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Abstract. One unexplained feature of Alzheimer’s disease (AD) is that the lateral entorhinal cortex undergoes neurodegeneration before other brain areas. However, this brain region does not have elevated levels of amyloid peptides in comparison
with undamaged regions. What is the cause of this special vulnerability of the entorhinal cortex? One special feature of the
lateral entorhinal cortex is that it projects to newborn neurons that have undergone adult neurogenesis in the dentate gyrus of
the hippocampus. Neurogenesis is abnormal in human AD brains, and modulation of neurogenesis in experimental animals
influences the course of AD. This complex process of neurogenesis may expose axon terminals originating from neurons of
the entorhinal cortex to a unique combination of molecules that can enhance toxic effects of amyloid. Retrograde degeneration
of neurons with axons terminating in the dentate gyrus provides a likely explanation for the spatial patterns of neuronal cell
death seen in AD. Specialized astrocytes in the dentate gyrus participate in adult neurogenesis and produce fatty acid binding
protein7 (FABP7). These FABP7+ cells undergo an aging-related mitochondrial pathology that likely impairs their functions.
This age-related abnormality may contribute to the impairment in neurogenesis seen in aging and Alzheimer’s disease. Also,
a compromised function of these astrocytes likely results in local elevations of palmitic acid, iron, copper, and glucose, which
all enhance the toxicity of amyloid peptides. Treatments that modulate neurogenesis or diminish the production of these toxic
substances may prove more successful than treatments that are solely aimed at reducing the amyloid burden alone.
Keywords: Alzheimer’s disease, astrocytes, copper, entorhinal cortex, FABP7, Gomori-positive, neurogenesis

The modern era of understanding Alzheimer’s disease (AD) began some thirty years ago with the
identification of the proteins and enzymes that contribute to the formation of amyloid plaques found in
the brains of sufferers from AD. Since then, details of
the structure of amyloid-␤ protein precursor (A␤PP),
its incorporation into amyloid plaques, and its cleavage into harmful peptides by ␤- and ␥-secretases
have been identified. Inherited mutations in these proteins cause the early onset, or familial, form of AD.
∗ Correspondence to: John K. Young, PhD, 9902 Oleander
Avenue, Vienna, VA 22181, USA. Tel.: +1 703 255 3591; E-mail:
jyoung@howard.edu.

The amyloid cascade hypothesis proposes that a disturbed function of these proteins also causes the more
widespread, sporadic form of AD [1].
One means by which A␤PP and amyloid cleavage products cause neuronal pathologies is by
the induction of abnormalities in tau. Tau is a
microtubule-associated protein that is hyperphosphorylated in AD, leading to the formation of so-called
neurofibrillary tangles in neurons. The appearance of
tau-induced neurofibrillary tangles is more closely
correlated with neuronal death and cognitive declines
than the presence of amyloid plaques. Moreover,
changes in tau have been reported to precede any significant elevations in cleavage products of amyloid
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(A␤42 ) that are measurable in the cerebrospinal fluid.
These types of data have led to suggestions that treatments that target abnormal tau may be more helpful
than treatments aimed at reducing amyloid alone
(reviewed in [2]).
Some additional problems with the amyloid cascade hypothesis are apparent. One problem is that
brains of many individuals who are cognitively normal can have an amyloid plaque burden similar to that
found in demented patients [2]. Also, damaged neurons containing neurofibrillary tangles are first found
in the entorhinal cortex, whereas amyloid plaques
first seem to appear at some distance from this site
in the association cortices of the temporal lobe [2,
3]. One widely accepted explanation for these discrepancies is that soluble fragments of A␤PP (A␤
oligomers), and not amyloid plaques themselves, are
the cause of damage to synapses and other structures
in AD. Thus, the establishment of plaques alone may
not be the precipitating event for the disorder. Extracellular amyloid oligomers, rather than plaques, may
bind to neurons to cause damage [1, 4].
