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ABSTRACT

Brain connectivity involves the structural, functional and effective communication between neurons across brain regions
and is expressed in neuronal oscillations. Previous research has reported the evidence of two types of gamma oscillations
namely the broadband gamma (30 Hz - 90 Hz) and narrowband gamma (55 Hz - 70 Hz) oscillations which have been
implicated in excitatory and inhibitory network transmission. There is presently no systematic investigation of the
relationship between electrical stimulation pulse width and narrow or broadband gamma oscillations in visual-deficient
mice. In the current study, we set out to bridge this gap in knowledge by exploring the modulation of brain connectivity
indices in broadband gamma and narrowband gamma oscillations in response to varying electrical stimulation pulse
width in retinal degeneration (rd) mice. The results revealed that a low pulse width (0.5 ms/phase) strongly enhances
coherence and directional connectivity of broadband and narrowband gamma oscillations in contra visual cortex and
contra prefrontal cortex of rd mice. This study serves a crucial role in the design and utilisation of visual prostheses by
contributing to the understanding of information transmission between different brain regions under retinal electrical
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stimulation in visual-deficit population.
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1. Introduction

The brain contains a huge network of interconnected
neural pathways which interact in a synchronised manner
through electrical activities along nerve fibre tracts. These
synchronised activities can be readily detected and studied
by electroencephalography (EEG) and electrocorticography
(ECoQ), then imaged using brain connectivity analyses.
These types of analyses are specifically used to represent
neural communication networks required for normal brain
functionality (Haufe et al., 2018; Zhang et al., 2015).
For several decades, development in imaging techniques
for brain networks have shown that closer and more
distant brain regions are linked and able to communicate
with each other (Cabral et al., 2014; Chou et al., 2015;
Mancuso et al., 2019). Moreover, research has shown that
neurodegenerative disorders are capable of disrupting
brain functions and brain connectivity patterns (Cauda et
al., 2018; Tturria-Medina and Evans, 2015). Remediation
and treatments have also been demonstrated to change
brain functions. In essence, studying the pattern and
directionality of brain connectivity in neurodegenerative
diseases, particularly retinal degeneration which involves
loss of neural input to the visual cortex, is of paramount
importance in the development of possible therapies for
restoration of the normal physiological state.

Brain networks have a vast neural population that acts
in uniformity in order to transmit signals from one brain
region to another. This interaction could be of functional
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or causal origin. Functional connectivity reveals sites
of the brain with similar oscillations or frequencies of
corresponding activity. Such brain regions may play key
roles in the resting (task-free) state or processing of higher
order (task-related) signals that are necessary for motor
responses, sensory responses and cognitive processing
(Towle et al., 2007). Causal or effective connectivity makes
use of functional connectivity information and additionally
estimates the influence one neural signal may have over
another neural signal (Shovon et al., 2016). Specifically,
while functional connectivity is directionless, effective
connectivity determines the directional flow of neural
information between brain sites. Functional and effective
connectivity estimates can be analysed by techniques
like coherence and transfer entropy, respectively, in the
frequency domain. Coherence is a common mathematical
approach for determining frequency-dependent correlations
and estimating the degree of similarity in the activity of
the brain recorded at divergent brain sites (Borjigin et al.,
2013). Transfer entropy on the other hand is a method to
mathematically compute the directionality of neuronal
information flow across brain sites (Saba et al., 2019) i.e.
which direction of the brain is the neural information sent to
and which direction is the information received or relayed.
This implies that transfer entropy could be either in the
feedforward (FF) or feedback (FB) direction of information
transfer.

Gamma oscillations are low amplitude rhythms that
are produced by a wide variety of neural circuits. These fast
oscillations have been hypothesised to represent multiple
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phenomena within the cortical and subcortical regions of
the brain (Headley and Paré, 2017). Scientific investigations
have demonstrated the evidence of two distinct types of
gamma oscillations, namely the broadband gamma and
narrowband gamma oscillations. The former rhythm has
broader spectral peaks and oscillates in a frequency band
between 30 Hz and 90 Hz. The latter rhythm varies less in
frequency, thus has narrower spectral peaks and oscillates at
a frequency band between 55 Hz and 70 Hz. Both types of
the aforementioned oscillations have been reportedly linked
to vital roles of inhibitory and excitatory neural networks,
respectively (Saleem et al., 2017; Storchi et al., 2017).

