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Abstract

Regeneration can occur in peripheral neurons after injury, but the mechanisms involved are not fully de-
lineated. Macrophages in dorsal root ganglia (DRGs) are involved in the enhanced regeneration that occurs
after a conditioning lesion (CL), but how macrophages stimulate this response is not known. Oncomodulin
(Ocm) has been proposed as a proregenerative molecule secreted by macrophages and neutrophils, is ex-
pressed in the DRG after axotomy, and stimulates neurite outgrowth by DRG neurons in culture. Wild-type
(WT) and Ocm knock-out (KO) mice were used to investigate whether Ocm plays a role in the CL response in
DRG neurons after sciatic nerve transection. Neurite outgrowth was measured after 24 and 48 h in explant cul-
ture 7 d after a CL. Sciatic nerve regeneration was also measured in vivo 7 d after a CL and 2 d after a subse-
quent sciatic nerve crush. The magnitude of the increased neurite outgrowth following a CL was significantly
smaller in explants from Ocm KO mice than in explants from WT mice. In vivo after a CL, increased regeneration
was found in WT animals but not in KO animals. Macrophage accumulation and levels of interleukin-6 (IL-6) mRNA
were measured in axotomized DRG from WT and Ocm KO animals, and both were significantly higher than in
sham-operated ganglia. At 6 h after axotomy, Il-6 mRNA was higher in WT than in Ocm KO mice. Our data sup-
port the hypothesis that Ocm plays a necessary role in producing a normal CL response and that its effects possi-
bly result in part from stimulation of the expression of proregenerative macrophage cytokines such as IL-6.
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Significance Statement

Peripheral neurons are capable of regeneration after axotomy. Regeneration is enhanced if a conditioning
lesion (CL) precedes a test lesion. This CL effect seen in explant cultures does not occur if macrophage ac-
cumulation after injury is blocked; however, the mechanism underlying this macrophage effect is not
known. To determine whether the macrophage cytokine oncomodulin (Ocm) is involved in this effect, wild-
type (WT) and Ocm knock-out (KO) mice were examined. The CL effect was inhibited in explants from Ocm
KO animals. Experiments performed in vivo in these two genotypes showed a clear CL effect in the WT mice
but none in the Ocm KO animals.

Introduction
Neurons in the peripheral nervous system can regener-

ate after injury; however, much remains to be clarified

about the mechanisms involved. Regeneration is not a
neuron autonomous process but instead is influenced by
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interactions between neurons and both glial cells and im-
mune cells. After axotomy, macrophages play a well-
known phagocytic role in the distal nerve segment, clear-
ing discarded myelin and axonal debris (Gaudet et al.,
2011; Rotshenker, 2011). In addition, macrophages accu-
mulate around axotomized neuronal cell bodies, which
has been shown to play a crucial role in nerve regenera-
tion (Kwon et al., 2013; Niemi et al., 2013) and possibly in
neuropathic pain (Yu et al., 2020).
A conditioning lesion (CL) has been shown to enhance

outgrowth both in explant culture (Edström et al., 1996)
and in vivo (McQuarrie and Grafstein, 1973). Subsequent
studies have sought to define the neuron-macrophage in-
teraction and identify critical molecules that are involved
in the CL response. The chemokine CCL2, and perhaps
other macrophage chemokines, bring CCR21monocytes
from the bloodstream into the axotomized dorsal root
ganglia (DRGs), where they differentiate into macro-
phages, and promote the CL response (Niemi et al.,
2013). What the exact interaction is between the accumu-
lating macrophages and neurons that results in the pro-
motion of regeneration is unclear, although there are
many candidate molecules expressed by macrophages
that could be involved (Benowitz and Popovich, 2011).
One candidate is oncomodulin (Ocm), an EF-hand Ca21

buffer protein, which was originally detected in rat hepa-
toma cells (MacManus et al., 1983; Climer et al., 2019).
Ocm has since been found in outer hair cells of the ear
(Sakaguchi et al., 1998; Yang et al., 2004), in macro-
phages (Yin et al., 2006, 2009), and in neutrophils
(Kurimoto et al., 2013). The idea that Ocm might promote
regeneration arose from studies on the regeneration of
axons in the optic nerve in response to an inflammatory

reaction in the eye. In this context, Ocm was identified as
a macrophage-derived growth factor (Yin et al., 2006).
When retinal ganglion cells were exposed in culture to Ocm
and forskolin, neurite outgrowth was stimulated (Yin et al.,
2006). Within a day after initiating inflammation in the eye
with zymosan (a yeast cell wall protein-carbohydrate com-
plex), the infiltrating immune cells showed high levels of
Ocm mRNA and protein, the latter of which was secreted
and bound to retinal ganglion cells. Inflammation-induced
stimulation of axon growth following optic nerve crush was
significantly reduced by two Ocm-blocking reagents. In ad-
dition to macrophages, neutrophils express Ocm, and they
are the first responders during inflammation and after injury
(Kurimoto et al., 2013; Fine et al., 2020).
However, the importance of Ocm in the context of optic

