Gray and white matter changes associated
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We used noninvasive MRI and voxel-based morphometry (VBM) to
detect changes in brain structure in three adult Japanese macaques
trained to use a rake to retrieve food rewards. Monkeys, who were
naive to any previous tool use, were scanned repeatedly in a 4-T
scanner over 6 weeks, comprising 2 weeks of habituation followed by
2 weeks of intensive daily training and a 2-week posttraining period.
VBM analysis revealed significant increases in gray matter with rake
performance across the three monkeys. The effects were most significant (P < 0.05 corrected for multiple comparisons across the whole
brain) in the right superior temporal sulcus, right second somatosensory area, and right intraparietal sulcus, with less significant effects
(P < 0.001 uncorrected) in these same regions of the left hemisphere.
Bilateral increases were also observed in the white matter of the
cerebellar hemisphere in lobule 5. In two of the monkeys who
exhibited rapid learning of the rake task, gray matter volume in peak
voxels increased by up to 17% during the intensive training period;
the earliest changes were seen after 1 week of intensive training, and
they generally peaked when performance on the task plateaued. In
the third monkey, who was slower to learn the task, peak voxels
showed no systematic changes. Thus, VBM can detect significant
brain changes in individual trained monkeys exposed to tool-use
training for the first time. This approach could open up a means of
investigating the underlying neurobiology of motor learning and
other higher brain functions in individual animals.
intraparietal sulcus 兩 second somatosensory area 兩
superior temporal sulcus 兩 voxel-based morphometry

T

he brain exhibits use-dependent structural flexibility, which is
far greater than realized previously and which is detectable even
at a macroscopic level and in adulthood. Structural MRI studies of
the human brain have demonstrated differences in the hippocampus of experienced London taxi drivers (1), a relationship between
musical proficiency and the volume of motor and auditory cortex
(2), enlarged prefrontal and parietal areas in mathematicians (3),
and increased inferior parietal gray matter density in adolescents
with enriched vocabulary knowledge (4). There is also an extensive
literature on the effect of experience-driven plasticity in animals
(see refs. 5–7).
In humans, rapid changes in gray matter after the acquisition of
a new motor skill were demonstrated by Draganski et al. (8): after
3 months of learning to juggle, gray matter increases were observed
in the extrastriate motion area and the posterior intraparietal
sulcus. These changes were detected with voxel-based morphometry (VBM) after pooling data from a large group of human
subjects. The neurobiological underpinnings of structural brain
changes associated with the acquisition of new skills remain unknown and could involve a wide variety of different neuronal
mechanisms, including angiogenesis and even neurogenesis (9).
Ultimately, invasive experiments in an animal model will be needed
to investigate which mechanisms are responsible for structural brain
changes associated with higher cognitive abilities and how, for
example, these changes can be induced by the learning of a novel
and demanding motor skill. A necessary first step would be the
noninvasive demonstration of structural changes in specific brain
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0909751106

areas that are associated with learning a skilled task by a nonhuman
primate, with some insights into the time course of these changes.
These are the main objectives of the present study.
We have focused on tool use by macaque monkeys. Tool use is
defined as the manipulation of an object to change the position or
form of another object (10). Although a variety of animals use tools,
tool use is best developed in humans and some nonhuman primates.
Macaque monkeys rarely use tools in the wild (11), but they are able
to master tool use within a few weeks of training (12). Because
normal adult monkeys have no experience of tool use but can be
trained to use tools over a short period, it should be possible to use
structural MRI to detect significant brain changes that occur during
training in individual animals. This offers a significant advantage
over pooling large datasets from different individuals, because the
time course and strategy for learning a skilled motor task may vary
from one individual to another (13, 14).
Here, we collected structural MRI images from three adult
Japanese macaques before, during, and after they had acquired the
new skill of using a rake to retrieve food (12). The monkeys were
naive to the use of tools and had not been used in any previous
experimental procedure. Fig. 1 shows the study design: after an
initial habituation period (blue bar, days ⫺14 to 0), each monkey
received intensive daily training on the rake task (purple squares,
days 1–21). They were trained to pick up the rake and swing it
horizontally, placing the head of the rake behind a small food
reward placed on a table out of the monkey’s reach. The monkey
then used the rake to pull the reward to within its reach for retrieval.
Performance on the rake task improved rapidly during the training
period, and then it reached a plateau. Brief testing sessions carried
out during the 2-week posttraining period (red squares, days 22 to
33) confirmed that the monkeys had retained the newly acquired
skill. By using the technique of VBM (15), we were able to detect
changes in gray and white matter in the brains of individual
monkeys, and we related these changes to the monkeys’ performance as they acquired the skill of using the rake.
Results
Performance on the Tool-Use Task. All three monkeys (monkeys E,

