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Abstract

The immune system plays a critical and complex role in the pathobiology of spinal cord injury (SCI), exerting both
beneficial and detrimental effects. Increasing evidence suggests that there are injury level-dependent differences in the
immune response to SCI. Patients with traumatic SCI have elevated levels of circulating autoantibodies against com-
ponents of the central nervous system, but the role of these antibodies in SCI outcomes remains unknown. In rodent
models of mid-thoracic SCI, antibody-mediated autoimmunity appears to be detrimental to recovery. However, whether
autoantibodies against the spinal cord are generated following cervical SCI (¢SCI), the most common level of injury in
humans, remains undetermined. To address this knowledge gap, we investigated the antibody responses following ¢SCI in
a rat model of injury. We found increased immunoglobulin G (IgG) and IgM antibodies in the spinal cord in the subacute
phase of injury (2 weeks), but not in more chronic phases (10 and 20 weeks). At 2 weeks post-cSCI, antibodies were
detected at the injury epicenter and co-localized with the astroglial scar and neurons of the ventral horn. These increased
levels of antibodies corresponded with enhanced activation of immune responses in the spleen. Higher counts of antibody-
secreting cells were observed in the spleen of injured rats. Further, increased levels of secreted IgG antibodies and
enhanced proliferation of T-cells in splenocyte cultures from injured rats were found. These findings suggest the potential
development of autoantibody responses following cSCI in the rat. The impact of the post-traumatic antibody responses on
functional outcomes of ¢SCI is a critical topic that requires further investigation.
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Introduction

MOUNTING EVIDENCE INDICATES that the pathobiology of
spinal cord injury (SCI) is in part determined by the injury
level; thus, it seems intuitive that therapeutic interventions should
be designed to take into account level-specific mechanisms.' De-
spite advances in medical, surgical, and rehabilitation approaches,
there is a major need for effective neuroprotective or neuror-
egenerative treatment options to enhance functional recovery fol-
lowing SCI. In the U.S. alone, more than 1 million individuals are
estimated to suffer from the effects of SCI, the majority of whom
are affected at the cervical level. > With the increased incidence of
SCI due to falls in the elderly, the number of injured persons
awaiting treatment is anticipated to rise.*

The immune system plays a pivotal role following SCI and the
key pathways could be harnessed for the development of effective
treatments.” Although cervical SCI (cSCI) is the predominant level

of injury seen clinically, research on the important immune-related
mechanisms underlying the pathophysiology of SCI at this level
has been limited. Delineating these mechanisms in ¢SCI is crucial
for the creation of clinically relevant immune-based interventions.®

Recent evidence has suggested that autoantibodies—
immunoglobulins acting against components of the spinal cord—
may be important factors in the pathophysiology of SCI. Higher
levels of serum autoantibodies against myelin basic protein (MBP)
and GM-1 gangliosides are observed in patients with SCL”*®
Moreover, SCI patients exhibit increased expression of the B-cell
activating factor of the tumor necrosis factor family, a
proliferation-inducing ligand and B-cell maturation antigen in pe-
ripheral blood mononuclear cells, which are associated with
autoantibody-mediated pathologies.® Despite the evidence for the
existence of autoantibodies in spinal cord—injured patients, their
role in recovery after SCI in humans is unknown. Of note, mice
lacking B-cells were shown to have improved outcomes following
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mid-thoracic SCI, suggesting that autoantibodies are pathogen-
ic.'®'" In addition, the effects of antibody-mediated autoimmunity
after SCI may be systemic, as SCI induces autoantibodies not only
against the spinal cord, but also against systemic antigens.'

However, as humoral immunity is dysregulated in an injury
level-dependent fashion following SCIL'*'% it is important to
know whether changes in humoral immunity after cSCI impact the
development of autoantibodies. In this study we investigated the
antibody response after cSCI by addressing three main aims: 1) to
determine the duration of antibody deposition in the spinal cord
during the subacute and chronic phases, compared with sham; 2) to
identify prominent cell types targeted by antibodies in the lesioned
spinal cord; and 3) to characterize the peripheral antibody immune
responses in the spleen, which is one of the organs responsible for
the generation of immunoglobulins. Our results demonstrate sig-
nificant accumulation of antibodies in the injured spinal cord and
their co-localization with astrocytes and neurons. These phenom-
ena, which were seen in parallel with enhanced antibody responses
in the spleen, were limited in the subacute phase of injury.
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Methods

Animals and surgical procedure

A total of 141 adult female Wistar rats were used for this study
(Charles River; 8 weeks old, 250-300 g). All protocols for animal
handling and treatments were applied in accordance with the
standards of the Animal Use Committee of the University Health
Network. All surgical procedures were performed under anesthesia
using 2% isoflurane delivered in a 1:1 mixture of oxygen and ni-
trous oxide. Sham animals underwent C7-T1 laminectomy, leaving
the exposed spinal cord intact. The injured group received a clip
compression injury for 60 sec using a 35 g modified aneurysm clip,
which was applied extradurally at the C7-T1 level, as previously
established (Fig. 1A).'® Muscles were sutured and the skin was
closed with Michel wound clips. All animals were given a subcu-
taneous injection of 1 mL buprenorphine (0.05mg/kg) and 5mL
saline immediately post-surgery and twice a day for 2 days after
surgery. After the injury or laminectomy, the animals were kept in
the animal facility of the Krembil Research Institute where food
and water were provided ab libitum. Manual bladder expression
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FIG. 1.

Summary of experimental approach. (A) Clip compression injury model at the C7-T1 level. From left to right representative

images of: 1) a modified aneurism clip used to impact the spinal cord; 2) clip compression injury of the spinal cord; 3) a spinal cord after
laminectomy (Sham) and after clip compression (SCI). Note the bruising of the spinal cord created immediately after clip injury. (B) Table
summarizing the time-points post-SCI studied and the experimental approaches taken for the characterization of the antibody responses
after cervical SCI. SCI, spinal cord injury; WB, Western blot; IF, immunofluorescence; CSF, cerebrospinal fluid; ELISA, enzyme-linked
immunosorbent assay; I[HC, immunohistochemistry. Pictures of panel (A) are courtesy of Dr. Rakhi Sharma and Jared Wilcox. Color image

is available online at www.liebertpub.com/neu
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was performed three times a day. Animals that showed signs of
infection were excluded from the study. Animals were sacrificed at
2 (subacute phase), 10 (early chronic phase), and 20 (later chronic
phase) weeks post-injury.

Animal sacrifice and tissue collection

At the experimental end-points of the study, animals were deeply
anesthetized using isoflurane, and blood was collected by cardiac
puncture prior to transcardial perfusion. The animals were perfused
with either phosphate-buffered saline (PBS) alone, or PBS followed
by 4% paraformaldehyde (PFA) in PBS, in order to collect fresh or
fixed tissues, respectively. Prior to sacrifice, animal body weights
were recorded. Figure 1B provides an overview of the experiments
conducted and the time-points assessed in the present study.

Western blot semi-quantification of IgG and IgM
immunoglobulins in the spinal cord

Levels of immunoglobulin G (IgG) and IgM immunoglobulins in
spinal cord protein lysates were assessed at 2, 10, and 20 weeks post-
SCI by Western blotting. Five (5) mm long spinal cord segments
centered at the injury epicenter were isolated from PBS only-
perfused animals, snap frozen, and stored in —80°C until all samples
were collected for the study. Then, spinal cords were crushed man-
ually and further homogenized in radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease inhibitors, according to
the manufacturer’s instructions (Thermo Scientific), using a small
motorized homogenizer. Total protein concentration of the clear
supernatant was determined by bicinchoninic acid (BCA) assay,
based on a bovine serum albumin (BSA) standard curve, according to
the manufacturer’s instructions (Thermo Scientific). Samples were
aliquoted for each experiment to avoid repetitive freeze-thawing and
stored at —80°C. Protein extracts (10 ug/sample, four samples/
group), purified rat IgG (0.05 ug; Sigma) and purified rat IgM
(0.02 pg; Invitrogen) were resolved in a 10% sodium dodecyl sulfate
(SDS)-acrylamide gel and subsequently transferred to a poly-
vinylidene fluoride membrane for 2h at 100V without SDS. Mem-
branes were blocked for 1h at room temperature with 5% nonfat
milk in 0.1% Tween 20-Tris-buffered saline (TBS). Next, the
membranes were blotted with horseradish peroxidase (HRP)-
conjugated anti-rat IgG (1:10,000; Thermo Scientific) or anti-rat IgM
(1:5000; Thermo Scientific) antibodies for 2 h at room temperature.
Membranes were exposed to film, then washed and re-blotted with
anti-mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
antibody (1:20,000; Abcam) for 30 min at room temperature and
next with goat anti-mouse HRP antibody (1:20,000; Sigma) for an-
other 30 min at room temperature, followed by another exposure to
film. ImageJ software (National Institutes of Health) was used to
quantify the protein bands using the appropriate plugin.

