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Abstract: The medial geniculate body (MGB) is a nucleus of the diencephalon representing a relevant
segment of the auditory pathway and is part of the metathalamus. It receives afferent information via
the inferior brachium of the inferior colliculus and transmits efferent fibers via acoustic radiations to
the auditory cortex. Neural stem cells (NSCs) have been detected in certain areas along the auditory
pathway. They are of great importance as the induction of an adult stem cell niche might open a
regenerative approach to a causal treatment of hearing disorders. Up to now, the existence of NSCs in
the MGB has not been determined. Therefore, this study investigated whether the MGB has a neural
stem cell potential. For this purpose, cells were extracted from the MGB of PND 8 Sprague-Dawley
rats and cultured in a free-floating cell culture assay, which showed mitotic activity and positive
staining for stem cell and progenitor markers. In differentiation assays, the markers β-III-tubulin,
GFAP, and MBP demonstrated the capacity of single cells to differentiate into neuronal and glial
cells. In conclusion, cells from the MGB exhibited the cardinal features of NSCs: self-renewal, the
formation of progenitor cells, and differentiation into all neuronal lineage cells. These findings may
contribute to a better understanding of the development of the auditory pathway.

Keywords: neurosphere; auditory pathway; neural stem cell potential

1. Introduction

Neurogenesis describes the process of the formation of new neurons from progenitor
and stem cells [1]. The key features of neural stem cells (NSCs) are their ability to self-
renew by mitosis and the potential to differentiate into neural progenitor cells and all
neuronal lineage cells, including neurons, astrocytes, and oligodendrocytes [2]. NSCs
are particularly promising to regenerative medicine as they may provide an endogenous
therapeutic approach for damaged neuronal tissue [3]. In recent years, postnatal and adult
neurogenesis has been described primarily in the dentate gyrus of the hippocampus [4].
Another neural stem cell niche was detected in the subventricular zone [5]. Outside these
primary centers, neurogenic stem cell potential has been demonstrated in other nuclear
areas: the neocortex, striatum, spinal cord, dorsal vagal complex, and optic nerve [6–9].

Recently, NSCs have also been described in the auditory system. For the first time in
the inner ear, NSCs were detected in the utricle of the vestibular organ [10]. In the cochlea,
neurogenic stem cells have been detected in the spiral ganglion [11]. Along the central
auditory pathway, NSCs have been described in the rat and mouse cochlear nucleus (CN).
The neurogenic stem cell potential of the CN was detected up to the adult stage [12]. In the
midbrain, NSCs were detected in the rat inferior colliculus (IC) [13]. The mouse auditory
cortex exhibits neural stem cell capacity into the adult stage [14]. In these studies, NSCs
were analyzed indirectly by demonstrating their cardinal abilities. The cells showed the
ability to undergo mitotic self-renewal, as evidenced by their ability to form neurospheres
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across multiple passages. In addition, immunocytological assays demonstrated that these
cells differentiate into progenitor cells and all cell types of the neuroectodermal cell lineage,
including neurons, astrocytes, and oligodendrocytes.

The medial geniculate body (MGB) is part of the auditory thalamus and represents
the thalamic relay between the IC and the auditory cortex [15]. The MGB lies on the
posterolateral surface of the thalamus as a rounded elevation. Adjacent, the MGB is ventral
to the superior colliculus and medial to the hippocampus [15]. It marks the rostral pole
of the brachium of the IC. The MGB is divided into three subnuclei: ventral, medial, and
dorsal [16]. The ventral subnucleus projects to the primary auditory cortex and receives
most of its anatomical input from the central nucleus of the IC, whereas the dorsal nucleus
projects to the auditory association cortex. The medial nucleus appears to be functionally
responsible for perceiving the relative intensity and duration of a sound [17].

As described, NSCs have already been detected in mammals in various nuclear areas,
especially along the auditory pathway in early postnatal and adult animals. It is unknown
whether the MGB has neurogenic stem cell potential. Therefore, this study aimed to
examine cells of the MGB for the properties of NCCs in vitro and to analyze them for
their ability to self-renew, proliferate and differentiate into progenitor cells, neurons, and
neuroglial cells. Therefore, the study of the cells of the MGB will contribute to a better
understanding of the developmental features of the auditory pathway.

2. Materials and Methods
2.1. Animal Preparation

Postnatal day (PND) 8 Sprague-Dawley rats (Charles River®, Wilmington, MA, USA)
were euthanized by cervical dislocation and decapitation. The skull was opened midsagit-
tally, and its bony parts were removed. After the cranial nerves were dissected, the brain
with its brainstem was removed from the skull base and transferred into Neurobasal®

medium (Thermo-Fisher Scientific®, Grand Island, NE, USA) at room temperature. Using a
stereomicroscope (OPMI1, Zeiss®, Oberkochen, Germany), lamina tecti with the superior
and inferior colliculus was identified, and a blunt preparation and elevation of the cere-
brum was performed to expose the diencephalon. For further orientation, the Brachium
Colliculi Inferioris was exposed, starting from the lateral edge of the IC and proceeding
to the MGB. After the identification of the MGB, the blunt dissection of the MGB was
performed (Figure 1). The tissue was freed from meningeal tissue and blood vessels. The
isolated tissues were transferred either into sterile DPBS solution or into Neurobasal®

medium at room temperature for further processing. All procedures were performed under
antiseptic conditions.
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Figure 1. Preparation of the MGB of a PND 8 rat. (a) Dorsal view of the brainstem, cerebellum,
midbrain, and cerebrum after exposure of meninges and supplying blood vessels. (b) Representa-
tion of the corpora quadrigemina with the IC and the diencephalon after removal of the cerebral
hemispheres and vertical dissection in the midline. Tracing of the brachium colliculi inferioris and
visualization of the MGB (*), which is the most caudally located extension laterally alongside the
mesencephalon. (c) Identification of the IC and its brachium colliculi inferioris. Representation of the
MGB (*). (d) Blunt dissection of the MGB (*).

All experiments were conducted according to the national guidelines for the care and
use of laboratory animals (§8) and carried out exclusively as organ removal. Removing
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organs from the animal after the sacrifice is, as per §6 Abs. 1 No. 4 (German Animal Welfare
Act), subject to a notification requirement but has not been and cannot be approved as an
animal experiment.

The number of sacrificed animals per species per year has to be given to the local au-
thorities. Accordingly, nine sacrificed Sprague Dawley rats were reported to the “Regierung
of Unterfranken” (Government Lower Franconia).

2.2. Neurosphere Assay, NSC Medium and Passaging

The removed organ was transferred to Accutase (Gibco®, Thermo Fischer Scientific®,
Grand Island, NE, USA) after preparation. Enzymatic dissociation was performed in a
ThermoMixer® (Eppendorf®, Hamburg, Germany) at 37 ◦C and 500 rpm, and the solution
was triturated every 10 min using a 500-µL pipette. This was done to form an emulsion
that was macroscopically free of tissue fragments. After dissolution, cells were centrifuged
at 1000 rpm for 5 min (Centrifuge 5810, Eppendorf®, Hamburg, Germany), and the re-
sulting pellet was resuspended in Neurobasal® medium. Cell number was determined
using an improved Neubauer hemocytometer (ZK06, Hartenstein®, Würzburg, Germany).
Cell number was determined on a 10-µL sample mixed with 10 µL trypan blue (Thermo
Fischer Scientific®, Grand Island, NE, USA), allowing quantification of vital cells. Free-
swimming cell cultures were cultured in hydrophobic cell culture flasks (CELLLSTAR®,
filter top, 25 cm2, Greiner® Bio-One, Monroe, NC, USA) at 37 ◦C and 5% CO2 in a medium
designated as NSC medium. This NSC medium consisted of serum-free Neurobasal®

medium, 1% GlutaMAX® (Gibco®, Thermo Fischer Scientific®, Grand Island, NE, USA), 2%
B27® supplement without retinoic acid (Gibco®, Thermo Fischer Scientific®, Grand Island,
NE, USA), and 1% penicillin/streptomycin (Gibco®, Thermo Fischer Scientific®, Grand
Island, NE, USA). Recombinant murine growth factors EGF and bFGF/FGF-2 (PeproTech®,
Thermo Fischer Scientific®, Grand Island, NE, USA) were added to these cultures at a final
concentration of 10 ng/mL. The initial volume within a cell culture was 4 mL. Every four
days, 2 mL of fresh NSC medium was added. The amount of primary forming cell spheres
was assessed after 30 days using an inverted microscope (Leica® DMI 4000B and DMI-8,
Wetzlar, Germany) at 5× magnification. Subsequently, the calculation was performed in
relation to 100,000 cultured cells per MGB. Dissociation of neurospheres for passaging was
performed mechanically, and single cells were subsequently centrifuged at 1000 rpm for
5 min. Transfer to 4 mL of fresh NSC medium and cultivation for 30 days at 37 ◦C/5%
CO2 in 50 mL / 25 cm2 Filter Top cell culture flasks (CELLLSTAR®, Filter Top, 25 cm2,
Greiner® Bio-One, Monroe, NC, USA) was performed. The absolute number of viable cells
was determined before each passaging step, as mentioned above.

