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Adult neural stem cells: Long-term selfrenewal, replenishment by the immune
system, or both?
Barbara S. Beltz*, Emily L. Cockey, Jingjing Li, Jody F. Platto, Kristina A. Ramos and
Jeanne L. Benton
The current model of adult neurogenesis in mammals suggests that adult-born
neurons are generated by stem cells that undergo long-term self-renewal, and
that a lifetime supply of stem cells resides in the brain. In contrast, it has recently
been demonstrated that adult-born neurons in crayfish are generated by
precursors originating in the immune system. This is particularly interesting
because studies done many years ago suggest that a similar mechanism might
exist in rodents and humans, with bone marrow providing stem cells that can
generate neurons. However, the relevance of these findings for natural
mechanisms underlying adult neurogenesis in mammals is not clear, because of
uncertainties at many levels. We argue here that the recent findings in crayfish
send a strong signal to re-examine existing data from rodents and humans, and
to design new experiments that will directly test the contributions of the immune
system to adult neurogenesis in mammals.

.

motivate new studies specifically testing
the contribution of the immune system
to adult neurogenesis. Such studies may
be of vital importance in understanding
neurological conditions and diseases
that have been associated with adult
neurogenesis [7]. If adult neurogenesis
in mammals is dependent on the
immune system in critical ways, as is
apparently the case in some decapod
crustaceans, our understanding of the
etiology of these diseases will advance
and thereby reveal new therapeutic
opportunities via the immune system.
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Cells from the immune
system generate adultborn neurons in a nonvertebrate model

Introduction

Our research group has recently published findings demonstrating that the
immune system is the source of neuronal precursors underlying adult neurogenesis in the crayfish Procambarus
clarkii and Pacifasticus leniusculus [6].
As in other decapod crustaceans, neurogenesis persists in the adult brains of
these organisms, and there are many
structural and mechanistic parallels
with adult neurogenesis in mammals [8].
The 1st-generation neuronal precursors,
which are functionally analogous to
neuronal stem cells in vertebrate species, reside in a vascularized neurogenic
niche that has many of the same
features as neurogenic niches in

It has been nearly two decades since
studies in mammals, including humans,
suggested that cells from bone marrow
are capable of migrating into the brain
and generating glia and neurons [1–5].
The potential applications of these
findings for regenerative medicine are
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indisputable. However, the possible
significance of bone marrow as a
natural source of neuronal precursors
is less clear, for reasons summarized
below. Data from a non-vertebrate
model now point to precisely this
mechanism – the immune system
providing neuronal precursors responsible for adult neurogenesis – as a
normal physiological process [6]. Might
this mechanism be conserved in later
branches of the metazoan phylogeny, as
are so many aspects of neuronal development and function? This possibility
and the existing literature on the
relationship between bone marrow
and brain in mammals will hopefully
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Figure 1. A model summarizing the events leading to the production of olfactory and
accessory lobe interneurons in the adult crayfish brain. The cellular machinery consists of a
neurogenic niche containing 1st-generation neural precursors, migratory streams containing
2nd-generation precursors, and two clusters of olfactory interneurons (clusters 9 and 10). The
spatial relationships between these regions are indicated in the schematic drawing, supplemented with a representative image of BrdU-labeled (red) cells in the niche and proximal parts
of the migratory streams, which are labeled with an antibody to glutamine synthetase (blue).
First-generation precursors in a neurogenic niche divide symmetrically, both daughters migrating
to proliferation zones (MPZ, LPZ) in clusters 9 and 10, where they divide at least once more
before progeny differentiate into neurons. Solid black arrows next to the streams indicate the
direction of migration; blue circular arrows indicate locations of cell divisions. The niche is
connected to the blood system via a central ‘‘vascular cavity’’ in the niche, illustrated in the
diagram (asterisk), and appearing as a black region in the center of the niche image. Hoechst
(cyan) labeling of niche cell nuclei is also shown. Scale bar: niche image, 50 mm.

mammals [8, 9] (Fig. 1). Their daughters,
the 2nd-generation precursors, migrate
along processes of bipolar niche cells
to arrive at two brain cell clusters
that contain interneurons in the olfactory and accessory (multimodal) pathways [10]. These precursors then divide
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at least once more, finally differentiating into neurons that are indistinguishable from other mature neurons in these
clusters in terms of their transmitter
types and targets [11, 12]. The production of adult-born neurons in crustacean
species is also sensitive to many of the

.....