N, and F) learned to use the rake within the 14-day training
period. Monkeys E and F used their right hand to rake and their
left hand to retrieve the food reward. Monkey N used both hands
to both rake and retrieve the food. Their performance on the
rake task was scored by documenting how many attempts were
needed to retrieve a total of 50 successive food rewards presented to the monkey: when the food was retrieved on the first
attempt, a score of 3 was given; a score of 2 was given if two
Author contributions: C.J.P., K.C., R.N.L., and A.I. designed research; M.M.Q., K.U., and T.A.
performed research; M.M.Q. and C.J.P. analyzed data; and M.M.Q., C.J.P., R.N.L., and A.I.
wrote the paper.
The authors declare no conflict of interest.
Freely available online through the PNAS open access option.
1To

whom correspondence should be addressed. E-mail: iriki@brain.riken.jp.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0909751106/DCSupplemental.

PNAS 兩 October 27, 2009 兩 vol. 106 兩 no. 43 兩 18379 –18384

NEUROSCIENCE

Communicated by William T. Newsome, Stanford University School of Medicine, Stanford, CA, September 1, 2009 (received for review March 8, 2009)

6

50

Monkey E

40

100

30
20

50
10
Habituation

Training

Post-training
practice

0

Performance Score

3

2

1
150

4

5

0

6

Monkey N

50
40

100

30
20

50
Habituation

Training

Post-training
practice

1
150

10
0

0

Performance Score

Performance speed (trials/minute)

5

3 4

2

5

6

Monkey F

Performance speed (trials/minute)

4

50
40

100

30
20

50
Habituation

Post-training 10
practice

Training

0

0
-15

-10 -5

0

5

10 15
Day

20

25

30

35

Performance speed (trials/minute)

Performance Score

3

2

1
150

Fig. 1. Schedule of the experiment and monkey performance on the rake
task. Over an initial 2-week period, each monkey was habituated to the
training room and contact with experimenters and was trained to reach out
and take food rewards (blue bar, days ⫺14 to 0). Thereafter, the intensive
training period on the rake task began (purple bar, day 1, black vertical line).
Training sessions were given throughout this period (purple squares), which
finished around day 21 (vertical dashed line). The training period was followed by a posttraining period (red bar, days 22–33), during which monkeys
were given a brief (30-min) testing session on 3 days (red squares). During each
training and testing session, there was a timed test period of 50 trials used to
quantify task performance (blue trace). Each trial was assigned a score based
on whether the food was retrieved on the first attempt (score 3), second
attempt (score 2), or after multiple attempts (score 1). Six MRI scanning
sessions (sessions 1– 6) were carried out on each monkey. Sessions 1 and 2 were
at the beginning and end, respectively, of the habituation period; session 3
was after monkeys began to master the task; and sessions 4 and 5 were in the
middle and at the end, respectively, of the training period. Scan 6 was at the
end of posttraining period. Blue trace indicates each of three monkeys’
performance scores on the 50 trial test period during training and in posttraining testing. Red line indicates each monkey’s performance speed (no. of
completed trials per minute of test period).

