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ABSTRACT OF THE DISSERTATION

The effects of extracellular matrix compliance and protein expression on neurons

By MICHELLE L. PREVITERA

Dissertation Director:

Bonnie L. Firestein, Ph.D

Extracellular and intracellular cues affect neuronal morphology and contribute to brain
diseases, such as schizophrenia, and injury. First, we examined how extracellular cues
influence branching parameters of hippocampal neurons. Brain injury or disease can
initiate changes in local or global stiffness of brain tissue. While stiffness of the
extracellular environment is known to affect the morphology and function of many cell
types, little is known about how the dendrites of neurons respond to changes in brain
stiffness. We cultured hippocampal neurons on hydrogels composed of polyacrylamide of
varying rigidities to mimic the effects of extracellular matrix stiffness on dendrite
morphology. At 12 days in vitro, dendrite branching was altered by stiffness; i.e.
branching peaked in neurons grown on gels of intermediate stiffness (8 kPa).
Furthermore, we found that ionotropic glutamate receptors play roles in regulating
dendrite morphology. AMPA receptors play a role in dendritc arborization for harder
stiffness, >2kPa, at all distances from the cell body. NMDA receptors play a role in
dendritic arborization for a range of rigidities (1-25 kPa), at only proximal and
intermediate distances from the cell body. However, a caveat to these studies is that cell

adhesion is affected by the rigidity of these substrates. Addressing this caveat is of great

il



importance because cell density affects dendrite branching. Thus, we also determined
whether substrate stiffness plays a critical role in determining dendrite branching
independent of cell density. We concluded that substrate stiffness does play a crucial role
in determining dendrite branching patterns independent of cell number; however, the
density of cells plated on substrates also influences the dendrite branching pattern of
neurons. In the second chapter of my thesis, we looked at how intracellular proteins in
different sections of the human brain are affected in schizophrenia. By Western blotting,
we examined human, postmortem brain samples. NOS1AP protein expression increased
in the dorsal lateral prefrontal cortex of patients with schizophrenia and not in the
occipital lobe, medial temporal lobe, or cerebellum. Thus, this thesis demonstrates how
extracellular and intracellular cues affect disease states, such as brain injury and

schizophrenia.
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INTRODUCTION



GENERAL OVERVIEW

This thesis addresses two questions relating to how the brain functions. The first
question is how does extracellular matrix compliance control dendrite branching? This
question is answered in two parts. The first part (Chapter 1a) explains the effects of
compliance on dendrite branching in cultured hippocampal neurons. The second part
(Chapter 1b) addresses a caveat to the way that compliance studies have been conducted.
The second question, which is addressed in the second chapter of this thesis, is how does
the expression of NOS1AP, a protein that regulates dendrite number, differ in patients
diagnosed with schizophrenia compared to normal patients (1)? Together, this thesis
explains how a specific protein and the extracellular matrix separately regulate brain

function.

Chapter 1: Extracellular Cues

Hippocampus

The hippocampus is thought to play a major role in learning and memory. The
hippocampus, being a part of the limbic system, can also regulate emotions and mood.
Neurogenesis is a constant phenomenon that occurs in the hippocampus and continues
throughout adulthood (2-6). Malfunctions in neurogenesis can lead to physiological
disorders, including depression, stress, anxiety, post-traumatic stress disorder, and
schizophrenia (7-9). Anti-psychotic drugs have been shown to increase neurogenesis and

help prevent psychotic episodes (10-13).

Dendritogenesis



Ramon y Cajal determined that through examination of dendrite morphology,
scientists could better elucidate the function of the nervous system. Dendrite morphology
is a defining characteristic of neuronal subtypes and is diverse in the brain (14). Targeting
and pruning of growing dendrites are also important in defining neuronal circuitry.
Defects in dendritogenesis can result in cognitive and psychological disorders, such as
autism, Rett’s syndrome, Down’s syndrome, and schizophrenia (15, 16).

Dendritogenesis is a multi-stage process and can be observed using cultured
dissociated rat hippocampal neurons. As described by Banker and colleagues, neurons
form lamellipodia that adhere to the plate at initial plating (stage 1) (17). Next, primary
dendrites extend from the cell body from 1 day in vitro (DIV) until at least 10 DIV
(stages 2—4) (17). Higher order branches then extend from the primary dendrites from 6
DIV until 12 DIV (stage 4) (17, 18). Soonafter, a maturation process occurs from 12 DIV
until 21 DIV by permitting spine formation and pruning of some of the primary and
secondary dendrites (stage 5) (17). It is important to note that the DIV when these stages
occur is highly dependent on culture conditions.

Regulation of dendrite branching is controlled by intrinsic and extrinsic factors.
For example, BDNF, neurotrophin-3, NGF, agrin, and reelin are extracellular proteins
that regulate dendrite branching (19-27). PSD-95, cypin, and snapin are intrinsic factors
that regulate dendrite branching in the hippocampus, and these proteins have been studied
extensively in the Firestein laboratory (18, 28, 29). However, proteins are not the only
factors to regulate dendrite branching; extracellular matrix compliance has also been
shown to regulate dendrite branching (30-33). In the first chapter of this thesis, we

examine how extracellular matrix compliance, or stiffness, affects dendrite branching



using hydrogels, and we identify a mechanism by which dendrite branching is regulated

on hydrogels. Furthermore, we address caveats to the use of hydrogels in cellular studies.
Dendrite Branching in vivo

Patterning of dendrites in vivo is important for proper connectivity. Neuronal
population is diverse in shape and size (14). The shape and size of a neuron are important
for creating the proper local circuit. Improper branching has been observed in patients
with cognitive and neurological disorders as well as in neurodegenerative diseases.

There is a loss of dendrite number, length, and branching in patients or animal
models with neurological diseases/disorders. For example, patients with autism, a
cognitive disorder affecting social and communication skills, have fewer neuronal basal
and apical branches compared to control patients.(15, 34). Patients with Rett syndrome, a
cognitive disorder that results in developmental reversals, have fewer neuronal basal
branches compared to control patietns (15, 35). Patients with epilepsy, a brain disorder
resulting in spontaneous seizures, have fewer neuronal proximal branches compared to
control patients (36). Patients with Alzheimer’s disease, a neurodegenerative disease that
results in a severe loss of memory and thinking, have fewer dendrite number compared to
control patients (37). Moreover, patients diagnosed with Parkinson’s disease, a
neurodegenerative disease of the central nervous system that impairs motor function,
have fewer and short dendrites (38-41). Moreover, amyotrophic lateral sclerosis mouse
models, a neurodegenerative disease affecting voluntary motor control, have fewer and
shorter dendrites (42). These studies show that dendrite number and patterning is altered

in patients and models with neurological disorders and diseases.

Hydrogels



Currently, there are technical limitations as to how biologists study neuronal
morphology. Neurons are plated on glass coverslips, which do not represent
physiological conditions because glass is approximately 500 times stiffer than an adult
brain (30). Plating neurons on softer substrates would be more physiologically relevant.

Hydrogels can be designed to mimic shear moduli of native brain tissue, which is
300 + 100 Pa, unlike glass, which is in the MPa to GPa range (30). Hydrogels can also be
designed to mimic changes in brain stiffness due to injury or disease (43-49). Hydrogels
can be composed of naturally occurring materials, such as agarose, fibrin, and collagen or
of synthetic materials, such as polyacrylamide (PA).

There are advantages and disadvantages to both materials. On the one hand,
naturally occurring materials are more biocompatible and less toxic. On the other hand,
PA gels have certain beneficial properties for mechanical studies. First, PA gels are inert
and must be functionalized by covalently linking adhesive ligands to the gel surface (30,
50). This property allows one to control which proteins are attached, while attaching
them equivalently on soft and hard gels (30). Furthermore, the rigidity of PA gels can be
altered by varying only the percentage of the cross-linking agent, N, N 8-methylene-bis-
acrylamide (bis), and not total monomer concentration (acrylamide), ensuring that gel
chemistry and topography are independent of stiffness (30, 51-53). To increase the
stiffness of collagen or fibrin gels, total protein concentration must be increased,
potentially changing the gel’s pore size and available adhesion sites (52, 54).

To examine dendritic branching, we took a biomechanistic approach by using PA
hydrogels to control the stiffness that cultured neurons were grown on. The ultimate goals

of these experiments were to evaluate the effects of stiffness on dendrite branching and to



identify the mechanisms affecting branching (Chapters 1). Furthermore, compliance
studies have a caveat: soft and hard matrices have different cell adhesion properties,
which may affect neuronal morphology (30, 32, 51). We address this caveat to observe if
our dendrite branching data are affected by cell density.

The PA gel will serve as a model to understand how branching occurs under
physiological conditions while also serving as a model to understand disease and injury

conditions that change brain rigidity.

Chapter 2: Intracellular Cues

Nitric oxide (NO) is highly reactive gas involved in local cell signaling. NO
rapidly diffuses through cell membranes and acts locally because of its short lifetime in
the extracellular matrix. NO can quickly convert to nitrates or nitrites by reacting with
oxygen in the extracellular matrix. NO is produced from L-arginine by nitric oxide
synthase (NOS).

NO has been found to signal in the central and peripheral nervous systems (55-
57). It performs post-translational covalent modification of proteins for signaling. In
addition, excessive NO has been shown to cause neurodegenerative diseases, such as
Parkinson’s disease (58). Moreover, NO has been shown to play a role in stress and
depression (59).

NOSI, an isoform of nNOS (neuronal nitric oxide synthase), is predominately
expressed in neurons (60). NOS1 knockout mice have demonstrated behavioral and
signaling abnormalities (61). NMDA receptors (NMDAR) bind intracellularly to post-

synaptic density 95 (PSD-95), and PSD-95 binds to nNOS (62). Stimulation of NMDAR



leads to the influx of calcium ions into the neuron (63). This influx of extracellular
calcium then leads to the activation of nNOS and the synthesis of NO (Figure 1) (55).
The N-terminal PDZ domain of NOS1 binds to adaptor proteins for targeting of
NOSI in cell signaling (64, 65). The nNOS adaptor protein (NOS1AP and also known as
CAPON) regulates NOS1 localization (66). NOS1AP can regulate NOS1 signaling by
binding to proteins, such as Dexrasl, to induce signaling or by competing with proteins,

such as PSD-95, to inhibit signaling (66, 67).
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Single nucleotide polymorphisms (SNPs) in NOS1AP are associated with
schizophrenia (68). Schizophrenia is a serious psychological disorder with a genetic
component affecting about ~1% of the population (69). Two human isoforms of
NOS1AP have been discovered, a short form and a long form (70). Previous reports
document increased expression of the short isoform of NOSIAP in the dorsal lateral
prefrontal cortex (DLPFC) for patients diagnosed with schizophrenia (70). Moreover,
specific SNP alleles associate with the disease and increased NOS1AP expression (70).
We observe whether NOS1AP is differentially expressed in distinct regions of the brain
in patients diagnosed with schizophrenia (Chapter 2). This thesis work was performed in

collaboration with Dr. Norell Hadzimichalis and the laboratory of Dr. Linda Brzustowicz.
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CHAPTER 1a: Regulation of dendrite arborization by

substrate stiffness is mediated by glutamate receptors.
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INTRODUCTION

Numerous studies have focused on understanding the physiological, physical, and
chemical consequences of traumatic brain injury. On a global level, when brain injury
occurs, there is an increase in brain stiffness, which can be due to scarring or intracranial
pressure (43, 45-49). On a local or cellular level, injury to astrocytes causes a decrease in
astrocyte stiffness (44). However, little is known about the effects of changes in brain
stiffness on neuronal morphology. In this study, we observed how increasing substrate
stiffness affects dendrite branching in cultured hippocampal neurons. Moreover, we
uncover receptors responsible for changes in dendrite branching due to varying
extracellular matrix compliances.

