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Fig. 1. Intravenous injection via the femoral vein. The skin of the
inguinal region is incised, which reveals the left femoral vein. A 35 G
needle is inserted into the femoral vein (arrowheads).

(0.5 mg/kg) (Banyu Co., Inc., Tokyo, Japan) in 40 pL
of phosphate-buffered saline (PBS) was injected IV 24 h
before the HI insult in the first group (i.e., Dex-IV group;
n=29) and injected intraperitoneally (IP) in the second
group (i.e., Dex-1P group; n = 8). MK-801 cohort: accord-
ing to reports showing its neuroprotective effects [28],
MK-801 (0.5mg/kg) (Sigma—Aldrich, St Louis, MO,
USA) in 40 pl. of PBS was injected IV immediately
after the HI insult for the first group (i.e., MK-801-IV
group; n =9) and injected IP for the second group (i.e.,
MK-801-IP group; » = 9). The vehicle (PBS) was injected
IV (i.e., PBS-IV group) 24 h before the HI insult for the
control group (# = 8) in the dexamethasone cohort and
at 0 h after the HI insult for the control group (n = 12)
in the MK-801 cohort.

2.4. Evaluations of drug efficacy

In the dexamethasone and MK-801 cohorts, animals
were deeply anesthetized, perfused intracardially, and
fixed 7 days after the HI insult. In this model, 7 days
post-insult is the most common time-point for the eval-
vation of brain injuries, because the majority of the
injury-associated processes have been completed
[29,30]. The brain of each animal was removed and cor-
onally sectioned into 1-mm slices. The hemispheric brain
volume of each pup was estimated by summing the
hemispheric area of the brain slices and multiplying
the sum by the section interval thickness as previously
described [26,31]. Neuropathological injury was evalu-
ated using hematoxylin—eosin-stained sections from four
brain regions: the cortex, striatum, hippocampus, and
thalamus. We used a previously established system to
evaluate neuropathological injury [32]. Neuropathologi-
cal injury in the cerebral cortex was scored on a scale

ranging from 0 to 4 points (0 = no injury; 4 = extensive
confluent infarction), whereas neuropathological injury
in the hippocampus, striatum, and thalamus was scored
on a scale ranging from 0 to 6 points. The total injury
score is the sum of the ratings from all four brain regions
(ranging from 0 to 22 points). The investigators evaluat-
ing the injuries were blinded as to the experimental
group. Immunohistochemical analyses were performed
to evaluate neuronal survival or apoptotic cell death
using paraffin-embedded brain slices cut into 5-pm sec-
tions. Surviving neurons and apoptotic cells were
stained with anti-mouse antibodies to NeuN (1:500, Mil-
lipore, Bedford, MA, USA) and to cleaved caspase-3
(1:800, Cell Signaling Technology, Inc., Beverly, MA,
USA), respectively. After treatment with secondary
antibodies, the cells were visualized with 0.5% diam-
inobenzidine (Wako Pure Chemical Industries, Osaka,
Japan) and counterstained with hematoxylin. The total
NeuN-positive area was measured automatically using
image processing software (WinROOF, Mitani Co.
Ltd., Tokyo, Japan), and the number of cleaved cas-
pase-3 positive cells was manually counted in three slices
per animal. The average density of NeuN positive cells,
and of cleaved caspase-3 positive cells, was calculated
for the whole hemisphere.

2.5. Administration of green fluorescent protein-
expressing MSCs and MNCs

Bone marrow cells were isolated by flushing out the
femoral and tibial cavities of green fluorescent protein
(GFP)-expressing Lewis rats (Institute of Laboratory
Animals, Kyoto University, Kyoto, Japan) with PBS.
MSC cohort: the MSCs were prepared as previously
described [33]. In brief, bone marrow cells were plated
onto 10-cm dishes in a complete culture medium:
o-MEM (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% FBS (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin (Invitrogen). Five days after
plating, the nonadherent cells were removed, and the
adherent cells (i.e., MSCs) were further propagated for
4-5 passages. MNC cohort: the MNCs were isolated
by density gradient centrifugation using Ficoll (GE
Healthcare UK Ltd.,, Amersham Place, England) at
400g for 30 min in accordance with the manufacturer’s
protocol as previously described [34].

Forty-eight hours after the HI insult, we injected
GFP-expressing MSCs or MNCs (1 x 10° cells/pup)
into the neonatal HIE mice IV (i.e., the IV group) or
IP (i.e., the IP group).

2.6. Evaluation of the infused cells

Two or 24 h after the administration of the cells, the
pups were euthanized. Their brain, lungs, liver, and
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spleen were removed and fixed with 4% paraformalde-
hyde. The organs were embedded in paraffin blocks
and were cut into 2-pm sections. The GFP-positive cells
in the organ sections were stained with rabbit anti-GFP
polyclonal antibody (1:100, Invitrogen) and anti-rabbit
Envision+ system-HRP labeled polymer (Dako Cyto-
mation, Glostrup, Denmark). The cells were visualized
with 0.5% diaminobenzidine (Wako Pure Chemical
Industries).

2.7. Administration and evaluation of the infused cells in a
non-human primate

A 6-years-old male Macaca fascicularis (macaque)
(body weight, 5 kg) (Keari Co., Ltd. Osaka, Japan) was
deeply anesthetized, and the left femoral artery was iso-
lated. Three autothrombins were plugged in the M1
region of the left MCA via a 1.2 French microcatheter.
The left MCA was chosen for consistency with the later-
ality in the mouse HI model. Three days after the occlu-
sion, the macaque was scanned via MRI and an infarct in
the left hemisphere was confirmed (Fig. 6A). Seven days
after occlusion, bone marrow derived-MNCs were iso-
lated from the bilateral iliac bone of the macaque and
were incubated with 100 MBq 2-['®F] fluoro-2-deoxy-
p-glucose ("|*F-FDG) (specific activity, 10 MBg/mL)
for 30 min at 37 °C under gentle rolling in serum-free
PBS (pH 7.2) and 10 U/mL heparin. To remove excess
unbound '*F-FDG, the cells were subjected to a three-
step centrifugation and washing process in PBS (7g,
27g, and 60g; each for 120 s). Radioactivity in the super-
natant and in the cell pellet was measured with a dose
calibrator [35], and 5 x 10° cells radio-labeled with
BE_FDG at 4.5 MBq were injected via the femoral vein
of the macaque. Sixty minutes after the cell injection,
the radioactivity of the whole body of the macaque was
visualized using a three-dimensional positron emission
tomography (PET) imaging system (ECAT HR scanner;
Siemens-CTI, Knoxville, TN, USA).

2.8. Statistics

All data were expressed as the mean =+ the standard
error of the mean (SEM). As for the hemispheric vol-
ume, comparisons between two parameters were ana-
lyzed by Student’s z-test, and comparisons between
three or more groups were analyzed by one-way analysis
of variance (ANOVA), followed by the Tukey’s test. As
for the neuropathological scores and cell distributions,
the comparisons between the two parameters were ana-
lyzed by the Mann-Whitney U test, and the compari-
sons between three or more groups were analyzed by
the Kraskal-Wallis test, followed by the Steel-Dwass
test. A p-value less than 0.05 was considered statistically
significant.

3. Results
3.1. The IV injection via the femoral vein

The success rate of this IV injection procedure was
greater than 90% across different operators (data not
shown).

3.2, The neuroprotective effects of dexamethasone
treatment

Both Dex-IP and Dex-IV significantly ameliorated
hemispheric volume loss as compared to PBS-IV
(Dex-IP, 3.5 4 0.9% and Dex-1V, 7.7 £ 1.7% vs. PBS-
1V, 16.9 £ 3.2%) (Fig. 2A). Injury to the cortex and
hippocampus was also significantly ameliorated by
either Dex-IP or Dex-1V, leading to a reduced total
injury score compared to PBS-IV (Fig. 2B). Dex-IP
or Dex IV also reduced damage to the striatum,
although the injury score decrease was only significant
for Dex-IP compared to PBS-IV. Despite differences
when compared to PBS-IV, there was no significant dif-
ference between the injury scores of Dex-IP compared
to Dex-IV (Fig. 2B). Neither the ipsilateral/contralat-
eral ratio of the NeuN positive area nor the ratio of
cleaved caspase-3 positive cells showed a difference
between Dex-IP and Dex-IV (NeuN, Dex-1P,
0.9+0.1 and Dex-IV, 0.8 +0.1; cleaved caspase-3,
Dex-IP, 1.440.2 and Dex-IV, 1.94+1.0, n=4-5)
(Fig. 2C and D). Collectively, these results reveal that
Dex-IP and Dex-IV treatments result in nearly equal
neuroprotective effects.

