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Temporal patterns of deep brain stimulation generated with a
true random number generator and the logistic equation: effects
on CNS arousal in mice

A.W. Quinkert and D. W. Pfaff

Abstract

Deep brain stimulation (DBS) has shown promise in the treatment of many neurological and
psychiatric disorders as well as a disorder of consciousness, the minimally conscious state (MCS).
In the clinic, DBS is always monotonic standard pulses; however, we have hypothesized that
temporally patterned pulses might be more efficient in achieving desired behavioral responses.
Here we present two experiments on DBS of the central thalamus to increase arousal, as measured
by motor activity, and to affect the electroencephalogram (EEG). In the first, we optimized
amplitude and frequency in standard stimulation of the central thalamus in intact mice. In the
second, the optimized fixed frequency was compared to two alternative temporal patterns, chaotic
and random, which were physically identical to each other and fixed frequency in all ways except
temporal pattern. In both experiments and with all types of stimulation, DBS of the central
thalamus increased arousal as measured by motor activity. These data also revealed that temporal
patterning of pulses can modulate response to stimulation. That temporal patterns in DBS of the
central thalamus were found to alter motor activity response implies possible usefulness of
temporal patterns in DBS of other contexts. More investigation into exactly how temporally
patterned stimulation may affect neuronal circuit dynamics is necessary.
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1. Introduction

Deep brain stimulation (DBS) is growing in popularity as a neurosurgical technique because
of its wide applicability, adjustability, and reversibility. It is used in a large number of brain
targets to treat widespread neurological and psychiatric illnesses and has been successfully
applied for the treatment of movement disorders [1-3], affective disorders [4-6], and
chronic pain [7-9]. Another promising application of DBS is the treatment of patients with
disorders of consciousness; in particular, a diagnosis of minimally conscious state (MCS) is
amenable to treatments such as DBS. Central thalamus DBS (CT/DBS) has been shown to
facilitate functional recovery in MCS patients. In a double-blinded crossover study of one
MCS patient, Schiff and colleagues show great improvement of patient awareness and
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ability to communicate with CT/DBS [10]. Six years after the initial brain injury, the patient
presented with behavior fluctuations consistent with MCS, and with no improvement since
two years post-injury. Almost immediately after stimulation started, the patient began
showing improvement, and by the end of the six months of the study, he had much greater
functional ability including being able to feed himself and communicate with words.

For the particular application of DBS for MCS, the chosen target is the central thalamus.
The central thalamus is uniquely poised for modulation in the severely injured brain because
of its neuroanatomical placement and role in regulating generalized arousal. Anatomically
located between the major ascending and basal forebrain arousal systems and the cortex, the
central thalamus is recruited to support overall cerebral activation and maintain that
activation during high arousal states [11]. This level of cerebral activation is obviously
absent in the severely injured brain; Schiff theorizes that while MCS patients retain thalamo-
cortical connections needed to support cerebral activation, they lack sufficient innervation
from the arousal systems. It is suggested that CT/DBS in a severely injured brain
approximates this missing arousal input, allowing the central thalamus to function normally
in supporting cerebral activity and cognition [12].

Assuming DBS for increasing arousal does mimic a missing arousal input, what is the nature
of that input? There are various theories of how information is coded in neuronal action
potentials; one such hypothesis is that information is contained in temporal patterns of
neuronal spike trains [13-15]. If information is carried by temporal patterns, responses to
DBS of different patterns might be larger than standard stimulation. Temporally patterned
DBS might be more effective for increasing arousal than conventional fixed frequency
stimulation. Assuming this is true, it would be possible to minimize electric current directed
into brain by optimizing temporal pattern to maximize response to DBS. In our previously
published work [16], we showed that temporal patterning of pulses altered motor activity
response to DBS.

There is a multitude of patterns or ways to pattern a series of pulses. To narrow down the
possibilities, we first chose to use deterministic chaos to generate temporal patterns. In our
previously published work [16], the logistic equation was chosen for our first temporal
pattern because it is a simple discrete chaotic equation and because it coincides with our
previous hypothesis that nonlinear dynamics may be important in the control of CNS arousal
systems [17]. Chaotic systems have the advantage of being able to quickly amplify the
smallest of perturbations. In that original study, we compared two different temporal
patterns generated by the logistic equation to the standard fixed frequency. Here in addition
to our chaotic temporal pattern, we wanted an alternate temporal pattern that would also
serve as a control. Since our chaotic temporal pattern is deterministic, we wanted our second
temporal pattern to be internally independent; therefore, a true random number generator
was chosen. True random number generators use physical measurements (such as
measurements of atmospheric noise) instead of deterministic algorithms to create series of
numbers.