The hippocampus is responsible for learning and memory and is often damaged
during traumatic brain injury. Aberrant dendrite morphology has also been observed in
hippocampal neurons in patients suffering from neurological disorders (15). In vitro
studies, using fibronectin or collagen as a ligand or matrix, showed changes in neurite
outgrowth with changes in extracellular matrix stiffness (33, 71). The increases in
outgrowth seen on these gels may be due to altered gel pore size, which subsequently
increases available adhesion sites for neurites (52, 54). Furthermore, increasing collagen
concentration to increase gel stiffness may in itself contribute to changes in neurite
outgrowth since more collagen is available for neurite binding (72).

Utilizing polyacrylamide (PA) gels eliminates the effects of varying ligand
concentration, gel pore size, and other variables on neurite outgrowth. PA gels are inert
and must be functionalized by covalent linkage of adhesive ligands to the gel surface (30,

50, 52, 73). This property allows for control of protein attachment and for the possibility
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of attaching proteins in equal amounts on soft and hard gels (30, 51, 52). Moreover, non-
ligand based gel functionalization can be used, such as poly-D-lysine coating, to allow
neurons to adhere onto gels without the activation of ligands. Furthermore, gel chemistry
is independent of stiffness because the stiffness of PA gels can be altered by varying the
percentage of crosslinking agent (N, N 8-methylene-bis-acrylamide) and not total
monomer concentration (acrylamide) (30, 51, 52).

In this study, we use hippocampal neurons to observe how stiffness affects
dendrite patterning and to elucidate a possible mechanism for mechanosensing by
neurons. Hippocampal neurons were plated onto PA gels and treated with DL-2-amino-5-
phosphonovalerate acid (APV) or 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
NMDA and AMPA receptor antagonists, respectively. We then assessed whether these
receptors contribute to the alterations in dendritic arborization seen on gels of differing
stiffnesses. We found that dendrite branching peaks when the neurons grow on gels of
intermediate stiffness (8 kPa). We also found that blocking NMDA and AMPA receptors
alters the changes in dendrite branching at different distances from the soma seen when

the neurons are plated on gels of different rigidities.
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MATERIALS AND METHODS

PA gel preparation

PA gels were made as previously described with modification (30, 51). Briefly, gels were
composed of 7.5% acrylamide and 0.02, 0.03, 0.1, or 0.6% N, N&-methylene-bis-
acrylamide (bis) for varying rigidities. Acrylamide and bis were degassed for 30 mins by
dessication. Gels were polymerized on 12 mm round glass coverslips with 0.3% N, N,
N9, NO-tetramethylethylenediamine and 0.1% ammonium persulfate. Next, gels were
functionalized by UV irradiation of Sulfo-SANPAH. Gels were placed in 12 well plates
and coated with Poly-D-Lysine (0.2 mg/ml) for 30-60 minutes at 37°C. Gels were
equilibrated in 12 well plates with Neurobasal media (Invitrogen) supplemented with

B27, penicillin, streptomycin, and L-glutamine with beta-mercaptoethanol or Glutamax.
Compression testing

Cylindrical gels were made and placed in 50 mM HEPES, pH 8.2, for 16 — 48 hours.
Forces were measured with a Mark-10 EG 025 series digital force gauge with flat adaptor
(Johnson Scales, West Calwell NJ). (Force/sample radius) vs. (displacement/sample
height) was graphed in Excel to determine the slope, taken as Young’s modulus. Only the
linear portion of the graph was used to determine the slope. The experiment was

performed in triplicate.
Rheology

Gel stiffnesses of 0.02, 0.1, and 0.6% gels were measured by rheometry in one session.

The dynamic shear moduli of polyacrylamide gels were quantified to describe the elastic
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properties of the gels using an SR-2000 rheometer (Rheometrics Inc., Piscataway, NJ).
Polyacrylamide (0.5 ml) was polymerized between 25 mm parallel plates, resulting in an
approximate sample thickness of 1 mm. The shear modulus, corresponding to the elastic
resistance of the gels, was determined from the shear stress in phase with an oscillatory
shear strain of 2% amplitude at a frequency of 10 rad/s. Strain sweep was also determined
at a low strain. Polyacyrlamide does not stiffen with strain, and thus, it is assumed that
the G’ does not change with changes in strain. Shear modulus was converted to Young’s
modulus to maintain consistency. Poisson’s ratio was taken to be 0.5 because the gels are

assumed to be incompressible (Equ. 1).

Equation 1: E=2G'(1+v)
Primary neuronal culture

Neuronal cultures were prepared from hippocampi of E18 rat embryos as we have
previously described (18, 29, 74). The hippocampi were dissociated by mechanical
trituration. Cells were plated onto the gels or glass at a density of 60,000 cells/cm®.
Cultures were maintained in Neurobasal media supplemented with B27, penicillin,

streptomycin, and L-glutamine plus 8.5 mM 2-mercaptoethanol or Glutamax.
Transfection

For dendrite visualization, neurons were transfected with cDNA encoding GFP using a
modified calcium phosphate method on DIV 7 or 8. (75-78). Briefly, 500 pul of 2X HeBs
(pH 7.1; 274 mM NacCl, 10 mM KCI, 1.4 mM Na,HPO4+7H,0, 15 mM dextrose, and 42

mM Hepes) was mixed with 500 pl of a solution containing 15 pg of DNA and 0.25 mM
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CaCl,. This mixture was incubated for 25 minutes in the dark at RT. Next, 60 pul of the
mixture was dropped into each well containing Neurobasal media supplemented with
B27 only. The solution was allowed to precipitate for 30-45 minutes in the incubator.
Media containing precipitate was removed and replaced with the original supplemented

Neurobasal media plus 15% fresh supplemented Neurobasal media.
Pharmacological treatment

For antagonist treatment, neurons were treated with 50 puM DL-2-amino-5-
phosphonovalerate acid (APV) or 10 uM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
at 10 DIV for 24 hours as previously described (29). On DIV 12, neurons were fixed with

4% paraformaldehyde in phosphate-buffered saline for 30 minutes at 37°C.
Dendrite analysis and imaging

To prevent bias by the experimenter, only GFP transfected neurons were imaged. No
neurons were excluded from imaging. Neurons were imaged in the GFP channel at 200x
using an Olympus Optical IX50 microscope (Tokyo, Japan) with a Cooke Sensicam CCD
cooled camera, fluorescence imaging system and ImagePro software (MediaCybernetics,
Silver Spring, MD). Neuronal morphology was digitized in three stages based on these
initial images. In the first stage, the semi-automated tools available through the NeuronJ
plugin to ImageJ] (NIH, Bethesda MD) were used to define coordinates of all dendrites in
the x-y plane. All neurites were counted. In the second stage, NeuronStudio was used to
define the pattern of connectivity between dendrites. These two steps fully determine the
structure of each cell’s dendritic arbor and encode it in a digital format. Custom scripts
written in MATLAB (MathWorks, Natick, MA) were used to transfer the data from

NeuronJ to NeuronStudio. Using these digitized dendritic arbors, a second set of
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MATLAB scripts were then used to analyze data and extract the following metrics:
number of primary dendrites, number of secondary dendrites, number of branch points
per cell, number of terminal dendrite points per cell, and Sholl analysis performed with a
9.3 um ring interval. Afterward, data were transferred to Excel to facilitate statistical
analysis. The experimenter was blinded to condition during all data analyses. Dendrites
less than 3 um in length were not counted. Dendrites were labeled as proximal (1-63 pm
from the cell body), intermediate (64-123 pm from the cell body) and distal (124-183 um
from the cell body). Statistics were not performed for intersections >183 pum from the cell

body.
Statistics

GraphPad Instat Software (San Diego, CA) was used to calculate statistics. Statistical

analysis was performed using ANOVA followed by the appropriate post hoc test.
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RESULTS

Increasing N8-methylene-bis-acrylamide (bis):acrylamide

Gel stiffness was chosen based on previously published literature (30, 51). Stiffness was
measured in Young’s modulus by compression testing. All data for this work and
published work were converted to Young’s moduli (Equ. 1). The Young’s moduli values
increased with increasing bis:acrylamide concentration. Young’s moduli of the 0.02, 0.1,
and 0.6% gels (% bis) were measured by rheology. 0.03% gels were not tested because
measurements were previously published to be approximately 2 kPa (51). 0.1% gels were
a positive control. Again, the Young’s modulus value for rheology significantly increased
with increasing bis:acrylamide concentration (Figure 2). The stiffness of these gels,
based on rheology and compression testing, are approximately 1, 2, 8, and 25 kPa for
0.02, 0.03, 0.1, and 0.6 % gels, which are within the range of rigidities appearing in
previously published data (Figure 2) (30, 51). There is no significance between rheology
and compression data.

Our data agree with previously published results (30, 51). The positive control for
compression testing, 0.1% gel, was measured at approximately 8 kPa which is within the
range of rigidities appearing in previously published data (Figure 2) (51). By rheology,
Georges et al. measured 0.01% and 0.3% gels to be approximately 600 Pa and 18 kPa,
respectively, which fits in with our data (30). Also by rheology, Yeung et al. measured
0.01, 0.03, 0.1 and 0.3% gels to be approximately 600 Pa, 2 kPa, 8 kPa, and 18 kPa

respectively (51).
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Figure 2. Increase in N, N§-methylene-bis-acrylamide (bis) concentration results in an
increase in gel stiffness. As bis concentration increases, gel stiffness increases, as
expected (51). The values for the compression experiments are an average of the values
measured from three experimental trials (mean + SEM) (dotted line). N values for 0.02;
0.03; 0.1 and 0.6% gels (% bis): n=14; 14; 13; 13, respectively. Rheology was performed
once to confirm compression testing (solid line). N values for 0.02; 0.1; and 0.6 % gels:
n=6, 4, and 4, respectively. . *** p<0.001 for compression and “*p<0.01 for rheolgy
determined by Kruskal-Wallis Test followed by Dunn’s Multiple Comparison Test
compared to 1 kPa gels.
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Effects of stiffness on dendrite branching

We asked whether the stiffness of the substrate on which neurons are grown
affects dendritic arborization. Neurons were analyzed at DIV 12 since this is the peak of
dendrite branching (17, 79-81). Neurons plated onto gels with a Young’s modulus of 8
kPa showed an increase in secondary dendrite number compared to neurons grown on
gels of 1 kPa (Figure 3 A). Primary dendrite number also showed an increase, but these
data were not significant.

In addition, we examined the number of dendrite branches and the total number of
dendrites. Neurons grown on gels of 8 kPa contained an increased number of branch
points compared to neurons grown on gels of 1 kPa (Figure 3 B). Moreover, neurons
grown on gels of 2, 8, and 25 kPa all contained a larger number of terminal points
compared to neurons grown on gels of 1 kPa (Figure 3 C).

