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KEYWORDS Abstract

Heme; Accumulating data point to heme involvement in neuropsychiatric disorders. Heme plays a
Heme oxygenase; role in major cellular processes such as signal transduction, protein complex assembly and
Eukaryotic initiation regulation of transcription and translation. Its synthesis involves the mitochondria, which dys-
factor 2-alpha (eif2a); function, specifically that of the complex | (Co-l) of the electron transport chain is involved in
Schizophrenia; the pathophysiology of schizophrenia (SZ). Here we aimed to demonstrate that deficits in Co-I
Poly (I:C) rat model affect heme metabolism. We show a significant decrease in heme levels in Co-l deficient SZ-

derived EBV transformed lymphocytes (lymphoblastoid cell lines - LCLs) as compared to healthy
subjects-derived cells (n=9/cohort). Moreover, protein levels assessed by immunoblotting and
mMRNA levels assessed by qRT-PCR of heme catabolic enzyme, heme Oxygenase 1 (HO-1), and
protein levels of heme downstream target phosphorylated eukaryotic initiation factor 2-alpha
(Peif2a/eif2a) were significantly elevated in SZ-derived cells. In contrast, protein and mRNA
levels of heme synthesis rate limiting enzyme aminolevulinic acid synthase-1 (ALAS1) were
unchanged in SZ derived LCLs. In addition, inhibition of Co-I by rotenone in healthy subjects-
derived LCLs (n=4/cohort) exhibited an initial increase followed by a later decrease in heme
levels. These findings were associated with opposite changes in heme’s downstream target and
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HO-1 level, similar to our findings in SZ-derived cells. We also show a brain region specific pat-
tern of impairment in Co-l subunits and in HO-1 and PelF2«/elF2« in the Poly-IC rat model of SZ
(n=6/cohort). Our results provide evidence for a link between Col and heme metabolism both
in-vitro and in-vivo suggesting its contribution to SZ pathophysiology.

© 2019 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Schizophrenia (SZ), a chronic brain disorder which affects
1% of the population, is one of the top 15 leading causes
of disability worldwide (Vos et al., 2017). Clinical mani-
festations include positive symptoms (agitation, paranoia,
delusions and hallucinations) and negative symptoms (apa-
thy, social withdrawal and anhedonia) as well as deficits in
various neurocognitive functions (Javitt and Sweet, 2015).
Previous studies by our group and others have shown that
mitochondrial dysfunction play a major role in the patho-
physiology of the disease (Ben-Shachar, 2016; Chouinard
et al., 2017; Manji et al., 2012; Prabakaran et al., 2004;
Rajasekaran et al., 2015a). Imaging studies demonstrated
reduction in mitochondrial originated high energy phos-
phates, such as ATP and phosphocreatine as well as in other
cellular factors whose metabolism is strongly suggested to
be linked to mitochondrial ATP production, in SZ-relevant
brain structures (Fujimoto et al., 1992; Jayakumar et al.,
2006; Volz et al., 2000). Genetic transcriptomic, proteomic,
metabolomic molecular and biochemical studies, point to
abnormalities in mitochondria in both the periphery and
the brain in this disorder (Bergman and Ben-Shachar, 2016a,
2016b; Focking et al., 2011; Rajasekaran et al., 2015b;
Washizuka et al., 2006). Investigation of the mitochondrial
oxidative phosphorylation system (OXPHOS) by our group
and others, revealed alterations of the enzymatic activities
of several complexes but specifically that of the first and
largest complex, complex | (Co-l) in post-mortem brain
specimens and in peripheral blood cells of SZ patients(Ben-
Shachar and Karry, 2008; Haghighatfard et al., 2018; Karry
et al., 2004; Rollins et al., 2018).

The biosynthesis of heme (iron protoporphyrin IX), an
essential iron-containing molecule, is an important function
of the mitochondria (Ponka, 1999). The first and rate lim-
iting step in heme biosynthesis pathway, as well as the last
three steps, all take place in the mitochondria. Alterations
in heme have been shown to affect the mitochondria.
Both increase and decrease in heme levels were found to
corrupt mitochondrial membrane potential (Higdon et al.,
2012; Homedan et al., 2015). Though not fully understood,
association between heme and Co-l, generating ~40% of the
proton-motive force needed for ATP production, has been
suggested by two studies. A 52% decrease in Co-l activity
was reported in a heme deficient mouse model (Homedan
et al., 2014), and inhibition of Co-lI was associated with
decreased heme biosynthesis in Hela cells (Gielisch and
Meierhofer, 2015).

