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Abnormal gamma phase-amplitude coupling
in the parahippocampal cortex is associated
with network hyperexcitability in Alzheimer’s
disease

Pooja Prabhu,'? Hirofumi Morise,'” ®Kiwamu Kudo,'”* Alexander Beagle,*
Danielle Mizuiri,I Faatimah Syed,4 Karunakar A. Kotegar,2 Anne Findlay,I Bruce L. Miller,4
Joel H. Kramer,4 Katherine P. Rankin,4 Paul A. Garcia,’ Heidi E. Kirsch,"5 Keith Vossel,4’6

Srikantan S. Nagarajan' and (®Kamalini G. Ranasinghe*

While animal models of Alzheimer’s disease (AD) have shown altered gamma oscillations (~40 Hz) in local neural circuits, the low
signal-to-noise ratio of gamma in the resting human brain precludes its quantification via conventional spectral estimates.
Phase-amplitude coupling (PAC) indicating the dynamic integration between the gamma amplitude and the phase of low-frequency
(4-12 Hz) oscillations is a useful alternative to capture local gamma activity. In addition, PAC is also an index of neuronal excitability
as the phase of low-frequency oscillations that modulate gamma amplitude, effectively regulates the excitability of local neuronal fir-
ing. In this study, we sought to examine the local neuronal activity and excitability using gamma PAC, within brain regions vulnerable
to early AD pathophysiology—entorhinal cortex and parahippocampus, in a clinical population of patients with AD and age-matched
controls. Our clinical cohorts consisted of a well-characterized cohort of AD patients (7 = 50; age, 60 + 8 years) with positive AD bio-
markers, and age-matched, cognitively unimpaired controls (7 = 35; age, 63 + 5.8 years). We identified the presence or the absence of
epileptiform activity in AD patients (AD patients with epileptiform activity, AD-EPI+, n =20; AD patients without epileptiform ac-
tivity, AD-EPI—, n =30) using long-term electroencephalography (LTM-EEG) and 1-hour long magnetoencephalography (MEG)
with simultaneous EEG. Using the source reconstructed MEG data, we computed gamma PAC as the coupling between amplitude
of the gamma frequency (30-40 Hz) with phase of the theta (4-8 Hz) and alpha (8-12 Hz) frequency oscillations, within entorhinal
and parahippocampal cortices. We found that patients with AD have reduced gamma PAC in the left parahippocampal cortex, com-
pared to age-matched controls. Furthermore, AD-EPI+ patients showed greater reductions in gamma PAC than AD-EPI- in bilateral
parahippocampal cortices. In contrast, entorhinal cortices did not show gamma PAC abnormalities in patients with AD. Our findings
demonstrate the spatial patterns of altered gamma oscillations indicating possible region-specific manifestations of network hyperex-
citability within medial temporal lobe regions vulnerable to AD pathophysiology. Greater deficits in AD-EPI+ suggests that reduced
gamma PAC is a sensitive index of network hyperexcitability in AD patients. Collectively, the current results emphasize the import-
ance of investigating the role of neural circuit hyperexcitability in early AD pathophysiology and explore its potential as a modifiable
contributor to AD pathobiology.
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Introduction

Animal models of Alzheimer’s disease (AD) have demonstrated
that network hyperexcitability is strongly associated with AD
proteinopathy and behavioural deficits.* These studies have
identified aberrant neuronal firing as an early phenomenon in
AD pathogenesis.® Consistent with these basic science evidence
of network hyperexcitability being closely associated with dis-
ease pathophysiology, clinical studies in patients have also de-
monstrated high incidence of epileptic manifestations, either
as overt seizures or as subclinical epileptiform discharges in

patients with AD.*® Importantly, neural circuit hyperexcitabil-
ity is a key mechanism that contributes to AD pathophysiology
within regions that are vulnerable to AD-tauopathy.” For ex-
ample, a transgenic mouse model which overexpressed both
human amyloid precursors protein (hAPP) and entorhinal tau
showed that amyloid-beta (AB) significantly increased the excit-
ability of entorhinal neurons which then facilitated the spread
of tau into the downstream hippocampus while attenuation of
the hyperexcitability reduced these pathologies.® Patterns of
altered local excitability in the medial temporal lobes in pa-
tients with AD remains largely unknown.
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Gamma oscillatory abnormalities in AD

