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Abstract
Object—New experimental models and diagnostic methods are needed to better understand the
pathophysiology of focal neocortical epilepsies in a search for improved epilepsy treatment
options. We hypothesized that a focal disruption of adenosine homeostasis in the neocortex might
be sufficient to trigger electrographic seizures. We further hypothesized that a focal disruption of
adenosine homeostasis might affect microcirculation and thus offer a diagnostic opportunity for
the detection of a seizure focus located in the neocortex.

Methods—Focal disruption of adenosine homeostasis was achieved by injecting an adeno-
associated virus (AAV) engineered to overexpress adenosine kinase (ADK), the major metabolic
clearance enzyme for the brain’s endogenous anticonvulsant adenosine, into the neocortex of
mice. Eight weeks following virus injection, the affected brain area was imaged via optical
microangiography (OMAG) to detect changes in microcirculation. After completion of imaging,
cortical electroencephalography (EEG) recordings were obtained from the imaged brain area.

Results—Viral expression of the Adk cDNA in astrocytes generated a focal area (~ 2 mm in
diameter) of ADK overexpression within the neocortex. OMAG scanning revealed a reduction in
vessel density within the affected brain area of approximately 23% and 29% compared to control
animals and the contralateral hemisphere, respectively. EEG recordings revealed electrographic
seizures within the focal area of ADK overexpression at a rate of 1.3 ± 0.2 seizures per hour.

Conclusions—Our findings suggest that focal adenosine deficiency is sufficient to generate a
neocortical focus of hyperexcitability, which is also characterized by reduced vessel density. We
conclude that our model constitutes a useful tool to study neocortical epilepsies and that OMAG
constitutes a non-invasive diagnostic tool for the imaging of seizure foci with disrupted adenosine
homeostasis.
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Disruption of adenosine homeostasis is a pathological hallmark of temporal lobe epilepsy
and therapeutic adenosine augmentation is a rational approach for seizure control.5–7

Adenosine homeostasis in the brain is largely under the control of adenosine kinase (ADK);
the key metabolic clearance enzyme for adenosine.2 In the adult brain ADK is
predominantly expressed in astrocytes,59 where the expression levels of the enzyme
determine the extent of a transmembrane gradient for adenosine, which under baseline
conditions, drives the influx of adenosine into the astrocyte through equilibrative nucleoside
transporters.7,9,15,19 Therefore, synaptic levels of adenosine are largely under the control of
astrocytes, which form a sink for the metabolic clearance of adenosine.9,15,17 We have
previously demonstrated that astrogliosis and associated pathological overexpression of
ADK is linked to neuronal hyperexcitability and seizure activity in rodent models of
temporal lobe epilepsy (TLE),3,40 whereas surgically resected specimens from human
patients with TLE were likewise characterized by profound overexpression of ADK.3,43

Conversely, genetic or virus-induced reduction of ADK expression in the hippocampus was
shown to suppress seizures,40,60 while focal cell-based adenosine augmentation to the
hippocampus was shown to protect the hippocampal formation from injury and seizures.40,41

Together, these findings demonstrate that adenosine homeostasis, controlled by astrocytic
ADK, critically determines excitability of the hippocampus. However, whether this is true
for other brain regions and other forms of epilepsy has not been investigated.

In addition to its direct control of neuronal function, adenosine signaling regulates vascular
functions, which may contribute to the brain’s susceptibility to seizures.1,47,50,51 Acutely,
adenosine promotes hemodynamic events, such as vasodilation to increase blood flow in the
brain, in response to hypoxia or ischemia.12,50,51 Adenosine, largely derived from the
breakdown of ATP during conditions of energetic crisis, cell swelling, and acidosis, affects
cerebral blood flow mostly via activation of adenosine A2A receptors in balancing blood
flow with metabolism. The primary effect of A2A receptors stimulation is activation of KATP
and KCa channels resulting in smooth muscle relaxation and elevated blood flow rates.50

Further it has been shown that inhibition of ADK increases cerebral blood flow (CBF) by
augmenting interstitial adenosine levels.56 In addition, chronically increased levels of
adenosine have been shown to stimulate angiogenesis1,29,49 Consequently, chronic
overexpression of ADK, as seen in epilepsy, may result in reduced CBF and reduction of
local vasculature. Therefore, ADK-dependent changes in vasculature might provide a
diagnostic opportunity for the detection of an epileptogenic focus that is characterized by
overexpression of ADK.

