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Neurobiology of Disease

Preictal and Ictal Neurovascular and Metabolic Coupling
Surrounding a Seizure Focus

Mingrui Zhao,' John Nguyen,> Hongtao Ma,' Nozomi Nishimura,? Chris B. Schaffer,> and Theodore H. Schwartz'
'Department of Neurological Surgery, Weill Medical College of Cornell University, New York Presbyterian Hospital, New York, New York 10021, and
2Department of Biomedical Engineering, Cornell University, Ithaca, New York 14853

Epileptic events initiate a large focal increase in metabolism and cerebral blood flow (CBF) to the ictal focus. In contrast, decreases in CBF
have been demonstrated surrounding the focus, the etiology of which is unknown (i.e., arising either from active shunting of blood or
passive steal). The relationship between these events and neuronal activity and metabolism are also unknown. We investigated neuro-
vascular and neurometabolic coupling in the ictal surround using optical imaging of light scattering and cerebral blood volume, auto-
fluorescence flavoprotein imaging (AFI), direct measurements of the cortical metabolic rate of oxygen and two-photon imaging of blood
vessel diameter in a rat model of ictal events elicited with focal injection of 4-aminopyridine. We discovered a novel phenomenon, in
which ictal events are preceded by preictal vasoconstriction of blood vessels in the surround, occurring 1-5 s before seizure onset, which
may serve to actively shunt oxygenated blood to the imminently hypermetabolic focus or may be due to small local decreases in metab-
olism in the surround. Early ictal hypometabolism, transient decreases in cell swelling and cerebral blood volume in the surround are
consistent with early ictal surround inhibition as a precipitating event in seizure onset as well as shaping the evolving propagating ictal
wavefront, although the exact mechanism of these cerebrovascular and metabolic changes is currently unknown. AFI was extremely

sensitive to the ictal onset zone and may be a useful mapping technique with clinical applications.

Introduction

Neurovascular and neurometabolic coupling are critical to sup-
ply the energy demands of brain tissue during both normal phys-
iological function and pathological conditions such as epilepsy
(Raichle and Mintun, 2006; Iadecola and Nedergaard, 2007).
Early investigators have shown dramatic increases in cerebral
blood flow (CBF) and metabolism in the epileptic focus during
seizure initiation and propagation in a variety of animal models,
originally using techniques such as autoradiography and more
recently in humans with PET, SPECT, fMRI, and intrinsic optical
signal (I0S) imaging (Folbergrova et al., 1981; Ingvar, 1986; Kre-
isman etal., 1991; Kobayashi et al., 2006; Zhao et al., 2007; Roche-
Labarbe et al., 2008). Preictal hemodynamic events, which may
precede seizures by anywhere from 20 min to a few seconds, have
also been described, showing promise as a technique for identi-
fying seizure onsets (Diehl et al., 1998; Zhao et al., 2007). How-
ever, little attention has been paid to neurovascular and
neurometabolic coupling and preictal activity in the area of cor-
tex surrounding the epileptic focus during seizures. The “sur-
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round” of an epileptic focus was originally identified in interictal
animal models of epilepsy, using penicillin injection or other
GABA, antagonists, as an area of intense neuronal inhibition,
presumed to prevent the transition to ictal onset (Prince and
Wilder, 1967). This so called “inhibitory surround,” however,
was not commonly found during ictal events, except in in vitro
models where feed-forward inhibition was shown to act as a
“veto” mechanism to limit seizure spread (Trevelyan et al., 2007).

Hemodynamic imaging techniques also show profound in-
verted signals in the cortex surrounding an ictal event, indicating
decreases in CBF and cerebral blood volume (CBV) (Schwartz
and Bonhoeffer, 2001; Zhao et al., 2009). Studies of cortical me-
tabolism using tools such as PET or autoradiography, however,
do not routinely show hypometabolism in the cortex surround-
ing the seizure focus (Engel et al., 1982). In our previous studies
of acute seizures, we have demonstrated a transient decrease in
CBF and CBV around an ictal focus, accompanied by an increase
in tissue oxygenation (Zhao et al., 2009). The etiology of this
short drop in perfusion was unclear. In this current study, we
examined whether the decrease in CBF and CBV around a seizure
focus was accompanied by a decrease in cortical metabolism. We
also examined whether the decrease in CBF and CBV is caused by
a passive shunting of blood into the ictal focus (i.e., a steal phe-
nomenon caused by vasodilation in the focus) or by active shunt-
ing of blood due to vasoconstriction in the surrounding brain.
Finally, we studied the timing of these processes with the goal of
identifying preictal neurovascular or neurometabolic events in
the surround that may elucidate mechanisms for seizure initia-
tion. We found that metabolism is decreased in the cortex sur-
rounding a seizure focus and discovered a new phenomenon,
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namely, preictal vasoconstriction in a ring of cortex surrounding
the seizure focus, which actively shunts blood to the ictal focus
and may serve to prepare the focus for the impending dramatic
increase in neuronal activity and metabolism. The significance
and possibly etiologies of this new finding are discussed.

