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Abstract

Purpose: Diffusion MRI offers insight into ischemic stroke progression in both human and
rodent models. However, diffusion MRI to evaluate therapeutic application of mesenchymal stem
cells is limited. Robust analytical techniques are required to identify potential physiological
changes as a function of cell therapy in stroke. Here, we seek to establish Neurite Orientation
Dispersion and Density Imaging (NODDI) as a feasible method in evaluating stroke evolution in
response to cell-based therapeutics.

Methods: Diffusion MRI data at 21.1T were acquired from 16 male rats. Rats were grouped
randomly: naive (baseline, N = 5), stroke with injections of phosphate buffered saline (N = 6),
stroke with injection of 2D human mesenchymal stem cells (nMSC, N = 5). Data were acquired on
days 1, 3, 7, and 21 post-surgery. DTI and NODDI maps were generated, with regions of interest
placed in the ischemic hemisphere external capsule and striatum. Diffusion parameters were
compared between groups each day, and within groups across hemispheres and longitudinally.
Behavioral characterizations were on days 0 (pre-surgery), 3, 7, 14, and 21.

Results: The 2D hMSC preserved diffusional restriction in the external capsule compared to
saline (day 1: MD, P=.4060; AD, P=.0220). NODDI indicates that h(MSC may have preserved
intracellular volume fractions (ICVF: day 1, A= .0086; day 3, P=.0021; day 21, P=.0383).
Diffusion metrics of hMSC treated animals were comparable to naive for the external capsule.

Conclusions: NODDI compliments DTI metrics, enhances interpretation of tissue outcome
in ischemic stroke following hMSC application, and may be useful in evaluating or predicting
therapeutic response.

Correspondence: Samuel C. Grant, National High Magnetic Field Laboratory, Florida State University, 1800 E Paul Dirac Dr,
Tallahassee, FL 32310, USA. grant@magnet.fsu.edu.
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1| INTRODUCTION

Diffusion weighted imaging (DWI) is a popular method to measure sensitive biomarkers

in biological tissue microstructure and infarction in stroke pathology.! For quantification

of these biomarkers, behavior of water molecules is typically modeled by a Gaussian
function to yield the diffusion tensor. Diffusion tensor imaging (DTI) provides directionally
dependent quantifications of mean diffusivity (MD) and fractional anisotropy (FA)2
associated with hindered diffusion under the assumption of a Gaussian fit, whereas restricted
diffusion may be modeled differently.3 Although DTI provides meaningful metrics, the
basic imaging protocols are conducted with low b values (0-1500 s/mm?2), and cannot

probe microstructures that induce a non-Gaussian water displacement impacted by restricted
environments.*> FA shows changes in relative water diffusion directionality but cannot
elucidate the primary reasons for such alterations, which may be attributable to distribution,
density and orientation of neurites, among other microstructures.®

To quantify more specific biomarkers, Neurite Orientation Dispersion and Density Imaging
(NODDI)’ has become a popular extension of DTI. NODDI uses a normalized diffusion
signal described by intracellular, extracellular and CSF structural compartments. NODDI
models spherical and cylindrical (ball and stick) geometric functions to identify hindered
(extra-neurite) and restricted (glial and axonal projections) diffusion’ as well as their
orientations. These measures have been validated with histology,® and the model has been
applied to various pathologies.®10 Incidence of stroke results in diffusivity inhomogeneities
due to ischemic hyperintensity,11:12 which makes DWI an important method in stroke
evaluation. NODDI expands on DWI measurements in ischemia, as NODDI indices

may compliment FA measurements, highlighting anisotropic changes in neural structures
potentially being caused by changes in neurite density or orientation dispersion,3 and may
even be a predictor of outcomes after stroke incidence.141> Additionally, the intracellular
volume fraction (ICVF) attained from NODDI may provide a marker for cellular swelling in
the context of stroke.

