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Abstract

Striatum is a major stage of the motor loop but, despite a pivotal role in the execution of
movements, it has been poorly studied thus far under Parkinsonian conditions and Deep Brain
Stimulation (DBS). We propose a computational framework to analyze the spiking activity of
striatal neurons under several conditions. This framework combines point process models and
single unit recordings, and separately evaluates the effects of the spiking history, DBS frequency,
and other cells on the neuronal discharge pattern, thus giving a full characterization of non-
stationary neuronal dynamics and inter-neuronal dependencies. We applied this framework to 166
striatal neurons collected in a monkey both at rest and during DBS (30-130 Hz). Our analysis was
conducted both before and after treatment of the animal with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), which evoked Parkinsonian-like motor disorders. We reported that
high frequency (=100 Hz) DBS reduces non-stationary dynamics and inter-neuronal dependencies
by regularizing the discharge patterns both in MPTP and normal striatum, while the combination
of MPTP and low frequency (30-80 Hz) DBS enhances these features, thus suggesting that pattern
regularization in striatum might contribute to the therapeutic effect of high frequency DBS and
presumably results from the overlap of feed-forward and feedback activation along the motor loop
(reinforcement).
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INTRODUCTION

High frequency (HF) Deep Brain Stimulation (DBS) of the basal ganglia and thalamus is
clinically recognized to treat movement disorders in Parkinson’s disease (PD) [1]-[3], but its
therapeutic mechanisms still require investigation [4][5]. Most of the studies conducted thus
far on single unit recordings, both in humans and animals, have been focused on the local
effects of DBS on the stimulation target and the structures downstream (STN, GPi, GPe,
thalamus, or cortex, Fig. 1) [6]-[16]. Very little attention has been paid, instead, to the fact
that the motor loop is a cycle (Fig. 1) and changes occurring in the structures upstream (e.g.,
striatum) project downstream to reinforce the local effects of PD and DBS. As an evidence,
Montgomery et al. [17] recently reported that DBS of the striatum is as effective as DBS of
any other structure of the basal ganglia to suppress bradykinesia (one of the main PD
symptoms) in humans, thus indicating that the topology of the motor loop plays a pivotal
role in the therapeutic mechanisms of DBS.

The striatum is the major stage of the closed-loop in Fig. 1 because of the amount of
projections and the wide array of functions performed [18], but, despite of its role, it has
been poorly studied thus far. In particular, it is still debated (i) how DBS affects the
discharge patterns and pair-wise interactions between striatal neurons (inter-neuronal
dependencies), (ii) if the effects of DBS vary with the stimulation frequency, and (iii) how
PD impacts the striatal response to DBS.

These questions are important because they may help to understand the role of striatum in
the generation of PD-related pathologic rhythms along the motor loop, and the therapeutic
mechanisms of HF DBS. We addressed these questions by developing a computational
framework that combines point process models and single unit recordings.

In particular, we collected 166 striatal neurons from a monkey that quietly sat in a loosely
restraining chair while regular DBS was applied in the STN [19]. The animal was not
involved in any motor task to avoid changes in striatal activity related to movement initiation
or execution [20]. Multiple DBS frequencies were tested for each neuron (30 to 130 Hz),
and the recordings were performed before and after treatment with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), which induced severe PD-like motor disorders.
For each neuron, disease condition, and stimulation setting, a point process model [21] was
computed to capture recurrent non-stationary patterns and inter-neuronal dependencies both
before and during DBS.

Point process models have been applied to a wide range of neural systems [22]-[26] and
describe the spiking propensity of a neuron as a function of multiple factors (e.g., DBS,
ensemble neurons’ spiking history, etc.). Point process models were recently used to analyze
the discharge pattern of neurons in STN, GPi and motor cortex in PD patients and MPTP-
treated monkeys [27]-[29]. Preliminary results of this study were presented in [30].
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A male non-human primate (macaca mulatta) was trained to sit quietly in a loosely
restraining chair designed to allow passive movements of the upper and lower limbs while
preventing the animal from disturbing the recording instruments. The research protocol was
in compliance with “The National Institutes of Health Guide for Care and Use of Laboratory
Animals” and approved by the Institutional Animal Care and Use Committee. Details are in
[19][31].

