
Background

Reports of human beings afflicted with epilepsy, a chronic neurological disorder characterized by 
unprovoked seizures, date to early Mesopotamia (ca. 2000 BC). About 200 years later, the oldest 
codified legal document in history, the Hammurabi Code, protected the rights of slave owners 
against defective goods with a full refund for any slave that suffers a seizure during the first lunar 
cycle after purchase. Ancient Egyptian medical texts (ca. 1700 BC) contained reports of seizures, 
while Hippocrates (460–370 AC), the father of Greek medicine, provided the first formal medical 
description (Hippocrates, 1849; Stol, 1993; Eadie and Bladin, 2001). The modern era of epileptol-
ogy began with John Hughlings Jackson’s (1835–1911) investigations into the pathology and 
anatomy of the disease and connections with various psychiatric symptoms. Our understanding 
of epilepsy advanced in the twentieth century with the identification of various gene mutations 
and the development of effective drugs and neuroimaging methods (Magiorkinis et al., 2010). 
Currently, 2.2 million people in the United States have a diagnosis of epilepsy, with approximately 
150,000 new cases a year mostly in children and senior citizens (England et al., 2012).

Cell Death in Epilepsy

The link between epilepsy and neuronal damage first came to light about two centuries ago with 
reports of progressive neural degeneration, especially in the hippocampus, as well as more insidi-
ous damage in the form of sclerosis, cognitive decline, and death (Bouchet, 1825). Since that time, 
we have learned that seizures trigger a cascade of biochemical, anatomical, and functional changes 
that, in some cases, leads to cell death and apoptosis (Cavanagh and Meyer, 1956; Meldrum, 
2002), with evidence of brain damage in over two-thirds of patients with temporal lobe epilepsy 
(Cavanagh and Meyer, 1956; Mathern et al., 2002; Thom et al., 2002). According to our current 
understanding, even brief seizures can cause permanent brain damage (Bengzon et al., 1997; Pretel 
et al., 1997; Zhang et al., 1998; Briellmann et al., 2000; Fuerst et al., 2001; Kotloski et al., 2002).
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Blood Flow versus Excitotoxicity

Controversies in the field of epilepsy revolve around the relative contributions of hypoxia and 
excitotoxicity to cell death, and whether seizures and cell death occur as a cascade in series, as 
multiple processes in parallel, or some combination of serial and parallel processes (Cole et al., 
2002). Cell death from epilepsy is viewed traditionally as a consequence of glutamate-induced 
excitotoxicity that results in calcium overload and activates proapoptotic molecular cascades 
(Stavrovskaya and Kristal, 2005). A complication of this view is that ischemia activates the same 
proapoptotic pathways as excitotoxicity. While ischemic events in epileptic brains could contribute 
to apoptotic ictal neuronal degeneration, current models discount this possibility because seizure 
foci are macroscopically engorged with blood (Penfield et al., 1954)—hyperemia—and draining 
veins in the human epileptic brain contain oxygenated blood. This suggests hyperoxia rather than 
hypoxia within the epileptogenic focus (Penfield et al., 1954; Haglund et al., 1992; Tae et al., 
2005).

Determining the relative contribution of excitotoxicity and hypoxia to cell death in epilepsy is 
complicated by the fact that consequences of excitotoxicity can be tested in vitro, whereas the 
impact of abnormal ictal hippocampal capillary vasodynamics can only be determined in vivo. 
Hyperemia may contribute to the malignant effects of individual capillary vasospasms by height-
ening metabolic rate, thereby maximizing the oxygen deficit in neurons that simultaneously suffer 
from localized capillary ischemia (Jespersen and Østergaard, 2012). The underlying vascular 
mechanisms of ischemia and hypoxia observed in regions that subsequently become epileptic foci 
are unknown (Bahar et al., 2006; Zhao et al., 2009, 2011).

Microscopic In Vivo Imaging in Epilepsy

In vivo fiber-optic-based confocal microscopy allows for investigations of capillary flow in any 
region, at any depth, of the brain—an achievement not possible with any other current form of 
microscopic imaging (Denk et al., 1994; Kleinfeld et al., 1998; Helmchen et al., 2001; Chaigneau 
et al., 2003; Larson et al., 2003; Hirase et al., 2004a,b; Schaffer et al., 2006). Specifically, the 
contribution of reduced flow rate from vascular changes, for example, ictal pericytic-capillary 
vasospasms—sudden constrictions, could be studied with regard to hippocampal neural degenera-
tion. With a fiber-optic probe, the use of a blue laser for in vivo imaging is possible because the 
tip of the probe (objective), like a microelectrode, is positioned physically within 15 μm of tissue 
at any depth in the brain. As with in vivo two-photon imaging, one injects neurons with a fluores-
cent dye, for example, fluorescein dextrans, Oregon Green BAPTA-1, or quantum dots. The 
technique also works with the injection of a fluorescent dye into the bloodstream where serum, 
but red blood cells, takes up the dye. Although pericytes imaged in vitro and in vivo have been 
shown to constrict in response to drug applications (Hirase et al., 2004a,b; Peppiatt et al., 2006; 
Yemisci et al., 2009; Fernández-Klett et al., 2010), no prior studies have imaged spontaneous 
cerebral capillary vasospasms in vivo.

We studied Kv1.1 knockout (KO) mice (Smart et al., 1998; Zuberi et al., 1999), the only genetic 
model of human epilepsy that exists (episodic ataxia type 1) (Zuberi et al., 1999), making these 
studies directly relevant to human temporal lobe epilepsy. These findings in awake and spontane-
ously epileptic animals and their wild-type (WT) littermates indicate that pericytes drive normal 
and abnormal ictal hippocampal vasoconstrictions in vivo. To ensure generalization of these results 
to other forms of epilepsy, we recorded from WT animals rendered epileptic using the classic 
kainic-acid experimental model.
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The Role of Stereology

We used standard and novel stereological approaches to test whether apoptotic neurons in epileptic 
animals are tightly coupled to the hippocampal microvasculature. Because excitotoxicity per se 
has no known spatial association to the vasculature, this observation in apoptotic but not healthy 
neurons indicates that abnormal capillary vasospasmic ischemia-induced hypoxia contributes to 
ictal neurodegeneration. In further support of this hypothesis, our results show that oral adminis-
tration of nitric oxide (NO)-based compounds that regulate blood flow ameliorates ictal cell death 
and oxidative stress, suggesting that abnormal blood flow accounts for up to 54% of seizure-driven 
neurodegeneration in epilepsy.

