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Alterations of p75 neurotrophin receptor and Myelin transcription factor 1 in the
hippocampus of perinatal phencyclidine treated rats

Abstract

Postnatal administration of phencyclidine (PCP) in rodents causes major disturbances to neurological
processes resulting in severe modifications to normal behavioral traits into adulthood. It is routinely used
to model psychiatric disorders such as schizophrenia, producing many of the dysfunctional processes in
the brain that are present in this devastating disorder, including elevated levels of apoptosis during
neurodevelopment and disruptions to myelin and plasticity processes. Lingo-1 (or Leucine-rich repeat and
immunoglobulin domain-containing protein) is responsible for negatively regulating neurite outgrowth and
the myelination of axons. Recent findings using a postmortem human brain cohort showed that Lingo-1
signaling partners in the Nogo receptor (NgR)/p75/TNF receptor orphan Y (TRQOY) signaling complex, and
downstream signaling partners With No Lysine (K) (WNK1) and Myelin transcription factor 1 (Myt1), play a
significant part in schizophrenia pathophysiology. Here we have examined the implication of Lingo-1 and
its signaling partners in a neurodevelopmental model of schizophrenia using PCP to determine if these
pathways are altered in the hippocampus throughout different stages of neurodevelopment. Male
Sprague-Dawley rats were injected subcutaneously with PCP (10 mg/kg) or saline solution on postnatal
days (PN) 7,9, and 11. Rats (n = 6/group) were sacrificed at PN12, 5 weeks, or 14 weeks. Relative
expression levels of Lingo-1 signaling proteins were examined in the hippocampus of the treated rats.
p75 and Myt1 were decreased (0.001 = p = 0.011) in the PCP treated rats at PN12. There were no
significant changes in any of the tested proteins at 5 weeks (p > 0.05). At 14 weeks, p75, TROY, and Myt1
were increased in the PCP treated rats (0.014 = p = 0.022). This is the first report of an alteration in
Lingo-1 signaling proteins in the rat hippocampus, both directly after PCP treatment in early development
and in adulthood. Based on our results, we propose that components of the Lingo-1 signaling pathways
may be involved in the acute neurotoxicity induced by perinatal administration of PCP in rats early in
development and suggest that this may have implications for the hippocampal deficits seen in
schizophrenia.
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Abstract

Postnatal administration of phencyclidine (PCP) in rodents causes major disturbances to
neurological processes resulting in severe modifications to normal behavioural traits into
adulthood. It is routinely used to model psychiatric disorders such as schizophrenia,
producing many of the dysfunctional processes in the brain that are present in this devastating
disorder; including elevated levels of apoptosis during neurodevelopment, and disruptions to
myelin and plasticity processes. Lingo-1 (or Leucine-rich repeat and immunoglobulin
domain-containing protein), is responsible for negatively regulating neurite outgrowth and
the myelination of axons. Recent findings using a postmortem human brain cohort showed
that Lingo-1 signaling partners in the Nogo receptor (NgR)/p75/TNF receptor orphan Y
(TROY) signaling complex, and downstream signaling partners With No Lysine (K) (WNK1)
and Myelin transcription factor 1 (Mytl), play a significant part in schizophrenia
pathophysiology. Here we have examined the implication of Lingo-1 and its signaling
partners in a neurodevelopmental model of schizophrenia using PCP to determine if these
pathways are altered in the hippocampus throughout different stages of neurodevelopment.
Male Sprague Dawley rats were injected subcutaneously with PCP (10mg/kg) or saline
solution on postnatal days (PN)7, 9 and 11. Rats (n=6/group) were sacrificed at PN12, 5
weeks or 14 weeks. Relative expression levels of Lingo-1 signaling proteins were examined
in the hippocampus of the treated rats. p75 and Mytl were decreased (0.001<p<0.011) in the
PCP treated rats at PN12. There were no significant changes in any of the tested proteins at 5
weeks (p>0.05). At 14 weeks, p75, TROY, and Mytl were increased in the PCP treated rats
(0.014<p<0.022). This is the first report of an alteration in Lingo-1 signaling proteins in the
rat hippocampus; both directly after PCP treatment in early development, and in adulthood.
Based on our results we propose that components of the Lingo-1 signaling pathways may be
involved in the acute neurotoxicity induced by perinatal administration of PCP in rats early in
development and suggest that this may have implications for the hippocampal deficits seen in

schizophrenia.

Keywords: schizophrenia; Lingo-1 signaling; neurodevelopment; phencyclidine animal
model; hippocampus



1. Introduction

Phencyclidine, also known as angel dust or PCP, is both a potent non-competitive N-methyl-
D-aspartate (NMDA) receptor antagonist and an agonist for the dopamine D2 receptors' ~,
but also binds with a lower affinity to opiate, nicotinic, and muscarinic cholinergic
receptors’ . Due to its effects on a multitude of important receptor targets known to be
implicated in the schizophrenia pathology, PCP treatment in rodents has been used to model
the glutamate hypofunction hypotheses and dopamine hyperfunction hypotheses of
schizophrenia®®. The use of PCP administration at postnatal days (PN)7, 9 and 11 has
consistently been shown to induce hyperlocomotion, reduced prepulse inhibition and
impaired social interactions in rodents’''. The behaviors it induces in rodents in addition to
the psychomimetic effects it has in humans, makes it a valid model for studying the

development of schizophrenia'?.

