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Abstract

Dysbindin-1 modulates copper transport, which is crucial for cellular homeostasis. Several brain
regions implicated in schizophrenia exhibit decreased levels of dysbindin-1, which may affect
copper homeostasis therein. Our recent study showed decreased levels of dysbindin-1, the copper
transporter-1 (CTR1) and copper in the substantia nigra in schizophrenia, providing the first
evidence of disrupted copper transport in schizophrenia. In the present study, we hypothesized that
there would be lower levels of dyshindin-1 and CTR1 in the hippocampus in schizophrenia versus
a comparison group. Using semi-quantitative immunohistochemistry for dyshindinl and CTR1,
we measured the optical density in a layer specific fashion in the hippocampus and entorhinal
cortex in ten subjects with schizophrenia and ten comparison subjects. Both regions were richly
immunolabeled for CTR1 and dysbindinl in both groups. In the superficial layers of the entorhinal
cortex, CTR1 immunolabeled neuropil and cells showed lower optical density values in patients
versus the comparison group. In the molecular layer of the dentate gyrus, patients had higher
optical density values of CTR1 versus the comparison group. The density and distribution of
dysbindin-1 immunolabeling was similar between groups. These laminar specific alterations of
CTRL1 in schizophrenia suggest abnormal copper transport in those locations.
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1. Introduction

The dystrobrevin binding protein 1 (DTNBPI) gene codes for the dysbindin-1 protein family
(Talbot et al., 2009). DTNBP1 is expressed in regions of the brain that subserve cognitive
function, such as prefrontal cortex and hippocampus (Weickert et al., 2004). DTNBP1
modulates prefrontal function through an interaction with catachol o methyltransferase
(COMT) (Papaleo et al., 2014). Allelic variations of DTNBPI have been associated with
measures of executive function, cognitive ability, reward-based learning, and spatial, verbal,
and working memory (Burdick et al., 2006; Wolf et al., 2011). D7TNBPI allelic variations
have been associated with impaired white matter integrity in healthy adults (Nickl-Jockschat
et al., 2012), loss of gray matter volume in preteenagers (Tognin et al., 2011), and
abnormalities in neurite outgrowth and morphology (Dickman and Davis, 2009). Dysbindin
has an important role in calcium-dependent vesicle release at glutamatergic synapses
(Dickman and Davis, 2009). Dysbindin is a subunit of the BLOC-1 complex (biogenesis of
lysosome-related organelles complex 1) and is involved in synaptic vesicle trafficking,
neurite outgrowth and development, synaptic plasticity, and lysosomal homeostasis
(Nazarian et al., 2006; Ghiani et al., 2010; Mullin et al., 2015).

DTNBP1 is considered by many (Bray et al., 2005; Marshall et al., 2017; Norton et al.,
2006; Pae et al., 2008; Riley et al., 2009; Straub et al., 2002; Voisey et al., 2010; Zatz et al.,
1993), but not all (Farrell et al., 2015; Mutsuddi et al., 2006; Schizophrenia Working Group,
2014) to be a susceptibility gene for schizophrenia. DTNBPI allelic variability is associated
with cognitive abnormalities in patients with first-episode psychosis (Varela-Gomez et al.,
2015), and influences the severity of cognitive decline in schizophrenia (Burdick et al.,
2007). Genetic variations that reduce dyshindin-1 expression can identify in which subjects
(both humans and mice) antipsychotic drugs will likely improve cognitive impairments
(Scheggia et al., 2018). Furthermore, decreases in dysbindin-1 protein and gene expression
have been observed in postmortem cortex, midbrain, and hippocampus in patients with
schizophrenia (Tang et al., 2009; Talbot et al., 2004, 2009, 2011; Weickert et al., 2004,
2008). In our recent study, we found lower protein levels of the B/C isoforms of dysbindin-1
in the substantia nigra of patients with schizophrenia compared to controls (Schoonover et
al., 2018). Together, these data suggest that dysbindin may play a role in the
psychopathology and neuropathology in schizophrenia.

Interestingly, knockout of DTNBPI in animal models decreases the copper transporters
ATP7A and copper transporter-1 (CTR1) (Gokhale et al., 2015). Copper is required for
normal development and homeostatic function due to its crucial role for many cellular
functions such as monoamine metabolism, mitochondrial activity, and myelination (Scheiber
etal., 2010). Copper is transported from the bloodstream across the blood brain barrier
(Eisses and Kaplan, 2005). Endothelial cells at the blood brain barrier take up copper from
the blood via CTR1, and release copper into the brain parenchyma via ATP7A (Scheiber et
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al., 2010). Copper then is transported into astrocytes and then neurons via CTR1 (Scheiber
et al., 2010). Once inside the cell, copper is bound by metallochaperones and delivered to
the trans-Golgi network (Maryon et al., 2013). ATP7A is located within the trans-Golgi
network (Petris et al., 1996; Yamaguchi et al., 1996) and distributes copper to
metallochaperones (e.g., SCO1) which transport copper to the needed location within the
cell (Davies et al., 2013; Leary et al., 2007). Copper is differentially distributed across brain
regions (Davies et al., 2013) and is found in region specific intracellular locations (Sato et
al., 1994). Dysfunctional peripheral copper absorption or secretion results in Wilson’s or
Menkes disease, characterized by copper toxicity or deficiency, respectively (Menkes et al.,
1962; Wilson, 1934). CTR1 knockdown and/or loss results in developmental defects and
lethality (Lee et al., 2001), and total loss of ATP7A results in Menkes disease and lethality
(Menkes et al., 1962), exemplifying the incredible importance of these transporters in
normal homeostasis and function.

