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Abstract

Understanding the neurovascular coupling (NVC) underlying hemodynamic changes in epilepsy is crucial to properly
interpreting functional brain imaging signals associated with epileptic events. However, how excitatory and inhibitory
neurons affect vascular responses in different epileptic states remains unknown. We conducted real-time in vivo
measurements of cerebral blood flow (CBF), vessel diameter, and excitatory and inhibitory neuronal calcium signals
during recurrent focal seizures. During preictal states, decreases in CBF and arteriole diameter were closely related to
decreased y-band local field potential (LFP) power, which was linked to relatively elevated excitatory and reduced
inhibitory neuronal activity levels. Notably, this preictal condition was followed by a strengthened ictal event. In par-
ticular, the preictal inhibitory activity level was positively correlated with coherent oscillating activity specific to inhib-
itory neurons. In contrast, ictal states were characterized by elevated synchrony in excitatory neurons. Given these
findings, we suggest that excitatory and inhibitory neurons differentially contribute to shaping the ictal and preictal
neural states, respectively. Moreover, the preictal vascular activity, alongside with the y-band, may reflect the relative
levels of excitatory and inhibitory neuronal activity, and upcoming ictal activity. Our findings provide useful insights into
how perfusion signals of different epileptic states are related in terms of NVC.
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to characterize potential biomarkers of epileptogenic
foci. Spatial brain mapping of differences in perfusion
signals between different epileptic states, e.g. interictal
and ictal states, has also been used.*'>"!® Thus, under-
standing the neurovascular coupling (NVC) that
underlie blood flow changes in different epileptic
states is fundamental.

Ictal states are well known for neuronal hyperactiv-
ity in both excitatory and inhibitory neurons.'®*
Animal studies related to NVC in epilepsy have
shown that ictal events evoke drastic increases in
vessel diameter™?’ and cerebral blood flow
(CBF)*** due to high metabolic demand caused by
intense neuronal activity.”***** On the other hand,
interictal or preictal states preceding ictal onset are
characterized by GABAergic interneuronal activi-
ty,2!31733 which is considered to play a crucial role in
shaping the transition to ictal states.?!-32%3433
Considering that GABAergic interneuronal activity is
known to be an important contributor to the regulation
of blood flow,***! the distinct inhibitory neuronal
activities that occur during interictal or preictal states
can potentially result in CBF changes. Thus, neurovas-
cular activity that may occur in epileptogenic foci adja-
cent to upcoming ictal events can potentially indicate
epileptic conditions that are modulated by inhibitory
interneuronal activity. However, how inhibitory neuro-
nal activities are related to blood flow changes in the
absence of ongoing seizures, such as during interictal
hypoperfusion, is not fully understood yet. Moreover,
the relative contribution of excitatory and inhibitory
neuron activity to vascular responses between different
epileptic states is still unclear.

We propose that a comprehensive examination of
excitatory and inhibitory neurons as well as vascular
activity is needed to thoroughly elucidate the NVC
underlying different epileptic states. We therefore
sought to investigate whether vascular responses
caused by different epileptic states can be used as bio-
markers of pathological states in excitatory and inhib-
itory neurons in epileptogenic foci. In this study, we
conducted real-time in vivo measurements of CBF, cor-
tical vessel diameter, and excitatory and inhibitory neu-
ronal activity. We used a 4-aminopyridine (4-AP)
seizure model that is known to reliably induce stereo-
typical focal seizures with sufficient interictal and ictal
intervals.?®?!263%  Additionally, the 4-AP model
allowed us to fully explore the dynamics of neurovas-
cular events in a territorially well-defined seizure
focus.>*** Local field potential (LFP) recordings were
also simultaneously performed to verify seizure events,
and to investigate neural correlates that are related to
neuronal and vascular dynamics.

Materials and methods

Animals

All experimental procedures were approved by the
Sungkyunkwan University Institutional Animal Care
and Use Committee and were conducted in accordance
with the Guide for the Care and Use of Laboratory
Animals of the Animal Protection Law & the
Laboratory Animal Act set by the Korea Animal and
Plant Quarantine Agency and the Korea Ministry of
Food and Drug Safety. We used adult male C57BL/6
mice (n=20; Orient Bio, South Korea), male Thyl-
GCaMPo6f mice (n=10, C57BL/6J-TgGP5.17DKim/J,
stock n0.025939, Jackson Laboratory, USA) and adult
male C57BL/6 mice (n=10; Orient Bio) with viral
expression of GCaMP6f (AA9-mDIx-GCaMPof-
Fishell-2, plasmid#83899, Addgene, USA). All mice
were maintained under a 12-h dark/light cycle,
24-25°C  temperature and 50-60%  humidity.
Experiments were carried out on 10- to I14-week
old mice.

Animal surgery for in vivo experiments

Surgical and experimental procedures were performed
as shown in Figure 1(a). Mice were initially anesthe-
tized with 2.5% isoflurane in an induction chamber,
and anesthesia was maintained with 1.2% isoflurane
after each mouse was transferred to a stereotaxic
frame (Kopf Instruments, USA). Body temperature
was maintained at approximately 37°C using a
temperature-controlled heating pad (DC temperature
control system, FHC, USA). After an incision was
made in the skin over the right hemisphere, a 2-mm-
diameter circular craniotomy was carefully performed
over the somatosensory cortex (0.5-2.5mm posterior
and 1-3mm lateral to bregma) using a dental drill
(Ram Products, Microtorque II, USA). The dura
mater remained intact. The exposed cortex was covered
with a glass coverslip (4x4 mm, Deckglaser,
Germany), but a small space was left on the lateral
side to allow for insertion of a microelectrode and a
glass pipette (Supplementary Figure 1(a,b)). A metal
holding frame was then glued to the skull to (1) mini-
mize head motion during imaging and (2) adjust the tilt
of the head so that the brain surface inside the imaging
window was perpendicular to the microscope objective
axis. For further experiments, anesthesia was then
switched to urethane (1.25g/kg, i.p.). Urethane anes-
thesia has been extensively used for NVC stud-
ies.?*4 It is known to preserve excitatory and
inhibitory synaptic transmission*’ and autoregulation
of CBF.*® Throughout the experiments, we continuous-
ly monitored the physiological parameters of the mice
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Figure |. Dynamics of CBF and vascular diameter during
recurrent spontaneous seizures. (a) Schematic representation of
the experimental procedures. Four different sets of experiments
were separately conducted in different animal groups: one for
LDF recording (wild-type C57BL/6 mice) and the others for two-
photon microscopic imaging of cortical pial vessels (wild-type
C57BL/6 mice), excitatory (C57BL/6)-Tg-Thy | GCaMPéf5.17)
and inhibitory calcium activity assessment (wild-type C57BL/6
mice injected with AAV9-mDIx-GCaMPéf virus, 3—4 weeks prior
to the experiment). (b) Schematic of the placement of the LDF
recording probe with a glass pipette and an LFP recording probe.
(c) Examples of LFP and CBF traces over time showing that
seizures repeatedly occurred at intervals of several tens of sec-
onds or several minutes for about an hour. (d) Magnified views of
LFP and CBF traces during the pre-injection period and during
recurrent seizures (square boxes in (c)). () Diagram of the two-
photon imaging system. (f) Two-photon z-stack projection image
up to ~100 um from the pial surface. A: arteriole, V: venule. R:

