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DCC/netrin-1 regulates cell death in oligodendrocytes after
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Hallmark pathological features of brain trauma are axonal degeneration and demyelination because myelin-producing
oligodendrocytes (OLs) are particularly vulnerable to injury-induced death signals. To reveal mechanisms responsible for this OL
loss, we examined a novel class of “death receptors” called dependence receptors (DepRs). DepRs initiate pro-death signals in the
absence of their respective ligand(s), yet little is known about their role after injury. Here, we investigated whether the deleted in
colorectal cancer (DCC) DepR contributes to OL loss after brain injury. We found that administration of its netrin-1 ligand is
sufficient to block OL cell death. We also show that upon acute injury, DCC is upregulated while netrin-1 is downregulated in
perilesional tissues. Moreover, after genetically silencing pro-death activity using DCC®"?*°" mutant mice, we observed greater OL
survival, greater myelin integrity, and improved motor function. Our findings uncover a novel role for the netrin-1/DCC pathway in

regulating OL loss in the traumatically injured brain.
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INTRODUCTION

Traumatic brain injury (TBI) is a “silent epidemic” affecting ~69
million people worldwide each year [1]. In 2017, TBIs were
responsible for about 2.2% of all deaths within the United States,
which translates to over 61,000 casualties [2]. Surviving patients
often suffer cognitive and neurological impairments [3, 4], which is
also observed in murine models of TBI [5-7]. Such long-term
deficits are a result of secondary damage persisting for several
days, months or even years, exacerbating cell death, axonal
destruction, and demyelination [8-10]. Notably, myelin-producing
oligodendrocytes (OLs) are exceptionally vulnerable to injury,
where significant cell loss has been observed as soon as 4-6 h
post injury (hpi) in neurotrauma patients [11] and mice following
controlled cortical impact (CCl) injury [12]. This OL loss further
contributes to axonal damage, demyelination, and other white
matter pathologies in TBI [13-17]. Despite extensive research in
cell death signaling, few studies have examined the underlying
mechanism of OL cell loss after injury.

Traditional cell death receptors, such as Fas and TNF-R1,
promote apoptosis upon ligand activation [18-25]. However,
clinical trials targeting traditional death receptors have been
underwhelming [26-33], likely indicating that there are additional
pro-apoptotic signaling mechanisms. Another family of receptors
called dependence receptors (DepRs) have been strongly impli-
cated to be pro-apoptotic in cancer biology [34-39], neurode-
generative diseases [40-43], spinal cord injury [44, 45], and brain
injury [12, 46-48]. In contrast to the more classical death
receptors, DepRs depend on their respective ligand binding

activity to either actively promote apoptotic signaling (i.e., in the
absence of ligand), or to inhibit this apoptotic signaling (i.e., in the
presence of ligand) [49]. For instance, we have shown that the
ephrin-B3 ligand is required to prevent EphB3-mediated cell loss
of cortical neurons [47], endothelial cells [48], and mature OLs [12]
after brain injury. Given the increasing evidence of DepR-mediated
apoptosis, we examined whether other classes of DepRs also
contribute to OL cell death in the traumatically injured brain.

Deleted in Colorectal Cancer (DCC) is a transmembrane receptor
that exhibits dual signaling depending on the availability of its
ligand, netrin-1 [50-52]. Netrin-1/DCC has been extensively
implicated in promoting positive signals such as cell survival,
proliferation, and migration [51, 53-56]. However, DCC can trigger
cell death when netrin-1 is disengaged [34, 51, 57-60], thereby
acting as a DepR. Caspase recruitment and proteolytic cleavage of
the DCC receptor occurs in the conserved aspartic acid residue at
1290 [34, 61]. By mutating this smlglle amino acid from an aspartic
acid to an asparagine (DCCP™?**M), this proteolytic cleavage is
genetically blocked, therefore excluswely ablating DCC-induced
apoptosis [34, 62]. Previous studies have shown that mice
harboring this point mutation are susceptible to different types
of cancers [62-64], highlighting DCC's role in regulating cell
survival and death.

Here, we show that DCC is highly enriched in OLs, and that
netrin-1 administration can promote OL survival after inducing cell
death. In particular, DCCP"?*°N mutant mice exhibited attenuated
OL cell loss in the injured penumbra that resulted in improved
myelin integrity and motor coordination after CCl injury.
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RESULTS

Netrin-1/DCC receptor mediates stress-induced oligodendrocyte
(OL) cell death in vitro

To confirm whether DCC receptors function as DepRs in OLs, we
initially examined DCC receptor expression in vitro. Oligodendro-
cyte progenitor cells (OPCs) were derived from the adult mouse
CNS and subsequently differentiated into mature OLs (Fig. 1) as
previously described [45]. OPCs were identified as bipolar cells
expressing both A2B5 (not shown) and platelet-derived growth
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factor receptor (PDGFRa; Fig. 1A), while OLs expressed the O1, 04,
GalC antigens (not shown), and myelin basic protein (MBP;
Fig. 1D). Consistent with previous findings [56], Fig. TA-F shows
that DCC receptors are expressed in cultured OPCs and OLs.

