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Objective: Brain activity is known to be voluntarily controllable by neurofeedback, a kind of electroencephalographic 
(EEG) operant conditioning. Although its efficacy in clinical effects has been reported, it is yet to be uncovered whether 
or how a specific band activity is controllable. Here, we examined EEG spectral profiles along with conditioning training 
of a specific brain activity, theta band (4-8 Hz) amplitude, in rats.
Methods: During training, the experimental group received electrical stimulation to the medial forebrain bundle con-
tingent to suppression of theta activity, while the control group received stimulation non-contingent to its own band 
activity. 
Results: In the experimental group, theta activity gradually decreased within the training session, while there was an 
increase of theta activity in the control group. There was a significant difference in theta activity during the sessions 
between the two groups. The spectral theta peak, originally located at 7 Hz, shifted further towards higher frequencies 
in the experimental group. 
Conclusion: Our results showed that an operant conditioning technique could train rats to control their specific EEG 
activity indirectly, and it may be used as an animal model for studying how neuronal systems work in human 
neurofeedback. 
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INTRODUCTION

Converging evidence supports the notion that various 
rhythmic activities are closely related to distinct brain 
functions.1-4) The alpha rhythm in electroencephalo-
graphy (EEG) is associated with cognitive performance in 
humans.1) The hippocampal theta rhythm is related to 
learning in rats,5,6) rabbits7,8) and humans.9) As expected 
from these results, abnormalities in or loss of rhythmic ac-
tivity is associated with functional deficits,10,11) and restor-
ing rhythmic activity restores function in rats.12) More-
over, the enhancement of sensorimotor rhythms (12-20 

Hz) by operant conditioning resulted in the elevation of 
the seizure resistance threshold against epileptogenic 
compounds.13) These results strongly argue for the notion 
that changes in rhythmic activity are cardinal for adaptive 
brain functions.

Over the last several decades, a number of human stud-
ies examining voluntary control of rhythmic activity by 
training have been documented.14-20) This self-regulation, 
also known as neurofeedback training, has been widely 
interpolated to patients with neuropsychiatric disorders, 
such as anxiety,21) epilepsy,22,23) attention deficit hyper-
activity disorder,24,25) addictive disorders,26,27) post-trau-
matic stress disorder,28) and depression.29) Their ther-
apeutic efficacy has been reported in most cases. 
Furthermore, it has been reported that healthy individuals 
could improve cognitive14,17,30-32) or behavioral perform-
ance16) and surgical skills17) by training. 

Even though most studies have shown post-training task 
performance and training effects, it is unclear whether the 
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neurofeedback of specific frequency bands can really 
produce specific band activity modulation. A detailed de-
scription of the variation of rhythmic activity or the whole 
spectrum is usually neglected, and spectral profiles during 
training are rarely reported.33) A few studies focused on 
quantifying band activity changes with neurofeedback 
training.20,32)

Neurofeedback has been considered operant con-
ditioning of EEG band activity. One difference between 
neurofeedback and operant conditioning is that changes 
in brain activity alone are not consciously perceived, but 
behavioral changes, such as lever-pressing, are con-
sciously perceived. In neurofeedback, there is a physical 
stimulus converted from brain activity used as an explicit 
response. Another difference is that there is no contingent 
reward in neurofeedback training in human studies, while 
there is an explicit contingent reward in operant condi-
tioning. Reward is essential for operant conditioning and 
is known to be important in neurofeedback training.34) In 
neurofeedback, verbal mentioning of beneficial effects is 
provided before training, while an actual reward, such as 
food, water, or brain stimulation, is given contingently to 
a specific behavior in operant conditioning. There is con-
troversy about reward in neurofeedback. Beneficial ef-
fects in neurofeedback are presented only with sensory 
feedback and verbal descriptions of the beneficial effects 
of training.35,36) Therefore, the reward in neurofeedback 
may be contingent to the subject’s expectation of the ben-
eficial effect, and the expectation itself may induce a phys-
iological change, such as brain activity.37,38) Additionally, 
beneficial effects may be due to the induced subjective 
state during neurofeedback training.39) 

