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A B S T R A C T

In the present investigation, we tested the hypothesis that suppression of the phospho-extracellular signal reg-
ulated kinase (pERK1/2)-nuclear factor kappa (NFκ)-B signaling, subsequent to tumor necrosis factor-α (TNF-α)
inhibition, underlies thalidomide (TLM) mediated neuroprotection. Male Wistar rats (250–280 g) were divided
into five groups: (1) sham; (2) negative control receiving TLM (5μg/1μl/site) and 3 groups of ischemia-reperfu-
sion (IR) injury rats pretreated with: (3) vehicle (DMSO 100%); (4) TLM (5μg/1μl/site) or (5) PD98059 (0.16μg/
1μl/site). IR rats were subjected to occlusion of both common carotid arteries for 45 min followed by reperfu-
sion for 24 h. Drugs and/or vehicles were administered by unilateral intrahippocampal injection after removal
of the carotid occlusion and at the beginning of the reperfusion period. IR rats exhibited significant infarct size,
histopathological damage, memory impairment, motor incoordination and hyperactivity. Unilateral intra-hip-
pocampal TLM ameliorated these behavioral deficits along with the following ex vivo hippocampal effects: (i) ab-
rogation of the IR-evoked elevations in hippocampal TNF-α, pERK1/2, NFκB, BDNF, iNOS contents and (ii) partial
restoration of the reduced anti-inflammatory cytokine IL-10 and p-nNOS S852. These neurochemical effects, which
were replicated by the pERK1/2 inhibitor PD98059, likely underlie the reductions in c-Fos and caspase-3 levels
as well as the anti-apoptotic effect of TLM in the IR model. These results suggest a crucial anti-inflammatory role
for pERK1/2 inhibition in the salutary neuronal and behavioral effects of TLM in a model of brain IR injury.

1. Introduction

Thalidomide (TLM), originally developed as a sedative, was with-
drawn from the European market in the 1960s for being a teratogen
(Sawamura et al., 2018). However, this drug received renewed in-
terest given its success in several diseases based on its immune-modu-
latory, anti-inflammatory, and anti-angiogenic properties (Lee et al.,
2007). Noteworthy, these clinical benefits are directly linked to its in-
hibitory effect on tumor necrosis factor alpha (TNF-α) and interleukin
(IL)-12 inflammatory cytokines (Lee et al., 2007). Several reports
have delineated the TLM induced protection through lowering TNF-α
expression in IR damage in spinal injury, retinal IR model as well as
intestinal IR damage (Aydogan et al., 2008; Camara-Lemarroy et
al., 2010; Lee et al., 2007). Furthermore, TLM was reported to re-
duce neuronal damage via reducing the production of reactive oxygen

species in cerebral ischemia (Palencia et al., 2015). However, the role
of local ERK1/2 in TLM's neuroprotective effect remains unknown.

Although many mechanisms underlie the etiology of cerebral is-
chemic damage after long reperfusion periods, the participation of neu-
roinflammation is highly accepted because microglial activation conse-
quent to IR injury induces the proxidant and inflammatory milieu (Atef
et al., 2018; Mohamed et al., 2016). Consequent to the microglial ac-
tivation, neuroinflammation ensues via the release of inflammatory cy-
tokines (Zhou et al., 2013b), which also take part in ischemic brain
injury. Specifically, the activation of the transcription factor nuclear fac-
tor kappa (NFκ)-B induces the production of the inflammatory cytokine
TNF-α within a few hours after IR; such cytokine is believed to play a
major role in IR squeale (Jin et al., 2015). Importantly, this inflamma-
tory response further exacerbates the proxidant environment by increas-
ing the inducible nitric oxide synthase (iNOS) leading to higher NF-κB
levels in a feed forward cycle (Nakazawa et al., 2017).
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Evidence implicates the mitogen-activated protein kinase (MAPK) in
IR injury (Mohamed et al., 2016) and MAPK comprises a family of
four distinct MAPK subfamilies: extracellular regulated kinase 1 and 2
(ERK1/2), Jun amino-terminal kinases (JNK1/2/3), p38 proteins and
ERK (Burotto et al., 2014). One of the pathways activated by pERK1/
2 is NF-κB which plays a critical role in TNF-α and iNOS induction
and subsequent neuronal damage (Mohamed et al., 2016). Further,
pERK1/2 is implicated in the induction of the immediate early gene
c-fos and its protein c-Fos, which may lead to neuronal death follow-
ing global cerebral IR (Pardo et al., 2006; Zhang et al., 2014). By
contrast, pERK1/2 may salvage neurons via the expression of brain de-
rived neurotrophic factor (BDNF) following IR injury (Wu et al., 2015).
Importantly, while BDNF promotes neuronal regeneration and improves
learning and memory (Cunha et al., 2010), it remains undetermined if
BDNF activation of microglia and subsequent neuroinflammation (Atef
et al., 2018) also contributes to IR-mediated pathological outcomes.
In this study, we tested the hypothesis that inhibition of ERK1/2 phos-
phorylation underlies the TLM alleviation of neuroinflammation and its
preservation of neuronal function in cerebral IR injury.

