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INTRODUCTION

Abstract

Temporal lobe epilepsy (TLE) is defined as the sporadic occurrence of spontaneous
recurrent seizures, and its pathogenesis is complex. SHP-2 (Src homology 2-contain-
ing protein tyrosine phosphatase 2) is a widely expressed cytosolic tyrosine phos-
phatase protein that participates in the regulation of inflammation, angiogenesis,
gliosis, neurogenesis and apoptosis, suggesting a potential role of SHP-2 in TLE.
Therefore, we investigated the expression patterns of SHP-2 in the epileptogenic
brain tissue of intractable TLE patients and the various effects of treatment with
the SHP-2-specific inhibitor SHP099 on a pilocarpine model. Western blotting and
immunohistochemistry results confirmed that SHP-2 expression was upregulated in
the temporal neocortex of patients with TLE. Double-labeling experiments revealed
that SHP-2 was highly expressed in neurons, astrocytes, microglia and vascular en-
dothelial cells in the epileptic foci of TLE patients. In the pilocarpine-induced C57BL/6
mouse model, SHP-2 upregulation in the hippocampus began one day after status
epilepticus, reached a peak at 21 days and then maintained a significantly high level
until day 60. Similarly, we found a remarkable increase in SHP-2 expression at 1,
7, 21 and 60 days post-SE in the temporal neocortex. In addition, we also showed
that SHP099 increased reactive gliosis, the release of IL-1p, neuronal apoptosis and
neuronal loss, while reduced neurogenesis and albumin leakage. Taken together, the
increased expression of SHP-2 in the epileptic zone may be involved in the process
of TLE.

Molecular biology and genetic studies have shown that SHP-2

TLE is one of the most commonly acquired seizure disorders
and is often resistant to antiepileptic drug therapy (20).
The unpredictable and recurrent nature of seizures associ-
ated with TLE is the most disabling feature of this devas-
tating disease. Epilepsy involves several processes, such as
neuronal loss, neurogenesis, gliosis, gene regulation, axonal
sprouting, synaptic plasticity and inflammation (36, 43).
However, to date, the molecular and biochemical mechanisms
of TLE are still incompletely understood. Over the past
few decades, much attention has been shifted toward ion
channels, neuroinflammation, neurotransmitter receptors and
extracellular proteinases (36) regulation in epileptogenesis
and seizure propagation; however, little research has focused
on the function of intracellular enzymes.

SHP-2 is a classical nonreceptor protein tyrosine phos-
phatase with two src homology 2 domains (N-terminal SH2,
C-terminal SH2) (4). Mammalian SHP-2 was previously
identified by several groups and is variably named SH-PTP2,
SH-PTP3, PTP2C, PTPID, PTPNIl and Syp (40, 5I).
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regulates signaling events downstream of several growth
factor/cytokine receptors in various cell types (6). SHP-2 is
highly expressed in neural precursor cells, neurons, astrocytes
and oligodendrocytes (26, 38). The significance of SHP-2
in the mammalian central nervous system cannot be ignored.
For instance, deletion of SHP-2 in the brain leads to defec-
tive proliferation and differentiation in neural stem cells
and early postnatal lethality (23). Its role in the focal adhe-
sion, differentiation and migration of neural stem cells was
demonstrated by a variety of experimental data (19). A
previous study suggests that SHP-2 is a critical signal trans-
ducer downstream of SDF-1a/CXCR4 in guiding granule
cell migration during cerebellar development (16). It has
been widely accepted that the development of epilepsy
involves the abnormal proliferation and migration of neurons
in both human and animal epileptogenic zones (14).
Additionally, SHP-2 is also highly expressed in mature neu-
rons, and may contribute to synaptic transmission, short-term
synaptic plasticity and memory formation in the mature
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brain under pathologic status (27). Furthermore, SHP-2 is
an appealing molecule in the context of the regulation of
neurogenesis and gliogenesis (7, 23). Recently, SHP-2 was
found to participate in many important physiological and
pathological processes, including the regulation of synaptic
plasticity (27, 30), neurite outgrowth (11, 41), neuronal
excitotoxicity (42), neuronal death (13) and oxidative stress
(21). Notably, these processes are also critical for the occur-
rence and development of temporal lobe epilepsy. However,
little is known about the role of SHP-2 in TLE.

In this study, we utilized western blotting to measure
SHP-2 expression in the epileptogenic foci of TLE patients.
Immunohistochemistry and double-immunofluorescence labe-
ling were used to examine the cellular distributions of SHP-2
in the TLE patients. We also investigated the expression of
SHP-2 in the temporal neocortex and hippocampus of a
pilocarpine-induced mouse model. Furthermore, we utilized
a potent, selective inhibitor, SHP099, to directly inhibit
SHP-2 activity (3, 12, 18, 29) in mice following pilocarpine-
induced SE. Next, we detected the effects of SHP099 on
glial proliferation, neuronal apoptosis, neuronal loss, neu-
rogenesis and albumin leakage after an episode of pilocarpine-
induced SE.