Traditionally, heme was believed to merely control oxy-
gen transfer. In the past few decades, however, heme was
shown to take part in intricate processes such as signal
transduction, assembly of protein complexes and regulation
of transcription and translation, all of which are necessary

for neuronal survival (Smith et al., 2011; Yang and Wang,
2010). One such example is regulation of protein synthesis
by phosphorylation of eukaryotic initiation factor 2-alpha
(elF2«) via the mediator enzyme heme regulated inhibitor
(HRI). HRI can bind four heme molecules; two structural
irreversibly bound to the N-terminus domain, and two that
reversibly bind at the C-terminus kinase insertion domain
(Chefalo et al., 1998; Chen and London, 1995). When
heme levels are low, the C-terminus domain is unoccupied
resulting in auto-phosphorylation of HRI, which in turn
phosphorylates elF2a o subunit at Ser-51. Phosphorylated
elF2a (PelFf2a) is inactive, hindering global translation
and therefore an indicator of cellular heme levels (Chefalo
et al., 1998). Heme has also been implicated in additional
intricate processes such as mitochondrial proteolysis (Tian
et al., 2011), acceleration of mRNA degradation (Cable
et al., 1996; Hamilton et al., 1991), control of ion channels
such as Ca’*-activated potassium channels (Tang et al.,
2003) and binding nuclear receptor transcription factors
such as Rev-erb o« and B (Raghuram et al., 2007), nuclear
receptors that function as transcription repressors.

Inappropriate heme metabolism has been linked to
several neuropsychiatric disorders. In the hippocampi of
Alzheimer’s disease (AD) patients, for example, heme was
found to binds intracellular amyloid B8 (AB), resulting in
reduced heme bioavailability and its functional deficiency
(Atamna and Frey, 2004). Heme Oxygenase-1 (HO-1), the
heme catabolic rate limiting enzyme, was found to be
overexpressed in the cerebral cortex and hippocampus of
individuals with AD (Barone et al., 2012; Smith et al., 1994),
the substantia nigra of Parkinson’s disease (PD) patients
(Schipper et al., 1998) and its mMRNA was overexpressed in
the prefrontal cortex of patients with SZ (Prabakaran et al.,
2004). These data suggest an increase in HO-1 activity
in the pathophysiology of several neuropsychiatric disor-
ders. Furthermore, neuroporphyria, a condition in which
heme levels are scarce, is characterized by psychiatric
manifestations several are similar to SZ such as psychosis,
hallucinations and paranoia as well as anxiety, insomnia and
depression (Anderson et al., 2001). As heme is associated
with both neuropsychiatric pathology and the mitochondria,
we hypothesize that alterations in Co-I may affect heme
metabolism in SZ.

2. Experimental procedures

2.1. Cell lines

Epstein-Barr Virus (EBV) transformed lymphocyte cell lines (LCLs)
were established as previously described (Bernacki et al., 2003).
Lymphocytes were obtained from DSM-1V diagnosed SZ patients
and healthy subjects with no history of psychiatric illness, verified
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by a structured review interview. SZ hospitalized patients (eight
men, seven women; average age 40.1+2.5 [+SEM], range 22-61
years) and control subjects (eight men, nine women; average
age 38.2 +£2.2 [+SEM], range 22-50 years) staff and students who
had no connection with the experimenters, were recruited from
the Beer-Sheva Mental Health Center. Out of theses cohorts nine
SZ derived LCLs (four men, five women; average age; 37.5+2.4
[£SEM], range 22-58 years) with significant mitochondria dysfunc-
tion and nine healthy subject derived LCLs (four men, five women;
average age; 36.0+2.1 [+SEM], range 22-50 years) were assessed
in this study. All subjects provided a written informed consent. The
study was approved by the Beer-Sheva Hospital Helsinki Committee
Internal Review Board. The EBV transformed lymphocytes were
obtained as a gift from the R. Ebstein group, Jerusalem Israel.

Transformed cells from 9 patient and 9 controls were grown for a
week before starting the experiments at 37 °C, with 5% CO, in RPMI-
1640 growth medium (Biological industries, Kibbutz Bet-Haemek,
Israel), supplemented with 16% European-grade fetal bovine
serum (FBS) (Biological industries, Kibbutz Bet-Haemek, Israel), 5%
penicillin-streptomycin and 5% L-glutamine (Gibco, Invitrogen, CA,
USA). The Co-l inhibitor rotenone (Sigma-Aldrich, St Louis, MO, USA)
dissolved in Dimethyl sulfoxide (DMSO) (Sigma Aldrich, Israel) was
applied at 10, 25, 50 and 100 nM final concentrations to four differ-
ent lines of healthy subject derived LCLs. DMSO concentration in all
samples was 0.5%. Equal amount of DMSO was added to control sam-
ples. Medium was replaced every 24 h for up to 72 h. Since rotenone
is known to retain in serum (Newhouse et al., 2004), 1% FBS
level was used after optimization of culturing conditions. Viability
of cells was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and was conducted with
four different dosages of rotenone (10 nM, 25 nM, 50 nM, 100 nM), in
the presence of four FBS concentrations (0%, 1%, 5% and 16%).

