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ABSTRACT
Introduction
Depression is a leading cause of disability worldwide. As a treatment for depression,
electroconvulsive therapy (ECT) remains the most effective. In spite of such unparalleled
efficacy, our understanding of the therapeutic mechanisms of ECT remains lacking. Using
Electroconvulsive stimulation (ECS)—an animal model of ECT—we determine acute and
chronic changes in functional connectivity and frequency-specific modulation after ECT.
Methods
Wide-field fluorescent imaging of resting-state activity was performed in awake headfixed mice expressing GCaMP6 (a genetically-encoded calcium indicator). GCaMP allows
longitudinal imaging of intracellular calcium dynamics while wide-field imaging at a mesoscale
captures neuronal population activity across brain regions. ECS was done once daily, every other
day, for a total of 10 treatments. Imaging was done daily 5-10 min and 24h after ECS. Sham
animals were handled similar to ECS animals, including application of auricular electrodes,
without electrical stimulation.
Results
Quantification of GCaMP6 fluorescence reveals time-dependent changes in functional
connectivity after ECS. The acute post-stimulation period reveals a widescale increase in
functional connectivity, which is remarkably reversed 24h after. Further graph theoretical
analysis demonstrates that the primary motor (M1) area has the highest increase in total strength
of connections (i.e., node strength) acutely after stimulation while the retrosplenial cortex (RS)
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shows the greatest decrease in node strength after 24h. Moreover, spectral analysis shows that
ECS results in increased power in delta and theta bands together with a decrease in alpha. These
frequency-dependent changes are region-specific.
Conclusions
The changes in power in delta, theta, and alpha bands indicate that ECS induces regionspecific slowing of activity within cortical regions. Previous work demonstrates that in the
approach to seizure termination, brain electrical activity exhibits the following dynamical
signatures: increased temporal correlation and decreased dominant oscillation frequency. The
highest increase in connectivity strength in M1 together with slowing of oscillation frequency
acutely after ECS suggests that M1 plays a role in seizure termination. The significant decrease
in connectivity strength in RS, together with slowing of oscillations 24h after ECS may indicate
that RS mediates both therapeutic (ie., antidepressant) and adverse cognitive effects (i.e.,
memory loss) after ECT.
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LAY SUMMARY
Using Electroconvulsive stimulation (ECS)—an animal model of ECT—we determine
acute and chronic changes in the co-activation of different brain regions and how the rate at
which regional brain activity fluctuates (i.e., frequency), using a mouse model. ECS was done
once daily, every other day, for a total of 10 treatments. Imaging was done daily 5-10 min and
24h after ECS.
We found that the correlated activity between brain regions increased right after ECS and
decreased 24h after. Right after stimulation, the primary motor cortex (M1) shows a significant
increase in correlated activity with all other regions while 24h after, the retrosplenial cortex (RS)
shows a significant decrease in co-activation with all other regions. We also found that ECS
increases the rate at which regional brain activity fluctuates (i.e., frequency) in slower frequency
bands (delta and theta) and decreases activity in the higher alpha frequency band.
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Chapter 1: INTRODUCTION
Depression is a leading cause of disability worldwide (WHO, 2018) and one in six people
experience depression in their lifetime (Kessler et al., 2005). This disorder has been linked to
imbalanced communication between neural networks in the brain (Kaiser et al., 2015; Khalid et
al., 2014). Electroconvulsive therapy (ECT) prevails as the most effective treatment for
depression with a response rate of 70% to 85.7% (Brakemeier et al., 2013 and Tokutsu et al.,
2013). In spite of such unparalleled efficacy, our understanding of the mechanism of the
therapeutic and memory side effects of ECT remains lacking.
I have established an ECT model in the lab with parameters simulating human ECT in
mice. ECT employs electrical stimulation to induce seizures in a controlled environment. Using
transgenic mice with genetically encoded indicators of cellular activity in the brain (i.e.,
GCaMP6), we can track changes in regional activity and inter-region correlated activity
longitudinally. This is an excellent tool to examine regional and network changes induced by
neuropsychiatric diseases—which are typically chronic disorders.
Recent work in our lab demonstrates a wide-scale increase in functional connectivity in a
mouse model of depression. As such, our central hypothesis is that ECT acts to correct aberrant
hyperconnectivity observed in neuropsychiatric disorders such as major depression. The overall
goal of this project is to examine how neuronal networks change after ECT—emphasizing
effects on brain regions that are also relevant to ECT-induced memory loss. Impairment of
episodic memory is the most prominent side effect of ECT. Elucidating the changes in regional
activity and inter-region connectivity may provide insights on the mechanism of memory loss as
well as the therapeutic mechanism of ECT.
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1.1. Electroconvulsive stimulation (ECS) as an Electroconvulsive therapy (ECT) model
1.1.1. Electroconvulsive therapy (ECT): Origin and development
The inception of electroconvulsive therapy was spearheaded by Ugo Cerletti and Luigi Bini in
1938 when they demonstrated ECT in Rome for the first time (Cerletti and Bini, 1938). ECT—
the application of electrical stimulation on the scalp to induce generalized seizures with the goal
of alleviating psychiatric symptoms—has undergone a number of technical and operational
modifications since then (Leiknes et al., 2012). Originally, Cerletti and Bini used bitemporal
placement of electrodes and applied 120V sine-wave electrical current to the head (Cerletti and
Bini, 1938). Technical advances include the development of square wave, brief-pulse electrical
current devices. Operationally, modifications include change in the location of electrode
placement—bifrontal and right unilateral (in addition to bitemporal)—and the use of anesthesia
and muscle relaxant during stimulation.
Historically, ECT was administered without anesthesia, subsequently it was deemed necessary to
apply anesthetic and muscle relaxant (usually succinylcholine) during stimulation. Doing so
reduces side effects from convulsions such as bone fractures, dental and tongue injury, as well as
damage to muscles and tendons (Leiknes et al., 2012). Modified ECT—with the application of
anesthetic and muscle relaxant—has been the recommended protocol in the last decade
according to internationally established guidelines (American Psychiatric Association 2001;
Royal College of Psychiatrists 2005; Enns et al. 2010; Leiknes et al., 2012).
ECT electrode placement is a major determinant of the spatial distribution of induced electric
field and relative degree of stimulation of different brain regions (Peterchev et al., 2010). When
electrodes are close together, i.e., during right unilateral ECT, the maximum cortical electric
field lies between the two electrodes (Peterchev et al., 2010), and increasing electrode proximity
increases focality at the cost of more surface current (Datta et al., 2008)—resulting in more
2

current shunting across the scalp and weaker electric field in the brain (Peterchev et al., 2010).
On the other hand, when electrodes are widely-spaced—ie., during bitemporal ECT—this results
in diffuse modulation with bi-directional radial modulation under each electrode and tangential
modulation between electrodes (Datta et al., 2008). The most intense seizure activity is seen in
brain regions with the highest electrical current density (Swartz and Nelson, 2005). Alterations in
electrode placement have been done in an effort to target specific structures that putatively
confer therapeutic benefit while avoiding or minimizing involvement of regions that may
contribute to side effects such as memory impairment.
The technical and operational modifications in ECT have been implemented to improve patient
safety and to attenuate adverse effects while maintaining therapeutic benefit.
1.1.2. Clinical applications
Originally, ECT was used in the treatment of schizophrenia (Leiknes et al., 2012). In 1941, the
efficacy of ECT for patients with depression and mania was established (Hemphill and Walter
1941). Nowadays, ECT is used worldwide as one of the most effective treatments for a number
of severe, treatment-resistant disorders (Kerner and Prudic, 2014). As for current applications of
ECT, it has been shown to improve response rates in drug-resistant disorders with depressive,
manic, and catatonic states (Perugi et al, 2017, Baghai 2008, Gitlin, 2006). It also imparts
clinical improvement in patients with schizoaffecgtive disorder (Gitlin, 2006) and especially
depression with psychotic features (Rothschild, 2013, Baghai 2008, Petrides et al., 2001). ECT
has also been shown to be effective in the fast symptomatic relief of suicidal ideation and
behaviour. A study by Kellner et al., (2005) demonstrated absence of suicidal intent after the
third treatment. Additionally, when depression, mania, and psychotic symptoms occur during
pregnancy or the post-partum breastfeeding period whereby oral medications are precluded due
3

to systemic side effects, ECT remains a practicable first-line treatment option (Baghai and
Moller, 2008). Aside from psychiatric disorders, ECT also provides clinical improvement in
neurodegenerative disorders, particularly Parkinson’s disease. In humans, ECT has been shown
to improve motor performance (Kennedy et al., 2003) and ECS has also been demonstrated to
enhance gross motor function in a rat model of Parkinson’s diseases (Strome et al., 2007).

1.1.3. How ECT is applied in humans
The modern clinical application of ECT is a result of decades of research to improve patient
safety and attenuate adverse effects while maintaining therapeutic benefit. In this section we
discuss current stimulus parameters and contemporary practice of ECT.
Stimulus parameters
Stimulus parameters include waveform, pulse width, frequency, train duration, and amplitude.
Brief pulse stimulus has replaced sine wave stimulus since 2001 as sine wave produced worse
cognitive impairment than brief pulse stimulus (Kerner and Prudic, 2014). Sine wave currents
consist of a continuous stream of electricity which flows in alternating directions (i.e., positive and
negative). This continuous flow of current results in more electrical charge than is necessary to
elicit a seizure (Andrade, 2010). On the other hand, brief pulse stimulus is characterized by
rectangular pulses of current separated by brief periods without electrical activity. Pulse width
refers to the duration of each pulse and is measured in milliseconds. Brief pulse stimulus has a
pulse width of 0.5–2.0 milliseconds (Kerner and Prudic, 2014). The number of alternations
between positive and negative current flow (number of cycles per second) is referred to as
frequency—this ranges from 10-140 Hz (Kibret et al., 2018). Train duration refers to the length of
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time the entire series is delivered (i.e., to complete one cycle which includes both positive and
negative current flow). Stimulus duration is measured in seconds and can range from 0.5-4 seconds
(Devanand et al., 1998). Amplitude is the current strength during the pulse, measured in amperes
(A) or milliamperes (mA), and is usually fixed at the ECT device maximum (i.e., 800 mA or 900
mA) (Peterchev et al., 2010).
Titration and dosing
The total number of pulses is a key parameter for seizure induction—every ECT pulse results in
depolarization of a large number of neurons and when a sufficient number of pulses is delivered,
the cumulative effect at the neuronal level yields a seizure. Peterchev et al. (2010) describes how
titration and dosing is done in humans: Contemporary ECT devices regulate the dose by adjusting
the number of pulses. This is done through varying the stimulus duration and/or frequency. The
number of pulses is equal to the product of the train duration and frequency.
(number of pulses) = (train duration) × 2 × (pulse-pair frequency) = (train duration) × (pulse
frequency)
The summary metric used to described ECT dose in modern devices is the tota charge. Totally
charge is equal to the product of the current amplitude, pulse width, frequency, and stimulus
duration.
(charge) = (current amplitude) × (PW) × 2 × (pulse-pair frequency) × (train duration)
Electrode placement
ECT electrode placement is a major determinant of the spatial distribution of induced electric
field and relative degree of stimulation of different brain regions (Peterchev et al., 2010).
Different electrode configurations include: bitemporal, bifrontal, and right unilateral (RUL). In
5

