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1. Introduction

The brain is one of the main targets of gonadal steroid hormones. In addition, it contains many
of the steroid metabolizing enzymes. The effect of gonadal steroids on brain development and
maturation has been well documented [1,2]. The vast literature on the subject has introduced
the common belief that gonadal steroids may be the only effectors of the brain sexual differ‐
entiation, overshadowing other key elements. Although there is no doubt about its importance,
the dogma of the gonadal origin of somatic differentiation, including neuronal cells, usually
implies that XX and XY cells, accordingly stem cells, are functionally equivalent unless gonadal
secretions act on them in a sex-specific manner. The human Y chromosome encodes 27 different
proteins [3] eight of which are expressed in the male brain and could have a male-specific effect
on the brain, independent of any gonadal hormone influence [4,5]. Furthermore, XX cells
contain an X chromosome that received a paternal genomic imprint, whereas XY cells do not,
a fact that is likely to contribute to autonomous differences between male and female cells. De
Vries and colleagues [6] generated mice in which the testis-determining gene sry was deleted
from the Y chromosome and subsequently inserted onto an autosome. This experiment
resulted in the generation of mice where the development of the testis occurred independently
of the complement of X or Y chromosome. Although most of the sexual dimorphism correlated
with the presence of testis or ovary (and therefore associated with gonadal hormones), XY mice
(with testes or ovaries) were found to be more masculine than the XX mice (with testes or
ovaries) in the density of vasopressin-immunoreactive fibers in the lateral septum, suggesting
that sex chromosome genes contribute to the development of a sex difference in the brain.
These results also suggest that one should not consider that female and male neural stem cells
(NSC) are equal and react in the same manner to a specific environment or pharmacological
agent. Furthermore, there are no data to support the a priori consideration that transplanting
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young female NSC in an old female brain would result in the same neural differentiation and
functional recovery as transplanting young male NSC in an old male brain. Likewise, there is
no evidence to a priori consider that male and female NSC neurogenic properties would evolve
in a sex-independent manner throughout development and aging. To support this hypothesis,
sexual dimorphism has already been described in various biological aspects of several types
of stem cells [7-13]. In particular, we and others recently reported a sexual dimorphism in the
neurogenic capacity of rat [14,15] and primate [11] NSC. Considering the dramatic and sex-
specific hormonal changes occurring throughout development and aging one might expect a
sex- and sex-through-aging-specific environment to be a prerequisite for successful neuro‐
genesis.

The chapter will first discuss the potential of stem cells for brain repair, tissue regeneration
and function recovery, second the effect of sex on stem cell fate whether neural stem cells or
peripheral stem cells, and third the potential translation in clinics. The goal of the present
proposal is to discuss the therapeutic relevance of the largely under-explored sex- and age-
based differences in the capacity of NSC to engage in neurogenesis programming. Indeed,
beyond understanding the physiology and biochemistry of aging NSC, for both sexes, the
overall objective is to discuss the potential foundation for future studies aimed at tailoring
NSC transplantation strategies for brain repair as a function of sex/age, as well as considering
sex- and age-specific pharmacological approaches towards the development of neurogenesis-
inducing treatments.

2. Stem cells — Hope and hurdles

If one had to explain the excitement and exhilaration stem cell therapy triggers in the field of
tissue repair and the hope it represents, a comparison that would make sense is the new
horizons opened after the first man in flight or the first man in space. The hopes and hypes
reflect the potential offered by stem cell therapy and in that sense, they are completely
justifiable. Probing PubMed with ‘stem cell’ and ‘therapy’ as keywords in certainly the best
way to understand how the interest of research community significantly evolved over 40 years.
Indeed, in 1970, only 13 publications related to stem cell therapy were referenced in PubMed,
compared to 7942 in 2010 (Figure 1). A slightly restricted search for ‘stem cell’, ‘therapy’ and
‘brain’ reveals that the number of publications related to brain repair, although increasing, is
“plateauing” at 10% of the total number of publications focused on stem cell therapy for the
past five years (Figure 1). This status reflects a greater difficulty to generate clear data on
experimental and clinical stem cell therapy for brain repair than with any other organs. This
situation is likely due to the unique architectonic of the brain, the way it interfaces with the
peripheral compartment and the seemingly endless cell phenotypes that compose the brain.
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Figure 1. Number of publications per keyword and per year. Light grey “neural stem cells”; medium grey “stem
cells AND therapy AND brain”; dark grey “stem cells AND therapy”.

It is remarkable that the first report using the words ‘neural stem cells’ was published not that
long ago in 1992, reaching the hundred only in 2001, catching up in 2010 with 714 references
with the number of publications that include ‘stem cell’, ‘therapy’ and ‘brain’ (Figure 1).
Although one cannot deny that the amount of data degenerated nowadays on NSC and brain
repair is getting more important, the rather slow pace at which progresses are still reported
does not prefigure any substantial impact in clinics to be made in the near future. Many hurdles
lie on the road of brain stem cell therapy. The first one, and not necessarily by order of
importance, is directly related to the various types of stem cells considered as a potential source
for brain transplantation. Human embryonic stem cells (hESC) [16,17], fetal NSC [18,19], post-
natal or adult NSC [20-25], induced pluripotent stem cells (iPS) [26-29], bone marrow stem
cells (BMSC) [30-36], mesenchymal stem cells (MSC) [37,38], umbilical cord blood-derived
stem cells [39-41] and adipose tissue-derived stem cells [42,43]. This luxury of choice turned
out to become an increasingly difficult situation to handle, generating at best a non-consensual
agreement as to which stem cell type should be used for what type of neurological disorder.
Overall, it seems that potential stem cell sources have been insufficiently characterized,
impeding clinical translation. Although it sounds like a very easy statement to make, we have
to admit that our knowledge in long-term outcome of stem cell transplantation in the brain is
extremely limited. In example, grafting stem cells not from neurodermal origin in an attempt
to replace degenerated neurons supposes a transdifferentiation mechanism of the transplanted
stem cells prior to undergo successful differentiation in the appropriate neuronal phenotype
[44-49]. Very little literature is currently available in transdifferentiation mechanisms and even
more so, recent data reported that transdifferentiation is reversible and may be restricted to
certain type of stem cells [48,49], raising the question of what would happen in vivo. A major
concern is the development of gliomas or other brain cancer types secondary to stem cell
transplantation. Indeed, the property of stem cells to self-renew is exactly what confer them
the capacity of being highly tumorigenic [50-53]. It is particularly true for the hESC which
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tumorigenic properties have been extensively studied [52]. In addition, iPS have been devel‐
oped to exactly mimic embryonic stem cells neurogenic capacity without having the capacity
to induce brain tumor formation. However, the iPS safety is still being debated [52]. A clinical
case has been reported very recently regarding a young boy who developed glioneuronal
neoplasm four years after having received allogenic hESC transplantation in an attempt to
improve his ataxia telangiectasia symptomatology [50]. It is remarkable that the tumor cells
were identified as deriving from at least two of the donors composing the hESC pool from
which the young boy received multiple transplantations. This specific data points out the
possibility that using pool of donors may increase the risk of developing tumor or even host-
versus-graft reaction [54-57]. Beyond the trivial concern of stem cells tumorigenesis remains
the question of inducing the proper neural phenotype needed to replace a specific type of
neuron. Parkinson’s disease is without any doubt the neurodegenerative disease for which
brain transplant has been studied the most extensively. A consensual strategy seems to pre-
differentiate the stem cells toward the dopaminergic fate prior to conduct the transplantation
[58,59] and as a consequence, many studies have been conducted to develop suitable protocols
[58-62]. The same question arises to ensure that stem would undergo GABAergic differentia‐
tion prior to be used in patients suffering from Huntington’s disease [63]. However, despite
many efforts to establish validated differentiation protocols, the phenotypic fate followed by
transplanted stem cells still remain largely uncontrolled [64-66] and likely involves stem cells
intrinsic properties, i.e. region or context dependency, sex or age [14,67-70]. In a medical
context of growing interest for global personalized medicine in general [71] and focused on
regenerative medicine in particular [27,72-74], answering the question “What stem cell for
whom?” never appeared as critical.

