
Molecular and Cellular Neuroscience 80 (2017) 111–122

Contents lists available at ScienceDirect

Molecular and Cellular Neuroscience

j ourna l homepage: www.e lsev ie r .com/ locate /ymcne
Cell migration in schizophrenia: Patient-derived cells do not regulate
motility in response to extracellular matrix
Jing Yang Tee, Ratneswary Sutharsan, Yongjun Fan, Alan Mackay-Sim ⁎
Griffith Institute for Drug Discovery, Griffith University, Brisbane, Queensland, Australia
⁎ Corresponding author at: Griffith Institute for Drug
Nathan, QLD 4111, Australia.

E-mail address: a.mackay-sim@griffith.edu.au (A. Mac

http://dx.doi.org/10.1016/j.mcn.2017.03.005
1044-7431/© 2017 The Authors. Published by Elsevier Inc
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 October 2016
Revised 30 January 2017
Accepted 6 March 2017
Available online 9 March 2017
Schizophrenia is a highly heritable psychiatric disorder linked to a large number of risk genes. The function of
these genes in disease etiology is not fully understood but pathway analyses of genomic data suggest develop-
mental dysregulation of cellular processes such as neuronal migration and axon guidance. Previous studies of
patient-derived olfactory cells show them to bemoremotile than control-derived cells when grown on a fibronec-
tin substrate, motility that is dependent on focal adhesion kinase signaling. The aim of this study was to investigate
whether schizophrenia patient-derived cells are responsive to other extracellular matrix (ECM) proteins that bind
integrin receptors. Olfactory neurosphere-derived cells from nine patients and nine matched controls were grown
on ECM protein substrates at increasing concentrations and their movement was tracked for 24 h using automated
high-throughput imaging. Control-derived cells increased their motility as the ECM substrate concentration
increased, whereas patient-derived cell motility was little affected by ECM proteins. Patient and control cells had
appropriate integrin receptors for these ECM substrates and detected them as shown by increases in focal adhesion
number and size in response to ECM proteins, which also induced changes in cell morphology and cytoskeleton.
These observations indicate that patient cells failed to translate the detection of ECM proteins into appropriate
changes in cell motility. In a sense, patient cells act like a moving car whose accelerator is jammed, moving at the
same speed without regard to the external environment. This focuses attention on cell motility regulation rather
than speed as key to impairment of neuronal migration in the developing brain in schizophrenia.
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1. Introduction

Neuropathological studies show widespread structural and
cytoarchitectural differences in post-mortembrain in schizophrenia com-
pared to healthy controls. Thefindings suggest that fundamental process-
es of brain development are involved and continue with age, with all cell
types included: neurons, astrocytes and oligodendrocytes (Wright et al.,
2000). One potentially affected process is cell migration, with several
key regulators of neuronal migration implicated in schizophrenia: DISC1
(Meyer and Morris, 2009; Steinecke et al., 2012; Tomita et al., 2011),
NRG1 (Sei et al., 2007) and RELN (Britto et al., 2014; D'Arcangelo et al.,
1995). Cells migrate through the surrounding microenvironment of
the extracellular matrix (ECM) and there is evidence that ECM proteins
are altered in post-mortem brain in schizophrenia. For example,
perineuronal net density was reduced in amygdala (Pantazopoulos et
al., 2010), hippocampus (Shah and Lodge, 2013) and prefrontal cortex
(Enwright et al., 2016); post-mortem patient brain showed increased
numbers of chondroitin sulfate proteoglycan-expressing astrocytes
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(Pantazopoulos et al., 2010) and decreased numbers of aggrecan-labelled
glia (Pantazopoulos et al., 2015); reelin protein expression was reduced
in prefrontal cortex (Habl et al., 2012), hippocampus (Fatemi et al.,
2000) and temporal cortex (Impagnatiello et al., 1998); and laminin
and collagen levels are also reduced in post-mortem superior temporal
cortex from schizophrenia patients (Schmitt et al., 2012). Additionally,
chondroitin sulfate proteoglycan expression is reduced in post-mortem
patient olfactory epithelium (Pantazopoulos et al., 2013). These findings
open the possibility that post mortem cytoarchitectural differences in
schizophrenia may be due in part to dysfunctional ECM-dependent
neuronal migration.

Dysfunctional neuronal migration is also evident the analysis of 108
schizophrenia risk genes identified in a recent genome-wide association
(Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2014). Clusters of these risk genes collectively converge
into cellular pathways that control neuronal migration and cell
adhesion (Aberg et al., 2013; Lips et al., 2012; O'Dushlaine et al.,
2011). Defective adhesion is directly interlinked with cell migration
and axon guidance, pathways that are also found to be abnormal
among the schizophrenia risk genes (Gilman et al., 2012; Kahler et al.,
2008; Perkins et al., 2007; Potkin et al., 2009). There is also a disease-
dependent correlation in pathways for cytoskeletal actin dynamics
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Participant details.
Table adapted from Fan et al. (2013) and Tee et al. (2016). Data originally published in
Matigian et al. (2010).

Cell line
ID Age Sex Medication

CPE
equivalent

Cigarettes
per day

Controls
10008017 49 Male
10002001 31 Male
10002002 47 Male 10
10002003 28 Male
10003001 17 Male
10003003 32 Male
10003004 46 Male
10003005 56 Male
10003006 45 Male 5

Patients
30002001 46 Male Clozapine: 250 mg/day 333 25

Omeprazole magnesium:
20 mg/day

30002002 58 Male Olanzapine: 7.5 mg/day 250
Benztropine: 1 mg/day
Diclofenac sodium: 100 mg/day

30002003 21 Male Quetiapine: 800 mg/day 1194 15
Paroxetine: 40 mg/day

30002004 33 Male Risperidone: 4 mg/day 267
30002005 49 Male Clozapine: 350 mg/day 467
30002006 27 Male Olanzapine: 16 mg/day 533 30
30002007 44 Male Clozapine: 475 mg/day 633 20

Lithium carbonate:
1250 mg/day
Atenolol: 75 mg/day
Aspirin: dose unknown

30002008 28 Male Flupenthixol decanoate:
200 mg/month

500 10

30002009 38 Male Risperidone: dose unknown Unknown 60

CPE equivalent units calculated based on method published in Davis (1976).
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and remodeling (Fromer et al., 2014; Zhao et al., 2014), key cytoskeletal
proteins (Schmitt et al., 2012) and cell communication, which includes
cell-cell and cell-ECM interactions (Cristino et al., 2014).