Materials and Methods

General Surgical Methods

Before implanting a craniotomy chamber and head holder, we anesthetized mice with Ketamine-
Xylazine (100 mg/kg–10 mg/kg i.p.) with continuous monitoring and controlling body temperature 
using a heating blanket and a rectal thermometer (TC-1000, CWE Inc., PA). A robotic stereotaxic 
drive (StereoDrive, Neurostar GmBH, Germany) implanted a 300 μm beveled fiber-optic bundle 
(5000–7000 3-μm-wide fibers) into the hippocampus (Figure 12.1), and green fluorescein lysine-
fixable dextran (2MD, Invitrogen, Carlsbad, CA) was tail-vein injected (1 mL/kg of fluorescein 
5% w/w).

Confocal Fiber-Optic Imaging

When the mice regained consciousness, we positioned the fiber-optic-coupled laser-scanning 
confocal microscope objective into the hippocampus of awake spontaneously seizing mice to 

Figure 12.1 StereoDrive 3D software atlas view. (a) Sagittal view of the atlas and probe positioned for recordings. (b) Coronal 
view. Stereotactic coordinates of recording: anterior–posterior = 2.70 mm posterior to Bregma; lateral = 2.70 mm to the right 
side from the midline.
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visualize blood flow dynamics during electroencephalography (EEG)-determined normal, ictal, or 
interictal periods of neural activity (Figure 12.2, Figure 12.3, and Figure 12.4).

During recordings, the mouse’s head was immobilized with the surgical stereotaxic apparatus. 
Cellvizio (Leica, Bannockburn, IL, model FCM-1000) laser-scanning microscope targeted a 
488 nm laser down the bundle (beveled at the tip to penetrate the tissue) at ≥12 Hz. Each fiber at 
the beveled surface captured the emitted fluorescence and the photons were descanned into an 
avalanche photodiode detector (Figure 12.4a) to record each movie.

Fiber-Coupled Confocal Image Analysis

To detect seizures, EEG recordings were continuously monitored (Figure 12.1). We used the 
Cellvizio’s on-board image analysis software to create ROIs around each recorded vessel in order 
to analyze changes in fluorescence in each movie as a function of time (Figure 12.4). These data 

Figure 12.2 Surgical preparation. (a) Diagram of the mouse head positioned on the stereotaxic device, showing skull perfora-
tions performed to insert EEG recording electrodes (red and gray dots) as well as the craniotomy for the fiber-optic bundle used 
in the confocal microscopy (red rectangle). (b) Illustration of the coiled lead wire in contact with the dura for detection of EEG. 
B, Bregma point. We recorded a total of 67 seizures in our awake KO animals (none in WTs), with an average of 3.35 (+/−0.79) 
seizures per animal, occurring at a rate of 0.58 (+/−0.13) seizures per hour.
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Figure 12.3 Typical spontaneous electroencephalographic (EEG) activity recorded with an implantable radiotelemetry trans-
mitter in awake KO and WT mice. (a) Spontaneous EEG activity in WT mice. (b) Spontaneous ictal and interictal epileptiform 
activity in KO mice. Figure 12.2 shows the surgical preparation for the implantation of the recording system.
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allowed us to derive an independent measure (ΔF/F) of fluorescence over time for each vessel 
(Figure 12.5a). From these fluorescence measures, we calculated the rate of vasospasms, the per-
centage of time that vessels vasospasmed, individual vasospasm duration, vasospasm magnitude, 
and onset and termination speeds (see Figure 12.5b–g).

Because only the KO mice have spontaneous seizures, the experimenter who collected the data 
was not blind and thus could identify KO or WT by the mouse’s behavior or EEG. To control for 
experimenter bias, the image analyst stayed blind to the treatment group, and vasospasm internal 
dynamics were measured with an automatic and objective program custom programmed for this 
study in MATLAB (MathWorks, Natick, MA). The data were averaged across animals in each 
cohort for testing the significance of difference between cohorts using standard two-tailed unpaired 
Student’s t-tests.

Seizure rate was assessed as a function of vasospasm onsets for each KO mouse (n = 21). We 
determined the pooled chance probability of seizure onset—the baseline seizure rate—by shuffling 
the seizure onset times with 10,000 random permutations, with the resultant correlation assigned 
to vasospasms as baseline (0% level) in the analysis. Actual seizure times were correlated to 
vasospasms to create a histogram of normalized seizure onset rates as a function of vasospasm 
onset time.

Immunohistochemical Procedures

After each recording session, mice were overdoses with Nembutal (100 mg/kg) and their brains 
were fixed in 4% paraformaldehyde. Every sixth hippocampus-containing cryosection cut at 50 μm 
was stained using rabbit anti-AIF (1 : 200) (Millipore, MA), rabbit antiactive Caspase-3 (1 : 250) 
(BD Pharmigen, NJ), mouse anti-Neu-N (1:200) (Millipore Corporation, MA), or rat antiendoglin 
(CD105) (1 : 250) (Developmental Studies Hybridoma Bank, IA) as primary antibodies. Secondary 
antibodies were sheep antirabbit IgG antibodies conjugated to Cy3 (1 : 500) (Sigma-Aldrich, St. 
Louis, MO) to stain apoptosis inducing factor (AIF+) and Caspase-3 + cells in red, goat antimouse 
IgG conjugated to Dylight-488 (Jackson ImmunoResearch, PA) (1 : 500) to stain Neu-N + cells in 

Figure 12.4 In vivo observation of hippocampus capillaries in awake mice. (a) Blood flow image with white dots overlaid to 
represent the position of each fiber on the bevel-cut surface of the fiber bundle. (b) ROIs created to determine fluorescence 
changes over time for each vessel. Scale bar = 20 μm.
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Figure 12.5 Vasodynamics in awake Kv1.1 KO versus WT littermates. KOs exhibited abnormal flow dynamics in several 
respects. (a) Capillary fluorescence (ΔF/F) as a function of time during an ictal vasospasm, where F is fluorescence magnitude 
at t = 0 before each vasospasm. Notice that the onset proceeds more slowly than the termination. This is presumably due to local 
blood pressure working against the pericyte. The vessel opens more rapidly at the end of the vasospasm. (b–g) The vasospasm 
rate (number of vasospasm onsets measured per hour of recording), vasospasm likelihood per vessel (expressed as a percentage 
of the total recording time per vessel), and vasospasm magnitude were significantly higher in awake KO versus WT mice. See 
also Figure 12.14 for results from kainate-model epileptic mice. (h) Temporal difference between each seizure and vasospasm 
onset. In KO mice, seizure onset occurs with significantly higher frequency (p < 0.05) 80 seconds before vasospasm onset. A 
total of 1154 vessels were recorded in awake animals (703 vessels in KO mice and 451 in WT).
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green, or biotin-tagged goat antirat IgG (1 : 200) (ABC Elite, Vector Laboratories, Burlingame, 
CA) completed by avidin–biotin/CY3 tyramide signal amplification (1 h) (CY3-TSA, Perkin 
Elmer Life Sciences, Inc., Boston, MA, Cat#: SAT704A001EA, 1:50) to stain the vessels in the 
animals that we did not injected the dye. Finally, sections were stained with fluorescent DNA-
binding dye, 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich).