(heart rate: 520-580 bpm, SpO,. 98-99%, respiratory
rate: 165-180r/min) to ensure that stable physiological
conditions were maintained under urethane anesthesia.

Virus injection

For two-photon imaging of GCaMP6f in inhibitory
neurons, we intracortically injected AA9-mdIx-
GCaMP6f-Fishell-2* (0.92 x 10"* GC/ml) into the
somatosensory cortex 3—4 weeks prior to the surgical
procedures described above. C57BL/6 mice were also
anesthetized via inhalation of 2.5% isoflurane in an
induction chamber and were maintained under anes-
thesia with 1.5% isoflurane during the injection. Two
small holes (0.25 mm diameter, —1 to —2 mm posterior
and 1 mm lateral to the bregma) were made in the right
hemisphere avoiding the large pial vessels. The tip of a
beveled (40° angle) glass micropipette (outer diameter
(OD) of 15-20 pm) was inserted into layer 2/3 of the
somatosensory cortex with a micromanipulator
(Eppendorf, Germany). The virus solution (1/2 diluted
in saline, 800 nl) was injected using a syringe pump (80
nl/min, Harvard Apparatus, USA). The holes were
then covered with dental resin (OA2, Dentkist Inc.,
South Korea) and the skin was sutured.

Electrophysiological recording and seizure model
establishment

A tungsten microelectrode (300-500 kQ, FHC, USA)
was used for LFP recordings, and a glass micropipette
was made for induction of seizure events via intracort-
ical injection of 4-AP (15mM in sterile saline, Sigma,
USA) mixed with Alexa594 (10 uM, Thermo Fisher,
USA). A glass pipette with a tip diameter of 20—
30um was made from a glass capillary tube
(OD:1.0 mm, inner diameter (ID): 0.50 mm, borosili-
cate glass, Sutter Instrument, USA) using a micropi-
pette puller (P-1000, Sutter Instrument). While viewing
the cortex through a microscope objective lens, a
microelectrode and a glass micropipette filled with the
4-AP solution were carefully inserted into the cortex
(25° angle) to a depth of ~350 um beneath the pial
surface. The distance between the microelectrode tip
and the glass pipette was up to 500um in all

Figure I. Continued

rostral, C: caudal, M: medial and L: lateral. The tip of the glass
pipette was located ~350 um below the pial surface, which is
marked with a white dotted line. (g) Stacks of perpendicular lines
over time on one branch point of the pial arteriole indicated as
A in (f). (h) Example of LFP signals and pial arteriole diameter
changes during the pre-injection period and during recurrent
seizures.
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experiments. The raw electrophysiological data were
amplified and acquired at 40,000Hz wusing an
Omniplex recording system (Plexon, USA). The LFP
signals were then acquired via downsampling to
1,000 Hz and filtering with 0.5-Hz high-pass and 200-
Hz low-pass filters. After pre-injection baseline data
were acquired for 10 min, the 4-AP solution was
slowly injected (80 nl/min) using an infusion pump
(Pump 11 Pico Plus Elite, Harvard Apparatus). The
mixture of 4-AP with Alexa 594 enabled visualization
of the glass pipette during the insertion and of the dif-
fusion area during the infusion (500 nl, 80 nl/min;
Supplementary Figure 1(c)). The 4-AP injection reli-
ably induced recurrent spontaneous seizures that
repeatedly occurred at intervals of several tens of sec-
onds to several minutes and could be verified by LFP
recording (Supplementary Figure 1(d)).

Laser Doppler flowmetry

CBF changes were measured by using a Laser Doppler
flowmetry (LDF) probe (wavelength: 780nm, probe
diameter, 450 um, Perimed, PeriFlux System 5000,
Sweden). The LDF probe was placed on the cortical
surface, avoiding the large pial vessels, and separated
from the LFP recording microelectrode by ~200 pm.
The LDF signals were sampled at 1 kHz and were dig-
itally acquired using a Plexon system that allowed
simultaneous measurement of the LDF signals with
the LFPs. To assess preictal CBF changes, the mea-
sured LDF signals were normalized to the averaged
CBF level of the 5- or 10-min period before the 4-AP
was injected.