Human mesenchymal stem cells (hMSC) provide therapeutic benefit following neurological
damage and have been shown to be a viable approach for mitigating acute and chronic
injury following ischemic stroke.1® Specifically, hMSC have been observed to differentiate
into neural and glial proliferates,1’18 induce angiogenesis, 120 cause elevated levels of
vascular endothelial growth factor (VEGF), as well as correlate with improved functional
and neurological behavior?1-23 in rodent models. Although stem cells are popular in

these therapeutic studies, the MR focus of these studies has yet to be tested with higher-
order diffusion modeling. Indeed, DTI metric assessments do describe recovery after stem
cell intervention in ischemia and their impacts on preventing or mediating reductions in
diffusivty?4 and directionality?> compared to controls, but do not sufficiently characterize
or estimate structural and morphological changes that are more specific to microstructure.
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As such, this study applies therapeutic hMSC to a rodent stroke model and assesses their
efficacy in white and gray matter by comparison of DTI and NODDI metrics for the first
time. We hypothesize that NODDI will be able to explain physiological changes quantified
by DTI via means of intracellular swelling and orientation disruptions in the context of a cell
based therapeutic.

2| METHODS
2.1| Cell model

Adhering to the NIH Guidelines for Human Stem Cell Research,26 only adult hMSC

were used in this study, as provided by the Tulane Center for Stem Cell Research and
Regenerative Medicine. Cells were expanded on tissue culture plates (TCPs) with modified
Eagle’s medium (a-MEM) (Invitrogen, Grand Island, NY) supplemented with 10% fetal
bovine serum (FBS) (Atlanta Biologicals, Lawerenceville, GA) and maintained in an
incubator with 95% air (with 20% O,) 5.0% CO, at 37.0°C. The cells in this work are
often referred to as 2D hMSC to reflect the two-dimensional culture conditions of the TCP
on which cells were expanded.

After in vitro assessment was finished, hMSC were prepared for /n vivo transplantation. 2D
hMSC were cultured to P5, and then labeled with 7.47-ug Fe/mL of micron-sized particles
of iron oxide (MPIOQ) for 12-h prior to /n vivo transplantation, as in previous studies.27-29
Immediately prior to injection, the labeled hMSC were washed and suspended in 50-puL
phosphate buffered saline (PBS).

2.2| Animal model

All work has been conducted in accordance with the FSU Institutional Animal Care and Use
Committee. All animal experiments comply with the US National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978)

as approved and performed. Surgical procedures followed previous method.28 All animal
experiments were conducted in compliance with the Institutional Animal Care and Use
Committee at Florida State University and carried out in accordance with the US NIH Guide
for the Care and Use of Laboratory Animals (NIH Publications, No. 8023, 1978 revision).
Transient middle cerebral arterial occlusion (MCAQ) was performed on male Sprague
Dawley rats (~200-240 g; Envigo, Indianapolis, IN) for 1 h.3%:31 To occlude the middle
cerebral artery (MCA) effectively, a filament (Doccol Corp., Sharon, MA) was placed into
the external carotid artery and guided 1.9 cm through the left internal carotid artery (ICA)
toward the MCA. Using the same ICA, rats received an intra-arterial (1A) injection of 1
million hMSC (N = 5) suspended in 50-uL PBS, or control injections of 50-uL PBS (N =

6) immediately after filament removal. Prior to and during surgical procedures, rats were
anesthetized with 5% isoflurane in 100% O, and maintained between 1% and 3% isoflurane
until completion of the operation. For all animals, bupivacaine was administered as a
pre-operative analgesic, and buprenorphine was administered as a post-operative analgesic
followed by PBS for rehydration. Post-surgical recovery was conducted in an incubation
chamber before finally returning to home cages. Additional buprenorphine and PBS were
administered daily following surgery on a case-by-case basis determined by weight loss.
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2.3 | Invivo MR techniques

All jn vivo imaging was conducted with the 21.1T ultra-widebore magnet at the National
High Magnetic Field Laboratory32 in Tallahassee, FL. Rats were anesthetized with 5%
isoflurane, and subsequently loaded into a linear 1H/23Na birdcage coil tuned to 900

MHz for proton scanning, and maintained between 1% and 3% isoflurane. The imaging
system has a Bruker Avance Il accompanied by ParaVision 6.0.1 (Resonance Research, Inc,
Billerica, MA) and respiratory triggering (Model 1025MR, Small Animal Instruments, Inc.,
NY). All imaging was conducted on days 1, 3, 7 and 21 post-MCAO/injection.

