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Abstract

The endoplasmic reticulum stress response (ERSR) is activated in various neurodegenerative
diseases and/or after CNS traumatic injuries. The ERSR is comprised of three major arms, PERK,
IRE-1, and ATF6, with the latter two contributing to the unfolded protein response (UPR). PERK
activity overlaps with the integrated stress response (ISR) kinases, PKR, HRI and GCN2 which
all signal through, elF2a, ATF4 and CHOP. All initially attempt to restore ER homeostasis, but
if ER stress is unresolved, ATF4/CHOP-mediated cell death is initiated. Here, we investigate

the contribution of the inositol-requiring protein-1a (IRE1la)-X-box binding protein-1 (XBP1)-
mediated UPR signaling pathway to the pathogenesis of SCI. We demonstrate that deletion of
Xbp1 caused an exacerbated ATF4/CHOP signaling in cultured mouse oligodendrocyte (OL)
progenitor cells (MOPCs) and enhanced their sensitivity to ER stress. Similar effects were also
observed with the XbpI pathway inhibitor toyocamycin. Furthermore, OL lineage-specific loss
of Xbp1 resulted in enhanced ISR in mice that underwent moderate contusive SCI at the T9
level. Consistently, post-injury recovery of hindlimb locomotion and white matter sparing were
reduced in OL XbpI-deficient mice, that correlated with chronically relative density of OPCs and
OLs at the injury epicenter. We conclude that the IRE1-XBP1-mediated UPR signaling pathway
contributes to restoration of ER homeostasis in OLs and is necessary for enhanced white matter
sparing and functional recovery post-SCI.
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Introduction

Spinal cord injury (SCI) is a complex pathological condition that results in multiple
functional impairments both acutely and chronically (Ahuja et al., 2017; O’Shea et al.,
2017). Part of the functional loss after SCI is due to oligodendrocyte (OL) death and white
matter damage. Currently, there is no clinically effective treatment available to reduce
trauma-induced white matter injury after SCI. Therefore, identification of mechanisms
underlying OL death and white matter damage may result in novel molecular targets for
therapies to improve functional deficits after SCI.

The proteostasis network includes all the proteins necessary for protein synthesis, folding,
and degradation. Integral to proteostasis are the stress response pathways that include

the heat shock response (HSR), endoplasmic reticulum stress response (ERSR), integrated
stress response (ISR), and the unfolded protein response (UPR) (Labbaddia and Morimoto,
2015). The ERSR, ISR and UPR comprise overlapping signaling modules that respond to
a variety of stressors to initially attempt to restore cellular homeostasis and if unsuccessful,
initiate cell death (Fig. 1). The ISR is associated with transient phosphorylation of elF2a
(eukaryotic initiation factor 2a.) by 4 independent kinases (PERK, GCN2, PKR, HRI)
which results in inhibition of general protein synthesis, but increases translation of specific
stress-response MRNAS (Schroder et al., 2005; Ron et al., 2007).

The ERSR is an evolutionary conserved cellular mechanism that is activated in response

to insults that disrupt ER homeostasis (Schroder et al., 2008; Tabas and Ron, 2011). The
primary objective of the ERSR is restoration of ER homeostasis to ensure resumption of cell
functions and survival. However, the ERSR may also activate apoptosis if ER homeostasis
cannot be timely restored (Ron and Habener,1992). The ERSR has three signaling arms-
protein RNA (PKR)-like kinase (PERK), activating transcription factor-6 (ATF6) and
oligomerization-driven activation of the ER transmembrane ribonuclease, inositol-requiring
protein-la (IREla).

Phosphorylation of elF2a (pelF2a) results in a temporary block of general protein
synthesis to relieve the ER from synthesizing nascent proteins. Concomitantly, translation
of ERSR mediators is increased, including activating transcription factor-4 (ATF4). ATF4,
together with its downstream target and partner C/EBP (CCAAT enhancer binding protein)
homologous protein (CHOP), activates a gene expression program that promotes recovery
of protein synthesis but may also initiate apoptosis. Deletion of Chop (Saraswat Ohri et al.,
2011) or acute pharmacological enhancement of elF2a phosphorylation (Saraswat Ohri et
al., 2013) attenuated OL apoptosis, enhanced white matter sparing and improved functional
recovery after SCI.

The IRE1/XBP1 (X-box binding protein 1) and ATF6 signaling pathways make up the
UPR and regulate expression of various pro-homeostatic genes restoring normal function of
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the ER (Novoa et al., 2001). The UPR is initiated by proteolytic activation of ATF6 and
oligomerization-driven activation of IRE1la (Hetz and Papa, 2018). Constitutive deletion
of ATF6a modulated the ERSR and decreased OL survival in culture but did not affect
locomotor recovery after SCI (Saraswat Ohri et al., 2018). However, such findings do not
exclude pathogenic contributions by other UPR mediators such as ATF6-like proteins that
may participate in the UPR in a tissue- and cell type-specific manner or the principal UPR
effector of IREL, the transcription factor XBP1 (Hetz and Papa, 2018).