In animal models, decreased copper produces demyelination and decreased oligodendrocytic
protein expression (Herring and Konradi, 2011; Matsushima and Morell, 2001). Rats fed the
copper chelating agent cuprizone showed regionally specific decreased expression of mMRNA
transcripts encoding oligodendrocytic proteins. Importantly, copper deficits produce
schizophrenia-like behavioral impairments, such as deficits in novel object recognition,
working memory, spatial memory, pre-pulse inhibition, social interaction and anxiety (Gregg
et al., 2009; Herring and Konradi, 2011; Talbot, 2009). Behavioral deficits and pathology
can be reversed with antipsychotic treatment (Xuan et al., 2015; Zhang et al., 2008). Apart
from our recent work suggesting a deficit in copper transport and showing a deficit in copper
content in the substantia nigra in schizophrenia (Schoonover et al., 2018), the role of copper
in schizophrenia has been limited to measurements of copper content in peripheral blood
(Vidovic et al., 2013, and references therein).

Candidate gene studies suggest that there are abnormalities in dysbindini-1 in schizophrenia.
Dysbindin knockout mice show decreases in copper transporters (Gokhale et al., 2015).
Copper levels are increased in the blood of patients of schizophrenia (Vidovic et al., 2013),
but are decreased in the brain parenchyma along with dysbindin and copper transporters
(Schoonover et al., 2018), suggesting abnormal transport of copper across the blood brain
barrier. The hippocampus is abnormal in schizophrenia, including decreases in mMRNA levels
of DTNBPI (Weickert et al., 2008). Therefore, we hypothesized schizophrenia patients
would exhibit deficits in dysbindin-1 and copper transport, as measured by the copper
transporter CTR1, within the hippocampus. We chose not to measure ATP7A or ATP7B
because in our recent study of the substantia nigra, there were no changes in APT7B and
only changes in ATP7A in off drug patients. Moreover, there were no changes in ATP7A in
the cingulum bundle or the cortex in either on or off drug patients (unpublished data). Thus,
using semi-quantitative immunohistochemistry, we measured dysbindin-1 and the copper
transporter CTR1, in postmortem hippocampus from schizophrenia patients and a matched
comparison group. This work has been presented in preliminary form (Roberts et al., 2019).
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2. Methods

2.1 Postmortem Brains

2.2 Tissue

In this study, we used immunohistochemistry to localize CTR1 and dysbindin-1 in the
hippocampus of 10 schizophrenia cases and 10 comparison cases. Tissue was obtained from
the Maryland Brain Collection and the Alabama Brain Collection, and was collected in
compliance with IRB-approved protocols and in accordance with all relevant guidelines and
procedures. The work completed in this study was approved by the IRB (F080306003) at the
University of Alabama at Birmingham. Cases were diagnosed and assessed based on
information obtained from medical records and phone interviews with next of kin. Informed
consent was obtained for the use of brain tissue, phone interview, and for access to medical
records for research purposes. Tissue was obtained and used in a manner compliant with the
Declaration of Helsinki. Exclusionary criteria for this cohort were history/evidence of
intravenous drug abuse, HIV/AIDS, hepatitis B, head trauma, comorbid neurological
disorders, custodial death, fire victims, unknown next of kin, children or decomposed
subjects. Two psychiatrists established the DSM diagnoses (DSM-I11-R through DSM-1V-
TR) using the current Structured Clinical Interview for the DSM at the time of diagnosis.
Clinical information was obtained from autopsy and medical records, in addition to family
interviews. Comparison brains had sufficient information to verify a lack of major
psychiatric (other than alcoholism) or neurological disease.

Demographic information is listed in Table 1. The mean age, pH, and time in fixative were
similar between groups. Both groups had a similar gender and racial composition. The only
statistically significant difference between groups was between the mean post-mortem
intervals, which were 6.7+1.42 hours in the comparison group vs. 5.2+1.55 hours in the
patient group, which may not be biologically significant.

Preparation and Antibody Validation

The hippocampi were immersed in cold 4% paraformaldehyde and 1% glutaraldehyde in 0.1
M phosphate buffer (PB), pH 7.4. The tissue was stored in this fixative at 4°C until it was
further subdissected (Figure 1A). The anterior body of the hippocampus was then sectioned
with a vibratome (Leica MICROM HM 650V) into six series of 40-um thick sections.
Sections from two adjacent series were prepared for the immunohistochemical localization
of CTR1 using polyclonal rabbit anti-CTR1 (Novus Biologicals NB100-402) or dysbindin
using monoclonal rabbit anti-dysbindin (Abcam ab133652). Antibody concentrations were
initially optimized in a dilution series. Antibody controls consisted of omission of the
primary antibody and/or blocking peptides raised to CTR1, both of which resulted in no
immunolabeling (Figures 3B, 4,C,D, 7B,C). In a separate publication, we previously verified
the specificity of the dysbindin antibody in western blot studies with preadsorption and by
absent band density in the dysbindin knock out mice (Schoonover et al., 2018). Knockout of
CTR1 is embryonic lethal (Lee et al., 2001), so we were not able to test the antibody using
these mice.
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2.3 Immunohistochemistry

