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SUMMARY

Adult hippocampal neurogenesis declines in aging
rodents and primates. Aging humans are thought to
exhibit waning neurogenesis and exercise-induced
angiogenesis, with a resulting volumetric decrease
in the neurogenic hippocampal dentate gyrus (DG)
region, although concurrent changes in these param-
eters are not well studied. Here we assessed whole
autopsy hippocampi from healthy human individuals
ranging from 14 to 79 years of age. We found similar
numbers of intermediate neural progenitors and
thousands of immature neurons in the DG, compara-
ble numbers of glia and mature granule neurons, and
equivalent DG volume across ages. Nevertheless,
older individuals have less angiogenesis and neuro-
plasticity and a smaller quiescent progenitor pool in
anterior-mid DG, with no changes in posterior DG.
Thus, healthy older subjects without cognitive
impairment, neuropsychiatric disease, or treatment
display preserved neurogenesis. It is possible that
ongoing hippocampal neurogenesis sustains hu-
man-specific cognitive function throughout life and
that declines may be linked to compromised cogni-
tive-emotional resilience.

INTRODUCTION

Healthy aging is crucial in a growing older population (United

States Census Bureau, 2017). The ability to separate similar

memory patterns (Sahay et al., 2011) and recover from stress

(Schloesser et al., 2010) may depend on adult hippocampal neu-

rogenesis (AHN), which is reported to decline with aging in

nonhuman primates (Leuner et al., 2007) andmice (Ben Abdallah

et al., 2007). New neurons are generated in the dentate gyrus
(DG) of the adult human hippocampus, even after middle age

(Eriksson et al., 1998), but the extent to which neurogenesis oc-

curs in humans is highly debated and quantitative studies are

scarce.

Phylogenetic differences between humans and rodents

mandate assessment of the different stages of neuronal matura-

tion in the human DG. For example, striatal neurogenesis is

found only in humans (Bergmann et al., 2015), while olfactory

bulb neurogenesis is absent in humans (Bergmann et al., 2012)

but present in other mammals. Previous analyses of human

AHN did not address the effects of aging, although studies

have examined AHN in older populations (Eriksson et al.,

1998). The density of doublecortin-positive (DCX+) cells were re-

ported to decline from birth into the tenth decade of life (Knoth

et al., 2010) in parallel with 14C-determined neuron turnover

(Bergmann et al., 2015); however, medication and drug use,

which affect AHN (Boldrini et al., 2014), were not addressed

(Knoth et al., 2010; Sorrells et al., 2018; Spalding et al., 2013).

Using histological techniques that could not distinguish mature

and immature neurons, several groups estimated that DG neu-

rons did not decline in aging humans (Harding et al., 1998; Simi�c

et al., 1997; West et al., 1994).

In vivo brain imaging studies reported conflicting findings

regarding age-related changes in specific hippocampal regions.

While some studies observed age-related declines in anterior

hippocampal volume (Malykhin et al., 2008), others found no vol-

ume change (Head et al., 2005), or altered hippocampal shape

rather than volume (Yang et al., 2013). Efforts to evaluate AHN

in vivo face limitations due to inadequate spatial resolution and

the inability to accurately differentiate hippocampal sub-regions

(Ho et al., 2013; Manganas et al., 2007; Ramm et al., 2009).

AHN and angiogenesis are co-regulated (Boldrini et al., 2012;

Heine et al., 2005; Thored et al., 2007; Warner-Schmidt and Du-

man, 2007). Exercise enhances cerebral blood volume, which re-

sults in more AHN in mice and better cognitive performance in

humans (Pereira et al., 2007), but it may have a reduced impact

in older people (Maass et al., 2015). Thus, we quantified AHN,

angiogenesis, and DG volume and their relationship in people
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of different ages, hypothesizing that they would concurrently

decrease with aging and correlate with each other.

Given the different functions of the rostral and caudal DG (Wu

and Hen, 2014), we assessed the anterior, mid, and posterior

hippocampus postmortem from 28 women and men 14 to

79 years of age. In each region, we characterized and quantified

angiogenesis, volume, and cells at different maturational stages

in the DG neurogenic niche, using unbiased stereological

methods (West, 1993). To avoid confounders, subjects studied

had no neuropsychiatric disease or treatment.

Healthy elderly people have the potential to remain cognitively

and emotionally more intact than commonly believed, due to the

persistence of AHN into the eighth decade of life. However,

reduced cognitive-emotional resilience may be caused by a

variety of factors such as a smaller quiescent neural progenitor

pool, diminished angiogenesis, or decreasing neuroplasticity in

the anterior DG.

RESULTS

The generation of new neurons in the DG neurogenic niche starts

from quiescent radial-glia-like type I neural progenitor cells

(QNPs) expressing glial fibrillary acid protein (GFAP), sex

determining region Y-box 2 (Sox2), brain lipid-binding protein

(BLBP), and nestin (Encinas et al., 2011). QNPs undergo asym-

metric divisions and generate amplifying, or type II, intermediate

neural progenitors (INPs) expressing Ki-67 and nestin (Encinas

et al., 2011). As type II INPs differentiate into neuroblasts, or

type III INPs, they lose the expression of Sox2 and GFAP while

gaining expression of DCX and polysialylated neural cell adhe-

sion molecule (PSA-NCAM), which is also expressed by imma-

ture and mature granule neurons (GNs) (Encinas et al., 2011).

GNs are the final product of the differentiation cascade and ex-

press neuronal nuclear marker (NeuN), Prox-1, calbindin, and

bIII-tubulin (Encinas et al., 2011). In anterior, mid, and posterior

DG, we characterized and quantified the following: QNPs ex-

pressing GFAP, Sox2, and nestin; type I and II INPs expressing

Ki-67 and nestin; neuroblasts, or type III INPs, and immature

GNs expressing DCX and PSA-NCAM; and finally, mature GNs

expressing NeuN. The anterior DG was defined as the portion

from the most rostral appearance of the DG to the start of the

lateral geniculate (visible in coronal brain sections); the mid DG

spanned the lateral geniculate; and the posterior DG went from

the end of the lateral geniculate to the caudal end of the DG.