Neural oscillations represent the composite activity of exci-
tatory firing of principal cells and rhythmic inhibition of inter-
neurons arranged into hierarchical cellular networks. Local
excitability of these networks is thought to be best represented
in the gamma range frequency (>30 Hz).” Gamma abnormal-
ities are indeed the most frequently reported oscillatory abnor-
malities in AD transgenic mice.'”'! However, in the human
brain, a major obstacle in examining gamma band activity
from non-invasive neuroimaging is its low signal-to-noise ratio
due to the distance of sensors from the cortex and contamin-
ation from other muscular activity artefacts.'> While increased
gamma power is observed in a region-dependent manner when
engaged in a cognitive task,'>'* during rest, it reaches to very
low amplitudes, almost undetectable by standard power dens-
ity assays. In this context, an effective means to capture gamma
activity, even at rest, is cross-frequency coupling between gam-
ma oscillations and lower frequency theta and alpha oscilla-
tions.'>'® Phase-amplitude coupling (PAC), which specifies
the statistical dependence between the amplitude of a high-
frequency oscillation (i.e. gamma),'”"'® with the phase of a low-
frequency (i.e. theta or alpha) oscillation is of particular interest
here because by modulating the amplitude of the high fre-
quency, the phase of the low-frequency oscillations essentially
regulates the excitability of local neuronal firing.'**°
Quantification of gamma band cross-frequency-coupling,
therefore, not only provides a measure of local neuronal activity
but also an index of neuronal excitability within an ensemble
regional network. Importantly, PAC may be particularly suited
as a robust index of local circuit abnormalities associated with
AD pathobiology, which are mostly subclinical manifestations
of hyperexcitability where the conventional short duration elec-
trophysiological recordings are less sensitive.

In this study, we sought to examine the local neuronal hy-
perexcitability using gamma PAC within brain regions vul-
nerable to early AD pathophysiology—entorhinal cortex
and parahippocampus. Specifically, we examined the coup-
ling between amplitude of the gamma frequency (30-40 Hz)
with phase of the theta (4-8 Hz) and alpha (8-12 Hz) fre-
quency oscillations, in a well-characterized cohort of AD pa-
tients and age-matched controls (AD versus control). We then
categorically identified AD patients with and without epilepti-
form activity—the cardinal clinical manifestations of network
hyperexcitability, and examined the theta-gamma and alpha-
gamma PAC in patients with and without subclinical epilepti-
form activity (AD-EPI+ versus AD-EPI-). We hypothesized
that abnormal gamma PAC would indicate relative patterns
of network hyperexcitability within the medial temporal
lobes of entorhinal and parahippocampal cortices associated
with AD pathophysiology.

Materials and methods

We used a well-characterized cohort of AD patients that was
described in a previous investigation®! (7 =50 AD patients;
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age, 60 + 8 years; Supplementary tables 1 and 2) and 35 age-
matched controls (age, 63+ 5.8 years). All patients met
National Institute of Ageing-Alzheimer’s Association criteria
with positive biomarkers, including cerebrospinal fluid
(CSF) and/or positive amyloid reading in positron emission
tomography (PET), or histopathological confirmation at aut-
opsy (Supplementary table 3).%*?% In long-term monitoring
by video EEG (LTM-EEG) and magnetoencephalography
(MEG) evaluations, 20 AD patients had subclinical epilepti-
form activity (AD-EPI+), and the remaining 30 did not show
epileptiform activity (AD-EPI-). Age-matched controls were
recruited based on the criteria: normal cognitive perform-
ance; normal magnetic resonance imaging (MRI); and the
absence of neurological, psychiatric or other major illnesses.
All the participants were recruited through the University of
California San Francisco (UCSF) Memory and Aging Center.
Informed consent was obtained from each participant or
their surrogate decision makers. The study was approved
by the UCSF Institutional Review Board.

Each patient underwent overnight LTM-EEG, which was re-
corded using silver cup electrodes placed in 10-20 electrode
array, with 3 minutes of hyperventilation. LTM-EEG was
acquired at the Clinical and Translational Science Institute
Clinical Research Center at Moffitt Hospital at UCSF. On
the following day morning (between 9.30 and 11.00 AM),
each AD patient underwent 1 hour resting-state MEG re-
cording and simultaneous 21-lead EEG recording. Patients
were instructed to lie supine with eyes closed during data ac-
quisition and the 60 second data epoch for quantitative ana-
lysis was selected during the awake, eyes-closed, resting
period of data collection. Whole-head CTF MEG system
with 275 axial gradiometers was used (sampling rate of
600 Hz). To co-register MEG with brain MRI and to obtain
a head position with respect to the sensor array, fiducial coils
were placed at nasion, left pre-auricular and right pre-
auricular points. Epileptiform discharges were identified
using the LTM-EEG and M/EEG in AD patients as described
previously.**! Participants were in a supine position with
their eyes closed during the MEG acquisition. Out of 35 con-
trols, 17 were monitored based on LTM-EEG and M/EEG; 8
were monitored based on 1-hour resting-state M/EEG; and
10 were monitored with 10-minutes of resting-state MEG.
None of the control participants showed evidence of epilepti-
form manifestations within their respective electrophysio-
logical recordings. All participants structural MRI were
acquired and then used to generate individualized head mod-
els for MEG source reconstruction.

