NEURAL REGENERATION RESEARCH

www.nrronline.org

RESEARCH ARTICLE

Mechanism of delayed encephalopathy after acute
carbon monoxide poisoning

Yan-Qing Huang, Zheng-Rong Peng’, Fang-Ling Huang, A-Li Yang
Department of Hyperbaric Oxygen, Xiangya Hospital, Central South University, Changsha, Hunan Province, China

Graphical Abstract

*Correspondence to:
Zheng-Rong Peng, PhD,
13873151139@163.com.

LINGO-1/NgR/p75""™" regulates the downstream RhoA/ROCK2 signaling pathway, and LINGO-1 can be
inhibited by retinoic acid (RA)

orcid:
0000-0003-3048-4344
(Zheng-Rong Peng)

doi: 10.4103/1673-5374.284995

Received: December 11, 2019

Peer review started: December 17, 2019
Accepted: March 4, 2020

Published online: June 19, 2020

Abstract

Many hypotheses exist regarding the mechanism underlying delayed encephalopathy after acute carbon monoxide poisoning (DEACMP),
including the inflammation and immune-mediated damage hypothesis and the cellular apoptosis and direct neuronal toxicity hypothesis;
however, no existing hypothesis provides a satisfactory explanation for the complex clinical processes observed in DEACMP. Leucine-rich
repeat and immunoglobulin-like domain-containing protein-1 (LINGO-1) activates the Ras homolog gene family member A (RhoA)/
Rho-associated coiled-coil containing protein kinase 2 (ROCK2) signaling pathway, which negatively regulates oligodendrocyte myelin-
ation, axonal growth, and neuronal survival, causing myelin damage and participating in the pathophysiological processes associated with
many central nervous system diseases. However, whether LINGO-1 is involved in DEACMP remains unclear. A DEACMP model was
established in rats by allowing them to inhale 1000 ppm carbon monoxide gas for 40 minutes, followed by 3000 ppm carbon monoxide
gas for an additional 20 minutes. The results showed that compared with control rats, DEACMP rats showed significantly increased water
maze latency and increased protein and mRNA expression levels of LINGO-1, RhoA, and ROCK2 in the brain. Compared with normal
rats, significant increases in injured neurons in the hippocampus and myelin sheath damage in the lateral geniculate body were observed
in DEACMP rats. From days 1 to 21 after DEACMP, the intraperitoneal injection of retinoic acid (10 mg/kg), which can inhibit LINGO-1
expression, was able to improve the above changes observed in the DEACMP model. Therefore, the overexpression of LINGO-1 appeared
to increase following carbon monoxide poisoning, activating the RhoA/ROCK?2 signaling pathway, which may be an important pathophys-
iological mechanism underlying DEACMP. This study was reviewed and approved by the Medical Ethics Committee of Xiangya Hospital
of Central South Hospital (approval No. 201612684) on December 26, 2016.
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Introduction ramidal systems, after a period of normal or near-normal

Acute carbon monoxide (CO) poisoning is one of the most
common clinical emergencies (Weaver, 2009). Furthermore,
delayed encephalopathy is the most serious complication as-
sociated with acute CO poisoning. Delayed encephalopathy
after acute CO poisoning (DEACMP) is characterized by a
series of neurological and psychiatric symptoms, including
dementia and dysfunction of the pyramidal and extrapy-

2286

presentation in patients who experience CO poisoning
regain consciousness (Betterman and Patel, 2014). A high
incidence of DEACMP has been reported after CO poison-
ing, affecting approximately 50% of patients with severe CO
poisoning (Han et al., 2007). DEACMP may be caused by
secondary brain tissue damage, due to CO-mediated brain
tissue hypoxia, oxygen-based free radicals, and membrane
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peroxidation, instead of due to direct hypoxia-induced dam-
age (Yanagiha et al., 2017). Many pathological and neuroim-
aging studies have demonstrated that bilateral, symmetrical,
malacic lesions in the globus pallidus, extensive demyelin-
ation in the brain, and neuronal necrosis and apoptosis com-
prise the major pathological changes associated with DEAC-
MP (Beppu, 2014). Currently, DEACMP treatments involve
corresponding measures to restore damaged brain structures
and functions, to the greatest possible extent. However,
in clinical practice, the efficacy of DEACMP treatments is
poor, and the mortality and disability rates remain high
(Hu et al,, 2011). Current research has focused on exploring
the ischemia-hypoxia hypothesis, the inflammation and
immune-mediated damage hypothesis, and mechanisms as-
sociated with cellular apoptosis and direct neuronal toxicity
induced by CO. However, these mechanisms have not been
able to provide a satisfactory explanation for the complex
clinical processes observed in DEACMP (Rose et al., 2017;
Lettow et al., 2018).

