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Surgery to treat drug-resistant epilepsy can be quite effective but remains substantially
underutilized. A pilot study was undertaken to test the feasibility of using a non-invasive, non-
ablative, approach for producing focal neuronal loss to treat seizures in a rodent model of temporal
lobe epilepsy. In this study, spontaneous, recurrent seizures were established in a mouse model of
pilocarpine-induced status epilepticus (SE). After post-SE stabilization, baseline behavioral
seizures were monitored for 30 days. Non-invasive opening of the Blood-Brain Barrier (BBB)
targeting the hippocampus was then produced by using MRI-guided, low-intensity Focused
Ultrasound (MRgFUS), through which a neurotoxin (Quinolinic Acid) administered
intraperitoneally gained access to the brain parenchyma to produce focal neuronal loss. Behavioral
seizures were then monitored for 30 days after this procedure, and brains were subsequently
prepared for histological analysis of the sites of neuronal loss. The average frequency of
behavioral seizures in all animals (n=11) was reduced by 21.2%. Histological analyses along the
longitudinal axis of the hippocampus showed that most of the animals (n=8) exhibited neuronal
loss located primarily in the intermediate aspect of the hippocampus, while sparing the septal
aspect. Two other animals with damage to the intermediate hippocampus also exhibited prominent
bilateral damage to the septal aspect of the hippocampus. A final animal had negligible neuronal
loss overall. Notably, the site of neuronal loss along the longitudinal axis of the hippocampus
influenced seizure outcomes. Animals that did not have bilateral damage to the septal
hippocampus displayed a mean decrease in seizure frequency of 27.7%, while those with bilateral
damage to septal hippocampus actually increased seizure frequency by 18.7%. The animal without
neuronal loss exhibited an increase in seizure frequency of 19.6%. The findings indicate an overall
decrease in seizure frequency in treated animals. And, the site of neuronal loss along the
longitudinal axis of the hippocampus appears to play a key role in reducing seizure activity. These
pilot data are promising, and they encourage additional and more comprehensive studies
examining the effects of targeted, non-invasive, neuronal lesions for the treatment of epilepsy.
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Introduction

Epilepsy is a major neurological disorder that is primarily treated with one or more anti-
epileptic drugs (AEDs). Unfortunately, one-third or more of epileptic patients are
unresponsive to AEDs, and the inability to medically control seizures results in a poor
quality of life and can be life-threatening. Neurosurgical interventions are quite effective in
controlling seizures in appropriately-selected candidates with drug resistant epilepsy (DRE).
Epilepsy surgery can reduce or eliminate seizures, and can greatly improve the quality of life
in DRE patients (e.g. Wiebe et al. 2001; Engel et al. 2003; West et al. 2016). Temporal
lobectomy is the most common type of surgery for patients with temporal lobe epilepsy. A
portion of the anterior temporal lobe along with the amygdala and hippocampus are
removed. A temporal lobectomy leads to a significant reduction or complete seizure control
about 70% to 80% of the time (Sperling et al. 1996, Dupont et al. 2006). However, memory
and language can be affected if this procedure is performed on the dominant hemisphere.
With assistance of MRI, selective amygdalohippocampectomy (SAH) removes mesial
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structures, leaving lateral temporal cortex intact, resulting in less risk for language
dysfunction and fewer neuropsychological sequelae (Spencer et al. 2012). However, despite
extensive and growing evidence supporting of the benefits of epilepsy surgery, this treatment
modality remains substantially underutilized (Haneef et al. 2010; Englot et al. 2012; Jette et
al. 2012; Burneo et al. 2016). One reason for such underutilization is that well-established,
resective surgeries have multiple contraindications and possible complications. They can be
highly invasive, may require the removal of substantial amounts of brain tissue, can cause
bleeding, infection, blood clots, strokes, seizures, swelling of the brain, and nerve damage,
may require long recovery periods, and can be expensive (e.g. Rydenhag and Silander 2001,
McClelland et al. 2011). Moreover, unintended functional deficits in memory, language
comprehension, and visual processing can occur (e.g. Helmstaedter et al. 2004; Spencer and
Huh 2008; Hader et al. 2013).

