
Apomorphine reduces subthalamic neuronal entropy in
parkinsonian patients

M Lafreniere-Roula1,6, O Darbin2,6, WD Hutchison2,3, T Wichmann4,5, A Lozano3, and JO
Dostrovsky2,3
1Department of Neurology, College of Medicine, University South Alabama, Mobile, AL, 36688-0002
2Department of Physiology, University of Toronto, Toronto, ON, M5S 1A8, Canada.
3Toronto Western Research Institute, Toronto, ON, Canada.
4Yerkes National Primate Research Center, Emory University, 954 Gatewood Road NE, Atlanta,
GA 30329, USA
5Department of Neurology, School of Medicine, Emory University, Atlanta, GA 30322, USA

Abstract
Dopamine depletion in Parkinson's disease (PD) alters the neuronal activity in basal ganglia circuits.
Characterizing these changes in network activity is an important step in understanding the disease
and how therapies mitigate symptoms. Non-linear analysis methods can complement the traditional
description of neuronal firing characteristics. Here we examine the entropy of subthalamic neurons
in PD patients undergoing stereotactic surgery for deep brain stimulation (DBS). The activity of 8
neurons was recorded prior to, during, and following systemic administration of the dopamine agonist
apomorphine at clinically effective doses. Apomorphine induced a decrease in entropy measured in
the inter-spike intervals of subthalamic neurons in 6 of the 8 neurons. This is the first report that anti-
parkinsonian drugs affect non-linear features of neuronal firing in the basal ganglia of parkinsonian
patients.
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The motor signs and symptoms of Parkinson's disease (PD) are in large part caused by the
degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNc), and the
resultant loss of dopamine throughout the basal ganglia. As a consequence, neuronal activity
is altered throughout the basal ganglia in general, including the subthalamic nucleus (STN).

Changes in STN neuron activity have been described in both rodents and non-human primates
after dopamine depletion. There is a large body of evidence suggesting that dopamine depletion
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increases firing rates in the STN (Albin et al., 1995; DeLong, 1990; Bergman et al., 1994;
Kreiss et al., 1997; Wichmann et al., 1994). This is supported by clinical data showing that
systemic administration of the dopamine receptor agonist apomorphine leads to a decrease in
mean firing rates in the STN of PD patients (Levy et al., 2001). Systemic apomorphine
administration also inhibited firing in most STN neurons tested in the 6-hydroxydopamine (6-
OHDA) rat model of PD (Kreiss et al., 1997). In addition to time domain analyses that are
based on the probability distribution of interspike intervals (ISIs), other studies have
characterized the firing activity of STN neurons in PD patients or in animal models of PD using
spectral analyses and demonstrated that dopamine depletion leads to the occurrence of periodic
patterns in the STN neurons (Bevan, et al., 2002; Brown, 2007; Gatev et al., 2006). Linear
analyses look at linear combinations of independent patterns in the data stream, as in, for
example, the characterization of the ISI series by the summation of several probability
distributions or several frequencies. In addition to these linear analyses, recent studies have
also pointed to the presence of random aperiodic fluctuations in the spike trains of basal ganglia
neurons (Rodriguez et al., 2003; Darbin et al., 2006; Dorval et al., 2008; Cruz et al., 2009).
These patterns are quantified by non-linear analyses such as the approximate entropy (ApEn),
a measure of statistical irregularity (Pincus et al. 1991; Pincus and Goldberger, 1994; Pincus
and Minkin, 1998; Darbin et al., 2006; Dorval et al., 2008). As explained originally by Pincus
(1991), the ApEn gives a measure of the regularity in the pattern of a series. The lower the
ApEn, the more regular (and thus predictable) the series is. The higher the ApEn, the more
random the series is such that knowing a value at any given time does not help predict the next
value in the series. It has since been shown that dopamine depletion decreases entropy in the
ISI series of rat globus pallidus neurons (Cruz et al., 2009), and that therapeutic deep brain
stimulation (DBS) reduces the entropy in the STN neurons of MPTP-treated monkeys (Dorval
et al., 2008).

Although the clinical relevance of these features of neuronal discharge is not yet clear, they
may provide new insights into basal ganglia circuitry dysfunction. The aim of the present study
was to investigate the effects of apomorphine on the non-linear features of the temporal
organization of STN neuronal firing in PD patients. To our knowledge, this is the first report
on the effects of therapeutic drug administration on the entropy of basal ganglia neurons in
human patients. We report that systemic administration of apomorphine reduces the
approximate entropy of the fluctuations in ISI trains recorded from STN neurons.

The data presented in this study were obtained from 8 STN neurons that were recorded in 7
awake patients who underwent surgery for implantation of DBS electrodes in the STN for
treatment of advanced PD. All procedures were approved by the University Health Network
Ethical Review Board at the University of Toronto. Patients gave written informed consent.
Details of the surgical procedures have been described elsewhere (Levy et al., 2007; Lozano
et al., 1996). The surgeries were performed, under local anesthesia, following withdrawal of
dopaminergic medication for 12 hours. Patients were challenged preoperatively with
apomorphine to determine the dose required to produce an ON state without dyskinetic
movements (average dosage:4.7± 0.8 mg), using the same procedures that were used in a
previous study from our group (Levy et al., 2001). Patients were also premedicated with a
peripherally acting dopamine receptor antagonist (domperidone, Motilium, Janssen) to
minimize unwanted side effects of the systemic apomorphine administration. A partial Unified
Parkinson's Disease Rating Score (UPDRS) motor assessment was performed both pre and
intraoperatively by a neurologist as reported elsewhere (Levy et al., 2007).

