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100-500
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Fig. 1. Examples of superimposed single muscle action potentials during prolonged tetanic intramuscular microstimulation in the extensor digitorum communis muscle of a
normal subject. (A) Characteristic responses during the first 200 stimuli delivered at 5, 10, and 20 Hz. Each superimposed response is recorded from a different site. (B) An
example of superimposed responses recorded during 20 Hz stimulation. Traces 100-500, 1-100, 201-300, and 401-500 are separately shown. Note a progressive increase in

latencies.

modeled as compound symmetry {CS). Tukey-Kramer’s method
(Westfall and Young, 1993) was applied for adjustment of multiple
comparisons between any two groups. All comparisons were two-
sided, and p-value of less than 0.05 was considered to be statisti-
cally significant. All statistical analyses were performed by the
SAS software program, version 9.2 (SAS Institute Inc., Cary, NC,
USA).

3. Results

A total of 585 MAPs were examined at 5Hz (n=190), 10 Hz
(n=210), and 20 Hz (n=185) steady stimulation. The number of
MAPs per subject were 12-27 at 5 Hz, 15-37 at 10 Hz and 12-27
at 20 Hz. The data of latency change (%) were analyzed for reducing
the influence of latency at baseline determined by the distance be-
tween the stimulating electrode and the recording electrode. The
tetanic electric stimulation was well-tolerated in all 10 subjects,
whereas three of them complained of slight pain during 20 Hz
stimulation.

There was a progressive linear prolongation of latencies, as the
stimulus rate increased. Representative recordings {rom a single
subject are shown in Fig. 1. The latency prolongation during stim-
ulation was not observed at 5 Hz, but occurred slightly at 10 Hz,
and prominently at 20 Hz. A gradual progressive latency prolonga-
tion was clearly visible at 20 Hz (Fig. 1B and Supplementary Video
S1).

Fig. 2 shows changes in latency during 500 stimuli in two sub-
jects. The baseline latencies varied because all three recordings in
each subject were from different site to present characteristic
examples. There were no obvious changes in latencies at 5Hz, a
slight increase in latency was seen at 10 Hz, and a clear latency
prolongation at 20 Hz stimulation. The latency prolonged linearly
and the slope of the regression line was steepest for 20 Hz stimu-
lation. The slope of the formula of the regression line indicates the
latency elongation (jts) per stimulus. In all recordings, the mean
slope of the regression line was 0.07 ps/stimulus at 5 Hz, 0.26 s/
stimulus at 10 Hz and 0.53 ps/stimulus at 20 Hz.

Fig. 3 shows box plots of the latency change during 500 stimu-
lations at 5, 10, and 20 Hz in the three different rate groups. The
data of each stimulus rate group were normally distributed. There
was a significant increase in latency, as the stimulus rate was in-
creased. The least square means (SEM) of latency change by apply-
ing a mixed effect model were 100.7 (0.28)% at 5 Hz, 102.3 (0.27)%
at 10Hz and 105.3 (0.28)% at 20 Hz. The difference was more
prominent between 10 and 20Hz than between 5 and 10Hz
stimulation.

Fig. 4 shows comparison of latency change at constant time
length, 25 s (125 stimuli at 5 Hz, 250 at 10 Hz, and 500 at 20 Hz).
The data of three stimulus groups were also normally distributed.
The least square means (SEM) of latency change were 100.2 (0.28)%
at 5 Hz, 101.3 (0.28)% at 10 Hz and 105.3 (0.29)% at 20 Hz. Again
there were statistically significant differences among three stimu-
lus rate groups. During 500 stimuli, there was a linear chronologi-
cal change in latency at 5, 10, and 20 Hz stimulation, and the
latency increase was most prominent at 20 Hz (Fig. 5).

In most of recordings at 20 Hz stimulation in which we ob-
served prominent latency prolongation, the same stimulation
was repeated 1 min after the first trial. We confirmed the recovery
from latency prolongation.

4. Discussion

The present study has demonstrated in healthy human motor
axons, activity-dependent nerve conduction slowing by a constant
frequency of prolonged electric stimulation, which presumably re-
flects activity-dependent hyperpolarization. The extent of impulse
conduction slowing varied with stimulus rates. The method using
axonal stimulation SFEMG appears to be able to assess the extent
of activity-dependent hyperpolarization due to the activation of
Na*/K* pump in single motor axons. However, our method had
some limitations. We could not demonstrate direct evidence that
axonal membrane was hyperpolarized when the latency was pro-
longed (i.e., a threshold increase). Secondly, our study was on a
small scale. To investigate the reliability of this method, further
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Fig. 3. Box plots of the latency change (%) at 500 times stimulation at 5Hz
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by means of Tukey—Kramer’s method. There are statistically significant differences
among latency changes among each frequency (p-values are given in the figure).

studies involving a larger number of subjects or other population
will be required.

Particularly, prolonged repetitive stimulation at 20 Hz results in
obvious latency prolongation of MAPs. In most part of recordings
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Fig. 4. Box plots of the latency change (%) during a constant stimulus length (25 s).
5 Hz: median 100.3%; range 96.2-104.2% ;»]0 Hz: median 101.0%; range 97.6-
109.8%; 20 Hz: median 104.2%; range 98.5-125.9%. The data of latency change (%)
are analyzed by means of repeated measurement analysis (F=196.8, p < 0.001) and
multiple comparisons are calculated by means of Tukey-Kramer's method. There
are statistically significant differences between frequencies (p-values are given in
the figure).

with obvious latency prolongation, we observed slightly decreas-
ing amplitude and increasing duration of the action potential as
the latency prolonged (Supplementary Video S1). The change of
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the amplitude and duration of action potential might be due to
slowing of the propagation velocity of the muscle fiber action po-
tential by continuous activation.

4,1. Mechanisms of the activity-dependent latency prolongation

Along with previous studies, the latency increases are supposed
to be induced by activation of the electrogenic Na*/K* pump and
resulting axonal hyperpolarization (Vagg et al., 1998; Kuwabara
et al, 2001, 2002). Two major mechanisms could be responsible
for the hyperpolarization that follows activity; activation of slow
potassium channels and activation of the electrogenic Na*"/K*
pump. )

It has been reported that with trains of 10-20 impulses, slow
potassium channels can be a main mechanism for axonal hyperpo-
larization, and more prolonged impulse trains cause activation of
the electrogenic Na*/I* pump and thereby axonal hyperpolariza-
tion (Bergman, 1970; Lin et al, 2000). It is therefore likely that
trains of 500 impulses used in this study result in activation of
the pumnp. The latency reflects axonal conduction time, neuromus-
cular junction transmission time and muscle fiber conduction time.
The neuromuscular transmission is established by presynaptic ace-
tylcholine release, and the intervals of the release are random, not
steady. Scatter plots of all recordings in this study could apply to
linear models, and the mean slope of the regression line was stee-
per, as stimulus frequency increased.

The linear prolongation of the latency is likely to reflect prolon-
gation of axonal conduction time due to membrane hyperpolariza-
tion, although the possibility that changes in muscle membrane
properties may partly contribute to the observed latency changes
during tetanic stimulation, could not be excluded. This is a limita-~
tion of our method, and further studies are required to clarify the
precise mechanisms for the activity-dependent changes.

4.2. The advantage of the s-SFEMG method

Our s-SFEMG method could provide quantitative assessment in
single motor axons because axons can be activated at a fixed fre-
quency. In a previous study by Kiernan et al. (2004), axonal stim-
ulation has been demonstrated by 8Hz surface electrode
stimulation at the wrist (Kiernan et al,, 2004). It has been noted
that higher frequency stimulation over 8 Hz was more painful
and this made it more difficult for naive volunteers to relax in
their study. However, high frequency stimulation over 10 Hz is
available by the s-SFEMG method without pain. In steady volun-
tary contractions, motor axons discharge at 6-20 Hz (Burke and
Jankelowitz, 2009). Therefore 20 Hz stimulation is more equiva-
lent to physiological maximum voluntary contraction than 8 Hz
stimulation.