attempts were needed; and a score of 1 was given if multiple
attempts were required. The maximum possible score was thus
150 (3 ⫻ 50 trials). The monkeys’ performance scores are plotted
in Fig. 1 (blue line), in which each day is referenced to the
beginning of the intensive training period (day 1). We also
18380 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0909751106

documented performance speed, which was given by the number
of successful trials completed within a fixed time (1 min; Fig. 1,
red).
All three monkeys achieved performance scores of 130 or above
during the timed test period after 8–10 training days. Performance
score values generally reached a plateau earlier in training than did
performance speed, showing that the monkeys performed successful trials with increasing speed as training proceeded. Monkey N
began using the rake in only the second training session, and both
monkeys N and E showed a fast and continuous improvement in
both performance score and speed; their scores plateaued after 10
and 12 days, respectively. Monkey F showed a slower and much
more erratic pattern of learning the task than the other two
monkeys (Fig. 1). His performance score did not plateau until day
14 (Fig. 1, blue line), and his trials per minute measure (Fig. 1, red
trace) did not show much improvement until after the third
scanning session.
By using digital video, we demonstrated that rake velocity
increased significantly during training in monkeys N and E (P ⱕ
0.001 and P ⱕ 0.05, respectively), but in monkey F there were no
significant increases over the entire training period (Fig. S1).
Analysis within SPSS showed that in the training period, there was
a significant positive correlation between performance score and
rake velocity in both monkeys E and N (r ⫽ 0.69, P ⱕ 0.01 and r ⫽
0.70, P ⱕ 0.01, respectively), but no correlation was found for
monkey F (r ⫽ ⫺0.33, P ⫽ 0.27). To assess features of the monkey’s
motor performance that were not directly related to tool use, we
also measured the mean velocity of the movements made by the
nonraking hand to collect food rewards after raking movements.
This parameter showed no significant change in monkeys E and N
during the training and posttraining period, whereas there was a
significant change in monkey F (P ⱕ 0.01; Fig. S1). The monkeys
had extensive practice on the rake task. We estimated that over the
training period, 27,000 successful trials were carried out by monkey
E, 21,300 by monkey N, and 21,800 by monkey F. In comparison,
monkeys carried out relatively few trials in the posttraining testing
period (2,800, 2,300, and 2,400 in monkeys E, N, and F, respectively). In Fig. 1, training sessions are indicated by purple squares,
and testing sessions are indicated by red squares.
Changes in Cortical Gray Matter Detected by MRI. Structural MRI

scans were obtained by using a 4-T Varian Unity Inova scanner.
Six scanning sessions were carried out in each monkey (Fig. 1,
numbered circles); monkeys were deeply anesthetized during scanning (see Methods). Two MRI sessions were in the habituation
period and three during the intensive training period (at the
beginning, in midtraining, and at the end of training); a final scan
was carried out at the end of the posttraining testing period. To
confirm the reproducibility of the results, three separate scans were
carried out during each session (yielding 18 scans per monkey in all;
see Methods). We found that the T1/T2* image provided the best
contrast between gray and white matter (16, 17) (see Methods);
images from the three different monkeys were spatially normalized
by using a template based on gray matter MR images from 17
Japanese macaques and were used for the VBM analysis with SPM5
(15) (Wellcome Trust Centre for Neuroimaging, UCL Institute of
Neurology, London; see Methods).
VBM analysis with SPM5 revealed significant increases in gray
matter with performance score across the three monkeys (Fig. 2).
SPM5 uses voxel-by-voxel t tests based on the general linear model.
The performance score (Fig. 1, blue) used was that achieved by the
monkey in the training session closest to the relevant MRI session
(Fig. 1). Significant gray matter increases with performance score
(P ⬍ 0.05 after correction for multiple comparisons across the
whole brain at the voxel level) were found in the right superior
temporal sulcus (STS) and right secondary somatosensory area
(SII) in the upper bank of the lateral sulcus (Table 1). When the
statistical threshold was lowered to P ⬍ 0.001, uncorrected for
Quallo et al.