Assessment of endogenous antibody deposition
in the spinal cord at 2 weeks post-cSCI
by immunofluorescence microscopy

Spinal cords from rats perfused with 4% PFA were post-fixed
overnight in 10% sucrose (in 4% PFA-PBS) and cryo-protected in
20% sucrose in PBS, also overnight. A 2-cm long segment of spinal
cord centered at the injury epicenter was embedded in OCT Tek
embedding matrix in dry ice and transverse sections of 30 um were
taken on glass slides and stored at —80°C until used for staining.
Sections were dried at room temperature (20 min), rehydrated once
with PBS (10 min) and subsequently blocked with 5% donkey serum
(DS) +1% BSA +0.3% Triton X-100 in PBS for 1h at room tem-
perature. Primary goat anti-rat [gM antibody (1:100, Invitrogen) was
incubated overnight at 4°C, followed by fluorescent-tagged sec-
ondary antibody (Alexa Fluor 488, 1:200; Life Technologies) and
4’ ,6-diamidino-2-phenylindole (DAPI; 1:400), also overnight at 4°C.
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Next, sections were blocked with 5% goat serum (GS) +1% BSA
+0.3% Triton X-100 in PBS for 1h and stained with fluorescent-
conjugated anti-rat IgG antibody (Alexa Fluor 568, 1:150; Life
Technologies) for 2h at room temperature. Sections were washed
four times with PBS between staining steps. Slides were cover-
slipped with Mowiol mounting medium (Sigma). To avoid staining
variability, all samples were stained at the same time.

Samples were selected randomly for imaging and images were
acquired as close together as possible. For this assessment, a Nikon
Eclipse E800 epifluorescence microscope at 10X magnification
was used. For the detection of IgM deposits, the threshold of the
image acquisition equipment was set up such that the signal from
the control staining (secondary antibody alone) was zero; for IgG
(for which a directly fluorescent-tagged antibody was used), the
threshold was set such that the brightest sections (injury epicenter)
were not overexposed yet signal from the least bright sections could
still be detected. As a result, we determined 2000 msec to be the
optimum exposure time for imaging of IgG and IgM—a time short
enough to avoid over-saturation and over-quenching of the sam-
ples. All settings were kept constant during imaging. The intensity
of the detected fluorescence, excluding the signal from the dura,
was measured with the appropriate plugin in ImageJ software and
assessed under identical conditions. As a positive control for IgG
and IgM immunoglobulin staining, 30-um thick rat spleen sections
were stained using the same protocol as for the spinal cord.

Competition assay

To exclude the possibility of non-specific IgM staining in injured
spinal cord sections, we stained adjacent sections with the secondary
fluorescent-tagged antibody only. Because we used a directly conju-
gated anti-rat IgG antibody for the detection of rat IgG in the spinal
cord, we could not perform a secondary-only control experiment. Thus,
to confirm specificity of the fluorescent-tagged anti-rat IgG antibody in
spinal cord sections, we performed a competition assay with purified
polyclonal rat IgG and protein lysate from injured or sham spinal cord
at 2 weeks after injury. A random injured spinal cord sample at 2 weeks
post-SCI containing the injury epicenter was selected for this assay.
Sections were blocked with 5% DS +1% BSA +0.3% Triton X-100 in
PBS for 1h at room temperature. Nuclear staining with DAPI (1:400)
was done overnight at 4°C, after which sections were washed four
times with PBS. Sections were then blocked with 5% GS +1% BSA
+0.3% Triton X-100 for 1 h at room temperature.

For the competition assay, the anti-rat IgG detection antibody
(Alexa Fluor 568, 1:150; Life Technologies) was pre-incubated with
53.3 times molar excess of either purified rat IgG (Sigma) or spinal
cord protein lysate prior to staining the spinal cord sections. The pre-
incubation was done for 1h at room temperature using low-binding
tubes to minimize binding of antibodies on the tube. The 53.3 times
molar ratio excess was selected because this was the highest possible
concentration we could use, given the total protein concentration of
our spinal cord protein samples. To calculate the molarity of the
spinal cord protein lysate, we used 50 kDa as the protein’s average
molecular weight. This was determined by multiplying the aver-
age length of eukaryotic proteins (449 +25 amino acids)'® by the
average amino acid weight (110 Da). Binding of the fluorescent
anti-rat [gG-detecting antibody to the spinal cord sections was done
at room temperature for 2h, after which the slides were washed,
mounted, and cover-slipped. Images were taken with a Leica epi-
fluorescence microscope at 10X magnification and fluorescence
intensity was determined with ImagelJ, as described above.

Immunofluorescence staining for GFAP, CSPG,
NF200, 19G, and IgM in the spinal cord
at 2 weeks post-cSCI

To detect binding of endogenous immunoglobulins to astrocytes
and neurons at 2 weeks post-cSCI, we stained spinal cord sections
for rat glial fibrillary acidic protein (GFAP), chondroitin sulfate
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proteoglycans (CSPG), or neurofilament-200 (NF200), and co-
labeled for rat IgG and IgM.

For co-labeling with IgG + GFAP, sections were blocked with 5%
DS +1% BSA +0.3% Triton X-100 in PBS for 1h at room tem-
perature, and incubated with anti-GFAP antibody (1:500; Millipore),
overnight at 4°C. After washing, sections were blocked with 5% GS
+1% BSA +0.3% Triton X-100 for 1h at room temperature and
incubated with fluorescent-tagged secondary antibody (Alexa Fluor
488, 1:200; Life Technologies) and DAPI (1:400) overnight at 4°C.
Lastly, fluorescent-tagged anti-rat IgG antibody (Alexa Fluor 568,
1:150; Life Technologies) was applied for 2 h at room temperature.

For co-labeling with IgM + GFAP, sections were blocked with 5%
DS +1% BSA +0.3% Triton X-100 in PBS for 1h at room temper-
ature, and incubated with anti-rat IgM (1:100; Invitrogen) overnight
at 4°C, followed by fluorescent-tagged secondary antibody (Alexa
Fluor 488, 1:200; Life Technologies) and DAPI (1:400), also over-
night at 4°C. Next, sections were incubated with anti-GFAP antibody
(1:500; Millipore) overnight at 4°C, re-blocked with 5% GS +1%
BSA +0.3% Triton X-100 for 1 h at room temperature, and incubated
with fluorescent-tagged secondary antibody (Alexa Fluor 568, 1:200;
Life Technologies), washed, and cover-slipped.

For co-labeling with IgG + IgM + GFAP or IgG + IgM + CSPG,
sections were blocked with 5% DS +1% BSA +0.3% Triton X-100
in PBS and incubated with anti-rat IgM (1:100, Invitrogen) over-
night at 4°C, followed by fluorescent-tagged secondary antibody
(Alexa Fluor 488, 1:200; Life Technologies) as described above.
Then, anti-GFAP or anti-CSPG antibody (mouse anti-CSPG,
1:200; Sigma) was applied overnight, followed by re-blocking with
5% GS +1% BSA +0.3% Triton X-100 in PBS for 1h at room
temperature. Secondary antibody (Alexa Fluor 647, 1:200; Life
Technologies) and DAPI (1:400) were applied overnight at 4°C.
Lastly, fluorescent anti-rat IgG antibody was incubated for 2h at
room temperature as described above, and sections were cover-
slipped and stored in —20°C until imaged.

For co-labeling with IgG + NF200, sections were blocked with
5% DS +1% BSA +0.3% Triton X-100 in PBS and incubated with
anti-rat NF200 antibody (1:200; Sigma) overnight at 4°C. After
washing, tissue sections were blocked with 5% GS +1% BSA
+0.3% Triton X-100 for 1h at room temperature and incubated
with fluorescent-tagged secondary antibody (Alexa Fluor 488,
1:200; Life Technologies) and DAPI (1:400) overnight at 4°C.
Lastly, fluorescent-tagged anti-rat IgG antibody (Alexa Fluor 568,
1:150; Life Technologies) was applied for 2 h at room temperature.