In this paper we present two experiments; in the first, we optimize amplitude and frequency
CT/DBS, and in the second we compare our optimized fixed frequency with chaotic and
random temporal patterns. While the highest amplitude tested (125 pA) significantly
increased behavioral response to DBS, we were conservative in our choice of 100 pA for
subsequent studies. There were no significant differences between the four frequencies we
tried, but 125 hz increased behavioral activity more than the other three. We also saw a
significant effect of light phase, and this difference seems to be due to the low baselines of
behavior in the light which result in larger relative changes with stimulation than in the dark.
In the second experiment, we found a general effect of temporal pattern. In both studies, CT/
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DBS increased generalized arousal as measured by motor activity and EEG waves. We also
confirmed that temporal patterning makes a difference in behavioral response, but using
conservative statistical methods, these differences were not always significant.

2. Methods

2.1 Animals and Materials

A total of 26 six to nine week old C57BL/6 mice were singly housed on a reversed 12 h
light/dark cycle with food and water available ad /ibitum for the duration of the study.
Monopolar stainless steel electrodes (Plastics One) were implanted bilaterally into the
central thalamus under ketamine/xylazine anesthesia (80/12 mg/kg) using a Kopf stereotaxic
apparatus. Coordinates used were as follows: anterior-posterior, =1.70 mm from bregma;
lateral, +/- 0.75 mm from midline; and depth, —3.00 mm from the surface of the brain. Only
mice histologically confirmed with at least unilateral electrode placement in the central
thalamus are reported here. Mice were also subcutaneously implanted with a small animal
transmitter (Data Sciences International) capable of transmitting electroencephalogram
(EEG). EEG electrodes were positioned to touch the intact dura and secured to the skull with
super glue; the drilled holes for the electrodes were located on the left posterior and right
anterior portions of the parietal bone of the skull. Post-operative care included recovery
from anesthesia under a heat lamp and flunazine analgesia (50 mg/kg) for 2 days. Before
any handling or manipulation, mice were allowed to recover from surgery for 5-7 days. At
the end of the study, mice were euthanized by isoflurane anesthesia and decapitation. Fresh
frozen brains were collected and then cut at 40 wm on a cryostat, and electrode placements
were confirmed by acetylcholinesterase staining [18] (see Figure S1 for diagram of electrode
placements). All animal procedures were in compliance with National Institutes of Health
guidelines and approved by the Rockefeller University Institutional Animal Care and Use
Committee.

2.2 Parametric Experiment

In this experiment, mice (n=10) were stimulated for 10 minutes for a maximum of 24
stimulations over the course of three days. To space stimulations evenly over the course of
the study, stimulation epochs occurred every three hours. Three amplitudes (75, 100, and
125 pA) and four frequencies (50, 125, 175, and 225 hz) were tested. While amplitude was
increased systematically over the three days in all animals, frequency was counterbalanced
for order.

2.3 Temporal Pattern Experiment

Based on the motor activity data from the parametric experiment, we chose 125 hz and 100
[LA as the parameters for the temporal pattern experiment. Two temporal patterns were
chosen in addition to our optimized fixed frequency pattern. One pattern, based on the
logistic equation, was chosen subsequent to our previous study using nonlinear patterns [16]
as well as our hypothesis that nonlinear dynamics may be important in the control of CNS
arousal systems [17]. The second pattern, based on a true random number generator, was
chosen as a patterned control; based on independent true random numbers, the random
temporal pattern was used to give perspective on the internally structured chaotic temporal
pattern. Mice (n=16) were stimulated for 10 minutes for a total of six stimulations over the
course of one day. To space stimulations evenly over the course of that day, stimulation
epochs occurred every four hours. Each mouse was challenged with all three temporal
patterns, counterbalanced for order.

