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Abstract

Abstract

The neuroscience studies have brought about a great benefit to human beings.

Among them, the brain-machine interface (BMI), or called brain-computer inter-

face (BCI), is one of the breakthroughs and challenging ideas from the viewpoint

of engineering and clinical utilities. It has been developed to interpret the neural

activities to control a robot, prosthetic device, or computer. In the BMI studies,

neural activities in the motor cortex have mainly been considered as the inputs

to the external output device. However, it would be better to incorporate the

neural information acquired from other brain areas which contain a variety of

information other than motor commands. In this study, therefore, I deeply ex-

amined the properties of hippocampal theta oscillation during a robot-controlling

task in rats which resembles that used in human BMI task. As already known,

the hippocampal theta oscillation is involved in a variety of cognitive processes,

including the decision-making processes, and changes its parameters prior to the

alteration in behavior or motor output, and could provide a clue to differentiate

a series of cognitive and behavioral stages consisting of sensory processing, move-

ment preparation, and motor execution. On the other hand, the theta oscillation

observed on the scalp of the human frontal midline region (FM theta) is suggested

to have similar functional roles in cognitive tasks to those of the rat hippocampal

theta. Therefore, it would be useful if an evaluation of the hippocampal or FM

theta oscillation is integrated into the BMI to prepare the output device for the

incoming motor commands and improve the efficacy of operation of the BMI. For

Dissertation 2018, The University of Toyama i



Abstract

that purpose, it is crucial to examine what kinds of parameters of the theta oscil-

lation show a change associated with the motor behavior and when the changes

occur. In addition, it would also be important to investigate to what degree those

changes in oscillatory parameters show a robustness to the difference in the type

of motor outputs and cognitive processes.

In the present study, a robot-controlling task by pressing one of the two

levers with ipsilateral forelimb was performed. The rat under a mild restrained

condition was required to press one of the two levers set in the right and left. The

rat had to choose the lever of the same side of the robot location, the correct lever

which moved the robot toward the rat and continues to press it several times until

the robot arrived at the area within the reach. I found that the relative power

of hippocampal theta oscillation, as well as the absolute one, gradually increased

during a preparatory period of 6 s before the start of multiple lever pressing

regardless of the correctness of lever choice or the side of forelimb usage. There

was also a significant difference in theta power after the first choice between

correct and incorrect trials: in the correct trials, the theta power was highest

during the first lever-releasing period, whereas it was during the second correct

lever-pressing period in incorrect trials. I also analyzed the hippocampal theta

oscillation around the termination of multiple lever pressing. Irrespective of the

side of forelimb usage, the relative power of hippocampal theta oscillation, as well

as the absolute one, decreased gradually with the termination of lever pressing

to take food from the robot. The dominant frequency of theta oscillation also

showed a similar temporal change: the weighted mean frequency of hippocampal

theta oscillation increased before the start of multiple lever pressing, irrespective
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of the correctness of lever choice or the side of forelimb usage, maintained during

multiple lever presses, and then decreased gradually with the termination of lever

pressing. There was a significant increase in dominant frequency after the first

lever-on (or lever press) in incorrect trials compared to that in the correct trials.

I also analyzed the dependency of the theta power and the frequency on the

duration of the first lever press. The trial, whose first press lasted less than one

second or more than one second, was categorized as an initial-short-press trial or

initial-long-press trial, respectively. There was no significant difference between

the trial types in both the theta power and frequency. These results suggest that

the power and frequency of hippocampal theta oscillation might reflect the similar

preparatory and maintaining processes for multiple lever pressing as well as the

different aspects of a cognitive process after the first lever-on (or lever press).

Some of these dynamic properties of the rat theta oscillation during the

effort-demanding task were similar to those in the monkey FM theta, suggesting

that the ideas acquired by examining the usefulness of the hippocampal theta

oscillation to improve the BMI might be applicable to human BMI by using FM

theta oscillation recorded from the scalp instead of the hippocampal oscillation.

Future work should be done to evaluate whether I can improve the performance

of BMI by incorporating the information on theta oscillation in addition to that

on motor commands recorded from the motor cortex.
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Introduction

1 Introduction

The hippocampal theta oscillation in animals has been implicated in a variety

of cognitive processes (Lever et al., 2014), including the decision-making process

(Bett et al., 2012; Bannerman et al., 2012; Taylor et al., 2014), and changes

its state prior to the alteration in behavior or motor output. For example, dur-

ing the serial feature positive discrimination task in eyeblink conditioning, the

hippocampal oscillation showed a shift from a large irregular activity to a theta

dominant state after the conditional cue light to prepare for the upcoming tone

paired with an electrical shock (Tokuda et al., 2014). Also in a jump avoidance

task, the amplitude and frequency of hippocampal theta oscillation provided a

clue to differentiate a series of cognitive and behavioral stages consisting of sen-

sory processing, movement preparation, and motor execution periods (Bland et

al., 2006). This kind of preparatory brain activities will become more impor-

tant in the tasks that require a larger cognitive demand (Walton et al., 2006).

Therefore, it would be useful if an evaluation of the hippocampal oscillation is

integrated into the brain-machine interface to prepare the output device for the

incoming motor commands. There have been several human studies that analyzed

the pre-movement cortical oscillatory activities (Pfurtscheller and Silva, 1999) and

utilized the activities to decode the intention of limb movement (López-Larraz et

al., 2014; Sburlea et al., 2015).

In the previous work, we reported an attempt to estimate the movement
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of an e-pack robot, which carried a small amount of food to the front of a rat,

based on the analysis of local field potential (LFP) recorded from the motor areas

(Mano et al., 2013). In this task, the rat was trained to press one of the two

levers several times with the ipsilateral forelimb to control the robot. Therefore

this task is more complicated and more cognitively demanding than a standard

operant lever press task, in which the rat presses the lever only once with its

dominant forelimb to get a reward. The contribution of hippocampus to this task

may be increased with the task difficulty as reported in other tasks, such as delay

vs. trace eyeblink conditioning (Beylin et al., 2001), visible vs. hidden platform

water maze (Sakimura et al., 1995), and simple vs. visual-discrimination Y-maze

(Murray et al., 1999). In fact, it was reported that post-learning inactivation of

the hippocampus did not impair the simple light/dark discrimination lever press

task, but greatly affected the discrimination of the position of an object on a

computer screen (Levcik et al., 2013). Analysis of metabolic activity revealed a

participation of the hippocampus to the effort-based decision making in two-lever

choice task (Endepols et al., 2010). The participation of the hippocampus in

two-lever choice task with a highly cognitive demand is also supported by the

lesion experiment, in which the hippocampal lesion had no effect on acquisition

of the two-lever choice task or the selective extinction using outcome devaluation

protocol, but impaired the extinction by degradation of the contingency between

the lever press and the reward (Corbit and Balleine, 2000). Accordingly, several

types of two-lever choice task have been used to investigate the relationship among

the higher cognitive systems (Mishima et al., 2002; Floresco et al., 2008). In

addition, the selective use of right or left forelimb ipsilateral to the robot position
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might also elevate the cognitive demand, because rats show a handedness, having

a preference to use the right forepaw (GÜVEN et al., 2003) and reversal of

handedness activated the hippocampus (Cupello and Hyden, 1978).