For co-labeling with IgG + CD45RA + GFAP, spinal cord sec-
tions containing the injury epicenter were blocked with 5% DS +1%
BSA +0.3% Triton X-100 in PBS and incubated overnight at 4°C
with anti-rat CD45RA (1:200; BD Biosciences), blocked with 5%
GS +1% BSA +0.3% Triton X-100 in PBS and incubated with
secondary antibody (Alexa Fluor 488, 1:400; Life Technologies) for
2 h at room temperature. Following washes, sections were incubated
with anti-GFAP primary antibody (1:500; Millipore) overnight at
4°C followed by a re-blocking step with 5% GS +1% BSA +0.3%
Triton X-100 in PBS and incubation with a secondary antibody
overnight at 4°C as mentioned above. Last, anti-rat IgG antibody and
DAPI were added for 2 h at room temperature. Spleen sections were
used as a positive control for the IgG + CD45RA staining.

Imaging settings were set based on sections where the primary
antibody for IgM, NF200, GFAP, or CSPG was omitted, such that
the signal from the secondary-only stained sections was zero. Low-
power images (10X ) were taken with a Nikon Eclipse E800 epi-
fluorescence microscope, whereas high-power confocal images
were taken with a LSM 510 Meta microscope.

Assessment of binding of serum IgG and IgM
antibodies to fixed astrocytes in vitro

To confirm that binding of immunoglobulins to astrocytes in the
lesioned spinal cord is specific rather than a result of sequestra-
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tion,'® rat astrocytes were fixed in culture and incubated with serum
from rats with cSCI or laminectomy only (sham) at 2 weeks post-
injury, and binding of IgG and IgM was determined microscopi-
cally. Rat primary cortical astrocytes (Gibco) were cultured in
Dulbecco’s modified Eagle’s medium F12 (DMEM-F12; Gibco)
containing 100 U/mL penicillin, 100 ug/mL streptomycin (Gibco)
and 10% fetal bovine serum (FBS) in 10 cm? dishes at 37°C and 5%
CO; until they were 80% confluent. The cells were then split and
seeded at 25,000 cells/well in a 24-well plate on top of 12 mm glass
cover-slips. The astrocytes were then grown in serum-free DMEM
for 5 days, fixed with 4% PFA in PBS for 10 min at room tem-
perature, and washed twice with PBS. Fixed astrocytes were
blocked with 5% DS +1% BSA +0.3% Triton X-100 in PBS for 1 h
at room temperature. Next, 10% of rat serum from animals with
¢SCI or sham injury was incubated in duplicate with astrocytes for
2h at room temperature. The same protocol described above for
IgG + IgM + GFAP staining was applied. Images from three ran-
dom fields were taken at 20 X magnification, and intensity of de-
tected fluorescence was quantified with ImagelJ. The obtained
values were averaged for each serum sample and then averaged
between the samples of the same group (n=>5/group).

Immunohistochemical detection of splenic IgG+
and IgM+ ASCs

Frequencies of splenic antibody secreting cells (ASCs) increase
with age.?® Thus, to determine changes of IgG and IgM ASCs in the
spleen in the course of 20 weeks, we included age-matched control
groups (naive) for all time-points of this assessment.

Four (4) um thick formalin-fixed, paraffin-embedded sections
were de-waxed in five changes of xylene and treated with a graded
series of alcohols. Heat-induced epitope retrieval (HIER) method
with Tris-ethylenediaminetetraacetic acid (EDTA) buffer at pH 9.0
was applied. Endogenous peroxidase and biotin activities were
blocked using 3% hydrogen peroxide and avidin/biotin blocking kit
(Vector Laboratories), respectively. For detection of IgM+ ASCs,
sections were blocked for 10min with 10% normal GS. Subse-
quently, they were incubated with the primary antibody (1:500;
Rockland) for 1h at room temperature. This was followed by a
biotin-labeled secondary antibody (Vector Laboratories) for 30 min
and HRP-conjugated ultra-streptavidin labeling reagent (ID Labs.
Inc., Canada) for 30 min. After washing well in TBS, color devel-
opment was completed with freshly prepared 3,3’-diaminobenzidine
(DAB) solution (Dako). For detection of IgG+ ASCs, sections were
blocked as above, then incubated with HRP-conjugated anti-rat IgG
antibody (1:50; Thermo Scientific) overnight at 4°C, and followed
by color development using freshly prepared DAB solution. Fi-
nally, IgG and IgM stained sections were counterstained lightly
with Mayer’s Hematoxylin, dehydrated in alcohols, cleared in
xylene and mounted in Permount mounting medium (Fisher).

To quantify the number of IgG+ and IgM+ ASCs, we counted
IgG+ or IgM+ positive cells with typical ASC characteristics (small,
round cells with very intense IgG or IgM cytoplasmic staining) in 10
randomly selected consecutive fields (0.785 mm>). Technically
suboptimal fields were skipped. All positive cells in each appropriate
field were counted. These assessments were conducted by an expe-
rienced pathologist (author E.E.T.) who was blinded to the groups of
the study.

Detection of immunoglobulins in CSF

To examine whether parenchymal immunoglobulins derive from
intrathecal synthesis, we measured levels of immunoglobulins in
cerebrospinal fluid (CSF) of rats with SCI or sham injury at 2 weeks
by enzyme-linked immunosorbent assay (ELISA). Aliquots of
50 uL. CSF were collected through lumbar puncture at the L3-L4
level as previously described.>' ELISA kits (Abcam) were used for
the quantification of IgG and IgM immunoglobulins following
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manufacturer’s instructions. Prism (Graph Pad) was used to inter-
polate the unknown concentrations from the standard curves.

Flow cytometric analysis of the frequency
of splenic T- and B-lymphocytes

Immediately after PBS perfusion, spleens (n=6/group) were
dissected, transferred in 2% FBS in PBS and mechanically disso-
ciated through a 70-um nylon mesh strainer. Red blood cells were
lysed (0.1 mM EDTA, 10 mM KHCO3, 150 mM NH,C]I) for 5 min
at room temperature, and samples were centrifuged at 2000 rpm for
5 min. The pelleted cells were washed with 2% FBS in PBS. The
number of viable cells was quantified with trypan blue and 106
viable cells/ tube were incubated with the FcyR blocker (Innovex)
for 20 min on ice. Next, the samples were stained with fixable
viability dye eFluor 780 (1:1000; Life Technologies) for 20 min
at 4°C and subsequently with CD45-FITC (leukocytes; BD
Biosciences), CD3-PE (T- lymphocytes; BD Biosciences) and
CD45RA-V450 (B-lymphocytes; BD Biosciences). An LSR II flow
cytometer was used for data acquisition, where at least 10,000
events of viable cells were collected. FlowJo V10 (Trestar) was
used for data analysis and gating of positive populations was per-
formed based on appropriate isotype-matched antibody controls
(all from BD Biosciences).

Preparation of injured spinal cord homogenates
for in vitro stimulation of splenocytes

Five (5) mm long spinal cord segments centered at the injury
epicenter were aseptically isolated from PBS-only perfused ani-
mals, snap frozen, and stored in —80°C until all spinal cord samples
were collected for this assay. Spinal cords were fully thawed at
room temperature and snap frozen again to allow for one freeze-
thaw cycle and to facilitate cell lysis. Subsequently, samples were
crushed manually and further homogenized in ddH,O without
protease inhibitors by using a Dounce homogenizer (VWR Inter-
national). The samples were spun down at 12,200 rpm for 20 min at
4°C. All the above steps were performed under aseptic conditions
and great effort was made to process samples on ice in order to
maintain protein integrity, given that a protease inhibitor was not
used. The clear supernatant was collected and its total protein
concentration was determined by BCA assay, based on a BSA
standard curve, according to the manufacturer’s instructions
(Thermo Scientific). Samples were aliquoted for each experiment
to avoid repetitive freeze-thawing and stored at —80°C until used.

With this protocol, we aimed for the total protein extraction with
H,O to be as successful as the extraction with RIPA. To determine
this, we extracted proteins from the spinal cord using the estab-
lished RIPA (+inhibitors) extraction protocol as described above.
Next, 40 ug of total spinal cord protein (extracted with H,O or
RIPA) were run in a 12% SDS-acrylamide gel under reducing
conditions. The gel was then stained with Coomasie blue and
similarity of stained bands between the two extraction methods was
visually determined (data not shown). Thus, the H,O method was
selected over RIPA to avoid any effects that RIPA (+inhibitors)
may have for the in vitro stimulation protocol.

