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Topiramate suppresses peri-infarct spreading
depolarization and improves outcomes in a rat
model of photothrombotic stroke

Yuhling Wang,1,7 Shaoyu Yen,1 Yen-Yu Ian Shih,2,3,4 Chien-Wen Lai,1 Yu-Lin Chen,1 Li-Tzong Chen,5,6 Hsi Chen,1

and Lun-De Liao1,8,*
SUMMARY

Ischemic stroke can cause depolarized brainwaves, termed peri-infarct depolarization (PID). Here, we eval-
uated whether topiramate, a neuroprotective drug used to treat epilepsy and alleviate migraine, has the
potential to reduce PID.Weemployed a ratmodel of photothrombotic ischemia that can reliably and repro-
ducibly induce PID and developed a combined electrocorticography-laser speckle contrast imaging (ECoG-
LSCI) platform to monitor neuronal activity and cerebral blood flow (CBF) simultaneously. Topiramate
administration after photothrombotic ischemia did not rescue CBF but significantly restored somatosen-
sory evokedpotentials in the forelimbarea of the primary somatosensory cortex.Moreover, infarct volume
was investigated by 2,3,5-triphenyltetrazolium chloride (TTC) staining, and neuronal survival was evaluated
byNissl staining.Mechanistically, the levels of inflammatorymarkers, such as ED1 (CD68), Iba-1, andGFAP,
decreased significantly after topiramate administration, as did BDNF expression, while the expression of
NeuN and Bcl-2/Bax increased, which is indicative of reduced inflammation and improved neuroprotection.

INTRODUCTION

Stroke is the second leading cause of death worldwide.1 At present, the only clinical drug approved by the Food and Drug Administration

(FDA) for the treatment of acute ischemic stroke is recombinant tissue plasminogen activator (rtPA), a fibrin-specific activator that can convert

plasminogen into plasmin to dissolve thrombi and is usually applied within 4.5 h of stroke onset.2 Neuroprotective strategies that have the

potential to improve the management of acute stroke can offer considerable public health benefits.3

One common pathological feature among acute stroke, epilepsy, traumatic brain injury (TBI), and subarachnoid hemorrhage (SAH) is the

sudden imbalance of the neuronal transmembrane ionic gradient and the resulting depolarization waves, commonly known as cortical

spreading depression (CSD).4 According to a canonical model, CSD is caused by the increasing accumulation of potassium ions outside cells.

This subsequent inflow of potassium ions can trigger depolarization followed by a transient increase in cerebral blood flow (CBF), local tissue

oxygen tension, and metabolism.5 CSD typically spreads across the gray matter of the brain at a speed of 2–6 mm/min, which is consistent

across rodents, nonhuman primates, and humans.4,6 Importantly, in a normally perfused, healthy brain, CSD typically does not cause notable

tissuedamage; however, it leads to a severe shortage of adenosine triphosphate (ATP) and can exacerbate preexisting brain tissue damage.7 In

the case of stroke, such events often initiate from the peri-infarct areas and are thus termed peri-infarct depolarization (PID).8 It has also been

shown that the flowpolarity is different in theperi-infarct area and normal tissue after stroke, and the flow velocity is slower in the penumbra area

than in the normal cortical area.9 Due to the loss of oxygen, glucose, and nutrients in the ischemic region, sodium-potassium pumps fail to

maintain ion balance due to the lack of ATP, which leads to depolarization, increased cellular permeability,3 excessive glutamate release,

and excitotoxicity.2,9,10 These changes, in turn, stimulate the Na+/Ca2+ channel coupled with the a-amino-3-hydroxy-5-methyl-4-isoxazole pro-

pionic acid receptor (AMPAR), theN-methyl-D-aspartate receptor (NMDAR) and the kainic acid receptor (KAR), further depolarizing the mem-

braneof postsynaptic neurons andopening themembranepotential-sensitive voltage-gated sodium (Na +) channel (VGNC) and voltage-gated

calcium channel (VGCC).11 These channels permit more Ca2+ and Na+ to flow into the cell, causing intracellular calcium overload and further

impairing the generation of ATP from themitochondria.12 It follows that high levels of intracellular Ca2+ and the activation of endonucleases and

free radicals can promote the decomposition of phospholipids, proteins, and nucleic acids and trigger the apoptosis cascade.11
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Figure 1. Diagram of the ECoG-LSCI system and experimental setup

The ECoG-LSCI system was used to investigate neurovascular function and cortical activity in rats. The setup included an ECoG recording system, an LSCI

imaging system, a laser to induce photothrombotic ischemia in the cortex, and a forepaw electrical stimulation system. The animal was placed on the

stereotaxic table, and an infrared warming lamp was used to maintain the animal’s body temperature at 38�C. A screw electrode was fixed in the S1FL area

of the brain, and another reference electrode was inserted 3 mm to the right of lambda to receive the ECoG signal and amplified via a front-end amplifier. A

craniotomy window was created in the S1FL region (lower left image), and the cortical region of interest was illuminated with a CW 660 nm laser. The CCD

camera was placed above the craniotomy window to collect speckle pattern images. Rats were injected with Rose Bengal (diluted to 10 mg/mL in saline and

administered at 0.2 mL/100 g body weight) via the tail vein, and then the laser was focused on selected MCA arterioles in the S1FL region for 30 min to

induce photothrombotic ischemia (PTI). Then, the DS3 stimulator was used to trigger contralateral peripheral electrical stimulation.
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There is emerging evidence that the number of PIDs is not significantly associated with the final infarct size4 but instead is significantly

correlated with the volume of the ischemic penumbra.4 As CSDs appear only in the presence of the ischemic penumbra and can exacerbate

tissue damage,13 it is plausible that suppressing CSDs during acute stroke can lead to reduced excitotoxicity and improved outcomes. One

candidate drug used for this purpose is topiramate, an FDA-approved agent for the treatment of migraine and epilepsy known to inhibit

VGNCs, VGCCs, and AMPARs.14 Specifically, topiramate can effectively reduce the inhibition of cortical diffusion in the context of migraine15

and block VGNCs to ameliorate epilepsy.16 In animalmodels, topiramate has been shown to enhance chloride ion influx through the g-amino-

butyric acid (GABA) receptor, effectively reduce excitotoxicity in neurons, and antagonize KAR and AMPAR to promote stable membrane

currents in neurons and glial cells.14 Cellular patch-clamp studies have shown that the suppression of L-type VGCC currents by topiramate

also contributes to its ability to reduce neuronal excitability.14 While topiramate has been shown to reduce the frequency of CSD in migraine

patients,17 its potential efficacy in suppressing PIDs has yet to be explored.

Understanding the putative influence of topiramate on PIDs as well as the relevant neuronal activity and corresponding CBF supplies re-

quires dynamic imaging of both metrics in vivo. Here, we established a novel electrocorticography-laser speckle contrast imaging (ECoG-

LSCI) platform capable of assessing changes in neurovascular coupling across space and time. The benefit of ECoG over electroencephalog-

raphy (EEG) is the reduced interference from the meninges, cerebral tissue fluid, and cranium. While ECoG detects population neuronal

activity and has high temporal resolution, it has limited spatial resolution and cannot provide information on CBF.18 This limitation was ad-

dressed by the inclusion of the LSCI technique, which allows precise monitoring of the CBF throughout the progression of acute stroke with

high spatiotemporal resolution.15,16 Using this novel platform, we first examined the ability of 1 M and 4M KCl to induce CSDs and then eval-

uated PIDs via a photothrombotic model that is known to reliably and reproducibly induce PIDs.4 We report the influences of topiramate on

CSDs and PIDs, as well as the final infarct volume, as assessed by 2,3,5-triphenyltetrazolium chloride (TTC) staining. Moreover, we determine

the severity of themorphological changes in the blood cells usingNissl staining.Our results elucidate the possibility of using PID-suppressing,

neuroprotective agents for acute stroke management in the future.
RESULTS

ECoG-LSCI to measure KCl-induced CSD

First, to confirm the feasibility of using ECoG-LSCI (Figure 1), we used 1 M and 4 M KCl to determine whether the instrument could reliably

detect CSDs (Figure 2). The device was also used to detect PID induced by electrical stimulation around photothrombotic ischemia (Figure 3).
2 iScience 27, 110033, June 21, 2024



Figure 2. Experimental protocol for KCl induction of CSD and the method for calculating CSD speed

(A) CCD image of a rat brain. Two points weremarkedwith a 3mmdistance between them for use as a scale for calculating CSD speed. The electrodes (screws) on

the upper right were used to collect the ECoG signals. A hole was created in the bottom right of the skull, and KCl was added to induce CSD.

