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Abstract

We have recently demonstrated the role of the Fyn-PKCδ signaling pathway in status epilepticus 
(SE)-induced neuroinflammation and epileptogenesis in experimental models of temporal lobe 

epilepsy (TLE). In this study, we show a significant disease-modifying effect and the mechanisms 

of a Fyn/Src tyrosine kinase inhibitor, saracatinib (SAR, also known as AZD0530), in the rat 

kainate (KA) model of TLE. SAR treatment for a week, starting the first dose (25 mg/kg, oral) 4 h 

after the onset of SE, significantly reduced spontaneously recurring seizures and epileptiform 

spikes during the four months of continuous video-EEG monitoring. Immunohistochemistry of 

brain sections and Western blot analyses of hippocampal lysates at 8-day (8d) and 4-month post-

SE revealed a significant reduction of SE-induced astrogliosis, microgliosis, neurodegeneration, 

phosphorylated Fyn/Src-419 and PKCδ-tyr311, in SAR-treated group when compared with the 

vehicle control. We also found the suppression of nitroxidative stress markers such as iNOS, 3-NT, 

4-HNE, and gp91phox in the hippocampus, and nitrite and ROS levels in the serum of the SAR-

treated group at 8d post-SE. The qRT-PCR (hippocampus) and ELISA (serum) revealed a 

significant reduction of key proinflammatory cytokines TNFα and IL-1β mRNA in the 

hippocampus and their protein levels in serum, in addition to IL-6 and IL-12, in the SAR-treated 

group at 8d in contrast to the vehicle-treated group. These findings suggest that SAR targets some 

of the key biomarkers of epileptogenesis and modulates neuroinflammatory and nitroxidative 

pathways that mediate the development of epilepsy. Therefore, SAR can be developed as a 

potential disease-modifying agent to prevent the development and progression of TLE.
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1. Introduction

The role of a non-receptor Src/Fyn tyrosine kinase in neuroinflammation and neuronal 

hyperexcitability is emerging as a new mechanistic target for the development of drugs for 

epilepsy and Alzheimer’s disease (Nygaard et al., 2014; Sharma et al., 2018a; Smith et al., 

2017). We have recently shown that Fyn, protein kinase C delta (PKCδ), NADPH oxidase 2 

(NOX2), and inducible nitric oxide synthase (iNOS) were upregulated during 

epileptogenesis (Putra et al., 2019; Putra et al., 2020b; Sharma et al., 2018a), and in a 

Parkinson’s disease model (Gordon et al., 2016; Panicker et al., 2015). The Fyn-PKCδ-

NOX2-iNOS signaling is a novel pathway in epilepsy. We observed a significant 

upregulation of Fyn, PKCδ, and gp91phox (a NOX2 subunit) in microglia in both early and 

late stages of epileptogenesis (Sharma et al., 2018a). The activated Fyn phosphorylates 

PKCδ, which in turn phosphorylates cytosolic p47phox to form a functional NOX2 complex 

with gp91phox. This drives the production of reactive oxygen/nitrogen species (ROS/RNS), 

activates NFkB, and facilitates the transcription of proinflammatory cytokines/chemokines 

to cause neuronal hyperexcitability (Anrather et al., 2006; Bey et al., 2004; Langley et al., 

2017). Interestingly, NFkB also transcriptionally regulates PKCδ and gp91phox (Anrather et 

al., 2006; Gordon et al., 2016) implying that it can be a self-perpetuating neuroinflammatory 

signaling pathway, which could potentially exacerbate seizures (Gage and Thippeswamy, 

2021; Vezzani et al., 2011). Recently, we demonstrated increased hyperphosphorylated Tau 

and phosphorylated Src/Fyn and Fyn-tau interaction, using the Proximity Ligation Assay, in 

neurons at 24 h post-seizure in a mouse model (Putra et al., 2020b).

The activated Fyn-PKCδ signaling drives the production of ROS/RNS and facilitates NFkB 

activation in microglia, astrocytes, and neurons (Cai et al., 2017; Higai et al., 2008; Langley 

et al., 2017; Panicker et al., 2015) and in human monocytes (Bey et al., 2004). Reactive glia 

and brain-infiltrated monocytes/macrophages produce proinflammatory cytokines and iNOS, 

which also occur in response to seizures (Pearson et al., 2015; Putra et al., 2019; Vezzani et 

al., 2011). In our studies from the mouse and rat models of TLE, we observed a significant 

increase in ROS and RNS, and a concomitant increase in neuroinflammation (reactive 

gliosis) and neurodegeneration in the hippocampus, hyperexcitability of neurons (evident 

from increased epileptiform spikes), and SRS (Cosgrave et al., 2008; Putra et al., 2020a; 

Puttachary et al., 2016a; Sharma et al., 2018a). We, therefore, hypothesized that the activated 

Fyn/Src signaling in glia and neurons drive neuroinflammation and neurodegeneration to 

promote epileptogenesis, and disabling the Fyn/Src function soon after SE will modify/

prevent the onset of epilepsy. We tested the hypothesis in a rat kainate (KA) model of TLE 

using a selective and potent Fyn/Src tyrosine kinase inhibitor, saracatinib (SAR; also known 

as AZD0530). SAR clinical tolerability and oral bioavailability have been demonstrated in 

phase IIa clinical trials for Alzheimer’s disease (AD), breast cancer, and bone cancer 
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patients (Gucalp et al., 2011; Hochhaus et al., 2014). We have also demonstrated its anti-

seizure effect in a mouse model (Sharma et al., 2018a).

The key biomarkers of epileptogenesis such as gliosis, neurodegeneration, nitroxidative 

stressors (ROS/RNS), and proinflammatory cytokines are well-characterized parameters in 

experimental models of TLE. Of the several models of TLE, KA and pilocarpine rat models 

are most commonly used for both mechanistic and translational studies due to their 

reliability in the onset of progressive epilepsy and reproducible epileptogenic biomarkers. 

Continuous, integrated, remote video-EEG monitoring of epileptogenesis is an unbiased 

technological approach to determine the time-dependent onset of epilepsy, its progression, 

and useful to investigate the efficacy of interventional drugs in epilepsy. In this study, we 

used long-term telemetry and measured the epileptogenic biomarkers to investigate the 

disease-modifying effects of SAR in the rat KA model of TLE.

2. Methods

2.1. Animal source and ethics statement

We used adult male Sprague Dawley rats (8 weeks old) from Charles River Laboratory (MA, 

USA) in this study. Animals were maintained at the Laboratory of Animal Resources, Iowa 

State University under controlled environmental conditions (19 °C–23 °C, 12 h light: 12 h 

dark), with ad libitum access to food and water. All experiments were carried out as per 

protocol approved by the Institutional Animal Care and Use Committee, Iowa State 

University (IACUC 18–059/060). For telemetry animals, surgery was performed in an 

aseptic condition under general anesthesia. All efforts were made to minimize pain and 

discomfort to animals throughout the experiment. At the end of the study, all animals were 

euthanized with pentobarbital sodium (100 mg/kg, i.p.).