Detection of immunoglobulins secreted
by stimulated splenocytes in vitro

Spleens (n=4/group) from PBS-perfused rats were harvested
under aseptic conditions and transferred in complete RPMI me-
dium (10% heat inactivated FBS, 55 mM f-mercaptoethanol, 1M
HEPES, 200mM L-glutamine, and 100U/mL penicillin-
streptomycin solution in RPMI 1640 medium). Single cell suspen-
sions were prepared by mechanical dissociation through a 70-yum
nylon mesh cell strainer and red blood cells were lysed as described
above. Next, 250,000 cells/well were allocated in a sterile round
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bottom 96-well plate and stimulated in vitro. Pooled protein extract
(n=3/group) from the spinal cord of injured rats at 2, 10, and 20
weeks post-cSCI, respectively, was added (100 ug/mL) into cul-
tures of sham- or SCI-derived splenocytes from the matching time-
point. All conditions were performed in duplicate. For each sample,
two wells that did not receive any stimulation served as negative
controls. After 3 days in culture, supernatants were collected and
stored at —80°C.

To determine levels of secreted IgG and IgM immunoglobulins
by stimulated splenocytes in vitro, a sandwich ELISA was devel-
oped in-house. ELISA plates were coated with 2 ug/mL of rabbit
anti-rat IgG or goat anti-rat IgM antibody (both from Abcam)
overnight at 4°C. Plates were washed once with PBS and blocked
with 4% GS in PBS for 2h at room temperature. Culture super-
natants were diluted 1:10 and 1:5 for detection of IgG and IgM
immunoglobulins, respectively. These dilutions were chosen be-
cause detection values of all samples fell within the linear range of
the standard curve. For the standard curve, polyclonal rat IgG
(Sigma) and monoclonal rat [gM (Invitrogen) antibodies of known
concentrations were used in serial dilutions, covering the range of
1 ug/mL-0.03 ng/mL. Samples and standards were run in duplicate.
The supernatants and the purified immunoglobulins were incubated
for 4 h at room temperature. Following washes with 0.05% Tween
20-PBS, HRP-tagged anti-rat IgG or anti-rat IgM detecting anti-
body (1:1000; Thermo Scientific) was added for 30 min at room
temperature. Plates were washed and developed with ultra-fast
TMB substrate solution (Thermo Scientific) and neutralized with
2M Sulfuric Acid (Sigma). Lastly, absorbance at 450 nm was
measured with an ELISA plate reader. The concentrations of IgG
and IgM in samples were interpolated from the standard curve to
which a 4PL nonlinear curve fit was applied using the Prism (Graph
Pad) software. For each sample, the concentration of immuno-
globulins under stimulation was normalized to the concentration of
immunoglobulins detected in cultures under no stimulation. SPSS
Statistics (IBM) was used for statistical analysis.

Assessment of splenic T-cell activation against
injured spinal cord homogenate in vitro

Splenic activation against homogenate from the injured spinal
cord was assessed based on T-cell proliferation. Fresh spleens
(n=4/group) were harvested under aseptic conditions and trans-
ferred in complete RPMI medium (10% heat inactivated FBS,
55 mM f-mercaptoethanol, | M HEPES, 200 mM L-glutamine, and
100 U/mL penicillin-streptomycin solution in RPMI 1640 medi-
um). Single-cell suspensions were prepared by mechanical disso-
ciation and red blood cells were lysed as described above. Cells
were subsequently washed in 1% BSA in PBS and labeled with
10 uM of carboxylfluorescein succinimidyl ester (CFSE) according
to the manufacturer’s instructions (eBioscience). Next, 250,000
cells/well were allocated into a sterile round bottom 96-well plate
and stimulated in vitro: Homogenate (100 ug/mL)—pooled from
the spinal cord of injured rats (n=3/group) at 2, 10, and 20 weeks
post-cSCI—was added to cultures of sham- or SCI- derived sple-
nocytes from the matching time-point. As a positive control for T-
cell proliferation, samples were stimulated with the potent T-cell
mitogen concanavalin A (ConA) (lug/mL, Sigma). For each
sample, a negative control was prepared where no antigen was
added to the culture. All conditions were performed in duplicate.
Cells were cultured at 37°C for 3 days. Next, they were washed in
flow cytometry buffer (2% FBS in PBS) and incubated with FcyR
blocker (Innovex) for 20 min on ice. The samples were then stained
for 20 min at 4°C with fixable viability dye eFluor 780 (1:1000; Life
Technologies) according to the manufacturer’s instructions and
subsequently with CD3-PE (T- lymphocytes; BD Biosciences) for
30min at 4°C. An LSR II flow cytometer was used for data ac-
quisition, where at least 10,000 events of viable cells were col-
lected. T-cell proliferation was assessed with the FlowJo V7 plugin
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for cell proliferation. Division index, which refers to the number of
divisions each cell in the culture has undergone, was the parameter
used to evaluate T-cell proliferation (www.flowjo.com/v6/html/
proliferation.html). For this analysis, the signal from matched non-
stimulated samples was used as a baseline.

Detection of spleen germinal centers

Four (4) um thick formalin-fixed, paraffin-embedded sections
were de-waxed in five changes of xylene and treated with a graded
series of alcohols. HIER method with Tris-EDTA buffer at pH 9.0
was applied. Endogenous peroxidase was blocked using 3% hy-
drogen peroxide. Rabbit anti- B-cell lymphoma 6 (Bcl-6) antibody
(1:1000; Santa Cruz) was applied overnight at 4°C. An anti-rabbit
IgG ImmPRESS polymer system (Vector Laboratories) was used
for detection, following manufacturer’s instructions. Color devel-
opment was completed with freshly prepared DAB solution (Dako).
Last, sections were counterstained lightly with Mayer’s Hema-
toxylin, dehydrated in alcohols, cleared in xylene and mounted in
Permount mounting medium (Fisher).

Quantification of serum IgG and IgM antibodies
against spinal cord lysate

Blood was collected by cardiac puncture in deeply anaesthetized
animals and allowed to clot for 30 min at room temperature.
Samples were centrifuged at 2000 rpm for 10 min and serum was
collected and stored in —80°C until used for ELISA. ELISA plates
were coated overnight at 4°C with 10 ug/mL of pooled (n=3) naive
spinal cord lysate in PBS. Plates were then washed once with PBS
and blocked with 1% BSA-PBS for 2 h at room temperature. Serum
was diluted at 1:50 and incubated for 4h at room temperature.
Binding of IgG and IgM antibodies was determined by HRP con-
jugated anti-rat IgG and IgM antibodies and quantification was
done based on respective standard curves as described above.

Detection of IgG and IgM antibody levels in serum

To determine total levels of IgG and IgM immunoglobulins, we
used our in-house ELISA protocol as described above, with the
difference that here serum samples were diluted 1: 50,000 and
1:1,000,000 for the detection of IgM and IgG immunoglobulins,
respectively. Each sample was assessed in duplicate. Concentration
of IgG and IgM was determined based on the respective standard
curves as described.

Statistical analysis

SPSS Statistics (IBM) was used for statistical analysis of all
results. Data that met the criteria for parametric statistical analysis
were subjected to means tests (independent 7-test for two groups or
analysis of variance [ANOVA] for more than two groups of sam-
ples, with Bonferroni post hoc test where appropriate). Non-
parametric statistical analysis was performed for non-parametric
data (Mann-Whitney for two groups and Kruskal Wallis for more
than two groups). Where necessary, variance-stabilizing transfor-
mations were used to meet the requirements for parametric statis-
tical analysis. The significance level of all analyses was set to
p<0.05. Data are presented as mean * standard error of the mean
(SEM).

Results

Higher levels of IgG and IgM immunoglobulins
are detected in the lesioned spinal cord
at 2 weeks post-cSCI

At 2 weeks, rats with cSCI had significantly higher levels of IgG
and IgM immunoglobulins in their spinal cord than in sham rats, as
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revealed by Western blot (Fig. 2A, 2B). Immunoglobulin levels at
10 and 20 weeks post-SCI were not significantly different between
groups (Fig. 2A, 2B). At 2 weeks post-cSCI, immunofluorescence
(IF) staining against rat IgG and IgM antibodies in spinal cord
sections spanning a distance of 1.5 cm centered at the injury epi-
center, demonstrated increased binding of IgG and IgM in the le-
sioned spinal cord (Fig. 2C, 2D). In addition to confirming the
Western blot data, the IF approach provided evidence for the dis-
tribution of immunoglobulins relative to the injury epicenter,
showing that immunoglobulins accumulated around the injury
epicenter and declined with increasing distance from it (Fig. 2D).