MATERIALS AND METHODS

Subjects and clinical data

A total of 24 temporal neocortex specimens from patients
with medically intractable TLE were examined in the present
study. The diagnosis of each drug resistant epilepsy patient
was based on the criteria established by the International
League Against Epilepsy (ILAE) (28). No other nervous
system diseases (glioma, cavernous hemangioma, cyst, corti-
cal dysplasia, etc.) were detected in these patients by brain
computerized tomography (CT), magnetic resonance imaging
(MRI), interictal and ictal electroencephalogram studies,
neuropsychological tests and pathological examinations. The
clinical characteristics derived from the patient’s medical
records are summarized in (Table 1). For control experi-
ments, we used presumably normal temporal neocortices
from 10 patients being treated for increased intracranial
pressure due to severe traumatic brain injury. In particular,
we selected tissues from areas distant from the direct injury
area and obtained <4 h after the brain injury (46, 50).
None of the controls had a history of neurological or psy-
chiatric disorders, and all temporal neocortex specimens were
normal, as confirmed by neuropathological examination.
Relevant clinical data for the controls are summarized in
(Table 2).

Animal preparation

Adult male C57BL/6 mice (21-24 g) were purchased from
the Daping Hospital Animal Center of the Army Medical
University. All mice were housed under climate-controlled
conditions in a 12 h light/dark cycle (lights on 8:00 am to
8:00 pm) and provided with standard food and water.
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Mouse model of temporal lobe epilepsy

Mice were injected with scopolamine methyl nitrate (5 mg/
kg, i.p., Sigma-Aldrich, USA) to limit the peripheral effects
of the convulsant (22). Thirty minutes later, pilocarpine
(280-300 mg/kg, i.p., Sigma-Aldrich, USA) was administered
to induce SE (9). After pilocarpine treatment, the mice were
observed for the development of continuous seizure activity.
Seizure severity was rated using a modified version of the
Racine scale (45): Grades 1 and 2 (ie, facial automatisms,
tail stiffening and wet-dog shakes), Grade 3 (ie, low-intensity
tonic—clonic seizures marked by unilateral forelimb myoclonus
in addition to the symptoms above), grade 4 (ie, the addition
of bilateral forelimb myoclonus and rearing) and grade 5 (e,
bilateral fore- and hindlimb myoclonus and transient loss of
postural control). Only those mice that attained grades 4-5
were used for our further study. SE was allowed to continue
for up to 2 h, at which point seizure activity was stopped
with 1 mg/ml diazepam (4 mg/kg, i.p., Sigma-Aldrich, USA),
and repeated as needed to suppress convulsions. The post-SE
supportive care of the animals included body temperature
maintenance and rehydration therapy to increase the number
of survivors. Injections (i.p.) of sterile 0.9% saline were admin-
istered to replenish fluids. Sliced peeled apples were placed
in all mouse cages in addition to rodent chow. The mortality
rate of the mice in the first 24 h after SE was 30%. Mice
were sacrificed at the following time points after SE: 6 h,
1, 7, 21 and 60 days. Age-matched control mice received the
same treatment with scopolamine methyl nitrate and diazepam,
but we used saline instead of pilocarpine.

SHP099 treatment

SHP099 was obtained from MedChem Express, USA (HY-
100388). SHP099 was dissolved in sterile saline and admin-
istered by oral gavage at 100 mg/kg daily (12, 18). SHP099
concurrently binds to the interface of the N-terminal SH2,
C-terminal SH2 and protein tyrosine phosphatase domains,
thus inhibiting SHP-2 activity through an allosteric mecha-
nism (3, 12). SHP099 or vehicle treatment lasted from the
Ist day to the 21st day post-SE. Age- and weight-matched
control mice were administered orally, one time per day,
for 21 days with vehicle or SHP099 at the same dose.
We chose to administer the two substances continuously
for 21 days since in our western blotting results, we found
peak expression of SHP-2 on the 21st day in model mice.
The final treatment groups were as follows: (1) vehicle
only, (2) SHP099 only, (4) pilocarpine + vehicle and (3)
pilocarpine + SHP099. Mice were sacrificed after 21 days
of treatment. Brains were extracted for, use in an immu-
nohistochemistry assay and western blotting analysis.

Tissue preparation

Tissues from patients were immediately divided into two
parts at the time of surgery. One set of tissue was imme-
diately frozen in liquid nitrogen and stored at —80°C for
western blotting analysis. The other samples were fixed in
4% phosphate-buffered paraformaldehyde for 48 h, then
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Table 1. Clinical characteristics of the patients with TLE. AED, antiepileptic drugs; CBZ, carbamazepine; CLB, clonazepam; F, female; G, gliosis; GBR
gabapentin; IHC, Immunohistochemistry; LH, left hippocampus; LTG, lamotrigine; LTN, left temporal neocortex; M, male; NL, neuron loss. PO,
postoperative outcome (Engel class); OXC, oxcarbazepine; PB, phenobarbital; PHT, phenytoin; RH, right hippocampus; RTN, right temporal
neocortex; TPM, topiramate; VPA, valproic acid; WB, western blotting.

AEDs before Application in

Case no. Gender Age (year) Duration (year) surgery Resected tissue Pathology PO present study
1 M 22 8 CBZ, PB RTN, RH G I WB

2 M 22 7 OXC,VPA, PHT LTN, LH G Il WB, IHC
3 F 17 3 CBZ, VPA LTN NL | WB, IHC
4 M 21 5 CBZ, VPA RTN G, NL I WB, IHC
5 F 29 1 CBZ, VPA, CBL LTN, LH G, NL I WB, IHC
6 F 32 n OXC, CBL, VPA LTN G, NL I WB, IHC
7 M 17 3 OXC, VPA, GBP LTN G | WB, IHC
8 F 18 4 CBZ, VPA RTN, RH G, NL Il WB

