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Abstract

The positive-feedback nature of Hebbian plasticity can cause instability in neuronal networks
and drive them to a state of hyperactivity or hypoactivity. Homeostatic plasticity is a crucial
counter mechanism that maintains the excitability of the nervous system by modulation of
synaptic strengths and membrane conductances. The regulation of synaptic strengths often
occurs through various presynaptic modifications that affect the release of neurotransmitters.
To understand how synaptic transmission and synaptic plasticity are affected during presy-
naptic homeostasis, we developed a biophysically-detailed, spatially-explicit, and stochastic
model of the CA3-CA1 presynapse to describe the most significant presynaptic homeostatic
modifications, such as changes in voltage-dependent calcium channel (VDCC) expression
and placement and readily releasable pool (RRP) size. We chose the hippocampal CA3-
CA1 synapse for our investigations since it’s a highly plastic synapse important for learning
and memory. Through simulations of presynaptic activity leading to vesicular release, we
examined how changes in the expression and organization of VDCCs affect the probabil-
ity of neurotransmitter release. We investigated the influence of presynaptic homeostatic
changes on short-term plasticity (STP), given that STP has an essential role in information
transmission and optimizing energetic expenditure during synaptic transmission. Our results
suggest that short-term plasticity is altered during homeostatic modifications. We explored
the further impact of these modifications on information transfer and energy efficiency dur-
ing vesicular release. The data suggest that homeostatic changes in VDCC expression and
RRP size do not affect the transfer of information but affect the specific cost of information.
We also provided an explanatory framework for enhanced miniature excitatory postsynaptic
current (mEPSC) frequency observed after the suppression of activity. According to our re-
sults, an increase in the readily-releasable pool size causes a proportional increase in mEPSC
frequency and only partly explains the observed increase. The large magnitude of changes
in mEPSC frequency can be explained by a plausible increase in cytosolic basal calcium
concentration. Overall, our study investigates how presynaptic homeostatic modifications
influence synaptic strength, short-term plasticity, and the transmission of information at the
synapses. The changes observed in short-term plasticity suggest that homeostatic plastic-
ity might have a dynamic role in shaping neural activity rather than merely serving as a

stabilizing mechanism.
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Chapter 1

Introduction



1.1 Homeostatic Plasticity

Neural networks are in a perpetual state of flux as organisms mature and adapt to their
surroundings. Neurons grow in size. Their synaptic connections change as new connections
are established, others are lost, and the strengths of synapses are tuned for learning to

happen. Despite all these changes, how do neural networks maintain stable activity?

Hebbian plasticity, responsible for learning and memory, strengthens synapses when the
postsynaptic neuron regularly fires after the presynaptic one. In the absence of a correlation
between presynaptic and postsynaptic activity, synapses are weakened. However, without
a stabilizing mechanism, the correlation-based rules of Hebbian plasticity would create a
positive feedback loop, leading to uncontrolled strengthening or weakening of synapse (Tur-
rigiano and Nelson, 2000; Abbott and Nelson, 2000). A neuron with some input synapses
strengthened by Hebbian plasticity would become more easily excitable by any of its presy-
naptic neurons. This would lead to even more strengthening of the synapses, even the ones
with weak activity correlations. Theoretical studies have shown such instabilities in networks
governed solely by correlation-based learning rules. All synaptic weights either saturate or

become zero in the absence of any constraint on the total synaptic strength (Miller and

MacKay, 1994).

Homeostatic plasticity maintains the average firing rate of the neurons. It counteracts the
Hebbian positive feedback loop by maintaining the excitability of the neurons and prevents
the system from becoming hyperactive or hypoactive. Maintaining an optimal level of ac-
tivity is essential for the proper transmission and processing of information (Turrigiano and
Nelson, 2004). Fig 1.1 illustrates how hyperexcitability or hypoexcitability in a feedforward

network can disrupt the representation and propagation of a signal.

1.1.1 Synaptic Scaling and Intrinsic Plasticity

The regulation of a neuron’s firing rate can be achieved through modulation of its synaptic

input or ion channel properties that determine its excitability.

Synaptic scaling is a process that maintains the total synaptic input to a neuron by scaling

up or down the strengths of all input synapses, following any modifications made by Hebbian
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Figure 1.1: Schematic of signal propagation in a feedforward network. (a) The network with
layers of neurons connected in a feedforward manner is shown. The firing rate of the red
neuron in response to a sinusoidal input is shown for gain of transmission (b) greater than
one, (c) when it is less than one. The signal either saturates or fails to propagate. The
information about the stimulus is lost in both cases. Adapted from Turrigiano and Nelson
(2004).

plasticity. The relative synaptic weights are preserved in the process, which is essential for
maintaining the information encoded by Hebbian plasticity. Synaptic competition arises as
a result of this process, where the strengthening of some synapses leads to the weakening of
others (Abbott and Nelson, 2000; Turrigiano, 2008). Fig 1.2 illustrates the stabilisation of
firing rate by scaling of AMPARs after potentiation of a synapse.

Multiplicative scaling of miniature Excitatory Postsynaptic Current (mEPSC) amplitude,
an indicator of postsynaptic strength, was first observed in neocortical cultures following
activity suppression by TTX, a Na+ channel blocker, as well as activity enhancement by
Bicuculline, a GABA receptor antagonist. Acute bicuculline treatment significantly increased
firing rates, but after 48hrs of treatment, the firing rate returned to around normal levels
(Turrigiano et al., 1998).