same environmental and endogenous
factors as in mammals, including circadian phenomena [13], seasonality [14],
serotonin levels [15], nitric oxide [16],
physical activity [17], and environmental enrichment [18, 19].
A critical distinction between adult
neurogenesis in crustaceans and mammals is that the 1st-generation neuronal
precursors in crayfish are not self-renewing [20, 21]. This has been unequivocally
demonstrated using pulse-chase double
nucleoside labeling (e.g. 5-bromo-20 deoxyuridine [BrdU], followed after an
interval by 5-ethynyl-20 [EdU]) [20]. This
experiment has shown that the 1stgeneration neuronal precursors in the
niche do not retain BrdU as would be
expected if these divisions were selfrenewing. Further, both daughters of
these divisions (the 2nd-generation
precursors) migrate away from the
niche towards the proliferation zones
(see Fig. 1). Rapid cycling of the niche
precursors (and hence dilution of the
BrdU label) cannot explain these results
because the cycle time of these cells is
48 hours [20]. However, in spite of the
absence of self-renewal among these
1st-generation precursor cells, the neurogenic niche is never depleted, and
neurons continue to be generated
throughout the long lives of these
animals (up to 20 years for some
species). This suggests that the neurogenic niche in crayfish is not a closed
system, and that 1st-generation neuronal precursors must be replenished
from a source extrinsic to the niche.
The presence of an extrinsic source of
neuronal precursors was confirmed with
an experiment in which crayfish received
a single injection of BrdU, and labeling in
the niche was documented daily for
1 week, and at longer intervals until
21 days after injection (Fig. 2) [6]. On days
1–4 after injection, precursor cells in the
niche were BrdU-positive, as previously
shown (e.g. [8, 20, 22]). There was no
labeling on days 5–7 because the BrdU
clearing time (<2 days; [20]) was over,
and the cells that were originally labeled
by the BrdU pulse had divided and the
daughters migrated away from the niche,
towards the brain cell clusters. However,
on days 8–14 following BrdU exposure,
intensely labeled cells were again found
in the niche. As BrdU was no longer
available for renewed labeling of neuronal precursors in the niche at these time
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points, our interpretation is that these
late-appearing BrdU-positive cells must
have incorporated the nucleoside while
still in the source tissue. Thus, the
presence of the gap in labeling between
days 5 and 7 confirms that the nucleoside
has cleared and that no BrdU was
retained in the niche precursor cells,
while the second peak indicates the
arrival of source-labeled cells in the
niche [6].
The identity of the source tissue for
neuronal precursors in the niche has
been investigated both in vitro [20] and in
vivo [6]. Hemocytes, but not other cell
types, were attracted to the niche in
short-term co-cultures [20]. Adoptive
transfer experiments in which EdUlabeled hemocytes from a donor were
transferred to recipient crayfish, demonstrated that donor-labeled hemocytes
rapidly find their way to the recipient
neurogenic niche – but not to other
rapidly-proliferating tissues (e.g. hepatopancreas)[6]. Additional observations
demonstrated that donor cells not only
invade the niche, but also traverse the
migratory streams and populate the two
brain clusters where adult-born neurons
are normally found. Further, after several
weeks, these donor-labeled cells express

neurotransmitters that are appropriate
for the olfactory interneurons that
occupy these cell clusters [6]. Finally,
labeled hepatopancreas cells transferred
from the donor to the recipient crayfish
were not attracted to the niche, thus
showing that the attraction of transferred
hemocytes to the niche is a highly specific
phenomenon that cannot be attributed
either to a transfer of the label to recipient
cells or to cell fusion events – two doubts
that were raised about the prior studies in
mammals (e.g. [23, 24]). These studies
also ruled out persistent neuroblasts (i.e.
traditional ectodermal precursors of
neurons) as a source of adult-born
neurons in crayfish [9, 20, 21], as was
previously proposed [25].

Fundamental neural
mechanisms are
conserved during
evolution
Experiments in crayfish have demonstrated that cells from the innate
immune system generate adult-born
neurons [6]. These data challenge the
canonical view that the ectodermal
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Bone marrow and brain:
Are neuronal stem cells
replenished in mammals?
The proposal in crayfish that cells from
the immune system play a central role in
adult neurogenesis is not a novel idea.
The existing literature includes many
studies suggesting that the immune
system in mammals may also be capable
of providing neuronal precursors. In vitro
work has shown that bone marrow cells
can be induced by various means to
express neuronal properties, including
electrical responsiveness to depolarizing
stimuli [32–35]. Further, a subset of
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Figure 2. Actively proliferating (BrdU-labeled) cells in the neurogenic niche have a bimodal
temporal distribution following a single injection of BrdU. BrdU-labeled cells were quantified
in the niches of crayfish that were sacrificed daily for 1 week after injection, and at intervals
thereafter for 21 days. The probability of observing BrdU-labeled cells in the niche was then
plotted for each of the sampling days. BrdU-labeled cells are observed in the niche on days
1–4 following injection. On days 5–7, niches contain no BrdU-labeled cells. However,
between days 8–14 after injection, BrdU-labeled cells are once again observed in the niche.
(Figure adapted from [6]).

