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Abstract

Adult neurogenesis in the mammalian brain is now a widely
accepted phenomenon, typically occurring in two forebrain
structures: the subgranular zone (5GZ) of the hippocampal
dentate gyrus and the subventricular zone (SVZ). Until re-
cently, the majority of studies have focused on laboratory
rodents, and it is under debate whether the process of adult
neurogenesis occurs outside of the SGZ and the SVZ in other
mammalian species. In the present study, we investigated
potential adult neurogenetic sites in the brains of two ele-
phant shrews/sengis, a golden mole and a rock hyrax, all
members of the superorder Afrotheria. Doublecortin (DCX)
immunoreactivity was used as a proxy to visualise adult neu-

rogenesis, which is expressed in neuronal precursor cells and
immature neurons. In all four species, densely packed DCX-
positive cells were present in the SVZ, from where cells ap-
pear to migrate along the rostral migratory stream towards
the olfactory bulb (OB). DCX-immunopositive cells were
present in the granular cell layer and the glomerular layer of
the OB. In the hippocampus, DCX-immunopositive cells
were observed in the SGZ and in the granular layer of the
dentate gyrus, with DCX-immunopositive processes extend-
ing into the molecular layer. In addition to these well-estab-
lished adult neurogenic regions, DCX-immunopositive cells
were also observed in layer Il of the neocortex and the piri-
form cortex. While the present study reveals a similar pattern
of adult neurogenesis to that reported previously in other
mammials, further studies are needed to clarify if the cortical
DCX-immunopositive cells are newly generated neurons or
cells undergoing cortical remodelling.
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Abbreviations used in this paper

ac

anterior commissure

AHN adult hippocampal neurogenesis
Amyg amygdala complex

AOB accessory olfactory bulb

AON anterior olfactory nucleus

C caudate nucleus

CA cornu ammonis region of the hippocampus
Cb cerebellum

cc corpus callosum

Cing cerebral cingulate cortex

CN deep cerebellar nuclei

Co cochlear nucleus

DG dentate gyrus of the hippocampus
DT dorsal thalamus

f fornix

GC central grey matter

GP globus pallidus

GPe globus pallidus, external division
GPi globus pallidus, internal division
Hbm medial habenular nucleus

Hyp hypothalamus

IC inferior colliculus

icp inferior cerebellar peduncle

LGd dorsal lateral geniculate nucleus
LOT lateral olfactory tract

LV lateral ventricle

mcp middle cerebellar peduncle

MG medial geniculate body

N.Acc nucleus accumbens

NEO cerebral neocortex

OB olfactory bulb

oC optic chiasma

OoT optic tract

P putamen nucleus

PB phosphate buffer

PIR piriform cortex

Pta pretectal area

R thalamic reticular nucleus

RMc red nucleus, magnocellular part
RMS rostral migratory stream

SC superior colliculus

scn suprachiasmatic nucleus

scp superior cerebellar peduncle
SGZ subgranular zone

Sn substantia nigra

SvVz subventricular zone

TOL olfactory tubercle

VIIv facial nerve nucleus, ventral division
VPO ventral pontine nucleus

zi zona incerta
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Introduction

The generation of new neurons in the adult brain is a
widely accepted phenomenon [Ming and Song, 2005;
Lindsey and Tropepe, 2006; Barker et al., 2011], although
the function of this evolutionarily conserved neural trait
remains elusive. It has been suggested that the newly gen-
erated neurons are, at least in part, linked to learning and
memory formation [Gould et al., 1999; Gross, 2000; Shors
etal., 2001; Zupanc, 2001; van Praag et al., 2002; Kemper-
mann, 2011]. In mammals, adult neurogenesis occurs al-
most exclusively in two forebrain structures - the sub-
granular zone (SGZ) of the hippocampal dentate gyrus
and the subventricular zone (SVZ) of the lateral ventricles
from where the cells migrate to the olfactory bulb (OB)
[Mingand Song, 2005; Lindsey and Tropepe, 2006; Gould,
2007; Epp et al., 2009]. To date, the majority of studies
have focused on laboratory rodents, but it is unknown
whether the process of adult neurogenesis occurs outside
of the SGZ and SVZ in other mammalian species [Bon-
fanti and Peretto, 2011; Kempermann, 2012; Patzke et al.,
2013a]. There is emerging evidence for adult neurogen-
esis in other brain areas, including the neocortex, stria-
tum, amygdala, substantia nigra, hypothalamus and piri-
form cortex amongst others [Gould, 2007; Shapiro et al.,
2007; Migaud et al., 2010; Bonfanti and Peretto, 2011;
Patzke et al., 2013a]; thus a comparative analysis of adult
neurogenesis might reveal differences in adult neurogen-
esis correlated with behavioural specialisations or adapta-
tions to specific ecological niches [Bonfanti and Peretto,
2011; Patzke et al., 2013c]. This approach, where ecology
can possibly be correlated to the occurrence of neurogen-
esis, is likely to yield more insight into the function of this
neural feature.

The afrotherian clade contains six mammalian orders:
the elephants (Proboscidea), sea cows (Sirenia), hyraxes
(Hyracoidea), aardvarks (Tubulidentata), elephant
shrews or sengis (Macroscelidea), and golden moles and
tenrecs (Afrosoricida). Although species within the af-
rotherian superorder are very diverse in their morphol-
ogy, ranging from the largest terrestrial animal, the Afri-
can elephant (5,000 kg), to the small lesser long-tailed
tenrec (5 g), and occupy a wide range of ecological niches,
numerous molecular studies strongly support their close
relationships [van Dijk et al., 2001; Arnason et al., 2008;
Hallstrom and Janke, 2008; Prasad et al., 2008; Asher et
al.,, 2010; Dumbacher et al., 2012; McCormack et al,,
2012].

