
of the effect of FPT on marble-burying behavior in Fmr1
knockout and wild-type mice.

FPT Decreased Repetitive Grooming in Fmr1 Knock-
out and Wild-Type Mice. Recent studies purport that
grooming in a novel environment may be indicative of
translationally relevant repetitive behavior, anxiety, or
obsessive-compulsive behavior.57,58 There was a significant
treatment effect on grooming (F(1, 39) = 23.68, P < 0.0001).
As shown in Figure 3b, FPT reduced grooming in Fmr1
knockout and in wild-type mice; the effects were large and
highly significant (P = 0.0003, d = 2.14, Fmr1 knockout, and P
= 0.0055, d = 1.08, wild-type, relative to vehicle). Closer
examination of grooming behaviors (Figure S3) revealed a
significant treatment effect (F(1, 39) = 6.496, P = 0.0149) and
a near significant interaction (F(1, 39) = 3.951, P = 0.0539) in
the analysis of back grooming. FPT significantly reduced back
grooming in Fmr1 knockout mice (P = 0.0019, d = 1.23), but
not wild-type mice (P = 0.7033). There also was a significant

Figure 1. FPT is an anticonvulsant in Fmr1 knockout mice. The
majority of vehicle-treated Fmr1 knockout mice (ages P23−P25) had
lethal audiogenic seizures. FPT blocked audiogenic seizures in all
mice tested; results were highly significant (****, P < 0.0001, relative
to vehicle). WRJ = wild running and jumping. Non-lethal seizure =
recovered from tonic-clonic seizure.

Figure 2. FPT increases social approach behavior. Shown are the number of social approaches in an open-field from paired wild-type (WT) or
Fmr1 knockout (KO) mice, one treated with vehicle (Veh) and the other FPT. (a) Vehicle-treated KO mice tended to exhibit fewer social
approaches than vehicle-treated WT mice. FPT significantly increased social interactions in WT mice, relative to vehicle, and increased social
interactions in KO mice, normalizing social approaches to vehicle-treated WT levels. (b) Data from (a) unmasked to show social approach results
of the individual pairs of mice. These data show that each FPT-treated wild-type mouse exhibited more social approaches than its vehicle-treated
pair, and 7 of 9 FPT-treated Fmr1 knockout mice exhibited more social approaches than their vehicle-treated pairs.
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treatment effect on ear grooming (F(1, 39) = 8.731, P =
0.0053). FPT significantly reduced ear grooming in Fmr1
knockout mice (P = 0.007, d = 1.27). There was no significant
main effect of treatment, genotype, or an interaction in the
analysis of belly grooming, though there were trends for
treatment (F(1, 39) = 2.425, P = 0.1275) and an interaction
(F(1, 39) = 3.498, P = 0.0690). There were no main effects on
the variability of nose grooming (F(1, 39) ≤ 0.8449).
FPT Decreased Repetitive Rearing in Fmr1 Knockout

Mice. Rearing in a novel open-field may be indicative of a
repetitive behavior.59 There was a significant treatment effect
on rearing (F(1, 40) = 9.707, P = 0.0034). As shown in Figure
3c, FPT reduced rearing in Fmr1 knockout mice by 36% (P =
0.0041, d = 1.25, relative to vehicle). There was a 20%
reduction in rearing in FPT-treated wild-type mice. However,
the effect was medium-sized, and the difference was not
statistically significant (P = 0.1579, d = 0.62, relative to
vehicle).
FPT Did Not Impact Spontaneous Alternation

Performance but Increased Exploratory Activity in a
Y-Maze. Spontaneous alternation can be used to assess
hippocampus-sensitive, spatial working memory and can be
used to assess perseverative behavior, in cases where animals
repeatedly turn in one direction when they enter the center of
the maze.60,61 We did not observe any effects on spontaneous
alternation performance of the independent variables we
evaluated (Figure 4a). There was, however, a significant
treatment effect (F(1, 39) = 6.473, P = 0.0150) and a trend for

a genotype effect (F(1, 39) = 2.882, P = 0.0975) on the
maximum number of alternations. As shown in Figure 4b,
compared to vehicle, FPT increased arm entries in Fmr1
knockout mice by 26%, a large effect, though results were not
statistically significant (P = 0.0798, d = 1.23). FPT also
increased arm entries in wild-type mice by 26%, but given the
variability in the data, the effect was medium-sized, and results
were not statistically significant (P = 0.0794, d = 0.61).

FPT Increased Locomotor Activity in Wild-Type but
Not Fmr1 Knockout Mice. Like previous observations, Fmr1
knockout mice displayed greater locomotor activity relative to
wild-type mice, suggestive of hyperactivity which is common in
individuals with FXS;2 however, the effects were only modest.
There was a significant treatment effect (F(1, 40) = 11.97, P =
0.0013) and a trend for a main effect of genotype (F(1, 40) =
2.041, P = 0.1609) on locomotor activity. As shown in Figure
5, locomotor activity was 19% higher in vehicle-treated Fmr1

knockout mice compared to vehicle-treated wild-type mice.
The effect was large, and the difference was nearly significant
(P = 0.0562, d = 0.80). FPT increased locomotion by ∼25% in
wild-type mice (P = 0.0021, d = 1.47), and there was a
nonsignificant trend of increased locomotion in Fmr1 knock-
out mice (P = 0.1239, d = 0.64). We previously showed that
FPT did not alter locomotor activity in adult, male C57BL/6
or C58/J mice at doses up to 5.6 mg/kg,49 so its effects on
locomotion likely suggest a drug by wild-type mouse strain
interaction.

Figure 3. FPT produces anxiolytic-like effects in wild-type (WT) and Fmr1 knockout (KO) mice. (a) FPT, relative to vehicle (Veh), significantly
decreased marble-burying and (b) repetitive grooming in both WT and KO mice. (c) FPT significantly reduced rearing in KO mice and tended to
decrease rearing in WT mice.

