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ABSTRACT

Introduction: The spinal cord injury is temporary or permanent damage in the spinal cord Keywords:

that disturbs the motor and sensory functions. The neuroprotective effects of steroids has Estradiol

been reported previously. Therefore, we designed a study to investigate the effects of different Progesterone

doses of estradiol (Est) and progesterone (Prog) on unilateral lesion of the spinothalamic Spinal cord injury
tract (STT). Neuropathic pain
Methods: The 77 male adult Wistar rats were under the anesthesia for dorsal laminectomy at Molecular Signaling

the spinal segments T8-T9. A tungsten-electrode was targeted to the right STT and unilateral
lesion was made by a brief current pulse (300nA, 90s). Rats were divided into 11 groups
and Est or Prog (2, 4, 8 and 16mg/kg) were administered 30min post-injury. Mechanical
allodynia and open field as assessed before, 14 and 28 days after the injection then the
animals were sacrificed. The western blotting was performed on T8-9 spinal segments to
evaluate protein expression of ERK, p-P38, JNK, Ibal and GFAP at the lesion site.
Results: Est but not Prog significantly increased the pain threshold and motor activity at the
dose of 8mg/kg on post-surgery days 14 and 28. Est but not Prog significantly increased the
protein expression of ERK while decreased JNK protein. Both Est and Prog significantly
decreased protein expression of p-P38, Ibal and GFAP.

Conclusion: These results show Est (8mg/kg) is able to decrease mechanical allodynia
and improve motor activity 14 and 28 days after spinothalamic tract lesion. It seems ERK,
p-P38, INK, Ibal and GFAP are involved.

Introduction or autonomic functions of spinal cord. One of the SCI
The spinal cord injury (SCI) is temporary or permanent symptoms is peripheral and central chronic neuropathic
damage in the spinal cord that disturbs the motor, sensory pain (Ji et al., 2009). That is associated with excessive
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pain to painful stimuli (hyperalgesia) or spontaneous
pain to stimuli, which are not normally perceived as
painful (allodynia) (Chen and Pan, 2002). After the SCI
and in the secondary phase, intense microglial activation
and inflammatory mediators plays a major role in the
creation and spread of long-lasting neuropathic pain (Ji
et al., 2009). Several events has been observed during
the secondary damage like the enhancement of nitric
oxide synthesis, oxidative stress, local inflammation,
blood-brain barrier dysfunction, neuronal necrosis and
apoptosis, scar and cyst formation, demyelination and
disruption of the neuronal pathways. Therefore, it has
been supposed the interventions with neuroprotective
aims might be able to mitigate the inflammation and
pathological consequences of secondary injury (Onose
et al., 2009).

One of the principal signaling mechanisms involved
in the secondary phase of SCI and hyperalgesia is the
mitogen-activated protein kinases (MAPK) pathway (Ji
et al., 2009; Ray et al., 2011). The MAP kinase pathway
is important for the intracellular signal transduction
during cellular response to diverse physiologic and
pathologic conditions like the axon growth, microtubule
and neurofilament phosphorylation, inflammation
and pain (Kawasaki et al., 2006; Zhang et al., 2013).
Three main members of MAPK signaling pathway
including extracellular signal-regulated kinase (ERK),
c-Jun N-terminal kinase (JNK) and p38 that play
role in the molecular signaling for hyperalgesia after
neuronal injury (Ji et al., 2009; Ray et al., 2011). Since
MAP kinase contributes to hyperalgesia and neuronal
inflammations, then the changes of biomarkers related
to MAP kinase family after the SCI were considered in
the present study.

Several therapeutic interventions like methylpredniso-
lone, non-steroidal anti-inflammatory drugs and opioids
have been used to reduce the pathologic processes of
SCI. Most of them have limited and controversial ef-
ficacy (Sezer et al., 2015). Therefore, new approaches
targeting secondary injury pathways are supposed to be
more effective. One of these therapeutic perspectives
is neurosteroids (di Michele et al., 2000). It has been
shown that the neurosteroids produce in the dorsal root
ganglia through a neuron-glia cross talk mechanism
(Schaeffer et al., 2010). Their synthesis is increased
after brain and spinal cord injury (di Michele et al.,
2000; Coronel et al., 2016a). It has been reported that

the neurosteroids can mitigate the SCl-induced neu-
ropathic pain through effects on opioid systems in the
CNS (Coronel et al., 2016a). They promote the remye-
lination and regeneration of injured nerves (Schaeffer et
al., 2010). The different aspects of the neuroprotection
by progesterone (Prog) have been observed (De Nicola
et al., 2013; Ghorbanpoor et al., 2014). There are also
many reports of the neuroprotective effects of the estra-
diol (Est) (Samantaray et al., 2011; Saghaei et al., 2013).
Est can induce anti-inflammatory action via the estrogen
receptor-dependent activation of MAPK (Garcia-Oveje-
ro et al., 2005).

