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Introduction

Schizophrenia (SZ) is a multi-
faceted neuropsychiatric disorder
with several factors contributing to
its onset. Clinicians use the 5th

edition of the Diagnostic and
Statistical Manual of Mental
Disorders (DSM-V) to diagnose

individuals with SZ based on the
manifestation of several symptoms,
such as delusions, hallucinations,

catatonic behaviours, disorganized

speech, and declining cognitive and
social function (McCutcheon et al.,
2020). Schizophrenia has a strong
neurobiological basis, with an 80%
heritability rate. Despite high herit-
ability, the precise etiology of SZ
remains unclear. Virtually no SZ-
linked genes exhibit patterns of
Mendelian genetics,
trance, or significant odds ratios in

high pene-

association studies (Mei & Nave,
2014).
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Understanding the intricate mec-

hanisms underlying SZ involves
examining key molecular players'
roles, such as Erb-B2 Receptor
Tyrosine Kinase 4 (ErbB4). ErbB4 is a
receptor for neuregulin-1 (NRG-1), a
protein that has been linked to
schizophrenia (Law et al., 2006;
Nicodemus et al., 2006). ErbB4 is a
member of the ErbB family of
receptor tyrosine kinases and has
been implicated in various cellular
processes, including glutamatergic
synapse maturation, synaptic pla-
sticity, and neuronal development
(Li et al.,, 2007; Chen et al.,, 2010;
Shamir et al., 2012). Roles of NRG-1
in  the

formation, regulation of N-methyID-

brain involve synapse
aspartate, GABA, and acetylcholine
receptor subunit expression and
activity-dependent synaptic plas-
ticity. Additionally, NRG-1 influences
the proliferation, differentiation, and
types,
including Schwann cells (Law et al,,
2004). The development of inhibit-
ory circuits in the mammalian cortex
is regulated by NRG1-ErbB4 signal-

ing, which controls the connectivity

migration of various cell

of GABAergic interneurons through
an ErbB4-dependent
(Marenco et al., 2011). Maintaining
NRG1-ErbB4

expression is essential for the

mechanism

optimal levels of

normal functioning of the adult
brain; any deviation from the normal
expression of NRG1-ErbB4 can lead
to neurological impairment (Mei &
Nave, 2014).

The genetic association between
NRG1-ErbB4 and SZ is supported by
most but not all studies (Mei &
Nave, 2014). Some studies propose
that abnormal NRG1-ErbB4 signal-
ing affects the brain circuitry invol-
ving GABAergic interneurons, pot-
entially explaining SZ symptoms
(Joshi et al., 2014). Conversely, other
studies suggest that upregulating
ErbB4 may contribute to neuro-
degeneration and the progression
of Alzheimer's Disease (AD), leading
to psychosis and SZ. There is also
uncertainty regarding the specific
site  of action where ErbB4 is
Further

repl-

believed to cause SZ

research and clinical trial
ications are needed to gain a more
comprehensive understanding  of
the roles of ErbB4-NRG1 in SZ (Joshi
et al., 2014).

When considering schizophren-
ia's profound impact on individuals
and society, exploring the assoc-
ErbB4 and SZ

avenue for

iation between

becomes a crucial
addressing the challenges posed by
this disorder. SZ impacts individuals

from all cultures, affecting around 1



percent of the population. The
estimated average cost of a hospital
stay for a Canadian patient with
2017-2018 was

the highest among all

schizophrenia in
$12,971,
mental disorders (Stewart et al.,
2022). Schizophrenia also has one of
the highest mortality risks among
psychiatric disorders (Correll et al.,
2022). This neuropsychiatric disorder
is linked to a notable reduction in
life expectancy, with individuals
affected facing a mean lifespan
about 10-25 years shorter than the
general population (Correll et al.,
2022). Additionally, schizophrenic
individuals have a 10%
suicide over their lifetime (Schultz et
al., 2007). Investigating ErbB4's as-
sociation with SZ can pave the way

risk of

for improved treatments and early
diagnostic measures. Such advance-
ments could effectively address the
health implications posed by SZ.
While existing studies have
examined gene expression and
protein levels related to schizoph-
renia in post-mortem brain tissues,
the specific analysis of cellular para-
meters such as count, cell size and
circularity, cortical orientation, and
other spatial characteristics using in
situ hybridization (ISH) data appears
to be less explored. Currently,

limited research focuses on the pat-

hways, localization of expression,
and laminar differences in NRG1-
ErbB4 expression between healthy
adult brains and those with SZ. The
present pilot study aims to address
examining ErbB4
ISH data from
post-mortem tissues of three control

this gap by
expression using

subjects and three schizophrenic
subjects. This study entails detailed
analyses of ErbB4+ cell frequency,
Feret angle, circularity, and dis-
tribution across cortical layers,
specifically focusing on the right
hemisphere of the dorsolateral
prefrontal cortex (DLPFC). Based on
the current literature concerning
ErbB4 and SZ, we hypothesize a
cellular difference exists in ErbB4-
expressing cells in the dorsolateral
prefrontal cortex when comparing
control and schizophrenic (experi-
mental) samples. We anticipate that
there will be observable differences
not only in the overall frequency of
ErbB4-positive cells, but also in the
morphological characteristics of the

ErbB4-positive cells.

Methods
Tools Used for Data Processing &
Analysis:

Raw data ISH expression images
the Allen
Institute for Brain Science - Human

were obtained from
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Brain Atlas. Image manipulation and
analysis were performed using GNU
Image  Manipulation
2.10.36 (GIMP) and Fiji ImageJ
version 2.14.0. Microsoft (MS) Excel
version

Program

16.80 was employed for
statistical  analysis and  data

visualization.