9 M 33 10 CBZ, VPA, TPM LTN G, NL Il WB, IHC
10 F 28 12 VPA, CBZ, PHT RTN G | WB, IHC
1 M 21 4 OXC, VPA LTN G, NL | WB, IHC
12 M 35 9 CBZ, VPA, CBL RTN G, NL 1 WB, IHC
13 F 34 13 CBZ, VPA, TPM LTN, LH G Il WB, IHC
14 F 24 8 OXC, VPA, PHT RTN G, NL | WB, IHC
15 M 27 9 CBZ, PHT, VPA LTN G Il WB, IHC
16 F 19 5 OXC, PHT RTN, RH G, NL | IHC

17 F 20 4 OXC, VPA RTN, RH G, NL Il IHC

18 M 41 22 CBZ, PHT, TMP RTN G, NL Il IHC

19 F 33 16 CBZ, PHT, LTG RTN NL | IHC

20 M 20 8 CBZ, PHT LTN, LH G, NL 11 IHC

21 M 15 3 VPA, PHT RTN, RH G Il IHC

22 F 22 6 CBzZ, LTG LTN G, NL Il IHC

23 F 37 9 OXC, CBL, VPA LTN, LH G, NL 11 IHC

24 F 26 5 OXC, VPA LTN, LH G, NL | IHC

Table 2. Clinical data from 10 control subjects. F, female; IHC, Immunohistochemistry; LTN, left temporal neocortex; M, male; RTN, right temporal
neocortex; TBI, Traumatic Brain Injury; WB, western blotting.

Gender Age (year) Etiologic factor Resected tissue Pathology Seizure Application in
Case no. present study
1 M 26 TBI LTN Normal None WB, IHC
2 M 28 TBI RTN Normal None WB, IHC
3 M 23 TBI RTN Normal None WB, IHC
4 F 31 TBI LTN Normal None WB, IHC
5 F 19 TBI RTN Normal None WA, IHC
6 M 17 TBI LTN Normal None WB, IHC
7 F 33 TBI LTN Normal None WB, IHC
8 F 22 TBI RTN Normal None WB, IHC
9 M 21 TBI RTN Normal None WB, IHC
10 F 20 TBI LTN Normal None IHC

embedded in paraffin and sectioned at 6 pm thickness for
immunohistochemistry and 10 pm for immunofluorescence
staining. Bilateral temporal neocortices and hippocampi from
the mice were dissected for protein extraction. For immu-
nohistochemistry observation, the mouse brains were obtained
after systemic saline and 4% phosphate-buffered paraform-
aldehyde infusion, then further processed as described above
for the human tissue.

Western blotting
Total proteins were extracted from tissues using a whole

protein extraction kit (Beyotime Institute of Biotechnology,
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Jiangsu, China). Total tissue lysates were centrifuged at
14 000 X g for 10 min at 4°C, and the protein concen-
tration in the supernatant was determined using a bicin-
choninic acid (BCA) protein assay (Bio-Rad, Hercules,
CA, USA). Equal amounts of protein (60 pg/lane) were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (5% spacer gel, 80 V,25 min;
10% separating gel, 120 V, 60 min) and electrophoretically
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Temecula, CA, USA) using a semidry elec-
troblotting system (Transblot SD; Bio-Rad) (80 min at
300 mA). Next, the membranes were incubated at room
temperature for 2 h in 5% nonfat dry milk to block
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nonspecific binding. Then, the membranes were incubated
overnight at 4°C with relevant primary antibodies: anti-
SHP-2 (ab131541, rabbit polyclonal, 1/1000; Abcam, UK);
anti-SHP-1 (sc-287, rabbit polyclonal, 1/500; Santa Cruz
Biotechnology, USA); anti-Albumin (ab19194, goat poly-
clonal, 1/5000; Abcam, UK); anti-glial fibrillary acidic
protein (GFAP, SAB5201113; mouse monoclonal, 1/500;
Sigma); anti-IL-1p (ab9722, rabbit polyclonal, 1/1000;
Abcam, UK); anti-Ibal (016-20001, Rabbit, 1/800; Wako);
anti-cleaved caspase3 (9664, rabbit polyclonal, 1/500; Cell
Signaling Technology; Boston, MA); anti-Doublecortin
(DCX, abl18723; rabbit polyclonal, 1/1000; Abcam, UK)
and anti-GAPDH (ab181602, rabbit monoclonal, 1/10000;
Abcam, UK). After several washes in TBST (20 mmol/l
Tris-HCI, pH 8.0, 150 mmol/l NaCl, 0.5% Tween-20), the
samples were treated with horseradish peroxidase-conju-
gated goat anti-rabbit, goat anti-mouse or rabbit anti-goat
secondary antibody (ZB-2301, ZB-2305, ZB-2306, respec-
tively, 1/1000; Zhongshan Golden Bridge Biotechnology,
China) for 1 h in a 37°C incubator. The immunoreactive
bands were visualized using enhanced chemiluminescence
and were scanned and analyzed with Quantity One soft-
ware (Bio-Rad Laboratories, Hercules, CA, USA). The
optical densities (ODs) of each protein band were calcu-
lated relative to the OD of the reference protein, GAPDH.

