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Abstract: The regulation of adult neural stem or progenitor cell (aNSC) proliferation and differentia-
tion as an interplay of cell-intrinsic and local environmental cues remains in part unclear, impeding
their role in putative regenerative therapies. aNSCs with all major properties of NSCs in vitro have
been identified in a variety of brain regions beyond the classic neurogenic niches, including the caudal
periventricular regions (PVRs) of the midbrain, though active neurogenesis is either limited or merely
absent in these regions. To elucidate cell-intrinsic properties of aNSCs from various PVRs, we here
examined the proliferation and early differentiation capacity of murine aNSCs from non-neurogenic
midbrain PVRs (PVRyg) compared to aNSCs from the neurogenic ventricular-subventricular zone
(PVRy.gyz) 7 days after transplantation into the permissive pro-neurogenic niche of the dentate gyrus
(DG) of the hippocampus in mice. An initial in vitro characterization of the transplants displayed
very similar characteristics of both aNSC grafts after in vitro expansion with equal capacities of
terminal differentiation into astrocytes and Tuj1* neurons. Upon the allogenic transplantation of
the respective aNSCs into the DG, PVRyp grafts showed a significantly lower graft survival and
proliferative capacity compared to PVRy.gyz transplants, whereby the latter are exclusively capable
of generating new neurons. Although these differences might be—in part—related to the transplan-
tation procedure and the short-term study design, our data strongly imply important cell-intrinsic
differences between aNSCs from neurogenic compared to non-neurogenic PVRs with respect to their
neurogenic potential and/or their sensitivity to neurogenic cues.

Keywords: adult neural stem cells; adult neurogenesis; cell transplantation; neurogenic niche;

dentate gyrus; non-neurogenic region; neuronal differentiation

1. Introduction

Adult neurogenesis is a well-known phenomenon that occurs in two distinct germinal
(neurogenic) niches of the rodent brain: the ventricular-subventricular zone (V-SVZ) within
the periventricular regions of the lateral wall of the lateral ventricles (PVRy.gyz) and the
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dentate gyrus (DG) of the hippocampus. Within the PVRy.gyz, the cellular cascade leading
to the formation of new neurons has been extensively studied with subependymal glial
fibrillary acidic protein* (GFAP*) astrocytes identified as the genuine adult neural stem
cells (aNSCs). They generate—through various intermediate stages—distinct subtypes
of interneurons determined to integrate into different cell layers in the olfactory bulb,
where they are involved in olfactory learning processes (for a review, see [1]). The regula-
tion of aNSC proliferation, migration and differentiation depends on both cell-extrinsic
and cell-intrinsic mechanisms. The former consist of the neurogenic niche itself, with
its highly specialized microenvironment and complex architecture of microglia, astro-
cytes, ependymal and vascular cells, acting as key cell-extrinsic regulators through the
secretion of mitogens, e.g., brain-derived neurotrophic factor (BDNF) and neurotrophin-3
(NT-3) [2,3], regulation of signaling cascades involving e.g., SHH, BMP and Wnt [4—6]
and neurotransmitter release [7-9]. Still, cell-intrinsic preconditions also seem to play
a role in the regulation of PVRy.gyz-olfactory bulb neurogenesis, e.g., in terms of posi-
tional specifications with different neuronal subtypes originating from distinct V-SVZ
aNSCs along the rostro-caudal plane [10,11]. In addition, epigenetic regulation through
chromatin modification [12], histone acetylation [13] and DNA methylation [14] seems
equally important.

Within the DG of the hippocampus, adult neurogenesis is a far more localized process,
since the glutamatergic progeny of hippocampal aNSCs in the subgranular zone (SGZ) mi-
grates only a short distance into the adjacent granular zone (GZ), where it plays an important
role in pattern separation as a distinct process within memory formation [15]. Hippocam-
pal aNSCs expand via various morphologically distinguishable progenitor cell types [16,17]
and reach their final destination within the GZ before final maturation [18,19], with only
relatively small numbers of mature neurons finally integrating into the existing neuronal net-
works [20,21]. The regulation of DG neurogenesis is mediated through multiple neurotrophic
factors [22-25] and neurotransmitters [26-28], with a variety of intracellular signaling path-
ways involved [29,30]. Environmental factors, e.g., enriched environment and physical
exercise, as important regulators of adult neurogenesis, have first been discovered in the
DG [31-33]. On the functional level, enhanced DG neurogenesis is associated with an im-
proved performance in hippocampus-dependent learning tasks, such as the Morris water
maze [34].

aNSCs are not exclusively located in the PVRy.gyz and the DG, but also in more
caudal PVRs of the midbrain around the caudal part of the 3rd down to the 4th ventricles
(PVRpp), though in decreasing frequencies along the rostro-caudal axis [35,36]. Similarly
to the aNSCs generated from PVRg gy, stem or progenitor cells from more caudal PVRs
are characterized in vitro and show similar properties as compared to PVRy.syz aNSCs
with the capacity of (in some cases limited) self-renewal and generation of tissue-specific
differentiated cells, i.e., neurons and glial cells [9,35—41]. Indeed, aNSCs from the adult
midbrain (tegmentum) show a regional commitment with a functional midbrain dopamin-
ergic differentiation capacity in vitro [39]. Although the authors are aware of the ongoing
discussion as to whether these proliferating cells are actually bona fide stem cells or re-
stricted progenitor cells, we use the term aNSCs throughout this article to facilitate reading.
Nevertheless, these stem or progenitor cells are either quiescent or very slowly proliferating
in vivo, and active neurogenesis is not regularly observed in these brain regions [36,42,43].
To date, it remains enigmatic whether their quiescence is either due to cell-intrinsic or
cell-extrinsic, i.e., local micro-environmental factors.