Figure 4. FPT does not affect spontaneous alternation performance in
a Y-maze in either wild-type (WT) or Fmr1 knockout (KO) mice, but
it tends to increase exploratory behavior. (a) There were no effects of
genotype or treatment on spontaneous alternation performance. (b)
FPT, relative to vehicle (Veh), tended to increase the number of arm
entries by WT and Fmr1 KO mice.

Figure 5. FPT increases locomotor activity in an open-field. FPT,
relative to vehicle (Veh), significantly increased locomotor behavior in
wild-type (WT) mice, and there was a trend to increase locomotor
activity in Fmr1 knockout (KO) mice. KO mice tended to exhibit
increased locomotor activity relative to WT mice.
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FPT Increased c-Fos Expression in the Basolateral
Amygdala of Adult Fmr1 Knockout and Wild-Type Mice
Resting in Their Home Cages. On the basis of the
distribution of FMRP in the adult mouse brain62 and
considering neural systems implicated in cognitive and
neuropsychiatric symptoms (e.g., anxiety, sensory hyper-
sensitivity, and social deficits) present in FXS and ASD,63−65

we evaluated the effects of FPT on c-Fos expression in the
hippocampus (CA1, CA3, and dentate gyrus (DG)), the
basolateral amygdala (ventral (BLAv), posterior (BLAp), and
anterior (BLAa)), the somatosensory (SS) cortex, the
hypothalamus (periventricular hypothalamic nucleus, inter-
mediate (PVi), posterior hypothalamic nucleus (PH), and

dorsomedial nucleus of the hypothalamus (DMH)), the
paraventricular nucleus of the thalamus (PVT), and the ventral
retrosplenial area (RSPv). Shown in Figure 6a,b are results
from analyzes of c-Fos expression in CA3 and the BLAa,
respectively. There were no main effects of the independent
variables on c-Fos in CA3; however, there was a significant
treatment effect in BLAa (F(1, 12) = 14.22, P = 0.0027). FPT
increased c-Fos levels in the BLAa of Fmr1 knockout mice by
234% relative to vehicle, a statistically significant difference
with a large effect (P = 0.0046, d = 2.18). In the BLAa of wild-
type mice, FPT increased c-Fos expression by 157% relative to
vehicle. The effect was large, but the difference was not
statistically significant (P = 0.0871, d = 1.54). As shown in

Figure 6. Effects of FPT on c-Fos expression in the dorsal hippocampus (a) and basolateral amygdala (b) in wild-type (WT) and Fmr1 knockout
(KO) mice. Top left and bottom left: Representative 4× magnification images of cresyl violet stained dorsal hippocampus and amygdala,
respectively. Top middle and bottom middle: Representative 20× magnification images of DAB-stained c-Fos in CA3 and BLAa, respectively, from
WT and KO mice after treatment with vehicle (Veh) or FPT. Top right: FPT did not significantly increase c-Fos expression in CA3. Bottom right:
FPT significantly increased c-Fos expression in the BLAa of KO mice and tended to increase c-Fos expression in the BLAa of WT mice.

Figure 7. Effects of FPT on c-Fos expression in the inferior colliculus (IC) of juvenile Fmr1 knockout mice exposed for 30 s to a 120 dB alarm.
FPT, relative to vehicle (Veh), did not affect the number of c-Fos positive cells.
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Table S1, FPT did not significantly alter c-Fos expression in
any other brain region examined; although, in every brain
region assessed in Fmr1 knockout mice, the number of c-Fos
positive cells was higher after FPT treatment.
FPT Did Not Alter c-Fos Expression in the Inferior

Colliculus of Juvenile Fmr1 Knockout Mice Briefly
Exposed to a 120 dB Alarm. A recent study showed that
absence of FMRP in the inferior colliculus is required for the
audiogenic seizure phenotype in Fmr1 knockout mice.50 We
examined c-Fos expression in the inferior colliculus in juvenile
Fmr1 knockout mice, pretreated with vehicle or FPT, that were
exposed for 30 s to a 120 dB alarm. As shown in Figure 7, there
was no effect of FPT on c-Fos expression in the inferior
colliculus (P = 0.63).
FPT Displayed Short Residence Time and Partial

Agonist Activity with Varying Potencies and Efficacies
at 5-HT1ARs, 5-HT2CRs, and 5-HT7Rs. The Ki, EC50, and
Emax values for FPT at 5-HT1ARs, 5-HT2CRs, and 5-HT7Rs
are shown in Table 1 and are similar to results we previously

reported.49 Results from canonical intracellular signaling assays
are shown in Figure S4. To further clarify the nature of FPT’s
interaction with 5-HT7Rs, where it displays weak agonist
efficacy, functional antagonism experiments were performed
whereby 5-carboxamidotryptamine (5-CT), a full-efficacy 5-
HT1AR and 5-HT7R agonist, was used to stimulate 5-HT7Rs in
the presence or absence of varying concentrations of FPT.
These studies revealed a Kb value for FPT of 27.9 ± 2.5 nM
(mean ± SEM; pA2 = 7.56 ± 0.04). FPT did not alter the Emax
of 5-CT, consistent with the profile of a 5-HT7R competitive
antagonist (Figure S4).
To establish the kinetic parameters for unlabeled FPT

receptor binding, the association (kon) and dissociation (koff)
rate constants for [3H]5-CT binding to 5-HT1ARs and 5-
HT7Rs and those for [3H]mesulergine binding to 5-HT2CRs

were determined (Table 2, Figure 8a−c). To the best of our
knowledge, the kon and koff of [

3H]5-CT binding to human 5-
HT1ARs and [3H]mesulergine to human 5-HT2CRs are
reported here for the first time, while the koff of [

3H]5-CT at
5-HT7Rs has been reported at guinea pig66 and human
receptors.67 The koff of [

3H]5-CT at 5-HT7Rs reported here at
23 °C (koff = 0.007 ± 0.002 min−1) is comparable to findings
by To et al. for the guinea pig homologue at 23 °C, but it is
slower than that reported by Satala et al. for the human
receptor at 37 °C, consistent with binding kinetics being
thermosensitive processes.
The kinetically derived Kd (koff/kon) of radioligands assessed

here, calculated from the mean kinetic parameters, are in close
agreement with those determined at equilibrium for 5-HT2CRs
and 5-HT7Rs.

