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Figure 1.  Behavioral paradigms and recording sites. 4, Sequence of events in the MMS task.
Monkeys remembered two sample locations during the delay and made a saccade to one of
three test stimuli presented at either sample location. Both the sample and test stimuli were
chosen from four possible locations (cardinal or oblique locations). B, In the SMS task, only one
sample was presented. C, For the behavioral experiment, test stimuli were chosen from eight
possible locations. D, Recording sites. The size of each circle indicates the number of recorded
neurons. Coronal sections were shown only for Monkey O at the level indicated by broken lines.
PS, Principal sulcus; AS, arcuate sulcus.

Materials and Methods

Animal preparation. Experiments were conducted on three Japanese ma-
caques (Macaca fuscata, 67 kg female, Monkeys J, L, and O). All animal
protocols were approved by the Animal Care and Use Committee of
Hokkaido University and were in accord with the Guide for the Care and
Use of Laboratory Animals. The animal preparation procedure was de-
scribed previously in detail (Tanaka, 2005). Briefly, a pair of head holders
was implanted on the skull using titanium screws and dental acrylic
under general isoflurane anesthesia. A coil of stainless steel wire was
implanted under the conjunctiva. During subsequent training and ex-
perimental sessions, the monkey’s head was secured to the primate chair,
and eye positions were continuously recorded using the search coil tech-
nique (MEL-25; Enzanshi Kogyo). After training on behavioral tasks, a
recording cylinder was installed over a small craniotomy, allowing elec-
trode penetrations into the prearcuate PFC. Animals received analgesia
after each surgery. The monkeys’ water intake was controlled daily so that
they were motivated to perform the tasks.

Visual stimuli and behavioral paradigms. Experiments were controlled
by a Windows-based real-time data acquisition system (TEMPO; Reflec-
tive Computing). Visual stimuli were presented on a 24-inch cathode-ray
tube monitor (60 Hz) positioned 38 cm from the eyes and subtending
64 X 44° of visual angle. Experiments were performed in a darkened
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Figure 2.  Activity of a representative neuron. A, Activity in the SMS trials with a sample in
the RF. From left to right, vertical lines indicate the onset and offset of the sample, and the onset
of test stimuli. B, €, Activity in the SMS trials with a sample presented 90° away from the RF. D,
When two samples were presented across the left and right visual fields (green), the activity
was similar to that for the single sample presented in the RF (red, the same data as in A). E,
When two samples were presented within the same visual field (green), the neuron exhibited
an intermediate response to those for each stimulus presented alone (red and blue traces, the
same dataasinAand ().

booth. Each trial began with the appearance of a fixation point (FP, 0.5°
red square) at the center of the screen. Monkeys were required to main-
tain fixation for >300 ms to proceed with the trial. Correct performance
was reinforced with a drop of liquid reward at the end of each trial.
During recording sessions, we presented two memory-guided saccade
tasks. In the multiple memory-guided saccade (MMS) task (see Fig. 14),
two sample (200 ms) and three test stimuli were presented 12° eccentri-
cally across a2 s delay (1° white squares). One test stimulus was presented
at the same location as either sample (matched stimulus), whereas the
others were presented elsewhere (nonmatched stimuli). The location of
the matched stimulus was chosen randomly from the two sample loca-
tions so that the animals had to remember both locations. Monkeys were
required to keep their eyes within 5° of the central FP during the sample
and delay periods, then to make a saccade to the matched stimulus in
response to the FP offset and the simultaneous appearance of test stimuli
(<400 ms). As a control, we also presented the single memory-guided
saccade (SMS) task with only one sample stimulus (see Fig. 1B). In all
recording sessions, the deviation of eye position from the FP was much
less than the window size (mean * SD, 0.51 % 0.11°, 0.50 % 0.14°, and
0.64 = 0.14°, for Monkeys J, L, and O, respectively). Both sample and test
stimuli appeared either at four oblique (45°, 135°,225°, or 315° measured
from rightward) or four cardinal (0° 90°, 180° or 270°) polar angles.
Different tasks were presented pseudo-randomly within a block that usu-
ally consisted of the SMS trials in four oblique and/or four cardinal (90°
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Figure3.  Comparison between the Across and Within conditions. 4, B, Population activities
in the MMS trials with two samples presented across (A) or within (B) visual field(s) (green
traces) are compared with those in the SMS trials with a sample at either the preferred (red) or
nonpreferred (blue) location. Shaded areas represent 95% confidence intervals. €, D, Popula-
tion averages of the ROC values computed between the activity in the MMS and SMS trials. ROC
values were taken to be 1 or 0 when activities in MMS trials were consistently higher or lower
than thoseinany SMS trials, respectively. E, F, Differences in neuronal responses in the MMS and
SMS trials were assessed by comparing the deviation of the ROC values from 0.5. In the Across
condition (F), the response to the two samples was significantly closer to the response to the
single sample presented at the preferred location (paired ¢ test, p < 0.0001). In the Within
condition (F), the response to the two samples was in between the responses to each sample
presented alone (p > 0.1). N.S., Not significant.

increments) directions, and the MMS trials with every combination of
them (10 or 20 cases).

We performed an additional behavioral experiment for the analysis
shown in Figure 5. Locations of test stimuli were randomly assigned to
one of eight directions (0~315° with 45° increments), whereas the sam-
ples were presented at two of four oblique directions in the MMS trials
(see Fig. 1C) or presented at one of eight directions in the interleaved
SMS trials. Although the two nonmatched stimuli were not always equi-
distant from the matched stimulus in individual trials because of the
random assignment (e.g., see Fig. 1C, “Across” trial), the overall angular
difference did not differ between the Across and Within conditions in all
monkeys (unpaired ¢ test, p > 0.6).

Physiological procedures. Neuronal activity was recorded through
tungsten electrodes (Alpha-Omega Engineering) lowered into the PFC
though a 23-gauge guide tube using a micromanipulator (MO-97S; Na-
rishige). Neuronal signals were amplified (Model 1800; A-M Systems),
filtered (Model 3625; NF), and monitored online using oscilloscopes and
an audio device. The waveforms of single neuronal activity were isolated
using a real-time spike sorter with template-matching algorithms (MSD
or ASD; Alpha-Omega Engineering). Occurrences of action potentials
were time stamped and saved in files along with the eye movement and
stimulus location data during the experiments (sampling rate: 1 kHz).
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Histological procedures. A postmortem examination of recording sites
was performed in all monkeys (see Fig. 1D). At the end of the experi-
ments, the animals were deeply anesthetized with a lethal dose of sodium
pentobarbital (>>50 mg/kg, intraperitoneally), and several landmark pins
were penetrated at known coordinates. The animals were then perfused
with an 0.1 v phosphate buffer followed by 3.5% formalin. The brain was
removed, blocked, and fixed with the same solution overnight. Once the
brain was equilibrated with an 0.1 M phosphate buffer containing 30%
sucrose, 100-pum-thick coronal sections were cut using a freezing mi-
crotome. Sections were stained with cresyl violet, and location of each
task-related neuron was reconstructed according to the coordinates of
electrode penetrations relative to the landmark pins.

Data analysis. Data were analyzed offline using MATLAB (Math-
Works). For the population analysis (see Fig. 3), we only considered
neurons with greater excitatory response to the preferred sample than
those presented 90° away from it, in the SMS trials (1 test, p < 0.01).
Individual neuronal activities were normalized by the peak activity dur-
inga 2300 ms period starting at the sample onset and averaged to see the
time course of population activities (see Fig. 3A,B). To assess linear
weights for the population activities in the SMS trials with preferred
(RESP, .0 or nonpreferred (RESP .. cue to explain the activity in
the MMS trials (RESP 4 1,1.)> we computed the value (RESPy 1. — RE-
SPyonpred {RESP e = RESP, o). To calculate it reliably, we used
the data during the Jast 500 ms of the delay when most neurons were
highly activated. Neurons were resampled using the bootstrap procedure
(1000 repetition) to estimate the 95% confidence interval (CI). For the
computer simulation shown in Figure 5, we used 16 model neurons with
Gaussian directional tuning (o = 30°) centered at different directions
(22.5° increment, Fig. 5A, gray curves).