4.3. Clinical implications

The present study shows that the s-SFEMG method could be
used to assess the degree of membrane hyperpolarization in nor-
mal human motor axons. The procedure is easy and safe, and
therefore can be applied to patients with neuromuscular disorder,
particularly who complained of fatigability. Activity-dependent
conduction block could be responsible for fatigue in patients with
demyelinating neuropathy, such as chronic inflammatory demye-
linating polyneuropathy (Burke and Jankelowitz, 2009).

In normal axons, the activity-dependent hyperpolarization
causes nerve conduction slowing, but does not cause conduction
block because of the sufficiently high safety margin for impulse
transmission at each node. By contrast, previous studies have dem-
onstrated that activity-dependent conduction block occurred in
demyelinated axons in rat and patients with demyelinating
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Fig. 5. Change in the mean latency prolongation at 5, 10, and 20 Hz stimulation.
There was a linear trend in the chronological changes in the rate of the latency
prolongation at each stimulus rate, and the slopes become steeper as the stimulus
frequency is increased.

neuropathy (Bostock and Grafe, 1985; Kaji et al., 2000; Cappelen-
Smith et al., 2000). We speculate that patients with a number of
diseases in which the safety factor for impulse transmission is crit-
ically lowered by not only demyelination but also increased axonal
branching due to collateral sprouting suffer from fatigability due to
activity-dependent conduction block. Our technique by using
20 Hz stimulation may detect activity-dependent conduction block
if the safety margin of impulse transmission is reduced, and would
provide the mechanism for fatigue in disease.
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Abstract Behavioral decisions and actions are directed to
achieve specific goals and to obtain rewards and escape
punishments. Previous studies involving the recording of
neuronal activity suggest the involvement of the cerebral
cortex, basal ganglia, and midbrain dopamine system in
these processes. The value signal of the action options is
represented in the striatum, updated by reward prediction
errors, and used for selecting higher-value actions. How-
ever, it remains unclear whether dysfunction of the striatum
leads to impairment of value-based action selection. The
present study examined the effect of inactivation of the
putamen via local injection of the GABA 4 receptor agonist
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muscimol in monkeys engaged in a manual reward-based
multi-step choice task. The monkeys first searched a
reward target from three alternatives, based on the previous
one or two choices and their outcomes, and obtained a
large reward; they then earned an additional reward by
choosing the last rewarded target. Inactivation of the
putamen impaired the ability of monkeys to make optimal
choices during third trial in which they were required to
choose a target different from those selected in the two
previous trials by updating the values of the three options.
The monkeys normally changed options if the last choice
resulted in small reward (lose-shift) and stayed with the last
choice if it resulted in large reward (win-stay). Task start
time and movement time during individual trials became
longer after putamen inactivation. But monkeys could
control the motivation level depending on the reward value
of individual trial types before and after putamen inacti-
vation. These results support a view that the putamen is
involved selectively and critically in neuronal circuits for
reward history-based action selection..

Keywords Putamen - Muscimol - Reward -
Reinforcement learning - Decision-making

Introduction

Fundamental to decision-making is the ability to use past
experience to select the best course of action among
competing alternatives. In reinforcement learning theories,
the problem of finding an optimal action in an uncertain
environment is solved based on value functions repre-
senting the expected sum of future rewards for particular
states or actions (Sutton and Barto 1998). The striatum is
known as a key site involved in multiple cortico-basal
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ganglia loop circuits including the motor loop through the
putamen, oculomotor loop through the caudate nucleus,
anterior cingulate loop through the ventral striatum
(Alexander et al. 1986; Middleton and Strick 2000). The
basal ganglia systems have been suggested to play a major
role in action (DeLong et al. 1986; Desmurget and Turner
2008; Nambu 2008), purposeful behavior (Hikosaka et al.
2000; Kimura et al. 2004), and habit learning (Graybiel
2008; Tricomi et al. 2009; Ashby et al. 2010) through the
integration of specific cortical inputs and dopaminergic
modulatory inputs. In addition, a growing body of evidence
suggests that the striatum adaptively encodes values of
action options (action value) (Samejima et al. 2005;
Hikosaka et al. 2006; Lau and Glimcher 2008) and of
chosen actions (chosen value) (Pasquereau et al. 2007; Lau
and Glimcher 2008). The encoded values are updated by
reward prediction error signals provided by midbrain
dopaminergic neurons (Schultz et al. 1997; Hollerman
et al. 1998; Fiorillo et al. 2003; Satoh et al. 2003; Morris
et al. 2004). In the reinforcement learning model of the
basal ganglia, the value signals are mediated by the stria-
tum (Houk et al. 1995; O’Doherty et al. 2004), whereas the
cortico-basal ganglia loops mediate the comparison of
values of action (Doya 2000). Specific involvement of the
dorsal and ventral striatum in goal-directed and habitual
responding (Balleine and O’Doherty 2610; Corbit and
Janak 2010) and update of responding by outcomes (Ito
and Doya 2009) have also been reported in rodents.
However, it is still unknown how the value representation
in the striatum contributes to action selection.

In the present study, we addressed this issue by blocking
neuronal activity in the putamen via local injection of the
GABA , receptor agonist muscimol into the putamen of
monkeys engaged in a reinforcement-based multi-step
choice task. The monkeys first searched for a target from
three alternatives based on the histories of the last choices
and their outcomes and obtained water as a reward (search
epoch); they then could earn an additional reward by
choosing the last rewarded target again on the basis of
positive reinforcers (repetition epoch). After the putamen
was inactivated locally by muscimol, the monkeys not only
changed options if the last choice resulted in no reward
(lose-shift) but also stayed with the last choice if it was
rewarded (win-stay) normally. However, the rate of non-
optimal choices increased at the third trial following two
successive no reward choices where the monkeys chose an
option already tried at the first choice. To make an optimal
choice at the third trials, it was necessary for the monkeys to
update values of individual options based on the previously
tried two options and their outcomes and to choose highest-
value options. Therefore, the specific effects of inactivation
suggested pivotal roles of the putamen in reward history-
based value update and action selection. Although the

@ Springer

motivation to work for reward may have declined because
the time from the start cue to the initiation of trials
increased, monkeys could control the motivation level
depending on the reward value of individual trial types
similar to the choices before putamen inactivation.

Materials and methods
Animals and surgery

Two female Japanese monkeys (Macaca fuscata; monkey
TN, 5.8 kg and monkey YO, 6.0 kg) were used. All sur-
gical and experimental procedures were approved by the
Animal Care and Use Committee of Kyoto Prefectural
University of Medicine and were in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Four head-restraining bolts and one
stainless-steel recording chamber were implanted on the
monkey’s skull using standard surgical procedures. The
monkeys were sedated with ketamine hydrochloride
(10 mg/kg, i.m.) and then anesthetized with sodium pen-
tobarbital (Nembutal; 27.5 mg/kg, i.p.). Supplemental
Nembutal (10 mg/kg, 2 h, i.m.) was given as needed. A
rectangular chamber (25 x 37 x 20 mm) was positioned
on the left cerebral cortex at an angle of 45° under ste-
reotaxic guidance to monitor the activity of putamen neu-
rons and to insert the needle for injection of muscimol, as
described below.