This study was designed to assess whether overexpression of ADK links to neuronal
hyperexcitability and seizure activity in the neocortex, as well as to develop a diagnostic
method to identify cortical areas of neuronal hyperexcitability. Compared to TLE, the
pathophysiology and mechanisms for seizure generation in neocortical epilepsy (NCE) are
understudied. In particular, a scarcity of clinically relevant rodent models for NCE has
limited research progress.33,45,48 In addition, NCE remains one of the most difficult to treat
forms of epilepsy and improved diagnostic methods, which account for pathophysiological
mechanisms of NCE, need to be developed.20,54,66

Since astroglial ADK regulates neuronal excitability of the hippocampus as well as
microcirculation, we hypothesized that a focal disruption of adenosine homeostasis induced
by overexpressing ADK in astrocytes in the neocortex might be sufficient to induce neuronal
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hyperexcitability and changes in microcirculation. We used adeno-associated virus 8
(AAV8)-based viral vectors to overexpress ADK in astrocytes of the neocortex.57 To
demonstrate ADK-related changes in microcirculation we used a novel imaging technology,
optical microangiography (OMAG),30–32 which is based on endogenous light scattering
from biological tissue. This non-invasive technology allows generation of microstructural
and functional vascular images that can resolve the 3D distribution of dynamic blood
perfusion at the capillary level resolution in vivo.30–32 Here, we evaluated OMAG as a
potential diagnostic tool to detect focal microcirculation changes in the vicinity of focal
areas with disrupted adenosine homeostasis. Our data demonstrate that focal overexpression
of ADK in astrocytes of the neocortex is sufficient to elicit electrographic seizures with
concomitant changes in microcirculation. Our findings are of significance to understand
mechanisms of seizure generation in NCE and demonstrate the diagnostic value of the non-
invasive OMAG approach to identify focal neocortical areas of hyperexcitability.

Methods
Animals

All animal procedures were performed in an Association for the Assessment and
Accreditation of Laboratory Animal Care-accredited facility in accordance with protocols
approved by the Institutional Animal Care and Use Committees of the Legacy Research
Institute and the Oregon Health & Science University, and the principles outlined in the
National Institutes for Health guide for the Care and Use of Laboratory Animals. C57BL/6
male mice (20–30 g) were subjected to neocortical virus injection followed by OMAG and
EEG (Fig. 1A). All animals were group-housed with water and food available ad libitum in
temperature- and humidity-controlled rooms with a 12-h light/dark cycle throughout the
experimental period.

Adeno-associated virus production and delivery
As described previously 57,60 the short cytoplasmic isoform of ADK was introduced into an
adeno-associated virus (AAV) based system in which ADK cDNA was placed under the
control of the astrocyte-specific gfaABC1D promoter.37 This vector is designated as ADK-
SS. An AAV8-pGfa-null (AAV-Null) virus containing an empty vector backbone was used
as a negative control vector. Virus production and titer determination was performed as
described previously.57,60 For virus delivery, the ADK-SS or AAV-Null virus was
unilaterally injected into the right side of the neocortex under general anesthesia (1.5%
isoflurane, 70% N2O and 28.5% O2), in a volume of 0.5 μl of concentrated viral solution
(1012 genomic particles/ml), with stereotactic coordinates (anteroposterior (AP)=−2.10 mm;
mediolateral (ML)=−1.50 mm; dorsoventral (DV)=−0.80 mm). After the cortical injections,
all animals were sutured, disinfected, and then returned to the home cage.