The other two temporal patterns were generated using a true random number generator
(based on atmospheric noise) and the logistic equation. The logistic equation, X, =R

Behav Brain Res. Author manuscript; available in PMC 2013 July 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quinkert and Pfaff

Page 4

Xn-1(1-Xp-1), where X is the output at time n, has a constant modifier, R, that creates
chaotic output at certain values. The true random number generator used here takes
atmospheric noise measurements to generate three thousand uniformly distributed numbers
[19]. Output to the logistic equation was calculated to two or three thousand iterations with
initial conditions to ensure chaotic behavior of the equation (R = 3.90 and Xy =0.2). To
ensure that depolarization block did not occur, a minimum interpulse interval (IP1) was
defined as 0.3 ms, and chaotic and random sequences were scaled to meet that minimum.
For both sequences of numbers, a consecutive set of numbers was found such that the
number of elements in the set divided by the sum of the scaled output equaled the desired
average frequency. In this manner, we defined a set of 50 pulses from the logistic equation
output and named it Chaotic and a set of 50 pulses from the true random number generator
output and named it Random. To ensure the only difference between the three patterns was
the temporal patterning of pulses, the three temporal patterns were identical with respect to
pulse shape, pulse duration, amplitude, average frequency, and stimulation duration. All
stimulation, in both experiments, was constant current, monopolar, symmetric biphasic
stimulation with a total pulse duration of 0.2 ms.

2.4 Data Analysis

During the course of each study, one channel EEG and three behavioral data measures were
collected. Two data collection systems were utilized; a 3D infrared beam home cage activity
monitor (Accuscan Instruments) was used to collect motor activity data, and an implantable
transmitter telemetry system (Data Sciences International or DSI) was used to collect EEG
as well as motor activity data. The three behavioral measures observed included: 1) activity
counts (whole body activity, designated “Counts” below), collected by the DSI transmitter
and representing changes in field strength between the transmitter and receiver as the mouse
moves; 2) horizontal activity (fidgeting movements, designated “Hactv” below), collected
by the home cage Accuscan system and representing the number of infrared beams broken
in the horizontal plane; and 3) total distance (ambulation, designated “Totdist” below),
collected by the home cage Accuscan system and representing non-repeating infrared beam
breaks in the horizontal plane. EEG, collected by the DSI system, was divided into minute
long epochs and its power spectra were estimated using the multitaper method. EEG waves
were integrated over the following frequency bins: delta (0.5-4 hz), theta (4.5-8 hz), alpha
(8.5-12 hz), beta (12.5-20 hz), and gamma (35-45 hz). EEG data are reported as the relative
power of each frequency bin to the summed power in all five frequency bins. Data were
reported for 10 minutes before, 10 minutes during (only for behavioral measures), and 10
minutes after each stimulation. Data collected during and after stimulation were normalized
to data collected directly before stimulation. Because motor activity and EEG inherently
change over the course of the light dark cycle, we restricted our analyses to the half hour
surrounding stimulation to avoid the intrinsic fluctuations of our outcome measures.

For statistical evaluation, each data measure was analyzed by multiple factor ANOVA and
post-hoc two-tailed t-tests with Bonferroni corrections for multiple comparisons. Multiple
factor ANOVA is a common method for determining the relative effects of multiple
independent variables as well as their interactions on a single outcome measure [20,21]. The
factors included in our analyses were stimulation, stimulation parameters (amplitude and
frequency in the Parametric experiment, temporal pattern in the Temporal pattern
experiment), phase of the light dark cycle, as well as any interactions between these factors.
Since no significant interactions were found, these analyses were not included in the
following for discussion. Despite obvious strong differences where the standard error of the
means did not overlap, several post-hoc comparisons were not significant with Bonferroni-
corrected t-tests. Even though these Bonferroni corrections were very conservative, we
included them during our interpretation of the results. In subsequent evaluation of the
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behavioral data, we utilized multiple factor MANOVA with Wilks lambda to determine if
our findings held true when considering the behavioral data as a whole [21]. MANOVA
analysis of both experiments confirmed all of our major findings except for the main effect
of light phase in the Parametric experiment.

Extensive analyses of data from both experiments were done to determine if any sex
differences in response to stimulation exist. All differences found were small and
inconsistent across data measures and between the two data sets; therefore, data presented
here are pooled from males and females.