Upon activation, IRE1a removes an unconventional 26-nucleotide intron from X6pZ mRNA
resulting in spliced Xbp1 (Xbpl1s). That deletion shifts the open reading frame and enables
expression of stable and active XBP1 which stimulates the transcription of numerous UPR
effector genes (Yoshida et al., 2001; Hetz and Papa, 2018). Activation of both ATF6 and
XBP1 is required for full activation of the transcriptional arm of the UPR (Lee et al., 2002).
Xbpl1saccumulates in the injured spinal cord tissue in various SCI models (Aufenberg et
al., 2005; Penas et al., 2007; Valenzuela et al., 2012). Increased transcript levels of both
Xbpland Xbplsare also seen at the injury epicenter after both moderate and severe thoracic
contusive SCI (Saraswat Ohri et al., 2011; 2012). Interestingly, worsened or improved
hindlimb locomotor recovery was reported after a mouse thoracic hemisection SCI with
pan-neural cell deletion of XHp1 or neuronal/OL overexpression of Xbp1s, respectively
(Valenzuela et al., 2012). Here, we address the SCI-induced pathogenic significance of
XBP1 specifically in OLs. We inhibit the IRE1-XBP1 pathway /n vitro using cultured
oligodendrocyte precursor cells (OPCs) and /n vivo with OPC/OL-specific deletion of XppI
in mice that subsequently underwent moderate contusive SCI.

Materials and Methods

Animals

Animal procedures were performed according to the Public Health Service Policy on
Humane Care and Use of Laboratory Animals, Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National Research Council, 1996), with
the approval of the University of Louisville Institutional Animal Care and Use Committee
and the Institutional Biosafety Committee. Wild type C57BI/6 female mice (6-8 weeks)
were obtained from Envigo (Indianapolis, IN) and Plp-CrefR72 (proteolipid protein) mice
were acquired from Jackson laboratories [Plp-cre - B6.Cg-Tg (Plp1-Cre/ERT) 3Pop/J,
catalogue #5975]. Xbp1™" mice were a generous gift from Dr. Kirsten Sigrist at the Harvard
School of Public Health. Inducible transgenic mice were generated by crossing Xtp1%"
and Plp-CreFRT2 mice. Homozygosity was confirmed by genotyping. Tamoxifen was used to
restrict the expression of the transgene, Xbp1, primarily from myelinating OLs in the CNS
(Wight et al., 1993; Fuss et al., 2001). Pjp mRNA is expressed earlier than myelin basic
protein (Mbp) mRNA during development, beginning during embryonic life and at early
developmental stages of the OL lineage (Wight et al., 1993; Mallon et al., 2002). Tamoxifen
dosing: Plp-creFR72#/*: Xbp 1 mice were treated with tamoxifen (1 mg/day for 8 days, i.p.
injections) or its vehicle control (sunflower oil) as described (Saraswat Ohri et al., 2018).
Ten days after the last tamoxifen/vehicle injection, mice were subjected to SCI at T9 level
and analyzed at acute or chronic time-intervals as indicated.
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T9 Spinal Cord Injury

Mice were anesthetized by an intraperitoneal (IP) injection of 0.4 mg/g body weight
Avertin (2,2,2-tribromoethanol in 0.02 ml of 1.25% 2-methyl-2-butanol in saline, Sigma
Aldrich, St Louis, MO). Lacri-Lube ophthalmic ointment (Allergen, Irvine, CA) was used to
prevent drying of the eyes. Gentamycin (50 mg/kg; Boehringer Ingelheim, St. Joseph, MO)
was administered subcutaneously to reduce infection. A laminectomy was done at the T9
vertebrae and moderate contusion injuries (50 kdyn force/400-600 um displacement) were
performed using the IH impactor (Scheff et al., 2003; Infinite Horizons Inc., Lexington,
KY) as described previously (Saraswat Ohri et al., 2011). Sham animals only received

T9 laminectomy and were used as experimental controls. Post-surgery, mice received
subcutaneous injections of 1 cc of sterile saline and 0.1 cc of gentamycin on the day

of surgery and for the next consecutive six days. 0.1 cc buprenorphine was administered
subcutaneously on the day of surgery and twice/day for the next 2 days. Mice were placed
on a 37°C heating pad until full recovery from anesthesia. Postoperative care included
manual expression of bladders twice a day for 7-10 days or until spontaneous voiding
returned.

Behavioral Assessment

Open field Basso Mouse Scale (BMS) locomotor analyses were performed prior to injury for
each animal to determine the baseline scores and weekly for 6 weeks following SCI exactly
as described (Basso et al., 2006; Saraswat Ohri et al., 2011). All raters were trained by Dr.
Basso and colleagues at the Ohio State University and were blind to the animal treatment
groups.

Spared white matter

Six weeks post-SCl, vehicle- and tamoxifen-treated Plp-creFR72#/*: Xbp1™"" mice were
transcardially perfused with 4% paraformaldehyde (PFA) and PBS. Dissected spinal cords
were submerged in 4% PFA overnight at 4°C, cryoprotected in 30% sucrose for at least 3
days at 4°C, blocked and sectioned serially in 20 um coronal sections on a cryostat 1 cm
rostral and caudal to the injury epicenter. Sections were thaw mounted on microscope slides
and stored at —80°C until further use. To detect the extent of spared white matter at the
injury epicenter, iron eriochrome cyanine (EC) with an alkali differentiator (Stefanovic et al.,
2015) was used to stain myelin as previously described (Scheff et al., 2003; Magnuson et al.,
2005). It is an established standard technique that works both for rat and mice spinal cords
(Saraswat Ohri et al., 2011, 2013, 2018; Magnuson et al., 2005). Images were obtained using
a Nikon Eclipse Ti inverted microscope, and white matter was traced using Nikon Elements
software. A code was used to randomize the epicenter sections allowing for unbiased and
blinded quantification. The epicenter of each injury was identified visually based on the
section with the least amount of spared white matter. Data were normalized to average white
matter content in the intact portions of the spinal cord 1 mm caudal or rostral from the injury
epicenter.
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Immunohistochemistry

Transverse spinal cord sections were immunostained and imaged as previously described
(Saraswat Ohri et al., 2011; 2018). Primary antibodies used were APC (mouse, 1:200,
Calbiochem) and Olig2 (rabbit, 1:200, Millipore). Species- and isotype-specific secondary
antibodies were labeled with Alexa 488 or Alexa 647 (Life Technologies). Hoechst was used
to stain the nucleus (1:5,000). Negative controls included appropriate species-specific non-
immune Ig subtypes instead of primary antibodies. All images were captured with a Nikon
TE 300 inverted microscope equipped with a Spot CCD camera using identical exposure
settings. For all tissue assessments, images were photographed with a 10x objective and
stitched with Elements™ software during acquisition.