To further analyze dendrite branching, we performed Sholl analysis. Sholl analysis is
performed by drawing concentric circles at a fixed distance from the cell body. Next, the
number of dendrites that intersect each circle is counted. A graph is then generated,
showing the number of intersection at specific distances from the cell body (Figure 4).
This analysis is a method for quantifying the spatial distribution of a dendritic arbor with
regards to the cell body. For the purpose of our analysis, we grouped intersections into
three categories based on their distance from the cell body: proximal, intermediate, and
distal (Figure 4). Neurons grown on gels of 8 kPa stiffness showed an increase in the
number of proximal and intermediate intersections (15-105 pm from the cell body)
compared to neurons grown on 1 kPa gels (Figure 3 D). The increase in proximal and

intermediate intersections in neurons grown on the 8 kPa gels parallels increases seen in



primary and secondary dendrites seen in Figure 3 A.
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Figure 3. Dendrite number peaks in neurons grown on gels of intermediate stiffness. (A)
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Primary dendrite number increases in neurons grown on 8 kPa gels. This increase is
marginally significant. Secondary dendrite number peaks in neurons grown on gels of 8
kPa. ***p<0.001 for secondary dendrites determined by Kruskal-Wallis Test followed by
Dunn’s Multiple Comparison Test compared to 1 kPa gels. (B) Branch points increase in
neurons grown on 8 kPa gels. ***p<0.001 determined by Kruskal-Wallis Test followed
by Dunn’s Mulitple Comparison Test compared to 1kPa gels. (C) Terminal points
increase in neurons grown on 2, 8, and 25kPa gels. **<0.01 determined by ANOVA
followed by Dunnett’s Multiple Comparison Test compared to 1kPa gels. (D) Sholl
analysis. The number of intersections peaks at 15-105 pm (black line) from the soma for
neurons grown on 8 kPa gels (see Appendix Table 3) (E) Representative images of
neurons quantitated in panels A and D. n values are as follows: 1 kPa, n=46; 2 kPa, n=40;
7.5 kPa, n=59; 25 kPa, n=55. Panels A-D show the average values of three experimental
trials (mean + SEM). Scale bar, 10 um.
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Figure 4: Sholl Analysis. Concentric circles are drawn around the cell body at a fixed
distance of 9.3 um. Number of intersecting dendrites are counted at the fixed distances.
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Glutamate receptor regulation

AMPA and NMDA receptors are postsynaptic glutamate-gated receptors that play
roles in regulating dendrite branching (82-89). To assess whether these glutamate
receptors also play roles in regulating dendrite branching patterns due to changes in
extracellular stiffness, neurons were treated with NMDA or AMPA receptor antagonists,

APV or CNQX, respectively.

Treatment of neurons with APV

When NMDA receptor activity was blocked with APV, substrate stiffness-
dependent changes in the number of primary and secondary dendrites were eliminated
(Figure 5 A). This was due to an increase in the number of primary and secondary
dendrites in neurons grown on 1 kPa, 2 kPa, and 25 kPa gels. Compared to their vehicle-
treated controls, however, these increases were only significant for the average number of
primary dendrites in neurons grown on 25 kPa gels and the average number of secondary
dendrites identified in neurons grown on both 1 kPa and 25 kPa gels.

Moreover, blocking NMDA receptors eliminated substrate stiffness-dependent
changes in the number of branch and terminal points. (Figure 5 B and C). This is again
due to the increased number of branch points and terminal points identified in neurons
grown onl kPa, 2 kPa, and 25 kPa gels. These changes were only statistically significant
when compared to vehicle-treated controls for the number of branch points in neurons
grown on 1 kPa gels, and the number of terminal points in neurons grown on 1 kPa and
25 kPa gels.

Next, we examined the change in branching patterns through the use of Sholl
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analysis when neurons on gels were treated with APV. This analysis indicated that when
NMDA receptors are blocked, there is no measurable change in the spatial distribution of
dendrites on any of the gel rigidities examined (Figure 5 D). This analysis was
expanded, however, by comparing the Sholl curves for APV-treated cells to the Sholl
curves for vehicle-treated conditions for each gel stiffness (Figure 6). This additional
analysis revealed that APV-treated neurons grown on 1 and 25 kPa gels had an increased
number of dendritic intersections (Figure 6 A and D) compared to the untreated controls.
This trend was reversed for the 8 kPa gel, however, on which APV treatment caused a
decrease in the number of dendritic intersections (Figure 6 C).

Overall, blocking NMDA receptor activity caused an increase in the number of
primary dendrites, secondary dendrites, and terminal tips in neurons grown on both 1 kPa
and 25 kPa gels and an additional increase in the number of branch points in neurons
grown on 1 kPa gels. When NMDA receptors are blocked, increases in these metrics for
neurons grown on 8 kPa gels cannot be observed over the elevated baseline. This
suggests that NMDA receptors play a role in mediating substrate stiffness-dependent

changes in dendritic arborization.
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Figure 5. APV treatment eliminates substrate-dependent changes in branching. (A)
Primary and secondary dendrite number did not change with APV treatment over the
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range of gel stiffnesses examined (solid line). In neurons grown on 1 kPa gels, secondary
dendrite number increased with APV treatment (dotted line) compared to vehicle-treated
controls. **p<0.001 determined by Kruskal-Wallis Test followed by Dunn’s Multiple
Comparison Test. In neurons grown on 25 kPa gels, both primary and secondary dendrite
number increased with APV treatment compared to vehicle-treated controls. *p<0.01 for
primary dendrites determined by Kruskal-Wallis Test followed by Dunn’s Multiple
Comparison Test and *p<0.05 for secondary dendrites determined by ANOVA followed
by Dunnett’s Multiple Comparison Test. (B) The number of branch points per neuron did
not change with increasing stiffness when the neurons were treated with APV (solid line).
In neurons grown on 1 kPa gels, the number of branch points increased compared to
vehicle-treated control (dotted line). “p<0.01 determined by Kruskal Wallis Test
followed by Dunn’s Multiple Comparison Test. (C) The number of terminal points per
neuron did not change with increasing stiffness when the neurons were treated with APV
(solid line). In neurons grown on 1 kPa gels and 25 kPa gels, terminal points increased
compared to control (dotted line). “*p<0.01 in neurons grown on 1 kPa gels determined
by ANOVA followed by Dunnett’s Multiple Comparison Test. “p<0.01 in neurons
grown on 25 kPa gels determined by Kruskal-Wallis Test followed by Dunn’s Multiple
Comparison Test. (D) Sholl analysis for neurons treated with APV. There were no
significant differences seen in dendrite distribution between different gel stiffnesses. (E)
Representative images of neurons quantitated in panels A-D. n values for neurons treated
with APV are as follows: 1 kPa, n=30; 2 kPa, n=47; 7.5 kPa, n=56; 25 kPa, n=49. Figure
shows a combination of three experiments (mean + SEM), which were sister cultures
with those shown in Figures 4 and 7. Statistics comparing control with APV treatment
were performed with CNQX treatments since the control (vehicle-treated) neurons were
shared, and experiments using either antagonist were performed in parallel. Scale bar, 10
um.
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Figure 6. APV and CNQX treatments affect dendrite distribution differently based on
distance from the cell body and substrate stiffness. (A) In neurons grown on 1 kPa gels,
the number of dendritic intersections within a 15-27 um radius (red line; proximal region)
increased when neurons were treated with APV. (B) In neurons grown on 2 kPa gels, the
number of dendritic intersections within a 51-165 wm radius (grey line; the proximal,
intermediate, and distal regions) increased when neurons were treated with CNQX, while
APV caused an increase at 99 um (red asterisk; the intermediate region). (C) In neurons
grown on 8 kPa gels, however, the number of dendritic intersections decreased within a
radius of 75-81 um (grey line) when neurons were treated with CNQX and at a radius of
87 um (red asterisk) when neurons were treated with APV (both within the intermediate
region). (D) In neurons grown on 25 kPa gels, the number of dendritic intersections
occurring within a radius of 9-57 um (red line) increased due to APV treatment, while
CNQX treatment caused an increase within a radius of 9-57 um (grey bar; both within the

proximal region). Figure shows a combination of three experiments. (mean + SEM; See
Appendix Table 4-7).
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Treatment of neurons with CNQX

Similar to the results observed when NMDA receptor activity was blocked,
blocking AMPA receptor activity with CNQX eliminated the substrate stiffness-
dependent effects on the number of primary and secondary dendrites (Figure 7 A). When
compared to vehicle-treated control, only neurons grown on 25 kPa gels had more
primary and secondary dendrites in response to CNQX treatment.

Blocking AMPA receptors also increased the number of branch points and
terminal points on 25 kPa gels (Figure 7 B and C). Compared to vehicle-treated controls,
the number of terminal points in neurons grown on 1 kPa gels and 25 kPa increased and
the number of branch points in neurons grown on 25 kPa increased with CNQX treatment
(Figure 7 B and C).

Sholl analysis of CNQX-treated neurons showed that neurons grown on 25 kPa
gels had an increase in the number of dendrite intersections found in proximal,
intermediate, and distal fields when compared to neurons grown on 1kPa gels (Figure 7
D). Sholl analysis of CNQX-treated neurons showed that neurons grown on 8 kPa gels
had an increase in the number of distal dendrites when compared to neurons grown on 1
kPa gels (Figure 7 D). As a follow up, we again examined the affects of CNQX
treatment compared to vehicle-treated controls for each stiffness (Figure 6). In neurons
grown on 2 kPa and 25 kPa gels, CNQX treatment increased the number of dendritic
intersections compared to vehicle-treated controls (Figure 6 B and D). In neurons grown
on 8 kPa gels, however, this change was reversed and the number of dendritic
intersections decreased in response to CNQX treatment (Figure 6 C).

Overall, blocking AMPA receptor activity caused an increase in the number of
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terminal points and branch points in neurons grown on 25 kPa gels and an increase in the
number of terminal points in neurons grown on 1 kPa gels. When AMPA receptors were
blocked, increases in these metrics for neurons grown on 8 kPa gels could not be
observed over the elevated baseline. This suggests that AMPA receptors play a role in

mediating substrate stiffness-dependent changes in dendritic arborization.
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Figure 7. CNQX treatment increases dendrite branching in neurons grown on 25 kPa
gels. (A) Primary and secondary dendrite number did not change with CNQX
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treatment,over the range of gel stiffnesses examined (solid line). In neurons grown on 25
kPa gels, secondary dendrite number increased with CNQX treatment relative to vehicle-
treated controls. “p<0.05 and *p<0.01 determined by Kruskal-Wallis Test followed by
Dunn’s Multiple Comparison Test, (B) The number of branch points increased in neurons
grown on gels of increasing stiffness when the neurons were treated with CNQX (solid
line). **p<0.01 determined by Kruskal-Wallis Test followed by Dunn’s Multiple
Comparison Test. In neurons grown on 25 kPa gels, the number of branch points
increased compared to control (dotted line). **p<0.001 Kruskal-Wallis Test followed by
Dunn’s Multiple Comparison Test. (C) The number of terminal points increased in
neurons grown on gels of increasing stiffness when the neurons were treated with CNQX
(solid line). **p<0.01 determined by Kruskal-Wallis Test followed by Dunn’s Multiple
Comparison Test. In neurons grown on 1 kPa gels, terminal points increased compared to
control. **p<0.01 determined by ANOVA followed by Dunnett’s Multiple Comparison
Test. In neurons grown on 25 kPa gels, the number of branch points increased compared
to control (dotted line). **p<0.001 Kruskal-Wallis Test followed by Dunn’s Multiple
Comparison Test. (D) Sholl analysis for neurons treated with CNQX. The number of
dendritic intersections within a radius of 45-135 um (red line) and 135 pum (black
asterisk) from the cell body was increased in neurons grown on 25 kPa and 8 kPa gels,
respectively, with CNQX treatment (see Appendix Table 8). (E) Representative images
of neurons quantitated in panels A-D. n values for neurons treated with CNQX: 1 kPa,
n=35; 2 kPa, n=56; 7.5 kPa, n=51; 25 kPa, n=47. Figure shows a combination of three
experiments, which were sister cultures with Figures 5 and 6 (mean + SEM). Statistics
comparing control with APV treatment were performed with CNQX treatments since the
control (vehicle-treated) neurons were shared, and experiments using either antagonist
were performed in parallel. Scale bar, 10 um.
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AMPA and NMDA receptors modulate spatial distribution of dendrites

The studies above suggest that both AMPA and NMDA receptors play a role in
mediating the neuronal response to mechanical properties of the substrate on which the
neurons are grown. Because changes in branching behavior do not necessarily affect all
regions of the dendritic arbor equally, we assessed whether the role of NMDA and
AMPA receptors in regulating dendrite branching is global or local to specific sub-
regions of the arbor.