More recent advances using minimally-invasive and non-invasive procedures hold
considerable promise for treating DRE, and can limit certain complications. For instance
stereotactic laser ablation (SLA) is minimally invasive, and has recently been mentioned as a
“technological advance (that) has revolutionized epilepsy management...” (Saipetch et al.
2016). However, SLA is not without its limitations, including bleeding, probe mal-
positioning, and thermal effects on neighboring, non-target structures. SLA requires burr
holes to be drilled in the skull and the insertion of one or more probes into the brain. The
probes are then used to produce ablative, thermal lesions, which can risk injury to
neighboring neural or ventricular structures, and/or fibers of passage (Gross et al. 2016). In
addition, SLA cannot produce conformal areas of damage. Consequently, in order to treat an
irregularly-shaped target, which is a common feature of seizure-genic tissue, multiple probe
insertions can be necessary. Similar issues attend the use of radiofrequency
thermocoagulation (e.g. Wellmer et al. 2014).

Other surgical options include radiosurgery (e.g. Quigg and Barbaro 2008) and High
Intensity Focused Ultrasound (HIFU; e.g. Martin et al. 2009). A notable advantage of
radiosurgery and HIFU is that they are both non-invasive procedures. However, with
radiosurgery, there is a protracted delay to reductions in seizures, a need for ionizing
radiation to the brain, and the risk of a postsurgical period of heightened seizure activity.
HIFU is also non-invasive and has the advantage of being able to produce conformal
targeting, allowing tailored treatment of irregularly-shaped targets. However, HIFU is also a
thermal lesioning technique. Its ablation effect requires the deposition of a significant
amount of energy in the brain tissue. The critical amount of energy deposition can be
achieved only when the gain of the focused beam is high enough to overcome the dissipation
effect of the skull. The resulting treatment envelope includes tissues located at greater
distance from the skull, typically more central areas of the brain (e.g., thalamus), whereas
superficial portions of the brain or structures located nearer to bone (e.g., hippocampus) are
more challenging to treat. This was demonstrated by a previous study from our group with
MR-guided HIFU treatment on the rat pups of different ages (from 9 to 43 days). The
electric power was selected to always reach a target temperature of at least 50°C in the
parenchyma. For the 30-day-old pups, with thin skull, the temperature in the brain tissue
adjacent to the skull increased to 48.9°C; for rodents older than 33 days, with a thicker skull,
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reached 60°C or higher, which can produce undesired irreversible damage in this location
(Zhang, et al. 2015).

The present study examined the feasibility of treating epilepsy using a newly-developed,
non-invasive approach that produces focal neuronal loss in the brain. This approach utilizes
MR-guided, low-intensity focused ultrasound (MRgFUS) together with intravenous
microbubbles to transiently and focally open the BBB. The period of reversible BBB
opening is then exploited to deliver a systemically-administered, BBB-impermeable
neurotoxin to the targeted area of the brain parenchyma. Using this approach, previous
evidence demonstrates that focal delivery to the brain of systemically-administered
Quinolinic Acid (QA) produces neuronal loss in the area of BBB opening (Zhang et al.
2016; Zhang et al. 2019). This approach will be tested for its impact on seizures in a mouse
model of temporal lobe epilepsy. In the interest of brevity, the procedure used to produce
neuronal lesions using MRgFUS + microbubbles + Quinolinic Acid is termed PING
(Precise Intracerebral Non-invasive Guided surgery).

Materials and Methods

Study Design

The animal protocol for this study was approved by the Stanford University Administrative
Panel on Laboratory Animal Care (APLAC). All experiments were conducted in accordance
with the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals.
The basic time line for the study is shown in Figure 1.

Induction of Status Epilepticus (SE)

Rodents that survive status epilepticus after systemic treatment with kainic acid or
pilocarpine are among the most widely used models in epilepsy research (Cavalheiro et al.,
2006) since its first description a quarter of a century ago (Turski et al., 1983a,b). Mice are
increasingly popular because of the abundant availability of transgenic and knockout
animals. Kainate treatment in mice can be problematic, because some commonly used
strains are resistant to kainate’s excitotoxic (and epileptogenic) effects (Schauwecker and
Steward, 1997), which is not the case for pilocarpine (Shibley and Smith, 2002;
Schauwecker, 2012). Consequently, pilocarpine-treated mice have become an important
model of temporal lobe epilepsy. In its most common application, the model involves
intraperitoneally administering a peripherally acting muscarinic acetylcholine receptor
antagonist, such as methyl scopolamine or atropine methyl bromide, minutes before a single
high-dose of pilocarpine (Turski et al., 1984). Pilocarpine’s actions include activation of M1
receptors, which evokes status epilepticus (Maslanksi et al., 1994; Hamilton et al., 1997).
After surviving status epilepticus, mice begin displaying spontaneous seizures days later,
and their epileptic condition is permanent (Turski et al., 1989; Cavalheiro et al., 1996).

