The Journal of Neuroscience, February 1, 2002, 22(3):614-618

Adult Neurogenesis in Mammals: An Identity Crisis

Pasko Rakic
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The study of neurogenesis in the adult brain is among the most
exciting and fastest moving areas of neuroscience today. In con-
trast to the high rate of neurogenesis in some vertebrates (Not-
tebohm, 2002), unambiguous evidence for new neurons in normal
adult mammals ranging from rodents to primates has been con-
fined to the dentate gyrus and olfactory bulb (Lois and Alvarez-
Buylla, 1964; Kaplan and Hinds, 1977; Kempermann et al., 1996;
Kornack and Rakic, 1999, 2001a,b). These may serve as impor-
tant model systems from which we can learn to introduce new
neurons into more resistant brain structures (Rakic, 1998). How-
ever, the compelling desire for curing neurological disorders has
fostered an uncommon willingness to accept unsound evidence
for adult neurogenesis under normal and experimental condi-
tions. Therefore, it is important to review the methods for iden-
tification of new neurons in the adult brain.

The realization that nerve cells in the adult are not renewed
initially came from the observed paucity of mitotic divisions and
a lack of transient forms from simple to more complex neuronal
morphologies (Ramén y Cajal, 1928). The introduction of the
*H-thymidine (*H-dT) autoradiographic method for detecting
cell division revealed that, unlike most somatic cells that are
continuously renewed or can be regenerated, neurons behave as a
nonrenewable epithelium (Leblond, 1964). *H-dT is incorporated
into nuclear DNA during the S phase of the cell cycle, and the
amount of incorporation in a given cell is directly proportional to
the number of silver grains overlaying it; a high level of silver
grains in autoradiograms, after a single intraventricular injection,
can be used as a sign of the “birthday” of a neuron (Fig. 14,b). In
macaque monkey after intraventricular injection, *H-dT is
present in the bloodstream for <10 min, and thus provides a
highly precise tool for dating the time of last cell division (Nowa-
kowski and Rakic, 1974). Neurons are considered new only if the
number of overlaying silver grains is at least 50% of that recorded
in maximally labeled nuclei in the same specimen (Rakic 1973,
1977). Such a stringent criterion is needed to avoid misinterpret-
ing light labeling caused by background or other artifacts as a sign
of cell division (Nowakowski and Hines, 2000, 2002; Rakic, 2002).
Indeed, the presence of both heavily and lightly labeled cells has
been used as a criterion for confirming that the detected DNA
synthesis is actually caused by cell proliferation (Angevine, 1965).

Over the past few decades *H-dT autoradiography has been
used as a method of choice for determination of the time of
neuron origin in mammals. The most comprehensive data are
available for rodents (rat) and primates (macaque monkey). All
mayor classes of neurons in the structures that range from the
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spinal cord to the cerebral cortex have been examined, and their
survey is beyond the scope of this mini-review. For the purpose of
the present article, it is sufficient to state that with the exception
of interneurons in the olfactory bulb and dentate gyrus, each
CNS structure in both of these mammals was found to acquire its
neurons during a specific developmental time window. Impor-
tantly, the duration of this time window is not related to the final
quantity of neurons in a given structure [e.g., 1.2 million retinal
ganglion cells in macaque monkey are generated during 40 d
(E30-E70), whereas 1.5 million geniculate neurons are produced
in <8 d (E36-E43) (Rakic, 1977; LaVail et al., 1991)]. Alto-
gether, the results of these studies indicate that a species-specific
size of a given structure is determined early in the proliferative
zone by genes controlling cell production (i.e., onset, cessation,
length of cell cycle, symmetric—asymmetric mode of cell division,
and the rate of programmed cell death) as well as by regulation of
the allocation of postmitotic cells by the gradients of attractive
and repulsive molecules. These findings in mammals stand in
contrast to the high rate of neurogenesis in many adult verte-
brates (Nottebohm, 2002). Thus, overcoming the resistance of the
brain to the acquisition of functionally competent new neurons
will require an understanding of why neurogenesis ceases at the
end of specific developmental time windows and why there are
species-specific and regional variations in this phenomenon (Ra-
kic, 2002).