Confocal imaging was performed using an Olympus F\V1000 confocal microscope
(Olympus America, Central Valley, PA) equipped with 405, 488, 543, and 635 laser lines.
Representative confocal stacks (1 um step size) were captured at 60x magnification and
volume rendered using Amira software (Visualization Sciences Group, Burlington, MA).

Image Quantitation

Images were quantified as previously described with slight modifications (Lytle et al., 2007).
Cells from coded photomicrographs were counted by an observer blinded to experimental
conditions. A reticule of specified area (100x100 pm) was positioned in the ventral-lateral
portion of spared white matter, between the tips of the ventral horns (at distal locations) or
the border of the spared white matter and lesion (at the epicenter) and the outer perimeter

of spinal cord tissue. The area to be counted was identified at 10x and counted at 40x
magnification. This area was counted because it was free of lesion at all distances examined.
Previous studies indicate that the ventral and ventrolateral areas of the spinal cord are
involved in hindlimb function and sparing of these areas contributes greatly to functional
recovery (Noga et al., 1991; Loy et al., 2002; Schucht et al., 2002). Labeling was assessed

in ventrolateral white matter regions at the epicenter, 1 mm rostral and 1 mm caudal. Three
animals were included for each group. For each location, two sections were counted per
animal, on both left and right sides. Cells positive for each marker were counted from

every alternate box; cells were counted if they were fully contained within the box being
counted or touching the top and/or left side of the box. Following cell counts, the ratio of
Olig2*/Hoechst and CC1*/Olig2* was determined.

OPC isolation from mouse cortex

Mouse cortices were dissected from whole brains of wild type and Plp-CreFRT2+/%* - Xpp17/1
mice pups at postnatal day 5-7 (Dincman et al., 2012). Briefly, tissue was dissociated

using the Neural Tissue Dissociation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany)
based on the manufacturer’s instructions. OPC-A media was prepared by adding 2.1 g/L
NaHCO3 (Sigma Aldrich) to DMEM-F12 without HEPES (Invitrogen, Carlsbad, CA) and
was supplemented with N2 (1%), B27 (2%), Penicillin/Streptomycin (1%, Invitrogen), BSA
(0.01%, Sigma), 40 ng/ml FGF2 (Millipore, Billerica, MA), and 20 ng/ml PDGFa (Sigma
Aldrich). OPCs were enriched with O4 hybridoma (Developmental Studies Hybridoma
Bank, lowa City, IA) using magnetic cell sorting (MACS) with rat anti-mouse IgM magnetic
beads (10% in MACS Buffer). The average mOPC yield obtained was 8-10x10° cells/brain
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with a viability of 85-95%. 9,000—15,000 cells/cm? were seeded on a poly-D-lysine (PDL)/
laminin-coated 10 cm tissue culture dish, and incubated at 37°C, 5% CO, for maintenance.
Half media changes were performed every alternate day for 4-5 days until mOPCs reached
80-90% confluency. mOPCs were passaged with Accutase (Sigma) and seeded at a density
of ~ 3.9x10* cells/ cm? into PDL/laminin-coated plates and treated the next day for further
analysis. To obtain mature mOLs, passaged WT mOPCs were seeded in differentiation
media [DMEM/F12 (No HEPES), 1% N2, 2% B27, 1% P/S, 40 ng/ml T3, 1 ng/ml CNTF, 50
ug/ml insulin] (Dincman et al., 2012; Bankston et al., 2019) and treated on the third day as
described below.

Plp-creERT2#/%* - Xbp 1Ml derived mOPCs were seeded in 96-well plates and allowed to
settle for 4-5 hours. CreERT2-mediated deletion of Xhp was induced by treating the
mOPCs with vehicle or tamoxifen (1uM) for 16 hours. This treatment did not affect OPC
number (data not shown). mOPCs were then treated with experimental ER stress inducers,
tunicamycin (Tm: 0.025 ug/ml) or thapsigargin (Tg: 2 uM) for 24 hours. Tm blocks N-
linked glycosylation (Elbein 1981), while Tg is a non-competitive inhibitor of the ER Ca2*
ATPase (Rogers et al., 1995). Tm and Tg were dissolved in DMSO at concentrations based
on manufacturer’s instructions (Calbiochem). The working stock was then diluted in mOPC
media. DMSO alone diluted in mOPC media was used as the vehicle control. WT mOPCs
and mOLs were treated with various concentrations of toyocamycin (Ty) as indicated for
24 hours. Cell survival was assayed by measuring the conversion of tetrazolium, MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma Aldrich] to formazan
at a wavelength of 570 nm as previously described (Hetman et al., 1999).

Lactate Dehydrogenase (LDH) release

Samples of conditioned media were collected from Plp-creER72#/*:Xbp1™ -derived
mOPCs, cultured in 96 well plates and treated as detailed above. LDH release was
determined using the Pierce™ LDH Cytotoxicity Assay Kit (Life Technologies, Carlsbad,
CA\) based on the manufacturer’s recommendations.