In the current study, we used doublecortin (DCX) im-
munohistochemistry to examine potential adult neuro-
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genesis in four afrotherian species caught from wild pop-
ulations: the Hottentot golden mole (Amblysomus hot-
tentotus), the rock hyrax (Procavia capensis), the eastern
rock sengi (Elephantulus myurus) and the four-toed sen-
gi (Petrodromus tetradactylus). The Hottentot golden
mole is found in the Eastern Cape region of South Africa
and inhabits a wide spectrum of sub-terrestrial environ-
ments, such as temperate grasslands, savannah wood-
lands, coastal forests and montane marshlands [Skinner
and Chimimba, 2005]. The herbivorous rock hyrax is a
medium-sized, social mammal that inhabits rocky out-
crops in sub-Saharan Africa and the Middle East [Skinner
and Chimimba, 2005]. The omnivorous eastern rock sen-
gi is found in the north-eastern regions of southern Af-
rica, where it inhabits rocky outcrops [Stuart and Stuart,
1997; Skinner and Chimimba, 2005]. The four-toed sengi
is one of the most widely distributed elephant shrew spe-
cies ranging from Kenya to South Africa [Fitzgibbon,
1995] and is a forest species associated with dense under-
growth, usually in high-rainfall areas [Stuart and Stuart,
1997]. While these four species belong to the same super-
order, their habitats differ vastly and may provide an in-
teresting model to analyse the influence of ecology on
adult neurogenesis.

While the presence of DCX in neurons outside of the
classic neurogenic sites (SVZ and SGZ) may or may not
relate to adult neurogenesis in these regions, such as the
piriform cortex [Klempin et al., 2011], it has been estab-
lished that DCX immunolabelling in the SVZ and SGZ,
due to specific arrangements of the newly generated cell
populations, is a good proxy for the presence of adult
neurogenesis [Rao and Shetty, 2004; Couillard-Despres
etal., 2005; Bonfanti and Nacher, 2012]. The presence of
DCX also reflects cuamulative adult neurogenesis over a
period of 2 weeks to 6 months, although this period is
species specific [Rao and Shetty, 2004; Kohler et al.,
2011]. In this sense, DCX immunolabelling is particu-
larly useful when studying field-caught mammalian spe-
cies, as no specific intervention is required to reveal po-
tential sites and streams associated with adult neurogen-
esis. Nevertheless, DCX labelling outside of the classic
neurogenic zones may not represent adult neurogenesis,
as it may indicate putative morphological plasticity in
non-newly generated neurons, since DCX is also ex-
pressed in neurons undergoing remodelling [Klempin et
al., 2011]. Hence DCX-positive labelling outside of the
classic neurogenic zones must be interpreted with cau-
tion.

Afrotherian Adult Neurogenesis

Materials and Methods

Specimen and Tissue Preparation

In the present study, brains from two A. hottentotus (brain
mass = 1.3 and 1.2 g), two P. capensis (brain mass = 20.4 and
20.8 g), two E. myurus (brain mass = 1.3 and 1.19 g) and three
P. tetradactylus (brain mass = 3.05, 2.80 and 2.95 g) were analysed.
The E. myurus and P. capensis were caught in the Limpopo Prov-
ince, South Africa. The P. tetradactylus were caught in the Yoko
forest, near Kisangani, Democratic Republic of Congo, and the
A. hottentotus were caught in the Eastern Cape Province, South
Africa. All animals were caught under appropriate governmental
permissions and were used according to the guidelines of the Uni-
versity of the Witwatersrand Animal Ethics Committee, which
parallel those of the NIH for the care and use of animals in scien-
tific experimentation (Clearance No. 2008/36/1).

As the specimens were caught from the wild, it is difficult to
assess their ages precisely; however, as we are interested in adult
neurogenesis, it was important to know if the animals were adults.
In order to assess the developmental status of the individuals, we
compared the body mass of our specimens with data obtained
from the previously published literature. According to the data
from the literature, it would appear that our specimens are clearly
adult animals. For the specimens used in the current study, the two
A. hottentotus had body masses of 72 and 86 g, the two P. capensis
weighed 4,300 and 4,500 g, the two E. myurus weighed 50.6 and
51.1 g and the three P. tetradactylus weighed 150, 138 and 124 g.
According to Skinner and Chimimba [2005], adult body mass for
A. hottentotus ranges between 37 and 85 g, for P. capensis between
1,500 and 4,300 g, for E. myurus between 41 and 98 g, and for P.
tetradactylus between 160 and 280 g. These body mass ranges are
all from the southern African subregion, where all but the P. tetra-
dactylus were caught. Based on these body mass data, it appears
that the specimens of A. hottentotus, P. capensis and E. myurus are
clearly adults, but that the P. tetradactylus specimens appear to be
a little small to be considered adults. In contrast to Skinner and
Chimimba [2005], Silva and Downing [1995] list average male and
female body masses of P. tetradactylus from 118.9 to 203.6 g, re-
spectively. These data would then indicate that the P. tetradactylus
used in the current study are indeed adult. The difference in adult
body masses for P. tetradactylus may be due to regional differ-
ences in the populations of this species.

To minimise external influences, such as handling stress, on
adult neurogenesis, the animals were captured in their natural hab-
itat and euthanised within 30 min of capture with a weight-appro-
priate overdose of sodium pentobarbital (200 mg sodium pento-
barbital/kg, i.p.) and perfused transcardially, first with 0.9% saline
and then with 4% paraformaldehyde in 0.1 M phosphate buffer (PB,
pH 7.4). The brains were extracted immediately after perfusion,
post-fixed overnight in 4% paraformaldehyde and cryoprotected
in 30% sucrose in 0.1 M PB at 4°C. The specimens were subse-
quently stored at -20°C in an anti-freeze solution until processing.

Tissue Staining and Immunohistochemistry

The brains were examined immunohistochemically using an-
tibodies directed against the intrinsic marker DCX. DCX is a mi-
crotubule-associated phosphoprotein that is expressed from 2
weeks up to 6 months in actively dividing neuronal precursor cells
and their neuronal daughter cells [Brown et al., 2003; Rao and
Shetty, 2004; Kohler et al., 2011]. The use of DCX as a marker is
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advantageous in that it minimises pre-handling of animals while
providing an average rate of expression of new neurons in natural
conditions prior to capture of the animal [Bartkowska et al., 2010].
Goat anti-DCX (C-18; Santa Cruz Biotechnology, Dallas, Tex.,
USA) was used to visualise DCX, as this antibody has been previ-
ously demonstrated to provide distinct labelling in rodents, hu-
mans and other mammals [Brown et al., 2003; Liu et al., 2008;
Ngwenya et al., 2011; Patzke et al., 2013a, b].