49,68 The Kd of [3H]5-CT at 5-HT1ARs is,
however, higher than most reports.69 To validate that
radioligand binding followed the law of mass action, the
observed association rate, kobs, was plotted as a function of
radioligand concentration. The relationship between kobs and
radioligand binding was linear (r2 ≥ 0.98) with the slope and y-
intercept in agreement with the kon and koff, respectively, for all
receptors, consistent with the law of mass action (Figure 8d−
f).
Following the determination of radioligand receptor binding

kinetic parameters, the kon and koff of unlabeled FPT binding to
5-HT1ARs, 5-HT2CRs, and 5-HT7Rs (Table 2) were
determined via competitive kinetic methods. There was a
near significant difference in the koff of FPT at 5-HT1ARs
compared to that of [3H]5-CT (P = 0.063). The koff of FPT
was higher than that of the radioligands at 5-HT2CRs and 5-
HT7Rs, consistent with the monotonic approach to equili-
brium observed in competition kinetic assays (Figure 8h−i).70
The residence time of FPT at 5-HT1ARs, 5-HT2CRs, and 5-
HT7Rs was relatively brief. Welch’s ANOVA revealed a
significant main effect (W(2.000, 3.530) = 16.60, P = 0.016),
though individual comparisons revealed only a near significant
difference between 5-HT1AR and 5-HT2CR residence times (P
= 0.0557). The association rate of FPT at 5-HT2CRs was
slower than its rates at 5-HT1ARs and 5-HT7Rs, explaining its
lower affinity at 5-HT2CRs.

■ DISCUSSION

This project revealed that FPT, a 5-HTR modulator, prevents
audiogenic seizures in juvenile Fmr1 knockout mice. In
addition to its prominent anticonvulsant activity, FPT also
increases social interactions and reduces anxiety-like, repetitive
behaviors with large effect sizes in adult Fmr1 knockout and
wild-type mice, without reducing locomotor activity. The
therapeutic-like effects of FPT observed in both Fmr1

Table 1. In Vitro Affinity and Functional Activity of FPT at
5-HT1ARs, 5-HT2CRs, and 5-HT7Rs

a

receptor Ki EC50 Emax

5-HT1A 4.0 ± 0.1b 37.4 ± 6.8 84 ± 1.4
5-HT2C 243 ± 23 307 ± 76 68.4 ± 3.6
5-HT7 5.3 ± 2b 4.2 ± 2.1 21.8 ± 3.9

aAffinities are reported as the equilibrium dissociation constants (Ki)
in nM, determined from radioligand competition binding assays.
Functional potency is expressed as the EC50 (nM) and efficacy as Emax
(% normalized to the full agonists 5-CT for 5-HT1ARs, 5-HT7Rs or 5-
HT for 5-HT2CRs). Data were derived from at least three
independent experiments. bData are also reported in Perry et al.
2020.96

Table 2. Kinetic Binding Parameters of Radioligands and Unlabeled FPT at 5-HT1ARs, 5-HT2CRs, and 5-HT7Rs
a

receptor compound residence time koff kon Kd

5-HT1A
[3H]5-CT 3 0.32 ± 0.06 1.3 × 108 ± 3.3 × 107 2.5
FPT 2 0.50 ± 0.04 2.8 × 107 ± 8.6 × 106 18

5-HT2C
[3H]mesulergine 143 0.007 ± 0.001 4.1 × 106 ± 2.2 × 105 1.7
FPT 5 0.186 ± 0.018 2.5 × 105 ± 1.9 × 104 732

5-HT7
[3H]5-CT 143 0.007 ± 0.002 2.3 × 107 ± 2.9 × 106 0.3
FPT 4 0.26 ± 0.12 4.3 × 107 ± 1.8 × 107 6.2

akoff (min−1) and kon (M
−1·min−1) were derived from 3−4 independent experiments. Residence time was calculated as 1/koff and was rounded to

the nearest minute, while the kinetically determined Kd was calculated using mean kinetic parameters and the equation Kd = koff/kon, presented in
nM.
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knockout and wild-type mice show that genetic knockout of
Fmr1 does not impact FPT’s pharmacodynamics. This is
crucial information that validates FPT’s translational potential,
as it provides evidence for normally functioning neuro-
biological systems (e.g., 5-HTRs) in FXS that can be targeted
to treat neuropsychiatric symptoms.71 Importantly, reiterating
from the Introduction, serotonergic drugs, specifically SSRIs,
can treat certain neuropsychiatric symptoms in FXS and ASD
(e.g., obsessive-compulsive behavior and anxiety) that are often
comorbid with core symptoms [see https://www.fraxa.org/
medication-reference-guide/]. The efficacy of SSRIs in FXS
and ASD, however, remains contentious, and no medications
are approved to treat core symptoms. New and improved
medications are needed, and results from this project highlight
that other serotonergic compounds may be useful for treating
FXS and/or ASD.
We observed phenotypic differences between mutant and

wild-type mice in three assays [audiogenic seizures (robustly),
social approach behaviors (weakly), and locomotor behavior
(modestly)], and FPT normalized behavior in Fmr1 knockout
mice in each of them. Also, FPT’s anxiolytic-like effects in
mutant and wild-type animals provide evidence that FPT may
be an effective medication for anxiety in individuals with FXS

and ASD and also for anxiety in neurotypical individuals. In the
context of our previous observations that FPT is orally active,
is brain penetrable, eliminates idiopathic, repetitive jumping in
C58/J mice, and increases social interactions in C57BL/6J
mice,49 our new findings provide mounting evidence to
advance FPT (or compounds with similar pharmacology) to
clinical trials evaluating efficacy to treat neuropsychiatric
symptoms in FXS and ASD.
Our reassessment of FPT’s functional activity (EC50, Emax) at

