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Abstract

Background and Purpose: DTNBPI gene variation and lower dysbindin-1 protein are
associated with schizophrenia. Previous evidence suggests that downregulated dysbindin-1
expression results in lower expression of copper transporters ATP7A (intracellular copper
transporter) and SLC31A1 (CTR1,; extracellular copper transporter), which are required for copper
transport across the blood brain barrier. However, whether antipsychotic medications used for
schizophrenia treatment may modulate these systems is unclear.

Experimental Approach: The current study measured behavioral indices of neurological
function in dysbindin-1 functional knockout (KO) mice and their wild-type (WT) littermates with
or without quetiapine treatment. We assessed serum and brain copper levels, A7TP7A and CTR1
MRNA, and copper transporter-expressing cellular population transcripts: 77R (transthyretin;
choroid plexus epithelial cells), MBP (myelin basic protein; oligodendrocytes), and GJAZ (gap-
junction protein alpha-1; astrocytes) in cortex and hippocampus.

Key Results: Regardless of genotype, quetiapine significantly reduced 77/, MBF, CTR1
mRNA, and serum copper levels. Neurological function of untreated KO mice was abnormal, and
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ledge instability was rescued with quetiapine. KO mice were hyperactive after 10 minutes in the
open-field assay, which was not affected by treatment.

Conclusions and Implications: Dysbindin-1 KO results in hyperactivity, lower serum copper,
and neurological impairment, the last of which is selectively rescued with quetiapine.
Antipsychotic treatment modulates specific cellular populations, affecting myelin, the choroid
plexus, and copper transport across the blood brain barrier. Together these results indicate the
widespread impact of antipsychotic treatment, and that alteration of dysbindin-1 may be sufficient,
but not necessary, for specific schizophrenia pathology.
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INTRODUCTION

Schizophrenia (SZ) is a complex disorder with several risk factors such as genetic
vulnerability (DeLisi et al., 2002) and developmental issues (Fatemi and Folsom, 2009). The
dystrobrevin binding protein 1 (D7NBPI) gene encodes the dysbindin-1 protein family
(dysbindin-1)(Talbot, 2009; Talbot et al., 2009), and is a key part of the BLOC-1 complex
involved in SNARE trafficking, neurite outgrowth and development, and lysosomal
homeostasis (Ghiani et al., 2010). Furthermore, dysbindin-1 is considered to be a
susceptibility gene for SZ (Allen et al., 2008; Bray et al., 2005; Marshall et al., 2017; Straub
et al., 2002; Voisey et al., 2010), despite conflicting data (Schizophrenia Working Group of
the Psychiatric Genomics, 2014). SZ subjects with DTNBPI mutations have less cortical,
midbrain, and hippocampal dysbindin-1 protein, though findings have varied (Abdolmaleky
et al., 2015; Schoonover et al., 2018; Talbot et al., 2009; Weickert et al., 2008; Weickert et
al., 2004). However, the implications of lower dysbindin-1 as it relates to SZ pathology
remain poorly understood, inspiring the creation of several animal-based models of
dysbindin-1 impairment. A spontaneous mutation in DBA/2J mice causing a loss of
dysbindin-1 protein expression has been frequently used as such a model (Swank et al.).
However, dysbindin-1 knockout (KO) mice with a DBA/2J background often exhibit
abnormalities not representative of SZ; therefore, the model was transferred to a C57BI/6
background to create a more representative model of SZ (Talbot, 2009). For the purpose of
this study, only previous studies assessing dysbindin KO of a C57BI/6 background were
considered.

Previous literature has shown that the dysbindin-1 functional KO mice exhibit a 30-50%
decrease in the copper transporters ATP7A and SLC31A1 (which produces the protein
CTR1) (Gokhale et al., 2015). ATP7A and CTR1 are together responsible for facilitating
copper transport across the blood brain barrier (Eisses and Kaplan, 2005; Scheiber et al.,
2010; Yamaguchi et al., 1996). Copper is required for many functions including monoamine
metabolism, mitochondrial activity, and myelination (Gokhale et al., 2015; Xu et al., 2009).
Manipulations which reduce copper /in vivo cause demyelination, which is prevented with
antipsychotic quetiapine treatment (Gokhale et al., 2015; Gregg et al., 2009; Herring and
Konradi, 2011; Xu et al., 2010; Zhang et al., 2008). SZ subjects exhibit lower mitochondrial
activity and myelination (Kubicki et al., 2005; Roberts, 2017), and as we previously
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reported, lower levels of cellular copper in the substantia nigra (Schoonover et al., 2018).
Furthermore, we suggested that the deficiency of copper in SZ was a consequence of lower
ATP7A and CTR1 protein levels (Schoonover et al., 2018). Therefore, we sought to study
the relationship between SZ susceptibility factor dysbindin-1 and copper metabolism. We
hypothesized that altered dysbindin-1 expression negatively affects copper transport across
the blood brain barrier and speculated that quetiapine treatment would ameliorate this effect.