While synaptic homeostasis regulates inputs to neurons, modulation of the voltage-

dependent sodium, potassium, and calcium conductances can alter the threshold for spike
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Figure 1.2: Stabilization of activity via synaptic scaling. The potentiation of a synapse
causes an increase in the firing rate. Scaling down synaptic strengths through number of
AMPARSs brings the activity back to normal. Illustration reproduced from Turrigiano (2012).

generation, and hence regulate firing rate by affecting neuronal response to a stimulus (Turri-
giano and Nelson, 2000). Fig 1.3 depicts how regulation of firing rate via intrinsic plasticity
differs from that via synaptic scaling. Intrinsic plasticity shifts the response curve of the

neuron so that a different firing rate can be achieved for the same input.

Synaptic scaling Intrinsic plasticity

Firing rate
Firing rate

Input Input

Figure 1.3: Synaptic scaling vs Intrinsic plasticity. Synaptic scaling modulates synaptic
drive to the neuron. Intrinsic plasticity shifts the response curve of the neuron to regulate
the firing rate without affecting the synaptic input. Adapted from Turrigiano and Nelson
(2000).



1.1.2 Presynaptic and Postsynaptic Mechanisms

The strength of synapses can be modulated through modifications in the machinery respon-
sible for releasing neurotransmitters at the presynapse, or through changes in the reception
of these neurotransmitters at the postsynapse. In vitro studies frequently use alterations in
miniature excitatory postsynaptic currents (mEPSCs) to identify such modifications follow-
ing pharmacological manipulations of activity. mEPSCs represent the postsynaptic neuronal
response to a single vesicle’s spontaneous fusion at the presynapse, in the absence of external
stimulation. Changes in the frequency of mEPSCs reflect modifications at the presynapse,

whereas changes in amplitude indicate postsynaptic modifications.

Figure 1.4 shows the changes in mEPSC frequency and amplitude following TTX treat-
ment of hippocampal cultures at different developmental stages (Han and Stevens, 2009).
The maturity of the neurons appears to affect whether presynaptic or postsynaptic mecha-
nisms are employed. Wierenga et al. (2006) demonstrated that the number of days spent in
vitro before pharmacological treatment, rather than the age of the neurons, is a determining
factor. The homeostatic response is also shown to be synapse-specific (Kim and Tsien, 2008),
and the changes observed depend on how the activity is manipulated. These studies reveal
the context-dependent nature of the homeostatic response. Presynaptic and postsynaptic
mechanisms may work exclusively or in conjunction to bring about the required changes in

activity.

The regulation of vesicle pool size and presynaptic Ca?t flux are considered to be the
prominent mechanisms working at the presynapse during homeostasis (Zhao et al., 2011;
Jeans et al., 2017; Delvendahl and Miiller, 2019). An increase in Readily Releasable Pool

8div 9 div 15 div 16 div
24h TTX [ 48 h TTX | 24 h TTX | 48 h TTX
mEPSC frequency - - T T
mEPSC amplitude 1 - - 1

Figure 1.4: Table adapted from Han and Stevens (2009). The effect on mEPSC frequency
and amplitude following TTX treatment depends on the duration of the treatment and the
maturity of hippocampal cultures (div denotes days in vitro).



size and Ca?t flux by P/Q-VDCCs was reported in hippocampal neurons in response to
activity blockage by TTX (Jeans et al., 2017). Changes in the opposite direction were seen
for inhibition suppression by GABA antagonists. These modifications regulate the strengths
of synapses by their effect on the release probability of vesicles at the presynapse (Murthy
et al., 2001; Zhao et al., 2011; Jeans et al., 2017).

1.2 Motivation and Research Interests

Several studies have observed presynaptic modifications, such as changes in the Readily Re-
leasable Pool size and calcium influx through VDCCs, after activity manipulations in hip-
pocampal cultures (Thiagarajan et al., 2005; Han and Stevens, 2009; Zhao et al., 2011; Jeans
et al., 2017). Such changes regulate synaptic strength through their effect on synaptic release
probability. Changes in release probability (Pr) during homeostasis would be accompanied
by changes in short-term plasticity, as indicated by the inverse relationship between the Pr
and Paired-Pulse Ratio (Manabe et al., 1993; Debanne et al., 1996; Dobrunz and Stevens,
1997) Increased calcium flux, as seen following activity suppression, can rapidly deplete vesi-
cles, making the synapse more susceptible to short-term depression. In hippocampal slice
experiments, increased susceptibility to short-term depression was observed in evoked Exci-
tatory Postsynaptic Current (eEPSC) responses to 20Hz simulations in CA3-CA3 synapses
and DG-CA3 synapses after TTX treatment (Kim and Tsien, 2008). Delvendahl et al. also
reported a reduction in the paired-pulse ratio in cerebellum mossy fiber synapses after phar-
macological AMPAR perturbation in a genetic model of presynaptic homeostatic plasticity
(Delvendahl et al., 2019). Given its crucial role in information transmission and processing at
synapses, how short-term plasticity is modified during homeostasis, considered a stabilizing

mechanism, becomes an interesting question.

Reorganization of VDCCs and an increase in their density in synapses of hippocampal
cultures following activity suppression via TTX has been observed recently (Netrakanti and
Nair, 2021). The researchers also observe multiplicative scaling of VDCC’s average fluores-
cence intensity in the synapses after the TTX treatment. The results provide additional
insights into the presynaptic changes that happen during homeostasis. Given that synaptic
scaling of strengths through a postsynaptic mechanism has been demonstrated, how mul-

tiplicative scaling of VDCCs affects synaptic strength is worth exploring, as homeostatic



presynaptic modifications must occur while ensuring the preservation of relative synaptic

weights.