The general immunohistochemistry protocol included treatment of tissue sections for antigen 
retrieval for 15 minutes in phosphate-buffered saline (PBS)-containing TritonX-100 0.5% (Sigma-
Aldrich); or, if necessary, in proteinase K (1 : 2 dilution, Dako, CA) in PBS 1× for 15 minutes. 
Sections were then washed in PBS 3 × 5 minutes and blocked in 80% PBS-containing Triton 
X-100 0.5%, 10% fetal bovine serum (PAA laboratories Inc., Canada), and 10% Gelatin of 2% 
(Sigma-Aldrich) for 1 hour at room temperature. Tissue was incubated in the primary antibody at 
appropriate dilution in blocking solution at 4°C overnight, washed in PBS, and incubated for 2 
hour at room temperature (light shielded) in secondary antibody diluted with blocking solution. 
Sections were rewashed with PBS and incubated in DAPI for 2 minutes with a final wash in PBS 
for 10 minutes. Glass-mounted sections were cover slipped using Prolongold Antifade reagent 
(Invitrogen, CA).

Stereology Methods

We used the optical fractionator method (West et al., 1991; for a review of stereology methods, 
see Mouton, 2002) to quantify AIF+/− cells in 10 animals (5 KO and 5 WT) with the most con-
sistent immunofluorescent staining. A random subsample of DAPI+ cells were analyzed to deter-
mine their proximity to blood vessels. This subsampling of up to a maximum of three cells per 
disector controlled for clustering, which occurred in some disector locations with as many as 17 
DAPI+ neurons.

An algorithm was developed that masked the entire stack of green fluorescent vessels and then 
sequentially unmasked using concentric spheres in increasing steps of 2 μm radius, starting with 
a 2 μm radius sphere at the three-dimensional (3D) center of each subsampled DAPI+ nucleus 
(Figure 12.6). The smallest sphere that contained a green fluorescent blood vessel was determined 
to be the distance of the cell from the nearest vessel (maximum observed: 36 μm).

Each neuron–vessel distance was binned into one of four distributions depending on treatment 
group (KO or WT) and whether the neuron was AIF+ or AIF− (Figure 12.7, Figure 12.8, and 
Figure 12.9). We statistically tested mean differences (chi-square test for trend) on the raw data 
bins (Figure 12.7c–f, Figure 12.8a,b, and Figure 12.9); Gaussian curve fits and normalization (to 
the highest raw data point in each distribution) of the data in Figure 12.7a,b, Figure 12.8c,d, and 
Figure 12.9 were computed solely for graphical visualization purposes.

Whereas cytosolic AIF positivity indicates oxidative stress in neurons (Candé et al., 2004; Zhao 
et al., 2004) and serves as an excellent indicator of the spatial association between oxidative stress 
in cells and vessels, we further determined that a subset of AIF+ cells escalate from oxidative 
stress to death in two ways. Because cytosolic AIF labeling indicates oxidative stress, nuclear-
translocated AIF labeling shows cells actively committed to apoptotic ischemic-cell death. Thus, 
for the transnuclear versus cytosolic AIF analysis, as well as the caspase and Neu-N analyses, we 
created images of the immunohistochemically stained sections with a Nikon Eclipse 80 micro-
scope (Nikon Instruments, Melville, NY), equipped with a Nikon 100 W mercury light source for 
fluorescence illumination. A MAC5000 XYZ stage controller (Ludl Electronic Products, Haw-
thorne, NY) and a linear encoder (Heidenhain, Schaumburg, IL) affixed to the (Z movement was 
monitored to an accuracy of +/−0.1 μm) controlled stage movement. An average of 12 images at 
2 μm Z spacing were taken from the top to bottom section surfaces for each channel separately, 
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Figure 12.6 The logic of the novel 3D stereological method to determine cell–vessel distance. The blue spot in the cartoon 
depicts a DAPI+ pyramidal cell nucleus, as viewed from the top of a 3D reconstructed image stack. The white circle in the 
cartoon represents the radius of the largest sphere (36 μm) used in the analysis. The uppermost left 2-μm sphere is centered 3D 
at the center of the selected DAPI+ nucleus. The sphere becomes sequentially larger in 2-μm radius steps, and eventually unmasks 
the green fluorescein-stained vessel within the stack (at 22 μm in this example, see arrow). The distance of the nearest blood 
vessel to the central DAPI+ nucleus was determined as the radius of the smallest sphere that contained a vessel. We binned the 
cell counts by distance as a function of both cohort (KO vs. WT), and whether they were AIF+/−. These cell counts created the 
distance measurements in Figure 12.7, Figure 12.8, Figure 12.9, and Figure 12.13.

Figure 12.7 Stereological analysis of AIF+/− cell spatial correlation to vessels and the contribution of blood flow factors in 
ictal neurodegeneration. (a) KO AIF+/− normalized distributions of cell numbers as a function of distance from the nearest 
vessel. AIF+ cells are ∼15% nearer to vessels as compared with AIF− cells (baseline) in KO mice (inset: *4 indicates statistical 
significance of p < 0.000,01 from a chi-square test). (b) WT AIF+/− distribution exhibits no significant difference. (c) Cell 
distributions of WT AIF+ cells treated with L-arginine, L-NAME, or untreated. L-NAME significantly displaced the distribution 
toward vessels (inset: *3 statistical significance of p < 0.0001), as compared with untreated mice (baseline). L-arginine was not 
significant. (d) Cell distributions of WT AIF− cells. L-NAME had no effect, whereas L-arginine dissociated cells from vessels 
(inset). (e) Cell distributions of KO AIF+ cells. L-NAME and L-arginine both dissociated cells from vessels (inset) and also 
reduced the number of AIF+ (oxidatively stressed) cells. (f) Cell distributions of KO AIF− cells. L-NAME and L-arginine both 
dissociated cells from vessels (inset) and also increased the number of AIF− (healthy) cells. (g) Contribution analysis of the 
sources of oxidative stress and cell death in KO animals. About 49% of cells were healthy (85% in untreated WT animals). Of 
the remaining 51% of dead and dying cells, 35% (15% of the total hippocampal cells) are cells that would normally be oxidatively 
stressed in untreated WT mice. The remaining 65% of the dead and oxidatively stressed cells (36% of the total) are related to 
seizures. Of these seizure-related AIF+ cells, 54% (18% of the total) are due to abnormal blood flow, whereas 46% (15% of the 
total) are due to other seizure-related effects, such as excitotoxicity.

