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Average aging is associated with a gradual decline of memory capacity. SuperAgers are humans �80 years of age who show
exceptional episodic memory at least as good as individuals 20–30 years their junior. This study investigated whether neuro-
nal integrity in the entorhinal cortex (ERC), an area critical for memory and selectively vulnerable to neurofibrillary degener-
ation, differentiated SuperAgers from cognitively healthy younger individuals, cognitively average peers (“Normal Elderly”),
and individuals with amnestic mild cognitive impairment. Postmortem sections of the ERC were stained with cresyl violet to
visualize neurons and immunostained with mouse monoclonal antibody PHF-1 to visualize neurofibrillary tangles. The cross-
sectional area (i.e., size) of layer II and layer III/V ERC neurons were quantified. Two-thirds of total participants were
female. Unbiased stereology was used to quantitate tangles in a subgroup of SuperAgers and Normal Elderly. Linear mixed-
effect models were used to determine differences across groups. Quantitative measurements found that the soma size of layer
II ERC neurons in postmortem brain specimens were significantly larger in SuperAgers compared with all groups (p, 0.05)—
including younger individuals 20–30 years their junior (p, 0.005). SuperAgers had significantly fewer stereologically quan-
tified Alzheimer’s disease-related neurofibrillary tangles in layer II ERC than Normal Elderly (p, 0.05). This difference in
tangle burden in layer II between SuperAgers and Normal Elderly suggests that tangle-bearing neurons may be prone to
shrinkage during aging. The finding that SuperAgers show ERC layer II neurons that are substantially larger even compared
with individuals 20–30 years younger is remarkable, suggesting that layer II ERC integrity is a biological substrate of excep-
tional memory in old age.
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Significance Statement

Average aging is associated with a gradual decline of memory. Previous research shows that an area critical for memory, the
entorhinal cortex (ERC), is susceptible to the early formation of Alzheimer’s disease neuropathology, even during average (or
typical) trajectories of aging. The Northwestern University SuperAging Research Program studies unique individuals known
as SuperAgers, individuals �80 years old who show exceptional memory that is at least as good as individuals 20–30 years
their junior. In this study, we show that SuperAgers harbor larger, healthier neurons in the ERC compared with their cogni-
tively average same-aged peers, those with amnestic mild cognitive impairment, and – remarkably – even compared with indi-
viduals 20–30 years younger. We conclude that larger ERC neurons are a biological signature of the SuperAging trajectory.
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Introduction
Memory capacity declines during the course of average
aging. The entorhinal cortex (ERC) and hippocampus, two
areas critical for episodic memory, are selectively susceptible
to neurofibrillary tangle (NFT) formation. This phenomenon
starts as an age-related process and intensifies in a prodro-
mal stage of Alzheimer’s disease (AD), known as amnestic
mild cognitive impairment (aMCI), reaching its peak in the
dementia of AD. Even age-related memory decline could
therefore reflect the emergence of neurofibrillary degeneration
in the hippocampus and entorhinal cortex (Balasubramanian
et al., 2012; Koen and Yonelinas, 2016; Gefen et al., 2018).
While this age-related decline is common, it is not necessarily
inevitable.

The Northwestern University SuperAging Research Program
investigates a unique trajectory that reflects the resistance and re-
silience to the involutional process characteristic of the MCI–AD
continuum. SuperAgers (SAs) are defined as individuals �80
years old who demonstrate episodic memory performance at
least as good as what would be considered normal for individ-
uals 20–30 years younger (Harrison et al., 2012; Rogalski et
al., 2013; Gefen et al., 2014). Of the first 10 cases that came to
autopsy, the hippocampus and ERC contained a low to interme-
diate density of NFTs (Braak stages II–III), whereas healthy cog-
nitively average age-matched control subjects (“Normal Elderly”)
had an NFT density range that extended into Braak stage IV
(Merrill et al., 2000; Rogalski et al., 2019). Even the NFT-con-
taining limbic areas in SuperAgers contained many healthy-
appearing neurons and the neocortex was generally free of neu-
rofibrillary degeneration (Rogalski et al., 2019). The status of
ERC neurons is of particular interest in light of the exceptional
memory performance in SuperAgers despite old age. A central
question is whether SuperAgers are resistant to neurofibrillary
degeneration or are resilient to the effects of NFT on neuronal
number and size.