3. Stem cells transplantation in clinics — From hype to disillusion, keeping
the faith alive

The main reason of the arisen interest for stem cell therapy in central and peripheral nervous
system lies in the fact that it addresses neuropathologies and conditions for which neurological
damages are extensive, socially debilitating and irreversible and for which there is no ‘magic
pill’. Stem cell therapy for tissue repair is generating very high expectation to treat neurode‐
generative diseases like Parkinson’s disease [66,75], amyotrophic lateral sclerosis [76-81],
Huntington’s disease [18,19,82-84], Alzheimer’s disease [85-87], multiple sclerosis [88-90],
spinal cord injury [91,92] and retina degeneration [26,31,93]. Clinical translation has been, up
to now and by far, most exclusively conducted in patients suffering from Parkinson’s,
Huntington’s disease or amyotrophic lateral sclerosis and, to our knowledge, there is no data
reported clinical evaluation of stem cell transplantation in Alzheimer’s disease or retina
degeneration.

3.1. Parkinson’s disease

Two groups actively involved in conducting clinical studies assessing the therapeutic effec‐
tiveness of stem cell transplantation to treat Parkinson’s disease reported conflicting results
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[94-97]. In a first study, six Parkinson patients were to received bilateral transplantation of fetal
nigral tissue the post-commissural putamen [95]. The fetal material was obtained from the
mesencephalon of legally aborted fetus and used as solid grafts. Each patient received tissue
pooled from 3 to 4 fetuses. Two years outcome measurement showed an improvement of the
Unified Parkinson’s Disease Rating Scale (UPDRS), and an increase of [18F]-fluorodopa uptake
in the putamen. On the downside, all patients started experience dyskinesia few weeks after
the transplantation. When the same group performed the same type of study on a much larger
cohort, the outcome was much more deceiving [97]. Out of the 34 patients followed up to 2
years, none of them displayed clinically relevant improvement although post-mortem analysis
showed a robust survival of grafted dopaminergic neurons. These results led the authors to
conclude that fetal nigral transplantation could not constitute a therapy for Parkinson’s
disease. One can argue that using solid grafts rather than well characterized stem cell/
neuroblast primary culture might have impaired the capacity of newly formed neurons to
establish connections with the pre-existing network. This point is extensively discussed in a
very recent review [66]. A more striking issue to us is the lack of information related to the sex
of the donor suggesting that the tissue samples were pooled and grafted regardless of a
potential sex-based difference in stem cell biology which could have an impact on the clinical
outcome. In an other study, 40 patients were bilaterally grafted in the putamen with a mixture
of stem cells/dopaminergic neuroblasts obtained from cultured mesencephalic tissue from 4
embryos [94]. Follow-up at one year post-transplantation showed some benefit but only for
the patients 60 years of age or younger. In addition, the benefit was clinically significant only
in some areas of the UPDRS and 15 percent of the patients became dyskinetic. A post-analysis
of the one-year follow-up data revealed a sex-based difference in the graft outcome [96].
Indeed, the male patients displayed more clinical benefit than the female patients after the first
year but the progress rate increased in the female to catch up with the male at the end of the
second year of follow-up [96]. In addition, a follow-up performed over 4 years on 33 patients
out of the 40 initially included showed that the age-based difference observed earlier [94]
disappeared as the oldest patients’ overall UPDRS was catching-up over the 4-years period of
time on the youngest’ one [96]. The authors concluded that some clinical benefit was still clearly
present 4 years after transplantation with however no correlation with the [18F]-fluorodopa
uptake. Although the measured outcome seemed to be more encouraging than in the first series
of experiments, the cell preparation may account for it, the results remain rather inconsistent
and deceiving. On the same line, earlier clinical studies reported a somewhat beneficial effect
of fetal mesencephalic neurons in patients affected by Parkinson’s disease [75,98,99]. Several
reasons have been proposed such inconsistency, among which the number of cells, the grafting
site, the preparation of the cells, the use of immunosuppressant or the lack of functional
rehabilitation associated with the transplantation [66,100] but no consensus has been reached
so far. In addition, a recurrent issue that clinicians and patients are facing is the graft-induced
dyskinesia. This locomotor alteration is a direct consequence of the transplantation and its
causes and possible solutions remain rather elusive [75] and is seen as a permanent drawback
to any progress made in stem cell transplantation to treat Parkinson’s disease. As mentioned
earlier, it is quite interesting that the cells of several donors were pooled with no reference to
their sex as a factor of graft outcome. It is even more surprising since a sexual dimorphism
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with functional implications has been established for human muscle stem cells [9,12,13] and
monkeys mesenchymal stem cells [11].

3.2. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a late-onset neurodegenerative disease that selectively
affects motor neurons in the cortex, brain stem and spinal cord [101] for which there is no
treatment. Several clinical studies have been conducted which results raised some optimism
but, overall, data related to the transplantation outcome remain, as with Parkinson’s disease,
contradictory and inconsistent. A very recent report based on thirteen clinical cases demon‐
strated the feasibility and the therapeutic relevance of performing autologous bone marrow-
derived hematopoietic cell transplantation in patients displaying severe sporadic ALS [76].
One year after receiving CD34+ cells transplantation in the brain stem and the beginning of
the spinal cord, most of the patients displayed an improvement of their status. The majority
of the patients regained neuronal stimulatory capacity of their muscle, as measured by post-
operative electroneuromyogram, and a better bulbar score. Some of them even recovered
walking capacity compatible with a daily life. However, the majority of the patients who
experienced a post-operative gain of function started to see their clinical status decline at one-
year follow-up. This piece of data, rather than suggesting that bone marrow-derived stem cells
cannot be used as a therapeutic tool suggests instead that the transplantation procedure should
be repeated in order to obtain maximum functional recovery. An other study demonstrated
the beneficial effect of stem transplantation as a cytotherapeutic tool for ALS. Thirty-three
patients diagnosed with severe sporadic ALS were to receive autologous transplantation of
peripheral blood mononuclear cells (PBMC) in the motor cortex and followed-up over one
year [78]. All the patients that received CD133+ PBMC transplantation experienced a dramatic
improvement of their clinical status as measured by the ALS Functional Rating Scale-Revised.
The most striking beneficial effect resulting from the transplantation was the increase in the
median survival from 19 months for the patients in the sham group to 66 months in the treated
group. More remarkably, the patients’ quality of life was also dramatically improved. Indeed,
in the sham group, half of the patients had to undergo tracheotomy and gastrostomy at 12-
months follow-up compared to the no tracheotomy and only one gastrostomy performed in
the group of patients who received PBMC transplantation. Taken together, these results show
promises for ALS cytotherapy. However, some more recent clinical studies reported that
transplanting stem cells in ALS patients did not result in any beneficial effect [79,81]. In the
first case, patients received autologous transplantation of mesenchymal stem cells isolated
from bone marrow in the spinal cord at T4-T5 and T5-T6 level and were followed-up for 24
months [79]. Although MRI imaging ascertained graft survival, clinicians did not observe any
clinical improvement. However, it is noteworthy that the patients recruited for this study were
diagnosed with mild to moderate sporadic ALS unlike the two previous studies described
above for which the patients were diagnosed with severe sporadic ALS. This apparent
discrepancy may indicate that the stage of the disease at which the stem cell transplantation
is to be performed has to be cautiously defined as it may critically affect the clinical outcome.
In the second case, patients from 3 different centers received stem cells transplantation and
were then evaluated at 12-months post-transplantation [81]. This study is difficult to interpret
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as it includes a total of 12 patients who received 3 different types of stem cells, depending on
the clinical center of origin, and using intratechal route, intravenous or both. The stem cells
used were embryonic olfactory ensheating stem cells, mesenchymal stem cells or CD34+ stem
cells without further explanation as to how many embryos were used per patients or if the
graft of adult stem cells was autologous or not. However, a common point shared with the
previous reported study, beside its lack of success at restoring the patients’ motor function, is
the fact that most of the patients recruited were diagnosed with a mild to moderate sporadic
ALS supporting the idea 1) that mild to moderate stage of ALS might not be the best moment
to start stem cell therapy, or that 2) the types of stem cells that were proven to be therapeutically
relevant in the severe cases might not be as relevant to treat mild or moderate cases of ALS.
These results certainly advocate for a better personalized therapy to the patient.