Therefore, in the current study we quantitatively measured behavioral indices of
neurological function and activity in KO mice and their wild-type (WT) littermates with or
without quetiapine treatment to determine possible mechanisms that rescue copper
deficiency-induced white matter deficits. To determine if KO mice exhibit deficits in copper
transport, we measured copper levels in peripheral blood and brain. In cortex and
hippocampus, brain areas shown to express less dyshindin-1 protein in SZ subjects
(Abdolmaleky et al., 2015; Schoonover et al., 2018; Weickert et al., 2008; Weickert et al.,
2004), we measured the transcript levels of the copper transporters ATP7A (ATP7A) and
CTR1 (SLC31A1). Furthermore, transcripts of myelin basic protein (MBP), transthyretin
(7TR) and gap junction protein alpha 1 (GJAZ) were assayed to provide information on the
structural integrity/cellular viability of the cell populations that transcribe them, MBP is a
marker of myelin integrity, which is disrupted in a copper deficient state (Herring and
Konradi, 2011). GJA1 is a marker of astrocytes, which express dysbindin-1 in their end feet
surrounding capillaries forming the blood brain barrier (lijima et al., 2009). Thyroid binding
hormone TTR is expressed by the epithelial cells of the choroid plexus, a cellular population
that also expresses at least one isoform (1A) of dysbindin-1 (Benson et al., 2001; Brouillette
and Quirion, 2008; Spector et al., 2015; Talbot et al., 2009) and is also the key cellular
population of the cerebrospinal fluid-brain barrier. These analyses aim to provide expansion
of prior studies examining dysbindin-1 KO mice, and elucidate further potential mechanisms
of downstream dysbindin-1 alterations in SZ.

METHODS:

Mice:

The mice used in the current study were a gift from Dr. Faundez of Emory University and
are detailed in (Larimore et al., 2014). All mice were bred in-house from the Faundez colony
founders following protocols approved by the Institutional Animal Care and Use Committee
at the University of Alabama at Birmingham and in accordance with the National Institutes
of Health guide for the care and use of Laboratory animals. KO mice were on a C57BI1/6J
background. Mice were maintained on a 12/12 regular light dark cycle with food and water
ad libitum. Female mice (regardless of treatment) were group housed. Due to high incidence
of fighting amongst males, males were singly housed. No impact of sex on behavior was
observed (data not shown). Breeding pairs were heterozygous males and females. Wildtype
(WT) and KO mice were generated at the predicted Mendelian ratios. Mouse genotyping
was performed on tailsnips by PCR of genomic DNA. The genotyping protocol was initially
optimized by the University of Alabama Transgenic and Genetically Engineered Model
Systems Core Facility). The following primers were used:
5TCCTTGCTTCGTTCTCTGCT3’ (KO or WT forward),
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5'"CTTGCCAGCCTTCGTATTGT3’ (KO or WT reverse),

5’ TGAGCCATTAGGAGATAAGAGCAZ’ (KO or WT forward), and
5’AGCTCCACCTGCTGAACATT3’ (KO or WT reverse); this reaction yielded a 580bp and
274bp PCR products for wildtype and mutant, respectively (Figure 1A). g-PCR primers for
the exon 2-3 border were used to confirm that the unaffected portion of the D7NBPI gene
was still intact in this model (Figure 1B.1). Knockout of functional dysbindin-1 via loss of
the exon 6-7 border in KO mice was verified via g-RT-PCR (Figure 1B.2). The primer/probe
sets used for dyshindin-1 assay were: Mm00458744 (exons 6—7) and Mm01328533 (exons
2-3).

Antipsychotic treatment:

This study utilized the following groups: KO+quetiapine (n=11; Male: n=7; Female: n=4);
KO+placebo (n=12; Male: n=7; Female: n=5); WT+quetiapine (n=16; Male: n=8; Female:
n=8); WT+placebo (n=12; Male: n=6; Female: n=6). Group composition did not differ based
on sex, as revealed by a Chi-squared test (Xz) (p>0.05). Quetiapine was chosen as the drug
of treatment due to a previous study that observed quetiapine-induced amelioration of
cognitive deficits in a mouse model of copper deficiency (Xuan et al., 2015). KO and WT
littermates were 2—-6 months of age at the beginning of the experiment. Once behavioral
groups of 12 were formed, mice were placed on either antipsychaotic treatment of quetiapine
at a dosage of 10mg/kg/day or placebo in drinking water for four weeks before behavioral
testing (Guan et al., 2000; He et al., 2009). See Figure 1C for timeline of quetiapine
treatment and assays. Quetiapine was mixed thoroughly into drinking water; the same type
of water bottle was used for all mice regardless of treatment. Mice in the placebo group
received plain drinking water. Preliminary assessments showed no significant difference in
quantity of water consumed between treated and non-treated animals (data not shown).
Water volumes were appropriately adjusted for number of animals housed in a cage. Water
was changed weekly.

