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Abstract

Objective—Posttraumatic epilepsy is prevalent, often difficult to manage, and currently cannot
be prevented. While cooling is broadly neuroprotective, cooling-induced prevention of chronic
spontaneous recurrent seizures has never been demonstrated. We examined the effect of mild
passive focal cooling of the perilesional neocortex on the development of neocortical epileptic
seizures after head injury in the rat.

Methods—Rostral parasagittal fluid percussion injury in rats reliably induces a perilesional,
neocortical epileptic focus within weeks after injury. Epileptic seizures were assessed by 5-
electrode video-electrocorticography (ECoG) 2-16 weeks post-injury. Focal cooling was induced
with ECoG headsets engineered for calibrated passive heat dissipation. Pathophysiology was
assessed by GFAP immunostaining, cortical sclerosis, gene expression of inflammatory cytokines
IL-1a and IL-1pB, and ECoG spectral analysis. All animals were formally randomized to treatment
groups and data were analyzed blind.

Results—Cooling by 0.5-2°C inhibited the onset of epileptic seizures in a dose dependent
fashion. The treatment induced no additional pathology or inflammation, and normalized the
power spectrum of stage N2 sleep. Cooling by 2°C for 5.5 weeks beginning 3 days after injury
virtually abolished ictal activity. This effect persisted through the end of the study, over ten weeks
after cessation of cooling. Rare remaining seizures were shorter than in controls.

Interpretation—These findings demonstrate potent and persistent prevention and modification
of epileptic seizures after head injury with a cooling protocol that is neuroprotective, compatible
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with the care of head-injury patients, and conveniently implemented. The required cooling can be
delivered passively without Peltier cells or electrical power.
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INTRODUCTION

Post-traumatic epilepsy (PTE) complicates up to 75% of traumatic brain injuries (TBISs)
depending on injury type, severity, the presence of risk factors such as acute seizures, and
the duration of follow-up~3, It is the leading cause of acquired epilepsy in young adults, and
tends to be difficult to manage®°. The mechanisms of posttraumatic epileptogenesis are
unknown and there is currently no clinical intervention to cure PTE, prevent it, or even limit
its severity5.7.

Indirect evidence suggests that brain cooling should be investigated for PTE prophylaxis.
Hypothermia is neuroprotective after a variety of brain insults®-11, and suppresses
seizures!2. In animals, focal cooling inhibits electrically-induced kindling®3, and head
cooling acutely after head injury chronically elevates the threshold for chemically induced
seizures!?,

However, chronic spontaneous recurrent seizures (CSRSs) are the hallmark of epilepsy, and
it is unknown whether a well tolerated magnitude of cooling, applied at a clinically feasible
interval after brain injury, can prevent their development. The rostral parasagittal fluid
percussion injury (rpFPI) model of PTE is ideal to investigate the issue. rpFPI is
mechanically identical to human contusive closed head injury, reproduces key
histopathological and pathophysiological sequelae’®, and reliably results, within weeks after
injury, in a high incidence of PTE with frequent focal seizures'6-19, Before progressing to
dual pathology months after injury, rpFPI-induced PTE first appears as frontal-lobe
neocortical focal seizures, resembling frontal-lobe seizures common in human PTE18-22_ |n
addition, this model is well characterized with respect to rat-to-rat and measurement-to-
measurement variability in seizure frequency?3, and statistical power analyses for the
detection of CSRS prevention are available to optimize preclinical studies?4.

We used formal randomization and blind analyses to examine the effects of continuous mild
focal cooling on CSRSs and brain pathophysiology. We found that CSRSs could be potently
and persistently prevented after rpFPI by a time-limited cooling of the perilesional neocortex
by just 2°C. This small amount of cooling was achieved by passive heat dissipation, without
Peltier cells or electrical power. This treatment is practical and compatible with the acute
treatment of head injury patients.

METHODS

All procedures were approved by the University of Washington Institutional Animal Care
and Use Committee. Experiments were designed randomized and analyzed by personnel
kept blind to treatment and time point. The experimental methods and the design,
construction and heat dissipation properties of the passive cooling headsets are described in
detail in Supplementary Methods.