I. Raw Data Selection
Obtaining In-Situ Hybridization (ISH)
Data (Allen Institute, 2013):

The current research utilized in
situ hybridization (ISH) data sourced
from the Schizophrenia Study in the
Human Brain Atlas by the Allen
Institute for Brain Science. Using
colorimetric ISH methods, the Atlas
provides cellular-level high-resol-
ution gene expression information
in specific brain (Allen
Institute, 2013).

The Schizophrenia Study com-

regions

pares gene expression levels and
patterns  in  the  dorsolateral
prefrontal cortex (DLPFC) between
control and SZ groups (Figure 1).
This study examined 60 genes,
encompassing cell-type markers,
cortical layer-specific markers, and
SZ candidate genes, comparing
control and SZ groups. The Allen
Institute obtained the tissues for the
Schizophrenia Study and the 1,000

Gene Survey in the Cortex from

post-mortem human subjects. The
frozen post-mortem tissue samples
were provided by the brain tissue
collection of the Section on
Neuropathology, Clinical Disorders
Branch, GCAP, IRP, National
Institute of Mental Health (NIMH),
NIH in Maryland, USA. The subjects
in these studies were adult male and
female individuals, and the inclusion
criteria required them to be at least
20 years of age. Control subjects for
these studies had no known history
of neuropsychiatric disease. The
exclusion criteria for control subjects
included evidence of drug use,
suicide as the manner of death, and
death due to drug overdose or
poisoning. Rigorous inclusion and
exclusion criteria ensured the
quality of the samples, including
checks for cerebellar pH, post-
(PMI), and

confirmation of region of interest.

mortem  interval
Any samples with a pH less than 6
were excluded from this study.
Smoking history (regular cigarette
use) was categorized as "yes," "no,"
or "unknown" at the time of death,
relying on information derived from
medical records, family interviews,
and nicotine levels. Ultimately, the
study used specimens from 33
control and 19 SZ cases.

Our study focuses only on the



tissue samples dissected from
DLPFC regions. Tissue qualification
procedures confirmed the region of
interest, RNA integrity, and absence
of senile plaques and ice crystals.
RNA extraction and quality ass-
essment were performed using the
MELT Total Nucleic Acid Isolation
system and high-resolution capillary
electrophoresis on an Agilent Bio-
analyzer 2100, which generates RNA
Integrity Numbers (RIN values).
Higher RIN values indicate better
RNA integrity. Various staining tech-
niques were utilized to evaluate the
presence of senile plaques and ice
crystals, which, if identified in a
sample, resulted in that sample’s
exclusion from further ISH proce-
dures.

To perform ISH, post-mortem hu-
man brain tissue samples were
harvested, sectioned into coronal
slabs approximately 1 to 1.5 cm in
thickness, and stored at -80°C until
dissection. For the DLPFC, specific
regions were dissected from the
superior and middle prefrontal gyri,
aiming to include Brodmann's areas
9 and 46 in each tissue block.
DLPFC samples were predominantly
sourced from the right cerebral
hemisphere. Two image acquisition
platforms were used to acquire and

process high-resolution human cort-

ex visualizations: an automated
microscopy platform and ScanSc-

ope scanners. The Informatics Data

Pipeline (IDP) handles various
processes such as image pre-
processing, quality control, ISH
expression detection, Nissl pro-

cessing, and public data display.
Since the IDP faced difficulties in
handling large image sizes from
human tissue sections, the Allen
Institute migrated to a 64-bit Linux
platform. Quality control measures
were implemented after image
acquisition and throughout data
processing to ensure that only
suitable images were available to

the public.

Figure 1. Dorsolateral Prefrontal Cortex.
lllustrations depicting the regions of the
dorsolateral prefrontal cortex that were
removed and analyzed for gene expression
using a colorimetric ISH method. These
visualizations were created based on ref-
erence images generated by Dr. Jacopo
Annese from The Brain Observatory at the
University of California, San Diego.
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a. Sampling:

We utilized post-mortem brain tissue samples for three control and three
SZ specimens from the Allen Brain Institute. All six specimens in our study
were from the right hemisphere of the DLPFC. Nearly all six specimens were
from non-smokers, except experimental specimen #3. Control specimen #1,
identified by experiment number 80964005, featured a 20-year-old male
donor. Control specimen #2 from experiment number 81354036, belonged to
a 42-year-old male donor. Control specimen #3, identified by experiment
number 81391472, was from a 34-year-old male donor.

For the experimental specimens: experimental specimen #1, marked by
experiment number 81447989, featured a 42-year-old White male donor with
SZ. Experimental specimen #2, linked to experiment number 81280947,

Name(s) Description

Control Specimen #1 | Specimen ID: H08-0080 Sex: male
(also referredto as  |Experiment #: 80964005  Race: White

Control #1) Age: 20 years Smoking status: non-smoker
Control Control Specimen #2 |Specimen ID: H08-0101 Sex: male
. (also referred to as Experiment #: 81354036 Race: White
Specimens

Control #2) Age: 42 years Smoking status: non-smoker

Control Specimen #3  |Specimen ID: H08-0103 Sex: male
(also referredto as  |Experiment # 81391472 Race: White
Control #3) Age: 34 years Smoking status: non-smoker

Experimental Specimen |Specimen ID: H08-0122 Sex: male
#1 (also referred to as |Experiment #: 81447989 Race: White
Experimental #1) Age: 42 years Smoking status: non-smoker

Experimental Specimen |Specimen ID: H08-0125 Sex: male

Experimental #2 (also referred to as |Experiment #: 81280947 Race: African American

Specimens Experimental #2) Age: 34 years Smoking status: non-smoker
Experimental Specimen |Specimen ID: H08-0161 Sex: male
#3 (also referred to as |Experiment #: 81511768 Race: White
Experimental #3) Age: 22 years Smoking status: smoker

Table 1. Description of Specimens examined in the Present Study, obtained from the Allen
Institute for Brain Science - Human Brain Atlas. Note: All six specimens in this study were
sourced from the right hemisphere of the donor’s DLPFC.




involved a 34-year-old female donor
of  African  American

identified as having SZ.
experimental specimen #3, asso-

ethnicity
Lastly,

ciated with experiment number
81511768, involved a 22-year-old
White male smoker who also had
SZ. Refer to Table 1 for a summary
and SZ donor,
specimen  ID,

of each control
their
experiment number, age at time of

including

death, sex, race, and smoking stat-
us.