We selected a contiguous 60-second data epoch from the ini-
tial segment of the awake-resting MEG recording. The
awake-resting state of each participant was further assured
by inspecting the power spectral density of the 60-second
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Figure | Estimation of gamma band PAC. MEG source-reconstructed region-level time series is mapped onto atlas parcellations to obtain
time series for each cortical region of L and R entorhinal and L and R parahippocampal cortex (A). Each region-level time series was filtered at 4—
12 Hz and 3040 Hz to get phase and amplitude signals, respectively. Then, the coupling strength is measured using the mean vector length
between the phase of 4—12 Hz signal and the amplitude of 30—40 Hz signal (B). Idealized depiction of high coupling and low coupling is shown in
colour gradient on the PAC grid. Polar plots correspond to data points of complex composite signals for the low and high PAC identified on the
grid. Mean of these points (mean vector length) is represented in the green line. High coupling is represented by a large mean vector length and low
coupling is represented by a small mean vector length. (PAC, phase-amplitude coupling).

dataset. Artefact detection was based on visual inspection of
channels and trials, ensuring that the peak magnetic
field of the data did not cross 1pT. Data that were beyond
this threshold was subjected to established denoizing
algorithms.** Spatiotemporal estimates of neural sources
were generated using time-frequency analyses implemented
in the Neurodynamic Utility Toolbox for MEG
(NUTMEG; http://nutmeg.berkeley.edu)?’. Source-space re-
constructions of MEG sensor data were generated using a
Linear-Constrained Minimum Variance (LCMV) beamfor-
mer with a 10 mm lead field. Voxel-based source signals
were mapped to the Desikan-Killany (DK) atlas*® to obtain
regional time series (Fig. 1A). To test our main hypothesis,
we used apriori selected, known medial temporal lobe
regions that show highest vulnerability to early AD patho-
physiology. In the DK atlas parcellations these regions in-
cluded the right (R) and left (L) entorhinal cortices, and R
and L parahippocampal cortices.

We estimated PAC using coupling strength (mean vector
length) between the phase of lower frequency (LF) oscillation
(4-12 Hz) and amplitude of high-frequency (HF) oscillation
(30-40 Hz) for every 1 Hz frequency bin (Fig. 1B). The low-
frequency range of 4-12 Hz is of particular relevance to AD
pathophysiology as these include the frequency bands that
show signature spectral changes in AD. Specifically, it is
well described that in patients with AD the 4-8 Hz range os-
cillatory activity, which captures the theta range activity is in-
creased while the 8-12 Hz alpha oscillatory activity is
reduced, compared to healthy elderly individuals.>” Previous
studies have further demonstrated that these frequency-

specific oscillatory changes are closely associated with amyl-
oid and tau accumulations in AD.**7! Apart from its rele-
vance to AD, previous physiological investigations which
established PAC as a cross-frequency coupling metric has de-
monstrated that gamma PAC is robustly detected with the
amplitude of theta and alpha range frequencies.'®>? For this
analysis, we first generated a grid of 80 PAC combinations
of phase and amplitude pairs. For each of four region’s time
series, we computed the modulation index'® between the
phase of theta (4-8 Hz) or alpha (8-12 Hz) and the amplitude
of gamma (30-40 Hz). The modulation index was computed
as the complex-valued composite signal, which is a combin-
ation of amplitude time series (30-40 Hz) with phase time ser-
ies (4—12 Hz). The amplitude time series (Ag(t)) was obtained
by extracting the envelope (or amplitude) by applying Hilbert
transform to the high-frequency bandpass signal (30-40 Hz).
The phase time series (@ (¢)) was obtained by extracting the
phase by applying Hilbert transform to the low-frequency
bandpass signal (4-12 Hz). The complex-valued composite
signal was estimated as Z(t) = Ag(t) ¢**®). The coupling be-
tween the Ay and @ is the degree of asymmetry of the prob-
ability density function of Z(t) which was obtained by
measuring the mean of Z(t) (denoted by M,,,,). The mean
of Z(t) was first normalized to examine the joint distribution
of Ay and @ by considering the forms of the marginal distri-
bution of Ay alone and ®; alone. To accomplish this, we
compared the mean with the set of means from surrogates
(n=200). Surrogates were generated by introducing time
lag 1 such that Z(t, 1) = Ay(t + 1) ¢** ), For large 1, the asym-
metry in Z(t, 1) in distribution was due to ®; and Ay alone
determined how far points fall from the origin. The normal-
ized (or z-scored) mean was M, orm = (IM,awl-1)/c, Where p
and o is the mean and standard deviation of the surrogate’s
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length, respectively. The normalized phase angle, which de-
fines the temporal relationship between the low-frequency
and the gamma signal (®,,.,) was computed from the
complex-value M,,,. Thus, the coupling strength between
the time series of two frequency bands was indicated as
M, orm and the phase angle between them was indicated as
®,orm. Idealized depiction of high coupling and low coupling
is shown in Fig. 1B. We generated polar plots where each
point corresponds to complex values of the composite signal
(Fig. 1B). To compute PAC from the regional time series, we
used the EEGlab event-related PAC toolbox (https:/github.
com/sccn/PACTools).

