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lateralicy index (LI) 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<L1<0.25 indicates bilateral activa-
tion; and 0.25 < LI < 1 indicates left-side domninance [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,
L1, 0.01£0.15). No subjects showed right-hemisphere dominance.
There was no difference in age (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 IDCS experiment between these groups
(Levine's test for equality of variance, P=0.335).

2.3, tDCS experiment

The subjects participated in Uhree (DCS sessions, gach perforned
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. tDCS mencal colculation 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 screenfor 8 s
as “Problem”. Instead of selecting the correct answer from cholees,
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 1o the calculation task differed between fMRI and tDCS
experiments. [n 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 67, 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 butron
wag pressed in the answer, and accuracy of forty-two trials was
performed art each time point,

2.3.2. tDCS procedure

A DCStimulator Plus (NeuroConn, llmenau, Germany) delivered
direct current through two sponge 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, the 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 Jocated
using a frameless siereotaxic navigation system (Brainsight, Rogue
Research Inc., Montreal, Canada). tDCS was applied for 10 min. The
current density at the electrodes was 0.057 mA/craZ, and the total
charge was 0.068 C/cmj. These parameters are far below the thresh-
olds for tissue damage [11]. The stimulation started 3 min before
the ‘during-tDCS’ calculation task was performed. For sham stim-
vlation, 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
between the conditions (calculation task; Fz. 45y=0.107, P=0.899,
control task; Fp, 45)=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 secrion. 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
(calculation task; choice reaction task), and time point (during:
30 min post: 60 min 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. Resulrs
3.1. fMRI 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; =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
fMR! studies [4].

3.2. (DCS experiment

There was no significant difference in performance (response
time and accuracy) between 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 chojce reaction task (response
time P=0.985, accuracy P=0.404).

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

For normalized response time, there was a significant interac-
tion between tDCS session and task (F(3,14) = 8.081, = 0.004). but no
other significant main effects or interactions (£>0.13). The inter-
action between tDCS session and task indicates that the effects
of tDCS on normalized response time were different becween 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 black for the subjects with left-hemispheric dominance (left panel) and the subjects with bilateral
activation (right panel). The voxel-wise threshold was set at P<0.005 uncorrected at the voxel level. followed by family-wise error correcuon for multiple comparisons at
the cluster level at P<0.05. The regrons of interest are indicated by red (L: Ieft parietal cortex) and blue (R: right paricial cortex) lines {17). (B and C) The results ol tDCS
experiment. Normalized Response time in the calculation and the choice reaction tasks in (B) subjects with left-hemisphere dominance (B) and (C) subjects with bilateral
activation. tDCS was apphed with the anode over the left parietal cortex and the cathode over the right pacietal cortex (LARC, gray), with the cathode over 1he (elt payielal
corcex and Ihe anode over the cight parietal cortex (LCRA, white) and in a sham Torm (sham, bfack). Ervor bars indicate the standard error of the mean, “P<0.05; “*P<0.01.

in each rask. To investigate this further, the normalized response
time was averaged across all three time poiots, 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 on normalized response time
(F2.26) = 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
(Fr2.26)=0.16, P=0.86, Fig. 2B right),

3.2.2. Response time in subjects with bilateral activation (n=7)

For normalized response time, there was a significant main
effect of time point (F2129=7.220, P=0.009), but no other signif-
icant main effects 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 time

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-
inance (80.24 )1.88%) than n subjects with bilateral activation
(98.2 4+ 2.56%; twa-sample t-test, £ =2.58, 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 accu-
racy. We used a guestionnaire 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 lareralization of braln activity observed durlng a mental
calculation task. In subjects with a parietal L1 that indicated left-
hemisphere dominance, response time was significantly shortened
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 without 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 conirast, 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, LARCtDCS 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 s local-
ized [4], and decreased inter-hemispheric inhibition from the right
to the left parietal cortex, probably via inter-hemispheri¢ connec-
tions, during LARCtDCS. Inter-hemispheric¢ inhibition has long been
recognized as a concept of “rivalry” between the two hemispheres,
and motor function in the corcex 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 jnhibi-
tion of left paretal activity by cathodal tDCS. It has been reported
that humans can use a different strategy for mental 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 tDCS-induced changes in response times in the
calculation task bur not the choice reaction task. The choice
reactrion 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
spdatial attention task [1.18]. Therefore, the present resull may be
explained by a facilitative effect of right parietal cortex stimulation
on attentional function. However, in subjects with lefi-hemisphere
dominance, MR} 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 chese subjects. Therefore, we believe that the effect
of tDCS on spatial attention is minimal in the present study.

We cannot exclude rthe 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
together. In future, we should ask whether the effect of tDCS is
specific to one of the two cognltive processes or an Interaction of
the two processes.

In the present study, we nsed only hilateral tDCS, Thus, we can-
not rule out the possibility that unilateral parietal tDCS might have
been sufficient to evoke changes in behavioral performance. In a
preliminary experiment with six healthy subjects, we investigared
the effect of unilateral parietal tDCS (one electrode over the left or
right parietal cortex, reference electrode aver the chin) onresponse
times in the same calculation task, but we djd 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 studies should clarify this issue by investigating unilateral
stimulation-induced effects on behavior, In the present study, we
found a significant effect of tDCS anly 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
Iimitation of the present study. Future studies with larger sample
size should clarify this point.

In conclusion, bilateral tDCS with the anode over the left parietal
cortex and the cathode over the right parietal cortex enhanced the
performance of mental calculation in subjects wirh 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 notl 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: Stimulation and in vivo 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 KA from an electrode placed on the
skin of the scalp. Dialysis samples were collected every 10 min until at least 400 nin after
the onset of stimulation.