at an XY spacing of 450 μm systematic-randomly spaced throughout the entire CA1-3 regions. 
Software facilitated both stage movement and stack capture. A MicroFire camera integrated with 
the PC/software via Firewire (Optronics, Goleta, CA) acquired high-resolution 8-bit grayscale 
images (1600 × 1200 pixels; 5.4 pixels/μm final magnification) in each fluorescence channel using 
a Nikon PlanApo 40×/0.95NA air objective. AIF images were acquired at a constant 500 ms expo-
sure time, with adjusted exposure for DAPI (20–100 ms) and blood vessels (250–500 ms) to 
optimize the signal-to-noise ratio. All other instrument and configuration settings were held 
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Figure 12.8 Stereological analysis of hippocampal AIF+/− cell spatial correlation to vessels in anesthetized animals. (a) KO 
AIF+/− distributions of cell numbers as a function of distance from the nearest vessel. (b) WT AIF+/− distributions as in panel 
(a). Note that the y-axis in a and b have differing scales. (c and d) AIF+/− normalized distributions of cell numbers as a function 
of distances from the nearest vessel for (c) KO and (d) WT mice, as in Figure 12.4a,b. The normalization in c and d adjusts the 
highest value on the y-axis from the entire distribution to be 1, and all other values become linearly scaled. N, number of cells.
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constant for the duration of image acquisition. To counterbalance any potential changes in the 
imaging conditions over time (e.g., lamp intensity), we alternated between sections from WT and 
KO mice. This process produced an average of 60 stacks (+/−3 s.e.m.) per subject, which was 
subdivided into four (550 × 550 pixel) quadrants for further analysis.

For the stereology analysis of pyramidal neuron number, only large round nuclei within the 
pyramidal cell layers of CA1-313 were counted. Using the optical fractionator method, neurons 
that came into focus in a disector frame (5600 μm2) were counted within the middle 6 μm of the 
section (average postprocessing section thickness: 22.8 μm +/− 1.0). For each subject, an average 
of 470 nuclei (+/−33 s.e.m.) were counted. The total number of DAPI+ neurons was calculated 
with sampling fractions of 1/6 for the sections (ssf), 1/36 for the area (asf), and 6/(mean thickness) 
in Z (tsf).

Classic Kainic-Acid Epilepsy Model

To ensure that the results could be generalized to other forms of epilepsy, we recorded from WT 
animals rendered epileptic in the classic kainic-acid experimental model. The non-N-methyl-d-
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aspartate (NMDA) receptor agonist kainic-acid (Sigma-Aldrich; K0250) or saline control solution 
was injected subcutaneously with 20–30 mg/kg of kainic acid or saline control solution. Mice were 
placed in the recording chamber with their head fixed to allow intrahippocampal recoding of the 
capillary beds and epidural EEG before kainic-acid injection.

To test the kainic-acid injection dose, we measured the seizure intensity after different injec-
tions for a group of mice. After the injection, the mice were placed in a clear plastic cage  
and monitored for locomotor activity and EEG. As described elsewhere (Schauwecker, 2000), 
seizure episodes started with automatisms, including staring, rigidity, and immobility, followed 
by jaw movements, blinking, head bobbing, and forelimb clonus. The next stage of seizure 
activity appeared in the form of rearing, forelimb/head clonus, tonic/clonic seizures, postural 
imbalance, uncontrolled running, and jumping that defined the latency to first maximal seizure. 
Seizure activity was scored using the Racine scale (Racine, 1972): Stage 1, immobility; Stage 
2, forelimb and/or tail extension, rigid posture; Stage 3, repetitive movements, head bobbing; 
Stage 4, rearing and falling; Stage 5, continuous rearing and falling; Stage 6, severe tonic–clonic 
seizures. Finally, these animals were filled for studies of vasodynamics and stereological analyses 
(see Table 12.1).

The stereological study of the KA mice was done by selecting disectors spaced in a systematic-
random manner through the entire hippocampus for 11 animals (6 sham and 5 KA animals) with 
consistent immunofluorescent staining (Table 12.1).

Oral Administration of Blood Flow Regulating Drugs

Nitric oxide (NO) is involved in regulating blood flow through vasodilatation and hypotension 
(Toda et al., 2009). Hence, we determined the mechanistic basis by which abnormal blood flow 
leads to cell death by treating for 21 days a new group of postnatal 21d-Kv1.1 KO mice and their 

Figure 12.9 Stereological analysis of hippocampal AIF+/− cell spatial correlation to vessels in kainate injected (KA) animals 
versus sham. (a) Sham versus KA AIF+ cell distribution (N) as a function of distance from the nearest vessel (top). Normalized 
distribution (bottom). (b) Sham versus KA AIF− cell distribution (top). Normalized distribution (bottom). (c) Kainate AIF+/− cell 
distribution (top). Normalized distribution (bottom). (d) Sham AIF+/− cell distribution (top) and normalized distribution (bottom). 
The normalization in panels a–d, bottom, adjusts the highest value on the y-axis from the entire distribution to be 1, and all other 
values become linearly scaled. Note that the y-axes in the top row have differing scales.

a b c d



164 NEUROSTEREOLOGY: UNBIASED STEREOLOGY OF NEURAL SYSTEMS

WT littermates with L-NAME (0.5 mg/mL; Sigma), a NO synthase inhibiting drug (Rees et al., 
1990). To determine whether vasodilatation ameliorates ictal neurodegeneration, we orally admin-
istered L-arginine (1.25 g/L; Sigma), an NO donor and blood flow enhancer (Wiesinger, 2001) to 
a third cohort of Kv1.1 mice and their WT littermates, with the same protocols applied for the 
L-NAME and untreated cohorts.