Transplantation studies are one possibility to enlighten the interplay between cell-
intrinsic and cell-extrinsic factors in the regulation of aNSC properties and have been
carried out in a variety of transplantation sites with various graft origins: the homotopic
transplantation of PVRy.gyz aNSCs provided large numbers of neurons with a typical
olfactory bulb interneuron morphology [44], but other studies using heterotopic graft-
ing of either PVRy.syz aNSCs or neuroblasts yielded contradictory results, with either
a predominant astroglial or neuronal differentiation independent of host specifications
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such as increased age or dopaminergic differentiation [45-49]. Similarly, hippocampal
aNSCs display a robust neuronal differentiation after homo- and heterotopic grafting
into neurogenic regions, but a strict astroglial differentiation otherwise [50-53]. A recent
study even reported the acquisition of neuronal properties of grafted aNSCs through a
fusion with resident neurons of the host brain [54]. Data on the properties of aNSCs from
non-neurogenic regions are even more complex, since some studies report a neuronal
differentiation of aNSCs derived from the Substantia nigra or spinal cord after grafting
into neurogenic regions [55,56], though other studies even question the presence of bona
fide aNSCs in these regions [36]. To our knowledge, transplantation studies of aNSCs
from the caudal PVRyg have not been carried out so far. The present study therefore
aims at a deeper understanding of the properties of neural stem and progenitor cells from
non-neurogenic regions after transplantation into a heterotopic neurogenic niche in vivo
and at a thorough in vitro characterization of these cells to gain further knowledge on
the capabilities of these stem cells as putative sources of new neurons in cell replacement
therapies. In addition, the influence of physical exercise as a well-described environmental
enhancer of adult neurogenesis on transplanted aNSCs has been assessed.

2. Material and Methods
2.1. Animals

Wild-type C57BL/6/] and C57BL/6-Tg(CAG-EGFP)1310sb/LeySop] mice (both from
Jackson Laboratories, US) were maintained under a 12-h light/dark cycle with constant
temperature and humidity. C57BL/6-Tg(CAG-EGFP)1310sb/LeySop] mice express an
enhanced green fluorescent protein (EGFP) reporter under the control of a beta-actin
promoter, leading to a widespread expression of GFP. Food and water were available
ad libitum. All animal protocols were reviewed and approved by the Animal Welfare
Committee at the Technische Universitidt Dresden and Landesdirektion Sachsen, Dresden,
Germany (governmental authorities). Adult male C57BL/6/] mice were used as cell donors
for in vitro experiments and transplant recipients, while transplants were derived from
male C57BL/6-Tg(CAG-EGFP)1310sb/LeySop] mice.

2.2. Neural Stem Cell Culture and Differentiation

For the aNSC cultures, eight- to twelve-week-old male C57BL/6/] or C57BL/6-
Tg(ACTB EGFP)10sb /] mice, respectively, were killed by cervical dislocation, their brains
removed and placed into a dissection solution (ice-cold Hank’s balanced salt solution
supplemented with 1% penicillin/streptomycin and 2% glucose (all from Gibco, Tulsa,
OK, USA)), as described earlier [36]. In brief, 500 um coronal sections were microdissected
for both cytological characterization and transplantation studies to obtain aNSCs derived
from the V-SVZ (lateral wall of the lateral ventricles; PVRy.gyz) and PVR of the midbrain
(PVRyp)—due to a comparatively low aNSC yield in the caudal regions, we used aNSCs
from the PVR of the caudal part of the 3rd ventricle adjusted to the midbrain nuclei down
to the rostral part of the 4th ventricle. After incubation with both 0.1% trypsin (Sigma, St.
Louis, MO, USA) and DNAse (40 mg/mL; Sigma, St. Louis, MO, USA), singularized cells
were cultured in serum-free Neurobasal medium (+1% glutamate, 2% B27 supplement,
1% penicillin/streptomycin (all from Gibco, Carlsbad, CA, USA), 20 ng/mL epidermal
growth factor (EGF), 20 ng/mL fibroblast growth factor 2 (FGF-2; both from Sigma, St.
Louis, MO, USA) at 3%0; in 6-well plates (TPP, Trasadingen, Switzerland) for 14 days.
The media were changed once per week, and mitogens were added every two to three
days. For the induction of terminal differentiation in vitro, neurospheres were plated
on poly-d-lysine-coated cover slides in 24-well plates in Neurobasal medium (+100 uM
dibuteryl(db)-cAMP (Sigma, St. Louis, MO, USA), 1% fetal calf serum (Gibco, Tulsa, OK,
USA) and 10 ng/mL brain-derived neurotrophic factor (BDNF; Promega, Madison, WI,
USA)) again at 3% atmospheric oxygen. The media were changed twice a week, and a
differentiation was carried out for a total of 14 days. For immunocytochemistry, the cells
were fixed with Accustain (Sigma, St. Louis, MO, USA) for 30 s. For transplantation stud-
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ies, C57BL/6-Tg(ACTB EGFP)10sb/]J-derived aNSCs were expanded for 14 days exactly
as described above and—immediately prior to grafting—singularized with trypsin and
provided at 10* cells/pL in a standard expansion medium.

2.3. Immunocytochemistry

Immunocytochemistry was carried out using standard protocols [36] with the follow-
ing primary antibodies: mouse anti-Nestin 1:500 (Merck Millipore, Burlington, MA, USA);
rabbit anti-Olig2 1:500 (Merck-Millipore, Burlington, MA); rabbit anti-NG2 chondroitine
sulfate 1:50 (Merck Millipore, Burlington, MA, USA); mouse anti-Tuj1 (3III-tubulin) 1:500
(Covance, Princeton, NJ, USA); chicken anti-GFAP 1:1000 (Abcam, Cambridge, UK); rabbit
anti-Ki67 1:500 (Abcam, Cambridge, UK). On the second day, the cells were incubated
with the corresponding fluorescent-labeled secondary antibodies (1:500; all from Molecular
Probes, Eugene, OR, USA; secondary antibodies” fluorescence is indicated in the figure
legends); cell nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). Im-
ages were captured using a fluorescence microscope (CXK41, Olympus, Shinjuku, Japan)
at 20 x magnification.