Prior research has shown that the number of cortical neurons
does not display age-related changes in cognitively intact elderly
free of dementia (Stark et al., 2007; Freeman et al., 2008). Recent
work on postmortem cases with non-AD dementia demon-
strated a tight concordance between shrinkage of neuronal soma
and the manifestation of clinical symptoms (Kim et al., 2018). In
an effort to understand the factors that contribute to the preser-
vation of memory and to the SuperAging phenotype, the current
study investigated the cross-sectional area (i.e., size) of neurons
in the ERC in a rare series of autopsies. Stellate cells in layer II
and pyramidal cells in layer III/V of the ERC were targeted for
measurement given their pivotal role in the reciprocal transfer of
information between association cortex and the hippocampal
formation (Van Hoesen and Hyman, 1990; Van Hoesen and
Solodkin, 1993; Canto et al., 2008), their position along the per-
forant pathway (Hyman et al., 1984, 1986; Witter, 2007), and the
relative paucity of ERC NFTs in SuperAgers compared
to their cognitively average peers (Gefen et al., 2021).
Stereological quantitation was also performed in a subset of
specimens to determine the relationship between NFT for-
mation and neuronal size in layer II of the ERC. The result of
this investigation includes the unexpected finding that ERC
neuronal size is significantly larger in SuperAgers compared
with younger neurologically healthy individuals, in addition
to their same-aged elderly peers. This outcome raises funda-
mental questions regarding the nature of the age-related
involutional phenomena in SuperAgers and their relation-
ship to superior memory capacity.

Materials and Methods
Participant characteristics
All participants were required to demonstrate preserved activities of
daily living. All participants were also required to lack clinical evi-
dence or history of neurologic or psychiatric disease. The autopsied
brains of six participants characterized as “Cognitive SuperAgers”
from the Northwestern University SuperAging Research Program
were identified from the Northwestern University Alzheimer’s
Disease Research Center Brain Bank. As comparison, the autopsied
brains of seven “cognitively average elderly” [“Normal Elderly”(NE)]
participants from the Northwestern University SuperAging Research
Program, six healthy younger adults [“Younger Controls” (YCs)], and
five participants with antemortem aMCI were additionally identified.
Written informed consent and agreement to enter the brain donation
program were obtained from all participants in the study, and the study
was approved by the Northwestern University Institutional Review
Board and in accordance with the Helsinki Declaration (https://www.
wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-
medical-research-involving-human-subjects/). Samples from representa-
tive brain regions of each participant were surveyed qualitatively and found
to be free of significant neurodegenerative pathology other than amyloid
plaques and neurofibrillary tangles. Braak staging (Braak and Braak, 1991b;
Braak et al., 1993) was surveyed in each participant to identify the degree
of tangle involvement. Apolipoprotein E (ApoE) genotype was assessed
using DNA extracted from blood samples provided by each participant
according to enrollment procedures into the Northwestern University
SuperAging Research Program. See Table 1 for participant characteristics.

Inclusion criteria
Cognitive SuperAgers. Detailed inclusion criteria have been reported

previously (Rogalski et al., 2013). Briefly, all participants were commu-
nity-dwelling, English-speaking adults �80 years of age who were free
of significant neurologic or psychiatric illness. Inclusion criteria also
included neuropsychological test performance criteria, which were
chosen for their relevance for cognitive aging and their sensitivity to
detect clinical symptoms associated with dementia of the Alzheimer’s
type (Weintraub et al., 2009). The delayed recall score of the Rey
Auditory Verbal Learning Test (RAVLT; Schmidt, 2004) was used as
a measure of episodic memory, and SuperAgers were required to
perform at or above average normative values for individuals in
their 50s and 60s (midpoint age, 61 years; RAVLT delayed recall raw
score,�9; RAVLT delayed recall scaled score,�10; for more infor-
mation, see Gefen et al., 2015).

