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Abstract

The neuron-specific tyrosine phosphatase STEP is emerging as a key neuroprotectant against acute 

ischemic stroke. However, it remains unclear how STEP impacts the outcome of stroke. We find 

that the exacerbation of ischemic brain injury in STEP deficient mice involves an early onset and 

sustained activation of neuronal p38 mitogen activated protein kinase, a substrate of STEP. This 

leads to rapid increase in the expression of neuronal cyclooxygenase-2 and synthesis of 

prostaglandin E2, causing change in microglial morphology to an amoeboid activated state, 

activation of matrix metalloproteinase-9, cleavage of tight junction proteins and extravasation of 

IgG into the ischemic brain. Restoration of STEP signaling with intravenous administration of a 

STEP-derived peptide mimetic reduces the post-ischemic inflammatory response and attenuates 

brain injury. The findings identify a unique role of STEP in regulating post-ischemic 

neuroinflammation and further emphasizes the therapeutic potential of the STEP-mimetic in 

neurological disorders where inflammation contributes to brain damage.
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1. Introduction

Ischemic stroke is a leading cause of death and disability worldwide. Despite advances in 

understanding the pathophysiology of acute ischemic stroke, effective treatments to 

minimize damage and improve recovery are still unavailable. Evidence from a large number 

of studies suggests that activation of glutamate receptors, particularly the N-methyl-D-

aspartate subtype (NMDARs), plays a central role in initiation and progression of ischemic 
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brain damage (Arundine and Tymianski, 2004; Lau and Tymianski, 2010; Liu et al., 2007). 

However, neuroprotective agents that have targeted NMDARs have failed in clinical trials, as 

inhibition of physiological functions of NMDARs, required for normal synaptic plasticity 

and recovery, may have contributed to neuropsychological side effects and lack of efficacy 

(Hoyte et al., 2004; Ikonomidou and Turski, 2002). Several recent studies have suggested 

that this difficulty can potentially be overcome by targeting the excitotoxic signaling cascade 

downstream of NMDAR stimulation (Hoque et al., 2016).

Emerging evidence indicate that the brain-enriched and neuron-specific tyrosine phosphatase 

STEP (striatal enriched tyrosine phosphatase, also known as Ptpn5), a signaling molecule 

downstream of NMDAR stimulation, is a key regulator of neuronal survival and death 

(Boulanger et al., 1995; Lombroso et al., 1993; Paul and Connor, 2010; Paul et al., 2003, 

2000; Poddar et al., 2010). In cell culture models of excitotoxicity and oxygen glucose 

deprivation, dephosphorylation and subsequent activation of STEP has been shown to 

contribute to neuroprotection (Deb et al., 2013; Poddar et al., 2010). Using a rat model of 

transient focal ischemia, it has also been shown that rapid activation of STEP during the 

ischemic insult provides initial neuroprotection, while degradation of active STEP over time 

leads to secondary activation of deleterious processes, resulting in progression of ischemic 

brain damage (Deb et al., 2013). Another potentially important finding is that STEP activity 

decreases with aging (Rajagopal et al., 2016), suggesting that the loss of this protective 

response may be a contributing factor for the increased susceptibility of the aging brain to 

ischemic brain damage (Howard et al., 1987; Nakayama et al., 1994). Consistent with this 

interpretation, studies in STEP knockout (KO) mice further showed that loss of endogenous 

STEP leads to exacerbation of ischemic brain injury as observed 24 h after a mild ischemic 

insult. The findings also showed that ischemic insult in the absence of STEP leads to 

increase in phosphorylation of p38 MAPK, a substrate of STEP that has been implicated in 

ischemic brain injury (Deb et al., 2013; Poddar et al., 2010). Based on these observations 

additional studies developed a brain-permeable STEP-derived peptide mimetic that is 

resistant to degradation (TAT-STEP-Myc), and showed that it is effective in limiting acute 

stroke injury and facilitates long-term recovery in a rat model of stroke, even when 

administered 6 h after the onset of an insult (Deb et al., 2013). Studies in STEP KO mice 

further showed that restoration of the STEP signaling pathway with the administration of the 

peptide mimetic could also attenuate the exacerbation of ischemic brain injury in the 

absence of endogenous STEP (Deb et al., 2013). These findings highlight the importance of 

STEP in neuroprotection against ischemic brain injury. However, the molecular basis of this 

neuroprotection is not fully understood. To address this issue in the present study we utilized 

the STEP KO mice as a tool to identify the signaling cascade regulated by STEP to limit 

ischemic brain damage. Our findings show that STEP is a key regulator of post-ischemic 

inflammatory response in the brain.

Both experimental and clinical studies have highlighted the role of post-ischemic 

inflammation, characterized by microglial activation, in the progression of brain damage 

after stroke; however, the cellular mechanisms and the cell types that are involved in 

triggering post-ischemic inflammation are not fully understood. Here we present data that 

identifies STEP as a key regulator of neuronal release of the pro-inflammatory mediator 

prostaglandin E2 (PGE2), which accelerates microglial activation, BBB damage and 
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peripheral immune cell infiltration resulting in exacerbation of ischemic brain damage. To 

the best of our knowledge no study has yet identified the role of a tyrosine phosphatase as a 

determinant of neuroinflammatory response and severity of the ischemic brain injury.

2. Materials and methods

2.1. Experimental model

STEP knockout mice (KO or STEP−/−) were developed on a C57BL6 background 

(Venkitaramani et al., 2009) and were obtained as a gift from Dr. Paul J Lombroso (Yale 

University). Breeding pairs of mice with heterozygous deletion of the STEP gene were used 

to generate both WT and STEP KO mice at the University of New Mexico Animal Care 

Facility. The mice were maintained in a 12-h light/dark vivarium (light off at 18.00 h) and 

with access to food and water ad libitum in our animal facility. The study utilized male WT 

mice (n = 78) and STEP KO mice (n = 104) that were 12–14 weeks old (26–27 g). For all 

the experiments WT and STEP KO mice were randomly assigned for sham surgery, middle 

cerebral artery occlusion (MCAO) or MCAO with peptide treatment (TAT-STEP-myc). 

Biochemical studies evaluated the temporal profile of p38 MAPK phosphorylation, COX-2 

expression and PGE2 level at different time points after stroke and reperfusion in both WT 

and STEP KO mice (n = 3–5/group/time point). Subsequent studies assessed the efficacy of 

treatment with a STEP peptide mimetic (TAT-STEP-myc) in attenuating p38 MAPK 

phosphorylation, COX-2 expression and PGE2 synthesis (n = 3–6 mice/group). The next set 

of experiments determined the effect of stroke on the activation of MMP-9, degradation of 

tight junction proteins and extravasation of immunoglobulins (IgG), as well as the efficacy 

of treatment with STEP-peptide mimetic (n = 7–12 mice/group). Additional experiments 

evaluated post-stroke neurological and motor deficits in STEP KO mice and the efficacy of 

peptide treatment on these functional outcomes (n = 4–7 mice/group). Fluoro-jade and 

immunohistochemical staining were also carried out to assess post-stroke infarct size and 

microglial activation (n = 3–5 mice/group). All procedures involving animal follow the 

ARRIVE guidelines and approved by the University of New Mexico, Health Sciences 

Center, Institutional Animal Care and Use Committee.