Results: Following the application of cathodal, but not anodal, 1DCS 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, Parklnson disease, transcranial direct current stimulation, striaturn

INTRODUCTION

Transcranial direct-current stimulation (tDCS) is 2 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 funciion and learning in
healthy subjects, presumably by changing the neuronal 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 neu-
rological diseases, and so has the potential to be used as an
adjuvant strategy in the rehabilitation of motor and cognitive
deficits caused by neurological disorders {Hunumel et al,, 2005;
Boggio et al,, 2006; Fregni et al., 2006; Lefaucheur, 2009; Murphy
et al,, 2009; Nitsche et al,, 2009; Renninger et al., 2010; Tanaka
et al,, 2011a; Brunoni et al, 2012). [n addition, some in vivo
animal studies have investigated the behavioral and biological
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 effecis 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., 20101 Antal et al,, 201); Binkofski
et al., 2011; Halko et al, 2011), possibly via anatomical connec-
tions (Vesning 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-
roteansmister level, as well as at the elecwophysiological and
metabolic levels. Previously, pharmacological approaches based
on human drug intake have suggested the involvemnent of glu

tamatergic, y-aminabutyric 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 neurctransmitter operations, and
used motor-evoked potentials (MEPs) as outcome measure-
ments. Consequently, they provided indirect measurements of
neurotransmitters, which inherently limited the interpretation of
resuls. In the present study, being an important factor in the
introduction of a remote network effect, we focused on the change
in neurotransnutter 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 essential role in the modulation of
motor and cognitive symptoms caused by neurological disorders
such as Parkinson's disease (PD) (Carlsson, 1972; Fahn, 2003),
as well as in learning-induced neuroplasticity in both humans
and rats (Adcock et al., 2006; Berridge. 2007; Rassato 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 Amimal Experiments” (National Institute of
Neuroscience, National Center of Neurology and Psychiatry noti-
fication no. 2010004, received 2010). Every effort was made to
minirmize the number of animals used in the experiments and
their suffering,

ANIMALS

Male nine-week old Sprague Dawley rats (CLEA Japan, [nc,,
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 used 10 investigate tissue
damage.

MICRODIALYSIS SURGERY

Twenty-five rats were divided into the following three groups:
cathodal tDCS (11 = 7), anodal (11 = 7), and sham (# = 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-
tal drill. A guide cannule (AG-6; Eicomn Corporation, Kyul,

Japan) was implanted into the striatum [+1.0mm anterior,
+3.5mm lateral, and —4.5mm ventral to 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 (5mm 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 LA)
at an anatomical location roughly corresponding to +2.0 to
+7.0 rora anterior and +1.0 to +6.0am lateral to the bregma
(Paxinos and Watson, 1998). It was previously reported that the
frontal cortex beneath the stimulation electrode had an snatom-
ical connection to the striatum where the microdialysis probe
was implanted (Ebrabimi et al,, 1992; Gabbott et al., 2005). A
second electrode 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 elecirode 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 A from the scalp electrode. The safety
limit of the stimulator was 120 V. The current intensity of 800 A,
corresponding to a current density of 32.0 A/m? in the present
setting, was used lo maximize the effects of iDCS 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 (small red square) of the sumulator was fixed 10 the skin with
surgical tape just above the brain region including the cortex. The
anatomical location corresponded to +2 0 to =70 mm anterior and +10 10
+6 0mm lateral to the bregma A second slectrode (largs red ellipss) was
placed on the neck. A quide cannula (blue cylinder) was fixed to the skull
with resin dental cement, (Bl 2 microdizlysis probe was inserted into the
striatum {+ 1 O mm anterior, -3 5 mm lateral, and =4 5 mm ventral 10 the
bregmal
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stimulation (Liebetanz et al, 2009), although the safety limits of
anodal stitnulation was not specified.

DOPAMINE AND SERQOTONIN MEASUREMENTS

Stimulation and in vive microdialysis were carried out vnder
urethane anesthesia. Body temperature and heart rate were mon
itored and remained at approximately 37°C and 350 bpm, respec-
lively. No remarkable changes in vigilance were observed by
visual inspection of body movement. After surgery, microdialysis
probes (Al-6-02; 2-ram membrane lengih; Eicom Corporation)
were slowly inserted into the striatum through the gnide cannula
(Figure 1B). The probe was perfused continuously at a flow rate
of 2wl/min with artificial cerebrospinal fluid (aCSF) containing
0.9 mM MgCly, 147.0 mM NaCl, 4.0 mM KCJ, and 1.2 mM CaCl,.
The collection and analysis of perfusion solution were performed
at 10min intervals over the duration of the experiment. The
concentrations 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 collected from the rat striatum before the appli-
cation of 1DCS as a baseline. Following tDCS, dialysis samples
were collected every 10 mun untl at Jeast 400 min after the onset
of stimulation.

