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Synaptojanin 1 Modulates Functional Recovery
After Incomplete Spinal Cord Injury in Male
Apolipoprotein E Epsilon 4 Mice
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Abstract

Apolipoprotein E epsilon 4 (ApoE4) is the second most common variant of ApoE, being present in ~ 14% of the
population. Clinical reports identify ApoE4 as a genetic risk factor for poor outcomes after traumatic spinal cord
injury (SCI) and spinal cord diseases such as cervical myelopathy. To date, there is no intervention to promote
recovery of function after SCl/spinal cord diseases that is specifically targeted at ApoE4-associated impairment.
Studies in the human and mouse brain link ApoE4 to elevated levels of synaptojanin 1 (synj1), a lipid phosphatase
that degrades phosphoinositol 4,5-bisphosphate (PIP,) into inositol 4-monophosphate. Synj1 regulates rear-
rangements of the cytoskeleton as well as endocytosis and trafficking of synaptic vesicles. We report here
that, as compared to ApoE3 mice, levels of synjl messenger RNA and protein were elevated in spinal cords
of healthy ApoE4 mice associated with lower PIP, levels. Using a moderate-severity model of contusion SCI in
mice, we found that genetic reduction of synj1 improved locomotor function recovery at 14 days after SCl in
ApoE4 mice without altering spared white matter. Genetic reduction of synj1 did not alter locomotor recovery
of ApoE3 mice after SCI. Bulk RNA sequencing revealed that at 14 days after SCl in ApoE4 mice, genetic reduction
of synj1 upregulated genes involved in glutaminergic synaptic transmission just above and below the lesion.
Overall, our findings provide evidence for a link between synj1 to poor outcomes after SCl in ApoE4 mice, up
to 14 days post-injury, through mechanisms that may involve the function of excitatory glutaminergic neurons.

Keywords: contusion SCI; functional recovery; PIP,; Synj1

1Spinal Cord Damage Research Center, 2Neurology Service, >Research and Development, James J. Peters VA Medical Center, Bronx, New York, USA.
Departments of “Medicine, *Pharmacological Sciences, ®Rehabilitative Medicine, “Neurology, Icahn School of Medicine at Mount Sinai, New York, New York, USA.

*Address correspondence to: Carlos A. Toro, PhD, James J. Peters VAMC, 130 West Kingsbridge Road, Research Building, 3F-32, Bronx, NY 10468, USA; E-mail:
Carlos.toro@mssm.edu

© Carlos A. Toro et al., 2023; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the Creative Commons
License [CC-BY] (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.
464 %



Toro et al.; Neurotrauma Reports 2023, 4.1
http://online.liebertpub.com/doi/10.1089/neur.2023.0023

Introduction
Spinal cord injury (SCI) results in devastating and life-
long disabilities. Approximately two thirds of persons
with SCI eventually recover some sensory and motor
function." The extent of this recovery is predicted by
and correlated with the amount of spared white matter
at the lesion site.” Mechanisms for recovery are thought
to involve remyelination of surviving axons, neuroplas-
ticity within the spinal cord and brain,’ > and activities
of microglia and astrocytes, which may promote or
reduce locomotor function.®® Considerable evidence
indicates that the neuroanatomical basis for motor
functional recovery is largely dependent upon axon
branches arising above the site of axon transection by
the SCI. These branches synapse with neurons located
in the brainstem and in gray matter of the spinal cord
that are above the lesion site and project descending
axons past the lesion.” >°

Although genetic variability is recognized as a key
determinant of risks for common diseases from cancer
to cardiovascular disease and sporadic Alzheimer’s dis-
ease (AD), there is very little knowledge available as
to how naturally occurring genetic variability influen-
ces outcomes after SCI. One genetic variant that may
determine outcomes after SCI is apolipoprotein E
(ApoE) epsilon 4 (ApoE4). ApoE is synthesized by
hepatocytes, astrocytes, and microglia and carries lip-
ids from these cells to target cells elsewhere in the
body. In humans, three ApoE variants have been well
characterized and are distinguished by their amino
acid sequence. ApoE2 has cysteine residues at positions
112 and 158; ApoE3 has one substitution (Cys158Arg),
and ApoE4 has two (Cysl112Arg, Cys158Arg)."" The
worldwide prevalence of these variants is 8.4% (ApoE2),
77.9% (ApoE3), and 13.7% (ApoE4), respectively.11
The ApoE4 variant has been associated with health
problems that include sporadic AD,'? worse outcomes
after traumatic brain injury,'>'* and greater risks of
kidney and cardiovascular disease.'>'® By contrast,
ApoE2 seems to protect against cognitive decline.'” "’

