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Abstract
One of the major impacts of spinal cord injury (SCI) is the cerebellar neurological malfunction and deformation of its sub-layers.
This could be due to the enormous innervation of the spinocerebellar tract from the posterior gray horn in the spinal cord to the
ipsilateral cerebellum. Although the neuroprotective role of estradiol in spinal cord (SC) injuries, as well as its ability to delay
secondary cell death changes, is well-known, its effect on cerebellar layers is not fully investigated. In this study, a SCI model was
achieved by injection of Kainic acid into SC of adult MaleWistar rats in order to assess the effects of SCI on the cerebellum. The
animals were classified into SCI group (animals with SCI), estradiol-treated group (animals with SCI and received estradiol),
control groups, and sham control group. The microscopical examination 24 h after induction of SCI revealed that KA induced the
most characteristics of neurodegeneration including astrocytic propagation and microglial activation. The estradiol was injected
intraperitoneally 20 min after induction of SCI, and the samples were collected at 1, 3, 7, 14, and 30 days. Histologically, the
estradiol reduced the inflammatory response, enhanced the recovery of molecular, granular, and Purkinje cell layers, and
therefore aided in the restoration of layer organization. These findings were also confirmed by immunohistochemical staining
and gene expression profiling.

Keywords Cerebellum . Spinal cord injury . Estrogen . Kainic acid . Astrocytes . GFAP

Abbreviations
SCI Spinal cord injury
SC Spinal cord
KA Kainic acid
IP Intraperitoneal
ROS Reactive oxygen species
IHC Immunohistochemistry
CSF Cerebrospinal fluid
PBS Phosphate buffer saline

Introduction

Although the side effects that emerge from the injury of spinal
cord in terms of loss of motor or sensory functions are always
referred to injury on the spinal cord itself, these malfunctions
could also be a consequence of cerebellar-composition dam-
age which lead to alterations of body balance, movement co-
ordination, and motor learning (Wolf et al. 2009). These alter-
ations can be interpreted by varied apoptotic pathways trig-
gered after SCI that correlate with inflammatory cascades ini-
tiation and neurological degeneration to cerebellar layers
(Mills et al. 2000). The correlation between the spinal cord
and the cerebellum has been described in the light of integrat-
ed relationship, whereas cerebellum plays a fundamental part
in handling proprioceptive information that is mandatory for
coordinating ongoing voluntary movement (Gulgun et al.
2015). The neurotransmissions traced from Clarke’s nucleus
axons in SC are shifted inside dorsal tract to cerebellar lobules
under the name of mossy fibers to innervate the granular layer
cells. These cells transmit signals to parallel fibers that deliver
precise afferent inputs to distal portions of Purkinje cell den-
drites, while the proximal dendrites are straightly stimulated
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by an excitatory climbing fiber that originates from the olive
nucleus in the brainstem (Stacey et al. 2013). Purkinje cells
manage the circuitry of the cerebellum by processing the neu-
ronal activity and the fine-adjustment of the afferent circuitry
of the molecular zone (Joshua et al. 2014). From these points
but also depending on our observations that spotted a huge
influence on body behavioral functions, the cerebellum was
selected as a target object to evaluate the effect of treatment in
this study. During tracing the consequences of SCI, an inten-
sive collateral damage of cerebellar sub-layers and an elevated
level in the concentration of extracellular glutamate are spot-
ted. This glutamate is considered as one of the excitatory neu-
rotransmitters released by 40% of all synapses (Coyle and
Puttfarcken 1993) to play a crucial role in neural signaling
pathways, differentiation, and neuro-plasticity. The elevated
level of glutamate is accused as one of the factors responsible
for neuronal excitotoxicity (Mills et al. 2000). To confirm this
hypothesis and mimic glutamate’s effect in inducing neuronal
apoptosis, a selective glutamate receptor agonist as Kainic
acid (KA) has been commonly used (Drexel et al. 2012).
Kainic acid was initially used as an anthelmintic composite
for gastrointestinal worms after its extraction and characteri-
zation from the seaweed (Murakami et al. 1953). Subsequent
study, created by Sperk (1994), has reported Kainic acid
excitotoxic potency in CNS with induction of neuropatholog-
ica l and inf lammatory changes . Later on, these
neuroexcitotoxic-driven inflammatory changes were traced
to interacted activated kainate receptors (KARs) termed as
one subtype of ionotropic glutamate receptors (iGluRs).
Provoking of these iGluRs is correlated with intracellular cal-
cium augmentation that motivates the excessive release of free
radicals like reactive oxygen species (ROS), the mediators of
oxidative stress (Bruce and Baudry 1995). This promotes an
imbalance between free radicals’ production and antioxidants
leading to oxidation of membrane elements that is followed by
mitochondrial dysfunction and ultimately results in cellular
apoptosis and death. The disturbance in glutamate level not
only causes neural transmission failure but also initiates
excitotoxicity that is involved in a various type of neurode-
generative diseases like Alzheimer where the selective de-
structive effect of KA to pyramidal cells of the hippocampus
is proven (Nadler et al. 1978). KA is considered a dose-
dependent agent where low doses led to nuclei pyknosis with
nucleolus loss in few neurons, while the high doses potentiat-
ed reactive astrogliosis and neuronal damage in the form large
vacuolation of neuropil around damaged neurons (Mitra et al.
2013). To reverse the neuropathological outcomes, scientists
have suggested using an anti-inflammatory agent for lighten-
ing the inflammatory signs and ameliorating its outcomes.
Although the anti-inflammatory agent aided in inflammation
retraction, it could not reverse the imbalance of the ROS (Kara

