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The scientific community’s understanding of neuronal plasticity has evolved
considerably over recent decades, thanks largely to Josef Altman. Altman’s find-
ings laid the groundwork for an entire subfield of neuroscience research dedi-
cated to exploring the potential of the adult brain to create new neurons, which
until then had been considered impossible. From the formative years of this field
until the 1990s, when adult neurogenesis was finally accepted as a legitimate
topic of study, Altman’s work was followed by a series of pivotal discoveries by a
handful of other dedicated neuroscientists such as Shirley Bayer, Michael
Kaplan, and Fernando Nottebohm. In any sphere of activity, some wish to main-
tain the status quo when change occurs; science is no different. For many years,
influential figures in neuroscience dismissed and marginalized the concept of
adult neurogenesis, sometimes going so far as to censor the studies and launch
personal attacks against their proponents. Nevertheless, despite obstacles to
their research, these scientists persisted and built upon one another’s work.
During the 1970s, Kaplan confirmed neurogenesis in the adult mammalian neo-
cortex and also performed some of the first neurogenesis studies on primates.
During the 1980s, Nottebohm drew on his fascination with the songs of canaries
and finches to show that neurogenesis happens on a grand scale in the avian
brain as well, regardless of age. Today, more than half a century after Altman’s
discovery, the adult neurogenesis field is growing rapidly and new research is
realizing its potential to revolutionize treatment for neurodegenerative disorders
and brain injuries. Clin. Anat. 33:41–55, 2020. © 2019 Wiley Periodicals, Inc.
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THE HARSH DECREE

The scientific community’s understanding of the
mature vertebrate brain has been transformed during
the past several decades. The model of the “fixed” and
“immutable” adult brainwas articulated at the start of the
20th century by Santiago Ramón y Cajal (1852–1934), a
prominent Spanish histologist and Nobel Prize winner
commonly referred to as the “father of modern neurosci-
ence” (Fig. 1). According to this model, the neurons in
the adult brain never divide or regenerate. This seeming
absence of neuronal plasticity in the brain was described
byRamónyCajal as follows:

“The functional specialization of the brain imposed
on the neurons two great lacunae; proliferative
inability and irreversibility of intraprotoplasmic

differentiation. It is for this reason that, once the
development was ended, the founts of growth and
regeneration of the axons and dendrites dried up
irrevocably. In adult centers, the nerve paths are
something fixed, ended, and immutable. Every-
thing may die, nothing may be regenerated. It is
for the science of future to change, if possible, this
harsh decree.” (Ramón y Cajal, 1928)
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A careful examination of Ramón y Cajal’s writings
reveals his rather contradictory perspective on adult
neurogenesis. It seems that an incongruity between the
evidence from contemporaneous mainstream experi-
mentalism and an optimistic philosophical belief had
preoccupied Ramón y Cajal at the time he drafted the
last chapter of his masterpiece, Degeneration and
Regeneration of the Nerve Centers. He maintained:

“We must recognize that, in the matter of neuro-
genesis and nervous regeneration, we are still in
the phase of collection of materials. As a result,
our hypotheses are premature, and they can aspire
neither to perfection nor to permanence…. We shall
abandon it whenever another conception provides
a better explanation of the facts of nervous regen-
eration and degeneration.” (Ramón y Cajal, 1928)

Between 1880 and 1920, several reports on postnatal
mitosis in the central nervous system appeared in the lit-
erature (Buchholtz, 1890; Hamilton, 1901; Allen, 1912).
These reports culminated in a study by a Philadelphia-
based anatomist, Ezra Allen, in 1912. Allen examined the
cervical, thoracic and lumbar spinal cord, cerebellum and
cerebrum in 1-day-old to 2-year-old rats and noticed a

rate of postnatal mitoses that peaked at the seventh
postnatal day in the spinal cord and cerebellum and the
fourth day in the cerebrum. He observed substantial
cerebral mitoses up to postnatal day 20, after which the
mitoses continued to a lesser extent in the mantle layer
along the outer lateral wall of the lateral ventricles,
persisting to at least the age of 2 years (Fig. 2). The stud-
ies of Allen and those contemporaneous with or preced-
ing him on central nervous system mitoses were not
pursued by the scientific community, largely because the
findings lacked specificity; available histological staining
methods were inadequate for specific detection of divid-
ing neurons. This precluded direct proof of postnatal
neuronal proliferation. Furthermore, the findings were
thought to represent early postnatal continuation of
fetal nervous system development and were rarely per-
ceived as markers for neural division in the fully-
developed adult central nervous system.

ARE NEW NEURONS FORMED IN THE
BRAINS OF ADULT MAMMALS?

Ramón y Cajal’s “fixed” and “immutable” adult
brain model was widely accepted for many decades,

Fig. 1. Santiago Ramón y Cajal. Source: Ramón y
Cajal S. 1928. Degeneration and Regeneration of the
Nervous System, Vol. II (translated by Raoul M. May).
London: Oxford University Press.