We obtained our specimens from
the Allen Brain Institute website,
within the Allen Human Brain Atlas,
subsequently selecting our gene of
interest, ErbB4. We then added the
'ErbB4' experiment for each speci-
men to our selections, allowing us
to launch the Allen Institute high-
resolution image viewer, which pro-
vided access to the ISH, Nissl, and
expression images for the chosen
specimen and selected ErbB4 gene
(Figure 2). Then, we downloaded
the expression image as a JPEG
with image quality set to 100 (Figure
20).

To refine our expression image
further, we used GNU Image Mani-
pulation Program 2.10.36 (GIMP) to
focus on a smaller sampling region.
The samples were obtained and
cropped in a manner that maintain-

ed layer 1 of the cortex at the top of
the image and layer 6 at the
bottom. Specifically, the sampling
box was designed to incorporate
Layer 1 by utilizing the easily
recognizable pia mater as its upper
boundary. After

ErbB4 expression image into GIMP,

importing  the

the Rectangle Select Tool was used
1500:3000 sampling
region just below the sulcus (Figure

to obtain a

2c). Following this, we copied the
sampling region to our clipboard,
then navigated to File and selected
"Create from Clipboard," gene-
rating a new GIMP file containing
the chosen rectangular area, which
was subsequently saved as a JPEG
(Figure 2d).

Certain images required rotation
and straightening along the pia
mater, specifically control specimen
#1, control specimen #2, control
specimen #3, and experimental sp-
ecimen #2 (Figure 3). The process
involved selecting a larger sampling
window than described earlier, util-
izing the Measure tool under
"Tools" in the menu, dragging the
Measure tool line along the desired
top of the image, and clicking
straighten to rotate the image along
the line (Figure 4a-b). A 1500:3000
sampling region from the straight-

ened/rotated image was chosen,
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copied, and then a new GIMP file was created from the clipboard, followed
by exporting the cropped expression image as a JPEG (Figure 4c-d).

a) ISH

b) Nissl

c) Expression

d) Cropped
expression image

Figure 2. Raw Data Selection from Allen Institute. a) In situ hybridization (ISH) data from
Allen Institute for Experimental Specimen #1. b) Niss| stain from Allen Institute for Exp-
erimental Specimen #1. c) ErbB4+ expression image from Allen Institute for Experimental
Specimen #1 d) Cropped expression image for Experimental Specimen 1, obtained using

GNU Image Manipulation Program 2.10.36 (GIMP).




a) Control #1 b) Control #2 c) Control #3

d) Experimental #1 e) Experimental #2 f) Experimental #3

Figure 3. Selected Sampling Windows for All Six Specimens. Depiction of selected
1500:3000 sampling windows for each control and experimental specimen. a-d & f) Control
specimens #1, #2, and #3, as well as Experimental specimens 1 and 3 were cropped directly
below the sulcus. Control specimens #1, #2, and #3 were all cropped at non-right angles.
Experimental specimens 1 and 3 were cropped at a right (90°) angle. e) Experimental
specimen #2 was cropped more laterally at a non-right angle.

10
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a)

b)

<)

d)

Figure 4. Rotating Image along Pia Mater using GIMP. Demonstrating rotation of ErbB4+
expression image using Experimental Specimen #2. a) Using Rectangle Select tool to select
relatively big sampling region. b) Using the Measure tool to rotate the image along the pia
mater. c) Selecting a cropped sampling region using the Rectangle Select tool. d) Final
cropped ErbB4+ expression image for Experimental Specimen #2.

11



Il. Cleaning of the Data

The cropped GIMP images were
imported into Fiji ImagedJ version
2.14.0 for particle analysis. In Fiji,
each image was converted from
Red, Green, Blue (RGB) colour mo-
del to 8-bit grayscale (Figure 5a).
Under the Image menu, we adjusted
the threshold by clicking “Adjust Th-
reshold”, and applying default sett-
ings, which disseminated the black
background from the particles (Fig-
ure 5b). The scale was set to one
pixel per micron, and using the “Set
Measurements” function, we select-
ed measurements for analysis to
include area, minimum and maxi-
mum gray value, center of mass, sh-
ape descriptors, mean gray value,
and Feret’s diameter (Figure 5c-d).

lll. Data Analysis
In Fiji, customized particle
analysis settings, including "display

results," "show outlines," "clear res-
ults," and "summarize," were app-
lied using the “Analyze Particles”
tool (Figure 5e). Circularity was set
to 0.00 to 1.00, with a value of 1.0
indicating a perfect circle. To acco-
mmodate potential neural cell
variations that might express ErbB4,
the size range was set to 50-4000
micron? (um?3). This lower limit of 50

um?2 was used to filter out non-speci-

fic signals and debris from the ISH
image analysis, as recommended by
Dr. Kathryn Murphy during PNB
3L03 lectures. The particle analysis
yielded a summary chart for all cells
in the sampling window, a chart
displaying data for individual cells,
and a drawing showing the shapes
and outlines of the cells within the
specified sampling window (Figure
5f). The summary and results charts
were exported as comma-separated
files (CSV), and then opened with
Micro-soft Excel.