QNPs Decline but INPs Are Stable during Human Aging
We assessed the first steps of neurogenesis, specifically the

abundance of QNP and type I-II INP cells in the anterior, mid,
Figure 1. Fewer Quiescent Neural Progenitors and Stable Proliferating

(A and B) Co-expression of sex determining region Y-box 2 (Sox2) and nestin in

(C) Sox2+ type I QNPs in the subgranular zone (SGZ) with apical processes cros

(D) Sox2+ type II INPs in SGZ.

(E) Glial fibrillary acid (GFAP)+ QNPs with apical process (white arrow) and hilar

(F) Nestin/Ki-67+ INP.

(G and H) Nestin+ INPs (black arrows) and capillaries (red arrows); INP processe

(I and J) Nestin/Ki-67+ INPs (yellows arrows) and capillary (green arrow).

(K and L) Ki-67+ cells in SGZ/GCL and differential interference contrast image o

(M) Sox2+ cell decline in anterior-mid DG with aging.

(N and O) Nestin+ and Ki-67+ cells do not decline with older age in anterior, mid
and posterior DG of 28 males (n = 17) and females (n = 11) be-

tween 14 and 79 years of age. Expression of transcription factor

Sox2, required for maintenance of multipotent neural stem

cells (D’Amour and Gage, 2003), labeled QNPs and declined

with aging selectively in anterior-mid DG, regardless of gender;

GFAP also labeled QNPs, showing the typical radial-glia-like

morphology, with apical processes (Figures 1A–1E, 1M, and

S1A; Video S1). Sox2/nestin+ and nestin+ type I-II INPs (Yu

et al., 2014) showed distinct perikaryon and multipolar pro-

cesses, contacting nestin+ remodeling capillaries (Mokrý

et al., 2008; Salehi et al., 2008) in the neurogenic niche of the

subgranular zone (SGZ, Figures 1E–1H and Figures 4A–4C),

as we reported earlier (Boldrini et al., 2009, 2012), and did not

decline with age in human anterior, mid, or posterior DG in

males or females (Figures 1N, S1B, and S1C). Nestin+ prolifer-

ating type II INPs also co-labeled with Ki-67, a marker of active

cell cycle (Scholzen and Gerdes, 2000), and were found in the

SGZ as seen in mice, and in the granule cell layer (GCL) (Figures

1F and 1I–1L), as we have shown in humans (Boldrini et al.,

2012) and as others have found in nonhuman primates (Gould

et al., 1999; Kornack and Rakic, 1999). Ki-67+ cells were stable

between 14 and 79 years of age in human anterior, mid, and

posterior DG in both sexes (Figure 1O).

In summary, the Sox2+ QNP pool was smaller in the anterior-

mid DG of older people and comprised approximately 1,000

cells per DG region (anterior, mid, or posterior), while nestin+

and Sox2/nestin+ INP type I-II cells, in the range of thousands

per DG region, were not fewer in older humans in anterior, mid,

or posterior DG. Ki-67+ cells, unchanged between 14 and 79

years of age, were in the order of 10,000 per DG region, likely

including dividing cells of non-neuronal lineage (likely endothelial

and glial cells).

Immature GNs Are Preserved but Neuroplasticity Might
Decline in Older Individuals
To test age-related changes in type II-III INPs and immature GNs,

as well as activity-dependent neuroplasticity or migration, we

used markers specific for this maturational phase.

PSA-NCAM was detected in neural cells with immature,

bipolar, and pyramidal morphology and is considered a

marker of neuroblasts or immature GNs only when co-

labeled with DCX (Song et al., 2012); however, when

found alone and on cells of different morphologies, it

is considered a marker of neuroplasticity (Varbanov and

Dityatev, 2017).

We found that PSA-NCAM+ cells in human SGZ, showing

morphologies of INPs and immature GNs, and PSA-NCAM+

mature GNs were all fewer in anterior DG with older age, in
Intermediate Neural Progenitors in Aging Human Dentate Gyrus

QNPs; 4’,6-diamidino-2-phenylindole (DAPI) stained nuclei.

sing the granule cell layer (GCL) into the molecular layer (ML).

astrocytes and nestin+ INP (yellow arrow).

s touch remodeling capillaries of tubular morphology.

f Ki-67+ nuclei.

, or posterior DG.
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both males and females, and had stable and cell-type-specific

perikaryon volumes (Figures 2A–2G).

Conversely, we found stable numbers of DCX+ and DCX/PSA-

NCAM+ cells across the 65-year age span in both genders (Fig-

ures 3A–3C, 3G, and S1D–S1F), representing preserved type III

INP and immature GN numbers (Yu et al., 2014), which were in

the order of a few thousands per DG region (anterior, mid, or pos-

terior). Although we detected some DCX+ processes, they were

rarely seen in adult human INPs (Figures 3A–3C and S1D; Video

S2), as expected based on previous reports (Jin et al., 2004;

Knoth et al., 2010).We confirmed PSA-NCAM/NeuN co-labeling,

with most NeuN+ GNs not expressing PSA-NCAM (Figure 3D;

Video S3).

We did not see an age-related decline of DCX+ and DCX/PSA-

NCAM+ INPs and immature neurons, suggesting stable neuro-

genesis in older humans of both sexes. The finding of fewer

PSA-NCAM+ cells of different morphologies ranging from type

II INPs to mature neuron morphologies most likely represents a

decline in neuroplasticity in aging humans, which could include

blunted migration, dendrite sprouting, long-term potentiation,

and activity-dependent plasticity.

Decreased Angiogenesis and Capillary Density in Aged
Brains Correlates with Reduced Neuroplasticity while
GN, Glia, and DG Volume Remain Unchanged
Here we report results related to angiogenesis measures,

including the number of new capillaries per cubic mm, new capil-

lary area and length, and the number of bifurcations per capillary,

as well as the estimated total number of mature GNs and glia and

DG volume, in the anterior, mid, and posterior hippocampal re-

gion from individuals 14 to 79 years of age.

