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ABSTRACT
The ventricular–subventricular zone (V-SVZ), lining the lateral walls of the lateral ventricles, is a major neurogenic region in
the adult brain of many mammals. This study investigates the structural organization and cellular composition of the V-SVZ
in the juvenile swine brain (3–5 months), providing novel insights into neuroblast migration in gyrencephalic species. Using
immunohistochemistry combined with transmission and scanning electron microscopy, we redefined the cytoarchitecture of
the swine V-SVZ, identifying four distinct cellular layers. Layer 1 consists of a pseudostratified epithelium of glial fibrillary
acidic protein-positive ependymal cells, whose cilia and microvilli extend into the ventricular lumen, frequently surrounding
supraependymal axons. Beneath it, layer 2 is composed of astrocytic and radial glia processes and contains occasional clusters
of doublecortin (DCX)-positive cells with prominent microtubules and elongated cytoplasm, indicative of a migratory phenotype.
Layer 3 is further subdivided into a low-cell-density sublayer 3a, enriched withmyelinated axons and scattered DCX+ clusters, and
a high-cell-density sublayer 3b, characterized by large groups of DCX+ migratory cells. In sagittal sections, these cells form long
chains oriented parallel to the ventricular surface. Neuroblasts emerging from the dorsal V-SVZ migrate caudorostrally through
the rostral migratory stream toward the olfactory bulb. The layered organization of the swine V-SVZ resembles that of humans,

Abbreviations: DCX, doublecortin; DMSO, dimethyl sulfoxide; dV-SVZ, dorsal ventricular–subventricular zone; GFAP, glial fibrillary acidic protein; IHC, immunohistochemistry; laV-SVZ, lateral
ventricular–subventricular zone; LV, lateral ventricle; mV-SVZ, medial ventricular–subventricular zone; NSCs, neural stem cells; OV, olfactory ventricle; PB, phosphate buffer; PFA, paraformaldehyde;
RMS, rostral migratory stream; SEM, scanning electron microscopy; TEM, transmission electron microscopy; vlaV-SVZ, ventral–lateral ventricular–subventricular zone; vmV-SVZ, ventral–medial
ventricular–subventricular zone; V-SVZ, ventricular–subventricular zone.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work
is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2025 The Author(s). The Journal of Comparative Neurology published by Wiley Periodicals LLC.

Journal of Comparative Neurology, 2025; 533:e70070
https://doi.org/10.1002/cne.70070

1 of 18

https://doi.org/10.1002/cne.70070
https://orcid.org/0000-0002-2081-0743
https://orcid.org/0009-0004-7653-8947
https://orcid.org/0000-0002-1969-1214
mailto:j.manuel.garcia@uv.es
mailto:vicente.herranz@uv.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1002/cne.70070
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcne.70070&domain=pdf&date_stamp=2025-07-02


where DCX+ chains persist up to 18 months of age, positioning the swine as a valuable model for investigating postnatal plasticity
and neurogenic potential in gyrencephalic brains. The persistence of immature neurons in the V-SVZ of gyrencephalic mammals,
including infant humans, underscores the relevance of this region for neurogenesis and plasticity in large-brained species.

1 Introduction

The ventricular–subventricular zone (V-SVZ) lines the lateral
walls of the telencephalic ventricles in the adult mammalian
brain. It represents one of the main neurogenic areas of the
adult brain, along with the subgranular zone of the dentate
gyrus of the hippocampus inmanymammals (Alvarez-Buylla and
García-Verdugo 2002; Kempermann et al. 2015).

The cellular components of the V-SVZ have been extensively
studied in rodents and are classified into four major cell types:
ependymal cells (E1 cells), astrocytes (B1 and B2 cells), transient
amplifying progenitor cells (type C cells), and neuroblasts (type
A cells) (Doetsch et al. 1997, Doetsch et al. 1999). Astrocytes of the
V-SVZ are proliferative and are considered to be the adult neural
stem cells (NSCs) in the niche (Cebrian-Silla et al. 2024). They can
be further classified as B1 and B2 cells, where B1 cells contact the
ventricular lumen with their primary cilium, while B2 cells lack
direct contact with the lumen. B cells give rise to type C cells,
transient amplifying progenitors with rapid proliferation that
ultimately differentiate into neuroblasts (type A cells) (Doetsch
et al. 1999).

Although it was initially characterized in rodents (Altman 1969;
Doetsch et al. 1997), the cellular composition of the V-SVZ
has been described in other mammalian species, such as cattle
(Rodríguez-Pérez et al. 2003), sheep (Low et al. 2013), rabbits
(Bonfanti and Ponti 2008; G. Ponti et al. 2006), dogs (Fernández-
Flores et al. 2018), swine (Costine et al. 2015), and humans
(Nogueira et al. 2014; Quiñones-Hinojosa et al. 2006; H. Sanai
et al. 2004; N. Sanai et al. 2011), among others. These comparative
studies have revealed notable differences in the cytoarchitecture
of the V-SVZ between lissencephalic and gyrencephalic species.
In the human V-SVZ, three clearly defined layers have been
identified: (1) a monolayer of ependymal cells in contact with
the ventricular cavity, (2) a hypocellular gap layer formed by
astrocytic and ependymal cell processes and devoid of migratory
cells, and (3) an astrocyte-enriched ribbon layer (Quiñones-
Hinojosa et al. 2006; H. Sanai et al. 2004). In piglets (Costine
et al. 2015), as well as in young dogs (Fernández-Flores et al.
2018), rabbits (G. Ponti et al. 2006), and mice, there is not a
distinct hypocellular layer composed solely by glial processes, but
neuroblast chains are found directly beneath the ependymal cells.
In infant humans, neuroblast chains have been observed adjacent
to the ependyma, declining rapidly after 6months of age (N. Sanai
et al. 2011).

In species in which olfaction is a dominant sense, such as
rodents (Altman 1969), dogs (Malik et al. 2012), rabbits (G.
Ponti et al. 2006), and piglets (Costine et al. 2015), neuroblasts
primarilymigrate from theV-SVZ toward the olfactory bulb along
the rostral migratory stream (RMS). This migration contributes
to the integration of new interneurons into the granular and

periglomerular layers (Lois and Alvarez-Buylla 1994). In humans,
while most neuronal migration occurs prior to birth, some
postnatal incorporation of inhibitory interneurons into specific
brain circuits persists. Immature neurons exit the V-SVZ and
reach the olfactory bulb via the RMS (Paredes et al. 2016).

Moreover, in infant humans, other routes ofmigration originating
from theV-SVZhave been observed.On onehand, youngneurons
in the RMS branch out ventrally into themedial migratory stream
(MMS) and integrate into the ventral prefrontal cortex (N. Sanai
et al. 2011). On the other hand, young neurons have been observed
forming an arc-like structure (Arc) around the ventricle, from
which theymigrate long distances to several regions of the frontal
lobe, where they integrate as interneurons (Paredes et al. 2016).
In piglets, some individual neuroblast chains have been observed
deviating from the RMS toward other brain regions, suggesting
the existence of similar alternativemigratory routes (Costine et al.
2015).

The gyrencephalic brain of the swine shares key developmental
features with the human brain, such as a unique organization of
doublecortin (DCX)-positive cells in the medial ganglionic emi-
nence (MGE) that is not found in the mouse (Casalia et al. 2021).
Additionally, neurogenesis and neuroblast migration patterns in
the piglet V-SVZ resemble those found in infant humans (Costine
et al. 2015; Porter et al. 2022), making the juvenile swine an
emerging model for studying postnatal neurogenesis during later
developmental stages.