Immunohistochemistry

Paraffin-embedded sections (6 pm) were mounted on polylysine-
coated slides and used for immunohistochemistry (IHC).
Paraffin sections were deparaffinized in xylene and rehydrated
through a graduated alcohol series. Endogenous peroxidase
activity was blocked with 3% H202 in methyl alcohol. All
of the samples were placed into phosphate-buffered saline
(0.01 M, pH 7.3) and heated for 20 min in a microwave
oven for antigen retrieval. Sections were then blocked in bovine
serum (Boster Biological Technology, Wuhan, China) for
60 min at room temperature. After removal of excess serum,
sections were incubated with primary antibody overnight at
4°C. The following primary antibodies were used: anti-SHP-2
(ab131541, rabbit polyclonal, 1/100; Abcam, UK), and anti-
Doublecortin  (DCX, abl18723; rabbit polyclonal, 1/1000;
Abcam, UK). Anti-SHP-2 antibody was used to detect the
expression of SHP-2 in the brain tissue of the patients. The
expression of DCX in the hippocampus of mice was detected
by anti-DCX antibody. Then, the sections were incubated with
goat anti-rabbit immunoglobulin conjugated to peroxidase-
labeled dextran polymer (EnVision + System-HRP; Boster,
China) for 1 h at 37°C and subsequently incubated in 3,3-diam-
inobenzidine (DAB, Boster) for the appropriate time. The
sections were counterstained with hematoxylin, dehydrated and
coverslipped. No immunoreactive cells were observed in nega-
tive control experiments, which included omission of the pri-
mary antibody, preabsorption with a tenfold excess of specific
blocking antigen, and incubation with an isotype-matched
rabbit polyclonal antibody. Images of SHP-2 immunostaining
were obtained with a 40X objective for each clinical surgical
specimen section (Olympus microscope digital camera system;
DP80, Tokyo, Japan). The clinical surgical specimens from
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22 TLE patients and 10 controls were used in this study,
and three sections were randomly selected from each speci-
men. Ten nonoverlapping cortical visual fields from each sec-
tion were randomly chosen for further semiquantitative analysis
of SHP-2 expression (Image-Pro plus 6.0 software; Media
Cybermetrics Inc., USA). For each field, areas of interest
were selected for the measurement of integrated optical density
(OD) and area. Moreover, each integrated OD/area value was
calculated by subtracting the background integrated OD/area
value from the directly measured integrated OD/area value.
Then, the mean value of these 30 ficlds was used as the
expression level of SHP-2 for that TLE patient or control.
These analyses were conducted in a blinded fashion.

Three consecutive coronal sections from each mouse were
selected. The coordinates according to the atlas of Paxinos
and Franklin (=1.94 mm caudal to bregma). Images of DCX
immunoreactivity were captured using a 40X objective in an
Olympus microscope (DP80; Olympus, Tokyo, Japan) and Image-
Pro plus 6.0 software. All of the mouse section samples used
for the analysis were viewed in a blinded manner. We randomly
selected four fields of view of the dentate gyrus (DG) to obtain
the DCX positive immature neuron number of the DG for
each mouse. We averaged these results for each group.

Immunofluorescence staining

For double-immunofluorescence staining , patients’ paraffin
sections were incubated at 4°C overnight with primary anti-
body anti-SHP-2 (ab131541, rabbit polyclonal, 1/100; Abcam,
UK) combined with anti-NF200 (BMO0100, mouse mono-
clonal, 1/200; Boster, China), anti-GFAP (SAB5201113,
mouse monoclonal, 1/500; Sigma), anti-human leukocyte
antigen-DR (HLA-DR, MO077501-2; mouse monoclonal,
1/300, Dako, Denmark) and anti-CD31 (ab9498, mouse
monoclonal, 1/200; Abcam, UK). After rinsing 3 times in
PBS, the sections were incubated with a mixture of FITC
(fluorescein isothiocyanate)-conjugated goat anti-rabbit IgG
(ZF-0311, 1/300; Zhongshan Goldenbridge Biotechnology
Co.) and AlexaFluor 594 goat anti-mouse IgG (R37121,
1/300; Invitrogen, Carlsbad, CA) for 1 h at 37°C. Next,
4',6-diamidino-2-phenylindole (DAPI, 10 pg/ml, Beyotime,
China) was used to counterstain the cell nuclei. Fluorescence
label staining for NeuN in mouse model sections was per-
formed with anti-NeuN (MAB377, mouse monoclonal, 1/200,
Millipore, USA) and AlexaFluor 594 goat anti-mouse 1gG
(R37121, 1/300; Invitrogen, Carlsbad, CA) as the primary
and secondary antibodies, respectively. The fluorescent signals
were acquired using a confocal fluorescence microscope
(TCS-TIV; Leica, Nussloch, Germany). Based on the litera-
ture (1, 35), we evaluated the density of neurons in the
CALl and CA3 regions of the hippocampus using a modified
method. Three areas from each section’s CA1 or CA3 region
were randomly selected, three consecutive coronal sections
(coordinate position: 1.94 mm posterior to bregma) from
each mouse and six mice were measured for each group.
The number of NeuN positive neurons was counted using
Image] software (version 1.42 V, NIH, USA). These analyses
were conducted in a blinded fashion. The results are expressed
as the mean £ SD number of cells per mm?.
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Determination of albumin concentrations
in the brain

The mice were anesthetized with 10% chloral hydrate and
perfused with cold and sterile PBS over a period of 10 min
to eliminate proteins from the blood circulation. Then, the
concentration of albumin was measured in brain homogen-
ates by western blotting.

Statistical analysis

The SPSS Statistical 16 package (SPSS Inc., Chicago, IL,
USA) was used for statistical analyses. Data were expressed
as the mean * standard deviation (S.D.), and the analysis
was carried out using Student’s z-test between the TLE and
control groups. The chi-square test was used to compare the
gender differences between the groups of TLE patients and
controls. One-way analysis of variance (ANOVA) followed by
a post hoc Bonferroni’s test was used to determine the dif-
ferences among multigroup comparisons. Following the statisti-
cal tests, P < 0.05 was considered statistically significant.

