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Seizure-induced neutrophil adhesion in brain
capillaries leads to a decrease in postictal
cerebral blood flow
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and Minah Suh1,2,3,4,5,6,7,*

SUMMARY

Cerebral hypoperfusion has been proposed as a potential cause of postictal
neurological dysfunction in epilepsy, but its underlying mechanism is still unclear.
We show that a 30% reduction in postictal cerebral blood flow (CBF) has two
contributing factors: the early hypoperfusion up to �30 min post-seizure was
mainly induced by arteriolar constriction, while the hypoperfusion that persisted
for over an hour was due to increased capillary stalling induced by neutrophil
adhesion to brain capillaries, decreased red blood cell (RBC) flow accompanied
by constriction of capillaries and venules, and elevated intercellular adhesion
molecule-1 (ICAM-1) expression. Administration of antibodies against the neutro-
phil marker Ly6G and against LFA-1, which mediates adhesive interactions with
ICAM-1, prevented neutrophil adhesion and recovered the prolonged CBF reduc-
tions to control levels. Our findings provide evidence that seizure-induced
neutrophil adhesion to cerebral microvessels via ICAM-1 leads to prolonged pos-
tictal hypoperfusion, which may underlie neurological dysfunction in epilepsy.

INTRODUCTION

An adequate blood supply in the brain is fundamental to maintaining normal brain function.1 Energy sub-

strates, such as glucose and oxygen that are required for brain metabolism are delivered via the blood-

stream as a result of proper regulation of cerebral blood flow (CBF). Vascular dysfunction can lead to

cellular dysfunction and neuronal degeneration, thus substantially contributing to the pathophysiology

of many brain diseases.2,3 Numerous studies have reported that cerebral hypoperfusion is associated

with various brain diseases, including epilepsy.4–9 In particular, the postictal state following the termination

of seizures is frequently accompanied by cerebral hypoperfusion.10–14

The postictal state is known to involve an extended period of brain abnormalities such as sensory, cogni-

tive, or motor dysfunction, which can last hours to weeks.15–18 These abnormalities are not fully explained

by neural activity changes, which have been observed to last only a few minutes after seizure offset.19,20

Case reports have shown that epilepsy patients with postictal brain malfunction present abnormal vascular

changes and regional cerebral hypoperfusion.21–23 Other studies using animal models of epilepsy showed

that prolonged hypoxic conditions resulting from hypoperfusion lead to postictal behavior impair-

ments.10,24 These results indicate that the cause of postictal impairments might be dysfunctional regulation

of CBF, considering that an inadequate blood supply could impair brain functions.2,3 Therefore, under-

standing the mechanisms underlying seizure-induced vascular changes is important.

Massive neuronal activation in epilepsy is known to induce increased level of excitotoxic substances, and

inflammatory cytokines and chemokines in the brain.25–27 Animal studies have shown that this condition is

accompanied by vascular inflammation in the epileptic brain, which involves activation of the cerebral

endothelium, with increased expression of leukocyte adhesion molecules.28,29 These highly expressed

adhesion molecules recruit leukocytes from the bloodstream, resulting in augmented leukocyte-endothe-

lial interactions such as neutrophil rolling, adhesion, and trafficking.30–32 This cascade of events is often fol-

lowed by degradation of matrix proteins, disruption of blood‒brain barrier (BBB) integrity and cellular

injury,2,33–35 which may undermine CBF regulation. Cerebrovascular dysfunction mediated by vascular

inflammation may play a detrimental role in impaired CBF regulation in epilepsy. However, this possibility
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Figure 1. Neural activity and CBF changes during and after recurrent spontaneous seizures induced by 4-AP

(A) Schematic representation of the experimental procedures.

(B) Schematic showing the placement of the LDF recording probe with a 4-AP-filled glass pipette and an LFP recording probe.

(C) Top-view image of the exposed cortex partially covered with a glass cover slip, allowing a space for insertion of the glass pipette and the LFP probe.

(D and E) Examples of LFP traces following intracortical injection of saline (control, CTR) and 4-AP (seizure, SEI) into layer 2/3 of the somatosensory cortex in

mice.

(F and G) Time course traces of LFP signals and CBF changes that were concurrently recorded in saline- and 4-AP-injectedmice. CBF signals were normalized

to an average of those measured during baseline (% baseline).

(H and I) CBF changes in saline- (CTR: n = 6) and 4-AP (SEI: n = 7) injected animals during post-saline and postictal periods. The time when the last seizure

ended (97.82 G 21.25 min after 4-AP injection, n = 7) was set ‘‘0’’ of the postictal period in individual mice of the SEI group. Comparably, in the CTR group,

90 min after saline injection was set ‘‘0’’ time point of the post-saline period. The average CBF level during 90 min of the post-saline periods in the control

group was 98.44 G 5.33 (% baseline, n = 6). The colored lines represent the averaged trace of individual data, which are depicted by the gray lines.

(J) CBF changes in each 20-min epoch of the post-saline (CTR: n = 6) and the postictal periods (SEI: n = 7). [0–20 min]: 96.44 G 2.98 (CTR) vs. 68.48 G 14.27

(SEI), t(6.623) = 4.678, **p = 0.003, independent t test; [20–40 min]: 99.90 G 3.43 (CTR) vs. 67.42 vs. 12.08 (SEI), t(7.136) = 6.287, ***p = 3.783e�4, independent

t test; [40–60 min]: 99.29G 5.74 (CTR) vs. 64.29G 14.17 (SEI), t(8.213) = 5.527, ***p = 5.066e�4, independent t test; [60–80 min]: 98.66G 4.60 (CTR) vs. 62.94G

12.42 (SEI), t(7.882) = 6.526, ***p = 1.955e-4, independent t test.

(K) Scatter plot showing the relationship between the magnitude of preceding seizures and the 60–90 min postictal CBF changes (Pearson’s r =�0.789, *p =

0.035, R2 = 0.622, n = 7). The magnitude of seizures was calculated by summating coastline lengths (the absolute values of distances from one data point to

the next)37,38 in LFP traces during recurrent seizures.
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has not yet been thoroughly investigated, and how it is linked to cerebral hypoperfusion in epilepsy re-

mains unclear.

In this study, we sought to investigate seizure-induced microvasculature changes and uncover the under-

lying cellular basis for this phenomenon from the perspective of vascular inflammation. A 4-aminopyridine

(4-AP) seizure model was used as previously reported,36 which allowed us to fully explore the neurovascular

dynamics during and after recurrent seizures with a spatially defined focus. We considered this model to be

suitable for investigating the effects of seizures on microvascular dynamics and structural changes in a

localized brain area.

RESULTS

A prolonged decrease in CBF following the offset of seizure activities

We first investigated the dynamics of CBF with seizure activities via concurrent recordings of laser doppler

flowmetry (LDF) and local field potential (LFP) signals in a mouse seizure model (Figures 1A–1C). Electro-

graphic seizures were induced by intracortical 4-AP injection and weremaintained for�100min (Figure 1E).

Notably, CBF was decreased for over an hour after the end of recurrent seizures (Figure 1G). To quantify

CBF changes in individual mice where the duration of seizures was variable, the time after termination of

the last seizure was defined as the beginning of the ‘‘postictal period,’’ which was 97.82 G 21.25 min on

average (n = 7) after seizure induction. During the postictal period, CBF levels were reduced to 66.44 G

14.12% during the 90-min postictal period (n = 7, Figure 1I) compared to those measured during the base-

line period. Meanwhile, saline injection as a sham control did not induce any apparent neural activity

changes (Figure 1D) or CBF changes (Figures 1F and 1H). Considering the average duration of recurrent

seizures, the beginning of the ‘‘post-saline period’’ in the control group was defined as starting 90 min after

saline injection. The postictal CBF was significantly lower than that of control mice (Figure 1J). Both the sa-

line-injected and the 4-AP-injected mice maintained stable anesthesia conditions with a normal range of

physiological parameters, including heart rate (Figure S1).