nerve regeneration has been contested. Hauk and col-
leagues found that Ocm did not increase after lens injury
or zymosan treatment and that substantial depletion of
macrophages in the eye during inflammation did not pre-
vent regeneration (Hauk et al., 2008). Additionally, they re-
ported that gp130 cytokines such as ciliary neurotrophic
factor (CNTF), leukemia inhibitory factor (LIF), and inter-
leukin-6 (IL-6) secreted by glial cells in the retina are more
important in stimulating regeneration than Ocm (Leibinger
et al., 2009, 2013; Fischer and Leibinger, 2012). Thus,
questions have been raised about the importance of Ocm
in nerve regeneration.
Three studies examined a role for Ocm in the context of

injury to DRG neurons. Yin et al. (2006) found that addition
of Ocm to DRG neurons in dissociated cultures produced
an increase in neurite outgrowth. Harel et al. (2012) re-
ported what they described as a “meager” effect of Ocm
plus dibutyryl cAMP on the growth of DRG neurons
across the dorsal root entry zone after a dorsal root nerve
crush. Kwon et al. (2013) found an increase in OcmmRNA
in the DRG 7 d after a sciatic nerve transection and found
that a neutralizing antibody to Ocm blocked stimulation of
outgrowth by DRG neurons following coculture with
macrophages.
Surprisingly there have been no studies of nerve regen-

eration in Ocm knock-out (KO) mice. In addition, there
have been no experiments published on Ocm’s role in re-
generation of the peripheral process of DRG neurons in
vivo. Here, an Ocm KO mouse is used to analyze the im-
portance of this protein in the CL response of DRG
neurons.

Materials and Methods
Animals and surgeries
Eight- to 12-week-old mice with a targeted deletion of

exons 2–4 of the Ocm coding sequence were used for
this investigation. These Ocm KO mice are designated
ActbcreOcmflox/flox (Tong et al., 2016). Briefly (as described
in Tong et al., 2016), Ocm KO mice were generated by in-
serting a LoxP site 59 of exon 2 and Flp–neo–Flp–LoxP
cassette was inserted 39 of exon 4 in BAC DNA. The vec-
tor was electroporated into ES cells and clones resistant
to G418 were isolated and checked for homologous re-
combination by Southern blot analysis. Two male clones
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were injected into C57BL/6J blastocysts. High-percent-
age chimeras were crossed with CBA/CaJ mice, and the
pups were checked for germ-line transmission using
Southern blottings. PCR primers used for genotyping
were made from the deleted region (59-CTC CAC ACT
TCA CCA AGC AG-39 and 59-GCT TGG GGA CCC CCT
GTC TTC A-39) and from the targeting vector (59-CTC
CAC ACT TCA CCA AGC AG-39 and 59-TTT CAT GTT
CAG GGA TCA AGT G-39). The neo gene was removed
when generating the Ocm heterozygote to avoid any pos-
sible interference. Ocmflox/flox mice were generated and
crossed with b -actin Cre mice (strain 003376; The
Jackson Laboratory) to generate b -actinCreOcmflox/flox

mice (Ocmtm1.1Ddsi, MGI:97 401), referred to as Ocm
KO mice. For these studies, the Ocm KO mice were back-
crossed onto the CBA/CaJ strain (99% congenicity), and
wild-type (WT) and mutant Ocm KO littermates were
used. Additional age matched WT mice were acquired
from The Jackson Laboratory (CBA/CaJ) when needed.
The animals were housed three to five per cage under a
12/12 h light/dark cycle with ad libitum access to food
and water. In the mouse, neurons in lumbar DRG L3, L4,
and L5 project into the sciatic nerve (Rigaud et al., 2008).
Two lesion protocols were followed. In one, the sciatic
nerve was transected unilaterally under isoflurane anes-
thesia, and a 2-mm piece of the distal nerve segment was
removed to prevent regeneration. The contralateral nerve
was exposed but not transected, and the corresponding
ganglia served as sham-operated controls. The animals
were killed by CO2 inhalation 7 d later, and L3 and L4
DRGs and sciatic nerves were removed for neurite out-
growth studies, flow cytometry, and molecular biology. In
other experiments, the sciatic nerve was transected uni-
laterally anterior to its trifurcation, and 7 d later the nerve
was crushed at the level of the sciatic notch. Two days
after the second lesion (i.e., the test lesion), the ipsilateral
DRG and the sciatic nerve distal to the crush site were an-
alyzed. The contralateral sciatic nerve was exposed and
then 7 d later received a crush lesion. Case Western
Reserve University’s Institutional Animal Care and Use
Committee approved all surgical procedures.