Materials and Methods

Animal preparation. All experimental procedures were approved either
by the Weill Cornell Medical College or Cornell University Animal Care
and Use Committee following NTH guidelines. Adult male Sprague Daw-
ley rats (250—380 g) were anesthetized and maintained stable at normal
values, as previously described (Zhao et al., 2009). Animals were placed
in a stereotaxic frame. An ~5 X 8 mm cranial window was opened over
one hemisphere to expose somatosensory cortex and surrounding brain.
The dura was carefully removed. To visualize the surface vasculature in
the two-photon excited fluorescence imaging experiments, ~0.3 ml of
5% (wt/vol) 2 MDa fluorescein-conjugated dextran (FD2000S; Sigma) in
saline was intravenously injected through the tail vein.

Epileptogenesis and electrophysiology. Ictal discharges were induced by
injecting the potassium channel blocker 4-aminopyridine (4-AP; Sigma;
15 mm, 0.5 pl) through a single-barreled glass microelectrode using a
Nanoject II injector (Drummond Scientific) (Schwartz and Bonhoeffer,
2001; Rensing et al., 2005; Motamedi et al., 2006; Xu et al., 2008; Zhao et
al., 2009). Extracellular local field potential (LFP) was recorded either
with the same electrode or a second single-barreled glass microelectrode
(impedance, 2—4 MQ) filled with 0.9% saline, positioned <1 mm from
the 4-AP electrode, and lowered to a depth of 300~500 wm into the
neocortex. The signal was amplified and filtered between 0.1 and 500 Hz
using a DAB-S system (World Precision Instruments), and digitized at
1000 Hz by a CED Power 1401 (Cambridge Electronic Design). Data
were recorded by a PC running the Spike2 software (Cambridge Elec-
tronic Design).

Laser Doppler flowmetry. One custom-angled stainless steel laser
Doppler flowmetry (LDF) probe was placed on the cortex, avoiding large
blood vessels (wavelength, 780 nm; fiber separation, 0.25 wm; Perimed).
The probe was placed as close as possible to the 4-AP electrode (hereafter
referred to as the “focus”) or >2 mm away from the electrode (hereafter
referred to as the “surround”). Nine rats and eight rats were used in the
focus experiment and the surround experiment, respectively. LDF pro-
vides continuous hemodynamic monitoring of red blood cell speed and
red cell concentration, yielding a calculated CBF measure that correlates
with traditional methods (Skarphedinsson et al., 1988). CBF was contin-
uously recorded by the PeriFlux System 5000 (Perimed). Data were ac-
quired at 200 Hz with a 0.05 s time constant using a CED Power 1401 and
Spike2 software.

Tissue oxygenation. Tissue oxygenation was measured with one Clark-
style polarographic oxygen microsensor, which responds linearly to tis-
sue oxygen concentration changes. The tip of the microsensoris 25 wm in
diameter with a 90% response time of <0.5 s. The tip measures a sphere
of tissue ~60 wm in diameter. Calibrations were performed at 37°C in
saline equilibrated with either bubbling air [atmospheric partial pressure
of oxygen (pO,)] or 100% N, gas (0 pO,) before each experiment. The
oxygen microelectrode was inserted ~400 wm deep into the neocortex. It
was located as close as possible to the 4-AP injection site (focus) or >2
mm away (surround). In both cases, the oxygen microsensor was placed
as close as possible to the LDF probe. The signal was measured with a
high-impedance picoammeter (PA 2000; Unisense A/S) and recorded to
the computer by a CED Power 1401 and Spike2 software. An off-line 0.3
Hz low-pass filter was used to remove the artifacts caused by spatial
displacement (Masamoto et al., 2003; Offenhauser et al., 2005).

Oxygen consumption. Cortical metabolic rate of oxygen (CMRO,) was
calculated from CBF and pO, measurements as described by Gjedde
(2006) and Thomsen et al. (2009). The relationship among the three
variables is as follows:
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where 1P, is the tissue oxygen tension, Py, is the half-saturation tension
of the oxygen—hemoglobin dissociation curve, h is the Hill coefficient of
the same dissociation curve, C,, is the arterial oxygen concentration, and
L is the effective diffusion coefficient of oxygen in brain tissue. The value
of L was determined from baseline values of rats in similar conditions of
anesthesia in which CBF and CMRO, were reported in the literature to be
53 ml-100 g '+ min ' and 219 wmol - 100 ¢ ! - min ~ !, respectively
(Zhu et al., 2002). The corresponding value of L was 5.45 wmol * 100
¢ '-min '+ mmHg ! for standard values of Ps, (36 mmHg), h (2.7),
and C, (8 wmol ml ™).

