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Chronic Deep Cerebellar Stimulation Promotes Long-Term
Potentiation, Microstructural Plasticity, and Reorganization
of Perilesional Cortical Representation in a Rodent Model

Jessica Cooperrider,* Havan Furmaga,** “Ela Plow,"* “Hyun-Joo Park,> ©“Zhihong Chen,> Grahame Kidd,?
Kenneth B. Baker,* ®“John T. Gale,"-2 and ©“ Andre G. Machado!>?

ICenter for Neurological Restoration, Neurological Institute and 2Departments of Neuroscience and *Biomedical Engineering, Lerner Research Institute,
Cleveland Clinic, Cleveland, Ohio 44195, and “Department of Neurology, University of Minnesota, Minneapolis, Minnesota 55455

Control over postinjury CNS plasticity is a major frontier of science that, if conquered, would open new avenues for treatment of
neurological disorders. Here we investigate the functional, physiological, and structural changes in the cerebral cortex associated with
chronic deep brain stimulation of the cerebellar output, a treatment approach that has been shown to improve postischemia motor
recovery in arodent model of cortical infarcts. Long-Evans rats were pretrained on the pasta-matrix retrieval task, followed by induction
of focal cortical ischemia and implantation of a macroelectrode in the contralesional lateral cerebellar nucleus. Animals were assigned to one of
three treatment groups pseudorandomly to balance severity of poststroke motor deficits: REGULAR stimulation, BURST stimulation, or SHAM.
Treatment initiated 2 weeks post surgery and continued for 5 weeks. At the end, animals were randomly selected for perilesional intracortical
microstimulation mapping and tissue sampling for Western blot analysis or contributed tissue for 3D electron microscopy.

Evidence of enhanced cortical plasticity with therapeutically effective stimulation is shown, marked by greater perilesional reorgani-
zation in stimulation- treated animals versus SHAM. BURST stimulation was significantly effective for promoting distal forepaw cortical
representation. Stimulation-treated animals showed a twofold increase in synaptic density compared with SHAM. In addition, treated
animals demonstrated increased expression of synaptic markers of long-term potentiation and plasticity, including synaptophysin,
NMDARI1, CaMKII, and PSD95. These findings provide a critical foundation of how deep cerebellar stimulation may guide plastic

reparative reorganization after nonprogressive brain injury and indicate strong translational potential.
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Introduction

Gaining control over CNS plasticity in the recovery process from
diffuse or focal brain injuries could represent a significant step
toward designing novel neurorestorative treatments. Chronic,
electrical stimulation of the brain is now standard of care for
managing certain movement disorders (Sjoberg and Blomstedt,
2011), with proven clinical efficacy for suppressing symptoms
such as tremor or dyskinesia. However, implementing deep brain
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stimulation (DBS) to augment rehabilitation from lost neurolog-
ical function resulting in paralysis or reduced level of conscious-
ness has proven to be a much harder task (Baker et al., 2010;
Machado etal., 2013). To date, improvements in level of conscious-
ness and functional measures have been reported in a single patient
in minimally conscious state by means of bilateral medial thalamic
DBS (Schiff et al., 2007; Yamamoto et al., 2010). As well, we have
shown previously that DBS targeting the cerebello-thalamo-cortical
pathway modulates cerebral cortical excitability (Baker et al., 2010)
and improves postischemia motor recovery (Machado et al., 2009).
A key question, with significant implications for conditions such as
poststroke hemiparesis, traumatic brain injury, and postdeafferen-
tation chronic pain (Dancause et al., 2005; Voss and Schiff, 2009;
Gustin et al., 2012) is whether DBS can promote perilesional cortical
functional organization, synaptic efficiency, or microstructural re-
parative plasticity. Here we evaluated functional, physiological, and
microstructural mechanisms that may underlie the rehabilitative ef-
fects of chronic cerebellar DBS after cortical ischemia (Machado et
al.,, 2013).

Materials and Methods

Animals

Male Long—Evans rats, weighing 200-224 g at study onset, were individ-
ually housed in custom-made caging on a 12:12 h light/dark cycle and
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sisted of (1) No stimulation, in which stimula-
tors were set to 0 amplitude (SHAM); (2) 30 Hz
continuous isochronous bipolar stimulation at
80% of threshold (REGULAR); and (3) Inter-
mittent high-frequency trains superimpo-
sed on 30 Hz nonisochronous stimulation
(BURST), also at 80% of threshold. The latter
was designed to mimic a Hebbian facilitation
paradigm (Hebb, 1949; Bailey et al., 2000) and
consisted of a baseline of 30 Hz stimulation
with an interpulse interval (IPT) randomized to
a gamma distribution. Gamma distribution
was used because the neuronal interspike inter-
val (ISI) can be properly modeled (Miura et al.,
2007; Tsubo et al., 2012). The exact parameters
of ISI probability distribution model of the lat-
eral cerebellar nucleus (LCN) neurons are not
known. We used an approximation with « = 5
and 3 = 1/5, and scaled the IPI in time with a
minimum IPI of 10 ms. The BURST stimula-
tion paradigm had a baseline with a total of 30
pulses in each second. The IPI probability dis-
tribution is shown in Figure 1. The bursts were
superimposed on the baseline, with a duration
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Figure 1.

900 = 71 ms (mean = SD).

mildly food restricted (12 g of food/d ad libitum). Caging was designed to
allow behavioral testing and chronic stimulation delivery without ma-
nipulation or disconnection of the animal. All behavioral testing was
done during the dark phase under controlled red lighting. Animal use
and surgical procedures performed were approved by the Institutional
Animal Care and Use Committee of the Cleveland Clinic.