Briefly, the animal was implanted with a recording chamber and received STN DBS via a
reduced scale model of the human DBS lead (four contacts, each contact being 0.525 mm in
diameter, 0.5 mm long, 0.5 mm between contacts, area 0.82 mm?2). The electrical stimulation
consisted of constant-current symmetric biphasic square-wave pulses, which were delivered
between the most distal and the most proximal contact. For each pulse the cathodic phase
preceded the anodic phase at the most distal contact (reverse for the most proximal one).
Pulse width was 90 ps/phase and amplitude was 80% of the current inducing tonic
contraction (0.55 mA), presumably from current spread to the internal capsule. The
amplitude producing tonic contraction was determined during 130 Hz DBS. Stimulation
frequencies included in this study are: 30, 50, 80, 100, and 130 Hz.

Microelectrode recordings were collected from separate sites of the striatum (caudate
nucleus and putamen) on a semi-daily basis. For each recording site, multiple sessions of
STN stimulation were made at the frequencies described above and, for each session,
continuous recordings were collected 30 s before and 8 to 42 s during DBS. Extracellular
action potentials were acquired through platinum-iridium microelectrodes (tip exposure: 10
to 20 um; impedance: 0.4 to 0.6 MQ; FHC, Inc., Bowdoinham, ME).

Electrophysiological signals were band pass-filtered and digitally converted (sampling rate:
25 kHz) for off-line analyses. Validated off-line software was used to isolate and remove the
stimulus artifacts and to discriminate the action potentials from the background noise [31].

Four months after the beginning of the study, the animal received an initial infusion of
MPTP via the right intracarotid artery (0.04mg/kg) followed by three systemic doses of
0.2mg/kg, administered intravenously over the course of several weeks, until the animal
demonstrated a consistent motor impairment. Effects of the treatment were assessed by
observing the animal’s spontaneous cage behavior. Because stimulation was applied only
while the animal was restrained in the chair, no formal clinical assessment of the effects of
DBS was conducted.

B. Point Process Modeling

We formulated point process models (PPMs) to relate the spiking propensity of neurons in
the striatum to their own spiking history, the history of other neurons simultaneously
recorded (same ensemble), and the DBS pattern. We used the model parameters to analyze
the effects of DBS and neuronal synchronization.
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A neuronal spike train is treated as a series of random binary events (0s and 1s) that occur
continuously in time (point process), where the 1s are spike times and the 0s the times at
which no spikes occur [21]-[23]. A PPM of a neural spike train is completely characterized
on any interval (0, 7] by defining the conditional intensity function (CIF)

At | Hy) = AliLnOPr(N(t +A)— N@t) = 1|H;)/A W
where M9 is the number of spikes counted in the interval (0, 4 for ¢in (0, 7], H;is the
history of spikes up to time ¢and Pr () is the probability [21]. A(4H)) is a generalized
history-dependent rate function and A(4H,)A approximately gives the spiking propensity at
time ¢if A is small [21]. Because the CIF completely characterizes a spike train, defining a
model for the CIF defines a model for the spike train [23]. For each neuron, we defined the
following model structure:

At|H,,0) = e%o(z|H,0, ©) - Ag(t|HF,©) - i(t| H?, ©) @

where ¢7 (in spikes/s) accounts for the average history-independent (i.e., Poisson-like)
activity, and Ay, A£ and Agare dimensionless functions of the neuron’s own spiking activity

HP, the spiking activity H#F of any other neuron in the same ensemble, and the DBS
stimulus sequence H;® (if applied), respectively. © is a parameter vector to be estimated from

data. We set A = 1 ms and assumed that 1,5 Ag and Agbelong to the class of generalized
linear models [32]:

log(A0) = Y0 AANG = rAt = (r+ DAY + Y10 BdN(i — "
5(r — 8)A,1 — 5(r — 9)4)

10
log(Ap) = Y2_, { o Bn d Nt — hA 1 — (h— DA) + o
18
> 1 %ngdNy(t = 5(h = 8)A,t = 5(h - 9)A)]
8
log(4s) = Y. _,rodNs(t —vA,1 = (v = 1)A) )

where dMa, b) and dNy(a, b) are the number of spikes fired by the given neuron or the g-th
neuron in the ensemble in the interval (a &) (in ms), dN(a b) is the number of DBS pulses,

o
and © = |0, f1. ... B18. 71 - 18: {81, - 018, g} g = 1]-

For each neuron, with and without DBS, an estimation of the parameter vector ® and 95%
upper and lower confidence bounds was provided by maximizing the likelihood of observing
the recorded spike trains [23][25]-[29]. For each neuron, 80% of spike trains were for
parameter estimation and the last 20% for validation.

