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Abstract

Fast synaptic inhibition in the nervous system depends on the transmembrane flux of CI°
ions via activated GABAA and glycine receptors. As a result, changes to the neuronal
driving force for CI™ are thought to play pivotal roles in many physiological and pathological
brain processes. Established theories regarding the determinants of Cl” driving force have
recently been questioned based on new experimental data. However, it is experimentally
difficult to distinguish the respective contributions of the multiple, dynamically interacting
mechanisms which may be important in CI" homeostasis. Here I present biophysical models
of CI" homeostasis using the pump-leak formulation. By means of numerical and novel
analytic solutions, I demonstrate that the Na™ /K*-ATPase, ion conductances, impermeant
anions, electrodiffusion, water fluxes and cation-chloride cotransporters (CCCs) play roles
in setting the Cl” driving force. Importantly, I show that while impermeant anions can
contribute to setting [Cl]; in neurons, they have a negligible effect on the driving force for CI°
locally and cell-wide. In contrast, I demonstrate that CCCs are well-suited for modulating
CI" driving force and hence inhibitory signalling in neurons. This prediction is supported by
a meta-analysis of multiple experimental studies, which demonstrates a strong correlation
between the expression of the cation-chloride cotransporter KCC2 and intracellular CI°
concentration. My findings reconcile recent experimental findings and provide a framework

for understanding the interplay of different chloride regulatory processes in neurons.
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Chapter 1

Introduction

1.1 Cellular homeostasis and ionic regulation in neurons

1.1.1 Neural signalling requires ionic flux

The fascinating and complex behaviours exhibited by animals are secondary to neural ac-
tivity based on the passage of information between neurons, or neurotransmission. Neurons
in the brain communicate with one another via synaptic signalling, which relies on the
activation of receptor proteins that permit rapid transmembrane fluxes of ions carrying
charge.

The magnitude and direction of the electrical signals elicited when neurotransmitters
bind to receptor molecules and cause ionic flux determines the effect of neurotransmission
on the post-synaptic membrane — excitation by increasing (depolarising) the membrane
potential or inhibition by decreasing (hyperpolarising) the membrane potential. Changes
to the potentials activated via synaptic signalling can have deleterious outcomes in the
nervous system, which relies on both inhibition and excitation to bring about its effects. It
is therefore important to understand the mechanisms underlying ionic flux and homeostasis

in neurons.

1.1.2 Electrochemical ionic flux and the Nernst potential

To investigate what properties underlie ionic steady states, it is necessary to understand the
key components that make up a cell. Defined simply, a cell is a collection of molecules, ions
and substrates in solution surrounded by a selectively-permeable membrane. The membrane
‘barrier’ forms a compartment and separates the cell’s contents from the extracellular fluid
environment.

Diffusion is the process which describes the net movement of ions or molecules from
a region of high concentration to a region of low concentration. If a membrane is per-
meable to certain ions or molecules, these ions will tend to diffuse across the membrane

down concentration gradients. Osmosis is the result of the diffusion of solvent molecules



(e.g. water) across a semi-permeable membrane until there is an equal concentration of
solutes on either side (osmoneutrality). In addition, for a charged molecule on either side
of a membrane, electric forces based on surrounding charges create drift, flux based on an
electrical field (Ohm’s law for drift). Therefore ions will also tend to move across the cell
membrane according to the electrical potential across it. Ohm’s law for drift ensures that
the intracellular and extracellular environments are electroneutral, with the sum of charges
in each nearly equal.

The combined flux of a charged molecule is inclusive of forces because of diffusion and
drift — an electrochemical potential. The Nernst-Planck equation , or NPE, accurately
describes this flux. It can be derived using the Einstein Relation, which states that the two
fluxes of diffusion and drift are additive in the same medium, with diffusion calculated via
Fick’s Law and drift via Ohm’s Law (Gray and Wu, 1997)). Here the NPE is written in
terms of current (rate of charge) rather than as a flux (rate of flow of molecules):

pz? dV  puz d[C
—N—AF[C]E — NARTC[lw] (1.1)
In , I is the current (equal to the molecular flux multiplied by the valence of the charged

molecules and F', the Faraday constant), [C] the ionic concentration, z the molecules’ va-

I =

lence, p ionic mobility, V' voltage, x the distance between the potentials, T the temperature,
R the gas constant and N4 Avogadro’s constant.

At an ion’s steady state, the sum of fluxes will be zero. Assuming zero net flux in ,
one can derive the reversal or Nernst potential for an ion (Equation, which is commonly

used in neuroscience:

Ec = % In ([[gD (1.2)

where [C]; is the ionic concentration inside the cell and [C], its concentration outside.
The reversal or Nernst potential Ec of an ion C' is the membrane voltage which exactly
counterbalances the tendency for the ion to move down its electrochemical gradient across
the membrane — i.e. the ion’s net flux is zero (Coombs et al., 1955). The Nernst Equation

therefore tells one at which membrane voltage (V,,,) an ion is at equilibrium.

1.1.3 The cellular electric field and membrane potential

Cell membranes are comprised of two electrically insulated components (the phospholipid
bilayer) on either side of which water, a conductor, flows. This arrangement allows for
charge to be separated or stored across the membrane, giving cell membranes the properties
of a capacitor. Cells are often modelled using electrical circuits. In the equivalent circuit
model, batteries represent channel or ionic reversal potentials, resistors represent resistance
through channels and capacitors represent the membrane capacitance C,,.

The membrane capacitance allows for charge separation across the membrane. The

collection of charged molecules creates an electrical field with the positive direction pointing



from the inside to the outside of the cell. This electric field sets up the cell’s membrane

potential (Vi ), an electrical potential inclusive of all charged objects.

To evaluate the membrane potential V, of a modelled cell, one must use one of two
approaches. Either, the sum of the currents through each component in the circuit is zeroed,
i.e. setting Y Icapacitance + Lion = 0, Vi, is solved for in Cm% + > Iipn, = 0 (‘charge sum’

approach), or the charge difference ¢ across the membrane because of individual ions is

calculated, noting that C' = % and assuming that the extracellular charges sum to 0, i.e.

V. — F-volume-(2z~[ionz]i)
m = Ch-area

the traditional strategy used in most models in the literature, the charge difference approach

(‘charge difference’ approach). While the charge sum approach is

has the advantage of not requiring any initialisation values. Both approaches compute the
same values for Vy, provided the initial Vi, for the charge sum approach is set equal to the

charge difference equation (Fraser and Huang, 2004).

1.1.4 Application of electrochemical equilibria and the ionic driving force

The Nernst-Planck equation is often simplified so that it can be applied efficiently in mod-
els to accurately quantify electrochemical ionic current I;,, across the cellular membrane.
The constant field and Ohmic equations can be derived from the NPE. The constant field
equation is given by , where P,, is the membrane permeability constant of the ion C,

and § = Zg}/:

[Clie* — [Clo

Lion = mZFg €1

(1.3)

The equivalent circuit equation (or ‘Ohmic’ equation, because it uses Ohm’s law, I = %V =

gV, where R is resistance and g conductance, the inverse of resistance) is given by:
Lion = g(Vm - Eion) (1'4)

These equations can be modified to capture flux and the reversal potential when multiple
ions are involved, for example through a selective receptor. Usually, the receptor will allow
only some ions passage across the membrane when it is open or activated, and hence it
creates a local area of restricted electrochemical potentials. These generalisations will be
introduced in Section [1.2.1]

The Ohmic equation illustrates the important concept of the ionic driving force. In ,
the magnitude of I;,, is increased by larger differences between V,,, and the ion’s Nernst
potential. This difference (V,, — Eion) is known as the driving force for the movement of the
ion. It is the ionic driving force across a post-synaptic receptor that determines both the
direction and magnitude of ionic flux when that receptor is activated by a neurotransmitter
and opens. It therefore determines the type of response (depolarising or hyperpolarising)

created by a synaptic input onto a neuron — the vital consequence of ionic homeostasis.



1.1.5 The Nat/K*-ATPase establishes the cellular membrane potential
and volume using the pump-leak mechanism

At steady state, the net transmembrane flux of an ion ought to be near zero. The impli-
cations when setting Equation equal to 0 are striking: ionic reversal potentials tend
towards Vi, when only a ‘passive’ cellular set-up is used, and ions have a negligible driving
force. Particular mechanisms actively distributing ions are necessary to move FEj;,, away
from Vy, and to maintain a non-zero driving force (Savtchenko et al., 2017)).

Active mechanisms include pumps that use an energy source to shunt ions across the
membrane against their electrochemical gradient. The sodium/potassium-ATPase (Nat /K-
ATPase) pump is an example of a prominent active ionic transport mechanism, and is re-
sponsible for the resting membrane potential in most animal cells, as well as the Na* and
K™ reversal potentials (Tosteson and Hoffman, 1960; [Dierkes et al., 2006). The ATPase
moves 3 Na™ ions out to the extracellular environment for every 2 K+ ions brought into the
cell by employing the energy substrate adenosine triphosphate (ATP). Reversal potentials,
once established by active mechanisms (e.g. the Nat/K*-ATPase), can be made available
as energy sources for the coupled transport of other ions.

Along with its contribution to the cell’s electrical stability, the ATPase pump’s ac-
tions play a critical role in determining cellular osmolarity and volume (Tosteson and Hoff-
man, 1960; Armstrong, 2003; Liang et al., 2007; Kay, 2017). This is because impermeant
molecules such as nucleic acids and proteins cannot cross the cell membrane and yet are still
osmotically active. When the cell has only passive electrochemical mechanisms available,
this results in the ‘Gibbs-Donnan’ effect (Hill, 1956): an uneven distribution of charged
particles across the membrane which is osmotically unstable. Without the rigid cell walls
present in plant cells, animal cells without active transporters would swell indefinitely. The
Na® /KT-ATPase stabilises the cell volume by pumping ions across the membrane and al-
lowing them to leak passively in a way which sets the intracellular osmolarity to that of
the extracellular space (the ‘pump-leak’ mechanism) (Kay, 2017). The most important at-
tributes of the pump-leak mechanism are active extrusion of Na™ (by the ATPase) combined
with a low Na™ permeability, which renders Na™ ‘functionally impermeable.” Hence, cells
are able to reach osmotic equilibrium by broadly matching the concentration of impermeant

anions with the concentration of externally restricted Na™.

1.2 GABA receptors mediate inhibitory signalling via chlo-
ride

1.2.1 The chloride driving force determines GABA , neurotransmission

This thesis is primarily focused on inhibitory synaptic signalling. Fast synaptic inhibition in
the mature nervous system is mediated by both glycine receptors and type A vy-aminobutyric
acid receptors (GABARs) (Krnjevi¢ and Schwartz, 1967; Werman et al., 1968)). GABAARs



are generally activated when bound by the neurotransmitter GABA. The effect of GABA
binding to its receptor is based on the GABA driving force, the difference between the
resting membrane potential V,, and the GABA reversal potential Eqgaga, which is in turn
set by the ions permeable through GABAARs. Ion gradients determine the outcome of
neural signalling.

In a receptor permeable to several ion species such as the GABAAR, the reversal po-
tentials of individual ions and their relative permeability through the receptor determine
the receptor’s reversal potential, as explained in Section GABAARs are primarily
permeable to chloride (CI7). Bicarbonate (HCO3") ions also permeate, but to a much lesser
degree (Bormann et al., 1987). The Goldman-Hodgkin-Katz equation (Fig. E),
derived from the constant field equation, is classically employed to describe the reversal
potential of GABAARs, Egapa (Goldman, 1943; Hodgkin and Katz, 1949):

RT ( A[CU Jin + [HCOg ]in ) (1.5)

B Ly
GABA = "5\ 4[C1 ot + [HCOS ot

An alternative formulation, based on the Ohmic approach ([1.4)), calculates Egapa based
on the ratio of the reversal potentials of CI" and HCO3: Fgapa = %ECZ + %EHCO3 (Fig.
F). The current through the GABAAR when it is activated can therefore be written:

4 1
IgaBa = gcABa <Vm - (EECZ + 5EH003)> (1.6)
4 1
= 59G’ABA(Vm — Eq1) + gQGABA(Vm — Erco,) (1.7)

The contributions of both ions to Egapa mean that Egapa (typically —75 mV) is much
closer to the CI” reversal (—85 mV) than the more positive HCOs™ reversal (—20 mV).
Because of the weighting, shifts to transmembrane chloride gradients should have larger
effects on Egapa than shifts to transmembrane bicarbonate gradients. The bicarbonate
gradient is also kept relatively stable by carbonic anhydrase, which is a catalyst in the
reaction of HoO and COq to replenish HCO3™ (Kaila, 1994; [Staley et al., 1995). Therefore
the Cl" driving force (the difference between the membrane potential Vy, and Ecj) can be

used as an approximation for the GABAAR driving force.

1.2.2 The importance of chloride concentration in GABA , receptor sig-
nalling

Because the magnitude and direction of the post-synaptic potential generated when GABA
binds to its receptor is dependent on the Cl" driving force, the efficiency of inhibition via
GABARs varies. There are two mechanisms through which GABA A Rs can inhibit target
neurons (Fig. . Naturally, directly hyperpolarising the membrane (shifting the mem-
brane potential negatively) is inhibitory (Fig. B). In addition, and counter-intuitively,
depolarising the membrane (a positive shift) and ‘shunting’ excitatory inputs is also an
effective method of inhibition (Fig. C). Shunting inhibition reduces local membrane re-



sistivity or electrical impedance (the ability of the neuron to oppose ionic flux). This short-
circuits the system by allowing current to flow along an unintended path of low impedance
and prevents the summation of excitatory post-synaptic potentials from nearby synapses
(Andersen et al., 1980; Staley and Mody, 1992; Kaila, 1994). The more depolarising the
GABAAR reversal potential, the lower the efficacy of GABAergic inhibition is through
either of these mechanisms, and the the chance of disinhibition increases (Fig. D).

A curiosity in the types of GABA A R-mediated membrane polarisations is the ‘bipha-
sic’ response, which describes the Vy, shift of an initial hyperpolarisation followed by a
depolarisation (Fig. G). It occurs only under certain conditions, when there is intense
activation of GABA 4 Rs which overwhelm CI- regulatory mechanisms but not the stability of
Enco, (Staley et al., 1995} |[Kaila et al., 1997; |[Perkins, 1999)). As a result, during continued
GABAAR activation, Egapa becomes depolarised because it shifts towards Egco,. This
again illustrates the importance of Cl” fluctuations in determining GABA R signalling: it

is the disruption of CI" homeostasis which enables the biphasic response.

Shifts in the CI™ driving force are often associated with changes in E¢ only, since Vi, is
set by all cellular charges. From the Nernst Equation , Ecy shifts can involve changes
to the extracellular chloride concentration [Cl],, or the intracellular concentration [Cl];.
In the large volume of the extracellular environment, and because extracellular chloride
concentrations are larger than intracellular concentrations, changes to [Cl], tend to have a

small effect on E¢y, so that the physiologically relevant parameter is [Cl];.

When [Cl']; is increased in mature neurons, as has been shown in many disease and
hyperexcitable network states (Kaila et al., 1997; |[Rivera et al., 2002; |Price et al., 2009;
Tyzio et al., 2014} Ellender et al., 2014), Eqapa shifts positively and thus the effect of
GABAAR activation tends towards disinhibition. Figure D shows that if intracellular
chloride is very high, and the GABAAR reversal potential is more positive than the action
potential threshold, GABA can cease to mediate inhibition.

Alterations in the Cl” driving force and the shift to disinhibition is undesireable because

Figure 1.1 (facing page): The response of the membrane potential to GABAAR activation de-
pends on the intracellular chloride concentration (green) and chloride driving force (red arrows). (A)
Synaptic contacts confer signalling from the pre-synaptic nerve ending to the post-synaptic dendrite
via neurotransmitters. (B) At low intracellular chloride concentrations, GABA is inhibitory and
causes hyperpolarisation of the membrane potential (V,,,). This is because when GABA binds to the
GABAAR, the predominant flux through the receptor is carried by CI™ ions flowing down their elec-
trochemical gradient into the cell, based on the CI” driving force. The membrane potential is driven
towards the more negative Egapa. (C) At raised intracellular chloride concentrations, GABAAR
activation causes chloride ions to flow out of the cell and the membrane to depolarise. V,,, is driven
towards a more positive Egapa. The depolarisation can still be inhibitory via ‘shunting’ inhibition.
(D) At even higher intracellular chloride concentrations and therefore reversal potential Egapa,
GABAR activation causes a larger depolarisation that can become excitatory. (E) The equivalent
circuit model using a combined Goldman-Hodgkin-Katz equation for Egapa. (F) Substitution of
the GABA leak for an approach using the Ec) and Exco, potentials, which can model the biphasic
GABA activation in G. (G) Experimental example of biphasic response from |Staley et al. (1995):
bold trace, the usual hyperpolarising V,, response to a single GABA s stimulus; lighter trace, the
response to a train of 40 GABA stimuli at 200 Hz.
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it can cause widespread pathology, excitatory activity and cellular death (Wake et al., 2007}
Ellender et al., 2014)). The active mechanisms determining Cl" driving force — i.e. the
separation of Eqy from V;,, — are therefore of considerable interest. In this thesis, I aimed
to explore the cellular mechanisms underlying the establishment of Cl driving force in
neurons using computational models based on biophysical features. Because the principles
outlined above set up the basis of the cell, the first objective in this thesis was to develop the
theoretical and computational tools to model basic biophysical cellular features important

for ion homeostasis in cells.