In the present study, I deeply investigated the hippocampal theta oscilla-

tion during the bimanual two-lever choice task for robot control, focusing on the

preparatory phase. I found that the relative power and dominant frequency of

theta oscillation increased before the start of multiple lever pressing, irrespective

of the correctness of choice or the side of forelimb usage, suggesting a participa-

tion of hippocampal theta oscillation in a preparatory process for multiple lever

pressing but not in the cognitive process for the correct side or the detail of

forelimb control.
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2 Material and Method

2.1 Animals and ethics statement

The animals used in this research were 10 week-old Wistar/ST male rats at the

start of the experiment (n = 5, Japan SLC, Inc., Hamamatsu, Shizuoka, Japan),

and housed individually in standard plastic cages on a 12/12 h light/dark cycle

with free access to drinking water. They were habituated to handling and their

body weight was gradually reduced to about 85% over a week before the training

with food rewards started. All of the experimental procedure was conducted in

accordance with the NIH Guide for the Care and Use of Laboratory Animals and

approved by the Experimental Animal Committee of the University of Toyama

(A2014ENG-7). Throughout the experiment, all efforts were made to minimize

the use of animals and to optimize their comfort.

2.2 Conditioning procedures

The rats were trained with a food reward in three progressive stages to press

a correct lever to move a food-carrying robot towards them, which took about

three to four weeks in total. A daily session contained approximately more than

20 trials, in each of which the rat got a small amount of food. A daily session

was terminated if the rat stopped to press the lever or the session exceeded 1 hr.
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At the end of the daily session, they were fed with additional food to maintain

the body weight. In the first stage, a rat was placed in a transparent plastic

cage (28×45×20 cm) equipped with two micro-switch levers, whose tips were set

at 0.5 cm height and 7.5 cm apart horizontally, and two green light-emitting

diodes (LED) set above the lever tips at 3.2 cm height. One of the LEDs was

manually turned on at a time (Fig. 1A). The rat was allowed to use either

forelimb to press the correct lever beneath the illuminating LED to get a food

pellet. The side of illuminating LED was changed from session to session in such

a way that the same side was not used in more than two consecutive sessions

and the total number of sessions was almost balanced between the right and the

left side. The rats were trained until they achieved more than 90% correct for

both sides, calculated by dividing the number of correct lever presses by the total

number of lever presses in a session. In the second stage of training, they were

habituated to take food under a mild restrained condition with a neck collar and

an acryl cylinder to limit the body movement and the forelimb usage (Fig. 1B).

After two days of habituation, they were trained to press the lever ipsilateral to

the position of an e-puck robot (Cyberbotics Ltd., Switzerland) using only the

ipsilateral forelimb. The robot had a food handler and a green LED, illuminated

constantly during a daily session. The robot was placed either on the right or

left start point on a U-shaped track, about 13 cm away from hand reach of the

rat, and moved towards or away from the rat along the track when the ipsilateral

correct lever or the contralateral incorrect lever, respectively, was pressed (Mano

et al., 2013). The micro-switch levers were connected through a serial interface

to the computer, which controlled the e-puck robot via a Bluetooth interface.
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The side of start point was identical throughout the trials in a daily session and

was changed randomly from session to session as in the first stage. A trial was

categorized as correct if the first and the subsequent lever presses were ipsilateral

to the robot. In incorrect trials, the first press was wrong but most of the

subsequent ones were correct. The rats were trained until they achieved more

than 90% correct for both sides, calculated by dividing the number of correct

trials by the total number of trials. In the last stage, the side of the start point

was changed randomly within a session and the rats have trained accordingly as

described above.

2.3 Surgery

After reaching 90 % correct in the third stage, the rats received a surgery for

setting the electrodes to record the hippocampal oscillation. The electrode was

constructed from a pair of twisted Teflon-coated stainless steel wires (140 µm

in diameter, A-M Systems, Sequim, WA, USA), and implanted bilaterally in the

dorsal hippocampus under anesthesia with sodium pentobarbital (65 mg/kg i.p.,

Kyoritsu Seiyaku, Tokyo, Japan). Isoflurane (1–2%, Abbot Japan, Osaka) was

also used when necessary. The coordinates of the electrode were 4.8 mm antero-

posteriorly, 3.2 mm laterally, and 2.2 mm dorsoventrally from bregma, according

to the standard brain atlas (Paxinos and Watson, 1998). The final depth of elec-

trode was decided based on the LFP profile recorded during the implantation.

After the surgery, the animals were injected with ampicillin (100 mg/kg i.p.,

Meiji Seika, Tokyo, Japan) and warmed until they moved spontaneously. During
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the recovery period, rats were fed wet paste food instead of standard pellet food.

2.4 Analysis of the hippocampal oscillation

After a week of recovery, the same conditioning as in the third stage restarted.

The hippocampal LFP was recorded using the Cheetah system (Neuralynx, Tuc-

son, AZ, USA). The hippocampal LFP was band-pass filtered between 1 and 475

Hz and sampled at 7,575 Hz, which was reduced off-line to 1,515 Hz before further

analyses. The data collected from three sessions in each rat were analyzed with

custom-written programs on MATLAB (The MathWorks, Natick, MA, USA).

To analyze the theta oscillation before and after the multiple lever pressing

(Figs. 3, 4, 5, 6), I used the multi-taper FFT MATLAB package written by Mitra

and Pesaran (1999), with a frequency range of 130 Hz, a time-window of 1 s, and

a stepping width of 0.2 s. The relative power of theta frequency band (6–9 Hz)

divided by the power of total band (1–30 Hz), the absolute power expressed as a

fractional change of that 10 s before the first lever press or that at the end of the

last lever press, and the weighted-average frequency of theta band (4–9 Hz) were

calculated. These analyzed data during a session were grouped into correct trials

and incorrect trials. The data from correct trials were further divided into the

right- and left-forelimb trials. I also analyzed the difference in the theta power

and frequency between the trials that differed in the duration of the first lever

press: the initial-short-press trial whose duration of the first press lasted less than

one second and the initial-long-press trial with a longer duration of the first press

(Fig. 9).
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To analyze the change in theta power during the first and second lever

presses as well as between them (Fig. 7B), I calculated the power spectral density

after matching the frequency resolution, which varied due to the difference in

data length. The power spectral density at each frequency was normalized by the

total amount of those between 1 and 30 Hz during the first lever press and then

averaged over the trials and animals.