Leucine-rich repeat and immunoglobulin-like do-
main-containing protein 1 (Lingo-1) is an important neural
growth inhibitory factor expressed in the neuro-regenerative
microenvironment of the central nervous system (CNS)
(Andrews and Fernandez-Enright, 2015). Haines and Rigby
(Haines and Rigby, 2008) found that Lingo-1 is only ex-
pressed in the mature brain. Lingo-1 is a transmembrane
protein, primarily present in neurons and oligodendro-
cytes in the CNS. Lingo-1 forms a Nogo complex receptor
with Nogo receptor (NgR) and p75 neurotrophin receptor
(p75"™) (NgR/p75™"*/Lingo-1), which plays a role in the
inhibition of axonal regeneration (Mi et al., 2013; Yang et
al,, 2017; Almutiri et al., 2018). The expression of Lingo-1
is upregulated following CNS injury, accompanied by nerve
cell death. Andrews and Fernandez-Enright (2015) believe
that Lingo-1 upregulation and cell death in the CNS injury
microenvironment hinder nerve regeneration. Lingo-1 plays
an important role in cell death, inflammatory reactions, and
glial scar formation; a microenvironment that antagonizes
Lingo-1 expression can promote nerve fiber regeneration
and survival. Lingo-1 activates the Ras homolog gene family
member A (RhoA)/Rho-associated coiled-coil containing
protein kinase 2 (Rock2) signaling pathway, which negative-
ly regulates oligodendrocyte myelination, axonal growth,
and neuronal survival and participates in the pathophys-
iological processes of many CNS diseases (Andrews and
Fernandez-Enright, 2015). RhoA is a small GTPase protein
in the Rho family that plays a key role in the reorganization
of the actin cytoskeleton, cell adhesion, migration, and cell
differentiation. Rock2 is the effector of RhoA (Heasman
and Ridley, 2008; Korol et al., 2016). Lingo-1 and the Rock2
signaling pathway are involved in many degenerative CNS
diseases, such as Alzheimer’s disease, multiple sclerosis, and
optic nerve injury. The primary pathological changes asso-
ciated with Rock2 activation include neuronal death, axonal
degeneration, glial hyperplasia, and demyelination (Wu et
al., 2018; Hanf et al., 2020; Quan et al., 2020). However, at
present, no research exists regarding the mechanism through

which Lingo-1 expression is upregulated by CO-induced
brain damage. Therefore, this study focused on the relation-
ship between CO-mediated brain injury and nerve growth
inhibitory factors.

Retinoic acid (RA) is a vitamin A metabolite that is associ-
ated with various biological functions, including important
roles in nervous system growth, development, and regenera-
tion (Walker et al., 2018). Puttagunta and Di Giovanni (2011)
found that the RA signaling pathway can directly inhibit the
Nogo receptor (NgR)/Lingo-1 complex, both in vivo and in
vitro, inducing axonal regeneration after middle cerebral
artery occlusion in rat brains. In addition, Xing et al. (2015)
found that Lingo-1 expression was upregulated in a cerebral
ischemia rat model; however, this upregulated expression
was inhibited by RA treatment, which also increased the
number of synapses.

Currently, studies examining the effector mechanisms
of Lingo-1 and the RhoA/Rock2 signaling pathway during
DEACMP are lacking. Therefore, in this study, we used RA
to inhibit Lingo-1 expression and aimed to perform a pre-
liminary analysis of the regulatory mechanisms involving
Lingo-1 and the RhoA/Rock2 signaling pathway in DEAC-
MP-induced brain damage and to assess a possible novel
therapy.

Materials and Methods

Animals

In total, 96 healthy, adult, specific-pathogen-free grade, male
Sprague-Dawley rats (weighing 220-225 g, aged 5 weeks)
were purchased from the Hunan SJA Laboratory Animal
Co., Ltd., China (approval No. SCXK [Xiang] 2016-0002).
After purchase, the animals were housed at the Department
of Laboratory Animals, Central South University, with ad
libitum access to food and water. All rats were fed separate-
ly, and maintained in a 12-hour light/dark cycle, with cage
temperature at 21-22°C. The animal cages were also cleaned
regularly. This study was reviewed and approved by the Med-
ical Ethics Committee of Xiangya Hospital of Central South
Hospital (approval No. 201612684), on December 26, 2016.

Basic training and screening with the Morris water maze
test

All rats were trained and screened using the Morris water
maze test (Sipos et al., 2007). The Morris water maze (Shen-
zhen Reward Life Science Co., Ltd., Shenzhen, Guangdong
Province, China) consisted of a circular pool (diameter: 180
cm, height: 50 cm, water depth: 30 cm) and a camera that was
connected to a computer. The circular pool was divided into
four points (north, south, east, and west), and four quadrants
along the central point (southeast, southwest, northeast, and
northwest). The target platform was fixed in the northeast
quadrant, 2 cm below the water surface. The water maze was
maintained at 21-22°C, and noise and light interference were
strictly controlled. Consistency in the arrangement of indoor
objects and the surrounding environment was maintained.
Milk was added to the pool to create an opaque liquid, and
the rats were required to learn how to identify the location
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of the hidden platform, based on the spatial cues around the
pool. All rats were randomly numbered before undergoing 6
continuous days of water maze training, receiving one session
per day, in the morning. At the start of the experiment, the
rats were randomly placed into the water in one of the quad-
rants, facing the wall, and the timer was started. If the rat was
able to locate the platform within 90 seconds, the time taken
to climb the platform was recorded as the escape latency.
After the rat reached the platform, it was allowed to remain
there for 10 seconds. If the rat was unable to find the plat-
form within 90 seconds, the researcher would guide the rat to
the platform and allow it to remain there for 10 seconds, to
strengthen its memory of the platform, and the time taken to
locate the platform was recorded as 90 seconds. The rats were
placed in each quadrant, in sequence, during the experiment,
and the mean escape latency for all four quadrants was cal-
culated. After the experiment, a dry towel was used to dry
the rat before returning it to the cage. The results recorded on
day 6 were used as the baseline result, and any rats that were
unable to locate the platform within 90 seconds were pre-
determined to be eliminated from the study; however, none
were eliminated in this study.

