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Abstract

The entorhinal cortex is the site of some of the earliest pathological changes in Alzheimer’s
disease, including neuronal, synaptic and volumetric loss. Specifically, the lateral entorhinal
cortex shows significant accumulation of tau neurofibrillary tangles in the amnestic mild cognitive
impairment (aMCI) phase of Alzheimer’s disease. Although decreased entorhinal cortex activation
has been observed in patients with aMCI in the context of impaired memory function, it remains
unclear if functional changes in the entorhinal cortex can be localized to the lateral or medial
entorhinal cortex. To assess subregion specific changes in the lateral and medial entorhinal cortex,
patients with aMCI and healthy aged-matched control participants underwent high-resolution
structural and functional magnetic resonance imaging. Patients with aMCI showed significantly
reduced volume, and decreased activation localized to the lateral entorhinal cortex but not the
medial entorhinal cortex. These results show that structural and functional changes associated
with impaired memory function differentially engage the lateral entorhinal cortex in patients with
aMCl, consistent with the locus of early disease related pathology.
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1. Introduction

Amnestic mild cognitive impairment (aMCI) is defined by memory function that is worse
than would be expected for a person’s age (Petersen, 2004) and is associated with both
structural and functional changes in medial temporal lobe structures (Bai et al., 2009;
Trivedi et al., 2011). Studies using functional magnetic resonance imaging (fMRI) have
reported elevated hippocampal activation in the context of impaired memory function

in patients in this transitional stage between healthy aging and a clinical diagnosis of
Alzheimer’s Disease (AD) (Dickerson et al., 2005; Dickerson et al., 2004; Hdmaél&inen et al.,
2007; Miller et al., 2007). High-resolution fMRI studies have further localized this increased
hippocampal activation specifically to the dentate gyrus / CA3 (DG/CA3) subregion of the
hippocampus using a three-judgment memory task designed to tax pattern separation, a
function ascribed to the granule cells of the dentate gyrus to reduce mnemonic interference
by encoding distinctive representations for similar input patterns (Bakker et al., 2008; Yassa
etal., 2010). Longitudinal follow up of patients with aMCI has shown that hippocampal
hyperactivation predicts subsequent cognitive decline and progression to dementia (Huijbers
etal., 2015; Miller et al., 2007) and as such, is recognized as a characteristic feature of the
aMCI phase of AD (for a review, see Ewers et al., 2011)

The primary source of neocortical inputs to the DG/CA3 regions of the hippocampal
formation derives from the layer 2 neurons of the entorhinal cortex (Amaral & Witter,
1989; Canto et al., 2008), which are the site of some of the earliest pathological changes in
AD including accumulation of tau neurofibrillary tangles (Braak and Braak, 1991; Lace et
al., 2009) and frank neuronal degeneration and loss (Gomez-Isla et al., 1996; Hoesen et al.,
1991; Kordower et al., 2001; Price et al., 2001). Early atrophy of the entorhinal cortex can
also be detected by in vivo structural magnetic resonance imaging (MRI) studies of patients
with MCI and AD showing substantial reductions in entorhinal cortex volume, paralleling
neuronal loss (Dickerson et al., 2001; Killiany et al., 2000), and correlated with impaired
cognitive function in these patients (Juottonen et al., 1998; Paola et al., 2007; Soldan et al.,
2015).

More recently, interest in the topography of AD progression affecting the entorhinal cortex
has emerged with mounting evidence suggesting that the lateral entorhinal cortex (including
transentorhinal cortex) may be affected earlier in the disease trajectory. Studies examining
tau neurofibrillary tangles, a characteristic feature of AD pathology, suggest that tau
accumulation is observed in the lateral entorhinal cortex prior to being observed in the
medial entorhinal cortex in postmortem studies of human subjects (Braak and Braak, 1995).
Longitudinal in vivo structural neuroimaging studies showed a similar pattern with atrophy
following a lateral-caudal to medial-rostral gradient in entorhinal cortex in patients with
MCI (Tward et al., 2017). These findings are consistent with evidence of early functional
changes in a metabolic imaging study of preclinical patients as well as in a tau-APP mouse
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model of AD (Khan et al., 2014). Although, hypoactivation of the entorhinal cortex in the
context of hippocampal hyperactivity and associated memory impairment has been observed
in patients with aMCI (Bakker et al., 2012, 2015; Yassa et al., 2010), it remains unclear if
this hypoactivation is regionally localized in the entorhinal cortex.