We then examined whether the CBF reductions were related to the magnitude of preceding seizure activ-

ities. Coastline lengths of LFP signals during the seizures, which are the absolute values of the distances

from one data point to the next,37,38 were summed and then compared with the averages of CBF levels dur-

ing the 60–90 min postictal period. These parameters showed a negative linear relationship (Figure 1K),

indicating that a higher magnitude of seizures was associated with a greater CBF reduction during the pos-

tictal period. LFP power spectra measured during the postictal period did not show any noticeable differ-

ences compared to the control group (Figures 1L and 1M; see also Figure S2), implying that the prolonged

CBF decrease was not associated with neural activity changes.

We next investigated whether arteriole diameter changes may underlie the postictal CBF changes. Imme-

diately after the offset of the last seizure, surface arteriolar diameters were reduced to 82.94 G 18.11%

(Figures S3B and S3D), compared to those measured during the baseline period, while surface arteriole

diameters were almost the same in the control group (102.60G 6.23%, Figures S3A and S3C). The postictal

surface arteriolar diameters increased gradually over time and almost recovered to baseline levels at

40 min into the postictal period (102.57G 15.39%, Figure S3E). We concluded that the postictal CBF reduc-

tion was not fully explained by arteriolar constriction and that changes in other vessel components may

result in prolonged postictal CBF reductions.

Reduced diameter and stalled blood flow in capillaries during the postictal period

To examine the changes in different vessel components that may underlie prolonged postictal CBF reduc-

tions, we conducted a detailed investigation of the cortical microvasculature by using in vivo two-photon

fluorescence microscopy. We first measured capillary diameter changes after an hour of the postictal

period, at which point the CBF reductions persisted with no arteriolar constriction. In control mice, saline

injection did not induce any significant changes in vessel diameter (Figures 2A, 2C, 2E, and 2F). Pial and

Figure 1. Continued

(L) Examples of LFPs during 60–80 min of the post-saline and the postictal periods.

(M) Power spectra of LFPs recorded during 60–80 min of the post-saline and the postictal periods (CTR: n = 8; SEI: n = 9). ‘‘n.s.’’ indicates no statistical

significance. Delta (1–4 Hz): t(15) = �0.003, p = 0.998, independent t test; theta (4–8 Hz): U(8,9) = 32, p = 0.7, Mann-Whitney U test; alpha (8–14 Hz): U(8,9) = 32,

p = 0.7, Mann-Whitney U test; beta (14–30 Hz): U(8,9) = 34, p = 0.847, Mann-Whitney U test; gamma (30–100 Hz): t(15) = 0.401, p = 0.694, independent t test.
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penetrating arterioles measured in the postictal period did not show apparent changes in vessel diameter

(Figures 2B, 2G, and 2I; see also Figure S4A). On the other hand, the capillary diameters were reduced dur-

ing the postictal period (Figures 2D and 2J). Capillaries were further divided into two groups with a

threshold of 5.5 mm diameter39 to examine whether the changes observed in capillaries were size depen-

dent. Both groups of capillaries (3–5.5 mm and 5.5–10 mm) showed reductions in vessel diameter in the pos-

tictal group, compared to the control group (Figure 2K). The diameters of the venules were also decreased

in the postictal group (Figure 2I; see also Figure S4B). Cortical vessels showed distinct diameter changes at

different branch orders (Figure S4C). Vessel of fourth or more branching order from the closest penetrating

arterioles and those close to penetrating venules showed significant reductions in vessel diameters (Fig-

ure S4D). These results indicate that the postictal CBF reductions were associated with capillary diameter

changes, including those on the venular side, but not with arteriolar diameter changes.

Furthermore, along with reduced diameters, capillary segments during the postictal period showed

increased stalling (Figure 2L) with different types of obstructions (Figure 2M), which were associated

with RBCs, leukocytes, and platelets.40–42 A number of stalled capillary segments were observed with a

cell-sized clog of �10 mm in diameter (Figure 2M). The number of capillary stalls was 2.34-fold higher

than that of the control group (Figure 2N). We then examined whether the increased capillary stalling

was associated with blood flow changes in capillaries. RBC velocity was measured by acquiring line-scan

images on a flowing capillary segment (Figure 2O) and was then calculated from strip angles of the images

(Figure 2P). The postictal group showed significant decreases in RBC velocity (Figures 2Q and 2R) and RBC

flux (Figure 2S). The average velocity and flux were 63.31% and 58.11%, respectively, of those measured in

the control group. Collectively, these results show that sustained postictal CBF reductions were associated

with obstructed capillary flow due to increased capillary stalling, involving reduced capillary diameter.

Neutrophil cloggingwas amain contributor to increased capillary stalling during the postictal

period

We then sought to identify the main contributor to the increased capillary stalling. Given that the postictal

capillary stalling was observed to involve cell-sized clogs, leukocytes circulating in the blood vessels were

considered potential candidates. It was reported that plugging by neutrophils, which is a subtype of leu-

kocytes and themost abundant, increased capillary stalling in Alzheimer’s disease (AD) and ischemic stroke

models.40–43 To confirm that the increased capillary stalling during the postictal period was associated with

Figure 2. In vivo two-photon vessel imaging during the post-saline and the postictal periods

(A and B) Representative two-photon z stack projection vasculature images up to�220 mm excluding the pial surface, obtained during the post-saline (CTR)

and the postictal (SEI) period. Penet. A: penetrating arteriole, Penet. V: penetrating venule. Scale bar: 50 mm

(C and D) Magnified images of the areas indicated by dotted squares in (A) and (B), showing capillaries in baseline and the post periods. Scale bar: 20 mm

(E–H) Examples of pial and penetrating arterioles, and pial and penetrating venules, in baseline and the post periods. Pial A: pial arteriole, Penet.

A: penetrating arteriole, Pial V: pial venule, Penet. V: penetrating venule. Scale bar: 10 mm

(I) Pial and penetrating vessel diameter changes (%) during the post periods, compared to the baseline (CTR: n = 3, pial arteriole n = 5, penetrating arteriole

n = 6, pial venule n = 5, penetrating venule n = 6; SEI: n = 4, pial arteriole n = 4, penetrating arteriole n = 5, pial venule n = 7, penetrating venule n = 10). [Pial

A]: 1.26 G 0.91% (CTR) vs. 1.79 G 10.86% (SEI), t(3.031) = �0.084, p = 0.938, independent t test; [Penet. A]: 2.66 G 5.33% (CTR) vs. 2.13 G 5.13% (SEI), t(9) =

0.151, p = 0.883, independent t test. ‘‘n.s.’’ indicates no statistical significance. [Pial V]: 0.20G 4.59% (CTR) vs.�19.82G 9.97% (SEI), t(10) = 3.820, **p = 0.003,

independent t test; [Penet. V]: �1.64 G 3.99% (CTR) vs. �17.41 G 12.18% (SEI), t(11.999) = 3.556, **p = 0.004, independent t test.

(J) Plot of capillary diameters during baseline versus the post-saline or postictal periods (CTR: n = 3, vessel segment n = 667; SEI: n = 4, vessel segment n =

522).