3.3. The neuroprotective effects of MK-801 treatment

Cerebral hemispheric volume loss was significantly
ameliorated by MK-801-IP but not by MK-801-IV com-
pared to PBS-IV (MK-801-IP, 10.2 £2.9% and MK-
801-1V, 28.6+7.6% vs. PBS-IV, 32.8:+5.5%)
(Fig. 3A). Similarly, neuropathological injury scores
for the striatum were significantly reduced by MK-
801-IP but not MK-801-1V compared to PBS-IV. Nei-
ther MK-801-IP nor MK-801-1V produced statistically
significant neuroprotection in the other regions of the
brain or in the total score (Fig. 3B). The ipsilateral/con-
tralateral ratio of the NeuN positive area, which is indic-
ative of surviving neurons, was significantly higher in
MK-801-IP (1.0 :£0.1) than in MK-801-IV (0.7 +0.1)
(n=9 in each group) (Fig. 3C). The ipsilateral/contra-
lateral ratio of the cleaved caspase-3 positive cells, which
is indicative of apoptotic cell death, was significantly
lower in MK-801-IP (1.2 £ 1.1) than in MK-801-IV
(3.2 +£0.9) (» =9 in each group) (Fig. 3D). Collectively,
MK-801-IP exerted neuroprotective effects whereas
MK-801-IV did not.
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Fig. 2. The neuroprotective effects of intravenously or intraperitoneally injected dexamethasone in neonatal mice with hypoxic—ischemic
encephalopathy. (A) The loss of ipsilateral cerebral hemispheric volume is calculated as follows: ((contralateral volume — ipsilateral volume)/
contralateral volume x 100%). (B) The neuropathological injury scores of the cortex, hippocampus, striatum, and thalamus (0 indicates no injury;
the cortex is scored 0-4, and the hippocampus, striatum, and thalamus are each scored 0-6). The total injury score is the sum of the scores for the
four brain regions. Dex-IP and PBS-IV groups, n = 8; Dex-IV group, n = 9. "p < 0.05 vs. PBS-IV. **p < 0.01 vs. PBS-IV. (C) Representative images
of the coronal brain sections stained with NeuN. The scale bars represent 500 pm. (D) Representative images of the cleaved caspase-3 expressing cells
in the ipsilateral cerebral hemisphere. The scale bars represent 50 ym. Abbreviations: Dex-IP, mouse pups intraperitoneally injected with
dexamethasone; Dex-IV, mouse pups intravenously injected with dexamethasone; PBS-IV, mouse pups intravenously injected with phosphate-

buffered saline.

3.4. The distribution of administered MSCs

The mean diameter of the MSCs was 21.5 & 0.6 pm.
At 2 h after administration, a remarkable accumulation
of infused MSCs was observed in the lungs among the
four organs examined in the MSC-IV group, whereas
the cells were evenly detected in the four organs in the
MSC-IP group (Fig. 4A and B). The MSC-1V resulted
in a significantly higher number of cells in the lungs
and the brain than the MSC-IP at 2 h after administra-
tion. From 2 h to 24 h after the administration of MSCs,
the mean number of infused cells tended to decrease in
the IV group but tended to increase in the IP group
across each organ, although these temporal changes
were not statistically significant, except the significant
decrease in the brain in the IV group. At 24 h after
administration, no significant differences were observed
between the MSC-IV and the MSC-IP groups. A com-
parison between the ipsilateral cerebral hemisphere
and the contralateral cerebral hemisphere revealed no
significant difference in the number of transfused cells
in either the IP or IV group at either time point (at
2 h after transplant; ipsilateral 10.7 + 4.7 cells/cm? vs.
contralateral 8.2 = 2.2 cells/cm? in the IV group, ipsilat-
eral, 3.8 + 0.7 cells/cm? vs. contralateral, 3.7 + 1.4 cells/
cm? in the IP group, at 24 h after transfusion; data not

shown). We also analyzed the localization of the cells
within the brain (e.g., cortex, hippocampus, striatum,
thalamus, and white matter) and found no difference
between the IV and IP groups in any of the five brain
regions (data not shown).

3.5. The distribution of administered MNCs

The mean diameter of MNCs was 7.1 0.6 um. At
2 h after administration, the MNC-IV resulted in a sig-
nificantly higher number of cells in the liver, the lungs,
and the spleen but not in the brain than the MNC-IP
(Fig. 5). From 2h to 24 h after the administration of
MNCs, the mean number of infused cells significantly
decreased in the liver and the lungs but remained at
the same level in the spleen in the IV group. Only a
few cells were detected in any of the four regions in
the IP cohort at either time point, and no obvious tem-
poral changes were observed in the number of cells
across the organs. At 24 h after the administration, in
the spleen, MNC-IV resulted in a significantly higher
number of cells compared to the MNC-IP. A compari-
son between the ipsilateral cerebral hemisphere and the
contralateral cerebral hemisphere revealed no significant
difference in the number of transfused cells in either the
IP or IV group at either time point (data not shown).
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Fig. 3. The neuroprotective effects of intravenously or intraperitoneally injected MK-801 in neonatal mice with hypoxic-ischemic encephalopathy.
(A) The loss of ipsilateral cerebral hemispheric volume is calculated as follows: ((contralateral volume - ipsilateral volume)/contralateral
volume x 100%). (B) The neuropathological injury scores of the cortex, hippocampus, striatum, and thalamus (0 indicates no injury; the cortex is
scored 0-4, and the hippocampus, striatum, and thalamus are each scored 0-6). The total injury score is the sum of the scores for the four brain
regions. MK-801-IP and MK-801-1V groups, n = 9; PBS-IV group, n = 12. *p < 0.05 vs. PBS-1V. (C) Representative images of coronal brain sections
stained with NeuN. The scale bars represent 500 pm. (D) Representative images of cleaved caspase-3 expressing cells in the ipsilateral cerebral
hemisphere. The scale bars represent 50 pm. Abbreviations: MK-801-IP, mouse pups intraperitoneally injected with MK-801; MK-801-1V, mouse
pups intravenously injected with MK-801; PBS-IV, mouse pups intravenously injected with phosphate-buflered saline.
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Fig. 4. The distribution of green fluorescent protein (GFP)-positive mesenchymal stem cells (MSCs) intraperitoneally or intravenously injected into
neonatal mice with hypoxic-ischemic encephalopathy at 2 h and 24 h after the cell injection. (A) Representative immunohistological staining (i.e.,
anti-GFP antibody with diaminobenzidine) of the MSCs (arrowheads) in the spleen, liver, lung and brain at 2 h after the cell injection. The scale bar
represents 50 pm. (B) Quantitative analysis of MSC distribution at 2 h and 24 h after intraperitoneal (solid bars) and intravenous (open bars)
administrations. n = 10-13; "p < 0.05, vs. IP; *p <0.05, vs. 2 h. Abbreviations: 1P, intraperitoneal; IV, intravenous.
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Fig. 5. The distribution of green fluorescent protein (GFP)-positive bone marrow mononuclear cells (MNCs) intraperitoneally or intravenously
injected into neonatal mice with hypoxic-ischemic encephalopathy at 2 h and 24 h after the cell injection. (A) Representative immunohistological
staining (i.e., anti-GFP antibody with diaminobenzidine) of the MNCs (arrowheads) in the spleen, liver, lung and brain. The scale bar represents
50 um. (B) Quantitative analysis of MNC distribution at 2 h and 24 h after intraperitoneal (solid bars) and intravenous (open bars) administrations.
n=28-9; *p <0.05, vs. IP; Tp < 0.05, vs. 2 h. Abbreviations: 1P, intraperitoneal; IV, intravenous.

With regard to the localization of the cells within the
brain, no difference was observed between the TV and
IP groups (data not shown).

3.6. Distribution of MNCs in a macaque model of stroke

Following permanent MCA occlusion in a macaque,
an infarct in the left hemisphere was confirmed at 3 days
by MRI (Fig. 6A). At 1 h after the IV administration of
MNCs, a PET scan demonstrated that a large number of
infused MNCs accumulated in the spleen (9.1 kBg/mL),
followed by the liver (2.7kBg/mL) and the lung
(1.4kBg/mL) (Fig. 6B and C). The accumulation in
the brain was weak (0.7 kBg/mL), and no laterality
was observed (Fig. 6B and C).