In this study, we utilized high-resolution structural and functional MRI methods to directly
address this question and assess the topography of structural and functional changes in the
lateral and medial entorhinal cortex in patients with amnestic mild cognitive impairment
when compared to cognitively normal older adults. Patients with aMCI in this study showed
both reduced volume and reduced activation specifically localized to the lateral entorhinal
cortex in the context of both impaired performance on a three-judgement memory task and
hippocampal hyperactivity localized to the DG/CAS3 region (previously reported in Tran et
al., 2017). In contrast, no significant differences in task related activation were observed in
the medial entorhinal cortex when compared to age-matched control subjects. These findings
show that structural and functional changes associated with impaired memory function
affect the lateral entorhinal cortex in patients with aMCI, consistent with the locus of early
disease-related AD pathology.

Methods

2.1 Participants

Patients with aMCI and cognitively normal age-matched control participants between the
age of 50 and 85 were recruited from ongoing studies of aging and memory impairment

at Johns Hopkins. All participants completed medical, psychiatric and neurological
evaluations. Participants were excluded if they had current neurological or psychiatric
disorders, major head trauma, or a history of substance abuse or dependencies. In addition,
all participants completed a neuropsychological assessment including the Mini Mental
Status Exam (Folstein et al., 1975), the Buschke Selective Reminding Test (Buschke &
Fuld, 1974), the Verbal Paired Associative subtest of the Wechsler Memory Scale (Wechsler,
1945) and the Benton Visual Retention Test (Benton, 1974) to examine levels of cognitive
performance. All patients met criteria for aMCl as defined by Petersen (2004) including:

1) a global Clinical Dementia Rating scale (CDR; Morris, 1993) score of 0.5 with a

sum of boxes score not exceeding 2.5; 2) a reported memory complaint confirmed by

an informant; 3) impaired memory performance on neuropsychological testing (e.g. 1.5
standard deviations below the norm) and; 4) no decline in activity of daily living. All
cognitively normal age-matched control subjects had a global CDR score of 0, endorsed no
memory complaint, and scored within the norm on neuropsychological assessment. None of
the participants in the study met criteria for dementia. The study protocol was approved by
the Institutional Review Board of the Johns Hopkins Medical Institutions and all participants
provided written informed consent.

After excluding 3 participants from analysis due to task performance that was inadequate
for analysis of the fMRI data (above 20% no response rate) or excessive in-scanner motion
(more than 8 volumes with more than 3mm of translation or 3mm of rotation), 42 patients
with aMClI and 35 cognitively normal age-matched controls were selected from the study
sample such that all patients with aMCI were included and the aMCI and control groups

Neurobiol Aging. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al. Page 4
were, on average, equivalent for age, education and distribution of sex. This sample was
previously used to provide the results reported in Tran et al. (2017) and data from 32 aMClI
patients and 20 control participants included here, also contributed to results previously
described in Bakker et al. (2012; 2015).

2.2 fMRI task

The fMRI task, previously described in detail (Bakker et al., 2008; 2012; Kirwan & Stark,
2007), is a memory task designed to assess computational functions thought to be mediated
by the structures of the medial temporal lobe and critical for episodic memory function. For
this task, participants viewed 768 stimuli of common objects. These stimuli included 384
single unrelated pictures of objects used as foils, 96 pairs in which an identical image was
repeated, referred to as repeats, and 96 pairs consisted of highly similar but not identical
stimuli referred to as lures. Participants completed the task over eight runs with 96 stimuli
per run. Stimuli were presented for 2500 ms with a 500 ms inter-stimulus-interval consisting
of a blank screen. Trials were presented in a pseudo-random order, with lures or repeated
stimuli presented within 30 trials of its pair. The task was presented as a 3-alternative forced
choice task, with participants asked to judge each stimulus as ‘new’, ‘old’ or ‘similar’ but
not identical to previously seen stimuli (Figure 1). An item is correctly judged as “new” if
the item was seen for the first time in the context of the task, and “old” if the item was a
repetition of a previously seen item. Of critical interest is the participants’ response to the
lure trials. The lure trials are correctly called “similar” if the item resembles a previously
seen item in the task but is not exactly the same. Performance on these critical lure trials has
been associated with hippocampal DG/CA3 functioning and provides a sensitive measure

to detect memory impairment in older adults and patients with aMCI (Bakker et al., 2015;
Stark et al., 2013).

Data was collected using an Apple Macintosh laptop computer running MATLAB software
(The Mathworks, Natick, MA) and a Cedrus RB-610 response box. Participants were given
a five-minute practice task outside of the scanner to become familiar with the task.