2. Materials and methods

2.1. Animals

Adult male Wistar rats weighing 250–280g (10–12 weeks) were
housed in the animal facility at the Faculty of Pharmacy, Cairo Univer-
sity. Animals were kept under controlled environmental conditions with
constant temperature (23±2 °C), humidity (60 ± 10%), and light/dark
cycle and unrestricted access to food and water. Experimental protocols
and animal handling were approved by the Research Ethics Committee
of the Faculty of Pharmacy, Cairo University (Cairo, Egypt) with permit
number (PT 630). These fulfill the requirements of the Guide for Care
and Use of Laboratory Animals published by the US National Institutes
of Health. Efforts were made to minimize animal suffering and to reduce
the number of animals used.

2.2. Groups and treatments

Rats were randomly divided into five groups (n = 26/group). Each
group was subdivided into four subgroups that were utilized as fol-
lows: (i) infarct size (n = 4/group), (ii) histopathological examination
(n = 4/group), (iii) confocal imaging (n = 4/group), and (iv-v) bio-
chemical assays (n = 6–8/group). Group one served as the sham-oper-
ated control; designated as sham in figures; where rats had both carotid
arteries exposed without occlusion and received only the vehicle; di-
methyl sulfoxide (100% DMSO; Sigma-Aldrich, MO, USA) (Sharifzadeh
et al., 2005). Group two served as the negative control where rats
received a unilateral intrahippocampal injection of thalidomide (TLM,
5μg/1μl/site; Sigma-Aldrich, MO, USA) (Yang et al., 2016). The re-
maining three groups were subjected to 45 min bilateral carotid arter-
ies clipping followed by reperfusion over the next 24-h to serve as: (1)
IR group, (2) IR + TLM (5μg/1μl/site; Sigma-Aldrich, MO, USA), (3)
IR + PD98059 (0.16μg/1μl/site, Sigma- Aldrich, MO, USA) (Yang et
al., 2016). All treatments were administered by injection into the left
hippocampus at the beginning of the 24-h reperfusion period (Fig. 1).

2.3. Induction of cerebral IR

Rats were anesthetized with thiopental (50 mg/kg, intraperitoneally)
while maintaining their temperatures at 37 °C during surgery via a heat-
ing pad. After a midline incision, the common carotid arteries were ex-
posed, freed from the adjacent nerves and occluded by artery clamps.
After ischemia was maintained for 45 min, reperfusion was allowed by
removing the clamps (Galvao et al., 2005).

2.4. Stereotaxic surgery and intrahippocampal microinjections

Using a stereotaxic apparatus (David Kopf Instruments, CA, USA),
the skull was exposed then bregma and lambda were determined in the
same horizontal plane and a small hole (2 mm diameter) was unilater-
ally drilled at the level of the hippocampus following stereotaxic coordi-
nates (4.3 mm posterior to bregma, ±2.4 mm lateral to the midsagittal
suture and 2.6 mm ventral from the brain surface) (Vallee et al., 1997;
Watson, 2013) to insert a stainless-steel guide cannula (23 gauge; Plas-
tics One, Roanoke, VA, USA). Stainless-steel skull screws and dental ce-
ment (Durelon; Thompson Dental Supply, NC, USA) were used to fix
the cannula onto the skull. Microinjections were administered through
a 30-gauge injector that extended 1 mm beyond the ventral tip of the
guide cannula. The needle tip was kept in place for extra 4 min follow-
ing the microinjection to prevent outflow of the drugs along the nee-
dle track. After the surgery, rats were individually housed and received
30 μg/kg buprenorphine hydrochloride (Bupranex; Hospira, Inc., Wake
Forest, IL, USA) subcutaneously in addition to an intramuscular injec-
tion of 30,000 U of penicillin G in aqueous suspension (Durapen; GC
Hanford, NY, USA, I.M).