The detected signal for binding of immunoglobulins to the le-
sioned spinal cord was specific, as the secondary-only control for
IgM staining resulted in negligible binding (data not shown) and the
competition assay for the directly conjugated fluorescent anti-rat
IgG detecting antibody confirmed its specificity for rat IgG im-
munoglobulins. Indeed, purified rat IgG blocked binding of the
fluorescent-tagged anti-rat [gG completely (Fig. 2E). Sham-derived
and SCI-derived lysates caused partial blocking of the fluorescent
antibody (Fig. 2E). However, SCI-derived lysate exhibited a
stronger inhibitory effect than the sham-derived lysate, due to
higher levels of IgG immunoglobulins in the SCI spinal cords than
in shams, as shown by Western blot (Fig. 2A, 2B).

1gG and IgM immunoglobulins bind to astrocytes
at 2 weeks post-cSCI

IgM and IgG immunoglobulins were detected in the developing
cavity (DC), the astroglial scar surrounding the DC, and in the gray
matter (Fig. 3A, 3B). In addition, IgG was present in the posterior
white matter and the anterior white matter (Fig. 3B), whereas IgM
was detected only in the posterior white matter (Fig. 3B). When we
performed double staining for GFAP and IgG, we observed ex-
tensive co-localization of IgG immunoglobulins with the GFAP+
glial scar surrounding the DC (Fig. 3C). Similar results were found
for IgM and GFAP co-labeling (not shown). As expected, no co-
labeling for GFAP and immunoglobulins was observed in the sham
group (Fig. 3D). Higher power microscopy images confirmed co-
localization of IgG and IgM antibodies with astrocytes surrounding
the DC (Fig. 3E), in particular with those expressing CSPG
(Fig. 3F). Last, serum IgG and IgM immunoglobulins from rats
with cSCI exhibited significantly higher binding to fixed astrocytes
in vitro than serum from sham rats (Fig. 4).

Endogenous 1gG antibodies co-localize with ventral
horn neurons

Immunostaining for rat IgG and the neuronal marker NF200 at
the injury epicenter showed IgG+ neurons in the ventral horn. IgG
co-localized with NF200 mainly within neuronal cell bodies in the
gray matter, and no evident co-staining with axonal NF200 in the
white or gray matter of the anterior spinal cord was found (Fig. 5).

Detection of IgG+ ASCs in the lesioned spinal cord

In addition to extravasation due to compromised blood—spinal
cord barrier (BSCB) following SCI, parenchymal immunoglobu-
lins may originate from the central nervous system (CNS; i.e., from
ASCs located within the lesioned spinal cord and/or intrathecal
ASCs). IgG+ ASCs, which are IgG-expressing cells with ASC
morphology (small, round cells with large and intense fluorescent
IgG+ cytoplasm), were detected in the anterior white matter of the
lesioned spinal cord at 2 weeks post-injury (Fig. 6A). We detected
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FIG. 2. Increased levels of immunoglobulin G (IgG) and IgM in the lesioned spinal cord at 2 weeks post—cervical spinal cord injury
(cSCI). (A) Western blot image of IgG and IgM levels in spinal cord protein extract at 2, 10, and 20 weeks in rats with SCI and sham
injury. Intensities of the detected signal for the heavy chain of IgG (50kDa) and IgM (75 kDa), respectively, were normalized to the
intensity of the detected housekeeping protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (B) Semi-quantitative analysis of
the detected signal for IgG and IgM antibodies after normalization to GAPDH at 2, 10, and 20 weeks post-injury. Levels of IgG and IgM
immunoglobulins increased significantly at 2 weeks post-injury, compared with shams, and returned to levels that were similar to sham
controls at 10 and 20 weeks. Independent Student’s t-test was performed after square normalization of values (this was applied only to
IgM data). *p <0.05, n=4/group, mean * standard error of the mean (SEM). (C) Assessment of presence of endogenous IgG and IgM
immunoglobulins in the spinal cord with immunofluorescence. Spinal cord sections from injured or sham rats at 2 weeks post-injury,
were stained for rat-IgG and IgM. Representative images of spinal cord sections at the injury epicenter of a SCI and a sham sample at a
matching level are shown. Images were taken at 10 X magnification. Scale bar: 100 um. (D) Quantification of fluorescence intensity of
detected IgG and IgM immunoglobulins in serial sections of the spinal cord spanning a total distance of 1.5 cm, centered at the injury
epicenter at 2 weeks. Increased deposition of IgG and IgM immunoglobulins peaked at the injury epicenter and was overall statistically
higher in the SCI group than in shams. *p <0.05, two-way analysis of variance, Bonferroni post hoc test, n=3/group, mean+ SEM. (E)
Competition assay to determine specificity of the fluorescent tagged anti-rat IgG antibody to spinal cord sections. IgG was pre-incubated
either with purified rat IgG, or sham- or SCI-derived spinal cord protein lysate at 53.3 times molar excess of the concentration of the
tagged antibody. Purified rat IgG blocked the binding of the fluorescent anti-rat IgG antibody completely. SCI- and sham- derived
lysates had a partial blocking effect. Color image is available online at www.liebertpub.com/neu

some IgG+ ASCs also in the dorsal horn of the lesioned spinal cord,
as well as inside the DC (not shown). These cells were distinct from
astrocytes, as they did not stain for GFAP (Fig. 6B) and as expected,
did not stain for the B-cell marker CD45RA. In fact, we did not
locate any CD45RA cells in the spinal cord, although our protocol
could detect these cells in the spleen (Fig. 6C). We did not find any
IgM+ ASCs in the lesioned spinal cord, although we were able to
stain [gM+ ASCs in the spleen applying the same protocol (Fig. 6D,
6E). Last, we detected IgG+ ASCs in rat spleens (Fig. 6D, 6F),
verifying the specificity of our staining protocol for IlgG+ ASCs in
the spinal cord. On the other hand, the similar levels of IgG and IgM
immunoglobulins in the CSF of both sham and SCI rats at 2 weeks
post-injury (Fig. 6G) excluded intrathecal synthesis as a potential
source of immunoglobulins in the lesioned parenchyma.

Increased splenic ASC counts at 2 weeks post-cSCI

Rats with ¢SCI had higher counts of ASCs than sham and naive
rats at 2 weeks (Fig. 7A, 7B), and higher than naive animals at 10
weeks post-injury (Fig. 7B). Also, sham rats harbored elevated counts

of ASCs, compared with naive rats, at 2 weeks (Fig. 7B). In all time-
points of the study, ASC counts were relatively stable in sham ani-
mals. However, they increased with age in naive animals (p <0.0001,
one-way ANOVA, Bonferroni post hoc test). ASC counts in rats with
¢SCI decreased with time post-injury (p <0.05, one-way ANOVA,
Bonferroni post hoc revealed no statistically significant difference
between groups). ASC counts leveled off in all groups by the end of
our study (Fig. 7B; 20 weeks). These data demonstrate that a) total
splenic ASCs increase significantly as a result of ¢SCI only in the
subacute phase, and b) contrary to the naive group, sham rats are
resistant to an age-dependent increase of total ASCs.

Despite the significantly higher ASC numbers at 2 weeks post-
¢SCI, B-cell frequency in the SCI group was significantly lower
than in sham rats (Fig. 7C). B-cell frequency in injured rats re-
covered to sham levels at 10 and 20 weeks post-injury (Fig. 7C).

When we analyzed changes in splenic ASCs for each class sepa-
rately (i.e., [gG and IgM), we found that only at 2 weeks post-injury
were both IgM+ and IgG+ ASCs higher than in sham rats (Fig. 7D,
7E; 2 weeks). At 10 weeks, IgM ASC counts were higher than shams,
whereas IgG ASC counts were lower than shams (Fig. 7D, 7E).
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SCI rats maintained increased IgM+ ASCs at all time-points,
compared with shams (Fig. 7D), although this was not statistically
significant at 20 weeks (p=0.218). IgM+ ASCs were significantly
fewer in naive rats than in the sham or the SCI group at 2 and 10
weeks after injury. All groups had similar IgM+ ASC numbers by
the end of the study (Fig. 7D; 20 weeks). Similar to changes in total
splenic ASCs (Fig. 7B), IgM+ ASCs increased with age in naive
animals (p<0.001, one-way ANOVA) and remained relatively
stable over time in sham rats, whereas in SCI animals a declining
trend was observed with time after injury (Fig. 7D).