2.3 MRI acquisition

Data was acquired on a 3 Tesla Philips scanner equipped with a SENSE parallel imaging
head coil and higher order shims to compensate for local field distortions located at the F.M.
Kirby Research Center for Functional Brain Imaging at the Kennedy Krieger Institute on

the Johns Hopkins Medical campus. Functional images were collected using a T2*-weighted
echo planar single shot pulse, an echo time of 30 ms and a flip angle of 70, an in-plane
resolution of 1.5 x 1.5 mm, a TR of 1.5 seconds, and an acquisition matrix of 64 x

64. Functional volumes consisted of 19 slices oriented along the principal axis of the
hippocampus covering the medial temporal lobe bilaterally. Structural images were acquired
using a T1-weighted sequence with 231 oblique slices, a 0.65 mm isotropic resolution and a
field of view of 240 mm.

2.4 Structural MRI analysis

Medial temporal lobe structures and hippocampal sub regions were manually segmented
using methods previously described in (Bakker et al., 2008; 2012, 2015; Kirwan &
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Stark, 2007). Segmented regions include the bilateral entorhinal cortex, perirhinal cortex,
parahippocampal cortex and temporopolar cortices using the landmarks described by
Insausti (Insausti et al., 1998). Given the known vulnerability of the transentorhinal cortex
to AD pathology, the lateral boundary of the entorhinal cortex was extended to include

the transentorhinal cortex by as defined by Braak and Braak (Braak and Braak 1991;

1995) and referred to as area 35 by others (see Ding and Van Hoesen, 2010), recognizing
the depth of the collateral sulcus as a factor in the lateral boundary at either the fundus
(regular) or at the midpoint of the medial bank of the collateral sulcus (deep) (Insausti,
1998). Segmentations of the CA1, DG/CAS3, and subiculum regions of the hippocampus
followed coronal landmarks described by Duvernoy (Duvernoy et al., 2005). T.T. completed
all manual segmentations which were reviewed by A.B. Both were blinded to the diagnostic

group.

Initial affine registration was used to transfer the subject’s anatomical images to the
Talairach coordinate system (Tournoux and Talairach, 1988). Using both the segmentation-
label based anatomical information and the T1 grayscale image, Advanced Normalization
Tools (ANTS) (Avants et al., 2009) was used to calculate the 3D vector field transformation
needed to align the individual subject ROIs to a template modal model of the ROIs based

on the entire sample by equally weighting the segmentation and the T1 grayscale data.

This procedure greatly diminishes the alignment error in cross subject alignment for model
template creation by taking into account individual anatomical variations (Kirwan and Stark,
2007).

The modal template was used to manually delineate the lateral and medial entorhinal cortex
by dividing the segmentation of the entorhinal cortex into a medial and a lateral component.
The boundary between the medial and lateral entorhinal cortex was defined by drawing
vertical line from the most medial inferior point of the white matter forming the medial
bank of the collateral sulcus to the inferior edge of the entorhinal cortex (see supplementary
Figure 1). The segmentations of the lateral and medial entorhinal cortex delineated on the
modal template were then back projected to the participants’ individual anatomical scans
using the 3D vector field transformation generated in the alignment process. The resulting
segmentation of lateral and medial entorhinal cortex in individual subject space was then
used to obtain the volume of the lateral and medial entorhinal cortex for each participant in
the sample.

2.5 fMRI subject-level analysis

Data analysis was performed using the Analysis of Functional Neuroimages (AFNI)
software package (Cox, 1996). Functional images were co-registered to correct for slice time
acquisition differences and head motion using a three-dimensional registration algorithm
creating motion vectors used to remove volumes in which a significant head motion
occurred (more than 3mm of translation or 3mm of rotation) as well as the previous and
subsequent TR from further analysis.

Functional runs were concatenated and six vectors were defined to model the different trial
types: (1) repeats subsequently called “old”, (2) lures subsequently called “similar”, (3) lures
subsequently called “old”, (4) repeats called “old”, (5) lures called “similar” and (6) lures
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called old. Remaining response types (misses, false alarms) were modeled but not included
in further analyses. The full set of vectors was used to model each participant’s data using a
deconvolution approach that was based on a general linear regression treating the single foil
presentations that were correctly rejected as a non-zero baseline against all other conditions.
The resulting statistical fit coefficient maps represent the difference in activity between each
of the trial types and the baseline for a given time point for a given voxel. The sum of fit
coefficients over the length of the hemodynamic response (~3 — 12 seconds after the onset of
the trial) was taken as the model’s estimate of the response to each trial type. The statistical
maps were then smoothed using a Gaussian kernel of 3 mm to account for variations in
individual functional anatomy. The 3D vector fields for each individual obtained from the
structural image registration was then applied to the smoothed concatenated fit coefficient
maps warping the individual subject results to the common template space.

2.6 Statistical analysis

Age, education, neuropsychological and functional assessment scores and resulting
measures were compared between groups using independent sample Welch’s t-tests.

