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Abstract

Current anti-aging strategies focusing on druggable targets have met with relatively limited
success to date. Replacement of cells, tissues, and organs could provide an alternative means for
targeting age-induced damage and potentially eliminating some of it. However, before this is a
viable option, numerous challenges need to be addressed. Most notably, whether the brain, which
defines our self-identity, is amenable to replacement therapies is unclear. Here, we consider
whether progressive cell replacement is a potential approach to reverse brain aging without grossly
altering function. We focus mainly on the neocortex, seat of our highest cognitive functions,
because of abundant knowledge on neocortical development, plasticity, and how the neocortex can
functionally incorporate new neurons. We outline the primary challenges for brain cell
replacement, and key areas that require further investigation.
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Limitations to pharmacological approaches for slowing age-related damage

The research community and, more recently, biotech companies have begun taking the first
steps towards identifying molecular targets for pharmaceuticals that could have, if not
systemic, at least broad anti-aging benefits. Sometimes referred to as “geroscience”, this new
area of research in aging originates, in part, from observations that dietary restriction (DR)
or reduced somatotropic signaling result in improved lifespan and health-span [1-12]. The
effects of dampening growth signaling can be mimicked by drugs, with several
geroprotective compounds, for example rapamycin, demonstrated to have beneficial impact
on multiple age-related phenotypes [13,14].
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Some geroprotectors, including rapamycin, also appeared to increase maximal lifespan in
mice [15]. However, while geroscience approaches are likely to improve health-span in
elderly humans — and curtail certain life-shortening factors — an effect on human maximal
lifespan is doubtful. It should be realized that results suggesting an effect on maximal
lifespan all come from work with short-lived laboratory animals, and it’s not clear whether
these effects can be extrapolated to humans — perhaps not even to the species being studied
when in the wild. Indeed, DR’s effect on longevity in rodent studies depends, at least to
some extent, on the control group being obese, and an increase in longevity is not shared by
all genotypes, with no evidence that either DR or any geroprotective compound yet studied
increases longevity beyond the maximum species lifespan [16]. Importantly, DR appears to
have no effect, or only small effects, on lifespan in non-human primates, although there is no
doubt about its positive effects on health-span [17,18]. The tremendous complexity of age-
related damage may underlie the limitations of DR and mimetic drugs (Box 1).

In addition to drugs that might target metabolism, drugs that target the functionality of aged
stem cells, such as “youthful” factors in the blood of young animals [19,20], while possibly
improving health-span, will probably be unable to remove damage that accumulates in the
stem cells themselves, in their niches, and in tissues with non-dividing cells. The same
applies to senolytic drugs that ablate certain types of dysfunctional old cells [21]; they are
unlikely to halt accumulation of damage. Thus far systematic ablation of senescent cells
from the tissues of aging mice can significantly improve health-span but not maximum
lifespan [22].

In conclusion, while extremely important for improving late-life health, current
pharmacological geroscience approaches, we argue, seem unlikely to significantly increase
human lifespan, which appears to have reached a plateau [23-25]. By contrast, the option of
regularly replacing worn-out tissues, organs, and cells offers, at least in theory, the advantage
of instantaneous reversion of the effects of aging (Box 2). Below we will critically review
this option with a focus on the brain, which poses the most serious challenges for cell
replacement therapy. Indeed, the need to preserve one’s individual self-identity rooted in the
brain presents a formidable challenge to cell replacement as an approach to undo aging.

