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The expression of repulsive guidance molecule a after traumatic
brain injury: Time-course changes in gene expression in a murine

model of controlled cortical impact

Eri Uemura, MD, Goro Tajima, MD, PhD, Shimon Murahashi, MD, Naoya Matsumoto, MD, PhD,
Ayako Tokunaga, PhD, Miyuki Miura, BS, Takehiko Murase, MD, PhD,

Kazuya Ikematsu, MD, PhD, and Osamu Tasaki, MD, PhD, Nagasaki, Japan

INTRODUCTION: Repulsive guidance molecule a (RGMa) is a key protein that negatively regulates neuronal regeneration as its inhibition enhances axonal
growth and promotes functional recovery in animal models of spinal cord injury. However, the role of RGMa in traumatic brain injury
(TBI) remains elusive. This study aimed to clarify TBI-responsive RGMa expression in a murine model.

METHODS: Adult male C57BL/6J mice were subjected to controlled cortical impact. Brains were extracted 6 hours and 1, 3, 7, 14 and 21 days after
injury (n = 6 in each group). Changes in the messenger RNA (mRNA) expression of RGMa and its receptor, neogenin, were evaluated by
quantitative polymerase chain reaction in the damaged area of the cortex and contralateral cortex, along with expression measurement of
inflammation-related molecules. Neurological deficit was also assessed by the cylinder test.

RESULTS: Neurological scorewas consistently lower in the TBI group compared to the sham group throughout the experimental period. The mRNA
expressions of representative inflammatory cytokine TNF-α and chemokine receptor CCR2were remarkably increased in the injured cor-
tex on day 1 and gradually decreased over time, although remaining at higher values at least until day 14. The mRNA expressions of
RGMa and neogenin were significantly suppressed in the damaged cortex until day 3. Interestingly, RGMa expression was suppressed
most on day 1 and recovered over time.

CONCLUSION: In the acute phase of TBI, gene expression of inflammatory cytokines significantly increased, and gene expressions of RGMa and
neogenin significantly decreased in the inflammatory milieu of the damaged area. Despite the subsequent remission of inflammation,
RGMa gene expression recovered to the normal level 1 week after TBI. Intrinsic regenerative response to acute brain injurymight be ham-
pered by the following recovery of RGMa expression, hinting at the possibility of functional RGMa inhibition as a new, effective maneu-
ver against TBI. (J Trauma Acute Care Surg. 2021;90: 281–286. Copyright © 2020 American Association for the Surgery of Trauma.)
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T raumatic brain injury (TBI) results in temporary or perma-
nent disabilities1 that are a major cause of societal morbidity

and mortality, with an estimated 69 million individuals affected
worldwide each year.2 The global incidence of TBI is about 200
per 100,000 population, and the mortality rate is 20 per 100,000
population. The incidence in various countries ranges from 91 to
430 hospital admissions per 100,000.3 However, there is still no
comprehensive treatment for TBI. There are limitations to treating
TBI with substances that promote and/or supplement neuronal
regeneration. Therefore, suppressing the inhibition of neuronal
regeneration may promote it and aid in the treatment of TBI.

Repulsive guidance molecule a (RGMa) is a membrane
protein anchored by glycosylphosphatidylinositol and is a member

of theRGMgene family. TheRGMawas first reported as a 33-kDa
tectum repellent in chicks that induces the collapse of temporal
growth cones and guidance of temporal retinal axons in vitro.4–6

The RGMa controls cephalic neural tube closure and functions
as an axon guidance molecule in the developing mouse hippo-
campus.7 The RGM binds to neogenin, identified as a netrin-1
receptor and homologue of deleted in colorectal cancer, and
mediates its repulsive activity toward retinal axons.8 Neogenin
is the predominant RGM receptor in the adult neocortex and
spinal cord. Recent studies noted that neogenin could act as a
“dependence receptor,” which induces apoptosis when free of
its ligand RGMa but blocks apoptosis following RGMa binding
in neurons in the rat spinal cord injury (SCI) model.9,10 The
RGMa and neogenin are implicated in axon guidance, neural
differentiation, and survival of the central nervous system
(CNS).11 There are reports that RGM regulates immune sys-
tems and inflammation12 and that RGMa expressed in T cells
induces neurodegeneration.13

