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ARTICLE HISTORY ABSTRACT

Received: August4, 2021 Objective: Estimation the degree of induced hemisection damage of the cervical segments of the two
separately diaphragmatic pillars in rat model using Electromyography (EMG).

Design: Prospective controlled study.

Animals: Sixteen Sprague dawely rats were divided into 2 groups

Procedures: Cervical hemi lateral cord section below the cervical dorsal root number 2 was induced with
micro scalpel. After 28 days post-injury, EMG record was done at the two diaphragmatic crural regions,
followed by histopathological and immunohistochemical examinations.

Results: There was significant decrease in mean integrated EMG activity of LT diaphragmatic muscles than RT one
in the hemi sectioned group P<0.05. Moreover, there was a significant decrease (P<0.05) in the integrated traces
(mv) for peak burst area of LT diaphragmatic muscles activity. On histopathological examination, affected
neurons of hemi-sectioned group appeared shrunken with chromatolysis, others were completely lost
and replaced by cavities. The neutrophil adjacent to the necrotic neurons lost its homogeneous
appearance and appeared vacuolated or edematous with significant decrease in the number of viable
motor neurons compared to the control group (P < 0.05). On other hand, the astrocytosis become more
evident and the number of astrocytes was significantly increased (P < 0.05). The surrounding white
matter exhibited severs degeneration and demyelination. Glial fibrillary acidic protein (GFAP) immune
expression for hemi-sectioned group was significantly increased than control group (P < 0.05)
Conclusion and clinical relevance: Parallel impairment of the diaphragmatic EMG occurred to the decrease
in the number of viable motor neurons of the anterior horn of the cervical segment below the level of the
cervical hemisection together with the disintegration of Nissl bodies and the developed astrocytosis.
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1. INTRODUCTION

Spinal cord injury (SCI) usually leads to loss of motor and
sensory function below the site of injury [1] leading to
degenerative processes affecting ascending and descending
pathways that carry information between the brain and the
spinal cord[2]. Unilateral hemi section of high cervical spinal
cord results in the immediate cessation of ipsilateral phrenic
activity and paralysis of the hemi diaphragm due to phrenic
motor neuron (PhMN) loss and consequent denervation at
the diaphragm neuromuscular and injury to descending
bulbospinal respiratory axons and consequent silencing of
spared PhMNSs[3].A broad spectrum strategies has been
potentially examined to enhance recovery in animal models with
spinal cord injury. Estimation of the cervical spine traumatic
damage and evaluation of the induced recovery is needed. It is
important to have a sensitive test to evaluate the efficiency of a
therapeutic strategy. EMG recording after spinal cord hemi
section translate the degree of damage of traumatic injury of
cervical segments [4]. The aim of current study is to evaluate the
functional state of diaphragmatic muscles through EMG after
spinal cord hemi section and correlate it to the histological
structure and the immunohistochemistry for GFAP immune
peroxidase of cervical cord.

2. MATERIALS AND METHODS
2.1. Animals, housing and feeding

The present study was carried out on a total number of 16
female Sprague—Dawley rats (body weight 200-250 gram). Rats
were bred and housed at temperature 20°C-25¢C in the animal
house of Medical Experimental Research Center (MERC), Faculty
of Medicine, at Mansoura University. They were conditioned in
standard metallic cages (4 rats per cage) with an alternating 12 h
light — dark cycle. They were acclimatized to the laboratory
conditions, fed standard rat chow and water was available ad
libitum. The experimental protocol of this work was approved by
the Local Ethical Committee, Faculty of Medicine, and Mansoura
University in accordance with the Ethics committee of national
research Center-Egypt.

2.2. Study design

Sixteen female rats were recruited and allocated in to two
groupsGroup (1) :( control group, 8rats) with no lesion and
intervention. Group (2): (C2 segment hemi section Group, 8rats).

Rats were anaesthetized by IP injection of a mixture 75mg/kg
ketamine Hcl (Ketamax 50mg/ml , Troikaa Pharmaceuticals
Ltd,Gujarat, India) and 10 mg/kg Xylazine Hcl (Xylajet 20mg/ml,
ADWIA, Egypt) [5] .

