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Abstract

Background—Transcranial electrical stimulation (tES) shows promise to treat neurological
disorders. Knowledge of how the orthogonal components of the electric field (E-field) alter
neuronal activity is required for strategic placement of transcranial electrodes. Yet, essentially no
information exists on this relationship for mammalian cerebellum /n vivo, despite the cerebellum
being a target for clinical tES studies.

Objective—To characterize how cerebellar Purkinje cell (PC) activity varies with the intensity,
frequency, and direction of applied AC and DC E-fields.

Methods—Extracellular recordings were obtained from vermis lobule 7 PCs in anesthetized rats.
AC (2-100 Hz) or DC E-fields were generated in a range of intensities (0.75-30 mV//mm) in three
orthogonal directions. Field-evoked PC simple spike activity was characterized in terms of firing
rate modulation and phase-locking as a function of these parameters. t-tests were used for
statistical comparisons.

Results—The effect of applied E-fields was direction and intensity dependent, with
rostrocaudally directed fields causing stronger modulations than dorsoventral fields and
mediolaterally directed ones causing little to no effect, on average. The directionality dependent
modulation suggests that PC is the primary cell type affected the most by electric stimulation, and
this effect was probably given rise by a large dendritic tree and a soma. AC stimulation entrained
activity in a frequency dependent manner, with stronger phase-locking to the stimulus cycle at
higher frequencies. DC fields produced a modulation consisting of strong transients at current
onset and offset with an intervening plateau.
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Conclusion—(s): Orientation of the exogenous E-field critically determines the modulation
depth of cerebellar cortical output. With properly oriented fields, PC simple spike activity can
strongly be entrained by AC fields, overriding the spontaneous firing pattern.
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Introduction

Electrical neuromodulation methods may be used to treat a wide variety of neurological
disorders [1]. One such method that is generating significant interest is low intensity
transcranial electrical stimulation (tES) because it is non-invasive, safe, has minimal to no
side effects, and has a low-cost [2,3]. This method involves passing current through a
specific brain region, and has been reported to improve performance and learning in both
healthy individuals and in those with brain injury [4,5]. Indeed, tES has been found to have
beneficial effects when applied to a number of different brain areas, including specific
regions of the cerebral and cerebellar cortices [6,7]. Although such positive reports highlight
the potential of tES, other studies have shown no results or negative ones [8,9]. The causes
of this variability need to be understood in order for tES to reach its potential.

The cerebellum is one area in which the need to understand how tES acts stands out.
Cerebellar tES (ctES) has been used to ameliorate motor deficits [10,11], consistent with its
central role in motor function. Moreover, a growing body of evidence indicates that the
cerebellum plays important roles in cognitive functions as well [12,13], which implies that
CtES could be used to treat a wider variety of disorders. Indeed, clinical studies have shown
that ctES, using either direct and alternating current, tDCS and tACS, can enhance both
motor and cognitive functions [11,14,15]. This makes understanding how tES acts on the
cerebellum and how it affects its output significant, as such knowledge would allow ctES
treatments to be optimized.

The cerebellar cortex is likely to be the main area that is directly affected by ctES, given its
superficial location. ctES will affect multiple classes of cerebellar cortical cells; however, the
Purkinje cell (PC) is the sole output of the cortex, making characterization of its responses a
key issue. PCs generate simple and complex spikes, the former spontaneously and in
response to granule cell inputs, and the latter driven by climbing fiber activity. The
spatiotemporal pattern of simple and complex spikes is important because synchronous PC
activity sculpts the output of the cerebellar nuclei (CN) [16-19], which, in turn originate
most cerebellar output, including projections, via the thalamus, to widespread regions of the
cerebral cortex (i.e., motor, prefrontal, and parietal cortex), and to a number of brainstem
structures. Thus, altering PC activity with tES provides a way to modulate cerebellar outputs
that influence a large number of sites in the cerebral cortex that underlie diverse functions.

Cerebellar cortical neuron responses to electric fields (E-fields) have been well characterized
in vitro (e.g., Chan and Nicholson 1986). However, /7 vivo animal studies addressing
questions related to the mechanism of ctES are scarce in the literature [20], which is
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problematic as significant differences exist between /in vivoand in vitro conditions. Thus,
our goal was to investigate the response of PCs to both tDCS and tACS under /n vivo
conditions. Our results demonstrate that PC simple spike activity is modulated and strongly
entrained by AC stimulation over a large range of frequencies. Moreover, PC responses
showed a dependence on the direction of the E-field, with significantly stronger modulation
caused by rostrocaudally oriented fields as compared to fields applied mediolaterally. For
tDCS, we also observed a sharp transient response at the onset and offset of the stimulation
current. The results of this study shed light on some basic mechanisms of cerebellar
neuromodulation by tES that may help design future human trials.

