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which extend their foot processes around the arterioles and
capillaries, could be clearly identified (Figure 1D, arrows),
and pericytes, which wrap around the capillaries, could also
be clearly observed (Figure 1D, arrowheads). Plasma label-
ing with SR101 allowed us to visualize erythrocytes, which
were detected as nonfluorescent particles within the plasma
stream. The kinetics of erythrocytes in microcirculation could
be detected dynamically by repeated volume scanning (Movie
I in the online-only Data Supplement).

Regional CBF Under Chronic Cerebral
Hypoperfusion

Figure 2 shows the mean CBF values, as measured by laser
speckle flowmetry, in the both sham and BCAS groups
(Figure 2A). In the sham group, CBF was not changed sig-
nificantly throughout the entire observation period. In con-
trast, CBF values after the BCAS operation were significantly
decreased when compared with those of preoperative base-
lines and sham controls (Figure 2B).

Figure 3 shows the inflow (pial artery) and outflow (pial vein)
velocity changes in the 2 groups. Specifically, we measured the
slope of line scan images of pial arteries (Figure 3A) and veins
(Figure 3B) to indicate inflow and outflow velocity, respec-
tively, at each time point.’* In the sham group, inflow velocity
was not changed significantly throughout the entire observation
period. In contrast, the inflow velocity after BCAS operation
was significantly decreased when compared with those of pre-
operative baselines and sham controls (Figure 3C). Similarly,
outflow velocity was not changed in the sham group, and signif-
icantly decreased after BCAS operation when compared with
those of preoperative baselines and sham controls (Figure 3D).

Anatomic Morphology Under Chronic Cerebral
Hypoperfusion

Under chronic cerebral hypoperfusion, the small pial vessels
and the deep cortical capillaries did not show obvious morpho-
logical changes such as vascular loss or angiogenesis throughout
the entire observation period (Figure 4A). Vascular shape such
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Figure 2. Temporal profile of cerebral blood flow (CBF) in the
sham-operated and bilateral common carotid artery stenosis
(BCAS) mice. Mean CBF was analyzed by laser speckle flowm-
etry through the same cranial window as was used for 2-photon
laser-scanning. The circle indicates the cranial window. A, CBF
changes in the sham and BCAS group. The line graph (B) indi-
cates CBF changes in the sham (%) and BCAS (a) groups. Data
are presented as mean+SD. *P<0.05 vs sham value. #P<0.05
between different time points. 1D indicates 1 day; 1W, 1 week;
and 2W, 2 weeks.
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Figure 3. Inflow velocity of the pial arteries and outflow veloc-

ity of the pial veins analyzed by repetitive line-scans. A, Inflow
velocity of the pial artery. The white line in a reference image
indicates the central longitudinal axis of a selected small pial
artery. Slopes of the lines in line-scan images indicate the inflow
velocity. Line graphs (C) indicate arterial inflow changes in the
sham (m) and bilateral common carotid artery stenosis (BCAS; A)
groups. B, Outflow velocity of the pial vein. The line in a reference
image indicates the central longitudinal axis of a selected smali
pial vein. Slopes of the lines in line-scan images indicate the out-
flow velocity. Line graphs (D) indicate venous outflow changes

in the sham (®) and BCAS (a) groups. Data are presented as
mean+SD. *P<0.05 vs sham value. #P<0.05 between different
time points. 1D indicates 1 day; 1W, 1 week; and 2W, 2 weeks.

as tortuosity and size for arterioles (Figure 4B) and venules was
not changed throughout the observation period, and obvious
changes of wall thickness for arterioles (Figure 4B, Lt lower
inset) and venules were also not detected. Although the arterio-
lar lumen (Figure 4B, Rt lower inset) slightly increased in post-
BCAS operation, there was no significant difference in luminal
area over time (1 day, 119.9+49.5%; 1 week, 102.2+14.1%; 2
weeks, 104.9+23.3% compared with the preoperative baseline).
The venular lumen in the BCAS group also remained unchanged
throughout the entire observation period (1 day, 95.2+12.5%; 1
week , 95+£12.4%; 2 weeks, 106.6+15.1% compared with the
preoperative baseline). In the sham group, wall thickness and
luminal area did not show obvious changes throughout the
observation period. Figure 4C show that astrocytes extended
their foot process around the vessels but showed no obvious
morphological differences between pre- and post-BCAS opera-
tive periods. In addition, pericytes were found to wrap around
capillaries at the both periods with no morphological changes.
Taken together, astrocytes and pericytes remained unchanged
morphologically between BCAS and sham groups during the
entire observation period.

