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Abstract

Ependymal cells lining the central canal of the spinal cord play a crucial role in providing a
physical barrier and in the circulation of cerebrospinal fluid. These cells express the FOXJ1 and
SOX2 transcription factors in mice and are derived from various neural tube populations,
including embryonic roof and floor plate cells. They exhibit a dorsal—ventral expression pattern
of spinal cord developmental transcription factors (such as MSX1, PAX6, ARX, and FOXA2),
resembling an embryonic-like organization. Although this ependymal region is present in
young humans, it appears to be lost with age. To re-examine this issue, we collected 17 fresh
spinal cords from organ donors aged 37-83 years and performed immunohistochemistry on
lightly fixed tissues. We observed cells expressing FOXJ1 in the central region in all cases,
which co-expressed SOX2 and PAX6 as well as RFX2 and ARL13B, two proteins involved in
ciliogenesis and cilia-mediated sonic hedgehog signaling, respectively. Half of the cases
exhibited a lumen and some presented portions of the spinal cord with closed and open central
canals. Co-staining of FOXJ1 with other neurodevelopmental transcription factors (ARX,
FOXA2, MSX1) and NESTIN revealed heterogeneity of the ependymal cells. Interestingly,
three donors aged > 75 years exhibited a fetal-like regionalization of neurodevelopmental
transcription factors, with dorsal and ventral ependymal cells expressing MSX1, ARX, and
FOXAZ2. These results provide new evidence for the persistence of ependymal cells expressing
neurodevelopmental genes throughout human life and highlight the importance of further

investigation of these cells
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Introduction

The ependyma is a layer of cells that lines the ventricular system of the brain and central canal
of the spinal cord. Spinal cord ependymal cells are a heterogeneous population derived from
different subpopulations of the neural tube in mice [1-8]. They play an important role in the
production and movement of cerebrospinal fluid [6, 9] and typically express FOXJ1 and SOX2
transcription factors [8]. Adult spinal cord ependymal cells also keep expressing several spinal
cord developmental transcription factors such as ARX, FOXA2, MSX1, PAX6, and
S0X2,4,6,11 in mice and young humans [10]. In particular, the ependyma has an embryoniclike
dorsal-ventral regionalization and long radial NESTIN+ cells have been observed in the dorsal
and ventral regions [6, 7, 11]. These radial cells are remnants of the embryonic spinal cord roof
and floor plates [2, 8, 10] which are wellknown developmental organizing centers [12].
Compared to the brain ependyma, the mouse spinal cord ependyma maintains proliferation [4,
6,11, 13].

While much of our knowledge of the ependymal region is based on studies in rodents, it is
important to study spinal cord ependymal cells in non-human primates and humans, which have
a much longer lifespan and may exhibit significant differences. For example, ependymal cells
in mice are mainly bi- and uniciliated, whereas macaques have uni-, bi-, and multiciliated cells
[6, 14]. Human spinal cord ependymal cells remain largely understudied, with limited research
on adult tissues [14-24]. Most of these studies were based on spinal cords removed from
cadavers.

In contrast to rodents, the ependymal region in humans appears to disappear from early
childhood or the second decade in the majority of individuals, resulting in extensive
accumulation of disorganized ependymal cells, pronounced astrogliosis, and perivascular
pseudo-rosettes that resemble ependymomas [14, 17-19, 24]. After the second decade, no
expression of Sox2 or CD133 (PROML1), which are ependymal cell markers, is found [17].
Although a fraction of ependymal cells in mice can act as neural progenitors and replace lost
cells in spinal cord injury [1, 7, 8, 25-28], it appears that the ependyma remnants in adult
humans do not proliferate after injury, suggesting that these cells are unlikely to be involved in
cell replacement after a lesion [29].

Contrary to the notion of disappearance of the ependymal region, our previous study on two
freshly collected spinal cords from organ donors aged seventeen and forty-six, showed the
presence of a distinctive ependymal region with an observable lumen, even in the older donor

[10]. RNA profiling of these cells combined with immunofluorescence validation showed good



conservation of this region in humans and mice. Therefore, this study aimed to address the issue
of the persistence of an ependymal region during human aging using a new collection of 17
fresh spinal cords obtained from organ donors aged between 37 and 83 years.
Immunohistochemistry (IHC) and immunofluorescence (IF) were performed on lightly-fixed
cryosections to determine whether a typical ependymal region with a lumen surrounded by
FOXJ1+ PAX6+ SOX2+ cells could be observed in aged spinal cord and whether these cells
could still be detected when the central canal was obliterated. We also examined whether the
embryonic-like organization and expression of spinal cord developmental transcription factors
can be maintained during aging. Finally, we investigated whether different types of FOXJ1+
ependymal cells were detected in human spinal cord.