Understanding the cellular organization of the juvenile swine
V-SVZ is essential for establishing its potential as a model
for postnatal neurogenesis in gyrencephalic species. Given the
structural similarities between the swine and human V-SVZ, our
study provides a framework for investigating how this neurogenic
niche supports neuroblast migration and postnatal plasticity in
large-brained mammals.

By redefining the layered architecture of the juvenile swineV-SVZ
and detailing the spatial distribution of its cellular components,
we aim to contribute to a more comprehensive understanding
of the organization and function of this region. Ultimately, our
findings offer a more nuanced perspective on the organization
and function of this region, with potential implications for
regenerative strategies and neurodevelopmental research.

2 Materials andMethods

2.1 Animals and Tissue Processing

Brain samples from Sus scrofa were obtained from the Center of
Applied Biomedical Experimental Research (CREBA) in Lleida,
Spain. The animals had been previously used in unrelated
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nonsurvival surgical procedures conducted under anesthesia
with continuous veterinary supervision, in compliance with
European Union and Spanish Government regulations (BOE-
A-2013-1337). In such procedures, female pigs were preferen-
tially used due to their more manageable temperament and
the relative ease of transurethral catheterization. As a result,
five of the animals included in this study were females and
one was a male, all aged approximately 3–5 months. This
sex distribution was not intentional but rather determined by
specimen availability. The selected age range corresponds to
a juvenile, postweaning, and prepubertal stage, comparable to
middle childhood to early adolescence in humans, a period of
active brain maturation and neuroplasticity. Animals were euth-
anized with a lethal dose of anesthesia, after which brains were
extracted, and the hemispheres were separated and immersion
-fixed.

One hemisphere from each specimen was immersion-fixed in
4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) for
72 h at 4◦C. The contralateral hemispheres were immersion-
fixed in a solution containing 2% PFA and 2.5% glutaraldehyde
(GA) in 0.1 M PB for 5 days at 4◦C. Following fixation, all
brains were rinsed with 0.1 M PB and stored in the same buffer
containing 0.05% sodium azide at 4◦C. Hemispheres designated
for immunohistochemistry (IHC) were cryoprotected and stored
at −80◦C for subsequent sectioning with a freezing microtome.
Cryoprotection involved sequential immersion at 4◦C in a 10%
glycerol and 2% dimethyl sulfoxide (DMSO) solution in 0.1 M
PB overnight, followed by immersion in a 20% glycerol and
2% DMSO solution in 0.1 M PB for 48 h. Finally, the brains
were rapidly frozen by immersion in −75◦C isopentane for
5 min.

2.2 IHC

2.2.1 Diaminobenzidine Immunostaining

Tissue fixed in 4% PFA was used for antigen detection by IHC.
Free-floating 100-µm sections were obtained using a freezing
microtome (MicromHM 450; Thermo Fisher Scientific). Sections
were rinsed with 0.1 M PB, and antigen retrieval was performed
by incubating sections for 60 min at 60◦C with Immunosaver
(64142; Electron Microscopy Sciences). After rinsing, sections
were incubated in a solution of 3% hydrogen peroxide (H2O2)
and 10% methanol in 0.1 M PB for 30 min to block endogenous
peroxidase activity. After washing with PTA solution (0.1% Triton
X-100 and 0.1% bovine serum albumin in 0.1 M PB), sections
were incubated for 1 h in a blocking solution containing 10%
casein and 5% normal goat serum (NGS) in PTA to prevent non-
specific interactions. Primary antibodies (Table 1) were diluted
in blocking solution and incubated overnight at 4◦C. Following
multiple washes with 0.1 M PB, sections were incubated with
secondary antibodies (Table 2) in 0.3% PB-Tx in blocking solution
overnight at 4◦C.After additional washeswith PTA, sectionswere
incubated with the Avidin–Biotin–Peroxidase Complex (ABC;
Vector Laboratories) for 1 h at room temperature in the dark
and subsequently washed with 0.1 M PB. Finally, sections were
incubated in a solution of 0.05% DAB and 0.003% H2O2 in 0.1 M
PB for 10 min. After washing, sections were dehydrated in a

graded ethanol series (70%, 96%, and 100%), cleared in xylene, and
mounted on glass slides with Eukitt. DAB-stained samples were
examined using a Nikon Eclipse E800 microscope, and images
were acquired with a Nikon CCD camera.

2.2.2 Immunofluorescence Staining

Tissue fixed in 4% PFAwas embedded in paraffin following dehy-
dration, and 10-µm sections were obtained using a microtome
(MICROM HM340E). Sections were rinsed with 0.1 M PB, and
endogenous peroxidases were blocked by incubating them in 3%
H2O2 and 10% methanol in 0.1 M PB. Antigen retrieval was per-
formed by incubating sections in Immunosaver (64142; Electron
Microscopy Sciences) for 30 min at 60◦C. Samples were washed
with PTA and incubated for 1 h in a blocking solution containing
10% casein and 5% NGS in PTA. Primary antibodies (Table 1)
were diluted in blocking solution and incubated overnight at 4◦C.
After washing with PTA, sections were incubated with secondary
antibodies (Table 2) diluted in blocking solution for 1 h at room
temperature. Sections were rinsed with 0.1 M PB and incubated
for 10 min with 4ʹ,6-diamino-2-fenilindol (DAPI; 1:1000 dilution
in H2O) to label cell nuclei. Finally, samples were mounted with
FluorSave (Millipore) and examined using an Olympus FV1000
confocal microscope.

2.3 Transmission ElectronMicroscopy (TEM)

2.3.1 Sample Preparation

Coronal and sagittal sections (200-µm thick) were obtained
from hemispheres fixed with 2% PFA and 2.5% GA using a
Leica VT1200S vibratome (Leica Microsystems). Tissue blocks
containing the region of interest were trimmed and postfixed in
2% osmium tetroxide in 0.1 M PB for 1.5 h at room temperature
in the dark. Samples were rinsed with deionized water, and
sequentially dehydrated in ethanol (30%, 50%, and 70%). Samples
were then incubated in 2% uranyl acetate in 70% ethanol for 2.5 h
at 4◦C. Dehydration was continued in ethanol (70%, 96%, and
100%), followed by propylene oxide. Subsequently, tissues were
embedded inDurcupanACMepoxy resin (Fluka, Sigma–Aldrich)
overnight. The following day, samples were transferred to fresh
resin and polymerized at 70◦C for 72 h.

2.3.2 Semithin and Ultrathin Sectioning

After resin hardening, the samples were attached to resin blocks,
and semithin sections (1.5-µm thick) were obtained with a
diamond knife using an Ultracut UC7 ultramicrotome (Leica
Microsystems). Sectionsweremounted on glass slides and stained
with 1% toluidine blue. Regions of interest were identified under
light microscopy. Selected semithin sections were glued with
Super Glue-3 (Loctite; Henkel) onto new resin blocks and sub-
sequently detached from the slides by freezing in liquid nitrogen.
Ultrathin sections (60- to 80-µm thick) were obtained from the
detached semithin sections and mounted on copper grids coated
with Formvar film. For cell reconstruction, several serial ultrathin
sections were obtained. Ultrathin sections were stained with lead
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TABLE 1 Primary antibodies.