3.3. Huntington’s disease

Huntington’s disease is a neurodegenerative condition which is clinically characterized by
cognitive, motor and psychiatric deterioration and leads in 20 years maximum to the death of
the patient. There is currently no treatment for this disease and stem cell therapy is being
extensively investigated as a therapeutic tool. Many attempts of restoring some or all the lost
functions by stem cells transplantation have been made but the long term results have been so
far deceiving. Motor and cognitive functions improvement has been reported in some patients
1 year after the transplantation [82] but these improvements plateaued at 2 years and to finally
completely reverse at 4-6 years [18]. Other studies reported successful engraftment and
neuronal differentiation [19] associated with an improved cortical metabolism [102] unfortu‐
nately not accompanied by any clinical improvement. A major finding that is commonly
reported on long-term post-mortem histological study is the poor survival of the transplanted
stem cells [83,84] which is believed to be due to a reaction of the host immune system against
the grafted cells [54,84]. Interestingly, to our knowledge, all the clinical studies conducted on
Huntington patients reported having used human embryonic stem cells [18,19,54,82-84,102]
which is a quite surprising situation if we compare to the variety of stem cell types used in
Parkinson’s disease and ALS. In addition, one is force to at least acknowledge the fact that the
stem cells used are from embryonic origin may be the factor that triggers the immune response.
Indeed, human embryonic stem cells are not devoid of immunogenicity and are capable of
triggering a significant immune response leading to graft rejection [54,103]. In regard of what
has been accomplished in Parkinson’s disease and ALS, autologous transplantation of PBMC
or bone marrow-derived stem cells seems to be more appropriate and one may wonder why
it has not been tried yet. An other point that raises question is the fact that all the studies
reported, except one [19], transplanted human embryonic stem cells pooled from several
embryos, neither mentioning how many embryos were used per patient nor the sex of the
embryos.

3.4. Other indications for stem cell therapy

Stem cell therapy, beyond the controversy of using embryonic stem cells, is a very seducing
and highly promising therapeutic strategy for repairing the central nervous system. Using
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stem cell transplantation has become a very appealing topic for many researchers and
clinicians around the world. However, developing and implementing such protocols to other
neurological conditions than the ones discussed above reveals to be an even more challenging
endeavor. Among the neurodegenerative disease that would benefit from stem cell therapy,
Alzheimer’s disease evidently represents a major interest. Probably because of the complexity
of the disease and our very limited knowledge about it, stem cell therapy for Alzheimer’s
disease is still in a preclinical stage [85-87]. Stem cell therapy for spinal cord injury is certainly
at the forefront of the preclinical research in order to establish valid therapeutic protocols to
be translated in clinics, but once again translating the knowledge acquired in animal models
facing several hurdles, among which cytotherapy specificity and safety [29,87,91,92,104,105].
Brain stroke is a neurological condition that could require extensive tissue reconstruction and
results obtained in animal models are very encouraging [20,24,106]. So far, only one clinical
study has been conducted in five patients by autologous transplantation of bone marrow-
derived stem cells [36]. One year follow-up showed good safety profile and a trend to clinical
improvement. Retina degeneration, whether idiopathic or post-traumatic, is a major problem
as it is irreversible, without treatment and leads to blindness in most of the case. However, the
retina architectonic and the differentiation process of retina stem cell represent two main
problems to clinical translation. Indeed, many in vivo and in vitro studies have been conducted
in various laboratories [26,30-32,35,37,45,107-117] showing promising results. However,
although the post-transplantation cell survival was excellent in all cases, the retina structure
revealed itself to be an obstacle to stem cell migration. In addition, the differentiation process
that leads to the formation of mature retina cell is by far more complex than in the brain.

4. Looking at the forest instead of the tree — Turning the tide on clinical
setbacks

We have recently published in a recent report that the estrogen receptor ERα is differentially
expressed in male and female NSC. NSC isolated from 3 month-old rats display sexual
dimorphism in the expression of estrogen receptor alpha and beta [14]. Male NSC contain one
third of the ERα levels, whereas ERβ levels were 3 times greater than those expressed NSC
isolated from same age females. Moreover, our data demonstrated that the ERα/ERβ ratio was
close to 1 in the male but 10 fold higher in the female NSC. Interestingly, others previously
reported that the expression of steroid receptors in the fish inner ear varies between sexes [118].
Such sexual dimorphism has been previously described in mature neurons of various brain
structures [119,120] and has been shown to have a role in the differentiation of sexual behavior
and gender identity [121]. Indeed, ERα has been shown to be primarily involved in masculin‐
ization, whereas ERβ is primarily involved in defeminization [122,123]. From birth and
throughout life, sex hormones physiology and homeostasis are different between men and
women which suggest that transplanting the “inadequate” type of NSC to the patient may not
lead to the expected beneficial effect. Indeed, consequences in clinics may run from a lack of
recovery to partial or inadequate recovery. Dissimilarity between NSC and the recipient tissue
may cause these undesirable effects. Interestingly, in the same manner, NSCs isolated from 20
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month old male and female rats displayed a dramatic increase in ERα and ERβ expression that
was equivalent in both sexes, suggesting that male and female NSCs are not equal before aging.
The effect of estrogens on neurogenesis has been extensively studied and it is commonly agreed
that estrogens simultaneously promote NSC proliferation and differentiation [124-129]. There
is increasing evidence on the estrogenic aspect of neurogenesis; however, the differential roles
of ERα and ERβ in this process still remain to be fully characterized. Considering the currently
known role of estrogens in NSC physiology and the regulation of the neurogenesis
[124,126,128-132], the sexual dimorphism we observed in ERα and ERβ expression between
male and female NSC [14] supports a sex-based intrinsic difference in the regulation of
neurogenesis. In addition, ERα genotype has been recently reported to be responsible for the
inter-individual variability of responses to estrogen and testosterone in mesenchymal stem
cell-derived osteoblasts [133]. Moreover, estradiol has been described to alter neurogenesis in
female, but not male rats [134]. We also provided evidence that male NSC expressed a
dramatically higher level of CYP19 than female NSC [135] which supports a capacity for male
NSC, unlike female NSC, to metabolize testosterone and in turn, to produce estradiol. Such
biochemical sexual dimorphism may underlie a steroid-related pharmacological counterpart
as male NSC may therefore have the ability to alter their local environment and modulate
endogenous neurogenesis in a different manner than female NSC may do. Remarkably, an
autocrine control loop in two different systems, the NSC kinin/kallicrein pathway [136] and
the androgenic apparatus of human bone marrow stromal cells [137]. It is noteworthy that the
sex-based differences unveiled in vitro translated in vivo as we recently reported [69]. Indeed,
the outcome of NSC transplantation in brain was shown to tightly depend on the sex of the
donor and the sex of the recipient. Interestingly, in some cases cross-sex grafting provided
better cell survival results than same-sex transplantation. As others also demonstrated the
occurrence of a sexual dimorphism in the neurogenic capacity of rhesus monkeys mesenchy‐
mal stem cells [11], we are the first to have shown a direct impact on the outcome of stem cell
transplantation [69]. Nevertheless, stem cell sexual dimorphism has been previously demon‐
strated by others in various organs [9,12,13,67,134] and organisms [138], and it is our opinion
that sex should be considered as a critical factor and integrated in the development of future
clinical protocol.

There is a consensual agreement that age-associated alterations in the brain play an important
role in the decline of neurogenesis reported in aging [11,139-141]. However, very little work
has been done in defining the age-related alteration of NSC neurogenic properties. Old mice
have been shown to have less NSC in the subventricular zone (SVZ) compared to young ones,
and a similar reduction has been reported in the number of NSC maintained as neurospheres
and recovered in culture in vitro [142]. Aging effect on neurogenesis may also be structure-
specific as revealed by others showing a decrease of NSC proliferation has been described in
the hippocampus of old rats but not in the SVZ of the same animal [143]. On an other hand,
spatial redistribution and a delay in the migratory process seem to affect NSC in the SVZ rather
than a decrease of the proliferation rate [144]. However, although some studies showed that
NSC from old animals retain some or all of their neurogenic properties, to date, studies that
have systematically explored age-based differences of NSC neurogenic properties in terms of
neuronal phenotype and protein marker expression are extremely scarce
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[11,14,69,135,138,145,146]. Surprisingly, NSC isolated from young animals did not perform
better in term of survival rate after brain transplantation when compared to the ones isolated
from old rats [69]. Thus, such a result provocatively raises the question of the rejuvenation
process NSC isolated from old individuals may undergo after being transplanted in a younger
environment as suggested by two recent works [147,148]. Understanding the role of the age
of NSC as a critical factor modulating the neuronal fate specificity and the maturation level
reached by the engrafted NSC is absolutely essential from the perspective of stem cell grafting
into the brain. In addition, in agreement with our previous results showing that NSC age
differently depending on their sex, it appears that sex cannot be dissociated from age as a
determining factor of NSC capacity to lead to functional recovery following transplantation.