To consider the phase lock to the behavior, I calculated the theta phase

at the timing of the first lever press and the last lever release in the right- and

left-forelimb trials. The peak and trough of the theta oscillation around the lever

press were extracted from the data. Then, the theta phase at the lever press was

determined by a linear interpolation between the peak and the trough; the theta

peak was assigned as phase zero and theta troughs as phase π. The significance

of the resultant theta phase distribution was confirmed with the Rayleigh test for

circular uniformity.

2.5 Histology

After completion of the behavioral experiment, a current of 50 µA was passed for

45 s between the electrode tips under anesthesia with sodium pentobarbital (65

mg/kg i.p.) to confirm their location. After several days, the rats were deeply

anesthetized with an overdose of sodium pentobarbital (100 mg/kg i.p., Kyoritsu

Seiyaku, Tokyo, Japan) and perfused transcardially with 0.9% saline, followed

by 10% formalin. The brains were taken out, stored in 10% formalin, and then

sectioned at 40 µm on a cryostat. The brain slices were mounted on glass slides
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and Nisstle stained to examine the electrode placement under a microscope.

2.6 Statistical analyses

Statistical analyses were conducted using the statistical software (SPSS, Chicago,

IL, USA). Data were expressed as mean ± standard error of the mean. I used the

one-way repeated measures ANOVA or the two-way repeated measures ANOVA.

In addition, I also use the paired t-test or the pairwise comparison for post hoc

test after the ANOVA. The difference was considered as statistically significant

when the p-value was less than 0.05.
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3 Result

During the recording sessions, per trial, the rats pressed the lever an average of

2.76 ± 0.33 times per trial. In addition, the rats performed 24.8 ± 2.7 trials per

session. The inter-trial interval was 44.2 ± 3.3 s during a session. All the elec-

trodes were placed in the dorsal hippocampus (Fig. 2A) and the power spectrum

of the hippocampal LFP calculated over a conditioning session demonstrated a

clear peak in the theta range (Fig. 2C). The rats showed a good performance

throughout the recording sessions, during which the percentage of correct lever

press was 86.4 ± 4.4%. To elucidate the relationships between the change in

the hippocampal LFP and the behavioral states, I separately analyzed the LFPs

during the following time periods: (i) before the first lever press, (ii) during the

initial lever presses, and (iii) after the termination of multiple lever presses.

3.1 Spectrogram before the first lever press in the correct

and incorrect trials

The spectrogram analysis of the hippocampal LFP before the first lever press

revealed a gradual increase in the relative power of theta frequency range (6–9

Hz) in the correct trials (Fig. 3Aa) as well as in the incorrect trials (Fig. 3Ab).

As shown, the increase started about 6 s before the first lever press. Analysis of

the absolute power of LFP revealed that the gradual increase in the relative theta

power resulted from both the increase in the absolute power of theta frequency
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range and the decrease in that of the other frequency ranges (Figs. 3Ac and

3Ad).

To quantitatively compare the time course between the correct and the

incorrect trials, I calculated the power of 6–9 Hz of the theta band. Figure 3Ba

shows the change in relative power of the theta band. Two-way repeated measures

analysis of variance (ANOVA) did not show a significant effect in the interaction

between time and trial type (F(46,184) = 1.334, p > 0.05) or in trial type (F(1,4) =

2.868, p > 0.05), but there was a significant effect in time (F(46,184) = 34.689, p <

10-5). The absolute power of theta band also showed a similar change to that of

the relative power (Fig. 3Bb), confirming that the theta power actually increased

before the first lever press in the correct trials as well as in the incorrect trials.

Two-way ANOVA with repeated measures did not show a significant effect in the

interaction between time and trial type (F(46,184) = 1.578, p > 0.05) or in trial

type (F(1,4) = 0.168, p > 0.05), but there was a significant effect in time (F(46,184)

= 3.766, p < 0.05).

3.2 Spectrogram before the first lever press in the right-

and left-forelimb trials

I further analyzed the gradual increase in the relative and absolute theta powers

before the first lever press by separating the correct trials to those using the right

or left forelimbs (Figs 4A and B). As shown, the increase was almost similar

between the right-forelimb trials and left-forelimb trials. Two-way ANOVA with

repeated measures applied to the relative theta power did not show a significant
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effect in the interaction between time and trial type (F(46,184) = 0.833, p > 0.05)

or in trial type (F(1,4) = 0.059, p > 0.05), but there was a significant effect in

time (F(46,184) = 34.491, p < 10-5). Similarly in the absolute theta power, there

was no significant effect in the interaction between time and trial type (F(46,184)

= 1.341, p > 0.05) or in trial type (F(1,4) = 0.047, p > 0.05), but there was a

significant effect in time (F(46,184) = 12.916, p < 10-5).

3.3 Spectrogram before the first lever press in the right and

left robot-presentaion

I further considered the effect of the difference of the robot location on the hip-

pocampal oscillation to evaluate the visually guided spatial cognition or perspec-

tive. The gradual increase in the relative and absolute theta powers before the

first lever press have been observed both right and left robot presentation trials

(Figs 5A and B). As shown, the increase was almost similar between the right

and left presentation trials. Two-way ANOVA with repeated measures applied

to the relative theta power did not show a significant effect in the interaction

between time and trial type (F(46,184) = 0.267, p > 0.05) or in trial type (F(1,4)

= 0.098, p > 0.05), but there was a significant effect in time (F(46,184) = 46.532,

p < 10-5). Similarly in the absolute theta power, there was no significant effect

in the interaction between time and trial type (F(46,184) = 0.816, p > 0.05) or in

trial type (F(1,4) = 5.124, p > 0.05), but there was a significant effect in time

(F(46,184) = 11.553, p < 10-5).

Dissertation 2018, The University of Toyama Page14



Result

3.4 Spectrogram after the termination of the multiple lever

presses using the right or left forelimb

Analysis of the spectrogram of hippocampal LFP during a period after termina-

tion of the lever presses, the period when the rats took the food with their hands

and ate it, revealed that the elevated relative theta power associated with mul-

tiple lever press gradually decreased to the basal level 8–9 s after the last lever

release both in the right- and left-forelimb trials (Fig. 6Aa and 6Ab, respec-

tively). Analysis of the absolute power of LFP revealed that the gradual decrease

in the relative theta power resulted from both the decrease in the absolute power

of theta frequency range and increase in that of the other frequency ranges (Figs.

6Ac and 6Ad).

To quantitatively compare the time course between the right- and the left-

forelimb trials, I calculated the power of 6–9 Hz of the theta band. Figure 6Ba

shows the change in relative power of the theta band. Two-way ANOVA with

repeated measures did not show a significant effect in the interaction between

time and trial type (F(46,184) = 0.891, p > 0.05) or in trial type (F(1,4) = 0.446, p

> 0.05), but there was a significant effect in time (F(46,184) = 16.063, p < 10-5).

