

Abstract—Hippocampal atrophy and neuron loss are

common symptoms of Alzheimer's disease (AD). The
hippocampal region is well known for producing
oscillations at different frequency bands due to the
neuronal network architecture. However, the mechanism
of Ripple high frequency variation in hippocampal region
with the course of AD disease has not been correctly
assessed. We proposed time-frequency analysis using
wavelet transform and constructing Granger causality
network to analyze the characteristics of Hippocampal
sharp wave-ripple (SPW-R) complexes in APP/PS1 mice at
different cognitive levels. We use wavelet transform to
overcome the shortcoming that the traditional Short Time
Fourier Transform cannot deal with the unsteady signal
frequency, and construct the Granger causality network to
verify our results. By analyzing ripple frequency band
energy changes and directional transfer function matrix in
hippocampal CA1 region of mice with different cognitive
levels, we found that the loss of ripple high frequency
energy and decreased network connectivity in hippocampal
CA1 region of APP/PS1 mice were correlated with the
degree of memory loss. We believe that from mild dementia
to severe dementia. The decreased cell activity in APP/PS1
mouse CA1 region leads to changes in Ripple
high-frequency time-frequency energy and network
connectivity for theoretical reasons. Our results provide
support for assessing cognitive loss in APP/PS1 mice from
the perspective of Ripple high frequency in hippocampus
CA1 region.

Keywords— Alzheimer's disease, Hippocampal, Sharp
wave-ripple, Time-frequency analysis, Granger causality
network

I. INTRODUCTION
lzheimer's disease (AD) is the most common degenerative
central nervous system disease in the elderly. The

pathologic cause of AD is thought to be amyloid beta (Aβ) in
the hippocampus and senile plaques (SP) formed by
neurofibrillary tangles (NFT) composed of phosphorylated Tau
protein [1], which leads to decreased cell activity in the
hippocampus [2]. However, there are still many uncertainties in
the pathogenesis of AD [3], AD is characterized by progressive
memory impairments, language, behavioral, visuospatial
impairment, and personality changes [4]. The medical
diagnosis of Alzheimer's disease is difficult, especially in the
early stages of the disease, mainly because symptoms are often
ignored as a normal consequenc

e of aging [5]. If the method of genomics is used to identify
diseases, it has a very high accuracy, but this method is
expensive and requires the construction of different gene
pools according to race [6]. The method of
electrophysiology can overcome these difficulties.
The hippocampal neuronal network architecture is ideally

suited to provide the framework for generating slow and fast
oscillations ranging from very slow to ultra-fast (0.025–600 Hz)
[7]. The oscillations in various frequency bands are associated
to different behavioral states. Immobility and slow-wave sleep
are associated with SPW-R complexes (90–200 Hz) [8-9]. This
rhythm is largely confined to the hippocampal network, and
recent evidence suggests that sharp ripples play a key role in
some aspects of active spatial navigation [10]. Studies on the
field potential in the hippocampus and cerebral cortex show
that the Ripple high frequency oscillation is also related to the
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process of information transmission from the hippocampus to
the cerebral cortex [11]. Several studies indicate that
interneurons and consequently the oscillatory network
activities regulated by them are altered in AD [12]. However,
the mechanisms by which oscillating network activity varies
with the degree of AD disease progression are poorly
understood.
Time-frequency analysis is to Transform the time-domain

signal into time-domain and frequency-domain analysis.
Wavelet Transform (WT) is a common method for
non-stationary signal processing and analysis. WT overcomes
the shortcoming that the resolution of short-time Fourier
Transform is constrained by window functions, and replaces
the infinite length trigonometric function basis of Fourier
Transform with the attenuation wavelet basis of finite length,
whose basis function forms time-frequency Windows of
various widths after stretching and translation [13]. replaces the
infinite length trigonometric function basis in the Fourier
transform with the attenuation wavelet basis of finite length,
whose basis function forms time-frequency Windows of
various widths after stretching and translation. When the signal
frequency is low, THE time window of WT is wide and the
frequency window is narrow; when the signal frequency is high,
the time window of WT is narrow and the frequency window is
wide. Therefore, WT has variable resolution and can adaptively
analyze signals of different time scales.
Based on the comparison of model errors, Granger causality

analysis can analyze the causal relationship between multiple
time variables, which means that it is applicable to all kinds of
random signals and therefore can be used to reveal connectivity
patterns in neuroscience research. Therefore, it has been widely
used in the field of neural signals [14]. Granger causality
analysis can reflect the state of directional connections between
brain activities recorded during a specific task [15]. In recent
years, new causal analysis methods such as Direct Transfer
Function (DTF) and Partial Directed Coherence (PDC) have
been developed based on granger causality analysis.
Therefore, this study aims to analyze potential changes