5-HT1ARs, 5-HT2CRs, and 5-HT7Rs is in close agreement with
our initial assessment49 with minor deviations. For example, in
the present studies, we observed that FPT has greater efficacy
to stimulate 5-HT1ARs and somewhat less efficacy to stimulate
5-HT2CRs and 5-HT7Rs. Regarding 5-HT7Rs, we used the
same stable cell line as in ref 49 and verified receptor binding
site densities were relatively unchanged. We clarify that the
control 5-HT7R agonist in ref 49, AS-19, is a modest partial
agonist relative to the full agonist, 5-CT, used here (data not
shown), which reasonably explains the small discrepancy in
FPT’s 5-HT7R efficacy from our previous report. Also, here we
used FPT synthesized by chiral methods to ensure
enantiomeric purity. We conclude that FPT is a low-efficacy,

Figure 8. Determination of radioligand and FPT kinetic binding parameters at 5-HT1ARs, 5-HT2CRs and 5-HT7Rs. (a−c) Association kinetics of
three concentrations of radioligand (10×, 5×, and 1× Kd) at (a) 5-HT1ARs, (b) 5-HT2CRs, and (c) 5-HT7Rs. (d−f) Plot of the observed
association rate versus radioligand concentration yields a linear relationship for 5-HT1ARs, 5-HT2CRs, and 5-HT7Rs, indicative of ligand binding to
a single site. (g−i) Competition kinetics of varying concentrations of unlabeled FPT in the presence of 5−10 nM radioligand at 5-HT1ARs, 5-
HT2CRs, and 5-HT7Rs. Data are organized in columns by receptor, and in rows by assay format. Association curves were derived from 3−5
independent experiments, normalized where the specific binding of radioligand at the latest time point is 100%, and binding at time 0 is fixed to 0%.
Data reporting the kobs (kobs = (kon × [radioligand]) + koff) are presented in singlet form from an individual association binding experiment.
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partial agonist at 5-HT7Rs and a moderate- to high-efficacy
partial agonist at 5-HT1ARs and 5-HT2CRs.
Receptor kinetics experiments indicate that FPT binds

rapidly and reversibly with similar rates at 5-HT1ARs and 5-
HT7Rs, and while its short residence time (<5 min) is
conserved at 5-HT2CRs, the rate of association is slower,
potentially limiting its action at 5-HT2CRs in vivo. However,
our initial pharmacokinetics data suggest FPT likely engages
central 5-HT2CRs at the 5.6 mg/kg dose.49 The kinetically
determined Kds and the Kis derived from equilibrium
competitive binding experiments are similar, but some
disagreement exists. It is well-established that the time required
for a radioligand to reach equilibrium depends on the
concentration and koff of both the radioligand and the
unlabeled competitor. When the radioligand dissociates slower
than the competitor (k2 ≪ k4), as observed here for 5-HT2CR
and 5-HT7Rs, the time to equilibrium for the IC50 of a
competitive binding curve is 1.75/k2 at high concentrations of
radioligand (∼4 h for [3H]mesulergine at 5-HT2CRs and
[3H]5-CT at 5-HT7Rs). However, the time to equilibrium for
the periphery of the curve is 3.5/k2 (∼8 h), since radioligand
rarely binds at high concentrations of competitor. Therefore, it
is likely that our competition assays approached, but did not
fully reach, equilibrium at 90 min, explaining the similar but
nonidentical affinity estimates.72 Another discrepancy arises
between the equilibrium Ki, kinetic Kd, and EC50 of FPT at 5-
HT1ARs. Interestingly, the association of [3H]5-CT to 5-
HT1ARs resembles the profile of a ligand initially stabilizing a
high affinity state of the 5-HT1AR, before quickly converting to
a lower affinity state. This behavior is also observed for agonist
but not antagonist binding at β-adrenergic receptors70,73 and
may explain the variability in potency between assay formats.
The anticonvulsant activity of FPT in Fmr1 knockout mice is

remarkable. Its triad of activity at 5-HT1ARs, 5-HT2CRs, and 5-
HT7Rs may underlie this effect, based on the following
evidence. Selective 5-HT1AR agonists have been shown to
prevent, reduce onset latency, and/or decrease the severity of
seizures in multiple animal models.25,26 Furthermore, 5-HT1AR
PET imaging is used to identify epileptic foci prior to surgical
resections because of decreased 5-HT1AR expression in the
medial temporal lobe of epileptic patients.74 Regarding 5-
HT2CRs, 5-HT2CR knockout mice exhibit increased seizure
susceptibility,75 and recent clinical trials report that lorcaserin
(Belviq), a relatively selective 5-HT2CR agonist, treats seizures
in children with Dravet syndrome and other severe cases of
epilepsy.29,30 Finally, it has been reported that, for a series of
compounds, activity to attenuate audiogenic seizures in DBA/
2J mice closely correlates with affinity and antagonist activity at
5-HT7Rs.