et al. 2015; Frances et al. 2016). Further investigation advised
using a multi-factorial agent as estradiol, the predominant es-
trogen, as a convenient candidate for the treatment of SCI. The
potential effects of estradiol are attributed to the attenuation of
neuropathological damage within the tissue by reduction of
intracellular Ca2+ amplification, inflammatory cells infiltra-
tion, and ROS generation that was correlated with apoptotic
pathways. In addition to the associated correlation between
estrogen and endothelial cells acceleration for recovery in in-
jured areas (Losordo and Isner 2001), estradiol has also been
used as a brain-derived neuroprotective factor against neuro-
degenerative diseases models as cerebellar ataxia (Leranth
et al. 2000; Sierra et al. 2003; Sribnick et al. 2003; Angeles
et al. 2015). The plasticity of estrogen in neurological damage
outcome was clearly depicted in female subjects in contrary to
male ones as shown by Kupina et al. (2003) and Bayir et al.
(2004) who demonstrated the limited neuroprotective effect
evolves in male than females as the observable cytoskeletal
protein degradation, and the cell membrane dysfunction
occurs early in males following experimental traumatic brain
injury. This could be explained by the differential
quantification of estrogen between male and female, as in
the latter, it is considered as an essential sex hormone
produced by ovaries in large quantities, while in the male, it
is produced in tiny quantities by testis. A study by Samantaray
et al. (2010) confirmed that the administration of estradiol
following SCI prevented the microgliosis and astrocytosis
and reduced the apoptotic changes, as well as it aided in the
promotion of angiogenesis and the growth of microvessel that
protected cells from ischemia caused by blood vessels inter-
ruption in response to the injury. The estrogen produces its
genomic and non-genomic action through the presence of
their ubiquitous estrogen receptors (ERs), ER-α and ER-β
that are widely expressed in the multiple brain regions includ-
ing the cerebellum (Kuiper et al. 1998; Hazell et al. 2009). The
co-localization of these estrogen receptors was observed in
whole cells of the cerebellar trilaminar architecture during
ontogeny and also in adulthood stages (Jakab et al. 2001;
Perez et al. 2003). The necessity of estrogen receptor-β for
neuronal endurance and glial proliferation during neurodegen-
erative disorders has been shown as it was highly expressed in
neuron and glial cells (Yang et al. 2001). The aim of this study
was therefore to use the cerebellar layers in particular to assess
the effect of Kainic acid in inducing SCI. A further aim of the
study was to evaluate the usage of estradiol to amend the
histoarchitecture lesions of the cerebellum. To assess the effect
of both Kainic acid and estradiol, a multiple indicator ap-
proach such as the use of genetic profiling of apoptotic,
microgliosis, and inflammatory markers was used. In addition
to this approach, the histological evaluation, the glial fibrillary
acidic protein (GFAP) marker alongside the principal
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intermediate filament protein of mature astrocytes was used to
measure the mean density of astrogliosis in both the SCI group
and estradiol-treated group by immunohistochemical and
gene expression profiling analysis.

Material and methods

Experimental design

This experiment was carried out on 45 adult male Westar
rats weighing about 250 g body weight. To ensure that the
environment will have the same effects on the subjects’
appetite and behavior, animals were housed individually
in separate cages and had a free access to food and water
for 7 days prior to the initiation of the experiment. The
study was conducted according to the guidelines of the
National Research Center Ethical Committee, Egypt; reg-
istration number (09/189) and followed the recommenda-
tions of the National Institute of Health for the care and use
of laboratory animals. Animals were assigned to one of the
following four groups: SCI group (n = 13), estradiol-
treated group (n = 13), control group (n = 6), and a sham
control group (n = 13). No manipulations were conducted
on the control group, while the sham group was subjected
to identical surgical procedures in exactly the same way as
the treated group with the exception that this group was
injected with an equal amount of cerebrospinal fluid
(CSF) instead of Kainic acid glutamate excitotoxic
substance.

SCI induction and treatment operation

The anesthetization process was performed using intraperito-
neal administration of ketamine-xylazine combination.
During surgery, a thermostatically regulated heating pad was
used to maintain the body temperature of the subject animal.
Under the guidelines of Braga-Silva et al. (2007), an incision
was made between T-13 and L3 to expose the injection area.
To reach the exact destination and also to avoid central canal
damage, stereotaxically toxin KA (1.5 μl of 2.5 mM) were
bilaterally injected through a 10-μl Hamilton syringe attached
to a Microdrive pump. The estrogen administration (4 mg/kg)
step was fulfilled 20 min after KA administration and was
then followed by a daily injection (2 mg/kg) for five constitu-
tive days.