Experimental design

Animals were pretrained on the pasta-matrix task 10 min daily, 5 d per
week for 2 weeks as previously described (Machado et al., 2013). The
number and spatial orientation of pasta pieces retrieved were recorded.
Pasta was initially presented to the animal on both sides of the matrix,
after which pasta was only presented on the side of the matrix that cor-
responded to the animal’s preferred (dominant) paw. The last 3 d of the
second week of training comprised the baseline, prestroke pasta-matrix
performance data. Animals that were outside of 2 SDs from the mean
performance on the pasta-matrix task during the second week were ex-
cluded from further continuation in the study. This was done to prevent
animals that could not learn the pasta-matrix task, possibly due to pre-
existing deficits, from advancing to the main part of the experimentation.
Those animals qualifying for continuation underwent stroke induction
and electrode implantation, in the same anesthesia, and were then al-
lowed a 1 week recovery. Pasta-matrix training then resumed for 5 d for
1 week. Animals were then assigned to one of three treatment groups
pseudorandomly to severity-match all groups based on mean retrievals
observed post stroke. On the last day of the poststroke training week
animals were connected to an electrical stimulation commutator system
within their home cage. The motor threshold for cerebellar stimulation
was determined as previously reported (Baker et al., 2010). Briefly, ani-
mals are placed in a transparent cylinder to facilitate visualization from
all sides, including underneath. The electrodes are connected to the com-
mutator cable in such a fashion that the rat is as freely roaming in the
cylinder as in the treatment cage. Stimulation frequency is increased in
stepwise fashion until a reproducible motor response (typically in the
ipsilateral forepaw, vibrissae, or torso) is noted. Treatment groups con-

9
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LCN stimulus pulses. A, Regular 30 Hz stimulus pulses (B) BURST stimulation pattern. The burst pulses with intraburst
pulse interval of 10 and 100 ms duration (10 pulses per burst) were superimposed on the baseline pulses. The IPI of the baseline
pulses was modeled with a gamma distribution with the average of 30 pulses per second (pps). €, IPI probability density of the
baseline pulses was modeled with a gamma distribution with o« = 5and 8 = 1/5. The minimum IPI was set 10 ms and the
probability density function was scaled to ensure an average of 30 pps. D, The IBl was modeled with a Gaussian distribution with

00 1100 of 100 ms and intraburst IPI of 10 ms. The
interburst interval (IBI) had Gaussian random
distribution with 900 = 71 ms (mean = SD) as
shown in Figure 1.

Chronic stimulation for the DBS groups was
delivered for 12 h/d, for 5 weeks following
group assignment, during the dark phase of the
day/night cycle. Pasta-matrix testing was con-
tinued during these 5 weeks, 5 d/week, for 10
min each day, without disconnection from the
commutator system. At the conclusion of the 5
weeks of stimulation, an electrolytic lesion was created at the tip of the elec-
trode by DC stimulation (+30 uA, 30's).

Ischemia and electrode implantation

Placement of deep cerebellar electrodes and focal ischemia were con-
ducted as detailed previously (Baker et al., 2010; Machado et al., 2013).
Briefly, animals were anesthetized with ketamine (50 mg/kg) and me-
detomidine (0.5 mg/kg) and fixed in a stereotaxic frame (David Kopf
Instruments). Skin was retracted and burr holes drilled in the calvaria at
three sites corresponding to the motor cortex contralateral to the domi-
nant paw. The coordinates in relation to bregma were as follows: (1)
AP = —1.0mm, ML = =2.5mm, DV = —2.3 mm; (2) AP = +1.0 mm,
ML = =2.5mm, DV = —2.3 mm; and (3) AP = +3.0 mm, ML = *2.5
mm, DV = —2.3 mm. Ischemia was then induced by intracortical injec-
tion of 800 pmol endothelin-1 (EMD Millipore) diluted to 2 ul at each
coordinate. A 28G needle was inserted into the brain and injection initi-
ated after a 1 min pause ata rate of 0.5 ul/min. A 1 min pause was allowed
after injection of the first 1 ul and a 3 min pause after infusion, before
withdrawal of the needle (Windle et al., 2006). Under the same anesthe-
sia, a bipolar macro-electrode (Model MS306; Plastics One) was im-
planted in the LCN contralateral to the endothelin-1 injections. Briefly, a
burr hole was drilled at AP = —11.0 mm and ML = *3.6 mm and the
electrode descended to DV = —6.3 mm. The electrode was secured with
dental acrylic and screws. The burr holes from endothelin-1 injection
were covered with cellulose paper (Data Sciences International) and tis-
sue adhesive (Vetbond; 3M) to form a protective seal. Medetomidine
anesthesia was reversed with atipamezole (1 mg/kg), followed by bu-
prenorphine (0.05 mg/kg) administration. The animals were allowed to
recover with food and water ad libitum for 5 d.

