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The Gain-of-Function Integrin 33 Pro33 Variant Alters the
Serotonin System in the Mouse Brain
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Engagement of integrins by the extracellular matrix initiates signaling cascades that drive a variety of cellular functions, including
neuronal migration and axonal pathfinding in the brain. Multiple lines of evidence link the ITGB3 gene encoding the integrin 33 subunit
with the serotonin (5-HT) system, likely via its modulation of the 5-HT transporter (SERT). The ITGB3 coding polymorphism Leu33Pro
(rs5918, P1*%) produces hyperactive av[33 receptors that influence whole-blood 5-HT levels and may influence the risk for autism
spectrum disorder (ASD). Using a phenome-wide scan of psychiatric diagnoses, we found significant, male-specific associations between
the Pro33 allele and attention-deficit hyperactivity disorder and ASDs. Here, we used knock-in (KI) mice expressing an Itgh3 variant that
phenocopies the human Pro33 variant to elucidate the consequences of constitutively enhanced av33 signaling to the 5-HT system in the
brain. KI mice displayed deficits in multiple behaviors, including anxiety, repetitive, and social behaviors. Anatomical studies revealed a
significant decrease in 5-HT synapses in the midbrain, accompanied by decreases in SERT activity and reduced localization of SERTSs to
integrin adhesion complexes in synapses of KI mice. Inhibition of focal adhesion kinase (FAK) rescued SERT function in synapses of KI
mice, demonstrating that constitutive active FAK signaling downstream of the Pro32Pro33 integrin av33 suppresses SERT activity. Our
studies identify a complex regulation of 5-HT homeostasis and behaviors by integrin av33, revealing an important role for integrins in
modulating risk for neuropsychiatric disorders.
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The integrin 33 Leu33Pro coding polymorphism has been associated with autism spectrum disorders (ASDs) within a subgroup
of patients with elevated blood 5-HT levels, linking integrin 33, 5-HT, and ASD risk. We capitalized on these interactions to
demonstrate that the Pro33 coding variation in the murine integrin 33 recapitulates the sex-dependent neurochemical and
behavioral attributes of ASD. Using state-of-the-art techniques, we show that presynaptic 5-HT function is altered in these mice,
and that the localization of 5-HT transporters to specific compartments within the synapse, disrupted by the integrin 33 Pro33
mutation, is critical for appropriate reuptake of 5-HT. Our studies provide fundamental insight into the genetic network regulating
5-HT neurotransmission in the CNS that is also associated with ASD risk. j
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disorders (Ruhé et al., 2007) and has long been implicated in
developmental abnormalities of autism spectrum disorder (ASD;
Cook and Leventhal, 1996; Jaiswal et al., 2015). 5-HT is released
from the presynaptic terminal to activate specific receptors and is

Introduction
Dysregulation of serotonin [5-hydroxytryptamine (5-HT)] ho-
meostasis in the CNS plays a key role in depression and anxiety
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cleared from the synaptic cleft by the plasma membrane 5-HT
transporter (SERT; Blakely et al., 1998). Uptake of 5-HT by SERT
not only replenishes neuronal stores of 5-HT but also dictates the
strength and duration of serotonergic transmission, thus underscor-
ing the critical role that SERT plays in maintaining serotonergic ho-
meostasis. SERT interacts with and is regulated by multiple proteins,
including integrins (Carneiro et al., 2008; Oved et al., 2013; Whyte et
al., 2014; Mazalouskas et al., 2015), A; adenosine receptors (Zhu
et al., 2011), syntaxin (Quick, 2002; Ciccone et al., 2008), and
a-synuclein (Wersinger et al., 2006). Clinically, the serotonergic
system is regulated with selective 5-HT reuptake inhibitors
(SSRIs) that directly block SERT function and permit sustained
5-HT signaling. SSRIs are widely used to treat psychiatric disor-
ders, including depression, obsessive-compulsive disorder, and
ASD (Schatzberg, 2000; Zohar et al., 2000a,b; Zohar and Westen-
berg, 2000; Jaiswal et al., 2015).

There are several lines of evidence that link the ITGB3 gene,
which encodes the integrin 83 subunit, with the 5-HT system
(Weiss et al., 2004, 2006a,b; Coutinho et al., 2007). In platelets,
integrin B3 heterodimerizes with integrin «lIb and physically
interacts with SERT, dynamically modulating its uptake capacity
and plasma membrane expression (Carneiro et al., 2008). In the
brain, integrin 33 heterodimerizes with integrin a, to form the
vitronectin receptor (McGeachie et al., 2011), which colocalizes
with SERT in midbrain presynaptic terminals (Mazalouskas et
al, 2015). The ITGB3 coding polymorphism rs5918 (P1*%
Leu33Pro) has been associated with elevated blood 5-HT levels
and autism (Weiss et al., 2004, 2006a). This polymorphism re-
sults in a missense substitution of a leucine to proline at residue
33 of the mature 33 subunit; in the human protein, this creates
adjacent proline residues at positions 32 and 33 (Pro32Pro33),
which permits increased flexibility of the 83 extracellular domain
and confers enhanced integrin receptor signaling (Vijayan et al.,
2003b; Jallu et al., 2012). Increased platelet adhesion is observed
in human patients with this polymorphism (Vijayan et al.,
2003a), which is recapitulated in knock-in (KI) mice expressing
the Pro32Pro33 variant of mouse integrin 33 (Oliver et al., 2014).
These effects result from enhanced binding avidity of the recep-
tor, which promotes the activation of intracellular signaling path-
ways (Vijayan et al., 2003b; Oliver et al., 2014). Interestingly,
SERT activity is upregulated following coexpression of the hu-
man Pro33 variant in HEK293 cells (Carneiro et al., 2008), sug-
gesting that enhanced integrin 33 signaling modifies 5-HT blood
levels at least in part via regulation of SERT function.

While the role of the Pro33 variant has been studied in the
periphery, the functional and biochemical consequences of this
mutation in the brain remain unknown. In this study, we used the
KI mouse model, in which the Pro32Pro33 variant of mouse
integrin 33 is expressed from the endogenous integrin 83 locus
(Oliver et al., 2014) to examine the effect of this mutation on the
5-HT system in the brain. Genetic studies in humans demon-
strated that this polymorphism significantly contributes to
alterations in phenotypes that are relevant to neuropsychiatric
disorders, effects that are recapitulated in the KI mouse model.
We extended our studies to the brain 5-HT system, revealing
alterations in 5-HT synapses that culminate with altered intracel-
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lular signaling and reduced SERT function. Our studies reveal a
complex regulation of 5-HT homeostasis by ITGB3, indicating an
important role for integrins in modulating risk for neuropsychi-
atric conditions.

Materials and Methods

Phenome-wide association study. The phenotypes were constructed from
electronic health record data aggregated from International Classifica-
tion of Disease, ninth edition-Clinical Modification (ICD-9-CM) codes
(Health Care Financing Administration, 1990) into phenome-wide asso-
ciation study (PheWAS) codes, corresponding to specific disease pheno-
types, each with a control group defined as previously described (Denny
et al., 2013). Case patients were defined as individuals who had at least
two annotations of the same PheWAS code from two different visits.
Individuals who only had one code or a code for a similar disease were
excluded from control subjects. Logistic regression analyses were run
using an additive model for rs5918, adjusted for age and stratified by
gender and then tested for association across 25 prespecified PheWAS
codes corresponding to neuropsychiatric conditions. Data are reported
as raw numbers, and p values were not corrected for multiple testing
using o = 0.002.

Reagents. [*H] 5-HT, [°H] dopamine, and [*H] citalopram radioli-
gands were purchased from PerkinElmer Life Sciences, and paroxetine
hydrochloride hemihydrate was purchased from Sigma-Aldrich. Anti-
bodies used include guinea-pig anti-SERT (Frontier Institute; RRID:
AB_2571777,), mouse anti-Na "/K+ATPase a-1 (Millipore; RRID:
AB_309699), rabbit anti-mouse integrin 33 (Cell Signaling Technology;
RRID:AB_10695305), mouse anti-SNAP25 (Millipore; RRID:AB_11211926),
rabbit anti-phosphorylated focal adhesion kinase (pFAK; Y397, Cell Sig-
naling Technology; RRID:AB_10891442), mouse anti-talin (Sigma-Al-
drich; RRID:AB_477572), and mouse anti-synaptophysin (Millipore;
RRID:AB_95187). All secondary antibodies were purchased from Jack-
son ImmunoResearch. Srcinhibitor SKI-606 was purchased from Sigma-
Aldrich and FAK inhibitor PF-573228 was purchased from Bio-Techne.