2.2. Chemicals and reagents

Kainate (KA) was purchased from Tocris Bioscience (USA). Saracatinib (SAR) was kindly 

supplied by AstraZeneca (USA/UK) under Open Innovation program and also purchased 

from Selleck Chemicals (USA). KA was prepared fresh in sterile water at 2 mg/mL. SAR 

was prepared in a sterile vehicle containing 0.5% hydroxypropyl methylcellulose in 0.1% 

Tween80 (HPMC) at 5–10 mg/mL. Antibodies were purchased from different sources: glial 

fibrillary acidic protein (GFAP, a marker for astrocytes, mouse and rabbit mono/polyclonal, 

1:400) from Sigma and Novus Biologicals, USA; ionized calcium-binding adaptor molecule 

1 (IBA1, a marker for microglia, goat polyclonal, 1:400), 3-nitrotyrosine (3-NT, mouse 

monoclonal, 1:1400), 4-hydroxynonenal (4-HNE), and glycosylated glycoprotein (gp91phox, 

rabbit polyclonal, 1:1000) from Abcam, USA; Fyn (mouse monoclonal, 1:200 for IHC and 

1:800 for WB), protein kinase C delta (PKCδ, rabbit polyclonal, 1:300 for IHC and 1:1000 

for WB), phosphorylated PKCδ (pPKCδ-Ty311, goat polyclonal, 1:1000) were all from 

Santa Cruz Biotechnology, USA; neuronal nuclei marker (NeuN, rabbit polyclonal, 1:500) 

and phosphorylated Src/Fyn specific antibody (pSrc-416, rabbit monoclonal, 1:1000) were 

from Millipore and Cell Signaling, USA; Fluoro-Jade B was purchased from Histochem 

Inc., USA. All secondary antibodies for IHC (CY3 conjugated 1:200, FITC conjugated 1:80, 

biotinylated 1:500) and WB (IRDye 680LT and 800CW) were purchased from Jackson 
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ImmunoResearch and LI-COR Biosciences, USA. All neutralizing antibodies were 

purchased from the same companies as the primary antibodies. The antibody dilution and 

sample preparation for IHC, WB, and qRT-PCR were done as described in our previous 

publication (Sharma et al., 2018a). We used an ELISA kit (ThermoFisher Scientific, USA) 

to determine IL-1β, IL-6, IL-12, and TNFα levels in serum as instructed in the 

manufacturer’s manual. Griess assay kit for nitrite (03553) was purchased from Sigma-

Aldrich, and ROS/RNS (STA-347) assay kits were from Cell Biolabs, USA.

2.3. Experimental groups, sample size, and drug treatment

We used a total of 92 rats in this study, which included three experimental groups- naïve 

control, KA+ vehicle, and KA+ SAR, and two time points- 8 day (8d post-SE/KA) and 4-

month (4 m post-SE/KA). Twenty age-matched rats were used as naïve controls (n = 10/time 

point; 5 each for IHC and WB). We used 40 rats for Western blotting and other assays (n = 

10 each for vehicle and SAR/time-point) and 16 rats for IHC in 8d groups (n = 8). The 

remainder of 16 rats were implanted with a telemetry device to acquire video-EEG for 4 

months, and the brains from the same rats were used for IHC (n = 8 each for vehicle and 

SAR). The animals were randomized and coded to blind the experimental groups. Telemetry 

groups were used for the KA challenge 10 days post-surgery. Repeated low dose KA (5 

mg/kg, i.p. at 30 min intervals) protocol was followed to induce fairly reliable and consistent 

severity of status epilepticus (SE) in all animals as described previously (Puttachary et al., 

2016b). KA dosing was stopped after animals showed the first convulsive seizure (CS). Two 

hours after the onset of first CS, diazepam (5 mg/kg, i.m) was administered. During the 2 h 

of SE, animals had both convulsive and non-convulsive seizures (NCS), which were scored 

based on the modified Racine scale as described previously (Sharma et al., 2018a; 

Puttachary et al., 2015; Puttachary et al., 2016b). The duration of all CS during the 2 h SE 

was considered to determine the initial severity of SE. All animals received 1 mL of 

Ringer’s lactate solution (s.c.) twice daily for the first three days post-SE to minimize weight 

loss. At 2 h post-diazepam, one group received SAR (25 mg/kg, oral), and the other placebo 

control group received equal volume and doses of HPMC (hereafter referred to as vehicle) 

twice a day for the first three days followed by a single dose/day for the next four days. The 

dose of SAR chosen in this study was based on our previous study in the mouse and rat 

models and the in vivo studies from other laboratories (Hennequin et al., 2006; Green et al., 

2009; Sharma et al., 2018a, 2018b). The rat equivalent dose of SAR (25 mg/kg) was 

estimated based on the range of doses tested in adult human clinical trials. The drug was 

well tolerated in human adults when administered in single doses up to 500 mg and in 

multiple once-daily doses up to 250 mg (Lockton et al., 2005). The length of SAR treatment 

was determined based on the average days of latent period for the onset of the first SRS, 

which is typically 5–7 days in the majority of the rats in our laboratory- based on continuous 

video-EEG study in the KA model (Puttachary et al., 2016a).

2.4. SE quantification to determine initial SE severity

All animals that received KA showed >40 min of CS. All the seizures, whether convulsive 

(stage ≥3) or non-convulsive (stage ≤2), were scored manually and verified the video 

recordings by two experimenters who were blinded to the experimental groups. Seizure 

staging/scoring was based on the modified Racine scale as described previously (Puttachary 
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et al., 2015; Racine, 1972; Sharma et al., 2018a). Animals with NCS did not show 

significant locomotor behavior, but rather showed mild behavioral symptoms such as 

freezing or absence of mobility or staring (stage 1); hunched back posture with facial 

manual automatisms, and/or head nodding (stage 2). Animals with CS had significant 

locomotor behavioral phenotype such as rearing with continuous forelimb clonus (stage 3); 

repeated rearing and falling with continuous forelimb clonus (stage 4); and generalized 

tonic-clonic convulsions with lateral recumbence, jumping, and/or wild running (stage 5). 

Seizure severity i. e., initial SE severity, latency, and duration of CS were quantified for each 

animal as described previously (Puttachary et al., 2015; Tse et al., 2014; Sharma et al., 

2018a). Animals were grouped for the vehicle or SAR treatment based on their initial SE 

severity such that both groups had animals with similar duration of CS during the 2 h period 

from the first CS and diazepam administration.

2.5. Electrodes and telemetry device implantation, and integrated video-EEG acquisition

The procedure for telemetry device implantation (CTA-F40, Data Science International) and 

EEG monitoring have been described in our previous publications (Putra et al., 2019; Putra 

et al., 2020a; Puttachary et al., 2016a; Sharma et al., 2018a). The telemetry device has two 

channels (bipolar) consisting of two twisted wires (coiled bifilar) in each lead. Each of the 

two electrode leads is a high-performance nickel cobalt alloy as in medical implants. The 

two leads are independent from each other and not twisted. The advantages of wireless 

telemetry are; minimal signal-to-noise ratio, allows continuous (24 h and 7 days a week) 

recording for up to 6 months (battery life) without need for handling animals for connecting 

the electrodes each time for recording as in traditional tethered systems, minimal discomfort 

to animals since the device is implanted subcutaneously, and the closed wounds without 

external wires sticking out. Briefly, rats were anesthetized with gaseous isoflurane (4% 

induction and maintained at 1.5–2.0%) at the flow rate of 1 L/min O2. Eye ointment was 

applied to prevent dryness and analgesic Buprenex (0.3 mg/kg, s.c.) was administered before 

surgery. A middorsal incision was made on the head to expose the skull. The connective 

tissue was removed and the frontalis muscle was scrapped off the bone and holes were made 

in the skull (2.5 mm caudal to bregma and 2 mm lateral to the midline). A subcutaneous 

pocket was created along the spine and flank regions to place the transmitter device and 

insulated wires. The electrode terminals were inserted through the holes above the dura 

mater on both hemispheres. The wires were secured using acrylic dental cement, and the 

incision site was closed with sterile surgical clips. Post-surgical care includes administration 

of dextrose normal saline, and application of triple antibiotic ointment on the wound, and an 

antibiotic Baytril (5 mg/kg, s.c.). After surgery, animals were individually housed and cages 

were placed on the PhysioTel receiver pads connected to the data matrix to acquire 

integrated video-EEG, body temperature, and activity counts (Dataquest A.R.T. system, 

Data Science International, USA).

