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This review will discuss adult hippocampal neurogenesis in wild mammals of different
taxa and outline similarities with and differences from laboratory animals. It begins with a
review of evidence for hippocampal neurogenesis in various mammals, and shows the
similar patterns of age-dependent decline in cell proliferation in wild and domesticated
mammals. In contrast, the pool of immature neurons that originate from proliferative activity
varies between species, implying a selective advantage for mammals that can make use of a
large number of these functionally special neurons. Furthermore, rapid adaptation of hippo-
campal neurogenesis to experimental challenges appears to be a characteristic of laboratory
rodents. Wild mammals show species-specific, rather stable hippocampal neurogenesis,
which appears related to demands that characterize the niche exploited by a species
rather than to acute events in the life of its members. Studies that investigate adult neuro-
genesis in wild mammals are not numerous, but the findings of neurogenesis under natural
conditions can provide new insights, and thereby also address the question to which cogni-
tive demands neurogenesis may respond during selection.

In view of the overwhelming amount of infor-
mation about molecular and physiological

properties of neuronal stem cells, progenitors,
and newly born neurons, including their dy-
namic responses to extrinsic and intrinsic in-
fluences, one might wonder why it should be
important to investigate adult neurogenesis in
natural populations of mammals. With at-
tempts to define the role of adult hippocampal
neurogenesis in health and disease in various
laboratory mammals, including humans, it
has become clear that outcomes of experimen-
tal interference with neurogenesis diverge with
changing behavioral and genetic contexts. A

clear picture of the adaptive value of the ob-
served changes has yet to emerge. Despite the
methodological limitations inevitably associat-
ed with research performed in wild, genetically
heterogeneous mammals, it has the major ad-
vantage that the question of functional signifi-
cance of neurogenesis can be addressed by its
adaptive value at the individual, species, and
taxa levels. This article is dedicated to research
performed in wild animals that live their lives in
the contexts of what they have been selected for.
The focus will be on hippocampal neurogen-
esis and presents the findings on (1) the phylo-
genetic prevalence and the variation of adult

Editors: Fred Gage, Gerd Kempermann, and Hongjun Song

Additional Perspectives on Neurogenesis available at www.cshperspectives.org

Copyright # 2015 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a021295

Cite this article as Cold Spring Harb Perspect Biol 2015;7:a021295

1

mailto:i.amrein@anatom.uzh.ch
mailto:i.amrein@anatom.uzh.ch
mailto:i.amrein@anatom.uzh.ch
mailto:i.amrein@anatom.uzh.ch
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org


hippocampal neurogenesis between and within
mammalian orders; (2) experimental studies
investigating whether wild rodents show neuro-
genic plasticity comparable to laboratory con-
specifics and congeners; and (3) whether var-
iations in hippocampal neurogenesis in wild
mammals can be explained by ecological needs
associated with natural living conditions.

IS ADULT HIPPOCAMPAL NEUROGENESIS
A FEATURE COMMON TO MAMMALS?

This section provides a comprehensive review of
mammals that have been investigated for adult
hippocampal neurogenesis (AHN). Although
perhaps dreary, it is a useful list if readers are
searching for evidence in a given family or order.
Reports based on wild or wild-derived mam-
mals are still relatively rare, and, in the species
presentation, domesticated mammals other
than the commonly used laboratory-bred mice
and rats are included as well. Observations in
the rodent order will be used as a starting point
to which findings in other taxonomic units will
be briefly compared. After a short recapitula-
tion of the occurrence of AHN within mam-
mals, the only regulatory mechanism of AHN
that is known to apply to most mammals—the
age-dependent decline—will be discussed.

Evidence of Hippocampal Neurogenesis
in the Order Rodentia

Of all mammalian taxa, the majority of species
investigated for AHN are coming from the ro-
dent order. In the family Muridae (Old World
mice and rats, gerbils, and relatives), hippocam-
pal neurogenesis or aspects thereof have been
shown in wild yellow-necked wood mice (Apo-
demus flavicollis [Amrein et al. 2004b]) using
Ki67 (Fig. 1A), a protein present during mitosis
(Starborg et al. 1996; Scholzen and Gerdes 2000;
Kee et al. 2002) and visualization of doublecor-
tin (DCX) (Fig. 1B), a microtubulin-associated
protein found in migrating and maturating
young neurons (Matsuo et al. 1998; Nacher
et al. 2001). Using the same markers, quantita-
tive data have been presented for wild long-
tailed wood mice (Apodemus sylvaticus [Hauser
et al. 2009]) and F1 of wild trapped house mice
(Mus musculus domesticus [Klaus et al. 2012]).
Using BrdU, cell proliferation was observed in
the latter species also by Schaefers (2013). Ki67
and DCX were used in the study of AHN in wild
Brown Norway rats (Epp et al. 2009), in labora-
tory-bred Cairo spiny mice (Acomys cahirinus
[Amrein et al. 2011]), and in wild Southern Af-
rica spiny mice (Acomys spinossissimus), Nama-
qua rock mice (Micaelamys namaquensis), red
veld rats (Aethomys chrysophilus), and Highveld
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Figure 1. Endogenous markers used for visualizing adult hippocampal neurogenesis (AHN) in wild mammals.
Immunopositive cells in the dentate gyrus of wood mice stained for the proliferation marker Ki67 (A) are found
in the subgranular layer between granular cell layer (gcl) and hilus (hi) and are often seen in clusters. Young
differentiating neurons, immunopositive for doublecortin (DCX) (B) show dendritic branching into the gran-
ule cell layer and beyond. The section in B was counterstained with haematoxylin to visualize the granule cell
layer. Scale bars, 20 mm. (From Hauser et al. 2009; reprinted under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly cited.)
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gerbils (Tatera brantsii [Cavegn et al. 2013]).
Cell proliferation in laboratory-bred gerbils
(Meriones unguiculatus) was documented early
on using BrdU (Dawirs et al. 1998, 2000).