Localizer images were acquired with a 1H fast spin echo (FSE) sequence for initial
visualization of the brain in the axial, sagittal and coronal planes. Confirmation of hMSC
injection was assessed visually with fast low-angle shot (FLASH) sequence, echo time/
repetition time (TE/TR) = 4/1000 ms, resolution = 50 x 50 x 1000 pm, 31 slices and scan
time of 10 min.

The diffusion protocol of this study used a four-segment echo planar imaging (EPI)
sequence with 4 shells b = (0, 1000, 2000, 3000 s/mm?), 20 directions applied to the

1000- and 2000-s/mm? shells, and 30 directions applied to the 3000-s/mm? shell. Four
averages were used per image to overcome decreased signal at higher b values with TE/TR
= 23.5/4000 ms, resolution = 200 x 200 x 1000 pm, 31 slices and scan time of 78 min plus
respiratory trigger. Saturation bands were included to nullify signal outside of the brain.

2.4| MR data analysis

DTI maps were processed using all b values with DiPy33 to attain mean, axial, and radial
diffusivities (MD, AD, RD, respectively) and FA. All b values were used as this approach
reduced variability compared to single-shell analysis and did not influence longitudinal
trends. NODDI processing was conducted in MATLAB using the code provided by the
original authors’ to analyze ICVF and orientation dispersion index (ODI). The isotropic
volume fraction (Vjg,) from NODDI modeling, probing the CSF compartment, also was
calculated and is presented in Supporting Information Figure S1, which is available online.
It should be noted that Vg, is reported to have low reproducibility compared to ICVF

and ODI in high-field MRI studies of the rat brain with limited sample sizes.3* Resultant
maps from day 1-21 were segmented in AMIRA 3D (Thermo Fisher Scientific, Waltham,
MA), with external capsule and striatum region of interest (ROI) manually drawn to address
longitudinal and group differences. A radiological reader, different from the individual
performing behavioral characterization, drew ROI on non-diffusion-weighted images that
were superimposed on diffusion metric maps. Anatomical segmentation was performed in
reference to a Sprague Dawley rat brain atlas.3°

2.5| Behavioral tests

Behavior tests were conducted on days 0 (baseline), 3, 7, 14, and 21. Asymmetric,
locomotor, and anxiety behavioral assessment were performed. The elevated plus maze
(EPM) was used for locomotion and anxiety. The EPM consisted of a central area (8.5 x
8.5 cm) connected to two open arms (50 x 8.5 cm) and two closed arms (50 x 8.5 cm)
placed in a plus-shape structure and elevated 50 cm above the floor. Animals were placed
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in the central area of the maze and were recorded by video-tracking camera during a 5-min
session. Locomotion was assessed by total distance traveled in the EPM during the session,
and anxiety was tested by total amount of time in open versus closed arms, as well as total

entries into open versus closed arms.

For asymmetry, the cylinder test®6:37 was used to indicate forelimb preference. Rodents were
placed into a vertical cylinder for 10-min, and total forepaw touches against the cylinder
wall were recorded with a camera. Scores were calculated as follows:

1
I+C+B T+C+B

Limb Use Asymmetry Score = (1)
where /is total ipsilateral forelimb use, Cis contralateral forelimb use, and Bis use of both
forepaws. A score that deviates from zero signifies forelimb preference. Total limb use (/+
C+ B) was calculated as a measure of activity.

To assess weakness post-MCAO, animals underwent a forelimb strength test on their
impaired forelimbs. Tests were conducted by holding the rats in a firm but gently vertical
position to restrict movement, and gently pushing their forelimb approximately 45 degrees
outward. They then were given scores between 0 and 3, with 0 indicating normal strength
and resistance during the push, and 3 indicating essentially no strength or resistance
whatsoever. All testing was performed by a qualified individual blinded to the groups.

2.6 | Statistical analysis

Statistical analysis was conducted with JMP 14 software for Windows (SAS Institute, Cary,
NC). A mixed model for repeated measures (P < .05) was used to test differences between
groups between days and longitudinal changes within groups by means of a Tukey’s post-
hoc test (P < .05). Pearson’s correlation coefficients were calculated between MRI and
behavioral measures within each matching time point of data collection to determine if
correlations or unique trends existed between diffusional values and functional outcomes.