Patient-derived cells provide an opportunity to investigate directly
such highly regulated cellular processes as neuronal migration. Several
studies of schizophrenia patient-derived cells and tissues have now
shown impaired cell adhesion and motility and other cellular processes
thatmodulate cell migration. For example, patient-derived olfactory ep-
itheliumwas less adherent than control-derived epitheliumwhen plat-
ed onto fibronectin-coated plastic (Feron et al., 1999), a difference that
was reduced when plated onto clean glass (McCurdy et al., 2006). Dys-
regulation of multiple signaling pathways associated with neuronal ad-
hesion and migration was evident in gene expression of olfactory
neurosphere-derived cells from schizophrenia patients compared to
cells from healthy controls (Matigian et al., 2010). These same patient-
derived cells moved faster than control-derived cells and had faster dy-
namics of focal adhesion turnover when patient cells were plated on fi-
bronectin-coated plastic (Fan et al., 2013) but moved slower than
control-derived cells on reelin (Tee et al., 2016). Neuronal precursors
from primary cultures of olfactory epithelium also moved slower than
control-derived cells (Munoz-Estrada et al., 2015). Similarly, neuronal
precursors differentiated from patient-derived induced pluripotent
stem cells moved slower than controls (Brennand et al., 2015; Topol
et al., 2015). Our working hypothesis is that these differences in schizo-
phrenia-associatedmotilitymay result from differences in the ECMpro-
tein substrates used, because the same olfactory neurosphere-derived
stem cells from patients were more motile than controls when plated
on fibronectin (Fan et al., 2013) but less motile when on reelin (Tee et
al., 2016).

The aim of the present study was to investigate more fully the
relationship between cell motility and ECM in olfactory neurosphere-
derived cells from patients with schizophrenia and from healthy con-
trols. Our hypothesis was that patient and control cells would respond
differently to ECM protein concentrations leading to differences in cell
motility.We quantified cellmotility using automated imaging and anal-
ysis of living cells moving in multi-well plates coated with increasing
concentrations of a variety of ECM proteins that stimulate a wide
range of integrin receptors. Automated imaging and analysis methods
were also used to investigate cell size and shape, and cellular compo-
nents involved in cell adhesion and motility (i.e. integrin receptors,
focal adhesions and cytoskeletal proteins). Use of multi-well plates
allowed close control ofmany confounding variableswithin each exper-
iment, hence reducing variability and providing large numbers of single
cell replicates representing each of the nine patient-derived and nine
control-derived cell lines used in this study.

2. Materials and methods

2.1. Healthy control and patient-derived cell lines

Patient-derived olfactory cell lines used in this study are the same as
those used in our previous reports (English et al., 2015; Fan et al., 2012;
Fan et al., 2013; Mar et al., 2011; Matigian et al., 2010; Tee et al., 2016).
One of the control cell line (cell line ID: 100030002), was replaced with
another cell line (ID: 10008017, Table 1.). Cell lines were generated
from olfactory mucosa biopsies extracted from age-matched male do-
norswho comprise schizophrenia patients (N=9) and healthy controls
(N=9). Disease status of the patient cohort was classified based on the
Diagnostic Interview for Psychosis (DIP), according to the Diagnostic
and Statistical Manual of Mental Disorders IV (DSM-IV). All biopsies
were approved by the Ethics Committee for West Moreton Region,
QueenslandHealth and the GriffithUniversityHuman Ethics Committee
(Queensland, Australia). As part of the approval process, all participants
gave written, informed consent for their cells to be grown in vitro,
banked and used for experiments to understand the biological bases
of schizophrenia. The approved biopsy procedure and subsequent
experimentswere conducted according to the guidelines of theNational
Health andMedical Research Council of Australia. Participant details are
presented in Table 1.

2.2. Olfactory neurosphere-derived cell culture

In this study, the term “patient cells” describes cell lines generated
from schizophrenia patients and “control cells” represent cell lines
generated from healthy controls. The cells are “olfactory neurosphere-
derived cells”, defined by their mode of generation (Feron et al., 2013).
Primary cultures of olfactory mucosa were cultured in growth medium
(Dulbecco's Modified Minimum Essential Medium, DMEM/F12; Gibco,
Life Technologies, Grand Island, NY, USA; supplementedwith 1%penicil-
lin-streptomycin, Gibco, Life Technologies; and 10% fetal bovine serum,
Bovogen, Keilor East, VIC). To induce the formation of neurospheres
when the cultures were confluent, the medium was changed to serum
freewith added basic fibroblast growth factor (25 ng/ml) and epidermal
growth factor (50 ng/ml). Free floating neurospheres were harvested
every two days and subsequently grown in growth medium at 37 °C
and 5% CO2. All cell lines were previously cryopreserved as small
aliquots and subsequently thawed and grown in the same growthmedi-
um. All experiments were conducted using cells between passages 5 to
10. All cellswere grownon tissue culture plastic unless stated otherwise.

2.3. Cell cycle synchronization

At80% confluence, growthmediumwas replacedwith synchronization
medium - DMEM/F12 supplemented with 0.5% FBS and 1% penicillin-
streptomycin. Cells were cultured in synchronization medium for 48 h
to keep all cells in the population at G1 cell cycle phase as previously
described (Fan et al., 2012).
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2.4. Extracellular matrix substrates

Tissue culture plastic wells in 96-well plates were coated with
seven commercially available ECM substrates (Table S1). These
were chosen because they are commercially produced and available
as pure, well-defined substrates, which collectively bind to a wide
range of integrin receptors (Humphries et al., 2006). ECM stocks
were diluted in UltraPure distilled water (Gibco, Life Technologies)
to final concentrations of 10, 50 and 100 μg/ml. Diluted ECM sub-
strates were charged onto tissue culture plastic wells and incubated
for 16 h at room temperature to achieve final surface concentrations
of 1.18, 5.88 and 11.80 μg/cm2 respectively. Coated wells were
washed and air dried in a sterile biosafety hood for 2 h prior to cell
seeding.

2.5. Single cell motility assay

Synchronized cells were trypsinized, resuspended in growth media
and seeded into wells of 96-well CellCarrier plates (Perkin Elmer,
Waltham, MA, USA) that have been pre-coated with ECM substrates
(detailed list in Table S1). Seeding density was kept consistent at 2500
cells/well/100 μl medium. Freshly seeded single cells were incubated
at 37 °C for 4 h to allow initial attachment onto well surfaces. Growth
medium was supplemented with NucBlue Live ReadyProbes reagent
(Molecular Probes, Life Technologies) to stain nuclei in living cells (see
Supplementary Methods). A dye dilution factor of 1:1000 was used as
it produced adequate fluorescence staining but was not cytotoxic to
both patient and control cells (Fig. S1). Plates were loaded into the
live cell chamber of the Operetta High Content Imaging System (Perkin
Elmer), which was pre-programmed to retain the chamber at optimal
growth conditions (37 °C; 5% CO2). Operetta was programmed to cap-
ture an image every 30 min under 360–400 nm excitation wavelength
for a total duration of 24 h. A total of 10 to 11 fields of viewwere imaged
for each coating condition. Stained cell nuclei were used as a reference
point for each individual cell and tracked over 24 h to compute accumu-
lated track distances. The resulting time-lapse image sequences were
batch analyzed using the Harmony High Content Imaging and Analysis
Software (Perkin Elmer).

2.6. Flow cytometry analysis of integrin receptors

Trypsinized live, unfixed single cellswere directly resuspended in 3%
bovine serum albumin in phosphate buffered saline (PBS; Gibco, Life
Technologies) and stained with 100 μl primary antibody for 45 min on
ice followed by one wash in PBS for 3 min at 400 ×g. Cells were then
stained with 100 μl Alexa Fluor 488 fluorophore-conjugated secondary
antibody for 30min on ice. After onewash in PBS, cells were resuspend-
ed in 20% FBS supplemented PBS and analyzedwith CyANADP Analyzer
(Beckman Coulter, Brea, CA, USA). All integrin antibodies werematched
to their corresponding isotype controls that were stained using the sim-
ilar protocol as above. Details of all antibodies used can be found in Table
S2. Integrin receptor expression levels were quantified as geometric
mean fluorescence intensity (arbitrary unit), which represents normal-
ized amount of fluorescence fromAlexa Fluor 488-conjugated secondary
antibody bound to positively stained cells. Flow cytometry histograms
and statistical data were generated by Summit Version 4.3.02 (Beckman
Coulter).