For each antibody, tissue from all subjects was processed in five batches within 10 days of
one another. Free-floating sections from two patients and two cases from the comparison
group were immunostained in each run, with eight sections per case per antibody, with
sections separated by at least 240 um. Sections were incubated for 15 minutes at room
temperature (RT) in a solution of 1% sodium borohydride in 0.01M phosphate buffered
saline (PBS) while agitating. After that, sections were incubated in a solution of 5%
hydrogen peroxide in 0.01M PBS for 30 minutes at RT while agitating. Then, sections were
incubated in a solution of 10% normal goat serum in 0.01 M PBS for one hour at RT while
being agitated.

The sections were then incubated for 48 hours at 4°C in their respective antibody solutions
of 3% normal goat serum in 0.01 M PBS: polyclonal rabbit anti-CTR1 antibody (Novus
Biologicals NB100-402) at a dilution of 1:4000 and monoclonal rabbit anti-dysbindinl
(Abcam ab133652) at a dilution of 1:1000. Sections were incubated for 45 minutes while
being agitated at RT in a solution of biotinylated anti-rabbit secondary antibody at a dilution
of 1:267 and 3% normal goat serum in 0.01 M PBS. The sections were then incubated in
avidin-biotin complex (1:100 dilution) for 45 minutes while agitated at RT. To visualize the
reaction product, sections were incubated for 4 minutes in a 3, 3’-diaminobenzidine solution
(10 mg diaminobenzidine, 15 ml PBS, 12uL 0.03% hydrogen peroxide; Vector Laboratories,
SK-4100).

All sections from each case were mounted on charged slides, and dried at RT overnight. A
Nissl stain procedure was used to counterstain one section from each series. All slides were
placed in increasing concentrations of ethanol and then in xylene for dehydration. Eukitt was
used to coverslip the slides.

2.4 Microscopy

A Nikon DS-Fil color digital camera connected to a Nikon Eclipse 50i microscope was used
to take photomicrographs of the sections. Specific regions that were photographed are shown
in diagram form (Figure 1B) and in a tissue section immunolabeled with dysbindin (Figure
1C). All photomicrographs of CTR1 immunolabeled sections were taken at the same
microscope and camera settings: with a 20X lens, aperture of 0.4, quality capture
(2560%1920 pixels), exposure length of six milliseconds, medium contrast, and a gain of 1.2.
All photomicrographs of dyshindin immunolabeled sections were taken at the same
microscope and camera settings: with a 20X lens, aperture of 0.75, quality capture
(2560%1920 pixels), exposure length of 15 milliseconds, medium contrast, and a gain of 1.2.
Each photomicrograph was 0.283mm?, yielding a total of 1.698mm? analyzed per area (6
micrographs X 0.283mm2).

All photomicrographs were taken by author CBF from the following 19 areas: entorhinal
cortex (superficial layers, pyramidal cell layer, subcortical white matter), subiculum
(superficial layers, pyramidal cell layer, subcortical white matter), CA1 (stratum oriens,
pyramidale, radiatum, and lacunosum/ moleculare), CA3 (stratum oriens, pyramidale, and
radiatum/ lacunosum/ moleculare), dentate gyrus (granule cell layer, molecular layer and
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polymorphic layer), the alveus over CAl and over CA3, and the fornix. Superficial layers of
the subiculum and entorhinal cortex refer to the distal, apical dendritic region (Figure 1B).
Two series of sections, yielding a total of six sections, were analyzed for each marker.
Photomicrographs were taken from all six sections for each antibody for each case (not
including Nissl counterstain), with three micrographs of each layer of each region taken for
a total of 57 pictures taken per tissue section.

2.5 Data Collection

The density of immunohistochemical labeling was assessed using optical densitometry as
previously described (Mabry et al., 2019; McCollum et al., 2016). The photographs were
opened in Adobe Photoshop for data collection. Photomicrographs were inverted and then
the layer/region of interest was selected using the lasso, marquee or quick select tool.
Optical density measurements were recorded separately for immunolabeling in gray matter
for the whole region, cell immunolabeling, and neuropil immunolabeling. Optical density
measurements were recorded separately for immunolabeling in white matter for the whole
region, glial immunolabeling, and fiber immunolabeling. To select the whole region of
interest, a box tool was selected. Artifacts on the slide such as bubbles, folds in the tissue or
the occasional piece of debris were avoided during photography and data collection.
Immunolabeled cells were measured using the quick selection tool. Neuropil or white matter
areas were measured using the magic wand tool. This tool is ideal for measuring irregularly
shaped tissue between the neurons or glia. The gray mean value was recorded for the slide
itself (where no tissue was located) and used for background subtraction.