The administration of PCP to rodents both induces neurotoxicity and causes major damage to

13,14

all parts of the brain ™. PCP administration at PN7, 9 and 11 has been repeatedly shown to

result in an increase in neuronal degeneration in the frontal and cingulate cortex of rats'>'®.
Similarly, pro-apoptotic factors have been shown to be upregulated, and anti-apoptotic
factors have been shown to be downregulated in rats treated perinatally with PCP compared
to controls'. It is thought that elevated neuronal death during this perinatal period may be
directly responsible for deficits in brain development, neuronal cytoarchitecture and
plasticity; and thus may contribute to the appearance of some of the schizophrenia-like
symptoms seen in these rats in adulthood. Furthermore, neurons are not the only brain cells
that are affected by disruptions to NMDA receptor antagonists. Oligodendrocytes, like
neurons are sensitive to PCP toxicity during development'®, and considering their significant

role in axonal connectivity and conduction, disruption to these processes during early

neurodevelopment can have significant negative consequences, impacting on normal brain
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development. Furthermore, oligodendrocytes play a major role in myelination processes,

which have been shown to be altered after PCP treatment in rats'>'*

. We have previously
shown in this rat model that myelin basic protein (MBP), a marker of mature

oligodendrocytes is significantly reduced in early development by perinatal administration of

PCPY,

Here we study the effects of PCP treatment on Leucine-rich repeat and immunoglobulin
domain-containing protein (Lingo-1) pathways, which are highly involved the regulation of
myelination and neurite outgrowth processes, both integral processes involved in the
pathophysiology of schizophrenia. Membrane bound signal-transducing protein Lingo-1 is
expressed on both neurons and oligodendrocytes'®. It signals alongside the Nogo receptor
(NgR) co-receptor and either the p75 neurotrophin receptor or its functional homolog, TNF
receptor orphan Y (TROY)" !, both of which also play significant roles in apoptosis and cell
survival pathways®?. Altogether, the activation of this trimolecular receptor complex sets up
a signaling cascade leading to growth cone collapse, preventing further axonal growth and
inhibiting myelination'®**. Additional signaling co-factors such as With No Lysine K
(WNK1)**, Myelin transcription factor 1 (Mytl) and its homolog Mytl-like (Mytll) are
known to be associated with Lingo-1 signaling due to a lack of p75 and TROY receptors on

26,27

Lingo-1 expressing neurons Genetic associations with schizophrenia have been

28’29, and the knockdown of

previously reported for the Mytll gene in different populations
Mytl has been shown to induce apoptosis®’, strengthening the relevance of studying this

Lingo-1 cofactor in a neurodevelopmental PCP induced model for schizophrenia.

We have recently reported the first evidence of an alteration in Lingo-1 signaling pathways in
a postmortem hippocampal human brain cohort for schizophrenia®'. Considering the role of
Lingo-1 signaling proteins in myelin related processes, the present study specifically focuses

on Lingo-1 signaling protein alterations in the hippocampus due to activity-mediated myelin
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growth being higher early in human life in hippocampal regions compared to cortical
regions32. Considering that the perinatal administration of PCP to rodents is a well-
established developmental animal model for schizophrenia, we sought to investigate the
effects of developmental PCP administration on levels of expression of Lingo-1 signaling

proteins in the hippocampus, a critical region for early brain development.

2. Methods

2.1 Animals

Timed pregnant Sprague Dawley rats were obtained at gestation day 14 from the Animal
Resource Centre (Perth, WA, Australia). Rats were housed in environmentally controlled
conditions at 22°C in a 12 hours on, 12 hours off light dark cycle with food and water access
ad libitum. The day of birth was denoted postnatal day (PN)0, and the pups were sexed on
PN7 when the litters were subsequently randomly assigned to PCP or saline groups. The
female pups remained in the litters until weaning, however only male rats were used in this
study. The pups were weaned at PN24-28, and were housed in pairs according to treatment.
This study was approved by the Animal Ethics Committee at The University of Wollongong
(AE13/01), and was conducted according to the guidelines of the Australian code of Practice
for the Care and Use of Animals for Scientific Purposes, conforming to the International
Guiding Principles for Biomedical Research Involving Animals. All efforts were made to

minimize numbers of animals used and their suffering.
2.2 Perinatal PCP Treatment

Male Sprague Dawley rat pups were given a subcutaneous injection on PN7, 9 and 11; of
PCP (10 mg/kg/day; Sigma, Castle Hill, NSW, Australia) or saline (0.9% NaCl at a volume

of 1 ml/kg). Six rats from each treatment group (PCP and control) were sacrificed at three



different time-points, PN12 days, 5 weeks or 14 weeks of age, representing perinatal,

adolescent and adult developmental stages respectively as described previously™=*.

2.3 Rat Brain Tissue Preparation

Rats were euthanized by carbon dioxide asphyxiation and decapitation at PN12, 5 weeks and
14 weeks. Brains were extracted and the hippocampus was regionally dissected on ice with
the aid of a standard rat brain atlas®. Immediately following dissection samples were snap
frozen in liquid nitrogen and then stored at -80°C. Tissue was gently homogenized in a buffer
(50 mM Tris pH 7.5, 50% glycerol), containing protease inhibitors (Sigma). Protein
concentrations were determined by a spectrophotometer. All samples were diluted to a
concentration of 2 pug/uL and stored at -80°C until required for immunoblotting, as previously

detailed®".
2.4 Immunoblotting

Relative protein levels for all proteins of interest were determined by immunoblotting as
previously described®'. In short, proteins were resolved by SDS-PAGE, with a total of 10 pg
protein loaded into each well of 4-12% pre-cast bis-Tris polyacrylamide gels (Bio-Rad).
Proteins were subsequently transferred to polyvinylidene fluoride membranes (Bio-Rad). The
polycolonal and monoclonal antibodies and their respective concentrations used to probe the
membranes were as follows: anti-Lingo-1 (1:500; ab23631 Abcam), anti-NgR (1:500;
ab26291 Abcam), anti-p75 (1:500; ab8874 Abcam), anti-TROY (1:200; ab12126 Abcam),
anti-WNK1 (1:500; ab128858 Abcam), and anti-Mytl (1:500; ab82844 Abcam). The Gel
Logic 2200 Pro (Carestream Molecular Imaging; Rochester, NY, USA) was used to visualize
and quantify the bands of interest. All samples were run in duplicate or triplicate, and were
loaded in a randomized order with even numbers of PCP and control samples per time-point

per gel to minimize the effects of gel-to-gel variability on the results. A pooled sample