Rats were positioned on a heated surgical plate of wax, with
the nose pointing at 90° angle to the surgeon Figure 1(A). Maintain
the body temperature around 37.5 °C throughout the surgeryskin
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incision between C1 and C3 was done to expose spinal vertebree
The rhomboid muscle was dissected to access the spinalis muscles
(surrounding the vertebra). The spinalis muscle from C1 to C3
vertebra was retracted. The C2 vertebra with a prominent
apophysis was appeared, the muscle around the dorsal part of the
vertebra was cleaned using sterile cotton swabs. The apophysis of
C2 was carefully removed with a rongeur Then the dorsal spinal
cord was exposed. Laminectomy (dorsal hemi laminectomy) was
insured Figure 1(B). With a forceps dissection of bone was done
rostra-caudally and the dura along C2 and CSF was sponged up.

A lateral cord section below the cervical dorsal root number
2 was done with micro scalpel. The extent of the lesion is close
enough to reach the midline of the spinal cord Figure 1(C). The
muscles sutured with 3/0 absorbable suture and the back sutured
with 3/0 nylon Figure 1(D) [6]. Two diaphragmatic pillars using
EMG were recorded after 28 days. Postmortem histological
sections for both histological and immunohistochemical
examination were performed (GFAP).

2.3. Evaluation of cervical spinal cord hemi section

Functional assessment of diaphragmatic muscles paralysis
was estimated after 28 days of hemi sectioning using Biopac
system inc. with electrode MEC110C. The following criteria were
used to establish the state of ipsilateral hemi diaphragm EMG
activity:- Mean frequency( MNF) is an average frequency which is
calculated as the sum of product of the EMG power spectrum and
the frequency divided by the total sum of the power spectrum
[7] and peak estimation [8].

For assessment of hemi diaphragmatic paralysis, the animals
were anesthetized with urethane 97% in a dose of 1.2g/kg I/P at
28th days after hemi section, and a laparotomy was performed to
expose the abdominal surface of the hemi diaphragm ipsilateral to
hemi section. A pair of bipolar recording electrodes was inserted
into the crural regions of the diaphragm. Electrophysiological
assessment of activity m the two hemi diaphragms was then
conducted [4]. Rats in each group were euthanized by me / P
injection of overdose of urethane in the 28th postoperative day.

At the end of the study all rats were deeply anesthetized with
urethane and their cervical vertebral column was exposed dorsally
at the site of the lesion. The spinal cord was removed, transversally
cut and fixed in neutral buffer formalin for 48 hours. Fixed samples
were dehydrated with ascendinggrades of ethyl alcohol (70, 80, 90
and 100, 1 hour each), cleared in xylene and paraffin embedded,
5 um thickness sections were obtained using a rotatory
microtome and mounted in coated glass slides for H&E and Cresyl
Violet stainstocharacterize the spinal tissue architecture in the two
groups[9, 10]) or in positive glass slides for GFAP immune
peroxidase to examine the distribution and

GFAP immune peroxidase was applied. Briefly, spinal cord
sections were deparifinized and rehydrated and the primary anti-
GFAP antibody (1:1000 dilution, polyclonal goat, anti-rat, IgG) was
used for 2 hours at room temperature then was washed and
stained with secondary antibody (ready to use) for 15 min at room
temperature. Horse-reddish peroxidase substrate was applied
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until the brown color was obviously detected then sections were
counterstained with hematoxylin for 3 min [11].

Five different sections from eight different animals from each
group were selected for morphometric analyses using the image
programme LAS EZ software. Cresyl violet stained sections (40 x
magnifications) were used to count the total numbers of viable
motor neurons and astrocytes. GFAP stained sections (40 x
magnifications) were used to estimate the density of GFAP
expression that was expressed as percent.

2.4. Statistical analysis

All the data obtained from the experiment were expressed as
means + SD Statistical analysis of data was carried out by software
SPSS program package version 17 using Student t test for testing
the significant differences of the variables between the control
and the hemi section groups. Results were considered significant
only at the level of (p <0.05).

3. RESULTS
3.1. Clinical findings

The hemi sectioned rats developed gradually decreased
activity, decreased appetite, decrease respiratory activity of
diaphragmatic muscles, pale appearance of conjunctiva and some
rats suffered from weight loss. All these clinical signs were
diminished gradually.

3.2. EMG findings

Table 1. Effects of cervical left spinal cord hemisecting on
Diaphragmatic EMG, Viable motor neurons, Astrocyte count
and GFAP density% (mean +SD; n=8).