Intrinsic optical imaging. The exposed cortical surface was illuminated
with one of two different wavelengths (570 = 10 and 810 = 30 nm) of
light. Reflected light from the cortical surface was collected by a 50 mm
camera lens and divided into two separate paths by a dichroic beamsplit-
ter. Each light beam passed through a second 50 mm camera lens. The
reflectance at 570 nm wavelength provides a measurement of CBV. At
800 nm, the optical signal is largely derived from changes of light scatter-
ing related to cell swelling as well as intracellular and extracellular fluid
shifts, which provide an indirect representation of neuronal activity (Sal-
zberg et al., 1985). Images were acquired at 10 Hz (Imager 3001; Optical
Imaging) as previously described (Zhao et al., 2009). Intrinsic imaging
was performed in five rats at each wavelength by manually switching the
filters between trials.

Autofluorescence flavoprotein imaging. AFI is a nonhemodynamic mea-
sure of cellular metabolism derived from the fluorescence of flavopro-
teins associated with the electron transport chain in mitochondria. We
imaged flavoprotein autofluorescence using a bandpass excitation filter
(455 = 35 nm), an extended reflectance dichroic mirror (500 nm), and a
>515 nm long-pass emission filter (Reinert et al., 2007), on the same
imaging system described above. AFI was performed on the same five rats
simultaneously with the 810 nm data since there was no overlap between
the wavelengths.

Two-photon microscopy of surface cortical vasculature. In vivo images of
cortical vasculature were obtained with a custom-built two-photon ex-
citation fluorescence microscope using low-energy, 100 fs, 800 nm, 76
MHpz repetition rate laser pulses produced by a titanium:sapphire oscil-
lator (Mira-HP; Coherent) that was pumped by a continuous wave laser
(Verdi-V18; Coherent). Laser scanning and data acquisition were con-
trolled using MPSCOPE software (Nguyen et al., 2006). To help navigate
and map the entire cranial window, we used a 0.28 numerical aperture
(NA), 4X magnification, air objective (Olympus). For high-resolution
imaging and vessel diameter measurements, we used a 0.95 NA, 20X
magnification, water-immersion objective (Olympus). High-resolution
movies (3.39 frames per second) of vessels were obtained to track diam-
eter changes during seizure activity. Four rats were used in the vessel
diameter measurement.

Data analysis. The offline analysis was performed using custom anal-
ysis software written in Matlab (MathWorks). Since ictal events can have
avarying electrographic morphology, we only analyzed those that had no
interictal spikes during the 20 s before the ictal onset and that began with
alarge population spike followed by a recruiting rhythm (typical seizure)
to eliminate any confusion regarding the onset of the seizure (see Fig. 1).
Seizure onset was determined by visual analysis of the LFP from the
initial negative deflection of the large spike that preceded all seizures
(Zhao et al., 2009). CMRO, data were converted to percentage change
(A) from baseline by subtracting then dividing the average baseline value
obtained over a 2 s block of time beginning 2 s before the onset of the ictal
discharge. To look for preictal activity, the 2 s block was chosen starting
20 s before seizure onset. The magnitude of the response was estimated as
the area under the curve above (positive) or below (negative) two SDs
from the pre-event baseline.

Reflectance changes at 800 and 570 nm were expressed as the percent-
age of a negative change from the baseline —AR/R, while flavoprotein
autofluorescence is expressed as the percentage of fluorescence change
from the baseline AF/F. Response time courses were extracted from 0.5
mm concentric rings centered on the focus of the 4-AP seizure. We used
concentric rings at a predetermined distance to avoid selection bias re-
sulting from placing a region of interest (ROI) by hand (see Fig. 1A).
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Each frame following the onset of each seizure
and for 20 s before onset, was divided by an
average of the 20 frames (2 s) before the onset.
To look for preictal activity, the 2 s block was
chosen staring 20 s before seizure onset. The
amplitude of the response was shown as posi-
tive or negative based on whether the signal
rose or decreased either above or below a
threshold set at two SDs from the pre-event 2 s
baseline. An average of percentage fractional
changes of optical signal, positive peak, and
negative peak at each time point of optical sig- N
nal inside each of 0.5 mm ring were used for
further analysis.

For analysis of two-photon image data, Mat-
lab code was developed to calculate diameter
changes in individual blood vessels. For each
vessel, an ROI was placed over the vessel and its
boundary determined using a threshold (20%
of maximum intensity). The diameter was then

800nm

-

570nm

calculated as the average width across the AR

length of the selected region. A trend line of
diameter changes was calculated at baseline
and during seizure activity. To determine the
measured vessel eliciting a significant response,
we calculated the 99% confidence interval

Figure 1.

about the mean of baseline activity before sei-
zure onset. We used the upper and lower
bounds of the confidence interval as threshold
values for dilation and constriction, respec-
tively. The dilation or constriction onset is the
time point at which the diameter trend line ex-
ceeds the threshold values (see Fig. 4A). If the
trend line does not exceed the bound limit,
then the vessel was deemed to not elicit the
respective vascular response to the seizure activity. As described above,
seizure onset was determined by a distinct spike in the LFP recording. For
boxplots, circles indicate individual data points, while cross-hairs are
considered statistical outliers, which were not included when calculating
the mean. Horizontal red and black lines represent the mean and median,
respectively.