2.6. Quantification of epileptiform spikes and spontaneously recurring seizures (SRS)

All the epileptiform spikes, including spike clusters and interictal spikes, CS, and NCS were 

quantified based on the spike characteristics and spike frequency using the NeuroScore 3.2.0 

as described in our previous publications (Puttachary et al., 2015 and Puttachary et al., 

2016b; Sharma et al., 2018a; Tse et al., 2014). Briefly, all high amplitude spikes post-KA 
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were normalized against the baseline EEG that was recorded for 10 days before SE 

induction. All the spikes that had amplitude twice the baseline spikes were considered 

epileptiform spikes. Electric and behavior artifacts were detected and excluded from the 

analysis (Puttachary et al., 2015; Puttachary et al., 2016b). After filtering the artifacts, the 

raw EEG signal was divided into 10-s epochs and subjected to Fast-Fourier Transformation 

(FFT) to generate powerbands. The powerbands include 0–80 Hz corresponding to delta (0–

4 Hz, δ), theta (4–8 Hz, θ), alpha (8–12 Hz, α), sigma (12–16 Hz, Σ), beta (16–24 Hz, β) 

and gamma (24–80 Hz, γ). The power spectrum varies with the types of spikes and seizures- 

the transition from interictal spiking to clusters, and to NCS to CS. Spike clusters with a 

duration of <8 s had spikes of varying amplitudes, whereas, CS and NCS had a longer 

duration (>10 s). Spike clusters, interictal spikes, spikes in CS and NCS were all quantified 

and represented as ‘spikes/min’ in the analysis. All CS identified on EEG were cross-

verified with the synchronized video for the corresponding behavioral phenotype, changes in 

the power spectrum, and the locomotor activity counts (Puttachary et al., 2015b, Puttachary 

et al., 2016b; Tse et al., 2014). All the values were expressed as standard error means 

(SEM).

2.7. Immunohistochemistry, imaging, and cell quantification

All animals, including naïve controls, were euthanized at 8d and 4 months post-SE. For 

immunohistochemistry (IHC), the animals were transcardially perfuse-fixed with 4% 

paraformaldehyde (PFA) and from the rest of the animals, fresh brain samples were snap-

frozen in liquid nitrogen for Western blot and qRT-PCR analyses. Blood was collected from 

all animals, isolated the serum, aliquoted, and stored at −80 °C for later use for cytokine and 

biochemical assays. For IHC, the brains were post-fixed in 4% PFA in 0.1 M PBS overnight. 

The following day, the samples were transferred to 30% sucrose and stored in the fridge 

until they sank to the bottom of the vial. For cryosectioning, brains were embedded in 

gelatin (type A) and the blocks were cryosectioned using CryoStar NX70 cryostat at 16 μm 

thickness for immunostaining. The brain section sampling, immunostaining, imaging, and 

cell quantification protocols are described in our previous publications (Putra et al., 2019; 

Putra et al., 2020a; Puttachary et al., 2016a; Puttachary et al., 2016b; Sharma et al., 2018a). 

Four sections per slide were collected on chrome-alum gelatin-coated slides in such a way 

that each section on a slide represents rostral, middle, and posterior hippocampal regions at 

about 480 μm between sections (Puttachary et al., 2016b). Slides were washed with 0.1 M 

PBS and incubated with 10% donkey serum for blocking non-specific binding. Sections 

were immunostained with specific primary antibodies of interest (for double/triple staining) 

and stored at 4 °C for 16–24 h. The following day, after washing with 0.1 M PBS, sections 

were incubated with appropriate secondary antibodies (biotinylated/fluorochrome-

conjugated) followed by streptavidin CY3/FITC after several washes between steps. All 

sections were counterstained with DAPI to detect nuclei. To investigate the degree of 

neuronal damage in the hippocampus, sections were stained with FJB (Putra et al., 2019 and 

Putra et al., 2020a; Puttachary et al., 2016a and Puttachary et al., 2016b; Sharma et al., 

2018a). Immunostained sections were imaged using Axiovert 200 M Zeiss fluorescence 

microscope equipped with Hamamatsu digital camera and analyzed using ImageJ from a 

known area (in square microns). The imaging and detailed cell quantification have been 

described in our previous publications (Putra et al., 2019; Sharma et al., 2018a).
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2.8. Western blotting

Snap frozen hippocampi were lysed and protein concentration was estimated. For some 

experiments (Fyn and PKCδ), one-half of the hippocampus was used to separate nuclear and 

cytoplasmic fractions as per the manufacturer’s instructions (Thermo Fischer, catalog 

number 78833). The other half was used for whole tissue lysate to determine pSrc-416, 

pPKCδ-Tyr311, and nitroxidative stress markers. We used the standard protocol for protein 

separation on SDS-PAGE, membrane blotting, staining, and imaging as described in our 

recent publication (Sharma et al., 2018a; Putra et al., 2019) to identify the differential up-or 

down-regulation of various proteins in response to SE and mitigation by SAR. Briefly, 

hippocampal tissues were homogenized in RIPA buffer containing a 1% cocktail of 

phosphatase and protease inhibitors. The protein concentration in each sample was estimated 

using a Bradford assay kit (Biorad, USA; Cat# 5000006). For loading on the gel, equal 

amounts of protein (30 μg) were used from each sample, separated on 8–15% SDS-PAGE 

(depending on the molecular weight of the protein of interest), and ran at 100 V for 1–2 h at 

room temperature (RT). The proteins were transferred to a nitrocellulose membrane using a 

mini transfer blot unit at 4 °C overnight at 25 V. After washing with PBS-T, and blocking 

with fluorescent Western blot blocking buffer for an hour at RT, the membranes were probed 

with primary antibodies of interest overnight at 4 °C or at RT for 4 h. The following day, 

after couple of washes with PBS-T, membranes were incubated with IR-680 or IR-800 dyes 

(1:5000–1:10,000, Li-Cor), and analyzed using Odyssey IR imaging system and quantified 

using ImageJ software. The proteins identified in the whole-cell lysate were normalized 

against β-actin and the nuclear fractions against lamin-B.

2.9. Quantitative real-time PCR

For reverse transcription, RNA was extracted using the TRIzol chloroform method 

(ThermoFisher Scientific) as described previously (Sharma et al., 2018a). NanoDrop 

spectrophotometer was used to quantify RNA, and 1 μg of RNA was reversed transcribed to 

cDNA using High Capacity cDNA Reverse Transcription Kit (catalog # 4368814, Applied 

Biosystems, CA, USA). SYBR Green Mastermix with pre-validated qPCR primers was used 

to perform qRT-PCR for IL-1β, iNOS, and TNFα. The primers used were: iNOS 

(QT00122458), IL-1β (QT01048355), TNFα (QT00104006) and 18S (QT02448075). All 

reactions were performed in triplicate. The primers were purchased from QuantiTect Primer 

Assay (Qiagen) and the Mastermix from Agilent Technologies, USA. 18S rRNA was used as 

a housekeeping gene for all qRT-PCR experiments for normalization. The fold change in 

gene expression was determined by ΔΔCt (Ct is threshold value).

2.10. Elisa

Cytokine levels were estimated in the serum samples using rat ELISA kits from Thermo 

Fischer Scientific/Invitrogen/Life Technologies, USA. The kits used were IL-1β (Invitrogen 

BMS630), TNFα (Life Technologies IVGN ERA56RB), IL-6 (Life Technologies IVGN 

ERA31RB), and IL-12p70 (Invitrogen KRC0121). Briefly, 100 uL of 1× coating buffer and 

antibodies of interest were added to Nunc MaxiSorp 96 well plates and incubated for 16 h at 

4 °C. The following day, contents were discarded and washed three times with 1× PBS in 

0.1% tween 20 (PBS-T). 200 uL of 1× blocking buffer was added to the wells and the plates 
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were incubated at RT for an hour. Recombinant standards and samples were then added in 

duplicates in serial dilutions (only for standards) as described in the manufacturer’s protocol. 