An established model of temporal lobe epilepsy involving pilocarpine-induced status
epilepticus followed by spontaneous, recurrent seizures was utilized for this study
(Buckmaster and Haney 2012). Sixty male FVB/N mice (Charles River Laboratories,
Wilmington, MA, USA), 7 to 8 weeks of age, were administered pilocarpine hydrochloride
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(Sigma) dissolved in bacteriostatic 0.9% NaCl to a final concentration of 200 mg/ml. 250
mg/kg of the pilocarpine solution was injected intraperitoneally. Twenty minutes prior to
pilocarpine treatment, 5mg/kg of scopolamine methyl bromide (Sigma, non-pharmaceutical
grade) was administered subcutaneously, in order to antagonize peripheral side effects of
pilocarpine. Status Epileptics (SE) was gauged by the presence of continuous or repetitive
motor convulsions. Twenty-three animals died during or soon after pilocarpine treatment.
After 2 hours of SE, seizures were suppressed with diazepam administered intraperitoneally
at 5 mg/kg. Diazepam treatment was repeated every 2—3 hours for up to 6 hours, in order to
maintain seizure suppression. After SE, subcutaneous lactated Ringers solution was also
administered to maintain hydration, and mice were kept warm with a heating pad under their
cage. Twenty-six animals exhibiting SE did not develop spontaneous, recurrent seizures, and
were removed from the study. Eleven animals exhibiting SE did develop spontaneous,
recurrent seizures, and were used for the study.

Monitoring of Behavioral Seizures

A post-SE period of 30 days was allowed for stabilizing the mice and to allow the
development of spontaneous, recurrent seizures. After this period, mice were video-recorded
daily for 30 days to detect and quantify behavioral seizures. A 30-day recording period for
the seizure rate baseline was selected because previous evidence from this model has shown
that seizure rates are either stable or increase slightly after this post-SE time frame (Arida et
al. 1999). Recordings were begun at approximately 8:00 a.m. each day, and were continued
for 10-11 hours per day. During recordings, mice were transferred from their home cage to
an aquarium with physical divisions. This allowed each mouse to be monitored individually
and separately from other mice. Video recordings were reviewed in a fast-forward playback
setting for identifying behavioral seizures of grade 3 (forelimb clonus) or greater (Racine
1972). Seizure frequency was measured by an investigator who was blinded to the
histological outcomes for the animals. The same video monitoring procedure was repeated
for an additional 30 days post-PING.

Magnetic Resonance Imaging and PING

At the end of the initial 30 days of video monitoring (Day 60), baseline MRI scans were
performed. T2-weighted fast spin echo (FSE) images (TR/TE=4800/85 ms, 1 average, field
of view=25 mm, matrix size=240x256, slice thickness 1.2 mm) were obtained for structural
assessments.

Administration of QA was then initiated with a total of 4 injections given at 6-hour intervals.
Quinolinic acid (Santa Cruz Biotechnology, Dallas, TX, USA) was dissolved in saline (10
mg/mL) and injected intraperitoneally at 0.012 mmol per injection. This injection protocol
was designed to achieve a relatively stable plasma concentration of QA during the period of
BBB opening. Two hours after the third QA injection, mice were anesthetized with
isoflurane (4% induction and 2% maintenance), and microbubbles were administered.
Definity® Microbubbles (300 uL/kg, mean diameter range: 1.1-3.3 um, 1:20 diluted to a
concentration of 5.0-8.0 x 108 bubbles per ml; Lantheus Medical Imaging, MA, USA) were
injected through the tail vein.