Considering a specific EEG activity as a kind of oper-
andum, we questioned whether operant conditioning 
could modulate specific brain activity in a manner similar 
to reinforcement of voluntary behavior in traditional oper-
ant conditioning. To answer to this question, we used the 
intracranial self-stimulation (ICSS) paradigm40) as a re-
ward. ICSS is a widely used experimental method in many 
operant conditioning studies,41,42) and animals learn how 
to behave to be rewarded. Here, we trained rats to sup-
press (instead of increase) their theta activity, as stim-
ulation of the medial forebrain bundle (MFB) induces the-
ta activity.43-45) In this animal model, it was possible to ex-
clude expectation bias, which has a compounding effect 
in human neurofeedback.37,38) Here, we examined wheth-

er the theta activity could be voluntarily modulated with 
MFB stimulation as the reward and whether activity of a 
specific frequency range could be modulated in rats. 
Lastly, the feasibility of the neurofeedback animal model 
using brain reward stimulation was addressed.

METHODS

Animals and Ethics Statement
Male Sprague-Dawley rats (Samtaco, Osan, Korea) 

weighing 300 to 350 g were housed in polycarbonate 
cages (25 [wide]×40 [deep]×17 [high] cm) with ad libi-
tum access to food and water. The light/dark cycle was 
automatically controlled to 12/12 hours (light on 07:00- 
19:00), and a room temperature of 20-25°C was main-
tained. After implantation surgery, rats were housed in-
dividually in separate cages. All experiments were con-
ducted in accordance with approved protocols and 
guidelines established by the Animal Care Committee of 
Kyungpook National University (approval No. KNU- 
2009-28) and the National Institute of Health Guide for 
the Care and Use of Laboratory Animals. 

Surgery
General anesthesia was carried out by intraperitoneal 

injection of a 2 ml/kg cocktail of 10 ml ketamine hydro-
chloride (50 mg/ml), 1.1 ml xylazine hydrochloride 
(23.32 mg/ml), and 2.67 ml saline. Anesthesia was con-
firmed by unresponsiveness to tail and toe pinches. 
Animals were then fixed in a stereotactic apparatus (David 
Kopf Instruments, Tujunga, CA, USA). A midline incision 
in the scalp was performed after subcutaneous injection 
of 2% lidocaine. The periosteum was removed. The sur-
face of the skull was cleaned with 3% acetic acid. The 
skull position was adjusted to ensure the bregma and the 
lambda had the same vertical coordinates. Holes were 
carefully drilled, and gold-plated stainless steel screws (∼1 
mm diameter) were implanted into the skull (frontal AP ＋
2 mm, L ±1.5 mm from the bregma; parietal AP −6 mm, 
L ±5 mm from the bregma; and occipital AP −3 mm, L ±2 
mm from lambda). Holes 2 mm in diameter were bi-
laterally drilled into the skull (AP −2.3 mm, L ±1.8 mm), 
and the dura mater was carefully removed. Formvar-coat-
ed #0 insect-pin electrodes were vertically inserted down 
to the MFB (−8.6 mm below the dura mater). Finally, 
connecting pins for EEG recording and MFB stimulation 



 Operant Conditioning of Cortical Theta in Rats 95

were assembled in a package and fixed with dental ce-
ment on top of the skull. Animals had at least 7 days for re-
covery, and their body weights were checked daily.

Operant Training
The detailed procedures used for lever-press training 

are described elsewhere.46) Briefly, animals were trained 
in an operant chamber (30×24×24 cm, model ENV-008- 
VP; MED Associates, Fairfax, VT, USA). A customized 
program developed by LabView (National Instruments, 
Austin, TX, USA) was used to control the chamber 
through a digital input/output device (NI USB-6008; 
National Instruments) and to trigger the constant current 
stimulator (Model 2100; A-M Systems, Sequim, WA, USA) 
that delivered electrical stimulation to the animal. The bi-
phasic electrical stimulation was characterized by a 300 
ms pulse-train duration, 0.2 ms pulse-width, and a 4 ms 
inter-pulse interval (250 Hz).