between Ripple high frequency and cognitive loss in APP/PS1
mice through time-frequency analysis and construction of
Granger causality networks. We used the Morris water maze
test to differentiate the cognitive level of multi-month-old
APP/PS1 mice. We used Morris water maze test to distinguish
the cognitive level of APP/PS1 mice aged several months.
Considering that the cognitive level of mice will decline with
the increase of age, we also selected C57BL/6J wild type mice
of the same age as mice with different dementia levels as the
control group, so as to judge the influence of age on the
cognitive level of mice and eliminate the errors caused by age.
Then, chronic electrode implantation was performed on the
hippocampal CA1 region of mice, and the resting state LFP was
collected after good recovery. We comparing and analyzing the
energy and network differences of neural electrophysiological
signals between different groups. Grouping APP/PS1 mice
with different cognitive levels and C57 mice of corresponding
age, we studied the characteristics of hippocampal SPW-R
monitored by multi-channel in vivo implantation technique.

Our results played a positive role in the study of the potential
changes of ripple frequency and degree of cognitive loss in
hippocampal CA1 region of APP/PS1 mice, and had certain
reference value. The results indicated that the network activity
of APP/PS1 mice with different cognitive levels was
significantly different compared with that of mice.

II. MATERIAL AND METHODS

A. Animal
A well-established and extensively utilized animal model for

AD is the double transgenic APP/PS1 mouse which
overexpresses familial AD mutations of human amyloid
precursor protein and presenilin-1, resulting in increased Aβ42
levels and thus representing a model of cerebral amyloidosis for
AD, with early onset of the amyloid plaque deposition [16].
The APP/PS1 double transgenic mice and C57 mice were
purchased from Beijing Huafukang Biotechnology Co, Ltd. All
mice were kept in a SPF animal laboratory at (25 ± 2) ℃ and
(75 ± 5) % humidity. They were housed in a single cage with 12
hours of light and 12 hours of darkness every day. The mice
were fed with normal breeding materials and had free access to
food and water. The model showed that amyloid plaques began
to deposit in the neocortex at 2 months of age and in the
hippocampus at 4-5 months of age [17]. The mice were divided
into 5, 8and 12 months old according to age, in which APP/PS1
mice were the AD group, and C57BL/6J mice were the C57
group for control, with 10 mice in each group. The procedures
for this study have been approved by the Biomedical Ethics
Committee of Hebei University of Technology (review number:
HEBUTaCUC2020003).

B. Behavior
Morris Water Maze (MWM) behavioral tests mainly test the

ability of learning and remembering spatial location and
orientation in experimental animals [18]. MWM was used to
test the cognitive abilities of AD mice aged 5 months, 8 months
and 12 months. In this study, the positioning navigation
experiment commonly used in MWM experiment was used to
distinguish the cognitive ability of mice [19]. The weaker the
cognitive ability is, the more serious the disease is. The healthy
mice of the same age were used as the control group. The final
score of each mouse in the AD group was the average of its
6-day test score, and the ratio of the difference between this
value and the reference value to the final score of the mouse
was calculated. If the proportion was >20%, the mouse was
considered to be demented; mild dementia was defined when
the proportion was between 20 and 30%, moderate dementia
was defined when the proportion was 30-40%, severe dementia
was when the proportion was >40%.

C. Electrophysiology
We used a 16-channel microelectrode array (4×4, 16

contacting sites spaced by 200 μm, Plexon, America) to collect
electrical activity signals in the CA1 region. A 128-channel
neuroelectrophysiological signal acquisition system (Omni
Plex，Plexon，America) was used to collect the raw data of
16-channel LFPS signals at rest in mice with different dementia
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degrees and control groups.