2.2. Construction and purification of the STEP-derived peptide TAT-STEP-Myc

A recombinant DNA construct for TAT-STEP-Myc peptide was generated using a bacterial 

expression vector, expressed in E. Coli and purified as described previously (Paul et al., 

2003). Briefly, STEP61 cDNA lacking the PTP domain and encoding only 173–279 amino 

acids was sub-cloned into a pTrc-His-Myc-TOPO expression vector (Invitrogen). A 11 

amino acid TAT peptide (trans-activator of transcription of human immunodeficiency virus) 

nucleotide sequence was inserted at the N-terminal of the STEP ΔPTP cDNA to render the 

peptide cell permeable (Poddar et al., 2010). A point mutation was introduced by site-

directed mutagenesis (Pfu Turbo, Stratagene) at serine 221 within the KIM domain (S221A) 

to render the peptide constitutively active in terms of its ability to bind to its substrate. Point 

mutations were also introduced at threonine 231 (T231E) and serine 244 (S244E) in the KIS 

domain to mimic the phosphorylated form that helps to maintain the stability of STEP 

(Mukherjee et al., 2011). The modified TAT-STEP-Myc peptide was expressed in E. Coli 
and purified using BD-Talon resin (BD Biosciences, Bedford, MA, USA).
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2.3. Induction of transient focal cerebral ischemia

MCAO was performed on male WT and STEP KO mice using the intraluminal method as 

described earlier (Deb et al., 2013; Longa et al., 1989) by a blinded experimenter. Briefly, 

animals were anesthetized by spontaneous inhalation of isoflurane (2%) in 70% nitrous 

oxide and 30% oxygen. Rectal temperature was maintained at 37 ± 1 °C with an electrical 

heating pad both during surgery and recovery. The right common carotid artery (CCA) and 

the external carotid artery were exposed by a ventral midline incision in the neck region and 

clipped. Both the external carotid artery and pterygopalatine branch of the internal carotid 

artery were clipped to allow proper insertion of the occluding filament. A silicon-rubber-

coated 6–0 monofilament (Doccol Corporation) was advanced through the CCA into the 

internal carotid artery to a length of 10–11 mm from the bifurcation to occlude the middle 

cerebral artery. Depending on the experiment, the occluding filament was kept in place for 

10–30 min or the filament was retracted after 30 min of occlusion to allow reperfusion for 

various durations (3 h–24 h). For reperfusion, the incision was closed under anesthesia and 

animals were allowed to recover in their cages. In some experiments, STEP KO mice 

received a single intravenous dose of TAT-STEP-Myc peptide (3 nmol/g of body weight) 

through the femoral vein at the onset of reperfusion (Deb et al., 2013; Poddar et al., 2019). 

At the specified time points after occlusion or reperfusion WT and STEP KO mice were 

euthanized and used for biochemical studies, immunohistochemistry or Fluoro-Jade C 

staining.

2.4. Immunoblotting

For immunoblotting studies mice were decapitated after sham surgery and at specified time 

points after MCAO (10 and 30 min) and reperfusion (3, 6 and 24 h). Brain slices (2 mm 

thickness) were obtained using the coronal mouse brain mold. Cortical and striatal tissue 

punches from the third rostral section of ipsilateral hemispheres were homogenized in 

Laemmli sample buffer, boiled at 100 °C for 10 min, centrifuged at 14,000 × g (10 min) and 

equal amount of protein (estimated using BCA kit, Pierce) from the supernatant was 

processed for SDS-PAGE and immunoblotting (Deb et al., 2013) with the following primary 

antibodies against proteins of interest: polyclonal anti-p38 (1:1000, Cat # 9218) and rabbit 

monoclonal anti-phospho-p38 (TPEYP) from Cell Signaling (Cat #: 9215); polyclonal anti-

cyclooxygenase-2 (COX-2) from Abcam (Cat #: ab15191); monoclonal anti-β-tubulin from 

Sigma Aldrich (Cat #: T0198); monoclonal anti-STEP from Novus Biologicals (Cat #: 

NB300–202); polyclonal anti-zona occluden-1 (ZO-1) from Thermo Fisher (Cat #: 61–

7300); and rabbit monoclonal anti-occludin from Abcam (Cat #: ab167161). Horseradish 

peroxidase conjugated goat anti-rabbit (1:1000–2000, Cat #: 7074) or goat anti-mouse 

(1:2000, Cat #: 7076) from Cell Signaling was used as secondary antibody. Additional 

information on the above antibodies are listed in Table 1. Immune complexes were detected 

on X-ray film after treatment with West Pico super signal chemiluminescence reagent 

(Pierce Biotechnology). Quantification of phosphorylated p38 MAPK, COX-2, ZO-1 and 

Occludin-125 was done by computer-assisted densitometry and Image J analysis as 

described earlier (Deb et al., 2013; Poddar et al., 2016).
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2.5. Enzyme linked immunoassay for prostaglandin E2

To determine prostaglandin E2 (PGE2) concentrations, WT and STEP KO mice were 

subjected to MCAO for 30 min followed by reperfusion for 6 h. The 6 h time point was 

chosen to compare the effect of transient increase in COX-2 expression in WT mice at 6 h 

after reperfusion with the sustained increase in COX-2 expression in the STEP KO mice 

after reperfusion. Mice were euthanized after sham surgery and 6 h after post-MCAO 

reperfusion, and brains were rapidly removed on ice. Cortex and striatum were dissected out 

from the third rostral section of coronal brain slices (2 mm thickness) obtained from 

ipsilateral hemisphere. The tissues were homogenized separately in ice cold PBS in the 

presence of protease inhibitor cocktail (Roche), centrifuged at 14,000 rpm for 10 min. The 

supernatant was removed and equal amount of protein in each sample was estimated using 

BCA protein estimation kit (Pierce). Equal amount of protein from each sample (10 μg) was 

used for PGE2 assay using the PGE2 enzyme immunoassay kit (K051-H1) from Arbor 

assays (Ann Arbor, MI) according to the manufacturer’s protocol. Briefly, the assay was 

performed in a microtiter plate coated with goat-anti-mouse IgG to capture a mouse 

monoclonal antibody specific for PGE2. The reaction was initiated following addition of a 

fixed amount of sample (or standard PGE2), HRP-conjugated PGE2 and the antibody against 

PGE2 to the well. The assay is based on a competitive binding technique in which PGE2 

present in the sample competes with the HRP-conjugated PGE2 for sites on the bound 

mouse monoclonal antibody. After a 2 h incubation with shaking at room temperature and a 

brief washing to remove unbound sample and excess HRP-conjugated PGE2, a substrate 

solution was added to the wells to determine the enzyme activity of the bound HRP-

conjugated PGE2. The intensity of the color, measured at 450 nm wavelength is inversely 

proportional to the concentration of PGE2 in the sample.

2.6. Enzyme linked immunoassay for detection of IgG in brain

To determine immunoglobulin G (IgG) level in the brain as a measure of blood–brain barrier 

(BBB) permeability, WT and STEP KO mice were subjected to MCAO for 30 min followed 

by reperfusion for 24 h. Mice were rapidly decapitated after sham surgery and 24 h after 

post-MCAO reperfusion, brains were removed and cortical and striatal lysates from the 

ipsilateral hemisphere were obtained as described above. The tissue was homogenized 

separately in RIPA buffer containing 1% SDS, 1% sodium deoxycholate, 150 mM NaCl, 50 

mM Tris-HCl pH 7.6, and 1% IGEPAL CA-630 (Sigma-Aldrich) at 10 μL/mg of brain 

tissue. HALT Protease Inhibitor Cocktail, HALT Phosphatase Inhibitor Cocktail and 0.5 M 

EDTA were added at 10 μL/mL of homogenization buffer immediately before use. 