Nestin is amarker of newly formed blood vessels (Boldrini et al.,

2012;Salehi et al., 2008) andco-labelswith collagen-IV, a vascular

basement membrane marker, and platelet/endothelial cell adhe-

sion molecule (PECAM, or CD31), a marker of endothelial cells

(Boldrini et al., 2012). Nestin+ newly formed capillaries display

distinct tube-like structure, clearly distinguishable from nestin+

INPswithaclear somaandprocesses (Figures1G–1HandFigures

4A–4C).We assessed angiogenesis in anterior, mid, and posterior

DG by measuring the length, area, and number of bifurcations of

nestin+ remodeling capillaries and the number of new capillaries

per mm3 throughout the tissue section thickness (50 mm) using

Stereo InvestigatorandNeurolucida software (MBF), aspreviously

described (Boldrini et al., 2012; Salehi et al., 2008).

We estimated the volume of the anterior, mid, and posterior

DG, including the volumes of GCL, molecular layer (ML), and

SGZ, using the Cavalieri method (Simi�c et al., 1997), as previ-

ously reported (Boldrini et al., 2009, 2013). We aligned outlines

of the DG including SGZ, GCL, and ML (Figure 3E) from the

most rostral to the most caudal hippocampal sections (Video

S4), and we used them to calculate the volume of the anterior,

mid, and posterior DG and SGZ-GCL.

We found smaller total capillary area and length and shorter

and less branched capillaries correlating with fewer PSA-

NCAM+ cells selectively in anterior-mid DG (Figures 4D–4G

and S2–S4). There was no correlation between a decline in capil-

lary measures and the number of Sox2+, nestin+, Sox2/nestin+,

Ki-67+, DCX+, DCX/PSA-NCAM+, NeuN+ cells, Nissl+ glia, or

DG volume, regardless of gender (data not shown).
592 Cell Stem Cell 22, 589–599, April 5, 2018
There was no age-related change in the number of NeuN+

GNs or Nissl+ glia estimated using stereology, nor in the volume

of the DG or the GCL-SGZ in anterior, mid, and posterior hippo-

campus of both genders (Figures 3E–3F, 3H, and 3I and Figures

4H and 4I; Video S4), as estimated using the Cavalieri method

(Boldrini et al., 2013).

There was an age-associated decline in angiogenesis in males

and females, correlating with less neuroplasticity as represented

by PSA-NCAM+neuronal cells of differentmorphologies. Mature

GN, glia, and DG volume were similar in people 14 to 79 years of

age of both genders.

DISCUSSION

Aging effects on AHN, angiogenesis, and DG volume have not

been studied concurrently in whole hippocampus postmortem

from people with no neuropsychiatric disease or treatment and

clear toxicology and neuropathology. In medication-free sub-

jects with no brain disease and no reported cognitive impair-

ment, good global functioning as per Global Assessment Scale

(Endicott et al., 1976), and low recent (last 3 months) life event-

related stress, quantified by St. Paul-Ramsey Life Experience

Scale (Roy et al., 1986), we found persistent AHN into the eighth

decade of life, and stable DG volume over a 65-year age span. In

contrast, we found declining neuroplasticity and angiogenesis

with older age, and a possibly diminished multipotent QNP

pool selectively in anterior-mid DG, while theQNPpool remained

unchanged in posterior DG, possibly reflecting less cognitive

and emotional resilience with aging (Wu and Hen, 2014).

In aging individuals, our finding of fewer QNPs expressing

Sox2+ and not nestin (D’Amour and Gage, 2003; Song et al.,

2012), selectively in anterior-mid DG, agrees with mice data indi-

cating a finite QNP pool undergoing asymmetric divisions that

gets depleted over time (Encinas et al., 2011), or a self-renewing

multipotent neural stem cell pool that, after symmetric self-

renewal, undergoes terminal astrocytic differentiation (Bona-

guidi et al., 2011). Nestin+ and Sox2/nestin+ cells in the order

of about 1,000 per DG region (anterior, mid, or posterior) for a to-

tal of around 3,000 cells per DG at the time of death, in compa-

rable amounts in younger and older individuals, suggest a con-

stant proliferative potential of INPs that undertook the neuronal

lineage. Moreover, the size of the INP pool is large enough to

potentially have a relevant impact on the DG circuit if survival

and maturation are warranted.

Ki-67+ cell numbers were in the order of 10,000 per DG region

(anterior, mid, or posterior) for a total of around 30,000 per DG at

the time of death with similar numbers in people 14 to 79 years of

age, similarly to what we previously reported in individuals 17 to

53 years old (Boldrini et al., 2009), and consistent with findings of

stable density of DG cells expressing proliferation markers

across the human lifespan (Knoth et al., 2010). The number of

Ki-67+ cells was 10-fold higher than the number of nestin+ and

Sox2/nestin+ cells, suggesting that Ki-67+ cells possibly

comprised proliferating cells of non-neuronal lineage (including

endothelial and glial cells). Aging rhesus monkeys were found

to have fewer DG proliferating cells and cognitive decline (Ngwe-

nya et al., 2015), which was not seen in our sample.

Unchanged nestin+ and Sox2/nestin+ cells, representing type

I-II INPs (Yu et al., 2014), in older age, with preserved Ki-67+ cell
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Figure 2. Fewer Polysialylated-Neural-Cell-Adhesion-Molecule-Positive Cells in Aging Human Dentate Gyrus

(A) PSA-NCAM+ cells in subgranular zone (SGZ) and granule cell layer (GCL) with processes projecting into the molecular layer (ML).

(B and C) PSA-NCAM+ cells of immature, unipolar, and pyramidal morphology.

(D–F) Fewer PSA-NCAM+ cells with aging in anterior DG.