(B) Before adding KCl, the LSCI and ECoG signals were recorded for 10min to establish a baseline and for 60 min after 1 M and 4MKCl were used to induce CSD.

(C) Plot of CBF vs. time. To count the number of CSDs, a threshold level was determined. When the CBF exceeded the threshold, it was considered a CSD.

(D) MATLAB was used to analyze all images, and two ROIs were circled in the image to obtain the CSD speed. By comparing the difference in time between the

peaks in the CBF appearing in the two ROIs and calculating the distance between the two ROIs, the CSD speed (in mm/min) was computed.

(E) Changes in CBF vs. time for both ROIs plotted in the same window. The time difference between the peaks in the two ROIs (Dt) was used to calculate the CSD

speed as X mm/Dt min.
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We were able to observe CSDs as transient suppression of ECoG signals (Figures 4A and 4D) and increases in the CBF (Figures 4B and 4E).

Figures 4C and 4F show the spatial propagation of a CSD event imaged at 25 s intervals (Video S1).

Figures 5A and 5B show the ROIs drawn to calculate the speed of CSD propagation in the two groups of subjects. The CBFs from the two

ROIs were plotted (Figures 5C and 5D), and the time difference between the peaks was used to calculate the speed of CSD propagation. KCl

(1 M) induced 1.20G 0.20 CSDs, while KCl (4 M) induced 4.80G 0.58 CSDs, as shown in Figure 5E. The number of CSDs induced by 4 M KCl

was significantly greater than that inducedby 1MKCl (p< 0.05). TheCSD speeddid not differ according to KCl concentration (1MKCl: 4.03G

0.55 mm/min, 4 M KCl: 3.70 G 0.34 mm/min; Figure 5F).
Topiramate has no effect on restoring CBF following photothrombotic ischemia

Next, we examined the LSCI data to evaluate the effect of topiramate onCBF after photothrombotic ischemia. Representative bright field and

LSCI contrast images before and after sham or ischemia induction in the control, untreated, and topiramate-treated groups are shown in Fig-

ure 6A. In the control group, the normalized CBF values at 0, 1, 2, and 3 h after the sham procedure were 106.80% G 5.95, 95.36%G 11.75,

101.61%G 11.24 and 100.13%G 13.82, respectively (Figure 6B), and these values were not significantly different from those at baseline, which

was set to 100%. In the untreated photothrombotic ischemia group, the CBF values were 8.50% G 0.35, 8.76% G 0.83, 7.91% G 0.63 and

7.70% G 0.78, respectively (Figure 6C). In the topiramate-treated photothrombotic ischemia group, the CBF values were 17.54% G 1.72,

15.13% G 1.15, 13.72% G 1.15 and 14.77% G 1.0, respectively (Figure 6D). The CBF after the induction of ischemia was significantly lower

than that before ischemia in both the treated and untreated groups (p < 0.05). Based on these results, topiramate did not affect CBF or

thrombus formation during photothrombotic ischemia.
Topiramate improves somatosensory evoked potentials following photothrombotic ischemia

Weused ECoG to record the forepaw stimulus-evoked SSEPs in the S1FL area of the rat brain as an indicator of neural function. The SSEP peak-

to-peak amplitude before any procedures were performed was defined as the baseline (100%), and the SSEPs were recorded every hour after

sham or photothrombotic ischemia induction. Figures 7A–7C show representative SSEP traces. In the control group, the amplitudes at 0, 1, 2,
iScience 27, 110033, June 21, 2024 3



Figure 3. Protocol for peripheral stimulation and ECoG-LSCI recording and monitoring of photothrombotic ischemia-induced PID

(A) The cranial window illustrates the placement of an epidural electrode in the S1FL area (ML: +4mm/AP: +1mm) and a reference electrode approximately 3mm

to the right of lambda to record the ECoG signal. Scale bar = 2 mm.

(B) The SSEPs before and every 1 h after photothrombotic ischemia (PTI) were compared between Groups 1–3 to examine the effect of topiramate treatment on

the recovery of neural function. TTC staining was performed 24 h after the induction of photothrombotic ischemia. The data from groups 4 and 5 were compared

to observe the progression of photothrombotic ischemia-induced PID and the effect of topiramate treatment. The LSCI and ECoG signals were recorded before

photothrombotic ischemia as a baseline and for 3 h after the induction of photothrombotic ischemia, followed by TTC staining 24 h after photothrombotic

ischemia initiation.

(C) The sensory electrical stimulation parameters were an amplitude of 2 mA, pulse width of 0.2 ms, frequency of 3 Hz, and duration of 5 s.

(D) LSCI and ECoG signals were recorded for 60 s, and electrical stimulation was initiated for 5 s at the 10th second.
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and3 hwere 96.56%G 5.48, 97.21%G 4.71, 95.80%G 4.68 and 97.57%G 3.88, respectively. In the untreatedphotothrombotic ischemia group,

the amplitudes were 13.98%G 0.73, 12.70%G 0.85, 14.06%G 0.68 and 14.22%G 1.57, respectively. In the topiramate-treated photothrom-

botic ischemia group, the amplitudeswere 9.10%G 1.47, 28.98%G 6.69, 58.24%G 5.38, and 77.25%G 4.10, respectively (Figure 7D). Similar to

the CBF results, the SSEP amplitudes at 0 h were significantly different only from baseline in the treated and untreated photothrombotic

ischemia groups (p < 0.05). At 3 h, however, the SSEP amplitude in the untreated group remained significantly lower than the baseline level

(p < 0.05), whereas the SSEP amplitude in the treated group returned to baseline. This finding demonstrated the potential neuroprotective

effect of topiramate treatment.
Topiramate reduces the number of PIDs following photothrombotic ischemia

We then examined whether topiramate treatment can reduce the number of PIDs during ischemia. Figure 8A shows the ECoG signals re-

corded before, during, and after photothrombotic ischemia, where the signal amplitude decreased after the induction of ischemia. Figure 8B

shows the simultaneously recorded change in CBF, where multiple PID events occurred after the induction of ischemia. As expected, PID

spread outward from the ischemic core into the surrounding regions (Figure 8C). The ECoG-LSCI data obtained after photothrombotic

ischemia and topiramate treatment are shown in Figures 8D–8F (Video S2). Topiramate treatment reversed the suppression of ECoG signals

and reduced the number of PID events.

Figures 9A and 9B show the ROI placement from which the PID speed in the photothrombotic ischemia group and photothrombotic

ischemia+topiramate administration group were calculated. Changes in the CBF in the two ROIs are shown in Figures 9C and 9D. The

PID speeds were 4.8 G 0.37 mm/min in the untreated group and 2.8 G 0.37 mm/min in the topiramate-treated group (Figure 9E), while

the PID speeds were 4.14G 0.32mm/min in the untreated group and 4.34G 0.33mm/min in the topiramate-treated group (Figure 9F). Treat-

ment with topiramate significantly reduced the number of PIDs (p < 0.05) but did not affect the PID speed.
Topiramate reduces the infarct volume following photothrombotic ischemia

To confirm the occurrence, size, and severity of brain damage caused by the photothrombotic ischemic stroke investigation system, we uti-

lized two staining methods to evaluate ischemic lesions, as shown in Figure 10. First, TTC staining was used to assess ischemic damage. Fig-

ure 10A shows an example of a coronal brain section, where 0.0 mm was set as the center of ischemia induction. In the control group, the
4 iScience 27, 110033, June 21, 2024



Figure 4. Neurovascular function observed using ECoG-LSCI after the administration of different concentrations of KCl

Changes in the ECoG signal (A) and CBF (B) during CSD induction with 1 M KCl. The CBF peaks occurred simultaneously with electrical inhibition of the ECoG

signal. There was 1 occurrence of CSD (black arrow).