Optical microangiography
To test whether focal disruption of adenosine homeostasis affects cortical microcirculation,
CBF was measured in mice 8 weeks after viral delivery, using OMAG; a high-resolution
optical coherence tomography technique that is capable of producing 3-D images of
dynamic blood perfusion within microcirculatory tissue beds at an imaging depth up to 2
mm below the surface.31 For example, OMAG is able to measure changes of cerebral blood
perfusion in response to systemic hypoxia and hyperoxia.31 Since OMAG requires intact
cerebral cortex, this step was performed before the EEG recordings (Fig. 1A). Prior to
imaging, the mouse was immobilized in a custom made stereotaxic stage under general
anesthesia (1.5% isoflurane, 70% N2O and 28.5% O2) and the mouse head was shaved and
depilated. The body temperature was maintained between 35.5°C to 36.5°C with a
thermostat-controlled heating pad (Harvard Apparatus, MA). An incision of 1 cm was made
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along the sagittal suture, and the frontal parietal and interparietal bones were exposed by
pulling the skin to the sides. The animal was then positioned under the OMAG scanning
probe. In order to acquire microvascular images over a large area of the cortex, scanning
was performed clockwise, which resulted in six to eight OMAG images per mouse covering
both hemispheres over an area of approximately 4x5 mm (Fig. 1B). The total imaging time
per mouse was less than 10 minutes. After imaging and data acquisition, blood flow signals
were isolated from each 3-D OMAG data set using a volume segmentation algorithm.61–63

The volume segmentation algorithm was applied to each OMAG data set to isolate blood
flow signals within the cortex. A maximum projection method was then used to project the
blood flow signals into the x-y plane to reduce the image size. The final OMAG image,
including the area of the viral injection site and the corresponding area in the contralateral
hemisphere, was obtained by assembling six (or eight if necessary) individual images. The
cerebral blood perfusion was estimated by computing the functional vessel density in the
area of interest in the final OMAG image.53 To achieve this, the OMAG image was first
converted to a binary flow map by setting a fixed intensity threshold. A circular area with
diameter of 2 mm centered at the viral injection site was identified on the flow map. The
percentage of pixels with binary value of 1s versus pixel numbers of the whole area was
calculated as the estimation of vessel density, i.e., the quantitative equivalence of cerebral
blood perfusion.53 The cerebral blood perfusion in the corresponding area in the
contralateral hemisphere was estimated using the same method. Statistical comparisons of
vessel density between the ADK-SS virus-injected animals and the control animals (injected
with AAV-null virus) were then undertaken. Additional comparisons were made with the
virus-injected sites and their corresponding contralateral locations. The processing and
analysis on the OMAG images was carried out using MATLAB programing software
(Natick, MA).

Electroencephalography
Three days following the OMAG scan bipolar, coated stainless steel electrodes (80 μm in
diameter; Plastics One) were implanted into the virus-injected cortex (coordinates: AP=−2.1
mm; ML=−1.5 mm; DV=−1.0 mm with bregma as reference) under general anesthesia. A
cortical screw electrode (AP=1.0 mm, ML=1.5 mm) and a ground reference electrode
(AP=6.0 mm; ML=0 mm) were placed over the frontal cortex and cerebellum, respectively
(Fig. 1B). All electrodes were secured to the skull with dental cement. One week later, EEG
monitoring was performed as previously described60 with modifications as follows. After
habituation to the EEG-recording procedure for 4 hours, mice were recorded by EEG for an
additional 24 hours. Quantification of the EEG data was performed by an investigator who
was blinded to the experimental treatment. An electrographic seizure was defined as high-
amplitude rhythmic discharge that clearly represented a new pattern of tracing lasting for > 5
sec (repetitive spikes, spike-and-wave discharges, or slow waves). Epileptic events
occurring with an interval < 5 sec without the EEG returning to baseline were defined as
belonging to the same seizure. Seizures were primarily electrographic in nature, but
frequently accompanied by arrest or staring episodes, however, no concurrent convulsions
were observed. Seizure quantification was processed exclusively by intracortical EEG
recordings.

