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Changes in Gene Expression and Metabolism
in the Testes of the Rat following Spinal Cord Injury
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Abstract

Spinal cord injury (SCI) results in devastating changes to almost all aspects of a patient’s life. In addition to a permanent
loss of sensory and motor function, males also will frequently exhibit a profound loss of fertility through poorly un-
derstood mechanisms. We demonstrate that SCI causes measureable pathology in the testis both acutely (24h) and
chronically up to 1.5 years post-injury, leading to loss in sperm motility and viability. SCI has been shown in humans and
rats to induce leukocytospermia, with the presence of inflammatory cytokines, anti-sperm antibodies, and reactive oxygen
species found within the ejaculate. Using messenger RNA and metabolomic assessments, we describe molecular and
cellular changes that occur within the testis of adult rats over an acute to chronic time period. From 24 h, 72 h, 28 days, and
90 days post-SCI, the testis reveal a distinct time course of pathological events. The testis show an acute drop in normal
sexual organ processes, including testosterone production, and establishment of a pro-inflammatory environment. This is
followed by a subacute initiation of an innate immune response and loss of cell cycle regulation, possibly due to apoptosis
within the seminiferous tubules. At 1.5 years post-SCI, there is a chronic low level immune response as evidenced by an
elevation in T cells. These data suggest that SCI elicits a wide range of pathological processes within the testes, the actions
of which are not restricted to the acute phase of injury but rather extend chronically, potentially through the lifetime of the
subject. The multiplicity of these pathological events suggest a single therapeutic intervention is unlikely to be successful.
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Introduction

SPINAL CORD INJURY (SCI) affects up to 12,000 new patients in
the United States every year."2 Although sensory and motor
loss are the signature symptom of this injury, these represent only a
fraction of the negative consequences of SCI. SCI elicits patho-
logical changes to the gastrointestinal and urinary tracts, loss of
bone density, muscle atrophy, neuropathic pain, autonomic dys-
function, sleep disturbances, and increased pulmonary complica-
tions.>™ In addition to the physical ailments, patients with SCI
commonly experience marital stress, job loss, depression, and other
psychological and social issues semi-unique to each patient. One
physical symptom that causes male patients much psychological
stress, yet remains largely understudied, is the development of in-
fertility.

More than 80% of patients with SCI are male, and the majority of
those are young men of reproductive age who may not have had the
opportunity to have a family yet, causing even more psychological
stress.”"'” Reproductive assistance techniques have greatly im-
proved in recent history: fewer than 1% of men with SCI in 1960
became fathers via intercourse. This has improved in 2003 to an

approximately 51% pregnancy rate in those whi seek to reproduce
including extensive medical assistance. However, such assistance
is prohibitively expensive and unsuccessful in half of patients.'*'!
Contrary to popular belief, sensory loss does not eliminate sexual
capacity. Motor function loss can be circumvented and erectile
dysfunction from neurological damage can be treatable via oral
medication or mechanically in the majority of patients.'>'>"!>
Depending on the level of the lesion, even anejaculation can be
treated with mechanical devices in the majority of patients.'>®
However, infertility due to unfavorable sperm and ejaculate pa-
rameters are not so easily treated. Although a portion of SCI pa-
tient’s sperm immotility appears to be from seminal plasma
influence, a portion is intrinsic to the sperm itself.'® This problem
has remained largely unexplored.

Human and animal data show that SCI elicits whole-body,
systemic changes that may contribute to the disturbances described
above.>2%2? These changes consist of both local and systemic in-
flammatory events, as well as altered immune function.®**?* In
addition, it has long been established that SCI causes a breakdown
of the blood—spinal cord barrier, which results in the influx of
foreign substances and activated immune cells into traumatized
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spinal tissues.>* SCI also has been shown to cause inflammation, loss
of structural integrity, and immune cell activation/infiltration in
tissues such as the uroepithelium of the bladder and the tissues of the
lung.®*> In an earlier study, we showed that a clinically-relevant
spinal contusion injury produced an early but sustained long-term
disruption of the blood-testes barrier (BTB) in the testes of adult
male Sprague-Dawley rats.>° SCI-induced early/chronic BTB fail-
ure was shown by dynamic contrast enhanced MRI, with subsequent
tissue analysis demonstrating a loss of tight junction protein ex-
pression, immune cell infiltration, and the presence of normally-
excluded serum proteins.”® BTB leakage was sustained up to 10
months post-SCI, suggesting a long-term, potentially permanent
functional deficit in testicular function following SCI.>° The mech-
anism(s) underlying this sustained BTB pathology are unknown and
are the focus of this present study. We performed a temporal meta-
bolomic and microarray analysis of SCI-induced changes within the
testis of male rats following spinal contusion injury from early acute
(24 h) to chronic (3 months) post-SCI. We demonstrate that spinal
contusion injury, the most common form of SCI, results in early but
sustained biochemical, molecular, and cellular events as detected by
metabolomics and gene expression analysis that may contribute to
the condition of SCI-induced infertility in males.>”*

Methods
Animal groups

Metabolomics/microarrays. Eighty-eight male Sprague
Dawley rats (200-250 g) were used for metabolomic and 69 were
used for gene expression microarray studies. The difference be-
tween these studies is that eight naive rats were used for the acute
time-points in the metabolomics experiments and 16 in the mes-
senger RNA (mRNA) experiments. They were divided into groups
as indicated in Table 1. Naive cohorts from the 24 h and 72 h groups
were determined to be age-equivalent and were used as one group
in the metabolomic studies.