Sample collection and staining

The cerebellum specimens were obtained from the eutha-
nized animals after 24 and 72 h of the first dose and then at
7, 14, and 30 days. The samples were placed into 10%
neutral-buffered formaldehyde for 24 h and were then

impregnated and embedded in paraffin and sectioned.
Following the sectioning, a deparaffinization in xylene
and hydration using a descending grade of alcohols was
made; the samples were stained with different types of
stains in consonance with Carson (1990) protocols and
were examined by Olympus CX41 microscope attached
to an Olympus C-7070 digital camera. In addition to the
routine staining with H&E, the phosphotungstic acid he-
matoxylin stain was used to distinguish the glial fibers
according to the following steps: The sections were
mordanted in Zenker’s solution overnight at room temper-
ature; this was followed by washing in running tap water
for 15 min; and the sections were then placed in Logul’s
iodine solution for 15 min. The sections were decolorized
using 95% alcohol for 1 h, were rinsed three times in dis-
tilled water, and were placed in 1% potassium permanga-
nate for 5 min. The sections were washed in running tap
water for 10 min and were decolorized again in 5% oxalic
acid for 5 min. Finally, the sections were merged in the
phosphotungstic acid-hematoxylin solution overnight at
room temperature. The cresyl violet stain was used to high-
light the Nissl granules by a blue-purple color through
dipping a serial section of 5 μm in a working cresyl violet
solution with few drops of acetic acid for 10 min. The
toluidine blue sta in was used to accentuate the
cytoarchitecture of the cerebellar layers by transferring
the slides into a toluidine blue solution for 10 min.
Immunohistochemical staining was applied on paraffinized
sections to visualize the increase and decrease of
astrogliosis resulted from injury using an anti-GFAP mark-
er that bound to Astrocytes’ glial fiber acidic protein. For
preserving the tissue sections well adhered to the glass, a
positively charged coated slides were used on IHC stain-
ing. The protocol was applied according to Abcam guide-
lines (www.abcam.com/technical.IHC-P) as following:
The sections were deparaffinized and rehydrated using
standard methods and then were immersed in a pretreated
heat-induced epitope antigen retrieval solution buffer for
15 min in a scientific microwave (at 100 °C) followed by
washing with phosphate buffer saline. The slides were in-
cubated with Triton 100× (Sigma-Aldrich) blocking re-
agent and 5% normal goat serum for 1 h at room temper-
ature and were then incubated for 24 h at 4 °C with anti-
GFAP primary antibody (Sigma-Aldrich; USA; G3893; 1:
300) in PBS with 5% normal goat serum and 1% fetal
bovine serum (FBS; Sigma-Aldrich). After 24 h, the sec-
tions were incubated for 1 h at room temperature with the
FITC-conjugated secondary antibody (goat anti-mouse,
Sigma-Aldrich, USA, 1:200); then the slides were
coverslipped with anti-fade Vectashield reagent (Life tech-
nologies; USA; P36931). The examination was conducted
on a fluorescent microscope (OPTIKA, Italy) and
photographed at ×40 magnification for analytical
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assessment with the aid of OPTIKA VIEW imaging soft-
ware under default settings. The statistical assessment for
all morphological data was analyzed by ImageJ software
(NIH, USA) and Microsoft Excel 2016 software (USA).

RT-PCR analysis

The cerebellum specimens were frozen at − 80 °C until use.
These samples have undergone RNA extraction process using
QIAamp RNeasy Mini kit (Qiagen, Germany, GmbH). It was
accomplished by mixing 100 mg of the specimen with 600 μl
RLT buffer including 0.6 μl ofβ-mercaptoethanol. The sample
homogenization was performed using Qiagen tissueLyser. The
total RNA purification was then followed by DNase digestion
step for elimination of the remaining DNA. These primers
(Metabion®, Germany) were employed in a 25-μl reaction that
included 0.5 μl of each primer in addition to 12.5 μl of the 2×
QuantiTect SYBR Green PCR Master Mix (Qiagen, Germany,
GmbH), and with the aid of 0.25 μl of Reverse Transcriptase
from Thermo Fisher, and a mix of 3 μl of RNA template to
8.25 μl of water. The primer sequences, target genes, amplicon
sizes, and cycling conditions for SYBR green RT-PCR are
illustrated in Table 1. The variance of gene expression between
samples was determined by comparing the sham CT values
with the positive control under the guiding of BΔΔCt^method
as stated by Yuan et al. (2006). This operation was fulfilled by
Stratagene MX3005P RT-PCR Machine.

Results

Since the main objective of this study was to determine the
neuroprotective effect of estradiol on injured cerebellum in
response to SCI, the confirmation of KA neurodegeneration
in cerebellar layers was addressed by histological, and immu-
nohistochemical visualization. During the brain autopsy, the
gross anatomical inspection of the cerebellum did not show
any evidence of cavitation or vacuolization. It only demon-
strated the presence of severely congested blood vessels in
dorsal and ventral surfaces (Fig. 1a). Although during the
24 h post-KA administration, the routine histological exami-
nation showed an ordinary folia pattern, the preliminary signs
of neurodegeneration throughout the cerebellar cortical layers,
congested blood capillaries, and activated microglial response
were noticed. These signs were more obvious in the Purkinje
cells layer in comparison to other sub-layers (Fig. 1b). The 72-
h audit following injury revealed that the Purkinje cells layer
faced an intense morphological alteration in its organization
and was therefore displayed as an extensive and segmental
Purkinje cell depletion. Some cells were observed within a
vacuolated neuropil as hypereosinphilic shrunken perikaryon
with pyknotic nuclei and attenuated dendritic arborization
(Fig. 1c, d).