4. Discussion

4.1. A simple and precise IV injection technique in
neonatal mice

In the present study, we demonstrated a simple and
precise injection technique into the femoral vein in neo-
natal mice. Three papers have recently described an IV
injection technique in neonatal mice [5-7]. In these
papers, the superficial temporal vein or jugular vein
was the injection site, and the procedure can require

two people [6]. Although IV injection in P1-3 mice has
been documented in several experiments [36,37], the
technique has not been commonly used in experiments
with neonatal mice and rats. For example, among the
11 reports on the systemic administration of umbilical
cord blood cells in neonatal rodents with HI brain injury
in literature, 4 reports used IV injection [38-41] and 7
reports used IP injection [8-14]. All of these reports were
on P7 rat pups, and mice pups were not studied in the
field. The benefits of our technique are that one person
can execute the whole procedure alone and can also
confirm that a solution is flowing within a blood vessel.

4.2. Different effects of drug therapies

To examine whether IP injection is comparable to IV
injection, we examined the therapeutic effects of two
neuroprotective drugs (i.e., dexamethasone and MK-
801) in neonatal mice with HIE. To our knowledge,
there is no existing report on the use of animal models
of brain damage that compares the differences in the
therapeutic potency or in the plasma and brain levels
after the IV or IP administration of either dexametha-
sone or MK-801. We demonstrated that the neuropro-
tective effects of MK-801 were dependent on the
administration route, whereas the effects of dexametha-
sone were not. Dexamethasone (molecular weight,
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Fig. 6. The distribution of 2-['®F]fluoro-2-deoxy-p-glucose ('*F-FDG)-labeled bone marrow derived-mononuclear cells (MNCs) intravenously
injected in a2 macaque model of stroke. (A) Axial T2-weighted image of MRI at 3 days after middle cerebral occlusion (MCAO). The image shows a
large infarct in the left hemisphere. (B, C) Positron emission tomography (PET) images at 60 min after the intravenous injection of '*F-FDG-labeled
bone marrow derived-MNCs. The black color shows the radioactivity of '*F-FDG-labeled cells. (B) Front elevation image of the macaque. (C) Side

elevation image of the macaque.

392.461 g/mol) has a long period of bioactivity,
although the plasma level of dexamethasone rapidly
decreased after administration [42,43]. The plasma
half-life of dexamethasone after IV injection in adult
rats is 2.3 h [44]. After IV injection of dexamethasone,
rapid accumulation occurs in the adult rat brain, fol-
lowed by rapid washout. After 10 min and 30 min,
74% and 13% of the concentration observed at 2.5 min
remains, respectively [45]. The therapeutic time window
of its pretreatment for brain injury is long (e.g., single IP
injection at either 6 h or 24 h before HI insult prevents
infarction) [27]. Single IP injection at O h or 3 h before
HI insult does not exert neuroprotection; therefore,
the effects of dexamethasone may involve the modifica-
tion of gene expression [27,43]. Ultimately, differences
in pharmacokinetics caused by a different administra-
tion route may not have been critical when animals were
treated 24 h before the insult with dexamethasone.
MK-801 (molecular weight, 337.37 g/mol) is a non-
competitive antagonist of the NMDA-type of excitatory
amino acid receptors and enters the brain with no diffu-
sion restriction because of its lipophilic nature [46]. We
subsequently used MK-801 to eliminate the local (i.e.,
intraperitoneal and/or intravascular) and systemic

effects that dexamethasone may exert after IV or IP
injection. MK-801 reaches maximal concentrations in
the adult rat brain within 10-30 min after IP administra-
tion with an elimination half-life of 2.05 h [46]. A recent
study showed a somewhat delayed time to the maximal
concentration in the adult rat brain 40-60 min after IP
administration [47]. The MK-801 concentration at
60 min after IV administration in the non-ischemic brain
regions of adult rats with permanent MCA occlusion
decreases by more than 50% from the level at 15 min
{48]. No study has directly compared the pharmacoki-
netics of MK-801 after IV and IP, but the above-men-
tioned studies indicate that the brain level of MK-801
may drop faster after IV than after IP administration,
although the difference may not be large. Brain ischemia
causes a rapid and drastic increase in excitatory amino
acids, specifically glutamate, and activation of NMDA
receptors [19]. The duration of glutamate accumulation
and activation of NMDA receptors is short in models
with reperfusion [19], which results in a narrow thera-
peutic time window of MK-801 activity [19,49,50].
Therefore, a small difference in the duration in which
a drug maintains its therapeutic concentration in the
brain may make a big difference. Correctively, the
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different therapeutic effects of MK-801 observed in the
present study may be due to the subtle difference in
the pharmacokinetics caused by the different administra-
tion routes.

In using a therapeutic agent that has a long bioactiv-
ity time such as dexamethasone, the IP route can be used
in preclinical studies as an alternative to I'V, which is the
expected administration route in the clinical setting. By
contrast, when using a neuroprotectant that has a short
therapeutic time window such as MK-801, it is impor-
tant to choose the optimal administration route in the
preclinical study.

4.3. Different cell distributions

The present study demonstrated that the IV adminis-
tration of MSCs or MNCs resulted in a significantly
higher number of cells accumulating in several organs
compared to IP administration. The difference in cell
accumulation according to administration route was
dependent on the time after the administration, the cell
type, and the organ. To our knowledge, only one report
has compared the cell distributions after IV and IP
administrations in immature animals. The study using
the polymerase chain reaction (PCR) for a human-spe-
cific gene fragment in neonatal rats with excitatory brain
injury showed that human MNCs were detectable at
S5min and up to 2h after IV administration primarily
in the blood, lung, and liver, and only in small amounts
in the brain; however, no human MNCs were detected in
either the blood or the lungs at any experimental time
point from 5min to 5days after IP administration
[51]. Additionally, that report [51] is the only study that
examined the systemic cell distribution in animals with
neonatal brain injury. A few studies have examined
the differences in the systemic cell distribution after dif-
ferent infusion methods in adult rodents. Gao et al. used
the v camera to detect '''In-oxine-labeled MSCs and
demonstrated that the radioactivity accumulated in the
lung immediately after IV infusion and primarily in
the liver 48 h after IV infusion. After IP infusion, radio-
activity was observed in the liver, spleen, kidneys, and
lungs in small amounts [52].

In the short term, IV administration appears to be
more advantageous for conveying donor cells to the brain
compared to IP administration; however, studies have
shown that the amount of donor cells that reach the brain
is limited even after IV administration [41,53], which is
supported by our observations. Collectively, although
the data are limited, they indicate that donor cell distribu-
tions differ depending on the administration route.

In contrast to the aforementioned study [51], several
studies on neonatal rats with HI showed that human
MNCs were detectable in the cerebral hemisphere at
1 day [11], 2 days [10], 2 weeks [9], and 40 days [8] after
IP administration using immunohistochemical staining

and 13 days after IP administration using PCR [11].
These studies showed the exclusive distribution of donor
cells (MNCs) in the injured hemisphere. By contrast, the
present study showed an even distribution of donor cells
(MSCs and MNCs) across the ipsilateral and contralat-
eral hemispheres either after IV or IP administration,
and this observation is in accordance with a study that
used IV administration of MNCs [40] and one that used
intracardiac administration of MSCs [54]. In addition to
the time after the administration, the cell type, and the
organ, detecting the transfused cells may depend on var-
ious factors such as the type and intensity of brain injury,
the transfused cell dose, species and strain, capillary size,
and detection method. With these numerous factors and
the temporally changing nature of cell distribution, it
may not be appropriate to compare different sets of data
obtained under different experimental paradigms.

With respect to the influence that different cell types
may cause in the cell distribution, 4% of IV-adminis-
tered MNCs entered the common carotid arterial, and
the rate was markedly lower for MSCs (1/30 of MNCs)
in adult rats [55]. Administered cells (MNCs and MSCs)
were detected only in the lungs and not in other organs.
Studies have shown that the vast majority of IV-admin-
istered cells, especially MSCs, are trapped within the
lungs at least during the acute phase after administra-
tion and that the entrapment depends on the size of
the infused cells [55,56]. The mean diameter of adult
mouse pulmonary capillaries is approximately 15 um,
and larger cells are consequently trapped within the lung
[56]. The mean diameter of MSCs is approximately
20 pum, and the mean diameter of bone marrow
derived-MNCs is approximately 7 pm [55,56]. In our
observation, in a larger animal such as a macaque with
a stroke, IV administration of MNCs resulted in high
accumulation of the cells in the liver and spleen, and
the distribution in the lung was low, unlike in neonatal
mice. Clinical studies with intra-arterial administration
of MNC:s in patients with ischemic stroke or myocardial
infarction demonstrate that MNCs accumulate in the
liver and spleen rather than the targeted organ [35,57].
Collectively, the evidence shows that infused cells tend
to accumulate in the liver and spleen regardless of the
administration route and recipient species. In addition
to the donor cell size and host capillary size, other fac-
tors may influence the entrapment. For example, MSCs
are adhesive cells, whereas MNCs are not adhesive.
Blocking cell adhesive molecules reportedly increases
pulmonary passage [55].