RESULTS

Clinical characteristics

An examination of sex (P = 0.825) and age (P = 0.549)
revealed no difference in the subjects between the control
and epileptic groups. The control group contained five female
and five male individuals with a mean age of
24.00 + 5.312 years (range: 17-33 years). The mean age of
the intractable TLE patients was 25.54 *+ 7.235 years (range:
15-41 years), with 11 males and 13 females. All patients
had taken two or more AEDs and had at least a 3-year
history of seizure recurrence.

The expression of SHP-1/2 in the temporal
neocortex of intractable TLE patients

Another important nonreceptor protein tyrosine phos-
phatase, SHP-1, has a similar structure to SHP-2. SHP-1
and SHP-2 can employ similar or parallel cellular pathways
to participate in cell growth, inflammation and injury (6).
Therefore, we first examined surgical samples from intrac-
table TLE patients (n = 15) and controls (n = 9) for
alterations in the protein expression levels of SHP-1 and
SHP-2. Immunoreactive proteins were detected by immu-
noblotting at the predicted size of 68 kDa for SHP-1
and SHP-2. As shown in Figure 1A, SHP-2 bands in the
temporal neocortex from TLE patients were denser than
those from the cortex of control (CTX) tissues; however,
SHP-1 bands were similar in the epileptic and control
groups. GAPDH (37 kDa) was used as an internal control
and confirmed equal protein loading in each lane (Figure
1A). No immunoreactive bands were detected when the
primary antibody was omitted (data not shown), indicating
the specificity of the staining. SHP-1 and SHP-2 expres-
sions were normalized by calculating the OD ratio of the
immunoreactive bands corresponding to GAPDH. The
analysis demonstrated that the protein levels of SHP-2
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(Figure 1C), but not SHP-1 (Figure 1B), were significantly
increased in the epileptic temporal neocortex (P < 0.05).

To further confirm the changes in SHP-2 expression in
human epileptogenic tissue, we examined the expression of
SHP-2 using THC. In CTX (n = 10), SHP-2 displayed weak
to moderate IR (Figure 1D, d). However, SHP-2 showed
strong staining in the temporal neocortex of intractable TLE
patients (n = 22), and the immunostaining was presumably
from neurons (Figure 1E), glial cells (Figure 1E) and vas-
cular endothelial cells (Figure le). Compared to the CTX,
the mean OD value of the SHP-2 protein was significantly
higher for patients with TLE (Figure 1F; P < 0.05).
Immunohistochemical analysis of SHP-1 showed no differ-
ence between the epilepsy group and the control group (data
not shown).

Location of SHP-2 in the temporal neocortex
of intractable TLE patients

Subsequently, double-labeled immunofluorescence was used
to locate the distribution of SHP-2 in the epileptic temporal
neocortex. Double-labeling experiments (Figure 1G) dem-
onstrated that SHP-2 colocalized with the neuronal marker
NF200 and the astrocyte marker GFAP. Moreover, SHP-2
IR was detectable in HLA-DR-positive microglia and CD31-
positive vascular endothelial cells.

Dynamic expression of SHP-2 in the
hippocampus and temporal neocortex
in the pilocarpine mouse model

To validate our findings from TLE patients and to clarify
whether AEDs may have an effect on SHP-2 expression,
we used an animal model of TLE generated by an intra-
peritoneal injection of pilocarpine. The changes in SHP-2
protein levels in both the hippocampus (Figure 2A, left
panel) and temporal neocortex (Figure 2A, right panel)
at different time points post-SE were investigated by western
blotting (n = 6 for each group). SHP-2-immunoreactive
bands were present at approximately 68 kDa, whereas the
positive control band GAPDH was detected at 37 kDa
(Figure 2A). SHP-2 relative to GAPDH protein ratios
between control and model mice 6 h-60 days post-SE is
presented (Figure 2B). As shown in Figure 2B, SHP-2
expression in the hippocampus of the epileptic mice began
to increase from 1 day (acute stage) (P < 0.05) to 7 days
(latent stage) (P < 0.05) after SE, reached a peak at 21 days
(P < 0.01), and was maintained at a relatively high level
during the chronic stage (60 days; P < 0.05). We observed
a remarkable increase in SHP-2 expression at 1 day
(P < 0.05), 7 days (P < 0.01), 21 days (P < 0.05) and
60 days (P < 0.05) after SE in the temporal neocortex.

Different glial responses upon SHP099
treatment in control and post-SE conditions