28 As is the case for most G protein-coupled receptor
orthosteric ligands that are weak partial agonists, we expected
that FPT may behave as an antagonist in the presence of a full
agonist at 5-HT7Rs. Indeed, we confirmed this. As shown in
the Supporting Information (Figure S4d), FPT competitively
antagonized 5-CT activation of 5-HT7Rs coupled to
stimulation of cAMP production.
Because the c-Fos gene can be activated by multiple

independent signaling pathways (e.g., G protein-coupled
receptors, ligand-gated Ca2+ channels, receptor tyrosine
kinases), c-Fos is widely used as a marker of neuronal
activation, including in Fmr1 knockout mice.76 Exposure to an
auditory alarm induces c-Fos expression in the inferior
colliculus, a midbrain auditory neural system.77 We therefore
tested whether FPT blocks expression of c-Fos in the inferior

colliculus of Fmr1 knockout mice briefly exposed to the
auditory alarm used to elicit audiogenic seizures. FPT, relative
to vehicle, did not alter the number of c-Fos positive cells in
the inferior colliculus. Although a negative finding, it aligns
with a previous report that c-Fos expression in the inferior
colliculus does not reflect the auditory hypersensitivity
phenotype of Fmr1 knockout mice,77 despite excitatory
neurons in the inferior colliculus being necessary for
audiogenic seizures in these mice.50 Thus, c-Fos expression
alone in the inferior colliculus is not a viable biomarker for this
phenotype.
Since serotonergic neurons project to the inferior

colliculus78 and enhance GABAergic activity there,79 we
might expect FPT to work in a similar way. If so, then we
would not be able to distinguish between c-Fos induced by
activation of excitatory pathways caused by seizure-eliciting
auditory stimuli and c-Fos induced by activation of inhibitory
pathways that prevent audiogenic seizures. In other words, we
can only speculate that FPT might increase c-Fos expression in
GABAergic neurons that cannot be distinguished, without
dual-labeling, from an auditory stimulus inducing c-Fos
expression in glutamatergic neurons.
We are continuing our investigation of the sex difference in

audiogenic seizure susceptibility wherein juvenile male were
more susceptible than juvenile female Fmr1 knockout mice.
Nevertheless, FPT was equally efficacious as an anticonvulsant
in both sexes. Likewise, we are investigating the developmental
implications, as, regardless of sex, adult Fmr1 knockout mice
were much less susceptible to audiogenic seizures.
FPT increased social interactions in Fmr1 knockout and

wild-type mice in an open-field, akin to prosocial effects
observed after treatment with other 5-HT1AR agonists in a
different preclinical model of ASD.32 Although social with-
drawal and social communication difficulties are characteristic
of ASD and FXS,80 we only observed minor deficits in open-
field social interactions in Fmr1 knockout mice. This could be
explained by the fact that we tested social interactions of cage
mates. Though, published results of social behaviors in Fmr1
knockout mice are inconsistent, with some reports showing
deficits and others reporting none.81,82 Nevertheless, FPT
increased social interactions in 100% of paired wild-type mice
and 78% of paired Fmr1 knockout mice.
We used the open-field, social interaction test because it can

also provide information about anxiety-like behavior. Exposure
to a novel environment, such as the open-field, can be
anxiogenic; because anxiety and social behavior are incompat-
ible, an increase in social behavior in the open field suggests a
decrease in anxiety.83 Results from the open-field social
interaction test provide additional evidence that FPT produces
anxiolytic effects coincident with prosocial effects. We reiterate
that anxiety disorders are extremely common in individuals
with FXS and ASD,3 and core ASD symptoms such as
repetitive behaviors and social deficits might be causally related
to severe anxiety.
The marble-burying test has translational validity for

assessing a novel compound’s usefulness to reduce repetitive
anxiety- or compulsive-like behaviors.55,56 The near elimi-
nation of marble-burying caused by FPT demonstrates that
FPT attenuates these behaviors in both Fmr1 knockout mice
and wild-type mice. Activation of 5-HT1ARs produces
anxiolytic effects, as evidenced by the FDA-approved, partial
agonist buspirone (Buspar), and anxiolytics that affect the
serotonin system, including 5-HT1AR agonists and SSRIs,
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reliably reduce marble-burying.56 FPT’s anxiolytic-like effects,
therefore, might be attributed to its 5-HT1AR agonist activity.
Several studies report that Fmr1 knockout mice exhibit
hyperlocomotion,2 which we also observed, but FPT tended
to potentiate this phenotype. Thus, the efficacy of FPT to
reduce marble-burying (as well as rearing and grooming) was
not due to sedative effects.
FPT did not enhance or impair spontaneous alternation

performance, a hippocampus-dependent spatial working
memory task.84 Interestingly, the classic 5-HT1AR agonist, 8-
OH-DPAT, decreases spontaneous alternation performance,61

providing evidence that FPT’s broad neurobehavioral effects
may not be solely attributed to 5-HT1AR activation. The lack of
a genotype effect on spontaneous alternation performance is
consistent with previous observations of Fmr1 knockout
mice.71,85 We did not observe an increase in grooming bouts
in Fmr1 knockout relative to wild-type mice, nor did we
observe excessive back grooming in Fmr1 knockout mice,
reported by others.86 However, we did observe a trend of
increased belly grooming in Fmr1 knockout mice. Grooming
observed in a novel environment is an example of a repetitive
behavior that may also be an indication of anxiety,58 and FPT
robustly reduced grooming in Fmr1 knockout mice. FPT also
tended to increase the maximum number of alternations in
Fmr1 knockout mice, which could be indicative of increased
exploratory activity or decreased neophobia.
To help delineate the neurobiological effects of FPT, we

tested its effects on c-Fos expression in several neural
systemsincluding systems implicated in anxiety, social
behavior, and cognitionin mice at rest in their home
cages. Of the brain structures we analyzed, we observed that
FPT significantly increased c-Fos expression only in the
basolateral amygdala. This effect is consistent with reports of
other compounds with anxiolytic and/or prosocial effects. The
antipsychotic olanzapine reduces anxiety-like behaviors in
socially isolated rats while concomitantly increasing c-Fos
expression in the amygdala.87 The prosocial entactogen, 5-HT
releasing drug methylenedioxymethamphetamine (MDMA),
increases c-Fos expression in the amygdala, an effect blocked
by antagonists of 5-HT1ARs.