All immunolabelling procedures were performed on free-float-
ing sections. Prior to sectioning, the brains were equilibrated in 30%
sucrose in 0.1 M PB at 4°C for 72 h and then frozen in crushed dry
ice. The specimens were cryosectioned on a sliding microtome into
50-pm-thick sections in the sagittal plane. Alternate sections were
stained for Nissl substance, using 1% cresyl violet, or immunohis-
tochemically for DCX. The immunohistological sections were pre-
treated for 30 min at room temperature under gentle shaking with
an endogenous peroxidase inhibitor (49.2% 0.1 M PB, 49.2% meth-
anol, 1.6% of 30% H,0,). Following three 10-min rinses in 0.1 M
PB, the sections were subsequently pre-incubated in a blocking
buffer solution (3% normal rabbit serum, 2% bovine serum albu-
min, 0.25% Triton X-100 in 0.1 M PB) for 2 h under gentle shaking
at room temperature to prevent non-specific binding. Sections
were then transferred into a primary antibody solution (1:300, goat
anti-DCX, in the blocking buffer solution) and were incubated for
48 h at 4°C under gentle shaking. Following incubation, sections
were subjected to three 10-min rinses in 0.1 M PB before being in-
cubated in secondary antibody solution. The secondary antibody
contained a 1:1,000 dilution of biotinylated anti-goat IgG (BA-
5000; Vector Laboratories, Burlingame, Calif., USA) in 3% normal
rabbit serum and 2% bovine serum albumin in 0.1 M PB for 2 h at
room temperature under gentle shaking. Following three 10-min
rinses in 0.1 M PB, the sections were incubated in an avidin-biotin
solution [1:125 A reactive and 1:125 B reactive (Vector Laborato-
ries) in 0.1 M PB] for 1 h. The sections were transferred into three
10-min 0.1 M PB rinses before being placed in a solution containing
0.05% diaminobenzidine in 0.1 M PB for 5 min. To each 1 ml of this
solution, 3.3 pl of 30% H,O, were added, and chromatic precipita-
tion was visually monitored under a low-power stereomicroscope.
Development was subsequently arrested by placing the sections in
0.1 M PB, followed by a final 10-min rinse in 0.1 M PB. Sections were
mounted on 0.5% gelatinised slides, left to dry overnight, dehydrat-
ed in a graded series of alcohols, cleared in xylene and coverslipped
with Depex. To ensure that non-specific staining was not affecting
the results, control sections taken at random were processed in the
same manner, but either the primary or the secondary antibody was
omitted. No labelled cells were observed in either case.

Data Analysis

Sections were analysed qualitatively with both low- and high-
power microscopy to yield a comparative description of the distri-
bution of DCX-positive neurons. Using a stereomicroscope with
an attached camera lucida, the architectonic borders were traced
according to the Nissl-stained sections. The corresponding immu-
nostained sections were then matched to the drawings and the im-
munopositive DCX neurons were marked. Selected drawings were
then scanned and redrawn using Canvas 8 software. Digital pho-
tomicrographs were captured using Zeiss Axioshop and Axiovi-
sion software. No pixilation adjustment or manipulation of the
captured images was undertaken, except for the adjustment of
contrast, brightness and levels using Adobe Photoshop 7.
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Results

In the present study, we revealed neurons immmuno-
reactive to the endogenous marker DCX in A. hottento-
tus, P. capensis, E. myurus and P. tetradactylus. Our DCX
staining revealed the two commonly reported neurogen-
ic areas, the SVZ of the lateral ventricles that gives rise to
the rostral migratory stream (RMS) ending in the OB and
the SGZ of the hippocampal dentate gyrus. Furthermore,
the presence of DCX-positive cells provided evidence of
immature or remodelling neurons in cortical brain re-
gions.

DCX Immunoreactivity in the Hippocampal

Formation

In all four species examined, a large number of DCX-
immunopositive neurons were observed at the base of the
granular cell layer in the SGZ, which was located between
the granular cell layer and the polymorphic layer of the
dentate gyrus (fig. 1-5). These immunopositive neurons
were characterised by large, ovoid somata with ramified
dendrites extending into the molecular layer (fig. 1). Oc-
casional DXC-immunopositive fibres were observed in
the hilus. No apparent differences in DCX immunoreac-
tivity were observed between species in the dentate gyrus.
In P. tetradactylus, densely packed DCX-immunoposi-
tive processes were observed superior to the stratum py-
ramidale of the cornu ammonis (CA3), presumably
mossy fibres of the newly generated granular cells.

DCX Immunoreactivity in the SVZ of the Lateral

Ventricle, the RMS and the OB

In all four species, clusters of DCX-positive cells and
processes were present in the SVZ, with the highest den-
sity of immunolabelled structures observed towards the
rostral end of the lateral ventricle (fig. 2-5). The labelled
cells were characterised by relatively short unipolar and
or/bipolar processes. From the SVZ, a stream of DCX-im-
munopositive cells could be observed, which we ascribe to
the RMS. The RMS originated from the SVZ at the rostral
pole of the lateral ventricle, with DCX-immunopositive
cells found between the rostrodorsal aspects of the caudate
nucleus and the subcortical white matter. At the rostro-
ventral pole of the caudate nucleus, the ‘stream’ of immu-
nolabelled cells appeared to turn in a rostral direction with
the stream ending in the OB (fig. 2-5). The DCX-immu-
nopositive cells in the RMS were often obscured by the
numerous tangentially oriented fibres of the stream, but
when readily viewable were found to be fusiform in shape
and small in size, and displayed bipolar processes.
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Fig. 1. High-power photomicrographs of
DCX-positive cells located in the SGZ and
the granular layer of the dentate gyrus of
four afrotherian species. a Hottentot gold-
en mole (A. hottentotus). b Eastern rock
sengi (E. myurus). c Four-toed sengi (P. tet-
radactylus). d Rock hyrax (P. capensis).
Scale bar in d is 100 pm and applies to all.

In the main OB, DCX immunoreactivity was evident
in all layers in all four species. The majority of DCX-ex-
pressing cells were located in the granular cell layer, ex-
hibiting radially orientated DCX-positive cells and pro-
cesses (fig. 2-6). Most of these cells were bipolar and
ovoid in shape. The external plexiform layer of the OB
presented with distinct radial fibres, while the glomerular
layer displayed sparsely distributed DCX-immunoposi-
tive cells that presumably represent periglomerular cells.
There was no evidence of a neurogenic site within the ol-
factory ventricle, and thus it is assumed that the DCX-
immunoreactive structures visible in the OB are those
arising from the RMS. In P. tetradactylus, DCX-positive
cells were also visible in the anterior olfactory nucleus

(fig. 5).