4.4. Conclusion

The route of administration may influence the effects
of drugs. IP injection differs from IV injection with
respect to cell distribution after cell transplantation.
Therefore, caution should be exercised when translating
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data obtained in animal studies using IP administration
for use in clinical trials with IV administration. Preclin-
ical studies using IV administration may be necessary
before clinical trials when the anticipated administration
route is IV, especially for cell-based therapies.
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Objective: A few studies have been performed on chronic structural changes after stroke. The primary
purpose of the present study was to investigate regional cortical volume changes after the onset of stroke
and to examine how the cortical volume changes affected neuropsychiatric symptoms.

Methods: Participants were 20 stroke patients and 14 control subjects. T1-MRI was performed twice,
once at the subacute stage and again 6 months later, and whole brain voxel-based morphometric
(VBM) analysis was used to detect significant cortical gray matter volume changes in patients. We also
assessed the correlation between changes in cortical volumes and changes in neuropsychiatric symp-
toms during the 6 months following a stroke.

Results: In the present study, we found significant volume reductions in the anterior part of the poste-
rior cingulate cortex (PCC) over the 6 months following a stroke by exploratory VBM analysis. We also
found that the amount of volume change was significantly correlated with the change in apathy-scale
scores during the 6 months poststroke.

Conclusions: The present study suggests that delayed atrophic change is evident in the PCC 6 months af-
ter a stroke. There was greater apathetic change in the stroke patients with the larger volume reductions.
The delayed atrophy of the PCC may reflect degeneration secondary to neuronal loss due to stroke. Such
degeneration might have impaired control of goal-directed behavior, leading to the observed increase in
apathy. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Stroke is one of the leading contributors to disease
burden. A worldwide study in 2010 showed that stroke
was the second most prevalent cause of death,
representing an estimated 11.1% of all deaths (Lozano
et al., 2012). In respect to morbidity, stroke was found
to be the fourth leading cause of lost DALY (disability-
adjusted life years) globally in nonpediatric populations

Copyright © 2014 John Wiley & Sons, Ltd.

(Mukherjee and Patil, 2011). Further, neuropsychiatric
symptoms following stroke, such as cognitive impair-
ment, depression and apathy, are associated with excess
disability, cognitive impairment, and mortality in stroke
patients (Hackett et al., 2005; Pendlebury and Rothwell,
2009; van Dalen et al., 2013).

Evidence concerning stroke has been compiled and
is being applied to clinical practice. However, only a
few studies on structural changes in the chronic stage
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exist. A recent study reported atrophic change in re-
gions anatomically remote from the ischemic lesions
(Kraemer ef al., 2004), which may reflect degeneration
secondary to neuronal loss, possibly Wallerian degen-
eration. This may mean that degenerative cortical
changes appear after an ischemic attack, and that this
cortical damage produces a biological vulnerability to
neuropsychiatric symptoms after a stroke. However,
to our knowledge, there has been no studies that fo-
cused on where and how the degenerative cortical
changes occurred and whether these affected neuro-
psychiatric symptoms after a stroke.

The primary purpose of the present study was to in-
vestigate regional cortical volume changes after the
onset of stroke and to examine how they affected any
neuropsychiatric symptoms developing in the patient
after the stroke. T1-MRI was performed twice, once
at the stage of subacute stroke and again 6 months af-
ter the stroke, and whole brain voxel-based morpho-
metric (VBM) analysis was used to quantify cortical
gray matter (GM) volume changes in patients during
the 6-month period following the stroke. We also
assessed the correlation between changes in cortical
volumes and any changes in neuropsychiatric symptoms.

We hypothesized that regions, such as cingulate
cortex, which have unusually extensive connectivity
with other areas, would show especially large degener-
ative cortical changes in stroke due to simultaneous
loss of connections from many spatially distinct sites
individually affected by the stroke. The regions of de-
generative cortical change might relate to the network
abnormalities underlying poststroke depression/apathy,
which is a common and serious emotional symptom
following stroke.

Methods
Subjects

After the study had been completely described to the
subjects, and before enrollment, written informed con-
sent was obtained. The study was approved by the
Medical Ethics Committee of the National Cerebral
and Cardiovascular Center of Japan. The patients were
of Japanese ethnicity and were recruited from the neu-
rology unit of the National Cerebral and Cardiovascu-
lar Center hospital. These patients had initially been
hospitalized for treatment of acute ischemic stroke.
Stroke is diagnosed by neurologists according to the
World Health Organization (WHO) criteria. After the
assessment, a group of psychiatrists and neurologists
reviewed the data and reached a consensus regarding

Copyright © 2014 John Wiley & Sons, Ltd.
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the presence or absence of psychiatric disease, including
dementia, according to DSM-1V criteria. Patients were
included if they met the following criteria: (i) a focal
lesion of either the right or left hemisphere on MRI;
(i) absence of other neurologic, neurotoxic, or meta-
bolic conditions; (iii) modest ischemic insult (modified
Rankin scale <4) with absence of a significant verbal
comprehension deficit; and (iv) occurrence of stroke
10-28 days before the first examinations. Exclusion
criteria were the following: (i) transient ischemic attack,
cerebral hemorrhage, subdural hematoma, or subarach-
noid hemorrhage; (ii) history of a central nervous sys-
tem disease, such as tumor, trauma, hydrocephalus,
Parkinson’s disease, etc.; and (iii) any pre-stroke history
of depression/apathy. Twenty stroke patients who ful-
filled the criteria and completed the series of examina-
tions were included in this study. Fourteen control
subjects were recruited who completed a series of exam-
inations for the 6-month follow-up study. Exclusion
criterion for the control subjects was a history or present
diagnosis of any DSM-IV axis-I or neurological illness.

MRI examinations were conducted twice for all
patients and control subjects, once at the subacute
stage (10-28 days after onset) and again at the chronic
stage (6 months after onset). The lesion location was
established from MRI data, and its volume was calcu-
lated from a volume of interest manually delineated
on the lesion. There were no changes in medication
usage between baseline and follow-up, and no patient
or control was on antidepressant treatment during the
examinations. All patients were subjected to a neuro-
logical examination [modified Rankin scale, (mRS)
(Brott et al., 1989); National Institutes of Health Stroke
Scale, NIHSS (Goldstein and Samsa, 1997)] on the day
of the MRI scan. All patients and control subjects were
administered a series of standardized, quantitative
measurements of depressive symptoms [Zung Self-
rating Depression Scale, SDS (Zung, 1965); Apathy
scale (Starkstein et al,, 1993); and mini-mental state
examination (for cognitive function), MMSE (Folstein
et al., 1975)] on the day of the MRI scan.

MRI data acquisition

All MRI examinations were performed using a 3.0-Tesla
whole-body scanner (Signa Excite HD V12M4; GE
Healthcare, Milwaukee, WI, USA) with an 8-channel
phased-array brain coil. High-resolution three-dimensional
T1-weighted images were acquired using a spoiled
gradient-recalled sequence (TR=12.8 ms, TE=2.6 ms,
flip angle=8° FOV=256mm; 188 sections in the
sagittal plane; acquisition matrix, 256 X 256; acquired
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resolution, 1x 1 X1 mm). T2-weighted images were ob-
tained using a fast-spin echo (TR = 4,800 ms; TE = 101 ms;
echo train length (ETL) = 8; FOV'=256 mm; 74 slices
in the transverse plane; acquisition matrix, 160 x 160,
acquired resolution, 1 X 1 X2 mm).

Image processing

Image preprocessing and statistical analyses were car-
ried out using SPM8 software (Wellcome Department
of Imaging, Neuroscience Group, London, UK; http://
www.fil.ion.ucl.ac.uk/spm), and VBM was carried out
using the VBMS toolbox (http://dbm.neuro.uni-jena.
de/vbm.html) with default parameters. Images were
bias-corrected, tissue classified, and registered using lin-
ear (12-parameter affine) and nonlinear transformations
(warping), within a unified model (Ashburner and
Friston, 2005). Subsequently, analyses were performed
on GM segments, which were multiplied by the nonlin-
ear components derived from the normalization matrix
in order to preserve actual GM values locally (modulated
GM volumes). Finally, the modulated volume was
smoothed with a Gaussian kernel of 5 mm full-width at
half-maximum. The voxel size of the final images was
1.5x 1.5x 1.5 mm.

Voxel-wise GM differences before and after a 6-month
period beginning shortly after the stroke were examined
using paired t-tests. To avoid possible edge effects be-
tween different tissue types, we excluded all voxels with
GM values of less than 0.2 (absolute threshold masking).
As this was a hypothesis-led analysis, we applied a liberal
threshold of p < 0.001 with an extent of 25 voxels across
the whole brain.