The primary objective of the study was to examine lateral and medial entorhinal activation
in patients with aMCI compared to cognitively normal control participants. Voxel selection
was based on a two-way ANOVA with trial type (6 trial vectors) and group status (aMCl
and control) as fixed factors and subject as a random factor nested within group. A voxel
threshold of p = 0.05 was used on the overall model F-statistic in combination with a
spatial extent threshold of 15 voxels to select areas of task-related activation. The cluster
threshold was based on simulations using the updated 3dClustSim (AFNI version 19.2.10
‘Claudius’; Cox et al., 2017; Forman et al., 1995). Briefly, this method avoids false positives
by simulating noise-only data within the a priori region of interest. Using a mask of the
entorhinal cortex, cluster sizes that occurred with a global false positive rate of less than
0.05 across 10000 simulations were considered statistically significant resulting in a cluster
threshold of 15 voxels for the entorhinal cortex.

Observed areas of activation were then combined with the anatomical segmentations of

the lateral and medial entorhinal cortex in order to include only voxels within our areas

of interest. This hybrid functional/anatomical analysis resulted in clusters of voxels where
activity varied systematically across trial types within each of the anatomical regions of
interest. Voxels within each functional/anatomical region of interest were then collapsed and
mean activation for each trial type within each region of interest was calculated for further
analysis.

3. Results

3.1 Behavioral Results

Demographics and neuropsychological test performance for all study participants is shown
in Table 1. Patients with aMCI and cognitively normal control participants did not differ in
age or education. Patients with aMCI showed significantly impaired performance compared
to controls (p < 0.05) on the Mini Mental Status Exam and all neuropsychological
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assessments of memory function. On the three-judgement in-scanner memory task, patients
with aMClI incorrectly identified the critical lure items as ‘old’ more often and gave
relatively fewer correct responses of ‘similar’ when compared to the control participants

as previously reported (Controls vs. aMCI by Old vs. Similar: F(1,77) = 18.35, p < 0.001;
Tran et al., 2017). This pattern of results is consistent with the changes in integrity of
functions dependent on the entorhinal cortex and hippocampal network observed in patients
with aMCI.

3.2 Structural Imaging Results

Analysis of the volumetric data was adjusted for variations in head size by calculating

the proportion of the volume of the regions of interest to total intracranial volume for
each participant (Du et al., 2003; Nordenskjold et al., 2013). Total intercranial volume was
calculated using SIENAX (Smith et al., 2001, 2002), part of FSL (Smith et al., 2004).
Compared to control participants, patients with aMCI showed a significantly decreased
volume in the left lateral entorhinal cortex (t(72.40) = 2.80, p < 0.01, d = 0.64) and right
lateral entorhinal cortex (t(74.56) = 2.70, p < 0.01, d = 0.61) (Figure 2). The difference

in volume between aMCI patients and controls showed a trend towards significance in the
left medial entorhinal cortex (t(74.25) = 1.89, p = 0.06, d = 0.432) and the right medial
entorhinal cortex (t(74.82) = 1.94, p = 0.06, d = 0.44). A two-way ANOVA showed a
significant interaction between entorhinal cortex subregion (lateral vs. medial) and group
(aMCl vs. age-matched control) (F(3,225) = 2.95, p = 0.03) suggesting the difference in
volume is more specific to the lateral entorhinal cortex.

3.3 Functional Imaging Results

Functional image analysis resulted in three clusters of blood oxygenation level dependent
(BOLD) activation localized to the left lateral entorhinal cortex, left medial entorhinal cortex
and the right lateral entorhinal cortex (Figure 3). In the left and right lateral entorhinal
cortex patients with aMCI showed significantly decreased activation during the critical lure
trials correctly called similar when compared to aged-matched controls (t(74.32) = 1.99,

p =0.03; t(66.17) = 2.13, p = 0.04 respectively; Figure 4). In contrast, in the left medial
entorhinal cortex activation during the critical lure trials did not differ between patients with
aMCI and control participants (t(57.51) = 1.29, p = 0.20). Although most voxels in the
cluster of activation observed in the right entorhinal cortex localized to the lateral entorhinal
cortex, a portion of the voxel in this cluster extended into the medial entorhinal cortex.

To confirm that hypoactivation is localized to the lateral entorhinal cortex in this study,

this cluster of activation was split in to a lateral and a medial component. Activation in

the medial component of the cluster did not significantly differ between aMCI patients

and control participants (t(68) = 1.33, p = 0.19). However, in the lateral component of the
cluster patients with aMCI showed significantly decreased activation compared to control
participants (t(68) = 2.02, p = 0.047).