Other reports have shown that the expression of RGMa is
upregulated in lesions or sites of damage in the rat SCImodel.14,15

The RGMa expression is thought to inhibit axonal progression
and regulates postmaturation neural stabilization, but it is elevated
when CNS injury occurs and acts to suppress regeneration. In
SCI,RGMa inhibits postnatal CNSneurons invitro and is expressed
by neurons, microglia, macrophages, and oligodendrocytes in the
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injured spinal cord.15 Furthermore, RGMa inhibition enhances
axonal growth and promotes functional recovery in SCI.15,16

Although the expression and function of RGMa and the
therapeutic effects of RGMa inhibition using antibodies have
been clarified in SCI, the expression of RGMa and its function
in TBI have not yet been explored. On the basis of these prior
findings, we hypothesized that RGMa would be upregulated in
TBI and in SCI because of the similarity between TBI and SCI in
terms of CNS injury. Therefore, we investigated the time-course
change of RGMa expression following TBI, along with that of
inflammatory cytokines, chemokines and monocyte markers in
the injured cortex that might interact with the expression of
RGMa, in a murine model of TBI.

MATERIALS AND METHODS

Experimental Procedures
Animals

All of the animal protocols and animal welfare require-
ments were performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals of the School of Medicine,
Nagasaki University and were approved by the Institutional Ani-
mal Care and Use Committee (approval number 1804191449).

Male C57BL/6J mice aged 8 to 12 weeks old were pur-
chased from Charles River Laboratory Japan, Inc. (Kanagawa,
Japan). Mice were maintained in our animal facility under con-
trolled temperature and humidity and a 12-hour light-dark cycle.
All mice were acclimatized for at least 5 days and allowed free
access to a standard laboratory diet and water. Only male mice
were used because of a report of a sex difference in the immune
system, which determines the extent of secondary damage after
TBI, which is substantially influenced by the estrogen cycle.17

Controlled Cortical Impact
Controlled cortical impact was performed following an-

esthesia with 0.75 mg/kg medetomidine hydrochloride (Meiji
Seika Pharma Co., Ltd., Tokyo, Japan), 4 mg/kg midazolam
(Sandoz K.K., Tokyo, Japan), and 5 mg/kg butorphanol (Meiji
Seika Pharma Co., Ltd.).18

Mice were stabilized in a stereotaxic frame (NARISHIGE
Group, Tokyo, Japan). The scalp was retracted, and a circular
craniotomy of 4 mm in diameter was created with a drill on
the right side, with the center at 0 mm anteroposterior and
2 mm lateral to the bregma. Cortical traumatic injury was in-
duced with a pneumatic impact device (AmScien Instruments,
Richmond, VA). Briefly, the dural surface was exposed, and
the tip of the impactor (3-mm diameter) was positioned over
the center of the open cranial surface. The tip of the impactor
was then lifted and lowered by 1 mm at an impact speed of 4.0
to 4.5 m/s.19,20 Thereafter, the skull fragment was replaced, the
scalp was sutured, and the mice were reversed with 0.75 mg/kg
atipamezole (Kyoritsu Seiyaku Co., Tokyo, Japan) and allowed
to recover. In the sham-operated mice serving as controls, a cir-
cular craniotomy was performed, but no impact causing cortical
traumatic injury was delivered. The skull fragment was then re-
placed, and the scalp was sutured.

Six TBI groups comprising six mice each were created
in this study on separate dates based on the time they were

sacrificed after TBI (6 hours and 1, 3, 7, 14, and 21 days). The
sham groups, comprising two mice each, were created at the
same time as each TBI group was created for each time period.
We have summarized all data from the sham groups because
we did not find any apparent difference in the sham mice re-
gardless of the time of sacrifice. No mice died during the
course of the study.