In the family Cricetidae (New World rats
and mice, voles, hamsters, and relatives), prolif-
erating cells in wild American meadow voles
(Microtus pennsylvanicus) were labeled by in-
corporation of injected 3H-thymidine (Galea
and McEwen 1999) and in laboratory-bred prai-
rie voles (Microtus ochrogaster) by using BrdU
combined labeling with glial fibrillary acidic
protein (GFAP), Map-2, NeuN, and TuJ1 (Fow-
ler et al. 2002). AHN has been shown using Ki67
and DCX in wild bank voles (Myodes glareolus),
and European pine voles (Microtus subterraneus
[Amrein et al. 2004b]). Photoperiod-dependent
adult neurogenesis in various brain regions of
laboratory-bred golden hamsters (Mesocricetus
auratus) was described by Huang et al. (1998)
using markers for BrdU in combination with
NeuN and GFAP. A similar approach showed
AHN in laboratory-bred California mice (Pero-
myscus californicus [Glasper et al. 2011]).

In the family Sciuridae (squirrels), prolifer-
ating cells were found in wild Eastern gray squir-
rels (Sciurus carolinensis) after injection of BrdU
(Lavenex et al. 2000). In a study comparing wild
yellow-pine chipmunks (Tamias amoenus) and
Eastern gray squirrels, cell proliferation and neu-
ronal fates were visualized immunohistochemi-
cally using Ki67 and DCX (Barker et al. 2005).
Using the same makers, AHN was compared
between two geographically and behaviorally
distinct populations of wild red squirrels (Ta-
miasciurus hudsonicus [Johnson et al. 2010]).

AHN has been reported in three wild and
laboratory-bred mole-rat species (Amrein et al.
2014; Peragine et al. 2014) of the Bathyergidae
family, among them the naked mole rat (Hetero-
cephalus glaber), and in the wild Gambian giant
rat (Cricetomys gambianus, family Nesomyidae
[Olude et al. 2014]).

Investigations in domesticated and labora-
tory-bred members of other rodent families re-
ported adult neurogenesis in the hippocampus
as well. In guinea pigs (Cavia cavia, family Cav-
iidae), Altman and Das (1967) were the first to
show postnatal cell proliferation using 3H-thy-

midine; whereas, later studies also included
adult animals using BrdU in combination with
NeuN and GFAP (Guidi et al. 2005). BrdU and
PSA-NCAM immunohistochemistry were used
to show AHN in laboratory-bred degus (Octo-
don degus, family Octodontidae [Kumazawa-
Manita et al. 2013]).

Evidence of Hippocampal Neurogenesis
in Other Wild and Domesticated Mammals

In the order of bats (Chiroptera), AHN has been
investigated using markers for Ki67, MCM2,
NeuroD, and DCX. Out of 12 species of wild
and laboratory-bred echolocation bats (also re-
ferred to as Microchiroptera) originating from
South America and Africa, AHN was absent in
nine species and present at low levels in the
remaining three species (Fig. 2) (Amrein et al.
2007). Interestingly, adult neurogenesis is not
absent in all neurogenic niches of bats. Newly
born neurons are abundant in the subventricu-
lar zone (SVZ), and the rostral migratory stream
does not qualitatively differ from that seen in
rodents (Fig. 2E), but the hippocampus lacks
adult-born neurons in most species of the sam-
ple (Fig. 2F). The absence of AHN was con-
firmed in the wild North American brown bat
(Eptesicus fuscus [Wojtowicz 2011]), but not in a
series of other African bats (Chawana et al.
2014), in which the expression of DCX immu-
noreactivity depended on the duration of post-
trapping handling stress. Interestingly, our lab-
oratory-bred tropical bats that were adapted to
human handling and perfused within minutes
after catching were also AHN negative using
multiple AHN markers (Amrein et al. 2007). In
contrast, in megachiropteran species, or fruit-
eating bats, all animals investigated so far show
AHN, albeit at very low levels when compared
with rodents. Robust but low numbers of pro-
liferating cells and young neurons were found in
wild Wahlberg’s epauletted fruit bat (Epomo-
phorus wahlbergi [Gatome et al. 2010]) and in
seven additional species of wild megachiropter-
ans (Chawana et al. 2013).

In contrast to low or absent AHN in bats,
high numbers of young cells of the neuronal
lineage have been reported in the hippocampus
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of carnivores such as cats (Altman 1963), wild
red foxes (Vulpes vulpes [Amrein and Slomianka
2010]), and several dog breeds (Hwang et al.
2007; Siwak-Tapp et al. 2007; De Nevi et al.
2013). Also, AHN has been shown in farm-
bred mink (Neovison vison [Malmkvist et al.
2012]) and laboratory-bred ferrets (Mustela
putorius furo [Takamori et al. 2014]). Quantita-
tive data indicate that wild foxes host 15 times as
many young neurons in their dentate gyrus than
beagles and, corrected for age (Amrein et al.
2011), far more than rodents.

AHN has been reported in wild Eastern rock
sengi (Elephantulus myurus, Order Macro-
scelidae, also referred to as elephant shrews),
an interesting mammal with an allometric hip-
pocampal progression that equals humans (Slo-
mianka et al. 2013). Despite very high numbers
of DCX-positive cells, AHN in the sengi does
not deviate quantitatively from rodents owing
to their exceptional high number of granule
cells. In the order of Afrosoricida, AHN has
been shown to remain on a surprisingly high
level even at old age in laboratory-bred lesser
hedgehog tenrec (Echinops telfairi [Alpár et al.
2010]), and appears high—judged by DCX dis-
tribution—in an adult wild giant otter shrew
(Potamogale velox [Patzke et al. 2013a]).