D. Wavelet Transform
We used wavelet transform to conduct time-frequency

analysis on pretreated LFPs to study the variation
characteristics of LFPs energy in time domain and frequency
domain of mice with different dementia degrees. ψ(t)∈L2(R),
ψ(t)can be obtained by FT transformation, if the ψ(ω) satisfies
the following allowable conditions:

| ( ) |C
  



   d

2

0 (1)
In the formula, Cψ is the admissibility constant, and ψ(t) is

the wavelet function. The wavelet basis function ψa，τ(t) can be
obtained by translating and scaling the wavelet function. The
process can be expressed as:
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a is a scaling function, which calibrates the analysis

frequency of wavelet transform，τ is a time shift parameter,
which defines the time of analysis, and Ψ (t) is the mother
wavelet.

k
2nFC (k=1,2…,n) (3)

FC is the center frequency of the mother wavelet, n is the
frequency division, and K is the normalized frequency.
According to the experimental requirements, the mother
wavelet is selected as CMOR3-3 [20], its center frequency
FC=3, and the frequency division N=2000 is selected, that is,
the frequency resolution of 0.25Hz is obtained for the signal
with the sampling rate Fs=1000Hz
Where, n is the frequency division, FC is the center

frequency of the mother wavelet, and k is the normalized
frequency. Let f(t)∈L2(R), ψ(t) be a wavelet function, if the
following conditions are satisfied:
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So, (Wf)(a,τ) makes f(t) Continuous Wavelet Transform
(CWT). Therefore, wavelet transform is a continuous integral
transform, and can transform a univariate function into a binary
function.When the following conditions are met:

,( ) ( )( , ) ( )af t Wf a t a
C a

  
 


   d d20

1 1

(5)
It is said to be capable of reconstruction or contravariant

transformation.

E. Granger causality analysis
DTF connection matrix of LFP-Ripple in hippocampus CA1

region of mice with different dementia degree was calculated,
and LFP-Ripple causal network was constructed by directional
transfer function method. Directional transfer functions
(MVAR) were used to quantitatively describe the functional
connectivity intensity between multichannel LFP. X(t) is LFP,
and N is the number of channels:

})(x(t)x),({x)( 321 tttX  (6)
Build the MVAR model:
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An is the coefficient matrix of the MVAR model, and P is the
order of the model, which can be determined by Bayesian
Information Criterion (BIC) calculation. E(t) is the
multivariable zero-mean non-correlated white noise matrix.
Convert the MVAR model to the frequency domain
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H(f)is the transfer function matrix, A(0)=-I, and I is the
identity matrix.
γij2is the causal connection value from channel j to channel
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γ ij is the normalization of the proportion of channel j
influence on channel i among all channels' influence on channel
i. The largerγij is, the str onger the c ausal connection between
channel j and channel i is, and the weaker the causal connection

is 


N
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in )( . Let DTFij=γij, and DTF matrix is formed by

DTFij.

III. RESULTS

A. Group
In order to subdivide the degree of dementia in the model

mice, we conducted MWM experiment on purchased APP/PS1
model mice aged 5, 8 and 12 months. According to the escape
latency period of each model mouse and the age of the mouse,
the mild dementia mice in the 5-month-old model mice were
selected as the mild dementia experimental group. 5 months
C57 mice as the control group, 8 months of age in the model
mice with mild dementia mice as the mild dementia group, 8
months C57 mice as the control group, select 12 months the
mild dementia mice as mild dementia model mice group, 12
months C57 mice as the control group, six groups of
experimental animals, respectively in each group 8.

B. Time-frequency analysis
Raw data of 16 channel LFP signal at rest in mice with

different dementia degrees and control group. Three sections of
resting state data were taken for each animal at different time.
Data were taken from each mouse at rest for 10 seconds. The
energy density distribution of Ripple high-frequency
oscillations is shown in Figure 1, respectively for groups with
different dementia degrees and the control group with the same
age. The horizontal axis is group, and the vertical axis is ripple
high frequency power peak. Color represents power from low
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(blue) to high (yellow).

Fig. 1. Distribution of power of ripple high frequency band

Figure 2 represents the distribution ranges of Ripple high
frequency oscillation energy density in groups with different
dementia degrees and the control group at the same age. It can
be seen from Figure 2 that the Ripple high frequency oscillation
power of model mice with different dementia levels is
significantly reduced in age compared with the control group
(P<0.001), and energy loss were more severe with dementia. As
can be seen from Figure 2, compared with C57 mice of the
same age, the pulsation high-frequency oscillation power of
mild dementia mice was lower than that of the control group,
but not significantly. The pulsation high-frequency oscillation
power of moderate dementia and severe dementia mice was
significantly lower than that of the control group (P<0.001),
energy loss was associated with greater dementia severity. As
shown in Figure 2, ripple impact energy in CA1 region of mice
in the control group showed no significant difference at the
same time. In APP/ PS1 mice aged 5, 8 and 12 months, the
effect of age on the ripple energy in the CA1 region of model
mice was negligible. In APP/PS 1 mice aged 5, 8 and 12 months,
Ripple oscillation energy in CA1 region seems to be more
useful in determining dementia.