The absolute power of theta band also showed a similar but somewhat earlier

decrease compared to that of the relative power (Fig. 6Bb), confirming that the

theta power actually decreased with the termination of multiple lever pressing in

the right-forelimb trials as well as in the left-forelimb trials. Two-way ANOVA

with repeated measures did not show a significant effect in the interaction between

time and trial type (F(46,184) = 0.943, p > 0.05) or in trial type (F(1,4) = 0.495,
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p > 0.05), but there was a significant effect in time (F(46,184) = 1.629, p < 0.05).

3.5 Spectral difference between the correct and incorrect

trials during the first and the second lever presses

The critical behavioral difference between the correct and incorrect trials was that

the first lever press was wrong but the second and subsequent lever presses were

correct in the incorrect trials, while the entire lever presses were correct in the

correct trials. It means that the second lever press was the first correct lever

press in the incorrect trials. Therefore, I focused on the difference in the power

spectrum during the first and the second lever presses. Before examining the

spectral difference, I checked behavioral difference by comparing the duration of

the first and the second lever presses as well as the lever release between them

(Fig. 7A). The duration of lever release after the first incorrect lever press in

the incorrect trials was longer than that after the first correct lever press in the

correct trials, suggesting that the rat showed a pause period before they made

a shift from the incorrect choice to the correct choice. Two-way ANOVA with

repeated measures did not show a significant effect in the interaction between trial

type and lever press/release (F(2,8) = 4.393, p = 0.051) or in lever press/release

(F(2,8) = 4.419, p = 0.051), but there was a significant effect in trial type (F(1,4)

= 9.1594, p < 0.05).

Then, I investigated the change in power spectrum during the behavioral

sequence from the first to the second lever press and found a difference between

the correct and incorrect trials (Fig. 7B). In the correct trials, the theta power
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increased after the release of the first correct lever and then decreased to the level

of the first lever press (Fig. 7Ba). In contrast in the incorrect trials, it did not

so much increase after the release of the first incorrect lever press but increased

largely during the second correct lever pressing (Fig. 7Bb). To quantitatively

analyze the change in theta power during the behavioral sequence from the first

to the second lever press, I calculated the power of 6–9 Hz of the theta band,

normalized by the total power (1–30 Hz) of the first lever press in each trial type

(Fig. 7C). One-way repeated measures ANOVA indicated a significant effect both

in the correct trial (F(2,8) = 41.917, p < 10-5) as well as in the incorrect trial

(F(2,8) = 5.106, p < 0.05). The additional analysis using paired-samples t-test

confirmed significant differences between the first press and the first release (p

< 0.01), the first release and the second press (p < 0.05) and the second press

and the first press (p < 0.05) in the correct trial, whereas a significant difference

was only observed between the first press and the second press (p < 0.05) in the

incorrect trial.

3.6 Comparison of the change in theta frequency between

the correct and incorrect trials and between the right-

and left-forelimb trials

In addition to the theta power, I examined the change in theta frequency asso-

ciated with the multiple lever pressing. The weighted average frequency of theta

oscillation started to increase about 6 s before the first lever press both in the

correct and incorrect trials (Fig. 8A). Two-way ANOVA with repeated measures
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did not show a significant effect in the interaction between time and trial type

(F(9,36) = 1.03, p > 0.05) or in trial type (F(1,4) = 0.546, p > 0.05), but there

was a significant effect in time (F(9,36) = 6.965, p < 10-5). When the correct

trials were divided to the right- and left-forelimb trials before the first lever press

(Fig. 8Ba), there was also no significant effect in the interaction between time

and trial type (F(9,36) = 1.039, p > 0.05) or in trial type (F(1,4) = 1.622, p >

0.05), but there was a significant effect in time (F(9,36) = 17.873, p < 10-5). This

tendency of similarity in the change of dominant frequency between the right- and

left-forelimb trials was almost the same for the data after the last lever press.

The increased dominant frequency of theta oscillation was lowered after the ter-

mination of multiple lever pressing both in the right- and left-forelimb correct

trials (Fig. 8Bb). It should be noted that the dominant theta frequency began

to decrease before the release of the last lever and reached to the basal level after

3–4 s, much earlier than the decrease in the relative theta power (Fig. 6Ba) and

seemed in parallel with that in the absolute theta power (Fig. 6Bb). Two-way

ANOVA with repeated measures, applied to the data including those 2 s before

the last lever release, did not show a significant effect in the interaction between

time and trial type (F(11,44) = 0.599, p > 0.05), but there was a significant effect

in time (F(11,44) = 5.848, p < 10-5) and marginally in trial type (F(1,4) = 7.889,

p < 0.05 (= 0.048)). The pairwise comparison showed a significant difference

between the data at -2 s and those after 2 s (p < 0.05) but not between the

data at 2 s and those after 2 s, indicating that the dominant frequency returned

to the basal level in about 2 s.
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3.7 The change in the relative theta power and the fre-

quency in different ways of lever pressing

There were no clear difference in the prior increase of theta power and frequency

on the correctness of the lever press, the usage of handedness and the position of

robot-presentation (Fig. 3Ba, 4Ba, 5Ba, 8A). I also investigated the dependence

of the theta power and the frequency on the duration of the first lever-press. On

the duration of the first lever press, at least, there is two type of lever press:

many times of lever presses or just a few lever press within a trial (Fig. 9Aa and

9Ab). The former is the initial-short-press trial, and the later is the initial-long-

press trial. To examine whether the multiple lever-pressing results from the low

cognitive processing, I compared the latencies as well as the hippocampal theta

power, and frequencies in the first lever press between the trials. Although there

are positive tendency that the lever press which seems to contain the thought

shows the longer latency before lever press, the latencies to the first lever press

of multiple pressing have no significant difference between the initial-short-press

and the initial-long-press trials (Fig. 9B). The relative theta power similarly

increased in both the trial types (Fig. 9C), as in the case of the correctness of

the lever press and the usage of handedness. Two-way ANOVA with repeated

measures applied to the relative theta power did not show a significant effect in

the interaction between time and trial type (F(46,184) = 0.833, p > 0.05) or in

trial type (F(1,4) = 0.059, p > 0.05), but there was a significant effect in time

(F(46,184) = 34.491, p < 10-5). Similarly, two-way ANOVA with repeated measure

applied to the theta frequency did not show a significant effect in the interaction
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between time and trial type (F(9,36) = 1.03, p > 0.05) or in trial type (F(1,4) =

0.546, p > 0.05), but there was a significant effect in time (F(9,36) = 6.965, p <

10-5) (Fig. 9D).