Group management

The 96 rats that successfully completed basic water maze
training were randomized into control (normal rats), DEAC-
MP, and RA + DEACMP groups, containing 32 rats in each
group. Within each group, the 32 rats were randomly and
equally divided into four subgroups, based on time points
3, 7, 14, and 21 days. Then, four rats in each subgroup were
randomly selected for immunohistochemical analysis, my-
elin sheath staining, Nissl staining, and hematoxylin and
eosin staining, whereas the remaining four rats were used to
perform quantitative real-time polymerase chain reactions.

Establishment of the rat DEACMP model

The CO inhalation method, reported by Thom et al. (2004)
and Xue et al. (2017), was used to create the DEACMP mod-
el. Briefly, the rats in the DEACMP and RA + DEACMP
groups were placed in seven transparent boxes and forced
to inhale 1000 ppm CO gas (Changsha Zhanyuan Gas Co.
Ltd., Changsha, Hunan Province, China), for 40 minutes,
followed by the inhalation of 3000 ppm CO gas, for the next
20 minutes. After the rats lost consciousness, they were re-
moved from the boxes and allowed to recover consciousness
in fresh air. The CO concentrations were monitored using
a CO sensor (Edkors Co., Ltd., Changsha, Hunan Prov-
ince, China). The rats in the control group were placed in
the aforementioned transparent boxes, containing normal
air, for approximately the same duration as the rats in the
DEACMP and RA + DEACMP groups.

The criteria outlined by Liu et al. (2002) were used to de-
termine the successful establishment of the DEACMP mod-
el. The specific criteria were as follows. (i) Toxicity presenta-
tion in the animals: 15 minutes after the initiation, the rats
become active and excitable. Subsequently, the rats presented
indications of shortness of breath and heavy breathing, and
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their ears, paws, and tails appeared cherry-red in color. After
40 minutes, the rats exhibited mania and began to bang the
sides of the cages. The rats then showed signs of limb paraly-
sis and lost consciousness. (ii) Carboxyhemoglobin (COHb)
quantitation: a blood COHD level > 50% is indicative of CO
poisoning. (iii) Water maze test (performed 1 day after mod-
el construction): The rats displayed cognitive impairments,
determined by an increase in the escape latency.

Determination of blood COHb

Blood was collected from the tail vein, and the modified,
dual-wavelength COHb quantitation method (Sakata et al.,
1983) was used to measure the blood COHb concentrations.
First, 0.1 mL of rat tail-vein blood was added to 20 mL of 0.4
M ammonium hydroxide and mixed evenly, followed by the
addition of 20 mg sodium dithionite, mixed evenly. A micro-
plate reader (Tecan, Shanghai, China) was then used to mea-
sure the absorbances (A) at 535 and 578 nm, over 10 minutes.
The blood COHb level was then calculated using the follow-
ing formula: COHD (%) = (2.44 X Ags5 ym/ Asrg nm — 2.68) % 100.

RA intervention

RA (Changsha Boyi Co., Ltd., Changsha, Hunan Province,
China) was dissolved in dimethyl sulfoxide [Sigma-Aldrich
(Shanghai) Trading Co., Ltd., Shanghai, China], to form a 3
mg/mL solution. RA solution (10 mg/kg) was administered to
the rats in the RA group every day, by intraperitoneal injec-
tion, starting from day 1 to day 21 after the DEACMP model
construction (Xing et al,, 2015). A 10 mg/kg dimethyl sulfox-
ide solution was administered to the rats in the DEACMP and
control groups, through daily intraperitoneal injections.

Morris water maze test

The Morris water maze experiment was performed on days
3,7, 14, and 21 after DEACMP model construction in rats,
using the same methods described for basic training.

Tissue sample collection
After the rats underwent the water maze experiment, 10%
chloral hydrate was administered via intraperitoneal injec-
tion (0.4 mL/kg) for anesthesia. After the induction of an-
esthesia, the rats were placed in the supine position, and the
chest was fully opened, to expose the heart. A syringe needle
was introduced through the left ventricle, into the ascending
aorta. Simultaneously, the abdominal aorta was clamped
with hemostats, and the right auricle appendage was excised.

To examine brain morphology and protein immunopos-
itivity, the rats were rapidly perfused with physiological sa-
line, until the eyeballs and paws turned white. Subsequently,
the rats were perfused with 4% paraformaldehyde, until
opisthotonos occurred and the head became rigid. After the
skull was opened and the whole brain was dissected, the cer-
ebellum was removed. After paraformaldehyde fixation for
24 hours, the brain tissues were embedded in paraffin, and
continuous sections of approximately 4-pum thickness were
cut using a microtome.