A growing body of evidence links ApoE4 to poor
outcomes after SCI or spinal cord disease. Analysis of
a case series of newly injured SCI patients found that
those who carried at least one ApoE4 allele had longer
inpatient rehabilitation stays and recovered less func-
tion based on standard neurological exams.”® The
idea that ApoE4 is associated with less functional rec-
overy after SCI gained further support from prospec-
tive studies of patients with cervical myelopathy, a
neurological syndrome caused by spinal cord compres-
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sion, which showed that patients who carried ApoE4
were much less likely to recover function after surgical
decompression of the cervical spinal cord.*' Parallel
studies using a mouse model of cervical myelopa-
thy found that, as compared to ApoE3, ApoE4 imp-
aired the recovery of forelimb grip strength after
cervical decompression associated with increased acti-
vation of microglia, reactive astrocytes, and expres-
sion of messenger RNA (mRNA) for proinflammatory
cytokines."

We recently found that, when compared to ApoE3
mice, ApoE4 mice demonstrated lower locomotor func-
tion after a moderate-severity contusion SCI; ApoE4
was associated with higher expression in spinal cord
of markers for reactive astrocytes (glial fibrillary acidic
protein) and activated microglia (ionized calcium-
binding adapter molecule 1),>* but, importantly, did
not influence white matter sparing after SCI,** indicat-
ing that ApoE4 most likely negatively impacts the func-
tion of surviving neural circuits or formation of relay
circuits connecting the brain and periphery.

Synjl is one of a growing number of genes impli-
cated in the adverse effects of ApoE4 on cognitive func-
tion with aging.>® Synjl is critical for endocytosis and
trafficking of synaptic vesicles and autophagosomes,”*
and for rearrangements of the cytoskeleton. These
actions are thought to be largely attributable to the
dephosphorylation by synjl of phosphoinositol 4,5-
bisphosphate (PIP,) to inositol 4-monophosphate
(PIP,).>> Synjl expression is increased in the brains
of humans and mouse ApoE4 carriers of mild cogni-
tive impairment and early AD associated with redu-
ced levels of PIP, in tissue homogenates and
synaptosomes, and the genetic reduction of synjl res-
cued AD-related cognitive impairments in ApoE4
mice.”> Whether Synjl could modulate recovery after
SCI is not known.

The goal of the experiments reported here was to
investigate the role(s) of synjl in locomotor function
recovery after SCI in ApoE4 mice up to 14 days post-
injury. We tested whether, as compared to ApoE3,
ApoE4 was associated with higher synjl expression
and lower PIP, levels in spinal cord tissue, and whether
genetically reducing synjl would improve locomotor
function after a contusion SCI in ApoE3 or ApoE4
mice. Potential cellular and molecular effects of the
genetic reduction of synjl after SCI were further inves-
tigated by reverse-transcription (RT)/quantitative
(qQPCR) polymerase chain reaction (PCR) and bulk
RNA sequencing (RNA-seq).
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Methods

Animals

Use of live animals was conducted in accordance with
Public Health Service Policy on Humane Care and Use
of Laboratory Animals and the Guide and was appro-
ved by the Institutional Animal Care and Use Commit-
tee at James J. Peters Veterans Affairs Medical Center.
Mouse models expressing human ApoE3 and ApoE4
variants with either synj1™" or synjl*™~ backgrounds
were bred as previously described.”> Genotypes were
verified by PCR amplification.

Experimental design

At 4 months of age, male mice were randomly assigned
to experimental groups (Table 1). The experimental
design and timeline for the study procedures are
shown in Figure 1.

Spinal cord injuries

A moderate-severity contusion SCI was performed
using the Infinite Horizons (IH) impactor (Precision
Systems and Instrumentation, LLC, Fairfax Station,
VA), as reported previously.”> Induction of anesthesia
was performed by 3% isoflurane inhalation. Animals
at 4 months of age and similar weights (Supplementary
Fig. S1) underwent a laminectomy to expose the dura at
the level of T9. The laminectomy of ~2mm in diam-
eter allowed the impact probe to hit the dura without
touching any bone or other surrounding tissues. Stabi-
lization of the vertebral column was done using forceps
attached to the IH clamping platform. All animals in
the SCI groups (Table 1) received a 50-kdyne contu-
sion.”® Left-right lesion symmetry was confirmed by
detection of bruising on both sides of the dorsal median
sulcus. Actual impact force and cord displacement val-
ues were recorded for each animal (Supplementary
Fig. S2). Muscle was closed using resorbable sutures
and skin closed with 7-mm wound clips. Post-operative
care took place over heating pads warmed with recircu-

Table 1. Experimental Groups and Animal Numbers
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lating water. All animals received pre-warmed lactated
Ringer’s solution, carprofen, and Baytril for the first
5 days after surgery. Urine was expressed manually
twice a day by gentle pressure and massage of the blad-
der until spontaneous voiding was observed. Animals
were checked for retained urine and overall health at
least once a day for the length of the study.