DRG explants
To assess the outgrowth in response to injury of sen-

sory neurons in culture while maintaining the ganglion’s in
vivo tissue architecture, neurite outgrowth was evaluated
in explanted ganglia from WT and Ocm KO mice after a
CL. Seven days after unilateral sciatic nerve transection,
axotomized and sham-operated L5 DRGs were removed,
desheathed, placed on coverslips, and overlaid with 7.5-
ml Matrigel (Becton Dickinson). Culture plates were placed
in a 37°C incubator for 5min to allow gelling of the
Matrigel before adding 1 ml F12 medium with the follow-
ing additives: 0.5% bovine serum albumin (Jackson
ImmunoResearch), 1% penicillin/streptomycin (Thermo
Fisher Scientific, Invitrogen), 5 mg/ml insulin (Millipore
Sigma), 630 ng/ml progesterone (Millipore Sigma), 5 ng/ml
selenium (Millipore Sigma), 9 mg/ml putrescine (Millipore
Sigma), and 100 mg/ml transferrin (BD Biosciences).
Phase-contrast images of neurite outgrowth from each

DRG were captured at 24 and 48 h after explantation
using an Axiovert 405 M microscope at 10� magnifica-
tion. Neurite outgrowth was assessed using MetaMorph
by measuring the distance between the edge of the gan-
glion and the leading tip of the longest 20 processes in
each explant. The length of these 20 neurites were aver-
aged for each ganglion. Five sham-operated and five axo-
tomized ganglia were analyzed for each genotype. At 48
h, explants were fixed and labeled with an antibody
against b III tubulin (1:500; Promega; RRID:AB_430874)
and the outgrowth was photographed.

In vivoCL studies and regeneration analysis
Seven days after a distal unilateral sciatic nerve trans-

ection, both sciatic nerves were crushed more proximal to
the DRG than the initial nerve transection site. The nerves
were crushed for 45 s with ultra-fine hemostats (Fine
Science Tools) at the level of the hip. Two days after nerve
crush, the animals were killed by CO2 inhalation, and sci-
atic nerves and L4 DRG were removed for immunohisto-
chemical analysis. Sciatic nerves were removed, cleaned,
pinned down straight in a 35 mm dish, and fixed by im-
mersion in 4% paraformaldehyde (PFA). Nerves were cry-
oprotected in 30% sucrose, embedded in Tissue-Tek O.
C.T. (Electron Microscopy Sciences), and sectioned. After
blocking, 60-mm sections were incubated with an anti-
body to SCG10 (1:4000; Novus Biologicals; RRID:AB_
10011569) overnight at 4°C and then incubated in Alexa
Fluor 555 secondary antibodies (1:400; Thermo Fisher
Scientific, RRID:AB_162543). Nerves were imaged on a
Leica SP8 confocal. The images underwent despeckling
in ImageJ before SCG10 quantification. The regeneration
index was measured based on the method of Shin et al.
(2014). Briefly, the amount of fluorescence was assessed
using MetaMorph in a 100-pixel-wide rectangle spanning
the width of the nerve where it had been crushed, which
was identified by transferring fluorescent microspheres
from the tip of the hemostat at the time of the crush (not
shown). Another rectangle was placed where the amount
of fluorescence was 50% of that at the crush site. The dis-
tance between these two rectangles was measured and
expressed as the regeneration index. One section from a
crush only animal and one from a conditioned animal, and
six to eight animals for each genotype were analyzed.
Crush only indicates a nerve harvested 2 d after a crush
injury, and conditioned indicates a nerve harvested 9 d
after a CL and 2 d after a crush injury. An additional mea-
sure of regeneration was also quantified by measuring the
percent area stained by an antibody to SCG10 at 500-mm
intervals distal to the crush site and normalizing to the
measured percent area stained at the crush site as per-
formed by Weng et al. (2017). These data were repre-
sented as a regenerative ratio at each distance.

Macrophage accumulation in vivo
The accumulation of macrophages in the sciatic nerve