(C) Example images mapping the CBF on the cortical surface from 700 to 875 s taken at 25 s intervals (Video S1). KCl was applied near the bottom of the image,

and the direction of CSD propagation is indicated by the red arrow. Changes in the ECoG signal (D) and CBF (E) during CSD induction with 4 M KCl. The CBF

peaks occurred simultaneously with the electrical inhibition of the ECoG signal. There were 6 occurrences of CSD (black arrows).

(F) Example images mapping the CBF on the cortical surface from 600 to 775 s taken in 25 s intervals (Video S1). The red dotted arrow represents the direction of

CSD propagation.
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unaffected healthy cortex appeared red after TTC staining, whereas the infarct area appeared white. The quantification of infarct volume is

shown in Figure 10B. The infarct volumewas greatest at approximately 0.0 mm and decreased outward from the center of ischemia induction.

The infarct volume in the untreated photothrombotic ischemia group was 4.5% G 0.1, which was significantly greater than that in the top-

iramate-treated photothrombotic ischemia group (2.8%G 0.2) (Figure 10C; p < 0.05). Nissl staining revealed that the neurons in the control

group exhibited a complete granular morphology. The plasmawas densely stained by toluidine blue, indicating sufficient nutrient supply and

active energy synthesis. However, the number of neurons in the prothrombotic ischemia (PTI) group was significantly reduced, and the

neuronal morphology was irregular. The intracellular toluidine blue staining was also significantly reduced and diffuse. In the topiramate

group, the neurons were preserved, but in reduced numbers (Figure 10D). Nissl-stained tissue showed pale degenerated neurons in ischemic

areas, indicating that our photothrombotic ischemia-inducing system caused stroke.
Effect of topiramate on NeuN, BDNF, ED1 (CD68), Iba-1, GFAP, Bax and Bcl-2 following photothrombotic ischemia

Western blotting was used to compare the expression levels of NeuN, BDNF, ED1 (CD68), Iba-1, GFAP, Bcl-2, and Bax in the core, penumbra,

and normal cortex of treated and untreated animals (Figure 11A). The normalized levels of NeuN (see STAR methods for details), a neuronal

marker, in the ischemic core region were 2.61G 0.19 in the control group, 1.53G 0.08 in the untreated photothrombotic ischemia group, and

2.48 G 0.20 in the topiramate-treated group (Figure 11B). These data suggested that there was significant neuronal loss following photo-

thrombotic ischemia and that topiramate had a neuroprotective effect (both p < 0.05). Both ED1 (CD68) and Iba-1 are markers of macro-

phages. The ED1 (CD68) level in the ischemic core region was 0.54G 0.08 in the control group, 4.24G 0.63 in the untreated photothrombotic

ischemia group, and 1.92G 0.49 in the topiramate-treated group. The ED1 (CD68) level in the penumbra regionwas 0.86G 0.18 in the control

group, 2.29 G 0.57 in the untreated photothrombotic ischemia group, and 1.21 G 0.28 in the topiramate-treated group (Figure 11C). The
iScience 27, 110033, June 21, 2024 5



Figure 5. The number of CSD events was dependent on the KCl concentration, but there was no significant difference in speed

Representative images of the cortical surface of a rat treated with 1 M (A) and 4 M (B) KCl. The ROIs used to determine the CSD speed are shown.

(C and D) The numbers of CSDs and the time to reach 2 ROIs at different concentrations of KCl.

(E) With 1 M KCl, the CSD number was 1.2 G 0.2, while the CSD number with 4 M KCl was 4.8 G 0.58. After 4 M KCl stimulation, the number of CSDs was

significantly greater than that after stimulation with 1 M KCl (p < 0.05).

(F) With 1M KCl, the average CSD speed was 4.03G 0.55 mm/min, while the average CSD speed with 4M KCl was 3.70G 0.34 mm/min. There was no significant

difference in the CSD speed after treatment with different concentrations of KCl.

ll
OPEN ACCESS

iScience
Article
Iba-1 level in the core region was 0.33G 0.09 in the control group, 1.45G 0.27 in the untreated photothrombotic ischemia group, and 0.58G

0.15 in the topiramate-treated group (Figure 11D). The Iba-1 level in the penumbra region was 0.35G 0.09 in the control group, 1.06G 0.16 in

the untreated photothrombotic ischemia group, and 0.63G 0.17 in the topiramate-treated group. These data suggested that the inflamma-

tion and macrophage recruitment to the core and penumbra regions that followed photothrombotic ischemia could be suppressed by top-

iramate (p < 0.05). After topiramate administration, ED1 (CD68) and Iba-1 expression was significantly decreased in both the ischemic core

and penumbra regions (Figures 11C and 11D; p < 0.05).

GFAP is a glial cell marker that also indicates neuroinflammation. The GFAP level in the ischemic core region of the control group was

0.11 G 0.02, and this value was 1.35 G 0.19 in the untreated photothrombotic ischemia group and 0.62 G 0.15 in the topiramate-treated

group. In the penumbra region, GFAP level was 0.17 G 0.06 in the control group, 1.06 G 0.09 in the untreated photothrombotic ischemia

group, and 0.73 G 0.08 in the topiramate-treated group. In the distant cortex, the GFAP level was 0.11 G 0.05 in the control group,

0.65 G 0.08 in the untreated photothrombotic ischemia group, and 0.27 G 0.07 in the topiramate-treated group. These results suggested

that photothrombotic ischemia significantly increased the number of glial cells, which was suppressed by treatment with topiramate (Fig-

ure 11E; p < 0.05).

BDNF is an important protein that promotes neuron growth and repair. The BDNF level in the ischemic core region was 0.69G 0.16 in the

control group, 1.67G 0.19 in the photothrombotic ischemia group, and 1.11G 0.08 in the topiramate-treated group. These results suggested

significantly increased neuronal growth and repair after photothrombotic ischemia (p < 0.05) but not after topiramate treatment. No signif-

icant difference in BDNF expression was observed in the penumbra or distant cortex, as shown in Figure 11F.

The expression of the antiapoptotic protein Bcl-2 and the proapoptotic protein Bax wasmeasured to gain insight into apoptotic signaling.

Comparedwith that in the control group, the damage to the core area in the photothrombotic ischemia group caused significantly decreased

Bcl-2 expression, while topiramate treatment significantly alleviated the decrease in Bcl-2 expression. The Bax content in the photothrom-

botic ischemia group was significantly greater than that in the control group. Moreover, topiramate treatment significantly improved the in-

crease in the Bax content. The Bcl-2/Bax ratio in the core photothrombotic ischemia group (0.586G 0.08) was significantly lower than that in

the topiramate-treated group (0.837 G 0.08). Compared with this ratio in the topiramate-treated group, the penumbra photothrombotic

ischemia group (0.520 G 0.05) exhibited a significant decrease (0.749 G 0.10) (Figure 11G; p < 0.05).
6 iScience 27, 110033, June 21, 2024



Figure 6. Topiramate has no effect on CBF recovery in photothrombotic ischemia

(A) Representative bright field and LSCI contrast images obtained before and after photothrombotic ischemia. In the photothrombotic ischemia groups, the

absence of blood flow after the induction of ischemia was observed in the blood vessels, as indicated by the red rectangles.

(B) The CBF in the control group remained unchanged, indicating that it was not affected by photothrombotic ischemia. At 0 h, 1 h, 2 h, and 3 h, the CBF values

were 106.80 G 5.95%, 95.36 G 11.75%, 101.61 G 11.24%, and 100.13 G 13.82% of the baseline, respectively.

(C) CBF in the photothrombotic ischemia group. At 0 h, 1 h, 2 h and 3 h, the CBF values were 8.50G 0.35%, 8.76G 0.83%, 7.91G 0.63% and 7.70G 0.78% of the

baseline, respectively.