2.2. Poly I:C treated rat brains

Right brain hemispheres of adult rats (n=6/group), offspring of
mothers treated with polyinosinic:polycytidylic acid (poly I:C),
which activates their immune system, or with saline on gestational
day 15 were provided by the laboratory of I. Weiner, School of
Psychological Sciences, Tel Aviv University, Israel. Four SZ-related
brain areas: medial pre-frontal cortex [mPFC, coordinates from
bregma in mm: 3.7 - 2.2 anterior/posterior (AP); 0-1 lateral
(L); 3.5-5 ventral (V)], striatum [(STR; 1.7-(—0.4) AP; 1.0-3.7 L;
3.6-6.5 V)], ventral hippocampus [(VH; (—4.4)-(—5.5) AP; 3.5-5.8
L; (—6)-(—8.5) V)], dorsal hippocampus [(DH; (—2.3)-(—3.3) AP;
0.2-2 L; 2.2-3.5 V)] were incised with a sterile blade from frozen
brains, sectioned to reveal the brain region of interest by cryostat
(Leica, CM1850) and kept at —80 °C until use.

2.3. Total heme levels

Free Heme is readily oxidized, therefore oxidized heme levels in
the form of hemin (Fe3*) are used to assess intracellular heme
levels. Heme/hemin levels were assessed using a fluorescence
assay, as previously described (Sinclair et al., 2001). Briefly,
cells were collected and protein concentration was measured by
Bradford protein assay (Ernst and Zor, 2010) (BIO-RAD, Munchen,
Germany). Cells (5.g/ul protein) were re-suspended in 300 ul 2 M
oxalic acid, half of which was heated at 100 °C for 30 min (sample),
while the remaining half was left at room temperature and used
as a normalizing blank. To avoid crystallization of oxalic acid at
room temperature an equal volume of PBS was added to the blank
immediately and to the sample following heating. All samples
were centrifuged at 16,000 x g for 2min at room temperature and
absorbance was measured at 662 nm in the supernatant containing

protoporphyrin following excitation at 405 nm using Infinite® 200
PRO plate reader (TECAN, Mannedorf, Switzerland).

2.4. Isolation of mitochondria

Mitochondria were isolated from healthy and SZ derived LCLs
as previously described (Brenner-Lavie et al., 2009). Briefly,
cells (2-5 x 108) were centrifuged at room temperature and re-
suspended in ice cold Tris-sucrose-ethylenediaminetetraacetic
(EDTA) buffer (2.5ml, pH 7.4) containing Tris-HCl (10 mM), sucrose
(250mM), K-EDTA (1mM), and protease-phosphatase inhibitor
cocktails, (Complete™ protease inhibitor, Roche Diagnostics,
Mannheim, Germany and Phosphatase inhibitor cocktail | & II,
Sigma Aldrich, St. Louis, MO, USA). The following procedure was
performed at 4°C: cells were homogenized in cooled Dounce
glass-glass homogenizer (Kimble Kontes, Vineland, NJ, USA). Fol-
lowing centrifugation of homogenized cells, the upper (1000 x g)
mitochondria-containing supernatant was transferred to a new
tube and re-centrifuged at 12,000 x g. The pellet was suspended
in Tris-sucrose buffer supplemented with percoll (Sigma aldrich, Is-
rael) (23% v:v) and centrifuged at 10,000 x g. Lastly, the pellet was
washed with Tris-sucrose buffer by centrifugation at 12,000 x g.
Protein concentration was determined and the mitochondria were
kept at —80 °C until use.

2.5. Basal cellular respiration

To confirm that Co-l activity is inhibited by rotenone, Co-I
driven respiration was measured by the rate of O, consumption
(AOz wM/h) in intact cells. Cellular respiration was polarograph-
ically determined by the rate of cellular oxygen consumption
using a thermostatically controlled (37 °C) Clark oxygen electrode
(Strath-Kelvin Instrument, North Lanarkshire, Scotland) (Brenner-
Lavie et al., 2009). Cells (3-5 x 10%) were washed and suspended
in potassium-phosphate mannitol buffer (1 ml, pH 7.4) containing
mannitol (0.3M), KCl (10mM), MgCl, (5mM), KH,PO4 (10mM),
ATP (0.4mM) and bovine serum albumin (BSA) (0.25mg). Cell
membrane was permeabilized with digitonin (0.001%) to avoid the
interference of uptake mechanisms for each of the substrates. Co-I
induced respiration rates were assessed in the presence of Co-I
substrates glutamate (5 mM) and malate (1 mM).