2.6 Statistics

Two complete series of sections were analyzed for each marker and combined for statistical
analysis. All analyses were conducted using SAS version 9.4 (Cary, NC). For each measure
(CTRL1 or Dys) and region, means and standard errors (SE) were calculated for each group.
Unpaired t-tests were used to test for group differences in demographics and tissue quality.
A chi-square test was used for categorical variables (sex, race). Linear mixed models were
used to test for group differences after controlling for race, sex, age of subject, and the
person analyzing the data (KES,CBF, LO, VS); these models included a random effect for
subject in order to control for potential correlation among sections within a subject. Visual
inspection of plots of the model residuals was used to check for departures from normality.

3. Results

3.1 CTR1

3.1.1 Description of CTR1 immunolabeling—The hippocampus proper and dentate
gyrus were richly immunolabeled for CTR1 in both the comparison group and schizophrenia
patients (Figure 1D,E). CTR1 immunolabeled the hippocampus in a characteristic pattern
dependent on the layer. Qualitatively, CTR1 immunolabeling was present in the same cell
types in both groups. In both the comparison group and the patients, immunolabeling was
more prominent in the DG, the pyramidal layers of CA1-CA3 and the gray matter in the
subiculum and entorhinal cortex than other areas. There was less immunolabeling in white
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matter structures (alveus, fornix), and the molecular layer of CA1-CA3 leading to noticeable
demarcations between adjacent layers.

The somata and apical dendrites of pyramidal neurons were robustly immunolabeled in
entorhinal cortex (Figure 2A), CA3 (Figure 2B), CAL (Figure 2C) and the subiculum
(Figure 2D). In stratum oriens and stratum lacunosum, immunolabeled fibers were present
(Figure 2B). Immunolabeling was present throughout the dentate gyrus (Figure 3). The
polymorphic layer contained lightly immunolabeled neurons and fibers (Figure 3A). It was
often difficult to determine whether immunolabeling in the granule cell layer was in granule
cells or in the surrounding neuropil (Figure 3A). However, individual immunolabeled
granule cells and interneurons could be distinguished from the neuropil in fortuitous sections
(Figure 3C). Labelled endothelial processes were identified (Figure 2D).

Immunolabeling of the white matter of the hippocampus revealed immunolabeled glial cells,
fibers and punctate structures (Figure 4). The fornix (Figure 4A,C), entorhinal cortex (Figure
4E) and alveus (Figure 4D) were all labeled in a similar way. However, labeled punctate
structures were especially prominent in the fornix and were determined to be the bulbous
portions of fibrous astrocytes in a preliminary electron microscopic study (Nguyen et al.
2017). Labelled endothelial cells were identified in (Figure 4A,C,E).

3.1.2 Quantitative analysis—CTR1 immunolabeling was quantified throughout each
cellular domain of the hippocampus in the comparison group and patients with
schizophrenia (Supplementary Table 1). Only CTR1 immunolabeling in the entorhinal
cortex and dentate gyrus showed significant differences between groups (Figures 5, 6). In
the superficial area of the entorhinal cortex, both fibers (neuropil) and cells showed lower
optical density values in the schizophrenia patients than in the comparison group (Figures
5A,B, 6). Both cells and the entire image of the molecular layer in the dentate gyrus had
significantly higher optical density values in schizophrenia patients than in the comparison
group (Figures 5C,D, 6).

3.2 Dysbindin

3.2.1 Description of dysbindin immunolabeling—The hippocampus proper and
dentate gyrus were richly immunolabeled for dysbindin in both the comparison group and
schizophrenia patients (Figure 7A). Qualitatively, dysbindin immunolabeling was more
robust in the gray matter vs. white matter. Immunolabeling was present throughout the
pyramidal layers of CA1 and CA3, and within the gray matter of the subiculum and
entorhinal cortex (Figure 8). The somata and apical dendrites of pyramidal neurons were
robustly immunolabeled in entorhinal cortex (Figure 8A), CA3 (Figure 8B), CA1 (Figure
8C) and the subiculum (Figure 8D). Neurons were immunolabeled in the polymorphic layer
of the dentate gyrus (Figure 9A). Dense immunolabeling was present in the granule cell
(Figure 9A-C), but it was often impaossible to distinguish cell body labeling from neuropil
labeling.

Dysbindin immunolabeling in white matter was not as robust as in the gray matter.
Compared to cellular layers, decreased levels of immunolabeling were observed in the
alveus and fornix, as well as the molecular layer of CA1 - CA3. Immunolabeled glial cells,
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endothelial cells, fibers and punctate structures were observed (Figure 10). This pattern of
immunolabeling was very similar to that of CTR1, resulting in noticeable layer demarcation.

3.2.2 Quantitative analysis—Dysbindin immunolabeling was quantified throughout
each cellular domain of the hippocampus in comparison subjects and patients with
schizophrenia (Supplementary Table 2). The density and distribution of dysbindin
immunolabeling was similar between groups with no significant differences.

4. Discussion

In the present study, we described and quantified CTR1 and dysbindin immunolabeling in
the hippocampus of patients with schizophrenia and a comparison group. To our knowledge,
this is the first report of CTR1 localization in the human hippocampus other than our
preliminary report (Nguyen et al., 2017). In the current study, we found that the density of
CTR1 labeling was decreased in the superficial layers of the entorhinal cortex, where apical
dendrites of pyramidal cells reside, in schizophrenia subjects when compared to the
comparison group. Specifically, cells and fibers of these outer layers exhibited less intense
immunolabeling. In contrast, the molecular layer of the dentate gyrus exhibited more CTR1
labeling in patients with schizophrenia. No statistically significant alterations in dysbindin-1
immunostaining were observed.