and L5 DRG after an in vivo CL followed by a nerve crush
versus a nerve crush alone was determined. Sciatic nerve
sections (20mm) and DRG sections (10mm) from WT and
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Figure 1. Relative macrophage content of DRGs in vivo and in explant culture after a CL. For in vivo studies, 7 d after a unilateral
sciatic nerve transection or contralateral sham surgery, the nerves were crushed bilaterally and nerve regeneration was assayed 2 d
later. For explant studies, DRGs were placed in explant culture for 2 d after unilateral sciatic nerve transection or contralateral sham
surgery. The macrophage (a) and neuronal (b) content of each sample was determined by flow cytometry using two macrophage
markers (CD11b and F4/80), one neuronal marker (b III Tubulin), and a live/dead cell stain. The ratio of macrophages to neurons is
also given (c). Cell counts are also displayed for live cells (d) CD11b1 F4/801 macrophages (e), and b -Tubulin1 CD11b– neurons
(f). Representative heat maps are shown for CD11b and F4/80 (g) and CD11b and b III tubulin (h). Numbers in plots correspond to
the percentage of total events in each quadrant. Events in quadrants outlined with a red box correspond to cells that are
CD11b1F4/801 (g, macrophages) or CD11b– b III tubulin1 (h, neurons). N=5/group. *p,0.05, **p, 0.01, ***p, 0.001,
****p, 0.0001.
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Ocm KO mice were incubated overnight at 4°C in an anti-
body to CD68 (1:200; Bio-Rad; RRID:AB_322219) and then
incubated in Cy3 secondary antibodies (1:400; Jackson
ImmunoResearch; RRID:AB_2340619) for 1 h followed by
49,6-diamidino-2-phenylindole (DAPI). Images were cap-
tured at 10� (sciatic) or 25� (DRG) magnification using
HCImage (Hamamatsu Corporation) then quantified using
MetaMorph. Macrophage cell counts were acquired by
counting the number of CD681 cells containing DAPI using
the ImageJ cell counter. For macrophage quantification in
the DRG, only areas of tissue containing neuronal cell
bodies were analyzed. The total number of cells across
three images for each sample was calculated and then aver-
aged for each experimental group. One section from each
crush only and each conditioned animal from five (sciatic) or
five to six (DRG) animals for each genotype were analyzed.

Flow cytometry
Flow cytometry was performed on pooled L3 and L4

DRG or L3, L4, and L5 DRG after explant culture or
after a test lesion in vivo, respectively. Explant and in
vivo CL DRGs were enzymatically digested in 0.125%
collagenase for 1 h at 37°C. Mechanical dissociation
using a 23-gauge needle attached to a 1-ml syringe

produced single-cell suspensions, which were filtered
through a 35-mm cell strainer. For all cell suspensions,
dead cells were labeled using Live Dead Fixable Blue
Dead Cell Stain kit (Invitrogen, catalog #L23105) for
30min at 4°C. Cells were then washed in FACS buffer
(PBS, 1% BSA) and blocked with a monoclonal anti-
body to CD16/CD32 (1:500; eBioscience, RRID:AB_
467133) for 10min at 4°C. Cells were incubated with
fluorophore-conjugated antibodies against CD11b
(1:400, Biolegend; RRID:AB_312789) and F4/80 (1:400,
Biolegend, RRID:AB_2293450) and Ly6G (1:400, Biolegend,
RRID:AB_1134159) for 1 h at 4°C. Cells were washed and re-
suspended on a shaker in fixation buffer (2% PFA in PBS) for
15min at room temperature. For flow experiments in which
neurons were examined, the cells were then washed in PBS
and resuspended in permeabilization buffer (0.7% Tween 20
in PBS) on a shaker for 15min at room temperature. Cells
were then incubated with a fluorophore-conjugated antibody
against b III tubulin to label neurons (1:80, Biolegend, RRID:
AB_2563609) for 30min at room temperature in the dark.
Cells were subsequently washed in FACS buffer and then run
on a BD FACSAria (BD Biosciences) and analyzed using
FlowJo (Tree Star, RRID:SCR_008520). All events were gated
based on viable single cells. Compensation and gating were
performed using negative, single-stained and isotype

Figure 2. L5 DRG explants from both WT and Ocm KO mice exhibited a CL response at 24 h (a) and 48 h (b), although ganglia from
Ocm KO mice showed a significantly smaller response than those from WT ganglia after 48 h in culture (b). Micrographs represent
WT (c) and Ocm KO (d) ganglia following a CL and 48 h in culture. N=5/group. Scale bars: 250 mm. *p, 0.05, **p,0.01,
****p, 0.0001.
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controls. Cell populations were gated as follows: F4/
801CD11b1 (macrophages); b -tubulin1CD11b– (neurons),
and Ly6G1CD11b1 (neutrophils).

Myelin visualization by luxol fast blue
To assess myelin clearance in the distal sciatic nerve

segment, axotomized and sham-operated sciatic nerves
from WT and Ocm KO mice were removed 7 d after trans-
ection and fixed by immersion in 4% PFA. The tissues
were cryoprotected in 30% sucrose and embedded in
Tissue-Tek O.C.T. compound. Staining with Luxol fast
blue (Electron Microscopy Sciences) was performed on
20-mm cryostat sections. Briefly, nerves were incubated in
H2O, 35% and 70% ethanol for 5min each, followed by
incubation in 0.1% Luxol fast blue overnight at 60°C.
Nerves were subsequently destained in 0.05% lithium
carbonate and incubated for 5min each in increasing
concentrations of ethanol (70%/95%/100%), followed by
xylenes before images were captured using a light micro-
scope. Positive myelin staining is expressed as a percent-
age of the total area examined. Images were captured at

20� magnification using Volocity software (PerkinElmer)
and then quantified using MetaMorph. Three images per
section were analyzed and averaged for each sample.
Five samples per genotype were analyzed.

