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Neuroblasts exist within the human subependymal zone (SEZ); however, it is
debated to what extent neurogenesis changes during normal aging. It is also
unknown how precursor proliferation may correlate with the generation of neuronal
and glial cells or how expression of growth factors and receptors may change
throughout the adult lifespan. We found evidence of dividing cells in the human
SEZ (n = 50) in conjunction with a dramatic age-related decline (21-103 years) of
mRNAs indicative of proliferating cells (Ki67) and immature neurons (doublecortin).
Microglia mRNA (ionized calcium-binding adapter molecule 1) increased during aging,
whereas transcript levels of stem/precursor cells (glial fibrillary acidic protein delta
and achaete-scute homolog 1), astrocytes (vimentin and pan-glial fibrillary acidic
protein), and oligodendrocytes (oligodendrocyte lineage transcription factor 2) remained
stable. Epidermal growth factor receptor (EGFR) and fibroblast growth factor 2
(FGF2) mRNAs increased throughout adulthood, while transforming growth factor
alpha (TGFa), EGF, Erb-B2 receptor tyrosine kinase 4 (ErbB4) and FGF receptor 1
(FGFR1) mRNAs were unchanged across adulthood. Cell proliferation mRNA positively
correlated with FGFR1 transcripts. Immature neuron and oligodendrocyte marker
expression positively correlated with TGFa and ErbB4 mRNAs, whilst astrocyte
transcripts positively correlated with EGF, FGF2, and FGFR1 mRNAs. Microglia
MRNA positively correlated with EGF and FGF2 expression. Our findings indicate
that neurogenesis in the human SEZ continues well into adulthood, although

Abbreviations: ASCL1, achaete-scute homolog 1 (also MASH1); DCX, doublecortin; EGE epidermal growth factor; EGFR,
epidermal growth factor receptor (also ErbB1); ErbB4, Erb-B2 receptor tyrosine kinase 4; FGF2, fibroblast growth factor
2; FGFR1, fibroblast growth factor receptor 1; GFAP, glial fibrillary acidic protein; IBA1, ionized calcium-binding adapter
molecule 1 (also AIF1); Olig2, oligodendrocyte lineage transcription factor 2; PMI, post-mortem interval; qRT-PCR,
quantitative reverse transcriptase polymerase chain reaction; RIN, RNA integrity number; SEZ, subependymal zone; TGFa,
transforming growth factor alpha; VIM, vimentin.
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proliferation and neuronal differentiation may decline across adulthood. We suggest
that mRNA expression of EGF- and FGF-related family members do not become
limited during aging and may modulate neuronal and glial fate determination in the SEZ

throughout human life.

Keywords: neurogenesis, subventricular zone, proliferation, aging, doublecortin, human, gliogenesis

INTRODUCTION

The formation of new neurons from stem cells in the
subependymal zone (SEZ, also subventricular zone) lining the
lateral ventricles persists throughout life in many mammals
(Altman, 1969); however, the existence of this neurogenic zone
in adult humans is still debated. The adult human SEZ is a
four-layered structure, with a monolayer of ependymal cells
(layer I), a hypocellular gap (layer II), an astrocytic ribbon
of cells (layer III), and a transitory zone (layer IV) (Sanai
et al., 2004; Quinones-Hinojosa et al., 2006). The astrocytic
ribbon represents a neurogenic niche in which stem cells
with astrocyte-like properties reside and can generate transit
amplifying precursor cells, which in turn produce neuroblasts
that can migrate along the rostral migratory stream into the
olfactory bulb (Doetsch et al,, 1997). In humans, neuroblasts
can also travel along the medial migratory stream and integrate
as inhibitory interneurons within the medial prefrontal cortex
and frontal lobe, thus putatively contributing to cortical
maturation and plasticity (Sanai et al., 2011; Paredes et al,
2016).