(D) Topiramate had no thrombolytic effect since the CBF was significantly lower after the induction of ischemia (p < 0.05). At 0 h, 1 h, 2 h, and 3 h, the CBF values

were 17.54 G 1.72%, 15.13 G 1.15%, 13.72 G 1.15%, and 14.77 G 1.0% of the baseline, respectively.
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DISCUSSION

CSD detection using ECoG-LSCI

Globally, stroke is one of the top three causes of mortality and themost frequent cause of permanent disability.19 Multimodal recording tools

are critically needed to examine the pathophysiological dynamics of stroke and the efficacy of treatment in research settings.14 LSCI probes

CBF information at high spatial and temporal resolution with a wide field of view18,20,21 and has shown promising utility for stroke research.22

Here, we coupled LSCI with ECoG to examine both vascular and neuronal activity changes in vivo. Using these complementary measures, we

successfully detected KCl-induced CSDs with both electrophysiological and flowmetrics (Figures 4 and 5). Although KCl is commonly used to

induce CSDs,4 it should be noted that the number of CSDs induced by KCl may vary according to the experimental settings, animal physi-

ology, treatment times, and KCl concentrations.23–25 In contrast, CSD velocity appears rather consistent – the values reported in this study are

in agreement with previous findings,4,23 ranging between 1.7 and 9.2 mm/min7.

Influence of topiramate on photothrombotic ischemia

We used ECoG-LSCI to examine the neuroprotective effect and changes in CBF following photothrombotic ischemia. As expected, topira-

mate had no effect on blood flow restoration after thrombosis. Importantly, we found that SSEPs were restored by topiramate, suggesting its

potential neuroprotective effect.

Thrombus formation after photothrombotic ischemia prevents the CBF from transporting nutrients such as oxygen and glucose.2,10 As a

consequence, neurons suffer from insufficient ATP derived via glycolysis, leading to a decrease in sodium-potassium pump function, ionic

imbalance, and ultimately depolarization.2,10 Moreover, this process releases a large amount of glutamate, which induces excitotoxicity

and promotes the entry of sodium and calcium ions into cells, releasing potassium ions and triggering the spatial ‘‘spreading’’ of depolari-

zation, which is often termedPID in the case of stroke.2,10 Fu et al. showed that topiramate can inhibit calcium channels,26 which reduces gluta-

mate-induced excitatory signaling and enhances inhibitory signalingmediated byGABA.10 Topiramate also blocks sodium channels and acts

as a GABAA receptor antagonist, which suppresses the firing of action potentials.27,28 These processes can stabilize cell membrane currents
iScience 27, 110033, June 21, 2024 7



Figure 7. The neuroprotective effects of topiramate were evident in the SSEP measurements

(A) The average SSEPs before and after sham stroke in the control group did not change. The peak-to-peak (P-P) amplitudes at 0 h, 1 h, 2 h and 3 h were 96.56G

5.48%, 97.21 G 4.71%, 95.80 G 4.68% and 97.57 G 3.88% of the baseline, respectively.

(B) The average SSEPs before and after stroke in the untreated photothrombotic ischemia group demonstrated that the evoked potentials were suppressed. The

P-P amplitudes at 0 h, 1 h, 2 h and 3 h were 13.98 G 0.73%, 12.70 G 0.85%, 14.06 G 0.68% and 14.22 G 1.57% of the baseline, respectively.

(C) The average SSEPs before and after stroke in the topiramate-treated photothrombotic ischemia group gradually recovered for up to 3 h after stroke. The P-P

amplitudes at 0 h, 1 h, 2 h, and 3 h were 9.10 G 1.47%, 28.98 G 6.69%, 58.24 G 5.38% and 77.25 G 4.10% of the baseline, respectively.

(D) Comparison of P-P amplitudes among the control, photothrombotic ischemia and photothrombotic ischemia+topiramate groups. At 0 h–2 h after stroke, the

evoked potentials in the photothrombotic ischemia group and the photothrombotic ischemia+topiramate group were significantly different from those in the

control group (p < 0.05). At 3 h, the P-P amplitude in the photothrombotic ischemia group remained significantly lower than that in the control group (p < 0.05).

There was no significant difference between the photothrombotic ischemia+topiramate group and the control group, demonstrating the recovery of neural

function after topiramate treatment.
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and suppress neuronal depolarization.16 Our results provide critical in vivo evidence that PID velocity is not affected by topiramate treatment

but rather significantly decreases the number of PIDs.

Typically, PID results in a decrease in the CBF, which in turn leads to an increase in infarct size. Compared with the middle cerebral artery

occlusion method, intraluminal suturing of the middle cerebral artery damages the striatum and cortex, induces large-scale infarction, and

produces large penumbra areas.29,30 Therefore, the PID-induced CBF is significantly reduced. The PTI model we used creates a small infarct

area, so tissue perfusion can be maintained through collateral circulation. Collateral circulation plays a crucial role in maintaining brain tissue

perfusion during ischemic stroke, prolonging the time window for effective treatment and ultimately preventing the irreversible damage that

may lead to worse clinical outcomes.

As shown in Figure 10, topiramate also reduced the infarct volume and preserved neurons, albeit in reduced numbers. This finding cor-

roborates the study by Yang et al., in which the infarct volumewas significantly reduced after topiramate treatment.31 The ability of topiramate

to reduce the influx of calcium ions can decrease their effects on proteases and lipases.14 Inhibiting the activation of kinases, phosphatases,

endonucleases, and free radicals prevents the decomposition of phospholipids, proteins, and nucleic acids. Ultimately, this could prevent the

apoptosis cascade, improve the survival rate of peripheral neuronal cells, and reduce the scope of cerebral infarction.11

To further examine the effects of topiramate on neuronal cell death, inflammation, and neuronal repair after ischemic injury, we usedWest-

ern blotting to measure the levels of proteins related to neuroprotection, including NeuN, ED1 (CD68), Iba-1, GFAP, BDNF, Bcl-2, and Bax,

among which NeuN is a neuronal marker; ED1 (CD68) and Iba-1 are markers of inflammation, identifying macrophages and activated micro-

glia, respectively12; GFAP is a marker of activated astrocytes32; and BDNF is associated with neuronal repair following injury.3 In the ischemic

core region, NeuN expression decreased after ischemia compared with that in the control group, while NeuN expression increased signif-

icantly after topiramate administration compared with that in the photothrombotic ischemia group (Figure 11B). Such a decrease in NeuN

levels after photothrombotic ischemia is expected, as a large amount of calcium ions enter cells and promote the activation of enzymes

and the generation of free radicals.11,33 The influx of many calcium ions also causes mitochondria-mediated apoptosis and leads to neuronal

death.33 The administered topiramate binds to voltage-gated calcium channels, thereby preventing calcium ions from entering cells and

reducing mitochondria-mediated apoptosis/neuronal death.

The Bcl-2 family of proteins, including Bcl-2 and Bax, regulate programmed cell death. Experimental studies have shown that overexpres-

sion of the antiapoptotic protein Bcl-2 can alleviate ischemic brain damage in animal models of stroke. Although activated Bax promotes cell

death, these two molecules can move independently to modulate cell death. We observed Bcl-2 downregulation and Bax upregulation in

photothrombotic ischemia.Moreover, the antiapoptotic protein Bcl-2 was upregulated and the proapoptotic protein Bax was downregulated

in rats treated with topiramate. These observations clearly indicate that topiramate has a significant protective effect against photothrom-

botic ischemic injury, which may be due to its antiapoptotic potential.34

As shown in Figures 11C and 11D, ED1 (CD68) and Iba-1 expression increased significantly following ischemic stroke, while both decreased

significantly in the ischemic core and peri-infarct areas following topiramate administration. These results confirmed the anti-inflammatory

effects of topiramate. Similarly, GFAP expression increased after ischemic stroke but decreased significantly in the ischemic core, penumbra,

and distant cortex after topiramate administration. We also found that BDNF expression increased in the ischemic core region after ischemic

stroke but decreased after topiramate administration. In the penumbra region, neither NeuN nor BDNF expression decreased significantly
8 iScience 27, 110033, June 21, 2024



Figure 8. ECoG-LSCI was used to observe neurovascular function during photothrombotic ischemia-induced peri-infarct depolarization (PID)

(A) Electrophysiological changes in the ECoG signal after photothrombotic ischemia in rats without topiramate treatment. The electrophysiological signals were

inhibited after stroke induction.