Given the importance of the inflammatory processes
in the neural injury and neuropathic pain (Coronel et
al., 2016b) changes in the related biomarkers have been
investigated. Some of these markers are those linked to
MAP kinases family or the markers of astrocytes and
microglia activation like glial fibrillary acidic protein
(GFAP) and ionized calcium-binding adaptor molecule
1 (Ibal). Therefore, in the present study, the effects of
several doses of Est and Prog were studied during the
unilateral lesion on the spinothalamic tract (STT).

Material and methods

Animals

Adult male Wistar rats (n=77; weighting 250-300g)
were housed on a 12h light/dark cycle and received food
and water ad libitum. All experimental procedures were
approved by the ethical committee of the Neuroscience
Research Center of Shahid Beheshti University of
Medical Sciences (ID: IR.SBMU.PHNS.REC.1394.57).
All efforts were made to lower the animals suffering.

Spinal lesion

Rats were anesthetized using ketamine/xylazine
(60/20 mg/kg, IP). The lesion was induced according
to the method accomplished formerly (Saghaei et al.,
2013) with a little modification in the protocol. Briefly,
a dorsal laminectomy was performed at the right STT
of spinal segments T8-T9. After exposure of the spinal
cord, the dura was incised by a fine rongeur. Then, a
tungsten electrode (Sum tip, 1MQ) connected lesion
making device (UGO Basile, Model 53500; Italy)
was targeted to the right STT, based on stereotaxic
coordinates (laterality to midline: 0.5-0.7mm and
depth: 1.6-1.9mm). The unilateral lesion was made
by a brief current pulse (300pnA, 90s) passed through
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the electrode. After surgery, all animals received 1ml
of saline to balance electrolytes as well as penicillin G
intramuscularly to prevent infection. Besides, during
the surgery and recovery from anesthesia, the rats were
covered with warm sterilized towels.

Experimental groups

Rats were divided into 11 groups including seven rats/
group. The sham group was subjected to laminectomy
without electrolytic lesions. Injury group was subjected
to the electrical lesions. Control group was subjected
to lesion and 0.5ml of sesame oil as a vehicle. Other
experimental groups were received different doses of
Est or Prog (Sigma—Aldrich, St. Louis, MO) (2, 4, 8
or 16mg/kg) as post-treatment. All compounds were
administered by intraperitoneal injection at 30min post-

injury.

Behavioral assessment

To determine the effects of STT lesion over longer
time after central pain syndrome, the behavioral
assessments, including motor activity and nociceptive
responses, were investigated in separate groups on pre,
14 and 28 days post-surgery in all groups. The central
pain syndrome can happen on day 14 and day 28 after
STT lesion (Saghaei et al., 2013). Each animal was used
as its own control, then pre and post-lesion responses
were measured. The assessments were done by a blinded
observer to the surgery. Only animals that were in the
normal range of behavioral tests or no observe paralysis
on STT-injured were selected for experiments.

Mechanical allodynia

Mechanical allodynia was evaluated as originally
described by Ren (1999). Mechanical hind paw
thresholds were measured bilaterally using calibrated
von Frey filaments (Stoelting, IL, U.S.A). The earlier
studies demonstrated that the dorsal approach detected
more reliably and consistently the pain threshold
changes after using calibrated von Frey filaments. It
could detect the real nociceptive threshold (Lewin et al.,
1993; Ren, 1999; Lucas et al., 2011). Then, the filaments
were applied in ascending order to the dorsal surface of
the hind paw between the second and third toes of hind
paw the ipsi- and contralateral sides of the STT injury.
The paw withdrawal threshold was defined as the force
at which the animal withdrew the paw to three of the

five stimuli delivered.

Open field test

Motor activity was also assessed using a 60x60cm
arena and a 40cm height black wooden box. Animals
were habituated in the room for 30min and then put in
one corner of the box and allowed to explore freely for
Smin. For each trial, the open field box was thoroughly
cleaned with 70% ethanol solution and afterward by a
dry cloth. The experiments were conducted under arti-
ficial laboratory illumination (fluorescent lamps, above
the level of a box). The sessions were recorded by a
camera positioned right above the box hanging from the
ceiling. Data were obtained using Ethovision software
(version 7), a video tracking system for automation of
behavioral experiments (Noldus Information Technolo-
gy, Netherlands). During the 5min trial, the behavior of
each rat was recorded as distance and velocity moved by
rats in the open field box.