Animal surgery

Ten Sprague Dawley (SD) rats (300-350 g, male, Charles River) were used in this study to
obtain PC recordings. All procedures were approved and performed in accordance to the
guidelines of the Institutional Animal Care and Use Committee, Rutgers University, Newark,
NJ. Animals were first anesthetized with 5% isoflurane in an induction chamber and
maintained between 1 and 2% during the course of surgery. Then, they were moved to a
stereotaxic head frame, and body temperature was measured with a rectal probe and
regulated with a heating pad under the animal (ATC 1000, WPI). Blood oxygen level was
monitored with a pulse oximeter attached to the hind paw and was always above 90% during
recordings. The hair over the head was shaved and a midline skin incision was made to
expose the skull over the cerebellum. The entire dorsal side of the cerebellum was opened
with rongeurs. The dura mater was left intact and kept under warm saline (~34 °C as
measured using an infrared thermometer) to prevent dehydration and cooling of the
cerebellar cortex. The stereotaxic frame was placed inside a Faraday cage to eliminate
electromagnetic interference in neural recordings. About 10 min before starting to record
neural activity, the animal was transitioned from gas anesthesia to ketamine/xylazine
mixture (80 mg/kg and 8 mg/kg, IP), since many studies on cerebellar electrophysiology
have been conducted under this anesthesia regime, and additional doses of ketamine (20
mg/kg, IP) were injected as needed.

Electrical stimulation

To generate E-fields directed along specific axes, a stimulation electrode platform was built
using four 125 um thick Ag/AgCl wires that were affixed on a 4 x 4x1mm silicon
(Polydimethylsiloxane; PDMS) board in a rectangular configuration (Fig. 1A). The distance
between opposite contact pairs was 3.5 mm and the length of each contact was slightly
shorter (~3.2 mm). Another Ag/AgCl wire was wrapped 3 times around a 1 mm diameter
drill bit to make a helical electrode. After opening a 1.2 mm circular hole at the center of the
substrate, the helical electrode was positioned into this hole. Opposing wire electrode pairs
(shown in blue and red) were used to generate E-fields in the mediolateral (ML) or
rostrocaudal (RC) directions. The helical electrode was used to create E-fields in the
dorsoventral (DV) direction by pairing it with a Ag/AgCI wire inserted into the right hind
limb. The electrode pairs were connected to the output of a voltage/current isolator unit
(Model 2200, A-M Systems) through a commutator that facilitated switching between the
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electrode sets quickly. The PDMS substrate was placed over the cerebellum with its center
positioned over vermis lobule 7 and secured with silk sutures tied to the frame. The hole in
the center was filled with normal saline to ensure a stable interface with the helical
electrode.

AC stimulation

Once stable spike activity in vermal lobule 7 was detected from a cell that was identified as a
PC from its characteristic complex spikes, ten-second long sinusoidal currents were applied
to the cerebellar cortex in the DV, ML, and RC directions by switching to respective
electrode pairs sequentially. Sinusoidal stimulus frequency was varied systematically from 2
Hz to 100 Hz and the amplitude was varied from 50 pA to 600 JA in steps.

DC stimulation

A direct current was applied to the cerebellum through the RC electrode pair only for 20s.
One or two intensity levels between 200 and 300 uA were tested. The current was injected in
both directions through the electrode pair with a settling period of about 3 min between
applications that allowed the activity to return to its baseline level.

E-field measurements

Two additional male SD rats similar in size to those used in stimulation experiments were
anesthetized to measure the E-fields generated in the cerebellar cortex corresponding to
specific current amplitudes. Five-second long sinusoidal currents, with 100 uA peak
amplitude and 100 Hz frequency, were applied to the cerebellar cortex through the DV, ML,
and RC electrode pairs as in the stimulation sessions. A glass micro-pipette mounted on a
micromanipulator was inserted into the cerebellar cortex at five selected positions within the
central hole of the stimulation electrode (Fig. 1A, inset. red Xs). Voltage measurements were
obtained at depths of 200, 250, and 300 um from the pial surface. At every recording
position and depth, sinusoidal current was applied via each one of the three sets of electrode
pairs. The ML and RC E-field components were calculated by taking the difference of the
voltages measured at the depth that approximately corresponds to the PC layer (250 um) by
an appropriate pair of recordings (two of the four peripheral recording positions) and
dividing by their separation (0.6 mm). The central recording position was used to measure
the E-field component in the DV direction by taking the difference of the voltages at 200 pm
and 300 um depths and dividing by the difference in depth (100 pm). For each electrode pair,
the E-fields in three orthogonal directions were calculated. The results in all PC modulation
trials were expressed as a function of E-field strength by converting the applied current
amplitudes to E-fields based on these measurements. Note that the E-field is not expected to
be uniform in any direction in this setup. Thus, the E-field measurements were made only to
demonstrate the directionality of the induced E-field by different electrode pairs.

