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Abstract

Cortical injury elicits long-term cytotoxic and cytoprotective mechanisms within the brain and the
balance of these pathways can determine the functional outcome for the individual. Cytotoxicity is
exacerbated by production of reactive oxygen species, accumulation of iron, and peroxidation of
cell membranes and myelin. There are currently no neurorestorative treatments to aid in balancing
the cytotoxic and cytoprotective mechanisms following cortical injury. Cell based therapies are an
emerging treatment that may function in immunomodul ation, reduction of secondary damage, and
reorganization of surviving structures. We previously evaluated human umbilical tissue-derived
cells (hUTC) in our non-human primate model of cortical injury restricted to the hand area of
primary motor cortex. Systemic hUTC treatment resulted in significantly greater recovery of fine
motor function compared to vehicle controls. Here we investigate the hypothesis that hUTC
treatment reduces oxidative damage and iron accumulation and increases the extent of the
microglial response to cortical injury. To test this, brain sections from these monkeys were
processed using immunohistochemistry to quantify oxidative damage (4-HNE) and activated
microglia (LN3), and Prussian Blue to quantify iron. hUTC treated subjects exhibited significantly
reduced oxidative damage in the sublesional white matter and iron accumulation in the perilesional
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area as well as a significant increase in the extent of activated microglia along white matter
pathways. Increased perilesional iron accumulation was associated with greater perilesional
oxidative damage and larger reconstructed lesion volume. These findings support the hypothesis
that systemic hUTC administered 24 hours after cortical damage decreases the cytotoxic response
while increasing the extent of microglial activation.
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1. INTRODUCTION

Cell based therapies are potential neurorestorative treatments for cortical injury that have
shown promising results in preclinical studies. While the mechanism of these therapies
remains unclear, rodent studies suggest that cell based therapies modulate post-injury
inflammation and reduce resulting secondary damage (Savitz et al., 2014). To further
explore cell therapies as a treatment for cortical injury, we previously assessed a cell based
therapy containing human umbilical tissue-derived cells (hUTC) in our non-human primate
model of cortical injury. We found that intravenous administration of hUTC, 24 hours after
cortical damage, significantly improved fine motor function and strength of the impaired
hand in the first two weeks of recovery as well as improved finger-thumb grasp over the 12-
week post operative assessment compared to vehicle treated controls (Moore et al., 2013).

Metabolic stress following cortical injury such as ischemic stroke leads to neuronal death,
accumulation of reactive oxygen species (ROS), disruption of iron homeostasis, and
recruitment of immune cells (Lipton, 1999). Excess ROS both intra- and extracellularly in
the area of ischemia leads to further necrosis via lipid peroxidation in the ischemic core and
apoptosis in neighboring neurons (Brouns and De Deyn, 2009). Lipid peroxidation is further
catalyzed by the presence of unbound iron (Gutteridge, 2006). Following ischemic injury,
iron homeostasis is disrupted resulting in an increase of total brain iron and leading to
further neuronal damage (Selim and Ratan, 2004). The Fenton reaction and Haber-Weiss
cycle perpetuate this disruption in iron homeostasis thus producing an increasing pool of
hydroxyl free radicals (Winterbourn, 1995). Hydroxyl free radicals initiate lipid peroxidation
and other oxidative damage in the area of ischemia (Bresgen and Eckl, 2015). At the same
time, microglia contribute to both the resolution of inflammation and perpetuation of
secondary damage following cortical injury (Kreutzberg, 1996). Studies assessing cell
therapy treatments similar to hUTC infusion have observed an immunomodulatory effect
(Calio et al., 2014; Fumagalli et al., 2015; Satani and Savitz, 2016). Specifically, cell therapy
is associated with a reduction in oxidative stress (Calio et al., 2014) and polarization of
microglia and macrophages to a protective phenotype leading to an improved functional
outcome (Fumagalli et al., 2015; Ohtaki et al., 2008). Therefore, we hypothesized that hUTC
infusion enhances the microglial response and reduces cytotoxic responses to cortical injury
by interrupting the cycle of ROS production and subsequent oxidative stress.
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In order to investigate this hypothesized effect of hUTC treatment, we processed brain tissue
sections from both hUTC and vehicle treated monkeys to assess the effect on inflammatory
processes and secondary damage that occurs after injury. Specifically, here we examined and
quantified markers of oxidative damage, iron, and activated microglia in brain tissue
harvested 14 weeks after injury in hUTC treated and vehicle treated monkeys evaluated for
recovery of function.

2. RESULTS
2.1 Effect of hUTC on Oxidative Damage

Following lipid peroxidation of cell membranes, both 4-hydroxynonenal (4-HNE) and
malondialdehyde (MDA) remain in the tissue as evidence of oxidative damage. The level of
lipid peroxidation was evaluated with 4-HNE immunohistochemistry. 4-HNE staining was
localized to the area of the lesion (Figure 1A). Regions of interest (ROI) for 4-HNE
densitometry included perilesional gray matter (PLG) and sublesional white matter (SLW).
PLG was external to the gray-white boundary and extended medially toward the cingulate
sulcus and laterally toward the circular sulcus. SLW extends from the gray-white boundary
to a line between the cingulate and circular sulci. Refer to Figure 9 and Section 4.4 for
details. Levels of 4-HNE staining were significantly lower in the sublesional white matter
with hUTC treatment (p=0.033; Figure 1B). However, levels of 4-HNE did not differ in the
perilesional gray matter between groups (p= 0.169). These results suggest that while both
groups had high levels of oxidative damage from the initial lesion, hUTC treated monkeys
had a lower accumulation of oxidative damage in the sublesional white matter compared to
vehicle controls.

2.2 Effect of hUTC on Iron Accumulation

On gross inspection of the brain, the composition of the lesion differed between groups in
that the lesion area of the vehicle monkeys was much darker in appearance than in the hUTC
treated monkeys as shown in Figure 2A-B. The Prussian Blue staining method was used to
evaluate this as Prussian Blue catalyzes blue pigment accumulation in areas of iron. While a
baseline amount of iron is expected in the brain, areas of aggregation represent pathological
iron accumulations such as hemosiderin. As shown in Figure 2C, Prussian Blue staining
differed between vehicle and hUTC treated subjects. To quantify this, we evaluated the total
volume stained with Prussian Blue in the perilesional area, the thresholded percent area
stained, and the optical density (intensity) of staining. The ROl was defined as the extent of
Prussian Blue staining adjacent the lesion to its medial and lateral boundaries and as deep
into the white matter as the dark blue staining extended. Refer to Figure 9 and Section 4.4
for details. As shown in Figure 2D, the total volume (mm3) of the lesion with Prussian Blue
staining was not significantly different (p = 0.416, Figure 2D). However, the percent area of
Prussian Blue staining above a consistent threshold was significantly lower in the lesion area
following hUTC treatment (p = 0.045; Figure 2E). Furthermore, the intensity of Prussian
Blue staining was significantly lower with hUTC treatment (p = 0.002; Figure 2F). These
results suggest that the amount and concentration of iron accumulated in the area of the
lesion was lower in hUTC treated monkeys compared to vehicle controls.
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2.3 Effect of hUTC on Density of Activated Microglia in Perilesional Gray and Sublesional
White Matter

Activated microglia were identified using immunohistochemistry and the LN3 antibody,
which is a marker for MHC-11. Accumulations of LN3 positive microglia were present in the
area of the lesion. The density of activated microglia in the perilesional gray matter and
sublesional white matter was estimated using unbiased stereology and the Cavalieri volume
estimation. Density (cellss/mm3) was used in order to control for the variance in total volume
of each ROI. ROIs were determined using the same boundaries as for 4-HNE densitometry.
Refer to Figure 9 and Section 4.4 for details. The total density of activated microglia
approached a significant increase in the perilesional gray matter (p=0.071) and the
sublesional white matter (p=0.093) (Figure 3) with hUTC treatment.