Behavioral testing

Locomotor recovery was tested as previously repor-
ted,”* using the Basso Mouse Scale (BMS) open-field
test”’ and the horizontal ladder rung walk test
(LRWT),”® pre-operatively and at specified time points
after SCI (Fig. 1). BMS scores are a well-established
method for evaluating the severity of impairments in
locomotor function after SCI. LRWT evaluates fine
motor skills and coordinated stepping.*® Animals
were recorded as they attempted to cross the ladder.
Videos were reviewed by two blinded observers
who recorded the number of correct steps and foot-
placement errors. All animals were familiarized with
the equipment 1 week before surgery.

Tissue harvest

At 14 days post-SCI, 4 animals per group (Table 1)
were randomly selected to undergo perfusion fixation
under a deep anesthesia achieved by intraperitoneal
injection of ketamine (100mg/kg) and xylazine
(30 mg/kg), as previously reported.”* Mice were eutha-
nized by transcardial perfusion with sterile saline fol-
lowed by ice-cold 4% paraformaldehyde (PFA).
Perfused spinal cords were removed and post-fixed in
4% PFA for 72h, transferred to a solution of 30%
sucrose, and stored at 4°C until cryostat sectioning.
Additional fresh-frozen spinal cord tissues from each
group were collected after inducing deep anesthesia
by inhalation of 3% isoflurane followed by decapita-
tion. Spinal cord segments, immediately rostral or
caudal from the lesion epicenter, were collected and

Surgery Behavior Histology HPLC Biochemistry RNA-seq Tissue collected
Laminectomy (sham)/ApoE3 Synj1*/* N=6 — N=6 — — N=6
Laminectomy (sham)/ApoE3 Synj1+/' N=6 N=3 — N=3 N=6
Laminectomy (sham)/ApoE4 Synj1*/* N=6 — N=6 — N=6
Laminectomy (sham)/ApoE4 Synj1*/~ N=6 N=3 — N=3 — N=6
Contusion SCI/ApoE3 Synj1*/* N=9 N=4 N=6 N=6 N=3 N=16
Contusion SCI/ApoE3 Synj1*/~ N=6 N=2 — N=5 N=3 N=7
Contusion SCI/ApoE4 Synj1+/* N=10 N=4 N=6 N=4 N=3 N=14
Contusion SCI/ApoE4 Synj1*/~ N=11 N=4 — N=7 N=3 N=11

ApoE3, apolipoprotein E epsilon 3; synj 1, synaptojanin 1; ApoE4, apolipoprotein E epsilon 4; SCI, spinal cord injury; HPLC, high-pressure liquid

chromatography; RNA-seq, RNA sequencing.
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Experimental design. (A) Anatomical representation of the mouse brain and spinal cord showing
the site of laminectomy or contusion SCI (red box) at the level of thoracic vertebrae 9 (T9). Black squares
represent locations of the rostral and caudal segments of spinal cord collected for histology, biochemistry,
and RNA-seq studies. R=rostral; C=caudal. Scale bar, 2 mm. (B) Timeline for animal familiarization with
handling, behavioral testing, and tissue collection/animal perfusion are depicted. BMS, Basso mouse scale;
LRWT, ladder rung walk test; RNA-seq, RNA sequencing; SCI, spinal cord injury .
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snap-frozen in liquid nitrogen and then stored at
—80°C for biochemical analysis; tissues from compa-
rable areas of spinal cords of sham-controls were also
collected.

Immunofluorescence staining

Transverse 10-micron cryosections of perfusion-fixed
spinal cord were used for immunofluorescence stain-
ing as previously reported.”* Antibodies were used to
detect PIP, and synjl. Secondary antibodies were
Alexa Fluor 488 and Alexa Fluor 647 (Table 2). Sec-
tions were imaged with a confocal microscope (Zeiss
LSM700; Carl Zeiss, Jena, Germany) and analyzed
using Image] software (National Institutes of Health,
Bethesda, MD), as detailed below.