Ultrasound Med Biol. Author manuscript; available in PMC 2021 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 6

Magnetic Resonance-guided Focused Ultrasound was then delivered at an acoustic power of
0.5 MPa, in order to open the BBB. Sonication parameters were 1.5 MHz, pulse duration 20-
ms, duty cycle of 2%, 1-Hz pulse repetition frequency, 120-s duration per sonication.
Multiple sonications were administered in the vicinity of the targeted area of the
hippocampus by moving the sonication zones slightly rostro-caudally and medio-laterally.
After sonicating a target on one side of the brain, the system was re-directed to sonicate
same the target on the contralateral side of the brain. The MRgFUS system (Image Guided
Therapy, Pessac, France) was configured as previously described (Zhang et al. 2015; Zhang
et al. 2016). The system includes an MR-compatible, pre-focused, eight-element annular
array, 1.5-MHz transducer (spherical radius = 20 +/- 2 mm, active diameter=25 mm [focal
ratio =0.8]; Imasonic, Voray sur I’Ognon, France), which was connected to a phased array
generator and radiofrequency power amplifier. An MR-compatible motorized positioning
stage was used to move the transducer in the rostral-caudal and medial-lateral directions.
The membrane in front of the transducer was filled with degassed water and inflated to
ensure good ultrasonic coupling between the membrane and the head of the animal. For
sonication, the animals were placed in a prone position and maintained in that position using
a bite bar and ear bars. The scalp hair was shaved and removed with depilatory cream.
Acoustic gel was applied between the transducer and skin. The experimental apparatus of
this study is shown in Figure 2.

Opening of the BBB was confirmed immediately after sonication utilizing post-contrast
(gadobenate dimeglumine; Multihance, Bracco Diagnostics Inc., Monroe Township, NJ
08831, USA) T1-weighted imaging (TR/TE=720/11 milliseconds, 4 averages, field of
view=25 mm, matrix size=248x12, slice thickness=0.6 mm). T2-FSE images were acquired
immediately, one day, and 31 days after sonication, in order to assess resulting lesions. In
addition, T2*-weighted gradient echo images (repetition time/echo time [TR/TE]=391/20
ms, flip angle 20°, 3 averages, field of view 25 mm, matrix size=256x256, slice thickness
0.8 mm) were obtained at the same time points, in order to identify possible hemorrhagic
complications. Images were reviewed and analyzed using the DICOM viewer Horos.
Animals were allowed to recover for one day post-sonication, after which the second 30-day
period of video monitoring was initiated.

Tissue Preparation and Analysis

Mice were euthanized on Day 92 post-SE with pentobarbital (>100 mg/kg, i.p.) and perfused
through the left ventricle at 15 mL/min for 1 min with 0.9% NaCl and then for 30 min with
4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Brains were post-fixed
overnight at 4°C and then transferred into 30% (w/v) sucrose in PB. After equilibrating in
the 30% sucrose solution, the brains were sectioned coronally (40 pm) with a sliding
microtome. Semi-serial sections were collected in 30% ethylene glycol and 25% glycerol in
50 mM PB and stored at —20°C until use. Series of adjacent sections were processed for
Nissl staining. The sites of lesions were identified in Nissl-stained sections by an
investigator blinded to the seizure frequency outcomes. The hippocampus proper was
present in approximately 40 sections in each animal. Four areas were examined (CA1, CA3,
dentate gyrus), and each area was assessed in three aspects of the longitudinal axis of the
hippocampus (septal, intermediate, and temporal). To measure the neuronal loss, Nissl-
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stained sections was evaluated with a 10X objective and a Neurolucida system (MBF
Bioscience, Williston, VT) to draw contours around the hippocampus and lines along the
pyramidal cell layer, granule cell layer, and gaps in both. Cell layer length and hippocampal
volume were measured. Cell layer length correlated with hippocampal volume (correlation
coefficient = 0.922, p < 0.001, ANOVA). Gaps in the cell layer were used as the primary
metric of neuronal loss (Figure 3).