2.4. Transplantation

Three days prior to transplantation, a subgroup of recipient mice was provided with
running wheels until the end of the observation period, i.e., a total of 11 days (“runners”)
for voluntary use. In compliance with the protocols of previous fundamental studies
on the effects of voluntary wheel running on adult neurogenesis, mice were kept in
groups of three per cage, and the functionality and usage of the running wheel was
monitored by a revolution counter [31,57]. The individual running activity within the
cage groups was not monitored, but the mentioned former fundamental studies on the
neurogenic effects of voluntary wheel running showed little variability between individual
mice [31,57]. For the transplantation procedures, expanded aNSCs were singularized
and diluted to 10* cells/uL. Male C57BL/6/] mice were anesthetized with isoflurane and
placed in a rodent stereotaxic frame (Stoelting, Ireland) fitted with a mouse adaptor and
stereotactically injected into the DG with 2 x 10* cells at 0.1 uL/min using a precision
injector (Nanoliter 2000; World Precision Instruments) at the following coordinates relative
to bregma: 1.6 mm mediolateral, —1.9 mm anterior-posterior and —1.9 mm dorsoventral,
according to the stereotaxic coordinates provided by The Mouse Brain in Stereotaxic
Coordinates by Franklin and Paxinos [58]. After transplantation, the needle was left in
place for 10 min before retraction, and the incision sutured with absorbable filaments. For
analgesia, the animals received oral tramadol (2.5 mg per 100 mL water) via their drinking
water for 2 consecutive days.

For the labeling of proliferating cells, the animals were intraperitoneally injected
with 50 mg/kg body weight 5'-bromo-2’-deoxy-uridine (BrdU; 10 mg/mL in 0.9% NaCl;
Sigma, St. Louis, MO, USA) exactly every 24 h for 7 consecutive days. On day 7 after
transplantation, the animals received a lethal overdose of ketamine/xylazine and were
transcardially perfused with D-PBS followed by 4% paraformaldehyde (PFA; in D-PBS).
The brains were carefully removed in toto, post-fixed in 4% PFA overnight, transferred
to 30% sucrose for cryoprotection and stored at —80 °C for further analysis. The BrdU
labeling, animal sacrifice, brain removal and post-fixation were all performed at the animal
facility of the Max Planck Institute for Cell Biology and Genetics, in Dresden, Germany.

2.5. Immunohistochemistry

For immunohistochemistry, 40-um-thick coronal sections were incubated with the
following primary antibodies, according to standard protocols [59]: rat anti-BrdU 1:200,
chicken anti-green fluorescent protein (GFP) 1:500, rabbit anti-Sox2 1:1000 (all from Ab-
cam, Cambridge, UK), rabbit anti-NG2 chondroitine sulfate 1:100, mouse anti-neuronal
nuclei (NeuN) 1:500 (both from Merck Millipore, Burlington, MA, USA). For detection of
double and triple labeling, the following antibody combinations were used: anti-GFP/anti-
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BrdU/anti-Sox2; anti-GFP/anti-BrdU /NeuN; anti-GFP/anti-BrdU /anti-NeuroD1; anti-
GFP/anti-BrdU/anti-NG2. The sections were then incubated with appropriate fluorochrome-
conjugated secondary antibodies; cell nuclei were counterstained with Hoechst 33342.
Fluorescence imaging was carried out on a confocal laser microscope (LSM 780; Carl Zeiss,
Oberkochen, Germany) at 40 x magnification.

2.6. Quantifications and Statistical Analyses

For the quantification of grafted cells, we used quadruple immunohistochemical
stainings with DAPI (cell nuclei), GFP (grafted cells), BrdU (proliferation) and a respective
marker protein for the various cell types, as above. We chose every 6th coronal section
of 40 um thickness of the entire mouse brain (every 6th x 40 um = 240 um apart) and
initially determined the correct graft position within the DG. Afterwards, we quantified
the respective cell types in all sections containing grafted GFP* cells. We did not predefine
specific distances from the injection site for our analyses, but first identified the graft
by GFP to allow the analysis of the complete grafts. The grafts were typically located
at the tip of the injection tract, with the cell distribution adjacent to the injection tract
suggestive of migratory movements toward neurogenic layers of neighboring host tissue.
In all cases, the graft could be unequivocally identified, and the entire graft was analyzed
by the counting procedure of every 6th section through the total graft in all stainings.
Then, GFP* cell counts indicative of the total surviving graft size were analyzed in the
various DG subregions in the serial sections: the granular zone (GZ), the subgranular
zone (SGZ) and the hilus. The data on total cell numbers and graft distribution comprised
all three DG subregions, while for further detailed analyses of marker expression (cell
type patterns), only transplanted cells located in the GZ and SGZ, the actual neurogenic
niches, were included in the statistics. The initial quality inspections of the grafts included
the detection of the vitality and localization of the grafts within the DG. Grafts with no
vital cells (necrosis was detected by cell nuclei pyknosis in GFP/DAPI stainings; total of
n = 3) and grafts outside the DG (total n = 3) were excluded from further analyses (see the
Results section for details). The BrdU labeling index was herein defined as the proportion
of cells of a given proliferative cell type with BrdU labeling after 7 days of consecutive
BrdU application. For statistical comparisons by paired or unpaired two-sided t-tests or
two-way mixed ANOVA, as appropriate (see the Results section for details), the SPSS
software version 25.0 (SPSS, Chicago, IL, USA) was used. Post-hoc analyses were adjusted
for « inflation using Bonferroni correction. p-values < 0.05 were considered significant. All
data are expressed as mean &= SEM.