(B) The corresponding changes in CBF. Continuous PID progression could be observed after photothrombotic ischemia. Individual PID events are labeled with

black arrows.

(C) Representative LSCI contrast images of PIDs after photothrombotic ischemia (Video S2). The white arrows represent the directions of PID propagation. The

red arrow represents the PTI region.

(D) Electrophysiological changes in the ECoG signal after photothrombotic ischemia in rats treated with topiramate. The electrophysiological signals were

inhibited after stroke induction, with gradual recovery after topiramate treatment.

(E) The corresponding changes in CBF. There were fewer PID events after topiramate administration.

(F) Representative LSCI contrast images of PID after photothrombotic ischemia and topiramate treatment (Video S2).
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after photothrombotic ischemia, which is likely due to reduced neuronal damage that occurred outside the ischemic core. However, ED1

(CD68), Iba-1, and GFAP levels were significantly increased in the penumbra region after photothrombotic ischemia, suggesting that the in-

flammatory effect extends outside the ischemic core. Importantly, topiramate treatment significantly reduced the expression of ED1 (CD68),

Iba-1 and GFAP in the penumbra region.

In the distant cortex region, no significant differences in NeuN, ED1 (CD68), Iba-1, or BDNF expression were detected between the

different treatment groups. However, GFAP expression was significantly elevated in the distant cortex after photothrombotic ischemia, indi-

cating that the surrounding normal astrocytes are affected, as discussed previously.35
Possible neuroprotective pathways of topiramate following photothrombotic ischemia

The process of brain injury during ischemic stroke and the possible protective mechanism of topiramate in stroke treatment are shown in Fig-

ure 12. Thrombus formation prevents blood from transporting nutrients such as oxygen and glucose.36 A lack of oxygen and glucose prevents

neurons from receiving sufficient ATP from glycolysis,2,10 inhibiting the functions of sodium-potassium pumps and triggering ionic imbalance

and depolarization, as shown in the primary damage pathway.3 The release of large amounts of glutamate induces nerve excitotoxicity and

promotes the entry of sodium and calcium ions into cells, leading to further cell depolarization and causing PID.12 The entry of large amounts
iScience 27, 110033, June 21, 2024 9



Figure 9. After topiramate treatment, the number of PIDs in the rats decreased significantly

(A and B) Representative CCD images of the cortical surface in the photothrombotic ischemia group and photothrombotic ischemia+topiramate administration

group, respectively. The circled ROIs were used to calculate the PID speed.

(C andD) Representative plots of the CBF in the circled ROIs for the photothrombotic ischemia group and photothrombotic ischemia+topiramate administration

group, respectively.

(E) After topiramate treatment, there were significantly fewer PIDs than that in the photothrombotic ischemia group (p < 0.05), showing that topiramate may offer

neuroprotection. In the photothrombotic ischemia group, the average number of PIDs was 4.8G 0.4, while in the topiramate administration group, the average

number of PIDs was 2.8 G 0.4.

(F) Comparison of PID speed, showing no significant difference between the topiramate treatment group and the photothrombotic ischemia group. In the

photothrombotic ischemia stroke group, the average PID speed was 4.14 G 0.32 mm/min, while in the topiramate administration group, the average PID

speed was 4.34 G 0.33 mm/min. Data are represented as mean G SD.
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of calcium ions will activate lipases, proteases, phosphatases, kinases, free radicals, and endonucleases, which promote the decomposition of

nucleic acids, proteins, and phospholipids and generate excess free radicals to induce cellular damage.11

In the secondary damage pathway, the large influx of calcium ions after photothrombotic ischemia also leads to the mitochondrial

release of cytochrome c, triggering the sequential activation of caspase-9 and the effector caspase-3, resulting in apoptosis.33 Such

neuronal cell death after photothrombotic ischemia is associated with decreased expression of NeuN, as shown in Figure 11B.36 The gen-

eration of free radicals induces an inflammatory response and the activation of microglia, as evidenced by the increase in ED1 (CD68) and

Iba-1 expression (Figures 11C and 11D).37 GFAP expression also increases in astrocytes in response to inflammation, as shown in Fig-

ure 11E. M1 microglia are then transformed into M2 cells that restore neuronal function, as shown by the increase in BDNF expression

(Figure 11F).38

Topiramate has been shown to inhibit AMPAR and Ca2+ channel-related receptors, reducing the influx of sodium and calcium ions.11,14

This mitigates the inflammatory response, inhibits calcium-induced apoptosis, and reduces the occurrence of PID.14–16 Microglial activation,

BDNF expression, and GFAP expression subsequently decrease, while NeuN expression levels remain similar to baseline, resulting in neuro-

protection by topiramate.
10 iScience 27, 110033, June 21, 2024



Figure 10. Analysis and quantification of infarct volume by TTC staining and Nissl staining

(A) Representative TTC staining images of coronal brain slices from the control (first row), photothrombotic ischemia (2nd row), and topiramate treatment groups

(3rd row). The ischemia site was taken as 0 mm, and the brain was sliced in 1 mm increments up toG3 mm. The stroke infarct area appears white and is indicated

by the black arrow. The infarct volume was smaller in the topiramate treatment group than in the PTI only group.

(B) Quantified infarct volume after photothrombotic ischemia at different distances from the infarct site.

(C) Quantification of the total infarct volume as a percentage of the total brain tissue volume. In the stroke group, the average infarct volumewas 4.5G 0.1%, while

that in the photothrombotic ischemia+topiramate group was 2.8 G 0.2%, indicating a significantly reduced infarct volume (p < 0.05).

(D) Nissl-stained brain tissue sections showing cerebral lesions caused by photochemical thrombosis in the rat brain. Scale bar: 40 mM. Data are represented as

mean G SD.
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Conclusion

In this study, we developed an ECoG-LSCI system that combines laser speckle contrast imaging (LSCI) with electrocorticography (ECoG) to

observe CBF and electrophysiology in real-time. We tested the feasibility of using our system in a photothrombotic ischemia model and

observed changes in the hemodynamics and somatosensory evoked potentials (SSEPs) in the S1FL region induced by electrical stimulation.

We found that topiramate, an antiepileptic drug, exerts neuroprotective effects on the brain. We administered topiramate to rats after the

induction of photothrombotic ischemia and observed postischemic depolarizations (PIDs) to verify our hypothesis that topiramate could be

used to treat PID. We found that topiramate effectively inhibited and reduced the PID frequency (p < 0.05) without affecting PID velocity. We

also found that compared with photothrombotic ischemia, topiramate significantly reduced the infarct volume (p < 0.05). Our study sug-

gested that topiramate has the potential to be considered an adjuvant therapy for stroke. Furthermore, we measured the expression levels

of different markers in the ischemic core region after stroke and topiramate administration. We found increased expression of the inflamma-

tory factors ED1 (CD68) and Iba-1 as well as GFAP, which promotes reactive gliosis and the formation of glial scars. The upregulation of these

inflammatory factors indicates that neuronal cells are damaged, resulting in a decrease in NeuN expression. However, topiramate treatment

significantly decreased the expression of ED1 (CD68), Iba-1, and GFAP, indicating a reduction in the inflammatory response. We also

observed a significant decrease in the expression of BDNF, a protein involved in neuronal regeneration. In addition, our study demonstrated

the feasibility and effectiveness of using the ECoG-LSCI system for studying cerebral neurovascular dynamics. Our findings provide valuable

insights into translational stroke research and therapies.
iScience 27, 110033, June 21, 2024 11



Figure 11. Western blotting showed that topiramate has the potential to reduce the side effects of stroke

(A) Western blots comparing the expression levels of NeuN, ED1 (CD68), Iba-1, GFAP, BDNF, Bcl-2, and Bax in the core, penumbra and distant cortex after

photothrombotic ischemia.