In the order Artiodactyla (even-toed ungu-
lates), hippocampal cell proliferation has been
shown with BrdU and markers against the M1
subunit ribonucleotide reductase (RNR), GFAP,
calbindin, neurofilament, and nestin in adult
domesticated pigs (Sus domesticus [Zhu et al.
2003; Guidi et al. 2011]) and in sheep (Ovis aries
[Zhu et al. 2003]). Using BrdU in combination
with Sox2, DCX, NeuN, and S100, the age-
dependent regulation of AHN in sheep has
been investigated in detail (Brus et al. 2013b).
Hippocampal proliferation has been shown in
rabbits (Oryctolagus cuniculus, order Lagomor-
pha), using 3H-thymidine (Gueneau et al. 1982)
and RNR, GFAP, calbindin, neurofilament, and
nestin (Zhu et al. 2003). Interestingly, rabbits
show neurogenesis in more brain regions than
rodents (for review, see Bonfanti and Ponti
2008). Tree shrews (Tupaia glis, order Scanden-
tia) were investigated with BrdU and neuron-
specific enolase (NSE) (Gould et al. 1997). Us-
ing DCX, young hippocampal neurons have
been shown in the largest terrestrial mammal,
African elephants (Loxodonta africana, order
Proboscidea [Patzke et al. 2013b]).

In the order of Eulipotyphla (the taxonomic
order comprising most of the former insecti-
vores), AHN has been shown using Ki67 and
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Figure 2. Neurogenic niches in mouse and bats. Mice (A) and echolocating bats (B) show comparable levels of
proliferating cells in the subventricular zone (SVZ) and rostral migratory stream (C,E); however, proliferation
activity in the hippocampus of bats (F) is completely missing, whereas mice show many proliferating cells in the
subgranular layer of the dentate gyrus (D). Proliferating cells are visualized immunohistochemically using Ki67.
Scale bars, 1 mm (A,B); 25 mm (C–F). (From Amrein et al. 2007; reprinted, with permission, from the authors.)
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DCX in wild European moles (Talpa europaea)
and hedgehogs (Erinaceus concolor [Bartkowska
et al. 2010]) and with BrdU in combination
with NeuN in wild common and pygmy shrews
(Sorex araneus and Sorex minutus [Bartkowska
et al. 2008]). The number of proliferating cells
in moles and hedgehogs appear rather low in
comparison to rodent data; total granule cell
number was, however, not assessed, and a quan-
titative comparison is therefore difficult. Of in-
terest is that, in shrews, AHN is literally switched
off after the first winter and remains off for the
remainder of the animal’s life.

In marsupials of the Australian region,
AHN has been shown in the laboratory-bred
mouse-like fat-tailed dunnart (Sminthopsis
crassicaudata, order Dasyuromorphia) based
on 3H-thymidine incorporation and immuno-
histochemistry for GFAP, PSA-NCAM, and cal-
bindin (Harman et al. 2003). AHN has also
been shown in an American marsupial (order
Didelphimorphia), the laboratory-bred gray
short-tailed opossum (Monodelphis domestica),
using BrdU in combination with NeuN, DCX,
and GFAP (Grabiec et al. 2009).

Patzke et al. (2015) presented qualitative ev-
idence of AHN by DCX immunohistochemistry
in 71 species, among them from two species
out of two orders that have not been investigat-
ed before (rock hyrax, order Hyracoidea, and a
manatee, order Hyracoidea). Only in the order
of Cetacea, they report a lack of DCX-positive
cells in the hippocampus of Northern minke
whale (Balaenoptera acutorostrata) and harbor
porpoise (Phocoena phocoena). Although the
lack of neurogenesis is by now almost more in-
teresting than its presence, DCX was the only
marker used. DCX staining does show some
species differences (Gatome et al. 2010; Slo-
mianka et al. 2013; Amrein et al. 2014) and
may be weak when PSA-NCAM generates a
strong signal or vice versa. Observations in Ce-
tacea should be confirmed using multiple mark-
ers for proliferating cells and differentiating
young neurons.

In the order of primates, there is no report
on AHN in the suborder of prosimians made up
by the lemurs, lorises, pottos, and bushbabies.
Several species of the suborder of higher pri-

mates, or Anthropoidea, have been investigated.
In laboratory-bred New World primates, hippo-
campal neurogenesis has been reported for the
common marmoset (Callithrix jacchus), using
BrdU combined with immunohistochemistry
against the neuron-specific enolase NSE (Gould
et al. 1998) or BrdU in combination with DCX,
PSA-NCAM, and GFAP (Marlatt et al. 2011),
and in the squirrel monkey (Saimiri sciureus)
using BrdU/NeuN labeling (Lyons et al. 2010).
In laboratory-bred Old World primates, AHN
was observed in rhesus and cynomolgus mon-
keys (Macaca mulatta and Macaca fascicularis)
by administration of BrdU in combination with
extensive immunohistochemistry (TOAD-64,
calbindin, NSE, GFAP, PCNA, O4, CNP, NeuN,
and TuJ) (Gould et al. 1999; Kornack and Rakic
1999), including detailed age-dependent assess-
ments of AHN and hippocampal principal
cell numbers during development and aging
in rhesus monkey (Jabès et al. 2010a,b). In Jap-
anese macaques (Macaca fuscata), BrdU was
used in combination with markers for Musa-
shi1, Nestin, NeuN, b-tubulin class III, GFAP,
S100-b, CNP, and GAD (Tonchev et al. 2003). In
comparison to rodents, adult primates show
markedly lower proliferation rates and a lower
number of cells taking a neuronal fate (Tonchev
and Yamashima 2006), as well as much longer
maturation times of the newly born cells
(Ngwenya et al. 2006; Kohler et al. 2011) (for
in-depth species comparisons of maturation
time in the hippocampus and SVZ in long-
and short-lived mammals, see Brus et al.
2013a). In the superfamily Hominoidea (gib-
bons, great apes, and humans), AHN has been
documented in humans (Homo sapiens) only:
first in cancer patients older than 57 years using
BrdU, NeuN, and NSE (Eriksson et al. 1998),
during development until the first postnatal
year using Ki67 (Seress et al. 2001), and, finally,
in one study, covering the entire life span
(Knoth et al. 2010). Quantitatively, the human
data appear surprisingly close to the observa-
tions in Old World primates. It has been calcu-
lated that the daily cell proliferation accounts
for 0.004% of total granule cells both in adult
macaques (Kornack and Rakic 1999) and adult
humans (Spalding et al. 2013).