3. Results
3.1. Comparative Characterization of Transplants Comprising aNSCs from PVRy.syz
and from PVRyp

Since the aNSCs from adult mouse PVRs are already characterized in vitro [9,3541],
we here comparatively characterize the transplants comprising aNSCs generated from the
two periventricular germinal niches, namely the PVRy.gyz and the more caudal PVRy,
merely concerning their essential aNSC properties during expansion and after differentiation
in vitro [36]. As depicted in Figure 1, PVRyp aNSCs display a similar marker expression
profile after two weeks of in vitro expansion in a non-adherent neurosphere cell culture system
as compared to PVRy.gyz aNSCs. Approximately half of the cultured cells retained an early
progenitor or stem cell state as indicated by the Nestin expression. In addition, high quantities
of Olig2*™ and NG2* oligodendroglial-restricted progenitor cells developed from both aNSCs
independent of their rostro-caudal origin along the ventricular neuraxis (Figure 1A,B). After
the induction of terminal differentiation, both aNSC subtypes demonstrated a significant
reduction of the expression of the NSC marker Nestin (p < 0.05 for both aNSC types, unpaired
two-sided t-test; n = 3) with similar Nestin* cell numbers in both aNSC types (Figure 1).
Furthermore, we detected an overall astroglial differentiation with GFAP expression and the
typical spider’s-web-like cell shape, but also robustly generated Tujl* cells with a typical
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neuronal morphology (Figure 1C,D). GalC* oligodendrocytes were extremely rare in both
forebrain- and midbrain-derived cultures (<0.1%; data not shown).
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Figure 1. In vitro characterization of the transplants comprising aNSCs from PVRy.gyz or from PVRyp. (A,B) aNSCs from
PVRy.gyz and PVRyp were expanded for 14 days and analyzed by immunocytochemistry. (A) Representative fluorescence
images of NG2 (green, upper panel), Olig2 (magenta, middle panel) and Nestin (green, lower panel) of aNSCs derived from
PVRy.gyz (left column) and PVRyp (right column) are shown. (B) Both aNSC types retained an undifferentiated progenitor cell
state with a high expression of Nestin and oligodendroglial progenitor cell markers (NG2, Olig2) with no significant differences
between aNSCs derived from the PVRy.gyz and PVRyg. (C,D) After the terminal differentiation of aNSCs for 14 days, we found
small amounts of undifferentiated aNSCs and an overall astroglial commitment with a majority of GFAP* astrocytes and smaller
numbers of Tuj1* neurons. Representative fluorescence images of Nestin (magenta, upper panel), tubulin IIT (Tujl, green, middle
panel) and GFAP (white, lower panel) of terminally differentiated aNSCs cultures derived from PVRy.gy7 (right column) and
PVRyp (left column). (D) The quantification of undifferentiated Nestin™ cells as well as the astroglial and neuronal differentiation
capacities revealed no significant differences between aNSCs derived from the PVRy.gyz and PVRy. (E) Quantification of
aNSCs expressing the proliferation marker Ki67 during proliferation and after differentiation (representative Ki67 stainings in
(C), lower panel; the data during proliferation are from [9,39] using identical culture conditions as compared to the present study).
We did not detect differences in the proliferation capacity between the two aNSC types in both culture conditions. Cell nuclei
are counterstained with DAPI. Scale bars, 50 pm. All p-values are from unpaired two-sided t-tests (n = 3-7). Abbreviations:
PVRy.gyz—periventricular region of the ventricular-subventricular zone of the lateral ventricles; PVRyp—periventricular region
of the mdbrain; aNSCs—adult neural stem cells; NG2—neural/glial antigen 2; Olig2—oligodendrocyte transcription factor 2;
Tujl—class III p-tubulin; GFAP—glial fibrillary acidic protein; DAPI—4' 6-diamidino-2-phenylindole.
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In addition, we used Ki67 to identify proliferating cells after 14 days of differentiation and
compared these results with our previous data on aNSCs during proliferation using identical
culture conditions as compared to the conditions used in the present study [9,39]. Ki67 is
detected in the nucleus of proliferating cells in all active phases of the cell cycle, from the late G1
phase through the M phase, but is absent in non-proliferating and early G1 phase cells and in
cells undergoing DNA repair [60-62]. As shown in Figure 1E, both aNSC types contain a similar
percentage of proliferating cells during in vitro expansion in the non-adherent neurosphere
cell culture system. In agreement with the stem cell marker expression, as described above,
approximately half of the cultured cells expressed Ki67 independent of their brain region
of origin. Fourteen days after the induction of terminal differentiation, both aNSC types
demonstrated a marked reduction of proliferative cell numbers (p < 0.05 for both aNSC types)
with similar amounts in both aNSC types (Figure 1C,E).

3.2. Grafts from PVRyp Compared to PVRy.gyz Show Decreased Transplant Survival but Similar
Proliferative Capacity

We used GFP expression to identify the grafted aNSCs and their progenies in contrast
to resident host aNSCs (see Figure 2A for the experimental design). Daily BrdU labeling
during the first 7 days post grafting allowed for a thorough assessment of transplant
proliferation and a concomitant differentiation within the host microenvironment in the
DG. On day 7, recipient mice were sacrificed, and the transplant sizes analyzed. We
included only transplants with correct localization within the DG in the analyses (n = 13
for PVRy.gyz and n = 24 for PVRyp transplants, respectively). The PVRy.gyz-transplanted
group consisted of nine regular animals and four animals provided with running wheels

“runners”). In quality inspections of the transplants, one PVRy.syz (8%) and two PVRyp
transplants (8%) were completely necrotic, with no viable cells, most likely due to the
implantation procedure (p = 1.000, Fisher’s Exact test). These transplants were not included
in the analyses.