Homogenates were spun down at 14,000 × g at 4 °C for 20 min and supernatant was 

removed and stored at −80 °C until analysis. An amount of 50 μg of total of protein from 

each sample was used for determination of IgG levels using a mouse IgG ELISA kit (E-90G) 

from Immunology Consultants Laboratory, Inc. following the manufacturer’s protocol.

2.7. Fluorometric immunocapture assay for MMP-9 activity

Enzymatic activity of MMP-9 in the ipsilateral cortex and striatum of WT and STEP KO 

mice subjected to 18 h reperfusion after MCAO was measured using a fluorescence 

resonance energy transfer (FRET) peptide immunoassay as described earlier (Hawkins et al., 
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2013). Briefly, high binding 96 well plates were first coated with protein A/G (200 μg/ml; 

ScienCell, Carlsbad, CA) in a carbonate/bicarbonate buffer (pH 9.4) for 2 h at room 

temperature. After washing the wells three times with TCNB buffer (200 μL each time, 50 

mM Tris-HCl, 10 mM CaCl2, 150 mM NaCl, 0.05% Brij L23) 0.5 μg of polyclonal rabbit 

anti-MMP-9 antibody (Cat. No. SC-6841-R, Santa Cruz Biotechnology) was added to each 

well and incubated for another 2 h. The wells were then washed again with TCNB buffer 

(three times) followed by addition of 50 μg of cortical and striatal lysates obtained from the 

ipsilateral hemisphere of WT and STEP KO mice and incubated overnight at 4 °C. After 

washing with TCNB buffer 5- FAM/QXL™ 520 FRET peptide substrate (Substrate III Cat. 

No. AS-60570–01, Anaspec, Fremont, CA) was added to the wells. The plates were then 

incubated at 37 °C for 24 h, and then read at excitation/emission wavelengths of 485/528 nm 

in a Synergy HT multi-mode microplate fluorescence reader. Basal fluorescence was 

measured from wells where tissue lysates were not added and subtracted from the 

fluorescence values obtained from the sample treated wells to provide the final relative 

fluorescent unit (RFU) value for each sample.

2.8. Immunohistochemistry and quantification of Iba-1 fluorescence intensity

Six hours after MCAO/reperfusion mice were rapidly anesthetized and perfused 

intracardially with ice-cold 4% paraformaldehyde in 0.01 M PBS. Brains were then removed 

and post-fixed in the same fixative solution for 4 h and cryoprotected in 15% and 30% 

sucrose in PBS and then frozen in Optical Cutting Temperature (OCT) compound. Brains 

were removed, cryoprotected and frozen for cryosectioning. Immunohistochemistry with 

rabbit monoclonal anti-phospho-p38 (TPEYP) (Cat # 4631), polyclonal anti-COX-2 (1:100); 

monoclonal anti-NeuN antibody from EMD Millipore (Cat # MAB-377); and polyclonal 

anti-Iba-1 antibody from Wako (Cat # 019–19741) were performed on 16 μm sections. 

Briefly, coronal sections through the cortex were blocked with 10% normal goat serum, 3% 

BSA in PBS-T (PBS with 0.2% Triton X-100) for 1 h at room temperature and incubated 

overnight with the respective primary antibody. After extensive washing with PBS-T, 

sections were incubated with AlexaFluor-488 conjugated goat anti-rabbit antibody from 

Thermo Fisher (Cat #: A11008), AlexaFluor-488 conjugated goat anti-mouse antibody 

Thermo Fisher (Cat #: A11001) or Cy3 conjugated goat anti-rabbit antibody from Jackson 

Immuno-Research Laboratories (Cat # 111–165-144) for 1 h at room temperature. Sections 

were washed three times in PBS-T and mounted using ProLong Gold Antifade mounting 

media. All sections were imaged using fluorescent microscopy (Olympus IX-71). To 

quantify microglial activation ImageJ (National Institutes of Health, Bethesda, MD, USA) 

was used to measure immunofluorescent staining intensity of Iba-1 in images captured from 

ischemic hemisphere of WT and STEP KO mice brain. Since Iba-1 is specifically expressed 

in microglia in the brain and is upregulated during the activation of these cells, increased 

intensity of Iba-1 immunofluorescence represents microgliosis (Ito et al., 2001; Patel et al., 

2013; Yang et al., 2015). Additional details on the above antibodies are listed in Table 1.

2.9. Fluoro-Jade C staining and infarct volume measurement

At the specified time points after MCAO (6, 12 and 24 h after reperfusion) or following 

sham surgery mice were anesthetized with sodium pentobarbital (150 mg/kg, i.p.) and 

perfused intracardially as described above and then frozen in OCT compound. Coronal 

Rajagopal et al. Page 6

Brain Behav Immun. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



forebrain sections were collected at 90 μm intervals. For Fluoro-Jade C staining sections 

were air-dried, dehydrated, incubated with 0.06% potassium permanganate (15 min), rinsed 

in water and stained with 0.001% Fluoro-Jade C (Histo-Chem) in 0.1% acetic acid for 30 

min with gentle agitation on ice. Sections were rinsed in water, air-dried and mounted using 

Permount mounting media. Sections were then imaged using Olympus IX-71 fluorescent 

microscope as described earlier (Deb et al., 2013). In each slice, the total area in the 

contralateral side and the non-infarcted area in the lesioned side were measured by an 

investigator blinded to the experimental conditions using Image J software. The areas on 

each slide were summed over the numbers of sections evaluated, and the respective volumes 

were calculated as follows: [(volume of contralateral side – non-infarcted volume of the 

lesioned side)/volume of contralateral side] × 100% (Swanson et al., 1990).

2.10. Behavioral studies

Male mice treated with vehicle or STEP peptide mimetic (TAT-STEP-Myc peptide) were 

subjected to neurological assessment and motor function tests (beam balance and rotarod) 24 

h after MCAO (30 min) and reperfusion. Habituation to the testing environment and baseline 

training was performed one week before surgery. An observer blinded to the study groups 

and treatment conditions evaluated behavioral parameters after surgery. Severity of 

neurologic deficit (Longa et al., 1989) was assessed on a 5-point scale as follows: 0, no 

observable deficits; 1, failure to extend left forepaw; 2, circling to the left; 3, falling to left; 

4, no spontaneous walking with a depressed level of consciousness; 5, death. For the rotarod 

test (Allan and Harris, 1989), mice were placed on an accelerating cylinder that rotated from 

0 to 50 rpm over a period of 2 min. The time and speed at which the mice fell off the 

cylinder were measured automatically. For the beam balance test (Crabbe et al., 2003), mice 

were placed on a metal beam 1.3 cm diameter and 77 cm long, suspended 2 feet above the 

ground, and were required to traverse the beam. They were scored on a scale of 0–6 as 

follows: 0, cross the beam without any slips or hesitations; 1, cross the beam with 1 or 2 

slips and/or hesitation; 2, cross the beam partially with multiple slips and falls; 3, balances 

with steady posture (>60 s) with multiple slips and 1 fall; 4, attempts to balance on the beam 

and falls off (>40 s) with multiple slips and falls but is walking on feet; 5, attempts to 

balance on the beam but falls off (>20 s), multiple falls and fails to walk on the feet; and 6, 

falls off: no attempt to balance or hang on the beam (>20 s).