2.7. High throughput cytological imaging and analysis

Cells were seeded into 96-well CellCarrier plates that have been pre-
coated with ECM substrates and allowed to attach for 24 h in the
incubator. Cell counts were measured by Coulter Counter (Beckman
Coulter) to give a final cell density of 2500 cells/well/100 μl. Detailed
immunocytochemical staining procedures are presented in the Supple-
mentary Methods. Briefly, cells were fixed and stained for filamentous
actin (F-actin, Alexa Fluor 488 Phalloidin; 1:100; Life Technologies),
acetylated α-tubulin (1:200; Santa Cruz Biotechnology, Dallas, TX,
USA), focal adhesion kinase (FAK; 1:100; Cell Signaling Technology,
Danvers, MA, USA) and autophosphorylated FAK at site Tyr397
(phospho-FAK Y397; 1:100; Cell Signaling Technology). Alexa Fluor
488 (1:400; Life Technologies) and Alexa Fluor 546 (1:400; Life
Technologies) were used as the secondary antibodies. Cell cytoplasm
was visualized with CellMask Deep Red Plasma Membrane Stain
(1:5000; Life Technologies). Nuclei were stained with DAPI (1:1000;
Life Technologies). Plates were imaged with the automated Operetta
High Content Imaging System (Perkin Elmer). Multiple fields of views
within a single well were imaged at 20× objective magnification at
three different excitation wavelengths depending on fluorophores
used: 350 nm (DAPI), 488 nm (allmarkers except acetylatedα-tubulin),
546 nm (acetylated α-tubulin). For filamentous actin and acetylated α-
tubulin staining, 12 fields of view per well were imaged; for phospho-
FAK Y397, 35 fields of view per well were imaged.

All acquired images were batch analyzed by Harmony High Content
Imaging and Analysis Software (Perkin Elmer) using the same analysis
sequences across all tested cell lines and ECM protein coats, which
were set up to measure parameters such as staining intensity, cell mor-
phology (area and roundness index), spot properties (for phospho-FAK)
and regional organelle distributions accordingly. TheHarmony software
analysis sequence was used to generate single cell staining data pre-
sented in this work: (i) All fixed cells were detected by identifying
DAPI-stained nuclei, (ii) peripheral boundaries of whole cell cytoplasm
were outlined based on staining intensities of CellMask Deep Red
Plasma Membrane Stain, (iii) only cells with their whole cytoplasm
within any imaged fields of view were filter selected for analysis, (iv)
expression levels of markers of interest were quantified based on
mean fluorophore emission intensities. Harmony software provides
read-outs for all detected single cells. All data were compiled and
grouped appropriately in Microsoft Excel (Microsoft Corporation,
Redmond, WA, USA).
2.8. Statistical analysis

Two statistical software packages were used in this work. All
Student's parametric t-tests and one-way analysis of variance
(ANOVA) of integrin receptor expression (Fig. 2) were performed
using GraphPad Prism (version 6.05, GraphPad Software, Inc., La Jolla,
CA, USA). The contribution of antipsychotic medication was tested
through Spearman correlation analyses of antipsychotic dose (in chlor-
promazine equivalents, CPE; details in Table 1) with all parameters
(motility, size, shape, acetylated α-tubulin, F-actin, focal adhesions)
using GraphPad Prism.

All other statistical tests were performed using SPSS Statistics
(version 22, IBM Corp., Armonk, NY, USA). Where specified, two-
way ANOVA were conducted with the univariate ANOVA function
in SPSS, to estimate the main effects of disease status and ECM pro-
tein concentration/ECM protein types on measured dependent vari-
ables. Multivariate ANOVA were performed on datasets with more
than one interdependent variable measured in the same instance in
the same cell. Follow up univariate ANOVA were used to estimate
the main effects and factorial interactions for each specific depen-
dent variable. Where applicable, post hoc simple main effect tests
were performed, to estimate the exact disease influence on our
datasets. Linear regression analyses were conducted either with the
univariate regression (Fig. 1) or the multivariate regression function
for datasets with more than one interdependent variable (Figs. 3 and
4). The level of correlation was determined by using the Cohen stan-
dard (Cohen, 1988), where 0.1 b |R | b 0.3 indicates small correlation,
0.3 b |R | b 0.5 for moderate correlation and 0.5 b |R | for large corre-
lation. Specific details for all analyses are explained in each results
section.



Fig. 1. Patient and control cells responded differently to ECM proteins. (A) Control and
patient living cell nuclei were stained with NucBlue Live Ready Probes Reagent. Scale
bar = 100 μm. (B) Single cell motility was tracked by Operetta High Content Imaging
System and analyzed by Harmony software (Perkin Elmer). Image sequences were used
to derive accumulated track distance traveled by cells in 24 h on different
concentrations of ECM protein substrates. ECM proteins used in this study are: (C)
fibronectin, (D) vitronectin, (E) type I collagen, (F) type IV collagen, (G) laminin, (H)
tenascin-C and (I) thrombospondin. ECM proteins were diluted in UltraPure water and
coated onto tissue culture plastic wells (TCP) to achieve final concentrations of 10, 50
and 100 μg/ml (C–H), and 10, 25 and 100 μg/ml (I). Uncoated TCP wells were charged
with UltraPure water alone (0 μg/ml). All data are presented as the mean track
distance ± S.E.M. Control cells: open circles with black dotted lines (N = 9 independent
cell lines). Patient cells: closed grey squares with grey solid lines (N = 9 independent
cell lines). Two-way ANOVA was used to compute the main effects of disease status,
ECM protein concentration and whether an interaction exists between the two main
effects. Summary of statistical test is presented in each graph as “Disease status”, “ECM
concentration” and “Interaction”, where P N 0.05 is color-coded in red and P b 0.05 in
green. P b 0.05 means that there was a main effect of either disease status or ECM
concentration on track length. Detailed test results are presented in Supplementary
Table S3.
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3. Results

3.1. Patient and control cells moved differently on ECM proteins

We have developed amethod tomeasure cell motility of living cells,
where cells were stained with NucBlue dye to probe for the nuclei,
whichwas tracked to generate uniquemotility tracks for each individu-
al cell (Videos 1 and 2). Representative videos demonstrated that in-
creasing laminin concentrations from 10 μg/ml (Video 1) to 50 μg/ml
(Video 2) stimulated increased motility of cells from the same control
cell line used, depicted as longer overall tracks. The accumulated dis-
tance traveled by each cell over 24 h is referred to as track length. Onun-
coated tissue culture plastic, patient cells weremoremotile than control
cells, with significantly longer track lengths (237.1 ± 2.57 μm vs.
214.8± 4.01 μm, t(12)= 4.675, P=5× 10−4) (Fig. S2). This difference
was consistent and reproducible across replicate experiments conduct-
ed on seven different days. Track lengthwasmeasured on different con-
centrations of seven commercially available ECMproteins – fibronectin,
types I and IV collagen, laminin, vitronectin, tenascin-C and
thrombospondin. For each cell line at each ECM concentration the
track lengths of at least 25 cells weremeasured. Patient cells and control
cells responded differently to increasing protein concentrations (Fig. 1).
Two-way ANOVA compared the main effects of disease status and ECM
protein concentration and their interaction on track length. There was a
significant main effect of disease status for all ECM proteins (Fig. 1,
green color-coded fonts; P b 0.05) except for type I collagen (Fig. 1,
red fonts; P N 0.05). There was a significant main effect of ECM protein
concentration (Fig. 1, green fonts; P b 0.05) except for thrombospondin
(Fig. 1, red fonts). For all ECM proteins, other than thrombospondin,
there was a significant interaction of disease status and ECM protein
concentration (Fig. 1, green fonts; P b 0.05). Detailed results of two-
way ANOVA testing were presented in Table S3, where green highlights
represent P b 0.05 and grey highlights represent P N 0.05.