Neural plasticity in the aging brain

Unlike the brain, the rest of the body is amenable to larger-scale — whole tissue and organ —
replacements (Box 2). However, when it comes to treating the age-related decline in brain
function, organ or large-scale tissue replacements are not an option, given the obvious loss
of self-identity that would occur, particularly for areas such as the neocortex. Yet the
plasticity that exists in neocortical neural networks suggests that cell transplants, if done
progressively over years, could rejuvenate the neocortex biologically and functionally
without greatly disrupting ongoing functions. Cortical plasticity, defined as the ability to
modify circuits by changing the synapses, neurons, and/or cortical maps underlying a
particular function, is a remarkable feature of the neocortex and well-documented in several
experimental paradigms (reviewed for example by [26-28]). In fact, even under normal
conditions the neocortex is constantly reorganizing its functional circuits in response to new
experiences as it allocates and re-allocates cortical areas based on use. A classic example,
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conserved across mammalian species, is the re-allocation of areas in the somatotopic map of
the sensorimotor cortex that occurs over the course of weeks, months, or years in response to
digit or limb amputations; areas previously responsive to the limb or digit become
responsive instead to inputs from surrounding tactile skin areas. Studies of the other sensory
cortices reveal similar plasticity [26-28]. Even higher order functions such as language can
progressively relocate to new neocortical areas when the original eloquent areas are
destroyed due to slow growing gliomas, for instance (Box 3).

As we get old, neuronal complexity declines. Dendritic arborization, length, synapse number
and spine density decrease to variable degrees in cortical areas accompanied by reductions in
most aspects of cognitive performance, including memory, awareness, and intellectual
abilities [29-33]. In degenerative diseases, a threshold is reached when degeneration
overwhelms plasticity so that the cortex can no longer adequately compensate for disrupted
circuits. Likewise, in healthy aging adults, mechanisms of plastic compensation probably
operate to offset the effects of aging, until at some point aging again wins out [35-39].
Together with recent studies revealing an ability of transplant-derived neurons to integrate
into adult cortical networks (discussed below), the innate plasticity of cortical synapses,
neurons, and circuits, which underlie our thought patterns and memories, bode well for
regenerative approaches that would involve the progressive introduction of new neurons over
time into the neocortex to curb or reverse the effects of aging. However, formidable
challenges lie ahead.

Cell replacement to treat brain aging — promises and pitfalls

Although the innate plasticity of the neocortex and its ability to accommodate new neurons
offer hope for cell replacement strategies, several major questions must be addressed and
hurdles overcome before we can consider cell replacement as a viable means of reversing
age-related damage in the brain. Below, prompted by recent reports relevant to introducing
new cells in the cerebrum, we outline key open questions related to cell sources, types,
numbers, dispersion, integration, and the extracellular space. We discuss existing approaches
to potentially overcoming some of these obstacles in determining if cell replacement could
become a viable option to rejuvenate the aged brain.

Can endogenous cells be used as sources of new cortical neurons?

A potential alternative to transplanting new neurons into the aging cortex is to cajole
endogenous precursors into generating new cortical neurons. Although evidence is mixed as
to the existence of endogenous neural stem cells in the adult human forebrain, the activity of
such cells appears at best limited to the hippocampal dentate gyrus (DG) where they would
generate glutamatergic granule neurons, and the anterior subventricular zone (SVZ) where
they would generate striatal GABAergic neurons (rather than olfactory bulb neurons as in
rodents for example; [40-44]. Understanding the mechanistic details underlying how new
neurons integrate into existing adult circuits in the DG and striatum in some mammals could
provide useful clues for enhancing the integration of experimentally generated new neurons
in the neocortex. It has also been suggested that endogenous neural stem cells themselves
could be manipulated into populating the neocortex with new neurons [45,46].
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However, endogenous neural stem cells and their niches also undergo aging, leading to loss
of function and cell fate alterations [47]. While there is some evidence that damage
accumulation in stem cells is slower than in normal cells [48-49], using one’s own stem cell
pools in reversing aging would be limited in scope. In addition, the human DG is
proportionately small compared with the neocortex (a ~1:1000 volume ratio; [50,51]),
making it difficult for the limited DG stem cells to populate the neocortex, especially given
its location outside of this much larger tissue. Moreover, the neural stem cells of the DG and
SVZ have defined fates (to generate dentate granule and striatal neurons, respectively),
which would need to be reprogrammed to neocortical fates while somehow still maintaining
their normal hippocampal and striatal functions. As alternatives to DG and SVZ progenitors,
the conversion of non-neuronal cell types already present in the neocortical parenchyma has
also been proposed as a means of generating new neurons to repair local damage (Box 4),
but such approaches may be difficult to apply to the repair of broad damage that occurs with
degenerative diseases or aging.