More recently, evidence for neurogenesis is being obtained by
the use of the thymidine analog bromodeoxyuridine (BrdU),
which also incorporates into DNA during S phase (Nowakowski
et al., 1989). The advantage of this method is that its immuno-
histochemical detection is more easily combined with that of
various cell class-specific markers to determine cell phenotype in
small neurons such as granule cells that are difficult to distinguish
from astrocytes. It was particularly useful for the detection of
newly generated granule cells that were difficult to identify with
the autoradiographic method. This approach also allowed for the
analysis of changes in the production of specific cell types under
various experimental conditions. However, the immunohisto-
chemical approach can also lead to false conclusions if potential
technical problems are ignored (Nowakowski and Hayes, 2000,
2002; Rakic 2002). At this time there are no established criteria
for the use of BrdU as a marker of neuronal birth date. It is
therefore crucially important to establish basic standards for
detecting the genesis of new cells and their identity.

Are all BrdU-labeled cells new?

Labeling with BrdU is necessary, but not sufficient, to prove that
a given cell has divided. Thus, BrdU is not a marker for cell
division, but rather a marker for DNA synthesis. Furthermore, in
contrast to *H-dT autoradiography, BrdU immunohistochemistry
is not stoichiometric (Nowakowski and Hines, 2000). Thus, the
intensity or extent of labeling is highly dependent on the methods
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Figure 1. a, Graphic representation of the level of DNA during different
phases of cell cycle (G, and G,, gap phases; D, mitotic division; S,
synthesis phase). The synthesis of DNA can be detected by the incorpo-
ration of *H-dT or its analog BrdU. The method of *H-dT incorporation
after a single injection of the isotope is stoichiometric, and thus allows
distinction between doubling of DNA content during the S phase, signi-
fying mitotic division, and the light label of <50% of the maximum grain
counts. b, The Purkinje cells in the middle and on the left can be
considered as heavily labeled, whereas the five grains over the cell nucleus
on the right may be caused by the variety of biological and technological
factors, some of which are discussed in the text. Importantly, if the animal
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used for detection and does not necessarily reflect the magnitude
of DNA replication. For this reason, BrdU labeling as a measure
of cell division is especially vulnerable to misinterpretation. High
and multiple doses of BrdU exacerbate this problem. Although
<50 mg/kg is commonly used to label dividing neurons in the
developing brain, the multiple doses of 50-500 mg/kg often used
in adult mammals can produce various artifacts. For example, a
high dose may expose even low levels of normal DNA turnover or
minor repairs as a heavy label in both *H-dT and BrdU experi-
ments (Fig. 1). However, BrdU is also considered to be a mutagen
(Morris, 1991), and thus the higher doses may complicate the
results in unpredictable ways. Significantly, many factors and
external agents that modulate the proliferation of granule cells,
such as seizures, are also known to cause cell damage leading to
their death (Bengzon et al., 1997). Furthermore, damaged or
degenerating neurons are known to activate cell cycle-associated
proteins such as cyclins and ubiquitins and initiate abortive DNA
synthesis leading to polyploidy that can persist for many months
before the death of a cell (Neve et al., 2000; Katchanov et al.,
2001; Copani et al., 2001; Yang et al., 2001). Finally, although not
demonstrated directly in neurons, unscheduled DNA synthesis is
an evolutionary device to provide additional gene copies to en-
hance transcription in metabolically more active cells or in situ-
ations of higher demand, as shown in hepatocytes (Anatskaya et
al., 1994). This may occur in cells that have very little RNA to
meet such demands. Indeed, granule cells may be particularly
vulnerable to oxidative or other adverse conditions (e.g., NMDA-
receptor-mediated cytotoxicity) and respond with a higher level
of DNA repair (Pieper et al., 2000). Thus, the change of BrdU
incorporation in response to various experimental conditions and
exposure to drugs based solely on immunohistochemistry leaves
open the possibility that the labeled nuclei belong to “old neu-
rons” that have increased incorporation of exogenous nucleotides
into their DNA (Fig. 2).