Our results show that a typical ependymal region with an embryonic-like organization can
persist even in very old individuals, at least in some portions of the spinal cord. The high
heterogeneity among samples, coupled with nonstandardized procedures for both spinal cord

collection and histology, provides a plausible explanation for the observed disparate results.

Materials and methods

Human spinal cord extraction

Human spinal cords were dissected from organ donors at Montpellier Hospital with the
approval of the French Institution for Organ Transplantation (Agence de Biomédecine). None
of the patients had a history of Chiari infection, hydrocephalus, or operated scoliosis. Informed
consent was obtained from the families by the organ procurement organization for this study.
Before vascular aortic clamping, blood was replaced by perfusion with 4 °C-chilled IGL1
(Institut Georges Lopez, Lissieu, France) or Custodiol® (Essential Pharmaceuticals, Durham,
UK) organ preservation solutions for abdominal or thoracic organ collection, respectively. The
average duration between vascular clamping and spinal cord extraction was four hours when
the heart, lungs, liver, and kidneys were removed, and an average of 2 h when only the liver
and kidneys were removed. The body cavities were then cooled using crushed ice. The surgery
was performed as previously described [30] and the thoracic or lumbar segments were
immediately placed on ice before processing for immunohistochemistry. The donor
characteristics and elapsed time between brain death, clamping, and spinal cord extraction are

presented in Table S1.



Histology

Spinal cord segments were flash frozen in a 40-mL flatbottom plastic tube immersed in a pre-
chilled at - 80 °C isopentane bath placed in a SnapFrost® apparatus (Excilone, Elancourt,
France) and then stored in a - 80 °C freezer. The spinal cords were cryosectioned transversally
(14 um thick sections) using a NX70 cryostat (Microm Microtech, Brignais, France) and
sections were placed on SuperFrost® Plus Menzel Glaser slides (Thermo Scientific, IlIkirch,
France). The slides were stored in a - 80 °C freezer until used. Before immunolabeling, sections
were lightly fixed in a 4% paraformaldehyde-PBS (phosphate-buffered saline) solution for 20
min at 4 °C and then washed twice with PBS. The antibodies and dilutions used for staining are
listed in Table S2. Immunohistochemistry was performed using Polink-2 HRP Plus rabbit,
mouse and goat DAB detection Kits (Diagomics, Blagnac, France). The sections were incubated
with primary antibodies overnight. Images were taken with a Nikon Eclipse microscope. To
evaluate the presence of a closed versus an open central canal, sections were stained with

hematoxylin. The number of sections examined is listed in Table S3.

Results

To probe the presence of ependymal cells during aging, we collected spinal cords from 17 organ
donors (thoracic and/or lumbar levels) aged between 37 and 83 years (the donors are described
in Table S1). In most cases, the spinal cord was removed within two to 4 h after aortic clamping
and 6-27 h after death. To preserve antigens and avoid tissue shrinkage due to formaldehyde
fixation [31], the spinal cords were frozen without fixation, and IHC was performed on lightly
fixed sections to preserve antigens. We began our analysis by examining the expression of the
transcription factor FOXJ1 which is a very good marker of ependymal cells in mouse and
human spinal cords [32]. Figure 1A illustrates the presence of FOXJ1+ cells around the central
lumen of a 77-year-old and an 83-year-old donor. FOXJ1+ cells were also detected in all other
examined cases (13/13) (Fig. 1B, all cases are presented in Fig. S1). We noted that in
approximately 50% of spinal cords, a patent lumen was not observed and FOXJ1+ cells tended
to appear as a mass of cells located in the central region (see for instance donor 12, upper
thoracic, Fig. S1). When a central canal was present we also observed that in additionto FOXJ1+
cells surrounding the lumen, isolated and probably delaminating FOXJ1+ cells were often
found away from the lumen (red arrows in Fig. 1 and ventral FOXJ1+ cells in Figs. 7, 8). In

addition to FOXJ1, in mice and in young humans [10, 16], ependymal cells also express SOX2,