2.6. Western blot

Samples were homogenized in Radio Immuno-Precipitation Assay
(RIPA) lysis buffer containing 150 mM NaCl, 50 mM Tris (pH 7.4), 1%
NP-40, 2mM EDTA, 0.1% SDS including protease and phosphatase
inhibitors described above, by a 1.5ml Dounce glass-glass homog-
enizer (Kimble Kontes, Vineland, NJ, USA) as previously described
(Yaniv et al., 2008). Protein concentration was measured by a
modified Bradford protein assay (BIO-RAD, Munchen, Germany).
60-100ug total protein was diluted 1:1 in SeeBlue electrophoresis
sample buffer (Invitrogen, Carlsbad, CA, USA). Protein samples
were separated on a 7.5, 10 or 14% SDS acrylamide gels and
transferred to a PVDF membrane using wet transfer system
(Amersham Biosciences, Piscataway, NJ, USA). Quality of transfer
was assayed by Ponceau staining (Sigma Aldrich, St. Louis, MO,
USA). Following blocking of nonspecific binding sites in 2-5% BSA,
membranes were incubated with primary antibodies and then with
corresponding secondary antibodies (Santa Cruz Biotechnology, CA,
USA) (Supplementary Table A). Membranes were developed with
ECL reagent (Amersham Biosciences, Buckinghamshire, UK) and ex-
posed to XLS Kodak film. Films were analyzed using a densitometer
(Vilber-Lourmat, France). B-actin, was used for normalization as
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it was not affected by treatments. In addition, a single batch of
protein was used as a positive internal control.

2.7. RNA extraction and qRT-PCR analysis

Total RNA was extracted with Tri Reagent (Sigma-Aldrich, St.
Louis, MO, USA) as previously described (Yaniv et al., 2008) and
spectrophotometrically analyzed for quantity and quality at 280,
230 and 260nm. RNA was reverse transcribed into first-strand
cDNA by using the verso cDNA synthesis kit (ABgene, Epsom,
UK). cDNA was amplified by real-time PCR (Stratgene Mx30000P),
in the presence of gene-specific primers designed according to
sequence obtained from Gene-Bank using Primer 3 software (http:
//primer3.sourceforge.net/) and SYBR green ROX mix (Thermo
Scientific, USA. (Supplementary Table 2). Each experimental set
included a control for cross comparison. Three reference genes,
GAPDH, 18S and B-Actin were studied. B-Actin showed the lowest
variance across treatments and therefore used for normalization.

2.8. Statistical analysis

Results were analyzed for normal distribution using the Kolmogorov-
Smirnov test. As all data showed normal distribution, analysis was
done by a two-sample T-test, two-way and one-way ANOVA fol-
lowed by LSD post-hoc test. Differences between groups were
considered significant if P <0.05. IBM SPSS software (version 23.0)
was used for statistical analyses.

3. Results

3.1. Cellular heme levels are decreased and
elF2« phosphorylation increased in SZ-derived
cells

All SZ-derived cell lines used in the present study showed
multifaceted impairments in their mitochondria including in
Co-l activity and its subunits’ expression (data not shown).
Cellular heme levels were significantly decreased in SZ de-
rived cell line as compared to controls (C: 159.3 + 14.4, SZ:
128.04+22.8 pmol/mg protein) (Fig 1A). Levels of its down-
stream target pelF2a/ elF2a, were significantly increased
in SZ- as compared to control-derived cell line (C: 0.91
+0.09, SZ: 2.25 +0.84 OD), with no change in basal elF2«
levels, suggesting a higher phosphorylation activity of the
heme dependent enzyme HRI, which phosphorylates elF2«
at low heme levels and thereby inhibits its activity (Fig 1B).

3.2. HO-1 levels are elevated, while
mitochondrial heme and ALAS1 levels show no
change in SZ-derived cells

To identify a possible cause for decreased heme levels
in SZ, levels of the two main rate-limiting enzymes in
heme metabolism were studies. Protein levels of HO-1,
the cytosolic heme catabolic rate-limiting enzyme, were
significantly higher in SZ compared to control cell line
(C: 0.62 +0.045, SZ: 0.98 +0.18 OD) (Fig 1C). HO-1 is
highly inducible and its regulation heavily relies on RNA
transcription (Choi and Alam, 1996). Concomitantly, HO-1

mRNA levels were 1.8-fold higher in SZ-derived LCLs com-
pared to control cell line (C: 6.7x107°+1.9x 107>, SZ:
1.2x107*43.1 x 107°) (Fig. 1D). Protein and mRNA levels
of ALAS1, the mitochondrial heme biosynthesis rate-limiting
enzyme, exhibited no change between SZ derived LCLs com-
pared to controls (Fig 1E and F). In line with the latter, no
change was observed in heme levels of isolated mitochon-
dria between the two cohorts (Fig. 1A), suggesting intact
synthesis and increased catabolism of heme in SZ cells.

3.3. Co-l inhibition is associated with altered
heme metabolism in healthy subjects-derived LCLs

Given that Co-l deficit is a major cause for mitochondrial
dysfunction in SZ (Ben-Shachar, 2016), we studied the ef-
fect of Co-l on heme metabolism by inhibiting Co-I activity
with rotenone in healthy subjects-derived LCLs. Following
optimization of rotenone treatment, the 100nM rotenone
was omitted due to toxicity. The lowest FBS concentration
with the highest viability was achieved at 1% FBS and used
in further experiments (Supplementary data and Fig. 1S5).