Spherical volumes of interest {(VOIs) were determined
from regions where a significant volume change over the
6-month period was found in patients. The centers of
the spherical VOIs were determined from the Montreal
Neurological Institute coordinate with peak -value.
The radius of the spherical VOI was determined in ac-
cordance with size of the clusters revealed by the analysis.
The regional volume was calculated by averaging the
values for all voxels within the spherical VOIs.

Statistical analysis

To identify demographic variables distinguishing pa-
tients and controls, group differences in demographic
characteristics were examined by unpaired t-test and
Pearson y -test. To identify changes in neuropsychiatric
symptoms and to confirm the SPM8 results on changes
in cortical volumes during the first 6 months after a
stroke, the psychometric scores and gray matter volumes

Copyright © 2014 John Wiley & Sons, Ltd.

of spherical VOIs in patients and controls over 6 months
were examined by paired #-test. The group differences
in changes in the volumes of spherical VOIs over
6months were examined with repeated-measures
analysis of variance.

To examine the relationship between the fractional
volume change of VOIs where a significant volume
change was found in patients [(volume at 2nd test -
volume at 1st test)/volume at st test] and the fractional
change of depression/apathy scale scores [(scores at 2nd
test - scores at 1st test)/scores at Lst test] in patients and
controls, we performed Pearson’s correlation analysis.
Bonferroni correction was applied to avoid type I errors
because of the multiplicity of statistical analyses. All
statistical tests were 2-tailed and reported at p < 0.05.
Statistical analysis of the data was performed using SPSS
for Windows 21.0 (IBM Japan Inc., Tokyo, Japan).

Results
Demographic and clinical data

Table 1 summarizes the demographic and clinical char-
acteristics of the study subjects. Patients did not differ
significantly from controls in age, sex, education, or
MMSE scores. On the psychometric scales, patients
had worse scores on SDS and apathy scales when com-
pared with controls. Moreover, a history of hyperten-
sion was significantly more prevalent in patients than
in controls. As shown by the mRS/NIHSS scores, pa-
tients showed some disability due to stroke at the time
of the initial examination. All of the patients were re-
ceiving anticoagulant and/or antiplatelet medication.
The mean total volume of infarction was 1.8 £ 1.2 mL.

The locations of the patients’ infarctions were
restricted to subcortical regions, including the basal
ganglia (50.0%), subcortical white matter (40.0%),
and thalamus (10.0%). This is because our studies
focused on degenerative cortical gray matter changes
remote from the primary ischemic lesions therefore,
including cases of cortical infarction would make
interpretation of the results difficult. In 13 of the pa-
tients, the infarction was located in the left hemisphere.

Changes in psychometric scores and regional gray
matter volumes over 6 months

As shown in Table 2, we found significant improvement
in mRS score, NIHSS score, and MMSE score, while
there was no significant change in depression or apathy
scale scores overall in patients during the 6 months fol-
lowing the stroke. Two patients at the 1st and one patient
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Table 1 Demographic characteristics of patients and control subjects at baseline

MMSE, Mini-Mental State examination; SDS, Zung Self-rating Depression Scale; mRS, modified Rankin scale; NTHSS, National Institutes of
Health Stroke Scale.

Data are mean +sd.

* p<0.05;

**, p<0.01;

* p<0.00L

Table 2 Changes in psychometry scores and PCC volume over 6 months in patients (z=20) and controls (z=14)

: - - e

T

mRS, modified Rankin scale; NIHSS, National Institutes of Health Stroke Scale; MMSE, Mini-Mental State examination; SDS, Zung Self-ratdng
Depression Scale; PCC, posterior cingulate cortex.

Data are mean =sd.

* p<0.05;

= p<0.01;

w** p<0.001.

at the 2nd examination had clinically relevant depression Voxel-based analysis revealed a significant reduc-
(SDS score >=40), while three patients at the Ist and tion in volume of the anterior part of the PCC in the
two at the 2nd examination had clinically relevant patients 6 months after the stroke [(x, y, 2)=(-3,

apathy (apathy scale score >=14). We found no signifi- —10, 33), cluster voxel size =38, T=4.77] (Figure 1).
cant changes in MMSE, depression scale, or apathy The radius of the spherical VOI was determined to
scores in control subjects over the 6-month study. be 3mm, so that the volume of this size of VOI
Copyright © 2014 John Wiley & Sons, Ltd. Int ] Geriatr Psychiatry 2014
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T value

Figure 1 Gray matter volume changes in stroke patients over 6 months, by voxel-based analysis. Images are presented in radiological orientation.
Detected areas exceed an uncorrected p-value of 0.001 in 25 or more contiguous voxels. These statistical parametric mapping projections are then
superimposed on representative transaxial (z=33), sagittal (x=—3), and coronal (y = —10) magnetic resonance images.

(113.04mm?>) almost fit the volume of the cluster
(128.25 mm?). We found a significant reduction of
volume of spherical VOIs in the PCC in patients
(p < 0.001), but not in controls by paired t-test (Table 2;
Figure 2). There was no significant difference in VOI
volumes between patients and controls at the first
examination by unpaired t-test (r=1.20, p=0.24),
but the difference became significant after 6 months
(t=2.36, p=0.024). We found a significant group
effect on the raw volume change in PCC over 6 months
by repeated-measures analysis of variance (group-by-
volume interaction, F; 3, = 14.2; p < 0.001).

! P<0.05 '
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Figure 2 Scatterplots showing volume changes in cingulate cortex over
6 months in patients and controls. We placed spherical VOIs (3-mm ra-
dius) on the region where we found significant reduction in volume by
voxel-based analysis over 6 months in the patient group. Examining
these voxels, we find a significant reduction of gray matter volume in pa-
tients (p < 0.001) but not in controls by paired z-test. We find a signifi-
cant group difference in volume only at the 2nd examination.

Copyright © 2014 John Wiley & Sons, Ltd.

Relation between volume and apathy scale

We found a significant negative relationship between
the fractional change of scored apathy and that of vol-
ume change in the PCC VOIs in patients (r=—0.58,
p=0.007), but not in controls (r=-0.29, p=0.32)
(Figure 3). When we considered the confounding ef-
fects of age, sex, laterality of the infarction, and acute
stroke size as covariates in a partial correlation analysis,
the above negative relationship remained significant in
patients (r=—0.51, p =0.04). We found no significant
relationships between the fractional change of SDS
scores and those of any VOIs in patients or controls.

o Patients
o Controls

Rate of change of apathy scale scores

"1 ] 1 ¥
-0.2 -0.1 0 0.1

Rate of volume change

Figure 3 Scatterplots showing the relation between volume change in
cingulate cortex and apathy score change over 6 months in patients and
controls. A significant correlation is observed between VOI volume
change and apathy score change over 6 months in patients (r=—0.58,
=0.007), but not in controls (#=-0.29, p=0.32) (y=~9.1xx - 0.3 for
patients, y=—2.6xx — 0.1 for controls). The correlation in patients is
still significant after partial correlation analysis with age, sex, laterality
of the infarction, and acute stroke size as covariates (r=—0.51, p=0.04).
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When we divided the patients into two groups whose
volume reduction at PCC was less than (n=9) or greater
than (n=11) the average (difference in fractional
volume change = —0.05), we found a significant differ-
ence in the fractional change of scored apathy between
the groups (less-than-average group, change=—0.17;
greater-than-average group, change=043; t=241;
p=0.03). When we considered the confounding effects
of age, sex, laterality of the infarction, and acute stroke size
as covariates in a one-way analysis of covariance the
change in the apathy scores between groups showed a
trend that did not reach significance (F;, 14= 3.2, p < 0.1).

Discussion

In the present study, we found a significant volume
reduction in the anterior part of the PCC over the
6 months following a stroke, by exploratory VBM anal-
ysis. Furthermore, the fractional volume change was ob-
served to be negatively correlated with the apathy scale
scores during the 6 months after the stroke. The reduced
volume of PCC due to the 6-month interval was associ-
ated with increased apathy scores. Our findings indicate
that the neuronal changes in PCC after stroke are one of
the factors that affect the degree of poststroke apathy.

In the patients, delayed atrophy was observed in a
part of the PCC anatomically remote from the respec-
tive subcortical infarct site. This finding may reflect
degeneration secondary to neuronal loss, possibly
due to Wallerian degeneration, which is a degenera-
tion of distal parts of nerve axons after injury of the
proximal axon or cell body (Thomalla et al., 2004).
Axonal degeneration, in turn, leads to the death of
postsynaptic cell bodies (Raff et al., 2002) and should
result in a secondary volume reduction in the part of
the brain constituting the projection target of the lost
axons. From an anatomical perspective, the PCC has
dense structural connections to many other brain re-
gions, suggesting a role as a structural hub (Hagmann
et al., 2008). Its volume reduction seen here may re-
flect the simultaneous loss of multiple afferent projec-
tions due to stroke in spatially different sites.