In spite of these plausible explanations, it still
seems puzzling that initial damage in AD is confined
to specific brain structures, whereas A␤PP seems
to be widely distributed throughout the brain. The
hypothesis expressed in this paper contends that it
is the toxic combination of A␤PP and other substances involved in adult neurogenesis within the
dentate gyrus of the hippocampus that accounts for
the patterns of damage in AD brain. Axons that terminate near newborn neurons in the dentate gyrus may
be especially vulnerable to the disease process (see
below).
A second problem with the amyloid cascade
hypothesis that has recently arisen is that clinical
treatments that reduce the amyloid burden in the brain
by 18–36% have failed to slow the cognitive decline
in AD patients (reviewed in [4]).
A recent paper may provide some explanation for
the disappointing results of these clinical trials of
AD patients. In a transgenic rat model of AD, treatment with scyllo-inositol reduced the amyloid plaque
burden in the brain by 35% but failed to restore all
cognitive faculties to normal [5]. Also, this reduction
in amyloid failed to diminish tau-associated neurofibrillary tangles in the lateral entorhinal cortex, nor did
it improve the disconnect between the lateral entorhinal cortex and the dentate gyrus. This interruption of
communication between the dentate gyrus and lateral
entorhinal cortex makes an important contribution to
disturbances in memory and behavior.

This study showed that a reduction of the amyloid
burden in rats was insufficient to correct the neurological and behavioral defects characteristic of AD.
This might explain why clinical trials that reduce the
amyloid burden in humans have also failed to slow the
degradation of cognitive function. A disturbed function of the entorhinal cortex seems to persist, in spite
of lowered levels of amyloid. It would appear that
damage to the perforant pathway between the lateral
entorhinal cortex and dentate gyrus occurs unusually
early in the disease process, when amyloid levels are
still low, or else this pathway is unusually sensitive
to toxic effects of amyloid [5]. But what would cause
this heightened sensitivity?
Researchers examining the early degeneration
of the lateral entorhinal cortex have reported that
levels of amyloid peptides in the lateral entorhinal
cortex are not higher than in other, less affected
regions [6, 7]. What, then, accounts for the early
degeneration of the lateral entorhinal cortex? One
proposed explanation for this discrepancy is that
a higher metabolic rate of lateral entorhinal cortex
neurons might make these neurons more sensitive to
toxic effects of amyloid or A␤ [6].
However, many neurons throughout the brain
exhibit similar signs of an elevated metabolic rate and
do not degenerate in AD. The mesencephalic trigeminal nucleus, for example, contains neurons with a
very high levels of cytochrome oxidase, a marker
for elevated oxidative metabolism [8]. This nucleus
does not appear to be affected in AD, although other
brainstem nuclei like the raphe nucleus or the locus
coeruleus do show early signs of degeneration [3, 9].
What else might be responsible for degeneration of
these brainstem nuclei?
A recent study, using a transgenic mouse model of
AD, has shown that connectivity between the raphe
nucleus and locus coeruleus with the hippocampus
becomes interrupted during the course of the disease
[10]. Thus, one possible explanation for the degeneration of these brainstem nuclei is that their axon
terminals within the hippocampus experience damage that causes a retrograde degeneration of axons
and cell bodies. This same explanation may apply to
the lateral entorhinal cortex.
Neurons of the lateral entorhinal cortex of rodent
brains are unique in that they provide the main afferent connections to newly born neurons that have
undergone neurogenesis in the adult brain [11]. The
highly unusual process of adult neurogenesis has also
been reported to take place in the dentate gyrus of the
human hippocampus [12–17]. There has been some
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controversy about whether the neurogenesis observed
in rodent hippocampi really is also present in the
human brain, but recent methods of improved tissue
preservation of human brain tissue have confirmed
that markers for neurogenesis are indeed present in
the human hippocampus [15, 17]. If lateral entorhinal cortex neurons of the human brain also innervate
newborn neurons of the dentate gyrus, as in the mouse
brain, then lateral entorhinal neurons indeed occupy
a unique niche in the human brain. It may not be a
coincidence that entorhinal cortex neurons directly
connected to newly born neurons are the first to
degenerate in AD.