White spared matter detection

Transverse 10-micron cryosections of perfusion-fixed
spinal cords were obtained using a cryostat (Leica
Microsystems, Wetzlar, Germany), and immunofluo-
rescence staining was performed as previously rep-
orted.”> Myelin was stained using Fluoromyelin,

Table 2. Antibodies for Inmunohistochemistry

according to the manufacturer’s protocol (FluoroMye-
lin green; ThermoFisherScientific, Waltham, MA). We
then analyzed spared myelin in sections obtained at
150 microns both rostral and caudal of the injury site
and at the epicenter. Sections were imaged with a con-
focal microscope (Zeiss LSM700; Carl Zeiss) and ana-
lyzed using Image] software (National Institutes of
Health). Visualization of differences in spared myelin
and image analysis was performed as previously descri-
bed.* Briefly, thresholds for signals in the images were
set at background gray values. The region of interest,
defined by a dotted line, was determined and the
mean intensity and total number of pixels above
threshold were measured. Spared tissue was determin-
ing by the percentage of white matter calculated by the
total area of the spinal cord for each section using
Image].

Image capture and quantification

Tiled images (5x5) were obtained from stained sec-
tions using a 20 X objective and a Zeiss LSM700 confo-
cal microscope (Carl Zeiss). Blinded quantification was

Antibody name Isotype and host Catalog no. Concentration RRID
Anti-Synj1 antibody IgG polyclonal, host rabbit Novus, NBP1 87842 1:1000 AB_443303
Anti-PIP, antibody IgG polyclonal, host rabbit Echelon, Z-P034 1:400 AB_305808
Alexa-488 anti-mouse IgG polyclonal, host goat Abcam, ab150113 1:2500 AB_2636859
Alexa-647 anti-rabbit IgG polyclonal, host goat Abcam, ab150079 1:2500 AB_2576208

Synj 1, synaptojanin 1; PIP,, phosphoinositol 4,5-bisphosphate; IgG, immunoglobulin G.
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performed using Image]J software (version 2.1.0/1.53¢;
National Institutes of Health). For immunofluores-
cences, the integrated density of pixels was measured
for each section and a mean value was calculated
as previously described.**** Maximum background
threshold was determined for each image and set for
intensity quantification. Data represent the meant
standard error of the mean (SEM).

RNA extraction, reverse transcription,

and quantitative polymerase chain reaction

Total RNA was extracted from spinal cord segments
(~2mm) either rostral or caudal to the lesion epicen-
ter using TRIzol reagent (ThermoFisherScientific), fol-
lowing the manufacturer’s instructions and methods
previously described.”**" Total RNA concentrations
were determined by absorbance at 260 nm using a
Nanodrop spectrophotometer (ThermoFisherScientific).
RNA was reverse-transcribed into complementary
DNA (cDNA) using Omniscript reverse transcriptase
(Qiagen, Hilden, Germany). PowerUp SYBR Green
Master Mix (ThermoFisherScientific) was used to mea-
sure mRNAs of interest by qPCR. Primers were
designed using the Primer Blast program from NCBI
(Table 3). Formation of single SYBR Green-labeled
PCR amplicons was verified by running melting
curve analysis. Threshold cycles (CTs) for each PCR
reaction were identified by using QuantStudio 12K
Flex software. To construct standard curves, serial dilu-
tions were used from 1/2 to 1/512 of a pool of cDNAs
generated by mixing equal amounts of cDNA from
each sample. The CTs from each sample were com-
pared to the relative standard curve to estimate the
mRNA content per sample; the values obtained were
then normalized using peptidylprolyl isomerase A
(Ppia) mRNA.

High-pressure liquid chromatography

lipid analysis

Spinal cord segments (~2mm) above and below the
T9 region were collected from sham and SCI animals
at 14 days post-SCI or laminectomy. Flash-frozen sam-
ples were used for lipid extraction, followed by anion-

Table 3. Primer Sequence for RT-qPCR
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exchange high-pressure liquid chromatography (HPLC)
quantification, as described previously.>*>>