2.4 Effect of hUTC on Morphology of Activated Microglia in Perilesional Gray and
Sublesional White Matter

While MHC-I1 positive microglia imply a readiness to respond to antigen presentation, we
further assessed microglia by morphology to identify ramified, hypertrophic, or amoeboid
using previously published studies (Karperien et al., 2013; Shobin et al., 2017) as a guide.
Examples of these morphological criteria for our LN3 positive microglia are shown in
Figure 4. Ramified microglia included a small, well-defined cell body and thin processes
(Figure 4A) and were representative of a surveilling phenotype. Hypertrophic microglia
presented with either a small cell body and thick retracted processes or a large cell body with
thin processes (Figure 4B) and represent a transition state of de-ramifying or re-ramifying.
Amoeboid microglia had thick retracted processes or no processes extending from an
enlarged cell body (Figure 4C) and represent mobile, phagocytic cells.

All microglial morphologies (ramified, hypertrophic, and amoeboid) were present in lesion
area including both the perilesional gray and sublesional white matter. Stereological analysis
revealed a significant difference in the density (cells/mm3) of specific microglial
morphologies in the perilesional gray matter [F(; ¢) = 9.108, p= 0.004], but no significant
difference between groups [F(1 ) = 2.87, p= 0.141] or interaction with group differences
(Figure 4D). Similarly, there is a significant difference in density by morphology in
sublesional white matter [F(; 6)= 26.307, p= 0.0004], but no significant difference between
groups [F(1 6) = 2.24, p= 0.185] or interaction with group differences (Figure 4E). However,
hUTC treated monkeys had a consistently higher number of all morphologies in both the
perilesional gray matter and sublesional white matter suggesting an overall increase in the
extent of microglial activation.

2.5 Effect of hUTC on Extent of Activated Microglia

Activated microglia were extensively present in the lesion area as described above but in
addition they also radiated from the lesion territory out along white matter pathways (Figure
5). To quantify the level of staining in these areas, visual ratings between 0 (no staining) and
4 (intense staining) were given to specific regions of the cortical gray matter and white
matter pathways on blinded LN3 stained sections from each subject. Activated microglia
were heavily present around the lesion in the ipsilesional primary motor cortex equally in
both treated (2.34) and vehicle (2.44) monkeys (Figure 6A). Similarly, minimal staining was
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found in contralesional primary motor cortex in both treated (0.10) and vehicle (0.20)
monkeys. Staining was present in white matter pathways with ratings ranging from 1.1 to
2.9 in both hUTC and vehicle monkeys, specifically in corpus callosum as well as
ipsilesional frontal white matter, internal capsule, and cerebral peduncle. Interestingly,
staining was also present in ipsilesional and contralesional temporal lobe white matter in
both treated and vehicle monkeys. Staining intensity was significantly higher in hUTC
treated monkeys in the contralesional frontal white matter (o= 0.021) and contralesional
temporal lobe white matter (o= 0.037) compared to vehicle controls (Figure 6A). Overall,
there was a stronger intensity of activated microglia in white matter pathways with hUTC
treatment.

To further quantify the extent of LN3 staining, sections containing both ipsilesional and
contralesional hemispheres with regions scoring 2, 3, or 4 (medium to intense staining) were
outlined and total gray and white matter volumes were measured. There is a trend toward a
greater extent of LN3 staining in gray matter areas (primary motor, ventral and dorsal
premotor cortices, and somatosensory) with hUTC treatment (v = 0.066) (Figure 6B).
Further, there is a greater extent of LN3 staining in white matter pathways with hUTC
treatment (p =0.042) (Figure 6C). These results suggest that there is an increased extent of
microglial activation with hUTC treatment in white matter pathways.

2.6 Relationship Between Oxidative Damage, Iron Accumulation, Activated Microglia, and
Lesion Volume

Since monkeys in both hUTC treatment and vehicle groups showed some recovery with
hUTC treatment enhancing the endogenous recovery mechanisms, we applied a regression
analyses to the pooled group of all subjects (n = 8) to explore the relationships among the
brain tissue variables measured here and reconstructed lesion volume from our previous
study (Moore et al., 2013).

Based on the known interaction between iron and lipid peroxidation (Bresgen and Eckl,
2015; Winterbourn, 1995), we hypothesized that our results of 4-HNE and Prussian Blue
staining in the lesion area would be correlated. Further, we hypothesized that the density of
amoeboid (phagocytic) microglia will predict the levels of oxidative damage and iron. There
was a strong positive correlation between the volume of iron accumulation and oxidative
damage in the perilesional gray matter (R (6) = 0.898 and p = 0.002, Figure 7A). However,
there was no significant correlation between amoeboid microglia and 4-HNE in the
perilesional gray matter (R, (6) = 0.237 and p = 0.572) or in the sublesional white matter
(Rp (6) = 0.430 and p = 0.288). Further, there was no correlation between amoeboid
microglia and volume of iron accumulation in the perilesional gray matter (R, (6) = 0.547
and p=0.160), which may be due to the 14 week time point assessed in this study. These
results suggest that the presence of iron increased the formation of ROS and lipid
peroxidation.

As previously reported, there was no group difference between hUTC treated and vehicle
control monkeys in lesion volume (cortex lost) reconstructed from Nissl stained sections
(Moore et al., 2013). However, there was a positive linear relationship between reconstructed
lesion volume and the volume of iron accumulation (affected cortex) (R, (6) = 0.771 and p=
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0.048, Figure 7B). Further, there was a trend toward a correlation between reconstructed
lesion volume and density of amoeboid microglia in the perilesional gray matter (R, (6) =
0.662 and p = 0.074). Finally, there was no significant correlation with reconstructed lesion
volume and perilesional 4-HNE (R, (6) = 0.581 and p= 0.130). These results suggest that
iron accumulation may increase lesion area via secondary damage in terms of cortex lost and
result in greater activation of amoeboid microglia.

3. DISCUSSION

3.1 Summary

In this study, we tested the hypothesis that systemic hUTC infusion affects the microglial
response and reduces cytotoxic responses to cortical injury, by interrupting the cycle of ROS
production and oxidative stress. To our knowledge, this is the first study to investigate the
relationship of oxidative damage, iron homeostasis, and activated microglia following
cortical injury with a cell based therapy. The overall findings of this study are: (1) Oxidative
damage is lower in the sublesional white matter with hUTC treatment. (2) The amount and
concentration of perilesional iron accumulation is lower with hUTC treatment. (3) The
extent and volume of microglial activation is significantly higher in the white matter areas of
hUTC treated monkeys compared to vehicle controls. (4) Lesion volume and perilesional
oxidative damage are associated with perilesional iron accumulation. Overall, these results
suggest that systemic hUTC infusion may reduce secondary damage and increase
recruitment of microglia following cortical injury.