Sample Collection
After sham or controlled cortical impact injury, all mice

underwent measurement with a cylinder test and were sacrificed
by CO2 asphyxiation at 6 hours and 1, 3, 7, 14, and 21 days after
injury. After the brains were extracted, the injured area and the
surrounding 2 to 3 mm of tissue were dissected and conserved
in RNAlater (Thermo Fisher Scientific, Waltham,MA) for stabi-
lization of RNA and stored overnight at 4°C. The brain tissue ex-
tracted from sham mice was cut just below the craniotomy,
where the sham operation was performed, by making a 4-mm
square cut in the tissue at this site. The contralateral side of the
cortex was also cut out symmetrically from the central line by
making a similar 4-mm square cut centered anteroposterior
0 mm and 2 mm left lateral to the bregma.

Quantitative Real-Time Polymerase Chain
Reaction (RT-PCR) Analysis
RNA Extraction and Reverse Transcription

The brain tissuewas homogenized, and total RNAwas ex-
tracted using an RNeasy Mini kit (QIAGEN, Hilden, Germany)
according to the manufacturer’s instructions and then dissolved
in RNase-free water. Extracted total RNA was quantified by a
Nano Drop 2000 (Thermo Fisher Scientific). All RNA samples
were stored at −80°C before reverse transcription. Total RNA
was reverse transcribed into cDNA using a Prime-Script RT
Reagent Kit (Takara Bio Inc., Shiga, Japan) according to the
manufacturer’s instructions, and the cDNA samples were stored
at −20°C.

RT-PCR
The RT-PCRwas carried out to measure the messenger RNA

(mRNA) levels of RGMa, neogenin, and inflammation-related
molecules in each group. We used interleukin (IL) 1β, IL-6,
and tumor necrosis factor α (TNF-α) as the inflammatory cyto-
kines, C-C chemokine receptor 2 (CCR2) as the chemokine, and
CD11b and ionized calcium-binding adapter molecule 1 (Iba1)
as the cellular marker of macrophages and microglia, respec-
tively. The RT-PCR was performed in a 10-μL reaction mixture
using SYBR Premix Ex Taq II and a Thermal Cycler Dice Real
Time System (both, Takara Bio Inc.). The contents of the ampli-
fication mix and thermal cycling conditions were set according
to the manufacturer’s instructions. The relative quantification
of mRNA transcripts was performed using the second derivative
maximum method. The expression levels of the target tran-
scripts are described as the ratio of the targets normalized to
the endogenous reference (Rps18).

Cylinder Test
We used the cylinder test to assess forelimb preference

and asymmetry21 in each mouse at 6 hours and 1, 3, 7, 14, and
21 days postinjury. The mouse was placed in an open-top clear
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cylinder (height, 16.5 cm; diameter, 9 cm) and its forelimb activ-
ity while rearing up against the wall of the cylinder was re-
corded.22 The use of forelimbs is defined by placement of the
entire palm of the forepaw on the wall of the cylinder, which indi-
cates forelimb use for body support. The number of contacts of
the forelimbs while rearing is scored as the total of 20 contacts re-
corded for each animals over a maximum time of 10minutes. The
final score was calculated as (left forelimb contact + both fore-
limbs contact)/(right forelimb contact + both forelimbs contact).

Statistical Analysis
All data are presented as mean ± SD. Statistical calculations

were performed with GraphPad Prism version 8.0 (GraphPad
Software, San Diego, CA). For both mRNA expression data
and cylinder test scores, the significance between variables was
assessed using ordinary one-way analysis of variance followed
byDunnett multiple comparisons test for post hoc analysis. Statis-
tical significance was indicated by a p value of <0.05.

RESULTS

Time-Course Change of RGMa and Neogenin
mRNA Expression

In injured cortex, mRNA expression of RGMa was mini-
mized at day 1 and remained significantly suppressed in the
damaged cortex until day 3. The RGMa expression then in-
creased over time after injury and recovered to the same level
as that in the sham group at day 7 (Fig. 1). The mRNA expres-
sion of neogenin was also suppressed after injury, minimized
at day 3, and gradually recovered to the same level as that in
the sham group after day 7 (Fig. 1). In contrast, in the contralat-
eral cortex, the expression of RGMa and neogenin did not show
similar changes as that occurring in the injured cortex, which did
not show any decline after the injury.