Real-time PCR
The expression of three gp130 cytokines (Lif, Cntf, and

Il-6) was analyzed by quantitative real-time PCR. Six
hours and 9 d after unilateral sciatic nerve transection
axotomized and sham-operated L3 and L4 DRG from WT
and Ocm KO mice were removed, desheathed, and
placed in RNAlater (Thermo Fisher Scientific). Two ganglia
were pooled per sample. Three animals were included
for each group. The tissue was homogenized, RNA was
isolated, total RNA was measured, and 331ng were re-
verse transcribed using a High Capacity cDNA Reverse
Transcription kit (Thermo Fisher Scientific). Real-time
PCR was performed in an ABI Step-One, using prevali-
dated TaqMan expression assays (Thermo Fisher
Scientific) for Lif (Mm00434762), Cntf (Mm00446373),
and Il-6 (Mm00446190). Samples were assayed in

Figure 3. DRG from Ocm KO mice do not exhibit a CL response in vivo. Nine days after a CL and 2 d after a crush injury, axons
from WT mice exhibit enhanced growth response in vivo, whereas axons from Ocm KO mice did not (a). The nerves were immuno-
stained for SCG10. The regeneration index is the distance from the crush site to the site where the staining for SCG10 is half that
seen at the crush site (a, c–f). The regeneration ratio is the ratio of staining at a site to that at the crush site. This ratio was deter-
mined for distances from 0.5 to 3.0 mm distal to the crush site (b). Images represent WT crush only (c) and conditioned plus crush
(d) and Ocm KO crush only (e) and conditioned plus crush (f). Asterisks in the images indicate the crush site for each nerve. Dashed
rectangles indicate where the immunostaining for SCG10 is reduced by 50% compared with the staining at the crush site. N=8/
group. Scale bars: 500 mm. In the line graph, *p, 0.05, **p, 0.01 comparing WT conditioned versus WT crush only. #p, 0.01 com-
paring WT conditioned versus Ocm KO conditioned.
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triplicate and relative expression was determined using the
comparative Ct method. mRNA values were normalized to
the mRNA values for the internal control glyceraldehyde-3-
phosphate dehydrogenase (GAPDH;Mm99999915) of the re-
spective sham group for each genotype.

Statistics
Experimenter’s performing data analysis were blinded

to genotype. Data are expressed as mean 6 SEM.
Statistically significant differences were determined by a
two-way ANOVA with a Tukey’s post hoc test using
GraphPad Prism 9.2.0. Groups are considered statisti-
cally different if p,0.05. The number of samples per
group is indicated in each figure legend.

Results
Effects of Ocm on the CL response examined in
explant culture
The increased growth capacity of sensory neurons as

the result of a CL can be demonstrated in explant culture
and in vivo (McQuarrie and Grafstein, 1973; McQuarrie et
al., 1977; Edström et al., 1996; Shoemaker et al., 2005).
To determine whether Ocm is involved in the CL response
of DRG neurons, we began by examining the CL response
measured in explant culture from WT and Ocm KO mice.
Explant cultures enable the in vitro study of neurons while

maintaining much of their in vivo tissue environment, in-
cluding the presence of macrophages as shown in Figure
1a,e. The number of neurons was also determined for
each sample (Fig. 1b,f), and the number of macrophages
was also expressed per neuron (Fig. 1c).
After both 24 and 48 h in culture, DRG explants from

both WT and Ocm KO mice exhibited a CL response (Fig.
2a,b); however, the outgrowth from Ocm KO DRG in re-
sponse to a CL was significantly smaller than that from
WT DRG after 48 h in culture (Fig. 2b–d).

Effects of Ocm on the CL response in vivo
We next looked at the CL response in vivo in WT and

KO mice. Nine days after a CL (unilateral sciatic nerve
transection) and 2 d after a test lesion (bilateral sciatic
nerve crush at a site proximal to the site of transection),
sciatic nerves were harvested, sectioned, and labeled
with an antibody to SCG10. SCG10 is preferentially ex-
pressed in sensory axons, is rapidly downregulated distal
to an injury site, and is highly expressed in regenerating fi-
bers (Shin et al., 2012, 2014). The regeneration index
identifies the distance from the crush site to the location
where levels of SCG10 are half of their levels at the crush
site, thus identifying the length to which approximately
half of the axons have regenerated (Shin et al., 2014).
Under these conditions, we found that sciatic nerves from