2.3. Plating of Neurospheres

The sampling of the neurospheres formed in the cell cultures was performed using a
5-mL automatic pipette (Multipette plus, Eppendorf®, Hamburg, Germany) and the neuro-
spheres were applied to glass coverslips previously coated with poly-D-lysine (100 µg/mL,
Serva Electrophoresis®, Thermo Fischer Scientific®, Grand Island, NE, USA) and laminin-1
(10 µg/mL, BD Biosciences®, Bergen County, NJ, USA). Per coverslip, 100 µL of NSC
medium was added to the respective 4-well dishes (Greiner® Bio-One®, Monroe, NC, USA),
and the neurospheres were cultured for 24 h at 37 ◦C/5% CO2.

2.4. Plating of Single Cells, Analysis of Cell Division and Cell Differentiation

For single-cell preparation, the suspension with the neurospheres formed was taken
and centrifuged at 1000 rpm for 5 min. The cell pellet was then rinsed once with DPBS to
remove residual NSC medium. After aspiration of the PBS buffer solution, Accutase® was
added for cell dissociation. Incubation was performed for 15 min at 37 ◦C and 500 rpm
in a Thermo-Mixer® (Eppendorf®, Hamburg, Germany), and trituation of the cell suspen-
sion was performed every five minutes using a 200-µL pipette. Cells were subsequently
centrifuged at 1000 rpm for 5 min, and the pellet was transferred to an NSC medium for
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the passage of cultures and recovery of secondary neurospheres. The number of cells
was counted in the specific samples using an improved Neubauer® hemocytometer. The
number of viable cells was determined by adding trypan blue solution (0.4%; #93595—
Sigma-Aldrich®, Merck®, St. Louis, MO, USA) to the measurement chamber. Single cells
obtained in this manner were transferred as part of the suspension to a differentiation
medium (DIF medium) consisting of Neurobasal®, GlutaMAX®, and B27 with retinoic acid.
Cells were plated on glass coverslips coated with laminin (1:100 in PBS 0.05 M) and poly-d-
lysine (PDL; 1:100 in 0.05 M PBS) at a density of 100 cells/mm2 (8000 cells/coverglass) and
cultured in 4-well dishes at 37 ◦C/5% CO2 for eight days. The DIF medium was changed
every two days.

2.5. Fixation and Immunocytochemistry

Single cells were fixed on glass coverslips with a 4% paraformaldehyde solu-
tion (PFA in 0.1 M NaPP) for 30 min, followed by acetone for 5 min. Blocking of
non-specific binding sites was performed with a solution of 10% bovine serum al-
bumin (BSA, A9418 Sigma-Aldrich®, Merck®, St. Louis, MO, USA) in 0.1 M PBS
buffer solution (Sigma-Aldrich® , Merck® , St. Louis, MO, USA). Incubation with the
following primary antibodies were performed for immunocytochemical assays at 5 ◦C
for 12 h in 1% BSA solution and 0.1 M PBS buffer: mouse monoclonal antibody against
ATOH1 (1:1000; Ab27667-Abcam® , Waltham, MA, USA), mouse monoclonal against
β-tubulin (1:1000; #TS293—Sigma-Aldrich®, Merck®, St. Louis, MO, USA), mouse
monoclonal versus β-III-tubulin (1:1000; #Ab7751—Abcam®, Waltham, MA, USA),
rabbit polyclonal versus β-III-tubulin (1:2000; #Ab18207—Abcam®, Waltham, MA,
USA), rabbit polyclonal against double cortin (DCX) (1:1000; #Ab18723—Abcam®,
Waltham, MA, USA), mouse monoclonal protein against glial fibrillary acidic protein
(GFAP) (1:1000; #MAB360—Merck Millipore® , Billerica, MA, USA), rabbit polyclonal
against myelin basic protein (MBP) (1:800; #M3821—Sigma-Aldrich®, Merck®, St.
Louis, MO, USA), rabbit polyclonal versus Musashi-1 (1:100, Abcam® , Waltham, MA,
USA), mouse monoclonal protein versus nestin (1:800; #MAB353—Merck Millipore® ,
Billerica, MA, USA), and rabbit polyclonal versus Sox-2 (1:2000; #Ab97959—Abcam® ,
Waltham, MA, USA).

Three wash steps were performed in 0.1 M PBS solution. Incubation with the second
antibodies, which were Alexa Fluor A488 or A555 (1:1000, #A11001, #A11008—Thermo-
Fisher®, Grand Island, NE, USA), was performed with 5 µg/mL DAPI (1:5000, D9542,
Sigma-Aldrich®, Merck®, St. Louis, MO, USA) for 1 h in a 1% solution of BSA and 0.1 M
PBS. Three washing steps were again performed in 0.1 M PBS solution. The mounting of
the glass coverslips was performed on slides containing Mowiol® (4-88, Sigma-Aldrich®,
Merck®, St. Louis, MO, USA). The slides were stored at 5 ◦C in the dark.

2.6. Histological Sectioning and Immunohistochemistry

After preparation, the MGB was fixed in 4% paraformaldehyde (PFA, Sigma-Aldrich®,
Merck®, St. Louis, MO, USA) for 1 h. Incubation of the fixed tissue was performed in
ascending order with 10%, 20%, and 30% sucrose for 24 h each. The tissue was then
cryoprotected in Tissue-Tek O.C.T. (Sakura® Finetek Europe, Umkirch, Germany) and
frozen in liquid nitrogen. The cryostat (CM1510S, Leica®, Wetzlar, Germany) was used
to cut the slides into 9 µm sections. The sections were carefully mounted on Superfrost
slides (Hartenstein®, Würzburg, Germany). Subsequently, the sections were postfixed in
4% PFA for 5 min and blocked in 10% BSA in 0.3% Triton X-100 (Sig-ma-Aldrich®, Merck®,
St. Louis, MO, USA) for 1 h after three TBS-T washing steps. For immunohistochemistry,
sections were incubated with the following primary antibodies in 1% BSA solution in 0.
3% Triton X-100 for 24 h: mouse monoclonal antibody to ß-tubulin (1:500, Sigma Aldrich®,
Merck®, St. Louis, MO, USA), rabbit polyclonal antibody to ATOH1 (1:100, Santa Cruz®,
Dallas, TX, USA), or rabbit polyclonal antibody to Sox-2 (1:100, Abcam®, Waltham, MA,
USA). After incubation with the primary antibodies, three wash steps were performed
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with TBS-T. Incubation with the secondary antibodies coupled to Alexa 488 or Alexa 555
(1:800, 1:500, Invitrogen®, Carlsbad, CA, USA) and 5 µg/mL DAPI (1:5000, Sigma-Aldrich®,
Merck®, St. Louis, MO, USA) followed. The samples were rinsed again in triplicate with
TBS-T. Embedding was performed in Mowiol® (4-88, Sigma-Aldrich®, Merck®, St. Louis,
MO, USA).