Immune cell infiltrate analysis. An additional 30 animals
(n=6/group) were used for immune cell identification and quan-
tification via flow cytometry in three groups at 72 h (naive, SCI, and
sham) and in two groups at 1.5 years (naive, SCI) after SCI at
Baylor College of Medicine.

Spinal cord injury. All animals were handled in accordance
with our Institutional Animal Care and Use Committee approved
protocol. SCI rats received a spinal cord contusion injury at tho-
racic level 10 (T10) using the Infinite Horizons Spinal Impactor

TABLE 1. ANIMAL GROUPS FOR METABOLOMICS
AND ARRAY EXPERIMENTS

24 h 72h 28 Days 90 Days
SCI (N) 8 (19 8 8 (49 8 (2%
Sham (N) 8 8 (17 8 8
Naive (N) 8 8* 8 8

?One animal was excluded due to a surgical error.

®One animal died during sham operation.

“Two animals in the same cage died post-operative day 4, two animals
died post-operative day 7.

90ne animal was excluded due a BBB score of 3 on day 2, and one
animal died during surgery.

*In the metabolomics experiments, 4 naive animals at 24 hours and 4 naive
animals at 72 hours were used and these data were comined for analysis.

SCI, spinal cord injury.
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Device (Precision Systems Instrumentation) with 150 kdynes of
force delivered over a 1-sec dwell time period. Sham-injured
(sham) subjects were anesthetized and received a spinal lami-
nectomy at T10, but did not receive a spinal cord contusion injury.
All SCI and sham subjects received the following treatment during
the post-operative period: 1) antibiotic (2.5 mg/kg Baytril) for a
period of 10 days; 2) the opiate buprenorphine (0.025 mg/kg, twice
daily for a period of 5 days, then as needed); and 3) 1.5 cc of 0.9%
saline, twice daily, for a period of 3 days to ensure hydration. SCI
animals received twice-daily, manual bladder evacuations using the
method of Crede as modified for rats for an anticipated period of
10-14 days, or until neurogenic bladder evacuation was estab-
lished. Beginning on Day 1 post-surgery, SCI, and sham subjects
were examined using the non-invasive, Basso, Beattie, Bresnahan
open field locomotor test.”” Subjects that scored more than 2 on
either Day 1 or 2 of the study were excluded as such a score indi-
cates an insufficient level of spinal damage. All animals were fed
ad libitum. Naive animals received no other manipulations.

End-stage tissue collection. At each of the time-points
described above, animals were euthanized with 75 mg/kg of Beu-
thanasia (390 mg/mL pentobarbital, 50 mg/mL phenytoin). Sub-
jects were quickly decapitated and the testes were collected, snap
frozen in liquid nitrogen, and stored at —80°C. The epididymides
were not collected. A different set of SCI animals were injured and
euthanized using the same methods but were transcardially per-
fused with ice-cold saline prior to perfusion; blood was collected
transcardially into BD Microtainer tubes, allowed to coagulate for
30 min, spun at 14,000 rpm for 10 min to separate out the serum
supernatant. Collected serum was used to determine serum levels
of bile acids.

Flow cytometry. A single-cell suspension was prepared from
rat testes using a 70-um cell strainer (BD) as described.> Isolated
cells were washed with ice-cold flow cytometry wash solution
(phosphate-buffered saline [PBS] + 2% goat serum +2% bovine
serum albumin), stained with fluorophore-conjugated antibodies
(Table 2) or with ShK-F6CA, a fluorophore-conjugated peptide
selective for Kv1.3, a marker of activated effector-memory T cells.

Selection of antibodies used for flow experiments

CD3 is part of the T cell receptor complex, expressed at the
surface of only T lymphocytes. B220 is a 220 kDa isoform of CD45
expressed mainly at the surface of B cells in mouse and rat.’!
CDI11b is a surface marker for monocytes, macrophages and
granulocytes.*> CD103 is expressed on the surface of most den-
dritic cells.** Ly6G is a surface protein predominantly expressed on
neutlrophils.34 CDl161a (NKI1.1) is a surface marker for natural

TABLE 2. ANTIBODIES USED FOR FLOW CYTOMETRY
TO IDENTIFY IMMUNE CELL POPULATIONS

Catalog
Markers Conjugation Vendor number
CD3 APC BD Pharmingen 557030
CD3 Brilliant Violet 605 BD Pharmingen 563949
B220 PE eBioscience 12-0460-82
CD11b V450 BD Pharmingen 562108
CD103 Alexa Fluor 647 Biolegend 205509
CDl16la PE BD Pharmingen 555009
Ly6G FITC Abcam ab25024
CD4 V450 BD Pharmingen 561579
CD8 PE BD Pharmingen 554857
CD62L  APC Biolegend 202916
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killer lymphocytes.>> CD4 and CDS8 are surface markers of helper T
cells and cytotoxic T cells, respectively.’® Kv1.3 is a voltage-gated
potassium channel whose expression on the cell surface is upre-
gulated in C-C chemokine receptor type 7 effector memory T cells
upon activation.>” CD62L (L-selectin) is expressed at the surface of
naive but not memory T cells.>® CD4, CD8, Kv1.3, and CD62L also
are expressed by other cells; thus, the use of double staining with
CD3 to ensure their expression was only studied on T cells.*8