Microcirculation in Deep Cortical Capillaries

Under Chronic Cerebral Hypoperfusion

Figure 5A and Movies II to V in the online-only Data
Supplement show representative microcirculation in the deep
cortical capillaries under chronic cerebral hypoperfusion.
Under low magnification, stagnation of capillary flow, which
was detected as high fluorescent plasma segments without non-
fluorescent erythrocytes (Figure SA, white arrows; Movie I11, in
the online-only Data Supplement), was observed under chronic
cerebral hypoperfusion, whereas it was rarely found under
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Figure 4. Two-photon images of the pial microvasculature
(maximum intensity projection [MIP] from the surface of the
brain to 100-pm depth) and the deep cortical capillaries (MIP
from 300-350-pm depth) with green fluorescent protein (GFP)
and SR101 fluorescence in the bilateral common carotid artery
stenosis (BCAS) group for each time point (A). Scale bar in the
upper column, 100 um. Scale bar in the lower column, 30 pum.
Three-dimensional (3D) reconstruction for penetrating arterioles
at each time point (B). Lt lower inset in B indicates single plane
zoom images for the vessel walls in the volume of interest (VOI)
of an artery with GFP fluorescence; Rt lower inset in B indicates
single plane zoom images for the vessel lumens in the VOI of
the artery. G, The zoomed images of astrocyte (arrow in A) and
pericyte (arrowhead in A) at the preoperative period and 2 weeks
after BCAS operation. Scale bar, 10 um. 1D indicates 1 day; 1W,
1 week; and 2W, 2 weeks.

normal microcirculation (Movie II in the online-only Data
Supplement). We also observed leukocyte plugging (Figure 5A,
blue arrow) in the high fluorescent plasma stagnated capil-
lary (Figure 5A, blue arrowheads) under higher magnification
(Movies IV and V in the online-only Data Supplement). Plugged
leukocytes did not tightly obstruct capillaries, but slowly moved
downstream (Figure 5A, purple arrows) and eventually were
released (plugging time was usually <120 s), resulting in reflow
of plasma streams with erythrocytes (Figure SA, yellow arrow).
Long-term and complete leukocyte plugging, as well as leuko-
cyte infiltration, in the perivascular parenchyma could not be
identified during the observation period. On the contrary, plate-
let activation (Methods and Figure III in the online-only Data
Supplement), which is a pivotal mechanism of focal cerebral
ischemia, could not be found during the observation period.
Frequency of capillary flow stagnation in the BCAS group was
markedly higher than that of the sham group throughout the
entire observation period (Figure 5B and 5C).

Leukocyte Rolling and Adhesion in the Cortical
Vessels Under Chronic Cerebral Hypoperfusion
In the sham-operated group, rolling and adhesion were rarely
detected throughout the entire observation period (Figure 6A).
After BCAS operation, however, rolling and adhesion of leu-
kocytes were typically observed in the pial venules although
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Figure 5. Microcirculation of the deep cortical capillaries in the
volume of interest (VOI) of a vein (250-300-um depth). Upper
column in A denotes plasma labeling images with SR101 during
the preoperative normal period and at follow-up periods 2 weeks
after bilateral common carotid artery stenosis operations. The
white arrow indicates the stagnation of capillary flow. Scale bar,
30 pm. Middle column denote zoom images (rectangle in upper
column) with capillary plugging (blue arrow) and with reflow after
the plug was released (yellow arrow) 2 weeks after the opera-
tion. Blue arrowheads indicate high fluorescent capillary plasma
without erythrocytes. Scale bar, 30 pm. Lower column denotes
the merged green fluorescent protein (GFP; green) and SR101
(red) image. Purple arrows indicate the single pulling leukocyte as
GFP-positive (100-s interval). Bar graphs indicate the frequency
of stagnation of capillary flow in the VOI of arteries (B) and the
VOI of veins (C) in each group. Data are presented as mean=SD.
*P<0.05 vs sham values. #P<0.05 between different time points.
1D indicates 1 day; 1W, 1 week; and 2W, 2 weeks.

rarely in the pial arterioles under chronic cerebral hypoperfu-
sion (Figure 6A, arrows). From 1 day to 2 weeks after the
BCAS operation, the frequency of rolling and adherent leuko-
cytes decreased in the both small pial veins and pial arteries
(Figure 6B and 6C). However, 2 weeks after BCAS operation,
the frequency of rolling and adhesion was still higher signifi-
cantly in the pial veins.

Discussion
Neuron-targeted therapies against brain ischemia have been
uniformly unsuccessful in clinical trials. This is thought to
be a consequence of lack of understanding of the integrated
response among neuronal, glial, and vascular elements.'-* Each
of these elements responds to an ischemic event by activation
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Figure 6. Two-photon images of leukocyte rolling and adhesion
in the small pial arteries and veins. A, A pial artery (*) and vein (%)
for each group in different time points. The arrows indicate rolling
and adhesion of leukocytes. Scale bar, 30 pm. Bar graphs indi-
cate the frequency of rolling and adhesion of leukocytes in the
pial veins (B) and in the pial arteries (C). Data are presented as
meanzSD. *P<0.05 vs sham values. #P<0.05 between different
time points. 1D indicates 1 day; 1W, 1 week; and 2W, 2 weeks.

and individual features of specific cell responses are well stud-
ied, but it remains unknown how they respond as a NVU." In
this study, we developed an in vivo imaging method for the
NVU. This method allows repeated longitudinal observation
of the NVU in 3D, which is helpful to understand anatomic
morphology of microvessels with varying sizes as a whole.
In addition, this method allows identification of cellular com-
ponents (astrocytes, pericytes, circulating leukocytes, and
platelets) and allows investigation of the anatomic relation-
ship between these cells. This imaging approach also provides
semiquantitative information on the kinetics of erythrocytes
and leukocytes to understand microcirculation alteration.