Standards and samples were incubated for 2 h at RT. After 3 washes with PBS-T, detection 

antibody was added and incubated for 1 h at RT followed by 3 washes. HRP-avidin was 

added and left in the dark for 30 min at RT. After 5 washes, 100 uL of 1× TMB was added to 

all the wells. After 15 min, 50 uL of 2 N H2SO4 was added to each well. Plates were 

immediately read at 450 nm using SpectraMax M2 Gemini Molecular Device Microplate 

Reader and the values were processed for statistical analysis.

2.11. Griess assay

Griess assay was used to detect nitrite levels in the serum. Briefly, 6 serial dilutions of 0.1 M 

sodium nitrite standard solution were made in triplicates to generate a standard curve. 50 uL 

of serum was added in triplicates followed by equal amounts of sulfanilamide solution to all 

the wells. The plates were incubated for 10 min in the dark at RT. Next, 50 uL of NED 

solution was added to the mixture and incubated for 10 min at RT in the dark. Plates were 

read at 540 nm using Synergy 2 Multi-mode Microplate Reader (BioTek Instruments, USA) 

and the averages were compared between the groups using ANOVA.

2.12. ROS assay

Reactive oxygen species (ROS) assay determines the presence of total free radicals in the 

sample. These include hydrogen peroxide, peroxyl radicals, nitric oxide, peroxynitrite anion, 

and other redox molecules. Dichlorodihydrofluorescein (DCFH)-DiOxy-Q is a ROS/RNS 

specific probe that undergoes quench priming in a priming reaction mix to form a non-

fluorescent DCFH-DiOxy. This molecule is then stabilized to form a highly reactive DCFH. 

When samples are added to this solution, the ROS/RNS in samples oxidize the DCFH to 

give a fluorescent DCF which is measured in the assay. Briefly, standards, solutions, and 

samples were prepared fresh before the experiment. Serial dilutions of DCF and H2O2 

standards were prepared as described in the manufacturer’s protocol. 50 uL of sample and 

H202 standard were added to the wells. Next, 50 uL of the 1× catalyst was added to each 

well and incubated for 5 min at RT. 100 uL of DCFH solution was prepared by mixing DCF-

DiOxyQ stock with priming reagent and then diluting the mixture with a 1× stabilization 

solution. The stabilized DCFH solution was then added to the wells and incubated in the 

dark for 40 min. Plates were read at 480 nm excitation/530 nm emission using SpectraMax 

M2 Gemini Molecular Device Microplate Reader.

2.13. Statistical analyses

For statistical analyses, the Gaussian distribution of data was tested with the Shapiro-Wilk 

and Kolmogorov-Smirnov tests. Unpaired t-tests were used for parametric comparisons, and 

the Mann-Whitney U (MWU) test was used for unpaired non-parametric data. One-way 

repeated analysis of variance (ANOVA) was used for multiple comparisons of parametric 

data with Tukey’s post-hoc analysis. To analyze gliosis and neurodegeneration in different 

brain regions of the same animal, we used repeated measures (RM) two-way ANOVA (Figs. 

5B–D, 7B–D, and 11B) with Tukey’s post-hoc test. For seizure severity and spike analysis, 

two-way ANOVA (or mixed-effects model) with the Geisser-Greenhouse correction was 

used for multiple comparisons with Sidak post-hoc test, which gives multiplicity adjusted p-
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value for each comparison. Each cell mean was compared with the other cell mean in that 

row representing a different time-point. Statistical significance was set to p < 0.05. Prism 8 

(GraphPad Software, LLC) was used for data analysis.

2.14. Experimental design and rigor

The experimental design is illustrated in Fig. 1. Animals were randomized and all 

experiments were blinded until the end of the analysis to minimize potential bias as per the 

NIH/NINDS guidelines. Animals that died or were euthanized before the endpoint of an 

experiment were excluded from the study as per pre-determined exclusion criteria. The total 

number of animals (92) reported in the study does not include the rats that were removed 

from the study. The group size was determined by a priori based power analyses, effect size, 

and variance from our previous rat KA model of TLE (Puttachary et al., 2016a; Sharma et 

al., 2018a). We took measures to minimize other variables and biases e.g., i) direct 

observation of SE and secondary video analysis by a different person who was blind to the 

protocol to determine the initial SE severity, and ii) all SRS were validated against the 

synchronized video, power spectrum, and activity counts as described previously (Puttachary 

et al., 2015). The animals were grouped based on similar SE severity, before the vehicle or 

drug treatment was initiated, to investigate the real effects of SAR on biomarkers of 

epileptogenesis.

3. Results

3.1. Initial SE severity quantification and group comparison prior to the vehicle or SAR 
treatment

There were no significant differences in the initial SE severity between the animals used for 

the vehicle or drug treatment (Fig. 2A, B–E). To distinguish the animal groups in KA 

challenge experiments, hereafter, non-telemetry refers to those animals that were not 

implanted with a telemetry device. Non-telemetry rats required >20 mg/kg of KA (>4 doses, 

5 mg/kg at 30 min intervals) to reach stage ≥3 seizures (convulsive seizures), while the 

telemetry implanted rats required <20 mg/kg of KA (Fig. 2C). However, there were no 

significant differences in latency to the onset of the first convulsive seizure (CS) or the 

duration of CS in the animals used for the vehicle or SAR treatment in the non-telemetry 

and telemetry groups (Fig. 2D, E). The repeated low-dose method of SE induction by KA 

reduced mortality rate (<8%) and increased the percent of rats (>90%) reaching SE for >50 

min in all groups (Fig. 2E).

3.2. SAR treatment significantly reduced SRS and epileptiform spikes

Continuous video-EEG recording from the rats treated with the vehicle or SAR for four 

months were analyzed for spontaneously recurring convulsive seizures (SRS) and 

epileptiform spike rate. All seizure episodes were manually verified against integrated/

synchronized videos associated with the EEG traces. We also used power spectral patterns to 

confirm spike identity. Representative EEG traces from both vehicle and SAR-treated rats 

are illustrated in Fig. 3A and B. Several hours after SE, epileptiform events such as interictal 

discharges, spike clusters, and NCS were observed on EEG in both the vehicle and SAR-

treated groups before the first CS episode (Fig. 3A). SAR significantly reduced the spike 
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rate between 3 and 5 days (Fig. 3B–C, E–F), but it had no significant effect on the interictal 

spikes (IIS), spike cluster frequency, and non-convulsive seizures during the SAR treatment 

period (Fig. 3D–F). The frequency of CS in the vehicle group increased over time, and SAR 

treatment significantly suppressed the number and frequency of SRS over the 4 months (Fig. 

4A–C). Further, high frequency epileptiform spikes were observed intermittently throughout 

the 4 months of recording in the vehicle group. In contrast, SAR treatment significantly 

suppressed epileptiform spikes (Fig. 4D–G) and prevented the onset of epilepsy in 4 out of 8 

rats. All vehicle-treated rats developed epilepsy and had 142 ± 28 SRS.

3.3. SE-induced upregulation of Fyn/pSrc was mitigated by SAR

Both IHC and Western blots of the hippocampus from the SE-induced and vehicle-treated 

groups revealed a significant increase in Fyn (Figs. 5, 6A) and phosphorylated Src (a marker 

for phosphorylated Fyn) (Fig. 6B). A detailed IHC analysis of different brain regions using 

cell-specific markers for astrocytes, microglia, and neurons revealed an overall increase of 

Fyn in all three cell types at both 8d and 4 m post-SE (Fig. 5B; CA1 region is shown in Fig. 

5A). We focused on the most affected brain regions in epilepsy such as the dentate gyrus, 

CA1, and CA3 hippocampus, the thalamus, the entorhinal cortex, and the amygdala. The 

quantification of differential expression of Fyn in microglia, astrocytes, and neurons at 8d 

and 4 m post-SE in different brain regions, in contrast to controls, and the impact of SAR 

treatment are presented in Fig. 5B–D.