Behavioral Assays:

We assessed ambulatory activity (with and without amphetamine) using the open-field assay.
Four neurological tests were given: ledge test, hindlimb clasping, gait assessment, and
kyphosis (Guyenet et al., 2010). Prior to behavioral tasks, mice were handled weekly and
given fruit loops by the same lab member who would eventually behaviorally assess the
mice. Fruit loops were given to facilitate habituation to handling. No fruit loops were given
on the day of or during behavioral assessment. Due to the visual phenotype of KO mice
(sandy grey fur), it was not possible for the experimenter to be blind to genotype; however,
the experimenter was blinded to drug treatment group. All behavioral equipment was first
cleaned with chlorhexidine followed by 70% ethanol prior to testing; during testing and
between trials, 70% ethanol was used.

Ambulatory Activity:

Open-field square boxes measured 27.9cm x 27.9cm x 27.9cm with plexiglass sides
consisting of 48 infrared beams and tracking software (Med Associates). After four weeks of
treatment, all mice were injected intraperitoneally with 5mg/kg of amphetamine and placed
individually in an open-field arena for 60 mins. Approximately three days later, mice were
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again placed in the open-field boxes and run for 30 mins without amphetamine injection for
baseline locomotor activity. All open-field tasks, baseline and amphetamine, took place
during the day-light cycle between 9am and 5pm under fluorescent lights (~140 lux) with
the presence of white noise. Behavior was recorded automatically and analyzed using
Activity Monitor Analysis software.

On the same date and after open-field baseline behavioral assay (i.e., on the day-light cycle
between 9am and 5pm), the neurological function of mice were assessed using a simple
composite phenotype scoring system as published by Jove (Guyenet et al., 2010), consisting
of a ledge test, hindlimb clasping, gait assessment, and kyphosis. Each measure is scored on
a scale of 0-3, with O representing an absence of a relevant phenotype and 3 representing the
most severe phenotype. Each test is performed in triplicate to ensure reproducibility and then
averaged for a composite score.

The ledge test is a direct measure of coordination. Each mouse is lifted by the base of its tail
from the cage, placed on the ledge of the cage, and allowed to walk along the ledge and
attempt to descend back into the cage. A score of 0 is given if the mouse will walk along the
ledge without losing its balance and lowers itself gracefully back into its cage using its paws.
A score of 1 is earned if the mouse loses its footing while walking along the ledge, but
otherwise appears coordinated. A score of 2 is given if the mouse does not effectively use its
hind legs or lands on its head rather than its paws when descending into the cage. If the
mouse falls off the ledge, or nearly so, while walking or attempting to lower itself, it receives
a score of 3.

The hindlimb clasping test, an index of neurological function, consists of grasping the base
of the tail of the mouse and lifting it clear of all surrounding objects. The hindlimb position
is observed for 10 seconds. If the hindlimbs are consistently splayed outward, away from the
abdomen, it is given a score of 0. A score of 1 is given if one hindlimb is retracted toward
the abdomen for more than 50% of the time suspended. A score of 2 is given if both
hindlimbs are partially retracted toward the abdomen for more than 50% of the time
suspended. Finally, a score of 3 is given if its hindlimbs are entirely retracted and touching
the abdomen for more than 50% of the time suspended.

Gait and kyphosis were assessed as measures of coordination and dorsal curvature of the
spine, respectively. To assess gait, each mouse was observed from behind as it walked. If the
mouse moved normally, with its body weight supported on all limbs, with its abdomen not
touching the ground, and with both hindlimbs participating evenly, it is given a score of 0.
All mice walked normally; no mice were given a score other than 0. To assess kyphosis, the
mouse is placed on a flat surface and observed while it walks. The mouse is given a score of
0 if the mouse is easily able to straighten its spine as it walks. All mice were given a score of
0 for kyphosis; all mice were able to straighten their spine while walking.

After all behavioral tasks were complete, mice were anesthetized using 3% isoflurane. Blood
was collected from the heart prior to perfusion with 0.1M Phosphate buffer (pH 7.4). After
perfusion was complete, the brain was removed and hemisected. Alternating between
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hemispheres, one hemisphere was further dissected to obtain prefrontal cortex and
hippocampus separately for quantitative RT-PCR; the non-dissected hemisphere was
designated for ICP-MS analysis of copper levels. All tissue was snap frozen using dry ice
and then transferred to a freezer (-80°C) for storage until use.