Cognitively average Normal Elderly individuals. Cognitively average
elderly individuals were community-dwelling, English-speaking adults
�80 years of age who were free of significant neurologic or psychiatric
illness and were enrolled into the Northwestern University SuperAging
Research Program as cognitively average control subjects based on
neuropsychological performance. Specifically, these individuals were
required to fall within 1 SD of the average range for their age and edu-
cation before death (Ivnik et al., 1996; Heaton et al., 2004; Shirk et al.,
2011). Criteria are in accordance with the National Institute on Aging
and Alzheimer’s Association (NIA-AA) for elderly individuals consid-
ered “not demented” (Albert et al., 2011).

Younger cognitively average individuals (Younger Controls). Ages of
the younger cognitively average participants ranged from 26 to 61 years.
Clinical records were available for each participant and were assessed
carefully for evidence of cognitive deficits. If the clinical history did not
definitively validate normal cognitive function, this information was
obtained from the next of kin.

Individuals with aMCI diagnosis. Participants received a diagnosis of
aMCI during life based on the criteria proposed by the NIA-AA (Albert
et al., 2011). Individuals with an antemortem diagnosis of aMCI were
required to show clear impairment on neuropsychological tests of mem-
ory and no impairment in other cognitive domains.

Tissue processing and histopathology
Postmortem intervals (PMIs) ranged from 3 to 58 h. After autopsy, each
specimen was cut into 3–4 cm coronal blocks and fixed in 4%
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paraformaldehyde for 30–36 h at 4°C, and then taken through sucrose
gradients (10–40% in 0.1 M sodium phosphate buffer, pH 7.4) for cryo-
protection and stored at 4°C. Blocks were sectioned at a thickness of
40mm on a freezing microtome and stored in 0.1 M phosphate buffer
containing 0.02% sodium azide at 4°C until use. Regions were equiva-
lent across tissue blocks taken from the anterior entorhinal cortex. Up
to six sections (intersection interval, 24 or 54) of the entorhinal cortex
were collected, and a 1.0% cresyl violet Nissl stain was used to visualize

neurons. All specimens were evaluated grossly for cortical, caudate, cere-
bellar, and brainstem atrophy, as well as vascular pathology. Braak staging
(Braak et al., 1993) was surveyed in each case to identify NFT involvement
in transentorhinal/entorhinal cortex, other limbic cortical areas, and neo-
cortical regions. SuperAger, Normal Elderly, and aMCI specimens were
also evaluated microscopically for Lewy and non-Lewy a-synucleinopa-
thies, vascular pathologies, frontotemporal lobar degeneration-tau, and
pathologic TDP-43 (Table 1).

Table 1. Participant characteristics

Participant
Age at
death (years) Sex

Education
(years)

PMI
(h)

Brain
weight (g)

Braak
staging ApoE Non-AD pathology

SA 1 99 F 16 58 1020 III 3, 3 Multiple cortical microinfarcts (nonsignificant); 1 remote lacunar infarct, left
putamen; ARTAG, AGD