RNA Extraction, Reverse Transcriptase PCR

Total RNA was extracted from treated mOPCs and SCI epicenter (5 mm) of vehicle-

and tamoxifen-treated Plp-creFR72#*:Xbp1™ mice using Trizol (Invitrogen) based on the
manufacturer’s instructions. RNA was quantified by UV spectroscopy and its integrity

was confirmed on an ethidium bromide stained formaldehyde agarose gel. cDNA was
synthesized with 1 g of total RNA using the High Capacity cDNA Synthesis Kit (Applied
Biosystems, Foster City, CA) in a 20 ul reaction volume. As controls, mixtures containing
all components except the reverse transcriptase enzyme were prepared and treated similarly.
All cDNAs and control reactions were diluted 10x with water before using as a template for
quantitative real time.
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Quantitative real time polymerase chain reaction (QPCR)

gPCR was performed on an ABI 7900HT Real-time PCR instrument (Applied

Biosystems). Briefly, diluted cDNAs were added to Tagman universal PCR master

mix (Applied Biosystems) and run in triplicate. Target and reference gene PCR
amplification was performed in separate tubes with the following Assay on Demand™
primers (Applied Biosystems): Aff4 (Mm00515324_m1), Atf6 (Mm01295325 m1),

Chop (Mm01135937_g1), Edern (Mm00551797_m1), ERdj4 (Mm01622956_s1), Gadd34
(Mm00492555_m1), Gfap (Mm00546086_m1), Grp78 (Mm01333323_g1), neuron-specific
enolase (NVse: MmM00468052_m1), Olig2 (MmQ01210556_m1), 7rib3 (Mm00454879 m1)
and XbpI1 (MmO00457359_m1). RNA levels were quantified using the AACT method.
Expression values obtained from triplicate runs of each cDNA sample were normalized

to triplicate values for Gapah (reference gene) from the same cDNA preparation. Transcript
levels were compared to their respective levels in sham controls and expressed as fold-
changes (Saraswat Ohri et al., 2018).

Xbp1 Splicing

For Xbplsand ERdj4 amplification, qRT-PCR was performed using RT2 Real-

Time SYBR Green Mix (SuperArray Bioscience Corporation) and Xbp1s (forward,
ggtctgctgagtccgeageagg; reverse, aggcttggtgtatacatgg), £raj4 (forward; gcaatgggagtcecttttgaa,;
reverse, cctggaagtgatgcctttgt) and 18s rRNA (forward, agtccctgecctttgtacaca; reverse,
cgatccgagggcctcact) (Herrema et al., 2016) primers. The AACT method was used for
quantification.

Western Blot Analyses

Protein lysates were prepared from treated mOPCs or 5 mm contused spinal cord tissue
isolated from sham and injury epicenter of WT and Plp-creER72+/* - Xp1™f mice at 24
hour post-injury in protein lysis solution (20 mM Tris, pH-6.8, 137 mM NacCl, 25 mM
B-glycerophosphate, 2 mM NaPPi, 2 mM EDTA, 1 mM NazVOy, 1% Triton X-100, 10%
glycerol, protease inhibitor, 0.5 mM DTT, 1 mM PMSF). The BCA kit (Pierce, Rockford,
IL) was used to quantify protein levels in the lysates. Equal concentrations of protein

were separated on SDS-PAGE gels and transferred to nitrocellulose membrane (Schleicher
& Schuell, Keene, NH) and processed as described previously (Saraswat Ohri et al.,
2018). Primary antibodies used were as follows: XBP1s (1:1000; Rbt; Cell Signaling),
pelF2a (1:1000; Rbt; Thermofischer), EIF2a (1:1000; Mse; Thermofischer), ATF6c (1:500;
Mse, Santa Cruz) and GAPDH (1:5000; Mse; Millipore). Precision plus protein standards
(Biorad) were used as loading markers.

Statistical Analyses

A repeated measures analyses of variance (ANOVA) with fixed effects and Bonferroni
post hoc t-test was performed to detect differences in BMS scores between vehicle-

and tamoxifen-treated Plp-creER72+/* - Xpp1™1 groups over the 6 week testing period.
Statistical analysis of gPCR and Western blot data was performed using independent t-test
for means with equal or unequal variances or repeated measures ANOVA (one- way or

Glia. Author manuscript; available in PMC 2022 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ohri et al. Page 8

two-way analysis of variance) followed by post-hoc Tukey HSD test. For all other analyses,
independent t-tests for means assuming equal variance were performed.

RESULTS

Conditional deletion of Xbp1 in OPC/OL results in enhanced cytotoxicity

We isolated mOPCs from OL-specific Plp-crefR72**: Xbp1™" mice to study the cell-
autonomous effects of Xbp1 deletion on OPC/OL survival in response to ER stress. To
confirm tamoxifen-induced Xbp1 deletion, gPCR analysis from vehicle- and tamoxifen-
treated mOPCs was performed. Data showed reduced, but not abolished, induction of Xbp1s
and its downstream targets, £ERadj4 and Edem (Lee et al., 2003) (Figure 2A), demonstrating
partial removal of Xbp1sfrom mOPCs. Such a partial effect was likely due to limited time
of tamoxifen induction that was used to avoid potential side effects of prolonged tamoxifen
treatment and/or relatively low expression of P/p-creéFR72in OPCs that is expected to
increase as they differentiate to OLs (Mallon et al., 2002). Note that Western blot analysis of
XBP1s protein levels paralleled those mRNA reductions (Figure 3A,B).