2.7. Cytomorphometric Analysis and Digital Images

Digital images of cultures and preparations were acquired using a Leica® DMI-8
fluorescence microscope and Leica Application Suite X software v3.0.1 (Leica®, Wetzlar,
Germany). Neurospheres and histological sections were analyzed using a confocal laser
scanning microscope (Fluoview FV3000, Olympus®, Shinjuku, Tokyo, Japan). Culture
dishes were scanned by transmitted light technique using a 5× objective in tile scan mode.
This allowed quantification of the neurospheres. The acquired image files were analyzed
using Fiji/ImageJ V2.0.0 software [18]. The coverslips containing immunocytochemically
stained preparations were also scanned in tile scan mode using a 20× objective. This
allowed careful analysis to be performed subsequently. Final image composition was per-
formed using Ado-be® InDesign CC 2023 v18.1 software (Adobe Inc., San Jose, CA, USA).

2.8. Statistical Analysis

All collected data was compiled using Microsoft® Excel 2023 V16.70 (Microsoft Corpo-
ration, Redmond, WA, USA) spreadsheets and statistically analyzed with GraphPad® Prism
9.5.0 software (Graphpad Software Inc., San Diego, CA, USA). First, a column analysis
(Shapiro-Wilk normality test) was performed to determine whether a Gaussian normal
distribution of the data was present. Subsequently, data were analyzed using the ordinary
one-way ANOVA test followed by a Tukey multiple comparison test. A p-value < 0.05 was
considered to be statistically significant. Reproducible results were obtained from six or
more samples.

3. Results
3.1. Increasing Neurosphere Size and Number over Time Demonstrate the Proliferation Capacity of
MGB NSCs

Spherical and freely floating neurospheres developed in the cell cultures of dissociated
cells from the MGB after four days. The diameter of these primary neurospheres increased
consistently over time (Figure 2a). Between adjacent measurement time points, diameters
increased 119% (n.s.) from d4 (78.51 ± 17.31 µm) to d8 (93.62 ± 21.35 µm), 131% (p = 0.0142)
from d8 to d12 (122.9 ± 38.23 µm), and 143% (p < 0.0001) from d12 to d16 (175.2 ± 55.01 µm).
Furthermore, an increase of 157% (p < 0.0001) was observed between d4 and d12 and 143%
(p < 0.0001) between d8 and d16. There was an overall increase of 223% (p < 0.0001) between
d4 and d16 (mean ± SEM; n = 30 neurospheres) (Figure 2b).

After 30 days, the passage of cell cultures was performed, and the formation of
secondary, tertiary, and quaternary neurospheres was analyzed. For this purpose, the
number of neurospheres and the number of vital cells in the culture per animal were
analyzed (n = 6). 524.3 ± 63.2 primary neurospheres per culture/animal or 10.7 ± 1.3
primary neurospheres per 1000 viable cells were formed. The number of neurospheres
in culture increased steadily with time and across passages. On average, the number
of neurospheres increased from P0 (524 ± 154) to P1 (3294 ± 723) by 629% (p = 0.0083),
from P1 to P2 (5830 ± 1871) by 177% (p = 0.0164) and from P2 to P3 (9567 ± 1713) by
164% (p = 0.0005). Furthermore, an increase of 1113% was observed between P0 and P2
(p < 0.0001) and 290% between P1 and P3 (p < 0.0001). Overall, the number of spheres
increased by 1826% (p < 0.0001) from P0 to P3; (mean ± SEM; n = 6 cell cultures) (Figure 3a).
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Figure 3. The significant increase in neurospheres and single cell numbers across multiple passages
demonstrate the theoretically immortal mitotic self-renewal of NSCs. (a) The number of neurospheres
per organ formed increased from P0 to P3. (b) The total number of cells within the neurosphere
cultures continuously increased significantly via the passages P0-P3. The central horizontal bars
show the mean; error bars depict the Standard Error of the Mean (SEM); each dot represents a cell
culture, n = 6; asterisks indicate the level of significance, * p < 0.05, ** p < 0.005, *** p < 0.001.

Single-cell analysis similarly revealed a continuous increase in the number of neu-
rospheres across passages. On average, the number of vital single cells increased from
P0 (377,500 ± 207,744) to P1 (3,904,500 ± 740,006) by 1034% (p < 0.0001) from P1 to P2
(6,904,500 ± 866,262) by 177% (p < 0.0001) and from P2 to P3 (10,904,500 ± 1,389,967) by
158% (p < 0.0001). Furthermore, the transition from P0 and P2 (p < 0.0001) resulted in an
increase of 1829% and the transition from P1 and P3 in a rise of 279% (p < 0.0001). Overall,
the number of vital cells increased by 2889% (p < 0.0001) from P0 to P3; (mean ± SEM; n = 6
cell cultures) (Figure 3b).

3.2. Neural Stem Cell Markers Are Expressed in Cells of the MGB In Vitro and In Vivo

Neurospheres were stained with the neural stem cell and progenitor markers dou-
blecortin (DCX), Sox-2, Musashi-1, ATOH1 and nestin for further analysis. Expression
of the transcription factors ATOH1 and Sox-2 showed colocalization with DAPI in the
nuclei. The neuronal migration protein DCX and the RNA-binding protein Musashi-1 were
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detected in the cytoplasm of the neurospheres. In addition, cells within the neurospheres
of all ages showed positive labeling of the progenitor marker nestin in their cytoplasm
(Figure 4).
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The neural stem cell and progenitor markers ATOH1 and Sox-2 were also detected 
in histological sections of the MGB. ATOH1 and Sox-2 were detected in the nucleus in 
colocalization with DAPI (Figure 5a,c). For a more detailed analysis, a systematic exami-
nation of stem cell marker-positive stained cells in relation to DAPI-positive cells was per-

Figure 4. The expression of neural stem cell markers in neurospheres from cells of the PND 8 MGB.
(a–d) Cells inside the neurospheres and cells emigrating from the spheres were stained positively
for the neural progenitor cell marker nestin (red); cell nuclei were stained blue with DAPI. (a) The
nuclei of cells inside the sphere and its branches showed positive labeling for the transcription factor
ATOH1 (green). (b) The cytoplasm of the out-migrating cells and those inside the neurospheres were
stained with the neural migration protein DCX (green). (c) The neural stem cell marker Musashi-1
(green) was positive in the cytoplasm of cells within the neurospheres and their branches. (d) The
nuclei in the neurospheres and their branches showed positive labeling for the transcription factor
Sox-2 (green).

The neural stem cell and progenitor markers ATOH1 and Sox-2 were also detected in
histological sections of the MGB. ATOH1 and Sox-2 were detected in the nucleus in colocal-
ization with DAPI (Figure 5a,c). For a more detailed analysis, a systematic examination of
stem cell marker-positive stained cells in relation to DAPI-positive cells was performed
(Figure 5b). A total of 45,110 cells were counted and analyzed. Overall, a proportion of
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4.29 ± 1.95% stained positive for ATOH1 and 11.19 ± 0.76% for Sox-2 (mean ± SEM; n = 3
histological sections).
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Figure 5. Neural stem cell markers are detectable in in vivo tissue sections of the MGB. (a) The
transcription factor ATOH1 (red) is expressed in the nucleus of cells, and the cytoplasm of cells was
positive for ß-tubulin (green). Cell nuclei are stained blue by DAPI. (c) The transcription factor Sox-2
(red) is expressed in the nucleus of cells. β-tubulin (red) is expressed in the cytoplasm of the cells.
Cell nuclei are stained blue by DAPI. (b) Results of the immunohistochemical analysis of the neural
stem cell markers ATOH1 and Sox-2 in histological sections of the PND 8 rat MBG. The proportions
of positively stained cells in relation to the total number of cells on coverslips were evaluated. The
bar charts show the mean and Standard Error of the Mean (SEM).