Behavioral task

To study how the putamen is involved in value- and task-
strategy-based action selection, we employed a behavioral
task for monkeys to make multi-step choices of one target
from three alternatives for rewards. The monkeys were
trained to sit in a primate chair facing a small panel placed
21 cm in front of their faces. Five LEDs were embedded on
the panel: a small rectangular start button with a green
light-emitting diode (LED) (start LED, 14 x 14 mm) at
the bottom, 3 target buttons with green LEDs (target LEDs,
14 x 14 mm) in the middle row, and a small red LED (GO
LED, 4 mm diameter) just above the center push buttons
(Fig. 1a). Individual trials were initiated by illumination of
the start LED. The monkeys depressed the illuminated start
button with their right hand. When the monkeys continued
to hold the button for 800 ms, the start LED was turned off
and three target LEDs and a GO LED turned on simulta-
neously. The GO LED turned off, if the monkeys kept
depressing the start button for another 50 ms. They then
released the start button and depressed one of 3 illuminated
target buttons (NI trials). One of the 3 targets was
associated with large reward, while the other 2 were
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Fig. 1 Behavioral task and performance. a Illustration of sensorimo-
tor events that occurred during single trials. TST, RTGO, and MT are
task start time, reaction time to GO, and the time from release of the
start button to depression of the target button, respectively. b Trial
types during the search epoch and repetition epoch. Gray and white
rectangles represent non-rewarded and rewarded trials, respectively.

small-reward targets. If a small-reward button was
depressed, a beep sound with a low tone (300 Hz, 100 ms)
occurred with a delay of 500 ms, and a small amount of
reward water (0.05 ml) was delivered through a spout
attached to the monkey’s mouth. If the monkeys chose the
small-reward button again in the second trial (N2), the third
(N3) trial started after a low-tone beep and a small reward
had been presented. If a large-reward button was depressed,
a beep sound with a high tone (1 k Hz, 100 ms) occurred
with a delay of 500 ms, and a large amount of water
(0.25 ml) was delivered. We used separate LEDs for the
target on (illuminations of 3 green targets and a small red
“pre-GO” signal) and for GO signal (offset of the “pre-
GO” LED). Reaction time, from GO signal onset to release
of the hold button, measured the time for monkeys to ini-
tiate choices after decisions had been made based on the
preceding target signal.

The high-tone and low-tone beep sounds served as
positive and negative feedback, respectively. Once the
monkeys found a large-reward button during the search
trials, they could obtain additional rewards by choosing
the same button in the following repetition trial (R). The
start button and the three target buttons flashed at the
same time for 100 ms to inform the animal of the end of
a series of trials. The next series of choice trials began at
4.0 s after the flashing of target buttons with the large-
reward button appearing at a random target location.

¢ One block consisted of 12 trials for each trial type, and 6 blocks
were performed per day. The first and second blocks were pre-
injection blocks, and the third and fourth blocks were post-injection
blocks. d Average reward probabilities during 4 types of trials in all
pre-injection blocks for monkey TN (black line) and monkey YO
(broken line). Error bars represent SEM

Thus, the trials in a single series of choices were divided
into two epochs (Fig. 1b). The first epoch was the search
epoch, in which the monkey searched for a large-reward
button on a trial-and-error basis. While an optimal strat-
egy was to choose the button not selected in the previous
trials (lose-shift strategy), this strategy was not sufficient
for N3 trials in which monkeys had chosen small-reward
buttons during the last two successive trials; i.e., instead,
they had to choose the one remaining button, but not the
one selected in the N1 or N2 trials. Thus, it was required
for monkeys to choose the highest-value option among
three alternatives while updating values of individual
options based on the history of choices and their out-
comes. The second epoch was the repetition epoch in
which the monkeys again chose the large-reward button
found in the last trials during the search epoch (win-stay
strategy). One block consisted of at least 12 trials for each
trial type. Task performance was studied parametrically
during six blocks (2 pre-injection blocks, 2 post-injection
blocks, and 2 additional blocks) in a day (Fig. lc).
Although the monkeys consistently performed task after
muscimol injection during two post-injection blocks, they
sometimes stopped performing the task during subsequent
blocks. Therefore, we used 2 blocks of trials for pre-
injection data and two additional post-injection blocks of
trials (the third and fourth blocks) after muscimol injec-
tion as.
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Electrophysiological mapping and muscimol injections

After recovery from surgery, single-unit recordings were
made to map the rostral, middle, and caudal parts of the
putamen during performance of the behavioral task. We
used epoxy-coated tungsten microelectrodes (Frederick
Haer Company, Bowdoinham, ME) with an exposed tip of
15 pm and impedances of 2-5 MQ (at 1 kHz). The neu-
ronal activity was amplified and displayed on an oscillo-
scope using conventional electrophysiological techniques.
Bandpass filters (50 Hz—3 kHz bandpass with a 6 dB per
octave roll-off) were used. The action potentials of single
neurons were isolated by using a spike sorter with a tem-
plate-matching algorithm (MSD4; Alpha Omega; Nazare),
and the duration of negative-going spikes was determined
at a resolution of 40 ps. The onset times of the action
potentials were recorded on a laboratory computer, together
with the onset and offset times of the stimulus and
behavioral events that occurred during the behavioral tasks.
The electrodes were inserted through the implanted
recording chambers and advanced by means of an oil-drive
micromanipulator (MO-95; Narishige, Tokyo, Japan). To
identify the topographical location of the putamen, we
made recordings of multi- and single-unit activity through
the course of the cerebral cortex dorsally, then the putamen
and the globus pallidus ventrally in the middle and
posterior levels of the putamen. These three structures
show distinctive patterns of activity, such as very low
background firing and infrequently occurring bursting
discharges characteristic of striatal projection neurons,
tonic-activity and tonically active characteristic of cholin-
ergic interneurons, and very high frequency spikes char-

acteristic of the globus pallidus (Yamada et al. 2004; Hori -

et al. 2009; Tnokawa et al. 2010). For mapping the putamen,
recordings were made {rom 35 locations of electrode pen-
etrations in Monkey TN and from 15 locations in Monkey
YO. Following injection of muscimol or saline in the
putamen, neuronal spike activity was recorded by using a
fine wire electrode (50 pum diameter) attached to the
injection cannula to confirm that the injection sites were in
the expected locations in the putamen.

The effects of muscimol and saline injections in the
putamen on the task were studied after the completion of
electrophysiological mapping of the putamen. Based on the
effects of muscimol injection on task performance, the
injection sites were separated into three parts: anterior level
(3 mm anterior to the anterior edge of the anterior commis-
sure, AC), middle level (3 mm posterior to the anterior edge
of the AC), and posterior level (47 mm posterior to the
anterior edge of the AC). The unilateral injections were made
in the putamen (left hemisphere) contralateral to the arm
used for button selection (right hand). Muscimol (5 pg/ul) or
isotonic saline was injected locally in the putamen through
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30-gauge cannula with a beveled tip which was connected by
a fine polyethylene tube to a Hamilton syringe (5 pl). The
injection speed was 0.25 pl/min, and the total injection
volume was controlled by an electrically controlled injector
(Baby Bee; Bioanalytical Systems, Inc., West Lafayette,
USA). The injection volume was 2.0 or 3.0 pl at each site.
The muscimol injection was expected to inactivate striatal
neurons located around 2 mm in diameter based on the
simultaneous recording of neuronal activity and muscimol
injection (Shima and Tanji 1998). Post-injection blocks
started 30 min after the injections were completed, because
the effects of muscimol on task performance appeared at
about 30 min (Shima and Tanji 1998; Sawaguchi and
Iba 2001).

Data analysis

Three types of behavioral parameters were defined: task
start time (TST) from illumination of start cue to depres-
ston of the start button, reaction time (RT) from onset of
GO signal to the release of the start button, and movement
time (MT) from the release of the start button to depression
of the target button. These parameters served as motor
indices. They were quantitatively compared before and
after muscimol injection by using ANOVA (P < 0.05). To
evaluate reward probability-dependent changes of motiva-
tion, the correlation coefficients between reward probabil-
ities and TSTs were deemed to be statistically significant at
P < 0.05. Speed of arm movement was evaluated by
assessing movement times for each target button.