Chronic cerebral hypoperfusion induces subcortical white
matter lesions and vascular cognitive impairment. This con-
dition is often an initial trigger of a cascade of pathophysi-
ological changes in the NVU>* and can be experimentally
replicated in animal models of chronic cerebral hypoperfusion
such as BCAS model.>!* In these models, gray matter exhib-
its more slight pathophysiological changes than white matter
under chronic cerebral hypoperfusion. In this study, we could
not detect any morphological change in the cortical gray mat-
ter. The morphological changes as stress response of NVU in
the cerebral cortex may be limited and under the detection
level of 2-photon laser microscopy method. However, addi-
tional studies will be required to address this point finally.

As for the dynamic microcirculation, there was stagnation
of capillary flow and plugging by leukocytes under chronic
cerebral hypoperfusion. The phenomenon of capillary plug-
ging has been postulated to explain no-reflow phenomenon
during early reperfusion after ischemia.'>!¢ After several hours

120

of ischemia, an incomplete restoration of blood flow, no-reflow
phenomenon, has been reported also in other organs.'™!?
Many pathophysiological mechanisms have been implicated
in this process, however, the exact mechanisms responsible
for this phenomenon have been unclear. Leukocytes are large
stiff cells, which physiologically adhere to vascular endothe-
lium, and are known to express adhesion molecules under a
variety of conditions.”® The present study has provided the
first evidence that leukocyte transiently plugs capillaries under
chronic cerebral hypoperfusion, and this plugging has induced
stagnation of capillary flow. In this stagnated plasma, no oxy-
gen-transporting erythrocytes were found, implying a viscous
cycle for further exacerbation of parenchymal hypoxia. On the
contrary, platelet activation was not observed throughout the
observation period. Antiplatelet treatment has been the target
of therapeutic strategies for chronic cerebral hypoperfusion,
but this strategy should be substituted for the agents that have
the potential to suppress plugging of leukocytes and restore
insufficient CBF. Indeed, beneficial effect of induced immune
tolerance against adhesion molecules has been revealed in
chronic cerebral hypoperfusion previously.?!

Leukocyte rolling and adhesion in the pial vessels have
been reported in various organs under a variety of conditions,
appearing more prominently in the venules than in the arte-
rioles. > In accordance with these observations, leukocyte
rolling and adhesion were observed typically in the pial veins
during chronic cerebral hypoperfusion. Our results may fur-
ther indicate that leukocyte activation may be the first step
eventually leading to stress response of the whole NVU to
chronic cerebral hypoperfusion.

Conclusions
In this study, we established an in vivo imaging method for
the NVU and provided evidence that leukocytes activation
may play a critical role in microcirculation disturbance under
chronic cerebral hypoperfusion.
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Repetitive brain stimulation protocols induce plasticity in the
stimulated site in brain slice models. Recent evidence from
network models has indicated that additional plasticity-related
changes occur in nonstimulated remote regions. Despite increas-
ing use of brain stimulation protocols in experimental and clinical
settings, the neural substrates underlying the additional effects in
remote regions are unknown. Diffusion-weighted MRI (DW!I) probes
water diffusion and can be used to estimate morphological
changes in cortical tissue that occur with the induction of plasticity.
Using DWI techniques, we estimated morphological changes in-
duced by application of repetitive transcranial magnetic stimula-
tion (rTMS) over the left primary motor cortex (M1). We found that
rTMS altered water diffusion in multiple regions including the left
M1. Notably, the change in water diffusion was retained longest in
the left M1 and remote regions that had a correlation of baseline
fluctuations in water diffusion before rTMS. We conclude that
synchronization of water diffusion at rest between stimulated and
remote regions ensures retention of rTMS-induced changes in water
diffusion in remote regions. Synchronized fluctuations in the mor-
phology of cortical microstructures between stimulated and remote
regions might identify networks that allow retention of plasticity-
related morphological changes in multiple regions after brain stimu-
lation protocols. These results increase our understanding of the
effects of brain stimulation-induced plasticity on multiregional brain
networks. DWI techniques could provide a tool to evaluate treatment
effects of brain stimulation protocols in patients with brain disorders.

epetitive electrical brain stimulation induces long-term po-

tentiation (LTP) or depression (LTD) at the stimulated neu-
rons (1-4). In humans, repetitive transcranial magnetic stimulation
(rTMS) alters cortical excitability at the stimulated site that outlasts
the end of the stimulation, analogous to LTP or LTD in animal
models (5, 6), but also affects remote regions, possibly through
transsynaptic pathways (7, 8). Although rTMS has been proposed
as a potential treatment for neurological and psychiatric disorders
(9, 10) and as a method to facilitate learning (11), the neural sub-
strates underlying the effects of rTMS on remote regions of the
brain remain poorly understood.