5. Conclusion

Stem cell therapy holds a lot of promises for brain repair and the recovery of impaired
neurological functions. However, despite the generation of a large amount of encouraging
results produced on various animal models, the translation at the patient’s bed seems to be
delayed. Facing mitigated results from the few clinical studies that have been conducted so
far, we are constrained to a cautious optimism. Indeed, the low success rate encountered in
clinics questions our knowledge on the topic and suggests that we go back to a more funda‐
mental bench work. Indeed, the high number of stem cell types, to which have to be added the
various engineering counterparts, turn a luxury of choice into a situation where it is extremely,
if not impossible, to determine what cell type or cell line would be the best candidate for tissue
repair. Compelling evidence suggests that sex may be a critical determining factor of stem cell
transplantation outcome in the brain. Surprisingly, none of the clinical studies reported to date
took this parameter into consideration. Furthermore, we foresee that NSC differentiation
induced by neurogenic agents in vitro and in vivo will be an important part of brain repair
procedures as brain repair therapy and optimal neuronal function restoration will likely
require both exogenous NSC grafting and pharmacological stimulation of the endogenous
neurogenesis. However, nothing is currently known about the effect of cell sex on NSC
sensitivity to pharmacologically-induced differentiation, and we therefore strongly believe
that acquiring such knowledge is critical for the development of neurogenic treatments.

Author details

Laurent Lecanu1,2

Address all correspondence to: laurent.lecanu@mcgill.ca

1 The Research Institute of the McGill University Health Centre, Montreal, Quebec, Canada

2 McGill University Health Centre, Department of Medicine, Quebec, Canada

Innovations in Stem Cell Transplantation80



References

[1] Phoenix CH, Goy RW, GERALL AA, Young WC. Organizing action of prenatally ad‐
ministered testosterone propionate on the tissues mediating mating behavior in the
female guinea pig Endocrinology 1959; 65: 369-382.

[2] Smith ER, Davidson JM. Differential responses to hypothalamic testosterone in rela‐
tion to male puberty Am J Physiol 1967; 212: 1385-1390.

[3] Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier L, Brown LG, Re‐
pping S, Pyntikova T, Ali J, Bieri T, Chinwalla A, Delehaunty A, Delehaunty K, Du
H, Fewell G, Fulton L, Fulton R, Graves T, Hou SF, Latrielle P, Leonard S, Mardis E,
Maupin R, McPherson J, Miner T, Nash W, Nguyen C, Ozersky P, Pepin K, Rock S,
Rohlfing T, Scott K, Schultz B, Strong C, Tin-Wollam A, Yang SP, Waterston RH, Wil‐
son RK, Rozen S, Page DC. The male-specific region of the human Y chromosome is a
mosaic of discrete sequence classes Nature 2003; 423: 825-837.

[4] Maxson SC. Searching for candidate genes with effects on an agonistic behavior, of‐
fense, in mice Behav Genet 1996; 26: 471-476.

[5] Xu J, Burgoyne PS, Arnold AP. Sex differences in sex chromosome gene expression in
mouse brain Hum Mol Genet 2002; 11: 1409-1419.

[6] De Vries GJ, Rissman EF, Simerly RB, Yang LY, Scordalakes EM, Auger CJ, Swain A,
Lovell-Badge R, Burgoyne PS, Arnold AP. A model system for study of sex chromo‐
some effects on sexually dimorphic neural and behavioral traits J Neurosci 2002; 22:
9005-9014.

[7] Herrmann JL, Abarbanell AM, Weil BR, Manukyan MC, Poynter JA, Wang Y, Coffey
AC, Meldrum DR. Gender dimorphisms in progenitor and stem cell function in car‐
diovascular disease J Cardiovasc Transl Res 2010; 3: 103-113.

[8] Li WW, Penderis J, Zhao C, Schumacher M, Franklin RJ. Females remyelinate more
efficiently than males following demyelination in the aged but not young adult CNS
Exp Neurol 2006; 202: 250-254.

[9] Matsumoto T, Kubo S, Meszaros LB, Corsi KA, Cooper GM, Li G, Usas A, Osawa A,
Fu FH, Huard J. The influence of sex on the chondrogenic potential of muscle-de‐
rived stem cells: implications for cartilage regeneration and repair Arthritis Rheum
2008; 58: 3809-3819.

[10] Payne KA, Didiano DM, Chu CR. Donor sex and age influence the chondrogenic po‐
tential of human femoral bone marrow stem cells Osteoarthritis Cartilage 2010; 18:
705-713.

[11] Yuan J, Yu JX, Ge J. Sexual dimorphism on the neurogenic potential of rhesus mon‐
keys mesenchymal stem cells Biochem Biophys Res Commun 2010; 396: 394-400.

Neuron Replacement and Brain Repair; Sex Does Matter
http://dx.doi.org/10.5772/25649

81



[12] Deasy BM, Lu A, Tebbets JC, Feduska JM, Schugar RC, Pollett JB, Sun B, Urish KL,
Gharaibeh BM, Cao B, Rubin RT, Huard J. A role for cell sex in stem cell-mediated
skeletal muscle regeneration: female cells have higher muscle regeneration efficiency
J Cell Biol 2007; 177: 73-86.

[13] Deasy BM, Schugar RC, Huard J. Sex differences in muscle-derived stem cells and
skeletal muscle Crit Rev Eukaryot Gene Expr 2008; 18: 173-188.

[14] Waldron J, McCourty AM, Lecanu L. Aging differentially affects male and female
neural stem cell neurogenic properties Stem Cells Cloning Adv Appl 2010; 3: 119-127.

[15] Waldron J, McCourty AM, Lecanu L. Neural stem cell sex dimorphism in aromatase
(CYP19) expression: a basis for differential neural fate. Stem Cells Cloning Adv Appl
2011; 3: 175-182.

[16] Cohen MA, Itsykson P, Reubinoff BE. Neural differentiation of human ES cells Curr
Protoc Cell Biol 2007; Chapter 23: Unit.

[17] Joannides AJ, Chandran S. Human embryonic stem cells: an experimental and thera‐
peutic resource for neurological disease J Neurol Sci 2008; 265: 84-88.

[18] Bachoud-Levi AC, Gaura V, Brugieres P, Lefaucheur JP, Boisse MF, Maison P, Baudic
S, Ribeiro MJ, Bourdet C, Remy P, Cesaro P, Hantraye P, Peschanski M. Effect of fetal
neural transplants in patients with Huntington's disease 6 years after surgery: a long-
term follow-up study Lancet Neurol 2006; 5: 303-309.

[19] Capetian P, Knoth R, Maciaczyk J, Pantazis G, Ditter M, Bokla L, Landwehrmeyer
GB, Volk B, Nikkhah G. Histological findings on fetal striatal grafts in a Huntington's
disease patient early after transplantation Neuroscience 2009; 160: 661-675.

[20] Andres RH, Horie N, Slikker W, Keren-Gill H, Zhan K, Sun G, Manley NC, Pereira
MP, Sheikh LA, McMillan EL, Schaar BT, Svendsen CN, Bliss TM, Steinberg GK. Hu‐
man neural stem cells enhance structural plasticity and axonal transport in the is‐
chaemic brain Brain 2011; 134: 1777-1789.

[21] Einstein O, Friedman-Levi Y, Grigoriadis N, Ben-Hur T. Transplanted neural precur‐
sors enhance host brain-derived myelin regeneration J Neurosci 2009; 29:
15694-15702.

[22] Ho AL, Keshavarzi S, Levy ML. Exploitation of genetically modified neural stem
cells for neurological disease Adv Exp Med Biol 2010; 671: 74-92.

[23] Koch P, Kokaia Z, Lindvall O, Brustle O. Emerging concepts in neural stem cell re‐
search: autologous repair and cell-based disease modelling Lancet Neurol 2009; 8:
819-829.

[24] Lee IS, Jung K, Kim M, Park KI. Neural stem cells: properties and therapeutic poten‐
tials for hypoxic-ischemic brain injury in newborn infants Pediatr Int 2010; 52:
855-865.