Cervical Hemi  Control group(n=8)

section group (n=8)

EMG mean (mV)

Right(RT) 0.906+0.054 1.089 +0.049
Left(LT) 0.900 +0.054 0.357 +0.049*
PP-EMG (mV)

Peak Right 2.075+0.127 2.024 +0.096
Peak Left 2.099 +0.164 0.5450.103*

Viable motor neurons 03.733 £1.629 00.333 £0.488*

Astrocyte count 32.730 £ 4.464 68.070+5.574*

GFAP density% 1.732 +0.567 16.1991+ 0.327*
Student t-test test, Significance corresponds to P<0.05. *Significance in
comparison to SHAM, and for EMG; m comparing left to right diaphragm

There was significant decrease in mean integrated EMG
activity of LT diaphragmatic muscles than RT one in the hemi
sectioned group P<0.05. The integrated traces (mv) for peak burst
area of RT and LT showed no significant changes in control group(
Figure 1), in the other hand, there was a significant decrease in LT
diaphragmatic muscles activity compared to RT one in hemi
sectioned group (P<0.05) (Table 1; Figurel).

3.3. Histomorphometric results

The light microscopic examination of Spinal cord from the
control group exhibited viable motor neurons irregular with a
basophilic cytoplasm and a light vesicular nucleus with prominent
nucleus (Figure3- al, a2). The Nissl granules distributed in the
cytoplasm of their soma and dendrites and appeared as a mottled
basophilic structure by cresyl violet stain (Figure4- al, a2). On
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other hand, the surrounding neuroglia cells only identified by their
nuclear morphology with H&E or cresyl violet stains; the
astrocytes had relatively large light-stained nucleus meanwhile
the oligodendrocytes had dark small nucleoli and localized in close
contact with neuronal body (Figure3, 4- al, a2). The white matter
had a fine network appearance of myelinated nerve fiber named
tracts which formed from central axons, unstained myelin sheath
and outermost neurolemma (Figure3-a3).
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Figure 1: (A) Raw integrated EMG recording of RT (A) &LT (B) diaphragmatic muscle
in control group there was no significant difference between mean integrated EMG
of RT and Lt diaphragmatic activity. (B) Raw integrated EMG recording of RT (A) &LT
(B) diaphragmatic muscle in hemi section group. There was significant decrease in
activity of Lt diaphragmatic muscles than RT one in the hemi sectioned group.

777 13N

Figure 2. Cervical spinal cord hemi section in rats A) Rats were positioned on a
heated surgical plate of wax ,B) dorsal hemi laminectomy was insured ,C) lateral
section under the cervical dorsal root number 2 was severed with the micro scissors
D) The muscles were sutured with 3/0 absorbable suture(polysorb) as a protective
layer, the back the skin was suture with 3/0 nylon sutures

By contrast, hemi sectioned group, had variety of
neurodegenerative alterations (Figure3,4- bl, b3) in the gray
matter of the ventral horn and surrounding white matter. Some of
affected neurons appeared shrunken and dark eosinophilic (dead
red neuron) with pyknotic nucleus with loss of Nissl granules
(chromatolysis); others were completely lost and replaced by
cavities. Some of these cavities enclosed remnant of degenerated
neurons. The neuropil adjacent to the necrotic neurons lost its
homogeneous appearance and appeared vacuolated or
edematous with significantly (P < 0.05) decrease in the number of
viable motor neurons compared to the control group. On other
hand, the astrocytosis become more evident and the number of
astrocytes was significantly (P < 0.05) increased compared to the
control group. The surrounding white matter exhibited severs
degeneration and demyelination.

3.4. Immune histochemistry results for GFAP

The expression of GFAP was mainly detected in the primary
cell process of astrocytes. The astrocyte appears as branched cells
with small soma. Immunostained sections from control group
revealed normal (resting) astrocytes appeared with fine
cytoplasmic process, well-spaced from each other and with mild
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GFAP immune expression (Figure5-al, a3). Conversely, after
hemisecting injury, the astrocytes appeared with bold projection,
overlapped with each other and with significantly (P < 0.05)
on (Figure5-b1, b3).