To provide evidence that DCC has DepR functions in OLs, we
examined whether application of netrin-1 could block DCC-
mediated cell death in primary OLs. Cell stress was induced using
staurosporine as previously described [45, 47]. Staurosporine
induces cell death by involving caspase-dependent mechanisms, a
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Fig. 1 DCC receptors are expressed by oligodendrocytes (OLs) and are dependent on netrin-1 for survival. A-F Representative images
showing DCC (B, E) is expressed in both PDGFRa-labeled oligodendrocyte progenitor cells (OPCs) (A) and myelin basic protein (MBP)-positive
mature OLs (D) in vitro. Blue channel indicates DAPI signal. Scale bar represents 10 um. G Netrin-1 dose-dependent (4, 40, 400 ng/mL)
administration protects cultured mature OLs from 20 nM Staurosporine-induced cell death (n = 9-20). H,l The percentage of DCC receptors in
total OLs (H) and mean fluorescent intensity (MFI) per OL (I) are increased in FACS cortical O1% OLs at 1-day post-CCl injury (dpi) (n = 6) as
compared to sham controls (n =5). J Western blot analysis shows increased netrin-1 expression at only 3 dpi (n =3-5). K Fold change of
netrin-1 mRNA transcripts from sham, 1 dpi, and 3 dpi WT cortices (n = 3-5). L-R Representative coronal images of aNetrin-1 (magenta) co-
labeling with aNeuN + neurons (green) in WT sham (L, N-P) and 1 dpi (M, Q, R) mouse tissues. L aNetrin-1 has widespread expression in the
cortex, white matter tracts, and subcortical regions. Arrow denotes the apex of the CC, which designates our definition of the medial cortex
(mCtx) from other lateral cortical tissues. M aNetrin-1 labeling is not detectable in regions of the ventral CC (arrowheads) and perilesional
tissues (white outline, Q-R) at 1dpi. Scale bars are 500 ym (L-M), or 50 pm (N-R). Values represent mean = SEM. One-way ANOVA with
Bonferroni’s multiple comparison test or Welsh's unpaired, two-tailed t-test. *p < 0.05, **p < 0.01, ***p < 0.001. Ctx: cortex, CC: corpus callosum,
H: hippocampus.

<

necessary activation step for initiating DepR mechanisms [34, 65].

After 48h of 20 nM staurosporine administration, there was a 1000 ~ —
significant reduction in OL survival (45.6% =+ 3.6 survival, n = 16) as 9001 =,
compared to untreated groups (81.9%+ 1.6 survival, n=20) 80049 ° {_ e
(Fig. 1G). Administration of netrin-1 significantly blocked OL cell £ 700 i Y 3
death following staurosporine exposure (~15-23% increase from 3 600 1 * o e
vehicle administration), although dosing concentrations ranging — 5001 o .
between 4 and 400ng/mL netrin-1 showed no significant % 400 ~ _I_
differences. This suggests that 4 ng/ml of netrin-1 is sufficient to 5 3001 .
partially block staurosporine-induced OL cell death and supports a 200 1
role for the pair netrin-1/DCC DepR in regulating OL survival/death 1001
following cellular stress. O ————
RO
S AT A

Netrin-1 and DCC receptor expression is increased in OLs after
CCl injury

PLPGFP DCCD1290N

Evidence for DCC receptor expression in OLs in vivo comes from a 1004

single-cell RNA sequencing dataset [66], where DCC transcripts - 288

were enriched in OLs in the adult mouse CNS glia (Fig. STA) with < 1

little astrocyte or microglia expression. To provide cell-specific 8 ggg

protein confirmation, we employed flow cytometry antibody o) 500 | 2
labeling (Fig. S1B-H) to probe for the extracellular domain of DCC T 4004 a

in viable cortical microglia, astrocytes, and OLs. We observed a 2 s00d 2 {;
similar expression profile for the protein as the mRNA, where 2 2004 = " ".'B.'
aDCC labeling was most abundant in 01" OLs (47.7% +4.9, n = 5) E 100 A % o
as compared to ACSA-2" astrocytes (1.0% + 0.5, n = 5) or CD45-°%/ 0. .
CD11b* microglia (5.1% +0.5, n=>5) within the adult mouse & @ O 80
cortex (Fig. S1B). c_,“"\' NN

We next examined whether brain trauma altered DCC receptor PLPS™ DCCP™2*N

expression by employing a well-established CCl model to induce a 1000 -
moderate contusion injury over the parieto-temporal cortex [67] 900
(Figs. TM and 2B). By probing for aDCC labeling via flow 800 4
cytometry, we found that DCC receptor expression was signifi- £ 700
cantly increased in viable O1" OLs at 1dpi (80.7% +4.0, n = 6) 3 6004 ——
(Fig. 1H; Fig. S1B). In addition, the average median fluorescent £ 500] )
intensity (MFI) per OL cell was increased at 1 dpi as compared to O 4004 % 3 Fal
sham control (Fig. 1l). 5 300 - -E-

To further evaluate the status of the DCC dependence receptor € 200 - o
function after injury, we probed for the status of the netrin-1 100 A
ligand in the injured cortex. Because netrin-1 is a secreted factor 0+——
[68], we used the ipsilateral cortex of sham and CCl injured WT g\rz,“\,\&‘g\@((\\&?\

mice to examine relative netrin-1 protein levels and netrin-1 mRNA
transcripts. In whole ipsilateral cortical tissues, we observed
increased netrin-1 levels at 3dpi, but not between 2h post-
injury (hpi) and 1dpi (Fig. 1J; Fig. S3), a time point when DCC

