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Abstract
Temporal lobe epilepsy is the most common form of human epilepsy, believed to arise in
part from compromised GABAergic inhibition. GABAA receptors permit an inward
chloride flux to mediate membrane hyperpolarization and restrict neuronal firing. In
most adult brain neurons, the activity of the membrane expressed type 2 K+-Clcotransporter (KCC2) maintains the low intracellular chloride necessary for inward
chloride flux through GABAA receptors. Deficits in KCC2 are observed in brain tissue
surgically removed from refractory temporal lobe epilepsy patients and in animal models
of epileptogenesis. How these deficits affect the development and severity of temporal
lobe epilepsy is unknown. To test this, I first performed local field potential recordings
in ex vivo brain slices of the mouse temporal lobe to understand the role of KCC2
transport on network dynamics. Using multiple in vitro models of epileptiform activity, I
show that deficits in KCC2 transport increase the severity of seizure events through
prolonging the clonic phase of after-discharges. These results indicated that KCC2
mediated ion transport plays a critical role in the mechanisms of seizure termination.
Next, I sought to understand the effects of KCC2 deficits in the pathophysiology of
temporal lobe epilepsy. To test this, I locally ablated KCC2 in subsets of
CAMKII positive neurons in the adult mouse hippocampus. The removal of KCC2
compromised GABAergic inhibitory signaling, confirming the role of KCC2 in setting
and maintaining the reversal potential of GABAAR mediated anion flux (EGABA).
Reducing KCC2 in the hippocampus in vivo resulted in spontaneous, recurring
generalized seizures. Furthermore, these mice developed hippocampal sclerosis,
characterized by reactive astrogliosis and neuronal loss. My results suggest KCC2 plays
ii

a key role in hippocampal network function and the development and severity of
temporal lobe epilepsy.
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Chapter 1. Introduction
1.1 Ionic gradients and inhibitory neuronal signaling
The establishment of ionic gradients across membranes is a fundamental property of
living cells. Neuronal signaling, facilitated by ligand-gated ion channels, relies on tight
regulation of internal and external ion concentrations. Neuronal inhibitory signaling in
the brain is primarily mediated by activation of -aminobutyric acid receptors
(GABAARs), ligand-gated anion channels that respond to GABA, allowing an anion flux
across the membrane (Takeuchi and Onodera, 1972). GABAARs conduct chloride and to
a lesser extent bicarbonate to influence neuron plasmalemma potential (Kaila and Volpio,
1987). The GABAARs and are a diverse group of receptors due to the 19 possible subunit
isoforms; six  subunits, three  subunits, three  subunits, three  subunits, and one each
of the , , π, and θ subunits. These subunits can integrate in a variety of interactions to
compose the 5-subunit structure of a GABAAR (Olsen and Sieghart, 2009). This diversity
of GABAAR subtypes allows for differences in subcellular localization, anion
conductance, and pharmaceutical binding affinities. GABAARs allow for both phasic and
tonic inhibition in the central nervous system (CNS), with phasic inhibition being
mediated by rapidly desensitizing receptors localized to the synapse with a low affinity
for GABA, while tonic inhibition being mediated by extra-synaptic receptors with high
affinity for GABA and persistent GABAergic conductance (Lee and Maguire, 2014; Stell
and Mody, 2002). GABAAR mediated neuronal inhibition is necessary for proper brain
function, and through its diversity allows for a wide range of network actions (Isaacon
and Scanziani, 2012).
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1.2 Cation chloride co-transporters
The reversal potential of chloride flux through the activated GABAAR (ECl) depends on
internal and external chloride concentrations ([Cl−]i and [Cl−]o.) Many studies have
shown this chloride gradient is not due to passive chloride distribution predicted by the
Nernst equation (Alvarez-Leefmans and Delpire, 2010). If chloride was passively
distributed across the plasmalemma, ECl should equal EM, where EM is the membrane
potential. However, in mature neurons of the CNS, ECl is commonly observed decreased
to EM, facilitating hyperpolarizing GABAergic IPSPs. The initial hypothesis to explain
this finding hypothesized that membrane proteins called chloride pumps actively
transported chloride, working to establish a low [Cl−]i (Misgeld et al., 1986). Neuronal
[Cl-]i was found to be sensitive to loop-diuretics bumetanide and furosemide, antagonists
of cation chloride co-transporters (CCCs) (Thompson et al., 1988). Furosemide, an
inhibitor to chloride transporters, shifts the reversal potential of GABAergic IPSPs
(Deisz and Lux, 1982). Thus, pharmacological evidence supports that ion co-transporters
were the formerly hypothesized chloride pumps and are responsible for maintaining [Cl-]i
and hyperpolarizing GABAAR mediated inhibition.

The CCCs are electroneutral transporters, transporting chloride across the membrane
without any net charge transfer (Payne et al., 2003). This is performed through coupling
chloride transport to transport of cations sodium and potassium in direction of their
chemical potential gradients. The SLC12 family includes two Na+-K+-2Cl− cotransporters NKCC1 (SLC12A2) and NKCC2 (SLC12A1), four K+-2Cl− co-transporters
KCC1 (SLC12A4), KCC2 (SLC12A5), KCC3 (SLC12A6) and KCC4 (SLC12A7) (Kaila et
2

al., 2014a). KCC2 is the dominant K+Cl− co-transporter expressed in neurons of the CNS
(Rivera et al., 1999).

1.3 KCC2-mediated chloride transport
In order to achieve a chloride gradient necessary for hyperpolarizing GABAergic
inhibition, most mature neurons rely on KCC2 activity to extrude chloride. KCC2
performs this function by transporting a potassium ion along its outward bound chemical
potential gradient to efflux a chloride ion outward against its chemical potential gradient.
Thus the direction of the net movement of potassium and chloride by KCC2 is
determined alone by the sum of the chemical potential gradients of the two ions (AlvarezLeefmans and Delpire, 2010). KCC2 can flip direction to cause chloride influx, but this
requires non-physiological or pathological high levels of [K+]o (Defazio et al., 2000;
Kakazu et al., 2000). The coupling of ion transport is electroneutral and does not require
energy. However KCC2 mediated chloride efflux is a form of secondary active transport,
as the establishment of the potassium gradient necessary for extrusion of chloride
requires energy through active transport by the membrane bound Na+-K+-ATPase (Kaila
et al., 2014a).

Due to its high transport capacity, functional KCC2 can accommodate large neuronal
chloride loads (Staley and Proctor, 1999). Chloride loading occurs in CNS neurons
during both synaptic and extrasynaptic GABAAR activation. Generally, these forms of
GABAAR activation are hyperpolarizing to resting membrane potential.

However,

besides classical hyperpolarizing GABAAR inhibition, shunting inhibition is observed in
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neuronal networks, including during network oscillations (Mann and Paulsen, 2007).
Shunting inhibition refers to a condition where EGABA lies close to resting membrane
potential (RMP) and the activation of GABAARs do not hyperpolarize the neuronal
plasmalemma from RMP but shunt incoming excitatory input. In this situation of
concurrent glutamatergic and GABAergic signaling, neurons are still under a chloride
load, therefore requiring KCC2 activity to extrude chloride and maintain [Cl−]i (Prescott,
2015). However if the conductance of chloride flux becomes large enough, chloride
loading can overwhelm KCC2 mediated chloride export and ECl will approach the value
predicted by a passive equilibrium, reducing IPSP amplitude (Lillis et al., 2012; Staley et
al., 1995). Therefore chloride driving force is controlled by a non-linear dynamic process
based on multiple underlying factors including GABAAR conductance, ion
concentrations and local membrane potential (Fig 1.1, Doyon et al., 2016).
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Figure 1.1. KCC2-mediated chloride efflux copes with dynamic GABAA-mediated
chloride loads. When KCC2 is active on the cell surface, it will transfer Cl− out of the
cell in a K+-dependent process. GABA released from presynaptic GABAergic
interneurons will bind and activate postsynaptic GABAA receptors, which allow Cl− to
passively flow back into the cell. This GABAA conductance raises intracellular Cl−, and
the rate of recovery back to basal Cl− levels will depend on the amount of KCC2 activity,
with more activity accelerating the return to basal values. Furthermore, the GABAA
mediated chloride influx will vary depending on the conductance [GGABA = singlechannel conductance () x number of channels open (N)] and the driving force on Cl−
(DFGABA = EGABA - EM, where EGABA is the reversal potential of signaling through
GABAA receptors and EM is the membrane potential), with rapid increases in channel
openings and membrane potential values exacerbating the intracellular Cl− load.
Importantly, the amount of KCC2 activity is non-uniform along a cell’s surface and
among cell types and, similarly, fluctuations in GGABA and EM will vary across subcellular
compartments and cell types. (Figure reprinted with permission from Moore, Y.E.,
Kelley, M.R., Brandon, N.J., Deeb, T.Z., Moss, S.J., 2017. Seizing Control of KCC2: A
New Therapeutic Target for Epilepsy. Trends Neurosci. 40, 555–571.).
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1.4 KCC2 transport mediates subcellular differences in EGABA
Local chloride concentrations can finely tune the ion flux of local GABAAR activation.
Subcellular differences in EGABA have been demonstrated in neurons. There exists a
negative gradient of EGABA values from the axon to soma to dendrites, as GABAAR
activation has been demonstrated to be depolarizing or excitatory at the axon initial
segment and hyperpolarizing at the soma and dendrites (Khirug et al., 2008). This
difference in GABAAR activity is due to subcellular differences in chloride
concentrations (Kuner and Augustine, 2000; Waseem et al., 2010) and dependent on
KCC2 activity (Zhang et al., 2013). There is little KCC2 at the axon initial segment
compared to the soma and dendrites, supporting that the activity of KCC2 is responsible
for the observed subcellular EGABA gradient (Baldi et al., 2010; Khirug et al., 2008).
Activity-dependent increases in chloride levels in single dendrites can transiently change
EGABA values to elicit depolarizing inhibition (Dallwig et al., 1999; Isomura et al., 2003;
Staley and Proctor, 1999). Although computational modeling approaches suggest that
KCC2 plays a critical role in tuning the efficacy of GABAAR mediated neuronal
inhibition in a single dendrite (Doyon et al., 2011), further experimental evidence is
needed to understand the complex role of KCC2 activity on single neuron chloride
domains and effects on GABAAR mediated neuronal signaling.