Choice data were pooled and compared between pre-
injection (first and second) blocks and post-injection (third
and fourth) blocks by the use of Fisher’s exact probability
test with the threshold for statistical significance set at
P < 0.05. The effects of muscimol injection on task strat-
egy were evaluated by examining the choices with valid
(lose-shift and win-stay) and invalid (lose-stay and win-
shift) strategies before and after the injection on N2, N3,
and R trials (Fisher’s exact probability test, P < 0.05).
Optimal choices for value-based decision-making were
defined as choosing higher-value options among three
alternatives. In the N3 trial, the monkeys made one of three
types of choices: choice of the button tried at N1 trials
(non-optimal), choice of the button tried at N2 trials (non-
optimal), and choice of the one remaining button (optimal).

Histological examination

After all behavioral experiments were completed, small
electrolytic lesions were made at 20 locations along 10
selected electrode tracks in the putamen while monkeys
were quietly sitting on the primate chair. In many cases,
micro-lesions were made at the border between the
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putamen and the external segment of the globus pallidus
using the neuronal discharge properties as a guide. Direct
anodal current (20 pA) was passed for 30 s through tung-
sten microelectrodes. The monkeys were deeply anesthe-
tized with an overdose of pentobarbital sodium (90 mg/kg,
im.) and perfused with 4% paraformaldehyde in 0.1 M
phosphate buffer through the left ventricle. Coronal sec-
tions of the striatum, 50 pum in thickness, were stained with
cresyl violet. The tracks of the microelectrode and injection
needle through the putamen were reconstructed on the
histology sections using the electrolytic lesion marks as
reference points, and the locations of the muscimol and
saline injections were identified.

Results

A total of 17 muscimol injections (10 in monkey TN, 7 in
monkey YO) and 9 saline injections (3 in monkey TN, 6 in
monkey YO) were made into the putamen of two

Table 1 Summary of the injection sites and effects

hemispheres of two monkeys (Table 1). The locations of
all injections are summarized in Fig. 2.

Effects of inactivation of the putamen on motivation
to start trials for multi-step choices

We measured TST, as a conventionally used index for
motivation to work for reward (Shidara et al. 1998;
Watanabe et al. 2001; Lauwereyns et al. 2002; Satoh et al.
2003). Figure 3 plots the TSTs against reward probabilities
of individual trial types. The TSTs were negatively corre-
lated with the reward probabilities: shortest at highest
probability (R trials) and longest at lowest probability (N1
trials). In both monkey TN and monkey YO, the TSTs after
muscimol injection became significantly longer in all trial
types than those before injection in the anterior, middle,
and posterior levels of the putamen (ANOVA, injection
effect, monkey TN: anterior level, F;5; = 29.85, P <
0.0001; middle level, F; 3 = 158.0, P < 0.0001; posterior
level, Fy 3 = 96.24, P < 0.0001, monkey YO: anterior level,

Monkey/site Drug Volume Injection Distance Non-optimal MTs at N1
number from AC choices at N3 trials trials
Monkey TN
Anterior level a Muscimol 3ul 1 +3.0 mm NS NS
b Muscimol 2l 1 +3.0 mm NS NS
c Saline 2 ul 1 +2.0 mm NS NS
Middle level d Muscimol 2 ul 1 4-0.0 mm T NS
e Muscimol 2 pl ! +0.0 mm NS T
f Muscimol 3l 1 ~1.0 mm T NS
g Muscimol 3 pl2 pul 171 —2.0 mm NS/ m
h Saline 2wl 1 —2.0 mm NS NS
Posterior level i Muscimol/Saline 2 u/2 pl 1/1 —5.0 mm NS/NS NS/NS
j Muscimol 2 ul 1 —6.0 mm NS T
k Muscimol 2wl 1 —6.0 mm NS T
Monkey YO
Anterior level ! Saline PAD 1 +3.0 mm NS NS
m Muscimol 2 ul 1 +3.0 mm NS NS
n Saline 2 ul 1 +3.0 mm NS NS
0 Muscimol 2 ul 1 +2.0 mm NS NS
Middle level p Muscimol 2l 1 —1.0 mm 1 1
q Muscimol 2 ul 1 —1.0 mm NS NS
r Saline 2wl 1 —2.0 mm NS NS
s Muscimol 2 ul 1 —2.0 mm 1 NS
Saline 2 ul 1 —2.0 mm NS NS
Posterior level u Saline 2 ul 1 —6.0 mm NS NS
v Muscimol 2 ul 1 —6.0 mm NS 1
w Muscimol 2 ul 1 —6.0 mm NS 1
X Saline 2l 1 —7.0 mm NS NS

The direction of arrows indicates an increase of the value (Fisher’s exact probability test). NS, statistically not significant; AC, anterior

comimissure
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Fig. 2 Sites of injection of muscimol and saline. Sites of individual
injections reconstructed from histology in monkey TN (upper panel)
and YO (bottom panel). Symbol sizes indicate injection number (large
circle denotes two injections, and small circles, single injection).
Filled circles, open circles, and half-filled circle denote the injection
sites of muscimol, saline, and muscimol or saline, respectively

F13=16.52, P < 0.0001; middle level, Fy3 = 1194, P <
0.0001; posterior level, F; 3 =16.08, P < 0.0001) (Fig. 3a).
Notably, the negative correlation between TSTs and reward
probabilities was maintained after muscimol injections for
all injection sites. On the other hand, there was no con-
sistent change in TSTs after saline injection (shortening
after injection at the middle level of the putamen in mon-
key TN, lengthening after injection at the anterior and
posterior level of monkey YO, and no significant change
after the other injections) (Fig. 3b). These results indicate
that inactivation of the putamen did not impair the pro-
cesses of estimation of trial type-specific reward value and
of reward value-dependent motivation to start individual
choices for reward: i.e., there was a low level of motivation
with low reward probability and a high level of motivation
with high reward probability.

It would be possible that reaction time would change
depending on factors other than motivational level at the
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Fig. 3 Negative correlation between task start time and reward
probability for individual choices was maintained after muscimol
injection. a Plots of task start time against reward probability before
and after muscimol injections. The injections were made at the
anterior, middle, and posterior level of the putamen in monkey TN
(left column) and monkey YO (right column). b Same plots before
and after saline injections. Gray lines denote task start times during
pre-injection blocks, and black lines denote those during post-
injection blocks. Data represent mean £ SEM. Regression lines are
superimposed

start of trials, such as the number of response options and
the number of previous choices necessary to remember and
to decide on an optimal choice in current trials. However,

—128—



Exp Brain Res (2011) 209:235-246

the TST, sum of reaction time and movement time became
shorter as the number of previous choices to remember and
to decide on an optimal choice increased (Fig. 3). In other
words, TST was negatively correlated with number of
response options. Thus, among possible factors influencing
TST as a function of N1-N3, motivation to work for
reward appeared to be the most critical one.

Inactivation of putamen impairs reward history-based
action selection

Although task strategies (lose-shift and win-stay) were
essential components for optimal performance of the task,
they were insufficient in the case of N3 trials in which
monkeys had chosen small-reward buttons during the last
two successive trials. Monkeys had to choose the one
remaining button, but not buttons chosen during the N1 or
N2 trials. In other words, monkeys chose the highest-value
option among three alternatives while updating values of
individual options based on the histories of choices and
their outcomes. Figure 4 shows the rate of choosing but-
tons not tried at immediately preceding choices (lose-shift
rate) during the search epoch (Fig. 4a), and the rate of
choosing the same button as in the last trials (win-stay rate)
during the repeat epoch (Fig. 4b). In both of two monkeys,
the very high lose-shift and-win-stay rates were maintained
after muscimol injection (Table 2). Thus, the monkeys
could perform the multi-step choice task for rewards based
on the lose-shift and win-stay strategy under local inacti-
vation of the putamen.