3.3.1. \Validation of Co-l inhibition by cellular
respiration

Analysis revealed a significant effect of both rotenone
dosage [F3,36) =77.5, P<0.001] and duration of treatment
[F2,3)=7.9, P<0.001] on O, consumption rates. Our
data showed a dosage-dependent declined in respiration
at all dosages. For example, following 24h of treatment
control: 6.6+0.87, 10nM: 2.54+0.47, 25nM: 1.9+0.35,
50nM: 1.22+0.19 AO; uM/h. A time dependent decrease
in respiration following rotenone administration between
24h and 72h, and between 48h and 72h following treat-
ment was also observed. For example, following 25nM
of rotenone (24h: 2.3+0.57, 48h: 2.184+0.45, 72h:
1.18+0.07 AO, wM/h). No statistically significant differ-
ence was observed in the respiration rates between the
three time points in the control groups (Fig. 2).

3.3.2. Total heme levels are altered following Co-I
inhibition

Cellular heme levels were affected by rotenone treatment
in a dosage and treatment duration dependent manner. A
significant main effect of dosage [F(323 =4.5, P<0.001]
duration [F;8 =18.5, P<0.001] and dosage*duration
interaction [F28 =12.9, P<0.001] was observed by two
way ANOVA . Heme levels significantly increased 24h
following 50 nM rotenone treatment as compared to both
control and 10nM (control: 136+2.0, 10nM:145+0.6,
50nM:177 £ 14.6 pmol/mg protein). Forty-eight hours
following rotenone treatment heme levels decreased
in a dosage-dependent manner in virtually all rotenone
dosages (control: 181+12.0, 10nM:155+11.0, 25nM:
111+9.7, 50nM:78 +£2.4pmol/mg protein). Although no
significant dosage dependent difference was witnessed at
72h following treatment, levels significantly decreased
in a time-dependent manner compared to 48h and 24h
following treatment (Fig. 3A).
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3.3.3. HO-1 and elFf2« phosphorylation are altered
following Co-I inhibition

HO-1 protein levels showed an overall increase, oppo-
site to the trend of change in heme levels, in rotenone
treated cells. Two way ANOVA revealed a significant effect
of dosage [F(324=2.99, P<0.005] and treatment duration
[F2,249=12.8, P<0.001]. Levels of HO-1 protein were sig-
nificantly increased following 50 nM rotenone treatment at
all time-points. For example following 48 h an increase in
HO1 protein level was observed in the 50 nM rotenone as
compared to control and 10nM (C: 0.618+0.135, 10 nM:

0.680+0.153, 50nM: 0.960+0.209 OD). Forty-eight hours
following treatment, levels of HO-1 were not significantly
affected by the duration of treatment. However, 72 h fol-
lowing treatment, levels of HO-1 exhibited a significant in-
crease compared to 24 h and 48 h following treatment (24 h:
0.662 +0.076, 48h: 0.960+0.209, 72 h: 1.325+0.157 OD)
(Fig. 3B). The increase in HO-1 protein level was ac-
companied by elevation in its transcript levels. Two-way
ANOVA revealed a significant effect of dosage [F3,12) =51,
P <0.001], treatment duration [F(; 1, =192, P<0.001],
and dosage*treatment duration interaction [F 1) =17,
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nificant increase in HO-1 mRNA level was observed in all controls (24h - C: 1.124+0.12, 50nM: 0.90+0.11 OD). No
rotenone treated cells compared to controls. Seventy-two significant difference was observed 48 h following rotenone
hours following treatment, HO-1 mRNA levels increased in administration. Seventy-two hours following rotenone
the 50 nM rotenone treated cells compared to controls (24 h treatment, however, a significant increase in elF2« phos-
- C:220.54+7.4, 10nM: 213 +£15.2, 25nM: 239422, 50 nM: phorylation was observed in the 50 nM condition compared
262+10.9 OD; 48h - C: 325.9 4+ 3.5, 10nM: 531 £ 62, 25 nM: to controls, 10nM and 25nM (C: 0.7 £0.08, 10 nM: 1+£0.03,
596 + 35, 50nM: 835+10.9 OD; 72h - C: 314+ 15, 10nM: 50nM: 1.6 +0.19 OD) (Fig. 3D).
241 £15.5, 25nM: 372+ 14.4, 50nM: 430+ 167 OD). Initial
time dependent elevation in HO-1 mRNA levels was wit-
nessed 48 h following rotenone administration compared to 3.4. Mitochondrial proteins are altered in Poly
24h (P<0.001), and a significant decrease was witnessed I:C-induced model of SZ
at 72 h as compared to 48 h following treatment. Neverthe-
less, HO-1 mRNA levels were still 29% elevated at 72h as The poly I:C induced maternal immunization activation
compared to 24h. For example, following 25nM treatment  (MIA) model is widely used to study SZ and related brain
24h: 239 +22, 48h: 596 + 68, 72h: 376 +40 OD (Fig. 3C). disorders (Bauman et al., 2014; Oh-Nishi et al., 2016;
The alterations in heme level due to Co-l inhibition  piontkewitz et al., 2012). In order to extend our findings
by rotenone were associated with opposite alterations in  heyond cell culture, mitochondrial dysfunction and heme
elF2« phosphorylation. Duration of rotenone treatment had  metabolism were assessed in the brains of Poly I:C treated