2.5. Brain infarct size

After the reperfusion period, intracardiac perfusion with isotonic
saline was performed followed by euthanasia. Then, 2 mm coronal sec-
tions were sliced and incubated for 20 min with 1% triphenyltetra-
zolium chloride (TTC) at 37 °C in 0.2 M Tris buffer (pH 7.4). Unlike vi-
able cells that stain bright red, infarcted cells are either unstained or
stain dull yellow due to the loss of nicotinamide adenine dinucleotide
(NAD) and lactate dehydrogenase. For each brain slice, a transparent
plastic grid (100 squares in 1 cm2) was used to estimate the non-in-
farcted areas as well as infarcted areas. Infarcted area was assessed as
percentage of total brain area (Mohamed et al., 2016).

2.6. Behavioral analyses

All behavioral testing was conducted between 12:00 p.m. and 3:00
p.m. and all animals (n = 26/group) in the five groups were subjected
to the behavioral evaluation prior to histopathological, biochemical, or
immunostaining procedures.

2.6.1. Morris water maze test
This test was performed for monitoring the rat's learning and spatial

memory (Morris, 1984). Briefly, a stainless-steel circular pool (150 cm
diameter and 60 cm height) was divided into four quadrants and water
at 28 °C was added to a 30 cm depth. A transparent, plexiglass, 8-cm-di-
ameter submerged platform was located in the target quadrant 1 cm be-
low the water surface as an escape tool. The setting of the platform, the
position of the experimenter, and the relative place of the water maze
were kept constant with respect to other laboratory objects throughout
the whole period of the training sessions or the experiment as prominent
visual clues.

i. Acquisition trial: rats were individually subjected to a two-120 s
trials for four consecutive days with a 5-min rest period between
each two trials. Rats were carefully handled by the experimenter and
placed with minimum stress to a fixed maze quadrant, and the es-
cape latency time (ELT) to locate the unseen platform was estimated.
Animals failing their trial (120 s) were redirected to the platform for
30 s (Karnam et al., 2009). After the fourth day of recording ELT,
animals were surgically operated, and then a retrieval test was per-
formed 24 h after surgery.
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ii. Retrieval trial: on day five, the platform was removed, and each an-
imal was carefully put in the same fixed quadrant and was assigned
to explore the maze twice for 120 s each. The mean time that the rat
spent for finding the platform in the target quadrant was recorded
and taken as a retrieval index (Jeltsch et al., 2001).

2.6.2. Rotarod test
A rotarod apparatus was used to evaluate motor coordination and

balance of animals. It consisted of a 3-cm-diamater rod rotating at a con-
stant speed of 0.27 g. Before surgery, rats were subject to five trials each
to remain on the rotarod and the fall-off time was recorded on the sixth
trial. Only rats remaining for a period of 5 min were selected to com-
plete the study. The test was repeated after 24-h of reperfusion.

2.6.3. Open field test
The test was used to evaluate the locomotor activity. It consisted of a

square bottom 80 cm × 80 cm surrounded by 40 cm high opaque walls.
The floor was divided into 25 squares of 16 cm × 16 cm. Rats were
adapted to the environment by keeping them 30 min prior to testing
in the laboratory room. The test was monitored in a quiet room under
white light (Milot and Plamondon, 2009; Mohamed et al., 2012)
using a camera. Each rat was left in the central area of the square bottom
and observed for 3 min. During the testing period, the ambulation fre-
quency was recorded. The open field box was cleaned with 70% ethanol
after each test.

2.7. Histopathological investigations

2.7.1. Assessment of hippocampal neuronal damage and Nissl stain
After 24-h reperfusion period, rats were euthanized (cervical dislo-

cation following anesthesia), and brains (n = 4/group) were dissected,
rinsed with ice-cold saline and immediately fixed in 10% phos-
phate-buffered formalin. Brains were embedded in paraffin where 5 mm
sections were prepared at the hippocampal level and hematoxylin and
eosin (H&E) stain was made for unilateral microscopical examination
( × 400) at the injection site. Brain sections were stained by standard
Nissl stain for demonstration of damaged and intact neurons according
to CULLING (1974).