We found more apathetic change in the group of
stroke patients with larger volume reductions in PCC.
A recent meta-analysis showed that apathy occurred
in almost every third patient after a stroke (van Dalen
et al., 2013). Because poststroke apathy can have a neg-
ative effect on the rehabilitation of activities of daily
living or quality of life (Samus et al, 2005; Hama
et al., 2007), poststroke apathy has attracted considerable
attention. Marin has described apathy as a neuropsychiatric
syndrome characterized by diminished goal-directed

Copyright © 2014 John Wiley & Sons, Ltd.
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overt behavior, diminished goal-directed cognition, and
diminished emotional concomitants of goal-directed
behavior (Marin, 1991).

How is the volume reduction of PCC related to the
increase in apathy of stroke patients? The PCC is a hub
within the brain, connecting networks that function
together to support complex behavior (Hagmann
et al., 2008). Leech et al. (2011) reported that the
PCC is subdivided into dorsal and ventral parts differ-
ing in the regions to which they functionally connect.
The dorsal part of the PCC is consistent with the region
showing the volume reduction in stroke patients in the
present study. Anatomically, the dorsal part of the PCC
has connectivity with the ventral medial prefrontal cor-
tex, part of the default mode network (DMN), and
frontal and parietal regions involved in the cognitive
control network (CCN). Abnormalities have been
identified in CCN and DMN during episodes of late-
life depression that have often been characterized as
apathy (Alexopoulos et al.,, 2012), and the PCC was
suggested to have an important role in the regulation
of these two networks necessary for controlling effi-
cient goal-directed behavior (Leech et al., 2011). We
speculate that the degeneration of the PCC following
a stroke might impair the function of control of goal-
directed behavior, leading to increased apathy scores.

Our study has some limitations. First, we could not
find volume reductions in any other regions of the brain
than the PCC. However, the sample size in our study was
not large enough to reveal moderate-sized differences
between groups. Further study with increased numbers
of subjects will be necessary for drawing any definitive
conclusions. Second, we could not find associations
between cognitive scales and the volume reduction at
PCC. We assessed cognitive deficits using MMSE scores,
but this test is not highly sensitive to differences between
persons with normal and higher performances; thus, the
possible presence of a ceiling effect must be considered.
Extensive neuropsychological testing is needed for the
assessment of cognitive dysfunction. Finally, we were
not able to control precisely for important variables,
such as social support, premorbid personality, and prior
medication histories. Further analysis in light of these
points is needed to confirm our present findings.

Conclusion

The present study suggests that delayed atrophic change in
the PCC is evident 6 months after a stroke. We also found
that the fractional volume change during the 6 months fol-
lowing a stroke was negatively correlated with apathy scale
scores. The larger the volume reduction in PCC, the
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greater was the increase in apathy-scale scores. The de-
layed atrophy of part of the PCC seen here may reflect
degeneration secondary to neuronal loss due to stroke.
Damage in this area may damage control of goal-directed
behavior, and it is plausible that such a defect would ap-
pear clinically as greater apathy. Knowledge of secondary
brain degeneration in stroke patients and its impact on
the adverse outcome of development of apathy could
provide clues for recognizing new therapeutic targets.
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ABSTRACT

The aim of the study was to investigate the existence of microstructural abnormalities in the white
matter of the brain in stroke patients, as well as the relationship between these microstructural
abnormalities and changes in depressive symptoms over 6 months. Participants were 29 acute ischemic
stroke patients and 37 healthy control subjects. Depressive symptoms were assessed in all subjects using
the Hamilton Rating Scale for Depression and the Zung Self-rating Depression Scale. Whole brain voxel-
based analysis was used to compare diffusion tensor imaging measures of Fractional Anisotropy (FA)
between the groups. Six-month follow-up examinations were conducted. Patients showed significantly
lower white matter FA values in the left and right anterior limbs of the internal capsule, and 6 months
after the stroke they showed significantly increased FA values in these regions. We found a significant
negative correlation between the increased ratio of the FA values and the change in depression scale
scores at 6-month follow-up. Regional white matter damage may reflect abnormalities in neuroanato-
mical pathways related to the pathophysiology of depression.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Depression is the most common and serious emotional symp-
tom following a stroke and is associated with excess disability,
cognitive impairment and mortality (Whyte and Mulsant, 2002).
Although there is no consensus about the relationship between
lesion location and post-stroke depressive symptoms, Magnetic
Resonance Imaging (MRI) studies have found a high prevalence of
depressive symptoms in patients with lesions that affect structures
of the prefronto-subcortical circuit (Vataja et al, 2001, 2004).
Recent studies have highlighted the specific relevance of the
Limbic-Cortical-Striatal-Pallidal-Thalamic (LCSPT) circuit in the
pathophysiology of major depressive disorder (Drevets et al,
2008; Hasler et al, 2008) and of depression due to stroke
(Terroni et al, 2011; Paradiso et al, 2013).

* Corresponding author at: Department of Psychiatry, Nara Medical University,
840 Shijocho, Kashihara, Nara 634-8522, Japan. Tel.: +81744223051;
fax: +81 744 22 3854.

E-mail address: ejm86rp@yahon.co,jp (F. Yasuno).

http:{jdx.dolorg/10.1016/].pscychresns. 2014.04.009
0925-4927/© 2014 Elsevier Ireland Ltd. All rights reserved.

Diffusion Tensor Imaging (DTI) combines a conventional MRI
sequence with additional magnetic field gradients to quantify water
diffusion, namely, Fractional Anisotropy (FA), the degree to which
diffusion is directionally hindered, which reflects the microstructural
integrity of the white matter tracts. Microstructural damage to white
matter tracts may confer a biological vulnerability to the onset of
depressive symptoms in stroke patients. To our knowledge, however,
no studies have investigated the existence of microstructural abnorm-
alities of white matter in stroke patients and examined whether the
diminution of microstructural abnormalities decreased the vulnerabil-
ity to post-stroke depression, as measured by increases in depression
scale scores in stroke patients that are noted before the onset of severe
depression.

Thus, the primary aim of the present study was to investigate
the existence of microstructural abnormalities in white matter
tracts in stroke patients, as well as the relationship between the
recovery from these microstructure abnormalities and the change
in depression scale scores 6 months after a stroke. DTl was
performed and whole brain voxel-based analysis was used to
compare FA between groups of acute ischemic stroke patients
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and healthy control subjects. Six-month follow-up examinations
were conducted. On the day of the MRI scan, depressive symptoms
were evaluated with the Hamilton Rating Scale for Depression and
the Zung Self-rating Depression Scale.

2. Methods
2.1, Participants

After complete description of the study to the subjects, written informed
consent was obtained. The study was approved by the medical ethics committee of
the National Cerebral and Cardiovascular Center in Japan. The patients were of
Japanese ethnicity and were recruited from the neurology unit of the National
Cerebral and Cardiovascular Center hospital. These patients had initially been
hospitalized for treatment of acute ischemic stroke.

Stroke was diagnosed by neurologists according to World Health Organization
(WHO) criteria. After the assessment, a group of psychiatrists and neurologists
reviewed the data and reached a consensus regarding the presence or absence of
psychiatric disease, including dementia, according to DSM-IV criteria, Patients were
included if they met the following criteria: (1) a focal lesion of either the right or
left hemisphere on MRJ; (2) absence of other neurological, neurotoxic, or metabolic
conditions; (3) modest ischemic insult (modified Rankin scale < 4) with absence of
a significant verbal comprehension deficit; and (4) occurrence of stroke 10-28 days
before the examinations. Exclusion criteria were as follows: (1) transient ischemic
attack, cerebral hemorrhage, subdural hematoma or subarachnoid hemorrhage;
(2) history of a Central Nervous System (CNS) disease such as tumor, trauma,
hydrocephalus, and Parkinson's disease; and (3) pre-stroke history of depression.
Thirty-eight patients who volunteered to participate in the study were screened for
eligibility. We excluded 5 subjects who did not meet the study criteria. In addition,
four patients had not completed the MRI scan due to fatigue. A final group of 29
patients met the criteria and participated in this study.

Thirty seven healthy volunteers were recruited from the local area by poster
advertisement. Exclusion criteria for the volunteers were a history or present
diagnosis of any DSM~}V axis I or any neurological illness. Major characteristics of
this cohort are summarized in Table 1. To reliably elucidate differences in white
matter integrity between groups, the target total sample size was set at above 52,
which was expected to yield power = 0.8, based on e < 0.05 and assuming a large
effect size (f=0.4) with the analysis of covariance (ANCOVA) used in this study
(Cohen, 1977), and the sample size of this study met the power requirement.