3.8 Theta phase around lever press in right- and left-forelimb

I also examined the behavioral coupling to the theta phase in handedness. To

evaluate the statistical significance (p < 0.05) on the theta phase, the phase

value are considered with the Rayleigh test, which is a test for uniform circular

distributions. Across the three sessions in each rat, the theta-phase distribution

has no significant uniformity in the first lever on (p > 0.05) and last lever off (p

> 0.05) between right- and left-forelimb trials (Fig. 10).
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4 Discussion

In the present work, I investigated the effects of different forelimb usage and

correctness of lever choice on the hippocampal oscillation during the prepara-

tory phase for lever selection. I found that both the power and frequency of

theta oscillation increased before the start of lever pressing irrespective of the

correct/incorrect lever choice or the right/left hand usage, suggesting that these

parameters might reflect a general preparatory process like an attentional process

for multiple lever pressing and could be used as a triggering cue for the BMI to

start the processing of brain activities for controlling the output devices.

4.1 Prior increase in the power of hippocampal theta os-

cillation

Whishaw and Vanderwolf (1973) reported that the theta oscillation was observed

in head turning and lever pressing, although it was much smaller than in large

movements such as running and jumping (Whishaw and Vanderwolf, 1973). Buño

and Velluti (1977) also reported that ongoing theta increased in amplitude and

frequency 1 s before and after pressing in the initial stage of sessions (Buño and

Velluti, 1977). Consistent with this, I found that the theta power began to rise

about 5–6 s before initial lever press, remained high during a sequence of multiple

lever presses, and decreased gradually after they stopped lever pressing to get the

food (Figs. 3–6). Because the theta power remained high during the sequence
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of the lever on and off within the multiple lever presses, the change in theta

power may not directly be coupled to the motor output, but be involved in some

cognitive processes. The long latency of 5–6 s from the initiation of theta power

increase to the start of lever pressing as well as the gradual decrease lasting 5–6

s after the termination of lever pressing also supports this view. Interestingly in

a conditional visual discrimination task (Wyble et al., 2004), the prior change in

hippocampal theta power was different between the levers with distinct roles: the

theta power increased 1 s before pressing the center lever that initiated a trial of

the operant task, while it decreased largely before pressing one of the two lateral

levers for correct choice. In addition, the increase prior to the trial initiation was

observed only during the initial stage of training, whereas the decrease before

bar selection appeared even in the late well-learned stage. This lever selection

between the lateral bars is similar to that made in the initial lever press in my

experiment, although the direction of change in theta power was opposite. These

results suggest that the prior change in hippocampal theta power before lever

press might be involved in several cognitive processes and depend on the task

paradigm as well as on the functional role of the lever assigned in the task.

I also found that this increase in theta power did not depend on the

correctness of lever choice, suggesting that the prior increase in theta power might

be associated with the start of lever pressing itself. This non-dependency on the

correctness is different from the findings in the negative patterning task, in which

the relative theta power began to increase just before the correct lever press and

diminished within 1 s only in the reinforced trials, but not before the incorrect

lever press in the non-reinforced trials (Sakimoto et al., 2013), suggesting that the
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power increase just before the lever press might depend on the correct cognition of

the trial type in the negative patterning task. This is consistent with the findings

during the decision-making period in the four-arm radial maze, in which theta

activity was elevated before correct choices but not before incorrect ones (Belchior

et al., 2014). In contrast in the present work, the power increase starting long

before the lever press might not be related to such kinds of cognitive aspects,

because it was almost similar between the correct and incorrect lever press as

well as between the right and left trials.

In addition, I found that the prior increase in theta power did not depend

on the side of forelimb usage, suggesting that it did not directly couple to con-

trol of the contralateral forepaw movement. In the forelimb motor cortex, the

theta power showed significant increases when the contralateral dominant hand

was used during the food-reaching task (Vyazovskiy and Tobler, 2008). Indirect

coupling of the increase in hippocampal theta power to the contralateral forepaw

control was also suggested by the long interval of 6 s between the initiation of

theta increase and the start of lever pressing (Fig. 4). Ohishi et al. (2003)

reported that the evoked potential recorded in the contralateral forelimb motor

cortex started 0.5–1.5 s before self-paced lever pressing and was eliminated by

the ipsilateral hemicerebellectomy (Ohishi et al., 2003), suggesting that the pre-

movement potential directly coupled to the control of contralateral forelimb starts

around 1 s before the lever press, much shorter than the start of an increase in

the hippocampal theta power in the present study.

Overall, the prior increase in the power of hippocampal theta oscillation in
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the present work may not be involved in the preprocessing of forelimb control or

the cognition of trial type but may represent the intention to start the multiple

lever pressing.

4.2 Prior increase in the hippocampal theta frequency

In addition to the change in theta power, the dominant theta frequency started to

increase about 5–6 s before the first lever-press in the session, tended to decrease

but kept high during multiple pressing, and then returned to the preparatory level

after the termination of lever pressing (Fig. 8), suggesting no direct coupling to

each lever on and off. This increase in frequency did not depend either on the

correctness of the lever choice (Fig. 8A) or the side of forelimb usage (Fig. 8B).

Therefore, the change in theta frequency almost paralleled that in theta power

both during the preparatory phase as well as the execution phase.

Simultaneous change in frequency and power of hippocampal theta oscil-

lation, with a positive or negative correlation between them, has been reported

in several types of behavior with large body movements (Bland et al., 2006;

Whishaw and Vanderwolf, 1973; Belchior et al., 2014) as well as in the lever-

pressing task (Buño and Velluti, 1977). For example in the jump avoidance task,

the theta frequency increased while the amplitude decreased, showing a nega-

tive correlation, during the preparatory period of 0.5–1 s before jump, whereas

during the execution of jumping both the frequency and power increased rapidly

and then decreased, showing a positive correlation (Bland et al., 2006). In the

lever-pressing task, the amplitude and frequency of theta oscillation increased 1
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s before and after the lever press, showing a positive correlation (Buño and Vel-

luti, 1977). Thus, the frequency of theta oscillation might not always change in

parallel with the power of theta oscillation but depend on the type of movement

and cognitive demand, suggesting that they have the closely coupled but different

roles in preparing and executing motor behaviors.

4.3 Subsequent increase in the theta power after the first

lever press

Although the prior increase in theta power was indistinguishable between the

correct and incorrect trials, there was a significant difference in the change of

theta power after the first lever choice: the theta power in the correct trials

increased further after the first correct lever off and then decreased during the

second correct lever on, whereas the theta power in the incorrect trials did not

show a large increase after the first incorrect lever off, instead it increased greatly

during the second correct lever on (Figs. 7B, 7C). Therefore, the change in theta

power after the start of multiple pressing might reflect the change in cognition

of correctness of the lever press made by the animal. Overall, the increase in

theta power might involve both the attention- or decision-related gradual activities

before the first lever press and the transient cognition-related activities on the

first correct choice. Similar two-phase increase in theta power was recorded from

the medial prefrontal cortex and the rostral anterior cingulate cortex in the self-

initiated hand-movement task with a waiting period, in which the monkeys were

trained to release the lever after holding it in a resting position for more than 6
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s (Tsujimoto et al., 2006). It was found that the theta power increased gradually