1.5 KCC2 and the developmental shift in neuronal EGABA
There is a shift from depolarizing to hyperpolarizing GABAAR responses within most
neurons of the CNS during development (Ben-Ari et al., 2012). This was first discovered
in pyramidal neurons of the rabbit hippocampus (Mueller et al., 1984). A mechanistic
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hypothesis was proposed that GABAARs remain consistent through maturity while a
developmental shift in ionophores occurs, with the GABAARs in the mature cell being
coupled to chloride channel ionophores that determine chloride signaling direction. This
was confirmed as the upregulation of neuronal KCC2 coupled with downregulation of
NKCC1 is sufficient and necessary for low neuronal [Cl-]i required for hyperpolarizing
GABAergic inhibition (Fig 1.2, Plotkin et al., 1997; Rivera et al., 1999; Stein et al.,
2004).

Observed in the rodent nervous system, KCC2 expression onsets in a rostral to caudal
pattern, first in neurons of the spinal cord and brainstem, followed by upregulation in the
cortex (Li et al., 2002; Stein et al., 2004; Balakrishnan et al., 2003; Mikawa et al., 2002).
There is evidence that this temporal course of KCC2 upregulation is gender specific,
occurring earlier in females than males within brain regions such as the substantia nigra
(Galanopoulou, 2008). The upregulation of KCC2 follows a different temporal profile in
humans than in rodents. KCC2 mRNA shows strong upregulation during the second half
of gestation in humans (Hyde et al., 2011a; Kang et al., 2011; Tao et al., 2012), and
shows strong expression in neurons within the neocortex and hippocampus before birth
(Sedmak and Kaila, 2016).

7

Figure 1.2. GABAA Signaling Shifts from Depolarizing to Hyperpolarizing
Responses during Development. Upper panel: In immature pyramidal cells, GABAA
receptor (GABAAR)-mediated Cl− currents are outward and depolarizing because the
relative ratio of Na+–K+–Cl− cotransporter 1 (NKCC1) to KCC2 activity is high. In
mature neurons, increased KCC2 activity gives rise to inward GABAA-mediated Cl−
currents that hyperpolarize the membrane potential. STE20/SPS1-related proline–alaninerich protein kinase (SPAK) phosphorylates both KCC2 and NKCC1 with reciprocal
effects on their function, decreasing KCC2 activity and increasing NKCC1 activity.
SPAK function decreases as neurons mature, which contributes to the developmental
increase in KCC2 function. Lower panel: Neural precursor cells do not express KCC2
and consequently contain high levels of intracellular Cl−. As neurons mature, they begin
to express KCC2 protein, which lowers the intracellular level of Cl−. In several
neuropathologies the amount of KCC2 is reduced and the level of intracellular Cl− rises.
(Figure reprinted with permission from Moore, Y.E., Kelley, M.R., Brandon, N.J., Deeb,
T.Z., Moss, S.J., 2017. Seizing Control of KCC2: A New Therapeutic Target for Epilepsy.
Trends Neurosci. 40, 555–571).
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1.6 KCC2 genetic regulation and protein expression
K+-Cl− passive transport was discovered as a swelling activated potassium efflux pathway
in erythrocytes (Kregenow, 1971). KCC1 was the first protein shown as a putative
K+-Cl− cotransporter, found through its similarity to NKCC (Gamba et al., 1996). KCC2
(SLC12A5), a second K+-Cl− cotransporter, was discovered through rat cDNA sequence
homology to KCC1 (Payne et al., 1996).

SLC12A5 codes for 2 isoforms, KCC2a and KCC2b (Uvarov et al., 2007), both with
expression localized in the CNS to neurons (Payne et al., 1996; Rivera et al., 1999).
KCC2a has an additional 40 amino acid sequence in the N-terminus, containing a Ste20related proline alanine-rich kinase (SPAK)-binding site. This N-terminal heterogeneity
may result in differences in expression, trafficking, and chloride transport activity
(Markkanen et al., 2017). KCC2a represents 20-50% of KCC2 mRNA in the early
postnatal mouse brain which reduces to 5 – 10% at 14 days postnatally due to the
upregulation of KCC2b (Uvarov et al., 2007). KCC2b protein expression increases
postnatally and remains widely expressed in the adult brain (Markkanen et al., 2014).
Within the CNS, KCC2 protein expression is localized to neurons. The differing
biological importance of KCC2 isoforms has been demonstrated through genetic knockout studies. Mice lacking both KCC2 isoforms die soon after birth due to respiratory
failure (Hubner et al., 2001; Tornberg et al., 2005). KCC2b specific knockout mice
display frequent generalized seizures and show mortality at 2-3 weeks postnatally (Woo
et al., 2002), whereas KCC2a specific knockouts survive to adulthood with no obvious
behavioral phenotype (Markkanen et al., 2014). Besides KCC2a and KCC2b, several
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other alternative spliced KCC2 transcripts have been found in human brain, but their role
in neuronal physiology is unknown (Tao et al., 2012)

Several studies have identified repressor and promotor regions for KCC2 expression
within the SLC12A5 gene. 10 candidate transcription factor binding sites have been found
highly conserved within the promoter region and intron 1 of the SLC12A5 gene (Uvarov
et al., 2006). A repressor element-1 (RE-1) exists (Karadsheh and Delpire, 2001),
originally thought to restrict KCC2 expression to neurons. However KCC2 constructs
consisting of a 1.4 promoter region without this RE-1 are sufficient for neuronal-specific
expression (Uvarov et al., 2005). Another RE-1 site was found in the 5’ regulatory region
of Kcc2b promotor region. The REST transcriptional repressor complex binds to both
RE-1 sites and restricts KCC2 expression. In contrast, inhibiting REST drives neuronal
KCC2 expression (Yeo et al., 2009). Several factors have also been shown to drive
expression, including the neuron-enriched transcription factor Erg4. Erg4 shows a similar
developmental upregulation in the mouse and in neuronal culture (Uvarov et al., 2006).
Binding of stimulating factors USF1 or USF2 to an E-box control element in the KCC2b
promotor region drives KCC2b transcription (Markkanen et al., 2008).

1.7 KCC2 protein structure
KCC2 protein expressed in the plasmalemma was originally proposed by hydropathy
analysis to contain hydrophilic N- and C-terminal regions bounding a central
hydrophobic core domain containing 12 transmembrane segments (Payne et al., 1996).
Between TM 4 and 6 there is a large extracellular intermembrane loop with 6 N-linked
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glycosylation sites (Agez et al., 2017). The C-terminus contains many serines and
threonine phosphorylation sites, along with binding sites for several kinases, permitting
posttranslational modifications that affect KCC2 surface expression and transport activity
(Moore et al., 2017). Within the C-terminus domain is a 15 amino-acid region necessary
and sufficient for constitutive K+-Cl cotransport under isotonic conditions (the ISOdomain), differentiating KCC2 from other KCCs, which are exclusively activated by
osmotic stress of cellular swelling (Acton et al., 2012; Mercado et al., 2006).

The precise molecular structure of KCC2 in the plasmalemma remains poorly understood
as no crystal structure exists. KCC2 can form oligomers that increase during development
in the rat brain (Blaesse et al., 2006). KCC2a and KCC2b isoforms can form homo- and
heterodimers when co-expressed in HEK293 cells (Uvarov et al., 2009). In solution,
KCC2 can form monomers or dimers, possibly due to disulfide bridges and connections
between C-terminal domains (Agez et al., 2017). Transport-inactive KCC2 monomers are
present before onset of hyperpolarizing inhibition, and oligomerization may be a
necessary mechanism for a negative shift in ECl (Blaesse et al., 2006; Chudotvorova et al.,
2005). KCC2 oligomers exist in complexes with kainate-type glutamate receptors, that
promote KCC2 recycling (Mahadevan et al., 2014; Pressey et al., 2017). Why monomers
are transport inactive is unknown.
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1.8 KCC2 post-translational modifications
KCC2 shows a wide variety of post-translational modifications that affect surface
stability, trafficking, and ion transport activity (Fig 1.3, Moore et al., 2017). Extensive
work has been performed on the role of phosphorylated residues in the intracellular Cterminus. The best characterized phosphorylation site is S940, which was proposed as a
potential PKC binding site in the original description of the protein (Payne et al., 1996).
S940 phosphorylation was confirmed to be PKC-dependent, increasing the cell surface
stability of KCC2 by decreasing its rate of internalization from the plasmalemma and
increasing ion transport rate (Lee et al., 2007; Silayeva et al., 2015). Phosphorylation of
T934 and S937 also increases ion transport rate (Weber et al., 2014). Contrasting effects
of phosphorylation are observed on T906 and T1007, which decrease transport function
(Inoue et al., 2012; Rinehart et al., 2009), and on Y903 and Y1087, which decrease
steady-state surface levels of KCC2 and lead to its lysosomal degradation (Lee et al.,
2010). Thus, the ion-transport capacity of KCC2 on a neuron is not a simple relationship
to amount of protein expression on the plasmalemmal membrane, but also a sum of the
post-translational phosphorylation state (Titz et al., 2015). Although many individual
phosphorylation sites have been identified, the effects of the phosphorylation of multiple
residues on the activity and surface expression of KCC2 protein remain unknown.
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Figure 1.3. The Established Phosphorylation Sites in Type 2b K+-Cl− Cotransporter
(KCC2b) Bidirectionally Affect its Function. Membrane topology diagram of KCC2
with a cytoplasmic N-terminal region, 12 transmembrane domains, a large extracellular
loop, and a large cytoplasmic C-terminal domain. The critical sites of phosphorylation are
interspersed throughout the C-terminal domain. The panel indicates the effects on
function when each site is phosphorylated. (Figure reprinted with permission from
Moore, Y.E., Kelley, M.R., Brandon, N.J., Deeb, T.Z., Moss, S.J., 2017. Seizing Control of
KCC2: A New Therapeutic Target for Epilepsy. Trends Neurosci. 40, 555–571).
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1.9 Factors influencing KCC2 expression
The surface expression of KCC2 is highly neuronal activity dependent (Medina et al.,
2014). Slices exposed to artificial cerebral spinal fluid without magnesium (0-Mg2+ACSF) or the voltage-gated K+ channel inhibitor 4-aminopyridine (4-AP) display
decreased KCC2 levels and reduced neuronal Cl− extrusion capacity (Rivera et al., 2004).
Mice exposed to the continuous seizures of chemoconvulsant induced status epilepticus
show immediate decrease of KCC2 within the first 1 hr of activity (Barmashenko et al.,
2011; Lee et al., 2010; Silayeva et al., 2015). Repetitive post-synaptic spiking induces a
Ca2+ dependent downregulation of the protein from the cell surface (Woodin et al., 2003;
Fiumelli et al., 2005). Mechanistically, excessive NMDAR activity downregulates KCC2
through dephosphorylation of S940 by protein phosphatase 1 (Lee et al., 2011).
Induction of status epilepticus in mice dephosphorylates S940 and results in a reduction
of transport activity followed by reduced surface expression (Silayeva et al., 2015).
NMDAR-mediated down regulation of KCC2 also depends on cleavage of the C-terminal
domain by the calcium-activated protease calpain (Puskarjov et al., 2012).