To address these questions, the biophysically detailed and spatially explicit model of
vesicular release at CA3-CA1 synapse developed by Nadkarni and colleagues provides a
powerful tool for gaining mechanistic insights into the effect of these presynaptic changes on
synaptic transmission and short-term plasticity. We develop the model to describe the most
significant changes that happen during presynaptic homeostasis, such as changes in VDCC
expression and placement and readily releasable pool size, to understand their influence on
short-term plasticity. We investigate how tradeoff between information transfer and energy
use is affected as a result of short-term plasticity changes observed during homeostasis.
Using our model, we also quantify the effect of changes in VDCC density, organization and
multiplicative scaling on release probability to understand how synaptic weights are regulated
by such modifications. Additionally, we seek to uncover potential explanations for mEPSC

frequency changes that are observed following presynaptic homeostasis.






Chapter 2

Methods



2.0.1 Spatial Model of CA3-CA1 presynapse

The biophysical, spatially explicit, stochastic model of the CA3-CA1 presynapse, as de-
scribed in the study by Nishant and colleagues, was used to simulate vesicle release for
various synaptic configurations (Singh et al., 2021; Nadkarni et al., 2010). Simulations were
performed using Monte Carlo cell (https://mcell.org/), which tracks the diffusion of each
molecule and carries out the reactions defined by the user (Stiles et al., 1996, 2001; Kerr
et al., 2008). We have used the canonical version of the model with simplified cuboidal
geometry representing a canonical presynapse of average dimensions 4 x 0.5 x 0.5 pm (Fig

2.1). The model contains an ER compartment of dimensions 3.9 x 0.1 x 0.1 pm.

Figure 2.1: Spatial model of the presynapse with simplified geometry. The model consists of
calcium channels: VDCC and RyR; calcium pumps: PMCA and SERCA; and the calcium
buffer: calbindin-D28K. VDCCs and PMCA pumps are located on the plasma membrane;
RyRs and SERCA pumps on the ER membrane. Vesicles are docked at the release site, and
VDCCs are clustered at a distance from the release site. Adapted from Singh et al. (2021).

The model simulates the diffusion and reaction kinetics of the molecules leading to the
fusion of vesicles in response to an input stimulus. Calbindin buffers the calcium as it enters
through Voltage-Dependent Calcium Channels (VDCCs) in response to an action potential.
Ryanodine Receptors (RyRs), located on the ER, open on binding to calcium. Because
of the higher concentration of calcium in ER, calcium effluxes out on the RyR opening.
SarcoEndoplasmic Reticulum Calcium ATPase (SERCA) and Plasma Membrane Calcium
ATPase (PMCA) pump calcium out of the cytosol. Vesicle is fused when enough calcium
ions bind to either the synchronous calcium sensor or the asynchronous calcium sensor. The
two sensors differ in their binding affinity to calcium and the number of ions they bind to

before leading to the fusion. The kinetic schemes for the binding of calcium to different
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transporters and the calcium buffer are shown in fig. 2.2. The kinetic schemes for calcium

binding to sensors for synchronous and asynchronous release is shown in fig. 2.3.

a b oa e 02 c4
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Figure 2.2: Kinetic schemes. (a) PMCA. Calcium is transported out of the cytosol via the
transition from PMCAy to PMCA;. The scheme also incorporates calcium leak through the
plasma membrane. (b) VDCC. Channel transitions between closed and open states through
voltage-dependent kinetic rates. Calcium is conducted in the ”O” state. (¢) RyR. (c1) Low
activity states, (c2) high activity states, and (c3) transition between low and high states.
7O” are the open states that allow calcium flux. (d) SERCA. The binding site "X” is on
the cytosolic side, and ”Y” is on the ER side. Calcium is transported into the ER via the
transition from X2 to Y2. (e) Calcium buffer, Calbindin-D28k. Calbindin is modeled to
have two high-affinity sites and two medium-affinity sites, each of which binds two calcium.
Adapted from Singh et al. (2021).
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release. The synchronous sensor (S) has five calcium binding sites, while the asynchronous

sensor (A) has only two. The two pathways have distinct neurotransmitter release rates,
with the synchronous release rate () being faster than the asynchronous release rate (ay).

Figure 2.3: Calcium binding to synchronous and asynchronous sensor leading to vesicular
Figure reproduced from Nadkarni et al. (2010).



2.0.2 Measurement of release probability and mEPSC frequency

Changes in the number of VDCCs, their positions, and the RRP size in the model were done
as required. Cytosolic calcium concentration equilibrates to 100nM in the model. Changes in
calcium concentration are made in the reduced version of the model, which excludes the ion
transporters and buffers, and maintains the presynaptic calcium concentration at a defined
level. For mEPSC frequency simulations, since it involves few releases, the refilling of vesicles

was turned off to avoid excess refilling.

To measure the release probability, 1000-5000 trials for a model configuration were per-
formed. Lesser trials were required for configurations with high release probabilities. The
release probability was calculated by taking the ratio of the number of trials with at least
one vesicle release within 20 ms after initiation of the action potential to the total number of
trials. 20ms inter-spike interval was used for the paired-pulse protocol. For train stimulus,

pulse with 20Hz frequency were given for 1s.

For the mEPSC frequency measurements, 1000 trials of 2 sec each, without stimulus,

were performed, and the frequency of vesicle release was calculated.

The simulations were performed in the high-performance computing cluster housed in
IISER Pune.

2.0.3 Reduced model of short-term plasticity at CA3 presynapse

To simulate vesicular release activity at the CA3-CA1 presynapse for prolonged stimulus, we
used a mathematical model of short-term plasticity, as described in the study by Mahajan
and Nadkarni (2020) (Fig. 2.4).