Results
We recorded from single neurons in the macaque PFC (Fig. 1D).
In the MMS task (Fig. 1A), two sample and three test stimuli were
presented across a 2 s delay. Monkeys maintained a central fixa-
tion throughout the cue and delay periods and then made a sac-
cade to a test stimulus presented at the same location as either
sample (matched stimulus). Because the matched stimulus was
randomly assigned to one of the two sample locations, monkeys
had to remember both locations during the delay. Two samples
were always presented 90° apart from each other in the MMS
trials examined in the current study. As a control, we also used the
SMS task (Fig. 1B), in which only one sample was presented. All
three monkeys performed very well in the SMS (mean % SD of
the rate of correct choice: 98 == 2%, 98 * 3%, and 98 = 2%, for
Monkeys ], L, and O, respectively) and MMS (90 = 7%, 94 = 6%,
and 98 * 2%, for Monkeys J, L, and O, respectively) tasks.
Consistent with previous studies (Funahashi et al., 1989; Mat-
sushima and Tanaka, 2012), we found neurons exhibiting a sus-
tained response to the visual cues. A representative neuron shown
in Figure 2 exhibited an elevated activity throughout the delay
period after a single sample presented in the upper-left receptive
field (RF, Fig. 24). When the cue was located 90° away from the
RF, however, the delay-period activity disappeared (Fig. 2B,C).
In the MMS trials with two samples presented across the left and
right visual fields (Fig. 2D, Across condition), the same neuron
exhibited strong activity (green trace), comparable with the re-
sponse to a single cue presented in the RF (red trace, same data as
in Fig. 2A). On the other hand, when the two cues were presented
within the same hemifield (Fig. 2E, Within condition), the neu-
ron exhibited an intermediate response between those to the pre-
ferred (red) and nonpreferred (blue) stimulus presented alone.
Neuronal responses in the two conditions were consistently
different in the sampled population. In the Across condition, the
population activity for the two cues in the MMS trials (Fig. 34,
green trace) was similar to that for the preferred cue presented
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alone (Fig. 34, red trace), but far stronger
than that for the nonpreferred cue (Fig.
3A, blue trace). On the contrary, in the
Within condition, the population activity
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was intermediate between the activities
for the individual cues (Fig. 3B). The lin-

ear weight of population activities was sig-

nificantly biased toward the preferred cue -
in the Across condition (0.75, 95% CI =
[0.66 0.84], bootstrap repetition = 1000),
but neither cue in the Within condition
(0.40,95% CI = [0.290.52]). To assess the
separation of responses between the MMS
and SMS trials in individual neurons, we
computed ROC values for every 100 ms
(20 ms step). The population average
shows that the ROC values for the Across
condition were closer to 0.5 when re-
sponses in the MMS trials were compared
with those in the SMS trials for the pre-
ferred (Fig. 3C, red trace), rather than the
nonpreferred sample (Fig. 3C, blue trace),
indicating that the response to the two
cues was closer to the response to the single cue presented at the
preferred location. On the other hand, ROC values for the Within
condition were equally separated from 0.5 when compared with
either sample (Fig. 3D), indicating that the response to the two
cues differed evenly from the response to the preferred or non-
preferred cue presented alone. When we computed the mean
deviation of the ROC values from 0.5 in the last 1500 ms of the
delay, we found a significant difference between those for the
preferred and nonpreferred samples in the Across condition
(paired ttest, p < 0.001, Fig. 3E), but not in the Within condition
(p > 0.1, Fig. 3F). We also examined trial-by-trial response vari-
ability by computing the Fano factor during the delay but failed to
find differences between the task configurations for the Across
(two samples, 1.2 = 0.5; single preferred, 1.1 * 0.5; single non-
preferred, 1.2 = 0.5, one-way ANOVA, n = 60, p > 0.5) and
Within conditions (1.3 = 0.5, 1.1 = 0.5,1.2 = 0.4,p > 0.4). These
results suggest that multiple locations might be represented by
different firing rates of neurons depending on the relative stimu-
lus locations. In the Across condition, neuronal activity is domi-
nated by the preferred stimulus, almost in a winner-take-all
manner. In the Within condition, neuronal activity is equally
affected by individual stimuli, resulting in the average response.

Different neuronal modulations could not be attributed to
other factors than the relative location across the visual fields.
First, one might argue that monkeys attended to a specific sample
in the Across condition. However, this is unlikely because mon-
keys performed equally well when the matched stimulus was pre-
sented at the preferred or nonpreferred location in the Across
(preferred vs nonpreferred, 97.9 * 4.8% vs 99.0 & 3.1%, paired ¢
test, p > 0.1) as well as in the Within condition (97.9 = 5.8% vs
99.2 = 2.7%, p > 0.1). Second, the nonpreferred stimulus might
be presented inside the RF in the Within condition so that it
competed with the preferred stimulus. However, as we fitted
Gaussian tuning curves to delay-period activities in the SMS
trials, the nonpreferred cues presented in both conditions
were located 3.1 SD away from the RF center (mean = SD,
Across, 3.1 *= 1.8; Within, 3.1 * 2.1, n = 60, paired ¢ test, p >
0.7). Third, multiple locations might be remembered as a single
entity encompassing the two samples in the Within condition.
Incompatible with this, neurons tuned to the midpoint of the

0 1000

2000 0 1000 2000 )

1000

2000

100 spikes/s

0 1000
Time (ms)

2000

Figure4. Activity of a neuron tuned to the midpoint of samples. 4, Activities in the SMS trials. This neuron exhibited a strong
response to a single sample presented in the left RF (middle), but not to samples presented 45° away from the RF (left, right). 8,
Activity in the MMS trials. The same neuron exhibited a much lower response to two samples presented within the left visual field
(red thick trace) than to a single sample presented at the midpoint of them (blue thin trace; the same data as in 4, middle).

samples were suppressed when monkeys remembered the two
locations simultaneously (Fig. 4). Furthermore, the rate of choos-
ing the test stimuli when presented in between the two samples
was much lower than the rate at the cued locations (see below,
Fig. 5C-E). These results were analogous to those for multifocal
attention; visual responses to a distractor flanked by attended
objects were suppressed in the extrastriate visual area (Niebergall
et al., 2011). Because the response variability was comparable
between the MMS and SMS trials, the focus of working memory
seemed to be divided, rather than fluctuating, between the two
locations.

Based on the results of the neuronal recordings, we next at-
tempted to simulate population activities during the delay in the
MMS trials. In the Across condition where neurons responded in
a “winner-take-all” manner (Fig. 54, left), a neuron tuned to a
specific location (black solid curve) would exhibit a comparable
response to the activity for a single cue presented around its pre-
ferred location (blue dot at the level of intercept with vertical line
indicating Sample 1). In the Within condition (Fig. 54, right),
however, the same neuron would exhibit an “Averaging” re-
sponse of those to individual samples (red dot at the mean level of
two intercepts). Repetition of similar computations for 16 spa-
tially tuned neurons yielded a population coding with maximal
activities at the two sample locations, both in the Across (blue)
and Within conditions (Fig. 5A, red solid curves). This result
indicates that cued locations are encoded by the most active neu-
rons in the array, just like the previous computational model
(Compte et al., 2000). However, the quality of the signal repre-
sented in the neuronal population appeared to differ between the
two conditions, as further clarified by overlaying the normalized
population activities (Fig. 5B); the activity contrast between the
cued and the intermediate locations was reduced in the Within
condition compared with the Across condition.

To see the corresponding behavioral outcomes, we conducted
an additional experiment. In the behavioral test, one of the non-
matched stimuli was occasionally presented in between the two
sample locations (Fig. 1C). As the choice probability was calcu-
lated for each test stimulus (Fig. 5C—E), we found that all mon-
keys made more errors in choosing the midpoint of two samples
in the Within than in the Across condition (both-side z test, p <
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Figure5.  Model prediction and behavioral performance. 4, Representations of two sample

locations in simulated population activities. The model assumes that the visual inputs from
opposite visual fields are processed independently while those from the same visual field are
processed interactively. Only contralaterally responsive neurons are shown for clarity. The neu-
ronal modulation is large in the Across condition (blue curve) but small in the Within condition
(red curve). In both conditions, the sample locations are encoded as the two peaks in the
population activity. B, Comparison of the population activities between the Across and Within
conditions. Population activity for each condition was normalized so that the areas under the
curves became equal. Blue and red vertical dashed lines indicate the vertical meridian in the
Across and Within conditions, respectively. (—E, Choice probability for each test stimulus was
plotted as a function of its location relative to the samples, for individual monkeys. *Significant
difference between the choice probabilities in the Across and Within conditions (both-side z
test, p << 0.05). All animals made more errors in choosing the test stimulus presented at the
midpoint of the samples in the Within condition.

0.05), consistent with the simulation results (Fig. 5B). Together,
these results suggest that the interaction between neuronal rep-
resentations of multiple locations might hinder the individuation
of each spatial memory and ultimately could constrain behav-
ioral performance.