Previous reports provide evidence for cell proliferation and
the presence of both multipotent precursor cells and immature
neurons in the postnatal human SEZ (Weickert et al., 2000;
Sanai et al., 2004, 2011; Curtis et al., 2005; Quinones-Hinojosa
et al., 2006; Barry et al., 2015). While some groups find little
evidence for a rostral migratory stream or significant cellular
proliferation in the human SEZ after the early postnatal period
(Arellano and Rakic, 2011; Sanai et al., 2011; Dennis et al.,
2016), others demonstrate the existence of a rostral migratory
stream in humans as well as the presence of proliferating
cells and immature neurons in the adult SEZ (Curtis et al.,
2007; Kam et al., 2009; Tepavcevic et al., 2011; Wang et al,
2011; Maheu et al, 2015). Furthermore, SEZ precursor cells
derived from elderly humans have the capacity to generate
neurons and glia in vitro (Kukekov et al, 1999; Leonard
et al., 2009; van Strien et al., 2014), supporting the continued
existence of neural precursor cells even during aging. Thus,
there is a clear need for further studies examining the extent
of neurogenesis in the human SEZ over the entire adult
lifespan.

The proliferation, differentiation and survival of newly formed
neurons in the mammalian brain are regulated by various
extrinsic factors. Trophic factors, including fibroblast growth
factor 2 (FGF2), transforming growth factor alpha (TGFa) and
epidermal growth factor (EGF), promote neural cell proliferation
in vivo and in vitro (Tao et al, 1997; Gregg et al, 2001;
Doetsch et al., 2002). Lack of TGFa and EGF receptor (EGFR,
also ErbBl1) results in early postnatal neurodegeneration of

the forebrain and reduced precursor cells in the rodent SEZ
(Tropepe et al., 1997; Sibilia et al., 1998). In the human SEZ,
some essential trophic factors are expressed during postnatal
life, with a significant down-regulation observed for EGFR
and Erb-B2 receptor tyrosine kinase 4 (ErbB4) mRNAs after
infancy (Weickert et al, 2000; Chong et al., 2008; Werry
et al, 2010). Further study of key trophic factors and their
receptors in the human SEZ throughout adulthood would
provide a better understanding of endogenous growth factor
signaling as humans grow old and neuroplasticity becomes
limited.

In this study, we determined the extent of proliferation,
neurogenesis and gliogenesis across adulthood using targeted
anatomical dissection of the human SEZ, quantitative reverse
transcriptase polymerase chain reaction (qRT-PCR) and
immunohistochemistry. We also examined how the expression
of EGF- and FGF-related trophic factors changes within
this neurogenic zone during aging and ascertained whether
these changes correlate with indices of proliferation and cell
differentiation. We hypothesized that (1) proliferation and
neurogenesis markers will decrease with age in the human SEZ;
(2) astrocyte and microglial markers will increase throughout
adulthood; (3) expression of trophic factors and their receptors
will decrease with age and correlate with reduced levels of
proliferation and neurogenesis.

MATERIALS AND METHODS

Human Post-Mortem Brain Samples

Tissue from the anterior caudate of 50 healthy individuals
between the ages of 21 and 103 years was obtained from
the Stanley Medical Research Institute and New South Wales
Brain Tissue Resource Centre. The brain banks have strict
exclusion criteria (e.g., infectious diseases such as hepatitis B
and C, HIV and Creutzfeldt-Jakob disease) and perform detailed
neuropathological examination prior to giving out brain tissue
for research purposes. This study was carried out in accordance
with the Declaration of Helsinki after review at the University
of New South Wales (Sydney, Australia; HREC 12435 and HC
16442). Cases had no known history of psychiatric symptoms
or substance abuse and showed no significant neuropathology
on post-mortem examination. The cohort consisted of 9 females
and 41 males, with an average age of 52 years, average brain
pH of 6.59 and average post-mortem interval (PMI) of 29 h.
Fresh-frozen tissue containing the rostral caudate was obtained
for all cases for mRNA expression analysis, while fixed tissue
for immunohistochemistry was available for a subset of the full
cohort (Supplementary Table S1).
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Processing of Brain Tissue

Fresh-frozen caudate tissue was sectioned from ~2 cm coronal
blocks on a Leica CM3050 S cryostat, taking 20 x 60 pm sections
interspersed with 10 x 14 pm sections. SEZ tissue was dissected
from the caudate nucleus while frozen over dry ice from 60 pm
thick sections, ~2 mm deep to the surface of the lateral ventricle.
For each case, tissue was dissected from three sets of 3-4 adjacent
60 pm sections spaced ~1340 pm apart (Supplementary Figure
S1) to give 10 sections per case (~40 mg tissue total). Formalin-
fixed caudate tissue was cut into 50 pm floating sections and
stored in 10% paraformaldehyde until immunostaining.