1.3 Cation-chloride cotransporters

As discussed above, to separate E¢y from the membrane potential (Vy,), as we know oc-
curs in cells like neurons (Thompson et al., 1988]), it is necessary for active regulation to
modulate CIl” steady states. Ionic transport is a form of active regulation. For over 30
years, transmembrane transporters called the cation-chloride cotransporters (CCCs) have
been thought to be the main mechanism for distributing CI". These transporters utilise the
gradient of positively charged ions (cations) to modulate Cl” co-flux in the same direction

across the cell membrane, so that electroneutral transport occurs.

1.3.1 Types of cation-chloride cotransporters

In immature neurons, [Cl]; is high and, where present, GABAsRs are thought to be de-
polarising and shunting (Ben-Ari (2002)). However, most mature neurons have a low [Cl'];
and therefore GABAARs in mature neurons mediate inhibitory transmission (Kaila et al.,
2014)) (Fig. B). The current dogma supports the idea that the change in activity of two
particular CCCs is responsible for the active shift to low concentrations in mature neurons
(Ben-Ari, 2002; Blaesse et al., 2009; Kaila et al., 2014]). Their activity is illustrated with the
GABAAR and Na® /K*-ATPase, which maintains the potassium gradient, in Figure A.

The type 2 K-CI cotransporter (KCC2) is thought to be the more important CCC
and Cl regulator expressed in mature neurons (Rivera et al., 1999 [Williams et al., 1999;
DeFazio et al., 2000; Kaila et al., 2014). KCC2 uses the potassium gradient to drive Cl to
exit the cell thus decreasing [Cl']; (Payne, 1997; Thompson et al., 1988)). KCC2 transporters
are progressively upregulated in neurons over development (Rivera et al., 1999; |Ganguly et
al., 2001; |Stein et al., 2004; Dzhala et al., 2005; [Uvarov et al., 2006; Hyde et al., 2011). By
reducing intracellular chloride following chloride-loading induced by GABA AR inhibition
(Fig. B), chloride extrusion in mature neurons also allows serial GABAR signals in
the same neuron to remain inhibitory (Payne, 1997} [Pellegrino et al., 2011)).

Type 1 NaT-KT-CI" cotransporters (NKCC1) utilise the sodium gradient to facilitate C1-
uptake. NKCC1 expression is typically high in immature neurons (Balakrishnan et al., 2003}
Pfeffer et al., 2009)). Here, the cotransporter is postulated to cause high enough [Cl']; that
GABApR-mediated synaptic transmission is depolarising (Ganguly et al., 2001; Ben-Ari,
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Figure 1.2: Important transporters in chloride homeostasis and mechanisms of increasing intra-
cellular chloride concentration. (A) A neuronal membrane including depictions of the sodium-
potassium ATPase, KCC2, NKCC1 and GABA 4 receptor, as well as indications of the normal flux
of ions (CI', green; K T, purple; Na™t, pink) through each. Impermeant ions are included in orange.
(B) Broadly, states of increased [Cl]; are secondary to changes in the activity of the cation-chloride
cotransporters KCC2 and NKCC1, or over short periods of time from intense activation of GABAARs
which overwhelms usual rectification mechanisms. (C) Mechanisms that diminish KCC2 activity.
KCC2 activity may be reduced following decreased expression of the cotransporter, which can be
mediated through transcriptional regulation and regulation of secondary messengers like Ca?, in-
ternalisation or cytosolic movement of the cotransporter from the membrane, dephosphorylation,
and suppression of KCC2 functioning via direct inhibition or post-translational modifications.




2002; [Pfeffer et al., 2009), although this result has recently been questioned on the basis of

differences between in vitro and in vivo experiments (Valeeva et al., 2016]). Depolarising

GABA s R-mediated transmission may enable a threshold of disinhibition that encourages

the creation of synapses and general activity without causing cell death (as would be the case

for glutamatergic excitation) (Pfeffer et al., 2009)). NKCC1 is progressively downregulated
during development (Dzhala et al., 2005). As a result, NKCC1 is thought to have a limited

role in mature neuronal chloride homeostasis.

Other CCCs are not contributory in neurons. For example, KCC1 is expressed non-
specifically in mammalian cells, and is not likely to mediate chloride regulation in the
nervous system because it has a low affinity for both K™ and CI- (Gillen et al., 1996).

1.3.2 Pharmacological evidence for the role of CCCs in setting the chlo-
ride driving force

Studies which have inhibited CCCs using pharmacological agents have observed changes
to Eq or Egapa that are consistent with the dogma that CCCs establish the CI° driv-
ing force. Specifically, blocking KCC2 may cause an increase in [Cl]; in mature neurons
(Barmashenko et al., 2011; IDi Angelantonio et al., 2014; [Tang et al., 2015|), and blocking
NKCCI1 either no change (normal mature neurons) or a decrease in [Cl']; (Friauf et al., 2008;
Hewitt et al., 2009; Barmashenko et al., 2011; |Chen et al., 2014} [Tyzio et al., 2014;

MacKenzie and Maguire, 2015). Importantly, in several studies, using the non-selective

CCC blocker furosemide depolarised Egapa to levels near that of Vy,, supporting the

role of the transporter in establishing CI” driving force (Thompson and Gahwiler, 1989;
Pathak et al., 2007; Lee et al., 2011)).

1.3.3 Evidence from comparative disease models for the role of CCCs in
setting the internal chloride concentration

Changes in the expression or activity of CCCs that correspond with expected shifts in
the CI" gradient have been reported in numerous disease states, providing further evi-
dence for the role of CCCs in CI regulation (Table [3.1). Downregulation of KCC2 and
upregulation of NKCC1 can cause accumulation of intracellular chloride, or Cl" loading
(Fig. B). Often these CCC-to-[Cl']; associations are confirmed via quantification of al-
tered transporter expression levels, but other mechanisms can also result in CCC activity
shifts. They include phosphorylation status (Balakrishnan et al., 2003; Wake et al., 2007}

MacKenzie and Maguire, 2015} |Alessi et al., 2014)), intracellular calcium accumulation

(Hewitt et al., 2009; [Fiumelli et al., 2005) and changes in the localisation (or expres-
sion on the surface of the membrane) of CCCs (Wake et al., 2007; |Tyzio et al., 2014}
MacKenzie and Maguire, 2015) (Fig. C).

Contradictory results have recently also been reported, in which blocking KCC2, NKCC1
or both did not result in shifts in [CI']; (Glykys et al., 2014). These findings have prompted a

re-evaluation of the mechanisms underlying chloride homeostasis, including the controversial
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Disease or  Study A[CI']; AKCC2 ANKCC1 Mechanism for
model changes in CCCs
Epilepsy Barmashenko et T 1 T Not explored
(excitation)  lal. (2011)
|Bragin et al. (2010)| 0 1 0 Not explored
|Lee et al. (2011)| T 4 None Dephosphorylation
PPathak et al. (2007)| 0 1 None Not explored
Glioma or Campbell et | T 1 None KCC2 dephosphoryla-
peri-glioma al. (2015) tion
(Conti et al. (2011)| 0 0 0 Zn?** inhibition of
KCC2 activity
Di Angelantonio et | 0 { Unknown 1 [Zn?*];
al. (2014)
Pallud et al. (2014) 0 Cytosolic movement
Stress Galeffi et al. (2004)| 1 None Not explored
MacKenzie and | 1 Functional* Dephosphorylation
Maguire (2015)
Neuropathic ~ (Chen et al. (2014) ) None Functional*  Disrupted micro-tubule
pain dynamics, dynein
|Cou11 et al. (2003)| T K Unknown  Not explored
|Ferrini et al. (2013)| 0 K Unknown  BDNF release by mi-
croglia
Tang et al. (2015)| None Not explored
Nociception  |[Funk et al. (2008)| T Phosphorylation
Substrate Lagostena et | None Nerve growth factor
knockouts al. (2010) depletion
Mahadevan et T i Unknown  Neto2-knockout; |
al. (2015 phosphorylation
Hypothy- |Friauf et al. (2008)| T Unknown Functional® Post-translational
roidism modifications
Autism Tyzio et al. (2014)| 0 N Functional* Post-translational
modifications
A regions |K1ein et al. (2018)| T 1 Unknown  Baseline expression

levels

Table 1.1: Changes in the activity of cation-chloride cotransporters in different disease models are
associated with changes in intracellular chloride concentration. For each study, grouped by disease,
the shift in [CI']; (on the basis of Egapa, Eci or via direct imaging), change in KCC2 expression,
change in NKCC1 expression and possible mechanism(s) underlying the changes was extracted. *
Functional confirmation of ANKCC1 was determined by the presence of [Cl]; recovery with the

application of bumetanide (a NKCC1 inhibitor).
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impermeant anion hypothesis (see the following section). Therefore, the second objective
of my thesis was to use computational methods to explore the role of CCCs in establishing

the transmembrane concentration gradient and driving force for Cl" in neurons.

1.4 The impermeant anion hypothesis of chloride regulation

Recently, it has been suggested that impermeant anions, and not CCCs, establish the trans-
membrane gradient and driving force for Cl" in neurons (Fig. . This impermeant anion
hypothesis suggests that chloride equilibria are determined only by the electrochemical ac-
tion on chloride ions by anions that are not permeable to the cell membrane (Fig. . It
hypothesises that cation-chloride cotransporters regulate another aspect of the cell, osmo-
larity and therefore cellular volume, without affecting the chloride gradient (Delpire and
Staley, 2014; Glykys et al., 2014; |Glykys et al., 2017)).

The premise in the paper proposing the alternative is that the cumulative intracellular
concentration of negative ion species should be constant, i.e. [X']; + [Cl); is constant,
where X represents anions other than chloride (Glykys et al., 2014). In the impermeant
anion hypothesis, changes to impermeant anions are the primary mediators of changes to
the CI" gradient, which is set by the Donnan Equilibrium, with passive channels allowing
for the chloride flux that maintains the equilibrium.

Implications of the alternative hypothesis are far-reaching. It potentially explains com-
mon pathophysiology, such as the shift from cytotoxic oedema to seizure-like states, by
providing a mechanism that influences both cellular volume and inhibition (Glykys et al.,
2014). This would link CI" modification to disease processes involving protein and volume
flux, like stroke, meningitis and traumatic brain injury (Glykys et al., 2017)). The proposers
of the impermeant anion hypothesis suggest that potential treatment avenues for these dis-
eases could be influenced greatly, by shifting focus from manipulation of transporters and
ion channels to the targetting of impermeant anions.

Theoretical constraints based on thermodynamic principles have been posed in refuta-
tion (Voipio et al., 2014; [Kaila et al., 2014). These opponents to the impermeant anion
hypothesis claim that impermeant anions exert an equal but opposite effect on cations
as they do on anions such as CI7, and therefore cannot affect the overall electrochemical

gradient of an ion.

1.4.1 Experimental evidence for the role of impermeant anions in setting
the chloride gradient

Recent experimental data from the Staley laboratory has demonstrated that modification
of impermeant anions was more likely to cause consistent intracellular chloride shifts than
CCCs (Glykys et al., 2014). However, the evidence has not been replicated and is contro-
versial, since the use of chloride-sensing fluorescent dyes vulnerable to pH change may have
introduced inaccuracy (Pellegrino et al., 2011; Bertollini et al., 2012;|Arosio and Ratto, 2014

12



Luhmann et al., 2014). [Klein et al. (2018)|repeated similar experiments by modifying extra-
cellular impermeant anions, but found that altering extracellular impermeants only affected
Ecaa modestly when compared to KCC2’s role. In both cases, there were no comments
on how anions influenced other cellular parameters, in particular Cl” driving force, the most
important measurement in Cl" regulation since it sets inhibitory synaptic signalling.

There is a lack of research regarding possible mechanisms, scenarios and rationales un-
derpinning impermeant anion-driven Cl” regulation. However, it is known that chronic dis-
ease is often characterised by morphological and environmental changes, such as microglial
activation (Coull et al., 2003)) and cell swelling (Chen et al., 1999; Cesetti et al., 2011, which
could conceivably result in changes to intra- and extra-cellular protein matrices. These in
turn could result in modulation of impermeant anion concentrations.

Additional experimental evidence for the impermeant anion hypothesis is limited be-
cause the effects of impermeant anion manipulation are difficult to measure. For greatest
value and impact, experimental avenues could be informed by theoretical predictions — so
far, no models exist that fully describe the role of impermeant anions in Cl° homeostasis.
Therefore, the third objective of my thesis was to use biophysical models to investigate the

influence of impermeant anions on Cl” concentration and driving force.

1.4.2 Cellular regulation of volume and osmolarity

If impermeant anions were the only mechanism setting the chloride gradient, it is implied
that CCCs and KCC2 in particular should not affect Eg. According to the impermeant
anion hypothesis, KCC2 transports water as well as ions, and functions as an osmotic
regulator rather than a chloride regulator (Delpire and Staley, 2014).

Neurons do not have aquaporins (water channels) and are therefore thought to have
a reduced capacity to regulate cell volume changes (Andrew et al., 2007). Because water
movement is known to occur with changes in ion concentrations, it has been proposed that
CCCs cotransport a fixed ratio of water molecules along with cations and Cl" (MacAulay et
al., 2004; |Steffensen et al., 2018)). This may link GABA 4R activation to osmotic regulation
in the brain (Cesetti et al., 2011)). Therefore, it is suggested that changes in Cl" homeostasis
in neurons are based on water-ion flux, and CCCs do not function to maintain the chloride
gradient but rather to determine the osmotic set-point by responding to transmembrane
water concentration differences.

This theory comes with many caveats. Although there is some recent experimental data
supporting CCC-mediated water transport (Steffensen et al., 2018]), there is no definitive
thermodynamic evidence for the theory’s extension to the idea that water itself can cause
a gradient that provides the energetic basis of ionic cotransport. Instead, water may be
cotransported as a byproduct of normal CCC activity. In addition, even if CCCs are
significant water transporters, the natural cell membrane has some permeabilty to water
(Hernandez and Cristina, 1998) and can also counter osmotic pressures through membrane

conformation (stretching or shrinking) as well as via the cytoskeletal elements which can
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Figure 1.3: Proposition for the central role of impermeant anions in setting the chloride gradient
and driving force. (A) In the Glykys et al. (2014)| paradigm, it is suggested that [Cl]; can vary in
different sub-cellular locations secondary to the placement of immobile, impermeant anions. Varying
[CI]; in green (left bar) corresponds with the neuron’s dendritic [Cl]; differentiation. (B) Taking a
closer view at an area in which [Cl']; changes in A, it is proposed that impermeant anions set [Cl'];
and therefore the driving force and response to GABAergic activation, while KCC2 transporters
may rectify acute currents and regulate water flux, without affecting stable [CI];. Top, high [CI']; is
suggested to be caused by local, relatively high extracellular concentrations of impermeant, immobile
anions, which repel CI” so that the local charge balance is maintained. This results in GABAergic
shifts to disinhibition (Cl™ exits the cell on GABAsR activation). KCC2 is argued not to affect
the baseline CI" concentration. Bottom, low [Cl]; is postulated to be caused by local, relatively
high intracellular concentrations of impermeant, immobile anions. This is suggested to maintain
inhibitory GABAergic signalling.
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act as a ‘sponge’ (Dai et al., 1998; [Sachs and Sivaselvan, 2015).

One would need to compare the efficacies of osmotic mechanisms to truly understand
what role CCCs might play in volume homeostasis. Furthermore, because they are osmot-
ically active, changes in impermeant anions may also influence cell volume and osmotic
homeostasis. Regardless of the mechanism, cellular volume shifts interact with ionic home-
ostasis, since increasing volume dilutes concentration. Therefore, the fourth objective of my

thesis was to consider osmolarity and volume constraints in the context of CI" homeostasis.

1.4.3 Local regulation of chloride concentration

Extending the role of impermeant anions, it has been postulated that impermeant anions
are able to mediate local differences in [Cl']; because they can act as immobile electrostatic
components inside or outside a specific area of the cell, influencing the local distribution
of surrounding ions like Cl" (Glykys et al., 2014). There is some evidence that Cl” can be
held at different local, sub-cellular levels within domains of a cell (Szabadics et al., 2006}
Glickfeld et al., 2009; |Woodruff et al., 2009; |Zhang et al., 2013; Mohapatra et al., 2016)), and
it is possible that spatial differences in intracellular and extracellular structures could lead
to differences in the electric field and hence in the cellular membrane potential, distortions
which are invisible during patch-clamping (Savtchenko et al., 2017). Whether this results
in distinct local CI” driving forces — a combination of both V, and E¢; — has implications
for the passage of inhibitory signals (Fig. A and B).