3.3. MGB NSCs Differentiate into All Cell Types of the Neuroectodermal Cell Lineage

Single cells from dissociated neurospheres of the MGB developed into progenitor
cells, neurons, and neuroglia. The neuron-specific marker β-III-tubulin was detected in
axons and the cytoplasm of neurons. MBP plays a crucial role in the myelination of nerves
and therefore represents the myelination processes of oligodendrocytes. The staining of
GFAP identified astrocytes. Similarly, the progenitor cell marker nestin was used to detect
neural progenitor cells from the dissociated single cells of the neurospheres from the MGB
(Figure 6).
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n = 6 cell cultures) (Figure 7). 

Figure 6. NSCs of the MGB differentiate into all cells of the neuroectodermal lineage after 6 days
on glass coverslips in the differentiation medium (DIF). (a) β-III-tubulin (red) labels neuronally
differentiated cells. The β-III-tubulin-positive cells had neuron-typical spindle-shaped and slender
somata. (b) Oligodendrocytes showed positive labeling of myelin basic protein (MBP, red). MBP
staining shows labeling and peripheral onset myelination. (c) Astrocytes were identified by glial
fibrillary acidic protein (GFAP, red) staining. These cells displayed the star-shaped morphology
typical of astrocytes. (d) Undifferentiated progenitor cells were stained with nestin (red). (a–d) The
cytoskeleton of all viable cells was stained with β-tubulin (green). The cell nuclei were stained with
DAPI (blue).

The number of specifically labeled single cells was determined in relation to β-tubulin-
positive cells. A total of 19,547 cells were counted. The percentage of neuron-specific
β-III-tubulin-positive cells to β-tubulin-positive cells was 46.67 ± 1.13%. GFAP-specific
evaluation yielded a rate of 13.83 ± 0.79% for cells of astrocytic lineage. Regarding the
assessment of MBP, a percentage of 9.33 ± 0.49% resulted for oligodendrocytes. A portion
of 15.00 ± 0.68% for the neural progenitor cell marker nestin was obtained (mean ± SEM;
n = 6 cell cultures) (Figure 7).
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Figure 7. A large proportion of differentiating MGB NSCs develops a proneural fate. Results of the
immunocytochemical analysis of the plated single cells of the PND 8 rat MBG after 6 days on glass
coverslips in differentiation medium (DIF). The proportions of positively stained cells in relation to
the total number of cells on coverslips were evaluated. The bar charts show the mean and Standard
Error of the Mean (SEM).

4. Discussion

It has been possible to isolate NSCs in vitro from the MGB of PND 8 Sprague-Dawley
rats, culture them as neurosphere assays and multiply and passage them over several
weeks. Similarly, immunocytological and immunohistological methods were used to detect
neural stem cell and neural progenitor markers. Dissociated single cells derived from the
neurospheres formed all neuroectodermal cell lineage cell types in differentiation assays.
These properties—mitotic and unlimited self-renewal, formation of progenitor cells, and
multipotent differentiation into all neuroectodermal cell lineage cell types—are the cardinal
criteria of neural stem cells [3]. These cardinal criteria were demonstrated for the first time
in the MGB of the postnatal rat and indicated strong evidence that NSCs are present in the
MGB of the postnatal rat. Due to the lack of a direct detection method of NSCs, indirect
detection of NSCs of the MBG was performed. This approach has been recommended by
several authors [2].

4.1. The Proliferation Capacity of the MGB NSCs Is Comparable to Other Neural Stem Cell Niches
of the Auditory Pathway

A cell culture system designed explicitly for NSCs is used for the in vitro studies,
a serum-free cell culture medium as described above (2.2). For this purpose, fibroblast
growth factor FGF-2 and epidermal growth factor EGF are used, whose decisive influence
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on the microenvironment of NSCs has already been described in the literature [19]. The
proliferative and inhibitory effects on the differentiation of FGF-2 and EGF are explicitly
necessary and used in in vitro experiments to detect neural stem cells, and the withdrawal
of growth factors induces cell differentiation [2]. Adding FGF-2 and EGF allows stimulation
of the previously quiescent stem cell niche and offers the investigation and analysis of its
proliferative capacity. Due to closely related activation patterns between neural stem cells
and brain tumors, this interaction must occur in a physiologically controlled manner [20].
Previous studies on neural stem cells in the auditory system emphasized those results and
demonstrated that no relevant number of neurospheres could be cultured in cell cultures
lacking FGF-2 and EGF to demonstrate the cardinal properties of neural stem cells [21].
Free-floating neurospheres formed in the cell cultures, which are a correlate for mitotic self-
renewal and proliferation of NSCs, as a small proportion of the cells in the neurospheres
are NSCs [22].

Continuously enlarging and proliferating neurospheres formed in MGB cell cultures
from PND 8 Sprague-Dawley rats. Analysis of the size of the neurospheres allows an
assessment of NSCs for neurosphere formation. With increasing neurosphere size, increased
proliferative capacity can be assumed [23]. An analysis of the diameters of the neurospheres
within the first 16 days in culture was performed. This showed a significant increase in the
diameter of the neurospheres over time. After 4 days in culture, the average diameter of
the neurospheres was 78.51 ± 17.31 µm (mean ± SEM; n = 30 neurospheres) (Figure 2b).
In a study in which the prosencephalon of rat fetuses was harvested on embryonic day
14.5 and examined on day four in culture for the diameter of the neurospheres formed,
it was found that under comparable conditions (37 ◦C/5% CO2), the majority of the
neurospheres were between 50 and 100 µm in size. Thus, the neurospheres of the postnatal
MGB had similar diameters of neurospheres after four days in culture-like neurospheres
of the embryonic rat prosencephalon [24]. The maximum average diameter recorded was
175.2 ± 10.2 on the 16th day in culture (Figure 2a). These results were compared with the
literature. Nearly identical studies were performed along the auditory pathway in the IC
of PND 6 Sprague-Dawley rats. At day 16 in culture, an average neurosphere diameter
of 267.8 ± 60.4 µm was observed [13]. Thus, larger average diameters of neurospheres
were present in the IC of PND 6 animals. Neural stem cell potential analysis of mouse
auditory cortex revealed an average diameter of 165.2 ± 13.9 µm in tertiary neurospheres
from 3-day-old mice and a diameter of 86.6 ± 6.0 µm in 14-day-old mice after 15 days in
culture [14]. With limited comparability, because diameters of tertiary rather than primary
neurospheres were recorded and different animals were compared at different ages, very
similar diameters were present in the auditory cortex and the MGB after 15 and 16 days in
culture, respectively.

In cell cultures from the MGB of PND 8 Sprague-Dawley rats, 524.3 ± 63.2 primary
neurospheres were formed per culture/animal or 10.7 ± 1.3 primary neurospheres per
1000 viable cells (approximately 1%) (mean ± SEM; n = 6 cell cultures) (Figure 3a). The
number of primary neurospheres in relation to the number of cells studied and per cul-
ture/animal of the MGB was compared with results in the literature. In the IC of PND
6 rats, a comparable ratio of approximately 1588 ± 606 neurospheres per culture/animal or
8.2 ± 3.1 neurospheres/1000 viable cells (0.8%) was found under the same conditions [13].
Since the study conditions are almost identical, except for the age of the animals, this pro-
vides an excellent opportunity to compare the respective primary neurosphere formation.
In the CN of PND 6 rats, the formation of 1.4 ± 0.4 spheres/1000 cells (0.14 ± 0.04%) was
observed after three weeks in culture [21]. In another study of the CN of PND 3 mice,
a more pronounced neurosphere formation of about 3 spheres/100 viable cells (approx-
imately 3%) was described [25]. A comparatively lower ratio was found in the fourth
ventricle of adult mice, with about 0.2 ± 0.06 spheres/1000 viable cells after eight days [26].
Because of the different approaches, comparing the results of the other studies is difficult.
The cell culture medium (DMEM vs. Neurobasal® medium) and the mode of passage
(enzymatic vs. mechanical; after 8 days vs. after 30 days) have a decisive influence on the
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proliferative capacity [27]. Additionally, the species studied (rat vs. mouse) is a significant
factor affecting the outcome of the studies [28].