Animals. Mouse studies were performed in accordance with humane
guidelines established by the Vanderbilt Institutional Animal Care and
Use Committee under approved protocols (M/12/167 and M/15/014).
All animals used in this study were male mice (820 weeks of age) gen-
erated from crosses of heterozygous for the Pro32Pro33 knock-in Itgh3
allele made on the C57BL/6 background (Oliver et al., 2014). Mice were
group housed with their littermates, were maintained on a 12 h light/dark
cycle, and were provided with food and water ad libitum.

Only homozygous animals were used in the analyses, even if heterozy-
gous mice were run in behavioral experiments. Three cohorts of 11-16
mice underwent the first battery of behavioral assays for a total of 42
animals. All mice were initially housed with their littermates of the same
sex in the Vanderbilt Murine Neurobehavioral Core, with controlled 12 h
light/dark cycles, freely available food and water, and controlled temper-
ature and humidity. The experimenter was initially blinded to the geno-
type of each animal, and each animal underwent the same battery of
behavioral tests to establish phenotype. The order of behavioral tests was
as follows: sociability test, social preference test, social reciprocity test,
marble burying, and olfaction test. Mice remained at the Vanderbilt
Murine Neurobehavioral Core but were individually housed during the
olfaction test. Two other cohorts of animals totaling 57 mice were used
for elevated zero maze, open field, tail suspension, and forced swim tests.
The behavioral tests were administered in the same order for every ani-
mal, with animals being subjected to no more than one test per day.

Open field test. The open field test was used to examine locomotor
activity and anxiety-related behavior. The apparatus, purchased from
Med Associates, consisted of a square box (27.3 X 27.3 cm). The appa-
ratus was placed in a sound-attenuating chamber purchased from Med
Associates Horizontal and vertical arrays of 16 infrared beams tracked
horizontal and vertical movements. The arena was brightly lit through-
out the test. In the novelty testing, naive animals were placed in the center
of the arena and allowed to explore the chamber for 10 min. The habit-
uation testing was performed on the day after the novelty testing, where
mice were reintroduced to the arena and allowed to explore for 10 min.
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Open Field Activity software (Med Associates) was used to track and
analyze the movements of the animals.

Elevated zero maze. Mice were placed on an elevated circular track
apparatus ~65 cm in diameter. Two open zones and two closed zones, of
equal length and all evenly spaced, were contained on the circular track.
One mouse was placed in the middle of an open zone and allowed to
explore the maze for 5 min. Video of the mouse was obtained and ana-
lyzed using ANY-maze software (Stoelting) for the amount of time spent
in each zone, the number of entries into each zone, and the distances
traveled. Entry of a zone was digitally quantified based on the criterion of
=70% of the body of the animal being in a zone.

Forced swim test. Mice were placed in a clear cylinder with 23°C water
~20 cm deep and tested for 6 min. Mice were then placed in a clean
heated cage for 15 min. Water was changed, and the apparatus was
cleaned with chlorine dioxide between each test. All tests were filmed by
video camera. Immobility was defined as the animal making minimal
movements to keep its head above water, and a blind competent observer
scored immobility. Latency to first immobile period, sum of immobility
per minute, and total immobility were recorded. The total immobility
time in the last 4 min of the test was the primary measure analyzed.

Tail suspension test. An automated tail suspension test device (Med
Associates) was used to measure the duration of behavioral immobility.
Mice were suspended by the tail with tape to a vertical aluminum bar
connected to a strain gauge. Before attaching the tail to the bar, the tail
was passed through a clear 3 cm plastic tube to prevent mice from climb-
ing their own tails. The following settings were used in all experiments:
threshold, 1:7; gain, 8; time constant, 0.25; and resolution, 200 ms. Im-
mobility was recorded for 6 min.

Marble burying. A novel cage was prepared with a layer of Harlan
T.7089 Diamond Soft bedding (Harlan Laboratories) covering the floor.
This layer was 3 cm thick to allow burying of glass marbles of 1.5 cm
diameter. A mouse was removed from its home cage and allowed to
acclimate in the novel cage for 30 min. Following the acclimation period,
the mouse was briefly removed from the novel cage, and 20 blue glass
marbles were placed in a four-by-five grid on top of the bedding, with
each marble spaced 2 cm apart. The mouse was then returned to the novel
cage and given 30 additional minutes to explore and interact with the
marbles without interference. After this period, the mouse was returned
to its home cage, and marble burying was quantified. A score of zero was
recorded for unburied marbles, a score of 1 was recorded for a marble
that was partially buried, and a score of 2 was recorded for a marble that
was buried in its entirety. The marble score was calculated as the sum of
the points awarded for the 20 marbles.

Three-chamber sociability and social preference tests. All trials were pre-
ceded by a 10 min habituation period, beginning when a mouse was
placed in the center chamber of a three-chamber polycarbonate enclo-
sure with 10 cm sliding gates separating the 18 X 23 cm chambers, as used
elsewhere in similar experiments (Carter et al., 2011). Both doors were
opened, and the mouse was allowed to explore the entirety of the enclo-
sure for 10 min. The mouse was briefly removed from the enclosure to
arrange stimuli for the tests. For the object versus social stimulus test
(sociability), a nonsocial stimulus (glass marble) and a social stimulus
(littermate) were placed within wire cages in the two side chambers, with
one stimulus per side chamber. Novel versus known mouse testing was
preceded by both the habituation period and the object versus social test.
One social stimulus was a littermate from the home cage of the subject
mouse, and the other was a novel mouse with which the subject mouse
had no previous contact. The placement of these stimuli was random-
ized. The mouse was then returned to the center chamber of the enclo-
sure and allowed to roam freely without interference for 10 min. This
arrangement allowed the subject mouse to freely access either stimuli at
any given time, while preventing aggressive behavior from the littermate
being used as a social stimulus. During this time, the trial was video
recorded and the time spent in prespecified zones of the enclosure was
quantified using ANY-maze tracking software (San Diego Instruments).
In addition to three zones corresponding to the three chambers of the
enclosure, two zones denoted an area surrounding the stimuli to capture
the time spent with those stimuli. A blinded observer monitored each
trial to manually and separately record the time the subject mouse spent
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actively interacting with either stimulus, as evident by sniffing. Data were
analyzed with a two-way ANOVA, using sociability and genotype as vari-
ables in measuring differences in the time spent interacting with social
versus nonsocial stimuli. Bonferroni post-test corrections were used, and
p values observed for the time spent with social versus nonsocial stimulus
are indicated in Table 2.

Social reciprocity. This behavioral assay occurred in two trials. In the
first trial, each animal was paired with a littermate from the home cage of
the subject animal. In the second trial, each animal was paired with a
novel mouse with which they had no previous contact. With the excep-
tion of animal pairing criteria, both phases were conducted using the
same methodology. Two mice were placed in an empty, plastic, square
(25 X 25 cm) arena and allowed to explore or interact without interfer-
ence. This interaction was recorded via an overhead camcorder and
scored in real-time by TopScan tracking software (CleverSys). One
mouse in each paired trial was marked with a small dot of white-out
solution streaked on its fur to aid the TopScan software in differentiating
the two mice during the trial. In the event that the software incorrectly
mapped the two mouse identities mid-trial, an observer blinded to the
genotypes noted the time of the swap and adjusted the data accordingly.
All trials were 10 min in length, were recorded in their entirety, and were
scored by TopScan for measures of active social contact, passive social
contact, and social sniffing. Data were analyzed by a two-way ANOVA
using social preference and genotype as variables. Bonferroni post-test
corrections were used to correct for multiple testing (see Table 2).

Olfaction test. This behavioral assay occurred in following two trials:
nonsocial and social odor detection. In the nonsocial odor detection trial,
a cotton swab was briefly dipped in a 10% condensed milk solution and
hung from a corner of the home cage of the subject mouse for 2 min.
During this time, the mouse was free to explore and interact with the
contents of its cage without interference. The amount of time spent
within 5 cm of the scented swab or directly interacting with the scented
cotton swab was recorded. The social odor detection trial used an iden-
tical methodology, with the exception that the cotton swab was dragged
through the home cage of a novel mouse directly before being hung in the
subject’s home cage for 2 min. Data were analyzed with a two-way
ANOVA, using odor type and genotype as variables. Bonferroni post-test
corrections were used to determine the differences between the time
spent with social versus nonsocial stimulus, and p values are shown in
Table 2.