The inspection at 7 days after the induction of SCI revealed
a disruption of neuronal arrangement, and a massive cytotoxic
edema in addition to faint or loss of Nissl granules staining
that was accompanied by nuclear envelope disassembles,

Table 1 Primers sequences, target genes, amplicon sizes and cycling conditions for SYBR green RT-PCR

Target gene Primers sequences Reverse
transcription

Primary
denaturation

Amplification (40 cycles) Dissociation curve (1 cycle)

Secondary
denaturation

Annealing
(optics on)

Extension Secondary
denaturation

Annealing Final
denaturation

Rat β-actin
(Banni et al.
2010)

TCCTCCTGAGCGCA
AGTACTCT

50 °C
30 min

94 °C
5 min

94 °C 15 s 60 °C 30 s 72 °C
30 s

94 °C
1 min

60 °C
1 min

94 °C
1 min

GCTCAGTAACAGTC
CGCCTAGAA

Caspase 3 (Shi
et al. 2009)

AGTTGGACCCACCT
TGTGAG

53 °C 30 s 53 °C
1 min

AGTCTGCAGCTCCT
CCACAT

GFAP (Liu
et al. 2012)

CCTTGAGTCCTTGC
GCGGCA

55 °C 30 s 55 °C
1 min

TTGGCCCTCCTCCT
CCAGCC

Iba1 (Le Coz
et al. 2014)

TCC CAT CCA ACC
TCT CTT CC

61 °C 30 s 61 °C
1 min

GCA GCC TCATCG
TCATCT C

IL1B (Wang
et al. 1997)

CTCTGTGACTCGTG
GGATGATGAC

60 °C 30 s 60 °C
1 min

TCTTCTTCTTTGGG
TATTGTTTGG
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central chromatolysis, and spewing of nucleolus. Finally, this
cell lysis appears as ghost that elicited an immune response
identified as gliosis (Fig. 2a). The granular layer appeared
relatively preserved in comparison to other cerebellar layers;
nevertheless, pyknotic nuclei, raised gliosis, and congested
blood capillaries were detected in the sections (Fig. 2b).
These reactive changes in glial cells did not spare the molec-
ular layer as they were emphasized by IHC inconstant positive
immunoreactivity to gliosis alongside collateral damage in
white matter that was presented as occasional vacuolation
(Fig. 2c–e).

From the 14th-day to the 30th-day assessment, most of
the neurons degenerated areas revealed a high percentage
of proliferated hypertrophied astrocytes nearby neuronal
loss of both Purkinje and granular layers (Fig. 3a, b).

The fluorescence imaging in low magnification presented
a clearly distinct cerebellar cortical layers where the
Purkinje layer clearly stood out between the granular
and the molecular layers. The conspicuous emergence of
a positive reaction on large pyriform neurons in one cell
thick row alignment made the identification of the
Purkinje layer undoubtedly (Fig. 3c). The astrogliosis
was also confirmed by IHC assessment that was markedly
increased in the mean density of GFAP-positive astrocytes
of the granular layer from control’s moderate distribution
to lesion’s intense distribution (Fig. 3d, e).

Stereotaxic injection of CSF into the spinal cord of sham
control group neither produced noticeable neuronal degener-
ations nor necrotic signs in the cerebellar sub-layers in com-
parison to the SCI group (Fig. 4a, a′, b).

Fig. 1 Inspection 24 h following injury is showing. a, a′ Both dorsal and
ventral surfaces are presenting conspicuous congestion on blood vessels
during gross inspection. b (H&E) The three layers of cerebellar cortex;
the granular layer (G), Purkinje layer (P), and the molecular layer (M)
showed engorged blood capillaries (yellow arrow), in addition to the
neurodegenerative changes represented by shrunken neuronal soma

with dark eosinophilic cytoplasm of Purkinje neurons (arrow head) and
pyknotic nuclei of granular neurons (green arrow). c (H&E) At 72 h
scanning; obvious alteration of Purkinje cells architecture with loss in
nuclear morphological details and loss of their nucleoli (arrow), others
were located within a vacuolated neuropil (arrow head). d (PTAH)
attenuated dendritic arborization of Purkinje cell are noticed (arrow)
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The histopathological inspection of the cerebellum in
estradiol-treated group indicated that most of the

neurodegenerative changes observed previously gradually di-
minished, while the laminar architecture became highly

Fig. 2 Observations at the seventh day scanning in SCI specimens. a
Cresyl violet. b PTAH. c, d H&E showed variable stages of Purkinje
cell lysis (arrow), pyknosis of the granular cell neurons (arrow head),

beside the election of immune-response in all sub-layers that was
observed by an increase the immunoreactive GFAP cells in the
molecular layer (M). e GFAP IHC
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Fig. 3 Observations at the 14th day following injury. a H&E and b
toluidine blue showed an increase of hypertrophied astrocytes (arrow)
in all layers. c GFAP IHC confirmed a clearly distinct three cerebellar
layers; the granular layer (G), Purkinje layer (P), andmolecular layer (M).

e GFAP IHC, an observable increment in the mean density of GFAP
positive astrocytes in the granular layer (G) as well as reacted Purkinje
cells (P) in comparison to the control group (G). d GFAP IHC
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organized and began to be more evident, especially Purkinje
cell layer which was the most predominant layer (Fig. 5a, b).
These variations depended on the time of exposure to the
neuroprotective estrogen, where at the 24 h to 1 week of the
first dose, the microscopical examination did not show signif-
icant differences in comparison to SCI specimens as it includ-
ed indistinct boundaries of Purkinje cells, densely stained
scanty cytoplasm, and nucleus with interruption of dendritic
arborization (Fig. 5c, d).