Dialysis fractions were analyzed using bigh-performance lig-
uid chromatography (HPLC) with an electrochemical detection
(ECD) system (Eicom Corporation), The extracellular serotonin
Jevel in the stristum 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 column with a mobile phase comaining
99% 0.1 M sodium phosphate buffer (pH 6.0), 500 mg/L sodium
1-decanesulfonate, 50 mg/L ethylenediaminetetraacetic acid dis-
odiumn salt (EDTA-2Na), and 1% methanol. The mobile phase
was delivered at a flow rate of 500 pl/min. Before every exper-
iment dopamine hydrochloride and serotonin hydrochloride, as
the standard reagents, were dissolved in solvent and injected into
the HPLC system. Retention times of dopamine and serotonin
were calculated from the peaks detected in the chromatograph.
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; Kitawchy et al, 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, i.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—gm-thick coronal sections were cut through the
striatum (—1wmm to 3 mm anterior to the bregma) on a cryostat.
These were then thaw-mounted on 3-aminopropyliriethoxysilane

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

tDCS-INDUCED TISSUE DAMAGE

Histological examination was performed to determine the effects
of tDCS on the brain tissue and skin beneath the scalp elec-
trode. At 24 h after the application of tDCS, 12 rats (cathodal
tDCS and shbam groups; n = 6 per group) were deeply anes-
thetized with sodium pentobarbital (50 mgrkg body weight, i.p.),
and 10—pro-thick coroval sections of their brains were pre-
pared and stained with cresyl violet using a method similar to
tbat described above. The skins were post-fixed at 4°C; dehy-
drated with ethanol and xylene, and paraffin-embedded. Sections
(5—pn 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 evaluated. To confirm
whether tDCS leads to apoptosis, 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) (Kobavashi et al,, 2004), To mini-
mize the number of animals used in the experiments, we omitied
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 IB) were excluded from
statistical analysis. Extracellular dopamine and serotonin levels
were expressed as perceniage signal changes from baseline values
before (DCS application. Group data are presented as mean =+
standard error (SEM). The statistical significance of differences
between groups was assessed by repeated measires 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 cach time point were compared with the base-
line using the paired f-tests, For the same 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-1ests,

RESULTS

Statistical analysis was carried out on rats in the cathodal
tDCS (11 = 7), anodal tDCS (n = 7), and sham (n = 7) groups.
To examine whether cathodal or anodal tDCS affected extra-
cellular dopamine and serotonin levels in the striatum, we
invesiigated the effect of tDCS using inn 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, Fy, 29 = 0.389, p = 0.684; sero-
tonin, Fo. 20y = 0.242, p = 0.788]. These basal levels compared
well with the previous studies (Bawmann et al, 2008; Kitaichi
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et al,, 2010). Following the application of cathodal {DCS for
10 min, the extracellular dopamine levels continuously increased
and this effect Jasted 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. 20y = 27.386, p < 0.001; main effect of TIME. Fy, gs0) =
0.514, p = 0.997; interaction of GROUP x TIME, F7, ss) =
4.674, p < 0.001]. The dopamine 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 t-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 after stimulation (p < 0.05, unpaired two-sample f-test).
By contrast, the application of anodal (DCS did not induce
significant increases in extracellular dopamine levels,

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

Group Dopamine (niM) Serotonin {nM)
Sham 0.61 £0.070 0.11+0.076
Cathodel tDCS 0.62 £0.076 0.11 £0.082
Anodal tDCS 0.68 £ 0.071 0.06 4 0.012

Data are presented as the mean & SEM.

There were no significant changes in extracellular serotonin
levels in the striatum in any group, indicating that they were
unaffected by the application of either cathodal or anodal iDCS
[Figure 3; main effect of GROUPR, F) i) = 2.016, p = 0.159;
interaction of GROUP x TIME, Fp, 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 histological examination with cresyl violet 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
either group (Figure 4B),

DISCUSSION

The main finding of the present study was that cathodal 1DCS
induced a significant increase in extracellular dopamine lev-
els in the rat stnatum, 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
€ Caodal IDCS group
¢ Anadal IDCS group

200 4

150 -

=
S
:

Dopantine (% of baseline)

L
<
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FIGURE 2 | Effect of tDCS on extracellular dopamine levels in the
striatum. The sbsolule bassl dislysis levels of dopsmine in the
siriatum detected 10min before the interventions did not differ
between groups Dopamine levels were expressed as percentage

Time after the onset of stimulation {(min)

200 300

signal changes from baseline values before the IDCS application
Group data are presented as the mean £ SEM Cathodal, but not
anodal, tOCS 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 dialysis levels of serotonin in the stigtum detected 10 min
befoce the interventions did not differ between groups. Serotonin levels were

Time afier the onset of stimulation {min)

T 13
200 300 400

expressed as percentage signal changes from baseling values before the tDCS
application. Group datas are presemed as the mean = SEM, Nane of the 1IDCS
applications significantly affected extracellular serotonin levels

previous study that reported po changes in the rat serotoner-
gic system following repetitive transcranial magnetic stimulation
(r'TMS) (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 corcbrzl cor-
tex, including the sensory, motor, and associated regions, project
1o 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 fronsal
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 plausible 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 inconsistent with previous studies. For example,
cathodal tDCS has been thought to induce suppression of motor
function and learning 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, 2011a). 1o addidon, *TMS has been suggested (o
induce increased extracellular dopamine levels in the striatum by
facilitating neuronal 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 directly mea-
sured extraceliular dopamine levels in the striatum-induced by
tDCS. Although the roechanism underlying the long-lasting effect
of cathoda) tDCS observed in the present study has not yet
been determined, we offer the following speculations. It bas been
widely accepted that cathoda) 1DCS decreases cortical neuronal
activity (Bindman ct al, 1964; Purpura and McMurtry, 1965;
Fritsch et al, 2010). Meanwhile, a recent report showed that
cathodal, but not anodal, (DCS 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 that cathodal 1DCS may specif-
ically facilitate synaptic plasticity. Forthermore, cathodal, but
not anodal, tDCS was shown 1o facilitate working memory and
skill learning 21 days afier treatment, implying that cathodal
tDCS might facilitate long-term homeostatic cortical metaplas-
licity (Dockery et al., 2011). Although the cathodal tDCS may
instanianeously decrease neuronal activity beneath the stimulus
electrode, these findings 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 plasticity.