2.8. Biochemical measurements

2.8.1. Tissue collection
Two subsets in each group were used for the biochemical estima-

tions. After behavioral analyses, animals were euthanized and brains
were immediately dissected. Hippocampi from the injected side were
dissected and flash frozen in 2-methylbutane (cooled on dry ice for
30 min) and stored at −80 °C until used. In subset 1 (n = 6), hip-
pocampi from the injected side were homogenized in radio immunopre-
cipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris HCl, pH 7.4,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1% sodium deoxycholate
and 0.1% SDS) for assessment of pERK1/2. In the second subset (n = 8),
the injected hippocampi were homogenized in phosphate-buffered
saline (PBS) for the remaining parameters. For inducible nitric oxide
synthase (iNOS) and S852 phosphorylated neuronal nitric oxide syn-
thase (p-nNOS S852) determination, an aliquot of the PBS homogenate
was subjected to two freeze–thaw cycles and centrifuged at 2800 g for
15 min. For c-Fos determination, an aliquot of the PBS homogenate was
added to 1X pre-extraction buffer containing di-thiotheritol (DTT) solu-
tion.

2.8.2. Measurement of hippocampal TNF-α, NF-κβ, pERK1/2, BDNF, IL-10,
iNOS and p-nNOS S852

NF-ĸβ (EIAAB Elisa kit, Wuhan, China), BDNF (Kamiya Biomedical
company, Seattle, USA), TNF-α & interleukin (IL-10) (R&D systems,

Minneapolis, USA), phosphorylated extracellular signal-regulated ki-
nases (pERK) 1/2 TiterZyme® CLIA assay kit (Ann Arbor, USA), iNOS
(Mybiosource, CA, USA) and p-nNOS S852 (Creative diagnostics, NY,
USA) were all determined in the hippocampal tissue using the afore-
mentioned commercially available ELISA kits. The procedures were per-
formed as per the manufacturer's instructions.

2.8.3. Immunofluorescence detection of activated microglia, glial BDNF and
TNF-α

Cryostat sections (20-μm thick) of the brains were immediately
post-fixed in 4% paraformaldehyde on Polysine® coated microscope
slides (Thermo Scientific LLC, Portsmouth, NH, USA). Subsequently,
a 10% normal donkey serum (Jackson Immunoresearch Laboratories,
PA, USA) was used blocking the sections for 2 h with in Tris-buffered
saline containing 0.2% Tween- 20 (TBST). Following an overnight in-
cubation with the primary antibody (1:100 dilution v/v), the sections
were washed three times with TBS, then incubated for 2 h with the sec-
ondary antibody (1:150 dilution v/v) then washed once with TBS con-
taining 0.1% Triton-X. Coverslips were applied with Vectashield mount-
ing medium (Vector Laboratories, CA, USA). Diverse combinations of
primary antibodies were used for comparing subcellular localizations;
mouse monoclonal [1022–5] to Iba1 (ab15690, Abcam, Cambidge, MA),
sheep polyclonal to BDNF (ab75040, Abcam, Cambidge, MA) or rabbit
polyclonal to TNF-a (ab6671, Abcam, Cambidge, MA). The secondary
antibodies used were: blue-conjugated donkey anti-sheep IgG, fluores-
cein (FITC)-conjugated donkey antimouse IgG (H + L), and Cy3-conju-
gated donkey anti-rabbit IgG (H + L) (Jackson ImmunoResearch, Penn-
sylvania, USA). Images were acquired by laser scanning at wavelengths
488 and 543 nm using the Zeiss LSM 700 confocal microscope. The
number of positive cells was quantified per slide.

2.8.4. Determination of hippocampal c-fos level
c-Fos was measured by c-Fos Transcription Factor Assay Kit

(ab207194 Abcam, Cambridge, MA). The nuclear extract (Nuclear Ex-
traction kit; ab113474, Abcam, Cambridge, MA) was prepared from
the hippocampus and added to the provided wells coated with spe-
cific oligo-nucleotide containing the TPA-responsive element. Then,
anti-c-Fos antibody was added followed by the HRP-conjugated anti-
body. The developed color absorbance was read at 450 nm.

2.8.5. Determination of caspase- (casp) −3 activity
Casp-3 activity was estimated using Apo-alert colorimetric assay kit

(CA, USA). Hippocampal homogenate was suspended in Chilled cell ly-
sis buffer and incubated on ice for 10 min. Then, the lysate was cen-
trifuged and tested for protease activity by adding a caspase-specific
peptide that is conjugated to the color reporter molecule pnitroaniline
(pNA). The chromophore pNA is then released after cleavage of the pep-
tide by caspase. This chromophore can be spectrophotometrically de-
tected at a wavelength of 405 nm.