The set of history bins (i.e. a bin dMa, b)) in (2-5) was chosen by minimizing the Akaike’s
criterion [33]. The goodness-of-fit of each PPM was assessed on the validation data set with
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the Kolmogorov-Smirnov (KS) plot after time rescaling of the spike trains [23]. Only
neurons whose PPM passed this test were included in this study. See Table | for the number
of neurons considered for each setting.

C. Statistical Inferences from Point Process Models

Since the spiking propensity A in (2) is given by a Poisson factor (¢“) modulated by history-
dependent factors (i.e., 14 Ag and Ag), the neuron’s own spiking pattern, the dependency
from other neurons, and the response to DBS stimuli depend on the dynamics of 1y A5 Ag,
respectively. Such dynamics can be non-stationary and is captured by parameters ® in (3-5),
as ® were estimated from the neuron’s own spike trains [24][27]. Therefore, we inferred
recurrent patterns (RPs) and ensemble inter-neuronal dependencies (INDs) by looking at the
95% confidence bounds of {3} and {5y, g} in ©.

We say that a neuron has an RP with period A, if, at any time £ the probability that it spikes
is higher than the probability for e provided that the neuron spiked A, ms earlier. We

inferred an RP with period in (& b) if the lower 95% confidence bound of oPr (e, 2g,)in Ap
was ¢, > 1.05, where B, multiplies the number of spikes dMa, 0) in (3), i.e., we inferred an

RP if the probability of spiking at a generic ¢increased by more than 5% over &7, given that
a spike occurred (&, 6) ms before ¢

Given a pair of neurons (/7,/) in the same ensemble (i.e., simultaneously recorded), we say
that 7, has an IND with lag L, on 75, if, at any time £ the probability that /4 spikes is higher
than the probability for €7, provided that /2, spiked L, ms earlier. We inferred an IND
between the modeled neuron and any other neuron g simultaneously recorded in the same

ensemble with lag in (a, b) if the lower 95% confidence bound of Oh.q (e, 5, q) in 1gwas

Cop,q> 105, where &, o multiplies the number of spikes dN(a, b) in (4).

lll. RESULTS

A total of 166 striatal neurons were recorded (Table I). 25 of them (4 normal, 21 MPTP)
were located in the dorsomedial side of striatum (caudate nucleus) and the remaining 141
(95 normal, 46 MPTP) were located in the dorso-lateral side of striatum (putamen).

A. Poisson Factor in Normal Conditions

For each neuron, it was preliminary tested whether the discharge rate changed significantly
(either increased or decreased) during DBS versus rest conditions and it was found that (i)
the percentage of neurons with significant change was small under low frequency (LF, <100
Hz) DBS (17.1£13.2%, meanzstd.dev.) and (ii) no trend was noticeable as the frequency
increased (Fig. 2b). 130 Hz DBS, instead, affected a higher percentage of neurons (56.3%,
Fig. 2b), with a significant increment over the fraction of responsive cells measured under
LF DBS (t-test, p<0.0007). The population-mean discharge rate, instead, was significantly
lower during 130 Hz DBS than at rest (Fig. 2a), thus indicating a decreased discharge
activity.
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The reduction of the population-mean rate was associated with a reduction of the Poisson
factor € in (2) (Fig. 2¢). The Poisson factor accounts for the incidence of covariates and the
variability of the discharge patterns across the population. High values of ¢, indeed,
correspond to high variability and low impact of the spiking histories. Furthermore, for any
generic neuron /7, if the value of the factor €7 is close to the correspondent discharge rate,
then the spiking activity of /7~ can be approximated on average with a Poisson process with
(constant) mean value 1 £ ¢° i.e., @ measures the similarity between the neuron’s own
discharge pattern and a Poisson process.

Overall, we found that the Poisson factor decreased when DBS frequencies =50Hz were
used but the reduction was significant (p<0.001) only under high frequency (HF, i.e., 100—
130Hz) DBS (Fig. 2c), which suggests an increased pattern regularization during HF DBS.
Also, e was close to the average discharge rate during 30, 50, and 80 Hz DBS, while it was
significantly lower than the correspondent average rate during HF DBS, which indicates that
HF DBS disrupted pre-existent Poisson-like patterns.