Briefly, Sprague-Dawley male rats (32-26 days old) were mechanically ventilated under
halothane anesthesia, and a 3 mm diameter craniotomy was centered 2 mm posterior to
Bregma, 3 mm from the midline. Animals were disconnected from the ventilator,
administered an 8 ms pressure pulse (3.4 or 3.7 atm) through the FPI device, and ventilation
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resumed after a uniform 10s interval of posttraumatic apnea. Acute mortality after rpFP1 was
9%. Epidural electrodes and exchangeable cooling or mock-cooling elements were
incorporated into acrylic headsets that were securely anchored to the skull. Five epidural
electrodes were implanted using procedures designed to avoid damage to the underlying
neocortex. The entire assembly including cooling element, electrodes and connector pedestal
was encased in dental acrylic and adhered to the skull. Heat dissipating properties of the
headset were evaluated by temperature measurements and digital thermography.

Video-electrocorticographic (ECoG) monitoring was performed during and up to 2.5 months
after termination of cooling. Each ECoG recording lasted 1 day, to fully sample the
circadian cycle. Based on statistical power analyses (reference 24; Supplementary Fig. 3),
recordings were acquired once or twice a week. All ECoG was manually analyzed by
personnel kept blind to treatment and to time post-injury. Seizures had durations ranging
from 1s to 4.5 min and were characterized by epileptiform ECoG patterns starting with
visible trains of 150-250ms-long spikes, and with simultaneous stereotyped ictal behavioral
changes according to a behavioral scale previously described!®. Seizure frequencies and
times spent seizing were determined for each rat for each week of recording. These data
were logarithmically transformed prior to secondary analysis to maximize statistical power
to detect treatment effects?3:24, In one experiment, headsets were actively re-warmed to
body temperature and video-ECoG recordings performed for 6-7 hours to examine whether
CSRSs rebounded quickly.

Pathology was assessed in coronal sections taken from beneath the craniotomy near Bregma
-2mm. Sections were immunostained for GFAP identically and together, using standard
methods. Measurements of cortical thickness or GFAP optical density were performed blind
with the aid of ImageJ software. Expression of IL-1a and IL-1p were measured blind by
RT-PCR. Animals were transcardially perfused to flush the blood from the brain, and 5mm
biopsy punches were rapidly collected from the perilesional and homologous contralateral
cortices. RNA was extracted (RIN 9.9-10) with RNeasy extraction kit (Qiagen Inc.,
Valencia, CA). Gene expression assays were run using the 96.96 Gene Expression Dynamic
Array" IFC (Fluidigm, South San Francisco, CA) according to the manufacturer’s
instructions. All gene expression levels were measured in triplicate and quantitated
normz;lized to the geometric mean of the GAPDH, SDHA and HPRT1 housekeeping
genes>,

Statistical analyses were conducted using SPSS 10 (SPSS Inc., Chicago, IL). Unless
indicated otherwise, black symbols indicate statistically significant differences, and open
symbols denote measurements that do not differ significantly from their respective controls,
which are always represented in gray. Statistical significance is set at p<0.05. All data are
presented as mean=SEM.

We designed different types of heat-dissipating ECoG headsets that provided graded passive
cooling of the perilesional brain by up to 2°C (Fig. 1; Supplementary Figure 2). The metal
elements in each headset type replace a 4mm diameter portion of the skull and enhance heat
conduction from the brain to the headset (Fig. 1A). This results in warming of both the metal
elements and the surrounding acrylic, increasing convective and radiant heat loss to the
environment. Thermographic images show that D-type headsets were warmer than A-type
control headsets (Fig. 1E-G). Headsets A-D dissipated heat (Supplementary Figure 4A-B)
and cooled the neocortex (Fig. 1C) with the expected rank order efficacy without affecting
systemic temperature. The temperature gradient induced by cooling the surface of the
perilesional neocortex by 2°C was estimated in anesthetized rats by actively cooling the
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same cortical area to lower temperatures, measuring the induced temperatures at different
distances, and then fitting the data and extrapolating based on the Fourier heat conduction
law (Supplementary Figure 5). We found that 2°C cooling of the surface of the neocortex
dissipates to <1°C within 2.3mm from the metal rod (Fig. 1D). These passive heat -
dissipating ECoG headsets were used in 3 independent blind and randomized experiments.