For all data, statistical significance was determined with ANOVA and
post hoc tests comparing the baseline mean measurement of results aver-
aged over all seizures in all animals. All data were expressed as means *
SEM.

Results

Acute focal 4-AP seizures

Acute focal seizures were elicited with injection of 4-AP. These
seizures typically began with a large negative spike followed by a
low-amplitude fast activity, which evolved into rapid spike-and-wave
activity that gradually increased in periodicity and decreased in
amplitude until the seizure terminated (Fig. 1 B).

Light scattering and CBV imaging of

center-surround dynamics

Optical recording at 800 nm demonstrated an antagonistic
center-surround dynamic (Fig. 1C). The complex, dynamic rela-
tionship between the positive signal in the focus and the negative
signal in the surround evolved over the course of the seizure. For
the purposes of data analysis, we chose two moments in time that
were representative of the predominant interaction, namely, the
time point at which the positive signal in the seizure focus was at
its maximum, an average of 36.5 = 8.6 s after seizure initiation
and the time point at which the negative signal in the seizure
surround was at its maximum, an average of 11.6 * 9.3 s after
seizure initiation. Average data over all experiments revealed that
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Optical measurements of light scatter and CBV during ictal discharge demonstrate a negative signal in the surround.
A, Image of cortical surface (570 nm) to demonstrate location of 4-AP and LFP electrodes (white arrow). Concentric rings (0.5 mm)
around the focus were used to examine positive and negative signal changes. B, LFP recording of one seizure. The dotted lines
showed the onset (left) and offset (right) of seizure. €, Typical 800 nm maps shows an increase in the optical signal in the ictal focus
and decrease in the surround at the time of the maximal amplitude in the positive signal in the focus indicating a center-surround
effect in neuronal activity. D, Average positive signal response (n = 5 rats, 11 seizures) decreases with distance from the focus. E,
Average negative signal response at the time of its maximum shows that a smaller negative signal reaches its peak ~2 mm from
the focus, in the surrounding cortex. F, Typical 570 nm map shows a similar center-surround dynamic for (BV change but with a
more widespread, irregular increase in (BV in the focus with an irreqular decrease in CBV in the surround. G, Average increase in
(BV (n = 5rats, 18 seizures) at its peak is maximal in the focus and falls off with distance. H, Average decrease in (BV at the time
of its minimum occurs at ~2 mm from the ictal focus. Error bar, SEM.

the positive signal diminished in amplitude with increasing dis-
tance from the seizure focus (Fig. 1D) (n = 5 rats, 11 seizures).
The maximum amplitude of the positive signal in the focus was
6.2 = 1.3%. Statistical testing revealed a significant decline in the
positive signal within each ring to a value of 0.14 = 1.0% in the
last ring at 2.5 mm (ANOVA, p < 0.001). The inverted, negative
signal in the surrounding cortex, on the other hand, was largest at
a distance of 2.0 mm from the focus with a maximal amplitude of
—2.1 = 0.2%, which was also statistically different from the val-
ues in other rings (ANOVA, p < 0.001) (Fig. 1 E). Although nota
direct measure of neuronal activity, the signal indirectly repre-
sents increases in neuronal activity in the focus and decreases in
neuronal activity in the surround by measuring mostly changes in
light scattering in the tissue (see Materials and Methods).
Optical recording at 570 nm provided a map of CBV during
seizure activity (Fig. 1 F), nearly identical to those previously pub-
lished by our group (Zhao et al., 2009). The 570 nm map revealed
a similar center-surround effect as seen with the 800 nm data, but
the activity was less focal and had more vascular artifact, which
was not seen in the 800 nm data (Fig. 1F). The maximal increase
in CBV in the focus was 11.5 = 1.9%, which decreased with
distance but did not reach baseline, even 2.5 mm from the focus
(ANOVA, p < 0.001; Fig. 1G, n = 5 rats, 18 seizures). A decrease
in CBV in the surround was also identified with a maximum
change of —2.3 * 0.4% peaking at 2.0 mm from the focus
(ANOVA, p < 0.01; Fig. 1 H). Hence, CBV maps provide an
indirect and less spatially precise measurement of excitatory and
inhibitory pattern of neuronal activity, as measured by changes in
blood volume, compared with those measured with light scatter
changes (Fig. 1C-E), and these maps clearly show a decrease in
CBV surrounding a seizure focus. The etiology of this negative
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neuronal inhibition, having not directly
measured metabolism, the possibility re-
mained that the increase in activity in in-
hibitory interneurons would result in an
increase in metabolism, or that only a

fraction of the pyramidal cells would be
inhibited while others would increase
their activity, resulting in a net increase or
no change in metabolism. To address this
question, we first investigated metabolism
using AFI, so as to sample large areas of
the cortex simultaneously including both

> the seizure focus and the surround (n = 5
rats). With this technique, we could also
determine whether the resulting maps of
seizure onset were more focal than the he-
modynamic maps, since the signal arises
purely from local mitochondria rather
than nonlocal vascular supply (Chance et

al., 1979; Shibuki et al., 2003; Husson et
al., 2007; Reinert et al., 2007).