Time-Course Change of mRNA Expression of
Inflammatory Cytokines

To confirm TBI-induced inflammation within the dam-
aged cortex, the mRNA expressions of representative inflam-
matory cytokines TNF-α, IL-1β, and IL-6 were measured.
The mRNA expressions of these inflammatory cytokines
were remarkably increased after 6 hours and day 1 and then
decreased over time (Fig. 2). In the acute phase, severe in-
flammation was present, and it appeared to undergo relatively
rapid remission in the injured cortex. The trend of the inflam-
matory cytokines was completely opposite that of RGMa and
neogenin. The contralateral side did not show a marked increase
in the gene expressions of inflammatory cytokines compared
with the injured side.

Activation of Macrophages and Microglia in the
TBI Site

We measured cellular markers to analogize the cells from
which RGMa is expressed and by which inflammation is in-
duced. We chose cellular markers Iba1 for microglia and
CD11b and CCR2 for reactive macrophages. Similar to the in-
flammatory cytokines, CD11b and CCR2 were significantly in-
creased from day 1 to day 7 and then gradually decreased over
time, but higher values were maintained at all time points. In
contrast to CCR2 and the inflammatory cytokines, Iba1 de-
creasedmarkedly on day 1 and then increased over time showing
exactly the same trend as that of RGMa (Fig. 3). Thus, these re-
sults suggested that activated macrophages migrate to cause in-
tense inflammation at the site of the injury. The trend of the
expression of Iba1, which paralleled that of RGMa, suggested
that microglia might be involved in the expression of RGMa.
In the contralateral side, CD11b and CCR2were significantly el-
evated only on day 7 compared with sham. Iba1 did not show an
early postinjury decline similar to that occurring in the injured
side, although it also significantly increased on day 7.

Figure 1. Time-course change of repulsive guidancemolecule a (RGMa) and neogenin messenger RNA (mRNA) expression (sham,
n = 12; TBI at 6 hours and days 1, 3, 7, 14, and 21 n = 6 each). The mRNA of RGMa expression (A) was suppressed most at day 1
and remained significantly decreased until day 3 in the damaged cortex. The RGMa expression then increased over time after injury
and returned to the same level as that in the sham group at day 7. In contrast, the expression of RGMa did not show a similar change
in the contralateral cortex as that occurring in the injured cortex. The RGMa in the contralateral cortex did not decline significantly
after the injury. In the damaged cortex, mRNA of neogenin expression (B) was decreased after controlled cortical impact, minimized
at day 3, and gradually recovered to the same level as the sham after day 7. However, the expression of neogenin did not show a
similar change in the contralateral cortex as that occurring in the injured cortex. Data are shown as mean ± SD. *Indicates significant
difference between sham, 6 hour, and day 7, 14, 21. **Indicates significant difference between sham, 6 hour, day 7, 14. §Indicates
significant difference between sham, day 3, 21. #Indicates significant difference between sham, 6 hour. ##Indicates significant difference
between sham. $Indicates significant difference between sham, 6 hour, day 3, 7, 21. $$Indicates significant difference between sham,
day 1, 7, 14.
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Cylinder Test
The neurological score in the cylinder test was consis-

tently lower in the controlled cortical impact group compared
with the sham group throughout the experimental period (Fig. 4).
We found no apparent differences in the sham animals regard-
less of the time of sacrifice.

DISCUSSION

This study showed that mRNA expressions of RGMa,
neogenin, inflammatory cytokines, and monocyte markers were
drastically altered from the acute to subacute phase in the dam-
aged cortex in a murine model of TBI. These changes in gene
expression differed from our hypothesis and suggested that
strong inflammation induces a decrease in RGMa activity in
the damaged cortex and that remission of inflammation recovers
the transition of RGMa expression, which appeared to be oppo-
site to that of inflammation.