Further passage analyses were performed to investigate whether there was unlimited
potential for mitotic division and self-renewal. After 30 days each, passage occurred, and
primary, secondary, tertiary, and quaternary neurospheres formed. Analysis of the number
of neurospheres and the number of vital cells within the passages revealed a constant
significant increase with the increasing passage. Thus, the cells of the MGB of 8-day-old
Sprague-Dawley rats exhibit the capacity for unlimited mitotic self-renewal, a cardinal
feature of neural stem cells [29].

4.2. The Expression Patterns of NSC Markers in the MBG Show Localization-Specific Differences

Another cardinal criterion of NSCs is the formation of neural progenitor cells. There-
fore, the question arose whether neuronal stem cell and progenitor markers can be detected
in the cultivated neurospheres from cells of the MGB of PND 8 rats. Supplementary
histological sections were examined for neural progenitor and stem cell markers.

The neural progenitor and stem cell markers ATOH1, nestin, Musashi-1, doublecortin
(DCX) and Sox-2 were examined. The transcription factor ATOH1 belongs to the basic
helix-loop-helix (bHLH) family of transcription factors and provides a proneural fate to the
cell [30]. It contributes to the development of the central auditory pathway [31]. Nestin is
an intermediate filament expressed in developing neuroepithelial cells and is detectable
until the cells reach terminal differentiation [32]. Sox-2 is an HMG box transcription
factor that plays a critical role in the maintenance of multipotency as well as the ability
to self-renew [33]. Musashi-1 is an RNA-binding protein that plays a significant role in
neurogenesis and influences the fate of neuronal precursor cells [34]. In addition, the
neurospheres were examined for DCX, a neuronal migration protein found in young and
migrating neurons [35]. The expression of all neuronal progenitor and stem cell markers
examined were detected in the neurospheres of PND 8 rats. The markers were detectable
not only in the cells of the neurospheres but also in the emigrating cells (Figure 4a–d). These
cells could be neural progenitor cells that can grow out in a monolayer [36]. Nestin could be
detected within the neurospheres, as well as in the cells growing out of them (Figure 4a–d).
Expression of Sox-2 and ATOH1 was restricted to the nucleus and occurred in cells within
the neurospheres and in cells outgrowing them (Figure 4a,d). In contrast, Musashi-1 was
expressed mainly perinuclearly but also intranuclearly (Figure 4c) [37]. DCX-positive cells
could be detected in the cytoskeleton of the cells (Figure 4b). It is known that DCX is a
microtubule-associated protein, and colocalization with nestin is characteristic of proneural
progenitor cells [38]. These markers’ expression and growth patterns in neurospheres are
consistent with findings from previous studies.

Since the neuronal progenitor and stem cell markers Sox-2 and ATOH1 were detected
in neurospheres derived from cells of the MGB, the question arose whether these stem cell
markers can also be seen in histological sections of the MGB. ATOH1 exhibited co-staining
with DAPI, known from former studies (Figure 5a) [39]. Similarly, Sox-2 positive cells
could be detected in the histological sections of the MGB (Figure 5c). These results are
consistent with the literature [40]. To evaluate the expression capacity of these markers, a
quantitative evaluation of marker-positive cells was performed in relation to DAPI-positive
cells. A proportion of 4.29 ± 1.95% stained positive for ATOH1 and 11.19 ± 0.76% for
Sox-2 (mean ± SEM; n = 3 histological sections) (Figure 5b) was found. There are only
a few comparable studies in the literature. Despite different evaluation methodologies
(marker-positive cells per µm3 vs. marker-positive cells per DAPI-positive cells), a similar
trend was observed in the CN of PND 9 rats. There are approximately twice as many Sox-2
positive cells as ATOH1 positive cells [12]. Analysis of ATOH1 and Sox-2 in dissociated
single cells from neurospheres of the IC of PND 6 rats revealed 3.11 ± 2.62% expression
for ATOH1 and 2.3 ± 3.23% expression for Sox-2 in regard to all cells plated out [13].
Thus, the expression capacity of ATOH1 is comparable to the results obtained from tissue
sections of the MGB. Interestingly, significantly lower expression of Sox-2 was present in
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the single-cell studies of the IC. In contrast, very similar expressions of the two markers
were detected in neurospheres of the IC of PND 6 rats [41]. PND 8 animals were not
evaluated in this study, but there was already a significant decrease in ATOH1 compared
with PND 12 animals. Thus, lower ATOH1 expression in neurospheres can be assumed in
PND 8 animals. In this regard, in a previous study, the expression level of Sox-2 of different
neural progenitor populations in the telencephalon was examined. Interestingly, Sox-2 was
found to be expressed differently by other cell types. The differences in the expression of
Sox-2 between the MGB and the IC are likely due to Sox-2 being expressed by different cell
populations [42].

Furthermore, Sox-2 was expressed prominently in postmitotic differentiated neurons
of the lateral geniculate body. This is an adjacent nucleus of the MGB in the visual thalamus,
whose projection neurons to the visual cortex showed strong Sox-2 expression. These
results were unexpected, as Sox-2 is known to maintain stem cell capacity and is generally
not detected in differentiated neurons. Thus, it could be an exception in projection neurons
of the thalamus, which would explain the increased expression of Sox-2 in the MGB [43].
Interestingly, the role of Sox-2, especially in the sensory system, was emphasized in differ-
entiated cells. In addition to its importance as a neural stem cell marker, Sox-2 performs
key functions in both neurons and glial cells [44]. Since the thalamus has a significant
role in sensory perception, the results of this work indicate a localization-specific distinct
expression of Sox-2.

Neuronal progenitor and stem cell markers could be detected in cells of the MGB
in both in vitro and in vivo studies. Cells of the MGB possess the ability to form neural
progenitor cells, which is another cardinal feature of NSCs.

4.3. NSCs of the MGB Show a Proneural Differentiation Fate

Neurobasal cell medium was used for the differentiation experiments by adding
B27 and retinoic acid and a deprivation of growth factors. The importance of retinoids
in vitro for cell differentiation, analogous to an essential role in central nervous system
maturation in vivo, has been described previously [45]. Plating of dissociated cells from
neurospheres in a DIF medium demonstrated the differentiation of neurons, astrocytes,
and oligodendrocytes.

ß-III-tubulin is a neuronal marker commonly used to show the ability to differenti-
ate in neurons. Neuronally differentiated cells formed a network with neighboring cells
(Figure 6a). These morphological and immunocytological features were also demonstrated
in similar experiments with NSCs [46]. In addition, ß-tubulin-positive cells with a typ-
ical spoke structure with a prominent nucleus were detected, and their morphology is
characteristic of oligodendrocytes. Myelin basic protein (MBP) was seen in the peripheral
processes of these glial cells, identifying them as oligodendrocytes (Figure 6b) [47]. These
are also found in vivo adjacent to neuronal cells, forming the myelin sheaths around axons
and playing an essential metabolic role [48]. Astrocytes could be unambiguously identified
by GFAP, which is the classical marker for staining differentiated astrocytes (Figure 6c) [49].
Similarly, cells could be positively identified for nestin. These cells were still in a precursor
stage and could be identified morphologically and immunocytologically as neural pro-
genitor cells (Figure 6d) [50]. Furthermore, the marker-positive single cells were related
to all β-tubulin-positive cells to analyze the capacity for differentiation (Figure 7). The
percentage of neuron-specific β-III-tubulin-positive cells was 46.67 ± 1.13%. The GFAP-
specific evaluation revealed a portion of 13.83 ± 0.79%, in MBP a rate of 9.33 ± 0.49% for
oligodendrocytes. A percentage of 15.00 ± 0.68% was obtained for the neural progenitor
cell marker nestin (mean ± SEM; n = 6 cell cultures). Comparison with the differentiation
capacity of the IC of PND 6 rats revealed both similarities and crucial differences. In the
IC, 50.97 ± 2.22% ß-III tubulin-positive cells were present, yielding similar results to the
MGB. The percentage of MBP-positive cells was 14.36 ± 1.14%, which was higher in the IC
compared with the MGB. The most significant difference was in GFAP-positive cells. The
IC showed 5.06 ± 1.12% astrocytic cells. Nestin-positive cells had a very similar expression
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profile of 13.24 ± 6.07% [41]. Interestingly, the MGB assumes a critical role in tinnitus
pathology, and GFAP expression has been shown to remain stable in the rat tinnitus model
compared to the auditory cortex [51]. The pronounced expression of GFAP in the MGB
may indicate the stable expression at even early ages.