Antigen Species Dilution Use Manufacturer, reference, RRID Detection

Doublecortin,
Polyclonal IgG

Rabbit 1:200 IHC, IF Cell Signaling Technology, Cat# 4604,
RRID: AB_561007

Neuroblasts

Doublecortin,
Polyclonal IgG

Rabbit 1:100 IG-Au Cell Signaling Technology, Cat# 4604,
RRID: AB_561007

Neuroblasts

Doublecortin,
Polyclonal IgG

Goat 1:2000 IHC, IF Santa Cruz Biotechnology, Cat#
sc-8066, RRID: AB_2088494

Neuroblasts

GFAP, Monoclonal
IgG1

Mouse 1:250 IF Millipore, Cat# MAB360, RRID:
AB_11212597

Astrocytes

GFAP, Monoclonal
IgG1

Mouse 1:125 IG-Au Millipore, Cat# MAB360, RRID:
AB_11212597

Astrocytes

Nestin, Polyclonal Rabbit 1:200 IF Sigma–Aldrich Cat# N5413, RRID:
AB_1841032

Epithelial stem cells

Ki67, Monoclonal
IgG1

Rabbit 1:200 IF Abcam Cat# ab16667, RRID:
AB_302459

Proliferating cells

Ki67, Monoclonal IgG Rat 1:100 IF Invitrogen, Cat# 14-5698-82, RRID:
AB_10854564

Proliferating cells

TABLE 2 Secondary antibodies.

Antibody Species Dilution Use Manufacturer, reference, RRID

Anti-rabbit (H+L) Alexa 555 Goat 1:300 IF Molecular Probes, Cat# A-21428, RRID: AB_141784
Anti-rabbit biotinylated Goat 1:300 IHC Vector Laboratories, Cat# BA-1000, RRID:

AB_2313606
Anti-rabbit gold 10 nm Goat 1:50 IG-Au Sigma–Aldrich, Cat# G7402, RRID: AB_259953
Anti-mouse Alexa 488 Goat 1:300 IF Molecular Probes, Cat# A-21424, RRID: AB_141780
Anti-mouse gold 10 nm Goat 1:50 IG-Au Sigma–Aldrich, Cat# G7652, RRID: AB_259958
Anti-goat biotinylated IgG
(H+L)

Rabbit 1:200 IHC Vector Laboratories, Cat# BA-5000, RRID:
AB_2336126

Anti-goat IgG (H+L) Alexa 488 Donkey 1:500 IF Jackson ImmunoResearch, Cat# 705-546-147, RRID:
AB_2340430

Anti-rat IgG (H+L) Alexa 405 Goat 1:250 IF Invitrogen, Cat# A48261; RRID: AB_2890550

citrate (Reynolds’ solution) for 10 min and examined with an FEI
Tecnai G2 Spirit transmission electron microscope at 80 kV (FEI
Europe). Images were acquired using a XAROSA CMOS digital
camera (EMSIS GmbH).

2.4 Immuno-Gold Staining

Free-floating 50-µm coronal sections were obtained from hemi-
spheres fixed in 4% PFA using a Leica VT1200S vibratome (Leica
Microsystems). Sections were cryoprotected in 25% sucrose in
0.1 M PB for 30 min, followed by permeabilization through
freeze–thaw cycles in methyl butane at −60◦C. After rinsing in
0.1 M PB, sections were incubated for 1 h at room temperature
in blocking solution (0.3% bovine serum albumin C [BSAc] and
0.05% sodium azide in 0.1 M PB). Primary antibodies (Table 1)
were diluted in blocking solution and incubated for 96 h at
4◦C. After washes with 0.1 M PB, sections were blocked with a

secondary blocking solution (0.5% BSAc and 0.1% fish gelatin in
0.1 M PB) for 1 h.

Sections were then incubated with colloidal gold-conjugated
secondary antibodies (0.8 nm; Aurion) (Table 2) for 24 h at 4◦C.
Samples were washed with 0.1 M PB, rinsed in 2% sodium acetate
in distilled water, and subjected to silver enhancement using a
commercial Silver Enhancement kit (Aurion) to intensify the
immunogold signal. Subsequently, samples were washed again
in 2% sodium acetate. To stabilize the silver particles, sections
were treated with 0.05% gold chloride in distilled water for
10 min at 4◦C. Afterward, samples were rinsed in 0.03% sodium
thiosulfate and 0.1 M PB. Finally, samples were postfixed in 2%
GA for 30 min and thoroughly washed in 0.1 M PB. Sections
were contrasted with 1% osmium tetroxide and 7% glucose in
0.1 M PB for 30 min. Dehydration, resin embedding, semithin
and ultrathin sectioning, and image acquisition followed the
procedures described in Section 2.3.
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2.5 Scanning ElectronMicroscopy (SEM)

A fragment containing theV-SVZwas dissected froma brain fixed
with 2% PFA and 2.5% GA, then washed in 0.1 M PB. The tissue
was then immersed in a 2% osmium tetroxide solution for 1–
2 h. After rinsing with distilled water, the sample was dehydrated
through a graded ethanol series (30%, 50%, 96%, and 100%),
followed by critical point drying with CO2. The dried samples
were coated with a gold/palladium alloy using a sputter coater.
The surface of the lateral wall was examined using a Hitachi S-
4800 scanning electron microscope, and images were acquired
with Quantax 400 software (Bruker).

3 Results

3.1 General Morphological Features of the Swine
V-SVZ

To perform an in-depth characterization of the area covered
by the V-SVZ, the swine brain was coronally sectioned into
four rostrocaudal levels. Following the nomenclature previously
established by several authors (Porter et al. 2022), these levels are
referred to as anterior end (AE), anterior (A), middle (M), and
posterior (P) (Figure 1A–D). Furthermore, at each of these levels,
theV-SVZwas subdivided into five distinct regions, based on their
anatomical position: (1) the dorsal area (dV-SVZ), which borders
the corpus callosum dorsally; (2) the medial walls of the ventricle
(mV-SVZ), adjacent to the cingulate cortex (Cg Cx); (3) the lateral
walls of the ventricle (laV-SVZ), adjacent to the caudate nucleus;
(4) the ventral–medial V-SVZ (vmV-SVZ), next to the nucleus
accumbens at anterior-end level; and (5) the ventral–lateral V-
SVZ (vlaV-SVZ), associated with the piriform lobe at anterior,
medial, and posterior levels, corresponding to the opening of the
inferior horn of the ventricle.

To investigate potential differences in the structural organization
of the V-SVZ across the four rostrocaudal levels, we com-
bined DAB-based IHC and immunofluorescence with electron
microscopy techniques. Our results revealed awidespread expres-
sion of DCX throughout the entire V-SVZ, with some notable
regional variations. Generally, we identified four cellular layers
based on DCX expression: the ependymal layer (layer 1), negative
for DCX; the subependymal layer (layer 2), with occasional
clusters of DCX+ cells; and two myelinic layers (Sublayers 3a and
3b), with either small or large DCX+ clusters (Figure 1E).