3.1 Parametric Experiment

In addition to looking for differences caused by the stimulation itself, we investigated
differences caused by amplitude of stimulation, frequency of stimulation, light phase during
which stimulation occurred, and any correlation between data measures (scattergrams and
correlation coefficients for EEG data can be found in Figure S2). First and foremost, we
found an effect of central thalamus DBS (CT/DBS) in all three behavioral measures
(Counts: Fy 100= 14.23, p<0.001; Hactv: F; gop = 32.33, p<0.001; Totdist: F2 914 = 5.66,
p<0.01; see Figure 1) and four of five EEG waves (Theta: F1 780 = 69.78, p<0.001; Alpha:
F1’772: 14,58, p<0.001; Beta: F1,760 = 21.89, p<0.001; Gamma: F1’771 =42.44, p<0.001; see
Figure 2). CT/DBS increased motor activity, decreased theta waves in the EEG, and
increased alpha, beta, and gamma waves in the EEG. These data replicate our finding that
CT/DBS increases generalized arousal.

3.1.1 Amplitude effects—ANOVA analyses also revealed an effect of amplitude, when
all other factors are held constant, in all three behavioral measures (Counts: F 1900 = 15.68,
p<0.001; Hactv: Fy 992 = 7.83, p<0.001; Totdist: F5 914 = 5.13, p<0.01; see Figure 1).
Comparing individual amplitudes, 125 pA stimulation increased activity counts greater than
either 75 A (during: tyg7 = —3.06, p<0.01; after: togg= —3.15, p<0.01) or 100 A (during:
toop = —2.72, p<0.05; after: togo= —3.03, p<0.01) during and after stimulation (see Figure
1A). Looking at horizontal activity, 75 pA stimulation increased motor activity less than
100 pA (ty78= —2.76, p<0.05) or 125 pA (t175= —2.90, p<0.05) during stimulation (see
Figure 1B). Confirming an effect of stimulation, all amplitudes increased all three
behavioral measures during and after stimulation compared to before.

In the ANOVA analyses of EEG waves, an effect of amplitude, holding all other factors
constant, was found in two of five EEG waves (Theta: F5 750 = 3.06, p<0.05; Alpha: F; 772 =
5.08, p<0.01; see Figure 2). Despite the overall effect of amplitude in theta and alpha waves,
there were no statistically significant differences between individual amplitudes in those two
EEG waves. Comparing response after stimulation to before however, significant
differences were found. Theta waves decreased with all three amplitudes of stimulation (75
pA: th7g = 2.92, p<0.01; 100 pA: ty79= 5.56 p<0.001; 125 pA: t »50 = 6.32, p<0.001; see
Figure 2B). 125 pA increased alpha (tpss= —3.98, p<0.001; see Figure 2C) and beta (tp3s=
-4.14, p<0.001; see Figure 2D) waves after stimulation. Gamma waves were increased after
all three amplitudes (75 pA:tygz= —3.00, p<0.01; 100 pA: ty79= —3.41, p<0.01; 125 pA:
to36= —4.38, p<0.001; see Figure 2E) of stimulation. These data also support the idea that
more current in CT/DBS increases generalized arousal to a higher degree. To avoid negative
side effects of injecting too much current into the brain, we decided on the conservative
choice of 100 pA for future studies.

3.1.2 Frequency effects—Investigation of the frequency of stimulation led to the
determination there was a significant effect of frequency in two of behavioral measures
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(Hactv: F3 go2 = 3.70, p<0.05; Totdist: F3 914 = 5.98, p<0.001, see Figures 1E and 1F).
Despite this overall effect of frequency, none of the Bonferroni-corrected t-tests showed
significant differences between individual frequencies. Comparing response during and after
stimulation to before, 125 hz stimulation increased motor activity in activity counts during
(t196= —4.00, p<0.001) and after (t;95= —3.50, p<0.01; see Figure 1D) stimulation, horizontal
activity during (tyg4= —4.12, p<0.001) and after (t;g4= —4.72, p<0.001; see Figure 1E)
stimulation, and total distance during (t;g7 = —2.66, p<0.05; see Figure 1F) stimulation. An
example of high temporal resolution raw behavioral data for all four frequencies in a single
mouse can be found in Figure 3.