In the STP model, the per-vesicle release probability evolves over time based on the
neuron’s spiking history (eqn 2.1) Following each spike, per-vesicle release probability (p,)
increases by an amount proportional to the facilitation parameter (ay). The factor (1 — p,)
makes sure that the probability doesn’t exceed one. The exponential relaxation of p, to
its baseline level in the absence of the firing activity is described by the first term of the
equation. The synaptic release probability (Ps) is related to the vesicular release probability

(py) with the equation 2.2. Depression of the synaptic release probability happens due to

13
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Figure 2.4: Modelling short-term plasticity. Vesicles are released with a per-vesicle release
probability, p®. With every spike, per-vesicle release probability increments with a value
proportional to the facilitation parameter, ay. In the absence of activity, pY approaches
its baseline value exponentially, with time constant 7;. The released vesicles are recovered
stochastically with a mean recovery timescale of 7, per vesicle. Reprinted from Mahajan and
Nadkarni (2020).

the depletion of the readily releasable pool.

dCZ” = @mm—pv);w—ti) (2.1)

P, =1—(1—p,)Nrrr (2.2)

2.0.4 Measurement of Information transfer and energy use

Information rate and specific cost of information were calculated using the protocol as used
by Mahajan and Nadkarni (2020). The parameters of the STP model were estimated for
each configuration to capture its short-term plasticity profile. The basal per-vesicle release
probability was calculated from the synaptic release probability measured with the spatially-
explicit model using the equation 2.2. For each configuration, simulations with the paired-

pulse stimulus were performed with the corresponding vesicular release probability, and the

14



oy value that resulted in the paired-pulse ratio closest to the value was chosen.

For the info-energy measurements, the input signal mimicking the naturally occurring
firing activity of the CA3 neuron is used. It’s zero everywhere except when the mouse passes
the neuron’s place field. The passes are assumed to be for a constant time, and the frequency

of each pass is assumed to have a Poisson distribution with a mean of 30 Hz.

To measure information transfer during vesicular release, we quantify how well the vesicle
code represents the firing activity of the neuron. We calculate the average mutual information
rate (R,s), which measures the statistical relatedness of two variables. To normalize the
differences in input signals, we reported the values of the relative mutual information rate,

Ringo = Rys /R, where Ry is the information content of the input signal.

To assess the energy efficiency for each synaptic configuration, we computed the specific
cost of information, £ = Rycs/Rinfo, Where R, is the average rate of vesicle fusion events.
The metric represents the energy consumed per bit of information transmitted, with lower

values indicating greater energy efficiency.
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Chapter 3

Results & Discussion

17



3.1 Regulation of synaptic strength through homeo-

static changes in VDCC expression and placement

An increase in RRP size and Ca flux through Voltage-Dependent Calcium Channels following
activity suppression by TTX in hippocampal cultures has been reported by multiple studies
(Thiagarajan et al., 2005; Han and Stevens, 2009; Zhao et al., 2011; Jeans et al., 2017).
These presynaptic modifications help achieve homeostasis by influencing the probability of
neurotransmitter release and thereby affecting the strengths of the synapses. An increase in
the number of molecules in the VDCC nanodomains near the AZs, the fluorescence intensity
of free molecules relative to the nanodomains intensity, and the number of free molecules
near the AZ was observed after 24hr TTX treatment of hippocampal cultures in the research
conducted by Netrakanti and Nair (2021). We investigate how each of these factors influences

the probability of neurotransmitter release.

To study how the number of Ca channels in the VDCC nanodomains affects release
probability, we make modifications in our CA3-CA1 synapse vesicular release model and
measure release probabilities accordingly. Specifically, we place a single VDCC nanodomain
of 50 nm radius at varying distances from the release site and quantify the effect of increasing
VDCC number on release probability for each of the coupling distances. The 50 nm radius
of the nanodomain is in agreement with the experimental data collected by Netrakanti and

Nair (2021) for the hippocampal cultures.

Figure 3.1 shows the relationship between the release probability and the number of
molecules in the nanodomain, with nanodomains located at a distance of 10nm - 400nm from
the release site. The dependence of pr on the number of VDCCs is a sigmoid relationship,

exhibiting a steeper curve for nanodomains placed closer to the release site.

While there exists a wide range of coupling distances in hippocampal neurons, the
research by Nadkarni, Suhita, and colleagues demonstrates loose coupling in CA3-CAl
synapses, and predicts coupling distances to be in the range of 250-350 nm (Nadkarni et al.,
2012). The magnitude by which the VDCC number change during homeostasis would, pre-
sumably, depend on the circumstances. According to the study conducted by Netrakanti
and Nair (2021), the number of VDCCs in the nanodomains increase to upto approx. 1.5
their initial value, while the overall VDCC fluorescence intensity increases to upto approx.

double its initial value after 24-hr TTX treatment of hippocampal neurons. Fig 3.2 A shows

18
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Figure 3.1: Relationship between the release probability and the number of clustered VDCCs.
The dependence of the release probability on the number of VDCCs in the nanodomain is
shown for various coupling distances, for VDCCs placed in a nanodomain of radius 50 nm.

the dependence of release probability (pr) on the number of VDCCs in the nanodomain for
a coupling distance of 200 to 400 nm, for an increase in VDCC number to double its initial

value.

To study how the probability of release changes on increasing the number of free VDCC
molecules, we now disperse the channels in a region surrounding the release site with a
given average distance. The coordinates of the molecules are selected randomly from a
uniform distribution for each parameter set. To be able to compare with the results for the
VDCCs arranged in a nanodomain, we measure pr for the same range of VDCC numbers
and coupling distances as in the previous simulation (Fig 3.2 B). We see a general increase in
pr for randomly spread configuration for the same average distance and number of VDCCs.
The dependence of pr on VDCC number and coupling distance for free VDCCs appears to

be noisy.

The results highlight the importance of the precise positioning of VDCC molecules, rather
than just the average distance, in deciding the release probability. When VDCCs are dis-
persed within an area surrounding the release site, some are located in close proximity while
others are further away, as compared to when they are all clustered at the same distance.
The different release probabilities for the two placements may be attributed to the buffering

of calcium by calbindin as it enters via the VDCCs. This also explains the apparent noise
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Figure 3.2: Variation of release probability with the number of VDCCs for (A) VDCCs
clustered in a nanodomain of radius 50 nm placed at distances 200-350 nm from the release
site, (B) VDCCs dispersed in a region with mean distances 200-400 nm from the release site.

observed in the pr measurements for the spread-out distribution. Even a few molecules in

close proximity to the release site can have a considerable impact on the release probability.