2.9. Statistical analysis

Data were expressed as mean ± S.D. and analyzed using a one-way
analysis of variance (ANOVA) followed by Tukey's Multiple Compar-
isons Test. For estimation of ambulation frequency, nonparametric
One-way analysis of variance test (Kruskel-Wallis Test) followed by Dun-
n's Multiple Comparisons Test were used. Analyses were performed us-
ing GraphPad Prism v6.0 statistical package for Windows (La Jolla, CA,
USA). The significance level was identified at P < 0.05 .
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3. Results

3.1. TLM or PD98059 ameliorated IR-induced increases in infarct size,
hippocampal histopathology and neuronal damage

IR rat brains showed an increased infarct size (2.5 folds) compared
to control groups (Fig. 2K) in parallel with atrophy and necrosis of hip-
pocampal pyramidal cells (Fig. 2A–E), which were mitigated by TLM or
PD98059 treatment. Further, the number of intact neurons was signifi-
cantly decreased in IR rats indicating extensive neuronal damage (Fig.
2L), however, TLM or PD98059 treatment retained neuronal structure in
the hippocampus as evidenced by the marked increment in the number
of intact neurons (Fig. 2F–J, L).

3.2. TLM or PD98059 mitigated IR-induced memory impairment and motor
incoordination

In the Morris water maze test, IR subjected rats spent only half the
time in the target quadrant in comparison to the sham rats indicating a

significant memory impairment signal (Fig. 3A). TLM or PD98059 vir-
tually restored the time spent in the target quadrant to sham con-
trol level indicating a prominent (P < 0.05) rectification of IR-induced
memory impairment (Fig. 3A). IR rats exhibited substantially
(P < 0.05) shorter fall-off time from the rotarod, compared to the sham
counterparts indicating a prominent motor incoordination (Fig. 3B).
TLM or PD98059 fully restored (P < 0.05) motor coordination (Fig.
3B). IR rats exhibited notable hyperactivity shown as an increase in the
ambulation frequency by 3.4-fold (P < 0.01), compared to the sham an-
imals and this effect was mitigated by TLM or PD98059 (Fig. 3C).

3.3. TLM or PD98059 abrogated IR-evoked elevations in pERK1/2, NF-κβ
and TNF-α

IR caused 3-fold (P < 0.05) elevation in pERK1/2 (Fig. 4A) and
its downstream mediators NF-ĸβ, and TNF-α (Fig. 4B and C). TLM or
PD98059 abrogated (P < 0.05) the IR-evoked elevations in the pERK1/
2- NF-κβ and TNF-α.

Fig. 1. Timeline of IR induction and drug administration. Rats were trained for 4 days in the Morris water maze. On the fifth day, rats were permitted five trials each to stay on the rotarod;
thereafter, the rats were anesthetized, subjected to occlusion of common carotid arteries for 45 min after which reperfusion was allowed and a guide cannula was implanted to permit
vehicle/drugs unilateral intrahippocampal injection. 24 h following vehicle or drug injection, behavioral tests were performed, the rats were euthanized and the injected hippocampi were
collected and stored at −80 °C for further investigations.

Fig. 2. TLM or PD98059 reduced IR-induced infarct size and histopathological changes. (A–E) specimen with H&E stain ( × 400) showing: (A) control animals with normal architecture
of the hippocampus. (B) IR induced atrophy and necrosis of hippocampal pyramidal cells (arrows). (C–E) TLM control or TLM or PD98059 pretreatment in IR rats preserved hippocampal
cellular structure. (F–J) Specimens stained with Nissl ( × 400) showing: (F) control group, (G) IR, (H) TLM control, (I) TLM-IR, (J) PD98059-IR. (L) Number of Nissl-stained cells (intact
neurons). (K) brain coronal sections showing infarct areas (in white) and summary of the quantitative analysis of infarct areas. Statistical analysis was performed by one-way ANOVA
followed by Tukey's post hoc test; P < 0.05. Values are mean ± S.D. (*) vs. sham group; (#) vs. IR group.
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Fig. 3. TLM or PD98059 abrogated IR-induced memory impairment (A), motor incoor-
dination (B), and hyperactivity (C). Values are mean ± S.D. * vs. sham group; # vs. IR
group. Statistical analysis was performed by one-way ANOVA followed by Tukey's post hoc
test; P < 0.05. Nonparametric one-way ANOVA (Kruskal-Wallis test) followed by Dunn's
multiple comparison's test for ambulation frequency.