Dose response of prolonged mild passive cooling on CSRSs

In the first experiment, the dose effect of passive focal cooling of the perilesional epileptic
focus was examined with 39 rats randomized to treatment with the heat-dissipating headsets
A, B, C or D from one to four weeks after 3.4atm rpFPI (Fig. 2A). One animal randomized
to headset D was euthanized after a surgical error during implantation of the steel cooling
rod, two animals died, and one lost the headset soon after randomization. The expected rank-
order efficacy of cooling treatments (A<B<C<D) was evident by post-injury week 3
(Supplementary Figure 4C-D). At the end of the fourth week after rpFPlI, rats treated with
B-, C-, and D-type headsets had seizure frequencies lower by 48% (n=9; p=0.09), 81% (n=9;
p=0.025) and 99% (n=8; p=0.001; Mann-Whitney), respectively, compared to controls
(headset A; n=9). Times spent seizing were similarly decreased in rats with B- (p=0.10), C-
(p=0.025) and D-type headsets (p=0.001; Mann-Whitney). The efficacy of the headsets in
inhibiting the development of CSRSs paralleled both their thermal conductance and the
magnitude of brain cooling they induced. The logarithms of seizure frequency and time
spent seizing both varied linearly with perilesional brain cooling (Fig. 2B—C) and the
headset thermal conductance (Supplementary Figure 4E-F).

To determine whether seizures were directly controlled by the lower temperature and would
rebound quickly upon termination of cooling, 5 epileptic rats that had been treated with C-
(n=4) or D-type (n=1) headsets were recorded at week 5 post-injury on two consecutive days
(Fig. 2D). Time-matched on-cooling reference data were obtained on the first day. On the
second day, cooling rods were actively re-warmed to body temperature with an electrically
insulated resistance and calibrated current flow. No animal exhibited an increase in seizure
frequency or time spent seizing during the re-warming period, and mean seizure frequencies
and times seizing were nominally lower during re-warming.

Pathophysiological examination after prolonged mild passive cooling

To determine whether the prolonged cooling treatment induced pathophysiological changes,
we examined GFAP immunostaining, cortical thickness, and injury-induced changes in the
power spectrum of stage N2 sleep after 3—4 weeks of cooling in the same animals used for
the dose response study. In addition, a second experiment was conducted to examine the
gene expression of inflammatory cytokines IL-1a and IL-1p after 3 weeks of cooling.
Animals (n=21) were randomized to sham-injury or rpFPI with A-type headsets or rpFPI
with D-type headsets in a 1:1:1 proportion.

Densitometric analysis of GFAP-immunostained sections showed 4 weeks of cooling to
have no effect on astroglial reactivity (Fig. 3A-C). Ipsilateral GFAP immunoreactivity was
significantly elevated over contralateral levels in each treatment group, as expected for a
lateral injury, but no differences were observed between cooled and untreated rpFPI rats
(p=0.43, Kruskal-Wallace). Examination of neocortical thickness revealed no significant
effects of cooling (Fig. 3D). No differences were observed either between ipsilateral and
contralateral neocortices within each group, or between ipsilateral neocortices across groups.
rpFPI significantly reduced the alpha/delta power ratio of stage N2 sleep (Headset A),
compared to shams (p<0.001; Mann Whitney). Cooling Headset D significantly restored the
alpha/delta power ratio compared to randomized headset-A controls (p=0.002, Mann-
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Whitney; Fig. 3F). This restorative effect was limited to the perilesional neocortex
(Supplementary Figure 6), consistent with the induced temperature gradient (Fig. 1D).

Gene expression levels of inflammatory cytokines IL-1a and IL-1f were nominally elevated
3.5 weeks after injury in perilesional and homologous contralateral neocortex of rpFPI
animals (n=7) compared to age-matched controls (n=7). IL-1a and IL-1f gene expression in
rpFPI animals treated with D-type headsets for 3 weeks was nominally lower than in headset
A controls and nearly identical to the expression levels in shams (n=7; Fig. 3E).