Transplantation of cortical precursor cells — what we know so far

Immune rejection is always a concern when cell transplants are used to treat an individual.
Nevertheless, allogeneic grafts of human embryonic midbrain tissue into the adult striatum
of Parkinson patients have an impressive track record of survival (up to 24 years so far; [52—
54]). These early transplant trials along with the potential use of neural cells derived from
patient-specific induced pluripotent stem (iPS) cells bode well, one could argue, for the
circumvention of immune rejection in brain cell transplants.

Over the past decade or so, the transplantation of embryonic neocortical precursor cells in
mice has revealed their innate ability to survive, differentiate into cortical excitatory
neurons, and integrate — at least to some degree — into existing adult neocortical circuits (e.g.
[55-60]). Similar results have been obtained with embryonic stem cell-derived neurons
[61,62]. In the visual cortex, neurons generated from transplanted embryonic cortical tissue
can project to appropriate targets and respond electrophysiologically to light [57]. More
recently, Falkner et al. performed an extensive characterization of the dendritic arborization,
axon projection patterns, pre-synaptic connectome, and orientation and directional
selectivity for visual input of transplant-derived neurons in V1 derived from dissociated
embryonic cortical cells [59]. Their results suggest that these transplant-derived neurons
acquire over time functional features of their endogenous neighbors.

These initial studies illustrate the potential of embryonic cortical precursor cells to generate
functionally integrated neurons in the adult neocortex. Nevertheless, much more research is
needed to demonstrate their usefulness in rejuvenating neocortical function in the aging
human brain. The observed synaptic connectivity, electrophysiological activity, and area-
appropriate function of transplant-derived cortical neurons do not necessarily equate with
normal function. As we continue to learn about cortical circuits, their remarkable complexity
becomes only more apparent.

The classical, but over-simplistic, view of information processing in the neocortex is that
information generally flows through the layers of excitatory projection neurons. Namely,
input enters, for example, from the thalamus onto layer 4 neurons, which then project to
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layer 2/3 neurons, which in turn project among themselves and to layer 5 and 6 neurons,
prior to information flow exiting the neocortex. However, not only are there other excitatory
connections not mentioned in this canonical pathway, but there are also numerous
superimposed forms of modulation, not the least of which comes from the complex classes
of inhibitory interneurons [63]. Cortical interneurons, which are interspersed among the
layers of excitatory neurons, regulate network activity in several ways, including feed-
forward inhibition, feedback inhibition, disinhibition, and volume inhibition. Since improper
circuitry of interneurons probably underlies several cognitive or psychiatric disorders, their
use in cell-based transplant therapies is actively being explored [64]. In addition to local
cortical interneurons, modulation of the cortical excitatory neurons can come from other
parts of the brain, for example through direct inputs to the cortex from cholinergic,
dopaminergic, and serotonergic neurons [65-67]. Hence, the extent to which transplant-
derived cortical excitatory neurons can receive proper local and long distance inhibitory and
modulatory inputs, which are necessary for them to participate in normal network activity,
remains to be determined.

It is possible that, along with cortical precursors, the co-transplantation of young
interneurons (which greatly increase plasticity; [68]) will be necessary to achieve a more
normal integration of the principle cortical neurons. It is interesting to speculate that the
maturation, orientation and directional selectivity observed by Falkner et al. in their
transplant-derived V1 neurons is in part due to the presence of co-transplanted interneurons,
since their source of cells was unpurified dissociated neocortex from E18.5 mouse embryos
[59], a stage at which interneurons have already migrated into the neocortex. To further
assess the functionality of transplant-derived neurons, in addition to testing their circuit
activity, it would be instructive to determine whether they can contribute to behavior in
young and old mice. This could be attempted, for example, by replacing neurons in a layer
of a neocortical sensory area with transplant-derived neurons, training the recipient mice to
respond to an appropriate sensory stimulation, and then optogenetically silencing the
transplant-derived neurons to test whether task performance depends on their function.
Nevertheless, despite these open questions, initial studies suggest a certain innate aptitude of
young transplant-derived neurons to receive and process information from the host circuitry
[57-60].