The brain derived neurotrophic factor (BDNF) acting on the TrkB receptor decreases
KCC2 expression and transport capacity (Rivera et al., 2004). BDNF–TrkB signaling
recruits both the src homology 2 domain containing transforming protein/FGF receptor
substrate 2 (Shc/FRS-2) and the phospholipase C - cAMP response element-binding
protein (PLC-cAMP) signaling coupled intracellular pathways. BDNF–TrkB signaling
results in depolarizing GABAAR signaling in neuropathic pain (Coull et al., 2005),
decreased KCC2 expression in the cortex (Molinaro et al., 2009), spinal cord ventral horn
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(Boulenguez et al., 2010), and in cerebellar Purkinje neurons (Huang et al., 2013). The
precursor of BDNF, proBDNF signaling on p75NTR also inhibits KCC2 expression
(Riffault et al., 2018). As increased BDNF-TrkB signaling elevates during conditions
such as epilepsy (He et al., 2004), more understanding is needed to understand the link to
KCC2 deficits in pathology.

1.10

KCC2 pharmacology

KCC2 is an attractive pharmacological target due to its role in the determining the
efficacy of GABAAR mediated inhibition. However finding suitable drugs to activate
KCC2 is challenging as no positive allosteric modulators have been discovered for solute
transporters (Delpire and Weaver, 2016). N-Ethylmaleimide (NEM) increases KCC2
ion-transport under isotonic conditions (Lauf and Theg, 1980; Payne, 1997). This effect
is reliant on phosphorylation of residues in the C-terminus (Weber et al., 2014). NEM
phosphorylates S940 and dephosphorylates T1007, increasing KCC2 surface expression
and ion-transport activity. NEM also reduces with-no-lysine-kinase (WNK)
phosphorylation of Ste20-related proline/alanine rich kinase (SPAK), which directly
dephosphorylates T1007 (Conway et al., 2017). However NEM shows low specificity for
KCC2, limiting its therapeutic use. A potential KCC2 activator CLP257 was discovered
in 2013, (Gagnon et al., 2013), but subsequently shown to be a potentiator of GABAARs,
confounding the original study (Cardarelli et al., 2017).

Loop diuretics furosemide and bumetanide both inhibit KCC2 transport. However these
compounds also inhibit NKCC1 at lower concentrations complicating interpretation of
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results in which findings are based on the assumption of either compound as a ‘clean’
KCC2 inhibitor (Delpire and Weaver, 2016). An improved KCC2 inhibitor tool
compound M77 was found in a high throughput screen and showed several times more
potent than the loop diuretics (Delpire et al., 2009). This tool compound was improved to
create VU0463271, which at EC50 of 61nM was 9 times more potent than M77 (Delpire
et al., 2012). VU0463271 shows high specificity for KCC2, vastly improving over
furosemide (Sivakumaran et al., 2015). Unfortunately, VU0463271 has poor
pharmacokinetic properties, limiting its use in vivo. Benzyl prolinate derivatives are
inhibitors of KCC2 in the sub-micromolar range, but have not been used in vivo (Pégurier
et al., 2010).

1.11

Additional functions of KCC2 on neuronal physiology

KCC2 has been shown to contribute to several neuronal functions in addition to iontransport. KCC2 shows expression in hippocampal neurons around dendritic spines and
excitatory synapses (Gulyás et al., 2001). However when viewed as relative expression
on CA1 pyramidal neurons, KCC2 is twice as dense on dendritic membranes with only
GABAergic synapses than regions with only glutamatergic (Baldi et al., 2010). The
expression of KCC2 around dendritic spines may play a role in spine development.
Cultured neurons from KCC2 knockout mice display immature, filapodia dendritic spines
and decreased excitatory synapses, both which can be rescued by overexpression of
KCC2 or an ion-transport-dysfunctional truncated KCC2 constructs missing the Nterminal domain (Li et al., 2007). Premature expression of full length KCC2, the
transport-dysfunctional N-terminal construct or a C-terminal construct via in utero
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electroporation increases cortical neuron dendritic spine density (Fiumelli et al., 2013).
KCC2 may influence structure of dendritic spines by binding within the C-terminus
domain to cytoskeletal protein 4.1N (Horn et al., 2010; Li et al., 2007) although this
binding interaction was not found in a recent liquid chromatography/mass spectrometry
proteomics study for KCC2 binding partners (Mahadevan et al., 2017). A point mutant
construct KCC2-C568A, which lacks ability to bind the cytoskeleton or transport ions,
does not affect spine density in neuronal culture or in vivo when delivered by in utero
electroporation (Fiumelli et al., 2013). KCC2 expression also may play a role in the
efficacy of glutamatergic signaling through regulation of the content and lateral diffusion
of postsynaptic AMPA receptors in dendritic spines (Gauvain et al., 2011). Studies
claiming non-ion transport functions of KCC2 have relied on overexpression of truncated
constructs in vitro or in vivo. Further work is needed using strategies that disrupt
endogenous expressed KCC2 to determine if this separation of functions truly exists.
Interestingly, disruption of endogenous KCC2 in cerebellar Purkinje or granule neurons
results in no deficits in morphology or length of dendritic spines (Seja et al., 2012).

KCC2 may play other functional roles in the CNS. KCC2 mRNA is enriched in cortical
interneuron precursors (Batista-Brito et al., 2008), and the expression of active KCC2 is
necessary and sufficient to reduce interneuron motility in the developing cortex. The
onset of active KCC2 upregulation and hyperpolarizing GABAergic signaling correlates
with a reduction in the frequency of spontaneous intracellular calcium transients (Bortone
and Polleux, 2009). This upregulation of active KCC2 may serve to permit levels of
ambient GABA to serve as stop signals for motile interneurons. This may be only an
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interneuron effect, as premature upregulation of KCC2 in pyramidal neurons does not
affect their migration (Cancedda et al., 2007).

KCC2 transport may also play a neuroprotective role in mature neurons. Silencing of
endogenous KCC2 in neuronal culture via shRNA reduces neuronal resistance to
NMDAR mediated excitotoxicity or oxidative stress (Pellegrino et al., 2011). In this
study, overexpression of an active full length KCC2 provided increased resistance to
excitotoxicity, effects due to ion-transport, as non-active mutant KCC2-Y1087D did not
provide resistance to toxicity. Further work is needed in vivo to understand how deficits
in KCC2 affect neuronal viability.

1.12

KCC2 human mutations

Several loss-of-function mutations in KCC2 have been found in human patients. Most of
these mutations are associated with varying degrees of susceptibility for epilepsy (Fig
1.4). Epilepsy risk factor mutations were found through screening a population of
epilepsy patients for mutations in SLC12A5 exon coding regions. An Australian family
heterozygous for missense variant of KCC2 (R952H) displayed febrile seizures. When
expressed in cultured neurons, R952H reduces KCC2 surface expression, compromises
chloride extrusion capacity and reduces the ability of neurons to form mature dendritic
spines (Puskarjov et al., 2014a). Another study found R952H and the additional mutation
R1029C in patients exhibiting idiopathic generalized epilepsy (Kahle et al., 2014). Both
mutations are in the C-terminal domain, near the S940 phosphorylation site, supporting
this region is critical for chloride extrusion and can reduce ion-transport capacity.
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Using whole genome sequencing, causal recessive loss-of-function KCC2 mutations were
found in several patients with epilepsy of infancy with migrating focal seizures (EIMFS).
One family had compound, heterozygous mutations L426P and G551D, affecting
transmembrane domain 5 (TM5) and the intracellular loop between TM8 and TM9,
respectively. Another family contained two children homozygous for L311H, which is in
the extracellular loop between TM5 and TM6. Studied in vitro, all these mutations
reduced glycosylation and surface expression of KCC2 (Stödberg et al., 2015).
Compound heterozygous mutations A191V and a E50-Q93 deletion were found in two
children, affecting TM3 and N-terminus, respectively. Two more patients were found
with compound heterozygous mutations S323P and M415V, affecting the extracellular
loop between TM5 and TM6, and TM6, respectively. These mutations result in impaired
chloride extrusion, but similar KCC2 surface expression to wild-type. A 20 year old
patient displaying intractable epilepsy was found with causal mutations W318S, located
in the extracellular loop between TM5 and TM6, and a deletion of S748, affecting the Cterminus (Saitsu et al., 2016). The discovery of causal KCC2 mutations by wholegenome sequencing in human epilepsy patients provided the first genotype –phenotype
relationship of KCC2 in humans.
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Figure 1.4. Mutations Found in Type 2 K+-Cl− Cotransporter (KCC2) Associated
with Neurological Disorders. Membrane topology diagram of KCC2 with a cytoplasmic
N-terminal region, 12 transmembrane domains, a large extracellular loop, and a large
cytoplasmic C-terminal domain. The mutations known to cause epilepsy are indicated in
blue. KCC2 variants that are risk factors for the development of epilepsy are indicated in
yellow. (Figure reprinted with permission from Moore, Y.E., Kelley, M.R., Brandon, N.J.,
Deeb, T.Z., Moss, S.J., 2017. Seizing Control of KCC2: A New Therapeutic Target for
Epilepsy. Trends Neurosci. 40, 555–571).
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1.13

KCC2 deficits in pathologies affecting the mature brain

Deficits in KCC2 expression are found in multiple neurological disorders (Kaila et al.,
2014a). In many of these conditions, an observed decrease in KCC2 activity in neurons
correlates with a depolarizing shift of EGABA. The widespread observations of altered
neuronal chloride homeostasis in neurological disorders may provide evidence of the
critical role of chloride transport in proper brain function. I will focus on disorders
affecting mature, fully developed CNS, as this relates with the experiments within this
dissertation. Deficits in chloride transport during CNS development and role in
physiology have been previously discussed in (Ben-Ari et al., 2012).