To test the expression of target genes, a total of 100 mL
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4% physiological saline was rapidly infused into the rats and
then the rats were decapitated and the skulls were opened, to
allow the removal of the brain. The brain tissues were placed
in a diethyl pyrocarbonate-treated culture dish, at which
point the cerebellum was removed. The tissues were placed
in sterile cryotubes, and liquid nitrogen was added before
the tubes were transferred to a freezer, for storage at —80°C.

Hematoxylin and eosin staining

The paraffin sections were dewaxed, hydrated and stained
with hematoxylin and eosin (Wuhan Servicebio Technology
Co., Ltd., Wuhan, Hubei Province, China). Then, the slices
were washed with distilled water, dehydrated with an alcohol
gradient, and treated with xylene to induce transparency;,
according to the manufacturer’s protocol (Li et al., 2020).
Pathological changes in the hippocampus were observed us-
ing an optical microscope (Carl Zeiss AG, Baden-Wiirttem-
berg, Germany), under 400x magnification, and images were
collected to observe the morphologic variations of neurons
in the hippocampus.

Myelin staining

The paraffin sections were dewaxed until hydrated and pre-
heated in Luxol fast blue (LFB) (Wuhan Servicebio Technol-
ogy Co., Ltd.) in an oven at 60°C for 30 minutes. The sec-
tions were immersed in the dye for 3 hours, followed by 10
minutes of cooling and rinsing with tap water. The sections
were then alternately immersed in 70% ethanol and lithium
carbonate solutions for differentiation before terminating
the reaction using tap water. The degree of differentiation in
each section was controlled under the microscope (determi-
nation of the degree of differentiation: myelin sheath is blue
and the background is colorless). The slices were then dehy-
drated in absolute alcohol, and treated with xylene to induce
transparency, followed by encapsulation with neutral resin,
according to the manufacturer’s protocol (Ma et al., 2019).
Myelin sheath damage at the lateral geniculate body was ob-
served under an optical microscope, at 400x magnification,
and images were acquired to observe optical density changes
in the myelin sheaths of neurons.

Nissl staining (toluidine blue staining)

The paraflin sections were dewaxed until hydrated, followed
by a 10-minute toluidine blue staining (Wuhan Servicebio
Technology Co., Ltd.) and differentiation in 95% alcohol
(brain tissues are differentiated until the Nissl bodies appear
deep blue and the background becomes pale blue or color-
less). The sections were air-dried, cleared, and then mounted
with neutral resin. Morphological changes in the hippocam-
pal neurons were observed under an optical microscope at
400x magnification. Four randomly selected, non-overlap-
ping regions were selected from the images, and an average
value was taken for the number of Nissl positive cells.

Immunohistochemical staining
The paraffin sections were dewaxed, hydrated, repaired with
citric acid buffer (1 M, pH 6.0, Wuhan Servicebio Technol-

ogy Co., Ltd.), and incubated overnight at 4°C in primary
antibody (rabbit anti-Lingo-1 polyclonal antibodies, 1:100,
Bioss Antibodies Co., Ltd., Beijing, China; rabbit anti-RhoA
polyclonal antibodies, 1:100, Affinity Inc., Cincinnati, OH,
USA; rabbit anti-Rock2 polyclonal antibodies, 1:100, Affinity
Inc.). Sections were incubated at 37°C for 2 hours with bio-
tin-labeled rabbit anti-rat IgG (Boster Biological Technology
Co., Ltd., Wuhan, Hubei Province, China), then washed with
streptavidin-biotin complex (Boster Biological Technology
Co., Ltd.). Then, the sections were stained by 3,3'-diami-
nobenzidine (Changsha Boyi Co., Ltd.). After dehydration,
clearing, and mounting with neutral resin, the sections were
observed by an optical microscope. Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Inc., Rockville, MD, USA) was
used to analyze the optical density.

Fluorescent quantitative real-time polymerase chain
reaction

The TRIzol method (Turkseven et al., 2017) was used to
extract total RNA from rat whole-brain tissues. After test-
ing the concentration and purity of RNA using a Nanodrop
2000 (Thermo Fisher Scientific Co., Ltd.), the RNA was re-
verse transcribed into complementary DNA, using a reverse
transcription kit (Wuhan Servicebio Technology Co., Ltd.)
following the manufacturer’ instructions. SYBR green-based
quantitative real-time polymerase chain reaction was used
to quantitate the mRNA expression levels of Lingo-1, Rock2,
and RhoA, using glyceraldehyde 3-phosphate dehydroge-
nase as an internal reference. The primers were synthesized
by Wuhan Servicebio Technology Co., Ltd. Table 1 provides
the primer sequences and amplification product sizes. The
reaction conditions were as follows: 40 cycles of 95°C for 15
seconds and 60°C for 60 seconds. After the reaction ended,
the Ct values of the samples were read by the fluorescence
quantitative polymerase chain reaction machine (ABI Inc.,
Foster City, CA, USA), and the international relative quanti-
tation method (27*“) was used (Zhao et al., 2018). The final
value of the target genes was expressed relative to the level of
the internal reference gene.

Statistical analysis

Data are expressed as the mean + standard deviation (SD).
All data analyses were performed using the statistical software
SPSS 20.0 (IBM SPSS Inc., Chicago, IL, USA) and GraphPad
Prism 8 (GraphPad Software Inc., San Diego, CA, USA). One-
way analysis of variance and the least significant difference
test were used to compare statistical differences between
groups. The Spearman test was used to perform correlation
analysis between the expression of Lingo-1 protein and patho-
logical changes. A P-value < 0.05 was considered significant.