At 8-day post-SE, in the vehicle-treated group, Fyn was upregulated in astrocytes, microglia, 

and neurons in all brain regions investigated (Fig. 5A–D). SAR treatment significantly 

decreased microglial Fyn in the hippocampus (CA1 and CA3) and the dentate gyrus, 

astroglial Fyn in the amygdala, and neuronal Fyn in CA3, thalamus, and entorhinal cortex 

(Fig. 5B–D). In the vehicle, in contrast to SAR, Fyn staining in the nucleus was frequently 

observed in astrocytes and microglia, but not in neurons, suggesting that Fyn could 

translocate to the nucleus in response to SE-induced brain injury. Since quantification of 

nuclear staining is tedious, we did Western blotting for both nuclear and cytoplasmic 

extracts of the hippocampus, the most affected region in TLE. We observed a significant 

increase of both cytosolic and nuclear Fyn (Fig. 6A). The pSrc-416 was also upregulated in 

the whole-cell extract (Fig. 6B). We did not get enough signal for pSrc-416 when cytosolic 

and nuclear extracts were probed separately. SAR treatment significantly reduced both Fyn 

and pSrc-416 suggesting that the Fyn/Src inhibitor also regulates the Fyn transcription/

translation and its phosphorylation.

At 4-month post-SE, the upregulated Fyn persisted in astrocytes in the vehicle group and 

significantly decreased in SAR group in all brain regions investigated (Fig. 5B). In IBA1 

positive microglia, the Fyn upregulation also persisted in the dentate gyrus, CA1, CA3, and 

amygdala and SAR mitigated its upregulation in CA1 and CA3 only (Fig. 5C). The 

upregulated Fyn also persisted in neurons in all the brain regions investigated. SAR 

suppressed Fyn in neurons of CA3, thalamus, entorhinal cortex, and amygdala regions (Fig. 

5D). The nuclear Fyn staining was also persisted in glial cells in the vehicle group, in 

contrast to SAR group. The Western blotting of both nuclear and cytoplasmic extracts from 

the hippocampus showed a significant increase of both cytosolic and nuclear Fyn (Fig. 6A). 
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The pSrc-416 was also upregulated in whole cell extract (Fig. 6B). Both cytosolic and 

nuclear Fyn, and pSrc-416 were significantly reduced in the SAR-treated group (Fig. 6A, B).

3.4. SAR reduced SE-induced upregulation of PKCδ/pPKCδ-tyr311

Activated Fyn and ROS/RNS can increase the production and activation of PKCδ (Panicker 

et al., 2015). IHC of brain sections for PKCδ co-labeled with GFAP, IBA1, and NeuN 

revealed a significant upregulation in some brain regions at both 8d and 4 m post-SE (Fig. 

7A, B).

At 8-day post-SE, PKCδ was upregulated in microglia and neurons in all regions (Fig. 7C, 

D) while in astrocytes it did not change in the thalamus and entorhinal cortex (Fig. 7B). SAR 

treatment significantly reduced PKCδ in all three cell types in the hippocampus. However, in 

the dentate gyrus, SAR did not reduce astrocytic and microglial PKCδ (Fig. 7B, C). In both 

thalamus and entorhinal cortex, the increased microglial PKCδ was mitigated by SAR, while 

neuronal PKCδ was reduced in the entorhinal cortex but not thalamus (Fig. 7C). In the 

amygdala, SAR reduced neuronal but not glial PKCδ (Fig. 7B, C). Like Fyn, PKCδ staining 

was also observed in the nucleus of both astrocytes and microglia. The Western blot analysis 

of the hippocampus for PKCδ and pPKCδ-ty311 revealed a significant increase of both the 

markers, and SAR mitigated the effect (Fig. 8A, B). Both cytosolic and nuclear PKCδ and 

pPKCδ-ty311 were also significantly suppressed by SAR (Fig. 8B).

At 4-month post-SE, the upregulated astrocytic and microglial PKCδ persisted in CA1 and 

CA3 in the vehicle group and SAR mitigated the effect (Fig. 7B, C). In the dentate gyrus, 

the PKCδ upregulation observed at 8d in astrocytes did not persist at 4m post-SE. In 

contrast, there was significant increase of both microglial and neuronal PKCδ, and SAR 

treatment significantly mitigated the effect (Fig. 7B, C). In the thalamus and entorhinal 

cortex, astroglial PKCδ was not significantly altered (Fig. 7B). However, microglial PKCδ 
was unchanged in the entorhinal cortex but increased in the thalamus and SAR significantly 

reduced its expression (Fig. 7C). In amygdala, PKCδ was upregulated in both astrocytes and 

microglia but SAR had no effect (Fig. 7B, C). SE-induced neuronal PKCδ upregulation 

persisted in all brain regions, and SAR reduced the expression, except in the thalamus and 

amygdala (Fig. 7D). The nuclear PKCδ staining persisted in the nucleus of both astrocytes 

and microglia at 4 m post-SE. The Western blot analysis of the hippocampus revealed a 

persistent increase of both PKCδ and pPKCδ-ty311, and SAR mitigated their upregulation 

(Fig. 8A, B). The nuclear PKCδ though reduced in the SAR group at 4m the difference was 

not significant (Fig. 8A).

3.5. SAR treatment significantly reduced nitroxidative stress in the hippocampus and 
serum

We used hippocampal lysates for the Western blot for the identification of nitroxidative 

stress markers such as iNOS, 3-NT, 4-HNE, and gp91phox, and the serum for nitrite and ROS 

assays. At both 8d and 4 m post-SE, all four nitroxidative biomarkers were significantly 

upregulated, in contrast to their respective controls, and SAR mitigated the increase (Fig. 

9A, B). However, the reduction of 3-NT and gp91phox by SAR were not statistically 

significant (Fig. 9B). Serum nitrite and ROS levels were upregulated in the vehicle group at 
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8d and SAR significantly reduced the nitrite but the reduction of ROS was not significant 

(Fig. 9C). The increased nitrite levels persisted at 4 m in the vehicle group but SAR had no 

effect in the long-term. ROS levels were decreased in the long-term in both vehicle and 

SAR-treated groups (Fig. 9C). Glutathione levels in the serum were significantly reduced at 

4 m but not at 8d post-SE in the vehicle group, and SAR treatment had no significant effect 

(Fig. 9C).

3.6. SAR treatment significantly modulated proinflammatory cytokines in the 
hippocampus and serum

We used qRT-PCR for IL-1β, TNFα, and iNOS mRNA estimation in the hippocampus and 

ELISA for serum cytokine assay. At 8d post-SE, IL-1β, TNFα, and iNOS mRNA were 

upregulated in the hippocampus in the vehicle group and their expressions were significantly 

decreased in the SAR-treated group (Fig. 10A). At 4 m post-SE, there were no significant 

changes in IL-1β mRNA levels. Although TNFα and iNOS mRNA expression in the 

hippocampus were increased in the vehicle but reduced in SAR group, the differences were 

not statistically significant (Fig. 10A).

In the serum, at 8d post-SE, both IL-1β and TNFα levels were significantly altered in the 

vehicle and SAR groups (Fig. 10B). At 4 m post-SE, no changes were observed in the IL-1β 
but TNFα levels were significantly increased in the vehicle group and SAR mitigated (Fig. 

10B). In addition to IL-1β and TNFα, we also measured IL-6 and IL-12 (or IL-12p70), the 

commonly detected cytokines in the serum of human epileptic patients. We found a 

significant increase in IL-6 and IL-12 at 8d post-SE, which was suppressed in the SAR 

group. However, at 4 m post-SE, no changes were observed in these cytokine levels (Fig. 

10B).