Figure 3. Photomicrograph of a section of normal rat's spinal cord stained with H&E
stain control group (a) and those with hemi-section (b). Control group, al) showing
viable multipolar motor neurons (black arrow) with basophilic cytoplasm, large
vesicular nucleus and prominent nucleolus, Homogenous neuropils (yellow vertical
arrow). a2) Homogenous neuropil (yellow vertical arrow). Astrocytes with light
vesicular nucleus (green arrow head), oligodendrocytes with dark nucleus. a3) white
matter contains axon fiber (blue vertical arrow), axon tract (black vertical arrow). On
the other hand in cervical hemisection group. bl) gray matter showing
vacuoles containing debris of dead neurons (blue arrow), dishomogenous
vacuolation neutrophil (green vertical arrow).b2) gray matter showing
astrocytosis (blue arrow head , oligodendrocytes with dark nucleus (yellow
arrow head), b3) white matter has completely degenerated axons fibers

leaving white empty spaces (green arrows), (100x magnification).
ontrol group Cervical hemisection contusion group

Figure 4. Photomicrograph of cresyl violet stained section of rat's spinal cord
control group (a) and spinal cord hemi section group (b). al, a2) viable
multipolar motor neurons (black arrow) with basophilic cytoplasm, large
vesicular nucleus, prominent nucleolus and mottled Nissl granules (black
arrow), Astrocytes (green arrow head), on the other hand gray matter of
hemi section group b1) showing vacuoles containing debris of dead neurons
(blue arrow), b2) gray matter showing astrocytosis (blue arrow head, neuron
with chromatolysis (blue arrow), and dark dead neuron (green arrow). (100x
magnification).
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Figure 5. Photomicrograph of Enzyme immune histo- chemical staining of
spinal cord for GFAP. Control group al,a2.a3 ) showing, resting astrocytes
with fine cytoplasmic process and mild GFAP expression (arrow head) on the
other hand hemi section group showing b1,b2,b3) showing stimulated
astrocytes with bold cytoplasmic process and strong GFAP expression
(arrow) (100x magnification).

4. DISCUSSION

Spinal cord injury is a devastating problem results in
loss of sensation and partial or complete paralysis depending
on the severity of injury[12].

We aimed to develop an animal model to reproduce
many clinical and pathological events of spinal cord injury. In
the present study, cervical spinal cord hemisection was
performed at level C2. Spinal hemisection at the second
cervical spinal cord (i.e., C2Hx) is widely used to investigate
respiratory function following cervical SCI in rodent
models[13] ; [14]; [15];[16].

The present control positive group displayed
progressive decrease in functional activity of diaphragmatic
ms, which is considered identical signs of cervical SCI,
matching with the previous results of [17]; [15] [3]; [18];
[19].

Mean burst area and peak amplitude of the EMG activity
ipsilateral to injury (injured side) was then presented as a
percentage of the activity contralateral to injury (non-injured
side). EMG recordings from both sides of the diaphragm
showed a unique alternating interaction. As intense activity
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on the lesioned side was significantly decreased , these
results agree with [20]; [21] .

EMG finding in positive control group, showed a significant
decrease between RT and LT diaphragmatic ms due to PhMN
degeneration, interruption of descending axonal
populations,this agree with [3, 22]; [23].

At 28th day post-injury, the mean integrated activity of left
diaphragm recorded in hemi section rats (0.357 +0.049)
ipsilateral to the cord hemi section was significantly lower than
in the control group (0.90 +0.054) P<0.05 . This result is in
agreement with [24] [25] [3] .

The spinal cord in the current study in positive control group
was associated with severe degeneration and demyelination in
the axons leavingawide and empty periaxonal vacuoles. Our
results are in harmony with results of [26] who showed total
axonal degeneration and large empty spaces in white matter
following SClI as a part of post-traumatic infarction and
generalized edema.

In the present study the histological examinations of spinal
cord revealed evident distorted histo architecture in the gray
matter of ventral horn and white matter after the spinal cord
hemi section injury. The degenerated neurons appear shrunken
with pyknotic nuclei, loss of Nissl granules (chromatolysis).
Numbers of viable motor neurons were markedly decreased
leaving wide cavities in the gray matter compared to the control
group (Figure 2).

In the current study; the GFAP immunohistochemical
expression was significantly increased after SCI and the
astrocytes appeared hypertrophied with bold projection and
overlapped with each other (Astrogliosis also known
as astrocytosis) . At the same time their numbers were also
significantly increased compared to the control group through
both the grey matter and the white matter .These findings are
agreement with many previous studies that have noted steadily
astrocytes activation and GFAP expression up regulation
following nervous tissue injury [27];[28].