Fig. 2. Gray matter increases with improvements in rake task performance. Areas where gray matter increased with performance score on the rake task (P ⬍
0.001 uncorrected) in the group analysis (n ⫽ 3 monkeys), superimposed on a normalized T1/T2* scan (see Methods and Table 1 legend for further details). The
color scale indicates the t score. (A) Increases in gray matter in right IPS, including AIP (right, x ⫽ 19; y ⫽ ⫺19; z ⫽ 9; Z score ⫽ 3.89). (B) Increases in right STS
(x ⫽ 23; y ⫽ ⫺23; z ⫽ ⫺1; Z score ⫽ 5.53). (C) Increases in right SII (x ⫽ 19; y ⫽ ⫺14; z ⫽ 5; Z score ⫽ 5.20). CS, central sulcus; LS, lateral sulcus.

multiple comparisons, it became clear that the cluster of contiguous
significant voxels in the right SII (Fig. 2C) expanded to include
tissue around the intraparietal sulcus (IPS), and particularly anterior intraparietal area (AIP; Fig. 2 A). Additionally, gray matter
increases with performance were found in the left STS, left IPS, and
left SII, which illustrates that the effects were clearly bilateral rather
than right-lateralized (Table 1 and Fig. S2).
As shown in Table 1, the changes in the group analysis were
primarily driven by monkeys E and N, and there were no significant
changes for monkey F. The results of the VBM analysis with
performance for individual monkeys are presented in Fig. S2, as are
the results of VBM analysis using average rake velocity and food
retrieval velocity (Fig. S2).
Time Course and Extent of Change in Peak Voxels. To illustrate in each
monkey the extent and time course of the gray matter changes
associated with intensive tool-use training, we plotted the mean
gray matter volume for each time point for voxels within the right
STS (blue) and right SII (red) regions that showed the most
significant change in gray matter (Table 1). To be conservative,
voxels were selected that showed little or no increase in the
habituation period (sessions 1–2; Fig. 3 A–C). Corresponding plots
for all other regions listed in Table 1 can be found in the Fig. S3.
Fig. 3 A and B shows that in both monkeys E and N, there were
increases in gray matter volume during the training period (scanning sessions 3–5) above those found in the habituation period

(sessions 1 and 2). In monkey N, increases were seen after the
seventh day of the training period. Interestingly, the increases in
monkey N (Fig. 3B) occurred more rapidly than in monkey E (Fig.
3A), who first started using the rake 3 days later than monkey N
(Fig. 1).
The percentage changes in gray matter volume are plotted in Fig.
3 D–F and show that, compared with the habituation period, gray
matter volume increased during the training period in STS right and
SII right by 13% and 14% in monkey E, and by 10% and 13% in
monkey N. Post hoc tests on the results from monkeys E and N
showed that, compared with the habituation period, gray matter
volume was significantly increased during the training and posttraining periods. They also showed that gray matter volume in the
posttraining period was significantly reduced compared with that in
the intensive training period (see Fig. 3 legend). Thus, although
increases were generally sustained after the posttraining period, the
overall pattern suggested a decrease after the monkey’s performance on the task had plateaued. By contrast, no training-related
increases were observed in monkey F (Fig. 3 E and F). On the
contrary, the gray matter volume in both the STS and SII voxels
decreased between scanning sessions 2 and 3, which coincided with
the period in which this monkey was showing rather slow and erratic
performance on the task (Fig. 1).
Overall, global change in gray matter, estimated by comparing
total gray matter volume from scans in sessions 1 with those in
session 6, showed only minor changes (E, ⫺1.1%; N, 2%; and F,
⫺2.6%).

Coordinates
Region
Gray matter region
STS, right
STS, left
SII, right
IPS, right
SII, left
IPS, left
White matter region
Cerebellum, right
Cerebullum, left

Individual Z scores
monkey

Group

x

y

z

Cluster size

Z score

E

F

N

23
⫺23
19
19
⫺18
⫺19

⫺23
⫺23
⫺14
⫺19
⫺15
⫺20

⫺1
0
5
9
5
10

73*
25
133*

5.53*
4.24†
5.20*
3.89†
3.78†
4.19†

5.75*
5.30*
3.00†
2.31
N.S.
3.97†

N.S.
N.S.
N.S.
N.S.
N.S.
N.S.