Pilocarpine-induced Status Epilepticus and Spontaneous Seizures

MR imaging

Status epilepticus (SE) was observed in all 11 animals included in the study, and SE was
terminated by treatment with diazepam two hours after injection of pilocarpine. Video
recordings initiated 30 days after SE showed spontaneous, recurrent seizures in each of the
11 animals. The seizure clusters were evident in all the mice. The total number of
spontaneous, recurrent seizures recorded for 30 days after pilocarpine treatment are between
42-105 times with an average seizure frequency of 0.221 +/- 0.019 seizures per hour (mean
+/- SEM). Figure 4 shows the seizure numbers (daily and total) of each individual animal.

MR images obtained prior to the PING procedure were unremarkable, providing no
evidence of lesions, edema, or hemorrhage. Immediately after FUS, post-contrast T1
imaging showed evidence of BBB opening in all animals. Opening of the BBB in the
intermediate aspect of the hippocampus was observed in 10 of 11 animals. In two animals,
the septal hippocampus also displayed BBB opening. T2 images demonstrated edema in 5
animals, and no evidence of bleeding was observed on the gradient echo images.

Effect of PING on Seizure Frequency

Recordings over a 30-day post-PING period demonstrated an average seizure frequency of
0.174 +/- 0.017 seizures per hour (mean +/— SEM), and total seizure numbers ranging 42—
105. This represented a decrease of 21.2% in seizure frequency as compared to the pre-
PING baseline, and this effect achieved statistical significance (T=2.748, p=0.021, DF=10).
Notably, 8 of the 11 mice exhibited decreases in seizure frequency, while three animals
exhibited increases.

Location of PING-induced Neuronal Loss

The location of neuronal loss in each animal was identified by analyzing semi-serial, Nissl-
stained sections. Subfields CA1, CA3, and dentate gyrus were examined along the
longitudinal axis of the hippocampus at septal, intermediate, and temporal sites (Fig. 5).
Examples of the patterns of neuronal loss observed across the longitudinal axis of the
hippocampus are shown in Figure 5. Most of the animals (n=8) exhibited neuronal loss
located primarily in the intermediate hippocampus in CALl and CAS3, and to a lesser extent in
the dentate gyrus. However, in these animals the septal aspect of the hippocampus was
mostly spared from damage. Two other animals also displayed neuronal loss in the
intermediate aspect of the hippocampus, but also exhibited prominent bilateral damage to
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the septal aspect of the hippocampus. Damage to the temporal hippocampus was sporadic
and limited in all animals. A final animal had negligible neuronal loss overall.

Impact of the Location of Neuronal Loss on Seizure Frequency

A comparison between changes in seizure frequency and the sites of neuronal loss was
undertaken to determine whether the location of neuronal loss influenced the impact of
PING on seizures (Fig. 6). Both of the animals with bilateral neuronal loss in the septal
hippocampus exhibited increases in seizure frequency (18.7%) after PING. The single
animal with negligible neuronal loss also showed an increase in seizure frequency (19.6%).
In contrast, all of the animals with neuronal loss in the intermediate hippocampus, but not in
the septal hippocampal hippocampus (n=8), exhibited decreases in seizure frequency
(27.7%) after PING (P=0.002, Fig 6b).

Correlation between the seizure frequency and cell loss level

The 11 mice showed different extent of neuronal loss in both the pyramidal cell layer and in
the granular cell layer. The mice with seizure reduction did not show neuronal loss in the
septal granule cell layer (Table 1)

Discussion

This study provides the first feasibility test of a non-invasive, non-ablative surgical approach
for treating seizures in a model of epilepsy. Focal neuronal loss was produced by MRgFUS-
facilitated delivery of a systemically-administered neurotoxin to a targeted region of the
brain parenchyma. Notably, this procedure does not produce pannecrotic lesions, but rather
spares other non-neuronal cell types in the vicinity of neuronal loss. Our findings
demonstrate that this approach, termed PING, reduced the frequency of spontaneous,
recurrent seizures in a mouse model of temporal lobe epilepsy.