Cells were washed and fixed in cold PBS + 1% paraformalde-
hyde. FACSCanto II or LSRFortessa flow cytometers (Becton
Dickinson) with the FACSDiva software Data were used to acquire
sample data within the Cytometry and Cell Sorting facility at
Baylor College of Medicine, and analyzed using FlowJo software
(Treestar). For each sample, doublet discrimination was performed
on 30,000 acquired events.*’

Metabolomic analysis. After collection at each of the time-
points listed above, the right testes were homogenized under liquid
nitrogen. Samples from 88 animals were processed and metabo-
lomics profiling was performed by Metabolon Inc. (Durham, NC).
Briefly, an unbiased metabolomic profile of testis from SCI, sham,
and age-matched control rats was performed using gas chroma-
tography coupled to mass spectrometry (gas chromatography [GC/
mass spectrometry [MS, Thermo-Finnigan Trace DSQ fast-
scanning single-quadrupole mass spectrometer using electron im-
pact ionization) and ultra—high performance liquid chromatography
coupled to mass spectroscopy (ultra-performance liquid chroma-
tography [UPLC/MS, Waters ACQUITY ultra-performance liquid
chromatography and a Thermo-Finnigan LTQ mass spectrometer,
which consisted of an electrospray ionization (ESI) source and
linear ion-trap (LIT) mass analyzer). At the time of this experiment,
Metabolon’s metabolomics platform was capable of detecting more
than 3,500 substances. Compounds found in the sample were cross-
referenced to their library of compounds for identification. Analysis
of variance (ANOVA) contrasts were used to identify biochemicals
that differed significantly between experimental groups following
log transformation and imputation of missing values, if any, with
the minimum observed value for each compound. Metabolite out-
liers of more than 2 standard deviations away from the group mean
were similarly excluded from analysis. Metabolites were filtered
out of the dataset if they were not detectable in >60% of animals in
the majority of groups or where the entire difference between sham
and SCI group means was due to changes in 25% of animals or less,
and subsequently excluded from analysis. Values were converted to
a ratio to the mean of the sham group for graphing purposes.

Serum bile acid. Serum bile acids were measured using a
method adapted from Woolbright and colleagues.*’ Rat serum
samples were prepared using a methanol extraction procedure to
facilitate the removal of serum proteins by centrifugation. This was
done by mixing 30 uL of serum with 80 pL of methanol spiked with
internal standards and briefly vortexing, then centrifuging at
15 000 x g for 20 min. The supernatant extracts were injected (5 uL)
into a HPLC system (Agilent Technologies, Santa Clara, CA). Bile
acid separation was achieved using a 1260 Infinity Binary LC
System equipped with a 100 mmx2.1 mm (C-18 BEH, Waters)
column. The column temperature was maintained at 45 C and the
flow rate was 0.3 mL/min with a gradient in a 25-min run. Gradients
were run starting from 95% buffer A containing ammonia acetate
(water/methanol, 80:20 v/v, pH=_8.4) and 5% buffer B containing
ammonia acetate (acetonitrile/water 90:10 v/v, pH=8.4) and to
75% A from 0-5.0 min; 75% A to 60% A from 5.0-10.5 min; 65%
A 10 5% A from 10.5 to 18 min; 5% A to 0% A from 18-22 min; 0%
A was held for 1.0 min; 0% A to 95% A from 23-23.5 min; 95% A
was held from 23.5-25 min to re-equilibrate the column. The HPLC
eluate was analyzed in negative mode with electrospray ionization
on a 6490 triple quadrupole mass spectrometer (Agilent Technol-
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ogies, Santa Clara, CA) using the multiple reaction monitoring
method. The drying gas temperature was set up at 250°C for pos-
itive mode and 290°C for negative mode, correspondingly. Drying
and sheath gas flow maintained at 14 l/min and 12 1/min for both
modes, respectively. Capillary voltage was set at 3500 V for posi-
tive mode and 3200 V for negative mode. The relative abundance of
bile acids was calculated based on the peak area.

Microarray analysis. Microarray studies were performed in
the UTHealth Microarray Core Facility under the direction of Dr.
David Loose. The Microarray Core Facility provided experimental
handling and support for all aspects of the Agilent microarray
platform used in this study. The specific arrays used were the
Agilent SurePrint G3 Rat GE 8x60K Microarrays. These arrays
have 60,000 probes and a number of control probes for quality
control assessment. We performed a total of 96 arrays on 12 groups
as indicated in Table 1 with n=28 for all groups. Following treat-
ment, total RNA was extracted from the testis (Qiagen, Hilden,
Germany) and gene expression profiles examined by array. The
arrays were pre-processed and captured image data for microarray
features was accomplished with Agilent’s SureScan and Feature
Extraction software. Data were background corrected with the local
background algorithms in the Feature Extractor software. The main
software used for subsequent analysis was BRB Array tools (v 4.4).
Data were normalized using quantile normalization, and transcripts
that were differentially expressed identified by univariate analysis
at p<0.01 corrected for multiple testing (Bonferroni).

Caspase-3 assay. Caspase activity was performed on testis
protein extract using the EnzChek caspase-3 assay kit #1, following
the manufacturers protocol (Molecular Probes). This assay mea-
sures the increase in fluorescence generated by the cleavage of the
aminomethylcoumarin (AMC)-labelled caspase-3 substrate Z-
DEVD-AMC. The production of fluorescent substrate was moni-
tored continuously every 5 min for approximately 2 h in a 96-well
dish using an automated fluorescent plate reader with data acqui-
sition software (LS55 luminescence spectrometer, PerkinElmer
Instruments, Shelton, CT). The slope of the linear regression drawn
through each time-point was used to determine change in fluores-
cence over time for each sample. A standard curve using known
amounts of AMC was used to convert fluorescent values to specific
catalytic activity.*!