We examined the group differences between AD and age-
matched controls, and AD-EPI+ and AD-EPI-. To correct
for false positives arising from multiple comparisons in the
phase-amplitude grid (80 elements) per region, we used a
permutation-based cluster test. Independent #-tests were cal-
culated for every PAC value on the grid at the region-level be-
tween groups. T-values that were adjacent in both phase and
amplitude frequency below a cluster alpha threshold of 5%
were added up to create clusters. After 1024 permutations
(or repetitions) of randomly alternating PAC values within
each region, a permutation distribution was calculated. By
contrasting the cluster statistic with the random permutation
distribution, the permutation P-value was found. When the
total of the t-values was more than 95% (or P <0.05) of
the permuted distribution, the observed clusters were re-
garded as statistically significant. We also calculated the
mean phase angle as the average across the PAC-grid combi-
nations that was statistically significant in mean vector length
between group contrasts (i.e. AD versus age-matched controls
and AD-EPI- versus AD-EPI+), for each subject. The mean
phase angle was obtained by averaging the complex values
and then calculating the angle of the resultant complex value.
We also compared the phase angle of the PAC-grid combina-
tions that showed group difference in mean vector length,
using unpaired #-tests.

Results

Clinical and demographic characteristics of AD patients and
controls used in the current study have been detailed in a pre-
vious report*! and also provided in the Supplementary table 1.
AD patients with and without epileptiform activity were
matched in their age and other demographics including
age, sex and education (Supplementary table 1; AD-EPI+:
age, 59.9+6.7 years, female sex, 12 (60%), education,
17 +£2.7 years, and AD-EPI—: age, 60.7 + 8.3 years, female
sex, 17 (56.7%), education, 15.7 + 2.6 years), as well as in
clinical and cognitive characteristics (Supplementary table 2).

BRAIN COMMUNICATIONS 2024, fcael2l | 5

The patterns of gamma PAC within the parahippocampal cor-
tices showed reductions in patients with AD, especially with in
the left parahippocampus, compared to age-matched controls
(Fig. 2A-B), while the entorhinal gamma PAC seems similar
across both groups (Fig. 2C-D). Specifically, in the left parahip-
pocampal cortex, patients with AD showed reduced theta-
gamma PAC compared to age-matched controls, where gamma
amplitude showed reduced coupling within the 6-8 Hz oscilla-
tory range (Fig. 3A-B). The average normalized PAC of gamma
amplitudes that showed reduced coupling for the 6-8 Hz phase
at cohort level was —0.235 for AD patients and 0.312 for con-
trols (Fig. 3A, P =0.037). The mean phase angle was computed
as the average across the PAC-grid combinations that showed a
group difference between AD and controls, for each subject’s
left parahippocampal region. The mean phase angle (dotted
line in Fig. 3B) in patients with AD was 122° preceding the
phase angle in age-matched controls at 232° (Fig. 3B).
Although not significantly different from each other, both
groups were closer to 90° or 270° than 0° or 180° phase (¢ =
0.3984, P=0.6914). In summary, the coupling strength in
the left parahippocampus is significantly reduced while the tim-
ing of neuronal activity patterns that contribute to PAC are not
significantly altered in AD.