Fig. 2. Mitoses in the lateral (outer) wall of the lateral
ventricle in rats (from Allen, 1912). (A) Six-day rat. (B)
20-day rat. (C) 120-day rat. Note that the germinal and
mantle zones are distinguishable in the early postnatal
period. There are dividing cells in these two layers. At day
120, the ependymal cells are clearly differentiated and there
are fewer cells in the subependymal region. dt, cells in differ-
entiated tissue; ep, ependymal cells; g, dividing cell in ger-
minal layer; mli, membrana limitans interna; mn, dividing
cell in themantle zone. Source: Allen E. 1912. The cessation
of mitosis in the central nervous system of the albino rat. J
CompNeurol 22: 547–568.
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but today—thanks to the efforts of a handful of
scientists—it is generally believed that the central
nervous system in adults is far from fixed. Work on this
front continues as neuroscientists build on the findings
of their predecessors. The fixed brain model was first
undermined by the observations that axons in the brain
and spinal cord can partially regrow after traumatic dis-
ruption. In 1962, Josef Altman (Fig. 3) at the Psycho-
physiological Laboratory of the Massachusetts Institute
of Technology (MIT) published a landmark paper in Sci-
ence entitled “Are New Neurons Formed in the Brains of
Adult Mammals?” (Altman, 1962). In this short paper,
Altman argued that the absence of division in existing
neurons does not rule out the occurrence of neuro-
genesis in the adult mammalian brain; a pool of non-
differentiated precursor cells could be a source of new
neurons (Altman, 1962). In his initial experiment, Alt-
man traumatized the lateral geniculate body in adult
rats with a needle and injected tritiated thymidine, a
cell proliferation marker, into the lesions. Although his
primary purpose was to examine the kinetics of glial cell
proliferation following trauma to the brain, his surpris-
ing autoradiographic results expanded the scope of his
studies. The autoradiograms, obtained from rats
sacrificed 1 day to several months after the injury,
showed labeling of some neurons and neuroblasts in
the thalamus and cortex in addition to neuroglial prolif-
eration (Fig. 4). This labeling, outside the lesioned
areas, indicated that neurogenesis could be normal in
the postnatal brain (Altman, 1962). Altman concluded:

“This indicates that new neurons may come into
existence in the brain of adult mammals, at any

rate in such forms as the rat. If the general
observation is valid that mitotic figures are
absent in the brain of adult mammals, these
findings might suggest that the labeled neurons
were formed from undifferentiated cells, which
divided mitotically during the period at which
the administered thymidine-3H was available.
The presence of labeled neuroblasts, mostly in
fiber tracts, would support such a process of
neurogenesis.” (Altman, 1962)

In the following year, Altman published another study
that corroborated his initial findings (Altman, 1963).
Using a similar experimental model involving tritiated
thymidine as a marker, he again demonstrated glial cell
proliferation and possible neurogenesis in the brains of
adult rats and cats. His autoradiographic studies rev-
ealed labeled neurons in the dentate gyrus of the hippo-
campus and the cortex, supporting his claim of possible
neurogenesis in the adult brain (Altman, 1963).

By all accounts, Altman was a respected voice in the
scientific community at the time of his unprecedented
discovery.Henoted: “I did have theproperacademic cre-
dentials; I was known in the neuroscientific community”
(Altman, 2011). He then recounted his appointment to

Fig. 3. Josef Altman at age 75 years. Source: Bayer
SA. 2016. Josef Altman (1925–2016): A life in neuro-
development. J Comp Neurol 524: 2933–2943. Reproduced
with permission from Wiley. [Color figure can be viewed at
wileyonlinelibrary.com]

Fig. 4. An 3H-thymidine-labeled neuron in the rat
cerebral cortex 1 month after bilateral destruction of the
lateral geniculate body (from Altman, 1962). 3H-thymidine
injected locally into the lesions is incorporated into the DNA
of proliferating cells during the S phase of mitosis and emits
beta particles. The labeled cells can be viewed by autoradi-
ography following exposure to emulsion containing silver
bromide, leaving silver grains—small black dots—over the
nuclei. Altman noted some labeling in the local neuroblasts,
and in neuroblasts and neurons in the areas of the brain
not necessarily associated with the lesion. Source: Altman
J. 1962. Are new neurons formed in the brains of adult
mammals? Science 135(3509): 1127–1128. Reprinted
with permission from The American Association for the
Advancement of Science, AAAS.
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the faculty of MIT in 1962, based on his substantial train-
ing in neurophysiology and neuroanatomy and in recog-
nition of his accomplishments (Altman, 2011). After
earning his PhD from New York University in 1959, Alt-
man had worked as a postdoctoral fellow in three differ-
ent universities where he conducted far-reaching
research: Columbia University, MIT, and Purdue Univer-
sity (Bayer, 2016). From the launch of his career during
the 1960s until his passing in 2016, Altman made major
contributions to the study of nervous system develop-
ment and neurogenesis through numerous publications
in journals,monographs, books, and online content.

Despite his high reputation and many accolades, the
scientific community did not receive Altman’s controver-
sial work with open arms. In fact, they reacted in the
opposite fashion. Although Altman interpreted his
results cautiously and addressed potential counterargu-
ments with care, his findings were subjected to exten-
sive criticism by contemporaneous scientists, so they
did not receive the attention they merited for nearly
three decades. Some doubted his data because there
were no mitotic figures in neurons; this prompted Alt-
man to argue that new neurons could differentiate from
primitive precursor cells (Altman, 1963). More promi-
nently, scientists took issue with Altman’s method of
autoradiography involving tritiated thymidine, as the
process is delicate and it is difficult to visualize the very
low number of new neurons formed in different parts of
the brain daily (Altman, 1963; Fuchs and Flügge, 2014).
Because Altman’s autoradiographic studies failed to con-
vince the scientific community that postnatal neuro-
genesis occurs, his historic discovery did not receive the
attention it merited. Moreover, Altman faced a “con-
certed attempt by some influential members of the neu-
roscientific community to marginalize” his work during
the years that followed (Altman, 2011). He specifically
points to MIT’s denial of a promotion he was set to
receive, the apathetic approach of other neuroscien-
tists in the field to his work, his laboratory’s eventual
loss of all grant support, and the unexplained outright
rejection of several papers submitted for publication
(Altman, 2011).

