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ARTICLE INFO ABSTRACT

Keywords: The existence of proliferating cells in the intact spinal cord, their distribution and phenotype, are
Spinal cord well studied in rodents. A limited number of studies also address the proliferation after spinal
Proliferation

cord injury, in non-human primates. However, a detailed description of the quantity, distribution
and phenotype of proliferating cells at different anatomical levels of the intact adult non-human
primate spinal cord is lacking at present. In the present study, we analyzed normal spinal cord
tissues from adult macaque monkeys (Macaca fuscata), infused with Bromo-2'-deoxyuridine
(BrdU), and euthanized at 2h, 2 weeks, 5 weeks and 10 weeks after BrdU. We found a significantly
higher density of BrdU + cells in the gray matter of cervical segments as compared to thoracic or
lumbar segments, and a significantly higher density of proliferating cells in the posterior as
compared to the anterior horn of the gray matter. BrdU + cells exhibited phenotype of microglia
or endothelial cells (~50%) or astroglial and oligodendroglial cells (~40%), including glial
progenitor phenotypes marked by the transcription factors Sox9 and Sox10. BrdU + cells also co-
expressed other transcription factors known for their involvement in embryonic development,
including Emx2, Sox1, Sox2, Ngn1, Oligl, Olig2, Olig3. In the central canal, BrdU + cells were
located along the dorso-ventral axis and co-labeled for the markers Vimentin and Nestin. These
results reveal the extent of cellular plasticity in the spinal cord of non-human primates under
normal conditions.

Central canal
Transcription factor

1. Introduction

The level of cell proliferation in vivo in the intact adult primate spinal cord is not well understood. In vitro evidence has indicated the
presence of stem cells [1,2]. These cells are thought to be located in or adjacent to the ependymal layer of the central canal in the spinal
cord [3-7]. In the normal adult spinal cord of the rat, Horner et al. (2000) [8] reported the presence of turnover of glial progenitors and
mature glial cells, particularly in the white matter. In adult primate models, induction of spinal cord injury lead to massive glial
proliferation [9] and even neurogenesis, in the posterior horn [10]. Another progenitor cell niche in the adult mammalian spinal cord
is the central canal region, where ependymal cells seem the primary source of stem cells, they are rapidly activated after injury, and
proliferate in the damaged tissue [11-13]. To the best of our knowledge, cell proliferation in the primate spinal cord under normal
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conditions has not been studied in detail.

In the present study we aimed to investigate the level of proliferation and the phenotype of newly generated cells throughout the
intact spinal cord of adult macaque monkeys. We used a classical proliferation marker (bromodeoxyuridine; BrdU) to label newly
generated cells and traced their quantity and phenotype at one short-term survival time point (2h), and three long-term survival points
(2 weeks, 5 weeks and 10 weeks), after the BrdU infusion. We report the densities, distribution and phenotypes of the BrdU + cells
using a panel of cell markers characteristic for different brain cells. In addition, we identified BrdU + cells expressing transcription
factors that regulate the embryonic spinal cord development, which potentially constitute additional cellular subtypes undergoing cell
division. Our data show the heterogeneity of the cellular populations undergoing plasticity in the adult monkey spinal cord under
normal conditions.

2. Materials and methods
2.1. Experimental animals

The reported experimental procedures were performed following an approval by the Animal Care and Ethics Committee of
Kanazawa University, Japan. We used tissues from 11 female adult Japanese monkeys (Macaca fuscata), aged 5-10 years. The
monkeys were bred in air conditioned wide cages and were allowed free daily access to food and water.

2.2. BrdU paradigm

5-Bromo-2-deoxyuridine (BrdU; Sigma-Aldrich) was dissolved in sterile saline with 0.007 N NaOH. Each monkey received 5
intravenous injections of 100 mg/kg BrdU (1 injection per day) into the saphenous vein, for 5 consecutive days [14,15]. The monkeys
were sacrificed 2 h (n = 3), 2 weeks (n = 3), 5 weeks (n = 3) and 10weeks (n = 2) after the last BrdU injection (Fig. 1A).