AFI measured changes in the redox
state of mitochondrial flavoproteins, pri-
marily flavin adenine dinucleotide (FAD),
since its oxidized form (FAD+) is more

50 fluorescent than the reduced form FADH
(Chance et al., 1979). Increases in neuro-
nal activity result in increases in intracel-
lular Ca™* and depletion of ATP and
production of ADP, which leads to a re-

duction in the proton gradient across the
inner mitochondrial membrane and an
increase in flavoprotein fluorescence
(Reinert et al., 2007; Llano et al., 2009).
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Figure2.

increased was followed by a longer decrease in CMRO,. Error bars, SEM.

signal in the surround and its timing with respect to the seizure
onset was then investigated in further detail. Of note, using in-
trinsic signal imaging in this acute seizure model, we did not find
any preictal increase or decrease in either light reflection or CBV
during a 20 s window before seizure onset.

Metabolic mapping of center-surround dynamics

In a previous article using LDF, we showed that the decrease in
CBV surrounding the 4-AP focus was accompanied by a transient
decrease in CBF, followed by a later increase in CBF as the seizure
propagated horizontally (Zhao et al., 2009). Tissue oxygenation
in the surround, on the other hand, increased throughout the
duration of the seizure (Zhao et al., 2009). Although we assumed
that a drop in blood flow and an increase in tissue oxygenation
would be associated with a decrease in oxygen metabolism from

Cellular and tissue metabolic changes in the ictal focus and surround. 4, AFl at selected time points after seizure onset
inasingle animal reveal biphasic signal with a center-surround effect during the early light phase. B, The average amplitude of the
positive signal during the first 2 s after seizure onset shows an increase in oxidative metabolism in the focus. C, Average amplitude
of the negative signal shows a small decrease in oxidative metabolismin the surround. D, AFl after seizure onset at early dark phase.
E, Between 2 and 5 s after seizure onset, there is an inversion in the signal with an increase in fluorescence in the surround. F, The
center-surround effect is seen at this time period also showing a decrease in fluorescence in the focus. G, AFl after seizure onset at
the later dark phase. H, I, As the seizure progresses (5—40s), the decrease in fluorescence in the focus increases in amplitude (H)
and the increase in the surround (/) diminishes (B—C, E-F, H—I:n = 5rats, 14 seizures). J, (MRO, increases in the focus during the
ictal discharge (top, n = 9rats, 54 seizures). Two different responses were recorded in the surround. In most animals (middle, n =
5 rats, 43 seizures), a decrease in C(MRO, was measured, while in other animals (bottom, n = 3 rats, 39 seizures) a transient

50 Similar to AFI of normal sensory process-
ing, we found that the signal was biphasic,
having an early oxidation phase (i.e.,
“light phase”) (Fig. 2 A), arising from neu-
ronal oxidative metabolism, followed by a
later, more prolonged reduction phase
(i.e., “dark phase”) (Fig. 2D, G), presum-
ably arising from a combination of glyco-
lysis in astrocytes and contamination
from increased CBV and the intrinsic sig-
nal (Kasischke et al., 2004; Sirotin and
Das, 2010). However, certain aspects of
the AFI maps showed that epileptic events
differ from normal physiologic sensory
responses. In the early light phase (0~2 s), the maximal positive
AFI peak occurred in the focus with an amplitude of 1.5 = 0.3%
and decreased toward the periphery (ANOVA, p < 0.001; Fig.
2 B). Unlike normal physiologic responses to sensory stimulation
in the neocortex, we identified an inhibited surround with a peak
negative AFI of —0.9 = 0.3% (ANOVA, p < 0.01; Fig. 2C). The
strong positive AFI signals were centered between 0 and 1.0 mm,
while the smaller negative AFI signals were between 1.5 and 2.5
mm. As the seizure progressed, the signal inverted and a de-
crease in AFI of —3.3 = 0.9% was recorded in the focus and a
peak increase of 1.9 £ 0.3% (ANOVA, p < 0.001) was re-
corded in the surround (Fig. 2 E, F). In the late part of the dark
phase (>5 s), the negative signal in the focus reached —6.2 =
1.4% while the positive peak in the surround decreased to a
maximum of 0.9 * 0.2% (ANOVA, p < 0.001; Fig. 2H,I).
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Figure3.  Seizures induce spatially dependent vascular changes. A, Two-photon image of fluorescently labeled surface vasculature (blue arrow, implanted electrode; boxed areas, near and far
regions from the seizure focus highlighted in parts B—E). L <> M, Lateral-medial axis; C <> R, caudal—rostral axis. Scale bar, 500 p.m. B, Example of a representative vessel adjacent to the injection
site in the focus demonstrates vascular dilation concurrent with seizure onset and evolution. C, Plot of vessel diameter (above) in the red box in B during ictal events (below). Note vascular dilation
with each event. Numbered timestamps in Ctop correspond to images in B. D, Two-photon images in located vessel >2 mm from the injection site reveals a transient constriction of arterioles at
the onset of the seizure. E, Plot of vessel diameter (above) in the red box in D during ictal events (below). Note vascular constriction at the onset of each event, followed by dilation. Numbered
timestamps in E, top, correspond to images in D. F, H, Magnitude of maximum vessel dilation (F) and vessel constriction (H) as a function of distance from the focus. The shaded region represents
the 95% confidence interval about the running mean is indicated by the black line. Note vascular constriction peaks ~2 mm from the focus. G, H, Percentage of vessels that dilate (G) and constrict
(H) as a function of distance from injection site, respectively. Shaded regions represent the 95% hinomial confidence intervals about the percentage trend line. Note that the vast majority of
measured vessels in the surround exhibit constriction.