Roughly twenty billion neocortical neurons - the problem of numbers and size

A major unaddressed issue when considering the rejuvenation of the neocortex using cell
transplantation is the number of its neurons. The human neocortex is comprised of roughly
15-20 billion neurons [50,69], which raises unanswered questions. Can such a large number
of cells be replaced progressively over time? What proportion of new neurons is needed to
begin observing positive effects? As a useful comparison, the adult mouse dentate gyrus,
comprised of approximately 3x10° neurons, incorporates roughly 15,000 new neurons in 6
months [70,71]. If we scale these numbers up to the human neocortex, and for the sake of
the calculation use 2x1019 (20 billion) as an estimate of the number of cortical neurons, the
rate of incorporating new neurons would need to be 1x10° new neurons in 6 months, or
2x1010 (the equivalent of all neocortical neurons) in 10 years. Given a means of
progressively eliminating old neurons (discussed below) and given that not all neurons
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would necessarily need to be replaced within 10 years to potentially begin reversing age-
related dysfunction, then in theory at least the number of neurons needed for noticeable
effects, if one extrapolates from the analogy of adult-neurogenesis in the hippocampus, is
not in itself insurmountable. However, the optimal rate at which cells should be transplanted
over time is not obvious. Ultimately, protocols would need to determine a rate that
maximizes connectivity of newly introduced neurons while supporting or bolstering existing
neuronal networks rather than ‘muddying’ them, so to say.

Another issue relates to neocortical size. Although the thickness of all the cellular layers of
the human neocortex together totals only ~2 mm, its surface area covers roughly 2000-2500
cm? folded into sulci and gyri [72,73]. This underscores a need to develop approaches in
which cells disperse upon transplantation, given that arrayed injections of cells throughout
the neocortex is difficult practically and might carry various adverse side effects. However,
the neurons derived from transplanted embryonic neocortical precursors essentially remain
at the transplant site (e.g. [59]), making them useful for repairing local damage but limiting
their applicability to the more widespread damage that occurs with degenerative diseases
and aging. Therefore, developing approaches for dispersion of transplanted cells is perhaps
one of the most formidable challenges for achieving wide-scale neuronal integration and
rejuvenation of the aging neocortex [74].

One approach that could enhance implanted cell dispersion involves cell fate conversion. In
this approach, transplanted cells with an inherent ability to disperse in the mature neocortex,
such as embryonic interneuron precursors, microglia, or oligodendrocyte precursors [75-80],
could be induced to convert to a neocortical projection neuron fate after they have migrated
into the surrounding host parenchyma (Figure 1). This could be accomplished, for example,
by modifying the migratory donor cells with DNA constructs carrying inducible promoters
that drive expression of reprogramming transcription factors, so that once cells have
migrated they can be reprogrammed. Direct reprogramming of several cell types, including
fibroblasts [81,82], astrocytes [83-85], pericytes [86], oligodendrocyte precursors
[85,87,88], cord blood-derived stem cells [82], and hepatocytes [89] into cortical neurons
has been achieved with efficiencies in some cases as high as 65-98% of cells converted
[82,84,85,88] and without the need for cell division during the reprogramming process [84].
These previous studies suggest that reprogramming should be achievable for candidate
migratory donor cells such as inhibitory neuron precursors, microglia, or oligodendrocyte
precursors.

Would co-transplantations improve functional connectivity?