For the stereological analysis of drug-treated animals, we selected systematic-random disectors 
through the hippocampus extent from 32 animals (5 WT and 5 KO, 6 WT-L-arginine, 4 KO-L-
arginine, 6 WT-L-NAME, and 6 KO-L-NAME mice) with a consistent immunofluorescent staining 
for confocal stereological analyses (Table 12.2). Images of the immunohistochemically stained 
disectors were captured with a confocal microscope (LSM 5 Live, Zeiss, Germany) equipped with 
a diode laser of 405, 488, and 561 nm sources for fluorescence illumination (Zeiss, Germany). A 
motor-driven XY scanning stage with mark and find (xyz) and tile scan (mosaic scan) functions 
with a smallest increment of 1 μm (Zeiss, Germany), and a DC motor with optoelectronic coding 
(Zeiss, Germany) affixed to the stage (Z movement was monitored to an accuracy of +/−50 nm) 
controlled state movement. Images (2747 × 2747 μm) at 0.84 μm Z spacing were taken from the 
top to the bottom hippocampal surfaces, and the entire hippocampus was digitalized. Zen 2011 
software (Zeiss, Germany) facilitated both stage movement and stack capture. A linear array 
camera integrated (Zeiss, Germany) acquired high-resolution 8-bit color images (512 × 512 pixels) 
in each fluorescence channel using a Zeiss PlanApo 20×/0.8NA air objective. We acquired AIF, 
DAPI, and blood vessel images by adjusting the laser intensity to optimize the signal-to-noise 
ratio. We kept all other instrument and configuration settings constant for the duration of image 
acquisition. We used the fractionator technique and the developed algorithm to quantify cell 
number and proximity to blood vessels, as detailed above.

With assistance from a computerized stereology system, Caspase-3, cytoplasmic AIF, and 
nuclear-translocated AIF expressing cells were counted using the optical disector method (West 
et al., 1991; for review, see Mouton, 2002). This image analysis system consists of a color camera 

Table 12.1 Hippocampal regions CA1-3: Comparison between sham and kainate animals

Subject 
cohort

Total 
number 
AIF+ cells CEa

AIF+ 
cells

Total 
number 
AIF− cells CEa

AIF− 
cells

Total 
number 
cells CEa

Number 
of sections

Thickness 
(μm)

1 Sham 36,800 0.053 138 361,067 0.020 1354 397,867 0.017 9 32.10
2 Sham 37,164 0.064 146 248,436 0.024 976 285,600 0.021 11 30.10
3 Sham 47,163 0.051 147 481,250 0.020 1500 528,413 0.017 8 36.00
4 Sham 202,650 0.058 772 296,888 0.022 1131 499,538 0.019 8 33.00
5 Sham 44,800 0.065 240 203,467 0.025 1090 248,267 0.021 10 33.20
6 Sham 19,4571 0.069 681 246,286 0.026 862 440,857 0.023 7 36.00

Mean 93,858 0.060 354 306,232 0.023 1152 400,090 0.020 8.800 33.40
7 KA 11,0473 0.018 454 256,473 0.009 1054 366,947 0.010 10 37.20
8 KA 81,389 0.021 293 232,778 0.010 838 314,167 0.012 9 34.40
9 KA 71,467 0.026 268 172,533 0.013 647 244,000 0.015 7 32.00

10 KA 94,500 0.021 405 214,667 0.011 920 309,167 0.012 9 32.60
11 KA 50,167 0.022 215 217,700 0.011 933 267,867 0.012 9 32.80

Mean 81,599 0.021 327 218,830 0.011 878 300,429 0.012 8.800 33.80

aCoefficient of error (West et al., 1991).
Notes: Stereology counts for the total number of AIF+ cells (second column) and the total number of AIF− cells (fifth column) 
for two cohorts (sham and KA mice; first column). The coefficient of error (CE; third, sixth, and ninth columns) represents the 
precision of a population size estimate.



Table 12.2 Hippocampal regions CA1-3: Comparison between treated and nontreated animals

Subject 
cohort

Total 
number 
AIF+ cells CEa

AIF+ 
cells

Total 
number 
AIF− cells CEa

AIF− 
cells

Total 
number 
cells CEa

Number 
of sections

Thickness 
(μm)