Dissociated single cells from neurospheres of the MGB of PND 8 rats differentiated
into all neuroectodermal cell lineage cell types following the withdrawal of growth factors
in the DIF medium. The ability to differentiate into all cell types of the neuroectodermal
cell lineage is another cardinal feature of NSCs [36].

4.4. Limitations of the Study

There may be some limitations within the present study. Neural stem cells play a
crucial role in neurogenesis. In this study, neural stem cells were cultured in vitro under
the influence of highly proliferative growth factors. As a result, dormant neural stem cell
niches are activated, and the distinction between an active and mitotically dormant stem
cell niche is more difficult. As it became apparent in this study, the differentiation fates of
neural stem cells differ. Thus, understanding the heterogeneity of neural stem cells and
their physiological regulation is limited. Inferences about the mechanisms that activate
quiescent stem cell niches and regulate progenitor cells for neurons and glial cells are
hampered by the model used in this study. Insight into these mechanisms is provided by
non-mammalian vertebrates, such as zebrafish. This is because, for example, Drosophila
NSCs transit synchronously between a quiescent and proliferative state. This facilitates
differentiation between stages. In rodents, active and quiescent NSC niches coexist [52].
However, the cardinal features of neural stem cells can be detected using the rodent model,
which was the aim of this study, and it is a well-studied model. Another weakness of this
work is that it focused on early postnatal animals. However, an assessment of neural stem
cell potential with increasing and into adult age would be of interest. As it is known, early
postnatal animals have a significantly higher stem cell potential. This has enabled sufficient
propagation and systemic analysis. The results of this work should serve as a basis for
further investigations.

5. Conclusions

In the present study, NSCs were identified in the neonatal MGB. Cells were char-
acterized in vitro and in vivo. The isolated cells exhibited the cardinal features of NSCs.
Compared with other auditory pathway nuclei in which NSCs have been detected, a
comparable neural stem cell potential was present in the postnatal rat MGB.

In addition, some neurogenic factors with specific influence on neurogenesis are
known. In the future, it may be possible to influence neural tissue regeneration specifically.
Potential therapeutic approaches to brain or brainstem damage due to injury, toxins, or
ischemia could be developed by targeted modulation of neurogenesis. However, a detailed
understanding of cellular and molecular processes is necessary to regulate neurogenesis
therapeutically. Therefore, the existence of NSCs in the MGB contributes to understanding
the auditory pathway’s developmental features.

Author Contributions: J.E.: Cultivation and analysis of the cell cultures, preparation of the immuno-
cytological and immunohistological staining, microscopic analysis, statistical evaluation of the results
and writing of the paper. B.S.: Supply of the cell cultures and evaluation of the differentiated single
cells. L.B.: Fixation of tissue sections, confocal microscopy, and image processing. R.H.: Project
supervision and correction of the manuscript. K.R.: Project supervision, coordination of the research
project, and correction of the manuscript. J.V.: Project supervision, the teaching of scientific tech-
niques, technical support for software and hardware, preliminary preparatory work, microscopic
analyses, evaluation of the results, digital image composition, and correction of the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was generously supported by the “Interdisciplinary Center for Clinical Research
Wuerzburg”, IZKF Wuerzburg (grant #Z-2/CSP-4 and #Z3BC/05), Beethovenstrasse 1a, Wuerzburg,
D-97080, Germany.



Life 2023, 13, 1188 15 of 17

Institutional Review Board Statement: All experiments were conducted according to the national
guidelines for the care and use of laboratory animals (§8). All experiments described in the manuscript
were carried out exclusively as organ removal. Removing organs from the animal after the sacrifice
is subject to a notification requirement as per §6 Abs. 1 No. 4 (German Animal Welfare Act), Code:
#JTM12/2020.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are included within
the article.

Acknowledgments: The authors would like to thank the technical team of the ENT research lab-
oratory, in particular Laura Halbhuber, Barbara Kellner, and Petra Joa, for their support with cell
cultures, immunocytochemistry, and tissue preparations.

Conflicts of Interest: We declare that we have received no support from any companies for the
submitted work and have no financial interests that might be relevant to the submitted work.

References
1. Gage, F.H. Neurogenesis in the adult brain. J. Neurosci. 2002, 22, 612–613. [CrossRef] [PubMed]
2. Gage, F.H. Mammalian neural stem cells. Science 2000, 287, 1433–1438. [CrossRef] [PubMed]
3. Kempermann, G.; Gage, F.H. New nerve cells for the adult brain. Sci. Am. 1999, 280, 48–53. [CrossRef] [PubMed]
4. Eriksson, P.S.; Perfilieva, E.; Bjork-Eriksson, T.; Alborn, A.M.; Nordborg, C.; Peterson, D.A.; Gage, F.H. Neurogenesis in the adult

human hippocampus. Nat. Med. 1998, 4, 1313–1317. [CrossRef] [PubMed]
5. Alvarez-Buylla, A.; García-Verdugo, J.M. Neurogenesis in Adult Subventricular Zone. J. Neurosci. 2002, 22, 629–634. [CrossRef]
6. Bauer, S.; Hay, M.; Amilhon, B.; Jean, A.; Moyse, E. In vivo neurogenesis in the dorsal vagal complex of the adult rat brainstem.

Neuroscience 2005, 130, 75–90. [CrossRef]
7. Palmer, T.D.; Markakis, E.A.; Willhoite, A.R.; Safar, F.; Gage, F.H. Fibroblast growth factor-2 activates a latent neurogenic program

in neural stem cells from diverse regions of the adult CNS. J. Neurosci. 1999, 19, 8487–8497. [CrossRef]
8. Reynolds, B.A.; Weiss, S. Generation of neurons and astrocytes from isolated cells of the adult mammalian central nervous system.

Science 1992, 255, 1707–1710. [CrossRef]
9. Shihabuddin, L.S.; Horner, P.J.; Ray, J.; Gage, F.H. Adult spinal cord stem cells generate neurons after transplantation in the adult

dentate gyrus. J. Neurosci. 2000, 20, 8727–8735. [CrossRef]
10. Li, H.; Liu, H.; Heller, S. Pluripotent stem cells from the adult mouse inner ear. Nat. Med. 2003, 9, 1293–1299. [CrossRef]
11. Rask-Andersen, H.; Bostrom, M.; Gerdin, B.; Kinnefors, A.; Nyberg, G.; Engstrand, T.; Miller, J.M.; Lindholm, D. Regeneration of

human auditory nerve. In vitro/in video demonstration of neural progenitor cells in adult human and guinea pig spiral ganglion.
Hear Res. 2005, 203, 180–191. [CrossRef] [PubMed]

12. Rak, K.; Volker, J.; Frenz, S.; Scherzed, A.; Radeloff, A.; Hagen, R.; Mlynski, R. Dynamic changes of the neurogenic potential in the
rat cochlear nucleus during post-natal development. Exp. Brain Res. 2013, 226, 393–406. [CrossRef] [PubMed]

13. Völker, J.; Engert, J.; Völker, C.; Bieniussa, L.; Schendzielorz, P.; Hagen, R.; Rak, K. Isolation and Characterization of Neural Stem
Cells from the Rat Inferior Colliculus. Stem Cells Int. 2019, 2019, 5831240. [CrossRef] [PubMed]

14. Hu, Z.; Tao, L.; Deng, M. Postnatal Changes of Neural Stem Cells in the Mammalian Auditory Cortex. Int. J. Mol. Sci. 2021, 22,
1550. [CrossRef]

15. Webster, D.B.; Fay, R.R. The Mammalian Auditory Pathway: Neuroanatomy; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 2013; Volume 1.