Microsoft Excel version 16.80 was
used to perform quantitative data
analyses. The frequency of ErbB4+
cells throughout the cortex for con-
trol and experimental specimens
was plotted based on cell size with a
rolling window incremented by 75
um on the x-axis. The rolling wind-
ow represented depth into the
cortex. “Small” cells were categoriz-
ed as those whose area was less
than or equal to 80 pm? and “large”
cells included cells larger than 80
pum?2. Cells larger than 80 pm? would
represent parvalbumin-positive
(PV+) interneurons, whose diameter
averages 16 to 20 um, and
calretinin-positive interneurons,
whose diameter ranges from 12 to
20 um in diameter (Tepper & Kods,
2016). This is explained using mr? to

12
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approximate the neuron’s area giv-
en the specified diameter range 12-
20 um, which equates to 113 upm?2
-314 pmZ. The specified range of 12-
20 um in diameter aligns with the
average observed Feret diameter
observed for our ErbB4+ cells
expressed in controls and experi-
mental samples: 17.22 ym + 0.75
um. The mean ErbB4+ cell count
per individual specimen and per
specimen type were also visualized
using two bar graphs. The mean
ErbB4+ cell count per specimen
type was plotted a second time,
with experimental specimen #2 ex-
cluded. Similar bar graphs were
made to depict ErbB4+ cell count
by cell size, on average. The mean
proportion of small and large cells
was plotted using a double-bar
graph for control and experimental
specimens.

In a similar manner, the frequenc-
y of ErbB4+ cells throughout the
cortex for control and experimental
specimens was plotted based on
cell circularity with a rolling window
incremented into 75 um on the x-
axis. The “low circularity” label
included cells less than or equal to
0.30, “moderate circularity” was
indicative of cells greater than 0.30
but less than 0.80, and “"high
circularity” was representative of

cells greater than or equal to 0.80
on a scale from 0.00 to 1.00, where
1.00 represents a perfect circle. A
double-bar graph was used to show
the mean proportion of high,
moderate, and low circularity cells
per specimen type. Another bar
graph showed the average cell
circularity value per specimen type.

Lastly, MS Excel was used to
assess the frequency of various
Feret angles for ErbB4-positive cells
in control and experimental speci-
mens. A Feret angle frequency
distribution was created for all six
specimens, utilizing nine bins, each
spanning twenty degrees. The total
range covered was from 0 to 180
degrees. A similar frequency distri-
bution with the same nine bins was
plotted for the mean frequencies of
Feret angles across control and
experimental specimens. A
summary bar graph was also
produced, depicting the mean Feret
Angle for control and experimental
specimens.

13
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Figure 5. How data was extracted and analyzed in Fiji. a) Setting JPEG image from GIMP to
8-bit grayscale in Fiji (Imageld). b) Setting threshold to default settings. c) Setting scale to 1
pixel per micron. d) Setting measurements: area, minimum and maximum gray value, center
of mass, shape descriptors, mean gray value, Feret's diameter. e) Analyzing particles that
have an area between 50 to 4000 pm?, with a circularity between 0.00 and 1.00. f) Product of
particle analysis: black and white drawing, results CSV, summary of mean values for count,
average cell size in microns squared, circularity, Feret angle, x- and y-position.

Results els of ErbB4+ cells in all layers of

I. Qualitative Analysis

ErbB4 expression can be obser-
ved in all six layers of the cortex,
with varying levels in each layer
(Figure 6). Observing the cropped
ErbB4+ expression images with the
naked eye shows us that there
appears to be noticeably higher lev-

experimental sample #2, compared
to all other control and experimen-
tal specimens (Figure 6). On the
contrary, control specimens #1 and
#2 appear to have higher levels of
ErbB4 expression than experimental
specimens #1 and #3 (Figure 6).
Control specimen #3 and experime-

14
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ntal specimens #1 and #3 appear to have similar levels of ErbB4 expression
(Figure 6 & Figure 7). Overall, it seems that if we exclude experimental
specimen #2 from our statement, control specimens have greater levels of
ErbB4 expression than experimental samples.

By examining the expression and Nissl images in isolation, we could not
qualitatively assess cell size, circularity, Feret angle, and Feret diameter for
ErbB4+ positive cells from direct observation. Furthermore, we were also
unable to visually assess differences across control and experimental samples
for the frequency of ErbB4+ cells in each of the six cortical layers. However,
we see that, for all samples, the lower layers (layers 5 & 6) and uppermost
layer (layer 1), have lower levels of ErbB4 expression than the middle layers
(layers 2-4) as indicated by the elevated densities of red cells in these regions
(Figure 6 & Figure 7). This observation also corresponds to a slightly darker
region of cells in the middle layers of the Niss| stain images from the Allen
Institute website (Figure 8).

a) Control b) Control c) Control |d) Experimental |e) Experimental | f) Experimental
Specimen #1 | Specimen #2 | Specimen #3 | Specimen #1 Specimen #2 Specimen #3

Figure 6. ErbB4+ expression images from the Allen Institute Human Brain Atlas. Expression
images were cropped using GNU Image Manipulation Program 2.10.36 (GIMP). ErbB4
expression levels are indicated by different colors, with red denoting the highest ErbB4
expression level, followed by yellow and orange, then green, and finally blue indicating the
lowest ErbB4 expression level. a) Control Specimen #1; b) Control Specimen #2; c) Control
Specimen #3; d) Experimental Specimen #1; e) Experimental Specimen #2; f) Experimental
Specimen #3.



a) Control
Specimen #1

b) Control
Specimen #2

c) Control
Specimen #3

d) Experimental
Specimen #1

e) Experimental
Specimen #2

f) Experimental

Specimen #3

Figure 7. Drawings of ErbB4+ Cells for Each Specimen. a) Control Specimen #1; b) Control
Specimen #2; ¢) Control Specimen #3; d) Experimental Specimen #1; e) Experimental
Specimen #2; f) Experimental Specimen #3 exported from Fiji (ImageJ) analysis.