Despite the initial increase of IgG+ ASCs at 2 weeks post-cSCI,
these counts dropped significantly at 10 weeks, compared with
shams (p <0.05), and reached similar values at 20 weeks (p =0.093;
Fig. 7E). Sham injury caused a statistically significant drop of IgG+
ASC counts, compared with naive rats, at 2 weeks, but differences
between the groups did not persist at subsequent time-points of our
study (Fig. 7E). Overall, IgG+ ASC counts increased significantly
with age in sham animals but not in the naive group, as revealed by
one-way ANOVA analysis. In the cSCI group, IgG+ ASCs increased
significantly from 10 to 20 weeks (one-way ANOVA).

Overall, these data demonstrate that humoral immunity in the
spleen is pronounced at 2 weeks due to cSCI, despite the evident
decline in total B lymphocytes. However, in the chronic injury
phase, IgG immunity declines whereas IgM immunity persists,
compared with sham rats.

Increased autoreactive secretion of IgG antibodies
by splenocytes in vitro

To determine whether increased splenic ASC counts after cSCI
reflect an increased autoreactive humoral response against com-
ponents of the injured spinal cord, we stimulated sham or SCI-
derived splenocytes with injured spinal cord homogenate in vitro,
and measured the levels of secreted IgG and IgM immunoglob-
ulins by ELISA. In this paradigm, splenocytes from injured rats
secreted higher levels of IgG antibodies, compared with shams, at
2 weeks post-injury (Fig. 8). There was no significant difference
in the secreted IgM levels between groups at this time-point
(Fig. 8). Levels of secreted IgG and IgM immunoglobulin were
similar between groups at 10 and 20 weeks after injury (data not
shown).

Enhanced autoreactive T-dependent humoral
responses at 2 weeks post-cSCI

Increased IgG secretion by splenocytes stimulated with injured
spinal cord homogenate in vitro suggested that a T-dependent (TD)
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autoreactive immune response may be favored after cSCI. To test
this hypothesis in vitro, we stimulated splenocytes with injured
spinal cord homogenate and measured proliferation of T-
lymphocytes with flow cytometry. Splenocytes from rats with sham
injury or ¢SCI at all time-points of our study (2, 10, and 20 weeks)
were incubated with homogenate from injured spinal cord obtained
at the matching time-points. T-cell proliferation was measured
based on CFSE signal by flow cytometry. Stimulation with T-cell
mitogen ConA served as a positive control for T-cell proliferation
(Fig. 9A). Splenic T-cells obtained from animals that underwent
¢SCI displayed significantly higher proliferation capacity, com-
pared with their sham counterparts, when stimulated with homog-
enate from the injured spinal cord (Fig. 9B; 2 weeks). There was no
statistically significant difference in the proliferation response be-
tween groups at later time-points (Fig. 9B; 10 and 20 weeks). Upon
ConA stimulation, proliferation of splenic T-cells from injured rats
was significantly lower at 2 weeks and higher at 10 weeks post-
¢SCI, compared with shams, whereas there was no difference be-
tween groups at 20 weeks (Fig. 9C). Moreover, T-cell frequencies
were similar between groups at all time-points studied, as shown
with flow cytometry (Fig. 9D, 9E). Last, Bcl6 staining demon-
strated the development of germinal centers in the spleens of rats
with ¢SCI (Fig. 9F).

Together, these data show that splenic T-cells have an increased
propensity to respond to spinal cord—derived antigens only at 2
weeks after cSCI. This enhanced autoreactivity occurs despite the
lower response of T- lymphocytes to ConA stimulation, and is not
due to different T-cell numbers in the spleens of injured rats,
compared with sham animals. Detection of germinal centers further
confirms the maturation of TD responses in SCI animals.

Similar levels of serum autoantibodies to spinal
cord protein lysate but depressed levels
of total immunoglobulins following c¢SCI

It was previously shown that transfer of serum immunoglobu-
lins from mice with SCI to naive mice causes inflammation and
paralysis.'® Here, we measured binding of IgG and IgM immu-
noglobulins derived from rats with cSCI or sham injury at 2 weeks
to naive spinal cord lysate with ELISA. We found no significant
difference in IgG and IgM binding between groups, although four
of seven (4/7) rats with cSCI had IgG autoantibodies, compared
with two of seven (2/7) in the control group (Fig. 10A). However,
levels of total serum IgG and IgM immunoglobulins were sig-
nificantly depressed in rats with ¢SCI, compared with shams
(Fig. 10B).

>

FIG. 3. Binding of endogenous immunoglobulins to astrocytes of the lesioned spinal cord. (A) Hematoxylin/eosin (HE) and luxol fast
blue (LFB) stained section showing the injury epicenter at 2 weeks post—cervical spinal cord injury (cSCI). Black inset shows the area of
focus in (B). Arrows indicate the gliotic scar around the developing cavity (DC), where IgG and IgM antibodies accumulate, as shown in
(B). (B) Representative image of the injury epicenter (adjacent to the section shown in (A) stained for rat IgG (red), IgM (green) and
counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Red arrows show presence of IgM and IgG in the glial scar. White
arrowheads show presence of IgG (red and yellow signal) and IgM (green and yellow signal) in the posterior white matter, and white
arrows indicate presence of IgG in the anterior white matter. (C-D) Representative picture of spinal cord sections from a rat with SCI
(C) and a sham control (D) at 2 weeks post-injury, stained for rat IgG immunoglobulins, glial fibrillary acidic protein (GFAP), and
DAPIL. IgG antibodies co-localized with astrocytes (white arrows) surrounding the DC. No co-labeling was detected in the spinal cord
section of the sham rat (D). White inset in panel (C) indicates the area represented in images (E) and (F). Scale bar: 100 um. (E-F)
Sections at the injury epicenter stained for IgG, IgM, DAPI, and GFAP (E) or chondroitin sulfate proteoglycans (CSPG; F). Panel (E)
shows co-localization of endogenous IgG and IgM immunoglobulins with astrocytes (white signal) acquired by epifluorescence (i) and
confocal (ii) microscope. Panel (F) shows co-localization of immunoglobulins with CSPG (white signal) as imaged with an epifluorescence
(i) and a confocal (ii) microscope. Scale bar 20 um (i) and 10 um (ii). Color image is available online at www.liebertpub.com/neu
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FIG. 4. Binding of serum immunoglobulins to astrocytes in vitro. (A) Representative image acquired with an epifluorescence
microscope at 20 x magnification, showing binding of serum IgG and IgM immunoglobulins to paraformaldehyde-fixed astrocytes.
Scale bar: 100 um. (B) Quantification of fluorescence intensity with ImageJ. Serum from rats with cervical spinal cord injury (cSCI)
exhibited significantly higher binding to astrocytes, compared with shams. **p <0.001, ****p <(0.00001, n=>5/group, mean * standard
error of the mean. Color image is available online at www.liebertpub.com/neu

Discussion

This study characterizes the antibody response following ¢cSCl in
a rat model of compressive injury. We found increased antibody
levels relative to sham animals in the injured spinal cord during the
subacute phase of ¢SCI (2 weeks post-injury). We also identified
the astroglial scar at the injury epicenter as one of the potential
targets of antibodies following cSCI and showed that rats with cSCI

harbored increased levels of serum IgG and IgM immunoglobulins
against cultured astrocytes, compared with shams. Neurons of the
ventral horn also were targeted by IgG immunoglobulins. Periph-
erally, at 2 weeks post-injury, increased ASC counts were observed
in the spleen of rats with cSCI, compared with sham rats. Lastly,
in vitro activation of splenocytes against homogenate of the injured
spinal cord resulted in increased T-cell proliferation and IgG se-
cretion. The above outcomes were similar between groups at 10 and