Activation in the left lateral entorhinal cortex showed a significant correlation with
behavioral performance on the memory task defined by the proportion correctly answered
lure trials in patients with aMCI (£(Z,40) = 6.03, p = 0.02, RZ = 0.13). This relationship
was not significant in age-matched control participants (F(1, 35) = 2.53, p = 0.12, R2 =
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0.07). Activation in the left medial entorhinal cortex was not correlated with behavioral
performance in aMClI patients (F(1,40) = 0.002, p = 0.97), R < 0.001) or in age-matched
control participants (F(1,35) = 1.27, p = 0.27, R2 = 0.03). Activation in the right lateral
entorhinal cortex also was not correlated with behavioral performance in patients with aMCI
(F(1,40) = 0.27, p = 0.61, R? = 0.006) or control participants (F(1,35) = 0.10, p = 0.75,

R2 = 0.003). Behavioral performance on the memory task was not significantly correlated
with volume of the lateral entorhinal cortex in patients with aMCI (left: R2 < 0.01, F(1,40)
=0.03, p = 0.87; right: R2 < 0.01, F(1,40) = 0.001, p = 0.93) or in age-matched control
participants (left: RZ = 0.07, F(1,33) =2.465, p = 0.13; right: RZ = 0.03, F(1,33), p = 0.38).
Behavioral performance on the memory task was also not correlated with volume of the
medial entorhinal cortex in aMCI patients (left: R? < 0.01, F(1,40) = 0.22, p = 0.64; right:
R2 < 0.01, F(1,40) < 0.01, p = 0.95) or in age-matched control participants (left: R2 = 0.06,
F(1,33) = 2.25, p = 0.14; right: R2 =0.11, F(1,33) = 3.86, p = 0.06). Finally, activation in

the lateral entorhinal cortex was not significantly correlated with volume of this region in
patients with aMCI (left: R2 = 0.001, F(1,40) = 0.06, p = 0.80; right: R? = 0.04, F(1,40)
=1.56, p = 0.20) or in age-matched control participants (left: RZ = 0.10, F(1,33) = 3.83, p
=0.06; right: R2 = 0.05, F(1,33) = 1.58, p = 0.22). Activation in the left medial entorhinal
cortex was not similarly not correlated with volume of this region in patients with aMCI (R?
<.01, F(1,40) = 0.40, p = 0.53) but showed a significant correlation in age-matched control
participants (R? = 0.13, F(1,33) = 4.76, p = 0.04).

To examine potential effects of signal drop-out in the lateral and medial entorhinal cortex,
the temporal signal to noise ratio was calculated by dividing the average signal across all
runs by the standard deviation of the noise. The temporal signal to noise ratio did not differ
between patients with aMCI and age-matched control participants in the lateral entorhinal
cortex (t(75) = 0.65, p = 0.52) or the medial entorhinal cortex (t(75) = 0.34, p = 0.73). When
examining the difference between lateral and medial entorhinal cortex by group in a 2-way
ANOVA, there was a significant effect of the region (F(1,75) = 45,09, p < 0.001) with an
increased temporal signal to noise ratio in the lateral entorhinal cortex (M = 7.52, SD = 2.07)
compared to the medial entorhinal cortex (M = 6.81, SD = 2.02). There was no significant
interaction between participant and region (F(1,75) = 1.69, p = 0.20).

4. Discussion

This study aimed to assess whether decreased activation of the entorhinal cortex previously
observed in aMCI patients (Bakker et al., 2012, 2015; Yassa et al., 2010) can be localized
to the lateral versus the medial entorhinal cortex and to assess the structural volume of
those subdivisions in the same patients. Patients with aMCI showed significantly decreased
volume of the lateral entorhinal cortex bilaterally compared to age-matched controls while
volume differences in the medial entorhinal cortex showed only a trend towards significance.
Additionally, patients with aMCI showed significantly reduced activation limited to the
lateral entorhinal cortex during critical memory trials in the three-judgment recognition
task when compared to healthy control participants. Lateral and medial entorhinal cortex
volume was not associated with task-related activation in either the aMCI of control groups
and did therefore not contribute to observed activation differences between the groups.
Finally, activity in the left lateral entorhinal cortex was positively correlated with task
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performance showing that higher activation was associated with better lure discrimination.
The current findings extend the prior reports of decreased entorhinal cortex activation in
patients with aMCI that was reliably observed in the left hemisphere (Bakker et al., 2012;
2015; Yassa et al, 2010). The focus here on anatomical localization within the entorhinal
cortex revealed sensitivity to structural and functional alterations in lateral entorhinal cortex
in both hemispheres. These results indicate that decreased activation of the entorhinal
cortex is reliably localized to the lateral entorhinal cortex together with evidence for loss

of structural integrity in patients with aMCI_and associated with the memory impairment
observed in these patients.