After recovering from surgery, animals were initially 
shaped to press a lever in the chamber. After delivery of 
the free reward, animals voluntarily pressed the lever and 
electrical stimulation was contingently delivered to the 
MFB. Animals that showed abnormal behavior, such as 
jerking or head twitching, with stimulus delivery were not 
used. Stable lever-pressing performance was established 
two or three days after successful shaping. Rats that press-
ed the lever ＞30 presses per minute were used for sub-
sequent experiments.

Optimal Stimulus Intensity
To find the optimal stimulus intensity, we constructed 

an intensity and response curve for each animal. A de-
tailed procedure is described elsewhere.46) Briefly, the 
number of lever presses performed by an animal was 
counted during a 3 minutes interval at an initial current in-
tensity (50 A). The current intensity was increased by 25 
A. As the intensity increased, animals pressed the lever 
more often, and the number of lever presses was counted 
at all intensity levels. When the number of lever presses 
was decreased or animals showed abnormal behavior 
(squeak and/or jerking), the procedure was stopped, and 
the reversal phase began (i.e., intensity decreases by 25 
A every 3 minutes). These processes were repeated 
twice. The total number of lever presses at each intensity 
level was examined. The optimal intensity level corre-
sponding to the supramaximal response was chosen. 

Once the current intensity was determined, it was fixed 
throughout the experiment. 

Next, animals were ranked based on both the lever- 
press number at the optimal intensity level and body 
weights. Animals were then paired successively based on 
their ranking, and the rats in each group were randomly 
assigned either to the experimental training (E group) or 
the yoked control (C group).

Experimental Design
We performed theta suppression training for the theta 

band frequency (4-8 Hz). For the training, an animal pair 
(E and C) was individually placed in two identical and in-
dependently controlled operant chambers. Both animals’ 
unilateral parietal cortex EEG were amplified (gain of 
5,000) using an analog AC amplifier (7P511, Model 7 
Polygraph; Grass Instruments, West Warwick, RI, USA) 
with a low-pass cut-off frequency of 100 Hz. Amplified 
signals were then digitized by a data acquisition device 
(NI DAQPad-6015; National Instruments) with a sam-
pling rate of 1 kHz. To compute the band amplitude of 4-8 
Hz, digital band-pass filtering (third order Butterworth) 
and the root-mean-square (RMS) value of the filtered sig-
nal were used. Band RMS was computed online for every 
50 ms bin.

A single daily session of suppression training consisted 
of three consecutive blocks (10 minutes of pre-training, 
PRE; 30 minutes of suppression training, TRAIN; and 10 
minutes of post-training, POST) (Fig. 1A). In the PRE 
block, the EEG was recorded, and the band RMS of 4 to 8 
Hz was computed. At the end of the PRE block, the band 
RMS values of the E rat were averaged and 50% of the 
computed average was used as a threshold level for the 
TRAIN block.

During the TRAIN block, the band RMS amplitude of 
each 250 ms bin was compared with the threshold. 
Whenever the band RMS value was less than the de-
termined threshold level, animals of both groups received 
reward MFB stimulation (Fig. 1B). Therefore, reward stim-
ulation was delivered contingently to the animals in the E 
group, and non-contingent stimuli were delivered to the 
animals in the C group (Fig. 1C). To avoid continuous re-
ward stimulation, which may produce convulsions, ani-
mals were not allowed to receive another reward stimulus 
within 500 ms following previous stimulation. 