Measures of poststroke plasticity, synaptogenesis, and

long-term potentiation

At the end of the chronic stimulation and training period, animals un-
derwent intracortical microstimulation (ICMS) motor mapping and tis-
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Figure 2. Histological examination of infarct location and volume. Infarct location and vol-
ume are overlaid on coronal sections from the Paxinos and Watson Atlas (Paxinos and Watson,
1998). Infarcts spanned from 3.2 mm anterior to — 2.8 mm posterior to bregma. Color coding
represents the percentage of animals with infarcted tissue present at that pixel. The mean
(£ SEM) stroke volume was 7.49 = 0.72 mm?, while those in the REGULAR, BURST, and SHAM
groups were 6.42 = 0.69, 8.41 == 1.34,and 7.42 == 1.75mm 3 respectively, and did not differ
between groups (F, ,) = 0.73; p = 0.49).

sue was obtained for 3D electron microscopy (3D-EM) and Western blot
analysis. Because of the incompatibility for histological preparations be-
tween some of these postbehavioral techniques, not all animals were used
for every technique. Animals from each group were randomly selected
for ICMS mapping and were killed for tissue collection with techniques
appropriate for Western blot analysis. The remaining animals were killed
with tissue-processing techniques to optimize 3D-EM. Due to the exten-
sive number of penetrations involved in ICMS and concern that these
would affect the highly detailed anatomical analysis with 3D-EM, ani-
mals undergoing ICMS did not contribute tissue to 3D-EM. The detailed
techniques for ICMS, Western blot, 3D-EM, and histology are described
below.

ICMS perilesional mapping

Fifteen animals were administered a bolus of ketamine (200 mg/kg) and
maintained intravenously on ketamine (75 mg/kg/h) for the duration of
mapping. An approximately 4 X 8 mm craniotomy was created over and
around the area injected with endothelin, overlying the motor cortex
contralateral to the trained forepaw. Once the dura was retracted, a tung-
sten microelectrode was advanced 1520 wm from pial touch for micro-
stimulation. Subsequent penetrations were performed following a grid
pattern, with points separated by 1 mm in each of the ML and AP direc-
tions, over the entirety of the exposed brain. Stimulation delivered at
each penetration consisted of brief bursts of six charge-balanced square-
wave pulses (400 us pulse-width per phase) with an intraburst frequency
of 330 Hz. Stimulation was increased until movement was observed, up
to a maximum of 1.5 mA. During testing, both limbs were partially
supported so that the distal forelimbs and hindlimbs were flexed at ~45
degrees. Once a movement was evoked, the current was reduced until the
movement stopped. The lowest current at each penetration that evoked a
discernable motor twitch was recorded as the movement threshold. The
movement response at each grid site was classified according to nomen-
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Figure 3.  Performance on the pasta-matrix task, indexed as the number of pasta pieces

retrieved (mean = SEM), over the course of experimentation. There was no evidence of motor
recovery in the SHAM group over the experimental phase (p > 0.99). REGULAR- and BURST-
treatment groups showed significant improvement over their poststroke (prestimulation)
baseline performances through weeks 25 of stimulation (p << 0.05). Neither BURST nor REG-
ULAR showed a difference in performance comparing week 2 to weeks 35, indicating that
performance may have approached a plateau by week 2 of stimulation (p > 0.05 for each
comparison). Comparisons were then made between-group at the last week of stimulation. The
stimulated groups, REGULAR AND BURST, were not significantly different from each other in
motor performance (p > 0.99); however, both were improved relative to the SHAM treatment
group (27.2 == 2.3and 26.9 == 2.4 vs 20.3 = 3.1 pieces of pasta retrieved, respectively, p <
0.05). *p << 0.05, significantly different from poststroke baseline, Friedman ANOVA with
Dunn’s multiple comparisons. #p << 0.05, significantly different from SHAM group, Kruskal—
Wallis test with Dunn’s multiple comparisons.

clature established in previous ICMS studies in rats (Kleim et al., 2003).
Movements were classified as belonging to proximal (shoulder/upper
arm) or distal (wrist/digits) forelimb, head/neck (including face, jaw, and
vibrissa), or hindlimb. When stimulation evoked movement of more
than one region, such as the proximal and distal forelimb, the penetra-
tion site was included in analysis as part of both regions. A site was
considered nonresponsive if no motor response was detected up to 1.5
mA. The entire forelimb region was mapped, including the rostral and
caudal areas (rostral forelimb area and caudal forelimb area). In addition
to experimental rats, the motor cortices of six naive animals were
mapped for comparison, following the same procedure.

We computed several variables used previously to describe changes in
cortical motor representation following various interventions. First, we
computed the motor representation area (mm?), which is one of the
most common metrics for understanding motor cortical plasticity fol-
lowing stroke (Gharbawie et al., 2005), training (Kleim et al., 1998), or
brain stimulation (Kleim et al., 2003). For each category of movement
representation (distal forelimb, proximal forelimb, head/neck, and ipsi-
lateral forelimb), area was calculated by multiplying the number of re-
sponsive ICMS sites to that movement category by the corresponding
grid area (1 mm 2 Tennant et al., 2011). Area of movement representa-
tions for a given category was expressed as percentage of the entire area
comprising responsive sites within the motor area. Area was normalized
in an effort to mitigate the confound of variability in size of the motor
cortex across animals as well as to allow for the comparison of one move-
ment representation relative to another. Thresholds representing a cate-
gory were pooled across animals in each group. For instance, a threshold
at each site belonging to the category of proximal forelimb was pooled
with thresholds of the same category in other animals in that group.