SA 2 90 F 18 4 990 III 3, 3 ARTAG, AGD, 1 remote lacunar infarct, left globus pallidus
SA 3 90 F 14 4.5 1100 II-III 2, 3 PART (definite), Lewy body in dorsal motor nucleus of vagus (incidental), ARTAG
SA 4 95 F 18 5 1241 0 NA NA
SA 5 92 M 16 11 1247 I 3, 3 Medial temporal TDP-43 pathology; moderate cerebrovascular disease, non-occlusive
SA 6 82 F 14 24 1241 I 3, 3 Lewy bodies in substantia nigra and locus coeruleus, incidental; mild

cerebrovascular disease, nonocclusive
NE 1 96 F 14 5 NA IV NA NA
NE 2 88 M 12 12 1250 III-IV NA NA
NE 3 82 M NA 24 NA III-IV NA NA
NE 4 95 F 12 3.25 1096 III 2, 3 NA
NE 5 89 F 16 9 1180 II 3 ,3 NA
NE 6 88 M 20 9 1490 I 3, 3 Glioblastoma, WHO grade IV, 9.0 cm in greatest dimension, left parieto-occipital

region; amygdala-only Lewy body disease
NE 7 87 F 16 16 1183 I 3, 3 Moderate vascular disease
aMCI 1 89 F 18 4.5 1280 II NA None
aMCI 2 99 F 13 5 1060 III-IV 3, 3 None
aMCI 3 92 F 12 3.5 1084 III-IV 3, 3 None
aMCI 4 90 M 14 3 1380 III 3, 3 None
aMCI 5 92 M 16 4.5 1100 V 3, 4 Superficial contusion in occipital lobe
YC 1 45 M NA 13 1650 0 NA NA
YC 2 61 F NA 22 1080 I NA NA
YC 3 50 F NA 48 1150 0 NA NA
YC 4 57 F NA 6 1100 0 NA NA
YC 5 59 F NA 20 1300 NA NA NA
YC 6 26 M NA 8 1560 0 NA NA

ARTAG, aging-related tau astrogliopathy; AGD, argyrophilic grain disease; PART, primary age-related tauopathy; CHD, coronary heart disease; NA, not available; F, female; M, male; WHO, World Health Organization; None,
TDP-43 staining was not available. Braak staging followed published guidelines (Braak and Braak, 1985, 1991a,b; Braak et al., 1993).

Figure 1. Mean cross-sectional area per neuron in layer II of the entorhinal cortex.
Heights of bars represent the difference in mean cross-sectional area per squared
micrometer of layer II neurons in the entorhinal cortex between SuperAgers (N = 6),
Younger Controls (N = 6), Normal Elderly (N= 7), and individuals with aMCI (N= 5). An
overall average of ;1044 neurons (SD, 229) were measured per group. SuperAgers
showed a significantly larger mean area of layer II ERC neurons compared with Normal
Elderly, aMCI individuals, and Younger Controls. There were no significant differences in
the mean area of layer II neurons between Normal Elderly, aMCI individuals, and Younger
Controls. Statistical significance was assessed using a linear mixed-effect model. Error bars
represent the SEM. *p, 0.05; **p, 0.01; *** p, 0.001.

Figure 2. Mean cross-sectional area per neuron in layer III/IV of the entorhinal cortex.
Heights of bars represent the mean cross-sectional area per square micrometer of layer III/V
neurons in the entorhinal cortex among SuperAgers (N= 6), Younger Controls (N= 6),
Normal Elderly (N= 7), and individuals with aMCI (N= 5). An overall average of ;1052
neurons (SD, 53) were measured per group. Mean area of layer III/V ERC neurons was signifi-
cantly larger in SuperAgers compared with Normal Elderly, aMCI individuals, and Younger
Controls. Normal Elderly also showed larger neuronal cross-sectional area in layer III/V of the
ERC compared with aMCI individuals and Younger Controls. Statistical significance was
assessed using a linear mixed-effect model. Error bars represent the SEM. *p, 0.05;
**p, 0.01; ***p, 0.001.
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Measurement of cross-sectional area of neurons in the ERC
The cross-sectional area of neurons in layer II and layer III/V of each
ERC region per participant was measured. Layer II neurons were identi-
fied by their stellate appearance and their arrangements in islands of
neurons. Layer III/V neurons were identified by their pyramidal shape
and the orientation of their apical dendrite toward the cortical surface.
To measure the cross-sectional area of neurons, ;6–10 photomicro-
graphs were obtained randomly from sections spanning layer II and
layer III/V per each ERC layer and analyzed at 20� magnification.
Analysis of the cross-sectional area of neurons in the ERC was con-
ducted by an individual blinded to group affiliation; a second rater per-
formed analyses of the area of ERC neurons on three cases to ensure
consistency in measurement. Analysis was conducted using the image
analysis software ImageJ (version 1.53). Within ImageJ (RRID:SCR_
003070), the tracing function was used to measure the area of the neuron
at 5.5 pixels/mm (image size, 1600� 1200 pixels). The area was obtained
for at least 100 neurons per layer (II and III/V independently) of the
ERC region per participant. Mean total area of neurons was calculated in
layer II and layer III/V of the ERC, per case, and evaluated for differen-
ces across groups.