Diffusion-weighted MRI (DWI) probes water diffusion, a
thermal physical phenomena that is characterized by random
motion of water molecules (12). Water diffusion is altered by the
structures of gray matter (12). DWI can be used to evaluate
morphological changes in cortical microstructures (13-19) and
can function as a probe to estimate immediate and transient
changes in water diffusion that are associated with ischemia (17)
or neuronal firing (13, 16, 19) and delayed and persistent changes
that are associated with long-term plasticity in experimental set-
tings (20) or pathological conditions (15, 18, 21). Here, using DWI
techniques, we examined whether subthreshold, low-frequency
(<1 Hz) r'TMS to the left primary motor cortex (M1), a protocol
that induces LTD-like plasticity (22, 23), increased water diffu-
sion in the left M1 and other regions after the end of rTMS.
Because it can be assumed that the motion of water molecules is
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not restricted to particular directions, that is, water diffusion is not
anisotropic within cortical tissue, we measured the DWI signals
along a single direction (Methods), which enabled us to extrapolate
mean water diffusion in gray matter in the sampled direction (16).
We did not measure anisotropic water diffusion with respect to
particular directions to estimate white matter microstructure (12).
We used the MRI-compatible TMS and EMG system that was
developed (24) to measure mean water diffusion and estimate
LTD-like plasticity inside the bore of an MRI scanner (see Methods
for the detailed procedures).

Results
Subthreshold, low-frequency rTMS was applied to the hand area
of the left M1 for 10 min using an established protocol to induce
LTD-like plasticity (23) (Fig. 1). To assess the corticospinal
stimulus-response function, the amplitude of motor-evoked poten-
tials (MEPs) was measured before rTMS (baseline) and immedi-
ately, 10 min, and 20 min after rTMS (5, 6, 25). MEP amplitude
immediately after i'TMS was lower than at baseline but recovered
to baseline levels by 10 min after rTMS (Fig. S1), confirming that
the rTMS protocol induced a transient LTD-like plasticity in the
left M1.

DWI was performed with high and low b values (b = 1,200 and
300 s/mm?, respectively) during periods of rest when the subject
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Fig. 1. Experimental procedures. (A) Experimental design. Subthreshold,
1-Hz rTMS was applied to the hand area of the left primary motor cortex for
10 min. The stimulation intensity was 90% of resting motor threshold and
was not strong enough to induce contractions in the muscles of the right
hand. DWI (blue bars) was performed with high (1,200 s/mm?, n =72 scans at
each time point) and low (300 s/mm?, n = 18 scans at each time point)
b values, and MEPs (red bars, n = 20 at each time point) were measured at
two baseline time points, and immediately, 10 min, and 20 min after rTMS.
The two baseline measurements were separated by 10 min. Throughout the
entire experiment, the subjects were inside an MRI scanner and were
instructed to keep still with their eyes open. (B) The position of the TMS coil
relative to the central sulcus (Cs) in one subject (T.A.). White dots indicate
the positions of the center (TMS center) and edge (TMS edge) of the figure-
eight-shaped coil. The line perpendicular to the line crossing these two dots
passes through the hand area of the left primary motor cortex and indicates
the optimal position of the coil for maximally stimulating this region.

was not engaged in any tasks (Fig. 1). Water diffusion was esti-
mated from the DWI data acquired with a b value of 1,200 s/mm?
(b1200 DWTI) (14, 16), because these data were more sensitive to
changes in intracortical water diffusion than data obtained with
a b value of 300 s/mm? (Figs. S2 and S3).
- Two baseline measurements were made, separated by 10 min.
Water diffusion did not change between the two baseline time
points in any region (uncorrected P < 0.01). At the immediately
after rTMS time point, there was an increase in water diffusion
in the left M1, left superior parietal lobule (SPL, area 5), left
premotor cortex (PM), right PM, and supplementary motor area
[SMA; cluster level of family-wise error (FWE)-corrected P <
0.05; Fig. 2 and Table 1]. The magnitude of the change in water
diffusion was similar in all regions (one-way ANOVA, P = 0.15).
The change in water diffusion in the left M1 from baseline to
immediately after rTMS was correlated with the change in water
diffusion in the left SPL (simple regression, #; = 4.15, P = 0.007,
R? = 0.64) and the right PM (t,; = 3.94, P = 0.01, R* = 0.62), but
not with the change in water diffusion in the left PM (7;; = 1.31,
P =0.37,R> = 0.07) or SMA (t;; = 1.75, P = 0.22, R* = 0.11;
Fig. S4). A homogeneity test with ANCOVA in a factorial
design with one factor [regions of interest except for left M,
REGION(Ieﬁ SPL/right PM/left PM/SMA)]: one variable [Water diffusion
in REG’ION, WATER DIFFUSION(REGION)], and one covariate
[water diffusion in left M1, WATER DIFFUSION je; p1y] showed a
Sigm'ﬁcant interaction between REGION(]eﬁ SPL/right PM/left PM/SMA)
and WATER DIFFUSION(]eﬁ M1) [F(3) = 437, P = 0009],
supporting the significantly different regression slopes observed
when the left M1 was paired with the left SPL or right PM and
when it was paired with the left PM or SMA (left SPLieg; p1 Vs.
l’lght PMiegt m1, P = 0.50; left SPLig pr vs. left PMieg m1, P <
0.001, left SPL}eft M1 VS. SMA;eft M1, P< 0001; I'lght PM]eﬂ M1 VS.
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left PMies: m1, P = 0.003; I'ight PMjes; M1 VS. SMA]eft M1, P <
0001, left PM[eft M1 VS. SMAleft M1 P = 063)