Immunofluorescence. Mice [7 wild-type (WT) and 4 KI] were perfused
with 30 ml of 4% paraformaldehyde (Sigma-Aldrich). Brains were stored
in 30% sucrose for 48 h at 4°C and then stereotaxically sectioned every
30 wm on a frozen stage microtome (Leica) and stored in a cryopro-
tectant solution (30% ethylene glycol, 30% glycerol in PBS). Sections
collected between ~4.30 and ~4.90 mm from bregma were defined as
midbrain sections containing dorsal raphe nuclei and the periaqueductal
gray areas, which were used in this study. Immediately before use, serial
sections were washed in Tris-buffered saline (TBS). Slices were treated
with Na */citrate solution (10 mum tri-sodium citrate dihydrate, pH 6.0
containing 0.05% Tween-20) at 50°C for 5 min. Endogenous peroxidase
was quenched by incubating sections in 1% H,0O, for 30 min. Slices were
blocked with blocking buffer (1X TBS containing 5% goat serum, 1%
bovine serum albumin, and 0.25% Triton X-100) for 1 h at room tem-
perature. Primary antibodies were added at a 1:250 dilution in blocking
buffer and incubated for 16 h at 4°C. Integrin 83 signal was amplified by
preincubating biotinylated anti-rabbit antibody (RRID:AB_2340593)
with streptavidin-conjugated horseradish peroxidase (both diluted at
1:500 in blocking buffer) for 15 min at room temperature, followed by
incubation with slices for 1 h at room temperature. After washing with
1X TBS, slices were incubated with tyramide solution (TSA Biotin Tyra-
mide Reagent, PerkinElmer) for 10 min. After washing with 1X TBS,
fluorescent secondary antibodies (goat anti-mouse-Cy5 (RRID:AB_2338714);
goat streptavidin-Cy2 (RRID:AB_2337246); and goat anti-guinea-pig-
Cy3 (RRID:AB_2340460); Jackson ImmunoResearch) were applied at a
1:500 concentration for 16 h at room temperature. Slices were washed in 1 X
TBS and mounted onto slides using Aqua-Poly/Mount (Polysciences).

Confocal and super-resolution structured illumination microscopy. Con-
focal images were captured using a Zeiss LSM 510 Meta confocal (Zeiss).
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Images were acquired using a 40X/1.30 Plan-NEOFLUAR oil-objective
with the pinhole set at 1 wm and using a 2.5X digital zoom of the 543 nm
laser for Cy-3 (LSM 5 Image Browser, Zeiss). Image analysis for the
quantification of fibers was performed as described previously, using
Image] (Sathyanesan et al., 2012). Super-resolution three-dimensional
(3D)-structured illumination microscopy (SIM) Z-series images were ac-
quired for the imaging of 20-um-thick midbrain slices using a DeltaVision
OMX super resolution microscope (GE Healthcare). We used a 65X
objective, using an oil refractive index of 1.52 (Prolog Gold). All images
were generated from two independent slices of each mouse (number of
mice as indicated in figure legends) and were restricted to a maximum of
15 z-slices/mouse of the dorsal raphe and adjacent periaqueductal gray
area with a 1.5 uwm thickness at 0.125 nm resolution (see Fig. 2A). Recon-
struction of 3D-SIM images was performed using API DeltaVision OMX
softWoRx software (GE Healthcare), and two independent researchers,
who were blinded to genotype, performed the synapse and axonal measure-
ment and colocalization analysis. Individual puncta or fibers were selected
using the region of interest tool and colocalization assessed in the volume
selected. Colocalization of two proteins was quantified by the correlation in
fluorescence signal in pixels corresponding to 0.1 wm?, where Pearson cor-
relation coefficients >1.0 and <0.1 were considered positive and negative
colocalization, respectively. Initial analysis in WT samples are shown in Fig-
ure 2, where we established the mean diameter of SERT * puncta present in
axons and synapses. The size and pattern of punctate structures and positive
colocalization of SERT with the presynaptic marker synaptophysin identi-
fied synapses, and only synapses measuring 0.9870 % 0.025 wm in diameter
were quantified. Image acquisition and analysis were performed at the Van-
derbilt Cell Imaging Shared Resource.

Blood collection, midbrain dissections, and 5-HT and 5-HIAA neuro-
chemistry. Mice were killed by isoflurane overdose followed by cervical
dislocation, and blood was collected in sodium citrate via cardiac punc-
ture. Midbrains were dissected by peeling off the cortex and cerebellum
to expose the third ventricle and the aqueduct and making two coronal
sections at the beginning of the superior colliculus at bregma —3.4 mm
and another at the end of the inferior colliculus at bregma —5.2 mm.
Samples were analyzed for 5-HT and 5-hydroxyindoleacetic acid (5-
HIAA) by high-pressure liquid chromatography (HPLC) using an Antec
Scientific Decade II Electrochemical Detector (oxidation, 0.5) operated
at 33°C in the Vanderbilt University Brain Institute Neurochemistry
Core. Twenty microliter samples of the supernatant from trichloroacetic
acid tissue extracts were injected via a Waters 717+ Autosampler onto a
Phenomenex Nucleosil CIS8HPLC column (5 units, 100 A; 150 X 4.60
mm). Amines were eluted with a mobile phase consisting of 89.5% 0.1 m
trichloroacetic acid, 10 ~2 M sodium acetate, 10 ~* M EDTA, and 10.5%
methanol, pH 3.8. Solvent was delivered at 0.6 ml/min by using a Waters
515 HPLC Pump.

Synaptoneurosomal uptake and binding measures. Syaptoneurosomes
were used in this study to preserve integrin—extracellular matrix (ECM)
interactions. Saturation kinetic and competition analyses of 5-HT uptake
were performed as previously described (Mazalouskas et al., 2015). Briefly,
crude synaptoneurosomal pellets were prepared by homogenization of
midbrain tissue (in 0.32 M sucrose with 4 mm HEPES, pH 7.4, containing
0.1 mm CaCl, and 1.0 mm MgCl,). The resulting synaptoneurosomal
pellet was resuspended in uptake buffer (1X Krebs-Ringer Solution,
HEPES buffered, containing 1.8 g/L glucose, 100 um pargyline, and 100
M ascorbic acid). For saturation analysis, 50 ug of synaptoneurosomes
were incubated with increasing concentrations of [*H] 5-HT (12.5-400
nMm) for 10 min at 37°C. Uptake was terminated by filtration through
polyethyleneimine-coated GF/B Whatman filters using a Brandel Cell
Harvester. Filters were washed and immersed in scintillation liquid for
8 h before quantification of accumulated radioactivity by scintillation
spectrometry (Beckman Coulter). Counts obtained from the filtered
samples were corrected for nonspecific uptake using parallel samples
incubated at 37°C with 1.0 um paroxetine. For dopamine uptake exper-
iments, striatal synaptosomes were incubated with increasing concentra-
tions of [*H] dopamine (25-800 nm) and 100 uM cocaine was used to
correct for nonspecific uptake.

For binding of [*H] citalopram to purified presynaptic membranes to
calculate B, values, synaptoneurosomal pellets were hypotonically
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lysed in 10 volumes of H,O, equilibrated to 50 mm Tris, pH 7.4, and
rotated end-over-end for 20 min at 4°C. Plasma membranes were pel-
leted via centrifugation at 15,000 X g for 25 min at 4°C and resuspended
in binding buffer (50 mm Tris, pH 7.4, 120 mm NaCl, and 5 mm MgCl,).
Purified membranes (45 ug) were preincubated in the absence or pres-
ence of 1.0 uMm paroxetine for 30 min at 4°C, followed by incubation with
increasing concentrations of [*H] citalopram (6.25-400 nm) for 20 min
at 4°C. Binding was terminated by filtration as described above.

For studies examining the effects of kinase inhibitors on SERT-
mediated [*H] 5-HT uptake in WT and KI samples, synaptoneurosomes
(50 ng) were incubated with 100 nm SKI-606 or PF-573228 for 10 min at
37°C in the presence or absence of 1.0 um paroxetine. After this incuba-
tion period, increasing concentrations of [*H] 5-HT (12.5-400 nm) were
added, and samples were incubated for 10 min at 37°C. Termination of
uptake and filtration was performed as described above.