(B) In the ischemic core region, NeuN expression was significantly lower in the photothrombotic ischemia group than in the control group (p < 0.05) and the

topiramate treatment group (p < 0.05), demonstrating that topiramate has the potential to slow neuronal death.

(C) ED1 (CD68) expression in both the ischemic core and penumbra regions was significantly greater in the photothrombotic ischemia group than in the control

(p < 0.05) and topiramate treatment groups (p < 0.05). This finding demonstrated that topiramate suppressed inflammation.

(D) Iba-1 expression in both the ischemic core and penumbra regions was significantly greater in the photothrombotic ischemia group than in the control

(p < 0.05) and topiramate treatment groups (p < 0.05). This finding demonstrated that topiramate plays a role in suppressing Iba-1 expression.

(E) In all regions, GFAP expressionwas significantly greater in the photothrombotic ischemia group than in the control (p< 0.05) and topiramate treatment groups

(p< 0.05). In the ischemic core and penumbra regions, GFAP expression was also significantly greater in the topiramate treatment group than in the control group

(p < 0.05).
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Figure 11. Continued

(F) BDNF expression in the ischemic core region was significantly greater in the photothrombotic ischemia group than in the control (p < 0.05) and topiramate

treatment groups (p < 0.05).

(G) In the ischemic core and penumbra regions, Bcl-2/Bax expression was significantly lower in the photothrombotic ischemia group than in the control and

topiramate treatment groups (p < 0.05). Data are represented as mean G SD.
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Limitations of the study

The photothrombotic stroke model utilizes local intravascular photooxidation to generate highly restricted ischemic cortical lesions. The ad-

vantages of this model are the small size of the infarct, the ability to place the infarct within different functional subregions of the cortex, and

minimal surgical manipulation of the animal. The aim of this technology is to simulate human stroke by causing platelet aggregation, similar to

cerebral ischemia. However, the photothrombotic damage caused by this technique is somewhat different from the damage caused by stroke

in humans. First, thrombosis in the model is initiated in many blood vessels in the illuminated area, whereas stroke usually occurs due to the

interruption of blood flow in a single terminal artery. Therefore, certain brain regions that are only partially supported by the affected arteries

are initially less affected after stroke because they may receive blood from collateral arteries and do not undergo necrotic cell death. In

contrast, the well-defined borders produced by photothrombosis result in a very limited penumbra, which is the primary target of postis-

chemic neuroprotective agents. Furthermore, in some stroke patients, reperfusion occurs spontaneously, which may lead to secondary in-

sults, including reperfusion injury. To study this specific aspect of ischemia, a transient occlusion model is more appropriate.

The infarct pattern in photothrombotic lesions exhibits some characteristics that differ from those of human stroke. MRI images reveal that

in photothrombotic lesions, ischemic infarction and angioedema occur simultaneously, while in human stroke, ischemic infarction is more

common than angioedema. However, a photothrombosis model may not be sufficient to study antithrombotic drugs because
Figure 12. Flow diagram of brain injury after ischemic stroke and the neuroprotective effect of topiramate

Ischemic stroke is induced during thrombus formation. This prevents neurons from obtaining sufficient ATP from glycolysis, inhibiting the function of the sodium-

potassium pump and triggering ionic imbalance and depolarization. Additionally, large amounts of glutamate are released, which induces nerve excitotoxicity

and promotes the entry of sodium and calcium ions into cells. Cellular depolarization occurs along with potassium ion release and PID. The entry of a large

amount of calcium ions activates a cascade of inflammation and apoptosis. The inflammatory response and the activation of microglia to an acute M1

inflammatory state increase the expression of Iba-1 and ED1 (CD68), which are associated with phagocytosis. GFAP expression also increases in astrocytes.

M1 microglia are transformed into the M2 phenotype for neuronal repair, and BDNF expression increases. The activation of apoptosis results in decreased

NeuN expression. The neuroprotective effects of topiramate treatment are indicated in red. The inhibition of AMPAR and Ca2+ channel-related receptors by

topiramate reduces the influx of sodium and calcium ions, preventing downstream reactions, including PID, inflammation and apoptosis. The expression

levels of Iba-1, ED1 (CD68) and GFAP decrease. Due to reduced apoptosis, the decrease in NeuN expression is alleviated.
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photothrombotic infarction can occur even after platelet blockade or inhibition of the intrinsic coagulation pathway. Some studies suggest

that in certain cases, platelet coagulation may not be necessary for photothrombotic occlusion, which may occur due to disruption of the

endothelial integrity and lead to edema and peripheral vascular compression.39
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-NeuN Abcam Cat#ab177487; RRID:AB_2532109

rabbit anti-BDNF Abcam Cat#ab108319; RRID:AB_10862052

rabbit anti-CD68 (ED1) Abcam Cat#ab125212; RRID:AB_10975465

goat anti-Iba-1 Abcam Cat#ab5076; RRID:AB_2224402

goat anti-GFAP Santa Cruz Biotechnology Cat#sc-6170; RRID:AB_641021

rabbit anti-BAX Proteintech Cat#50599-2-Ig; RRID:AB_2061561

mouse anti-Bcl-2 Proteintech Cat#68103-1-Ig; RRID:AB_2923635

mouse anti-b-actin Santa Cruz Biotechnology Cat#sc-47778; RRID:AB_626632

Chemicals, peptides, and recombinant proteins

Rose Bengal Sigma‒Aldrich Corp Cat# R3877

2,3,5-triphenyltetrazolium chloride Sigma‒Aldrich Corp Cat#T8877

RIPA buffer Visual Protein Cat# RP05-100

Critical commercial assays

BCA protein assay kit ThermoFisher Cat# 23225, 23227

Immobilon Western Chemiluminescent HRP Substrate Millipore WBKLS0500

Experimental models: Organisms/strains

Rat: Sprague–Dawley LASCO N/A

Software and algorithms

ImageJ ImageJ https://imagej.nih.gov/ij/index.html

GraphPad Prism v.8.0.1 GraphPad https://www.graphpad.com/scientific-software/prism
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lun-De Liao

(ldliao@nhri.edu.tw).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Original western blot images reported in this paper will be shared by the lead contact upon request.
� All original code will be shared by the lead contact upon request.
� Any addition information required to reanalyze the data reported in this paper is available from the lead contact Lun-De Liao (ldliao@

nhri.edu.tw) upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Photothrombotic technique for focal ischemic stroke induction

In this study, a blood vessel was targeted in the S1FL of the right hemisphere for focal photothrombotic ischemia.20 An arteriole was chosen

based on its appearance and location within a forelimb somatosensory diagram.21 To induce photothrombotic ischemia, Rose Bengal, a

photosensitizer (Na+ salt, R3877; Sigma‒Aldrich Corp., St. Louis, MO, USA), was first dissolved in saline to a concentration of 10mg/mL. Anes-

thetized rats on a stereotaxic platformwere then treatedwith 20mg/kg bodyweight Rose Bengal solution through the tail vein. After injecting

the Rose Bengal solution, a surface arteriole was targeted for occlusion with a 1-mmoptic patch cable, which delivered a green light laser. The
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fiber was connected to a laser power supply (532 nm, Shanghai Dream Lasers Technology Co., Ltd., Shanghai, China), and the surface of the

target arteriole was illuminated for 30 min until an obstructive thrombus formed.20
METHOD DETAILS

The ECoG-LSCI system

The ECoG-LSCI platform, which integrates ECoG recording and an LSCI instrument to simultaneously measure neuronal activity and CBF, is

shown in Figure 1. First, the relative cerebral blood flow (hereafter denoted CBF for all experimental data presented) was assessed using an

LSCI system developed in the laboratory. The region of interest (ROI) was illuminated with a laser module (660/532 nm; 100 mW; RM-CW04-

100, Unice E-O Service Inc., Taoyuan, Taiwan). A plano-convex lens (f = 75 mm, LA1608-A, Thorlabs Inc., Newton, NJ, USA) was used to

expand the laser bundle to approximately 40 3 30 mm and supply appropriate lighting for the exposed area of the cerebral cortex. A

16-bit charge-coupled device (CCD) camera (pixel size: 4.653 4.65 mm, DR2-08S2M/C-EX-CS, Point Gray Research Inc., Richmond, BC, Can-

ada) was used to image the illuminated region through a controllable amplification lens (0.3–13, f/4.5max) with a 23 expander. A linear polar-

izer was placed in front of the CCD image acquisition lens, and the working distance was set to approximately 5 cm to eliminate scattering.