Western blot

At the end of behavioral assessments, the animals
were sacrificed. The western blotting was performed in
T8-9 spinal segments at the lesion site based on the pre-
vious report (Saghaei et al., 2013; Masoudi et al., 2017).
The spinal tissue was homogenized with lysis buffer
(150mM NacCl, 0.25% sodium deoxycholate, 0.1% Tri-
ton X-100 , 50mM Tris—-HCL, 0.1% SDS, ImM EDTA
and 1% protease inhibitor cocktail, phosphatase inhibi-
tor cocktail) by a tissue homogenizer. The total protein
extract was obtained by centrifugation for 45min at
12,000 rpm at 4°C. The protein concentration was mea-
sured using Bradford assay. Then, the protein samples
were loaded on SDS-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride membrane.
The membranes were blocked with 5 and 3% w/v nonfat
dry milk (Amersham, Ecl AdvanceTM) for 75min. Then
they were incubated at 4°C overnight with anti-GFAP
(mouse, 1: 1,000, Cell signaling Co.), anti-Ibal (Goat
polyclonal, 1: 1,000, Abcam Co.), anti-phospho-p44/42
(Thr202/Tyr204), ERK1/2 (Rabbit, 1: 1,000, Cell sig-
naling Co.), anti-phospho-SAPK/JNK (Thr183/Tyr185),
p46 and p54 (Rabbit,1: 1,000, Cell signaling Co.), an-
ti-phospho-p38 (Thr180/Tyr182) (Rabbit,1: 1,000, Cell
signaling Co.) and anti-f actin (mouse, 1: 10,000, Cell
Signaling) antibodies. Afterward, the membranes were
incubated at room temperature for 2h with horseradish
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peroxidase- conjugated secondary antibody (1:3000
v/v, Cell Signaling). The membranes were reacted with
the enhanced chemiluminescence kit and then were ex-
posed to x-ray films. The intensities of specific bands
were quantified using the software Image J. Finally,
the intensity values of the following marker were eval-
uated relative to the B-actin band’s intensity: GFAP,
Ibal, phospho-p38 (p-p38), phospho-ERK1 (p-ERK1),
phospho-ERK2 (p-ERK2), phospho-ERK (p-ERK1/2)
or p-ERK1+ p-ERK2, phospho-JNKp46 (pJNKp46),
phospho-JNKp54 (pJNKp54), phospho-JNK (pJNK) or
pINKp46+ pJNKp54. The ratios were considered as the
average density for each marker. B-actin was used as the
loading control for western samples of different groups.

Immunohistochemistry

The behavioral and western blot results expressed that
Est at doses of 8mg/kg could show the most significant
effects. Then, to confirm these results, the changes of
GFAP and Ibal expression induced by Est at doses of
8mg/kg were compared with that in the sham, injury
and control groups by immunohistochemistry. GFAP
and Ibal are considered as markers of astrocytes and
microglia activities respectively. The method was per-
formed based on the previous report with brief modi-
fications (Saghaei et al., 2013). Rats were deeply anes-
thetized with ketamine (70mg/kg IP) and transcardially
perfused with phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde in PBS. Next, the spinal cord
segments (T8-9) were removed and post-fixed in the
same fixative overnight. After tissue dehydration/rehy-
dration, spinal cord segments were embedded in paraf-
fin. To immunohistochemical staining with antibodies,
the 5-um serial sections were provided by a microtome.
The sections were deparaffinized in xylene, rehydrated
through descending graded of ethanol. Antigen retrieval
was carried out by microwaving in 10mM citrate buffer
(pH=6) for 20min to inactive endogenous peroxidase.
The sections were immersed in 3% hydrogen peroxide
in 100% methanol for15 min. After several washings in
PBS, the sections were incubated with 10% normal goat
serum for 30min at room temperature and then incubat-
ed overnight in humidified chambers at 4°C with prima-
ry antibody anti-GFAP (mouse, 1: 1,000, Cell signaling
Co.) and anti-Ibal (Goat polyclonal, 1: 1,000, Abcam
Co.). Afterward, the sections were rinsed in PBS and
incubated with a secondary antibody (EnVision+ Dual

Link System-HRP). The color reaction was developed
by adding a chromogen, 3,3’ -Diaminobenzidine tetra-
hydrochloride. Light counterstaining was carried out
with hematoxylin. After dehydration by ascending grad-
ed alcohol and deparaffinization in xylene, the sections
were coverslipped with Permount mounting medium
(Entellan®, MERK). The slides were visualized and
images captured by a light microscope (Nikon, Japan)
equipped with an optical camera. The cell count and
density of GFAP and Ibal immunostaining was assessed
semiquantitatively in 3 zones of the captured images
separately and total zones by Image J software (NIH)
(20x magnification).