Western blotting and coimmunoprecipitation. Crude synaptoneuro-
somes were lysed in 1% Triton X-100 in PBS (containing protease and
phosphatase inhibitors) and clarified by centrifugation at 13,000 X g for
10 min at 4°C. Lysates were collected for input (50 ug), and 800 ug of
protein extract was incubated with integrin 83 antibody (2C9.G2 ham-
ster anti-mouse 33, BioLegend) covalently attached to protein A mag-
netic beads (Dynabeads, Life Technologies/Invitrogen) for 1 h at 4°C
with end-over-end rotation. Beads were isolated magnetically and washed
with lysis buffer. Coimmunoprecipitated proteins were eluted with 1X
Laemmli sample buffer and either boiled for 5 min or heated to 37°C for
10 min. Lysates and immunoprecipitates were resolved on Tris-Glycine
polyacrylamide gels (Life Technologies) and transferred to Immobilon-P
0.45 um PVDF (Millipore) to perform Western blot analysis. Proteins
were detected by chemiluminescence and exposed to Hyperfilm through
multiple exposures to ensure linear distribution of the signal. Films were
scanned, and band densities were established using Image] software
(National Institutes of Health).

Data analyses. All data were analyzed using GraphPad Prism software
(Prism 6, GraphPad Software). Imaging analyses took into consideration
the number of events (axons, synapses, or slices), which are reported in
the figure legends. The number of biological replicates (number of ani-
mals, N) is indicated in the Results section. The reported data for imag-
ing studies originates from the initial analysis by the first experimenter.
However, a second blinded experimenter also quantified the images, and
no significant differences were observed between the means of the first
and second experimenter. The minimum number of technical replicates
for all experiments, which is defined by the number of cohorts of animals,
is three. The Michaelis—Menten curve fit as a function of ligand concentra-
tion revealed K, and V, .. values in uptake and K, and B, ,, in binding
experiments, respectively. Statistical analysis of individual representative
curves was performed by multiple # testing using the Holm-Sidak
method with @ < 0.05. Tests where two independent variables were
assayed were analyzed using a two-way ANOVA and Bonferroni correc-
tions for multiple testing between categories (indicated in figure leg-
ends). Remaining data were analyzed using an unequal variance Welch ¢
test, ®<<0.05. Raw data are presented, with the means = SEMs shown as
line and whiskers.

Results

The human Pro33 variant is associated with attention-deficit
hyperactivity disorder and ASD in males, but not females

We used the systematic approach of a PheWAS to identify novel
neuropsychiatric phenotypes associated with the rs5918 Leu33Pro
coding polymorphism (Denny et al., 2010, 2011, 2013). We lever-
aged extant genotyping data from a large DNA databank, termed
BioVU, composed of deidentified patient samples and corre-
sponding electronic medical record-derived phenotype data
from Vanderbilt University Medical Center (Roden et al., 2008).
The genotype data, including for rs5918, was obtained from the
[lumina HumanExome Chip and included 11,419 males and
13,609 females, adjusted for age and stratified by sex. The pooled
minor allele frequency (C allele) across all racial groups is 0.1494
in the BioVU Exome Chip stratified as follows: CC, 2%; CT, 25%;
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Table 1. Human PheWAS identifies neuropsychiatric disorders associated with the integrin 33 coding polymorphism Leu33Pro (rs5918)
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Adult females Adult males
(ase Control (ase Control
Psychiatric disorder patients subjects OR pvalue patients subjects OR pvalue
ADHD 54 13,561 1.24 0.3745 46 11,371 2.09 0.0074
Pervasive developmental disorders (ASDs) 66 13,561 1.21 0.4067 61 11,371 1.91 0.0018
Schizophrenia 47 8478 0.97 0.9260 29 8404 0.39 0.0683
Suicidal ideation or attempt 48 8478 1.18 0.5325 55 8404 0.58 0.0872
Antisocial/borderline personality disorder 39 8478 0.92 0.7924 14 8404 0.19 0.1061
Suicidal ideation 26 8478 1.53 0.1970 30 8404 0.48 0.1108
Major depressive disorder 499 8478 1.08 0.3699 273 8404 1.18 0.1328
Psychogenic and somatoform disorders 92 8478 0.84 0.4269 21 8404 0.41 0.1331
Agoraphobia, social phobia, and panic disorder 121 8478 1.7 0.3423 54 8404 0.66 0.1717
Transient alteration of awareness 48 11202 0.81 0.4855 31 9205 0.58 0.1989
Obsessive-compulsive disorders 30 8478 0.90 0.7733 17 8404 1.58 0.2542
Personality disorders 66 8478 0.86 0.5331 32 8404 0.64 0.2689
Generalized anxiety disorder 189 8478 0.84 0.2440 101 8404 1.22 0.2700
Other specified nonpsychotic and/or transient mental disorders 612 11,202 1.04 0.6052 630 9205 0.92 0.3314
Posttraumatic stress disorder 134 8478 1.03 0.8740 55 8404 1.24 0.3703
Eating disorder 35 8478 1.50 0.1554 6 8404 1.72 0.4136
Anxiety, phobic and dissociative disorders 1968 8478 1.00 0.9188 950 8404 0.95 0.4144
Anxiety disorder 1559 8478 0.95 0.3228 731 8404 0.95 0.4749
Aphasia/speech disturbance 242 11,202 1.18 0.1526 237 9205 0.91 0.4904
Bipolar 226 8478 0.74 0.0350 152 8404 1.10 0.5250
Dysthymic disorder 419 8478 1.10 0.3009 177 8404 0.93 0.6514
Mental retardation 48 13,561 0.87 0.6415 48 11,371 0.92 0.7791
Depression 2370 8478 1.04 0.3252 1276 8404 0.99 0.8735
Mood disorders 2565 8478 1.04 0.4239 1435 8404 1.00 0.9278
Conduct disorders 36 13,561 0.92 0.8067 42 11,371 0.99 0.9675

Odds ratios (ORs) are reported as increased risk for the rare allele Pro33. p values are presented as raw, uncorrected values. Italics is used to indicate disorders with statistically significant associations.

and TT, 73%. We tested for association across 25 PheWAS codes
corresponding to psychiatric conditions. Two associations sur-
passed a Bonferroni correction threshold (0.05/25 = 0.002) in
males, but not in females (Table 1): attention-deficit hyperactiv-
ity disorder (ADHD; males: OR = 2.09; 95% CI = 1.33-3.28;
females: OR = 1.24;95% CI = 0.77-2.02) and ASD (males: OR =
1.91; 95% CI = 1.27-2.86; females: OR = 1.21; 95% CI =
0.78-1.88).

KI mice display alterations in behaviors

As loss of integrin 33 expression has been implicated in the reg-
ulation of behaviors associated with social communication
(Carteretal., 2011), we examined the behavior of male KI mice in
a battery of tests measuring anxiety, behavioral despair, repeti-
tive, and social behaviors (Table 2; Brocco et al., 2002; Cryan and
Holmes, 2005; Cryan et al., 2005a,b; Thakker et al., 2005). The
open field test revealed that, although both genotypes traveled
similar distances in a familiar environment, exploratory activity
in a novel environment was significantly reduced in KI mice
when compared with WT mice. When subjected to an elevated
zero maze, KI mice displayed similar locomotor activity and
spent the same time as WT littermates exploring the arms of the
maze, but KI mice entered the open quadrants significantly less
often than WT mice. We obtained discordant genotype effects in
behavioral despair tests, where KI mice demonstrated a greater
immobility time during the tail suspension test but no differences
in the forced swim test. To measure repetitive behavior, we used
the marble-burying test, which revealed that KI mice bury fewer
marbles than WT littermates. Two different tests were used to
measure social behaviors in KI mice. The three-chamber test was
used to measure the preference of mice for a novel social cue
compared with an object or a known social cue. The object versus
mouse test measures sociability, which was similar between WT
and KI mice, as both genotypes spent more time sniffing the

social cue (mouse). KI mice displayed a deficit in social prefer-
ence as they spent the same amount of time interacting with a
known mouse and a novel mouse, while WT mice spent signifi-
cantly more time interacting with novel mice. We then per-
formed two different social reciprocity tests to identify qualitative
alterations in social interactions in KI mice. In the first, we ob-
served the interaction between two littermates (genotypes were
randomized) to assess the initiation of contact and sniffing in
each mouse. KI mice initiated a smaller number of contacts and
spent less time interacting with their littermate. During this in-
teraction, KI mice also initiated a smaller number of sniffing
events and spent less time sniffing when compared with WT lit-
termates. We then exposed each mouse to a novel male mouse
(genotypes randomized). In this paradigm, KI mice also initiated
fewer contacts and spent less time within each contact, but their
sniffing behavior was comparable to those observed in WT mice.
As the social tests demand appropriate identification of olfactory
cues, we exposed mice to two olfactory stimuli, a nonsocial stim-
ulus (banana extract) and a social stimulus (urine). Both geno-
types performed equally in this test, indicating that the social
deficits observed in KI mice do not result from alterations in the
recognition of olfactory stimuli.