Animals were trained for ten sessions over two weeks. 
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Fig. 1. Experimental setup and contingent reward delivery. (A) A single daily session consisted of three blocks: PRE (10 minutes of pre-training), 
TRAIN (30 minutes of suppression training), and POST (10 minutes of post-training). (B) During TRAIN block, the parietal electroencephalography 
(EEG) of the experimental group (E group) rats was band-pass filtered, and the band root-mean-square (RMS) value of each 250 ms bin was 
calculated. Whenever the band RMS value was less than the determined threshold level, the reward (medial forebrain bundle stimulation) was 
delivered to both the experimental (Exp) and control (Cont) rats. (C) Example traces of parietal EEGs from E and C group rats. The arrowheads indicate 
the reward stimulation delivered during training.

Throughout the sessions, EEGs, band amplitudes, and re-
warding time were stored on a computer for later offline 
analyses. 

Analysis
From the reward MFB stimulation records, the number 

of stimuli over the 5 minutes bin of the TRAIN block were 
calculated.

Recorded EEGs were analyzed offline using custom-
ized programs developed by Matlab (MathWorks, Natick, 
MA, USA). The band RMS values were computed using 
the digital Butterworth filter (the same as used for online 
training). The band RMS values were averaged for every 5 
minutes bin. 

EEG amplitude spectrums for each block were assessed. 
The Hanning window was multiplied by the raw EEG for a 
given block, and the EEG spectrum was computed using 
the Fast Fourier Transform algorithm. Binning and moving 
average algorithms were further applied to the spectrum 
for smoothing. The frequency resolution of the resulting 
spectrum was 0.05 Hz. Spectrums for the PRE (10 mi-
nutes) block, the last 10 minutes of the TRAIN block, and 
the POST (10 minutes) block were assessed. 

The spectral theta peak was defined as the peak within 
the frequency range of 4 to 10 Hz, and its frequency and 
amplitude were calculated. 

Stimulus-triggered averages of EEG signals and band- 
pass filtered signals were calculated from signals 1 second 
before to 2 seconds after the beginning of stimulation for 
each animal. Then, the RMS amplitudes for 4 periods (−1 
to −0.25 second, −0.25 to 0 second, 0 to 1 second, and 
1 to 2 seconds of stimulation) of the stimulus-triggered 
average were calculated. 

Statistical Analysis
Three-way ANOVA was used to compare the differ-

ences in theta peak frequency and amplitude between 
groups, sessions, and blocks. Then, one-way ANOVA 
with Tukey’s post hoc analysis was used to compare the 
differences at each block. To compare spectral profiles, 
t tests were used to test differences of amplitude in each 
frequency bin. 

Two-way repeated measures ANOVA was used to 
compare the differences between groups over time. 
One-way ANOVA with Tukey’s post hoc analysis was al-
so used. Two-tailed t tests were also used to test the mean 
differences of specific data between the two groups. All 
data were represented in the form of mean±standard error 
of mean. The p values smaller than 0.05 were considered 
significant except in comparisons of spectral profiles in 
which p values smaller than 0.01 were considered 
significant. Matlab Statistical Toolbox (MathWorks, 
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Fig. 2. The stimulus triggered average of electroencephalography (A) and band-pass (4-8 Hz) filtered signals (B) during the training block. Electrical 
stimulation induced time-locked 6 Hz oscillations with raised amplitudes. (C) Root-mean-square amplitudes of periods 1 second before and after the
stimulus.
Cont, control; Exp, experimental. 

Natick, MA, USA) was used for statistical analysis.

RESULTS

Lever-press Training
Animals that pressed the lever less than 30 times per mi-

nute or showed abnormal responses to the MFB stim-
ulation during lever-press training were excluded in this 
study. Otherwise, we deemed that the implantation sur-
gery was successful, and electrode tips were correctly 
positioned at the MFB area. A total of 16 rats showed sta-
ble lever-press performance and were used for theta sup-
pression training. Eight pairs of rats were assigned to either 
a yoked control (C) or an experimental (E) group. The 
mean current intensity of the MFB stimulation was 
116.67±34.16 A (mean±standard deviation). 