Recordings were obtained using gold and platinum-plated tungsten microelectrodes (15-25
μm exposed tip, Microprobes for Lifescience, Gaithersburg, MD), amplified 5,000–10,000
times, filtered at 10 to 5,000 Hz (analog Butterworth filters: high-pass, one pole; low-pass, two
poles) and digitized with the Guideline 3000 system amplifiers (Axon Instruments, Foster City,
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CA) and captured digitally using Spike2 software (Cambridge Electronic Devices, Cambridge,
UK). As in our previous studies, the neurons in the STN were recorded using an anterior
parasagittal approach. The borders of the STN along a given electrode track were defined as
outlined in Hutchison et al. (1998), with the dorsal border as the electrode depth at which the
baseline cellular noise increased, and the ventral border as the location of the last irregularly
firing neuron. Single-units were discriminated using a dual window discriminator and a storage
oscilloscope. In each patient, a single well-isolated STN neuron was recorded for 2-3 minutes
at rest, and then during and after subcutaneous apomorphine administration for as long as
possible. In one patient, it was possible to discriminate two units throughout the recording.
Because ApEn is dependent on the number of ISIs in the input sequence, segments must contain
a fixed number of ISIs. In the present study, the longest segment we could extract for all
conditions contained 2683 ISIs and thus, this length was selected. We compared the 2683 ISIs
occurring immediately prior to the apomorphine injection (pre-APO) to those occurring at the
end of the recording. There was therefore a varying delay between the pre-APO and post-APO
periods ranging between 2.5 and 26.1 minutes (12.5 ± 8.4 min (mean ± SD). The rationale for
analyzing the firing activity at the very end of the recording was to observe the effects of
apomorphine at a time where they may be maximal (compared to earlier post-injection). There
was no significant difference between the length of the pre-APO segments (1.1±0.5 min) and
that of the post-APO segments (1.8±1.1 min) (paired t-test, ptwo-tailed=0.191).

Statistical irregularity was measured following the method of Pincus to calculate ApEn (Pincus,
1995). It is generally accepted that ApEn quantifies a degree of complexity in the temporal
organization of the data stream. Low ApEn values are indicative of low irregularity, while high
ApEn values denote greater complexity (or higher irregularity) (Darbin et al., 2006; Dorval et
al., 2008; Pincus, 1995) in the time series. Three parameters were used to compute the ApEn
value: the number of spikes in the input sequence (N), the embedding dimension (m), and the
vector comparison length (r). Because ApEn is dependent on N, the number of ISIs included
must be fixed. In the present study, segments of 2683 ISIs (duration, 68 ± 30 s) were extracted
as this was the largest segment that we had available across all recordings. The embedding
dimension m was empirically set to 2 and the parameter r was calculated for each cell as 15%
of the standard deviation of ISIs (Pincus, 1995). As discussed by Pincus (1995), the use of
small m and moderate r ensures the reliability of the ApEn estimate and provides better
accuracy for comparisons between samples. As the first step in the calculation of the ApEn
value, the ‘correlation integral’ was computed as the number of vectors whose distance from
the vector under study was less than r, using a lag of 1. The natural logarithm of the correlation
integral was averaged over the N points. This process was repeated m+1 times, and the ApEn
value finally computed as the difference between the values at m and m+1 (Pincus, 1995).

Statistical comparisons prior and after apomorphine administration were performed using one-
tailed paired t-tests. Data are expressed in average (avg) and standard deviation (SD). In
addition to statistical irregularity, other characteristics of firing were measured such as the
firing rate and the percent of spikes in bursts. Neurons were also classified according to the
criteria of Kaneoke and Vitek (1996) as regular firing, bursty firing, or with no dominant period
(also arguably called ‘random’ in the original study).