The swine dV-SVZ, located above the striatum, shows an arc-
like structure (Figure 1Ai,Bi,Ci,Di), in which we clearly observe
this layered organization. Layer 1, which is in direct contact with
the ventricular lumen, corresponds to a monolayer of ependymal
cells that coats all the ventricle’s surface. The subependymal
layer (layer 2) is located immediately beneath the ependyma
and is composed of clusters of DCX+ cells (Figure 1F). The
innermost region of the dV-SVZ corresponds to an abventric-
ular area (A-SVZ) containing DCX+ cells. Within this area,
sublayer 3a (Figure 1G) is defined by the presence of scarce
and small clusters of DCX+ cells, whereas sublayer 3b corre-
sponds to the most dorsal region, which harbors large clusters
of DCX+ cells closely associated with prominent blood vessels
(Figure 1H).

At the laV-SVZ (Figure 1Aii), mV-SVZ (Figure 1Bii,Cii), vmV-
SVZ (Figure 1Aiii), and vlaV-SVZ (Figure 1Biii,Ciii,Diii), some of
these four layers become less defined. Due to the narrowing of
the V-SVZ, sublayers 3a and 3b are not distinguishable in these
regions. While layer 1 is maintained, layer 2 DCX expression
varies in each region. The laV-SVZ only shows DCX+ cells at
anterior-end levels, while no clusters are observed in anterior,
medial, and posterior levels. The layer 2 of the mV-SVZ is formed
by an almost continuous layer of DCX+ cells in all rostrocaudal
levels (Figure 1Aii,Bii,Cii,Dii). Occasionally, some isolated DCX+

cells are seen migrating outside of the mV-SVZ toward the
white matter (Figure 1Aii,Dii). Layer 2 at vmV-SVZ (Figure 1Aiii)
becomes a disorganized network of DCX+ cells that extends
into the white matter. At vlaV-SVZ, layer 2 is also diffuse, but
DCX+ cells migrating into the white matter aggregate into more
organized clusters (Figure 1Biii,Ciii,Diii).

Since the layer organization of the V-SVZ was clearer at dorsal
(arc) levels, the detailed descriptions in the following sections
mostly refer to the dorsal V-SVZ.

3.2 Ependymal Cells Lining the V-SVZWalls
Form aMonolayer and Interact With
Supraependymal Axons

The ultrastructural characteristics of the cellular layers form-
ing the V-SVZ were analyzed by means of IHC and electron
microscopy techniques. Layer 1 of the V-SVZ consists majorly of
cuboidal multiciliated ependymal cells (Figure 2A). They form
a one-cell-thick epithelium with strong junctional complexes
and pronounced interdigitations. The nuclei of these cells are
elongated and located in the basal portion of the cell body. They
display small invaginations and clumped chromatin (Figure 2B).

At the organelle level, these ependymal cells contain numerous
dictyosomes with well-developed saccules, though the rough
endoplasmic reticulum is scarce and does not form parallel
stacks of cisternae. There is also a high density of mitochondria,
predominantly in the apical region. Ciliary basal bodies are
typically anchored by ciliary rootlets to mitochondria, though
occasionally they can occasionally attach to the nuclear surface.
These cells extend long radial processes enriched in intermediate
filaments (Figure 2D), which contribute to the composition of
layer 2.

Most of the observed ependymal cells are densely covered with
cilia distributed across their apical surface, with their highest
concentration at the central region (Figure 2E). Basal bodies are
positioned in the apical region of the cell, displaying structural
variability. Basal bodies with simpler arrangements (Figure 2F)
correspond to multiciliated cells. However, we found more com-
plex structures with elaborate raceme-like appendages, possibly
associated with biciliated cells (Figure 2G). We also observed
rarely uniciliated cells in serial sections (Figure 2H).

Furthermore, unmyelinated axons (Figure 2I), filled with various
types of vesicles, either clear or electron-dense, were observed
on the surface of these cells. These axons are closely associated
with the ependymal surface, which extends numerous microvilli
over them (Figure 2I,J). In some cases, these axons form adherens
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FIGURE 1 Organization of the swine V-SVZ based on DCX expression. (A–D) Schematic representation of four rostrocaudal levels (anterior-end
[AE], anterior [A],middle [M], and posterior [P]) in coronal sections of the juvenile swine brain (3–5months old). Squares indicate representative regions
of the V-SVZ stained by DAB immunohistochemistry for DCX in 100-µm-thick coronal sections. (i) Dorsal V-SVZ: characterized by large DCX+ clusters
located at the innermost region of the arc. These chains are more abundant at AE and A levels, gradually decreasing at M and P levels. (ii) Lateral
(subpallial, striatal) and medial (Cg Cx) V-SVZ: maintain a consistent rostrocaudal organization, appearing as a thin layer of DCX+ cells lining the
ventricle wall, with occasional small clusters. The medial V-SVZ (Cg Cx) is shown at AE, A, andM levels (Aii, Bii, Cii), while the lateral V-SVZ (striatal)
is only shown at AE level (Aii). (Aiii) Ventral–medial V-SVZ: at the AE level, it corresponds to the ventral region of the anterior horn, displaying a
mesh-like network of DCX+ cells. (Biii, Ciii, Diii) Ventral–lateral V-SVZ (piriform lobe). At A, M, and P levels, it corresponds to the posterior horn of the
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lateral ventricle, where DCX+ cell chains are most prominent at M level. (E) Schematic representation of DCX+ cell distribution, highlighting a layered
organization. (F) Layer 1 adjacent to the ventricular lumen, devoid of DCX labeling, and layer 2 enriched in DCX+ chains. (G) Layer 3a characterized
by small DCX+ clusters (arrowheads). (H) Layer 3b is composed of large groupings of DCX+ cells adjacent to blood vessels. Scale bar: 500 µm for dorsal
column images; 100 µm for all other images. FSC, fasciculus subcallosus; Put, putamen; Amy, amygdala; Cd, caudate; Hip; hippocampus; Pir, Piriform
cortex; ST, stria terminalis.

FIGURE 2 Ultrastructure of the ependymal layer. (A) Semithin section stained with toluidine blue showing the typical organization of the swine
ependymal layer forming a pseudostratified epithelium. (B) Ependymal cells localize most of their organelles to the basal region of the cytoplasm. (C)
Ependymal cells establish strong dense junctions (white arrowhead) between them and display multiple cilia (black arrows), which are anchored to
mitochondria (asterisks) by ciliary rootlets. (D) The basal region contains processes enriched in intermediate filaments (black arrowheads) that project
into layer 2. These cell processes also make dense junctions between them (white arrowhead). (E) SEM image of a multiciliated ependymal cell, with
cilia concentrated in the central region of the apical surface. (F, G) Basal body complexes (arrows) from a multiciliated cell (F) and a biciliated cell
(G). (H) Three-dimensional reconstruction of the basal body complex in a uniciliated cell. (I) Supraependymal axons in the ventricular lumen establish
contact with ependymal cells. These axons contain both electron-dense and clear vesicles (asterisk) and are surrounded by microvilli (arrowheads). (J)
SEM image of supraependymal axons (arrowheads) encased by microvilli. Scale bars: 5 µm (A, B, E); 2 µm (J); 200 nm (C, F, G); and 500 nm (D, H, I).

junctions with the ependymal surface; however, no typical
synaptic contacts were observed. When analyzing the ventricular
surface with SEM, these axons appeared as thin, elongated
filaments with spherical thickenings, measuring approximately
600 nm in diameter (SD ±346.21 nm; n = 30).