3.1.1 Multiplicative scaling of VDCCs, and release probability

Multiplicative scaling of the VDCCs’ average fluorescence intensity per synapse has also
been observed following 24hr-TTX treatment in the study conducted by Netrakanti and
Nair (2021). It remains unclear how such a coordinated change in VDCC expression might

regulate synaptic strength in an attempt to achieve homeostasis.

We investigate how synaptic strengths change after multiplicative scaling of VDCC num-
bers in a population of CA3-CA1 synapses. We study the effects of multiplicative scaling
for the VDCCs clustered in a single nanodomain. To identify any differences in response to
scaling because of RRP size and coupling distance, we consider synapses with small and large
RRP sizes (RRP = 5, 15) and sufficiently different coupling distances (200 nm, 300 nm).
We get four synaptic configurations obtained from the combination of different RRP sizes
and coupling distances. For each of the configurations, the appropriate number of VDCCs

are considered in the synapses to have the whole variation in release probability (Fig 3.3).
Fig 3.4 displays the relationship between the release probabilities of synapses before
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Figure 3.3: Configurations of the synaptic population for multiplicative scaling. For each
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range of VDCC number is considered in the initial population to capture a the range of
release probability.
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represents y=x.
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and after the multiplicative scaling of VDCCs located in a single nanodomain. Fig 3.5
shows the same relationship with each configuration color coded differentially to make them
distinguishable. The change in release probability due to scaling appears to depend mainly
on the release probability prior to scaling, irrespective of the coupling distance or the RRP

size of the synapse.

To examine the relationship more carefully and test whether the multiplicative scaling
of VDCCs is causing additive/multiplicative scaling of synaptic strengths, we check the ad-
ditive and multiplicative factors by which pr has changed after the scaling (Fig 3.5). We
observe that the additive factor increases with the initial release probability until it satu-
rates. Additionally, smaller scaling factors result in smaller additive factors, and saturation
occurs for larger release probabilities. The multiplicative factors, on the other hand, de-
crease with pr. Small pr values have larger multiplicative factors, despite having smaller
additive factors due to their small magnitude. The observations suggest that the probability
of neurotransmitter release doesn’t change by a constant additive/multiplicative factor after

multiplicative scaling of VDCCs.

3.2 Effect on Short Term Plasticity as a consequence

of presynaptic homeostatic modifications

Presynaptic modifications during homeostasis can have an impact on short-term plasticity at
synapses. An inverse relationship between the release probability and paired-pulse ratio, a
measure of short-term plasticity, has been observed in hippocampal synapses (Manabe et al.,
1993; Debanne et al., 1996; Dobrunz and Stevens, 1997). Larger release probabilities tend
to deplete vesicles and are associated with a lower paired-pulse ratio. Changes in readily
releasable pool size and calcium flux through VDCCs are commonly observed presynaptic
modifications following activity manipulation in vitro. We examine the effect of changes in

VDCC expression and placement, and readily-releasable pool size on short-term plasticity.

Nadkarni and colleagues, in a study using the spatially explicit, stochastic, biophysical
model of the CA3-CA1 presynapse, show that VDCCs must cluster at a distance of 250-350
nm in CA3-CA1 synapses to match the experimentally observed STP data. Our simulations

are done for the same range of coupling distances.
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Figure 3.5: Effect of multiplicative scaling of VDCCs on the release probability: (A) Rela-
tionship between the release probability before and after the scaling, (B) Additive factors
and (C) Multiplicative factors by which the release probabilities changed after the scaling.
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3.2.1 Response to the paired-pulse stimulus

Fig 3.6 A and Fig 3.6 B show the variation in release probability and Paired-Pulse Ratio
(PPR) with the number of clustered VDCCs and the free VDCCs respectively. As pr in-
creases with the number of channels in the nanodomains, PPR becomes lower (Fig 3.6 A).
Interestingly, this observation doesn’t extend to the free VDCC molecules. PPR remains
about one regardless of the number of free molecules and their placement (Fig 3.6 B). This
shows that free VDCCs do not contribute to the residual calcium due to the first spike. It
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Figure 3.6: Variation of release probability and paired-pulse ratio with the number of VDCCs
for (A) VDCCs clustered in a nanodomain of radius 50 nm placed at distances 200-350 nm
from the release site, (B) VDCCs dispersed in a region with mean distances 200-400 nm
from the release site.
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can be explained by the buffering action of calbindin. When the molecules are placed farther

apart from each other, the incoming calcium can get easily buffered by calbindin.

Studies on hippocampal cultures report around 25% increase in RRP size for 1-day TTX
treatment and about a 35% increase when the treatment is given for 2 days. Fig 3.7 shows
the dependence of pr and paired-pulse ratio on readily releasable size for about 40% increase
in the value, for 60 VDCCs clustered in a nanodomain. The effect of RRP size on PPR
appears weak, as compared to the effect due to an increase in clustered VDCCs. To further
examine the magnitude of the effect homeostatic change in RRP size can have on PPR, we
study the effect of increasing RRP size for different initial configurations of synapses. The
VDCCs are clustered in a nanodomain, and for different VDCC numbers, coupling distances,
and initial RRP sizes, giving the whole range of initial release probabilities, we increase the
RRP size to around 50% the initial value (Fig 3.8). The data suggests that changes in RRP
size have a feeble effect on the Paired-Pulse Ratio for a magnitude of change associated with

presynaptic homeostasis.
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Figure 3.7: Variation of release probability and paired-pulse ratio with the readily-releasable
pool size, for 60 VDCCs clustered at various distances from the release site.
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3.2.2 Response to the spike train

To further examine the influence of presynaptic modifications on STP, we study the effect
of changes in the number of clustered VDCCs and RRP size on the variation of release

probability throughout a pulse train (Fig 3.9).