2.3. Histology and immunostaining

The tissue processing was done according to a procedure published before [14,15]. Briefly, following a perfusion with 4% para-
formaldehyde, the first 3 cervical (C1-C3), thoracic (Th1-Th3) and lumbar (L1-L3) spinal cord segments were extracted and postfixed.
Following cryopreservation with sucrose, tissue blocks encompassing the thickness of one segment (C1, Th1, L1) were embedded into
O.C.T. medium and the blocks were cut horizontally at 40 um. The sections were then stored in multi well plates at —25 °C in
cryopreservation buffer.

Free-floating sections were blocked and incubated in a solution containing the respective primary antibody for 36-48 hat 4 °C [14,
15]. A list of primary antibodies is presented in Table 1. Following several washes, the sections were incubated with the secondary
antibodies for 3-4 h at room temperature. Prior to BrdU immunostaining, DNA was denatured by formamide/standard sodium citrate
buffer at 65 °C for 2h followed by 2 N NaCl for 30 min at 37 °C.

For single labeling by the immunoperoxidase method, the primary antibodies were visualized with the ABC Elite kit (Vector),
followed by diaminobenzidine (DAB; Sigma) as a chromogen. For fluorescence double and triple labeling, the primary antibodies were
visualized with antibodies conjugated to the following fluorochromes: Alexa Fluor-488, -546, —633 (ThermoFisher, USA), and TRITC
(Jackson Immunoresearch, USA). All secondary antibodies were applied for 2 h at room temperature. Finally the sections were
mounted on glass slides and coverslipped under Entellan resin (Merck) for light or under Vectashield (Vector Labs, USA), for fluo-
rescence microscopy.

2.4. Image acquisition and data analysis

Light microscopy of immunoperoxidase-stained sections was performed using an Olympus BX-60 microscope (Tokio, Japan). The
spinal cord was divided into 6 regions of interest (Fig. 1B): 1) anterior horn of gray matter; 2) posterior horn of gray matter; 3) anterior
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Fig. 1. Experimental paradigms. A. Time-frame of animal experiments and BrdU injection protocols used in the study. Group I is short term group;
Groups II, III, IV could be combined in long term group. B. Schematic presentation of a horizontal section through the spinal cord. The regions of
interest are annotated.
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Table 1
Data for the primary antibodies used in the present study.

Antibodies Species, isotype Dilution Marker for (reference)

Cell markers

BrdU mouse IgG 1:100 DNA synthesis [13,14]
rat IgG 1:100

Ki67 mouse IgG 1:50 Proliferating cells [15]

B-Tubulin, class III mouse IgG 1:300 Neuronal progenitors [16,17]
rabbit IgG 1:500

A2B5 mouse IgG [18]

NeuN mouse IgG 1:100 Neurons [19]

GFAP rabbit IgG 1:200 Astrocytes [20]

Iba 1l rabbit IgG 1:800 Microglia/Macrophages [21,22]

04 mouse IgM 1:100 [23]

vWF rabbit IgG 1:500 [24]

Nestin Mouse IgM rabbit IgG 1:100 Neural progenitors, astrocytes [25]

1:400

Vimentin Mouse IgG 1:100 Neural progenitors, astrocytes [26]

PSA-NCAM Mouse IgG 1:100 Neuroblasts [27]

Transcription factors

Emx 2 rabbit IgG 1:300 Early progenitors [28]

Ngn 1 rabbit IgG 1:1000 Neural progenitors [29]

Olig 1 rabbit IgG 1:1000 Oligodendrocye precursors [29,30]

Olig 2 rabbit IgG 1:200

Sox 1 rabbit IgG 1:200 Early progenitors/stem cells [31]

Sox 2 rabbit IgG 1:200

Sox 9 rabbit IgG 1:150 [32,33]

Sox 10 rabbit IgG Ready for use [32-34]

Shh rabbit IgG 1:50 [35]

Smo rabbit IgG 1:50 [36]

column of white matter; 4) lateral column of white matter; 5) posterior column of white matter; 6) central canal region. The BrdU +
cells and the area of each region of interest were evaluated on every 12th section through C1, Thl, and L1 segments in each monkey,
and the BrdU + cells were quantified densitometrically (cellsymm?) for each section. The section densities within each region of
interest were averaged for the C, Th, or L segments to obtain the density.