Histology

The serial sections were prepared like just before
verify  the
localization and extent of the lesion, the photo of each

immunohistochemistry ~ staining. To
slide was taken by a microscope (Nikon). Data related
to the rats with lesions outside of the spinal regions of
interest were excluded. Figure 1 shows a representative
histology section of the lesion site in the STT.

Statistical analysis

GraphPad Prism 5.0 (GraphPad Software, San Diego,
California, USA) was used for statistical analysis and
comparisons. The normal distribution of data was
assessed by the “D’Agostino and Pearson omnibus
normality test”. Then the data were analyzed by one-way
ANOVA followed by Tukey’s multiple comparison test
as post hoc. Data for each group during different days
were also analyzed with repeated-measures ANOVA. A
value of P<0.05 was considered statistically significant.
All data are expressed as mean+=SEM.

Results

Mechanical allodynia

Tables 1 and 2 show the effects of different doses of
Est and Prog on the mechanical allodynia threshold. The
pain level (gm) was shown in three steps, pre-surgery, 14
and 28th day after surgery on the contra and ipsilateral
sides of the STT injury. There were no significant
differences in the basal level of pain in all groups on
the pre-surgery day. Following spinal cord injury, there
was a significant decrease in the mechanical allodynia
threshold in the groups that received Est compared to
the injury or control groups. Treatment with Est at doses
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TABLE 1: the effects of different doses of estradiol (Est) and progesterone (Prog) on pain threshold (gm) of the hind paws,
contralateral to the spinothalamic tract electrolytic lesion, during 0 (before surgery), 14 and 28 days post-surgery. As data
show Est at doses 4, 8 and 16 significantly increase the pain threshold while Prog had no significant effect. Data are presented

as mean+SEM. "Significant to control, *P<0.05; **P<0.01; n=7 for all groups.

Contralateral
Day 0 14" day 28" day
Sham laminectomy 30.38 £8.72 46.50 = 6.044 42.25 +6.181
Injury 24.38 +7.817 16.25 +3.075 32+8.619

Control 4275 +7.27 11.13 £ 1.231 35.13 £ 11.78
Est-2mg 2338 £5.571 325+6.31 57.25 £ 10.86
Est-4mg 27.63 +£7.457 59.5 +11.06™ 5588+ 11.5
Est-8mg 30.25 +£6.92 62.5 +8.015™ 84.38 + 11.08"
Est-16mg 3829 +£7.174 44.14 + 8.481 8143 +13.17"
Prog-2mg 28.13 £7.274 27.25 +7.556 57.25 £ 10.86
Prog-4mg 20.13 £5.992 34.75 +7.889 5225 +13.01
Prog-8mg 33.38 £8.091 21.75 £ 6.067 59.25 £11.22
Prog-16mg 25.38 £5.791 34.5 £6.299 69.38 £ 10.46

TABLE 2: The effects of different doses of estradiol (Est) and progesterone (Prog) on pain threshold (gm) of the hind paws,
ipsilateral to the spinothalamic tract electrolytic lesion, during 0 (before surgery), 14 and 28 days post-surgery. As data show
Est at dose 8 significantly increase the pain threshold while Prog had no significant effect. Data are presented as mean+SEM.

“Significant to control, "P<0.05; "P<0.01; n=7 for all groups.

Ipsilateral

Day 0 14" day 28" day
Sham laminectomy 33.75 +8.252 41.38 +14.08 52.38 +£9.059
Injury 30.25 = 7.004 31+15.87 36.25 +7.032
Control 17.88 +3.176 22.25 +£6.731 4325+ 11.23
Est-2mg 22.75 +5.688 4175+ 104 5525+ 11.83
Est-4mg 29.5 +7.046 76.5 = 18.58 63.75 + 12.49
Est-8mg 2438 £5.732 130 + 19.64™ 80.57 +7.581"
Est-16mg 37.29 +6.516 4729 + 12.1 75.00 +7.319
Prog-2mg 16.25 +3.075 4025 +14.42 42.38 +10.15
Prog-4mg 20.88 +6.11 4238 +11.57 51.63 +12.05
Prog-8mg 34.38 +8.022 23.38 £5.997 53.88 + 12.38

Prog-16mg 16.63 +2.982 5725 £12.21 65+5

4 and 8mg/kg increased the pain threshold on day 14
and at doses 8 and 16 on day 28 after surgery on the
contralateral side of the STT. The same increase was
observed at the threshold of pain at a dose of 8mg/kg
of Est on both days 14 and 28 on the ipsilateral sides
of the STT. While Prog had no significant effect on
the threshold of pain compared to the injury or control
groups.