88 Also, a selective, postsynaptic 5-
HT1AR agonist dose-dependently increases c-Fos in several
neural systems in the rat brain, though analysis of the amygdala
was not reported.89 Thus, FPT may increase amygdala c-Fos
expression through its agonist activity at 5-HT1ARs.
We acknowledge we have not ascertained the mechanism(s)

of action responsible for FPT’s behavioral activities; with
respect to this, FPT’s polypharmacology at known and
unknown targets creates a well-understood challenge. We are
actively investigating reproducible biomarker(s) in Fmr1
knockout mice impacted by FPT. In conclusion, FPT is an
anticonvulsant in Fmr1 knockout mice and exhibits robust
anxiolytic and prosocial effects in both Fmr1 knockout and
wild-type mice. Germane for drug development, FPT does not
exhibit sedative effects, distinguishing it from several other
medication candidates, such as arbaclofen, that had efficacy in
Fmr1 knockout mice.90 Thus, FPT is a unique medication
candidate for FXS and ASD.

■ METHODS

(S)-5-(2′-Fluorophenyl)-N,N-dimethyl-1,2,3,4-tetrahy-
dronaphthalen-2-amine, FPT. FPT hydrochloride used in
all experiments was determined by HPLC to be >99% pure

(Shimadzu Lab Solutions, Figure S5). Details for the chiral
synthesis of FPT are shown in Scheme S1.

Animal Subjects and Husbandry. All experimental
protocols involving mice were approved by the Mercer
University Institutional Animal Care and Use Committee.
Breeding pairs of FVB.129P2-Pde6b+ Tyrc‑ch Fmr1tm1Cgr/J
(Fmr1 knockout, stock #004624) and FVB.129P2-Pde6b+

Tyrc‑ch/AntJ (wild-type, stock #004828) were procured from
the Jackson Laboratory to develop colonies. All mice were fed
and watered ad libitum. Mice were fed Purina LabDiet 5001,
except for pregnant or nursing breeders and their litters, who
were fed Purina LabDiet 5015 breeder’s chow. Male and
female adult (P60−P180) mice were used for all tests, except
for audiogenic seizure tests, which included juvenile (P23−
P25) and adult mice.
Maintaining the breeding scheme employed by the Jackson

Laboratory for these mice, 1−2 homozygous Fmr1 knockout
females (P60−P240) were paired with an adult, hemizygous
Fmr1 knockout male for breeding Fmr1 knockout mice, and
1−2 wild-type females (P60−P240) were paired with an adult,
wild-type male for breeding wild-type mice. The Jackson
Laboratory implements a genetic stability program to limit
cumulative genetic drift by rebuilding foundation stocks from
cryopreserved, pedigreed embryos every five generations. They
recommend refreshing breeding colonies every 5−10 gen-
erations to minimize genetic drift, which we employed as part
of our research design.
We maintained this breeding strategy for several reasons: (1)

Homozygote female and hemizygote male Fmr1 knockout
mice are fertile and produce viable offspring. This reduces the
number of mice, since heterozygote mice are not generated.
(2) Regarding maternal effects on behavior, our objective was
to maximize phenotypes in the knockout mice, relative to wild-
type mice. We report here that Fmr1 knockout mice bred from
homozygote knockout females and hemizygote knockout males
show no differences in repetitive behaviors (grooming, rearing,
or marble-burying) compared to wild-type mice; however,
Fmr1 knockout mice bred in our vivarium uphold a robust
audiogenic seizure phenotype and show modest hyperactivity
and mild deficits in social behavior. (3) Fmr1 knockout dams
build nests and care for their pups, and we have observed no
differences in the physical health of Fmr1 knockout litters,
including weight and coat condition, relative to wild-type mice
bred from wild-type dams and sires. (4) Critically, cortical
electroencephalogram phenotypes recently observed in Fmr1
knockout mice (and in individuals with FXS, e.g., enhanced
gamma band power in the auditory cortex) are consistent
across multiple reports regardless of whether littermate
controls are used,91 providing evidence that Fmr1 knockout
phenotypes are not due to maternal care effects.
Litters were weaned at P20−P22 and separated into new

home cages with littermates, matched for sex and genotype,
and identified by ear punch. Genotype confirmation by PCR
(Applied Biosystems 2720 Thermal Cycler) was performed for
quality control (data available upon request), based on
methods described by the Jackson Laboratory, using a ∼3
mm tail-snip obtained from each pup at weaning. Groups of
2−4 experimental mice were housed in polycarbonate cages (6
in. × 10 in. × 5 in.) with open-air, stainless-steel wire lids and
nesting sheets (Bio-Serv) on a 12 h/12 h light/dark cycle.