which is a well-known neural stem cell transcription factor, together with PAX6, which is a
homeodomain transcription factor that is highly expressed in spinal cord neuroepithelial cells
during development [33]. As illustrated in Fig. 1A, both SOX2 and PAX6 patent staining were
present in cells surrounding the lumen of the two 77- and 80-year-old donors, as well as in all
other examined cases (9/9, Fig. 1B). We previously reported the specific expression of cilia-
related genes in human and mouse ependymal cells [10]. To validate this expression in aged
samples, we performed IHC for RFX2, which is an important transcription factor controlling
ciliogenesis [34], and ARL13B, a regulatory GTPase involved in the sonic hedgehog pathway
that is highly enriched in cilia [35, 36]. Strong nuclear expression of RFX2 and ARL13B at the
border of ependymal cells was observed in all examined cases (Fig. 2A—C). Taken together
these results demonstrate the persistence of ependymal cells expressing ARL13B, FOXJ1,
PAX6, RFX2, and SOX2 in the human spinal cord during aging.

We previously reported the regionalized expression of the spinal cord developmental
transcription factorsARX-FOXA1/2-MSX1, in mouse and human ependymal [10]. This pattern
of expression is reminiscent of the situation during spinal cord development, where MSX1 is
expressed by cells in the dorsal neuroepithelium, whereas ARX and FOXAL/2 expression are
restricted to the ventral neural tube [12, 37]. We performed IHC of these three factors to
determine whether the fetal-like regionalization could be maintained with aging. As presented
in Fig. 3, for the three studied cases, we observed weak expression of MSX1 in most ependymal
cells, however, a group of dorsal cells clearly exhibited higher MSX1 staining. In contrast to
MSX1, ARX and FOXAZ2 staining were confined to a group of cells located in the ventral
ependyma (Fig. 3).

To ascertain whether ARX, FOXA2, MSX1, PAX6 and SOX2 are expressed in adult
ependymal cells, we performed double stainings with FOXJ1. As presented in Figs. 4, 5, 6, 7,
8, 9, we observed that these developmental transcription factors were clearly expressed by all
ependymal cells or subpopulations of FOXJ1+ cells. In addition to transcription factors, in a
52-year-old spinal cord, we also examined the expression of the well-known neural stem cell
marker NESTIN (NES) in FOXJ1+ cells. Figure 10 shows that this cytoskeletal protein was
expressed heterogeneously in ependymal FOXJ1+ cells.

Finally, loss of the central canal and stenosis have been previously reported during aging of the
human spinal cord [17-19, 24]. We found three types of situations in our cohort (Table S3-S4):
(1) cases in which all examined sections had a lumen (45% of explored segments). It is worth

noting that this lumen was not always circular and could be distorted (see, for instance, Fig. 1A,



top right-hand image of an 83-year-old donor). However, a wide and round lumen was observed
even in old donors (Fig. 1A left-hand image). The surface of the lumen was generally larger in
the lumbar spinal cord than in the thoracic segment (Fig. 1C) where the lumen can be very small
(see, for instance, Fig. 1A PAXG6 staining, 77-year-old donor). (2) Cases in which no patent
lumen was found (40% of explored segments). Examples of this type of pattern are shown in
Fig. S1. However it is important to note that even in this situation, ependymal cells expressing
FOXJ1, PAX6 and SOX2 were still detected (Figs. 11D and Fig. S2). (3) Cases in which,
depending on sections in the same segment, we noted the absence or the presence of a central
canal (15% of explored segments; Fig. 11). To further explore this pattern, we performed serial
sectioning of four samples. We observed the coexistence of open and closed central canals over
a distance of 1000-2000 pm for three donors (Fig. 11A—C), whereas all sections over 5000 um

were closed for the fourth donor (not shown).

Discussion

This article reports that ependymal cells expressing FOXJ1 and spinal cord neurodevelopmental
and stem cell proteins (i.e., ARX, FOXA2, MSX1, NESTIN, PAX6, and SOX2) are maintained
during aging of the human spinal cord. These findings contrast with those of previous studies,
suggesting that these cells may be lost with age [17-19, 24].

These varying conclusions are likely due to differences in the origin and heterogeneity of human
samples and the technical approaches employed, which are typical in human tissue research
[see, for instance, [38]. First, we used organ donors as sources of the spinal cord. A critical
factor in accurate detection of marker proteins is the post-mortem delay i.e., the time between
the death of a person and fixation of the spinal cord [38, 39]. Unlike autopsy, which is generally
used in most studies of human spinal cord ependyma, the organ donors were perfused with an
organ preservation solution and the spinal cords were removed only a few hours after clamping,
typically 2-4 h. This procedure is likely to preserve the ependymal cells as close as possible to
their original state. Second, after collection, the spinal cords were directly frozen at a low
temperature without fixation and IHC was performed on frozen sections that were only lightly
fixed. In contrast, most studies on the human spinal cord ependyma are based on an extended
paraformaldehyde fixation followed by paraffin embedding which has been shown to remove
lipids and induce substantial tissue shrinkage (up to 60% for mouse brain [40]). This
histological procedure may affect the structure of the ependymal region and the reactivity of
ependymal cells to antibodies.