Results

Quantitative analysis of experimental animals

In this study, none, two rats, and one rat died in the control,
DEACMP, and RA + DEACMP groups, respectively. The un-
successful induction of the DEACMP model was observed
in two and three rats in the DEACMP and RA + DEACMP
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Table 1 Primers for the fluorescent quantitative real-time polymerase
chain reaction

Product length

Genes Primer sequences size (bp)

F: 5'-CTG GAG AAA CCT GCC 138
AAG TAT G-3'

R: 5'-GGT GGA AGA ATG GGA

GTT GCT-3'

F:5'-TCA ACA TCA ATG CCA TAC 213
GGG-3'

R: 5-AGG AAA GAT TGA GGA

AAC GGA G-3'

F: 5-TGT GGC AGA TAT TGA 261
AGT GGA CG-3'

R:5-CGC CTT GTG TGC TCA
TCATTC-3'

F: 5"-TGC TAT TGG ATA AAC ACG 174
GAC A-3'

R: 5'-ACC AAT CAC ATT CTC GTC
CAT AG-3'

Gapdh

Lingo-1

RhoA

Rock2

F: Forward; GAPDH: glyceraldehyde 3-phosphate dehydrogenase;
LINGO-1: leucine-rich repeat and immunoglobulin-like do-main-
containing protein-1; R: reverse; RhoA: Ras homolog gene family
member A; ROCK2: Rho-associated coiled-coil containing protein
kinase 2.

groups, respectively. These animals were eliminated from
the study. The eliminated animals were subsequently sup-
plemented. During the RA treatment process, no animal
deaths, side effects, or adverse reactions were observed. No
manifestation was observed in the control group, suggesting
the occurrence of poisoning or neurobehavioral cognitive
impairment.

Effects of DEACMP model induction and RA treatment
on Morris water maze results

The Morris water maze results showed significant differ-
ences in platform identification latency among the control,
DEACMP, and RA + DEACMP groups, on days 7 and 14 (P
< 0.05). Significantly increased latencies were observed in
the DEACMP group on days 7 and 14 compared with those
in the control group (P < 0.05). Reduced latencies were ob-
served in the RA + DEACMP group compared with those
in the DEACMP group, on days 7 and 14 (P < 0.05; Figure
1). Representative swimming paths are shown in Figure 1A.
Therefore, the DEACMP model rats showed significantly
impaired learning and memory abilities compared with the
rats in the control group, and after intervention with RA,
this impaired ability was improved.

Effects of DEACMP model induction and RA treatment
on neuronal morphologies

Hematoxylin and eosin staining

Hematoxylin and eosin staining in the hippocampal area was
used to observe the neurons 14 days after DEACMP model
induction. The hippocampi of rats from the control group
did not exhibit any apparent swelling, and the cells were
arranged tightly, with normal morphologies. The neurons
appeared round or oval, with intact nuclear membranes, and
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the nucleoli could be observed (Figure 2A). In the DEAC-
MP group, large numbers of degraded and necrotic neurons
could be observed, appearing as shrunken neuronal cell
bodies, with gaps around indistinct, red-colored cells, with
strongly eosin-stained cytoplasms. Their nucleoli appeared
deeply-stained and deviated, with apparent pyknosis and
cytoplasmic and nuclei condensation (Figure 2B). In the RA
+ DEACMP group, the neurons were arranged tightly, with
occasional neuron degeneration observed in the hippocampi
and few red-colored cells (Figure 2C).

Mpyelin staining

Myelin sheath staining in the lateral geniculate body was
used to observe changes in the myelin sheaths of neurons, 14
days after DEACMP model induction. The myelin sheaths of
neurons in the control group were uniformly stained deep
blue, with an ordered arrangement and uniform thickness
(Figure 2D). The myelin sheaths in the DEACMP group
exhibited signs of degeneration and swelling, with pale stain-
ing, disordered arrangement, uneven thickness, and appar-
ent demyelinating lesions (Figure 2E). In the RA + DEAC-
MP group, no apparent swelling of the myelin sheath was
observed, and the staining and arrangement were uniform,
with a few demyelinating lesions observed (Figure 2F).
Figure 2 demonstrates that rats with acute CO exposure-in-
duced brain damage suffer from demyelination changes,
which can be alleviated by RA intervention. Similar data
were observed for LFB staining (Figure 2J).

Nissl staining

Nissl staining in the hippocampal area was used to ob-
serve neurons 14 days after DEACMP model induction. In
the control group, Nissl-stained sections displayed many
deeply stained neurons, dense Nissl bodies, and deep, blue
coloration (Figure 2G). In the DEACMP group, a signifi-
cant reduction in the number of hippocampal neurons, the
shrinkage or detachment of neuronal cell bodies, pyknosis,
significant reductions or losses of Nissl bodies, and light-
er blue coloration was observed (Figure 2H). In the RA
+ DEACMP group, the number of hippocampal neurons
increased, along with some pyknosis. An increase in the
number of Nissl bodies and a deeper blue coloration were
also observed, compared with those in the DEACMP group
(Figure 2I). Figure 2 shows that rats with acute CO expo-
sure-induced brain damage demonstrated Nissl cell changes,
which could be alleviated by RA intervention. Similar data
were observed when the numbers of Nissl-positive cells were
quantified (Figure 2K).