3.3 Subependymal Layer 2 Is Composed of Glial
Expansions and Neuroblast Chains

The layer immediately below the ependyma, identified as
subependymal or layer 2 (Figure 3A), consists primarily of
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FIGURE 3 Cellular composition of layer 2 of the dorsal V-SVZ. (A) Nissl-stained coronal section showing the layered structure of the dorsal
V-SVZ. (B–D) Immunostaining in the dV-SVZ. Layer 1 is positive for Nestin and GFAP, while layer 2 is labeled by DCX. (E, H) Semithin sections
stained with toluidine blue. (F, G, Gi, I, J, Ji, K, Ki) TEM micrographs. (E) Ependymal cell processes (arrowhead) in layer 1 extend into layer 2. (F)
These processes exhibit clear cytoplasm containing numerous mitochondria and intermediate filaments. Immunogold labeling for GFAP (G, Gi) labels
these intermediate filaments (arrowheads). Small cell clusters are present in layer 2 (H). Ultrastructurally, these cells display migratory-like features (I).
Immunogold staining (arrowheads) confirms DCX expression in these cells (J, Ji). Their chromatin forms clumps along the inner nuclear envelope (K),
reduced cytoplasm with few organelles, and microtubules in their cell processes (black arrowheads). Intercellular spaces are occasionally observed (red
arrowhead). (L, Li) Ki-67 immunostaining reveals proliferating cells in both layers (1 and 2). Scale bars: 500 µm (A); 20 µm (B, C, D); 10 µm (E, H); 2 µm
(F, G, I, J, M); 500 nm (Gi, Ji, Mi); and 50 µm (O, Oi, Oii).
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ependymal expansions from layer 1, astrocytic processes from
layer 3, and clusters of migratory-like cells. As it can be observed
with immunofluorescence, ependymal and astrocytic processes
are labeled with neuroepithelial stem cell protein (Nestin)
(Figure 3B) and glial fibrillary acidic protein (GFAP) (Figure 3C),
while clusters of neuroblasts stain for DCX (Figure 3D).

Ependymal and astrocytic processes (Figure 3E) are readily
identifiable by TEM due to the presence of intermediate fil-
aments (Figure 3F), which was confirmed by immunogold
pre-embedding for GFAP (Figure 3G). Adherens junctions are
commonly observed between these processes, and the density of
these filaments is variable between expansions.

Besides astrocytic expansions, astrocytic cell bodies were also
found in layer 2. They exhibit an irregular nucleus, sometimes
with invaginations, and chromatin arranged in clumps. Their
cytoplasmic matrix is relatively electron-lucent and contains few
organelles, including mitochondria. Their cytoplasmic contour
is highly irregular, and intermediate filaments are distributed
throughout the cell, including the cell body. They establish
adherens junctions with neuroblasts and with other structures,
and some of the cell processes can also make direct contact
with blood vessels. Additionally, this layer contains bundles of
unmyelinated axons.

Moreover, our interest was focused on the migratory chains of
neuroblasts that are widely distributed across layer 2 (Figure 3H)
and vary their arrangement along the rostrocaudal axis. These
chains consist of multiple migratory cells surrounded almost
completely by ependymal and astrocytic processes (Figure 3I).
Migratory cells have a slightly irregular nucleus without invagi-
nations, with chromatin primarily condensed near the nuclear
membrane. Their cytoplasm is sparse, containing very short
and dilated rough endoplasmic reticulum, small Golgi appara-
tus, small mitochondria, a high density of polyribosomes, and
microtubules (Figure 3K).

Immunogold labeling for DCX (Figure 3J) facilitates the identifi-
cation of cells within migratory chains and their associated cell
processes. These expansions contain large arrays of microtubules
interspersed with small reticulum cisternae and mitochondria.
Their contours are smooth, and they form adherens junctions
with other cellular processes, irrespective ofwhether they contain
microtubules or intermediate filaments. While some migra-
tory cells exhibit intercellular spaces, this is an uncommon
feature.

Notably, layer 2 presented Ki-67 expression (Figure 3L), sug-
gesting ongoing cellular proliferation in this region at this
developmental stage.

3.4 Neuroblast Chains in Layer 3 Are Organized
Into Small and Large Cell Groups and Are
Surrounded by Astrocytes

Layer 2 transitions to layer 3 with a sharp decline in neurob-
last chains, giving way to a parenchyma-like area filled with

astrocytic expansions and both myelinated and unmyelinated
axons (Figure 4A). Based on cellular density, layer 3 can be
further subdivided into two layers. Sublayer 3a, adjacent to layer
2, exhibits lower cellular density and contains small, scattered
clusters of DCX+ cells (Figure 4B). Sublayer 3b, the region further
toward the ventricle’s lumen, is characterized by large groups of
DCX+ cells located dorsally and bordering the white matter from
the corpus callosum (Figure 4B). These clusters are surrounded
by a meshwork of GFAP+ astrocytes, which also intermingle
within the cell groups (Figure 4Bi,ii).

Cell aggregates in sublayer 3a (Figure 4C) are small, averaging
10–12 cells per aggregate, and in serial coronal sections, these
clusters do not form long continuous chains but appear to
be oval or spherical in shape. They are surrounded almost
entirely by cell processeswith intermediate filaments (Figure 4D).
These cell processes originate from either mature star-shaped
astrocytes from layer 3 or even radial glia processes from layer
1. Expansions containing microtubules correspond to migratory
neurons (Figure 4E). They display junctions between their
somas (Figure 4F), and intercellular spaces are not visible in
this sublayer 3a. Expansions with microtubules exhibit a more
regular shape and form junctions with each other and with the
intermediate filament-containing processes (Figure 4G).

Cell clusters in sublayer 3b (Figure 4H) consist of large aggrega-
tions of cells and are typically found adjacent to blood vessels. The
cells within these clusters are ultrastructurally similar to those in
sublayer 3a, exhibiting irregular nuclei with clumped chromatin
and reduced cytoplasm containing few organelles (Figure 4I,J).
Intercellular spaces are more frequently observed in sublayer 3b
cells than in sublayer 3a cells (Figure 4K). Also, due to the high
prevalence of amyelinic and myelinic axons in this layer, both
types could be observed intermingledwithin the large cell clusters
of sublayer 3b.

Regarding other cell types, neuronal cell bodieswere not observed
in either sublayer, as confirmed by the lack of NeuN marker
expression. Astrocyte bodies were frequently found in both
sublayers 3a and 3b and show the typical ultrastructure of mature
star-shaped astrocytes, with an electron-lucent cytoplasm, long
and thin endoplasmic reticulum cisternae, and expansions filled
with intermediate filaments.

Oligodendrocytes, consistent with the high density of myelinated
axons in this region, are also abundant in layer 3. These cells,
with a wavy contour that adapts to adjacent structures, are
characterized by round nuclei with clumped chromatin, short
and dilated rough endoplasmic reticulum, and an electron-
dense cytoplasm rich in free ribosomes—ultrastructural features
characteristic of oligodendrocytes.