Double and triple labeling for BrdU and for various markers was verified using confocal laser scanning microscopy (LSM 700, Carl
Zeiss). We performed Z sectioning at 0.5-1.0 pm intervals and optical stags were used for analysis and for digital generation of three-
dimensional reconstruction. Assembly and and brightness/contrast adjustments of all images were performed using Adobe Photoshop.

2.5. Statistics

Statistical analysis was perform using one-way ANOVA followed by Tukey-Kramer’s post-hoc comparisons and two sided t-test.
Data expressed the mean + SEM. Differences were considered significant when p < 0.05.

3. Results
3.1. Numerous de novo generated cells exist in the intact monkey spinal cord

Our first aim was to investigate for the presence, quantity and distribution of cells undergoing proliferation of the intact monkey
spinal cord, at different anatomical levels (Figss. 2-3). We found on average ~250 BrdU + cells per section through the cervical,
thoracic or lumbar segments. Of these, ~80 positive cells were located in the gray matter and ~170 cells were located in the white
matter, per section. Since the areas of the gray and white matter differ at each segment, our statistical analyzes report densitometrical
data (BrdU + cells/ymm? within each region of interest at each segment).

We first calculated the density of BrdU + cells at a short survival time point following the BrdU infusion: 2 h after 5 consecutive
BrdU injections (Group I, Fig. 1A), at different anatomical levels. We found a significantly higher density in the gray matter of both
anterior (Fig. 2A-C) and posterior horns (Fig. 2D-F) at level C1 as compared to L1 or Thl. When we compared the density of
proliferating cells in the anterior versus the posterior horns of the gray matter, we found a higher density in the posterior horn: 22 + 5
BrdU + cells/mm? in the cervical posterior horn vs 17 + 3 BrdU + cells in the cervical anterior horn, 19 + 5 BrdU + cells in the thoracic
posterior horn vs 10 + 3 BrdU + cells in the thoracic anterior horn (p < 0.01, Tukey-Kramer test). There was no statistically significant
difference between the anterior and posterior horn at lumbar levels. In the white matter, the density of BrdU + cells did not exhibit
significant differences with respect to either anatomical level or column localization (anterior versus lateral or posterior columns)
(Figé 2G-0). The average BrdU + cell density in the gray matter (16 cells/mm?) was higher as compared to the white matter (11 cells/
mm?).

About 10-12% of the BrdU + cells in both the gray and the white matter were located in “doublets” (Fig. 2A - inset) suggesting a



D. Marinova et al. Heliyon 10 (2024) e28856

C-segments L-segments Density

A wM B WM C =
- Ng N
Q< 3. LB
s o
(40 L
E GM WM E
n *
> £
E.,
m %’ :
L %
I(” o
[ T L
G f H I
: ¥ )
| - &
ml, C T L
e GM WM .
(0] 3 K «
- s
ol - R
; @
NS GM
i M N o)
= @) E.
(o = .
g | h
o
1
WM C T

Fig. 2. Density of BrdU + cells, in cervical (A,D,G,J,M) or lumbal (B,E,H,K,N) segments. The images correspond to representative sections through
the spinal cord of the short term survival animals (2h after BrdU). The spinal cord was divided in five regions of interest: anterior horn (AH),
posterior horn (PH), anterior column (AC), lateral column (LC), posterior column (PC). Inset in A: a BrdU + doublet. Inset in E: BrdU + cell nuclei
with a round morphology. Inset in G: BrdU + cell nuclei with an elongated morphology. Scale bar, 1 mm (N). Statistical evaluation of the density of
BrdU + cells at different anatomical levels in the gray (C,F) or white (I,L,0) matter is presented by bar plots. *, P < 0.05.
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Fig. 3. Reduction of BrdU + cells in long-term survival after BrdU infusion. Representative spinal cord micrographs taken from animals surviving 2h
(A,C,E,G,D) or 5 weeks (B,D,F,H,J) after BrdU. The spinal cord is divided in five regions of interest: anterior horn (AH), posterior horn (PH), anterior