Innovations in Stem Cell Transplantation82



[25] Mack GS. ReNeuron and StemCells get green light for neural stem cell trials Nat Bio‐
technol 2011; 29: 95-97.

[26] Carr AJ, Vugler AA, Hikita ST, Lawrence JM, Gias C, Chen LL, Buchholz DE, Ahma‐
do A, Semo M, Smart MJ, Hasan S, da CL, Johnson LV, Clegg DO, Coffey PJ. Protec‐
tive effects of human iPS-derived retinal pigment epithelium cell transplantation in
the retinal dystrophic rat PLoS One 2009; 4: e8152.

[27] Chen LW, Kuang F, Wei LC, Ding YX, Yung KK, Chan YS. Potential application of
induced pluripotent stem cells in cell replacement therapy for Parkinson's disease
CNS Neurol Disord Drug Targets 2011; 10: 449-458.

[28] Okano H. Strategies toward CNS-regeneration using induced pluripotent stem cells
Genome Inform 2009; 23: 217-220.

[29] Tsuji O, Miura K, Okada Y, Fujiyoshi K, Mukaino M, Nagoshi N, Kitamura K, Kuma‐
gai G, Nishino M, Tomisato S, Higashi H, Nagai T, Katoh H, Kohda K, Matsuzaki Y,
Yuzaki M, Ikeda E, Toyama Y, Nakamura M, Yamanaka S, Okano H. Therapeutic po‐
tential of appropriately evaluated safe-induced pluripotent stem cells for spinal cord
injury Proc Natl Acad Sci U S A 2010; 107: 12704-12709.

[30] Arnhold S, Absenger Y, Klein H, Addicks K, Schraermeyer U. Transplantation of
bone marrow-derived mesenchymal stem cells rescue photoreceptor cells in the dys‐
trophic retina of the rhodopsin knockout mouse Graefes Arch Clin Exp Ophthalmol
2007; 245: 414-422.

[31] Inoue Y, Iriyama A, Ueno S, Takahashi H, Kondo M, Tamaki Y, Araie M, Yanagi Y.
Subretinal transplantation of bone marrow mesenchymal stem cells delays retinal de‐
generation in the RCS rat model of retinal degeneration Exp Eye Res 2007; 85:
234-241.

[32] Kociok N. Can the injection of the patient's own bone marrow-derived stem cells pre‐
serve cone vision in retinitis pigmentosa and other diseases of the eye? Graefes Arch
Clin Exp Ophthalmol 2005; 243: 187-188.

[33] Lu B, Wang S, Girman S, McGill T, Ragaglia V, Lund R. Human adult bone marrow-
derived somatic cells rescue vision in a rodent model of retinal degeneration Exp Eye
Res 2010; 91: 449-455.

[34] Matsuse D, Kitada M, Ogura F, Wakao S, Kohama M, Kira JI, Tabata Y, Dezawa M.
Combined Transplantation of Bone Marrow Stromal Cell-Derived Neural Progenitor
Cells with a Collagen Sponge and Basic Fibroblast Growth Factor Releasing Micro‐
spheres Enhances Recovery After Cerebral Ischemia in Rats Tissue Eng Part A 2011.

[35] Smith LE. Bone marrow-derived stem cells preserve cone vision in retinitis pigmen‐
tosa J Clin Invest 2004; 114: 755-757.

[36] Suarez-Monteagudo C, Hernandez-Ramirez P, Alvarez-Gonzalez L, Garcia-Maeso I,
Cuetara-Bernal K, Castillo-Diaz L, Bringas-Vega ML, Martinez-Aching G, Morales-

Neuron Replacement and Brain Repair; Sex Does Matter
http://dx.doi.org/10.5772/25649

83



Chacon LM, Baez-Martin MM, Sanchez-Catasus C, Carballo-Barreda M, Rodriguez-
Rojas R, Gomez-Fernandez L, Alberti-Amador E, Macias-Abraham C, Balea ED,
Rosales LC, Del Valle PL, Ferrer BB, Gonzalez RM, Bergado JA. Autologous bone
marrow stem cell neurotransplantation in stroke patients. An open study Restor
Neurol Neurosci 2009; 27: 151-161.

[37] Joe AW, Gregory-Evans K. Mesenchymal stem cells and potential applications in
treating ocular disease Curr Eye Res 2010; 35: 941-952.

[38] Joyce N, Annett G, Wirthlin L, Olson S, Bauer G, Nolta JA. Mesenchymal stem cells
for the treatment of neurodegenerative disease Regen Med 2010; 5: 933-946.

[39] Ali H, Bahbahani H. Umbilical cord blood stem cells - potential therapeutic tool for
neural injuries and disorders Acta Neurobiol Exp (Wars ) 2010; 70: 316-324.

[40] Domanska-Janik K, Habich A, Sarnowska A, Janowski M. Neural commitment of
cord blood stem cells (HUCB-NSC/NP): therapeutic perspectives Acta Neurobiol Exp
(Wars ) 2006; 66: 279-291.

[41] El-Badri NS. Cord blood stem cells: a fountain of youth for the brain Stem Cells Dev
2006; 15: 293-294.

[42] Erba P, Mantovani C, Kalbermatten DF, Pierer G, Terenghi G, Kingham PJ. Regener‐
ation potential and survival of transplanted undifferentiated adipose tissue-derived
stem cells in peripheral nerve conduits J Plast Reconstr Aesthet Surg 2010; 63: e811-
e817.

[43] Erba P, Terenghi G, Kingham PJ. Neural differentiation and therapeutic potential of
adipose tissue derived stem cells Curr Stem Cell Res Ther 2010; 5: 153-160.

[44] Krabbe C, Zimmer J, Meyer M. Neural transdifferentiation of mesenchymal stem
cells--a critical review APMIS 2005; 113: 831-844.

[45] Liu Q, Guan L, Huang B, Li WH, Su Q, Yu M, Xu XP, Luo T, Lin SC, Sun X, Chen M,
Chen XG. Adult peripheral blood mononuclear cells transdifferentiate in vitro and
integrate into the retina in vivo Cell Biol Int 2011.

[46] Mohammad-Gharibani P, Tiraihi T, Arabkheradmand J. In vitro transdifferentiation
of bone marrow stromal cells into GABAergic-like neurons Iran Biomed J 2009; 13:
137-143.

[47] Naghdi M, Tiraihi T, Namin SA, Arabkheradmand J. Transdifferentiation of bone
marrow stromal cells into cholinergic neuronal phenotype: a potential source for cell
therapy in spinal cord injury Cytotherapy 2009; 11: 137-152.

[48] Roybon L, Ma Z, Asztely F, Fosum A, Jacobsen SE, Brundin P, Li JY. Failure of trans‐
differentiation of adult hematopoietic stem cells into neurons Stem Cells 2006; 24:
1594-1604.

Innovations in Stem Cell Transplantation84



[49] Zurita M, Bonilla C, Otero L, Aguayo C, Vaquero J. Neural transdifferentiation of
bone marrow stromal cells obtained by chemical agents is a short-time reversible
phenomenon Neurosci Res 2008; 60: 275-280.

[50] Amariglio N, Hirshberg A, Scheithauer BW, Cohen Y, Loewenthal R, Trakhtenbrot L,
Paz N, Koren-Michowitz M, Waldman D, Leider-Trejo L, Toren A, Constantini S, Re‐
chavi G. Donor-derived brain tumor following neural stem cell transplantation in an
ataxia telangiectasia patient PLoS Med 2009; 6: e1000029.

[51] Amariglio N, Rechavi G. On the origin of glioneural neoplasms after neural cell
transplantation Nat Med 2010; 16: 157-158.

[52] Ben-David U, Benvenisty N. The tumorigenicity of human embryonic and induced
pluripotent stem cells Nat Rev Cancer 2011; 11: 268-277.

[53] Saiz A, Graus F. Neurologic complications of hematopoietic cell transplantation Sem‐
in Neurol 2010; 30: 287-295.

[54] Capetian P, Dobrossy M, Winkler C, Prinz M, Nikkhah G. To be or not to be accept‐
ed: the role of immunogenicity of neural stem cells following transplantation into the
brain in animal and human studies Semin Immunopathol 2011.