»

a) Control
Specimen #1

b) Control
Specimen #2

c) Control
Specimen #3

d) Experimental

e) Experimental

Specimen #1

Specimen #2

f) Experimental
Specimen #3

Figure 8. Nissl stain of ErbB4+ cells for Each Specimen. a) Control Specimen #1; b) Control
Specimen #2; c) Control Specimen #3; d) Experimental Specimen #1; e) Experimental
Specimen #2; f) Experimental Specimen #3 exported from the Allen Institute website.

Il. Quantitative Analysis
Cell Count for ErbB4+ Cells in

Control vs. Schizophrenic Donors

When comparing the mean Erb-

B4+ cell count for all three control
donors and all three experimental
donors, there was a 39.1% increase

from the control specimen mean,

16
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478 ErbB4+ cells, to the experimental sample mean of 664 ErbB4+ cells
(Figure 9b). However, it is worth noting that this data is skewed heavily by
experimental sample #2 (Figure 9a). The ErbB4+ cell count for experimental
sample #2 was 1359, which was a 128.403% increase from the ErbB4+ cell
count of 595 for control sample #2 (Figure 9a). Control specimens #1, #2, and
#3 had higher ErbB4+ cell counts than experimental specimens #1 and #3
(Figure 9a). When excluding experimental specimen #2 from our analyses, we
see a different trend, whereby there is a 24.3% decrease in cell count from
control samples (mean = 419) to experimental samples (mean = 317) (Figure
9¢c). With experimental specimen #2 excluded, the range in ErbB4+ cells for
experimental specimens decreases significantly, from 1055 to 26.

ERBB4+ Cell C t S i
+Lelitount per specimen Mean ERBB4+ Cell Count

1600
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S 1000 T 5 1200
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<</+Q® @&e QQQ Control Experimental
Specimen ldentification Specimen Type
a) b)
Mean ERBB4+ Cell Count with
Experimental Specimen #2 Excluded
600
T
c
3 400 I
o
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o
$ o0
o) !
2 Control Experimental
0 - Specimen Type

Figure 9. Cell Count for ErbB4+ Cells in Control vs. Schizophrenic Donors. a) ErbB4+ cell
counts for each of the six specimens. b) Mean ErbB4+ cell counts for control specimens
(N=3, mean=478 £118) and experimental specimens (N=3, mean=664 + 602). c) Mean
ErbB4+ cell counts for control specimens (N=2, mean=419 + 85) and experimental
specimens (N=2, mean=317 + 18) with experimental specimen #2 and control specimens #2
excluded from calculations.
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Cell Count by Size for ErbB4+ Cells
in Control vs. Schizophrenic Donors

Control and experimental
specimens have similar proportions
of large (> 80 pm? and small (< 80
um?)  ErbB4+ cells (Figure 10a).
However, on average, control spe-
cimens have a 6% higher proportion
of large cells than experimental spe-
cimens. Conversely, experimental
specimens show a 7% higher pro-
portion of small cells than control
specimens.

The mean cell size for the control
specimens was greater than that of
the experimental specimens, when
averaged across the three control
specimens and three experimental
specimens (Figure 10b). Specifically,
the mean cell size (um?) for control
specimens increased by 12.7% when
compared to that of the experi-
mental specimens (Figure 10b). The
average cell size for control speci-
mens was 137.3 pm? which falls into
the large cell size category. The
average cells size for experimental
specimens was 121.8 pm?2, which
also falls into the large cell size
category.

As stated in the qualitative
analysis, it looks like ErbB4 s
expressed, to varying degrees thr-
oughout all six layers of the cortex
(Figure 10c-f). Experimental specim-

ens consistently express a higher
frequency of small ErbB4+ cells than
control specimens (Figure 10e). At
approximately 350 pm, and 1750
um, there is a peak in the laminar
analysis for large ErbB4+ cells in
control specimens, that surpasses
the frequency of large ErbB4+ cells
in experimental specimens at the
same x-axis value (Figure 10f). Apart
from these specified differences,
however, the frequency of ErbB4+
expression in cells any size thro-
ughout the cortex is distributed very
similarly between control and SZ
samples, with higher frequencies for
ErbB4 expression in the middle and
upper layers, and less ErbB4 expr-
ession in the lower layers (5 and 6)
(Figure 10e-f). Between the depths
of 2250 pm to 3000 pm into the co-
rtex, a noticeable disparity was
observed in the mean frequency of
small ErbB4+ cells between the
experimental and control specim-
ens, with the former exhibiting a
higher frequency (Figure 10e). Simil-
arly, between the depths of 1900 um
to 3000 pm, a pronounced differ-
ence was observed in the mean
frequency of large ErbB4+ cells
between the two groups, with the
experimental specimens showing a
higher frequency (Figure 10f). Over-
all, experimental specimens have
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greater expression of ErbB4 in the
lower layers than control specimens.
For a detailed visualization of
ErbB4+ cell count by size for each of
the six specimens, refer to Figure

10c, d.