During the decades preceding the 1990s, a few
remarkable scientists stood in opposition to the gen-
eral scientific community’s verdict on neurogenesis.
Some of the notable names in adult neurogenesis
research who paved the way for mainstream adoption
of adult neurogenesis are Altman himself, Shirley
Bayer, Michael Kaplan, and Fernando Nottebohm. Each
made discoveries that added to the larger picture.

In a recent retrospective of Altman’s many contri-
butions, Bayer, Altman’s wife, recounts that Altman’s
“first major discovery… was nearly universally rejected
by most of his colleagues, but Altman and his
coworkers continued onward” (Bayer, 2016). Following
this rejection, in an act of defiance demonstrating
commitment to the truth, Altman continued with
research to support his claims. The next important dis-
covery came in 1965, when Altman and Das presented
the first histological evidence of newly-formed dentate
gyrus granule cells in the hippocampus of the adult rat
(Altman and Das, 1965). The experimental model in
this study involved intraperitoneal injection of tritiated

thymidine. This time, however, the autoradiographic
evidence was complemented by histological examina-
tion of the brains of noninjected rats using different
stains for cells and fibers. These results indicated post-
natal neurogenesis involving cell proliferation and
migration (Altman and Das, 1965). Altman built on this
finding with another major study in 1969, which identi-
fied the source of new postnatal granule cell neurons
in the olfactory bulb. He dubbed this the rostral migra-
tory stream (Altman, 1969). After a series of autora-
diographic and histological studies of this structure in
rats sacrificed at different times, Altman proposed that
cell multiplication in the subependymal zone of the lat-
eral ventricle and subsequent migration in adult rats
serves to replenish the neuron population of the olfac-
tory bulb (Altman, 1969).

Shirley Bayermet Altman at PurdueUniversity in 1970
as a graduate student; the two married in 1973 (Altman,
2011). After joining his laboratory in the year they met,
Bayerworked alongsideAltman formanydecades, taking
on a crucial role in advocating postnatal neurogenesis by
coauthoring several important studieswith himandgoing
on to make critical discoveries of her own during the
1980s. In describing his relationship with Bayer, Altman
acknowledged that “althoughwe came fromavery differ-
ent background, we soon established a close personal
and professional partnership” (Altman, 2011). Through
this partnership, the two embarked on an investigative
journey that lasted from the late 1970s until 2015, study-
ing and writing together about the developmental pro-
cesses of the brain. During the 1970s and 80s they
coauthored several articles on the embryonic develop-
ment of the cerebellumand the precerebellar nuclei in the
brainstem (Bayer, 2016). Furthermore, during this same
period, they published a series of articles on other related
topics including the development of the diencephalon,
midbrain tectum, brainstem, spinal cord, and sensory
ganglia (Bayer, 2016). During the late 1980s, the pair
launched a complete study of the rat brain’s neocortical
development that stretched into the early 90s. Through
theirwork, they described andnamed the “stratified tran-
sitional field” (staging areas marked by migrating neu-
rons interacting with incoming axons on their way to the
cortical plate) and documented the phenomenon of lat-
eral migration within the embryonic neocortex (Bayer
andAltman, 1991).

While at Purdue University, Bayer made her own sig-
nificant contributions to the then-nascent field of adult
neurogenesis. Her most important discovery came in
1982, when in two key publications she presented novel
evidence that the granule cell population in the dentate
gyrus increased with age, indicating that the neuronal
population in the mammalian brain increases in adult-
hood (Bayer, 1982; Bayer et al., 1982). The experimen-
tal model involved sacrificing adult rats at different ages
and estimating granule cell numbers in slices of the
granular layer by quantifying the nuclei through low-
magnification photomicrographs (Bayer, 1982; Bayer
et al., 1982). The findings demonstrated a linear
increase of 35–43% in the granule cell population
between 1month and 1 year of age (Bayer, 1982; Bayer
et al., 1982). Figure 5 illustrates the postnatally prolifer-
ated population of hippocampal granular cells in an adult
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rat brain. To augment the volumetric estimates, autora-
diographic analysis with tritiated thymidine was also
conducted on 200-day-old rats to determine the ratio of
new cells to total cells. These data showed that the pro-
portion of postnatally generated granule cells increases
with age, further corroborating previous reports (Bayer,
1982). In her closing arguments considering the evi-
dence gathered, Bayer concluded:

“Whatever the function may be, dentate granule
cells must play a pivotal role … The continued
increase of dentate granule cells in the adult
suggest that their influence on total hippocam-
pal function grows with age.” (Bayer, 1982)

These two weighty papers in 1982 further validated
the model of adult neurogenesis in mammals and
were instrumental in bringing the topic to the fore-
front of scientific research in later years.