Transcriptomic profiling by RNA sequencing
Total RNA was extracted from spinal cord segments
above and below the injury (~2mm) from male
mice at 14 days (N=3 per group). RNA integrity was
checked using the RNA 6000 Nano assay (Agilent
Technologies, Santa Clara, CA). The sequencing library
was prepared with a standard TruSeq RNA Sample
Prep Kit v2 protocol (Illumina, San Diego, CA), as de-
scribed previously.”>*> RNA libraries were sequenced
on the Illumina HiSeq 2000 System with 100 nucleotide
paired-end reads, according to the standard manufac-
turer’s protocol (Illumina). For RNA-seq data analysis,
Star 2.5.4b and bowtie2 2.1.0, samtools 0.1.7 and cuf-
flinks 1.3.0 were used as described previously.*>~>
Before read alignment, we identified the samples with
the lowest read counts above and below the injury
site (32630698 and 32116310, respectively) and down-
sampled all other samples of the same site to the same
number of read counts by randomly removing exces-
sive reads (Supplementary Fig. S3A) to prevent distor-
tion of upper quartile normalization and RNA-seq
results by read count imbalances, as described previ-
ously.”* The percentages of reads that were successfully
aligned to the mouse reference genome varied between
85% and 89% (Supplementary Fig. S3B).
Differentially expressed genes (DEGs) between all
four conditions at each site of the injury were identified
based on a maximum p value of 0.01 (Supplementary
Table S1). Up- and downregulated genes were submit-
ted to pathway enrichment analysis using Fisher’s exact
test and the Gene Ontology Biological Processes 2018
library’®*” downloaded from enrichR*® (Supplemen-
tary Table S2). Predicted subcellular processes were
ranked by significance. Significance p values were
transformed into -log;o(p values) and visualized as
bar diagrams.

Database mining
Information about the subcellular expression of Synjl
in the spinal cord of mice was obtained by data mining

Gene Forward primer Reverse primer Product length (bp) RefSeq

Ppia TGGTCAACCCCACCGTGTT CCACCCTGGCACATGAATCCT 193 NM_008907.2
Slc17a7 CCCCATCATCGTGGGTGCAA AGCTGGTCGTGGCCAACAAA 192 NM_182993

Grik1 TGTTCTGGCTGCAGGACTCG GTGGAGTTGGTCGGATGGGT 133 NM_001346964.2

RT-qPCR, reverse-transcription quantitative polymerase chain reaction; Ppia, peptidylprolyl isomerase A; bp, base pair.
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the harmonized atlas of spinal cord cells before and
after SCI as previously described in the seqseek.ninds
.nih.gov website.*

Statistical analysis

Statistical evaluations were performed using t-tests for
two comparisons or two-way mixed-model analysis of
variance (ANOVA) and Tukey’s multiple comparison
test post hoc, where appropriate, as indicated in the fig-
ure legends. All statistical tests were two-tailed; p values
of <0.05 were considered significant. Statistical calcula-
tions were performed using Prism software (version 9;
GraphPad Software Inc., La Jolla, CA). Data are exp-
ressed as mean values = SEM.

Results

Baseline phosphoinositol 4,5-bisphosphate levels

are reduced in spinal cords of apolipoprotein

E epsilon 4 mice

HPLC analysis of lipid profiles of spinal cord from
sham ApoE4 animals showed lower baseline PIP, levels
both above and below T9 as compared to sham ApoE3
mice (Fig. 2). These studies were repeated using 2-mm
segments of spinal cord collected 14 days after a
50-kdyne spinal cord contusion at T9 and were located
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just above or below the lesion epicenter. After SCI, PIP,
levels in ApoE4 mice were significantly lower above the
lesion site when compared to ApoE3 mice. In contrast,
PIP, levels in spinal cord tissue below the level of the
injury increased after SCI in ApoE4 mice to levels
that were comparable to those found in ApoE3 mice
(Fig. 2).

To validate these biochemical studies, transverse
20-micron fixed sections of fixed spinal cord were col-
lected and analyzed at 14 days post-injury. Sections
from just above the lesion from ApoE3 or ApoE4
mice were subjected to immunofluorescence staining
and visualized by confocal microscopy. Reduced levels
of PIP, were observed in sections from ApoE4 mice as
compared to sections from ApoE3 mice from a location
equidistant from the lesion (Fig. 3).

Synaptojanin 1 levels are increased in spinal cord

gray matter of apolipoprotein E epsilon 4 mice

after SCI

Additional sections of spinal cords collected at 14 days
after SCI were used to detect Synjl by immunofluo-
rescent staining. When examining sections taken just
above the lesion, Synj was increased in ApoE4 mice
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FIG. 2.