3–4 s before releasing the lever both in the rewarded and unrewarded trials and

showed the second increase after the reward delivery in the rewarded trials or

a decrease in the unrewarded trials. Although the second transient peak might

involve the response to the reward, it was suggested to include the process of

success/error judgment (Tsujimoto et al., 2006). Because in the present work the

rats were not rewarded until the robot came within their reach, the increase in

theta power after the correct lever press might reflect the success/error judgment

at that point rather than the rewarded response

4.4 Potential use of the prior and subsequent changes in

hippocampal oscillation for BMI

There have been a lot of studies in humans that demonstrated the cortical po-

tentials preceding self-initiated movements, which might be used for BMI. For

example, it was shown that there were distinct patterns of cortical activity be-

fore the start of different self-initiated arm movements in healthy subjects as well

as in patients suffering spinal cord injury, demonstrating that the intention of

self-initiated limb movements could be detected using the pre-movement cortical

signals (López-Larraz et al., 2014). The intention to walk could also be detected

by monitoring the pre-movement cortical potential in stroke patients (Sburlea et

al., 2015). However, the change in cortical oscillation observed in these human

studies was a decrease in the power of frequencies in the range of α and β bands

(7–30 Hz), termed the event-related desynchronization, which started about 1 s
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before the movement and sustained during the movement. In contrast in the

present animal study, the increase in hippocampal theta oscillation did not show

the laterality and started 5–6 s before the lever press, suggesting an intentional

process that could be detected from brain oscillatory activities prior to the cor-

tical desynchronization. The present results would provide an additional possible

source to improve the BMI, which could prepare the output device for the incom-

ing motor commands. In addition, the subsequent change in theta power after

motor execution might also be useful to improve the BMI. If the post-execution

increase in theta power, which contains information about the success/error judg-

ment by the subject, is fed back to the BMI, it can act as an error-teaching

signal to cause the BMI to learn to appropriately interpret the cortical signals

to produce correct motor commands, resulting in a gradual improvement of the

BMI performance.

Although direct recording from the hippocampus would not be plausible in

humans, the theta-band oscillation recorded from the frontal midline region of the

scalp, called FM theta, will be one of the alternative candidates. The human FM

theta has been implicated in several mental operations, including working memory

and attentional processes (Inanaga, K, 1998; Mitchell et al., 2008). Although the

functional and pharmacological characteristics are not always the same between

the hippocampal theta and the FM theta (Mitchell et al., 2008), the FM theta

showed similar changes during the hand-movement task in monkeys (Tsujimoto et

al., 2006) to those in rat hippocampal theta in the present study. Therefore, the

FM theta might be useful to improve the BMI by combining with other cortical

activities.
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5 Conclusions

In the bimanual two-lever choice task with multiple pressing, both the power

and frequency of hippocampal theta oscillation increased 5–6 s before the first

lever press, irrespective of the correctness of the first choice or the usage of the

right/left forelimb. In addition, there was a significant increase in the theta

power after the first correct lever press. These results suggest that the change

in power and frequency of theta oscillation may reflect a preparatory process for

lever pressing as well as cognitive processes after the lever press, both of which

could be used to improve the BMI.

Dissertation 2018, The University of Toyama Page28



Acknowledgements

6 Acknowledgements

I would like to express my gratitude to my supervisor, Professor Shigenori Kawa-

hara, for providing me with a precious opportunity to study as a Ph.D. candidate

in his laboratory. I would not be possible to write this thesis without his invalu-

able discussion, untiring dedication, and considerate encouragement.

I am extremely grateful to Professor Genci Capi for giving me the chance

to collaborate with different study region. He also contributed to my experiment

to construct task environment.

I also would like to express my sincere appreciation to the other members,

Dr. Md. Ashrafur Rahman, Dr. Ryota Miyata, Dr. Endri Rama, and Mr. Kat-

sunari Sano. Dr. Rahaman and Dr. Rama inspired me to discuss scientific issues

with English communication. They also inspired me not only as a collaborator

but also as one of a friend. I believe that making a good relationship with an

international student would be an invaluable experience for my future life. Dr.

Miyata helped me a lot not only in my data analysis but also as one of senior to

share my private issue. He made so many times for me to discuss methodology

in my experiment and its mathematical background deeply in Skype. Mr. Sano

is one of my junior fellows. He truly contributed to my experiment and shared

his skill to go ahead with my experiment.

Finally, I want to dedicate my sincere thanks to my dear parents. I was

fortunate to be able to get their understanding, patience, and support during

Dissertation 2018, The University of Toyama Page29



Acknowledgements

the entire period of my study. I could not complete this thesis without their

dedication.

Dissertation 2018, The University of Toyama Page30



References

References

Bannerman DM, Bus T, Taylor A, Sanderson DJ, Schwarz I, Jensen V, et al.

Dissecting spatial knowledge from spatial choice by hippocampal NMDA

receptor deletion. Nature neuroscience, 2012; 15(8), 1153—1159.

Belchior H, LopesdosSantos V, Tort AB, Ribeiro S. Increase in hippocam-

pal theta oscillations during spatial decision making. Hippocampus, 2014;

24(6), 693—702.

Bett D, Allison E, Murdoch LH, Kaefer K, Wood ER, Dudchenko PA. The

neural substrates of deliberative decision making: contrasting effects of

hippocampus lesions on performance and vicarious trial-and-error behav-

ior in a spatial memory task and a visual discrimination task. Frontiers

in behavioral neuroscience, 2012; 6.

Beylin AV, Gandhi CC, Wood GE, Talk AC, Matzel LD, Shors TJ. The role

of the hippocampus in trace conditioning: temporal discontinuity or task

difficulty? Neurobiology of Learning and Memory, 2001; 76(3), 447—461.

Bland BH, Jackson J, Derrie-Gillespie D, Azad T, Rickhi A, Abriam J. Am-

plitude, frequency, and phase analysis of hippocampal theta during sen-

sorimotor processing in a jump avoidance task. Hippocampus, 2006; 16(8),

673—681.

Buño W, Velluti JC. Relationships of hippocampal theta cycles with bar

pressing during self-stimulation. Physiology & Behavior, 1977; 19(5),

615—621.

Buzsáki G, Anastassiou CA, & Koch C . The origin of extracellular fields

Dissertation 2018, The University of Toyama Page31



References

and currents—EEG, ECoG, LFP and spikes. Nature reviews neuroscience;

2012, 13 (6), 407.

Corbit LH, Balleine BW. The role of the hippocampus in instrumental con-

ditioning. The Journal of Neuroscience, 2000; 20(11), 4233—4239.

Cupello A, Hyden H. Studies of RNA metabolism in the nerve cells of

hippocampus during training in rats. Experimental brain research, 1978;

31(1), 143—152.

Endepols H, Sommer S, Backes H, Wiedermann D, Graf R, Hauber W.