Modified stereological analysis of NFT pathology in layer II of ERC
In a subset of cases (five SuperAgers and five Normal Elderly) with tissue
available, modified stereological methods were used to estimate the den-
sity of PHF-1-stained tangles in layer II. Thioflavin-S-positive NFT
counts in the ERC without specific quantitation of laminar patterns are
reported in the study by Gefen et al. (2021). Whole-hemisphere sections
were selected that contained ERC with clear layer II cell islands and
were immunostained with the mouse monoclonal antibody PHF-1
(P. Davies, Albert Einstein College of Medicine, New York, NY; cat-
alog #PHF1; RRID:AB_2315150). PHF-1 recognizes tau phosphoryl-
ated at Ser396/404 and allows for visualization of tangles and
pretangles in the ERC. Briefly, layer II of the ERC was traced at 2.5�
magnification and analyzed at 40� magnification by an individual
blinded to group. Analysis was performed using the fractionator
method and StereoInvestigator software (MBF Bioscience; RRID:
SCR_004314). The sections used in analysis were treated as adjacent
sections, allowing for calculation of the density in the total volume
within the sections. The top and bottom 10mm of each section were
set as the guard height. The dimensions of the counting frame cho-
sen were 225� 225mm, based on trials. The coefficient of error was
calculated, and sampling parameters were adjusted so that the

coefficient of error was,0.1. Data were expressed as counts per
cubic millimeter based on planimetric calculation of volume by the
fractionator software. Mean NFT densities were compared between
the two groups.

Experimental design and statistical analysis
The study used a cross-sectional experimental design based on autopsied
specimens. A Kolmogorov–Smirnov test for equality of distributions was
used to confirm consistency between two raters of neuronal size. The
test failed to reject the null hypothesis of equal distributions, indicating
agreement (i.e., consistency) between raters. Differences among age at
death, education, and PMI were determined using a one-way ANOVA.
A linear mixed-effect model with a random intercept for subject was
used to compare the mean neuronal cross-sectional area among the four
groups for layer II and layer III/V. The same model was used to deter-
mine differences in area between layer II and layer III/V neurons across
all cases. Postmortem interval, age at death, and Braak stage, were
included as covariates. The p-value for rejecting the null hypothesis was
set at 0.05. Linear mixed-effect modeling was also used to test whether
there was an association among age at death, cross-sectional area of neu-
rons, and Braak staging (layer II and layer III/V, independently). Braak
staging was treated as a continuous variable. Statistical analyses were
performed using RStudio Software (version 4.0.3; RRID:SCR_000432). A
Welch’s t test was used to compare the densities of NFTs in layer II
between SuperAgers and Normal Elderly.