[55] Ubiali F, Nava S, Nessi V, Frigerio S, Parati E, Bernasconi P, Mantegazza R, Baggi F.
Allorecognition of human neural stem cells by peripheral blood lymphocytes despite
low expression of MHC molecules: role of TGF-beta in modulating proliferation Int
Immunol 2007; 19: 1063-1074.

[56] Zheng XS, Yang XF, Liu WG, Pan DS, Hu WW, Li G. Transplantation of neural stem
cells into the traumatized brain induces lymphocyte infiltration Brain Inj 2007; 21:
275-278.

[57] Al NF, Wennersten A, Holmin S, Meijer X, Wahlberg L, Mathiesen T. MHC expres‐
sion after human neural stem cell transplantation to brain contused rats Neuroreport
2004; 15: 1871-1875.

[58] Barzilay R, Kan I, Ben-Zur T, Bulvik S, Melamed E, Offen D. Induction of human
mesenchymal stem cells into dopamine-producing cells with different differentiation
protocols Stem Cells Dev 2008; 17: 547-554.

[59] Fricker-Gates RA, Gates MA. Stem cell-derived dopamine neurons for brain repair in
Parkinson's disease Regen Med 2010; 5: 267-278.

[60] Shim JW, Park CH, Bae YC, Bae JY, Chung S, Chang MY, Koh HC, Lee HS, Hwang
SJ, Lee KH, Lee YS, Choi CY, Lee SH. Generation of functional dopamine neurons
from neural precursor cells isolated from the subventricular zone and white matter
of the adult rat brain using Nurr1 overexpression Stem Cells 2007; 25: 1252-1262.

[61] Iacovitti L, Donaldson AE, Marshall CE, Suon S, Yang M. A protocol for the differen‐
tiation of human embryonic stem cells into dopaminergic neurons using only chemi‐

Neuron Replacement and Brain Repair; Sex Does Matter
http://dx.doi.org/10.5772/25649

85



cally defined human additives: Studies in vitro and in vivo Brain Res 2007; 1127:
19-25.

[62] Liste I, Garcia-Garcia E, Martinez-Serrano A. The generation of dopaminergic neu‐
rons by human neural stem cells is enhanced by Bcl-XL, both in vitro and in vivo J
Neurosci 2004; 24: 10786-10795.

[63] Bosch M, Pineda JR, Sunol C, Petriz J, Cattaneo E, Alberch J, Canals JM. Induction of
GABAergic phenotype in a neural stem cell line for transplantation in an excitotoxic
model of Huntington's disease Exp Neurol 2004; 190: 42-58.

[64] Givogri MI, Bottai D, Zhu HL, Fasano S, Lamorte G, Brambilla R, Vescovi A, Wrabetz
L, Bongarzone E. Multipotential neural precursors transplanted into the metachro‐
matic leukodystrophy brain fail to generate oligodendrocytes but contribute to limit
brain dysfunction Dev Neurosci 2008; 30: 340-357.

[65] Thomas MG, Stone L, Evill L, Ong S, Ziman M, Hool L. Bone marrow stromal cells as
replacement cells for Parkinson's disease: generation of an anatomical but not func‐
tional neuronal phenotype Transl Res 2011; 157: 56-63.

[66] Brundin P, Barker RA, Parmar M. Neural grafting in Parkinson's disease Problems
and possibilities Prog Brain Res 2010; 184: 265-294.

[67] Lecanu L. Sex, the underestimated potential determining factor in brain tissue repair
strategy Stem Cells Dev 2011.

[68] Meyer AK, Maisel M, Hermann A, Stirl K, Storch A. Restorative approaches in Par‐
kinson's Disease: which cell type wins the race? J Neurol Sci 2010; 289: 93-103.

[69] Waldron J, Lecanu L. Age and sex-difference in neural stem cells transplantation out‐
come: a descriptive study in rats. Stem Cells Cloning Adv Appl 2011; 4: 25-37.

[70] Arias-Carrion O, Hernandez-Lopez S, Ibanez-Sandoval O, Bargas J, Hernandez-Cruz
A, Drucker-Colin R. Neuronal precursors within the adult rat subventricular zone
differentiate into dopaminergic neurons after substantia nigra lesion and chromaffin
cell transplant J Neurosci Res 2006; 84: 1425-1437.

[71] Tonellato PJ, Crawford JM, Boguski MS, Saffitz JE. A national agenda for the future
of pathology in personalized medicine: report of the proceedings of a meeting at the
Banbury Conference Center on genome-era pathology, precision diagnostics, and
preemptive care: a stakeholder summit Am J Clin Pathol 2011; 135: 668-672.

[72] Callaway E. Stem-cell progress Nature 2010; 468: 746.

[73] Helmy KY, Patel SA, Silverio K, Pliner L, Rameshwar P. Stem cells and regenerative
medicine: accomplishments to date and future promise Ther Deliv 2010; 1: 693-705.

[74] Patel SA, King CC, Lim PK, Habiba U, Dave M, Porecha R, Rameshwar P. Personaliz‐
ing Stem Cell Research and Therapy: The Arduous Road Ahead or Missed Opportu‐
nity? Curr Pharmacogenomics Person Med 2010; 8: 25-36.

Innovations in Stem Cell Transplantation86



[75] Lane EL, Bjorklund A, Dunnett SB, Winkler C. Neural grafting in Parkinson's disease
unraveling the mechanisms underlying graft-induced dyskinesia Prog Brain Res
2010; 184: 295-309.

[76] Deda H, Inci MC, Kurekci AE, Sav A, Kayihan K, Ozgun E, Ustunsoy GE, Kocabay S.
Treatment of amyotrophic lateral sclerosis patients by autologous bone marrow-de‐
rived hematopoietic stem cell transplantation: a 1-year follow-up Cytotherapy 2009;
11: 18-25.

[77] Fornai F, Meininger V, Silani V. Future therapeutical strategies dictated by pre-clini‐
cal evidence in ALS Arch Ital Biol 2011; 149: 169-174.

[78] Martinez HR, Gonzalez-Garza MT, Moreno-Cuevas JE, Caro E, Gutierrez-Jimenez E,
Segura JJ. Stem-cell transplantation into the frontal motor cortex in amyotrophic lat‐
eral sclerosis patients Cytotherapy 2009; 11: 26-34.

[79] Mazzini L, Ferrero I, Luparello V, Rustichelli D, Gunetti M, Mareschi K, Testa L, Stec‐
co A, Tarletti R, Miglioretti M, Fava E, Nasuelli N, Cisari C, Massara M, Vercelli R,
Oggioni GD, Carriero A, Cantello R, Monaco F, Fagioli F. Mesenchymal stem cell
transplantation in amyotrophic lateral sclerosis: A Phase I clinical trial Exp Neurol
2010; 223: 229-237.

[80] Silani V, Calzarossa C, Cova L, Ticozzi N. Stem cells in amyotrophic lateral sclerosis:
motor neuron protection or replacement? CNS Neurol Disord Drug Targets 2010; 9:
314-324.

[81] Gamez J, Carmona F, Raguer N, Ferrer-Sancho J, Martin-Henao GA, Marti-Beltran S,
Badia M, Gratacos M, Rodriguez-Gonzalez E, Seoane JL, Pallero-Castillo M, Burgos
R, Puiggros C, Pasarin A, Bori-Fortuny I. Cellular transplants in amyotrophic lateral
sclerosis patients: an observational study Cytotherapy 2010; 12: 669-677.

[82] Bachoud-Levi AC, Remy P, Nguyen JP, Brugieres P, Lefaucheur JP, Bourdet C, Bau‐
dic S, Gaura V, Maison P, Haddad B, Boisse MF, Grandmougin T, Jeny R, Bartolomeo
P, Dalla BG, Degos JD, Lisovoski F, Ergis AM, Pailhous E, Cesaro P, Hantraye P, Pe‐
schanski M. Motor and cognitive improvements in patients with Huntington's dis‐
ease after neural transplantation Lancet 2000; 356: 1975-1979.

[83] Cicchetti F, Soulet D, Freeman TB. Neuronal degeneration in striatal transplants and
Huntington's disease: potential mechanisms and clinical implications Brain 2011; 134:
641-652.

[84] Keene CD, Sonnen JA, Swanson PD, Kopyov O, Leverenz JB, Bird TD, Montine TJ.
Neural transplantation in Huntington disease: long-term grafts in two patients Neu‐
rology 2007; 68: 2093-2098.