16. Winer, J.A. The Functional Architecture of the Medial Geniculate Body and the Primary Auditory Cortex. In The Mammalian
Auditory Pathway: Neuroanatomy; Webster, D.B., Popper, A.N., Fay, R.R., Eds.; Springer: New York, NY, USA, 1992; pp. 222–409.

17. Winer, J.A.; Wenstrup, J.J.; Larue, D.T. Patterns of GABAergic immunoreactivity define subdivisions of the mustached bat’s
medial geniculate body. J. Comp. Neurol. 1992, 319, 172–190. [CrossRef]

18. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods. 2012, 9, 676–682. [CrossRef]

19. Maric, D.; Fiorio Pla, A.; Chang, Y.H.; Barker, J.L. Self-renewing and differentiating properties of cortical neural stem cells are
selectively regulated by basic fibroblast growth factor (FGF) signaling via specific FGF receptors. J. Neurosci. 2007, 27, 1836–1852.
[CrossRef]

20. Jackson, E.L.; Alvarez-Buylla, A. Characterization of adult neural stem cells and their relation to brain tumors. Cells Tissues Organs
2008, 188, 212–224. [CrossRef]

21. Rak, K.; Wasielewski, N.V.; Radeloff, A.; Volkers, J.; Scherzed, A.; Jablonka, S.; Hagen, R.; Mlynski, R. Isolation and characterization
of neural stem cells from the neonatal rat cochlear nucleus. Cell Tissue Res. 2011, 343, 499–508. [CrossRef]

22. Reynolds, B.A.; Rietze, R.L. Neural stem cells and neurospheres—Re-evaluating the relationship. Nat. Methods 2005, 2, 333–336.
[CrossRef]

https://doi.org/10.1523/JNEUROSCI.22-03-00612.2002
https://www.ncbi.nlm.nih.gov/pubmed/11826087
https://doi.org/10.1126/science.287.5457.1433
https://www.ncbi.nlm.nih.gov/pubmed/10688783
https://doi.org/10.1038/scientificamerican0599-48
https://www.ncbi.nlm.nih.gov/pubmed/10231988
https://doi.org/10.1038/3305
https://www.ncbi.nlm.nih.gov/pubmed/9809557
https://doi.org/10.1523/JNEUROSCI.22-03-00629.2002
https://doi.org/10.1016/j.neuroscience.2004.08.047
https://doi.org/10.1523/JNEUROSCI.19-19-08487.1999
https://doi.org/10.1126/science.1553558
https://doi.org/10.1523/JNEUROSCI.20-23-08727.2000
https://doi.org/10.1038/nm925
https://doi.org/10.1016/j.heares.2004.12.005
https://www.ncbi.nlm.nih.gov/pubmed/15855043
https://doi.org/10.1007/s00221-013-3448-x
https://www.ncbi.nlm.nih.gov/pubmed/23455726
https://doi.org/10.1155/2019/5831240
https://www.ncbi.nlm.nih.gov/pubmed/31781242
https://doi.org/10.3390/ijms22041550
https://doi.org/10.1002/cne.903190114
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1523/JNEUROSCI.5141-06.2007
https://doi.org/10.1159/000114541
https://doi.org/10.1007/s00441-010-1118-x
https://doi.org/10.1038/nmeth758


Life 2023, 13, 1188 16 of 17

23. Mori, H.; Ninomiya, K.; Kino-oka, M.; Shofuda, T.; Islam, M.O.; Yamasaki, M.; Okano, H.; Taya, M.; Kanemura, Y. Effect of
neurosphere size on the growth rate of human neural stem/progenitor cells. J. Neurosci. Res. 2006, 84, 1682–1691. [CrossRef]
[PubMed]

24. Hossain, M.E.; Matsuzaki, K.; Katakura, M.; Sugimoto, N.; Mamun, A.A.; Islam, R.; Hashimoto, M.; Shido, O. Direct exposure
to mild heat promotes proliferation and neuronal differentiation of neural stem/progenitor cells in vitro. PLoS ONE 2017,
12, e0190356. [CrossRef] [PubMed]

25. Volkenstein, S.; Oshima, K.; Sinkkonen, S.T.; Corrales, C.E.; Most, S.P.; Chai, R.; Jan, T.A.; van Amerongen, R.; Cheng, A.G.; Heller,
S. Transient, afferent input-dependent, postnatal niche for neural progenitor cells in the cochlear nucleus. Proc. Natl. Acad. Sci.
USA 2013, 110, 14456–14461. [CrossRef] [PubMed]

26. Weiss, S.; Dunne, C.; Hewson, J.; Wohl, C.; Wheatley, M.; Peterson, A.C.; Reynolds, B.A. Multipotent CNS stem cells are present in
the adult mammalian spinal cord and ventricular neuroaxis. J. Neurosci. 1996, 16, 7599–7609. [CrossRef]

27. Dictus, C.; Tronnier, V.; Unterberg, A.; Herold-Mende, C. Comparative analysis of in vitro conditions for rat adult neural
progenitor cells. J. Neurosci. Methods 2007, 161, 250–258. [CrossRef]

28. Svendsen, C.N.; Skepper, J.; Rosser, A.E.; ter Borg, M.G.; Tyres, P.; Ryken, T. Restricted growth potential of rat neural precursors
as compared to mouse. Brain Res. Dev. Brain Res. 1997, 99, 253–258. [CrossRef]

29. Seaberg, R.M.; van der Kooy, D. Stem and progenitor cells: The premature desertion of rigorous definitions. Trends Neurosci. 2003,
26, 125–131. [CrossRef]

30. Maricich, S.M.; Xia, A.; Mathes, E.L.; Wang, V.Y.; Oghalai, J.S.; Fritzsch, B.; Zoghbi, H.Y. Atoh1-lineal neurons are required for
hearing and for the survival of neurons in the spiral ganglion and brainstem accessory auditory nuclei. J. Neurosci. 2009, 29,
11123–11133. [CrossRef]

31. Wang, V.Y.; Rose, M.F.; Zoghbi, H.Y. Math1 expression redefines the rhombic lip derivatives and reveals novel lineages within the
brainstem and cerebellum. Neuron 2005, 48, 31–43. [CrossRef]

32. Lendahl, U.; Zimmerman, L.B.; McKay, R.D. CNS stem cells express a new class of intermediate filament protein. Cell 1990, 60,
585–595. [CrossRef]

33. Ellis, P.; Fagan, B.M.; Magness, S.T.; Hutton, S.; Taranova, O.; Hayashi, S.; McMahon, A.; Rao, M.; Pevny, L. SOX2, a persistent
marker for multipotential neural stem cells derived from embryonic stem cells, the embryo or the adult. Dev. Neurosci. 2004, 26,
148–165. [CrossRef] [PubMed]

34. Sakakibara, S.; Nakamura, Y.; Yoshida, T.; Shibata, S.; Koike, M.; Takano, H.; Ueda, S.; Uchiyama, Y.; Noda, T.; Okano, H.
RNA-binding protein Musashi family: Roles for CNS stem cells and a subpopulation of ependymal cells revealed by targeted
disruption and antisense ablation. Proc. Natl. Acad. Sci. USA 2002, 99, 15194–15199. [CrossRef] [PubMed]

35. Francis, F.; Koulakoff, A.; Boucher, D.; Chafey, P.; Schaar, B.; Vinet, M.C.; Friocourt, G.; McDonnell, N.; Reiner, O.; Kahn, A.; et al.
Doublecortin is a developmentally regulated, microtubule-associated protein expressed in migrating and differentiating neurons.
Neuron 1999, 23, 247–256. [CrossRef] [PubMed]

36. Gage, F.H.; Ray, J.; Fisher, L.J. Isolation, characterization, and use of stem cells from the CNS. Annu. Rev. Neurosci. 1995, 18,
159–192. [CrossRef] [PubMed]

37. Kaneko, Y.; Sakakibara, S.; Imai, T.; Suzuki, A.; Nakamura, Y.; Sawamoto, K.; Ogawa, Y.; Toyama, Y.; Miyata, T.; Okano, H.
Musashi1: An evolutionally conserved marker for CNS progenitor cells including neural stem cells. Dev. Neurosci. 2000, 22,
139–153. [CrossRef]