1.13.1 Chronic Neuropathic Pain
Chronic neuropathic pain is a debilitating condition, thought to emerge due to
hyperexcitability of neurons in the dorsal horn of the spinal cord. Lamina I neurons show
a shift in Eanion and decrease in KCC2 following peripheral nerve injury, a finding that
can be replicated by knockdown of KCC2 by an antisense oligodeoxynucleotide (Coull et
al., 2003). KCC2 is also reduced in the dorsal horn of the spinal cord after spinal cord
injury in rats and developed neuropathic pain is reduced upon treatment with NKCC1
inhibitor bumetanide (Cramer et al., 2008). Peripheral inflammation in mice also reduces
KCC2 in the medullary dorsal horn (Wu et al., 2009). Increased extracellular BDNF
after sciatic nerve injury is sufficient to elicit this depolarizing shift in Eanion in spinal
lamina I neurons, an effect which can be prevented upon inhibition of the TrkB receptor
(Coull et al., 2005). Increasing KCC2 chloride-transport activity may be an attractive
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strategy for chronic neuropathic pain, a condition with few viable treatment options
(Gagnon et al., 2013).

1.13.2 Spasticity
Spasticity, defined by muscle hypertonia and hyperreflexia, is observed in several
neurological disorders. After a spinal cord injury, loss of effective neuronal inhibition
results in hyperexcitability of spinal cord neurons responsible for motor and sensory
signaling. Spasticity is observed in 75% of patients (Adams and Hicks, 2005). There is a
reduction of KCC2 in motoneurons of the rat spinal cord following injury, contributing to
network excitability (Boulenguez et al., 2010). Reductions in KCC2 surface expression in
motoneurons starts within the first 24 hrs post-injury, interestingly providing an
intriguing hypothesis that therapeutics that increase KCC2 trafficking to the
plasmalemma may prove efficacious in improving motor spasticity recovery in this
condition. Spasticity also develops in amyotrophic lateral sclerosis (ALS). In SODG93A
mice, a model of familial ALS, KCC2 mRNA and membrane expression are reduced in
vulnerable motoneurons in the lumbar spinal cord and hypoglossal nuclei, beginning
during late presymptomatic stages (Fuchs et al., 2010). In stroke, after photothrombotic
ischemic cortical injury in mice, KCC2 is downregulated and S940 dephosphorylated in
motoneurons, possibly also mechanisms playing a role in spasticity (Toda et al., 2014).
Further investigations are needed to assess the role of KCC2 deficits in
neurodegenerative disorders such as ALS.
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1.13.3 Aging
Recent evidence suggests that KCC2 deficits occur within the hippocampus during aging.
Deficits in KCC2 and depolarizing GABAA receptor signaling are observed in aging mice
(21-28 months) (Ferando et al., 2016). No changes in phasic and tonic GABAergic events
were observed in CA1 pyramidal cells, however there is a decrease in the synapse
specificity of LTP, which can be replicated in young mouse brain slices with treatment of
KCC2 inhibitor VU0463271. Thus, a decrease in KCC2 expression and activity may
contribute to deficits in information processing in the aged brain.

1.13.4 Stress
Stress can result in maladaptive changes in the brain that increase susceptibility to mood
disorders, cognitive deficits, and epilepsy. These effects are mediated by activation of
the hypothalamic–pituitary–adrenal (HPA) axis, resulting in an elevation of cortisol in
humans (Ulrich-Lai and Herman, 2009). Several studies have provided evidence that
deficits in KCC2 and increased depolarizing GABAAR signaling may play a mechanistic
role in the effects of stress on physiology. Acute restraint stress activates the HPA axis
and decreases KCC2 expression in the paraventricular nucleus and ion-transport activity
in parvocellular neuroendocrine cells of the paraventricular nucleus (PVN) (Hewitt et al.,
2009). Similar decreases in KCC2 expression and dephosphorylation of S940 are found
in the PVN after acute restraint stress, along with depolarizing and excitatory GABAAR
responses onto corticotropin-releasing hormone neurons (Sarkar et al., 2011). Decreased
KCC2 levels are observed in the PVN following social defeat stress (Miller and Maguire,
2014), and following chronic restraint stress there is a reduction in KCC2 S940
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phosphorylation, expression and transport activity within the hippocampus (MacKenzie
and Maguire, 2015). This reduction in KCC2 results in a positive shift in EGABA in CA1,
increasing pyramidal neuron excitability and seizure susceptibility. The modification of
neuronal chloride homeostasis by stress and its role in affecting stress-susceptible
behaviors is intriguing considering stress increases the susceptibility for seizure activity
(Maguire, 2014).

1.13.5 Epilepsy
It is well established that alterations in KCC2-mediated ion transport play a role in
epilepsy, a disorder characterized by the occurrence of spontaneous, recurring seizures.
The discovery of causal KCC2 mutations for epilepsy of infancy with migrating focal
seizures places KCC2 as a strong epilepsy susceptibility protein (Holmes and Noebels,
2016; Moore et al., 2017; Noebels, 2003). KCC2b specific knockout mice display
frequent generalized seizures and show mortality at 2-3 weeks postnatally (Woo et al.,
2002). This is supported by work in other species, such as drosophila, where disruption of
the kcc gene results in seizure activity (Hekmat-Scafe, 2006).

1.13.6 KCC2 deficits in temporal lobe epilepsy
Temporal lobe epilepsy is the most common form of focal human epilepsy, with seizure
activity most commonly originating from the hippocampus (Engel, 1996; Penfield, 1954).
Temporal lobe epilepsy is commonly associated with the pathology of hippocampal
sclerosis, pathology characterized by atrophy of the hippocampus (Wieser, 2004). HS is
visible by MRI, revealing a reduction in hippocampal volume (Bernasconi et al., 2003).
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Temporal lobe epilepsy patients with hippocampal sclerosis are likely to display seizure
refractoriness to several anti-epileptic drugs, leading surgical removal of epileptic tissue
to be the remaining treatment option (Engel, 2001). Surgical removal of epileptic
hippocampal tissue is highly effective in patients for seizure control (Engel et al., 2003),
however can often result in compromised memory and cognition (Ayshford, 2008;
Boucher et al., 2015; Salvato et al., 2016). Retrospective studies from temporal lobe
epilepsy patients shows a high incidence of initial precipitating injuries, including febrile
seizures, tumors, ischemia, trauma, hypoxia, status epilepticus and intracranial infections
(Mathern et al., 1995). After such brain insults, there is often a latent period before the
onset of chronic seizures. The average length of this latent period in human patients is 6-9
years (Mathern et al., 2002). During this period, many changes occur as the hippocampus
undergoes epileptogenesis and emerges as an epileptic focus (Goldberg and Coulter,
2013).

Brain tissue surgically removed from refractory epileptic patients historically has been
useful for understanding the functional anatomy and physiology of the seizure susceptible
human brain. Several studies have found deficits in GABAergic inhibitory transmission
and altered neuronal chloride homeostasis in brain tissue removed from temporal lobe
epilepsy patients. Spontaneous interictal events, recorded from the subiculum adjacent to
sclerotic hippocampus in ex vivo slices, can be triggered by excitatory GABAergic
signaling from interneurons onto pyramidal cells (Cohen and Navarro, 2002). Subicular
pyramidal cells demonstrate excitatory GABAergic input during interictal events and
have a drastic loss of KCC2, seen in mRNA and protein levels (Huberfeld et al., 2007;

25

Palma et al., 2006). Reductions in KCC2 protein are also found in sclerotic CA1 regions
(Muñoz et al., 2007). A contrasting study found an elevation in KCC2 in hippocampal
tissue removed from temporal lobe epilepsy patients, however this finding was from
patients without visible hippocampal sclerosis, which is a minority of cases (Karlócai et
al., 2015).

The current understanding of the role of neuronal intracellular chloride on the
susceptibility and severity of seizures has predominantly come through ex vivo brain slice
models of epileptiform activity. Seizure-like events (SLEs or ictal events) may be
induced in rodent brain slices, SLEs represent the equivalents of electrical activity and
ionic environment of seizure events recorded from human patients in vivo (Heinemann et
al., 2006). A characteristic SLE recorded extracellularly contains of a negative DC shift,
superimposed by tonic-like discharges at frequency > 8 HZ, followed by clonic-like afterdischarges, and a post-ictal depression with no observed field activity (Fig 1.5).
Importantly these models lack behavioral and motor equivalents of clinical seizures, as
well as long range neuronal signaling pathways present in the living brain.
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Figure 1.5. A seizure-like event (SLE) recorded from the entorhinal cortex in 0-Mg2+
ACSF. (Figure reprinted with permission from Kelley, M.R., Deeb, T.Z., Brandon, N.J.,
Dunlop, J., Davies, P. a, Moss, S.J., 2016. Compromising KCC2 transporter activity
enhances the development of continuous seizure activity. Neuropharmacology 108, 103–
110)

Several independent studies have shown that refractory tissue surgically removed from
temporal lobe epilepsy patients with hippocampal sclerosis shows deficits in KCC2
expression and activity (Conti et al., 2011; Miles et al., 2012; Muñoz et al., 2007; Palma
et al., 2006). It remains controversial how these deficits contribute to seizure
susceptibility or severity. Two main hypotheses have been proposed based upon the dual
ion transport function of KCC2.