Immunogold labeling for DCX (Figure 4L,Li) confirmed the
presence of neuroblasts within the clusters, while GFAP-gold
labeling highlighted astrocytic processes surrounding them
(Figure 4M,Mi). Additionally, Ki-67 immunofluorescence stain-
ing (Figure 4N,Ni) revealed a relatively uniform distribution of
proliferating cells across layer 3, with cells present both within
the clusters and in regions lacking them.
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FIGURE 4 Distribution of neuroblast chains in V-SVZ layer 3. (A) Nissl-staining on a coronal section of the dV-SVZ, indicating the cellular layers.
(B) Double immunostaining for DCX and GFAP reveals that sublayer 3a contains small DCX+ clusters, whereas sublayer 3b harbors larger DCX+

groupings. (i)Highermagnification viewof a smallDCX+ cluster in layer 3a. (ii)Higher-magnification viewof a largeDCX+ cluster in sublayer 3b.GFAP+

astrocytes not only surround the cluster but also extend their processes betweenDCX+ cells. (C,H) Semithin sections stainedwith toluidine blue showing
small and large cluster in sublayers 3a and 3b, respectively. (D–G, I–K) TEM micrographs from ultrathin sections. (D) A small cluster of migratory-like
cells displaying clumped chromatin, a slightly irregular nucleus, and a reduced cytoplasm with few organelles. (E) These cells extend processes rich
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in microtubules (black arrowheads), which are ensheathed by astrocytic cytoplasmic expansions containing intermediate filaments (asterisks). (F, G)
Migratory cells establish frequent dense contacts (red arrowheads) both at their soma (F) and between their processes (G). (I) A large cluster of migratory
cells. (J, K) Migratory cells in layer 3b also form adherens junctions (white arrowhead), but intercellular spaces (red arrowheads) are more frequently
observed. These large clusters are likewise surrounded by astrocytic processes containing intermediate filaments (asterisk). (L, M) Pre-embedding
immunogold labeling highlights DCX+ migratory cells (Li) and GFAP+ astrocytic processes enveloping the clusters (Mi). (N) Immunostaining reveals
dividing cells in both sublayers; however, proliferation does not specifically correlate with the presence of clusters (Ni). Scale bars: 250 µm (A, B); 50 µm
(Bi, Bii, N, Ni); 10 µm (C, H); 2 µm (D, I, L, M); and 500 nm (E, F, G, J, K, Li, Mi).

3.5 Neuroblast Clusters From Sublayers 3a and
3b Converge During Migration Through the RMS

After analyzing the structural organization of the swine V-SVZ,
we questioned whether this layered arrangement is related to
neuroblast migration, potentially delineating distinct migratory
routes (Figure 5A). The olfactory ventricle (OV) in the juvenile
swine is continuous with the lateral ventricle (LV). Because of
this, our hypothesis is that layer 2 is conserved along all the
extension of the ventricle’s wall, with DCX+ neuroblast clusters
being more frequent rostrally and scarcer caudally, while layer 3
neuroblasts would be the ones migrating toward rostral areas.

Interestingly, DAB immunostaining for DCX revealed that,
within the arc-like structure of the V-SVZ, small clusters in
sublayer 3a are not entirely spherical but elongated and oriented
rostrally (Figure 5Bi). Furthermore, they seem to be exiting
sublayer 3a and moving toward the larger clusters in sublayer 3b
(Figure 5Bii), blurring the limits between layer 3a and layer 3b.

To trace the trajectory of layer 3 DCX+ chains, we analyzed
serial sagittal sections by immunofluorescence for DCX and
GFAP (Figure 5C). At more lateral levels, DCX+ clusters appear
as small independent groups and even individual DCX+ cells
with elongated bodies (Figure 5Ci). At medial levels, small
and large DCX+ chains from sublayers 3a and 3b progressively
merge (Figure 5Ci) into a single large group of migrating cells
(Figure 5Ciii), leading the region of migration.

3.6 Neuroblasts Migrate Through the RMS
Reaching the OB, but Also Other Cortical Regions

After confirming that DCX+ clusters from the V-SVZ follow
the RMS, the next step was to determine their destination. To
assess whether they reached the olfactory bulb, DAB IHC was
performed on horizontal sections (Figure 6A). This approach
allowed simultaneous visualization of both the LV and OV,
revealing DCX+ chains in the region connecting the two struc-
tures (Figure 6Ai). Interestingly, some neuroblast chains exiting
the V-SVZ exhibited proliferative activity, as indicated by Ki-67
immunofluorescence (Figure 6Bi,ii).

To investigate whether the chains near the OV share similarities
with those originating from the V-SVZ, adjacent regions were
examined in sagittal sections. DCX+ cell chains were observed
in proximity to the ventricle (Figure 6C). Interestingly, while
some chains reached the OV, another population of DCX+

cells appeared to deviate from the V-SVZ toward the anterior
olfactory area (Figure 6Di), suggesting the existence of additional
migration pathways targeting different brain regions.

3.7 The Layered Organization of the V-SVZ
Becomes Diffused Through the RMS and Is Not
Found in the OB

As expected, neuroblasts exiting the V-SVZ (Figure 7A) displayed
ultrastructural features characteristic of migratory neurons.
Whether locatedwithinmigratory chains in layer 3 (Figure 7Ai,ii)
or closer to the ventricle in layer 2 (Figure 7Aiii), these cells
exhibited clumped chromatin and a small cytoplasm volume
with scarce organelles. Their cytoplasmic processes were rich in
microtubules, and intercellular spaces were frequently observed
between them (Figure 7B,C), reinforcing the idea that they are
actively migrating.

In contrast, the ultrastructure of cells at the opening of the OV
revealed a different organization (Figure 7D,Di). Rather than
forming distinct layers, neuroblasts were interspersed within a
mesh of astrocytic processes (Figure 7E). Morphologically, these
neuroblast clusters resembled those in layer 2 of the V-SVZ,
consisting of small groups of immature neurons (Figure 7F)
with clumped chromatin, a reduced cytoplasmic volume, and
microtubule-rich processes that contacted astrocytic expansions
containing intermediate filaments (Figure 7G). However, unlike
migratory chains in the RMS, these clusters exhibited fewer inter-
cellular spaces and more frequent adherens junctions between
neuroblasts (Figure 7H), suggesting a different mode of organi-
zation.

4 Discussion

The primary aim of this study was to analyze the structural
organization and cellular features of the V-SVZ in the brain of 3-
to 5-month-old juvenile swine. This developmental stage provides
a valuable translational model for investigating neurodevelop-
mental processes and disorders that emerge during adolescence,
a critical window of vulnerability in humans (Giedd et al. 2008).
The study included five female and one male juvenile swine, a
sex distribution that was not intentional but rather determined by
specimen availability. While this imbalance limits the assessment
of potential sex-related differences, the findings in the singlemale
were consistent with those observed in females, supporting the
overall interpretation. Nevertheless, future studies should aim to
address possible sex-dependent variation in the V-SVZ.