The results suggests that changes in the number of VDCCs has a considerable effect on
the probability of transmission of each pulse of the spike train (Fig 3.9 A). As the number
of channels increases, the release probability for the first pulse increases, and with that the
RRP is depleted more rapidly, leading to a faster decrease in pr. This affects how the spike

train is transmitted to the postsynaptic neuron.

For increase in RRP size, there seems to be an about uniform increase in the probability
of transmission of each spike of the pulse train (Fig 3.9 B). The effect on the transmission
of the spike train doesn’t appear as drastic as for the change in the number of clustered
VDCCs.
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Figure 3.9: Effect of changing VDCC number and RRP size on short-term plasticity over
a prolonged stimulus. Response to a second long 20 Hz stimulus for (A) different number
of VDCCs in the nanodomain, (B) different RRP sizes. The effect of each is studied for
multiple coupling distances.

27



3.3 Energy-Information Trade-off at synapses during

presynaptic homeostasis

A crucial role of STP during information transmission at synapses was revealed in a study by
Mahajan and Nadkarni (2020) using the computational modeling approach. They examined
information transfer and energy use during transmission for synapses with different vesicular
release probabilities and RRP sizes for various degrees of facilitation. Information trans-
fer was enhanced in the presence of facilitation, and was independent of vesicular release
probability as opposed to when there was no facilitation. They also showed that short-term
plasticity in biological synapses maximizes information transfer in a cost-effective manner.
Given that STP is altered during presynaptic homeostasis, we investigate the effect of presy-
naptic modifications such as changes in the number of clustered VDCCs and RRP size on

information transfer and energy consumption during transmission.

We quantify information rate and energy efficiency for various configurations of the CA3-
CA1 synapse using a methodology similar to that followed by Mahajan and Nadkarni (2020).
The vesicular release activity for naturally occurring firing patterns of CA3 neuron is simu-
lated using a reduced kinetics model of per-vesicle release probability. The parameters that
determine the short-term plasticity profile in the model are estimated for each configuration,
from the pr and PPR values obtained from the spatially-explicit biophysical model. The
obtained parameters are used in the short-term plasticity model to simulate the presynaptic

release activity for each configuration over a large time scale.

The simulations are performed for a coupling distance of 250-300 nm, with the VDCCs
clustered placed in a nanodomain. For each coupling distance, a broad range of number of
VDCCs in the nanodomain is considered for RRP size 2-17 to capture the whole range of

release probabilities.

3.3.1 Interpretation of alterations in the short-term plasticity with
the STP model

The short-term plasticity model developed by Mahajan and Nadkarni (2020) describes the

vesicular release activity at the CA3-CA1 presynapse in response to a given firing pattern.

28



For each synaptic configuration, we find the corresponding initial per-vesicle release proba-
bility and facilitation parameter that defines the evolution of pv over time in the STP model.
The observed changes in the short-term plasticity can now be described with changes in the

new parameters.

Fig 3.10 shows the variation of basal per-vesicle release probability and facilitation pa-
rameter with the number of clustered VDCCs, RRP size, and coupling distance. Vesicular
release probability increases with the number of VDCCs in the nanodomain and decreases
with coupling distance, with minimal dependence on the RRP size. The facilitation pa-
rameter also increases with the VDCC number, and decreases with coupling distance, with

minimal dependence on the RRP size.
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Figure 3.10: Variation of the parameters of the short-term plasticity model with VDCC
number, RRP size and coupling distance: (A) per-vesicle release probability calculated from
the synaptic release probability for each configuration, and (B) facilitation parameter esti-
mated from the basal release probability and the paired pulse ratio.
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Figure 3.11: Dependence of paired-pulse ratio on the model parameters, per-vesicle release
probability, and the facilitation parameter.

The dependence of PPR on vesicular release probability and the facilitation parameter
from the simulation results with the STP model is shown in Fig 3.11. PPR exhibits significant
sensitivity to the per-vesicle release probability, decreasing with an increase in the per-vesicle

release probability and a decrease in the facilitation parameter.

Increasing the number of VDCCs leads to an increase in vesicular release probability and
the facilitation parameter. As the previous data suggests, it also results in higher synaptic
release probability and lower paired-pulse ratio. The decline in PPR subsequent to VDCCs
increase is explicable by the heightened per-vesicle release probability due to the increased
calcium flux. Similarly, the decline in PPR due to an enlarged RRP or a shorter coupling

distance can be attributed to a higher per-vesicle release probability.

3.3.2 Analysis of the information rates and energy efficiency fol-

lowing presynaptic modifications

Fig 3.12 A shows the heatmap of relative mutual information rate (R;,f,) with RRP size,
VDCC number, and coupling distance as variables. Interestingly, R;,f, remains almost
constant with changes in the number of VDCCs across all RRP sizes and coupling distances.
Similarly, it remains constant for different coupling distances but increases with RRP size.

For smaller readily-releasable pool sizes, a lower information rate presumably results because
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of the resource constraints owing to the quicker depletion of vesicle pools during transmission.
However, for the magnitude of RRP size changes associated with homeostatic plasticity,
there won’t be a considerable influence on the information transfer. The results suggest that

information transfer is robust to homeostatic modifications.

