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APPENDIX

Table A1 | Brain activity during mental calculation task.

Cluster size Voxel T MNI coordinate Laterality Anatomy

x ¥ z {mm)

952

-40 68 L Postcentral gyrus
169 -2 38 L Postcentral gyrus
124 -22 40 L Supramarginal gyrus
108 -72 —44 R Cerebellurmn lobule Viib)
178 42 -10 L Middle orbital gyrus
176 0 10 L Superior fromtal gyrus
30 62 24 R Superior frontal gyrus
—4 74 L Cerebellum tlobule Vilb)

163

6452 9.27 —42 —42 68

L Pasteentral gyrus
299 732 16 -74 ~48 R Cerebellum (fobule Viib)
497 6.15 26 -72 -18 R Cerebellum
312 4.91 -22 -98 10 L Middle occpital gyrus
1015 5.42 42 -38 62 R Posteentral gyrus
134 4.28 —48 —64 ~8 L Inferior temporal ayrus
427 4.12 34 44 34 R Middle fronial gyrus

290 8.42 —44 52 10 L Middle frontal gyrus

14 74 42 ‘R Cerebellum (lobule Viib)
24 -70 -12 R Fusiform gyrus

10.06 14 ~74 —42 R Cerebellum {iobule Vilb)
791 18 -56 78 R Superior parigtal lobule
768 -20 -66 64 L Superior parietat lobule
6.80 ~50 -4 58 L Pracentral gyrus
6.42 -2 —48 -14 L Cerebellum {vermis)
5.43 -22 -80 12 L Middle occipital gyrus
5.73 -60 2 38 L Precentral gyrus
5.81 32 -36 74 R Posteentral gyrus
4.91 38 —24 48 R Postcentral gyrus
4.73 40 58 4 R tiddle frontal gyrus
4.55 22 —-88 10 R Superior occipital gyrus

461 6.04 -18 -84 64 L Superior parietal lobule

414 6.00 16 -60 78 R Superior parietal lobule
a5 4.59 30 -34 74 R Postcentral gyrus

508 4,31 30 -84 10 R Middle ocapital gyrus

182 4.20 42 56 8 R Middle frontal gyrus
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Table AZ | Brain activity during digit memory task.

Cluster size (number of voxel) T value MNI eoordinates Laterality Anatomy

x y z {mm)

7021 10.18 —62 -20 38 L Supramarginal gyrus
656 797 26 =70 —20 f Cerebellum {lobute Vi)
432 6.89 26 -52 72 R Superior parietal lobule
368 6.08 —38 34 -4 L {nferior fromal gyrus
162 542 -2 12 58 L SMA
215 4.68 —48 ~54 -12 R infenior temporal gyrus
166 475 46 52 4 L Middle frontal gyrus
178 47 -28 14 10 L fnsula

10518 18.9 —42 ~44 56 L inferior parietal lobule

3208 1787 24 -72 -16 R Fusiform gyrus

2988 13.06 22 ~50 74 R Superior parietal lobule
495 10.04 —-40 -62 -2 L Middle temporal gyrus
946 8.67 —44 42 22 L Middle frontal gyrus

1382 8.24 40 54 4 R Middle frontal gyrus
581 775 —26 -B6 -24 L Cerebellum {lobule V1)

1852 762 2 -88 20 3] Cuneus

98 3.88 52 -8 20 ] Rolande oparculum

MNI coordinates {x, v, z} and staustical tvafues at the peak anatomical voxel and size of cluster (nurmber of voxels) are listed (P < 0 001 uncorrected for muttiple
comparisons at voxel level, p < 0.05 corrected for multiple comparisons with Gaussien random field theory at cluster fevel) L indicates the left hemisphere whereas
R indicates the nght hermsphere
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bilateral transcranial direct current stimulation on performance of a mental

calculation task

Kazumi Kasahara?b:¢, Satoshi Tanaka®d*, Takashi Hanakawa®€f, Atsushi Senoo?, Manabu Honda®¢

I Graduate Schoof of Human Health Science, Tokyo Metropoliton University. Tokyo 116-8551. fapan

b pppurtment of Functional Bruin Research. Nutional insiitute of Neuroscienve, Nationol Center of Newrvlogy end Psychiatry, Tokyo 187-855], jepun
< fapan Society for the Promotion of Science, Tokyo 102-8472, japan

4 Center for Fostering Young and Innovative Researchers, Nagoya fnstitute of Technology, Nagoya 466-8555. japan

< Integrarive Braln Imaging Center, Natfonal Center of Neurology and Psychiatry, Tokys 187-8551, japan

f Japan Science and Technology Agency. Saitama 332-0012, japan

HIGHLIGHTS

o The effects of (DCS on cognitive tasks vary among individuals.

e Bilateral tDCS can improve the performance of mental calculations.

¢ Improvement is only seen in subjects with left-hemispheric parietal latevalization,
e Lareralization of brain activity may predicrt the effects of bilateral tDCS.
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ABSTRACT

Transcranial direct current stimufation (tDCS) is a non-invasive technique that moderates cognitive and
motoer function. The effects of tDCS on cogmtive and motor {asks vary among individuals. However, the
source of the inter-individual variabitity remains unknown. The purpose of the present study was 1o
examine whether the effect of bilateral tDCS on the performance of mental calculations differs among
individuals according to the functional lateralizarion of parietal activity observed during a menral calcu-
lation rask. Sixteen healrhy subjects (11 males and five females, aged 20-23 years) participared. Laterality
of parictal activity during a mental calculation task was cvaluated using functional magnetic resonance
imaging. Subjects also performed the mental calculation task pre-, during-. 30 min post-, and 60 min
post-tDCS. Bilateral ¢DCS with the anode over the left parietal cortex and rhe cathode over the right
parietal cortex shortened response aimes of the mental calculation task in subjects with left-hemispheric
pariecal lateralization, but not in subjects with bilateral parietal activation. This indicates that wnter-
individual variability in laterality of brain activity might be an important factor underlying the effect of
bilateral (DCS. In conclusion, bilateral (DCS over the parietal cortex enhanced the performance of mental
calculations in subjects with left-hemispheric parieral lateralization.

© 2013 Elsevier Ireland Led. All rights resecved.

1. Introduction

by & weal direct current delivered through the skull. The polarity
of the stimulation determines whether the excitability of the tar-

Transceanial direct curreot stirnulation (tDCS) is a brain stimula- geted brain regions is increased or decreased [12]. tDCS enhances
tion technique whereby a localized region of the brain is stimulated various cognitive and motor functions {3,10,15,16), raising the pos-

sibility that tDCS could be beneficial in clinical settings. However,
the effects of tDCS on cognitive tasks vary among individuals [13].
The source of the individual variability might be related to age,

Abbreviations:  ANOVA, analysis of variance; MR, functional magnetic res-
onance imaging; LARC, lelt<anode and wight-cathode: LCRA. left-cathode and
right-anode; L1, laterality index: (DCS, transcranial direct current stimulation.

* Corvesponding author at; Center for Fostering Young and Innovative
Researchers, Nagova Institute of Technology, Gokisa-cho Showa-ku, Nagoya 466-
8555, Japan, Tel.: ¥81 52 735 7150.

E-mail addresses: tanakasatoshi@nitech.acp, tanaka1876@gmail.com
(S. Tanaka).

0304-3940/S - see front maiter ® 2013 Elsevier Ireland Ltd. All rights reserved.
http:f/dx.doverg/10.1018/j.neule1 2013.04.022

sex, genetics, attention, and regular exercise |13|, but influence of
patterns of intrinsi¢ brain activity remains unknown.