DCX Immunostaining in the Piriform Cortex and

Endopiriform Nucleus

In the two sengis, rock hyrax and the golden mole,
DCX-immunopositive cells were observed in layer II of
the piriform cortex (fig. 2-5) and along a line running
from the SVZ of the ventral portion of the lateral ventri-
cle, along the rostral border of the striatum, through lay-
er III towards layer II of the piriform cortex, suggesting
that the DCX-positive cells in the piriform cortex arise
from the SVZ. These DCX-immunopositive cells were
numerous in the piriform cortex and were densely packed,

Afrotherian Adult Neurogenesis

in clusters, in layer II (fig. 7). These cells were mostly bi-
polar or multipolar in shape, but occasionally unipolar
cells were present. These DCX-immunopositive cells had
long processes that were moderately to highly ramified,
and many of these ramifications extended into layer I. In
P. tetradactylus, loosely packed DCX-immunopositive
cells with a loosely arranged network of long dendrites
were present in the endopiriform nucleus located just
dorsal to the piriform cortex. These cells were larger and
showed either bi- or multipolar morphologies.

DCX Immunoreactivity in the Cerebral Neocortex

In the rostral half of the cerebral neocortex, all four
species displayed DCX-immunopositive cells in layer II
(fig. 2-5, 8), although the extent of these neurons was
somewhat less in A. hottentotus. In contrast, in P. capen-
sis, the presence of these DCX-immunopositive cortical
cells was not restricted just to the rostral half of the neo-
cortex, but could be found throughout the entire neocor-
tical mantle. These cells were readily observed and dis-
played a diversity of neuronal morphology. The majority
appeared to be multipolar with extensive apical dendrites
ramifying into layer I, but some horizontal dendritic ar-
bours were also observed (fig. 8). These DCX-immuno-
reactive cells were predominantly ovoid in shape, but
some pyramidal-shaped somas were noted.
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Discussion

In the present study, we examined DCX immunoreac-
tivity in the adult brains of four different afrotherian spe-
cies as a proxy marker for adult neurogenesis or neuronal
remodelling. In agreement with previous studies on
mammals, DCX-immunopositive neurons were found in
the two commonly identified regions of adult neurogen-
esis, the SGZ of the dentate gyrus in the hippocampal for-
mation and the SVZ of the lateral ventricles that gives rise
to the RMS which ends in the OB. Additionally, DCX-
immunopositive cells were observed in the endopiriform
nucleus of one species, and the piriform cortex and neo-
cortex of all species studied. As with our previous obser-
vation on other afrotherian species [Ngwenya et al., 2011;
Patzke et al., 2013a—c], no Ki-67 immunoreactivity was
observed in the present study, hence we can only make
limited suggestions about the proliferation of the newly
generated neurons. Ki-67 is an endogenous protein ex-
pressed in dividing cells duringlate G1, S, G2 and M phas-
es of the cell cycles in all mammalian species and is used
to identify proliferating cells [Scholzen and Gerdes, 2000];
however, the absence of Ki-67 labelling does not mean
that no proliferation occurs in the adult brain of Afroth-
eria, but is rather related to the species-specific affinity of
the antibody used. The non-reactivity of the DAKO Ki-67
antibody (NCL-Ki-67 P) in Afrotheria seems to be related
to the phylogenetic specificity of the antibody, and hence
might only show reactivity in rodents, megachiropterans
and primates [Wojtowicz and Kee, 2006; Vessal and Dar-
ian-Smith, 2010; Chawana et al., 2013] without the use of
antigen retrieval techniques.

Adult Hippocampal Neurogenesis and the Effect of

Natural Habitats

There is a large body of evidence indicating that the
environment of an animal can influence adult hippocam-
pal neurogenesis (AHN). An enriched environment was
demonstrated to increase the rate of AHN, whereas an
impoverished environment is associated with a decline in
AHN [van Praag et al., 2000]. AHN has also been seen to

Fig. 2. A series of sagittal drawings from the brain of the Hottentot
golden mole (A. hottentotus) showing the location of DCX-immu-
nopositive cells (dots, where one dot represents one cell): medial
(a) to lateral (e), each figurine being approximately 1 mm apart.
Note the presence of DCX-immunopositive neurons in the hip-
pocampus (dentate gyrus), RMS and OB, piriform cortex and neo-
cortex. See list for abbreviations.

Afrotherian Adult Neurogenesis

be influenced by stress, exercise, learning and social con-
ditions [Gould and Cameron, 1996; Gould et al., 1997;
Kempermann et al., 1997; Gould et al., 1998; van Praag et
al., 1999; Lu et al., 2003; Pham et al., 2003; Olson et al.,
2006; Warner-Schmidt and Duman, 2006; Snyder et al.,
2009]; however, these studies were all conducted on labo-
ratory rodents and thus might have only limited rele-
vance to the natural setting of wild-living animals [Kone-
fal et al., 2013; Patzke et al., 2013c]. The question arises
whether different environments have a general influence
on AHN, and hence animals living in a less stimulating/
homogenous natural environment/habitat would show a
reduced rate of AHN in comparison to animals that live
in a highly diverse habitat [Patzke et al., 2013c]. Species
of the afrotherian superorder, because they are geneti-
cally related, but inhabit different ecological niches and
are very diverse in their brain and body size, make an in-
teresting set of animals with which to address this ques-
tion. The two sengis, rock hyrax and the golden mole an-
alysed in this study, as well as the giant otter shrew, a
semi-aquatic afrotherian mammal previously examined
[Patzke atal., 2013a], show, qualitatively, similar amounts
of DCX immunoreactivity in the hippocampus. In the Af-
rican elephant [Patzke et al., 2013b], DCX-immunoreac-
tive cells were present at lower density in comparison to
the other afrotherian species examined, but this could be
related to either the age (25 years), since age was demon-
strated to be one factor to influence AHN [Seki and Arai,
1995; Kuhn et al. 1996], or to the overall size of the hip-
pocampus, which is several times larger in the elephant
than in the other afrotherian species studied [Patzke et al.,
2013b, c]. Despite these potential differences, our results
suggest that the different natural environments inhabited
by the different species might have little effect on the
number of newly generated neurons in the dentate gyrus
observed during migration and maturation, the stages of
adult neurogenesis that are visualised by DCX expression.
Even though it is evident that short-term changes in the
environment have an effect in the laboratory setting, the
different ecological niches with their diversity in environ-
mental stimuli do not appear to have an influence on the
basal rate of AHN. Hence, it would appear that it is not
environmental complexity itself that directly effects neu-
rogenesis, but rather the individual interactions between
each species and its respective environment. As discussed
by Kempermann [2012], new neurons may provide the
cognitive adaptability required to be able to successfully
survive in different ecological niches. Thus, it would ap-
pear that basal AHN levels in different mammalian spe-
cies are dependent upon two factors (besides intrinsic fac-
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tors like age and genotype): (1) the size and/or the neuro-
nal numbers found within the hippocampus and (2) the
phylogenetic history of the animal under study. In addi-
tion, short-term up- or down-regulation in the rate of
AHN in response to the novel interactions of a mammal
with its environment is likely to affect rates of adult neu-
rogenesis within the hippocampus (extrinsic factors).