1) KCC2 activity is pro-epileptic through increasing extracellular potassium, thus
inhibition of the transporter should reduce seizure susceptibility and severity.
2) KCC2 activity is anti-epileptic due to decreasing neuronal chloride loads, thus the
inhibition of the transporter increases seizure susceptibility and severity.
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Hypothesis 1 is derived from the dual ion transport function of KCC2, in that a potassium
ion effluxes for each chloride ion. Increasing extracellular potassium drives seizure
susceptibility (Traynelis and Dingledine, 1988). KCC2 activity is proposed to be seizurepromoting through increasing potassium efflux during activity-dependent chloride shifts
of the seizure event (Gutschmidt et al., 1999; Haglund and Hochman, 2005; Viitanen et
al., 2010). By this rationale, the downregulation of KCC2 observed in epileptic tissue is
hypothesized to be an adaptive mechanism preventing increases in extracellular
potassium (Hamidi et al., 2015; Miles et al., 2012). Decreasing KCC2 ion-transport
function in pyramidal neurons is hypothesized as a possible anti-epileptic therapeutic
strategy (González et al., 2018).

Hypothesis 2 is based on the observation that neuronal chloride loads increase upon
KCC2 inhibition. It is well established that neuronal chloride loading and depolarizing
GABAAR signaling play a role in the occurrence and severity of ictal activity. Sustained
interneuron firing is sufficient to cause neuronal chloride loading, resulting in excitatory
GABAAR responses in hippocampal pyramidal neurons through a positive shift in EGABA
(Staley et al., 1995). Increased interneuron activity occurs in network events
immediately prior to ictal onset (Huberfeld et al., 2011), and is sufficient in some
situations to initiate ictal activity (Fujiwara-Tsukamoto et al., 2010). Due to sustained
activation of interneurons, large increases in [Cl-]i occur within pyramidal neurons in the
beginning of the ictal event and persist till later reducing in the post-ictal period (Lillis et
al., 2012). During the period of clonic-like afterdischarges, [Cl]i rises high enough to shift
GABAAR signaling excitatory (Fujiwara-Tsukamoto et al., 2007). In this phase, neuronal
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synchrony is the highest in the ictal event, and is driven by activity of excitatory
GABAAR signaling by parvalbumin-positive interneurons onto pyramidal neurons
(Ellender et al., 2014). Interestingly in this study, optogenetic activation of parvalbuminpositive interneurons during the clonic-like phase was sufficient to increase seizure event
duration, while optogenetic inhibition decreased duration. These results suggest that the
polarity of GABAAR signaling, neuronal chloride loading, and KCC2 transport activity
may play a role in seizure termination mechanisms. The role of KCC2 transport on
duration of the SLE was directly tested in (Kelley et al., 2016) and these results are
described in Chapter 2 of this dissertation.

1.13.7 KCC2 deficits during epileptogenesis
Animal models have played an important role in studying mechanisms of epileptogenesis
in temporal lobe epilepsy. Rodent models induce an initial precipitating insult (IPI) that
begins the morphological and physiological changes in the brain leading to the
emergence of chronic, recurring seizures. IPIs, including status-epilepticus, electrical
kindling, or brain injury, have been demonstrated to replicate the seizures and
hippocampal sclerosis observed in human temporal lobe epilepsy patients (Buckmaster,
2004).

Deficits in KCC2 and depolarizing GABAergic transmission have been described
immediately following IPIs in rodent models before onset of generalized seizure activity.
Rats experiencing 45 min pilocarpine-induced status epilepticus show a positive shift in
EGABA in CA1 pyramidal neurons (Kapur and Coulter, 1995). Brain trauma in rats results
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in decreased Cl- extrusion in cortical neurons (Jin et al., 2005). Kainic acid-induced status
epilepticus for less than 1 hour results in a decrease in KCC2 surface levels from
hippocampal lysates (Lee et al., 2010; Silayeva et al., 2015). Similar results occur in
vitro as decreased KCC2 expression and activity is found when brain slices are exposed
to low magnesium ACSF or 4-AP (Rivera et al., 2004).

After a 2-3 week latent period of morphological and physiological changes, chronic
recurring seizures emerge in rodent models, indicating that induced IPIs are sufficient to
initiate epileptogenesis. Decreased KCC2 expression and activity persist through this
period. KCC2 mRNA and protein are reduced and EGABA positively shifted in the dentate
gyrus 7 days after fluid percussion induced brain injury (Bonislawski et al., 2007).
Similar results have been shown in the hippocampus and dentate gyrus 7 days after
chemo-convulsant status epilepticus insult (Barmashenko et al., 2011; Bragin et al., 2009;
Pathak et al., 2007; J. Yu et al., 2013). How these deficits in KCC2 contribute to
epileptogensis is unknown. A decrease in KCC2 within pyramidal neurons may facilitate
increases in [Cl-]i sufficient to elicit the hypersynchrony of epileptiform activity. This
hypothesis was tested in (Kelley et al., 2018), and these results are described in Chapter 3
of this dissertation.
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Chapter 2. Compromising KCC2 transporter activity enhances the development of
continuous seizure activity1

1

Kelley, M.R., Deeb, T.Z., Brandon, N.J., Dunlop, J., Davies, P.A., Moss, S.J. 2016.
Neuropharmacology 109:103-110.
Reprinted here with permission of publisher
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Contributions I performed all experiments outlined in this chapter.

2.1. Introduction
The impairment of inhibitory neuronal signaling has long been associated with increased
probability and severity of seizures. Fast synaptic inhibition in the brain is primarily
mediated by the type A γ-aminobutyric acid receptors (GABAARs), ligand-gated ion
channels that mediate Cl– influx to hyperpolarize membranes and restrict neuronal firing.
GABAAR mediated inhibition is influenced by the reversal potentials of Cl– and to a
lesser extent, HCO3– (Bormann et al., 1987; Kaila and Volpio, 1987). In most adult brain
neurons, the K+/Cl– co-transporter 2 (KCC2) facilitates hyperpolarizing GABAAR
currents by maintaining low levels of [Cl–]i (Payne et al., 1996). Consistent with this,
KCC2 knockout mice die shortly after birth (Hubner et al., 2001) and KCC2b knockout
mice exhibit seizures and death 2-3 weeks postnatally due to profound deficits in
inhibitory neurotransmission (Uvarov et al., 2007; Woo et al., 2002). Structurally, KCC2
contains 12 transmembrane domains with intracellular N and C-termini, which are
important domains for mediating the cellular regulation of KCC2 (de los Heros et al.,
2014). For example, phosphorylation of S940 increased transport activity and stability at
the plasma membrane (Lee et al., 2011, 2007) while KCC2-S940A mice show normal
basal behavior, but increased severity of kainate induced status epilepticus (Silayeva et
al., 2015).

Consistent with its role in supporting inhibitory neurotransmission, deficits in KCC2
activity, including decreased phosphorylation and expression levels, correlate with
depolarizing GABAAR currents that have been reported in brain slices from refractory
32

human epileptic patients (Cohen and Navarro, 2002; Huberfeld et al., 2007), and in
animal models of temporal lobe epilepsy (Barmashenko et al., 2011; de Guzman et al.,
2006; Pathak et al., 2007; Silayeva et al., 2015). Moreover, seizure-related disorders in
humans have recently been associated with KCC2 mutations (Kahle et al., 2014;
Puskarjov et al., 2014b; Stödberg et al., 2015) Deficits in KCC2 expression levels and/or
activity also occur in animal models of chronic stress (Hewitt et al., 2009; MacKenzie
and Maguire, 2015; Tsukahara et al., 2016, 2015), trauma (Jin et al., 2005), ischemia
(Jaenisch et al., 2010), schizophrenia (Hyde et al., 2011b)and in peritumoral regions in
human brain (Pallud et al., 2014; Semaan et al., 2015). It remains to be determined if
deficits in KCC2 activity and expression directly contribute to these varying pathologies.
In addition, the significance of KCC2 as a determinant of neuronal Cl– homeostasis has
recently been questioned (Glykys et al., 2014).

How do deficits in KCC2 transport activity observed in varying pathologies affect seizure
severity? In this study we examined the effects of the selective KCC2 inhibitor
VU0463271 (Delpire et al., 2012; Sivakumaran et al., 2015) and the loss of S940
phosphorylation with the KCC2-S940A mutant mouse (Silayeva et al., 2015) on seizurelike events (SLEs) induced by either 4-aminopyridine (4-AP) (Avoli et al., 1996) or 0Mg2+ conditions (Anderson et al., 1986) in acute slices in vitro. Pharmacological
inhibition of KCC2 transport activity by VU0463271 increased the duration of SLEs,
rapidly leading to a state of continuous clonic-like discharges in the 0-Mg2+ ACSF model
and prolonged SLE duration in the 4-AP model. Likewise, the KCC2-S940A mutation
accelerated the appearance of continuous clonic-like discharges in the 0-Mg2+ ACSF
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model. Our results revealed that KCC2 transport function is a critical determinant of SLE
duration and termination in multiple in vitro models.