All patients and volunteers were assessed with a series of standardized,
quantitative measurements of depressive symptoms [Hamilton Rating Scale for
Depression (HAM-D) (Hamilton, 1960), Zung Self-rating Depression Scale (SDS)
(Zung, 18965)] and cognitive function [Mini-Mental State examination (MMSE)
(Folstein et al, 1975)] on the day of the MRI scan. A neurological examination
{modified Rankin scale: mRS (Brott et.al, 1939)] was also carried out in the
patients. MRIs were conducted for all of the subjects,

Six-month follow-up MRI examinations were also conducted for 18 of 29
patients and 19 of 37 healthy subjects. The other patients and controls were lost to
follow-up because we were unable to contact themn at 6 months after the first study
or they declined to further participate in this study due to health problems,
business, feeling of rejection, and so on. On the day of the follow-up MRI scan, the
participants underwent the same battery of depressive, cognitive function and (for
the patients) neurological measurements that had been performed at the time of
the initial MRI. There were no changes in medication between baseline and follow-
up. No patients and healthy subjects were diagnosed as meeting DSM-IV criteria for
major depression on the day of the initial MR1L. Two patients were diagnosed as
meeting criteria for major depression for the first time on the day of the follow-up
MRI, and they were prescribed medication after the examinations. No patients
were on antidepressant treatment during the examinations.

2.2. MRI acquisition

All MRI examinations were performed using a 3-T whole-body scanner (Signa
Excite HD V12M4; GE Healthcare, Milwaukee, W1, USA) with an eight-channel
phased-array brain coil. DT images were acquired with a locally modified single-
shot Echo-Planar Imaging (EPI) sequence by using parallel acquisition at a
reduction (ASSET) factor of 2, in the axial plane. Imaging parameters were as
follows: repetition time (TR)=17s; echo time (TE)=72ms; b=0, 1000 s/mm?>;
acquisition matrix, 128 x 128; field of view (FOV), 256 mm; section thickness,
2.0 mm; no intersection gap; 74 sections. The reconstruction matrix was the same
as the acquisition matrix, and 2 mm x 2 mm x 2 mm isotropic voxel data were
obtained. Motion Probing Gradient (MPG) was applied in 55 directions, the number
of images was 4144, and the acquisition time was 15 min, 52 s.

To reduce blurring and signal loss arising from field inhomogeneity, an
automated high-order shimming method based on spiral acquisitions (Kin et al.,
20i52) was used before acquiring DTI scans. To correct for motion and distortion
from eddy current and BO inhomogeneity, FMRIB software (FMRIB Center,

Table 1
Demographic characteristics of patients and healthy control subjects.
Characteristic Stroke patients Healthy controls tes0r X2 P
(n=29) (n=37)
Age (years) ) 68.7 +8.2 675+52 t=077 045
Female sex (n, %) 6 (20.7) 15 (40.5) £=295 010
MMSE score 278430 292+10 t=245 0.02*
SDS score 265456 241436 =203 0.05*
HAM-D score 26425 11418 =264 0.01*
mRS score 22408 -
Number of acute 12406 -
infarcts
Volume of acute 20423 -
infarcts (ml)
Acute infarcts (n, %) in
Frontal cortex 1(34) -
Occipital cortex 1(3.4) -
Basal ganglia 13 (44.8) -
Thalamus 4(13.8) -

Subcortical white matter infarcts in

Frontal lobe 6 (20.7) -
Parietal lobe 1(34) -
Temporal lobe 1(34) -
Occipital lobe 1(3.4) -
Genu of internal 1(34) -
capsule
Total 10 (34.5) -

Laterality of acute hemisphere infarcts
Left hemisphere (n, 17 (58.6) -
%)

MMSE =Mini-Mental State Examination. SDS=Zung Self-Rating Depression Scale.
HAM-D=Hamilton Rating Scale for Depression. DWMH= deep white matter
hyperintensity. PVH==Periventricular hyperintensity. mRS=Modified Rankin Scale.
Data are mean + S.D. * p < 0.05.

Department of Clinical Neurology, University of Oxford, Oxford, England; http:j/
www.fmrib.ox.ac.ulk/fslf) was used. BO field mapping data were also acquired with
the echo time shift (of 2.237 ms) method based on two gradient echo sequences.

High-resolution three-dimensional T1-weighted images were acquired using a
spoiled gradient-recalled sequence (TR=12.8 ms, TE=2.6 ms, flip angle=8°, FOV,
256 mm; 188 sections in the sagittal plane; acquisition matrix, 256 x 256; acquired
resolution, 1 x 1x 1 mm), T2-weighted images were obtained using a fast-spin
echo (TR=4800 ms; TE=101 ms; echo train length (ETL)=8; FOV=256 mm; 74
slices in the transverse plane; acquisition matrix, 160 x 160, acquired resolution,
1x1x2mm).

2.3. Image processing

FMRIB software was used to generate FA maps and three eigenvalues (A1, A2,
and 43) from each individual. First, brain tissue was extracted using the Brain
Extraction Tool in FSL software. Brain maps for each of the 55 directions were eddy-
corrected, subsequent to which FA values were calculated at each voxel using the
FSI. FMRIB Diffusion Toolbox.

Image preprocessing and statistical analysis were carried out using SPM8
software (Wellcome Department of Imaging Neuroscience, London, England). Each
subject’s echa planar image was spatially normalized to the Montreal Neurological
Institute echo planar image template using parameters determined from the
normalization of the image with a b value of 0 s/mm? and the echo planar image
template in SPM8. Images were resampled with a final voxel size of 2 x 2 x 2 mm?>,
Normalized maps were spatially smoothed using an isotropic Gaussian filter (8-mm
full-width at half-maximum).

2.4. Voxel-based analysis

Voxel-based analysis was performed using SPM8 software. FA maps were
compared between patients and healthy subjects by ANCOVA with age and gender
as covariates of no interest. We included age and gender as covariates because it
has been reported that they affect the white matter integrity (Inano et al, 2011).
Statistical inference was done with a voxel-level threshold of p < 0.05, after family-
wise error correction for multiple comparisons, with a minimum cluster size of 50
voxels. The regional FA value was calculated by averaging the FA values for all
voxels within the voxel of interest (VOI) corresponding to the cluster composed of
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significant contiguous voxels in the above analysis. The same VOIs were applied to
A1 —A3 images, and A;—13 values were extracted. Axial (1;) and radial diffusivity
([42+43]/2) were compared.

2.5. Statistical analysis

Group differences in demographic characteristics between patients and heaithy
controls were examined by unpaired t-test and Pearson »* test. To examine the
group differences of FA values and axialfradial diffusivity in VOIs shown in the
voxel-based analysis, we performed ANCOVA with age and gender as covariates.
We included age and gender as covariates because they reportedly affect white
matter integrity (Inang et al., 2011). Paired t-tests were performed to examine the
changes in the mRS, MMSE, SDS, and HAM-D scores and the FA values of patients
and controls during the 6-month period after their initial examinations. We
computed Pearson's correlations to examine the relationship between FA values
and depressive symptoms at the first assessment and at the 6-month follow-up
assessment. Pearson's correlations were also used to examine the relationship
between the change in depression scale scores and the ratio of the FA values (FA
values at second vs. initial examination) in patients. To examine whether the ratio
of the FA values was related to the change in depression scale scores (SDS and
HAM-D scores at second minus initial examination), we performed a multiple
regression analysis with the change in depression scale scores as the dependent
variable and the ratio of the FA values as the independent variable, after adjustment
for age and gender.

All statistical tests were 2-tailed and reported at « < 0.05. Bonferroni correction
was applied to avoid type I errors due to the multiplicity of statistical analyses.
Statistical analysis of the data was performed using SPSS for Windows 19.0 (IBM
Japan Inc., Tokyo, Japan).

3. Results
3.1. Demographic and clinical data

Table 1 summarizes the demographic and clinical character-
istics of the participants. Patients differed significantly from
healthy control subjects in MMSE, SDS and HAM-D scores. The
MMSE score was lower, and SDS and HAM-D scores were higher,
among the patients. Table 1 also shows the mRS score and the
location and volume of the infarctions among the patients. The
main locations of the infarctions were the basal ganglia (44.8%),
the subcortical white matter in the frontal lobe (20.7%), and the
thalamus (13.8%).

3.2. Between-group comparisons of FA values

In the voxel-based analysis of FA values, the patient and healthy
control groups differed in white matter FA values in the left and
right anterior limbs of the internal capsule [left anterior limb of
internal capsule: (x, y. z)=(—24, 16, 16), cluster voxel size=189,
T=6.41; right anterior limb of internal capsule: (x, y, z)=(16, 6, 10),
cluster voxel size=756, T=6.86] (Fig. 1a). Table 2 shows the
quantification of the differences in FA value and radialfaxial
diffusivity in these affected regions. These regions revealed
decreased axial diffusivity but no change in radial diffusivity.
When we added the MMSE, SDS, and HAM-D scores as covariates
in the ANCOVA, the results did not change.