PIP, levels in spinal cords of ApoE3 and ApoE4 mice after SCI. HPLC was used to determine levels
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of PIP, in spinal cord tissue located above or below T9. Data are expressed as percentage of total lipid
detected in the sample. Tissue was isolated at day 14 after a 50-kdyne contusion SCI (right panel) or sham
SCI (left panel). *p <0.05; **p < 0.01, two-way ANOVA. N=6 per group. ANOVA, analysis of variance; ApoE3,
apolipoprotein E epsilon 3; ApoE4, apolipoprotein E epsilon 4; HPLC, high-pressure liquid chromatography;
PIP,, phosphoinositol 4,5-bisphosphate; SC, spinal cord injury.
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FIG. 3. ApoE4 reduced PIP, above the lesion at 14 dpi. Vibratome sections of perfusion-fixed spinal cords
from ApoE3 (A,B) or ApoE4 (C,D) mice located at ~300 microns above the injury epicenter were
immunostained. Panels B and D show enlarged views of fields indicated in panels A and C by red boxes.
(E) Fluorescence intensity was quantified for each of 4 different animals per ApoE variant. Images displayed
are representative examples. *p <0.01; unpaired Student’s t-test. ApoE3, apolipoprotein E epsilon 3; ApoE4,
apolipoprotein E epsilon 4; PIP,, phosphoinositol 4,5-bisphosphate; SCI, spinal cord injury.
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as compared to ApoE3 mice (Fig. 4). Elevated Synjl
expression was observed mainly in the gray matter of
sections from ApoE4 mice as compared to ApoE3 sec-
tions (Fig. 4).

Genetically reducing synaptojanin 1 improves
locomotor function in male apolipoprotein E

epsilon 4 mice

We tested the effects of genetically reducing synj1 levels
on outcomes after SCI in ApoE4 and ApoE3 mice. Ani-
mals expressing human ApoE4 that either had one
inactive synjl allele (synj1*’") or two normal synjl
alleles (synj1*'*) were subjected to a motor-incomplete
spinal cord contusion at the level of T9. RT-qPCR anal-
ysis showed that synjl mRNA levels were 24.9% higher
in ApoE4 synjl1™" mice compared to ApoE3 synj1*'*
SCI mice (Fig. 5). This is consistent with the reported
effect of ApoE4 to raise synjl levels in the brain.>> In
ApoE4 synj1*’~ mice, synjl mRNA levels were reduced
by 22.8% compared to ApoE4 synj1*"* mice, confirm-
ing partial knockdown of this gene (Fig. 5). Open-
field BMS testing was performed by two blinded scorers

to evaluate locomotor function at 7 and 14 days post-
injury (dpi; Fig. 6A). Horizontal LRWT was performed
by blinded scorers using videos recorded with a GoPro
camera, as previously reported,” to evaluate hindlimb
fine motor skills and coordination® (Fig. 6B).

As expected, before surgery/laminectomy, all animals
had maximum BMS scores, indicating normal hindlimb
function. When compared to ApoE4 synj1** at 14 dpi,
ApoE4 synjl1*"~ SCI mice had significantly higher BMS
scores and significantly fewer hindfoot placement errors
assessed by LRWT (Fig. 6). In contrast, BMS scores and
LWRT in ApoE3 mice were not altered by the hemizy-
gous inactivation of synjl (Fig. 6). These findings sup-
port our hypothesis that reducing synjl counteracts
the deleterious effects of ApoE4 on function after SCI.

Genetic reduction of synaptojanin 1

in apolipoprotein E epsilon 4 mice does not affect
white spared matter after moderate-severity
contusion spinal cord injury

To determine whether reduced levels of Synjl affect
white spared matter after injury in ApoE4 mice, we
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injury; synj 1, synaptojanin 1.

.

FIG. 4. Synj1 levels were higher in tissues just above the lesion in ApoE4 mice at 14 dpi. (A-D).
Immunostaining intensity for synj1 is depicted using a colorized grayscale for which the legend is shown in
the top right corner of panel C. Fluorescence intensity was quantified (E). See Figure 3 for additional details.
ApoE3, apolipoprotein E epsilon 3; ApoE4, apolipoprotein E epsilon 4; dpi, days post-injury; SCI, spinal cord
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performed fluorescent myelin detection (Fluoromyelin;
ThemoFisherScientific) at 14 days and used confocal
imaging on spinal cord transverse sections from
ApoE4 synj1*"* and ApoE4 synjl™~ at 150 um above
(rostral) and below (caudal) the injury site, as well as
in the injury epicenter (Supplementary Fig. S3). The
data suggest that Synjl reduction does not affect
white spared matter at 14 days after SCI.