2.2 Materials and Methods
2.2.1

Animal Care

All animal studies were performed with protocols approved by the Institutional Animal
Care and Use Committee of Tufts New England Medical Center.
2.2.2

Slice Preparation

WT C57Bl/6 and KCC2-S940A male mice (age 3-5 weeks) were anaesthetized with
isofluorane and brains removed. Horizontal slices (400 μm) containing the hippocampal
formation and surrounding cortices were cut on a Leica VT1000s vibratome in cutting
solution (in mM): NaCl 126, NaHCO3 26, NaH2PO4 1.25, KCl 2.5, MgCl2 2, CaCl2 0.5,
Na-pyruvate 1.5, and glucose 10. Slices were placed in a submerged chamber for a 1 hr
recovery period at 32°C in artificial CSF (ACSF) containing (in mM): NaCl 126,
NaHCO3 26, KCl 2.5, MgCl2 2, CaCl2 2, glutamine 1, NaH2PO4 1.25, Na-pyruvate 1.5,
and glucose 10. All solutions were bubbled with 95% O2/ 5% CO2.
2.2.3

Field Recordings

Slices were transferred to a RC-27L recording chamber (Warner Instruments) and
perfused with continually oxygenated ACSF (2-3 mL/ min). NaCl (154 mM) filled
electrodes (resistance 1-3 mΩ), were placed in the medial entorhinal cortex layer IV. The
selective KCC2 inhibitor VU0463271 (Sivakumaran et al., 2015) was dissolved in
DMSO before addition to experimental solutions at a final DMSO concentration of
0.001% by volume. This DMSO concentration has previously been shown to have no
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effect on neuronal activity (Tsvyetlynska et al., 2005). For low-magnesium recordings,
ACSF was made without MgCl2 and KCl was brought to 5 mM (0-Mg2+ ACSF). WT
slices were incubated in ACSF + VU0463271 (100 nM) for 15 min before changing to 0Mg2+ ACSF + VU0463271 (100 nM). Slices from the KCC2-S940A mice were recorded
in 0-Mg2+ ACSF and compared to WT littermate controls. Further recordings were
performed on WT slices using 4-aminopyridine (4-AP, 50 µM), added to the ACSF. To
qualitatively compare short duration field events (Fig. 2.3), recordings were processed
using continuous complex wavelet transforms (Morlet wavelet, parameters 1 and 1.5).
540 logarithmically equidistant scales were used between 5-50 Hz, and spectra created
from modulus of coefficients. Recordings were acquired on a Multiclamp 700B amplifier
(Molecular Devices) with Clampex 10 software (Molecular Devices). Data were acquired
at 10kHz and analyzed offline with Clampfit (Molecular Devices) and Matlab
(Mathworks). Long duration traces (>10min) were high-pass filtered at 1 Hz for
presentation in figures.
2.2.4

Compounds

VU0463271 (Delpire et al., 2012) was synthesized and provided by AstraZeneca.
2.2.5

Statistics

Statistical analysis was performed using Prism 6 (GraphPad Software). Statistical
significance between two groups was determined using an unpaired Student’s t-test, p <
0.05. For data that was not normal distributed, non-parametric t-tests (Mann Whitney)
were performed. Bin width in SLE duration histograms is 20 s. For box-and whiskerplots in Fig. 2.2-2.5, box edges are the 25th and 75th percentile, the middle line is the
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median value, whiskers indicate 95th and 5th percentile, and outer dots indicate outliers.
Values in text reported as mean ± SEM.

2.3 Results
2.3.1

Inhibition of KCC2 transport by VU0463271 under basal conditions has minimal

effects on the development of SLEs.
In order to reduce KCC2 transport in vitro we used the KCC2 inhibitor VU0463271,
which shows enhanced selectivity over agents such as furosemide (Delpire et al., 2012;
Sivakumaran et al., 2015). To initiate our study, we investigated whether inhibiting
KCC2 transport activity per se would be sufficient to elicit SLEs. Extracellular field
recordings were performed in the medial entorhinal cortex layer IV in ACSF. Treatment
of slices for up to 1 h with VU0463271 (100 nM) did not modify significantly LFP
activity as measured using field recordings (n=6; Fig. 2.1A).

Figure 2.1. Reduced KCC2 transport function by VU0463271 in ACSF was
insufficient to elicit SLEs. A. Slices treated with the KCC2 inhibitor VU0463271 (100
nM) alone in ACSF (2.5 mM Mg2+) did not display field activity typical of in vitro
epileptiform events in the entorhinal cortex layer IV. B. A SLE induced by 0-Mg2+ ACSF
displaying a characteristic pattern of pre-ictal activity, tonic phase, clonic phase, and
post-ictal depression.
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2.3.2

Inhibition of KCC2 transport by VU0463271 increased the duration of SLEs

induced by 4-AP.
We used 4-aminopyridine (4-AP) to induce SLEs in mouse brain slices containing the
entorhinal cortex and hippocampus. Application of 4-AP regularly elicits SLEs that
originate in the entorhinal cortex (Avoli et al., 1996; Barbarosie and Avoli, 1997) and
propagate throughout the temporal lobe. We defined SLEs as events longer than 10 sec
displaying negative field potential shifts superimposed by tonic-like and clonic-like
activity, followed by post-ictal depression (Fig. 2.1B). We recorded from the medial
entorhinal cortex layer IV and only analyzed slices that displayed SLEs (n = 7/10).

After several (4-5) SLEs induced by 4-AP (50 µM), we reduced KCC2 function by
applying VU0463271 (100 nM) for 30 min (Fig. 2.2A, n=7 slices). We measured the
duration and frequency of SLEs before, during, and post VU0463271 treatment (Fig.
2.2B). VU0463271 treatment resulted in no difference in frequency of SLE occurrence
(Fig. 2C). We observed that SLE duration increased during VU0463271 treatment.
Baseline SLE duration in 4-AP was 51.2 ± 6.5 s. During the 30 min of VU0463271
treatment, SLEs continued to display tonic-like and clonic-like activity and terminate into
post-ictal depression, but were significantly increased in duration (133.0 ± 12.1 s, p <
0.0001), primarily through visible extension of the clonic-like phase of afterdischarges.
At 30 min post washout of VU0463271, SLE durations decreased (Fig. 2.2D-G, 82.4 ±
11.4, p = 0.002 relative to 4-AP baseline). Together these data demonstrated that
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inhibiting KCC2 transport function by VU0463271 rapidly and reversibly increased the
duration of 4-AP induced SLEs.

Figure 2.2. Reduced KCC2 function by VU0463271 increased the duration of SLEs
induced by 4-AP. A. 4-AP (50 µM) was used to induce SLEs in WT slices. After
several SLEs, VU0463271 (100 nM) was applied for 30-min to reduce KCC2 transport
function. B. VU0463271 prolonged the duration of SLEs through observable extention of
clonic phase (1: Pre- VU0463271, 2: VU0463271, 3: 30-min -post washout VU0463271).
C. VU0463271 treatment did not alter frequency of SLE occurrence. (binned in 5 minute
intervals, vertical lines represent start and end of VU063271 treatment). D-G. VU063271
treatment resulted in longer SLEs that was reversible upon washout. (*p < 0.01).
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2.3.3

Inhibition of KCC2 transport by VU0463271 increased the duration of SLEs

induced by 0-Mg2+ ACSF and enhanced the development of continuous clonic-like
discharges.
In order to further investigate the effects of inhibiting KCC2 transport on SLEs, we used
the 0-Mg2+ ACSF model. This preparation results in SLEs in the entorhinal cortex that
transition to periods of recurrent discharges at later time points (Anderson et al., 1986;
Dreier and Heinemann, 1991; Mody et al., 1987). We assessed the effects of KCC2
inhibition by VU0463271 on the development of SLEs induced by 0-Mg2+ ACSF in the
entorhinal cortex. Slices were first pretreated with either vehicle or VU0463271 (100
nM) for 15 min in ACSF, before transitioning to 0-Mg2+ ACSF in the absence or
continued presence of VU0463271. Slices were only included in analysis if they
displayed 3 or more SLEs after 0-Mg2+ ACSF onset and no spreading depression
(VU0463271 group = 8/13 slices, control group = 9/14 slices).

After 0-Mg2+ ACSF onset, control slices remained in SLEs. In contrast, slices incubated
in VU0463271 exhibited several discrete SLEs, defined by clear periods of post-ictal
depression of at least 10 sec, before transitioning to a continuous discharge state within
30 minutes of first SLE occurrence (Fig. 2.3A). During a 20 min time window aligned to
the first SLE, VU0463271 treatment did not modify frequency of SLE occurrence (Fig.
2.3B). However VU0463271 treated slices displayed decreased latency from 0-Mg2+
ACSF onset to first SLE (6.8 ± 0.4 min, controls: 11.8 ± 1.7 min, p = 0.028).
VU0463271 slices displayed fewer discrete SLEs during first 1 hr of recording, (Fig. 2.3
C, VU0463271 treated: 3.5 ± 0.7 SLEs/slice, controls: 11.2 ± 2.3 SLEs/slice, p = 0.019)
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before transitioning to a continuous discharge state. SLEs within the first 30 min were of
longer duration in VU0463271 treated slices (65.9 ± 12.7 s) compared with controls (Fig.
2.3 C-F, 39.4 ± 4.8 s, p < 0.0001).

Continuous clonic-like activity has been described in the entorhinal cortex at later time
points in acute slices incubated in 0-Mg2+ ACSF (Dreier and Heinemann, 1991). In
VU0463271 treated slices, discrete SLEs transitioned to a continuous discharge state
within 30 minutes of first SLE occurrence. The events in the continuous discharge state
showed waveform similarity to events in the clonic-like phase of the initial SLEs, with a
negative field potential shift containing several population spikes. We used spectra
created by continuous wavelet transform to visualize the respective waveforms to
confirm entrance into a continuous clonic-like state (Fig. 2.3G). This continuous cloniclike state remained stable for several hours until the recording was ended. Our results
demonstrated that reduced KCC2 transport function by VU0463271 increased SLE
duration in the 0-Mg2+ ACSF model. Furthermore, after several SLEs occurred, reduced
KCC2 transport function interfered with SLE termination, resulting in a continuous
clonic-like state, reminiscent of status epilepticus.
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Figure 2.3. Reduced KCC2 function by VU0463271 in 0-Mg2+ ACSF increased SLE
duration and induced a continuous clonic-like discharge state. A. Slices incubated in
VU0463271 (100nM, bottom trace) treated with 0-Mg2+ ACSF had several SLEs before
transtioning to a continous discharge state, compared with control 0-Mg2+ ACSF slices
(top trace), which remained in SLEs with clear periods of post-ictal depression. Traces
aligned to the first SLEs. B. VU0463271 treatment did not alter frequency of discrete
SLE occurrence. C. Expansion of SLEs outlined in A, bottom trace is VU0463271
treated. D-F. VU063271 treatment resulted in longer discrete SLEs (*p < 0.0001). G.
Slices treated with VU0463271 transitioned to continous clonic-like discharges. Events
expanded with time matched continous wavelet spectra (warmer colors indicate higher
power, color scaled between zero and maximum value). Events from the continous
clonic state (4) resemble the clonic phase events of the earlier discrete SLE (3).
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2.3.4

The KCC2-S940A mutation did not alter the severity of SLEs induced by 4-AP.