Electrodiffusion, the movement of ions through a fluid medium via diffusive and electric
forces, is an important determinant of local phenomena. Classically, Rall’s cable theory is
a method that incorporates the passage of electric current in branching neurite structures
via passive electrical ‘cable’ properties (Gray and Wu, 1997)). However, the Nernst-Planck
equation is widely considered a more accurate method for calculating ion concentra-
tions and membrane potential in neurites, since it also includes diffusion: substantial dif-
ferences in outcomes have been noted when comparing these equations in small structures
like dendrites and dendritic spines (Qian and Sejnowski, 1989; |Qian and Sejnowski, 1990;
Savtchenko et al., 2017)). These variations bring home the importance of understanding the
influence of electrodiffusion on cellular homeostasis.

Whether impermeant anions, which once immobile no longer contribute active energy
to the system, can modify local [CI']; and CI” driving force has caused some debate because
of the thermodynamic requirement that creating ‘perpetual ionic motion’ would require an
energy source (Kaila et al., 2014)). With electrodiffusion considered, it has been argued
that the ‘repelling’ action of impermeant anions on CI” can occur only immediately around
an impermeant molecule with high charge density, while the driving force nearby remains
unperturbed (Savtchenko et al., 2017). In contrast, differential subcellular expression levels
of CCCs use the energy source of the K gradient to drive activity, and therefore could in
theory drive local differences in CI” that are actively maintained.

Because the role of mechanisms of ClI” homeostasis in driving local ClI" driving force
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differences is unclear, the fifth objective of my thesis was to model electrodiffusion across

multiple cellular compartments. I hoped to compare spatial influences on Cl". Objective six

was to extend a multi-compartment representation of electrodiffusion to include GABA 4 Rs,

since the influence of local CI- driving force changes on post-synaptic potentials should

provide the final link in my thesis to show how driving forces and the mechanisms setting

them might affect fast inhibitory signalling.

1.5 Aim and objectives

1.5.1 Aim

The overall aim of my thesis was to use computational models based on biophysical first

principles to investigate the relative importance of different cellular mechanims for deter-

mining CI concentration and Cl driving force in neurons.

1.5.2 Objectives

The contributing objectives were to:

1.

Develop the theoretical and computational tools to model ion homeostasis in cells,
including passive ion conductances, cation-chloride cotransport, impermeant anions,

water movement and volume changes.

. Determine the role of CCCs in establishing CI" concentration and driving force in the

model.

Investigate whether and how alterations in impermeant anions influence Cl° concen-

tration and driving force in the model.

. Probe the role of osmolarity and water transport for Cl- homeostasis in the model.

. Incorporate electrodiffusion into my model to determine whether alterations to im-

permeant anions or CCCs can mediate local differences in Cl" concentration and the

CI" driving force.

Observe whether effects on CI” driving force have relevance for synaptic neurotrans-

mission by comparing GABA AR post-synaptic potentials in the model.

Continuously compare simulation results to theoretical predictions and available ex-

perimental evidence to evaluate their validity.
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Chapter 2

Methods

2.1 Single compartment model

The single compartment model consisted of a cylindrical semi-permeable membrane sep-
arating the extracellular solution from the intracellular milieu with variable cellular vol-
ume. The extracellular ionic concentrations were assumed constant (Table [2.1)). Perme-
able ions in the model were K, Na™ and Cl° with their usual charges, while imperme-
ant anions X were assumed to be a heterogenous group of impermeant chemical species
with average intracellular charge z and extracellular charge -1. z was chosen on the basis
of known resting intracellular ion concentrations and osmolarity II (Lodish et al., 2009;
Raimondo et al., 2015). Bicarbonate ions were not included in my model as they were
assumed to be important in acute depolarising effects (via GABAARs) rather than chronic
shifts in CI" driving force, which was the focus for this thesis (Staley and Proctor, 1999).

The single compartment model included ionic leak currents for the permeable ions,
the Nat /K*-ATPase and a cation-chloride cotransporter, the K*-CI- cotransporter KCC2.
KCC2 rather than NKCC1 is thought to be the most active CCC in mature neurons (Ben-
Ari, 2002), and so to maintain conceptual simplicity NKCC1 was not included. Therefore,
it was assumed that the effect sizes secondary to KCC2 manipulation could broadly be
expected from other CCCs, although in directions reasonable for the specific symporter.
Cell volume (w) change was based on osmotic water flux and incorporated a membrane
surface area scaling mechanism. The constants and default parameters for the model are
presented in Table [2.1]

An analytical solution to the model at steady state was derived using standard tech-
niques as described in Section . The numerical model was initialised assuming con-
ditions close to electroneutrality and an osmotic equilibrium between the intracellular and
extracellular compartments. A forward Euler approach was used to update variables at
each time step (dt) of 1 ms. Using a smaller dt did not influence the results. Code
was written in Python 2 and is available on GitHub (https://github.com/kiradust/

model-of-neuronal-chloride-homeostasis).
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Value Description

Constants

F 96485.33 C/mol Faraday constant

R 8.31446 J/(mol-K) Universal gas constant

T 310.15 K Absolute temperature (37°C)

Parameters

Cm 2 pF /em? Membrane capacitance (]Qian and Sejnowski, 1989[)

ZNa 20 pS/cm? Na™ leak conductance (]Kager et al., 2000[)

gK 70 puS/cm? K™ leak conductance QKager et al., 2000[)

gci 20 pS/cm? Cl" leak conductance (]Kager et al., 2000[)

gKCC2 20 pS/cm? KCC2 conductance (per ion) (]Doyon et al., 2016[)

Uy 0.018 dm? /mol Partial molar volme of water (Herndndez and
Cristina, 1998))

Pw 0.018 dm/s Osmotic permeability QHernéndez and Cristina, 1998[)

ko 25 N/dm Variable for membrane tension (higher than reported
in Dai et al. (1998): used here to accentuate differ-
ences in osmolarity)

P 0.1 C/(dm?-s) Default pump rate constant (fitted)

[Nat], 145 mM Extracellular Na™ concentration

[K*], 3.5 mM Extracellular Kt concentration

[CT ], 119 mM Extracellular C1IT concentration

[XTo 29.5 mM Extracellular impermeant anion (X) concentration (all

extracellular concentrations as in [Lodish et al. (2009);
Raimondo et al. (2015))

Dna 1.33 x 1077 dm?/s Na™ diffusion constant (Hille, 2001)
Dx 1.96 x 1077 dm? /s KT diffusion constant (Hille, 2001))
Dar 2.03 x 1077 dm?/s CI- diffusion constant (Hille, 2001))

Ssynapse 1 nS Conductance of GABAergic synapses
GABA L.« 1 mM Saturating concentration of GABA molecules
«a and 0.5 ms'mM-! and Forward and backward rate constants for GABA

0.1 ms™ respectively ~ binding (GABAergic synapse parameters all given
by Destexhe et al. (1994))

Variables (default steady state)

Vi -72.6 mV Membrane potential

[Nat); 14.0 mM Intracellular Na™ concentration

[K*]; 122.9 mM Intracellular KT concentration

[Cl']; 5.2 mM Intracellular CI" concentration

[Nat]; 14.0 mM Intracellular Nat concentration

[X7]; 154.9 mM Intracellular impermeant anion (X) concentration
z -0.85 Average charge of intracellular X (all intracellular

concentrations and Vy, as in [Lodish et al. (2009);
Raimondo et al. (2015))

Table 2.1: Constants, default parameters and usual steady state values for variables used in the
biophysical model.



2.1.1 Membrane potential

The membrane potential V,, was based on the ‘Charge Difference’ approach of [Fraser and
Huang (2004) as follows:
F([Na™]; + [KT]; + [Cl7]; + 2[X?];)

Vi = co (2.1)

where F is Faraday’s constant, Cp, is the unit membrane capacitance and A, is calculated
as the ratio of the surface area (of the cylinder) to cell volume. The term in brackets is the
sum of all ionic charges within the cell. This approach has the advantage that the initial
voltage can be calculated without needing to assume a steady state as is required for by the

derivative-based equivalent circuit or ‘Charge Sum’ equation (Fraser and Huang, 2004]).

2.1.2 Nat/KT-ATPase

Na® and K* are transported actively by the Nat/K*-ATPase. In this model, an ATPase
pump rate J, was approximated by a cubic function dependent on the transmembrane

sodium gradient, following Keener and Sneyd (2009):

Vi \
=P\ et (2.2)

where P is the pump rate constant and was fitted to produce ideal values for the intracel-

lular ionic concentrations and membrane potential. Because it is a function of the sodium
gradient, J, decreases as [Na']; depletes. Equation has been shown to be similar to more
accurate kinetic models reliant on both the Na™ gradient and ATP concentration (Keener
and Sneyd, 2009). To further support the use of this formulation, I compared it to results
employed using the less accurate linear formulation of the pump rate from Keener and

Sneyd (2009), J, = P([[xgi]]z), as well a model by [Hamada et al. (2003)}, based on experi-

. . . _ 1.62 1.0
mental evidence fitted by Hill equations such that J, = Qscae <1+(6.7m1\/1)3 + 1+(67'6mM)3 ) .
[NaT]; [Nat];
Qscale Was set such that the same default steady state concentration of Na™ ions (and indeed

of all ions) was achieved using any model.

To switch the ATPase pump on or off (Fig. C), P was decreased / increased expo-
nentially over 10-20 minutes, consistent with previous reports of the dynamics of inhibition
of the ATPase by ouabain and in turn the inhibition of ouabain’s effects by potassium
canrenoate (Baker and Willis, 1972; Yeh and Lazzara, 1973). The ATPase pumps 2 K™
ions into the cell for every 3 Na't ions out; these constants were multiplied by .J, for each

respective ion.
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2.1.3 KCC2

K* and CI" concentrations were altered by flux through the type 2 K-Cl cotransporter
(KCC2), Jxcc2 (Doyon et al., 2016)):

Jrkcc2 = grcc2(Ex — Ecy) (2.3)

where gicco is a fixed conductance and Ex and E¢; are the Nernst potentials for K™ and
CI" respectively. Jxccoe is 0 when Ex = E¢;. When KCC2 ‘strength’ was increased in the
model (Fig. B, and B), it was carried out by increasing gxcce in Equation
While the transporter is strictly electroneutral, I formulated gxcce as a conductance
because Jx oo was calculated as the flux per KT or CI” ionic component.

As for the Nat/K*-ATPase, to support the principles behind the use of a formula-
tion capturing the features of the KCC2 transporter as opposed to any particular model’s

advantages, I compared my formulation to models from other sources:

e Raimondo et al. (2012) created a model derived using Michaelis-Menton kinetics and

experiments, and incorporated new experimental values: Jxocoo = Jscale * Vimaz
[Cl7]; [K*]o:[Cl 7 ]o [Kt]o-[Cl7] o
15mM+[Cl—]i( K] [CT s /1 (K], 56mM ) where Vinge = 5 mM/s.

e The renal distal tubule was modeled by |Lewin et al. (2012), and formulated Jxcco =
Jscale’0.3 [K o [ClJo—[K T]i-[CL ]

. [KH]o-[Cl o K+ [c1]; [Kt];-[cim]; [Kﬂo [Cl o
ki kcz<<l+ R kol )(1+ )(l—l- kol >+(1+ Fre kol 1+ 1+

where kx = 9.0 mM and ko = 6.0 mM.

)

e Finally, Fraser and Huang (2004) based their model on previous experimental evi-
dence. Their equation for KCC2 follows: Jxcc2 = Jscate - Pr - Pxco2([K 1o [Cl7 )0 —
[KT); - [Cl7];), where Pk and Pgcco are the permeability constants for KT and the

transporter respectively, the latter of which was tuned as needed in my use.

Jscale for each model was set such that the same steady state concentrations were achieved

using any model with the other parameters kept constant.

2.1.4 Permeable ion concentrations

Intracellular concentrations of the permeable ions Nat, KT and CI" were updated individ-
ually by summing transmembrane fluxes, including those generated by the ATPase and
KCC2. Leak currents were calculated using the standard equivalent circuit or Ohmic for-
mulation, I = g(V;;, — Ejon), where I is the current generated via conductance g multiplied
by the driving force (the difference between the membrane potential and ion reversal po-
tential). The values for gna, gk and gy were chosen as near-median values from a search
of values across models on ModelDB (McDougal et al., 2017) and Ion Channel Genealogy
(Podlaski et al., 2017)) (Table [2.2).
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Reference Cell INa JK goi Generic

Jleak

vestibular 10 10 500
Quadroni and |
Knopfel (1994)|

hippocampal 30.2 133 59.6
Gentilett; ]
al. (2017

hippocampal 5 50
[Menon et | PP P
al. (2009)

general 10 10 100
Somjen et I
al. (2008)|

subthalamic 8.1
Miocinovi
al. (2006)

squid axonal 10 367
Keener and |
Sneyd (2009)

granule 11.7
Gabbiani ]
al. (1994)

_— midbrain 16.3 83.7 0

[Amini et | dopaminer-
al. (1999 gic

leech S 120 36 0.3
|Cruz et |
al. (2007)

pyramidal / 20 70 200
Kager et | hippocampal
al. (2000)|

pyramidal / 54.8 137 52.8
Kager et | hippocampal
al. (2007)|

Table 2.2: Conductance values from computational models and papers designed to parameterise
computational models of neurons in the literature. Conductances reported in pS/cm?.
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The rates of change of the intracellular concentrations of the three permeant ions
were given by the following equations, with the Nernst potentials for each ion FE;,, =
f—g In (M), w indicating the cell volume, and %’ as described in (2.7) or (2.9).

10N,

d Na“‘ i Am 1 dw
[dt] B _?(gNa(Vm — Ena) +3Jp) — EE[NGWi (2.4)
d[K]; Am 1 dw
[dt . 4 (9 (Vin = Ex) = 2Jp = Jicces) — E%[Kﬂi (2.5)
dlClI7];  Ap ldw, ., _
T 7(901(Vm — Eci) + Jrcce2) — E%[CZ Ji (2.6)

2.1.5 Volume

Because the osmotic flux of water is expected to be faster than ion fluxes, the volume of the
cell was adjusted to preserve transmembrane osmotic balance at each time step. Change
in compartment volume, w, was calculated by changing the previous volume proportional
to the difference between intracellular and extracellular osmolarity, II; and II, respectively
(Hernandez and Cristina, 1998), where v,, is the partial molar volume of water, p,, the

osmotic permeability of a biological membrane and SA the surface area:

dw

ar =y puw - SA- (I — 1L,) (2.7)

For the calculations in Figure C-E, where I allowed transmembrane differences in
osmolarity to develop, I assumed that at rest the cylindrical cell had a radius of r, and zero
pressure across the membrane, and that the tension in the membrane followed Hooke’s law
such that the tension was proportional to the difference between the dynamic circumference
of the cell and that of the resting state. From Laplace’s law and with k,, the spring constant

of the membrane (Sachs and Sivaselvan, 2015|), the hydrostatic pressure follows:

47rl<:m(1—7"—“) T > T
H, = T (2.8)
0 r <7,
Equation [2.7] was thus reformulated:
dw H,

In order to simulate extreme conditions of constrained volume, a larger k,, was employed
than is realistic (Dai et al., 1998). Intracellular ion concentrations were updated again
after volume change at each time step. Volume changes were manifested in the cylindrical
compartment as change in the radius, except in Figure[3.10| B, when a change in height was
employed. In the single compartment experiments, the cell was initialised with diameter 10

pm and length [ of 25 pm.
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2.1.6 Anion flux

Impermeant anions were manipulated in the compartment in Figures
and [3.17] through several mechanisms. Anions were added to the compartment at a

constant rate dependent on A,, and could either have the same average intracellular X
charge z = —0.85 (Fig. C, C, B, 3.9 B and [3.10), or a different charge (Fig.
C, D, A and C). In these cases, the number of moles of X in the compartment
was increased. Alternatively, the charge of a species of intracellular X was changed slowly
imitating a charge-carrying transmembrane reaction (Fig. A, A, A and C).
In this case, the number of moles of intracellular X did not change and it was assumed
charge imbalance was mopped up by the extracellular milieu. Finally, extracellular X"
was changed in Figure [3.4) D by removing as much Cl" as X~ was added, thus maintaining
osmolarity and electroneutrality in the extracellular space, while in Figures E and F,
X% and KCI respectively were added directly to the extracellular environment over time,

increasing osmolarity but maintaining electroneutrality.