Astrocytes have a critical role in CNS, these cells act as
support cells for neurons, energy reserves, cerebral blood flow
and neurogenesis [29]-[30, 31]. Numerous pathological stimuli
such as neurodegenerative disease, trauma, aging, infarction
and ischemia enhance the proliferation of astrocytes and change
in the expression of its proteins leading to both functional and
morphological changes. After activation, astrocytes secrete
several neurotoxic substances and express an enhanced level of
glial GFAP. GFAP over expression is related to degree of
reactivity, hypertrophy of cell body and increase in the number
of cellular processes [32],[33].The increase in GFAP production
was considered a hallmark of astrogliosis and an early biomarker
of neurotoxicity [34].

However GFAPis an intermediate filament protein
expressed primarily by astrocytes in the CNS. Its main function
is to maintain astrocyte structural integrity and aid in cell
movement and shape change [32] .They have a regulatory role
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of brain functions that are implicated in neurogenesis and
synaptogenesis, controlling blood—brain barrier permeability
and maintaining extracellular homeostasis.
Mature astrocytes also express some genes enriched in cell
progenitors, suggesting they can retain proliferative potential

Astrocytosis ( reactive astrogliosis ) is an abnormal

increase in the number of astrocytes due to the destruction
of nearby neurons from central nervous system (CNS)
trauma, infection, ischemia, stroke, autoimmune responses
or neurodegenerative disease [34] .In the current study; the
GFAP immune histochemical expression was significantly
increased after SCI and the astrocytes appeared
hypertrophied with bold projection and overlapped with each
other (Astrogliosis also known as astrocytosis) . At the same
time the numbers of astrocyte were also significantly
increased compared to the control group through both the
grey matter and the white matter .These findings are agreed
with many previous studies that have noted steadily
astrocytes activation and GFAP expression up regulation
following  nervous  tissue injury [27] [28]
In the present study, cervical spinal cord hemi section was
performed at level C2. Spinal hemi section at the second cervical
spinal cord is widely used to investigate respiratory function
following cervical SCI in rodent models [15] [16].

In the current study; the GFAP immunohistochemical
expression was significantly increased after SCI and the
astrocytes appeared hypertrophied with bold projection and
overlapped with each other (Astrogliosis also known
as astrocytosis) . At the same time their numbers were also
significantly increased compared to the control group through
both the grey matter and the white matter .These findings are
agreement with many previous studies that have noted steadily
astrocytes activation and GFAP expression up regulation
following nervous tissue injury [27];[28].

Astrocytosis or referred to as reactive astrogliosis is an
abnormal increase in the number of astrocytes due to the
destruction of nearby neurons from central nervous system
(CNS) trauma, infection, ischemia, stroke, autoimmune
responses or neurodegenerative disease [34].

Astrocytes have a critical role in CNS, these cells act as
support cells for neurons, energy reserves, cerebral blood flow
and neurogenesis [29]-[30, 31]. Numerous pathological stimuli
such as neurodegenerative disease, trauma, aging, infarction
and ischemia enhance the proliferation of astrocytes and change
in the expression of its proteins leading to both functional and
morphological changes. After activation, astrocytes secrete
several neurotoxic substances and express an enhanced level of
glial GFAP. GFAP over expression is related to degree of
reactivity, hypertrophy of cell body and increase in the number
of cellular processes [32],[33]2016.The increase in GFAP
production was considered a hallmark of astrogliosis and an
early biomarker of neurotoxicity [34]

However, GFAPis an intermediate filament protein
expressed primarily by astrocytes in the CNS. Its main function is
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to maintain astrocyte structural integrity and aid in cell
movement and shape change [32] .They have a regulatory role
of brain functions that are implicated in neurogenesis and
synaptogenesis, controlling blood—brain barrier permeability
and maintaining extracellular homeostasis.
Mature astrocytes also express some genes enriched in cell
progenitors, suggesting they can retain proliferative potential.

5. Conclusion

parallel impairment of the diaphragmatic EMG occurred
to the decrease in the number of viable motor neurons of the
anterior horn of the cervical segment below the level of the
cervical hemisection together with the disintegration of Nissl
bodies and the developed astrocytosis suggest a value of the
peripheral study of the phrenic nerve activity through
recording the diaphragmatic EMG as a marker of the state of
cervical cord injury.
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