In our study, 8 animals with seizure reduction of 27.7% (p=0.002) after PING exhibited
neuronal loss located primarily in the intermediate hippocampus in CA1 and CA3, and to a
lesser extent in the dentate gyrus; the septal aspect of the hippocampus was mostly spared
from damage in these animals. Two other animals with seizure frequency increase of 19.6%
also displayed neuronal loss in the intermediate aspect of the hippocampus, but also
exhibited prominent bilateral damage to the septal aspect of the hippocampus. These results
support the concept that the site of damage along the longitudinal axis of the hippocampus
influences the impact on seizure frequency. Substantial evidence derived from anatomical,
electrophysiological, behavioral, genomic, and pathophysiological studies indicates that the
hippocampus is functionally differentiated across its longitudinal axis (for reviews, see
Moser and Moser 1998; Fanselow and Dong 2010; Strange et al. 2014). Moreover, regional
characteristics of neurons and circuits appear to predispose more temporal aspects of the
hippocampus to heightened excitability, as compared with the septal aspect of the
hippocampus. (Lee et al. 1983; Bragdon et al. 1986; Derchansky et al. 2004; Toyoda et al.
2013; Kouvaros and Papatheodoropoulos 2017). Our observation that PING-induced
neuronal loss in the intermediate and temporal hippocampus reduces seizures is consistent
with these previous findings. Moreover, the results are parsimonious with observations in
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human temporal lobe epilepsy patients, in which seizures originate preferentially in the
anterior (temporal) aspect of the hippocampus, and resection or ablation of the anterior
hippocampus is effective for reducing seizures. Our findings also raise the possibility that
the septal aspect of the hippocampus may actually serve to repress seizure activity. This
finding, albeit preliminary in nature, suggests that different sites along the longitudinal axis
of the hippocampus play opposing roles in seizure generation and/or maintenance.

The results of this pilot study encourage future investigations undertaking more
comprehensive assessments of the utility of PING in the treatment of epilepsy. In this
context, it is important to highlight the strengths and limitations of the current study. The
study provides the first evidence that non-invasive, focal neuronal lesions produced by PING
are capable of reducing spontaneous, recurrent seizures in an established model of temporal
lobe epilepsy. We have previously shown that when saline is substituted for QA in the PING
paradigm that neuronal loss is not observed (Zhang et al. 2016). This indicates that low-
intensity FUS, by itself, is insufficient to produce the neuronal loss observed in the current
study. It will be valuable for future studies to confirm these findings, and expand the
evaluation of how neuronal loss at different sites along the longitudinal axis of the
hippocampus influences seizure activity. It is also important to note that the current study
evaluated seizures during a post-SE time course over which baseline seizure rates have been
shown not to decrease (Arida et al. 1999). Consequently, the post-PING reduction in
seizures would not appear to be the result of a decline in the baseline seizure rate in this
model of epilepsy. Future studies should also incorporate additional comparator groups, in
particular a group receiving QA but not FUS. One could posit that systemically-
administered QA by itself (i.e. in the absence of FUS) might be capable of producing
neuronal lesions or influencing seizure frequency. However, QA does not cross the BBB,
and regions of the brain not receiving FUS do not display neuronal loss. It is also
conceivable that transient opening of the BBB by seizures themselves is sufficient to provide
access of QA to the brain, and thus produce neuronal loss. However, recurrent seizures in the
pilocarpine model generalize to the whole hippocampus and other brain areas. If seizure-
induced opening of the BBB were responsible for providing QA access to the brain
parenchyma, then neuronal loss would be more widespread, and not restricted to the area of
FUS-targeted BBB opening. A final issue concerns whether some areas of neuronal loss
observed in this study reflect damage produced by SE and/or recurrent seizures, rather than
PING-induced damage. The extent of seizure-induced damage can vary considerably in the
pilocarpine model as a function of the time post-SE and the region under study (Lopim et al.
2016). Consequently, it will be important for future studies to assess the sites and size of
such loss in a parametric and comprehensive manner.