3.3. Change in FA values of patients over 6 months

There were no significant differences in demographic data
between participants who were followed and those who were
lost to follow-up, except the age of the healthy control groups
(Table 3). Table 4 shows the changes in psychometric scores and FA
values and axial/radial diffusivity over 6 months in the followed-
up patients and controls. Healthy controls showed no significant
change of FA values in the anterior limb of the internal capsule
6 months after the initial examination (Table 4). Patients showed
significantly increased FA values in the anterior limb of the
internal capsule 6 months after the infarction, although their FA
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Fig. 1. White matter Fractional Anisotropy (FA) differences in voxel-based compar-
isons between stroke patients (n=29) and control subjects (n=37) (Fig, ta), and
scatter plots of FA values in the region of FA reduction among stroke patients
(n=18) at 10-28 days after stroke/after 6-month follow-up and of control subjects
(n=37) (Fig. 1b). (a) Images are presented in radiological orientation. Statistical
parametric mapping projections were superimposed on a representative magnetic
resonance image (x==24, y=16, z==16). Patients showed reduced FA in the right and
left anterior limbs of the internal capsule. Statistical inferences were made with a
voxel-level statistical threshold (p <0.05) after family-wise error correction for
multiple comparisons with a minimum cluster size of 50 voxels. (b) Significant
increase in FA of the patients was abserved at 6-month follow-up (p < 0.05),
although the FA values of the patients were still lower than those of healthy
subjects at both the initial and follow-up examinations (p < 0.01).

values were still lower relative to those of healthy control subjects
at this time point (Table 4, Fig. 1b). There were no significant
changes in MMSE, SDS and HAM-D scores 6 months after the
initial examination in the groups of patients and healthy controls
(Table 4).

There were no significant relationships between FA values and
depressive symptoms at the first assessment and at the assessment
performed 6 months later, but we found a significant negative
correlation between the increased ratio of the FA values and the
change in the depression scores on the SDS and HAM-D at 6-month
follow-up (r= —0.59, p=0.01 for SDS; r= —0.56, p=0.02 for HAM-D)
(Fig. 2). With Spearman’s correlational analysis, the results were not
changed (r= —0.56, p=0.02 for the SDS; r=—0.73, p=0.001 for the
HAM-D). When we considered the influence of the volume of infarcts
and lesion location [cortex (n=2), basal ganglia (n=8), thalamus
(n=1), and subcortical white matter (n=7)] as a covariate in correla-
tional analysis, the correlations were not changed (r= —0.59, p=0.02
for SDS; r=~057, p=0.02 for HAM-D). When we considered the
influence of the degree of handicap by including the change in mRS
scores as a covariate in the correlation analysis, which showed a
significant decrease during follow-up (MRS score=21+0.8 at first
examination, 1.6 + 0.6 at 6-month follow-up, t=4.12, p < 0.01, paired
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Table 2

Differences in values of FA and axial/radial diffusivity in VOIs between patients and healthy control subjects.

FA and axial/radial diffusivity Patients (n=29)

Healthy controls (n=37) Analysis of covariance *

F(1,62) P
Left anterior limb of internal capsule
FA ‘ 0.44 - 0.05 0.49 4 0.05 16.7 < 0.001™
Axial diffusivity (% 107%) 416 1036 4.371-0.35 5.46 0.02 %
Radial diffusivity ( x 1072) 3944033 4.03 4033 138 0.25
Right anterior limb of internal capsule
FA 0.45 + 0.05 0.51+0.05 218 < 0.001%*
Axial diftusivity ( x 1077) 415 4 0.36 4364 0.36 519 0.03 *
Radial diffusivity ( x 10~%) 3.91+033 4.0140.33 1.38 0.24
Average of right and left anterior limbs of internal capsule
FA 044 -+ 0.05 0.50 4: 0.05 20.8 < 0.001™
Axial diffusivity ( x 107%) 415+ 0.36 436+ 035 535 0.02*
Radial diffusivity ( x 1073) 3924033 4.024:0.33 138 0.24

Data are mean + S.D.
* Age and gender are entered as covariates.
* p<0.05.
¥ p <001

Table 3
Demographic characteristics of patients and healthy control subjects who could be
followed up and who were lost to follow-up.

Follow-up Lost to follow-up tor P

Patients n=18 n=11

Age (years) 69.2 8.0 67.6+-9.0 0.58 0.57
Female sex (n, %) 5(26.3) 1(8.1) 145 0.24
mRS score 21408 24409 1.00 0.33
MMSE score 276435 275428 0.47 0.64
SDS score 269:+56 271473 042 0.68
HAM-D score 31427 23+30 0.46 0.65
Controls n=19 n=18

Age (years) 69.148.0 65.8 + 8.1 5.22 <001
Female sex (n, %) 10 (55.5) 10 (55.5) 0.03 0.86
MMSE score 292412 292+08 0.10 0.92
SDS score 221418 262+ 18 164 01
HAM-D score 04+06 1.8+21 1.61 012

t-test), the correlational results were unchanged (r= —0.61, p=0.01
for the SDS; r=—0.58, p=0.02 for the HAM-D).

With multiple regression analysis evaluating whether the
increased ratio of FA values was related to the change in the SDS
and HAM-D depression scores at 6-month follow-up, the ratio of
FA values was negatively related to both the changes in the SDS
scores (beta=-—0.44, p=0.03) and the HAM-D scores (beta=
—0.46, p=0.04).

4. Discussion

Our findings showed that stroke patients had lower FA in the
bilateral anterior limbs of the internal capsule relative to healthy
control subjects. Six months after onset, a significant increase in FA
was noted, and it was associated with a reduction in depression
scale scores. The association of the increase in FA and the
reduction in depression scale scores remained significant when
we considered the influence of the volume of infarcts and lesion
location and the severity of neurological symptoms as a covariate
in the partial correlation analysis.

The reduced FA level of patients was associated with decreased
axial diffusivity. Axonal damage leads to a marked decrease in
axial diffusivity, while demyelination leads to an increase in radial
diffusivity (Song et al, 2005). Therefore, our finding was not a

result of demyelination but rather of gross reduction in axonal
number andfor size, possibly reflecting Wallerian degeneration
secondary to neuronal loss due to stroke (Thomalla ef al, 2004).
From an anatomical perspective, the anterior limb of the internal
capsule represents the intercept point in the course of the frontal-
subcortical circuits (Axer and Keyserlingk, 2000), and it has extensive
connectivity with the cortical and subcortical areas. Its reduced FA
may reflect the conjunctive focus of degeneration due to stroke in
spatially different sites of cortical and subcortical areas.

The frontal-striatal-thalamic-cortical circuits play an important
role in behavioral regulation (Duran et al., 2009), and microstructural
change in the anterior [imb of the internal capsule was shown to be
related to the severity of depressive symptoms in adults with Major
Depressive Disorder (MDD) using MRI (Zou et al., 2008). Degenera-
tion in this region may relate to a loss of white matter integrity of
these neural circuits (Budde et al,, 2007), and this abnormality might
trigger the onset of negative mood change. Our finding of a
significant negative correlation between the increased ratio of FA
values and the change in the depression scale scores 6 months after
the stroke might reflect the association between axonal damage of
the internal capsule and the negative mood change in stroke
patients, and it indicated that recovery from microstructural abnorm-
alities decreased the vulnerability to post-stroke depression, as
predicted by elevated depression scale scores.

Our study has some limitations. First, the sample size was not large
enough to elucidate the moderate size of difference between groups,
and further study with increased numbers of subjects is necessary to
draw any definitive conclusions. Second, the stroke patients had
predominantly suffered a modest ischemic insult. The extent to which
our findings are related to the severity of the ischemic insult was
uncertain. Third, patients with significant comprehension deficits were
excluded because clinical verbal interviews could not be conducted.
Finally, we were not able to control precisely for important variables
such as social support, pre-morbid personality, and concurrent and
past medication histories. Further analysis, inclusive of consideration
of these points, is needed to confirm our present findings.

In conclusion, the present study suggests that FA reduction in
the bilateral anterior limbs of the internal capsule is evident in
stroke patients. This regional axonal damage should be related to
abnormality of neuroanatomical pathways in frontal-subcortical
circuits, recent studies of which have highlighted the specific
relevance in the pathophysiology of depression due to stroke
(Terroni et al, 2011; Paradiso et al, 2013), and it may increase