Adult Hippocampal Neurogenesis in Mammals

Cite this article as Cold Spring Harb Perspect Biol 2015;7:a021295 5



AHN as a Common Trait in Mammals

In mammals investigated so far, AHN seems to
be the rule with exceptions in the chiropteran
and cetacean order. Except for rodents, however,
reports are limited to few or only one species per
order (Kempermann 2012), and even from only
one or two individuals. Despite these limita-
tions, it would be a surprising (and annoying)
joke of statistics if AHN proves not to be a wide-
spread mammalian trait. There is, however, still
room for a surprise of the type provided by
cetaceans and echolocating bats. These excep-
tions are not of minor importance. Bats, after
rodents, are the second-most specious group of
mammals and account for �20% of all known
living mammalian species. A successful evolu-
tionary radiation is possible with and without
AHN. Also, AHN can, in fact, be lost. As an
energetically demanding process, this would
confer a selective advantage to species that lose
AHN. That AHN is maintained in many mam-
mals suggests that the advantages that AHN can
provide outweigh the costs, providing strong,
albeit indirect, evidence for a functional signifi-
cance of the newly formed cells.

Comparing the Age-Dependent Regulation
of Hippocampal Neurogenesis in Wild and
Laboratory-Raised Mammals

In comparison to data available from laboratory
animals, our knowledge about neurogenesis in
wild mammals is limited with regard to aspects
of AHN beyond its presence or absence. Com-
parative approaches to define the adaptive value
of adult-generated neurons in vertebrates are
still fragmentary (summarized in Barker et al.
2011). Fortunately, one of the most robust find-
ings, the age-dependent decline in neurogenesis
described in detail in laboratory rodents (Kuhn
et al. 1996; Ben Abdallah et al. 2010), could
be assessed on a broad phylogenetic scale—an-
swering the question of whether the decline is
a consequence of laboratory housing (Zitnik
and Martin 2002) or a natural, age-related
change common to both wild and domesticated
mammals. When focusing on one structure
(hippocampus) in one taxon (mammals), the
number of studies that provide quantitative data

on different species that can be standardized
and compared statistically is relatively small.
Analysis is often hampered by methodological
problems and how neurogenesis-related data
are presented. The problems that have to be
overcome in defining age-related changes per-
tain to practically all studies of AHN in wild
animals and will be briefly presented.

Age determinations in wild-derived mam-
mals are not trivial and rarely can achieve the
precision available for laboratory species. Age
determination in small mammals has been per-
formed using body weight in relation to season
in combination with species-specific measures
such as tooth wear (Amrein et al. 2004b), or
closure of the femoral and humeral epiphy-
seal plate (Amrein et al. 2007; Gatome et al.
2010). Epp et al. (2009) have used eye lens
weights, assessed in both wild rats and labora-
tory conspecifics of known age, for age esti-
mation. Barker et al. (2003) and Cavegn et al.
(2013) combined lens weight with age-depen-
dent structural changes in the number of adhe-
sion lines in the circumferential lamellae of the
femur. Even if it may not be possible to arrive at
an exact absolute age that would allow direct
comparison with laboratory-raised animals, it
is at least possible to age wild animals relative to
each other in a rather precise manner.

Comparing quantitative data of AHN in
animals that differ a great deal in body and brain
size asks for standardization. Finding 1000
young neurons in a dentate gyrus comprising
500,000 mature granule cells implies a different
functional weight than finding 1000 young neu-
rons in a hippocampus containing 10 million
granule cells. There are large methodological
differences in referencing proliferating cells or
young cells of neuronal lineage to other mea-
surements—if this is done at all. In the literature,
AHN data is often presented as density mea-
surements relative to area or volume. Although
such measurements may be useful for within-
species/within-study comparisons, comparisons
across studies and species are seriously ham-
pered. Density is not even a proxy for cell num-
ber across commonly used laboratory mouse
strains. For example, neuronal density is higher
in the dentate gyrus of C57BL/6J than in NZB
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and DBA strains, whereas total granule cell
number is actually lowest in C57BL/6J (Abu-
saad et al. 1999). Consequently, we and others
assess AHN-related data using design-based
stereological methods (West et al. 1991; Schmitz
and Hof 2005) and present quantitative data
of AHN as estimates of total numbers and as a
percentage of total number of resident gran-
ule cells. By doing so, data can be compared
between species, and data quality in terms of
the precision of cell number estimates can be
judged (Slomianka and West 2005).