Recent studies have demonstrated that bilateral tDCS, which
excites one hemisphere and inhibits the other, improved motor
function {19}. However, little is known about the effects of bilateral
tDCS on cognitive function. The purpose of the present study was to
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examine the effect of bilateral tDCS on the performance of mental
calculations. It has been described by neurocimaging and neuropsy-
chological studies and is widely accepted that calculation funcrion
is predominantly localized in the left parietal cortex [4). Bihemi-
spheric tDCS that excites the left and inhibits the right parietal
cortex would increase the excitability of the left parietal cortex and
simultaneously decrease the excitability of the right parietal cor-
tex. The decrease in excitability of the right parietal cortex might
further increase the excitability of the left parietal cortex through
a reduction in inter-hemispheric jnhibition [3,19). We therefore
hypothesized that the performance of mental calculations would be
enhanced by bihemispheric tDCS that excites the left and inhibits
the right pariera) cortex. By contrast, we expected that bilateral
tDCS that inhibits the left and excites the right parietal cortex would
inhibit the performance of mental calculations,

In the present study, we also examined if the effect of bilateral
parieta) tDCS differs among individuals according to the functional
lateralization of brain activity, as assessed by functional magnetic
resonance imaging (fMRI) during a mental calculation task. [tis well
known that there is large inter-individual variability in functional
lateralization for cognitive and motor function [2,68]. Lateralized
fMRI activation during a specific task indicates that the task-related
function is more localized in one hemisphere than in the other.
We therefore hypothesized that bilateral parietal tDCS that excites
the left and inhibits the right hemisphere would enhance the per-
formance of mental calculations more in subjects with a high
lateralization of (MRI aclivity toward Lhe le(t hemispliere,

2. Materials and methods
2.1. Subjects

Sixteen healthy right-handed adults (11 males and five females;
mean age, 21.1 years; range, 20-23 years) participated in this
single-blind study. No subjects took any medication and no subjects
had a history of psychiatric or neurological illness. Inter-individual
differences in genotype and neuroanatomical images were not
examined. All subjects gave informed consent before the experi-
ment, The institutional ethics committee of the National Center of
Neurology and Psychiatry (Japan) approved this experiment.

2.2. fMRI experiment

Before the tDCS experiment, fMRI was conducted to measure
brain activity during a mental calculation task. These data were
used to identify the optimal stimulation site for tDCS and to quan-
tify the laterality of the parietal activity during a mental calculation
task.

2.2.1. fMR] acquisition

A 3-Tesla whole-body MR scanner (Siemens Magnetom
Trio; Erlangen, Germany) was used to obtain the MR images.
Whole-brain TMRI was acquired using a 12"-weighted echo
planar imaging sequence (repetition time=3000ms; echo
time =30 ms; flip angle=90°; field of view=192mm x 192 mm;
voxel size=3mmx3mmx3mm; total of 44 slices). A
high-resolution  structural Ti-weighted image was also
acquired using a magnetization-prepared rapid acquisition
of gradient-echo sequence (repetition time=2000rms; echo
time =4.38 ms; inversion time=990rus; flip angle=8°; field of
view =256 mm x 256 mm; voxel size =1 mni x 1 mm x T mm).

2.2.2. fMR! mental calculation task
Subjects lay on the scanner bed, held an MRI-compatible
response unit with the right hand, and viewed visual stimuli

A

Rasponse
time

fMRI tDCS

Cale [Cont 1Cont] | Cale |Cont] | Cale |Cont

Pre uring  30minafter 60 min after
N

-~

Time

Fig, 1. Experimental design. (A) Calculation task design for the functional magnetic
resonance imaging (IMRI, left) and transcranial direct current siimulation ((DCS,
night) experiments. In the AVRI experiment, subjects we re presented with four pos-
sible answers o the multiplicarion problem and were required to select the correct
answer as guickly as possible. in the tDCS experiments, subjects were instracted to
enter the correct answer on 3 numene keypad as quickly a5 possible. (B) The calcn
lation task (Calc)and 3 choice reaction task (Cont) were performed pre-, dunng-. 30
post-, and 60 min post-1DCS. Gray shading indicates the ume of 1DCS.

projected onto a screen through a mirror. A multiplication prob-
lem comprising a two-digit number and a one-digit number was
presented on the screen for 3sas“Problem”, followed by four three-
digit numbers simultaneously presented for 7s under the prompt
“aAnswer” (Fig. 1A, left). The subjects were requested to multiply the
two numbers presented in the “Problem”, and to choose the cor-
rect answer front che four aptions presentéd as quickly as possible
by pushing a burton within the 7s response window. For exam-
ple. if “64 x 7" was presented, the subject was required to press
the button corresponding to “448”. This chaice response task was
used in the IMRI experiments to minimize hand movements, which
may induce motion artifacts in the acquired images. A block design
was used in which a rest block and a task block, each of 365 dura-
tion, were alternatively presented. A task block consisted of three
trials (i.e., three "Problems"). One scanning session contained six
rest blocks and six task blocks; therefore, one scanning session
contained 18 trials.

2.2.3. fMRI] data analysis

MRl data were analyzed using SPM8 (http:/jwww.filion.
uclac.uk/spm) in Matlab R2010a (MathWaorks, Natick, MA, USA).
The data were spatially normalized and smoothed with a Gaussian
kernel of 8 mm full width at half maximum. After these proce-
dures, individual contrast images were calculated by comparing
the data from task blocks to those from rest blocks. For the group
analysis, the brain regions activated were determined using a
random effect model] (P <0.005 uncorrected at the voxel level, fol-
lowed by family-wise error correction for multiple comparisons
at the cluster level at P<0.05). For the individual analysis, the
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laterality index (L1) was calculated for each subject as a measure
of the laterality of neural processes [14). The LI of each subject
was based on the proportion of activated voxels (uncorrected
P<0.05 and 50 contiguous voxels) in the left (L) and right (R)
parietal regions, as defined by the Anatomical Automatic Label-
ing atlas [17]. The LI was calculated according to the following
formula: LI=(L — R)/{L+R). Previous studies have reported that LI
represents hemispheric predominance: —1<LI<-0.25 jndicates
right-side dominance; -0.25<LI<0.25 indicates bilateral activa-
tion; and 0.25 < LI < 1 indicates left-side dorninance [14). We classed
subjects as ‘left-hemisphere dominance’, ‘bilateral activation’, or
‘right-hemisphere dominance'. according to these boundaries.
According to these criteria, nine subjects showed left-hemisphere
dominance (four females; mean age, 20.8 years; range, 20-23 years,
LI, 0.61£0.23). The other seven subjects showed bilateral acti-
vation (one female: mean age, 21.4 years; range, 20-23 years,
Li, 0.01 £0.15). No subjects showed right-hemisphere dominance.
There was no difference inage (t= 1.10, P=0.290) or sex ( x* = 1.667,
P=0.197) between these groups. Although the number of subjects
in each group was not identical (left-hemisphere dominance n=9,
bilateral activation n=7), there was no difference in the variance
of response time in the tDCS experiment between these groups
(Levine's test for equality of variance, P=0.335).

2.3. [DCS experiment

Tlie subjects participated in Usree (DCS sessivng, each performed
1 week apart. In one tDCS session, anodal tDCS was applied over
the left parietal cortex and cathodal tDCS was applied over the
right parietal cortex (LARC). [n another session, cathodal tDCS was
applied over the left parietal cortex and anodal tDCS was applied
over the right parietal cortex (LCRA). In the third session, sham tDCS
was applied over both parietal cortices.

2.3.1. (DCS mental calculation task

In each tDCS session, subjects performed a mental calculation
task at four time points: pre-, during-, 30 min post-, and 60 min
post-tDCS (Fig. 1B). As a control, subjects performed a choice reac-
tion task immediately after the calculation task at each of the four
time points.