RNA sequencing reveals specific messenger RNA
signatures in apolipoprotein E epsilon 4

synj1™~ mice

To obtain information regarding the potential molec-
ular mechanisms responsible for improved func-
tional outcomes after SCI in ApoE4 synjl*~ mice,
bulk RNA-seq was performed using total RNA isolated
from spinal cord segments just above or below the
lesion epicenter. Bioinformatics analysis of these
RNA-seq data was performed as previously descri-
bed.*>*> Analysis of differentially expressed mRNAs
identified when comparing ApoE4 synjl™~ and

ApoE4 synj1*"* mice at 14 dpi revealed that the most
highly ranked Gene Ontology Biological Processes
identified above the injury site differed from those
below the injury site, indicating a spatially complex
effect of the reduction of synjl on cellular adaptations
to the SCI (Fig. 7). Clear effects of reducing synjl
expression were observed on Biological Processes
involved with synaptogenesis and axon extension
below the lesion in ApoE4 synj1*~ mice when com-
pared to ApoE4 synjl*"* controls (Fig. 7). Biological
Processes represented by genes that were upregulated
above the lesion included several involved in responses
to or the metabolism of reactive oxygen species (Fig. 7).

We examined the lists of the most highly altered
DEGs to better understand how lowering synjl imp-
roved function in ApoE4 mice after SCI (Fig. 7). One
of these was GRIK1, a subunit of glutaminergic iono-
tropic kainite receptors that was altered above the
lesion (Supplementary Table S1; Fig. 7). The second
highly differentially expressed gene was SLC17A7,
which transports glutamate into synaptic vesicles and
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FIG. 5. Changes in synj1 levels in spinal cords
of male mice at 14 dpi. mRNA levels were
determined by RT-qPCR after total RNA
extraction from 4-mm spinal cord segments just
above the lesion site. ApoE3 and ApoE4 mice
either homozygous (synj1™*) or heterozygous
(synj1*™") for synj1 were used. Data are shown
as mean = SEM. *p < 0.05, by two-way ANOVA.
N=4-7. ANOVA, analysis of variance; ApoE3,
apolipoprotein E epsilon 3; ApoE4,
apolipoprotein E epsilon 4; A.U.,, arbitrary units;
dpi, days post-injury; mRNA, messenger RNA;
gPCR, quantitative polymerase chain reaction;
RT, reverse transcription; SCI, spinal cord injury;
SEM, standard error of the mean; synj 1,
synaptojanin 1.

was altered below the lesion (Fig. 7). Other genes
involved in stabilizing synapses were upregulated
below the lesion, including KIRREL3 and cadherin 8
(Supplementary Table S1). ARHGAPG6, a gene invol-
ved in extending cellular projections, was upregula-
ted above and below the lesion (Supplementary
Table S1); ATL1, a gene involved in axon mainte-
nance, was increased below the lesion (Supplementary
Table S1).

Cell-type-specific expression profiles
of synaptojanin 1 in mice spinal cord
To better understand the cell-type-specific expression
of synjl in spinal cord, we mined the harmonized
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atlas of spinal cord cells post-SCL>**® We first searched
for expression levels of synjl in all cells represented
in the atlas, which reports mRNA expression levels in
cells within the lumbar spinal cord at times from
1 day to 6 weeks after a spinal cord contusion. Synjl
was expressed predominantly in neurons, with astro-
cytes, microglia, and oligodendrocytes also showing
expression. Smaller numbers of other cell types were
observed to express some synjl (Supplementary
Fig. S4). Synjl expression levels did not appear to be
altered by SCI (Supplementary Fig. S5).

Discussion

The major conclusion supported by this study is that, at
14 days post-injury, genetically reducing expression
levels of synjl increases locomotor functional recovery
after a 50-kdyne contusion SCI at T9 in male ApoE4
TR mice, but not in ApoE3 TR mice. The data also sup-
port the conclusion that in uninjured TR mice, ApoE4
increased synjl mRNA expression and reduced levels
of PIP, in spinal cord homogenates when compared
to mice with a TR for ApoE3.

In the literature, synjl is reported to be most
highly expressed in neurons and to be concentrated
at synapses consistent with its role in trafficking of syn-
aptic membranes.”* In agreement with these studies of
the brain, we found by immunostaining of spinal cord
sections that the most intense staining for synjl was in
the gray matter. Our database mining suggests that in
spinal cord, synjl is expressed most strongly in neu-
rons, with some expression in astrocytes, microglia,
and olidodendrocytes, and that expression levels are
relatively constant over time after SCI. Each of these
cell types plays critical roles in recovery of function
after SCL*'™** The database contained snSEQ data
obtained at 1 day to 6 weeks after a midthoracic con-
tusion SCI for samples of spinal cord from the lumbar
region, a site caudal to the lesion. Thus, some cau-
tion should be used when extrapolating the findings
to other spinal cord segments, but the general princi-
ple that synjl is highly expressed in neurons of gray
matter of the spinal cord and found in low abundance
in glia is likely to hold true for all segments of spinal
cord.