What is the evidence for an involvement of adult
neurogenesis in the disease process of AD? Hippocampal neurogenesis is decreased in brains from
AD patients [15]. In mouse models of AD, transgenic
for abnormal human proteins, genetic manipulations
can induce a blockade of neurogenesis. This decrease
in neurogenesis worsens cognitive deficits. On the
other hand, stimulation of neurogenesis in a mouse
model of AD lessens cognitive deficits [18, 19]. These
results may relate to the stimulatory effects of neurogenesis upon memory processes and a compensation
for the disruption of hippocampal function seen in
AD.
Another point is that A␤PP itself appears to influence neurogenesis, so that abnormalities in A␤PP
function could result in impaired neurogenesis [18,
20]. In light of these findings, some researchers have
suggested that adult neurogenesis may have a role in
the pathogenesis of AD [21, 22].
It may be that toxic effects of amyloid peptides may
first be exerted upon axons terminating upon newborn
neurons and perhaps extend in a retrograde fashion
to damage neuronal somas of the lateral entorhinal
cortex [23].
Adult neurogenesis involves the division of neuronal cell precursors, their differentiation into glial
or neuronal cell lineages, and their incorporation into
the circuitry of the hippocampus. What aspects of
these complex events may exert a toxic interaction
with amyloid or amyloid peptides that could affect
synapses from fibers arising from the lateral entorhinal cortex?
In macaque and rat brains, specialized astrocytes
immunoreactive for fatty acid binding protein 7
(FABP7) are in close contact with newly born neurons of the dentate gyrus and appear to represent stem
cells from which these new neurons have originated
(Fig. 1). The phenotype of these cells appears to recapitulate that of FABP7-containing radial glial cells of
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Fig. 1. Astrocytes immunoreactive for FABP7 (brown stain) are
found within the granule cell layer of the dentate gyrus of the
hippocampus of adult rats. See [26] for staining methodology.

the embryonic cortex that differentiate into neurons
[24]. The hippocampus is not the only brain site at
which these specialized astrocytes can be detected.
FABP7+ astrocytes are also found in the hypothalamus, the habenula, and the dorsal medulla, sites at
which much more modest amounts of adult neurogenesis take place [24–27].
FABP7+ astrocytes in the hypothalamus have
been found to undergo an aging-related pathological process, in which degenerating mitochondria
become engulfed within lysosomes to form socalled Gomori-positive cytoplasmic granules [26].
This mitochondrial pathology is also detectable at
the precise locations of FABP7+ astrocytes in the
dentate gyrus, habenula, subventricular zone, and
dorsal medulla ([24] versus [27, 31]). Thus, it appears
that an aging-related mitochondrial degeneration is a
widespread feature of FABP7+ astrocytes that participate in adult neurogenesis.
What is the cause of this astrocyte pathology? One
likely explanation is that these cells have an elevated
uptake and metabolism of fatty acids. Mitochondrial
oxidation of fatty acids is known to exert particularly
damaging effects upon astrocyte mitochondria [24,
28].
An aging-related pathology of FABP7+ astrocytes
might reasonably be expected to reduce their ability
to divide and mature into neurons and could contribute to the aging-related decline in neurogenesis
seen in rodent brains. This could also be a factor in
the decreased neurogenesis seen in brains of humans
with AD.
There are also a number of ways by which
this astrocyte pathology could enhance toxic effects
of amyloid. FABP7+ astrocytes regulate levels of
palmitic acid in the brain [29]. Addition of palmitic
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acid to A␤PP enhances its processing into amyloidogenic and toxic peptides, so any disturbance
of the regulation of palmitic acid by degenerating FABP7+ astrocytes could enhance amyloid
toxicity [30].