RNA Extraction and cDNA Synthesis

Total RNA was extracted for all cases using Trizol (Life
Technologies). RNA quality and concentration were assessed
with Agilent Technologies 2100 Bioanalyzer and Nanodrop ND-
1000 spectrophotometer. The average RNA integrity number
(RIN) was 7. cDNA was synthesized from 3 jg total RNA per
case using SuperScript® First-Strand Synthesis kit and random
hexamers (Life Technologies).

Assessment of mMRNA Expression of
Neurogenesis, Gliogenesis, and Trophic
Factor Makers Using Quantitative
Reverse Transcription Polymerase Chain
Reaction

mRNA levels were measured by TagMan Gene Expression Assays
(Applied Biosystems, Supplementary Table S2) for proliferating
cells (Ki67), stem/precursor cells [glial fibrillary acidic protein
delta (GFAP3), achaete-scute homolog 1 (ASCL1, also MASH1)],
immature neurons [doublecortin (DCX)], glial cells [pan-
glial fibrillary acidic protein (pan-GFAP), vimentin (VIM),
oligodendrocyte lineage transcription factor 2 (Olig2), ionized
calcium-binding adapter molecule 1 (IBA1, also AIF1)], EGF-
and FGF-related factors (EGE, TGFa, and FGF2) and their
receptors [EGFR, ErbB4, FGF receptor 1 (FGFR1)] using an
ABI Prism 7900HT fast real-time PCR system and a 384-well
format. All measurements from each subject were performed
in duplicate and relative quantities were determined from a
seven-point standard curve of pooled cDNA. qRT-PCR data
were captured with sequence detector software (SDS version 2.4,
Applied Biosystems). SDS software plotted real-time fluorescence
intensity and the threshold was set within the linear phase of the
amplification profiles. The no template controls did not produce a
signal for any mRNA examined. Expression of two housekeeping
genes, TATA-box binding protein and ubiquitin C, was used to
calculate the normalizing factor for gene expression (geometric
mean), and neither of these mRNAs nor the geometric mean
correlated significantly with age (all p > 0.05, Supplementary
Table S3).

Localization of Proliferative Cells in the

SEZ Using Immunohistochemistry
To determine the presence and distribution of dividing cells
in the human SEZ, immunohistochemistry was performed

for the proliferation marker Ki67 on 50 pm fixed floating
sections using a standard 3,3’-diaminobenzidine protocol as
previously described (Weickert et al., 2000; Allen et al., 2015).
Briefly, tissue sections were washed in phosphate buffered
saline (137 mM NaCl, 2.7 mM KCIl, 8 mM Na,HPO4, 2 mM
KH,POy, pH 7.4) and placed in 0.75% H, 0, and 75% methanol
for 20 min to block endogenous peroxidase activity at room
temperature. Antigen retrieval was performed by heating up
to 98°C for 10 min in 10 mM sodium citrate buffer (pH
6.0). After rinsing, sections were incubated with 10% normal
goat serum in diluent (0.05% bovine serum albumin, 0.3%
Triton X-100 in phosphate buffered saline) for 1 h at room
temperature. Primary anti-Ki67 antibody (1:500 in diluent;
Abcam, ab15580) was applied overnight at 4°C prior to
washing followed by secondary antibody application (1:500
goat anti-rabbit IgG biotinylated, Vector Laboratories), further
washing and application of avidin-biotin-peroxidase complex
reagent (Vectastain kit, Vector Laboratories) for 1 h at room
temperature. Sections were washed and chromagen (0.05% 3,3'-
diaminobenzidine, 0.003% H,O; in phosphate buffered saline)
applied until a reaction was visible. Sections were mounted on
glass slides, dehydrated in ethanol, counterstained with thionin,
cleared in xylene and cover slipped with Permount. Control slides
were incubated in diluent without primary antibody and did not
produce any specific signal.