3| RESULTS

In contrast to rats that received PBS (Figure 1A), rats that received 2D hMSC (Figure 1B)
display black voids in the ischemic hemisphere resulting from contrast of MP10-labeled
hMSC. Previous work has shown that labeled hMSC target the ischemic lesion but are
retained only for a limited number of days, with over 50% reduction in hMSC-related
contrast by day 7 post-injection and MCAO.27 After determination of successful 1A delivery
of hMSC, regional comparisons of DTI and NODDI metrics were made. It should be

noted that the presence of MPIO contrast in brain tissue at the early time points for

the hMSC group might be considered to influence diffusion signals. However, for spin-
echo acquisitions at 21.1T, recent studies have demonstrated that the presence of MP10O-
labeled cells has minimal impact on the absolute diffusion coefficient.38:3% Furthermore, the
presence of MPIO contrast significantly decreases within the first 3 days, reaching a greater
than 65% reduction by day 7.2 Only animals with visually confirmed hMSC injections were
included in the 2D hMSC group for the full study.
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3.1 | Diffusion metrics in the external capsule and striatum

3.1.1| Ipsilateral external capsule—MCAQO PBS-injected controls had significantly
lower MD and AD (Figure 2A,B) on day 1 relative to naive (P=.0106) and 2D hMSC
(P=.0406) cohorts. On day 3, PBS group diffusivities were still significantly lower than
the hMSC group (P = .0015) but were close to naive. Both axial and radial diffusivities
followed similar trends for each group longitudinally, highlighted by similar FA (Figure 2C)
values between cell and control treatment animals. Conversely, cell swelling (ICVF, Figure
3A) is only elevated following the ischemic event after PBS was injected. PBS ICVF was
significantly higher than naive at day 1 (P=.0125), and significantly higher than the hMSC
group on days 1 (P=.0086), 3 (P=.0021) and 21 (P=.0383). ODI (Figure 3B) in the
external capsule remains unchanged following hMSC treatment but is slightly elevated after
PBS injection. This elevation is significant on day 21 (P = .0421). Contralateral data did not
deviate from naive across any metrics. Severity within ischemic hemispheres was evaluated
by ipsilateral-to-contralateral comparisons. In the external capsule, PBS-injected animals
displayed significant hemispheric differences on day 1 (MD, P=.0240; AD, P=.0461; RD,
P=.0226). hMSC-treated animals had significant differences on days 1 (RD, P=.0497; FA,
P=.0265) and 3 (AD, P=.018; ICVF, P=.0265).

3.1.2| Ipsilateral striatum—For PBS and hMSC injections, DTI metrics (Figure 2) had
nearly identical trends and values over the entire time course, although cell-treated animals
did (on average) reach naive diffusivity levels quicker than PBS-injected. Likewise, trends
in ICVF (Figure 3A) and ODI (Figure 3B) recovery also were similar between groups: an
increase at the initial time point compared to naive followed by a gradual decrease. It should
be noted that the hMSC group ICVF was closest to naive levels at each time point, and only
the PBS-injected group was significantly higher than naive on days 1 (P=.0041) and 3 (P
=.0156). Each groups’ ODI were elevated significantly over naive, but only hMSC-treated
animals recovered to normal levels by day 21 (P=.0294).

Striatal contralateral data were not statistically different from naive. Comparing ipsilateral
and contralateral striatum, the PBS group had significant differences on day 1 (MD, P=
.0010; AD, P=.0001; RD, P=.0060; ICVF, P=.0275; ODI, P=.0001), day 3 (MD, P
=.0083; AD, P=.0002; FA, P=.0003; ICVF, P=.0211; ODI, P=.0001), day 7 (ODI, P
=.0021) and day 21 (AD, P=.0226). Hemispheric differences after hMSC treatment were
on day 1 (MD, P=.0001; AD, £P=.0014; RD, £=.0004; ICVF, P=.0001; ODI, P=
.0288), day 3 (AD, P=.0377; FA, P=.0127; ODI, P=.0022), and day 7 (ODI, P=.0428).
Inhomogeneities within the ischemic lesion that typically dominate the striatal region are
seen in Figure 4. These inhomogeneities appear to be most prominent in the FA, ICVF, and
ODI metrics and are relatively distinct from one another. They also may appear regardless of
treatment group.