Blocking NMDA receptor activity caused a change in dendrite number proximal
and/or intermediate to the cell body across all stiffness ranges. Sholl analysis shows that
APV treatment increased the number of proximal dendritic intersections (15-27 um) for
neurons grown on 1 kPa gels (Figure 6 A). Similarly, blocking NMDA receptor activity
increased the number of dendritic intersections in the intermediate region (at 99 pm) for
neurons grown on 2 kPa gels (Figure 6 B). These increases were not observed on the 8
kPa gels, where APV treatment reduced the number of dendritic intersections in the
intermediate range (at 81 pum; Figure 6 C). However, APV treatment increased the
number of proximal dendritic intersections (9-57 pm) for neurons grown on the stiffer
substrates (25 kPa) (Figure 6 D).

AMPA receptors appear to regulate dendrite distribution in a way that is
dependent on the stiffness of the neuronal growth substrate. For example, Sholl analysis
shows that CNQX treatment has no effect on the number of dendritic intersections for
neurons grown on 1 kPa gels (Figure 6 A). CNQX treatment increased the number of
intermediate and distal dendritic intersections for neurons grown on 2 kPa gels (51-165

um; Figure 6 B). Furthermore, CNQX treatment increased the number of proximal
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dendritic intersections (9-57 pm) for neurons grown on 25 kPa gels (Figure 6 D). On the
8 kPa gels, however, the number of dendritic intersections was largely unchanged by
AMPA receptor blockade, except in the intermediate range, from 63-75 um, where the
number of intersections decreased compared to vehicle-treated controls (Figure 6 C).
Both NMDA receptors and AMPA receptors appear to play a role in modulating
substrate stiffness-dependent changes in dendritic distribution (Table 1). However, Sholl
analysis suggests that their effects are most prominent in different regions of the dendritic

arbor.

Dendrite Branchingin Neurons Plated on Glass

Next, we wanted to observe if dendrite branching differs when glass is used as a
substrate, which is the traditional way of plating neurons, compared to plating on soft
substrates. Neurons were plated on glass at the same density as on gels (Figure 8). The
number of primary and secondary dendrites, as well as the number of terminal points
increased for neurons grown on 8 kPa gels compared to neurons grown on glass.
Moreover, neurons grown on 1 kPa gels showed a decrease in the number of branch and
terminal points compared to neurons grown on glass (Figure 8 B). 1 kPa gels are similar
to the stiffness of the rat brains (52). Thus, dendrite branching seen in neurons grown on
substrates with similar stiffness to that of the brain is different than that seen in neurons

plated on glass.
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Figure 8: Dendrite branching in neurons plated on glass is different then that seen in
neurons plated on hydrogels. (A) Primary and secondary dendrite number increased for
neurons grown on 8 kPa gels compared to neurons grown on glass *p<0.05 determined
by Krutsal Wallis followed by Dunn’s Multiple Comparison Test (B) Branch point and
terminal number decreased for neurons grown on 1 kPa gels compared to neurons grown
on glass. Terminal point number increased for neurons grown on 8 kPa gels compared to
neurons grown on glass. *p<0.05 and ***p<0.001 determined by Krutsal Wallis followed

by Dunn’s Multiple Comparison Test.
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DISCUSSION

Plating neurons on glass is the traditional method used for studying dendrite
branching (1, 18, 28). This is not the most physiological way to study dendrite
development because glass is stiffer than the brain. Our studies show that neurons plated
on glass show different dendrite branching parameters compared to neurons plated on
various gel rigidities.

Previous studies of neuronal growth on hydrogels have shown that neurite number
increases with increasing gel stiffness (31, 33). Our data show that over the range of 1
kPa to 25 kPa, branching reaches a maximum in neurons grown on gels of an
intermediate stiffness, 8 kPa in our experimental system.

Our studies also aim to identify a mechanism by which neuron sense extracellular
stiffness to regulate their dendritic arbors. Based on previous observations that glutamate
receptors can regulate dendrite branching in a variety of neurons (82-89), we used
receptor antagonists as a means of probing the role of NMDA and AMPA receptors in
generating these substrate-dependent morphological characteristics. Our data show that
NMDA and AMPA receptors play different roles in regulating dendrite branching
patterns in neurons grown on gels of different compliances. We find that NMDA
receptors play a role in regulating characteristics of the dendritic arbor close to the cell
body, while AMPA receptors play a role in determining arbor characteristics over a
broader spatial range but only in cells grown on substrates with stiffnesses above a

certain threshold (2 kPa; Figure 9 and Table 1).
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Figure 9. Model of action of NMDA and AMPA receptors on dendrite morphology.
AMPA receptors play a role in dendritc arborization for harder stiffness, >2kPa, at all
distances from the cell body. NMDA receptors play a role in dendritic arborization for a
range of rigidities (1-25 kPa), only proximal and intermediate lengths from the cell body.
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Treatment APV CNQX
Stiffness (kPa) 1 2 8 25 1 2 8 25
Primary Dendrite Number | !
Secondary Dendrite Number | 1 | !
Branch Points | !
Terminal Points | | ! !
Proximal Arborization | | ! ! !
Intermediate Arborization | | ! !

Distal Arborization !

Table 1. Summary table on effects of NMDA and AMPA antagonists on dendrites.
Boxes are marked when treatment above affected parameter listed on left. Arrows
indicate significant trend compared to vehicle-treated control.
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Over the range of substrate rigidities examined by other groups, neurons adhere to
and branch more on harder substrates than on softer substrates (31). We have discovered,
however, that under certain conditions, there is an optimal stiffness that enhances
dendrite branching that does not simply maximize the stiffness of the growth substrate. .
Our data conflict with some previous reports that observe that as substrate stiffness
increases, dendrite branching decreases (53, 90). This discrepancy could be due to many
reasons: cell type, cell density, substrate stiffness range, analysis methods, culture
density, and cell age in vivo and in vitro (33).

The mechanism by which substrate stiffness regulates cellular morphology is
most likely analogous to the mechanisms controlling other cellular activities, such as cell
motility, that are dependent on cytoskeletal remodeling. Cell migration is highly
dependent on the adhesiveness of the cell to the substrate (91). There is an optimal
adhesion force, below which the cells slip at the leading edge and above which they fail
to release at the trailing edge (92). Either of these processes inhibits forward motion of
the cell, meaning that an intermediate adhesive force to the substrate maximizes
migration speed (91). This same concept may apply to dendrite morphology since
adhesion affects dendrite branching (93); if the substrate is too hard, the adhesion forces
will hinder the ability of the dendrite to branch.

Activation of AMPA receptors attenuates dendrite growth, and inhibition of
NMDA receptor activity increases branching (94, 95). Other studies conflict with results
from previous studies and this study in that they show that inhibition of NMDA and
AMPA receptor activity decreases dendrite branching (29, 87). In our experiments, we

blocked these glutamate receptors to determine the roles they play in regulating substrate
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stiffness-induced changes in dendrite morphology. Our studies show that AMPA
receptors play a role in determining dendrite patterning throughout the entire length of
the dendritic arbor, whereas NMDA receptors play a role in determining dendrite
patterning only proximal to the soma. This variation in regulation of dendrite morphology
by glutamate receptors may be due to receptor distribution (96-99). Our study moves one
step further, showing that these separate effects of NMDA or AMPA receptor blockade
are dependent on substrate rigidities. Traditional theory suggests that we would expect to
see an increase in branching when neurons were treated with an NMDA or AMPA
receptor antagonist. However, blocking these receptors only resulted in a significant
increase in branching parameters on 1 kPa and 25 kPa gels for NMDA receptor-
inactivated neurons and on 25 kPa gels for AMPA receptor-inactivated neurons.

There are multiple factors that may play roles in determining changes in neuronal
morphology occurring on substrates with different mechanical properties. Determining
the role of glutamate receptors in regulating dendrite arborization adds another level of
complexity. The final arbor is likely to be the product of the sensitization of the neuron to
different activation cues. For example, differences in glutamate receptor blockade may be
due to the distinct spatial distribution of the receptor types, and thus, the substrate
stiffness-dependent observations we make may be caused by a change in the relative
membrane concentrations of AMPA and NMDA receptors (96, 98-100). A reason for the
differences in the roles NMDA and AMPA receptors play may be due to integrin
activation. Integrins are heterodimer adhesion molecules that are involved in cell-cell and
cell-extracellular matrix interactions. Both NMDA and AMPA receptors are influenced

by the stimulation of integrins (101-103), which show an increase in expression in
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neurons grown on stiffer substrates (51). Previous work has shown that NMDA receptors
activate with high and low stimulation of integrins by high and low concentrations of
RGD, respectively (104). AMPA receptor activity increases with high integrin
stimulation, whereas AMPA receptor activity decreases with low integrin stimulation
(104). This window between high and low integrin activation, where NMDA and AMPA
receptors behave differently, provides a potential explanation for how increasing
substrate stiffness may create a differential effect based on selective inactivation of either
NMDA or AMPA receptors. One interpretation consistent with our studies is that on soft
gels, integrin activation is lower than on harder gels, so AMPA receptors are not active
and will not play a role in shaping the dendritic arbor. By comparison, on hard gels,
AMPA receptors are active and play an important role in determining dendrite
distribution. To test this theory, future studies will address the role of integrins and other
signaling systems in shaping the dendritic arbors of hippocampal neurons grown on

substrates of different rigidities.
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CHAPTER 1b: Substrate stiffness affects the dendrite
patterning of hippocampal neurons independent of cell

density.
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INTRODUCTION

A century ago, Ramon y Cajal determined that thorough examination of neuronal
dendrite morphology would help to elucidate overall nervous system function. Dendrite
branching is a highly dynamic process and determines the role a neuron will play in a
neuronal circuit (105-107). Proper development of the dendritic arbor is important for
normal nervous system function; abnormalities in dendrite branching patterns occur in a
number of cognitive disorders, including Alzheimer’s disease, Down syndrome, autism,
Rett syndrome, and schizophrenia (15, 108, 109).

The development of the dendritic arbor is a multi-stage process and is influenced
by numerous intrinsic and extrinsic factors (17, 110). Recently, it has been shown by a
number of groups, including our own, that the molecular mechanisms underlying the
trafficking of receptors and signaling elements to postsynaptic sites also help to shape the
dendritic arbor (29, 111). In the current study, we examined the effects of substrate
stiffness on the dendrite morphology when hippocampal neurons were grown on
compliant substrates. We also examined the effects of cell density on dendrite branching
parameters.

In our studies and in previously published work, increased substrate stiffness
results in an increase in cell density due to differences in cell adhesion (30-32).
Furthermore, cell density affects dendrite morphology due to variation in cell-cell
contact, synaptic density, and global concentration of extrinsic factors (17, 79, 112-115).
Thus, it is of importance to examine whether cell density in mixed neuronal cultures
plays a role in determining the dendrite branching phenotypes seen in neurons grown on

hydrogels of varying rigidities.



45

In this study, we grew mixed cultures of hippocampal cells on polyacrylamide
(PA) gels to assess the effects of varying cell densities on two different substrate
rigidities. PA gels are used in this study because we are able to make substrates with
varying rigidities by varying the percentage of the crosslinker, bis-acrylamide (30, 51,
116). In addition, varying the percentage of crosslinker does not vary the pore size or
amount of adhesion sites on the gels (30, 51, 52, 116). We observed that substrate
stiffness plays a larger role in determining branching patterns than does cell density.