4.88*
N.S.
5.69*
3.20†
4.28†
2.37†

10
⫺12

⫺27
⫺26

⫺14
⫺13

5.75*
6.15*

5.25*
5.04*

N.S.
N.S.

5.29*
5.66*

105
4
38*
98*

Table 1 indicates the regions of significant gray and white matter change with performance, identified in a group analysis across monkeys. Regions were first
identified by using a statistical threshold of P ⬍ 0.05 after correction for multiple comparisons across the whole brain at the voxel level (indicated by *). We then
lowered the threshold to P ⬍ 0.001 uncorrected (indicated by †) across the group to provide a fuller picture of the results; see Methods for details. Coordinates
and number of contiguous voxels (cluster size) at P ⬍ 0.001 (uncorrected) are reported across all three monkeys. Within these regions, we report the Z scores
for each monkey individually after lowering the threshold P ⬍ 0.05 uncorrected. N.S. indicates not significant even when the statistical threshold was lowered
to P ⬍ 0.05 uncorrected.
*Significant at the voxel level after correction for multiple comparisons across the whole-brain level at P ⬍ 0.05.
†Significant at P ⬍ 0.001 uncorrected.
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Table 1. Areas of gray and white matter change in the group and individual analyses

Fig. 4. Areas of white matter increase. Regions where white matter increased with performance score are shown superimposed on a T1/T2* image;
there were bilateral white matter increases in cerebellar hemisphere, including lobule 5 (right, x ⫽ 10; y ⫽ ⫺27; z ⫽ ⫺14; Z score ⫽ 5.75; left, x ⫽ ⫺12; y ⫽
⫺26; z ⫽ ⫺13; Z score ⫽ 6.15). Color scale is the same as in Fig. 2.

Fig. 3. Time course and extent of gray matter change in peak voxels. (A–C)
Gray matter volume for each time point in monkeys E (A), N (B), and F (C) for
voxels in right STS (blue) and right SII (red), the cortical areas with most
significant effects (Table 1). Circles indicate gray matter volume from each of
the three scans acquired at each scanning session. Lines are drawn between
mean values for each session (sessions 1– 6). Only two scans were available for
monkey N for session 2. (D–F) Changes in gray matter volume across scans in
each monkey. ‘‘Before’’ indicates mean session 1 ⫺ mean session 2; ‘‘before to
during,’’ mean (sessions 1 and 2) ⫺ mean (sessions 3, 4, and 5); ‘‘before to
after,’’ mean (sessions 1 and 2) ⫺ mean session 6; and ‘‘during to after,’’ mean
(sessions 3, 4, and 5) ⫺ mean session 6. In monkeys E (D) and N (E), there were
increases in gray matter volume during the training period relative to habituation of up to 14% (monkey E) and 13% (monkey N). Across monkeys E and
N, Z scores were 7.2 (STS) and 6.7 (SII). Gray matter after training (sessions 5 and
6) remained higher than before training [sessions 1 and 2; Z scores were 5.8
(STS) and 5.9 (SII)] but fell slightly relative to training [sessions 3 and 4; Z scores
4.7 (STS) and 4.3 (SII)]. This pattern of effects is consistent with the time course
of learning rather than time in the experiment per se. In monkey F (F), gray
matter volume decreased in the right STS and SII voxels during training.

Changes in White Matter Detected by MRI. The same VBM analysis
was used to investigate changes in the segmented white matter. This
revealed that rake learning was associated with significant increases
in white matter volume bilaterally in the cerebellar white matter
beneath lobule 5 in both hemispheres (Fig. 4, Fig. S4, and Table 1).
These changes involved a larger number of voxels on the left side
than on the right (Table 1). Significant changes in white matter were
not observed in the cerebrum.