The pharmacological potencies of two steroids were
compared by effective dose 50% (ED50) defined as the
logarithm (base 10) of the steroid dose (mg/kg) required
to elicit 50% of the maximal effect. The comparison of
EDS50 for two steroids revealed that Est was more potent
than Prog during the 14™ and 28th days after surgery on

both of paws. The ED50 on the 14™ day after surgery was
as follows: Est (5.444), Prog (19.7) for the contralateral;
Est (1.544) and Prog (10.08) for the ipsilateral sides.
Also, the value of ED50 on the 28" day was Est (2.09)
and Prog (3.38) for the contralateral; Est (2.144) and
Prog (4.774) for the ipsilateral sides.

Considering more effect of Est in comparison with
control and injury groups and the less ED50, it seems
Est has more efficient for the increase of pain threshold
after spinal injury compared to Prog.

Motor activity
Tables 3 and 4 show the effects of different doses
of Est and Prog on the moved distance (cm) and run
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TABLE 3: The effects of different doses of estradiol (Est) and progesterone (Prog) on the moved distance (cm) during Smin
in the open-field test on day O (before surgery), 14 and 28 post-surgery. As data show Est at dose 8mg/kg significantly in-
crease the distance while Prog had no significant effect. Data are presented as mean+SEM. "Significant to control, *P<0.05;

n=7 for all groups.
Distance (cm)

Day 0 14" day 28" day

Sham laminectomy 1836 + 132.1 1621 +87.77 1589 +97.61
Injury 1821 £95.7 1424 = 1154 1652 +315.6
Control 1965 + 88.19 1501 £ 152.2 1795 + 145.9
Est-2mg 2025 +128.9 1655 + 150.9 1542 +142.2
Est-4mg 1814 + 88.94 1860 = 105 1533 £241.9

Est-8mg 1811 £ 133.7 1962 +90.86 1553 £ 157
Est-16mg 1896 + 120.2 1735 £ 102.6 1915 +£200.8
Prog-2mg 1944 + 78.86 1584 + 81.64 2012 £218.2
Prog-4mg 2036 + 105.8 1530 + 102.7 1691 +200.7
Prog-8mg 2074 +225 1732 £69.17 1742 +186.1
Prog-16mg 2021 £ 152.8 1603 + 66.38 1815 +352.2

TABLE 4: The effects of different doses of estradiol (Est) and progesterone (Prog) on the run velocity (cm/s) during Smin
in the open-field test on day 0 (before surgery), 14 and 28 post-surgery. No significant effect was detected from Est or Prog.
Data are presented as mean+SEM. n=7 for all groups.

Velocity (cm/s)
Day 0 14" day 28" day

Sham laminectomy 7.742 £ 0.856 5.243 £0.5011 10.19 + 0.8692
Injury 6.638 + 0.8562 4.633 +0.5489 9.633 = 0.496
Control 6.884 + 0.601 5.488 + 0.3407 12.05 + 0.2892
Est-2mg 7.937 + 0.6586 7.101 + 0.3369 9.223 + 1.046
Est-4mg 8.148 + 0.6816 5.936 +0.2221 9.268 + 0.8106
Est-8mg 7.382 +0.2675 6.129 +0.2925 10.892 + 0.413
Est-16mg 7.344 + 0.5493 7.258 + 0.2007 10.41 £ 1.004
Prog-2mg 7.579 + 0.5246 5.965 +0.373 12.97 £2.316
Prog-4mg 8.054 +£0.6513 5.732 £0.2621 6.219 = 0.7376
Prog-8mg 7.811 £ 0.66 6.189 + 0.2268 16.19 £2.172
Prog-16mg 7.484 +0.7682 5.735+£0.314 8.513 = 1.327