Figure 4. Macrophage accumulation in the distal sciatic nerve and DRG 2 d after a nerve crush with and without a prior CL in WT
and Ocm KO mice. Macrophage accumulation observed by CD68 immunostaining in the distal sciatic nerve was similar after a CL
in both genotypes (a). Macrophage accumulation was also increased in WT and Ocm KO DRG after a CL (f). Three adjacent fields
from each sample were counted and summed. Images of WT crush only (b, g) and conditioned plus crush (d, i) and Ocm KO crush
only (c, h) and conditioned plus crush (e, j). N=5–6/group. Scale bars: 100 mm. *p, 0.05, **p, 0.01, ***p, 0.001.
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Figure 5. Flow cytometry studies on macrophage and neutrophil accumulation in the distal sciatic nerve and DRG in WT and Ocm
KO mice after a nerve crush with and without a prior CL. Macrophages were determined by double staining with antibodies against
CD11b and F4/80. Neutrophils were determined by double staining with antibodies against CD11b and Ly6G. For animals receiving
a CL, the sciatic nerve was transected unilaterally 7 d before the nerve was crushed (samples labeled CL). Forty-eight hours later,
the ipsilateral distal sciatic nerve and the ipsilateral DRG were taken for flow cytometry. The contralateral sciatic nerve received a
crush only (samples labeled Crush). Representative dot plots for macrophages (a, d) and neutrophils (b, e) in the sciatic nerve (a, b)
and DRG (d, e). Numbers in plots correspond to the percentage of total events in each quadrant. Events in quadrant outlined with a
red box correspond to cells that are CD11b1F4/801 (a, d, macrophages) or CD11b1Ly6G1 (b, e, neutrophils). Bar graphs indicate
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WT mice exhibited a CL response while those from Ocm
KOmice did not (Fig. 3a,c–f).
To examine further the distance the regenerating axons

grew in vivo after a CL, a regenerative ratio was also de-
termined by measuring the percent area stained from the
site of the crush injury in 0.5-mm increments distally out
to 3 mm (Fig. 3b). The data were displayed as a ratio of
the percent area stained at each individual distance di-
vided by the percent area stained at the crush site. WT
conditioned nerves showed significantly more SCG10
staining at 0.5, 1, 1.5, and 2 mm distal to the crush site
compared with WT crush only nerves, indicating that a
CL increases the length of the axons regenerating in vivo
(Fig. 3b). Nerves from Ocm KOmice did not show a signif-
icant difference in SCG10 staining in response to a CL at
any distance distal to the crush site (Fig. 3b). Additionally,

WT conditioned nerves showed significantly more SCG10
staining than Ocm KO conditioned nerves at 2 mm distal
to the crush site (Fig. 3b,d,f). These data indicate that
Ocm plays a prominent role in vivo in the CL response of
DRG neurons. This in vivo experiment was repeated a
second time, and similar results were obtained.

Macrophage accumulation in the absence of Ocm
In an attempt to explore how Ocm might facilitate nerve

regeneration in vivo, we examined three factors known
to influence regeneration: macrophage accumulation,
Wallerian degeneration, and the induction of gp130 cyto-
kines. The accumulation of macrophages in the distal
nerve segment of the sciatic nerve after injury has been
correlated with nerve regeneration (Bisby and Chen,

continued
mean percent CD11b1F4/801 and CD11b1Ly6G1 events in the sciatic nerve (c) and DRG (f). n=4 animals per condition per geno-
type. *p, 0.05, **p,0.01.

Figure 6. Myelin clearance from the distal sciatic nerve from WT and Ocm KO mice. Seven days after unilateral sciatic nerve trans-
ection changes in myelin clearance were determined by staining with luxol fast blue. Transected distal nerve segments from WT and
Ocm KO mice showed significantly less staining than the sham-operated contralateral nerves, and no difference was seen between
genotypes (a). The micrographs represent sections of WT sham-operated nerves (b) and transected distal nerves (d) and sections of
Ocm KO sham-operated nerves (c) and transected distal segments (e). N=5/group. Scale bar: 100 mm. ****p, 0.0001.
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1990; Chen and Bisby, 1993; Dailey et al., 1998; Barrette
et al., 2008). Therefore, we sought to determine whether
Ocm might play a role in the accumulation of macro-
phages in the sciatic nerve after injury. Using immunohis-
tochemistry, the number of CD681 macrophages in the
nerve was determined either 9 d after a transection
(Conditioned) and 2 d after a crush injury, or just 2 d after
a crush injury (Crush Only). We found that the CL pro-
duced a similar increase in CD681 cells in the sciatic
nerve from both WT and Ocm KO mice (Fig. 4a–e). These
data indicate that Ocm does not influence macrophage
accumulation in the distal nerve.
We also assessed the number of CD681 macrophages

in the DRG under the same conditions since macrophage
accumulation in the ganglion is correlated with the CL re-
sponse (Kwon et al., 2013; Niemi et al., 2013). There was
a significant increase in CD681 cells in conditioned DRG
from both WT and Ocm KO mice compared to crush only
(Fig. 4f–j).