combining aliquots from all 36 rats, was used as a positive control and was loaded onto each
gel within the experiment to account for any gel-to-gel variability. Samples from each gel
were then normalized to their respective pooled sample, and all bands were normalized to a
B-actin (1:5000; MAB1501 Millipore) same lane loading control. Mean B-actin expression
levels did not differ between PCP and control groups (p>0.05). All experiments and

quantifications were performed blind to treatment and age group.
2.5 Statistics

As all data were normally distributed (Kolmogorov—Smirnov p>0.10), parametric testing was
implemented. Two-way multivariate analyses of variance (MANOVA) followed by Tukey’s
HSD post-hoc tests, were performed to assess interactions between treatment (PCP or
control) and time-point (PN12, 5 weeks or 14 weeks). One-way analyses of variance
(ANOVA) followed by Tukey’s HSD post-hoc tests, were used to assess for differences in
protein expression across successive developmental time points within each treatment group.
Unpaired two-tailed t-tests were also used at individual time-points to assess for differences
in protein expression between PCP and control groups. The significance for all statistical tests

was set to p<0.05. All data are expressed as mean+SD.

3. Results

3.1 Protein detection

Lingo-1, NgR, p75, TROY, WNKI and Mytl proteins were abundantly expressed and
detectable in the rat hippocampus. Western blot analyses of all proteins examined resulted in
a single distinct band at the expected, previously reported molecular weights for each protein:
Lingo-1 (83 kDa)*®, NgR (51 kDa)*’, p75 (75 kDa)*®, TROY (46 kDa)*’, WNKI1 (250 kDa)’',

and Mytl (135 kDa)*' (Figure 1).



3.2 Hippocampal levels of p75, TROY and Mytl protein expression are altered by

perinatal administration of PCP in rats

There was a highly significant age x treatment interaction on levels of both p75 and TROY
protein expression in the treated rats (F»30=9.39; p<0.001; and F,3,=7.69; p=0.002
respectively). Post-hoc analyses reveal that at PN12, a significant decrease in p75 protein
expression (-16%, p=0.011; Figure 1) was observed in perinatal PCP treated rats in
comparison to control rats. Despite a decrease in levels of TROY, the functional homolog of
p75, it was found not to be significantly different in PCP treated versus control rats at the
PN12 time-point (-11%, p=0.061; Figure 1). Furthermore, a significant elevation in p75
protein expression was observed in PCP treated compared to control rats at the 14 week time-
point (+22%, p=0.022; Figure 1). Similarly, levels of the p75 homolog TROY were also
found to be significantly elevated in PCP treated compared to control rats at the 14 week
time-point (+14.5%, p=0.021; Figure 1). While there was no considerable main effect of
treatment on expression levels of p75 or its homolog TROY (F;30=0.23; p=0.633; and
F130=0.15; p=0.705 respectively), an extremely significant age effect on both p75 and TROY
expression levels in the hippocampus of the treated rats was observed (F30=26.95; p<0.001;
and F,30=34.27; p<0.001 respectively; Supplementary Figures (SF) 1 and 2). Post-hoc
analyses revealed that the age effect resulted in a significant increase in p75 (control: +25%,
p=0.001, SF1; PCP: +47.5%, p<0.001, SF2) and TROY (control: +22.5%, p<0.001, SF1;
PCP: +36%, p<0.001, SF2) when comparing the 5 week age groups to the PN12 age group.
Furthermore, a significant elevation in both p75 (+49%, p<0.001, SF2) and TROY (+37%,
p<0.001, SF2) expression was observed in the 14 week PCP treated rats compared to the
PN12 PCP treated rats, however there was no significant alteration observed in the control

rats when comparing the same age groups (SF1). Finally, there was a significant increase in



both p75 (+22%, p=0.008, SF1) and TROY (+15%, p=0.037, SF1) protein expression in

control rats when comparing the 5 week to the 14 week group.

Similar to the results of p75 and TROY, there was an extremely significant interaction
between age and treatment on Mytl levels in the hippocampus of the treated rats
(F230=25.52; p<0.001). Post-hoc testing revealed that this interaction again results in a
decrease at the PN12 (-18.5%, p<0.001; Figure 1) and an increase at the 14 week (+16%,
p=0.014; Figure 1) time-points between the PCP treated rats and the controls. Furthermore,
while there is no main treatment effect (F;30=0.96; p=0.333), there was a considerable age
effect on levels of Mytl protein expression (F,30=103.13; p<0.001). Post-hoc analyses
showed that Mytl was significantly altered when comparing the 5 week group to the PN12
group (control: -15.5%, p=0.001, SF1; PCP +9%, p=0.016, SF2), when comparing the 14
week group to the 5 week group (control: -43.5%, p<0.001, SF1; PCP -30%, p<0.001, SF2),
as well as when comparing the 14 week group to the PN12 group (control: -69%, p<0.001,

SF1; PCP -16%, p=0.001, SF2).

3.3 Hippocampal levels of Lingo-1, NgR and WNKZ1 protein expression are unaltered by

perinatal PCP treatment in rats

There were no significant main effects of age (F,30=3.01; p=0.064) or treatment (F; 30=0.36;
p=0.555) on levels of Lingo-1 in the hippocampus of the treated rats; nor were there any
significant interactions between the two factors (F,30=1.41; p=0.259; Figure 1). Furthermore
there were no significant interactions between age and treatment on levels of NgR in the
treated rats (F»30=0.54; p=0.589; Figure 1), nor an effect of treatment on NgR levels in the
hippocampus (F;30=0.14; p=0.710). However, an extremely significant age effect was
observed in relation to NgR protein levels in the hippocampus of the treated rats (F»30=18.69;

p<0.001). Post-hoc analyses demonstrated that this age effect resulted in a considerable



increase in NgR expression levels in both control and PCP treated rats in both the 5 week
(control: +55%, p=0.002, SF1; PCP: +48%, p=0.001, SF2) and 14 week (control: +37%,
p=0.019, SF1; PCP: +49%, p=0.005, SF2) age groups compared to the PN12 age group, with

the age effect being more highly significant in the PCP treated rats.