1 dpi, DCCP12%N PLPCSFP DCCP290N

Fig.2 DCC"'?*° mice have reduced OL cell death after CCl injury.
A-C Representative coronal images of a control sham brain (A), and

levels are increased (Fig. 1H, I). This increased netrin-1 levels at 3
dpi is observed in spared tissues. By 7 dpi, Netrin-1 expression
returned to pre-injury levels. Similarly, netrin-1 mRNA transcripts
were not significantly different at 1 dpi (1.2 £ 0.07, n = 3), but were
significantly upregulated at 3 dpi (2.0+0.18, n = 3) compared to
sham mice (1.0+£0.05, n=5) (Fig. 1K). To provide spatial
evaluation of netrin-1 expression, we perform aNetrin-1 and
aNeuN co-labeling immunohistochemical analysis (Fig. 1L-R).
Sham mice (Fig. 1L, N-P) showed Netrin-1 expression was

Cell Death & Differentiation (2023) 30:397 - 406

a CCl-injured brain from a PLP°* mice (B) and DCCP"?*°N.pLPSF mice
(C) at 1 dpi. The injury epicenter is noted by the loss of tissue and
GFP-fluorescence. Blue channel indicates DAPI signal. Scale bar
represents 500 pm. D-F Unbiased relative counts of GFP-labeled OLs
show significant deficits within all accessed cortical tissues (D) and
differentially between the perilesional cortex (E) and medial cortex
(mCtx, F) from PLP°F mice and DCCP'?*V:pLPSP mice at 1dpi
(n = 4-5). Values represent mean + SEM. Welsh's unpaired, two-tailed
t-test. *p < 0.05. **p < 0.01.
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primarily localized to NeuN-positive neurons, where Netrin-1 was
observed in both neuronal cell bodies (Fig. TN-P) and axons
(Fig. 1L) that make up the corpus callosum (CC) and other white
matter structures. At 1dpi (Fig. 1M, Q, R), tissue damage is
observed in the injury epicenter and peri-lesional tissues (outline
with white dotted line in Fig. 1Q, R). Neuronal losses in the injury
epicenter led to a clear absence of netrin-1 expression in axons
that resided in the CC (Fig. 1M arrowheads). We also observed a
significant reduction of netrin-1 expression in peri-lesional tissues
(Fig. 1R) preceding extensive neuronal cell loss at 1 dpi (Fig. 1Q).
This region will eventually undergo both cell and tissue loss where
only mCtx tissues remain by 7dpi (Fig. S3A). The mCtx was
defined as cortical tissue between the longitudinal fissure and
apex of the CC (Fig. 1L Arrow). Cell loss in the mCtx continues
throughout the first week post-injury but to a lesser extent.
Together, these findings support a DepR environment following
brain trauma, where CCl injury leads to increased DCC levels but
not netrin-1 in perilesional tissues.

DCC receptor cleavage exacerbates OL cell death in peri-
lesional tissues of the CCI injured brain

To examine whether DCC receptors contributed to OL cell death
through DepR mechanisms, we took advantage of a DCCP'?%N
receptor knock-in mouse, where the aspartate at position 1290 is
replaced by an asparaglne that results in a non-cleavable DCC
receptor [34, 62]. DCC®™?N mice were crossed with a myelin
proteolipid protein (PLP)-promoter, GFP-reporter mouse line
(DCCP1?*N.p PSPy to examine OL cell numbers (Fig. 2). OL cell
numbers were unbiasedly measured in peri-lesional cortex
(Fig. 2E), mCtx (Fig. 2F), and combined (Fig. 2D) at 1dpi as
compared to sham controls. Sham tissue used longitudinal fissure
to the apex of the CC for mCtx and apex of the CC to 2.3 mm from
longitudinal fissure for tissues that corresponded to perilesional
regions.

In cortical tissues, we observed reduced OL loss in
DCCP™2%N.p pSFP mjice relative to control PLP™ mice (Fig. 2). In
particular, CCl injured PLP®" mice showed a significant ~38%
decrease in OL survival (419+56 cells, n=15) from sham mice
(672 £ 49 cells, n=4) in spared cortical tissues, whereas injured
DCCP™2%N.p pSFP mice exhibited only ~12% reduction at 1 dpi
(654 + 74 cells, n=5) compared to sham controls (739 + 85 cells,
n=4) (Fig. 2D). Given the differences in netrin-1 expression
between perilesional and mCtx tissues, we also quantified OL
numbers separately. In perilesional tissues, CCl injured PLP® mice
showed a significant ~56% decrease in OL survival (116 £ 21 cells,
n=>5) from sham mice (26126 cells, n=4), whereas the
DCCP?%N.py PSP mice exhibited a ~30% reduction (202 + 32 cells,
n=>5) compared to sham mice (287 £57 cells, n=4) (Fig. 2E).
Similar non-significant trends were observed in the mCtx between
PLP®F? and DCCP?°N.p PSFP mice at 1 dpi (Fig. 2F). Consistent with
variable cell numbers observed between PLP and
DCCP129N.pI pSFP mice at 1 dpi, we also observed similar
differences in spared tissues corresponding to mCtx and adjacent
perilesional tissues (Fig. S3).

We also performed analysis at 7 dpi where only the mCtx
remains (Fig. S4A). It should be noted that over the first week post-
injury many additional secondary pathological events occur,
including inflammatory responses and other DepR-mediated cell
losses, that may further influence cell survival. Analysis of the
mCtx, CC, and external capsule showed significant ~40-50% loss
of OLs in CCl injured PLP°™® mice, whereas non-significant
reductions between ~20 and 30% were maintained in
DCCP129N.p pSFP myice at 7 dpi (Fig. $4B-D). Given the partial
sparing of OLs in the DCC mutant mice, we wondered whether
there would also be greater neuronal survival after CCl injury. We
observed a non-significant ~20% and ~14% reduction in NeuN™
cells in the mCtx PLP°™ and DCCP'?*M:pLP°FP mice at 7 dpi,

SPRINGER NATURE

respectively (Fig. S4E). Together, these observations support the
role of DCC-mediated cell death in OLs in the adult mouse
forebrain after CCl injury.