2.11. Statistical analysis

Statistical analysis was conducted with GraphPad Prism 9.0 software (San Diego, CA). All 

quantitative data are expressed as mean ± standard deviation (SD). Statistical differences 

between multiple groups were assessed using one-way analysis of variance (ANOVA) 

followed by Tukey’s post hoc comparisons test. Analysis of simple two group comparison 

for normally distributed data was done using the Student’s t-test. Mean differences between 

two groups were considered statistically significant when p < 0.05.
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3. Results

3.1. Early onset and progression of ischemic brain damage in STEP deficient mice

To examine the role of STEP in the temporal progression of ischemic brain injury in the 

acute phase, WT and STEP KO mice were subjected to MCAO for 30 min followed by 

reperfusion for 6, 12 and 24 h respectively. Coronal brain sections were then stained with 

Fluro-Jade C, a fluorescent marker that can recognize the onset of neuronal degeneration 

following ischemic insult (Butler et al., 2002). The representative photomicrographs (Fig. 

1A) and the corresponding bar diagram (Fig. 1B) show an early onset of neurodegeneration 

in STEP KO mice when compared to WT mice. In the WT mice Fluoro-Jade staining 

becomes visible only at 12 h of reperfusion that remains limited to the striatum at 24 h. In 

contrast, significant increase in Fluoro-Jade staining is visible within 6 h of reperfusion in 

the striatum of STEP KO mice that increases considerably at 12 h of reperfusion, and at 24 h 

Fluoro-Jade positive cells are present in both the striatum and cortex. Together, these 

observations suggest that even a mild ischemic insult in the absence of endogenous STEP 

accelerates the progression of neurodegeneration resulting in exacerbation of ischemic brain 

damage.

3.2. Increase in neuronal p38 MAPK phosphorylation, COX2 expression and PGE2 release 
in STEP deficient mice after ischemic insult

Among the known kinases that are regulated by STEP, p38 MAPK is active in ischemic 

condition (Barone et al., 2001a, 2001b; Nozaki et al., 2001). To test whether a transient focal 

ischemia in the absence of STEP has any effect on p38 MAPK phosphorylation, WT and 

STEP KO mice were subjected to MCAO for varying time periods (10 or 30 min). 

Immunoblot analysis shows a rapid increase in p38 MAPK phosphorylation in both striatum 

and cortex of WT (Fig. 2A, C) and STEP KO mice (Fig. 2B, D) within 10 min of the insult. 

However, in the WT mice p38 MAPK phosphorylation decreases to near basal level by 30 

min in both striatum and cortex, while it remains sustained in STEP KO mice. In WT mice, 

ischemia also leads to de-phosphorylation and subsequent activation of STEP by 30 min as 

evident from the downward shift in the mobility of the STEP band (Fig. 2A, C), which is 

consistent with our earlier observation in both cell culture model of excitotoxicity and in 

animal models of ischemia (Deb et al., 2013; Poddar et al., 2010). As expected, the STEP 

protein band is not detectable in the tissue lysates from STEP KO mice (Fig. 2B, D). 

Subsequent studies evaluated the effect of reperfusion after 30 min MCAO, on p38 MAPK 

phosphorylation in both WT and STEP KO mice. Fig. 2 (E, G) further shows that in the WT 

mice, p38 MAPK phosphorylation remains at basal levels both at the onset of reperfusion 

(I/R-0 h) as well as 3 h after the onset of reperfusion (I/R-3 h), and increases only transiently 

at 6 h after reperfusion (I/R-6 h). This secondary activation of p38 MAPK in WT mice is 

associated with inactivation of STEP through phosphorylation, as evident from the upward 

shift in the mobility of the STEP band (Fig. 2E, G). In contrast, p38 MAPK phosphorylation 

remains continuously elevated in STEP KO mice for at least 6 h after the onset of 

reperfusion (Fig. 2F, H). A comparative analysis of the magnitude of p38 MAPK 

phosphorylation at 6 h post-ischemic reperfusion shows a significantly large increase in p38 

MAPK phosphorylation in both striatum (~3-fold) and cortex (~4-fold) of STEP KO mice, 

when compared to WT littermates (Fig. 2I, J). Immunohistochemical staining of coronal 
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brain sections (ipsilateral cortex) with anti-phospho-p38 MAPK and NeuN antibodies 

further show that the increase in p38 MAPK phosphorylation in STEP KO mice is localized 

primarily in neurons (Fig. 2K).

Emerging evidence indicate that depending on the cell type and stimuli, p38 MAPK can 

enhance transcription and/or stability of COX-2, an enzyme that catalyzes the conversion of 

arachidonic acid into inflammatory prostaglandins in the post-ischemic brain (Miettinen et 

al., 1997; Nito et al., 2008; Nogawa et al., 1997; Sasaki et al., 2004; Smith et al., 2000). 

Therefore, we next investigated the expression of COX-2 in both WT and STEP KO mice, 

during the ischemic insult and reperfusion. Fig. 4 shows that during the ischemic insult in 

the WT mice, COX-2 expression remain unchanged as compared to the sham-operated 

control mice (Fig. 3A, C), while in the STEP KO mice, COX-2 expression increases 

significantly within 30 min of the insult in the ipsilateral striatum and cortex (Fig. 3B, D). 

During reperfusion, a transient increase in COX-2 expression is observed 6 h after post-

ischemic reperfusion in the WT mice (Fig. 3E, G). In contrast, COX-2 levels in the STEP 

KO mice increases progressively from the onset of reperfusion through 6 h of post-ischemic 

reperfusion in both the ipsilateral striatum and cortex (Fig. 3F, H). Comparison of COX-2 

protein levels between WT and STEP KO mice at 6 h of post-ischemic reperfusion shows 

significant increase in COX-2 level in both the striatum (~2-fold) and cortex (~3-fold) of 

STEP KO mice (Fig. 3I, J). Immunohistochemical staining of the ipsilateral cortex further 

show that the up regulation of COX-2 protein level in STEP KO mice at 6 h of post-ischemic 

reperfusion is specifically in neurons (Fig. 3K). PGE2 immunoassay shows that the elevated 

COX-2 protein level in the STEP KO mice is associated with significantly higher levels of 

the inflammatory PGE2 in both the ipsilateral striatum and cortex of STEP KO mice brain 

when compared with WT littermates (Fig. 3L, M). The elevated COX-2 expression in 

neurons and the enhanced PGE2 production strongly suggests the involvement of neuronal 

PGE2 release in increasing post-ischemic inflammatory response in the absence of 

endogenous STEP.

To determine whether loss of STEP is a key factor in the up regulation of neuronal p38 

MAPK-COX2-PGE2 signaling pathway under ischemic condition, STEP KO mice were 

subjected to MCAO (30 min) followed by intravenous administration of a single dose of the 

STEP-peptide mimetic, TAT-STEP-Myc (3 nmol/g; Fig. 4A) at the onset of reperfusion. 