3.7. SAR treatment significantly reduced SE-induced neurodegeneration

SE-induced Fyn/pSrc and PKCδ/pPKCδ-tyr311 upregulation and a concurrent increase in 

nitroxidative stress and proinflammatory cytokines can cause neurodegeneration. We used 

FJB staining to detect neurodegeneration in the brain. Representative images of FJB positive 

cells from CA1 and CA3 are presented in Fig. 11A. There was a significant increase of FJB 

positive cells in the dentate gyrus, CA1, CA3, and thalamus at both 8d and 4 m in the 

vehicle group compared to the control. FJB positive cells were significantly reduced in the 

SAR-treated group at 8d in all these regions, however, at 4 m, the reduction was not 

significant in the dentate gyrus and the thalamus (Fig. 11B). In the entorhinal cortex and 

amygdala, increased FJB positive cells were observed at 4 m and they were significantly 

reduced in the entorhinal cortex but not in the amygdala (Fig. 11B).

4. Discussion

In our previous studies in fyn gene knockout (KO) mice and the mice pre-treated with SAR, 

we demonstrated the role of Fyn in seizures in KA and PTZ models (Sharma et al., 2018a; 

Putra et al., 2020). In this study, we demonstrate the mechanisms of the disease-modifying 

effect of SAR in the rat KA model of chronic epilepsy when SAR was administered after the 

onset of SE.
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SAR is a potent inhibitor of the Src family of tyrosine kinases (IC50 of 2.7–11 nM for Src 

and Fyn) with high selectivity over the other protein kinases involved in signal transduction 

(Green et al., 2009; Heusschen et al., 2016). SAR effectively inhibited Fyn/Src at 

submicromolar concentration in a variety of cellular assays of human tumor cell 

proliferation, and inhibited tumor growth in murine and rat allografts and xenografts at ~2 x 

IC50 in plasma when dosed orally (Green et al., 2009). We have tested the brain availability 

of the SAR in both mice and rats. The ion chromatogram showed the relative abundance of 

the SAR in the mouse hippocampus. The LC-MS analysis of the brain samples confirmed 

that the SAR was BBB permeable and it persisted in the hippocampus at higher levels at 

eight hours post-SE (Sharma et al., 2018a). In rats, the brain concentrations of SAR with or 

without seizure reached peak in 1 h (1.2 ± 0.034 ng/mg tissue) and persisted at 106 ± 23 

pg/mg tissue even at 5 h of post-administration. The dose of SAR chosen in this study was 

based on our previous study in the mouse and rat models, which was estimated based on 

clinical trials in adult humans (Lockton et al., 2005; Sharma et al., 2018a). A recent study in 

the mouse model also used 25 mg/kg twice daily for the first three days but they extended 

the single dose/day regimen for 11 days in contrast to 4 days in our current study (Luo et al., 

2021). However, systematic pharmacokinetics and toxicity studies are further needed in 

these models to determine the efficacy and off-target effects. Also, the advantages and 

disadvantages of the other Src kinase inhibitors should be considered while selecting a drug 

for in vivo studies (Gage and Thippeswamy, 2021). These studies suggest that SAR can be a 

potential CNS drug target for neurological diseases in which Fyn/Src tyrosine kinases are 

involved.

SAR has been tested in multiple clinical trials for safety and pharmacokinetics. Its clinical 

tolerability and oral bioavailability have been demonstrated in phase II clinical trials for AD, 

lymphangioleiomyomatosis (LAM), and other types of cancers (Baselga et al., 2010; 

deVries et al., 2009; Fujisaka et al., 2013; Nygaard et al., 2015). LAM is a tuberous sclerosis 

complex (TSC)-mTORopathy disorder characterized by seizures (Curatolo, 2014; Tyryshkin 

et al., 2014). We demonstrated that seizures increase Fyn/Src and phosphorylated Src 

(pSrc-416) levels in the mouse KA model (Sharma et al., 2018a), and in the present study in 

the rat hippocampus during epileptogenesis (8d post-SE) and in established epilepsy (4 m 

post-SE) (Fig. 6). To investigate the role of Fyn/Src kinase in ictogenesis (seizure onset), in 

our previous study, the mice were pre-treated with a single dose of SAR (25 mg/kg) at 4 h 

before the induction of seizure, which significantly suppressed the severity of SE when 

compared with the vehicle-treated mice (Sharma et al., 2018a). We also demonstrated the 

role of Fyn in ictogenesis using the fyn KO mouse model as an additional control to 

investigate the effect of Fyn inhibition on ictogenesis (Sharma et al., 2018a).

SAR pre-treatment and fyn KO approaches are not translational, but provided evidence for 

in vivo efficacy of SAR as an anti-seizure drug and confirmed the role of Fyn in ictogenesis. 

The experimental approaches that involve pre-treatment with a drug that has an anti-seizure 

property or knocking out of a gene that has a role in seizure onset can compromise the initial 

SE severity in response to chemoconvulsants and confound epileptogenesis (Sharma et al., 

2018a). Therefore, we could not extrapolate the role of Fyn/Src in long-term brain 

pathogenesis in our previous mouse models (Sharma et al., 2018a). To address this important 

translational issue, we tested SAR in a well-characterized rat KA model of chronic epilepsy- 
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four months continuous video-EEG study. We used the repeated low dose of KA method to 

achieve relative consistency in the initial SE severity and limit mortality (Puttachary et al. 

2016; Sharma et al., 2018a; Tse et al., 2014). This approach also revealed that telemetry 

implanted animals require less amount of KA than the animals without telemetry (Sharma et 

al., 2018b). We also observed similar findings in the present study. In this study, SAR 

prevented epilepsy in some rats and significantly reduced epileptiform spiking and SRS in 

the others, confirming its anti-epileptogenic and disease-modifying effects. The Western blot 

analysis of the hippocampus at 8d and 4 m post-SE confirmed the suppression of Fyn/Src 

activation by SAR and its long-term washout effects (Fig. 6B). There are several advantages 

of SAR over the other FDA-approved Src kinase inhibitors for neurological diseases. 

Dasatinib (Sprycel) and imatinib (Gleevec) are FDA-approved ATP-competitive Src tyrosine 

kinase inhibitors for the treatment of certain cancers (Bettiol et al., 2018; Shah et al., 2015; 

Waller, 2018). However, these drugs failed in clinical trials for glioma due to poor BBB 

permeability. The ATP-binding cassette (ABC) efflux transporters, ABCG2 and ABCB1, at 

the BBB restrict brain penetration (Kast and Focosi, 2010; Mittapalli et al., 2016; Tyryshkin 

et al., 2014). Moreover, both drugs have wide off-targets, predominantly the cytosolic c-Abl, 

ephrin receptor kinases, PDGF receptors, and many others (Bettiol et al., 2018; Shah et al., 

2015; Waller, 2018). In contrast, SAR has a > 10-fold preference for Fyn/Src over c-Abl 

(Lindauer and Hochhaus, 2014). SAR inhibits the ABCB1 transporter function (Liu et al., 

2013), thus prevents the efflux of SAR and facilitates significant brain penetration. We 

detected 106 ± 23 pg of SAR/mg of the hippocampus at 5 h post-administration (25 mg/kg) 

in rats and 223.8 ± 22.01 fg at 8 h in mice. Neurons and glial cells express Fyn/Src and c-

Abl kinases. However, unlike Fyn/Src, c-Abl does not effectively phosphorylate post-

synaptic receptors (e.g., NR2B) to mediate hyperexcitability/neurotoxicity or modulate 

synaptic plasticity in vivo (Ba et al., 2014). Likewise, unlike the Fyn/Src, we did not find c-

Abl activation in microglia in the seizure model (Sharma et al., 2018a). Furthermore, 

primary neuronal cultures co-treated with KA and SAR or dasatinib revealed that SAR 

prevented neurodegeneration and preserved neurites’ morphology better than dasatinib, 

suggesting that SAR is a better drug to promote synaptic plasticity, which is affected in 

many neurological diseases. In a recent study in the mouse pilocarpine epilepsy model, SAR 

treatment for two weeks rescued memory loss (Luo et al., 2021).