Neurons transplanted into a single location of the adult visual neocortex can develop
appropriately-looking dendritic arbors, axon projection patterns, pre-synaptic inputs from
local and distant targets as well as among themselves, and electrophysiological responses to
visual stimuli [57,59]. It is worth noting, however, that during development, neocortical
neurons mature at a time when some of their pre- and post-synaptic partners in other cortical
areas and other brain regions are also maturing. With this perspective in mind, it would be
instructive to assess how simultaneous transplants into multiple cortical areas (and even
other brain regions) impacts overall connectivity of transplant-to-transplant neurons
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(compared for instance to transplant-to-host connectivity) to determine the pros and cons of
simultaneous versus sequential co-transplantations. In addition, cortical precursor cells as
they differentiate become restricted to area-specific fates, generating neurons with different
subcortical axonal targets [57,90]. Therefore, when performing transplants or co-transplants,
matching the subtypes of cortical precursors with their functional areas may be required for
proper connectivity.

Although perhaps not directly relevant to neocortical transplants, fetal dopaminergic
precursors co-transplanted in the striatum and substantia nigra of human patients have thus
far revealed encouraging results, as evidenced by post-mortem analyses. Specifically,
transplant-derived fiber tracts running between the striatum and substantia nigra were
observed years after the transplants [91]. In comparison, however, projections to and from
the neocortex are considerably more complex. Therefore, in addition to further studies
showing the ability of newly introduced cortical neurons to project to normal targets, future
studies would also need to determine the potential of transplant-derived neurons in other
parts of the brain to project to normal targets including the neocortex and how their
connectivity might be affected by co-transplantations in source and target regions.

In addition to co-transplantations, it is worth considering activity-dependent processes that
may enhance the integration of new neurons into existing networks. During development and
adulthood, neuronal connections of existing as well as new neurons are made and lost, in
part based on activity-dependent process. Activity can guide connectivity changes for
instance via the Hebbian principle of coincident synaptic firing, as well as synaptic
competition that is based on usage [92-95]. Therefore, optimal integration and functionality
of transplant-derived neurons will probably also be facilitated by the active use of existing
networks and integration of new neurons within them.

Finally, despite a considerable shrinkage in brain size with age, which is due predominantly
to the loss of dendritic and axonal projections rather than neurons [34,50,96], it might be
necessary at some point to create additional space for transplant-derived cells by
progressively eliminating aged and dysfunctional neurons as well as other cell types, for
example with senolytics or through non-proliferation-dependent cell competition [21,97].

Replacing neurons solely may not be sufficient to reverse age-related functional decline in

the brain

Neuron survival and function rely on several non-neuronal cell types, namely astrocytes,
oligodendrocytes, microglia, and vascular cells. In a cell-replacement framework for
reversing aging, these cells will likely also need replacement with age. It is noteworthy that
transplants in primates and mice using dissociated unpurified cells from fetuses or embryos
fare considerably better than transplants that use purified neuronal precursors. In humans,
bilateral transplants of fetal midbrain cells to the striatum of Parkinson’s Disease patients
can survive for at least 24 years post-transplantation. The transplant-derived neurons show a
generally healthy morphology and support continued therapeutic benefits, with — in some
cases — no signs of the pathology that is found in the host neurons (e.g. [52-54,98]). In
contrast, when cells for transplantation were obtained from monkey embryonic stem cell-
derived dopaminergic precursors, only small grafts and low percentages of surviving
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dopamine neurons were observed after transplantation to either rat or monkey striata (e.g.
[99,100]. Similarly, for transplants in mice, the use of cells derived from embryonic
neocortex results in robust survival [59], whereas the use of purified neural progenitors leads
to poor survival rates (e.g. [101-105]).