Alternatively, the cortico-basal ganglia neural circuit contains
both excitatory and inhibitory projections (Alexander and
Crutcher, 1990; Nambu et al,, 2000) in an intrinsic neuronal
network. Therefore, we 1nust also consider the possibility thal
cathodal tDCS affects extracellular dopamine levels in the
steiatum through an inhibitory circuit.
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FIGURE 4 | Histological examination following tDCS. {A) Cresyl violet
staining of the brain lissue below the scalp elecirode in the sham group
(feft) and the cathodal 1DCS group {nght} 24 h atter 1DCS application. Scale
bars 1 mm for upper panels, 100um for lower panets; (B} HE staining of
the skin bolow the scalp slectroda in the sham group (left) and the cathodal
tOCS group (nght) 24 h after t1DCS apphcation Scale bars' 100w for upper
panels, 50 wm for lower panels No morphological 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 1o be the
only reason for the cathodal tDCS-specific dopamine increase, as
the anesthetic procedure was comnion to all stimulation condi-
tions. Moreover, in a previous study, alteration of extracellular
dopamine levels in the striatum induced by medial forebrain

bundle stimulation did not differ between vrethane-anesthetized
and awake animals (Tepper et al,, 1991).

The contamination effect induced by the tDCS reference elec-
trode on the neck should be considered. Alithough the electrode-
current density in this region was lower and less effective, and
there is no brain tissue beneath the tDCS reference electrode
on the neck, it was unclear exactly how the current flowed
between the two electrodes in the present experimental setup.
Furthermorve, the current delivered by the stimulation electrode
might have reached the striatum through the guide cannula,
even though the dental cement used to fix it was an electrical
insulator. To rule out this possibility, extracellular dopamine lev-
els should be measured using a non-invasive technique such as
positron-emission tomography.

Though polarity of their affective stimulation electrode dif-
fered from that of the present study, some reports have shown
that tDCS improves PD symptoms in both animals and humans
(Boggio et al,, 2006; Fregni et al,, 2006; Benninger et al,, 2010;
Gruner et al., 2010; Li et al,, 2011). An underlying mechanism of
such clinical effects could be an increase in extracellular dopamine
levels in the striatum induced by tDCS. However, it is as of
yet unclear whether 150% of basal dopamine level 1s clinically
relevant and if tDCS will increase dopamine levels in patients
whose dopaminergic nevrons have degenerated. Therefore, we
recommend caution in correlating the present finding to clinical
application of tDCS.

In conclusion, we demonstrated that cathodal tDCS increased
extracellular dopamine levels in the rat siriatum. This suggests
that tDCS has a direct and/or indirect effect on the dopamin-
ergic system in the subcortical area. Further work to deter-
mine the mechanism underlying tDCS effects on cortical-basal
ganglia funciions could benefit our understanding of learning-
induced neuroplasticity and the development of new clinical
interventions.
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Evolutionary Acquisition of a
Mortal Genetic Program: The
Origin of an Altruistic Gene

Abstract  As part of our research on programmed self-decomposition,
we formed the hypothesis that odiginally immortal terrestrial organisrs
evolve into ones that are programmed for autonomous deach. We
then conducted evolutionary simulation experisments in which we
examined this hypothesis using an artificial ecosystem that we designed
to resemble 2 rerrestrial ecosystem endowed with artificial chemistry.
Notable results corroboratng our hypothesis were obtained, which
showed that mortal organisms emerged from indigenous immortal
organisms through mutation; such mortal organisms sutvived and lefc
behind offspring, albeit very rarely, and, having survived, surpassed
immortal organisms without exception. In this ardcle, we report

the detalls of the above findings and also discuss a background
framework we previously construcred for approaching altruism.
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I [Introduction

We previously modeled autonomous death, which is one of the significant and unuversal attributes 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 field 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 constitution: As typically shown in many studies in the field of evolution, including those by
Charles R. Darwin and William D. Hamilion, the research model often predetermines both the
possibility and limitation of the study in queston. We have therefore attempted to construct a
new maodel for autonomous death based on curtting-edge techniques and a perspective thar draws
on various fields, including ALife and molecular cell biology, so as to extend o ateas 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) Sinrutation of evolution using artificial life as a eritical took In otder to verify our evoludonary model, we
had 1o deal with an extremely complex ecosystem on a large spatiotempotal scale thar far exceeds
observauons of and experiments on real-life mdividuals. Tt would be impracueable o perform
an evolutionary experiment in the real world, because that would require an earth-scale space
and 2 million-year ume span. In view of our research objectives, artificial life has provided the
optimum alternative to real life for scientfic inquiry. To obtain conclusive research results, we
have integrated vanous interdiscipbnary approaches through evolutonary simulations making
use of artificial life. Below we introduce certain key points in our studies to provide background
for the current study.

1.1  Programmed Self-Decomposition Model

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

Since a terrestrial ecosystem has 2 finite matenal environment, terrestrial lives require materal
recycling to mainraia their life activities. Eugene P. Odurn listed four principal pathways responsible
for matenal recycling in Ws Fundamentals of Ecology [17] as follows: (1) pomary animal excrevon; (1)
microbial decomposition of detritus; (i) direct eyeling from plant to plant through symbiotic micro-
organisms; and (iv) aurolysis. 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 actve biochemical process buile into cellular genetie 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 monomers <o that the materials that they used and the spaces
where they existed can be opamally reunlized by all other living individuals, including adversaries
and competitors, and by that means can return to the environment and thus contribute to the restora-
tion of the entire ecosystem. Regarding the concept of altruistm that we have utilized as a tool for these
studies, we have partially revised the conventonal concept, as discussed in Secdon 4.