Quantitative Real Time-PCR

Quantitative real-time PCR was conducted as described previously (Lucas et al., 2012).
Tissue was homogenized in Trizol using an OmniBead Ruptor (Omni International;
Kennesaw, GA). RNA was then isolated using the chloroform-isopropanol method. RNA
concentration and purity were determined using the NanoDrop One (Thermo Fisher
Scientific; Waltham, MA).

Equivalent amounts of RNA (1ug) were then treated with DNase | (Promega; Madison, WI)
at 37°C for 30 min and DNase Stop (Promega) solution at 65°C for 15 min and then reverse-
transcribed at 37°C for 2 hours using the High-Capacity cDNA Archive Kit (Applied
Biosystems; Foster City, CA). Transcripts were measured using mouse-specific primers from
Applied Biosystems and JumpStart Taq Readymix (Sigma-Aldrich; Saint Louis, MO) using
a protocol with an initial ramp (2min, 50°C; 10 min, 95°C) and 40 subsequent cycles (15 s,
95°C; 1 min, 60°C). Using the calibrator method, relative concentration of transcript was
calculated compared to a standard curve generated from pooled cDNA samples (1, 1:5, 1:10,
1:20, 1:40). Values for each gene were normalized to 18S (Hs99999901_s1). The following
primer/probe sets for transcripts of interest are as follows: ATP7A (Mm00437663_m1);
Slc31al (MmO00558247_m1); MBP (Mm01266402_m1); GJA1 (MmO01179639_s1); TTR
(MmO00443267_m1).

Assessing Copper via Inductively-Coupled Plasma Mass Spectrometry:

Inductively-coupled plasma mass spectrometry (ICP-MS) was used to determine the
concentration of copper in blood and tissue samples. Analysis of all samples was completed
on an Agilent ICP-MS 7700 (Santa Clara, CA). All chemicals used in the ICP-MS analysis
were trace metal grade. The blood samples were prepared in a basic solution matrix (BSM),
a mixture of 4% (w/v) 1-butonal, 0.1% (w/v) ethylenediaminetetraacetic acid (EDTA), 0.1%
(w/v) triton X-100, 2% (w/v) ammonium hydroxide and water, to prevent the solidifying of
proteins. Three 500 pL aliquots of each blood sample were diluted to 2.5 mL with BSM.
Tissue sample masses were obtained prior to digestion, then digested in concentrated nitric
acid over a five-day period. Three 50 UL aliquots of each sample were diluted to 2.5 mL of
Milli-Q 18 MQ water to provide a 2% nitric acid matrix. Data analysis was completed using
Agilent Masshunter software.

Statistical Analyses:

Data were summarized using means and standard errors (SE). Within each drug-genotype
group, any observations that were at least 1.5-times the interquartile range (IQR) less the
first quartile or greater than the third quartile were considered to be outliers and were
excluded from the analysis. For each outcome, we fit linear models with effects for
genotype, drug, and an interaction between drug and genotype. As these models assume
equal variances, we evaluated this assumption by calculating the ratio of the largest group
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variance to the smallest group variance, as recommended by Box (1953); if this value was =
3, random effects for each group were included in the model in order to allow for
heterogeneous variances.

If the overall F-test for the model was statistically significant, we then investigated which
measures showed a significant interaction between drug and genotype. For measures with a
significant interaction, pairwise two-sample t-tests were used to determine which genotype-
drug combinations significantly differed. P-values for these post-hoc comparisons were
adjusted using the Tukey-Kramer method (Kramer 1956). For all other tests, p-value < 0.05
was considered statistically significant. SAS version 9.4 (SAS Institute Inc., Cary, NC) was
used to conduct all statistical analyses.

Availability of Data

The data that support the findings of this study are available from the corresponding author
upon request.

RESULTS
MRNA

Hippocampus: In the hippocampus, no significant interactions between genotype and
quetiapine treatment were observed for 77R, MBP, or SLC31A1 (CTR1) (Figure 2 A-C).
However, significant main effects of quetiapine treatment were observed for 77/ (p=0.008),
MBP (p=0.048), and SLC31A1 (CTR1; p=0.008) (Figure 2D): quetiapine treatment
decreased the mRNA of the three genes when data were collapsed across genotype. No
significant findings were observed for hippocampal A7P7A or GJAI (supplemental Figure
S1 A-B).

Cortex: No significant interactions or main effects were observed for cortical 77R, MBP or
SLC31A1(CTR1) (Figure 2E-G). Similarly, no significant effects were noted for cortical
ATP7A or GJAI (supplemental Figure S1 C-D). No effect of quetiapine treatment was
observed in cortex (data not shown).

Copper Levels: Analysis of copper content within exsanguinated brain yielded no
significant differences between groups (Figure 3A). However, analysis of blood levels of
copper revealed a significant between group effect (ANOVA p=0.032; Figure 3B); however,
posthoc analysis did not reveal any further significance. Treatment with quetiapine reduced
blood copper levels by approximately 50% regardless of genotype (p=0.021; Figure 3C). No
correlational relationship between brain and blood copper was observed regardless of
genotype or treatment (data not shown).