Discussion
A number of structural MRI studies have reported learning- or
experience-related structural plasticity in the adult human brain. To
understand the neurobiological underpinnings of this plasticity, we
need to develop an animal model of the structural brain changes
18382 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0909751106

during acquisition of a learned skill. The ideal task would be one of
direct relevance to advanced human motor behavior. It should also
be a task that the animal can acquire reasonably rapidly but of which
it has had no previous experience, thereby maximizing the chance
of inducing detectable changes in brain structure. The use of a tool,
which, although by no means restricted to primates, is most highly
developed in this species (18), satisfies all these criteria. Here, we
have demonstrated that as macaque monkeys learn to use a tool,
there are large changes in the brain that are detectable in individual
animals. This is a previously undescribed development because all
of the human studies in which skill-induced gray matter changes
have been detected have required pooling of images from large
groups of volunteers (n ⫽ 12–69; refs. 8, 19, and 20). Learning a new
skill may involve different strategies, time course, and brain networks in different individuals (13, 14), so the potential to detect
changes in individuals as they acquire the skill may allow us to
understand neural mechanisms underpinning individual patterns of
learning.
At the group level, our analysis showed significant gray matter
increases with the monkeys’ performance score over the time
course of the experiment (Figs. 1 and 2 and Table 1). The areas
affected by tool-use learning included STS, SII, and IPS, a network
in keeping with earlier human and monkey studies of tool use (see
below). The group results were driven largely by the images from
monkeys E and N, which showed consistent changes in these
cortical areas.
The longitudinal nature of this study also allowed us to define the
time course of the gray matter increases. The STS and SII peak
voxel data in monkeys E and N showed gray matter volume changes
ranging from 6% to 14% over the intensive training period (Fig. 3
A and B). Changes of up to 17% were seen in other voxels (Fig. S3).
The size of these increases contrasts with the much smaller global
change in gray matter of only ⫾1–2%. In peak voxels, the gray
matter increases occurred earliest in the monkey (N) that was the
quickest to learn (Fig. 3B) and more gradually in the slowerlearning monkey (E; Fig. 3A). In both monkeys, there was a
decrease in gray matter volume after the monkey’s performance on
the task had plateaued; i.e., from scanning session 4 onward.
Interestingly, no significant changes were observed in the third
monkey (F; Fig. 3 C and F and Table 1). This monkey learned the
rake task slowly, and its performance on it was erratic (Fig. 1) and,
unlike the other two, it showed no significant increase in mean rake
velocity over the training period (Fig. S1).
The gray matter changes detected in this study in monkeys E and
N are large in comparison with the 3% changes reported in a recent
study in which human volunteers learned to juggle (8); in that study,
changes were detectable only at the group level (n ⫽ 12 volunteers).
In contrast with the human participants in the juggling study, who
would have had prior experience with a wide range of skilled motor
tasks, our animals were completely naive to tool use, and this may
explain the large changes during training. Thus, tool use in nonhuman primates could provide an ideal model to investigate the
neurobiological mechanisms that drive learning-related changes in
MRI images. In keeping with our findings, a recent study showed
Quallo et al.
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greater number of synaptic terminals and increased dendritic spine
density on cortical neurons (5). Neurogenesis in the adult brain is
still very controversial, with studies still suggesting that neurogenesis in humans is restricted to the developmental period (44).
Spontaneous neurogenesis has been claimed to exist in the naive
adult macaque brain (45), and this might be enhanced by intensive
training on a novel task. It has also been suggested that astrocytes
show experience-dependant changes (5).
We also used VBM to search for changes in white matter. Large
effects were detected bilaterally in the white matter underlying the
cerebellar hemisphere in the region of lobule 5 (Fig. 4). The
cerebellum is well known to be involved in the acquisition of new
motor skills (46–48) and is thought to store an internal model of a
new tool (47). It is bilaterally active in monkeys during performance
of the rake task (38). Although learning-induced changes in cerebellar white matter have not yet been reported, such changes have
been reported in other brain structures (49, 50). White matter
changes might reflect an increase in axon diameter or an increase
in myelination, perhaps reflecting an increase in oligodendrocytes
(51). Angiogenesis supporting any of these changes might also
contribute. Interestingly, the most extensive changes were seen on
the left side (Fig. 4), contralateral to the largest gray matter changes
in the cerebral cortex (Fig. 2).
In conclusion, we have advanced the possibility of investigating
the neurobiological mechanisms underpinning the learning of an
advanced motor skill by demonstrating: first, that such learning is
associated with large changes in a number of cortical areas; second,
that such changes are detectable in the brains of individual monkeys; and finally, that the time course of these effects is in the order
of 1–2 weeks.
Methods
Monkeys. The three adult male Japanese macaques (Macaca fuscata) used in this
study weighed 4.1 kg (monkey N), 5.1 kg (monkey E), and 5.6 kg (monkey F). This
study was approved by the local Animal Experiment Committee and was conducted in accordance with the Guidelines for Conducting Animal Experiments of
the RIKEN Brain Science Institute.
Habituation and Training. Habituation period. During the initial 2-week habituation period (days ⫺14 to 0; Fig. 1, blue bar), monkeys were transported from
their home cage to the training room in a chair. The habituation sessions (60 min
long) were carried out 5 days a week. Monkeys were restrained at the waist and
the neck but were able to move the head freely; they were trained to reach out