(G) Immature, unipolar, and pyramidal cell soma volume is stable with aging.
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numbers, suggest maintained proliferative capacity in healthy

aging, perhaps compensating for a smaller QNP pool as an

adaptive response to age-associated social isolation in humans,

given that in mice isolation boosted nestin+ cells (Dranovsky

et al., 2011).

DCX+ and DCX/PSA-NCAM+ cells were stable with age and in

the range of few thousands per DG region (anterior, mid, or pos-

terior), for a total of 10,000–15,000 new INP type III, or immature

neurons, per subject at one given time (the time of death). Others

found that DCX+ cell density declined mainly between fetal and

15 years of age (Knoth et al., 2010), an age range that we did not

study. Direct comparison between our data and Knoth’s data is

not possible because they analyzed only three 5 mm sections per

subject from portions of the hippocampus, treated tissue at 80�C
for 1 hr and at low pH to obtain deparaffinization and antigen

retrieval, and assessed cell density without using stereology,

which is the gold standard, given that cell density does not

necessarily reflect total cell number (West and Gundersen,

1990). For the same reasons, we cannot compare our findings

with those of a recent descriptive study that failed to detect

DCX/PSA-NCAM+ cells in the DG from 15 subjects between

18 and 77 years of age (Sorrells et al., 2018).

Fewer PSA-NCAM+ cells with aging, with stable Sox2/nestin+

type II INPs and DCX/PSA-NCAM+ type III INPs or immature

GNs, most likely indicate declining neuroplasticity or migration

(Varbanov and Dityatev, 2017) rather than impaired INP prolifer-

ation, maturation, or survival. Moreover, we showed that a frac-

tion of PSA-NCAM+ cells are NeuN+; therefore, a possible

greater contribution of immature GNs, together with less mature

GN neuroplasticity, would explain fewer PSA-NCAM+ and stable

DCX/PSA-NCAM+ cells with aging. Assessing PSA-NCAM+

cells in DG/CA4 combined, without stereology, may account

for the negative findings reported in 13 subjects 18 to 82 years

of age, although the number of PSA-NCAM+ cells dropped be-

tween 3 and 18 years (Nı́ Dhúill et al., 1999).

A preserved number of NeuN+ mature GNs in anterior, mid,

and posterior DG across ages agrees with earlier postmortem

studies that used Hematoxylin/Eosin (Harding et al., 1998), Nissl

(Simi�c et al., 1997), and Giemsa (West et al., 1994) stains and

identified neurons solely based on morphology, finding age-

related neuron loss in the following: CA1 (n = 12, age 46–85),

driven by smaller whole-brain volume (Harding et al., 1998);

CA1 and subiculum (n = 18, age 16–99) (Simi�c et al., 1997);

and CA4 and subiculum (n = 38, only males, age 13–101)

(West et al., 1994). It should be noted that fewer neurons in DG

(Simi�c et al., 1997) and CA1 (West et al., 1994) were found in

Alzheimer’s disease patients. Spalding et al. (2013) also found

fewer GNs with aging using cell sorting of homogenized tissue

after dissecting the DG from other hippocampus subfields, an
Figure 3. Preserved Immature and Mature Neurons and Glia in Aging H

(A) Polysialylated neural cell adhesion molecule (PSA-NCAM) and doublecortin (

granule cell layer (GCL), two PSA-NCAM+/DCX� cells, and 4’,6-diamidino-2-ph

(B and C) DCX+ cells in SGZ, without and with stained processes.

(D) PSA-NCAM/NeuN+ cell with apical dendrite crossing the GCL.

(E) NeuN+ neurons in the granule cell layer (GCL), themolecular layer (ML), and sub

GCL-SGZ volumes.

(F) NeuN+ neurons and Nissl+ glia in GCL and hilus.

(G–I) Stable DCX+ immature neurons, NeuN+ mature granule neurons, and Niss
imprecise method, combined with potential unidentified psychi-

atric diagnoses.

Unchanged DG volume suggests that age-associated de-

clines in DG/CA1–4 subfields found postmortem (Simi�c et al.,

1997) and by in vivo neuroimaging (Daugherty et al., 2016) are

likely due to smaller CA4, where fewer neurons were also re-

ported (Harding et al., 1998).

In aging mice, more progenitors were found to undergo astro-

cytic differentiation (Encinas et al., 2011), and there were more

astrocytes and microglia (Maurya and Mishra, 2017; Mouton

et al., 2002). Therefore, our findings of unchanged numbers of

Nissl+ glial cells in aging humans suggest that specific glial cell

types should be assessed in aging human brain.

An age-related decline in anterior-mid DG angiogenesis in hu-

mans has not been previously reported. We found antidepres-

sant-dependent correlation of angiogenesis (nestin+ capillaries)

and type II INP proliferation (Boldrini et al., 2012), and now less

angiogenesis correlated with fewer PSA-NCAM+ INPs and

immature and mature GNs, possibly representing plasticity

events, because PSA-NCAM+ cells were of different morphol-

ogies, and nestin/Sox2+ INPs, DCX/PSA-NCAM+ immature

neurons, and NeuN+ GNs were not fewer with aging and their

number did not correlate with angiogenesis measures. In agree-

ment with our findings, exercise-induced increases in cerebral

blood volume were blunted in older humans (60–77 years)

compared with younger people (Maass et al., 2015), suggesting

vascular niche signaling pathways (Heine et al., 2005; Thored

et al., 2007; Warner-Schmidt and Duman, 2007) and blood-

born factors (Katsimpardi et al., 2014) sustaining angiogenesis

and cellular plasticity may decline with aging. The pathophysi-

ology of age-associated brain diseases like Alzheimer’s is linked

to altered angiogenesis (Vagnucci and Li, 2003), microangiop-

athy (Perlmutter et al., 1990), and angiogenesis mediators that

correlate with amounts of amyloid-b aggregates (Bridel et al.,

2017). We were unable to assess exercise level, which enhances

AHN, angiogenesis (Ekstrand et al., 2008), and hippocampal

volume (Erickson et al., 2011), although it is likely that older indi-

viduals exercised less than younger people.