The majority of the current AEDs that are ineffective or do not cure drug-resistant acquired 

epilepsy are neurocentric ion-channel targeted drugs (Temkin, 2011; Varvel et al., 2015), 

suggesting the need for the development of novel drugs to target alternative pathways to 

cure/modify epilepsy. This is a significant gap in the treatment of epilepsy due to the poor 

understanding of the mechanisms of epileptogenesis. Considering the disease-modifying 

effects of SAR in this study, we further tested its mechanism of action, focusing on the Fyn-

PKCδ signaling pathway and the effects of SAR on the hallmarks of epileptogenesis such as 

neuroinflammation (gliosis and proinflammatory cytokines), nitroxidative stress, and 

neurodegeneration at both early and late stages of the disease.

Neuroinflammation and neurodegeneration are emerging as new mechanistic targets for drug 

development for neurological disorders (Ba et al., 2014; French, 2016). SE-induced changes 

in the brain result in the proliferation and migration of glia (gliosis) and neurons 

(neurogenesis) to compensate for the neuronal loss (Beamer et al., 2012; Puttachary et al., 
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2016a, 2016b). Interestingly, both Src/Fyn and iNOS play significant roles in cell 

proliferation and migration via mTOR/TSC2 pathway (Hsieh et al., 2014; Lopez-Rivera et 

al., 2014; Maa et al., 2011; Tryshkin et al., 2010). Therefore, both are potential therapeutic 

targets in cancer and neurodegenerative disorders. Src/Fyn kinase phosphorylates iNOS 

(Ty1055), stabilizes its half-life, and facilitates inflammation and disease progression 

(Tryshkin et al., 2010). We observed a significant increase of both Fyn/pSrc and iNOS in 

response to seizures (Putra et al., 2019; Sharma et al., 2018a). The Src/Fyn-iNOS pathway 

mediates the migration of monocytes/macrophage and the production of proinflammatory 

cytokines (Hsieh et al., 2014; Maa et al., 2011), which are significant events that occur post-

SE (Putra et al., 2019; Puttachary et al., 2016a; Varvel et al., 2015). Therefore, targeting 

Src/Fyn and iNOS at an early stage of the disease onset can provide substantial therapeutic 

advantage. Indeed, we demonstrated significant disease-modifying effects of an iNOS 

inhibitor, 1400W in the rat model of chronic epilepsy when it was administered 2 h post-

diazepam as in this study with SAR (Puttachary et al., 2016a). Herein, we observed a 

significant suppression of Fyn, pSrc, pPKCδ, gp91phox, 4-HNE, iNOS, and 3-NT levels in 

the hippocampus in response to SAR treatment in the rat SE model induced by KA (Figs. 5–

9) portentous the Fyn-PKCδ-iNOS-NOX2 interaction (illustrated in Fig. 12). The 

proinflammatory cytokines IL-1β, TNF-α, IL-6, and IL-12 are known to reduce seizure 

threshold by decreasing GABAA currents, the pathognomonic feature of epileptogenesis 

characterized by spontaneous recurrent seizures (SRS) (Roseti et al., 2015; Vezzani et al., 

2011). In this study, these cytokines were modulated by SAR in both hippocampus and 

serum. Besides increased inflammation, the presence of interictal spikes on EEG, post-

insult, has been considered a diagnostic biomarker for the onset of SRS and the development 

of epilepsy (Staley and Dudek, 2006; Staley et al., 2011). The loss of inhibitory neurons 

following an insult such as SE generate interictal spikes. Indeed, we have recently 

demonstrated a significant loss of parvalbumin positive neurons at 24 h post-seizures in a 

PTZ mouse model (Putra et al., 2020), and other studies have also shown a significant loss 

of interneurons post-SE and its consequences (Buckmaster and Schwartzkroin, 1995; 

Sloviter et al., 2006). It makes sense why we observed increased spikes prior to the onset of 

SRS in this study. In addition to spike counts, we also quantified spike trains with or without 

clusters, which may also contribute to epileptogenesis. However, we did not investigate the 

loss of interneuron populations or their rescue by SAR in this study.

We had previously shown a concomitant increase of Fyn, pSrc-416, pPKCδ, iNOS, and 

gp91phox in the hippocampus (microglia) as early as 24 h post-SE in the mouse KA model 

(Sharma et al., 2018a). In the current study, we demonstrated the upregulation of 

aforementioned biomarkers of epileptogenesis at 8d post-SE and during established epilepsy 

at 4 months (Figs. 5–9). The activated Fyn/Src phosphorylates PKCδ, which enables the 

cytosolic p47phox to form a functional NOX2 complex with the membrane-associated 

gp91phox. Src also phosphorylates iNOS and stabilizes its half-life and drives the production 

of reactive ROS/RNS, activates NFkB, and facilitates the transcription of proinflammatory 

cytokines (Anrather et al., 2006; Tryshkin et al., 2010). As expected, we also observed a 

significant increase in ROS/RNS biomarkers and proinflammatory cytokines, reactive 

gliosis, and neurodegeneration in the vehicle-treated group but mitigated in the SAR treated 

groups (Figs. 6–11).
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The regional variation in glial and neuronal responses to SE or SAR mitigation, in both 

short- and long-term, needs further investigation. For instance, in the thalamus, Fyn 

upregulation in astrocytes and microglia was not significant compared to other brain regions 

at both 8d and 4 m post-insult. In contrast, PKCδ immunopositive microglia, but not 

astrocytes, were significantly altered in the thalamus, and SAR treatment mitigated 

microglial PKCδ levels, without affecting astrocytic PKCδ. Interestingly, PKCδ in neurons 

and neurodegeneration were significantly increased in the thalamus. SAR did not reduce 

PKCδ upregulation in neurons, however it significantly prevented neurodegeneration at early 

time-point, but not at 4 months. These findings suggest that Fyn-independent PKCδ 
pathways, such as cyclin-dependent kinase 5 (CDK5), may mediate degenerative changes in 

neurons in the long-term in thalamus (perhaps in the other brain regions). CDK5 has been 

known to increase oxidative stress in neurons by inactivating an anti-oxidant enzyme, 

peroxiredoxin I and II (Sun et al., 2008). Recent findings from a rat KA model revealed the 

role of CDK5-p47phox (a cytosolic NOX2 subunit) pathway in neurodegeneration after SE 

induction (Kim and Kang, 2017). However, it is yet unknown whether such pathways are 

region-specific and persist for long term in response to SE. The other limitation of this study 

is that we did not investigate the subtle changes at “nuclei” levels within the thalamus or 

amygdala, and the impact of such changes on behavioral outcome in relation to TLE. For 

example, thalamic reticular nucleus (TRN)- having role in sensory gating and attention 

(exploratory behavior)- or motor/limbic nuclei- receives excitatory input from the 

hippocampus- therefore the changes in hippocampus could impact the GABAergic neurons 

in the TRN or the different cell types in the motor or limbic nuclei of the thalamus.

In conclusion, the findings from this study demonstrate the efficacy of SAR in mitigating or 

modifying epileptogenesis in the rat model of TLE when the drug was administered soon 

after controlling the severity of SE with a conventional AED. Mechanistically, SAR targets 

the hallmarks of epileptogenesis such as interictal spikes, reactive gliosis 

(neuroinflammation), ROS/RNS, key proinflammatory cytokines, and neurodegeneration to 

modify the development of epilepsy. A summary of the key molecular pathway of Fyn-

mediated epileptogenesis and its mitigation by SAR is illustrated in Fig. 12 (Graphical 

abstract).
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Fig. 1. 
Experimental design illustrating the telemetry and non-telemetry (without a telemetry device 

implants) groups, treatment regimen, and endpoints.
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Fig. 2. 
Initial SE severity group comparison (before the start of the treatment) between the vehicle 

and SAR treated groups in non-telemetry (A, n = 15–20) and telemetry (B, n = 8–10) 

groups. There were no significant differences in the initial SE severity, the amount of KA 

received to achieve CS (C), latency to CS (D), and the duration of CS between the groups 