The heatmap in fig 3.12 B displays the variation of the specific cost of information with
RRP size, coupling distance, and number of VDCCs. With an increase in the number of
VDCCs, the specific cost of information becomes stable after increasing briefly. It’s greater
for shorter coupling distances and larger RRP sizes. The data suggests that energy efficiency,
the inverse of the specific cost of information, varies with changes in VDCC numbers and
RRP size.
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Figure 3.12: Variation of (A) Relative Mutual Information Rate (R;,s,), and (B) Specific
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3.4 Uncovering the drivers of changes in mEPSC fre-

quency following presynaptic homeostasis

Several studies have reported increased mEPSC frequency following activity suppression in
hippocampal cultures. The increase in frequency is about twice or thrice its initial value, de-
pending on various factors (Han and Stevens, 2009; Thiagarajan et al., 2005; Wierenga et al.,
2006). We investigate the potential drivers of changes in mEPSC frequency by examining

its dependence on various synaptic parameters.

3.4.1 A proportional increase in mEPSC frequency with RRP size

Increase in RRP size is considered one of the significant reasons for the increase in mEPSC
frequency. Studies report approximately a 25%-35% increase in RRP size after in vitro
suppression of activity in hippocampal synapses, with a corresponding 100%-200% increase
in mEPSC frequency (Han and Stevens, 2009; Thiagarajan et al., 2005).

To check the dependence of mEPSC frequency on RRP size, we measure the frequency
for different RRP sizes for basal calcium concentrations of 100nM, 200nM, and 300nM (Fig
3.13 A). The results indicate that an increase in RRP size leads to a proportional increase

in mEPSC frequency, regardless of the basal calcium concentration (Fig 3.13 B).
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Figure 3.13: Effect of increasing RRP size on mEPSC frequency at different basal calcium
concentrations in the presynapse.

The influx of calcium because of the stochastic opening of calcium channels present near
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the release site might influence the relationship between the frequency and the RRP size. In
order to check for this possibility, we ran the simulations with VDCCs close to the release
site, with all the relevant ion channels and the calcium buffer in the model. VDCCs were
dispersed in an area around the release site, with an average distance of 50 nm. Despite the
proximity of the VDCCs to the release site, we do not observe a significant change in the
relationship between RRP size and mEPSC frequency (Fig 3.14). It can be noted that the

presynaptic Ca2+ concentration in these simulations equilibrates to about 100nM.
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Figure 3.14: Effect of increasing RRP size on mEPSC frequency with VDCCs in proximity
to the release site. The basal calcium concentration equillibriates to around 100 nM in these
simulations.

A proportional increase in mEPSC frequency with the RRP size, as suggested by our
data, leaves a major fraction of the increase in frequency unexplained. For instance, a 25%
increase in RRP size following 1-day TTX treatment only accounts for a 25% increase in
mEPSC frequency, for an observed increase of about 100%. For 2-day TTX activity blockage,
RRP increase accounts only for about a 35% increase in frequency for an observed increase
of 200%.

3.4.2 Calcium flux through VDCCs has a minor influence on the

frequency

An increase in stimulus-induced calcium flux through VDCC has been observed after TTX

treatment of hippocampal cultures (Jeans et al., 2017; Zhao et al., 2011). About a twofold in-
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crease in the VDCCs’ average fluorescence intensity was observed after 1-day TTX treatment
of cultured hippocampal neurons, in the super-resolution microscopy study by Netrakanti
and Nair (2021). With observed changes in the expression and organisation of VDCCs, we
test whether calcium influx through the channels during the resting state might have an

influence on the mEPSC frequency.

In the absence of a stimulus, we measured the average calcium concentration at the
AZ with 100 VDCCs clustered at 200 nm from the release site and compared it with the
concentration in the absence of the calcium channels. The calcium concentration remains
about the same (Fig. 3.15). The calcium flux through VDCCs in the absence of stimulus is
about three calcium ions per channel per second. The measured mEPSC frequency values

for the two cases are 0.17 Hz and 0.16 Hz, respectively.
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Figure 3.15: Effect of removing VDCCs on the calcium concentration at the active zone.
Presynaptic activity for 2s is simulated without any stimulus. Calcium concentration at the
active zone averaged over time is shown for two cases: (A) when 100 VDCCs are clustered
at 200nm from the release site, and (B) when VDCCs are removed from the model (VDCCs
blocked).

To further explore the influence of VDCCs on mEPSC frequency, we doubled their num-
bers with channels dispersed around the AZ and measured the frequencies accordingly. Dou-
bling of channel numbers influences the frequency only for very short mean distances (Fig

3.16). Even then, the effect is only minor compared to the observed magnitude of changes.

The results suggest that VDCCs do not have a considerable influence on the calcium
concentration at the active zone and the frequency of vesicle releases, in the absence of a

stimulus.
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Figure 3.16: Effect of increasing the number of VDCCs on mEPSC frequency for various
RRP sizes for VDCCs placed at a mean distance of (A) 50 nm, (B) 100 nm, (C) 150 nm.

3.4.3 mEPSC frequency is highly sensitive to basal Calcium levels

An increase in vesicle release in the absence of stimulus may be due to a rise in basal
calcium levels. We check the dependency of mEPSC frequency on the presynaptic calcium
concentration for various RRP sizes. An increase in the concentration from 100 nM to 200
nM leads to an approx three-fold increase in the frequency, with minimal dependence on
RRP size (Fig. 3.17 A). Even a modest increase in the concentration from 100 nM to just