Neurogenesis in Olfactory Areas

Throughout adulthood, the OB incorporates new
neurons that arise in the SVZ of the lateral ventricle and
migrate along the RMS to the OB. From the periventric-
ular layer of the OB, these new neurons migrate radially
into the granular and glomerular layers where they be-
come functionally integrated into the OB circuitry [Pe-
retto et al., 1997; Bedard and Parent, 2004; Lledo et al.,
2006]. This continuous supply of new neurons to the OB
has been reported in all mammalian species studied to
date, including the four afrotherian species studied here-
in [Pencea et al., 2001; Bedard et al., 2002; Bedard and
Parent, 2004; Alpar et al., 2010; Bartkowska et al., 2010;
Ngwenya et al., 2011; Patzke et al., 2013a, b]; however,
this rostral migration seems to be absent in humans
[Eriksson et al., 1998; Bergmann et al., 2012], with some
studies suggesting that newly generated neurons in the
human OB are generated locally [Bedard and Parent,
2004].

In addition to the immature OB neurons, immature
or remodelling neurons, as revealed with DCX immuno-
histochemistry, were observed in the secondary olfactory
structures of the species examined: endopiriform nucle-
us (P. tetradactylus) and layer II of the piriform cortex (P.
capensis, P. tetradactylus, E. myurus and A. hottentotus).
These findings agree with previous reports in mice and
rats [Shapiro et al., 2007], primates [Gould et al., 1999],
moles and hedgehogs [Bartkowska et al., 2010], the
hedgehog tenrec [Alpdr et al.,, 2010] and the giant otter
shrew [Patzke et al., 2013a]. In the four afrotherian spe-
cies analysed in this study, DCX-immunopositive neu-
rons appear to emanate from the SVZ at the caudoventral
portion of the lateral ventricle and migrate towards the

Fig. 3. A series of sagittal drawings from the brain of the rock hyrax
(P. capensis) showing the location of DCX-immunopositive cells
(dots, where one dot represents one cell): medial (a) to lateral (f),
each figurine being approximately 3 mm apart. Note the presence
of DCX-immunopositive neurons in the hippocampus (dentate
gyrus), RMS and OB, piriform cortex and throughout the neocor-
tex. See list for abbreviations.
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piriform cortex, as indicated by the presence of DXC-
positive cells along this migratory pathway. A migration
from the SVZ towards the piriform cortex was previous-
ly observed in rodents [Shapiro et al., 2007], non-human
primates [Bernier et al., 2002], megachiropteran bats
[Chawana et al., 2013], the giant otter shrew [Patzke et
al., 2013a] as well as in moles and hedgehogs [Bartkow-
ska et al., 2010]. In rodents [Shapiro et al., 2007], moles
and hedgehogs [Bartkowska et al., 2010], these newly
generated cells appear to emanate from the RMS and mi-
grate along a ventrolateral migratory stream towards the
piriform cortex. In contrast, in primates [Bernier et al.,
2002] and megachiropterans [Chawana et al., 2013], the
cells seem to emanate from the temporal horn of the lat-
eral ventricle and migrate along the temporal stream to
the piriform cortex. In the species studied herein, and in
the giant otter shrew [Patzke et al., 2013a], the newly gen-
erated neurons seem to migrate from the SVZ of the cau-
dal portion of the lateral ventricle towards the piriform
cortex, as seen in rodents, indicating that the DCX neu-
rons in the piriform cortex are not locally generated or
remodelling neurons, but rather arise from the SVZ of
the lateral ventricles; however, local proliferation and/or
remodelling cannot be ruled out at this stage. As in the
giant otter shrew [Patzke et al., 2013a], in P. tetradactylus
DCX-immunoreactive neurons were also observed in the
endopiriform nucleus, seemingly supplied by the migra-
tory stream from the SVZ of the lateral ventricle; how-
ever, no DCX-immunopositive cells were observed in the
endopiriform nucleus of the other three afrotherian spe-
cies analysed.

DCX-Immunoreactive Neurons in the Cerebral

Neocortex — New or Remodelling Neurons?

The presence of DCX-immunoreactive neurons in lay-
er II of the cerebral neocortex in Afrotheria is in accord
with reports in rodents [Kutsuna et al., 2013], primates
[Zhang et al., 2009; Bloch et al., 2011], cats [Cai et al,,
2009], megachiropteran bats [Chawana et al, 2013],
guinea pigs [Xiong et al., 2008] and the giant otter shrew
[Patzke et al., 2013a]. Recent studies demonstrated that
DCX-positive cells in layer IT of the neocortex, using dou-
ble labelling with neuronal markers, are of a neuronal
identity, rather than glial, since no double labelling was
observed with glial markers [Xiong et al., 2008]; however,
it is still under debate if these DCX-positive cells are new-
ly generated or generated during development and re-
main in an immature state, or are mature neurons under-
going neuronal remodelling. Previous studies using
5-bromo-2'-deoxyuridine and neuronal markers suggest
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Fig. 4. A series of sagittal drawings from the brain of the eastern rock sengi (E. myurus) showing the location of
DCX-immunopositive cells (dots, where one dot represents one cell): medial (a) to lateral (f), each figurine being
approximately 1.5 mm apart. Note the presence of DCX-immunopositive neurons in the hippocampus (dentate
gyrus), RMS and OB, piriform cortex and the rostral half of the neocortex. See list for abbreviations.
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Fig. 5. A series of sagittal drawings from the brain of the four-toed sengi (P. tetradactylus) showing the location
of DCX-immunopositive cells (dots, where one dot represents one cell): medial (a) to lateral (f), each figurine
being approximately 2 mm apart. Note the presence of DCX-immunopositive neurons in the hippocampus (den-
tate gyrus), RMS and OB, piriform cortex and the rostral half of the neocortex. See list for abbreviations.
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Fig. 6. Photomicrographs of DCX-immu-
nostained sagittal sections of the OB of four
afrotherian species. DCX-positive cells
were mostly observed in the granule cell
layer and the glomerular layer. a Hottentot
golden mole (A. hottentotus). b Eastern
rock sengi (E. myurus). ¢ Four-toed sengi
(P. tetradactylus). d Rock hyrax (P. capen-
sis). Scale bar in d is 500 pm and applies to
all.