no effect on elF2a phosphorylation. Therefore, one-way  rats. First we validated that mitochondria is altered in brain
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Fig. 4 Alterations in mitochondrial related proteins in different brain regions of Poly I:C prenatally exposed offspring (quantifica-
tion and representative SDS-PAGE gels) A. mPFC - A significant reduction in protein levels of mitochondrial Co-I subunits NDUFV2
as well as mitochondrial pro-fission protein FIS1 and pro-fusion protein OPA1 was observed in poly-IC exposed offspring. *P < 0.048,
**P <0.05, ***P < 0.03. B. DH - A significant elevation in protein levels of NDUFV1, mitochondrial pro-fission proteins FIS1 and Drp1.
*P<0.018, **P <0.024, ***P <0.05. C. VH - A significant elevation in protein levels of NDUFV1 and FIS1 as well as a reduction
in Drp1. *P <0.05, **P <0.017, ***P <0.007. D. STR - A significant elevation in FIS1 was witnessed in Poly |:C exposed offspring.

*P < 0.05. Values are means + SEM, all done in duplicates.

by analyzing the mPFC, DH, VH, and STR, which have been
repeatedly reported to be involved in SZ (Harrison, 2004;
Meyer-Lindenberg et al., 2002; Pantelis et al., 1997). Im-
munoblotting analyses of these areas in the adult brains of
control and prenatally Poly I:C-exposed rats revealed that
the mPFC of Poly I:C-exposed offspring exhibits a signifi-
cant reduction in: (1) mitochondrial Co-l1 subunits NDUFV1
(C: 0.58+0.048, Poly I:C: 0.45+0.017 OD) and NDUFV2
(Control: 1.43+0.057, Poly I:C: 1.25+0.07 OD) (2) mito-
chondrial pro-fission protein FIS1 protein (C: 0.73 £0.04,
Poly I:C: 0.59+0.04 OD) and (3) mitochondrial profusion
protein OPA1 (C: 0.45+0.038, Poly I:C: 0.35+0.013 OD)
(Fig. 4A). Levels of NDUFV1 and FIS1 were significantly
elevated in both dorsal and ventral hippocampus (DH
and VH, respectively) of Poly-IC exposed offspring [DH -
(NDUFV1 - C: 0.26 +0.03, Poly I:C: 0.37 £0.03 OD and FIS1
- C: 0.75+0.017, Poly I:C: 1.19+0.21 OD); VH - (NDUFV1
- C: 0.76 £0.04, Poly I:C: 1.01+0.082 OD and FIS1 - C:
0.65+0.079, Poly I:C: 0.90+£0.077 OD). Levels of the pro-
fission protein DRP1 were significantly increased in the DH
(C: 0.38£0.02, Poly I:C: 0.67 +0.12 OD), but decreased in
the VH (C: 1.34+0.14, Poly 1:C: 0.79+0.05 OD) of Poly-IC
exposed offspring (Fig. 4B and C). In the striatum only FIS1
was significantly decreased in the Poly I:C-exposed offspring
(C: 0.80+0.058, Poly I:C: 1.02 +0.081 OD) (Fig. 4D).

3.5. HO-1 levels and elF2« activation are altered
in Poly I:C brains

Similar to our findings in the SZ derived LCLs and rotenone
treated cells cellular protein levels of HO-1 were signifi-

cantly increased in the mPFC and the DH of prenatally Poly
I:C exposed offspring compared to saline controls, while
levels of HO-1 in the VH and STR were unchanged [mPFC
- (C: 0.55+0.14, Poly I:C: 0.95+0.07 OD) and DH - (C:
0.18£0.02, Poly I:C: 0.38+£0.05 OD)] (Fig. 5A). Levels of
PelF2« /elF2a were significantly increased in the DH and
VH as expected, while surprisingly decreased in the mPFC
of Poly I:C treated offspring compared to controls [DH- C:
0.16 +£0.02, Poly I:C: 0.21+0.02 and VH- (C: 0.26 +0.03,
Poly I:C: 0.33 £0.04 OD)] (Fig. 5B).

4. Discussion

Mitochondrial dysfunction has been repeatedly reported in
SZ, and genetic, molecular and biochemical impairments in
Co-l are consistently reported in various brain and somatic
cells of SZ patients (Ben-Shachar et al., 1999; Bergman
and Ben-Shachar, 2016a, 2016b; Cavelier et al., 1995; Dror
et al., 2002; Gubert et al., 2013; Maurer et al., 2001;
Prince et al., 1999). A major obstacle in SZ research is the
limited accessibility of the brain. LCLs have been shown
to retain many SZ-related abnormalities including those of
the mitochondria and unlike fresh lymphocytes have been
suggested as a medication-free peripheral cell model for
SZ and other disorders (Gangadhar et al., 2004; Sei et al.,
2007; Washizuka et al., 2009). Therefore, SZ- derived LCLs,
which have repeatedly shown to have impaired Co-| activity
and reduced oxygen consumption rates (Robicsek et al.,
2018; Rosenfeld et al., 2011) were used in this study. It
was previously shown that EBV viral load and ATP levels
in LCLs used as covariates in gene expression analyses,
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duplicates. *P < 0.006, **P < 0.03.