Thus, we found no evidence for treatment-induced pathophysiological changes and, taken
together, the data demonstrate that CSRS prevention is not due to damage to the neocortical
epileptic focus.

CSRS prophylaxis by mild focal cooling after head injury

In the third experiment, twenty animals were randomized to mock-cooling or type-D cooling
headsets after 3.7atm rpFPI. Cooling began 3 days after FPI and stopped 5.5 weeks later
(Fig. 4E). Two animals lost their headsets at week 4 and 5 after injury, and were eliminated
from the study. Animals were recorded on post-injury weeks 2 and 5, during cooling, and
weeks 7, 8, 9, 10, 12, 14, 16 after termination of cooling. During cooling CSRSs were
virtually abolished in treated animals, and this effect persisted for at least 10 weeks after
cessation of cooling (Fig. 4F—H). The duration of the rare seizures recorded in the treated
group (3.2+0.5s; n=116) in the weeks after cessation of cooling was significantly less than in
controls (9.1+0.2s; n=3223; p<0.001; Mann-Whitney U). The cumulative frequency
distribution of seizure duration in cooled rats was significantly left-shifted toward briefer
seizures compared to controls (Fig. 41; p<0.001, Kolmogorov-Smirnov). The shortening of
seizures was confirmed with a Monte-Carlo method that assessed the likelihood that the
seizures observed in the control and cooled groups could have been drawn from the same
underlying distribution (Supplementary Figure 7). The aggregate effect of the treatment on
seizure frequency and duration is a 99% less severe PTE syndrome, as indicated by time
spent seizing.

DISCUSSION

The principal finding of these blind and randomized studies is that mild focal cooling of the
perilesional neocortex potently prevents CSRSs after head injury, both during and after
treatment, without inducing pathology, inflammation or silencing neuronal activity. rpFPI
induces a severe progressive PTE syndrome 16:17 characterized by a high frequency of focal
CSRSs resistant to classic 23 and investigational 2* antiepileptic drugs. The magnitude of
cooling required to prevent CSRSs was much smaller than anticipated: a clear dose-response
relationship could be demonstrated with graded cooling by up to just 2°C. This was
achieved with ECoG headsets engineered to provide graded passive heat dissipation. This is
the first demonstration of non-pharmacological prophylaxis of CSRSs.

Passive mild focal cooling prevents CSRSs

Our initial efforts to prevent CSRSs in freely moving rats employed water-cooled ECoG
headsets (Supplementary Figure 1). However, rpFPI rats implanted with these headsets, but
never actively cooled, failed to develop the expected PTE. This suggested that the
magnitude of cooling required to suppress the development of spontaneous seizures was
much smaller than expected on the basis of previous studies of provoked seizures?:26 and
that it could be achieved by passive heat dissipation. Thus, we designed and built a series of
heat dissipating headsets to passively cool the perilesional neocortex with varying efficacy
(Fig. 1; Supplementary Fig. 2).
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Focal cooling by 2°C resulted in virtually complete prevention of CSRSs both during and
after treatment (Fig. 4). The temperature gradient induced by these headsets dissipated to
less than 1°C within 2.3 mm from the center of the cooling rod (Fig. 1D), confirming that
the seizure onset zone is in the perilesional neocortex, as previously indicated by depth-
electrodel” and grid!8 recordings. This prophylactic effect persisted for the duration of the
study, over 10 weeks after termination of cooling. While the untreated group presented
marked progression in seizure frequency and time spent seizing consistent with previous
observations!’, the cooled group did not. At the end of the study, the treated group had
much lower seizure frequency (Fig. 4F) and time spent seizing (Fig. 4G) than the control
group did in the early weeks postinjury, suggesting that the prevention of CSRSs would
persist long after the 4 months investigated.