Altered 5-HT neurochemistry and anatomy in KI mice

The association of the human Pro33 integrin 83 variant with
elevated blood 5-HT levels prompted us to examine peripheral
and central levels of 5-HT and its metabolite 5-HIAA in KI mice.
HPLC studies of blood samples revealed elevated levels of 5-HT
and decreased 5-HT turnover, as determined by an increase in the
5-HT/5-HIAA ratio in whole blood of KI mice (Fig. 1A; 5-HT:
p = 0.04; 5-HT/5-HIAA ratio: p = 0.02; WT mice: N = 11; KI
mice: N = 8). In the midbrain and hippocampus, no genotype
differences were observed in 5-HT levels, although 5-HT turn-
over was decreased (Fig. 1B: 5-HT/5-HIAA ratio, p = 0.03; WT
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Table 2. Behavioral characterization of male KI mice
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WT KI
Behavior Mean SEM N Mean SEM N pvalue
Open field
Ambulatory distance-acclimated 2195.00 * 252.60 13 1943.00 * 322.80 8 0.547
Ambulatory distance-novel 3964.47 * 456.82 13 2480.14 * 103.00 8 0.017
Stereotypy 5750.08 * 223.42 13 5244.63 * 112.50 8 0.258
9 Time in the center of the arena 10.57 * 5.10 13 18.90 * 2.87 8 0.696
Elevated zero maze
Distance traveled (m) 7.66 * 0.69 15 5.85 * 0.23 8 0.090
Number of entries in Open 13.13 * 1.46 15 9.13 * 0.36 8 0.025
% Time in the closed arm 34.21 * 248 15 38.15 * 441 8 0.451
Forced swim test
Latency to immobility (s) 54.87 + 13.74 15 57.50 =+ 12.62 8 0.889
Immobility in the last 4 min (s) 87.21 * 10.12 15 91.75 * 19.17 8 0.838
Tail suspension test immobility (s) 249.60 * 12.90 8 314.50 + 10.00 5 0.002
Marble burying score 26.50 * 232 6 18.50 * 1.67 6 0.021
Social reciprocity-novel mouse
Number of contacts 11.00 * 243 10 4.78 * 1.52 9 0.047
Duration of active contact 55.48 * 11.62 10 20.96 * 7.65 9 0.025
Number of sniffing events 15.50 * 3.65 10 8.22 + 2.58 9 0.124
Time spent sniffing 6.72 * 1.60 10 3.91 * 1.13 9 0.172
Social reciprocity-littermate
Number of contacts 10.38 * 1.37 13 5.90 * 0.91 10 0.013
Duration of active contact 37.21 * 6.15 13 20.63 * 4.59 10 0.042
Number of sniffing events 13.69 * 1.76 13 7.20 + 1.35 10 0.008
Time spent sniffing 5.28 * 0.75 13 2.61 * 0.50 10 0.008
Mean 1 Mean 2 Mean 1 Mean 2
3-Chamber
Object vs social 38.02 78.12 6 22.05 64.70 6 WT = 0.002, KI = 0.001
Known mouse vs novel mouse 34.78 78.38 5 27.23 58.32 6 WT=0.015, Kl = 0.051
Olfactory test
Object vs social 23.10 52.63 6 21.712 37.48 6 WT = 0.0006, KI = 0.031
Behaviors that show a significant difference between genotypes are shown initalics ( p << 0.05). All data was analyzed using unpaired Student’s t test with Welch's correction, except in social tests, where Bonferroni-corrected post-tests are
shown.
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Figure 1.  Altered 5-HT neurochemistry in integrin 33 KI mice. A-D, HPLC analyses of 5-HT and 5-HT turnover (5-HT/5-HIAA ratio) in whole blood and isolated regions of the mouse CNS.

A-D, Blood was extracted by cardiac puncture for measurement of whole-blood 5-HT and 5-HIAA (5-HIAA levels: WT mice, 18.36 == 2.76; KI, 13.44 = 2.11,p = 0.17; 5-HT, p = 0.04; 5-HT/5-HIAA
ratio, p = 0.02; WT mice, N = 11; KI mice, N = 8; 4), and 5-HT and 5-HT turnover for midbrain (5-HIAA levels: WT mice, 10.67 == 0.83; Kl mice, 7.87 == 0.24; p = 0.005; 5-HT/5-HIAA ratio: p =
0.03; WT mice, N = 14; Kl mice, N = 5; B), hippocampus (5-HIAA levels: WT mice, 4.37 = 0.53; KI mice, 4.26 == 0.38; p = 0.35; 5-HT/5-HIAA ratio: p = 0.03; WT mice, N = 11; KI mice, N = 5;
(), and cortex (5-HIAA levels: WT mice, 2.34 == 0.16; Kl mice, .13 = 0.12; p = 0.39; WT mice, N = 10; Kl mice, N = 5; D). E, Representative Western blot of synaptosomes isolated from midbrain,
hippocampus, and cortices of Kl and WT mice. Samples were exposed to anti-SERT antibodies (SERT: WT mice, N = 4; KI mice, N = 3), integrin 33 (WT mice, N = 5; Kl mice, N = 6), integrin cv
(WT mice, N = 6; Kl mice, N = 4) and GAPDH (WT mice, N = 5; Kl mice, N = 6). All data were analyzed using an unpaired t test with Welch’s correction. *p << 0.05.

mice, N = 14; KI mice, N = 5; Fig. 1C: 5-HT/5-HIAA ratio, p =
0.03. WT mice, N = 11; KI mice, N = 5). No changes in 5-HT
neurochemistry were observed in the cortices of KI mice when
compared with wild-type littermates (Fig. 2D; WT mice, N = 10;
KI mice, N = 5). Western blot analysis of the synaptosomes iso-

lated from midbrain, hippocampus, and cortices of KI and WT
mice shows no changes in the expression levels of either SERT
(WT mice, N = 4; KI mice, N = 3), or the B3 (WT mice, N = 5;
KI mice, N = 6) and av (WT mice, N = 6; KI mice, N = 4)
subunits of the integrin av[33 receptor (Fig. 1E).
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Figure2.  Immunofluorescence studies of midbrains isolated from integrin 83 KI mice. Serial slices of midbrains (distance from bregma, —4.4 to —4.9 mm) were stained with anti-SERT and
anti-synaptophysin antibodies for identification of 5-HT fibers and synapses. A, Representative confocal (left panels; scale bar, 50 r.m), OMX spiral mosaic (middle), and 3D-SIM (left; scale bar, 2
um) microscopic images showing SERT staining. The same WT (top) and KI (bottom) slices were imaged in confocal and OMX microscopes (compare left and middle panels). Dorsal raphe regions
sampled by 3D-SIM can be seen in middle panels as quenched areas. B, SERT-expressing fibers were quantified by optical density analysis of confocal images (N = 6 mice/genotype). C, Frequency
distribution of the diameter of SERT-expressing puncta obtained by 3D-SIM. Means and SEM in micrometers are indicated in the histogram and N values represent the total number of events obtained
from multiple images (N = 4 WT mice). Small puncta (axonal vesicles) are indicated by arrows and large puncta (synapses) by arrowheads in representative figure in the right. D, Quantification of
the number of puncta ~1 wm in diameter expressing synaptophysin from WT and Kl images (WT, 19 images; K|, 18 images; N = 3 mice per genotype). E, Quantification of the number of axons
expressing SERT in images obtained from WT and Kl slices (WT, 52 images; KI, 59 images; N = 3 mice/genotype). F, Quantification of the number of puncta coexpressing SERT and synaptophysin
(WT, 52 images; KI, 56 images; N = 3 mice/genotype; p = 0.001). G, Quantification of the diameter of synapses expressing SERT and synaptophysin (WT, 496 synapses; KI, 377 synapses; N = 3
mice/genotype). All data were analyzed using unpaired t test with Welch’s correction. ***p = 0.001.

