
www.nrronline.org

1917

NEURAL REGENERATION RESEARCH 

PeRSPeCTIve

Neurogenesis in the hippocampus of 
adult humans: controversy “fixed” at 
last  

The presence of adult neurogenesis in the mammalian brain has 
been a theme of intense controversy for a long time since the origi-
nal report by Altman and Das (1965). The scientific community, for 
about 30 years, has difficulties to accept that progenitor cells give 
rise to new neurons in some specific regions of the mammalian 
adult brain, the neurogenic niches (Kuhn et al., 1996; Doetsch et 
al., 1997, 1999).

The lack of techniques suitable enough to prove that mitotic cells 
(originally called “microneurons”) present in the hippocampus 
and other central nervous system regions were really neurons and 
not glia, was the main reason for the obtusity of the scientific com-
munity. This long-lasting dogma was also influenced by a famous 
quote in a book published by the Physiology and Medicine Nobel 
prize-awarded (1906) Spanish neuroanatomist Santiago Ramon 
y Cajal who stated that “Once development was ended, the fonts of 
growth and regeneration of axons and dendrites dried up irrevocably. 
In the adult centers, the neural paths are something fixed and im-
mutable: everything may die, nothing may be regenerated” (Ramon 
y Cajal, 1928). Nevertheless, Cajal also wrote that “(…) It is a duty 
for future generations find a way to overcome the intrinsic failure of 
adult brain to regenerate (…)”. In 1990s, future generation of scien-
tists partially accomplished this monumental task by finding that 
new neurons are continuously produced in the adult rodent brain, 
namely in the hippocampal dentate gyrus subgranular zone (Kuhn 
et al., 1996) and subventricular zone (SVZ) located at the wall of 
lateral ventricles (Doetsch et al., 1997). This was soon expanded to 
the brain of several species, including Homo sapiens (Eriksson et 
al., 1998). The cytoarchitecture of SVZ, the main central nervous 
system neurogenic niche, was described in 1997 using electron mi-
croscopy (Doetsch et al., 1997) and the identity of SVZ neural stem 
cells, as a special kind of astrocytes (B cells) soon (Doetsch et al., 
1999). 

The first report of hippocampal neurogenesis in human adult 
brain was provided by Eriksson et al. (1998). These researchers 
described production of new neurons in the human hippocampus 

dentate gyrus, a limbic region important for some kind of spatial 
and episodic memories and other cognitive functions (Luna et al., 
2019; Toda et al., 2019). The researchers used brain samples from 
patients with cancer who had received 5-bromo-2′-deoxyuridine, 
a thymidine analogue and marker of cell proliferation (Eriksson et 
al., 1998).

Spalding et al. (2013) proposed an innovative method to evaluate 
neurogenesis in the human hippocampus. They used 14C incorpo-
ration into human DNA, the amount of which was increased in the 
atmosphere between 1955 and 1963 due to tests of nuclear bombs 
during cold war. The excess of 14C in the atmosphere, reacting 
with oxygen, forms carbon dioxide, which is used by plants during 
photosynthesis. People who consumed these vegetables, or animals 
that fed on plants (herbivores) at that time, had high levels of 14C in 
their DNA until 1963, when nuclear tests were banned. Analyzing 
the presence of 14C in hippocampal cells of people born between 
1955 and 1963, authors calculated that about 1/3 of hippocampal 
neurons can undergo replacement even in adult humans, and that 
about 700 new neurons were daily added to hippocampus. This 
study suggested a considerable role for adult neurogenesis on the 
replacement of human hippocampal neurons.

However, the results described by Spalding et al. (2013) were not 
confirmed by a recent report by Sorrells et al. (2018), who reported 
that the rate of human hippocampal neurogenesis considerably 
declines in the first year and virtually disappears after 7 years of age 
in humans (Figure 1A). They immunolabeled brain samples con-
taining hippocampus of 59 people who had died or had part of the 
hippocampus removed for surgical treatment of epilepsy, and used 
brain samples from people with age ranging from newborns to 77 
years old (Sorrells et al., 2018).