An optimistic improvement became more obvious at 14th
until the 30th day, as the Purkinje cell population was widely
distributed along the entire length of the Purkinje cell layer,
and also the granular neurons with finely dispersed chromatin

were identified, although few degenerated Purkinje and gran-
ule neurons with prominent nuclei of astrocyte invasion were
still prevalent (Fig. 6a–c). The IHC inspection highlighted a
mild distribution of strong immunoreactivity star cell astro-
cytes with their branching processes in the cerebellar layer
that confirmed the amelioration process to SCI sections (Fig.
6d).

Statistical analysis

In order to determine the modulation degree of gene expres-
sion in the cerebellar specimens following induced SCI, and
the protective events that were endorsed by the administration

Fig. 4 The sham control group did not show any noticeable variation
compared to the control group, whereas healthy Purkinje neurons (P)
with a central spherical nucleus and prominent nucleoli were dominant

in the Purkinje layer (a H&E; inset a′, cresyl violet), while the granular
layer appeared crowded with fine granular nuclei (G) confirming
unharmed tissue (b PTAH)

Fig. 5 The estradiol-treated
group at the seventh day
inspections presented a gradually
diminished degenerative changes
with a decrease in the number of
shrunken, pyknotic nuclei of
Purkinje cell (P) and granular
cells (arrow head) and a decrease
in the number of large pale
astrocytes (arrow) beside the
signs of organization in the
laminar architecture. a H&E. c
Toluidine blue. d Cresyl violet. b
GFAP IHC. An observable
increment in the mean density of
GFAP positive astrocytes in the
granular layer (G) as well as
reacted Purkinje cells (P)
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of estrogen, cerebellar samples were introduced to qPCR am-
plification process for the following genes: the apoptotic cas-
pase-3, IL-1β, Iba-1, and GFAP (Table 1). At first 24 h fol-
lowing KA injection, the caspase-3 gene expression was sig-
nificantly upregulated (P < 0.05) in comparison to the control
group and was then followed by a gradual increase in expres-
sion until second-week, and then a non-significant decrease
(P > 0.05) at the fourth week, although there was still a highly
significant expression (P < 0.001) when compared to the con-
trol group at the end of the trial. The estradiol-treated group
presented, at first day, a highly significant increase (P < 0.001)
in comparison to the control group, taking into consideration
that there was no significant difference between SCI and es-
tradiol groups (P > 0.05). There was, however, a gradual de-
crease until the end of trial; therefore, there was a significant
difference (P < 0.05) between the estradiol and SCI groups as
depicted in Fig. 7a. The astrocytic proliferative gene from the
first day of lesion induction until the end of the trial showed a
gradual but significant increase (P < 0.05) in its expression in
comparison to the control group, while the estradiol group
presented a highly significant increase (P < 0.001) in its ex-
pression at the first day when compared to the control group
and a highly significant difference (P < 0.001) when com-
pared to the SCI group at analogs period. This expression
displayed a gradual significant decrease (P < 0.05) until the
end of the trial, although there was still a significant expres-
sion (P < 0.05) in comparison to the control group as shown in
Fig. 7b. The microglial activation expression gene at first day

of exposure to KA excitotoxicity exhibited a highly signifi-
cant increase (P < 0.001) in its expression when compared to
the control group and then was followed by a slight increase
during the following days that faced a sudden and non-
significant decrease (P > 0.05) at the second week until the
end. This reduction did not approach the normal level, show-
ing a highly significant (P < 0.001) difference between its ex-
pression and the control group. Although the Iba-1 gene
showed a significant reduction (P < 0.05) in its expression at
first day of the treatment, a profound highly significant varia-
tion (P < 0.001) persisted in comparison to the control level.
This expression has undergone gigantic decline through trial’s
time-window, whereas, at the end of the experiment, it
displayed a non-significant difference (P > 0.001) in compar-
ison to the control group approaching the normal level and
drifting away from the treated group expression showing a
highly significant difference (P < 0.001) as described in Fig.
7c. The IL1B gene profiling presented a significant alteration
in its expression in response to both lesion induction and treat-
ment operations, whereas at first day, it was upregulated sig-
nificantly (P < 0.05) and highly significantly (P < 0.001) in
SCI, and estradiol specimens, respectively, although there
was a significant difference (P < 0.001) between SCI and es-
tradiol groups. From this point until the end of the experiment,
a conspicuous repulsion in the trajectory of both expressions
was noticed, whereas the SCI group expressed a highly sig-
nificant increase (P < 0.001), while the estradiol group
expressed a highly significant decrease in the IL1B gene

Fig. 6 Estradiol-treated group at
the end of the trial, the Purkinje
cell layer appeared crowded with
normal phenotype of Purkinje
cells (P) (a H&E), moderate
astrocytic infiltrationwith signs of
vanishing (arrow) (b cresyl
violet), the granular layer
presented a decline in the
pyknotic neuronal percentage
(arrowhead) (c PTAH), a
remarkable reduction in positive
immunoreactivity to GFAP (d
GFAP IHC)
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expression. Although both trajectories did not approach the
normal level, there was a highly significant difference
(P < 0.001) between the SCI and estradiol group at the end
of the first month (Fig. 7d). The fold changes of each gene
expression during the experimental period are depicted in
Table 2.