modern ECT application, bifrontal and right unilateral are most commonly used since it leads to
less cognitive impairment compared to bitemporal placement (Bailine et al., 2000; Delva et al.,
2000).
Anesthesia and muscle relaxants
Historically, ECT was administered without anesthesia, subsequently it was deemed
necessary to apply anesthetic and muscle relaxant during stimulation. Doing so reduces side
effects from convulsions such as bone fractures, dental and tongue injury, as well as damage to
muscles and tendons (Kerner and Prudic, 2014; Leiknes et al., 2012). Modified ECT—with the
application of anesthetic and muscle relaxant—has been the recommended protocol in the last
decade according to internationally established guidelines (American Psychiatric Association
2001; Royal College of Psychiatrists 2005; Enns et al. 2010; Leiknes et al., 2012). The standard
anesthetic agent used in ECT is Methohexital and the most common muscle relaxant used is
succinylcholine (Kerner and Prudic, 2014).

1.1.4. Electroconvulsive stimulation (ECS): How ECS is applied in mice
ECS stimulus parameters
The stimulus parameters used in this study are: 20-25 mA, 50 Hz, 0.5 ms pulse width
current with 0.5 second duration. These parameters were chosen based on the ability to induce
tonic-clonic seizures in GCaMP6 mice based on preliminary experiments. Additionally, the
current amplitude in this study is close to the 15.3 mA that simulates a median electric field of
800 mA in human ECT (Bernabei et al., 2014); as it is slightly higher, it likely more closely
simulates median electric field of 900 mA, the other common amplitude used in clinical ECT.

6

Stimulus titration in animal models
Compared to human application that titrates ECT by varying pulse duration and/or
frequency, ECS animals models typically titrate the stimulus by varying pulse amplitude.
Titration by regulating pulse amplitude was the strategy used in this study—applying 20-25 mA
of current. 50 Hz, 0.5 ms pulse width current with 0.5 second duration. These parameters were
chosen based on the ability to induce tonic-clonic seizures in GCaMP6 mice and previous studies
that used similar parameters. In addition, since pulse amplitude controls the volume of neural
tissue directly activated by the induced electric field and amplitude titration could reduce adverse
effects during seizure threshold titration procedure. A stepwise rise in pulse amplitude leads to a
gradual increase in volume of neural tissue that is activated until a seizure is elicited (Peterchev
et al., 2010); hence, avoiding excessive stimulation of larger portions of the brain than is
necessary to induce a seizure.

Electrode placement (auricular, corneal, implanted frontal lobe electrodes)
Electroconvulsive stimulation (ECS) is an animal model of ECT. There are three
electrode placements used for ECS: earclip, corneal, and more recently, screw electrodes above
the motor cortex (Theilmann et al., 2014). Each of these electrode configurations have their own
advantages and disadvantages.
It is important to note how electrode placement in animal models compare to human ECT
since electrode placement is a crucial determinant of the spread of induced electric field and the
relative degree of stimulation of different brain regions (Peterchev et al., 2010). Ear clip
electrode is the most commonly used placement (van Buel et al., 2017, Bernabei et al., 2014,
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O’Donovan et al., 2014, Weber et al., 2013)—due to its relative ease of application and the
requirement of only one experimenter to apply stimulations (versus two for corneal electrodes).
A computational model (i.e., a high-resolution finite element mouse model) reveals that to
simulate the median electric field of 800 mA in human ECT, the electrode current in the mouse
should be set at ~15 mA (Bernabei et al., 2014). Since in human ECT current amplitude is fixed
at the device maximum of either 800 or 900 mA (Lee et al., 2016, Deng et al., 2011), the 15.3
mA estimate in median current is close to the 18-25 mA current strength used in previous mouse
ECS studies (Bernabei et al., 2014, Chung et al., 2013, Sakaida et al., 2013). However, that
computational model shows that the strongest electric field induced by ear clip electrodes is
towards posterior brain regions (i.e., cerebellum and midbrain) (Bernabei et al., 2014), while
corneal and cortical electrode placement induces the strongest electric field in frontal brain
regions. The differences in spatial distribution of current—strongest in posterior or anterior brain
regions for auricular electrodes or corneal and frontal electrodes, respectively, present a major
disadvantage for the former and a major advantage for the latter.
On the other hand, corneal and cortical electrode placements also present inherent risks.
Repeated application of electrodes to the eyes presents the potential for causing injury to the
cornea and surgically implanting cortical electrodes carries the risk of accidentally damaging the
cortex. Theilmann et al. (2014) implanted screw electrodes in rats. Doing something similar
would be less practicable for this study wherein mice are used—the skull and dura mater are
substantially thinner in mice compared to rats (Yoder, 2002). This would pose a greater risk of
accidental cortical damage in mice.
Despite differences in localization of the strongest electric field between auricular versus
corneal or cortical electrode placement, it has been previously shown that they result in similar
8

behavioural and molecular changes. First, both corneal and auricular ECS induce behavioural
seizures of similar duration (Ferraro et al., 1990). Second, cortical (Theilmann et al., 2014),
corneal (Lloyd and Sattin, 2015), and auricular (Chang et al., 2017) ECS induce antidepressantlike effect on animal models of depression. Lloyd and Sattin (2015) demonstrates that both
auricular and corneal electrode stimulations have equal antidepressant-like properties based on
the forced swim test—a widely used measure of antidepressant efficacy (Chang et al., 2017).
Third, both corneal and auricular ECS lead to an increase in GABA levels across many brain
regions, though with a few regional differences. Auricular ECS increased GABA levels in the
following examined regions: frontal cortex, hypothalamus, olfactory bulbs, substantia nigra, and
striatum; while no significant change was seen in the hippocampus and nucleus accumbens.
Corneal ECS led to increased GABA levels in the hippocampus, frontal cortex, hypothalamus,
and olfactory bulbs; a significant decrease in the nucleus accumbens; and no change in the
substantia nigra and striatum (Ferraro et al., 1990). At first glance, this may indicate that
different electrode placements alters the pattern of regional changes in GABA levels induced by
ECS. Alternatively, it is possible that this may be a function of differences in current intensity as
rats undergoing corneal ECS needed ~4 times higher current to induce behavioural seizures
compared to rats receiving auricular ECS (Ferraro et al., 1990). However, this seems unlikely to
be the case since maximal ECS seizure patterns are observed after current application at lower
intensities—only 20% above minimal seizure threshold (~25 mA). Moreover, once seizure is
initiated the discharge is independent of the stimulus (Ferraro et al., 1990). These changes in
GABAergic alterations may play a role in the therapeutic mechanism and/ or unwanted
consequences of ECT (i.e., transient memory loss). Previous studies report deficiencies in GABA
levels in the cerebrospinal fluid (Gerner and Hare, 1981) and plasma (Petty and Sherman, 1984)
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of patients with major depression and also in animal models of depression (Lushcher et al.,
2011).
Taken together, the auricular electrode placement is used for this study due to: 1) its
relative ease of use; 2) the ability for one experimenter to apply stimulations; 3) its non-invasive
nature; 4) behavioural (i.e., antidepressant-like effect, seizure duration) and 5) molecular changes
(i.e., region-specific increase in GABA levels) that are similar to corneal and/or cortical
electrode placement.
Anesthesia and muscle relaxant
In this study, ECS was done on awake animals without anesthesia and muscle
relaxant. There were no signs of injury or lasting discomfort after the stimulation—animals were
active, grooming, socializing, and feeding. Anesthetics can cause drug-dependent and dosedependent neurophysiological changes (Paasonen et al., 2018; Ciobanu et al., 2012).
Importantly, several recent studies demonstrate differences in functional network properties
between awake and anesthetized animals (Barttfeld et al., 2015, Hamilton et al., 2017, Jonckers
et al., 2014, Liang et al., 2015, Ma et al., 2017). Recent work by Paasonen et al. (2018) reports
the most comprehensive dataset of how six commonly used anesthesia protocols affect resting
state fMRI (rsfMRI) functional connectivity and they show that all six anesthetics studied
significantly suppressed functional connectivity of either the thalamus or hypothalamus of rats.
This suggests modulation of thalamo-cortical activity by anesthetics. Moreover, they
demonstrated that some anesthetics significantly suppressed BOLD spectral power.
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Thus, we avoided the confounding effects of anesthetics on functional connectivity and signal
spectral power by applying ECS and imaging cortical calcium activity in awake animals.
We evaluated the effectiveness of seizure induction using the Racine scale. Hence, we
chose to forgo using muscle relaxants to permit visual observations and ratings of motor seizure
behaviour.
1.2. Biophysical mechanisms of ECT
This section briefly discusses the biophysics of ECT, including neural response to the
induced electric field and mechanisms of seizure induction. The ECT device applies an electrical
current across the electrodes and this induces an electric field. Electrode configuration and head
anatomy (i.e., conductivity of the various tissues in the head) determines the electric field
distribution in the brain—that is, the strength of electric field in one region of the brain versus
another (Peterchev et al, 2010). The strength of the electric field and the volume (Deng et al.,
2009) of activated neural tissue can be modulated by adjusting the current amplitude. Hence, the
ECT operator can control the electric field characteristics by manipulating the electrode
configuration and the stimulus parameters. For a discussion on empirical evidence on the role of
individual stimulus parameters (i.e., pulse amplitude, shape, width, frequency, number of
pulses), the reader is referred to Peterchev et al. (2010).
1.2.1. Electric current waveform and neural response to induced electric field
In addition to electrode configuration, neural response to ECT is modulated by
characteristics of the electric current waveform applied through the electrodes. The ECS unit
used in this study, similar to modern ECT devices, produces trains of rectangular constantcurrent pulses with alternating polarity. The waveform is characterized by amplitude (the current
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strength during the pulse), pulse width (PW, the duration of each pulse), pulse-pair repetition
frequency (the number of pairs of a positive and a negative pulse per second), and stimulus train
duration. The stimulus parameters used in this study are: 20-25 mA, 50 Hz, 0.5 ms pulse width
current with 0.5 second duration. These parameters were chosen based on the ability to induce
tonic-clonic seizures in GCaMP6 mice based on preliminary experiments. Additionally, the
current amplitude in this study is close to the 15.3 mA that simulates a median electric field of
800 mA in human ECT (Bernabei et al., 2014); as it is slightly higher, it likely more closely
simulates median electric field of 900 mA, the other common amplitude used in clinical ECT.
The induced electric field causes depolarization and hyperpolarization of neuronal
membranes (Peterchev et al., 2010). Which response ensues (depolarization versus
hyperpolarization) depends on the polarity of the given stimulus—as the ECT device produces
current pulses of alternating polarity, the response is alternating between the two electrodes.
Right after the first stimulus pulse, the brain region near the electrode which first delivers anodal
pulse hyperpolarizes while the brain region near the opposite electrode, which delivers cathodal
pulse first, depolarizes (Bai et al., 2012). Action potentials are initiated beneath the electrode that
delivers cathodal pulse, with an overshoot of over 40 mV. The volume of activated brain region
transiently expands until it reaches a maximum spatial extent of 1.3- 1.5 cm below the cortical
surface. As the activated region reaches late repolarization phase, the activated region ceases to
expand. Then, as the second pulse is generated (anodal), the previously activated region begins
to hyperpolarize while the contralateral side (receiving cathodal stimulation in the second pulse)
begins to depolarize (Bai et al., 2012).
Aside from the polarity of the electrical pulse, current amplitude and pulse width also
modulate neural response to the induced electric field. Decreasing the current amplitude by
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almost half (i.e., 500 mA instead of the usual 800 mA) decreases the surface area of the excited
region as well as the depth of penetration from 1.5 cm to <1 cm from the cortical surface.
Additionally, it increases the time for depolarization to reach threshold. In a similar manner,
Decreasing pulse width (from the default 1 msec to 0.6 msec) also decreases the volume of
excited region, decreases the depth of penetration, while increasing depolarization to threshold
time (Bai et al., 2012).