After 24 hours of treatment, the ER stress inducers Tm or Tg reduced mOPC viability
by at least 40%. Cell viability was further decreased by at least 20% in XbpI-depleted
mOPC cultures (Figure 2B). In such cells, increased LDH release further confirmed the
compromised survival of XbpI-deficient OPCs after exposure to ER stress (Figure 2C).

Targeted deletion of Xbp1 from OPC/OL results in enhanced ERSR

To elucidate the underlying mechanism of increased cell death due to reduced XbpZ levels,
we examined the activation of other arms of the ERSR in XbpI-depleted mOPCs. While
Western blot analysis confirmed a significant decrease in XBP1s levels in tamoxifen-treated
mOPCs under basal conditions, there was no change in ATF6c or pelF2a levels between the
two groups (Figure 3A,B). However, under Tm-induced ER stress, activated ATF6c¢ levels
were decreased in tamoxifen-treated mOPCs, suggesting that XBP1s levels may directly
regulate ATF6 in a positive feedback loop (Yoshida et al., 2009). In contrast, increased
pelF2a levels under Tm-induced ER stress remained unchanged in Xbp-depleted OPCs
(Figure 3A,B). Transcript levels of the ISR genes including Chop/Ddit3, Trib3, and Gadd34/
Pppliribaas well as the common ISR/UPR-regulated gene Grp78/Hspa5 were all increased
by Tm (p<0.001), and they were further elevated in ER- stressed XbpI-depleted OPCs
(tamoxifen-treated mOPCs; Figure 3C). In contrast, while transcript levels of the ERSR-
regulated genes Atf6and Atf4 were increased by Tm treatment, no further change was
observed in XbpI-depleted OPCs. Of note, Chop, Trib3or Gadd34 have been implicated

in cytotoxic responses to ER stress (Saraswat Ohri et al., 2011, 2013). Collectively, these
data indicate that in ER-stressed mOPCs, partial deficiency of the UPR-specific transcription
factor Xbp1sresults in an exacerbated activation of the ISR arm of the ERSR and reduces
survival.

Glia. Author manuscript; available in PMC 2022 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ohri et al. Page 9

Pharmacological inhibition of Xbp1 splicing is sufficient to activate the ISR and
compromise viability of mOPCs

Toyocamycin (Ty) inhibits the RNAse activity of IREla that is required for Xbp1 splicing
independent of ATF6 cleavage (Ri et al., 2012). Therefore, we used Ty to confirm that the
IRE1-XBP1 pathway supports proteostasis and survival of mOPCs. Treatment with Ty for 8
hours reduced baseline transcript levels of Xp1sand expression of its downstream targets,
ERdj4and Edem (Figure 4A,B). In addition, the pro-apoptotic ISR genes Chop and Gadd34
were upregulated, whereas the pro-homeostatic ISR/UPR gene Grp78was downregulated
(Figure 4B). Ty significantly reduced XBP1s protein levels but had no effects on ATF6¢ and
pelF2a protein levels under basal or stress conditions (Figure 4C,D). Finally, cell survival
assays showed a dose-dependent decline in both mOPC and differentiated mOL survival
after 24 hours of treatment with Ty (Figure 4E,F). Collectively, these data indicate that
IRE1/XBP1 signaling is critical for ER homeostasis and survival of mOPC and mOL under
basal culture conditions.

Modulation of SCl-associated ERSR by OL-specific deletion of Xbp1

To determine the functional contribution of the XBP1-driven UPR, in OPCs/OLs to the
pathogenesis of SCI, Plp-creFR72#/*:Xbp1™" mice were treated with tamoxifen (8 x 1 mg/
day, i.p. injections) or its vehicle control (sunflower oil) (Doerflinger et al., 2003; Saraswat
Ohri et al., 2018). Western blot confirmed reduced levels of XBP1s in the thoracic spinal
cord of tamoxifen-treated mice as determined at day 10 after completion of tamoxifen
(Figure 5A,B). Note that the residual XBP1 signal likely comes from other types of spinal
cord cells besides OLs. Consistent with this possibility, earlier work identified a ERSR
response acutely post-SCI in cells of all 3 neural lineages (neurons, oligodendrocytes, and
astrocytes) (Saraswat Ohri et al., 2011; 2013) and in endothelial cells acutely post-SCI
(Fassbender et al., 2012).

Ten days after completion of tamoxifen or vehicle treatment, Plp-crefR72#/+:Xpp 1™ mice
were subjected to a T9 moderate contusive SCI. At 72 hours post-SCI in vehicle-treated
mice, all MRNAs examined were significantly increased relative to respective sham controls
(black bars, Figure 5C). However, in tamoxifen-treated mice, X602 mRNA levels and its
downstream targets including £Rdj4 and Edem were significantly reduced (Figure 5C).

In contrast, OL-selective deletion of XbpI moderately enhanced the induction of the ISR
genes Chopand 7rib3 (20 and 30% increase, respectively). Induction of other ERSR genes
including Atf4, Grp78 or Gada34 was unaffected by Xbp1 depletion. In addition, OL
lineage-specific O/jg2 mRNA levels were significantly lower in tamoxifen-treated mice,
while neuronal (Nsg) and astrocytic (Gfap) mMRNAs were unchanged (Figure 5D). These
whole animal data are in line with primary cell culture data (Figure 3C) and suggest that
IRE1-XBP1-mediated UPR signaling plays a role in restoration of ER homeostasis and
OPCs/OL survival following SCI.