B. Effects of DBS on Discharge Patterns in Normal Conditions

Point process model parameters in (3)—(4) were used to infer non-stationary recursive
patterns (RPs) and inter-neuronal dependencies (INDs). We found that RPs and INDs with
periods ranging from 3 to 50 ms occurred in ~20% of neurons at rest (Fig. 3). LF DBS did
not significantly vary the occurrence of RPs and INDs, while 130 Hz DBS mainly reduced
the recurrent patterns with period ranging from 3 to 7 ms. INDs, instead, were less frequent
than RPs and less sensitive to the DBS input under normal condition.

STN DBS evoked a transient post-stimulus modulation of the discharge patterns during the
inter-pulse interval, as indicated by the post-stimulus time histogram (PSTH, Fig. 4a,b). The
PSTH consists of counts of neuronal discharges in consecutive 0.08ms-long time bins within
the inter-stimulus interval following each DBS pulse, normalized to the pre-stimulation
baseline activity (z-score) [12]. Values of the z-score >1.96 (<—1.96) indicate significant
(0<0.05) neuronal activation (inhibition) within the inter-pulse interval and can be used to
determine the most likely latency between DBS pulses and neuronal spikes [12].

We found that the percentage of neurons that had a significant activation within an inter-
pulse interval increased with the DBS frequency. In particular, we counted the neurons with
a significant response in three consecutive windows after the DBS pulse (1.2-2.2, 2.3-4.2,
4.5-6.0ms) and found that such fraction was significantly higher with HF DBS than LF
DBS, while the latency between the DBS pulse and the first bin with z-score >1.96 was
lower under 130 Hz DBS than other settings (Fig. 2d). Therefore, under HF DBS, distinct
neurons in striatum were likely to respond similarly right after a stimulus pulse, with no
regards to the pre-stimulation baseline pattern. These facts could be consistent with a larger
entrainment of the neurons to the same pattern.

Changes in the PSTH are explained by the point process model parameters y,, v=1, ... ,8in
(5). Fig. 4c reports the population-mean value of ¢’v, v=1, ... ,8 both for LF and HF DBS.
Analogously to the criteria for RP and IND detection (see section I1.C), values /v > 1 for
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any generic neuron /7 indicate that the probability of spiking of at a given time ¢increases
over a baseline Poisson process of similar rate, provided that a DBS pulse was delivered in
the past 8 ms before £ Fig. 4c indicates that, while the impact of LF DBS on the spiking
propensity was generally low and vanishing toward the end of the inter-pulse period (i.e.,
"V~ 1 for all v, red and dashed-black lines), HF DBS strongly increased the spiking
likelihood, with a peak contribution between 1 and 5 ms (i.e., 2 < v< 6, green and blue
lines). Also, the average value of parameters /¥ under HF DBS was significantly larger than

the value of parameters ePrand %4 in (3)-(4) (Fig. 5), which means that HF DBS likely
elicited a strong phase-locked response in the striatal neurons that presumably overrode the
dependency from the previous spiking history.

C. Effects of DBS in MPTP vs. Normal Conditions

At rest, MPTP decreased the population-mean discharge rate and the Poisson factor (Fig.
2a,c), and increased the fraction of neurons with RPs and INDs (Xz—test, p<0.05) (Fig. 3),
which is consistent with emerging (non-stationary) oscillatory patterns. Also, the mean value
of parameters -4 in (4) significantly increased after MPTP for every 2=1, ... ,18 (t-test,
p<0.05, Fig. 5b), thus indicating an increased coupling between neurons within the same
ensemble under dopamine depletion.

The application of DBS determined two major differences between normal and MPTP
conditions. First, while discharge rates and PSTH were similar before vs. after MPTP
treatment for LF DBS, 130 Hz DBS significantly reduced the latency between DBS pulse
and first post-stimulus response (Fig. 2d). Secondly, while 130Hz DBS had similar effects
on RPs and INDs both in the normal and MPTP animal (results after MPTP treatment were
less pronounced though), LF DBS had stronger effects after the MPTP treatment and
significantly increased the incidence of RPs and INDs (Fig. 3b,c) over the baseline values at
rest. Also, a comparison between the population-mean value of parameters ePrand -4 in
(3)-(4) for 30 and 130 Hz DBS shows that 130 Hz DBS determined model parameters close
to the rest conditions (Fig. 5a,b), while 30 Hz DBS decreased the impact of discharge
patterns longer than 15 ms and increased the effects of more recent discharge histories (i.e.,
parameters on the left side of the dashed vertical lines in Fig. 5 are close to 1).

Overall, non-stationary patterns and inter-neuronal ensemble dependencies increased under
MPTP conditions and were further facilitated by LF DBS. 130 Hz DBS, instead, reduced
such features by increasing the probability of short-latency post-stimulus responses and
decreasing any late post-stimulus modulation.