The mechanisms by which synjl upregulation in
ApoE4 mice blunts locomotor functional recovery are
unclear. The finding that genetic reduction of synjl
did not alter white matter sparing in ApoE4 mice indi-
cates that tissue damage post-SCI was not affected by
this genetic manipulation. The neuroanatomical basis
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FIG. 6. Genetic reduction of synj1 improves locomotion in male ApoE4 mice after SCI. (A) BMS scores
were determined at 7 and 14 dpi for male mice with the indicated genotypes. (B) LWRT was performed at
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two-way ANOVA. N=6-11. ANOVA, analysis of variance; ApoE3, apolipoprotein E epsilon 3; ApoE4,
apolipoprotein E epsilon 4; BMS, Basso Mouse Scale; dpi, days post-injury; LWRT, ladder rung walk test; SCl,
spinal cord injury; synj 1, synaptojanin 1.
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FIG. 7. Differences in transcriptomic profiles for ApoE4 SCI male mice with either wild-type (synj1™*) or
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of the effect of synjl on the locomotor function of
ApoE4 mice must therefore depend on surviving cir-
cuits that involve either formation of relay circuits
through axon branching or greater synaptic function
of the remaining motor circuitry. The available data
do not allow us to distinguish between these possibili-
ties, which are not mutually exclusive. Links between
synjl levels and synaptic function have been rep-
orted.** Although no links between synjl and neurite
outgrowth have been reported, synjl is well known to
determine vesicle trafficking and cytoskeletal rear-
rangements, and our experimentally validated com-
putational modeling has established links between
vesicular transport and neurite outgrowth.*> Synjl is
also involved in synaptic function, and it remains pos-
sible that excessive synjl expression impairs synaptic
function in neural circuits that support locomotor
function after SCIL. This interpretation of the data is
consistent with our findings that reducing synjl exp-
ression did not increase spared white matter, though

further experimentation is needed to delineate the
respective roles of increased formation of relay circuits
from improved synaptic transmission within spared
neural circuits.

An unexpected finding was the marked difference in
the DEGs observed when comparing bulk RNA-seq
data for tissues above versus below the injury epicenter.
Most of the DEGs identified below the lesion were
involved in synaptic transmission or other functions
of neurons whereas none of the DEGs identified
above the lesion functioned in synaptic transmis-
sion. It should be noted that only a small number of
DEGs were identified for each gene ontology, and
that it is possible that there are DEGs for synaptic
transmission or axonal growth that are altered by
reducing synjl in ApoE4 mice at both sites that were
not detected because of the sample size used in these
experiments.

A second unexpected finding was that genetically
reducing the expression of synjl in TR ApoE3 mice
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did not seem to alter functional recovery after SCI. The
implication of this result is that findings of studies of
genetic manipulation in ApoE4 mice are not necessar-
ily generalizable to mice with other ApoE backgrounds
and that further study is needed to better understand
the barriers to maximal functional recovery for each
ApoE genotype. Of note, it becomes necessary to con-
duct additional studies at longer time points in order to
confirm the final status of functional recovery for all ge-
notypes involved. In addition, our study did not in-
clude females. Even though males account for 80% of
persons with SCI and near 97% of veterans with SCI
are males,° it is necessary to conduct additional stud-
ies using female ApoE4 mice expressing normal or re-
duced levels of synjl to test for any possible sex
differences, given that sex has been reported to be an
important biological variable in AD pathogenesis.*’
Of note, our previous work did not show any sex differ-
ences between ApoE4 mice after incomplete SCI,*
leading us to speculate that any sex discordance that
may be observed is unlikely to be large.

Our findings suggest that there is a high likelihood
that effective, personalized therapies could be devel-
oped to improve functional recovery of those who
have a new SCI that involve manipulating levels of
genes dysregulated by commonly occurring genetic
variants, or therapies that regulate activities of the pro-
teins they encode. This possibility provides a strong
rationale for continued study of the differential effects
of ApoE variants on functional recovery after SCI and
on the underlying molecular basis for the differences
observed. Such studies may ultimately result in new
treatments to improve the function of persons recover-
ing from SCI.
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