Discussion

In the present study, we probed the neuronal correlates of work-
ing memory for multiple locations. When monkeys remembered
two cues presented across the left and right visual fields, their
neuronal activities were comparable with those for a single cue
presented at the preferred location. When monkeys remembered
two cues presented within the same hemifield, their neuronal
activities were intermediate between the responses to individual
cues. Our data might reflect an inherent, anatomical separation
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of contralateral and ipsilateral information processing along the
visual pathways.

After the optic chiasm, visual inputs from the right visual field
are transmitted to the left side of the brain, whereas those from
the left visual field are transmitted to the right side. This laterality
is especially evident in the early stages of cortical processing, in
which RFs are confined to contralateral visual fields (Bullier,
2004). Reflecting the division into hemispheres, visual stimuli
presented in opposite visual fields are more difficult to compare
than those presented in the same hemifield (Banich and Belger,
1990; Sergent, 1990).

Even in the PFC, where neurons responding to contralateral
and ipsilateral stimuli coexist (Rainer et al., 1998; Lennert and
Martinez-Trujillo, 2013), inputs from different visual fields are
known to reach distinct cortical columns (Goldman-Rakic and
Schwartz, 1982). Related to this, behavioral performance is
strongly influenced by the spatial arrangement of visual items
even in tasks requiring higher order processing; humans can at-
tend to (Alvarez and Cavanagh, 2005) or remember (Delvenne,
2005) more objects when presented bilaterally than unilaterally.
As for the neural correlates, Buschman et al. (2011) recently
showed that neuronal information about object identity is more
reduced by the presence of other objects in the same compared
with the opposite visual field. Our data might provide a reason-
able explanation for these previous observations from the view of
neuronal computation within local circuits. Signals from the
same visual field are processed highly competitively and averaged
through recurrent connections, whereas signals from opposite
hemifields are processed almost independently and spared in dis-
tinct cortical columns.

Differences in neuronal computations were further verified by
monkeys’ performance. Based on the observed firing modula-
tions, we simulated the population activities during the delay in
the Across and Within conditions. The simulation can be viewed
as a specific form of the normalization model proposed by Reyn-
olds and Heeger (2009), where individual neuronal activities are
normalized by the total activity in each neuronal ensemble re-
sponsible for either visual hemifield. As suggested by a previous
computational model (Compte et al., 2000), we found that the
cuedlocations could be represented by the most active neurons in
the population. Thus, in our task configuration, the matched
stimulus would be simply read out by detecting a peak of activity
when visual responses to test stimuli were added to the popula-
tion activity. However, the generally noisy activities of neurons
seemed to produce an accidental peak at uncued locations, caus-
ing errors. Corresponding to the relatively higher activity at the
midpoint of the two sample locations, monkeys erroneously re-
ported the midpoint as a cued location more often in the Within
than in the Across condition. These results demonstrate that the
interaction of multiple representations within each neuron deter-
mines the signal-to-noise ratio in the population activity and
ultimately constrains the behavioral performance. Considering
the columnar organization of contralateral and ipsilateral neu-
rons in the PFC (Goldman-Rakic and Schwartz, 1982), the inter-
actions might be mediated by interneurons constructing
recurrent network with nearby functionally related pyramidal
neurons (Gabbott and Bacon, 1996; Rao et al., 1999). Because
there also exist long-range horizontal connections in the cortex
(Stepanyants et al., 2009), signal processing in each cortical col-
umn might not be completely independent so that the magnitude
of intracolumnar and intercolumnar interactions might be rela-
tively, rather than absolutely, different. Nonetheless, our data
suggest that the relative difference is sufficient to alter the neuro-
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nal signals and behavioral performance in the Across and Within
conditions. Because the balanced inhibition to excitation within
local circuits is essential to prevent epileptic activity (Turrigiano,
2011), the working memory capacity limited by the recurrent
inhibition might be computationally (Usher and Cohen, 1999)
and evolutionarily (Hultsch, 1992) inevitable.
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Differential Neuronal Representation of Spatial Attention
Dependent on Relative Target Locations during Multiple

Object Tracking

-~ Ayano Matsushima and Masaki Tanaka

Department of Physiology, Hokkaido University School of Medicine, Sapporo 060-8638, Japan

Humans can simultaneously track multiple moving objects with attention. The number of objects that can be tracked isknown to be larger
when visual stimuli are presented bilaterally rather than presented unilaterally. To elucidate the underlying neuronal mechanism, we
trained monkeys to covertly track a single or multiple object(s). We found that neurons in the lateral prefrontal cortex exhibited greater
activity for the target passing through the receptive field (RF) than for distractors. During multiple-object tracking, response enhance-
ment for one target presented in the RF was stronger when the other target was located in the opposite than the same visual hemifield.
Because the neuronal modulation did not differ depending on relative target locations with respect to upper and lower visual hemifields,
the distance between the targets does not explain the results. We propose that inherent, anatomical separation of visual processing for
contralateral and ipsilateral visual fields might constrain cognitive capacity.

Key words: attentional capacity; bilateral advantage; MOT; prefrontal cortex; primate; single-unit recording

Introduction

Along the visual processing pathways, the left visual field is rep-
resented in the right hemisphere and the right visual field is rep-
resented in the left hemisphere. This laterality is especially
evident in the early stages of visual processing, but is relaxed for
higher order processing in the association cortices where infor-
mation from both visual hemifields are integrated (Desimone et
al., 1993; Rainer et al., 1998). This integration process must be
mediated via the commissural connections, which unify the rep-
resentation of the entire visual field.

Deviation from the above principle may occur in split-brain
patients (Gazzaniga, 1970). Although disconnected cerebral cortices
can exchange crude visual information, they cannot communicate
details about features, locations (Holtzman, 1984), or time (Corbal-
lis et al., 1998). Conversely, split-brain patients are less annoyed by
interference across the midline when stimuli are presented bilater-
ally, exhibiting superior performances to normal subjects in the
Stroop task (David, 1992), dual task paradigm (Holtzman and Gaz-
zaniga, 1985), and visual search (Luck et al., 1989). Thus, the com-
promised interhemispheric integration can hinder or benefit the
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performance depending on whether the task requires integration or
separation of information from different visual hemifields.

Even in normal subjects, the integration across hemifields has
been shown to be incomplete. In the tasks requiring direct com-
parison of multiple objects (Banich and Belger, 1990; Sergent,
1990) or integration of visual information across time (Dimond
et al., 1972), performance is impaired when the stimuli are di-
vided into the left and right visual fields. However, in the tasks
requiring parallel processing of individual objects, performance
is improved when the stimuli are presented across hemifields
compared with within a hemifield (Sereno and Kosslyn, 1991;
Awh and Pashler, 2000; Scalf et al., 2007). These costs and benefits
of bilateral display are most evident when the task is rather de-
manding (Merola and Liederman, 1990; Kraft et al., 2005) and
requires spatial information processing (Delvenne, 2005).

At the neuronal level, evidence has recently accumulated for
parallel processing of two visual hemifields. When two visual
stimuli were presented bilaterally, prefrontal activities were ini-
tially dominated by the contralateral stimulus, and thereafter
evolved to represent the task-relevant object (Kadohisa et al.,
2013). In addition, when monkeys remembered the locations
(Matsushima and Tanaka, 2014b) or identities (Buschman et al.,
2011) of multiple objects, neuronal information for a given ob-
ject was not, if any, degraded when all other objects were in the
opposite hemifield. These results suggest that neuronal process-
ing for visual discrimination and working memory is more effi-
cient for bilateral than unilateral stimuli. However, it remains
elusive whether the attentional allocation toward the targets also
depends on their relative locations across the hemifields, while
keeping it away from the other, task-irrelevant stimuli.

To address this issue, we examined neuronal activities of pre-
frontal neurons during monkeys attentively tracked two targets
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Figure1.  Behavioral paradigms. 4, Inthe MOT task (left), four visual stimuli were presented

during central fixation. Two objects were cued as targets, whereas the others served as distrac-
tors. Following a short delay, all objects moved randomly for >2s. In response to the FP offset,
monkeys made sequential saccades to the targets. Because the objects were visually identical
except during the cue period, monkeys needed to covertly track the target motions. In the SOT
task (right), only one object was cued as a target. B, Recording sites. The size of each circle
indicates the number of neurons recorded from each penetration. PS, Principal sulcus; AS,
arcuate sulcus.

in the presence of distractors. We found stronger response to the
targets presented bilaterally than those presented unilaterally,
which might explain the different tracking capacity of humans
under the two conditions (Alvarez and Cavanagh, 2005; Hudson
et al., 2012).