OL-specific deletion of Xbp1l impairs recovery of hindlimb locomotion after thoracic SCI

To understand the consequences of enhanced ERSR due to Xbp1s deletion from OLs after
SCI, Plp-creERT2+* . xpp 1™ mice were analyzed for hindlimb locomotor recovery using the
open field BMS scale (Basso et al., 2006). As no baseline BMS difference was observed
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between these groups at 10 days after completion of tamoxifen treatment, the locomotor
circuitry appears to function normally despite an OL lineage-specific deficit of XbpI (data
not shown). Hence, at least a short term impairment of the IRE1-XBP1 UPR pathway in
OLs does not compromise white matter function.

All mice underwent SCI after completion of vehicle or tamoxifen treatment and BMS was
evaluated initially on day 3 and 7 post-SClI, and then weekly until week 6. Impact force and
displacement of the contusive injuries were not significantly different between groups (data
not shown). In the vehicle group, the average BMS score increased from 3.08 at day 3 to
5.33 at day 21 (week 3) and stayed at a similar level through day 42 (Figure 6A). Recovery
of hindlimb locomotion was impaired in the tamoxifen group with significantly lower BMS
scores at days 28, 35, and 42 (Figure 6A). The average BMS for the vehicle group was
5.33 with most mice recovering plantar stepping (BMS score of 5 or above). However, the
average BMS of the tamoxifen group was 4.31 and only 2 out of 7 mice reached a score of
5. Therefore, OL-specific deletion of XbpZ impaired recovery of hindlimb locomotion after
SCI.

Improved functional recovery correlates with increased spared white matter and OL-specific
MRNA transcript levels at 6 weeks post-SCI suggesting reduced OL loss (Saraswat Ohri et
al., 2011, 2013; Myers et al, 2018). To determine whether the impaired recovery of hindlimb
locomotion in the tamoxifen group is due to an increase in SCl-associated white matter loss,
spinal cords were collected from all animals after completion of BMS analysis at week 6
post-SCI and analyzed for epicenter spared white matter. We focused on the white matter as
in thoracic contusive SCI, white matter loss, and not neuronal loss, is the principal driver of
impaired hindlimb locomotion (Basso et al., 1996; Hadi et al., 2000; Magnuson et al., 2005).
Consistent with lower BMS scores, tamoxifen-treated mice had less spared white matter

as compared to vehicle-treated mice (15.73% + 3.35% vs. 22.52% + 2.30%), respectively

as normalized to average white matter content in the intact portions of the spinal cord 1

mm rostral from the injury epicenter (Figure 6B-D). To elucidate the possible underlying
cellular mechanism for greater white matter loss in XpI-deficient mice, relative content

of OL lineage cells was determined at 6 weeks post-SCI. Tamoxifen-treated mice showed

a 30-50% reduction in Olig2* cells at the injury epicenter or 1 mm rostrally respectively,
indicating enhanced loss of OL lineage cells (Figure 7A,B,D). Lower ratio of CC1*/Olig2*
cells at the epicenter in tamoxifen-treated P/p-creFR72*/*:Xbp1™" mice suggests greater
loss of mature OLs as expected from higher expression of Plp-CreFR7Zin those cells
(Figure 7A,B,D). Alternatively, reduced OL replacement may account for those effects if
Xbp1is most critical for survival of newly born, differentiating OLs. Collectively, these
findings indicate that the IRE1-XBP1 arm of the UPR supports survival and homeostasis of
OPC/OLs after SCI and promotes recovery of locomotion by limiting white matter loss.

DISCUSSION

There is substantial functional overlap between the 3 arms of the ERSR as well as
considerable compensation when one arm is genetically or pharmacologically deleted or
inhibited. Adamson et al (2016) demonstrated both unique and overlapping gene expression
programs for the 3 signaling arms of the ERSR, with PERK predominantly unique and IRE1

Glia. Author manuscript; available in PMC 2022 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ohri et al.

Page 11

and ATF6 showing some functional redundancy. However, IRE1 was the main driver of
UPR responses to ER stress. Shoulders et al (2013) showed both divergent and overlapping
gene expression programs initiated by Xbplsand Aff6 mRNA overexpression. Using a gene
deletion, loss of function approach, Lee et al (2003) also showed partially overlapping and
redundant activities of XBP1 and ATF6. That in current studies, ATF6 could not compensate
for the loss of XBP-1 signaling to prevent OPC/OL survival, either /n vitroor in vivo, is
consistent with these data.

Results suggest that the IRE1a-XBP1 arm of the UPR contributes to OL survival and
locomotor recovery after thoracic SCI. Deletion of Xbp1 in OPCs/OLs resulted in an
attenuation of the XBP1-driven UPR and an apparent increase of maladaptive ISR both

in primary mOPC cultures under ER stress and injured mouse spinal cords. Such changes
were followed by increased cell death under pharmacologically-induced ER stress or greater
white matter loss and reduced locomotor recovery after SCI. These observations are in

good agreement with previously reported effects of pan-neural cell deletion of XbpZina
hemisection model of SCI. In that study, nestin promoter-driven cre recombinase mediated
neuronal-, astrocytic- and oligodendrocytic deletion of Xbp worsened locomotor recovery
following T12-hemisection (Valenzuela et al., 2012). The extent of locomotor deficit
appeared earlier and was more robust than that reported here. As we used an OL/OPC-
specific cre driver, it is likely that these differences are due to additional pro-homeostatic
contributions of the IRE1-XBP1-mediated UPR in neural cell types other than the OL
lineage. While neuronal loss is expected to have limited impact on hindlimb locomotion
after thoracic SCI (Hadi et al., 2000), astrocyte loss is documented in various SCI models
and reactive astrocyte ablation has negative effects on tissue sparing and locomotor recovery
(Faulkner et al., 2004). Hence, the UPR in astrocytes may also play a significant role in
recovery from SCI.