To the best of our knowledge, scientific literature
contains no systematic investigation of the relationship,
if any, between electrical stimulation pulse width and
narrow or broadband gamma oscillations in retinal
degeneration mice. Here we address this gap in knowledge
and demonstrate that brain connectivity in both broad and
narrowband gamma oscillations are strongly modulated
by electrical stimulation pulse width and that the increased
connectivity at low pulse width is both functionally and
causally correlated. Therefore, this study serves as a
crucial step towards using the reported data as a template
to produce more effective strategies for stimulation,
particularly in the design and utilisation of visual
prostheses.

2. Materials and methods
2.1. Animals used and surgery steps

To mimic retinal degeneration in humans, rd10
mice were used as model animals of the human blinding
disease called retinitis pigmentosa. These mice were bred
and housed in City University of Hong Kong Laboratory
Animal Research Unit (CityU LARU). All experiments
described in this study were conducted by the following
methods endorsed by Animal Research Ethics Sub-
committee in City University of Hong Kong (CityU) and
Health Department, HKSAR. For the current study, male
and female mice (total n = 40) aged P60 - P90 were used.
Surgical craniotomy was done in a similar way as in the
previous work (Agadagba et al., 2019). In brief, mice
were first anesthetised by injection of ketamine-xylazine
(Ketamine: 100 mg/kg; Xylazine: 10 mg/kg). Subsequently,
oxygen-mixed isoflurane anesthesia (02: 0.4%, Iso: 1.5%)
was administered to maintain the sleep-state during the
surgical procedure. Mice were head-fixed on the stereotaxis
with dura exposed and four stainless steel bone-screw
electrodes (shaft @: 2.4 mm) (Decorah LLC, GEC, North
America) were implanted on the dura surface. The bone-
screw electrode served as the recording electrode and
specifically implantation was done in a bilateral direction
on the visual cortex (coordinates: anterior-posterior: -3.5
mm, 2.5 mm from the midline of the skull) and prefrontal
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cortices (coordinates: anterior-posterior: 2 mm, 1 mm
from the midline of the skull). A reference bone-screw
was positioned in the cerebellar region. During the entire
surgery, regular application of lubritha (Alfamedics,
Hong Kong, HKSAR) was done to keep the mice’s eyes
moisturised. Also, mice heart beats were closely monitored
and the body temperature was kept constant at 38°C with
a heat pad (Model # TP702; Gaymar Industries, Inc., NY,
USA).

2.2. Electrical stimulation protocol

For electrical stimulation, the procedure was similar
to the previous work (Agadagba et al., 2019). Mice’s eyes
were electrically stimulated transcorneally. Firstly, mice
were anesthetised with oxygen-mixed isoflurane anesthesia
(02: 0.4%, Iso: 1.5%) and a silver stimulating electrode
(diameter: 0.4 mm, impedance: 89 kQ at 100 kHz) placed
on the right cornea of mice (surface area: 7.07 mm’) was
connected to an electrical pulse generator (STG4004,
Multi-Channel Systems, Baden-Wiirttemberg, Germany).
The reference electrode was inserted subcutaneously near
the stimulated eye. Transcorneal electrical stimulation
(TES) was done for a prolonged duration (30 minutes/day)
and was repeated for an additional four days. There were
four study groups consisting of three experimental groups
[stimulated with a constant current of 400 pA at 10 Hz
frequency and varying pulse width of 0.5 ms/phase (charge
injected: 0.2 nC), 2 ms/phase (charge injected: 0.8 uC)
and 5 ms/phase (charge injected: 2 nC) biphasic pulses,
respectively] and one sham group (no stimulation current
was applied).