As with Lingo-1 and NgR, there were no notable age x treatment interactions on the
expression of hippocampal WNKI1 protein levels in the treated rats (F30=0.39; p=0.683;
Figure 1), nor an effect of treatment on WNK1 levels in the treated rats (F; 30=0.24; p=0.627).
There was however a considerable age effect on WNKI protein expression levels
(F230=12.60; p<0.001). Similar to the expression pattern of NgR, post-hoc analyses revealed
that the age effect resulted in a significant elevation of WNKI1 expression levels in both
control and PCP treated rats in both the 5 week (control: +29.5%, p=0.007, SF1; PCP:
+46.5%, p=0.003, SF2) and 14 week (control: +34.5%, p=0.014, SF1; PCP: +49%, p=0.003,
SF2) age groups compared to the PN12 age group, with the age effect again being more

highly significant in the PCP treated rats.

4. Discussion

Here we provide the first study to investigate the developmental expression profile of
hippocampal Lingo-1 signaling pathway proteins using a neurodevelopmental PCP model of
schizophrenia. This study offers insight into the expression patterns of these proteins
following the administration of an NMDA receptor antagonist at a critical period for brain
development which is highly relevant in the context of the pathophysiology of schizophrenia.
We have shown that the hippocampal expression of Lingo-1, NgR and WNKI1 were not
significantly altered by PCP treatment across the 3 tested developmental time-points,
however the downstream signaling partners p75, TROY and Mytl were decreased at PN12

and increased at 14 weeks in PCP treated rats compared to their controls. Considering current
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literature and the role that these three proteins play in apoptotic processes, our results suggest
that these proteins may have implications in acute PCP induced neurotoxicity and thus may
contribute to deficits in brain development, neuronal cytoarchitecture and plasticity of the

brain early in the development of schizophrenia.

4.1 Alterations of p75, TROY and Mytl in a PCP induced neurodevelopmental animal

model for schizophrenia

Perinatal PCP treatment was found to significantly reduce p75 expression in the juvenile rats,
and increase the expression of p75 in the adult PCP treated rats, with no change in p75
expression in the adolescent rats (Figure 1). Reports on the expression of p75 neurotrophin
receptor throughout development as well as in relation to schizophrenia in human
postmortem brains, are limited and conflicting®, despite the p75 binding protein, brain-

derived neurotrophic factor (BDNF) being extensively studied*'*

. In support of our
findings, levels of p75 expression have been previously found to be significantly reduced in
neonatal pups in a developmental rodent model used to study environmental influences in
disorders such as schizophrenia®. It has been suggested that a reduction of p75 in early brain
development could be quite detrimental due to the inability for neurotrophins, responsible for
neurite outgrowth, to bind in a p75 dependent fashion, leading to an inability of axons to
elongate throughout development™. Even though p75 expression is known to be associated

. . . 46.4
with various apoptotic processes***’

, p75 neurotrophic factor also contributes to neuronal
survival during development*®*®. Tropomyosin receptor kinases (Trk), involved in p75-
induced neuronal survival processes*’, are also implicated in NMDA receptor activation and
regulation’'. With regards to the non-specific antagonistic effects of PCP on the NMDA
receptor, a decrease in the activity of TrkB receptor signaling has been shown in postnatal

PCP treated rats™ (Figure 2). Due to the cross talk between p75 and Trk receptors, it was not

surprising to see a significant reduction in the levels of p75 in the hippocampus of the
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juvenile PCP treated rats compared to the controls in our study, which would lead to
decreased survival of neurons early in development. As a follow-up to our study and to test
this hypothesis, the levels of microtubule-associated protein 2 (MAP2; a commonly used
neuronal marker, selectively labeling dendritic trees throughout the brain) were examined in
the hippocampus of our perinatal treated rats (see supplementary methods, results and figure
SF3). MAP2 levels were significantly decreased by 26.5% in the hippocampus of the juvenile
PCP treated rats (p=0.008), supporting our hypothesis that a significant reduction in p75 in
PCP treated rats would lead to an acute reduction in survival of neurons in the hippocampus

of juvenile treated rats.

Considering that p75 and TROY are functional homologs of one another, it seems fitting that
we found a decrease of a similar magnitude in both p75 and TROY expression in the
hippocampus of perinatal PCP treated rats, despite the reduction in TROY protein levels not
reaching significance (p=0.061). We suggest that the very similar transient expression pattern
of the homologous receptors p75 and TROY in PCP treated rats compared to controls
throughout development may play a significant role in PCP induced neurotoxicity in juvenile
rats in our neurodevelopmental animal model of schizophrenia. In support of this, it has been
shown that postnatal PCP injections resulted in lower levels of phosphorylated ERK1/2 in the
hippocampus of juvenile rats compared to controls***’. Furthermore PCP treatment in
organotypic brain slice culture from rats showed decreased phosphorylation levels of
MEK1/2 and ERK1/2, both downstream signaling partners of p75 cell survival pathways,
suggesting that PCP may induce cell death through the inhibition of the MEK/ERK/1/2 pro-
survival pathways’' (Figure 2). The expression pattern of p75 and TROY seems to recover
over time, normalizing around adolescence as there are no significant differences in either
p75 or TROY expression in the 5 week old rats (p>0.05). Furthermore, there are no

significant alterations in MAP2 levels to indicate any significant alterations in neuronal
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survival during adolescence (SF3). The levels of p75 and TROY are raised above control
levels in the hippocampus of PCP treated rats by the time they reach adulthood at 14 weeks.
This is supported by our previous finding in a postmortem human cohort showing an increase
of both of these proteins in the hippocampus of adult schizophrenia brains compared to
controls, despite p75 levels not reaching significance in our human study®'. Considering there
are no significant alterations in MAP2 levels between PCP treated and control rats at
adulthood in the present study (SF3), this suggests that additional mechanisms may be
involved in the regulation of these proteins in the adult schizophrenia brain which will need

to be further investigated.