Findings from some previous studies point to a pivotal role
of SHP-2 in the negative regulation of gliogenesis (7), lead-
ing us to ask whether SHP099 affected the activation state
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Figure 1. The expression pattern of SHP-1/2 in the temporal neocortex
of patients with TLE and in the CTX group. The levels of SHP-1/2 protein
were measured by western blotting in the temporal neocortex of
intractable TLE patients and in that of the controls (A-C). Densitometric
analysis showed that immunoreactive protein levels for SHP-2 (C), but
not SHP-1 (B), were significantly increased in TLE patients compared
with control subjects. Faint SHP-2 immunoreactivity in neurons
(arrows in D), glial cells (arrowheads in D) and vascular endothelial cells
(d, insert in D) were observed in the temporal neocortex of CTX (D).
The relatively strong immunoreactivity of SHP-2 in neurons (arrows in
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E), glial cells (arrowheads in E) and in vascular endothelial cells (e,
insert in E) was visualized in the TLE patients (E). F. The mean OD
value of SHP-2 is significantly greater in the TLE group (n = 22)
compared with the control group (n = 10). G. Double-labeled
immunofluorescence staining shows SHP-2 was coexpressed with
NF200 in neurons (arrows). Colocalization of SHP-2 with GFAP in
astrocytes (doublearrows). SHP-2 and HLA-DR were also colocalized
(arrows). Colocalization of SHP-2 with CD31 in vascular endothelial
cells. Data are expressed as the means + SD. NS, not significant.
*P < 0.05. Scale bar 50 pm for (D,E), 25 pm for (G).
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of astrocytes and microglia following SE. As a test of astro-
cyte and microglia activation, we determined the protein levels
of GFAP (50 kDa), IL-1p (17 kDa) and Ibal (17 kDa) in
the hippocampus of the four groups (n = 6 for each group)
by western blotting (Figure 3A). As shown in Figure 3B-D,
vehicle-treated pilocarpine mice and SHP099-treated pilocar-
pine mice exhibited higher protein levels of GFAP, IL-1p
and Ibal than vehicle-treated control mice and SHP099-treated
control mice, respectively (P < 0.05 or P < 0.01). The protein
levels of GFAP and IL-1p, but not Ibal were significantly
increased in SHP099-treated pilocarpine mice compared with
vehicle-treated pilocarpine mice (P < 0.05). SHP099 treat-
ment, however, did not significantly change the protein levels
of GFAP, IL-1p, and Ibal in control mice (vehicle-treated
control mice vs. SHP099-treated control mice; P > 0.05).

SHPO099 treatment affects neuronal apoptosis
and loss in the hippocampus

SHP-2 can determine the fate of the neuron under patho-
logical and physiological conditions. Thus, we detected the
expression of cleaved caspase3 in the hippocampus to deter-
mine the apoptotic status of the four groups (n = 6 for
each group). Representative immunoblotting bands are pre-
sented in Figure 4A. There was a large increase in cleaved
caspase3 protein levels in the vehicle-treated pilocarpine mice,
and SHPO099-treated pilocarpine mice versus the vehicle-
treated control mice and SHP099-treated control mice,
respectively (P < 0.01). In addition, the protein levels of
cleaved caspase3 were obviously elevated in SHP099-treated
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Figure 2. Western blotting analysis of SHP-2 in the pilocarpine-induced
model. A. Representative western blot image of SHP-2 (65 kDa) and
corresponding GAPDH (37 kDa) expression in the hippocampus (left
panel) and cortex (right panel). Lane 1 represents the normal mouse
sample, and lanes 2-6 represent different time points (6 h, 1 day, 7 days,
21 days and 60 days) post-SE. A distinctly stronger immunoblot was
observed in experimental mice at each time point compared to the
controls. B. Comparison of the intensity ratio of SHP-2 expression
between the control and epileptic mice at different time points post-SE
in the hippocampus and cortex. n = 6 for each group. *P < 0.05,
**P<0.01
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pilocarpine mice compared to vehicle-treated pilocarpine
mice (P < 0.05). We also confirmed that the protein levels
of cleaved caspase3 were significantly increased in vehicle-
treated pilocarpine mice compared to SHP099-treated control
mice (P < 0.05). No difference in cleaved caspase3 protein
levels between the vehicle-treated control mice and SHP(099-
treated control mice was detected (P > 0.05). All of the
above analysis results are shown in Figure 4B. Furthermore,
we examined whether SHP099 treatment affected neuronal
loss in the hippocampal CAl and CA3 regions (n = 6 for
each group; Figure 4C-E). Our data showed that there was
no significant difference between vehicle-treated control mice
and SHPO099-treated control mice in both regions of the
hippocampus (P > 0.05). A significant reduction in number
of NeuN-expressing cells in CAl and CA3 was found in
vehicle-treated pilocarpine mice and SHP099-treated pilo-
carpine mice compared to vehicle-treated control mice and
SHP099-treated control mice, respectively (P < 0.001).
Additionally, the level of NeuN-positive cells was significantly
decreased in SHP099-treated pilocarpine mice compared to
vehicle-treated pilocarpine mice in the CAl (P < 0.01) and
CA3 (P < 0.001) regions.

Effect of SHP099 treatment on neurogenesis in
the hippocampus

Neurogenesis occurs in the hippocampal DG at early and
developmental stages of TLE (52, 53). DCX is a specific
marker of neurogenesis for representing a snapshot of cells
undergoing neuronal maturation (37). Therefore, we tested
DCX-labeled positive cells in the DG region of four groups
(n = 6 for each group) by IHC. As shown in Figure SA-E,
pilocarpine treatment significantly increased the number of
DCX-positive cells in the DG of the hippocampus (SHP099-
treated pilocarpine mice or vehicle-treated pilocarpine mice
vs. SHP099-treated control mice or vehicle-treated control
mice, respectively; P < 0.01 or P < 0.05). The number of
DCX-positive cells in the SHP099-treated control mice was
approximately equal to that of vehicle-treated control mice
(P > 0.05). Compared with vehicle-treated pilocarpine mice,
there was a remarkable reduction in DCX-positive cells in
the SHP099-treated pilocarpine mice (P < 0.01). In addi-
tion, we detected the expression of DCX protein (45 kDa)
in the hippocampus by western blotting (n = 6 for each;
Figure 3F-G). First, SHP099 did not affect the expression
of DCX in the hippocampus under normal conditions
(P > 0.05). Second, the expression of DCX protein in the
hippocampus of vehicle-treated pilocarpine mice and SHP099-
treated pilocarpine mice was higher than that of the control
groups (SHP099-treated control mice and vehicle-treated
control mice, P < 0.01). It is worth noting that the expres-
sion of DCX was lower in SHP099-treated pilocarpine mice
compared to vehicle-treated pilocarpine mice (P < 0.05).