Results
In accordance with criteria, the mean age of Younger Controls
(mean age, 49.67 years; SD, 13.05) was significantly lower than
those of SuperAgers (mean age, 91.33 years; SD, 5.72), Normal
Elderly (mean age, 89.29 years; SD, 4.82), and aMCI (mean age,
92.40 years; SD, 3.91; p, 0.05); there were no significant differ-
ences in age among other groups. No group differences were
found among years of education, PMI, or brain weight. Only
one aMCI case (aMCI 5) carried an APOE-4 allele, a known
risk factor for Alzheimer’s disease (Saunders et al., 1993;
Roses, 1996). The Braak staging of NFTs in aMCI subjects
ranged from II to V, in Normal Elderly from I to IV, and in
SuperAgers from 0 to III. All Younger Controls showed a

Figure 3. Relationship between the cross-sectional area of layer II ERC neurons and Braak stage. Moderate evidence for a negative association of increasing Braak stage on neuronal cross-
sectional area (in mm2) was found, yet it did not quite reach statistical significance in ERC layer II (p= 0.08; b = 6.86) and in ERC layer III/V (p= 0.11; b = 5.31). Statistical significance was
assessed using a linear mixed-effect model. b , Regression coefficient; SE, SE of the regression coefficient.
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Braak stage of 0 with the exception of participant “YC 2” (stage I;
Table 1).

For each group, the mean cross-sectional area of neuronal
soma was significantly greater in layer II compared with layer III/V

(SuperAgers, Younger Controls, aMCI: p,
0.001; Normal Elderly: p=0.005). Mean
soma area of layer II ERC neurons was sig-
nificantly larger in SuperAgers compared
with Normal Elderly (p, 0.05), aMCI
individuals (p = 0.001), and, remarkably,
Younger Controls (p, 0.005). There
were no significant differences in the
mean area of neurons among Normal
Elderly, Younger Controls, and aMCI
individuals in layer II of the ERC [Fig.
1 (see also Fig. 4)]. At the individual-
case level, there was some overlap in
layer II soma sizes, highlighting variability;
for example, two SuperAgers (SA 1 and
SA 4) showed soma sizes that fell below the
average size of their same-age peers, and
the inverse was true for two Normal Elderly
(NE 5 and NE 6). The mean area of layer
III/V ERC neurons followed the same
trend, where SuperAgers showed a larger
soma area than Normal Elderly (p, 0.05),
Younger Controls (p, 0.001), and aMCI
individuals (p, 0.001). However, Normal
Elderly showed a significantly larger soma
area of layer III/V neurons compared with
aMCI individuals (p=0.003) and, unex-
pectedly, Younger Controls (p = 0.01).
This is also likely because of the pres-
ence of variability in soma size among
individual cases given the small groups
of postmortem brain tissue, particu-
larly in the Normal Elderly (Fig. 2).

Analyses were performed to determine
whether there was a relationship between
age at death and the cross-sectional area of
neurons within layer II and layer III/V of the
ERC, regardless of group affiliation. There
was no evidence of an association between
age at death and area of layer II and III/V

neurons of the ERC. The same relational analyses were performed
to determine the relationship between cross-sectional area of neu-
rons and Braak staging (Figs. 3, 4). There was moderate evidence
for a negative association of increasing Braak stage on neuronal
cross-sectional area that did not quite reach statistical significance
in layer II (p=0.08; b = 6.86) or layer III/V (p=0.11; b = 5.31) of
the ERC.

Finally, modified unbiased stereology was performed in ERC sec-
tions stained immunohistochemically with PHF-1 to visualize layer II
pre-NFTs and mature NFTs in a subset of five SuperAgers (SA 1–5)
and five Normal Elderly (NE 1, 2, 3, 6, and 7). The estimated PHF-1-
positive NFT densities in layer II were significantly higher in Normal
Elderly (;1500/mm3) compared with SuperAgers (;700/mm3;
p, 0.05), by a difference of about twofold (Figs. 5, 6).