Effort-based decision making in the rat: an [18F] fluorodeoxyglucose mi-

cro positron emission tomography study. Journal of Neuroscience, 2010;

30(29), 9708—9714.

Floresco SB, Onge JRS, Ghods-Sharifi S, Winstanley CA. Cortico-limbic-

striatal circuits subserving different forms of cost-benefit decision making.

Cognitive, Affective, & Behavioral Neuroscience, 2008; 8(4), 375—389.

Galambos R & Hillyard SA. Electrophysiological approaches to human cogni-

tive processing. Neurosciences Research Program Bulletin, 1981; 20, 145—

265.

GÜVEN M, Elalmis DD, Binokay S, TAN Ü. Population-level right-paw pref-

erence in rats assessed by a new computerized food-reaching test. Inter-

national Journal of Neuroscience, 2003; 113(12), 1675—1689.

Inanaga K. Frontal midline theta rhythm and mental activity. Psychiatry and

Clinical Neurosciences, 1998; 52(6), 555—566.

Lever C, Kaplan R, Burgess N. The function of oscillations in the hippocam-

pal formation. In Space, Time and Memory in the Hippocampal Formation.

Dissertation 2018, The University of Toyama Page32



References

Springer Vienna, 2014; 303—350.

Levcik D, Nekovarova T, Stuchlik A, Klement D. Rats use hippocampus to

recognize positions of objects located in an inaccessible space. Hippocam-

pus, 2013; 23(2), 153—161.

López-Larraz E, Montesano L, Gil-Agudo Á, Minguez J. Continuous decod-

ing of movement intention of upper limb self-initiated analytic movements

from pre-movement EEG correlates. Journal of NeuroEngineering and Re-

habilitation, 2014; 11(1), 153.

Mano M, Capi G, Tanaka N, Kawahara S. An artificial neural network based

robot controller that uses rats brain signals. Robotics, 2013; 2(2), 54—65.

Mesulam MM. Tracing neural connections with horseradish peroxidase. John

Wiley & Sons Inc.,1982, Vol. 1

Mishima K, Fujii M, Aoo N, Yoshikawa T, Fukue Y, Honda Y, et al. The

pharmacological characterization of attentional processes using a two-lever

choice reaction time task in rats. Biological and Pharmaceutical Bulletin,

2002; 25(12), 1570—1576.

Mitchell DJ, McNaughton N, Flanagan D, Kirk IJ. Frontal-midline theta

from the perspective of hippocampal theta. Progress in neurobiology, 2008;

86(3), 156—185.

Mitra PP, Pesaran B. Analysis of dynamic brain imaging data. Biophysical

journal, 1999; 76(2), 691—708.

Mitzdorf U. Current source-density method and application in cat cerebral

cortex: investigation of evoked potentials and EEG phenomena. Physio-

logical reviews, 1985; 65(1), 37—100.

Dissertation 2018, The University of Toyama Page33



References

Monosov IE, Trageser JC, & Thompson KG. Measurements of simultaneously

recorded spiking activity and local field potentials suggest that spatial

selection emerges in the frontal eye field. Neuron; 2008, 57 (4), 614—625.

Murray TK, Ridley RM. The effect of excitotoxic hippocampal lesions on sim-

ple and conditional discrimination learning in the rat. Behavioural brain

research, 1999; 99(1), 103—113.

Nunez PL & Srinivasan R. Electric fields of the brain: the neurophysics of

EEG. Oxford University Press; 2006.

Ohishi H, Ichikawa J, Matsuzaki R, Kyuhou SI, Matsuura-Nakao K, Seki

T, et al. Cortical field potentials preceding self-paced forelimb movements

and influences of cerebellectomy upon them in rats. Neuroscience letters,

2003; 352(1), 5—8.

Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. Academic

Press, 1998; San Diego.

Pfurtscheller G, Da Silva FL. Event-related EEG/MEG synchronization

and desynchronization: basic principles. Clinical Neurophysiology, 1999;

110(11), 1842—1857.

Sakimoto Y, Okada K, Takeda K, Sakata S. Transient decline in hippocampal

theta activity during the acquisition process of the negative patterning

task. PLOS ONE, 2013; 8(7), e70756.

Sakimura K, Kutsuwada T, Ito I, Manabe T, Takayama C, Kushiya E, et al.

Reduced hippocampal LTP and spatial learning in mice lacking NMDA

receptor ϵ1 subunit. Nature, 1995; 373(6510), 151—155.

Sburlea AI, Montesano L, de la Cuerda RC, Diego IMA, Miangolarra-Page

Dissertation 2018, The University of Toyama Page34



References

JC, Minguez J. Detecting intention to walk in stroke patients from pre-

movement EEG correlates. Journal of NeuroEngineering and Rehabilita-

tion, 2015; 12(1), 113.

Sokoloff L. Localization of functional activity in the central nervous system by

measurement of glucose utilization with radioactive deoxyglucose. Journal

of Cerebral Blood Flow & Metabolism, 1981; 1(1), 7—36.

Taylor AM, Bus T, Sprengel R, Seeburg PH, Rawlins JNP, Bannerman DM.

Hippocampal NMDA receptors are important for behavioural inhibition

but not for encoding associative spatial memories. Phil. Trans. R. Soc. B,

2014; 369(1633), 20130149.

Tokuda K, Nishikawa M, Kawahara S. Hippocampal state-dependent behav-

ioral reflex to an identical sensory input in rats. PLOS ONE, 2014; 9(11),

e112927.

Tsujimoto T, Shimazu H, Isomura Y. Direct recording of theta oscillations in

primate prefrontal and anterior cingulate cortices. J. Neurophysiol., 2006;

95(5), 2987—3000.

Viswanathan A, & Freeman RD. Neurometabolic coupling in cerebral cortex

reflects synaptic more than spiking activity. Nature neuroscience; 2007,

10 (10), 1308.

Vyazovskiy VV, Tobler I. Handedness leads to interhemispheric EEG asym-

metry during sleep in the rat. Journal of neurophysiology, 2008; 99(2),

969—975.

Walton ME, Kennerley SW, Bannerman DM, Phillips PEM, Rushworth MF.

Weighing up the benefits of work: behavioral and neural analyses of effort-

Dissertation 2018, The University of Toyama Page35



References

related decision making. Neural Networks, 2006; 19(8), 1302—1314.

Whishaw IQ, Vanderwolf CH. Hippocampal EEG and behavior: change in

amplitude and frequency of RSA (theta rhythm) associated with sponta-

neous and learned movement patterns in rats and cats. Behavioral biology,

1973; 8(4), 461—484.

Wyble BP, Hyman JM, Rossi CA, Hasselmo ME. Analysis of theta power

in hippocampal EEG during bar pressing and running behavior in rats

during distinct behavioral contexts. Hippocampus, 2004; 14(5), 662—674.