During the tDCS experiment, subjects sat in a chair in front of a
computer screen. A multiplication problem comprising a two-digit
number and a one-~digit number was presented on the screen for8s
as “Problem”. Instead of selecting the corréct answer from cholces,
the subjects were required to type the answer on a numeric key-
pad as quickly as possible (Fig. 1A, right). For example, if "64 x 7*
was presented as “Problem”, the subject was required to push “4”,
“4”, and “8" on the keypad. Thus, the method by which a response
was made to the calculation rask differed between fMRI and tDCS
experiments. In the choice reaction task, the subjects were pre-
sented with the same set of “Problems” but were not required to
perform a multiplication calculation. They were instead required to
push buttons on the numeric keypad that corresponded to the num-
bers presented. For example, if“64 x 7” was presented, the subject
was required to push “6", “4", and “7" on the keypad.

Performance was quantified by response time, defined as the
time from the appearance of the “Problem” until the last button
was pressed in the answer, and accuracy of forry-two trials was
performed at each time point,

2.3.2. tDCS procedure

A DC Stimulator Plus (NeuroConn, [lmenau, Germany) delivered
direct current through two spenge surface electrodes, each with a
surface area of 35cm?, that were soaked in 15 mM Nacl |5). The
electrodes were placed bilaterally on the scalp, over the parietal
region. For each subject, che centers of the stimulation electrodes

were placed over the area of the parietal lobe that was identified
in the fMRI experiment as showing the peak parietal voxel in non-
normalized anatomical space. The peak voxel of the left and right
partial cortex was identified independently, This area was located
using a frameless stereotaxic navigation system (Brainsight, Rogue
Research Inc., Montreal, Canada). tDCS was applied for 10 min. The
current density at the electrodes was 0.057 mAjcm?Z, and the total
charge was 0.068 Cjcm?. These parameters are far below the thresh-
olds for tissue damage [11]. The stimulation started 3 min before
the ‘during-~tDC3’ calculation task was performed. For sham stim-
ulation, the same procedure was used but current was applied for
only the nitial 30 s of the 10 min ‘stimulation period’ {7].

2.3.3. tDCS data analysis

The average response time and accuracy for each task (calcula-
tion task; choice reaction task) was calculated at each time point
(pre-, during-, 30 min post-, and 60 min post-tDCS) for each subject.
There were no significant differences at the pre-tDCS time points
berween the conditions (calculation task; Fi3, 45y=0.107, P=0.899,
control task; F3, 45y=0.174, P=0.841). Thus. we normalized the
response time and accuracy at the during-, 30 min post-, and 60 min
post-tDCS time points to the response time at the pre-tDCS time
point, Normalized response times and accuracies are presented in
the results section. Raw response times and accuracies are pre-
sented in Supplementary Data. The normalized response times and
accuracies were subjected to a three-way repeated measures anal-
ysis of variance (ANOVA) of (DCS session (LARC; LCRA; sham), task
(caleulation task; choice reaction task), and time point (during;
30 min post; 60min post). This ANOVA was performed separately
for each group of subjects (left-hemisphere dominant; bilateral
activation). Post hoc tests with Bonferroni corrections were per-
formed where appropriate.

3. Results
3.1. JMR! experiment

The group-level analysis revealed higher parietal activation
during the task blocks than during the rest blocks. The peak
coordinate of the parietal activity was observed in the intrapari-
etal sulcus (peak MNI coordinate of the left hemisphere, x=-34,
y=-50, z=48; t=8.69; peak MNI coordinate of the right hemi-
sphere, x=38, y=~44, z=40; t=7.49). Nine of the 16 subjects
showed left-hemisphere dominance, and the other seven subjects
showed bilateral activation. Na subjects showed right-hemisphere
dominance. These findings compare well with those of previous
fMRI studies [4].

3.2. (DCS experiment

There was no significant difference in performance (response
time and accuracy) berween subjects with left-hemisphere dom-
inance (n=9) and subjects with bilateral activation (n=7) at the
pre-tDCS time point in either the calculation task (response time
P=0.110, accuracy P=0.838) or the choice reaction task {response
time P=0.985, accuracy P=0.404).

3.2.1. Response time in subjects with left-hemisphere dominarice
(n=9)

For normalized response time, there was a significant interac-
tion between tDCS session and task (Fiy 16y = 8.081, P=0.004), but no
other significant main effects or interactions (P>0.13). The inter-
action between tDCS session and task indicates that the effects
of tDCS on normalized response time were different between the
calculation task and the choice reaction task, but there was no influ-
ence of time point (during-, 30 min post-, and 60 min post-tDCS)
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Fig. 2. (A) Parietal activity during the calculation block relative to the rest block for the subjects with left-hemispheric dominaance (left panel) and the subjects with bilateral
aciivatian (right paoel). The voxel-wise threshold was set at P<0.005 uncorrected at the voxel level, followed by family-wise error corvection for multiple comparisons at
the cluster level at P<0.05. The regrons of interest are indicated by red (L: left parietal cortex) and blue (R: right parictal cortex) lines {17). (B and C) The results of tDCS
experiment. Normalized Response time in the calculation and the ¢hoice reaction tasks in (B) subjects with left-hernisphere dominance (B) and (C) subjects with bilateral
activation. tDCS was applied with the anode over the left parietal cortex and the cathode over the right pacietal cortex (LARC, gray), with the cathode over the (elt parietal
corcex and the anode over the right parietal cortex (LCRA. white) and in a sham form (shamy, bfack). Ervor bars indicate the standard error of the mean, "P<0.05; “*P<0.01.

in each task. To investigate this further, the normalized response
time was averaged across all three time points, and the effect of
tDCS was investigated separately for each task using a one-way
repeated measures ANOVA. In the calculation task, there was a sig-
nificant main effect of tDCS session an normalized response time
(Fi226)=6.60, P=0.005, Fig. 2B left). The normalized response time
was shorter in the LARC tDCS session (90.2 £ 1.88%) than in the
sham (97.8+1.65% P=0.036) and LCRA (99.8 £2.33%. P=0.006)
tDCS sessions. The normalized response time in the LCRA tDCS
session was not different from that in the sham tDCS session
{P=1.000). By contrast, there was no significant main effect of tDCS
session on normalized response time in the choice reaction task
(F(2_25) =0.16, P=0.86, Fig. 2B I‘ight).

3.2.2. Response time in subjects with bilateral activation (n=72)

For normalized response time, there was a significant main
effect of time point (f3,12)=7.220. P=0.009), but no other signif-
icant main cffects or interactions (P> 0.05, Fig. 2C). This indicates
that there was no significant effect of tDCS on normalized response
time in subjects with bilateral activation,

3.2.3. Group comparison of response tirme

A direct group comparison of normalized response rime
(averaged over all three time points) between subjects with
left-hemisphere dominance and subjects with bilateral activa-
tion revealed that average normalized response time in the LARC
tDCS session was shorter in subjects with left-hemispheric dom-
mance (90.2£1.88%) than n subjects with bilateral activation
{98.2 £ 2.56%; two-sample t-test, t =258, P=0.022).

3.2.4. Accuracy
For normalized accuracy, there were no significant main effects
or interactions (P>0.05) for either subject group. This indicates

that there was no significant effect of tDCS on normalized acco-
racy. We used a questionnaire to ask subjects for their discomfort
and farigue after tDCS. However, there was no difference in these
factors between tDCS conditions.

4. Discussion

in the present study, we examined whether the effect of bilateral
parietal tDCS differed among individuals according to the func-
tional lateralization of braln activity observed during a mental
caleulation task. In subjects with a parietal LI that indicated left-
hemisphere dominance, response time was significantly shorteneg
when anodal tDCS was applied over the left parietal cortex and
cathodal tDCS was applied over the right parietal cortex. This facil-
itative effect was not observed in subjects withourt left-hemispheric
dominance of parietal activity. These results indicate that the facil-
itative effect of LARC bilateral tDCS over the parietal cortex was
specific to subjects with left-hemispheric dominance in the pari-
etal cortex. In these subjects, LARC tDCS may have enhanced the
existing lateralization to induce an improvement in response time.
By contrast, the lateralization induced by LARC tDCS may not be
beneficial to subjects in whom the intrinsic pattern of activity was
balanced between the two hemispheres.