4.1 Limitations

The current study possesses some limitations. Due to the nature of postmortem studies, our
analysis only captures a picture of CTR1 and dysbindin-1 immunolabeling at the time of
death; however, by matching for postmortem interval and pH and excluding causes of death
known to affect agonal status (Stan et al., 2006) we can presume the results shown here are
not postmortem artifact. As is typical for postmortem studies, the schizophrenia subjects had
been treated with various antipsychotic drugs prior to death and were not first-episode, or
antipsychotic drug naive. While no effect of antipsychotics on CTR1 or dysbindin-1 was
observed via Western blot in the substantia nigra (Schoonover et al., 2018), it is of course
possible that the impact of treatment on these markers is brain region-specific. In addition,
severity and heterogeneity of symptoms, as well as varying treatment response can also
confound results; that said postmortem studies are very valuable and add to gaps in the
literature that no other technique can provide (McCullumsmith et al., 2014).
Immunohistochemistry is considered by some to be semi-quantitative technique. Thus, we
made every effort to match the samples according to fixation time, and we processed
patients and comparison subjects in the same run. In addition, two or more individuals
measured optical density and the data were merged for statistical analysis. That said one
must interpret these findings with a certain degree of caution. We were unable to assess
layer-specific measurements of cellular copper content to correlate with the markers
measured here, and therefore the impact of the observed alterations on cellular copper levels
within the hippocampus remains unknown. It must be acknowledged that many things can
effect copper levels including diet (Morrell et al., 2017), smoking (Badea et al., 2018), and
alcohol (Grochowski et al., 2019), parameters that we could not control or eliminate due to
wide spread variability and use in patients with schizophrenia.
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CTR1 was found in neuronal populations as seen previously in neurons of the dorsal root
ganglion (Ip et al., 2010). Based on morphology and layer specific location, CTR1 was
localized mainly, but not exclusively, in excitatory neurons in both groups, consistent with
the role of copper in excitatory neurotransmission (Hartter and Barnea, 1988; Hopt et al.,
2003; Kardos et al., 1989; Marchetti, 2014). Immunolabeling was also prominent in white
matter structures. The entorhinal cortex is the beginning point of the trisynaptic pathway
(Figure 1B). This region receives projections from several cortical areas that converge on the
apical dendrites of pyramidal cells, what we refer to as the superficial layers (Mohedano-
Moriano et al., 2007). Our finding of decreased CTR1 immunolabeling in the superficial
layers of the entorhinal cortex in schizophrenia subjects compared to the comparison group
suggests a deficit of copper signaling in this area, which could impact signaling throughout
the trisynaptic pathway. Given that copper is neurotoxic in excess quantities, downregulated
CTR1 could be a compensatory mechanism to protect the cells from excess extracellular
copper and cuprinergic signaling. However, such a compensation is unlikely to be occurring
here. Previous work by our group revealed a decrease of CTR1 and a decrease of cellular
copper content in the postmortem substantia nigra of subjects with schizophrenia
(Schoonover et al., 2018). These data, taken in conjunction with the excess of plasma copper
content in schizophrenia (Vidovic et al., 2013, and references therein), suggest that the
downregulation of CTR1 observed in the entorhinal cortex in the current study is not
stemming from excess cuprinergic signaling. Furthermore, literature assessing the activity of
regions projecting to the entorhinal cortex in schizophrenia indicate an overall
downregulation of activity (Ikuta et al., 2012), providing additional evidence that the
decrease of CTR1 observed here is not resulting from stimulation excess.

Additionally, our finding of decreased CTR1 immunolabeling within neurons and fibers in
the superficial layers of the entorhinal cortex suggests that deficient copper in schizophrenia
may be a mechanism to downregulate hippocampal activity. Copper is intrinsically involved
in ATP synthesis and excitatory signaling. Copper is delivered by the metallochaperone,
SCO1, to the catalytic core of cytochrome C oxidase required for ATP synthesis (Leary et
al., 2007). Without copper, ATP synthesis is downregulated and the overall energy
metabolism of the region is decreased. Additionally, copper is implicit in neuronal signaling
and synaptic function. Copper is released from neurons during depolarization and can
modulate both GABA- and glutamatergic receptors (Hartter and Barnea, 1988; Hopt et al.,
2003; Kardos et al., 1989; Marchetti, 2014). Therefore, our findings of decreased CTR1
immunolabeling in both cells and fibers of the superficial layers of the entorhinal cortex
suggest an overall downregulation of cuprinergic signaling that could have widespread
pathological effects.