Behavior

Neurological Function: There were significant between-group differences for ledge
instability (ANOVA p=0.023), and subsequent posthoc analysis revealed an increase of ledge
instability in untreated KO mice in comparison to WT mice, both untreated (p=0.025) and
treated (p=0.032) (Figure 4A). Similarly, a significant ANOVA F test was found for severity
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of hindlimb clasping (p<0.0001). Post hoc analyses revealed significant increases in severity
of hindlimb clasping in untreated KO mice in comparison to untreated WT mice (p=0.0002)
and treated WT mice (p=0.011) (Figure 4B).

Ambulatory Activity: No interaction of quetiapine treatment with genotype was observed
in the total locomotor activity during the baseline open-field task (data not shown). However,
untreated dysbindin-1 KO mice were hyperactive in comparison to untreated WT mice at the
10m mark during the baseline assay (p=0.009) (Figure 5A). No differences of locomotor
activity were observed among groups after amphetamine challenge (Figure 5B).

DISCUSSION

MRNA

Here we studied several behavioral indices of neurological function, peripheral blood and
brain copper content, as well as the genetic expression of several structural integrity/cellular
viability markers of specific cellular populations in areas known or suspected to express less
dysbindin-1 in SZ. Based on the literature, we anticipated significant decreases in transcript
levels of the copper transporters ATP7A, SLC31A1 (CTR1), and MBPin dysbindin-1 KO
mice that would be ameliorated with quetiapine. We expected KO mice to be hyperactive in
the open-field assay, yet respond equally to WT mice with amphetamine challenge.
Furthermore, we sought to determine potential mechanisms of quetiapine rescue of copper
deficits (Xu et al., 2010; Zhang et al., 2008).

ATP7A and SCL31A1 (CTR1): Previous literature reported a 30-50% decrease of
SCL31A1(CTR1) and ATP7A mRNA in dysbindin-1 mutant (KO) mice, and suggested that
copper dysregulation was a downstream effect of dysbindin abnormalities (Gokhale et al.,
2015). However, our study failed to replicate these differences. Upon further investigation,
the reasons these differences may exist are twofold and methodological. Our verified (Lucas
et al., 2012) data normalization protocol differs from that of Gokhale et al. (2015) in that the
present study normalized each measurement to that of an unaltered housekeeping gene.
Secondly, the current study and the work of Gokhale et al. (2015) used primers that target
different parts of the genetic sequence. The Applied Biosystems primer used in the current
study was closer to the 5’ portion of the gene (between exon 6-7) and should detect all the
variants of the transcript while the primer used by Gokhale et al. (2015) has the possibility
of detecting only some versions of the transcript due to a mismatch at the end of the
sequence.

TTR: Although we did not observe alterations of 77/ dependent on brain region or
genotype, we did observe a downregulation of its expression with antipsychotic treatment,
but only in the hippocampus. Transthyretin, a thyroid hormone binding partner, is
endogenously synthesized by the epithelial cells of the choroid plexus as shown by its
expression of both TTR protein and mRNA (Herbert et al., 1986). Additionally, TTR is a
negative acute phase protein (Doherty et al., 1998), which is downregulated during times of
cellular inflammation and stress. It has been repeatedly suggested that SZ is a disease of
inflammation (Muller, 2018), which is consistent with the serum and cerebrospinal fluid
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TTR deficit exhibited by SZ patients (Huang et al., 2006; Wan et al., 2006; Yang et al.,
2006). In serum, TTR levels are elevated from baseline in SZ patients after antipsychotic
treatment (Wan et al., 2006), which supports studies that have observed an anti-
inflammatory effect of antipsychotics (Al-Amin et al., 2013; Kato et al., 2011). Although
TTR levels in CSF have yet to be assessed before and after antipsychatic treatment in the
same cohort of SZ patients, significantly lower levels of TTR in CSF were observed in
antipsychotic treated SZ patients when compared to matched controls (Wan et al., 2006),
which is consistent with our findings in hippocampus. Therefore, it is difficult to speculate
how antipsychotics affect 77/ expression in SZ, and whether such effects are differential
between serum and cerebrospinal fluid. However, based on our findings, it may be possible
that antipsychotic treatment (and its possible anti-inflammatory effects) affect the 77/
production of epithelial cells in the choroid plexus in a manner different than that of the
peripheral production of 77Rin the liver, and therefore future studies are need to examine
such functions. Furthermore, given the discrepancy of our findings in a dysbindin-1
knockout mouse model and the findings in schizophrenia subjects, perhaps dysbindin-1
knockout alone is not sufficient to mimic the cellular inflammation observed in
schizophrenia, and therefore we observed no genotype-specific differences.