We venture to posit that this phenomenon is built into each single cell, which js the fundamental
unit of all terrestnal life, and that ir takes place as rthe cell lives ouf irs narural life span or whenever it

2 Artificial Life Volume 19, Number 2
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encounters an inadaprable environment. Therefore this phenomenon is inseparable from pro-
grammed cell death. In unicellular organisms this phenomenon is nothing other than individual
autonomous death. At the level of individuals, it corresponds to complete abandonment of self-
presetvation and self-reproduction, and 1s indicatve of complete withdrawal from and total renunciation
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 certain 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 absaract, logical model completely removed from any
and all concrete aspects of acrual life activides, we copstructed 2 mathematical model of life activities
exemplified by self-reproduction and self-decomposition, takiog John von Neumana’s self=eprocucdve
automaton [37] as our prototype and naming it the PSD model [18]. Details of this model are described
elsewhere [18, 24].

1.2 Molecular Cell Biology Studies

It is of crtical importance that our PSD model be applicable to actual terrestrial lives. We therefore
adopted a eukaryotic unicellular organism, the protozoan Tewabymena, as our experimental matenal,
since it is highly conducive to mathematcal modeling [18, 24]. For our impulse shock experimental
model [24, 36]: First of all, we activated, for a short period of time, a generc program with an external
signal indicative of a fatal envitonment. Next, the culture condition was immediately restored to one
appropnate for life, so that the physiological processes responsible for self-decomposition could
proceed smoothly. To actualize our impulse shock model in a flask, we creared concrete experimental
conditions to induce the self-decomposition process. The success of this experiment corroborated
evidence of the exisrence of the PSDD mechanism (Fignre 1) [24]. In three other experiments, the
decomposition of cells was significantly suppressed due to the inhibition of any of three processes
that occurred directly after the impulse shock treatmenc: transcrdption from DNA to mRNA, enesgy-
requiring metabolic processes, or lysosomal hydrolytic enzyme activities. Such experuments supposted
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 virmual automara), which provide a basic tool for examining the PSD model. Since
1996, when we constructed SIVA-III [19], a pioneenng prototype for an AChem [3, 32] systern, we
have contnued to make enhancements of SIVA [9-11, 20-24, 26], the most current one being the
SIVA-T group [11, 24].

0 hour 1 hour 2 hours 4 hours 6 hours
Figure ). The self-decomposition process in Tetrohymena 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 containing 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 srate.

Anificial Lifc Volume (9, Number 2 3
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SIVA is configured with virtual life individuals (VLIs) installed in a virtoal ecosystem in a two-
dimenssonal space. Two different kinds of VLIs are designed for SIVA, based on AChem. One 15 a
VLI of a mortal organism that exerts an altruistic effect through autonomous death accompanied by
the PSD mecharusm, The othet kind is a VLI of an immortal organism having the same structute and
funcrioning as the morral organism but without autonomous death in the PSD mechanism and thus
lacking any altruistic characteristcs. Details of the simulator design are described elsewhere [24].

When the two types of VLIs proliferate within the same virtual ecosystem whose environmental con-
ditons are identical throughout the endre ecosystem and are programmed so as 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 were suitable for VLIs
in the inital habiration area, 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 1o their survival, whereas the mortal VLIs
succeeded in expanding their habitation area and ovenvhelmingly surpassed the mmortal VILIs [9, 20,
22]. Thus it can be paradoxically stated that 2 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 seemungly contradictory finding is as follows. Mortal VLIs with an altruistc
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, mutant VLIs
evolve one after the other with charactenistics that allow them to survive in environmental conditions
under which the inigal VLIs are unable to survive and thus ate able to greatly expand their terdtory.
On the other hand, since immortal VLIs irreversibly fill their habirable area and never reuse it, the
available space for existence becomes circumscribed so reproduction becomes increasingly difficuls
over time. This factor leads to a decrease of emergent mutant VLIs and the blockage of proliferation
and evoludonary adapragon. As a result, their inhabitable rerntory hits a ceiling. We can understand this
situation as evidence that autonomous, altruistic self-decomposition accelerates evolutionary adaptaton
to the environment through the diversification of species.

Moreover, we examined how differences in the degree of altruism affected offspring prosperity using a
SIVA simulator endowed with a terrestial-type finire, heterogeneous eavironment [24]. In that experi-
ment, we considered the degree of ease for other VI Ts to reutilize decomposed parts, which had retumed
to the environment as a result of sclf-deccomposition, as a hypothetical index of altruism. That is, we de-
signed three different types 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 altruistic the decomposing
organism. We then conducted simulations in which those three types of mortal VILIs and the immoreal
VLIs proliferated within the same ecosystemn. The results showed that the immortal VLIs hit a ceiling at a
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 reushzaton rendered the maximum altnustic contribunon 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 2 higher degree of altruism to other organisms allows for greater diversificaton of
the species and accelerates their evolutionary adaptation to the envitonment. Such findings further support
our PSD model and suggest the effectiveness of self-decomposition in the evoluton 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 emerged in the evolution of tetrestrial bife.
Using our evolutionary model, in which the most primigve form of living indviduals 1s immortal and
in which mortal lives emerged by the acquisition of an altruistc death gene as a property highly suitable
to the terresrrial environment through the process of evohitionary sophisticarion [18], we conducred
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a preliminary investigation using an artficial ecosystem STVA-TII (19] of our previous design and
obtained results that would suggest the robustness of the above hypothesss [10, 22]. Thereafter, we
constructed a more sophisticated model for 2 more detailed investigation making use ot an AChem
ecosystem SIVA-TO05 [24]. The essental questons we sought to answer were as follows: Would an
individual mortal organism, overwhelmed by immortal organisms, become extinct, or could such an
individual survive and produce offspring? 1f it survived and produced offspring, what kind of power
relationships would be established between such mortal organisms and the immortal ones?