KCC2 transport activity and membrane trafficking are potentiated by protein kinase C
(PKC)–dependent phosphorylation of serine 940 residue (S940) in the C-terminus of the
transporter (Lee et al., 2011, 2007). We previously created a mouse where serine 940 has
been mutated to an alanine (KCC2-S940A). These mice show no changes in KCC2 levels
or basal neuronal Cl– extrusion, but display increased severity of kainate-induced status
epilepticus due to activity-dependent loss of KCC2 transport function (Silayeva et al.,
2015). In order to further examine the effects of this mutation on recurrent SLEs, we
again used the 4-AP model in entorhinal-hippocampal slices. We recorded from the
medial entorhinal cortex layer IV of KCC2-S940A mouse slices and WT-controls, and
we only included in our analysis the slices that displayed SLEs (S940A: 5/7 slices,
controls: 3/3 slices).

SLEs induced by 4-AP in the KCC2-S940A mice continued to exhibit tonic-like and
clonic-like activity, with periods of post-ictal depression (Fig. 2.4A). The frequency of
SLE occurrence was unaltered, measured through 1 hr from the first SLE (Fig. 2.4B).
There was no significant difference in SLE duration between the KCC2-S940A (45.6 ±
4.9 s), and controls (Fig 2.4 C-E, 35.0 ± 3.6 s, p = 0.868). Thus mutation of S940 does
not alter entrance into clonic-like discharges for SLEs induced by 4-AP.
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Figure 2.4. The KCC2-S940A mutation did not alter SLEs induced by 4-AP. A. 4AP (50 µM) was used to induce SLEs in slices from the KCC2-S940A mice (shown) and
WT controls. B. There was no difference in SLE occurrence between the S940A slices
and controls. C-E. The S940A mutation had no significant effects on the duration of
SLEs induced with 4-AP.

2.3.5

The KCC2-S940A mutation did not alter the duration of SLEs induced by 0-Mg2+

ACSF, but enhanced the development of continuous clonic-like discharges.
In order to further investigate if the KCC2-S940A mutation affects SLE parameters, we
treated slices from KCC2-S940A and WT control mice with 0-Mg2+ ACSF. Similar to
VU0463271 treatment in WT slices, S940A slices displayed several discrete SLEs before
transitioning to a continuous clonic-like state within 30 min of first SLE occurrence (Fig.
2.5A). S940A slices showed decreased latency to the loss of post-ictal depressions of at
least 10 sec, measured from 0-Mg2+ ACSF onset (Fig. 2.5B, S940A: 15.4 ± 2.1 min, n=6
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slices, controls: 36.8 ± 3.9 min, n=8 slices, p = 0.001). Importantly, there was no
significant difference in latency from 0-Mg2+ ACSF onset to the first SLE (S940A: 8.9 ±
1.1 min, controls: 11.9 ± 2.0 min, p = 0.237). During a 15 min time window aligned to
the first SLE, S940A slices displayed no significant difference in frequency of SLE
occurrence (Fig. 2.5C). S90A slices displayed fewer discrete SLEs during first 1 hr of
recording, (Fig. 2.5D, S940A: 3.5 ± 0.7 SLEs/slice, controls: 12.1 ±2.4 SLEs/slice, p =
0.010) before transitioning to a continuous discharge state. SLE duration also was
unchanged between the groups (Fig. 2.5C-E, S940A: 40.5 ± 3.8 s, WT: 34.5 ± 3.3 s, p =
0.119).

Similar to the VU0463271 treated slices, all slices tested from the S940A mice
transitioned from a state of discrete SLEs with clear post-ictal depression to continuous
clonic-like discharges (Fig. 2.5A). The continuous clonic-like state in the KCC2-S940A
slices remained stable for several hours until the recordings were terminated. Our results
demonstrated that the KCC2-S940A mutation alters SLE termination in 0-Mg2+ ACSF,
supporting the hypothesis that the S940 residue is an important determinant in limiting
the development of clonic-like continuous epileptiform activity.
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Figure 2.5. The KCC2-S940A mutation did not alter initial SLEs induced by 0-Mg2+
ACSF, but enhanced the development of continuous clonic-like discharges. A. Slices
from the KCC2-S940A mouse had several SLEs in 0-Mg2+ ACSF before transitioning to
continuous clonic-like activity. B. There was no difference in discrete SLE occurrence
between the S940A slices and controls. C-E. The S940A mutation had no significant
effects on duration of discrete SLEs measure before transition to continous clonic-like
discharge state.
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2.4 Discussion
In this paper we have used genetic and pharmacological manipulations to assess the role
that KCC2 transport plays in limiting seizure severity. We used the KCC2 inhibitor
VU0463271, which exhibits higher potency and selectivity compared to the more widely
used KCC2 inhibitors such as furosemide and bumetanide (Delpire et al., 2012;
Sivakumaran et al., 2015). In addition we performed experiments on brain slices from
KCC2-S940A mice that have selective deficits in KCC2 transport during neuronal
hyperexcitability (Silayeva et al., 2015). We used multiple in vitro models of epileptiform
activity and found that KCC2 plays a critical inhibitory role on seizure-like events.

In our initial experiments, reducing KCC2 transport function by VU0463271 in ACSF
(2.5 mM Mg2+) was insufficient to initiate SLEs. This was an expected result since Cl–
loading is caused by large increases in Cl– channel activity and GABAergic drive
(Thompson and Gahwiler, 1989) which do not occur under basal conditions in the acute
slice but do occur in the network during the initial stages of a SLE (Fujiwara-Tsukamoto
et al., 2007; Lillis et al., 2012). In agreement with our own results, a recent study showed
that Cl– loading of cortical pyramidal neurons by halorhodopsin is insufficient to trigger
full SLE activity in vitro, without additional 4-AP treatment (Alfonsa et al., 2015). We
therefore used the in vitro models of 0-Mg2+ ACSF or 4-AP to increase the susceptibility
of the network to transition to SLEs.

SLEs induced by either 0-Mg2+ ACSF or 4-AP increased in duration in the presence of
VU0463271. Network synchrony in the hippocampus becomes highest during the SLE
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clonic phase (Jiruska et al., 2013), activity dependent upon parvalbumin positive
interneurons driving after-discharges through excitatory GABAergic transmission onto
pyramidal neurons (Fujiwara-Tsukamoto et al., 2003, 2010, Ellender et al., 2014;).
Recording in the entorhinal cortex, we observed that after several longer SLEs, cloniclike discharges emerged and remained stable through the entire recording (2-3 hours) in
slices treated with VU0463271 and 0-Mg2+ ACSF. Reducing KCC2 transport interfered
with the SLE termination mechanism. Our results are consistent with theoretical models
where elevated neuronal [Cl–]i is predicted to increase seizure duration (Krishnan and
Bazhenov, 2011). The clonic state has been previously described in the 0-Mg2+ ACSF
model, but only appeared in a fraction of slices tested (Dreier and Heinemann, 1991).
However in our experiments, all VU0463271 treated slices that displayed SLEs in 0Mg2+ ACSF subsequently transitioned to continuous clonic-like discharges. Thus it is
likely that the development of the continuous clonic-like state, an in vitro form of severe
status epilepticus, is related to deficits in the transport activity of chloride and/or
metabolic stability of KCC2. Our results with VU0463271 indicate that the level of
KCC2 transport activity is a critical determinant of SLE duration and termination
mechanism.

Contrary to our findings, recent work with the 4-AP model described that reduced KCC2
function by VU0240511 is anti-ictogenic in rat entorhinal-hippocampal slices (Hamidi
and Avoli, 2015). This result could be due to a mischaracterization of continous
epileptiform events, which were described as continuous interictal events without ictal
events. Our analysis with VU0463271 on induced SLEs suggests that KCC2 inhibition
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indeed disrupts ictogenesis, but this is caused by increased duration of clonic-like activity
into a non-terminating ictal state resembling severe cases of status epilepticus.

The phosphorylation state of KCC2 is critical in tuning transporter function and therefore
GABAergic signaling efficacy (Medina et al., 2014; Titz et al., 2015). KCC2-S940 is the
only known residue where phosphorylation enhances surface activity (Lee et al., 2007,
2011). Recent genetic studies of patients with idiopathic generalized epilepsy (Puskarjov
et al. 2014) identified mutations in KCC2 that decrease KCC2-S940 phosphorylation
(Kahle et al. 2014). Decreased KCC2-S940 phosphorylation and increased seizure
susceptibility also occur in animal models of chronic stress (MacKenzie and Maguire,
2015; Tsukahara et al, 2016). In our study, we analyzed SLEs induced in slices from
KCC2-S940A mice. It is important to note that the genetic manipulation of altered
KCC2-S940 phosphorylation is not equivalent to pharmacological inhibition by
VU0463271. In 4-AP, KCC2-S940A slices displayed no significant alteration in
frequency of SLE occurrence or duration from WT controls. 4-AP rarely elicits
continuous clonic-like discharge activity similar to 0-Mg2+ ACSF, unless cation
concentrations are altered (Salah and Perkins, 2011). In 0-Mg2+ ACSF, S940A slices
showed no difference from controls in frequency of SLE occurrence or SLE duration;
however transitioned from discrete SLE events to continuous clonic-like discharges.
After several SLEs, S940A slices demonstrated a loss of SLE termination. Our results
support the hypothesis that KCC2-S940 phosphorylation has a state-dependent role and is
a factor in limiting the onset of continuous clonic discharge activity reminiscent of status
epilepticus.
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In summary, reducing KCC2 transport function by pharmacological or genetic means
altered the severity of induced SLE activity. Impaired KCC2 transport by VU0463271
increased the duration of SLEs in 4-AP and resulted in stable and continous clonic-like
discharges in 0-Mg2+ ACSF. Our results with the KCC2-S940A mouse support the
critical role played by phosphoregulation of KCC2 function on limiting the onset of in
vitro status epilepticus. Decreased KCC2 levels and depolarizing GABAergic activity
occur in many neurological disorders linked with increased seizure susceptibility and
severity. Our results highlight the need for therapeutic strategies that potentiate KCC2
transport function in order to decrease seizure event severity and prevent the development
of status epilepticus.
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Chapter 3. Locally reducing KCC2 activity in the hippocampus is sufficient to induce
temporal lobe epilepsy.1

1

Kelley, M.R., Cardarelli, R.A., Smalley, J.L., Ollerhead, T.A., Andrew, P.M., Brandon,
N.J., Deeb, T.Z., Moss, S.J. 2018. EBioMedicine
Reprinted here with permission of publisher
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Contributions Josh Smalley and Ross Cardarelli performed neuronal culture
experiments outlined in this chapter (Figures 3.1, 3.7). Thomas Ollerhead and Peter
Andrew performed PCR (Figure 3.1). I performed all other experiments.