can affect gene expression (Choy et al., 2008). We have
previously shown that there was no significant difference in
EBV viral load between our SZ and healthy subjects derived
LCLs (Rosenfeld et al., 2011). In addition, in contrast to
gene experiments in which every LCL is used once, we have
repeated each experiment several times and used different
LCLs, minimizing the effects of EBV viral load and ATP levels
on our outcomes. Here we show that the Col deficiency is as-
sociated with alterations in heme metabolism and signaling.
In the SZ-derived cell lines a 20% reduction in cellular heme
levels were observed, while its levels in SZ-derived isolated
mitochondria was similar to the control. Reduced cellular
heme is in complement with previous reports indicating
reduced heme levels in disorders exhibiting SZ-like sympto-
mology such as porphyria (Homedan et al., 2014) and Co-I
deficiencies (Gielisch and Meierhofer, 2015). Unchanged mi-
tochondrial heme is in line with unaltered protein and mRNA
levels of the mitochondrial heme synthesis rate-limiting

enzyme A-ALAS1 in SZ-derived cells and unaltered levels
and activity of complex IV (Ben-Shachar et al., 1999), which
contains two hemes, cytochrome a and a;. These data sug-
gest that heme biosynthesis pathway is unaffected, while
cytosolic heme metabolism is abnormal in SZ derived cells.
Indeed, elevated HO-1 protein and mRNA were witnessed,
suggesting increased heme degradation in these cells. It
was previously shown that selective overexpression of HO-1
in astrocytes of GFAP HMOX1 transgenic mice resulted in
subcortical mitochondrial autophagy and SZ-like behaviors
(Song et al., 2012). In contrast, it was reported that overex-
pression of HO1 protects the heart from oxidative injury by
regulating mitochondrial quality control, upregulating the
expression of genes involved in mitochondrial biogenesis
and fusion and downregulating those involved in fission (Hull
et al., 2016). Other showed that in cells, inhibition of HO1
prevents mitochondria associated protection by an antioxi-
dant (Duarte et al., 2018). In addition, a growing number of
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studies report alteration of HO-1 expression and activity in
neuropsychiatric disorders (Barone et al., 2012; Prabakaran
et al., 2004; Schipper et al., 1998; Smith et al., 1994). Taken
together, these findings suggest an intricate mechanism
underlying the reciprocal interaction between mitochondria
or Col and HO1 in general and in SZ in particular.

A decrease in heme levels enables the phosphorylation
of elF2a by HRI and thereby inhibition of elF2« activity.
Indeed, the relatively small change in cytosolic heme levels
in SZ cells showed downstream functional consequences
manifested by almost 50% elevation in the phosphoryla-
tion of elF2¢ in SZ-derived LCLs as compared to control,
complementing prior reports of reduction in global protein
translation in SZ (English et al., 2015). Nevertheless, the
exact mechanism responsible for elF2a phosphorylation is
yet to be determined. In mammals, four protein kinases
are known to phosphorylate elF2’s « subunit at Ser-51, one
of which is HRI (Bauer et al., 2001). At least dozen other
agents such as polyamines can also affect physphorylation
of elF2a (Landau et al., 2010). Unraveling the role of HRI in
elF2alpha phosphorylation in SZ cells, by direct measures of
HRI levels and phosphorylation and its inhibition or silencing
in Col deficient cells as well as the mechanism linking HRI
kinase and Col activities is currently under investigation.

In order to study whether there is a link between Co-I
deficits and alterations in cytosolic heme metabolism we
inhibited Co-I activity by rotenone. An initial increase (24 h)
with a later decrease (48h) in heme levels following Co-I
inhibition was observed, suggesting that impaired Co-I
activity affects heme metabolism, inducing an initial com-
pensatory mechanism that eventually fails. The decrease in
heme levels is in line with two previous studies indicating
a positive correlation between decrease in Co-1 activity and
levels of heme (Gielisch and Meierhofer, 2015; Homedan
et al., 2015). At the longest duration examined, 72 h, and
after repeated rotenone treatments, heme levels have
stabilized, and rotenone did not seem to elicit a further
effect on heme levels. This could be the result of the in-
duction of cell compensatory mechanism when heme level
reaches a certain threshold or a direct effect of rotenone
on heme metabolism, as rotenone is known to cause sec-
ondary impacts on cells such as apoptosis and ER stress,
both activating a number of different pathways (Han et al.,
2014; Newhouse et al., 2004). Alterations in heme levels
due to Co-l inhibition were associated with a significant
increase in HO-1 protein levels at all-time durations at the
highest rotenone dosage. HO-1 mRNA levels also increased
at highest rotenone dosage, but with a moderate increase
at the longest duration examined, 72 h. This lag between
HO-1 protein and mRNA could suggests that mRNA may not
necessarily correlate with protein levels of this enzyme
following long-term exposure to rotenone, in line with
reports of an overall ~40% correlation between mRNA and
protein expression (Vogel and Marcotte, 2012). The mech-
anism by which Co-l affects cytosolic heme metabolism is
still an open question. One possible mechanism is elevated
oxidative stress state due to impairment in Co-1, which is
a major site for superoxide production and if impaired, as
observed in SZ cells and in repeated exposure to rotenone,
can lead to reactive oxygen species (ROS) production and
lipid peroxidation (Barrientos and Moraes, 1999). HO-1 is
highly induced by elevate oxidative stress (Barone et al.,