Rare short remaining seizures

The residual seizures observed after treatment were rare, and they were shorter than in the
control group (Figs. 41, 5, Supplementary Figure 7). Their occurrence may reflect a cooling
protocol that has not yet been optimized. The cooling protocol used in these initial studies
may not adequately treat the margins of the seizure-onset zones in some rats. Indeed, the
cooling gradient dropped off to less than 1°C within 2.5 mm from the center of the cooling
piece, i.e. 0.5 mm from its edge (Fig. 1D), and we know that cooling of the perilesional
cortex by just 1°C achieved sub-maximal effects in the dose response study (Fig. 2B-C).
Thus, we predict that larger cooling gradients, obtained by increasing the area of the cooling
surface and/or the magnitude of cooling applied, will result in complete prevention of
seizures. Also, optimization of the cooling protocol was beyond the scope of our studies, and
it is possible that earlier treatments applied for different durations may prove to be even
more effective.

In any case, there is no evidence in our study that these rare short CSRSs represent a
progressive disorder and can promote secondary epileptogenesis. The treated group did not
show progression of epilepsy, and even more than 10 weeks after cooling termination
displayed seizure frequency (Fig. 4F) and time spent seizing (Fig. 4G) comparable to those
during the earliest weeks postinjury, and more than an order of magnitude lower than in
controls. This is consistent with our previous report that kindling appears to depend on the
frequency of neocortical seizures in FPI animals 1°.

These short seizures were brief enough to be disregarded in most preclinical studies, which
typically arbitrarily exclude seizures lasting less than 5-15s. However, we have
characterized the electroclinical semiology of rpFPI-PTE based on the clinical practice of
requiring chronic, recurrent, spontaneous epileptiform ECoG with simultaneous stereotyped
behavioral changes independently from the duration of the spells?”:28. As in humans, rpFPI-
PTE includes clinical seizures ranging 1 second to several minutes®-28. Importantly,
seizures of all durations responded to cooling, whose effect did not depend on duration-
based seizure definitions (Fig. 4H). While further refinements of the cooling protocol may
achieve the complete prevention of even the shortest seizures (<3s), these could be
subclinical and go unnoticed in humans depending on the location of the focus819, For
perspective, if a patient with intractable complex partial seizures only has non-disabling
simple partial seizures after epilepsy surgery, this would be categorized as an Engel Class |
outcome.

Properties of CSRS prophylaxis by mild focal cooling

Our studies show that it is cooling, and not some other feature of the treatment, that accounts
for the observed prevention and shortening of CSRSs after FPI: 1) seizure prevention did not
depend on the contact between dura and the metal; headset C and D differed only in a thin
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layer of silicon separating the metal rod from the dura (Figs. 1A, 2B-C); 2) the logarithm of
seizure frequency and time seizing were linearly depended on both the thermal conductance
of the headsets (Supplementary Figure 4E—F), and on the steady state neocortical cooling
they induced (Fig. 2B-C), and 3) these dose dependent effects were demonstrated in the
absence of treatment-induced pathophysiological changes (Fig. 3), excluding the possibility
that the focus was silenced by treatment-induced cortical damage.

It is unlikely that a direct inhibitory effect of cooling on neuronal/synaptic activity is the
predominant mechanism accounting for the observed inhibition of CSRSs during treatment
because: 1) the effect of mild cooling appears to be time dependent, inducing a progressive
decrease in CSRSs during treatment (Supplementary Fig. 4C-D); 2) acute re-warming of the
headsets to body temperature for several hours did not result in seizure rebound (Fig. 2D),
and 3) the alpha/delta spectral power ratio during stage N2 sleep was /ncreased by cooling
(Fig. 3F). Since this ratio was decreased after rpFPI (Supplementary Figure 6), consistent
with the FPI-induced depression in neuronal and synaptic excitability?®30, its increase
represents an increase in, and a normalization of cortico-thalamic neuronal/synaptic activity.