At 10 min after rTMS, the increase in water diffusion was
retained in the left M1, left SPL, and right PM (P = 0.001 FWE,
P = 0.005 FWE, and P = 0.001 FWE, respectively, relative to
baseline and corrected within the search volume; Methods), with
no change from the immediately after rTMS time point, even at
a liberal threshold of uncorrected P = 0.01 (Fig. 3, Upper). The
change from baseline in the left M1 remained correlated with the
change from baseline in the left SPL (¢, = 4.59, P = 0.001, R*> =
0.66) and the right PM (#1; = 3.29, P = 0.01, R*=10.58; SI 4). In
contrast, water diffusion in the left PM and SMA recovered to
baseline levels (uncorrected P < 0.05; Fig. 3, Lower), and sig-
nificantly decreased from immediately after to 10 min after
rTMS (P = 0.02 FWE and P = 0.04 FWE corrected within the
search volume for left PM and SMA, respectively). Within-subject
comparisons showed that the post-r'TMS change in water diffusion
was retained longer in the left M1, left SPL, and right PM than in
the left PM and SMA (SI Text). At 20 min after 1tTMS, the water
diffusion was similar to baseline in all regions (voxel level of un-
corrected P < 0.05).

To investigate the network property accountable for the mul-
tiregional rTMS-induced changes in water diffusion, we used
simple regression analyses to test the baseline coherent corre-
lation of the intrinsic fluctuations in water diffusion between the

Fig. 2. The left M1 and remote regions of the brain showed a significant
increase in water diffusion immediately after the end of rTMS. Images were
acquired with an axial field of view covering the hand area of the left M1
and other motor-related regions that were affected by 1-Hz rTMS over the
hand area of the left M1 (7, 8). Data acquired with a b value of 1200 s/mm?
were used to estimate change in water diffusion (14, 16). Mean signal in-
tensity was calculated for each voxel at each time point as the average of the
72 scans acquired with a b value of 1,200 s/mm? and was compared voxel-
by-voxel between the baseline and the immediately post rTMS time points
within subjects. The threshold was set to a cluster size of P < 0.05 corrected
with a voxel-level threshold uncorrected P < 0.005. Results are overlaid on
axial slices (Z = 75-53) of the averaged anatomical MRI brain. There was
a decrease in mean signal intensity, indicating an increase in water diffusion,
at the stimulated site (left M1), left SPL, left PM, right PM, and SMA. The
coordinate of the peak signal intensity in each of these regions is shown in
Table 1. Note that decreased signal intensity indicates increased water dif-
fusion. The same results, i.e., increased water diffusion, were also obtained
when the apparent diffusion coefficient was analyzed (Fig. $3). No signifi-
cant change in water diffusion was observed in any region when data
obtained using a lower b value (300 ssmm?) were analyzed (Fig. S2).
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Table 1. Brain regions showing increased water diffusion after the rTMS train

MNI coordinates of peak

activation
t value of peak
Brain region Hemisphere X y z activation
Primary motor cortex Left -16 -23 75 7.68
Premotor cortex Right 30 -17 65 6.29
Supplementary motor area Left -2 17 53 5.90
Superior parietal lobule Left -16 -39 69 5.83
Premotor cortex Left —-20 7 53 4.96

Data represent peak t values in significant clusters and their coordinates.

left M1 and each remote region (Fig. 44). The left M1 had a  regression analysis did not change after rTMS in any of the pairs
significant correlation with the right PM (R* = 0.37 + 0.01, P <  between the left M1 and a remote region (P > 0.5).

0.001) and the left SPL (R* = 0.18 + 0.01, P < 0.001) compared ) .
with the null distribution computed with a resampled bootstrap ~ Discussion