origins of embryonic neural tissues are
the sole source of neurons in the adult
brain. Indeed, platyhelminths and
acoels provide the only other examples
of a life-long non-ectodermal source of
neurons; in these species, pluripotent
stem cells (neoblasts) replenish all cell
types in the organism, including neurons [26, 27].
Historically, invertebrate species
have contributed in vital ways to our
understanding of the nervous system,
and evolution has often provided critical
clues to neuronal function. Prime examples are the experiments using the squid
giant axon that first elucidated the ionic
currents underlying the action potential [28], and work in Aplysia californica
demonstrating the synaptic basis of
learning and memory [29]. Studies such
as these underscore the often high degree
of evolutionary conservation in fundamental neural mechanisms [30]. There is
a long history of contributions from nonvertebrate organisms that have led the
way towards new understanding in the
mammalian brain. With this perspective
in mind, it is therefore intriguing to
entertain the possibility that the immune
system in mammals, and perhaps even in
humans, provides neural stem cells
underlying adult neurogenesis. The
many studies reviewed below suggest
that cells from bone marrow, and specifically mesenchymal stem cells, do have
the capacity to generate neurons. The
ultimate question is whether this is a
natural, ongoing mechanism for replenishment of neural stem cells in the
mammalian brain, as proposed over a
decade ago [1, 31].
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hematopoietic progenitor cells that were
not pre-treated with neuralizing agents
expressed specific neural or oligodendroglial genes [36, 37], and when CD34þ
cells were transplanted into adult brain,
cells containing neural and glial markers
segregated into non-overlapping populations [36]. Thus, expression of neural
proteins by a subset of bone marrowderived cells requires no specific induction, and it is therefore concluded that
some bone marrow cells naturally
express neural or glial genes. Ex vivo
studies have further shown that an
unselected [3, 31, 38, 39] or selected [40]
sub-population of cells from bone marrow, or cells derived from cultured bone
marrow cells (e.g. [41, 42]), tend to
migrate to the brain and express neuronal markers. Very few exceptions to this
trend have been published (e.g. [43]; but
see response in [5]).
The prevailing interpretation of
these studies has been that while bone
marrow cells can generate new neurons
in the adult brain, this is not a normal
physiological process. However, two
retrospective studies in humans [1, 5]
that used sex-mismatched female bone
marrow transplantation patients perhaps provide the most compelling data
related to the possibility of bone marrow
as a source of neural stem cells. While
the neuronal yield was relatively small
in the human studies (2-5 Y-positive
neurons per 10,000 [5], and 1% of
hippocampal neurons [1]), particularly
compared to adoptive transfers of bone
marrow in mice, the presence of these
transgender neurons in humans demonstrated that bone marrow cells can
migrate to brain tissues; once there,
these differentiate into cells that express
neuronal markers and are morphologically indistinguishable from nearby
resident neurons. Cell fusion and the
possibility of microchimerism were
ruled out either in the initial study [1]
or in follow-up studies [44]. Another
concern with these adoptive transfers
was the possible influence of radiation
on the permeability of the blood brain
barrier (BBB) [45–47], and whether
mesenchymal stem cells were able to
cross into the brain only because the
integrity of the barrier was compromised. Studies have demonstrated that
the BBB also is compromised during
brain inflammation or injury, and that
trafficking of leukocytes across the BBB
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is upregulated during these periods [48].
Transmigration of leukocytes (diapedesis or extravasation) occurs by both
paracellular (between endothelial cells
of the BBB) and transcellular (through
individual endothelial cells) routes [49,
50], and mechanisms of leukocyte
transmigration have been described.
However, it is not clear whether mesenchymal stem cells can use similar
mechanisms to cross the BBB [51]. In
mouse models of ischemic stroke and
Alzheimer’s disease, mesenchymal stem
cells introduced intravenously were
able to cross the BBB and migrate into
the brain, but it is assumed the BBB is
compromised in these situations and
that this migratory ability may not
represent an active mechanism in a
healthy individual [52, 53]. Mesenchymal stem cells do express some chemokines and cell adhesion molecules that
are associated with leukocyte homing
behavior [54, 55], but experiments
directly testing the interactions between
mesenchymal stem cells and endothelial cells have yielded inconsistent
results regarding the potential for transmigration of mesenchymal stem cells
across the BBB under healthy circumstances [56–60]; reviewed in [51].

Conflicting explanations
led to a stalemate and
many unanswered
questions
Why has the response to the bone marrow
transplant data in mammals been so
muted? First, several alternative interpretations have been proposed. Among
these, it was shown that bone marrow
cells transplanted to the hippocampus or
striatum of the adult brain can be rejected
by an inflammatory response and can
transfer their donor label to neurons and
glia in the host [24]. The use of BrdU or
other nucleosides as the donor cell label
was cited as particularly vulnerable in
terms of transference to cells in the
recipient, as label from dead cells or
fibroblasts also found its way into
neurons and glia; methods based on
thymidine analogs were therefore
thought to be especially unreliable [23].
Other studies found that adult hematopoieticstemcellsshow little plasticity[61],
suggesting that cell fusion might account
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for the acquisition of broad properties by
descendant lineages [62–64]. However,
cell fusion-independent differentiation
of neural stem cells into cells in the
endothelial lineage has also been documented in vitro [64], suggesting that
transdifferentiation can occur without
cell fusion. Finally, there is strong
evidence that mesenchymal, hematopoietic, and neural stem cells play
important roles in regulating trophic
factors and cytokines in vivo [66–68],
suggesting that the introduction of these
cells from donor to recipient may trigger
responses that could (perhaps in combination with cell fusion) explain the
apparent expansion of labeled donor cell
populations in recipient tissues. In sum,
these studies cited specific concerns
related to the approach and technologies
being used in adoptive transfer studies,
which weakened the impact of findings
in terms of the possible significance of
mesenchymal stem cells as precursors
of neurons by natural physiological
mechanisms.