transient decrease in oxidative metabolism in the surround, a
newly described phenomenon that is consistent with a de-
crease in neuronal activity. At later time points, interpretation
of the etiology of the AFI signal is less clear, resulting from a
combination of changes in CBV, which make up a significant

These findings confirm an early increase in metabolism in the
epileptic focus, consistent with the dip in hemoglobin and
tissue oxygenation, or “initial dip,” previously demonstrated
in this model. However, the decrease in AFI during the early
light phase surrounding the ictal focus is consistent with a
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proportion of the optical signal at the emission wavelength of
AFI, as well as glycolysis in astrocytes, which is the primary
component of the later dark phase of the AFI signal.

To overcome these temporal limitations of AFI, namely, over-
lap between the emission spectrum of AFI and the intrinsic CBV
signal at time points >2 s, we directly derived tissue oxygen me-
tabolism using simultaneous measurements of CBF and tissue
oxygenation in the focus (n = 9 rats) and the surround (n = 8
rats), and calculated CMRO, using the Gjedde (2006) method
(Thomsen et al., 2009). In the focus, CMRO, was significantly
increased 2.2 s after seizure onset (ANOVA, p < 0.05) and
reached a maximum increase of 14.7 = 3.8% (ANOVA, p <
0.001) compared with the preictal baseline (n = 9 rats, 54 sei-
zures; Fig. 2], top). In the surround region, two different phe-
nomena were identified. In most of the rats, CMRO, showed a
significant sustained decrease by an average of —8.3 = 2.5% (5 of
8 rats; n = 43 seizures; ANOVA, p < 0.05). In the rest of the
animals, we found a transient increase of 6.3 * 1.3% (1.3t0 3.2 s;
ANOVA, p < 0.05; Fig. 2], middle) followed by a sustained de-
crease to —5.7 = 1.4% (3 of 8 rats; n = 39 seizures; ANOVA, p <
0.05; Fig. 2], bottom). These results show the expected dramatic
increase in metabolism in the focus and confirm the AFI results
showing an overall decrease in metabolism in the surround con-
sistent with a net decrease in neuronal activity. However, unlike
the AFI results, the measurements of tissue metabolism persist
for alonger time period, supporting the correlation between only
the early light phase of the AFI data and neuronal metabolism.

Two-photon measurements of arteriolar diameter

To determine the etiology of the transient drop in CBF and CBV
in the surround at seizure onset, we measured arteriolar diameter
using two-photon imaging (n = 4 rats). Low-magnification im-
ages were first used to navigate the surface vasculature and deter-
mine spatial distances of specific vessels relative to the injection
site of the 4-AP (Fig. 3A). High-magnification movies of individ-
ual arterioles allowed for tracking diameter changes during sei-
zure activity near (Fig. 3 B, C) and far (Fig. 3 D, E) from the seizure
focus. We found that arterioles dilated in response to the seizure,
with a decreasing amount of dilation with increasing distance
from the 4-AP injection site (Fig. 3F) (n = 4 rats, 71 vessels, 45
seizures, 143 measurements). Ninety-seven percent of the mea-
sured arterioles within 2.5 mm of the seizure focus dilated (Fig.
3G), with little response for vessels further away. For vesselsina 1
mm ring centered on the 4-AP injection site (focus), arterioles
dilated by an average of 63 = 5% of their baseline diameter (Fig.
3F). In the ring 1.5-2.5 mm from the 4-AP injection site (sur-
round), we observed early vascular constriction followed by de-
layed dilation in all seizures measured (Fig. 3E, H). In this ring,
69% of the vessels displayed this early constriction, with a dimin-
ished fraction of vessels dilating for vessels closer or farther from
the seizure focus (Fig. 3I). On average, the vessels in this ring
constricted by 7 = 1% of their baseline diameter during this
constriction phase, with smaller constrictions for vessels closer or
farther from the seizure focus (Fig. 3H).