Also, the Gomori-positive cytoplasmic granules of FABP7+ astrocytes contain high levels
of heme-linked copper and iron, originating from
metal-containing mitochondrial enzymes [31]. Copper binds to amyloid peptides, reduces the clearance
of amyloid, and appears capable of enhancing toxic
effects of amyloid; iron also enhances toxic effects of
amyloid [32, 33]. Since about 3.5% of hippocampal
glia turn over and die every year, local release of these
metals from senescent FABP7+ astrocytes could have
toxic effects [34].
A specific isoform of a cholesterol-binding protein
called ApoE4 drastically enhances the risk for AD
[35]. ApoE4 is mainly produced by astrocytes; its
deleterious effects in AD have mainly been ascribed
to ApoE-related effects on the clearance of amyloid
peptides. However, in mice, ApoE4 has also been
shown to reduce dendritic spines upon newly born
neurons in the hippocampus, leading to a reduced
connectivity between the lateral entorhinal cortex and
the hippocampus [36]. Thus, effects of ApoE4 upon
neurogenesis, as well as effects of ApoE4 upon amyloid degradation, could be related to its association
with a greatly increased risk for AD.
Intracellular heme and its modulating enzyme,
heme oxygenase, exert complex effects upon the production of cholesterol and ApoE in astrocytes [37].
Possibly, the presence of heme in FABP7+ astrocytes
could alter the local production of ApoE isoforms
and could lead to alterations in both the degradation
of amyloid and in the maturation of newborn neurons
in the dentate gyrus. This hypothesis could be tested
by examination of Gomori-positive astrocytes in vitro
to see if they produce altered amounts of ApoE.
Another feature of AD is an association with diabetes mellitus, which increases the risk for dementia
[32, 38]. The precise reasons for this association are
uncertain, although many mechanisms have been proposed. For one thing, diabetes causes a reduction in
adult neurogenesis. Also, high blood levels of glucose induce the formation of advanced glycation end
products within the brain. These products, plus the
receptors for these end products, are abundant in glial
cells and can provoke alterations in the production of
A␤ peptides. Also, glycation of amyloid enhances its
toxicity [39]. Some involvement of Gomori-positive
astrocytes in the interaction between diabetes and AD

may be indicated by the fact that these cells possess
high capacity GLUT2 type glucose transporter proteins. These GLUT2 transporters enable cells to have
an elevated glucose uptake and an increased responsiveness to changes in blood glucose concentrations
compared to other brain cells [40]. Indeed, in AD,
Gomori-positive astrocytes of the human hippocampus have elevated levels of advanced glycation end
products in their cytoplasm [41]. Any disturbance in
the function of Gomori-positive astrocytes in diabetes
could thus logically be expected to exacerbate the
abnormalities seen in AD.
Much of the data about FABP7+ astrocytes and
their role in neurogenesis stems from studies of the
rodent and macaque brains. Can this information
be extended with some degree of confidence to the
human brain? The presence of mRNA for FABP7
has been reported in both adult and fetal human brain
samples. Fetal brain samples have been obtained from
individuals suffering from the human medical condition, trisomy 21, or Down’s syndrome.
The presence of FABP7 mRNA in Down’s syndrome brains is of particular interest because this
condition is associated with an increased risk for the
development of AD and dementia. One logical explanation for this association is the presence of the gene
for amyloid precursor protein (APP) on chromosome
21; the presence of an extra chromosome 21 leads to
an increased expression of A␤PP and enhanced deleterious effects of amyloid and amyloid oligomers [1].
However, in Down’s syndrome brains, the expression
of FABP7 is also increased, due to the presence on
chromosome 21 of a protein that regulates the transcription of the FABP7 gene [42]. The authors of this
paper speculated that increased levels of FABP7 during development could contribute to the neurological
abnormalities found in this syndrome. This speculation is supported by a recent report that astrocytes
with an enhanced expression of FABP7 exert negative effects upon neuronal survival in vitro [43]. These
data provide increased support for the concept that
FABP7+ astrocytes in the human brain could contribute to the neuronal abnormalities in AD. Thus far,
however, immunocytochemistry for FABP7+ astrocytes in the human hippocampus has not yet been
performed.