The changes in track length with ECM protein concentration were
not simple linear functions, with most of the changes occurring with
the lowest ECM protein concentrations (Fig. 1). Nevertheless, in order
to compare the rates of change of track length with ECM protein con-
centration, linear regression analysis was used to calculate the slopes
of the regression lines (Table S4). The regression analysis provided an
estimate of the probability that the slope differed from zero, that is,
whether track length changed significantlywith increasing ECMprotein
concentrations. The slope for patient cells on most ECM proteins was
close to zero (Table S4), that is, track length did not changewith protein
concentration. Track length decreased with increasing concentrations
on fibronectin and thrombospondin (Table S4, negative slope (red high-
lights), P b 0.05). In contrast, the slope formost control cellswaspositive
(Table S4, green highlights), that is, track length increased significantly
with ECM protein concentration (P b 0.05; fibronectin, type IV collagen,
laminin, vitronectin and tenascin-C). Two ECMproteins had no effect on
track length (type I collagen, thrombospondin; Table S4 where P N 0.05).

3.2. Patient and control cells expressed similar integrin receptors

Flow cytometry was used to profile the expression of cell surface
integrin receptor subtypes (Fig. 2A)whichwere quantified and present-
ed as the proportion of positively stained cells (Fig. 2B) and the mean
fluorescence staining intensity (Fig. 2C). For each cell line at least
10,000 cells were quantified. Integrin receptor expression was similar
in patient and control cells. Over 95% of all cells expressed α2, αV, β1
and β2, with slightly lower proportions expressing α1, α3 and α5,
low levels of α4 expression, and fewer than 3% expressing β3, β4 and
β5 (Fig. 2B). Mean fluorescence values, a measure of the quantity of re-
ceptors, was highest for β1 and β2 and, again, similar for patient and
control cells. Two-way ANOVA compared the main effects of disease
status and integrin receptor subtype on the population of labelled cells
and mean fluorescence. For the proportion of positively stained cells,



Fig. 2. Patient and control cells express integrin receptors. (A) Representative flow cytometry histograms for the integrin receptors in a cell line immunostained for the panel of integrin
antibodies (closed grey plots) compared to the same cells immunostained as negative controlswith isotype-matched antibodies (open plots). For all samples, 10,000 cells were quantified
in reference to the same number of the isotype control cells. (B) The percentages of the cell populations expressing the various integrin alpha (ITGA) and integrin beta (ITGB) subunits. (C)
The geometric mean fluorescence intensities (MFI) of the cell populations expressing the various integrin alpha (ITGA) and integrin beta (ITGB) subunits. Geometric meanwas plotted as
arbitrary units on a log scale (Y-axis) in all flowcytometry histograms. Data in (B) and (C) aremean± S.E.M. of Control cell lines (open bars,N=9) and Patient cell lines (closed grey bars,
N=9). Two-way ANOVAwas used to compute themain effects of disease status, integrin receptor subtype andwhether an interaction exists between the twomain effects. Statistical test
results revealed that there was no disease effect on integrin-expressing cell populations and integrin levels per cell (MFI), but integrin expression was different across subtypes. Detailed
test results are presented in both (B) and (C), where P N 0.05 is color-coded in red and P b 0.05 in green.
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there was no effect of disease status (F(1,159) = 0.88, P = 0.351) but
there was a significant effect of receptor subtype (F(10,159) = 260.50,
P b 0.0001). There was no interaction between disease status and
integrin receptor subtype (F(10,159) = 0.93, P = 0.506). For the
mean fluorescence analysis, there was no effect of disease status
(F(1,159)= 1.21, P=0.273) but there was a significant effect of recep-
tor subtype (F(10,159)= 310.30, P b 0.0001). There was no interaction
between disease status and integrin receptor subtype (F(10,159) =
0.49, P=0.897). Main effects of receptor subtypes for both flow cytom-
etrymeasurement parameters indicate the diversity of integrin receptor
expression in ONS cells. Sidak's multiple comparisons post hoc test
confirmed that there were no individual integrin receptors that were
differently expressed by patient and control cells (P N 0.05).

3.3. Automated image analysis of morphology and cytoskeletal proteins

An unbiased, automated image analysis was used to quantify cell
size and shape, and the expression of cytoskeletal proteins when cells
were cultured on different ECM proteins. Cells were seeded on five
ECM proteins (fibronectin, types I and IV collagen, laminin and
vitronectin) at similar coating concentrations used for the motility as-
says. For each cell line at each ECM concentration the cell area and
roundness, and filamentous actin and acetylated α-tubulin expression
of at least 120 cells were measured. Representative images of each
fluorescence staining are compiled in Fig. S3. Initially, all datasets
were collectively compared by multivariate ANOVA for each ECM
protein (Table S5). Pillai's trace was used to test the main effects and
interactions of disease status and ECM protein concentration on all
dependent variables. Across all ECM proteins, there were significant
main effects (P b 0.05) of disease status and ECM protein concentration
on cellmorphology (cell size, cell roundness index) and cell cytoskeleton
(filamentous actin, acetylated α-tubulin). Detailed MANOVA results can
be found in Table S5. Subsequent followup post hoc univariate testswere
conducted to determine exact influences of disease status, ECM protein
concentration and any potential factorial interactions between the two
main effects on morphology (cell size and roundness) and cytoskeletal
protein expression (filamentous actin and acetylated α-tubulin), for all
ECM proteins. Univariate ANOVA results are presented in Table S6 and
discussed below.

3.4. Patient and control cells changed size and shape with concentrations of
ECM proteins

At all concentrations of all ECM proteins, the patient cells were
smaller than control cells, a difference that increased with ECM concen-
tration (Fig. 3). Univariate testing demonstrated significantmain effects
of disease status and ECM protein concentration on all ECM proteins
(Table S6, green highlights, P b 0.05) with significant interactions,
except for vitronectin (Table S6, grey highlights, P N 0.05). For all ECM
proteins, increasing protein concentrations led to cell size increases for
both control and patient cells (Figs. 3C–G). Linear regression analysis
was used to calculate the slopes of the change in cell sizewith ECM pro-
tein concentrations. Patient and control cells responded similarly, that
is, cell size increased significantly with increasing ECM protein concen-
trations (Table S7, P b 0.05) although patient cell slopes were consis-
tently smaller compared to controls (Table S7).