To minimize confounders, using our psychological autopsy

(Kelly and Mann, 1996), clinical reports, brain and blood toxi-

cology and neuropathology exams, we excluded subjects with

neuropsychiatric and chronic diseases, microvascular changes

(lacunae) or other neuropathology, psychotropic drug use, low

tissue pH, and postmortem interval above 26 hr, to ensure unifor-

mity of brain protein quality (Lewis, 2002). These methods are in

part based on informant reporting, which is a key limitation in in-

terpreting these data.

We did not detect differences in AHN levels or age-related

changes between genders, and it should be noted that the
uman Dentate Gyrus

DCX) expression in an immature neuron between subgranular zone (SGZ) and

enylindole (DAPI)+ nuclei.

granular zone (SGZ) are outlined; these outlines were used to calculate DG and

l+ glia.
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Figure 4. Age-Associated Dentate Gyrus Angiogenesis Decline and Stable DG Volume

(A) Nestin+ capillaries and neural progenitors and Nissl+ granule cells and glia; the outlined DG region was used to quantify cell numbers and DG volume.

(B) Differential interference contrast image of the quadrant in (A); nestin+ progenitors (green arrows) and capillaries (red arrows) are shown.

(C) Nestin/Ki-67+ progenitor (green arrow) and Ki-67+ endothelial cell (red arrow) in remodeling capillary; 4’,6-diamidino-2-phenylindole (DAPI) stained nuclei.

(D–G) Fewer, shorter, less branched capillaries of smaller areas in anterior-mid DG occur with aging.

(H and I) DG and GCL-SGZ volumes are constant with aging.
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women included in the study could have been in any phase of

their menstrual cycle, while the older ones were probably in

menopause, but such information was not available to us. It

has been reported that hormones, including corticosteroids, es-

trogens, and testosterone, regulate neurogenesis and angiogen-

esis (Louissaint et al., 2002; McEwen, 2001; Saravia et al., 2007);

therefore, the age-associated changes in angiogenesis, neuro-

plasticity, and multipotent progenitor pool that we are detecting

may in part be due to different factors in women and men.

Older nonhuman primates and rodents have more GNs

(Ngwenya et al., 2015; Kempermann et al., 2003) and less AHN

(Ben Abdallah et al., 2007; Leuner et al., 2007) than younger

ones, contrary to our findings in humans. Since new GNs may

assist in pattern separation and old GNs in pattern completion

(Aimone et al., 2011), steady AHN and concurrent elimination of

older GNs likely supports human complex learning and memory

and emotion-guided behavior throughout a long lifespan. Persis-

tent AHN is vital for preserving cognitive flexibility and allowing

memory-guided decision-making without the interference of

irrelevant outdated information (Richards and Frankland, 2017).

Our findings of thousands of new INPs and immature neurons

(Sox2/nestin+ and DCX/PSA-NCAM+ cells) at the time of death,

in anterior, mid, and posterior humanSGZ, suggest that the num-

ber of newly generated neurons could be sufficient for them to

have a relevant impact on the DG circuit. We only counted cells

expressing specificmarkers at one timepoint, the timeof demise,

and expression of thosemarkersmay last a fewweeks ormonths

according to studies in primates (Kohler et al., 2011). It is hard to

estimate the total number of new neurons generated in a few

months or a year. Nevertheless, the estimate of about 700 new

neurons in each human DG per day (Spalding et al., 2013) seems

potentially consistent with our findings of a few thousand DCX/

PSA-NCAM+ cells at time of death.

An exhausted quiescent progenitor pool, and less vasculariza-

tion of the neurogenic niche resulting in less neuroplasticity, may

explain some age-related cognitive-emotional changes. Future

studies are needed to examine the cognitive and emotional

correlates of these indices of neuroplasticity and the potential

of exercise, diet, and medications to enhance healthy aging.
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commitment to using the data only for research purposes and not to identify any individual participant; (2) a commitment to securing

the data using appropriate computer technology; and (3) a commitment to destroying or returning the data after analyses are

completed.

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Maura

Boldrini (mb928@cumc.columbia.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Brain collection
Brain tissue was obtained from the Brain Collection of the NewYork State Psychiatric Institute at Columbia University, which includes

brain samples from the Republic of Macedonia. Brain tissue collection was conducted with IRB approval and consent obtained from

all informants.

Subject selection and matching procedure
All subjects are deceased. Our IRB has determined that this postmortem work is not Human Subjects Research. The only

involvement of live individuals were as informants for Psychological Autopsy interviews. Subjects were diagnosed using our validated

psychological autopsy for DSM axis I and II diagnoses. History of lifetime mood disorders and recent medication records were ob-

tained. As part of the clinical evaluation, global functioning wasmeasured by the Global Assessment Scale (GAS, score range 0-100,

e.g.: 1-10 = danger of harming self or others, inability tomaintain personal hygiene, or serious suicide attempt; 91-100 = no problems,

or superior functioning in several areas, or admired by others due to positive qualities) as per DSM-IV Axis V (Roy et al., 1986). Recent

(over the last two-month period) life event-associated stress (related to: primary support group, social environment, education, occu-

pation, housing, finances, health, legal, or other psychosocial and environmental factors) was quantified using St. Paul-Ramsey Life

Experience Scale (SPRS) total score and DSM-IV Axis IV severity (score range 1-7: none, minimal, mild, moderate, severe, extreme,

catastrophic) (Endicott et al., 1976).