Parahippocampal cortices showed greater reductions in
AD-EPI+ compared to AD-EPI—, while entorhinal cortices in
both groups showed similar patterns (Fig. 4). Specifically,
AD-EPI + showed reduced gamma PAC in the left parahippo-
campus (Fig. SA-B, P = 0.039) as well as in the right parahippo-
campus (Fig.5 C-D, P=0.008), compared to AD-EPI-. In
particular, within the left parahippocampus, the gamma
amplitudes showed reduced coupling with the phase of
4-7 Hz range oscillations indicating reduced theta-gamma
PAC (Fig. 5A-B), whereas in the right parahippocampus the
gamma amplitude showed reduced coupling with the phase
of 8-12 Hz range of oscillations indicating reduced alpha-
gamma PAC (Fig. 5C-D). Average phase angles were computed
across the range of PAC-grid combinations that showed signifi-
cant group differences between EPI+ and EPI— patients within
each respective anatomical regions (i.e. theta-gamma PAC grid
combinations in left parahippocampus; alpha-gamma PAC
grid combinations in right parahippocampus). The mean phase
angle (yellow dotted line in Fig. 5B and Fig. 5D) in AD-EPI—
was at 96° and at 11° in the left and right parahippocampus,
respectively. The mean phase angle of AD-EPI+ (red dotted
line in Fig. 5B and Fig. 5D) although lagged the phase angle of
AD-EPI- in both left and right parahippocampi showing
187° and 58°, respectively, these differences were not
statistically significant (Left parahippocampus: ¢ =-0.6742,
P =0.5034; Right parahippocampus: ¢ =0.5402, P =0.5916).


https://github.com/sccn/PACTools
https://github.com/sccn/PACTools
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae121#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae121#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae121#supplementary-data

6 | BRAIN COMMUNICATIONS 2024, fcael2|

A Control
~ 40

w

g 3

QO T

o @

g o

g 3

£ =5

S £

o £ !

4 8 12 4 8 12
Phase frequency (Hz)
C
g

3 =

t g

o 5

— o

s @

£ =

=

5 2

L =4 =

5%

4 8 12 4 8 12

Phase frequency (Hz)

PAC (z-score)

P. Prabhu et al.

Qe
[N

S
(=]
Amplitude frequency (Hz)

12 4
Phase frequency (Hz)

8 12

o

35

Amplitude frequency (Hz)

Phase frequency (Hz)

Figure 2 Gamma band PAC in patients with AD and age-matched controls in parahippocampal and entorhinal cortices. Gamma
PAC within parahippocampal cortices, especially the left parahippocampus showed reductions in patients with AD than controls (A-B).
Gamma PAC within entorhinal cortices showed similar patterns in age-matched controls and in patients with AD (C-D). (AD, Alzheimer’s

disease; PAC, phase-amplitude coupling).

Discussion

In this study, we examined the local neuronal activity within
gamma oscillations by quantifying the coupling between
gamma amplitude and the phase of theta and alpha oscilla-
tions, in a well-characterized cohort of AD patients and
age-matched controls. We found that patients with AD
have reduced gamma coupling compared to controls in the
left parahippocampus while AD-EPI+ patients showed
greater reductions in gamma coupling within bilateral para-
hippocampal cortices compared to AD-EPI-. In contrast to
parahippocampal cortices, entorhinal cortex did not show
altered gamma oscillations either in AD versus controls or
in AD-EPI+ versus AD-EPI-. Collectively our findings
demonstrate: (i) region-specific alterations in gamma PAC
suggesting regional vulnerabilities of network hyperexcitabil-
ity within the medial temporal lobes in AD and (ii) greater
gamma PAC deficits in AD-EPI+ suggesting that gamma
PAC is a sensitive index of network hyperexcitability in AD.

Hyperexcitability within medial
temporal lobe subregions in AD

The current study demonstrated altered gamma PAC in pa-
tients with AD within parahippocampus but not within
entorhinal cortex, compared to age-matched controls. This
regional selectivity within medial temporal subregions is
particularly intriguing given the regional specificity of

age-related tauopathy versus AD-related tauopathy.’?3*

The emergence of tau-PET has demonstrated the patterns
of progressive tau accumulation in healthy aging and in indi-
viduals who have AB accumulation in the brain. These stud-
ies show that while aging-related accumulation of tau, also
known as primary age-related tauopathy, is mostly restricted
to the entorhinal cortex, spread of tau beyond entorhinal
cortex and into the adjacent parahippocampal regions only
happens in the presence of AB indicating AD neuropatho-
logical changes.®*~*” In this context, altered hyperexcitability
in AD patients in the parahippocampus but not in the entorh-
inal cortex compared to healthy aging pose the question
whether neuronal hyperexcitability play a role in the pro-
gression of AD-tauopathy beyond entorhinal regions.
Indeed, animal models have shown compelling evidence
that locally increased neuronal activity stimulates release of
tau and enhances tau pathology.”*** The current study
also demonstrated that patients with AD-EPI+ have greater
reductions of gamma PAC involving bilateral parahippo-
campal cortices, suggesting a possible contributory role of
hyperexcitability to the faster rate and more severe cognitive
loss associated with AD-EPI+ phenotype.**® While the rela-
tionships between regional patterns of medial temporal lobe
hyperexcitability and AD-tauopathy is yet to be demon-
strated in human neuroimaging studies, the current results
empbhasize the importance of investigating the role of neural
circuit hyperexcitability in early AD pathophysiology and
explore its potential as a modifiable contributor.
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Figure 3 Patients with AD showed reduced gamma PAC
within left parahippocampus. Patients with AD showed
reduced coupling of gamma amplitude and theta (6—8 Hz) phase in
the left parahippocampal cortex compared to age-matched
controls (A). The blue-coloured phase-amplitude coupling range
showed statistically significant reductions in AD patients versus
age-matched controls in the left parahippocampus (t=6.827, P=
0.037). The phase angle distribution in the left parahippocampal
region, within the significant phase-amplitude coupling range (as
indicated in subplot A), showed that AD patients (orange dotted
line; mean phase angle = 121.7°) are leading age-matched controls
(purple dotted line; mean phase angle =231.8°) (B). (AD,
Alzheimer’s disease; PAC, phase-amplitude coupling).