Do stem cells undergo
long-term self-renewal?
The discussion surrounding mesenchymal stem cells as neuronal precursors
also extends well beyond technical
concerns related to specific experimental approaches. The first key issue is the
presumed long-term self-renewal proposed for adult stem cells, an idea that is
deeply rooted in stem cell biology. The
National Institutes of Health (NIH) Stem
Cell Basics site states, ‘‘The adult stem
cell can renew itself and can differentiate to yield some or all of the major
specialized cell types of the tissue or
organ.’’ (http://stemcells.nih.gov/info/
basics/pages/basics4.aspx). While selfrenewing divisions of adult neural stem
cells have been documented in the
nervous system [69], there is no evidence for long-term self-renewal of
neural stem cells in vivo. Rather, this
idea was adopted from work showing
self-renewal and multi-potentiality of
stem cells in culture [70]. Thus, selfrenewal tends to dominate our thinking.
As a result, experiments are not testing
for potential sources of neural stem cells
outside the nervous system, because
prevailing thought suggests that the
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stem cell population does not need to be
replenished.

The idea that cells might naturally
transdifferentiate from one germ cell
lineage to produce cells in an organ
generated by another germ layer also is
hotly debated. It is known that cells can
be ‘‘reprogrammed’’ in culture and
induced to transdifferentiate (e.g. [65]),
but whether this is also a natural
physiological process is not yet clear.
The 19th century biologists who studied
the three germ layers and their lineages [71, 72] described relationships
among different tissue types and their
tendencies towards discrete and separate lineages within each germ layer.
The perceived boundaries between
these layers may be purely hypothetical,
and transdetermination and/or transdifferentiation may indeed be natural
processes. In vertebrates, the initial
induction of neural ectoderm by mesodermal cells of the notochord suggests
an early and intense relationship
between these two tissues. In this light,
the possibility that the immune system
may provide neural precursors underlying adult neurogenesis could be
viewed as an extension of this close
relationship. The importance and complexities of interactions between the
immune and nervous systems are
underscored by the advent of ‘‘neuroimmunology,’’ a rapidly expanding field
that has spawned an international
society and a number of professional
journals.

Adult neurogenesis and
disease: Urgent questions
and few answers
Studies using rodent disease models have
shown that adult neurogenesis is altered
in a number of psychiatric, cancerous and
neurodegenerative diseases [70]. Three
primary effects on adult neurogenesis
have been associated with these disorders: a reduction in neurogenesis due to
decreased neural stem cell activity or

survival of newborn cells, over-production of neurons, or abnormal differentiation and faulty integration of the new
neurons [7]. Although faulty neurogenesis in the adult brain has been implicated
in several diseases, clinical depression
and epilepsy have received the most
attention. Theories about adult neurogenesis and depression date back to
Jacobs et al. [73] who proposed that
‘‘…the waxing and waning of adult
neurogenesis in the hippocampal formation are important causal factors,
respectively, in the precipitation of,
and recovery from, episodes of clinical
depression.’’ This theory was based on
the finding that fluoxetine and other
antidepressants enhance neurogenesis,
and that stressors associated with the
onset of clinical depression often reduce
neurogenesis. In further support, it was
proposed that the maturation time for
new neurons might account for the
delayed effectiveness of fluoxetine.
However, it has now been shown that
the delay in efficacy is most likely
associated with gradual effects on serotonin transporter turnover in raphe
neurons and the acquisition of serotonergic properties by neurons in the
locus coeruleus [74]. Nevertheless, it is
clear that the effectiveness of some
antidepressants depends upon ongoing
neurogenesis [75], although this is
not universally true [76]. It has been
proposed that hippocampal neurogenesis may be important as a buffer for the
stress response, via hippocampal regulation of the hypothalamic-pituitaryadrenal pathway [77]. While it is unlikely
that alterations in adult neurogenesis
alone cause major depression, newborn
neurons are nevertheless viewed as an
important therapeutic target [78].
Equally compelling are the changes in
hippocampal adult neurogenesis associated with epilepsy, in which an overproduction of neurons and faulty
maturation and migration have been
documented [79–85]. Genetic studies
also suggest that changes in adult
neurogenesis are sufficient to induce
epileptic activity [86].
The dominant hypothesis concerning
the genesis of primary brain cancers is
also pertinent to this discussion, as a
compelling amount of literature now
suggests that neural stem cells are the
founder cells that initiate tumor formation [87, 88]. Brain tumor-derived stem
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cells share several properties with neural
stem cells, expressing markers typical of
neural stem cells found in neurogenic
regions [88], and also share cell surface
markers with hematopoietic lineage
cells [89]. Thus, stem cells involved in
adult neurogenesis are implicated in
tumorigenesis in the brain.
There are many unanswered questions about the role of stem cells and
adult neurogenesis in disease mechanisms, as well as the relationship
between bone marrow and brain. Nevertheless, many beneficial clinical therapies are based on an infusion of bone
marrow, without a complete understanding of why these treatments are
helpful. For example, following adoptive transfer of human mesenchymal
stem cells, rats show remarkable recovery from stroke [67]. In addition, for
boys with cerebral X-linked adrenoleukodystrophy (ALD), a bone marrow or
cord blood transplant early in the
course of the disease can stop the
progression of the disease [90]. Likewise, bone marrow-derived mesenchymal stem cell therapies hold promise for
treatment of Parkinson’s disease and
multiple system atrophy (MSA), both
neurodegenerative disorders [91]. It is
generally thought that the trophic
influences of bone marrow cells account
for many of the clinical benefits of these
transplants [67, 68], but a direct contribution of stem cells derived from bone
marrow has not been ruled out.
The critical questions moving forward will challenge our technical skills
and our receptiveness to new ideas. Do
adult neural stem cells undergo longterm self-renewal in vivo? If neural stem
cells must be replenished, what is the
source of new stem cells – an existing
storage depot in the brain, or sources
extrinsic to the brain? Can mesenchymal
stem cells cross the blood brain barrier in
healthy, untreated mammals? Alternatively, might the immune system in
mammals replenish existing neural stem
cells in the brain, during periods when
the BBB is compromised by disease? Is
transdifferentiation a natural process
involved in adult neurogenesis in mammals? Do neural stem cell niches provide
an environment for nurturing long-lived
stem cells, as currently thought, or rather
a place where pluripotent stem cells may
transform into 1st-generation neuronal
precursors?
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Conclusions and outlook
Following the initial report of adult
neurogenesis in rats [92], it took decades
of debate and study before the general
applicability of these findings was
understood. Today, we know that lifelong neurogenesis in at least some brain
regions is more the rule than the
exception. Therapies and cures for
many diseases depend upon our understanding of stem cells, their capacity for
self-renewal in vivo, their potencies,
and their ability to access the brain.
Perhaps most important of all in terms
of the clinical picture is to resolve
whether the immune system can provide neural stem cells that generate
adult-born neurons. Even if such a
mechanism were just part of the story,
perhaps active only during brain disease or injury when the BBB is compromised, the demonstration of a direct
connection between these systems
would provide a new avenue for therapeutic development, for understanding disease mechanisms, and for
discovering cures. Considering the high
degree of evolutionary conservation of
neural mechanisms, the recent findings
in crayfish send a strong message that
existing data from rodents and humans
should be reconsidered. Further, there
is an urgent need for new experiments
that directly test the contributions of the
immune system to adult neurogenesis
in mammals.
The authors have declared no conflict of
interest.