On average, ~1250 GFP*-grafted cells (~6.3% of transplanted cells) were detected in
PVRy.gyz-aNSC-transplanted mice, while cell counts were more than 4.1 times lower for
PVR\p grafts (Figure 2B,C). Although we did not include analyses of cell death or the
apoptosis of grafted cells in our protocol, our approach to analyze the entire graft regardless
of its exact localization (see the Material & Methods section), with low cell counts in both
grafts, indicates a limited graft survival. Since resident hippocampal aNSCs are strictly
located in the SGZ of the DG and their progeny migrates only into the adjacent GZ, the
distribution and properties of grafted cells within the various DG subregions is also of
interest when analyzing graft survival and fate. Since the transplantation needle tract is
perpendicular to the DG formation, the accuracy of the transplantation approach does not
allow for the exact placement of the grafts within DG subregions, placing them instead
within the whole DG, including the hilus. However, GFP*-grafted aNSCs preferentially
aligned in the genuine neurogenic niche of the SGZ as compared to the GZ, with no
major differences between the two transplant origins (Figure 2D). A relevant proportion of
GFP* cells was also detected in the hilus in both grafts (Figure 2B,D). The BrdU-labeling
of proliferating cells revealed a higher proliferation rate of grafted aNSCs derived from
PVRy.gyz compared to that of PVRyg aNSCS within the DG, with similar patterns in DG
subregions though not reaching significant differences between the grafts (Figure 2E,F).
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Figure 2. Graft survival and proliferation. (A) Schematic representation of transplantation experiments. C57BL/6-Tg(CAG-
EGFP)1310sb/LeySop] mice aged 8 to 12 weeks were sacrificed, the neurogenic regions (PVRy.gyz, PVRy\p) were dissected,
and aNSCs expanded as neurospheres for 14 days. Afterwards, singularized aNSCs were transplanted into the hippocampal
neurogenic niche (dentate gyrus) of wild-type mice. Both animal groups received intraperitoneal BrdU injections for 7
consecutive days after transplantation. Mice were sacrificed on day 7. (B) A representative fluorescence image of PVRy.gyz
aNSC grafts correctly located within the DG shows that GFP* cells (green, Bj) are located in the SGZ and its adjacent
regions. Daily BrdU injections labeled actively proliferating grafted cells (red, By). Overview of the different subregions
in the hippocampus, namely the granular zone, subgranular zone and hilus. Proliferating graft cells can be identified as
GFP* /BrdU* labeling (arrows; B3). Scale bars, 10 pm. (C) Quantitative immunohistochemistry revealed a low graft survival
in both grafts, but significantly more GFP*-grafted cells in PVRy.gyz as compared to PVRyp aNSC grafts one week post
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transplantation. (D) Subregional analyses of transplant location within the DG showed lower GFP* cell numbers in GZ
as compared to SGZ and hilus, with no differences between the two transplant origins (two-way mixed ANOVA with
hippocampal region [SGZ, GS, hilus] and transplanted aNSC type [PVRy.gyz vs. PVRyg] as independent variables; see
Supplementary Table S1 for the statistical results). (E,F) The daily BrdU labeling of proliferating cells revealed a higher
proliferation capacity of grafted aNSCs derived from PVRy.gyz as compared to that of PVRy;g aNSCs (E). The absolute
GFP* /BrdU™ cell counts within DG were 24.9 & 9.9 cells per DG in PVRy.gyz grafts versus 4.2 £ 9.9 cells per DG in PVRyp
grafts (p = 0.249). (F) Subregional analyses of the transplant location displayed no relevant differences between the DG
subregions with a tendency to lower proliferation rates in the hilus (two-way mixed ANOVA with hippocampal region
[SGZ, GZ, hilus] and transplanted aNSC type [PVRy.gyz vs. PVRyg] as independent variables; see Supplementary Table S2
for the statistical results). p-values are from an unpaired two-sided t-test (C,E) or post-hoc t-tests with Bonferroni adjustment
((D,F); PVRy.gyz 1 = 8; PVRyp 1 = 22). Abbreviations: EGF—epidermal growth factor; FGF-2—fibroblast growth factor-2;
PVRy.gyz—periventricular region of the ventricular-subventricular zone of the lateral wall of the lateral ventricles; PVRyjp—
periventricular region of the midbrain; aNSCs—adult neural stem cells; BrdU—5'-bromo-2'-desoxyuridine; DG—dentate
gyrus of the hippocampus; SGZ—subgranular zone; GZ—granular zone; GFP—green fluorescent protein.

3.3. Grafted aNSCs from both PVRy._syz and PVRpp Show Similar Neural Stem Cell Properties

Since the aNSCs from non-neurogenic regions are either quiescent in vivo or proliferate
very slowly [36], their actual neurogenic differentiation potential in vivo has not been sufficiently
determined so far. We therefore comparatively assessed the stemness and proliferation capacities
of the two grafts within the DG 7 days after transplantation (Figure 3A,B). With around 2/3
of grafted cells retaining their stem cell status in both PVRy.syz and PVRyp aNSC grafts, the
differentiation progress one week after transplantation was only modest. The amounts of
grafted Sox2* cells within the DG did not show any differences between the grafted aNSC types
(Figure 3B). The BrdU labeling index of Sox2* cells showed that ~12-16% of all Sox2*-grafted
cells found proliferated after transplantation with—interestingly and in contrast to the entire
aNSC graft (Figure 2E,F)—no differences between the two grafts (Figure 3C).