DCCP'2°°N mutant mice show increased tissue sparing and
reduced demyelination after CCl injury
To determine whether alterations in OL survival lead to improved
tissue sparing and myelination, we examined the amount of
preserved cortical tissue and the amount of myelin in PLP°* and
DCCP2N.p poFP mice at 7 dpi (Fig. 3). Gross differences in tissue
sparing were observed between genotypes, where DCCP"2%N:py porF
mice showed noticeably more spared cortical tissues (Fig. 3A-D).
Unbiased stereological quantification of spared cortical tissues
showed a significant ~37% loss of cortical volume among CCl injured
pLPCFP (63+02mm n=13) as compared to sham mice
(100+03mm?> n=5) (Fig. 3E). No si nlﬁcant dlfferences were
observed in CCl injured DCCD'Z”NPL (75+04mm3 n=13)
compared to sham mice (9.4 + 0.5 mm>, n = 5) (Fig. 3E).
Demyelination is commonly associated with TBI pathology and
may directly correspond to changes in OL survival. Thus, we also
examined whether DCCP™#°N:p| P°FP mice had increased myelin
sparing after CCl injury. We employed an aurohalophosphate
complex, Black Gold Il [69] (Fig. 3). Densitometry analysis of
staining intensity of CCl injured PLP°"" mice showed a significant
~41% loss of myelin (Fig. 3J) in injured CC tract and external
capsule (0.6 £0.07, n=9) (Fig. 3B, G) as compared to sham mice
(1.0£0.03, n=8) (Fig. 3A, F). Conversely, we observed no
significant difference in myelin staining (Fig. 3J) between CCI
injured DCCP™?*°N:pLPSFP mice (0.97 +0.08, n=7) (Fig. 3D,l) and
sham mice (1.02 + 0.02, n = 6) (Fig. 3C,H). Together, these findings
suggest that DCC cleavage plays a critical role in tissue damage,
including large white matter tracts that associate with OL survival.

DCCP'2°°N mutant mice show improved locomotor activity
after CCl injury

To determine whether increased tissue sparing of the motor
cortex led to improved locomotor function, we examined PLP®
and DCCP™#°N.p| PSP mice for motor activity using rotarod and
wire hanging assessments (Fig. 4). PLP°" mice stayed on the
rotating rod after training for an average of 55.4+3.8s prior to
surgery (baseline, n = 18), which did not change in sham mice at
6 days post-surgery (Fig. 4A). Mice receiving a CCl injury showed a
significantly reduced average of 27.2+5.5s at 6dpi (Fig. 4A).
DCCP'299N.p) poFP mice stayed on the rotating rod for an average of
741 +£79s following pre-surgical training, which did not sig-
nificantly change after CCl injury (64.5+11.8s) at 6dpi (n=9)
(Fig. 4B). unre 4C depicts these values normalized to baseline,
where PLP™® CCl injured mice showed a ~51%_ reduction in
latency on the rotating rod as compared to PLP®" sham mice,
while DCCP'?N:pLPSFP sham and CCl injured mice showed no
significant difference. We observed significantly greater ability of
DCCP'229N.p) peFP CCl mice to maintain balance on the rotating rod
as compared to PLP®FP CCl mice.

For wire hanging test, PLP°" mice were able to hang on the
wire rod for an average of 67.6+7.6 s prior to surgery (baseline)
that significantly improved to 82.3 + 14.1 s in sham mice (n=9),
which may reflect learned behavior (Fig. 4D). At 6 dpi, the latency
was significantly reduced ~38% in the PLP°™ CCl injured mice as
compared to sham mice (n=11) (Fig. 4D). This deficit was not
observed in the DCCP™?N.p PSP CCl injured mice (Fig. 4E).
Normalization to baseline showed a significant ~57% impairment
in motor function in CCl injured PLP®™® mice at 6 dpi, while CCl
injured DCCP'2?°N.p| PSP mice were reduced ~40% at 6 dpi
compared to sham mice (Fig. 4F). Together, these motor behavior
findings are suggestive that the functional improvement observed
in non-cleavable DCCP™?*° mice correlate to improvements in
tissue sparing and OL survival.

Cell Death & Differentiation (2023) 30:397 - 406
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mice have improved cortical sparing and myelination after CCl injury. A-D Rggresentative coronal images showing Black
Gold Il myelin stain of sham controls (A,C) and 7 dpi (B,D) from PLPCP (A, B) and DCCP'??N.p.

P mice (C, D). E Quantification of cortical

spared tissue (mm?) in sham and 7 dpi from PLP®™* mice and DCCP'?°°V:pLP*P mice (n = 5-13). Magnified Black Gold Il myelin stain of the CC of
sham controls (F, H) and 7 dpi (G, I) from PLP° (F, G) and DCCP'?*°:PLPS mice (H, ). J Quantification of Black Gold Il intensity within the CC
of sham and 7 dpi PLP® mice and DCCP"?*°N.pL PSP mice. Values represent mean + SEM. Two-way ANOVA with Tukey’s post hoc comparison.