All assays were run under blinded conditions and all samples
were randomized prior to analysis.

Results
SClI-dependent cellular immune components

Immune cells were identified and quantified by flow cytometry
using cell surface specific markers in the testis. These included
neutrophils, dendritic cells, and lymphocytes (T, B, NK, and NKT),
as well as differentiating between subsets of T cells. Flow cyto-
metric analysis of testicular tissue (Fig. 1) showed that neutrophil
counts were significantly increased at 72 h in the acute SCI animals
versus both sham and naive animals (26.4% and 30.8% increase,
respectively; p <0.05), but were not elevated in the chronic 1.5 year
post-surgery SCI animals. In the 1.5 year chronic SCI animals, we
observed an elevation in T cells in the testes (41.6% increase;
p<0.001) that was not seen at 72 h. There was no significant change
in subsets of T-cell phenotypes at either time-point.

Metabolomics

A total of 369 metabolites were detected in the testes by UPLC/
MS and GC/MS. These metabolites were clustered by biochemical
function into amino acid, peptide, carbohydrate, energy, lipid,
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FIG. 1. Flow cytometric analysis of testes tissue for immune cell phenotypes: *p <0.05, ***p <0.001. (Aa) Neutrophils were elevated

72 h post—spinal cord injury (SCI), compared with sham and naive (26.4% and 30.8%, respectively; p <0.05). (Ab) T-cell phenotypes
were unchanged after injury. (Ba) T-cells were elevated 1.5 years post-SCI (41.6%; p <0.001). (Bb) T-cell phenotypes were unchanged

after injury.

nucleotide, cofactors and vitamins, and xenobiotic ‘“‘super path-
ways”’ and clustered again into smaller ‘‘sub-pathways” such as
eicosanoids, lysolipids, glycolysis, bile acids, and 70 others. We used
Metabolon’s initial ANOVA analysis as a screening tool, and further
scrutinized the data to find sub-pathways where over 30% of me-
tabolites were significantly changed and subjected them to further
analysis as described in the Methods section.

Eicosanoid metabolites exhibited a significant difference be-
tween groups (Fig. 2). Five eicosanoids were found via metabo-
lomics analysis within the testes; these include prostaglandin E2
(PGE2), prostaglandin D2 (PGD, 5-hydroxyicosatetraenoic acid
(HETE), 12-HETE, and 15-HETE. All five were significantly in-
creased at 24 h after SCI, compared with sham, as analyzed by
ANOVA with Bonferroni correction for multiple comparisons.
Three of the five metabolites were significantly increased after SCI,
compared with naive; namely, PGE2, PGD2, and 12-HETE. The
SCI mean fold change, compared with sham (SCI/Sham), ranged
from 1.6 to 1.828. PGD2 remained significantly elevated at 72 h; at
no other time-points were there significant differences in eicosa-
noid metabolites.

Testicular lysolipids, phospholipids that by metabolism have
lost one acyl chain, were also significantly different after SCI. After
filtering as described in the Methods section, 38 lysolipids were
detected in the testes: 11 of phosphocholine (PC) origin, 14 of
phosphoethanolamine (PE) origin, six of phosphoinositol (PI) ori-
gin, four of phosphoserine origin, and three of phosphoglycerol
origin. Nine of 11 lysolipids of PC origin (Fig. 3) were significantly
elevated by ANOVA with Bonferroni correction for multiple
comparisons in SCI rats, compared with sham, at 72 h post-surgery
(the remaining two were significantly increased if analyzed by

Student’s r-test). The increase in lysolipid levels at 72 h post-SCI
ranged from 3.587 to 10.04. Remarkably, none of the lysolipids of
any other lipid class were significantly changed 72h after SCI.
Lysolipid changes at other time-points were not significant.

Five selected metabolites that are indicative of a state of oxi-
dative stress also were measured. (Fig. 4). Oxidized glutathione is
unchanged at all time-points, but the protective reduced form of
glutathione is decreased at 24h, compared with sham animals,
which reduces the overall ratio of oxidized to reduced glutathione.
Carnosine and anserine are unchanged as analyzed by ANOVA but
are significantly different between SCI and sham as analyzed by the
less stringent Student’s #-test at 24 h (p=0.033729 and 0.026128),
72h (p=0.024144 and 0.047352), and 28 days (p=0.006919 and
0.026611) post-surgery. This trend of an ANOVA 0.05 < p<0.1
and t-test of p <0.05 for carnosine and anserine continues at 72 h and
28 days post-SCI (data not shown). 13-hydroxyoctadecadienoic acid
(HODE) +9-HODE, two similar linoleic acid metabolites often
lumped together that are elevated in oxidative stress, is elevated in
SCI rats, compared with sham, at 24 h.