3.2| Behavior

3.2.1| Elevated plus maze—*For the EPM (Figure 5), rats were tracked for number
of entries into closed or open arms, time spent in closed or open arms, and total distance
traveled within 5 min. On average, rats treated with hMSC spent more time in open arms of
the EPM relative to their baseline measures. This metric (Figure 5B,C) reached significance
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on day 3 between groups (£ =.0360) and longitudinally within the hMSC group compared
to other time points (day 1-3 P=.0028; day 3-7 £=.0190; day 3-14 P£=0.0155; day 3-21
P=.0029). No trends or significance were found concerning the open or closed arm entries,
either between groups or longitudinally. Relative to baseline distance traveled, the hMSC
group traveled a greater distance on average in the EPM compared to the PBS group, but not
significantly (Figure 5D).

3.2.2| Cylinder test—The cylinder test (Figure 6) was used to assess limb preference
asymmetry and overall activity by assessing the total number of wall touches in the cylinder
by individual rats over ten minutes. By day 21, asymmetry is lowest on average for hMSC-
treated animals, although with large SDs that are apparent across all time points for all
groups. In contrast, the total number of wall touches relative to baseline is less variable:
hMSC-treated animals had an on average a higher number of wall touches at each time point
post-MCAO compared to PBS and a significant number of touches as a marker of activity on
day 14 (P=.0137).

3.2.3| Forelimb strength—Forelimb strength (Figure 7) was impaired severely in the
PBS-injected animals. On day 3, forelimb weakness in the PBS group was significantly
higher than the hMSC-treated group (P = .0152). By day 7, both groups had similar
weakness scores, with hMSC-treated animals having a lower score on average. Only the
PBS group recorded weakness scores at each time point post-MCAQO significantly higher
than baseline. The hMSC group never significantly deviated from baseline.

3.2.4| Correlations between MR and behavior—Pearson’s coefficients were
calculated to determine potential correlations between MR metrics of diffusion and
behavioral outcomes on days with overlapping data. Although animal numbers are low
for behavioral characterization given their dual use for MRI scans, the most interesting
correlations are shown longitudinally for diffusional metrics with differences between the
treatment groups in Supporting Information Figures S2 and S3.

4| DISCUSSION

41| 2D hMSC have a dramatic effect on white matter integrity

As there is more statistical significance between groups in the external capsule for each
metric, it appears that 2D hMSC effectively reduce the restrictive effects of ischemic attack
compared to PBS controls in both axial and radial directions for the entire time course.
Considering NODDI data, this protective impact seems largely due to the preservation

of intracellular volumes and neurite orientations following hMSC administration. In sharp
contrast, PBS-injected animals suffered from extreme restrictions due to white matter cell
swelling (via ICVF), with minor disruptions in orientation dispersion. Clear cell swelling
and orientational differences are still evident when comparing groups with NODDI at day
21. The combination of altered DTI with NODDI metrics seems to be evident for white
matter restrictions initially, but NODDI alterations also may describe neurite changes up
to day 21 unresolved by DTI (Figure 3). These trends could imply that (1) moderate cell
swelling and disruption of orientation could be permanent or chronic to some degree in
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non-hMSC-treated animals and (2) late-term elevated ICVF and ODI (when evident) may
be more sensitive and decoupled from DTI metrics that are weighted toward extracellular
restriction.

As most metrics at least return close to naive white matter levels at baseline, it appears all
diffusion metrics recover in some capacity over 21 days. Acute application of hMSC may
streamline recovery by reducing the overall effects of initial ischemia, returning diffusional
metrics to baseline more rapidly. Trends for directional diffusivities indicate both the axial
and radial directions in the external capsule are equally affected under ischemic insult and
with hMSC treatment, ie, hMSC mediated impacts or untreated ischemic evolution although
different are not directionally dependent in this white matter structure. Longitudinally and
between groups, contralateral tissue had no significant differences across metrics. Ipsilateral-
to-contralateral comparisons show more instances of relative hemispheric DTI changes

after PBS injection on day 1, with limited hemispheric changes after hMSC treatment.
Although the PBS group had significantly higher ICVF on each day, the lack of hemispheric
differences may be due to ipsilateral standard deviations. Localization of the ischemic lesion
and hMSC distribution within the lesion are likely the cause of isolated effects within
ipsilateral tissue as opposed to contralateral.