procedure (Methods). The left M1 did not have a significant In summary, a 10-min-long period of subthreshold 1-Hz rTMS
correlation with the left PM or SMA (left PM, R? = 0.05 + 0.02,  produced LTD-like plasticity in the left M1 and a multiregional
P = 0.15; SMA, R? = 0.008 + 0.003, P = 0.60), but the left PM  increase in water diffusion in the left M1, left PM, left SPL, right
and the left SMA had a correlation with each other (R* = 0.42 +  PM, and SMA immediately after the end of the simulation. The
0.02, P < 0.001). The left M1 had a stronger correlation with the ~ baseline fluctuations in water diffusion in the left M1 were syn-
right PM and the left SPL than with the left PM or SMA (right  chronized with those in the left SPL and the right PM, but not
PM vs. left PM, P < 0.001; right PM vs. SMA, P < 0.001; left SPL.  with those in the left PM or the SMA. The left M1, left SPL, and
vs. left PM, P < 0.001; left SPL vs. SMA, P < 0.001; Fig. 4B).  right PM retained the change in water diffusion for 10 min after
Neither the strength of the coherent correlation or the slope  the end of rTMS, and the magnitude of the r'TMS-induced change
predicted the size of the rTMS-induced change in water diffusion  in water diffusion in the left M1 was correlated with that in the left
in any of the remote regions (P > 0.5). Coherency or slope of the ~ SPL and the right PM. In contrast, the regions in which baseline
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Fig. 3. The rTMS-induced change in water diffusion was sustained for a longer period in the left M1, left SPL, and right PM than in the left PM or SMA. The
mean normalized signal intensity in each brain region at each time point. The mean intensity was calculated as the mean of the voxels within a 10-mm sphere
centered at the coordinate of the peak signal intensity in the region of interest (Table 1) and was normalized for each subject (Methods). The mean signal
intensity at the 10- and 20-min after rTMS time points was compared with the baseline and immediately after rTMS time points within each region of interest
using statistical parametric maps. The threshold was FWE corrected within the search volume (Methods). Asterisks indicate significant difference (P < 0.05) in
the signal intensity compared with the baseline sessions. Bars indicate SEM. Note that decreased signal intensity indicates increased water diffusion and
increased signal intensity indicates decreased water diffusion. The mean signal intensity was lower (i.e., water diffusion was higher) immediately after rTMS
than at baseline in the left M1 and other regions (Fig. 2 and Table 1). At 10 min after rTMS, the decrease was sustained in the left M1, left SPL, and right PM
(Upper) but was not sustained in the left PM or the SMA (Lower). At 20 min after rTMS, water diffusion had returned to baseline values in all regions (no
difference even at a liberal threshold of uncorrected P = 0.1). At the 10- and 20-min after time points, no additional regions (i.e., regions additional to those
identified at the immediately post time point) showed a significant change in the mean signal intensity.
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Fig. 4. Baseline fluctuations in water diffusion in the left M1 were coupled
with fluctuations in water diffusion in the right PM and the left SPL more
tightly than they were coupled with fluctuations in the left PM or SMA. (4)
Water diffusion in the left M1 and right PM in each of the 144 scans from the
two baseline time points in a representative subject. Data were transformed
to z scores within each measurement time point (Methods). (B) R? was
computed to estimate coherent synchronized fluctuations in water diffusion
at baseline between the left M1 and each of the other regions using the
time series data (144 data points). Error bars indicate SEM. Correlation was
significant when the right PM or left SPL was paired with the left M1 (P <
0.001) but not significant when the left PM (P = 0.15) or SMA (P = 0.60) was
paired with the left M1. R? was largest between the right PM and the left M1
(right PM vs. left SPL, P < 0.001), followed by the left SPL (left SPL vs. left PM,
P < 0.001) and then the SMA (left PM vs. SMA, P = 0.007).

fluctuations in water diffusion were not synchronized with the left
M1 (the left PM and the SMA) showed a faster decay in the
rTMS-induced change in water diffusion (<10 min), and the mag-
nitude of the rTMS-induced change in water diffusion in the left M1
was not correlated with that in the left PM or the SMA.

The effect of rTMS on water diffusion has been studied in
a few previous reports, but their results are inconclusive (26, 27).
Previous studies quantified the rTMS-induced change in regional
water diffusion in the stimulated M1 relative to the change in
a control region on the assumption that rTMS did not affect
water diffusion in remote nonstimulated regions (26). However,
using voxel-based comparisons between the before and immedi-
ately after rTMS time points, our study demonstrated that changes
in water diffusion occurred in remote regions and in the stimu-
lated M1, supporting previous neuroimaging studies (7, 8) and
suggesting that the effects of tTMS are propagated to remote
regions of the brain.

It is notable that baseline fluctuations in water diffusion in the
left M1 synchronized with those in the left SPL and right PM
(Fig. 4), and these are the regions that retained the altered water
diffusion for 10 min after the end of the stimulation (Fig. 3 and
Fig. S3). These results suggest that retention occurred due to
synchronization of water diffusion between the three regions
(Fig. 4 and Fig. S4). On the other hand, baseline fluctuations in
water diffusion in the left PM and SMA were not synchronized
with those in the left M1, and these regions failed to retain the
altered water diffusion for 10 min after the end of the stimula-
tion. These findings suggest the presence of networks that in-
volve the stimulated cortex and remote nonstimulated regions
that are relevant to the retention of rTMS effects in remote

Abe et al.

regions of the brain, and thus are a possible neural substrate for
rTMS-induced plasticity in multiple regions. The networks that
were revealed by probing water diffusion modulated retention of
the rTMS carryover effect in remote regions of the brain,
whereas neuronal networks that were identified in previous
studies did not (8, 28); therefore, it is possible that the networks
identified in our study might functionally differ from previously
identified neuronal networks, although the nodal regions of
these two networks do overlap (8). This issue requires further
investigation.

Recent evidence suggests that synaptic activation, which includes
intracellular molecular events, induces an immediate morphological
response (29-31) or a delayed LTP/LTD-related change (32-37) in
microstructures in neural tissue that can modulate intracortical
water diffusion (12, 20) (Fig. S5). The interregional correlation in
water diffusion observed before rTMS might reflect synchronization
of the activity-dependent fluctuations in the morphology of cortical
microstructures between the left M1 and other regions. The in-
crease in water diffusion after 'TMS might be a result of decreased
density of dendritic spines, as observed in LTD-like plasticity (20). It
is also possible that dynamical coupling in the morphology of
microstructures allows the formation of networks to represent the
plasticity-related morphological changes following brain stimulation
protocols. The morphology of dendritic spines can modulate syn-
aptic efficacy and plasticity (3, 4, 38); therefore, it is possible that the
nodes in the identified networks can indirectly achieve long-distance
coupling with each other by modulating synaptic plasticity or effi-
cacy of the transsynaptic signaling (39).