3.2 Oxidative Stress Following Cortical Injury

It is well established that metabolic crisis following cortical injury, such as stroke, leads to
an increase in ROS and oxidative stress (Fumagalli et al., 2015). The source of ROS is either
through the destruction of cells undergoing oxidative stress, thus releasing ROS, or through
the release of ROS from classically activated microglia or macrophages (Amantea et al.,
2015). As a consequence of ROS accumulation, lipid peroxidation breaks down both cell
membranes and myelin resulting in the production of 4-hydroxynonenal (4-HNE) and
malondialdyde (MDA) (Mimica-Duki et al., 2012; Ravera et al., 2015; Selim and Ratan,
2004). Reduced initial ROS accumulation leads to a reduction in residual damage and
neuronal death (Navarro-Yepes et al., 2014; Rana and Singh, 2018). Transplantation of
mesenchymal stem cells (MSC) in an aged model of stroke led to a reduction of oxidative
damage (Calio et al. 2014). In this study, we measured the level of 4-HNE using
immunohistochemistry and semi- quantitative analysis. We observed reduced 4-HNE in the
sublesional white matter with hUTC treatment, suggesting hUTC prevent the accumulation
of ROS and resulting oxidative damage.

3.3 Iron Homeostasis Disruption

Following cortical injury, total brain iron concentration increases and ferric iron
disassociates with its binding proteins, transferrin and ferritin, due to an acidic environment
or by lysosomal degradation (Lipton, 1999; Selim and Ratan, 2004). The expanding pool of
dissociated and free iron catalyzes formation of ROS (Selim and Ratan, 2004). Further,
ferritin accumulates with cellular debris forming the protein aggregate, hemosiderin, which
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binds ferric iron, rendering it poorly available (Gutteridge and Hou, 1986). Further, studies
suggest that iron neurotoxicity is associated with a larger lesion following stroke
(Demougeot et al., 2004; Selim and Ratan, 2004). While many studies use
superparamagnetic iron oxide nanoparticles to track cell based therapies using imaging
techniques, to our knowledge, no other study has yet quantified iron accumulation in relation
to recovery from cortical injury and cell based therapies. In this study, we used Prussian
Blue histology to quantify the amount and concentration of iron accumulation in the cortical
area surrounding the lesion and we found reduced iron concentration with hUTC treatment.
In addition, although studies assessing hUTC therapy have consistently reported no change
in reconstructed lesion volume (cortex lost) (Moore et al., 2013; Shams Ara et al., 2015;
Shehadah et al., 2013; Yang et al., 2012; Zhang et al., 2013, 2012, 2011), our results reveal
that reconstructed lesion volume was larger with increased volume of perilesional iron
volume. Our previous study showed evidence of cortical reorganization with hUTC
treatment in this model (Orczykowski et al., 2018), so we propose that the treatment induced
reduction in iron and oxidative damage in our model may have reduced secondary injury and
enabled more effective reorganization rather than reducing reconstructed lesion volume.

3.4 The Relationship Between Oxidative Stress and Iron

The positive feedback between unbound iron and ROS is well documented in its
contribution to neuronal damage following stroke (Minotti and Aust, 1989; Selim and Ratan,
2004). Initially, lipids are peroxidized in the presence of ROS. Then, unbound reactive
ferrous iron reduces any peroxides into hydroxyl free radicals and ferric iron. While ferric
iron is more stable, it lends its electron to neutralize the abundant ROS present after injury,
thus returning to ferrous iron. The Fenton and Haber-Weiss Reactions perpetuate this cycle,
disturbing the homeostasis of iron and producing an increasing pool of ROS (Winterbourn,
1995). Free radicals may then contribute to the initiation of further lipid peroxidation and
other oxidative damage in the area of ischemia (Bresgen and Eckl, 2015). Our results show
that perilesional oxidative damage increases with increasing perilesional iron accumulation.
Based on the literature and our findings, we propose that interrupting the cycle of iron and
ROS interaction may reduce overall damage accumulation and neurotoxicity in the lesion
area. Relevant mechanisms are summarized in Figure 8.

3.5 Microglia in Acute Inflammation and Resolution of Cortical Injury

In homeostasis, microglia (ramified or rod-like) are motile, non-migratory, and
morphologically plastic, remaining primed to respond quickly to changes in the environment
(Eyo and Dailey, 2013; Kreutzberg, 1996). Following injury, microglia are the first
responders in the CNS (Patel et al., 2013), undergoing a differential activation and homing to
the site of injury through chemotaxis (Fumagalli et al., 2015; Kreutzberg, 1996). Microglia
contribute to both the resolution of inflammation and perpetuation of secondary damage
following cortical injury (Kreutzberg, 1996). The activation and phenotypic switch of
microglia following injury has been shown to have a temporal pattern of expression (Perego
etal., 2011). In the acute phase, classically activated microglia and macrophages in this area
localize to the area of a lesion through signals from neurons undergoing metabolic stress
leading to apoptosis and necrosis. Classically activated microglia and macrophages promote
neurotoxicity through the release of pro-inflammatory cytokines, proteases, and ROS (Patel
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et al., 2013). It remains unclear how inflammation converts to resolution and neuroprotective
processes following cortical injury (Shichita et al., 2014). However, throughout resolution of
inflammatory events, microglia and macrophages polarize from classically to alternatively
activated phenotypes through environmental signals (Fumagalli et al., 2015). In alternative
activation, microglia secrete growth factors and anti-inflammatory cytokines promoting
lesion repair and removal of cell debris (Fumagalli et al., 2015; Patel et al., 2013).

In the present study, activated microglia were quantified using immunohistochemistry,
stereology, and densitometry. The marker used for microglia was MHC Class |1l (HLA-DR)
and represents reactivity, but does not further differentiate these cells between peripheral
macrophages and microglia or whether they were classically or alternatively activated
(London et al., 2013). Therefore, we further quantified activated microglia by morphology
(ramified, hypertrophic, and amoeboid) to elucidate their functional phenotype (Karperien et
al., 2013; Shobin et al., 2017). While our results showed no significant difference in density
of microglia with hUTC treatment, the density of all phenotypes was higher in treated
monkeys compared to vehicle controls suggesting greater widespread microglial activation
with treatment. Studies observed that microglia near the penumbra may be neuroprotective
and enhance plasticity through the release of neurotrophic factors (Anttila et al., 2016;
Lalancette-Hebert et al., 2007; Liguz-Lecznar and Kossut, 2013; Narantuya et al., 2010).
Further, studies assessing cell based therapy after cortical injury observed increased
cytoprotective microglia and reduced cytotoxic microglia in the lesion area (Yoo et al., 2013;
Zanier et al., 2014, 2011). We propose that widespread activation of microglia may have
been protective leading to effective clearing of debris and enhanced plasticity in the
perilesional area. However, future studies are needed to clarify exact changes in the genetic
expression profiles of microglia and macrophages influenced by cell based therapies /in vivo
and to validate the relationship of morphology to functional phenotype.