Western blot analysis

Our group previously showed that motor rehabilitation associated with
chronic stimulation of the dentatothalamocortical pathway is paralleled
by greater expression of synaptophysin in immunohistochemistry
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Western blot samples were stored at —80°C

0.4 until processed. Samples were homogenized in

a lysis buffer [50 mm Tris, 1 mm EDTA, 0.35%

NA deoxycholate, 150 mm NaCl, 1% Igepal,
0.0 H,0, and 10 ul of protease inhibitor mixture
(Sigma) per 100 mg of tissue], incubated on ice
for 30 min and then centrifuged (13,000 X g,
15 min). Protein levels of the collected super-

natants were measured using the Bradford as-
0.4 say (Bio-Rad). Proteins were separated in a
: SDS-PAGE gel and blotted onto a nitrocellu-
lose membrane. Membranes were incubated at

4°C overnight with the following primary anti-

0.0 bodies: anti-CaM Kinase II a-subunit [1:5000
in 1% BSA in TBS/0.1% Tween (TBST); Milli-

pore; RRID:AB_309787], anti-PSD95 (1:1000

04 in 1% BSA in TBST; Abcam; RRID:
AB_444362), anti-NMDARI1 (1:1000 in 1%

0.4 BSA in TBST; Abcam; RRID:AB_776808), and
anti-synaptophysin (1:2000 in 1% BSA in
TBST; Millipore; RRID:AB_1977519). Equal
0.0 loading was confirmed using anti-GAPDH (1:
5000 in 1% BSA in TBST; Millipore; RRID:
AB_10615768), which is routinely used for
normalization. Membranes were washed
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Figure4. Graphicrepresentation of the frequency of retrieval from each slot of the pasta matrix. Each of the 13 plots represents

a view from above of one-half of the pasta matrix corresponding to the dominant paw of each animal. Matrices were plotted on
superimposed templates, with the left side inverted on the right-sided template to account for differences in paw dominance
across animals. The bottom left corner of each plot corresponds to the location of the vertical slot through which the rat’s paw can
reach onto the opposite side of the pasta matrix. Hence, pasta pieces represented toward the right and top of each plot are lateral
and rostral on the matrix, respectively. Each “X” denotes a between-group (bottom row) or within-group (right column) difference
(p << 0.01) in frequency of pasta retrieval at that location, for the indicated comparison. While all groups exhibited improved
performance on the pasta matrix task from the poststroke week to week 5 of stimulation (rows 1-3, column 3), the stimulated
groups showed more extensive gains. All groups show some improved performance in both the rostral and lateral regions of the
matrix. Comparisons between groups at week 5 of stimulation reveal that the motor behavioral improvements observed in the
REGULAR group compared with SHAM comprise mostly gains in the rostrolateral region of the matrix (row 4, column 2). When
comparing REGULAR and BURST groups, we see significant differences in pasta-matrix spatial performance favoring the BURST

group that are restricted to the medial region of the matrix (row 5, column 2).

(Machado etal., 2013). In this experiment, the effects of stimulation on a
family of proteins that play a key role in long-term potentiation (LTP)
and synaptic plasticity were evaluated, namely synaptophysin, CaMKII,
PSD95, and NMDARI. After undergoing intracortical mapping, rats
were killed rapidly and the brains quickly removed for dissection in an
ice-cooled dish. Naive rats, used for comparison of ICMS results, also
contributed tissue to Western blot analysis. Tissue samples were obtained
from the perilesional areas as well as from corresponding areas in the
contralesional hemisphere. For additional control, samples were also
obtained from the ipsilesional visual cortex. The remainder of the intact
brain was immersion perfused in 4% PFA for histological processing.

with TBST and incubated with horseradish
peroxidase-conjugated secondary antibody
(1:5000 in 1% BSA in TBST; Sigma; RRID:
AB_2314650). Secondary antibodies were vi-
sualized using enhanced chemiluminescence
kits (Pierce) followed by an exposure to x-ray
film for detection. Immunoblot bands were quanti-
fied using NIH Image]1.32. Results were calculated
and graphically shown as the ratio of CaMKIJ,
NMDARL, PSD95, or synaptophysin to GAPDH.

3D-EM

3D-EM was performed on a Carl Zeiss Sigma
VP scanning EM fitted with a 3View in-
chamber ultramicrotome system and Gatan
high sensitivity, low-kV BSE detector. Tissue
preparation and imaging were performed as
previously described (Knott et al., 2008; Kiryu-
Seo et al., 2010). Briefly, rats were perfused
with cacodylate-buffered 2.5% glutaraldehyde
and 4% paraformaldehyde. Brains were re-
moved and postfixed in the perfusion buffer
for 24 h. Vibratome sections containing the
areas of interest were then treated with OsO,-
ferricyanide, followed sequentially by thiocar-
bohydrazine, aqueous OsO,, aqueous uranyl
acetate, and Walton’s lead aspartate stain, then
embedded in Epon resin. The vibratome sec-
tions were examined under the light micro-
scope and trimmed to the location of interest.
For each block, three 20 X 20 um areas at
~100, 200, and 300 wm from the lesion border
were photographed. The ultrastructural 3D
study of the samples was performed using a
Helios 650 dual beam FIB (FEI) system equipped with G2 or G3
SliceView operating software. Serial images of the block surface were
generated by automated repeated cycles of cutting and scanning. Images
were acquired using a 2 kV (21-84 pA) beam in high-resolution mode
using the through lens detector in backscattered electron mode. Sets of
250-500 images at 80 nm steps (i.e., section thickness) were obtained at
17 nm/pixel resolution. Images were registered, corrected for histogram,
and derivative stacks were generated using Fiji software. Distances and
distributions were measured directly or calculated using 3D distance
formula. Montage images were constructed from multiple single slices
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Figure 5.  ICMS mapping following treatment. A, Maps shown are from representative animals of each group (B, bregma). Squares divided into two colors depict locations where movements
consistent with two different categories were elicited simultaneously. B, Bar graph representing the percentage of movement category elicited by ICMS, per group. Left, Shows the statistically
significant differences for representation of distal forelimb categories across groups. The graph on the right (same data) shows the significant differences (Figure legend continues.)
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through the same image stack. To quantify the
number of synapses per unit volume, three im- A
age stacks of 5 X 5 X 5 um volume were gen-

erated from each area and synapses were
counted from each stack by investigators
blinded to the treatment condition. For quan- >
titative analysis, we report the average synapse
count from the three stacks.
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Stroke volume quantification and electrode
location verification