The subjects included in the study had no neurological or psychiatric diagnoses, no pathological or traumatic condition affecting

the brain, clear toxicology reports, and were free of psychiatric treatments and cognitive impairment. Exclusion criteria were: any

neuropsychiatric diagnosis, positive toxicology for psychoactive drugs or alcohol, alcoholism-associated liver changes, suicide

attempt history, mental retardation, AIDS, chronic illness, positive neuropathology, undetermined death, resuscitation with pro-

longed (> 10min) hypoxia, received prescription of psychotropic medications in the last three months prior to death, long agonal

states, and any chronic diseases. Subjects with the presence of diseases affecting the brain were excluded using clinical data, psy-

chological autopsy interviews and neuropathological exams. Neuropathology excluded microvascular disease, including white mat-

ter lacunae. All subjects died by sudden death and the postmortem interval (PMI) was limited to 26 hours due to its effects on brain

proteins (Roy et al., 1986). In addition, brains with damaged tissue or low pH were excluded.

The sample included 28 subjects, ages 14 to 79, consisting of 11 females and 17males. Based on our previous studies on AHN and

works from the literature, this sample size and age range was determined to have sufficient power to demonstrate statistically

significant differences in prevalence of biomarker expression, neurogenesis, and angiogenesis with agin if they were to be present

(Boldrini et al., 2009; Knoth et al., 2010; Nı́ Dhúill et al., 1999). When statistical analysis of the results was performed, there were no

significant differences found between males and females with regards to expression of various biomarkers, angiogenesis or DG

volume.

PMI ranged from 4 to 26 hours with no significant difference between aged and younger individuals. The subjects’ cause of death

included: 12 cardiovascular events, 11 traumatic deaths (homicide or motor vehicle accident), 2 bronchopneumonia, one accidental

drowning, one uremia and one peritonitis (https://doi.org/10.17632/7x9bbm324k.1). All assays were performed in all 28 subjects

except for double labeled immunofluorescence and stereology for Sox2/nestin and DCX/PSA-NCAMwhich were performed on three

subjects age 20-29 and three subjects age 70-79 in order to assess differences between age groups. In order to avoid bias, the P.I. of

the lab employed stratified randomization, using age as the confounding variable, when selecting which subjects would be used for

the studies. Research assistants performing the experiments, imaging, stereology, and quantification of data were blind to the sex

and age of the test subjects.

Brain tissue processing
At brain collection, 2 cm-thick coronal blocks of the right hemisphere were flash-frozen in liquid Freon (�20�C) and stored at�80�C.
Tissue samples were fixed in formalin for neuropathological examination. Brain pH determination (Lewis, 2002) and toxicology were

performed on cerebellar samples and blood. Over 30 drugs were screened for and quantified including amphetamine, cocaine, fluox-

etine, sertraline, paroxetine, fluvoxamine, amitriptyline, nortriptyline, imipramine, citalopram, chlorimipramine, diazepam, alprazo-

lam, buspirone, methadone, olanzapine, clozapine and haloperidol.

The hippocampal formation was dissected from frozen coronal blocks, fixed in 4% paraformaldehyde at 4�C, cryoprotected in

30% sucrose, sectioned at 50 mmon a sliding microtome (Microm HM440E) and stored in 40-wells boxes at�20�C in cryoprotectant

(30% ethylene glycol in 0.1M PBS). One section every 500 microns was set aside for Nissl staining during the sectioning procedure.

Nissl stained sections were later used for anatomical alignment along the DG rostro-caudal axis of sections processed for

immunocytochemistry.
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METHOD DETAILS

Immunocytochemistry
Immunocytochemistry was performed on serial sections at 2-mm intervals throughout thewhole rostro-caudal extent of the DG. Sec-

tions were removed from the cryoprotectant and exhaustively washed in 0.01M Phosphate Buffer Saline (PBS) for 60 min (3 times

20’), then treated for 30 min with 0.5% sodium borohydride (Sigma-Aldrich, Saint Louis, MO) to remove aldehydes. Sections were

subsequently rinsed in PBS and incubated for 10 min in PBS with 3% hydrogen peroxide (Sigma-Aldrich) to inhibit endogenous

peroxidase activity. All procedures were performed at room temperature (RT) on a constantly rotating 55 rpm shaker.

Sections were then blocked in 20% (v/v) normal goat serum (Vector Laboratories, Burlingame, CA), 2% (w/v) Bovine Serum Albu-

min (Santa Cruz Biotechnology, Paso Robles, CA) and 0.3% (v/v) Triton X-100 (Sigma-Aldrich) prepared in PBS at RT for 1h.

Sectionswere incubatedwith the following primary antibodies: rabbit anti-Sox2 (1:1,000,Millipore, Billerica,MA), mouse anti-Ki-67

(1:200, Leica Biosystems, Newcastle Upon Tyne, UK), mouse anti-nestin (1:8,000, Chemicon, Temecula, CA), mouse anti-PSA-

NCAM (1:2,000, Millipore) and mouse anti-NeuN (1:100,000, Millipore), rabbit anti-doublecortin (1:30000, Sigma-Aldrich, Milli-

pore-Sigma, Temecula, CA) in a 1:10 dilution of the blocking solution for 3-5 days at 4�C on a shaker. Primary antibody was omitted

in negative control sections. Sets of immediately adjacent sections were processed for each of the antibodies listed.

On day two, tissue sections were incubated for 2 hours at RT in biotin-conjugated secondary antibodies (anti-mouse, anti-rabbit or

anti-guinea pig, Vector Laboratories), diluted 1:200 in 1% normal serum, 0.1% BSA and prepared in PBS. After washes with PBS,

sections were incubated in avidin-biotin-horse radish peroxidase system (Vector Laboratories), diluted 1:200 in 1% normal goat

serum and 0.1% BSA at RT for 1 hour. Sections were then washed and incubated in 0.05% 3,30-Diaminobenzidine (DAB, Millipore

Sigma), or Nickel-DAB, in 3% Hydrogen peroxide for 5 min, until color developed. Subsequently, sections were washed in sodium

acetate for 10’, followed by a PBS wash for 20’ before being mounted on glass slides and desiccated. Differential staining was per-

formed with Cresyl Violet (Nissl staining), Eosin or Nuclear Red, depending on the experiment. Lastly, sections were dehydrated in

ethanol, clarified in Xylene, mounted with Permount (Sigma-Aldrich) and coverslipped.