As'shown in the representative results in Fig. 5, the rate of
non-optimal, small-reward choices increased selectively at
N3 trials after muscimol injection (Fisher’s exact probability
test, P < 0.05). This was observed in both of the monkeys
examined. The non-optimal choices occurred by choosing
the button that had already been chosen (Fig. 5a, arrows) and
resulted in small reward during the N1 trials. Thus, the
choices were valid for the lose-shift strategy but were non-
optimal for choosing the highest-value option. The rate of
non-optimal choices in the N2 and R trials remained very low
after muscimol injection (Fig. 5b). An increase in the non-
optimal N3 choice rates occurred after muscimol injection in
the middle anterior—posterior level of the putamen (Fig. 6a,
P < 0.05, Fisher’s exact probability test), whereas no sig-
nificant change was evident after injections into the anterior
and posterior levels (Fig. 2). When monkeys made a non-
optimal N3 choice, they kept choosing until they got the large
reward. After muscimol injection in the middle anterior—
posterior level of the putamen, the large-reward target was
reached within two additional trials in 93% of non-optimal
N3 choices in Monkey TN (74% in one additional trial) and
in 90% in Monkey YO (71% in one additional trial). Thus,
the number of N3 trials increased after local inactivation of
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Fig. 4 Inactivation of the putamen did not impair lose-shift and win-
stay strategies for multi-step choices. a Rate of lose-shift before and
after muscimol injections in the anterior, middle, and posterior parts
of the putamen in monkeys TN and YO. N1-N2 and N2-N3
indicate lose-shift rate from N1 to N2 trials and from N2 to N3 trials,
respectively. b The rate of win-stay when the trials were switched
from search to repetition trials (R). Error bars represent SEM

the putamen. Once this occurred, there were two or three N3
trials in a row, such as shown in Fig. 5a. Non-optimal choice
rates in the N2 and R trials remained very low after each of
the 17 muscimol injections (Fig. 6a). The rate of non-opti-
mal choices in the N2, N3, and R trials did not change sig-
nificantly following injections of physiological saline at any
site in the putamen (Fig. 6b). Most of the non-optimal N3
choices occurred when the monkeys chose buttons that were
already chosen in the N1 trials (Fig. 5a).

There would be two critically important components of
lost functions after putamen inactivation related to the
choice of the N1 buttons again during N3 trials. One is the
working memory load: monkeys chose a different target
from the last one selected (lose-shift) during search choices
and the same target (win-stay) during repetition choices by
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Table 2 P values for lose-shift and win-stay strategies

Lose-shift

Monkey TN Monkey YO
NI-N2 N2-N3 N1-N2 N2-—-N3
Anterior level 0.06 0.25 0.21 >0.99
Middle level 0.10 0.46 0.37 0.20
Posterior level 0.05 0.73 0.30 >0.99
Win-stay
Monkey TN Monkey YO
R R
Anterior level >(.99 0.62
Middle level 0.62 0.27
Posterior level 0.17 0.08

P values determined using Fisher’s exact probability test
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Fig. 5 Inactivation of the putamen at the middle level increases the
non-optimal choice rate in N3 trials in the case of muscimol injection
(specimen). a An example of action selection during the multi-step
choice task before and after muscimol injection in monkey TN.
Asterisks and arrows denote reward target and non-optimal choice,
respectively. Dashed lines denote the end of one trial. L, M, and R
denote for left, middle, and right target choice, respectively. b Example
of changes in non-optimal choice rate in each trial type for monkey TN
(left column) and monkey YO (right column). Comparisons were made
between pre-injection blocks and post-injection blocks. Broken lines,
black lines, and gray lines denote for inappropriate choice rate in N2
trials, N3 trials, and R trials, respectively. * P < 0.05 Fisher’s exact
probability test between pre- and post-injections

remembering the last choices (Fig. 4). But, in the N3 trials,
they had to remember not only the last N2 choice but also
the N1 choice. The other was an imperfect value-based
choice. Monkeys can choose one reward target among
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three alternatives by updating the values of chosen targets
depending on their outcomes: i.e., lowering after small
reward and elevating after large reward. But, because
working memory would provide knowledge of previously
chosen options and their outcomes in the processes of the
history-based value update and action selection, inactiva-
tion of local activity of the putamen in this study suggests
composite functions of the putamen in decision-making
and action selection.
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Slowness of movement after inactivation
of the putamen at middle and caudal putamen

We examined the effects of inactivation of the putamen on
behavioral measures of task performance. Figure 7 shows
movement times from release of the start button to depres-
sion of the target button during N1 trials. Movement times
became longer after muscimol injection in the middle and
posterior level of the putamen. The lengthening of move-
ment times occurred for all 3 target buttons (left, middle, and
right) (Fig. 7a). However, there was no significant change
in movement times after injection in the anterior part of
the putamen (Bonferroni correction, monkey TN: left target,
P = 0.09; middle target, P = 0.43; right target, P = 0.54,
monkey YO: left target, P = 0.08; middle target, P = 0.25;
right target, P = 0.33). In control experiments with saline
injection, there was no lengthening of movement times for
any injection site (Fig. 7b). This observation was consistent
with the previous results of inactivation of the striatum
(Miyachi et al. 1997) and blockade of glutamatergic trans-
mission in the globus pallidus (Kato and Kimura 1992).

Discussion

In the present study, we found three lines of evidence
suggesting critical involvement of the putamen in reward
history-based action selection. First, after the putamen was
inactivated locally, the monkeys normaily changed options
if the last choice resulted in small reward (lose-shift) and
stayed with the last choice if it was followed by large
reward (win-stay). However, the rate of non-optimal
choices increased at the third trials following two succes-
sive small-reward choices where the monkeys chose an
option already tried at the first choice. At the third choices,
monkeys had to update values of individual options based
on the previously tried two options and their outcomes and
to choose highest-value options. Therefore, the specific
effects of inactivation suggested pivotal roles of the puta-
men in reward history-based value update and action
selection. On the other hand, although non-optimal choices
at N3 trials significantly increased after muscimol injec-
tion, the correct choice rate was still considerably higher
(74% in monkey TN, 71% in monkey YO) than that of N2
trials (48% in monkey TN, 46% in monkey YO). This was
probably due to the fact that inactivation by muscimol
injection (2-3 1, 5 pg/ul) covered limited areas of the
putamen. Second, the effects of inactivation of the putamen
on reward history-based action selection were especially
strong at the middle rostro-caudal level, but were not sig-
nificant at the rostral and caudal level. Third, reward value-
dependent motivation to work for reward did not appear to
be influenced by local inactivation of the putamen.