MBP: We observed no significant alterations of MBP mRNA in either genotype. Previous
literature has shown that decreases in copper function produce deficits in white matter
integrity (Herring and Konradi, 2011). Furthermore, abnormalities in white matter diffusion,
integrity, oligodendrocytes, and related white matter genes within whole brain, prefrontal
cortex, and hippocampus via live imaging, genetic assay, and postmortem analysis have been
repeatedly observed in SZ (Chambers and Perrone-Bizzozero, 2004; Hakak et al., 2001; Hof
etal., 2002; Lyu et al., 2015; Schoonover et al., 2019), as have decreases in dysbindin
(Abdolmaleky et al., 2015; Talbot, 2009; Talbot et al., 2009; Weickert et al., 2008; Weickert
et al., 2004). Therefore, our finding of unaltered MBP was unexpected. However, unaltered
MBP mRNA does not necessarily indicate unaltered MBP protein. Therefore, an assay
correlating MBP mRNA levels with its cognate protein expression in KO mice would
ameliorate this conundrum.

Impact of Quetiapine Treatment—Hippocampal 77R, MBF and SLC31A1 (CTR1)
mRNA were decreased by quetiapine regardless of genotype as shown by significant main
effects of drug treatment in hippocampus. This brain region-specific drug effect is consistent
with the very low density of D, receptors in the prefrontal cortex (Hall et al., 1994), in
comparison to the well characterized contribution of these receptors to hippocampus-based
cognitive functions (for review please see (Lisman et al., 2011; Shohamy and Adcock,
2010)). Therefore, it is likely that the brain-region specific antipsychotic effect observed
here is due to the binding profile of quetiapine and the inherent receptor densities of each
brain region.

Our findings of lower MBP mRNA following antipsychotic drug treatment is not surprising.
SZ patients exhibit white matter abnormalities that are consistent across medication status
(Alvarado-Alanis et al., 2015; Asami et al., 2014; Holleran et al., 2014; Lee et al., 2013),
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indicating that antipsychotic treatment does not sufficiently improve white matter integrity
in SZ.

Similar to the current results, one study observed lower serum copper levels in SZ after
antipsychotic treatment (Chen et al., 2018). Given the suspected anti-inflammatory
properties of antipsychotics (Al-Amin et al., 2013; Kato et al., 2011), and the potential
inhibitory impact of stressors on protein synthesis and translation factors (Gameiro and
Struhl, 2018), one could speculate that a complex battle of disease and drug effect is at play.
CTR1 expression is downregulated in the substantia nigra in SZ (Schoonover et al., 2018),
perhaps due to the stress sensitivity of SLC31A1 translation. However, once a patient is
administered antipsychotics, the cellular stress is lessened via the anti-inflammatory
properties of antipsychotics and the rate of protein translation is increased, resulting in a
compensatory downregulation of transcription. Such a scenario would result in lower
SLC31A1 mRNA, while simultaneously upregulating CTR1 protein to remedy its deficit,
which in turn would increase the amount of copper transported across the blood brain
barrier. However, such an idea has not been yet been studied, and therefore such events
remain speculation.

GJAL is a marker of astrocytic gap junctions, which express dysbindin-1 in their end feet
surrounding capillaries forming the blood brain barrier (BBB) (lijima et al., 2009). There is
an increasing amount of evidence suggesting blood brain barrier alterations in psychosis and
in particular, schizophrenia. Studies have implicated a “leaky” BBB in different ways: 1) by
altered CSF/serum albumin ratio in patients (Axelsson et al., 1982; Bauer and Kornhuber,
1987; Kirch et al., 1985; Severance et al., 2015); 2) alterations of genes involved in ion
transport, cell adhesion, and proliferation in microvascular endothelial cells (Harris et al.,
2008); and 3) alterations of the extra-capillary components of the neurovascular unit (Najjar
and Pearlman, 2015, Vostrikov et al., 2008, Webster et al., 2001, Webster et al., 2005).
Therefore, given the negative impact on white matter stemming from loss of dysbindin-1
(Nickl-Jockschat et al., 2012), and the ultrastructural abnormalities in myelin that develop in
GJA1-knockout animals (Magnotti et al., 2011), we suspected that GJA1 and dyshindin-1
may potentially interact either directly or indirectly. However, our findings here instead
indicate that there is more than one way to dysfunction; dysbindin-1 knockout does not alter
GJA1 expression, indicating different upstream modulators that result in similar pathologies.