SHP099 treatment influences the permeability
of BBB

Albumin, as a serum protein, is normally excluded from
brain tissue by an intact BBB. We confirmed that the
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Figure 3. Effect of SHP099 on the activation of astrocytes and microglia
in control and post-SE conditions. Representative western blotting
image of GFAP (50 kDa), Il-18 (17 kDa), Ibal (17 kDa) and the
corresponding GAPDH (37 kDa) expression in the hippocampus (A).

protein levels of albumin were observably increased in
vehicle treated-pilocarpine mice compared to vehicle-treated
control mice, SHP099-treated control mice and SHP099-
treated pilocarpine mice (n = 6 for each group; Figure
6A,B; P < 0.01 or P < 0.05). In addition, the protein
levels of albumin were significantly enhanced in SHP099-
treated pilocarpine mice compared to vehicle-treated control
mice and SHPO099-treated control mice (Figure 6A,B;
P < 0.01 or P < 0.05, respectively). However, no differ-
ence in albumin concentrations between the vehicle-treated
control mice and SHP099-treated control mice was observed
(Figure 6A,B; P > 0.05).

DISCUSSION

In the current study, we noted that the protein levels of
SHP-2, but not SHP-1, in the temporal neocortex of patients
with TLE were markedly increased. Next, immunofluores-
cence labeling assay revealed that SHP-2 was mainly localized
within neurons, reactive astrocytes, microglia and vascular
endothelial cells. In addition, consistent with the observa-
tions from clinical surgical samples, both the hippocampus
and cortex exhibited upregulation of SHP-2 in a mouse
model of epilepsy. Furthermore, we found that SHP099 can
alter glial proliferation, neuronal apoptosis, neuronal loss,

380
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Densitometric analysis results of GFAP (B), Il-1p (C) and Iba1 (D) in the
four groups. n = 6 for each group. Data are presented as the mean + SD.
NS, not significant, *P < 0.05, **P < 0.01.

neurogenesis and albumin leakage following SE. Based on
these results, we deduce that SHP-2 may be involved in
the process of TLE.

Our previous study (46) and those from other groups
(10, 54) have provided evidence indicating that glial cell
activation has been associated with increased expression
of inflammatory cytokines, which may contribute to disease
pathology and progression in epileptic patients. SHP-2
negatively regulated TLR4- and TLR3-activated IFN-p
productions have been demonstrated in (2). Moreover,
SHP-2 also inhibited TLR3-activated and TLR9-activated
proinflammatory cytokine IL-6 and TNF-a production.
SHP-2 participates in constitutive MHC-I molecules nega-
tively regulating TLR-triggered inflammatory responses.
All the above data suggest a critical role of SHP-2 in
the cytokine circuit for inflammatory and immune responses
(49). Shifting our focus to the function of SHP-2 in glial
cells, previous research indicates that elevated chemokine
CXCLS expression in astrocytes can be caused by SHP-2
overexpression (32). In vitro, SHP-2, as a negative regula-
tor of Janus kinase (JAK) activity, participates in curcumin-
mediated anti-inflammatory effects in the brain-activated
microglia (24). In our study, immunohistochemical assays
clarified a characteristically high level of SHP-2 expression
in glial cells. Moreover, double-labeling experiments showed
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Figure 4. SHP099 treatment affects neuronal apoptosis and loss in the
hippocampus. Representative immunoblotting showing immunoreactive
protein expression of cleaved caspase 3 (17 kDa) in the hippocampus of
the four groups (A). Densitometric analysis results of cleaved caspase 3
in the four groups (B). NeuN fluorescence staining in CA1 and CA3

that SHP-2 colocalized with GFAP and HLA-DR in reac-
tive astrocytes and microglia, respectively. Accordingly, it
is reasonable to presume that the local high concentration
of glia-derived SHP-2 may participate in TLE by modify-
ing neuroinflammation.

BBB damage is one of the earliest characteristic patho-
physiological disturbances during SE and therefore may
contribute to the progression and development of epilepsy
or aggravate seizure activity (15). It is well recognized that
pathologic angiogenesis is a significant causal factor of BBB

Brain Pathology 30 (2020) 373-385
© 2019 International Society of Neuropathology

Pilocarpine+Vehicle [Pilocarpine+SHP099

m

CA3
NeuN+ cells/mm2

regions of the hippocampus (C). The number of NeuN-positive cells in
the CA1 (D) and CA3 (E) regions of the hippocampus in the four groups
(per mm?). n = 6 for each group. Data are presented as the mean + SD.
NS, not significant, *P < 0.05, **P < 0.01, #P < 0.001. Scale bar = 50 pm
for (C).