To obtain a more quantitative measure of macro-
phage accumulation, CD11b1F4/801 macrophages
were examined in the sciatic nerve and DRG using flow
cytometry. The results obtained were similar to those
obtained with immunohistochemistry. No difference in
macrophage presence in the sciatic nerve was found
between genotypes after a CL (Fig. 5a,c), but an in-
crease in macrophage accumulation in the DRG was
found after a CL in WT but not in Ocm KO mice (Fig.
5d,f).
Neutrophils were identified by being positive for

CD11b and Ly6G. Such cells are undetectable in
the sciatic nerve from sham-operated mice (Lindborg
et al., 2017). Following axotomy, no significant differ-
ences were found in the sciatic nerve between geno-
types or between crush only and a CL followed by
crush (Fig. 5b,c). As reported previously (Lindborg et
al., 2018), no significant number of neutrophils were
found in the DRG from sham-operated or lesioned ani-
mals (Fig. 5e,f).

Clearance of myelin in the absence of Ocm
Myelin clearance from the distal nerve after axotomy

is important in the peripheral nervous system for sub-
sequent regeneration (Barrette et al., 2008). Therefore,
we examined myelin clearance in WT and Ocm KO
mice. The clearance of myelin in the distal sciatic nerve
was assessed by staining with luxol fast blue. At 7 d
after sciatic nerve transection, luxol fast blue staining
was reduced to the same extent in nerves from WT and
Ocm KO mice (Fig. 6). These results indicate that Ocm
is not exerting its proregenerative effects by influenc-
ing myelin clearance.

Effects of Ocm on expression of gp130 cytokines
It has been shown that axotomy influences expression

of gp130 cytokines in peripheral ganglia (for review, see
Zigmond, 2012). Although LIF is expressed in the superior
cervical ganglion after axotomy, it is not expressed in
the axotomized DRG at times examined thus far (Sun
and Zigmond, 1996; Thompson et al., 1997). CNTF is
expressed in myelinating Schwann cells in the intact sci-
atic nerve (Dobrea et al., 1992; Rende et al., 1992), but
expression actually decreases after nerve transection
(Friedman et al., 1992; Sendtner et al., 1992; Seniuk et al.,
1992). CNTF was not found in neurons in the DRG in vivo
though it is expressed in cultured neurons (Sango et al.,
2007). Il-6mRNA expression is increased in DRG after ax-
otomy (Murphy et al., 1995). There is a disagreement in
the literature as to whether there is a CL response in DRG
neurons from Il-6 KO mice (Cafferty et al., 2004; Cao et
al., 2006). We looked at mRNA expression of these three
gp130 cytokines in the DRG 6 h after a sciatic nerve trans-
ection (Fig. 7a) and 7 d after a CL followed by 2 d after a
nerve crush (Fig. 7b). Only Il-6 expression was affected
differentially in WT and Ocm KO animals at the 6-h time
point. Although Il-6 increased after axotomy in ganglia
from both genotypes, the increase was significantly less

Figure 7. Il-6 mRNA expression is upregulated in the DRG at
various timepoints after sciatic nerve injury. Although an in-
crease was seen in DRG from both WT and Ocm KO mice 6 h
after sciatic nerve transection, the increase was significantly
larger in the former (a). Il-6 mRNA expression was not different
between WT and Ocm KO mice following a CL compared with
sham-operated contralateral DRG (b). Lif and Cntf mRNA was
not found to increase with injury in pooled lumbar DRG 6 h after
a sciatic nerve transection (a) or a CL (b). N = 3–5/group.
*p,0.05, ***p, 0.001, ****p, 0.0001.
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in DRG from Ocm KO mice compared with that from WT
mice (Fig. 7).

Discussion
Our study is the first to look at nerve regeneration in

Ocm KOmice. Ocm was proposed as a promoter of nerve
regeneration based on studies on regeneration of retinal
ganglion cell axons following induced ocular inflammation
in male Fischer rats (Yin et al., 2006). Benowitz and col-
leagues reported Ocm protein in the eye and showed
that the stimulation of regeneration caused by inflam-
mation could be blocked by reagents that antagonize
the action of Ocm (Yin et al., 2009). Fischer and col-
leagues have presented data supporting a different
view of how inflammation leads to the growth of retinal
ganglion axons. Working with female Sprague Dawley
rats and female C57BL/6 mice, they reported that the
stimulation of regeneration by inflammation is medi-
ated by the release of gp130 cytokines (i.e., CNTF, LIF,
and IL-6) from retinal astrocytes (Hauk et al., 2008;
Leibinger et al., 2009, 2013).
We find that the CL effect measured in sensory neu-