1.2.2. Mechanisms of seizure initiation and propagation
ECT induces generalized seizures in controlled conditions and one important question is
whether generalized seizures involve simultaneous activation of separate focal areas or seizure
activity begins in one region then propagates to others. Imaging using single photon emission
computed tomography (SPECT) during ECT—which reveals cerebral blood flow (CBF) at the
time of tracer injection— Enev et al. (2007) demonstrate that 0 s after ECT stimulus is applied,
there is increased CBF near the regions of the bitemporal stimulation electrodes, putamen, and
thalamus. Interestingly, the late ictal group, wherein the tracer is injected 30 s after ECT stimulus
application, shows increased CBF in bilateral parietal and occipital cortices with decreased CBF
in the bilateral cingulate gyrus and left dorsolateral prefrontal cortex. The findings support the
hypothesis that generalized seizures involve activation of specific brain regions with subsequent
propagation of activation to other regions.
What mechanisms are involved in seizure initiation and propagation?
Seizure initiation involves two concurrent events: 1) high-frequency bursts of action potentials,
and 2) hypersynchronization of action potentials of a neuronal population. At the single neuron
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level, epileptiform activity is characterized by sustained neuronal depolarization that lead to a
burst of action potentials. The bursting activity resulting from prolonged depolarization is
mediated by the influx of extracellular Ca2+, subsequently opening voltage-gated Na+ channels,
leading to influx of Na+, generation repetitive action potentials (Bromfield et al., 2006). The
hyperpolarizing afterpotential that follows is mediated by GABA receptors and Cl- influx or K+
efflux, depending on cell type (Bromfield et al., 2006).
When there is sufficient activation to recruit surrounding neurons, seizure propagation—
the process by which a seizure spreads across brain regions—occurs. This propagation of burst
activity is normally subdued by intact hyperpolarization and surround inhibition by inhibitory
interneurons; however, with sufficient activation surrounding neurons are recruited through: 1)
increased extracellular K+, which dampens the extent of hyperpolarizing outward K+ currents,
tending to depolarize neighboring neurons; 2) accumulation of Ca++ in presynaptic terminals,
leading to enhanced neurotransmitter release; and 3) depolarization-induced activation of NMDA
receptors, which causes more Ca++ influx and neuronal activation (Bromfield et al., 2006).

1.3. Hypotheses and objectives
Recent work in our lab demonstrates a wide-scale increase in functional connectivity in a
mouse model of depression (McGirr et al., 2017). As such, our central hypothesis is that ECT
acts to correct aberrant hyperconnectivity observed in neuropsychiatric disorders such as major
depression. The overall goal of this project is to examine how neuronal networks change after
ECT—emphasizing effects on brain regions that are also relevant to ECT-induced memory loss
since impairment of episodic memory is the most prominent side effect of ECT.
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Research hypotheses
1) ECS modulates the frequency of neural oscillatory activity in a region-specific
manner, and will have the greatest impact on memory-related regions
2) ECS decreases functional connectivity in a depression-related network (i.e., default
mode network)
Research objectives
1) To examine how ECS modulates the frequency of neural oscillatory activity in
multiple cortical regions
2) To investigate how ECS modulates functional connectivity, particularly in a
depression-related network (i.e., default mode network)
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Chapter 2: METHODS
2.1. Animals
Transgenic GCaMP6 mice (n = 12, 6 males, 6 females) were used for longitudinal
imaging experiments. These were generated by crossing Emx1-cre (B6.129S2Emx1tm1(cre)Krj/J, Jax #005628), CaMK2-tTA (B6.Cg-Tg(Camk2a-tTA)1Mmay/DboJ, Jax
#007004), and TITL-GCaMP6s (Ai94; B6.Cg-Igs7tm94.1(tetO-GCaMP6s)Hze/J, Jax #024104)
strains (Madisen et al., 2015). This crossing is expected to produce stable expression of
GCaMP6s (Tian et al., 2009; Chen et al., 2013) within all excitatory neurons across all cortical
layers (Vanni and Murphy, 2014). Each animal was genotyped through PCR amplification before
use in experiments to assess presence of GCaMP expression.
The housing facility had a 12:12 light-dark cycle, with lights on at 07:00 h. Prior to and
during imaging and stimulation experiments, mice were housed in groups of two-four. All mice
had ad libidum access to water and standard laboratory mouse diet. Animal protocols were
approved by the University of British Columbia Animal Care Committee and were in accordance
with the Canadian Council for Animal Care guidelines.
2.2. Chronic window surgery
Animals were anesthetized with isoflurane (2% in pure O2) and a through-bone
transcranial window was installed as previously described (Vanni et al., 2017, Silasi et al., 2016).
Briefly, after locally anesthetizing the scalp with lidocaine (0.1 ml, 0.2%), the skin covering the
skull was removed and a glass coverslip was applied using Metabond clear dental cement
(Parkell, Edgewood, NY, USA; Product: C&B Metabond). A steel bar was attached such that
there was a 4-mm posterior space between the bar edge and bregma—this is for future headfixation during recordings. This window permits recording of wide-field fluorescence in a
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regions covering up to 10x10 mm field of view. Moreover, this imaging window allows
longitudinal, repeated imaging sessions from mice extending several months.
2.3. Experimental design
After chronic window surgery, we generally wait 7 days before head-fixed imaging to
provide time for the incision to heal. Within this time, mice are handled and habituated to the
earclip electrodes used for electroconvulsive stimulation. After removing the electrodes, mice are
then gently coaxed into the plexiglass tube to habituate them to the head-fixing apparatus and
imaging chamber. After 5 days of habituation, baseline imaging is done for 5 days. Then, ECS
was done once per day, every other day, for a total of 10 sessions. This simulates clinical ECT
timelines. Imaging was done every single day, both during on and off ECS days, until the end of
10 ECS sessions—for a total of 25 recordings. Imaging sessions last for 20 minutes each time.
2.4. Electroconvulsive stimulation (ECS)
Electrical pulses used to induce ECS were generated by a rodent electroconvulsive device
(ECT Unit model 57800; Ugo Basile) and delivered through padded earclip electrodes soaked in
saline. The stimulus parameters are as follows: 1 s stimulus duration, 0.5 ms pulse width, 50 Hz
frequency, current amplitude at 20-25 mA. Preliminary experiments showed that these
parameters induce tonic-clonic seizures lasting approximately 20 s in GCaMP6 mice. Sham
animals were handled identical to ECS animals, including attachment of saline-soaked earclip
electrodes, without passing electrical current.
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2.5. Head-fixation apparatus and imaging chamber
The head-fixation apparatus was designed to provide reproducible fixation of mice with
head bars onto steel mounts with indentations. Adjacent to the head-fixing mount, a clear
Plexiglass tube (28 mm diameter) was attached to an aluminum baseplate which provides a snug
chamber for the mouse to rest during imaging sessions. Following 5 sessions of handling and
habituation to the Plexiglas tube, mice can be gently coaxed into the fixation tube. Once the head
bar is positioned into the indentation of the head-fixing mount, a sliding panel is tightened on top
of the steel mount to secure the head bar using a bolt at the end opposite the indentation. This
eliminates movement of the head during recordings. Behavioural imaging of mice under infrared
illumination shows that mice do not exhibit much active behaviour during imaging sessions,
once habituated. During recordings, mice were placed in an enclosed sensory-isolated imaging
recording chamber that was kept dark and insulated with acoustic foam to further reduce ambient
sounds.
2.6. Spontaneous wide-field calcium imaging in awake mice
Wide-field imaging was performed using a multi-wavelength strategy in order to correct
for epifluorescence signals associated with non-calcium dependent events, as previously
described (Xiao et al., 2017 ). Previous work (Ma et al., 2016; Wekselblatt et al., 2016, Sirotin,
2010) inspired this strategy. Hemodynamic correction is done to offset potential cross-talk
effects between fluorescence signal and dynamic changes in absorption of light. Neural activity
is accompanied with functional increase in blood volume or oxygenation through the process of
neurovascular coupling (Hillman, 2014) and hemodynamic changes have been shown to
attenuate detected fluorescence and contaminate fluorescence recordings (Ma et al., 2016). A
large contributor to changes in the signal from diffusely reflected light—pertaining to light that
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enters the brain, scatters within the cortex, and emerges from the same surface to reach the
camera—is hemoglobin absorption (Malonek and Grinvald, 1996).
Our strategy employs a short blue wavelength reference light that is near an isosbestic
point of hemoglobin absorption—meaning oxygenated and deoxygenated hemoglobin has the
same absorption values—thus, making the signal independent of oxygenation and essentially
representing changes in local blood volume. We utilized a Raspberry Picam RGB sensor
(Waveshare Electronics RPi Camera F) to independently resolve signals attributed to blood
volume changes as blue reflected light, while simultaneously collecting green epi fluorescence
(GCaMP6). A 10 mm diameter Chroma 69013m multi-band filter was mounted over the image
sensor allowing blue, green, and red signals to be simultaneously obtained in separate channels
of the camera RGB sensor with less than 10% cross talk between channels. We used Luxeon
LEDs: (1) Royal-Blue (447.5 nm) LUXEON Rebel ES LED with added Brightline Semrock
438/24 nm filter to provide a short blue wavelength reflected light signal that is expected to
report blood volume changes; (2) a blue 473 nm Luxeon Rebel ES LED for excitation of
GCaMP6 with a Chroma 480 nm/30 nm excitation filter. Preliminary analysis done by Xiao et al.
(2017), demonstrates that the short blue signal correlated with apparent blood volume artifacts
that were done in experiments that recorded green reflectance signal in parallel with blue
reflectance. Imaging was done for 20 minutes. 24-bit RAW RGB image sequences were
collected at 30 Hz temporal resolution, 33.3 ms exposure, and auto-white balance turned off.
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2.7. Image processing
Data Preprocessing
Data were imported and analyzed using MATLAB (Mathworks, Inc. Natick, MA).
Multiple recordings of each mouse across days (i.e., baseline, ON-stimulation, and OFFstimulation days) were registered by calculating the spatial shift (X, Y) and rotation relative to
the first recording using autocorrelation (Murphy et al., 2016, Vanni et al., 2017). For subsequent
analyses (i.e., correlation, partial directed coherence, power calculation, etc.), results for time
points of interest ((i.e., baseline, ON-stimulation, and OFF-stimulation days) were averaged
across days per mouse before being averaged between mice (i.e., ECS versus Sham) for group
comparison.
GCaMP fluorescence and short blue reflectance signals were expressed as fractional
change relative to baseline (ΔF/F0 ) to account for slight differences across pixels in expression,
illumination, and detection (Wekselblatt et al., 2016) due to the curvature of the brain at midline
and along lateral edges (Silasi et al., 2016). This entails averaging across all frames for each
recording to establish a baseline, then the change in fluorescence or reflectance signals from this
averaged baseline was calculated for each frame.
The short blue reflectance image stacks were used to normalize fluorescence image to
account for changes in absorbance due to hemodynamic coupling. This is important since the
excitation and emission bands of GCaMP overlap with varying absorption bands of oxygenated
and deoxygenated Hb and decrease the detected fluorescence signals (Ma et al., 2016).
Hemodynamic correction was done by subtracting the fraction fluorescence of short blue
reflectance from GCaMP fluorescence as previously described by Wekselblatt et al. (2016).