Discussion
Cognitive SuperAgers are individuals �80 years of age who
appear to be resistant to the deleterious effects of aging on mem-
ory function. Thus far, prior research reported that compared
with same-aged peers, SuperAgers show less white matter neuroin-
flammatorymarkers (Gefen et al., 2019) and acetylcholinesterase ac-
tivity (Janeczek et al., 2018), higher cortical volumes (Harrison et al.,

Figure 4. Layer II neurons of the entorhinal cortex in SuperAgers, Younger Controls, Normal Elderly, and aMCI individuals. A–D,
Layer II neurons in SuperAgers, Younger Controls, Normal Elderly, and individuals with aMCI visualized with cresyl violet staining. A, SA
2, a 90-year-old female SuperAger. B, YC 4, a 57-year-old female young control subject. C, NE 6, an 88-year-old male elderly control
subject. D, aMCI 1, an 89-year-old female with aMCI. Scale bar: (in D) A–D, 50mm. A–D, SuperAger (A) shows a significantly larger
mean area of layer II ERC neurons compared with Younger Controls (B), Normal Elderly (C), and individual with aMCI (D).

Figure 5. Density of NFTs in layer II of the entorhinal cortex heights of bars represent the
mean density per cubic millimeter of NFTs in layer II neurons in the entorhinal cortex between
SuperAgers (N=5) and Normal Elderly (N= 5). Density of NFTs in layer II ERC neurons was sig-
nificantly smaller in SuperAgers (mean, 682; SEM, 235) compared with Normal Elderly (mean,
1472; SEM, 251; p, 0.05). This relationship held when controlled for Braak staging. Statistical
significance was assessed using a Welch’s t test. Error bars represent the SEM.
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2012; Rogalski et al., 2013; Sun et al., 2016), lower
rates of atrophy (Cook et al., 2017), and higher
density of Von Economo neurons in the anterior
cingulate cortex (Gefen et al., 2018) when com-
pared with Normal Elderly. Additional neuro-
pathologic studies of successful agers found
associations between preservation of cognition
and decreased levels of neurofibrillary tangles
(Kawas et al., 2015), amyloid plaques (Kawas et
al., 2021), and TDP-43 inclusions (Nelson et al.,
2022) in postmortem samples. In a recent study,
we reported that SuperAgers harbor fewer
NFTs in the entirety of the ERC compared
with Normal Elderly and individuals with
aMCI (Gefen et al., 2021). The current study
extended these findings through an examina-
tion of neuronal size as a proxy for cellular
integrity of the ERC in SuperAgers. There
were four novel findings. First, SuperAgers
displayed significantly larger neuronal cross-
sectional area in layer II of the ERC when
compared with Normal Elderly, individuals
with aMCI, and, most remarkably, even rela-
tive to the mean ERC cell size of Younger
Controls, some of whom were nearly 60 years
their junior. Second, a small to moderate
negative effect was found between age at
death and neuronal size in layer II among all
cases, a trend that was recapitulated by the
relationship between Braak stage and size as
well. Third, we found that SuperAgers har-
bored significantly fewer NFTs in layer II alone than Normal
Elderly. Finally, and in accordance with prior literature
(Krimer et al., 1997; Merrill et al., 2000), within the ERC and
across all groups, layer II perikarya were larger than those that
dwell in layer III/V. Taken together, we can conclude that the
integrity of neuronal size in the entorhinal cortex is a biologi-
cal substrate of exceptional cognitive aging. The inverse is also
true: that is, neuronal atrophy appears to be a characteristic
marker of normal and pathologic aging. We suspect that this
process is a function of neurofibrillary formation in the
affected cells (Fig. 7), leading to compromised memory abil-
ities in older age.