In subjects with left-hemisphere dominance, LARC tDCS affected
response time, whereas LCRA tDCS and sham tDCS did not. This
could be due to a combined effect of increased excitability in the
left parietal cortex, where the neural basis of multiplication is local-
ized [4], and decreased inter-hemispheric inhibition from the right
to the left parietal cortex, probably via inter-hemispheric connec-
tions, during LARCtDCS. Inter-hemispheri¢ inhibition has long been
recognized as a concept of “rivalry” between the two hemispheres,
and motor function in the cortex of one hemisphere is promoted
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by inhibitory transcranial magnetic stimulation of the contralateral
cortex |19].

Similarly, we expected that LCRA tDCS would inhibit perfor-
mance of the calculation task. However, LCRA tDCS did not affect
response time in the calculation task, The reason for this nega-
tive result is unclear. One possibility is that subjects might have
changed the strategy that they used to perform mental calculations
during LCRA tDCS so that they were not disrupted by the inhibi-
tion of left parietal activity by cathodal tDCS. It has been reported
that humans can use a different strategy for meuntal calculation that
primarily relies on the premotor and superior parietal regions [8).
Future study should investigate the relation between the strategy
used for mental calculation and effect of brain stimulation on the
performance of mental calculations,

Importantly, in subjects with left-hemisphere dominance we
observed LARC 1DCS-induced changes in response times in the
calculation task but not the choice reaction task. The choice
reaction task consisted of number perception, decision-making,
stimulus-response association, and finger movement. The lack of
a tDCS-induced effect in the choice reaction task indicates that the
change in response time in the calculation task was not due to an
influence of tDCS on any of these non-specific factors, and sup-
ports the concept that (DCS influenced the performance of mental
calculation,

Recent studies have demonstrated that anodal or cathodal stim-
ulation over the right parietal cortex can affect performance of a
spatial dttention task [1,18). Therefore, the present resull inay be
explained by a facilitative effect of right parietal cortex stimularion
on attentional function. However, in subjects with lefi-hemisphere
dominance, fIMRI activation in the right parietal cortex was smaller
than in the left parietal cortex, indicating that spatial attentional
function of the right parietal cortex might be less relevant cogni-
tive process for these subjects. Therefore, we believe that the effect
of tDCS on spatial attention is minimal in the present study.

We cannot exclude rhe possibility that the mental calculation
process studied here involves a process similar to the manipula-
tion of working memory content (so-called ‘central executive’) in
addition to the access to the arithmetic table. We consider the inter-
action between the arithmetic table and central executive to be the
core process involved in mental calculations, and these processes
cannot be separated using the current data. Therefore, our results
represent the effect of tDCS on both of these processes woven
rogether. In future, we should ask whether the effect of tDCS is
specific to one of the two cognitive processes or an interaction of
the two processes.

In the present study, we used only hilateral tDCS, Thus, we can-
not rule out the possibility that unilateral parietal (DCS might have
been sufficient to evoke changes in behavioral performance. In a
preliminary experiment with six healthy subjecrs, we investigared
the effect of unilateral parietal tDCS (ane electrode over the left or
right parietal cortex, reference electrode aver the chin)on response
times in the same calculation task, but we did not observe any
tendency toward changes in response times. Therefore, it is rea-
sonable to consider that bilateral stimulation is necessary to induce
the behavioral changes observed in the present study. Nonetheless,
future sradies should clarify this issue by invesrtigating unilateral
stimulation-induced effects on behavior. In the present study, we
found a significant effect of tDCS only on response times that had
been normalized to the pre-tDCS value, and not on raw response
times. This might be due to the small number of subjects and is a
himutation of the present study. Future studies with larger sample
size should clarify this point.

In conclusion, bilateral tDCS with the anode aver the left parietal
cortex and the cathode over the right parietal cortex enhanced the
performance of mental calcularion in subjects with left-hemisphere
dominance of activity during mental calculations. This indicates
that fMRI may be useful for predicting individuals who would ben-
efit from bilateral tDCS.
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Background: Transcranial directcurcent stimulation (tDCS) is 2 non-invasive procedure
that achieves polarity-dependent modulation of neuronal membrane potentials. It has
recently been used as a functional intervention technique for the treatment of psychiatric
and neurological diseases; however, 1ts neuronal mechanisms have not been fully
investigated in vivo.

Objective/Hypothesis: To investigate whether the application of cathodal or anodal tDCS
affects extracellular dopamine and serotonin levels in the rat striatum.

Methods: Sumulation and i wvivo microdialysis were carned out under urethane
anesthesia, and microdialysis probes were slowly inserted into the striatum. After the
collection of baseline fractions in the rat striatum, cathodal or anodal tDCS was applied
continuously for 10 min with a current intensity of 800 A from an electrode placed on the
skin of the scalp. Dialysis samples were collected every 10 min untd at least 400 nmin after
the onset of stimulation.

Results: Following the application of cathodal, but not anodal, tDCS for 10min,
extracellular dopamine levels increased for more than 400 min in the striatum. There were
no significant changes in extracellular serotonin levels,

Conclusion: These findings suggest that tDCS has a direct and/or indirect effect on the

dopaminergic system in the rat basal ganglia.

Keywords: basal ganglia, dopamine, Parkinson disease, transcranial direct current stimulation, striatum

INTRODUCTION

Transcranial direct-current stimulation (tDCS) is a non-invasive
technique in which a weak DC is used to polarize target brain
regions (Nitsche and Paulus, 2000). Several studies have previ-
ously shown that tDCS affects motor function and learning in
healthy subjects, presumably by changing the peuronal activity
of the stimulated site (Wassermann and Grafman, 2005; Tanaka
et al., 2009; Bachmann et al,, 2010; Fox, 2011; Schambra et al,,
2011). It is also effective in patients with psychiatric and peu-
rological diseases, and so has the potential to be used as an
adjuvant strategy in the rehabilitation of motor and cognitive
defieits caused by neurological disorders (Hummel et al., 2005;
Boggio et al,, 2006; Fregni et al., 2006; Lefaucheur, 2009; Murphy
et al., 2009; Nitsche et al,, 2009; Benninger et al., 2010; Tanaka
et al, 2011a; Brunoni et al, 2012). In addition, some in vivo
animal studies have investigated the behavioral and biclogical
effects of tDCS (Kim et al,, 2010; Wachter et al., 2011; Laste et al.,
2012). Nevertheless, the mechanisms underlying tDCS are largely

unknown, particularly with regard to its effects on the neuronal
network.

tDCS directly modulates neuronal membrane potentials
beneath the stimulus electrode. However, it might also have
a remote or systematic effect on the neuronal circuit. Indeed,
increasing evidence from human electrophysiological and neu-
roimaging studies suggests that tDCS modulates brain activities in
cortical or subcortical areas other than the stimulated site (Lang
et al., 2005; Bachmann et al, 2010; Antal et al., 201); Binkofski
et al., 2011; Halke et al,, 2011), possibly via anatomical connec-
tions (Veening et al., 1980; Selemon and Goldman-Rakic, 1985;
McGeorge and Faull, 1989). Recently, human experiments using
fMRI reported that tDCS can also modulate resting-state func-
tional connectivity in distinct functional networks of the brain
{Keeser et al, 2011). Furthermore, it has been demonstrated
that an increase of phosphorylation of trkB, which is a recep-
tor of Brain-derived neurotrophic factor (BDNF), was induced
by DCS in vitro {Fritsch ¢t al.,, 2010). These comprehensive
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effects through nearonal networks may be observable at the neu-
rotransmitter level, as well as at the electrophysioclogical and
metabolic levels. Previously, pharmacological approaches based
on human drug intake have suggested the involvement of glu

tamatergic, y-aminobutyric acid (GABA)-ergic, and dopamin-
ergic systems in long-term tDCS effects (Liebetanz et al., 2002;
Nitsche et al., 2003). These experiments, however, reported mod-
ulation of tDCS effects by neurotransmitter operations, and
used motor-evoked potentials (MEPs) as outcome measure-
ments. Consequently, they provided indirect measurements of
neurotransmitters, which inherently limited the interpretation of
resulis. In the present study, being an important factor in the
introduction of a remote network effect, we focused on the change
in neurotransmitter levels.