However, cell density does indeed influence dendrite branching.
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MATERIALS AND METHODS

Antibodies

Neurons were immunostained using anti-MAP2 (Chemicon, Temecula, CA), mature
astocytes were immunostained using anti-GFAP (Chemicon, Temecula, CA), and
immature astrocytes were immunostained using anti-vimentin (Chemicon, Temecula,
CA). Microglia were immunostained using anti-OX42 and oligodendrocytes were

immunostained using anti-CNPase (Chemicon, Temecula, CA).

PA Gel Preparation, Primary Neuronal Culture, Transfection Dendrite

Analysis and Imaging, and Statistics
See Chaper 1a.
Immunocytochemistry

Cultures were fixed at the indicated time points. Neurons were blocked and
permeabilized in blocking solution containing 5% normal goat serum and 0.1% Triton X-
100 in PBS. Neurons were immunostained using a 1:500 dilution of the indicated
antibody for 1-2 hours at room temperature or overnight at 4°C and then for 1-2 hours
with a secondary antibody conjugated to fluorophore (Jackson ImmunoResearch, West

Grove PA).
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RESULTS

Cell density increases with increasing stiffness and initial plating density

We first determined the adhesion and densities of specific cell types on various
gel rigidities. We plated mixed cultures of hippocampal cells on gels ranging from 0.02 to
0.6% bis-acrylamide at an initial plating density of 60,000 cells/cm®. Previously
published work has shown that as the percentage of bis-acrylamide increases, the
stiffness of the gel increases (32, 51). Cultures were fixed on 12 DIV and immunostained
with various cell markers. We observed that as percent bis-acylamide increased, the
density of neurons (MAP2-positive cells) and mature astrocytes (GFAP-positive cells)
increased (Figure 10). The number of immature astrocytes (vimentin-positive cells) did
not change as percent bis-acrylamide increased (Figure 10). We also immunostained the
cultures to determine the number of microglia and oligodendrocytes present. However,

very few, if any, of these cell types were present (data not shown).
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Figure 10. As percent bis-acrylamide increases in the polyacrylamide gel, the number of
neurons and astrocytes increases as assessed on 12 DIV. (A) The number of neurons and
mature astrocytes increases as gel stiffness increases. The number of immature astrocytes
does not change when the cells are plated on gels of different densities. ***p<0.001 for
MAP2-positive cells and *p<0.05 for GFAP-positive cells determined by Krustal-Wallis
Test followed by Dunn’s Multiple Comparison Test compared to 0.02% bis-acrylamide
gels. (B) Representative images quantitated in A. The data shown are from three
experiments. Numbers of pictures taken for each condition are listed for 0.02, 0.03, 0.1,
and 0.6% bis-acrylamide gels, respectively. Vimentin: n=43; 34; 44; 31. MAP2: n=35;
34; 30; 35. GFAP: n=29; 39; 38; 29. Scale bar, 10 um.
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When gels, with the same initial plating densities, were compared on 12 DIV, cells
did not always adhere to or grow better on hard gels than soft gels. When grown on hard
gels, more neurons and astrocytes were present when plated at an initial density of 50,000
cells/em® (Figure 11 A, D, F and G). However, when cells were plated at an initial
density of 80,000 cells/cm?, only mature astrocytes showed an increased number when
grown on hard versus soft gels (Figure 11 B, D, F and G). Moreover, when cells were
plated at an initial density of 100,000 cells/cmz, more neurons, but not astrocytes,
adhered to and grew on hard gels (Figure 11 C, D, F and G). These data demonstrate that
there is a maximum threshold for the number of astrocytes that will adhere to and grow
on hard gels. On soft gels, the numbers of adhering neurons and astrocytes increased

when plated at increasing initial densities.
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Figure 11. Cell density changes with substrate stiffness and initial plating density as
assessed on 12 DIV. (A) The number of neurons and mature astrocytes increases when
the cells are plated on hard gels compared to those plated on soft gels with initial density
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of 50,000 cells/cm®. *p<0.05 for MAP2-positive cells and **p<0.01 for GEAP-positive
cells determined by Mann Whitney Test. (B) Only the number of mature astrocytes
increases when cells are grown on hard gels compared to those grown on soft gels with
initial plating density of 80,000 cells/cm®. **p<0.01 determined by Mann Whitney Test.
(C) Only the number of neurons increases when cells are grown on hard gels compared to
those grown on soft gels when plated at an initial density of 100,000 cells/cm®. **p<0.01
determined by Mann Whitney Test. (D) When grown on soft gels, the number of neurons
and mature astocytes increases as initial plating density increases. *p<0.05 for GFAP-
positive cells and ***p<0.001 for MAP2-positive and GFAP-positive cells determined by
Krustal Wallis Test followed by Dunn’s Multiple Comparison Test compared to 50
cells/cm®. (E) As initial plating density increases, the number of neurons increases and
the number of mature astrocytes remains unchanged on hard gels. ***p<0.001 for
MAP2-positive cells determined by Krustal Wallis Test followed by Dunn’s Multiple
Comparison Test compared to 50,000 cells/cm®. (F) and (G) Representative images of
MAP2- and GFAP-positive cells, respectively, quantitated in A-E. The data shown are
from four experiments. Numbers of picture taken for each condition are listed from
50,000, 80,000, and 100,000 cells/cm?, respectively. GFAP, soft gels: n=30; 35; 35, and
hard gels: n=25; 30; 30. MAP2, soft gels: n= 34; 36; 35, and hard gels: n=25; 36; 30.
Scale bar, 10 um.
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We then asked whether the differences in cell number, discussed above, are due to
differences in cell adhesion during plating. Cells were plated onto gels at 60,000
cells/cm®. Neurons were fixed at 24 and 48 hours after plating and immunostained for
MAP2. We also immunostained for GFAP, but we found that these time points are too
early in culture to observe mature astrocytes. At both 24 and 48 hours after plating, we
observed the same trend in the number of neurons found on the gels as we observed on
12 DIV. We found that as the percentage of bis-acrylamide increased, the number of
neurons found on the gels increased (Figure 12). Thus, the increase in the number of
neurons seen on harder gels may be due, at least in part, to increased cell adhesion on

stiffer substrates during the initial plating.
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Figure 12. Differences in cell number occur early in culture. Cells were plated at initial
densities of 60,000 cells/cm”. (A) Number of neurons was determined 24 hours after
plating. **p<0.01 and ***p<0.001 determined by Krustal Wallis Test followed by
Dunn’s Multiple Comparison Test compared to cultures grown on 0.02% bis-acrylamide
gels. (B) Number of neurons was determined 48 hours after plating. **p<0.01 determined
by Krustal Wallis Test followed by Dunn’s Multiple Comparison Test compared to
cultures grown on 0.02% gels. (C) and (D) Representative images of neurons quantitated
on 0.02 and 0.06 % bis-acrylamide gels in figures A and B, respectively. Numbers of
pictures taken for each condition are listed for cultures grown on 0.02, 0.03, 0,01, and
0.06% bis-acrylamide gels, respectively. 24 hours: n=30; 55; 56; 55. 48 hours: n=43; 49;
54; 55. Scale bar, 10 wm.
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Cell density affects dendrite branching

Since cell density affects dendrite morphology (17, 79, 112-115), we assessed
dendrite morphology in neurons grown on our gels. Cells were plated at initial densities
of 50, 80, and 100 cells/cm® on either hard or soft gels and were fixed on 12 DIV. At
equivalent initial plating densities, neurons grown on hard gels consistently have more
primary and secondary dendrites than neurons grown on soft gels (Figure 13 A-C and F).
The number of primary and secondary dendrites in neurons grown on soft gels does not
change as plating density is increased (Figure 13 D and F). In contrast, neurons grown
on hard gels show a decrease in primary and secondary dendrite numbers as plating
density increased (Figure 13 E). Thus, cell density affects dendrite branching patterns

when neurons are grown on hard gels but not soft gels.
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Figure 13. Branching patterns change in neurons grown at different initial plating
densities and on different substrate rigidities as assessed on 12 DIV. (A-C) Neurons
grown on hard gels have more primary and secondary dendrites than those grown on soft
gels with the same initial plating density. ***p<0.0001 and *p<0.05 determined by Mann
Whitney Test. (D) The number of dendrites is independent of initial plating density for
neurons grown on soft gels. (E) Neurons grown on hard gels have less primary and
secondary dendrites when plated at higher initial cell densities. **p<0.01 for primary
dendrite number determined by ANOVA followed by Dunnett’s Multiple Comparison
Test compared to initial plating density of 50,000 cells/cm®. *p<0.05 and **p<0.01 for
secondary dendrites determined by Krustal-Wallis Test followed by Dunn’s Multiple
Comparison Test compared to initial plating density of 50,000 cells/cm®. (F)
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Representative images quantitated in A-E. Data are from four experiments. Numbers of
cells for each condition are listed for 50,000, 80,000, and 100,000 cells/cm?, respectively.
Soft gels: n=30; 37; 34. Hard gels: 35; 30; 34. Scale bar, 10 um.
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To fully understand how stiffness and cell density affect dendritogenesis, we
examined additional branching parameters, including the number of branch points and
total dendrite number. We measured the total number of dendrites by counting the
number of terminal points. As expected, dendrites of neurons grown on the harder gels
had more terminal points than those of neurons grown on the soft gels at all plating
densities (Figure 14 A-C). In addition, the number of terminal points decreased as
plating density increased for neurons grown on hard gels only (Figure 14 D and E).
These data coincide with the data for primary and secondary dendrite number. Thus, as
density increases, dendrite number decreases in neurons grown on hard gels. However,
neurons grown on hard gels always have more dendrites than those neurons grown on
soft gels at all plating densities.

Similar to terminal point number, dendrites of neurons grown on hard gels have
more branch points than dendrites of neurons grown on soft gels at all plating densities
(Figure 14 A-C). The number of branch points did not change with increases in initial
plating density for dendrites of neurons grown on soft or hard gels (Figure 14 D and E).
These data show that the number of branch points found in dendrites of neurons grown

on gels of both rigidities is not affected by initial plating density.
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Figure 14. Initial plating density and gel stiffness affect dendrite patterning as assessed
on 12 DIV. (A) Numbers of dendrite branch points and terminal points increase in
neurons grown on hard gels compared to those grown on soft gels when plated at an
initial density of 50,000 cells/cm®. ***p<0.0001 determined by Mann Whitney Test. (B)
Numbers of dendrite branch points and terminal points increase in neurons grown on hard
gels compared to those grown on soft gels when plated at an initial density of 80,000
cells/cm®. **p<0.01 for branching determined by Mann Whitney Test and ***p<0.0001
for terminal points determined by Student’s t Test. (C) Number of dendrite branch points
and terminal points increase in neurons grown on hard gels compared to those grown on
soft gels when plated at an initial density of 100,000 cells/cm®. *p<0.05 for branching
points determined by Student’s t Test, Welch corrected. **p<0.01 for terminal points
determined by Student’s t Test. (D) Number of dendrite branch points and terminal
numbers do not change in neurons grown on soft gels at different initial plating densities.
(E) Number of dendrite branch points does not change, but number of terminal points
decreases in neurons grown at increasing plating densities on hard gels. *p<0.05
determined by ANOVA followed by Dunnett’s Multiple Comparison Test compared to
50,000 cells/cm’®. Data are from four experiments.
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To confirm that dendrite branching patterns differ when initial plating densities
differ, we performed Sholl analysis on the neurons. Sholl curves from analysis of
dendrites of neurons grown on soft gels were the same, regardless of the initial plating
density (Figure 15 A). However, there was a decrease in proximal dendrite intersections
in dendrites of neurons grown on hard gels when initial plating densities were increased
(Figure 15 B). These data suggest that cell density plays a role in shaping the dendritic
arbor close to the cell body.