Although the conditions for collecting the spinal cord after death were more favorable for
histological analysis, we still noted stenosis or a disorganized central canal in approximately
50% of cases. This finding is consistent with previous histological studies that have reported
partial or complete stenosis of the ependyma with aging [17-19, 24]. This underscores the
significant heterogeneity of human spinal cord samples and emphasizes the necessity of
studying large cohorts. Even in the case of central canal stenosis, we detected cells expressing
FOXJ1, SOX2 and PAX6 indicating that the ependymal cells did not disappear. We observed
cases with both open and closed central canal regions, indicating that the disorganization of the
central canal was not uniform throughout the spinal cord. Indeed, by examining 232 cases,
Milhorat et al. found only four complete occlusions (1.7%) of the entire central canal across the
seven levels that were analyzed [19]. Combined with our observations of closed and open
ependymal regions in the same donors, these data suggest that the obliteration of the central

canal is not continuous.

We previously reported that in mice and in humans, aged 17 and 46 years, the ependyma
exhibits an embryonic-like organization, with differential dorsal-ventral expression of spinal
cord neurodevelopmental transcription factors such as ARX-FOXA1/2-MSX1 [10]. This
organization very likely arises from the persistence of cells originating from the neural tube
roof and floor plates [2, 10, 12]. Strikingly, we found that such an organization could be
observed even in donors over 75 years of age. During development, these dorsal and ventral
cells secrete important morphogens such as BMP6 and SHH that regulate the growth and fate
of developing spinal cord stem cells [12]. The role and contribution of these dorsal and ventral
cells in the maintenance of ependymal cells during aging of the human spinal cord remain to be
elucidated.

Our double-staining experiments with FOXJ1 revealed heterogeneity of ependymal cells in
humans, with subpopulations of FOXJ1+ ependymal cells that differentially express NESTIN
and neurodevelopmental transcription factors. This is consistent with studies conducted in mice
and macaques, notably using single-cell RNA sequencing, which revealed the heterogeneity of
these cells [5, 6, 10, 11, 14, 21]. These findings raise questions about the different functions of
these cells.

While this work was in progress, single-cell RNA-seq analysis was performed on seven lumbar
spinal cords from some of the cases included in the present article and aged 50-80 years [41].
A database for gene expression in the human spinal cord is available on a website

(vmenon.shinyapps.io/humanspinalcord). By interrogating this resource, we found that 6/7 of



the genes we explored in our study by IHC; namely, Arx, FoxJ1, Msx1, Pax6, Rfx2 and Sox2
were well expressed in ependymal cells at the single-cell RNA level (Fig. S3). FoxA2
expression was not detected in ependymal cells or in the entire spinal cord through scRNA
sequencing, which may be due to its expression being restricted to only a few cells located in
the ventral central canal, as detected by IHC (Fig. 3). These independent data further support
the notion of maintenance of ependymal cells during human spinal cord aging.

In conclusion, our results based on IHC and IF, combined with those of three other studies,
provide strong evidence for the maintenance of human ependymal cells with immature traits
throughout life. These studies included (1) PCR analysis demonstrating enriched expression of
Pax6, FoxJ1, and Msil (Musashi) genes in ependyma from patients aged 32—76 years [17], (2)
single-cell RNA sequencing identifying ependymal cells in donors aged 50-80 years [41], and
(3) recent IF for FOXJ1 and RNA in situ hybridization for Arx demonstrating their expression
in up to 52-year-old human spinal cord ependymas [21]. The degree of stenosis and
disorganized ependyma displayed significant variations across studies, which may be partly
attributed to differences in current protocols. This highlights the need for standardization of
collection and histological analysis of human spinal cords. Additionally, the origins of spinal
cord stenosis, which vary with the spinal cord level, may be influenced by a multitude of factors,

including but not limited to the local-lifestyle, ethnicity, and unknown parameters.