A likely reason for the better survival of transplants derived from embryonic tissue is the
presence of mixed cell types, including neuronal precursors, vascular precursors, macroglia,
and microglia. In particular, neovascularization may be critical for transplant cell survival
[60,106,107]. As in the fetus, where vascularization must match the physiological demands
of each growing tissue, vascularization of mixed cell transplants might occur to promote
optimal neuron survival, differentiation, and function. Microglia may also play several
critical roles by participating in blood vessel branching and fusion and in the maturation of
transplant-derived neurons [108-113]. Astrocytes and oligodendrocytes are of course also
required for normal neuron function. Within mixed-cell transplants, some cell types, such as
vascular cells, microglia, oligodendrocyte precursors, and interneuron precursors, may to
some extent self-organize as they do during development.

An overview of the cell types found in the adult neocortex is illustrated in Figure 2. Many of
these cell types have previously been derived from human embryonic stem (ES) or iPS cells,
which would serve as a likely source for transplantation (Figure 1) after appropriate “pan-
omic” quality control tests as previously described [114].

In addition to cells, the extracellular matrix (ECM) is a prime locus of age-related damage
because of its limited turnover. It must be considered in any brain rejuvenation strategy,
including transplant-based approaches. Transplant-derived cells will probably produce some
of their own ECM, perhaps mitigating to some extent the accumulated overall damage.
However, molecular repair or replacement strategies for the ECM will undoubtedly also be
beneficial. Repair strategies have thus far met with very limited success [115], underscoring
a need for new approaches in this area [116].

It is worth revisiting at this point the idea of using cortical tissue transplants, rather than
dissociated cells — or, as a more practical source of tissue, using neocortical organoids
composed of multiple cell types. Despite the possible greater difficulty for neurons from a
cortical tissue graft compared to neurons from dissociated cells to integrate into existing
circuits and maintain their function, there are several potential advantages to transplanting
embryonic-like neocortical tissue. First, transplantation of embryonic neocortical tissue
composed of multiple cell types grafted into the adult neocortex exhibits excellent survival
and electrophysiological integration of neurons [56,60]. Second, the spatial organization of
subtypes of neocortical neurons is likely to be better preserved in such grafts. Third, the
issue of removing or repairing damaged ECM and dysfunctional cells is alleviated within the
transplant. Overall, given the plasticity of the neocortex described above, in which functions
can relocate progressively to new neocortical areas over time, and the ability of neurons
within neocortical tissue grafts to connect to their host [56,60], it is not unreasonable to
expect such grafts to be of some potential benefit in neocortical rejuvenation. On the other
hand, to remedy the widespread changes that occur during aging, transplants of small
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cortical-like tissue would need to be spaced throughout the neocortex, possibly limiting the
practicality of this approach.

Concluding remarks

Extending human lifespan has been a fantasy almost since the origin of human
consciousness. However, with the enormous progress in medical technology since the 19th
century, including more recently a deeper understanding of why and how we age, extending
human lifespan while preserving health has become plausible. Cell replacement as a strategy
for reversing age-related damage has been frequently discussed in the context of body
tissues and organs but less so in the context of the brain. Unlike the brain, body organs do
not determine our consciousness and self-identity, making the cell replacement strategy
easier to envision, at least conceptually. In this Opinion, we explore the idea of cell
replacement as an approach possibly applicable to brain rejuvenation. While one can see
promise in the approach, key questions remain that would need to be addressed before
progressive cell replacement could be considered as a means of reversing brain aging while
retaining self identity (Box 5 and Outstanding Questions). Yet promising early reports of
transplant-based cell replacement in the neocortex are providing a basis for exploring the
potential of using such strategies for brain rejuvenation.