Fig. 2. Comparison of Ripple high-frequency oscillation energy
density distribution interval

C. Network connectivity analysis
DTF connection matrix of 16 channel networks in

hippocampal CA1 region of normal control mice and model
mice with different dementia degrees at rest is shown in Figure
3. DTFij connection matrix can reflect the connection
relationship between any node and other nodes. The color
represents DTFij, representing the DTFij maximum value (red)
of the connection strength from channel J to channel I, which is
normalized to 1, and the DTFij minimum value (blue), which is
normalized to 0.

Fig. 3. DTF connection matrix of ripple high frequency band

Figure 4 shows the distribution range of DFT at the same age
of the group with different dementia degrees and the control
group. As can be seen from Figure 4, the average DTF value of
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granger causality network of model group mice compared with
control group mice decreased significantly to different degrees
from mild dementia to severe dementia. These findings suggest
that network connectivity in model mice decreases with the
onset of dementia. According to the findings of our from mild
dementia, mild dementia and severe dementia model mice
comparing DTF value that, with dementia degree deepening,
DTF value model mice significantly decline, this phenomenon
shows that since the degree of dementia mice hippocampal
CA1 area of corrugated oscillation network connectivity
significantly decline, whether for the analysis of the influence
from the change of the age, We analyzed the DFT distribution
of normal mice of different months, and found that the
connectivity of ripple oscillation network in the hippocampal
CA1 region of mice decreased with the increase of the age of
mice. This phenomenon indicated that the influence of age on
the connectivity of ripple oscillation network in the
hippocampal CA1 region of mice could not be ignored. To
determine whether the observed decrease was mainly due to
changes in dementia degree or age, we analyzed the data and
found that increased dementia degree had a stronger effect on
decreased hippocampal CA1 network connectivity than
age.

Fig. 4 Comparison of DTF connection matrix and average DTF of
ripple high frequency band

IV. CONCLUSION
AD is a progressive neurodegenerative disease, and

cognitive decline is one of its main characteristics [3]. The
APP/PS1 double transgenic mice were used as model to study
AD. In order to explore the extent of the condition in AD mice,
the MWM experiment was used to detect the cognitive abilities
of mice.

In this study, we attempt to evaluate the degree of dementia
in model mice from the perspective of oscillation energy and
network connectivity of ripple band in hippocampal CA1
region by using wavelet transform and Granger causality
analysis. In particular, we use wavelet transform to overcome
the disadvantage that traditional STFT cannot deal with
unsteady signal frequencies. And construct Granger causality
network to verify our results.

Hippocampal CA1 neurons are known to highly
interconnect with one another , They are considered to play a
key role in triggering and maintaining memory-related network
activity patterns such as SPW-R in the hippocampus and other
brain regions [21-22]. This has been widely demonstrated. Our
study showed that cell activity and network connectivity in the
CA1 region of APP/PS1 mice were reduced after mild dementia.
This finding supports that neurons are severely damaged during

the formation of amyloid plaques in the process of AD
amyloidosis, resulting in damage to the connections between
neurons [23]. Interestingly, we also observed that the ripple
energy in hippocampal CA1 region of normal mice was less
affected by time compared with the model group.

Our study showed that cell activity and network
connectivity in the CA1 region of APP/PS1 mice were reduced
after mild dementia. This is consistent with recent studies
showing that AD causes age-related neuron loss. We compared
the results in APP/PS1 mice with autopsy results in patients
with AD, which was consistent with previous reports of
post-mortem brain neuron loss in patients with AD [24].
Similarly, we also observed that compared with the model
group, the connectivity of the Ripple frequency network in
hippocampal CA1 region of normal mice was also affected by
time, which was consistent with the general situation that the
hippocampal region aging showed decreased brain connectivity
with the increase of age. However, it remains to be confirmed
whether the same loss rate of network connectivity in
hippocampal CA1 region exists in normal control mice and
model mice.

These studies clearly indicate that ripple oscillatory activity
is impaired in the hippocampus of AD mouse model and is
closely related to cognitive impairment, which provides a new
idea for the diagnosis of AD. Although similar studies in human
AD patients have been very limited, it remains a legitimate
question whether hippocampal neuronal activity can be safely
and effectively restored in mice. If safe and effective methods
can be found, such as obtaining a reasonable and effective
frequency of TMS to restore hippocampal neuron function, it
will provide another promising treatment for AD. However, it
should be borne in mind that caution should be exercised when
associating the mouse APP/PS1 phenotype with delayed AD in
humans in any such animal model, most of which occurs in the
absence of APP or PS1 mutations.
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