2012; Choi and Alam, 1996) which can then lead to in-
creased degradation of heme. The reduction in heme due
to Co-l inhibition by rotenone was functionally manifested
by the opposite, yet with a time shift pattern of change in
elF2a phosphorylation similarly to our findings in SZ cells.

The reduction in heme levels in SZ cells, probably due to
increased HO-1 and its possible link to Co-l impairment, is
supported by our findings in brains of Poly I:C offspring of
mitochondrial impairments including that of Co-I, increased
protein levels of HO-1 and alterations of elF2« phospho-
rylation in a brain-area specific pattern. Mitochondrial
impairments were most severe in the mPFC, where virtually
all examined proteins, Co-l subunits NDUFV1, NDUFV2 and
the fission/fusion proteins FIS1 and OPA1, were decreased.
This is in line with previous reports of decreased NDUFV1,
NDUFV2 and OPA1 in the prefrontal cortex postmortem
specimens and in cells of SZ patients (Dror et al., 2002;
Rosenfeld et al., 2011). Changes in mitochondrial proteins
were also witnessed in the hippocampus, and to a lesser ex-
tent in the striatum of the Poly I:C offspring. These changes
in mitochondria add to previously reported reduction in
mPFC neurons of mitochondrial membrane potential (Avyp,),
to which Co-l is a major contributor, of ATP in mPFC neurons
and splenocytes of Poly-I:C offspring (Giulivi et al., 2013;
Robicsek et al., 2018) and in Poly-1:C transfected cell lines
(Chen et al., 2016). HO-1 protein levels were elevated in
the mPFC and DH of Poly I:C offspring, but not in the VH and
the striatum, while phosphorylation of elF2a was enhanced
in both VH and DH. The increase in HO-1 and PelF2«/elF2a
in the DH suggests a decrease in heme levels in this brain
area, since HO-1 catabolizes heme and deficiency in heme
is a known cause for elF2a phosphorylation. In the VH,
levels of HO-1 were not elevated but PelF2a/elF2a was
still increased. In the mPFC a decrease in PelF2a/elF2a
was witnessed in the of Poly I:C treated offspring despite
elevated levels of HO-1. A plausible explanation is that
additional factors that are unrelated to heme/HRI pathway
such as oxidative stress or other kinases affect phosphory-
lation of elF2« in these brain areas (Holcik and Sonenberg,
2005). Different susceptibility to an insult between brain
area are a common phenomenon and examples include
differences in VH and DH responsiveness to oxidative stress
specific (Steullet et al., 2010), elF2« phosphorylation in the
frontal cortex but not in the cerebellum in AD rat model
(Ma et al., 2013) and brain-area dependent pattern of
impairments in Co-l in SZ patients (Ben-Shachar and Karry,
2007). Interestingly, the only brain area that did not exhibit
altered heme metabolism is the striatum, the brain area in
which we did not find altered levels of Co-I subunits.

The current study demonstrates a link between heme
metabolism and mitochondrial Co-l, which deficits insti-
gate abnormalities in the metabolism of heme and its
downstream targets both in-vitro in patients and healthy
subjects derived LCLs and in-vivo in brains of SZ-rat model.
A further study of the link between heme metabolism
and mitochondrial Co-l, in postmortem brain specimens in
comparison with peripheral cells of patients, as well as in
Poly I:C rat model will further substantiate this link. The
mechanism by which Co-l abnormal activity induces deficit
in heme metabolism whether direct or indirect and the
prevalence and functional importance of this process in the
pathophysiology of SZ, is still an open question. Regardless,
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heme was shown to plays an important role in neuronal
functioning. It was shown that a decrease in neuronal
heme, suppresses NMDA receptor expression and instigates
neurite damage (Chernova et al., 2007, 2006) and that HO-1
enhances the expression of BDNF in dopaminergic neurons
and GDNF in glia cells both eminent to neuronal survival
(Hung et al., 2008; Mendoza et al., 2011). In addition,
heme depletion can induce apoptosis via the pro-apoptotic
JNK signaling pathway and suppressing of pro-survival Ras-
ERK1/2 signaling pathway (Sengupta et al., 2005). These
findings together with our data calls for a further study of
heme metabolism impairments and its consequence in SZ.
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