At this time, there is no evidence that aging can in fact be reversed through cell
transplantation. Nonetheless, it is worth contemplating how extending maximum life span
could in principle be accomplished by cell, tissue, and organ replacement applied to the
whole body, which would erase the multitude of accumulated molecular defects. Whether
this would truly delay or even halt the increased mortality observed with age is something
only time can tell. Here we provided arguments that among the many organs and tissues that
may someday become subject to replacement therapy, the brain does not need to be the
exception.
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Box 1
The complexity of age-related damage limits pharmacological approaches

The molecular damage that occurs with age is very complex [117]. For proteins with
slow turnover rates, large classes of damage include, for example, the products of
glycation, oxidation, racemization, and deamidation. Lipid damage also increases over
time, leading to the accumulation of metabolic byproducts such as lipofuscins. Diverse
forms of DNA damage also increase with age, including breaks, crosslinks, depurination,
depyrimidination, mutations (base pair changes, deletions, duplications), changes in
methylation, various chromatin modifications, and chromosomal abnormalities including
aneuploidy. Since molecular, cellular, and organ functions are interconnected, for
pharmaceuticals to have a significant impact on maximal lifespan they may need to target
many forms of damage, if not most of them. Given the enormous diversity in the forms of
macromolecular damage, the irreversible nature of certain forms of damage such as DNA
mutations, aneuploidy, and others, as well as the low turnover of the proteins that make
up the bulk of our bodies, it is unclear whether endogenous repair systems exist that can
be pharmacologically induced to slow or reverse enough of the damage that occurs to
extend maximal lifespan. This implies the need for therapeutics that can directly repair
damage on their own, which as of yet are lacking [115,118]. Hence, repair of age-related
damage at the molecular level by pharmaceutical means, although worthwhile to pursue
for increasing health and perhaps eventually maximal lifespan, seems at the moment
overly ambitious.
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Box 2
Tissue and organ transplantation in non-neuronal tissues

Transplanting artificial organs and body parts, e.g., knee and hip replacements, heart
valves and more recently artificial hearts, has seen significant progress, and allogeneic
organ and tissue transplantation have also become routine for many if not most organs
and tissues (based on OPTN data as of 7/31/2017, https://optn.transplant.hrsa.gov/data/;
[119]). Allogeneic organ and tissue transplants are used successfully to treat certain
diseases, but their shortage precludes their use in replacing organs and tissues that have
become dysfunctional with age. To circumvent this shortage, tremendous strides in tissue
engineering are increasingly allowing the generation of replacement organs comprised of
natural and transient structural scaffolds colonized with mixes of patient-derived cell
types appropriate for each particular organ (e.g. [120-122]).
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Box 3
Relocation of language in the injured adult neocortex

One of the most remarkable examples of cortical plasticity over long time-scales comes
from comparing patients of similar age with similar-sized lesions in the eloquent cortex
that are due to either stroke or slow-growing low-grade gliomas [123]. While stroke
patients often exhibit major permanent deficits in speech and movement, patients with
low-grade gliomas, even after massive resections of the eloquent areas, can remain with
nearly no detectable functional consequences. This is, at least in part, because, while
there is no time for plasticity to compensate for the catastrophic loss of tissue from a
stroke, the slow growth of a benign tumor that progressively destroys the original
eloguent area allows the time necessary for plasticity to re-establish eloquent function
around the tumor area, in more distant areas of the ipsilateral hemisphere, and even in the
contralateral hemisphere [123,124]. Serial surgeries with both direct electrostimulation
mapping and fMRI mapping in the same patients performed years apart due to tumor
regrowth confirm the plastic re-allocation of functional areas over time [124].
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Box 4
Reprogramming endogenous cells to neurons

The conversion of non-neuronal cells located throughout the neocortex could in theory be
used to generate new neocortical neurons. Astrocytes, pericytes, and oligodendrocyte
progenitors have all been converted to neurons via forced overexpression of one or two
transcription factors (Figure I; [86,125,126] or using small molecules [88,127]). These
findings lay important groundwork for using non-neuronal cells to generate neurons in
the adult neocortex without the need for cell transplantation. The potential consequences
of usurping the normal fate and function of astrocytes, pericytes, or oligodendroglial cells
would nevertheless need to be considered, as would their age-associated damage that
would essentially constrain any attempt to completely reverse aging. In addition, the
conversion of cells in broad areas of the normal aging neocortex or in neurodegenerative
diseases remains a technically unaddressed challenge because of the difficulty of
genetically manipulating specific cell types across broad areas in vivo.
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Figure I. Generating neurons through cell reprogramming
Cell types that are distributed throughout the neocortex, including astrocytes, pericytes,

and NG2™ oligodendrocyte precursors, have been reprogrammed to neurons in previous
studies via forced overexpression of one or two transcription factors (see text for details).
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Box 5

Present limitations of cell transplantation approaches in neural tissues

The extent to which transplant-derived neurons receive normal excitatory,
inhibitory, and modulatory inputs has not been fully characterized.