(K) Plot of diameter changes in capillary segments that were 3–5.5 mm and 5.5–10 mm when measured during the baseline periods. CTR: n = 3; 3–5.5 mm:

vessel segment n = 287, 5.5–10 mm: vessel segment n = 380; SEI: n = 4; 3–5.5 mm: vessel segment n = 290, 5.5–10 mm: vessel segment n = 232. [3-5.5 mm]:

�2.75 G 13.39% (CTR) vs. �13.68 G 10.97 (SEI), U(287,290) = 22,143, ***p = 2.355e�22, Mann-Whitney U test; [5.5-10 mm]: 2.25 G 8.33% (CTR) vs. �12.69 G

10.35% (SEI), U(380,232) = 12,088, ***p = 2.354e�51, Mann-Whitney U test.

(L) Representative two-photon z stack projection images (�100–300 mmbelow the pial surface) showing capillary segments either stalled (yellow arrowheads)

or patent in the two groups.

(M) Z-projection of image stacks through stalled capillaries. Scale bar: 10 mm

(N) Quantification of capillary stalls in the CTR (n = 9) and the SEI (n = 8) groups. 1.39 G 0.49 (CTR) vs. 3.25 G 1.29 (SEI), t(8.747) = �3.592, **p = 0.006,

independent t test.

(O and P) Line-scan imaging on a capillary segment to acquire space-time images of flowing red blood cells (RBCs). The x axis representing the distance

traveled by the RBCs, Dx, and the y axis representing time, Dt. RBC velocity can be calculated from the slope of the RBC streaks (Dx/Dt).

(Q) Representative line-scan images acquired during the post-saline (CTR) and the postictal (SEI) periods.

(R and S) RBC velocity and RBC flux (CTR: n = 8, capillary segments n = 35; SEI: n = 8, capillary segments n = 49). [RBC velocity]: 1.06 G 0.75 (CTR) vs. 0.67 G

0.40 (SEI), U(35,49) = 573, **p = 9.844e�3, Mann-Whitney U test; [RBC flux]: 8.83 G 6.41 (CTR) vs. 5.13 G 3.54 (SEI), U(35,49) = 543, **p = 0.004, Mann-Whitney

U test.
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Figure 3. Capillary stalling by neutrophils

(A) Two-photon projection image showing an anti-Ly6C/G (Gr-1)-labeled cell in stalled capillaries.

(B) Magnified image showing a stalled capillary that contained a neutrophil (red: Texas Red-labeled blood plasma; green:

neutrophils labeled by anti-Ly6G/C (Gr-1)-Alexa 488 antibody; blue: cell nuclei stained by Hoechst 33342).

(C) Different types of capillary stalling that contained a neutrophil, neutrophil and RBCs, only RBCs, or platelets. Scale bar:

10 mm

(D) Percentage of capillary stalling of the postictal periods (n = 4, 96 stalled capillaries). Neu: capillary stalling that

contained a neutrophil or a neutrophil with red blood cell (RBC) or platelet; RBC: capillary stalling only with RBC; PLT:

capillary stalling only with platelet; RBC+PLT: capillary stalling that contained both RBC and platelet.

(E) Representative images of capillary segments either patent or stalled with a neutrophil (red: Texas Red-labeled blood

plasma; green: a neutrophil labeled by anti-Ly6G/C (Gr-1)-Alexa 488 antibody. Scale bar: 10 mm

(F) Confocal imaging of a fixed brain that was extracted during the post-saline or the postictal period, following injection

of Texas Red-conjugated lysine-fixable dextran and Alexa Fluor 488-conjugated Ly6C/G (Gr-1) antibody.

(G and H) Representative images showing stalled capillaries that contained anti-Ly6C/G (Gr-1)-labeled cells in the CTR

and the SEI mice.
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neutrophils, we visualized neutrophils by using an Alexa 488-conjugated Ly6C/G (Gr-1) antibody44 in the

postictal vasculature. The data revealed that a number of stalled capillary segments contained neutrophils

(Figures 3A–3C), i.e., a total of 59.38% of the capillary stalls measured during the postictal period were

associated with neutrophils (Figure 3D). Segments stalled by neutrophils were generally maintained for

more than a few tens of seconds (Figure 3E).

Neutrophil clogging over a wide range of areas around seizure foci and throughout cortical layers was

further examined in fixed mouse brains (Figure 3F). The postictal group (SEI) showed a significantly

increased number of neutrophil plugs in capillary segments compared to those observed in the control

group (CTR) (Figures 3G–3K). The proportion of neutrophil clogs was relatively high in layers 2/3, where sei-

zures were induced (Figure 3L). We concluded that neutrophil plugging of capillaries was increased by sei-

zures, thus resulting in increased capillary stalling during the postictal period.

The postictal decrease in CBF was resolved by the administration of an anti-Ly6G antibody

targeting neutrophils

We next examined whether increased capillary stalling induced by neutrophil plugging was a main cause of

the sustained postictal CBF decrease.We administered antibodies against Ly6G, which is a neutrophil-spe-

cific marker,45 since the antibodies were shown to mitigate the capillary stalling observed in the context of

AD and ischemic stroke by preventing neutrophil adhesion to capillaries.41–43 Anti-Ly6G (aLy6G) or its con-

trol isotype (cIgG) antibody was administered intravenously 40 min before the induction of seizures (Fig-

ure 4A). Antibody injection did not induce changes in physiological parameters such as heart rate (Fig-

ure 4B), which maintained stable throughout the experiments (Figure S5). The CBF level changed

immediately after the antibody injection, but it returned to baseline levels within 30 min (Figure 4C).

Anti-Ly6G and isotype antibodies did not alter the magnitude or duration of recurrent seizures

(Figures 4D–4F). The neural activities shown by LFP power spectra were also similar between the two

groups during the postictal periods (Figures 4G and 4H; see also Figure S6).

Interestingly, the anti-Ly6G antibody-treated group (Figure 4I, aLy6G+ SEI) showed a recovery of CBF, while the

prolonged CBF decrease was maintained in the isotype antibody-treated group (Figure 4I, cIgG+SEI). The CBF

levels in the anti-Ly6G group were significantly higher from 40 min into the postictal period than those in the

isotype group and recovered to the baseline level at 60–80 min (Figure 4J). The postictal CBF at 60–90 min in

the anti-Ly6Ggroupdid not show a linear relationshipwith themagnitude of seizures due toCBF recovery, while

the linear relationship was maintained in the control isotype group (Figure 4K).

We then compared thedynamics of arteriolar diameter to those observed in theCBF recovery. In the anti-Ly6G

group, arteriolar constrictions were also observed during the early phase of the postictal period (Figures S7B

and S7D), and the arteriolar diameters gradually recovered to the baseline diameters within an hour (Fig-

ure S7E), which was consistent with CBF recovery (Figures 4I and 4J, aLy6G + SEI). In the isotype group, the

dynamics of arteriolar changes were similar (Figures S7A, S7C, and S7E), but the CBF reductions persisted

throughout the postictal period (Figures 4I and 4J, cIgG+SEI). These results imply that changes in different

vessel components can differentially contribute to postictal CBF reductions over time. Collectively, we

concluded that the postictal CBF change during the early phase was predominantly affected by arteriolar

constriction, but the CBF reductions that persisted for an extended period of time were due to neutrophils.

Effects of anti-Ly6G antibody treatment on the microvasculature and capillary stalling during

the postictal period

We next aimed to confirm the vascular changes underlying the improvement in postictal CBF induced by anti-

Ly6G antibody treatment. In both the isotype (Figure 5A) and anti-Ly6G (Figure 5B) groups, the arteriolar

Figure 3. Continued

(I and J) Magnified images of capillaries containing neutrophils, marked as dashed arrows in (H) (red: Texas Red-labeled

blood plasma; green: neutrophils labeled by anti-Ly6G/C (Gr-1)-Alexa 488 antibody; blue: cell nuclei stained by DAPI).