column (AQ), lateral column (LC), posterior column (PC). Single BrdU -+ nuclei are depicted by arrows while BrdU + doublets - by arrowheads. Scale
bar, 1 mm (N).
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recent division. Morphologically, in both the gray and white matter, many BrdU + nuclei had an elongated (rod-shaped) appearance
(Fig. 2G-inset), while a smaller fraction of the BrdU-labeled nuclei had a round shape (Fig. 2E-inset).

The distribution and morphological appearance of BrdU + cells were similar among three spinal levels examined (cervical, thoracic
or lumbar).

3.2. Survival of newly generated cells in the spinal cord

To investigate whether the BrdU + cells observed immediately following BrdU infusion (monkeys of Group I; Fig. 1A) survive and
what is their distribution in the intact spinal cord, we used tissues from experiments, in which the monkeys survived longer time points
after BrdU (Fig. 1A): 2 weeks, 5 weeks, or 10 weeks. We observed a dramatic decrease of the BrdU + cells per section: from 250 BrdU +
cells per section at 2h after BrdU to 80-100 positive cells per section at 2-10 weeks after BrdU (Fig. 3A-0). Statistical evaluation
confirmed that the density of the BrdU + cells was significantly reduced beyond the 2h-time point (Fig. 4A). This decrease was evident
in all studied spinal cord segments. We did not observe statistically significant differences among the three long-term survival groups: 2
weeks, 5 weeks or 10 weeks after BrdU (Fig. 4A). In addition to the reduction of the proliferating cell density in the animals surviving
beyond the 2h-time point after BrdU, we also observed a reduction in the BrdU + cell doublets. In animals euthanized 2 weeks after
BrdU, the fraction of BrdU + cells forming “doublets” was reduced to 5-6% of the BrdU + cells, while in the 10-week survival group the
fraction of BrdU + cells forming “doublets” was below 1% (Fig. 4B).

To test the applicability of BrdU as a marker labeling dividing cells, in the context of spinal cord tissue, we performed double-
staining for BrdU and another marker for dividing cells - Ki67 [18] at 2h after BrdU infusion. Double-staining between Ki67 and
BrdU revealed that the majority (80%) BrdU + cells are also Ki67+ (Fig. 4C). In long term survival group, we found that 24% of all
BrdU + cells are Ki67+.

3.3. Proliferation of endothelial and glial cells in the monkey spinal cord

We did not found BrdU signal in neuronal cells labeled by NeuN or other neuronal markers (data not shown).

We investigated whether BrdU is incorporated into cells with a phenotype of blood vessel endothelial cells, astrocytes, oligo-
dendrocytes or glial progenitor cells (Table 1, Fig. 5F, 6F and 7).

Double-staining for BrdU and the microglial marker Ibal (Ionized calcium binding adaptor molecule 1; [37]), demonstrated that
many BrdU + cells were of a microglial phenotype (Figs. 5A and 6A). At the 2h survival time point after BrdU application, the
BrdU+/Ibal+ cells comprised ~20% of all BrdU -+ cells (Fig. 7 A). With increased survival after BrdU, this fraction increased to nearly
40% of the BrdU% cells at 10 weeks after BrdU (Fig. 7 D). These data indicated that the microglial cell population represents a major
dividing cell fraction in the primate spinal cord under normal conditions.

We used as marker of endothelial cells Von Willebrand factor (vWF) [27]. We found that at all survival time points after BrdU, the
BrdU+/vWF + cells represented 20-30% of all BrdU + cells (Figs. 5E, 6E and 7A-D).