Reward Stimuli-evoked Cortical Activity
The stimulation-evoked cortical activity in both groups 

increased in amplitude. The stimulus-triggered EEG aver-
age and filtered signal of both groups are shown in Figure 
2A and 2B, respectively. Raw EEG and theta activity were 

aligned by stimulus time. This alignment shows the effect 
of the electrical stimulation on the cortical EEG. Root 
mean square (RMS) amplitudes of 4 periods around the 
stimulus-triggered theta activity are depicted in Figure 2C. 
RMS values in the E group were lower than in the C group 
(F(1,42)=4.73, p=0.047), and RMS values in both groups 
were different among periods (F(3,42)=36.81, p=0.000), 
but there was no interaction between groups and periods 
(F(3,42)=1.81, p=0.160). RMS amplitudes of the first and 
second periods (−1.0 to −0.25 second and −0.25 to 0 
second) (p=0.0314 and 0.000, respectively) before stim-
ulus were lower in group E than in group C. The stimulus 
evoked an approximately 6 Hz rhythm locked to the 
stimulus. 

Number of Reward Stimuli 
The number of reward stimuli during feedback training 

is shown in Figure 3. It gradually increased along with the 
successive 5 minutes bins of the training block (within- 
session) in the first (F(5,35)=2.63, p=0.041) and tenth ses-
sion (F(5,35)=8.55, p=0.000) and in the pooled data (Fig. 
3A; F(5,35)=8.66, p=0.000). The number of reward stim-
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Fig. 3. (A) Number of rewards received in successive 5 minutes bins during the TRAIN block. Rewards tended to significantly increase with time 
(F(5,35)=2.62, p=0.041 in the first session; F(5,35)=8.55, p=0.000 in the 10th session; and F(5,35)=8.66, p=0.000 in all pooled sessions). (B) The 
number of rewards within the sessions increased significantly (F(9,63)=2.73, p=0.009 in the first 5 minutes; F(9,63)=2.61, p=0.012 in the last 5 
minutes; and F(9,63)=2.88, p=0.007 in the whole block). 
SN, session number.

uli gradually increased across sessions (Fig. 3B; F(9,63)= 
2.88, p=0.007). This indicates that subjects could learn to 
suppress theta activity gradually with operant condition-
ing training.

Changes in Spectral Profiles 
Spectral profiles of the parietal cortex EEG were exam-

ined by comparing the amplitude of each frequency bin 
using t tests. First, the amplitudes were compared be-
tween blocks (Fig. 4A). During the first session, the ampli-
tudes of most frequency bins in the training band (4-8 Hz) 
decreased during the TRAIN block compared to the PRE 
block in both the C and E groups. There was also in-
creased amplitude in most frequency bins in the higher 
frequency bands (alpha band, 8-12 Hz) in the TRAIN 
block compared to the PRE block. During the tenth ses-
sion, the training band and higher frequency amplitudes 
were significantly different only in the E group.

The amplitudes were compared between the first ses-
sion and the last session (Fig. 4B). No significant differ-
ences were observed between sessions in the C group, 
while the amplitudes of a few frequency bins in the theta 
band and the alpha band were different in the E group. 

The amplitudes were compared between groups C and 
E (Fig. 4C). Amplitudes of only a few frequency bins were 
different between groups for the first session, but the am-
plitudes of most frequency bins in the theta band and the 
alpha band were different between groups. This result in-

dicates that the amplitude differences between groups 
grew with successive sessions. 

The shape of the spectral profiles showed that the spec-
tral theta peak shifted to the higher frequency range more 
in the E group than in the C group with suppression 
training. We then examined the peak amplitude and fre-
quency of the spectrum in the first and tenth sessions (Fig. 
4D). The frequency of the spectral peak was significantly 
different between groups (F(1,85)=22.95, p=0.000) and 
between sessions (F(1,85)=8.97, p=0.004) and among the 
three blocks (F(2,85)=38.01, p=0.000). The amplitude of 
the spectral peak was not different between groups 
(F(1,85)=0.38, p=0.539), but was significantly different 
between sessions (F(1,85)=5.5, p=0.021) and among the 
three blocks (F(2,85)=13.14, p=0.000). 