20

2.8. Spectral analysis
To explore the spectral features of calcium signals, the Fourier transform was processed
on the fluorescence images (Vanni et al., 2017, Vanni et al., 2010a,b). This imparts the ability to
examine the relative contributions of various frequencies to the overall (calcium) signal
(Wallisch et al., 2009). The regional spectral changes associated with a specific frequency band
was measured by averaging the power amplitude of Fourier on each pixel of the regions of
interest. The frequency bands of interest include: delta (1-4 Hz), theta (4-7 Hz), and alpha (8-12
Hz). These analyses were performed on the full 20 min recordings.
2.9. Network analysis
To infer functional connectivity, 12x12 connectivity matrices were generated from
Pearson correlation coefficients of spontaneous GCaMP ΔF/F0 activity from 12 ROIS (6 ROIs
per hemisphere) using custom MATLAB scripts. Pearson r values are based on temporal profiles
between one pixel—selected as a seed per ROI—and all other ROI seeds (Mohajerani et al.,
2013; Vanni and Murphy, 2014). The following ROIs were characterized: primary motor area
(M1), barrel cortex (BC), forelimb somatosensory area ( FL), hindlimb somatosensory area (
HL), parietal association area (PT), and retrosplenial area (RS). ROI coordinates were defined
according to the Allen Institute Atlas and previous studies (Vanni and Murphy, 2014). Selfcorrelation among ROIs and symmetrical correlations across the diagonal (i.e., upper triangle of
correlation values in connectivity matrices) were not included.
Data from the connectivity matrix was used to generate network diagrams. Scripts from
the brain connectivity tool box (http://www.brain-connectivity-toolbox.net; Rubinov and Sporns,
2010) were incorporated into the custom MATLAB scripts to create a network diagram based on
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the differences from baseline in each condition. A consistent threshold across groups was applied
to create network diagrams with only the strongest GCaMP responses. Node size is proportional
to the strength of the connections per node (i.e., sum of weights of links connected to the node)
and edge thickness between nodes is proportional to the weight of the connections between
nodes. Network diagram edges (i.e., links) were color coded to demonstrate changes in network
connections over time: red indicates a decrease in strength, green indicates an increase in
strength, and gray represents a marginal change (<10%) in strength.
2.10. Statistical analysis
Within-group repeated measures ANOVA, with Bonferroni’s post hoc test, were done to
elucidate pre-post region-specific changes in power in delta, theta, and alpha bands for each
group (ECS and Sham). All values are reported as mean± standard error of the mean (SEM),
with a significance value of p < 0.05. Additionally, to compare changes in power per ROI
between ECS and Sham, unpaired t test was also calculated. Node strength between-group
comparisons per ROI were also done using unpaired t test. The cumulative probability
distribution of correlation parameters derived from matrices for functional connectivity analysis
was done using one-sample Kolmogorov–Smirnov test.
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Chapter 3: RESULTS
Wide-field chronic windows permit a repeated imaging design using GCaMP mice—
recording spontaneous cortical activity at three time points: baseline, acute, and 24h post
stimulation. Additionally, imaging using GCaMP6 mice allows longitudinal recordings of
intracellular calcium which reflect changes in neuronal spiking activity while imaging at a
mesoscale captures dynamics of neuronal populations across brain regions. This enables
assessment of changes in regional activity and inter-region connectivity after ECS. Figure 1
illustrates the experimental paradigm including mouse strain (Figure 1A), timeline of
experiments (Figure 1B), regions of interest (Figure 1C, 1D), and stimulation and imaging setup
(Figure 1E, 1F).
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Figure 1 | Experimental design. (A) Schematic illustrating the approach used to generate Emx1cre-CaMKII- GCaMP6s transgenic mice. This crossing is expected to produce stable expression
of GCaMP6s (Tian et al., 2009; Chen et al., 2013) within all excitatory neurons across all cortical
layers (Vanni and Murphy, 2014). (B) Timeline of experiments. First, animals were handled and
habituated to the 1) earclip electrodes used for electroconvulsive stimulation (ECS), 2) headfixing apparatus, and 3) imaging chamber. After 5 days of habituation, baseline imaging is done
for 5 days. Then, ECS was done once per day, every other day, for a total of 10 sessions.
Imaging was done every single day, both during on and off ECS days. (C) Representative view
through chronic cranial windows for GCaMP6 imaging. (D) Schematic representation of the
regions of interest over a single hemisphere. (E) Head-fixation apparatus and imaging chamber.
(F) ECS apparatus and stimulation chamber. Electrical pulses were generated using a rodent ECS
device (ECT Unit model 57800; Ugo Basile). Stimulation was done in a foam-lined box. Ictal
and post-ictal behaviour was recorded using a Pi camera controlled by Raspberry pi.
24

3.1. Region-specific changes in power varies across frequency bands after ECS
We sought to determine the effects of ECS on power within the following frequency
bands: delta (1-4 Hz), theta (4-7 Hz), and alpha (8-12) Hz. Performing Fourier transform on each
pixel individually (Vanni et al., 2010a,b), brain activity associated with each specific frequency
band was measured by averaging the power amplitude of Fourier within a frequency window.
The Fourier transform decomposes a time series signal (i.e., GCaMP recording) into its
constituent frequency components and these frequency components can then be grouped into
bands. The absolute value of the decomposed signal represents power—which measures the
amount of variance that frequency contributes to the original data. These analyses were
implemented on the full 20 min recordings using modified custom MATLAB scripts (Vanni et
al., 2017).
3.1.1. Delta (1-4 Hz)
Within-group repeated measures ANOVA reveals region-specific changes in power in the
delta band after ECS. There are significant pre-post increases in power in M1, BC, and RS
acutely post stimulation, which is maintained 24h after. (Figure 2 A,C ) ( ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, with Bonferroni’s post hoc test). The Sham group did not show any significant
difference from baseline in both the acute and 24h period. Additionally, of the ROIs that showed
significantly increased power in the delta band after ECS, only RS had a significantly higher
power upon comparing to Sham acute effects (unpaired t test: p= 0.025353644 ). This between
group difference was undetectable after 24h.

25

Figure 2 | ECS increases delta power in M1, BC, and RS. (A) Delta power per ROI after ECS
(acute), ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, within-group repeated measures ANOVA (baseline
and acute post ECS or baseline and 24h post ECS) with Bonferroni’s post hoc test. (B and D)
Sham delta power per ROI in the acute and 24h period, respectively. (C) Delta power per ROI
after ECS (24h), ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, within-group repeated measures ANOVA
with Bonferroni’s post hoc test, (n = 6, Sham versus n = 6, ECS). Delta is normalized by total
power of the Fourier transform. Error bars reflect standard error of the mean (SEM). Results
reflect mean power from 10 ECS on (acute) and off (24h) days.

3.1.2. Theta (4-7 Hz)
Within-group repeated measures ANOVA in the theta band reveals increase in power in
BC acutely after ECS and this increase persists 24h after (Figure 3 A, C) ( ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, with Bonferroni’s post hoc test). On the other hand, upon comparing between
groups, the RS shows a significant increase in power in the acute post-stimulation period
(unpaired t test: p= 0.016458805) and PT is approaching significance (unpaired t test: p=
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0.06784686). and this between group difference in RS and PT is not statistically significant 24h
after (unpaired t test p= 0.084437417, p=0.182647926, respectively).