Cell shape was quantified using an unbiased, automated measure-
ment of cell sphericity, where a “roundness index” of 1 indicates a
perfect circle and 0 equates to a line. Cellswere imaged 4h after seeding,
when a majority of cells are still round (Fig. 3B example 1, roundness
index = 0.95). Two important cytoplasmic edge structures that assist
motility are sheet-like extensions (lamellipodia; arrows in Fig. 3A–B)

Image of Fig. 2


Fig. 3. Patient cells were smaller on all ECM proteins with a different shape. (A) Example
image of cytoplasm (red, stained with CellMask Deep Red) and nuclei (blue, stained with
4′,6-Diamidino-2-Phenylindole, DAPI). Scale bar = 100 μm. (B) Example image of an
unbiased analysis of cell shape based on the “roundness index”, a normalized sphericity
ratio of the major and minor axes of the identified cytoplasm (red). Roundness indices
of illustrated cells are: (1) 0.95; (2) 0.81; (3) 0.38. Motile cells use two key structures to
sense their microenvironment and mediate cell motility – lamellipodia (sheet-like
extensions; arrow) and filopodia (finger-like protrusions; arrow-head). Scale bar =
100 μm. (C)–(L) Cell area and shape on different ECM proteins were imaged with
Operetta High Content Imaging System and quantified with Harmony software (Perkin
Elmer), Data are presented as means ± S.E.M. of cell area (left panel, C–G) and shape
(right panel, H–L) on the ECM proteins indicated. Control cells: open circles with black
dotted lines, N = 9; Patient cells: closed grey squares with grey solid lines, N = 9. Two-
way ANOVA was used to compute the main effects of disease status and ECM protein
concentration on cell area and shape, and whether an interaction exists between the
two main effects. Summary of statistical test is presented in each graph as “Disease
status”, “ECM concentration” and “Interaction”, where P N 0.05 is color-coded in red and
P b 0.05 in green. P b 0.05 means that there was a main effect of either disease status or
ECM concentration on cell area or shape. Detailed test results are presented in
Supplementary Table S6.
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and finger-like protrusions (filopodia; arrow-heads in Fig. 3A–B),which
results in irregular shaped morphologies that are ‘less round’ (Fig. 3B
example 2, roundness index = 0.81; example 3, roundness index =
0.38). Cells fixed 24 h after seeding developed longer filopodia and larg-
er lamellipodia (Fig. 3A). At most concentrations of most ECM proteins,
the patient cell roundness index was slightly larger than the index of
control cells, a difference that increased with ECM concentration
(Fig. 3). For our dataset, the mean roundness index range was small
and in the middle of the range on all ECM substrates (0.40 to 0.55,
Fig. 3H–L), whichmeans differences were very subtle and only measur-
able with automated imaging software such as the one used here.
Univariate testing demonstrated significant main effects of disease sta-
tus and ECM protein concentrations on all ECM proteins (Table S6,
P b 0.05) with significant interactions, except for laminin (Fig. 3H–L).
Linear regression analysis was used to calculate the slopes of the change
in roundness index with ECM concentrations. Patient and control cells
responded similarly, that is, the roundness index decreased significantly
with increasing ECM protein concentrations (Table S7, P b 0.05). The
roundness index changed inversely with cell size, decreasing as the
ECM protein concentration increased (Fig. 3). This relationship was
investigated using Pearson correlation. For all ECM proteins, there was a
small but significant negative correlation between cell size and roundness
index (Table S8, 0.1 b |R| b 0.3; P b 0.01).

3.5. ECM proteins decreased cytoskeleton protein levels in patient and con-
trol cells

Actin contentwas quantified using unbiased, automated image anal-
ysis of the level offluorescent phalloidin, a highly specific dye that stains
filamentous actin (Faulstich et al., 1988; Panchuk-Voloshina et al.,
1999). At most concentrations of most ECM proteins, the patient cells
had less filamentous actin than the control cells, a difference that in-
creased with ECM protein concentration (Fig. 4). Univariate testing
demonstrated significantmain effects of disease status and ECMprotein
concentration on all ECM proteins (Table S6, P b 0.05). Linear regression
analysis was used to calculate the slopes of the change in actin content
with ECM protein concentrations (Table S7). The slopes of the regres-
sion lines were similar for patient and control cells on fibronectin,
type I collagen and laminin (Table S7, negative slope (red highlight),
P b 0.05). On type IV collagen, control cells had a significant negative
slope (Table S7, P b 0.05) but patient cells had a slope that was not sig-
nificantly different from zero (Table S7, grey highlight). Vitronectin had
the opposite effect on actin content (Fig. 4L) with patient and control
cells both increasing actin content with ECM concentration (Table S7,
positive slopes (green highlight) P b 0.05).

Stablemicrotubule contentwas quantified using unbiased, automat-
ed image analysis of the level of acetylated α-tubulin immunoreactivity
(Etienne-Manneville, 2013; Palazzo et al., 2003). Atmost concentrations
ofmost ECMproteins, the patient cells had less acetylatedα-tubulin im-
munoreactivity than control cells (Fig. 4). Univariate testing demon-
strated significant main effects of disease status and ECM protein
concentration on fibronectin, type I collagen, laminin and vitronectin
(Table S6, P b 0.05), but type IV collagen showed a significant effect for
ECM concentration and not disease status (Fig. 4H; P N 0.05). There
were significant interactions between disease status and ECM concen-
tration only for type IV collagen and laminin (Table S6, P b 0.05). Linear
regression analysis was used to calculate the slopes of the change in
acetylated α-tubulin immunoreactivity with ECM concentrations
(Table S7). Most of the slopes of the regression lines for the patient
and control cell lines were significantly different from zero (P b 0.05):
with negative slopes for fibronectin, types I collagen and laminin, and
positive slope for vitronectin (Table S7). Additionally, the control cells
had a significant negative slope for type IV collagen. A relationship be-
tween the two cytoskeletal proteins was examined using Pearson corre-
lation. For all ECM proteins, there was a small, significant correlation
between phalloidin fluorescence and acetylated α-tubulin immunore-
activity (Table S8, 0.3 b |R| b 0.5; P b 0.01).

To investigate if cytoskeletal proteinswere differentially distributed,
software-defined regions were allocated to all single cells followed by
calculation of fluorescence intensities in each region. For filamentous
actin expression, cells were divided into two ‘cell regions’ (Fig. S4B) –
the cell periphery (Fig. S4D) and non-periphery regions (Fig. S4C). For