These results indicate that the decrease of the ampli-
tude of the theta band is accompanied by the gradual shift 
of the frequency of the theta peak through sessions of the-
ta suppression training, and the decrease of the amplitude 
of the theta band and the shift of the frequency shift are 
maintained after the training sessions (Fig. 4). 

Changes in Band RMS Amplitudes
The changes in theta activity, the suppression training 

target, within a session and across sessions are shown in 
Figure 5A and 5B, respectively. Theta activity tended to 
decrease in the E group with no changes in the C group 
within the TRAIN block (Fig. 5A). Training decreased the-
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Fig. 4. Spectral profiles of parietal cortex electroencephalography. (A) Among periods (PRE, TRAIN and POST), (B) between groups (Cont and Exp), 
and (C) between the first and last sessions (SN 1 and SN 10). Significant differences are indicated with dots on the plot (p＜0.01). (D) Plot of frequency 
and amplitude of theta peaks at each period before (PRE), during (TRAIN), and after (POST) conditioning training. Significant differences are 
indicated with asterisk (p＜0.05).
PRE, 10 minutes of pre-training; TRAIN, 30 minutes of suppression training; POST, 10 minutes of post-training; Cont, control; Exp, experimental; SN, 
session number.

ta activity compared to the pre-training level in the E 
group (F(1,14)=21.168, p=0.000) with no differences be-
tween the first session and the tenth session 
(F(1,14)=0.005, p=0.946). In the C group, theta activity 
did not change within the TRAIN block, but there was a 
slight increase during the TRAIN block for the tenth 
session. In the POST block, theta activity was restored to 
its pre-training levels in both groups (Fig. 5A). The theta 
activity for the last bin of the TRAIN block did not sig-

nificantly change across sessions (F(9,126)=1.583, 
p=0.127), but it was different between groups (F(1,14)= 
10.418, p=0.006) (Fig. 5B). 

There were no significant differences between groups 
in other bands (data not shown) except the alpha band. As 
shown in Figure 5C, alpha activity tended to increase dur-
ing the TRAIN block in both groups (C group: F(1,14)= 
43.877, p=0.000; E group: F(1,14)=57.783, p=0.000), 
and there were no differences between the first and tenth 



100 M. Roh, et al.

Fig. 5. Changes in theta (left column) and alpha (right column) activity (root-mean-square [RMS]). (A, B) Intra-session changes in the first and tenth 
sessions. Note the theta activity decreased over time in the TRAIN period in the experimental group but not in the control group. Alpha activity 
increased over time during the TRAIN period in both groups. (C, D) Activity changes in the TRAIN period across sessions. Theta activity remained 
unchanged (or slightly increased) in the control group but was significantly lower in the experimental group (p＜0.05). Alpha activity remained 
unchanged with no differences between groups.
PRE, 10 minutes of pre-training; TRAIN, 30 minutes of suppression training; POST, 10 minutes of post-training; Cont, control; Exp, experimental; SN, 
session number.

sessions (F(1,14)=1.379, p=0.260). The alpha activity for 
the last bin of the TRAIN block did not significantly 
change across sessions and was not significantly different 
between groups (Fig. 5D). 

DISCUSSION

In this study, we examined the spectral profile changes 
in a neurofeedback animal model using intracranial elec-
trical stimulation to the MFB as a reward and whether the 
animal could voluntarily control its brain activity, specifi-
cally theta activity suppression in this study. Training of 
theta activity suppression gradually occurred in the E 

group but not in the C group within sessions and across 
sessions. It seemed that rats could voluntarily control their 
brain activity, and this training could be accomplished 
through operant conditioning. 