The present study directly measured changes in the extracellu-
lar dopamine level in the basal ganglia induced by tDCS using
in vivo microdialysis in a rat model. This invasive procedure
directly and locally measures compounds, such as extracellu-
lar dopamine, via a probe inserted into a target brain region
(Navailles et al., 2004; Nitsche et al,, 2006). Dopamine transmis-
sion in the striatum plays an cssential role in the modulation of
motor and cognilive symptoms caused by neurclogical disorders
such as Parkinson’s disecase (PD) {Carlsson, 1972; Fahn, 2003),
as well as in learming-induced neuroplasticity in both humans
and rats {Adcock et al,, 2006; Berridge. 2007; Rossato et al,, 2009;
Tanaka et al., 2011b). To understand the underlying mechanism
of tDCS behavioral effects, we examined whether its application
affected the dopaminergic systems in the striatum and showed
that it had a direct and/or indirect effect.

MATERIALS AND METHODS

The experimental protocol was approved by the Animal Care
and Use Committee of the National Institute of Neuroscience
{National Center of Neurology and Psychiatry, Tokyo, Japan).
The experiments were conducted in accordance with the “Official
Notification on Animal Experiments” (National Institute of
Neuroscience, National Center of Neurology and Psychiatry noti-
fication no. 2010004, received 2010). Every effort was made to
minirnize the number of animals used in the experiments and
their suffering,

ANIMALS

Male nine-week old Sprague Dawley rats (CLEA Japan, Inc,
Tokyo, Japan) were housed at a temperature of 23 & 1°C with
a 12-h light/dark cycle (lights-on 08:00-20:00). Food and water
were available ad libitum. Twenty-five rats were used for the
microdialysis experiment, and 12 were vsed to investigate tissue
damage.

MICRODIALYSIS SURGERY

Twenty-five rats were divided into the following three groups:
cathodal tDCS (11 = 7), anodal (11 = 7), and sham (i1 = 7). After
at least 3 days of habituation to the animal colony, all rats were
intraperitoneally (i.p.) anesthetized with a single shot of ure-
thane (1 g/kg body weight) and placed in a stereotaxic apparatus.
The skull was exposed and a small hole was made using a den-
tl drill. A guide cannula (AG-6; Eicom Corporalion, Kyolo,

Japan) was implanted into the striatum [41.0mm anterior,
+3.5mim lateral, and —4.5mm ventral o the bregma accord-
ing to the stereotaxic atlas of Paxinos and Watson (1998)].
The guide cannula was fixed to the skull with resin dental
cement.

tDCS

The experimental tDCS setup was similar to that reported by
Takano et al. (2010). One electrode of the stimulator (5 mm x
5 mm size) was fixed with surgical tape on the skin above the
brain region including the cortex, and positioned in reference to
the insertion point of the microdialysis guide cannula (Figure 1A)
at an anatomical location roughly corresponding to +2.0 to
+7.0 mm anterior and +1.0 to +6.0 mm lateral to the bregma
(Paxinos and Watson, 1998). It was previously reported that the
frontal cortex beneath the stimulation electrode had an anatom-
ical connection to the striatum where the microdialysis probe
was implanted (Ebrahimi et al., 1992; Gabbott et al,, 2005). A
second clectrode was placed on the animal’s neck in a simi-
lar way.

Cathodal or anodal tDCS was applied continuously for 10 min
with a current intensity of 800 (LA from the scalp electrode using
a DC stimulator (STG1002; Multi Channel Systems, Germany).
Cathodal stimulation was applied for 103 to the sham group with
a current intensity of 10 pA from the scalp electrode. The safety
limit of the stimalator was 120 V. The carrent intensiry of 800 1A,
corresponding to a current density of 32.0A/m? in the present
setting, was used Lo maximize the effects of tDCS within the
safety limits reported in a previous rat tDCS study using cathodal

A Guide cannula

Stimulus electrode

FIGURE 1 | Pasition of tDCS electrode and microdialysis probe. (A) One
electrode tsmall red square) of the stimulator was fixed 10 the skin wath
surgical tape just above the brain region including the cortex. The
anatornical location corresponded to +2 0 to +70mm anterior and +10 to
+6 0mm lateral 1o the bregma A second slectrode (largs red ellipss) was
placed on the neck. A quide cannula (blue cylinder) was fixed 1o the skull
with resin dental cement, {B} 2 micradialysis probe was inserted into the
striztum {(+ 1 0 mm anterior, 43 5 mm lateral, and =4 5 mm ventral 10 the
bregmal
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stimulation (Liehetanz et al., 2009), although the safety limits of
anodal stimnulation was not specified.

DOPAMINE AND SEROTONIN MEASUREMENTS

Stimulation and in vive microdialysis were carried out vnder
urethane anesthesia. Body tempersture and heart rate were mon
itored and remained at approximately 37°C and 350 bpm, respec-
tively. No remarkable clianges in vigilance were observed by
visual inspection of body movement. After surgery, microdialysis
probes (Al-6-02; 2-mm membrane length; Eicom Corporation)
were slowly inserted into the striatum through the gnide cannula
(Figure 1B). The probe was perfused continuously at a flow rate
of 2 wl/iin with artificial cerebrospinal fluid (aCSF) containing
0.9 mM MgCly, 147.0 mM NaCl, 4.0 mM KCl, and 1.2 mM CaCl,.
The collection and analysis of perfusion solution were perforined
at 10min intervals over the duration of the experiment. The
concemtrations were judged stable when the fluctuation range of
extracellular dopamine and serotonin levels did not exceed £5%
during six consecutive fractions and when there was not unidi-
rectional fluctuation over more than three fractions (Alex et al,,
2005; Kitaichi et al,, 2010). After confirming the stability, three
fractions were collecied from the rat striatum before the appli-
cation of 1DCS as a baseline. Following tDCS, dialysis samples
were collected every 10 min until at Jeast 400 nun after the onset
of stimulation.

Dialysis fractions were analyzed using high-performance lig-
uid chromatography (HPLC) with an electrochemical detection
(ECD) system (Eicom Corporation). The extracellular serotonin
Jevel in the striatum was also measured, as it is known to be
associated with the dopamine level (Di Giovanni et al., 2008;
Navailles and De Deurwaerdere, 2011). Dopamine and serotonin
were separated by a columin with 2 mobile phase comaining
99% 0.1 M sodium phosphate buffer (pH 6.0), 300 mg/L sodium
I-decanesulfonate, 50 mg/L ethylenediaminetetraacetic acid dis-
odiun salt (EDOTA-2Na), and 1% rocthanol. The mobile phase
was delivered at a flow rate of 500 pl/min. Before every exper-
iment dopamine hydrochloride and serotonin hydrocbloride, as
the slandard reagents, were dissolved in solvent and injected into
the HPLC system. Retention times of dopamine and serolonin
were calculated from the peaks detected in the chromartograph.
During each experiment, the retention time of substances, which
were collected from the striatum, was calculated. When the mea-
sured retention time matched with those of the standard reagents,
collected substances were judged as dopamine or serotonin. All
the measurement conditions such as mobile phase for calibration
were same as those for actual measurements of rats. Dopamine
and serotonin were quantified by calculating the peak areas (Alex
et al., 2005; Kitaschr et ab, 2010).