NEURONAL PROLIFERATION IN THE
ADULT MAMMALIAN BRAIN

Another significant contributor during the 1970s
and 80s was Michael Kaplan, whose research cata-
lyzed the acceptance of the idea of adult neurogenesis
among the general scientific community. Recounting
his experiences during this time, Kaplan stated:

“In the midst of a revolution one must choose
allegiance, and during the 1960s and 1970s,
those who chose to support the notion of neuro-
genesis in the adult brain were ignored or
silenced.” (Kaplan, 2001)

Kaplan attributes the initiation of his interest in the
controversial topic of postnatal neurogenesis largely to
“a few lucky breaks” (Kaplan, 2001). During his under-
graduate years at Tulane University he began working
closely with J.W. Harper, an enthusiastic believer in
Altman’s light microscopic work in support of neuro-
genesis. As early as 1974, Kaplan in collaboration with
Harper conducted studies using tritiated thymidine that
seemed to support neurogenesis in the adult rat brain
(Fig. 6). However, this research was never accepted for
publication because the evidence was “inconclusive”
(Kaplan, 2001). Nonetheless, his enthusiasm convinced
Dr. James Hinds to take him on as a graduate student at
Boston University, where he proceeded to make several
major discoveries (Kaplan, 2001). During the late 1970s,
Kaplan and Hinds autoradiographed tissue slices from
normal adult rat brains 30 days after intraperitoneal
injection of tritiated thymidine (Kaplan and Hinds,
1977). Their research revealed labeled cells in the olfac-
tory bulb and the granular layers of the hippocampal
dentate gyrus. Furthermore, using electronmicroscopy,
they were able to show that the labeled cells were
indeed neurons with distinguishable dendrites, axons,
and synapses:

“… the labeled granule cells observed in dentate
gyrus and olfactory bulb of the adult rat repre-
sent newly formed neurons. A corollary of this
conclusion is that the synapses found on labeled
granule cells in the olfactory bulb must also have
been newly formed in an adult animal.
These results indicate that the old concept that the
adult mammalian brain is largely static is no longer
tenable…we have confirmed that growth and plas-
ticity, including neurogenesis and synaptogenesis,

Fig. 5. Dorsal hippocampus in a 60-day-old rat injectedwith 3H-thymidine on two con-
secutive days (postnatal days 8 and 9; P8-P9). (A) Map of the dorsal hippocampus. (B)
Zoomed-in photograph of the dentate gyrus. The labeled granule cells were generated after
the injections were begun at P8 and are stacked beneath the unlabeled neurons. Labeled
small neurons are scattered throughout themolecular layer of the dentate gyrus and in the
strata oriens, radiatum, and lacunosum-moleculare of Ammon’s horn. Source: Courtesy of
Joseph Altman and Shirley A. Bayer’s Laboratory of Developmental Neurobiology,
braindevelopmentmaps.org. [Colorfigure canbeviewedatwileyonlinelibrary.com]
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can also occur in the mature, unoperated, mam-
malian brain.” (Kaplan and Hinds, 1977)

This finding was especially significant because it
confirmed the neuronal nature of newly-formed
tritiated-thymidine-labeled cells. Previous evidence
had fallen short of convincing the scientific commu-
nity that neurogenesis was occurring. Two years after

this revelation, in May 1979, Kaplan defended his the-
sis, “Cell Proliferation in the Adult Mammalian Brain,”
backed by these findings (Kaplan, 1979). He contin-
ued his neurogenesis research, and in 1981 he publi-
shed another important paper as sole author (Kaplan,
1981). Although light microscopic autoradiography
had already been used to provide evidence of newly-
formed neurons in the neocortex of adult mammals,
these findings had not yet been confirmed by electron
microscopy. Using a technique he himself developed
that allowed serial thin sectioning and subsequent
electron microscopic examination of re-embedded
sections, Kaplan was able to authenticate the forma-
tion of new neurons in the visual cortex (Kaplan,
1981) (Figs. 7 and 8). With this development, adult
neurogenesis was now substantiated in at least some
distinct regions of the brain—the dentate gyrus, the
olfactory bulb, and now the visual cortex. Shortly
thereafter, Kaplan released another study in which he
described neuronal proliferation in the hippocampus
of adult rats injected with tritiated thymidine and
sacrificed after 20 days (Kaplan and Bell, 1983). The
electron micrographs clearly revealed the neuronal
characteristics of the heavily labeled cells that com-
prised 0.025% of the total granule cell population,
suspected to be newly-formed neurons with visible
cell bodies, dendrites, and synapses (Kaplan and Bell,
1983). Despite Kaplan’s many contributions to the
cause, postnatal and adult neurogenesis still faced
overwhelming skepticism. In an effort to find even
more compelling evidence, he also conducted studies
on the central nervous system of the adult primate.
He analyzed serial sections of the subependymal layer
of adult primate brains using both light and electron
microscopy, revealing slightly labeled cells that signified
a low level of tritiated thymidine incorporation into new
cell DNA (Kaplan, 1983). Kaplan also explored the cause
of the poor incorporation of tritiated thymidine, ulti-
mately blaming it on the blood–brain barrier, preventing
passage of the marker into the nervous tissue (Kaplan,
1983). Kaplan’s many contributions, which were aug-
mented by subsequent researchers, were crucial for
advancing the concept of adult neurogenesis. However,
during his prime years of research, he was unable to
make the scientific community reconsider the dogma
of “no neurogenesis.” Feeling that he faced impossi-
ble odds, he changed the direction of his career to
pursue a more “fulfilling” profession as a physician
(Kaplan, 2001).