A localization of structural and functional alterations in lateral entorhinal cortex is
consistent with animal studies showing signatures in the lateral entorhinal cortex in age-
related memory impairment. In an outbred rodent model well-characterized for individual
differences in age-related memory impairment, glutamatergic cells, that form the origin of
the perforant path projection from the lateral entorhinal cortex to the hippocampus, show
reduced expression of reelin, a glycoprotein involved in learning and synaptic plasticity
(Stranahan et al., 2011). This reduced expression was not observed in aged unimpaired rats
and no age- or cognitive-related loss of reelin was observed in the medial entorhinal cortex.
More recently, a corresponding finding of reelin reduction in the entorhinal cortex was
observed in aged rhesus monkeys individually characterized for memory impairment (Long
et al., 2020). Reduced numbers of reelin-positive neurons, predominantly in the lateral
subdivision of the entorhinal region, were observed in aged cognitively impaired monkeys
relative to both young and unimpaired aged cohorts, which did not differ from one another.
Furthermore, reduced expression of reelin in memory-impaired aged rodents was observed
in conjunction with increased tau phosphorylation, also localized to the lateral entorhinal
cortex (Stranahan et al., 2011), suggesting that aging could provide a selective vulnerability
for AD related pathology in this area.

Biomarker evidence of AD pathology was not collected in the current study, potentially
resulting in a limited difference in pathology accumulation and associated differences

in task-related activation between the groups. Although measures of amyloid or tau
accumulation were not avaiable, the reduced volume and task related activation of the lateral
entorhinal cortex were observed in the context of hippocampal hyperactivation previously
reported in this sample of patients with aMCI (Tran et al., 2017). Multiple human fMRI
studies have reported dysfunctional hippocampal hyperactivation localized to the DG/CA3
regions together with decreased activation of the entorhinal cortex (Bakker et al., 2012,
2015; Yassa et al., 2010). In the context of disease pathology, Cho et al. (2016) reported
that increased 18F-AV-1451 binding, a tau PET tracer used for in vivo imaging, showed an
increase in aMCI predominantly in the entorhinal cortex, whereas an increase in other MTL
regions and cortex was observed in AD patients with dementia.

Subsequent studies in elderly humans have shown a strong relationship between the
emergence of hippocampal hyperactivity even in clinically normal aging with tau measures
determined in CSF sampling and tau PET imaging (Adams et al., 2021; Berron et al.,
2019; Huijbers et al., 2019; Maass et al., 2018). That relationship is interesting in light of
autopsy studies that have reported a localization of tangles composed of phosphorylated
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tau occurring in approximately half of those over age 60 in particularly the transentorhinal
cortex (Braak Stage 1; Braak and Braak, 1995). Recent evidence that neural activity drives
the spread of tau in the medial temporal lobe (Wu et al., 2016) suggests that hippocampal
hyperactivity concurrent with the spread of tau to cortical regions occurs in early disease.
The directional relationship between hippocampal hyperactivity and AD pathology in those
clinical studies is suggested by the occurrence of augmented hippocampal neural activity

in the absence of AD neurodegenerative disease across species, occurring in aged memory-
impaired rodents and rhesus monkeys in the CA3/dentate gyrus (Simkin et al., 2015; Thomé
et al., 2016; Wilson et al., 2005), regions that receive their major cortical input from the
layer 2 neurons of entorhinal cortex with high phenotypic expression of reelin. In animal
models of AD, reduced reelin expression has been demonstrated and reported to accelerate
amyloid-plaque formation and tau pathology in the medial temporal lobe (Chin et al., 2007;
Kocherhans et al., 2010). Thus, the loss of reelin in layer 2 entorhinal neurons in the

lateral entorhinal region during aging itself could also play an early initiating role in AD
progression (Long et al., 2020; Stranahan et al., 2011).

4.1 Anatomical divisions of the lateral and medial entorhinal

In addition to differential engagement in age-related changes associated with prodromal AD,
the lateral and medial entorhinal cortex also have distinct cytoarchitecture and dissociable
connectivity patterns. Initial anatomical studies showed that the lateral entorhinal cortex
predominantly receives its input from the perirhinal cortex while the medial entorhinal
cortex receives its input predominantly from the parahippocampal cortex (Canto et al.,
2008; Insausti et al., 1998; Witter et al., 1988; Witter and Amaral, 1991). However,
emerging evidence shows that the lateral entorhinal cortex also receives input from

the parahippocampal cortex, suggesting that the lateral entorhinal cortex may receive
multimodal information and likely plays a role in a number of memory processes (Doan
etal., 2019; Nilssen et al., 2019). A preferential connectivity pattern has also been observed
in-vivo using high-resolution fMRI approaches in human subjects. Several groups have
reported that the anterior-lateral entorhinal cortex shows preferential functional connectivity
with the perirhinal cortex while the posterior-medial entorhinal cortex showed preferential
connectivity with the parahippocampal gyrus (Maass et al., 2015; Schrdder et al., 2015).