3.4. TLM or PD98059 prevented IR-evoked microglial activation and
upregulated microglial TNFα-BDNF co-expression

Hippocampal BDNF was 3.5-fold higher (P < 0.05) in IR, compared
to sham rats (Fig. 5F). This was coupled with microglial activation as
well as co-expression of BDNF and TNF-α on activated microglia (Fig.
5A–E). Treatment with TLM caused a 46% reduction (P < 0.05) in hip-
pocampal BDNF level (Fig. 5F) as well as a reduction in the number of
BDNF and TNF-α positive cells as compared to IR group (Table 1). The
pERK1/2 inhibitor PD98059 replicated TLM effects these neurochemical
effects in the IR rat model (Table 1, Fig. 5A–F).

3.5. TLM or PD98059 prevented IR-evoked elevations in iNOS, c-fos, and
Casp-3 and reductions in p-nNOSS852, and IL-10

IR rats exhibited 3–4 fold elevations (P < 0.05) in iNOS, c-Fos, and
Casp-3 compared to the sham animals (Fig. 6). TLM, and to a lesser
extent, PD98059, attenuated (P < 0.05) the increases in iNOS, c-Fos
and Casp-3 as compared to the IR group (Fig. 6A–C). IR rats exhib-
ited >70% reductions (P < 0.05) in p-nNOSSer852 and IL-10 levels, com-
pared to sham animals. TLM or PD98059 significantly (P < 0.05) atten-
uated the IR-evoked reductions in p-nNOSS852 and IL-10 (Fig. 7A–B).

4. Discussion

In the present study, we discerned the role of local hippocampal
ERK1/2 inhibition as a molecular mechanism for TLM-mediated ame-
lioration of local neuroinflammation and behavioral deficits caused by
global cerebral IR injury. To this end, we conducted behavioral,
histopathological and local neurochemical studies following intra-hip-
pocampal administration of TLM or the pharmacological pERK1/2 in-
hibitor PD98059 in an established cerebral IR injury model (Hyakkoku
et al., 2009; Lee et al., 2007). The following are the most important
findings of the present study. First, unilateral intrahippocampal TLM
at the onset of reperfusion reduced global cerebral injury and allevi-
ated memory impairment, motor incoordination and hyperactivity. Sec-
ond, TLM ameliorated the hippocampal neuroinflammation via abro-
gating the proinflammatory milieu (elevations in ERK1/2 phosphoryla-
tion, TNF-α and NF-κB) and restoration of the reductions in IL-10 and
p-nNOSS852 caused by IR. Third, intrahippocampal PD98059 (pERK1/2
inhibitor) replicated the salutary behavioral, histological and hippocam-
pal neurochemical effects of TLM. Collectively, these findings support a
pivotal role for hippocampal ERK1/2 inhibition in TLM mediated neuro-
protection and rescue from behavioral deficits caused by global cerebral
IR.

Although evidence suggests that TLM exerts its neuroprotective ef-
fects by inhibiting TNF-α synthesis and enhancing TNF-α mRNA degra-
dation (Lee et al., 2007), the potential role of pERK1/2 - NF-κB path-
way inhibition in TLM mediated anti-TNF-α effects has been unclear.
Our results support this premise by demonstrating substantial IR-evoked
elevations in hippocampal pERK1/2 and NF-κB levels and the preven-
tion of these responses by intrahippocampal TLM (Fig. 4A–B). While
these findings might reflect associated, rather than causal, responses,
it is important to remember that evidence suggests that ERK1/2 ac-
tivation following cerebral IR initiates a vicious cycle of excitotoxic-
ity that further stimulates microglia (Lu and Xu, 2006). Parallel im-
munofluorescence findings in this study have shown TNF-α expression
on activated microglia in IR rats, which infers that TNF-α release fol-
lowing 24 h reperfusion period is microglial dependent. This premise
is supported by TLM-mediated reductions in microglial activation and
TNF-α expression, which likely contributed to the reduction in hip-
pocampal TNF-α levels (Fig. 4C). Together, these findings implicate
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Fig. 4. TLM or PD98059 abrogated IR-evoked elevations in (A) pERK1/2, (B) NF-Ϗβ and (C) TNF-α. Values are mean ± S.D. (n = 6–8 rats). (*) vs sham group & (#) vs IR group. Statistical
analysis was performed by one-way ANOVA followed by Tukey's post hoc test; P < 0.05.