Muscimol
Monkey TN

{1 Pre-injection 325
B Post-injection

Monkey YO

Anterior level

450 *%k 325 Kk

*k *k
*k
*k
450 *% 325
*k
* *%
250 225 [. ' *i*
L M R L M R
Saline

Movement time (ms)
Middle level

Posterior level

B Monkey TN

450 325

Monkey YO

Anterior level

250 [” D** 205 li'

450 325

Middle level

I Wi D

Movement time (ms)
n
o
o
*
*
n
N
w

450 325

250 D I f 295 I .

L M R L M R

Posterior level

Fig. 7 Slow movement of task performance after inactivation of the
putamen at the. middle and ‘posterior levels. a Movement time from
release of start button to depression of left (L), middle (M), and right
(R) button before and after muscimol injections during N1 trials for
monkey TN (left column) and monkey YO (right column). b Data for
saline injections (same paradigm as in previous panel). Bars graphs
represent mean = SEM. * and ** P < 0.05 and P < 0.01 in ANOVA

Brain circuit for reward history-based action selection
and involvement of the striatum

Theories of reinforcement learning describe reward-based
decision-making and adaptive choice of actions by esti-
mating how the extent of the rewards a series of actions
will yield (value function), and selecting the action by
updating and comparing the value function of multiple
alternatives based on the reward prediction errors (Sutton
and Barto 1998). Midbrain dopaminergic neurons encode
errors of reward expectation (Schultz et al. 1997; Satoh
et al. 2003; Morris et al. 2004) as well as salience of events
and motivation for actions (Redgrave et al. 1999; Satoh
et al. 2003; Matsumoto and Hikosaka 2009). The frontal
cortex (Matsumoto et al. 2003; Barraclough et al. 2004;
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Daw et al. 2006), parietal cortex (Platt and Glimcher 1999;
Sugrue et al. 2004), and basal ganglia (Lauwereyns et al.
2002; Samejima et al. 2005; Morris et al. 2006; Lau and
Glimcher 2008) have been suggested to play a major part in
value-based decision-making and choice behavior.

Neurons in the anterior cingulate cortex (ACC) of mon-
keys display modulation of activity related to the degree of
reward expectancy estimated by previous experiences
(Shidara and Richmond 2002) and to the rewards in previous
trials (Seo and Lee 2007). Lesions of the ACC in monkeys do
not impair reinforcement-guided choices immediately after
errors but make the monkeys unable to sustain rewarded
responses (Kennerley et al. 2006), suggesting critical
involvement of the ACC in integrating information of chosen
actions and their outcomes over time for guiding future
actions. Lesions of the orbitofrontal cortex caused a deficit in
stimulus selection but not action selection based on the
previous reward experiences, in contrast with lesions of the
ACC (Rudebeck et al. 2008). In our study, inactivation of
the middle level of the putamen caused impairment of multi-
step choices based on the action and reward history. This was
in contrast to the fact that choices guided by a simple strategy
of lose-shift and win-stay immediately following the choices
remained intact (Fig. 4). Thus, these results support-a view
that the putamen, especially at the middle rostro-caudal
level, plays a vital role in choices based on the action and
reward history, which include integration and update of
action and reinforcement information over time.

The motivation to work for reward may have declined
after inactivation of the putamen, because the lengthening of
TSTs was occurred after muscimol injection (Fig. 3).
However, the monkeys could control the level of motivation
depending on the reward value (probability) of individual
choices: i.e., they were highly motivated (short TSTs) when
the value of choices was high and vice versa (Fig. 3) after
putamen inactivation. This suggested that motivational
control of value-based choices is achieved mostly through
other cortico-basal ganglia loop circuits, such as those
involving the caudate nucleus and ventral striatum. It is
unclear whether muscimol-induced lengthening of TSTs
without significant change in reaction time to GO signal
reflects a selective slowing of internally guided or triggered
movements, because both TSTs and reaction time to GO
signal are measures of triggered movements.

Working memory function

It could be argued that the deficits in reinforcement-guided
choices after inactivation of the putamen are attributable to
a general failure of working memory, which might com-
promise recall of the actions and outcomes experienced in
previous trials. Although there is a mnemonic component
in remembering the history of past actions and outcomes,
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the results of previous studies of inactivation of neuronal
activity and blockade of dopaminergic functions in the
putamen cannot simply be ascribed to deficits in the pro-
cess of remembering (Monchi et al. 2001; Coull et al. 2008;
Kojima et al. 2009; Beck et al. 2010), in contrast with the
results of studies in which the lateral prefrontal cortex was
lesioned (Fuster 1991; Goldman-Rakic 1996). Vulnerabil-
ity to working memory overload may be mediated by
reduced activity of the prefrontal-limbic system (e.g.,
amygdala, hippocampus) (Monchi et al. 2001; Yun et al.
2010).

Matching behavior after negative and positive feedback
(lose-shift and win-stay) was executed almost perfectly in
this study without a significant influence of the putamen
inactivation. However, inactivation of the putamen led
monkeys to make errors in N3 trials as a result of choosing
N1 buttons (Figs. 5, 6). Thus, the most critical functions
that were lost after putamen inactivation were consistent
with the reward history-based update of values of chosen
options for action selection, part of which includes known
components of working memory, such as short-term
maintenance and manipulation of information (Baddeley
and Hitch 1974).

Region-specific effects of inactivation on functions
of the putamen

In the present study, inactivation at the middle rostro-
caudal level of the putamen had a significant effect on
choices based on the histories of previous choices and their
outcomes. This part of the putamen receives dense pro-
jections from the medial frontal cortical areas, especially
from part of the ACC that also innervates limbic basal
ganglia circuits (McFarland and Haber 2000; Takada et al.
2001; Haber et al. 2006). Consistent with these cortico-
striatal projections, accumulating evidence suggests critical
involvement of the ACC in integrating information of
chosen actions and their outcomes over time for guiding
future actions (Kennerley et al. 2006; Rudebeck et al.
2008). The caudal region of the putamen receives projec-
tions predominantly from motor-related cortical areas
(Flaherty and Graybiel 1995; McFarland and Haber 2000;
Nambu et al. 2002). Inactivation of the middle and caudal
part of the putamen induced slower movement in task
performance (Fig. 7a), which is consistent with the pre-
dominant projections from motor and somatosensory cor-
tical areas. Inactivation of the major target of the putamen,
the globus pallidus, influences the kinematics of task
movement (Kato and Kimura 1992; Desmurget and Turner
2008; Desmurget and Turner 2010).

Although a total of 17 locations of muscimol injection
covered wide areas of the putamen in two monkeys, the
effects of inactivation were still limited to the relatively
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dorsal part of the putamen and the ventral part was not
examined (Fig. 2). Thus, the present study did not neces-
sarily test all possible functions of the putamen, but
focused on reward-based evaluation and selection of
actions. This was because recent studies on the striatum
emphasize evaluative functions such as representation of
values of actions and stimuli and outcomes (Kawagoe et al.
1998; Samejima et al. 2005; Lau and Glimcher 2008; Hori
et al. 2009). Involvement of the limbic cortico-basal gan-
glia circuits through the ventral striatum is also suggested
in reward-based action selection (Cardinal and Howes
2005; McCoy and Platt 2005; Nicola 2007; Ito and Doya
2009). Processing of values for decision and action selec-
tion in the putamen, caudate nucleus, and ventral striatum
appear to depend on the value-specific inputs from wide
cortical areas (Haber et al. 2006) and from midbrain
dopaminergic neurons (Haber and Knutson 2010). Thus,
the involvement of the putamen in reward history-based
action selection which we found in this study seems to
reflect a common aspect of the basic functions of the stri-
atum and cortico-basal ganglia system, such as proposed by
reinforcement learning models of the basal ganglia in value
of actions are encoded in the striate projection neurons and
updated by dopamine-mediated prediction error signals to
select a series of actions expected to maximize rewards
(Houk et al. 1995; Schultz et al. 1997; Sutton and Barto
1998; Doya 2000; O’Doherty et al. 2004).
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ORIGINAL ARTICLE

A New Mitochondria-Related Disease
Showing Myopathy with Episodic
Hyper-creatine Kinase-emia

Yuji Okamoto, MD, PhD," Itsuro Higuchi, MD," Yusuke Sakiyama, MD,’
Shoko Tokunaga, MD," Osamu Watanabe, MD, PhD,! Kimiyoshi Arimura, MD,?
Masanori Nakagawa, MD,® and Hiroshi Takashima, MD, PhD'