Image of Fig. 3


Fig. 4. Patient cells had less filamentous actin and less acetylated α-tubulin than control
cells. (A) Representative image cells stained for filamentous actin (green, Alexa Fluor
488 phalloidin), cytoplasm (red, CellMask Deep Red) and nuclei (blue, DAPI). Scale
bar = 100 μm. (B) Representative image of cells stained for acetylated α-tubulin
(yellow, anti-acetylated α-tubulin antibody followed by Alexa Fluor 546 secondary),
cytoplasm (red, CellMask Deep Red) and nuclei (blue, DAPI). Scale bar = 00 μm. (C–L)
Filamentous actin (C–G) and acetylated α-tubulin (H–L) staining were imaged with
Operetta High Content Imaging System and quantified with Harmony software (Perkin
Elmer). Data were presented as mean fluorescence intensities per cell (±S.E.M.) of
fluorophores Alexa Fluor 488 (F-actin; left panel) and Alexa Fluor 546 (acetylated α-
tubulin; right panel) on ECM proteins as indicated. Control cells: open circles with black
dotted lines, N = 9. Patient cells: closed grey squares with grey solid lines, N = 9. Two-
way ANOVA was used to compute the main effects of disease status and ECM protein
concentration on F-actin and acetylated α-tubulin levels, and whether an interaction
exists between the two main effects. Summary of statistical test is presented in each
graph as “Disease status”, “ECM concentration” and “Interaction”, where P N 0.05 is
color-coded in red and P b 0.05 in green. P b 0.05 means that there was a main effect of
either disease status or ECM concentration on F-actin and acetylated α-tubulin levels.
Detailed test results are presented in Supplementary Table S6.
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stable microtubules, the cell cytoplasm was divided into three ‘ring
regions’(Abrahamsen et al., 2013), which included the region close to
the nucleus (Fig. S5C, Ring region 1), region at the cell periphery (Fig.
S5E, Ring region 3) and area between these two regions (Fig. S5D,
Ring region 2). Disease-associated difference was consistent in all
regions for both cytoskeletal proteins. Filamentous actin levels were
higher in the non-periphery region, but similar ECM-dependent chang-
es to filamentous actin levels were observed for both periphery and
non-periphery regions (Fig. S4). There were slight differences to chang-
es in acetylated α-tubulin levels on increasing ECM proteins for types I
and IV collagens and laminin but retained the same trends for fibronec-
tin and vitronectin (Fig. S5).
3.6. ECM proteins increased focal adhesion size and number in patient and
control cells

Upon contact with ECM proteins, filamentous actin protrusions in
the lamellipodium trigger a cascade of mechanosensor maturation and
turnover starting with nascent adhesions followed by focal complexes
and finally large focal adhesions, with FAK present at all stages (Mitra
et al., 2005). Punctate FAK immunoreactivity was observed within
the cell cytoplasm in patient and control cells (Fig. 5A). Representa-
tive images of each fluorescence staining are compiled in Fig. S6. For
each cell line and ECM at least 300 cells were measured. Initially, the
overall intensity of FAK immunoreactivity was quantified (Fig. 5E).
On tissue culture plastic and all ECM proteins, patient cells expressed
less total FAK. Two-way ANOVA confirmed significant main effects of
disease status (F(1,41605) = 700.70, P = 3.92E−153) and ECM
protein (F(4,41605) = 292.00, P= 4.22E−248), without significant
interaction. Post hoc pairwise comparison was used to estimate the
simple main effects of disease status on FAK expression. For all
ECM proteins, patient cells had significantly less total FAK (Table
S9, P b 0.05).

During the formation of focal adhesions, FAK is activated through
posttranslational autophosphorylation at tyrosine-397 site (phospho-
FAK Y397) (Fan et al., 2013; Retta et al., 1996; Zamir and Geiger,
2001). Focal adhesions were defined as elongated spots of phospho-
FAK immunoreactivity in the cell periphery with an area of 1 to
10 μm2 (Dubash et al., 2009). For this assay, focal adhesions were quan-
tified at a single concentration of four ECM proteins, based on the opti-
mal doses required to trigger amotility response in control cells (Fig. 1).
It is important to note that for this assay, our aimwasnot tomeasure the
amount of FAK autophosphorylation, but instead, we used an antibody
raised against phospho-FAK Y397 to probe an active site within the
focal adhesion protein complex, hence allowing specific visualization
of mature focal adhesions, which have a spot-like appearance and are
predominantly localized at the outer peripheral region (Insert 1) as op-
posed to the other regions (mid region, insert 2; inner region, insert 3)
(Fig. 5B). Focal adhesions were quantified using unbiased automated
imaging and analysis, using a spot measurement function. Briefly,
spots were detected by standardized algorithms (Fig. 5C) to give two
measurement parameters, number of spots (Fig. 5F–H) and relative
spot size (Fig. 5I–K) in three defined regions: (1) outer region, (2) mid
region and (3) inner region (Fig. 5D). As expected, there were many
more spots in the outer region compared to the mid and inner regions
because focal adhesion occurs mostly at the leading edges of cells as
they move across the ECM. Therefore, only spots in the outer region
were considered for this analysis.

Multivariate ANOVAwas used to compare the global main effects of
disease status and ECM protein types, followed by univariate testing of
the two interdependent variables (spot number and spot size). There
were significant effects of disease status and ECM protein for both
spot number and size, with significant interactions (Table S10,
P b 0.05). Post hoc pairwise comparisons revealed that spot number
and sizewere not different between patient and control cells on uncoat-
ed tissue culture plastic (P=0.202 and P=0.207 respectively). By con-
trast, when cultured on all ECM proteins, patient cells had significantly
fewer spots (Table S11, P b 0.05) that were significantly smaller than
control cell spots on types IV collagen, fibronectin and laminin
(P b 0.05) but not on type I collagen (P = 0.073).

Image of Fig. 4


Fig. 5. Patient cells had fewer and smaller focal adhesions on all ECMproteins. Patient and control cellswerefixed and co-stainedwith 4′,6-Diamidino-2-Phenylindole (DAPI) and CellMask
Deep Red to stain nuclei and cytoplasm respectively. DAPI (blue) was used to identify individual cells within a field of view; CellMask Deep Red stain (red) was used to identify area
covered by individual cell cytoplasm. Cells were stained with anti-FAK (A) and anti-phospho-FAK Y397 (B) primary antibodies followed by secondary Alexa Fluor 488 antibody to
visualize total FAK and phosphorylated FAK in separate wells respectively. Cells were either seeded on tissue culture plastic (TCP), 10 μg/ml type I collagen (COL1), 10 μg/ml type IV
collagen (COL4), 50 μg/ml fibronectin (FN) or 50 μg/ml laminin (LN). Multiple fields of views were imaged at 20× objective by Operetta High Content Imaging System and analyzed by
Harmony software. (A) Representative image of cells stained for focal adhesion kinase (green, anti-FAK antibody followed by secondary Alexa Fluor 488 antibody) and cell cytoplasm
(red, CellMask Deep Red). (B) Representative image of cells stained for focal adhesions (green, anti-phospho-FAK Y397 antibody followed by secondary Alexa Fluor 488 antibody) and
cell cytoplasm (red, CellMask Deep Red) showing distinct spots of phospho-FAK immunoreactivity that are concentrated along the periphery of the cell cytoplasm. Inserts: (1) spots at
cell periphery, (2) spots at mid region and (3) perinuclear spots. Insert scale bar = 10 μm. (C) Representative image of cells and spots detected by Harmony software optimized for
sensitivity, splitting coefficient and background correction. (D) The same image illustrating the automated division of the cell cytoplasm into three regions: (1) cell periphery, (2) cell
mid region and (3) cell perinuclear. Scale bars for (A–D) = 100 μm. (E) FAK expression levels (illustrated in (A)) in cells on different ECM proteins (TCP: tissue culture plastic, 0 μg/ml;
COL1: collagen I, 10 μg/ml; COL4: collagen IV, 10 μg/ml; FN: fibronectin, 50 μg/ml; LN: laminin, 50 μg/ml). Expression levels were presented as mean fluorescence intensities per cell
(±S.E.M.) of the fluorophore Alexa Fluor 488 conjugated secondary antibody, which was used to bind the primary FAK antibody. (F–K) Mean spot number and total spot area (±
S.E.M.) based on phospho-FAK expression levels in cells on different ECM proteins in cell regions indicated (illustrated in B–D). Relative spot size is expressed as pixels per cell region.
Control cells: open circles with black dotted lines, N = 9. Patient cells: closed grey squares with grey solid lines, N = 9. *P b 0.05 based on post hoc simple effects pairwise comparison
following MANOVA testing.