To estimate the extent of neurodegenerative actions of KA
and the protective role of estradiol on the cerebellar layer, light
microscopical analysis of HE and PTAH stained sections was
examined at ×100 magnification to compute the number of
apoptotic and degenerated cells of granular and Purkinje
layers in addition to the astrocytic propagation density. Cells
displayed morphological changes away from famed
(unambiguous) neuronal morphology, as cell shrinkage with
dense cytoplasm and nuclear pyknosis with irregularly shaped
nuclei and non-detectable nucleoli were counted in the cortical
cerebellar layers of the four experimental groups. A single-
factor ANOVAwas used to evaluate differences between the
groups. The density of astrocytic propagations was confirmed
in immunohistochemically stained sections where the GFAP
positive immunoreactive astrocytes were counted. Fluorescent
microscopy analysis of GFAP-stained sections of control
group showed a few scattered immunoreactive astrocytes in
all cerebellar sub-fields, while many reacted astrocytes were
evident in the granular and Purkinje layers in GFAP-stained
sections of treated group which is considered an indicator of a
significant increase (P < 0.05) in astrocytic mean density
whereas a + 2.47-fold increase in comparison to the control

group was noted. Although the GFAP expression in estradiol
groups showed a slight + 0.7-fold increase when compared to
the control group, it showed a significant decrease (P < 0.05)
when compared to the SCI group where the GFAP fold change
in estradiol groups was retracted to − 0.5 of those of the SCI
groups. This peak of increment in GFAP expression was

Fig. 7 Chart depicting the genetic
expression profiling of SCI and
estradiol-treated groups. a
Caspase-3. b GFAP. c Iba-1. d
IL1β

Table 2 Gene expression average fold changes with standard deviation
during the experimental time period

Gene Day SCI Estradiol

GFAP 1 day 0.38 ± 0.08 1.43 ± 0.19

3 days 1.53 ± 0.18 1.27 ± 0.08

2 weeks 2.46 ± 0.12 1.05 ± 0.25

1 month 2.67 ± 0.22 0.81 ± 0.14

Iba1 1 day 2.41 ± 0.11 1.72 ± 0.2

3 days 2.83 ± 0.24 1.64 ± 0.13

2 weeks 2.79 ± 0.27 1 ± 0.19

1 month 2.4 ± 0.21 0.27 ± 0.05

Caspase 3 1 day 0.96 ± 0.16 1.13 ± 0.14

3 days 1.24 ± 0.12 1.18 ± 0.15

2 weeks 1.43 ± 0.19 0.93 ± 0.06

1 month 1.24 ± 0.1 0.68 ± 0.04

IL1B 1 day 1.52 ± 0.19 2.77 ± 0.22

3 days 2.36 ± 0.19 2.53 ± 0.2

2 weeks 3.53 ± 0.14 1.82 ± 0.22

1 month 3.39 ± 0.21 1.2 ± 0.09
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paralleled by the condensation of astrocytosis in HE-stained
sections. The number of astrocytic infiltrations increased dra-
matically after KA intoxication (0.9-fold) (P < 0.05) in com-
parison to the control group, whereas the estradiol group
showed a decrease (− 0.25-fold) in comparison to the SCI
group. At the end of the experiment, a slight increase (0.4-
fold) was counted in the estradiol group in comparison to the
control group. To assess the apoptotic neurons of the granular
layer, the quantitative analysis showed a significant increase
(P < 0.05) in the fold change (5.15-fold) of the SCI group that
was distinguished when equated to the control one, while the
estradiol group showed only a 1.2-fold increase when also
equated to the control group and a − 0.6 decrease when com-
pared to the SCI group. Incompatible with the aforementioned
results, the SCI group presented a significant increase
(P < 0.05) in the fold change of degenerated Purkinje cells
where it reached about 9-fold of those of the control one.
Nevertheless, this fold decreased by − 0.5 following the estra-
diol treatment, and therefore, the estradiol group exhibited
only a 4-fold of the control group. These statistical results
are depicted in Table 3 and Fig. 8.

Discussion

While examining the spinal cord tissue structure upon injury,
variable degrees of neuronal and cellular degenerations were
found that were accompanied by an increase in inflammation
cascade initiation in the entire tissue architecture. These neu-
ronal changes have been distinguished crawling into
spinocerebellar tract reaching the cerebellar layers and
prompting major alteration in its cellular composition. These
observations have been noted by many investigators (Gulgun
et al. 2015; Nishant and Joe 2016). From this point and de-
pending on the observation that spotted a huge influence on
body behavioral functions, the cerebellum was selected as a
target object for treatment in the current study. One of the most