1 WT 21,156 0.103 68 227,422 0.025 731 248,578 0.016 6 25.70

2 WT 14,444 0.091 50 255,667 0.023 885 270,111 0.014 6 32.80

3 WT 164,722 0.080 593 148,333 0.020 534 313,056 0.012 9 23.60

4 WT 75,733 0.083 284 259,733 0.021 974 335,467 0.013 6 24.30

5 WT 61,767 0.078 218 280,783 0.019 991 342,550 0.012 8 23.00

Mean 67,564 0.087 243 234,388 0.022 823 301,952 0.013 7.000 25.88

6 KO 19,714 0.063 69 229,429 0.015 803 249,143 0.024 7 32.60

7 KO 12,7217 0.054 449 169,150 0.013 597 296,367 0.021 8 32.90

8 KO 113,158 0.053 367 183,458 0.013 595 296,617 0.020 8 27.90

9 KO 206,138 0.053 593 221,086 0.013 636 427,224 0.020 7 28.70

10 KO 228,890 0.053 677 171,414 0.013 507 400,305 0.020 7 22.70

Mean 139,024 0.055 431 194,907 0.013 628 333,931 0.021 7.400 28.96

1 WT-L-
arginine

101,852 0.019 293 260,714 0.014 750 362,567 0.010 7 34.90

2 WT-L-
arginine

53,760 0.020 126 336,213 0.015 788 389,973 0.011 5 28.00

3 WT-L-
arginine

54,000 0.018 180 267,600 0.014 892 321,600 0.010 9 32.90

4 WT-L-
arginine

66,944 0.020 241 258,333 0.015 930 325,278 0.011 9 24.80

5 WT-L-
arginine

73,775 0.025 227 187,525 0.019 577 261,300 0.013 8 36.10

6 WT-L-
arginine

75,667 0.022 227 231,000 0.017 693 306,667 0.012 8 40.20

Mean 71,000 0.021 216 256,898 0.016 772 327,897 0.011 7.700 32.82

7 KO-L-
arginine

154,614 0.039 411 241,138 0.003 641 395,752 0.012 7 32.40

8 KO-L-
arginine

42,858 0.041 139 248,825 0.004 807 291,683 0.012 8 34.00

9 KO-L-
arginine

61,886 0.045 228 224,200 0.004 826 286,086 0.013 7 31.90

10 KO-L-
arginine

112,744 0.052 278 246,983 0.004 609 359,728 0.015 6 28.00

Mean 93,026 0.044 264 240,287 0.004 721 333,312 0.013 7.000 31.58

1 WT-L-
NAME

39,950 0.033 141 189,550 0.019 669 229,500 0.016 8 28.60

2 WT-L-
NAME

57,429 0.030 179 265,329 0.017 827 322,758 0.015 8 38.50

3 WT-L-
NAME

93,944 0.031 285 172,067 0.018 522 266,011 0.015 9 30.10

4 WT-L-
NAME

52,419 0.032 172 170,362 0.019 559 222,781 0.016 7 26.00

5 WT-L-
NAME

84,600 0.029 282 217,200 0.016 724 301,800 0.014 8 30.20

6 WT-L-
NAME

70,971 0.031 216 224,086 0.018 682 295,057 0.015 7 31.60

(Continued)
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(Imi Tech, model IMC-147FT, San Diego, CA), a personal computer (Dell, Austin, TX), a com-
puter controlled motorized specimen stage for x-, y-, and z-axes (Applied Scientific Instrumenta-
tion, model MS-2000, Eugene, OR), and a microscope (Olympus, model BX53, MA) with a 
fluorescent light source (Polychrome V, TILL Photonics, Germany). For each section, the region 
of interest (reference space) was outlined as traced contours around the hippocampus CA1-3 region 
using low magnification objective (4×). After the software generated a random grid of virtual 3D 
counting frames (disectors) in the reference space, cells were counted in each group using a 60× 
objective with attention to unbiased counting rules for the optical disector (for review, see Mouton, 
2002). Previous studies determined the counting frame area, disector height, and sampling grid 
area for efficient sampling. To measure the distance between caspase+ cells and vessels, we marked 
the cells in the center of each disector and created 3D reconstructions of the vessels and calculated 
the distance between each cell and the nearest vessel.

We verified the significance between the distance distributions with a two-tailed chi-square test 
for trend (Graphpad Prism 5.0, La Jolla, CA) (see Figure 12.7c–f).

Results

Kv1.1 KO Mice versus WT In Vivo Imaging

We used a fiber-optic-coupled laser-scanning confocal microscope to record 1154 vessels from 
Kv1.1 KO mice and their WT littermates (703 vessels in KO mice and 451 in WT littermates). A 
total of 9% of vessels exhibited pericyte-driven vasospasms in KOs as opposed to 2% in WTs 
(Figure 12.1, Figure 12.2, Figure 12.3, Figure 12.4, Figure 12.10, and Figure 12.11). The average 
rate of vasospasms was higher in KOs (t(1004) = 2.11; p = 0.035, labeled *), as was the likelihood 

Subject 
cohort

Total 
number 
AIF+ cells CEa

AIF+ 
cells

Total 
number 
AIF− cells CEa

AIF− 
cells

Total 
number 
cells CEa

Number 
of sections

Thickness 
(μm)

Mean 66,552 0.031 213 206,432 0.018 664 272,985 0.015 7.800 30.83

7 KO-L-
NAME

36,111 0.062 130 247,222 0.021 890 283,333 0.007 9 40.20

8 KO-L-
NAME

27,188 0.067 87 260,313 0.023 833 287,500 0.008 8 28.70

9 KO-L-
NAME

41,400 0.059 138 260,400 0.020 868 301,800 0.007 9 32.90

10 KO-L-
NAME

44,089 0.063 124 267,733 0.022 753 311,822 0.007 6 28.40

11 KO-L-
NAME

119,700 0.068 399 131,100 0.023 437 250,800 0.008 6 29.20

12 KO-L-
NAME

46,500 0.071 155 245,100 0.024 817 291,600 0.008 8 34.20

Mean 52,498 0.065 172 235,311 0.022 766 287,809 0.007 7.700 32.27

aCoefficient of error (West et al., 1991).
Notes: Stereology results for numbers of AIF+ and AIF− cells from six cohorts (WT and KO mice treated with saline, L-arginine, 
and L-NAME. Coefficient of error (CE; third, sixth, and ninth columns) refers to the precision of a population size estimate.

Table 12.2 (Continued)
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of vasospasms per vessel expressed as a percentage of the total recording time per vessel 
(t(1100) = 6.05; p < 1 × 10−8, labeled *8) and the average vasospasm magnitude (t(81) = 2.00; 
p = 0.049, labeled *). There was no difference between cohorts for the average vasospasm dura-
tion (t(55) = 0.52; p = 0.61), or the average vasospasm onset (t(52) = 0.93; p = 0.36) and termina-
tion speeds (t(36) = −0.084; p = 0.40). See Figure 12.5.

Kv1.1 KO Mice versus WT Stereology

We found AIF+ cells more numerous in KO mice than in WT mice (Figure 12.12a,b). AIF+ cells 
were, on average, 15.17% (+/−0.07% s.e.m.) nearer to blood vessels than AIF− cells (χ2(1, 

Figure 12.10 Fiber-coupled laser-scanning confocal imaging of hippocampal capillaries. (a) Eight sequential images of a length 
of capillary, recorded at 87.5 Hz. The arrows indicate a pair of red blood cells (black) flowing as a cluster to the right at 219 μm/s. 
(b) An occluded capillary releases from vasospasm rapidly and then slowly reconstricts over a 10-second period. Recorded at 
11.7 Hz. (c) A later vasospasm releases in the same vessel, now recorded at 26.8 Hz. (d) An occlusion of a capillary due to a 
pericyte contraction in a KO mouse. The arrows point to pericytes (1 and 2). Pericyte 2 at first causes the vasospasm, and then 
releases at ∼26 seconds. (e) High-speed (87.5 Hz) analysis of ictal vasospasms leading to red blood cell blockages in a capillary 
network. First frame (left) shows serum flow through the vessel network (black arrows). Eight seconds later, a vessel constriction 
appears (white arrow) due to an external (unstained) pericyte. Red blood cells clog the anastomosis (red arrows) over the fol-
lowing 40 seconds. The vessel then reopens and flows freely for ∼5 minutes, followed by a second constriction event and a red 
blood cell blockage throughout the local network (yellow arrows). (f) Vasospasm of a WT mouse capillary (white arrow points 
to a pericyte shadow in the capillary), which begins the recording in vasospasm, releasing at time of 60 seconds, then vasospas-
ming again at time of ∼86 seconds, to release again at time of ∼114 seconds. Scale = 20 μm (all panels).
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N = 1146) = 16.70, p < 0.0001) in KO mice, whereas there was no difference (χ2(1, N = 743) = 1.976, 
p = 0.1598) in WT littermates (Figure 12.7a,b and Figure 12.8). AIF− cells were also not signifi-
cantly farther from vessels in KO mice than in WT mice (χ2(1, N = 388) = 1.287, p = 0.2566), 
suggesting that nondegenerating cells in KO mice are normal. AIF+ cells near capillaries in KO 
mice were significantly closer to vessels than AIF+ cells in WT animals (χ2(1, N = 1541) = 5.907, 
p = 0.0151), supporting the idea that cells undergoing apoptosis in KO mice are more likely to 
die due to vascular effects.