Fig. 5. TLM or PD98059 prevented IR-evoked microglial activation and upregulated microglial TNFα-BDNF co-expression. (A) Sham-operated; (B) TLM; (C) IR (D) IR + TLM or (E)
IR + PD98059; (F) Hippocampal brain-derived neurotropic factor (BDNF) levels. Values are mean ± S.D. (n = 6–8 rats). (*) vs sham group & (#) vs IR group. Statistical analysis was
performed by one-way ANOVA followed by Tukey's post hoc test; P < 0.05.

Table 1
Number of microglia, BDNF and TNF-α positive cells/mm2 in sham, TLM, IR, IR + TLM or IR + PD98059.

Number of cells/mm 2

Sham TLM IR TLM-IR PD98059-IR

Microglial BDNF (No./mm 2) 25.75 ± 3.096 27.25 ± 3.403 b 60.00 ± 0.8165 a 31.00 ± 1.414 b 25.25 ± 2.500 b

Microglial count (No./mm 2) 40.75 ± 7.760 37.25 ± 2.053 b 69.50 ± 2.878 a 48.75 ± 2.765 ab 43.75 ± 3.240 b

Microglial TNF-α (No./mm 2) 21.75 ± 4.646 18.75 ± 4.349 b 57.25 ± 2.217 a 26.75 ± 4.272 b 24.00 ± 4.546 b

Merged cell count (No./mm 2) 23.50 ± 4.655 27.25 ± 2.217 b 63.50 ± 6.856 a 43.00 ± 4.967 ab 34.50 ± 2.082 ab

Values are mean ± S.D. (n = 6–8). a vs. sham group; b vs. IR group.

Fig. 6. TLM or PD98059 prevented IR-evoked elevations in (A) iNOS, (B) c-Fos, and (C) Casp-3. Values are mean ± S.D. (n = 6–8 rats). (*) vs sham group & (#) vs IR group. Statistical
analysis was performed by one-way ANOVA followed by Tukey's post hoc test; P < 0.05.
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Fig. 7. TLM or PD98059 prevented IR-evoked reductions in (A) p-nNOSS852, and (B) IL-10. Values are mean ± S.D. (n = 6–8 rats). (*) vs sham group & (#) vs IR group. Statistical analysis
was performed by one-way ANOVA followed by Tukey's post hoc test; P < 0.05.

pERK1/2 inhibition in the TLM-mediated suppression in microglial ac-
tivation and hippocampal TNF-α levels (Figs. 4C & 5). This conclu-
sion gains credence from our parallel findings that the selective pERK1/
2 inhibitor PD98059 replicated these TLM-mediated neurochemical re-
sponses in our model system (Figs. 4C & 5).

We hypothesized that the inhibition of other proinflammatory me-
diators, triggered by ERK1/2 activation, might contribute to the salu-
tary effects of TLM in IR rats. For example, excessive production of ni-
tric oxide (NO) by iNOS occurs following cerebral IR and could be reg-
ulated by pERK1/2 (Maddahi and Edvinsson, 2010). In this context,
the higher iNOS following IR (Fig. 6A) along with higher pERK1/2 (Fig.
4A) agree with a previous report (Mohamed et al., 2016). The higher
NO level generated by iNOS forms the highly reactive peroxynitrite mol-
ecule upon interaction with superoxide anion (Alonso et al., 2002). As
discussed above, pERK1/2 enhancement of TNF-α expression may trig-
ger feed-forward process because: (i) TNF-α stimulates NF-κB signaling
(Medeiros et al., 2007) as well as iNOS synthesis (Park et al., 2007),
and (ii) iNOS enhances TNF-α formation (Zhou et al., 2013a). These
molecular responses likely exacerbate neuronal damage following IR by
escalating Casp-3 production (Fig. 6C). This premise is supported by the
ability of TLM or the pERK1/2 inhibitor PD98059 to abrogate these mol-
ecular events.