Temporal characteristics of vascular reactivity

Having demonstrated for the first time that active vascular con-
striction in the ictal surround occurs, we sought to determine the
timing of this event with respect to seizure onset. Plotting the
temporal profile of vasodilation compared with vasoconstriction
(Fig. 4A,B), we determined that vasodilation in the focus oc-
curred 0.5 * 0.1 s after seizure onset, whereas vasoconstriction in
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Figure 4.  Arterioles in the surround constrict before seizure onset. A, B, Representative
example of vascular diameter (4) and simultaneous LFP recording of seizure onset (B) demon-
strate preictal vasoconstriction and postictal vasodilation. A 99% confidence interval about the
mean diameter is shown in A. Arrows indicate constriction (first arrow), seizure onset (second
arrow), and dilation (third arrow). €, Boxplot of dilation and constriction onset times relative to
seizure onset. Red and black lines represent mean and median respectively. Circles are individ-
ual data points, and cross-hairs are statistical outliers. p << 1.0 X 107 (n = 4rats, 71 vessels,
45 total seizures, 143 total measurements).

the surround occurred 5.3 * 0.5 s before seizure onset (Fig. 4C)
(p<l0X 1077, Mann—Whitney U test). Note that all vasocon-
striction was observed to occur before seizure onset. There was no
significant correlation between either the onset time of constric-
tion or dilation and the seizure duration, arteriole diameter, and
maximum LFP amplitude (Fig. 5).
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Figure 5.

Center-surround phenomena

Epileptic surround inhibition elicited by interictal spikes was
thought to be a mechanism to prevent the interictal-to-ictal tran-
sition (Prince and Wilder, 1967). Similar surround inhibition has
been described during normal cortical processing (Derdikman et
al., 2003; Devor et al., 2007) as well as during interictal spike
activity (Schwartz and Bonhoeffer, 2001). This finding may be
unique to the neocortex and is not found in the cerebellum where
perforant pathway stimulation elicits upstream vasodilation of
larger arterioles and a nonspecific widespread increase in CBF
(Tadecola et al., 1997). Ictal events are more complicated. The
concept of surround inhibition has not been well studied during
seizures in vivo, although evidence of enhanced inhibitory activ-
ity around the ictal focus is mentioned (Bragin et al., 2002). Ictal
surround inhibition does not appear to completely encircle the
focus, which is consistent with the center-surround phenomenon
reported during normal cortical activity (Devor et al., 2007). Ex-
planations for such an inhomogeneous response include a mix-
ture of inhibitory and excitatory neuronal activity or a reflection
of patchy vascular domains. In this study, we show clear evidence of
early ictal surround inhibition, revealed with optical mapping of
light scattering from cell swelling and CBV, which is further man-
ifested in tissue and cellular metabolism and preictal arteriolar
vasoreactivity.

Associated with a decrease in neuronal activity in the ictal
surround, we demonstrate a decrease in CBV. The etiology of the
widespread decrease in CBV in the surround was hypothesized to
arise either from a passive steal phenomenon, as vessels in the
focus dilate and redirect oxygenated blood toward the metaboli-
cally hyperactive focus (Hirase et al., 2004a), or from active
shunting of blood through vasoconstriction of vessels in the sur-
round (Zhao et al., 2009). This latter mechanism has been dem-
onstrated to occur during normal cortical processing. However,
surround vasoconstriction during normal cortical processing oc-
curred after physiologic stimulation and after a brief period of
vasodilation (Devor et al., 2007). In contrast, we report the
opposite time profile of dilation and constriction in the surround of
an epileptic seizure, namely, preictal vasoconstriction followed by
vasodilation. Surprisingly, the spatial topography, if not the tim-
ing, of the center-surround inversion in vascular reactivity is con-
served. Studies of the blood oxygen level-dependent signals

0 40
arteriole diameter (um) maximum LFP value (mV)

A-F, Constriction and dilation onset time as a function of seizure duration (4, D), arteriole diameter (B, E), and
maximum LFP value (C, F). The plots indicate that both onset times show a poor correlation with the investigated parameters. Each
circle represents an individual data point.

during normal visual processing in the monkey also show inver-
sion at >2 mm (Shmuel et al., 2006), similar to what we have
shown for ictal events using two-photon imaging. The conservation
of the center-surround effect and its spatial topography in both nor-
mal and abnormal physiologic events points to a conserved mecha-
nism. Recent evidence is mounting that vascular reactivity at the
arteriolar level is highly influenced by local neurotransmitter and
neuropeptide release (Hamel, 2006), local potassium (Filosa et al.,
2006), and astrocyte- and pericyte-mediated signaling (Peppiatt et
al., 2006; Wang et al., 2006).