Although the P/p-Cre driver used in our study has highest expression in mature OLs, it

is also expressed at later OPC stages (Wight et al., 1993; Mallon et al., 2002). Therefore,
there is a possibility that besides death of mature OLs, PJp-CreER72-driven deletion of Xbp1
could compromise the remyelination potential after SCI by promoting death or perturbing
OPC differentiation. However, as remyelination of the damaged white matter is limited and
remyelination inhibition has minimal effect on SCI outcome (Tripathi and McTigue, 2007;
Duncan et al., 2018), such a possibility is unlikely. Therefore, OPC/OL XbpI~~-mediated
enhancement of early post-SCI reduction of the OPC/OL marker OligZ2, and the expected
cellular specificity of the KO all argue for potentiation of SCl-induced OL death as a main
driver of KO effects on white matter pathology and locomotor recovery.

As the loss of function approach used here demonstrates X6pI contributions to OL defenses
against SCl-associated ER stress, one could also consider a possibility that XbpZI gain of
function may promote OL survival and white matter protection after SCI. Consistent with
this possibility, local overexpression of XBP1s in spinal cord neurons and oligodendrocytes
enhanced locomotor recovery after T12-hemisection SCI (Valenzuela et al., 2012). Similarly,
overexpression of XBP1s protected mouse retinal ganglion cells from axon injury-induced
death or autoimmune optic neuritis that modeled multiple sclerosis (Hu et al., 2012;

Huang et al., 2017). Whether similar cytoprotective effects could also be achieved in SCI-
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challenged glia remains to be investigated. If that is the case, the sufficiency of Xbp1to
protect neurons, as well as its demonstrated ability to promote axonal regeneration (Onate
et al., 2016), would suggest that XBP1 activation could be a pleiotropic target to improve
functional outcomes after other types of SCI and at lumbar and cervical levels where
neuronal death is paramount to loss of function.

Consistent with consequences of partial XHpI deletion, our data indicate that
pharmacological inhibition of the XBP1 activator IRE1 by toyocamycin has negative effects
on mOPC and mature mOL survival. Such findings suggest that in cultured OPCs/OLs,
Xbp1is the main downstream effector of IRE1, as seen in transformed cell lines (Adamson
et al., 2016; Shoulders et al., 2013, Lee et al., 2003). However, it remains to be seen
whether that is also the case in mature OLs that respond to SCI in vivo. Interestingly,
besides activating XbpI to promote pro-survival UPR, IRE1 also contributes to ER stress-
associated cytotoxicity (Hetz and Papa, 2018) upon prolonged IRE1 activation when ER
stress homeostasis cannot be restored. The cytotoxic activity of IRE1 may be mediated

by IRE1-driven activation of the pro-apoptotic MAP kinase JNK and/or appearance of an
IRE1 RNase activity that degrades ER associated mRNAs and switches off the UPR (Hetz
and Papa, 2018). An intriguing possibility emerges that increased ER stress toxicity in
XBP1-deficient cells is, in fact, mediated by IRE1 that loses its pro-survival effector while
still interacting with cytotoxic effectors. Future studies are needed to determine the exact
role of IRE1 in SCI pathogenesis.

Collectively, present findings demonstrate that the OL IRE1-XBP1-mediated UPR is a
defense mechanism against ER stress and the resulting white matter injury after thoracic
contusive SCI. When activity of that pathway is compromised, enhanced cytotoxicity is
likely due to hyperactivation of the pro-apoptotic arm of the ISR. Hence, one can wonder
whether the XBP1-driven UPR plays a similar role in other pathologies that are associated
with ERSR-driven loss of the white matter OLs including MS or Pelizaeus-Merzbacher
disease (Lin and Popko, 2009). In addition, therapeutic activation of the XBP1-mediated
UPR in OLs appears as an interesting possibility to improve outcome of SCI and other
ERSR-associated white matter pathologies.
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The IRE1a-XBP1-mediated UPR signaling pathway contributes to restoration of ER
homeostasis in oligodendrocytes and thereby limits white matter loss and promotes

locomotor recovery post-SCI.
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Figure 1: Schematic depicting the ER stressresponse signaling pathway after SCI.
Traumatic SCI initiates a cascade of cytotoxic events including starvation, oxidative stress

and ER stress. A number of protective mechanisms are initiated to maintain cellular
homeostasis, that include the integrated stress response (ISR) and the unfolded protein
response (UPR). The ERSR initiates PERK-, IRE1-, and ATF6-dependent responses. We
define the ISR as encompassing all of the four kinases that phosphorylate elF2a (PERK,
GCNZ2, HRI and PKR) and the UPR containing its master regulators (IRE1 and ATF6).
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Figure 2: Deletion of Xbpl potentiates ERSR toxicity in primary mOPCs.
Plp-creFRT2#/* . Xpp 1M mice-derived mOPCs were pretreated with vehicle (Veh) or

tamoxifen (Tx) to delete XbpI and then treated with tunicamycin (Tm) or thapsigargin (Tg)
to induce ER stress. A, Total RNA was isolated after 8 hours (h) of Tm and Tg treatment
and analyzed for Xbp1s, ERaj4and Edem transcript levels as indicated. mMRNA levels
(normalized to Gapdh) were expressed as fold changes compared to levels in the respective
control cells. B,C Xbp1 deletion enhanced ER stress-mediated decreases in viable mOPC
number (as evaluated by MTT assay, B) and ER stress-induced cell death (as evaluated by
LDH release, C) after 24 hours of Tm and Tg treatment. Data are the mean + SD, (n =4,
**p<0.01, ***p<0.001; Tx vs. \eh).
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Figure 3: Deletion of Xbplin OPCS/OL s enhancesthe pro-apoptotic signaling of the ISR arm of
the ERSR.