Multiple integrins are involved in axonal pathfinding and tar-  ine fiber density in the midbrains of WT and KI mice, we stained
geting during CNS development and, therefore, may influence  brain sections with SERT antibodies. Confocal analysis of slices
the migration of 5-HT axons to terminal fields (Clegg et al., 2003;  revealed a similar density of SERT-expressing fibers in the dorsal
Blaess et al., 2004; Gu et al., 2009; Murase et al., 2011). To exam-  raphe and adjacent periaqueductal gray areas (distance from
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Figure 3.

SERT function is altered in KI mice. A, Representative kinetic saturation curves of SERT-mediated [*H] 5-HT uptake in midbrain synaptoneurosomes from WT (L) and KI (@) mice.

B, Analysis of maximum SERT-mediated 5-HT transport velocity (V,,) from pooled kinetic saturation experiments (unpaired t test with Welch’s correction, p = 0.033; N = 6 per genotype). (, 5-HT
competition of [H] MPP * (1-methyl-4-phenylpyridinium) uptake. N = 4 per genotype. D, [*H] citalopram binding to intact synaptoneurosomes. N' = 8 per genotype. E, Plasma membrane
fractions from WT and KI synaptoneurosomes were analyzed by Western blotting for levels of SERT and Na /K * ATPase (loading control). Representative blots (E, top) and quantification for N =
5 mice per genotype (E, bottom) are shown. F, Analysis of saturation [*H] citalopram binding to purified synaptoneurosome plasma membranes. N = 3 per genotype. *p << 0.05.

bregma, —4.4 to —4.9 mm; Fig. 2A, left panels, B; N = 6 per
genotype). To better assess changes in fine anatomy and to dif-
ferentiate axons and synapses, we used super-resolution 3D-SIM
techniques (Mazalouskas et al., 2015). This technique allows the
imaging of the same slices in confocal and OMX microscopes, as
shown in Figure 2A. The image field of each OMX microscope is
bleached and reconstructed digitally, revealing a series of SERT-
expressing fibers and synapses. To define those two populations,
we first measured the diameter of SERT-expressing puncta and
observed the following two distinct populations: a population
measuring ~0.15 um (Fig. 2C, arrows) and a population mea-
suring ~1.0 um (Fig. 2C, arrowheads), which were defined as
axonal vesicles and synapses, respectively (Fig. 2C; N = 4 WT
mice). We then counted the number of synapses expressing syn-
aptophysin (Fig. 2D), axons (Fig. 2E), and synapses expressing
SERT (Fig. 2F) in images obtained from WT and K slices (N = 3
mice/genotype). We observed an ~30% reduction in the number
of synapses expressing SERT in KI slices (Fig. 2F; p = 0.001; N =3
mice/genotype), although no differences were observed in the
total number of synapses or SERT * fibers. SERT ¥ synapses also
had comparable diameter in WT and KI samples (Fig. 2G; N = 3
mice/genotype). Together, we have observed small but signifi-
cant reductions in serotonergic synapses and 5-HT turnover in
the midbrains of mice expressing the Pro32Pro33 integrin, sug-
gesting that constitutive activation of integrin avf33 alters both
the homeostasis and structure of the 5-HT system.

Synaptic SERT function is impaired in KI mice

Initial studies associated genetic variation in Itgh3 with changes in
5-HT homeostasis via the physical and functional interaction of
the integrin B3 protein with SERTs (Carneiro et al., 2008; Whyte
et al., 2014; Mazalouskas et al., 2015). To determine whether the

Pro32Pro33 mutation in integrin 83 also alters midbrain 5-HT
uptake, we measured synaptic SERT activity in WT and KI mice
(Fig. 3). Saturation 5-HT uptake assays using midbrain synap-
toneurosomes demonstrated decreased SERT activity in KI mice
compared with WT mice. Representative 5-HT saturation curves
are shown in Figure 3A. There was no significant difference in
transporter affinity (K,,) for 5-HT between phenotypes (WT:
34.4 = 4.7 nM, N = 6; KI: 30.7 = 6.7 nM, N = 6); however, we
observed a 40% reduction in transporter capacity (V,,,,) in KI
synaptoneurosomes (Fig. 3B; p = 0.03; N = 6 per genotype).
Dopamine transporter-mediated uptake of dopamine in samples
isolated from the striatum, the major organizing center for the
dopaminergic system (Joel and Weiner, 2000), was not affected
by the Pro32Pro33 mutation (K,,;: WT:83.6 == 10.2 nm; N = 3; KI:
64.6 = 36.52 nM; N = 3; V..« WT: 117.4 £ 4.2%; N = 3; KI:
99.5 = 15.4%; N = 3). Thus, the observed Pro32Pro33 integrin-
B3-driven changes in midbrain 5-HT uptake do not result from a
general dysfunction in monoamine uptake.

The observed decrease in SERT-mediated 5-HT uptake in KI
mice could result from changes in 5-HT potency, SERT availabil-
ity, or SERT catalytic activity. 5-HT potency was unaltered in KI
mice, as measured by an MPP * competition assay (Fig. 3G; N =
4 mice/genotype), and the binding of *[H] citalopram to intact
synaptosomes indicates that there are no changes in SERT pro-
tein levels at synaptic terminals (Fig. 3D; N = 8 per genotype).
Analysis of purified presynaptic membranes (Phillips et al., 2001)
from WT and KI midbrains did not reveal any changes in surface
levels of SERT protein by Western blot (Fig. 3E; WT mice, N = 5;
KI mice, N = 4) or in saturation [*H] citalopram binding to
purified membranes (Fig. 3F; N = 5 per genotype). These find-
ings indicate that the changes in SERT function in KI mice were
likely a result of decreased catalytic activity, where the transport
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SERT association with integrin signaling complexes is decreased in KI mice. A, SIM depicting colocalization of synaptophysin and SERT in integrin 33-positive (top inset) and

[33-negative (bottom inset) WT midbrain synapses. Inset graph, Proof-of-principle colocalization analysis between SERT and synaptophysin showing significant increases in Pearson R score in
synapses (diameter, ~1 pm), when compared with axons. N = 26 axons; N = 63 synapses. Images were obtained from four WT mice. B, SIM images depicting colocalization of talin (blue), SERT
(red), and integrin 33 (green) in WT (top) and KI (bottom) midbrain synapses. Arrow, colocalization of talin and SERT. Arrowhead, Talin-containing synapse absent of SERT. €, Frequency distribution
of Pearson’s R scores for synapses positive for SERT/talin colocalization (data presented on the top of graph as the mean == SEM; unpaired t test with Welch’s correction, p << 0.0001; number of
synapses: WT, N = 147;Kl, N = 262). D, SIM images depicting colocalization of synaptophysin (green), SERT (red), and pFAK(Y397; blue) in WT (top) and KI (bottom) midbrain synapses. Arrow,
Colocalization of pFAK and SERT. Arrowhead, pFAK-containing synapse absent of SERT. E, Frequency distribution of Pearson’s R scores for synapses positive for SERT/pFAK colocalization (data
presented on the top of graph as the mean == SEM; unpaired ¢ test with Welch’s correction, p << 0.0001; number of synapses: WT, N = 147;KI, N = 262). For B—E: 3 animals/genotype. F—H, Lysates
(Lys) and integrin 33 immunoprecipitates (IPs) from WT and KI midbrain synaptoneurosomes were analyzed by Western blotting and densitometry for levels of integrin 33 and SERT. SNAP25 levels
were determined as a loading control. Representative blots are shown in F, in which a lower exposure for SERT (“SERT*”) was necessary to clearly depict lysate SERT levels. G, Quantification of
synaptosomal protein lysates (50 1.g) for SERT expressionin WTand KI (N = 9 per genotype). H, Quantification of coimmunoprecipitated SERT from 12 biological replicates (WT/KI pairs), p = 0.023.
For Gand H: raw densitometry values were normalized to the average of WT values for each technical replicate. Number of technical replicates, 3. All data were analyzed using unpaired t test models

with Welch's correction: *p << 0.05; ****p < 0.0001.