Restoration of STEP signaling significantly reduced p38 MAPK phosphorylation in both the 

striatum and cortex of STEP KO mice when treated with the peptide and observed 6 h after 

reperfusion (Fig. 4B, C). Evaluation of COX-2 protein level (Fig. 4D, E) and PGE2 level 

(Fig. 4F, G) at 6 h after reperfusion also show significant reduction in the peptide treated 

mice.

3.3. Increased microglial activation in STEP deficient mice after ischemic insult

Excessive or persistent release of PGE2 in the brain has been associated with the activation 

of microglia that are known to participate in the progression of ischemic pathology (del 

Zoppo et al., 2007; Kreutzberg, 1996; Mabuchi et al., 2000; Wang et al., 2007). Activated 

microglia are defined partly by their change in morphology from a ramified state 

characterized by a small body and multiple thin processes to a more amoeboid shape with 

Rajagopal et al. Page 9

Brain Behav Immun. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



highly branched short processes and increased immunoreactivity for Iba-1 (Ito et al., 2001; 

Zhang et al., 1997). To investigate whether microglia in STEP KO mice are affected by 

transient MCAO (30 min) and reperfusion, the morphology of cells immune-reactive for 

Iba-1 were evaluated in both WT and STEP KO mice brain sections 12 h after reperfusion. 

Representative microglial phenotype presented in Fig. 5 indicate that change in microglial 

morphology is not so apparent in either the striatum or cortex of WT mice (Fig. 5A), 

whereas in the STEP KO mice distinct changes in microglial morphology to the amoeboid 

form is observed in both the ipsilateral striatum and cortex (Fig. 5B). Quantification of 

immunofluorescent staining intensity further show a significant increase in 

immunoreactivity for Iba-1 in the brain of STEP KO mice, when compared with WT 

littermates (Fig. 5D). Additional studies indicate that administration of the STEP peptide 

mimetic at the onset of reperfusion blocks change in microglial morphology to the amoeboid 

state (Fig. 5C) and significantly reduces Iba-1 immunoreactivity (Fig. 5D).

3.4. Increased MMP-9 activity and BBB permeability in STEP deficient mice after 
ischemic insult

Given that the level and activity of the proteolytic enzyme MMP-9 and subsequent cleavage 

of tight-junction proteins at the blood–brain barrier (BBB) are regulated by microglia (da 

Fonseca et al., 2014; Kauppinen and Swanson, 2005; Rivera et al., 2002; Rosenberg et al., 

2001; Shigemoto-Mogami et al., 2018), we next investigated MMP-9 activity in the striatum 

and cortex of both WT and STEP KO mice 18 h after reperfusion. Our findings show a 

significant increase in MMP-9 activity in the ipsilateral striatum and cortex of STEP KO 

mice as compared to WT littermates (Fig. 6A, B). Subsequent studies evaluated the 

endogenous levels of the scaffolding protein ZO-1 and the transmembrane phosphoprotein 

occludin, two tight junction proteins that are components of the BBB and substrates of 

MMP-9 (Asahi et al., 2001; Cummins, 2012). While ZO-1 is known to play a role in the 

regulation of tight junction protein complex through its interaction with occludin and actin 

cytoskeleton, the monomeric and oligomeric forms of occludin links adjacent endothelial 

cells to form the paracellular barrier (Cummins, 2012; Furuse et al., 1994; McCaffrey et al., 

2007). Our findings show that 24 h after reperfusion in STEP KO mice ZO-1 level is 

significantly reduced in both the ipsilateral striatum and cortex as compared to the WT 

littermates (Fig. 6C, D). A significant reduction in the level of the dimeric form of occludin 

(~125 kDa) is also observed in the ipsilateral striatum and cortex of STEP KO mice, when 

compared to WT littermates (Fig. 6E, F). Finally, to determine whether BBB permeability 

changes with the loss of tight junction proteins, we measured the levels of IgG in the 

ischemic brain from both WT and STEP KO mice 24 h after MCAO and reperfusion 

(Diamond et al., 2013). Our findings demonstrate that IgG level is significantly elevated in 

the ipsilateral striatum and cortex of STEP KO mice, when compared to WT littermates 

(Fig. 6G, H), confirming increased BBB permeability in the absence of STEP.

We next tested whether intravenous administration of the STEP peptide mimetic at the onset 

of reperfusion has any effect on MMP-9 activity and BBB permeability. For these 

experiments STEP KO mice were subjected to 30 min MCAO followed by intravenous 

administration of a single dose of vehicle or STEP-derived peptide (3 nmol/g) at the onset of 

reperfusion. They were then subjected to reperfusion for the specified time periods. The 
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extent of MMP-9 activity, analyzed 18 h after post-ischemic reperfusion show a significant 

decrease in both striatum and cortex of peptide treated mice (Fig. 7A, B). In addition, a 

significant reduction in extravasation of IgG is observed in the peptide treated mice 24 h 

after the onset of reperfusion (Fig. 7C, D). Together these findings confirm a role of STEP in 

regulating a signaling cascade that is involved in the potentiation of post-ischemic 

inflammatory responses in the brain.

3.5. Post-ischemic functional deficit in STEP deficient mice

To determine whether the significant reduction of inflammatory response in STEP KO mice 

following treatment with the STEP peptide mimetic could also attenuate neurological and 

motor deficit, both WT and STEP KO mice were subjected to MCAO (30 min) followed by 

reperfusion for 24 h. A subset of ischemic STEP KO mice were treated with a single 

intravenous injection of the STEP peptide mimetic (3 nmol/g) at the onset of reperfusion. At 

24 h after reperfusion WT mice shows minimal decline in neurological function as assessed 

by the modified neurological severity score. In contrast, the STEP KO mice show a severe 

decline in neurological function (Fig. 8A). Motor function, as assessed by rotarod and beam 

balance tests also shows a significant decline in STEP KO mice, when compared to the WT 

littermates (Fig. 8B, C). Intervention with the STEP peptide mimetic shows significantly 

enhanced neurological and motor function in STEP KO mice, when compared to vehicle-

treated STEP KO controls (Fig. 8A–C). Following functional studies, the mice were 

processed to evaluate the extent of brain damage using Fluoro-Jade staining. The 

representative photomicrograph shows that deletion of STEP gene leads to exacerbation of 

ischemic brain injury, while restoration of STEP signaling with intravenous administration 

of the STEP peptide mimetic reduces ischemic brain damage (Fig. 8D), which is consistent 

with our earlier finding (Deb et al., 2013). Together these findings confirm a role of STEP in 

regulating a signaling cascade that is involved in the potentiation of post-ischemic 

neuroinflammatory response in the brain.

4. Discussion

A key finding of the current study is that in the absence of STEP, focal ischemia evokes an 

early onset of inflammatory response that begins with rapid and sustained activation of 

p38MAPK/COX-2/PGE2 signaling pathway in neurons. The increase in neuronal PGE2 

release in the early stages of ischemia leads to rapid increase in microglial activation and 

BBB permeability, resulting in exacerbation of ischemic brain injury in STEP KO mice. 