Quantification of Proliferative Cells in the
SEZ

All Ki67 immunoreactive cells in the SEZ were counted from
three immunostained sections per individual, except for two
individuals for which only two sections were available. The SEZ
was defined as the layer between the monolayer of ependymal
cells and the transitional zone, including the hypocellular gap
and astrocytic ribbon of cells, along the caudate side of the
lateral ventricle. Positive cells were identified as those having
dark brown nuclear staining. Cells were counted using a
Nikon Eclipse 80i light microscope (Coherent Scientific) at 20x
magnification initially, and immunopositive cells were confirmed
at 40x magnification. The total number of cells counted per
slide was normalized to total length of the SEZ (on average
144 + 6.8 mm SD) and averaged across all immunostained
sections.

Statistics

Statistical analyses were performed using IBM SPSS Statistics
Version 21 and GraphPad Prism Version 6.0 B. Population
outliers were defined as points lying outside of a 95% prediction
interval from the linear regression line (0-3 individuals per
target gene). Data were tested for normality using the Shapiro-
Wilk test. Pearson’s product-moment correlations were used
to investigate the relationship of demographic variables (age,
brain pH, PMI, and RIN) to each other and target gene
expression. Results were considered as significant at an «
level of p < 0.05. Pearson’s product-moment or semi-partial
correlations were used to analyze age-related changes in target
gene expression and their relationship to markers of cell
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proliferation and differentiation. When semi-partial correlations
were performed, the semi-partial correlation coefficient sr is
reported. The Benjamini-Hochberg method for false discovery
rate correction was applied to adjust for multiple comparisons
in gene-gene correlation analyses and significance was set
to an o level of p < 0.018. Sex specific effects on target
gene expression were assessed by independent ¢-tests, Mann-
Whitney U tests or one-way analysis of variance controlling
for RIN or PMI as appropriate, and sex did not show a
significant effect on mRNA expression for any target examined
(data not shown). Mean data are presented for analysis of
Ki67 immunohistochemistry. Spearman’s rank correlation was
used to determine age-related changes in number of Ki67
immunoreactive cells.

RESULTS

Correlations between Demographic

Variables and Target Gene Expression

The relationships between age and other demographic variables
(brain pH, PMI, and RIN) were assessed in the RNA cohort. Age
significantly correlated with brain pH (r = —0.43, p = 0.002),
but age did not correlate with PMI (r = —0.05, p = 0.69), or
RIN (r = —0.19, p = 0.18). There was no significant relationship
between brain pH and RIN (r = 0.21, p = 0.13) or PMI (r = 0.24,
p = 0.09), thus, brain pH was not considered as a covariate
during further analyses. PMI did not correlate with RIN (r = 0.03,
p=10.80).

Detailed statistical data for the relationship of demographic
variables to target gene expression are presented in
Supplementary Table S4. Briefly, DCX mRNA positively
correlated with brain pH (r = 0.41, p = 0.003) and RIN
(r = 0.38, p = 0.006). Brain pH negatively correlated with
EGFR (r = —0.40, p = 0.004), FGF2 (r = —0.36, p = 0.01) and
FGFR1 mRNAs (r = —0.29, p = 0.04), whereas PMI showed a
negative relationship to EGFR (r = —0.36, p = 0.009), FGF2
(r = —0.35, p = 0.01), and pan-GFAP mRNAs (r = —0.29,
p =0.04). To account for a possible impact of these demographic
variables, PMI or RIN were used as covariates in semi-partial
correlations to analyze age-related changes in expression of
target genes and their relationship to markers of proliferation
and cell differentiation.

Cell Proliferation and Immature Neuron
Markers Declined with Age in the Human
SEZ

Transcript levels of the cell proliferation marker Ki67 were
reliably detected in the human SEZ from young to aged
adulthood (21-103 years of age). Ki67 mRNA showed a
significant negative correlation with age (r = —0.55, p < 0.0001;
Figure 1A). DCX mRNA was detected in all samples and
also demonstrated a significant negative correlation with age
(sr = —0.41, p = 0.003; Figure 1B); however, DCX and Ki67
mRNAs did not correlate with each other (sr = 0.05, p = 0.73).

Ki67 immunoreactivity was qualitatively detected in the
nucleus of cells, typically below the ependyma in the hypocellular
gap and astrocytic ribbon of cells (Figures 1C,D; black
arrowheads). An average of 5.5 cells (4.3 SD) was counted
per section, with at least five Ki67 immunoreactive cells per
individual. Ki67 immunoreactive cells were found individually
(57% of Ki67™ cells), in closely associated pairs (34% of Ki67™
cells), and occasionally in groups of up to 4 cells (9% of Ki67+
cells). The density of Ki67 immunoreactive cells in the human
SEZ decreased during aging; however, this was just outside the
level of statistical significance (p = —0.41, p = 0.053; Figure 1E).