References
1. Cogle CR, Yachnis AT, Laywell ED, Zander
DS, et al. 2004. Bone marrow transdifferentiation in brain after transplantation: a
retrospective study. Lancet 363: 1432–7.
2. Eglitis MA, Mezey E. 1997. Hematopoietic
cells differentiate into both microglia and
macroglia in the brains of adult mice. Proc
Natl Acad Sci USA 94: 4080–5.
3. Brazelton TR, Rossi FM, Keshet GI, Blau
HM. 2000. From marrow to brain: expression
of neuronal phenotypes in adult mice. Science 290: 1775–9.
4. Mezey E, Chandross KJ. 2000. Bone
marrow: a possible alternative source of cells
in the adult nervous system. Eur J Pharmacol
405: 297–302.
5. Mezey E, Key S, Vogelsang G, Szalayova I,
et al. 2003. Transplanted bone marrow
generates new neurons in human brains.
Proc Natl Acad Sci USA 100: 1364–9.

6

Insights & Perspectives

6. Benton JL, Kery R, Li J, Noonin C, et al.
2014. Cells from the immune system generate
adult-born neurons in crayfish. Dev Cell 30:
322–33.
7. Braun SM, Jessberger S. 2014. Adult neurogenesis and its role in neuropsychiatric
disease, brain repair and normal brain function. Neuropath App Neurobiol 40: 3–12.
8. Sullivan JM, Benton JL, Sandeman DC,
Beltz BS. 2007. Adult neurogenesis: a
common strategy across diverse species. J
Comp Neurol 500: 574–84.
9. Beltz BS, Zhang Y, Benton JL, Sandeman
DC. 2011. Adult neurogenesis in the decapod
crustacean brain: a hematopoietic connection? Eur J Neurosci 34: 870–83.
10. Schmidt M, Harzch S. 1999. Comparative
analysis of neurogenesis in the central
olfactory pathway of adult decapod crustaceans by in vivo BrdU labeling. Biol Bull 196:
127–36.
11. Schmidt M. 2001. Neuronal differentiation
and long-term survival of newly generated
cells in the olfactory midbrain of the adult
spiny lobster, Panulirus argus. J Neurobiol 48:
181–203.
12. Sullivan JM, Beltz BS. 2005. Newborn cells in
the adult crayfish brain differentiate into distinct
neuronal types. J Neurobiol 65: 157–70.
13. Goergen EM, Bagay LA, Rehm K, Benton
JL, et al. 2002. Circadian control of neurogenesis. J Neurobiol 53: 90–5.
14. Hansen A, Schmidt M. 2004. Influence of
season and environment on adult neurogenesis in the central olfactory pathway of
the shore crab, Carcinus maenas. Brain Res
1025: 85–97.
15. Benton JL, Goergen EM, Rogan SC, Beltz
BS. 2008. Hormonal and synaptic influences
of serotonin on adult neurogenesis. Gen
Comp Endocr 158: 183–90.
16. Benton JL, Sandeman DC, Beltz BS. 2007.
Nitric oxide in the crustacean brain: regulation
of neurogenesis and morphogenesis in the
developing olfactory pathway. Dev Dyn 236:
3047–60.
17. Kim YF, Sandeman DC, Benton JL, Beltz
BS. 2014. Birth, survival and differentiation of
neurons in an adult crustacean brain. Dev
Neurobiol 74: 602–15.
18. Sandeman R, Sandeman D. 2000. ‘‘Impoverished’’ and ’’enriched’’ living conditions
influence the proliferation and survival of
neurons in crayfish brain. J Neurobiol 45:
215–26.
19. Ayub N, Benton JL, Zhang Y, Beltz BS.
2011. Environmental enrichment influences
neuronal stem cells in the adult crayfish brain.
Dev Neurobiol 71: 351–61.
20. Benton JL, Zhang Y, Kirkhart CR, Sandeman DC, et al. 2011. Primary neuronal
precursors in adult crayfish brain: replenishment from a non-neuronal source. BMC
Neurosci 12: 53.
21. Benton JL, Chaves da Silva PG, Sandeman
DC, Beltz BS. 2013. First- generation neuronal precursors in the crayfish brain are
not self-renewing. Int J Dev Neurosci 31:
657–66.
22. Zhang Y, Allodi S, Sandeman DC, Beltz BS.
2009. Adult neurogenesis in the crayfish
brain: proliferation, migration, and possible
origin of precursor cells. Dev Neurobiol 69:
415–36.
23. Burns TC, Ortiz-Gonzalez XR, GutierrezPerez M, Keene CD, et al. 2006. Thymidine
analogs are transferred from prelabeled