CSRSs did not return for months after termination of cooling indicating that: 1) the bulk of
epileptogenesis occurs within the first 6 weeks after injury, during which the treatment was
delivered, and 2) the development of CSRSs is not irreversibly determined in the first 3 days
post-injury, allowing an ample window for intervention. The cooling treatment
predominantly affected seizure frequency, but the rare residual seizures are also significantly
shorter than those in untreated rpFPI controls. This effect on seizure duration is independent
from that on frequency because it was observed even when comparing the treated group to
control animals with comparable seizure frequency (Fig. 41 and Supplementary Fig. 7).
Further work is needed to identify the mechanisms mediating CSRS prevention induced by
mild cooling. Hypothermia alters many cellular and systemic pathophysiological
processes1011:31 that may contribute in a complex fashion to neuroprotection and the
observed persistent CSRSs prevention. In particular, recent studies linking epileptogenesis
to neurodegeneration32 suggest that cooling-induced moderation of inflammatory and
apoptotic processes1011:31.33.34 may inhibit epileptogenesis by sparing critical neuronal
populations. Thus, our findings suggest that head-injury induced epileptogenesis may also
be affected by pharmacological anti-inflammatory treatments as recently hypothesized 4.

Translational potential of mild cooling for human TBI

While a number of pharmacological agents have failed to demonstrate prevention of CSRSs
in clinical trials8, there is preclinical evidence that epileptogenesis may be modulated
pharmacologically using the a.2-adrenergic antagonist atipamezole3®. This class of drugs,
however, may further elevate intracranial pressure in severe head injury patients with
impaired cerebrovascular autoregulation3®. In addition, atipamezole is proepileptic3®, and
may exacerbate acute seizures after head injury. Therefore this class of drugs needs scrutiny
before use in head injury patients.

In contrast, mild cooling is safe and beneficial in both humans and animals after severe head
injury811.37-39 Numerous studies have shown hypothermic treatments to provide
neuroprotection and improve functional and cognitive recovery after experimental brain
injuries 11:39.46.47 | addition, single center clinical trials of relatively prolonged (>48 hr)
periods of mild (34-35°C) systemic hypothermia after TBI have demonstrated decreased
mortality, reduced posttraumatic edema and intracranial pressure and improved functional
recovery37:40-42_ Tokutomi et al.38 argued that cooling by 1.5°C to 2°C is optimal for TBI
treatment. Finally, two trials have demonstrated that selective cooling of the TBI brain to
33°C-35°C results in improved outcome compared to normothermia and/or comparable
systemic hypothermia®243. In addition, cooling controls seizures2, making hypothermic
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treatments particularly attractive for the acute and sub-acute management of head injury
patients.

Accordingly, we found that continuous 2°C cooling for 5 weeks resulted in no increase in
astroglial reactivity (Fig. 3C), a sensitive indicator of neuropathology4, and neocortical
sclerosis, as measured by cortical thinning (Fig. 3D). The gene expression of inflammatory
cytokines IL-1a and IL-1, sensitive and non-specific markers of neuroinflammation“®,
were nominally lower in the perilesional neocortices of cooled rats compared to rpFPI
controls (Fig. 3E). In addition, we found that the injury-related changes in spectral features
of the ECoG were partially normalized in the cooled perilesional neocortex (Fig. 3F),
indicating a localized restoration of normal neuronal/synaptic function.

A limitation of preclinical prophylactic studies is that they must be restricted in time, and
ours lasted 4 months. One can never exclude that a delayed form of epileptogenesis might
occur after a sufficiently long time after the observation period. Ultimately the indefinite
persistence of seizure prevention —and its clinical value- can only be demonstrated with a
trial in humans and with clinical experience. This clinical trial should be conducted after
further preclinical optimization of the magnitude of cooling and of the delay/duration of
treatment after injury. Indeed, the lack of neuropathology after intermitted cooling by 17—
27°C for a month28 suggests the magnitude of focal brain cooling could be safely increased.
In addition, the normalization of IL-1a and IL-1p levels after just 3 weeks of cooling (Fig.
3E) suggests that cooling for less than 5 weeks may be sufficient.