Single unit recording and analysis

To record PC activity, a glass micropipette (3-5 MQ) filled with normal saline was inserted
at the center of the hole of the electrode platform using a 3-axis 10 pm-resolution
micromanipulator through the dura and pia maters into the apex of lobule 7. Recordings
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were band-pass filtered between 100 Hz and 10 k and amplified (Model 2200, A-M
Systems, Carlshorg, WA) with a gain of 1000 or 10,000, depending on spike amplitude, and
sampled at 100 kHz onto a computer via a data acquisition board (NI, PCI-6071, Austin,
TX). A total of 23 PCs were recorded in 10 animals, with a maximum of three PCs in a
given animal. Neural signals were monitored simultaneously on an oscilloscope and audio
speaker.

PCs were identified by their characteristic complex spikes, which were typically followed by
a 10-30 ms pause in SS activity (Fig. 2). Recordings were all obtained at depths of <250 um
to ensure that they were located at the apex of the lobule, so that we would know the
orientation of their dendritic tree with respect to the stimulation electrodes. For each
stimulus setting, baseline PC activity was recorded before and after the stimulus period. For
AC stimuli, the pre- and post-stimulation periods were each 5s, with an intervening 10-s
stimulus. For the DC stimuli pre- and post-stimulation periods were 5s and 10s, respectively,
and the stimulus was 20s in duration.

Spikes were detected offline in Matlab (Mathworks) with a threshold-based spike detection
algorithm. For high frequency AC stimulation, recorded signals were pre-filtered with a
sharp high-pass at 200 Hz, in addition to the 2nd order filters in the amplifier, to suppress the
stimulation artifacts.

E-field measurements

The cerebellar cortex is highly anisotropic, with many neuronal elements oriented along
specific and often perpendicular axes. Because of this, the direction of the E-field may be a
particularly important parameter for cerebellar stimulation, as different classes of neuronal
elements may be activated by fields in different directions. Before examining this issue in
detail, we first tested the ability of the stimulus electrodes to generate E-fields directed along
the RC, ML and DV axes. The results show that each stimulus electrode pair produced an E-
field whose amplitude was largest in the intended direction (i.e., along the axis connecting
the two electrodes) but that smaller amplitude fields were present in the other two
orthogonal directions. A 100 pA current applied between the specific RC, ML, and DV
electrode pairs produced 1.5, 1.5, and 7.5 mV/mm fields in the direction of the electrode pair
through which the current was applied. For each electrode pair, the fields produced in the
other two orthogonal directions were <30% of these maximal fields, confirming that
directional E-fields were generated in each case.

Spontaneous simple spike activity

To have a baseline for comparing the evoked activity, spontaneous PC simple spike activity
was characterized. PCs had a mean firing rate of 40 + 20 Hz (mean =+ std) (n = 23) before
any stimulation was applied. We also compared the firing rates before and after stimulation
for each intensity level separately. Paired t-tests failed to show any significant difference in
pre- and post-stimulus firing rates at any current level (p> 0.11). Thus, stimulation did not
cause any immediate post-stimulus changes in average firing rates.
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Spontaneous variations in simple spike instantaneous firing rates were present in all PCs
(Fig. 3, pre- and post-stim periods). To quantify this modulation, the coefficient of variation
(CV) was defined as the standard deviation of the inter-spike intervals (ISI) divided by the
mean ISI for the period in question. CV values of the spontaneous variations were calculated
for each cell using the 5 s pre-stimulation periods (0.82 + 0.45, mean + std). These
spontaneous variations could be obscured by stimulus-evoked activity but reemerged after
the stimulus was terminated at pre-stimulus levels (post-stimulus CV =0.79 £ 0.37, p=0.3).

In order to determine if the spontaneous activity changed over the course of the experiment,
spontaneous CV values during the 5 s periods before the onset of stimulations in each E-
field direction were calculated. These spontaneous CVs did not differ significantly,
indicating that the spontaneous variations in the firing rate did not differentially influence
the calculation of the CV values in different directions. This result further confirms the
absence of after-effects of the simulation on the spontaneous modulation and average firing
rate.

AC stimulation

SS modulation varies with E-field direction and intensity—TFig. 4A shows how the
response of a typical cell to 2 Hz AC stimulation varied with stimulus amplitude for a field
directed in the RC direction. In this case, the firing rate increased during the positive phase
and decreased during the negative phase, being completely suppressed at higher intensities.
The maximum SS firing rates occurred slightly before the positive peak of each cycle. In
general, the exact phase relationship between the stimulus current and PC firing rate changes
varied between cells. In fact, increasing or decreasing spiking could be associated with
either the anodic or the cathodic phases of the stimulus, and peak firing rates did not
necessarily coincide with stimulus peaks. For instance, with DV current injection, which
approximates the transcranial monopolar electrode montage, we observed that the firing rate
increased during anodic phases and decreased during cathodic cycles in 10 out of 17 PCs,
and the phase relation was reversed in the other 6 PCs.