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

.....

donor to host cells in the central nervous
system after transplantation: a word of
caution. Stem Cells 24: 1121–7.
Coyne TM, Marcus AJ, Woodbury D, Black
IB. 2006. Marrow stromal cells transplanted
to the adult brain are rejected by an
inflammatory response and transfer donor
labels to host neurons and glia. Stem Cells 24:
2483–92.
Schmidt M, Derby CD. 2011. Cytoarchitecture and ultrastructure of neural stem cell
niches and neurogenic complexes maintaining adult neurogenesis in the olfactory midbrain of spiny lobsters, Panulirus argus. J
Comp Neurol 519: 2283–319.
Rink JC. 2013. Stem cell systems and
regeneration in planaria. Dev Genes Evol
223: 67–84.
Hartenstein V. 2014. From blood to brain: the
neurogenic niche of the crayfish brain. Dev
Cell 30: 253–4.
Hodgkin AL, Huxley AF. 1952. Propagation
of electrical signals along giant nerve fibers. P
Roy Soc Lond B Bio 140: 177–83.
Kandel ER, Schwartz JH. 1982. Molecular
biology of learning: modulation of transmitter
release. Science 218: 433–43.
Kokovay E, Shen Q, Temple S. 2008. The
incredible elastic brain: how neural stem cells
expand our minds. Neuron 60: 420–9.
Mezey E, Chandross KJ, Harta G, Maki RA,
et al. 2000. Turning blood into brain: cells
bearing neuronal antigens generated in vivo
from bone marrow. Science 290: 1779–82.
Sanchez-Ramos J, Song S, CardozoPelaez F, Hazzi C, et al. 2000. Adult bone
marrow stromal cells differentiate into neural
cells in vitro. Exp Neurol 164: 247–56.
Sanchez-Ramos JR, Song S, Kamath SG,
Zigova T, et al. 2001. Expression of neural
markers in human umbilical cord blood. Exp
Neurol 171: 109–15.
Kohyama J, Abe H, Shimazaki T, Koizumi
A, et al. 2001. Brain from bone: efficient
‘‘meta-differentiation‘‘ of marrow stromaderived mature osteoblasts to neurons with
Noggin or a demethylating agent. Differentiation 68: 235–44.
Sanchez-Ramos JR, Cardozo-Pelaez F,
Song S. 1998. Differentiation of neuron- like
cells from bone marrow stromal cells. Movement Disord 13: 122.
Goolsby J, Marty MC, Heletz D, Chiappelli
J, et al. 2003. Hematopoietic progenitors
express neural genes. Proc Natl Acad Sci
USA 100: 14926–31.
Tondreau T, Lagneaux L, Dejeneffe M,
Massy M, et al. 2004. Bone marrow- derived
mesenchymal stem cells already express
specific neural proteins before any differentiation. Differentiation 72: 319–26.
Makar TK, Wilt S, Dong Z, Fishman P, et al.
2002. IFN-beta gene transfer into the central
nervous system using bone marrow cells as a
delivery system. J Interferon Cytokine Res 22:
783–91.
Hess DC, Hill WD, Martin-Studdard A,
Carroll J, et al. 2002. Bone marrow as a
source of endothelial cells and NeuNexpressing cells after stroke. Stroke 33:
1362–8.
Bonilla S, Alarcon P, Villaverde R, Aparicio
P, et al. 2002. Haematopoietic progenitor
cells from adult bone marrow differentiate into
cells that express oligodendroglial antigens in
the neonatal mouse brain. Eur J Neurosci 15:
575–82.

Bioessays 37: 0000–0000, ß 2015 WILEY Periodicals, Inc.

.....