(E). KA, kainate; CS, convulsive seizures. Note: Non-telemetry refers to those animals that 

were not implanted with a telemetry device- did not undergo surgery for electrode 

implantation.
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Fig. 3. 
Epileptiform spiking (interictal spikes-IIS), spike clusters, and non-convulsive seizure 

(NCS) pattern before the onset of the first convulsive seizure (CS) during the first week of 

drug treatment post-SE. Representative EEG traces from vehicle and SAR treated groups 

during the first week of the treatment are illustrated in panels A and B. Cumulative spikes 

and clusters pattern are represented in panel C. Quantitative IIS and NCS that occurred 

before the first CS are presented in panel D. Overall epileptiform spikes occurred during the 

first seven days of post-SE (period of SAR/vehicle treatment) were compared between the 

vehicle and SAR treated groups, and illustrated in panels E and F. n = 8, *p < 0.05, **p < 

0.01, ***p < 0.001, RM two-way ANOVA with Sidak post-hoc test (Fig. E), and unpaired t-
test (Fig. F).
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Fig. 4. 
SAR reduced the number of spontaneous recurrent seizures (SRS) and spike frequency 

during the 4 months. A-G) Results from the 4 months of continuous video-EEG studies 

showing spontaneous CS (A-C) and spike frequency (D-G) in the vehicle and SAR groups. 

Individual group and pooled data showed that SAR treatment significantly reduced the spike 

frequency (D-G) and the number of spontaneous CS (A-C). n = 8. A, *p < 0.05, **p < 0.01, 

***p < 0.001. RM two-way ANOVA with Sidak post-hoc test (Fig. A, D), Mann-Whitney 

(Fig. B-C), and unpaired t-test (Fig. E-G).
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Fig. 5. 
Fyn immunostaining in astrocytes, microglia, and neurons in different brain regions. IHC 

images of the hippocampus (CA1) is presented. Panels (i-v), Fyn (yellow) expression in 

GFAP positive astrocytes (green); panels (vi-x), Fyn in IBA1 positive microglia (red); and, 

panels (xi-xv) Fyn in NeuN positive neurons (red). A few examples of Fyn expression in 

reactive astrocytes (ii, iv) and reactive microglia (vii, ix) are shown with white arrows. (B-D) 

Quantification of Fyn positive reactive astrocytes (B), reactive microglia (C), and neurons 

(D) from the dentate gyrus (DG), CA3, CA1, thalamus (THAL), entorhinal cortex (ENT), 

and amygdala (AMY) at 8d and 4 m post-SE. *#p < 0.05, **##p < 0.01, ***###p < 0.001, 

****p < 0.0001 repeated measures with two way ANOVA with Tukey post-hoc test; n = 5–

7; scale, all 100 μm.
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Fig. 6. 
The Western blot analysis of cytosolic and nuclear Fyn (A), and pSrc-416 from whole-cell 

extract (B) from the hippocampus at 8 days and 4 months post-SE from the vehicle and SAR 

treated groups. Higher levels of Fyn and pSrc were observed at both 8d and 4 m, and SAR 

treatment significantly reduced their levels. n = 5–7. *#p < 0.05, **##p < 0.01, ***###p < 

0.001, ****p < 0.0001; One-way ANOVA with Tukey’s post-hoc test.
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Fig. 7. 
IHC images of the hippocampus (CA3) showing PKCδ expression in different cell types 

(A). PKCδ (i-xv) in GFAP positive astrocytes (green) in panels (i-v), in IBA1 positive 

microglia (red) in panels (vi-x), and in NeuN positive neurons (red) in panels (xi-xv) are 

shown. A few examples of PKCδ expression in reactive astrocytes (ii, iv) and reactive 

microglia (vii, ix) are shown with white arrows. (B-D) Cell quantification and comparison of 

PKCδ expression in reactive astrocytes (B), reactive microglia (C), and neurons (D) from the 

dentate gyrus (DG), CA3, CA1, thalamus (THAL), entorhinal cortex (ENT), and amygdala 
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(AMY) at 8d and 4 m post-SE. n = 5–7 *#p < 0.05, **##p < 0.01, ***###p < 0.001, ****p < 

0.0001, repeated measures with two-way ANOVA with Tukey’s post-hoc test; scale, all 100 

μm.
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Fig. 8. 
The Western blot analysis of cytosolic and nuclear PKCδ and phosphorylated PKCδ (whole 

cell) from the hippocampal tissues at 8 days and 4 months from the vehicle and SAR treated 

groups. The PKCδ was significantly upregulated in both cytosolic and nuclear fractions in 

the vehicle-treated groups at 8d at 4 months post-SE, and SAR treatment reduced both 

cytosolic and nuclear PKCδ levels at 8d but not at 4 m (A). Phosphorylated PKCδ levels in 

whole-cell lysates were significantly reduced in SAR treated groups at both 8d and 4 m (B). 

n = 5–6. #p < 0.05, **##p < 0.01, ***###p < 0.001, ****p < 0.0001, One-way ANOVA with 

Tukey’s post hoc test.
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Fig. 9. 
SAR suppressed SE-induced upregulation of hippocampal iNOS, 3-NT (except at 4 m), 

4HNE, and gp91phox (A-B). SE-induced serum nitrite and ROS (C) upregulation were 

suppressed by SAR at 8d but there were no significant differences at 4 m post-SE. 

Glutathione levels in the serum were significantly suppressed at 4 m but not at 8d post-SE. 

SAR treatment did not reverse the trend at 4 m but at 8d, the glutathione levels were almost 

the same levels as the naïve control (C). n = 5–8; *#p < 0.05, **##p < 0.01, ***###p < 0.001, 

****####p < 0.0001; One-way ANOVA with Tukey’s post hoc test.
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Fig. 10. 
Proinflammatory cytokine profiles from the hippocampus (A, qRT-PCR) and serum (B, 

ELISA). At 8d post-SE, TNFα, IL-1β, and iNOS mRNAs were upregulated in the vehicle 

group, and SAR suppressed their levels. However, no significant differences were observed 

in their mRNA levels at 4 m post-SE. In serum, at 8d post-SE, TNFα, IL-1β, IL-6, and 

IL-12 were upregulated in the vehicle group, and SAR suppressed their levels. However, at 4 

m, IL-1β and IL-6 levels were not altered in any groups but the increased TNFα and IL-12 

levels were detected in the vehicle group with a significant reduction in the SAR group (B). 

n = 5–7; *#p < 0.05, **##p < 0.01, ***###p < 0.001, ****P < 0.0001; One-way ANOVA with 

Tukey’s post hoc test.
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Fig. 11. 
Neurodegeneration and rescue by SAR. (A) Representative brain sections stained for FJB 

(the hippocampus- CA1 and CA3 regions are shown). (B) FJB positive cell quantification 

from different brain regions are presented. DG, dentate gyrus; CA3 and CA1 are 

hippocampal regions; THAL, thalamus; ENT, entorhinal cortex; AMG, amygdala. n = 5–6. 

Repeated measures two way ANOVA with Tukey’s post-hoc test, *#p < 0.05, **##p < 0.01, 

***###p < 0.001, ****####p < 0.0001; Scale, all 100 μm.
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Fig. 12. 
Summary of Fyn/Src-mediated epileptogenesis and mitigation by SAR. Seizures increase 

Fyn in glial cells and activate Src (pSrc) and PKCδ (pPKCδ), and increase ROS/RNS 

biomarkers (iNOS, gp91phox). Increased nitroxidative stress, pPKCδ, and NFkB activation 

increase pro-inflammatory cytokines and RNS/ROS-related gene expression. These 

processes can promote persistent and progressive neuroinflammation, neurodegeneration, 

and epileptogenesis. Our findings suggest that saracatinib treatment mitigates seizure-

induced changes and modifies epileptogenesis. [Note: p40, p67, and p22 are NOX2 subunits. 

Starred ‘p’ represents phosphorylation. The role of neuronal Fyn/Src in epilepsy can be 

found in our recent review article (Gage and Thippeswamy, 2021)].
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