The amplitude of SS modulation induced by the AC stimulation was quantified by
calculating CVs for the stimulus period. For the cell in Fig. 4, the CV was highly correlated
with stimulus intensity (Fig. 4B; r = 0.99, p= 0.0012, test of whether r£0). CVs were
similarly calculated and plotted as a function of intensity for all PCs (n = 17 out of 23) that
were tested in all three directions (Fig. 5A), and the slopes of the individual cell regression
lines were compared (Fig. 5C). From these plots, it is clear that RC- and DV-directed
currents were the most consistent in producing a positive relationship between modulation
depth and E-field strength, with 17 and 15 cells, respectively, showing positively sloped
regression lines for RC- and DV-directed fields. Moreover, RC stimulation produced steeper
slopes than DV (p< 3 x 1073) or ML (p< 3 x 1075) directed stimulation. ML-directed
currents produced generally weaker relationships, with about half of the cells showing
negatively sloped regression lines, that were not significantly different from zero, on
average, one sample #test (p>0.72).

The greater slopes for the RC-directed field suggest that fields in the RC direction will have
the strongest modulatory effect on PC activity. However, the spontaneous variations in SS
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activity also contribute to the overall modulation, and this contribution may be particularly
significant at low AC intensities and in the ML direction where the modulation is the
weakest. Thus, CV values, rather than slopes, were compared between all directions
measured at a single E-field strength (7.5 mV/mm) (Fig. 5B). Consistent with the slope
analysis, RC modulation was again significantly stronger than the other two directions (RC
> ML, p=0.013; RC > DV, two-sided, paired #test, p=0.027). However, DV was not
significantly different than ML (two-sided, paired £test, p=0.24). In order to check if ML
stimulation caused modulation above the noise level, we compared the CVs at this E-field
intensity with the pre-stimulus period and found no significant difference (p = 0.056).

Spontaneous changes in firing rate are a source of noise that lowers the correlation (R2) of
the fitted lines. However, electrical stimulation for both DV and RC directions decreases the
spontaneous variations and forces PCs to fire more regularly, as suggested by the high R?
values of the regression lines. The RC and DV directions generated higher R? values (0.69 +
0.32 (mean = std) and 0.74 + 0.31 respectively) compared to ML (0.43 + 0.34), which agrees
with the example in Fig. 4 showing significant entrainment of the SS activity during RC
stimulation.

Entrainment to AC cycle—Fig. 6 summarizes the behavior of a PC under varying AC
frequencies. Spontaneous simple spikes fire with 1SIs varying over a wide range when there
is no stimulation (top trace). Once the stimulation is initiated, the spike timings begin to
synchronize with the AC stimulus phase. At low frequencies, multiple spikes occur during
the positive phase and the PC completely ceases firing in the negative cycle in this example.
As the stimulus frequency is increased, the number of spikes that occurs during each positive
phase decreases and the spikes are limited to an increasingly smaller portion of the
stimulation cycle (phase locking). When the AC frequency is raised up to 40 Hz, the cell
fires only one spike per cycle that is perfectly phase-locked to the stimulus. Increasing the
frequency to 100 Hz results in an increase in the overall firing frequency of the PC and the
phase-locking pattern remains; however, the cell starts skipping some cycles of the AC
stimulation. The bar plots on the right show the timing of the PC spikes with respect to the
AC cycle. Phase locking becomes stronger with increasing frequencies as is shown by the
bar plots.

During the baseline activity, the PC spike trains were characterized by positively skewed ISI
distributions with a peak of 28 ms = 33 ms (mean = std) (n = 174) on average (Fig. 7 top
panel). AC stimulation produced dramatic frequency-dependent changes in the ISI
distribution. With stimulus frequencies lower than the spontaneous firing rate, a peak
appeared at the lower end of the ISI plot around 5 ms (Figs. 7 and 10 Hz), reflecting the high
frequency bursts that occurred within each cycle. A smaller secondary peak occurred at ISls
roughly corresponding to the interburst period at the same time (80-90 ms). As the stimulus
frequency was further increased, additional peaks reflecting the subharmonics of the
stimulus frequency appeared because the cell failed to fire on some of the AC cycles (e.g.
the small peak at 50 ms for 40 Hz). For progressively higher frequencies, the peak
corresponding to ISIs from within each burst reduced in size and the main peak
corresponding to the stimulus period increased (for 20-100 Hz panels), and because the
burst length decreases with frequency, the main peak increasingly became narrower around
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the stimulus period. This effect of burst length is most evident for 40 Hz stimulation in the
skewed values of ISIs below 25 ms extending down to 18 ms, which is because the ISI
between the last spike in a cycle and the first spike in the next cycle are less than the length
of one cycle.