Scale bar: 10 mm

(K) Quantification of neutrophil plugs in capillaries (CTR: n = 4; SEI: n = 5; Counted numbers in two or three brain slices

were averaged in each animal). 1.49 G 0.73 (CTR) vs. 6.57 G 1.87 (SEI), t(7) = �4.452, **p = 0.003, independent t test.

(L) Percentage of neutrophil plugs in different cortical layers (layer 1: 12.36 G 6.09%, layer 2/3: 36.04 G 9.98%, layer

4: 23.17G 7.33%, layer 5: 18.62G 9.62%, layer 6: 9.80G 5.42%, c2(4) = 13.868, p = 0.008, Kruskal-Wallis H test with Mann-

Whitney post hoc comparisons (* indicates p < 0.005, Bonferroni-corrected).

ll
OPEN ACCESS

iScience 26, 106655, May 19, 2023 7

iScience
Article



Figure 4. Administration of antibodies against Ly6G ameliorated the postictal CBF reduction

(A) Representative CBF and LFP signals over time with treatment of either isotype control antibody (cIgG) or anti-Ly6G (aLy6G) antibody in 4-AP-injected

mice.

(B and C) Time course traces of heart rate and CBFmonitored during the antibody injections (cIgG: n = 5; aLy6G: n = 6). CBF signals were normalized to those

measured during 10 min before the antibody injections (pre-injection baseline).

(D) Magnitude of recurrent seizures, calculated by summation of coastline lengths of LFP signals (SEI: 53,713.48 G 29,392.96, n = 7; cIgG+SEI: 49,715.37 G

33,218.34, n = 6; aLy6G + SEI: 32,587.9 G 16,306.22, n = 6; F(2,16) = 0.885, p = 0.432, one-way ANOVA test).

(E) Duration of recurrent seizures (SEI: 97.82 G 21.25, n = 7; cIgG+SEI: 95.24 G 33.60, n = 6; aLy6G + SEI: 85.58 G 19.28, n = 6; F(2,16) = 0.344, p = 0.714, one-

way ANOVA test).

(F) Averages of summed coastline lengths of LFP signals per second (SEI: 8.73 G 3.30, n = 7; cIgG+SEI: 7.91 G 2.53, n = 6; aLy6G + SEI: 6.13 G 2.23, n = 6;

F(2,16) = 1.243, p = 0.315, one-way ANOVA test).

(G) Examples of LFP traces during the 60–80 min of the postictal periods in the cIgG- and aLy6G-treated groups.

(H) Power spectra of LFPs recorded during 60–80 min of the postictal periods (cIgG+SEI, n = 12; aLy6G + SEI, n = 13). ‘‘n.s.’’ indicates no statistical

significance. Delta (1–4 Hz):U(12,13) = 63, p = 0.415, Mann-Whitney U test; theta (4–8 Hz): t(23) =�1.156, p = 0.260, independent t test; alpha (8–14 Hz):U(12,13) =

76, p = 0.913, Mann-Whitney U test; beta (14–30 Hz): U(12,13) = 77, p = 0.957, Mann-Whitney U test; gamma (30–100 Hz): t(20.610) = �0.896, p = 0.380,

independent t test.

(I) Postictal CBF changes in 4-AP-injected animals that had received isotype control antibody (cIgG+SEI, n = 6) or anti-Ly6G (aLy6G + SEI, n = 6) antibody. The

time when the last seizure ended was set ‘‘0’’ to define the beginning of postictal periods in individual mice. The colored lines represent the averaged trace of

individual data, which are depicted by the gray lines.

(J) CBF changes in each 20-min epoch of the postictal periods that had received isotype control antibody (cIgG+SEI, n = 6) or anti-Ly6G (aLy6G + SEI, n = 6)

antibody. [0–20 min]: 62.65 G 10.91 (cIgG+SEI) vs. 63.12 G 12.29 (aLy6G + SEI), t(10) = -0.063, p = 0.951, independent t test; [20–40 min]: 64.62 G 14.18

(cIgG+SEI) vs. 72.44 vs. 14.11 (aLy6G + SEI), t(10) = -0.875, p = 0.402, independent t test; [40–60min]: 64.12G 14.01 (cIgG+SEI) vs. 89.57G 20.11 (aLy6G + SEI),

t(10) = �2.323, *p = 0.043, independent t test; [60–80 min]: 59.25 G 12.23 (cIgG+SEI) vs. 101.87 G 15.21 (aLy6G + SEI), t(9) = -4.570, **p = 0.001, independent

t test.

(K) Scatter plots showing the relationship between the magnitude of seizures and the 60–90 min postictal CBF changes in the cIgG- and aLy6G-treated

groups (cIgG+SEI: Pearson’s r = �0.898, *p = 0.015, R2 = 0.807, n = 6; aLy6G + SEI: Pearson’s r = �0.132, p = 0.803, R2 = 0.017, n = 6).
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diameters at baseline and during the postictal period were similar (Figures 5E, 5G, and 5I; see also Figure S8A)

aforementioned. The postictal capillary diameters compared to baseline remained reduced in the isotype

group, whereas the reductions were alleviated in the anti-Ly6G group (Figures 5C, 5D, 5J, and 5K). The pos-

tictal venule diameters also recovered in the anti-Ly6G group, but not in the control isotype group (Figures 5F,

5H, and 5I; see also Figure S8B). Capillary stalling (Figures 5L and 5M), and the number of neutrophil plugs

were apparently decreased (Figures S8C and S8D). Moreover, RBC flow and flux measured in capillaries

were significantly increased in the anti-Ly6G group (Figures 5N–5P). These results imply that increased capil-

lary stalling induced by neutrophil plugs were the main cause of prolonged CBF reductions, which were asso-

ciated with reduced capillary and venule diameter

Elevated expression of ICAM-1 proteins and administration of an antibody targeting LFA-1

We next sought to examine the underlying molecular changes that led to increased neutrophil plugging in

capillaries. The adhesion of leukocytes, including neutrophils, to the vascular endothelium is mediated by

leukocyte-binding receptors expressed on the endothelial cell surface, such as P- and E-selectin, ICAM-1

and VCAM-1.30,46,47 We surmised that increased expression of these factors may mediate increased

neutrophil adhesion, thus resulting in neutrophil plugging and increased capillary stalling. We analyzed

the expression level of selectins and adhesion molecules relative to GAPDH protein in brain tissue ob-

tained from control and postictal mice with an immunoblotting assay (Figure 6A). Among the four types

of vascular adhesion molecules, only ICAM-1 showed increased protein expression in the postictal mouse

brains (Figure 6B). ICAM-1 can mediate neutrophil adhesion via interaction with LFA-1, which is an integrin

receptor expressed on neutrophils.48–50 From these results, we hypothesized that the increased neutrophil

plugging was mediated by increased interactions between LFA-1 and ICAM-1. We then tested whether the

administration of antibodies targeting to LFA-1 can alleviate the persistent CBF reductions observed dur-

ing the postictal period. The anti-LFA-1 antibody was also administered 40 min before the 4-AP injection

(Figure 6C) in the same manner described for the anti-Ly6G group. The anti-LFA-1 group showed a similar

magnitude and duration of seizures (Figure S9) compared to those observed in the other groups

(Figures 4D–4F). The anti-LFA-1 antibody induced no apparent changes in physiological conditions or

baseline CBF levels (Figure 6D). Notably, the anti-LFA-1-treated group showed a gradual recovery of

CBF during the postictal period (Figure 6E). The decreased CBF was significantly increased within 40–

60 min (Figure 6F), as shown in the anti-Ly6G group (Figures 4I and 4J). The dynamics of the postictal

CBF for each 20-min epoch were similar to those observed in the anti-Ly6G group. Taken together, these

results show that neutrophil adhesion to brain capillaries may increase via binding of LFA-1 to ICAM-1, thus

leading to a prolonged decrease in CBF.