FIGURE 1. Histological verification of the lesion location. The area pointed by the arrow is the location of the lesion electrode.
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FIGURE 2. The effects of different doses of Est and Prog on the activation of p-ERK after spinothalamic tract injury on the 28th day. All doses
of Est significantly increased the p-ERK level while Prog had no significant effects. Data are presented as mean+SEM for the average relative
density of phospho-p44/42 mitogen-activated protein kinases (MAPKSs) to B-actin. "Significant to control, *P<0.05; *P<0.01; **P<0.001; n=7
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FIGURE 3. The effects of different doses of Est and Prog on the activation of p-P38 in rats after spinothalamic tract injury on the 28" day.
Both Est 8mg/kg and Prog 4mg/kg significantly decreased the p-P38 in comparison with control group. Data are presented as mean+SEM for
the average relative density of phospho-P38 mitogen-activated protein kinases (p-p38) (MAPKSs) to B-actin. "Significant to control, *P<0.05;

"P<0.01; ™ P<0.001; n=7 for all groups.

velocity (cm/s) respectively. The motor parameters were  the improvement of motor function in days after surgery.

shown in three steps, pre-surgery, 14 and 28™ day after
surgery. Est increased the distance and velocity higher
than did injury group, respectively in doses of 8 and
16mg/kg on the 14" day after surgery. Two other doses
of Est didn’t have any significant effect. The treatment
with different doses of Prog had no significant effect on

Western blot analysis
The expression of the following parameters was

investigated as astroglia activity markers: GFAP, Ibal,
and MAP kinase family like p-p38, p-ERK, and pJNK.
The intensity of marker bands relative to B-actin was
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defined as the average density. Quantified densitometric
data showed that Est and Prog had different effects
on 3 subtypes of the MAP kinase family. Following
spinal cord injury, the level of p-ERK expression was
significantly reduced in the injury or control groups.
Est at all doses increased the expression of p-ERK in
comparison with the control (P<0.01, Figure 2); while
no significant effects of Prog were observed.

After spinal cord injury, the expression level of p-p38
and pJNK increased on day 28 in the injury and control
groups. Treatment with Est 8mg/kg and Prog 4mg/kg
significantly reduced the expression of p-p38 compared
to the control and injury groups (P<0.01, Figure 3).
In addition, treatment with Est 8mg/kg and 16mg/kg
significantly reduced the expression of pJNK compared
to the control and injury groups (P<0.01, Figure 4).
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FIGURE 5. The effects of different doses of Est and Prog on the
activation of Ibal in rats after spinothalamic tract injury. on the 28th
day. Both Est and Prog significantly decreased the Ibal level in com-
pare with control. Data are presented as mean+SEM for the average
relative density of Ibalto B-actin. *Significant to control, "P<0.05;
"P<0.01; "*P<0.001; n=7 for all groups.

FIGURE 6. The effects of different doses of Est and Prog on the
activation of GFAP in rats after spinothalamic tract injury on the 28th
day. Both Est at doses 4 and 8mg/kg and Prog at dose 4mg/kg signifi-
cantly decreased the GFAP level. Data are presented as mean=SEM
for the average relative density of GFAP to B-actin. "Significant to
control, "P<0.05; **P<0.01; ***P<0.001; n=7 for all groups.

Following spinal cord injury, the expression of Ibal
and GFAP was increased in the injury and control
groups. All different doses of Est and doses of 2 and
8mg/kg OD Prog were able to significantly reduced the
expression level of the Ibal marker (P<0.001, Figure 5).
Also, Est in doses 4 and 8mg/kg significantly reduced
the expression level of the GFAP (P<0.01, Figure 6).

Immunohistochemistry

Considering that Est at the dose of 8mg/kg was more
effective than the other doses used in reducing the pain
threshold and molecular outcomes, it was investigated
by immunohistochemistry. The comparison of the
immunostained sections showed a significantly less
count in the expression of GFAP (Figures 7A and B) and
Ibal (Figures 7C and D) in Est 8mg/kg compared to the
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FIGURE 7. Expression of GFAP and Ibal in spinal cord sections at T8—10 level after spinothalamic tract injury on the 28th day. the effect of
Est 8mg/kg on the GFAP positive cell count (A & B); the effect of Est 8mg/kg on the Ibalpositive cell count (C & D). Est 8mg/kg significantly
decreased GFAP and Ibal positive cell count in T8-10 segments of spinal cord in compared with control. Scale bars are 20um. Data are pre-

sented as mean+SEM. “Significant to group; *P<0.05; n=7 for all groups.

control group.