In vivo two-photon imaging

Two-photon imaging was conducted to measure
changes in either cortical vascular diameter or neural
activity. For two-photon vessel imaging, fluorescein
isothiocyanate (FITC)-labeled dextran (MW = 70kDa,
FD-70S, Sigma) was used to visualize the cortical vas-
culature (5%, 1.5ul/g, through the retro-orbital
sinus).”® We chose an area of the somatosensory
cortex in which at least two penetrating arterioles and
venules were observed. Calcium imaging of neural
activity was performed in mice expressing GCaMP6f
in excitatory or inhibitory neurons in the somatosenso-
ry cortex. Images were obtained using a two-photon
laser scanning microscopy system (TCS SP8 MP,
Leica, Germany) equipped with a broadly tunable Ti:
sapphire laser (680-1080nm, 80 MHz, 140 fs pulse
width, Chameleon Vision II, Coherent, USA). A 10x
objective lens (Leica, HCX APO L, NA =0.30) was
used with a 920-nm tuned laser to excite the fluorescent
signals. Bandpass filters at 520/50 nm and 585/40 nm

were used to collect green (FITC or GCaMP6f) and
red (Alexa594 mixed with the 4-AP solution) fluores-
cence, respectively, at a pixel resolution of 1.73 pm.
Focusing at a depth of 250-300pum (layer 2/3),
images were acquired at 2 Hz for surface vascular imag-
ing and at 5Hz or 10Hz for calcium imaging. The
imaging area included the tip of the 4-AP glass pipette
but not the microelectrode tip because direct exposure
of metal microelectrodes to focused Ti:sapphire laser
light creates photovoltaic artifacts.®® Thus, the elec-
trode tip was positioned rostrally or caudally near the
border of the imaged area to avoid artifacts
(Supplementary Figure 1 (b) and (c)).

Data analysis

All data were analyzed using Fiji (ImageJ, USA),
custom-written code in MATLAB (Mathworks, USA)
and Chronux (http://chronux.org/). To ensure that
consecutive ictal events were treated as isolated epi-
sodes, seizure events with intervals of less than 40s
were excluded from further analysis.’***** The neural
recordings were 0.5-150-Hz bandpass filtered using a
third-order Butterworth filter. Seizure onset was
defined as the time point at which LFP amplitudes
increased two standard deviation (SD) above the pre-
ictal baseline. The offset was defined as the time point
at which the signal returned to within 2 SD of the
preictal baseline. Seizure onset and offset were then
confirmed by visual inspection and adjusted manually.
A time course of the power spectral density (PSD) was
calculated by applying a multitaper transformation
(sliding window: 1 s, bin: 100 ms). The PSDs were sum-
mated in five distinct frequency ranges: 1-4Hz
(0-band), 4-7Hz (6-band), 7-13Hz (a-band),
13-30 Hz (B-band), and 30-100 Hz (y-band).

The detailed methods for postprocessing of the
imaging data are described in the Supplementary
Material. The preictal CBF and diameter changes
(%) measured during the 10s prior to each seizure
onset were normalized by the averaged pre-injection
baseline. The ictal CBF and diameter changes (%)
were calculated by normalizing the ictal CBF levels
and diameters by the average preictal CBF level and
diameter. The arteriole or venule changes from differ-
ent segments in each field of view (FOV) were averaged
for each seizure. The GCaMP6f signals over time were
calculated as AF/F =(F—F)/Fy, where F, and F rep-
resent the baseline fluorescence (the averaged fluores-
cence of either the 10-min pre-injection or the preictal
period) and the fluorescence over time, respectively. To
quantify the oscillating activity during the preictal peri-
ods, we counted peaks only when they appeared more
than 400 ms after the previous one or were more than
0.2-fold higher than the basal preictal level. To analyze
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neuronal synchrony, the correlation coefficients of the
AF/F signals were calculated (1s window with a 1s
step) for all pairs of the neuron regions of interest
(neuron ROIs) for each seizure.

Study design and statistics

The study design and reporting followed the ARRIVE
(Animal Research: Reporting In Vivo Experiments)
guidelines. The sample sizes were determined to
detect over 30% differences between mean values (coef-
ficient of variance =0.2-0.5, power =80%, a=0.05).
We conducted normality tests with the Shapiro-Wilk
test for all data sets (IBM SPSS Statistics 19, USA).
Depending on the results of the normality test, we used
either an independent z-test or the Mann-Whitney U
test to examine differences between two independent
samples. We used either a paired #-test or the
Wilcoxon signed-rank test when comparing two depen-
dent samples. Likewise, according to the normality test
results, we calculated either Pearson’s or Spearman’s
correlation coefficient to examine a linear relationship
between two variables, and linear regression models
were fitted using the ordinary least squares method.
wxk k% and * indicate p < 0.001, 0.01 and 0.05, respec-
tively. The data throughout the paper are displayed as
mean=+SD or as the median with 25th—75th percentiles.
The numbers of trials and animals used for the data
analyses are also described in the figure legends.

Results

Ictal increases in CBF and vessel diameter are
correlated with its preceding preictal CBF and
diameter that are associated with y-band LFP power

As shown in Figure 1(a), we first investigated real-time
CBF and vessel diameter changes by LDF recording
(Figure 1(b)) and by two-photon imaging (Figure 1
(e)) with concurrent recording of LFP signals. For
vessel imaging, FITC-labeled 70-kDa dextran was
retro-orbitally injected into wild-type C57BL/6 mice
to visualize the cortical vasculature. Prior to 4-AP
injection, the basal CBF level and vessel diameter
were measured for approximately 10 min. Within sev-
eral minutes following the 4-AP injections, recurrent
spontaneous seizures were generated, and CBF changes
were tightly linked to different epileptic states (Figure 1
(¢)). In accordance with other reports using the 4-AP
model, we used the term “ictal” in the context of sei-
zure activity and “interictal” to indicate the periods
between two consecutive ictal events.?!?%2%3% The
“preictal” period, as part of the interictal period, was
also separately designated as the 30-s time period
immediately ~preceding each seizure onset®"*

(Figure 1(d) and Supplementary Figure 1(d)). For fur-
ther analysis, we focused on two epileptic states, the
preictal and ictal states, and examined how the two
states are related from the perspective of NVC.

Compared to the CBF levels before injection, the
CBF levels during interictal periods, including preictal
states, were lower, while those during ictal states were
higher (Figure 1(d)). In addition, termination of recur-
rent seizures that were generally maintained for
approximately 60-90 min was associated with a reduc-
tion in CBF level (Supplementary Figure 2(a) and (b)),
and LFP amplitudes during recurrent seizures were
negatively correlated with postictal CBF reductions
(Supplementary Figure 2(c)). No epileptiform activity
was observed after saline injection alone (sham con-
trol), and there were no apparent changes in LFP,
CBF or heart rate over time (Supplementary Figure 3
(a)). We also confirmed that the anesthesia conditions
were stable in sham control and 4-AP injected mice
throughout the experiments (Supplementary Figure 3
(b)). In line with the CBF changes, the arteriole diam-
eters were lower during interictal and preictal states
than before injection and were increased during ictal
events (Figure 1(g) and (h)).