Objective: To elucidate the relationship between mitochondrial DNA (mtDNA) alterations and a mitochondrial disease with
a distinct combination of characteristic symptoms, namely episodic hyper-creatine kinase (CK)-emia and mild myopathy.
Methods: We selected 9 patients with mtDNA np8291 alteration from 586 patients suspected to have a
mitochondrial disease, and assessed them clinically, pathologically, and genetically. These 9 patients had
undiagnosed mitochondrial myopathy with episodic hyper-CK-emia, all showing similar symptoms and progression.
Results: Patients had mild muscle weakness and episodic hyper-CK-emia triggered by infections or drugs. Five of 9
patients were initially diagnosed with other conditions, such as myasthenia gravis, polymyositis, viral myositis, and
drug-induced myopathy, because these conditions were acute or subacute, and 9 patients showed the same 16
mtDNA alterations, which have been reported to be nonpathological polymorphisms. Muscle biopsy revealed
ragged-red fibers, highly expressed succinate dehydrogenase staining fibers, and cytochrome c oxidase-deficient
fibers. Because their mitochondrial sequence data was almost the same, and 9 patients live in widely separated cities
in Japan, the alterations may have arisen from a single source.
Interpretation: These findings suggest that mild myopathy with episodic hyper-CK-emia associated with some of the
16 mtDNA alterations or at least with their mitochondria, could be a novel mitochondrial disease. Therefore, we
propose that this disease be named as “mitochondrial myopathy with episodic hyper-CK-emia (MIMECK).” These
alterations could work concomitantly and probably modify the impact of medications or other environmental factors.
We believe these findings provide an insight into a novel aspect of mitochondrial disease pathogenesis.

ANN NEUROL 2011;70:486-492

Persistently high blood creatine kinase (CK) levels are
a hallmark of neuromuscular disease. Serum CK lev-
els show a variable increase in several systemic condirions
such as genetic myopathy, viral infections, connective tis-
sue disorders, electrolyte imbalance, and endocrine dys-
funcion.” Idiopathic hyper-CK-emia presents as persis-
tendly high serum CK levels with normal neurological,
neurophysiological, and neuropachological findings.” Per-
sistent asymptomatic hyper-CK-emia progresses to mild or
carly-stage myopathy in many cases.* Furthermore, numer-
ous drugs are reportedly myotoxic. A prospective study on
patients from a university hospital revealed 171 cases with
high CK levels, the drugs primasily responsible being sta-

tins (46.4%), fibrates (14.3%), antiretrovirals (14.3%), and
angiotensin-Il receptor antagonists (10.7%).” Although the
mechanisms of drug-induced muscle damage are unclear,
an association between mitochondrial function and drug-
induced myopathy has been rcpom:d,s"9

We experienced 9 distinct cases of mitochondrial
myopathy in patients with episodic hyper-CK-emia, and
diagnosed these as mitochondrial disease. Mitochondrial
myopathies usually affect multiple organs and exhibit a
broad spectrum of disorders. Numerous mutations and
polymorphisms have been reported in the mitochondrial
DNA (mtDNA) database (MITOMAP: human mito-
chondrial genome database; http://Www.mitomap.org).10
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Over 150 point mutatons and innumerable large-scale
rearrangements are associated with mitochondrial dis-
cases, which are heterogencous disorders with a myrad
of clinical fearures.'’ However, neither idiopathic hyper-
CK-emia associated with mitochondrial dysfunction nor
disease-causing mitochondrial mutations in drug-induced
mitochondrial myopathy have been reported. Here we
report a novel mitochondrial disease with a distinct com-
bination of characteristic symptoms, namely episodic
hyper-CK-emia and mild myopathy. We discuss the rela-
tion between mtDNA alterations and this disease.

Patients and Methods

Patients

We studied 586 patients who were referred to our department
from South Kyushu (Kagoshima, Miyazaki, Oita, and Okinawa
Prefectures), southern Japan, from 1992 to 2009. These
patients included those diagnosed with or suspected of having
mitochondrial disease—such as mitochondrial myopathy, ence-
phalopathy, lactic acidosis, and stroke (MELAS); myoclonic epi-
lepsy and ragged-red fiber (RRF) discase (MERRF); chronic
progressive external ophthalmoplegia (CPEO)—or were patients
without a definitive diagnosis. Previously, we reported adult-
onset mitochondrial myopathy (4 patients included in this
study) with a mtDNA np8291 A-to-G substitution.’?> However,
the pathogenesis of this disorder is unclear because np8291 is a
noncoding nucleotide located 4 bases before the 5’ end of
wansfer RNA (tRNA) (Lys). At our ipstitution, an mtDNA
np8291 is usually determined by screening patients diagnosed
with or suspected of having mitochondrial disease because this
alteration is located near np8344, which is the typical MERRF
mutation.’® We focused on this rare alteration and selected only
9 patients (8 familics) with mtDNA np8291 alteration from the
abovementioned 586G patients; these 9 patients had undiagnosed
mitochondrial myopathy with episodic hyper-CK-emia based on
clinical findings, all showing similar symptoms and progression.
We reassessed these 9 patients clinically, pathologically, and ge-
netically to identify the features of this disease. These 9 patients
lived in widely separated cities in the southern part of Japan.

All patients had been referred by their primary physicians
or neurologists. Signed, informed consent was obtained for
every patient. The Institutional Review Board of Kagoshima
University approved this study.

Histopathological Study

All muscle biopsies were obtained from the biceps brachii or
quadriceps femoris muscles. The specimens were immediately
frozen in isopentane and cooled with liquid nitrogen. Frozen
sections (thickness, 8um) were stained with hematoxylin-cosin,
modified Gomori trichrome (mGT), succinate dehydrogenase
(SDH), cytochrome ¢ oxidasé (CCO), periodic acid-Schiff,
Sudan black, myosin adenosine triphosphatase (ATPase), and
reduced nicotinamide adenine dinucleotide (NADH)-tetrazolium

reducrase.
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mtDNA Analysis
Genomic DNA was extracted from peripheral blood leukocytes
and muscles using the Puregene Blood Core Kit C (Qiagen,

- Tokyo, Japan) or the DNeasy Blood and Tissue kit (Qiagen).

MitoChip v2.0 was obtained from Affymerrix (commercially
available GeneChip Human Mitochondrial Resequencing array
2.0; Tokyo, Japan). mtDNA from all lymphocyte and skeletal
muscle samples were analyzed on separate chips. The entire
mtDNA sequence was amplified in 3 overlapping polymerase
chain reactons (PCRs) using 50ng genomic DNA in each reac-
ton.t4 Reagents, conditions, and purification were accom-
plished as described in previous reports.'® Pooling, DNA frag-
mentation, labeling, and chip hybridization were performed as
per Affymetrix Customseq Resequencing protocol instructions.
The chips were washed on the Affymetrix fluidics station using
Customseq Resequencing wash protocols. Microarray data for
MitoChips v2.0 were analyzed using GeneChip Sequence Anal-
ysis Software v4.0 (Affymetrix).'® We also confirmed key altera-
tions (np8291). In brief, 50ng of the patient’s genomic DNA
was amplified using a hot-start PCR method and a forward
(5'-CATGCCCATCGTCCTAGAA) and reverse primer (5'-
TTTGGTGAGGGAGGTAAGTG).”” PCR products were gen-
erated under the following conditons: 15 minutes at 95°C, 42
cycles of amplification (95°C for 30 seconds, 60°C for 30 sec-
onds, and 72°C for 1 minute), and 30 minutes at 72°C.

Using a presequencing kit (USB, Cleveland, OH), we
purified patients’ PCR products and sequenced them with dye-ter-
minator chemistry using an ABI377 automated sequencer (Applied
Biosystems, Tokyo, Japan). We aligned the resulting sequences and
evaluated murations and alterations using the Sequencher sequence
alignment program (Gene Codes, Ann Arbor, MI).