A comparative analysis on the age-depen-
dent regulation of AHN in wild and laborato-
ry-kept animals (Amrein et al. 2011) was based
on such standardized AHN data sets. Surpris-
ingly, on a broad phylogenetic scale, the age-
dependent down-regulation of hippocampal
cell proliferation does not differ between wild
and laboratory conspecifics, nor is there a dif-
ference between short- and long-lived species or
precocial and altricial ones (Fig. 3A) (see Am-
rein et al. 2011 for the complete list of species).
Hippocampal cell proliferation seems to decline
chronologically with absolute age in a similar
manner in all species, independent from differ-
ences in ontogenetic pace. Analyzed for major
life history stages (infancy, adolescence, and
adulthood), long-lived mammals such as foxes
and primates show a significantly lower prolif-
eration rate than rodents at any biologically im-
portant stage (Fig. 3B). In a separate analysis, a
model of the exponential decline of cell prolif-
eration reveals that .80% of the new cells that
could possibly be generated during the life span
have been born in the hippocampus of both a
6-mo-old mouse and a 30-yr-old human (Lazic
2012). Taken together, the findings imply that
an exponential decline of hippocampal prolif-
eration is a phylogenetically fixed trait. With the
exception of shrews (Bartkowska et al. 2008),
hippocampal proliferation does not cease com-
pletely, but continues on a low level throughout
late adult life. There is now good evidence that
humans do not deviate from this pattern either
(Knoth et al. 2010; Spalding et al. 2013). Main-
taining a small but constantly dividing cell pop-
ulation in the hippocampus even at old age
would indicate that an ontogenetically protract-

ed part of the CNS development has turned into
a persistent regulated process that appears evo-
lutionarily stable for the majority of mammals.
Interestingly, the analysis for the number of
young neurons indicates that this part of AHN
is less strictly regulated by age; some species
such as spiny mice or foxes show a larger vari-
ation in the number of young neurons than
would be expected from the proliferation data
(Amrein et al. 2011). Foxes are proverbially cun-
ning and show exceptional adaptability to nat-
ural and man-made environments. Foxes, in
which proliferation does not deviate from the
rodent data, most likely satisfy the need for
young, excitable neurons by extending the mat-
uration phase of the young neurons (Amrein
and Slomianka 2010). An extended maturation
time has been described in primates as well. A
minimum of 6-mo maturation time for young
neurons in the primate hippocampus has been
reported (Ngwenya et al. 2006; Kohler et al.
2011). Extending the period during which the
newly formed neurons show their distinct func-
tional properties (Cameron and McKay 2001;
Deng et al. 2009) appears to be an efficient
way to serve the adaptive value of AHN despite
or as a response to the age-dependent down-
regulation of cell proliferation.

To date, it is not known how the length of
maturation is regulated in different species, nor
is it known whether the difference affects only
one or several of the stages that the cells pass
through—questions that could be addressed in
laboratory mice. Understanding the mecha-
nisms of extended neuronal maturation would
represent a major breakthrough in AHN re-
search, and provide a new venue for interventive
approaches that aim at the modulation of AHN.

NEUROGENIC PLASTICITY IN WILD
RODENTS

Experimental studies often center on the ques-
tions of what does alter the extent of AHN, and/
or how behavioral outcomes change in relation
to altered AHN. The plasticity of AHN in labo-
ratory rodents in response to experimental con-
ditions is the cornerstone on which numerous
research works are based. Usually, these tests last
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for weeks or months to assess all stages of AHN
(e.g., to account for the time it takes from cell
proliferation to the functional integration of
young neurons). Owing to this time lag, a plas-
tic response—in particular in cell prolifera-
tion—to a sudden event cannot have immediate

fitness consequences under natural living con-
ditions. For wild mammals, harboring a certain
number of young, excitable neurons on standby
appears more sensible. We would, therefore, ex-
pect that AHN in a wild mammal is tuned to the
requirements of its environment in “anticipa-
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Figure 3. Similar decline of cell proliferation with chronological age. (A) Common exponential decline of
standardized numbers of proliferating cells (as a percentage of total granule cell number) during aging of
laboratory and wild rodents, foxes, and primates. (B) Log-transformed data with respect to major life history
stages reveal that primates (red line) and foxes show lower cell proliferation at each stage than rodents (blue line).
(From Amrein et al. 2011; adapted, with permission, from John Wiley and Sons # 2011.)
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tion” of the needs that are to be expected in a
particular ecological niche. The following sec-
tion reviews experiments that investigated AHN
plasticity in wild animals along with laboratory
animals.

Exercise and AHN in Wild Mammals

In the laboratory, experiments that recreate as-
pects of natural living conditions such as ma-
ternal care (Bredy et al. 2003), reproductive ex-
periences from sex (Leuner et al. 2010) to
motherhood (Pawluski and Galea 2007; Ruscio
et al. 2008), aggressive behaviors (Fiore et al.
2005; Veenema et al. 2005), or social interactions
(Fowler et al. 2002; Hoshaw et al. 2006; Lagace
et al. 2010) can modulate neurogenesis in labo-
ratory rodents—whether positive or negative is
surprisingly often a question of species, strain,
gender, or social structure (reviewed by Lieber-
wirth and Wang 2012). Environmental enrich-
ment (Kempermann et al. 1997) and physical
activity (van Praag et al. 1999), also inevitable
parts of natural life, usually increase AHN in
laboratory rodents, a finding that has been rep-
licated by many laboratories (for review, see
Kempermann et al. 2010; Klaus and Amrein
2012; Klaus et al. 2012). It has been suggested
that the individual neurogenic response to exer-
cise in laboratory mice is related to the size of the
dentate gyrus (Llorens-Martı́n et al. 2006). To
investigate whether physical exercise can modu-
late AHN in free-living rodents, wild long-tailed
wood mice (Apodemus sylvaticus) and wild
house mice with low basal neurogenesis were
tested along with laboratory mice under the
same exercise conditions. Voluntary running in-
creases proliferation and neuronal differentia-
tion in laboratory mice, but not in wild wood
mice (Hauser et al. 2009) or wild house mice
(see Fig. 5) (Klaus et al. 2012). There was also
no correlation between activity and AHN as
found in some laboratory mice (summarized
in Klaus and Amrein 2012), despite extreme in-
terindividual activity differences in the wild
mice. It has been argued that a ceiling effect
could apply to the regulation of AHN in the
wild rodents, as wood mice are known to be
physically very active (Niethammer and Krapp