Using IHC, we identified the main cell types composing the
V-SVZ based on molecular marker expression. Additionally,
electron microscopy allowed us to examine the ultrastructural
characteristics of ependymal cells and neuroblast clusters in
the region. Furthermore, we described the distribution of these
clusters along the RMS toward the olfactory bulb, observing
similar cellular characteristics and distinct migration pathways.
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FIGURE 5 Chain migration through the rostral migratory stream. (A) Sagittal sections (100-µm thick) were used to study the migratory path of
the chains emanating from the V-SVZ. A schematic representation illustrates the direction of neuroblast migration. DCX+ cells in layer 2 (green) are
always found close to the ventricle’s wall, either at the lateral ventricle or the olfactory ventricle. They migrate rostrally through the RMS (green arrows).
DCX+ cells in layer 3 (yellow) exit the V-SVZ and are directed toward frontal areas of the brain (yellow arrows), like the anterior olfactory area (AOA)
or the olfactory bulb (OB), for example. (B) DAB immunostaining for DCX reveals that chains in sublayer 3a are oriented rostrally (Bi, arrows) and
progressively migrate toward layer 3b and group (Bii, arrow) to form larger chains (Bii, asterisks). (C) Immunofluorescence for DCX and GFAP, at two
sagittal levels (lateral and medial), shows how DCX+ chains (green) migrate rostrally out of the V-SVZ. Moreover, in lateral levels (top), clusters are
smaller and more scattered at the leading front of the migration (arrowheads), whereas in medial sections (bottom), neuroblast chains coalesce into a
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single large cluster (dotted line). At highermagnification, we observe the small DCX+ clusters (i, dotted line) surrounded by GFAP+ processes (magenta)
and even individual DCX+ cells (i, arrowhead). In medial levels, we appreciate how smaller clusters (ii, arrowhead) become closer to large groups (ii,
dotted line) and they become one large mass of DCX+ cells in which GFAP+ processes are less frequent (iii). Scale bars: 100 µm (B, Bi, Bii); 500 µm (C);
and 50 µm (Ci, ii, iii).

The V-SVZ is the region adjacent to the LV walls, and pre-
vious studies have analyzed its organization in piglets up to
4 months of age (Costine et al. 2015; Porter et al. 2022). These
authors described two distinct areas within the V-SVZ based on
localization and cellular organization: the ventricular and the
abventricular regions. Consistent with these findings, our DAB
immunostaining revealed that, in the juvenile swine brain, the
ventricular region consists of a first ependymal cell layer lining
the ventricle and an adjacent layer of DCX+ cell clusters (layer 2),
which extend along themedial wall of the ventricle but are absent
from the lateral wall over the caudate nucleus.

The abventricular region, which extends dorsolaterally in an
arc-like shape, is mainly composed of astrocytic parenchyma
and amyelinic and myelinic axons. Moreover, it also contains
dispersed small DCX+ clusters, while larger DCX+ cell collec-
tions are found at the dorsal boundary, closely associated with
large blood vessels. Based on these results, we established four
cellular layers within the swine V-SVZ: the ventricular area was
subdivided into layer 1 (ependyma) and layer 2 (subependymal),
while the abventricular area was subdivided into sublayer 3a (low
cellular density) and sublayer 3b (high cellular density).

Layer 1 (ependyma) consists of a pseudostratified epithelium of
GFAP+ Nestin+ cuboidal cells, most of which are multiciliated,
with cilia concentrated at the center of the apical surface. These
cells correspond to E1-type ependymal cells, which may play a
role in cerebrospinal fluid (CSF) circulation, as observed in mice
(Mirzadeh et al. 2017; Sawamoto et al. 2011). Uniciliated cells,
which are considered NSCs in mice, were rarely observed at the
early ages studied. In humans, GFAP+ cells have been reported
in contact with the ventricular lumen, but their possession of
primary cilia remains unclear (N. Sanai et al. 2011).

Electron microscopy and SEM revealed the presence of
supraependymal axons in close contact with ependymal
cells and surrounded by their microvilli. In mice, these axons
have been identified as serotonergic axons from the raphe nuclei,
which form a network over the ventricular wall, contacting both
E1 and B1 cells and playing a role in NSC regulation. Similar
supraependymal axons have been observed in humans, where
they exhibit both clear and dense vesicles as well as bouton-like
enlargements (Tong et al. 2014). However, in swine, their origin
and neurotransmitter identity remain undetermined.

Layer 2 (subependymal layer) is composed primarily of cellular
processes from ependymal cells and astrocytes, both rich in inter-
mediate filaments and immunoreactive for Nestin and GFAP.
Although previous studies report a rapid decline in radial glial
cells in swine with age (Porter et al. 2022), we observed radial-
like cells extending large processes into layer 2. The persistence of
such long glial expansions at later developmental stages has also
been described in mice (Lim and Alvarez-Buylla 2016) and dogs
(Fernández-Flores et al. 2018), whereas in rabbits and humans,

long radial processes are restricted to early developmental stages
(Paredes et al. 2016; G. Ponti et al. 2006).

Despite the high density of glial processes, the subependymal
layer is not acellular. In the juvenile swine, layer 2 contains
densely packed DCX+ neuroblast clusters, whose cells exhibit
ultrastructural features indicative of migration, including con-
densed chromatin, slightly irregular nuclei, reduced cytoplasm,
and microtubule-rich cytoplasmic projections. These clusters are
surrounded by astrocyte processes but lack complete isolation,
occasionally contacting unmyelinated axons. This organization
resembles that found in rabbits (G. Ponti et al. 2006), rather than
the compact glial tubes observed in mice (Lois et al. 1996).

In newborn humans, the subependymal layer initially contains
numerous neuroblasts, but these rapidly decline within the first
year of life, leaving a hypocellular or “gap” layer (Paredes et al.
2016). Similar age-dependent neuroblast reductions have been
reported in rabbits (G. Ponti et al. 2006) and swine (Costine
et al. 2015; Porter et al. 2022). Other young mammals, including
cattle (Rodríguez-Pérez et al. 2003), sheep (Lévy et al. 2017), and
primates (Sawamoto et al. 2011), exhibit a V-SVZ organization
reminiscent of the hypocellular layer described in humans. This
might suggest that layer 2 in swinemay develop into a similar gap
layer in adulthood, albeit with a slower progression.

In mice, type B cells serve as primary neuronal precursors, giving
rise to type C cells, which subsequently generate migrating neu-
roblasts (type A cells) (Doetsch et al. 1997). In swine, we identified
type B and type A cells by TEM; however, we did not observe type
C cells with ultrastructural characteristics akin to those described
inmice. Consistent with its neurogenic function, layer 2 exhibited
Ki-67 expression, indicating active cell proliferation. However, it
remains unclear whether this proliferation arises from type B or
type A cells, or from unrelated proliferative cell types. In humans,
DCX+ chains have been described in the layer 2, but they decline
rapidly after 18 months of age, developing a GAP layer (N. Sanai
et al. 2011), whereas in swine, they persist into juvenile stages
(Porter et al. 2022).

The abventricular region (layer 3) was subdivided based on the
occurrence and size of DCX+ clusters. Sublayer 3a, adjacent to
the ventricular region, contains small, sparsely distributed DCX+

clusters and isolated DCX+ cells. Sublayer 3b comprises larger
DCX+ clusters associatedwith blood vessels in the dorsal region of
the V-SVZ. This pattern of multifocal DCX+ aggregates resembles
that observed in rabbits (G. Ponti et al. 2006), while in humans,
DCX is observed just until 1 postnatal week in the area that will
become the astrocytic ribbon (N. Sanai et al. 2011).