Immunohistochemistry
To determine changes in ADK expression, virus-injected mice were sacrificed after EEG
evaluation for immunohistochemical analysis as previously described.59 For the detection of
ADK, a primary anti-ADK antibody (1:5000)59 was used. To detect the cell-type specificity
of ADK expression,57 double immunofluorescence staining was performed using a
combination of primary antibodies directed against ADK (polyclonal, rabbit) and glial
fibrillary acidic protein (GFAP; monoclonal, mouse 1:400, MAB360, Chemicon
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International, CA), or NeuN (Neuronal Nuclei; monoclonal, mouse 1:750, MAB377,
Chemicon). Nissl staining was performed separately on adjacent brain slices. Digital images
were acquired using a Zeiss AxioPlan inverted microscope equipped with an AxioCam 1Cc1
camera (Carl Zeiss MicroImaging, Thornwood, NY). To quantitatively evaluate the
expression level of ADK, the optical density (OD) of ADK positive staining was measured
using Image-Pro Plus software (version 5.1, Media Cybernetics, Inc., Silver Spring, MD) as
described40 using two coronal brain sections at the level of the virus-injection from each
animal. Data were normalized to the contralateral cortical ADK expression levels.

Statistical analysis
Data are expressed as means ± standard error of mean (SEM). Statistical analysis was
performed by a one way analysis of variance (ANOVA) followed by Bonferroni post-hoc
analysis or student t-test. P < 0.05 was considered statistically significant.

Results
Focal overexpression of ADK in astrocytes within the neocortex

To determine changes in ADK expression, 8 weeks following virus injection and after
completion of OMAG imaging and EEG-recordings (Fig. 1A), animals were sacrificed and
brains evaluated histologically. Nissl staining to assess general brain morphology did not
reveal any gross morphological deviations in virus-injected animals compared to control; in
particular, virus-injection was not associated with any overt signs of pyknosis, karyolysis or
shrunken cell bodies (Fig. 1C, lower panel). The lack of any obvious virus-induced
cytotoxic effects is in line with the demonstrated safety-profile of the AAV system for CNS
applications.64,65 Immunohistochemistry data demonstrated that the cortical injection of the
ADK-SS virus induced a focal overexpression of ADK within the injected neocortex (Fig.
1C), whereas injection of the AAV-Null virus had no obvious effects on ADK expression
patterns, which were comparable to the non-injected contralateral cortex (Fig. 1C).
Quantitative analysis of immunodensities demonstrated that the ADK-SS virus induced a
robust focal increase in ADK expression, which showed a 4.8 ± 0.86-fold increase compared
to ADK expression levels in the contralateral hemisphere (p<0.01, n=5 per group) and a 4.4
± 0.77-fold increase compared to the AAV-Null injected hemisphere (p<0.01, n=5 per
group) (Fig. 1C). Conversely, AAV-Null virus injection did not cause significant changes in
ADK expression compared to the contralateral hemisphere (p>0.05, n=5 per group) (Fig.
1C). We previously demonstrated in a transgenic model system that a 63.6% increase in
ADK resulted in a 50% reduction in the ambient tone of adenosine;{Shen, 2011 #8692 we
therefore conclude that the focal overexpression of ADK achieved here triggers a local
deficiency in adenosine. To identify the rostral caudal extent of ADK-SS induced ADK
overexpression a series of brain slices was investigated spanning from −1.70 to −2.75 mm
from bregma (Fig. 1D). Analysis of the extent of virus-induced ADK overexpression
demonstrated a focal area of high levels of ADK within the neocortex with a diameter about
1.9 ± 0.4 mm (n=5).

Higher resolution images of ADK immunoperoxidase stained sections demonstrated
profound differences in the subcellular localization of ADK between experimental groups
(Fig. 2A). Images from ADK-SS injected cortex showed high levels of ADK expression in
cell somata and cellular processes, consistent with overexpression of the cytoplasmic
isoform of ADK as expressed by the virus. ADK-positive cells had characteristic
morphological features of astrocytes, with a star-like appearance and several primary
processes originating from the soma (Fig. 2A, inset). In contrast ADK expression in control
samples from AAV-Null animals had a characteristic pattern of prominent nuclear ADK
expression coupled with a diffuse homogenous staining of ADK throughout the tissue at