Cell Circularity for ErbB4+ Cells in
Control vs. Schizophrenic Donors

On average, the mean prop-
ortion of total cells that are high
circularity (=0.80) is greater for
experimental than control specim-
ens, but only by a difference of 6.7%
(Figure 11a). Control specimens
have a notably higher mean perc-
entage of moderately circular cells
(>0.30, <0.80), showing a 53% in-
crease from the experimental speci-
mens (Figure 11a). The proportion
of low circularity (<0.30) ErbB4+
cells for both control and experi-
mental specimens was below 1%
(Figure 11a). Overall, the mean
values for circularity for control and
experimental specimens are extre-
mely similar, differing only by less
than one-tenth (Figure 11b). Experi-
mental specimens show a similar
distribution of ErbB4+ cells for
those with high and moderate circ-
ularity as depth into the cortex
increases (Figure 12d, f). Tissues
from SZ donors show a decrease in
frequency of ErbB4+ cells as depth

into the cortex increases, with a
sudden decrease at 1425 pm for
moderate circularity cells and
around 1200 pym for high circularity
cells (Figure 12d, f). Tissues from
control donors show a bimodal
frequency distribution for moderate
circularity ErbB4+ cells, whereby the
upper layers of the cortex (i.e. 75
microns to 675 microns) and the
lower-middle layers (i.e. 1575
microns to 1900 microns) have the
highest ErbB4+ cell count (Figure
12d). A peak is seen for the control
specimen between 1500 pm and
1800 pm when looking at high
circularity ErbB4+ cell frequency
(Figure 12f). Apart from this peak,
the rest of the control ErbB4+ high
circularity cell count is lower than
that of the experimental specimen
(Figure 12f). For an in-depth
visualization of ErbB4+ cell count by
circularity level for each of the six
specimens, refer to Figure 12a, c, e.
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Figure 10. Cell Count by Size for ErbB4+ Cells in Control vs. Schizophrenic Donors. Large
cells are > 80 um?, small cells are < 80 pm?. a) Comparing the mean % of total cells that are
categorized as Small or Large for control (mean % large = 73 + 8.3, mean % small = 26 +
8.3) and experimental (mean % large = 67 = 6.3, mean % small = 33 = 6.3). b) Comparing
the mean cell size (um?) for control specimens (N=3, mean= 137.3 £ 20.1) and experimental
specimens (N=3, mean= 121.8 + 9.3). ¢) Small (area < 80 ym?) ErbB4+ cell count by rolling
window for each specimen (N=6), where the x-axis increases by increments of 75 pm (depth
into the cortex). d) Large (area > 80 pm?) ErbB4+ cell count by rolling window for each
specimen (N=6). e) Mean small (area < 80 pm?) ErbB4+ cell count for control (N=3) and
experimental specimens( N=3) by rolling window. f) Mean large (area > 80 pm?) ErbB4+ cell
count for control (N=3) and experimental specimens (N=3) by rolling window.
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Figure 11. Summary of Cell Circularity for Control vs. Schizophrenic Donors. a) Comparing
the mean % of total cells that are categorized as high circularity (=0.80), moderate
circularity (>0.30, <0.80) or low circularity (0.30). for control (mean % high circularity = 30.1
+ 11.9, mean % moderate circularity = 68.8 + 11.4, mean % low circularity = 0.64 + 0.78) and
experimental (mean % high circularity = 36.8 £ 15.4, mean % moderate circularity = 44.9 +
16.2, mean % low circularity = 0.563 + 0.570). b) Comparing the mean value for cell
circularity for control (N=3, mean = 0.709 + 0.045) and experimental (N=3, mean = 0.737 +
0.015).
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Figure 12. Cell Count by Circularity for ErbB4+ Cells in Control vs. Schizophrenic Donors
across Rolling Window. The “low circularity” label included cells < 0.30, “moderate
circularity” was indicative of cells > 0.30 but < 0.80, and "high circularity” was
representative of cells > 0.80 on a scale from 0.00 to 1.00, where 1.00 represents a perfect
circle. a) Low circularity ErbB4+ cell count by rolling window for each specimen (N=6),
where the x-axis increases by increments of 75 pm (depth into the cortex). b) Mean low
circularity ErbB4+ cell count for control (N=3) and experimental specimens (N=3) by rolling
window. ¢) Moderate circularity ErbB4+ cell count by rolling window for each specimen
(N=6) with rolling window as the x-axis. d) Mean moderate circularity ErbB4+ cell count for
control (N=3) and experimental specimens (N=3) by rolling window. e) High circularity
ErbB4+ cell count by rolling window for each specimen (N=6) with rolling window as the x-
axis. f) Mean high circularity ErbB4+ cell count for control (N=3) and experimental

specimens (N=3) by rolling window.
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Assessing_Feret Angle of ErbB4+ Cells in Control vs. Schizophrenic Donors
The average Feret angle for control specimens is 102°, compared to a
mean Feret angle of 86° for experimental specimens (Figure 13a). When
analyzing frequency distributions plotting ErbB4+ cell count against Feret
angle for control and experimental donors across nine bins increasing by 20-

degree increments, experimental specimens consistently have greater
frequencies of ErbB4+ cells from 0° to 120° and control specimens have
greater ErbB4+ cell counts for Feret angles >120° (Figure 13b, ¢).
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Figure 13. Analysis of Feret Angle (°) Frequencies for Control and Schizophrenic Donors. a)
Mean Feret Angle vs. Specimen Type: control (N=3, mean=102° + 17.4) and experimental
(N=3, mean=86° + 2.6). ¢) Frequency distribution of Feret Angle (0-180°) for all six
specimens utilizing nine bins, each spanning 20°. d) Frequency distribution of mean ErbB4+
cell count by Feret Angle and Specimen Type (control or experimental) utilizing nine bins,
each spanning 20°.
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Discussion

Our study aimed to investigate
the expression patterns of ErbB4 in
the post-mortem brains of schizo-
phrenic donor samples and comp-
are them to control donor samples.
To achieve this, we conducted a
qualitative analysis of ErbB4 expres-
sion across all six layers of the
cortex using images obtained from
the Allen Institute Human Brain
Atlas. Additionally, a quantitative
analysis was carried out to quantify
ErbB4+ cell frequency, cell size
(um?), circularity, and measurement
of Feret angles. Overall, the findings
support our hypotheses and ex-
pectations, highlighting differences
in ErbB4 expression and morph-
ology between control and experi-
mental specimens, with variations in
cell count, size, circularity, and Feret
angle.