We acknowledge the following limitations to our study: (i) the small sample size: we only
induced stable seizures in 11 mice. We could not allocate animals into more different groups
to test the effect of PING through targeting temporal hippocampus, septal hippocampus, and
the intermediate aspect of hippocampus. (ii) We only included male mice in this study. In
Buckmaster’s study in 2017, male mice showed mean seizure frequency of 0.132/h, and
female mice showed 0.111/h. In the future, animals of both genders need to be included. (iii)
Future studies also need to incorporate an additional group to test the effect of QA alone
(without focused ultrasound) on seizure frequency.
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A broader issue pertaining to this study is whether there is actually a need for another new
surgical strategy for treating drug resistant epilepsy. With the advent of minimally-invasive
(e.g. SLA) and non-invasive (e.g. radiosurgery and HIFU) procedures, would another new
procedure contribute substantively to improving surgical treatment of epilepsy? In this
regard, the PING strategy could provide multiple advantages over existing procedures. It is
non-invasive which, as described above, avoids a range of potential complications. Unlike
resective or ablative procedures, it produces damage specifically to neurons. This avoids off-
target damage, such as injury to fibers of passage, vessels of passage, ventricular structures,
and neighboring elogquent parenchymal tissue. BBB opening can be produced in a conformal
manner, allowing for more precise treatment of irregularly-shaped targets with PING. This is
an important consideration because surgical targets with complex contours are a common
challenge for the treatment of seizure-genic cortical dysplasias. It is also important to
consider how PING might influence the endemic underutilization of surgery for the
treatment of epilepsy. Surgical treatment of epilepsy remains one of the few interventions for
treating any neurological disorder that is actually highly effective, but is only used for a
small minority of patients who stand to benefit. There are a variety of reasons reported for
this underutilization (de Flon et al. 2010; Haneef et al. 2010; Englot et al. 2012; Jette et al.
2012; Burneo et al. 2016). From the patient’s perspective, these include reluctance to
undergo an invasive procedure, fear of complications and pain, concern about long recovery
periods, high costs and, in the case of radiosurgery, a fear of radiation treatment. From a
societal perspective, the utilization of epilepsy surgery is impacted by socioeconomic status,
race, and access to health insurance. From a medical perspective, poor referral rates persist
despite guidelines from major professional societies supporting increased early referrals to
comprehensive epilepsy clinics with the capacity for surgical treatment. Obviously, the
PING strategy, if translated into the clinic, would not be a panacea for these major
impediments. Nonetheless, the availability of a new, precise, non-invasive, procedure could
encourage the use of epilepsy surgery in patients who are reluctant to undergo more
complex, invasive procedures.

Conclusions

A new surgical strategy for non-invasive, non-ablative treatment of seizures was shown to be
effective in an initial feasibility study using a mouse model of temporal lobe epilepsy. This
approach may offer multiple advantages over existing surgical procedures. The potential
clinical applications for this strategy could extend beyond the treatment of epilepsy to
include other neurological disorders (e.g. movement disorders) in which aberrant neuronal
activity plays a role.
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Fig 1.

Timeline of the study. Day 0 was defined as the day of pilocarpine administration and status
epilepticus. Animals were allowed a 30-day period of post-status stabilization and seizure
development. Behavioral seizures were monitored on Days 31 to 60, and Days 62 to 91.
Magnetic Resonance Imaging (MRI), Quinolinic Acid injection (QA), and Focused
Ultrasound + microbubbles (FUS) were performed at the indicated time points. Animals
were euthanized on Day 92, and brains were prepared for histological assessment of sites of

neuronal loss (Histo).
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Fig 2.

E)?perimental apparatus and post contrast T1-weighted image immediately after sonication.
A: FUS system, a 1.5-MHz transducer in brown rests upon the top of the rodent head and
can move in X-Y planes and be focused in the Z axis. B: A 3T MRI scanner was used to
detect the BBB-opening after sonication. C: Post contrast T1-weighted image immediately
post sonication; enhancement of the bilateral ventral hippocampus area (black arrows)
indicated BBB opening.
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Fig 3.

Higstological analysis of hippocampi. (A) Nissl-stained coronal section of mouse brain.
Asterisk indicates fiduciary marker identifying the right side. Some gaps or lareas of
extreme thinning are indicated by arrows. (B) Contours drawn from the section shown in
panel A. Hippocampus, yellow; pyramidal cell layer, green; granule cell layer, cyan;
pyramidal cell layer gap, red; granule cell layer gap, blue. (C) Colored- and (D) black-line
coronal views of contours of entire hippocampi. (E) Dorsal and lateral (F) views of
hippocampi. The septal hippocampus is indicated by the orange rectangles. (G) Coronal, (H)
dorsal, and (I) lateral views of gaps in the pyramidal cell layer (red) and granule cell layer
(blue). The scale bar pertains to all reconstructions in panels B—I.