2.2 Multi-compartment model

The single compartment dendrite model was incorporated in a multi-compartment model by
allowing electrodiffusion to occur between individual compartments operating as described
above. Compartments were initialised with a radius of 0.5 pym and height of 10 pm unless
otherwise specified (e.g. in Fig. . In the model, compartments were linked linearly
without branching; a total length of 10 connected compartments was used. The time step
dt was decreased to 10~2 ms for simulations in multiple compartments. Christopher Currin,
a PhD student from the Raimondo Lab, helped to develop the object-oriented environment
necessary for the multi-compartment model. Code was written in Python 3 and is available

on GitHub (https://github.com/kiradust/model-of-neuronal-chloride-homeostasis).

2.2.1 Electrodiffusion

The Nernst-Planck equation (NPE) was used to model one-dimensional electrodiffusion,
based on (Qian and Sejnowski, 1989). The NPE incorporates fluxes because of diffusion
and drift (i.e. the movement of ions driven by an electric field). It has been shown to be
more accurate than using Jg; f fusion OF Jarift alone in small structures like dendrites (Qian
and Sejnowski, 1989). The NPE for J the flux density of ion C' is calculated:

2
P AV o DIC)

J=- ﬁ[c] dx dx

(2.10)

where D is the diffusion constant of ion C' (Table[2.1)), z is its charge, [C] is its concentration
and z is the distance along the longitudinal axis over which electrodiffusion occurs. The

NPE was implemented between compartments ¢ and ¢+1, assuming the ¢ — i+ 1 direction is
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positive, using a forward Euler approach. The midpoints of the compartment heights were

used to calculate dx, i.e. dz = %, and the concentrations of C in each compartment
were averaged to obtain Jg.;f;, making sure that J; ;11 = Jiy1-4, where the fluxes had

units of mol/(s-dm?):

+

RT 2 dx dx (2.11)

D ( 2F ([CLi + [Clia) dVin d[0]>
i—itl =

The flux was multiplied by the smallest shared surface area between adjacent compart-
ments (i.e. the circle at the end of the cylinder with smallest radius) and then divided
by compartment volume to determine the flux in terms of molar concentration (M/s), and
finally implemented numerically with a forward Euler approach. The implementation mir-
rored that in (Qian and Sejnowski, 1989)) for non-branching dendrites, but was adjusted for

compartments whose volumes can change:

(2.12)

Cimvit1 = =7 RT 2 dx dzx

2.2.2 GABA receptors

GABA 5 Rs were added to the multi-compartment model and could be activated on com-
mand (a ‘pulse’) in any compartment desired, simulating a type A GABAergic inhibitory
synaptic input. The receptor responses were based on the synaptic receptor-binding mod-
els of Destexhe et al. (1994). The model differentiated between receptor states when the
neurotransmitter (here GABA) was released and began to bind to a portion of GABAARs,
as well as when the signal was stopped and the neurotransmitter became unbound from the
receptors.

Before a pulse, the initial fraction of bound receptors was given by 7;,:ti01. When a pulse
commenced, the transmitter concentration in the nearby area of the receptors was assumed
to be maximal, and hence GABA, 4. was set to 1 mM. At time ¢ since the pulse had been

activated, the fraction of bound receptors r was given by:

_t
Tt = Too + Tinitial - € T (213)

_ _aGABAmax _ 1 : : _ -1 -1 _
where roo = SCABA, T and 7, = aCABAL..TF which o = 0.5 ms"mM™ and 5 = 0.1

ms™! are the forward and backward rate constants for transmitter binding respectively.
Pulses were generally on for 2 ms in my model. After a pulse, at time t¢,q, [GABA| was

set to 0 and then the fraction of bound receptors r was re-calculated:
rt*tend = Ttend : e_ﬁ(t_tﬁnd) (214)

The fraction of bound receptors at the appropriate timepoint from Equation or
was multiplied in the Ohmic equation. It was assumed that the ClI- component of the
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GABA reversal potential was responsible for the whole current generated by the pulse, i.e.
IGABA = Gsynapse " Tt(Vin — Ecaa) = Gsynapse * 37¢(Vm — Ecy). The conductance goynapse
was set to 1 nS. The current Ig4pa was converted to a change in moles of Cl” per second
in the compartment manipulated, which was finally calculated as a concentration and [Cl'];
was adjusted.

In Figure the multi-compartment model was initiated with a morphology resem-
bling a ‘ball-and-stick’ set-up (soma and dendrite). The 9 compartments making up the
dendrite were each cylinders with radii of 0.5 ym and heights of 10 ym. The soma was
a cylinder with radius 2 pm and height 40 ym — it had a volume 64 times greater than
the volume in each of the compartments making up the dendrite. The synapse for each
iteration was located in the second compartment of the dendrite, the same compartment
that was first manipulated to either increase KCC2 strength or change the average charge
of the compartment’s impermeant anions, following the methods described before for each

process.

2.3 Systematic review

A literature search was performed to identify experimental studies that aimed to correlate
a change in KCC2 expression with changes in [Cl'];. The MEDLINE database was used and
accessed via the PubMed online platform. Search terms included ‘chloride’, ‘Cl’; ‘intracel-
lular’, ‘KCC2’; ‘cotransporter’, ‘neuronal’;, ‘GABA’ using appropriate Boolean operators.
All 26 studies that demonstrated changes in KCC2 expression and Egapa were considered
for the meta-analysis. As there is a well described differential expression of KCC2 and
NKCCI1 at different stages of development, with KCC2 expression increasing and NKCC1
expression decreasing across development (Ben-Ari, 2002), only studies that used tissue
older than postnatal day 7 were included (8 included data from younger animals). Other
exclusion criteria included: reporting a significant change in NKCC1 (5 studies); use of
non-rodent tissue (2 studies); no quantification of the change in KCC2 (2 studies).

Nine experiments from eight studies met all criteria and were included (Coull et al., 2003;
Lagostena et al., 2010; [Lee et al., 2011} |[Ferrini et al., 2013 |Campbell et al., 2015; MacKenzie
and Maguire, 2015; [Mahadevan et al., 2015, Tang et al., 2015). However, one study did
not report any change in V,, and hence was excluded from Figure D (Mahadevan et
al., 2015). Data used in regression can be seen in Table and includes the analysis for
regression against change in [Cl];. To accommodate varied experimental preparations and
techniques influencing data quality and biases, a 34-point scoring system was designed to
weight the studies (Table . A weighted least squares regression model was then used to
correlate the percentage (%) change in KCC2 expression versus change in Cl driving force.

The literature review, data scraping and weighting score generated per experiment was
validated by two separate investigators, myself and Dr Richard Burman. I wrote and
implemented the regression model using Python 2. The code is available on GitHub (https:

//github.com/kiradust/model-of-neuronal-chloride-homeostasis).
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Category Score

Experimental preparation
Region Cortical brain tissue 2

Spinal cord tissue

Technique used Acute tissue slice
Organotypic tissue slice culture 2
Dissociated cell culture 1

KCC2 expression data
Technique used to measure KCC2 expression  RT-PCR
Immunoblotting

Immunohistochemistry

Change in KCC2 expression Stated in-text 2
Extracted from graphic

Sample size > 21 4
10 — 20 3
5—-9 2
<4 1

NKCC1 expression data

Technique used to measure NKCC1 expression RT-PCR
Immunoblotting 2
Immunohistochemistry

Change in NKCC1 expression Stated in-text 10
Extracted from graphic 8
None 0

Sample size > 21 4
10 — 20 3
5—-9 2
<4 1

EGABA data

Technique used to measure Eqgapa Gramicidin perforated patch-clamp 4
Whole-cell patch-clamp

Change in Eqgapa expression Stated in-text 4
Extracted from graphic 1

Sample size >21 4
10 — 20 3
5—-9 2
<4 1

Table 2.3: Scoring system used to weight studies for the least squares regression meta-analysis in
Figure @ D.
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Chapter 3

Results

3.1 A single compartment model using the pump-leak for-
mulation is suitable to test chloride homeostatic mecha-
nisms

To compare the putative determinants of chloride homeostasis, a single compartment bio-
physical model was developed on the basis of the pump-leak formulation (Tosteson and
Hoffman, 1960; Kay, 2017)) (Fig. A). The pump-leak model is a system of differential
equations describing key cellular features: the Nat/KT-ATPase, passive transmembrane
ionic flux of the major cellular ions based on their electrochemical gradient (K*, CI" and
Na™), impermeant anions X with average charge z, and the membrane potential V, are

included (see Methods for details). I used a sodium-potassium ATPase with pump rate

[Nat]o
Methods), which is more accurate than simpler constant or linear models of the ATPase

3
Jp modified by the transmembrane sodium gradient, J, = p - (Wﬁ]i) (Equation

(Keener and Sneyd, 2009)). Volume (w), osmolarity (IT) and cation-chloride cotransporters,
in this case KCC2, could be added to the model in a natural way. My KCC2 model had a
conductance gxcce and driving force proportional to the difference in the Nernst reversal
potentials of potassium and chloride Jxcoe = gxcc2(Ex — Ecy) (Equation Methods)
(Doyon et al., 2016).

To justify that the pump-leak model was a sufficient testing ground for my comparison of
mechanisms affecting the CI” driving force, it needed to replicate normal cellular conditions
(Section [3.1.1). Aiding my evaluation, an analytical solution was found for the model that

allowed me to readily calculate steady state values given a range of starting conditions

(Section [3.1.2)).
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3.1.1 The pump-leak model demonstrates the importance of the Nat-K+
ATPase in ionic homeostasis

The single compartment model that I developed included all relevant cellular parameters,
based on the pump-leak formulation (Tosteson and Hoffman, 1960; Kay, 2017) (Fig. A).
Permeable ions could move across the cellular membrane via passive conductances according
to each ion’s respective electrochemical gradient. Impermeant ions had average charge z of
-0.85 unless otherwise stated, as extrapolated from reasonable cellular ionic concentrations
and osmolarity (Lodish et al., 2009; Raimondo et al., 2015). Active transport of Na™
and KT by the Na™/KT-ATPase with a default pump rate constant of 0.1 C/(dm?:s) and
cotransport of ClI" and K' by the cation-chloride cotransporter KCC2 with a non-zero

conductance gixoca of 20 uS/cm? were also included (Doyon et al., 2016).

The model’s default steady state had ion concentrations and membrane potentials that
approximate those experimentally observed in mature neurons: Cl" 5 mM; K+ 123 mM; Na™
14 mM; X” 155 mM; and a Vy, of -72.6 mV (Jiang and Haddad, 1991} [Tyzio et al., 2008).
The model is robust in that initial values do not determine the steady state conditions.
Regardless of initial starting concentrations of permeant or impermeant ions, cell volume or
Vi, the model converged to the same stable fixed points for the ion concentrations and Vy,

without needing to include any means for ‘sensing’ ion concentration, volume or voltage.

Figure 3.1 (facing page): A biophysical model of ion dynamics based on the pump-leak mecha-
nism demonstrates the importance of the sodium-potassium ATPase for setting transmembrane ion
gradients including chloride. (A) A single cell compartment was modelled as a cylinder with volume
changes equivalent to changes in cylindrical radius. Dynamics of membrane permeable potassium
(purple, KT), sodium (pink, Na™) and chloride (green, CI") ions were included. Impermeant anions
(orange, X*) had an average intracellular charge z. The KCC2 transporter moved CI" and K¥ in
equal parts according to the transmembrane gradient for the two ions. The sodium-potassium AT-
Pase transported 3 Na™ ions out for 2 KT ions moved into the cell. (B) Regardless of intracellular
starting concentrations of the permeable ions, the model converged to identical steady state values
for all parameters without needing to include any means for ‘sensing’ ion concentration, volume or
voltage. I show the result for Cl” as a time series of [Cl']; (top panel) and volume (bottom panel).
(C) The ATPase plays a key role in maintaining steady state ion concentration, membrane voltage
(Vi) and volume. Switching off the ATPase results in a continuous increase in cell volume (bot-
tom panel), membrane depolarisation (middle panel) and ion concentration dysregulation (top panel
with colours per ion as in A. All cellular parameters recovered when the ATPase was reactivated.
(D) The model’s analytic solution showed exact correspondence with steady state values generated
by numerical, time series runs (dots) for varying ATPase pump rates. Steady state values for the
concentrations of the ions with colours as in A (top panel); Vy, (middle panel) and volume (bottom
panel). The dashed line indicates the default ATPase pump rate used in all simulations unless spec-
ified otherwise. (E) The pump-leak model replicates the classic membrane potential dependence on
extracellular potassium, [K*],. (F) Comparison of pump rate of different ATPase models against
input sodium concentration. The cubic model by [Keener and Sneyd (2009)| (solid line) is the default
model used. The Keener and Sneyd (2009) linear model (dotted line) and [Hamada et al. (2003)
method (dashed line) were normalised such that the same steady state concentration of Na™ ions
(and indeed of all ions) was achieved using all models. These models do not scale pump rate as
robustly with increasing sodium concentration as does the cubic model. (G) Comparison of K™, CI"
and V,,, for the cubic (solid line), linear (dotted line) and [Hamada et al. (2003)| (dashed line) models
over varying constant pump rate. The linear model depolarises Vy, at high pump rates while the
Hamada et al. (2003)| curve is shifted to the right.
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In the case of permeable ions, initial concentrations also did not determine the final cellu-
lar volume. For example, despite initiating the model with different starting concentrations
of CI" (1, 15, 40 and 60 mM respectively, Fig. B), the [Cl']; always converged to the
same stable concentration of 5.2 mM, a typical baseline [Cl']; for adult neurons, and volume
always converged to 2.0 pL, a typical volume for hippocampal neurons (Ambros-Ingerson
and Holmes, 2005).

Consistent with previous results (Xiao et al., 2002; Dierkes et al., 2006; Dijkstra et
al., 2016)), restricting the activity of the Na™/KT-ATPase in the model caused progressive
collapse of transmembrane ion gradients, membrane depolarisation and cell swelling (Fig.
C). These effects were reversed when the pump was reconstituted. Indeed, the Na™/K*-
ATPase sets the steady state concentrations of permeant and impermeant ions, Vy, and
volume (Fig. [3.1] D). When I increased the activity of the Na™/K*-ATPase in my model,
the final steady-state concentration for K™ increased, while Nat and CI" dropped to levels
that approximate those observed in mature neurons (Fig. m D). At the same time, the
final, stable-state membrane potential and cell volume also decreased. Interestingly, as has
been observed previously (Fraser and Huang, 2004), beyond a certain level, further increases

in the pump rate have negligible effects on volume and Vy,.

In further support of the validity of my model as representative of normal neuronal bio-
physics, I was able to replicate the classic dependence of membrane potential on [K™], (Fig.
E). Vi, increased initially non-linearly with logarithmic increase in [K*],, concurring
with experimental results, rather than increasing only linearly, as would be expected with

a simple Nernst potential model (Forsythe and Redman, 1988)).

Other formulations of the ATPase and KCC2 were compared in time-dependent simu-
lations and found to have no impact on the requirements for the biophysical model. I con-
sidered both a Hill equation-based experimentally-matched model by Hamada et al. (2003)
and a linear model by Keener and Sneyd (2009), as opposed to the cubic model that I
employed. Although these models had different kinetics (Fig. F), when normalised to
the same effective pump rate, they produced the same steady state values for ion concen-
trations, membrane potential and volume. In addition, when employing the models of the
ATPase, the final steady state concentrations of the permeant ions were again not affected

by their initial concentrations (Fig. (3.1 B).

Interestingly, the models produced slightly different steady states dependent on the
pump rate constant, with the [Hamada et al. (2003) model having a tighter range in which
large changes in ion concentrations and membrane potential occurred, and the linear model
also displaying a tight curve as well as progressive membrane depolarisation at high pump
rates, as predicted by Keener and Sneyd (2009) (Fig. G). The cubic model has the
advantage of an analytical solution, which allowed me to rapidly explore the influence of

various parameters on steady state values.
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3.1.2 An analytical solution can evaluate steady state conditions of the
pump-leak model

To quickly and extensively evaluate conditions at steady state, I wanted to find analyti-
cal solutions for the variables in the pump-leak formulation for a single compartment in-
cluding KCC2 and the Na® /KT-ATPase: intracellular ionic concentrations ([Na®];, [KT];,
[CI']i, [X7]i); and membrane voltage (Vy,). The steady state should occur in the presence
of activity of both a pump-leak mechanism, that is the Na®/KT-ATPase, and CI-K™-
extrusion. Allowing for an analytical solution inclusive of differences in osmolarity between
the intracellular and extracellular environments, I derived the analytical solution such that
II; = I, + Npg,, where 1I; is the intracellular osmolarity and II, the extracellular. Thus
Ny is equal to 0 when there is no osmotic difference across the cellular membrane, and

P
non-zero otherwise.