For reasons that remain unknown, cell populations in the
ERC are selectively vulnerable to NFT formation during normal
aging and in early stages of AD (Braak and Braak, 1985, 1991a).
In contrast, SuperAgers either resist the neuropathologic changes
of aging and AD or are resilient to cognitive impairment despite
demonstrating pathologic brain changes (Rogalski et al., 2013,
2019; Gefen et al., 2021). In a previous report, despite an overlap
in Braak staging, NFT burden in SuperAgers was unusually low
in the ERC given their age with approximately three times fewer
NFTs compared with Normal Elderly across the entire ERC
(Gefen et al., 2021). In the current study, Braak staging ranged
from 0 to III in SuperAgers and from I to IV in Normal Elderly,
again with overlap. When viewed in relation to layer II cell size,
there was evidence to suggest that increased NFT pathology is a
biological driving force leading to neuronal shrinkage. This was
most apparent in the aMCI group, where AD is pathologically
present and cell size is significantly lower compared with other
groups. To our knowledge, this is one of the first reports to sug-
gest that neuronal shrinkage is a biological substrate of NFT
degeneration and poor memory functioning. Current findings

showing that SuperAgers resist layer II NFTs in the ERC strongly
suggest that a neuron spared from tangle formation can maintain
its structural integrity. The remarkable observation that SuperAgers
showed larger layer II neurons than their younger peers may imply
that large ERC stellate cells were present de novo and are main-
tained structurally throughout life.

Future in-depth studies are needed to examine possible mech-
anisms of neuronal, axonal, synaptic, and dendritic integrity in
larger samples of SuperAgers across corticolimbic regions. The
nucleus basalis of Meynert, for example, contains a population of

Figure 7. Putative life cycle of layer II neurons with NFTs. Results suggest that in stellate
neurons in layer II of ERC, NFT formation leads to neuronal shrinkage. As previously under-
stood, NFTs undergo biochemical changes and remain as “ghost tangles” after their associ-
ated neurons dies. Neuronal shrinkage may be an initial mechanism along the course toward
age-related cognitive impairment. Created with BioRender.com.

Figure 6. NFTs in layer II ERC neurons compared with neuronal size in SuperAgers and Normal Elderly. A, B, SA 2, a
90-year-old female SuperAger. C, D, NE 6, an 88-year-old male elderly control. SuperAger shows significantly fewer
layer II NFTs (A) and larger layer II soma size (B) compared with Normal Elderly (C, D). Scale bar, 100mm.
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cholinergic neurons (Ch4) that are distinctly magnocellular, and
project to the olfactory bulb, the amygdala, and the entire cortical
mantle (Mesulam et al., 1983). Early pretangles form first in Ch4
neurons in parallel with layer II neurons of the ERC over the
course of aging and AD, then spread to other limbic/paralimbic
areas, then to neocortex. The cause of vulnerability is not pre-
sumed to be the cholinergic nature of Ch4 but rather its location
within a continuous band of limbic structures (Mesulam, 2013).
The investigation of dendritic and axonal integrity, synaptic
abnormalities, and genetic and metabolomic factors in any of
these anatomically vulnerable limbic regions are all viable ave-
nues of exploration. In the hippocampus proper, synaptic loss in
particular is highly correlated with cognitive decline in AD
(Honer et al., 1992; Colom-Cadena et al., 2020). Such decline is
thought to be because of the loss of afferents from layer II ERC
neurons that span to the outer molecular layer of the dentate
gyrus (Scheff et al., 2006). In animal models of successful aging,
the preservation of postsynaptic densities in the molecular layer
correlated with better spatial learning ability in cognitively intact
rats (Smith et al., 2000; Morrison and Baxter, 2012). Less is
known, however, about the status of synaptic integrity in limbic
systems in human specimens procured from successful agers. A
fruitful future study involves the measurement of synaptic pro-
teins in layer II pyramidal neurons and throughout hippocampal
subfields to establish a putative link between strong synaptic cur-
rents and neuronal integrity. Thus far, the study of SuperAgers
has led to the conclusion that these unique individuals carry with
them a biological signature that now comprises a finding of
larger, and healthier, ERC neurons relatively void of tau pathol-
ogy. With time, it is likely that other factors that promote resist-
ance and resilience to aging-related involutional phenomena will
be discovered.
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