We then assessed the role of substrate stiffness on overall dendrite branching
patterns. Proximal and intermediate dendritic intersections were higher when neurons
were plated on hard versus soft gels for all initial plating densities (Figure 16). These
data coincide with those indicating changes in primary and secondary dendrite number
and terminal branch point number. Together, these data show that the role of substrate

rigidity is independent of cell density in shaping the dendritic arbor.
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Figure 15. Sholl analysis of neurons grown at different initial plating densities. (A)
Initial plating density has no effect on dendrites when neurons are grown on soft gels. (B)
When plated at the lowest density (50,000 cells/cm?), neurons grown on hard gels have
the most proximal dendrites (Appendix Table 9). Data are from four experiments.
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Figure 16. Sholl analysis of neurons grown on gels of varying rigidities. (A) Sholl
analysis of neurons grown at an initial plating density of 50,000 cells/cm® (B) Sholl
analysis of neurons grown at an initial plating density of 80,000 cells/cm® (C) Sholl
analysis of neurons grown at an initial plating density of 100,000 cells/cm®. For all
conditions, neurons have increased proximal and intermediate branches when grown on
hard versus soft gels. (Appendix Tables 10-12, respectively). Data are from four
experiments.
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DISCUSSION

Although there are reports that substrate stiffness plays a role in determining how
dendrites branch, as of yet, there are limited studies addressing whether these effects are
due to differential adhesion and growth of neurons and/or glia on gels of differing
rigidities. Numerous studies have shown that neuronal and glial interactions influence
branching (117-119). Specifically, one study by Jiang ef al. has shown that the interaction
between neurons and glia plays a significant role in determining dendrite branching
patterns in neurons grown on hydrogels (32). In addition, several studies by our group
and others have shown that the number of neurons and glia also change with stiffness
(30-32). Thus, neuron-glia interactions may play a role in mediating changes in dendrite
branching of neurons grown on hydrogels.

In the current study, we used mixed cultures of hippocampal cells grown on
polyacrylamide gels to address whether differences in dendrite branching due to changes
in substrate stiffness are independent of cell density. We observed that as substrate
stiffness increased, adhesion and growth of neurons also increased. This increase is seen
both at early time points, 24 and 48 hours after plating, and at a later time point, 12 days
after plating. These data suggest that this change in cell number is due to adhesion of
cells and not cell death or cell loss from the gels. We hypothesize that either cells are not
establishing appropriate numbers of lamellipodia and filopodia or not establishing these
structures quickly enough for adhesion to occur, thus causing cell death or loss on softer
substrates (17, 32, 92).

In contrast, the adhesion and growth of astrocytes differ when the cells are plated

on soft gels. The number of neurons and astrocytes increased as initial plating density
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increased only when the cells were grown on soft gels. In contrast, only neuronal and not
astrocyte adhesion and growth increased as initial plating increased when cells were
grown on hard gels. We conclude that adhesion and growth of astroctyes on hard gels
does not change because a maximum threshold of adhesion may be reached, thus
inhibiting additional astrocytes from binding to the surface of the hard substrate.
Although astrocyte adhesion and growth are different on soft versus hard gels, increasing
the initial plating density on soft gels allows astrocytes to reach similar densities as
observed on hard gels.

The results from this study both corroborate and conflict with previously
published reports. In contrast to our data, Georges et al. showed that neuronal adhesion is
less when cells are plated on harder substrates versus softer substrates (30). In addition, a
study from our laboratory showed that only pure neuronal or pure glial cultures, but not
mixed cultures, show an increase in neuronal and glial adhesion and growth when
stiffness increased (32). However, another study by our group showed that as substrate
stiffness increases, the number of neurons in mixed cultures that adhere to and grow on
hydrogels increases (31). Since initial plating density and cell types found in culture have
effects on cellular adhesion and growth, differences in culture conditions may account for
some of the differences seen in these reports.

Our results show that dendrite morphology is also affected by substrate stiffness.
How can substrate stiffness mediate changes in dendrite branching? Astrocytes play key
roles in regulating neurite outgrowth by providing neurotropic cues and support (120,
121) but do not appear to affect dendrite branching independently from stiffness in our

studies. For neurons grown on soft substrates, the number of astrocytes increases as
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plating density increases, but dendrite number and branching do not change. For neurons
grown on hard gels, branching parameters change, but astrocyte number remains
unchanged. The decreases for some branching parameters for neurons grown on hard gels
as plating density increases could be due to a difference in neurotransmitter
concentration. On the hard gels, neuronal number increased, and in turn, increased neuron
number may result in increased release of neurotransmitters, such as glutamate.
Glutamate reduces dendrite outgrowth and causes dendrite regression (122). At the
synaptic cleft, astrocytes are responsible for the uptake of glutamate (123, 124). Since the
number of astrocytes does not change but the number of neurons increases on hard
substrates, there will be less glutamate uptake by astrocytes and more glutamate in the
environment. Thus, dendrite parameters, including outgrowth may decrease because of
the increase in glutamate.

Our studies are the first to report the separate effects of substrate stiffness and cell
density on dendrite branching. Substrate stiffness affects dendrite patterning
independently of culture density. We found that there are differences in the number and
type of cells that adhere to and grow on gels of different compliances. Our data support
previously published reports that show that neurite outgrowth increases when neurons are
plated on substrates of increasing stiffness (31, 33). However, there are also conflicting
reports that show that neurons grown on softer substrates have more dendrite branches
than those grown on stiffer substrates (32, 53). Differences in these reports may be due to
the differences in culture densities, animal source of cells, neuronal cell types, stiffness

ranges, and/or culture ages (33). Taken together, these data strongly suggest that substrate
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stiffness plays a greater role in determining the shape of the dendritic arbor than does cell

density.



Chapter 2: Intracellular Cues : NOS1AP protein levels are
specifically elevated in the prefrontal cortex of patients with

schizophrenia.
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INTRODUCTION

Schizophrenia is a chronic cognitive disorder that affects behavior and emotion
(125). Schizophrenia is characterized by positive, negative, and cognitive symptoms
(126). Positive symptoms include hallucinations, disorganized speech, and delusions
(127), whereas negative symptoms include apathy and lack of emotions. Cognitive
symptoms include attention and memory problems (128).

Genes involved in the regulation of recovery from ischemia-hypoxia and function
of the vasculature are looked at as candidates for schizophrenia susceptibility. Nitric
oxide synthase 1 (neuronal; nNOS) adaptor protein (NOS1AP), also termed carboxyl-
terminal PDZ ligand of nNOS or CAPON, is a candidate for schizophrenia susceptibility
because of its role in ischemia-hypoxia (68). Brzustowicz and colleagues recently
identified significant linkage disequilibrium between schizophrenia and the gene for
NOS1TAP (68). More recently, they further isolated a single risk allele within this gene
that is associated with schizophrenia (68, 129). Initially identified in rat, NOS1AP plays a
role in the inhibition of glutamate neurotransmission via disruption of nNOS binding to
both PSD-95 and PSD-93. This results in uncoupling of nNOS from the NMDA receptor,
and ultimately, inhibition of receptor activation (66, 70, 130). Further studies using
quantitative real-time PCR analysis of mRNA from human postmortem dorsolateral
prefrontal cortex (DLPFC) reveal that expression of a newer shortened isoform of the
NOS1AP gene is significantly increased in patients with schizophrenia or bipolar
disorder (70). Taken together, these data provide a role for NOSIAP in glutamate
neurotransmission and manifestation of schizophrenia, suggesting that elucidation of the

NOSITAP signaling pathway in neurons may provide novel targets for treatment of
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schizophrenia and related disorders. However, despite these recent reports establishing
linkage between NOS1AP and schizophrenia, it is unknown whether NOS1AP protein
expression is increased specifically in prefrontal cortical regions in patients with
schizophrenia.

Currently, two NOS1AP protein isoforms have been identified (66, 70). The first
isoform is a ten exon full-length mRNA transcript that encodes a 501 amino acid protein
with two functional domains, amino-terminal phosphotyrosine-binding and carboxyl-
terminal PDZ-binding domains. The second transcript contains the last two exons of the
full-length isoform and encodes a 211 amino acid protein with a PDZ-binding domain. It
is reported that the terminal 125 amino acids of the full-length NOSI1AP protein are
sufficient to bind the PDZ-domain of nNOS (66, 70, 131).

Previous data suggest that changes in gene expression in distinct cortical regions
(i.e. Brodmann area 46; BA46 and Brodmann area 11; BAIl) may influence the
pathophysiology and progression of schizophrenia (132, 133). In the following study, we
analyzed changes in NOS1AP protein expression in human postmortem cortex and
cerebellum of patients diagnosed with schizophrenia and of unaffected patients. These
data provide evidence of increased expression for specific isoforms of NOS1AP in BA46
and BAI1 in brains from patients with schizophrenia when compared to unaffected
patients. However, no significant changes in NOS1AP protein expression were noted in
the cerebellum, medial temporal lobe (MTL), or occipital lobe (OL). These data support a
role for NOS1AP in schizophrenia and suggest that targeted alterations in NOS1AP
expression may provide additional intervention points for treating or managing this

disorder.
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MATERIALS AND METHODS

Human postmortem tissue samples

Human postmortem tissue samples from patients with schizophrenia (n=6) and
unaffected control patients (n=6) were collected, sectioned, and uniformly dissected into
specific brain regions by the Human Brain and Spinal Fluid Resource Center (Los
Angeles, California, United States). Brain sections in regions BA46, BA11, cerebellum,

MTL, and OL were analyzed. Information on patients is in Table 2.
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Patient Diagnosis | Age Gender Hemishphere | Approximate Date
Number of Death
707 SCzZ 28 Male R 7/6/83
2211 SCZ 73 Male R 8/5/93
2798 SCzZ 57 Female L 12/23/98
299 SCzZ 53 Female R 9/30/77
677 SCzZ 20 Male R 5/11/83
1651 SCzZ 59 Male 6/28/90
3175 Control 54 Female ? 6/14/01
3216 Control 79 Male ? 4/22/02
3221 Control 90 Male ? 5/4/02
2852 Control 61 Female L 11/12/98
2994 Control 43 Female ? 7/18/00
3132 Control 53 Male L 2/16/01

Table 2. Demographic on Postmortem Samples.
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Tissue preparation and immunoblotting

Upon receipt, samples were ground into a fine powder while still frozen using
liquid nitrogen and a mortar and pestle. Tissue was then homogenized in ten times the
equivalent volume per weight of TEE (25 mM Tris-HCI [pH 7.4], 1 mM EDTA, I mM
EGTA, and 1 mM PMSF) using a serrated Teflon pestle. Twenty micrograms of protein
were loaded and resolved on a 12% SDS polyacrylamide gel and transferred to
polyvinylidene difluoride membrane (Immobilon P; Millipore, Billerica, Massachusetts,
United States) in transfer buffer lacking SDS. Membranes were blocked for 60 minutes in
blocking solution containing 2% BSA and 0.02% sodium azide in TBST (25mM Tris [pH
7.4], 3mM KCl, 140mM NaCl, and 0.05% Tween20) and probed overnight at 4°C with a
1:250 dilution in blocking solution of rabbit antibody to NOS1AP (Santa Cruz
Biotechnology, Santa Cruz, California, United States; #R-300) as previously described
(70). Blots were then probed with a 1:3000 dilution of secondary antibody coupled to
horseradish peroxidase (Rockland Immunochemicals Inc., Gilbertsville, Pennsylvania,
United States) for 45-60 minutes and visualized using Luminol/Enhancer Solution
(Pierce, Rockford, Illinois, United States). For normalization to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) protein expression, the same blots were probed with
a 1:300-1:2000 dilution of mouse antibody to GAPDH (Chemicon; Millipore, Billerica,
Massachusetts, United States).