The ICSS-operant conditioning paradigm could be used 
to study practical training of self-control of brain activity. 
However, there are some restrictions. First, electrical re-
ward can elicit transient oscillations artificially in the 
brain, which are undesirable.45) This effect makes it some-
what unmanageable to examine the exact quantity of 
brain activity modulated voluntarily. Second, rats can 
show rearing and sniffing behavior when they are re-
warded with electrical stimulation.47) To avoid con-
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tamination due to electrical stimulation-induced theta ac-
tivity, we instead tested suppression of theta activity. 

The aim of this study was to suppress band activity 
within the theta frequency range. We used electrical stim-
ulation delivered to the MFB as a reward whenever the ex-
perimental rat suppressed its theta activity. The MFB is 
widely understood for its function in reward and motiva-
tion.40,42,48,49) Animals were allowed to move freely during 
training sessions. When stimulation was delivered, highly 
increased locomotion as well as searching behavior was 
observed (actually we only measured two pairs of rats), as 
previously described.47) Since both the speed of locomo-
tion and the motivational state may affect theta rhythm 
frequency,43) the observed shift of the theta peak might be 
explained by the modulation effect of locomotion and not 
by MFB stimulation. In fact, the frequency of the theta 
rhythm-evoked response by MFB stimulation was around 
6 Hz, so the shift of the theta peak to the higher frequency 
might be explained by increases in locomotion rather 
than MFB stimulation even though overall theta activity 
was decreased in the experimental group but not in the 
control group. 

Theta activity was reduced significantly within the 
training period of a single session. The reduced theta ac-
tivity was hardly maintained in the subsequent sessions. 
This result is in line with human alpha neurofeedback 
training.20) One possibility for this finding is that we only 
had 10 sessions of feedback training, which does not 
seem to be enough to constantly alter brain activity.32) 
Nonetheless, theta activity gradually increased across 
sessions. 

Theta reduction in the E group compared to the C group 
was a specific change in response to suppression training. 
The activities of other bands except the alpha band were 
not changed significantly during sessions and across 
sessions. However, theta suppression was not maintained 
across sessions in the E group; rather, theta activity in the 
C group increased across sessions. Alpha activity in-
creased during training in both groups. The relatively sup-
pressed theta in the E group compared to the C group was 
due to the shift of the theta peak frequency during theta 
suppression training. This shift observed during the train-
ing block might be explained by a dependency of the the-
ta rhythm on locomotor speed and the motivational-emo-
tional state.43) This property might have maintained low 
theta activity in the E group but increased alpha activity in 

both groups. In the C group, reward stimulation might 
have caused nonspecific locomotion and theta activity. 

It appears that electrical reward itself affected the mod-
ulation of the spectral peak. It has been reported that elec-
trical stimulation enhances the 8-12 Hz (referred to as al-
pha) activity.45) However, the theta peak moved above 8 
Hz gradually only in the E group but not in the C group, so 
the reward stimulation may not have caused the theta 
peak shift. Instead, this suppression training may cause a 
shift of the resonance frequency of cortical theta oscilla-
tions. 

For the spectral peak shift, a resonance network model 
has been proposed.50) We confirmed that the band activ-
ity was practically affected by the spectral peak, which 
represents the dominant oscillation frequency resulting 
from the synchronization of neuronal population. There-
fore, how an individual can modulate his or her brain ac-
tivity voluntarily encompasses the question of how oscil-
latory networks generate resonance frequencies (or an 
“optimal coupling level,” according to Lubar50)).

Most human neurofeedback training has been focused 
on either specific band power regulation16-18,32) or the fre-
quency of the alpha peak.51) It is still controversial wheth-
er the spectral profile changes during neurofeedback 
training.31) Our results demonstrated that spectral changes 
were clearly shown during training but disappeared a few 
minutes after training. However, there was a remaining ef-
fect in the next training session. This finding suggestsa 
learning effect of theta suppression. It might be preferable 
to assess EEG spectraduring neurofeedback training.52)

Current neurofeedback training focuses on the control 
of specific band power. Our data suggests that band pow-
er is not independently modulated. Rather, it is closely re-
lated to its neighboring bands and to the shift of the spec-
tral peak and the modulation of the resonant frequency 
span over these bands. There are a large number of clin-
ical studies that use the alpha/theta ratio as a feedback 
parameter.32,53) This might be a result of the spectral peak 
shift from theta to alpha and vice versa. 