Treatment Approach. All tests were conducted during the
light cycle (07:00−19:00) from approximately 10:00−18:00.
For all tests, mice were acclimated to the procedure room in
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their home cages ≥30 min prior to treatment with vehicle or
FPT. For in vivo testing, FPT was dissolved in Milli-Q
(MilliporeSigma) water, which also served as vehicle and
sterile-filtered prior to administration intraperitoneally at 5.6
mg/kg (0.1 mL/10 g), an optimal dose determined from our
previous mouse studies.49 Vehicle or FPT was administered 30
min prior to the start of all behavioral testing and 90 min
before euthanasia for c-Fos experiments. At least one scorer
was blind to treatment and genotype during all tests.
Behavioral scorers were present in the procedure rooms,
which were dimly lit relative to the vivarium, only during
audiogenic seizure and social approach behavior tests. The
number of animals tested per group (minimum of 9, i.e., in the
social approach test) was based on a power analysis (https://
clincalc.com/stats/samplesize.aspx) that considered variability
reported in the literature and our own observations: α was set
to 0.05, and power was set at 80%. Because we observed a sex
difference in audiogenic seizure susceptibility after testing ∼10
vehicle-treated Fmr1 knockout mice (5 males and 5 females),
we included sex as a separate grouping variable and therefore
tested 22 vehicle-treated mice in this assay (12 females and 10
males).
Audiogenic Seizures. Mice treated with vehicle and mice

treated with FPT were placed in adjacent, identical, clear
polycarbonate boxes (18 in. × 8 in. × 8 in.), each covered with
a plastic screen. After a 1 min acclimation period, mice were
exposed to 120 dB alarm (RadioShack Kit #49−1010,
doorstop alarm) for 5 min, held by hand directly above the
boxes. An audiogenic seizure was defined and categorized as a
tonic-clonic seizure with the animal making a full recovery
afterward or a tonic-clonic seizure progressing to respiratory
arrest. WRJ, often observed before tonic-clonic seizures in
mice, was also documented. In cases where mice did not
exhibit any detectable alterations in behavioral activity,
“normal behavior” was documented. Boxes were cleaned
vigorously with running water and were towel dried after
each test.
Social Interactions. Littermates were paired for testing

such that within the pair one mouse was administered FPT and
the other was administered vehicle. Pairs were placed in an
open-field box (18 in. × 8 in. × 8 in.) for a 10 min observation
period. During this time, scorers recorded the number of social
interactions, defined as the number of approaches one mouse
initiated toward the other that resulted in direct bodily contact,
including nose-to-nose, nose-to-torso, and/or nose-to-tail. A
tally was kept for each mouse (vehicle or FPT) within the pair
such that both mice served as test mice.
Locomotion and Rearing. Mice were placed in sound-

attenuated, open-field chamber (10.75 in. × 10.75 in. × 8 in.),
and behaviors were recorded automatically using an infrared
photobeam array (Med Associates, model ENV-510S) for 10
min.
Marble-Burying. Mice were placed individually, for 10

min, in clean boxes (6 in. × 10 in. × 5 in.) containing 18 clear
marbles atop fresh home-bedding. Marbles buried (i.e.,
marbles ≥ 50% covered with bedding) were calculated after
the test session.
Spontaneous Alternation and Grooming. Mice were

placed in the center of a Y-maze (Maze Engineers, single arm
dimensions 2.75 in. × 13.75 in. × 8 in.), and automatic
behavioral tracking and scoring began 30 s later (Noldus,
Ethovision XT 14). Spontaneous alternations, maximum
alternations, and the number of grooming bouts were recorded

automatically for 15 min. Back, belly, nose and ear grooming
were scored from video recordings after testing.

c-Fos Immunohistochemistry. Home-Cage Test. c-Fos
immunohistochemistry with free-floating, 50 μm coronal brain
sections was performed based on previously described
methods.92 c-Fos primary antibody (1:1000) was a mouse
monoclonal IgG from Abcam ([2H2], ab208942). The
secondary antibody (1:200) was a biotinylated anti-mouse
IgG from Vector Laboratories (Vectastain Elite kit). Details of
immunohistochemistry steps are provided in the Supporting
Information. Sections were visualized on an Echo Revolve R4
(Discover Echo) brightfield microscope in upright mode at 4×
(PLCN4×NA 0.1, Olympus Life Science) and 20×
(UPLFLN10×2PH/NA 0.5, Olympus Life Science) magnifi-
cation at 170% zoom. Images were captured using the built-in
12MP CMOS Color camera from the Echo Revolve software.
The 20× magnified images (475 μm × 440 μm = 0.209 mm2)
were analyzed using ImageJ software (1.52a Java; 1.8.0_112
[64-bit]). Raw images (3226 × 3024 pixel2) were converted to
8-bit, followed by appropriate thresholding to identify c-Fos
positive cells. Size was defined independently for each region
(range: 800−3000 pixel2), and circularity was set between 0.3
and 1.0 for all brain regions. The density of c-Fos positive cells
per 0.209 mm2 was averaged across three consecutive sections
for each region and each brain. c-Fos positive cells per square
millimeter were calculated for each brain region of every
animal and then averaged over genotype and treatment.

Auditory Stimulus Test. Juvenile Fmr1 knockout mice were
acclimated in their home cages in a quiet room where they
received injections 30 min prior to being moved to a testing
room. In the testing room, mice were placed in clear
polycarbonate boxes (18 in. × 8 in. × 8 in.), each covered
with a plastic screen. After a 1 min acclimation period, mice
were exposed for 30 s to a 120 dB alarm (RadioShack Kit
#49−1010, doorstop alarm) held by hand directly above the
box; exposure for this duration did not elicit seizures in any of
the mice tested. Mice were returned to their home cages in the
quiet room for 60 min and then were prepared for c-Fos
immunohistochemistry exactly as described above. c-Fos was
examined in 1−5 sections of the inferior colliculus (external
and central nucleus) from −4.855 to −5.155 mm with respect
to Bregma (online Allen Mouse Brain Reference Atlas version
1, 2008).