Our finding of decreased CTRL1 in the cells and fibers of the superficial layers of the
entorhinal cortex lends is consistent with the importance of copper in myelin integrity and
dendritic spine formation, as well as cellular function. Deficits of myelin and associated
oligodendrocytes have been well replicated in schizophrenia in several brain regions
(Samartzis et al., 2014; Seitz et al., 2016). Cortical areas exhibit decreased markers of
myelin basic protein (a key component of myelin), fewer oligodendrocytes, abnormal
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oligodendrocyte morphology, oligodendrocyte degeneration, myelin thickness and laminar
abnormalities, as well as downregulation of key myelin related genes and proteins in
schizophrenia (Buchsbaum et al., 1998; Chambers et al., 2004; Hakak et al., 2001; Hof et al.,
2002; Lim et al., 1999; Schoonover et al., 2019; Sigmundsson et al., 2001; Uranova et al.,
2007; Vostrikov et al., 2008). Interestingly, application of the copper chelator cuprizone
results in massive, albeit reversible, demyelination and oligodendrocyte death (Xuan et al.,
2015; Zhang et al., 2008), indicating that copper must play a crucial role in myelin and
oligodendrocyte function and integrity. If a deficit of cuprinergic signaling and copper
content exists in the superficial layers of the entorhinal cortex in schizophrenia as indicated
by our finding of decreased CTR1, this could impact white matter integrity in this area.

In contrast to our findings in the superficial layers of the entorhinal cortex, we observed
significantly elevated immunolabeling of CTR1 in the molecular layer of the dentate gyrus,
consistent with a trending increase of CTR1 mRNA within the middle temporal area
(Roussos et al., 2012) as revealed via Kaleidoscope genetic database (Alganem et al., 2020).
The molecular layer of the dentate gyrus is a relatively neuron-free layer and comprised of
the dendrites of the granule cells (Amaral et al., 2007). Therefore, cell labeling in this area is
due to glial cells and immunolabeling in the whole region combined largely reflects
neuropil. Given the deficit of CTR1 immunolabeling in the superficial entorhinal cortex
observed here, and that the entorhinal cortex projects to the dentate gyrus in the trisynaptic
pathway of the hippocampus, perhaps such an upregulation of CTR1 in the dentate gyrus is a
compensatory effect. The dentate gyrus exhibits an incredible cellular need for copper, as
demonstrated by high levels of copper superoxide dismutase (Liu et al., 1993) and that
copper deficiency during development results in abnormal maturation of the dentate gyrus
and hippocampus proper (Hunt and Idso, 1995). Therefore, given the need of copper (and
hence CTR1) by dendrites and their spines (Perrin et al., 2017), it would be logical to regard
such an increase as a compensatory reaction to a lack of copper within the hippocampus-
similar to upregulation of neurotransmitter receptors after application of the relevant
antagonist (Follesa et al., 1996).

In further support of our suggestion of compensatory upregulation of CTR1 in the molecular
layer of the dentate gyrus in response to copper deficit is the observation that the dentate
gyrus exhibits deficient signaling in schizophrenia (Stan et al., 2015). Decreased
glutamatergic signaling has been observed in schizophrenia dentate gyrus, which has been
associated with a decrease of excitatory receptors within the region (Stan et al., 2015).
Furthermore, the dentate gyrus exhibits downregulation of energy metabolism genes in
schizophrenia such as cytochrome c¢ oxidase. Therefore, downregulated activity of the
dentate gyrus and our finding of potentially compensatory elevated CTR1 in the molecular
layer together is consistent with copper playing a key role in neuronal activity and the
dysregulations observed in schizophrenia.

4.3 Dysbindin

Surprisingly, we did not observe any alterations of dyshindin-1 in the hippocampus in our
schizophrenia cohort. Previous literature suggested downregulation of both dyshindinl
mMRNA and protein in the hippocampus in schizophrenia (Talbot et al., 2011; Tang et al.,
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2009; Weickert et al., 2004, 2008). However, these differences have been isoform, laminar,
and study specific. Decreased mMRNA has been found in the polymorphic layer and inner
molecular layer of the DG, the subiculum, CA1, and the stratum oriens and radiatum of CA3
(Weickert et al., 2008), though analysis of DTNBPI mRNA within the broader middle
temporal area (Roussos et al., 2012) was consistent with our results as revealed by the
Kaleidoscope genetic database (Alganem et al., 2020). Dysbindin-1 has three isoforms
known as dysbindin 1A, 1B, and 1C (Talbot et al., 2009, 2011). Dysbindin 1A is found in
the post-synaptic density and thought to be involved in dendritic spine homeostasis, while
dysbindin 1B is found exclusively in synaptic vesicles in the presynaptic axon terminal
(Talbot et al., 2011), and is involved in glutamatergic transmission (Numakawa et al., 2004).
Dysbindin 1C is found in both places, but primarily is located in the post-synaptic density
and involved in dendritic spine function (Talbot et al., 2011). Most, but not all, studies have
shown decreases in specific dysbindin isoforms in schizophrenia patients (Schoonover et al.,
2018; Talbot et al., 2004; Tang et al., 2009; Weickert et al., 2004, 2008). Decreased protein
levels of isoforms 1B and 1C have been observed in the hippocampus (Talbot et al., 2011)
whereas we dyshindin 1C levels were lower in the dorsolateral prefrontal cortex of
schizophrenia subjects (Tang et al., 2009). Indeed, our previous work observed that
schizophrenia patients had decreased protein levels of dysbindin 1B/C, but not isoform 1A
in postmortem substantia nigra (Schoonover et al., 2018). Perhaps no differences of
dysbindin-1 were observed in the current study because of isoform-specific alterations, or
methodological differences. For instance, changes in mRNA do not always indicate protein
changes. Moreover, western blot analysis of the whole hippocampus was used in the study
by Talbot et al., (2011), making it difficult to compare their results to individual layer
specific quantification performed in the present study. Finally, the antibody used in the
present study labels all three isoforms (Schoonover et al., 2018), and perhaps a deficit in one
isoform was cancelled out by no alterations in another. Further work to assess specific
isoforms of dysbindin-1 in the schizophrenia hippocampus would ameliorate this issue.