Materials and Methods

Experiments were conducted on two Japanese macaques (Macaca fus-
cata, 67 kg females). All animal protocols were approved by the Animal
Care and Use Committee of Hokkaido University. The procedure of
animal preparation is described previously in detail (Tanaka, 2005).
Briefly, a pair of head holders was implanted on the skull and a coil of
stainless steel wire was implanted under the conjunctiva under isoflurane
anesthesia. During training and experimental sessions, the monkey’s
head was secured to the primate chair, and eye position was recorded
using the search coil technique (MEL-25; Enzanshi Kogyo). After train-
ing, a recording cylinder was installed over a small craniotomy. Animals
received analgesia after each surgery. The monkeys’ water intake was
controlled daily to motivate them to perform the tasks.

Visual stimuli and behavioral paradigms. Experiments were controlled
by a Windows-based real-time data acquisition system (TEMPO; Reflec-
tive Computing). Visual stimuli were presented on a 24 inch CRT mon-
itor (GDM-FW900, refresh rate 60 Hz; Sony) positioned 38 cm from the
eyes (subtending 64° X 44° of visual angle), located in a darkened booth.
All visual stimuli were presented within a 36° square contour that was
visible throughout the experiments. Each trial began with the appearance
of a fixation point (FP; 0.5° red square) at the screen center, and ended
with a juice reward for correct performance.

In the multiple-object tracking (MOT) task (Fig. 14, left), four visual
stimuli (1.5° white circles) were presented at 10° eccentricity during cen-
tral fixation. Their initial locations and motion directions were defined in
polar coordinates, and angles were chosen randomly from 0° to 350° (10°
increments, measured from rightward) for each object. The separation of
polar angles between any two stimuli was set to be =50°, for both the
initial locations and motion directions. Two objects were cued as targets
by briefly changing their color (red, 700 ms), whereas the other objects
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remained white and served as distractors. Except for this cue period, all
objects were identical in color and shape. Following a 200 ms delay, four
objects moved along straight paths at 20°/s in different directions without
visible trails and bounced against the sides of the contour (motion pe-
riod: 2500 ms for Monkey J, 2000 ms for Monkey L). Each object could
move into the other quadrants than the initial location. Monkeys were
required to keep their eyes within 5° of the FP throughout the motion and
following delay (500 ms) periods, and make two sequential saccades to
the targets. To obtain reward, the animals needed to make the initial
saccade within 400 ms of the FP offset and to redirect their eyes to the
other target in 400 ms thereafter. When any object was located within 7°
from the FP or the distance between any two objects was <<6°, the motion
interval was extended until neither condition was fulfilled. We also in-
troduced the single-object tracking (SOT) task (Fig. 14, right) as a con-
trol. This task was identical to the MOT task except that only one object
was cued as a target.

Once the animals performed correctly in a MOT trial, the object tra-
jectories in the subsequent seven MOT trials and eight SOT trials were
automatically determined to balance the object trajectories across trials
(Fig. 24, bottom). In three MOT trials, the object trajectories were iden-
tical to the initial successful trial but the assignment of object identities
was rotated one by one. In the other four MOT trials, the object trajec-
tories were point symmetry of those in the above-described MOT trials
with respect to the central FP. In the eight SOT trials, the object trajec-
tories were exactly the same as the MOT trials. Thus, once monkeys
performed a MOT trial correctly, the object trajectories in the following
15 trials were determined automatically, and were presented in a pseu-
dorandom order.

Physiological procedures. Neuronal activity was recorded through
tungsten electrodes (Alpha Omega Engineering) lowered into the pre-
frontal cortex (PFC) through a 23 gauge guide tube using a micromanip-
ulator (MO-97S; Narishige). Signals were amplified (Model 1800; A-M
Systemns), filtered, and monitored online using oscilloscopes and an au-
dio device. Waveforms of single neurons were isolated using a real-time
spike sorter with template-matching algorithms (MSD or ASD; Alpha
Omega Engineering). Occurrences of action potentials were time

~ stamped and saved in files with the data for eye movements and stimulus

locations (sampling rate, 1 kHz).

Verification of recording sites. A postmortem examination of recording
sites was performed in all monkeys (Fig. 1B). At the end of the experi-
ments, the animals were deeply anesthetized with a lethal dose of sodium
pentobarbital (> 50 mg/kg, intraperitoneally), and several landmark
pins were penetrated at known coordinates. The animals were then per-
fused with 0.1 M phosphate buffer followed by 3.5% formalin. The brain
was removed, blocked, and fixed with the same solution overnight. Lo-
cation of each task-related neuron was reconstructed according to the
coordinates of electrode penetrations relative to the landmark pins.

Data analysis. Data were analyzed offline using MATLAB (Math-
Works). We considered only neurons that were tested for >80 trials
(n = 137). To assess the firing modulation depending on the target and
distractor locations during the motion period, the instantaneous firing
rate was calculated as a function of each objectlocation on the retina (i.e.,
location on the screen minus eye position in the orbit). Initially, each
object location 60 ms before the occurrence of action potentials was
plotted separately, with a 0.5° resolution. Then, the number of action
potentials was divided by the duration of each object presentation to
obtain the firing rate for each pixel (0.5° square). Data were filtered using
a 2-D Gaussian kernel (o = 2.5° 20° square), and presented as a color-
coded map (“response modulation map”).

For individual neurons, we defined the RF in the response modulation
map for target locations in the SOT trials as the region with 477 adjacent
pixels (10% of whole map) that gave the maximal mean firing rate. The
RF center was defined as the center of gravity weighted by the firing rate
for each of the 477 pixels. In Figure 3, we examined whether the response
to one target in the RF was modulated depending on whether the other
target appeared in the different (“Across” condition) or same (“Within”
condition) visual hemifield. To reliably distinguish these conditions, we
only considered neurons with RF centers that were =6° eccentricity and
located =3° away from the cardinal meridians (83/137, 61%).
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SOT and MOT trials. Instantaneous firing rates during the motion periods are color-coded as a
function of each object locations (top). Note that the target and distractor trajectories were
exactly the same across the trials, because they were interchanged from trial to trial (bottom;
see Materials and Methods). B, Data for the MOT trials were divided into two groups according
to relative target locations. Right, Plot of the cumulative distributions of millisecond-by-
millisecond firing rates for the targets presented in the upper-left RF under the Across (red) and
Within (blue) conditions. Black solid and dotted lines indicate the data for the target and dis-
tractors, respectively, presented in the RF during the SOT trials. Medians differed significantly
between the Across and Within conditions (Wilcoxon rank sum test, p << 0.0001), whereas the
variances did not (Ansari-Bradley test, p > 0.05). ¢, When the same data were divided accord-
ing to relative target locations in the upper/lower visual hemifields, the activities were not
different (median, p = 0.54; variance, p = 0.29).

To estimate the null response modulations observed by chance, we
shuffled the correspondence between spike data and object trajectories in
individual neurons, and computed a “sham” response modulation map
(Matsushima and Tanaka, 2012). We repeated this shuffling procedure
1000 times to obtain the distribution of variance of firing rates across the
field, expected by chance. Neurons exhibiting a significant firing modu-
lation for the target in the SOT trials (p < 0.05, 82/83, 99%) were in-
cluded for further analyses.

For the population analysis shown in Figures 3 and 4, the response to
the targets in the RF was calculated by subtracting the mean firing rates in
the whole response modulation map. To directly rule out the possibility
that the Across versus Within difference stems from the different target
separations, we compared neuronal responses to the two targets sepa-
rated by a same distance but located within or across the visual fields. In
search of the optimal target separation, we first plotted the firing rates as
a function of target separations (bin width = 10° 1°increments), regard-
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Figure 3. Population analyses for neuronal modulation by relative target locations. 4, Re-
sponse to the target was compared between the SOT and MOT trials for individual neurons. In
the population, the firing rate decreased in the MOT trials (paired ¢ test, p << 0.05). B, (,
Comparison of the response in the MOT trials under different conditions. With respect to the
right/left visual hemifields (B), the activity was significantly greater under the Across than
the Within condition (paired ¢ test, p < 0.05), However, there was no difference with respect to
the upper/lower visual hemifields (C; p = 0.45). Red lines indicate robust linear regressions
(A-(). Blue dots and fines indicate the data for 48 neurons that showed a significant difference
between conditions even when the data with equal intertarget distance were considered (see
Results).

less of the Across/Within conditions. To disregard data when both targets
were within the RF, bins centered =1.5 times of the maximum point
separation within the RF were excluded from the analysis. If the optimal
target separation lasted for >1000 ms in total, for both the Across and
Within conditions, we compared the distributions of millisecond-by-
millisecond firing rates (filtered by Gaussian with 30 ms o) between the
conditions, In a few neurons (4/80, 5%), above criteria left no bins to be
analyzed.