MRI studies that use cell therapies in the ischemic stroke model are largely limited to

DTI metrics. Previously, a murine study found that neural stem cell extracellular vesicle
application did not show differences in FA between treated versus control groups, likely
due to the minimal white matter content in rodents.*° In contrast, adipose-derived MSC
applied intravenously in a rat model of ischemic stroke in a separate study showed elevated
axial diffusivity in subcortical white matter at 28 d post-ischemic insult.2 The results of
Figure 2 display a much earlier difference in the external capsule AD and MD on days

1 and 3 between groups, with the hMSC group not significantly different from naive.
Differences in the time course of these changes from the work of Otero-Ortega et al?4

may result from differences in the ischemic models, injection routes, treatment times post-
ischemia, types of MSC, or a combination of the above. In a porcine model, significant
differences in white matter FA have been observed between treatment and non-treatment
groups long-term when using neural stem cell-derived extracellular vesicles?® and induced
pluripotent stem cell-derived neural stem cells,*! which has been extended to rodent models
for which FA alterations correlated with myelination immunohistochemistry.#2 Indeed, FA in
the current study was on average higher in hMSC-treated animals by day 21 (although not
significantly), which also has been observed in ischemic mice treated with MSC-derived
exosomes*3 by day 14. Morphological differences in rat brain tissue after stroke has

been reported previously using NODDI metrics, which were correlated to histology that
confirmed neuronal swelling, bending and distortions in the short-term,*4 although not
with stem cell application. A suspected reason for this swelling could be inflammatory

and glial infiltration into the extra-neurite space,1* and MSC application has been reported
to attenuate this type of inflammatory response.*® Although trends are apparent and Vg,
(Supporting Information Figure S1) has been suggested as a means of quantifying potential
inflammatory activity, variability is too high to achieve statistical significance for this
biomarker, which has been questioned previously in NODDI rodent studies with respect
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to the reproducibility of Vis,.3# Based on previous and current evidence, stem cell treatments
here resulted in positive white matter recovery or preservation of diffusivities.

To date, NODDI has not been as thoroughly applied to the study of ischemic stroke.
However, NODDI has been shown previously to offer increased sensitivity compared to DTI
in humans after ischemic stroke,*8 particularly with respect to white matter microstructure.13
Even though white matter abnormalities and recovery are more obvious, characterization of
the lesion itself with higher-order diffusion models may probe a fuller extent of resulting
damage.#’ In this study, ICVF and ODI support and enhance the interpretation of standard
DTI data, adding sensitive metrics to white matter swelling and recovery resulting from
stem cell therapy. Based on the literature, these metrics also may provide biometrics for
inflammatory response that are altered by hMSC. This approach constitutes the first time
NODDI metrics have been used to evaluate the efficacy of such a stroke treatment.

4.2 Stem cells have a moderate effect on gray matter

In contrast to the external capsule, the striatum was impacted in all groups. On average,

the directional diffusivities of hMSC-treated animals were less drastically affected. There
was no significance between groups for DTI metrics, but hMSC-treated animals did appear
to reach naive levels faster (by day 3) than PBS. ICVF indicated that cell swelling was
typically lower following hMSC application, but the variance in ICVF in the PBS control
group was large enough to undercut significance with treatment. Although ischemic attack
drastically increases orientation dispersion of the neurite model,*6 hMSC effectively return
ODI to naive levels by day 21, whereas PBS does not, which may be the result of
inflammatory response altered by the potential glial and remodeling mechanisms mentioned
previously.*248 As was the case with the external capsule, DTI metrics recover by day

21 in a similar fashion, but ICVF and ODI maintain differences between groups in some
capacity throughout the time course, reflecting potentially altered recovery mechanisms

as a result of hMSC therapy that are made evident by NODDI. Striatal hemispheric
differences are extensive for both groups, with PBS injections displaying more metric and
longitudinal differences and variance. Striatal brain tissue retains more similarity to the
non-ischemic hemisphere with respect to restriction and structural integrity after h(MSC
treatment, supporting the protective effects of hMSC in gray matter over the more variable
findings with PBS injection.