Although upregulation of RGMa has been reported to be
induced after ischemic stroke and TBI in humans and SCI in rats
and monkeys in the subacute phase,14–16,23 it is interesting that
the expression of RGMa showed transient downregulation imme-
diately after TBI in the present study. To the best of our knowl-
edge, this is the first report to identify the time-course change of
RGMa, in which the expression of RGMa drops once in the hy-
peracute phase and then increases in the subacute phase after TBI.

The RGMa inhibition by its neutralizing antibody can en-
hance axonal growth and promote functional recovery in
SCI.15,16,24 Shabanzadeh et al.25 reported that, in a rat stroke
model, RGMa antibodies reduced ischemic damage, resulting
in a reduction in infarct size and improved recovery. In the acute
phase, RGMa and neogenin, whose signal is considered to func-
tion as a stabilizer for neural circuits in the mature brain, might
be suppressed to promote nerve regeneration in the damaged cor-
tex. The RGMa expression in the normal range, however, could
dampen neural regeneration to eliminate excessive neuronal circuit

Figure 2. Time-course change of inflammatory cytokinemessenger RNA (mRNA) expression (sham, n = 12; TBI at 6 hours and day 1, 3,
7, 14, and 21, n = 6 each). To confirm TBI-induced inflammation within the cortex, the mRNA expression of the representative
inflammatory cytokineswasmeasured. ThemRNA of TNF-α (A), IL-1β (B), and IL-6 (C) was remarkably increased at 6 hour and day 1 and
then decreased over time in the damaged cortex. The contralateral cortex did not show amarked increase in the inflammatory cytokines
compared to the injured cortex. Data are shown as mean ± SD. *Indicates significant difference between sham, day 1, 3, 7, 14, 21.
**Indicates significant difference between sham, days 3, 7, 14, 21.

Figure 3. Time-course change of messenger RNA (mRNA) expression of monocytemarkers (sham, n = 12; TBI at 6 hours and days 1, 3,
7, 14, and 21, n = 6 each). We chose monocyte markers Iba1 for microglia and CD11b and CCR2 for reactive macrophages. To
analogize the cells from which RGMa is expressed and in which inflammation is induced, their monocyte markers were measured and
compared. The mRNA levels for Iba1 (A) were decreased after controlled cortical impact, suppressed most at day 1, remained
significantly decreased until day 3, and then increased over time after injury in the damaged cortex. The mRNA of CD11b (B) and of
CCR2 (C) was significantly increased from day 1 to day 7 and gradually decreased over time butmaintained consistently higher values at
all experimental time points. In the contralateral cortex, Iba1 (A) did not show an early postinjury decline as in the injured cortex,
although it increased significantly on day 7. CD11b (B) and CCR2 (C) in the contralateral cortex were elevated only on day 7. Data are
shown as mean ± SD. *Indicates significant difference between sham, 6 hour, day 21. **Indicates significant difference between sham,
6 hour, day 1, 3, 14, 21. #Indicates significant difference between sham. ##Indicates significant difference between sham, 6 hour,
day 21. §Indicates significant difference between sham, 6 hour, day 3, 21.
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formation in amatured brain. In TBI, an inhibitory effect on regen-
erative mechanisms might already be initiated during postinjury
days 4 to 7, suggesting the necessity of the early introduction
of RGMa-targeted treatment in TBI.

In the present study, the mRNA levels of inflammatory cy-
tokines TNF-α, IL-1β, and IL-6 at the site of TBI were markedly
elevated during the acute phase and then slowly decreased. The
RGMa has been reported to be involved in inflammation outside
the CNS as well. The RGMa is expressed in a variety of immune
cells such as monocytes and granulocytes and suppressed the in-
flammatory response in a mouse model of peritonitis by regulating
leukocyte recruitment and proinflammatory cytokine expression.26

Recovery of RGMa expression in the subacute phase after brain
injury could support the mitigation of local inflammatory storm
despite its inhibitory effect on regeneration, thus suggesting its
role as a stabilizer to maintain brain in a dormant state.