The situation described ought to satisfy the following five equations at steady state (see
Methods), in which the conductance of an ion is denoted gj,,, an ion’s Nernst reversal
potential as F;,,, F the Faraday constant and A,, the ratio of surface area to volume. The
first three equations describe the permeant ion concentrations’ rates of change because of
the sum of fluxes each experiences (electrochemical/‘passive’ for all three, secondary to the
ATPase in the case of Na™ and KT, and secondary to KCC2 in the case of K+ and Cl'; see

Methods, Section [2.1.4)):

d( F
T dt <A[N aﬂz’) = gna(Vin — Ena) + 37, (A1)
— =\ KN ) = 95 (Vi = Ex) = 2J, — grcoca(Bx — Ecn) (A2)
d( F _
o <A [Cl ]i> = 9c1(Vin — Ect) + gxcc2(Ex — Eci) (A3)

Charge neutrality is coded in (A4)), which assumes that the constant extracellular charges
always sum to zero and the variable intracellular charges should sum near zero at steady

state:
0= [K+]Z + [NCLJF]Z‘ — [Clﬂi + Z[Xz]i (A4)

The transmembrane osmotic balance is coded in (A5). Np, can be non-zero when the

contribution of membrane tension causes an osmotic difference to develop (Equation :
I, + Ny, =1I; = [K]; + [Na™]; + [C17]; + [X7]; (A5)

I first solved the system for constant .J, at steady state, i.e. Equations [AT] [A2]and [A3]
set to 0, and then showed that a parametric solution exists for p such that the function
mapping J, to p is bijective. Thus I began by solving each of , and for the
reversal potential of the intracellular ion that they refer to, and then for the intracellular
ions’ concentration itself. I walk through the derivation below, which is an extension of the

work on a similar system of equations by [Keener and Sneyd (2009)k
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By rearrangement,

v 3JpF

[Na*]; = [Nat], - e~ 7" . ¢ RTing (A6)

and

_ gctVim + grcc2Ex
~ gai+ ke

Let 8 be equal to gxgc1 — gxcc2Gor + gx grcce. Substituting into for Eqy,
one can solve for Ex and [K™];, hence enabling substitution back into in order to solve
for [CI'];.

Ecy

(A7)

Thus,
_l’_
Ex =V, — 2, 2CL T IKCC?
B
and hence
+
[K"']z = [K+]o . e—FRL}" . e%QJngZQ# (Ag)
so then )
m __F_ 2Jp9KCC2
[Cl7); =[Ol - R e "

Thus equations for all permeant intracellular ions in terms of constants and Vi, are
derived. An extension of these results means that one can find an equation for [X*};in terms

of Vi, by rearranging the osmotic equilibrium equation (A5|):

[X?]i = (I, + Ng,) — [Na™]; = [KT]; = [C17]; (A10)

In order to solve for Vy,, substitute (A10) into (A4), the equation that assures intracel-

lular charge neutrality. Thus:
0=z-(Il,+ Npg,) + (1 —2)- ([KT)i + [Na™]s) — (14 2) - [Cl17]; (A11)

Before substituting in for the permeable intracellular ions, denote 6 = ¢~ 7. Then

with substitution of (A9), (A8) and (A6 and multiplication through by 6 Equation

becomes:

2JpF-(9cit9akcce) 3JpF —2JpF-9gcce2
RT-B

0=(1—2)- ([K+]O-e +[Na+]o-e*m) 02+ 2-(Tg+ Nip, )-0— (142)-[CL Jgre ™ R

This quadratic equation can be solved in terms of 6 using the quadratic formula.

—z- (o + Npp) + 4|22 - (o + Npp )2 +4(1 = 22) - [Cl7]o e B [Nat]o-e BT 9Na 4+ K, -e

2JpF-9xcc2 ( 3JpF 2~’pF-(9cz+9chz)>
RT . RT-B

0=

R 2JpF-(gci1t9xcc2)
2-(1—2)- <[N“+],,.e RT'9Na + [K+], - e mee )
(A12)
From this one can solve the system for any constants — at least those constants which

give positive real solutions for § — and then use V,,, = —% In 6 to transform the solution
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into the corresponding membrane voltage. Note that when z = —1, to avoid division by 0,
the solution is found by substituting z = —1 into (A1l]) and simplifying.
Finally, I extended the solution from the constant pump rate assumed above to a pump

rate modulated by the sodium concentration, as used in the model. The sodium-dependent
[Nat];
[Nat]o
because it has the form of a W-Lambert Function (Corless et al., 1996). In this case, one

3
pump rate updated by J, = p - ( ) cannot be solved purely analytically in the reals

might substitute different values of J, into the solution above, and then use the function
3
f(Jp, [Nat];) defined by J, =p- ([Naﬂi) to solve for p.

[Nat]o
f rearranged with p as the subject of the formula resembles a parametric function.

Were p an independent variable determining the ionic solutions of the analytic solution,
each simulation beginning with constant p would have a unique steady state. To make
this claim, the function mapping J, and the steady state [Na™]; to p needs to be injective
(more strictly, f : J, — p must be bijective). The reason for this constraint is that if ever
a p is produced by more than one J, and [Na™];, there would be at least two possible
steady states for the time series run with that pump rate constant, and thus an incomplete
mapping between the constant pump rate solution and the cubic pump rate solution.

Indeed, the mapping between p and J, is found to be bijective over the range over J,
used in my model, by numerical methods. This proves that the analytic solution derived
here is sufficient for finding a parametric solution for the more accurate cubic pump rate
ATPase model used in my thesis. In addition, there was a direct correspondence between
time-dependent simulations until steady state and the analytical solution predictions at the
same pump rates, confirming the validity of the solution (Fig. D).

The solution implies that initial values of the intracellular ion concentrations do not
affect the final steady state, since the solutions are not dependent on time-dependent con-
centration values (Fig. B), but that the parameters II,, Ng,, Jp, ionic conductances,
z and extracellular concentrations may all contribute to steady state shifts. In subsequent
analyses, this novel analytic solution allowed me to rapidly explore a large parameter space

to determine how various cellular attributes might affect Cl" homeostasis.

3.2 Chloride cotransport modulates chloride driving force

3.2.1 Membrane chloride conductance affects steady-state intracellular
chloride concentration only in the presence of active cation-chloride
cotransport

Using the analytic solution, I investigated how changes in baseline ion conductance for
the major ions in my model (gk, gna and gcp) affected CI” homeostasis. I calculated the
steady-state values for the CI” reversal potential (Ecj) and potassium reversal potential
(Ek), resting membrane potential (Vy,) and volume (w) while independently manipulating
the conductance for each ion (Fig. . Increasing the baseline potassium conductance
(gk) resulted in Eq, Ex and Vy, converging to similar steady-state values (Fig. A)
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Figure 3.2: Membrane chloride conductance affects steady-state intracellular chloride concentra-
tion only in the presence of active cation-chloride cotransport. Steady state values for different ionic
conductance were calculated using the model’s analytic solution. (A) Steady state Ec) (green), Ex
(purple), Vi, (black) and volume w (bottom panel) were calculated at different KT conductances
(gk). Increasing gk resulted in a convergence of steady state Ecj, Ex and Vy,. (B) Increasing Na™
conductance gy, resulted in a progressive increase in steady state E¢), Ex and Vy, with accompa-
nying cell swelling. (C) In the presence of active cation-chloride cotransport (gxcce = 20 pS/cm?),
increasing Cl” conductance shifted steady state E¢ from Ek toward V,,. (D) In the absence of KCC2
activity, g had no effect on steady state parameters. E¢; equals V, in all instances. Dashed lines
indicate the default values for gk, gna and ge.
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without significantly affecting cell volume. In contrast, increasing the baseline sodium
conductance (gn,) beyond 20 pS/cm? resulted in a steady depolarisation of Ecj, Ex and
Vi, with accompanying cell swelling (Fig. |3.2| B).

The effect of manipulating Cl" conductance (gc;) depended on the activity of concur-
rent cation-chloride cotransport by KCC2 (Fig. C). In the presence of active KCC2
at very low values of g, the steady state [Cl]; is such that Eq; approaches Ex. This
follows because in the absence of alternative CI- fluxes, KCC2 utilises the transmembrane
potassium gradient to transport Cl- until Eq equals Ex. With increasing gc; however, Ec
increases, moving away from Ex towards Vy,, and at very high Cl" conductances Ec; and
Vi approached similar values in my model. Without the activity of KCC2, gc had no
effect on steady state Ecy, Ex, Vi, or volume, with gy able to be very low but greater than
zero (Fig. [3.2| D). In this instance, Ecy always equals Vy, as the movement of CI™ across
the membrane is purely passive. Without the activity of KCC2, there can be no driving
force for CI" flux at steady state (V;, — Ec; = 0). My model therefore behaved in a manner
consistent with established theoretical predictions (Kaila et al., 2014).

3.2.2 Cation-chloride cotransport sets the chloride reversal and driving
force for transmembrane chloride flux

Next, I used the single-cell model to explore how the activity of cation-chloride cotransport
affects CI” homeostasis. Since Cl” cotransport by KCC2 depends on the transmembrane
gradient for KT, which in turn is established by the Na®™/KT-ATPase, I explored how the
Nat /K*-ATPase pump rate affected E¢ in the presence of KCC2 activity (gxcce = 20
pS/cm?). As depicted in Fig. A, the Nat/K*-ATPase pump is a critical determinant
of intracellular Cl" homeostasis. Of interest, above a pump rate constant of 1072, when cell
volume is stable, many fold changes in pump rate have minimal effects on Eq and V. It
therefore seems unlikely that neurons would adjust the Na*/KT-ATPase to modulate CI
driving force.

In my model, the activity of KCC2 was set by the conductance of KCC2 (gkccz2). Using
the numerical formulation with the default values described in Figure and I steadily
increased gicco from 20 uS/cm? to 370 uS/cm? and tracked changes to Ecy, Ex, Vi, and
volume. Increasing KCC2 activity over time caused a steady decrease in [CI']; of 1.7 mM to
3.5 mM reflected by the hyperpolarisation of E¢) (Fig. B). Vy, decreased only modestly,
resulting in an increase in the driving force for Cl" flux that tracked the increase in gkcce.
This effect saturates since Ex constitutes a lower bound on Eq;. Importantly, increases in
grcoe resulted in persistent changes to Ecp and the driving force for CI.

Using the analytic solution to my model I calculated how KCC2 activity affects steady
state values of Eq), Ex, Vi, w and Cl” driving force (Fig. C). In confirmation of my
findings in Figure D, with no KCC2 activity (9xcc2 = 0), Eq) equaled Vi, and the CI
driving force was zero. As I increased gkcoe, steady state Eqp pulled away from Vi, and
approached Ek. This resulted in an increase in Cl” driving force (V;,, — E¢) with steady
state values of 11.3 mV at the chosen default value of gxcca. The results obtained with my
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model are therefore fully consistent with the view that CCCs, in this case KCC2, establish
the driving force for CI .

I sought experimental data from the literature to determine whether changes in KCC2
activity correlate with alterations to steady-state [Cl];. I focused on changes in KCC2
expression level, as this is likely to be a strong predictor of changes in KCC2 activity.
Indeed, in a meta-analysis of 7 studies and 8 experiments from my review of 26 studies,
weighted for methodological biases and data quality, I observed a significant correlation
(R? = 0.796, p < 0.001) between the change in KCC2 expression and CI" driving force
(Fig. [3.3] D and Table . Absolute changes in Vy, were less than 2 mV in all but one
study, meaning that the change in driving force could be ascribed to significant shifts in
Egapa (R? = 0.045, p < 0.001). The outlier data point (showing a 8.45 mV change)
was from a study of acute stress, where other factors could have transiently influenced Vy,
(MacKenzie and Maguire, 2015). The meta-analysis supports the prediction that cation-
chloride cotransport by KCC2 is an important determinant of [CI7]; (R? = 0.83, p < 0.001,
8 studies and 9 experiments) and driving force (Table [3.1)).

Figure 3.3 (facing page): Cation-chloride cotransport sets the chloride reversal and driving force
(DF) for transmembrane chloride flux. (A) Sufficient Na®™ /K*-ATPase activity is critical for steady
state Ec1 (green), Ex (purple), Vi, (black) and volume w (bottom panel), but these variables are
relatively stable near the default pump rate (dashed line). (B) Increasing KCC2 activity in my
model by increasing gkccz from 20 pS/cm? to 370 uS/cm? (bottom panel) resulted in a persistent
decrease in E¢j, a minimal decrease in Ex, Vy, and volume w (middle panel). This resulted in a
permanent increase in the driving force for Cl” via a change in Ecj from -83.9 mV to -93.2 mV
(red). (C) The steady state values for Ecy, Ex, Vi, (top panel), volume (middle panel) and Cl°
driving force (DF, bottom panel, red) at different KCC2 conductances. Increasing KCC2 activity
resulted in a decrease in steady state Ec; and DF. Ex represented a lower bound on Ecj at high
KCC2 conductances. (D) Meta-analysis of experimental studies demonstrates a correlation between
KCC2 activity (% change) and ClI- DF (mV, top plot, red) but not membrane potential (mV,
bottom plot, grey), confirming the role of KCC2 for establishing the neuronal Cl- gradient in adult
tissue. The data and scoring system used to generate the regression can be found in Tables and
(E) Changing KCC2 “expression” in the analytical model (squares, pink), that is gxcca, does
not cause a comparable shift in DF to that in the meta-analysis in D (black trend line), since the
model produces a non-linear curve with smaller magnitude changes. However, when gkccso in my
model is transformed using a log scale, a comparable shift is produced (circles, brown). (F) The
pump rate velocity for different models of KCC2 were compared for differing intracellular chloride
concentration. The equation employed in my model was based on |Doyon et al. (2016)| (solid line).
The model of Lewin et al. (2012)| (dotted line) was based on the renal distal tubule and had a
diminished absolute velocity compared to my model. The models of Raimondo et al. (2012) and
Fraser and Huang (2004 )(dashed and dash-dotted lines respectively) had similar velocities across the
range of concentrations and are both based on some experimental evidence. Jycqe for each model
was set such that the same steady state concentrations were achieved using any model with the other
parameters kept constant (concurrent point). (G) Increasing KCC2 activity using the Raimondo
et al. (2012)| model by increasing Vinaz/Jscale Tesulted in a persistent decrease in Ec¢y (green) and
a minimal decrease in Ex (purple) and Vy, (black), regardless of whether the cubic (solid lines) or
Hamada et al. (2003) (dashed lines) ATPase model was employed. This resulted in a permanent
increase in the driving force for CI' (red). The change in KCC2 strength was matched so that
the final shift is similar to the usual shift in driving force gained using the standard KCC2 pump
formulation in B. When the ATPase model of [Hamada et al. (2003)| was used in the experimental
set up rather than the cubic ATPase model, the resulting driving force differed by only 0.1 mV from
the usual value.
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I compared the trend from my meta-analysis with the values expected from my KCC2
model’s analytical solution (Fig. E). Interestingly, my model behaved poorly when
grcoe was used as a correlate for KCC2 expression, with shifts significantly lower and non-
linear in trend. When the change in gxcco2 was instead considered on a logarithmic scale,
the trend was closer to that generated by the experimental data. This result begs further
consideration of KCC2 CI cotransport dynamics.

Alternate, parameterised models for KCC2 (Fraser and Huang, 2004; Raimondo et al.,
2012; Lewin et al., 2012)) had different kinetic rates for CI" transport (Fig. F). Sim-
ilar results for the time-dependent shift in driving force mediated by increasing KCC2
strength could be generated with these models, for example, when the model by |Raimondo
et al. (2012) with or without the alternative ATPase model by Hamada et al. (2003) was

employed (Fig. G).

3.3 Impermeant anions can only drive shifts in chloride driv-
ing force when average impermeant anion charge or os-
molarity is altered, and even then the shifts are negligible

3.3.1 Altering the concentration of intracellular or extracellular imper-
meant anions, without changing the average charge of impermeant
anions, does not affect the steady state gradient or driving force
for chloride

To determine the effect of impermeant anions on Cl° homeostasis I first explored whether
adjusting the concentration of impermeant anions ([X];), while maintaining a constant av-
erage impermeant anion charge (z), had any impact on E¢j, Ex, Vy, or volume. I initiated
the full single-compartment model with different starting concentrations of impermeant an-
ions (but the same average charge, z = -0.85), and observed that regardless of the initial
concentration of impermeant anions, over a period of minutes, the cell adjusted its volume
to give an identical steady-state impermeant anion concentration (Fig. A, [X]; = 155
mM). Analytically, it can be shown that the number of moles of X determines completely
the volume of the compartment, while the permeant ions alone cannot be used to predict
steady state volume (Kay, 2017). Similarly, all initial impermeant anion concentrations re-
sulted in identical steady state values of E¢ (-83.8 mV), Ex (-95.1 mV) and Vy, (-72.6 mV)
(Fig. B). This shows that simply adjusting the amount of impermeant anions within a
cell has no persistent effect on [Cl];.