The marker A2B5 was used to investigate if there are BrdU + cells at the stage of bipotent glial progenitors (oligodendrocyte or
astrocyte; [21]). We evaluated that the BrdU+/A2B5+ cells correspond to ~5% of BrdU + cells (Fig. 7A-D). Nearly all of them were
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Fig. 4. Statistical evaluation of BrdU + cell density and BrdU + cell “doublets” at various time points after BrdU. A. Number of BrdU + cells per
section. *, P < 0.05. B. Proportion of BrdU + cells located in “doublets” at 2h, 2 weeks (wk), 5 weeks or 10 weeks following the infusion with BrdU.
C. Double-labeling for BrdU (red) and Ki67 (green) in gray matter of the spinal cord at 2h survival after BrdU. Scale bar, 40 pm.
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Fig. 5. Phenotype of BrdU + cells in the short-term survival group (2h after BrdU). A-E. Double-staining for BrdU (red) and different cell markers
(green). Double-positive cells are depicted by arrows. F. Schematic map of the spinal cord indicating the position of the images from panels A-E.
Scale bar, 10 pm (E).

located in the white matter (Figs. 5B and 6B). The presence of BrdU-incorporating oligodendrocytes was probed by coming BrdU
labeling with the marker O4, marker specific for the early-mid stages of oligodendrogenesis [26]. BrdU+/04+ cells (Figs. 5C and 6C)
represented 5% of the population of de novo generated cells (Fig. 7A-D) and were located in the white matter.

Astrocytic cells were visualized using antibody against the intermediate filament protein Glial Fibrillary Acidic Protein (GFAP). The
percentage of proliferating astrocytes increased from less than 1% at 2h after BrdU (Fig. 5D and 7A) to about 7% at 10 weeks of survival
after BrdU (Fig. 6D and 7D). We observed BrdU+/GFAP + cells in both the white and gray matter, but most of them were localized to in
the white matter, associated with radial elements (Fig. 5D, arrow).

3.4. BrdU + cells express transcription factors involved in embryonic spinal cord development

We wanted to probe whether proliferating cells in the normal monkey spinal cord tissue express transcription factors known for
their involvement in brain development, similarly to what shown in rodents [38]. Further, the phenotype of nearly 50% of BrdU + cells
studied at the time point 2h after BrdU could not be classified with cell markers listed above (Fig. 7 A), thus raising the possibility of the
existence of undifferentiated cells which could potentially express such embryonic transcription factors. We therefore performed
double-labeling for BrdU and transcription factors which are expressed in embryonic progenitors: Sox1, Sox2, Sox9, Sox10, Smo,
Emx2, Ngnl, Oligl, Olig2, Olig3 [26,28,34-36,39-47].

Double-labeling for BrdU and Emx2 revealed that 9% (8 out of 86 cells) of the BrdU + cells were also Emx2+ (Fig. 8D).
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Fig. 6. Phenotype of BrdU + cells in a long-term survival group (5 weeks after BrdU). A-E. Double-staining for BrdU (red) and different cell markers
(green). Double-positive cells are depicted by arrows. F. Schematic map of the spinal cord indicating the position of the images from panels A-E.
Scale bar, 20 pm (E).

Combinations of BrdU labeling with stainings for transcription factors Sox1 or Sox2 revealed presence of dual-positive cells. Double-
positive cells for BrdU/Sox1 were observed in the gray and white matter of the spinal cord (12%, 12 out of 100 BrdU + cells) (Fig. 8F),
while BrdU/Sox2 cells (7%, 6 out of 93 BrdU + cells) were detected only in the white matter (Fig. 8G). A small fraction of BrdU + cells
4% (3 out of 95 cells) co-expressed the pro-neurogenic transcription factor Ngn1 (Fig. 8E).

Sox9 is expressed by both oligodendroglial and astroglial precursors, and subsequently remains expressed in the differentiation
astroglial cells but not in the maturating and mature oligodendrocytes [32,33]. Our observations showed that Sox9 was expressed by
the cells which are located only within the borders of the gray matter of the spinal cord. They are also seen around the central canal, but
not in the ependymal layer and subependymal zone. Some of the described cells were located in doublets. In the short term survival
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animals we observed that 28% of the BrdU + cells co-expressed Sox9 (27 out of 96 cells) (Fig. 8H).