Figure 5. Effects of administration of the anti-Ly6G antibody on vessel diameter, capillary stalls, and capillary flow of the postictal period

(A and B) Representative two-photon z stack projection images up to�220 mm excluding the pial surface, obtained during the postictal periods of the cIgG-

and aLy6G-treated groups. Penet. A: penetrating arteriole, Penet. V: penetrating venule. Scale bar: 50 mm

(C and D) Magnified images of the areas indicated by dotted squares in (A) and (B), showing capillaries during the postictal periods. Scale bar: 20 mm

(E–H) Examples of pial and penetrating arterioles, and pial and penetrating venules, in baseline and the postictal periods of the cIgG- and aLy6G-treated

groups. Scale bar: 10 mm

(I) Pial and penetrating vessel diameter changes (%) during the post periods, compared to the baseline (cIgG+SEI: n = 4, pial arteriole n = 3, penetrating

arteriole n = 7, pial venule n = 12, penetrating venule n = 11; aLy6G + SEI: n = 4, pial arteriole n = 4, penetrating arteriole n = 7, pial venule n = 6, penetrating

venule n = 9). [Pial A]: 1.01 G 4.62% (cIgG+SEI) vs. �0.15 G 20.02% (aLy6G + SEI), t(5) = 0.083, p = 0.937, independent t test; [Penet. A]: 7.79 G 12.42%

(cIgG+SEI) vs. 8.89 G 8.78% (aLy6G + SEI), U(7,7) = 22, p = 0.749, Mann-Whitney U test. [Pial V]: �10.89 G 5.03% (cIgG+SEI) vs. �3.65 G 3.15% (aLy6G + SEI),

t(16) = �3.041, **p = 0.008, independent t test; [Penet. V]: �11.55 G 4.92% (cIgG+SEI) vs. �1.73 G 4.40% (aLy6G + SEI), t(18) = �4.419, ***p = 3.315e�4,

independent t test. ‘‘n.s.’’ indicates no statistical significance.

(J) Plot of capillary diameters during baseline versus the postictal periods of the antibody-treated groups (cIgG+SEI: n = 4, vessel segment n = 403; aLy6G +

SEI: n = 4, vessel segment n = 399).

(K) Capillary diameter changes (%) in the cIgG- and aLy6G-treated groups during the postictal periods (cIgG+SEI: n = 4; 3–5.5 mm: vessel segment n = 147,

5.5–10 mm: vessel segment n = 256; aLy6G + SEI: n = 4; 3–5.5 mm: vessel segment n = 160, 5.5–10 mm: vessel segment n = 239). [3-5.5 mm]: �11.21 G 9.26%

(cIgG+SEI) vs. �4.69 G 13.15% (aLy6G + SEI), t(286.172) = �5.041, ***p = 8.233e�7, independent t test; [5.5-10 mm]: �13.15 G 7.23% (cIgG+SEI) vs. �2.66 G

10.94% (aLy6G + SEI), U(256,239) = 13,286, ***p = 1.397e�27, Mann-Whitney U test.

(L) Representative two-photon z stack projection images (�100–300 mmbelow the pial surface) showing capillary segments either stalled (yellow arrowheads)

or patent in the two groups.

(M) Quantification of capillary stalling in the cIgG+SEI (n = 8) and the aLy6G + SEI (n = 8) groups. 3.77G 1.51 (cIgG+SEI) vs. 2.09G 0.91 (aLy6G + SEI), t(14) =

2.520, *p = 0.025, independent t test.

(N) Representative line-scan images acquired in the two groups during the postictal periods.

(O and P) RBC velocity and RBC flux (cIgG+SEI: n = 5, capillary segment n = 53; aLy6G + SEI: n = 5, capillary segments n = 47). [RBC velocity]: 0.76 G 0.50

(cIgG+SEI) vs. 1.25 G 0.49 (aLy6G + SEI), U(53,47) = 585, ***p = 5.077e-6, Mann-Whitney U test; [RBC flux]: 6.40 G 5.05 (cIgG+SEI) vs. 9.89 G 5.21 (aLy6G +

SEI), U(53,47) = 703, ***p = 1.792e-4, Mann-Whitney U test.
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DISCUSSION

The differential contribution of arterial and capillary changes to the postictal hypoperfusion

In our study, postictal hypoperfusion was observed in combination with vascular changes in different vessel

compartments, including arteriolar constriction and capillary stalling. Arteriolar constriction was observed

immediately after the offset of seizures, and it was sustained until 20–30min into the postictal period. This is

consistent with a report showing that arteriolar constriction resulted in postictal hypoperfusion following a

brief seizure event induced in an electrical kindling model.24 Arteriolar diameters gradually recovered to

baseline levels thereafter. However, the CBF decrease was observed to persist for more than an hour.

Figure 6. Protein expression level of endothelial adhesion molecules

(A) Western blot bands of P-selectin, E-selectin, ICAM-1, and VCAM-1 with each control protein (GAPDH) from the control

(CTR) and the postictal (SEI) animals.

(B) Quantification of blots as the ratio of P-selectin, E-selectin, ICAM-1 and VCAM-1 expression levels, normalized to the

corresponding GAPDH levels. Data are represented as mean G SD (CTR: n = 9; SEI: n = 9). [P-selectin]: 0.97 G 0.16 (CTR)

vs. 1.11 G 0.18 (SEI), U(9,9) = 26, p = 0.2, Mann-Whitney U test; [E-selectin]: 0.99 G 0.14 (CTR) vs. 0.98 G 0.19 (SEI), U(9,9) =

38, p = 0.825, Mann-Whitney U test; [ICAM-1]: 0.73G 0.14 (CTR) vs. 0.89G 0.16 (SEI),U(9,9) = 17, *p = 0.038, Mann-Whitney

U test; [VCAM-1]: 1.13 G 0.17 (CTR) vs. 1.13 G 0.19 (SEI), U(9,9) = 29, p = 0.310, Mann-Whitney U test. ‘‘n.s.’’ indicates no

statistical significance.

(C) Schematic representation of the experimental procedures for administration of the anti-LFA-1 (aLFA-1) antibody.

(D) Time course traces of heart rate and CBF monitored before and after the anti-LFA-1 antibody injection.

(E) CBF changes during the postictal period of 4-AP-injected animals that had received the anti-LFA-1 (aLFA-1) antibody

(aLFA-1+SEI: n = 4). The colored lines represent the averaged trace of individual data, which are depicted by the gray

lines.

(F) CBF changes in each 20-min epoch of the postictal periods in the aLFA-1+SEI group (n = 4, 0–20 min: 64.23 G 10.83,

20–40 min: 84.06G 14.29, 40–60 min: 92.00G 6.35, 60–80 min: 93.04G 3.25, F(3,9) = 14.894, p = 0.001, one-way repeated

ANOVA test, 0–20min vs. 20–40 min: **p = 0.007, 0–20min vs. 40–60 min: *p = 0.012, 0–20min vs. 60–80 min: *p = 0.010 by

Bonferroni post hoc comparisons.
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When the anti-Ly6G antibody was administered, the return of arteriole diameters to the baseline values was

not changed and was similar to the dynamics of CBF recovery during the postictal period. Considering that

the anti-Ly6G antibody resolved only the prolonged hypoperfusion, arterial constriction during the early

phase was independent of neutrophil adhesion, while the later long-lasting CBF reduction was due to

capillary stalling induced by neutrophil plugs. This condition was also accompanied by capillary and venous

constriction. We propose that vascular changes in different vessel compartments can differentially

contribute to hypoperfusion in a time-dependent manner.