1982). The data do not support this hypothesis.
Wild-derived wood mice housed in normal lab-
oratory cages with no running wheel for 2 weeks
should experience an impoverished environ-
ment. A decrease in AHN would be expected,
but was not observed. After 2 wk of laboratory
housing, running and sedentary wild wood
mice show exactly the same extent of AHN as
wood mice analyzed immediately after trapping,
suggesting that a constant pool of functionally
distinct young neurons is maintained in these
small rodents, despite environmental changes
and experimental challenges (Hauser et al.
2009). Also, the basal AHN in wild house mice
is surprisingly low. C57BL/6 show �5 times
higher numbers of proliferating cells and �2
times more young cells of the neuronal lineage
than age-matched wild house mice (Klaus et al.
2012). Despite these relatively low levels, run-
ning does not lead to a significant increase in
AHN in wild house mice, an observation that
has been replicated by others (Schaefers 2013).

Reduced Context Sensitivity in Wild
Mammals

In laboratory rodents, the positive effect of
physical exercise on AHN can be lost if the ac-
tivity is not entirely voluntary. Treadmill run-
ning influences AHN positively only up to a
certain speed; high-speed forced treadmill run-
ning reverses the positive effect (Kim et al. 2003;
Lou et al. 2008). Conditions creating a necessity
for the animal to run (e.g., if laboratory mice
were given their daily food only after a certain
distance run) kept proliferation at basal levels,
even though the distance that was run was the
same as under voluntary conditions (Klaus et al.
2012). The emotional valence, or hedonic value
(Leuner et al. 2010) of a given context can at-
tenuate or even reverse a common regulatory
mechanism for AHN in laboratory rodents,
and increasing evidence indicates that the ani-
mals emotional state at the time when the new
neurons are born impact on the responsiveness
and fate of the young cells later on (Glasper et al.
2012; Groves et al. 2013). An evolutionary ad-
aptation to the sum of aversive and appetitive
stimuli characteristic for an ecological niche
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makes it understandable why context sensitivity
is not apparent in wild animals. Wild house
mice exposed to the “running for food” exper-
iment (Fig. 4) do not show altered AHN relative
to controls (Klaus et al. 2012), and environmen-
tal changes, as described above, do not change
AHN extent in the wild wood mice. There is
evidence that this stability is not only apparent
over the 2 wk of experimental time as in the
studies discussed above. Stable AHN has also
been reported in squirrels despite seasonally
varying requirements for spatial memory pro-
cessing (Lavenex et al. 2000). In contrast, chang-
es in hippocampal volume in relation to season
and gender have been reported in wild Richard-
son’s ground squirrel (Burger et al. 2013). Fur-

ther investigations are therefore needed, but the
apparent lack of AHN response to seasonally
changing requirements in wild mammals is
in striking contrast to the strong seasonal re-
cruitment of young neurons found in birds
(for comparative reviews, see Barker et al.
2011; Grandel and Brand 2013). Interindividual
AHN variation of control and experimentally
challenged wild mammals is surprisingly small,
despite their presumably large genetic variabil-
ity, large individual differences in behavioral
performance, and variable age (see Fig. 4). In
theory, trapping itself is a selective procedure
that may generate a bias toward a specific group
of animals from the species under investigation.
This is most likely not the case, as in the F1 of
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Figure 4. AHN stability in wild versus plasticity in laboratory rodents. High individual variability in the number
of proliferating cells (Ki67) and young neurons (DCX) owing to experimental challenges in the running C57BL/
6 stands in contrast to stable AHN with low interindividual variability in age-matched F1 of wild house mice and
wild long-tailed wood mice. The experimental effect of voluntary running on AHN is significant in C57BL/6,
but not in house mice or wood mice. If rodents have to run to get their food, running becomes a necessity, and
running for food (runnerff ) counteracts the positive effect of physical activity on AHN in C56BL/6, but not in
wild house mice. Baseline: wild mice investigated right after trapping. (Data from Hauser et al. 2009 and Klaus
et al. 2012.)
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wild house mice, bred in captivity, small inter-
individual AHN variation can be observed as
well. How can the context sensitivity of AHN
in laboratory rodents be explained? Continu-
ous physical stimulation leads to an epigenetic
modification in the dentate gyrus after 4 wk
of voluntary exercise in laboratory rats (Collins
et al. 2009), coinciding with an attenuation of
AHN after long-term exercise (Naylor et al.
2005). Also, laboratory mice of two different
strains that were exposed to an enriched envi-
ronment early in development show stable
AHN when challenged as adults in a running
experiment (Schaefers 2013). It would be pre-
mature to conclude that contextual and physical
stimulations or the lack thereof in early devel-
opment predict whether challenges later in life
lead to a plastic response of AHN. As shown by
Schaefers (2013), rearing offspring of wild-de-
rived house mice in a deprived environment is
not sufficient to induce plasticity of AHN at
later ages. During domestication of laboratory
rodents, genetic and epigenetic alterations may
have led to the persisting opening of pathways in
AHN regulation. In contrast, plastic changes of
AHN are not, or only partially, operative in free-
living individuals, indicating that wild rodents
show species-specific AHN levels that do not
respond or respond weakly to momentary shifts
in activity, environment, context, or cognitive
requirements. The species-specific AHN levels
can differ quite substantially between close and
distant phylogenetic groups; its variation by far
exceeds experimentally induced alterations of
AHN. The next section will discuss the evidence
for differences and similarities explained by spe-
cific ecological requirements and the sharing of
common traits.