Investigations in AD transgenic mice demonstrate that in-
creased seizure susceptibility and network hyperexcitability
are associated with early amyloid and tau accumulations.'®*°
Consistent with such evidence, we have previously demon-
strated an increased incidence of subclinical epileptiform
activity in patients with AD* and that AD-EPI+ patients
have greater reductions in alpha and greater increases in
delta-theta neuronal synchrony than age-matched controls.”!
The mechanistic relationships between these low-frequency
oscillatory abnormalities and network hyperexcitability,
however, still remains incompletely understood. In contrast,
many basic science epilepsy models and AD models have
explored the relationship between the coupling of low-
frequency phase to gamma amplitude and epileptogenic
phenomenon in local neural circuits. The current results
showing reduced gamma coupling in patients with AD and
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the greater degree of such deficits in AD-EPI+ brings a step
closer in understanding the mechanistic relationship between
network hyperexcitability and neural oscillatory changes. A
rodent model of temporal lobe epilepsy (TLE) demonstrated
reduced theta-gamma coupling in the dorsal hippocampus
in TLE rats during the interictal period and that impaired in-
hibitory activity of parvalbumin (PV) basket cells as the major
contributory cause for this rhythmopathy.*' A mouse model
with focal knock-down of SCN1A gene, which encode the
Nav1.1 voltage-gated sodium channel in the dorsal hippo-
campus demonstrated reduced theta-gamma coupling in
hippocampus.** In particular, the Nav1.1 knock-down mice
showed abnormal spatial memory performance and affected
both pyramidal neuronal firing as well as fast-spiking inhibi-
tory interneurons. Indeed abnormal Nav1.1 activity in PV
basket cells have been identified as one of the possible con-
tributory causes to network hyperexcitability in transgenic
AD mice."! While much of the details of cellular and molecu-
lar details of these relationships are yet to be identified, the
current results clearly emphasize that abnormal gamma
PAC is a key manifestations of altered neural syntax closely
coupled to epileptogenic processes associated with AD patho-
physiology. Diminished gamma coupling physiologically may
have clinical influences on memory and other cognitive func-
tions in AD populations.

Compared to the strength of coupling in basic science dis-
ease models, much less is known about the phase angle of
coupling in PAC. Under physiological conditions, however,
compelling evidence support distinct roles of neuronal activity
that occur during the peak and the trough of low-frequency
phase modulations such as theta. For example, in awake ac-
tive rodents hippocampal place cell firing is actively coupled
to the peak of the theta phase.*? It has been shown that max-
imum depolarization of place cells occur at the peak of the
theta cycle which facilitate long-term-potentiation, whereas
firing in the theta trough, where depolarization is not
optimized induce long-term-depression, in hippocampal
circuits.***¢ Although, theta-gamma coupling in resting-state
brain may have its own physiological significance from the be-
haviourally active brain, the phase angle of coupling is still
likely to play an important role. Although the phase angles
were not significantly different between patients with AD
and controls in the selected regional analysis of gamma
PAC in our investigation, we believe this is an important
area that warrants further investigation in AD. It is likely
that the altered timing of neural activity may be associated
with AD pathobiology in general, although not necessarily a
metric that is indexing hyperexcitability in AD.