Figure 3 | ECS increases theta power in BC. (A) Theta power per ROI after ECS (acute), ∗p <
0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, within-group repeated measures ANOVA (baseline and acute
post ECS or baseline and 24h post ECS) with Bonferroni’s post hoc test . (B and D) Sham Theta
power per ROI in the acute and 24h period, respectively. (C) Theta power per ROI after ECS
(24h), ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, within-group repeated measures ANOVA with
Bonferroni’s post hoc test, (n = 6, Sham versus n = 6, ECS). Theta is normalized by total power
of the Fourier transform. Error bars reflect standard error of the mean (SEM). Results reflect
mean power from 10 ECS on (acute) and off (24h) days.

3.1.3. Alpha (8-12 Hz)
Notably, compared to other frequency bands, it is evident that the change in power in the
alpha band has an opposite effect—a decrease in power in multiple ROIs in both ECS and Sham
animals. Within-group repeated measures ANOVA demonstrates a decrease in power in BC, FL,
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HL, and RS acutely after ECS, while showing a decrease in power in across all ROIs in animals
acutely after Sham treatment (Figure 4A, B) ( ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, with
Bonferroni’s post hoc test). 24h after, there is a decrease in power across all ROIs in both ECS
and Sham mice (Figure 4 C, D) ( ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, with Bonferroni’s post
hoc test). Remarkably, upon comparing between groups per ROI, ECS animals show higher
power compared to Sham mice in BC, PT, and RS acutely after ECS (unpaired t test p=
0.044646034, p=0.040995931, p= 0.029128785, respectively). 24h after, only BC approaches
statistical significance at p= 0.074666012.

Figure 4 | Wide-scale decrease in alpha power in both ECS and Sham. (A) Alpha power per
ROI showing a decrease in BC, FL, HL, and RS after ECS (acute). (B and D) Sham Alpha
power per ROI in the acute and 24h period, respectively, showing decreased power across all
ROIs. (C) Alpha power per ROI after ECS (24h), showing a wide-scale decrease across all
ROIs. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, within-group repeated measures ANOVA (baseline
and acute post ECS or baseline and 24h post ECS) with Bonferroni’s post hoc test done on both
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ECS and Sham (n = 6, Sham versus n = 6, ECS) for acute and 24 timepoints. Alpha is normalized
by total power of the Fourier transform. Error bars reflect standard error of the mean (SEM).
Results reflect mean power from 10 ECS on (acute) and off (24h) days.

3.2. Functional connectivity
3.2.1. Acute effects: Increased functional connectivity after ECS
To infer functional connectivity changes, 12x12 connectivity matrices were generated
from Pearson correlation coefficients of spontaneous GCaMP ΔF/F0 activity from 12 ROIS (6
ROIs per hemisphere) using custom MATLAB scripts. Pearson r values are based on temporal
profiles between one pixel—selected as a seed per ROI—and all other ROI seeds (Mohajerani et
al., 2013; Vanni and Murphy, 2014). Data from the connectivity matrix was used to generate
network diagrams. As illustrated in the network diagrams, node size is proportional to the
strength of the connections per node (i.e., sum of weights of links connected to the node) and
edge thickness between nodes is proportional to the weight of the connections between nodes.
Network diagram edges (i.e., links) were color coded to demonstrate changes in network
connections over time: red indicates a decrease in strength, green indicates an increase in
strength, and gray represents a marginal change (<10%) in strength.
The network diagram illustrates a global increase in functional connection strength
between multiple ROIs acutely after ECS. (Figure 5 C, D) This is further illustrated by seed pixel
correlation maps showing enlarged territory in ECS mice relative to control mice (Figure 5 A,
B). The statistical differences in cumulative distribution of correlation parameters (r values)
derived from the connectivity matrices for functional connectivity analysis was assessed using
the Kolmogorov–Smirnov (KS) test. Initially, the two-sample KS test was done to compare
baseline r values between Sham and ECS. This revealed that there is a difference in the
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distribution of r values between groups at baseline (p = 1.1430e-05). As such, to examine
whether electrical stimulation results in a change from baseline values of connectivity
parameters, one-sample KS test was done within each group. This demonstrated a significant
increase in connection strength compared to baseline in ECS mice (one-sample Kolmogorov–
Smirnov test: p = 1.4257e-07) (Figure 5F), whereas Sham animals also show a significant
increase in connection strength compared to baseline (Figure 5E), —albeit to a lesser degree
compared to ECS (one-sample Kolmogorov–Smirnov test: p = 0.0265). However, visual
inspection of the network diagrams illustrates that there is a difference in where the increases in
connectivity are for each group—the increase in functional connectivity right after stimulation
appears more anteriorly located in ECS mice, while the increase in Sham mice appears to be
greater in posterior cortical regions. The quantification of this is described in a subsequent
subsection.
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Figure 5 | Acute effect (5-10 min post ECS): Greater increase in functional connectivity in
ECS versus Sham. (A and B) Seed pixel correlation maps showing an expansion of correlated
territories in ECS relative to Sham animals. (C) Change in inter-region correlation strength in
Sham (acute post - baseline). (D) Change in inter-region correlation strength from pre to post
ECS (acute post - baseline). (E) Sham: cumulative probability distribution analysis of
connectivity parameters (r values), p = 0.0265, one-sample Kolmogorov–Smirnov test. (F) ECS:
cumulative probability distribution analysis of connectivity parameters (r values), p = 1.4257e07, one-sample Kolmogorov–Smirnov test, (n = 6, Sham versus n = 6, ECS).
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3.2.2. 24h effects: Decreased functional connectivity after ECS
Remarkably, the network diagram illustrates a global decrease in functional connection
strength between multiple ROIs 24h after ECS—a change in the opposite direction compared to
acute effects (Figure 6C, D). Likewise, this is further illustrated by seed pixel correlation maps
showing decreased territory in ECS mice relative to control mice (Figure 6A, B). The cumulative
distribution of connectivity parameters (r values) derived from the connectivity matrices reveals
a decrease in connection strength compared to baseline in ECS mice (one-sample Kolmogorov–
Smirnov test: p = 0.0019) (Figure 6F), whereas Sham animals do not show a statistically
significant change in connection strength compared to baseline (Figure E), (one-sample
Kolmogorov–Smirnov test: p = 0.0857).
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Figure 6 | 24h effect: Decreased functional connectivity in ECS versus Sham. (A and B)
Seed pixel correlation maps showing a reduction of correlated territories in ECS relative to Sham
animals. (C) Change in inter-region correlation strength in Sham (24h post - baseline). (D)
Change in inter-region correlation strength from pre to post ECS (24h post - baseline). (E) Sham:
cumulative probability distribution analysis of connectivity parameters (r values), p = 0.0857,
one-sample Kolmogorov–Smirnov test. (F) ECS: cumulative probability distribution analysis of
connectivity parameters (r values), p = 0.0019 one-sample Kolmogorov–Smirnov test, (n = 6,
Sham versus n = 6, ECS).
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3.3. Acute and 24h changes in node strength after ECS are region-specific
Upon visual inspection of the connectivity diagrams from Figure 1, it appears that the
increase in functional connectivity right after ECS seems to be more anteriorly located, while the
slight increase in Sham mice appears to be greater in posterior cortical regions. Remarkably, 24h
after ECS, the decrease in connectivity appears to be more uniform across the dorsal cortex,
though lesser in M1. On the other hand, in Sham animals it appears to be similar to the acute
period. To quantify this, we plotted the node strength per ROI in ECS and Sham animals in both
the acute and 24h post stimulation period. This allows us to examine regional differences in
strength of connectivity after ECS. Node strength indicates the sum of weights of edges (i.e.,
links) connected to a node (i.e., brain region). Increase in weight signifies increase in strength of
connections between two nodes and increase in node strength reflects increased functional
connections between one node and all other nodes connected to it.
Indeed Figure 7 illustrates that there is an anterior trend for the greatest increase in node
strength acutely after ECS while this becomes more uniform across ROIs, with the least decrease
in M1, 24h after stimulation. When comparing between groups, there is a significant increase in
M1 in ECS versus Sham mice (unpaired t test p= 0.009954688) and 24h after, there is a
significant decrease in RS (unpaired t test p= 0.03474923). The change also approaches
significance in FL and PT (unpaired t test p= 0.061147669, p= 0.06541369, respectively). These
finding demonstrate that ECS results in an increase in strength of connectivity exhibiting an
anteroposterior gradient—with the highest increase in M1. Furthermore, 24h after ECS there is a
decrease in strength of connections between ROIs which becomes more uniform, except for M1
which shows the least decrease, and upon comparing between groups this difference is
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statistically significant in RS—which is posteriorly located. Thus, ECS effects on functional
connectivity is location specific (anterior vs posterior) and time-dependent (acute vs 24h).

Figure 7 | Acute and 24h changes in node strength after ECS are region-specific. (A and B)
Change in total node strength from baseline calculated per ROI acutely after stimulation in ECS
and Sham animals, respectively, (n = 6, Sham versus n = 6, ECS). Between group comparisons
per node shows a significant increase in M1 in ECS versus Sham mice (p= 0.009954688,
unpaired t test). (C and D) Change in total node strength per ROI 24 post stimulation in ECS and
Sham animals, respectively. Between group comparisons per node shows a significant decrease
in RS in ECS versus Sham mice (p= 0.03474923, unpaired t test).
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Chapter 4: DISCUSSION
4.1. Summary of findings
This study presents the first to achieve longitudinal imaging of neuronal spiking activity
at a population-level after ECS—with millisecond temporal resolution spanning a broad expanse
of cortex using widefield calcium imaging. The findings in this study recapitulate many large
scale functional connectivity alterations observed in humans after ECT using ECS as the
analogous animal model. In accordance with effects in humans after ECT (Wang et al., 2018,
Cano et al., 2016, Perrin et al., 2012, and Beall et al. 2012), we found a decrease in functional
connectivity 24h after ECS. Remarkably, the acute post-stimulation period reveals an increase in
functional connectivity. This study is the first to show time-dependent changes in functional
connectivity in response to ECT—notably, pioneering the ability to assess functional
connectivity changes in the immediate post-ictal period using in vivo calcium imaging. The
greatest change in node strength (i.e., the sum of weights of links connected to the node) acutely
after ECS is highest and statistically significant in M1 when compared to Sham animals. On the
other hand, this is statistically significant in RS 24h after ECS versus Sham mice. Thus, ECS
effects on functional connectivity is location specific (anterior vs posterior) and time-dependent
(acute vs 24h). In addition, the results indicate region-specific changes in power in different
frequency bands. There is a strong increase in power in delta (1-4 Hz) in M1, BC, and RS
acutely after ECS and these changes are still present 24h after. Similarly, a modest yet significant
increase in power is observable in the theta band, and it is more localized in the BC. This
increase also persists 24h after ECS. These changes in the delta and theta bands are absent in
Sham animals. Moreover, an opposite effect is seen in the alpha band (8-12 Hz) wherein there is
a large-scale decrease in power in all ROIs acutely after ECS that is still present in 24h.
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Surprisingly, this decrease is also observable in Sham animals. In fact, the decrease in alpha
power is more pronounced in Shams particularly in BC, PT, and RS.