Laser speckle images (1032 3 776 pixels) were acquired at 2 fps (exposure time T = 10 ms).

The developed LSCI systemwasmanipulated using a customized LabVIEWprogram (National Instruments, Austin, TX, USA). The changes

in the CBF in the selected ROI were determined throughout the experiment. The changes in CBF in the cortex were then calculated and aver-

aged. Therefore, laser speckle contrast analysis was performed usingMATLAB (MATLABR2020a,MathWorks Inc., Natick,MA, USA). Our LSCI

data processing skeleton introduced a graphics processing unit (GPU) to enable real-time, high-resolution visualization of the bloodstreamon

a computer. NVIDIA (Santa Clara, CA, USA) designed the approach for the parallel computingplatform (PCP) and programmingmodel for the

calculations. The high power of the GPU (GeForce GTX 650 Ti, NVIDIA, Santa Clara, CA, USA) significantly improved the computational

performance.

A multichannel digital collection system (Blackrock Microsystems, Salt Lake City, Utah, USA) was used to measure somatosensory evoked

potential (SSEP) signals on the PC. The ECoG signals were recorded via a preamplifier (gain of 2) and filtered through a bandpass filter from

0.5 Hz to 7,500 Hz. The filter was used to digitize the signals at a sampling rate of 10 kHz, and then, 150 Hz low-pass and 250 Hz high-pass filters

were used to compare the electrophysiological changes in the peripherally stimulated cortex after photothrombotic ischemia.
Animal preparation and craniotomy

All procedures were guided by and received authorization from the Institutional Animal Care and Use Committee (IACUC) of the National

Health Research Institute (NHRI, Taiwan) (IACUC number: NHRI-IACUC-107100-A). Thirteen male adult Sprague–Dawley (SD) rats ranging

in weight from 250 to 350 g were divided into three groups to compare the neuroprotective effects of topiramate treatment after ischemic

photothrombotic ischemia modeling by applying peripheral electrical stimulation; the groups included the control (n = 3), photothrombotic

ischemia (n = 5) and photothrombotic ischemia+topiramate (n = 5) groups. The ECoG-LSCI system was used to measure changes in the CBF

and ECoG in the ischemic brain area. The animals were housed on a 12-h dark/light cycle with consistent humidity and temperature and had

free access to water and food.

Rats were anesthetized with 2–3% isoflurane (Bowlin Biotech Corp., Taipei, Taiwan) in oxygen. The depth of anesthesia was verified by

examining the hindlimb withdrawal reflex of the rats before the surgical operation. A stereotaxic holder was used to fix the rats and reduce

movement artifacts during cranial surgery after preparation for surgery (anesthesia and hair shaving). The skin andmuscle were removed from

the cranium to expose the bregma and the reference point, whichwas implantedon the lambda. Two experimental systems, including an LSCI

instrument and an ECoG recording system, were used in the experiments to synchronously assess the changes in neurovascular parameters

before/after photothrombotic ischemia, as shown in Figure 1. In the LSCI setup, the cranium was removed to create an 83 4.5 mm2 window

above the dura (while the dura remained intact) in the right hemisphere (anterior-posterior [AP] =G 4mm,medial-lateral [ML] = 0 to 4.5 mm).

Furthermore, photothrombotic ischemia was induced in the vessels near the cortical area of the primary somatosensory forelimb (S1FL) (Fig-

ure 1). In the ECoG recording system, one of the epidural electrodes was placed at the S1FL (AP = + 1.0 mm,ML = + 4.0 mm), and a reference

electrode was implanted at +3 mm ML from lambda on the right hemisphere and secured to the skull.
KCl-induced CSD

Here, we describe the KCl-induced CSD experimental protocol and our method for calculating CSD speed. Pictures of the rat brain under the

CCD are shown in Figure 2A. The two-pointmark (AP =+ 1.0mm,ML= 0.0mm; AP = - 2.0mm,ML= 0.0mm) on the left half of the figure is the

scale used to calculate CSD speed. The distance between the two points was 3 mm, and the electrode (screw) on the upper right was mainly

used to receive the ECoG signals from the rats. A hole (AP = - 5.0 mm, ML = + 4.0 mm) was drilled at the bottom right above the dura to add

KCl (potassium chloride, crystal, Avantor Inc., Radnor, Pennsylvania, USA) to induce CSD. The protocol for KCl-induced CSD is shown in Fig-

ure 2B. Before adding KCl, the LSCI and ECoG signals were recorded for 10 min as the baseline, and then CSD was induced with 1 M and 4M

KCl (dissolved in ddH2O) for 60min and recorded by the ECoG-LSCI system. Figure 2C shows the number of CSDs and the time of CSDoccur-

rence. MATLAB was used to analyze all images and encircle two specific ROIs in the image (Figure 2D). Since CSDs were initiated from the

hole through which KCl was administered, MATLAB was used to analyze the time difference between the two ROIs. Then, the scale in the

image was used to calculate the actual distance between the two ROIs, thereby giving the CSD speed in mm/min using Equation 1. Figure 2E
18 iScience 27, 110033, June 21, 2024
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shows the time point at which the CSD reached the two target ROIs to determine the time difference between the two ROIs. The black line is

the time from the CSD wave to ROI region 1 (t1), and the blue line is the time from the CSD wave to ROI region 2 (t2). The difference between

the 2 time points was calculated to obtain the time difference of the CSD reaching the 2 ROIs (Dt = t2 - t1). Therefore, the CSD speed formula

was calculated as X ðDistanceÞ mm/Dt min, using Equation 2.

X ðDistanceÞ = ðP1P2.Þ � X mmÞ = ðR1R2.Þ � 3 mmÞ (Equation 1)
CSD speed =
X ðDistanceÞ
Dt ðt2 � t1Þ (Equation 2)

Peripheral electrical stimulation

The cranial window contained the epidural electrode in the S1FL area (AP: +1 mm, ML: +4 mm) and the reference electrode approximately

3 mm to the right of lambda to receive the ECoG signal, as shown in Figure 3A (scale bar, 2mm). The purpose of this experiment was to assess

the effects of topiramate on the CBF and electrophysiology of the neurovascular system in the rats in group 1 to group 3 after photothrom-

botic ischemia. Before photothrombotic ischemia was induced, the baseline electrical stimulation, LSCI, and ECoG signals were recorded,

and electrical stimulation was recorded at 1-h intervals after the induction of photothrombotic ischemia, followed by TTC staining 24 h after

photothrombotic ischemia initiation. The aim of the group 4 and group 5 experiments was to observe the progression of photothrombotic

ischemia-induced PID and the effect of topiramate treatment. Before photothrombotic ischemia was induced, the LSCI and ECoG signals

were recorded at baseline and then consecutively for up to 3 h after photothrombotic ischemia stroke, followed by TTC staining at 24 h after

photothrombotic ischemia induction, as shown in Figure 3B.