In addition, Mytl expression in our study was found to be significantly decreased by PCP
administration in the hippocampus of the juvenile PN12 rats in comparison to control rats,
but increased in the adult rats treated perinatally with PCP compared to controls. Knowing
that Lingo-1 can directly suppress EGFR signaling leading to the inhibition and blockade of
PI3-K/Akt signaling pathways’', and since we found Lingo-1 to be unaltered in the
hippocampus in the perinatal PN12 PCP treated rats in the present study, we hypothesize that
Akt signaling pathway inhibition by Lingo-1 would be reduced, thus resulting in increased
levels of phosphorylated Akt signaling pathway proteins (Figure 2). Elevated Akt activation
levels would lead to increased negative regulation of Mytl intracellularly (Figure 2), thus
resulting in lower Mytl levels in the hippocampus of the juvenile PCP treated rats®’. While
we were unable to examine levels of phosphorylated Akt levels to support this hypothesis in
the present study (due to an alternate method of sample preparation being required for the
procedure), we were able to examine levels of total Akt protein (see supplementary methods,
results and figure SF3). We found that there were no significant alterations in total Akt levels
in any of the tested age groups in PCP rats compared to controls (p>0.05). This result has

been previously shown by our research group®*; furthermore in the same cohort of rats our
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group has demonstrated that perinatal PCP treatment at PN7, 9 and 11 results in increased
levels of phosphorylated Akt at both juvenile and adolescent stages of life in the
hippocampus™*, supporting our hypothesis for increased levels of activated Akt in this model
leading to the reduced levels of Mytl protein observed in juvenile rats in the present study. In
further support of this, Xia and Johnson (2009) have also demonstrated that phosphorylated
Akt levels were increased in adolescent rats that were treated with PCP on postnatal days 7, 9
and 11 compared to rats treated with saline™°. Along with the decreased levels of Mytl
protein in PCP treated rats at the juvenile period compared to their controls, we have reported
in a previous study'’ the levels of MBP as a marker of mature oligodendrocytes in this animal
model, and have shown that MBP is significantly reduced in PN12 animals following

perinatal PCP administration, suggesting an acute alteration of glia by PCP treatment.

In addition, elevated levels of activated Akt may contribute to an increased expression of the
apoptotic marker p53, responsible for regulating another apoptotic marker bcl-2-associated X
protein (or BAX) which has previously been reported to be increased after PCP

administration at PN7, 9 and 11°2

. To test this hypothesis as a follow-up to our study, we
examined levels of BAX protein in our rats (see supplementary methods, results and figure
SF3) and found a significant 26% increase in BAX expression in the juvenile PCP treated rats
compared to controls (p=0.03). Since p53 and BAX are regulated by Mouse double minute 2
homolog (MDM2)™***, we would also expect to see an increase in MDM?2 expression in the

juvenile rats due to a rise in the levels of p53 and following perinatal PCP administration

requiring a large recruitment of MDM2 for its ubiquitination (Figure 2).
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4.2 Hippocampal expression of Lingo-1 and its signaling proteins NgR, and WNK1 are

unaltered following perinatal PCP treatment

Hippocampal levels of Lingo-1 and NgR both presented with similar transient expression
patterns throughout development in both the control and PCP treated rats, despite neither of
the proteins being significantly altered by PCP treatment at any of the three developmental
time-points (Figure 1); both proteins were increased during adolescence (SF1 and SF2).
Considering the extensive synaptic changes that occur during adolescence (reductions in
dendritic arborization, and pruning of synapses)™, it was not surprising to detect higher levels
of these important negative regulators of neurite outgrowth at this critical period of
development in the control rats. Although slightly reduced following PCP treatment, levels of
both proteins were still elevated in the adolescent rats above that which is seen in the juvenile

rats, and remained elevated into adulthood (SF2).

Similarly, levels of WNK1 expression were gradually increased with age in the hippocampus
of both the control and PCP treated rats. Our finding is consistent with a recent observation
demonstrating elevated WNK1 expression in the hippocampus of adult compared to juvenile
PN10 mouse brains®. Furthermore, WNK1 levels were also found to be unaltered in all age
groups of the present study when comparing PCP treated rats to control rats; similar to the
expression patterns of Lingo-1 and NgR in this study. Considering that WNKI is a direct
binding partner of Lingo-1 and since WNKI1 directly regulates NgR®', it seems appropriate
that we observed these similar profiles of expression for Lingo-1, NgR and WNK1 following

the perinatal PCP treatment.
5. Conclusion

In review, we report for the first time alterations in Lingo-1 signaling pathway proteins,

particularly those which have significant roles in neuronal survival and apoptotic processes,

15



in the hippocampus of rats from a neurodevelopmental PCP model of schizophrenia. We have
shown an altered developmental trajectory of a number of these signaling proteins, in
particular at perinatal and adult stages of life. Our results in concert with current literature,
suggest that components of the Lingo-1 signaling pathways may be involved in the acute
neurotoxicity induced by perinatal administration of PCP in rats and suggest that this may
have implications for the hippocampal deficits seen in schizophrenia, however further studies

will be required to fully elucidate the molecular mechanisms involved.

16



Acknowledgements

This work was supported by an Illawarra Health and Medical Research Institute Program
Grant. JLA and NM are supported by Ian Scott Scholarships from Australian Rotary Health.

Role of the Funding Source

The funding sources had no role in the study design, in the collection, analysis and
interpretation of data; in the writing of the report or in the decision to submit the paper for
publication.

Author Contributions

JLA and FFE designed the study. JLA, KAN, NM and FFE performed the animal
experiments. JLA performed the biochemical experiments, acquired data, performed analyses
and interpreted the data. JLA wrote the first draft of the manuscript. FFE, KAN, NM and
XFH critically reviewed and contributed to the manuscript. All authors have read and
approved the final version of the manuscript.