Our results show that reducing the incidence of neutrophil plugging in capillary segments via the anti-Ly6G

antibody treatment could prevent the long-lasting decrease in postictal CBF, implying that it can be the

main cause of sustained hypoperfusion. Our observation is consistent with other studies showing that

neutrophil plugging had a significant impact on cortical hypoperfusion in AD and ischemic stroke mouse

models.41,42 Hernandez et al.42 also reported that 1.8% of stalled capillaries led to 17% decrease in CBF in

simulated vascular networks, indicating that stalling in even a small proportion of capillaries can have a sig-

nificant impact on CBF.

We also observed capillary constrictions during the postictal period. This changemay be related to neutro-

phil adhesion that causes capillary stalling. Cruz Hernandez et al.42 also reported that stalled capillaries had

a lower average diameter than flowing capillaries in AD mouse brains. Moreover, increased adhesive inter-

actions between neutrophils and endothelial cells result in the augmented production of cytotoxic agents

such as reactive oxygen species (ROS) and proteases.51–54 Seizure activity can induce these conditions due

to increased production of proinflammatory cytokines that activate vascular endothelial cells to express

leukocyte-binding adhesion molecules.29 These can cause microvascular injury and vascular dysfunction

in epilepsy,55–57 which might be reflected by capillary and venous constriction in our results. A decreased

volume flux through capillaries was also observed in our results, which might contribute to the reduced

venous diameters. Capillary and venous constriction may aggravate impaired microcirculation, contrib-

uting to the prolonged hypoperfusion.

The underlying mechanism of increased neutrophil adhesion during the postictal period

Our results showed that the anti-Ly6G antibody could prevent neutrophil plugging in the postictal mouse

brain. The observation time point for the postictal period was 3–4 h after the antibody injection, which was

not a sufficient time to change the number of neutrophils in the blood,42,43 implying that the effect

observed in this study was not due to neutrophil depletion. One to 2 h was sufficient for the antibody in-

jection to resolve capillary stalling in AD and ischemic stroke animal models,42,43 also suggesting that

reduced neutrophil counts may not be necessary for this effect. We consider that the antibody may inhibit

receptor-mediated adhesive interactions of neutrophils with the vascular endothelium. Our data revealed

that ICAM-1 expression was specifically elevated in the postictal mouse brains and that the prolonged CBF

reductions were also recovered by an antibody targeting LFA-1 that mediates neutrophil adhesion to

ICAM-1.49,50 The temporal characteristics of CBF recovery in the anti-LFA-1 antibody group were similar

to those in the anti-Ly6G antibody group, implying that these two antibodies may share a similar mecha-

nism to prevent neutrophil adhesion and plugging in brain microvessels. Wang et al.58 also reported that

Ly6G ligation was related to the attenuation of b2-integrin-dependent adhesion, which is one of the key

integrins that mediate leukocyte adhesion to the vascular endothelium.59 b2-integrin is one of the two sub-

units that comprise LFA-1.60 Taken together, our findings suggest that the increased neutrophil plugging

might be result from increased adhesive interactions between neutrophils and brain capillaries via LFA-1

and increased ICAM-1 expression.

Other studies also reported that epileptiform activities induced endothelial expression of leukocyte adhe-

sion molecules, including ICAM-1, VCAM-1, and P-selectin.28,29 The observation time for these adhesion

molecules was 5–6 h after epileptiform activities, while ours was up to 1–2 h. Our finding may imply that

ICAM-1 expression initially increases in the postictal state, thus playing a key role in a series of vascular in-

flammatory responses in the postictal brain. The expression of other leukocyte adhesionmolecules, such as

VCAM-1 and P-selectin,28,29 may increase later, exacerbating stalled blood flow during chronic periods.

Further study is required to examine cerebral perfusion changes with differential expression of adhesion

molecules and how these changes contribute to the development of pathology and neurological function

in chronic epilepsy.
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Clinical relevance

Abnormal brain blood flow and metabolic changes have long been reported in epilepsy patients.61–63 Hy-

poperfusion has not only been used as a biomarkers to localize an epileptogenic focus but also been pro-

posed as an important factor underlying the pathophysiology of epilepsy.4,24 For instance, oxidative stress

caused by a prolonged CBF decrease can aggravate cellular damage induced by epileptic seizures. A

recent animal study also showed that postictal hypoperfusion leads to hypoxic conditions in the brain,

thus resulting in behavioral impairments such as memory loss.24 Leal-campanario et al.64 showed that

the distribution of apoptotic cells was associated with the site of disturbed capillary blood flow in epileptic

mouse brains. Given the central role of cellular damage in epileptogenesis,65 preventing damaging effects

of prolonged hypoperfusion could be helpful for the treatment of epilepsy.

It was reported that the number of neutrophils is increased in postictal human blood samples,66–68 which

might be linked to increased neutrophil plugging in cerebral vessels. This condition can negatively affect

the brain cells, leading to neurological dysfunction, and exacerbating the pathology of chronic epilepsy.

We suggest that preventing capillary stalling by inhibiting neutrophil adhesionmay be a preventative treat-

ment for epilepsy. This effect might be achieved by blockade of a receptor-mediated interaction of neu-

trophils with the vascular endothelium. Moreover, the therapeutic approach might be applicable for other

brain diseases that are accompanied by chronic brain inflammation with vascular dysfunction and chronic

hypoperfusion.

Limitations of the study

The acute model used in this study was characterized by intermittent and recurrent seizures that lasted for

�1.6 h. The findings presented in this study would not be applicable to all cases of postictal state, such as

those following a single brief seizure that is not intense enough to induce the increased neutrophil adhe-

sion. However, postictal duration were variable from a fewminutes to a few hours in epilepsy patients expe-

riencing a single event of generalized seizure,69 and inflammatory responses measured by cytokine levels

were varied after a single seizure.70–72 We believe that our findings shown have important implications not

only for the postictal brain after a prolonged seizure but also for cases of chronic seizures that occur in

brains vulnerable to inflammatory changes. Further investigation is also required to examine whether pre-

vention of neutrophil adhesion induced by upcoming seizures would be beneficial during a chronic

epileptic condition with intermittent seizures. Neutrophil adhesion that may accumulate during chronic sei-

zures could exacerbate the prolonged hypoperfusion and other seizure-related damaging effects. Addi-

tionally, ICAM-1 is not only expressed in endothelial cells but also inmicroglia and astrocyte in pathological

states in the brain.73 The increased protein expression of ICAM-1 presented in our study may also include

its expression in these cell types, as the endothelial cells were not separately isolated from the brain sam-

ples during the western blot analysis.
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Alexa Fluor 488-conjugated Ly6C/G (Gr-1) antibody eBioscience Cat# 53-5931-82; RRID: AB_469918

Anti-Ly6G antibody BD Bioscience Cat#551459; RRID: AB_394206

Rat IgG2a BD Bioscience Cat#559073; RRID: AB_479682

Anti-ICAM-1 Abcam Cat#ab179707; RRID: AB_2814769

Anti-VCAM-1 Abcam Cat#ab134047; RRID: AB_2721053

Anti-CD62P Abcam Cat#ab59738; RRID: AB_940914

Anti-CD62E Abcam Cat#ab18981; RRID: AB_470289

Anti-GAPDH Abcam Cat#ab9485; RRID: AB_307275

Goat anti-rabbit IGG H&L, HRP conjugated Abcam Cat#ab6721; RRID: AB_955447
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4-aminopyridine Sigma-Aldrich 275875; CAS: 504-24-5

Hoechst 33342 Invitrogen Cat#H3570; CAS: 23491-52-3

Texas Red-conjugated 70 kDa dextran Invitrogen Cat#D1830

Texas Red-conjugated lysine-fixable dextran Invitrogen Cat#D1822

40,6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich Cat#D9542; CAS: 28718-90-3

Vectashield HardSet Antifade Mounting Medium Vector Laboratories Cat#H-1400-10

Experimental models: Organisms/strains

Mouse: wild-type C57BL/6N Orient Bio, South Korea N/A

Mouse: wild-type C57BL/6N Japan SLC, Inc N/A

Software and algorithms

MATLAB Mathworks N/A
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Glass capillary tube Sutter Instrument Cat#BF100-50-10
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC)

of Sungkyunkwan University (SKKU). The procedures were conducted in accordance with the Guide for the

Care and Use of Laboratory Animals of the Animal Protection Law and the Laboratory Animal Act set by the

Korea Animal and Plant Quarantine Agency and the Korea Ministry of Food and Drug Safety. Eight-week-

old male C57BL/6N mice (22–24 g, purchased from Orient Bio, South Korea & Japan SLC, Inc.) were used.