Our findings suggest that 2 mortal mutant individual, born in an ecosystem where only indigenous
immortal organisms exist, cannot repeat self-teproduction steadily and thus becomes extinct in most
cases. Nonetheless, some mortal mutant individuals in our study did manage to survive at an extremely
small but not negligible rate. Moreover, the offspring of these mortal mutant individuals thar survived
extended their habitation area, surpassed immortal organisms, and prospered without excepton. This
artcle discusses the above findings in derail.

2 Methods

2.1 Design of the SIVA Virtual Environment

In the present study, we again used SIVA-TO5 as an evolution simulator [ts construction and functions
are the same as those utilized in an earlier report [24]. In short, the virtual environment of SIVA-TO05
consists of a lattice of spatial blocks on a two-dimensional plane (Figure 2). Environmental condinons
regarding temperature, energy, and four kinds of virtual inorganic biomaterials were independenty
defined for each spatial block. The initial configuration was identical to that in the previous report [24].

2.2 Structure and Behavior of Artificial Life in SIVA

2.2.1 Structure of a Virtual-Life Individual

As in the earlier report [24], we designed a virtual-life individual (VLI) based on Oohashi’s self-
reproductive, self-decomposable (SRSD) automaton model (Figure 3), which took von Neumann’s
self-reproductive automaton model [37] as its prototype. OQohashi’s automaton G is described as
G =D + FZ + Iptpy, where D = A + B + C. Here, automaton A produces automata according
to instructions on data tape 1 (that is, a virtual genome). Automaton B reads and replicates data tape 1.
Auromaton C sets the copy of data tape I replicated by automaton B into new automara produced by
autotmaton A and separates these as automaton D. Automaton FZ, which is a tnodulat subsystem
plugged into automaton D, decomposes the whole automaton G into components suitable for re-
utilization when automaton G encounters serious environmental conditions in which it is unable to live
or has reached the end of its life span. Darta tape Ip.gy carries an instruction describing automaton
D + FZ. Thus, automaton G, which corresponds to D + FZ + Ip+yz, can reproduce an identical
automaton G as well as decompose itself.

We designed artificial life based on AChem so as to actualize the above-mentioned logical
actions and, as faithfully as possible, to reflect the principles of terrestrial life and its subsequent
reproduction (Figure 4), That is, a VLI s constructed from four classes of virtual biomolecules:
virtual inorganic biomaterials (VI), virrual organic biomaterials (VO), virtual biological monomers

~ —of SIVA-TO05
gédimenslcnal :

Figure 2. The finite and heterageneous environmental conditions of the virtual ecosysterm SIVA-TOS [24].
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Instruction tape I (Virtual genome):
Constitutive information of
automaton registered on a tape

Decomposing the whole
‘automaton into components

: Spatial block

Figure 3. The relationship between life activities of virtual-life individuals (VLIs) and the environment in SIVA-TO5 [24].

(VM), and virtual biological polymers (VP). There are four kinds of VI; mozeover, any molecules in
the latter three classes consist of combinations of the four kinds of V1. A virtual genome in the VP
class consists of virtual nucleotides belonging fo the VM class. The virtual protein in the VP class
is produced according to a sequence of virrual nucleotides char determines the pritary sequence
of virtual amino acids belonging to the VM class. We developed a SIVA Janguage that actualizes
virrual-life activities by recognizing the sequence of the virtual amino acids contained in the virtual
protein as coded program sentences and executing therewith. According to given conditions, this

SIVA language reproduces, divides, and decomposes a VLI

2.2.2 Behavior of Virtual-Life Individuals
A VLI executes its life activities by consuming matedals and energy from the virtual environment [24),
Activities of each VLI are so designed as to depend on the amount of material and energy available
as well as the (emperature in the inhabited spadal block. Namely, optimam eavironmental condidons
are defined for each VLI a priori. Activites of a VLI decrease when eavironmeantal conditions of the
habitaton point move away from VLI optimum points. A VLI cannot express its life activities when
covironmeantal conditions markedly deviate from the optimum, and, in the case of a mortal organism,
it decomposes itself just as it does when it has lived out its life span. Materials and energy released by the
decompnsiton of a VLI are restored to the environment and hecome utilizable by other individuals
within the same space as that occupied by the VLI

When VLI reproduce, point mutation can occur at a predefined probability during replication of the
virtual genome. Mutations may alter the optimum environmental conditions of a VLI, This enables the
VLI to live in an environment where it originally could not live, That is to say, evolutionary adapeation
to the environment can occur.

a Vitual b Automaton A: Ap1.
genome Producing aulomaton syntha.
according to instruction movef .
Automaton B: 3:2}239&
Replicating instruction tape | o
Virtuat 9 Pe 1 mover:
amino acid o
(VAA} : - Automaton C: D3 ‘ Getnmans
2 e Controlling autematon A length AP >= max length AP,
Word [ 203 decam and B for reproduction length_IM >= max_length 1# divid
Sentence [Ghconformity 5 decan déoin.;  Automaton FZ: me. L
Hen - Y Becomposing the whole length 14 = 0 length 5P = 1 decsim,
3 a toma? n;ingio w ungenfermity > 2 dscanm decim,
ParagraphiIDd. -+ unconformity > 2 decam decim. - - u © age > 20 decam decim.