damage in TLE (15). Coincidentally, many studies have
expatiated that SHP-2 is closely related to angiogenesis. For
instance, (33) reported that inhibition of SHP-2 suppresses
angiogenesis (impairs capillary-like structure formation and
new vessel growth) and increases endothelial apoptosis in
vitro and in vivo. Additionally, in brain vascular endothelial
cells, SHP-2 interacts with platelet endothelial cell adhesion
molecule (PECAM-1) or VE-cadherin, thereby regulating
endothelial cell migration and leukocyte infiltration (8). On
the other hand, previous studies have suggested that albumin
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Figure 5. SHP099 treatment influences neurogenesis. Representative
DCX immunostaining (brown) is shown for the DG of the hippocampus
in vehicle-treated control mice (A), SHP099-treated control mice (B),
vehicle-treated pilocarpine mice (C) and SHP099-treated pilocarpine
mice (D). (E) The number of DCX-positive cells in the above four groups
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Figure 6. SHP099 treatment influences BBB permeability. A.The levels
of albumin (69 kDa) in brain parenchyma were measured by western
blotting. B. Statistical analysis results of albumin concentration in the
four groups. n = 6 for each group. Data are presented as the mean + SD.
NS, not significant, *P < 0.05, **P < 0.01.

leakage occurs due to BBB damage induced by epileptic
seizures (31, 39). Our immunoblotting experiments revealed
that SHP-2 inhibition decreased the albumin concentration
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in the DG (per field). F. Representational immunoblotting bands for DCX
(45 kDa) and GAPDH (37 kDa). G. Densitometric analysis results of DCX
in the four groups. n = 6 for each group. Data are presented as the
mean = SD. NS, not significant, *P < 0.05, **P < 0.01. Scale bar = 50 pm
(A-D).

in brain parenchyma after an episode of pilocarpine-induced
SE (vehicle-treated pilocarpine mice vs. SHP099-treated pilo-
carpine mice). Thus, we speculate that the upregulation of
SHP-2 may participate in the occurrence and development
of TLE by facilitating BBB disruption.

The role of gliosis in epileptogenesis remains largely
unknown. Previous studies have indicated that SHP-2 inhibits
gliogenesis in vitro and in vivo (7, 23). Our present findings
showed that SHP-2 inhibition using SHP099 increased reac-
tive astrogliosis (indicated by the protein levels of GFAP
and IL-1p) post-SE in pilocarpine mice compared to vehicle-
treated control mice, vehicle-treated pilocarpine mice and
SHP099-treated control mice. However, SHP099 treatment
had no effect on reactive astrogliosis under control condi-
tions. These data suggest that the increased expression of
SHP-2 in the epileptic zone might play a role by repressing
astrogliogenesis in TLE.

Apoptosis has been implicated in seizure-induced neuronal
death and the pathogenesis of TLE (44). Activation of cas-
pase3 is a significant surrogate measure of apoptotic neuro-
degeneration, as it is recognized to be a remarkable cell
executioner (17, 47). Our western blotting results presented
that SHP-2 inhibition using SHP099 increased the protein
levels of cleaved caspase3 21 days post-SE in the pilocarpine
mice compared to the vehicle-treated control mice, the SHP099-
treated control mice and the vehicle-treated pilocarpine mice.
The protein levels of cleaved caspase3 were also significantly
increased in vehicle-treated pilocarpine mice compared to
vehicle-treated control mice. In addition, we can conclude
that apoptosis was not affected by SHP099 treatment in
control mice by comparing the protein levels of cleaved cas-
pase3 between vehicle-treated control mice and SHP099-treated
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control mice. To further verify that inhibiting SHP2 can
aggravate the apoptosis of hippocampal neurons 21 days after
status epilepticus, we found that compared with vehicle-treated
pilocarpine mice, the number of hippocampal CAl and CA3
neurons in SHP099-treated pilocarpine mice decreased sig-
nificantly. Until now, it has been widely accepted that SHP-2
functions as an intracellular inhibitor of apoptosis (34, 48).
Earlier studies support a neuroprotective role of SHP-2 in
response to ischemic brain injury (13). The apoptosis of
primary cultured neurons exposed to NO (nitric oxide) was
increased after the inhibition of SHP-2 (5). Thus, combined
with our findings mentioned above, we can infer that the
overexpression of SHP-2 in TLE may alleviate apoptosis and
the loss of neurons after epileptic seizure.

The relationship between neurogenesis and TLE epilep-
togenesis remains controversial. Hippocampal DG neuro-
genesis may be induced by brain damage after seizures (25).
There is a growing body of evidence indicating that the
seizure-induced upregulation of VEGF, BDNF and FGF-2
is capable of enhancing neurogenesis (52). Interestingly,
SHP-2 is an important regulator of the above molecules.
Findings from recent studies point to a pivotal role of
SHP-2 in the positive regulation of neurogenesis (7, 23).
Our data demonstrated that SHP-2 inhibition decreased both
the number of DCX-positive cells and the DCX protein
levels in pilocarpine mice (vehicle-treated pilocarpine mice
vs. SHP099-treated pilocarpine mice). Based on this fact,
we speculate that the upregulation of SHP-2 in the DG
of the hippocampus can increase neurogenesis and therefore
participate in the pathophysiology of TLE.

Our study also has some limitations. Most importantly,
hippocampal lesion is a characteristic pathological change
of TLE patients. Unfortunately, as a result of ethical
requirements, we could not obtain normal hippocampal
samples during our study period. In addition, to avoid the
influence of traumatic factors on SHP-2 expression, we
also examined the expression of SHP-2 in direct traumatic
tissues and distant tissues within 4 h after traumatic brain
injury, and found no difference between them, which further
verified the rationality of our control samples (data not
shown). In summary, to our knowledge, this study is the
first to indicate the increased expression of SHP-2 in TLE,
which may be related to inflammation, gliosis, neuronal
apoptosis, neuronal loss, neurogenesis and BBB breakdown.
Following the present descriptive study, additional studies
are required to confirm that SHP-2 should be considered
a possible target for intervention in the epileptic process.
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