The positive needle electrodewas inserted into the contralateral forepaw from the palm to the arm, and the negative electrode needle was

inserted into the arm. The forelimb was stimulated by applying rectangular pulses with a duration of 0.2 ms at a repetitive frequency of 3 Hz

provided by a DS3 isolated current stimulator (Digitimer Ltd., Welwyn Garden City, Hertfordshire, UK). For all stimuli, the current pulse ampli-

tudewas 2mA, as shown in Figure 3C. Each block was stimulated for 5 s, which included 15 stimulation pulses, with a 1 h interval between each

stimulation. Each rat received baselinemeasurements of ECoG and CBF before photothrombotic ischemia. Thirty minutes after photothrom-

botic ischemia was induced, each rat underwent four sequential ECoG-LSCI recordings with a 1-h interval between consecutive frames. The

30 s ECoG-LSCI recording included 5 s of peripheral electrical stimulation in each recording frame. Figure 3D shows four continuous ECoG-

LSCI recording frames as a representative peripheral electrical stimulation time program.
LSCI data analysis

The speckle images were generated in a LabVIEW environment using an algorithm based on the spatial statistics of the photographed

speckle pattern. The spatial laser speckle contrast, K, is given by40

K =
s

CID
(Equation 3)

where s is the standard deviation and CID represents the regional mean of the speckle intensity pattern in practice, which was measured in a

window of 5 3 5 pixels. Additionally, Fercher and Briers41 derived the following equation for K based on the relationship between the cor-

relation time (tc) of the backscattered light from the sample and the camera exposure time (T).42

K =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tc

2T

�
1 � exp

�� 2T

tc

��s
(Equation 4)

Since cortical tissuewith quicker blood flow looks blurrier in photographs than tissuewith slower or no blood flow, the degree of blurring at

each pixel can be measured as a speckle contrast value K, which is associated with relative flow dynamics.42 The speckle contrast in the time-

averaged speckle pattern can also be expressed using Equation 4 as a function of the exposure time (T) and the correlation time tc = l
2pV,

where V is the mean velocity of the scatterers (flow speed) and l is the optical wavelength of the coherent source.43 Equation 4 can thus be

rewritten as follows.

K2 =
l

4pTV

�
1 � exp exp

�� 4pTV

l

��
(Equation 5)

The LSCI experiments in this study used an optical wavelength of 660 nm, which yielded � 4pTV
l

< 10�7 and implied exp (� 4pTV
l

) / 0. As a

result, the flow speed should be expressed as follows.

Vf
1

TK2
(Equation 6)

TheCBFmeasured via LSCI is inversely proportional to K2 in Equation 6. To generate K2maps via LSCI, a 53 5 pixel windowwas applied to

10 continuous speckle frames, which were then averaged to reduce noise.42,44
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The responses to changes in CBF at different time points after photothrombotic ischemia in the blood vessels of the S1FL region, which

was calculated as the normalized ratio of CBF (rCBFN), were quantified using the following equation43:

rCBFNðTnÞ =
RðTnÞ
RðTbÞ (Equation 7)

where RðTbÞ is the baseline relative to the average value of resting CBF fluctuations before photothrombotic ischemia and RðTnÞ is the

average resting CBF fluctuation for the nth time window after photothrombotic ischemia.

Data analysis of the ECoG recordings

SSEPs were induced by electrical stimulation of the forepaw, followed by recording of the SSEP signals before and after photothrombotic

ischemia induction. During a 30-s recording, the right SSEPs were low-pass filtered at 150 Hz and high-pass filtered at 250 Hz and then

sampled at 10 kHz. MATLAB (MATLAB R2020a, MathWorks, Inc., USA) was used to analyze the SSEPs induced by electrical stimulation of

the forepaw. The SSEP amplitude was taken as the average of 15 measurements to generate an average SSEP over a 0.2-ms period for

the poststimulus pulse.20 Changes in the SSEP amplitude were calculated to evaluate changes in evoked potentials during forelimb stimu-

lation before and after the induction of photothrombotic ischemia.

Quantification of the infarct volume

Twenty-four hours after photothrombotic ischemia, the rats in the three groups (n = 13), the sham control (n = 3), photothrombotic ischemia

(n = 5) and photothrombotic ischemia+topiramate (n = 5) groups, were sacrificed by overdose of 5% isoflurane (Bowlin Biotech Corp., Taipei,

Taiwan) in oxygen to provide excessive anesthesia; then, their brains were removed. Each brain was rinsed with saline and cut into 2 mm cor-

onal sections for 2% TTC (T8877; Sigma‒Aldrich Corp., St. Louis, MO, USA) staining at room temperature for 20 min.45 ImageJ software (Na-

tional Institutes of Health, Bethesda, MD, USA) was used to analyze the stained brain section images, and the calibrated infarct volume in the

sections was identified by the lack of staining. Calibrated infarct volume = [total lesion volume� (nonischemic hemisphere volume – ischemic

hemisphere volume)]/ischemic hemisphere volume] 3 100%.46

Nissl staining

Rats (4 rats per group; total n = 12) were sacrificed using 5% isoflurane. After the rats were sacrificed, their brains were removed, and the brain

tissue was soaked in 8% paraformaldehyde solution. The tissues were then embedded in paraffin and cut into 3 mm sections. These paraffin

sections were subsequently deparaffinized, rehydrated, washed with PBS, and stained with Nissl for 10 min at 37�C. Then, the sections were

washedwith distilled water for a few seconds.When the cells could be observed under amicroscope and stainingwas ideal, the sections were

dehydrated with graded ethanol, clarified with xylene, and sealed.47,48

Western blotting

Additional groups of animals were sacrificed 48 h after photothrombotic ischemia, with 6 rats per group (total n = 18) used for Western

blotting. The animals were sacrificed by treatment with an overdose of 5% isoflurane in oxygen to provide excessive anesthesia, after which

the brains were removed rapidly. The right cerebral cortex was extracted from each brain, and the brain tissue was separated into the

ischemic core, penumbra, and distant cortex and stored at �80�C before use. Tissues were agitated in freshly prepared radioimmunopre-

cipitation assay (RIPA) lysis buffer containing protease inhibitors, followed by centrifugation at 13,000 r/min for 15 min at 4�C. The protein

concentration in each sample was measured using the Thermo Fisher Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Inc., Waltham,

Massachusetts, USA). Twenty microliters of total protein from each sample was subjected to SDS–PAGE (8% or 10%) and transferred to a

polyvinylidene fluoride (PVDF) membrane (Millipore, Inc., Burlington, Massachusetts, USA). Skim milk (diluted to 5% in TBS buffer) was then

used to block the PVDF membrane at room temperature for 1 h, after which the membrane was incubated at room temperature for 2 h

with the following primary antibodies: rabbit anti-NeuN (1:1000, Abcam, Inc., Cambridge, United Kingdom, ab177487), rabbit anti-BDNF

(1:1000, Abcam, Inc., Cambridge, United Kingdom, ab108319), rabbit anti-CD68 (ED1) (1:1000, Abcam, Inc., Cambridge, United Kingdom,

ab125212), goat anti-Iba-1 (1:1000, Abcam, Inc., Cambridge, United Kingdom, ab5076), goat anti-GFAP (1:500, Santa Cruz Biotechnology,

Inc., Dallas, Texas, USA, sc-6170), rabbit anti-BAX (1:2000, Proteintech, USA, 50599-2-Ig), mouse anti-Bcl-2 (1:2000, Proteintech, USA,

68103-1-Ig) or mouse anti-b-actin (1:200, Santa Cruz Biotechnology, Inc., Dallas, Texas, USA, sc-47778). After three washes with 5% milk

dissolved in TBS (5 min/wash), the membrane was incubated with homologous HRP-conjugated secondary antibodies (1:10000, Abcam,

Inc., Cambridge, United Kingdom) at room temperature for 1 h, washed again with 5% milk dissolved in TBS three times (5 min/wash)

and then washed with TBS three times (5 min/wash). The blots were visualized in enhanced chemiluminescence (ECL) solution (Millipore,

Inc., Burlington, Massachusetts, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

The averages of all collected experimental data were calculated, and the results are presented as the meansG standard errors of the means

(SEMs). GraphPad Statistics version 8 (GraphPad Software, IL, USA) was used to statistically analyze the data. t tests were conducted to analyze

the number of CSDs induced by KCl and compare the number of PIDs in the photothrombotic ischemia group and the topiramate
20 iScience 27, 110033, June 21, 2024
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administration group. A value of p < 0.05 was considered to indicate a significant difference. Differences in infarct volume between groups

were compared using nonparametric paired t tests. A probability value of p < 0.05 was used as a standard for determining statistical signif-

icance. Analysis of variance (ANOVA) was used to evaluate changes in the CBF following photothrombotic ischemia and changes in the SSEP

amplitude in different brain areas.49,50 A t test was used to compare the Western blotting data among the control group, photothrombotic

ischemia group and photothrombotic ischemia+topiramate group. A value of p < 0.05 was considered to indicate a significant difference.
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