3.6 White Matter Repair Following Cortical Injury

Both cell death and white matter disruption contribute to functional deficits observed after
brain injury. Following pathological events, microglia remove myelin debris, which in
excess prevents effective remyelination (Lampron et al., 2015) and can eliminate synapses
and assist in guiding neurite outgrowth (Eyo and Dailey, 2013). Further, microglia aid in
white matter repair after stroke (Jiang et al., 2016). In the current study, we observe lower
levels of oxidative damage in sublesional white matter and a marked increase in the extent of
microglial activation in the white matter areas following hUTC treatment. We propose that
the increase in the extent of microglial activation could have led to a reduction in myelin
degradation and oxidative damage in sublesional white matter and more effective
remyelination and repair in white matter pathways.

3.7 Potential of Cell Based Therapy

Studies assessing cell based therapies corroborate the hypothesis that paracrine signals from
the cell therapy modulate the inflammatory response to ischemia (Fumagalli et al., 2015),
reduce secondary damage (Calio et al., 2014; Chen et al., 2016; Shams Ara et al., 2015;
Zhang et al., 2012, 2011), and enhance reorganization of surviving structures (Arbab et al.,
2012; Jiang et al., 2012; Koh et al., 2018, 2015; Shehadah et al., 2013; Yang et al., 2012;
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Zhang et al., 2013, 2012, 2011). Following intravenous injection, hUTC return to the heart
then enter and congregate in the lungs, liver, and spleen (Arbab et al., 2012). Exogenous cell
based therapies migrating to the spleen within days of injury onset may allow for peripheral
immune modulation through the spleen (Arbab et al., 2012; Yang et al., 2017; Yoon et al.,
2010). While spleen modulation by hUTC following cortical injury has yet to be directly
assessed, a study that injected bone marrow mesenchymal stem cells intravenously following
stroke found downregulated immune activation genes in splenocytes, upregulated serum
expression of anti-inflammatory cytokines (IL-10), and downregulated expression of pro-
inflammatory cytokines (IL-if) (Yang et al., 2017). Future studies should assess pro- and
anti-inflammatory cytokine expression profiles in serum and spleen from the hUTC and
vehicle treated monkeys to test this hypothesis.

Within days of injection, hUTC migrate to the brain targeting the perilesional area (Arbab et
al., 2012), but very few human cells are found in the ischemic cortex 60 days after stroke
(Shehadah et al., 2013; Zhang et al., 2013, 2012, 2011). /n vitro, cell based therapies secrete
signals that polarize microglia to an alternatively activated phenotype (Fumagalli et al.,
2015) and growth factors that encourage dendritic remodeling and synaptogenesis (Alder et
al., 2012). /n vivo studies report that cell based therapies lead to reduction of apoptotic cells
(Zhang et al., 2012, 2011), necrotic cells (Shams Ara et al., 2015), and oxidative stress
(Calio et al., 2014; Chen et al., 2016) as well as higher vascular and synaptic density in the
ischemic boundary zone (Arbab et al., 2012; Jiang et al., 2012; Shehadah et al., 2013; Yang
etal., 2012; Zhang et al., 2013, 2012, 2011). Beyond the lesion area, small changes in
remyelination and reorganization are plausible mechanisms underlying restored function
with cell therapy treatment. Previously, we reported an increased activation of c-Fos in
neurons of ventral premotor cortices as a mechanism of reorganization with hUTC that was
related to improved recovery (Orczykowski et al., 2018) confirming other published results
(Frost et al., 2003; Nudo, 2007; Nudo and McNeal, 2013). The current study suggests that
systemic hUTC infusion may be associated with a higher recruitment of microglia and a
reduction of secondary damage. These changes may have led to more effective
reorganization and remyelination, which we observed as improved motor function after
injury.

3.8 Conclusion

In this study, we provided for the first time a report of the histopathology observed in a non-
human primate model of cortical injury treated with a systemic cell based therapy containing
hUTC. The major findings of this study are the reduction of oxidative damage and iron
accumulation as well as increased extent of activation of microglia observed with the
administration of a cell based therapy. These findings provide confirmation of previously
published studies and insight into the mechanism of cell based therapies in recovery from
stroke.

4. EXPERIMENTAL PROCEDURE

4.1.1 Subjects—Subjects were 8 young adult male rhesus monkeys (Macaca mulatta),
between 8.5 and 12.1 years old, approximately equivalen t to humans between 24 and 36
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based on Tigges et al., (1988). They were all part of a previous study (Moore et al., 2013) to
assess the efficacy of human umbilical tissue-derived cell therapy on recovery of motor
function following unilateral injury to the hand representation of primary motor cortex.
Subject information, including treatment and reconstructed lesion volume are summarized in
Table 1. Prior to entering the treatment study, all monkeys received medical examinations
and were screened to ensure they did not have a history of malnutrition, diabetes, chronic
illness, or any neurological problems. They were given initial pre-operative MRI scans to
ensure no occult brain abnormality. While enrolled in the study, monkeys were housed in the
Laboratory Animal Science Center of Boston University Medical Campus, which is
accredited by the Association for the Assessment and Accreditation of Laboratory Animal
Care (AAALAC). Experiments were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals from the National Institute of Health’s Office of Laboratory
Animal Welfare and were approved by the Institutional Animal Care and Use Committee
(IACUC) of Boston University Medical Campus. Behavioral testers, surgeons, and other
research staff were blind to treatment condition throughout the experiment including tissue
processing and data analysis. Behavioral findings demonstrating a positive effect on
recovery of motor function and an anatomical examination identifying the intact, ipsilesional
ventral premotor cortex as a likely contributor to this recovery have been published (Moore
et al., 2013; Orczykowski et al., 2018). Testing and surgical procedures have been detailed in
previous studies (Moore et al., 2010, 2013, 2012) and are briefly described below.

4.1.2 Pre-operative Training on Fine Motor Function Tasks—As previously
described (Moore et al., 2010, 2013, 2012) monkeys were pre-trained on our Hand Dexterity
Task (HDT), a modified version of a Kliver board (Kliiver, 1935), for a total of five weeks
with equal trials performed with each hand, each day. At the completion of pre-training,
monkeys were given free choice trials with both sides baited and responding with both hands
allowed. The lesion was then targeted to the hemisphere controlling the dominant hand to
ensure that monkeys would be motivated to use the impaired hand during post-operative
testing.

4.1.3 Electrophysiological Mapping and Lesion of the M1 Hand Area—As
previously reported (Moore et al., 2013), all subjects underwent a craniotomy exposing the
precentral gyrus of the hemisphere contralateral to the preferred hand. Then, a small
monopolar silver ball electrode was placed gently on the pia and electrical stimulation
applied to identify loci from which motor movement of the hand, fingers, thumb or wrist
could be evoked at the lowest threshold. A map was created by moving the electrode
systematically in rows from the dorsal to the ventral aspect of the pre-central gyrus and
marking positive loci onto a calibrated photograph of the gyrus. Using this map, a lesion
limited to this identified hand representation was created by making a small incision in the
pia at the dorsal limit of the hand representation area and then inserting a small glass suction
pipette under the pia to bluntly dissect the small penetrating arterioles as they enter the
underlying cortex throughout the region. This approach removes the blood supply to the
cortex of the mapped hand representation but does not directly damage cortical gray matter
or white matter. This produces an ischemic lesion of the gray matter with preservation of
underlying white matter (Moore et al., 2013).
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4.1.4 Human Umbilical Tissue Derived Cell Therapy Infusion—Human umbilical
tissue-derived cell therapy (hUTC) in a proprietary thaw and inject formulation called
CSCV4 (CNTO0007) was supplied by Advanced Technologies and Regenerative Medicine,
LLC. Between 23 and 24 hours following surgery hUTC was administered intravenously at a
dose of 10 million cells/kg at a concentration of 10 million cells/mL and a rate of 0.5 mL per
minute using a syringe pump as described previously (Moore et al., 2013). Placebo monkeys
received vehicle administered at the same volume and rate.