FIG. 5. Binding of IgG immunoglobulins to ventral horn neurons. (A) Immunostaining for rat IgG and NF200 at 2 weeks post—
cervical spinal cord injury (cSCI). The ventral horn is located within the area indicated by the dashed line. IgG co-localized with NF200
in the gray but not in the white matter at the injury epicenter. In the gray matter, neuronal cell bodies of large (arrows) and smaller
(arrowheads) neurons stained positive for IgG. Scale bar: 50 um. (B) Confocal image of IgG+ neurons in the ventral horn. Scale bar:
10 um. Color image is available online at www.liebertpub.com/neu
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FIG. 6. Synthesis of immunoglobulin G (IgG) in the injured spinal cord at 2 weeks after cervical spinal cord injury (cSCI). (A) IgG+
antibody-secreting cells (ASCs) were detected in the lesioned spinal cord at 2 weeks post-SCI. Spinal cord sections were stained for rat
IgG, IgM, and 4’,6-diamidino-2-phenylindole (DAPI) to assess presence of ASCs. IgG+ ASCs (arrows) were detected in the anterior
white matter of the spinal cord, as shown in the schematic on the right corner of panel (A). IgM+ ASCs were not detected in the lesioned
spinal cord. Scale bar: 20 um. (B) Confocal microscope image taken close to the developing cavity distinguishing IgG+ ASCs
(arrowhead) from IgG+ astrocytes (arrow) and lack of CD45RA expression in the IgG+ ASCs. (C) Rat spleen stained for CD45RA and
IgG as a positive control for the detection of CD45RA+ cells. Of note, IgG+ ASCs (arrowhead) are negative for CD45RA staining
(arrow). Scale bar (B, C): 10 um. (D) Rat spleen stained for IgG and IgM immunoglobulins as a positive control for the detection of rat
IgG+ (cyan arrowhead) and IgM+ (white arrowhead) ASCs. Scale bar: 100 um. (E-F) High-power confocal image of splenic IgM+ and
IgG+ ASCs. Scale bar: 10 um. (G) Quantification of IgG and IgM immunoglobulins in cerebrospinal fluid (CSF) of SCI or sham rats at 2
weeks post-injury. Levels of immunoglobulins were not statistically different between the groups. Mann-Whitney test, n=>5-8/group;
bars indicate mean. Color image is available online at www.liebertpub.com/neu

20 weeks post-injury, indicating that cSCI triggers a robust yet
transient antibody immune response that does not persist in the
chronic phase of injury, compared with sham injury.

The first novel finding of our study is the demonstration of
presence of antibodies in the lesioned spinal cord following
¢SCI. However, spinal cord—directed antibodies are not part of
the chronic pathology of ¢SCI, contrary to what is known for
mid-thoracic injuries, where Ankeny and colleagues showed the

presence of spinal cord autoantibodies in the chronic phase.'® It
is unknown whether the difference in the duration of autoanti-
body persistence in the lesioned spinal cord between our study
and the study by Ankeny and colleagues is due to differences in
injury level (cervical vs. mid-thoracic), the SCI model (com-
pression vs. contusion), or the species used (rats vs. mice). In-
deed, mice were shown to present with more prolonged cellular
inflammation, compared with rats, following SCI,22 which could
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FIG. 7. Changes in splenic antibody-secreting cell (ASC) counts following cervical spinal cord injury (cSCI). (A) Representative
brightfield microscopy images showing splenic immunoglobulin M (IgM)+ and IgG+ ASCs (or plasma cells) from age-matched naive, sham,
and SCl rats at 2 weeks post-injury. Red arrows indicate ASCs in the red pulp and blue arrows show ASCs in the white pulp of the spleen.
Scale bar: 100 um. (B) Total splenic ASC counts in naive, sham, and SCI rats at 2, 10, and 20 weeks post-injury. At 2 weeks, the cSCI group
had higher plasma cell counts than sham controls. Also, sham animals had higher counts of splenic ASCs than age-matched naive rats. There
was no significant difference in total plasma cell counts at subsequent time-points between animals with cSCI and sham injury or between
naive and sham animals, although ASC counts were higher in the cSCI group than in age-matched naive controls at 10 weeks. *p <0.05, one-
way analysis of variance for each time-point with Bonferroni post hoc test, n=6-8/group, mean + standard error of the mean (SEM). (C)
Changes in frequency of splenic B-cells at 2, 10, and 20 weeks post-injury. Top: Representative dot plot panels showing the gated population
of B-lymphocytes out of viable CD45+ cells (leukocytes) in the spleen of a spinally injured and a sham rat at 2 weeks post-injury. Bottom:
Changes in percent frequencies (%) of splenic B-cells at 2, 10, and 20 weeks post-injury. B-lymphocytes declined significantly at 2 weeks
post-injury, compared with shams, but recovered to normal levels at subsequent time-points. *p <0.05, Independent Student’s #-test, n =6/
group, mean + SEM. (D-E) Quantification of IgM+ and IgG+ ASCs in the spleen of naive, sham and SCI rats at 2, 10, and 20 weeks post-
injury. Asterisks indicate significant differences between SCI and sham groups only. (D) IgM+ ASC counts increased significantly at 2 and
10 weeks post-cSCI, compared with shams. At 20 weeks, there was no significant difference between groups. (E) IgG+ ASC counts increased
at 2 weeks but declined significantly at 10 weeks post-cSCI, compared with shams. IgG+ ASC counts were similar between groups at 20
weeks. Color image is available online at www.liebertpub.com/neu

explain the chronicity in the development of autoantibodies in
the study by Ankeny and colleagues. The effect of the level of
injury on autoantibody responses also may explain the differ-
ence in findings between our study and that by Ankeny and
colleagues. Ankeny and colleagues evaluated the development
of autoantibodies after T9 injury. However, injuries at T9 leave
humoral responses intact partly because the sympathetic inner-
vation of the spleen is largely preserved.'>'>** Injuries at the
cervical level, on the other hand, presumably disrupt normal

sympathetic innervation of the spleen, potentially terminating
the autoantibody response earlier.

The exact mechanisms that limit autoantibody responses to the
subacute phase in cSCI are elusive. However, once known, we
could leverage these mechanisms to restrict detrimental humoral
responses in SCI cases (such as thoracic-level injuries) where au-
toantibodies persist in the chronic phase.'® Further work is required
to confirm that the level of SCI affects the magnitude of antibody
autoimmune responses.
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FIG. 8. Levels of immunoglobulin G (IgG) and IgM secreted by splenocytes in vitro. Higher levels of IgG immunoglobulins, but not
IgM, were secreted by splenocytes from animals with ¢SCI when stimulated with injured spinal cord homogenate. Note that the
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We identified neurons of the ventral horn and perilesional astro-
cytes as some of the cell types that are targeted by autoantibodies in the
lesioned spinal cord. Previous studies have demonstrated localization
of immunoglobulins to astrocytes® and neurons with motoneuron
morphology'® in animal models of thoracic injury. Development of
autoantibodies against astrocytes and neurons is an observation of
substantial clinical relevance; antibodies against astrocytes are the
hallmark of neuromyelitis optica—an autoantibody-mediated demy-
elinating disease of the optic nerve and the spinal cord”>—whereas
antibodies against neurons (including motoneurons), have been as-
sociated with a number of autoimmune channelopathies in the CNS.
Deposition of IgG on neurons may result from their function as a
“sink” for extravasated plasma proteins after changes in their mem-
brane permeability due to injury,”’*® or as a result of retrograde
transport from outside the CNS through motoneurons of the spinal
cord, whose axons project into the periphery.**=* Similarly, IgG
binding to astrocytes may result from sequestration of immunoglob-
ulins that are extravasated into the CNS due to the breakdown of the
BSCB in order to maintain homeostasis after injury.'®

To test the latter hypothesis, we measured binding of serum
immunoglobulins from rats with sham or ¢SCI injury at 2 weeks to
fixed astrocytes, which cannot engage in sequestration. Our dis-
covery of higher binding of SCI-derived immunoglobulins, com-
pared with controls, supports that deposition of antibodies in the
injured spinal cord at 2 weeks is autoimmune in nature; this result
does not exclude sequestration as an additional mechanism in vivo.
In vitro, both IgG and IgM immunoglobulins bound to structures of
the astrocytic cytoskeleton, such as GFAP. Interestingly, higher
levels of GFAP protein have been detected in the blood of patients
with neurotrauma,> and recent studies have shown that patients
with traumatic brain injury have significantly higher levels of au-
toantibodies against GFAP than healthy controls.>> Together, these
findings may suggest the possibility that astrocytic GFAP enters the
circulation after injury to reach the peripheral organs of the immune
system (e.g., spleen) where it triggers an autoimmune response
culminating in the generation of anti-GFAP autoantibodies.