Limitations

Technical variability among samples represents a potential limitation of our study on
ependymal cells in the human spinal cord, stemming from factors such as non-standardized
sample collection, variation in postmortem intervals until sample collection, and diverse clinical
histories.

Our study was also limited by our inability to demonstrate maintenance of proliferation and
differentiation capacities in aged ependymal cells, as we were unable to detect proliferative
ependymal cells using the proliferation marker mKI67 (data not shown). Human ependymal
cells likely undergo mitosis at a low rate, rendering this approach unsuitable. Alternatively,
analysis of cell proliferation via the incorporation of 14C derived from nuclear bomb testing

would be more suitable [42].



Future directions

In mice, a fraction of the spinal cord ependymal cells behaves as stem cells and can form
multipotent and passageable neurospheres in culture [26, 28]. After spinal cord injury,
ependymal cells rapidly proliferate via Ras signaling activation [43] and then migrate to the
lesion site. This was notably observed when the lesion compromised the integrity of the
ependymal region [44]. Unfortunately, these cells do not produce neurons, generate only a few
oligodendrocytes, and mainly form astrocytes [45]. However these astrocytes contribute to the
core of the glial scar and are beneficial for recovery by reducing axonal loss and secondary
lesion [43]. In addition, recent studies in mice, have revealed that ependymal cells are in a
permissive chromatin state that enables unfolding of a normally latent gene expression program
for oligodendrogenesis which could be used to replace a large number of lost oligodendrocytes
in the injured mouse spinal cord [46]. Unlike in rodents, it has been observed that ependymal
cells in humans do not proliferate after injury, regardless of the time or distance from the lesion
[29]. Nonetheless, there is an increase in NESTIN+ ependymal cells in human spinal cord
following traumatic injury implying the presence of a certain degree of plasticity among these
cells to revert to an immature state [15].

Considering the heterogeneity of human ependymal cells, it is necessary to continue studying
these cells to gain clarity and determine their potential for regeneration in spinal cord injuries

or degenerative diseases such as multiple sclerosis.
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Fig. 1 Detection of ependymal cells in aged spinal cords. A Immunohistochemistry of the

indicated proteins. Left-hand images are low-magnification images (25x) showing the

expression of specific markers in cells around the central canal. The black arrows indicate the



magnified areas presented in the insets. Red arrows show stained cells away from the central
canal. The letter V on the images indicates the ventral part of the spinal cord. B Summary of
the staining results. C Scatter plot of the lumen surfaces measured in lumbar and thoracic spinal
cords. Each donor is depicted by a different colored symbol. The gray bar shows the median

value
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Fig. 2 Detection of cilia-associated proteins in aged spinal cords. A, B Immunohistochemistry
of the indicated proteins. A Staining for RFX2. Left-hand images are low magnification images

(25%) showing specific expression of RFX2 in cells around the central canal. Black arrows



indicate the magnified area presented in the inset. The letter V on the images indicates the

ventral part of the spinal cord. B Staining for ARL13B. Arrows show accumulation of staining

at the apical side of ependymal cells. C Summary of the staining results
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Fig. 3 Maintenance of a dorsal-ventral regionalization of the central canal in aged spinal cords.

Immunohistochemistry of the indicated proteins in three aged donors. Black arrows indicate the

magnified area presented in the inset. The letter V on the images indicates the ventral part of

the spinal cord
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Fig. 4 Expression of PAX6 by FOXJ1+ cells. Expression of PAX6 by FOXJ1+ cells in the
spinal cord was analyzed using co-stainings for FOXJ1 and PAX6 in two donors aged 52 and



76 years. Doublelabeled cells are indicated by white arrows, demonstrating co-expression of
FOXJ1 and PAXG6. To show labeling specificity, double-negative cells are indicated by yellow
arrows. The dotted boxes in the image indicate areas that were used for high magnification
images. These findings indicate that PAX6 expression is present in FOXJ1+ cells within the

spinal cord
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Fig. 5 Expression of SOX2 by FOXJ1+ cells. Expression of SOX2 by FOXJ1+ cells within the
spinal cord was analyzed using co-stainings for FOXJ1 and SOX2 in one donor aged 57 years.
Double-labeled cells, indicating co-expression of FOXJ1 and SOX2, are indicated by white
arrows. To show labeling specificity, double-negative cells areindicated by yellow arrows. The
dotted boxes in the image indicate areas that were used for high magnification images. These