**% p < 0.001.

DISCUSSION

Each year a significant number of people are hospitalized because
of brain trauma with an array of pathophysiological deficits that
may lead to severe and lasting cognitive dysfunction
[4, 9, 10, 70, 71]. Cell and tissue losses are hallmarks of the
secondary insult associated with severe traumatic brain injury
(TBI), where both neurons and OLs are highly susceptible. Because
OLs produce and maintain myelin sheaths, they are crucial in
supporting axonal health and conductance in the CNS [72-75]. In
fact, it is estimated that OLs have the highest metabolic rate of
any cell type in the brain [76, 77]. This high energy demand makes
them especially vulnerable to damage and cell death within a few
hours after brain injury, which can persist for days in murine TBI
models [12]. In humans, traumatic response can have long-term
consequences where damaged white matter tracts have been
observed for 18 years or more after a single injury [8]. Our findings
uncover a novel role for the netrin-1 and DCC receptors in
promoting OL cell loss after TBI. Here, we show that DCC receptors
are highly enriched in OLs, resulting in dependence receptor
(DepR)-mediated cell death in tissues containing low netrin-1
expression after CCl injury (Fig. 5). Netrin-1 administration is
sufficient to block OL cell death. We exploited DCC®'?*°N knock-in
mice to genetically block proteolytic cleavage required for DepR-
mediated apoptosis [34, 62], demonstrating that CCl injury leads
to OL cell death through DepR mechanisms. Specifically, we
observed reduced OL loss, greater myelin integrity, and improved
motor function as compared to wild-type control mice, which is
the first evidence that DCC regulates OL survival after TBI.

Cell Death & Differentiation (2023) 30:397 - 406

Traditional death receptors require ligand binding to initiate
downstream signaling, whereas DepRs will initiate pro-death
signaling in the absence of their ligand(s). DepRs are well-
characterized in cancer biology fields, where they promote cell
proliferation and survival [36, 38]. For example, the ephrin-B3
ligand encourages glioblastoma growth by repressing EphA4
DepR-mediated apoptosis [78]. But, DepRs have also been shown
to function within the adult CNS, where ephrin-B3/EphA4
receptors can regulate adult neurogenesis by regulating neural
progenitor cell death within the subventricular zone [79, 80].
EphB3 receptors have been linked to DepR mechanisms in the
adult injured nervous system, where ephrin-B3/EphB3 mediated
cell loss of cortical neurons [47], endothelial cells [48], and mature
OLs [12, 45]. These findings demonstrate that cell death caused by
TBIl is closely associated with DepR mechanisms; however, these
analyses have been limited to the ephrin/Eph family. Our analysis
of DCC receptors provides support for an expanded role of DepR-
mediated cell death after brain injury.

In the murine CCl model, the majority of OL cell death occurs
within the first 24h post-injury [12]. Therefore, a significant
upregulation of the DCC receptor during this time period likely
leads to an acute imbalance in the ligand-receptor ratio,
supporting an environment for DepR-mediated OL cell death in
the injured cortical penumbra. Netrin-1 is absent in perilesional
tissues at 1dpi, prior to the progressive cell death and tissue
losses that will occur over the next few days. By 7 dpi the region
designated as the medial cortex (mCtx) tissues will stabilize;
although some OL cell death does occur, it is likely the result of
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Fig. 4 DCC”'**°" mice have improved locomotor function after CCl injury. AB Latency on the rotating rod for of sham (open) and CCl
injured (closed) PLPS? (A) and DCCP?°N.pL PSP (B) mice as compared to baseline. The latency to fall (seconds) was measured prior to surgery
and at 6 dpi (n =6-18). C Percent normalized time on the rod at 6 dpi relative to the baseline of each animal. D,E Wire hanging test of sham
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Fig. 5 Schematic model of Netrin-1/DCC receptor function in the injured brain. After cortical injury, DCC receptors are acutely upregulated
while netrin-1 is downregulated in perilesional tissues, leading to a receptor-ligand imbalance. The DCC receptors without netrin-1 binding
will undergo intracellular cleavage at the conserved aspartic acid residue at 1290, which leads to significant OL cell death. However, the knock-
in DCCP™N point mutation blocks dependence receptor-mediated apoptosis, leading to greater cell survival, myelin integrity, and motor
behavior after brain injury.
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retained netrin-1 expression in mCtx tissues. Interestingly, netrin-1
levels are upregulated by 3 dpi, but mainly spared cortical tissues
where little to no cell losses are observed. The previously
described spatial-temporal differences in OL cell death in the
cortex and underlying white matter tracts [12] support the
delayed increase in netrin-1 expression, where most OLs in the
injury epicenter and underlying white matter tract die prior to
3dpi. It is also plausible that OLs express multiple DepRs (i.e.,, DCC
and Eph receptors), suggesting that blocking cell death may
require synergistic effects of their ligands. This is likely wfz)y we
observed only partial blocking of OL cell death in the DCCP'?9V
mice as compared to control PLP°™" mice at 1 and 7 dpi, where
trends are greater in cortical tissues than white matter tracts.

To differentiate the DepR role of DCC from other possible
functions in the injured brain, we exploited DCCP"?*M mice, where
the aspartic acid at position 1290 was mutated to asparagine. It has
been well-documented that the D7290N mutation blocks caspase-
dependent cleavage that is critical for conversion of DCC receptors
to a pro-apoptotic death receptor [34, 62]. Thus, DCC°™#**" mice
represent a novel approach to examining DCC pro-cell death
mechanism without eliminating other DCC-mediated signaling
pathways. We cannot rule out that DCC may have DepR functions
in neurons, considering its neuronal expression [81-84] and has
been shown to mediate neurodegeneration when netrin-1 is
disengaged [41, 42, 59, 61]. We do observe a trend in greater
neuronal survival in the CCl injured DCCP"?*Y mice (Fig. S3);
however, it remains to be determined whether this is a direct
neuronal function and/or indirectly as a result of improved OL
survival. This is further supported by our observation that neurons
primarily produce netrin-1, which could function as an autocrine
and/or paracrine for closely associated OLs. The close association
between neurons and OLs, along with similar susceptibility to TBI-
mediated cell death, support the dependence of DCC-expressing
OLs on netrin-1-expressing neurons.