IV. CONCLUSION

A computational framework exploiting point process models and single unit recordings
collected in a monkey at rest was used to describe the effects of STN DBS and PD
conditions on the neuronal dynamics in the motor striatum.

We found that the striatal neurons show baseline Poisson-like discharge activity with
recurrent short-term patterns. Minor changes were reported under low frequency STN DBS
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while high frequency STN DBS had a marked impact on a large portion of neurons and
caused lower discharge rates and more regular patterns. In particular, under high frequency
DBS, several distinct neurons had an increased probability of firing a spike concurrently
with the delivery of the DBS pulses, and this could reflect large changes in the ongoing
pattern of the sub-threshold excitability. Since the sub-threshold excitability is regulated by
polysynaptic thalamo- and cortico-striatal projections, which are ultimately affected by the
distal effects of STN DBS on thalamus and cortex (Fig. 1), our results suggest that the
effects of high frequency STN DBS on striatum presumably stem from an overlap
(reinforcement) between local (feed-forward) subthalamo-fugal input and distal (feedback)
input propagated along the basal ganglia-thalamo-cortical loop, as speculated in [5][34]-
[36].

In the MPTP-treated animal, instead, we noted decreased baseline activity and enhanced
oscillations and ensemble dependencies, which are due to the propagation of recurrent non-
stationary pathologic rhythms along the motor loop. Low frequency DBS enhanced these
features, while high frequency DBS reduced them both in normal and MPTP state. Our
results suggest that the effects of high frequency DBS are insensitive to the pre-existent
patterns and, therefore, that a possible therapeutic merit of high frequency DBS is the
replacement of pre-existent patterns with more regular ones (masking).
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Fig. 1.
Motor loop schematic. Basal Ganglia (gray box) include the following nuclei: striatum,

globus pallidus (GPe and GPi), substantial nigra (SNpc and SNr), and subthalamic nucleus
(STN). Dy, D, = dopaminergic transmitters.
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Fig. 2.

a) Population-mean discharge rate at rest (0 Hz) and during STN DBS. b) Percentage of
neurons that increase, decrease or not significantly change the discharge rate during DBS vs.
rest. ¢) Population-mean value of the Poisson factor ¢ in (2). d) Population-mean latency
between the DBS pulses and the first post-stimulus spike in activated neurons. In a), c), and
d): values are mean * s.e.m.; asterisks denote significant differences during DBS vs. rest; for
each DBS setting, diamonds denote significant differences in MPTP vs. normal conditions.
Significance: t-test, p<0.001 (a,c); 1-way ANOVA with Tukey’s post-hoc test, p<0.05 (d).
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a,c) Percentage of neurons with RPs of period in the range 3-7 ms (a) and 30-50 ms (c),
respectively. b,d) Percentage of neurons with INDs of lag in the range 10-30ms (b) and 30-
50 ms (d), respectively. Asterisks denote significant differences during DBS vs. rest. For
each DBS setting, diamonds indicate significant differences between MPTP and normal
conditions. Significance: Xz—test, p<0.05.
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t-5 ) t-2
history bins (ms)

a,b) Post-stimulus time raster of a neuron (a) during 130 Hz DBS (normal conditions) and
correspondent post-stimulus time histogram (PSTH) normalized to the pre-DBS activity (b).
Dotted lines indicate significance levels (£1.96). ¢) Population-mean value of the model

parameters ¢’, v=1,... ,8 for several DBS frequencies in normal conditions. Parameters
were depicted vs. the history bins for a generic time ¢ Parameters estimated during 130 Hz
STN DBS reach a peak value of 157 for v=15 (blue line, data truncated at top).
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Fig. 5.

Population-mean value of the point process model parameters Prir=1,... 18 (@) and O
=1, ...,18 (b). Parameters were depicted vs. the history bins for a generic time £ In the
legend: 0-DBS-normal = parameters estimated at rest (ho DBS) under normal conditions.
##-DBS-MPTP = parameters estimated under DBS at frequency ## Hz in the MPTP-treated
animal, with ## = 0, 30, or 130.
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TABLE |

Experimental Dataset

DBSFrequency (Hz) Normal MPTP

no DBS 99 67
30 71 49
50 72 24
# of Neurons
80 36 10
100 71 -
130 52 49
no DBS 334 237
30 248 175
50 258 91
# of Neuron Pairs
80 167 25
100 268 -
130 141 175
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