Immunoglobulins of the spinal cord parenchyma may originate
from circulation or may be synthesized in situ by resident ASCs.
Identifying the source of these antibodies can help us design in-
terventions that best target their pathogenic effects.'® Similar to
previous research in a thoracic SCI model,'® we detected IgG+
ASCs in the lesioned spinal cord, demonstrating that some paren-
chymal IgG synthesis may take place in the subacute phase of cSCI.
High affinity for neo-epitopes in the injured spinal cord in addition

to a gradient of appropriate chemokines could facilitate the re-
cruitment of ASCs at the injury epicenter.’® These ASCs were
distinct from IgG+ astrocytes and were negative for the B-cell
marker CD45RA. In fact, we did not detect any CD5RA+ cells in the
spinal cord of injured rats, a finding similar to results from studies in
humans with SCL.*” Moreover, because the integrity of the BSCB to
large molecules is still compromised during the subacute phase, >
it is possible that the majority of the IgG immunoglobulins in the
spinal cord originate from the pool of circulating antibodies that
extravasated in the spinal cord parenchyma. Lack of [gM+ ASCs in
the spinal cord suggests that higher [gM immunoglobulins detected
in the lesioned spinal cord at 2 weeks derive exclusively from the
systemic pool of antibodies. Moreover, similar levels of total CSF
immunoglobulins between sham and SCI rats exclude intrathecal
synthesis as a potential source of antibodies within the lesioned
spinal cord. Indeed, to the best of our knowledge, there is no
compelling evidence to date to support that levels of immuno-
globulins in CSF increase as a result of SCI. Previous studies have
shown presence of immunoglobulins in mice or patients with SCI,
but no data from sham or healthy controls were presented. %4041

Increased immunoglobulins within the lesioned cervical cord at 2
weeks post-cSCI were seen in parallel with increased counts of ASCs
in the spleen, suggesting that the spleen may be one of the sources of
autoantibodies targeting the spinal cord. Other sources, such as the
bone marrow and the regional lymph nodes that receive antigenic
drainage from the spinal cord,** also could contribute to the pool of
autoantibodies against the spinal cord in the subacute phase.

An unexpected finding of our study is the observation of in-
creased [gM+ ASCs in the spleen at 2 and 10 weeks following ¢SCI.
Splenic IgM+ ASCs derive from non-switched B2 cells, marginal
zone (MZ) B-cells, and B1-cells; the latter two cell types provide
a rapid and polyreactive humoral response to blood-borne T-
-independent (TI) antigens.** Additionally we found IgG+ ASCs
to be higher at 2 weeks but to decline at 10 weeks post-injury. Ty-
pically, IgG+ ASCs emerge as a result of high affinity TD immune
responses. Thus, our results suggest that cSCI enhances TD and TI
immune responses in the subacute phase. However, in the chronic
phase, TD humoral responses decay, whereas TI responses persist.

The effect of higher IgM+ ASC counts on the progression of
¢SCl is unknown. It is possible that [gM+ ASCs increase in order to
synthesize natural [gM immunoglobulins as a rapid mechanism to
compensate for the massive cell death and overall disruption of
homeostasis following SCI. Indeed, natural IgM immunoglobulins
are low-affinity, polyreactive germline antibodies that maintain
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homeostasis by rapidly clearing up microbial pathogens and apo-
ptotic cells.** In addition, they inhibit the emergence of auto-
reactive IgG responses, thereby conveying protection against
detrimental humoral .autoimmunity.4548 Splenic Bl cells* and a
subset of bone marrow B1 cells®®>! constitute the main sources of
circulating natural IgM immunoglobulins. Therefore, it is possible
that IgM+ ASCs in the spleen increase as a compensatory mecha-
nism to resolve homeostasis after cSCI. Notably, this response may
result in the development of remyelinating IgM clones.’* Alter-
natively, increased [gM+ ASC counts in the spleen may support the
emergence of I[gM autoantibodies against components of the spinal
cord, as is the case for a number of neuropathies where patients
present with high titers of IgM antibodies against gangliosides.>*™>>
Thus, more research is needed to dissect whether splenic IgM+
ASCs play a key role in the pathophysiology of SCI.

Despite the prevalence of IgM+ ASCs in the spleen, and the
increased levels of IgM immunoglobulins in the spinal cord, we did
not detect higher levels of secreted IgM antibodies in our in vitro
stimulation assay. This inconsistency likely reflects a limitation of
our experimental approach, which was not optimally designed to
study IgM immune responses in vitro. In particular, we stimulated
splenocytes with spinal cord homogenate, in which the composition
of non-protein components (i.e., lipids and carbohydrates) is un-
known. Thus, it is possible that the concentration of non-protein
molecules (which drive IgM immunity) in the homogenate was too
low to effectively stimulate an IgM response in vitro.** Perhaps
different antigen extraction methods or the use of purified antigens is
needed to stimulate IgM secretion in this assay. Therefore, although
relevant in studying IgG responses, this stimulation paradigm does
not accurately reflect the splenic IgM responses that occur in vivo.

Higher levels of IgG antibodies in the lesioned spinal cord
during the subacute injury phase were seen in parallel with en-

hanced TD splenic responses, as shown in vitro by pronounced
splenic T-cell proliferation and the increased secretion of IgG im-
munoglobulins in response to stimulation from injured spinal cord
homogenate, and in vivo by the development of germinal centers in
the spleen of rats with cSCI. These results suggest that T-cells are
involved in the antibody response against the spinal cord early after
¢SCI. Popovich and colleagues found no significant proliferation of
splenic T-lymphocytes when stimulated with MBP, suggesting that
T-cells do not elicit a significant autoreactive response against
MBP after thoracic SCT in rats.”® It is, however, difficult to truly
compare the differing results between our study and that of Popo-
vich and colleagues because our stimulation protocols are sub-
stantially different. Here we chose to stimulate with total
homogenate from the injured spinal cord rather than MBP because
the exact antigens that could stimulate the spleen after cSCI are
unknown. Nevertheless, studies in thoracic SCI models suggest that
autoreactive T-lymphocytes are key to the pathology and recovery
of SCL>"® In our study, we extend the observations made in
thoracic models by demonstrating that autoreactive TD immune
responses are induced in the subacute phase of cSCI.
Interestingly, at 2 weeks, rats with ¢SCI had a compromised
response to polyclonal stimulation by ConA in vitro, harbored less
splenic B-cells, and had significantly reduced levels of serum IgG
and IgM immunoglobulins; together, these findings suggest a state
of general immunosuppression following cSCI. Particularly, de-
creased total levels of immunoglobulins in serum despite the ele-
vated ASC counts in the spleen suggest that antibody synthesis in
the bone marrow may be substantially disrupted in rats with cSCIL.
Indeed, the mature immune cells in the bone marrow of patients
with SCI exhibit depressed function and the progenitor cells have
impaired proliferation capacity.®® Together, these data are consis-
tent with the evidence for the development of immunosuppression
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after SCI1.°>"%* Interestingly, at the peak of pronounced immune
compromise (2 weeks after injury), we also observed enhanced
autoreactive splenic activation. Indeed, this ‘““paradox’ of co-
existing immune suppression and autoimmunity is a common
concept in systemic autoimmune diseases,® and is now recognized
as part of SCI pathology.®® Intravenous immunoglobulin G ad-
ministration could address this duality of the immune response after
SCL 78 given that it is successfully used both as an immune re-
placement for immunosuppressed individuals, and as an immuno-
suppressant for autoimmune diseases.®’

Despite the increased antibody levels in the lesioned spinal cord
and the splenic autoreactive response in vitro during the subacute
phase of ¢SCI, we did not find increased levels of serum auto-
antibodies against spinal cord proteins by ELISA. There can be at
least three non-mutually exclusive explanations for this result: a)
lowered levels of total serum antibodies in injured rats, compared
with shams, mask the detection of any potential increase in autoan-
tibody titers as a result of ¢SCI; b) the antigens that are targeted by
autoantibodies within the spinal cord are too diluted or absent in the
protein extract preparation used for ELISA; thereby, a replication of
the autoreactivity in the spinal cord tissue may not be favorable
in vitro; and c) the serum is largely devoid of autoantibodies against
the spinal cord, as they preferentially extravasate and deposit in the
lesioned spinal cord. For these reasons, serum antibody autoreactivity
against whole spinal cord lysate may be of little clinico-pathological
value. Instead, investigating reactivity against specific components of
the spinal cord may be more useful. As our work and other research
suggests, astrocytic proteins might be a target for the autoantibody

I‘CSpOIlSG.24’35

Conclusion

In conclusion, our study characterizes the antibody response
following cSCI and provides evidence for the development of an-
tibodies against the spinal cord in the subacute phase of experi-
mental cSCI. This finding adds to our understanding of the
immune-mediated pathology of SCI at the cervical level, which
remains largely unexplored despite its prevalence in clinical SCL.™°
The significance of this discovery for outcomes after cSCI remains
to be investigated. However, the relatively limited duration of the
autoantibody response in the cervical spinal cord, compared with
thoracic injury, suggests that potential interventions aimed at the
autoantibody response should be tailored to the level of SCIL.

We anticipate that the current study will be a foundation for
future research to characterize the role and mechanisms of action of
autoantibodies after cSCI, with the ultimate objective of develop-
ing effective immune-based treatments for human SCI.
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