To ensure that the oxidative stress measured with AIF occurred in neuronal cells, we stained 
interleaved sections of the same tissue with primary antibodies to the neuron-specific biomarker, 
Neu-N (Figure 12.12s,t). We found that an average of 87% (+/−23%) of the AIF+ cells are Neu-
N+ neurons (Figure 12.13b). The AIF+/Neu-N+ count was not significantly different from the 
AIF+/DAPI+ cell count; therefore, we cannot rule out the possibility that all AIF+ cells were 
neurons.

Figure 12.11 Schematic of the project’s methodology. We recorded EEG while conducting confocal microscopy in hippocam-
pal capillaries of awake epileptic mice and WT littermates. Some animals were given vasodilators (L-arginine) or vasoconstrictors 
(L-NAME) in the drinking water. Histological and stereological methods then determined that abnormal blood flow drives much 
of the cell death and oxidative stress caused by seizures.



Figure 12.12 Contribution of abnormal capillary vasodynamics to neural degeneration in KO and WT mice. (a–t) Immuno-
histochemistry of DAPI (blue) and fluorescein (green) in a KO hippocampus. KO (a) and WT (b) hippocampus with AIF labeled 
(red): scale = 150 μm. (c) KO hippocampus with alpha smooth muscle actin (α-SMA) (red) labeled to show pericytes (arrow-
heads): scale = 10 μm. (d–h) 3D volumetric modeling of stack in panel c progressively reveals pericyte surrounding vessel and 
at vasospasmic constriction. (i) KO hippocampus filtering for blue fluorescence reveals DAPI-stained nuclei. (j) AIF-labeled red 
fluorescence reveals that AIF positivity clusters in nonrandom pattern. (k) Green fluorescence reveals capillaries that track 
clusters of AIF in panel j. (l) Composite of panels i–j. (m–p) KO hippocampus as in panels i–l. (q–t) KO hippocampus as in 
panels i–l, now with Neu-N positivity (vessels and Neu-N are both stained green in panels s and t) colocalized with AIF. Note 
that many AIF+ cells double label with Neu-N+ and are near vessels, meaning that cells dying near vessels are primarily neurons. 
See also Figure 12.13.
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We also counted AIF cytosolic versus nuclear labeling (Figure 12.13a), as compared with AIF− 
cells (in both KO and WT cohorts), and found a significant number of neurons with both cytosolic 
and nuclear AIF labeling (two-way ANOVA F(1, 14) = 9.70; p = 0.0076). These AIF+ cell counts 
also revealed that WTs have fewer dying cells than KO mice (F(1, 14) = 7.70; p = 0.0149), and 
that there was a significant interaction between AIF labeling and cohort (F(1, 14) = 7.07; 
p = 0.0187), in which KO mice showed a significant difference between cytosolic and nuclear 
AIF staining (two-tailed t(3) = 4.330; p < 0.01 [Bonferroni corrected]), but WT animals did not. 
This indicates significantly more oxidative stress in KO animals than in WT animals.

Confirmation that the AIF+ population of neurons was dying was done by probing interleaved 
sections of the tissue with primary antibodies against active Caspase-3, one component in an AIF-
independent proapoptotic molecular cascade important to both ischemic-cell death and excitotox-
icity (Lipton, 1999; Friedlander, 2003). Our stereological analyses found that caspase+ cells were 
more prevalent in KO mice than in WT mice (two-tailed t(4) = 5.979; p = 0.0039), as well as 
spatially associated, that is, significantly closer, to vessels in KO mice (two-tailed Mann–Whitney 
U = 52,805; p = 0.0040), but not in WT mice (Figure 12.13c,d).

Classical Kainic-Acid Epilepsy Model: Imaging and Stereological Results

The classical awake kainic-acid mouse model of epilepsy rendered the same results as the KO 
mice (Figure 12.14), supporting the view that the observed effects are not specific to the Kv1.1 
mutation, but rather generalize to other forms of epilepsy.

Hence, we recorded 147 vessels in KA and 120 in sham animals; 15.65% of the vessels in KA 
mice vasospasmed whereas only 3.33% vasospasmed in sham mice. The rate of vasospasm onsets 
(t(265) = 2.42; p = 0.009) and the percentage of recording time each vessel vasospasmed 
(t(265) = 3.11; p < 0.0010) were significantly higher in the treated than in the sham cohort (Figure 
12.14). There was no difference between groups for average vasospasm duration (t(34) = 0.24; 
p = 0.65), average vasospasm magnitude (t(34) = 0.97; p = 0.056), and average vasospasm onset 
(t(19) = 0.58; p = 0.20) and termination speeds (t(17) = −0.10; p = 0.85). Further, seizures resulted 
in tighter association of AIF+ cells with vessels in the epileptic WT mice treated with kainic acid 
(Figure 12.9 and Table 12.1).

Figure 12.13 Stereological analysis of dying cells. (a) Number of AIF+ cells exhibiting cytosolic or nuclear labeling in KO 
versus WT. AIF positivity was higher in KO animals than in WT animals for both nuclear AIF staining (indicating imminent or 
complete cellular death) or cytosolic AIF staining (indicating oxidative stress that may lead to death). (b) We found that an 
average of 87% (+/−23%) of the AIF+ cells are Neu-N+ neurons. (c) Caspase positivity (indicating imminent or complete cel-
lular death) is more prevalent in KO than in WT mice. (d) Caspase+ cells in KO mice lie nearer to vessels than Caspase− cells. 
Caspase+ cells in KO mice are nearer to vessels than Caspase+ cells in WT mice.
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The Effects of Blood Flow Regulating Drugs

When healthy WT animals were treated with L-NAME, their AIF+ cells (Figure 12.7c, red) 
become more tightly associated with the vasculature as compared with their untreated counterparts 
(Figure 12.7c, black) (χ2(1, N = 1492) = 13.72, p < 0.0002). Moreover, we found a significant 
reduction in oxidative stress and vascular spatial dissociation in L-NAME-treated AIF+ neurons 
in KO animals, as compared with AIF+ neurons in untreated KO animals (Figure 12.7e, red) (χ2(1, 
N = 1492) = 13.72, p < 0.0002). This finding was further verified by a significant increase in 
survival—and vascular spatial dissociation of AIF− neurons—in L-NAME-treated KO animals 
compared with the untreated KO cohort (Figure 12.7f, red) (χ2(1, N = 4863) = 56.82, p < 0.0001).