38. Kronenberg, G.; Reuter, K.; Steiner, B.; Brandt, M.D.; Jessberger, S.; Yamaguchi, M.; Kempermann, G. Subpopulations of
proliferating cells of the adult hippocampus respond differently to physiologic neurogenic stimuli. J. Comp. Neurol. 2003, 467,
455–463. [CrossRef]

39. Helms, A.W.; Johnson, J.E. Progenitors of dorsal commissural interneurons are defined by MATH1 expression. Development 1998,
125, 919–928. [CrossRef]

40. Favaro, R.; Valotta, M.; Ferri, A.L.; Latorre, E.; Mariani, J.; Giachino, C.; Lancini, C.; Tosetti, V.; Ottolenghi, S.; Taylor, V.; et al.
Hippocampal development and neural stem cell maintenance require Sox2-dependent regulation of Shh. Nat. Neurosci. 2009, 12,
1248–1256. [CrossRef]

41. Engert, J.; Rak, K.; Bieniussa, L.; Scholl, M.; Hagen, R.; Voelker, J. Evaluation of the Neurogenic Potential in the Rat Inferior
Colliculus from Early Postnatal Days Until Adulthood. Mol. Neurobiol. 2021, 58, 719–734. [CrossRef]

42. Hutton, S.R.; Pevny, L.H. SOX2 expression levels distinguish between neural progenitor populations of the developing dorsal
telencephalon. Dev. Biol. 2011, 352, 40–47. [CrossRef]

43. Mercurio, S.; Serra, L.; Motta, A.; Gesuita, L.; Sanchez-Arrones, L.; Inverardi, F.; Foglio, B.; Barone, C.; Kaimakis, P.; Martynoga, B.;
et al. Sox2 Acts in Thalamic Neurons to Control the Development of Retina-Thalamus-Cortex Connectivity. iScience 2019, 15,
257–273. [CrossRef] [PubMed]

44. Mercurio, S.; Serra, L.; Nicolis, S.K. More than just Stem Cells: Functional Roles of the Transcription Factor Sox2 in Differentiated
Glia and Neurons. Int. J. Mol. Sci. 2019, 20, 4540. [CrossRef]

45. Jacobs, S.; Lie, D.C.; DeCicco, K.L.; Shi, Y.; DeLuca, L.M.; Gage, F.H.; Evans, R.M. Retinoic acid is required early during adult
neurogenesis in the dentate gyrus. Proc. Natl. Acad. Sci. USA 2006, 103, 3902–3907. [CrossRef] [PubMed]

46. Sohur, U.S.; Emsley, J.G.; Mitchell, B.D.; Macklis, J.D. Adult neurogenesis and cellular brain repair with neural progenitors,
precursors and stem cells. Philos. Trans. R Soc. Lond. B Biol. Sci. 2006, 361, 1477–1497. [CrossRef] [PubMed]

https://doi.org/10.1002/jnr.21082
https://www.ncbi.nlm.nih.gov/pubmed/17044035
https://doi.org/10.1371/journal.pone.0190356
https://www.ncbi.nlm.nih.gov/pubmed/29287093
https://doi.org/10.1073/pnas.1307376110
https://www.ncbi.nlm.nih.gov/pubmed/23940359
https://doi.org/10.1523/JNEUROSCI.16-23-07599.1996
https://doi.org/10.1016/j.jneumeth.2006.11.012
https://doi.org/10.1016/S0165-3806(97)00002-3
https://doi.org/10.1016/S0166-2236(03)00031-6
https://doi.org/10.1523/JNEUROSCI.2232-09.2009
https://doi.org/10.1016/j.neuron.2005.08.024
https://doi.org/10.1016/0092-8674(90)90662-X
https://doi.org/10.1159/000082134
https://www.ncbi.nlm.nih.gov/pubmed/15711057
https://doi.org/10.1073/pnas.232087499
https://www.ncbi.nlm.nih.gov/pubmed/12407178
https://doi.org/10.1016/S0896-6273(00)80777-1
https://www.ncbi.nlm.nih.gov/pubmed/10399932
https://doi.org/10.1146/annurev.ne.18.030195.001111
https://www.ncbi.nlm.nih.gov/pubmed/7605059
https://doi.org/10.1159/000017435
https://doi.org/10.1002/cne.10945
https://doi.org/10.1242/dev.125.5.919
https://doi.org/10.1038/nn.2397
https://doi.org/10.1007/s12035-020-02151-6
https://doi.org/10.1016/j.ydbio.2011.01.015
https://doi.org/10.1016/j.isci.2019.04.030
https://www.ncbi.nlm.nih.gov/pubmed/31082736
https://doi.org/10.3390/ijms20184540
https://doi.org/10.1073/pnas.0511294103
https://www.ncbi.nlm.nih.gov/pubmed/16505366
https://doi.org/10.1098/rstb.2006.1887
https://www.ncbi.nlm.nih.gov/pubmed/16939970


Life 2023, 13, 1188 17 of 17

47. Compston, A.; Zajicek, J.; Sussman, J.; Webb, A.; Hall, G.; Muir, D.; Shaw, C.; Wood, A.; Scolding, N. Glial lineages and myelination
in the central nervous system. J. Anat. 1997, 190, 161–200. [CrossRef] [PubMed]

48. Bradl, M.; Lassmann, H. Oligodendrocytes: Biology and pathology. Acta Neuropathol. 2010, 119, 37–53. [CrossRef] [PubMed]
49. Eng, L.F.; Ghirnikar, R.S.; Lee, Y.L. Glial fibrillary acidic protein: GFAP-thirty-one years (1969–2000). Neurochem. Res. 2000, 25,

1439–1451. [CrossRef]
50. Palmer, T.D.; Ray, J.; Gage, F.H. FGF-2-responsive neuronal progenitors reside in proliferative and quiescent regions of the adult

rodent brain. Mol. Cell Neurosci. 1995, 6, 474–486. [CrossRef]
51. Xia, C.; Yin, M.; Wu, C.; Ji, Y.; Zhou, Y. Neuroglial activation in the auditory cortex and medial geniculate body of salicylate-

induced tinnitus rats. Am. J. Transl. Res. 2020, 12, 6043–6059.
52. Otsuki, L.; Brand, A.H. Quiescent Neural Stem Cells for Brain Repair and Regeneration: Lessons from Model Systems. Trends

Neurosci. 2020, 43, 213–226. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1046/j.1469-7580.1997.19020161.x
https://www.ncbi.nlm.nih.gov/pubmed/9061442
https://doi.org/10.1007/s00401-009-0601-5
https://www.ncbi.nlm.nih.gov/pubmed/19847447
https://doi.org/10.1023/A:1007677003387
https://doi.org/10.1006/mcne.1995.1035
https://doi.org/10.1016/j.tins.2020.02.002

	Introduction 
	Materials and Methods 
	Animal Preparation 
	Neurosphere Assay, NSC Medium and Passaging 
	Plating of Neurospheres 
	Plating of Single Cells, Analysis of Cell Division and Cell Differentiation 
	Fixation and Immunocytochemistry 
	Histological Sectioning and Immunohistochemistry 
	Cytomorphometric Analysis and Digital Images 
	Statistical Analysis 

	Results 
	Increasing Neurosphere Size and Number over Time Demonstrate the Proliferation Capacity of MGB NSCs 
	Neural Stem Cell Markers Are Expressed in Cells of the MGB In Vitro and In Vivo 
	MGB NSCs Differentiate into All Cell Types of the Neuroectodermal Cell Lineage 

	Discussion 
	The Proliferation Capacity of the MGB NSCs Is Comparable to Other Neural Stem Cell Niches of the Auditory Pathway 
	The Expression Patterns of NSC Markers in the MBG Show Localization-Specific Differences 
	NSCs of the MGB Show a Proneural Differentiation Fate 
	Limitations of the Study 

	Conclusions 
	References