Four unconjugated bile acids were detected in the metabolomics
profiling (Fig. 5) with all four elevated in the SCI animals, com-
pared with shams (three of four, compared with naive) at 28 and
90 days post-injury. The SCI mean fold change from sham mean
ranged from 2.238 to 4.352. Bile acid changes at earlier time-points
were negligible. In addition, 21 bile acids were measured in the
serum of 90 day post-surgery rats by a separate mass spectrometric
analysis, but only 1 (GLCA) was found to be statistically changed
(elevated) from sham as analyzed by ANOVA (data not shown).
Serum levels of bile acids showed a significant correlation (Fig. 6)
to testis levels of bile acids (R*=0.7975), which is even more
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FIG. 2. Metabolomic assessment of eicosanoids in the teste at 24 h post-surgery. Whisker plots illustrate the median (horizontal
bar), the 25th to 75th percentile (box) and the minimum to maximum value (whiskers). All values were scaled to set the sham mean
equal to 1 (horizontal dotted line). *p <0.05, **p <0.01. 12- Hydroxyicosatetraenoic acid (HETE) in spinal cord injury (SCI) animals
is elevated (analysis of variance [ANOVA: p=0.0044), compared with both sham (p <0.01) and naive (p <0.05), with an SCI mean
fold change from sham mean of 1.6. 15-HETE in SCI rats is elevated (ANOVA: p=0.0050), compared with sham (p<0.01), with an
SCI mean fold change from sham mean of 1.655. 5-HETE in SCI rats is elevated (ANOVA: p=0.0023), compared with sham
(p<0.01), with an SCI mean fold change from sham mean of 1.828. Prostaglandin E2 (PGE2) in SCI rats in elevated (ANOVA:
p=0.0147), compared with sham (p<0.01) and naive (p<0.05), with an SCI mean fold change from sham mean of 1.661. Pros-
taglandin E2 (PGD2) in SCI rats is elevated (ANOVA: p=0.0198), compared with sham and naive (p <0.05), with an SCI mean fold

change from sham mean of 1.703.

pronounced when separated into SCI and sham groups (R*=0.9506
and 0.9567, respectively). Interestingly, the difference between
sham and SCI bile acid concentrations in the serum versus the
difference between sham and SCI bile acid concentrations in the
teste had an even higher correlation (R?=0.9845). There was a
correlation (R?) value of 0.7975 between plasma levels and testes
levels, but no statistical differences in unconjugated bile acids
between SCI and sham in the serum.

mRNA

We were interested in determining what changes occurred
within the testis at the RNA level after SCI and therefore performed
microarray experiments at the same time-points that were done in
the metabolomic experiments. After analyzing these data for sig-
nificantly changed transcripts in BRB Array tools, Ingenuity IPA
software was used to cluster mRNA into pathways. Some pathways
were changed in a rather incoherent pattern with conflicting acti-
vation and suppression of several transcripts, such as immune
function genes at all time-points, while others were single gene
changes whose significance was suspect. Overall, there were 267
transcripts significantly changed at 24 h after SCI, compared with
sham, 252 transcripts at 72 h after SCI, 507 transcripts 28 days after
SCI, and 392 transcripts 90 days after SCI. Here we present the
major pathways affected by SCI.

The 24h post-SCI animals had decreased expression of eight
transcripts directly involved in the testosterone production path-
way (Fig. 8), including the rate limiting step of cholesterol transport

into mitochondria (STAR) and the rate limiting enzyme
(CYP11A1).**** The SCI mean fold change from sham mean
ranged from 0.2882 to 0.5190.

The mRNA array at 72 h shows that eight different transcripts
involved in DNA function and cell cycle were decreased post-SCI
(Fig. 7). The SCI mean fold change from sham mean ranged from
0.5214 to 0.8242.

In addition to the mixed suppression and induction of immune
function genes seen at all time-points, the mRNA array data from
28 days and 90 days show a similar mix of transcripts involved in
chemotaxis.

Discussion

Little is known regarding the cascade of pathological events
initiated in the testes following SCI. In order to begin deriving a
greater understanding of these acute and long-term pathological
changes that negatively impact fertility, we elected to take a broad,
multifaceted approach examining immunological, metabolomics,
and mRNA expression studies. These studies were driven by prior
studies that demonstrated that SCI caused significant activation of
the immune system,”>*’ changes in hepatic function®' and globally
altered gene expression.**™*® The amount of data generated via
these methods is immense, encompassing multiple pathways and
systems at multiple time-points.

Metabolomics is a recent tool that permits the quantitative as-
sessment of large numbers of biochemicals or metabolites from
many different pathways in order to get an unbiased snapshot of a
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Lysolipids at 72 hours
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FIG. 3. Metabolomic assessment of lysolipids at 72 h post-surgery. Whisker plots illustrate the median (horizontal bar), the 25th to
75th percentile (box) and the minimum to maximum value (whiskers). All values were scaled to set the sham mean equal to 1
(horizontal dotted line). *p <0.05, **p<0.01. Compared with sham, lysolipids that were elevated after spinal cord injury (SCI) were:
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Compared with naive, lysolipids elevated after SCI were:
3: 1-stearoylglycerophosphocholine (p<0.05);

4: 1-oleoylglycerophosphocholine (p<0.05); and

5: 2-oleoylglycerophosphocholine (p <0.05).

tissue’s metabolic profile. We analyzed our results focusing on
multi-metabolite networks that could identify broad shifts in the
metabolic state in the testis after SCI.