Results

Clinical Features

We present the case histories of only 3 among the 9
patients in detail, because all 9 patients had similar clini-

cal features (Table 1).

CASE 1. This 71-year-old woman had a significant
family history. Her sister had previously reported similar
symptoms but was not included in this study. Our patient
noticed slight muscle weakness at the age of 40 years, and
by her late 60s she often felt lethargic. At the age of 70
years, general weakness, dysphagia, and dysarthria
appeared several weeks after a bout of common cold. She
was inidally diagnosed with myasthenia gravis, but the
symptoms were resolved almost completely without medi-
cation upon admission. Her serum CK level increased tran-
siently up to 360IU/liter (normal range, 45—1631U/liter).
She exhibited mild proximal dominant muscle weakness, and
hypothyroidism was detected after admission.

CASE 2. This 57-year-old woman had reported muscle
weakness and an inability to run fast while still in school.
By the age of 40 years, she was experiencing limb

487

—136—



ANNALS of Neurology

myalgia with every bout of common cold. She exhibited
proximal dominant muscle weakness and elevated serum
CK levels (691U/liter) upon admission. Thereafter, she
gradually developed mild proximal dominant muscle
weakness, but her serum CK level normalized. Although
casily fatigued, she could manage day-to-day activities

Diagnosis
Viral myositis
Drug-induced
myopathy

Initial
MG

PM
PM

without support. Her 29-year-old daughter (dita not

highly expressed succinate de-

shown) showed no evidence of muscle weakness; how-

ever, she complained of tiredness and exhibited an ele-
vated serum CK level (more than 1,000U/liter).

Common cold
Common cold
Lamivudine

CASE 3. This 64-year-old man was a chronic hepatitis B

2.5
2.5
5.5

patient. By the age of 62 years, he had gradually developed
dysarthria and dysphagja following lamivudine treatment for

ragged-red fibers; SDH

SDH CCO  Trigger
(%)

(%)
8.5

hepatitis B. However, he did not complain of limb weakness.

Laboratory examination revealed normal blood lactate and
pyruvate levels (9.8mg/dl and 0.8mg/dl, respectively), ele-
vated lactate and normal pyruvate levels in the cerebrospinal
fluid (21.4mg/dl and 1.0mg/dl, respectively), and an elevated
serum CK level of 593U/liter. We initially suspected drug-

induced myopathy. After discontinuing lamivudine, several

RRF (%)
1.5

1

1.5

4

2

2

4

4

2

Weakness
Mild

Moderate
Mild
Moderate
Mild

Muscle
Mild

symptoms improved slightly but dysphagia persisted.

Mild
Mild
Mild

We present a summary of patient characteristics
and clinical findings in Table 1. The patient age ranged
from 38 to 71 years, with the age of onset ranging from

Myalgia

30 to 60 years. All 9 patients had mild or moderate mus-
cle weakness. Four of the 9 patients had a relevant clinical
family history, and Case 7 was the mother of Case 8.
Mild muscle weakness was observed in 7 patients. Varying
serum CK levels were observed, and 5 of the 9 patents

male; MG = myasthenia gravis; PM = polymyositis; RRF

Dysphagia

were initially diagnosed in other hospitals with other con-
ditions, such as myasthenia gravis, polymyositis, viral myo-

Subacute

Onset

sitis, and drug-induced myopathy. The mode of onset in
6 patients was acute or subacute. Seven patients experi-
enced dysphagia or myalgia. Elevation in serum CK levels
and myalgia resolved after lamivudine was discontinued.

Histopathological Study
Muscle biopsies from all patients indicated myopathic

CK (Episodic)

(IU/liter)
11708
1478
1089

360
617
593
209
985
527

changes. Histopathological studies revealed a moderate
variation in muscle fiber size but no necrotic fibers. Sev-
eral RRFs (1-4%) were detected in all mGT-stained sam-
ples. Highly expressed fibers (2.0-8.5%) were observed in
SDH-stained samples, but strongly SDH-reactive blood

CK (Usual)
(IU/liter)
200

150
100
181
180
2
98
67
328

vessels were not detected in any sample. CCO-deficient
fibers (2%—8%) were detected in all samples (Fig).

Onset
(yn)
69
41
62
54
65
47
50
35
39

mtDNA Analysis

Sequencing of the entire mtDNA of 9 patients revealed
the same 16 alterations: np200, np257, npl442, np4612,
np5127, np6332, np7389, 9bp deletion between np8281
and 8289, np8291, npl0403, npll1151, npl1969,

4
64/M +
59/F -
71/M +
50/F +
70/F +
38/M +
42/F -

Serum CK levels during the course of the disease are indicated in 2 columns: (1) usual condition and (2) maximum episadic value (normal range 45-1631U/liter). Trigger indicates the event-precipitating symptoms.

TABLE 1: Clinical Characteristics of Mitochondrial Myopathy Patients with Episodic Hyper-CK-emia
Age/Sex
71/F
57/F

CCO = cytochrome ¢ oxidase-deficient fibers; CK = creatine kinase; F = female; M

hydrogenase staining fibers.

Case

1
2
3
4
5
6
7
8
9
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FIGURE 1: Histochemical results following muscle biopsy. Numbers correspond to case index identifiers. (A) Typical ragged-red

fibers (1-4%) were detected in all Gomori trichrome-stained samples. (B) Highly expressed fibers were observed (2-8.5%) in succi-
nate dehydrogenase-stained samples. (C) Cytochrome ¢ oxidase-deficient fibers (2-8%} were detected in all samples. Bar = 100um.

npl13105, npl6325, npl6390, and np16523 (Table 2). All
patients had the same 16 polymorphisms. In addition,
Padent 4 had 3 additional mtDNA alterations (np3834,
np4718, and np7375). These 16 mtDNA alterations have
previously been reported as nonpathological polymorphisms.
Six substitutions - caused coding polymorphisms; other sub-
stitutions were observed in the 12S rbosomal RNA, a
hypervariable site, and the displacement loop (D-loop). The
mtDNA transition at np8291 has been reported and was
considered to be a rare polymorphism. The frequency of
mtDNA transiion at np8291 was detected in only 2 of
600 controls (0.3%), including healthy subjects and patients
with. other neuromuscular disorders. Two positive patients
had diabetes mellitus or myotonic dystrophy.* We could
not detect any mtDNA alteration as a disease-associated
mutation. The sequencing results of lymphocyte and skeletal
muscle mtDNA were identical. All mtDNA wariants in all
patients were homoplasmic mtDNA alterations.

Discussion
‘We describe patients with novel mitochondrial myopathy
characterized by episodic muscle weakness and elevated
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serum CK levels wriggered by infections, drugs, or stress-
ful situations. Furthermore, we demonstrate an associa-
tion berween mtDNA alterations, thus providing a novel
aspect of mitochondrial disease pathogenesis.

Five of the 9 patients were initially diagnosed with
other diseases, such as myasthenia gravis, polymyositis, vi-
ral myositis, or drug-induced myopathy. Disease onset was
acute or subacute, and the patients experienced dysphagia
or myalgia when on medication or during a bout of com-
mon cold. Case 3, an index case of this study, was admitred
to the hospital following gradual development of dysarth-
ria and dysphagia after lamivudine treatment for chronic
hepatitis B. Initially, we suspecred drug-induced myopathy
because several symptoms, apart from dysphagia, were
slightly improved after lamivudine was discontinued.

Mitochondrial dysfunction is a well-known side
effect of nucleoside analogs, the best-known example
being zidovudine, which is used mainly to manage
human immunodeficiency virus infections.'® In zidovu-
dine-induced myopathy, molecular analysis of muscle
biopsy shows depletion of mtDNA caused by drug-induced
inhibition of mtDNA polymerase y.'” Following the muscle
biopsy report of Case 3 that revealed RRFs, highly expressed
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