FUNCTIONAL ASPECTS OF HIPPOCAMPAL
NEUROGENESIS VARIATION IN WILD
MAMMALS

Based on the experiments described so far, we
suggest that AHN in wild mammals is fine-
tuned to the demands characteristic for the spe-
cies niche. We thus turn again to basal AHN
on a species level and discuss findings that are
shared between species.

“Use It or Lose It” in Free-Living Mammals

Shors et al. (2012) have formulated the “use-it-
or-lose-it” concept for AHN in laboratory ro-
dents, as many behavioral experiments that in-
clude some forms of learning increase the sur-
vival rates of young cells. Free-living mammals
have to cope with a multitude and, in many
ways, continually changing stimuli throughout
their life. On a narrow phylogenetic scale, there
is evidence that the extent and onset of the age-
dependent down-regulation of AHN can differ
in wild rodents. In voles, similar to laboratory
rodents, AHN declines steadily (Amrein et al.
2004b). Wild rats show higher levels of AHN
than laboratory-kept rats at young age, but it
becomes indistinguishable after �2 mo of age
(Epp et al. 2009). In hedgehog tenrecs (Alpár
et al. 2010), Namaqua rock mice (Cavegn et al.
2013), and wood mice (Amrein et al. 2004b),
AHN declines slower than in laboratory mice
until average life expectancy, and even older an-
imals retain a relatively high AHN. Wood mice
do not only have a higher level of AHN, but also
differ from voles in their learning abilities. They
adapt faster to new environments and show in-
creased efficiency in place learning and reversal
than voles (Galsworthy et al. 2002). This agrees
well with the complexity of the ecological niche
and habitat requirements of the animals. Small,
homogeneous territories (voles and house
mice) are associated with low AHN that declines
fast with age. Complex territories with overlap-
ping home ranges of individuals (wood mice
and rock mice) are associated with a high level
of AHN that declines at a slower rate.

The Energetic Trade-Off Under
Natural Conditions

Cell proliferation is an energetically expensive
endeavor (Vander Heiden et al. 2009), and the
generation, differentiation, and subsequent
elimination of a large number of young neurons
might be maintained if energy is not limited.
Any of these processes could become a regula-
tory target under conditions of scarce nutrients
or biological processes with high-energy de-
mands. An efficient way to make the most of
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AHN in hard times is keeping proliferation low
and increasing the survival of the young neu-
rons. Dietary restriction in laboratory rats and
mice does indeed increase the survival of newly
born neurons without affecting cell prolifera-
tion (Lee et al. 2000, 2002). In wild rodents
living in a challenging environment, two ener-
gy-saving strategies, low proliferation and high
numbers of young neurons were found (Cavegn
et al. 2013). Likewise, pregnancy and lactation
are heavy energetic burdens on small mammals,
and studies in laboratory rodents report a de-
crease in AHN during gestation and the post-
partum period, with a recovery of AHN to base-
line levels after weaning (Leuner et al. 2007;
Pawluski and Galea 2007; Kim et al. 2010).
Also, reproductively active wild female meadow
voles show lower proliferation compared with
both males and reproductively inactive females
(Galea and McEwen 1999; Ormerod and Galea
2001). The reduction in AHN is not necessarily
limited to the lactating mother. In Californian
mice in which females and males are engaged
in the care for pups, both parents show reduced
AHN, notably without showing decreased per-
formance in behavioral tests (Glasper et al.
2011), similar to the AHN reduction in the so-
cial prairie vole fathers (Lieberwirth et al. 2013).
In wild Namaqua rock mice, previous reproduc-
tion led to a permanent reduction in AHN. Fe-
males that had at least one pregnancy in the
former breeding season show lower AHN than
males (Cavegn et al. 2013); mole-rat breeders
are also lower in neurogenesis than nonbreed-
ing individuals in the eusocial naked mole rats
(Peragine et al. 2014). Breeding pressure, com-
bined with scarce nutrients during winter,
might limit the recovery of AHN permanently.
Under natural living conditions, shrews are
the only species so far in which AHN terminates
completely after the first half of their life, despite
the fact that dormant precursor cells can reenter
cell cycle under experimental conditions (Bart-
kowska et al. 2008). The attenuation is observed
in both sexes, and there is also no evidence that
the down-regulation is hormonally controlled.
The biological advantage of this elimination is
not clear; an energy-saving strategy would, how-
ever, be reasonable as Sorex have a metabolic rate

that is close to the physiological limits (Ocho-
cińska and Taylor 2005).