Sox10 is a transcription factor that marks all developmental phases of oligodendrocytogenesis [32-34]. In the macaque spinal cord,
BrdU+/Sox10+ were predominantly observed within the gray matter with just a few double-stained cells in the white matter. At short
term survival after BrdU, we observed 35% double-labeled cells (34 out of 103 BrdU + cells) (Fig. 8I).

Co-staining BrdU with the oligodendrocyte transcription factors Oligl, Olig2, Olig3, we found that BrdU+/0ligl+ cells as well as
BrdU+/0lig2+ cells were detected only in white matter of short term group (3%, 3 out of 98 BrdU + cells), but BrdU+/0lig3+ cells
were found in both white and gray matter of the spinal cord (7%, 8 out of 94 cells) in monkeys from the same survival group (Fig. 8A,B,
Q).

By double labeling with Smo, the transmembrane receptor of the morphogen Sonic hedgehog (Shh) [48], we found a small number
(3%, 3 of 97 BrdU + cells) of BrdU+/Smo + cells localized in the white matter of the short term group (Fig. 8J).

3.5. Distribution and phenotype of proliferating cells in the central canal

Immunostaining for BrdU revealed positive cells in the central canal region, typically immediately beneath to the ependymal layer,
in both short-term and long-term survival animals after BrdU (Fig. 9A and B; arrows). Most of the BrdU + cells were situated at the
ventral or the dorsal poles of the central canal. BrdU + cells were also observed within the ependymal layer (inset in Fig. 9A and B).
Similarly to the gray and white matter, the BrdU + cells in the central canal region decreased with the prolonged time interval
following the BrdU infusion (Fig. 9C).

Labeling for Vimentin revealed a strong signal in the central canal, which was topographically organized along the dorso-ventral
axis, with strongly labeled cells at the ventral pole (toward the anterior fissure) and the dorsal pole (toward the posterior fissure) of the
canal (Fig. 9E1, arrows; see the map in panel D). Many ependymal cells expressed Vimentin in their cytoplasm, but the cells at the poles
projected processes along the dorso-ventral axis (Fig. 9E3, arrowheads). We detected Vimentin+/BrdU + cells which were located
immediately beneath the ependymal layer (Fig. 9E2-E3, arrow) or within a few hundred pm away from the ependymal layer of the
central canal, at the dorsal side of the canal (Fig. 9E4-E5, arrow). However, we did not observe a subependymal layer of cells,
anatomically separate from the ependymal layer as seen in the subventricular zone of the lateral ventricle.

Immunostaining for PSA-NCAM showed cytoplasmic signal in most ependymal cells of the canal (Fig. 9F1) with the cells at the
dorsal of the canal showing the highest signal intensity (Fig. 9F1-F2, arrows). At the dorsal pole, PSA-NCAM + cells seemed like
forming a chain extending in the posterior direction (Fig. 9¥2, arrows). Unlike for PSA-NCAM, the ependymal layer of the canal was
negative for GFAP, but a dense meshwork of GFAP + processes surrounded the ependymal cells (Fig. 9G, arrows). Numerous blood
vessels, revealed by vWF immunostaining were visible in close vicinity to the central canal, but did not come into a direct contact with
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the ependymal cells (Fig. 9H, arrows). Of note, some of the processes of the Vimentin + cells originating from the central canal reached
to blood vessels (Fig. 912, arrow).

Similarly to PSA-NCAM, the marker Nestin labeled cells at both the dorsal and ventral poles of the canal, with a stronger staining at
the dorsal pole (Fig. 911, arrowhead). Double-labeling for Vimentin and Nestin showed the presence of dual positive cells (Fig. 911-13,
arrowheads).

4. Discussion

The present study provides the first detailed data on the amount and phenotype of proliferating cells in the intact spinal cord of
adult primates.