DWI was developed as a clinical probe to estimate structural
changes under pathological conditions that alter intracortical
water diffusion (40). Recently, much attention has been paid to
this technique because it is a sensitive probe that can be used
under physiological conditions to evaluate acute responses as-
sociated with neuronal firing (13, 16, 19) and delayed changes
that are correlated with molecular processes for the formation of
LTP or LTD (20). Our results support a potential use of DWI
techniques to estimate plasticity-related changes in nonstimulated
remote regions after repetitive brain stimulation. Although fur-
ther investigations are needed to identify more specific probes of
plasticity, DWI techniques could provide a new biomarker to
estimate changes in plastic microstructure in neural tissue that
occur following repetitive brain stimulation protocols or epilepsy.

In conclusion, a 10-min-long period of subthreshold 1-Hz
rTMS produced LTD-like plasticity in the left M1 and a multi-
regional increase in water diffusion in the left M1, left PM, left
SPL, right PM, and SMA immediately after the end of the
stimulation. At rest, water diffusion in left SPL and right PM was
synchronized with water diffusion in the left M1, and this per-
mitted retention of rTMS-induced increases in water diffusion
for 10 min after the end of r'TMS to the left M1. Given that
morphological changes related to synaptic activation or plasticity
can modulate water diffusion, these results indicate that syn-
chronization of basal fluctuations in the morphology of cortical
microstructures between stimulated and remote regions might
underlie the formation of plasticity in remote regions after brain
stimulation protocols. These results increase our understanding
of the effects of brain stimulation-induced plasticity on multi-
regional brain networks. DWI techniques could provide a tool to
evaluate treatment effects of brain stimulation protocols in patients
with brain disorders.

Methods

Subjects. Twelve right-handed, healthy young adult volunteers (mean age,
29.3y; range, 21-40 y) participated in this study. All participants were right-
handed as assessed by the Edinburgh Handedness Inventory, had no abnormal
physical or neurological findings, no history of neurological or psychiatric
diseases, and did not take chronic medications. All subjects gave written
informed consent to participate in the study before the experiment. The
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study protocol was approved by the Kyoto University Graduate School and
Faculty of Medicine Ethics Committee.

Experimental Design. Functional DW! techniques were used to estimate intra-
cortical water diffusion (14, 16). The MRI-compatible TMS and EMG system that
was developed by Hanakawa et al. (24) was located inside the bore of an MRI
scanner and enabled TMS to be delivered, MEPs to be measured, and MRI to be
obtained while the subject’s head was inside the bore.

MEPs were measured and DW! was performed during periods of rest
before (baseline) and after the repetitive TMS (rTMS; Fig. 1). The subject was
instructed not to move his/her head and to gaze at a central fixation point
on a projected screen during the entire experiment. Measurements were
performed at two baseline time points separated by 10 min, the same length
as the rTMS period, to examine the stability of brain water diffusion without
rTMS. Subthreshold, low-frequency rTMS was then applied to hand area of
the left M1 for 10 min. Measurements were performed at three poststimulation
time points: immediately and 10 and 20 min after rTMS.

Electrophysiological Measurements. A figure-eight-shaped TMS coil with an
outer-wing diameter of 70 mm (MR coil; Magstim) was used throughout the
experiment. The location on the scalp at which TMS evoked maximal am-
plitude of MEPs in the right abductor pollicis brevis muscle (the motor hot-
spot) was identified and marked for each subject while they were sitting
comfortably on a chair outside the scanner. The subject then lay supine on the
bed of a 3-T MRI scanner (Siemens Magnetom Trio). Surface EMG electrodes
were placed over the right thenar eminence, and the TMS coil was positioned
tangentially to the scalp at the marked site and adjusted to produce the
maximal amplitude of MEPs in the right abductor pollicis brevis muscle. The
subject’s head was positioned inside the bore of the scanner, and resting
motor threshold was measured in the right abductor pollicis brevis muscle
using the same procedure as described previously (22, 23). For rTMS, a single
train of 600 TMS pulses was applied at a frequency of 1.0 Hz and an intensity
of 90% of resting motor threshold, and EMG was recorded to monitor the
absence of evoked motor responses. Subthreshold stimulation was chosen to
minimize the influence of afferent information related to the evoked motor
responses on brain activity. At each measurement time point, 20 stimuli
were applied at a frequency of 0.1 Hz {i.e., one stimulation every 10 s) and at
an intensity of 120% of resting motor threshold (22, 23), and MEPs were
monitored in the in the right abductor pollicis brevis muscle.