Focal 2°C cooling dramatically diminished the development of CSRS after head injury,
caused no additional pathology and partially restored one indicator of brain function. This
small magnitude of cooling was achieved by passive heat dissipation, without electrical
power, circuitry or moving parts, indicating that a practical implementation of cooling-based
therapies may be easier than previously anticipated. Thus, it has promise as a practical
epilepsy prophylaxis after human TBI, and further investigation is warranted to define the
full potential of this novel therapeutic modality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design and performance of passive focal-cooling headsets

A) Headsets of dental acrylic incorporate a heat-dissipating piece (4mm diameter) of
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— 26°C gradient
—16°C gradient
— 2°C gradient

1
2 3 4 5 6 7
Distance (mm)

stainless steel placed in contact with the dura. In A-type control headsets, the metal element
is a 250 pm thick disk. Steel rods, 1.5 mm (headset B) and 15 mm (headsets C and D) in
length enhance the cooling capabilities of the headsets. The performance of D-type headsets
is further enhanced by a thin layer of biocompatible silicone (green) that increases thermal
contact with the brain. Metal elements are not to scale. Arrows indicate locations where the
heat source is applied (red), and where temperature changes are measured (black) to
estimate thermal conductance. B) Location of the 5 epidural electrodes (filled circles), the
injury site (gray circle), and the metal element (hollow circle) in respect to the rat skull in all
headsets. Note electrode 4 is perilesional. C) Focal neocortical cooling by different headset
types in freely moving rpFPI rats. The rank order for brain cooling is the same as that for
heat dissipation shown in Supplementary Figure 4B. Body temperature is unaffected by

headset type. Statistical significance is color coded: black filled symbols indicate a

statistically significant difference from the matched rectal temperature (gray symbols). D)
Spatial extent of passive brain cooling by 2°C (red line) extrapolated from measurements of
actively cooled rats (Supplementary Figure 5), and assuming that brain cooling dissipates as

per the Fourier heat conduction law with the inverse of the distance as found for active

cooling. E-G) Digital thermography (top view) of an acrylic control headset (E), a D-type
headset (F), and a D-type headset minutes after removal of the cooling element (G). Insets in
E-G are close-ups of the headsets above the injury sites. Note that the acrylic surface of the
control headset is warmer than ambient temperature but cooler than the D-type headset.
Brain heat is more efficiently dissipated to the acrylic and the environment by a D-type
headset. F, inset) note the ring of warm acrylic at the base of the cooling rod (white arrow),
demonstrating heat dissipation from the brain. G) Note the cooler acrylic headset
surrounding the dura, which is at body temperature, after removal of the cooling element.
Color scale applies to E-G.
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Figure 2. Dose-effect of passive focal cooling on focal neocortical epilepsy

A) Schematic of the experimental protocol. One week after rpFPI rats are implanted with
headsets A, B, C and D, providing graded cooling up to 2°C. B-C) The log-transformed
seizure frequencies (B) and times spent seizing (C) measured 4 weeks after injury both
varied as linear functions of the steady state temperatures (or inversely with the magnitude
of cooling) measured in the perilesional neocortices of different rats implanted with the
indicated headsets. Statistical significance shown is for seizure frequency or time seizing vs
headset A. Statistical significance is color coded: black filled symbols indicate a statistically
significant difference from controls (gray symbols). D) Seizures do not rebound acutely after
termination of cooling in epileptic rats focally cooled with headsets C and D. Seizure
frequencies and times spent seizing were measured in 7h recordings obtained at the same
time of day on consecutive days during cooling and active rewarming to 36.5°C.
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Figure 3. Prolonged mild focal cooling does not induce pathophysiological changes
GFAP-immunostained coronal sections obtained from injured rats treated with control
headset A (A) or cooling headset D (B). In A-B, arrows indicate enhanced GFAP™ staining
characteristic of the white-matter/layer V1 region ipsilateral to the injury; dotted lines
delimit the approximate ipsilateral regions of interest. C) Box plots summarize the blind
densitometric analysis of GFAP immunostaining. Immunoreactivity was significantly
greater ipsilateral to the injury in each treatment group but no treatment differences were
detected. All asterisks indicate p<0.05. Hollow square=mean; Whiskers indicate max and
min values. Contra=contralateral, ipsi=ipsilateral to the injury site. D) Box plots summarize
the blind analysis of neocortical thickness showing no significant effects of cooling. No
differences were observed either between ipsilateral and contralateral neocortices within
each group, or between ipsilateral neocortices across groups. In C-D co=contralateral,
ip=ipsilateral. E) Three weeks of treatment with cooling headset D do not increase
inflammation of the perilesional and homologous contralateral neocortices, as demonstrated
by nominally lower gene expression levels of inflammatory cytokines IL-1a and IL-1f
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compared to headset A controls and sham-injured animals. F) Three weeks of cooling
restore the perilesional ECoG power spectrum of stage N2 sleep. Compared to sham injured
animals, a reduction of the alpha/delta ratio is evident in mock-cooled (headset A) rpFPI
animals. This is significantly increased in cooled (headset D) rpFPI animals relative to
randomized headset A.
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Figure 4. Mild focal cooling preventsthe development of CSRSs