Striatal results are in sharp contrast to the external capsule and display the differential
recovery mechanisms between white and gray matter in a therapeutic context. It is clear

that hMSC prevent increased restriction, ICVF-delineated cell swelling and orientation
alterations compared to control treatment in white matter, while gray matter shows some
similar trends, on average a lower response to ischemic attack after hMSC application,

but without distinct preservation of neurite cell volume fraction or orientation. For both

gray and white matter, it seems that all metrics can describe physiological manifestations
adequately within the first 3 days and provide supportive context. As structural differences
and abnormalities beyond this timeframe are only identified by NODDI metrics in both
tissue types, the use of the multiple diffusion metrics assessed here provides a clearer picture
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of therapeutic response after ischemic stroke while highlighting the specific usefulness of
certain diffusion metrics on a temporal basis.

Last, as an important area of ischemic stroke imaging is identification of lesion extent and
severity, hyperintense regions at the lesion periphery or penumbra may be beneficial in
prognosis and treatment assessment in a clinical context. Differential lesion heterogeneity as
displayed by maps of both DTI and NODDI metrics (Figure 4) may represent pathological
issues or therapeutic impacts. Heterogeneity is also observed on representative biomarker
maps (Figures 3 and 4) with respect to the ipsilateral interface of the striatal and external
capsule, potentially even more generally at the gray and white matter boundary. Although
the exact mechanisms underlying specific heterogeneity may not be fully understood,
identification of heterogeneity still may provide greater context to regional physiological
impacts of pathology or treatment that may prove therapeutically relevant. Some animals
in this study had clear indications of regional abnormalities that were identified by some
diffusion metrics but unremarkable with others. These heterogeneities were not unique to
individual animals or groups.

4.3 | Behavior assessments support MR findings

In a similar fashion to DTI and NODDI assessments, activity in the EPM shows major
differences between groups, supporting significant diffusion findings on day 3. As this is
most prominent for the time spent in the open arm of the EPM, exploratory behavior 3 days
post-MCAO may be indicative of early physiological recovery identified by MR findings.
In line with EPM, the forelimb strength of both groups displays a similar pattern on day

3, with PBS-injected animals displaying drastically weaker forelimb strength. As forelimb
strength is similar between groups after day 3, the weakness in forelimb strength of the PBS
group may explain partially why these animals are less exploratory than the hMSC group. In
support of this finding, functional and behavioral recovery within 3 days has been reported
in mice*? and rats®° following MSC or MSC-derived treatment. Additionally, 2D hMSC-
treated animals appear to be more active than controls when quantifying the number of
forepaw touches against the wall of the cylinder on day 14. Although the EPM and cylinder
test show significance at different time points, there is a clear pattern of elevated physical
activity following hMSC application out to at least 2 wk post-MCAQO. Comparable to
cylinder test wall touches here, behavior changes using the cylinder test have been observed
following early phase MSC treatment of ischemic stroke in rats with high significance
around day 14,51 as have motor ability assessments in a similar context.>2 Neurological and
functional severity scores also have been reported to be improved significantly following
stem cell application compared to controls approximately 2 wk following application.>3:4
As such, DTl and NODDI data suggest that hMSC-mediated behavioral deviations may be
matched or predicted in ischemic stroke by higher order diffusion imaging techniques and
models.

DTI metrics and behavioral outcome correlations display progressively positive correlations
for hMSC treatment, reaching the highest positive correlations (aside from FA) at day

21 in contrast to highly negative day 21 correlations for PBS (Supporting Information
Figure S2). For NODDI-behavior correlations (Supporting Information Figure S3), ICVF
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had weak correlations on each day assessed in the external capsule, with stronger albeit
negative correlations for PBS in the striatum. These correlations potentially reflect impacts
of striatal swelling on day 21 behavior. External capsule ODI correlations with behavior
were positive and highly so (r > 0.5) for hMSC treatment on days 3 and 21 but negative for
PBS correlations (r < —0.5) on days 3 and 7. Striatal ODI correlations progressively become
more negative for the PBS group. It is plausible that the typically positive correlations
between diffusion biomarkers and behavioral results observed for the hMSC group may
further support stem cell induced recovery as it relates to functional outcome.

4.4 | Limitations

Although efforts have been made to reduce overall study limitations be means of the
experimental design, certain limitations persist. There are immense disparities in MR
study designs in the literature. As ischemic stroke research is widespread, the degrees of
freedom between studies can be enormous with respect to animal model, ischemic injury,
and administration route of cell therapy, as well as the kind of cells and timing of their
application. Because of these variations, direct comparisons can be difficult to make. In the
current study, 2D cultured bone-marrow-derived hMSC were applied intra-arterially acutely
and immediately following the release of transient middle cerebral occlusion. As a result,
these studies may represent a best-case scenario for the application of cell therapy in the
treatment of stroke, which may be difficult to replicate in a clinical setting. Future studies
can and will evaluate other time courses of stem cell delivery that more closely resemble
clinical conditions.