4.1. Cellular proliferation in monkey spinal cord differs across the dorso-ventral and the rostro-caudal axes

The present study provides comprehensive data on cell proliferation in the intact spinal cord of adult macaque monkeys. Cell
proliferation was studied across two axes: (i) dorso-ventral axis (anterior versus posterior horn of the gray matter; anterior versus
lateral versus posterior column of the white matter), and (ii) rostro-caudal axis (cervical versus thoracic versus lumbar spinal cord
levels). Our data indicate a higher level of proliferation in the dorsal gray matter of the monkey spinal cord as compared to ventral
horn. Further, we detected higher proliferation at more rostral (cervical) levels as compared to more caudal (thoracic or cervical)
levels. Data in normal rat spinal cord [8] demonstrate higher quantity of BrdU + cells in the outer circumference of the spinal cord,
while in the monkey we found greater BrdU + cell density in the gray matter as compared to the white matter. Of note, cellular

10
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Fig. 9. Location and phenotype of BrdU + cells in the central canal of the macaque spinal cord. A-C. BrdU immunolabeling of monkey sections at 2h
(A) and 5 weeks (B) following BrdU infusion. The BrdU + cells are at the ventral or the dorsal poles of the canal (arrows). The images are aligned
according the map in panel D. Insets demonstrate BrdU + cells within the ependymal layer. C. Statistical evaluation of the BrdU + cell density in the
central canal after different survival times following BrdU application. *, P < 0.05. E. Immunostaining for Vimentin (green) and BrdU (red)
demonstrates the dorso-ventral arrangement of the Vimentin + cells (E1; arrows). Double-labeled cells in E2-E5 are depicted by arrows. In panel E5,
Vimentin + basal processes are depicted by arrowheads. F. Inmunostaning for PSA-NCAM demonstrates numerous positive cells in the ependymal
layer of the canal with the strongest signal at the dorsal pole (arrows). G. Dual immunolabeling for PSA-NCAM (green) and GFAP (red) demonstrates
the lack of GFAP staining in the ependymal cells and a dense meshwork of fibers surrounding the canal (arrows). H. Anti-vWF (red) immunolabeling
counterstained by DAPI shows the anatomical relation of blood vessels (arrows) to the central canal. I. Nestin/Vimentin double-staining revealing
double-positive cells at the ventral and dorsal poles of the central canal (arrows). A basal process directed toward a blood vessel (bv) is depicted by
an arrowhead. Asterisk, lumen of the central canal. Scale bars, 50 pm (A, B, E1, F1, G, H); 20 pm (F2, 13); 10 pm (E3).

plasticity was reportedly higher in the posterior horn of monkey spinal cord after injury [10]. This difference opens the possibility of
differential topography of progenitor cell location or capacity across different axes, similarly to the forebrain subventricular zone [49].

4.2. Cellular proliferation in monkey spinal cord is sustained even in the absence of injury

Our data showed a reduction of the proliferating cells over time (Fig. 4A). However, the density of BrdU + cells was sustained when
we compared the time points of 2 weeks, 5 weeks and 10 weeks after BrdU. These data indicate that some of the proliferating cells are
short-lived, but a significant fraction sustains their existence over time. Of note, in normal rat spinal cord, quantity of proliferating cells
was not dramatically induced at 4 weeks after BrdU as compared to 1 day after BrdU [8]. This might indicate mechanisms which
eliminate around half of the newly formed cells in primates within a few days after birth. Another possible explanation of these findings
could be that continued cell proliferation could lead to loss of the BrdU signal over time. Further studies are needed to address this
phenomenon.
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4.3. Microglial cells are a major proliferating cell fraction in primate spinal cord

An interesting finding of our study is the in primates microglial cells represent a large proliferating cell fraction. Proliferating
microglial cells were detected in both anterior and posterior horns of the gray matter as well as in the white matter. Of note the fraction
of BrdU + microglial cells was not reduced over time and it was even increased in the tissues with BrdU incorporation of 10 weeks time,
suggesting a stable proliferation rate of microglial cells over time. Microglial cells respond to injury and their proliferation was
markedly enhanced by spinal cord trauma [9]. In comparison to primate, in normal rat spinal cord proliferating microglial or
endothelial cells were less than 5% [8]. What is the function of proliferating spinal cord microglia under normal conditions remains to
be elucidated.