[85] Lee HJ, Lee JK, Lee H, Shin JW, Carter JE, Sakamoto T, Jin HK, Bae JS. The therapeu‐
tic potential of human umbilical cord blood-derived mesenchymal stem cells in Alz‐
heimer's disease Neurosci Lett 2010; 481: 30-35.

Neuron Replacement and Brain Repair; Sex Does Matter
http://dx.doi.org/10.5772/25649

87



[86] Taupin P. Neurogenesis, NSCs, pathogenesis and therapies for Alzheimer's disease
Front Biosci (Schol Ed) 2011; 3: 178-190.

[87] Zhongling F, Gang Z, Lei Y. Neural stem cells and Alzheimer's disease: challenges
and hope Am J Alzheimers Dis Other Demen 2009; 24: 52-57.

[88] Scolding N. Adult stem cells and multiple sclerosis Cell Prolif 2011; 44 Suppl 1: 35-38.

[89] Uccelli A, Laroni A, Freedman MS. Mesenchymal stem cells for the treatment of mul‐
tiple sclerosis and other neurological diseases Lancet Neurol 2011; 10: 649-656.

[90] Zeher M, Papp G, Szodoray P. Autologous haemopoietic stem cell transplantation
for autoimmune diseases Expert Opin Biol Ther 2011.

[91] Bretzner F, Gilbert F, Baylis F, Brownstone RM. Target populations for first-in-hu‐
man embryonic stem cell research in spinal cord injury Cell Stem Cell 2011; 8:
468-475.

[92] Dasari VR, Spomar DG, Gondi CS, Sloffer CA, Saving KL, Gujrati M, Rao JS, Dinh
DH. Axonal remyelination by cord blood stem cells after spinal cord injury J Neuro‐
trauma 2007; 24: 391-410.

[93] Adler R. Curing blindness with stem cells: hope, reality, and challenges Adv Exp
Med Biol 2008; 613: 3-20.

[94] Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, Dillon S, Winfield
H, Culver S, Trojanowski JQ, Eidelberg D, Fahn S. Transplantation of embryonic
dopamine neurons for severe Parkinson's disease N Engl J Med 2001; 344: 710-719.

[95] Hauser RA, Freeman TB, Snow BJ, Nauert M, Gauger L, Kordower JH, Olanow CW.
Long-term evaluation of bilateral fetal nigral transplantation in Parkinson disease
Arch Neurol 1999; 56: 179-187.

[96] Ma Y, Tang C, Chaly T, Greene P, Breeze R, Fahn S, Freed C, Dhawan V, Eidelberg D.
Dopamine cell implantation in Parkinson's disease: long-term clinical and (18)F-
FDOPA PET outcomes J Nucl Med 2010; 51: 7-15.

[97] Olanow CW, Goetz CG, Kordower JH, Stoessl AJ, Sossi V, Brin MF, Shannon KM,
Nauert GM, Perl DP, Godbold J, Freeman TB. A double-blind controlled trial of bilat‐
eral fetal nigral transplantation in Parkinson's disease Ann Neurol 2003; 54: 403-414.

[98] Lindvall O, Rehncrona S, Brundin P, Gustavii B, Astedt B, Widner H, Lindholm T,
Bjorklund A, Leenders KL, Rothwell JC, Frackowiak R, Marsden D, Johnels B, Steg G,
Freedman R, Hoffer BJ, Seiger A, Bygdeman M, Stromberg I, Olson L. Human fetal
dopamine neurons grafted into the striatum in two patients with severe Parkinson's
disease. A detailed account of methodology and a 6-month follow-up Arch Neurol
1989; 46: 615-631.

Innovations in Stem Cell Transplantation88



[99] Lindvall O, Brundin P, Widner H, Rehncrona S, Gustavii B, Frackowiak R, Leenders
KL, Sawle G, Rothwell JC, Marsden CD, . Grafts of fetal dopamine neurons survive
and improve motor function in Parkinson's disease Science 1990; 247: 574-577.

[100] Dobrossy M, Busse M, Piroth T, Rosser A, Dunnett S, Nikkhah G. Neurorehabilita‐
tion with neural transplantation Neurorehabil Neural Repair 2010; 24: 692-701.

[101] Mills KR. The natural history of central motor abnormalities in amyotrophic lateral
sclerosis Brain 2003; 126: 2558-2566.

[102] Gaura V, Bachoud-Levi AC, Ribeiro MJ, Nguyen JP, Frouin V, Baudic S, Brugieres P,
Mangin JF, Boisse MF, Palfi S, Cesaro P, Samson Y, Hantraye P, Peschanski M, Remy
P. Striatal neural grafting improves cortical metabolism in Huntington's disease pa‐
tients Brain 2004; 127: 65-72.

[103] Grinnemo KH, Sylven C, Hovatta O, Dellgren G, Corbascio M. Immunogenicity of
human embryonic stem cells Cell Tissue Res 2008; 331: 67-78.

[104] Sobani ZA, Quadri SA, Enam SA. Stem cells for spinal cord regeneration: Current
status Surg Neurol Int 2010; 1: 93.

[105] Zurita M, Otero L, Aguayo C, Bonilla C, Ferreira E, Parajon A, Vaquero J. Cell thera‐
py for spinal cord repair: optimization of biologic scaffolds for survival and neural
differentiation of human bone marrow stromal cells Cytotherapy 2010; 12: 522-537.

[106] Shen CC, Lin CH, Yang YC, Chiao MT, Cheng WY, Ko JL. Intravenous implanted
neural stem cells migrate to injury site, reduce infarct volume, and improve behavior
after cerebral ischemia Curr Neurovasc Res 2010; 7: 167-179.

[107] Aoki H, Hara A, Niwa M, Yamada Y, Kunisada T. In vitro and in vivo differentiation
of human embryonic stem cells into retina-like organs and comparison with that
from mouse pluripotent epiblast stem cells Dev Dyn 2009; 238: 2266-2279.

[108] Arnhold S, Klein H, Semkova I, Addicks K, Schraermeyer U. Neurally selected em‐
bryonic stem cells induce tumor formation after long-term survival following en‐
graftment into the subretinal space Invest Ophthalmol Vis Sci 2004; 45: 4251-4255.

[109] Chen M, Chen Q, Sun X, Shen W, Liu B, Zhong X, Leng Y, Li C, Zhang W, Chai F,
Huang B, Gao Q, Xiang AP, Zhuo Y, Ge J. Generation of retinal ganglion-like cells
from reprogrammed mouse fibroblasts Invest Ophthalmol Vis Sci 2010; 51:
5970-5978.

[110] Francis PJ, Wang S, Zhang Y, Brown A, Hwang T, McFarland TJ, Jeffrey BG, Lu B,
Wright L, Appukuttan B, Wilson DJ, Stout JT, Neuringer M, Gamm DM, Lund RD.
Subretinal transplantation of forebrain progenitor cells in nonhuman primates: sur‐
vival and intact retinal function Invest Ophthalmol Vis Sci 2009; 50: 3425-3431.

[111] Klassen H, Schwartz PH, Ziaeian B, Nethercott H, Young MJ, Bragadottir R, Tullis
GE, Warfvinge K, Narfstrom K. Neural precursors isolated from the developing cat

Neuron Replacement and Brain Repair; Sex Does Matter
http://dx.doi.org/10.5772/25649

89



brain show retinal integration following transplantation to the retina of the dystro‐
phic cat Vet Ophthalmol 2007; 10: 245-253.

[112] Levkovitch-Verbin H, Sadan O, Vander S, Rosner M, Barhum Y, Melamed E, Offen
D, Melamed S. Intravitreal injections of neurotrophic factors secreting mesenchymal
stem cells are neuroprotective in rat eyes following optic nerve transection Invest
Ophthalmol Vis Sci 2010; 51: 6394-6400.

[113] Lund RD, Ono SJ, Keegan DJ, Lawrence JM. Retinal transplantation: progress and
problems in clinical application J Leukoc Biol 2003; 74: 151-160.

[114] Seiler MJ, Aramant RB, Thomas BB, Peng Q, Sadda SR, Keirstead HS. Visual restora‐
tion and transplant connectivity in degenerate rats implanted with retinal progenitor
sheets Eur J Neurosci 2010; 31: 508-520.

[115] Wang DY, Wu SC, Lin SP, Hsiao SH, Chung TW, Huang YY. Evaluation of transdif‐
ferentiation from mesenchymal stem cells to neuron-like cells using microfluidic pat‐
terned co-culture system Biomed Microdevices 2011; 13: 517-526.