Band intensity was quantified using Image Pro image analysis software (Media
Cybernetics, Silver Spring, Maryland, United States) and relative intensities of NOS1AP

bands were calculated and normalized to the GAPDH intensities as control (70).
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Investigators were blinded to all subject information until after the statistical analyses

were complete.
Statistical analysis

NOSITAP expression levels were determined based on chemiluminescent band
intensity normalized to GAPDH band intensity. Normalized values for subjects with
schizophrenia were averaged and compared to the average values for samples from the
unaffected control patients within the same brain region. Student’s t-tests were used to

evaluate differences between the two groups in each brain region.

RESULTS

Immunoblotting was performed on postmortem tissue samples of patients
diagnosed with schizophrenia and with samples from unaffected control patients to assess
NOS1AP expression. Four or more of each sample type were collected and detected for
NOS1AP and GAPDH. Band intensities were quantified for the three NOS1AP forms
and normalized to GAPDH band intensity. Although protein concentration was
standardized via a Bradford protein assay prior to analysis, samples were not entirely
uniform, and thus, they were normalized to GAPDH expression as a second loading
control. GAPDH was not uniform in samples, possibly due to protein degradation.

There have been at least three protein isoforms of NOS1AP in the brain detected
by Western blotting (70). There are two short isoforms (S and S’; exons 9 -10) and one
long form (L; exons 1-10) of NOS1AP. We performed densitometry on Western blots of

brain extracts probed for these three isoforms individually and also analyzed the two
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short forms together (S+S’). The regions of the brain we immunoblotted for NOS1AP
expression were Brodmann’s Area (BA) 46 and 11, the cerebellum, MTL and the OL.

Schizophrenia has been shown to be associated with changes predominantly in the
DLPFC, also known as BA46, and the hippocampal region of the MTL (109). Moreover,
we choose to run samples specifically from BA46 and BA11 because all three isoforms
of NOSIAP have been identified in these regions in patients diagnosed with
schizophrenia (70).

As previously reported, the short isoform of NOS1AP appears as a doublet in all
blots (Figures 17 and 18) (70). In BA46 and BAI11, there were several changes in
NOS1AP protein expression. In BA46, NOSIAP-L, and NOSIAP-S increased
significantly in individuals with schizophrenia. Moreover, NOS1AP-S’ tended to increase
in patients with schizophrenia, which is marginally significant (p=0.0502). In addition,
the combination of two short forms of NOSIAP also increased in patients with
schizophrenia (Figure 17 A and B). BA11 results were slightly different from BA46. In
this region, NOS1AP-L did not change in patients with schizophrenia; however
NOS1AP-S increased in patients diagnosed with schizophrenia (Figure 17 C and D). The
two short forms of NOSIAP together also increased in patients with schizophrenia
(Figure 17 C and D).

Next, we analyzed samples from regions of the brain where changes in NOS1AP
protein isoforms were not expected. We ran protein samples from the cerebellum, MTL,
and OL regions of the brains. As predicted, these regions had no significant differences in

protein expression of any isoform of NOS1AP (Figure 18).
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Figure 17. Postmortem tissue samples from BA 46 and 11 of patients diagnosed with
schizophrenia and of unaffected control patients were analyzed via immunoblotting for
the long and short isoforms of NOS1AP. (A) Immunoblot of protein samples extracted
from BA46. (B) Densitometry analysis of image A. *p<0.05 determined by Student’s t-
test. (C) Immunoblot of protein samples extracted from BA11. (D) Densitometry analysis
of image C. *p<0.05 determined by Student’s t-test.
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Figure 18. Postmortem tissue samples from cerebellum, MLT, and OL brain regions of
patients diagnosed with schizophrenia and of unaffected control patients were analyzed
via immunoblotting for the long and short isoforms of NOS1AP. (A) Immunoblot of
protein samples extracted from cerebellum. (B) Densitometry analysis of image (C)
Immunoblot of protein samples extracted from MLT. (D) Densitometry analysis of image
C. (E) Immunoblot of protein samples extracted from OCL. (F) Densitometry analysis of
image E.
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DISCUSSION

NOS1AP and Brodmann area 46 and 11

In this study, we analyzed NOSIAP protein expression in several brain regions
that may or may not have been previously reported to play a significant role in
schizophrenia.

The cortex is divided into Brodmann areas, which are based on cytoarchitecture.
BA19 and 11 were the first regions to show abnormalities in patients’ diagnosed with
schizophrenia (134, 135). Our data confirm increased levels of NOS1AP protein, both
long and short form, in postmortem DLPFC tissue of patients diagnosed with
schizophrenia, specifically in the BA46 and BA11 regions, when compared to unaffected
patients. These results corroborate previous data where NOS1AP expression increased in
BAA46 of patients diagnosed with schizophrenia (70).

Our results are also consistent with previous reports implicating these regions in
the etiology of schizophrenia. For example, previous reports from Thomas and colleague.
examined expression of apolipoprotein D, a 29 kDa glycoprotein that exhibits increased
expression in distinct CNS regions during various neurological disorders (136). They
reported that apolipoprotein D expression is significantly and specifically increased in the
BA46 and BA11 regions of the DLPFC in patients with schizophrenia. Another study
examined the expression of apoliproprotein E, a 34 kDa lipid transporter that exhibit a
change in allele frequencies in patients diagnosed with schizophrenia (137, 138). The
expression of apolipoprotein E increased in the BA46 region for patients diagnosed with

schizophrenia compared to unaffected patients (133, 139).
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Further studies from Gupta and colleagues reported increased metabotropic
glutamate receptor expression in several regions of the prefrontal cortex, including BA46
and BAI11, in patients with schizophrenia (140). These data suggest that the reported
increase may mediate a decrease in NMDA receptor activity since NOS1AP uncouples
PSD-95 from nNOS, hence decreasing the amount of nNOS that may be activated by
calcium influx by NMDA receptor activation (Figure 19). Thus, our data support the
NMDA receptor hypofunction hypothesis and confirm the significance of the prefrontal

cortex in the pathophysiology of schizophrenia.
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NOS1AP and the cerebellum, medial temporal lobe, and occipital lobe

Additional analysis of NOSIAP expression reveals that no significant changes
were evident in the cerebellum, MTL, or OL of patients with schizophrenia versus
unaffected patients.

Patients diagnosed with schizophrenia show subtle abnormalities in motor and
sensory skills and loss of cerebellum volume (141, 142). While some reports have
indicated that schizophrenia may affect the cerebellum, the results are not as consistently
observed as in other regions, namely the prefrontal cortex (143, 144). Thus, our data are
consistent with studies reporting specific changes in DLPFC protein expression in
schizophrenia, as we observed no significant changes in NOS1AP protein expression in
cerebellum (140).

Strong evidence implicates the MTL in a range of mental illnesses, including
schizophrenia (145, 146). According to MRI studies, patients diagnosed with
schizophrenia have smaller MTLs (147-149). However, much of these data focused on
neuronal changes specifically in the hippocampal region of the MTL (146, 150, 151). Our
findings indicate that there were no significant differences in NOS1AP expression in the
dissected MTL region from postmortem brain tissue in patients with schizophrenia and
control patients. However, examination of the dissected region of MTL used in our
analysis reveals that this section did not include hippocampal tissue. Additional analysis
of NOS1AP expression in isolated postmortem hippocampus must be performed in order
to determine whether NOS1AP is specifically upregulated in this region.

Patients diagnosed with schizophrenia have visual perception defects, such as

hallucinations (152, 153). There are some published reports demonstrating irregularities
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in the OL (154, 155). Our analysis of the OL region reveals no significant changes in
NOSI1AP protein expression in tissue from patients with schizophrenia versus unaffected
patients. These results are consistent with previous reports documenting unaltered
expression of schizophrenia-related proteins in the OL (156). Thus, only the DLPFC,
hippocampus, and dorsal thalamus play roles in the manifestation of schizophrenia (109,
157).

In conclusion, results from this study indicate that NOS1AP protein levels are
specifically elevated in the BA46 and BA11 regions of prefrontal cortex of patients with
schizophrenia. These data suggest a role for NOS1AP in manifestation of schizophrenia.
Further study of the molecular mechanisms responsible for this increase in NOS1AP
expression and the downstream effects of this increase will provide insight into pathways

responsible for the development of schizophrenia.
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In this thesis, we address how extracellular and intracellular cues can affect
neuronal morphology. We examined how changes in extracellular matrix stiffness, which
may or may not be due to brain injury and disease, influences dendrite branching
parameters. Moreover, we examined how NOSIAP, an intracellular protein, may be
altered as a result of schizophrenia.

In Chapter 1, we examined the effects of extracellular matrix compliance on
dendrite morphology in cultured hippocampal neurons. At an intermediate stiffness (8
kPa), dendrite branching peaks. Adhesion forces may be responsible for this phenomenon
since adhesion molecules, such as laminin and neuronal-cadherin adhesion molecule
(NCAM), have been shown to influence neurite outgrowth (158-160). On hard substrates,
adhesion forces are too strong and inhibit dendrite branching, whereas on soft substrates,
adhesion forces are weak and do not support dendrite branching. Thus, on the
intermediate stiffness, the adhesion forces are optimal to allow maximum branching.

To verify this hypothesis, future experiments should be aimed towards measuring
traction forces on compliant substrates. Previous studies have fabricated microposts to
test for traction forces on adherent cells (161). Furthermore, magnetic beads have been
attached to these microposts to allow a local, external force to be applied on attached
cells (162). Thus, these two techniques may be used to further study the association
between branching and adhesion of neuronal cells.

Future experiments using the above techniques should measure the amount of
adhesion forces generated during active branching. Neurons can be plated on microposts

without magnetic beads. The deflection of the posts at dendrite branch points can be
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tabulated, and adhesion forces can be derived from post deflection. Next, adhesion
markers, such as FAK, vincullin, N-cadherin, NCAM, and integrin, can be assessed by
immunostaining to observe if more adhesion molecules are at branch points and post
deflection sites. It is expected that more deflection will occur at branch points and more
adhesion molecules will be at the deflection sites. Moreover, more deflection is expected
to occur on harder gels, which would strengthen my hypothesis that stronger adhesion
forces inhibit branching.

Related experiments include performing Western blotting of extracts from
neurons grown on gels of various compliances. Blots would be probed and quantified for
the adhesion molecules mentioned above. A greater number of adhesion molecules
should be expressed on harder substrates. Higher expression on hard surfaces would
confirm my hypothesis that strong adhesion forces inhibit dendrite branching.

Furthermore, neurons can be plated on microposts containing magnetic beads. At
active stages of branching, a local force would be applied on the cell body, primary
dendrites, and secondary dendrites. Branching should be observed at the origin of the
applied force. If so, this experiment will show that forces are needed to generate a branch
point.

As observed in Chapter 1b, in early stages of development (24 — 48 hrs after
plating) and later stages of development (12 DIV), more neurons and mature astrocytes
adhere on harder substrates. This difference in cell density between hard and soft
substrates can influence branching parameters. We concluded that cell density effects are
independent of substrate rigidity effects. In fact, the effect of substrate rigidity is

dominant over cell density effects.
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However, initial cell plating density still has an effect on branching: as density
increases, branching decreases. This could be due to the glutamate concentration in the
media. Future experiments would examine if glutamate is responsible for the decrease in
branching. Experiments would include performing a Western blot for glutamate
transporters in astrocyte cultures. Excitatory amino acid transporters 1 and 2 (EAAT1 and
EAAT2; also known as GLAST and GLT-1, respectively) are receptors responsible for
the primary uptake of glutamate in the central nervous system (163-165). To see if
stiffness affects glutamate uptake, astrocytes will be plated on substrates of various
compliances. Western blotting will be performed, and blots will be probed for changes in
EAATI1 and EAAT2 expression among varying substrates. It is expected that the harder
substrates will have less EAATs than the softer substrates. This would imply that the
astrocytes are not taking up as much glutamate on harder substrates, and thus, neurons
exhibit decreased branching.