Immunopositivity of Lingo-1, RhoA, and Rock2 in
DEACMP rats

Figure 3 shows the detection of Lingo-1, RhoA, and Rock2
expression, appearing as yellow, brown, and deep brown,
respectively. Axonal and myelin sheath injuries can be iden-
tified using myelin staining in the optic tract region of the
lateral geniculate nucleus (Sun et al., 2014, 2015), and RhoA/
Rock2 is expressed in various parts of the brain, including
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the cortex, central nervous system, and basal ganglia (Yu et
al., 2010; Wang et al., 2019). Therefore, to facilitate observa-
tions, Lingo-1 immunopositivity was detected in the lateral
geniculate bodies, primarily in the nerve fibers, whereas
RhoA immunopositivity was detected in the basal ganglia,
primarily in the neuronal nuclei or cytoplasm and Rock2
immunopositivity was detected in the cortex, primarily in
the neuronal nuclei or cytoplasm.

Immunohistochemical staining showed the immunopos-
itivity of Lingo-1, RhoA, and Rock2, in the control, DEAC-
MP, and RA + DEACMP groups, 14 days after DEACMP
model induction (Figure 3). Compared with the control
group, Lingo-1 immunopositivity in the nerve fibers of the
DEACMP group was significantly increased, with a wider
and longer distribution, and RhoA and Rock2 immunoposi-
tivity in the neurons significantly increased, with a dense dis-
tribution. In contrast, compared with the DEACMP group,
Lingo-1 immunopositivity was reduced, with a thinner and
shorter distribution, and the RhoA and Rock2 distributions
were uniform, with decreased immunopositivity, in the RA
+ DEACMP group (Figure 3).

To determine the relationship between the neural growth
inhibitory factor and pathological changes, we performed a
correlation analysis between Lingo-1 protein immunoposi-
tivity and LFB staining, in the lateral geniculate bodies and
Nissl-positive cells in the hippocampal region. The analy-
sis revealed a negative correlation between the number of
Nissl-positive cells and Lingo-1 immunopositivity (r = —0.51,
P =0.043). Additionally, a negative correlation was identified
between the LFB-positive staining results and Lingo-1 im-
munopositivity (r = —0.60, P = 0.013; Figure 4).

Lingo-1, RhoA, and Rock2 gene expression in
whole-brain samples from DEACMP rats

The differences in Lingo-1, RhoA, and Rock2 mRNA expres-
sion levels in whole-brain samples were evaluated among the
control, DEACMP, and RA + DEACMP groups, on days 3, 7,
14, and 21 after DEACMP model induction, and significant
differences were identified (P < 0.05; Figure 5). Lingo-1,
RhoA, and Rock2 mRNA expression levels were significantly
increased in the DEACMP group compared with those in
the control group for all time points (P < 0.05; Figure 5).
The Lingo-1 mRNA expression levels were reduced in the
RA + DEACMP group compared with that in DEACMP
group, and the inter-group differences were significant on
days 3 and 7, whereas on days 14 and 21, differences were
not obvious (P < 0.05; Figure 5A). The RhoA mRNA expres-
sion levels were significantly reduced in the RA + DEACMP
group compared with those in the DEACMP group for all
time points (P < 0.05; Figure 5B). The Rock2 mRNA expres-
sion levels were significantly reduced in the RA + DEACMP
group compared with those in the DEACMP group on days 7,
14, and 21 (P < 0.05; Figure 5C).

Discussion
At present, the establishment of a DEACMP model, by CO
inhalation poisoning, is consistent with the common clinical

mode of CO poisoning. Experimental studies after CO poi-
soning have identified spatial learning and memory impair-
ment, apoptosis in large numbers of nerve cells, and demye-
lination lesions (Dong et al., 2018; Zhao et al., 2018). In this
study, the water maze experiment results revealed cognitive
impairments in the DEACMP rats. Hematoxylin and eosin
staining revealed that large numbers of neurons underwent
apoptosis and necrosis in DEACMP rats. In addition, Nissl
staining indicated the disappearance of Nissl bodies in many
neurons, whereas myelin sheath staining revealed the swell-
ing of the myelin sheath, discontinuous myelin sheaths, and
demyelination lesions. Together, these results confirmed the
existence of pathological changes and behavioral deficiencies
following DEACMP-induced brain damage.

In the 1980s, researchers found that the CNS microenvi-
ronment is vital to the survival and regeneration of damaged
nerves and that inhibitory factors in this microenvironment
may play more important roles (Baldwin and Giger, 2015).
After many years of neurological research, the current con-
sensus is that the myelin sheath in the CNS is a major obstacle
to neuroregeneration (Schwab, 2002). Andrews and Fernan-
dez-Enright (2015) demonstrated that Lingo-1 plays an im-
portant role in the CNS injury microenvironment, hindering
nerve regeneration.