Following completion of behavioral analysis,
animals were killed as previously described for
each postbehavioral measure. Briefly, brains
from animals that contributed to the Western
blot analysis were immersion perfused in 4%
PFA while those that contributed to the
3D-EM analysis were perfused with a glutaral-

dehyde/PFA solution. Brains were subse-

quently sliced at 40 wm thickness and every
other section of the cerebrum Nissl stained to
visualize and calculate stroke volume. Every
other cerebellar slice was mounted and Perls-
DAB stained for evaluation of electrode loca-
tion. Stroke volume was then quantified and
plotted with the corresponding location over the atlas (Paxinos and Wat-
son, 1998), as previously described (Park et al., 2013). Electrode location
relative to the lateral cerebellar nucleus was verified for each animal.

Data analysis

Behavioral. The total number of pasta pieces retrieved per week in the
motor task was compared within each group by a Friedman ANOVA
with Dunn’s multiple comparisons. Between-group comparisons were
made by a Kruskal-Wallis test with Dunn’s multiple comparisons. The
spatial orientation of pasta retrieval was analyzed as previously described
(Machado et al., 2013). Briefly, matrices were plotted on superimposed
templates, with matrices inverted as needed to account for differences in
paw dominance across animals. The probability of pasta retrieval at each
location was calculated as a proportion of retrieved pasta over the num-
ber of total trials and compared using its approximation to a normal
distribution. This approximation was performed for each point in the
pasta matrix and was accepted as different if the analyzed point and at
least one neighboring point was significantly different between condi-
tions (p < 0.05; joint probability p < 0.01).

Post behavioral. Area of ICMS mapping data were analyzed using a
one-way ANOVA with LSD used to conduct post hoc between-group
comparisons with correction for multiple comparisons. Western blot,
3D-EM, and threshold values obtained from mapping, and stroke vol-
umes were analyzed with a one-way ANOVA with Student-Newman—
Keuls post hoc tests; p < 0.05 was considered significant. All data are
presented as the mean * SEM. More detail is provided in each section.

Results

Chronic deep cerebellar stimulation promotes

motor recovery

Forty-one animals survived electrode implantation and ischemia.
Seven were excluded due to lack of motor deficit post stroke. Five
additional animals were excluded from the study due to electrode
dislodgement before completion of 5 weeks of stimulation. Thus,
29 animals completed the study (SHAM: n = 7, REGULAR: n =

<«

(Figure legend continued.) for ipsilateral representation; *p << 0.05, **p << 0.001. C, Color
plot showing the mean threshold for eliciting forelimb (proximal or distal) movements at
each penetration site. Stimulation was not delivered above 1.5 mA. D, Histogram demon-
strating the distribution of threshold amplitudes for distal and proximal representations
by group. Thresholds are grouped into 100 A bins; SHAM: n = 4, REGULAR: n = 3,
BURST: n = 8, NAIVE:n = 6.

Figure6. A-E, Representative digitalimages showing where tissue samples were obtained for Western blot analysis. Samples
(red circles) were taken from perilesional cortex, the corresponding areas in the contralateral hemisphere (C; AP bregma —1.60
mm) and from the ipsilateral visual cortex (E; AP bregma —5.30 mm).

13, BURST: n = 9) with all animals demonstrating infarct local-
ization and volume consistent with our model (Machado et al.,
2013; Fig. 2). All cerebellar electrodes were observed to be within
the targeted region.

All groups demonstrated a significant poststroke deficit in the
pasta-matrix task (p < 0.05; Fig. 3), with no motor recovery ob-
served in the SHAM group across the 5 week treatment phase. At the
fifth week, both REGULAR- and BURST-treated animals demon-
strated significant motor recovery, relative to the SHAM (p < 0.05,
Kruskal-Wallis) group as well as to their individual poststroke, pre-
stimulation baseline (p < 0.05, Friedman analysis; Fig. 3). Analysis
of the spatial pattern of pasta retrieval from the matrix revealed that
animals in the REGULAR group had significantly greater motor
gains than SHAM in rostrolateral regions of the matrix. Moreover,
BURST animals outperformed those animals in the REGULAR
group in a spatially restricted fashion, marked by greater retrieval
frequency toward the medial region of the matrix (Fig. 4).

Deep cerebellar stimulation promotes restoration of
perilesional cortical motor representation

After completion of behavioral analysis, a subset of animals was
selected at random from each of the three groups for ICMS func-
tional mapping of the motor cortex followed by Western blot
studies for markers of LTP and synaptic plasticity. An additional,
fourth group (n = 6) of surgically and treatment-training naive
controls (NAIVE) was added for comparison. We computed sev-
eral variables used to describe changes in cortical motor repre-
sentation. First, we computed the motor representation area
(mm?), which is one of the most common metrics for under-
standing motor cortical plasticity following stroke (Gharbawie et
al., 2005), training (Kleim et al., 1998), or brain stimulation
(Kleim et al., 2003). For each category of movement representa-
tion (distal forelimb, proximal forelimb, head/neck, and ipsilat-
eral forelimb), area was calculated by multiplying the number of
responsive ICMS sites to that movement category by the corre-
sponding grid area (1 mm?; Tennant et al., 2011). The percentage
of the total motor cortical map that induced distal forelimb
movement was found to differ among the four groups (F; »5) =
13.84, p < 0.001). Post hoc tests revealed that the area of contralat-
eral, distal forelimb representation was highest in NAIVE rats
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Figure 7.