To estimate preictal CBF and diameter changes,
each CBF and diameter value during the 10s prior to
seizure onset was normalized by its respective 10-min-
averaged pre-injection level (Figure 2(a), preictal
change (%)). To estimate ictal CBF and diameter
changes, the average CBF and diameter during each
seizure event were normalized by the respective preced-
ing preictal values (Figure 2(a), ictal change (%)).
Overall, the preictal CBF level fell by 27.98 +16.18%,
and the ictal CBF increased by 69.00+ 52.47%
(Figure 2(b)). The ictal CBF responses were compara-
ble to those shown in other reports.”*? The preictal
arteriole diameter decreased by 22.71 4+ 13.14% and the
ictal diameter increased by 18.47+11.76% (Figure 2
(d)). Venule diameter changes were used as references
to confirm that the observed changes in arteriole diam-
eter were not attributable to motion artifacts or focal
plane drifts (Supplementary Figure 4(a) and (b)).
Interestingly, the preictal CBF level was highly nega-
tively correlated with the subsequent ictal CBF increase
(Figure 2(c); Spearman’s r=-0.644, p<0.001,
R*>=0.572), showing that a larger decrease during the
preictal period was associated with a larger increase
during the ictal period. Likewise, the preictal arteriole
diameter, which was variable over time (Supplementary
Figure 4(c)), was negatively correlated with subsequent
ictal dilation (Figure 2(e); Spearman’s r=-—0.848,
p<0.001, R>=0.746). In other words, greater reduc-
tions in CBF and arteriole diameter during the preictal
state were associated with a higher CBF response and
vasodilation during the subsequent ictal state,
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Figure 2. Preictal and ictal changes in CBF and arteriole diam-
eter. (a) Schematic of changes in CBF and vessel diameter during
the pre-injection, preictal and ictal periods. To estimate preictal
changes (%), each preictal level was normalized by the average
pre-injection level. To estimate ictal change, the ictal level was
averaged during the full ictal period, and this value was then
normalized with the preceding preictal level. (b) Preictal
(—27.98 = 16.18%) and ictal (69.00 4= 52.47%) CBF changes (total
number of seizures =42, n =5, mean £ SD, **p < 0.001 by
Wilcoxon signed-rank test). (c) Relationship of the preictal CBF
change with the ictal CBF change (total number of seizures =42,
n=S5, Spearman’s r=—0.644, **p < 0.001, R*=0.572). (d)
Preictal (—22.71 £ 13.01%) and ictal (18.47 & | 1.65%) arteriole
diameter changes (total number of seizures =53, n =28, mean+
SD, #p < 0.001 by Wilcoxon signed-rank test). (e) Relationship
of the preictal arteriole change with the ictal arteriole change
(total number of seizures n=>53, n=28, Spearman’s r=—0.848,
ey < 0,001, R2=0.746).

respectively. To characterize the neural correlates of
the preictal vascular changes, we then compared them
with concurrently measured LFP signals. The preictal
vascular changes were most highly correlated with the
power of the y-band among the different neural bands
of preictal LFP signals (Table 1), and a lower y power
was correlated with a larger reduction in the preictal

Table 1. Coefficients of correlation (Spearman’s r) between the
preictal LFP power at different neural frequency bands and the
preictal arteriole diameter shown in Figure 2(d) and (e).

0 0 o p Y
r 0.165 0459  0.298 0.365 0.529
p Value 0238  00I*  0.031*% 0007+  6.02e>c*
R? 0.094  0.061 0.189 0.219 0.284

#p<0.05. #p<0.01. #p<0.001.

vessel diameter. When the seizure strength was estimat-
ed by summating the absolute LFP power during each
ictal event, a stronger seizure with a higher ictal dila-
tion (Supplementary Figure 5, right; Spearman’s
r=0.518, ***p<0.001, R®=0.242) was associated
with a larger decrease in arteriole diameter in the pre-
ictal period (Supplementary Figure 5, left; Spearman’s
r=—0.377, **p=0.007, R*=0.145). Collectively, these
data reveal that the potential neural origin of the pre-
ictal vascular change is related to the y-band of LFP
signals, and that the preictal level affects the strength of
the following seizure.