Consistent with this interpretation, restoration of STEP signaling with intravenous 

administration of the STEP peptide mimetic attenuates p38MAPK/COX-2/PGE2 signaling, 

microglial activity, BBB permeability and ischemic brain damage. These findings strongly 

suggest that STEP is an upstream regulator of the signaling cascade that triggers post-

ischemic neuroinflammation. A schematic representation of this signaling cascade is shown 

in Fig. 9. The study could lead to a new direction for stroke treatment that could reduce the 

detrimental impact of inflammation in the early stages of ischemia, without affecting its 

beneficial factors in the recovery phase.
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An important outcome of our study is the distinctly different pattern of p38 MAPK signaling 

in WT and STEP KO mice following ischemia. In the WT mice, a rapid but transient 

activation of p38 MAPK in neurons within 10 min of the ischemic insult is followed by a 

secondary activation of p38 MAPK detected at 6 h post-reperfusion. This biphasic pattern of 

p38 MAPK activation is consistent with earlier observations in neuron culture models of 

glutamate excitotoxicity and animal models of ischemic stroke (Deb et al., 2013; Poddar et 

al., 2010). However, in the STEP KO mice the significant increase in p38 MAPK activation 

in neurons, observed within 10 min of the insult, remains elevated for at least 6 h after 

reperfusion. Since STEP inhibits p38 MAPK activation, in the absence of this inhibitory 

signal the sustained p38 MAPK activation could be an initial trigger for the early onset of 

inflammatory response in neurons. In conjunction with this finding, we observe a rapid 

induction of COX-2 expression in neurons within 30 min of the ischemic insult that remains 

sustained for the duration of p38 MAPK activation. In contrast, only a brief induction of 

COX-2 is observed in the WT mice 6 h after the onset of reperfusion. Elevated expression 

and activity of COX-2 is the dominant source of pro-inflammatory PGE2 synthesis and is a 

key element in the pathophysiology of several inflammatory disorders (Ricciotti and 

FitzGerald, 2011). p38 MAPK activation has been shown to increase the stability of COX-2 

mRNA in response to a wide range of stimuli and neuronal COX-2 expression has been 

shown to play a profound role in PGE2 release, inflammation and neurodegeneration 

(Bartlett et al., 1999; Dean et al., 1999; Lasa et al., 2000; Park and Kwon, 2011; Ridley et 

al., 1998; Rockwell et al., 2004; Serrano et al., 2011; Svensson et al., 2003). As such, the 

significant increase in the PGE2 level observed in STEP KO mice 6 h after reperfusion could 

be attributed to the prolonged activation of p38 MAPK-COX-2 pathway in neurons in the 

absence of STEP.

Increase in COX-2-derived PGE2 level along with reactive oxygen species generated as a 

by-product during prostaglandin synthesis are key mediators of microglial activation and 

have been demonstrated to contribute to post-ischemic neuroinflammation and subsequent 

brain damage (Candelario-Jalil et al., 2007; Nakamura, 2002; Quan et al., 2013; Smith et al., 

2000; Wang et al., 2007; Yenari et al., 2010). Interestingly, in our study the amoeboid 

morphology reflecting activated state of microglia is observed only in the STEP KO mice as 

early as 6 h after reperfusion, followed by a large increase in MMP-9 activity observed 18 h 

after reperfusion. Since microglia is one of the major sources of MMP-9 release following 

cerebral ischemia (del Zoppo et al., 2012, 2007; Dong et al., 2009; Rosell et al., 2006), these 

findings further substantiate the role of p38 MAPK-COX-2-PGE2 signaling pathway in 

microglial activation in the STEP KO mice. The data also imply that the consequences of 

COX-2 induction depend largely on the duration and the magnitude of its level. A transient 

increase in COX-2 level observed in the WT mice fails to exert substantial effect on 

microglial activity, whereas more prolonged induction of COX-2 level in the STEP KO mice 

leads to robust microglial activation and inflammation. Further support for this interpretation 

comes from an earlier study demonstrating that a rapid induction of COX-2 after a mild 

episode of focal ischemia does not result in tissue inflammation (Planas et al., 2001). In 

cerebral ischemia, increase in MMP-9 expression and its activity appears to dominate in the 

acute phase of stroke (Dong et al., 2009; Planas et al., 2001). The presence of high MMP-9 

level has been confirmed not only in the infarct tissue but also in the peri-infarct areas 
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suggesting that MMP-9 is involved in process of infarct growth (Dong et al., 2009; Fujimura 

et al., 1999; Park et al., 2009; Rosell et al., 2006). Such increase in MMP-9 activity in the 

acute phase of the injury result in cleavage of tight junction proteins leading to disruption of 

BBB and subsequent infiltration of peripheral immune cells that can contribute to secondary 

brain damage. (Asahi et al., 2001; Gu et al., 2005; Lohmann et al., 2004; Wang et al., 2009; 

Yang et al., 2007). In this context, we also observe a significant increase in the cleavage of 

tight junction proteins ZO-1 and occludin, extravasation of IgG and increase in ischemic 

brain damage in the STEP KO mice.

The sustained activation of neuronal p38 MAPK-COX-2-PGE2 signaling cascade and the 

subsequent increase in microglial activation, MMP-9 activation and BBB dysfunction in the 

STEP KO mice suggests that STEP constitutes an important control point in the regulation 

of neuroimmune communication and post-ischemic inflammatory response through 

modulation of neuronal PGE2 release. We further evaluated this hypothesis through 

restoration of STEP signaling with a brain permeable STEP-derived peptide. In earlier 

studies, we have demonstrated that the phosphorylation of a critical serine residue within the 

KIM domain of STEP inhibits STEP-p38 MAPK interaction (Poddar et al., 2010). Based on 

this findings, we generated the STEP-derived peptide where the serine residue in the KIM 

domain was mutated to allow the peptide to bind irreversibly with p38 MAPK in the absence 

of the phosphatase domain. Using this peptide, we further showed that when transduced into 

neurons in culture or injected intravenously in rodents the peptide binds constitutively to p38 

MAPK (Poddar et al., 2010, 2019). This unique function of the peptide allowed us to use it 

as a novel tool to validate the role of STEP in regulating the post-ischemic inflammatory 

response. Restoring STEP signaling with the administration of the peptide not only 

attenuated p38 MAPK-COX-2-PGE2 signaling but also attenuated microglial activation, 

MMP-9 activity, as well as IgG extravasation. The susceptibility of the STEP KO mice to 

severe neurological and motor deficits was also attenuated following peptide treatment. 

These findings substantiate the role of STEP in regulating post- ischemic inflammatory 

response to minimize stroke damage. The findings also imply that loss of function of 

endogenous STEP could increase the susceptibility of the brain to ischemic damage due to 

early onset of the inflammatory response. In this context, we have showed in earlier studies 

that age-associated increase in oxidative stress leads to inactivation of endogenous STEP 

(Deb et al., 2011; Rajagopal et al., 2016). Since the majority of strokes (75% − 90%) occur 

in individuals over the age of 65 and infarct volume as well as mortality rate is higher in 

aged individuals (Halaweish and Alam, 2015; Yousufuddin and Young, 2019), it would 

suggest that the STEP-derived peptide could be valuable for the development of novel 

interventions targeting the post-ischemic inflammatory response, to facilitate better recovery 

and reduce mortality in the aged population.

The current study focuses on the role of STEP in regulating p38 MAPK-mediated post-

ischemic inflammatory response using the STEP deficient mice. However, additional STEP 

substrates that include ERK1/2 and the non-receptor tyrosine kinases Pyk2 and Fyn may 

also be involved in inducing post-ischemic inflammatory responses. Indeed, several studies 

have established the role of Pyk2 and Fyn in ischemic brain damage, although the 

involvement of ERK1/2 in cerebral ischemia still remains controversial. (Alessandrini et al., 

1999; Jover-Mengual et al., 2007; Kong et al., 2019; Paul et al., 2001; Tian et al., 2000; Xu 
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et al., 2012). Therefore, to further our understanding of additional inflammatory pathways 

that may be regulated by STEP, future studies will focus on identification of other STEP 

substrates that are upregulated in the STEP deficient mice after an ischemic insult, 

evaluation of their role in inducing inflammatory response and the contribution of the STEP- 

peptide mimetic in regulating them.