Deep cerebellar stimulation enhances synaptic protein expressions in perilesional areas. Synaptic proteins are normalized against GAPDH control values. One-way ANOVA, Student—

Newman—Keuls post hoc test, *p << 0.05 compared with SHAM, #p << 0.05 compared with REGULAR, ®p << 0.05 compared with NAIVE rats, n = 4—8 per group.

(37.85 = 3.7%) compared with BURST (17.91 = 3.80%, p =
0.001), SHAM (6.35 = 3.83%, p < 0.001), and REGULAR
(3.03 = 3.03%, p < 0.001) groups. Of all animals affected by
stroke, the BURST stimulation group showed the greatest per-
centage area of distal forelimb representation, which was signifi-
cantly greater than the REGULAR or SHAM groups (p < 0.05;
Fig. 5A, third from left; B, left). The percentage area devoted to
ipsilateral forelimb representation also varied (F(; 5oy = 5.24,p =
0.01) across groups, with responses absent in NAIVE animals but
present in all stroke groups. Post hoc comparisons showed that

the SHAM and REGULAR stimulation group had larger ipsilat-
eral forelimb representation than NAIVE rats (30.20 * 12.62%,
p < 0.01) and 23.89 = 2.35%, p < 0.05, respectively). However,
BURST-treated animals elicited the fewest ipsilateral responses of
all poststroke groups, with significantly smaller ipsilateral repre-
sentation than SHAM (11.14 * 3.88% vs 30.20 * 12.62%, p =
0.026; Fig. 5B, right). The results indicate that DBS, particularly
BURST treatment, promoted greater restoration of perilesional
cortical representation of the affected forepaw while minimizing
representation of the nonaffected side.
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A

that NAIVE and both REGULAR and
BURST stimulations were associated with
significantly higher levels of NMDARI,
CaMKII, PSD95, and synaptophysin
compared with SHAM-treated rats in the
perilesional cortex (Fig. 7). Of note, levels
of PSD95 were found to be significantly
higher (p < 0.05) in the BURST as com-

Figure 8.

In addition to motor representation area, we also evaluated
motor thresholds for each movement category (Fig. 5C). NAIVE
animals exhibited a large area of representation with many re-
gions of high excitability, which were not observed in the SHAM
group. There was a significant main effect of treatment when
analyzing distal and proximal thresholds (F; ,,,) = 44.24, p <
0.0001). NAIVE animals, as expected, demonstrated the lowest
threshold (539.5 * 25.13 uA), with increasingly higher thresh-
olds observed in the SHAM (799.7 £ 62.19 wA), BURST (971.2 £
34.47 nA), and REGULAR (996.7 * 46.17 wA) groups. Post hoc
comparisons revealed that the threshold differences between the
two stimulation groups were significant relative to both the
SHAM and NAIVE animals (p < 0.05). The results indicate that
cortical excitability (at least under anesthesia) was not associated
with behavioral gains or reorganization of forelimb motor corti-
cal representation. We further examined the differences in motor
threshold as a function of the distal and proximal limb (Fig. 5D),
correcting for the difference in animal numbers across groups.
An overall shift to higher thresholds was observed across all ani-
mals that received a stroke, compared with NAIVE.

Stimulation promotes the expression of markers of long-term
potentiation and synaptogenesis

To better understand the structural changes that may play a role
in the observed functional changes, we then evaluated the effect
of treatment on the expression of a family of proteins known to
play a key role in synaptic plasticity. Tissue sections for Western
blot analysis were sampled from the perilesional cortex, the cor-
responding area on the contralateral hemisphere, and the visual
cortex ipsilateral to the lesion (Fig. 6). Results were calculated as
the ratio of NMDARI, CaMKII, PSD95, or synaptophysin to
GAPDH. GAPDH levels were consistent across groups. A signif-
icant main effect of treatment for NMDARI (F; ;5 = 7.46, p <
0.01), CaMKII (Fg3,5 = 25.46, p < 0.001), PSD95 (F; 5, =
51.50, p < 0.001), and synaptophysin (F; ;5 = 33.12, p < 0.001)
was noted in the perilesional cortex (one-way ANOVAs were
performed separately for each protein). Post hoc analysis revealed

Representative digital images of 3D-EM of an ischemic rat. A-C, Schematic of rat brain showing location of the
perilesional area where tissue samples were obtained for 3D-EM (C; AP = bregma + 1.0 mm). D, Example of three image stacks
of 5 um edge cubes from one perilesional area. E, 3D reconstruction of a 125 wm > cube containing 63 slices at 80 nm per slice.

pared with both the REGULAR and NA-
IVE groups in the perilesional cortex.
Changes in protein expression were also
found in the corresponding area on the
contralesional cortex. A significant main
effect of treatment for NMDARI (F 3 5
= 14.82, p < 0.001), CaMKII (F(3,5) =
45.06, p < 0.001), PSD95 (F 5 5, = 59.15,
p < 0.001), and synaptophysin (F; 5, =
8.34, p < 0.01) was noted. Overall, these
results suggest a role for LTP-related
mechanisms of synaptic plasticity in this
model.