In addition, the medial and lateral entorhinal cortex showed differential connectivity with
an anterior proximal and posterior distal gradient in the subiculum suggesting that the
medial and lateral entorhinal cortex mediate processing pathways through the hippocampal
formation. Emerging evidence from rodent, primate and human studies also suggest a
functional distinction for these medial and lateral pathways. There appears to be a preference
for allocentric spatial information in the parahippocampal — medial entorhinal cortex

— proximal subiculum pathway while in contrast the perirhinal — lateral entorhinal -

distal subiculum pathway demonstrates limited spatial specificity but strong involvement

in processing of items and events among other contextual information (Davachi, 2006;
Deshmukh et al., 2012; Knierim, et al., 2015; Lee et al., 2020). Consistent with episodic
memory impairments that define the early stages of AD, there appears to be a selective

bias toward impairment in processing of items and events in the lateral entorhinal cortex in
humans (Berron et al., 2018, 2019; Reagh et al., 2016, 2018; but see and Fernandez-Baizan
et al., 2020).
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4.2 Functional role of the lateral and medial entorhinal cortex

Given a possible functional dissociation observed in the current investigation, it is important
to acknowledge that the findings in this study were observed in the context of a task
designed to tax hippocampal function using objects of varying similarity. Although the
results are consistent with earlier reports of hypoactivation in the entorhinal cortex together
with AD-related structural and functional changes in the lateral entorhinal cortex, the task
stimuli employed in this study do not contain any spatial or contextual information and the
task is not designed to engage all aspects of the proposed functions of the lateral and medial
entorhinal cortex. Therefore, the absence of an observed difference in activation in the
medial entorhinal cortex could be the result of a lack of sensitivity of the task in the spatial
domain. Recent studies have employed tasks designed to contrast object identity processing
(Olsen et al., 2017; Reagh et al., 2016; 2018; Stark et al., 2013; 2015) or spatial or context
processing (Reagh et al., 2016; 2018; Tran et al., 2021) aiming to differentially task the
contribution of the subregions of the entorhinal cortex. Additional studies using such task
conditions and particularly the conjunctive encoding of an object and it’s position within

a scene to assess their contribution to normal memory function and memory impairments
observed due to AD would be informative. Notwithstanding the content of test materials

in the current study, differences in the lateral and medial structural integrity and the
relationship between lateral entorhinal cortex activation and lure discrimination reported
here are of interest.

4.3 Functional role of the lateral and medial entorhinal cortex in aMClI

The landmarks employed here based on boundary definitions provided by Insausti (Insausti
1998; 2005) and inclusion of part of the perirhinal cortex, referred to as transentorhinal
cortex (Braak and Braak, 1995) or area 35 (Ding and Van Hoesen, 2010) laterally

given its known vulnerability to AD pathology, provide a reasonable demarcation to
ascribe the observed functional clusters of activation to a medial or lateral component of
the entorhinal cortex. By contrast, an alternative approach is provided in the study by
Maass and colleagues (2015), in which functional connectivity was used to provide an
anterolateral to posterior medial dissociation in the entorhinal cortex. This anterolateral to
posterior medial dissociation provides a distinction in entorhinal subregions similar to an
observed progression of anterior-lateral to posterior-medial atrophy observed by Tward et
al. (2017) using longitudinal diffeomorphic mapping of structural MRI scans in patients
with aMCI. These findings suggest that in addition to a lateral-medial distinction of the
entorhinal cortex, a dissociation in the anterior-posterior axis must also be considered.
However, establishing such dissociations based on functional connectivity approaches in
aMCI patients is likely problematic given the altered functional connectivity patterns due to
accumulation of pathology in these patients while manual segmentation approaches could
introduce bias due to the anatomical differences between these populations. Alternative
approaches based on objective detailed anatomical landmarks or projection methods using
high-resolution atlases must therefore be considered and a consensus of landmarks and
terminology based on both anatomical and functional studies is needed to compare the
results across studies and further assess the functional significance of lateral entorhinal
cortex dysfunction in patients with amnestic mild cognitive impairment.
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Conclusion

AD related tau pathology is initially observed in the transentorhinal cortex, a region located
between the perirhinal and entorhinal cortices in autopsy specimens from elderly individuals
(Braak and Braak, 1995). This region is included in what is defined here as the lateral
entorhinal cortex. In subsequent Braak stage |1, tau extends further to largely encompass
the entorhinal cortex progressing from lateral entorhinal cortex to medial entorhinal cortex,
consistent with increased tau binding /7 vivoin patients with aMCI relative to healthy
older adults (Cho et al., 2016). These findings have been further extended by Tward et

al. (2017), which shows the longitudinal progression of atrophy in the entorhinal cortex
also follows a lateral to medial gradient as well as an anterior to posterior progression.