Preictal excitatory and inhibitory neuronal activity
during recurrent seizures

We then sought to examine the excitatory and inhibi-
tory neuronal activity levels underlying the preictal vas-
cular changes and LFP y power by in vivo two-photon
calcium imaging. For this, we used transgenic Tg-
Thyl-GCaMP6f-GP5.17DKim/J>'  and  C57BL/6
mice with viral expression of GCaMP6f under an
mdlx promoter (AA9-mDIx-GCaMP6f-Fishell-2).*
Immunostaining verified GCaMP expression in neu-
rons in the somatosensory cortex (Figure 3(a), (d)
and Supplementary Figure 6). In Thyl-GCaMPo6f
mice, which are known to express GCaMPO6f in cortical
pyramidal neurons,”"** GCaMP6f" cells were well
overlaid with NeuN™ signals (Supplementary Figure
6(a)). Under the mDIx promoter, the proportions of
PV' and SOM™ neurons in GCaMP6f" cells were
33.574+9.37% and 17.09+3.08% (Supplementary
Figure 6(b—d)), respectively, in accordance with previ-
ous reports.*>* Additionally, GCaMP6f" cells were
accounted for 92.48 £9.80% and 95.01 £4.13% of
PV'™ and SOM™ cells, respectively (Supplementary
Figure 6(e)). These results indicate that viral expression
under the mDIx promoter is specific to and effective in
GABAergic  inhibitory  neurons. = Two-photon
GCaMPof imaging was performed separately in excit-
atory and inhibitory neurons to avoid overlapping sig-
nals between them, especially in neuropils.
Spontaneous GCaMPO6f signals in excitatory neurons
were apparently weaker in both soma and neuropils
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Figure 3. In vivo two-photon calcium imaging of excitatory and inhibitory neurons during the pre-injection period and during
recurrent spontaneous seizures. (a) Transgenic expression of GCaMPéf under the Thyl promoter in brain regions including the
somatosensory cortex (top) and GCaMPéf expression in layer 2/3 neurons of the somatosensory cortex (bottom, left and right). (b—
c) Representative images of spatiotemporal fluorescence changes in excitatory neurons during the pre-injection, preictal and ictal
periods. (d) Viral expression of GCaMPéf under the mDIx promoter in the somatosensory cortex (top) and GCaMPéf expression in
layer 2/3 neurons of the mouse somatosensory cortex (bottom, left and right). (e—f) Representative images of spatiotemporal
fluorescence changes in excitatory and inhibitory neurons during the pre-injection, preictal and ictal periods. (gh) Examples of LFP
signals and GCaMPéf intensity changes (averaged from all the pixels within a range of 200-700 um from the location of a glass pipette
tip) in excitatory (green) and inhibitory (red) neurons. (i,j) Schematic explanation of the calculation of preictal and ictal changes in the
GCaMPéf signals. (k) Bar plot of the preictal fluorescence intensity changes in the preictal period (excitatory: —0.34 £ 0.12 AF/F,
mean + SD; inhibitory: —0.25 £ 0.12 AF/F, mean + SD) and ictal period (excitatory: 0.87 +0.30 AF/F, mean £ SD; inhibitory: 0.18 +
0.09 AF/F, mean 4 SD). Excitatory: total number of seizures = 16, n=15; inhibitory: total number of seizures= 19, n=4. (l)
Relationships between preictal basal excitatory and inhibitory activity levels and the following ictal changes (excitatory: Pearson’s
r=0.655, *p =0.008, R2=0.428; inhibitory: Pearson’s, r=—0.670, **p = 0.002, R2=0.448. (m,n) Box-whisker diagrams of the
amplitudes (Amp) and frequencies (Freq) of the preictal and ictal oscillating activity. Preictal, amplitude, **p < 0.01 by Mann-Whitney
U test; preictal, frequency, **p < 0.001 by independent t-test; ictal, amplitude: ***p < 0.001 by independent t-test; ictal, frequency: n.s.
(no statistical significance) by independent t-test.
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during the preictal state than during the pre-injection
period (Figure 3(b)) and increased following seizure
onset (Figure 3(c)). On the other hand, those in inhib-
itory neurons showed heterogeneous changes during
the preictal period, as indicated by the basal fluorescent
levels (Figure 3(e)), and increased following seizure
onset (Figure 3(f)). The averaged excitatory signals
(fluorescence levels) of 200-700 um around the injec-
tion focus were decreased during interictal and preictal
states (Figure 3(g)). Interestingly, the inhibitory signals
not only were generally decreased during interictal
and preictal states but also had distinct oscillations
(Figure 3(h) and Supplementary Movie 1).

In line with the previous methods for quantification
of CBF and vessel diameter changes, the preictal signal
changes were normalized by the averages during the 10-
min pre-injection period, and the ictal changes were
normalized by those of the preceding preictal period
(Figure 3(i)). The preictal level (AF/F) was decreased
by 0.34 £0.12 and 0.25+0.12 in excitatory and inhib-
itory neurons, while the ictal change (AF/F) was
increased by 0.87+0.30 and 0.18 £0.09 in excitatory
and inhibitory neurons, respectively (Figure 3(k)).
Seizure duration and LFP amplitudes in seizure
events were similar between the different experiments
(Supplementary Figure 7). Lower (i.e. larger reductions
in) excitatory neuron preictal activity and inhibitory
neuron preictal activity were followed by less and
more seizure-evoked activity, respectively (Figure 3(1);
excitatory: Pearson’s r=0.655, **p=0.008, R*=0.428;
inhibitory: Pearson’s r=—0.670, **p=0.002,
R>=0.448). Moreover, the negative preictal-ictal rela-
tionship observed for inhibitory neuronal activity was
consistent with the negative preictal-ictal relationship
observed for the vascular activity (CBF; Figure 2(c);
Spearman’s r=—0.644***; arteriole diameter; Figure 2
(e); Spearman’s r=—0.848%**%*),

When the preictal oscillating activity levels were
quantified as shown in Figure 3(j), the amplitudes
(AF/F) were 0.09+0.08 and 0.31 £0.18 in excitatory
and inhibitory neurons, respectively, while the frequen-
cies were 0.46+0.26 Hz and 0.81 £0.30 Hz (Figure 3
(m)), indicating that inhibitory neurons exhibit more
apparent oscillating activity than excitatory neurons
during the preictal period. From these results, we sup-
pose that excitatory and inhibitory neurons contribute
differently to the preictal state, which may affect sub-
sequent seizure events. Additionally, ictal oscillating
activity, which was relatively higher in excitatory neu-
rons than in inhibitory neurons (Figure 3(n)), was
much lower than preictal inhibitory activity, indicating
that oscillating activity is more specific to inhibitory
neurons in the preictal state.

The level of preictal basal neuronal activity, which is
characterized by coherent oscillating inhibitory
neuronal activity, is related to the preictal y-band
LFP power

We further explored neuronal activity at the single-
soma level. Based on seizure-evoked GCaMP6f inten-
sity changes, a map of cell soma regions (neuron ROIs)
was created for each seizure trial as described in
Supplementary Figure 8§ and in the Supplementary
Material. Calcium transients were then extracted
from neuron ROIs. To examine whether the oscillating
activity resulted from neuronal synchrony, we calculat-
ed the correlation coefficients of the calcium transients
between all neuronal pairs. During the preictal period,
oscillating activity (Figure 4(a) and (b)) and neuronal
synchrony (Figure 4(c) and (d)) were apparent in inhib-
itory soma activity. The averaged correlation values
over time (shown as yellow lines) matched well with
the oscillating activity of inhibitory neuronal calcium
signals (Figure 4(f) and (h)) as opposed to excitatory
neuronal calcium signals (Figure 4(e) and (g)).