Mice were housed under a 12-h dark/light cycle, with a temperature of 24–25�C and 50–60% humidity.

Experimental design

All experiments were carried out on 10- to 14-week-old C57BL/6N male mice. A total of 105 mice were

included in the study: 28 mice for in vivo CBF measurements (control n = 6, seizure n = 6, seizure with anti-

body treatments n = 16), 41 mice for in vivo vessel imaging experiments (control n = 9, seizure n = 14,

seizure with antibody treatments n = 18), 18 mice for confocal imaging of fixed brain tissues (control n =

4, seizure n = 5, seizure with antibody treatments n = 9), 18 mice for western blotting experiments (control

n = 9, seizure n = 9). The study design and reporting followed the ARRIVE (Animal Research: Reporting

In Vivo Experiments) guidelines.

METHOD DETAILS

Animal preparation

Mice were initially anesthetized with 2.5% isoflurane. Once the mice were transferred to a stereotaxic frame

(Kopf Instruments, USA), anesthesia was maintained with 1.2–1.5% isoflurane. Body temperature was main-

tained at approximately 37�C by using a temperature-controlled heating pad (DC temperature control

system, FHC). An incision was made in the skin over the right hemisphere, where a 2-mm diameter circular

craniotomy was performed over the somatosensory cortex (0.5–2.5 mm posterior to the bregma and

1–3 mm lateral to the midline) using a dental drill (Ram Products, Microtorque II, USA). The dura mater re-

mained intact, and the exposed cortex was hydrated with HEPES-buffered saline (135 nm NaCl, 5 mM KCl,

10 mM HEPES, 10 mM glucose, 2 mM CaCl2, 2 mM MgSO4). The exposed cortex was covered with a glass

cover slip (4 3 4 mm, Deckglaser, Germany), but a partial opening was left on the lateral side to allow for

insertion of a microelectrode and a glass pipette, as described in our previous studies.36,74 A metal holding

frame was then attached to the skull to minimize head motions during data acquisition. Anesthesia was

switched to urethane (1.25 g/kg, i.p.) for further experiments as depicted in Figure 1A. Throughout the

experiments, physiological parameters (heart rate: 550–650 bpm, SpO2: 98–99%, and respiratory rate:

165–180 r/min) were continuously monitored with a paw sensor (PhysioSuite, Kent Scientific, USA).

Seizure model establishment and electrophysiology

For the induction of epileptic seizures via intracortical injection of 4-AP (15 mM in sterile saline, 420 nl;

Sigma, USA), a glass micropipette with a tip diameter of 15–20 mm was made from a glass capillary tube

(outer diameter: 1.0 mm, inner diameter: 0.5 mm, borosilicate glass; Sutter Instrument, USA). A tungsten

microelectrode (300–500 kU, FHC, USA) was used for local field potential (LFP) recordings to verify seizure

events. A glass pipette filled with the 4-AP solution, and a microelectrode were carefully inserted into layer

2/3 of the somatosensory cortex. The distance between the glass pipette and the microelectrode tip was

approximately 500 mm in all experiments. Raw electrophysiological data were amplified and acquired at

40000 Hz (Omniplex, Plexon, USA). The data were downsampled to 1000 Hz and filtered with 0.5 Hz

high-pass and 200 Hz low-pass filters to acquire LFP signals.

CBF recording by laser Doppler flowmetry (LDF)

CBF signals weremeasured by using an LDF probe (wavelength: 780 nm, probe diameter: 450 mm, Perimed,

Periflux System 5000, Sweden). The tip of the LDF probe was located between the LFP recordingmicroelec-

trode and the pipette, avoiding large pial vessels. The signals measured from the LDF probe were sampled

at �20 Hz and digitized through a Plexon system that enabled simultaneous data acquisition with the LFP

recordings. LDF signals were continuously measured from the 10-min baseline (before the 4-AP injection)

to 1–1.5 hr after the end of the seizure events.
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Two-photon vasculature imaging

A 103 water immersion objective lens (103/0.3NA, Leica) coupled with a CCD camera was used to navi-

gate through the brain surface and acquire surface vessel imaging data. Two-photon imaging was per-

formed with a 253 water immersion objective lens (253/0.95 NA, Leica) in a two-photon laser scanning mi-

croscopy system (TCS SP8 MP, Leica, Germany) with a broadly tunable Ti:sapphire laser (680–1080 nm,

80 MHz, 140 fs pulse width; Chameleon Vision II, Coherent, USA). To visualize cortical vessels, Texas

Red-conjugated dextran (70 kDa, Thermo Fisher Scientific, USA) was injected via the retro-orbital sinus

(5% in PBS, 1.5 ml/g). Vasculature images were acquired at a 0.693 mm/pixel resolution. In some animals,

neutrophils and nuclei were further stained via retro-orbital injection of an Alexa Fluor 488-conjugated

Ly6C/G (Gr-1) antibody (0.12 mg/kg)44 and Hoechst 33342 (50 ml, 4.8 mg/ml in 0.9% saline; Thermo Fisher

Scientific).41,42 A 920-nm tuned laser was used to excite Texas Red fluorescence. An 800-nm tuned laser was

used for Alexa Fluor 488 and Hoechst 33342. Bandpass filters at 460/50 nm, 520/50 nm and 620/40 nm were

used to acquire the emitted fluorescent signals of Hoechst 33342, Alexa 488, and Texas Red, respectively.

Red blood cell (RBC) movements are shown as dark streaks within the fluorescently labeled blood plasma.

Each vessel segment with dark streaks was replenished by this averaging method. To visualize the cortical

vasculature, stacks of images spaced at 1 mm axially were sequentially acquired (�375 ms per each plane)

from the cortical surface to a cortical depth of 300 mm. Vascular imaging was conducted one hour after the

last seizure terminated.

RBC velocity

Tomeasure capillary blood flow, RBC velocity was measured at vessel segments above the 4th branch order

from penetrating arterioles.39,75 The branch order was counted by tracing vessel segments from a pene-

trating arteriole (0th branch order) and increasing the count by 1 for each subsequent bifurcation. Due to

the presence of Texas Red-conjugated dextran, RBCs appeared as dark segments in a line of brightly

labeled plasma in the vessel lumen. The motion of the dark segments indicates flowing RBCs. To create

space-time images with RBC streaks, high-resolution line-scan images at a scan rate of 2 kHz and a

0.138 mm/pixel resolution were collected along the centerline of a vessel segment over a length of 512

pixels, which was approximately 80 mm. In each segment, line-scan imaging was conducted for 1–5 min.