Only one of the EEG waves displayed an effect of frequency when all other factors are held
constant (Alpha: F3 772 = 3.57, p<0.05; see Figure 2H), and again, despite this ANOVA
result, none of the Bonferroni-corrected t-tests showed significant differences between
individual frequencies. EEG response after stimulation was also compared to before
stimulation. Theta waves decreased with all four frequencies (50 hz: t1g9g = 4.30, p<0.001;
125 hz: typ3 = 5.40, p<0.001; 175 hz: ty97 = 3.86, p<0.001; 225 hz: t1g7 = 3.22, p<0.01; see
Figure 2g) after stimulation. Alpha waves increased with 125 hz (tp15= —3.06, p<0.01) and
225 hz (t1g4= —3.64, p<0.01; see Figure 2H) while Beta waves only increased significantly
with 225 hz (t1gg= —3.80, p<0.001; see Figure 2I) after stimulation. Finally, gamma waves
increased with all four frequencies (50 hz: tyg,= —2.53, p<0.05; 125 hz: ty13= —3.25, p<0.01;
175 hz: tyg3= —2.92, p<0.05; 225 hz: t1gg= —3.69, p<0.001; see Figure 2J) after stimulation.
While we do see an overall effect of frequency in some data measures, these effects of CT/
DBS are inconsistent across data measures. Since 125 hz tended to increase arousal more
than the other frequencies, we chose 125 hz for future studies.

Secondary analysis uncovered a multivariate interaction effect of amplitude and frequency
(F18.2048 = 2.59, p<0.001). This effect was primarily exhibited in the behavioral measure
horizontal activity (Fg go2 = 3.82, p<0.01). The highest increases in horizontal activity
during and after stimulation occurred with 125 hz stimulation at 100 pA. This result further
supported our choice of 125 hz and 100 pA as stimulation parameters for future studies.

3.1.3 Daily light phase effects—In addition to the various parameters of stimulation
manipulated above, we found that the light phase during which stimulation occurred had an
effect, holding all other factors constant, on response to DBS in two behavioral measures
(Hactv: Fq go2 = 14.03, p<0.001; Totdist: F1 914= 16.07, p<0.001; see Figures 1H and 1I).
Motor activity increased with light phase stimulation more than dark phase stimulation in
horizontal activity during stimulation (to57 = 2.82, p<0.01; see Figure 1H) and total distance
during (togz = 2.49, p<0.01) and after stimulation (tyg4 = 2.20, p<0.05; see Figure 11).

In ANOVA analyses of EEG waves, light phase of stimulation had a significant effect on
response to stimulation in four EEG waves (Theta: F1 759 = 5.80, p<0.05; Alpha: F1 772 =
8.10, p<0.01; Beta: F1 760 = 9.05, p<0.01; Gamma: F1 771 = 12.40, p<0.001; see Figures
2L-2P). Theta waves decreased more with stimulation in the light phase than dark phase
(t3gg= —1.99, p<0.05; see Figure 2L). Additionally, alpha (t3g1 = 2.42, p<0.05; see Figure
2M), beta (tzgg = 2.54, p<0.05; see Figure 2N), and gamma (t3gg = 2.82, p<0.01; see Figure
2P) waves all increased more with DBS during the light phase than the dark. These data
coincided with previous observations that increases to arousal due to stimulation are larger
in the light than the dark.

3.2 Temporal Pattern Experiment

In the analysis of the temporal pattern experiment, we looked for differences caused by the
stimulation itself and investigated differences caused by pattern of stimulation, light phase
during which stimulation occurred, and any correlation between data measures (scattergrams
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and correlation coefficients for EEG data can be found in Figure S3). As with the Parametric
data set, we found a significant effect of stimulation in all three behavioral measures
(Counts: Fy 453= 21.47, p<0.001; Hactv: F; 513 = 15.19, p<0.001; Totdist: F5 504 = 12.56,
p<0.001; see Figure 4) and four of the EEG waves (Delta: F1 571 = 8.76, p<0.01; Theta:

F1 258 = 13.29, p<0.001; Beta: F1 555 = 5.57, p<0.05; Gamma: F; 561 = 8.25, p<0.01; see
Figure 5). Again, we replicate findings here and elsewhere that CT/DBS increases
generalized arousal as measured by motor activity and EEG response.

3.2.1 Temporal pattern effects—ANOVA analyses also revealed an effect of temporal
patterning, while all other factors remain constant, in two behavioral measures (Counts:

F2 453 = 8.56, p<0.001; Hactv: Fj 513= 6.44, p<0.01; see Figures 4A and 4B). While an
overall effect of pattern was found, only one post-hoc comparison between patterns was
significant. Random stimulation increased activity counts significantly more than Chaotic
during stimulation (tgg = 2.52, p<0.05; see Figure 3A). Comparing response during and after
stimulation to before, all patterns increased motor activity compared to before in activity
counts during (Fixed: t1p3= —3.83, p<0.001; Random: t113= —4.39, p<0.001; Chaotic: t1g5=
-2.35, p<0.01) and after stimulation (Fixed: t1g4= —3.38, p<001; Random: t;14= —4.56,
p<0.001; Chaatic: t;gg= —2.76, p<0.05; see Figure 4A), horizontal activity during (Fixed:
t116= —3.33, p<0.01; Random: t15; = —2.93, p<0.05; Chaotic: t116= —2.55, p<0.05) and after
stimulation (Fixed: ty15= —3.79, p<0.01; Random: t;21= - 3.10, p<0.01; Chaotic: t115=
-2.86, p<0.05; see Figure 4B), and total distance during (Random: t159= —3.87, p<0.001)
and after stimulation (Fixed: t;14= —3.12, p<0.01; Random: t;19= —3.02, p<0.01; see Figure
4C). An example of high temporal resolution raw behavioral data for all three patterns in a
single mouse can be found in Figure 6.

In the EEG analysis, there was no overall effect of pattern in any of the EEG waves, but in
comparing responses after DBS to before, some significant differences emerged. Fixed and
Random DBS decreased theta waves after stimulation (Fixed: tg4 = 2.96, p<0.05; Random:
tgs= 2.81, p<0.05; see Figure 5B), and chaotic DBS increased gamma waves after
stimulation (tgo= —2.77, p<0.05; see Figure 5E). Despite an overall effect of temporal pattern
and large obvious differences, conservative Bonferroni-corrected post hoc analyses reveal
few significant differences between specific temporal patterns.

3.2.2 Daily light phase effects—An effect of daily light phase was found in two of the
EEG waves (Delta: Fq o771 = 4.24, p<0.05; Theta: Fq 55 = 6.49, p<0.05; see Figures 5F and
5G). This general effect was confirmed by post-hoc t tests comparing light to dark (Delta:
t136= —2.09, p<0.05; Theta: t1o3= —2.14, p<0.05) after stimulation (see Figures 5F and 5G).
In three EEG waves, response after light phase DBS was significantly different from before.
Delta (t13,= 3.38, p<0.001) and theta (t;o7= 4.10, p<0.001) waves decreased with
stimulation in the light (see Figures 5F and 5G), and beta (t;04= —2.44, p<0.05) waves
increased with stimulation in the light (see Figure 5I). This recapitulates our result that
higher relative responses to stimulation occur during the light phase.

4. Discussion

4.1 Major Findings

4.1.1 Behavior—Considering the behavioral results of both experiments presented above,
we conclude that generalized arousal as measured by spontaneous motor activity can be
increased by CT/DBS. This increase can be modulated by various parameters of stimulation.
Amplitude of DBS increases behavioral response in an expected way; more current yields a
concomitant increase in motor activity. Behavioral responses to various frequencies of DBS
also differ, but in this particular circumstance the differences between the specific
frequencies chosen were not significant. Light phase during which DBS occurs can also
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affect degree of increase in behavior; larger increases during and after stimulation occur
during the light phase and are most likely due to the low baseline activity during the light.
Most importantly we have found that temporal pattern of stimulation affects behavioral
response to CT/DBS. This effect of temporal pattern in behavioral response to DBS
replicates our previous findings [16] that temporal patterning makes a difference.

Our behavioral data revealed an overall effect of temporal pattern, but only one specific
significant difference in the Bonferroni-corrected post-hoc analysis and only in the activity
counts behavioral measure. In that instance, Random CT/DBS increased motor activity
during stimulation more than Chaotic. This result is unexpected. Since we theorized [17]
that nonlinear dynamics play a role in controlling arousal systems, we hypothesized that
Chaotic CT/DBS would increase arousal more than either Fixed or Random; instead we see
that Random does better. At the moment, it is unclear why one temporal pattern did better
than another in one behavioral measure. Given that our results ran counter to our
expectations, it might be that some singular undefined characteristic of the Random
temporal pattern was responsible for the temporal pattern s success instead of theoretical
method by which it was generated.