Expression of Stem and Precursor Cell
Markers Remained Stable in the Aging
SEZ

In contrast to the significant changes in Ki67 and DCX
expression, mRNA levels encoding the 3-isoform of GFAP,
associated with quiescent cells with stem cell-like properties,
did not change across the adult lifespan (r = 0.06, p = 0.68;
Figure 2A). In support of stable stem cell marker transcripts, we
found that the neuronal precursor marker ASCLI was expressed
in all samples and showed no change with age (r = 0.04, p = 0.77;
Figure 2B). Ki67 mRNA levels neither correlated with GFAPS nor
with ASCL1 mRNAs (GFAPS: r =0.15, p = 0.30; ASCL1: r = 0.20,
p=0.17).

Microglia Expression Increased in the

Human SEZ throughout Adulthood

The mRNAs for glial lineage markers including IBA1 (microglia),
Olig2 (oligodendrocytes), VIM (immature astrocytes) and pan-
GFAP (mature astrocytes) were expressed in the human SEZ.
IBA1 mRNA positively correlated with age (r = 0.35, p = 0.014;
Figure 3A), whereas Olig2, VIM and pan-GFAP demonstrated
no age-related change in their transcript levels (all p > 0.05,
Figures 3B-D). There were no relationships between Ki67
mRNA and IBA1, Olig2, VIM, or pan-GFAP transcript levels (all
p = 0.018, Table 1). DCX expression was positively correlated
with Olig2 mRNA (sr = 0.37, p = 0.008), whereas VIM
transcripts showed a negative relationship with DCX expression
(sr = —0.41, p = 0.003).

Expression of EGFR and FGF2 Increased

with Age in the Human SEZ

The mRNAs of EGF- and FGF-related trophic factors (EGE
TGFa, and FGF2) and receptors (EGFR, ErbB4, and FGFR1) were
reliably detected in the human SEZ. Transcript levels of EGFR
and FGF2 were positively correlated with age (EGFR: sr = 0.39,
p = 0.005; FGF2: sr = 0.40, p = 0.004; Figures 4A,B). In contrast,
the mRNAs encoding two EGFR ligands, EGF and TGFa, showed
no age-related changes in the adult SEZ (EGF: r = 0.22, p = 0.12;
TGFa: r = —0.08, p = 0.55; Figures 4C,D), nor were the mRNA
levels of the other two growth factor receptors, ErbB4 and FGFR1,
altered with age (ErbB4: r = —0.15, p = 0.28; FGFR1: r = 0.03,
p = 0.83; Figures 4E,F).
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(C,D). The total number of Ki67 immunoreactive cells in three immunostained sections were counted and normalized to total length of the SEZ. The mean density of
Ki67 immunoreactive cells decreased with age; however, this correlation was just at statistical significance (E). Scale bars = 20 um. LV, lateral ventricle; r, Pearson’s
product-moment correlation coefficient; p, Spearman’s rank correlation coefficient; sr, semi-partial correlation coefficient.
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reliably detected in all individuals and remained stable during aging. r, Pearson’s product-moment correlation coefficient.
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FIGURE 3 | Expression of glial cell markers in the human SEZ during aging. Transcript levels of microglia (IBA1), oligodendrocytes (Olig2), immature
astrocytes (VIM) and mature astrocytes (pan-GFAP) were assessed by gRT-PCR and normalized to the geometric mean of two housekeeping genes. IBA1
expression (A) significantly increased throughout adulthood, while Olig2 (B), VIM (C), and pan-GFAP mRNAs (D) were unchanged during aging. r, Pearson’s
product-moment correlation coefficient; sr, semi-partial correlation coefficient.