Results

We recorded from single neurons in the PFC close to the frontal
eye fields while monkeys covertly tracked moving object(s) with-
out eye movements (Fig. 1A). During recording sessions, both
monkeys performed very well. Deviation of eye position from the
center of the FP during covert tracking averaged 0.68° = 0.11°
(SD) and 0.73° == 0.10° for Monkeys J and L, respectively. Both
monkeys correctly chose targets in the SOT (mean * SD, 77.5 +
7.6% and 88.2 = 6.0% for Monkeys J and L, respectively) and the
MOT trials (64.7 * 10.0% and 54.4 £ 7.2%), well above the
chance level (25% for SOT or 8.3% for MOT trials).

Regardless of the number of objects to be tracked, PFC neu-
rons consistently signaled the target positions during the motion
period. Figure 2A shows the response modulation maps for a
representative neuron. In the SOT trials (Fig. 24, two top left
panels), this neuron exhibited enhanced activity as the target
passed through the upper-left RF, whereas the activity was less for
the distractor presented at the same location. Since the trajecto-
ries of the target and distractor were exactly balanced across the
trials (Fig. 2A, two bottom left panels), the difference in response
must be attributed to their different meanings in the task. Al-
though neuronal response to the stimulus outside of the RF ap-
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saccade order. 4, Data of the neuron shown in Figure 2 were divided into four groups according
to whether the two targets were located unilaterally or bilaterally during motion periods and
whether the target was selected by the first or second saccade after the motion end. B, Com-
parison of neuronal modulation depending on saccade order in the Across and Within condi-
tions. Saccade modulation was defined as the difference of response to the targets for the first
and second saccades (RESP4s; — RESP o conq)- Red atrowheads indicate the averages across the
population. C, Response to the first saccade target presented in the RF was compared between
conditions where the other target was located in the opposite (Across) or same (Within) visual
hemifield. D, Comparison of response to the second saccade target between the Across and
Within conditions. Red lines indicate robust linear regressions (siopes are 0.40 and 0.33 in Cand
D, respectively).

peared to be somewhat larger for the distractor than for the
target, it was merely a consequence of the enhanced response to
the target presented in the RF, because the same spike data were
sorted by the target and distractor locations, respectively. The
pattern of neuronal modulation was consistent with our previous
results of the Target-selective prefrontal neurons in a similar SOT
task (Matsushima and Tanaka, 2012), and those reported in the
extrastriate visual areas (Mitchell et al., 2007; Niebergall et al.,
2011a). In the MOT trials, the same neuron again exhibited a
greater response to the target than to the distractor presented in
the RF (Fig. 24, two top right panels), indicating that this neuron
was involved in the representation of multiple as well as single-
target locations.

We next examined whether the response to the target in the RF
depended on the relative locations of two targets in the MOT
trials. We divided the data into two groups, according to whether
the targets were presented bilaterally or unilaterally. When the
two targets were located across the left and right visual hemifields
(Across condition), the neuronal response to the target was
strong (Fig. 2B, left). However, when the two targets were located
within either visual hemifield (Within condition), the response
was reduced (Fig. 2B, middle). To quantitatively compare these
two conditions, we computed the millisecond-by-millisecond
firing rates (filtered by Gaussian with 30 ms o) while the target
was presented in the RF, and found that the response was statis-
tically greater under the Across than Within conditions (Wil-
coxon rank sum test, p << 0.0001; Fig. 2B, right). As a control
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analysis, we also divided the same data according to whether the
targets were presented across or within the upper/lower visual
hemifields, and found no difference between the conditions (p =
0.54; Fig. 2C).

Selective enhancement of response to the target, and the re-
duced target response in the Within condition were also observed
across the population we studied. Among 82 neurons exhibiting
significant firing modulation in the SOT trials (Methods), 80
(98%) neurons also showed a significant modulation in the MOT
trials. However, the magnitude of the response to the target was
slightly but significantly less in the MOT than in the SOT trials
(paired t test, p << 0.05; Fig. 3A4), with a robust regression slope of
0.68, (significantly different from 1, ¢ test, p < 0.0001). As the
data were sorted according to the relative target locations, the
response was greater when the two targets were presented across
the left and right visual hemifields (Across condition) than when
presented within either hemifield (Within condition, p < 0.05;
Fig. 3B). Accordingly, the robust regression analysis yielded the
slope of 0.58 that significantly differed from the unity line (p <
0.0001). In contrast, there was no significant difference between
the Across and Within conditions with regard to the upper versus
lower visual hemifields (p = 0.45; Fig. 3C), and the robust regres-
sion slope did not differ from 1 (0.89, p > 0.1). The significant
difference in the whole population indicates that the target rep-
resentation in the PFC was degraded when both targets were
presented unilaterally, which might cause an overall reduction of
firing modulation in the MOT trials compared with the SOT
trials (Fig. 3A).

Different neuronal modulation for targets presented within
and across hemifields during motion periods were unlikely to be
related to the difference in saccade directions, because targets
moved randomly before the execution of saccades. Nevertheless,
because we previously showed that prefrontal activities biased the
selection of an object to be tracked then targeted by a saccade at
the trial end (Matsushima and Tanaka, 2014a), neuronal activi-
ties during the motion periods might control the saccade orders
at the end of the MOT trials. To see whether saccade orders could
account for the differential response between the Across and
Within conditions, we further divided the data according to the
saccade order. Although some neurons exhibited a slight differ-
ence (Fig. 4A; top versus bottom, for the neuron shown in Fig, 2),
the magnitude of neuronal modulation by saccade orders was
comparable between the Across and Within conditions in the
population (paired ¢ test, p > 0.9; Fig. 4B). Furthermore, the
response to the target presented in the RF was consistently larger
in the Across than Within condition, regardless of whether the
target was selected by the first (Fig. 4C) or second (Fig. 4D) sac-
cade. Thus, the difference in neuronal activity between the con-
ditions could not be attributed to the serial order of targeting
saccades. Although the neuronal control of saccade sequence is
an interesting issue to be addressed (Histed and Miller, 2006), it
appears to be far beyond the scope of this study.

One might argue that the difference between the Across and
Within conditions could be merely a consequence of surround
suppression geometry. However, surround suppression from
distractors was unlikely to explain the results. We searched for the
Across condition where a target was presented in the RF and both
distractors were presented either in the same or opposite hemi-
field. For 13 neurons that fulfilled these criteria, neuronal activi-
ties remained unchanged regardless of the distractor locations
(paired t test, p = 0.15). Furthermore, the Across/Within differ-
ence could not be attributed to the relative distance between the
targets. When the millisecond-by-millisecond firing rates of in-
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dividual neurons were compared when the targets were presented
within or across visual fields but separated by a same distance (see
Materials and Methods), the majority of neurons (48/76, 63%)
exhibited higher activity in the Across than Within conditions (¢
test, p << 0.05). We further confirmed that the restriction of the
analysis shown in Figure 3 to these 48 neurons reproduced the
main results (Fig. 3, blue dots); the robust regression slope sig-
nificantly differ from 1 for the comparison between the Across
and Within conditions with regard to the left/right visual hemi-
fields (0.64; Fig. 3B, blue line; ¢ test, p << 0.0001), but was not with
regard to the upper/lower visual hemifields (0.95; Fig. 3C, blue
line; £ test, p = 0.1). Thus, prefrontal neurons exhibited greater
response when the two targets were presented bilaterally than
unilaterally, and that these modulations could not be accounted
for other factors than the relative target locations across the left
and right visual fields.

As an additional analysis, we examined the variability of neu-
ronal activity to assess whether the response reliability was also
altered. For example, for the neuron shown in Figure 2, the vari-
ance of response to the target in the RF was larger in the MOT
than in the SOT trials (Ansari-Bradley test, p < 0.05). However,
the effect of the task condition was not consistent across the
population; the variance of neuronal activity in the MOT trials
could be larger than (16%, 13/80), smaller than (41%, 33/80), or
comparable with (43%, 34/80) that in the SOT trials. Similarly,
the effect of relative target locations on the response variance was
not evident for the majority of neurons (41/80, 53%, p > 0.05)
including the one in Figure 2B, whereas the activity of the remain-
ing neurons was either less (22/80, 27%) or more (16/80, 20%)
variable in the Across than Within conditions. To assess the over-
all trend, we computed Fano factors by normalizing the variance
of firing rates by their mean for individual neurons. For both
comparisons between the tasks (i.e., MOT vs SOT) and between
the Across/Within conditions, Fano factors were not significantly
different (n = 80, paired t test, p > 0.1), indicating that the
response reliability remained unchanged in the population as a
whole.