Immunohistofluorescence
Immunohistofluorescence was performed by incubating sections in blocking solution with 0.3% Triton X-100 (Sigma-Aldrich), 10%

normal goat serum (Vector Laboratories), 1%–2% bovine serum albumin (Santa Cruz) for 1 hour at RT. Subsequently, sections were

incubated overnight, three days, or five days at 4�C in a 1:10 blocking solution with the following primary antibodies: 1:1,000 rabbit

anti-nestin IgG (Sigma-Aldrich) and 1:25mouse anti-Ki-67 IgG (Novocastra); 1:9,000mousemonoclonal anti-GFAP antibody (Sigma-

Aldrich) and 1:1,000 rabbit anti-nestin IgG (Sigma-Aldrich); 1:2,000 mouse anti-PSA-NCAM IgM antibody (Millipore) and 1:2,000

guinea pig anti-doublecortin IgG antibody (Millipore); 1:1,000 mouse anti-PSA-NCAM IgM antibody (Chemicon) and 1:500 rabbit

anti-NeuN (Millipore); and 1:2,000 rabbit Sox2 IgG antibody (Millipore) and 1:2,000 mouse anti-nestin IgG antibody (Chemicon).

After overnight, three or five day incubation, tissue sections were incubated with secondary antibodies: 1:500 DyLight 594-Affini-

Pure goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) and 1:500 goat anti-mouse IgG, Alexa Fluor 488

(Thermo Fisher Scientific); or 1:200 488-AffiniPure goat anti-mouse IgG and 1:200 594-AffiniPure goat anti-guinea pig IgG (Jackson

ImmunoResearch); or 1:500 594-AffiniPure goat anti-mouse IgG and 1:500 488- AffiniPure goat anti-rabbit IgG (Jackson

ImmunoResearch). Sections were treated with 0.1% Sudan Black in 70% ethanol for 5 minutes to reduce the innate auto-fluores-

cence of the human tissue; washed 3x15’ in Tris buffer saline (pH: 7.6), mounted, dried overnight and coverslipped with ProLong

Gold anti-fade reagent with DAPI (4’,6-diamidino-2-phenylindole), a blue-fluorescent DNA stain that binds to dsDNA and is used

as a nuclear counterstain in fluorescence microscopy (Invitrogen).

Replication
Due to the limited availability of human postmortem brain tissue, in comparison to the prevalence of rodent and other non-human

tissues, it was not possible to replicate all the immunohistochemistry and immunohistofluorescence experiments. Rather, multiple

hippocampus tissue sections containing the dentate gyrus were assessed for each subject, with an average of 10 sections per

subject, spanning along the entire rostro-caudal extent of the dentate gyrus, which allowed applying unbiased stereology in order

to estimate the total number of cells expressing each specific marker in the whole hippocampus of each subjects. We used adjacent

series of sections across the entire rostro-caudal extent of the dentate gyrus, to perform experiments and stereology for each of the

different markers and capillary measures, securing for the use of the same dentate gyrus regions across subjects and experiments.

Before we determined the final optimal experimental and imaging protocols, several different experiments were run in trial tissue,

and sections were imaged with different modalities, in order to determine optimum incubation times and concentration of primary

antibodies, as well as the most reliable imaging conditions.

Confocal microscopy
Cell marker co-localization was analyzed by acquiring fluorescent confocal 3-dimensional z stack images and videos using an

Olympus Fluoview FV1000 Confocal Laser Scanning System (Olympus, Waltham, MA) equipped with an Olympus IX81 Inverted

Microscope, electronic stage controller (Prior Scientific, Rockland, MA), camera interface, and Olympus Fluoview 1000 (v. 1.5) soft-

ware with the following objectives: UPLSAPO 10X and 20X air, with numerical aperture (NA) 0.40, 0.75; UPLFLN 40X oil with NA 1.30;

and PLAFON 60X oil with NA 1.42 (Olympus). Briefly, the system is equipped with a 405-nm blue diode laser and multi-line (405, 488,
e3 Cell Stem Cell 22, 589–599.e1–e5, April 5, 2018



543 and 633 nm) argon ion laser (Melles Griot, Rochester, NY) as the excitation source. The Olympus Fluoview FV1000 has three

confocal detectors and one transmitted light photomultiplier tube (PMT). The system is also equippedwith a diffraction-grating based

‘‘spectral detection’’ system, and manual adjustment of wavelength detection for separation of signals from overlapping fluoro-

phores. The fluorescence emitted was filtered by a BG39 filter set (Chroma, Rockingham, VT) and detected by a PMT (Hamamatsu,

Bridgewater, NJ).

To quantify co-localization of cell markers (i.e., Sox 2/Nestin and DCX/PSA-NCAM), image stacks of the whole DG processed for

immunohistofluorescence were obtained using a confocal scanning microscope (Leica TCS SP8 2-Photon, Leica Microsystems

Inc.), and then processed for Stereology using Stereoinvestigator software (MBF, Inc.).

The Leica TCS SP8 2-Photon microscope is equipped with three simultaneous PMT detectors. Fluorescence from the different

fluorophores was detected in the following way: 1) 488-AffiniPure was excited at 488 nm and detected at 505-550 nm, 2) 594-Affi-

niPure was excited at 552 nm and detected at 600-650 nm, and 3) DAPI was excited at 405 nm and detected at 415-485 nm. For 488-

and 552-nm excitation, the beam path included a TD 488/552/638 beamsplitter, while for 405 nm excitation a substrate beamsplitter

was used.

Tiled z stacks of the entire hippocampus area were obtained by first imaging conjugated fields of view via an automated stage in

conjunction with the Stage Overview function of the LAS X software (Leica Application Suite X 3.1.1.15751), and then by stitching the

images with the merging algorithm provided with the software. In order to select the area of the hippocampus on each section, the

Stage Overview function was utilized. This function allowed for the fast acquisition of a low-resolution preview scan of the entire tis-

sue section containing the hippocampus, using a 10x objective, and next for selecting the regions of interest surrounding the dentate

gyrus to be included in the final tiled z stacks.