To confirm the insertion position of the microdialysis probe
after completion of the experiment, all rats were deeply anes-
thetized with sodium pentobarbital (50 mg/kg body weight, 1.p.)
and perfused through the heart sequentially with 1 x phosphate
buffered saline (PBS) followed by 10% formalin neutral buffer
solution. Rat brains were post-fixed and sucrose-substituted at
4“C, and 20—ypm-thick coronal sections were cut through the
striatum (=1 mm to 3 mm anterior to the bregma) on a cryostat.
These were then thaw-mounted vn 3-aninopropyliriethoxysilane

(APTS)-coated slides and stained with cresyl violet using standard
procedures,

tDGS-INDUCED TISSUE DAMAGE

Histological examination was performed to determine the effects
of tDCS on the brain tissue and skin bepeath the scalp elec-
trode. At 24 h after the application of tDCS, 12 rats {cathodal
tDCS and sham groups; n = 6 per group) were deeply anes-
thetized with sodium pentobarbital (50 mg/kg body weight, i.p.),
and 10—pm-thick coroval sections of their brains were pre-
pared and stained with cresyl violet using a method similar to
that described above. The skins were post-fixed at 4°C, dehy-
drated with ethanol and xylene, and parafin-embedded. Sections
(5—pm thick) of rat skin from just below the scalp electrode were
cut on a microtome, thaw-mounted on APTS-coated slides, and
stained with hematoxylin and cosin (HE) using standard proce-
dures. Morphological changes were then cvaluated. To confirm
whether tDCS leads to apoptosts, 10—pm-thick coronal sections
were prepared from the same animals and stained with ter-
minal deoxynucleotidyl transferase-mediated biotinylated UTP
nick-end labeling (TUNEL) (Kobayashi et al., 2004). To muini-
miize the number of animals ased in the experiments, we omitted
the anodal tDCS group, which showed no significant changes in
dopamine or serotonin levels in the microdialysis experiment (see
section Results).

STATISTICAL ANALYSIS

Data from four rats in which a probe had not been accu-
rately inserted into the striatum (Figure 1B) were excluded from
statistical analysis. Extracellular dopamine and serotonin levels
were expressed as percentage signal changes from baseline values
before tDCS application. Group data are presented as mean +
standard error (SEM). The statistical significance of differences
between groups was assessed by repeated measures analysis of
variance (ANOVA) with time (TIME) as » within-subject factor
and group (GROUP) as a berween-subject factor. This was fol-
lowed by the post-hoc Bonferroni test using SPSS software (SPSS
Inc., Chicago, IL). To investigate whether the time effect differed
between groups, we confirmed the “TIME” x “GROUP” inter-
action. P-values less than 5% were considered statistically signif-
icant, To investigate when the change in dopamine level became
prominent, data at each time point were compared with the base-
line using the paired s-1ests, For the sume purpose, data from the
tDCS group were compared with those in the sham group at each
time point separately using the unpaired two-sample t-tests,

RESULTS

Statistical analysis was carried out on rats in the cathodal
tDCS (n = 7), anodal tDCS (1 = 7), and sham (n = 7) groups.
To examine whether cathodal or anodal tDCS affected extra-
cellular dopamine and serotonin levels in the striatum, we
investigated the effect of tDCS using i1 vivo microdialysis. The
absolute basal dialysis levels of dopamine and serotonin detected
10 min before the interventions did not differ between the three
groups [Table 1; dopamine, F(p, 0, = 0.389, p = 0.684; sero-
tonin, F, 20y = 0.242, p = 0.788]. These basal levels compared
well with the previous studies (Baumann et al., 2008; Kitaichi
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et al, 2010). Following the application of cathodal {DCS for
10 min, the extracellular dopamine levels continuounsly inereased
and this effect lasted for more than 400 min after the stimulation
ceased (Figure 2).

The dopamine time-course in the striatum differed sig-
nificantly between the three groups [main effect of GROUP,
F1. 00y = 27.386, p < 0.001: main effect of TIME. Fuy. gs0) =
0.514, p = 0.997; interaction of GROUP x TIME, F(1, s =
4.674, p < 0.001]. The dopanmine increases in the cathodal tDCS
group were significantly greater than those in the sham and the
anodal tDCS groups (p < 0.001 for both, post-hoc test). These
increases became statistically prominent 120 min after the stim-
ulation compared with the pre-intervention period (p < 0.05,
paired f-test), and lasted throughout the observation period.
Furthermore, the dopamine increases in the cathodal tDCS group
were significantly greater than those in the sham group from
120 min afier stimulation (p < 0.05, unpaired two-sample f-test).
By contrast, the application of anodal tDCS did not induce
significant increases in extracellular dopamine levels.

Table 1| Absolute basal dialysis levels of dopamine and serotanin.

Group Dopamine (nM) Serotonin (nM)
Sham 0.61 £0.070 0.11£0.076
Cathodel IDCS 0.62 +£0.076 0.11 £ 0.062
Ancdal tDCS 0.68 £0.071 0.06 £ 0.012

Dats are presented as the mean = SEM.

There were no significant changes in extracellular serotonin
levels in the stiatum in any group, indicating that they twere
unaffected by the application of either cathodal or anodal iDCS
[Figure 3; main effect of GROUP, F(j ) = 2.016, p = 0.15%
interaction of GROUP x TIME, F g = 0.997, p = 0.540,
respectively].

One day after the application of tDCS, tissues were dissected
and processed for sectioning. The sections through the cortex
were used for bistological examination with cresyl vielet stajn-
ing. No abnormal findings regarding cellular morphology, such
as chromatolysis or atrophied tissue, were observed in the cortex
below the scalp electrode of rats in either the cathodal tDCS group
or the sham group (Figure 4A). No apoptosis was found in either
group (data not shown). The sections through the skin below the
scalp electrode were analyzed by HE staining, revealing no abnor-
malities such as dead tissue, inclusion, or multicell spheroids in
cither group (Figure 4B),

DISCUSSION

The main finding of the present study was that cathodal tDCS
induced a significant increase in extracellular dopamine lev-
¢ls in the rat stniatum, whereas anodal tDCS in the same area
had no effect. Although recent magnetic-resonance speciroscopy
studies have shown direct effects of tDCS on cortical GABA
concentration (Stagg et al., 2009), the effect of tDCS on sub-
cortical neurotransmitters has remained unclear, The present
results suggest that tDCS has a direct and/or indirect effect on
the dopaminergic system in the basal ganglia. The finding that
tDCS affected dopamine but not serotonin is consistent with a

€ Sham group
€ Cathodal 1DCS group
O Anadal IDCS group
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FIGURE 2 | Effect of tDCS on extracellular dopamine levels in the
striatum. The absolute bassl dislysis levels of dopamine in the
sitiaum detected 10min before the inmerventions did not differ
between groups Dopamine levels were expressed as percentage

Time after the onset of stimulation {min)

200 100

signal changes from baseline values before the IDCS application
Group data are presented as the mean = SEM Cathodal, but not
anodal, tDCS significantly increased extracellular dopamine levels in the
stistum ‘o < 0.001
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FIGURE 3 | Effect of tDCS on extracellular serotonin levels in the striatum.
The absolute basal dislysis levels of serotonin in the stniatum detected 10 min
before the interventions did not differ between groups. Serotonin levels were

Time afler the onset of stimulation (min)

200 300 400

expressed as percentage signal changes fram baseling values before the tDCS
application. Group data are presented as the mean £ SEM. None of the 1DCS
applications significantly affected extracellular serotonin levels

previous study that reported po changes in the rat serotoner-
gic system following repetitive transcranial magnetic stimulation
(rTMS) (Kanno et al., 2004). As the tDCS methods used here
did not damage tissue in the cortex or the skin below the scalp
electrade, it is unlikely that the rise in dopamine was induced by
non-specific cellular injury.