As previously conducted by Gokhale et al. (2015), we assessed brain copper content and as
an extension of their work, and also assessed peripheral blood content. Similarly, we
observed no significant alterations of brain copper content. Although copper homeostasis
appears to be altered as shown by slightly elevated peripheral blood copper in KO mice,
brain copper levels could be maintained through an adaptive response or metabolic set point.
However, neurons of KO mice exhibit an impaired response to excess extracellular copper
(Gokhale et al., 2015), so perhaps an unknown modulator of copper transport exists that
would result in these findings. While only a trend, we did observe an elevation of blood
copper content in placebo KO mice, and an interesting downregulating effect of quetiapine
treatment regardless of genotype. Taken together with previous literature, these results
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suggest that dysbindin-1 is sometimes but not always associated with changes in copper
homeostasis, and that induction of alternate pathways by quetiapine treatment may be
involved. Given that this is the first study of peripheral copper in KO mice, these results
require replication.

We anticipated alterations in measures of hyperactivity, and for quetiapine to rescue the
symptomology. Indeed, we observed time-dependent hyperactivity of KO mice at baseline,
but no exaggeration of the phenotype with amphetamine treatment, which is consistent with
previous literature (Cox et al., 2009; Papaleo et al., 2012). However, we observed no
significantly positive influence of quetiapine. This could be attributed to the binding profile
of quetiapine, as it has affinity for serotonergic, histaminergic, and dopaminergic receptors,
and rapidly dissociates from D, receptors (Schatzberg and Nemeroff, 2009). Given its quick
action at the dopaminergic D5 receptor, its primary affinity for other transmitter systems, and
that quetiapine occupies only 30% of D, receptors at its therapeutic dose (Schatzberg and
Nemeroff, 2009), its lack of effect on a primarily dopaminergic-stemming behavior is not
surprising. Although quetiapine is not as frequently prescribed as other antipsychotics and
not the most affinitive for D, receptors, it was chosen for its ameliorative effect in a copper
chelation model (Xu et al., 2010; Zhang et al., 2008) in hopes to reveal the underlying the
mechanisms of its rescue. Specifically, we hypothesized that the mechanism through which
quetiapine rescued behavior would be through a positive effect on the structure/viability of
specific cellular populations comprising and/or supporting the blood brain barrier.

However, ledge instability and hindlimb clasping, measures of neurological function, were
unaffected by quetiapine treatment, but were exacerbated in untreated KO versus untreated
WT mice indicating that dysbindin-1 KO impairs neurological function. Specifically, ledge
stability is a neurological measure of coordination. Difficulty with balance has been
associated with reduced dendritic complexity and abnormal patterns of synapses of the
GABAergic Purkinje cells of the cerebellum (Wang et al., 2015), which in turn can impact
eye-blink conditioning, procedural learning, and cognitive performance (Andreasen and
Pierson, 2008). Indeed, the various regions of the cerebellum have been implicated in several
high-level processes, including emotion, memory encoding and retrieval, attention, and
social cognition (Andreasen, 1997; Andreasen et al., 1996; Andreasen et al., 1997; Crespo-
Facorro et al., 2001a; Crespo-Facorro et al., 2001b; Paradiso et al., 2003), reportedly due to
its connections with several regions of the cerebral cortex via a cortico-cerebellar-thalamic-
cortical circuit (Andreasen and Pierson, 2008). In point of fact, SZ subjects exhibit reduced
dendritic complexity, abnormal synapse patterns, and lower size and linear density of
cerebellar Purkinje cells and overall cerebellar volume (Ichimiya et al., 2001; Katsetos et al.,
1997; Mavroudis et al., 2017; Reyes and Gordon, 1981), the consequence of which results in
an excitatory/inhibitory imbalance and altered cerebellar input and output that modulates
behavior and perception (Andreasen and Pierson, 2008). Indeed, the described cerebellar
abnormalities can result in abnormalities of coordination, gait, and visual motor
disturbances, and the experience of auditory hallucinations, misrepresentation of
environmental significance and paranoid delusions, all of which are observed in SZ patients
(Andreasen and Pierson, 2008; Gupta et al., 1995; Kinney et al., 1999).
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Limb clasping is associated with early developmental stages and is often considered a
primitive reflex (Schott and Rossor, 2003). In the weeks immediately following birth, young
mouse pups will exhibit limb flexion when picked up by the tail; in contrast, adults will
extend all four paws (known as limb extension) in anticipation of contact with the ground.
However, the occurrence of primitive reflexes in adults (murine or human) is considered to
be a subtle indicator of abnormal neurological function, a consequence of “released”
inhibition stemming from prefrontal cortex hypofunction and cerebellar abnormality (Futagi
and Suzuki, 2010; Paulson and Gottlieb, 1968; Picard et al., 2008; Schott and Rossor, 2003).
Indeed, SZ subjects exhibit elevated frontal release signs (also known as primitive reflexes),
as indexed by hand grasp reflex scores, which were positively correlated with number of
perseverative errors on the Wisconsin Card Sort task and negatively correlated with 1Q
(Hyde et al., 2007). Therefore, our findings of prominent hindlimb clasping, as well as ledge
instability in dysbindin-1 KO mice indicate neurological abnormalities of the prefrontal
cortex and cerebellum that have been associated with overall neurological function,
cognition, and several abnormalities observed in SZ.