of each 5-HT molecule (V,
synapses.
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Decreased association of SERT with integrin adhesion
complexes in KI synapses

Our laboratory demonstrated that SERT and avf33 receptors
colocalize in midbrain presynaptic terminals (Mazalouskas et al.,
2015), suggesting that SERT is localized to multiprotein com-
plexes coordinated by integrin av33 in midbrain synapses. Pre-
vious studies suggest that in platelets, the association of SERT
with activated odIb3 integrins, and its localization to adhesion
complexes, are correlated with increased uptake activity (Car-
neiro et al., 2008). Here we used 3D-SIM (Allen et al., 2014;
Mazalouskas et al., 2015), an unbiased approach for identifying
protein colocalization, to quantify the colocalization of SERT and

focal adhesion markers in WT and KI midbrain synapses. Colo-
calization was quantified by the correlation in fluorescence signal
in pixels corresponding to 0.1 um?, where Pearson correlation
coefficients >0.1 and <0.1 were considered to be positive and
negative colocalization, respectively. This is demonstrated in Fig-
ure 4A, in which a WT midbrain slice stained for integrin 33,
SERT, and synaptophysin identified both integrin B3-positive
(Fig. 4A, top, inset) and [33-negative (Fig. 4A, bottom, inset)
synapses. As a proof of principle, we calculated average Pearson
R scores for colocalization between SERT and synaptophysin, a
presynaptic marker, in synapses and axons, and observed that
Pearson correlation scores are significantly higher (Pearson R =
0.476 * 0.017) in synapses than axons (Pearson R = 0.019 *
0.004; N = 4 WT mice). We quantified the synaptic colocaliza-
tion of SERT and focal adhesion markers talin (Fig. 4B,C) and
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Table 3. Protein colocalization in WT and Kl Synapses
Pearson R > 0.1 (%)

Protein markers W1 KI X

SERT and Talin 83 49 X, df=25.76,1
z=15.075,p < 0.0001

SERT and pFAK 88 74 X df=6.368,1
z7=2523,p=0.0116

PFAK and Synaptophysin 76 88 X df = 4.878,1

z7=2.209,p = 0.0272

Significant genotype differences in the number of synapses are indicated in italics. Structured illumination micros-
copy of WT and KI midbrain slices was used to quantify the colocalization of the listed proteins within SERT-positive
synapses. The x? test was used to compare the proportion of synapses with a Pearson score >0.1 to the total
number of synapses (shown here as percentages) between genotypes.

pFAK (Fig. 4 D, E). In WT midbrain synapses, talin was present in
83% of SERT-positive synapses (as measured by an R > 0.1 Pear-
son correlation score), while only 49% of SERT-positive KI syn-
apses contained talin (Table 3; N = 3 mice/genotype). Within
those synapses coexpressing SERT and talin, there was a signifi-
cant reduction in colocalization between SERT and talin in KI
mice, as revealed by the difference in mean Pearson correlation
coefficients, compared with WT mice (Fig. 4C; p < 0.0001). We
also observed that a population of synapses with high correlation
scores (>0.6) is absent from KI samples. In WT midbrain syn-
apses, pFAK was present in 87% of SERT-containing synapses,
whereas only 74% of SERT-positive KI synapses contained pFAK
(Table 3; N = 3 mice/genotype). Within those synapses, we also
observed a significant reduction in colocalization between pFAK
and SERT in KI synapses, as revealed by the difference in mean
Pearson correlation coefficients (Fig. 4E), suggesting that consti-
tutive activation of integrin 33 decreases the association of SERT
with integrin adhesion complexes. Moreover, we observed an in-
crease in the colocalization of pFAK and synaptophysin in SERT-
positive synapses in KI midbrains (Table 3), indicating that synaptic
integrin signaling is elevated by the Pro32Pro33 mutation.

To determine whether the Pro32Pro33 mutation affects the
avf33 receptor—SERT interaction in midbrain synapses, we per-
formed coimmunoprecipitation experiments. Western blot anal-
ysis of midbrain synaptoneurosomal lysates confirmed similar
expression of the integrin 3 subunit (~100 kDa) and SERT
proteins in both genotypes (Fig. 4F; representative blot of N =
12). Equal amounts of the integrin 83 subunit were immunopre-
cipitated from WT and KI starting material; however, the amount
of SERT coimmunoprecipitated with integrin 83 was reduced by
30% (Fig. 4H; WT mice, N = 13; KI mice, N = 12). Quantifica-
tion of total and integrin B3-associated SERT levels from 12 sep-
arate experiments are shown in Figure 5, G and H, respectively.
These results demonstrate that the Pro32Pro33 mutation in in-
tegrin 33 is sufficient to reduce the interaction between SERT and
integrin av3—protein complexes in midbrain synapses.

Rescue of synaptic SERT function by inhibition of FAK

Integrin activation promotes the formation of signaling com-
plexes and the initiation of signaling via specific tyrosine kinases,
such as Src and FAK, to regulate a variety of cellular functions
(Cabodi et al., 2010). We previously found that platelets from KI
mice have elevated Src activity (Oliver et al., 2014), and multiple
studies from other groups have identified alterations in FAK ac-
tivity in platelets and cells that express the human Pro33 integrin
B3 (Vijayan et al., 2003b; Carneiro et al., 2008). Given our data
demonstrating suppressed SERT function in KI synapses that
contain the Pro32Pro33 integrin 33 subunit, we hypothesized
that increased signaling from integrin-regulated tyrosine kinase
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drives this phenomenon. To identify contributing kinases, we
monitored SERT-mediated uptake of radiolabeled 5-HT in mid-
brain synaptoneurosomes in the presence of small-molecule in-
hibitors that target Src or FAK. Representative saturation curves
following Src or FAK inhibition are shown in Figure 5, A and D,
respectively, and V,,, plots from pooled data are shown in Figure
5, Band E, respectively. Treatment with the dual Src/Abl tyrosine
kinase inhibitor SKI-606 blocked 5-HT uptake in WT synap-
toneurosomes but had no effect on SERT activity in KI synap-
toneurosomes (Fig. 5B; vehicle, N = 5 per genotype; SKI-606,
N = 3 per genotype. Bonferroni-corrected post-tests: vehicleyyr s k1>
P =0.012; WT picie vs ski-g06 P = 0.013). However, the inhibition
of FAK with PF-573228, while not affecting SERT function in WT
synaptoneurosomes over a range of concentrations (Fig. 5C; N =
8), completely restored 5-HT uptake in KI synaptoneurosomes
(Fig. 5E; vehicle, N = 7 per genotype; PF-573228, N = 5 per
genotype; Bonferroni-corrected post-tests: vehicleyr s xp P =
0.002; KT ehicie vs pE-573228 P = 0.028). This suggests that increased
FAK signaling downstream of integrin 33 subunits containing
the Pro32Pro33 mutation is driving the suppression of SERT
V max Observed in the midbrain synaptoneurosomes of KI mice.
Discussion

Integrins are transmembrane proteins that interact with the ECM
to link the extracellular environment to the intracellular cytoskel-
eton. Integrin/ECM engagement initiates signaling cascades that
drive a variety of cellular functions, including adhesion, motility,
and transcription (Hynes, 2002). Of several lines of evidence link-
ing ITGB3 with the 5-HT system, the role of the coding polymor-
phism Leu33Pro (rs5918, P1*?) is perhaps the best characterized
(Weiss et al., 2006a,b; Coutinho et al., 2007; Ma et al., 2010;
Napolioni et al., 2011). This polymorphism in the integrin 33
subunit produces a hyperactive av33 receptor and is associated
with elevated whole-blood 5-HT levels and ASD in multiple stud-
ies (Coutinho et al., 2007; Napolioni et al., 2011; Singh et al,,
2013) and was validated here using an unbiased approach (Denny
etal., 2013). We also observed a significant male-specific associ-
ation of the Pro33 allele with ADHD risk, reinforcing a role of cell
adhesion receptors on attention deficit both in human and
mouse (Kent et al., 2008; Lasky-Su et al., 2008; Arias-Véasquez et
al., 2011; Rivero et al., 2015; Salatino-Oliveira et al., 2015; Tza-
noulinou et al., 2016). The genetic studies also may indicate a com-
mon mechanism causing 5-HT dysfunction, hyperactivity (Banerjee
and Nandagopal, 2015; Whitney et al., 2016), and ASD (Muller et al.,
2016) and thus prompted us to examine the relationship between
integrin coding variation and CNS 5-HT function.