The preictal inhibitory soma activity exhibited
higher neuronal synchrony than excitatory activity
(Figure 5(a), preictal), and the oscillation of this activ-
ity was also significantly higher and more frequent than
that of excitatory activity (Figure 5(b)), suggesting that
inhibitory neurons may play more active roles than
excitatory neurons in shaping the preictal neural
state. During the preictal period, the synchronized
activity had a strong positive correlation with oscillat-
ing activity (Figure 5(d); excitatory: Spearman’s
r=0.785, **¥p<0.001, R’=0.915; inhibitory:
Spearman’s r=0.828, **¥p<0.001, R*=0.603). On
the other hand, the correlation of excitatory neuronal
activity became stronger than that of inhibitory activity
during the ictal periods (Figure 5(a), ictal). Ictal oscil-
lating activity, which was relatively weak (Figure 5(c)),
was more highly correlated with the correlation of
excitatory neuronal activity than that of inhibitory neu-
ronal activity (Figure 5(e); excitatory: Spearman’s
r=0.776, **p=0.001, R*=0.626; inhibitory: Pearson’s
r=0.558, *p=0.013, R*=0.311). Overall, these findings
indicate that oscillating activity is mostly apparent in
inhibitory neurons in the preictal state and that oscil-
lating activity is related to neuronal synchrony that is
contrasting between excitatory and inhibitory activity
in two different epileptic states.

During the preictal state, the power of the oscillating
inhibitory activity exhibited a positive linear relation-
ship with the basal inhibitory activity level (Figure 5(f);
excitatory: Pearson’s r=—0.068, n.s., R>=0.005; inhib-
itory: Pearson’s r=0.507, *p=0.027, R*=0.258) that
was previously shown to correlate with the magnitude
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Figure 4. Neuronal synchrony of excitatory and inhibitory activity. (a, b) Examples of magnified images showing spatiotemporal
activity of excitatory and inhibitory neurons overlaid with the registered neuron ROls (white contours) for 10.0-6.0's prior to the
seizure onset shown in (e—f). (c, d) Example correlation matrices showing the Pearson’s correlation coefficients of all registered
neuron ROIs (excitatory: |8 cells, inhibitory: 52 cells) in the same seizure trial shown in (a) and (b). The scale bar indicates the
coefficient value between —1 and |. (e—f) Examples of LFPs and the associated excitatory/inhibitory activity (green or red) overlaid
with the correlation coefficients over time (yellow). The correlation values were calculated by averaging the values from all individual
pairs of neuron ROlIs (cell soma within the range of 200-700 um range), over time (window: | s, step:| s). The gray lines indicate
individual traces of 10 neuron ROIs that were randomly chosen within the range. (g-h) Magnified traces. The yellow line shows the
correlation coefficient values calculated in every | s window. The black dots above the traces indicate the same time points shown in

(a, €) and (b, d).

of the subsequent ictal response (Figure 3(k)). In other
words, more synchronized and oscillating inhibitory
activity was linked to a smaller reduction in the basal
inhibitory activity level. However, this relationship was
not observed for excitatory activity during preictal
states. Furthermore, preictal basal excitatory and
inhibitory activity levels were also correlated with con-
currently measured y-band LFP power (Figure 5(g);
excitatory: Pearson’s r= —0.611, *p=0.01, R>=0.374;
inhibitory: Pearson’s r=0.495, *p=0.03, R>=0.245;
the correlation coefficients for other neural bands are
shown in Supplementary Tables 1 and 2). Higher y
power was correlated with a greater reduction in the
preictal excitatory activity level but a smaller reduction

in the inhibitory activity level. The relationship
observed for the inhibitory activity level was consistent
with the preictal vascular activity since a higher y
power was associated with a smaller reduction in the
preictal arteriole diameter (Table 1).

Overall, we suppose that the preictal vascular activ-
ity alongside with the LFP signal y-band may reflect
the relative levels of excitatory and inhibitory neuronal
activity during the preictal period, which may imply the
magnitude of the following ictal response. In particu-
lar, inhibitory neurons may play a major role in shap-
ing the preictal neural state, which is characterized by
coherent oscillating inhibitory neuronal activity,
regarding the extent of the preictal inhibitory activity
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Figure 5. Preictal and ictal neuronal synchrony and their relationships with oscillating activity. (a) Correlation coefficients between all
pairs of registered neuron ROls (cell soma within the range of 200-700 um) during the preictal and ictal periods. Preictal, excitatory:
0.09 + 0.09; preictal, inhibitory: 0.23 £ 0.15; ictal, excitatory: 0.25 £ 0.14; ictal, inhibitory: 0.07 - 0.02 (mean & SD; preictal excitatory
& inhibitory, *p =0.001 by Mann-Whitney U test; ictal excitatory & inhibitory, ***p < 0.001 by independent t-test; excitatory preictal
& ictal, ¥*p < 0.001 by Wilcoxon signed-rank test; inhibitory preictal & ictal, **p < 0.00| by paired t-test). Excitatory: total number
of seizures = 16, n=>5, total number of cells =2345, average number of cells in each seizure trial = 146.56 4-23.75. Inhibitory: total
number of seizures = 19, n =4, total number of cells = 1070, average number of cells in each seizure trial =48.64 & 18.94. (b, c) Box-
whisker diagrams of the amplitudes (AF/F) and frequencies (Hz) of preictal and ictal oscillating activity in excitatory and inhibitory
neurons. The boxes represent the 25th—75th percentiles, and the horizontal lines inside the boxes display the median amplitudes
(assessed by Mann-Whitney U test) and frequencies (**p < 0.001, **p < 0.001, by Mann-Whitney U test; n.s. indicates no statistical
significance). (d, e) Relationships between the correlation coefficients (neuronal correlation) and the amplitudes of the oscillating
activity during the preictal (excitatory: Spearman’s r=0.785, **p < 0.001, R*=0.915; inhibitory: Spearman’s r = 0.828, **p < 0.001,
R?=0.603) and ictal (excitatory: Spearman’s r = 0.776, *p = 0.001, R>=0.626; inhibitory: Pearson’s r=0.558, *p =0.013, R*=0.311)
states. (f) Relationship of the preictal basal level (shown in Figure 3(k) and (I)) with the power (amplitude x frequency) of the preictal
oscillating activity (excitatory: Pearson’s r= —0.068, n.s., R*=0.005; inhibitory: Pearson’s

r=0.507, *p =0.027, R>=0.258). (g) Relationship between the preictal basal level and the normalized preictal LFP y power, in
excitatory (Pearson’s r=—0.611, *p=0.01, R>=0.374) and inhibitory neurons (Pearson’s r=0.495, *p = 0.03, R*=0.245).
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level. On the other hand, excitatory activity shows
higher neuronal synchrony than inhibitory activity
during the ictal state. Given these results, we suggest
that excitatory and inhibitory neurons may contribute
differently to shaping two different epileptic neural
states, i.e. the preictal and ictal states, and may also
affect vascular signals.