Insights & Perspectives

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

stromal cells enhance chimeric vessel development driven by endothelial cell-coated
microtissues. Tiss Eng A 18: 285–94.
Brooke G, Tong H, Levesque JP, Atkinson
K. 2008. Molecular trafficking mechanisms of
multipotent mesenchymal stem cells derived
from human bone marrow and placenta. Stem
Cells Dev 17: 929–40.
Steingen C, Brenig F, Baumgartner L,
Schmidt J, et al. 2008. Characterization of
key mechanisms in transmigration and invasion of mesenchymal stem cells. J Mol Cell
Cardiol 44: 1072–84.
Ankrum J, Karp JM. 2010. Mesenchymal
stem cell therapy: two steps forward, one
step back. Trends Mol Med 16: 203–9.
Wagers AJ, Sherwood RI, Christensen JL,
Weissman IL. 2002. Little evidence for
developmental plasticity of adult hematopoietic stem cells. Science 297: 2256–9.
Morshead CM, Benveniste P, Iscove NN,
van der Kooy D. 2002. Hematopoietic
competence is a rare property of neural stem
cells that may depend on genetic and
epigenetic alterations. Nat Med 8: 268–73.
Wells WA. 2002. Is transdifferentiation in
trouble? J Cell Biol 157: 15–8.
Terada N, Hamazaki T, Oka M, Hoki M, et al.
2002. Bone marrow cells adopt the phenotype of other cells by spontaneous cell fusion.
Nature 416: 542–5.
Wurmser AE, Palmer TD, Gage FH. 2004.
Neuroscience. Cellular interactions in the
stem cell niche. Science 304: 1253–5.
Guo X, Zheng Q, Yang S, Shao Z, et al. 2006.
Repair of full-thickness articular cartilage
defects by cultured mesenchymal stem cells
transfected with the transforming growth factor
beta1 gene. Biomed Materials 1: 206–15.
Li Y, Chen J, Chen XG, Wang L, et al. 2002.
Human marrow stromal cell therapy for stroke
in rat: neurotrophins and functional recovery.
Neurology 59: 514–23.
Kan I, Barhum Y, Melamed E, Offen D.
2011. Mesenchymal stem cells stimulate
endogenous neurogenesis in the subventricular zone of adult mice. Stem Cell Rev 7: 404–
12.
Suh H, Consiglio A, Ray J, Sawai T, et al.
2007. In vivo fate analysis reveals the multipotent and self-renewal capacities of Sox2þ
neural stem cells in the adult hippocampus.
Cell Stem Cell 1: 515–28.
Zhao C, Deng W, Gage FH. 2008. Mechanisms and functional implications of adult
neurogenesis. Cell 132: 645–60.
Pander C. 1817. Beitra€ge zur Entwicklungs€ nner:
geschichte des Hu€hnchens im Ei. Bro
€rzburg.
Wu
von Baer KE. 1828. Entwicklungsgeschichte
der Thiere: Beobachtung und Reflexion.
€ger: Ko
€ nigsberg.
Borntra
Jacobs BL, van Praag H, Gage FH. 2000.
Adult brain neurogenesis and psychiatry: a
novel theory of depression. Mol Psychiatr 5:
262–9.
Baudry A, Mouillet-Richard S, Schneider B,
Launay JM, et al. 2010. MiR-16 targets the
serotonin transporter: a new facet for adaptive responses to antidepressants. Science
329: 1537–41.
Santarelli L, Saxe M, Gross C, Surget A.
2003. Requirement of hippocampal neurogenesis for the behavioral effects of antidepressants. Science 301: 805–9.

Bioessays 37: 0000–0000, ß 2015 WILEY Periodicals, Inc.

76. David DJ, Samuels BA, Rainer Q, Wang JW,
et al. 2009. Neurogenesis- dependent and
-independent effects of fluoxetine in an
animal model of anxiety/depression. Neuron
62: 479–93.
77. Snyder SH. 2011. Serotonin, cytokines, p11,
and depression. Proc Natl Acad Sci USA 108:
8923–4.
78. Sahay A, Hen R. 2007. Adult hippocampal
neurogenesis in depression. Nat Neurosci 10:
1110–5.
79. Ribak CE, Tran PH, Spigelman I, Okazaki
MM, et al. 2000. Status epilepticus- induced
hilar basal dendrites on rodent granule cells
contribute to recurrent excitatory circuitry. J
Comp Neurol 428: 240–53.
80. Parent JM, Yu TW, Leibowitz RT, Geschwind DH, et al. 1997. Dentate granule cell
neurogenesis is increased by seizures and
contributes to aberrant network reorganization in the adult rat hippocampus. J Neurosci
17: 3727–38.
81. Scharfman HE, Goodman JH, Sollas AL.
2000. Granule-like neurons at the hilar/CA3
border after status epilepticus and their
synchrony with area CA3 pyramidal cells:
functional implications of seizure-induced
neurogenesis. J Neurosci 20: 6144–58.
82. Scott RC, Neville BG. 1998. Developmental
perspectives on epilepsy. Curr Opin Neurol
11: 115–8.
83. Bengzon J, Kokaia Z, Elmer E, Nanobashvili A, et al. 1997. Apoptosis and
proliferation of dentate gyrus neurons after
single and intermittent limbic seizures. Proc
Natl Acad Sci USA 94: 10432–7.
84. Parent JM, Valentin VV, Lowenstein DH.
2002. Prolonged seizures increase proliferating neuroblasts in the adult rat subventricular
zone-olfactory bulb pathway. J Neurosci 22:
3174–88.
85. Jessberger S, Nakashima K, Clemenson
GD, Jr., Mejia E, et al. 200Epigenetic
modulation of seizure-induced neurogenesis
and cognitive decline. J Neurosci 27: 5967–
75.
86. Pun RY, Rolle IJ, Lasarge CL, Hosford BE,
et al. 2012. Excessive activation of mTOR in
postnatally generated granule cells is sufficient to cause epilepsy. Neuron 75: 1022–34.
87. Dirks PB. 2010. Brain tumor stem cells: the
cancer stem cell hypothesis writ large. Mol
Oncol 4: 420–30.
88. Germano I, Swiss V, Casaccia P. 2010.
Primary brain tumors, neural stem cell, and
brain tumor cancer cells: where is the link?
Neuropharm 58: 903–10.
89. Uchida N, Buck DW, He D, Reitsma MJ,
et al. 2000. Direct isolation of human central
nervous system stem cells. Proc Natl Acad
Sci USA 97: 14720–5.
90. Shapiro E, Krivit W, Lockman L, Jambaque I,
et al. 2000. Long-term effect of bone-marrow
transplantation for childhood-onset cerebral
X-linked adrenoleukodystrophy. Lancet 356:
713–8.
91. Lee PH, Park HJ. 2009. Bone marrowderived mesenchymal stem cell therapy as
a candidate disease-modifying strategy in
Parkinson’s disease and multiple system
atrophy. J Clin Neurol 5: 1–10.
92. Altman J, Das GD. 1965. Autoradiographic
and histological evidence of postnatal hippocampal neurogenesis in rats. J Comp Neurol
124: 319–35.