4.4 Summary

Taken together, our data suggest dysregulation of copper transport and homeostasis in the
hippocampus and entorhinal cortex in schizophrenia that is region and layer specific, a
potential mechanism of schizophrenia pathology that was previously unstudied. Deficient
copper within the hippocampus could have deleterious effects, including decreased energy
metabolism and neuronal signaling, deficits of myelin maintenance and integrity, and an
overall pathological modulation of the trisynaptic pathway crucially involved in memory and
cortical function (Gregg et al., 2009; Herring and Konradi, 2011; Talbot, 2009). Therefore,
further study is needed to assess cellular copper content and transporter status of each layer
and cell type of the hippocampus in schizophrenia, as well as replication of the current
study. Abnormal copper and other trace metals are becoming increasingly associated with
schizophrenia and other forms of psychosis (Bitanihirwe and Cunningham, 2009; Joe et al.,
2018; Schoonover et al., 2018) and therefore could provide a new mechanism to be targeted
for development of better treatments. For instance, treatments that mimic the functions of
CTR1 might enhance copper transport from the blood to the brain parenchyma could be
therapeutic.
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Figure 1.
A) Whole hippocampus from a comparison subject (C3) with the anterior portion of the

body subdissected prior to being cut in coronal sections on the vibratome. The pes and the
tail of the hippocampus are indicated. Directional coordinates are included. B) A simplified
diagram of the hippocampal formation with the various regions labeled. The connections of
the hippocampal trisynaptic pathway are indicated in purple: axons of the perforant path
(PP), mossy fibers (MF) and Schaffer collaterals (SC) are purple. Other connections are
indicated by dashed green lines representing axons. Dendrites are black. The granule cell
layer of the dentate gyrus is outlined and filled with green spheres indicating excitatory
granule cells. The pyramidal cell layer is outlined and filled with green diamond shapes
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indicating excitatory pyramidal neurons. The dotted black line indicates the hippocampal
fissure. C) The layers of the hippocampus proper and dentate gyrus (DG) identified in a
dysbindin immunolabeled section. Section is from a comparison subject (C10). D,E)
Hippocampus proper and dentate gyrus immunolabeled for CTR1 in a comparison subject
(CS, C5) and schizophrenia patient (SZ, S10). S, stratum. ENT, entorhinal cortex. DG,
dentate gyrus. SUB, subiculum.
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Figure 2.
CTR1- immunolabeled pyramidal layers with examples of immunolabeled pyramidal

neurons (black arrows), their apical dendrites (black and white arrows) and unlabeled cells
(dashed arrows). A) Entorhinal cortex from C10. B) CA3 showing stratum oriens (SO), the
pyramidal layer (outlined by dotted lines) and stratum lacunosum (SL) from C5. C) CAl
pyramidal layer from C3. The pyramidal cell layer in CA1 is larger than that of CA3; thus
the pyramidal cell layer occupies this entire micrograph. D) The subiculum from C3.
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Labeled endothelial processes are indicated by white arrows lined in black. Scale bars =
100pm.
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B
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Figure 3.
A) CTR1-immunolabeled layers of the dentate gyrus from C5. B) Antibody control in C3

consisting of omitting the primary antibody; no labeling is present. C) Higher magnification
micrograph of the boxed area in A. Solid black arrows point to immunolabeled granule cells
in the granule cell layer (GC) of the dentate gyrus. Solid white arrow points to an
immunolabeled interneuron ML, molecular layer. Scale bars = 100um (A,B), 50 um (C).
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Figure 4.
A) CTR1- immunolabeled section from the fornix of case C5. Immunolabeled glial cells are

indicted (open arrows). The boxed area is shown at higher magnification in C. B)
Preadsorption control in the fornix from C3 results in no specific immunolabeling. C)
Enlargement of boxed area in A. Labelled endothelial cells (arrows) partially surround a
capillary; immunolabeled glial cells are indicted (open arrows). Examples of labeled
punctate structures (in circle) that are especially prominent in the fornix. D) The alveus
contains immunolabeled glial cells (open arrows). The direction of the pia mater is indicated
with a solid arrow. E) Subcortical white matter in the subiculum. Open arrows indicate
immunolabeled glial cells. Black arrows indicate immunolabeled endothelial cells. F)
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Preadsorption control in the subcortical white matter in the subiculum in C3 results in no
specific immunolabeling.
Scale bars = A,B, D-F) 100um, C) 50pm.
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Figure 5.
CTR1 immunolabeling in the entorhinal cortex and dentate gyrus where significant