that the immature neurons in the neocortex arise from
the SVZ of the lateral ventricle and migrate through the
subcortical white matter towards layer II of the neocortex
[Gould et al., 1999; Kakita and Goldman, 1999; Gould et
al., 2001]. In contrast, Kornack and Rakic [2001] pro-
posed that the newly generated cells in the cortex are rath-
er endothelial cells lining longitudinally cut capillaries,
since they failed to verify the neuronal character of the
newly generated cells. In the current study, in all four af-
rotherian species as well as in the giant otter shrew [Patz-
ke et al., 2013a], no stream of presumably newly gener-

238 Brain Behav Evol 2014;84:227-241
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ated neurons from the SVZ towards the neocortex could
be observed using DCX immunoreactivity; however, this
does not exclude that these cells might be generated in the
SVZ. In addition, in the rock hyrax, DCX-positive cells
were not restricted to the rostral portion of the neocortex
but were present throughout the entire neocortex. Future
studies are needed to clarify whether these DCX-immu-
nopositive cells in layer II of the neocortex are newly gen-
erated or remodelling, using improved birth-dating
methodology.
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Fig. 7. High-power photomicrographs of
DCX-positive cells located in the piriform
cortex of four afrotherian species. a Hot-
tentot golden mole (A. hottentotus). b East-
ern rock sengi (E. myurus). ¢ Four-toed
sengi (P. tetradactylus). d Rock hyrax (P.
capensis). Scale bar in d is 100 um and ap-
plies to all.

Fig. 8. High-power photomicrographs of
DCX-positive cells located in layer II of the
neocortex of four afrotherian species.
a Hottentot golden mole (A. hottentotus).
b Eastern rock sengi (E. myurus). ¢ Four-
toed sengi (P. tetradactylus). d Rock hyrax
(P. capensis). Scale bar in d is 100 um and
applies to all.

Acknowledgements

This work was mainly supported by funding from the South
African National Research Foundation (P.R.M./N.C.B.), the Swiss-
South African Joint Research Program (P.R.M.), the Belgian co-

Afrotherian Adult Neurogenesis

operation service (DGD) at the Royal Museum for Central Africa
(E.G.), a fellowship of the Claude Leon Foundation (K.M.) and a
fellowship within the Postdoctoral Program of the DAAD (Ger-
man Academic Exchange Service; N.P.).

Brain Behav Evol 2014;84:227-241 239
DOI: 10.1159/000367934

146.203.126.248 - 12/2/2014 2:24:49 PM

Mount Sinai School of Medicine

Downloaded by:



References

Alpar A, Kiinzle H, Gértner U, Popkova Y, Bauer
U, Grosche ], Reichenbach A, Hirtig W
(2010): Slow age-dependent decline of dou-
blecortin expression and BrdU labeling in the
forebrain from lesser hedgehog tenrecs. Brain
Res 1330:9-19.

Arnason U, Adegoke JA, Gullberg A, Harley EH,
Janke A, Kullberg M (2008): Mitogenomic re-
lationships of placental mammals and molec-
ular estimates of their divergences. Gene 421:
37-51.

Asher RJ, Maree S, Bronner G, Bennett NC,
Bloomer P, Czechowski P, Meyer M, Hofrei-
ter M (2010): A phylogenetic estimate for
golden moles (Mammalia, Afrotheria, Chry-
sochloridae). BMC Evol Biol 10:69.

Barker JM, Boonstra R, Wajtowicz JM (2011):
From pattern to process: how comparitive
studies contribute to understanding the func-
tion of adult neurogenesis. Eur ] Neurosci 34:
963-977.

Bartkowska K, Turlejski K, Grabiec M, Ghaza-
ryan A, Yavruoyan E, Djavadian RL (2010):
Adult neurogenesis in the hedgehog (Eri-
naceus concolor) and mole (Talpa europaea).
Brain Behav Evol 76:128-143.

Bedard A, Levesque M, Bernierm PJ, Parent A
(2002): The rostral migratory stream in adult
squirrel monkeys: contribution of new neu-
rons to the olfactory tubercle and involve-
ment of the antiapoptotic protein Bcl-2. Eur |
Neurosci 16:1917-1924.

Bedard A, Parent A (2004): Evidence of newly
generated neurons in the human olfactory
bulb. Dev Brain Res 151:159-168.

Bergmann O, Liebl ], Bernard S, Alkass K, Yeung
MSY, Steier P, Kutschera W, Johnson L, Lan-
dén M, Druid H, Spalding KL, Frisén J (2012):
The age of olfactory bulb neurons in humans.
Neuron 74:634-639.

Bernier PJ, Bedard A, Vinet ], Levesque M, Parent
A (2002): Newly generated neurons in the
amygdala and adjoining cortex of adult pri-
mates. Proc Natl Acad Sci USA 99:11464-
11469.

Bloch J, Kaeser M, Sadeghi Y, Rouiller EM, Red-
mond DE, Redmond DE Jr, Brunet JF (2011):
Doublecortin-positive cells in the adult pri-
mate cerebral cortex and possible role in brain
plasticity and development. ] Comp Neurol
519:775-789.

Bonfanti L, Nacher J (2012): New scenarios for
neuronal structural plasticity in non-neuro-
genic brain parenchyma: the case of cortical
layer II immature neurons. Prog Neurobiol
98:1-15.

Bonfanti L, Peretto P (2011): Adult neurogenesis
in mammals - a theme with many variations.
Eur ] Neurosci 34:930-950.

Brown JP, Couillard-Després S, Cooper-Kuhn
CM, Winkler J, Aigner L, Kuhn HG (2003):
Transient expression of doublecortin during
adult neurogenesis. ] Comp Neurol 467:1-10.

Cai Y, Xiong K, Chu Y, Luo DW, Luo XG, Yuan
XY, Struble RG, Clough RW, Spencer DD,
Williamson A, Kordower JH, Patrylo PR, Yan
X (2009): Doublecortin expression in adult
cat and primate cerebral cortex relates to im-
mature neurons that develop into GABAergic
subgroups. Exp Neurol 216:342-356.