Shen et al. Page 5

J Neurosurg. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



much lower levels in line with our previous characterization of astrocytic ADK expression
in naïve mice.{Gouder, 2004 #2910; Studer, 2006 #7880} To confirm the cell-type
specificity of ADK-SS-induced ADK overexpression a double immunofluorescence analysis
was performed by co-staining ADK with either GFAP or NeuN (Fig. 2B and 2C). As
expected, and in line with our previous work,57,60 ADK expression was colocalized with
and confined to GFAP-positive cells (Fig. 2B, left panel) but not NeuN-positive cells (Fig.
2B, right panel). Higher resolution images confirmed the differential expression pattern of
ADK-SS induced overexpression of exogenous ADK (cytoplasm) versus endogenous ADK
(nucleus) (Fig. 2C). Together, our data demonstrate a robust focal overexpression of the
cytoplasmic isoform of ADK in cortical astrocytes from ADK-SS injected mice.
Importantly, overexpression of ADK was confined to a distinct focal area with a diameter of
about 2 mm close to the cortical surface, whereas other brain areas were not affected by
ADK-SS or a control virus injection.

Focal overexpression of ADK in astrocytes triggered recurrent electrographic seizures in
the neocortex

To evaluate whether focal neocortical overexpression of ADK influenced neuronal
excitability, we performed continuous EEG monitoring of neocortical electrographic
activity, 8 to 9 weeks after intracortical injection of ADK-SS or AAV-Null virus. EEG
recordings from the neocortical injection site illustrated that ADK-SS virus-injected mice
developed spontaneous recurrent electrographic seizures within the neocortex (Fig. 3A,
lower panel) whereas AAV-Null virus injected animals were devoid of any seizure activity
(Fig. 3A, upper panel). The neocortical electrographic seizures were characterized by a
gradual increase in amplitude that became rhythmic at the beginning of the seizure (Fig. 3A,
lower panel, closed arrow) whereas the end of the seizure had an overt drop in amplitude
(Fig. 3C, lower panel, open arrow). The neocortical seizures, which occurred in the ADK-SS
injected animals had a seizure frequency of 1.3 ± 0.2/hour (n = 8) with an average duration
of 94 ± 8 s. It is important to note that even though spontaneous electrographic seizures were
observed in all animals with ADK overexpression those activities were not associated with
any convulsive behavior. Power spectral analysis of the single event depicted in Fig. 3A
indicates a predominant ictal frequency of around 3 Hz (Fig. 3C), which is in contrast to
interictal EEG activity from ADK-SS recipients or baseline activity in AAV-Null recipients
(Fig. 3B). Together, the EEG data demonstrated that focal viral overexpression of ADK
within astrocytes was sufficient to trigger spontaneous recurrent neocortical seizures in the
absence of any epileptogenic event.

Reduced focal vessel density in ADK-SS injected mice
To evaluate whether disruption of adenosine homeostasis causes changes in
microcirculation, we employed the OMAG approach to image dynamic in vivo cerebral
blood perfusion and vasculature changes on the mice 8 weeks after viral injection. The high
contrast OMAG images demonstrated well-resolved cerebral vasculature indicating the CBF
status of the mice (Fig. 4A). OMAG data showed that the AAV-Null virus injection did not
cause focal changes in cerebral blood perfusion and vessel density similar to the
contralateral hemisphere (Fig. 4A, left panel). Importantly, OMAG images showed that
ADK-SS induced overexpression of ADK resulted in an overt reduced local cerebral vessel
density indicating reduced cerebral blood perfusion, surrounding the viral injection site (Fig.
4A, right panel). The resulting quantitative data demonstrated a significant reduction of
focal cerebral blood perfusion in the ipsilateral neocortex of ADK-SS recipients compared
to the corresponding region in AAV-Null recipients (23 % reduction of CBF, P<0.05, n=5,
Fig. 4B, left panel). Likewise, the focal vessel density in the ipsilateral neocortex of ADK-
SS was also significantly lower (29 % reduction) compared to the contralateral hemisphere
of the same animal (29% reduction of vessel density, P<0.05, n=5, Fig. 4B, right panel).
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Together, the analysis of the OMAG data indicated that disruption of adenosine homeostasis
by overexpression of ADK led to a reduction in focal cerebral blood perfusion and cerebral
vessel density.