4.2. Physiologic significance of power
To better understand the physiologic significance of regional changes in power after
ECS, it is important to first elucidate the theory behind spectral analysis based on Fourier
transform, particularly as it pertains to calcium imaging data. As an action potential triggers
calcium influx via voltage-gated calcium channels, conformational changes in GCaMP lead to an
increase in emitted fluorescence. Calcium sensors (i.e., GCaMP6) measure fluctuations in
cytosolic free calcium concentration (Grienberger and Konnerth, 2012) and these fluctuations are
recorded in the fluorescence images. The oscillation frequency of the calcium transients is
calculated by performing the Fourier transform on the fluorescence images. The Fourier
transform expresses a signal from the time domain to the frequency domain (Uhlen, 2004) as a
sum of sinusoidal components—akin to expressing a musical chord as the frequencies (or
pitches) of its constituent notes. In the case of images, these are sinusoidal variations in
brightness across the image. From the Fourier transformation of the signal, power is calculated as
the square of the amplitude of the wave (Lyons, 2010). The amplitude is a measure of how far,
and in what direction (positive or negative), a variable differs from zero (i.e. the average
brightness of the whole image) (Lyons, 2010). Since in the case of images we extract the
sinusoidal variations in brightness, then amplitude and power (i.e., amplitude squared) reflect
how far the signal varies from the average brightness of the whole image. Calcium imaging time
series are highly correlated with concurrent local field potential (LFP) recordings (Rosch et al.,
2018) which reflect the summed electric current flow from multiple nearby neurons—though
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calcium recordings have slower temporal resolution compared to LFP recordings. As such,
power—in the case of mesoscale imaging—reflects fluctuations in neuronal population activity
associated with a specific frequency or frequency band. Through the Fourier transformation of
fluorescence images, we have the ability to examine the relative contributions of various
frequencies to the overall (calcium) signal.

4.3. ECS induces region-specific slowing of activity within cortical regions
The combination of changes in power in various frequency bands provides evidence that
ECS results in region-specific slowing of cortical activity. There is a strong increase in delta
band (1-4 Hz) power in M1, BC, and RS acutely after ECS and these changes are still present
24h after. Similarly, a modest yet significant increase in power is observable in the theta band,
and it is more localized in BC. This increase also persists 24h after ECS. These changes in the
delta and theta bands are absent in Sham animals. Remarkably, an opposite effect is seen in the
alpha band (8-12 Hz) wherein there is a widescale decrease in power across ROIs acutely after
ECS that is still present in 24h. Surprisingly, this decrease is also observable in Sham animals. In
fact, the decrease in alpha power is more pronounced in Sham particularly in BC, PT, and RS.
The changes in power in delta, theta, and alpha bands recapitulate ECT effects observed
in humans and animal models. The slowing of waveforms is the most replicated finding and is
associated with positive clinical outcomes (Singh and Kar, 2017). Intracranial recordings in nonhuman primates (Cycowicz et al., 2008) and EEG recordings in humans demonstrate increased
delta band power (Fink, 2002;, Sackheim et al., 1996). Increased delta activity has been linked to
clinical efficacy (Fink, 2002;, Sackheim et al., 1996) and the onset of therapeutic response
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depends upon the rapidity as well as the extent of slowing of EEG waves (Folkerts, 1996).
Moreover, increase in theta power has also been reported after ECT—raised theta activity was
shown to be associated with attenuation of psychotic symptoms in patients with psychotic
depression (McCormick et al., 2009; Sackheim et al., 1996). Finally, Zhao et al. (2016) revealed
that ECT results in decreased alpha activity.
In this study, the regions with the most prominent slowing of neural oscillations are M1,
BC, and RS—characterized by increased delta (and theta for BC), as well as decreased alpha.
Previous retrograde, anterograde, and optogenetic photostimulation studies reveal anatomical
and functional connections between these and related regions. The retrosplenial cortex receives
inputs from M1, M2 (secondary motor), and the hippocampus (Yamawaki et al., 2016; Todd and
Bucci, 2015; Shibata and Naito, 2008). In turn, RS projects to M2, suggesting a functional link
between hippocampal networks involved in spatial memory and navigation and neocortical
networks involved in sensorimotor integration and motor control (Yamawaki et a.l, 2016).
Moreover, BC projects to both M1 (Mao et al., 2011) and RS (Zakiewicz et al., 2014); Shibata
and Naito, 2008). These cortico-cortical connections have also been associated with coupling
motor and sensory signals that might mediate sensorimotor integration and motor learning (Mao
et al., 2011). Thus, the slowing of oscillations in M1, BC, and RS after ECS provides evidence
that ECS modulates sensorimotor integration, motor control, and memory.
Oscillatory activity at various frequency bands have been linked to specific functions.
Delta band activity has been associated with learning, motivation and reward processes
(Knyazev, 2007 and Steriade et al., 1993), as well as to memory encoding and retrieval (Ekstrom
and Watrus, 2013). Theta band activity has been correlated with working memory, emotional
arousal and fear conditioning (Knyazev, 2007). Activity in the alpha band has been linked to a
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functional mechanism of attention by suppressing the processing of distracting information
(Bonnefond and Jensen, 2013) and is thought to mediate top-down inhibitory control and timing
of cortical processing (Klimesch et al., 2007).
Recent works suggest that brain regions do not have a single oscillatory rhythm (Mantini
et al., 2007); rather, a combination of these rhythms interact to enable a unified cognitive
function and coherent behaviour. At the cellular level, detailed biophysical studies illustrate that
even single neurons have complex dynamics—demonstrating the capacity to oscillate at multiple
frequencies (Mantini et al., 2007, Buzsaki and Draguhn, 2004). Large-scale integration—
referring to the series of processes whereby the brain coordinates activity distributed over distant
regions—may be generated by dynamic links among brain regions, links that are mediated by
synchrony over multiple frequency bands (Varela et al., 2001). Synchrony over different
frequency bands have been demonstrated in many contexts, highlighting the interplay between
low and high frequencies (Fries et al., 2001; von Stein et al., 2000; Bartos et al., 1999). It is
possible that different frequency bands carry complementary dimensions of the integration
process (Varela et al., 2001). These findings emphasize the importance of analyzing multiple
frequency bands simultaneously, rather than limiting analysis to one or two bands.
The cellular mechanisms and the downstream effect of the slowing of cortical oscillations
after ECT are unknown. It is plausible that the slower rhythms may provide the slower temporal
framing within which fast beta and gamma rhythms operate (Varela et al., 2001). Beta
oscillations have been shown to be robust in establishing long distance synchrony while
gamma rhythms may serve to build local patches of synchrony (Kopell et al., 2000; von Stein
et al., 1999). How the combination of changes in various frequency bands (increased delta and
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theta, decreased alpha) in specific regions interact and the subsequent effects on
neurophysiology and behaviour remain undetermined and open for further investigation.

4.4. Functional connectivity based on seed-pixel correlation
The close association between abnormalities in neuronal synchronization and cognitive
dysfunctions emphasizes the importance of temporal coordination of neural oscillations (Uhlhaas
and Singer, 2006). Thus, in addition to analyzing regional activity by computing power across
frequency bands, it is of interest to examine correlated activity between brain regions due to its
clinical relevance. Mapping resting-state functional connectivity in mouse cortex can be
performed using imaging modalities with temporal resolution spanning from sub-milliseconds, to
milliseconds, to seconds (i.e., voltage-sensitive dye imaging, wide-field calcium imaging, fMRI,
respectively). The millisecond resolution of wide-field calcium imaging permits assessment of
neural synchrony.
To examine functional connectivity, we employed seed-pixel correlation analysis. This
involves generating connectivity matrices from the cross-correlation r values between the
temporal profiles of one pixel—selected as a seed per ROI—and all other ROI seeds (White et
al., 2011; Mohajerani et al., 2013; Vanni and Murphy, 2014). This was done on the full 20
minute calcium recordings. Functional connectivity analysis was within the delta frequency
band. In humans, delta activity is observed not only during sleep or reduced alertness (Knyazev
et al., 2012, Hlinka et al., 2010), but also when at rest while awake (Alper et al, 2006, Chen et
al., 2008). In rodents, delta activity predominates during quiet wakefulness (Mohajerani et al.,
2010, 2013). Moreover, in this study, spectral analysis revealed the delta band has the most
prominent increase in power after ECS compared to other frequency bands. As such, we
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examined how ECS affects resting-state functional connectivity within the delta frequency band.
ECT effects on correlated activity between regions in other frequency bands are interesting
topics for future work.