Plp-creFRT2#/* . Xpp 1M mice-derived mOPCs were pretreated with vehicle (Veh) or
tamoxifen (Tx) to delete X6pZ and then treated with tunicamycin (Tm) to induce ER stress
for 8 hours (h). A, Representative Western blots show the activation status of the principal
mediators of ERSR (XBP1s, ATF6c, pelF2a). Both under basal conditions and ER stress,
moderately reduced levels of XBP1s were observed in X4p1~~ mOPC cultures. ER stress
associated activation of ATF6 cleavage (ATF6c) was reduced while S51 phosphorylation
of elF2a (pelF2a) was unaffected by partial loss of XBP1. B, Quantification of multiple
Western blots as in A. C, ER stress-mediated induction of several ISR-response genes is
enhanced in X4pZ™”~ mOPCs. mRNA levels (normalized to Gapalh) were expressed as fold
changes compared with mRNA levels in control cells (vehicle or tamoxifen), respectively.
Data represent means + SD (n = 4, *p<0.05, **p<0.01, ***p<0.001). In C, for all mMRNAs
quantified, Tm was significantly greater (p<0.01) than control cells.
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Figure 4: Pharmacological inhibition of Xbpl splicing inducesthe ISR and is cytotoxicin mOPCs

in the absence of additional ER stressinducers.

A,B Total RNA from WT mOPCs treated with or without toyocamycin (Ty; 0.05 uM) for
8 hours is analyzed by qPCR as indicated. Transcript levels were normalized to Gapdhand
expressed as fold changes compared to levels in vehicle control cells. C, Representative

Western blots of protein lysates of mOPCs treated with Ty for 8

hours are analyzed for

pelF2a,, ATF6c and XBP1s in the absence or presence of tunicamycin (Tm). D, Quantitation
of multiple, independent Western blots as in C. E, MTT assay shows a dose-dependent

Glia. Author manuscript; available in PMC 2022 March 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ohri et al.

Page 21

decrease in viability of Ty-treated mOPC (black bars) and mature mOL (grey bars) for 24
hours. F, Representative phase contrast micrographs depict declining density of OPC and
OL cultures that were exposed to Ty for 24 hours. Numerous shrunk, apoptotic-like cells
are present in Ty-treated cultures (arrowheads). Data are means = SD (n = 4, **p<0.01,
***n<0.001; Ty vs. Veh, Tm+Ty vs. Tm).
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Figure 5: OL-specific deletion of XBP1 attenuates SCl-associated induction of UPR genes while
moder ately enhancing activation of ISR genes.

Plp-creFRT2#* . Xpp 1M mice were treated with tamoxifen (Tx) or vehicle (Veh) for 8 days.
After 10 days, some mice were sacrificed to collect spinal cord tissue to confirm deletion of
Xbpl. A, Representative Western blot shows reduced XBP1s protein levels after conditional
deletion of Xbp1. B, Quantification of multiple Western blots as in A. Other mice underwent
SCI and injury epicenters were collected at 72 hours post-SCI. C, D, Effects of OL-specific
deletion of XbHp1 on expression of selected ERSR transcripts (C) and neural cell-specific
MRNAs (D). Transcript levels were normalized to Gapdh and expressed as fold changes
compared with levels in sham controls (vehicle or tamoxifen), respectively, post-SCI. Data
in B-D are the mean + SD (n =3, *p<0.05, **p<0.01, ***p<0.001; Tx vs. \eh). In C, for

all mRNAs quantified, vehicle-treated samples were significantly greater (p<0.01) than sham
controls.
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Figure 6: OL-specific deletion of Xbpl impairsrecovery of hindlimb locomotion and white
matter sparing after SCI.

A, Open field BMS locomotor analyses performed weekly for vehicle- and tamoxifen-
treated Plp-crefRT2#+: Xbp 1™ mice reveal a significant decrease in locomotor recovery in
the latter group. B,C Representative transverse histological sections stained with eriochrome
cyanine (EC) from the injury epicenter of Plp-creFR72*/*:Xbp 1" mice treated with (B)
vehicle or (C) tamoxifen to identify myelin. D, Quantitative analysis of EC-stained sections
of tamoxifen-treated mice show a significant reduction (6.8% = 3.3%) in spared white
matter compared to vehicle-treated mice. Data are the mean + SD (n = 7/group, *p<0.05).
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Figure 7: Xbpl- deficient mice show increased OL lineage cell loss at 6 weeks post-SCl.
Transverse sections (20 um) were immunostained and imaged under identical conditions.

Representative images of vehicle- (A) and tamoxifen- (B) treated Plp-creFR72+/* Xpp1™
mice show colocalization (A,B) and quantitation of Olig2*/Hoechst and CC1*/Olig2* (D)
cells. Arrows indicate individual colocalized cells. C, Representative confocal image of
co-localized CC1*/Olig2*/Hoechst cells that are identified in the xz and yz planes in the

merged image. Magnification bar = 15 pm (C), Data (n=3/group) are the mean * SD.

(**p<0.01).
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