7

Think Again

41. Kopen GC, Prockop DJ, Phinney DG. 1999.
Marrow stromal cells migrate throughout
forebrain and cerebellum, and they differentiate into astrocytes after injection into
neonatal mouse brains. Proc Natl Acad Sci
USA 96: 10711–6.
42. Woodbury D, Schwarz EJ, Prockop DJ,
Black IB. 2000. Adult rat and human bone
marrow stromal cells differentiate into neurons. J Neurosci Res 61: 364–70.
43. Castro RF, Jackson KA, Goodell MA,
Robertson CS, et al. 2002. Failure of bone
marrow cells to transdifferentiate into neural
cells in vivo. Science 297: 1299.
44. Mezey E. 2005. Bone marrow and brain:
unexpected allies or accidental acquaintances? Stem Cell Rev 1: 15–9.
45. Sirav B, Seyhan N. 2011. Effects of radiofrequency radiation exposure on blood- brain
barrier permeability in male and female rats.
Electromagn Biol Med 30: 253–60.
46. Van Vulpen M, Kal HB, Taphoorn M,
Sharouni SY. 2002. Changes in blood- brain
barrier permeability induced by radiotherapy:
Implications for timing of chemotherapy? Onc
Rep 9: 683–8.
47. Zhao Z, Zlokovic BV. 2014. Blood-brain
barrier: a dual life of MFSD2A? Neuron 82:
728–30.
48. Uboldi C, Doring A, Alt C, Estess P, et al.
2008. L-Selectin-deficient SJL and C57BL/6
mice are not resistant to experimental autoimmune encephalomyelitis. Eur J Immunol 38:
2156–67.
49. Carman CV. 2009. Mechanisms for transcellular diapedesis: probing and pathfinding
by ’invadosome-like protrusions’. J Cell Sci
122: 3025–35.
50. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. 2007. Getting to the site of
inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol 7: 678–89.
51. Liu L, Eckert MA, Riazifar H, Kang DK, et al.
2013. From blood to the brain: can systemically transplanted mesenchymal stem cells
cross the blood-brain barrier? Stem Cells Int
2013: 435093.
52. Yilmaz N, Karaali K, Ozdem S, Turkay M,
et al. 2011. Elevated S100B and neuron
specific enolase levels in patients with
migraine-without aura: evidence for neurodegeneration? Cell Mol Neurobiol 31: 579–85.
53. Kim SY, Buckwalter M, Soreq H, Vezzani
A, et al. 2012. Blood-brain barrier dysfunction-induced inflammatory signaling in brain
pathology and epileptogenesis. Epilepsia 53:
37–44.
54. Sordi V, Malosio ML, Marchesi F, Mercalli
A, et al. 2005. Bone marrow mesenchymal
stem cells express a restricted set of functionally active chemokine receptors capable
of promoting migration to pancreatic islets.
Blood 106: 419–27.
55. Feng J, He JBP, Dheen ST, Tay SSW. 2004.
Interactions of chemokines and chemokine
receptors mediate the migration of mesenchymal stem cells to the impaired site in the
brain after hypoglossal nerve injury. Stem
Cells 22: 415–27.
56. Ruster B, Gottig S, Ludwig RJ, Bistrian R,
et al. 2006. Mesenchymal stem cells display
coordinated rolling and adhesion behavior on
endothelial cells. Blood 108: 3938–44.
57. Chamberlain MD, Gupta R, Sefton MV.
2012. Bone marrow-derived mesenchymal

B. S. Beltz et al.