2.3. Resting-state ECoG recording

A-M Systems 3600 (A-M Systems, Washington, US)
amplifier and CED Micro 1401-3 (Cambridge Electronic
Design, UK) were used to acquire the resting-state ECoG
signals from the implanted electrodes in awake rd10
mice. A transfer cable was used to connect the implanted
electrodes and the aforementioned data acquisition systems.
The resting-state ECoG was recorded in a room with
normal lighting. The recorded signals were sampled at
5 kHz by filtering from 0.3 Hz to 100 Hz. The base-line
data (pre-stimulation) was recorded for three days (for 10
minutes/day). Following the prolonged TES, resting-state
ECoG activity (post-stimulation) was recorded (for 10
minutes/day) for three days.

2.4. Brain connectivity detection

After data acquisition, 50 Hz notch filter from
MATLAB, R2018b (MathWorks Inc.) algorithm was
applied to the data to filter out the interfering 50 Hz noise
and its possible super-harmonics originating from the
alternating current (AC) line. Broadband gamma (30 Hz
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- 90 Hz) and narrowband gamma (55 Hz - 70 Hz) were
filtered respectively using MATLAB, R2018b (MathWorks
Inc.) algorithm. Undirected and directed brain connectivity
between the left visual cortex (contra Vcx) and left
prefrontal cortex (contra PFx) were analysed by coherence
and normalised symbolic transfer entropy (NSTE),
respectively.

2.4.1. Analysis of coherence

Coherence was analysed on the basis of power
spectrum estimation. The coherence between contra Vcx
and contra PFx was computed as magnitude squared
coherence C, (f) using the “mscohere.m” function in
MATLAB, R2018b signal processing toolbox (MathWorks
Inc.). The value computed gives an estimate of the
coherence between the input signals x and y based on the
modified periodogram technique by Welch. C,(f) is a real-
valued frequency-dependent function that ranges between
0 and 1 indicating the extent of correlation between x and y
per frequency.

Pyl
Colf)= W,osq@mg. (1)

In the above equation, P(f) and P, (f) are represented
as the power spectral density (PSD) of the input signal x
and signal y, respectively. P _(f) represents the cross-PSD.
In the present study, the mean coherence between the
contra Vcx and contra PFx was calculated for all mice in
the awake state. During the entire recording, ECoG signals
were split into 2 seconds epochs having 1 second overlap.
Then, C,(f) was calculated at each frequency bin and
epoch in the broadband gamma and narrowband gamma
frequency ranges respectively.

2.4.2. Analysis of Normalised Symbolic Transfer Entropy

FF and FB directional connectivity between the contra
Vcex and left contra PFx in broadband and narrowband
gamma oscillations were calculated respectively by
Normalised Symbolic Transfer Entropy (NSTE). NSTE
is the Symbolic Transfer Entropy (STE) normalised by
elimination of the possible STE bias through subsequent
surrogate data analysis. It is important to note that NSTE
estimates the causal influence of a source signal X on a
target signal Y.

_ STExy-STERSP

NSTEy,,= K €[0,1] . )

In Equation (2), I [Y"; X°, Y"] and I [Y"; Y"] denote
mutual information values. X, Y*, and Y* are the past of
source and target signals, and the future of the target signal,
respectively. The difference between these two mutual

HK=~E

information values computes the transfer of information
from signal X to signal Y. In the current study, EEGlab V15
(Swartz Center for Computational Neuroscience, CA) and
EEGapp (BIAPT lab, McGill University) toolboxes were
used in conjunction with MATLAB, R2018b (MathWorks
Inc.) to calculate the NSTE.

2.5. Statistical analysis

Comparison between connectivity in sham and
stimulated groups was done by one-way analysis of
variance (ANOVA). All graphical plots, representations and
statistical analysis were made using Origin(Pro) (Version
2015b). Unpaired (two-sample) student’s t-test was used to
obtain the significant difference (p < 0.05) in connectivity
between each stimulated group and sham group. All graphs
were represented with error bars which denote + standard
error of the mean (SEM).