To assess the changes in ISI distribution between stimulus frequencies, 1SIs were grouped
into three categories: /intra-cycle, inter-cycle, and cycle-skipping 1Sls (Fig. 8). The intra-
cycle group contains ISI values where successive spikes occur within the same AC
stimulation cycle. The ISI between the last spike in a cycle and the first spike in the next was
labeled as an /nter-cycle ISI. Finally, when an I1SI was greater than one cycle, indicating that
at least one cycle was skipped, it was classified as cycle-skipping. For each PC, the number
of 1SIs for each category was normalized by dividing it by the total number of ISls for that
PC; thus, the sum of percentages across the three plots for the same PC at a specific
frequency is equal to 100% in Fig. 8. At low frequencies, a large percentage of spikes were
classified as /ntra-cycle. As the stimulus frequency is increased, the percentage of /ntra-cycle
spikes decreased and those of the other two groups increased with rises in /nter-cycle spikes
rising first. Thus, a point is reached between 20 Hz and 50 Hz at which inter-cycle spikes
form the majority and then, for most cells, decline, as cycle-skipping 1SIs come to dominate.
In a cell where the entrainment is perfect, i.e. only one spike per AC cycle and no skipped
cycles, the intra-cycle and cycle-skipping groups would be zero percent, and the inter-cycle
group would be 100%. Although none of the cells presented this pattern, most were able to
track the stimulation frequency up to ~40 Hz, i.e. 0% cycle-skipping 1SIs. However, when
stimulus frequency was increased above 50 Hz, these cells started missing cycles, and by
100 Hz, only three cells could produce spikes in at least 80% of the AC cycles (Fig. 8B).
Nevertheless, that all cells had a majority of inter-cycle ISIs for a stimulus frequency
between 20 and 100 Hz shows that AC stimulation can strongly entrain PC spiking.

Finally, as the maximum of the inter-cycle ISI curve for the PCs varied over a wide range of
frequencies, we tested whether the maximum entrainment frequency of a cell (defined as the
peak of the cell’s inter-cycle ISI curve) was determined by its spontaneous firing rate.
However, no significant correlation was found (r = 0.003).

DC stimulation—DC current injections were made using the RC electrode pair because of
the stronger modulation observed in this direction with AC stimulation. The stimulus
intensity was selected within 3-4.5 mV/mm range based upon the level of modulation.
Recordings were divided into three time intervals: pre-, post-, and during-stimulation
periods. For each time interval, the mean firing rate was calculated within a 200 ms sliding
window with 50 ms overlap. Anodic and cathodic stimulation (hamed with respect to the
rostral electrode) modulated the spike rate in opposite directions (up or down) in each cell
(Fig. 9), but the polarity of stimulation (anodic or cathodic) that was excitatory varied
between cells. As clearly seen in the average activity from multiple cells in Fig. 10, the up-
modulation response of the cells during stimulation consisted of two phases (Fig. 10 left): an
initial large transient response at the onset of the stimulus followed by a settling phase.
However, the time constant for the firing frequency to return to a stable level could not be
captured within the 20s window of recording. At the onset of down-modulating pulses (Fig.
10 right), there is a dramatic fall of firing rate, but recovery seems marginal because the
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minimum firing rate was clipped off at zero. Following termination of the stimulus a second,
oppositely directed, transient response was observed in both panels.

Discussion

In this study we demonstrated that the effect of applied E-fields on cerebellar activity is
directionally dependent under /in vivo conditions by recording PC responses to AC stimuli
applied in three orthogonal directions. In particular, fields oriented in the RC and DV
directions were effective in modulating PC activity, whereas those in the ML direction were
not. Moreover, we demonstrated that simple spikes entrain to AC stimulation, and do so in a
frequency dependent manner. Finally, we characterized the responses of PCs to both anodic
and cathodic DC stimulation.

Previous reports on polarity of cerebellar modulation

Early /in vivo studies on the cerebral cortex showed that the modulation of neuronal activity
was dependent on the direction of the E-field [21-23]. Subsequently, /n vitro studies
confirmed and extended this relationship to other brain regions, including the hippocampus
and cerebellum (e.g. [24,25]). Moreover, computational studies have further shown how
electrode placement [26] and anatomical variations [27] affect the field distribution. In
general, these studies conclude that fields generated by currents directed from the distal
dendrites toward the soma will cause somatic depolarization, which will increase the
excitability and activity of the neuron, whereas fields directed perpendicular to the soma-
dendritic axis will be more limited in their ability to polarize a neuron (for review [28]).

Responses of PCs to applied E-fields recorded in an /n vitro turtle cerebellum preparation
are generally consistent with these rules [20]. However, predicting the responses of PCs in
the mammalian cerebellum /n vivo may be difficult for several reasons, including: 1) The
mammalian cerebellum is a highly folded structure, and so the orientation of PCs (and other
cells) with respect to the E-field will vary considerably [29], 2) E-field distribution may be
non-uniform at the cellular level due to inhomogeneity of tissue conductivities, and 3)
Synaptic effects, including from inhibitory interneurons of the cerebellar cortex, may
compete with the direct polarization effects of the E-field on the PC. Therefore, the net
effect may be different among PCs, even those that are in the same lobule or zone.
Accordingly, in our preliminary work, the up-modulation of PC activity was associated in
some cases with positive and in other cases with negative cycles of AC stimulation [30]. In
addition, our prior E-field measurements in the rat brain demonstrated substantial deviation
from an expected exponential decline as a function of depth, which was difficult to explain
by methodological shortcomings alone [31,32] and must be the result of inhomogeneity of
the conductivities in different cortical layers. Consistent with the complexity of predicting
the overall effects of E-fields on cerebellar output, studies of E-field direction on cerebellar
effects on other brain areas and behavior have reached contradictory conclusions, with some
showing a dependence on electrode polarity [33,34], and others not [35].
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E-field direction