Preictal surround vasoconstriction

Preictal increases and decreases in neuronal activity, and progres-
sive coalescing of high-frequency activity and microseizures have
been documented (Litt et al., 2001). It is likely that these preictal
electrophysiological events are accompanied by alterations in fo-
cal hemodynamic responses. However, no preictal decreases in
high-frequency activity in the surround have been demonstrated,
although human single-unit recordings have shown that a small
percentage of neurons may decrease activity during the immedi-
ate preictal activity (Truccolo et al., 2011). Indeed, preictal vas-
cular reactivity was first theorized (mistakenly at the time) to be
the etiology for seizure activity as early as 1933 (Gibbs, 1933).
More recent studies have demonstrated increases in lobar perfu-
sion as early as 20 min before focal as well as generalized spike-
and-wave events (Diehl et al., 1998). Likewise, both increases
(Mikiranta et al., 2005) and decreases (Hoshi and Tamura, 1992)
in tissue oxygenation have been found tens of seconds before
seizure onset using fMRI and near-infrared spectroscopy. IOS imag-
ing has also demonstrated focal preictal changes in light reflection in
animal models, and increases in CBV and decreases in hemoglobin
oxygenation in human epileptic cortex almost 20 s before seizure
onset (Zhao et al.,, 2007). However, this is the first report of active
preictal vasoconstriction surrounding an ictal focus. Another report
of two-photon imaging of blood flow in and around an epileptic
focus used an interictal model (Hirase et al., 2004b). Our data are
consistent with a model of preictal vasoconstriction in the cortex
surrounding the ictal focus as crucial for initiating seizure onset.
Since we did not perform electrical recordings from the surround,
we cannot say whether this preictal vascular activity correlates with
early decreases in neuronal activity.
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Another hypothesis rests on the concept of anticipatory
shunting of oxygenated blood to the ictal focus, possibly precip-
itated by a gradual build-up of excitatory activity. A similar an-
ticipatory increase in CBV has been demonstrated before normal
cortical processing in visual cortex (Sirotin and Das, 2009). How-
ever, if the pial arterioles we are imaging around the focus provide
blood flow to the focus itself, we would expect a decrease in flow
in the focus, which we do not find. Alternatively, the pial arteri-
oles in the surround may only control very local blood flow and
have no influence on blood flow in the focus. This would imply
that there is a transient decrease in metabolism in the surround
before the seizure begins followed by an increase in metabolism
in the focus. However, we did not find any preictal changes in
metabolism using AFI and direct tissue measurements, although
slight metabolic changes may be below the resolution of our tech-
niques. Finally, there is the more controversial and less likely
possibility that the hemodynamic events are primary and the
electrographic events secondary. This hypothesis has been raised
for both epileptic activity (Hawco et al., 2007) and normal corti-
cal processing (Moore and Cao, 2008). Along this line of argu-
ment, preictal vasoconstriction would shunt oxygenated blood to
the focus, which would then facilitate or directly cause ictal onset.

Ictal metabolism in the focus and surround

Despite the discovery of preictal surround vasoconstriction, we
did not find any evidence of significant preictal alterations in
metabolism in either the focus or the surround. Not surprisingly,
a clear increase in metabolism was found in the focus. The sus-
tained increase in metabolism in the ictal focus is consistent with
prior work using either autoradiography or PET. Although hu-
man PET studies show interictal hypometabolism (Franck et al.,
1986), intense interictal activity causes focal hypermetabolism
with surround hypometabolism (Bruehl and Witte, 1995). Ictal
events, on the other hand, always show increases in glucose and
oxygen metabolism in the focus (Engel et al., 1982). Although
AFI imaging has been used extensively to map normal sensory
processing (Shibuki et al., 2003; Husson et al., 2007; Sirotin and
Das, 2010), only one prior report exists of AFI imaging of epilepsy
(Takao et al., 2006). In this article, we show for the first time that
AFI signals are exquisitely sensitive to the ictal onset during the
light phase of imaging as early as 02 s after ictal onset. Hence,
AFI imaging may be a useful technique for localizing epileptic
seizures, possibly providing a map for therapeutic intervention
that may be more focal than CBV or hemoglobin oxygenation
maps derived from the IOS.

Metabolism in the surround of an ictal focus has not been well
studied. Our results provide direct evidence of a drop in tissue
metabolism surrounding the ictal focus, which is consistent with
the existence of neuronal inhibition in these areas and consistent
with in vivo models of “feed-forward” or “veto” inhibition shap-
ing the epileptic wavefront as it propagates (Trevelyan et al.,
2007). Decreased AFI fluorescence in areas of cortex surrounding
areas of focal activation has been correlated with neuronal inhi-
bition in the cerebellum (Reinert et al., 2007). However, AFI
imaging of the surround metabolism has not yet been reported in
the neocortex. In summary, we have identified a novel preictal
vascular phenomenon, namely, surround vasoconstriction. Al-
though the precise etiology of this event is unclear, a transient rise
in preictal inhibition, which serves to increase synchronization, is
a possible candidate. We have also shown that AFI imaging, par-
ticularly during the early light phase, is useful at mapping the ictal
onset zone, and its clinical applications should be explored, as has
been done with optical imaging of intrinsic signals (Zhao et al.,
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2007). Finally, we find support for a center-surround dynamic at
play in ictal propagation, lending further support for surround
inhibition in shaping the evolving ictal wavefront.
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