Targeting DCC DepR functions may represent an interesting
therapeutic target for drug development, especially considering
there are no clinical therapies to block tissue damage after TBI in
humans. A recent study suggested that a novel netrin-1 derived
peptide was neuroprotective after intracerebral hemorrhage in
rodents [60]. In addition to TBI, dependence receptor mechanisms
may be important for all CNS injuries (i.e., stroke or spinal cord
injury) and neurodegenerative diseases (e.g., Alzheimer’s disease,
amyotrophic lateral sclerosis, multiple sclerosis, and Parkinson'’s
disease), where DepRs may regulate cell death.

METHODS

Animals

Male C57Bl6 (WT), DCC°'?*°N [62], and PLP-green fluorescent protein (GFP)
[85] mice were used for this study. All mice were between 2 and 4 months
of age. Animals were kept under standard 12:12 light:dark cycles with food
and water ad libitum. Animal procedures were approved by the University
of Miami Animal Use and Care Committee. Control and injured groups
consisted of littermates and were evaluated together when possible.
Animal numbers were assessed by power analysis based on the effect size
from previous studies. No animals were excluded from the study, and all
experiments were run in at least duplicates.

OL cultures and viability assay

Primary OPCs were cultured from frozen stocks at a seeding density of
2% 10° cells/well as previously described [45]. To produce mature OLs, the
OPC medium was changed to DMEM with 1% gentamicin, 20 nM thyroid
hormone (T3), and 10 ng/ml ciliary neurotrophic factor for 7-10 days. To
induce cell death, 20 nM of staurosporine was administered to mature OLs
for 48 h along with either the vehicle buffer or 4, 40, 400 ng/mL netrin-1
every 12 h over 2 days. Cell death was unbiasedly measured by the amount
of Trypan Blue (#1450021, Bio-Rad, Hercules, CA, USA) using an automatic
cell counter (TC20, Bio-Rad, Hercules, CA, USA). All in vitro experiments
were repeated in triplicates.
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Immunocytochemistry

Cells were fixed with 15% paraformaldehyde for 15 min, then subsequently
blocked with 5% normal donkey serum for an hr. The following antibodies
were used to label the cells overnight at 4 °C: rat a-PDGFRa 1:200 (#558774,
BD Pharmingen, Franklin Lakes, NJ, USA), goat a-DCC 1:100 (#PA5-47951,
ThermoFisher, Waltham, MA, USA), and rat a-MBP 1:500 (#MAB386,
Millipore, Burlington, MA, USA). After washing the primary antibodies,
secondary species-specific fluorescent antibodies Alexa Fluor-488 and
Alexa Fluor-594 were applied at 1:300 (Invitrogen, Waltham, MA, USA).
Representative images were acquired with a Zeiss Axiovert A1 fluores-
cence microscope.

scRNA analysis

Cell count matrices were obtained from Gene Expression Omnibus [86]
with the series record GSE129609 [66]. The analyzed datasets were from
isolated CNS tissue from six naive B57Bl/6 male mice between 2 and
4 months old, where samples were processed according to the Drop-seq
protocol [87] and sequenced on an lllumina NovaSeq 6000. Data was
processed using Seurat (v.3.2) [88] in R (v.4.0.2) following the standard
Seurat pipeline for log-normalization, dataset integration, principal
component analysis, Uniform Manifold Approximation and Projection
dimensional reduction, and differential gene expression analysis for each
cluster against all other clusters. Cell-type specific gene transcripts to
determine cell identity included, but were not limited to, Tmem119, Siglech,
and P2ry12 for microglia, Aldh1/1, Aqp4, and Gfap for astrocytes, and Mog
and PIp1 for OLs.

Controlled cortical impact (CCI) injury

Surgical procedures were as previously described [12, 47, 48, 89-91]. Briefly,
animals were anaesthetized with ketamine (100 mg/kg) and xylazine (10 mg/
kg) via an intraperitoneal injection. Littermates were randomly assigned to an
experimental condition (CCl or sham). After a 5mm craniotomy was
performed over the right parieto-temporal cortex [-2.0mmA/P and
2.0mm lateral from bregma], a 3mm bevelled piston controlled by an
eCCl-6.3 apparatus (Custom Design & Fabrication, Sandston, VA, USA) was
placed over the exposed dura. The CCl injury occurred at a velocity of 4 m/s
with a depth of 0.55mm and 150 ms impact dwell duration. The animals
were closely monitored post-surgery and were individually housed for the
remaining of the study. Sham littermate controls underwent the same
surgical procedures except for the craniotomy and injury.