Discussion

We examined single neuron activities in the PFC while monkeys
covertly tracked a single or multiple moving target(s) among
visually identical distractors. We found that the same set of neu-
rons elevated the activity for the target presented in the RF, re-
gardless of the number of objects to be tracked. Enhancement of
the response to a target was greater when the other target was
located in the opposite than the same visual hemifield. Because
the neuronal activity did not alter depending on the relative target
locations with respect to the upper/lower rather than the right/
left visual fields, the distance between the targets should not ac-
count for the results. Considering the inherent, anatomical
separation of contralateral and ipsilateral visual processing, our
data might reflect the stronger interaction of attentional signals
for multiple targets presented unilaterally than those presented
bilaterally.

Interaction of information processing within and across
visual hemifields

During multiple-object tracking, prefrontal neurons exhibited
greater activity for the target in the RF when the other target was
presented in the opposite than the same visual field. Different
neuronal modulation between the Across and Within conditions
were likely to reflect different amount of interaction in neuronal
networks; signals from opposite visual fields are processed sepa-

J. Neurasci,, July 23, 2014 - 34(30):9963-9969 + 9967

rately, whereas those from the same visual field are interacted and
processed together within the same functional module.

What network configurations are responsible for such a func-
tional module of visual processing? One possible structure is the
cerebral hemisphere. Anatomically, after the optic chiasm, visual
inputs from the left and right visual fields are divided into differ-
ent optic tracts. The separation is precisely retained in the early
visual cortices, where neurons in each hemisphere are exclusively
responsive to contralateral stimuli (Bullier, 2004). Although
commissural connections somewhat alleviates the hemispheric
independence in higher-order cortical areas (Myers and Sperry,
1958), much stronger association fibers within the hemispheres
results in the contralateral dominance of visual processing in the
inferotemporal (Chelazzi et al., 1998) and prefrontal (Funahashi
et al.,, 1989; Lennert and Martinez-Trujillo, 2013) cortices. In-
deed, inactivation of the PFC has demonstrated the contralateral
bias of mnemonic (Funahashi et al., 1993) or attentional (Heide
and Kompf, 1998) deficits, indicating that the functional division
between hemispheres is, on the whole, preserved in the PFC. In
addition, other anatomical structures, such as the cortical col-
umns, might further dissociate visual processing in the opposite
visual fields. In the PFC, commissural fibers from the contralat-
eral counterpart are known to terminate in columns that are
distinct from, and interdigitated with, those receiving association
fibers from the ipsilateral parietal cortex (Goldman-Rakic and
Schwartz, 1982). Consistent with this, most prefrontal interneu-
rons have similar response properties to nearby pyramidal neu-
rons (Rao et al,, 1999), indicating that they form locally confined
functional columns with balanced excitation and inhibition (Ma-
rino etal., 2005). All of these results suggest that, from early to late
stages of visual processing, signals from opposite visual fields are
processed relatively independently in different functional mod-
ules, compared with those from the same visual field that un-
dergo highly competitive interaction through lateral inhibitions.
Thus, the different neuronal modulation for targets presented
within and across hemifields observed here is likely to inherit the
division of contralateral and ipsilateral information in the up-
stream structures and be maintained though the local circuit or-
ganizations within the PFC.

Among many brain regions along the visual processing path-
ways, the PFC is most likely to limit the tracking capacity in the
MOT task. We have previously demonstrated that prefrontal
neurons consistently discriminate the visually identical objects
during covert tracking, that the attenuation of the signals results
in erroneous choice (Matsushima and Tanaka, 2012), and that
the perturbation of the signals can alter the target selection (Mat-
sushima and Tanaka, 2014a). It is also consistent with the widely
accepted view that the PFC is crucial for performing tasks with
high cognitive demands (Kane and Engle, 2002; Marois and
Ivanoff, 2005), especially such as precise object recognition and
discrimination (Duncan et al., 1995; Buschman and Miller,
2007), and with the fact that the bilateral advantage is observed
only when irrelevant objects are presented along with the targets
(Holt and Delvenne, 2014).

One might argue that the difference in neuronal response to
the bilateral versus unilateral targets reported in this study was
modest relative to that reported previously (Kadohisa et al.,
2013). Although the large difference in experimental conditions
might be the major cause, there might be several other possible
reasons. First, the hemispheric independence might be largest in
the PFC during the initial competition between the visual stimuli.
Kadohisa et al. (2013) found that, when the target and distractor
were presented alone in each hemifield, prefrontal activity was
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initially biased toward the contralateral stimulus regardless of its
identity and then evolved to predominantly encode the target
regardless of its location. During the motion periods, however,
monkeys had already identified and directed attention to the tar-
gets, while ignoring the other, task-irrelevant distractors. Second,
the interference on the target processing from another target,
addressed in the present study, might be stronger than that from
the distractor examined previously (Kadohisa et al., 2013). Be-
cause distractors are known to impede the target processing fur-
ther as they serve as a target in a training history (Bichot et al.,
1996; Ipata et al., 2006; Kadohisa et al., 2013), the processing
conflict might be maximized between the two, equally task-
relevant targets to corrupt the independence of each hemifield.
Taking all these factors into consideration, the present data ap-
peared to be compatible with the previous observations, although
our data provided a first evidence that the attentional enhance-
ment of response to multiple targets depended on relative target
locations, even after the priority over the distractors was fully
established.

Parallel versus serial control of attention for multiple objects
Since Pylyshyn and Storm (1988) first devised the MOT task,
several models of neuronal processing have been proposed. Al-
though each model has unique properties, one of the major dif-
ferences resides in whether attention is allocated to individual
targets (Pylyshyn, 1989; Kahneman et al., 1992) or to a group of
targets (Yantis, 1992). In support of the latter hypothesis, subjects
sometimes have introspections that the multiple targets consti-
tute a virtual polygon (Alvarez and Cavanagh, 2005). In the cur-
rent study, however, we found that the same population of
neurons exhibited enhanced activity and represented target loca-
tions in both the MOT and SOT trials, suggesting that attention
might be separately directed toward each of the multiple targets.
These results might be attributed to the lack of similarity or sym-
metry of target motions in our experimental conditions, under
which perceptual grouping would be difficult (Koffka, 1935).

How is attention allocated to multiple objects? There is a long-
standing debate between two hypotheses (Townsend, 1990). At-
tention might be focused on one location at a given moment and
shifted sequentially (Treisman and Gelade, 1980; Wolfe, 1994),
or alternatively, divided into multiple foci simultaneously for
parallel processing (Duncan and Humphreys, 1989; Godijn and
Theeuwes, 2003; Niebergall et al., 2011b). Although the compa-
rable response variability between the MOT and SOT trials in the
sampled neuronal population favored the latter hypothesis, the
inconsistency across individual neurons prevented us from draw-
ing any firm conclusion. Low firing rates of PFC neurons further
complicated the analysis of oscillatory transition on the scale of a
few tens or hundreds of milliseconds (Horowitz et al., 2009;
Chakravarthi and VanRullen, 2011). Future studies would need
more intricate investigations to address this issue.
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Aceruloplasminemia is an autosomal recessive disease char-
acterized by an abnormal iron metabolism. The absence of
ferroxidase activity caused by mutation of ceruloplasmin
leads to iron overload in the brain, liver and other
organs. We report a 35-year-old man who was diagnosed
with aceruloplasminemia without neurological manifestation
despite the accumulation of iron in the brain and liver. To

prevent the development of neurodegenerative disorder
related to iron toxicity, iron depletion therapy was performed.
Iron chelator deferasirox was effective in reducing serum fer-
ritin level and to prevent the progression of the disease.

Key words: aceruloplasminemia, copper, deferasirox, iron

INTRODUCTION

CERULOPLASMINEMIA IS AN autosomal recessive

disorder caused by mutations of the ceruloplasmin
gene, first reported by Miyajima etal. in 1987." The
prevalence of aceruloplasminemia was estimated to be
approximately 1/2 million in non-consanguineous mar-
riages.” The deficiency of ceruloplasmin results in iron
overload in the brain, pancreas, liver, retina and other
organs. This iron metabolic disorder is associated
with the ferroxidase activity of ceruloplasmin, which is
related to the oxidation of Fe** to Fe**, allowing it to be
transported by transferrin.’ Ceruloplasmin is associated
with ferroportin. Ferroportin exports iron from the cells
and ceruloplasmin stabilizes ferroportin in the plasma
membrane of various types of cells.* The expression of
ferroportin in the plasma membrane is regulated by
hepcidin. Hepcidin is the principal regulator of systemic
iron metabolism. Without ceruloplasmin or high
hepcidinemia, ferroportin is internalized and degraded
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in the lysosomes.>” Therefore, iron accumulates in
various cells in patients with aceruloplasminemia.®
Clinically, diabetes mellitus, retinal degeneration,
neurological dysfunction, anemia, low serum iron
and increased serum ferritin are typical features of this
disease. Regarding the treatment of patients with
aceruloplasminemia, several therapeutic opinions, such
as iron chelation therapy, have been reported with dif-
ferent outcomes.’2

We report a relatively young patient with acerulo-
plasminemia without neurological dysfunction treated
with deferasirox.