Discussion
To better understand mechanisms of ictogenesis in NCE, we report here a novel animal
model of NCE with neocortical overexpression of ADK in astrocytes, and demonstrate the
feasibility of OMAG as an advanced non-invasive imaging tool to detect the epileptic focus
in this model. We demonstrate the following key findings: (i) virus-induced overexpression
of astrocytic ADK in neocortex is sufficient to produce robust spontaneous recurrent focal
electrographic seizures at a frequency of 1.3 ± 0.2 seizures per hour, and (ii) the seizure
generating focus spatially aligns with overexpression of ADK and detectable
microcirculation changes, which can be evaluated non-invasively by OMAG. 4729,49–51156

ADK is the key enzyme for the metabolic clearance of adenosine and exists in two isoforms,
which are specific for the nucleus (ADK long; ADK-L) or the cytoplasm (ADK short, ADK-
S).8 The specific roles of the different isoforms have not yet been fully elucidated, but
mounting evidence suggests that nuclear ADK-L plays a role in epigenetic functions and cell
proliferation, whereas the cytoplasmic ADK-S appears to be responsible for the metabolic
clearance of extracellular adenosine.8

As our current findings validate (Fig. 2A), and as previously demonstrated,22,59 under
control or baseline conditions, the majority of ADK expression is confined to the nucleus or
perinuclear area of astrocytes. However, in the epileptic brain astrocytic ADK is not only
increased in quantity, but also in subcellular distribution with a robust shift of ADK
expression from the perinuclear area into the network of astrocyte processes.40 Therefore,
quantity and distribution of the cytoplasmic isoform of ADK might play a key role in
ictogenesis. We therefore overexpressed the cytoplasmic isoform of ADK in astrocyte and
show profound expression of ADK in astrocytic processes (Fig. 2C) similar to ADK
expression patterns in a mouse model of kainic acid induced epilepsy.40 Our demonstration
that overexpression of the cytoplasmic isoform of ADK in astrocytes is sufficient to trigger
focal neocortical seizures, further supports a role of ADK located in astrocyte processes for
ictogenesis.

While AAV-induced overexpression of ADK within astrocytes was sufficient to trigger
spontaneous electrographic seizures in the neocortex, none of the subjects in this study
exhibited any signs of convulsive seizures. Periods of immobility or staring episodes were
occasionally associated with the electrographic seizures indicating a phenotype of partial
epilepsy without generalization. The hourly seizure rate, as well as the brief duration (94
seconds) of the seizures and the low intra-ictal spike frequency (3Hz), is in line with
electrographic seizure patterns that have been linked to deficient adenosine signaling. Focal
CA3 selective seizures (4.3 seizures per h; 17.5 sec duration), linked to astrogliosis and
overexpression of ADK after intraamygdaloid kainic acid injection, spontaneous seizures in
Adk-tg mice with brain-wide overexpression of ADK (4.8 seizures per hour; 26.7 sec
duration), and spontaneous seizures in adenosine A1R knockout mice (5.3 seizures per hour;
27.8 sec duration) all share the same characteristic seizure pattern with an intra-ictal spike
frequency of 3–4 Hz.38 Together these findings suggest that overexpression of ADK,
resulting in deficient signaling through the A1R, triggers a characteristic seizure pattern also
found in focal seizure models that result from a precipitating status epilepticus. Since ADK
expression was found to be focally restricted to a sphere with a diameter of about 2 mm
(Fig. 1), adenosine homeostasis in the remaining brain is not likely to be compromised by
this manipulation. The lack of seizure spread in this model is consistent with previous
findings demonstrating that adenosine A1R activation by endogenous adenosine is a
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prerequisite for the prevention of seizure spread.18,39 Thus, a local deficiency of adenosine
caused by the cell-type selective overexpression of ADK in astrocytes, triggers focal
electrographic seizures by insufficient activation of the A1R, which normally limits neuronal
excitability by mediating presynaptic inhibition and by stabilizing the postsynaptic
membrane potential. The focal nature of our manipulation is further supported by OMAG
imaging suggesting a tight spatial match between overexpression of ADK and changes in the
microvasculature.