Boldrini et al. (2018) surprised the scientific community report-
ing that there is neurogenesis in the human hippocampus (Figure 
1B), even in elderly individuals. They used a variety of markers to 
identify neural progenitors, neuroblasts (immature neurons), adult 
neurons, and glial cells in hippocampal samples of 28 people with-
out neurological disorders, who died at the age of 14–79 years. The 
researchers found thousands of immature neurons in the dentate 
gyrus, even in elderly people, and a comparable number of glial 
cells and granular neurons in the hippocampus, although older in-
dividuals showed less neuroplasticity (ability of the nervous system 
to adapt to new situations) and formation of new blood vessels (an-
giogenesis). The findings suggested that adult neurogenesis contin-
ues in the hippocampus of adult humans, even in the elderly ones 
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Figure 1 Polemic on the existence of adult neurogenesis in the human hippocampus. 
Neurogenesis drops in children to negligible levels in adult humans (A, adapted from Sorrels et al., 2018). Endogenous neurogenesis persists in the 
hippocampus of adult humans, even in elderly people (B, adapted from Boldrini et al., 2018; C, adapted from Moreno-Jimènez et al., 2019). Meth-
odological differences, including tissue overfixation, likely explains the discrepant results. DG: Dentate gyrus; DCX: doublecortin; NeuN: neuronal 
nuclear antigen.
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(Boldrini et al., 2018).
 It was clear that these contradicting findings would be likely ex-

plained by methodological differences between the two studies. For 
example, in the paper by Sorrells et al. (2018), most of the tissue was 
obtained from people who had chronic epilepsy, which may influ-
ence the amount of neuroblasts in the hippocampus. In the paper 
by Boldrini et al. (2018), they were careful enough to choose tissue 
samples from people who, at the time of death, had no psychiatric 
disorders, drug addiction, vascular lesions or chronic neurodegen-
erative diseases, conditions that could influence neurogenesis in 
adult humans. Boldrini et al. (2018) also used more sophisticated 
techniques for cell countings, such as “stereology”. The use of such a 
different methodological approach makes it difficult to compare the 
numbers of new neurons reported in the two studies, but consid-
ering the methodological aspects, it was clear that a high accuracy 
seemed to be present in the results presented by Boldrini et al. (2018). 
This has been recently confirmed by Moreno-Jiménez et al. (2019).   

Moreno-Jiménez et al. (2019) reported the presence of thousands 
of new neurons (43,000 neuroblasts/mm2, depending on age) in 
the hippocampus (Figure 1C) of healthy people aged 43–87 years. 
Tissue samples from people who died and had Alzheimer’s disease 
presented less neuroblasts in the dentate hippocampal gyrus, indi-
cating that even the new neurons formed by adult neurogenesis die 
in this type of dementia. This seminal paper confirmed previous 
studies reported by Boldrini et al. (2018) as well as the initial find-
ings by Spalding et al. (2013). 

According to the Spanish neuroscientists, the likely reason for 
the discrepancies between their results and the ones reported by 
Sorrells et al. (2018) was the fixation protocol for the brain samples. 
In order to be preserved, brain tissue must be immersed in fixatives, 
such as paraformaldehyde. Overfixation in 4% paraformadehyde 
may inhibit immunolabeling for doublecortin, a microtubule-asso-
ciated protein commonly used as a specific marker for neuroblasts. 
Moreno-Jiménez et al. (2019) showed that a 24-hour postfixation 
time is well suitable for neuroblast immunolabeling using different 
markers, including doublecortin, but longer fixation times con-
siderably impair immunolabeling. They argued that brain samples 
were immersed into the fixative for very long periods, which totally 
inhibits neuroblast labeling. 

The study by Moreno-Jiménez et al. (2019) brings great hope 
that one day the knowledge about adult neurogenesis in the hippo-
campus and other brain regions can be transformed into a therapy 
to minimize neuronal loss that occurs in both acute and chronic 
neural disorders. It has been recently shown that adult-born neuro-
blasts play a fundamental role on the modulation of entorhinal in-
puts to dentate gyrus in rodents, which has a tremendous influence 
on the hippocampal function (Luna et al., 2019). 

As pattern separation is a fundamental role played by hippocam-
pal adult-born cells, loss of this function may underlie psychiatric 
disorders, including depression, anxiety, post-traumatic stress dis-
order and panic syndrome (Toda et al., 2019). Future pharmacolog-
ical approaches and cognitive therapies that increase hippocampal 
adult neurogenesis and assure a proper integration of new-born 
cells into functional circuits may be useful treatments for those 
psychiatric disorders (Toda et al., 2019). 

 The initial claim for the non-existence of adult neurogenesis in 
the mammalian brain came from Spain (Ramon y Cajal, 1928), but 
the final redemption and confirmation of adult hippocampal neu-
rogenesis (Figure 1C) seems to come from the sunny Cajal’s land, 
as well Moreno-Jiménez et al. (2019). 
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