4.1.5 Post-operative Testing—~Post-operative testing began 14 days after surgery and
continued for 12 weeks. To ensure that each monkey used the impaired hand, 70% of the
trials required the use of the impaired hand (contralateral to the lesion) while 30% were
given to the unaffected hand. Performance during pre-operative and post-operative testing
was videotaped from fixed cameras located above each hand testing location. A licensed
Occupational Therapist (M.A.P.) who specializes in upper extremity recovery following
stroke, analyzed the videotapes using our Grasp Assessment Scale for non-human primates
(NHP) (Moore et al., 2012), adapted from scales used in human stroke patients (Carr et al.,
1985; Fugl-Meyer et al., 1975; Whishaw et al., 2002). Our NHP scale ranges from 0 for no
movement to 8 for normal grasp with accurate pinch between thumb and finger. A value
between 0-8 was assigned to their performance each post-operative testing day and the mean
score across the entire post-operative period determined (Moore et al., 2013).

4.1.6 Perfusion and Tissue Acquisition—At the conclusion of the experiment,
monkeys were given a final 1 hour testing session with all trials to the impaired hand and 1
hour later were sedated with ketamine (10 mg/kg IM) deeply anesthetized with sodium
pentobarbital (25 mg/kg IV to effect). They were then euthanized by exsanguination during
transcardia | perfusion-fixation of the brain, first with cold Krebs-Heinsleit buffer (4°C, pH
7.4) and subsequently with 4% paraformaldehyde, (30°C, pH 7.4). The brain was blocked, /n
situ, in the coronal plane to ensure reproducible planes of section during later processing and
then removed from the skull, weighed and post-fixed overnight in 4% paraformaldehyde (no
more than 18 hours). It was then transferred to cryoprotectant solution to eliminate freezing
artifact (Rosene et al., 1986). Cryoprotected blocks were flash frozen at —75°C and stored at
—-80°C until they were cut on a microtome into interrupted series of coronal sections (eight
series of 30 um thick sections and one series of 60 pm thick sections) with a spacing
between sections within a series of 300 pm. The 60 pm series was immediately mounted on
microscope slides and stained with thionin for lesion reconstruction (Moore et al., 2013).
The other series were collected in phosphate buffer with 15% glycerol and stored at —80°C
for later histochemical processing (Estrada et al., 2017).

4.2 Immunohistochemistry

Markers chosen for immunohistochemistry were LN3 antibody, to identify MHC Il
expressing microglia and macrophages, and 4-hydroxynonenal (4-HNE) antibody, to
identify this byproduct of lipid peroxidation. Partial series of 30 um sections spaced 1200
pum (LN3) or 2400 pm (4-HNE) apart containing the motor cortex in both hemispheres were
removed from storage and thawed to room temperature for immunohistochemistry. All the
sections from all subjects were batch-processed for each marker (see Estrada et al., 2017 for
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discussion of batch processing) in the same reagents at the same time, according to the
following steps. First, sections were rinsed in 0.05M Tris-buffered saline (TBS) to remove
the glycerol. To increase antigenicity of 4-HNE, tissue sections were first incubated in 9.1
mM citrate buffer at 500 Watts at 40°C for 5 minutes then at room temperature for 30
minutes. To quench endogenous peroxidases, all sections were incubated for 30 minutes in
TBS containing 1% sodium borohydride (4-HNE) or 3% H,0, (LN3) followed by washes in
TBS. Sections were then incubated for one hour in a blocking solution of 10% Normal Goat
Serum (NGS) and 0.4% Triton-X in TBS. The sections were incubated for 48 hours at 4°C
with gentle agitation in monoclonal primary antibodies to 4-HNE (anti-4HNE in mouse;
1:500, R&D Systems, Minneapolis, MN) and LN3 (anti-LN3 in mouse; 1:1000, MP
Biomedicals, Santa Ana, CA) in a solution containing 2% NGS and 0.1% Triton-X in TBS.
The sections were incubated for 48 hours at 4°C with gentle agitation in monoclonal primary
antibodies to 4-HNE (anti-4HNE in mouse; 1:500, R&D Systems, Minneapolis, MN, catalog
#MAB3249) and LN3 (anti-LN3 in mouse; 1:1000, MP Biomedicals, Santa Ana, CA,
catalog #08A003115) in a solution containing 2% NGS and 0.1% Triton-X in TBS. Several
sections of brain tissue were left out of the primary antibody to control for
immunoreactivity.

Following incubation with the primary antibody, the sections were washed in a solution
containing 2% NGS and 0.1% Triton-X in TBS, followed by a 2-hour incubation in
biotinylated secondary antibody (1:600; Vector Laboratories, Burlingame, CA) in TBS
containing 2% NGS, and 0.4% Triton-X. The sections were then washed in TBS and
subsequently incubated with an avidin biotinylated horseradish peroxidase complex (ABC
Elite; Vector Laboratories, Burlingame, CA) for 1 hour. The sections were then washed in
TBS followed by rinses in 0.175M sodium acetate solution. For visualization, all sections
were incubated together in sodium acetate containing 0.55mM 3-3’-diaminobenzidine
(DAB; Sigma-Aldrich, St. Louis, MO), nickel sulfate (0.095M), and 0.0025% H,0,. The
sections were washed in sodium acetate to stop the DAB reaction, followed by rinses in
TBS. Finally, sections were mounted on gelatin-coated slides, air dried, and cover-slipped
using Permount mounting medium (Thermo Fisher Scientific, Waltham, MA).

Sections stained with the antibody to LN3 were counterstained with 0.5% thionin (Fisher
Scientific, Pittsburgh, PA) to define the boundary between the gray and white matter. Briefly,
slides containing LN3 stained sections were rehydrated through a graded series of ethanol to
water and then incubated for 2 minutes in filtered 0.5% thionin solution (pH 5.5) containing
sodium acetate and glacial acetic acid. After rinsing, slides were dehydrated through a
graded series of ethanol (70%, 95%, 100%, 100%), cleared in Xylene (Fisher Scientific,
Pittsburgh, PA) and coverslipped using Permount mounting medium (Thermo Fisher
Scientific, Waltham, MA).

4.3 Iron Histology

A series of 30 um sections spaced at 1200 pm and containing the motor cortex in both
hemispheres was removed from storage and mounted on gelatin subbed microscope slides
and allowed to dry completely. For Perl’s Prussian Blue stain, slides were immersed in
dH,0 for one minute. Next, a solution of 5% Hydrochloric Acid (HCI; Fisher Scientific,
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Pittsburgh, PA) and 5% Potassium Ferrocyanide (Sigma-Aldrich, St. Louis, MO) in dH,0
(Prussian Blue Solution) was prepared immediately before use and slides incubated for 35
minutes. Following this, slides were moved through two rounds of dH,0 and dehydrated
through a graded series of ethanol (70%, 95%, 100%, 100%). Finally, slides were cleared in
Xylene (Fisher Scientific, Pittsburgh, PA) and coverslipped using Permount (Thermo Fisher
Scientific, Waltham, MA).