When analyzing the subregional distribution patterns of grafted cells within the main
neurogenic regions (SGZ and GZ), we did not detect any differences of relative GFP* /Sox2*
aNSC counts between the DG subregions or between the grafted aNSC type (p > 0.05 for
all comparisons by a two-way mixed ANOVA; Supplementary Figure S1A, Table S3).
The BrdU labeling index of Sox2* cells showed that ~10-29% of all Sox2*-grafted cells
proliferated after transplantation regardless of both the DG subregion and the graft type
(Supplementary Figure S1B, Table 54).
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Figure 3. Sox2* neural stem cell properties of grafted aNSCs in the host under control and physical exercise conditions.
(A) Representative triple fluorescence immunostaining of a PVRy.gyz graft correctly located within the DG (the arrow
illustrates a GFP* /BrdU" /Sox2*-grafted aNSC; A4). GFP identifies transplanted cells in contrast to resident cells (green, Ay),
while BrdU (red, A;) indicates cells which actively proliferate after transplantation. Sox2 serves as a marker for stem and
progenitor cells (blue, Az). Scale bars, 10 um. (B) Relative Sox2* cell counts with the DG normalized to total GFP*-grafted
cell counts did not differ between the two grafts (PVRy.gyz vs. PVRyp). (C) Likewise, the relative amounts of proliferating
BrdU* cells among the persistent aNSCs (GFP* /Sox2* /BrdU™ cells) were similar in both grafts. The p-values are from
unpaired two-sided t-tests (PVRy.gyz 1 = 6; PVRyp 1 = 21). (D-H) Effects of physical exercise (“runners”) on survival,
proliferation and stemness of grafted PVRy.gyz aNSCs within the DG. (D) Schematic representation of transplantation
experiments. aNSCs from PVRy.gyz were transplanted into the hippocampal neurogenic niche (dentate gyrus) of wild-type
mice, which were divided into two groups: animals in standard cages and “runners” provided with a running wheel during
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days —3 to 7 post transplantation. Both animal groups received intraperitoneal BrdU injections for 7 consecutive days after

transplantation. Mice were sacrificed on day 7. In general, significantly more GFP*-grafted cells in PVRy.gyz as compared

to PVRyg aNSC grafts one week post transplantation. Proliferation and stemness of grafted PVRy.gyz aNSCs within the

DG. There were no differences either in graft survival (E), the relative amounts of GFP* /BrdU*-proliferating cells between

runners and controls (F), the relative amounts of total Sox2* cells (G) or their proliferative BrdU* subpopulation (H). The

p-values are from unpaired two-sided ¢-tests (runners n = 4; controls n = 7). Abbreviations: PVRy.gyz—periventricular

region of the ventricular-subventricular zone of the lateral ventricles; PVRyp—periventricular region of the midbrain;

aNSC—adult neural stem cell; SGZ—subgranular zone; GZ—granular zone; GFP—green fluorescent protein; BrdU—5'-

bromo-2'-desoxyuridine.

3.4. Voluntary Wheel Running of Host Animals Does Not Change PVRy.gy7 Graft Properties

Since the graft survival rates were quite low, a subgroup of PVRy.gyz-transplanted
animals was provided with running wheels within their regular home cages (“runners”)
three days prior to transplantation to induce physical exercise (see Figure 3D for the
scheme of the experimental design). This experimental paradigm using wheel running
is a well-established environmental stimulator of resident neural stem cell proliferation
and adult neurogenesis [22,31,33] and might therefore also exert a positive influence on
grafted aNSCs, though—to our knowledge—this has not been studied so far. Although
there were numerically more GFP*-grafted cells in controls compared to runners, these
differences were not significant between running host mice and controls (Figure 3E).
There were also no differences between runners and controls in the relative amounts of
proliferating GFP* /BrdU™ cells (Figure 3F) or in the relative amounts of Sox2* stem cells or
their proliferative Sox2*/BrdU* progenies (Figure 3G,H). Consistently, we did not observe
significant differences between runners and controls in the DG subregional distribution
patterns of these cell populations (p > 0.05 for all comparisons by a two-way mixed ANOVA;
Supplementary Tables S5-57).

3.5. Grafted aNSCs from PVRpp Are Not Capable of Early Neuronal Differentiation

The early neuronal lineage commitment of grafted cells was determined by NeuroD1
expression analyses (Figure 4A,B). Since the majority of grafted cells retained stem cell
properties, the overall NeuroD1+ cell amounts were rather low in both transplant subtypes
with 10-12% NeuroD1+ cells per total GFP+ cells (Figure 4B). The BrdU labeling index of
NeuroD1+ cells showed a significant difference between graft types with ~60% proliferative
cells of all NeuroD1+-grafted cells in PVRV-SVZ compared to ~12% in PVRMB grafts
(Figure 4C). In contrast to the Sox2* stem cell population, with its equal distribution
between SGZ and GZ, the distribution of grafted NeuroD1" cells within the DG displayed
significantly more NeuroD1" cells within SGZ as compared to GZ, with no differences
between the grafts (p < 0.05; two-way mixed ANOVA with post-hoc t-test; Supplementary
Figure S1C, Table S8). The BrdU labeling index of NeuroD1" cells displayed a significant
difference between the grafts in SGZ (Supplementary Figure S1D).
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Figure 4. Differentiation capacity of grafted aNSCs depending on the graft origin. (A) Representative triple fluorescence
immunostaining of a PVRy.gyz graft within the DG (the arrows illustrate a GFP* /BrdU* /NeuroD1"-grafted NSC; Ay).
GFP identifies the transplanted cells (green, Aj), BrdU (red, A;) indicates the cells proliferating after transplantation, and
NeuroD1 serves as a marker for immature neurons (blue, A3). Scale bars, 10 um. (B, C) The relative NeuroD1" cell counts
with the DG normalized to total GFP*-grafted cell counts did not differ between the two grafts (PVRy.gyz vs. PVRyp).
(C) The daily BrdU labeling of proliferating cells revealed a higher proliferation capacity of grafted NeuoD1" cells derived
from PVRy.gyz as compared to that of PVRy;p aNSCs. The p-values are from unpaired two-sided t-tests (PVRy.gyz 1 = 8;
PVRyp n = 7). (D) Representative triple fluorescence immunostaining of a PVRy.gyz graft within the DG (the arrows
illustrate a GFP*/BrdU* /NeuN*-grafted cell; Dg). GFP identifies the transplanted cells, (green, D1), BrdU (red, D)
indicates the cells which proliferated after transplantation, and NeuN serves as a marker for neurons (blue, D3). Scale bars,
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10 um. (E-H). The relative NeuN™ cell counts with the DG normalized to total GFP*-grafted cell counts demonstrated an
exclusive neuronal differentiation in PVRy.gyz grafts. (F) The BrdU labeling index shows that ~37% of NeuN* derived

from previously proliferating cells. Notably, most grafted NeuN* neurons are located within the GZ (G; arrow in Dy),
with no differences in the BrdU labeling index (H). The p-values are from unpaired (E,F) or paired (G ,H) two-sided t-tests
(PVRy.gyz 1 = 7; PVRyp 1 = 8). (1)) Relative NG2* polydendrocyte counts with the DG normalized to total GFP*-grafted
cell counts varied markedly and did not differ between the two grafts (PVRy.gyz vs. PVRyp). The relative amounts of