Here we studied several indices of neurological function, peripheral blood and brain copper
content, and the genetic expression of several relevant cellular markers. These findings
highlight the sensitivity of behavioral and genetic assays to genotype, and antipsychotic drug
interactions, as well as brain regional specificity. Furthermore, they indicate a complexity of
downstream alterations of dyshindin-1 deficiency that require further elucidation.
Additionally, while looking at individual markers is always of importance, this study
highlights that conducting broader circuitry-aimed analyses can yield fascinating data. These
data offer significant implications for the influence of brain region, copper homeostasis, and
antipsychotic drug treatment in the context of a dysbindin-1 KO model of SZ.
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Highlights
. Quetiapine lowers myelin, transthyretin, and copper transporter gene
expression
. Dysbindin-1 knockout and quetiapine treatment alter serum copper levels
. Loss of dysbindin-1 expression results in hyperactive mice
. Dyshindin-1 loss impairs neurological function; quetiapine selectively rescues
it
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Figure 1.
A) Representative genotyping gels. To be identified as a KO mouse, a band was required at

the 274bp, but not the 580bp marker. Heterozygous (Het) mice were identified via bands in
their respective well at both bp markers. WT mice were identified via a band at 580bp only.
All bands were displayed at their expected bp marker. B) PCR validation of the dysbindin-1
KO mouse model. D7TNBPI exons 67 are deleted in KO mice, creating a functional
knockout of dysbindin-1 protein. B.1) No difference of exons 2-3 levels were observed
between KO and WT mice, regardless of treatment. B.2) Levels of exons 6-7 were
undetectable in KO mice, regardless of treatment. Normal mRNA levels were present in WT
controls. C) Chronological timeline of treatment and behavioral assays for mice.
Abbreviations: wks, weeks; APD tx, antipsychotic drug treatment; Amph, amphetamine
treatment; overt motor measure of neurodegeneration.
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Comparison of hippocampal and cortical 77R, MBF, and SLC31A1 (CTR1) mRNA
expression between genotypes and effect of antipsychotic treatment. A-C) mRNA levels of
hippocampal 77R, MBPand CTR1 were not significantly different between groups. D)
Effect of quetiapine treatment in mice collapsed across genotype for hippocampal 77R,
MBPF, and CTR1. APD treatment significantly reduced mRNA expression of all three genes.
No drug effect was observed for the cortical data (data not shown). E-G) mRNA levels of
cortical 77R, MBPand CTR1 were not significantly different between groups. Data are
shown as mean and SEM. Significant findings from posthoc analysis: *p<0.05, **p<0.02.
Abbreviations: WT, wild type mice; KO, dysbindin-1 knockout mice; APD, antipsychotic

drug-treated mice.
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Figure 3.
Copper levels as determined by inductively-coupled plasma mass spectrometry. A) Copper

levels from exsanguinated brain were not different between groups. B) Copper levels from
peripheral blood showed significance between groups (ANOVA, p<0.032); however, posthoc
t-tests did not reveal significance. C) Data collapsed across genotype for drug effect showed
significantly reduced blood copper levels (p<0.021). Levels expressed as concentration/parts
per billion (ppb). Data are shown as mean and SEM. Abbreviations: WT, wild type mice;
KO, dysbindin-1 knockout mice; APD, antipsychotic drug-treated mice.
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Figure 4.
Neurological function assay. Average score is the composite of three trials, where the higher

score indicates worse pathology. A) Posthoc analysis revealed that untreated KO mice were
significantly more unstable on a ledge than untreated and treated WT mice. B) Untreated KO
mice exhibited exacerbated severity of hindlimb clasping when compared to untreated and
treated WT mice. Data are shown as mean and SEM. Significant findings from posthoc
analysis: *p<0.05, ** p<0.02, *** p<0.001. Abbreviations: WT, wild-type mice; KO,
dyshindin-1 knockout mice; APD, antipsychotic drug-treated mice.
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Figure 5.

Ambulatory distance from open-field assays are shown in 5 minute bins for A) baseline and
B) following intraperitoneal amphetamine injection. Untreated KO mice were significantly
more hyperactive than untreated WT mice at the 10 minute mark following start of the assay,
indicating a failure to habituate as well as WT mice. No differences in ambulatory distance
following amphetamine challenge. Data (mean and SEM) are shown as ambulatory distance
in cm for 30 minutes at baseline and 60 minutes for amphetamine challenge. Abbreviations:
WT, wild-type mice; KO, dysbindin-1 knockout mice; APD, antipsychotic drug-treated
mice.
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