CASE REPORT

35-YEAR-OLD MAN was diagnosed with osteomy-

elitis of the lower limbs and antibiotic therapy had
been continued for 2 months at our orthopedics unit. At
the time of admission, liver function test was normal.
Abnormal liver function was detected at 1 month after
the admission and drug-induced liver injury was sus-
pected. After the cessation of antibiotics, liver dysfunc-
tion had been improved. Then, he was introduced
to our unit. He had been diagnosed with anemia
and insulin-dependent diabetes mellitus at the age of
16 years. There was no family history of diabetes melli-
tus and no medical history except his father. His father
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had presented with Parkinson’s disease in the past
several years. His parents were not consanguineous. On
examination, he showed no evident neurological or
ophthalmoscopic abnormalities. Kayser-Fleischer ring
was not detected. Laboratory data at admission to our
unit is shown in Table 1. They include increased serum
ferritin (3530 ng/dL), low serum copper concentration
(9 png/dL), undetectable ceruloplasmin (<1.0 g/dL),
hepcidin-25 (<0.7 ng/mL) and normal urinary copper
excretion (35 pg/L).

Abdominal computed tomography (CT) showed a
high density of the liver. T\- and T,-weighted brain mag-
netic resonance imaging (MRI) showed an abnormal
hypointensity in the basal ganglia, hypothalamus and
dentate nucleus, suggesting the accumulation of iron in
these regions (Fig. 1). A liver biopsy showed almost
normal architecture, however, severe iron accumulation
was demonstrated in hepatocytes and Kupffer cells.
Copper staining was negative by rubeanic acid staining
(Fig. 2). After informed consent was obtained, the
genomic analysis of the ceruloplasmin gene was per-
formed, which revealed a homozygous mutation at the
nucleotide in exon 16, causing a missense Gly—Glu
substitution at position 873 (G873E) (Fig. 3). This
mutation has not been described previously. The analy-
sis of ATP7B did not reveal mutations related to Wil-
son’s disease and the analysis of HFE, HJV, HAMP, TFR2
and SLC40A1 did not reveal mutations related to
iron overload. We diagnosed the patient with acerulo-
plasminemia. To prevent the development of neurologi-
cal dysfunction, iron chelating therapy with an oral iron
chelating agent (deferasirox) was performed. The initial
dose of deferasirox (500 mg/day) was administrated
for 6 months but serum ferritin concentration did
not decrease. We increased the dose of deferasirox to
1000 mg/day. At 5 months after the increase of the dose,
serum ferritin level decreased from 952 to 250 ng/dL
without any side-effects. Then, we decreased the dose of
deferasirox to 500 mg/day and the serum ferritin level
continued within the normal range (Fig. 4). The patient
tolerated the therapy without any side-effects. However,
his glycemic control was not improved and the
abnormal hypointensity of the brain MRI was almost
unchanged compared to the first MRI (Fig. 1).

DISCUSSION

ERULOPLASMIN PLAYS AN important role in the
iron metabolism and scavenges the H,O; its defi-
ciency results in oxidative stress with iron overload in
the brain.” In many cases of aceruloplasminemia, the

© 2013 The Japan Society of Hepatology
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Table 1 Laboratory findings of the present patient

Complete blood counts

White blood cells 5700/ul,
Red blood cells 347 x 10*/uL
Hb 9.5 g/dL
It 30.9%
MCV 89l
MCH 27 pg
Plt 21 % 10"/uL
Coagulation
Pr 128%
INR 0.88
APTT 29s
Biochemistry
™ 7.2 g/dL
Alb 4.44 g/dL
T-bil 0.37 mg/dL
AST 59 TU/L
ALT 106 TU/L
LDH 218 TU/L
ALP 434 1U/L
¥-GT 35 TU/L
Ch-E 252 TU/L
BUN 27.4 mg/dL
Cre 0.5 mg/dL
Na 138 mEq/L
K 5,08 mEq/L
cl 102.8 mEq/L
T-cho 150 mg/dL
CRP 0.03 mg/d
Ferritin 3530 ng/mL
TIBC 282 pg/dL
Fe 46 pg/dL
Cu 9 ng/dL
Ceruloplasmin <1.0 mg/dL
Hepcidin-25 <0.7 ng/mL
Immunology
ANA <40
AMA 2 <5
Viral marker
HBsAg =)
HCV Ab =)
Urinalysis
U-Cu 35 pg/L
U-Cr 284.5 mg/dL

Ab, antibody; Alb, albumin; ALP, alkaline phosphatase; ALT,
alanine aminotransferase; AMA?2, antimitochondrial antibody 2;
ANA, antinuclear antibody; APTT, activated partial
thromboplastin time; AST, aspartate aminotransferase; BUN,
blood urea nitrogen; Ch-E, cholinesterase; Cre, creatinine; CRP,
C-reactive protein; Hb, hemoglobin; HBsAg, hepatitis B surface
antigen; HCV, hepatitis C virus; Ht, hematocrit; INR,
International Normalized Ratio; LDH, lactate dehydrogenase;
MCH, mean corpuscular hemoglobin; MCV, mean corpuscular
volume; Plt, platelets; PT, prothrombin time; T-bil, total
bilirubin; T-cho, total cholesterol; TIBC, total iron binding
capacity; TP, total protein; U, urinary excretion; y-GT,
v-glutamyltransferase.
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Figure 1 Magnetic resonance imaging (MRI) of the brain.
Comparative study of T,-weighted axial image (a,b) before and
(c,d) 2 years after the treatment with deferasirox. MRI showed
low signal intensity in the basal ganglia (arrows) and hypo-
thalamus (arrows) (a) before and (c) after the treatment. MRI
showed low signal intensity in the dentate nucleus (arrows)
(b) before and (d) after the treatment.

Case of presymptomatic aceruloplasminemia 1255

neurological abnormality caused by iron deposition is
the first manifestation. In our case, we found decreased
serum ceruloplasmin and low plasma copper in the
examination for the cause of liver dysfunction and
Wilson’s disease was suspected. However, the lack of
increased urinary copper excretion did not suggest Wil-
son’s disease. The characteristic MRI findings, normal
serum iron and increasing plasma ferritin led to the
suspicion of aceruloplasminemia. To confirm the diag-
nosis, we performed the genetic analysis of the cerulo-
plasmin, Wilson's disease and some types of hereditary
hemochromatosis. The ceruloplasmin gene is composed
of 20 exons and located in chromosome 3q25. More
than 40 mutations in the ceruloplasmin gene have been
recognized due to the Human Gene Mutation Database
(http://www.hgmd.cf.ac.uk/ac/index.php). In our case,
G at nucleotide 2679 to A transversion was detected
in the exon 16 which changed Gly at codon 873 to
Glu. This mutation has not been described previously.
Many mutations are reported in patients with
aceruloplasminemia, however, there is no genotype-
phenotype correlation.'*!* Wilson's disease is associated
with genetic defects in ATP7B, which is associated with
low ceruloplasminemia.

In our case, the mutation associated with copper over-
load in ATP7B was not found and low hepcidinemia
was apparent. Mutations in the hereditary hemochro-
matosis gene and aceruloplasminemia provide low or
deficiency of serum hepcidin.*” In our case, the hemo-
chromatosis gene mutation (HFE, HJV, HAMP, TFR2
and SLC40A1) associated with iron overload was not
found. Kono et al. identified that the mutant ceruloplas-

Figure 2 Histological analysis of the liver biopsy specimen. (a) Hematoxylin-eosin staining. Fibrosis and cirrhosis was not
observed (original magnification x20). (b) Rubeanic acid staining. Copper binding protein was negative in hepatocytes (x40).
(c) Berlin blue staining. Severe iron staining was observed in hepatocytes and Kupffer cells (x40).
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min was associated with decreased ferroxidase activity
resulting in loss of ferroportin stability under low levels
of hepcidin.® In our case, the liver dysfunction was
improved after the cessation of antibiotics without iron
chelation. Therefore, it seemed that the liver dysfunction
was caused by drugs. Because the liver injury was mild,
it seemed that the extremely high serum ferritin level on

ng/ml
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Figure 3 Sequence analysis of cerulo-
plasmin gene exon 16. Arrow indicates
the mutation that substitutes from Gly
to Glu.

admission was affected by inflammation of osteomyeli-
tis. Neither functional disturbance nor necrosis was
shown in the liver of aceruloplasminemia despite
massive iron deposition.'*''% In the present case,
copper binding protein was negative in hepatocytes and
the red-brown granular material was iron (Fig. 2b,c).
Severe iron accumulation in hepatocytes was observed,
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however, few
(Fig. 2¢).