140 nM raises the frequency to approx. double its initial value (Fig. 3.17 B).
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Figure 3.17: Change in mEPSC frequency with presynaptic basal calcium concentration.
(A) Factor of increase on increasing the calcium concentration from 100 nM to 200 nM, 100
nM to 300 nM, and from 200 nM to 300 nM for various RRP sizes. (B) Dependence of
mEPSC frequency on basal calcium concentration for RRP size = 7.
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Overall, our analysis of mEPSC frequency explores the causal link for the increase in
mEPSC frequency. Changes in RRP size are largely insufficient to account for the observed
magnitude of the increase. Experimental studies have observed an elevated synapse density
which could be responsible for the increase in mEPSC frequency, but there are several studies
in which enhanced mEPSC frequency has been observed without changes in synapse density
(Han and Stevens, 2009; Thiagarajan et al., 2005; Bacci et al., 2001). Our data suggests
high sensitivity of mEPSC frequency to basal calcium concentration in the presynapse. In
the absence of other apparent factors that might be responsible for the observed magnitude
of changes, we suggest elevated basal calcium concentration to be a likely factor causing an

increase in mEPSC frequency.
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Chapter 4

Conclusion & Future Directions
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Homeostatic plasticity maintains the average firing rate through a combination of various
modifications. Even though it was discovered as a stabilizing mechanism, considering that
it involves significant changes, it might have a more dynamic role in shaping neural activity.
We investigated how homeostatic modifications at the presynapse affect the transmission of

presynaptic neuronal firing activity.

We first examined how changes in the expression and placement of VDCCs affect the
success of transmission of a single action potential. The probability of neurotransmitter
release shows a logistic growth with the number of clustered VDCCs. With the number of
free VDCCs, the variation is rather noisy because of the random positioning of the chan-
nels. Even when free VDCCs are placed with the same average distance as the clustered
VDCCs, the release probability corresponding to free VDCCs can be influenced greatly by
a few channels placed close to the readily-releasable pool. Given that synaptic strengths are
often multiplicatively scaled during postsynaptic homeostasis, we identified the effect of mul-
tiplicative scaling of VDCCs on the neurotransmitter release probabilities of the synapses.
The release probabilities do not change by a constant additive or multiplicative factor. The
effect of such multiplicative scaling of VDCCs would also depend on the further processing

leading to the generation of an action potential.

We studied the effect of homeostatic presynaptic modifications on short-term plasticity
by examining the transmission of a paired-pulse and a train of action potentials. The paired-
pulse ratio decreases with the number of clustered VDCCs as the release probability increases.
When VDCCs are spread out, the paired-pulse ratio always remains one. This suggests that
the free channels don’t contribute to the residual calcium that leads to the rise in the release
probability. We also interpreted the variations in the paired-pulse ratio with the number
of clustered VDCCs using the short-term plasticity model. The lowered paired-pulse ratio
for more channels results due to an increase in basal per-vesicle release probability rather
than a weaker facilitation strength. Our simulations with the pulse train further suggest
that changes in the number of clustered VDCCs and the RRP size affect the probability of
neurotransmitter release over the pulses. The effect of RRP size is much less compared to
the effect of VDCC number. The changes in short-term plasticity during homeostasis might

have important implications given its crucial computational roles.

Since short-term plasticity has been shown to influence information transfer and energy

efficiency during synaptic transmission, we measured their dependence on the number of
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clustered VDCCs and the RRP size. With the homeostatic changes in VDCC number and
RRP size, the relative mutual information rate remains almost constant. This suggests
that, despite changes in short-term plasticity, the information transfer via vesicular release
is unaffected by these modifications. However, the specific cost of information increases, i.e.,

the energy efficiency decreases with an increase in VDCC number and RRP size.

Additionally, we tried to explain the increase in mEPSC frequency observed after in vitro
suppression of activity. Increased frequency of release without stimulus may result either
from enlarged RRP or enhanced per-vesicle release rate. According to our results, mEPSC
frequency increases proportionally with the RRP size and is only partly explained by it. Our
data suggests high sensitivity of mEPSC frequency on the basal calcium concentration. In the
absence of other factors to account for the large magnitude of changes in mEPSC frequency,
we suggest that a plausible increase in basal calcium concentration could be responsible for
the observed changes. The predicted changes in baseline calcium concentration are consistent
with the observations of accelerated vesicular turnover following the suppression of activity
(Bacci et al., 2001; Turrigiano and Nelson, 2004; Thiagarajan et al., 2005).

Our analysis of short-term plasticity has considered the effect of clustered VDCCs and free
VDCCs separately. The calcium through free VDCCs gets easily buffered by calbindin but
may saturate the buffers, leading to lesser buffering during the subsequent spikes. Studying
with both clustered and free VDCCs together might give interesting results. The study
also doesn’t incorporate the effect of changes in baseline cytosolic calcium concentration.
The impact on short-term plasticity during homeostasis, as examined in our study, and
observed in several experiments, along with the postsynaptic modifications that occur during
homeostasis, suggests a metaplastic role of homeostasis (Thiagarajan et al., 2005; Yee et al.,
2017; Li et al., 2019). For instance, the study by Hobbiss and colleagues observed an altered
Hebbian plasticity threshold and breakdown of input specificity following activity suppression
in hippocampal neurons (Hobbiss et al., 2018). The computational modeling approach would

also be a great tool for exploring how Hebbian thresholds are altered during homeostasis.

In summary, to understand the role of homeostatic plasticity in shaping neural activity,
we developed a computational modeling framework to understand the effects of presynaptic
homeostatic modifications. Short-term plasticity has important computational roles. Still,
only a few experimental studies have measured alterations in short-term plasticity after
homeostatic plasticity (Kim and Tsien, 2008; Soares et al., 2017; Delvendahl et al., 2019).
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We examined the effects of homeostatic modifications on short-term plasticity and attempted
to understand its implications. Many experimental studies have measured changes in mEPSC
frequency as a proxy for presynaptic homoeostatic changes. But the reasons for enhanced
mEPSC frequency were only partially understood. With our computational model, we could
mechanistically explain the reasons for the experimentally observed increase in mEPSC fre-
quency. Overall, our study gives valuable insights into how presynaptic homeostatic works

and interacts with the other mechanisms that influence information processing at synapses.
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