4.4 Regions of Interest for Stereology and Densitometry

Data collection was done with the experimenter blind to the treatment condition of each
monkey. Regions of interest (ROI) for 4-HNE densitometry and LN3 stereology were
determined with the 4x objective on a Nikon E600 light microscope and included
perilesional gray matter (PLG) and sublesional white matter (SLW) (Figure 9B). The SLW
ROI was defined by drawing a straight line from the depths of the cingulate sulcus (1) to the
depths of the circular sulcus (2) on the dorsal aspect of the insula. Next, a line perpendicular
to the cortical surface was drawn from the circular sulcus (2) to the gray-white boundary (3).
The next line followed the gray white boundary to a point in line with the cingulate sulcus
(1). Finally, a line perpendicular to the cortical surface was drawn to connect the medial
aspect of the gray-white boundary (4) with the cingulate sulcus (1). The PLG ROl was
defined starting at the medial aspect of the gray-white boundary (4) and following the gray-
white boundary to the lateral aspect (3). Next, a parallel line to SLW 2-3 was drawn from 3
to the cortical surface (5). The next line followed the cortical surface to a point (6) in line
with the cingulate sulcus (1). Finally, a line was drawn to connect the cortical surface (6) to
the gray-white boundary (4). The ROI for iron histology (affected cortex) was defined as the
presence of strong Prussian Blue staining around the lesion to its medial and lateral
boundaries and as deep into the white matter as the strong staining extended (Figure 9C).
The reconstructed lesion volume represents cortex lost and the volume of affected cortex
represents the extent cortex with iron accumulation and gliosis.

4.5 Densitometry for 4-HNE

The percent area of staining was quantified for 4-HNE. Mounted sections stained for 4-HNE
were visualized on a Nikon E600 light microscope equipped with a motorized stage and
Surveyor software with TurboScan (Objective Imaging, Kansasville, WI). Two sections
spaced 2400 um within 5 mm of the lesion site were selected for analysis. The ipsilesional
hemisphere was visualized in Surveyor using the 4x objective, bright field correction, and
manual focus. Brightness and exposure were kept constant for all sections from all subjects.
Tiled images including both the PLG and SLW ROIs were acquired and saved as TIFF files.
These images were imported into Fiji software (NIH, version 1.50i), (Schindelin et al., 2012)
and scale was set using distance in pixels of 1.59245 um/pixel. ROIs (PLG and SLW) were
traced and saved in the ROl Manager (Figure 9B). Image ROIs were transformed into 8-bit
images and the threshold function (percentile) was used to create binary images and remove
artifact. Measurements were set to calculate “Area Fraction” and these measurements were
saved for analysis. The density of 4-HNE label as a measure of oxidative stress is reported as
a percentage of staining following threshold within the ROI defined.
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4.6 Densitometry for Iron Histology

Mounted sections stained with Prussian Blue were visualized on a Nikon E600 light
microscope equipped with a motorized stage and Nikon Imaging Software (NIS - Advanced
Research). Sections spaced every 1200 um throughout 7 to 10 mm of the lesion site were
selected for analysis which was 6-8 sections selected per animal. The investigator was blind
to the subject descriptions and experimental conditions. Tiled Images of the area of iron
accumulation (affected cortex) (Figure 9C) were acquired using the 10x objective. All
images were acquired using 750 psec exposure and AutoWhite balance. Focus was
determined using “Focus Surface” wherein the surface of the tissue on which to focus was
interpolated using 5 manually focused reference points per tissue section. The tiled images
were overlapped by 10% as collected and then stitched via blending and image registration.
Once acquired, images as nd2 (proprietary Nikon format) files were analyzed using the
Nikon NIS-AR analysis software polygon tool to outline the full extent of Prussian Blue
staining in the lesion area. Then, RGB Threshold was determined by 3- or 6-point threshold
tool limited to the defined area. ROI Statistics were exported to Excel and numbers used
include “ROI Area,” “Area Fraction,” and “ROI Mean Intensity.” Mean Intensity measures
(optical density) were inverted by subtracting numbers from 4095 (maximum for RGB
intensity) such that the larger numbers represent a darker intensity of staining and the lower
numbers represent a lighter intensity of staining. The total volume of iron accumulation was
then determined using the Cavalieri estimator (Rosen and Harry, 1990) by taking the sum of
the outlined ROI areas of each section and multiplying by the distance (1.2 mm) between
sections to estimate volume.

4.7 LN3 Stereology

Unbiased stereology was used to quantify LN3 labeled microglia visualized on a Nikon
Eclipse E600 series light microscope (Nikon; Melville, NY, USA) equipped with a
motorized stage integrated with Stereolnvestigator 9 software (MicroBrightField Bioscience;
Williston, VT). The Optical Fractionator Workflow on Stereolnvestigator was used to
quantify 6-8 sections spaced every 1200 um throughout 7 to 10 mm of the lesion site in
motor cortex. ROl (PLG and SLW) were determined at 4x objective. The Optical
Fractionator Workflow places a sampling grid over the ROI using systematic random
sampling. The sampling grid was optimized at 1000um x 1000um for the PLG and 1300 pm
x 1300 pm for the SLW. However, to gain sufficient correlation of error for stereology
(Gundersen et al., 1999), the subcortica | white matter was recounted in 3 animals (2
control and 1 treated) using a sampling grid of 800 um x 800 um.

Cells were counted within a three-dimensional counting frame placed at a fixed corner of
each sampling grid square. Sections were visualized at 20x objective with a counting frame
of 475 um x 275 um. The height of this box was 15 um. To ensure unbiased counting, 2 pm
guard zones above and below the box were used to ensure that lost caps could be identified
and counted or excluded according to the respective face (West et al., 1991). Inclusion
criteria included a well-defined cell body located within the counting frame. Markers used
for stereology categorized each microglia counted as either ramified, hypertrophic, or
amoeboid using a previously published study as a guide (Karperien et al., 2013) as a guide.
The estimated total number of LN3 positive microglia by phenotype in each ROI were
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calculated using the optical fractionator formula (Sutula and West, 2002; West et al., 1991).
Parameters were optimized such that Coefficients of Error were less than 0.10 using a
Smoothness Factor m=1 for biological tissue (Gundersen et al., 1999). The density measures
of each phenotype were reported in order to account for variability in the volume of traced
regions of interest between subjects. The density of microglia per mm3 was calculated by
dividing the “estimated population using number weighted section thickness” by the volume
calculated by Cavalieri estimator in Stereolnvestigator.