I then tested the effect of dynamically adding impermeant anions with the default aver-
age charge either intracellularly (Fig. C) or extracellularly (Fig. D). While imper-
meant anions are being added to the cell, the membrane potential hyperpolarises and Ec
decreases, with [Cl']; decreasing by 0.9 mM. However, following the cessation of imperme-
ant anion influx, Eqy, Ex, Vi, and [X]; return to steady state values due to compensatory

changes to cell volume (Fig. C). There are transient transmembrane fluxes of all ions
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Study Region AKCC2 ANKCC1 Weight A[CI']; AV ADF

(mV) (mV)

Lagostena et hippocampus | 98% 1 16% 36 +118%  —0.9 -20.9
[l (2010)

Lee et hippocampus | 42% 1 7% 35 1T 72% +2 —12
[l (2011)

Campbell et neocortex $37% 1 27% 34 1 59% +2 -9.9
[l (2015)

Tang et spinal cord 4 35% 111% 31 1 56% +0.2 —11.2
[al. (2015)

MacKenzie andl hippocampus | 17% no data 24 1+ 37% +1 —7.07

Maguire (2015)

A

MacKenzie and| hippocampus | 4% no data 23 2% -8 —8.45

Maguire (2015)

B

Mahadevan et hippocampus | 20% no data 20 +20% no data no data
[l (2015)

Ferrini et spinal cord 3 45% no data 19 +42% 0 -9
[l (2013)

Coull et spinal cord 3 75% no data 18 T151% -1 —24.6
[al. (2003)

R? value for AKCC2 0.83 0.045 0.796

p-value < 0.001 < 0.0056 <0.001

Table 3.1: Data from studies included in the meta-analysis and compared using statistical regres-
sion, which show that changes in the activity of KCC2 are associated with changes in Cl" driving
force and intracellular Cl° concentration, but static Vy,. For each study, the shifts in the chlo-
ride gradient, membrane potential and driving force, and changes in KCC2 expression and NKCC1
expression were extracted, and these shifts were regressed against the percentage change in KCC2
expression. NKCC1 was assumed to be unlikely to alter chloride homeostasis as adult tissue only was
considered (Ben-Ari, 2002), although studies reporting non-signfificant changes in NKCC1 expres-
sion were weighted higher than those that did not test NKCC1 expression (the scoring methodology
is detailed in Table in the Methods). However, when studies also reported significant expression
changes in NKCC1 (or functional inhibition indicating that NKCC1 was contributing towards the
disease-mediated shift in chloride concentration), they were excluded.
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while anions are added into the cell, and in particular the inward flux of the cations Na™t
and KT, such that the sum [X]; 4+ [CI'}; is not necessarily kept constant during impermeant
anion addition. Impermeant ions (with default average charge) were added to the extracel-
lular space, which is effectively an infinite bath in the model, while proportional decreases
in [CI'], were applied to correct for the changes to charge and osmotic balance. Additions in
the extracellular space, similarly, resulted in a temporary depolarisation of Ec; and Vi, but
no persistent shift in these parameters (Fig. D). The addition of extracellular imperme-
ant anions did however result in a small compensatory decrease in cell volume secondary to
the large shifts in [Cl]; required to maintain the proportion of [Cl']; to [Cl'], according to
the Nernst potential.

In summary, there is no lasting effect on the reversal potential or driving force for CI
if only the concentration of a neuron’s intracellular or extracellular impermeant anions is

altered.

3.3.2 Changing the average charge of impermeant anions can drive sub-
stantial shifts in the reversal potential for chloride, but has negli-
gible effects on chloride driving force

I next sought to determine how changes in the average charge of the impermeant ions (z)
might influence the driving force on CI". Such changes in average z could be associated
with various cellular processes, including post-translational modifications of proteins that
decrease their charge without changing the absolute number of protein molecules, or pH
changes where for example a carboxyl group is protonated. To investigate this parameter,
I modified the average z of intracellular impermeant anions from -0.85 to -1 and measured
accompanying changes in Eq), Ex, Vi, and cell volume (Fig. A). I found that the shift
to a more negative average z resulted in both a transient and persistent decrease in Ecy,
Ex and Vp,. [Cl]; decreased transiently by 1.1 mM. Importantly, the shifts in E¢ were
accompanied by broadly matching shifts in Ex and Vy,, which resulted in a small change
in the driving force for CI- of < 0.2 mV. Both numerical and analytic calculation of steady
state values for E¢|, Ex and Vy, in my model showed that changing the average charge of
impermeant anions, while substantially affecting Ec, had very small effects on the driving
force for Cl" (Fig. B). By shifting z within reasonable ranges for mammalian neurons
(Lodish et al., 2009; |Raimondo et al., 2015) and assuming osmo- and electro-neutrality,
only shifts of < 1 mV could be generated. In addition, although the absolute number of
impermeant anions (moles) remained constant throughout the process of modifying z, cell
volume shifted, and as a consequence modest alterations to the concentration of impermeant
anions occurred as well.

Next, instead of adjusting the charge of existing anions in intracellular impermeant
anions as described above, I directly added impermeant anions of differing valence to the
cell (Fig. C and D). This had the effect of both increasing the absolute quantity of
impermeant anions and adjusting the average charge of impermeant anions. The ‘addition’

of impermeant anions in this way models the de novo synthesis of impermeant anion species,
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Figure 3.4: Adding intracellular or extracellular impermeant anions, without changing the average
charge of impermeant anions, does not affect the steady state gradient or driving force for chloride.
(A) Initiating the model with different starting concentrations of intracellular impermeant anions
([X]i) with the same average charge z (orange, top panel), led to compensatory volume changes
(bottom panel) which resulted in identical steady state concentrations. (B) Steady state E¢; (green),
Ek (purple) and V,, (black) were identical regardless of initial [X];.
(C) Addition of impermeant anions of the same
average charge (z) caused transients shifts in E¢ (green, top panel), Ex (purple), Vy, (black) as
well as [X]; (orange, bottom panel) for the duration of the influx, and sustained increases in volume
(black, middle panel). No persistent changes in E¢), Ex or Vy, were observed. (D) Similarly, the
addition of extracellular impermeant anions in an osmoneutral manner and without affecting [X];
causes transient shifts in the permeable ion gradients (to panel, colours as in C), and sustained
changes in cellular volume (black, middle panel) as well as the extracellular X and extracellular and

linear function of initial [X]; (bottom panel).

intracellular Cl” concentrations.
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or their active transport into the cell. This process also resulted in both transient and
persistent changes to Ec;, Ex and Vy,, which was dependent on the extent that average z
was altered (in Fig. [3.5] C [CI']; decreased by 1.8 mM). Again, while the large additions of
impermeant anions could substantially alter the CI” reversal potential, this had a negligible
effect on the driving force for CI" because of matching shifts in Vy,. Driving shifts in Eq

in this manner also resulted in changes to cell volume (Fig. [3.5| D).

To explore the influences of altering average impermeant anion charge in the extracellular
milieu around the biophysical cell model, I considered the scenario of introducing imper-
meant anions of a neutral charge to the extracellular environment, therefore increasing the
average extracellular impermeant anion charge without compromising extracellular charge
neutrality (Fig. [3.5| E). This would simulate the experimental manipulation of adding 16
mM mannitol, a membrane impermeant molecule, to the extracellular space. In this case,
I observed shifts in E¢; and a 0.3 mM decrease in [Cl'J;, but the changes to the driving
force were still negligible (< 0.1 mV). The volume of the cell decreased as ion and water
flux balanced the osmolarity difference created by the increased osmoles in the extracel-
lular milieu (from 297 to 313 mM). In contrast, introducing extracellular osmoles in the
form of permeable ions, in this case 50 mM extracellular KCI, caused an initial decrease in
cell volume from the high transmembrane osmotic difference generated during the osmoles’
addition. This was followed by progressive cell swelling and depolarisation of ionic and
membrane potentials while permeable ions equilibriated via intracellular flux (Fig. [3.5(F).
The direction of KCC2 flux reversed from outwards to inwards immediately after the KCI
had finished being added, and then the magnitude and direction of Jxcoco slowly stabilised

to near its previous value over 120 minutes.

Figure 3.5 (facing page): Adjusting the average charge of impermeant anions shifts the chloride
reversal potential with negligible effects on the driving force for chloride. (A) Decreasing the average
charge of impermeant anions from -0.85 (the default value) to -1 (orange, bottom panel), without
changing the absolute number of intracellular impermeant anions caused a persistent decrease in E¢;
(green, top panel), Ex (purple) and V,, with moderate increases in volume (middle panel) in my
default single compartment model. Negligible changes in CI” driving force (ADF = 0.16 mV, red)
were observed. (B) Analytic solution (solid lines) for different impermeant anion average charge (z)
exactly matches the steady state values from numerical, time series runs (dots) based on adjusting
average z as in A. Steady state Eqy, Ex, Vi (top panel) and [X]; (middle) increased with increasing
average z, while changes in average z resulted in very small changes in ClI" DF (bottom, red). The
vertical dashed line indicates the values at the chosen default average z of -0.85. (C) Influx of
a species of impermeant anions with average charge -1.5 that decreased average z (bottom panel)
from -0.85 to -1 and increased the number of impermeant anions also caused persistent decreases
of Eci, Ex and V,,, as in A, but with larger increases in cell volume (middle panel). Again, very
small persistent changes in CI" DF were observed. (D) Large volume shifts occur when average
impermeant charge is changed via temporary anion species flux across the membrane. Repeating
the methodology in C for ion species with different charges (zg,.x) demonstrates the effect of driving
shifts in the average intracellular impermeant charge on cell volume. Generating even small shifts
in average z by adding or removing impermeant anions can cause large changes in cell volume. (E)
Addition of 16 mM impermeant extracellular X of zero charge that therefore increased the overall
[X], charge caused a negligible decrease in E¢i, Ex, Vi, DF (top panel) and cell volume (bottom
panel). (F) Addition of 50 mM extracellular K+ and CI" caused the potentials to depolarise (top
panel) with an initial decrease in cell volume followed by steady cellular expansion (bottom panel).
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My single compartment model of Cl" homeostasis demonstrates that the adjustment of
average impermeant anion charge can significantly affect Eqp, but this results in negligible
changes to the driving force for ClI". This contrasts with the results shown earlier, where
adjusting the activity of cation-chloride cotransport modulates both Eq; and the driving

force for CI” substantially.

3.3.3 Impermeant anions drive small shifts in chloride driving force by
modifying the Na™/K*T-ATPase pump rate under conditions of ac-
tive chloride cotransport

I next set out to determine how, and under what conditions, the modification of imperme-
ant anions could potentially generate the very small persistent shifts in Cl” driving force
I observed in my models. First, I repeated the simulation performed in Figure A by
changing the average charge of impermeant anions in the cell, but under conditions where
the Nat /K*-ATPase effective pump rate (.J,) was either a cubic function of the transmem-
brane Na*t gradient (default condition), or was fixed at a constant value (Fig. A). In
the case where the pump rate was fixed, adjusting the average charge of impermeant anions
generated no persistent change in Cl” driving force (Fig. A). Modifying impermeant
anions caused a significant change in steady-state intracellular Nat concentration when J,
was kept constant. However, small shifts in Cl” driving force occurred only when the effec-
tive pump rate was variable, in which minor changes to [Na™]; caused significant changes

to Jp, which in turn resulted in a small shift in CI" driving force.

Figure 3.6 (facing page): Impermeant anions drive small shifts in chloride driving force by
modifying the Na™/KT-ATPase pump rate under conditions of active chloride cotransport. (A)
Ec) (green), Ex (purple) and V,, (black) (top panel), [Na™]; (pink, middle panel) and average
impermeant anion charge z (orange, lower panel) over time in the default single compartment model.
Changing the average z from -0.85 to -1 generated small, persistent Cl- DF shifts (arrows, red) only
when the effective ATPase pump rate (J,) was variable (solid line) and not when J, was kept
constant (dashed line). (B) Solving analytically across different values of z with either a variable J,
(solid lines) or a constant .J,, (dashed line), demonstrates the direct relationship between Na*t (pink),
effective pump rate (J,,) (top panel) and CI" DF (lower panel, red). (C) Eq (green), Ex (purple) and
Vo (black), [Na™]; (pink, middle panel) and cell volume (black, lower panel) over time in the default
single compartment model. Impermeant anions of the same average charge of the cell were added. A
volume constraint was incorporated by adding a hydrostatic force dependent on membrane tension
(dashed lines), which resulted in an impermeable anion induced transmembrane osmotic differential.
This caused a small change in CI" DF when J, was variable (dashed line), but not when J, was
held constant (dotted lines). (D) Solving analytically across osmolarity differences demonstrates the
direct relationship between Na't (pink), effective pump rate (J,) (top panel) and CI" driving force
(lower panel). Note the small changes in ClI" DF. (E) Schematic explaining the mechanism through
which impermeant anion induced cell swelling in the presence of volume constraints (i.e. membrane
tension) result in steady states with equal but non-zero osmotic (osmop) and hydrostatic pressures
(Hp), causing transmembrane osmotic differences (¢1). This causes small changes in Na™, and hence
Jp. (F) All Na®t /K*-ATPase pump rate-related shifts in the CI" DF require KCC2 activity; in the
absence of activity (dashes), no shifts in driving force can occur.
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There is a direct relationship between the average charge of impermeant anions (z),
[Na™];, the effective Nat/Kt-ATPase pump rate and Cl- driving force. This relationship
was abolished when the effective Na™ /K*-ATPase pump rate was held constant by removing
its dependence on Na® (Fig. [3.6( B). In addition, even large variations in effective pump
rate near the default value caused negligible shifts in Cl" driving force of < 1 mV. These
results were consistent when using the experimentally-matched ATPase model by [Hamada
et al. (2003), with slight differences in final values of < 0.1 mV (Fig. A).

I then tested whether relaxing the condition of transmembrane osmoneutrality might
also alter impermeant anion induced effects on CI" driving force. I modelled a situation
in which increases in cell surface area beyond a certain ‘default’ or ‘resting’ surface area
generated a hydrostatic pressure (membrane tension), which could balance an osmotic pres-
sure difference of 10 mM between the intra- and extracellular compartments (see Fig. [3.6
C, schematic in Fig. m E and Equation in the Methods). In this case, adding im-
permeant anions of default charge z resulted in constrained increases in cell volume, which
were accompanied by persistent transmembrane differences in osmolarity and intracellular
Na™ concentration. This was sufficient to generate small differences in driving force for
CI' of < 0.1 mV for reasonable increases in cell surface area (Nichol and Hutter, 1996;
Dai et al., 1998)). Again, this was entirely due to Na™ driven shifts in the Na™ /KT-ATPase
effective pump rate. By removing the dependence of Na®/KT-ATPase activity on Na®
concentration, addition of impermeant anions no longer generated persistent shifts in CI-
driving force (Fig. [3.6/C).

Because the model is also directly dependent on [Nat];, relaxing the condition of trans-
membrane osmoneutrality produced consistent results when employing the experimentally-
matched ATPase model by Hamada et al. (2003), with minor differences of < 0.1 mV in final
driving force shifts noted (Fig. |3.7/C). I observed a direct relationship between transmem-
brane osmotic gradient, [Na®];, the effective Na™/K*T-ATPase pump rate and CI” driving
force. This relationship was removed when the effective Nat/KT-ATPase pump rate was
held constant, with no changes in CI” driving force seen despite the generation of the same

shift in osmoneutrality (Fig. [3.6/ D).

In summary, changes in Cl” driving force generated by changing the ionic contributions to
cellular charge (by altering the average charge of impermeant anions) or osmoneutrality (by
increasing the contribution of hydrostatic pressure) are due to the alteration of the dynamics
of active ion transport mechanisms in the cell. However, these effects are negligible in
magnitude and cannot contribute significantly to setting physiologically observed Cl driving
forces. It is worth reiterating that any non-zero Cl” driving force is entirely dependent on
the presence of active Cl” cotransport. In my model, without any KCC2 activity, neither
the Na®™ /K*-ATPase nor impermeable anions can shift CI" out of equilibrium (Fig. [3.6| F).
In the absence of KCC2, there is no CI” driving force as Fo; = Vi,.
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Figure 3.7: Alternative ATPase and KCC2 models with different kinetics have similar properties
to my model’s ATPase when impermeant anions in the cell are changed, and are also dependent on
the pump rate. (A) The experiment for Figure A was repeated using the usual ATPase model
(solid line) compared to the model of Hamada et al. (2003)| and is consistent with the results using
the standard cubic ATPase model. Ec (green), Ex (purple) and V,, (black) (top panel), [Na™T};
(pink, middle panel) and average impermeant anion charge z (orange, lower panel) over time are
shown in the default single compartment model. Changing the average z from -0.85 to -1 generated
small, persistent Cl” driving force shifts (arrows) only when the effective ATPase pump rate (J,) was
variable (solid and dashed line) for both pump models, and not when J,, was kept constant (dotted
line). (B) The experiment for Figure C was repeated comparing the usual ATPase model (solid
line) to the model of [Hamada et al. (2003)| and is consistent with the results using the standard
cubic ATPase model. Ec; (green), Ex (purple) and V,, (black) (top panel), [Na®]; (pink, middle
panel) and cell volume (black, lower panel) over time are shown in the single compartment model.
Impermeant anions of the same average charge of the cell were added. A volume constraint on
the model of [Hamada et al. (2003)| was incorporated by adding a hydrostatic force dependent on
membrane tension (dotted lines), which resulted in an impermeable anion induced transmembrane
osmotic differential. This caused a small change in Cl" driving force when J, was variable (dotted
line), but not when J, was held constant (dash-dotted lines).
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3.4 A multi-compartment model shows that local differences
in chloride driving force can be achieved with cation-
chloride cotransport by restricting chloride diffusion, but
not with impermeant anions, which cause local swelling

An important functional question is how Cl driving force might be modified at a local level
within a neuron. I considered local persistent changes of Cl- driving force for the case of
active transmembrane Cl fluxes (Fig. and impermeant anions (Fig. by extending
the single compartment model described above into a multi-compartment model or ‘virtual
dendrite.” This dendrite was 100 pym in length and consisted of ten compartments, each of
10 pm height and 1 pm diameter. The compartments contained the same mechanisms and
default parameterisation as the single compartment model described above. Compartmental
volume was changed by altering the radius, while holding the height constant. In addition,
all ions, except impermeant anions, could move between compartments by electrodiffusion

(Fig. A and Methods, Section [2.2.1)).