[116] Wang S, Girman S, Lu B, Bischoff N, Holmes T, Shearer R, Wright LS, Svendsen CN,
Gamm DM, Lund RD. Long-term vision rescue by human neural progenitors in a rat
model of photoreceptor degeneration Invest Ophthalmol Vis Sci 2008; 49: 3201-3206.

[117] Yang Z, Li K, Yan X, Dong F, Zhao C. Amelioration of diabetic retinopathy by en‐
grafted human adipose-derived mesenchymal stem cells in streptozotocin diabetic
rats Graefes Arch Clin Exp Ophthalmol 2010; 248: 1415-1422.

[118] Maruska KP, Fernald RD. Steroid receptor expression in the fish inner ear varies with
sex, social status, and reproductive state BMC Neurosci 2010; 11: 58.

[119] Yamada S, Noguchi D, Ito H, Yamanouchi K. Sex and regional differences in de‐
crease of estrogen receptor alpha-immunoreactive cells by estrogen in rat hypothala‐
mus and midbrain Neurosci Lett 2009; 463: 135-139.

[120] Zhang JQ, Cai WQ, Zhou DS, Su BY. Distribution and differences of estrogen recep‐
tor beta immunoreactivity in the brain of adult male and female rats Brain Res 2002;
935: 73-80.

[121] Hisasue S, Seney ML, Immerman E, Forger NG. Control of cell number in the bed
nucleus of the stria terminalis of mice: role of testosterone metabolites and estrogen
receptor subtypes J Sex Med 2010; 7: 1401-1409.

[122] Kudwa AE, Bodo C, Gustafsson JA, Rissman EF. A previously uncharacterized role
for estrogen receptor beta: defeminization of male brain and behavior Proc Natl
Acad Sci U S A 2005; 102: 4608-4612.

[123] Kudwa AE, Michopoulos V, Gatewood JD, Rissman EF. Roles of estrogen receptors
alpha and beta in differentiation of mouse sexual behavior Neuroscience 2006; 138:
921-928.

Innovations in Stem Cell Transplantation90



[124] Brannvall K, Korhonen L, Lindholm D. Estrogen-receptor-dependent regulation of
neural stem cell proliferation and differentiation Mol Cell Neurosci 2002; 21: 512-520.

[125] Fowler CD, Johnson F, Wang Z. Estrogen regulation of cell proliferation and distri‐
bution of estrogen receptor-alpha in the brains of adult female prairie and meadow
voles J Comp Neurol 2005; 489: 166-179.

[126] Kishi Y, Takahashi J, Koyanagi M, Morizane A, Okamoto Y, Horiguchi S, Tashiro K,
Honjo T, Fujii S, Hashimoto N. Estrogen promotes differentiation and survival of
dopaminergic neurons derived from human neural stem cells J Neurosci Res 2005;
79: 279-286.

[127] Martinez-Cerdeno V, Noctor SC, Kriegstein AR. Estradiol stimulates progenitor cell
division in the ventricular and subventricular zones of the embryonic neocortex Eur J
Neurosci 2006; 24: 3475-3488.

[128] Suzuki S, Gerhold LM, Bottner M, Rau SW, Dela CC, Yang E, Zhu H, Yu J, Cashion
AB, Kindy MS, Merchenthaler I, Gage FH, Wise PM. Estradiol enhances neurogene‐
sis following ischemic stroke through estrogen receptors alpha and beta J Comp
Neurol 2007; 500: 1064-1075.

[129] Wang JM, Liu L, Brinton RD. Estradiol-17beta-induced human neural progenitor cell
proliferation is mediated by an estrogen receptor beta-phosphorylated extracellularly
regulated kinase pathway Endocrinology 2008; 149: 208-218.

[130] Okada M, Murase K, Makino A, Nakajima M, Kaku T, Furukawa S, Furukawa Y. Ef‐
fects of estrogens on proliferation and differentiation of neural stem/progenitor cells
Biomed Res 2008; 29: 163-170.

[131] Okada M, Makino A, Nakajima M, Okuyama S, Furukawa S, Furukawa Y. Estrogen
Stimulates Proliferation and Differentiation of Neural Stem/Progenitor Cells through
Different Signal Transduction Pathways Int J Mol Sci 2010; 11: 4114-4123.

[132] Sun H, Wang H, Hu S. Effects of estrogen on diverse stem cells and relevant intracel‐
lular mechanisms Sci China Life Sci 2010; 53: 542-547.

[133] Leskela HV, Olkku A, Lehtonen S, Mahonen A, Koivunen J, Turpeinen M, Uusitalo J,
Pelkonen O, Kangas L, Selander K, Lehenkari P. Estrogen receptor alpha genotype
confers interindividual variability of response to estrogen and testosterone in mesen‐
chymal-stem-cell-derived osteoblasts Bone 2006; 39: 1026-1034.

[134] Barker JM, Galea LA. Repeated estradiol administration alters different aspects of
neurogenesis and cell death in the hippocampus of female, but not male, rats Neuro‐
science 2008; 152: 888-902.

[135] Waldron J, McCourty AM, Lecanu L. Neural stem cell sex dimorphism in aromatase
(CYP19) expression: a basis for differential neural fate. Stem Cells Cloning Adv Appl
2010; 3: 175-182.

Neuron Replacement and Brain Repair; Sex Does Matter
http://dx.doi.org/10.5772/25649

91



[136] Martins AH, Alves JM, Trujillo CA, Schwindt TT, Barnabe GF, Motta FL, Guimaraes
AO, Casarini DE, Mello LE, Pesquero JB, Ulrich H. Kinin-B2 receptor expression and
activity during differentiation of embryonic rat neurospheres Cytometry A 2008; 73:
361-368.

[137] Sillat T, Pollanen R, Lopes JR, Porola P, Ma G, Korhonen M, Konttinen YT. Intracrine
androgenic apparatus in human bone marrow stromal cells J Cell Mol Med 2009; 13:
3296-3302.

[138] Morgan DE, Crittenden SL, Kimble J. The C. elegans adult male germline: stem cells
and sexual dimorphism Dev Biol 2010; 346: 204-214.

[139] Limke TL, Rao MS. Neural stem cells in aging and disease J Cell Mol Med 2002; 6:
475-496.

[140] Limke TL, Rao MS. Neural stem cell therapy in the aging brain: pitfalls and possibili‐
ties J Hematother Stem Cell Res 2003; 12: 615-623.

[141] Limke TL, Cai J, Miura T, Rao MS, Mattson MP. Distinguishing features of progeni‐
tor cells in the late embryonic and adult hippocampus Dev Neurosci 2003; 25:
257-272.

[142] Maslov AY, Barone TA, Plunkett RJ, Pruitt SC. Neural stem cell detection, characteri‐
zation, and age-related changes in the subventricular zone of mice J Neurosci 2004;
24: 1726-1733.

[143] Kuhn HG, Dickinson-Anson H, Gage FH. Neurogenesis in the dentate gyrus of the
adult rat: age-related decrease of neuronal progenitor proliferation J Neurosci 1996;
16: 2027-2033.

[144] Sato K, Hayashi T, Sasaki C, Iwai M, Li F, Manabe Y, Seki T, Abe K. Temporal and
spatial differences of PSA-NCAM expression between young-adult and aged rats in
normal and ischemic brains Brain Res 2001; 922: 135-139.

[145] Kudwa AE, Gustafsson JA, Rissman EF. Estrogen receptor beta modulates estradiol
induction of progestin receptor immunoreactivity in male, but not in female, mouse
medial preoptic area Endocrinology 2004; 145: 4500-4506.

[146] Kudwa AE, Harada N, Honda SI, Rissman EF. Regulation of progestin receptors in
medial amygdala: estradiol, phytoestrogens and sex Physiol Behav 2009; 97: 146-150.

[147] Mayack SR, Shadrach JL, Kim FS, Wagers AJ. Systemic signals regulate ageing and
rejuvenation of blood stem cell niches Nature 2010; 463: 495-500.

[148] Niikura Y, Niikura T, Wang N, Satirapod C, Tilly JL. Systemic signals in aged males
exert potent rejuvenating effects on the ovarian follicle reserve in mammalian fe‐
males Aging (Albany NY) 2010; 2: 999-1003.

Innovations in Stem Cell Transplantation92