In conclusion, the findings strongly imply that predisposition to comorbidities, which 

compromise STEP function could exacerbate ischemic brain injury by enhancing 

inflammatory response. To the best of our knowledge this study demonstrates for the first 

time the role of a tyrosine phosphatase in regulating inflammatory pathways in the brain and 

suggests that the STEP enzyme may play a far more important role in brain function than 

just regulating ischemia-induced brain injury. The study also highlights the therapeutic 

potential of the STEP-derived peptide in a wide spectrum of neurological disorders where 

excitotoxicity contributes to brain damage through activation of neuroinflammatory 

pathways.
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Fig. 1. Cerebral ischemic insult accelerates the progression of brain injury in STEP KO mice.
WT and STEP KO mice were subjected to MCAO for 30 min followed by reperfusion for 

the specified time periods (6, 12 and 24 h). Coronal brain sections from WT and STEP KO 

mice were stained with Fluoro-Jade C, a marker for cellular degeneration. (a) Representative 

photomicrographs of coronal brain sections through the striatum demonstrating the 

progression of ischemic brain damage in WT and STEP KO mice. (b) Corresponding bar 

diagram represents quantitative analysis of total infarct volume in WT and STEP KO mice 

as mean ± SD (n = 3–5 mice / group). *p < 0.01 from corresponding WT mice subjected to 

ischemia/reperfusion (I/R) for the specified time period.
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Fig. 2. Sustained increase in p38 MAPK phosphorylation in STEP KO mice during ischemia and 
reperfusion.
(A, C) WT and (B, D) STEP KO mice were subjected to sham surgery or MCAO (I) for the 

specified time periods (10 and 30 min). (E, G) WT and (F, H) STEP KO mice were 

subjected to sham surgery or MCAO (I) for 30 min followed by reperfusion (R) for the 

specified time periods (0, 3, 6 and 24 h). Tissue extracts with equal amount of protein from 

the ipsilateral (A, B, E, F) striatum and (C, D, G, H) cortex was analyzed with anti-phospho-

p38 MAPK (upper panels). Equal protein loading in each sample was confirmed by re-

probing the blots with anti-p38 MAPK antibody (middle panels). STEP was analyzed by 
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immunoblotting with anti-STEP (lower panels) antibody. (I, J) The increase in p38 MAPK 

phosphorylation in the (I) striatum and (J) cortex of WT and STEP KO mice at 6 h post-

MCAO reperfusion time point was compared by immunoblot analysis using anti-phospho-

p38 MAPK antibody (upper panels) and anti-p38 MAPK antibody (lower panels). (A-D) Bar 

diagrams represents mean ± SD (n = 4–5 mice / group). *p < 0.05 and **p < 0.001 from 

sham; #p < 0.05 and ##p < 0.001 from MCAO 10 min (I-10′). (E-J) Bar diagrams represent 

mean ± SD (n = 3–4 mice / group). (E-H) *p < 0.01, **p < 0.001 and ***p < 0.0001 from 

sham; #p < 0.01 and ##p < 0.0001 from 6 h post-ischemic reperfusion (I/R-6 h). (I, J) *p < 

0.01 and ***p < 0.0001 from WT I/R-6 h. (K) WT and STEP KO mice were subjected to 30 

min MCAO followed by reperfusion for 6 h and then processed for immunohistochemical 

analysis with anti-phospho-p38-MAPK and NeuN antibodies. Representative 

photomicrographs demonstrating phospho-p38 MAPK and NeuN positive cells in the 

ipsilateral cortex.
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Fig. 3. Increase in COX-2 protein and prostaglandin E2 levels in STEP KO mice during ischemia 
and reperfusion.
(A, C) WT and (B, D) STEP KO mice were subjected to sham surgery or MCAO (I) for the 

specified time periods (10 and 30 min). (E, G) WT and (F, H) STEP KO mice were 

subjected to sham surgery or MCAO (I) for 30 min followed by reperfusion (R) for the 

specified time periods (0, 3, 6 and 24 h). COX-2 protein levels in tissue lysates from the 

ipsilateral (A, B, E, F) striatum and (C, D, G, H) cortex was analyzed with anti-COX-2 

antibody (upper panels). Equal protein loading in each sample was confirmed by re-probing 

the blots with anti-β-tubulin antibody (lower panels). (I, J) The increase in COX-2 level in 
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the striatum and cortex of WT and STEP KO mice at 6 h post-MCAO reperfusion time point 

was compared by immunoblot analysis, using anti-COX-2 antibody (upper panels) and anti-

β-tubulin antibody (lower panels). (A-D) Bar diagrams represents mean ± SD (n = 4 mice / 

group). *p < 0.01 from sham. (E-J) Bar diagrams represent mean ± SD (n = 3–5 mice/

group). (E-H) *p < 0.05, **p < 0.001 and ***p < 0.0001 from sham; #p < 0.05 and ##p < 

0.001 from 6 h post-ischemic reperfusion (I/R-6 h). (I, J) ***p < 0.0001 from WT I/R-6 h. 

(K) WT and STEP KO mice were subjected to 30 min MCAO followed by reperfusion for 6 

h and then processed for immunohistochemistry with anti-COX-2 and NeuN antibodies. 

Representative photomicrographs demonstrating COX-2 and NeuN positive cells in the 

ipsilateral cortex. (L) WT and (M) STEP KO mice were subjected to sham surgery or 30 min 

MCAO followed by reperfusion for 6 h. PGE2 level was measured by enzyme immunoassay 

in the supernatants obtained from ipsilateral striatum and cortex of both WT and STEP KO 

mice. Data are expressed as nanograms (ng) of PGE2 level per milligram (mg) of cellular 

protein. Bar diagram represent mean ± SD (n = 3–4 mice / group) and ***p < 0.0001 

between WT I/R 6 h and KO I/R 6 h.
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Fig. 4. STEP mimetic attenuates post-ischemic increase in p38 MAPK phosphorylation, COX-2 
expression and PGE2 release in STEP KO mice.
(A) Schematic representation of TAT-STEP-Myc peptide generated from STEP61. Diagram 

of STEP61 indicating the positions of the phosphatase domain, putative proteolytic sites 

(PEST), transmembrane domain (TM), polyproline rich regions (PP), kinase interacting 

motif (KIM), kinase specificity sequence (KIS) and known phosphorylation sites. The STEP 

mimetic (TAT-STEP-Myc peptide) derived from STEP61 was rendered cell-permeable by 

fusion to the 11 amino acid protein transduction domain (TAT) of the human 

immunodeficiency virus-type I at the N-terminus and has a Myc-tag at the C-terminus. The 
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serine residue in the kinase interacting motif (KIM) was mutated to alanine to allow the 

peptide to bind constitutively with its substrates. The threonine and serine residues in the 

kinase specificity sequence (KIS) were mutated to glutamic acid to render the peptide 

resistant to degradation. (B-G) WT and STEP KO mice were subjected to MCAO (30 min) 

and reperfusion (6 h). The STEP peptide mimetic (TAT-STEP-Myc) was administered in a 

subset of STEP KO mice at the onset of reperfusion (KO + TAT-STEP). (B, C) p38 MAPK 

phosphorylation and (D, E) COX2 protein level were evaluated by immunoblot analysis of 

tissue extracts from ipsilateral (B, D) striatum and (C, E) cortex obtained from WT and 

STEP KO mice. Blots were re-probed with (B, C) anti-p38 MAPK or (D, E) anti-β-tubulin 

antibody (lower panels). (B-D) Bar diagrams represents mean ± SD (n = 4–6 mice / group). 