Because BrdU labeling is not a sufficient sign of cell division,
neurogenesis must be demonstrated by independent means.
Other markers used to detect “new” neurons in the adult brain,
such as the nuclear antigen proliferating cell nuclear antigen, can
also be expressed by nonproliferating neurons and are not valid
substitutes (Ino and Chiba, 2000). An appropriate increase in the
number of mitotic figures should be demonstrated after various
experimental manipulations. Because the presence of mitotic
figures itself cannot be used for the phenotypic fate determina-
tion of the cell, it is important to show that there is an appropriate
increase in BrdU-labeled mitotic figures to establish that the
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were injected with 10, instead of a single *H-dT dose, this cell may be as
heavily labeled as the one in the middle and could be falsely interpreted
as divided. ¢, Interference (Nomarski) contrast microphotograph of a
heavily labeled satellite glial cell in the frontal lobe of a monkey found
35 d after a single injection of *H-dT (10 mCi/kg). d, Image of a cell in
the adult macaque monkey prefrontal cortex that appears to be double-
labeled for BrdU and NeuN, but was proven to belong to two closely
apposed single-labeled cells by the use of z-series analyses on a confocal
microscope. An NeuN-positive neuron (red) appeared to be colabeled
with BrdU (green) at +0 level (arrow in d), but examination of a different
focal plane (+2.8 wm level) reveals that the NeuN-positive nucleus and
nucleolus actually belong to a neuron that is not BrdU-labeled (arrowhead
in e). The BrdU-labeled nucleus apparently belongs to adult-generated
satellite glia, which in the cerebral cortex typically associate with neuronal
perikarya as seen also in c. Astrocytes in d and e are indicated by GFAP
immunoreactivity (blue). For further information, see Kornack and Rakic
(2001b) and Rakic (2002).



616 J. Neurosci., February 1, 2002, 22(3):614-618

Rakic ¢ Adult Neurogenesis in Mammals

Incorporation of exogenous nucleotides

Cell Proliferation

S-phase - single strand

® 3H-dT
u

Figure 2. Exogenous °H-dT (red
dots) or BrdU (blue squares) compete
with the natural endogenous H-dT for om
incorporation into nuclear DNA. g,

During S phase of cell cycle, incorpo- )
ration occurs predominately into new

stands of DNA, and provided that the

cell stops dividing, significant pres-

ence of these marks indicates the time

of final cell division. b, Incorporation

of nucleotides occurs at a slower rate

as part of DNA turnover or repair (of

both strands) or at the higher rate dur-

ing an abortive cell cycle (predomi-

nately in a single strand) leading to

recovery or death (for further expla-

nation, see text and Fig. 1).

labeling is attributable to DNA replication associated with pro-
liferation and not caused by unscheduled DNA synthesis. Tracing
cell history from the phase of mitotic division through the bipolar
migratory stage to the final differentiated states should be done by
either *H-dT or BrdU sequential experiments or by the retroviral
gene transfer method. The use of TuJ1 expression in immature
neurons is helpful. However, continuous generation of neurons
should also be documented by an increase in the absolute number
of neurons. If the numbers of neurons remain unchanged, an
increase in the number of pyknotic cells, equivalent to the pro-
posed neuronal addition, should be demonstrated (Nowakowski
and Hayes, 2000).

Are new cells neurons?

As a next step, each newly generated cell must be unambiguously
identified as a neuron. Double labeling is not necessary for
identification of most CNS neurons, such as Purkinje cells or
cortical neurons that are easily recognized (Fig. 1b,c), but is
essential for identification of granule cells that are similar to glia
in size, shape, and tinctorial properties in classical histological
preparations. The use of BrdU immunodetection theoretically
allows the use of other antibodies or methods for the determina-
tion of cell type, neurotransmitter phenotype, and even receptors
on the surface of the labeled cell. Unfortunately, many of the
so-called “neuron-specific” markers also label other cell classes as
well. For example, the often used “neuron specific enolase”,
mitogen-activated protein-2, and TOAD 64 (TUC-4Ulipl), are
inappropriate as specific markers for neurons, because they also
react with astrocytes and/or oligodendrocytes (Deloulme et al.,
1996; Sensenbrenner et al., 1997; Nacher et al., 2000; Ricard et al.,
2001). The antigenic target of the NeuN antibody, used univer-
sally (including in our laboratory) as a neuron-specific marker has
not as yet been identified. This antibody also has been reported to
stain non-neuronal cells ranging from ependymoma (Parker et al.,
2001) to bone marrow cells under certain conditions (Woodbury
et al., 2000; Brazelton et al., 2001; Lu et al., 2001). On the other
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hand, NeuN does not recognize all neurons, and thus paradoxi-
cally, mitral or Purkinje cells (Fig. 10), which do not immunoreact
with NeuN, would not be considered as neurons! Is a single
antigen to the unknown molecule sufficient to identify a “neuro-
nal phenotype”? Demonstrating the connections of a cell (Stan-
field and Trice, 1988; Markakis and Gage, 2000) or existence of
synapses (Kaplan and Hinds, 1977) seems to be a reasonable
requirement.