Myelin sheath rupture after injury may generate more
neural growth inhibitory factors, inhibiting neuronal axon
re-generation and neuron survival. In recent years, several
studies have reported that the etiology of DEACMP involves
changes in demyelination. In addition, brain MRI scans,
performed in patients, clearly indicated the demyelination
of the bilateral periventricular junctions, which persisted for
long periods of time (Hu et al., 2011). Therefore, we believe
that the complex clinicopathological processes and poor
prognoses associated with DEACMP are due to extensive
demyelination and the production of large amounts of neu-
ral growth inhibitory factors. The CNS neuroregeneration
microenvironment contains many neural growth inhibitors,
among which Lingo-1 is one of the most important inhib-
itors (Mi et al., 2008). After CNS damage, Lingo-1 is selec-
tively and highly expressed in neurons and oligodendrocyte
precursor cells, and the inhibition of Lingo-1 expression can
significantly promote the regeneration of myelin following
CNS demyelinating lesions associated with multiple sclerosis
(Youssef et al., 2019). In Alzheimer’s disease model rats, an
anti-Lingo-1 antibody was able to promote the regeneration
of the myelin sheath (Youssef et al., 2019). Similarly, in a
model of spinal cord injury, using a Lingo-1 polyclonal an-
tibody to specifically block Lingo-1 activity was shown to
significantly reduce RhoA activity, improving the survival
rate of neurons, and Lingo-1 RNA interference treatment in
neural stem cells was able to promote functional recovery
after spinal cord injury (Lv et al., 2010; Youssef et al., 2019).
In this study, we detected the high expression of Lingo-1
after CO exposure for the induction of a DEACMP model,
suggesting that nerve injury following CO poisoning may be
related to the high expression of Lingo-1. The correlation be-
tween Lingo-1 expression and pathological damage after CO
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Figure 1 Behavior changes observed in rats with acute carbon monoxide exposure-induced brain damage.

(A) Morris water maze trajectory map for each group. The representative motion track from single animals in the DEACMP group was generally
more complex than that in the control group. The representative motion track from single animals of the RA + DEACMP group was simpler than
that in the DEACMP group. (B) Escape latencies for each group. Data are presented as the mean + SD (n = 8). *P < 0.05, vs. control group; #P < 0.05,
vs. DEACMP group (one-way analysis of variance followed by the least significant difference test). DEACMP: Delayed encephalopathy after acute
carbon monoxide poisoning; RA: retinoic acid.
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Figure 2 Effects of carbon monoxide exposure on morphological changes in the hippocampal region and the lateral geniculate body.

(A-T) Morphological images showing hematoxylin and eosin staining (A—C), myelin staining (D-F), and Nissl staining (G-I), 14 days after carbon
monoxide exposure in the control (A, D, and G), DEACMP (B, E, and H), and RA + DEACMP (C, E, and I) groups (400x magnification). Com-
pared with the control and RA + DEACMP groups, the numbers of denatured necrotic neurons and pyknotic Nissl bodies significantly increased
in the DEACMP group. The changes in demyelination in the DEACMP group are also obvious. Black arrows in B and C indicate degraded and
necrotic neurons; black arrows in D-F indicate the morphology of the neuronal myelin sheath; and black arrows in H and I indicate pyknosis Nissl
bodies. (J) Luxol fast blue (LFB) staining. (K) The number of Nissl positive cells in 400x magnification field. Data are presented as the mean + SD
(n = 4). %P < 0.05, vs. control group; #P < 0.05, vs. DEACMP group (one-way analysis of variance followed by the least significant difference test).
DEACMP: Delayed encephalopathy after acute carbon monoxide poi-soning; RA: retinoic acid.
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Figure 3 Representative immunopositivity for LINGO-1 and the RhoA/ROCK2
signaling pathway in the lateral geniculate body, basal ganglia, or cortex of

DEACMP model rats at 14 days.
(A-I) Immunohistochemical staining for LINGO-1 (A—C), RhoA (D-F), and ROCK2
(G-I) in the control (A, D, and G), DEACMP (B, E, and H), and RA + DEACMP (C, E,

and I) groups, 14 days after carbon monoxide exposure (400x magnification). Com-
pared with the control and RA + DEACMP groups, LINGO-1, RhoA, and ROCK2
immunopositivity significantly increased in the DEACMP group. The black arrow
indicates LINGO-1/RhoA/ROCK?2 positive expression. Positive LINGO-1, RhoA, and
ROCK?2 stains appeared yellow, brown, and deep brown, respectively. (J-L) Quantita-
tive results for LINGO-1 (J), RhoA (K), and ROCK2 immunopositivities (OD values).
Values are presented as the mean + SD (n = 4). *P < 0.05, vs. control group; #P < 0.05,
vs. DEACMP group (one-way analysis of variance followed by the least significant