4.8 LN3 Total Area Stained

LN3+ cells extended beyond the perilesional and sublesional areas and differed between
individuals. In order to quantify these differences, mounted sections were digitized on a
Nikon E600 light microscope equipped with a motorized stage using Nikon Imaging
Software (NIS - Advanced Research). Tiled whole hemisphere images were acquired with
the 1x objective from 6-8 sections containing primary motor cortex, and white matter of the
corpus callosum, frontal white matter, internal capsule, cerebral peduncle, and temporal lobe
white matter. Ratings between 0 and 4 were given to each of the regions specified above in
both ipsilesional and contralesional hemispheres with the investigator blind to treatment
conditions. A rating of 0 indicated no staining present. A rating of 1 indicated a baseline
staining present; 2 indicated medium staining; 3 indicated strong staining; and 4 indicated
intense staining. These ratings were separated by region and by hemisphere (ipsilesional and
contralesional). One outline was made around all regions with a rating of 2, 3, or 4 to
calculate a total area (um?) stained. Numbers used for comparison between treatment groups
included total gray matter area stained, total white matter area stained, and region ratings.

4.9 Data Analysis and Statistics

The data were analyzed using R (RStudio Inc, Version 0.99.896, R foundation for Statistical
Computing, Vienna, Austria). A student’s one-tailed t test (a = 0.05) was used to evaluate
group differences for 1) area fraction of oxidative damage, 2) iron accumulation volume of
affected cortex, percent area stained, and optical density for Prussian Blue histology, and 3)
area stained of LN3. Bonferroni correction was used to adjust p value threshold for multiple
comparisons. Kruskal Wallis H test was used to compare regional microglial ratings as an
ordinal scale. For microglia stereology, two-way ANOVA with repeated measures was used
to identify significant variables and interactions with group (vehicle or hUTC treated) as a
between subject variable and cell type (ramified, hypertrophic, and amoeboid) as within
subject variables. Correlations were assessed using a Pearson’s correlations between
oxidative damage in PLG, amoeboid microglia in PLG, iron volume, and reconstructed
lesion volume.
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HIGHLIGHTS

Oxidative damage is lower in the sublesional white matter with hUTC
treatment.

Perilesional iron accumulation is lower with hUTC treatment.

Extent of microglial activation is higher in the white matter with hUTC
treatment.

Lesion volume and oxidative damage are associated with iron accumulation.
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Figure 1: Oxidative damage (4-HNE).
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(A) Calibrated micrographs from the ipsilesional hemisphere comparing 4-HNE in
perilesional gray matter and sublesional white matter between treatment groups. Scale bar =
125 um (B) 4-HNE staining in the perilesional gray matter did not differ between treatment
groups. 4-HNE in the sublesional white matter is lower in the hUTC treated monkeys

compared to vehicle controls * p< 0.05
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Figure 2: Perilesional Iron Accumulation (Prussian Blue).
(A&B) Calibrated photographs showing differences in lesion appearance in motor cortex 14

weeks post-operatively. (C) Calibrated micrographs of iron accumulation in ipsilesional
hemisphere comparing both treatment groups. Scale bar = 125 um (D) Total perilesional area
occupied by iron does not differ between treatment groups. (E) Perilesional iron
accumulation percent is lower in the hUTC treated monkeys compared to vehicle controls
(F) The calibrated color intensity (0-4095) of iron is lower in hUTC treated monkeys
compared to vehicle controls. * p<0.05 and ** p< 0.005
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Figure 3: Density of MHC Il Activated Microglia.
Density was determined by dividing the estimated cell count from unbiased stereology by

the Cavalieri volume estimation. All numbers represent cells/mms3. Total density of activated
microglia did not differ in the perilesional gray matter or sublesional white matter between
treatment groups.

Brain Res. Author manuscript; available in PMC 2020 August 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Orczykowski et al. Page 25

D Density of Microglia By E Density of Microglia By
Morphology Morphology
2,500 + Perilesional Gray Matter Sublesional White Matter
* %k
7,000 + * X
\ [ \ I ] r_l_\ ’_Iﬁ ’_lﬁ ’_lﬁ
2,000 + 6,000 +
5,000 +
1,500 +
s € 4,000 +
£ E
£ 1,000 + 2 3000 1
=2 []
D o
o 2,000 +
500 +
1,000 +
0 0
Ramified Hypertrophic ~ Amoeboid Ramified  Hypertrophic ~ Amoeboid

Figure 4: MHC-I11 Activated Microglia By Morphology.
Representative micrographs of the spectrum of MHC 1l Activated Microglia morphology

observed and quantified. (A) Ramified microglia exhibit a small, well-defined cell body and
thin processes and were representative of a surveilling phenotype. (B) Hypertrophic
microglia present with either a small cell body and thick retracted processes or a large cell
body with thin processes and represent a transition state of de-ramifying or re-ramifying. (C)
Amoeboid microglia have thick retracted processes or no processes extending from an
enlarged cell body and represent mobile, phagocytic cells. Scale Bar = 25um. (D and E)
Density was determined by dividing the estimated cell count from unbiased stereology by
the Cavalieri volume estimation. All numbers represent cells/mm3. When separated by
morphology, there was no difference in mean density of activated microglia by morphology
in perilesional gray matter (D) or sublesional white matter (E) by treatment group, but there
is a significant difference between cell types ** p < 0.005
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Figure 5: MHC-I11 Activated Microglia in white matter pathways.
(A) Schematic representations of rhesus monkey coronal sections are shown from rostral to

caudal. Relevant regions of interest are outlined. Representative micrographs of thionin
stained sections of the lesion hemisphere from rostral to caudal of hUTC treated (B) and
vehicle treated control (C). Abbreviations: M1 = primary motor cortex; FWM = frontal
white matter; CC = corpus callosum; IC = internal capsule; CP = cerebral peduncle; TWM =
temporal white matter
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Figure 6: Staining Intensity and Total Area Stained of MHC 11 Activated Microglia in Gray and
White Matter Structures.

Ratings between 0 (no staining) and 4 (intense staining) were given to specific regions.
Then, sections with regions scoring 2, 3, or 4 were outlined and the total gray and total white
matter areas were measured. (A) Staining intensity was significantly higher in contralesional
frontal and temporal white matter in hUTC treated monkeys compared to vehicle controls
(B) There was no difference between gray matter areas stained. (C) However, the extent of
staining in white matter areas (ipsilesional and contralesional) was significantly higher with
hUTC treatment. * p<0.05

Abbreviations: | = ipsilesional; C = contralesional; M1 = primary motor cortex
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Figure 7: Correlations between markers in the current study and lesion volume.
(A) The volume of the cortex occupied by iron exhibits a positive correlation with oxidative

damage (4-HNE) in both perilesional gray matter. (B) The volume of the cortex occupied by
iron exhibits a positive correlation with the reconstructed lesion volume.
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Figure 8: Summary of relevant mechanisms.
Summary of the lipid peroxidation reaction, Fenton reaction, and Haber-Weiss cycle to

depict the cyclic nature of free radical formation and iron dysregulation following an
ischemic event. Lipid peroxidation to cell membranes results in 4-HNE and MDA
accumulations and increases in the presence of ferro us iron and reactive oxygen species.
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Figure 9: Regions of interest for densitometry and stereology.
One thionin stained sections containing the lesion section is shown here (A).