Stimulation promotes synaptogenesis
As a next step, we evaluated the effects of
stimulation on synaptic density. Given
that stimulation was only initiated 2
weeks after ischemia, at a time when infarcts are well established,
it is unlikely that greater synaptic density compared with SHAM
would indicate a protective effect of stimulation. Rather, it points
toward promotion of synaptogenesis. Although synaptophysin
alone indicated the likelihood of a greater number of synapses in
stimulation-treated animals (particularly BURST), its measure-
ment does not allow for a distinction to be made between fully
formed, active synapses and inactive ones. Given that synapto-
physin was strongly expressed in the perilesional cortex, we ex-
amined this area by counting active synapses directly using
3D-EM (Fig. 8) in a subset of animals randomly selected from
each treatment group. We found that the REGULAR and BURST
stimulation groups had significantly greater perilesional synaptic
density compared with SHAM animals at each location within
the perilesional area (Fig. 9). The mean number of synapses
counted within each 5 wm cube for animals in REGULAR,
BURST, and SHAM groups were 109.1 * 16.0, 120 = 22.2, and
39.6 = 10.6, respectively (F, 4 = 9.90, p < 0.05) at the site 100
um from the edge of the stroke and 91.8 = 18.9, 104.5 = 21.6,
and 48.1 * 14.9, respectively (F(, ) = 6.46, p < 0.05) at the site
300 wm from the lesion edge. One-way ANOVA was performed
independently for each cortical region.

Discussion

DBS of the LCN has been previously shown to promote motor
recovery after ischemia (Machado etal., 2009, 2013). The present
work aimed at evaluating possible mechanisms associated with
these rehabilitative effects and to assess how DBS may promote
plasticity after cerebral injury. Chronic stimulation promoted
functional reorganization and microstructural changes in postin-
farct, perilesional cortex and reproduced the motor rehabilitative
effects of our prior work. Motor representation in the perilesional
cortex is strongly correlated with recovery of function after stroke
(Nudo et al., 1996). In particular, larger areas of cortical repre-
sentation for the affected limb are associated with improved mo-
tor outcomes and mapping of motor representation is one of the
most common metrics for measuring the success of poststroke
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Figure 9. A, Representative 125 um> samples. Left, The large cube is a sample from a
SHAM-treated animal. Right top, Representative digital images showing the progression
through consecutive slices of the image stack with presynaptic neurons in blue and postsynaptic
neurons in yellow. The slice in the middle is centered on the synapse. Active synapses have a
clear postsynaptic density. Right bottom, Representative samples from REGULAR- and BURST-
treated animals. B, 3D cubic rendering of the location of the active synapses in each of the three
representative samples from A. €, Data summary for the number of synapses per 125 um>
volume per treatment group at 100 (Area 1), 200 (Area 2), and 300 um (Area 3) away from the
lesion (one-way ANOVA was performed for each area individually, Student—Newman—Keuls
post hoc; *p << 0.05 significantly different from SHAM.

plasticity (Gharbawie et al., 2008). In our study, both patterns of
DBS enhanced ipsilesional reorganization beyond that observed
with motor training alone (SHAM). SHAM-treated animals pre-
sented with a profound loss of representation of the affected fore-
paw in the perilesional cortex, compared with NAIVE animals.
Likewise, SHAM-treated animals had greater perilesional repre-
sentation for the nonaffected (ipsilateral) paw, which is abnor-
mal. Stimulation was associated with significantly greater motor
representation of the affected forepaw, proximal and distal, as
well as decreased representation of the nonaffected forepaw. In
particular, BURST stimulation had a reparative effect on cortical
motor representation that most readily approached normal,
characterized by the greatest area of contralateral distal forelimb
representation and the least ipsilateral representation. ICMS
thresholds required to elicit motor responses for each movement
category were also analyzed. There were no significant differences
in threshold between the stimulation groups, but both stimula-
tion groups had significantly higher thresholds than SHAM or
NAIVE animals. This indicates that, at least in the anesthetized
state, increments in cortical excitability (i.e., reductions in
threshold) did not parallel functional gains associated with stim-
ulation (Baker et al., 2010).

The enhanced functional reorganization associated with DBS
was paralleled by significant physiological changes, including an

Cooperrider, Furmaga et al. ® Deep Cerebellar Stimulation Promotes Plasticity

increase in markers of LTP and synaptogenesis. Although motor
training is thought to promote recovery via synaptic plasticity-
(Dimyan and Cohen, 2011), animals that received motor training
only (SHAM) in the present experiment showed no meaningful
recovery and exhibited reduced expression of all four measured
proteins (i.e., CaMKIIL, PSD-95, NMDA, and synaptophysin) in
the perilesional cortex relative to NAIVE. Synaptic plasticity has
been associated with increased perilesional expression of PSD95
(Pagnussat et al., 2012), a membrane-associated guanylate kinase
signaling scaffold protein in glutamatergic synapses. PSD95 ac-
tivity during LTP is, in turn, regulated by CaMKII phosphoryla-
tion of S73 and considered important for both structural (i.e.,
spine growth) and functional (i.e., LTP) cortical changes (Steiner et
al., 2008). Elevation of CaMKII is considered both necessary and
sufficient for promotion of LTP (Nicoll and Roche, 2013). Our data
showed a concomitant elevation of CaMKII, PSD95, and NMDAR
(which activates CaMKII) expression in stimulation-treated animals
compared with SHAM, further corroborating a role for LTP in
stimulation-related recovery. BURST stimulation was uniquely effi-
cient in promoting restoration of distal forelimb representation and
also associated with significantly greater expression of PSD95 than
SHAM or REGULAR stimulation.