Figure 4. The concept and examples of SIVA language statements that describe the self-reproductive, self-decomposable
VLI in SIVA-TOS5 [24]. (a) Synchesis of virtual protein based on a virtual genome. (b) SIVA language statements describing
fife activities of automata constiruting 2 SRSD VLI
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2.3 Experimental Setting

We construcied an expetimental model to examine our hypothesis [18] on the evolutionary emergence
of an altruisdc gene using Alife: namely, that pdmitve immortal organisms through evolution have
acquired death accompanied by aluruistic self-decomposition.

As mentioned above, our SRSD VLI is described as G = D + FZ + l4pz. Its prototype is
von Neumann’s automaton, described as E = D + Ip, which reproduces without autonomous
death. With the added funcuion module FZ for self-decomposinon along with its genetic program
Igz, our automaton can achieve autonomous death accorapasied by altruistic self-decomposition.
Consequently, mortal organisms are more complex than immortal organisms in terms of strucrure
and function. Von Neumann stated as a2 matter of principle that “when an automaton performs certain
operations, they must be expected to be of a lower degree of complication than the automaton itself”;
furthermore, he descrbed living organisms as follows [37]: “They produce new organisms with no de-
crease in complexity. In addidon, there are long petiods of evolution duting which the complexity is even
increasing,” Our self-decomposable mortal automaton, having greater complexity, achieves prosperity
of its offspring exceeding that of its tmmortal prototype. Consequently, we hypothesized that mortal
organisms with altruistic self-decomposition emetge evolutonarily from immortal organisms [18, 22].

We constructed our experimental simulation model using SIVA configured with a terrestrial-cype
{inite, heterogeneous environment. First, we designed an immortal organism as a precursor at an evolu-
tionaty stage just prior to its becoming 2 mortal organism, and configured a virtual ecosystem inhabired
by that precursor organism as its only indigenous species. Then we considered what might become of
a mortal individual wich altruistic self-decomposition that had emerged evolutionarily from 2an indig-
enous immortal organism through mutation. As shown in Figures 3 and 4, the mortal VLIs consist
of automata A, B, C, and FZ, each of which is 2 virmal protein with a specific function, as well as a
data tape Ip+py, that is, a virtual genome that stores the data for each automaton. Automaton FZ,
which has decomposed VLI itself, was actvated whenever erther of the following condstions was
determined to be true: (1) the VLI encountered an environment incompatible with its survival, or
(2) the VLI’s life span had ended. For immortal VLIs, therefore, we assumed such conditons 1o be
false 50 as not to make FZ execure self-decomposition. If this mechanism became the target of 2 muta-
tion that canceled the “false” setting, it would correctly determine the above conditons to be true.
Consequenty, the mutant VLI could activate FZ and execute its own self-decomposition, tesulting in
the evolutonary emergence of 2 morral organism with aleruistic self-decomposiion. We seeded an
immortal VLI possessing this precursor of a genedc program for death at the very center habitagon point
of an ecosystem whose environmental conditions were deemed most suitable for a VLI

The mutation rate was determined as follows. Existing terrestrial lives tend w have a higher
mutation rate, as the length of their genome is shorter. For example, an organism with a genome
of 10* molecules has a mutadon rate 10, Since the virtual genomes of VLIs in the present simulation
cousisted of 1,275 VM molecules, we used thuee mutadon rates: 0.005, 0.002, and 0.001.

For each of the three mutation rates, we conducted 200 to 800 simulations of 800 passage durations
each and observed changes in size of habitation area, number of VLIs, and frequency of mutation.
Herce one passage duration corresponded to 5 time couats (TCs, the unit of virtual time in SIVA-TO5),
because it took at least 5 TCs for a newborn individual to reproduce itself in our current simulation
experiments. We have used the passage duration as the time usit in this report.

3 Results

Simulations of whether mortal VLIs emerging from immortal VLIs through muration survived and
proliferated obtained the following results.

Table 1 shows the proportions of the simulations ia which mortal VLIs emerged and then survived
at each mutaton rate. Not so many mortal mutants emerged evolutionarily within the passage duration
of 800, and, even when emerging, most of them were surpassed by native immortal VIIs and did not
survive. The survival rares of emerging mortal murants, however, were nor negligible: 3.5%, 1.4%, and
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Table |. Proportions of the evolutionary emergence and survival of mortal virtual-life individuals.

Total number  Proportion of emergence  Propartion of survival Survival propartion of
Mucation rate  of simulations  (number of simulations)  (number of simulations)  simulations with emergence

0.005 200 29% (58) 1.5% (7) 12%
0.002 500 ' 1% (56) 1.4% (7) 13%
0.001 800 5.3% (42) 0.25% (2) 48%

0.25%, respectively, of the total number of simulations at mutation rates of 0.005, 0.002, and 0.001.
Namely, the mortal mutants and their offspring that evolutionasily acquired altruistic self-decomposition
were mostly but not altogether exterminated, with some surviviag in extremely low propottons.