Abnormal spectral signatures of increased delta-theta oscil-
latory activity and reduced alpha and beta oscillatory activ-
ity are well documented in clinical AD populations.?”-*®
Abnormalities in the gamma band oscillatory activity, in
contrast, have been difficult to capture, owing to its low
signal-to-noise ratio in the spectral power density assay of



8 | BRAIN COMMUNICATIONS 2024, fcael2|

A AD-EPI-
~ 40
@ =5
a 2
=
E &
os |
8§
g 5
£ 3
s
o
< 30 [ |
8 12 4 8 12
Phase frequency (Hz)
¢ L
’Iri‘40
3 =
5 =
£ 3
o =2
- =
5§

30

8 8

12 4 12

Phase frequency (Hz)

PAC (z-score)

P. Prabhu et al.

w

AD-EPI+

B
o

2

N
)
9

<)

o
Amplitude frequency (Hz)

w
o

12 4
Phase frequency (Hz)

8 12

Amplitude frequency (Hz) o

12 4
Phase frequency (Hz)

8 12

Figure 4 Gamma band PAC in AD-EPI— and AD-EPI+ in parahippocampal and entorhinal cortices. Gamma PAC within both left
and right parahippocampal cortices, showed reductions in patients with AD-EPI+ compared to patients with AD-EPI— (A-B). Gamma PAC within
entorhinal cortices showed similar patterns in AD-EPI— and AD-EPI+ (C-D). (AD, Alzheimer’s disease; PAC, phase-amplitude coupling).

the resting human brain. In transgenic AD mice, gamma
oscillatory activity is consistently reduced'’*” including
reduced PAC of theta phase and slow gamma power.*%*’
Findings from human imaging studies show variable results.
In one study, widespread reductions in gamma synchroniza-
tion in patients with AD were reported from whole
brain MEG sensor-space analysis,’® while the region of
interest-based evaluation of frontal/prefrontal cortices using
combined transcranial magnetic stimulation and EEG found
reduced gamma power in patients with AD.! On the other
hand, high midline gamma coherence in EEG was associated
with a greater incidence of conversion from mild cognitive
impairment (MCI) to AD,’? while greater 40 Hz steady-state
activity in EEG was found in AD compared to MCL>? Apart
from methodological differences, these latter studies could
have been influenced by limited spatial resolution and poor
source localization ability of EEG local field potential sig-
nals. Our findings showing reduced theta/alpha-gamma
coupling delivered through high spatial resolution MEG
source localization techniques are consistent with previous
MEG findings®*** as well as the collective findings from
AD transgenic mice studies reporting reduced gamma oscil-
latory activity in AD. A recent MEG clinical investigation
on patients diagnosed with MCI also showed that gamma
band functional connectivity in the right temporal cortex
was significantly reduced in those who were positive for epi-
leptiform activity than those without.> It is likely that gam-
ma oscillatory activity, which represent the collective firing
of local neuronal ensembles are sensitive to the spatial

resolution of the imaging modality. Nonetheless, both basic
and clinical science investigations provide the collective in-
sight that activity within local circuits are significantly al-
tered in AD, while the current study extend these insights
indicating their potential mechanistic links to network hy-
perexcitability in AD.

The current study demonstrated reduced gamma PAC in
AD in the left parahippocampus, but not in the right parahip-
pocampus. This finding may likely be contributed by the fact
that the current cohort consisted ~90% of early-onset AD
patients and ~10% atypical AD presentations. Previous
studies have shown a left hemispheric predominance over
the right hemisphere in neuronal loss as well as in tau accu-
mulation, in AD patients whose clinical disease onset was be-
fore 65 years of age.”®°” Among atypical AD, the patients
presenting with the clinical syndrome of logopenic variant
of primary progressive aphasia show a selective bias for the
involvement of the left hemisphere.’® While increased vul-
nerability of the left hemisphere is consistent with the left la-
teralized gamma PAC reductions in the current study,
regional associations of local neural circuit abnormalities
and AD pathophysiology warrant further investigation.