4.5. Changes in functional connectivity after ECT are time-dependent
Numerous neuroimaging studies have provided evidence that ECT modifies connectivity
within and between functional networks in the brain. These effects may serve to normalize
aberrant neural activity within and between networks—attenuating abnormal hyperconnectivity
and correcting anomalous hypoconnectivity. The current work provides evidence that the
changes in connectivity after ECT are dynamic—starting with an acute post-ictal decrease in
connectivity and evolving to an increase in connectivity 24h after stimulation.
In accordance with effects in humans after ECT (Wang et al., 2018, Cano et al., 2016,
Perrin et al., 2012, and Beall et al. 2012), we found a decrease in functional connectivity 24h
after ECS. Remarkably, the acute post-stimulation period reveals an opposite effect. The
widescale increase in connectivity in the acute post-ictal period may reflect seizure termination
dynamics (Bauer et al., 2017, Jirsa et al., 2014, Kramer et al., 2012). Indeed, previous work
demonstrates that in the approach to seizure termination, brain electrical activity—as measured
through EEG, ECoG, and LFP—exhibit the following dynamical signatures: increased temporal
correlation, decreased dominant oscillation frequency, and flickering (i.e., when noise pushes a
bistable system back and forth between two alternative states) (Kramer et al., 2012, Scheffer et
al., 2009). Additionally, Jirsa et al. (2014) show that spikes—referring to afferent signals that
produce post-synaptic potentials reflecting population dynamics—continue after the end of the
seizure and is characterized by logarithmic scaling of interspike intervals from seizure offset. In
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line with previous work, we found a widespread increase in functional connectivity—based on
seed pixel correlation—in the acute post-ictal period. We also found evidence for decreased
dominant oscillation frequency based on spectral analysis with the delta band (1-4 Hz) showing
the most prominent increase in power compared to other frequency bands. Both the increase in
temporal correlation and slowing of dominant oscillation frequency recapitulate previous
evidence on seizure termination dynamics at the neuronal population level.
Interestingly, 24h after electrical stimulation reveals a shift to a decrease in functional
connectivity. This may reflect reduction in cortical excitability as seen in patients 24 h after a
generalized tonic-clonic seizure (Badawy et al., 2009)—the type of seizure induced by ECT and
ECS. However, investigations examining changes in excitability after ECT have yielded
conflicting results. Sommer et al. (2002) and Bajbouj et al., (2005) demonstrate decreases in
cortical excitability after a full course of ECT while Chistyakov et al., (2005) and Casarrotto et al.,
(2013) show an increase in excitability. Technical differences that potentially contribute to this
discrepancy include: 1) location where cortical excitability was measured (i.e., hand region of the
motor cortex, vertex, or prefrontal cortex), and 2) ECT electrode placement (bilateral versus right
unilateral). Indeed, it has been demonstrated that excitation threshold varies with cortical location
(Stewart et al. 2001; Boroojerdi et al. 2002; Gerwig et al. 2003). Further, excitability in different
regions is reflected in distinct frequency bands (Samaha et al. 2017). With regards to the
differences in ECT electrode placement, it is interesting to note that the works of Chistyakov et
al., (2005) and Casarrotto et al. (2013) which show an increase in cortical excitability 24h after
ECT both use right unilateral electrode placement. On the other hand, Sommer et al. (2002) and
Bajbouj et al. (2005) whose works demonstrate a decrease in cortical excitability after ECT both
apply right unilateral electrode stimulation. It is important to note the differences in electrode
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placement since electrode configuration is a crucial determinant of the spread of induced electric
field and the relative degree of stimulation of different brain regions (Peterchev et al., 2010).
Moreover, the brainstem has been shown to be activated during right unilateral and not in bifrontal
nor bitemporal electrode placements (Bai et al., 2012). It is likely that both variations in electrode
placement which subsequently affect the degree of stimulation of various brain regions, as well as
the differences in regions where excitability was measured contribute to the discrepancy in changes
in cortical excitability measurements after ECT. As to how the activation of deeper brain structures
potentially mediate the differences in cortical excitability and connectivity is beyond the scope of
this thesis.

4.6. M1 may mediate seizure termination
We then applied further graph theoretical measures (i.e., node strength) to examine
regional differences in strength of connectivity after ECS. Node strength indicates the sum of
weights of edges (i.e., links) connected to a node (i.e., brain region). Increase in weight signifies
increase in strength of connections between two nodes and increase in node strength reflects
increased functional connections between one node and all other nodes connected to it. The
results demonstrate that ECS increases the strength of connections between ROIs acutely after
stimulation. This effect is more anteriorly located and highest in M1.
What is the significance of the increase in M1 node strength acutely after ECS? Previous
work demonstrates that in the approach to seizure termination, brain electrical activity—as
measured through LFP, ECoG, and EEG recordings—exhibit the following dynamical
signatures: increased temporal correlation, decreased dominant oscillation frequency, and
flickering (i.e., when noise pushes a bistable system back and forth between two alternative
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states) (Kramer et al., 2012, Scheffer et al., 2009). The widescale increase in temporal correlation
and the slowing of oscillation frequency in the acute post-ictal period after ECS may reflect
previously described seizure termination dynamics (Bauer et al., 2017, Jirsa et al., 2014, Kramer
et al., 2012) and M1 may play a crucial role in seizure termination.
The primary motor cortex has been known to be involved in the execution of
movement—specifically in encoding the force, direction, extent, and speed of movement—by
activating specific muscles or muscle groups via the motor neurons in the spinal cord.
Additionally, M1 lesions have been demonstrated to result in spasticity (i.e., increased tone) and
decrease in power. Interestingly, there is mounting evidence that M1 is involved in negative
motor response—a phenomenon wherein electrical stimulation, instead of the typical positive
sensorimotor effects (i.e., finger tapping or limb movement), elicits inhibition of ongoing
movement (Filevich et al., 2012). In humans, negative motor areas are widely distributed
throughout the precentral gyrus and fronto-central cortex and include portions of M1, premotor
cortex, and supplementary motor cortex ( Borggraefe et al., 2016, Filevich et al, 2012, Ikeda et
al., 2000). Mapping analogous negative motor areas in other mammals including rodents would
be fertile ground for future research. Seizure termination may involve active inhibition of motor
behaviour, instead of a passive absence of encoding for execution of movement, and the increase
in strength of functional connection with M1 may facilitate the process of seizure termination by
inhibiting ongoing movement.
The cellular mechanisms underlying seizure termination remain nebulous. Mounting
evidence reveal dynamical changes during the ictal state that shifts the excitatory-inhibitory
balance (Bauer et al., 2017; Ziburkus et al., 2013; Boido et al., 2014). As seizure termination
approaches, both excitatory and inhibitory neurons become increasingly active—this may lead to
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increased burst activity and longer interburst intervals (Boido et al., 2014). Interneurons receive
strong excitatory input, which leads to continuous activation of the inhibitory inputs on
pyramidal cells, and seizure termination (Ziburkus et al., 2013). At the synaptic level, Frohlich et
al., (2005) demonstrated that dynamic modulation of synaptic transmission can cause termination
of paroxysmal activity. Adding that the activity-dependent shift in balance between synaptic
excitation and inhibition towards more excitation causes seizure termination by favoring the slow
oscillatory state, which permits recovery of baseline extracellular potassium concentration. In
addition, they found that slow synaptic depression and change in chloride reversal potential
produce similar effects on seizure dynamics.

4.7. RS may mediate therapeutic and adverse cognitive effects after ECT
Default mode hyperconnectivity is one of the most widely reproducible findings in
neuropsychiatric disorders such as major depressive disorder and appears promising for
translation between humans and animal models as it has been consistently demonstrated across
species (Hsu et al., 2016, Stafford et al., 2014, Schwarz et al., 2013, Lu et al., 2012). Though not
all components of the default mode system are present in the mouse (Stafford et al., 2014), the
retrosplenial cortex is conserved across mammalian species (Gass et al., 2016, Stafford et al.,
2014, Vann et al., 2009)—suggesting a key role in DMN function. The significant decrease in
node strength in the retrosplenial cortex 24h after ECS may indicate that RS plays a vital role in
correcting aberrant hyperconnectivity in pathologic states. Moreover, based on the functions of
the retrosplenial cortex, the decrease in strength in this node may play a role in mediating both
the major side effect (i.e., memory loss) and therapeutic effect (i.e., antidepressant) of ECT.
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Multiple lines of evidence highlight the critical role of the retrosplenial cortex in memory
formation and retrieval and its dysfunction has been implicated in symptoms of neuropsychiatric
disorders. Anatomically, the retrosplenial cortex has reciprocal links with the hippocampal
formation, parahippocampal region, anterior thalamic nuclei, parietal cortex, secondary motor
cortex, anterior cingulate, and visual cortex (Powell et al., 2017, Yamawaki et al., 2016, Vann et
al., 2009, Shibata et al., 2004). Lesion studies in rodents demonstrate that, in addition to
disrupting tests of spatial memory (Miller et al., 2014, Aggleton, 2010, Vann et al., 2009),
retrosplenial cortex lesions can impair recency memory (Powell et al., 2017), disrupt a rodent
analogue of the Stroop task—i.e., selecting between conflicting responses and inhibit responding
to task-irrelevant cues (Nelson et al., 2014) , and impair crossmodal object recognition (Hindley
et al., 2014). Moreover, there is substantial behavioural and clinical evidence that the
retrosplenial cortex is essential for the formation and retrieval of episodic memory (Todd et al.,
2016, 2015, Kwapis et al., 2015, Miller et al., 2014)—which may be due to its role in binding
together multiple cues in the environment (Todd et al., 2015). Network analysis in rodent and
human imaging studies reveal increased functional coupling between the retrosplenial cortex and
anterior cingulate (von Hohenberg et al., 2018; Gass et al., 2016) and insular cortices (Hogeveen
et al., 2018) in depression as well as anxiety and depressive symptoms in autism. Specifically,
there are evidence showing that increased functional connectivity between the posterior cingulate
cortex—which the retrosplenial cortex is part of (Vann et al., 2009)—and the medial prefrontal
cortex (i.e., anterior cingulate cortex) is positively correlated with rumination (Kucyi et al., 2014,
Berman et al., 2011).
The major side effect of electroconvulsive therapy is the impairment of episodic
memories (Bergfeld et al., 2017, Kroes et al., 2014, Lisanby et al., 2000). The widescale decrease
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in functional connectivity and the decrease in strength specifically in the retrosplenial cortex
provides evidence that the retrosplenial cortex may be involved in alleviating symptoms of
disorders such as major depression (i.e., rumination) as well as mediating the unwanted effects of
episodic memory loss. The decrease in functional connectivity seen 24h after ECT may serve to
correct aberrant hyperconnnectivity in the default mode network in neuropsychiatric disorders
such as major depression.