False-positive identification of neurons can also be obtained
because of nonspecific binding of antibodies. Likewise, an anti-
body specific in rodents may not be equally specific in other
species that may harbor molecules with similar epitopes in their
non-neural cells. Thus, when the results are unusual or have
extraordinary implications, it would seem wise to run essential
controls and to establish antibody specificity. Finally, superimpo-
sition of small satellite glial cells closely apposed to the neuronal
soma can mimic neuronal labeling, and Z-stacks of serial optical
planes should be used to insure double labeling of a neuron (Fig.
2d,e) (Kuhn et al., 1997; Kornack and Rakic 2001b).

What is an adult?

Another parameter that should be more precisely defined in all
studies is the term “adult.” Notation of the precise age of exper-
imental animals is particularly important in research on brain
repair or on models of neurological and psychiatric diseases that
afflict humans predominantly at middle or advanced age (Stewart
et al., 2000). It has been shown, for example, that neurogenesis in
the rodent dentate gyrus decreases with age, and that at 21
months, approximately the midpoint in their life span, is <10% of
that observed at 6 months (Kuhn et al., 1996). Furthermore, the
rate of survival of newly born dentate granule cells in response to
experimental conditions changes with age (Kempermann et al.,
1988). It follows that results obtained in 4- to 6-week-old rats or
monkeys <3 years old should not be generalized to the adult
brain. Sometimes juvenile animals are classified as adults. The
common use of weight as an index of an animal age is also not a
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sufficient criterion. The time of the initial mortality rate (IMR)
and the time required for mortality to double (MRD) are more
useful criteria as in studies of aging (Finch et al., 1990). The
midpoint of the average life span, which is ~1.5 years of age in
mice, 10 years in macaque, and ~30 years in human (Finch, 1990),
may serve as a rough estimate of the tempo of aging among
mammalian species. Because the aging process and duration of
the life span vary greatly among mammalian species, among
different strains of animals, as well as between genders, it seems
obvious that a consensus should be developed and applied on
what constitutes an adult organism in each species that serves as
subjects in studies of adult neurogenesis.

A need for uniform standards

We have witnessed some remarkable discoveries and expect ex-
citing advances in this field. However, even a cursory examination
of the recent literature indicates that some studies do not satisfy
even one basic criterion for neurogenesis, and very few met
rigorous criteria. A more detailed discussion of the pitfalls of the
methods used, as well as a criticism of the specific studies in
primates is provided elsewhere (Korr and Schmitz, 1999; Nowa-
kowski and Hayes, 2000; Kornack and Rakic, 2001b; Rakic, 2002).
Those interested in the controversy about the claim for a large
daily addition and/or turnover of neurons in the primate associ-
ation neocortex should consult the recent detailed evaluation of
the evidence (Rakic, 2002). It seems also prudent that some
reports of the generation of “new neurons” after various experi-
mental manipulations and exposure to drugs be re-evaluated
using more stringent criteria. This is also true for the studies
directing differentiation of stem cells along neuronal lineages or
their transplantation to replenish normally nonrenewable neu-
rons that have therapeutic promise (Anderson et al., 2001). Iso-
lation of well characterized neuronal stem cells from the sub-
ependymal zone of a variety of adult species, including human, is
a first step in this direction (Kakita and Goldman, 1996; Kirsh-
enbaum et al., 1996; Doetsch et al., 1999; Laywell et al., 2000;
Gage, 2001). However, standard and uniform criteria for the
identification of “new cells” as well as “neuronal phenotype”
should be applied by authors as well as by journal reviewers to
assure scientifically sound advances in this promising field.
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