strategies that was used to mimic the histoarchitecture alter-
ation upon SCI was the induced neurotoxic lesioning by glu-
tamate receptor agonist technique that had the ability to pro-
duce a chain of neurodegenerative changes which finally led
to neuronal components loss. In order to achieve this neuro-
progressive effect and in line with previous study of Yezierski
et al. (1993), the selected KA dose (1.5 μl of 2.5 mMKA) had
resolute almost the aftermost effect to traumatic induced inju-
ry that could be interpreted by the potent induced neuronal
apoptosis through activation of an excitatory neurotransmitter
glutamate receptors within spinal cord tissue (Drexel et al.
2012; Lai et al. 2014) in addition to initiation of caspase-3
pathways that caused a disturbance of ca+2 influx leading to
intra-cellular overload and finally mitochondrial dysfunction
(Wang et al. 2005). Based on the histopathological inspection
of the sham control group, the doubt that injury could have
resulted from needle invagination inside the tissues was elim-
inated. Furthermore, it assured that the surrounding environ-
ment did not have a stress impact on trial specimens’ health
status. Through interference with many of intracellular de-
structive cascades as free radical production, a decline of
gliosis reaction, and endorsement of angiogenesis, estrogen
(estradiol), was considered one of the potent neuroprotective
substance that has diversified anti-oxidant, anti-inflammatory,
and anti-apoptotic functions (Siriphorn et al. 2012;
Samantaray et al. 2016). Exogenous estrogen was used to
inspect its capability as a promising neuroprotective therapy
to the cerebellum of a chemically induced SCI. The purpose
behind selecting male subjects instead of a female was to
eradicate the notion noted by Sua’rez et al. (1992) of the in-
fluence of endogenous female sex hormone on inducing
GFAP expression. The gross inspection following the injury
process showed no evidence of shape abnormalities except the
existence of a severe congestion on both surfaces which was a
reflection of clogged blood capillaries. Even though we did
not stain a specific marker for Purkinje cells identification,
they expressed a positive immunoreactivity which was owned

Table 3 Neurodegenerative signs average fold changes between experimental groups

Average Control & SCI SCI & Estradiol Control & Estradiol

Control SCI Estradiol Fold
change

P- Value
significance

Fold
change

P- Value
significance

Fold
change

P- Value
significance

Pyknosis on
granular layer

4±1 24.6±3.4 8.8±2.2 Lesion 0.00000107<0.05 Treated 0.00002127<0.05 Treated 0.00201374<0.05
↑ 5.15 Significant ↓ -0.6 Significant ↑ 1.2 Significant

Astrocytic
infiltration

8.8±1.9 16.8±3 12.6±1.7 Lesion 0.00107870<0.05 Treated 0.02661322<0.05 Treated 0.01034093<0.05
↑ 0.9 Significant ↓ -0.25 Significant ↑ 0.4 Significant

Degenerated
Purkinje cells

0.4±0.5 4±1.6 2±0.7 Lesion 0.00133713<0.05 Treated 0.03251559<0.05 Treated 0.00394977<0.05
↑ 9 Significant ↓ -0.5 Significant ↑ 4 Significant

GFAP positive
cells

17±2.2 59±11 29±2.4 Lesion 0.00003204<0.05 Treated 0.00034549<0.05 Treated 0.00004027<0.05
↑ 2.47 Significant ↓ -0.5 Significant ↑ 0.7 Significant
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to the precise warping of Bergman astroglia’s dendrites
around the Purkinje’s dendritic spines and its excitatory
synapses. This result agrees with those obtained by
Lordkipanidze and Dunaevsky (2005) who confirmed that
Purkinje cells did not display a normal architecture in GFAP
knockout mice. The Neuroinflammation and the subsequent
increase in glial cell activation within a vacuolated neuropil
were evident in the molecular layer, and this finding is also in
an agreement with that presented by Wang et al. (2005) and
Chen et al. (2005). Nevertheless, this astrocytosis and gliosis
in the current experiment were more predominant in the
Purkinje and granular cell layers. The severity of lesion in
Purkinje layer could be explained by the unique circuitry of
the cerebellum where the inhibitory glutamatergic Purkinje
cells are the only cells in contrary to others that are receiving
afferent from an excitatory parallel fiber of granule cells to
reach its distal dendritic arborization into the outer synaptic
molecular layer, while the intensity of injury on the granular
layer is due to its gating role in inhibiting the signal flow into
the cerebellum (Laurens et al. 2016). Additionally, during
granular layer observation, the cerebellar granule cells
(CGCs) showed a significant increase in apoptotic quantifica-
tion and this could be explained by their particular vulnerabil-
ity to excitotoxins of glutamate that is released by the motiva-
tion of kainite receptors (Verdaguer et al. 2002). The profiling
of caspase-3 gene, the evidence to the apoptosis, through the
experimental time-window showed a gradual increase in the
treated group which supported the previous histopathological
finding and interpreted the elevated apoptotic quantification,
whereas it was activated following mitochondrial breakdown
leading to apoptotic neuronal death (Lavrik et al. 2005). In the
present investigation, the immunohistochemical localization
produced a marked increment of astrocyte proliferation and
hypertrophy that was also confirmed by the conspicuous up-
regulation on expression of its gene, GFAP, which could be
explained by the imminent interaction between the excessive
inducing of glutamate by KA and the glutamate receptor