The greatest changes in the testicular metabolome observed at
24 h post-SCI were: 1) the establishment of an environment fa-
voring both inflammatory and pro-oxidative conditions, and 2) a
significant reduction in testosterone production. Inflammatory
conditions appear to be favored via activation of two canonical
pathways for arachidonic acid metabolism (cyclooxygenase
[COX and lipoxygenase), which produce prostaglandins (PGE2/
D2) and leukotriene precursors (some HETEs).* Oxidative
stress is evident by a decrease in reduced glutathione, which is
protective. An increase in the ratio of reduced glutathione to
oxidized glutathione is recognized as a well-established marker
of oxidative stress.’® 13-HODE +9-HODE, which together are
markers for oxidative stress of free radical-mediated oxidation, is
also increased at 24 h, although these can also be made by
COX.3! These metabolites, and the consistent decrease in anti-
oxidants anserine and carnosine, point toward at least a mild
oxidative insult in the testes at 24 h. Both oxidative stress and

: 1-palmitoylglycerophosphocholine (p <0.01; analysis of variance [ANOVA: p=0.0055; mean fold change: 8.118);
: 2-palmitoylglyerophosphocholine (p <0.05; ANOVA: p=0.0113; mean fold change: 5.021);

: 1-stearoylglycerophosphocholine (p<0.01; ANOVA p=0.0067; mean fold change: 7.889);

: 1-oleoylglycerophosphocholine (p<0.01; ANOVA: p=0.0043; mean fold change: 5.929);

: 2-oleoylglycerophosphocholine (p<0.05; ANOVA: p=0.0092; mean fold change: 7.841);

: 1-linoleoylglycerophosphocholine (p <0.05; ANOVA: p=0.0316; mean fold change: 3.587);

: 2-linoleoylglycerophosphocholine (p<0.05; ANOVA: p=0.0362; mean fold change: 6.869);

: 1-arachidonoylglycerophosphocholine (p <0.05; ANOVA: p=0.0388; mean fold change: 4.694); and

: 2-arachidonoylglycerophosphocholine (p<0.05; ANOVA: p=0.0207; mean fold change: 10.04).

inflammation have been shown to be associated with SCI-
dependent male infertility.>?

The decrease in the mRNA of the enzymes responsible for tes-
tosterone production shows that low testosterone in acute SCI pa-
tients is at least partly due to changes at the transcriptional level.
This could indicate that Leydig cells are under stress and are un-
responsive, but we think it is equally likely that SCI causes a shock
to the entire central nervous system (CNS), reducing the amount of
leutenizing hormone or gonadotropin-releasing hormone released
into the system at the level of the CNS, which would lead to less
stimulation of the testosterone production pathway. Because pre-
vious studies have been contradictory, endocrine profiles after SCI
are poorly understood; however, any disrupted testosterone pro-
duction would reduce fertility.>**->* These acute changes likely
further develop or lay the groundwork for the alterations that fol-
low.

At 72 h post-SCI, our data indicate increased cell death, debris,
and catabolism within the testes. In the healthy teste, apoptosis
occurs continuously at higher rates than most of the body as part of
normal spermatogenesis.>* These apoptotic sperm cells are quickly
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FIG. 4. Metabolomic assessment of oxidative stress markers at 24 h post-surgery. Whisker plots illustrate the median (horizontal bar),
the 25th to 75th percentile (box) and the minimum to maximum value (whiskers). All values were scaled to set the sham mean equal to 1
(horizontal dotted line). *p <0.05, **p<0.01. Oxidized glutathione was not changed at 24 h. Reduced glutathione was suppressed after
spinal cord injury (SCI), compared with sham (p<0.01; analysis of variance [ANOVA: p=0.0064; mean fold change: 0.3376).
Carnosine and anserine were unchanged at 24h (ANOVA: p=0.0966 and p=0.0786, respectively). 13-Hydroxyoctadecadienoic acid
(HODE) +9-HODE was elevated after SCI, compared with sham (p<0.05; ANOVA: p=0.0337; mean fold change: 1.550).

absorbed by the supportive sustentacular Sertoli cells in a non-
pathologic manner. Our lab has previously shown extensive ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TU-
NEL) staining and disorganization in segments of the seminiferous
tubules 72 h after SCI.?° In such an environment, sperm production
is not expected to continue at normal rates, if at all. Increased cell
death within the seminiferous tubules, which would coincide with a
cessation or slowing of spermatogenesis, would account for the
coherent but small in magnitude decrease of so many mRNAs re-
lated to cell cycle and DNA function as seen in Figure 6. In support
of this, at 72h we also see an increase in nine lysopho-
sphatidylcholines (LPCs). In apoptotic cells, caspase-3 activates
calcium independent phospholipase A2, which catalyzes PCs into
LPCs.%5>7 LPC has been shown to be released by apoptotic cells to
attract phagocytic cells and to induce pro-apoptotic pathways.”>>
This leads us to speculate that the increase in neutrophils at this
same time-point may be caused by this increase in LPC acting as a
chemo attractant.

All these data point to an SCI-induced enhanced apoptotic en-
vironment within the testes. However, direct caspase activity as-
says (data not shown) show no change in caspase 3 activity in the
testes 24 or 72 h after injury, indicating that overall apoptosis rates
in the whole testis is not significantly elevated. However, previous