118 J.Y. Tee et al. / Molecular and Cellular Neuroscience 80 (2017) 111–122
3.7. Lack of effects of antipsychotic medication

Among the patient cells there was no correlation between the doses
of antipsychotic medication at the time of biopsy (in chlorpromazine
equivalents) and any of the measured cell parameters (cell size, shape,
F-actin, acetylated α-tubulin, FAK expression, focal adhesion number,
focal adhesion size, cell motility track length); P N 0.05.
4. Discussion

In this study, we found that schizophrenia patient-derived cells did
not modulate their motility in response to changes in concentrations
of integrin-stimulating ECM proteins, compared to cells from healthy
controls. Control cells increased their motility in response to increasing
concentration of seven matrix proteins, whereas patient cell motility
remained essentially the same at all concentrations of the same matrix
proteins. This lack of motility response was not because patient cells
were unable to detect the matrix proteins because: 1) they had appro-
priate integrin receptors similar to control cells; 2) they increased the
numbers and sizes of focal adhesions in response to different matrix
proteins; 3) they modulated their size and shape in response to
different matrix proteins; 4) and they modulated the expression of fila-
mentous actin and acetylated α-tubulin in response to different matrix
proteins. Thus, although patient cells can detect and act on variations in
ECM proteins, they do not modulate their motility in response to ECM
concentration, in contrast to control cells. The matrix proteins used for
this study were chosen because they bind a wide range of integrin
receptors (Humphries et al., 2006) and could be delivered at defined
concentrations. On all ECM substrates, patient cells were smaller than
control cells, they expressed lower levels of filamentous actin and
acetylated α-tubulin and they generated fewer focal adhesions,
suggesting that in addition to their lack of motility response, patient
cells have baseline deficits in pathways associated with controlling cell
size and movement.

The cell motility deficit identified here is subtle but clearly evident
from this quantitative analysis and more complex than appreciated
from previous reports in which cell motility (or “cell migration”) was
compared in patient and control cells in single assays. As illustrated
here, matrix protein concentrations could be chosen for which patient
cell motility could be more, less or the same as control cell motility. Pa-
tient cells were neither simply more motile (Fan et al., 2013) nor less
motile than control cells (Brennand et al., 2015; Munoz-Estrada et al.,
2015; Tee et al., 2016; Topol et al., 2015). An added complexity when

Image of Fig. 5


119J.Y. Tee et al. / Molecular and Cellular Neuroscience 80 (2017) 111–122
comparing published studies is the extracellular protein substrate used:
fibronectin (Fan et al., 2013), reelin conditioned medium (Tee et al.,
2016), Matrigel (Brennand et al., 2015; Topol et al., 2015), and tissue
culture plastic with fetal bovine serum (Munoz-Estrada et al., 2015).
Matrigel comprises of a mixture of different basement membrane pro-
teins and growth factors (Hughes et al., 2010). Serum contains unde-
fined complex mixture of multiple ECM proteins (Zheng et al., 2006).
Additionally, publishedmethods of quantifying cellmigration are differ-
ent and may focus on different aspects of migration, e.g. change in dis-
placement of migration front between two time-points (Fan et al.,
2013), chemoattractant-dependent invasion across amembrane barrier
(Munoz-Estrada et al., 2015) and neurosphere outgrowth assay
(Brennand et al., 2015; Topol et al., 2015). Finally, interpretation of pub-
lished reports is complicated by differences in patient-derived cell types
investigated: olfactory neurosphere-derived cell lines (Fan et al., 2013;
Tee et al., 2016), olfactory neuronal precursors (Munoz-Estrada et al.,
2015) and neuronal precursors derived from induced pluripotent stem
cells (Brennand et al., 2015; Topol et al., 2015).

Patient cells expressed all the integrin subunits required to bind
with the proteins used in the cell motility assay: fibronectin (α4β1,
α5β1, αvβ1), vitronectin (αvβ1), types I and IV collagens (α1β1,
α2β1), laminin (α3β1), tenascin-C (α2β1,αvβ1) and thrombospondin
(α3β1) (Plow et al., 2000; Sriramarao et al., 1993).With such a compre-
hensive range of integrin receptors, patient cells had the ability to bind
and adhere to tissue culture plastic and these and other ECM proteins
(Humphries et al., 2006). With similar integrin receptors, patient cells
had the same potential ability as control cells to detect ECM at various
concentrations and convert these external stimuli into cell adhesion
and migration (Huttenlocher and Horwitz, 2011). Indeed, patient cells
were motile on tissue culture plastic, but were unable to effectively
modulate their motility with changes in ECM protein concentrations.
All the integrin receptors detected in patient and control cells are com-
monly expressed by neurons and glia in the brain (Wu and Reddy,
2012), although the ECM composition of the developing and mature
brain involves integrin-binding proteins (Jones et al., 2011; Katic et al.,
2014), as well as other molecules such as proteoglycans that use differ-
ent signalingmechanisms (Gu et al., 2009). Some ECM proteins, e.g. col-
lagens, are less abundant in the brain. Laminin and fibronectin are
predominantly found in the basement membrane (Hubert et al., 2009;
Novak and Kaye, 2000) whereas thrombospondin and tenascin-C are
abundant and accumulate in the brain parenchyma (Bellail et al.,
2004; Novak and Kaye, 2000).

Patient cells increased their size with increasing concentrations of
matrix proteins. This response requires attachment to the substrate
via integrin receptors, formation of focal adhesions and activation
of cytoskeletal responses, especially changes in filamentous actin
(Vicente-Manzanares et al., 2009). Focal adhesions are the intracellular
protein complexes that link integrin receptorswith the actin cytoskeleton
allowing cells to adhere, to move and to explore the surrounding ECM
through formation of membrane extensions called lamellipodia and
filopodia, which are densely populated by focal adhesions (Dubash et
al., 2009; Plotnikov et al., 2012). Focal adhesions provide a dynamic yet
rigid structure for modulating intracellular forces, which ultimately lead
to changes in cell adhesion and motility (Parsons et al., 2000; Sieg et al.,
2000; Vicente-Manzanares et al., 2009). Patient cells increased the num-
ber and size of their focal adhesions in response to matrix proteins. As
demonstrated for several ECM proteins, focal adhesion number and size
increased in patient and control cells but the response of patient cells
was blunted,with consistently fewer and smaller focal adhesions formed.
This extends the previous patient-control difference reported for these
cells on fibronectin (Fan et al., 2013) and further shows that there is no
difference when cells are grown on uncoated tissue culture plastic.