PAC as a measure of local network
dysfunction

Synchronized neural oscillations have been proposed as an
effective mechanism of network communication in the
brain.’” While low-frequency oscillations, like theta, are
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Figure 5 Patients with AD-EPI+ showed reduced gamma
PAC in bilateral parahippocampal cortices compared to
AD-EPI—. Patients with AD-EPI+ showed reduced theta-gamma
PAC in the left parahippocampal region (A). The blue-coloured
phase-amplitude coupling range showed statistically significant
reductions in AD-EPI+ patients versus AD-EPI— patients in the
left hippocampus (t =4.286, P =0.039). The phase angle
distribution in the left parahippocampal region, illustrated in
subplot B, within the significant phase-amplitude coupling range
(indicated in blue in subplot A), showed that AD-EPI—- (yellow
dotted line; mean phase angle = 95.8°) patients are leading
AD-EPI+ patients (red dotted line; mean phase angle = 186.7°).
Patients with AD-EPI+ showed reduced alpha-gamma PAC in the
right parahippocampal cortex (C; t = 5.295, P = 0.008). The phase
angle distribution in the right parahippocampal region, within the
statistically significant phase-amplitude coupling range (as
indicated in blue in subplot C), showed that AD-EPI— (yellow
dotted line; mean phase angle = | 1.5°) are leading AD-EPI+
patients (red dotted line; mean phase angle = 57.8°; D). (AD,
Alzheimer’s disease; AD-EPI+, AD patients with epileptiform
activity; AD-EPI—, AD patients without epileptiform activity;
PAC, phase-amplitude coupling).
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specially adapted for long distance synchronizations, faster
oscillations, such as gamma, represent ensemble neuronal ac-
tivity over comparatively small spatial scales."® When mov-
ing from a local to a global scale, interactions between
low- and high-frequency oscillations provide a mechanism
to integrate these neural processes along the spatial hierarchy
of brain activity."” When gamma oscillations appear during
a specific phase cycle of the low-frequency oscillation, at-
tracting groups of cells actively engaged at that moment, a
synchronized low-frequency oscillation will help to combine
these spatially distributed, locally functional activity pat-
terns. It has also been suggested that different low-frequency
phases coupled to gamma oscillations may encode distinct
information.® In this scheme, the cycle of lower oscillation
can be divided into time slots and the coupled gamma oscil-
latory activity within each epoch encodes distinct representa-
tions of local neuronal activity.®'***> PAC, which links the
phase of the low-frequency neural oscillation with the
amplitude of the faster neuronal oscillation has been shown
to be a highly reliable index and not only facilitates the sep-
arate spatially distributed cortical networks operating in
parallel,’” but also provides the explanation of ‘neuronal
communication through neuronal coherence’.®®> PAC, there-
fore, is an attractive metric to quantify a unique aspect of net-
work dysfunction in the temporal dimension that may get
affected by neurodegenerative diseases like AD where synap-
tic loss and dysfunction of network architecture of neural cir-
cuits are early features.®*

Importantly, the current study establishes gamma PAC as
a quantitative measure of neural circuit hyperexcitability in
patients with AD. The classic method of detecting hyperex-
citability in clinical populations is with the identification of
epileptic activity in electrophysiological recordings via visual
reads by experts. However, the subclinical manifestations of
AD related neural circuit hyperexcitability put a high tab for
resources for this approach as it requires long hours of re-
cordings and reading of electrophysiological data,®® not-
withstanding the fact that the results will only deliver a
binary outcome. Quantitative measures of abnormal neuro-
physiological manifestations that are sensitive indices of
neural circuit hyperexcitability are much needed tools in
AD clinical populations, as these can be used in shorter re-
cordings as well as to generate a graded index of hyperexcit-
ability in each patient. The current study, being designed on
the classic detection of spikes and sharps clearly demon-
strates that gamma PAC is a robust and a sensitive tool
that can track AD related hyperexcitability changes in local
circuits. As this methodology can be applied to larger electro-
physiological datasets collected from patients with AD, some
of these being publicly available, future studies can be geared
to refine and optimize gamma PAC as a widely applicable
quantitative tool that can be useful for clinical trials.

Our findings should be considered in the context of the fol-
lowing limitations. Given the high demand on resources,
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LTM-EEG monitoring was only done for the AD patients
and not for the controls. It is, however, important to estab-
lish the effect of ageing on network hyperexcitability. Our
current patient cohort is predominantly early-onset AD
phenotype and, therefore may not generalize to the more
common late-onset AD population. Given the extreme de-
mands on resources to identify subclinical epileptic events
in electrophysiological recordings by expert readers, which
we have set as the standard to categorically identify patients
as AD-EPI+ and AD-EPI—, we have relied on the current co-
hort as a convenience sample, which was primarily collected
as an observation study to investigate subclinical epileptic
activity in AD and specifically focused on early onset and
early stage AD cohort which were likely to manifest more
of EPI+ phenotype.®® Notwithstanding this constraint, as
our sample robustly represents the AD-EPI+ phenotype it fa-
cilitates the robust identification of quantitative metrics of
hyperexcitability. The current sample size limits our ability
to investigate whether reduced gamma PAC is different in
male versus female sex, as well as whether it is affected in dif-
ferent ethnicities. Larger cohort studies with more represen-
tative samples will address these important issues. Given a
hardware filter in the data-collection protocol set at 50 Hz,
the current investigation focused on the gamma oscillations
within the 30-40 Hz oscillatory window to avoid any filter
associated artefacts. While the low gamma band represents
the most commonly studied oscillatory window for gamma,
future investigations are warranted to examine the PAC of
high-gamma frequency range in AD.

Supplementary material

Supplementary material is available at Brain Communications
online.
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