BrdU* polydendrocytes were similar in both grafts (J). The p-values are from unpaired two-sided t-tests (PVRy.gyz 1 = 6;

PVRyp 1 = 5). Abbreviations: PVRy.gyz—periventricular region of the ventricular-subventricular zone of the lateral wall

of the lateral wall of the lateral ventricles; PVRyg—periventricular region of the midbrain; aNSC—adult neural stem

cell; SGZ—subgranular zone; GZ—granular zone; GFP—green fluorescent protein; BrdU—5'-bromo-2’-desoxyuridine;

NeuroD1—neuronal differentiation 1 protein; NeuN—neuronal nuclei protein; DG—dentate gyrus.

The terminal differentiation into mature NeuN™ neurons was a rare event, exclusively
observed in PVRy.gy7z grafts within the first 7 days post transplantation, with more grafted
NeuN™ cells within the GZ as compared to the SGZ (Figure 4D-H). Approximately 37% of
GFP* /NeuN™ cells were positive for the proliferation marker BrdU, and thus presumably
derived from actively dividing the aNSCs after transplantation (Figure 4F).

3.6. Grafted aNSCs from both PVRy.syz and PVRyp Show Limited Polydendrocyte Potential

Since astroglial instead of neuronal differentiation has often been observed in het-
erotopic transplantation studies [46,63], we assessed the appearance of oligodendrocyte
progenitor cells, so-called polydendrocytes, within the grafts using the marker NG2 [64].
Interestingly, the NG2 counts varied pronouncedly and were comparatively low in our
study, with <15% of NG2*-grafted cells irrespective of the DG subregion and the graft
origin (Figure 41, Supplementary Figure S2A,B, Table S9). The BrdU labeling index of
GFP*/NG2* within DG ranged from 46 to 66%, with no differences between the grafts
(Figure 4], Supplementary Figure S2A,C).

4. Discussion

The concept of a strict confinement of aNSCs to the two classical neurogenic regions of
the PVRy.gy7 of the lateral ventricles and the DG within the hippocampus [65,66] has been
challenged for quite some time [43,55,67,68]. In previous studies, our group and others
already demonstrated the presence of comparatively low numbers of quiescent neural
stem and progenitor cells along the whole ventricular neuraxis in vivo [35,36], though
spontaneous neurogenesis cannot be observed in these 'non-neurogenic’ regions [36,42].
This might be due, to a certain extent, to local inhibitory factors, such as norepinephrine
innervation from Locus coeruleus [9]. Norepinephrine suppresses aNSC proliferation in vitro
and promotes their cell cycle exit and subsequent neuronal differentiation through -
adrenoceptor signaling [9]. Therefore, it remains controversial whether aNSCs isolated
from these non-neurogenic caudal PVRs actually possess a similar cell-intrinsic proliferation
capacity and neurogenic potential as compared to the well-characterized aNSCs of the
PVRy.syz [43]. The present study was thus designed to compare the proliferation capacity
and early neurogenic differentiation potential of aNSCs from PVRy.gyz and from caudal
PVRyp after transplantation into the pro-neurogenic microenvironment of the DG.

The initial in vitro characterization of the transplants demonstrates that aNSCs from
the caudel PVRyp do actually possess a similar neurogenic potential in vitro compared
to aNSCs derived from the PVRy.gyz, the neurogenic niche with the highest proliferative
activity in vivo [36,66]. In contrast to the in vivo situation, culture conditions lead to a
robust neurosphere formation [36] and the preservation of an undifferentiated proliferative
state with a retention of stem and progenitor cell markers such as Nestin, Olig2 and NG2—
not only in PVRy.gyz aNSCs, but also in PVRysg aNSCs. After the induction of terminal
differentiation, both aNSC subtypes robustly generated new neurons in vitro, though
the majority of cells differentiated into astrocytes, most likely due to our differentiation
protocol, which was not specifically designed to enforce neuronal differentiation [39].
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However, the present study was not designed to distinguish between neural progenitor
cells and bona fide stem cells, especially concerning the indefinite self-renewal capacity
of the latter cell type. Indeed, this has already been questioned for proliferating aNSCs
from outside the neurogenic regions of V-SVZ and DG [35], but also for different regions
within the PVRy.gyz [69]. Nevertheless, PVRy;g aNSCs are capable of generating new
neurons in a permissive environment in vitro, which leads to the question of whether such
a pro-neurogenic microenvironment in vivo would also allow for active proliferation and
neuronal differentiation.

After the transplantation into the DG as a pro-neurogenic environment, aNSCs from
both the neurogenic niche PVRy.gyz and the non-neurogenic region PVRyg were able to
survive and proliferate, as indicated by the BrdU uptake. In our study, the overall fractions
of surviving GFP*-grafted cells 7 days post transplantation were quite low in both graft
subtypes with 4-times lower GFP* cell counts of PVRy;g aNSCs. The reasons for this
striking difference remain enigmatic, but might include the higher proliferation capacity of
PVRy.gyz aNSCs after transplantation as compared to PVRyg aNSCs. In addition, a higher
susceptibility of PVRyg aNSCs to the implantation process, including mechanical stress
or enzymatic singularization leading to a lower cell survival of PVRyp aNSCs, might also
contribute to the differences in cell counts between the two graft types. Nevertheless, these
survival rates of PVRy.gyz aNSCs are in line with other reports on short-period transplan-
tations with various NSC preparations [54,63,70,71]. In contrast, long-term studies, up to
several months after transplantation, report considerably higher numbers of remaining
grafted cells [49]. These generally low cell counts can be attributed to the transplantation
process itself, leading to a disruption of the local cytoarchitecture, with a disturbed vascu-
lature, a reduced blood oxygen supply, microglia transformation and the release of toxic
and proinflammatory cytokines [72-74].