Relationship of EGF- and FGF-Related
Transcripts to Expression of
Proliferation, Neuronal and Glial Cell

Markers in the Human SEZ

We correlated EGF- and FGF-related transcripts to expression of
cell proliferation (Ki67), neuronal (DCX) and glial cell markers
(VIM, pan-GFAP, IBA1, and Olig2) within the human SEZ
(Figures 5A,B). Ki67 mRNA was positively correlated with
FGFR1 expression (r = 0.36, p = 0.012). TGFo and ErbB4
mRNAs positively correlated with DCX transcript levels, whereas
EGF mRNA was negatively correlated with DCX expression
(TGFo: sr = 0.38, p = 0.007; ErbB4: sr = 0.55, p < 0.0001; EGF:
sr = —0.41, p = 0.003).

VIM mRNA was positively correlated with EGF, FGF2,
and FGFR1 transcript levels, whereas ErbB4 mRNA showed
a negative correlation with VIM expression (EGF: r = 0.67,
p < 0.0001; FGF2: sr = 0.56, p < 0.0001; FGFR1: r = 0.68,
p < 0.0001; ErbB4: r = —0.41, p = 0.005). Pan-GFAP mRNA
was positively correlated with EGE, FGF2, and FGFRI transcript
levels (EGF: sr = 0.68, p < 0.0001; FGF2: sr = 0.63, p < 0.0001;
FGFR1: sr = 0.73, p < 0.0001). Olig2 transcript levels showed
a positive relationship with TGFa and ErbB4 expression (TGFa:
r = 0.79, p < 0.0001; ErbB4: r = 0.42, p = 0.003), whereas
IBA1 mRNA positively correlated with EGF and FGF2 expression
(EGF: r =0.47, p = 0.001; FGF2: sr = 0.44, p = 0.002).

DISCUSSION

While the existence and extent of cell proliferation in the adult
human SEZ has been debated, our data provided affirmative
evidence of putatively dividing cells in this unique anatomical
region throughout adulthood. The expression of Ki67 and
DCX mRNAs in the SEZ declined across nine decades of life,
while the microglia transcript increased and the expression
of stem/precursor, astrocyte and oligodendrocyte cell markers
appeared to remain stable. Our study showed for the first time

TABLE 1 | Correlations between expression of glial cell, proliferation, and
immature neuron markers in the human SEZ.

Ki67 DCX (RIN)
r/sr p-value sr p-value
pan-GFAP (PMI) 0.295 0.049 -0.282 0.052
IBA1 —0.036 0.815 —0.291 0.045
Olig2 0.190 0.201 0.377 0.008
VIM -0.019 0.903 -0.419 0.003

Confounding demographic variables (in brackets) were considered as covariates in
semi-partial correlation analyses. The significance was adjusted by the Benjamini-
Hochberg method for false discovery rate correction and set to an a level of
p < 0.018. PMI, post-mortem interval; r, Pearson’s product-moment correlation
coefficient; RIN, RNA integrity number; sr, semi-partial correlation coefficient. Bold
type =p <0.018.
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that the mRNA expression of trophic factors and their receptors,
rather than being down-regulated with age as hypothesized,
were in fact either unchanged or increased in the human SEZ
(results are summarized in Figure 6). This suggests that decreased
endogenous synthesis of trophic factors is not likely to be the
reason for the putative diminution in cell genesis and neuronal
differentiation during aging. Although correlation analyses only
provide clues as to which factors may be active participants,
our results indicated that the mRNA encoding FGFRI, but
not FGF2 itself, is linked to overall cell proliferation. Our
results demonstrated that TGFa and ErbB4 transcript levels
may both relate to neuronal and oligodendroglial determination,
while EGE, FGF2, and FGFRI1 transcript levels were positively
associated with mRNAs indicative of immature and fully

differentiated astrocytes. EGF and FGF2 expression positively
correlated with microglial marker mRNA in the human SEZ,
consistent with a putative proliferative or survival impact on this
subpopulation.

Cell Proliferation in the Adult Human SEZ

In order for new neurons to be generated throughout adult life,
quiescent stem cells residing in the human SEZ need to re-
enter the cell cycle. Ki67 is expressed in the cell cycle during
all but the Gy and early G; phases and can be used to provide
evidence of a cell engaged in proliferation (Gerdes et al., 1983).
A previous report found a 14-fold reduction in the ratio of Ki67
positive cells to total cell number from infancy into adulthood
in the human SEZ of the third ventricle (Dahiya et al., 2011).
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Consistent with this, we found a sevenfold reduction in Ki67
mRNA levels in the post-mortem SEZ of individuals over 90 years
as compared to 20-year old young adults. Our report of putatively
dividing cells accords with findings of proliferating cell nuclear
antigen labeled cells in the human SEZ of individuals from 69
to 87 years of age (Curtis et al., 2005) and indicates that cell
proliferation continues into old age rather than virtually ceasing
in toddlerhood as previously suggested (Sanai et al., 2011; Wang
etal,2011).