Discussion

In the present study, the effects of different doses
of Est and Prog on SCI were studied. Two steroids
were injected intraperitoneally into rats following
an electrolytic lesion on the STT. Est showed higher
efficacy to reduce the threshold of pain and neuronal
survival, especially in doses of 4 and 8mg/kg compared
to the control group and Prog. Thus, Est mitigated the
inflammatory markers of MAP-kinases subtypes like
p-38 and JNK as well as astroglial activity such as Ibal
and GFAP. Also, Est increased the ERK expression
while Prog show no effect, which confirmed Est positive

impact on neuronal survival. Also, in this study, the
effects of Est and Prog on biomarkers were evaluated on
the 28" day after surgery.

Est mediates the neuroprotection signaling through
distinct pathways like the nuclear estrogen receptor
regulation of transcription, non-genomic signaling via
the MAP or phosphatidylinositol-3 kinase (PI3-K) with
its effector down-stream a serine/threonine kinase and
finally via non-receptor pathway that in trapped free
radical as anti-oxidant (Honda et al., 2000; Ivanova et al.,
2002). Estrogen interacts directly with the MAP kinase
pathway that activates the signaling molecules such as
Ras sequentially. Afterward, a variety of transcription
factors involved in neuronal survival will activate
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(Morissette et al., 2008). This interaction is especially
important for neuroprotection after neuronal toxicity
events (Singer et al.,, 1999). So that, Est decreases
intracellular Ca, activates ERK1/2 in midbrain astroglia
(Ivanova et al., 2001; Ray et al., 2011), affects the
PI3-K/Akt signal transduction pathway (Ivanova et
al., 2002; Wilson et al., 2002). Thereby Est promotes
neuronal survival and differentiation while protects
against excitotoxicity and apoptosis. Est triggers the
neurochemical changes in GABAergic neurons and
opioid receptors in the spinal cord and the periaqueductal
gray resulting in reduced inflammatory mediators such
as PGE2, metalloproteinase-9 (Garcia-Ovejero et al.,
2005) and pain sensitivity (Saghaei et al., 2013). That
may be relevant for explaining why Est can control pain
more efficient than that of Prog at this work.

Est (4mg/kg) as acute treatment can attenuate the
edema, inflammation and neutrophil infiltration after
SCI. It inhibits the protein complex by which controls
cytokine production like NF-kB (nuclear factor kappa-
light-chain-enhancer of activated B cells). Est relieves
the axonal degeneration and myelin loss as well as
the activity of calpain and caspase-3 in penumbra
segments of SCI lesion (Sribnick et al., 2010; Tohda and
Kuboyama, 2011). The induction of anti-inflammatory
effects of Est on the supraphysiologic dose is consistent
with our observation in which, high dose of 8mg/kg
Est showed more efficient for the analgesic and the
inhibition of the cells involving in inflammation like the
astrocyte and microglia. Est mitigated the biomarkers
of astrocyte activity like GFAP and JNK as well as the
biomarkers of the microglia activity like p-p38 or Ibal.
The GFAP and JNK are considered as the astrocyte
activity markers (Sanna et al., 2015) while the p-p38
or Ibal for the microglia activity markers (Patel et al.,
2016). The activation of INK and p38 MAPK take part
in neuronal death (Singer et al., 1999) and the inhibition
of these subtypes of MAPK by Est may be critical to its
effect.

The hyperactivity of spinal microglia and the STT
neurons is important in the pathogenesis of neuropathic
pain (Tozaki-Saitoh et al., 2008). Est inhibits inducible
nitric oxide synthase and cyclooxygenase-2, by which
can reverse the microglial excitation and lessen the STT
damage-induced pain (Samantaray et al., 2010; Sribnick
et al., 2010; Samantaray et al., 2011). Also, the over-
expression of G-protein coupled receptors of estrogen

(alpha and beta subtypes), glutathione and superoxide
dismutase have been observed in the reactive astrocytes
of the STT lesions, thereby Est could put on its
antioxidant mechanism (Onose et al., 2009; Mosquera
et al., 2014). Furthermore, Est modulates L-type Ca2+
channels and the Na+-Ca2+-exchanger leading to the
alleviation of Ca2+ influx (Samantaray et al., 2011),
scavenging of free radical intracellular like [Ca2+]
(Das et al., 2011) and improving mitochondrial function
(Sribnick et al., 2005).