Neutrophil staining and confocal microscopy imaging

A different subset of experiments was conducted to quantify neutrophil stalling in brain capillaries. One

hour after the end of seizures, a mixture of Texas Red-conjugated lysine-fixable dextran (70 kDa, 5% in

PBS, 1.5 ml/g) and an Alexa Fluor 488-conjugated Ly6C/G (Gr-1) antibody (0.12 mg/kg) was administered

via the retro-orbital sinus. After 30 minutes, the mouse brain was extracted and then postfixed with 4%

paraformaldehyde (PFA) overnight at 4�C. The brain was then sectioned with a vibratome (VT 1200S, Leica,

Germany) to obtain 100-mm-thick coronal sections. Three coronal sections were chosen in each mouse: one

at the same coronal coordinate as the 4-AP injection focus and the others at 200- or 300-mm anterior and

posterior to the focus. Cell nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI, Sigma, 1:10000).

Fluorescence images were captured using a confocal laser microscope (TCS SP8, Leica) equipped with a

40x (40x/1.1NA, Leica) water immersion objective. A 405-nm diode laser was used to excite DAPI signals,

and 488- and 595-nm tuned lasers were used to excite Alexa 488 and Texas Red fluorescence.

Antibody treatment

Monoclonal antibodies against lymphocyte antigen 6 complex, locus G (Ly6G) (a-Ly6G antibody (clone

1A8, 2 mg/kg, BD Biosciences, USA)41–43 were administered intravenously 40 minutes prior to 4-AP injec-

tion. In another group of animals, isotype control antibody (Rat IgG2a, k, 2 mg/kg, BD Biosciences) was in-

jected as the control. Animals were randomized into treatment groups before the experiments. Another

group of mice was treated with an intravenous injection of monoclonal antibodies against leukocyte func-

tion- associated antigen-1 (a-LFA-1; clone M17/4, 2 mg/kg, BD Biosciences) 40 minutes prior to the 4-AP

injection.

Western blotting

Brain tissues around the 4-AP injection site (1.5 mm 3 1.5 mm x 1 mm) were prepared in RIPA lysis buffer

(Biomax, South Korea) containing a universal protease inhibitor cocktail (Biomax) andmaintained at 4�C for

1 h. The lysates were centrifuged at 12700 rpm for 20 min at 4�C. Thereafter, the supernatant was carefully

collected, and the protein concentration was determined using a BCA protein assay kit (Thermo Fisher
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Scientific, USA). Twenty micrograms of protein from each sample was loaded and resolved on a 10% mini-

PROTEAN TGX gel (Bio-Rad, USA) in Tris/glycine/SDS buffer (Bio-Rad). The proteins were transferred to

PVDF membranes (Bio-Rad) using a Trans-Blot Turbo transfer system (Bio-Rad). After blocking with

EveryBlot blocking buffer (Bio-Rad) for 30 min at room temperature, the membranes were incubated over-

night at 4�C with primary antibodies against the following proteins: intercellular adhesion molecule-1

(ICAM-1; 1:500, ab179707, Abcam, UK), vascular cell adhesion molecule-1 (VCAM-1; 1:1000, ab134047, Ab-

cam), CD62P (P-selectin; 1:300, ab59738, Abcam), CD62E (E-selectin; 1:500; ab18981, Abcam), and glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH; 1:10000; ab9485, Abcam). The membranes were washed

four times with TBS buffer (Bio-Rad) containing 0.1% Tween-20 (Bio Basic Inc., Canada). Then, the mem-

branes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody for

1 h at room temperature. The proteins were detected using an enhanced chemiluminescence (ECL) sub-

strate (Bio-Rad) and a ChemiDoc XRS+ system (Bio-Rad). The band intensity was calculated with ImageJ,

and the amounts of the target proteins were normalized to GAPDH, which was used as a loading control.

QUANTIFICATION AND STATISTICAL ANALYSIS

All image processing was carried out using Fiji (ImageJ, NIH, US) andMATLAB (MathWorks, USA). LFP data

were analyzed by using Chronux, an open-source software package for the analysis of neural data (available

at http://chronux.org/).

CBF change

The LDF data were downsampled to 10 Hz and averaged in each 5 s sliding window. The measured LDF

signals were then normalized to the averaged values from the 10-min baseline period to calculate CBF

changes. DCBF (%)=(CBF/CBF0 -1)x100, where CBF0 and CBF represent the average baseline value and

the signal values over time, respectively.

Vessel diameter

Image preprocessing and diameter mapping were conducted as previously described.76 For each vessel

segment, the diameter was calculated via Euclidian distance transformation of the fitted sphere located

at the center point of vasculature images that were converted to binary. This process generated a diameter

map for each vessel. To compare vessel diameters at the same coordinate, each diameter map for the post-

saline or the postictal data was registered to its corresponding baseline diameter map using nonrigid 3D

transformation. The diameter maps were then skeletonized and converted into a network graph based on a

26-cell cubic neighborhood. Microvessels smaller than 10 mm were generally classified as capillaries.40–42

Quantification of flowing and nonflowing vessel segments

To evaluate capillary flow, 1- or 2-mm spaced image stacks were acquired at �1.5 seconds per frame, such

that each capillary segment was visible for a minimum of �5 seconds.40,42,77 Capillaries were defined as

stalled if a dark patch in the vessel lumen did not move over the observation time for that capillary

segment.77 When one segment had several stalls, it was counted as one.

RBC velocity and flux

RBC velocity was calculated from the slope angle of the line-scan streaks.78–80 The Radon transform was

applied to the line-scan images,81,82 which were preprocessed with a Sobel filter to enhance image contrast

for accurate calculation of the velocity.83 RBC streaks were quantified from the data for every 400-ms image.

The RBC velocity in a vessel segment was calculated by averaging the velocities for 1–5 min of imaging

data. For RBC volume flux measurements, the capillary diameter and RBC velocity collected from a single

vessel were used to define the RBC volume flux, F
!
, as follows:

F
!

=
p

8
v!ð0Þd2

where v!ð0Þ is the RBC velocity and d is the lumen diameter, with the assumption that the flow in the capil-

lary is laminar.78,84

LFP data

The 4-AP injection reliably induced recurrent spontaneous seizures that repeatedly occurred at intervals of

several tens of seconds to several minutes. The duration during which recurrent seizures were maintained
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was referred to as the ‘‘seizure duration’’ in this study. The termination of seizure events was determined as

the time point at which the LFP signals no longer exceeded five standard deviations (SD) above the pre-

injection baseline. Termination of the seizure event was then confirmed by visual inspection. To compare

the strength of seizure activities in three different groups (4-AP vs. cIgG+4-AP vs. aLy6G+4-AP), coastline

length was calculated. This referred to the absolute values of the distances from one data point to the

next.37,38 From the time point of the 4-AP injection to the seizure end-time, the coastline length was calcu-

lated and summed. Spectral power during the postictal period was calculated by applying a multitaper

transformation.

Statistics

In this study, box-and-whisker plots show the 25-75th percentiles of the data, with the whiskers extending to

1.5 times the difference between the values of the 25th and 75th percentiles. The median is indicated by a

black horizontal line inside the box. Bar plots show the mean G standard deviation (SD). A normal distri-

bution of the data was validated with either the Shapiro‒Wilk test (n < 50) or Kolmogorov‒Smirnov test

(n R 50) using SPSS (IBM SPSS statistics 19, USA). Parametric statistics were used when the data in all

groups in the comparison were normally distributed. Otherwise, nonparametric tests were used. Either

an independent t test or the Mann‒Whitney U test was used to examine differences between two indepen-

dent samples. One-way ANOVA or Kruskal‒Wallis H test was used with the Bonferroni correction for mul-

tiple comparisons. Likewise, either Pearson’s or Spearman’s correlation coefficient was used to evaluate

the linear relationship between two variables. Linear regression models were fitted using the ordinary least

squares method. Details including the number of animals, number of vessel segments and p values are

included in the figure legends.
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