Adenosine is one of the most potent vasodilators in different kinds of tissues and organs.
Under both physiological and pathophysiological conditions extracellular adenosine
provokes acute local vasodilation within the cerebral microcirculature47 mainly via
activation of the cAMP pathway through adenosine A2A and A2B receptors.49–51 Studies
also suggest that adenosine exerts long-term effects on microvasculature via facilitation of
angiogenesis1 through the induction of angiogenic growth factors such as vascular
endothelial growth factor.1 Whereas the application of adenosine or pharmacological agents
that alter adenosine metabolism can stimulate vasodilation and blood vessel growth, the
inhibition of ADK can increase CBF through an increase in interstitial adenosine levels.56

While not directly investigated here due to space considerations, we have demonstrated
previously that the overexpression of astrocytic ADK leads to a robust reduction in ambient
adenosine levels15,57, whereas downregulation of endogenous ADK is a physiological
response to raise adenosine levels under conditions of metabolic or energetic stress.52 The
reduced vessel density and reduced cerebral blood perfusion demonstrated here (Fig. 4) are
consistent with a reduced concentration of adenosine in the neocortical focus of
overexpressed ADK and reduced activation of the vascular A2AR, which plays an important
role in the regulation of CBF and angiogenesis.50. Given the lower sensitivity of the A2AR
compared to the A1R even a minor reduction in adenosine is likely to affect the vasculature.
In addition, seizures by themselves are known to trigger the release of adenosine as an
endogenous mechanism contributing to seizure termination16,35 and seizure-induced
adenosine release is consistent with an increase of CBF during ictal seizure events.21,34 Our
findings of consistently reduced CBF within the ADK-related seizure focus suggest that
seizure-induced elevations of adenosine are subject to enhanced metabolic clearance through
increased levels of ADK and therefore no longer effective in influencing CBF. Astrocytes
play a central role in the vasomotor response, in which neurovascular coupling links massive
Ca2+ elevations in the ictal phase to changes in CBF.21 However, a reduced basal adenosine
level may lead to a loss of postictal cerebral vasodilation.14,47 Given the frequent occurrence
and long duration of ADK-induced neocortical eletrographic seizures, it is likely that the net
effects of the CBF measurement obtained by OMAG are based on a combination of ictal and
interictal events.

Clinically, neocortical epileptogenic brain areas may surgically be resected following
presurgical evaluation through a variety of techniques:20 (i) computerized EEG source
imaging, based on surface or invasive intracranial EEG, targets focal abnormal epileptic
activity;44 (ii) neuroimaging approaches, such as positron emission tomography, single
photon emission computed tomography, or functional magnetic resonance imaging are used
to detect regional cerebral blood volumes;27,28,46 and (iii) computerized tomography (CT)
and magnetic resonance (MR) imaging are used to detect epilepsy-related dysplasias.10