Nevertheless, neuroprotective effects of Est could
be mediated through the mitigation of apoptosis
pathways (Elkabes and Nicot, 2014). Est modifies the
phosphorylation of cAMP response element-binding
protein at Ser (Bonin et al., 2014). The down-stream
of change may be the attenuation of the proapoptotic
markers like Bad and Bax (Wilson etal., 2002; Morissette
et al., 2008; Samantaray et al., 2010; Samantaray et al.,
2011; Bonin et al., 2014). Meanwhile, Est amplifies
the anti-apoptotic factors such as Bcl-2 (Honda et al.,
2001) or a serine/threonine-specific protein kinase as
protein kinase B or Akt which have a great influence
on cellular survival pathways (Ivanova et al., 2002)
and promotion of the growth factors (Bramanti et al.,
2015). Our observation showed that Est and Prog could
decrease p-p38 significantly compared with injured
and control groups. The activation of p38 in microglia
results in the increase of pro-inflammatory cytokines
such as TNFa, IL-1P and IL-6 (Taves et al., 2016). The
rapid up-regulation of cytokines happens after an injury
in the spinal tissue (Ritz and Hausmann, 2008) and
neurosteroids can down-regulate them (Garcia-Ovejero
et al., 2005; Ritz and Hausmann, 2008; Brotfain et al.,
2016; Coronel et al., 2016b). This evidence explains the
anti-inflammatory and analgesic effects of Est observed
in the present study.

It was found in this study that Est was able to reduce
JNK and p38 while raising ERK. Previous works
have shown that the activation of ERK along with the
inhibition of INK and p38 MAPK is associated with cell
survival (Singer et al., 1999). Therefore, the observed
effects of Est on MAP kinase family in this work may
explain a neuroprotective role for Est. All estrogen
receptor subtypes have been found in oligodendrocytes
(Lee et al., 2012; Elkabes and Nicot, 2014), but two
subtypes of estrogen receptor, ERa and ERP (Morissette
et al., 2008) especially ERP as the main isoform are
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expressed in oligodendrocytes of the spinal cord
(Elkabes and Nicot, 2014). Est through these receptors
can apply the neuroprotective effects. Down-stream of
receptor binding leads to the activation of MAP kinase
signal transduction (Singer et al., 1999), the inhibition
of INK (Lee et al., 2012) or activation of ERK1/2
in astrocytes (Ivanova et al., 2001). As a result, the
sequential events like the phosphorylation of Ras, B-Raf
take place by which mediate the neuronal survival while
the modulation of the proteins influencing cell death
(Wilson et al., 2002; Morissette et al., 2008; Bonin et
al., 2014) or inflammation (Singer et al., 1999; Garcia-
Ovejero et al., 2005). Moreover, the MAPK pathway
interacts with the insulin-like growth factor-I receptor
as a critical event for neuronal survival (Dhandapani
and Brann, 2002; Morissette et al., 2008). Eventually,
the phosphorylation of cytoskeletal proteins such as
microtubule-associated proteins and neurofilaments
will take place (Dominguez et al., 2004). That would
explain the Est efficacy for neuronal plasticity in
morphological changes related to the synaptogenesis,
dendritic arborization and finally the neuronal survival
and differentiation (Ivanova et al., 2002; Wilson et al.,
2002; Garcia-Ovejero et al., 2005).

These conflicting effects of Prog on the improvement
of spinal cord injuries have been reported earlier. Prog
has a positive effect on different types of inflammatory
biomarkers induced by microglial activation or myelin
regeneration following SCI. However, it has not been
able to relieve most issues of the neuronal damage after
the spinal cord injury (Elkabes and Nicot, 2014). Prog
inhibits the microglia activation (Garcia-Ovejero et al.,
2014), which can justify the decrease in p38 or Ibal as a
measure of microglial proliferation (Taves et al., 2016)
observed in the current study. Prog modulates glutamate
release (Brotfain et al., 2016) and prevents the up-
regulation of glutamate receptors (Coronel et al., 2017).
By inhibiting pro-inflammatory cytokine expression
(Coronel et al., 2016a; Coronel et al., 2016b), Prog can
reverse the neuropathic pain (Gonzalez and Coronel,
2016) after SCI or central injuries. However, we
observed the contradictory results for Prog in the present
work. It may be associated with the different conditions
or doses used in the present study. As at least there is a
report on the effects of Prog exacerbation in brain lesions
in certain conditions (De Nicola et al., 2009) or lack of
preventive effects in spinal cord injuries (Cavalcante et

al., 2018).

Conclusion

Taken together, it seems that Est decreases the
threshold of pain and the inflammatory markers during
the secondary damage phase after SCI, while increases
the survival factor more efficiently than Prog. Est applies
the neuroprotective effects through distinct pathways
like the modulation of astroglial activity or the MAP
kinase pathway. Therefore, it can exert more efficient
neuroprotection after SCI.
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