HOPE FOR A NEW NEUROLOGY: “HOW
THE SONGS OF CANARIES UPSET A
FUNDAMENTAL PRINCIPLE OF
SCIENCE”

Fernando Nottebohm was another trailblazer in
the field of adult neurogenesis. What distinguished
Nottebohm from other pioneering neuroscientists in
this sphere is that he was not a neuroscientist at all.
His primary focus was always ornithology. In an anal-
ysis of Nottebohm’s contributions, Specter notes:

Fig. 6. Visual cortex of adult rats exposed to an envi-
ronment enriched by introducing rodent toys, balls, and
wheels and so on into the cage (from Kaplan, 2001). The
newly-formed cells are labeled so there are small silver
grains over their nuclei. These cells are arranged hori-
zontally, and display an evenly dispersed nuclear chro-
matin, abundant Nissl substance and apparent dendrites,
typical of stellate granule neurons in layer IV of the visual
cortex. From these finding, Kaplan concluded that com-
plex environments could stimulate neurogenesis in the
adult rat visual cortex. However, this evidence was
deemed inconclusive for adult neurogenesis in 1974 and
therefore never accepted for publication. Source: Kaplan
MS. 2001. Environment complexity stimulates visual cor-
tex neurogenesis: death of a dogma and a research
career. Trends Neurosci 24: 617–620. Copyright (2001),
reproduced by permission from Elsevier. [Color figure
can be viewed at wileyonlinelibrary.com]
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“To Nottebohm’s colleagues, his preoccupation
with the song systems of zebra finches and
canaries and with how black-capped chickadees
remember where they hide their food has always
seemed quaint, even touching — if perhaps
beside the point.” (Specter, 2001)

Yet through this obsession with songbird behavior and
melodies, he helped transform the way the scientific
community approaches the brain and its capabilities.
His discoveries have opened scientific avenues that
have the potential to yield treatments for conditions
that were formerly believed to be beyond human

Fig. 7. Neurogenesis in the visual cortex of an adult rat. Kaplan (1981) injected 3H-
thymidine into adult rats and examined the visual cortex 30 days later. The rate of neuro-
genesis in the adult rat visual cortex was 0.011%. (A) A light radioautograph (magnifica-
tion, ×1,200) showing a stellate neuron in layer IV of the rat visual. Note the dendrites and
silver grains over the nucleus, indicating a newly-generated neuron (asterix). (B) The elec-
tronmicrograph (magnification,×4,600) of the same section of the visual cortex. For orien-
tation, note the position of the capillary (C). A small axon terminal synapses on the
perikaryon (box) and is shown at higher magnification (×24,000) in the lower inset.
Source: KaplanMS. 1981. Neurogenesis in the 3-month-old rat visual cortex. J CompNeu-
rol 195: 323–338. Reprinted bypermission fromWiley.
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control, ranging from Parkinson’s and Alzheimer’s dis-
ease to nerve and spinal cord injuries (Specter, 2001).
Nottebohm’s fascination with birds started early in his
childhood when he lived in his home country of Argen-
tina. Eventually, he chose to pursue his passion by
moving to the United States to launch his career. He
started by studying agriculture in Nebraska, then zool-
ogy in Berkeley. In 1967 he moved to New York, where

he conducted his pioneering research over the follow-
ing years at Rockefeller University (Specter, 2001).

During his studies of songbirds, Nottebohm had
become captivated by the seemingly mysterious con-
nection between a bird’s singing ability and alterations
in the brain. What initially drew him to explore this
connection was his 1976 study, which appeared to
show that the female canary’s song nuclei double in

Fig. 8. Electron micrograph of a dividing progenitor neuron in the visual cortex
gray matter of an adult rat (magnification, ×9,800). Note the free chromosomes in
the cytoplasm and spine-like processes resembling those on neurons. Kaplan (1981)
proposed that these progenitor cells are local undifferentiated neuroblasts capable of
mitosis. Source: Kaplan MS. 1981. Neurogenesis in the 3-month-old rat visual cortex.
J Comp Neurol 195: 323–338. Reprinted by permission from Wiley.
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size in response to testosterone, giving the bird more
male-like singing abilities. This was a eureka moment
for Nottebohm, who until then had conformed to the
standard scientific belief that the brain does not grow in
adults (Nottebohm and Arnold, 1976). After a prolonged
investigation, he made a striking discovery in 1983,
revealing that large-scale neurogenesis is routine in the
bird brain (Goldman and Nottebohm, 1983). Nottebohm
and a doctoral student, Steven Goldman, administered
daily injections of tritiated thymidine to canaries over a
2-day period. After 5 weeks, the birds were sacrificed
and their brains were autoradiographed. All brains in the
study displayed considerable labeling of neurons and
neuroglia in the higher vocal center (HVC) region, dem-
onstrating that neurogenesis did indeed occur within
adult brains (Goldman and Nottebohm, 1983). Nearly
two decades later, Nottebohm remains astonished by
this revolutionary finding:

“What we found … was a huge pool of labelled
cells — and many of the cells were new neurons.
Every bird, young or old, was producing thou-
sands of them each day.” (Specter, 2001)

The excitement that followed this discovery prompted
Nottebohm to organize a 1984 conference in New York
sponsored by the Institute for Child Development
Research, titled “Hope for a New Neurology.” Several
big names in the emerging field of adult neurogenesis
attended this conference, including Shirley Bayer as a
speaker, the retired Joseph Altman as a guest, and
adult neurogenesis critic Pasko Rakic (Nottebohm,
2002). Much like those before him, Nottebohm’s pre-
sentation was met with broad skepticism, due largely
to the century-old dogma that adult neurogenesis is
imaginary. However, Nottebohm was not one to fold
under pressure. He continued his research and in 1988
published another study clarifying the time of birth of
HVC neurons in the canary brain (Alvarez-Buylla et al.,
1988). The time of birth of these neurons, which pro-
ject to two ipsilateral forebrain nuclei, was quantified
by autoradiography (tritiated thymidine injections in
ovo) and retrograde fluorogold uptake (fluorogold
injections into the two forebrain nuclei 4 days before
sacrifice at 13 months posthatching). The results again
strongly supported postdevelopmental neurogenesis
(Alvarez-Buylla et al., 1988).