Chawana R, Patzke N, Kaswera C, Gilissen E,
Ihunwo AO, Manger PR (2013): Adult neuro-
genesis in eight megachiropteran species.
Neuroscience 244:159-172.

Couillard-Despres S, Winner B, Schaubeck S,
Aigner R, Vroemen M, Weidner N, Bogdahn
U, Winkler J, Kuhn HG, Aigner L (2005):
Doublecortin expression levels in adult brain
reflect neurogenesis. Eur ] Neurosci 21:1-14.

Dumbacher JP, Rathbun GB, Smit HA, Eiseb SJ
(2012): Phylogeny and taxonomy of the
round-eared sengis or elephant-shrews, ge-
nus Macroscelides (Mammalia, Afrotheria,
Macroscelidea). PLoS One 7:32410.

Epp JR, Barker JM, Galea AM (2009): Running
wild: neurogenesis in the hippocampus across
the lifespan in wild and laboratory-bred Nor-
way rats. Hippocampus 19:1034-1043.

Eriksson PS, Perfilieva E, Bjork-Eriksson T, Al-
born AM, Nordberg C, Peterson D, Gage FH
(1998): Neurogenesis in the adult human hip-
pocampus. Nature Med 4:1313-1317.

Fitzgibbon CD (1995): Comparitive ecology of
two elephant-shrew species in a Kenyan
coastal forest. Mammal Rev 25:19-30.

Gould E (2007): How widespread is adult neuro-
genesis in mammals? Nature 8:481-487.
Gould E, Cameron HS (1996): Regulation of neu-
ronal birth, migration and death in the rat

dentate gyrus. Dev Neurosci 18:22-35.

Gould E, McEwen BS, Tanapat P, Galae LA Fuchs
E (1997): Neurogenesis in the dentate gyrus of
the adult tree shrew is regulated by psychoso-
cial stress and NMDA receptor activation. J
Neurosci 17:2492-2498.

Gould E, Reeves AJ, Graziano MS, Gross CG
(1999): Neurogenesis in the neocortex of
adult primates. Science 286:548-552.

Gould E, Tanapat P, McEwan BS, Flugge G, Fuchs
E (1998): Proliferation of granule cell precur-
sors in the dentate gyrus of adult monkeys is
diminished by stress. Proc Natl Acad Sci USA
95:3168-3171.

Gould E, Vail N, Wagers M, Gross CG (2001):
Adult-generated hippocampal and neocorti-
cal neurons in macaques have a transient ex-
istence. Proc Natl Acad Sci USA 98:10910-
10917.

Gross CG (2000): Neurogenesis in the adult brain:
death of a dogma. Nature 1:67-73.

Hallstr6m BM, Janke A (2008): Resolution among
major placental mammal interordinal rela-
tionships with genome data imply that specia-
tion influenced their earliest radiations. BMC
Evol Biol 8:162.

240

Brain Behav Evol 2014;84:227-241
DOI: 10.1159/000367934

Kakita A, Goldman JE (1999): Patterns and dy-
namics of SVZ cell migration in the postnatal
forebrain: monitoring living progenitors in
slice preparations. Neuron 23:461-472.

Kempermann G (2011): Seven principles in the
regulation of adult neurogenesis. Eur ] Neu-
rosci 33:1018-1024.

Kempermann G (2012): New neurons for ‘surviv-
al of the fittest’. Nat Rev Neurosci 13:727-736.

Kempermann G, Kuhn HG, Gage FH (1997):
More hippocampal neurons in adult mice liv-
ing in an enriched environment. Nature 386:
493-495.

Klempin F, Kronenberg G, Cheung G, Ketten-
mann H, Kempermann G (2011): Properties
of doublecortin-(DCX)-expressing cells in
the piriform cortex compared to the neuro-
genic dentate gyrus of adult mice. PLoS One
6:€25760.

Kohler SJ, Williams NI, Stanton GB, Cameron JL,
Greenough WT (2011): Maturation time of
new granule cells in the dentate gyrus of adult
macaque monkeys exceeds six months. Proc
Natl Acad Sci USA 108:10326-10331.

Konefal S, Elliot M, Crespi B (2013): The adaptive
significance of adult neurogenesis: an integra-
tive approach. Front Neuroanat 7:21.

Kornack DR, Rakic P (2001): Cell proliferation
without neurogenesis in adult primate neo-
cortex. Science 294:2127-2130.

Kuhn HG, Dickinson-Anson H, Gage FH (1996):
Neurogenesis in the dentate gyrus of the adult
rat: age-related decrease of neuronal progeni-
tor proliferation. ] Neurosci 16:2027-2033.

Kutsuna N, Eriguchi T, Oshima H, Suma T, Saka-
tani K, Yoshino A, Katayama Y (2013): Acute
stress exposure preceding global brain isch-
emia accelerates decreased doublecortin ex-
pression in the rat retrosplenial cortex. Adv
Exp Med Biol 789:65-71.

Lindsey BW, Tropepe V (2006): A comparative
framework for understanding the biological
principles of adult neurogenesis. Prog Neuro-
biol 80:281-307.

Liu YW, Curtis MA, Gibbons HM, Mee EW, Ber-
gin PS, Teoh HH, Connor B, Dragunow M,
Faull RL (2008): Doublecortin expression in
the normal and epileptic adult human brain.
Eur ] Neurosci 28:2254-2265.

Lledo PM, Alonso M, Grubb M (2006): Adult
neurogenesis and functional plasticity in neu-
ronal circuits. Nature 7:179-193.

Lu L, Bao G, Chen H, Xia P, Fan X, Zhang J, Pei
G, MaL (2003): Modification of hippocampal
neurogenesis and neuroplasticity by social
environments. Exp Neurol 183:600-609.

McCormack JE, Faircloth BC, Crawford NG,
Gowaty PA, Brumfield RT, Glenn TC (2012):
Ultraconserved elements are novel phyloge-
netic markers that resolve placental mammal
phylogeny when combined with species-tree
analysis. Genome Res 22:746-754.

Patzke et al.

146.203.126.248 - 12/2/2014 2:24:49 PM

Mount Sinai School of Medicine

Downloaded by:



Ming G, Song H (2005): Adult neurogenesis in the
mammalian central nervous system. Annu
Rev Neurosci 28:223-250.

Migaud M, Batailler M, Segura S, Duittoz A, Fran-
ceschini I, Pillon D (2010): Emerging new
sites for adult neurogenesis in the mammalian
brain: a comparative study between the hypo-
thalamus and the classical neurogenic zones.
Eur ] Neurosci 32:2042-2052.