rons in vivo is diminished in Ocm KO mice. In addition,
the CL effect measured in explanted DRG was inhib-
ited in KO mice, though it was not completely blocked.
Obviously, the in vivo experiment is the most physio-
logically relevant and makes no assumptions as to the
cellular site of action of Ocm. Thus, Ocm might act in
the ganglion or in the proximal or distal transected
nerve.
It should be noted that in our experiments, we have

performed a unilateral CL and then compared the ef-
fects in the ipsilateral to those in the contralateral
DRGs. This comparison may underestimate the magni-
tude of the effect on the ipsilateral ganglia, as in recent
studies in the rat, it has been shown that, after spinal
nerve transection, some stimulation of gene expres-
sion and neurite outgrowth occurs not only in the ipsi-
lateral DRGs but also, though to a lesser extent, in the
contralateral DRGs (Hasmatali et al., 2019, 2020;
Verge et al., 2020).
Ocm binds to retinal ganglion cells in vivo; however,

whether this is also true for cells in the DRG, either neu-
ronal or non-neuronal, is not known. Additionally, an
Ocm receptor and an exact signaling pathway in the
nervous system have not been defined. The growth
effect of Ocm on cultured retinal ganglion cells is com-
pletely blocked by the transcriptional inhibitor actinomy-
cin D (Yin et al., 2006). In an earlier study, the CL effect
on DRG neurons was similarly shown to be blocked by a
different transcriptional inhibitor, 5,6-dichlorobenzimida-
zole riboside (Smith and Skene, 1997). Our results raise
the possibility that Ocm promotes regeneration of sen-
sory neurons in part by altering neuronal gene expres-
sion, specifically the expression of the gp130 cytokine
IL-6. IL-6 mRNA has been shown to increase in DRG
neurons after axotomy (Murphy et al., 1995). Cafferty et
al. (2004) showed that addition of IL-6 to DRG cultures
increased neurite outgrowth, and Dubový et al. (2019)
showed that intrathecal injection of IL-6 produced a CL-

like response after peripheral nerve injury. In the pres-
ent study, we found that Il-6 mRNA was also increased
in DRG from Ocm KO mice at 6 h, but to a significantly
lesser extent than that from WT animals (Fig. 7). LIF and
CNTF, two other members of this cytokine family, were
neither induced in the DRG by axotomy nor altered by
the absence of Ocm (Fig. 7). Although the time point an-
alyzed here (6 h) is before hematogenous macrophage
accumulation in the DRG occurs, it is possible that resi-
dent macrophages also express Ocm. In addition, neu-
trophils, which can express Ocm, have been shown to
accumulate already in the sciatic nerve when examined
8 h after partial nerve injury (Perkins and Tracey, 2000).
The possibility that Ocm alters the expression of IL-6
offers a partial resolution of the conflicting views pro-
posed by the Benowitz and Fischer groups described
above on whether Ocm or gp130 cytokines mediate the
effects of inflammation on optic nerve regeneration.
A finding that was quite unexpected in our study was

that accumulation of macrophages in the DRG, though
not in the sciatic nerve, was inhibited in the Ocm KO ani-
mals (Figs. 4, 5). This finding raises the possibility that
Ocm has chemotactic activity or that it can modulate the
expression of monocyte chemokines (e.g., CCL2) or their
signaling within the DRG. Under conditions in which mac-
rophage accumulation in the DRG is inhibited, the CL ef-
fect is blocked (Niemi et al., 2013).
Often a neuron’s ability to initiate axonal growth after an

injury is distinguished from its ability to elongate that axon
to reach its target tissues. Here, we observed significantly
less outgrowth in vitro from explants of Ocm KO com-
pared with WT mice at 48 h, but not at 24 h, indicating
that Ocm may be involved in elongation of regenerating
axons rather than initiation of outgrowth.
To promote regeneration and functional recovery, it

is likely that a combinatorial approach will be most ef-
fective (Benowitz and Popovich, 2011). Prior studies of
Ocm have indicated that Ocm can exert its growth-
promoting effects in coordination with other agents.
For example, it has been shown that increasing retinal
levels of Ocm and decreasing PTEN expression to-
gether can be used to promote regeneration after optic
nerve crush (de Lima et al., 2012). In addition, the fact
that elevated cAMP levels are required for the prorege-
nerative effects of Ocm indicates that there may be
other players involved.
In summary, using the Ocm KO mouse, we have dem-

onstrated that this cytokine is necessary for the normal
CL response to occur and that this effect could be be-
cause of a decrease in the axotomy-induced expression
of IL-6 or another macrophage cytokine.
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