When a spectral peak is located in or near the band to 
be regulated, overall spectral dynamics (peak amplitude 
and frequency) seem to play a crucial role. In such a case, 
band activity regulation is highly correlated with peak-as-
sociated modulation, not a uniform suppression over the 
whole range of the training band. This might also influ-
ence the level of training difficulty. Therefore, the exami-
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nation of overall spectral profiles during training should 
be required for better neurofeedback training.

We proposed a new framework to study neurofeedback 
using animals. Incorporating the ICSS paradigm, it al-
lowed rats to control their brain activity according to ex-
perimental criteria. Furthermore, this setup gave us the 
possibility to investigate the mechanism of voluntary EEG 
modulation. Spectral shift appears to be one of the pri-
mary processes involved in band activity regulation to-
gether with resonance networks. This operant condition-
ing of the animal EEG will lead to new insights into the 
mechanism of neurofeedback as well as oscillatory mod-
ulations in the brain.

It is unclear whether neurofeedback training can be 
considered operant conditioning of specific band activity. 
It is thought that in neurofeedback a subject can volun-
tarily control brain activity through awareness of the brain 
activity state with a perceivable physical stimulus repre-
senting that activity and through the expectation that the 
consequence of the change of brain activity will result in a 
reward; this idea contrasts operant conditioning in which 
control of a voluntary motor behavior is naturally percei-
vable. Non-perceivable functional changes, such as brain 
activity or involuntary autonomic physiological changes, 
are trained in neurofeedback or biofeedback,22) while a 
perceivable behavior like a lever-press is trained in oper-
ant or instrumental conditioning.40) We supposed that 
physical stimuli representing brain activity instead of 
wanted brain activity could be perceived and potentiated, 
and then the status producing specific brain activity may 
be conditioned during neurofeedback training. 

Our results lead to the question of how animals achieve 
their goal and what strategies they use. These subtle 
changes of physiological activity are not consciously ex-
plicitly perceived and controlled, but it is suggested that a 
certain specific strategy could be used to control the sub-
tle changes.39) In fact, autonomic functions cannot be 
controlled directly but indirectly, and direct control of au-
tonomic functions remains to be demonstrated.54) EEG bi-
ofeedback is only one exception that is suggested to be 
operant conditioned.55)

There is a difference between operant conditioning and 
human neurofeedback. There is no explicit contingent re-
ward in neurofeedback training in humans, while there is 
an explicit contingent reward in operant conditioning. 
Our results indicated that learning how to reduce band 

activity was rapidly completed in the first session, maybe 
due to the reward modality.49,56) This result is not con-
sistent in human neurofeedback studies. For example, op-
erant conditioning of the lever-press behavior gradually 
increased within sessions and across sessions, while con-
trol of brain activity in human has been reported differ-
ently from our results. Theta/alpha feedback training in-
creases the rhythm ratio within sessions but not across ses-
sions,32) and theta activity increases along sessions.57) In 
contrast, alpha activity gradually decreases within ses-
sions, but baseline alpha increases along sessions in alpha 
feedback.20,52) Sometimes, neighboring band activity 
changes accompany target band feedback training, such 
as changes in alpha activity during low beta neuro-
feedback.41) Collectively, neurofeedback training did not 
seem to gradually change the training target, while, in 
contrast, behavioral training gradually increased in oper-
ant conditioning. 

To develop a neurofeedback animal model, we used 
operant conditioning of brain activity using ICSS to the 
MFB as a reward. Rats could learn to suppress band activ-
ity across sessions through changes of the spectral profile 
accompanied by peak frequency shift rather than actual 
suppression of specific brain activity. Our results showed 
similar characteristics reported in human neurofeedback 
studies. Our animal model could be used as a model for 
human neurofeedback.
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