Neuronal Fate of Newly Born Cells in the
Adult SEZ

The astrocytic ribbon of the human SEZ contains quiescent stem
cells with astrocyte-like properties (Sanai et al., 2004; van den
Berge et al.,, 2010), and explants from the adult SEZ are capable
of generating astrocytes, oligodendrocytes, and neurons in vitro
(Kukekov et al., 1999; Leonard et al., 2009). In young adult mice,
almost all Ki67 immunoreactive cells are positive for precursor
markers, nestin and sex determining region Y box 2, as well as
markers of the neuronal lineage, DCX and ASCL1 (Bouab et al,,

2011). ASCLL1 expressing precursors were found to decline by
79% in the SEZ of aged mice compared to young adults (Enwere
et al.,, 2004). We did not find a change in ASCLI transcripts in
the human SEZ, suggesting that neuronal precursors do reside
but may not decline throughout adulthood, which is further
supported by stable expression of the stem cell marker GFAPS.
Paredes et al. (2016) could not detect DCX-positive immature
neurons after 2 years of age; however, other studies show that
DCX-positive immature neurons exist in the adult and aged
human SEZ (Tepavcevic et al., 2011; Maheu et al., 2015), which
aligns with our gRT-PCR results. Although co-localization of cell
proliferation markers with the neuron-specific class III -tubulin
and DCX in the adult macaque and human SEZ suggest that
proliferating cells produce immature neurons (Kornack and
Rakic, 2001; Wang et al., 2011), we found that proliferative
events and neuronal differentiation may not be tightly coupled
in the adult human SEZ. Our results indicated that an age-related
decrease in the genesis of neural precursors may not be the direct
result of a diminished pool of stem cells or possibly even reduced
precursor proliferation, suggesting a role for other biological
processes that limit neuronal differentiation and survival during

aging.

Expression of Glial Cell Markers in the

Human SEZ across the Adult Lifespan

While the majority of dividing cells in the rodent SEZ display
characteristics of immature neurons (42% of Ki67" cells are
DCX™, 87% of 5-bromo-2'deoxyuridine™ cells are ASCL1T)
(Bouab et al., 2011), SEZ precursor proliferation may also
generate cells committed to glial lineages. While our findings
accord with a previous study indicating that the density of
SEZ astrocytes is unchanged in middle-aged to elderly mice
(Luo et al,, 2006), others demonstrate an age-related increase in
GFAP immunostaining and reactive astrocytes in the rodent SEZ
(Peretto et al., 2005; Capilla-Gonzalez et al., 2014). Astrocytes
promote precursor proliferation and neuronal fate specification
(Lim and Alvarez-Buylla, 1999; Song et al., 2002), whereas our
results imply that increased astrocyte mRNA expression may
block neuronal determination. Aged mice show an increased
percentage of 5-bromo-2’deoxyuridine/Olig2 immunoreactive
cells, suggesting that the production of oligodendrocytes may
be augmented or, as our results support, that the proportion
of proliferating cells committed to the oligodendroglial lineage
may change across life (Capilla-Gonzalez et al., 2013). While our
report of increased IBA1 transcript levels during aging supports
several previous studies (DiPatre and Gelman, 1997; Conde and
Streit, 2006; Frank et al., 2006; Capilla-Gonzalez et al., 2014),
others suggest attenuated microglia generation during postnatal
life with fewer microglia produced when cultured from the adult
SEZ than when cultured from the neonatal SEZ (Marshall et al.,
2008). Although microglia can be harmful or supportive for adult
neurogenesis depending on their activation state and functional
phenotype (Ekdahl et al., 2009), our results indicated that the
age-related increase in IBA1 mRNA expression in the human
SEZ occurs alongside decreased cell proliferation and neuronal
differentiation and may be uniquely regulated.
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FIGURE 6 | Summary of proposed age-related changes in the human SEZ. The adult SEZ is organized below a ciliated ependymal monolayer (in gray) and
includes quiescent stem cells with astrocyte-like properties (in blue), transit amplifying precursor cells (in green), neuroblasts (in yellow), and blood vessels (in red).
Qur results indicate that the aged SEZ has a significantly reduced number of transit amplifying precursors and neuroblasts, while the number of stem cells remained
stable. These age-related changes may be modulated by altered expression of growth factors and their receptors. Expression of EGFR (in brown) was significantly
increased with advanced age, while transcript levels of FGFR1 (in light gray) and ErbB4 (in black) were unchanged. The major endogenous ligands for EGFR are EGF
(in orange) and TGFa (in dark green), whose expression remained stable in the aging SEZ. Expression of FGF2 (in dark gray), primary ligand for FGFR1, significantly