Dissertation 2018, The University of Toyama Page36



Figures

Fig. 1. Conditioning apparatuses. (A) Schematic diagram of the

operant lever press task in the first stage of conditioning (side view). Rats were

trained to press one of the levers ipsilateral to the illuminating LED to get food.

The right (R) and left (L) levers were placed in the conditioning box and attached

to micro-switches at their bases. (B) Schematic diagram of the robot controlling

task in the second and the third stages of conditioning (top view). Restrained

rats were trained to press several times the correct lever ipsilateral to the robot

until the robot came to the area within their reach. The robot had a dish with

food and an illuminating LED
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Figures

Fig. 3. Increase in the relative and absolute theta power before

the first lever press in the correct and incorrect trials. (A) Dynamic power

spectra in the correct (a, c) and incorrect trials (b, d). A time window of 1 s and

a stepping width of 0.2 s were used. The frequency resolution was about 0.36

Hz. The data were averaged over the trial type in each rat and then overall the

rats. The relative power divided by the total power of 1–30 Hz (a, b) and the

absolute power subtracted and normalized by that 10 s before the first lever press

(c, d) were calculated for each frequency. The times before the first lever press

are indicated as negative values. The pseudocolor scales in the right indicate the

relative power and the normalized absolute power. (B) Increase in the relative (a)

and the normalized absolute (b) power of the theta frequency band. The power

data of each frequency in A were integrated over the theta frequency band of
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Figures

6–9 Hz. The black and dotted lines indicate the data averaged over the correct

and incorrect trials in each rat, respectively, and then over the rats. The shaded

areas associated with the lines are standard error of the mean.
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Figures

Fig. 4. Increase in the relative and absolute theta power before the

first lever press in the right- and left-forelimb trials. (A) Dynamic power

spectra before the first lever press with the right (a, c) or the left (b, d) forelimb

in correct trials. The parameters used for the analysis were the same as in Fig.

3. The relative power (a, b) and the normalized absolute power (c, d) of each

frequency were calculated as in Fig. 3. (B) Increase in the relative (a) and the

normalized absolute (b) power of theta frequency band (6–9 Hz). The black and

dotted lines indicate the data averaged over the right- and left-forelimb trials,

respectively, and then over the rats. The shaded areas associated with the lines

are standard error of the mean.
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Figures

Fig. 5. Increase in the relative and absolute theta power before

the first lever press in the right and left robot-presentation trial. (A)

Dynamic power spectra before the first lever press in the right (a, c) or the left

(b, d) presentation of the robot. The parameters used for the analysis were the

same as in Fig. 4. The relative power (a, b) and the normalized absolute power

(c, d) of each frequency were calculated as in Fig. 4. (B) Increase in the relative

(a) and the normalized absolute (b) power of theta frequency band (6–9 Hz).

The black and dotted lines indicate the data averaged over the each trial, and

then over the rats. The shaded areas associated with the lines are standard error

of the mean.
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Fig. 6. Decrease in the relative and absolute theta power after

the termination of multiple lever pressing in the right- and left-forelimb

trials. (A) Dynamic power spectra after the last lever off with the right (a, c)

or the left (b, d) forelimb in correct trials. The parameters used for the analysis

were the same as in Fig. 3. The relative power divided by the total power of

1–30 Hz (a, b) and the absolute power subtracted and normalized by that at the

time of lever off (c, d) were calculated for each frequency. The times before the

last lever off are indicated as negative values. (B) Decrease in the relative (a) and

the normalized absolute (b) power of theta frequency band (6–9 Hz). The black

and dotted lines indicate the data averaged over the right- and left-forelimb trials

in each rat, respectively, and then over the rats. The shaded areas associated

with the lines are standard error of the mean.
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Figures

Fig. 7. Differences between the correct and incorrect trials during

the first and the second lever presses. (A) Duration of the time between the

first lever-on and the first lever-off (1st press), between the first lever-off and the

second lever-on (1st release), and between the second lever-on and the second

lever-off (2nd press). The data were averaged over the trial type in each rat

and then overall the rats. (B) Absolute power spectral density normalized by

the total power of the first press (see the methods for details) in the correct (a)

and incorrect trials (b). The spectrum was averaged over the trial type in each

rat, and then overall the rats. (C) Normalized power of theta frequency band

(6–9 Hz) in the correct (a) and incorrect trials (b). The error-bars indicate the

standard error of the mean.
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Fig. 8. Change in the theta frequency before the first lever press

and after the last lever release. (A) Increase in the dominant frequency of

theta oscillation before the first lever press in the correct and incorrect trials.

The filled and open circles indicate the data averaged over the correct and in-

correct trials in each rat, respectively, and then over the rats. (B) Increase in

the dominant frequency of theta oscillation before the first lever press (a) and

decrease after the last lever off (b) in the right and left forelimb trials. The filled

and open squares indicate the data averaged over the right and left trials in each

rat, respectively, and then over the rats. The error-bars indicate the standard

error of the mean.
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Figures

Fig. 9. Differences between the initial-short- and initial-long-press

trials before the first lever press in relative theta power and frequency. (A)

Duration of the lever-pressing in right (a) and left (b) trials during a session. Each

open-circles and squares indicate the beginning of lever-on individually. The tied

markers with a line represent a sequence of lever-on in a single trial. (B) Mean

latency of inter-trial intervals. The open or filled circles indicate the average in

each rat, and the bars indicate the average over the rats in each trial, respectively.

The tied makers with a line correspond to the same rat. (C) Increase in the

relative power of theta frequency band, which are integrated from 6–9 Hz. The

black and dotted lines indicate the data averaged over the initial-short and initial-
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long-press trials in each rat, respectively, and then over the rats. The shaded

areas associated with the lines are standard error of the mean. (D) Increase in

the dominant frequency of theta oscillation before the first lever press in initial-

short and initial-long-press trials. The filled and open diamond indicate the data

averaged over the initial-short and initial-long-press trials in each rat, respectively,

and then over the rats. The error-bars indicate the standard error of the mean.
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Figures

Fig. 10. Instantaneous phase of first lever-on and last lever-off in

the right- and left-forelimb trials. (A) The scheme for the definition of phase

(B) The phase, triggered in the first lever-on and -off, are averaged over right-

forelimb and the left-forelimb trials in each rat, respectively, and then over the

rats. The shaded areas indicate the standard error of the mean.
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Appendix

Appendix

1 Data acquisition system in the experiment

The data recording was conducted under the cheetah acquisition system during

the conditioning (S1 Fig.). The recorded local field potential via an electrode

interface was pre-amplified from EIB board to the Head stage. In the first pro-

cessing, the circuit input impedance is constructed highly so that the buffered

preamplifier system converts a weak electrical signal into an output signal strong

enough to be noise-tolerant. Then, the processed analog signal is amplified and

applied high and low cut analog filter in the Lynx-8 amplifier in the second. Af-

ter a series of this amplifier processing, the processed signal was digitized in the

Digital Lynx so that the data fraction are processed.
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