Physical exercise, such as wheel-running, is a well-described positive regulator of
genuine hippocampal neurogenesis, particularly by enhancing neural stem cell prolifer-
ation [22,31,33], but it is currently unclear whether non-hippocampal aNSCs also ben-
efit from this sort of environmental manipulation. Although we used an experimental
paradigm known to increase the proliferation of genuine Sox2* hippocampal stem cells in
adult mice [28], we observed that physical exercise did not alter either the proliferation
and survival of PVRy.gyz grafts in the DG or the proportion of proliferating Sox2* stem
cells, suggesting that PVR-derived aNSCs are not able to receive the signals mediating
exercise-induced effects on hippocampal neurogenesis. This fact might be related to dif-
ferences in cell-intrinsic properties between PVR-derived aNSCs and hippocampal stem
cells, such as their sensitivity to neurotransmitters regulating aNSC proliferation [9]. Since
neurotransmitters and other humoral factors [10,22-24,26-28], as pivotal regulators of adult
neurogenesis, presumably need a sufficient integration of the transplanted aNSCs into the
hippocampal circuitries, the limited tissue integration of the grafts after a period of 7 days
might also restrict the sensitivity of the grafted aNSCs to exercise-induced cues. Moreover,
the disturbed microarchitecture due to the transplantation procedure itself needs to be
considered, since it might also alter the molecular effector pathways influenced by physical
exercise. Since the present studies were primarily designed to comparatively investigate
PVR aNSC grafts from different regions, and physical exercise was tested to increase sur-
vival and the proliferation of grafted cells, future studies should further characterize the
factors responsible for the lack of effects of exercise on PVR-derived aNSCs within the
hippocampal neurogenic niche. Long-term observation studies of transplants to allow the
grafted cells to integrate into the hippocampal formation are recommended.

Although both types of PVR-derived grafts survived and proliferated actively in this
unfamiliar microenvironment, the neuronal differentiation with detection of NeuN* young
neurons was exclusively confined to PVRy.gyz aNSCs grafts within the first week post
grafting. Interestingly, grafted PVRy.gyz aNSCs displayed the physiological migration
process during the differentiation from a higher proportion of NeuroD1* cells within the
SGZ to more NeuN" neurons within the GZ, indicating that the grafted PVRy.gyz aNSCs
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are able to percept signaling cues from the host DG, facilitating either an accelerated neu-
ronal differentiation or a directed migration process. Since the present study was only
designed to determine aNSC properties and early neuronal differentiation steps, it cannot
clarify whether the lack of neurons in PVRyp grafts is actually due to a reduced intrinsic
differentiation potential per se or to a slower differentiation propensity in the more quies-
cent PVRyg aNSC population, not completely depicted by the observation period in the
present study. On the one hand, our in vitro data, showing similar neuronal differentiation
capacities of both aNSC types after 14 days, imply a slower differentiation behavior of
PVRy\p compared to PVRy.gyz grafts. On the other hand, the lack of terminal neuronal
differentiation in PVRyp grafts, together with similar numbers of NeuroD1* immature
neurons but a higher BrdU proliferation index of NeuroD1* cells in PVRy.gyz grafts, sug-
gest that PVRyp grafts display a limited proliferation capacity of neuronal progenitors
as well as a limited terminal neuronal differentiation capacity within the hippocampal
neurogenic niche. A fusion of grafted fetal NSC lines with host neuronal elements has
been recently described [54], similar to the phenomenon observed several years ago with
bone marrow-derived cells [75]. This fusion process of NSCs seems to be specific of host
neurons and is not observed with other brain cell types. It only involves approx. 3-8% of
grafted cells [54]. Although there are no data on aNSCs on cell fusion after transplantation,
this phenomenon might have partly influenced our results on early neuronal differenti-
ation, but most likely not our data on NSC properties and their proliferation capacities.
Long-term graft observation experiments combined with BrdU birthdating and a double
labeling of both host and grafted cells to securely exclude cell fusion are needed to further
characterize the differences between aNSCs derived from various PVRs throughout the
ventricular system.

5. Conclusions

Although midbrain aNSCs show a similar proliferation and neurogenic differentia-
tion capacity in comparison to highly active PVRy.gyz aNSCs in vitro, our study provides
further evidence that aNSCs from caudal PVRyp as a ‘non-neurogenic region” actually
exhibit different intrinsic properties, with a reduced response to neurogenic stimuli after
transplantation into a permissive microenvironment in vivo. The major differences be-
tween the two aNSC types are a markedly inferior survival and proliferation potential
as well as a reduced neuronal differentiation capacity in aNSCs from caudal PVRyp as
compared to PVRy.gyz aNSCs. Although these differences might be—in part—related
to the transplantation procedure and the short-term study design, as discussed in detail
above, our data strongly imply important cell-intrinsic differences between aNSCs from
neurogenic compared to non-neurogenic PVRs with respect to their neurogenic potential
and/or their sensitivity to neurogenic cues. Future experiments investigating long-term
graft survival are warranted to confirm our data. These future studies might be combined
with experiments on the influence of parallel local brain damage as a factor influencing
aNSC fate [76] on the different cellular engraftment of the two aNSC subtypes. These
results are of special interest for the understanding of the potential limitations of novel cell
replacement therapies, e.g., in certain midbrain disorders such as Parkinson s disease.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/cells10113021/s1, Tables S1-S9: Statistical results of two-way mixed ANOVA, Figure S1:
Subregional distribution of Sox2+ neural stem cells and NeuroD1+ immature neurons 7 days after
transplantation, Figure S2: Subregional distribution of NG2+ oligodendroglial progenitor cells 7 days
after transplantation.
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