Discussion

In this study, we undertook a detailed investigation of
neuronal and vascular activity during recurrent seiz-
ures. The main findings of this study were the charac-
terization of vascular, excitatory, and inhibitory
activity in two different epileptic states and elucidation
of the relationships among these types of activity, as
summarized in Figure 6. Moreover, our results suggest
that the preictal levels of vascular and neuronal activity
may represent the severity of the upcoming ictal event.
We believe that this work not only improves under-
standing of epileptogenesis but also presents a new
strategy for prediction of the pathological severity of
epilepsy from the perspective of NVC. Altogether, our
findings may provide insight into the neuronal basis of
the perfusion signals that are often utilized in diagnos-
ing and treating epilepsy patients.

Preictal neuronal activity in terms of
excitation-inhibition (E/l) balance

Our data revealed that the basal levels of excitatory and
inhibitory activity in preictal states were lower than
those in pre-injection periods. Since a balance between
excitatory and inhibitory synaptic transmission is
important for the maintenance of E/I balance,>*
altered preictal neuronal activity may indicate altered
synaptic function and E/I imbalance. In the current
study, higher ictal activity occurred when the preictal
reduction was smaller in excitatory neurons and larger
in inhibitory neurons. This preictal condition may
indicate greater E/I imbalance, considering that an
E/I-imbalanced state is often assumed to generate seiz-
ures.’®>%% In other words, the differential activity
between excitatory and inhibitory neurons may reflect
the degree of E/I imbalance. Moreover, E/I balance is
precisely modulated by inhibitory neural circuits™ and
is closely related to gamma oscillations.®' ®* Previous
reports have also revealed that GABAergic inhibitory
interneurons play a key role in the generation of
gamma oscillations.®*%” Similarly, our results showed
that weaker y-band LFP power was correlated with a
greater reduction in the basal inhibitory activity level,
while the opposite trend was observed for the excitato-
ry activity level. Importantly, only inhibitory neurons
exhibited oscillating and synchronized activity during

this period. The degree of oscillating inhibitory activity
was correlated with the basal inhibitory activity level.
Overall, we suggest that inhibitory neuronal activity
plays an important role in shaping preictal neuronal
states which may affect the degree of E/I imbalance,
and that gamma oscillation strength can imply the
degree of neuronal alteration.

NVC in different epileptic states

Our results also showed that CBF and arteriole diam-
eters were generally reduced during preictal states.
Such reductions may result from decreased basal activ-
ity in both excitatory and inhibitory neurons.®®
However, the degrees of the reductions were variable
and were correlated with y-band LFP power in our
study, consistent with other reports showing that
gamma oscillations are highly related to resting blood
flow changes.®” 7! Greater reductions in vascular activ-
ity were associated with lower y power, which could
have been linked to smaller decreases in excitatory
activity and larger decreases in inhibitory activity
along with less-synchronized activity in inhibitory neu-
rons. Considering that this neuronal condition may
result in a greater E/I imbalance, we suppose that the
E/I imbalance can be linked to reduced vascular activ-
ity during preictal states. Other studies have also
revealed that E/I balance is highly related to hemody-
namic signals®® and that E/I imbalance induced by
impairment of GABAergic interneuronal activity is
accompanied by reduced gamma oscillations and vas-
cular responses.*® Moreover, GABAergic inhibitory
neurons themselves are known to play crucial roles in
the regulation of cortical vessel tone and blood
flow. 363839417273 Colectively, these findings suggest
that GABAergic interneuronal activity may account
for the relationship between the degree of E/I imbal-
ance and vascular responses during preictal states. In
addition, gamma oscillation strength may reflect this
relationship.

On the other hand, during ictal states, neuronal
excitation and synchrony in excitatory neurons were
much higher than those in inhibitory neurons in the
current study. This may indicate that mainly excitato-
ry neurons contribute to E/I imbalance during ictal
states, resulting in neuronal network hyperexcitabil-
ity.%%"* Stronger seizures were accompanied by great-
er vascular responses, consistent with the findings in
other reports.”®?? Increased excitation, which can
cause E/I imbalance, may mainly drive vascular
responses during ictal states, since activation of
NMDA receptors in cortical excitatory neurons
releases COX-2 products, resulting in increased
blood flow.”>"¢



1156 Journal of Cerebral Blood Flow & Metabolism 41(5)
g High
Neuronal Pre-injection
activity I base level
Low
o Preictal Ictal
N
- NWVWWW Arteriole Arteriole
g) Lower l diameter \l/\l/ diameter TT
c
gamma
£ "‘r 1 "‘Wx
(72] Lower = lk-’l CBFJ/J/ ) x CBF TT
inhibitory Excitatory
synchrony synchrony
Preictal Ictal
g LFP
N
© W\JKWW Arterlole l Arteriole
2 'gher l dlameter diameter
gamma
< l N :Z
~ CBF |, oo 1
o H|gher
= inhibitory Excitatory
synchrony synchrony

Figure 6. Schematic summary showing the relationships between neuronal activity and vascular activity, within and between the
preictal and ictal states. Basal CBF, arteriole diameter, and excitatory and inhibitory neuronal activity are altered during the preictal
state and are differently correlated with LFP y-band activity. A lower y-band during the preictal state is associated with greater
reductions in the basal arteriole diameter and the basal inhibitory activity, which are related to lower oscillating and synchronized
inhibitory activity. On the other hand, during the preictal state, excitatory oscillating activity is not apparent, and the basal excitatory
activity is less reduced. In these cases, the following ictal magnitude is greater, and the ictal state is characterized by higher syn-

chronized activity of excitatory neurons.