Representations of ROI tracings of Perilesional Gray Matter (PLG) and Sublesional White
Matter (SLW) are shown (B). PLG and SLW were ROI used for 4-HNE densitometry and
LN3 stereology. PLG and SLW were bounded medially by the depths of the cingulate sulcus
(1) and laterally by the depths of the circular sulcus (2). The gray-white boundary separates
PLG and SLW (3-4). PLG follows the cortical surface (5-6). Representations of ROI
tracings for reconstructed lesion volume and affected cortex are shown (C). The
reconstructed lesion volume represents cortex lost and affected cortex represents the area of
iron accumulation and gliosis.
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Table 1 -
Subject Data.
Subject  Sex Age (years) Treatment Group Lesion Hemisphere | egion Volume (mm3)*  Supplier
SM014j M 85 Placebo L 87 CPRC
SM018j M 9.6 Placebo L 84 CPRC
SM020j] M 9.3 Placebo R 123 CPRC
SM022j M 10.6 Placebo R 59 CPRC
SM016j M 10.1 hUTC Treated L 63 CPRC
SMO017j] M 8.6 hUTC Treated L 58 CPRC
SM021j M 115 hUTC Treated R 114 CPRC
SM024j M 12.1 hUTC Treated L 106 YNPRC

Page 31

Abbreviations: hUTC, human umbilical tissue derived cells (CNT00007, Advanced Technologies and Regenerative Medicine, LLC - merged with

DePuy Orthopaedics, Inc on 30 December 2012 - Johnson & Johnson, New Brunswick, NJ). CPRC, Caribbean Primate Research Center,
University of Puerto Rico, San Juan, PR. YNPRC, Yerkes National Primate Research Center, Emory University, Atlanta, GA.

*
Previously published data in Moore et al., 2013 (used in correlation studies in the current study)
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	4.1.1 Subjects—Subjects were 8 young adult male rhesus monkeys (Macaca mulatta), between 8.5 and 12.1 years old, approximately equivalen t to humans between 24 and 36 based on Tigges et al., (1988). They were all part of a previous study (Moore et al., 2013) to assess the efficacy of human umbilical tissue-derived cell therapy on recovery of motor function following unilateral injury to the hand representation of primary motor cortex. Subject information, including treatment and reconstructed lesion volume are summarized in Table 1. Prior to entering the treatment study, all monkeys received medical examinations and were screened to ensure they did not have a history of malnutrition, diabetes, chronic illness, or any neurological problems. They were given initial pre-operative MRI scans to ensure no occult brain abnormality. While enrolled in the study, monkeys were housed in the Laboratory Animal Science Center of Boston University Medical Campus, which is accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC). Experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals from the National Institute of Health’s Office of Laboratory Animal Welfare and were approved by the Institutional Animal Care and Use Committee (IACUC) of Boston University Medical Campus. Behavioral testers, surgeons, and other research staff were blind to treatment condition throughout the experiment including tissue processing and data analysis. Behavioral findings demonstrating a positive effect on recovery of motor function and an anatomical examination identifying the intact, ipsilesional ventral premotor cortex as a likely contributor to this recovery have been published (Moore et al., 2013; Orczykowski et al., 2018). Testing and surgical procedures have been detailed in previous studies (Moore et al., 2010, 2013, 2012) and are briefly described below.4.1.2 Pre-operative Training on Fine Motor Function Tasks—As previously described (Moore et al., 2010, 2013, 2012) monkeys were pre-trained on our Hand Dexterity Task (HDT), a modified version of a Klüver board (Klüver, 1935), for a total of five weeks with equal trials performed with each hand, each day. At the completion of pre-training, monkeys were given free choice trials with both sides baited and responding with both hands allowed. The lesion was then targeted to the hemisphere controlling the dominant hand to ensure that monkeys would be motivated to use the impaired hand during post-operative testing.4.1.3 Electrophysiological Mapping and Lesion of the M1 Hand Area—As previously reported (Moore et al., 2013), all subjects underwent a craniotomy exposing the precentral gyrus of the hemisphere contralateral to the preferred hand. Then, a small monopolar silver ball electrode was placed gently on the pia and electrical stimulation applied to identify loci from which motor movement of the hand, fingers, thumb or wrist could be evoked at the lowest threshold. A map was created by moving the electrode systematically in rows from the dorsal to the ventral aspect of the pre-central gyrus and marking positive loci onto a calibrated photograph of the gyrus. Using this map, a lesion limited to this identified hand representation was created by making a small incision in the pia at the dorsal limit of the hand representation area and then inserting a small glass suction pipette under the pia to bluntly dissect the small penetrating arterioles as they enter the underlying cortex throughout the region. This approach removes the blood supply to the cortex of the mapped hand representation but does not directly damage cortical gray matter or white matter. This produces an ischemic lesion of the gray matter with preservation of underlying white matter (Moore et al., 2013).4.1.4 Human Umbilical Tissue Derived Cell Therapy Infusion—Human umbilical tissue-derived cell therapy (hUTC) in a proprietary
thaw and inject formulation called CSCV4 (CNTO0007) was supplied by Advanced
Technologies and Regenerative Medicine, LLC. Between 23 and 24 hours
following surgery hUTC was administered intravenously at a dose of 10
million cells/kg at a concentration of 10 million cells/mL and a rate of 0.5
mL per minute using a syringe pump as described previously (Moore et al., 2013). Placebo monkeys received
vehicle administered at the same volume and rate.4.1.5 Post-operative Testing—Post-operative testing began 14 days after surgery and continued for
12 weeks. To ensure that each monkey used the impaired hand, 70% of the
trials required the use of the impaired hand (contralateral to the lesion)
while 30% were given to the unaffected hand. Performance during
pre-operative and post-operative testing was videotaped from fixed cameras
located above each hand testing location. A licensed Occupational Therapist
(M.A.P.) who specializes in upper extremity recovery following stroke,
analyzed the videotapes using our Grasp Assessment Scale for non-human
primates (NHP) (Moore et al., 2012),
adapted from scales used in human stroke patients (Carr et al., 1985; Fugl-Meyer et al., 1975; Whishaw et al., 2002). Our NHP scale ranges from
0 for no movement to 8 for normal grasp with accurate pinch between thumb
and finger. A value between 0–8 was assigned to their performance
each post-operative testing day and the mean score across the entire
post-operative period determined (Moore et
al., 2013).4.1.6 Perfusion and Tissue Acquisition—At the conclusion of the experiment, monkeys were given a final 1
hour testing session with all trials to the impaired hand and 1 hour later
were sedated with ketamine (10 mg/kg IM) deeply anesthetized with sodium
pentobarbital (25 mg/kg IV to effect). They were then euthanized by
exsanguination during transcardia丨 perfusion-fixation of the brain,
first with cold Krebs-Heinsleit buffer (4°C, pH 7.4) and subsequently
with 4% paraformaldehyde, (30°C, pH 7.4). The brain was blocked,
in situ, in the coronal plane to ensure reproducible
planes of section during later processing and then removed from the skull,
weighed and post-fixed overnight in 4% paraformaldehyde (no more than 18
hours). It was then transferred to cryoprotectant solution to eliminate
freezing artifact (Rosene et al.,
1986). Cryoprotected blocks were flash frozen at
−75°C and stored at −80°C until they were cut on
a microtome into interrupted series of coronal sections (eight series of 30
μm thick sections and one series of 60 pm thick sections) with a
spacing between sections within a series of 300 pm. The 60 pm series was
immediately mounted on microscope slides and stained with thionin for lesion
reconstruction (Moore et al., 2013).
The other series were collected in phosphate buffer with 15% glycerol and
stored at −80°C for later histochemical processing (Estrada et al., 2017).
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