and grasp food rewards.
Intensive training period. This period began after habituation (days 1 to 21; Fig. 1,
purple bar). A total of 13–14 days of training sessions were held over the 21-day
period (Fig. 1, purple squares). The remaining days were either scan days or
weekends. Each session lasted 90 min. The monkey’s goal was to use a light rake
to retrieve small food rewards (usually 1-cm cubed pieces of apple or sweet
potato). In the first training stage, monkeys were introduced to a spatula-like tool
that helped shape their use of the rake. Food was placed on the circular head,
with only the shaft within reach of the monkey. The monkey was required to pull
the tool toward itself to retrieve the food. After the monkey learned to use this
device (usually on day 2 of training), it was replaced with the rake. Food was
placed directly behind the head of the rake so that the monkey could continue to
apply a pulling motion to the rake to retrieve the reward (Movie S1). To encourage the monkey to swing the rake horizontally (so as to place the head of the rake
behind the food reward), more and more trials were conducted with the food
placed slightly to the side of the rake (Movie S2). As the monkey became more
proficient, the food was placed further away, and by the end of the training
period, the monkey could retrieve food placed anywhere on the table (Movie S3)
Posttraining period. During the 2-week period that followed the intensive
training period (Fig. 1, red bar, days 22 to 33), three testing sessions (red
squares), each 30 min long, were carried out to confirm that monkeys had
retained their newly acquired skill on the rake task.
Behavioral Scoring and Kinematic Analysis. Performance on the rake task was
assessed in a timed test period of 50 successive trials, generally carried out 1
hour into each training session (15 min into each posttraining testing session).
Each trial was assigned a score. Score 3: food was retrieved on the first
attempt; score 2: food was retrieved on the second attempt; score 1: food was
PNAS 兩 October 27, 2009 兩 vol. 106 兩 no. 43 兩 18383
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significant differences in brain size between New World capuchin
monkeys that were habitual tool users and those that did not use
tools (21).
These changes are unlikely to reflect the increased level of
environmental enrichment caused by introducing monkeys into a
new setting with daily interactions with the experimenters (cf. ref.
19). Any such changes would have been present throughout the
experiment, rather than following the same time course as the
learning, with the strongest increase during the intensive training
period (Fig. 3 D and E) and negligible changes during the habituation and posttraining testing, when the monkeys performed only
around 10% of trials relative to the intensive training period.
Indeed, future studies should concentrate on gray matter changes
during this intensive learning period.
Our conclusion is that the gray matter increases were related to
tool use learning. Consistent with this conclusion, two of the cortical
areas (STS and IPS) that showed significant gray matter changes in
our monkeys correspond to the areas of the human brain that are
activated in fMRI studies of tool use. These fMRI studies have
demonstrated that tool use involves a functionally specialized
network (22, 23) that includes the left posterior temporal cortex
(24), the dorsal and ventral premotor areas (24, 25), and the IPS (26,
27). The posterior IPS also showed gray matter increases in the
group study of human volunteers learning to juggle (2).
With respect to the function of the identified areas, the left
posterior temporal cortex is involved in tool recognition, in which
human subjects were required to name (28), observe, and answer
questions about tools (24). In the monkey, STS neurons are active
during observation of object manipulation (29). The second somatosensory area (SII) is known to be involved in tactile-based
learning (30) and tactile attention (31), although in human activation studies it is most frequently cited as being involved in the
processing of pain. SII may also have a role in retrieval of food (32)
and in establishing the body schema (33) into which the rake is
readily incorporated by monkeys during training (34, 35), but its
role in tool use learning clearly merits further investigation.
The IPS region is also important in human tool use and has been
shown to be activated in object grasping and manipulation (26) and
tool-use pantomime (36). The IPS (including AIP) plays a critical
role in visuomotor control of grasp in macaques (37) and has been
directly implicated in tool use in macaques, with increased regional
blood flow during tool use (38). Head and Holmes first showed that
the tool becomes incorporated into the body representation in the
human parietal cortex (39). Likewise, in trained monkeys, bimodal
neurons in the bank of the IPS, which usually respond to visual
stimuli near the hand, adapt their visual receptive field to include
the entire rake (34). During this training, levels of expressions of
BDNF, and of its receptor trkB, and NT-3 were increased in the IPS
(40). In parallel, plastic changes induced by training on the rake task
were observed in the connections of the IPS, revealing a novel
projection from the higher-order visual area in the temporoparietal
junction to the IPS (7). Gray matter in primary sensory (visual,
somatosensory) and motor areas involved in the execution of the
task appeared unchanged during and after training (Fig. 2 and
Fig. S2).
Taken together, prior evidence supports the view that the areas
showing significant gray matter changes are related to skill improvement on the rake task shown by the monkeys, and they reflect
novel integration of information processing within those areas.
There are a number of possible mechanisms that could underlie the
observed gray matter changes. Animal studies support the view that
increases in gray matter are due to the formation of new connections mediated by dendrite and spine growth, leading to strengthening of existing connections (41, 42). In line with the animal
studies, humans with a higher IQ show a greater number of
dendrites and an increased length of dendrites (43). Learning the
rake task can induce expression of cortical neurotrophins (6) and
the formation of new connections (7), and trained animals have a