Macroglial cells represented another proliferating cell fraction of a significant size in monkey spinal cord. While BrdU + cells
expressing the oligodendroglial (A2B5 or O4) or astroglial (GFAP) markers were round 10%, the co-labeling of BrdU with the tran-
scription factors Sox9 and Sox10 revealed that about a third of the proliferating cells co-expressed these proteins. Sox9 is initially
expressed by bipotent glial (oligodendroglial or astroglial) precursors, but at maturation of the cells labels preferentially astroglial cells
[32,33], while Sox10 is a selective oligodendroglial marker [32-34]. These results suggest that in the intact primate spinal cord
microglial and microglial cells represent similar in size proliferating cell fractions. This is different to what is known for the intact
rodent spinal cord [8] where microglial cells constitute a significantly larger proliferating cell fraction as compared to the microglial
cells.

The lack of neurogenesis in monkey spinal cord is in agreement with the results in rodents [8], where a larger number of BrdU +
cells are present in the Zona gelatinosa of the posterior horns of the gray matter, but also no signs of neuronal proliferation are found
under normal conditions.

4.4. Newly generated cells in monkey spinal cord express embryonic transcription factors

Newly generated cells in the normal rat spinal cord express transcription factors involved in embryonic spinal cord development
[50]. We tested whether proliferating cells primate spinal cord would show similar expression. Indeed, transcription factors such as the
Olig proteins Oligl, Olig2, Olig3 were expressed in the monkey and showed differential distribution: while BrdU+/0ligl+ and
BrdU+/0lig2+ cells were found only in the white matter, BrdU+/0lig3+ cells were observed in both the gray and white matter. This
indicates a heterogeneity of potential glial progenitors in the primate spinal cord [32].

Notably, two transcription factors known for their role in telencephalic neurogenesis were expressed by BrdU + cells in monkey
spinal cord: Emx2 [51], and Ngn1, while expression of Ngn2 was not detected. Ngn1 and Ngn2 play a role in the regulation of dorsal
plate progenitors during embryonic development of the spinal cord [52,53]. Lack of pro-neuronal transcription factor expression by
proliferating cells in the monkey might contribute to the presence of unfavorable environment for progenitors [50] in the primate.

4.5. The central canal of the intact monkey spinal cord as a putative progenitor cell niche

We detected proliferating cells within the ependymal layer of the central canal, immediately beneath it, or in its vicinity (within a
few hundred pm of the canal’s lumen). Most of the BrdU + cells were topographically located at ether the ventral or the dorsal poles of
the canal. This dorso-ventral distribution of proliferating cells resembled the dorso-ventral arrangement of the cells, positive for
Vimentin, Nestin or PSA-NCAM. Consequently, we observed that BrdU —+ cells typically co-labeled with Vimentin. Similar results with
numerous BrdU+/Vimentin + cells in the central canal have been reported in rodents [12] named radial ependymal cells. However, in
the rodent these cells are typically localized on the lateral side of the central canal [12], while in the monkey they were located at the
dorsal pole. Further, in the monkey we also detected BrdU+/Vimentin + cells in subependymal position. The Vimentin + radial
processes co-labeled for Nestin in the monkey, but not for GFAP, discordant with the reported in rodents GFAP co-expression of
Vimentin + cells [54]. Unlike the expression pattern of GFAP, the pattern of Nestin expression in the central canal of rodent [13,55]
and primate (this study) was similar, with stronger Nestin expression at the dorsal pole and weaker expression at the ventral pole.

The strong expression of Vimentin, Nestin and PSA-NCAM at the dorsal pole, and the predominantly dorsal localization of BrdU+/
Vimentin + cells in the monkey central canal suggest that this domain of the central canal is a putative progenitor cell niche in the
primate.
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