(F, G) PGE2 level was measured by enzyme immunoassay in the supernatants obtained from 

ipsilateral striatum and cortex (expressed as ng / mg protein). The corresponding bar 

diagrams represents mean ± SD (n = 3–4 mice / group). *p < 0.05, **p < 0.001 and ***p < 

0.0001 from WT; #p < 0.05, ##p < 0.001 and ###p < 0.001 from KO.
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Fig. 5. STEP peptide mimetic attenuates microglial activation in the post-ischemic brain of STEP 
KO mice.
(A-D) WT and STEP KO mice were subjected to MCAO (30 min) and reperfusion (6 h). In 

a subset of STEP KO mice, the STEP peptide mimetic (TAT-STEP-Myc) was administered 

at the onset of reperfusion (KO + TAT-STEP). (A-C) Immunohistochemical staining with 

anti-Iba-1 antibody show coronal brain sections through cortex and striatum of the ipsilateral 

hemisphere (left panels). The right panels present higher magnification of the images shown 

in squares in the left panels. The images in the right panels show changes in microglial 

morphology (ramified, inactive form or amoeboid, active form), in both the striatum and 
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cortex. (D) Quantification of immunofluorescent staining intensity of Iba-1 (relative 

intensity) in the striatum and cortex of the ischemic hemisphere. Values represent mean ± 

SD (n = 3 mice / group). *p < 0.001 from WT and #p < 0.001 from KO.

Rajagopal et al. Page 27

Brain Behav Immun. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Ischemic stroke enhances MMP-9 activity, tight-junction protein degradation and BBB 
permeability in STEP KO mice.
(A, B) MMP-9 activity was measured by a FRET peptide immunoassay in (A) striatum and 

(B) cortex of WT and STEP KO mice 18 h after post-MCAO reperfusion. Data represents 

mean ± SD and expressed as relative fluorescent unit (RFU) value for each sample (n = 8–9 

mice / group). (C-F) Degradation of tight junction proteins ZO-1 and occludin was evaluated 

by immunoblot analysis of (C, E) striatal and (D, F) cortical lysates obtained from ipsilateral 

hemisphere of WT and STEP KO mice, 24 h after post-MCAO reperfusion. Blots were 

analyzed with (C, D) anti-ZO-1 antibody or (E, F) anti-occludin antibody (upper panels) and 
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then re-probed with anti- -tubulin antibody (lower panels). Bar diagrams represents mean ± 

SD (n = 8–12 mice/ group). (G, H) IgG concentration in the (G) striatal and (H) cortical 

lysates obtained from ipsilateral hemisphere of WT and STEP KO mice 24 h after post-

MCAO reperfusion was measured by enzyme immunoassay. Values are represented as mean 

± SD (n = 7–10 mice / group). *p < 0.05, **p < 0.001 and ***p < 0.001 from WT.
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Fig. 7. STEP peptide mimetic attenuates post-ischemic MMP-9 activation, BBB dysfunction, 
behavioral deficit and brain lesion in STEP KO mice.
(A-D) WT and STEP KO mice were subjected to MCAO for 30 min followed by reperfusion 

for 18 h or 24 h, and the STEP peptide mimetic (TAT-STEP-Myc) was administered in a 

subset of STEP KO mice at the onset of reperfusion (KO + TAT-STEP). (A, B) At 18 h of 

post-MCAO reperfusion, lysates from (A) striatum and (B) cortex were processed for 

measurement of MMP-9 activity using FRET peptide-based immunoassay. (C, D) At 24 h of 

post-MCAO reperfusion, lysates from (C) striatum and (D) cortex were processed for 

measurement of IgG concentration by enzyme immunoassay. Values of MMP-9 activity and 
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IgG levels are represented as mean ± SD (7–10 mice / group). *p < 0.05, **p < 0.01 and 

***p < 0.0001 from WT; #p < 0.05 and ##p < 0.001 from KO.
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Fig. 8. STEP peptide mimetic attenuates post-ischemic behavioral deficit and brain lesion in 
STEP KO mice.
(A-D) WT and STEP KO mice were subjected to MCAO for 30 min followed by reperfusion 

and the STEP peptide mimetic (TAT-STEP-Myc) was administered in a subset of STEP KO 

mice at the onset of reperfusion (KO + TAT-STEP). At 24 h after reperfusion mice were 

subjected to behavioral evaluation followed by transcardial perfusion and cryo-sectioning for 

Fluoro-Jade C staining. (A) Neurological dysfunction was tested using a 5-point 

neurological severity score; (B) Balance and coordinated alteration of fore- and hind-paw 

were evaluated using the rotarod; (C) Gait and balance was evaluated using a beam balance 

task. Bar diagrams represents mean ± SD (n = 4–7 mice/group). *p < 0.05 from WT and #p 

< 0.05 from KO. (D) Representative photomicrographs of coronal brain sections obtained 

from WT, STEP KO and STEP KO mice treated with the STEP peptide mimetic 

demonstrating effect of the STEP-peptide mimetic on the progression of ischemic brain 

damage.
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Fig. 9. 
A schematic representation of the proposed inflammatory pathway that is involved in 

exacerbation of ischemic brain injury in the absence of STEP. The arrows in red indicates 

inhibition of the signaling pathway by the STEP-peptide mimetic. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Table 1

Primary and secondary antibodies used in Western blot (WB) and Immunohistochemistry (IHC).

Antibody Format Host Dilution (WB) Dilution (IHC) RRID

Anti-pT123/Y123p38 Whole IgG
unconjugated

Rabbit 1:1000 1: 100 AB_331762

Anti-pT123/Y123p38 Whole IgG
unconjugated

Rabbit 1: 100 AB_331765

Anti-p38 unconjugated Rabbit 1:1000 AB_330731

Anti COX-2 unconjugated Rabbit 1:2000 1:100 AB_2085144

Anti- β -tubulin unconjugated Mouse 1:10,000 AB_477556

Anti-STEP unconjugated Mouse 1:2000 AB_10107652

Anti ZO-1 unconjugated Rabbit 1:1000 AB_2533938

Anti-Occludin unconjugated Rabbit 1:1000 AB_2756463

Anti-NeuN unconjugated Mouse 1:500 AB_2298772

Anti-Iba1 unconjugated Rabbit 1:200 AB_839504

Anti-rabbit peroxidase conjugated Goat 1:2000 AB_2099233

Anti-rabbit AlexaFluor-488 conjugated Goat 1:250 AB_143165

Anti-rabbit Cy3
conjugated

Goat 1:250 AB_2338690

Anti-mouse peroxidase conjugated Goat 1:2000 AB_330924

Anti-mouse AlexaFluor-488 conjugated Goat 1:250 AB_2534069
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