17



References

1

10

11

12

13

14

Kapur S, Seeman P. NMDA receptor antagonists ketamine and PCP have direct effects
on the dopamine D-2 and serotonin 5-HT?2 receptors - implications for models of
schizophrenia. Mol Psychiatry 2002; 7: 837-844.

Seeman P. Glutamate and dopamine components in schizophrenia. J Psychiatry Neurosci
2009; 34: 143-149.

Seeman P, Ko F, Tallerico T. Dopamine receptor contribution to the action of PCP, LSD
and ketamine psychotomimetics. Mol Psychiatry 2005; 10: 877—883.

Amir A, Fuchs P, Gamliel A, Reis M, Shainberg A. Effects of phencyclidine and analog
drugs on acetylcholine receptor of cultured muscle cells. Biochem Pharmacol 1985; 34:
949-954.

Hustveit O, Maurset A, Qye 1. Interaction of the Chiral Forms of Ketamine with Opioid,
Phencyclidine, 6 and Muscarinic Receptors. Pharmacol Toxicol 1995; 77: 355-359.

Maayani S, Weinstein H. ‘Specific binding” of 3H-phencyclidine: Artifacts of the rapid
filtration method. Life Sci 1980; 26: 2011-2022.

Zukin SR. Differing stereospecificities distinguish opiate receptor subtypes. Life Sci
1982; 31: 1307-1310.

Moghaddam B, Krystal JH. Capturing the Angel in ‘Angel Dust’: Twenty Years of
Translational Neuroscience Studies of NMDA Receptor Antagonists in Animals and
Humans. Schizophr Bull 2012; 38: 942-949.

Du Bois TM, Huang XF, Deng C. Perinatal administration of PCP alters adult behaviour
in female Sprague-Dawley rats. Behav Brain Res 2008; 188: 416—419.

Wang C, Mclnnis J, West JB, Bao J, Anastasio N, Guidry JA et al. Blockade of
phencyclidine-induced cortical apoptosis and deficits in prepulse inhibition by M40403, a
superoxide dismutase mimetic. J Pharmacol Exp Ther 2003; 304: 266-271.

Harich S, Gross G, Bespalov A. Stimulation of the metabotropic glutamate 2/3 receptor
attenuates social novelty discrimination deficits induced by neonatal phencyclidine
treatment. Psychopharmacology (Berl) 2007; 192: 511-519.

Gunduz-Bruce H. The acute effects of NMDA antagonism: From the rodent to the human
brain. Brain Res Rev 2009; 60: 279-286.

Zhang R, He J, Zhu S, Zhang H, Wang H, Adilijiang A et al. Myelination deficit in a
phencyclidine-induced neurodevelopmental model of schizophrenia. Brain Res 2012;
1469: 136-143.

Lindahl JS, Kjellsen BR, Tigert J, Miskimins R. In utero PCP exposure alters

oligodendrocyte differentiation and myelination in developing rat frontal cortex. Brain
Res 2008; 1234: 137-147.

18



15

16

17

18

19

20

21

22

23

24

25

26

27

28

Liu F, Zou X, Sadovova N, Zhang X, Shi L, Guo L et al. Changes in gene expression
after phencyclidine administration in developing rats: A potential animal model for
schizophrenia. Int J Dev Neurosci 2011; 29: 351-358.

Wang C, Kaufmann JA, Sanchez-Ross MG, Johnson KM. Mechanisms of N-methyl-D-
aspartate-induced apoptosis in phencyclidine-treated cultured forebrain neurons. J
Pharmacol Exp Ther 2000; 294: 287-295.

Andrews JL, Newell KA, Matosin N, Huang XF, Fernandez-Enright F. NMDA Receptor
Antagonism by Phencyclidine Reduces NWASP and WAVEI Protein Expression and
Reduces Levels of Myelination Markers in the Prefrontal Cortex of Rats. J Pharmaceu
Pharmacol 2015; 3: 8.

Mi S, Miller RH, Lee X, Scott ML, Shulag-Morskaya S, Shao Z et al. LINGO-1
negatively regulates myelination by oligodendrocytes. Nat Neurosci 2005; 8: 745-51.

Yamashita T, Higuchi H, Tohyama M. The p75 receptor transduces the signal from
myelin-associated glycoprotein to Rho. J Cell Biol 2002; 157: 565-570.

Wang KC, Kim JA, Sivasankaran R, Segal R, He Z. P75 interacts with the Nogo receptor
as a co-receptor for Nogo, MAG and OMgp. Nature 2002; 420: 74-78.

Shao Z, Browning JL, Lee X, Scott ML, Shulga-Morskaya S, Allaire N et al.
TAJ/TROY, an orphan TNF receptor family member, binds Nogo-66 receptor 1 and
regulates axonal regeneration. Neuron 2005; 45: 353-9.

Loftus JC, Dhruv H, Tuncali S, Kloss J, Yang Z, Schumacher CA et al. TROY
(TNFRSF19) promotes glioblastoma survival signaling and therapeutic resistance. Mol
Cancer Res MCR 2013; 11: 865-874.

Roux PP, Colicos MA, Barker PA, Kennedy TE. p75 Neurotrophin Receptor Expression
Is Induced in Apoptotic Neurons After Seizure. J Neurosci 1999; 19: 6887—6896.

Hu F, Strittmatter SM. Regulating axon growth within the postnatal central nervous
system. Semin Perinatol 2004; 28: 371-8.

Zhang 7, Xu X, Zhang Y, Zhou J, Yu Z, He C. LINGO-1 interacts with WNKI1 to
regulate nogo-induced inhibition of neurite extension. J Biol Chem 2009; 284: 15717-28.

Barrette B, Vallieres N, Dubé M, Lacroix S. Expression profile of receptors for myelin-
associated inhibitors of axonal regeneration in the intact and injured mouse central
nervous system. Mol Cell Neurosci 2007; 34: 519-538.