3.4.1 Changes in cation-chloride cotransport activity generate local dif-
ferences in chloride reversal and driving force, which depend on
cytoplasmic diffusion rates

To explore the local effects of CCC activity, I increased gxcco from the default value of
20 pS/cm? to 60 pS/cm? in the second from top compartment of the virtual dendrite ex-
clusively. This resulted in a persistent decrease in E¢), concurrent with a modest decrease
in Vi, resulting in a permanent increase in Cl” driving force and minimal change in com-
partment volume (Fig. B). The spatial precision of this alteration depended strongly
on the diffusion constant for Cl". With a CI- diffusion constant of 2.03 x 10~7 dm?/s, these
alterations spread widely through the virtual dendrite. For example, the change in CI°
driving force was 4.8 mV in the furthermost compartment (90 pm apart) as compared to
5.9 mV in the compartment manipulated. When I decreased the CI- diffusion constant by
one order of magnitude, the change in Cl~ driving force was 7.3 mV in the compartment in
which KCC2 was adjusted, but only 1.8 mV in the furthermost compartment from the site
of manipulation (Fig. C). These findings suggest that local differences in cation-chloride
cotransport activity can drive spatially restricted differences in Cl- driving force under con-
ditions of constrained Cl- diffusion, however under conditions of typical ionic diffusion the

effect of CI” transport by KCC2 is relatively widespread.

3.4.2 Local impermeant anions do not appreciably affect the local driving
force for chloride

Following the last result, I considered whether changing impermeant anions in part of a
dendrite could create a local area with a different Cl” driving force compared to the rest of

the cell. T first added impermeant anions of average charge (z) exclusively to the second
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Figure 3.8: Local changes in KCC2 activity generate local differences in chloride reversal and
driving force only under conditions of constrained chloride diffusion. (A) Schematic depicting the
multi-compartment model representing a virtual dendrite of length 100 ym and radius 0.5 gm. The
virtual dendrite consists of 10 compartments of initial height 10 um. Each compartment contains
the same mechanisms and default parameterisation as the single compartment model. All ions,
except impermeant anions, could move between compartments by electrodiffusion. (B) Top panel,
Ec (green), Ex (purple), Vy, (black) and calculated DF (arrows, red) from the second from top
compartment (indicated with a white triangle) where the conductance of KCC2 was increased. The
insets depict the diameter, and absolute change from baseline of E¢j, V,, and DF for all compart-
ments before (i), during (ii) and after (iii) the activity of KCC2 was selectively increased. This
resulted in E¢) decreasing in all compartments with minimal changes to Ex and V. Consequently,
the CI" DF (red) increased. In this case the diffusion constant for CI" (D¢ = 2.03 x 10~7 dm?/s)
resulted in E¢; and DF changes being widespread across the virtual dendrite. (C) Reducing the CI
diffusion constant to 0.2 x 10~7 dm? resulted in a localised effect of compartment specific KCC2
activity increases on Ec; and DF.
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Figure 3.9: Local changes in impermeant anions do not establish the local driving force for chloride.
(A) Multi-compartment model of a 10 compartment 100 pm virtual dendrite as in Figure
(B) Top panel, E¢; (green), Ex (purple), Vi, (black) and calculated DF (arrows, red) within the
compartment where additional impermeant anions were exclusively added (indicated with a white
triangle). The insets depict the diameter, and absolute change from baseline for E¢), V,,, and DF
for each compartment of the virtual dendrite before (i), during (ii) and after (iii) impermeant anions
were added. The selective addition of impermeant anions of average z selectively to the second from
top compartment only resulted in transient but non-permanent shifts in E¢), Vy, and the ClI” DF
in all compartments. The volume of the compartment where impermeant anion addition occurred
increased permanently. (C) Traces and insets as in B showing the addition of impermeant anions
of different charge in order to decrease average z in the second from top compartment specifically.
Note that during addition of impermeant anions, Ec), Ex, Vi, changed. However the only persistent
changes were a local decrease in Ec; and V,, in the compartment manipulated, with a negligible
change in DF (0.01 mV). Again, impermeant anion addition resulted in an increase in the volume
of the specific dendritic compartment manipulated.
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compartment of the virtual dendrite while measuring the CI" reversal, V, and Cl" driving
force (DF) in all compartments. During addition of the impermeant anions, Ec; and Vi,
decreased with an accompanying decrease in Cl” driving force. However, following cessation
of impermeant anion influx, all parameters returned to baseline levels, except for the volume
of that specific compartment, which showed a modest increase (Fig. [3.9) B). This suggests
that local addition of impermeant anions of the same average charge as the intracellular
impermeant anions has no local effect on Cl- homeostasis but can affect the volume of the
compartment concerned.

Next, I again added impermeant anions to the second compartment of the virtual den-
drite, but this time I added impermeant anions with a more negative charge than average
(z = —1). This resulted in the average charge of impermeant anions in that specific com-
partment becoming more negative (Fig. C). During the addition of the impermeant
anions, Eqp and Vi, decreased across the dendrite, but with small accompanying shifts in
Cl driving force. Following cessation of local impermeant anion influx, a persistent shift
in Eq and Vy,, was observed specifically in the compartment manipulated. However, this
generated a negligible, persistent change in Cl” driving force (< 0.01 mV change in driving
force for a compartment specific change in z from —0.85 to —0.93), only within that spe-
cific compartment of the virtual dendrite. Again, impermeant anion addition resulted in a
permanent increase in the volume of the compartment.

These findings suggest that local impermeant anions can adjust the Cl” reversal potential
locally, but are not well-placed to cause significant, permanent shifts in the driving force
for CI'. Electrodiffusion may further limit the degree to which changes in impermeant ion
charge can modify driving forces through alterations in active ionic transport: the resulting
permanent Cl” driving force changes in the multi-compartment model are smaller than the
shifts in the single compartment version (Fig. C versus Fig. [3.6| B).

3.4.3 Addition of local impermeant anions generates volume changes and
can model the growth of neuronal processes

By simulating the influx of impermeant anions in my multi-compartment model of a virtual
dendrite I noted that the local increase in impermeant anions results in a permanent in-
crease in volume of the compartment manipulated. On the basis of this observation, I used
the addition of impermeant anions to a virtual dendrite to grow a neuronal process (Fig.
3.10). The addition of impermeant anions to the apical compartment or virtual ‘growth
cone’, resulted in an increase in the volume and radius of this compartment (Fig. [3.10
A). The addition of impermeant anions in this context can be thought of as representing
the transport and tethering of actin to the growth cone. Following growth of the virtual
growth cone, the cone’s volume was split between a cone of original dimensions and a new
compartment which was added to the body of the now extended neural process. By repeat-
ing this process iteratively, I demonstrated how the addition of impermeant anions to the
apical compartment of a multi-compartment model successfully recapitulates the growth of

a neuronal process.
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Figure 3.10: Addition of impermeant anions could be a mechanism dendritic growth. (A) Volume
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to grow a virtual dendrite. (B) Impermeant anion flux as in A, however with changes in volume
manifested as changes in the height of the compartment rather than the radius. The growth cone is
iteratively split into a growth cone of original size and a compartment of height 10 pm.
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Because the mechanism in my model and Figure A invokes radial growth to com-
pensate for changes in volume, the addition of new compartments could be thought of as
a ‘budding off’ process involving volume and membrane rearrangement. To capture an
alternative method of dendrite growth, I repeated the process of impermeant anion influx
with volume change manifested as changes in the heights of the cylindrical compartments
rather than the radii (Fig. [3.10| B). Here, the growth cone simply splits at a determined
point once a maximum length is reached, and the two resultant compartments are then
linked as separate components via electrodiffusion. No rearrangement or reformation of the
membrane would be required for this mechanism, which still illustrates the potential ability

of impermeant anions to grow neuronal processes.

3.4.4 Local driving force differences modulate the post-synaptic potential
when GABA receptors are activated at a synapse

My multi-compartment model has shown that local changes to CCCs can modulate CI°
driving force along a sequence of compartments. Meanwhile, local impermeant anion shifts
do not significantly affect CI” driving force, but can alter both V,, and E¢ in the same
direction in a specific compartment. The Cl" flux from GABAR-mediated signalling is
proportional to the CI” driving force at the synapse. Therefore, the GABAAR inhibitory
post-synaptic potential (IPSP) amplitude should not be able to be shifted by impermeant
anions. However, the influence of electrodiffusion could alter the passage of CI- flux initiated
by a synaptic pulse, especially if there are large sub-cellular differences in Vy, or Eq. 1
explored the possible impact of electrodiffusion on synaptic transmission by including a
GABA synaptic pulse in the multi-compartment model (Fig. [3.11)).

A synapse was added to the second dendritic compartment in a ‘ball-and-stick’-style
multi-compartment model. The dendrite was 9 compartments long and was attached to
another much larger compartment representing the neuron’s soma (see Methods, Section
. The synapse was activated for 2 ms and the maximal IPSP amplitudes in each
compartment were compared, along with the Eq and V,, responses at the synapse and
soma respectively (control, Fig. A). Next, the synaptic pulse was activated in a model
in which gxcce had been increased to 600 1S/cm? in the synaptic compartment, using the
same process as in Figure [3.8| B. In this case, the larger initial driving force at the synapse
resulted in a larger amplitude IPSP, which was carried through to the soma (Fig. |3.11| B).

To test whether a synaptic input could cause a difference in IPSP amplitude when
impermeant anions had been altered, the charge on impermeant intracellular anions was
made more negative in the synaptic compartment to reach an average charge of -1.2, using
the method from Figure [3.5] A. This is different from the procedure in Fig. C, in which
impermeant anions were added directly, and was chosen to minimise the influence of a
larger, diluting volume in the compartment on the ClI" flux from the activated synapse. In
this case, the maximal IPSP amplitudes were similar to those of the control (Fig. [3.11
C). This suggests that the Cl" driving force determines the outcome of GABA, receptor

activation even when there are different sub-cellular concentrations of Cl™ in a dendrite.
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Figure 3.11: Local modification of dendritic KCC2 activity and not impermeant anions affects
somatic IPSP amplitude in a multi-compartment model employing electrodiffusion. (A) A multi-
compartment model initialised with a ball-and-stick morphology. The virtual dendrite consists of
9 compartments of initial height 10 gm and radius 0.5 pm, while the soma has height 40 pm and
radius 2 pm. Each compartment contained the same mechanisms and default parameterisation as the
single compartment model. All ions, except impermeant anions, could move between compartments
by electrodiffusion. A synapse was added to the second from top dendritic compartment and was
activated for 2 ms, causing an inhibitory post-synaptic potential in the compartment. E¢; (green)
and V,, (black) were compared for the IPSP at the synaptic compartment (dashed lines) and upon
reaching the soma (solid lines). The initial Cl- driving force for the synaptic compartment is shown
in red. The cartoon figure of the model indicates the maximal absolute amplitude of the IPSP
generated as compared to resting V, in each compartment, corresponding to the colour bar at the
bottom of the figure. (B) A synapse in a multi-compartment model configured as in A was activated
after KCC2 strength was increased in the same synaptic compartment, following the methods of
Figure B. A larger IPSP amplitude than the one in A was generated and it resulted in a larger
IPSP at the soma. (C) A synapse in a multi-compartment model configured as in A was activated
after the average intracellular charge z was decreased in the same synaptic compartment, following
the methods for the single compartment model in Figure A. The IPSP generated had a similar
magnitude to the control simulation’s IPSP in A at the synaptic compartment and along the length
of the dendrite to the soma.
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Chapter 4

Discussion

4.1 My computational models provide novel insights into the
relative importance of different cellular mechanisms un-
derlying chloride homeostasis in neurons

The driving force for Cl is a fundamental parameter affecting the excitability of neuronal
networks (Raimondo et al., 2017)). Recently, impermeant anions, rather than cation-chloride
cotransporters (CCCs), have been suggested as the primary determinants of the neuronal
driving force for CI" (Glykys et al., 2014)). I explored the determinants of the Cl" driving
force in neurons by deriving theoretical models based on biophysical first principles. 1
show that the Nat/K*-ATPase, baseline K+, Nat and CI- conductances, average charge
on impermeant anions, water permeability and CCCs are all likely contributory in setting
neuronal [Cl'];. My findings suggest that while impermeant anions can contribute to setting
the [CI']; in neurons, they can only affect Cl° driving force by modifying the activity of
active transport mechanisms (i.e. the Nat/K*-ATPase). Under physiologically relevant
conditions, impermeant anions do not alter the Cl" driving force significantly. In contrast,
CCCs are well placed to modulate Cl driving force and hence inhibitory signaling.

Previous theoretical models, which account for the dynamics of CI™ ions, have been useful
in determining how changes to the driving force for Cl™ are critical for controlling the effect
of synaptic inhibition in the brain (Qian and Sejnowski, 1990; |Staley and Proctor, 1999;
Doyon et al., 2011} |Jedlicka et al., 2011} Lewin et al., 2012; Mohapatra et al., 2016 While
these models have included the Nat/K*-ATPase, the interacting dynamics of several ion
species, CCCs (Doyon et al., 2011; Krishnan and Bazhenov, 2011)), electrodiffusion (Qian
and Sejnowski, 1989) and impermeant anions and volume regulation (Dijkstra et al., 2016)),
none have combined all of these mechanisms to explore how their combination determines
the local driving force for CI7, as I sought to do.

Theoretical results like mine can both be informed by and confirmed with experimental
data. This has great value, as theory can make sense of existing data, and may help predict
future research avenues. Therefore, I searched for and designed experiments based on the

predictions from my biophysical model. I discuss these with my findings below.
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4.2 My model confirms the roles of fundamental cellular mech-
anisms in chloride homeostasis

4.2.1 The Nat/K*-ATPase

My theoretical approach is based on the pump-leak formulation (Tosteson and Hoffman,
1960). It suggests that mammalian cells maintain their volume under osmotic stress gen-
erated by impermeant anions and the Donnan effect by employing active transport of Na™
and KT using the Na™/K*-ATPase (Armstrong, 2003; Kay, 2017). A Donnan equilibrium,
a true thermodynamic equilibrium requiring no energy to maintain it, is not possible in
cells such as neurons which have pliant membranes (Sperelakis, 2012)).

My model conforms to the pump-leak formulation: abolishing the activity of the Na™t /K*-
ATPase leads to cell swelling, progressive membrane depolarisation and rundown of ionic
gradients, including that of Cl- (Fig. C and D). The Nat /K" ATPase is a fundamental
cellular parameter that stabilises cell volume and determines all ionic gradients including
that of ClI" and hence must be considered in any attempt to model ion homeostasis. How-
ever, I show that above a certain level of Na™ /KT-ATPase activity, even many-fold changes
in pump rate have minimal effects on volume, E¢y and V,, (Fig. D), as hinted in kinetic
and inhibitory studies (Hamada et al., 2003; Baker and Willis, 1972). This may explain
recent experimental findings in which periods of Nat /K*-ATPase inhibition using ouabain
caused modest changes to cell volume (Glykys et al., 2014). It therefore seems unlikely that

neurons adjust the Nat /K+-ATPase as a means for modulating C1~ driving force.

4.2.2 Passive ionic conductances

Baseline ion conductances are other important factors that affect Cl° driving force. My
model is consistent with recent experimental results that demonstrate that increased neu-
ronal Na™ conductance (for example by activating NMDA receptors, or preventing closure
of voltage-gated Na™ channels), leads to progressive neuronal swelling, membrane depolar-
isation and Cl" accumulation (Rungta et al., 2015). These are the primary pathological
processes in cytotoxic oedema (Liang et al., 2007). I also show that tonic neuronal CI
conductance only affects baseline [Cl]; and driving force in the presence of CCCs. Without
active CI” flux, which CCCs provide, there is no driving force for passive Cl" flux and hence
no mechanism for [Cl]; changes resulting from selective modification of Cl" conductance.