INTERPRETATION OF THE CATHODAL tDCS EFFECT
Scveral studics have shown that diverse arcas of the cerebral cor-
tex, including the sensory, motor, and associated regions, project
10 the subcortical regions, including the striatum (McGeorge and
Faull, 1989; Lang et al., 2005; Halko et al,, 2011). Furthermore,
it has been reporied that descending pathways from the frontal
cortex to the striatum modulate a release of dopamine in subcor-
tical areas in both animal and human experiments (Murase et al.,
1993; Taber and Fibiger, 1995; Karreman and Moghaddam, 1996).
Considering that tDCS has been found to improve symptoms of
PD in both animal and human experiments (Boggio et al., 2006;
Fregni et al., 2006; Benninger et al., 2010; Gruner et al,, 2010;
Li et al, 2011), it is plavsible that tDCS could directly and/or
indirectly affect the extracellular dopamine levels in the striatum.
However, our finding that cathodal tDCS, but not anodal,
increased extracellular dopamine levels is contradictory to our
prediction and inconsistenit with previous studies. For example,
cathodal 1DCS has been thought to induce suppression of motor
function and learping by inhibiting neuronal excitability of the
cortex {Murphy et al,, 2009; Nitsche et al., 2009; Bachmann et al,
2010; Benninger et al, 2010; Fox, 2011; Schambra et al, 2011;
Tanaka et al, 20114). 1o addition, sTMS has been suggested 0
induce increased extracellular dopamine levels in the striatum by
facilitating neurvonal excitability of the cortex (Keck et al.,, 2002

Strafella et al., 2003; Ohnishi et al,, 2004). We acknowledge that
the present finding is contradictory to such studies.

To our knowledge, this is the first report that divectly mea-
sured extracellular dopumine levels in the striatum-induced by
tDCS. Although the mechanism undexlying the long-lasting effect
of cathoda) tDCS observed in the present study has not yet
been determined, we offer the following speculations. 1t bas been
widely accepted that cathodal tDCS decreases cortical neuronal
activity (Bindman ct al, 1964; Purpura and McMurtry, 1965,
Fritsch et al, 2010). Meanwhile, a recent rveport showed that
cathodal, but not anodal, tDCS induced paired pulse facilita-
tion in the somatosensory cortex of rabbits following stimulation
of the ventroposterior medial thalamic nucleus (Marquez-Ruiz
et al., 2012). This study suggests thar cathodal 1DCS may specif-
ically facilitate synaptic plasticity. Furthermore, cathodal, but
not anodal, tDCS was shown to facilitate working memory and
skill learning 21 days afier treatment, implying that cathodal
tDCS mighi facilitate long-term homeostatic cortical metaplas-
ticity (Dockery et al. 2011). Although the cathodal tDCS may
instantaneously decrease neuronal activity beneath the stimulus
electrode, these indings suggest that cathodal tDCS may specifi-
cally induce a long-term plastic change thorough some metabolic
changes, such as BDNF release (Fritsch et al., 2010), We specu-
late that the increase of dopamine release in the striatum may
contribute 1o such long-term plasticiry.

Alternatively, the cortico-basa) ganglia neural circuit contains
both excitatory and inhibitory projections (Alexander and
Crutcher, 1990; Nambu et al.,, 2000) in an intrinsic neuronal
network. Therefore, we mnust also consider the possibility thal
cathodal tDCS affects extracellolar dopamine levels in the
steiatum through an inhibitory circuit.
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Cathodal tDCS group

A Sham group

R Sham group

Cathodal (DCS group

FIGURE 4 | Histalogical examination following tDCS. (A) Cresyl violet
staining of the brain tissue below the scalp electrode in the sham group
(f=ft) and the cathodal IDCS group {nghty 24 h after 1DCS application. Scale
bars 1 mm for upper panels, 100 m for lower panels; (B) HE staining of
the skin below the scalp electrode in the sham group (left) and the cathodal
1DCS group (nght) 24 h after tOCS application Scale bars' 100 pm for upper
panels, 50 e for lower panels No morphalogical change was observed in
brain tissue and skin

EXPERIMENTAL LIMITATIONS

General anesthesia affects brain metabolism, neuronal activity,
and response to sensory stimuli (Buzsaki et al., 1983; Friedberg
et al,, 1999); it is thus conceivable that the present results were
partly influenced by anesthesia. However, this is unlikely to be the
only reason for the cathodal tDCS-specific dopamine increase, as
the anesthetic procedure was common to all stimulation condi-
tions. Moreover, in a previous study, alteration of extracellular
dopamine levels in the striatum induced by medial forebrain
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Mortal Genetic Program: The
Origin of an Altruistic Gene

Abstract  As part of our research on programmed self-decomposidon,
we formed the hypothesis that odiginally immortal terrestrial organisms
evolve into ones that are programmed for autonomous deach. We
then conducted evolutionary simulation experiments in which we
examined this hypothesis using an artificial ecosystern that we designed
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I Introduction

We previously modeled autonomous death, which is one of the significant and universal attobutes of
terrestrial life, as programmed self-decomposition (PSD) [18, 24]. Our research has proceeded by
means of a seties of studies that look into the existence of autonomous death through experiments
in the tield of molecular cell biology with existing living organisms as subjects; concurrently, through
evolutionary simuladons of artificial life (ALife), we raise the possibility that mortal organisms having
autonomous death are supetior to tmmortal organisms [9—-11, 18-24, 26]. In doing so, we have
meshed the following three approaches.

(1) Model constitntion: As typically shown in many studies in the ficld of evolution, including those by
Charles R. Darwin and William D. Hamilion, the research model often predetermines both the
possibility and lmitation of the study in queston. We have therefore attempted to construct a
new model for autonomous death based on cutting-edge techniques and a perspective thar draws
on various fields, including ALife and molecular cell biclogy, so as to extend to areas beyond che
scope of previous models.

(2) Verification of a model through comparison with real-life phenomena: In carrving out a series of simple,
straightforward experiments, we have deployed a concrete and sound approach drawing on the
principles and methodology of molecular cell biology.

(3) Strrulation of evolution using artifecial life as a eritical took In otder to verify our evolutonary model, we
had to deal with an extremely complex ecosystem on a large spatiotempotal scale thar far exceeds
observauons of and experiments on real-life wdividuals. It would be impracdcable o perform
an evolutionary experiment in the real world, because that would require an earth-scale space
and a million-year ame span. In view of our research objectives, artificial life has provided the
opdmum alternative to real life for scientfic inquiry. To obtan conclusive research results, we
have integrated various interdisciplinary approaches through evolutionary simulations mzking
use of artificial life. Below we introduce certain key points in our studies to provide background
for the current study.

I.I  Programmed Self-Decomposition Model

The essence of our PSD model derives from the fact that we have reroed in on autolysis, which is
uaiversally observed in terreseral lives, including unicellular organisms, as phenomena involviag
autonomous material recycling in 2 terrestsial ecosystem.

Since a terrestrial ecosystem has a finite materal environment, terrestrial Jives require matenal
recycling to maintaia their life activities. Eugene P. Odum listed four principal pathways responsible
for mateoal recycling in his Fundamentals of Ecology [17] as follows: (i) pomary animal excrevon; (i)
miicrobial decomposition of detritus; (1) direct cycling (rom plant to plant through symbiotic micro-
organisms; and (iv) autolysis. Autolysis as treated by Odum has been conventionally regarded as
uncontrollable, natural disiotegration with increasing entropy. We have redefined autolysis as a kind
of autonomous, altruistic phenomenon beneficial to an ecosystem, in part and as a whole [18]. We
thus regard autolysis as an acave biochemical process built into cellular genetic programming by which
a cell consumes its own metabolic energy. In accordance with this autolytic process, we posit that living
individuals autonomously decompose themselves into components; in particular, cells hydrolyze
biological polymers into biological manomets so that the materials that they vused and the spaces
where they existed can be opamally reutilized by all other living individuals, including adversaries
and competitors, and by that means can return to the environment and thus conttibute to the restora-
tion of the entire ecosystem. Regarding the concept of altruism that we have utlized as a tool for these
studies, we have partally revised the conventonal concept, as discussed in Section 4.