Llorens F, Gil V, Iraola S, Carim-Todd L, Marti E, Estivill X et al. Developmental
analysis of Lingo-1/Lern] protein expression in the mouse brain: interaction of its
intracellular domain with Myt11. Dev Neurobiol 2008; 68: 521-41.

Li W, Wang X, Zhao J, Lin J, Song XQ, Yang Y et al. Association study of myelin

transcription factor 1-like polymorphisms with schizophrenia in Han Chinese population.
Genes Brain Behav 2012; 11: 87-93.

19



29

30

31

32

33

34

35

36

37

38

39

40

41

42

Vrijenhoek T, Buizer-Voskamp JE, van der Stelt I, Strengman E, Sabatti C, Geurts van
Kessel A et al. Recurrent CNVs disrupt three candidate genes in schizophrenia patients.
Am J Hum Genet 2008; 83: 504-10.

Wang Y, Decker SJ, Sebolt-Leopold J. Knockdown of Chk1, Weel and Mytl by RNA
interference abrogates G2 checkpoint and induces apoptosis. Cancer Biol Ther 2004; 3:
305-313.

Fernandez-Enright F, Andrews JL, Newell KA, Pantelis C, Huang XF. Novel
implications of Lingo-1 and its signaling partners in schizophrenia. Transl Psychiatry
2014; 4: e348.

Benes FM. Myelination of cortical-hippocampal relays during late adolescence.
Schizophr Bull 1989; 15: 585-593.

Du Bois TM, Deng C, Han M, Newell KA, Huang X-F. Excitatory and inhibitory
neurotransmission is chronically altered following perinatal NMDA receptor blockade.
Eur Neuropsychopharmacol 2009; 19: 256-265.

Du Bois TM, Newell KA, Huang XF. Perinatal phencyclidine treatment alters neuregulin
1/erbB4 expression and activation in later life. Eur Neuropsychopharmacol 2012; 22:
356-363.

Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates: Hard Cover Edition.
6th ed. Academic press, 2007.

Wilchli T, Pernet V, Weinmann O, Shiu J-Y, Guzik-Kornacka A, Decrey G et al. Nogo-
A is a negative regulator of CNS angiogenesis. Proc Natl Acad Sci U S A 2013; 110:
E1943-E1952.

LiuL, Zhu L, Zou Y, Liu W, Zhang X, Wei X et al. Panax notoginseng saponins
promotes stroke recovery by influencing expression of Nogo-A, NgR and p75NGF, in
vitro and in vivo. Biol Pharm Bull 2014; 37: 560-568.

Chang R-S, Wang S-D, Wang Y-C, Lin L-J, Kao S-T, Wang J-Y. Xiao-Qing-Long-Tang
shows preventive effect of asthma in an allergic asthma mouse model through
neurotrophin regulation. BMC Complement Altern Med 2013; 13: 220.

Jacobs VL, Liu Y, De Leo JA. Correction: Propentofylline Targets TROY, a Novel
Microglial Signaling Pathway. PLoS ONE 2013; 8. doi:10.1371/annotation/d8f0efOf-
414e-49aa-92a8-fd8d838b6 1 1b.

Lu B, Pang PT, Woo NH. The yin and yang of neurotrophin action. Nat Rev Neurosci
2005; 6: 603-614.

Crozier RA, Bi C, Han YR, Plummer MR. BDNF modulation of NMDA receptors is
activity dependent. J Neurophysiol 2008; 100: 3264-3274.

Levine ES, Crozier RA, Black IB, Plummer MR. Brain-derived neurotrophic factor

modulates hippocampal synaptic transmission by increasing N-methyl-D-aspartic acid
receptor activity. Proc Natl Acad Sci U S A 1998; 95: 10235-10239.

20



43

44

45

46

47

48

49

50

51

52

53

54

55

56

Lu B, Martinowich K. Cell biology of BDNF and its relevance to schizophrenia. Novartis
Found Symp 2008; 289: 119-195.

Eyles D, Brown J, Mackay-Sim A, McGrath J, Feron F. Vitamin d3 and brain
development. Neuroscience 2003; 118: 641-653.

Yamashita T, Tucker KL, Barde Y-A. Neurotrophin Binding to the p75 Receptor
Modulates Rho Activity and Axonal Outgrowth. Neuron 1999; 24: 585-593.

Barrett GL. The p75 neurotrophin receptor and neuronal apoptosis. Prog Neurobiol 2000;
61: 205-229.

Kenchappa RS, Tep C, Korade Z, Urra S, Bronfman FC, Yoon SO et al. p75
neurotrophin receptor-mediated apoptosis in sympathetic neurons involves a biphasic

activation of JNK and up-regulation of tumor necrosis factor-alpha-converting
enzyme/ADAM17. J Biol Chem 2010; 285: 20358-20368.

Adachi N, Numakawa T, Kumamaru E, Itami C, Chiba S, Iijima Y et al. Phencyclidine-
Induced Decrease of Synaptic Connectivity via Inhibition of BDNF Secretion in Cultured
Cortical Neurons. Cereb Cortex 2013; 23: 847-858.

Xia Y, Johnson KM. Differential effects of acute and subchronic phencyclidine treatment
of perinatal rats on PI-3K/Akt and ERK signaling. In: Program No. 443.1/Q5. 2009
Neuroscience Meeting Planner. Society for Neuroscience, Chicago, IL, USA, 2009.

Xia Y. Role of the PI-3K/Akt and ERK Pathways in Phencyclidine-Induced Neurotoxicity
in Neonatal Rats and the Protection by Lithium and BDNF. 2009.

Xia Y, Wang CZ, Liu J, Anastasio NC, Johnson KM. Lithium protection of
phencyclidine-induced neurotoxicity in developing brain: The role of
phosphatidylinositol-3 kinase/Akt and mitogen-activated protein kinase

kinase/extracellular signal-regulated kinase signaling pathways. J Pharmacol Exp Ther
2008; 326: 838-848.