data shows significant TUNEL-positive staining in a portion of the
seminiferous tubules in a cross-section of the testes at 72 h after
SCI.%° This leads us to believe that a global insult to the testes
occurs after SCI, but that only the seminiferous tubules in the de-
velopmental stages most sensitive to damage are affected enough to
induce apoptosis, similar to what has been described in testis heat
stress injury.>®%%®! Heat injury induces apoptosis in seminiferous
tubules at early (I-IV) and late (XII-XIV) developmental stages of
spermatogenesis, while segments of seminiferous tubule at other
developmental stages showed little damage.®® Further study into
which seminiferous tubule and spermatogenesis developmental
stages are most affected is needed. These pathologic processes are
further compounded by an immune response, including a neutro-
philic infiltrate. Because the testis is a uniquely immune privileged
environment, many cell types are attenuated or suppressed when
they would be highly activated and increased in other tissue.%> Any
change in immune cells in the testis first must overcome the sup-
pressive effect of the Sertoli cells, which modulate immune func-
tion in order to prevent autoimmunity against the antigens in sperm
cells that appear after the process of tolerance.®? Whether these
neutrophils were present earlier and contributed to the stronger
inflammatory and oxidative environment seen at 24 h or whether
they were recruited via chemotaxis to the testes by the increase in
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bolomic assessment of unconjugated bile acids in the teste 28 days post-surgery Cholate in spinal cord injury (SCI) rats was elevated (analysis
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rats was elevated (ANOVA: p=0.0001), compared with sham (p <0.01; mean fold change: 2.815) and naive (p <0.001). (B) Metabolomic
assessment of unconjugated bile acids in the teste 90 days post-surgery. Cholate in SCI rats was elevated (analysis of variance [ANOVA:
p=0.0001), compared with sham (p<0.001; mean fold change: 3.760) and naive (p<0.01). Chenodeoxycholate in SCI rats was elevated
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Correlation of bile acid concentrations at 90 days
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FIG. 6. Correlation between levels of bile acids in the testes and levels of bile acids in the serum at 90 days post-surgery for both
spinal cord injury (SCI) and sham animals combined (R?=0.7975). Separating the measurements into SCI and sham groups increased
the correlation (R*=0.9506 and 0.9567, respectively). Taking the difference between sham and SCI bile acid concentrations in the
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FIG. 7. Array assessment of the expression of steroidogenesis genes’ messenger RNA (mRNA) transcripts at 24 h post-surgery.
Whisker plots illustrate the median (horizontal bar), the 25th to 75th percentile (box) and the minimum to maximum value (whiskers).
All values were scaled to set the sham mean equal to 1 (horizontal dotted line). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
CYP11al mRNA expression is suppressed in sham animals (sham vs. naive: p <0.0001), and even more suppressed in spinal cord injury
(SCI) animals (SCI vs. sham: p<0.01; SCI vs. naive: p<0.0001), with a mean fold change vs. sham of 0.4486 (analysis of variance
[ANOVA: p<0.0001). CYP17al mRNA expression is suppressed in sham animals (sham vs. naive: p<0.01), and even more suppressed
in SCI animals (SCI vs. sham: p<0.01, SCI vs. naive: p <0.0001), with a mean fold change vs. sham of 0.3878 (ANOVA: p <0.0001).
HSD3B2 mRNA expression is not suppressed in sham animals but is suppressed in SCI animals (SCI vs. sham: p <0.001; SCI vs. naive:
p<0.0001), with a mean fold change vs. sham of 0.3214 (ANOVA: p<0.0001). HSD3B4 mRNA expression is suppressed in both sham
animals (sham vs. naive: p<0.01) and SCI animals (SCI vs. naive: p <0.0001), with a mean fold change vs. naive of .2882 (ANOVA:
p<0.0001).SCARB1 mRNA expression is not suppressed in sham animals but is suppressed in SCI animals (SCI vs. naive: p <0.001),
with a mean fold change vs. naive of 0.3653 (ANOVA: p=0.0012).SCARB1 alt (alternative transcript) mRNA expression is suppressed
in sham animals (sham vs. naive: p <0.05), and even more suppressed in SCI animals (SCI vs. sham: p <0.01; SCI vs. naive: p <0.0001),
with a mean fold change vs. sham of 0.5190 (ANOVA: p<0.0001). STAR alt mRNA expression is suppressed in sham animals (sham
vs. naive: p <0.0001), and even more suppressed in SCI animals (SCI vs. sham: p <0.0001, SCI vs. naive: p<0.0001), with a mean fold
change vs. sham of 0.4382 (ANOVA: p<0.0001). STAR mRNA expression is suppressed in both sham animals (sham vs. naive:
p<0.0001) and SCI animals (SCI vs. naive: p<0.0001), with a mean fold change vs. naive of 0.3082 (ANOVA: p <0.0001).

lysolipids seen at 72 h is a question that requires further study. In
summary, we postulate that SCI causes cell death in localized
segments of the seminiferous tubules and a decrease in the overall
rate of spermatogenesis throughout the testis.

There is strong evidence of bile acid metabolism changes in SCI.
Regardless of SCI lesion level, patients with SCI have a greatly
increased risk of developing biliary sludge as early as 3 months and
gallstones as a late secondary complication, despite some studies
showing voiding time and contractility in the gall bladder being
within normal levels in late injury. This, together with our data,
suggests a more fundamental change in the bile acid metabolism
than just decreased mechanical function. We found that all four
unconjugated bile acids detected above background in the testes are
elevated at 28 and 90 days after injury. Because the enzymes