retrieved only after multiple attempts; score 0: a zero was given if the monkey
was unable to retrieve the food within a defined time-out period of 30 s.
Digital video was recorded for analysis of the kinematics of the monkeys’
performance (Movie S1, Movie S2, and Movie S3).
MRI Scans. The scanning schedule (Fig. 1, numbered circles) lasted 47 days (14-day
habituation period, 20-day intensive training period, and 13-day posttraining
period). There were six scanning sessions per monkey. Three separate scans were
carried out during each session, yielding 18 scans for each monkey. This procedure
ensured that any differences between sessions did not correlate with systematic
signal differences related to the inhomogeneity of the signal.
VBM and Statistical Analysis. Preprocessing and analysis of MRI scans were
carried out in SPM5 (Wellcome Trust Centre for Neuroimaging) running under
Matlab (MathWorks). VBM uses voxel-by-voxel statistical comparison for the
identification of regional differences in the context of Gaussian random fields
(15). VBM is optimized when images are segmented into gray matter, white
matter, and CSF. To average data across different brains, spatial normalization
of the brains to a common template is required. We therefore needed to
create a gray and white matter template of the Japanese macaque brain (see
SI Methods). All of the normalized images were smoothed by convolving with
an isotropic Gaussian kernel of 3 mm. This was justified by the small voxel size,
relatively small size of the brain, and number of animals investigated (Fig. S5).
The gray matter segmentation for each scan and each monkey was used to
calculate any changes in global gray matter volume between the first and last
scanning sessions (sessions 1 and 6).
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