Spatial Navigation Skills Do Not Correlate
with Hippocampal Neurogenesis

Inasmuch as space is an inevitable part of the
formation of episodic memories, spatial orien-
tation must be associated with a functioning
hippocampus (for an excellent comparative re-
view on spatial learning and hippocampus, see
Lee et al. 1998). The contribution of young neu-
rons to this behavior in wild mammals is far
from clear. Early on, increased AHN in rodents
that occupy large territories was observed (Am-
rein et al. 2004b), a finding that corresponded
well with the initial reports that hippocampal-
dependent spatial learning (Moser et al. 1995) is
improved in mice with higher AHN (Kemper-
mann and Gage 2002). Several works using ab-
lation strategies in which AHN was eliminated
by irradiation or by constitutive or inducible
transgenic approaches failed to show an effect
on spatial learning in the Morris water maze
(summarized in Marı́n-Burgin and Schinder
2012). Likewise, a meta-analysis of probe trial
data as a measure of spatial memory in the water
maze found no relationship between behavioral
performance and ablated AHN (Groves et al.
2013). Also in wild animals, only weak or no
correlations have been found between AHN
and markedly different hoarding behavior be-
tween geographically separated populations of
squirrels (Johnson et al. 2010) or between spe-
cies (Barker et al. 2005). Gender-specific varia-
tions of territory size in sengis (Slomianka et al.
2013), wild wood mice (Amrein et al. 2004a,b),
and Namaqua rock mice (Cavegn et al. 2013)
are not mirrored in AHN differences once total
granule cell number is taken into account. The
relation between spatial learning and AHN
might depend critically on the complexity of
the environment, which can, but not necessarily
has to be, associated with the absolute size of the
home range. The case of echolocating bats and
cetaceans with their needs in home range and
migratory navigation makes a strong point that
AHN is not required for precise spatial orienta-
tion in their niche. An issue that has not been
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addressed so far is that echolocating bats have
relatively smaller hippocampi than megachir-
opteran species (Baron et al. 1996), and also,
in whales, the hippocampus is surprisingly
small (Jacobs et al. 1979; Marino 2007) with a
“very diminutive dentate gyrus” (Hof and Van
Der Gucht 2007). The quantitative relations be-
tween hippocampal principal cell numbers are
strikingly different in convergence and diver-
gence between species (Slomianka et al. 2013),
and a full understanding of the functionality of
newly born neurons on a phylogenetic scale may
only be gained if we consider these neurons in
the context of the functional circuitry in which
they are integrated.

The Emergence of Habitat-Specific Patterns
in Basal Neurogenesis

An ecological niche with a high likelihood of
variations in the spatial and temporal distribu-

tion of food resources, conspecifics, and preda-
tors requires high behavioral flexibility from its
inhabitant. As a consequence, we and others
have argued that AHN might contribute to be-
havioral flexibility (Amrein et al. 2007; Amrein
and Lipp 2009; Garthe et al. 2009). A compar-
ison of 11 rodent species originating from dif-
ferent habitats supports this hypothesis. When
analyzing four mouse species from a cold Euro-
pean habitat, four mouse species from Southern
Africa, a habitat that is characterized by dry
seasons and high temperature variations (Ca-
vegn et al. 2013), and three strictly subterranean
mole-rat species (Amrein et al. 2014), it be-
comes apparent that mole rats living in their
relatively stable, protected tunnel system have
the lowest AHN, rodents from the European
climate take an intermediate position, and the
highest AHN is observed in the South African
surface-dwelling rodents (Fig. 5). The habitats
were chosen because of the manifold differences
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Figure 5. Habitat pattern of basal AHN in rodents. Estimated numbers of young neurons (DCXþ or PSA-
NCAMþ) as a percentage of total granule cells (normalized young neurons) relative to tentative age are markedly
lower in subterranean mole rats compared with surface-dwelling rodents. Within the surface-dwelling rodents,
the South African species from an environmental challenging habitat form their own cluster. (Data from Amrein
et al. 2011, 2014; Cavegn et al. 2013.)
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in ecological parameters, of which temperature
and rainfall variations (Peel et al. 2007) with
the associated fluctuations in food resources
are probably the most important factors. It is
known that environmental challenges for small
mammals in hot and dry conditions exceed the
ones for animals living in cold climates (e.g.,
the upper critical temperature for an euthermal
mammal is less variable than the lower critical
temperature), and also water conservation re-
quires extensive adaptations on the physiologi-
cal and behavioral level (Merritt 2010). Mole
rats deal with temperature variations by digging
deep blind tunnels for thermoregulation (Jarvis
and Bennett 1991). Whether the sum of all eco-
logical factors or certain aspects thereof impact
AHN remains an open question. As the eight
surface-dwelling species are members of three
murine subfamilies, we could test for the phy-
logenetic impact on AHN. The analysis showed
that phylogenetic relatedness does not explain
the observed variability of AHN. The data in-
dicate that basal AHN becomes a target of
concerted shifts that can be assigned to selec-
tive pressures associated with varying habitats.
Interestingly, such a concerted shift has been
shown for life expectancy and mating behavior
in males of 52 insectivorous marsupial species
in response to food availability; the latter is a
function of latitude of the habitat, ranging from
grassland to forest (Fisher et al. 2013). Based on
the findings in wild mammals, we hypothesize
that species-specific regulation of AHN and, of
cellular stages, most likely the immature DCX-
or PSA-NCAM-positive neuron, are the sub-
strates for adaptive responses to environmental
challenges. Following the call for a more natu-
ralistic perspective on the concept of AHN func-
tion (Kempermann 2012), more quantitative
data on AHN in various species, including rel-
evant ecological factors, are needed to verify
whether our observations are taxon-specific or
can be generalized to a wider range of mammals.

OUTLOOK INTO THE WILD

Belyaev (1979) formulated the idea that domes-
tication destabilizes regulatory systems that, in
wild conspecifics, are tightly tuned to the envi-

ronmental conditions to which the species is
adapted. Domestication alters the phenotype,
behavior, and brain size in many mammals
including rodents (Kruska 1988) and induces
changes in, for example, neuroendocrine and
neurotransmitter systems (Trut et al. 2009).
These systems have been shown to be important
players in the modulation of AHN (McEwen
et al. 2002; Pathania et al. 2010). Consequently,
the high plasticity of AHN in laboratory rodents
might be enabled by processes linked to do-
mestication. As reviewed here, AHN in wild
members of mammalian species is surprisingly
stable. The plasticity in the regulation of neuro-
genesis in domesticated mammals and the lack
thereof in wild mammals are the first issues that
could be addressed in future research. Second,
species-specific variations in the maturation
length of immature neurons could be investigat-
ed for their functional impact. Third and last, if
we assume that AHN in mammals has similar
functions across phylogenetic groups and dur-
ing ontogenetic development, we have to find a
causal relation that is robust to the age-depen-
dent decline and, in terms of life history pace,
robust to dramatic differences in the numerical
availability of young neurons between short-
lived and long-lived mammals.
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