ErbB4 Expression Frequency

Both quantitative and qualitative
analyses demonstrated that ErbB4 is
expressed in all six layers of the
cortex, with varying levels in each
layer for both control and SZ donor
samples. One of our primary find-
ings was that control specimens
generally exhibit higher levels of
ErbB4 expression than experimental
specimens, except for experimental

specimen #2. While our obser-
vations for experimental specimen
#2 having much higher ErbB4
expression levels than non-schizo-
phrenic individuals align with the
widespread literature on the topic,
the observed general decrease in
ErbB4 levels from controls to
experimental specimens contradicts
popular findings. For instance, Joshi
et al. (2014) reported elevated
ErbB4 mRNA expression in layers 1,
2 and 5 of the prefrontal cortex of
SZ subjects, suggesting the invol-
vement of ErbB4 in these specific
cortical layers. Another investigation
has suggested that SZ-associated
NRG1 and ErbB4 mRNA elevations
also occur at the protein level and
may be specific to SZ (Chong et al.,
2008). The disparities between our
study and these major findings
might be explained by the known
effects of loss of ErbB4 signaling:
reduced oligodendrocyte number
and morphology, thinner myelin,
and slower conduction velocity in
CNS axons (Roy et al, 2007).
Transgenic mice with dampened
ErbB4  levels exhibit
dopamine receptors and

increased

transporters, along with behavioural
alterations consistent with neuro-
psychiatric disorders (Roy et al.,
2007). These biological effects of
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disrupted ErbB4 signaling align with
our observation of decreased ErbB4
expression in SZ subjects, providing
a potential mechanistic explanation
for the differences in ErbB4 levels
between control and experimental
specimens in our study.

ErbB4 Distribution throughout
Cortical Layers

When we include experimental
specimen #2 in our analysis,
calculating average ErbB4 expre-
ssion across the three control
donors and three SZ donors, our
mean values reflect the current
literature that associates SZ with ele-
vated ErbB4
consistent with previous findings,

expression.  Also

when comparing the mean ErbB4
expression in control and experi-
mental donors, we found that layers
1, 2 and 5 showed higher ErbB4
expression in SZ samples (Joshi et
al., 2014). This supports the sug-
gestion that dysregulation of ErbB4
in cortical layers 1, 2 and 5 of SZ
individuals may be related to
alterations in the function or density
of specific neuronal subtypes pres-
ent in these layers.

There is minimal research looking
at the size differences in ErbB4+
cells throughout the cortical layers.
However, it has been found that the

loss of ErbB4 signaling has been
linked to changes in oligodendro-
cyte number and morphology,
reduced myelin thickness, and alter-
ed white matter connectivity in the
frontal and temporal lobes, which
are regions implicated in SZ (Konrad
et al., 2008). Our study builds upon
the morphology-related findings of
Konrad et al. by revealing that
experimental samples consistently
exhibit a greater prevalence of Erb-
B4+ cells of smaller size, while con-
trol samples consistently exhibit a
higher frequency of larger ErbB4+
cells. Controls having larger ErbB4+
cells could signify enhanced cell
growth or division, while experi-
mental samples having higher fre-
quencies of small ErbB4+ cells may
suggest cell immaturity and altered
proliferation dynamics.

Circularity

While differences in ErbB4+ cell
circularity were observable, they
were not drastic. Despite the sub-
tlety of the changes, a consistent
trend emerged, revealing that exp-
erimental specimens, on average,
displayed a higher incidence of cells
with elevated circularity compared
to the control group. Control speci-
mens had a higher mean frequency
of moderately circular cells. The
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higher incidence of cells with ele-
vated circularity in experimental
specimens implies that the presence
or absence of ErbB4 may influence
the overall shape of cells. The
findings parallel existing research on
the functional consequences of
ErbB4 ablation in excitatory neur-
ons, particularly the reduction in
dendritic spine density within the
prefrontal cortex (Cooper & Kole-
ske, 2014). The interplay between
ErbB4 expression, dendritic spine
density, and cell circularity indicates
a complex regulatory mechanism.
This complexity implies that the eff-
ects of ErbB4 on cellular morpholo-
gy are part of a broader network of
signaling pathways and molecular
interactions.

Feret Angle

As discussed in lecture, the
orientation of a neuron's dendrites
and axon in the prefrontal cortex
can impact communication within
and between layers, as well as along
the surface of the cortex. Currently,
there are no studies that investigate
the Feret angle of ErbB4+ cells. The
Feret angle (0-180°) is the angle
between Feret's diameter and a line
that runs parallel to the x-axis of the
image (Ferreira & Rasband, 2012). A
90° angle would facilitate communi-

cation between the cortical layers,
while a 0°-20° or 160°-180° degree
angle  would promote com-
munication within a single layer. A
45° or 145° angle would represent
an intermediate orientation, allow-
ing for a potential combination of
communication within and between
layers. Control specimens were fou-
nd to have a higher mean Feret
angle than experimental specimens.
Frequency distributions showed that
experimental specimens consistent-
ly have greater frequencies of Erb-
B4+ cells for Feret angles from 0
degrees to 120 degrees, with the
highest peaks between 60°-80° and
100°-120°. This suggests a pre-
dominant orientation of ErbB4+
cells in experimental specimens
towards angles that are conducive
to communication between the six
cortical layers. Meanwhile, control
specimens have greater frequencies
for Feret angles >120 degrees, with
the highest peak from 120°-140°.
Hence, control specimens seem to
have ErbB4+ cells in orientations
that could promote between and
within-layer cell-to-cell communica-
tion.