Importantly, a recent study has demonstrated that
reduced GABA-mediated inhibition can cause ictal prop-
agation via excitatory synaptic pathways®® and that
inhibitory barrages received by pyramidal neurons
before they are recruited to ictal events are crucial for
opposition of ictal activity.*>””® These findings may
explain why the neuronal activity in preictal states, pre-
sumed to be driven by GABAergic interneuronal activi-
ty, was correlated with that in ictal states, during which
neuronal synchrony was higher in excitatory neurons
than in inhibitory neurons. Further studies should mod-
ulate excitatory and inhibitory neurons in different epi-
leptic states and confirm their roles in the regulation of
blood flow in terms of E/I imbalance by precisely mea-
suring their synaptic activity.

Specific subtype of GABAergic inhibitory interneurons
as a potential candidate that may account for
preictal changes

Among different subtypes of GABAergic interneur-
ons, PV-expressing interneurons are known as

important regulators of cortical network excitabili-
ty.>*7%80 PV neurons can modulate epileptiform
activities both in vitro®! and in vivo 222348283 gand
the recruitment of PV interneurons that precedes the
transition to seizure onset has been suggested to play
a crucial role in local seizure restraint.?!:?3:2%33 In
addition, PV interncuronal activity is known to be
essential for the generation of gamma oscilla-
tions.** % Seizure severity is reduced in mouse epilep-
sy models when antiepileptic drugs augment interictal
y power in relation to PV interneuronal activity.®*
Consistent with these findings, our data showed that
a weaker ictal response was preceded by higher oscil-
lating inhibitory activity, basal inhibitory activity and
v power during the preictal period. Therefore, we sug-
gest that PV interneurons may largely contribute to
the preictal neuronal alterations related to gamma
oscillations. Moreover, PV interneuronal activity is
crucial to the maintenance of E/I balance.®>%¢
However, it is unclear how PV interneuronal activity
can directly affect preictal vascular activity since its
exact role in the modulation of hemodynamics is



Lim et al.

157

controversial.*’#**%7 Considering the abundance of
PV interneurons and their connections to other cells
in cortical microcircuits,>**° these neurons may indi-
rectly affect vascular activity by inhibiting or disinhi-
biting other neurons that have vasoactive
properties.’”*' Consequently, the roles of different
subtypes of inhibitory interneurons in shaping
neural and vascular changes during preictal states,
as well as their subsequent effects on the following
ictal events, should be further investigated.

Clinical relevance

Epilepsy patients frequently show declines in basal per-
fusion levels despite the absence of ongoing seiz-
ures.®!1012714.8889 Recent studies using animal epilepsy
models have described alterations or dysfunction in
vascular activity?”**°? that may account for the
abnormal perfusion signals. Our results suggest that
the blood flow changes may also be attributable to
alterations in excitatory and inhibitory neuronal activ-
ity. Furthermore, since preictal neuronal and vascular
activity levels were found to be correlated with the fol-
lowing ictal magnitudes in seizure foci in this study, our
observations may provide useful insights for estimation
of the pathological severity of epilepsy from the per-
spective of NVC. Additionally, since the experiments in
this study were conducted within a precisely defined
seizure focus, our findings may help better localize epi-
leptogenic foci in clinical data acquired during interic-
tal periods, which constitute most of the lives of
epilepsy patients.”?

Limitations

The current study had several limitations that should
be addressed in future research. First, the acute phar-
macologic seizures that we induced do not perfectly
reproduce the chronic focal seizures of human epilepsy.
Although 4-AP-induced seizures in anesthetized mice
are known to mimic many of the characteristics of
spontaneous ictal activity in human focal epilep-
sy,213*9 our findings may be specific to the 4-AP
model used. It is also likely that a direct pharmaceutical
effect of 4-AP contributes in part to basal vascular
activity, since 4-AP can block voltage-gated potassium
channels expressed on vascular smooth muscle cells.
However, if the preictal vascular changes we observed
were merely due to a vasoconstricting effect of 4-AP,
greater reductions would have been followed by smaller
vascular changes induced by the following ictal event.
Given that we observed the opposite effect, we believe
that pharmaceutical-induced vasoconstriction did not
confound our observations regarding the preictal-to-
ictal neurovascular relationship. Further study is

required to confirm our findings in other epilepsy
models, including chronic epilepsy. Additionally, only
male mice were used in this study. Sex-dependent
effects on excitatory and inhibitory neuronal activity
could be an interesting topic for investigation since
sex hormones and neurosteroids can affect neuronal
excitability and GABA-mediated inhibition, thus caus-
ing differences in seizure susceptibility.”> '®® Another
interesting point for further investigation is the use of
anesthetics. We carried out experiments under anesthe-
sia to avoid the stress of a series of prolonged
tonic-clonic seizures in awake mice and because the
fundamental characteristics of the general neural activ-
ity patterns of cortical seizures are consistent across
anesthesia and wakefulness.”® Urethane anesthesia
used in this study is known to preserve excitatory and
inhibitory synaptic transmission?’ and to provide a
stable state of anesthesia for assessment of
NVC.2**4 However, our findings could differ from
the situation in the awake state due to different neuro-
vascular properties between anesthesia and wakeful-
ness as suggested by other reports.'°"1%% Thus,
neuronal and vascular dynamics should be further
investigated in awake mice.

Conclusion

To our knowledge, this is the first comprehensive char-
acterization of neuronal and vascular activity, includ-
ing CBF, vascular diameter, and excitatory and
inhibitory neuronal activity, in seizure foci. Based on
our results, we suggest that excitatory and inhibitory
neurons play different roles in shaping different epilep-
tic states and the associated hemodynamic changes.
Our findings provide useful information regarding per-
fusion changes that are associated with pathological
brain states induced by focal epilepsy. Furthermore,
they may be applicable to pathological states in other
brain diseases because epileptic seizures are phenomena
shared by many neurological disorders.
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