Flow cytometry

Sham and CCl injured WT mice were anaesthetized and transcardially
perfused with 1x PBS (pH 7.4) at 1 day post injury (dpi). The underlying
white matter tracts were discarded from the ipsilateral cortex to decrease
the amount of myelin debris in the final cell suspension. The tissues were
quickly and carefully dissected in cold HibernateA (without calcium) to
maintain cell viability. The tissue was then enzymatically dissociated using
a gentleMACS dissociator as per the manufacturer’s protocol (Adult Brain
Dissociation Kit for mouse and rat, Miltenyi Biotec #130-107-677, Bergisch
Gladbach, Germany). Briefly, the dissociated tissue was strained through a
70 um filter to remove any remaining clumps and pelleted at 300 g for
10 min at 4 °C. Myelin Debris Removal was conducted and the resulting cell
suspension was centrifuged at 3000 g for 10 min at 4 °C. The cell pellet was
washed with Flow Buffer composed of 0.5% bovine serum albumin (BSA;
Sigma Aldrich, St. Louis, MO, USA) and 2 mM EDTA (pH7.2) in sterile 1x PBS.
The cells were labeled with the following primary antibodies for an hour at
4°C: CD45— PE/Cy7 (1:100, #103114, BioLegend, San Diego, CA, USA),
CD11b— redFlour710 (1:50, #80-0114, Tonbo Biosciences, San Diego, CA,
USA), ACSA-2—PE (1:50, #130-116-141, Miltenyi Biotec), O1— Alexa 647
(1:50, #51-6506-82, eBioscience, Waltham, MA, USA), Goat aDCC (1:50,
#PA5-47951, ThermoFisher, Waltham, MA, USA). Cells were briefly washed
with Flow Buffer before labeling with a Donkey aGoat Alexa 488 secondary
antibody (1:50, Invitrogen #A11055) for 30 min at 4 °C. The samples were
briefly washed again with Flow Buffer prior to adding DAPI for
distinguishing viable cells (0.1 pg/mL; #130-111-570, Miltenyi Biotec). The
cell suspensions were immediately analyzed with a MoFlo Astrios QE
(Beckman Coulter, Brea, CA, USA). Flow cytometric gating was set based on
fluorescent signal from unstained and single channel control samples:
viable cells had low DAPI signal, microglia were CD11b™" and CD45"*"
(macrophages were CD45"9"), astrocytes were GFAP positive, and OLs
were O1 expressing. The experimenters were blinded to the injury
conditions during the flow cytometry protocol, gating, and analyses.
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Western blot

Fresh ipsilateral cortices of sham or CCl injured WT male mice were
collected at 2 hpi, 6 hpi, 24 hpi, 3 dpi, or 7 dpi. Lysates were prepared and
~40 ug were resolved in 4-20% gradient polyacrylamide gels (Criterion
TGX Stain-Free, Bio-Rad, Hercules, CA, USA). Stain-Free activated gels
underwent a semi-dry transfer for 7 min onto nitrocellulose membranes
according to manufacturer’s instructions (Trans-Blot Turbo Transfer System,
Bio-Rad, Hercules, CA, USA). Membranes were immediately visualized to
access total protein levels prior to blocking with 5% BSA for an hour at
room temperature. The primary rabbit anti-Netrin-1 antibody (1:500,
#ab126729, Abcam, Cambridge, UK) was applied overnight at 4 °C.

RNA isolation and RT-qPCR

Fresh ipsilateral cortices of sham or CCl injured WT male mice were
collected for subsequent RNA extraction using the Direct-zol RNA miniprep
kit (#R2051, Zymo Research, Irvine, CA, USA). All steps were completed
according to the manufacturer’s instructions. The RNA was reverse
transcribed into ¢cDNA using a High-Capacity cDNA reverse transcription
kit (#4368814, ThermoFisher, Waltham, MA, USA) for RT-qPCR. qPCR was
performed using AmpliTaq Gold 360 Master Mix (#4398881, ThermoFisher)
with 50nM ROX passive reference dye (#75768, ThermoFisher), a
QuantStudio 3 Thermocycler (Applied Biosystems) using TagMan for our
gene of interest: netrin-1 (MmM00500896_m1, Applied Biosystems). Glycer-
aldehyde 3-phosphate dehydrogenase (Gapdh, Mm99999915_g1, Applied
Biosystems) was used as an endogenous control. The average Ct value for
each duplicate was used. The ACt was subsequently calculated by
subtracting the Ctggpan from its respective Ctpepin;. The AACt was
normalized by subtracting the average ACt of sham samples from the
ACt of CCl injured samples. The absence of RNA material was used as a
negative control. Fold difference is equal to 2@V, All analyses were
performed in a randomized non-biased manner using the QuantStudio
Designer and Analysis software v1.5.1 (Applied Biosytems).

Netrin-1 immunoreactivity. Histological preparations and stereological
counts were performed as described before [12, 45, 92]. In summary,
WT, PLP° and DCCP'?**N:pLP° male mice were transcardially perfused
with 1x PBS (pH 7.4) following cold 4% paraformaldehyde (pH 7.4) at 7 dpi.
The brains were postfixed with additional 4% paraformaldehyde overnight
at 4 °C, then transferred to 30% sucrose in PBS solution for 3 days at 4 °C.
Brains were embedded in Tissue-TEK OCT solution (Sakura, Torrance, CA,
USA) and flash frozen in isopentane. Tissues were serially cut every 30 um
using a cryostat (Leica, Buffalo Grove, IL, USA). Because netrin-1 requires
antigen retrieval, sham and CCl injured tissues at 1 dpi were boiled in fresh
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) for
9 min. Sections were briefly rinsed with distilled water before blocking with
5% normal donkey serum in PBSGT (1x PBS, 0.2% gelatine, 0.25% TritonX-
100) for 2h at room temperature. Rabbit aNetrin-1 (1:400, #ab126729,
Abcam, Cambridge, UK) and mouse aNeuN antibodies (1:400, #MAB377,
Millipore, Burlington, MA, USA) were prepared in PBSGT and applied
overnight at room temperature. Sections were washed 3x for 10 min in
PBST (0.25% TritonX-100 in PBS) prior to incubating with their respective
secondary antibodies for 2 h at room temperature (Donkey amouse Alexa
Fluor-488 and Donkey arabbit Alexa Fluor-647 at 1:400; Invitrogen,
Waltham, MA, USA). Sections were washed 3x for 10 min in PBST and
mounted with Fluoro-Gel (#17985-10, E.M.S., Hatfield, PA, USA). Represen-
tative images were acquired with a 10x objective on a Dragonfly high
speed confocal microscope (Oxford Instruments, Abingdon, England) every
2 um at 2048 x 2048. Montages were stitched using the Imaris Stitcher
software x64 (v9.8). All settings were maintained the same.