Strengths & Limitations
The major strength of this study
lies in the unparalleled quality of the

26



ADVANCED TOPICS & ESSAYS

images from the Allen Institute
database, setting it apart as an ex-
ceptional resource with few equi-
valents worldwide. The Allen Instit-
ute's Human Brain Atlas is renown-
ed for its exceptional quality due to
several factors. Firstly, the institute
employs cutting-edge neuroimag-
ing technologies, such as MELT
Total Nucleic Acid Isolation system
and high-resolution capillary elect-
rophoresis to capture detailed
visualizations of the human brain
with unprecedented clarity (Allen
Institute, 2013). Additionally, the
Allen Institute is committed to
several stages of thorough quality
control measures to ensure accuracy
and reliability.

While Allen Institute has pro-
vided us with detailed brain scans
for analysis, the quality and cost of
the brain scans also limited the
quantity and characteristics of the
samples. It was difficult to control
for age, sex, race, and smoking sta-
tus between Schizophrenic and con-
trol samples due to the limited
amount of available brain scans. For
example, our samples did not
consistently represent one race or
ethnicity (White, N=5, African Ame-
rican, N=1), and one of our
experimental specimens was a
smoker (N=1) whereas the remain-

ing five were  non-smokers.
Additionally, we had an imbalanced
sex distribution, with one sample
from a female donor (experimental
specimen #2), and the other five
from males. Sex differences are
important to consider, since the
onset of SZ is often later in women
than in men (Schultz et al., 2007). As
such, these individual differences
may add some noise and reduce the
generalizability of the experiment
results but are not significant
enough to compromise the validity
of our current pilot study, which
aims to explore the ErbB4 dynamics
within the post-mortem brain tissues
of control versus SZ donors. Add-
itionally, only the DLPFC was
available to study among all pati-
ents concerning ErbB4, limiting our
ability to assess and contrast the
sites of localization of ErbB4 exp-
ression between SZ and control
samples. However, studying the
DLPFC provided significant insights
pertaining to ErbB4 expression and
how this expression plays a role in
the ErbB4 pathways of SZ etiology.

Future Research Directions

It is important to note that this
present investigation is a pilot study
and while it brings forth valuable
information and evidence concern-
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ing ErbB4 expression discrepancies
between schizophrenic and control
donor samples, more research must
be conducted to corroborate these
findings. Future studies should look
to incorporate larger sample sizes to
increase the power and reliability of
our experimental results, thereby
decreasing susceptibility to outliers.

Additionally, the complexity of
ErbB4's function obscures the site
where it is active in SZ. Future
studies should collect and contrast
ErbB4 expression from multiple
ErbB4-expressing regions of the
brain, such as the hippocampus,
basal forebrain, visual cortex, and
prefrontal cortex to comprehen-
sively assess if there are trends in
expression correlating to SZ prog-
nosis (Corfas et al., 1995; Neddens
& Buonanno, 2011; Woo et al.,
2011).

There is ongoing debate regard-
ing whether the expression of ErbB4
provides a protective or adaptive
function for individuals with SZ and
Alzheimer's disease (AD). Some
studies have mentioned that ErbB4
expression helps mitigate brain
deterioration and mediates GABA-
ergic interneuron function (Woo et
al.,, 2011), which contradicts the
previously mentioned findings of
increased ErbB4 expression in SZ

samples. Moreover, studies in
transgenic mice models with mut-
ations in Amyloid precursor protein
and Presenilin genes have shown
elevated expressions of NRG1-
ErbB4. These proteins, associated
with the production of beta-amyloid
neuritic plaques, are implicated in
the neurodegenerative process in
AD (Woo et al, 2011). By mani-
pulating ErbB4

mammalian brains, researchers may

expression in

uncover insights into the association
between ErbB4 and neurodegene-
rative diseases such as SZ and AD.
This could be particularly relevant in
therapeutic approaches for prevent-
ing or slowing down neurodegene-
rative processes associated with
schizophrenia.

It would also be valuable to
clinically assess the longitudinal
expression of ErbB4 in SZ patients
to determine if expression increases
with age and if symptoms worsen
with the variable ErbB4 expression.
Furthermore, individuals diagnosed
with SZ face a markedly elevated
risk, approximately 2-4 times higher
than that of the general population,
for the development of Alzheimer's
disease (AD) and other types of
dementia (Kochunov et al., 2021).
Considering the increased suscep-
tibility of individuals with SZ to AD,
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understanding the intricate relation-
ship between ErbB4 expression,
neurodegenerative processes, and
the progression of both SZ and AD
may offer crucial insights for deve-
loping 1) biomarkers for the early
detection and diagnosis of SZ and
AD or 2) targeted therapeutic stra-
tegies and interventions.

Final Thoughts

In summary, our investigation
into ErbB4 expression in the cortex
of control and schizophrenic donors
revealed several noteworthy differ-
ences. The comparison of ErbB4+
cell counts demonstrated a substan-
tially higher count for experimental
specimens, although an outlier infl-
uenced this. Upon excluding the
outlier, control specimens exhibited
higher ErbB4 expression levels,
contrasting with prevailing literature
that explicates increased ErbB4
expression in schizophrenia. Anal-
ysis of cell size displayed variations
in morphology, with control speci-
mens exhibiting a larger mean cell
size. Additionally, there were obser-
vable differences in the distribution
of ErbB4+ cells throughout the
cortical layers by size and circularity,
suggesting distinct cellular charact-
eristics between the SZ and non-SZ
groups. The assessment of Feret

angles further highlighted differen-
ces in the orientation of ErbB4+
cells for SZ and non-SZ individuals.
Taken together, these findings
contribute to our understanding of
ErbB4+ cell frequency and morph-
ology in schizophrenia while emp-
hasizing the need for further
empirical research into its complex
role in the pathophysiology of the
disorder.
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