Image Acquisition. rTMS of the left M1 affects motor-related regions of the
brain (7, 8, 41-46); therefore, we acquired images covering these regions
with an axial field of view of 40 mm from the top of the brain surface. DWI
was performed with a twice refocused spin-echo echo-planar imaging se-
quence sensitized to diffusion by an interleaved pair of bipolar magnetic
field gradient pulses (16). High and low b-value images (b = 1,200 and 300
s/imm?, respectively) were acquired to estimate mean water diffusion. The
high b value was 1,200 s/mm? because our preliminary experiment revealed
that 1,200 s/mm? was the highest b value that could acquire DWi signals with
maximized signal-to-noise ratio when using the one-channel MRI coil, which
allows the TMS coil to approach the scalp surface from the top (42, 45).
Gradient pulses were applied along a single direction (x, y, z=1, 1, 1), be-
cause DWI signals in one sampled direction can be used to estimate mean
diffusivity in cortices, on the assumption that water diffusion is not aniso-
tropic within cortical tissue (12). Acquisition parameters were as follows:
slice thickness = 2.0 mm with no gap, pixel size = 2.0 x 2.0 mm?, echo time =
85 ms, repetition time = 3 s, bandwidth = 1,302 Hz. At each time point,
a single run of 18 repetitions of four consecutive scans with b = 1,200 s/mm?
followed by one scan with b = 300 s/mm? (i.e., four scans of b1200 DWI al-
ternated with one scan of b300 DWI) were performed. A total of 72 scans of
b1200 DWI and 18 scans of b300 DWI were acquired per time point. A high-
resolution image of the structural anatomy was also obtained using a 3D
magnetization-prepared rapid gradient-echo T1-weighted sequence with
the following parameters: slice thickness = 0.95 mm with no gap, pixel size =
0.95 x 0.95 mm?, echo time = 73 ms, repetition time = 2 s, flip angle = 8°,
bandwidth = 130 Hz. This image was used for registration purposes.

1. Filosa A, et al. (2009) Neuron-glia communication via EphA4/ephrin-A3 modulates LTP
through glial glutamate transport. Nat Neurosci 12(10):1285-1292.

2. Pannasch U, et al. (2011) Astroglial networks scale synaptic activity and plasticity. Proc
Natl Acad Sci USA 108(20):8467-8472.

3. Skucas VA, et al. (2011) Impairment of select forms of spatial memory and neuro-
trophin-dependent synaptic plasticity by deletion of glial aquaporin-4. J Neurosci
31(17):6392-6397.
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Data Analysis. DWI| data acquired with a b value of 1,200 s/mm? (b1200 DWI
data) were used to estimate mean water diffusion because they were more
sensitive to changes in intracortical water diffusion than DWI data acquired
with a b value of 300 s/mm? (14, 16). Previously, we presented the analysis of
mean or time-series b1200 DWI data at each time point. The analysis of b300
DWI data and the apparent diffusion coefficient, the index to evaluate
water diffusion, are presented in Figs. 52 and S3.

DWI data were first preprocessed for each subject using SPM2 software
(Wellcome Department of Cognitive Neuroscience, University College London).
Data were corrected for motion across time points and registered to the high-
resolution anatomical image. For registration, structural images were spatially
normalized to the T1 template, and the DWI data were spatially normalized to the
normalized anatomical image for each subject. The normalized data were
temporally low-pass filtered to retain frequencies below 0.1 Hz and then spatially
smoothed with a Gaussian filter (6 mm full-width-at-half-maximum). The b1200
DWI data and the b300 DWI data were preprocessed in the same manner.

Voxel-based analyses were performed using statistical parametric maps.
Mean DWI maps were computed as the average of the 72 images acquired at
each time point and were compared between the two baseline time points to
evaluate the stability of water diffusion over a 10-min period. The baseline
images were averaged across the two baseline time points, and this average
was compared with the immediately after rTMS time point to identify the
regions with a change in water diffusion immediately after the end of rTMS.
The level of significance was set to a cluster of corrected FWE P < 0.05. To
evaluate the post-rTMS changes over time, comparisons were also per-
formed between the baseline and the 10- and 20-min after rTMS time points
and between the immediately and 10-min after rTMS time points. Voxels
within a 10-mm sphere centered at the coordinates of the peak signal in-
tensity within the region of interest (Table 1) were tested. Significance was
set to a FWE P < 0.05 corrected within the search volume of interest. Fig. 3
and Fig. S2 show the signal intensity after normalization for each subject to
minimize intersubject variance in the raw signal data. Data were normalized
to the raw signal intensity in the first scan of the first baseline time point
and then averaged within each time point, as described previously (26).

We also performed region-of-interest analyses to test whether intrinsic
fluctuations in water diffusion at baseline were correlated between the left
M1 and remote regions (Fig. 4). Water diffusion data were extracted from
the b1200 DWI maps and averaged across the voxels within a 10-mm sphere
centered at the coordinates of the peak signal intensity within the region of
interest (Table 1). The signal intensity was stable across the two baseline
measurements; therefore, the 72 data points from each baseline measure-
ment were transformed to a z score and then combined for the regression
analyses. The R? of the relation between the left M1 and each other region
was calculated using the 144 data points from the two baseline measure-
ments. For the bootstrap procedure, an empirical null distribution of the
computed R? was constructed by replacing the time series bins, which con-
sisted of six data points in each region or across different regions, in a
pseudorandom manner from the set of 144 data points (47). Significant
coherent correlations with median R? significantly greater than the median
R? of the null distribution (Fig. 4) were identified using a Mann-Whitney
U test. Significance was set to a FWE P < 0.05 corrected for multiple com-
parisons. The change in R? between the baseline and each post-rTMS time
point was examined, and no significant results were found (P > 0.5).
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