It is important to consider the paradoxical role of ERK1/2 in regulat-
ing neuronal function because our earlier and reported studies showed
neuroprotective or detrimental roles for ERK1/2 activation under dif-
ferent experimental conditions (Lu and Xu, 2006; (Nassar and Ab-
del-Rahman, 2015)). It is also important to consider the role of ERK1/
2-regulated BDNF and nNOS signaling when interpreting our present
findings. For example, the TLM-mediated suppression of glial and hip-
pocampal BDNF levels and its replication by ERK1/2 inhibition (Fig.
5) infers a detrimental role for BDNF. This proposition is supported
by BDNF ability, under the inflammatory conditions following IR in
the present study, to promote microglial activation and TNF-α release,
which exacerbates neuronal injury (Atef et al., 2018). On the other
hand, BDNF may serve a compensatory role to offset neuroinflamma-
tion downstream from pERK1/2 – NF-κB and TNF-activation (Chen and
Palmer, 2013). These seemingly discordant events might explain, at
least partly, the neuroprotective effect of unilateral intrahippocampal
TLM despite the reduction in BDNF content (Fig. 5F). Nonetheless, fu-
ture studies with selective inhibitors are warranted to understand the
paradoxical ERK1/2 and BDNF roles in our model system.

It is accepted that the pERK1/2-NF-κB/TNF-α pathway activates
Casp-3 (Zhuang and Schnellmann, 2006) and mediates multiple in-
flammatory processes following IR (Fontaine et al., 2002; He et al.,
2012). This cascade is further confounded by TNF-α binding to its cell
surface receptors leading to ERK1/2 activation and initiation of a feed
forward cycle that ultimately aggravates the damage (Maddahi et al.,

2011). Consistent with these findings, we demonstrated TLM-mediated
reversal of the IR-evoked elevations in Casp-3 (Fig. 6C), inflammation
and microglial activation. These findings coincided with preservation
of neuronal integrity and were replicated by ERK1/2 inhibition in IR
rats (Fig. 4). It is noteworthy that the pERK1/2-dependent induction of
c-Fos and apoptotic cell death via TNF-α likely explains similar findings
in the pressent study because these responses were abrogated by TLM
and the pERK1/2 inhibitor PD98059.

Finally, we considered the possibility that restoration of anti-in-
flammatory molecules contributed, at least partly, to the neuroprotec-
tive effect of TLM in our model system. Specifically, we studied IL-10
and p-nNOSS852 because reductions in these molecules coincided with
neuroinflammation and injury (Lawrence, 2009; Morgan and Liu,
2011). Our present findings (Fig. 7), which are consistent with these
reported studies, are further supported by the partial but significant
restoration of both IL-10 and p-nNOSS852 (Fig. 7) along with the neu-
roprotection in IR rats treated with TLM or the pERK1/2 inhibitor. It
is notable that the unphosphorylated form of nNOS mediates neuronal
injury in IR while its phosphorylation at Ser852 reduces its neuro-detri-
mental activity (Parlak et al., 2018). In the present study, TLM in-
creased nNOS phosphorylation in IR rats (Fig. 7A) at least partly via
ERK1/2 inhibition because this effect was replicated with the selective
pERK1/2 inhibitor PD98059. Notably, in TLM-treated IR rats, the abil-
ity of the restored phosphorylated nNOS to downregulate Casp-3 and to
suppress neuronal apoptosis likely complement the other pERK1/2-de-
pendent suppression of proinflammatory effects discussed above.

It is important to discuss some limitations of the present study. First,
the use of a focal ischemic model, which mimics stroke conditions in
human, would have strengthened the clinical relevance of the present
findings. Second, bilateral intrahippocampal injections would have min-
imized the number of animals used in this study. These limitations will
be addressed in our future studies.

5. Conclusion

The current study yields new insight into the underlying neurochem-
ical mechanisms for the neuroprotective and salutary behavioral effects
of TLM in an IR rat model. Specifically, our findings suggest that in-
hibition of ERK1/2 phosphorylation plays a pivotal role in the neu-
roprotective effect of TLM in IR model. We show that TLM produces
these effects via the inhibition of the pERK1/2-NF-κB-TNF-α pathway
and concomitant restorations of the anti-inflammatory mediators Il-10
and p-nNOSS852. Our conclusion is supported by the ability of the selec-
tive pERK1/2 inhibitor PD98059 to replicate the effects of TLM in the
same IR model system. These new findings enhance current understand-
ing of the detrimental role of pERK1/2, which leads to cognitive and be-
havioral deficits following IR, and the mitigation of these adverse effects
by TLM.
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