Image stacks from each tissue section assayed for Sox2/Nestin and for DCX/PSA-NCAM, along the rostro-caudal axis of the hip-

pocampus, obtained from each subject, were acquired applying the same parameters to the Leica TCS SP8 2 photon microscope

(Leica Microsystems Inc.). All z stacks were imaged with a dry Leica 20X objective (NA 0.70, working distance 0.5 mm), with a field of

view of 553.63 553.6 mm, a pixel size of 0.543 0.54 mm, optical sectioning of 2.36 mm, and a z step of 1 mm. Depending on the thick-

ness of each tissue section, the final z stackwas determined to be 13 ± 2 mm. Image stacks were then imported in ourMicroBrightfield

system (MBF Bioscience, Williston, VT) to perform unbiased stereology.

Stereology
Weused an unbiased stereological approach (optical disectorwith fractionator) to estimate cell numbers, capillaries, and DG volume.

The system is equipped with Olympus BX51-WI microscope platform configured for neuronal reconstruction, Neurolucida software

for 2D and 3D reconstruction, and Stereo Investigator stereology software for estimation of total cell numbers in the selected region of

interest (MBF Bioscience, Williston, VT) in bright-field and immunofluorescence microscopy, and includes 4x, 10x, 20x, UPlan Fluo-

rite, 40x air, 60x oil, 100x oil Plan Apo objectives, swing condenser, and achromatic aplanatic condenser, electronic stage controller

LUDL MAC 6000 XYZ (BioVision Technologies, Exton, PA) and camera interface for Retiga 2000R CCD Scientific Camera (Q-Imag-

ing, Surrey, BC, Canada).

Immunostained sections along the rostro-caudal axis of the DGwerematched with intercalated Nissl-stained sections using a ste-

reoscope (Leica, Wild M3Z, Heerburg, Switzerland). To quantify each cell type and proliferating capillaries, the first hippocampus

slide to be sampled was the one in which the DG first appeared. Subsequent sections were assayed every 2.0 mm thereafter in sys-

tematic fashion, until the DG disappeared, with an average of 10-12 sections per subject. Using the Stereo Investigator system, DG

boundaries were defined at low magnification using the 4x objective. Cells and capillaries were not counted in the upper and lower

3 mm in the z planes of the tissue sections (which were considered safety guard zones).

The estimated total number of cells was calculated as:
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whereSQ� is the total number of cells counted, t is themean section thickness, h is the height of the optical disectorwhich adjusts for

the guard zones above and below the dissector, asf represents the area sampling fraction (area of the counting frame divided by area

of x,y step), and ssf is the section sampling fraction (1/section interval).

We assessed number of capillaries per mm3, capillary area, length and bifurcations per capillary, which, taken together, represent

the 3-D structure of the capillaries. For capillary area, a grid with tessellation points was randomly positioned on the same sections on

which nestin+ cells were counted and the areawas determined based on the number of grid points that were randomly laid over blood

vessels by the Stereo Investigator software (MBF Biosciences). To measure capillary length and number of bifurcations per capillary

we used the tracing tool of Neuroucida software (MBF Bioscience). The number of capillary bifurcations was calculated counting

every bifurcation found on each capillary while tracing the capillary length, following capillary structures into the thickness of the tis-

sue (sections were 50mm thick). The tracing tool calculates the length of the capillary while moving through it. Capillary volume was

previously measured using Neuroucida software (MBF, Inc.). The diameter of the tracing tool was adjusted to fit the area of the trans-

versal section of the capillary which changes along the vessel, this way the volume of each vessel was calculated, However, we found

these volume measurements less reliable than the other capillary measures employed for the study.

The volume of the DG and GCL-SGZ were determined in anterior, mid and posterior hippocampus separately, using the Cavalieri

method (Harrison et al., 1995). The areas of the outlines defining the DG andGCL-SGZwere measured on each section and analyzed
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for cell counting and capillary measures. The region volume was then calculated by the stereology software based on section thick-

ness (50 mm), number of sections (variable between subjects) and distance between sections (2 mm). Outlines of the DG including

SGZ, GCL and ML (Figure 3E) were aligned from the most rostral to the most caudal hippocampal sections (Video S4), and used to

calculate volume of anterior, mid and posterior DG and SGZ-GCL. We defined the anterior DG as the portion from the most rostral

appearance of the DG to the start of the lateral geniculate. The mid DG was defined as the portion going from the start of the lateral

geniculate to the disappearance of the lateral geniculate, and the posterior DGwas the region from the end of the lateral geniculate to

the end of the caudal DG.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed using SPSS (version 24 for Mac). Number of subjects analyzed was 28, and we analyzed an average of

10 hippocampus sections per subject, along thewhole rostro-caudal (anterior-posterior) axis of the hippocampus. ReportedN values

are representing cell numbers estimated by stereology in the anterior, mid and posterior dentate gyrus, as well as number of capil-

laries per mm3, capillary area, length and bifurcations per capillary in the anterior, mid and posterior dentate gyrus. To test correla-

tions between cell numbers, DG volume, capillary measures, age, PMI, and brain tissue pH, we used Pearson linear regression, when

data were normally distributed, and Spearman correlation coefficient based on the ranked values, when they were not normally

distributed (only used for Sox2+ cells). Significance level was set at p < 0.05. If we did not have the whole anterior, mid or posterior

hippocampus, we did not report data for that section of the DG for that subject due to the fact that the total number of elements

measured or region volume could not have been accurately determined. Statistical results of experiments can be found in the Result

section of the manuscript and in the Figures. Significance level was set at p < 0.05; error bars in Figure S1 represent SD.

DATA AND SOFTWARE AVAILABILITY

All raw data have been uploaded in Mendeley at https://doi.org/10.17632/7x9bbm324k.1. Please contact the lead author of this

paper for questions on data analysis and interpretation and additional information relevant to manuscript preparation.
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