However, each of the above approaches has its own set of limitations in diagnostic
sensitivity and predictive value.36 Alternative or additional diagnostic approaches might be
useful to improve planning of a surgical resection4,58 and are in particular need for
neocortical epilepsy, since this condition in general shows a lower rate of concordance
between diagnostic modalities as compared to mesial TLE.36 Changes in neuronal activities
are known to alter the light scattering and absorption properties of brain tissue. The intrisinc
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optical signal imaging technique provides 2D cortical maps of these changes and has been
used to study the functional organization of visual cortex23,42 and to perform intraoperative
mapping of functional and epileptiform activities in human subjects.11,24–26,55 These 2D
techniques are only able to detect hemodynamic changes on the cortical surface with limited
spatial resolution. The novel imaging technology OMAG investigated here is based on
endogenous light scattering from biological tissue to obtain microstructural and functional
vascular images, and can resolve the 3D distribution of dynamic blood perfusion at capillary
level resolution within the microcirculatory bed in vivo.31 In the present study, we
demonstrate that OMAG is able to detect a region with changes of microvasculature and
blood perfusion in a diameter of 2 mm, which reflects the area with overexpression of virus-
induced ADK. This finding indicates that a potentially small neocortical epileptic focus
might be detectable with OMAG, a technology that is non-invasive and reproducibly
delivers high resolution (100 μm) images without the need of exogenous contrasting agents,
as usually needed for CT, MR imaging or positron emission tomography.63 We show here
that OMAG can reliably be used as a diagnostic tool to detect focal overexpression of ADK.
Since overexpression of ADK appears to be a common pathological hallmark found in many
different forms of experimental and clinical epilepsy,2,3,13,22,39,40,43 OMAG presents as a
novel diagnostic tool to identify focal areas of increased ADK expression as predictors for
epileptogenic zones.
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Fig. 1.
Overexpression of ADK in the neocortex of mice induced by unilateral injection of ADK
sense (ADK-SS) virus. A: Schematic illustration of the experimental paradigm. Mice were
first subjected to unilateral intracortical virus injection, followed after 8 weeks by an OMAG
scan and cortical EEG recordings. After completion of the EEG, animals were sacrificed for
immunohistochemistry analysis. B: Schematic illustration of the virus transduced area
(Virus inj.) locations of the EEG recording electrodes (red): in frontal cortex (Frontal rec.),
focal area of ADK overexpression (Focal rec.), and above the cerebellum (Ref. rec.). The
area scanned by OMAG is indicated by a dashed green line. C: Representative ADK
immunoperoxidase (upper panel) and Nissl (lower panel) staining of brain slices showing
the contralateral (Contra) or ipsilateral injected (ADK-SS) hemisphere of an ADK-SS
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recipient and the virus-injected hemisphere of an AAV-Null injected control animal (AAV-
Null). The bar graph demonstrates relative densities of ADK immunoreactivity of DAB-
stained brain sections of ADK-SS or AAV-Null virus-injected mice (two sections per
animal, n=5 animals per group), scale bar = 500 μm. D: Representative ADK staining of
consecutive brain slices from an ADK-SS virus-injected animal showing the three
dimensional extent of ADK overexpression. Notch (arrow) on −2.15 mm slice indicates the
locus of the electrode implantation, scale bar = 1 mm. Data are displayed as mean ± SEM. #

P<0.01 ADK-SS vs AAV-Null group; * P<0.01 ipsilateral vs contralateral side.
Abbreviations: Virus inj. = virus injection area; Ref. rec= reference electrode recording;
Frontal rec = frontal electrode recording; Focal rec. = electrode recording; contra =
contralateral; ipsi = ipsilateral; IHC = immunohistochemistry
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Fig. 2.
Cellular expression pattern of ADK. A: ADK immunohistochemistry on coronal sections
from mouse brain injected with ADK-SS virus or AAV-Null virus, scale bar = 25 μm. B:
Immunofluorescence of ADK-SS virus-induced ADK expression (red) co-stained with
antibodies directed against GFAP, (green, left panel) or NeuN (green, right panel), scale bar
= 25 μm. C: Double-immunofluorescence staining of ADK (red) and GFAP (green) at
higher resolution showing expression of endogenous ADK within the nucleus and cell soma
of astrocytes from the neocortex of an AAV-Null injected control animal (top) and

Shen et al. Page 15

J Neurosurg. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression of exogenous ADK throughout the soma and processes of astrocytes from an
ADK-SS recipient, scale bar = 10 μm.
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Fig. 3.
Neocortical electroencephalographic activity of AAV-injected mice. A: Focal intracortical
EEG traces from the neocortical region of mice injected with AAV-Null (upper panel) or
ADK-SS (lower panel). The lower traces are at higher resolution and represent background
activity (AAV-Null) and a complete representative seizure (ADK-SS) including seizure
onset (closed arrow) and end (open arrow). Power spectral analysis of EEG activity from
mice injected with B: AAV-Null or C: ADK-SS.

Shen et al. Page 17

J Neurosurg. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
OMAG of cerebral blood perfusion and vessel densities in AAV-injected mice. A:
Representative 2D plane images of cortical vessel density at capillary level resolution in
AAV-Null or ADK-SS virus recipients. *indicates the coordinate of virus injection whereas
the dashed line indicates the virus-affected area, scale bar = 1 mm. B: Quantitative analysis
showing reduced cortical vessel density in the hemispheres injected with ADK-SS,
compared to those injected with AAV-Null (left panel), or compared to those in the
contralateral hemisphere (right panel). Cortical vessel densities are shown as percentage
relative to control. Data are displayed as mean ± SEM. # P<0.05 paired comparisons t-test
(n=5 per group).
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