needed to create bile acids are not present in the testis, this suggests
a hepatic change in bile acid metabolism and provides a strong case
to further investigate into bile acid metabolism changes after SCI.
Indeed, bile acid levels in the serum correlated (Fig. 7) with bile
acid levels in the testis. Serum bile acids were increased in the
serum of SCI rats but these changes did not reach statistical sig-
nificance as occurred in the testis. This suggests the sequestration
and trapping of bile acids in the damaged testis after SCI. Bile acids
have direct cytotoxic activity due to detergent action and elevated
bile acids have been shown to reduce male fertility via farnesoid X
receptor alpha (FXR-x) and TGRS (G-protein-coupled bile acid
receptor 1; GPBARI1) receptor signaling in mice, causing sloughing
of sperm cells, spermatid apoptosis, and a breakdown of the BTB,
which suggests another mechanism by which the testis is unable to
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Cell Cycle Transcripts at 72 hours
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FIG. 8. Array assessment of the expression of cell cycle and DNA function genes’ messenger RNA (mRNA) transcripts at 72 h post-
surgery. Whisker plots illustrate the median (horizontal bar), the 25th to 75th percentile (box) and the minimum to maximum value
(whiskers). All values were scaled to set the sham mean equal to 1 (horizontal dotted line). *p<0.05, **p<0.01, ***p<0.001,
*#%%p <0.0001. CEP290 mRNA expression is altered between groups (analysis of variance [ANOVA: p=0.0341) but the multiple
comparison test failed to differentiate between groups. TAFID mRNA expression is elevated in sham animals (sham vs. naive:
p<0.0001), and suppressed in spinal cord injury (SCI) animals (SCI vs. sham: p <0.0001; SCI vs. naive: p<0.001), with a mean fold
change vs. sham of 0.5214 (ANOVA: p<0.0001). IWS1 mRNA expression is elevated in sham animals (sham vs. naive: p <0.0001),
and less elevated in SCI animals (SCI vs. sham: p<0.01; SCI vs. naive: p<0.0001), with a mean fold change vs. sham of 0.6554
(ANOVA: p<0.0001).CCNC mRNA expression is suppressed in SCI animals, compared with sham (sham vs. naive: p<0.001), with a
mean fold change vs. sham of 0.8242 (ANOVA: p=0.0014). MTRR mRNA expression is elevated in sham animals (sham vs. naive:
p<0.01), but is not in SCI animals (SCI vs. sham: p <0.001), with a mean fold change vs. sham of 0.5730 (ANOVA: p=0.0003). MTRR
alt mRNA expression is elevated in sham animals (sham vs. naive: p<0.01), but is not in SCI animals (SCI vs. sham: p<0.01), with a
mean fold change vs. sham of 0.6093 (ANOVA: p=0.0022). ALKBH8 mRNA expression is elevated in sham animals (sham vs. naive:
p<0.01) but not in SCI animals (SCI vs. sham: p<0.001), with a mean fold change vs. sham of 0.5452 (ANOVA: p=0.0002). IFT74
mRNA expression is suppressed in SCI animals (SCI vs. sham: p<0.05, SCI vs. naive: p<0.01), with a mean fold change vs. sham of
0.6086 (ANOVA: p=0.0009). ZNF519 mRNA expression is suppressed in SCI animals (SCI vs. sham: p<0.01, SCI vs. naive: p<0.01),
with a mean fold change vs. sham of 0.5451 (ANOVA: p=0.0014). HELQ mRNA expression is elevated in SCI animals (SCI vs. naive:
p<0.05), with a mean fold change vs. naive of 2.169 (ANOVA: p=0.0182).

due to localized damage as discussed above. Either there is a similar
localized change in our 1.5 year animals, or there is an evolving

heal the BTB in chronic SCI.%3%467:68 Of note, tauroursodeoxy-
cholic acid, recently shown to be protective against apoptosis in the

cord in SCI, was only detected at low levels in two of the 88
animals.®®”® Further study is needed to determine the complete
etiology of bile acid alterations both systemically and within the
testes to determine how altered bile acid metabolism shapes male
fertility throughout the chronic phase of SCI.

A previous study at 72h and 10 months post-SCI showed a
permeable BTB and presence of immune cells, but overall normal
histology in the testes at 10 months post-SCI.>° These acute im-
mune cell populations were not shown to be elevated in our data,
suggesting that the histological changes were not changes in overall
testes immune cell population, but rather were localized changes

immune cell population that changed in the 8 months between those
two time-points. This slowly and subtly changing pathology could
explain the uncoordinated mRNA data we have seen in the 28 day
and 90 day time-points. Additionally, the testes, particularly the
seminiferous tubules in the presence of a failed blood—testes barrier
would be a target for immune activity/auto-antibody production in
response to highly antigenic sperm and sperm progenitor cells.>”
In summary, male infertility caused by SCI is a multifaceted
problem. At 24 h post-SCI, we observed increased inflammation,
oxidative stress, and reduced steroidogenesis, which have all been
shown to cause infertility. At 72 h post-SCI, we see evidence of a
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pathologic apoptotic environment that affects localized segments
of the seminiferous tubules, similar to that seen with increased
scrotal temperature, and a neutrophilic infiltrate, which is necessary
for ischemia reperfusion induced apoptosis, both of which can be
expected to contribute to reduced fertility.”' Increased levels of bile
acids, such as seen at 28 and 90 days, have been shown to interfere
with spermatogenesis. Finally, chronic immune responses in the
testes, like the increased T-cell numbers observed at 1.5 years post-
SCI, have also been shown to be detrimental to male fertility. In-
terestingly, an increase in T lymphocyte numbers points to a long-
term activation of the adaptive immune response, suggesting the
possibility of an autoimmune response to testis components sec-
ondary to SCI. All six of these processes can cause infertility. What
remains to be seen are which ones, if prevented or treated, can
preserve or restore male fertility.
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