Aged adult

Expression of EGF- and FGF-Related
Family Members in the Aging SEZ and
Their Putative Regulatory Role in Cell
Proliferation and Fate Determination

In vitro and in vivo studies provide substantial evidence that
precursor cells in neurogenic regions require trophic factors
for cell proliferation, differentiation, migration, and survival
(Craig et al.,, 1996; Gregg et al., 2001; Doetsch et al.,, 2002).
Previous studies show an age-related developmental decline in
EGFR expression in the human SEZ (Weickert et al., 2000;
Chong et al., 2008), whereas EGFR transcripts in our cohort
significantly increased with advanced age. Other reports show
that FGF2 mRNA and protein levels are unchanged in the
aging SEZ (Frinchi et al, 2010; Werry et al, 2010), while
we detected significantly increased FGF2 mRNA levels in the
human SEZ. These temporal differences between EGFR and
FGF2 expression levels may be attributed to species differences,
differential detection of multiple alternatively spliced variants
or age ranges studied (Ilekis et al., 1995; Reiter and Maihle,
1996; Arnaud et al., 1999). Although exogenous stimulation of
adult stem cells with FGF2 maintains precursor cells in the cell
cycle (Gritti et al., 1996), FGF2-deficient mice show no reduction

in precursor proliferation, but demonstrate impairments in
neuronal differentiation (Werner et al., 2011). Our results suggest
that local FGF2 production may not limit cell proliferation in
the human SEZ and indicate that both, FGF2 and FGFR1, may
co-operate to promote glial differentiation and maintenance.

ErbB4 expression was previously shown to decline by ~85%
after the first year of birth in the human SEZ (Chong et al., 2008)
and we did not detect any further age-related changes in ErbB4
transcripts throughout adulthood. The positive relationship
between ErbB4 and DCX mRNA levels aligns with previous
findings showing that this receptor is involved in directing
neuroblast migration during development (Anton et al., 2004;
Ghashghaei et al., 2006).

TGFa mRNA expression is 170 times higher than EGF
mRNA levels in the rodent striatum which included the
SEZ (Lazar and Blum, 1992). EGF and TGFa mRNAs
showed similar expression levels in our human cohort and
both remained stable throughout the adult lifespan. While
previous rodent studies indicate that TGFa promotes glial
differentiation (Weickert and Blum, 1995; Tropepe et al., 1997),
our current study in human brains supports a role for TGFa
in facilitating neuronal determination. We further speculate that
EGF may be the in situ factor in the adult human SEZ in
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blocking neuronal fate in favor of astrocytic differentiation. This
role for EGF would be consistent with a rodent study reporting
that infusion of EGF decreases the total number of newborn
neurons reaching the olfactory bulb and substantially enhances
the generation of astrocytes (Kuhn et al., 1997).

CONCLUSION

Our study demonstrated a changing pattern of mRNA expression
in the SEZ during normal human aging with an overall decrease
in proliferation and neuronal maturation markers, but with
maintained or increased mRNA expression of several growth
factors capable of modulating cell division and differentiation.
Understanding how the adult SEZ retains proliferative capacity
and the ability to produce putative new neurons is important
as stimulation of endogenous neurogenesis or implantation of
stem cells have been suggested as therapeutic strategies for
brain diseases where neuronal replacement could be beneficial.
However, additional studies are required to anatomically map
the expression of these factors to cell types and determine the
regulatory role of EGF- and FGF-related family members along
with other trophic factors involved in adult neurogenesis across
the human lifespan.
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