During tES, cortical cells may experience the E-field in different strengths in each direction
depending on their position with respect to the extra-cranial electrode. Applying a
unidirectional E-field at any point inside the brain with transcranial electrodes is practically
impossible. Rahman et al. showed in their computational study that with transcranial
electrodes E-fields have horizontal and vertical components, with the intensity of the
tangential component significantly larger than the radial component [25]. We came to
similar conclusions from experimental E-field data collected in the rat brain [32], and from
the E-field measurements in this study where E-field intensities in the orthogonal axes were
~30% of that in the axis formed by the two electrodes. Nevertheless, the relative
directionality of the E-field was strong enough for us to identify significant changes in PC
modulation with E-field direction, suggesting that E-field direction may be a parameter
worth considering in behavioral/clinical studies.

SS modulation vs. E-field direction

In our study, we chose the cerebellar vermis for testing, where parallel fibers run
mediolaterally and intersect with the PC dendrites that ramify in the parasagittal plane. The
basket and stellate cell dendritic trees lie in the parasagittal plane. Thus, the E-fields we
applied in the RC, DV, and ML directions should have differentially affected these various
elements, and these differences likely are the primary cause of the directional dependence
we observed.

E-fields in the ML direction had the weakest effects, with barely detectable levels of
modulation in most cells. The polarization of PCs is expected to be lowest in this direction
due to parasagittal orientation of their dendritic trees. Therefore, the main modulatory effect
on PC activity may result from the E-field effect on the parallel fibers (PFs), which lie
parallel to the E-field. In fact, E-field parallel to an axon can effectively perturb the
transmembrane potential along the axon as well as at its pre-synaptic terminals, and thereby
influence synaptic efficacy directly. PFs synapse on and excite both PC and molecular layer
interneurons (basket and stellate cells), which inhibit PCs. Thus, direct modulatory effects of
PFs on PCs may be balanced by that of the indirect effects through interneurons, resulting in
a relatively small net effect on PC activity.

Ketamine-xylazine anesthesia has been reported to reduce activity in the cerebellar cortex
compared to the awake state [36,37], (however, we note that the simple spike rates found in
the present and other studies using ketamine anesthesia are well within the ranges of rates
reported for awake animals), and it may have altered the direct and indirect modulatory
effects of the E-field on the PCs in this study. Despite anesthesia, however, there still would
have been some modulation with ML E-fields, if the indirect parallel fiber mediated effects
were substantial.

RC E-fields generated significantly stronger modulation than the ML stimulation, and
indeed, produced the strongest modulation of the three directions that were tested. The RC
E-field is expected to polarize most strongly the large dendritic tree of PCs since the E-fields
of bipolar electrodes decrease quickly with depth and thus should be relatively smaller at the
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level of the PC soma. We tried to record from the PCs at similar depths near the surface and
in the center of the apex of the lobule to ensure that the E-field intensity was approximately
the same for all recorded cells. Hyperpolarization of the dendrites is expected to increase the
amplitude of EPSPs [38] and should also decrease that of IPSPs, both of which should
increase PC activity while the depolarization of dendrites is expected to cause the opposite
effect. In contrast, DV stimulation is a monopolar configuration and its E-field should reach
down to the PC somas more effectively than the RC and ML E-fields. Thus, the larger
modulatory effect of the RC stimulation suggests that modulation of synaptic efficacy on the
dendrites had a stronger effect than polarization of the soma under our condition. In
addition, a DV E-field would likely excite the deep lying Golgi cells, and that could also
limit the PC responses.

With respect to direct E-field effects on the soma, the Chan et al. study showed that both
stellate cells and PCs are modulated by AC stimulation when the E-field is oriented along
the somatodendritic axis [39]. On the other hand, computer models based on passive cell
properties predict that cellular polarization is directly correlated with the distance between
the soma and the apical dendrites. Radman et al. showed in a slice preparation that the larger
the cortical cells are, the more they are polarized by the extracellular E-field [40] as
predicted by volume conductor theory. Among the neurons in the cerebellar cortex, the PCs
have the largest soma (~30 pm) and soma-dendrite length, and an extensive dendritic tree.
Therefore, the direct effect of the E-field on the PCs should be larger compared to the
indirect modulation via inhibitory cells.