differences were found between groups. These photomicrographs illustrate extreme
differences between comparison subjects and patients with schizophrenia. A, B) CTR1
immunolabeling in the superficial layers of the entorhinal cortex in a comparison subject
(C1) and a patient with schizophrenia (S3), respectively. Immunolabeling was denser in the
comparison subject than in the schizophrenia patient. Arrows indicate immunolabeled
neurons. C, D) CTR1 immunolabeling in the granule cell (GC) and molecular layer (ML) of
the dentate gyrus in a comparison subject (C5) and a patient with schizophrenia (S8),
respectively. Immunolabeling was lighter in the comparison subject than in the
schizophrenia patient. Scale bars = 100um.
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Figure 6.
Graph shows differences in optical density (OD) units in the dentate gyrus (DG) and

entorhinal cortex between groups. Both cells and the whole image of the molecular layer had
significantly higher OD values in schizophrenia patients than comparison subjects. In the
superficial areas of the entorhinal cortex, both fibers (neuropil) and cells showed less OD
values in the schizophrenia patients than in comparison subjects. Error bars depict the
standard error of the mean. Asterisks denote significance (p<0.05); “t” denotes a trend
0.1>p>0.05.
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Figure 7.
A) Dysbindin immunolabeled sections of the hippocampus in a comparison subject (C5) and

a patient with schizophrenia (S10). The density and distribution of dysbindin
immunolabeling was similar between groups. B, C) Dysbindin controls showing complete
lack of immunostaining after omitting the primary antibody in CA1 pyramidal layer (B) and
entorhinal cortex of case C3 (C). Scale bars = 50um.
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Figure 8.
A) Dysbindin immunolabeled pyramidal layers with examples of immunolabeled pyramidal

neurons (black arrows) from C5. A) Entorhinal cortex. B) CA3 showing stratum oriens
(SO), the pyramidal layer (outlined by dotted lines) and stratum lacunosum(SL) from C5. C)
CALl pyramidal layer. D) The subiculum. Scale bars = 100pm.
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Figure 9.
A) Dysbindin immunolabeling of the dentate gyrus from C5. Neurons are immunolabeled in

the polymorphic layer (PL) with arrows. Dense immunolabeling is present in the granule cell
(GC) layer. B) Another view of the dentate gyrus showing the GC layer and the molecular
layer (ML). Black and white arrows indicate immunolabeled glial cell in the ML. C) Higher
magnification micrograph of the boxed area in B. Solid black lines point to granule cells that
may be immunolabeled. The density of the labeling in the GC layer makes it difficult to
distinguish labeling in soma from labeling in the neuropil. Scale bars = 100um (A,B), 50 pm

©).
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Figure 10.
Dysbindin immunolabeling in white matter of case C5. A) Fornix. B) The alveus over CA3.

C) Subcortical white matter in the subiculum. Immunolabeled glial cells are indicated by
black and white arrows. Labelled endothelial cells (dotted arrows) partially surround
capillaries. Examples of labeled punctate structures (in circles). Scale bars = 100um.
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Individual demographics for subjects in the comparison group (CG) and the patients with schizophrenia (SZ).

CG Age years sex race PMI pH Cause of death APD TIFCTR1 TIF Dys
1 86 M AA 6 7.32 Gun shot wound NA 240 243
2 43 F C 8 6.66 Alcoholism NA 144 147
3 40 M AA 7 6.68 Cardiac arrhythmia NA 137 140
4 42 M 8 6.25 cancer NA 157 160
5 35 M 4 6.70 Motor vehicle NA 266 269
accident
6 43 F AA 6 6.92 pneumonia NA 158 161
7 37 F C 5 7.03 ASCVD NA 235 238
8 32 F C 8 6.30 Cardiac arrest NA 93 96
9 32 F C 7 7.37 Cardiac arrhythmia NA 243 246
10 45 F AA 8 6.93 cardiomegaly NA 179 182
Mean + SD | 43.5+15.6 | 4M 6F AI{:\'A 5C 6.7£1.42 | 6.82+0.38 185.2+57.20 | 188.2+57.20
SZ
1 78 M C 6 6.47 pneumonia unk 162 165
2 56 F C 6 6.34 drug overdose unk 154 157
3 45 M C 6 7.17 Drug overdose aAPD | 204 207
4 47 M C 8 6.98 ASCVD RIS 235 238
5 43 M AA 4 unk seizure THZ 229 232
6 59 F AA 3 7.04 ASCVD CLP 301 304
7 33 F AA 3 6.83 drug overdose off 232 235
8 60 F AA 6 unk DVT LOX 198 201
9 52 F C 5 7.05 Choked on food RIS 237 240
10 60 M AA 5 unk amyloidosis aAPD | 205 208
Mean+SD 53.3+12.3 | 5M5F | 5AA5C 5.2+1.55 | 6.84+0.32 215.7+41.89 | 218.7+41.89
P= 0.137 0.037 0.892 0.191 0.191
XZ 0.653 0.574

Subjects were not paired. ARS: age, race, sex. PMI, postmortem interval in hours. TIF, time in fixative in months. APD, antipsychotic drugs. NA,
not applicable. AA, African-American. C, Caucasian. H, Hispanic. M, male. F, female. ASCVD, atherosclerotic cardiovascular disease. DVT, deep
vein thrombosis. Unk, unknown. aAPT, atypical APD. CLP, chlorpromazine. THZ, Thioridazine. RIS, Risperidol. LOX, Loxapine. P values are
given for unpaired t-tests.
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