4.1.2 EEG—EEG responses to DBS were as expected. In both experiments, EEG waves
changed significantly with CT/DBS and in a direction consistent with an increase in arousal.
Delta and theta waves, associated with sleep and quiet wakefulness [22], decreased with CT/
DBS, while alpha, beta, and gamma waves, associated with wakefulness and higher
cognitive functions such as attention [23], increased with CT/DBS. Degree of response to
DBS was modulated by amplitude of stimulation, but these changes were small and often
not significant. Differences between response to various frequencies of stimulation were
also subtle and only significant in alpha waves. EEG response to DBS during the two phases
of the light cycle were also different; changes after DBS were larger in the light phase than
in the dark. We assume these larger responses during the light phase are due to the nocturnal
nature of mice; since mice are often quiescent during the light phase, they respond more
dramatically to an arousing stimulus then. We saw no differences in response to our three
patterns of stimulation. The EEG data presented here do not coincide with our previously
published results [16]. It was discovered that a typographical error in the analysis script for
these previously collected EEG data altered the results and their interpretation. Upon
reanalyzing these data, we found that delta waves did not increase significantly with either
hippocampal or central thalamus stimulation and that gamma waves did increase
significantly with central thalamus stimulation. These corrected results coincide with our
expectations as well as the results presented here. Other differences can be explained by
different brain regions stimulated as well as different stimulation parameters used.

4.2 Literature

Due to the novelty of this work, there is only a handful of articles, reporting work done in
varying contexts, to compare our results to. CT/DBS has been investigated in intact rats
[24], brain injured rats [25], macaque monkeys [26], mice [16], and one human case study
[10]. Concurrent with what we observe here, CT/DBS increased motor activity or enhanced
performance on a cognitive task in all of these studies; however, none of the work
mentioned above explored the importance of temporal pattern of stimulation. Shirvalkar et
al. showed increased early action gene expression in cortical and basal ganglia regions as
well as enhanced performance on a novel object recognition task with CT/DBS in intact rats
[24]. In a DMTP rat model, Mair et al showed enhanced working memory with CT/DBS
[25]. Smith et al. used bayesian statistical methods to analyze the effect of CT/DBS on a
sustained attention task in macaque monkeys [26]. This method was also used to further
analyze data collected from the human case study of CT/DBS in a MCS patient. It was
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confirmed that CT/DBS helped facilitate functional recovery in this patient [10, 26]. These
studies represent the body of evidence that CT/DBS can increase arousal and enhance
cognition, but there are still questions to explore such as what stimulation parameters,
including pattern, are best and how do these parameters need to be adjusted, patient to
patient.

4.3 Potential Caveats

Like many behavioral studies with multiple subjects, especially mice, these experiments
show a large variability. Three potential sources of variance are considered: baseline activity
level, exact electrode placement, and sex differences. First, it is clear that baseline activity
level does influence response to stimulation. Mice respond differentially to stimulation in
the light and dark; responses during the light phase, when mice are more often quiescent, are
relatively larger than those during the dark phase. Fluctuations of baseline activity on a
smaller scale are likely causes of intra-subject variability. Second, small variations in
electrode placement might affect inter-subject variability. These small position differences
change the electrical field of stimulation and which specific neurons are influenced by this
field. These changes might alter the efficiency of stimulation as well as the magnitude of
response during and directly after stimulation. Finally, we observed small, inconsistent sex
differences as mentioned in section 2.1. While these differences were not statistically
significant, it is likely they affected inter-subject variability once the data from males and
females were pooled.

4.4 Conclusions

Here we have presented more evidence that temporal patterning of DBS can affect the
magnitude of desired responses. While a comprehensive exploration of temporal patterns in
DBS is outside the scope of this paper, possible avenues to continue this work would be to
investigate 1) longer sequences of pulses that would presumably permit still more entropy,
2) specific local characteristics of the temporal patterns presented here to determine why
Random was better than Chaotic, 3) other deterministic chaotic equations [27], and 4)
playbacks or temporal patterns recorded from central thalamus or from arousal systems that
project to the central thalamus. Additionally, it stands to reason that because we found that
temporal patterns of CT/DBS are important in modulating motor activity and EEG response,
temporal patterns of stimulation might modulate desired responses to DBS in other,
medically important contexts. More research is needed into how neuronal circuits of interest
function in normal and diseased states as well as how DBS can be used to effect desired
changes in these circuits. This is essential to the future of DBS therapy because the more we
know about diseased neuronal circuits and how DBS affects them, the better able we will be
to logically choose stimulation parameters and design DBS regimes. Choosing a stimulation
regime for a specific disorder or set of symptoms will be much more efficient than the
current method for finding stimulation parameters, by trial and error.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Parametric Experiment: Behavior