findings suggest that SOX2 is expressed in FOXJ1+ cells within the spinal cord






Donor 52 years

Hoechst Msx1

N N

dorsal part

5 pum
=

Donor 57 years

dorsal part

Fig. 6 Expression of MSX1 by FOXJ1+ cells. The expression of MSX1 in FOXJ1+ cells

within the spinal cord was analyzed using costainings for FOXJ1 and MSX1 in two donors



aged 52 and 57 years. Double-labeled cells, indicating co-expression of FOXJ1 and MSX1,
are indicated by white arrows. To show labeling specificity, doublenegative cells are indicated
by yellow arrows. Pink arrows show FOXJ1+ cells negative for MSX1. Green arrows indicate
artifactual stainings, such as lipofuscin, commonly observed in old tissues. The dotted boxes
in the image indicate areas that were used for high magnification images. These findings
suggest that MSX1 expression is present in some, but not all, FOXJ1+ cells within the spinal
cord
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Fig. 7 Expression of ARX by FOXJ1+ cells. The expression of ARX in FOXJ1+ cells within
the spinal cord was analyzed using co-stainings for FOXJ1 and ARX in one donor aged 52
years. Double-labeled cells, indicating co-expression of FOXJ1 and ARX, are indicated by
white arrows. To show labeling specificity, double-negative cells are indicated by yellow
arrows. Pink arrows show FOXJ1+ cells negative for ARX. The dotted boxes in the image
indicate areas that were used for high magnification images. Notably, in this donor, ARX +cells
appear to have delaminated from the ventral part of the central canal. These findings suggest
that ARX is expressed in some, but not all, FOXJ1+ cells within the spinal cord and that

delamination of ARX+ cells from the central canal may occur in some cases
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Fig. 8 Expression of ARX by FOXJ1+ cells. The expression of ARX in FOXJ1+ cells within
the spinal cord was analyzed using co-stainings for FOXJ1 and ARX in a second donor aged
76 years. Doublelabeled cells, indicating co-expression of FOXJ1 and ARX, are indicated by
white arrows. To show labeling specificity, double-negative cells are indicated by yellow
arrows. Pink arrows show FOXJ1+ cells negative for ARX. Notably, in this donor, ARX+ cells
appear to have delaminated from the ventral part of the central canal. For this panel, the
presented ventral and dorsal high magnification images were taken from a section adjacent to
the low magnification image. These findings suggest that ARX is expressed in some, but not
all, FOXJ1+ cells within the spinal cord and that delamination of ARX+ cells from the central

canal may occur in some cases
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Fig. 9 Expression of FOXA2 by FOXJ1+ cells. The expression of FOXA2 in FOXJ1+ cells
within the spinal cord was analyzed using co-stainings for FOXJ1 and FOXAZ2 in one donor
aged 57 years. Double-labeled cells, indicating co-expression of FOXJ1 and FOXAZ2, are
indicated by white arrows. To show labeling specificity, double-negative cells are indicated by
yellow arrows. FOXJ1+ cells negative for FOXAZ2 are shown by pink arrows, while FOXA2+
cells negative for FOXJ1 are shown by sky blue arrows. The dotted box in the image indicates
the area used for the ventral high magnification image. These findings suggest that while some
FOXJ1+ cells within the spinal cord co-express FOXAZ2, there are also distinct populations of

FOXJ1+ cells and FOXA2+cells that do not co-express these markers
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Fig. 10 Expression of NESTIN by FOXJ1+ cells. The expression of NESTIN in FOXJ1+ cells
within the spinal cord was analyzed using co-stainings for FOXJ1 and NESTIN in one donor
aged 52 years. Double-labeled cells, indicating co-expression of FOXJ1 and NESTIN, are



indicated by white arrows. To show labeling specificity, double-negative cells are indicated by
yellow arrows. FOXJ1+ cells negative for NESTIN are shown by pink arrows. Dotted boxes in
the image indicate the areas used for high magnification images. These findings suggest that
while some FOXJ1+ cells within the spinal cord co-express NESTIN, there are also distinct

populations of FOXJ1+ cells that do not express NESTIN
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Fig. 11 Alternation of closed-open central canals. A, B: The series of images show hematoxylin-
stained sections, spaced at 200 um each, from a 77 year old (A) and a 55 year old (B) upper
thoracic spinal cord. C Two images from the ependymal region of a 66 year old spinal cord
taken 1200 pm apart. D Immunohistochemistry of FOXJ1 in one 77 year old spinal cord donor
showing stained cells in sections with an open (left) or a closed (right) central canal. The letters

O and C indicate open and closed central canals, respectively (dark arrows)