activation on surface of these glial cells (Steinhäuser and
Gallo 1996). As an extra-sign of this reactive gliosis, an obvi-
ous increase of microglia and subsequently in its cytokine
release was distinguished by upregulation on the expression
of their linked genes, Iba-1 and IL1-B, respectively. This
gliosis played a certain interactive role by integrating neuronal
inputs and modulating synaptic activity besides their partial
role under a pathophysiological condition that endorses the
secretion of a great number of cytokines, chemokines to act
as pro-inflammatory or anti-inflammatory to perform a neuro-
destructive or neuroprotective function, respectively. The role
of microglia to endorse or inhibit neuronal death relays on
signals received from damaged neurons (Streit et al. 1999).
The aforementioned results are in harmony with those obtain-
ed by Akbar et al. (2001) and Kato et al. (1999) who studied
the effect of KA administration on different brain parts. On the
other hand, the estrogen-treated group showed that an opti-
mistic contra-finding in cerebellar laminated architecture was
indicated by the identification of finely dispersed chromatin
nuclei of granular neurons as well as by the wide distribution
of Purkinje cells population along the entire length of Purkinje
layer that could be explained under the notion of Spence et al.
(2009) who confirmed the presence of the estrogen receptors
on cerebellar Purkinje cells. This rejuvenation processes could
be interpreted by estradiol intervention that in which its re-
sponsibility during the development of the cerebellar circuits
in growing fetuses was indicated as it endorsed the develop-
ment of dendrites, synapse formation, and spinogenesis
throughout Purkinje and granular cells genesis (Garcia-
Segura et al. 2001; Haraguchi et al. 2012). The caspase-3
gene, in response to estrogen intervention, displayed a regular
decrease in its expression along the experiment that indicated
the retraction of mitochondrial lysis and mitigation of Kainic
acid toxicity. In addition to the above-mentioned findings,
small-dispersed new capillaries were resolved in all sub-
layer that we suggest that it has a fundamental role in inducing
recovery process by providing an adequate blood supply. This

-10.0

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

Pyknotic Nuclei of

Granular layer

Astrocytic Infiltration Degenerated

Purkinje cells

GFAP

Immunoreactive

Cells

D
e
g
e
n
e
r
a
ti
o
n
 P
e
r
c
e
n
ta
g
e

Neurodegenerative Signs in All Groups

Average of Control GP Average of SCI GP Average of Estradiol GP

Fig. 8 Chart of the average
various neurodegenerative signs
between the control under the
influence of KA, estrogen
treatment

320 Cell Tissue Res (2019) 376:309–323



explanation is supported by Jesmin et al. (2010) who reported
the estrogen vital role in the angiogenesis process. Away from
the classical pathway of excitotoxicity that relies on ER stress
for inducing neuronal death, the estrogen anti-apoptotic func-
tion relies on a unique pathway that inhibits calcium uptake
for preventing mitochondrial damage which is supported by
localization of both estrogen receptors (ERa and ERb) on the
mitochondrial surface (Chen et al. 2004). Contrary to expec-
tations, the GFAP gene expression was upregulated at the
treatment initiation period, which was in harmony with the
finding of Ritz and Hausmann (2008) who highlighted a brief
neuroprotective time-frame of estrogen at first days of treat-
ment through stimulating early cytokines release and
astroglial reactivity. This sudden upregulation is owned to
estrogen endorsement to function and expression of GLAST
and GLT-1, the glutamate transporters in astrocytes (Lee et al.
2009; Lee et al. 2012). These receptors main functions are
preserving the ideal levels of glutamate in synaptic clefts for
avoiding excitotoxic neuronal damage, in which estrogen en-
hances these transporters for inducing neuroprotection. At the
end of the trial, we suggested that the GFAP retracted its
expression as a response to estrogen impeding to inflammato-
ry cells from migration into the nearby tissue beside the de-
clined levels of pro-inflammatory cytokines. The modulation
of the inflammatory cascade is considered the strongest point
of estrogen therapy which prevents the infiltration of
microglial cells and subsequently its cytokine elaboration in
the injured tissue (Sribnick et al. 2010). One of the main
inflammatory mediators that are released from activated
glial cells is interleukin-1 beta (IL-β) that its existence
reflects the actual percentage of the inflammatory phase
in the injured area. KA has induced the expression of IL-
1 β as early as 24 h post-lesioning; this was due to its
localized effect to IL-1 β receptors that was expressed in
the soma of cerebellar Purkinje cells (Motoki et al. 2009).
Our findings presented an optimistic improvement through
the trial time-window in the expression level of IL-1β,
where the estrogen, the IL-1β receptor antagonist, had a
dosage and a zone-dependent influence on neuronal endur-
ance following KA-induced neurodegeneration (Panegyres
and Hughes 1998). This expression was in harmony with
GFAP expression, indicating a true reduction in the inflam-
matory stage. Whereas the microgliosis is considered a
decisive factor on the battle against the secondary insult
of any degenerative changes in the brain, our finding pre-
sented a significant descending of Iba-1 gene expression.
While at the end of the trial, the expression approached the
normal level confirming the histological finding that
showed a reduction in microglial quantification following
the estrogen treatment intervention. This reduction could
be contributed to the ability of estrogen to constrain
microglial activation or to modulate the active once to their
resting state (Paolicelli et al. 2011).

Conclusion

Although the cerebellar histoarchitecture at the end of the
experiment did not fully recover and the consequences of
KA intoxication was not entirely inverted, the estradiol-
treated sections whether stained conventionally or
immunohistochemically presented a major improvement in
the cellular composition and tissue arrangement toward the
normal architecture. It therefore appears that estrogen played
an influential factor on ameliorating the inflammatory signs
and attenuating the neuropathological impairment within the
cerebellar layers; therefore, it could be used as a supportive
agent for other medication since it is a natural endogenous
hormone with no side effects within in the conservative
ranges.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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