A year later, in 1989, Nottebohm published a forceful
article in Scientific American, summarizing his years of
research on this topic and making a persuasive case for
adult neurogenesis. In this article he asserted that his
findings, if taken seriously and built upon, could
one day culminate in the ability to heal lesions in the
brains of mammals, including humans (Nottebohm,
1989). Many years later, in 2002, Nottebohm revisited
his discoveries during the 1980s and elaborated a the-
ory of long-term memory that linked neuronal replace-
ment to learning and the acquisition of new information
in the brain. He concluded with a few thoughts on the
future of adult neurogenesis and an assertion that
sounds almost like a warning:

“Adult neurogenesis, neuronal replacement, and
the biology of brain stem cells are now poised
for molecular reductionism and clinical applica-
tions. I have little doubt that these will come …
Spontaneous neuronal replacement is an improb-
able brain feature. Perhaps, before we try our
wizardry, we should find out how nature uses it.”
(Nottebohm, 2002)

Nottebohm understood the unexplored potentials of
adult neurogenesis, and throughout his career he has
reiterated them many times. Although he never
suggested that the path to discovery and eventual
application would be easy, this promise pushed him to
continue in the face of powerful opposition and lay the
foundations for the future of the field.

ARE NEW NEURONS MADE IN ADULT
MAMMALS? AFTER DECADES OF HARSH
DEBATES, “IT TURNED OUT THAT THE
ANSWER WAS YES”

One of the fiercest critics of adult neurogenesis at
this time was Pasko Rakic, who realized during the
1980s that the process needed to be precisely investi-
gated in the brains of adult primates. Rakic, born in
Yugoslavia, studied medicine at the University of Bel-
grade before entering his career as a neurosurgeon.
He later moved to the United States and started his
research career with a fellowship at Harvard Univer-
sity in 1962 (The Norwegian Academy of Science and
Letters, 2008). He received several prestigious acco-
lades, including election to the US National Academy
of Sciences and the American Academy of Arts
and Sciences, the Karl Spencer Lashley Award, the
Bristol-Myers Squibb Award, and others (The Norwe-
gian Academy of Science and Letters, 2008). As a
widely respected figure in the neuroscience field,
Rakic’s words carried weight, so his critical stance on
neuronal plasticity in primates and humans was a for-
midable challenge to the proponents of the fledgling
theory, who were often at odds with him. In a 1985
study that was to have sweeping consequences for
the theory’s development, Rakic analyzed 12 rhesus
monkeys ranging from 6 months to 11 years of age
by injecting them with radiolabeled thymidine. His
plan was to trace neural division at various time inter-
vals in different regions of the brain, including the hip-
pocampus, olfactory bulb, and the visual, motor, and
association neocortex (Rakic, 1985). He regarded the
results as unequivocal. His publication in Science,
“Limits of Neurogenesis in Primates,” declared that
“not a single new neuron was observed in the brain of
any adult animal” (Rakic, 1985). In direct opposition
to the adult neurogenesis theory, Rakic proposed that
primates had traded the ability to generate new neu-
rons for the ability to retain plasticity in the old neu-
rons as a requisite for their social and cognitive lives
(Rakic, 1985). This argument recalled that of Ramón
y Cajal in 1928. Three years later, Rakic published a
similar study on the cells in the hippocampal dentate
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gyrus, providing further opposition to adult neuro-
genesis (Eckenhoff and Rakic, 1988). He stated that,
“in contrast to the massive neurogenesis reported in
adult rodents,” there was no detectable production of
new neuronal cells in rhesus monkeys (Eckenhoff and
Rakic, 1988). Because of his stature, Rakic’s findings
influenced researchers in neuroscience to dismiss or
marginalize the idea of adult neurogenesis, hindering

progress in this field. His promotion of his own standing
on the matter had a personal effect on many pioneers
of adult neurogenesis research, in some cases imped-
ing their ability to continue their research or pushing
them to the point of retirement. Altman, for instance,
notes that his laboratory lost all public funding in the
mid-1980s, “at about the time when Pasko Rakic pub-
lished his widely-quoted paper in which he denied

Fig. 9. Neurogenesis in the adult monkey brain (from Gould et al., 1999). BrdU
immunostaining shows labeled cells (arrows) in the region between the hilus and
granule cell layer (gcl) of the dentate gyrus (A) and in a region corresponding to the
rodent rostral migratory stream (B) 2 weeks after BrdU injections. (C) Confocal laser
scanning microscopic imaging shows clusters of BrdU-labeled cells with blue nuclear
stain (arrows) in the subgranular zone of the dentate gyrus shortly after the injection.
(D) Confocal laser scanning microscopic imaging shows BrdU-labeled cells (arrow)
expressing neuron-specific enolase (green cytoplasmic stain), a mature neuron
marker, 2 weeks after the injections. (E) Confocal laser scanning microscopic imaging
shows BrdU-labeled cells in the gcl expressing neuronal marker neuronal nuclei
2 weeks after the injections (arrows indicate double-labeled cells). (F) A confocal
laser scanning microscopic image depicting TOAD-64 stained cells (arrows) in the gcl
with the morphology of granule cells 2 weeks after the injections. The granule cells
are stained with a DNA dye. TOAD-64 (Turned-On-After-Division 64-kDa protein) is a
marker of immature neuron and is expressed by postmitotic neurons at the initial dif-
ferentiation stage (Harry 2008). Source: Gould E, Reeves AJ, Fallah M, Tanapat P,
Gross CG, Fuchs E. 1999. Hippocampal neurogenesis in adult Old-World primates.
Proc Natl Acad Sci USA 96(9): 5263–5267. Reproduced with permission from National
Academy of Sciences. Copyright (1999) National Academy of Sciences, U.S.A. [Color
figure can be viewed at wileyonlinelibrary.com]
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neurogenesis in the brains of adult primates” (Altman,
2011).Michael Kaplan also notes that Rakic’s publications
were a “crucial blow to progress towards overturning the

dogma” (Kaplan, 2001). Kaplan attributes the abandon-
ment of his research career to Rakic’s counterarguments
andpushback:

Fig. 10. Neurogenesis in the adult macaque dentate gyrus detected by immunofluo-
rescence double-label and confocal microscopy (from Kornack and Rakic, 1999). Adult
macaques received five BrdU injections and hippocampal specimens were obtained
32 days later. (A–D) A BrdU-positive (green) and NeuN-positive (red) cell in the dentate
gyrus, representing a progenitor or new neuron (arrow). (C, D) A BrdU-positive (green)
and NeuN-negative cell, representing a progenitor or new glial cell (arrow). (E, F) A cell in
the subgranular zone (arrow) with BrdU-positive nucleus (green) and TuJ1 (a neuron-
specific class III beta-tubulin)-positive cytoplasm (red) and a slender trailing process
(arrowheads) emanating from the cell body. (G, H) Two neighboring BrdU-positive
(green) and TuJ1-positive (red) cells in the subgranular zone, probably progeny of the
same mitosis. (I, J) A bipolar cell in the subgranular zone with TuJ1-positive cytoplasm
(green) and BrdU-positive nucleus (orange). (K) A TuJ1-positive (green) and BrdU-
positive (orange) cell with a slender trailing process (arrowheads). (L) A TuJ1-positive
(green) and BrdU-positive (orange) cell with a thick and tortuous apical process. Mature
granule cells have a rather straight apical process (K, arrow–cross). The immature
(or recently-generated) migratory granule cells have a thin trailing process (E and G,
arrowheads), whilemorematuremigrating neurons have a thick and tortuous apical pro-
cess (I). Source: Kornack DR, Rakic P. 1999. Continuation of neurogenesis in the hippo-
campus of the adult macaque monkey. Proc Natl Acad Sci USA 96(10): 5768–5773.
Copyright (1999) National Academy of Sciences, U.S.A. [Color figure can be viewed at
wileyonlinelibrary.com]
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“With … my controversial beliefs quashed — cata-
strophic for the research career of a young post-
doc — I decided to abandon this career path in
favor of medicine, which I have found tremen-
dously fulfilling.” (Kaplan, 2001)

Much of the doubt surrounding Nottebohm’s research
stemmed fromquestions raised by Rakic (Specter, 2001).
AlthoughRakic hadnot yet releasedhisfindingsonneuro-
genesis when Nottebohm shared his research on canary
brains, it did not take long for Rakic to win over the scien-
tific community after his widely-cited paper 1985 paper
was published (Specter, 2001). During Nottebohm’s
New York “Hope for a New Neurology” conference, refer-
ring to the emerging topic of adult neurogenesis, Rakic
exclaimed, “extraordinary claims require extraordinary
evidence” (Nottebohm, 2011). At this meeting, Rakic
also took aim at Kaplan, who had also presented his
studies on rats at the conference. Kaplan later attributed
his decision towalk away fromneurogenesis research to
this particular experience, calling it “the death of a
dogmaand a research career” (Kaplan, 2001).

However, as the evidence in support of neuro-
genesis continued to accumulate, largely thanks to
the work of the trailblazers highlighted in this article,
the tide eventually changed within the scientific com-
munity. The doors were opened to mainstream accep-
tance of adult neurogenesis at the beginning of the
Decade of the Brain in the 1990s. In a 2002 paper rev-
isiting the topic and the available evidence, Rakic admit-
ted that in regard to Altman’s 1964 paper, “it turned out
that the answer was yes” (Rakic, 2002). Although he
has partially admitted the possibility and potential of
adult neurogenesis, he remains skeptical about it to this
day. Referring to the scientific community’s acceptance
of adult neurogenesis and abandonment of Cajal’s
model, he warns:

“I would argue that an uncritical acceptance of
this phenomenon without proper evidence is
more detrimental to scientific advance than
requesting that the credible evidence be pro-
vided before a long-standing principle of neuro-
science is put aside.” (Rakic, 2002)

Fig. 11. Human hippocampal neurogenesis (from Eriksson et al., 1998). Specimens
were obtained from postmortem autopsy of laryngopharyngeal squamous cancer patients
who received intravenous BrdU to assess tumor cell proliferation premortem. (A) Neural
marker neuronal nuclei (NeuN) immunostaining (red). (B) Dentate gyrus granular cells,
top inset in (A). (C) Hilar neurons, bottom inset in (A). Note red (NeuN) staining of the
proximal portions of the major dendrites. (D, E) Double immunohistochemical staining
showing a BrdU-immunoreactive nucleus (dark blue) in a NeuN-immunoreactive cell, indi-
cating that this cell is a newly-generated neuron. (F, G) Double-immunostaining for BrdU
and NeuN in rat dentate gyrus. Note the similarity in appearance of the double-labeled
cells in rat hippocampus and the double-labeled cell in human hippocampus. Reprinted by
permission from Springer Nature: Eriksson et al. 1998. Neurogenesis in the adult human
hippocampus. Nat Med 4: 1313–1317. Copyright (1998). [Color figure can be viewed at
wileyonlinelibrary.com]
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The groundbreaking work of neuroscientists from
Altman’s original question in 1962 to Nottebohm’s 1989
Scientific American paper on definitive neurogenesis in
bird brains inspired a plethora of vital new discoveries
from others, who brought the idea of adult neurogenesis
into the mainstream spotlight, hoping one day to con-
firm it unequivocally. Around the time that the idea

finally began to achieve general acceptance, a new and
revolutionary approach to studying neuronal cell prolif-
eration emerged (Miller and Nowakowski, 1988). This
new tool, bromodeoxyuridine (BrdU) immunostaining,
proved a superior alternative to tritiated thymidine auto-
radiography. Its ease of use, rapid processing, and
affordability enabled it to replace its inferior predecessor