The reduced exploratory and social behaviors, and blood hy-
perserotonemia observed in KI males are all core phenotypes
observed in animal models of ASD (Silverman et al., 2010). In-
tegrin avB3 interacts functionally and/or physically with multi-
ple proteins associated with ASD, including the plasminogen
activator-urokinase receptor (PLAUR; Xue et al., 1997; Eagleson
et al., 2011), thrombospondin 1 (THBSI; Gao et al., 1996; Lu et
al., 2014), phosphatase and tensin homolog (PTEN; Yoganathan
et al., 2000; Frazier et al., 2015), exostosin 1 (EXT'1; Osterholm et
al., 2009; Irie et al., 2012), and SERT (SLC6A4; Prasad et al., 2005;
Sutcliffe et al., 2005; Carneiro et al., 2008; Veenstra-VanderWeele
et al,, 2012). Of those functional interaction partners, the be-
havioral profile of KI mice best recapitulates those observed in
multiple models of SERT dysfunction, both genetic and pharma-
cological (Zhao et al., 2006; Ansorge et al., 2008; Joeyen-Waldorf
et al., 2009). The alterations in behaviors in KI mice, including
reduced ambulatory activity in the open field, reduced number of
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Figure 5.  Inhibition of FAK, but not Src, rescues SERT activity in KI mice. Representative kinetic saturation curves of SERT-
mediated [*H] 5-HT uptake in WT (CJ) and KI (M) midbrain synaptoneurosomes treated with vehicle (solid lines) or kinase
inhibitors (dashed lines). A, Representative curves for samples treated with vehicle or the Srcinhibitor SKI-606 (100 nm). B, Analysis
of maximum SERT-mediated 5-HT transport velocity (V,,,) from kinetic saturation experiments in samples treated with vehicle or
SKI-606 (two-way ANOVA SKI-606 effect: F; 1, = 7.36, p = 0.019; two-way ANOVA genotype effect: F; ;,, = 5.53,p = 0.036;
Bonferroni-corrected post-test: WT, . e VS Klyepicter P = 0.019; WT, e VS WTgy, p = 0.026). Number of animals: WT, N gy, =
5, Neg = 3; KI, N e = 5, Ny = 3. €, Concentration-response analyses of the FAK inhibitor PF-573228. SERT-mediated [H]
5-HT uptake (20 and 100 nw) in WT synaptoneurosomes was measured in the absence or presence of increasing concentrations of
PF-573228. Number of animals, 8. D, Representative curves for samples treated with vehicle or the FAK inhibitor PF-573228
(100 nm). E, Analysis of maximum SERT-mediated 5-HT transport velocity (V,,,) from kinetic saturation experiments in samples
treated with vehicle or PF-573228 (100 nw; two-way ANOVA PF-573228 effect: F; ,,) = 5.05, p = 0.036. Bonferroni-corrected
post-test: Kl,epice VS Klpr, p = 0.029). Number of animals: WT: N,gpiqe = 7, Npp = 5; KI: Nyepie = 7, Nog = 5. For genotype
comparisons: *p << 0.05, and drug comparisons within the same genotype; #p << 0.05.
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vivo preparation. We observed significant
reductions in transport velocity (V,,..)
that did not result from reduced plasma
membrane expression, reduced potency,
or binding capacity of the transporter. We
also found reductions in the number of
5-HT synapses in the midbrain, although
no changes in SERT protein levels were
observed in tissue or synaptosomes iso-
lated from KI mice when compared with
WT preparations, indicating compensatory
effects at the neuron level. Together, these
data suggest that integrin av[33 receptors
dynamically regulate SERT uptake activ-
ity and point to novel pathways that can
be targeted pharmacologically for the
amelioration of 5-HT-dependent deficits
in adult animals.

Although SERT activity in platelets
and the midbrain relies on integrin 33 ex-
pression (Carneiro et al., 2008; Mazalous-
kas et al., 2015), the effects of signaling
downstream of this integrin on SERT
function are context dependent. We ob-
served elevated 5-HT levels in the whole
blood of KI mice, indicating that the mu-
rine Pro32Pro33 integrin 33 subunit vari-
ant increases SERT activity in platelets. In
midbrain preparations, however, we ob-
served a reduction in SERT uptake activity
by the Pro32Pro33 mutation. The magni-
tude of these changes are also likely different
between platelets and brain, as indicated by
an ~1.8-fold increase in blood 5-HT/5-
HIAA levels compared with an ~1.2-fold
increase in the midbrain, although a direct
comparison of transport activity was not
performed. These differences can be ex-
plained by cellular environment, where
platelets were studied either in suspension
(Carneiro and Blakely, 2006) or after a
short-term attachment (Carneiro et al.,
2008), whereas here we studied isolated
synaptoneurosomes, which maintain sta-
ble synaptic and ECM interactions [in ad-
dition to expressing different receptors
(allbB3 in platelets and avB3 in neu-
rons)]. In platelets in suspension, activa-
tion of integrin allbB3 via PKC leads to

entries in an open arm of the elevated zero maze, reduced marble
burying, and increased immobility time in the tail suspension
test, are all observed in models where SERT inactivation is
achieved during development but not in adulthood (Zhao et al,,
2006; Ansorge et al., 2008; Joeyen-Waldorf et al., 2009). Many of
these phenotypes, including alterations in synaptic number and con-
nectivity, likely occur at/during early developmental stages. Identi-
fying the phenotypes caused by alterations in integrin 33 function
within 5-HT neurons versus those occurring in other cell types is key
to understanding the contribution of this molecule to the etiology of
ASD.

Constitutive activation of integrin av3 influences SERT
function in the adult animal, effects that can be recapitulated, or
reversed, by pharmacologically targeting tyrosine kinases in an ex

inactivation and internalization of SERT, effects that are medi-
ated by the focal adhesion adaptor protein Hic-5 (Carneiro and
Blakely, 2006). On the other hand, activation of platelet integrin
alIbB3 by fibrinogen binding, or by expression of the human
alIbPro33B33 variant in HEK293 cells (and in platelets) likely
enhances transport activity (Carneiro et al., 2008). The immedi-
ate canonical signaling pathway activated upon integrin av@33
activation is the FAK/Src protein complex (Hynes, 2002). Our
previous studies revealed increased Src and decreased FAK phos-
phorylation in platelets of KI mice, which likely influence SERT
activity (Oliver et al., 2014). Other studies have demonstrated
that Src-mediated phosphorylation of SERT increases the stabil-
ity and uptake capacity of the protein (Zarpellon et al., 2008;
Annamalai et al., 2012), effects replicated here in WT samples,
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but not KI samples. We observed that the inhibition of Src activ-
ity only reduces SERT V.. in WT synaptoneurosomes, suggest-
ing that Src signaling may be downregulated in KI synapses. On
the other hand, our ability to rescue SERT function in KI mid-
brain synaptoneurosomes by the inhibition of FAK indicates el-
evated FAK signaling downstream of the Pro32Pro33 mutant, as
confirmed by increased pFAK localization in 5-HT synapses. Our
data therefore suggest that the Src—FAK pathway is uncoupled by
constitutive activation of integrin 33, and thus each kinase may be
influencing SERT independently. The context-dependent nature of
SERT regulation is underscored by the loss of colocalization of
SERT with focal adhesion proteins in KI synapses. This indicates
that the association of SERT with integrin signaling complexes is
not necessary for the regulation of the transporter by constitutive
signaling downstream of the “primed” Pro32Pro33 mutant.

In conclusion, our results (1) provide evidence of functional
regulation of the 5-HT system by the Leu33Pro coding variant of
integrin 33 and (2) identify signaling mechanisms by which this
interaction exerts its effects. While we achieved pharmacological
rescue of SERT activity ex vivo, pharmacological rescue of the
behavioral phenotypes will go a long way toward clarifying the
molecular underpinnings of the emotional, social, and repetitive
behaviors affected by this mutation. Our studies support the con-
tention that the integrin av33 receptor may represent a central
member of presynaptic and postsynaptic protein networks that
influence the risk for neuropsychiatric conditions.
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