Ngwenya A, Patzke N, Thunwo AO, Manger PR
(2011): Organisation and chemical neuro-
anatomy of the African elephant (Loxodonta
africana) olfactory bulb. Brain Struct Funct
216:403-416.

Olson AK, Eadie BD, Ernst C, Christie BR (2006):
Environmental enrichment and voluntary ex-
ercise massively increase neurogenesis in the
adult hippocampus via dissociable pathways.
Hippocampus 16:250-260.

Patzke N, Kaswera C, Gilissen E, Thunwo AO,
Manger PR (2013a): Adult neurogenesis in a
giant otter shrew (Potamogale velox). Neuro-
science 238:270-279.

Patzke N, Olaleye O, Haagensen M, Hof PR,
Thunwo AO, Manger PR (2013b): Organiza-
tion and chemical neuroanatomy of the Afri-
can elephant (Loxodonta africana) hippo-
campus. Brain Struct Funct 2014;219:1587-
1601.

Patzke N, Spocter MA, Karlsson KA, Bertelsen
MF, Haagensen M, Chawana R, Streicher S,
Kaswera C, Gilissen E, Alagaili AN, Moham-
med OB, Reep RL, Bennett NC, Siegel M,
Thunwo AO, Manger PR (2013¢): In contrast
to many other mammals, cetaceans have rela-
tively small hippocampi that appear to lack
adult neurogenesis. Brain Struct Funct DOI:
10.1007/500429-013-0660-1.

Pencea V, Bingaman KD, Freedman L], Luskin
MB (2001): Neurogenesis in the subventricu-
lar zone and rostral migratory stream of the
neonatal and adult primate forebrain. Exp
Neurol 172:1-16.

Peretto P, Merighi A, Fasolo A, Bonfanti L (1997):
Glial tubes in the rostral migratory stream of
the adult rat. Brain Struct Funct 42:9-21.

Afrotherian Adult Neurogenesis

Pham K, Nacher J, Hof PR, McEwen BS (2003):
Repeated restraint stress suppresses neuro-
genesis and induces biphasic PSA-NCAM ex-
pression in the adult rat dentate gyrus. Eur J
Neurosci 17:879-886.

Prasad AB, Allard MW; NISC Comparative Se-
quencing Program, Green ED (2008): Con-
firming the phylogeny of mammals by use of
large comparative sequence data sets. Mol
Biol Evol 25:1795-1808.

Rao MS, Shetty AK (2004): Efficacy of doublecor-
tin as a marker to analyse the absolute number
and dendritic growth of newly generated neu-
rons in the adult dentate gyrus. Eur ] Neurosci
19:234-246.

Scholzen T, Gerdes ] (2000): The Ki-67 protein:
from the known and the unknown. ] Cell
Physiol 182:311-322.

Seki T, Arai Y (1995): Age-related production of
new granule cells in the adult dentate gyrus.
Neuroreport 6:2479-2482.

Shapiro A, Ng K L, Kinyamu R, Whitaker-Azmi-
tia P, Geisert EE, Blurton-Jones M, Zhou QY,
Ribak CE (2007): Origin, migration and fate
of newly generated neurons in the adult ro-
dent piriform cortex. Brain Struct Funct 212:
133-148.

Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel
T, Gould E (2001): Neurogenesis in the adult
is involved in the formation of trace memo-
ries. Nature 410:372-376.

Silva M, Downing JA (1995): CRC Handbook of
Mammalian Body Masses. Boca Raton, CRC
Press.

Skinner JD, Chimimba CT (2005): The Mammals
of the Southern African Subregion, ed 3. Cape
Town, Cambridge University Press.

Snyder JS, Glover LR, Sanzone KM, Kamhi JF,
Cameron HA (2009): The effects of exercise
and stress on the survival and maturation of
adult-generated granule cells. Hippocampus
19:898-906.

Stuart C, Stuart T (1997): Field Guide to the Mam-
mals of Southern Africa. Cape Town, Struik.

van Dijk MA, Madsen O, Catzeflis F, Stanhope
M], de Jong WW, Pagel M (2001): Protein se-
quence signatures support the African clade
of mammals. Proc Natl Acad Sci USA 98:188-
193.

van Praag H, Christie BR, Sejnowski TJ, Gage FH
(1999a): Running enhances neurogenesis,
learning, and long-term potentiation in mice.
Proc Natl Acad Sci USA 96:13427-13431.

van Praag H, Kempermann G, Gage FH (1999b):
Running increases cell proliferation and neu-
rogenesis in the adult mouse dentate gyrus.
Nat Neurosci 2:266-270.

van Praag H, Kempermann G, Gage FH (2000):
Neural consequences of environmental en-
richment. Nat Rev Neurosci 1:191-198.

van Praag H, Schinder AF, Christie BR, Toni N,
Palmer TD, Gage FH (2002): Functional neu-
rogenesis in the adult hippocampus. Nature
415:1030-1034.

Vessal M, Darian-Smith C (2010): Adult neuro-
genesis occurs in primate sensorimotor cor-
tex following cervical dorsal rhizotomy. ]
Neurosci 25:8613-8623.

Warner-Schmidt JL, Duman RS (2006): Hippo-
campal neurogenesis: opposing effects of
stress and antidepressant treatment. Hippo-
campus 16:239-249.

Wojtowicz JM, Kee N (2006): BrdU assay for neu-
rogenesis in rodents. Nat Protoc 1:1399-
1405.

Xiong K, Luo DW, Patrylo PR, Luo XG, Struble
RG, Clough RW, Yan XX (2008): Doublecor-
tin-expressing cells are present in layer II
across the adult guinea pig cerebral cortex:
partial co-localization with mature interneu-
ron markers. Exp Neurol 211:271-282.

Zhang XM, Cai Y, Chu 'Y, Chen EY, Feng JC, Luo
XG, Xiong K, Struble RG, Clough RW, Pat-
rylo PR, Kordower JH, Yan XX (2009): Dou-
blecortin-expressing cells persist in the asso-
ciative cerebral cortex and amygdala in aged
nonhuman primates. Front Neuroanat 3:17.

Zupanc G (2001): A comparative approach to-
wards the understanding of adult neurogen-
esis. Brain Behav Evol 58:246-249.

Brain Behav Evol 2014;84:227-241
DOI: 10.1159/000367934

241

Downloaded by:

Mount Sinai School of Medicine

146.203.126.248 - 12/2/2014 2:24:49 PM