Whether transplant-derived neurons can participate in a range of area-
appropriate behaviors requires further testing.

The optimal numbers and rate with which new neurons should be introduced
to bolster rather than undermine existing function is unknown.

Dispersing transplanted cells remain a major challenge for addressing wide-
spread changes in the brain.

Transplanting vascular cells and glia alongside with neuron precursors may
enhance effectiveness but this approach has not yet been tested.

Other than the production of new ECM by transplanted cells, there is
currently no approach to replacing (or repairing) old and damaged ECM.
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Highlights

Research on aging has recently surged, with a primary focus on developing
druggable targets for interventions. To date, drug-based approaches have
shown evidence of enhancing health in old age, but without clear evidence for
extending maximal lifespan.

Progress in cell, tissue, and organ replacements is providing — at least in
principle — an alternative to pharmacological approaches that could undo age-
related damage. However, whether cell replacement is also applicable to the
brain, due to possible loss of self-identity, is an open question.

Recent breakthroughs in brain-cell transplant studies show that new neurons
can integrate in the adult neocortex, suggesting that, combined with normal
plasticity, progressive cell replacements are possible.

While major challenges remain, rejuvenation of the brain via cell replacement
to reverse age-related damage and functional decline appears to be as valid an
approach as it is for most other organs and tissues.
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Outstanding Questions

Cortical neurons receive modulatory inputs, for example from GABAergic,
dopaminergic, cholinergic, and serotonergic neurons. Do transplant-derived neurons
acquire such modulatory inputs from the host, and will co-transplantation of different
neuron types facilitate appropriately modulated neuron activity?

Can transplant-derived neurons slow or reverse declines in behavioral performance
affected by age?

Can cell types be engineered to disperse within the neocortical environment prior to
differentiating, to facilitate their widespread integration into existing networks?

What mix of cell types, including neuronal, glial, and vascular precursors, will provide
optimal survival and function of transplanted cells?

To what extent will the old ECM need to be repaired or removed given the production of
new ECM from transplant-derived cells?

What would be the best age to first apply replacement therapies (both for the brain and
for the body as a whole) and what ultimately will be their impact on mortality rates?
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A Mixed precursor cell types B Engineered migratory cell type
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Figure 1. Cartoon illustration of two key challenges facing cortical cell transplantation
A. Multiple cortical cell types accumulate damage with age and need replacement. The co-

transplantation of mixed precursor cell types, including vascular, glial, and neuronal
precursors, could serve to replace cells of multiple types while enhancing the survival and
function of transplant-derived neurons. B. Engineered cells that migrate prior to
differentiating into neurons could be used to disperse new cells and circumvent the damage
that would otherwise occur from closely arrayed injections of cells throughout the cortex.
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Figure 2. Neocortical cell types
In mice, single cell transcript sequencing of unselected neocortical cells followed by

unbiased clustering analyses revealed a total of 47-49 cell types, which included
GABAergic interneurons, glutamatergic projection neurons, oligodendrocyte progenitors,
oligodendrocytes, astrocytes, microglia, vascular endothelial cells, vascular smooth muscle
cells, pericytes, and ependymal cells [128,129] (illustration adapted from the Allen Brain
Atlas, http://casestudies.brain-map.org/celltax). Using similar approaches, corresponding
cellular subtypes were observed in the human neocortex [130], although the specific number
of cell types (in humans and other species) is debated
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