In addition to promoting Hebbian facilitation (Bailey et al.,
2000; Buetefisch et al., 2011), the BURST paradigm was designed
to partially reproduce natural bursting activity common to the
dentate nucleus. Our rationale is partially based on the detrimen-
tal effects of crossed-cerebellar diaschisis to recovery of motor
function post stroke (Takasawa et al., 2002). We have proposed
that exogenous, chronic electrical stimulation may compensate
for the reduction of intrinsic, poststroke dentatothalamocortical
activity secondary to crossed-cerebellar diaschisis (Machado and
Baker, 2012). In accordance to this working hypothesis, we have
shown previously that isochronic, 30 Hz LCN stimulation facili-
tated motor recovery in the rodent cortical stroke model
(Machado et al., 2013). Further, we have shown that continuous
stimulation of the dentatothalamocortical pathway at 30 Hz sig-
nificantly increases cortical excitability (Baker et al., 2010). How-
ever, the cerebellar nuclei do not function at a constant beta-band
frequency in vivo, instead modulating continuously in relation to
motor activity and behavior. The bursting paradigm used in the
present study was designed as part of an iterative attempt to ap-
proximate this intrinsic modulation, anticipating that this could
have an additive, positive rehabilitative impact while at the same
time recognizing that it would not re-create normal cerebellar
function. To this end, the intraburst frequency used in this para-
digm was based on prior electrophysiological studies examining
dentate nucleus activity (Thach, 1970; Goodkin and Thach, 2003;
Aumann and Fetz, 2004). Our data largely corroborates the hy-
pothesis that stimulation paradigms containing bursting activity
natural to the dentate nucleus could have greater rehabilitative
effects than regular isochronous stimulation. While the total
pasta retrieval of animals in the BURST cohort was not different
from those in the REGULAR group, BURST-treated animals
achieved significantly greater frequency of retrieval from the me-
dial area of the matrix, suggesting greater distal forelimb control
in that direction. The increased expression of PSD95 associated
with BURST points to the possibility that this pattern of stimula-
tion further enhanced macroscopic cortical reorganization and
recovery via promotion of LTP and synaptic plasticity.

Stimulation treatment was associated with significant incre-
ments in perilesional synaptophysin expression, indicating syn-
aptogenesis. In addition to measuring protein expression with
Western blot, synapses were individually counted with 3D-EM-a
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direct and reliable method for measuring synaptic density. Ani-
mals treated with both stimulation paradigms, REGULAR and
BURST, presented with greater synaptic density than SHAM.
While we cannot rule out the possibility that stimulation had a
protective effect against synaptic loss, this is unlikely. Stimulation
was initiated 2 weeks after ischemia, at a time when the infarct is
already well established. The data suggest that stimulation-
related motor recovery may be mediated, at least in part, by syn-
aptogenesis. Our findings indicate that chronic DBS of the
dentatothalamocortical pathway can significantly enhance corti-
cal perilesional plastic reorganization and motor recovery.

The translational value of the present findings can be signifi-
cant for human postinjury rehabilitation. DBS is a standard
technology, routinely implemented in the care of common neu-
rological disorders such as Parkinson’s disease (Machado et al.,
2012b). Because the techniques are well established (Machado et
al., 2012a), physicians often use this technology in less common
disorders (Ghosh etal., 2012; Lim et al., 2013) and in a number of
clinical trials (Mayberg et al., 2005; Laxton and Lozano, 2013;
Plow et al., 2013). Hence, translation of novel DBS therapies can
be accomplished with existing tools, either in their current or
modified versions. Our approach to human use would not rep-
resent the first attempt at using implantable neurostimulation
devices for motor recovery. Epidural cortical stimulation has
been used since the early 1990s, initially for pain (Tsubokawa et
al., 1991) and then for poststroke motor rehabilitation (Brown et
al., 2003, 2006). Despite early promise, this approach ultimately
failed to show improvements superior to the control group in
randomized controlled clinical trial (Harvey et al., 2009; Plow et
al., 2009). While the reasons for the failure of animal to human
translation are not well known, it is possible that the variability of
stroke volume and location in humans complicated the targeting
of epidural leads, thereby limiting their ability to induce the the-
orized reorganization of perilesional cortex. Furthermore, it is
possible that the different orientation of neurons in relation to
the dura, due to complex gyral anatomy, may have washed out
the effects of cathodic or anodic epidural stimulation (Manola et
al., 2005; Holsheimer et al., 2007). We anticipate that stimulation
of the dentatothalamocortical pathway will obviate these limita-
tions because it relies on a robust natural pathway with extensive
projections to the frontal, prefrontal, and parietal cortices (Dum
and Strick, 2003). Hence, stimulation at a single node should
elicit perilesional effects regardless of discrete changes in stroke
topography, as long as subcortical projections are at least partially
preserved. Further, thalamocortical fibers will carry stimuli to the
cortex regardless of gyral anatomy. In summary, the present re-
sults are encouraging in the rodent model and indicate a strong
potential for enhancing perilesional plastic reorganization after
focal injuries. Next steps include further optimization of stimu-
lation settings and first-in-man clinical trials.
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