Results of the third cohort of Kv1.1 mice and their WT littermates treated with L-arginine 
showed that the vasodilator significantly decreased the oxidative stress and increased the number 
of healthy cells in KO mice, leading to a reduction in oxidative stress and vascular spatial dis-
sociation of L-arginine-treated AIF+ neurons in KO animals as compared with AIF+ neurons in 
untreated KO animals (Figure 12.7e, blue) (χ2(1, N = 2154) = 86.01, p < 0.0001), with a significant 
increase in survival and vascular spatial dissociation of AIF− neurons in the KO L-arginine-treated 
versus untreated cohorts (Figure 12.7f, blue) (χ2 (1, N = 4293) = 134.2, p < 0.0001).

A contribution analysis of the drug treatment results suggests that abnormal blood flow accounts 
for as much as 54% of the neurodegeneration caused by epilepsy (Figure 12.7g). We conclude 
that 51% of the cells in the hippocampus of KO mice are dead or dying, and that, of those dead 
and dying cells, 65% are due to epileptic seizures and the other 35% (18% of all hippocampal 
neurons) exhibit the same oxidative stress that is found in healthy WT mice (this value is the 
percentage of cells in healthy WT mice that exhibit AIF positivity). The difference between the 
number of dead and dying cells in the sham versus L-arginine-treated KO animals reveals that as 

Figure 12.14 Kainate versus sham vasodynamics in awake mice. (a) Average vasospasm rate. (b) Percentage of recording time 
that vessels vasospasmed. (c) Average vasospasm duration. (d) Average vasospasm magnitude. (e) Average vasospasm onset 
speed. (f) Average vasospasm termination speed.
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much as 54% of ictal neurodegeneration is due to abnormal blood flow in the untreated animal 
(18% of all hippocampal cells), whereas 46% of the neurodegeneration (15% of all hippocampal 
cells) arises from other sources of death and oxidative stress, such as excitoxicity.

Discussion

If excitotoxicity is the sole contributor to apoptosis, then cells undergoing apoptosis—measured 
with immunohistochemistry for AIF+—will not be associated with the vasculature because exci-
toxicity would not associate with the blood supply. We tested this hypothesis by sectioning the 
hippocampus after each recording and preparing the tissue for histological analysis. Sections were 
stained with the fluorescent DNA-binding dye, DAPI (Naimski et al., 1980), to highlight cell 
nuclei in blue, and with AIF (Zhao et al., 2004; Culmsee et al., 2005) primary antibodies tagged 
with red fluorescent Cy3 secondary antibodies, to identify cells that have engaged apoptotic path-
ways (Figure 12.12a,b,i–t). Neurons depend on proximal capillaries for their oxygen supply, and 
3D volumetric digital modeling created from 1-μm optical sections of the tissue with antibody 
labeling of pericytes (now against α-smooth muscle-actin (Yemisci et al., 2009) labeled red with 
Cy3) reveals that constrictions of capillary vessels occur at the sites of pericytes (Figure 
12.12c–h).

Vessels were already stained green with fluorescein dextran during the fiber-coupled confocal 
recordings (Figures 12.12a,b,i–p). We used stereological methods to randomly sample and count 
neurons and developed a novel technique to measure the 3D distance between each individual 
hippocampal AIF+ or AIF− cell and its nearest blood vessel (Table 12.3 and Figure 12.6).

This model posits that cells near ischemic capillaries become hypoxic and add to the cell death 
brought about by excitoxicity-driven apoptosis. This model can furthermore explain Wilder Pen-
field’s observation of a hyperemic focus with hyperoxic draining veins, despite the presence of 
simultaneous hypoxia. We propose that local pockets of hypoxia ensue as a result of the vaso-
spasms we find, leading to increased vascular irrigation in the focus (Gourley and Heistad, 1984). 
The hyperemic influx, however, is shunted through nonischemic vessels (because the vasospasm 

Table 12.3 Hippocampal regions CA1-3 for stereological analyses

Subject cohort Total number CEa (number) DAPI+ cells Number of sections Thickness (μm)

1 KO 471,303 0.043 748 9 17.41
2 KO 423,425 0.082 471 10 24.84
3 KO 362,218 0.061 416 8 24.06
4 KO 473,834 0.082 457 9 28.65
5 KO 308,598 0.069 351 8 24.29
6 WT 330,920 0.119 452 8 20.23
7 WT 321,445 0.196 409 9 21.72
8 WT 370,354 0.063 459 7 22.29
9 WT 367,328 0.058 482 9 21.06

10 WT 394,038 0.066 456 8 23.88
Mean 382,346 0.084 470 8.500 22.84

aCoefficient of error (West et al., 1991).
Notes: Stereology counts for total number of DAPI+ cells in two cohorts (KO and WT mice; second column from the left). The 
coefficient of error (CE; third column) represents the precision of a population size estimate.
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keeps the oxygen from reaching the cells that need it), leading to increased metabolic rate in the 
focus. The surplus of oxygenated blood is then discarded via local draining veins, explaining the 
reports of macroscopic reddening of the draining veins, which were previously misinterpreted to 
mean that there was no ischemia in the ictal focus: our evidence shows that clearly there is. Capil-
laries, which are smaller in diameter than red blood cells, may become blocked—stopping the 
flow of serum entirely—due to the pericyte constrictions because the blood cells themselves clog 
the flow of serum at the point of constriction. A previous study has shown that activated pericytes 
can completely block capillary blood flow (Fernández-Klett et al., 2010). Capillaries may further 
become occluded when pericytes die, and once blocked, capillary reflow may be impaired or lead 
to further damage (Yemisci et al., 2009).

The novel model detailed in this report opens the possibility for new therapeutic interventions 
aimed at reducing ictal cell death in patients with epilepsy. These interventions to address abnormal 
blood flow dynamics could be especially important to patients with medically or surgically intrac-
table forms of epilepsy, that is, absence epilepsy or generalized epilepsy, especially those vulner-
able to ictal neural degeneration and hippocampal sclerosis.
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