A remarkable elevation in CCR2 mRNA expression oc-
curred immediately after TBI in the present study followed by
its gradual decrease, although significant upregulation was
maintained throughout the experiments. The CCR2 is expressed
on macrophages, and its signaling is strongly activated mainly
by C-C chemokine ligand 2. This chemokine receptor plays an
important role in the recruitment of macrophages to damaged
tissues and their activation.27,28 It was reported that the amounts
of CD11b+CCR2+ cells and the number of macrophages infil-
trating an injured site from the periphery temporarily increase
and induce inflammation within 12 to 24 hours after TBI and
SCI.28–30 In human head trauma, the level of CCR2 rapidly rose
in spinal fluid and remained significantly high, and those of in-
flammatory cytokines also remained high.31 The marked in-
crease in CCR2 and CD11b during the hyperacute phase in the
present study might indicate the accumulation of peripheral mac-
rophages in the injured cortex, which could be involved in the de-
velopment of inflammation in the injured brain.

The invasive phagocytic ability of microglia to remove
damaged tissue after nerve injury plays a fundamental role in the
enhancement of axonal outgrowth.32,33 However, recent reports
suggest that the phenotypic change of microglia suppresses

neurogenesis after TBI through the alternative release of soluble
factors that impair the underlying neural regeneration34 and
functional recovery.35,36 The specific upregulation of RGMa was
observed in microglia after SCI in rats and monkeys,15,16 and
lipopolysaccharide-stimulated microglia were reported to suppress
neurite and axon growth via RGMa.37 The Iba1 is specifically
expressed in macrophages and microglia and is upregulated during
the activation of these cells. The Iba1–positive cells were shown to
express RGMa preferentially,16,24 and the expression of Iba1
mRNA is suppressed immediately after head injury.38 These previ-
ous reports are compatible with our results that mRNA expressions
of Iba1 and RGMa were reduced and subsequently recovered to
their original levels in a similar pattern. These results suggest that
Iba1-positive cells express RGMa and are actively involved in
exerting a suppressive effect on regeneration in the subacute
phage of TBI. Unlike that on the injured side, there was no in-
flammation on the contralateral side of the cortex, and no
change in RGMa expression was observed. Dynamic changes
in the gene expression of RGMa and neogenin may occur in
the damaged cortex because of local inflammation.

There was no improvement in motor function during any
of the experimental periods in the present study. This might be
attributed to nerve damage caused by severe inflammation or
TBI itself in the acute phase and to the increase in RGMa ex-
pression inhibiting neuronal regeneration in the subacute phase.
If an intervention to block RGMa function can be implemented,
it might be possible to improve nerve regeneration in the sub-
acute phase and thus improve the neurological outcome.

This study has several limitations. First, only mRNA, and
not protein expression, was examined. Second, histopathological
and immunohistochemical studies were not conducted. It will
be necessary to investigate the aggregation of CD11b-positive
cells, estimated as migrated macrophages, in the injured site and
to analyze the relationship between RGMa and Iba1-positive
cells, which are suspected to be activated microglia by immuno-
histochemical staining. Third, the sham mice underwent craniot-
omy with bone removal and replacement, which might have
affected the expressions of RGMa, neogenin, and the inflamma-
tory cytokines. Finally, this study only examined local findings
of inflammation and RGMa expression, and it is unclear whether
RGMa contributes to overall brain function. Further study will be
required to elucidate the pathophysiology of TBI and the rationale
for targeting RGMa as a novel treatment for TBI.

CONCLUSION

In the acute phase of TBI, a significant increase in the
gene expression of inflammatory cytokines was induced in the
damaged cortex, and the gene expressions of RGMa and neogenin
were significantly decreased in the inflammatory milieu of the
damaged area. Despite the subsequent remission of inflammation,
RGMa gene expression continued to increase to the normal level
by 7 days after TBI. An intrinsic regenerative response to acute
brain injury might be hampered by the following recovery of
RGMa expression, hinting at the possibility of functional RGMa
inhibition as a new, effective maneuver against TBI.
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