Wang C, Mclnnis J, Ross-Sanchez M, Shinnick-Gallagher P, Wiley JL, Johnson KM.
Long-term behavioral and neurodegenerative effects of perinatal phencyclidine
administration: Implications for schizophrenia. Neuroscience 2001; 107: 535-550.

Hock AK, Vousden KH. The role of ubiquitin modification in the regulation of p53.
Biochim Biophys Acta 2014; 1843: 137—-149.

Wang X, Jiang X. Mdm2 and MdmX partner to regulate p53. FEBS Lett 2012; 586:
1390-1396.

Sisk CL, Zehr JL. Pubertal hormones organize the adolescent brain and behavior. Front
Neuroendocrinol 2005; 26: 163—174.

Shekarabi M, Lafreniére RG, Gaudet R, Laganiére J, Marcinkiewicz MM, Dion PA et al.
Comparative analysis of the expression profile of Wnk1 and Wnk1/Hsn2 splice variants
in developing and adult mouse tissues. PloS One 2013; 8: ¢57807.

21



Figure Legends

Figure 1: Relative levels of protein expression in the hippocampus of phencyclidine (PCP)
treated rats compared to controls (N=6 per treatment per time-point). * p<0.05, ** p<0.01

and *** p<0.001.

Figure 2: Proposed schematic representation of the acute effects of phencyclidine (PCP)
administration resulting in activation of cell death pathways. A reduction in p75 protein
expression was observed in the present study, and TrkB receptor signaling activity has
previously been shown to be reduced in postnatal PCP treated rats. Together these proteins
are normally involved in p75-induced neuronal survival processes'; a reduction in protein or
phosphorylation levels can lead to a reduction in MEK1/2 and ERK1/2 activation. Reduced
phosphorylation of the MEK1/2 ERK1/2 pathways has been shown to result from PCP
treatment’. Lingo-1 can directly inhibit EGFR leading to the inhibition of PI3-K/Akt
signaling pathways’; since Lingo-1 was unaltered in the present study, we suggest that Lingo-
1 induced inhibition of Akt signaling pathways would be reduced and result in increased Akt
signaling, causing increased negative regulation of Mytl intracellularly’. Our group has
previously shown that perinatal administration of PCP results in an acute increase in
phosphorylated Akt levels in the hippocampus of rats’. Furthermore, activation of apoptotic
signaling cascades via Akt leads to an increase in p53 and Bax’ (also shown by the present
study), mainly regulated by MDM2%’. An immediate rise in the levels of p53 following
perinatal PCP administration would require a large recruitment of MDM2 for its

ubiquitination.
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Supplementary Methods

Immunoblotting of neuronal marker microtubule-associated protein 2 (MAP2), total Akt, and apoptotic
marker Bcl-2-associated X protein (BAX) in the hippocampus of PCP treated and control rats

Relative protein expression for MAP2, total Akt and BAX levels were determined by immunoblotting
conducted according to the protocol described in the main methods of this study; the only modification from
the protocol described in manuscript being the primary antibodies used. The primary antibodies and
concentrations used to perform these additional experiments were as follows: anti MAP2 (1:1000; M4403;
Sigma), total Akt (1:500; sc-8312; Santa Cruz) and BAX (1:500; ab7977; Abcam).

Supplementary Results

MAP2. There was a significant age x treatment interaction on MAP2 protein expression in the treated rats
(F220=3.87; p<0.001). Post-hoc analyses reveal that there was a 26.5% decrease in MAP2 protein expression
in the PN12 PCP treated rats compared to control rats (p=0.008; SF3). While there was no main effect of
treatment on expression levels of MAP2 (F129=0.07; p=0.789), there was an extremely significant age effect
on MAP2 expression levels in the hippocampus of the treated rats (F2 20=35.23; p<0.001). Post-hoc analyses
showed that MAP2 protein expression was 41% and 44% higher in the 5 week and 14 week control groups
respectively compared to the PN12 group, similarly MAP2 protein expression was increased by 57.5% and
61.5% respectively in the 5 week and 14 week PCP treated groups compared to the PN12 group
(0.001<p<0.05; SF4).

Akt. As expected, there were no significant interactions between age and treatment on total Akt levels in the
hippocampus of the treated rats (F,30=0.24; p=0.791; SF3); nor was there a significant main effect of
treatment (F130=2.08; p=0.159). There was however a highly significant main effect of age on total Akt
levels (F;30=22.03; p<0.001). Post-hoc analyses revealed that total Akt protein expression levels were 16%
and 28.5% lower in the 5 week and 14 week control age groups respectively compared to the PN12 age
group, and were 29.5% lower in the 14 week PCP treated group compared to the PN12 PCP group
(0.001<p<0.05; SF4).



Bax. There were no significant interactions between age and treatment on levels of BAX protein in the
treated rats (F220=1.042; p=0.366); however there was a significant effect of treatment on BAX levels in the
hippocampus (F129=6.706; p=0.014), with post-hoc analyses revealing that the treatment effect was
observed only in the PN12 age group, with a 26% increase in BAX protein in the hippocampus of PN12
PCP treated rats compared to controls (p=0.03; SF3). There was an extremely significant age effect in
relation to BAX protein levels in the hippocampus of the treated rats (F,20=39.71; p<0.001). Post-hoc
analyses revealed that BAX protein levels were 29% higher in 5 week old control rats, 42% higher in 14
week old control rats compared to PN12 rats, and 19% higher in 14 week old control rats compared to 5
week old rats (0.001<p<0.01). Furthermore BAX levels were found to be 30% higher in 14 week old PCP
treated rats compared to PN12 PCP treated rats (p<0.001).
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*p<0.05, and **p<0.01.
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SF4: Developmental profile of MAP2, total Akt and BAX protein expression in the hippocampus of control and phencyclidine (PCP) treated rats at PN12, 5
week, and 14 week time-points (n = 6 per treatment per time-point). *p<0.05, **p<0.01, and ***p<0.001.
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