Future efforts also will seek to evaluate diffusion kurtosis®® to further enhance treatment
interpretations and recovery of ischemic stroke. As kurtosis (curvature of the path of
diffusion) could support additional factors present in the extracellular space, such as debris
from necrosis, demyelination,®8 astrocytic scarring,>’ and neurite beading,®® it may be a
worthwhile pursuit. Histology also may be desirable to identify specific cellular responses,
neurogenesis, and recovery mechanisms.

5| CONCLUSIONS

This study has evaluated the effectiveness of 2D hMSC in the treatment of ischemic stroke
by using diffusional metrics in the form of DTI and NODDI, and the novelty of NODDI

in evaluating cellular therapeutics is established. This study is the first work to judge

the efficacy of a cell therapy in an ischemic stroke model using NODDI. In particular,
ICVF reflects enhanced therapeutic efficacy and lesion heterogeneity, potentially extending
the scope of interpretation beyond the prognostic value of DTI. NODDI strengthens the
understanding of white matter in the ischemic stroke model under the influence of cell
therapy, predominantly with the ICVF as a quantitative marker of cell swelling. To a

lesser extent, gray matter recovery is further enhanced. Furthermore, NODDI improves
interpretation of DTI results and gives context to the evolution of extracellular restriction in
both regions. Behavioral analysis of exploratory behavior, forelimb activity and forelimb
weakness support these MR findings, with consistency in significant behavioral time
points that mirror DTI and NODDI significance between groups. In addition to diagnostic
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interpretation, the potential of these techniques to expand clinical applications of NODDI to
interpret post-stroke treatments should be evaluated further.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
FLASH images of /n vivorat brains following PBS (A) or 2D hMSC (B) administration.

Anatomical references are provided for dorsal (D), ventral (V), left (L), and right (R)
orientations, with the left anatomical hemisphere corresponding to the ipsilateral (ischemic)
side and showing decoration by MP1O-labeled 2D hMSC injected intra-arterially
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FIGURE 2.
MD(A), AD(B), RD (C), and FA (D) for PBS and 2D hMSC-treated animals in the

external capsule (left) and striatum (right) column. E, Sample T,W images of ROl drawn

in ipsilateral external capsule (dark blue) and striatum (yellow), as well as contralateral
external capsule (light blue), striatum (green). Data displayed as means and standard
deviations across all specimens in each group. * = sig diff between treatment groups, + = sig
diff between treatment group & naive, #, ¥, and @ = sig diff between data on labeled time
point and day 3, 7, and 21, respectively. T = sig diff between ipsilateral and contralateral
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hemispheres. < .05. DTI metric maps (center) correspond to day 1 of a representative rat
that received 2D hMSC treatment after MCAO. E, T,W images represent this same rat at
each time point
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Visual differences observed between DT and NODDI metrics. Images shown from sample

PBS and 2D hMSC-injected rats on day 1. Red arrows indicate inhomogeneous regions
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matter
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to baseline measures. Data displayed as means and standard deviations across all specimens
in each group. * = sig diff between treatment groups, + = sig diff between treatment group &
naive, #, ¥, A, and @ = sig diff between data on labeled time point and day 3, 7, 14, and 21,

respectively. P< .05
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Cylinder test results: Raw asymmetry scores over time (A) and number of wall touches
normalized to baseline (B). Data displayed as means and standard deviations across all
specimens in each group. * = sig diff between treatment groups, + = sig diff between
treatment group and naive, #, ¥, A, and @ = sig diff between data on labeled time point and
day 3, 7, 14, and 21, respectively. P< .05
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FIGURE 7.
Impaired forelimb weakness scores, normalized to baseline (day 0). Data displayed as means

and standard deviations across all specimens in each group. * = sig diff between treatment
groups, + = sig diff between treatment group & naive, #, ¥, A, and @ = sig diff between data
on labeled time point and day 3, 7, 14, and 21, respectively. £<.05
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