The presence of Gomori-positive astrocytes in the
human hippocampus has, in contrast, been reported
in two publications [41, 44]. Also, Gomori-positive
astrocytes have been demonstrated in frozen sections of the human hypothalamus collected for an
unrelated study some years ago (Fig. 2) [45]. These
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Fig. 2. Frozen section of the human hypothalamus, stained to demonstrate iron via the Perl’s reaction and counterstained with neutral red
to illustrate cell nuclei (see [40] for Perl’s stain methodology). Blue iron-rich cytoplasmic granules (arrows) are found in a Gomori-positive
astrocyte (left side of figure). On the right side of the figure, a Gomori-positive astrocyte is in close contact with a catecholaminergic neuron
filled with neuromelanin.

cells are commonly adjacent to catecholaminergic neurons filled with neuromelanin, a metabolic
byproduct of catecholamines. A similar situation
exists in the rat hypothalamus, where Gomoripositive astrocytes can be found in contact with
catecholaminergic neurons [46]. These data indicate
that Gomori-positive astrocytes of the human brain
have many features in common with those of the
rat brain.
If Gomori-positive astrocytes are abundant in both
the human and rat hypothalamus, it would be logical to expect that the presence of these cells could
also lead to hypothalamic neuropathology, as well
as to hippocampal neuropathology, in AD. Plaques,
tangles, and a disturbed neuronal function in the
hypothalamus are early features of AD, but the
question of whether these abnormalities are directly
related to Gomori-positive astrocytes remains to be
investigated [47].
Other features of neurogenesis, independent of
FABP7+ astrocytes, could also contribute to the
pathology of AD and explain its focus in the lateral
entorhinal cortex. The apparent connection between
neurogenesis and AD, however, provides a novel
framework for an understanding of the features of
AD, such as the specific neuroanatomical distributions of damaged neurons, the relationship between

AD and aging of glia, and the interrelationships
between AD, diabetes, ApoE isoforms, and Down’s
syndrome.
Strategies that would diminish age-related abnormalities in astrocytes participating in neurogenesis,
such as drugs that reverse aging-associated mitochondrial impairments, low fat diets, diets rich in
polyunsaturated fatty acids, or a reduced dietary
intake of copper, may prove useful in limiting the
development of AD pathology [48, 49, 50, 51].
Another approach would be to increase the differentiation of FABP7+ astrocytes into mature neurons,
by administering drugs that increase neurogenesis [52]. This would logically deplete the pool
of FABP7+ neural precursor cells and reduce the
harmful molecules associated with them. An alternative method of increasing neurogenesis may be to
increase physical exercise, which has been reported
to increase rates of neurogenesis and reduce the risk
for AD [53].
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J, Ávila J, Llorens-Martín M (2018) Untold new beginnings:
Adult hippocampal neurogenesis and Alzheimer’s disease.
J Alzheimers Dis 64(s1), S497-S505.

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Tobin MK, Musaraca K, Disouky A, Shetti A, Bheri A,
Honer WG, Kim N, Dawe RJ, Bennett DA, Arfanakis K,
Lazarov O (2019) Human hippocampal neurogenesis persists in aged adults and Alzheimer’s disease patients. Cell
Stem Cell 24, 974-982.e3.
Hollands C, Tobin MK, Hsu M, Musaraca K, Yu TS, Mishra
R, Kernie SG, Lazarov O (2017) Depletion of adult neurogenesis exacerbates cognitive deficits in Alzheimer’s disease
by compromising hippocampal inhibition. Mol Neurodegener 12, 64.
Richetin K, Leclerc C, Toni N, Gallopin T, Pech S, Roybon
L, Rampon C (2015) Genetic manipulation of adult-born
hippocampal neurons rescues memory in a mouse model of
Alzheimer’s disease. Brain 138, 440-455.
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