Other microtubule-related deficits are reported in patient-derived
olfactory cells, including microtubule depolymerization (Brown et al.,
2013) and microtubule distribution (Munoz-Estrada et al., 2015;
Solis-Chagoyan et al., 2013). Microtubules in patient-derived cells
depolymerized at a slower rate than in cells from healthy controls
(Brown et al., 2013) and did not fully extend to the cell edges
(Munoz-Estrada et al., 2015; Solis-Chagoyan et al., 2013). These studies,
based on β-tubulin type III, provide important leads into the possible
role of cytoskeletal proteins that may have broader implications to the
migration phenotype we demonstrated here. In the present study, we
quantified acetylated α-tubulin, a posttranslational modification that
stabilizes the microtubules and a known contributor to the modulation
of cell migration both in vitro (Williams et al., 2013) and in vivo
(Hubbert et al., 2002). Many studies have found dendritic spine abnor-
malities in post-mortem brains from schizophrenia patients (Konopaske
et al., 2014; Law et al., 2004; Shelton et al., 2015), which contain abun-
dant levels of filamentous actin (Fischer et al., 1998; Matus, 2000). Be-
sides being evidence for aberrant synaptic activity in schizophrenia,
filamentous actin in dendritic spines also form filopodia that control
neuronal migration and positioning (Bonhoeffer and Yuste, 2002;
Mattila and Lappalainen, 2008). There is also evidence that cytoskele-
ton-dependent neuronal polarity is disrupted in neuronal progenitors
generated from induced pluripotent stem cells (Yoon et al., 2014). Pro-
teomics studies on post-mortem brain tissue from schizophrenia pa-
tients showed region-dependent changes to microtubule building
blocks, such as tubulin, which was reduced in the white matter of ante-
rior cingulate cortex (Clark et al., 2007) and dorsolateral prefrontal cor-
tex (English et al., 2009), but was overexpressed in the anterior
temporal lobe (Martins-de-Souza et al., 2009b). Actin protein levels
were reduced in greymatter of post-mortem dorsolateral prefrontal cor-
tex (Martins-de-Souza et al., 2009a). Coupled to our findings, theremay
be a disease-associated deficit in the basal expression cytoskeletal pro-
teins, which ultimately leads to aberrant cell migration during brain
development.

Patient cells had lower levels of total focal adhesion kinase (FAK)
than control cells which was further reduced by exposure to ECM. This
is expected as total FAK is converted into the activated phospho-tyro-
sine kinase in punctate focal adhesions. FAK is a key regulator of focal
adhesion dynamics and cell migration (Parsons et al., 2000; Sieg et al.,
2000) via activation of integrin receptors (Michael et al., 2009; Myers
and Gomez, 2011; Sieg et al., 2000). This means that although patient
cells express all integrin receptors, the baseline deficit in FAK may be
relevant to its role as the master regulator that links integrin with
actin polymerization for motility (Mitra et al., 2005; Robles and
Gomez, 2006). Patient cells have faster focal adhesion turnover (Fan et
al., 2013) indicating a deficit in the dynamics of FAK signaling.We spec-
ulate that patient cells may not have full control over motility, due to
deficits in FAK signaling and focal adhesion formation and turnover,
causing cells to “slide” on surfaces instead of moving with organized
“grips” (Elineni and Gallant, 2011; Mohl et al., 2012). Another analogy
is that patient cells behave like a car with a jammed accelerator, moving
at a constant speed independently of the road conditions. Clearly, there
is no direct link yet established between the cellular deficits observed
here and altered brain development in schizophrenia patients but
integrin-based cell motility is a fundamental property of all cells, includ-
ing neurons and glia, and patient cell deficits in focal adhesions and cell
motility would likely affect all cells and tissues at all stages of develop-
ment and maturity. For example, deficits in cell motility and responses
to ECM signals could plausibly be the cellular basis of thewidely report-
ed “minor physical anomalies” in schizophrenia, such as altered finger
prints, webbed fingers, unusual head circumference, ear structure and
fused eyebrows (Green et al., 1989; Ismail et al., 1998).

4.1. Technical considerations

The study is based on a moderate number of patients and controls,
making our findings open to selection bias and perhaps not representa-
tive of differences in the larger population. Patients and controls were
matched for age and sex but not smoking history and all patients had
different medication regimes at the time of olfactory biopsy but there
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was no correlation between medication dose and any of the cell mea-
sures (size, shape, filamentous actin, acetylated α-tubulin) on any of
the extracellular protein substrates. Acute exposure to antipsychotic
medications in vitro decreased motility of control-derived cells but did
not affect patient-derived cells (Tee et al., 2016). Furthermore, acute ef-
fects of medications or smoking at the time of biopsy would be washed
out as the cells were cultured for at least a month before the assays.

A potential source of variability between the groups is cellular het-
erogeneity. Biopsies of olfactory epithelium and olfactory mucosa may
contain variable contributions from many different cell types
(Borgmann-Winter et al., 2009; Mackay-Sim and Kittel, 1991; Moran
et al., 1982). This heterogeneity is greatly reduced when olfactory
neurosphere-derived stem cells are formed from primary cultures ex-
posed to fibroblast growth factor and epidermal growth factor in a
serum free medium (Matigian et al., 2010). Immunophenotyping of
these same patient and control cells reveals similar profiles of expres-
sion of neural, glial, stem cell, and mesenchymal markers (Delorme et
al., 2010; Matigian et al., 2010). This phenotypic homogeneity is also
demonstrated in the similarity in integrin profiles in this study.

Experimental variability between patient and control groups was
addressed through the application of automated high throughput imag-
ing and analysis. Within each 96-well plate, all patient and control cell
lineswere testedwith all ECMproteins at all concentrations, thereby re-
ducingmultiple sources of experimental variability. Variability associat-
ed with image capture, cell selection through statistical analysis was
further reduced by automated image analysis, which also eliminates
human observer bias. This methodology increases the numbers of ob-
servations, thereby increasing the statistical power of the analyses and
the robustness of the conclusions drawn from them.

5. Conclusions

Patient-derived olfactory neurosphere-derived stem cells are not a
like-for-like representation of neuronal biology in patient brains, but
they illustrate the domains of schizophrenia-associated functions that
are likely altered in the developing brain. These observations define a
complex schizophrenia-associated cellular phenotype whereby patient
cells have an impaired ability to modulate their motility in response to
extracellularmicroenvironments. This is not because they are “blind” to
the microenvironment or external stimulus, as they have appropriate
integrin receptors to bind ECM proteins and they form focal adhesions
and respond to the ECM in other ways, by altering their cytoskeleton,
cell size and shape. The lack in ability of patient cells to modulate
their motility appears to be a cell “state”, independent of other re-
sponses to ECM, such as cell shape and size. This novel and complex
cell phenotype provides a strong and testable hypothesis for validation
in other schizophrenia patient-derived cell models, such as neuronal
precursors (Brennand et al., 2015) and neurons (Brennand et al.,
2011) derived from induced pluripotent stem cells. The promising
neurodevelopmental ‘mini-brain’ model (Lancaster et al., 2013) is an
exciting newway in which such a complex cell phenotype could be ex-
plored in the context of its effects on early stages of brain development.
Similar cellular pathways could also act in the mature brain during
synaptic remodeling (Ghashghaei et al., 2007; Levy et al., 2014).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mcn.2017.03.005.
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