OL cell counts. OLs were detected by GFP fluorescence driven by the PLP
promoter (PLP°™P), and neurons were immunolabeled with aNeuN
antibodies (1:300, #MAB377, Millipore, Burlington, MA, USA). Nonbiased
cell counting was performed on 4 sections serially distanced 300 um by
means of the Imaris spot detection (v9.8.2), or the optical fractionator
method and the optical dissector probe. For 1dpi tissues, the mCtx and
medial perilesional tissues were manually contoured from high resolution
confocal z-stack images acquired from the Dragonfly microscope (Oxford
Instruments, Abingdon, England) using a 10x objective at 1024 x 1024. All
visible PLPSFP* cells within these regions were counted using the Imaris
semi-automated spot detection and manually reviewed by the same
experimenter. For 7 dpi tissues, the mCtx, corpus collosum, and external
capsule in the ipsilateral hemisphere (as highlighted in Fig. S3A) were
manually contoured using a 5x objective on a motorized Olympus
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BX51TRF microscope, Optronix cooled camera, and MicroBrightField
Stereolnvestigator software package (MBF Bioscience, Williston, VT, USA).
Finally, a grid of 175x 175um? was placed over the selected contour
where PLPS™"* or aNeuN" cells were counted at 63x in immersion oil
(sampling box 50 x50 um? for the CC and 75 x 75 um? for the cortex).
Experimenters were blinded to the genotype and injury condition
throughout the analyses.

Tissue sparing

To assess the amount of cortical tissue spared after injury, four tissue
sections serially distanced at 300 um each were selected for analysis. The
ipsilateral cortical area was predefined before examining the tissues. The
areas were contoured using NeuroLucida on a motorized Olympus
BX51TRF microscope with a 5% objective. The tissue evaluation was
performed in a blinded manner to the genotype and injury condition
throughout the analyses.

Black-Gold Il stain

White matter tracts were labeled with the myelin- specific Black-Gold II
stain [69]. As per manufacturer's instructions (#TR-100-BG, Biosensis,
Thebarton, Australia), fixed tissue sections were placed on 50°C slide
warmer for 30 min prior to hydrating the sections with distilled water.
Tissue sections were incubated at 65 °C with pre-heated 1x Black-Gold Il
solution for ~9-12 min. The sections were washed with distilled water and
incubated with the sodium thiosulfate solution for 3 min. Tissue sections
were washed three times 5 min with distilled water before mounting with
Fluoro-Gel (#17985-10, E.M.S., Hatfield, PA, USA). Slides were scanned with
a PathScan Enabler (Meyer instruments, Houston, TX, USA). The Black Gold
intensity within the ipsi- and contralateral CC and external capsule were
measured using Imagel. The Black-Gold intensity was normalized to the
respective contralateral hemisphere within the same tissue section. The
evaluator was blinded to the genotype and condition during staining and
quantification.

RotaRod test

Motor function was assessed at 3 and 6 dpi using a RotaRod apparatus
(#LE8205, Harvard Apparatus, Holliston, MA, USA) for mice, as previously
described [47]. In summary, the initial velocity of 4 r.p.m. accelerated to 60
r.p.m. in 10 min. Training occurred for 3 days prior to surgery with four-
trials each day (2 min rest period between each trial). The last day of
training was considered baseline. The latency of each trial was measured
until either the mouse fell off or passively gripped the rotating rod for a full
turn. RotaRod was conducted during the same time of day to avoid
potential circadian differences in motor performance. The evaluator was
blinded to the genotype and condition.

Wire hanging test

Grip strength was assessed at 6 dpi via a wire hanging test. Briefly, the
mice had to hang onto the 55 cm long metal wire rod for a maximum of
3 min. The mice had five-trials each day with a 1 min rest period between
each trial. Initial training occurred just prior to surgery and the mice were
assessed again at 6 dpi. The latency of each trial was recorded until either
the mouse fell off or jumped off. Due to variability in motivation or due to
fatigue, the longest 3 of 5 trials were averaged for statistical analyses. Wire
hanging was conducted during the same time of day to avoid potential
circadian differences in motor performance. The evaluator was blinded to
the genotype and condition.

Statistical analysis

Prism software (version 8, GraphPad, San Diego, CA, USA) was used for
statistical comparisons. Data were analyzed using a two-tailed unpaired
Welsh t-test, or with a one- or two-way ANOVA with a Tukey's post hoc
comparison. Alpha value was set to 0.05 for all analyses. The estimate of
variance was similar between all groups. All graphs depict mean values
with the standard error of mean (S.E.M.) for error bars.

DATA AVAILABILITY

The data analyzed during this study are included in this published paper and the
supplemental data files. Additional supporting data are available from the
corresponding authors upon reasonable request.
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