3. Results

3.1. Effects of pulse width on broadband and narrowband
directional connectivity

In order to determine directional connectivity in
broadband and narrowband gamma oscillations of recorded
ECoG signals in rd10 mice stimulated at varying pulse
width, neural information transfer in contra Vcx and contra
PFx was estimated by FF and FB NSTE, respectively. After
five days of the prolonged TES, only rd10 mice stimulated
with 0.5 ms/phase pulse width showed significant increase
(p < 0.05) in both FF and FB connectivity in broadband
gamma and narrowband gamma oscillations, respectively,
compared to sham group shown in Figures 1 and 2 (a) -
2 (d). Rd10 mice stimulated with other stimulation pulse
widths (2 ms/phase and 5 ms/phase) yielded no significant
(p > 0.05) change in FF and FB directional connectivity
of broadband gamma and narrowband gamma oscillations
shown in Figures 1 and 2 (a) - 2 (d).

3.2. Effects of pulse width on broadband and narrowband
undirected connectivity

Undirected connectivity in broadband and narrowband
gamma oscillations signals of rd10 mice was determined by
computing the coherence between contra Vcx and contra
PFx brain regions at varying stimulation pulse width with
sham stimulated rd10 group. Similar to directed connectivity,
the results revealed that after five days of prolonged TES,
only rd10 mice stimulated with 0.5 ms/phase pulse width
showed significant increase (p < 0.05) in both broadband
and narrowband gamma oscillations coherence, respectively,
compared to the sham stimulated group shown in Figures 3 (a)
and 3 (b).
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Figure 1. Contra Vcx — contra PFx FF connectivity in rd10 mice after the prolonged TES. NSTE was used to estimate the
FF directional connectivity in broadband and narrowband gamma oscillations in contra Vex — contra PFx of rd10 mice
stimulated at varying pulse width of 0.5 ms/phase, 2 ms/phase and 5 ms/phase, respectively. (a) and (c) show normalised
values of FF NSTE of broadband and narrowband gamma oscillations, respectively, in contra Vex — contra PFx of individual
rd10 mouse (M). (b) and (d) show the average NSTE (n = 9). Only rd10 mice stimulated with 0.5 ms/phase pulse width
showed significant increase in contra Vcx — contra PFx FF connectivity of narrowband and broadband gamma oscillations

compared to the sham group. *Significant difference (p < 0.05).
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Figure 2. Contra PFx — contra Vcx FB connectivity in rd10 mice after the prolonged TES. NSTE was used to estimate the
FB directional connectivity in broadband and narrowband gamma oscillations in contra PFx - contra Vcx of rd10 mice
stimulated at varying pulse width of 0.5 ms/phase, 2 ms/phase and 5 ms/phase, respectively. (a) and (c) show normalised
values of FB NSTE of broadband and narrowband gamma oscillations, respectively, in contra Vcx — contra PFx of individual
rd10 mouse (M). (b) and (d) show the average NSTE (n = 9). Only rd10 mice stimulated with 0.5 ms/phase pulse width
showed significant increase in contra PFx — contra VCx FB connectivity of narrowband and broadband gamma oscillations

compared to the sham group. *Significant difference (p < 0.05).
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Figure 3. Contra Vcx — contra PFx undirected connectivity in rd10 mice after the prolonged TES. Coherence was used to
estimate undirected connectivity in broadband and narrowband gamma oscillations in contra Vex - contra PFx of rd10 mice
stimulated at varying pulse width of 0.5 ms/phase, 2 ms/phase and 5 ms/phase respectively. (a) and (b) are box plots showing
the coherence of broadband and narrowband gamma oscillations, respectively, in contra Vcx — contra PFx of individual rd10
mouse. Only rd10 mice stimulated with 0.5 ms/phase pulse width showed significant increase (p < 0.05) in contra Vcx —
contra PFx mean coherence compared to the sham group (a) and (b). *Significant difference (p < 0.05).