The findings reported here are consistent with these reports showing that structural and
functional changes differentially engage the lateral entorhinal cortex in patients with aMClI
beyond what is observed in healthy aged controls. Future studies employing longitudinal
assessments of regional tau accumulation, in the context of functional changes in the
anterolateral and posterior medial entorhinal cortex, will be critical in assessing the role

of the entorhinal cortex in the progression of AD related memory impairment
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Highlights
. Patients with aMCI show decreased lateral entorhinal cortex volume relative
to controls.
. Patients with aMCI show decreased fMRI activation in lateral entorhinal
cortex relative to controls.
. Selective involvement of the lateral entorhinal cortex is consistent with tau

pathology.
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Figure 1.
Sample stimuli and timing of the memory task. Participants were asked to judge if each item

was ‘old’, ‘similar’ or ‘new’. Recognition of the similar lure items served as the critical trials
thought to depend on the integrity of functions dependent on the hippocampal DG/CA3
network based on input from the entorhinal cortex. In prior studies, older adults (Yassa et al,
2010) and patients with aMCI (Bakker et al., 2012; 2015; Tran et al., 2017) show reduced
accuracy on these critical trials.
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Figure 2.

Decreased volume in patients with aMCI is observed in the lateral entorhinal cortex. Patients
with aMCI showed a significantly decreased volume in both the left and right lateral
entorhinal cortex when compared to controls. Patients with aMCI did not show a significant
difference in the volume of both the left and right medial entorhinal cortex, although the
differences showed a trend towards significance. *p < 0.01.
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Figure 3.
Statistical maps based on the F-statistic of the overall model of the data shows areas where

activity varied systematically across trial types within each anatomical region of interest

in the medial temporal lobe. A. Sagittal view of the left medial temporal lobe. Green

vertical lines identify slices through the left lateral entorhinal cortex (top) and the left medial
entorhinal cortex (bottom). B. Coronal slices show statistical maps of the extent of task
related activation in both the left lateral entorhinal cortex and medial entorhinal cortex. C.
Sagittal view of the right medial temporal lobe. Green vertical lines identify slices through
the right lateral entorhinal cortex. D. Coronal slices show statistical maps of the extent of
task related activation in the right lateral entorhinal cortex.
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Figure 4.

Decreased functional activation is observed in the lateral entorhinal cortex in patients with
aMCI. Patients with aMCI showed decreased activation during lure trials called ‘similar’ in
the left and right lateral entorhinal cortex in the context of impairment memory performance
compared to control participants. No difference in activation was observed in the left medial
entorhinal cortex between patients and control participants. *p<0.05.
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Demographics and clinical characterization of healthy controls and aMCI participants.

Table 1:

Characteristic Controls aMCI

Mean SD Mean SD | p-value
Subjects 35 42 -
Sex (M/F) 18/17 23/19
Age (years) 69.0(52-81) | 773 | 715(55.0-85.0) | 7.3 | 0.41
Education (years) 16.4 (12.0-20.0) | 2.6 | 155(11.0-20.0) | 2.8 0.18
CDR 0 0.5 -
CDR Sum of Boxes 0.01 (0.0-0.5) 0.08 1.0 0.5 | <0.001
MMSE 28.6 (24.0-30.0) 14 | 26.1(20.0-30.0) | 2.3 | <0.001
Wechsler LM Delayed Recall 31.4 (19.0 - 43.0) 6.7 17 (5.0-33.0) 7.6 | <0.001
BSRT Delayed Recall 8.6 (4.0 -12.0) 2.2 33(00-80) | 19 | <o0.001
Wechsler VPA Delayed Recall 7.3(3.0-8.0) 1.2 3.9(0.0-8.0) 2.6 | <0.001
Benton Visual Retention Test 6.1(3.0-9.0) 1.6 45(2.0-7.0) 1.2 | <0.001

Page 23

CDR: Clinical Dementia Rating; MMSE: Mini Mental Status Exam; LM: Logical Memory Paragraph Recall; BSRT: Buschke Selective Reminding
Test; VPA: Verbal Paired Associates. Values provide mean (range) and standard deviations (SD). P-values are based on independent samples t-tests
comparing aMClI and control subjects.
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