Fig. 12. Neurogenesis in the adult mouse brain (from Zhao et al., 2008). (A) Red
areas in the sagittal and coronal views are the subgranular zone (SGZ) of the hippo-
campal dentate gyrus and the subventricular zone (SVZ) of the lateral ventricles, two
known germinal zones in the adult mammalian brain. Neurons generated in the SVZ
migrate through the rostral migratory stream (RMS) and are incorporated into the
olfactory bulb (OB). Neurogenesis is revealed by bromodeoxyuridine (BrdU) incorpo-
ration in the OB (B), RMS (C), SVZ (D), and dentate gyrus (E). The new neurons in
the olfactory bulb (F) and dentate gyrus (G) are labeled by retrovirus-mediated
expression of green fluorescent protein (GFP). (C, E): Inset in C is a sagittal view of
RMS before reaching the OB and inset in E is a high-magnification view of the area
indicated by the arrow in (E). Red, BrdU; Green, NeuN. (F, G): Insets are high-
magnification views of the cells indicated by arrows. Red, NeuN; Green, GFP; Blue,
DAPI.) Source: Zhao C, Deng W, Gage FH. 2008. Mechanisms and functional implica-
tions of adult neurogenesis. Cell 132(4): 645–660. Reproduced with permission from
Elsevier Inc. [Color figure can be viewed at wileyonlinelibrary.com]
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quickly (Miller and Nowakowski, 1988). BrdU is a thymi-
dine analog taken up by proliferating cells and their
progeny during the S phase of mitosis (Gould et al.,
1999a). Antibody staining of BrdU therefore labels prolif-
erating cells, and costaining with markers of immature
and mature neurons highlights proliferating neurons
both in vitro and in vivo. The improved methodology
allowed for novel findings that further expanded the field
and fueled excitement about the theory.

NEUROGENESIS IN THE ADULT
PRIMATES AND HUMANS

One of the major figures in neurogenesis research
since the 1990s has been Elizabeth Gould, a Rockefel-
ler turned Princeton neuroscientist. In 1999, she
demonstrated neurogenesis in the hippocampal den-
tate gyrus of the adult monkeys (Fig. 9). In another
groundbreaking 1999 paper, Gould presented findings
displaying the addition of new neurons to three areas
of the neocortex linked to cognitive function (Gould
et al., 1999b). The experimental design consisted of
injecting 12 macaque monkeys with BrdU and exam-
ining labeled cells immunohistochemically for specific
markers. The results were clear: new neurons arose
in the subventricular zone and migrated through the
brain’s white matter to the prefrontal, inferior tempo-
ral, and posterior parietal cortices, where they settled
and formed axons (Gould et al., 1999b). Gould’s work
was critical because it suggested that neurogenesis
took place in areas of the brain that had not previ-
ously been associated with neuronal proliferation. At
about the same time (1999), Rakic and his group also
published a study confirming neurogenesis in the hip-
pocampus of the adult macaque monkey (Fig. 10). As
more opponents turned into proponents in light of
mounting evidence, the adult neurogenesis theory
became a high-priority focus of neuroscience research
from the late 1990s onwards, and studies on human
brains became a real possibility.

The most notable of these early human studies
was carried out by Swedish stem cell neuroscientist
Peter Eriksson and his team, who examined the
brains of cancer patients injected with BrdU to track
the proliferation of tumor cells (Eriksson et al.,
1998). By analyzing postmortem brain tissue from
these patients using immunofluorescent labeling for
BrdU and neuronal markers, Eriksson et al. (1998)
demonstrated neuronal cell proliferation in the den-
tate gyrus of adult human brains (Fig. 11). This find-
ing was crucial not only because it signified that the
human hippocampus retains its capacity to create
new neurons past developmental age and through-
out adulthood, but also because it confirmed that
much of what had previously been demonstrated in
adult rodent (Fig. 12) and primate (see Figs. 7 and
8) brains also occurred in human brains.

EPILOGUE

Now, more than 50 years after Altman first asked his
controversial question, considered preposterous at the

time, adult neurogenesis is no longer a laughable idea.
In fact, many consider it the norm. At this point in the
theory’s history, the combined effect of several key
discoveries has led to the scientific community’s
broad acceptance that adult neurogenesis in the
mammalian brain is common, and perhaps more
prevalent than initially perceived. A simple search on
PubMed with the keyword “adult neurogenesis,” for
instance, shows nearly 10,000 published articles,
signifying the rapid growth of the field and the buzz
surrounding it. This is not surprising, given the
theory’s promise for potential treatments and cures
for various neurodegenerative disorders and brain
injuries, including but not limited to Alzheimer’s dis-
ease and stroke. However, what is surprising is the
sheer amount of effort it took from a handful of com-
mitted scientists to reach this point in the face of
sustained resistance from the scientific community.
The consensus long favored adherence to an old
dogma over a platform for younger voices to present
their case in a fair and open forum.

If this story of adult neurogenesis has a moral, it is
that one should not dismiss new ideas that conflict
with one’s own or other widely accepted ideas. It is
such new ideas that keep us moving forward.
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