Segments of 2683 ISIs (duration, 68 ± 30 s) were extracted immediately prior to injection. The
last 2683 ISIs of each recording were also extracted (duration, 107 ± 67 s) and taken as the
post-injection segment The average firing rate after the injection (31.2 ± 12.9 spikes/s) was
not significantly different than that before the injection (38.4 ±28.3 spikes/s, Figure 1B). The
distribution of firing patterns was, however, different following injection compared to before
the injection (Figure 1D). Before the injection, 5 neurons were classified as randomly firing,
while the other 3 were unclassifiable. Following the injection, however, only 2 cells were
classified as randomly firing while 4 were classified as bursty and the remaining 2 were
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unclassifiable (one of the neurons that was previously unclassifiable prior to apomorphine
became frankly bursty following it). ApEn values for ISIs measured prior to apomorphine
injection ranged from 1.05 to 1.92 and the median value was 1.36 (1.28-1.71 for the 25th and
75th percentiles, respectively). Following injection, ApEn values ranged from 0.31 to 1.69
(median=1.18, 0.52-1.64 for the 25th and 75th percentiles, respectively). Following
apomorphine administration, 6 of 8 neurons (75 %) exhibited a decrease in ApEn value while
the other two showed increases in ApEn (Figure 1A). This decrease of ApEn following
apomorphine injection was statistically significant (paired t-test, pone-tailed=0.046).
Interestingly, the 3 neurons which exhibited the most striking decrease in the ApEn value also
showed a switch in their Kaneoke and Vitek (1996) classification from a random firing pattern
to a bursty firing pattern. In contrast, the two neurons whose entropy increased fired with a
random pattern both before and after apomorphine. The percentage of spikes in bursts, detected
using the Poisson surprise method described by Legendy and Salcman (1985), was also
significantly increased following apomorphine (paired t-test, ptwo-tailed = 0.036) (Figure 1C).

Ethical and technical considerations limit the number of units that can be studied in human
patients for long periods following drug injection. However, we felt that the advantage of
following the same units over time compared to studying populations of units with or without
treatment warranted this approach since entropy levels may fluctuate across cells in ways that
could obscure a treatment effect. The lower ApEn values observed in 6/8 neurons after
apomorphine suggest that the irregularities in the ISI series of STN neurons may lower under
medication than in the practically defined OFF state. In line with previous experimental
investigations (Cruz et al., 2009; Darbin et al., 2006; Dorval et al., 2008; Rodriguez et al.,
2003), our study supports the hypothesis that the timing of neuronal discharge in the STN
shows non-linear features, and that entropy in STN discharge is modified by dopamine receptor
activation. In other words, it appears that, in the dopamine-depleted human brain, systemic
administration of apomorphine reduces the complexity of the temporal organization in the ISI
series.

Paradoxically, while Cruz et al. (2009) have recently reported a significant decrease in GPe
network entropy following chronic dopamine depletion in rats, Dorval and colleagues
(2008) reported a decrease in the entropy of GPe neurons following STN-DBS in parkinsonian
monkeys (Dorval et al., 2008). Accordingly, both dopamine depletion and dopaminergic
treatment would be expected to lower the entropy since they both represent functional
alterations of the normal state.

Our data obtained in the STN of PD patients supports the hypothesis that the beneficial effects
of anti-parkinsonian treatments are associated with a decrease in the complexity of neuronal
activity in the basal ganglia. Clearly, the treatment with apomorphine does not result in a true
restoration of the non-linear properties of STN firing, for instance, because the dopamine
agonist treatment is applied in the chronically dopamine-depleted state, that is characterized
not only by the absence of dopamine, but also by secondary morphological changes such as a
redistribution of dopamine receptors, or changes in spine morphology at the striatal level
(reviewed in Smith et al. 2009). Furthermore, the non-linear properties of basal ganglia firing
may strongly depend on the temporally and spatially precise delivery of dopamine in the
striatum. Systemic apomorphine treatment is neither temporally nor spatially as precise. Of
course, it can also not be ruled out that dopamine-induced changes in entropy may differ
between species. Given the discrepancy between the results of the dopamine-depletion
experiments in rodents and the current apomorphine experiments in humans, it appears that
there is no simple relationship between the improvement in motor performance and the change
in the ApEn.
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Drug-induced changes in nonlinear features of neuronal firing may result from their direct
effects on neurons by affecting intrinsic membrane or channel properties (Komendantov and
Kononenko 1996; Leao et al. 2005). In addition, drug effects on network interactions between
the basal ganglia nuclei may also contribute to the nonlinear features detected in the STN. Since
D1 dopamine receptors are expressed on STN neurons and both D1/D2 are ubiquitous in the
basal ganglia circuitry, the apomorphine-induced entropy decrease may result either from
direct or indirect effects, or a combination of both (Allers et al., 2000; Cragg et al., 2004; Loucif
et al., 2005). Concurrent changes in firing rates and entropy as well as the complexity behind
interpolating entropy changes at the single neuron level to the network level (i.e. as measured
by cross-entropy between neurons) could help explain the mechanisms by which dopamine
regulates neuronal entropy in the circuitry of the basal ganglia.

In conclusion, our study suggests that dopamine receptor agonist therapy decreases entropy of
firing activity in most STN neurons of PD patients. This finding highlights the importance of
dopamine in modulating non-linear features of basal ganglia activity. An important future
extension of this work will be to understand the causal relations between decreases in neuronal
entropy, functions of the basal ganglia and treatment benefits for movement disorders.
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Figure 1.
Changes in firing rates and patterns prior to and following administration of apomorphine.
Following apomorphine administration, the ApEn (A) decreased significantly (one-tailed
paired t-test, p= 0.046) while the percentage of spikes in bursts (C)increased significantly two-
tailed paired t-test, p=0.036. The firing rate (B) did not change significantly in this sample of
neurons. As expected due to the increased percentage of spikes in bursts, the prevalence of
bursty neurons (using the classification of Kaneoke and Vitek (1996)) increased following
apomorphine.
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