A-D) Thermal images of mock-cooling control headset (A, B) and a D-type cooling headset
(C, D). Brain heat is more efficiently dissipated by a D-type headset with a steel rod than a
control headset with an acrylic rod. A) Side view. Note the progressive cooling of the acrylic
rod and headset with the distance from the brain. B) Top view. Note the cold top surface of
the acrylic rod. C) Side view. Note the vertical artifact on the rod due to reflected light (gray
arrow), and the ring of hot acrylic surrounding the base of the metal rod (white arrow). D)
Top view. Note the ring of hot acrylic surrounding the steel rod, and the overall higher
temperature of the whole headset compared to B. Throughout: 1= nose bar; 2= ear cone; 3=
ECoG pedestal; 4=acrylic or steel rod. E) Schematic of the experimental protocol. Headsets
for cooling and ECoG recordings were implanted 3 days post-injury. Cooling rods were
replaced with acrylic rods 5 weeks later. F-G) seizure frequency (F) and time spent seizing
(G) are virtually abolished in treated rats compared to controls both during and after
treatment termination. Plots show data for seizures longer than 3s. H) Seizure-preventive
effect of mild cooling shown for different duration-based seizure definitions in control and
treated rats during weeks 8-10 and 14-16 post-injury. The effect is not sensitive to seizure
definition. Statistical significance is color coded: black filled symbols indicate a statistically
significant difference from the time-matched control (gray symbols). I) Cumulative
frequency histograms of seizure durations actually observed in treated rats (COOLED all),
all control rats (CONT all), and control rats with seizure frequencies comparable to those of
cooled animals (CONT low freq). Cooling significantly left-shifts the distribution of seizure
durations toward briefer seizures compared to both all controls and low seizure frequency
controls (both p < 0.001, Kolmogorov-Smirnov).
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Figure5. Video-ECoG of chronic spontaneousrecurrent focal seizuresin mock-cooled and
cooled rpFPI animals

Representative CSRSs observed 4 months postinjury in the prophylactic study of 5.5 weeks
of mild focal cooling started 3 days postinjury (Fig. 4). A) A typical focal seizure in the
mock-cooling group (control). Exploratory behavior is evident in frames captured prior to
the onset of seizure. Epileptic ECoG is first detected by the perilesional electrode e4. Static
posture is evident in 12 consecutive frames captured during the epileptic ECoG discharge,
and movement resumes after termination of the seizure. Note the perilesional focal onset. B)
One of the rare short seizures observed in the cooled group. Grooming behavior is evident in
changes in the position of the animal’s head and paws in frames captured before onset of the
seizure. Epileptic ECoG is detected only by the perilesional electrode (e4—€5). Ictal motion
arrest is indicated by animal’s static posture in frames captured during the epileptic ECoG.
Resumption of grooming is evident after termination of the discharge. Note the high
frequency muscle artifact during chewing, the absence of artifact during headset scratching
at 57:56, and the perilesional focal onset of the short seizure. Numbers shown to the left of
ECoG traces indicate recording and reference electrodes as shown in Fig. 1B. Boxes at right
show brief seizure on an expanded time scale. Gray arrows indicate ECoG seizure focal
onset.
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