With DV AC field injection (normal to the cortex), we observed that, in most PCs, the firing
rate increased during anodic phases and decreased during cathodic cycles, in agreement with
previous studies [22,24,39,41]. However, 6 of the PCs responded to stimulation in the
reversed manner, i.e. activity increased during the negative cycle and vice versa. Dendritic
morphology and orientation relative to the E-field play a significant role in determining the
cellular modulation [42,43]. Even though the dendritic trees of PCs spread parasagittally in
the vermis, their orientation within the parasagittal plane and their specific morphology can
vary substantially, and this may have been responsible for the reversed response in 6 PCs
and the lack of modulation in 1 PC that we recorded from.

Entrainment of SSs by AC

Rhythmic activity spanning a large range of frequencies has been reported for the
cerebellum. For example, PC complex spikes show transient ~10 Hz as well as slower (~1
Hz) rhythmicity induced via climbing fiber activity from the inferior olive [44,45]. In
contrast, simple spikes and local fields can show oscillatory activity over much higher
frequencies, ones that can be as high as 160-240Hz [46], and they can show a phase-
amplitude relation to the oscillations in the cerebrum [46,47] that suggests exchange of
information. It is conceivable that the local field potential oscillations commonly observed in
the cerebellum may be entrained with tACS, as demonstrated in other parts of the brain [48—
51], leading to strengthening of cerebello-cerebral circuits, which could potentially facilitate
motor and cognitive functions, as suggested by several human studies [52-54]. Naro et al.
applied AC stimulation at various frequencies to the cerebellum in healthy individuals and
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recorded muscle potentials evoked by stimulation of the contralateral primary motor cortex
[55]. They noted that 50 Hz stimulation led to reduction in the cerebello-brain inhibition
(CBI) effect and facilitation of the muscle evoked potentials (MEPs). However, 10 Hz and
300 Hz stimulation resulted in mild or no effect on the CBI and MEPs. Miyaguchi et al. also
applied AC at gamma (70 Hz) frequencies to the motor and cerebellar cortices and reported
that simultaneous stimulation of these two regions improved the visuomotor performance
[56]. In another study, the same group provided further evidence that the reason for this
increase was the enhancement of cerebello-cerebral connections [57].

The present results show that entrainment of PC simple spike activity with exogenous E-
fields is feasible. Some PCs followed AC stimulation cycle-by-cycle up to 100 Hz, while
others were not able to track the stimulus frequency and began skipping cycles before
reaching 100 Hz, which could be related to the spontaneous firing rates. There are
alternating bands of zebrin+ and zebrin-across the cerebellar cortex defined by the
expression of aldolase C enzyme. PCs in zebrin-zones are known to fire at about twice
higher rates than those in zebrin + bands. The PCs with high SS rates may be following the
stimulus frequency up to higher rates. Indeed, the spontaneous firing rates distributed in a
large range in our data and resembled bimodal distribution (not shown). However, there was
no correlation between the maximum entrainment frequency and the spontaneous rates.
Thus, we have to assume that other electrophysiological factors including the specific
cerebello-cerebral connection and the functional network that the PC is a part of might have
played a role in maximum entrainment frequency.

Electrode placement

The electrodes were placed epidurally, instead of attaching them on the skin as in human
trials, to maximize reproducibility of the E-field strengths by eliminating the extra layers of
tissue and skull.

Asamoah et al. raised a concern that some of the observed results could result from indirect
effects of stimulus current [58]. Placing the stimulation electrode on the skin can cause
sensory stimulation and affect the cerebellar activity through secondary pathways. Epidural
placement of the stimulating electrode eliminated this potential source of error. The strong
dependence of the PC modulation on the electrode orientation, where the only difference is
the direction of the stimulation electrode in different trials, proved that such secondary
stimulation effects did not play a role.

DC modulation

With DC stimulation, the electrodes corrode quickly at high current densities. Our electrodes
were small to achieve localization and thus the current density at the electrode surface was
larger than that of standard transcranial electrodes. Hence, we applied the DC stimulation in
the most effective direction with a single E-field value only (as determined with AC
stimulation first) to ensure that the electrode characteristics were not changing during
stimulation.

We observed polarity dependent modulation with DC stimulation, as expected. Unlike tDCS
studies in awake subjects that use ramp-up and ramp-down periods, we applied the DC with
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rectangular shape, and this caused drastic jumps in the PC firing rates at the onset and offset
of the stimulation. The sharp change in SS firing rates indicates that the PCs have a response
to fast-changing or high frequency components of the stimulus current, which is in line with
the results of high frequency AC stimulation. After the initial jump, spike activity tends to
return to the baseline levels with a time-constant that is on the order of 10-20s. Thus, the
single cell data reaffirms the importance of turning the current on slowly in clinical tDCS
[59] in order to prevent a transient overshoot in PC activity, even if sensory stimulation
under the skin electrodes is not an issue. It should also be mentioned that the strength of the
PC response to the DC field may vary depending upon the E-field direction, as it was
observed with AC stimulation.