Also in Chapter 1a, we examined the role that glutamate receptors play in dendrite
branching on compliant substrates. We showed that NMDA and AMPA receptors play
different roles in regulating dendrite branching of neurons grown on compliant substrates.
On harder substrates, >2kPa, AMPA receptors play a role in dendritic arborization at all
distances from the cell body. NMDA receptors play a role in dendritic arborization for a
range of rigidities (1-25 kPa) but only at proximal and intermediate lengths from the cell
body.

Future work will examine the mechanism of how AMPA and NMDA receptors
are contributing to branching on compliant substrates. Differences in NMDA and AMPA

receptor function could be due to differences in 1) receptor distribution, 2) roles in
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adhesion, or 3) roles in dendrite branching. Future experiments would observe receptor
distribution on various substrate rigidities by immunostaining of AMPA and NMDA
receptors in neurons plated on various gels. Moreover, we would examine if glutamate
receptors are working in conjunction with adhesion molecules to influence branching on
compliant substrates. Adhesion proteins influence NMDA and AMPA receptor function
and recruitment. NMDA receptors have been observed in complexes with adhesion
molecules (166). Moreover, AMPA receptors interact with and perform reciprocal
recruitment of N-cadherin (167, 168). Thus, the adhesion of hippocampal neurons to the
substrate might be influencing the role of glutamate receptors in branching on compliant
substrates. For these experiments, we would observe the co-localization of glutamate
receptors with adhesion molecules.

To further understand the role that glutamate receptors play with adhesion
molecules in the regulation of dendrite branching of neurons grown on substrates of
different compliances, we would also take advantage of the micropost technique that was
explained above. We would immunostain for AMPA and NMDA receptor subunits and
observe if these receptors are located at points of branching and/or deflections of
microposts. This experiment would determine if glutamate receptors are working with
adhesion molecules to affect dendrite branching of neurons grown on compliant
substrates.

We attempted to perform Western blotting for NMDA and AMPA receptors to
observe their expression in neurons plated on substrates of various compliances. We
probed for and quantitated different phosphorylated NR1 and GluR1 subunits and for

total NR1 and GluR1 subunits. No changes in protein expression were observed for
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phosphorylated or total subunits (data not shown). It is possible that other subunits, such
as NR2, GluR2, GluR3 isoforms, are changing independent from the subunits we assayed
for. Also, Western blotting might not be the appropriate experiment to determine the
function of these receptors. In future experiments, we would perform surface
immunostaining of glutamate receptors. It is possible that more receptors are expressed
on the surface of neurons and contribute to the regulation of dendrite branching of
neurons grown on compliant substrates.

Brain stiffness changes with injury, disease, and age. Future experiments will
show how stiffness changes with age, injury, and disease in vivo. A study of human grey
and white matter by Ehman and colleagues reported that stiffness of the brain does not
change between the ages of 20-80 years of age for healthy patients (169). A caveat to this
study is they did not examine the developing brain. Future experiments would include
performing rheology studies on mouse brains of various ages, P1 to adulthood, to observe
if changes in stiffness occur at extremely young ages on a global scale.

Traumatic brain injury changes the compliance of the brain, which may result in
physiological changes in the cell. Scar tissue is less complaint than uninjured tissue (46,
49). Brain compression from brain injury increases brain compliance (170). Also,
intracranial pressure due to brain injury also changes brain compliance (171). To observe
how neurons are changing with injury, stretchable materials would be used to injure
neurons. Atomic force microscopy would be performed to observe the change in the
stiffness of the neuron at several locations: cell body, dendrite, axon, axonal terminal tips.

These experiments would show how injury and age change neuronal stiffness.
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Some compliance studies have been performed for injured and aging brains, but
no studies have been identified for disease states, such as Alzheimer’s and Parkinson’s
Disease. To study how disease affects the mechanical properties of the brain, future
experiments would include the use of mouse models. Brains from mouse models of
Alzheimer’s Disease would be dissected, sectioned, and maintained in an isotonic buffer.
Atomic force microscopy would be used to determine the stiffness of specific zones in
and around an amlyoid plaque. Results would be compared to normal brains of the same
background of mouse in the same area of the brain. Moreover, global measurements of
the mouse brain would be acquired by rheology to determine the overall effect of the
disease on the entire brain.

Lastly, in collaboration with the Brzustowicz laboratory and Dr. Norell
Hadzimichalis, we examined the protein expression of three isoforms of NOSIAP in
patients with schizophrenia and control patients. These protein isoforms were previously
identified in the DLPFC of patients with schizophrenia, and they are genetically linked to
schizophrenia (68, 70, 129). We found that expression of these isoforms of NOSIAP is
increased only in the DLPFC region of the brain in patients with schizophrenia.

Further studies of the molecular mechanisms responsible for the increased
NOS1TAP expression, and the resultant downstream effects, will provide insight into
pathways involved in the development of schizophrenia. We would perform Western
blotting for quantifying NMDA receptors subunits to see if NMDA receptor expression
corresponds to increased NOSIAP expression in patients with schizophrenia.

Furthermore, we would determine whether different isoforms of NMDA subunits, such as
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NRI1, NR2A, and NR2A, are decreased in patients with schizophrenia, based on the
NMDA hypofunction hypothesis.

We would also observe the effect of NOSIAP overexpression on NMDAR,
nNOS, and PSD-95 receptor trafficking. We would transfect cortical neurons with
constructs encoding NOS1AP and perform surface staining for NMDA receptor subunits.
We would also immunostain for PSD-95 puncta and assess puncta size. We do not expect
to see a change in trafficking of NMDAR subunits or PSD-95 because these are upstream
of nNOS signaling.

To summarize, we show that extracellular and intracellular cues can affect the
brain. Changes in extracellular matrix stiffness influence dendrite branching parameters.
NOSI1AP, an intracellular protein, may be involved in the manifestation of schizophrenia.
Future experiments are needed to completely understand how the extracellular cues
influence branching and how overexpression of NOSI1AP creates a hypofunctioning

NMDA receptor.
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Distance E (kPa) P Value ANOVA Krustal

from Cell followed by | Wallis

Body Dunnett’s followed by
Dunn’s

15 8 <0.05 X

21 8 <0.05 X

27 8 <0.05 X

33 8 <0.01 X

39 8 <0.05 X

45 8 <0.01 X

51 8 <0.001 X

57 8 <0.01 X

63 8 <0.01 X

69 8 <0.01 X

75 8 <0.01 X

81 8 <0.05 X

87 8 <0.05 X

93 8 <0.05 X

99 8 <0.05 X

105 8 <0.05 X

Table 3. Statistics for neurons grown on 1 to 25 kPa gels and compared to neurons grown

on 1 kPa gels.

90



91

Distance CNQX APV P Value ANOVA Krustal

from Cell Treatment | Treatment followed by | Wallis

Body Dunnett’s followed by
Dunn’s

15 X <0.05 X

21 X <0.01 X

27 X <0.05 X

Table 4. Statistics for CNQX or APV-treated neurons grown on 1 kPa hydrogels and
compared to vehicle-treated control.
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Distance CNQX APV P Value ANOVA Krustal

from Cell Treatment | Treatment followed by | Wallis

Body CNQX | APV | Dunnett’s followed by
Dunn’s

51 X <0.05 X

57 X <0.05 X

63 X <0.05 X

69 X <0.01 X

75 X <0.05 X

81 X <0.01 X

87 X <0.01 X

93 X <0.01 X

99 X X <0.001 | <0.05 X

105 X <0.001 X

111 X <0.001 X

117 X <0.01 X

123 X <0.05 X

129 X <0.05 X

135 X <0.05 X

147 X <0.05 X

153 X <0.05 X

159 X <0.05 X

165 X <0.05 X

Table 5. Statistics for CNQX or APV-treated neurons grown on 2 kPa hydrogels and
compared to vehicle-treated control.
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Distance CNQX APV P Value ANOVA Krustal

from Cell Treatment | Treatment followed by | Wallis

Body Dunnett’s followed by
Dunn’s

63 X <0.05 X

69 X <0.05 X

75 X <0.05 X

81 X <0.01 X

Table 6. Statistics for CNQX or APV-treated neurons grown on 8 kPa hydrogels and
compared to vehicle-treated control.
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Distance CNQX APV P Value ANOVA Krustal

from Cell Treatment | Treatment followed by | Wallis

Body Dunnett’s followed by
Dunn’s

9 X X <0.05 X

15 X X <0.01 | <0.05 X

21 X X <0.01 X

27 X X <0.01 X

33 X <0.01 X

39 X X <0.01 | <0.05 | X

45 X X <0.05 X

51 X X <0.05 X

57 X X <0.05 X

Table 7. Statistics for CNQX or APV-treated neurons grown on 25 kPa hydrogels and
compared to vehicle-treated control.




Distance E (kPa) P Value | ANOVA Krustal Wallis
from Cell followed by followed by
Body Dunnett’s Dunn’s

45 25 <0.05 X

81 25 <0.05 X

87 25 <0.05 X

93 25 <0.01 X

99 25 <0.05 X

105 25 <0.05 X

111 25 <0.05 X

135 8; 25 <0.05 X

95

Table 8. Statistics for CNQX-treated neurons grown on 1 to 25 kPa gels and compared to

neurons grown on 1 kPa gels.
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Distance from P Value for P Value for | ANOVA Krustal Wallis
Soma (um) 80,000 cells/cm | 100,000 followed by followed by
cells/cm’ cells/cm’ Dunnett’s Dunn’s Multiple

Multiple Comparison
Comparisons
Test

9 <0.01 <0.01 X

15 <0.01 <0.01 X

21 <0.01 X

27 <0.01 X

33 <0.05 <0.01 X

39 <0.05 X

Table 9. p values for distances from the soma (Sholl analysis) for neurons grown on hard
gels at different initial plating densities versus 50,000 cells/cm?.
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Distance from Soma | P Value Mann Whitney Test | Student’s t Test
(um)

9 <0.0001 X
15 <0.0001 X
21 <0.0001 X
27 <0.0001 X
33 <0.0001 X
39 <0.0001 X
45 <0.0001 X
51 <0.0001 X
57 <0.0001 X
63 <0.01 X
69 <0.05 X
75 <0.05 X
81 <0.05 X
87 0.0997 X
93 0.0571 X

Table 10. p values for distances from the soma (Sholl analysis) for neurons grown on soft
vs. hard gels at an initial plating density of 50,000 cells/cm®.
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Distance from Soma | P Value Mann Whitney Test | Student’s t Test
(um)

21 <0.05 X

27 <0.01 X
33 <0.01 X
39 <0.01 X
45 <0.01 X
51 <0.01 X
57 <0.05 X
63 <0.05 X

69 <0.05 X

75 <0.01 X

81 <0.05 X

87 <0.05 X

93 <0.05 X

99 <0.05 X

105 <0.05 X

111 <0.05 X

117 <0.01 X

123 <0.05 X

129 0.059 X
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135 0.0845 X

141 <0.05 X

Table 11. p values for distances from the soma (Sholl analysis) for neurons grown on soft
vs. hard gels at an initial plating density of 80,000 cells/cm®.
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Distance from Soma | P Value Mann Whitney Test | Student’s t Test
(um)

9 <0.05 X
15 <0.05 X
27 <0.05 X
33 0.0742 X
39 <0.05 X
51 <0.01 X
57 <0.01 X
63 <0.01 X
69 <0.05 X
75 <0.05 X

Table 12. p values for distances from the soma (Sholl analysis) for neurons grown on soft
vs. hard gels at an initial plating density of 100,000 cells/cm”.
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