It was noteworthy that once the emerging mortal mutants survived and lefr offspring, these
invariably surpassed immortal VILIs and increasingly proliferated as the passage duration became
longer. Figure 5 shows changes in habitadon area, aumber of VLIs, and frequency of routation in
a typical example for each of the three murtation rates, and indicates that the numbers of individuals
and the frequency of mucadon of morral VLIs were quite low as they began to emerge, bur, as their
activity gradually increased, they began to surpass immortal VLIs between passage durations of 300
and 400, and afterwards proliferated exponentially.

4 Discussion

4.1 Emergence and Prosperity of Mortal Organisms

We carried out an evolutionary simulation experiment using our artificial ecosystern SIVA-TOS5,
modeled for a finite, heterogeneous terrestrial environment and artanged in a biomolecular hierarchy.
When a mortal mutant individual endowed with an evolutonarily acquired genetic program for
death was botn in a place in which immortal organisms already existed as indigenous ones, although

~ Immortal organism Miortal organism Number of individuals  Frequency of mutation
z 7 e ey 2900 800

a. Mutation rate:0.005

2000| s Morta} sook = Mortal
1600 |-~ Immorial 400 s {OVMIOrE AL
1000}
5000 o 200
G & 4]
b. Mutation rate: o 2500 800
: ' | 2000 600}
1500~ s00k
1000
500} 2001
e 0
, Mutatloate: 0.01 , 2500 . 800
1500} 400}
1000
o : 300 200
Passage = 0 80 200 400 800 0 Passage 800 0 Passage 800
duration duration duration

Figure 5. Successive changes in the distribution of individuals, the number of individuals, and the freguency of murtation
of mortal and immortal VLIs when mortal VLIs emerged evolutionarily from immortal VLIs through mutation in the
ecosystem where only immortal V0s existed: (a) mutation rate 0.005; (b) mutation rate 0.002: (¢) mutation rate
0.00}. The mortal VLIs, which emerged and survived at a very low ratio, clearly surpassed immortal VLis and became
prosperous with adaptive divergence under various environmentzl conditions.
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such mottal individuals had difficulty in surviving, yet they did survive and produced offspring, albeit
at a very low reproductive rate. We also showed that, once these living adividuals survived, they
invarably prospered and surpassed existing immortal organisms.

Is it possible to apply such a finding to the actual evolutionaty history of the terrestrial ecosystem?
For example, since the evolution and prosperity of mortal organisms were only observed twice out of
eight hundred simulations with a mutation rate of 0.001, such a result might be deemed merely an
extremely rare phenomenon. However, in consideration of the enormously long evolutionary period
of 3.8 billion years since most ancestors of life emerged, the boundless expanse of the terrestrial
environment relative to a unicellular organism as minute as 2 few microns, for which even a cubic meter
of water environment would be greaty expansive, and the immeasurable diversity and heterogeneity
of matter and energy, we suggest that evolution from immortal to mortal life might well occur even
if the probability might be lower than what we employed in the simulagons.

4.2 Background to the Superiority of Mortal Organisms

As shown in our research, including the current expeniment, the superiority of mortal organisms to
immortal organisms pertains to the following background. Immortal orgamisms dominate space
and matesials, once secuted, while the volume of resources in the ecosystem to sustain life activities
monotonically decreases. With less chance of reproduction in association with a decrease of resources,
the chances for mutation and evolutionary adaptation are reduced. By contrast, mortal organisms
through self-decomposition release space and return their paris to the environment for other organ-
isms to reutilize. As a result, accumulated mutations through the continuous alternadon of generations
accelerate evolutonary adapration to the environment.

Death is the non-reversible wermination of two definitive attributes of living individuals, namely,
self-preservation and self-reproduction. In terrestyial lives, these attrbutes are associated with autol-
ysis, which we have modeled as programmed death accompanied by altruistc self-decomposition,
that is, the restoration of biomaterials and habitation space to the environment. In terrestrial Lves,
moreovey, death is tiggered not only by external forces such s predation, injury, or infection, but also
by overwhelming environmental unconformity and the normal life span of that species. Consequently,
death is essendally inevitable for terrestrial lives.

From the viewpoint of the individual-centic umwelt' considering the life principles of self-preservation
and self-reproduction, such death of a rerrestrial life form can be understood as the last defect of life,
which should be essentially flawless, and as the epitome of the incompleteness of life, which could be
overcome through cvolution. Noncthcless, in our previous cvolutionary simulation studics based on
the ecosystem-dominant umwelt model, we found that living individuals endowed with a mortal
genetic program that includes altruistic self-decomposition prospered and surpassed flawless living
individuals with perfect self-preservation and self-reproduction in a heterogeneous, complex, terrestrial-
type virtual environment.

The current experiment revealed that offsprng of indigenous smmortal organisms prospered more
significantly than did their parents because of the autonomous, altruistic mortal genetic program newly
installed in the immortal organisms thar converted them into mortal organisms; that is, they evoludon-
arily acquited a paradoxical survival strategy. This finding encourages us to create a model for the
acquisition of autonomous, altruistic death as the fruit of evolunon.

Independent of the studies (hat we have undertaken since 1987 [9-11, 18-20], Peter M. Todd
implemented artificial death in his ALife system [33, 34], and those experiments supported the recog-
nition shared with us thar death affords another entity its space in which to exist, and that death,
accordingly, is essential throughout the ongoing evolutionary process. Nevertheless, the model of death
constructed by Todd differs from ours in rwo obvious respects. First, death in Todd’s model affords
no process by which the organism might decompose itself into constituent parts for the efficient and
collective reutlizaton of other organisms, which is an essendal feature of our model. Second, the

| The concept of Umnwelt as proposed by fakob von Uexkiill {38).
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