It is hypothesized that the difference in tissue injury
between the brain and the liver is due to the many
antioxidant enzymes in the liver.* In fact, the activity of
catalase in the liver is more than 30-times higher than
that in the brain.?® In the present case, the first clinical
manifestation was adult-onset diabetes mellitus, but
retinal degeneration was not present. The neurological
disease might have appeared several years later, if he had
not been treated.

Iron chelating therapy for aceruloplasminemia has
been reported, but the clinical efficacy of the patient
has varied. In the present case, the treatment with
deferasirox led to a reduction of serum ferritin, but the
hepatic deposition analyzed by CT scan did not change.
In some cases, brain MRI showed a steady hyposignal of
the iron deposition even after the treatment, despite a
decrease of hepatic iron accumulation and serum ferri-
tin.>?*2! These data suggest that iron chelating therapy
may be useful in limiting the liver iron deposition but
not in brain iron deposition. In another case, the treat-
ment with desferrioxamine led to a reduction of serum
ferritin and neurological abnormalities as well as
the improvement of diabetes.!" A case of aceruloplas-
minemia with neurological symptoms despite visible
iron deposition on the brain MRI was reported, in
which deferasirox therapy improved neurological
symptoms.??> Deferasirox was effective in another case
with neurological symptoms.?* Therefore, early diagno-
sis and treatment must be important and the iron
removal therapy may be effective to prevent the devel-
opment of neurological dysfunction. Because it was
reported that several side-effects prohibit the long-term
treatment with deferasirox, it is important to monitor
anemia and renal dysfunction and clinical symptoms,
particularly gastrointestinal disturbances and skin
rashes, when iron chelating therapy with deferasirox is
continued.?'**%

In conclusion, we report a case with aceruloplas-
minemia in whom iron chelating therapy using
deferasirox was useful to reduce serum ferritin concen-
tration and to prevent progression of the phenotype.

inflammatory cells were observed
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Symposium: Neurodegeneration with Brain Iron

Accumulation

Aceruloplasminemia

Hiroaki Miyajima

First Department of Medicine, Hamamatsu University School of Medicine, Hamamatsu, Japan

Aceruloplasminemia is characterized by progressive
neurodegeneration with brain iron accumulation due to the
complete lack of ceruloplasmin ferroxidase activity caused
by mutations in the ceruloplasmin gene. Redox-active iron
accumulation was found to be more prominent in the
astrocytes than in the neurons. The most characteristic
findings were abnormal or deformed astrocytes and globu-
lar structures of astrocytes. The lack of ceruloplasmin may
primarily damage astrocytes in the aceruloplasminemic
brains as a result of lipid peroxidation due to massive iron
deposition. In the normal brain, iron may be continuously
recycled between astrocytes and neurons, with transferrin
acting as a shuttle. The glycosylphosphatidylinositol (GPI)-
linked ceruloplasmin on astrocytes functions as a
ferroxidase, mediating the oxidation of ferrous iron trans-
ported from the cytosol by ferroportin and its subsequent
transfer to transferrin. In cases with aceruloplasminemia,
neurons take up the iron from alternative sources of non-
transferrin-bound iron, because astrocytes without GPI-
linked ceruloplasmin cannot transport iron to transferrin.
The excess iron in astrocytes could result in oxidative
damage to these cells, and the neuronal cell protection
offered by astrocytes would thus be disrupted. Neuronal cell
loss may result from iron starvation in the early stage
and from iron-mediated oxidation in the late stage.
Ceruloplasmin may therefore play an essential role in
neuronal survival in the central nervous system.

Key words: ceruloplasmin, iron, ferroxidase, ferroportin,
hepcidin, neurodegeneration, iron metabolic cycle.

INTRODUCTION

Iron is an essential bioactive metal that participates in a
variety of brain functions, including the biosynthesis of
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neurotransmitters, myelin formation and energy metabo-
lism. On the other hand, excessive iron in the brain causes
neuronal injury and cell death, because redox-active
ferrous iron (Fe?") enhances oxidative stress via the gen-
eration of the highly cytotoxic hydroxyl radical. However,
the precise mechanisms of iron metabolism and regulation
in the brain remain unknown.

In 1987, we described the first case of acerulo-
plasminemia in a 52-year-old Japanese female suffering
from blepharospasm, retinal degeneration and diabetes
mellitus (DM).! Subsequent evaluations revealed the pres-
ence of anemia and low serum iron concentrations, despite
high levels of serum ferritin and marked iron accumulation
in the brain and visceral organs, as well as a complete
absence of serum ceruloplasmin. The patient was
homozygous for a five base insertion in exon 7 in the
ceruloplasmin gene.? The novel disorder was thus termed
aceruloplasminemia (MIM 604290). Clinical and patho-
logical studies in patients with aceruloplasminemia and
ceruloplasmin knockout mice revealed that there was
increased lipid peroxidation due to iron-mediated cellular
radical injury caused by massive iron accumulation.’ In the
following review of aceruloplasminemia, the functions
of ceruloplasmin will be presented, and the role of
ceruloplasmin in brain iron metabolism will be discussed.

Ceruloplasmin

Ceruloplasmin is a blue copper oxidase and contains 95%
of the copper present in human serum. It is initially syn-
thesized as an apo-protein, which binds up to six atoms
of copper, and then changes to a holo-form (called
ceruloplasmin).* There are two isoforms of this protein
generated by alternative splicing, a secretory form (serum
ceruloplasmin) and a glycosylphosphatidylinositol (GPI)-
linked form.> The secretory form is expressed only in
hepatocytes, while the GPI-linked form is expressed in the
brain, liver, lungs, kidneys and several other organs.® The
secretory ceruloplasmin plays a role as a NO oxidase that
determines endocrine NO homeostasis,” and is upregulated
as an acute phase protein by inflammation, trauma and
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pregnancy, which is attributed to its properties as an anti-
oxidant.® The GPI-linked form anchors to the cell mem-
branes of various tissues and plays a role in iron efflux from
cells as a ferroxidase.”

Aceruloplasminemia revealed the essential role for
ceruloplasmin in brain iron homeostasis. Serum cerulo-
plasmin does not cross the blood-brain barrier in the normal
brain. Instead, GPI-linked ceruloplasmin is bound to the
cell membranes of astrocytes, where it plays an important
role in iron efflux from astrocytes due to the activity of
ferroxidase, which oxidizes ferrous iron following its trans-
fer to the cell surface via ferroportin, and delivers ferric iron
to extracellular transferrin (Fig. 1). Ferroportin is post-
translationally regulated through internalization triggered
by hepcidin binding.'” Hepcidin is synthesized by astrocytes
and microglia, as well as the hepatocytes. The prevention
of hepcidin-mediated ferroportin internalization was
observed in glioma cells lines expressing endogenous
ceruloplasmin, as well as in the cells transfected with GPI-
linked ceruloplasmin under low levels of hepcidin.”! A

GPI-linked
ceruloplasmin

LR LALD o

ferroxidation

H Miyajima

decrease in the extracellular level of ferrous iron by an
iron chelator and by incubation with purified ceruloplasmin
in the culture medium prevented hepcidin-mediated
ferroportin internalization, while the reconstitution of apo-
ceruloplasmin was not able to prevent ferroportin internali-
zation. Mutant ceruloplasmin cannot stabilize ferroportin
because of the loss-of-function in the ferroxidase activity,
which has been reported to play an important role in the
stability of ferroportin.”

It is now known that (i) ceruloplasmin regulates the
efficiency of iron efflux, (ii) ceruloplasmin functions as a
ferroxidase and regulates the oxidation of ferrous iron
(Fe?) to ferric iron (Fe™), (iii) ceruloplasmin does not bind
to transferrin directly, (iv) ceruloplasmin stabilizes the cell
surface iron transporter, ferroportin and (v) GPI-linked
ceruloplasmin is the predominant form expressed in the
brain.® The ceruloplasmin-ferroportin system represents
the main pathway for cellular iron egress, and it is respon-
sible for the physiological regulation of the cellular iron
levels.
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Fig.1 Iron transport at the cell membrane of the astrocytes. An iron transporter, ferroportin, transports intracellular ferrous iron (Fe?)
to extracellular transferrin. Ceruloplasmin functions as a ferroxidase converting ferrous iron (Fe*) to ferric iron (Fe*). Ferric iron binds
directly to apo-transferrin. Ceruloplasmin regulates the efficiency of iron effiux. It also inhibits the ferroportin internalization triggered by
hepcidin binding.
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