That active CCCs are required to generate a Cl” driving force is consistent with both
classic (Misgeld et al., 1985; 'Thompson and Gahwiler, 1989) and recent experimental find-
ings using CCC inhibitors (Lee et al., 2011} |Berglund et al., 2016|). Furthermore, validation
was sought from data by [Wright et al. (2017), which was re-analysed by Dr Richard Bur-
man of the Raimondo Lab. 1 mM furosemide was used to block the activity of KCC2 and
the cell’s response measured using gramicidin perforated patch-clamping (Fig. A). As
predicted by my model (Fig. D and F), the furosemide drove a significant shift in
the CI driving force towards 0 with little effect on V,, (Fig. B and C).
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Figure 4.1: Experimental evidence confirms the role of cation-chloride cotransporters (CCCs) but
not impermeant anions in setting the chloride driving force (DF). Left column (A, B, C), furosemide
(CCC) experiment; right column (D, E, F), electroporation (impermeant anion) experiment. Mod-
ified from Diisterwald et al. (2017)| (in review). (A) Schematic showing experimental setup for
the furosemide experiment. Gramicidin perforated patch-clamp recordings were performed on CA3
pyramidal cells from rat hippocampal organotypic brain slices. Cl~ permeable GABA, receptors
were activated with muscimol (10 pM). (B) Population data showing significant changes in Egapa
and DF but not V,, five minutes after furosemide application. (C) Changes in DF over time showed
a significant increase from baseline once furosemide was introduced. (D) Top, schematic showing
experimental setup for the electroporation experiment. Whole-cell recordings were made from CA3
pyramidal cells in mouse organotypic brain slices. Impermeant anions (orange) were delivered via
electroporation of the negatively charged fluorescent dextran Alexa Flour 488 through a pipette
positioned near the soma of the recorded cell. GABAAR currents were elicited via photo-activation
of ChR2-expressing GAD2+ interneurons (green cells) in the presence of 5 uM CGP-35348 to block
GABAgRs. Lower trace left, example current clamp recording showing V,, changes during electro-
poration of anionic dextran. Right, confocal image demonstrating cell-localised fluorescence of the
anionic dextran electroporated (orange content). (E) Population data showing significant decreases
in mean V,, and Egaga but not DF five minutes after the electroporation of impermeant anions.
(F) Changes in DF over time showed no significant change from baseline with or after impermeant
anion electroporation. The point at which electroporation occurred is marked with an orange arrow.
‘ns’, nonsignificant; * p < 0.05; ** p < 0.01.
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4.3 Cation-chloride cotransporters can modulate changes in
chloride driving force in my biophysical model

4.3.1 KCC2 activity modulates chloride driving force specifically, in agree-
ment with experimental evidence

In my model, elevating the activity of KCC2, the most active CCC in mature neurons
(Ben-Ari, 2002), increases the driving force for CI” by shifting the reversal potential for CI-
closer to that of KT. Interestingly, large shifts (= 7 mV) in driving force were associated
with very minor (1%) changes in volume or membrane potential. Elevating KCC2 activity
in a compartment in a dendritic multi-compartment model resulted in increased Cl” driving
force and higher amplitude somatic inhibitory post-synaptic potentials compared to control
when GABA 4 receptors were activated (Fig. B). As such, modulating KCC2 represents
a specific means for manipulating the neuronal CI" driving force and GABA, synaptic
signalling (Fig. A). This is consistent with traditional dogma and recent and previous
experimental results (Kaila et al., 2014; Klein et al., 2018).

Furthermore, my meta-analysis of numerous experimental studies showed a strong cor-
relation between change in KCC2 expression and CI™ driving force, but not between KCC2
expression and Vy, (Fig. D). The outlier in the meta-analysis was from a study based on
an acute stress state, which can cause transient dynamic shifts in multiple cellular param-
eters (Hewitt et al., 2009)), and hence the association may have been obscured. My model
compared favourably to the meta-analysis’s trend when a logarithmic scale was chosen for
grcce, representing KCC2 ‘strength’ or expression level (Fig. E). Further consideration
of the CI" dynamics from the additional expression of KCC2 proteins on the membrane of
the same cell with unchanged surface area and volume is needed to explain why a logarith-
mic scale produced a better fit to the data. Additionally, the trends of alternative KCC2
models could be compared against the meta-analysis’s line-of-best-fit.

NKCC1 was not included in my model because it is less abundant in adult neurons. Since
NKKC1 also uses cation gradients established by the Na™ /KT-ATPase to transport CI, it
should behave similarly to KCC2. Inclusion of NKCC1 in future work may enable better
fitting of the model to data and improved understanding of CCCs’ role in Cl™ regulation.

4.3.2 KCC2 can mediate volume shifts without explicitly cotransporting
water

Moderate transmembrane water movement occurred with KCC2 activity changes in the bio-
physical model, although water cotransport through CCCs was not explicitly incorporated
(Delpire and Staley, 2014). These shifts occurred via the membrane’s natural permeability
to water (Fettiplace and Haydon, 1980; Hernandez and Cristina, 1998]|) rather than specific
water-permeable channels (aquaporins), which are thought not to be expressed in neurons
(Andrew et al., 2007)). The result implies that CCCs could indirectly mediate volume shifts

secondary to their active flux of cations and CI°, but would not be responsive to osmotic
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gradients themselves. For example, there are different steady state directions in volume
shift in my model when adding extracellular impermeant anions, which increase osmolarity
without affecting K-Cl cotransport, as opposed to permeable KCl, which switches the di-
rection of K-Cl cotransport and increases osmolarity (Fig. E and F). Notably, some of
the experimental results implicating CCC water cotransport, for example cellular volume
increase with extracellular KCI addition, can also be explained using my model, which does

not require CCC-water coupled transport (Steffensen et al., 2018)).

4.3.3 KCC2 can only modulate local differences in chloride driving force
under conditions of constrained electrodiffusion

Using the multi-compartment model, which incorporated electrodiffusion, I found that local
modification of KCC2 activity has a specific local effect on CI” driving force that is dependent
on the characteristics of intracellular CI” diffusion (Fig. C). Cytoplasmic CI diffusion
rates had to be reduced substantially before I observed local changes in Cl” driving force
driven by KCC2 (Qian and Sejnowski, 1989; |Kuner and Augustine, 2000; Mohapatra et
al., 2016; Savtchenko et al., 2017). While differences in KCC2 activity might generate a
gradient for Cl" driving force between large subcellular structures (i.e. dendrites versus
soma), my modelling results call into question the idea of synapse-specific Cl" regulation
within the same cellular domain (Foldy et al., 2011). However, previous modelling work has
predicted that KCC2 ought to be more effective at local Cl” regulation when mechanisms
like dendritic spines and tortuosity, which slow-down CI diffusion, are included (Mohapatra

et al., 2016). The effect of these mechanisms could be explored in detail in future work.

4.4 Impermeant anions cannot appreciably modify the chlo-
ride driving force

4.4.1 Even under conditions of osmotic strain, impermeant anion concen-
tration changes do not appreciably modify chloride driving force

Glykys et al. (2014)|used Cl" imaging and various experimental manipulations to claim that
[X]; and [X], set [Cl']; and the CI” driving force. From my theoretical analysis, I find that
modifying the amount of impermeant anions inside or outside of neurons has no persistent
effect on [Cl']; or CI” driving force, unless I include mechanisms that allow a transmembrane
osmotic pressure differential to develop that indirectly affects active transport mechanisms.
Even in this case, under transmembrane pressure differentials that do not lyse the membrane
(Nichol and Hutter, 1996), Cl" driving force changes are negligible (< 1 mV) (Fig.
D). As proven by the congruence of the membrane stretch model that I employed
with my analytical solution, which includes transmembrane osmotic differences, the actual
mechanism for the development of a pure osmotic pressure differential does not affect the

steady state values except for volume.
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In my model I assumed that water can pass through the neuronal membrane to equalise
osmotic differences. Although it is thought that some neurons do not express aquaporin
channels (Andrew et al., 2007)), water can permeate through the phospholipid bilayer (Fet-
tiplace and Haydon, 1980; [Hernandez and Cristina, 1998)). Therefore, while differences in
neuronal water permeability might affect the time taken to reach a steady state, the values
at steady state themselves are likely to be similar.

Recent work has suggested that the viscoelastic properties of the cellular cytoskeleton
could allow it to take up osmotic shifts created by impermeant anion movement, as if the
cytoskeleton had properties like a sponge (Sachs and Sivaselvan, 2015). This would mean
that one would not see volume shifts as large as predicted by my model, while allowing
for big transmembrane osmotic differentials to exist without bursting the cell (Nichol and
Hutter, 1996)).

As discussed in Section [4.3.2] it has been suggested that water itself might contribute to
the energetics of ion transport by CCCs, via coupled transport of water and ions (Delpire
and Staley, 2014). If this were the case, impermeant anion induced changes to the trans-
membrane osmotic gradient could generate changes to the Cl° driving force via CCCs.
However, this idea is controversial, and this exception aside, I conclude that [Cl']; and the

CI" driving force are not determined by the concentration of impermeant anions.

4.4.2 Modification of impermeant anions’ average charge can cause shifts
in the chloride gradient, but cannot significantly shift the chloride
driving force

My theoretical findings offer a potential explanation for recent experimental observations
in which changes in [ClI'}; were noted with the addition of impermeant anions. I show
that modifying the average charge on impermeant anions (i.e. z in [X”];), rather than
their concentration, can affect [CI']; and E¢; (Fig. B and C). Relating this to prior
experimental observations, |Glykys et al. (2014)| used SYTO64 staining of nucleic acids
and perfusion of weak organic acids in conjunction with Cl" imaging to suggest that [Cl];
depends on internal impermeant anions ([X];). If such a manipulation modifies the average
charge on intracellular impermeant anions, and not concentration per se, this could account
for the observed changes in [Cl];.

Glykys et al. (2014) did not measure V,, or the Cl" driving force in these experiments.
The clear prediction from my model is that any manipulation which changes the average
charge of impermeant anions would not appreciably affect the Cl° driving force because
any impermeant anion driven change on E¢j is matched by an equivalent effect on Vi, due
to accompanying shifts in cation concentrations. Although my multi-compartment model
suggests that these shifts could cause differences in local [Cl']; and Vy, at adjacent regions
in a dendrite, there is a negligible effect on the size of the inhibitory post-synaptic potential
generated in adjacent compartments when a GABA 5 synapse is activated in this set-up (Fig.
C). In addition, the IPSP recorded at the soma following local dendritic modification

of impermeant anions is almost identical to that recorded under control conditions. This
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serves to confirm that local modifications of impermeant anions have a negligible effect on
the properties of inhibitory synaptic transmission.

Experimental validation was sought for this prediction by Dr Richard Burman (Diisterwald
et al., 2017)), who used photo-activation of ChR2 expressing GABAergic interneurons and
whole-cell patch clamp recordings of mouse organotypic CA3 hippocampal pyramidal neu-
rons to measure Vy,, Egapa, and driving force before and after addition of impermeant
anions via single cell electroporation of fluorescently tagged anionic dextrans (Fig. D).
He showed that while Egapa can be shifted by addition of impermeant anions using elec-
troporation of membrane impermeant anionic dextrans, Vy, is shifted in a similar direction
resulting in an undetectable change in Cl° driving force (Fig. E and F). The results
are qualitatively remarkably similar to my model’s prediction of the effects of impermeant
anion addition (Fig. A).

4.4.3 Impermeant anion-driven shifts in chloride homeostasis are sec-
ondary to alterations to active ionic transport kinetics

Given prior theoretical predictions (Kaila et al., 2014; [Voipio et al., 2014; |Savtchenko et
al., 2017), it is interesting that my model reveals that changing impermeant anions could
affect the Cl" driving force at all. I found that the small (< 1 mV) impermeant anion-
driven changes in Cl" driving force observed in my model were caused by indirect effects
on Nat concentration and hence Nat/K*-ATPase activity (Fig. [3.6). The impermeant
anion-driven changes in CI” driving force are even smaller in the multi-compartment model
(< 0.1 mV), in which electrodiffusion allows local changes in Na™ to dissipate (Fig. C).

When Na® /KT-ATPase activity was decoupled from the transmembrane Na™t gradient,
I found that impermeant anions were unable to cause persistent shifts in Cl- driving force
in agreement with theory (Kaila et al., 2014; Voipio et al., 2014). It is important to note
that these small, impermeant anion-Na™ /K*-ATPase-driven shifts in Cl" driving force are
dependent on the presence of cation-chloride cotransport in the form of KCC2 and would
entail changes in energy use by the Nat/K*-ATPase. In other words, active transport
mechanisms are again required to drive changes in ClI" homeostasis.

These anion-based shifts also caused increases in cell volume, in agreement with the ob-
servations of (Glykys et al. (2014). In the controlled environment of the brain, this side effect
may be an additional disincentive for the use of anion modification to alter ClI" homeosta-
sis specifically. The volume changes may however reflect an important cellular function of
impermeant anion transport: neurons could use the transport and tethering of impermeant

anions to grow or modify the volume of particular neuronal compartments (Fig. |3.10)).
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Figure 4.2: The respective influences of cation-chloride cotransporters and impermeant anions
on chloride homeostasis — three possible cellular arrangements that all result in inhibitory GABA
signalling. (A) Increased activity of the cation-chloride cotransporter KCC2 can drive changes in the
CI" driving force (red arrows) by reducing intracellular [Cl']; and shifting Eqapa (purple) negatively,
thus encouraging inward Cl flux during GABA s R activation. Larger driving forces result in greater
hyperpolarisations when GABARs are activated. (B) Increased extracellular concentrations of
impermeant anions (orange) cannot drive changes in driving force because increases in [Cl]; and
Ecgapa are met with equal increases in Vi, (black). Therefore, inward Cl” flux occurs at the usual
magnitude during GABAAR activation. (C) Increased intracellular concentrations of impermeant
anions also cannot drive changes in driving force because decreases in [Cl']; and Egapa are met
with equal decreases in Vy,. Therefore, inward CI flux again occurs at a typical magnitude during
GABAAR activation.



4.4.4 Outlook for future evaluation of impermeant anions’ role in chloride
homeostasis

Taken together, my modelling results about impermeant anions and how they might affect
Cl" homeostasis are congruent with prior in vitro experiments, which did not measure CI°
driving force but did note changes in E¢y (Glykys et al., 2014; |[Klein et al., 2018). These
experiments were done in sliced brain tissue with extracellular environments resembling my
model’s — essentially infinite in volume with fixed ion concentrations. Variation between
in vitro and in vivo Cl” concentration measurements has been identified (Valeeva et al.,
2016). It is important to expand future theoretical and experimental work to environments
that more closely resemble the brain in vivo, i.e. extracellular protein matrices, glia, blood
vessels, cerebrospinal fluid resorption mechanisms and small extracellular fluid-filled spaces
between cells (Savtchenko et al., 2017; |Lei et al., 2017)).

Other conditions that might affect the neuronal CI™ driving force and ought to be mod-
elled include bicarbonate dynamics through Cl- channels and pH buffering systems using car-
bonic anhydrase (Kaila et al., 2014), and local electrodiffusion in 3-dimensions (Savtchenko
et al., 2017). The latter has implications for whether neurons might tune tortuosity and the
distributions of GABA A leak channels and CCCs to maintain different Cl” driving forces in
different dendrites or parts of dendrites. Further exploration of the spatiotemporal spread of
chloride ions in inhibitory signalling incorporating other dynamics like voltage-gated chan-
nels is also warranted. Large-scale models of multiple cells to explore how CI” driving force

is affected in disease processes like meningitis and stroke would also be useful.

4.5 Conclusion

In summary, my theoretical model, which was derived from well-established biophysical
principles, is consistent with theoretical predictions, new experimental data and previous
work (Glykys et al., 2014} |Kaila et al., 2014; Klein et al., 2018)). However, my model
offers an alternative interpretation of previous anion-manipulation experiments, which did
not consider the parameter most importance for GABAergic signalling, the CI” driving force
(Glykys et al., 2014). My results confirm the utility of the pump-leak model for investigating
mechanisms underlying Cl° homeostasis in neurons. My model suggests that impermeant
anions alone cannot shift ClI” out of equilibrium across the neuronal membrane, either
locally or cell-wide. Were neurons to alter impermeant anion concentrations or charge,
the resting membrane potential would be modified with little effect on the CI° driving
force or properties of GABA s-mediated synaptic signalling. My work confirms the central
importance of cation-chloride cotransport activity in determining the effects of inhibitory
synaptic transmission in the nervous system. Finally, it highlights the value and ability of

theory to learn from and inform experimental studies.
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