E-field intensity

With finite element models and measurements in human cadavers, the E-fields that are
effective were shown to be around 1 mV/mm [60-62]. In this study, we employed fields that
were similar in strength, and in accordance to these reports we observed a significant
modulatory effect at 0.75-1.5 mV/mm when the E-field was applied in RC and DV
directions. This suggests that the results of this study will be applicable to human studies.
However, in order to increase signal-to-noise ratio in the data, we also used higher E-field
intensities to quantify more robustly the relation between the E-field strength and the
induced modulatory effect.
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Fig. 1.

A)gComputer drawing of stimulation electrode. Four Ag/AgCI wires were affixed on the
PDMS substrate as shown and used to apply E-field from ML (red pair) and RC (blue pair)
directions. Another Ag/AgCI helical electrode was placed in the central hole to apply
stimulation in the DV direction. The circle on the left end represents the hole opened at the
center of PDMS stimulating electrode and red X’s show points for E-field measurements. B)
Schematic showing the placement of the stimulation electrode on the cerebellar cortex with
its center on lobule 7 of the vermis [63]. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 2.
An example of a PC recording demonstrating a short pause in the simple spikes following a

complex spike (star).
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Fig. 3.
An episode of PC activity during RC AC stimulation with 3mv/mm amplitude. The red

sinusoidal trace represents the injected current at 2 Hz. The upper row shows a short
segment of the recorded signal on an expanded time scale where the spike frequency
increases during positive cycles of the stimulus current and vice versa. Complex spikes are
marked with red asterisks. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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A) A typical PC response at varying amplitudes of 2 Hz sinusoidal E-field applied
rostrocaudally in an ascending order, indicated by the red traces. The first row contains the
baseline PC activity. The spike frequency increases during positive phases and decreases
during negative phases of the stimulus current, although some phase shift may also be
present. The level of spike-frequency modulation is correlated positively with the applied E-
field intensity in this example. B) CV vs. stimulation current intensity for the recordings
shown on the left. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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A) Incremental levels of E-fields are applied to the cerebellar cortex in ML, RC and DV
directions respectively and modulation indices are plotted from a total of 17 PCs, coded by
the same color in all three plots. Each dot represents a single episode of recording at a
specific E-field strength from the PC. Linear lines were fitted to the CV values at different
E-fields separately. B) Box whisker plots for comparison of modulation effectiveness for E-
fields in different directions. Direct comparison of modulation indices between different E-
field directions at a single intensity of 7.5 mV/mm. RC direction generates significantly
stronger modulation level than both ML and DV directions (two-sided paired £test, p =
0.013, p = 0.027). C) Each circle represents a slope of a specific line in Fig. 5a. Two-sided
paired t-tests indicate that RC stimulation generates significantly higher modulation level
compared to both ML (**p < 3 x 1076) and DV (*p < 3 x 1073) directions. DV also
generates significantly higher modulation than ML direction (*p < 0.015). (+): outliers. (For
interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 6.

PC response to varying AC frequencies applied rostrocaudally with 4.5 mV/mm intensity.
The first row shows the baseline PC activity, and rows below demonstrate the PC response to
AC stimulation at 2, 10, 40 and 100 Hz respectively. The PC activity synchronizes with
applied AC cycles. The activity pattern within each cycle is burst-like at low frequencies of
the stimulus, whereas at higher frequencies the number of spikes that occur in an AC cycle
decreases and spike timings become strongly locked to the stimulation cycle. Histogram
plots on the right show the number of spikes that occur at specific time points during the

stimulation cycle. The cycle was divided into 20 time bins.
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Fig. 7.
Inter-Spike-Interval (1SI) distribution at different stimulation frequencies with 4.5 mV/mm

intensity. ISls scatter in a large range during the baseline activity. Low frequency AC
applications at 10 and 20 Hz cause a peak at short ISls around 6 ms. With the increase of AC
frequencies, 1SIs gather around the values that corresponded to the stimulus cycle lengths,
and their multiples.
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Fig. 8.

Pegrcent of different ISI types as a function of stimulus frequency. 1SIs were divided into
three groups: intra-cycle, inter-cycle, and cycle-skipping. Each color represents
measurements from a specific PC. Twelve different PCs were used in this analysis, and color
coded. The percentage of intra-cycle spikes is high at low frequencies and decays when the
AC frequency is increased, as also seen in Fig. 6. In each cell, the AC stimulus intensity was
selected such that the modulation depth was clearly appreciable through the audio monitor
and retrospectively found to be within 1.5-6 mV/mm range. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Firing pattern of a PC during DC modulation. The mean firing rate as a function of time was
calculated in a 100 ms sliding window and fitted by a smoothing spline (red trace). Sharp
shifts in the spike rates were observed at the onset and the offset of the DC stimulation, and
the observed effect was reversed based on the polarity of the stimulus. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 10.
The mean spike rates from 6 different PCs during DC stimulation as a function of time. The

shaded areas represent the standard error (SE). Dotted lines show the onset and offset time
points of the stimulation.
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