4. Discussion

The present study explored directional and undirected
brain connectivity in broadband and narrowband gamma
oscillations of electrically stimulated rd10 mice. In
directional connectivity analysis, the results demonstrated
that a low pulse width (0.5 ms/phase) electrical stimulation
caused a significant increase in NSTE of both narrowband
and broadband gamma oscillations, respectively, compared
to the sham stimulated rd10 mice. This increase was
observed in both the FF direction (contra Vcx to contra
PFx) and FB direction (contra PFx to contra Vcx).
Moreover, an increase in directional connectivity was
strongly correlated with undirected connectivity as
evident by a similar significant increase in coherence of
both narrowband and broadband gamma oscillations,
respectively, compared to the sham stimulated rd10 mice.
This observation suggests that the increase in directed and
undirected connectivity occurs via a common pathway or
mechanism at a low pulse width electrical stimulation. As
previously reported, directed and undirected connectivity
are used to detect functional and effective communication
respectively across brain regions (Bowyer, 2016). Being
that in the current study, NSTE and coherence were
correlated at low stimulation pulse width; our results
also indicate the increased synchronous activation of
neural populations in contra Vcx and contra PFx, after
electrical stimulation at low pulse width. Identifying

synchronous neural activation is an effective strategy that
can be applied in visual prostheses research to detect the
efficiency of functional brain connectivity. To this end,
using analytical tools of both functional and effective brain
connectivity is paramount in visual prostheses community
to explore normal and dysfunctional brain neural networks
(Goldenberg and Galvan, 2015; Hohenfeld et al., 2018;
Passamonti et al., 2019) before designing appropriate visual
implants. This combined approach of understanding brain
network communication in retinal degeneration provides
a better and more sustainable multimodal bioindicator
than utilising only one type of brain network analysis.
Previous researches of broadband gamma oscillations have
been reported in several species such as cats, primates,
humans and mice (Gray and Singer, 1989; Pesaran et al.,
2002; Welle and Contrevas, 2016). Narrowband gamma
oscillations have been observed to be prevalent in the visual
cortex of free-moving mice in the awake state (Lee et al.,
2014; Niell and Stryker, 2010).

Both gamma bands have been reported to have
bearings in the retina, LGN and visual cortex where
they play key roles in excitation and inhibition network
processes. Saleem et al. (2017) investigated both bands
and discovered that narrowband gamma oscillations are
received from the visual thalamus of mice and increase
in power with arousal from the increased light intensity.
Broadband and narrowband gamma oscillations have
been reported to be generated by the most robust and
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common process for the appearance of gamma rhythm
in the neocortex which involves an interaction between
inhibitory and excitatory neural networks (Cardin, 2017;
Storchi et al., 2016; Welle and Contreras, 2017). Increased
narrowband gamma activity has been demonstrated to be
mediated by excitatory neural networks while increased
broadband gamma activity have been linked to increased
inhibitory neural networks (Saleem et al., 2017; Sohal et
al., 2009). A balance in excitatory and inhibitory network
processes is essential for normal physiological processes
(Bhatia et al., 2019) and as aforementioned, several
neurological and neurodegenerative disorders are deeply
rooted in dysfunctional excitatory-inhibitory brain network
connectivity. Given the use of electrical stimulation serves
as a therapeutic tool by visual prostheses, this study has
potential applications in clinical researches designed to
optimise the electrical stimulation modalities used by the
visual prostheses community.

5. Conclusions

In the current study, we explored the changes in
functional and effective brain connectivity of broadband
and narrowband oscillations in response to varying pulse
width in electrically stimulated retinal degeneration mice.
We found that low pulse width is better at increasing brain
connectivity in narrowband and broadband oscillations
which have previously been described to play key roles
in excitation and inhibition of cortical neurons. Clinical
research into retinal prostheses will find the data reported
here useful by designing prostheses where low pulse
width electrical stimulations can be implemented to target
increasing brain connectivity in broadband and narrowband
oscillations. Moreover, recordings of broadband and
narrowband oscillations may offer a novel way to check
neural prostheses efficacy for the improvement of
stimulation strategies by neural feedback.
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