Ultrasound Med Biol. Author manuscript; available in PMC 2021 May 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhang et al. Page 17

§ Total Seizures
N Mouse #1 L M Pre_FUS [ Post_FUS
1 " ol

[ 1. hl al . 66 23

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
ZUMouseﬂz

nln m.” nn. aal. 10 73 58

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

5

0

]Mouse#S |
ZH..ﬂﬂnIWﬂ ' .|Hﬂﬁuhﬂh 71 60

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
10
& Mouse #4

§|ﬂ.n.ﬂhhnﬂ||nmn dlenatol bl e 51

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
15

Mouse #5
10

N knﬂﬂlnﬂﬂlﬂhtknmmﬂnﬂLnllm 68 52

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
15

Mouse #6
10

H|H||n|n ..IﬂlﬂL”HHIHlﬂﬂ”nnI 105 92

123 4 5 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Seizure

* Mouse #7
15

10
s

o W ﬂHHll an- " 46 40

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
15 Mouse #8

10

5

. || nnewshl n ||Mnl1|nnﬂMI‘|1Mﬂm nI 81 64

1 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
10 Mouse #9

:”I Hﬂ I || nlmn nH "In 42 52

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
20

15 Mouse #10
10

:ﬂﬂn ﬂﬂﬂ-ﬂnlm”nmﬂnn nhmnﬂmﬂln 67 77

1234 5 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
20 Mouse #11

ZHEI .|” .I ﬂl‘lﬂll- 14 || 42 57

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Days

Fig 4.

Frgequency of spontaneous, behavioral seizures in epileptic pilocarpine-treated mice. (a)
Example of data from 11 mice. Mice were video-recorded 10-11 hrs/day, every day for 1
month. Seizures of grade 3 or greater on the Racine (1972) scale were counted. (b)
Histogram showing the distribution of seizure frequency for all the mice in this study.
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Intermediate Temporal

Fig 5.

Lc?cation of PING-induced neuronal loss. A drawing of the rodent brain with the
hippocampus (in red) shows the divisions of the hippocampus that were assessed for
neuronal loss. Examples of the types of neuronal loss that occurred are shown in Nissl-
stained, coronal sections taken along the longitudinal axis of the hippocampus. Septal: The
left frame in the septal hippocampus shows neuronal loss in CA1 and CA3 (arrows), and the
right frame illustrates loss primarily in CAL. Intermediate: The left frame in the intermediate
hippocampus shows neuronal loss in CAL, CA3, and dentate gyrus (arrows), and the right
shows a similar pattern of loss. Temporal: The left frame in the temporal hippocampus
shows neuronal loss in the dentate gyrus (arrows), and the right frame illustrates damage in
CA3.
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P=0.002

Pre_FUS

Post_FUS

Effect of location of neuronal loss on change in seizure frequency. The average seizure
frequency for all animals was reduced post-PING. Animals with bilateral neuronal loss in
the septal hippocampus (Septal Lesion) exhibited increases in seizure frequency. Animals
with intermediate hippocampal neuronal loss but no septal damage (No Septal Lesion)
displayed reduced seizure frequency. A single animal with negligible neuronal loss (No
Lesion) exhibited an increase in seizure frequency (Fig 6a). For the 8 animals with no septal
lesion, the seizure frequency decreased significantly (p=0.002, Fig 6b). Values shown are
means +/— SEMs.
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Histology evidence of neuronal loss

Table 1

Location Measurement on histology Seizure Monitor
Worsening  Improvement p value
Full PCL gap length (um) 22321.2 10328.7 0.303
GCL gap length (um) 5247.3 4489.9 0.88
PCL gap % 11.20% 4.10% 0.235
GCL gap % 5.00% 4.00% 0.836
Septal PCL gap length (um) 14208.9 3232 0.179
GCL gap length (um) 663.5 0 0.033%
PCL gap % 24.80% 4.20% 0.169
GCL gap % 1.40% 0.00% 0.035*
Difference  PCL gap length (um) 8112.3 7096.7 0.84
GCL gap length (um) 4583.8 4489.9 0.985
PCL gap % 6.00% 4.30% 0.612
GCL gap % 7.40% 7.20% 0.978

PCL: Pyramidal cell layer; GCL: Granule cell layer; Difference=Full-Septal

*
p<0.05
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