While Ki-67 expression was also detected in layer 3, it was not
only associated with neuroblast chains. Considering that the
abventricular region of Sus scrofa is highly myelinated at 3–
5 months, and the documented increase in myelinated fibers has
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FIGURE 6 Cell migration toward the olfactory ventricle. (A) DAB immunostaining for DCX in a horizontal section of the swine brain reveals
DCX+ chains (i, arrowheads) located between the V-SVZ and the opening of the olfactory bulb ventricle. (B) Immunofluorescence for DCX and Ki-67
shows proliferating cells within some of the chains emerging from the V-SVZ. (C) In sagittal sections, DCX+ chains (arrowheads) are observed near the
opening of the olfactory bulb ventricle (i). (D) In addition to their presence near the olfactory ventricle (i, white arrowhead), DCX+ chains are also seen
migrating toward the anterior olfactory area (AOA) (i, black arrowheads). Scale bars: 1 mm (A, C, D) and 50 µm (Ai, Bi, Bii, Ci, Di).

14 of 18 Journal of Comparative Neurology, 2025

 10969861, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cne.70070 by V

icente H
erranz P?rez - U

niversitaet D
e V

alencia , W
iley O

nline L
ibrary on [03/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 7 Ultrastructure of neuroblasts along the migratory pathway and at the olfactory ventricle. (A) Semithin section stained with toluidine
blue showing two groups of large neuroblast chains (i, ii) migrating rostrally from the V-SVZ, as well as smaller chains near the lateral ventricle
wall (iii). Arrowheads indicate neuroblasts adjacent to the ventricle. (B, C) TEM images of clusters of migrating neuroblasts located either within the
leading migratory stream (B) or near the ventricle (C). These cells share ultrastructural features such as irregular nuclei, clumped chromatin, reduced
cytoplasm, and microtubule-containing processes. Intercellular spaces (arrowheads) are also evident. (D) Semithin section of the olfactory ventricle
opening showing chains (i) of migratory-like cells (arrowheads) adjacent to the ventricle wall. (E) TEM image of neuroblast clusters near the olfactory
ventricle. (F) Their ultrastructure resembles that of neuroblasts in the V-SVZ, displaying irregular nuclei, clumped chromatin, reduced cytoplasm, and
microtubule-rich processes. (G) These processes are filled withmicrotubules (MT) and are surrounded by astrocytic expansions containing intermediate
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filaments (IF). (H) Neuroblasts establish adherens junctions with one other (arrowhead). Scale bars: 500 µm (A, D); 10 µm (Ai, Aii, Aiii, Di, E); 2 µm (B,
C, F); and 200 nm (G, H).

been described from2 to 6months inminiswine (Fang et al. 2005),
it is plausible that the Ki-67 expression in sublayers 3a and 3bmay
also reflect ongoing neurogenesis and oligodendrogenesis.

DCX+ cells within layer 3 of the swine have been identi-
fied as migrating young GABAergic interneurons (Porter et al.
2022). Ultrastructural analysis of the clusters shows features of
migratory immature neurons, with irregular nuclei, clumped
chromatin, reduced cytoplasm, and intercellular spaces. These
characteristics align with those observed in type A cells of other
species, including mice (García-Verdugo et al. 2002; Lois et al.
1996), rabbit (G. Ponti et al. 2006), dog (Fernández-Flores et al.
2018), marmoset (Sawamoto et al. 2011), macaques (Gil-Perotin
et al. 2009), and young humans (N. Sanai et al. 2011), all of which
exhibit similar features indicative of migratory phenotype, and
are also similar to DCX+ cells observed in layer 2.

To investigate the potential influence of the V-SVZ’s layered
structure on migration, we analyzed sagittal sections. Neuroblast
clusters in layer 2 exhibited no significant alterations in shape or
orientation. However, clusters in sublayer 3a displayed a radial
alignment relative to the ventricular lumen. This observation
suggests that neuroblasts might originate in layer 2 and migrate
tangentially into sublayer 3a as small clusters, subsequently
coalescing into the larger clusters observed in sublayer 3b. This
pattern suggests that the ventricular region is the primary source
of new neuroblasts, while the abventricular zone provides a
transient environment for cell aggregation before their migration
to other brain regions.

The RMS extends in a caudorostral direction and serves as the
primary pathway for neuroblastsmigrating from the V-SVZ to the
olfactory bulb. Migration through the RMS has been extensively
documented in various species, including macaque (Gil-Perotin
et al. 2009), marmoset (Sawamoto et al. 2011), piglet (Costine et al.
2015), and human (Paredes et al. 2016; N. Sanai et al. 2011). In
juvenile swine, neuroblasts from layer 2 of the V-SVZ primarily
migrate via the RMS to supply new cells to the olfactory bulb, as
evidenced by the presence of DCX+ clusters in the subependymal
layer along all the ventricular extension. Consistent with species
possessing a highly developed sense of smell, such as rabbits and
dogs, the OVs in swine do not close at birth and are continuous
with the LV (Fasolo et al. 2002).

Neuroblasts within the RMS exhibited ultrastructural features
of immature migrating neurons, including irregular nuclei,
clumped chromatin, limited cytoplasm, and noticeable intercel-
lular spaces. However, in the vicinity of the OV, neuroblasts
no longer form large chains but rather small, densely packed
clusters interspersed with astrocytes. Intercellular spaces were
not observed, and cells exhibited adherens junctions between
them. While glial tubes facilitate neuroblast migration in rodents
(Lois et al. 1996), the prominent neuroblast chains and clusters
observed in the juvenile swine brain may represent an adaptation
that supports long-distance migration in the context of less
well-organized glial scaffolds.

Ki-67 staining revealed proliferation within DCX+ clusters
migrating toward the OB. In mice, neuroblasts migrating from
the V-SVZ along the RMS retain the capacity to divide (G. P.
Ponti et al. 2013), and similar proliferation has been observed
throughout the RMS up to the olfactory peduncle in dogs (Malik
et al. 2012).

Furthermore, large clusters from layer 3b are more prevalent
in anterior coronal sections than in posterior regions. This
might suggest a caudal-to-rostral migration pattern (Porter et al.
2022) of layer 3 neuroblasts parallel to the RMS. Following
the trajectory of this alternative stream, we observed chains
of DCX+ cells migrating toward cortical areas reaching, for
instance, the anterior olfactory area. We also observed clusters
deviating ventrally, probably toward the olfactory bulb. Some
of these alternative branches have been previously described in
young piglets at 14 postnatal days (Costine et al. 2015). Studies
in other mammalian species have also reported small clusters
or individual cells migrating through additional routes in the
telencephalon, indicating the potential existence of alternative
migratory pathways beyond the RMS (Bonfanti and Ponti 2008;
De Marchis et al. 2004; Paredes et al. 2016).

5 Conclusion

Our findings provide a comprehensive characterization of the
cellular architecture and migration pathways within the juvenile
swine V-SVZ, reinforcing the structural and functional similari-
ties between this neurogenic niche and those described in other
mammalian species. The juvenile swine emerges as a relevant
model for investigating neurogenesis in large-brained mammals,
offering insights into the organization, cellular dynamics, and
potential regulatory mechanisms of the V-SVZ that may inform
studies of human brain development. While the structural simi-
larities between the swine and human V-SVZ suggest potential
parallels, our study highlights both shared and species-specific
features, refining the current understanding of this neurogenic
niche. Rather than assuming direct extrapolation to human
neurogenesis, our work establishes a foundation for comparative
analyses by redefining the layered architecture of the juvenile
swine V-SVZ and detailing the spatial distribution of its cellular
components. Future studies integrating molecular profiling and
lineage-tracing approaches will be essential to elucidate the
conserved and divergent aspects of neurogenesis across species
and to explore how the swine model may contribute to the
development of regenerative strategies for neurological disorders.
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