difference test). DEACMP: Delayed encephalopathy after acute carbon monoxide poi-
soning; LINGO-1: leucine-rich repeat and immunoglobulin-like domain-containing
protein-1; OD: optical density; RA: retinoic acid; RhoA: Ras homolog gene family
member A; ROCK2: Rho-associated coiled-coil containing protein kinase 2.
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Figure 4 Correlation analyses between pathological
changes observed at the lateral geniculate bodies or
hippocampal regions and LINGO-1 protein levels in
the lateral geniculate bodies.
(A) The correlation between the number of Nissl-pos-
itive cells and LINGO-1 immunopositivity (n = 16, r =
—0.51, P = 0.043). (B) The correlation between the OD
values for LFB staining and LINGO-1 immunopositiv-
ity (n = 16, r = —=0.60, P = 0.013). The correlation was
analyzed by the Spearman test. LINGO-1: Leucine-rich
repeat and immunoglobulin-like domain-containing
protein-1; LFB: Luxol fast blue; OD: optical density.
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(A-C) Quantitative results of LINGO-1, RhoA, and ROCK2 mRNA expression (OD ratio to GAPDH). Data are presented as the mean + SD (n = 4). *P < 0.05,
vs. control group; #P < 0.05, vs. DEACMP group (one-way analysis of variance followed by the least significant difference test). DEACMP: Delayed enceph-
alopathy after acute carbon monoxide poisoning; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; LINGO-1: leucine-rich repeat and immunoglobu-
lin-like domain-containing protein-1; OD: optical density; RA: retinoic acid; RhoA: Ras homolog gene family member A; ROCK2: Rho-associated coiled-
coil containing protein kinase 2.
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poisoning was also analyzed. The increased expression level
of Lingo-1 protein was correlated with more severe myelin
regeneration damage and a reduction in Nissl-positive cells.

The results of the study by Xu et al. (2013) indicated that
Lingo-1 is immediately upregulated in the white matter of rat
brains, following acute CO poisoning, and exhibits regular
secondary upregulation changes, which are positively cor-
related with white matter demyelination. The results of the
current study revealed that the mRNA and protein expres-
sion levels of Lingo-1, RhoA, and Rock2 were significantly
increased in the DEACMP group com-pared with those in
the control group, at various time points, and that the ex-
pression gradually increased with time at 3—7 days or 7-14
days, before slowly decreasing after 14 or 21 days. This result
indicates that CO poisoning can activate Lingo-1 expression
and the RhoA/Rock2 signaling pathway and suggests that
the Lingo-1 and the RhoA/Rock2 signaling pathway may
participate in the pathophysiology of DEACMP, resulting in
extensive white matter demyelination and neuronal necrosis
and apoptosis.

RA is a vitamin A derivative that can penetrate the blood-
brain barrier. RA forms an RA-RA receptor  complex by
binding to the transcription factor RA receptor P, which
then binds to a response element, located on the Lingo-1
promoter. Transcription inhibits the activation of the Lin-
go-1 myelin-dependent gene and, thus, reduces the activity
of RhoA (Puttagunta et al., 2011). During the present study,
we observed that the mRNA and protein expression levels
of Lingo-1, RhoA, and Rock2 decreased in DEACMP rats
treated with RA. In addition, the expression levels gradually
increased at 7 or 14 days, before slowly decreasing with time
after 14 or 21 days. The mean water maze latency was sig-
nificantly lower in DEACMP rats following RA treatment.
The hematoxylin and eosin staining results indicated that
only a few neurons underwent apoptosis and necrosis in the
DEACMP rats that received RA treatment. In addition, the
disappearance of Nissl bodies was only observed in a few
neurons, and the myelin sheath staining did not show the
swelling or discontinuation of the myelin sheath, and no de-
myelination lesions were observed in DEACMP rats treated
with RA. These results suggested that RA inhibits Lingo-1
expression, resulting in the reduced activation of the RhoA/
Rock2 signaling pathway. However, in this study, we did not
consider the results of phosphorylation, which is a limita-
tion. Our results agree with those reported by Puttagunta
and Di Giovanni (2011), who demonstrated that RA can in-
hibit the expression of Lingo-1. Reduced Lingo-1 expression
promotes oligodendrocyte myelination, axonal growth, and
neuron survival, alleviating DEACMP-induced brain dam-
age (Mi et al., 2013). Therefore, RA may have therapeutic
effects on DEACMP-induced brain damage.

In this study, we performed a preliminary analysis of the
regulatory mechanisms associated with Lingo-1 and the
RhoA/Rock?2 signaling pathway during DEACMP-induced
brain damage. The research method was relatively simple,
however, and the research content is not sufficiently thor-
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ough or comprehensive; therefore, the clinical applicability
of the conclusions of this study must be further validated. In
the future, improvements in the screening process and the
design of the research contents and methods must be im-
plemented. Other areas of focus in future experiments will
include the targets of Lingo-1 and RhoA/Rock2 signaling
pathway activation and the pathophysiological mechanisms
associated with DEACMP-induced brain injury, with a focus
on the development of novel therapies. Despite the use of the
phrase “activation of the RhoA/Rock2 signaling pathway”,
downstream effectors were not evaluated and the phos-
phorylation status (a classic marker of activation) was not
explored, which is a limitation of this article. Future studies
should examine the direct activation of the RhoA/Rock?2 sig-
naling pathway in response to Lingo-1.

From the current results, we concluded that Lingo-1 acti-
vates the RhoA/Rock2 signaling pathway, to promote DEAC-
MP-induced brain damage, which could be an important
pathophysiological mechanism underlying DEACMP. In
addition, RA alleviated DEACMP-induced brain damage
by inhibiting the expression of Lingo-1. Therefore, RA may
represent an effective therapeutic agent for the treatment of
DEACMP-induced brain damage.
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