Behavioral response to amplitude (A. B. and C.), frequency (D. E. and F.), and light phase
(G. H.and I.) of CT/DBS. Three behavioral measures are shown: activity counts (whole
body movement), horizontal activity (fidgeting), and total distance (ambulation). ANOVA
analyses revealed an overall effect of CT/DBS in activity counts (p<0.001), horizontal
activity (p<0.001), and total distance (p<0.01). ANOVA also showed an effect of amplitude
in activity counts (A. p<0.001), horizontal activity (B. p<0.001), and total distance (C.
p<0.01). An overall effect of frequency was found in horizontal activity (E. p<0.05) and
total distance (F. p<0.001). Light phase of CT/DBS was found to be significant in horizontal
activity (H. p<0.001) and total distance (I. p<0.001). Panels include 10 minutes of data
during and 10 minutes of data after CT/DBS, all normalized to before stimulation. Data are
presented as mean £ s.e.m. * p<0.05 compared to before, ° p<0.05 compared to 75 pA, »
p<0.05 compared to 100 pA, # p<0.05 compared to dark phase.
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Figure 2. Parametric Experiment: EEG

EEG response to amplitude (A. B. C. D. and E.), frequency (F. G. H. I. and J.), and light
phase (K. L. M. N. and P.) of CT/DBS. EEG waves are defined by the following frequency
bins: delta (0.5-4 hz), theta (4.5-8 hz), alpha (8.5-12 hz), beta (12.5-20 hz), and gamma
(35-45 hz). ANOVA analyses revealed an overall effect of CT/DBS in theta (p<0.001),
alpha (p<0.001), beta (p<0.001), and gamma (p<0.001) waves. ANOVA also showed an
effect of amplitude in theta (B. p<0.05) and alpha (C. p<0.01) waves. An effect of frequency
was found in alpha (H. p<0.05) waves. Light phase of CT/DBS was found to be significant
in theta (L. p<0.05), alpha (M. p<0.01), beta (N. p<0.01), and gamma (P. p<0.001) waves.
Panels include 10 minutes of data after CT/DBS, normalized to before stimulation. Data are
presented as mean + s.e.m. * p<0.05 compared to before, # p<0.05 compared to dark phase.
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Figure 3. Parametric Experiment - example of behavior at high temporal resolution

Motor activity behavior of one mouse at 4 frequencies of stimulation, 100 pA, in the light
phase. A. 50 hz, B. 125 hz, C. 175 hz, D. 225 hz. Activity counts (‘counts’) shown at 1
sample every 10 seconds, Horizontal activity ("Hactv') and Total distance (‘Totdist") shown at
1 sample every 1 second. Grey boxes mark epochs of stimulation.
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Figure4. Temporal Pattern Experiment: Behavior

Behavioral response to temporal pattern (A. B. and C.) and light phase (D. E. and F.) of CT/
DBS. Three behavioral measures are shown: activity counts (whole body movement),
horizontal activity (fidgeting), and total distance (ambulation). ANOVA analyses revealed
an overall effect of temporal pattern in activity counts (A. p<0.001) and horizontal activity
(B. p<0.01). Panels include 10 minutes of data during and 10 minutes of data after CT/DBS,
all normalized to before stimulation. Data are presented as mean * s.e.m. * p<0.05
compared to before, # p<0.05 compared to chaotic.
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Figure 5. Temporal Pattern Experiment: EEG
EEG response to temporal pattern (A. B. C. D. and E.) and light phase (F. G. H. I. and J.) of
CT/DBS. EEG waves are defined by the following frequency bins: delta (0.5-4 hz), theta
(4.5-8 hz), alpha (8.5-12 hz), beta (12.5-20 hz), and gamma (35-45 hz). ANOVA analyses
revealed an effect of CT/DBS in activity counts (p<0.001), horizontal activity (p<0.001),
and total distance (p<0.001) Light phase of CT/DBS also had a significant effect in delta (F.
p<0.05) and theta (G. p<0.05) waves. Panels include 10 minutes of data after CT/DBS,
normalized to before stimulation. Data are presented as mean + s.e.m. * p<0.05 compared to
before, # p<0.05 compared to dark phase.
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Figure 6. Temporal Pattern Experiment - example of behavior at high temporal resolution
Motor activity behavior of one mouse at 3 temporal patterns of stimulation, 100 A, in the
light phase. A. Fixed, B. Random, and C. Chaotic. Activity counts (‘counts’) shown at 1
sample every 10 seconds, Horizontal activity (‘Hactv') and Total distance (‘Totdist") shown at
1 sample every 1 second. Grey boxes mark epochs of stimulation.
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