In Vitro Pharmacology. HEK-293 cells (ATCC, CRL-
1573) stably expressing the human 5-HT7(a)R (∼7 pmol/mg
protein),49 CHO-K1 cells stably expressing the human 5-
HT1AR (∼1 pmol/mg protein, generously provided by the
Psychoactive Drug Screening Program),93 and HEK-293 cells
transiently expressing human 5-HT2C‑INIRs were used for in
vitro experiments. All cells were grown as described,49 and
stable cells were maintained in 400−500 μg/mL G418. All
commercially available test compounds were from Tocris,
Sigma-Aldrich, or Alfa Aesar.
The potency (EC50) and efficacy (Emax) of FPT at 5-HT1ARs

and 5-HT7Rs was assessed using PerkinElmer’s LANCE Ultra
cAMP immunoassay; potency and efficacy at 5-HT2CRs were
assessed with Cisbio’s IP-One assay. All functional assays were
conducted according to the manufacturers’ guidelines in 384-
well plates. FPT and 5-CT maleate, a 5-HT1AR and 5-HT7R
full efficacy agonist (used to calculate Emax), were tested at 0.1
nM to 10 μM concentrations, in triplicate, at 37 °C for 2 h
using ∼300 cells/μL for 5-HT7Rs and for 1 h using ∼300
cells/μL and 0.3 μM forskolin (EC90) for 5-HT1ARs. For 5-
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HT2CRs, methods were as previously reported,49 with 5-HT
hydrochloride used to calculate Emax. FRET was quantified
using a Synergy H1 plate reader equipped with LANCE and
HTRF filter cubes (BioTek). FPT 5-HT7R functional
antagonism was determined by coincubation of 5-CT over
seven concentrations (0.01 nM to 10 μM) in the presence of
100, 300, and 1000 nM FPT. The affinity of FPT at 5-HT1ARs,
5-HT7Rs ([3H]5-CT, 38.9−157.8 Ci/mmol, PerkinElmer),
and 5-HT2CRs ([3H]mesulergine, 74.4−83 Ci/mmol, Perki-
nElmer) was determined by competition binding, as previously
described.49

Determination of the Kinetic Binding Parameters of
[3H]5-CT at 5-HT1ARs and 5-HT7Rs and of [3H]-
Mesulergine at 5-HT2CRs. The kinetics of [

3H]5-CT binding
to 5-HT1ARs and 5-HT7Rs, as well as [

3H]mesulergine binding
to 5-HT2CRs, were determined using methods previously
described,94 with 250 μL total volume per well in a 96-well
plate. The off-rate (koff, k2) was determined at 5-HT1ARs and
5-HT7Rs using ∼ Kd concentrations of [

3H]5-CT. After a 2 h
equilibration period at 23 °C, 5-HT (10 μM) was applied at 22
time points (data available upon request). The on-rate (kon, k1)
of [3H]5-CT binding to 5-HT1ARs and 5-HT7Rs, and
[3H]mesulergine binding to 5-HT2CRs, was determined via
association kinetics using three concentrations of radioligand
and a global fit analysis. These experiments simultaneously
provided koff values for [

3H]5-CT, which were pooled with the
dissociation data determined for 5-HT1ARs and 5-HT7Rs; this
method was also used for calculating the koff of [3H]-
mesulergine at 5-HT2CRs. Binding was initiated by the
addition of membrane homogenate over 10−12 time-points.
Bound and free radioligand were separated by rapid filtration
via Whatman GF/B filters (Brandel), presoaked in 0.3% (w/v)
polyethylenimine. Filters were oven-dried, and scintillation was
detected with a Tri-Carb 2910TR liquid scintillation analyzer
(PerkinElmer). Data points in each experiment were at least
duplicated.
Determination of Kinetic Binding Parameters of

Unlabeled FPT at 5-HT1ARs, 5-HT2CRs, and 5-HT7Rs.
The kon (k3) and koff (k4) of unlabeled FPT was determined at
23 °C based on published methods.94 A single concentration of
radioligand [5 nM (calculated) for 5-HT1ARs; 10 nM
(calculated) for 5-HT2CRs and 5-HT7Rs] was coincubated
with three concentrations of FPT. Membrane homogenate was
added at 11−13 time points. Nonspecific binding was
determined using 10 μM 5-HT (5-HT1ARs and 5-HT7Rs) or
mianserin hydrochloride (5-HT2CRs). Equations used for
calculations are provided in the Supporting Information.
Statistical Analyses and Figure Configurations. In

vitro binding and function data were analyzed using nonlinear
regression models in GraphPad Prism 8.2. One experimental
test of FPT for functional activity at 5-HT2CRs was excluded
from analysis, based on a two-sided Grubb’s test, reporting that
it was a significant outlier (P < 0.05, z = 1.8). Details of the
analyses used for dissociation and association kinetics experi-
ments are provided in the Supporting Information. In vitro
data show the mean ± SEM. An unpaired Student’s t-test was
used to compare the koff of FPT to [3H]5-CT. Welch’s
ANOVA was used to compare the residence time of FPT at all
receptors, since the variance across receptors was unequal;
Dunnett’s T3 post hoc correction for multiple comparisons
was used to compare mean residence times between receptors.
In vivo data were also analyzed using GraphPad Prism 8.2.

Fisher’s exact tests were used to evaluate audiogenic seizure

results. An unpaired Student’s t-test was used to compare c-Fos
expression in the inferior colliculus between juvenile Fmr1
knockout mice pretreated with vehicle or FPT and then
exposed to a 120 dB alarm. Data from all other experiments
were analyzed using two-way ANOVAs, followed by Fisher’s
LSD test (as all comparisons were planned). One subject was
excluded from the locomotor behavior analysis, based on a
two-sided Grubb’s test, reporting that it was a significant
outlier (P < 0.05, z = 2.4). Statistical significance was set to α <
0.05; however, we also discuss data where trends (P < 0.2)
were observed.95 Cohen’s d scores were manually calculated
and are reported to show effect sizes; a large effect size was set
to d > 0.80. In Figures 2−7, bar graphs show means ± SEM,
circles represent male subjects, and triangles represent female
subjects. The asterisk marks *, **, ***, and **** represent P
values of <0.05, <0.01, <0.001, <0.0001, respectively.
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