4.8. Caveats and Limitations
GCamp6
Transgenic mouse lines such as GCaMP6 mice are invaluable tools for measuring neural
activity with optical imaging. Genetically encoded calcium-sensitive fluorescent proteins present
advantages over viral expression or bulk injection: less invasive, more consistent expression
level among cells, allows imaging across a wider expanse of the brain, and permits longitudinal
imaging due to consistent expression across the subject’s lifespan. Steinmetz et al. (2017) report
aberrant electrical activity, measured electrophysiologically and with imaging, that resembled
interictal spikes some genotypes of transgenic mice expressing GCaMP6. They described the
aberrant electrical activity as having: ∼0.1–0.5 Hz rate, very large in amplitude (>1.0 mV local
field potentials, >10% df/f widefield imaging signals), brief duration, and typically cover large
regions of cortex. The cause of “epileptiform” activity observed in various GCaMP mouse
strains may be due to Emx1-Cre expression as transgenics expressing Emx1-Cre, which drives
Cre expression in excitatory neurons, have been found to exhibit enhanced seizure susceptibility
(Kim et al., 2013). It is also likely due to a combination of factors including Cre toxicity, tTa
toxicity, and broad expression of GCaMP, particularly during development (Steinmetz et al.,
2017).
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The observed “epileptiform” events were most prominent in mice where GCaMP
expression was driven by Ai93. In this study, we used the Ai94 line. In their recordings only one
Ai94 mouse exhibited aberrant neural activity and they that this does not indicate that all mice of
that genotype exhibit them. Moreover, we checked the presence of large amplitude events in
control mice from a trace of their mean fluorescence activity and none were found (data not
shown). Finally, long LFP recordings by Xiao et al. (2017) demonstrate relatively normal up
down states even in Ai93 mice in our colony.
Alternatives have been proposed for the excitatory expression of GCaMP. Namely,
Slc17a7-Cre as an alternative to Emx1-Cre for the GCaMP6f sensor and Camk2a-tTA driver
with tetO-responsive GCaMP6s for the GCaMP6s sensor (Wekselblatt et al., 2016; Steinmetz et
al., 2017).
ECS: auricular electrodes
It is important to note the electrode placement used since it is a crucial determinant of the
spread of induced electric field and the relative degree of stimulation of different brain regions
(Peterchev et al., 2010). Ear clip electrode is the most commonly used placement (Buel et al.,
2017, Bernabei et al., 2014, O’Donovan et al., 2014, Weber et al., 2013)—due to its relative ease
of application and the requirement of only one experimenter to apply stimulations (versus two
for corneal electrodes). However, a computational model shows that the strongest electric field
induced by ear clip electrodes is towards posterior brain regions (i.e., cerebellum and midbrain)
(Bernabei et al., 2014), while corneal and cortical electrode placement induces the strongest
electric field in frontal brain regions. Despite differences in localization of the strongest electric
field between auricular versus corneal or cortical electrode placement, it has been previously
shown that they result in similar behavioural and molecular changes. First, both corneal and
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auricular ECS induce behavioural seizures of similar duration (Ferraro et al., 1990). Second,
cortical (Theilmann et al., 2014), corneal (Lloyd and Sattin, 2015), and auricular (Chang et al.,
2017) ECS induce antidepressant-like effect on animal models of depression. Third, both corneal
and auricular ECS lead to an increase in GABA levels across many brain regions (Ferraro et al.,
1990). ECT has been shown to increase serum GABA levels in humans (Esel et al., 2008).
In sum, auricular electrode placement was used in this study due to: 1) its relative ease of
use; 2) the ability for one experimenter to apply stimulations; 3) its non-invasive nature; 4)
behavioural changes (i.e., antidepressant-like effect, seizure duration) and 5) molecular changes
(i.e., region-specific increase in GABA levels) that are similar to corneal and/or cortical
electrode placement.
Fourier analysis
Signals recorded from neurons consist of oscillations that cover a broad frequency
spectrum. The most commonly used technique for this spectral decomposition has been the
Fourier analysis (Uhlhaas and Singer, 2006). To explore the spectral features of calcium signals,
the Fourier transform was processed on the fluorescence images (Vanni et al., 2017, Vanni et al.,
2010a,b), which imparts the ability to examine the relative contributions of various frequencies
to the overall (calcium) signal (Wallisch et al., 2009). Brain activity associated within each
specific frequency band was measured by averaging the power amplitude of Fourier within a
frequency window.
The most prominent drawback of the Fourier transform is the assumption that the signal
is stationary—indicating that certain statistical properties of the signal is uniform throughout the
whole recording (Wallisch et al., 2009). Unfortunately, many biological signals are not
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stationary. Neural activity is state-dependent—varying among resting state, motor activity, and
differing cognitive demands (Billeke, 2017) as well as changing as a function of sensory input
and history of network activity (Nadim et al., 2008). Moreover, spontaneous image recordings in
mice do not completely capture resting state functional imaging in humans. Working with
humans has the benefit of being able to instruct subjects to refrain from movement during
recordings. In mice, this is not possible. Although the head is restrained to allow for optical
imaging, mice still move their limbs and whiskers at various points during recordings which
effects changes in fluorescence at different timepoints. One way to address this is to separate
movement on and off timepoints and analyze them separately.
A more effective analysis for nonstationary signals such as neural oscillatory activity are
wavelet-based techniques. The transform is computed for different segments of the signal in the
time and in the frequency domain (Quotb et al., 2011). In contrast to the Fourier transform which
has a uniform time–frequency distribution, the wavelet transform provides a multi resolution
analysis (Daubechies, 1992; Finn and Lopresti, 2003). Hence, it is better suited for analyzing
nonstationary signals such as neural oscillations.

4.9. Future Directions
Subcortical and cortical network interactions
It has been hypothesized that, in order for ECT to be effective, seizure activity must reach
subcortical structures (Leaver et al., 2016). The involvement of subcortical structures is intuitive
since all regions of the cortex have extensive subcortical connections—cortical networks operate
as part of a larger, whole brain system (Bressler, 1995). The coordination of activity in various
regions has been postulated to depend on cortical and subcortical dynamic control processes
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(Van Essen et al., 1994; Bressler et al., 1994; Olshausen et al., 1993). Recent work in our lab
demonstrated that thalamic neuronal activity predicts specific cycles of wide-scale cortical
inhibition and excitation (Xiao et a., 2017). The thalamus putatively plays a critical role in
cortico-cortical interactions and feedback (Guillery and Sherman, 2002). The mediodorsal
thalamus has direct anatomical connections with the anterior cingulate cortex, medial prefrontal
cortex (as well as the hippocampus) (Ongür and Price, 2000; Ray and Price, 1993). The dorsal
anterior cingulate cortex and mediodorsal thalamus have been linked to ECT-related seizure
(Leaver et al., 2016) and it has been suggested that thalamo-cortical oscillations might contribute
to seizure termination via modulating cortical synchronization (Evangelista et al., 2015).
Moreover, the ventral striatal loop and mesolimbic reward pathway have been implicated in ECT
response (Leaver et al., 2016; McNally and Blumenfeld, 2004). Simultaneous wide-field GCaMP
imaging and sub-cortical cellular electrophysiology (Xiao et a., 2017) offers the ability to
investigate relationships between single neuron spiking in subcortical structures, such as the
thalamus, and mesoscopic cortical activity during and after ECS.
Depression
Currently, ECT prevails as the most effective treatment for depression with a response
rate of 70% to 85.7% (Brakemeier et al., 2013 and Tokutsu et al., 2013). Previous work in our
lab demonstrated increased functional connectivity in a mouse model of depression (McGirr et
al., 2017). A logical extension of this study and the previous work in our lab is to apply ECS on a
depression model and examine whether it can indeed attenuate hyperconnectivity in the
depression model. Though it has already been shown in humans that ECT does correct aberrant
functional connectivity in depression, doing so in an animal model allows further loss of function
and rescue experiments—through optogenetic or chemogenic manipulations—that are not ethical
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in human subjects. This offers the opportunity to provide direct evidence of the involvement of
functional networks in the antidepressant mechanism of ECT.
Memory
Impairment of episodic memory is the most prominent side effect of ECT (Bergfeld et al.,
2017, Kroes et al., 2014, Lisanby et al., 2000). The significant decrease in node strength in the
retrosplenial cortex 24h after ECS may indicate that RS plays a vital role in correcting aberrant
hyperconnectivity in pathologic states. There is substantial behavioural and clinical evidence that
the retrosplenial cortex is essential for the formation and retrieval of episodic memory (Todd et
al., 2016, 2015, Kwapis et al., 2015, Miller et al., 2014)—which may be due to its role in binding
together multiple cues in the environment (Todd et al., 2015). What is the mechanism of memory
loss after ECT? What brain regions are most affected? What changes occur as memories are
gradually regained? Optogenetic and chemogenic manipulations offer the ability to provide
empirical evidence of the involvement of RS (and other brain regions) in ECT-induced memory
impairment and to examine the mechanism of how memories are disrupted and regained after
ECT.
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Overall conclusions
To our knowledge, this study is the first to achieve longitudinal imaging of neuronal
population activity after ECS—with millisecond temporal resolution spanning a broad expanse
of cortex using widefield calcium imaging. Utilizing this technique, we have shown that ECS
modulates activity both within and between cortical regions.
The combination of changes in power in various frequency bands provides evidence that
ECS results in region-specific slowing of cortical activity. This is characterized by increased
power in delta (1-4 Hz) and theta (4-7 Hz), together with decreased power in alpha (8-12 Hz). In
this study, the regions with the most prominent slowing of neural oscillations are M1, BC, and
RS. Previous retrograde, anterograde, and optogenetic photostimulation studies reveal
anatomical and functional connections between these and related regions (Yamawaki et al.,
2016; Todd and Bucci, 2015; Shibata and Naito, 2008; Mao et al., 2011; Zakiewicz et al., 2014).
As the cortico-cortical and the cortico-subcortical connections of these regions have been
associated with coupling motor and sensory signals, motor control, and memory (Yamawaki et
al., 2016; Mao et al., 2011), this provides support that ECS modulates memory that requires
sensorimotor integration such as episodic memory. Impairment of episodic memory is the most
prominent side effect of ECT (Bergfeld et al., 2017, Kroes et al., 2014, Lisanby et al., 2000).
This work also shows for the first time that the functional connectivity changes after ECS
are dynamic—demonstrating increased correlated activity acutely after stimulation which shifts
to decreased co-activation between regions 24 h after. The acute effect of increased temporal
correlation combined with slowing of neural oscillations recapitulates previously described
seizure termination dynamics (Bauer et al., 2017, Jirsa et al., 2014, Kramer et al., 2012). This
study reveals that M1 has the greatest increase in node strength acutely after ECS, which
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suggests that it may play a crucial role in seizure termination. The 24h effect demonstrating a
widescale decrease in functional connectivity, in addition to the greatest decrease in strength
seen specifically in the retrosplenial cortex provides evidence that the retrosplenial cortex may
mediate both therapeutic (i.e., decreased rumination) and adverse (i.e., episodic memory loss)
cognitive effects after ECT.
Elucidating the region-specific effects in activity and the time-dependent changes in
functional connectivity after ECS may provide opportunities to further dissect the mechanisms of
the therapeutic and adverse effects of ECT.
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