We venture to posit that this phenomenon is built into each single cell, which s the fundamental
unit of all terrestrial life, and that ir takes place as the cell lives out irs narural hife span or whenever it
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encounters an inadaptable environment. Therefore this phenomenon is inseparable from pro-
grammed cell death. In unicellular organisms this phenomenon is nothing other thaa individual
autonomous death. At the level of individuals, it corresponds to complete abandonment of self-
presetvasion and self-xeproduction, and is indicative of complete withdrawal from and rotal tenunciation
of a struggle for existence, or of competition as a survival strategy. We refer to such a phenomenon as
programmed self-decompositon (PSD) [18, 24].

In the field of molecular biology, it has recently been reported that autolysis involves cettain active
processes, including synthesis of new proteins, and is now regasded as a programmed active process [8,
29]. Additionally, necrosis of multicellular organisms, which corresponds to autolysis of unicellular
organisms, might involve the regulated genetic program for cell death [2, 12]. Those recent studies sup-
port the concept of PSD from the viewpoint of molecular cell biology, which we previously proposed.

To express this concept in the form of an abswract, logical model completely removed from any
and all concrete aspects of actual life activides, we copstructed a mathematical model of life activities
exerpplified by self-reproduction and self-decomposition, taking Joha von Neumana's self-reprocuctive
automaton [37] as our prototype and naming it the PSD model [18]. Details of this model are descnbed
elsewhere [13, 24].

1.2 Molecular Cell Biology Studies

It is of critical importance that our PSD model be applicable to actual terreserial lives. We thercfore
adopred a eukaryotic unicellular organism, the protozoan Tetrabymena, as our experimenial material,
since it js highly conducive to mathematical modeling [18, 24]. For our impulse shock experimental
model [24, 36]: First of all, we activated, for a short period of time, a genetic program with an exrernal
signal indicative of a fatal environment. Next, the culture condition was immediately restored to one
appropriate for life, so that the physiological processes responsible for self-decomposition could
proceed smoothly. To actualize our impulse shock model in a flask, we created concrete expetimental
conditions to induce the self-decomposition process. The success of this experiment corroborated
evidence of the exisrence of the PST) mechanism (Fignre 1) [24]. Tn three other experiments; the
decomposition of cells was significantly suppressed due to the inhibiton of any of three processes
that occurred directly after the impulse shock treatmenc: transcription from DNA to mRNA, enesgy-
sequiting metabolic processes, or lysosomal hydrolytic enzyme activities. Such expedments supported
our model [18] by which the PSD mechanism constitutes endergonic, genetically regulated hydrolysis
that decomposes a biological polymer into biological monomers. Details are described elsewhere [24].

1.3 Artificial Life Studies

We have also developed a series of simulators of evolution using artificial life, SIVA (simulator for
individuals of virtual automara), which provide a basic tool for examining the PSD model. Since
1996, when we constructed SIVA-III [19], a pioneeung prototype for an AChem [3, 32] system, we
have continued to make enhancements of SIVA [9-11, 20-24, 26], the most current one being the
SIVA-T group [11, 24].

0 hour 7 1 hour 2 hours 4 hours o 6 hours
Figure |. The self-decomposition process in Tetrahymena cells induced by impulse heat shock treatment (visualized by
acridine orange supravital staining) [24]. 0 hour; Normal living cells. | to 2 hours: The number of lysosomes (stained orange),
an organelle conmining hydrolytic enzymes used for self-decomposition, increased. 4 hours: Lysosomal membranes ruptured
and their contents diffused throughout the endre cell. Intracellular hydrolysis turning biological polymers into biological

monomers proceeded intensely. 4 hours: Cell membranes were lysed and cells decomposed into a homoganate scace.
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SIVA is configured with virtual hife individuals (VLIs) installed in a virtual ecosystem in 2 two-
dimensional space. Two different kinds of VLIs are designed for SIVA, based on AChem. One is a
VLI of a mortal organism that exerts an altruistic effect through autonomous death accompanied by
the PSD mechanism. The other kind is a VLI of an immorwl organism having the same structute and
functioning as the mortal organism but without autonomous death in the PSD mechanism and thus
lacking any altruistic characterisucs. Details of the simulator design are described elsewhere [24].

When the two types of VLIs proliferate within the same virtual ecosystern whose environmental con-
ditons are identcal throughout the entire ecosystem and are programmed so 2s to fit both mortal and
immortal VLIs, the immortal VLIs prosperously proliferate while, as expected, they exterminate the
mortal VLIs, which decrease in number, due to death, during the simulation. This finding well supports
the Darwinian principle of survival of the fittest. Actual environmental conditions on Earth, however,
are heterogeneous. We therefore designed a virtual envitonment whose conditions wete suitable for VLIs
in the initial habiration arez, bur gradually diverged from the optimal conditions for VLIs. In contradis-
tinction to the above-mentoned results, the immortal VLIs ceased proliferation after occupying the
initial arcas whose environmental conditions were amenable o their survival, whereas the mortal VLIS
succeeded in expanding their habitation area and ovenwhelmingly surpassed the immortal VILIs [9, 20,
22]. Thus it can be paradoxically stated that a genealogy of living individuals that renounce their self-
prescrvation and sclf-reproduction prospers to a greater extent than those continuing this pursuit.

The context for such a seemuingly contradictory finding is as follows. Mortal VLIs with an altruistic
PSD mechanism can endlessly self-reproduce by reusing materials and space restored to the ecosystem
due to death and self-decomposition of others and thus cause an increase in the frequency of mutaton.
Evolutionary adapration to the environment is accelerated by diversity of species, that is, mutanc VLIs
evolve one after the other with charactenstics that allow them to survive in environmental conditions
under which the inigal VLIs are unable to survive and thus ate able to gready expand their terdtory.
On the other hand, since immortal VLIs irreversibly fill their habitable area and never reuse it, the
available space for existence becomes circumsctibed so reproduction becomes increasingly difficult
over time. This factor leads to a decrease of emergent mutant VLIs and the blockage of proliferation
and evolutionary adapragon. As a result, their inhabimble rertrory hits a ceiling. We can understand dhis
situation as evidence that autonomous, altruistic self-decomposition accelerates evolutionary adaptaton
to the environment through the diversification of species.

Moreover, we examninied how differences in the degree of altruism affected of fspring prosperity using a
SIVA simulator endowed with a terrestrial-type finite, heterogeneous environment [24]. In that experi-
ment, we considered the degree of ease for other VI.Is to reutilize decomposed parts, which had retumed
to the environment as a result of sclf-decompositon, as a hypothetical index of altruism. That is, we de-
signed three different rypes of morral VLIs, each of which returned differing types of decomposed pasts
to environmeat. The amount of energy required for reudlizaton by other organisms differed among the
three. Namely, the more energy required for reutilization by others, the less alfruistic the decomposing
organism. We then conducted simulations in which those three types of mortal VLIs and the immortal
VLIs proliferated within the same ecosystem. The results showed that the immortal VLIs hit 2 ceiling at 2
certain stage, as in the previous experiment, while mortal VLIs with relatively low degrees of aleruism on the
hypothetical index, hence requiting others to expend a greater amount of energy to reutilize thew parts,
became extinct. By contrast, mortal VLIs that were decomposed into parts requiring the least amount of
energy for reutlizaton rendered the maximum altnustic contribution to all the other organisms, and thus
the whole ecosystem overwhelmingly prospered. The point of such an outcome is that the genealogy of
organisms contributing a higher degree of altruism to other organisms allows for greater diversificaton of
the species and accelerates their evolutionary adaptation to the environment. Such findings further support
our PSD model and suggest the effectiveness of self-decomposition in the evolutdon of terrestrial lives.

One of the most critical questions remaining for this hypothesis to stand is a reasonable explana-
tion as to how such an effective gene of altruistic death has emetged in the evoluton of terrestrial life.
Using our evolutionary model, in which the most primigve form of living individuals is immortal and
in which mortal lives emerged by the acquisition of an altruistic death gene as a propetty highly suitable
to the rerrestrial enviranment thraugh rhe process of evolirionary sophisticarion [18], we conducted
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