3.1 Introduction
Mesial temporal lobe epilepsy (mTLE) is the most common form of human epilepsy,
classified by unprovoked, spontaneous seizures originating within the temporal lobe.
mTLE in humans develops over a latent period of several years after a precipitating insult
such as traumatic brain injury, hypoxia, infection, or episodes of status epilepticus
(Engel, 2001, 1996). In addition to seizures, profound morphological changes are
observed in the brain, the most common being hippocampal sclerosis (Wieser, 2004).
Sclerotic hippocampal tissue surgically removed from human mTLE patients shows
widespread neuronal loss and gliosis (De Lanerolle et al., 2010). Similar changes are seen
in convulsant-induced rodent models of mTLE (Buckmaster and Dudek, 1997).

While the cellular mechanisms that underlie the development of mTLE remain poorly
understood, deficits in the efficacy of -aminobutyric acid (GABA) mediated inhibitory
neurotransmission are widely believed to be of significance (Kaila et al., 2014b; Miles et
al., 2012; Treiman, 2001). Fast synaptic inhibitory transmission in the brain is primarily
mediated by chloride (Cl–)-permeable -aminobutyric acid receptors (GABAARs), which
upon opening hyperpolarize the cell membrane through Cl– influx and decrease neuronal
firing. During development, the electroneutral K+/Cl– co-transporter 2 (KCC2) becomes
the dominant mediator of Cl– extrusion, coupling Cl– efflux to the outwardly directed K+
gradient (Payne et al., 1996; Rivera et al., 1999). Deficits in KCC2-mediated Cl–
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extrusion result in increased intracellular Cl– levels, permitting depolarizing GABAAR
responses (Sivakumaran et al., 2015). KCC2 loss-of-function mutations in human
patients result in severe cases of epilepsy in infancy with migrating focal seizures (Saitsu
et al., 2016; Stödberg et al., 2015). In mice, a global loss of 95% of KCC2 results in
seizures and mortality at 2-3 weeks postnatal (Woo et al., 2002), and loss-of-function
mutations increase seizure susceptibility (Chen et al., 2017; Silayeva et al., 2015).

Reduced KCC2 levels and depolarizing GABAAR signaling are observed in tissue
surgically removed from mTLE patients (Cohen and Navarro, 2002; Huberfeld et al.,
2007; Muñoz et al., 2007; Palma et al., 2006). In rodent models of mTLE, reduced KCC2
is observed in the hippocampus immediately after an initial precipitating injury and
during subsequent epileptogenesis (Barmashenko et al., 2011; Bragin et al., 2009; Li et
al., 2008; Pathak et al., 2007; Jiandong Yu et al., 2013). However, it is unknown if these
deficits directly contribute to the development of seizures and accompanying
pathophysiology of mTLE.

To test this, we have ablated KCC2 expression in a subset of principal neurons in the
hippocampus of adult mice. We show that reducing KCC2 activity leads to increased
neuronal Cl- accumulation and gross deficits in GABAergic inhibition. Moreover, these
deficits are sufficient to initiate recurring generalized seizures, reactive astrogliosis, and
neuronal loss within the hippocampus, reproducing the core features of mTLE with
hippocampal sclerosis. Thus, local inhibition of KCC2 within the hippocampus is
sufficient to precipitate mTLE.
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3.2 Methods
3.2.1 Animal Care
Animal studies were performed with protocols approved by the Institutional Animal Care
and Use Committee of Tufts Medical Center. Mice were kept on a 12-hour light/dark
cycle with ad libitum access to food and water.

3.2.2 Generation and genotyping of KCC2FL mice
KCC2FL mice (Slc12a5lox/lox) were have been described previous and have been
backcrossed on the C57BL/6J mice for 10 generations (Melón et al., 2017). PCR was
with an expected product size of 426 bp for wild-type and 543 bp for KCC2FL mice.

3.2.3 Viral injections
Adult (6-8 week old) male KCC2FL mice were stereotaxically injected with adenoassociated virus (AAV) containing Cre recombinase. Prior to surgery, mice were injected
with buprenorphine (0.75 mg/kg, s.c.) and anesthetized with isoflurane (1-3%). Drill
holes were made above each dorsal hippocampus (coordinates: AP -2.0 mm from
bregma, ML +/- 1.8 mm) and a Neuros syringe (Hamilton, Reno, NV) lowered to 2.0 mm
below the brain surface. Mice were bilaterally injected with 0.5 L of either
AAV9.CaMKII.HI.eGFP-Cre.WPRE.SV40 or AAV9.CaMKII0.4.eGFP.WPRE.rBG
(titer: 1 x 1013 GC/mL in PBS, University of Pennsylvania Vector Core, Philadelphia,
PA) at a rate of 50 nL/min. After injection, the needle remained in the brain 5 min before
being withdrawn. The skin was closed and mice placed on a heating pad until mobile.
Mice were singly housed post-surgery.
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3.2.4 EEG/EMG and video recordings
A subset of virus-injected mice were implanted with
electroencephalography/electromyography (EEG/EMG) headstages (2-channel, Pinnacle
Technology, Lawrence, KA) following virus injection. Implants were aligned with
lambda and 4 screws inserted for subdural recording contacts above the right frontal and
parietal lobes. The implant was glued to the skull and mice recovered as above. After a
recovery period of 7 days, continuous paired video and EEG/EMG recordings were
collected using Sirenia Acquisition software (Pinnacle). Recordings were processed using
Sirenia Seizure (Pinnacle) and EEG seizure events detected using DClamp
(Massachusetts General Hospital Pediatric Epilepsy Research Lab, Boston, MA). Seizure
FFT spectra were created using MATLAB (Mathworks, Natick, MA).

3.2.5 Slice immunohistochemistry
Mouse brains were fixed by transcardial perfusion of PBS-buffered 4%
paraformaldehyde (PFA) (Electron Microscopy Services, Hatfield, PA) and removed to
4% PFA overnight, then cryoprotected in 30% sucrose solution in PBS for 3 days before
being frozen in optimal cutting temperature medium (VWR, Radnor, PA). 40 m serial
coronal sections were prepared using a Leica SM-2000R microtome (Wetzlar, Germany).
Sections were kept at -20C in cryoprotectant solution (876 mM sucrose, 4 M
polyvinylpyrrolidone, 30% ethylene glycol, and 10% PBS in diH2O), and washed with
PBS before blocking. Sections were blocked with 10% normal goat serum (NGS) and
0.3% Triton X-100 in PBS for 2 hours at room temperature. Sections were incubated
overnight with either anti-KCC2 C-terminus (1:500 rabbit, Millipore 07-432, Darmstadt,
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Germany), anti-GFAP (1:5000 mouse, Millipore MAB360), or anti-NeuN (1:1000
mouse, Millipore MAB377). Slices were subsequently labeled with Alexa-Fluor
secondary antibodies (1:200; Thermo Fisher Scientific, Waltham, MA) prior to mounting
with ProLong Gold with or without DAPI (Thermo Fisher). To measure KCC2
expression levels Z-stack images were taken of the hippocampus at 20x using an Eclipse
Ti confocal microscope (Nikon, Tokyo, Japan). Regions of interest (ROI) were drawn in
the CA1 or DG and the average intensity for each ROI was normalized to the maximum
average intensity per animal. Slices of each animal were averaged and compared between
groups at equivalent time-points after virus injection. For NeuN, images were taken at
60x of CA1 principal layer or dentate gyrus granule cell layer, and 100 m2 ROIs drawn.
NeuN positive labeled cells were counted in each ROI, averaged for each animal and
compared between groups. For GFAP labeling, images were obtained using a scanning
fluorescence microscope (BZ-X700, Keyence, Osaka, Japan) at 10x magnification. ROIs
were drawn around the CA1 or DG in each slice. A threshold was used create a binary
mask of GFAP labeling, and area calculated for ROI and reported as amount of GFAP
labeling/mm2. Values from each animal were averaged and then compared between
groups. All image processing was performed using FIJI (ImageJ).

3.2.6 Slice electrophysiology
Mice were anesthetized with isofluorane and brains removed. Coronal slices (350 m)
were cut on a Leica VT1000s vibratome in ice-cold cutting solution containing (in mM):
87 NaCl, 2.5 KCl, 0.5 CaCl2, 25 NaHCO3, 1.25 NaH2PO4, 7 MgCl2, 50 sucrose and 25
glucose, pH 7.·4. Slices were placed in a submerged chamber for a 1 h recovery period at
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32°C in artificial cerebrospinal fluid (aCSF) containing (in mM): 126 NaCl, 26 NaHCO3,
2.5 KCl, 2 MgCl2, 2 CaCl2, 1 glutamine, 1.25 NaH2PO4, 1.5 Na-pyruvate and 10 glucose.
All solutions were bubbled with 95% O2/5% CO2. Gramicidin Perforated Patch
Recordings. After a 1-hour recovery, slices were placed in a submerged chamber (RC27L, Warner Instruments, Hamden, CT). For perforated patch, micropipettes (3-4 M)
contained saline (in mM): 140 KCl and 10 HEPES, pH 7.4 KOH, and were backfilled
with gramicidin D (50 g/mL, Sigma Aldrich,) to establish access resistances between 20
and 80 M  throughout the recording period. Dentate gyrus granule cells were patched in
the outer 2/3 of the granule cell layer to avoid newborn granule cells. A glass pipette (1–3
M  tip resistance) filled with muscimol (10 M, Tocris Bioscience, Bristol, UK) in
aCSF was lowered into the molecular layer of the dentate gyrus and pulses (500 ms)
applied locally by pressure ejection with a Picospritzer II (General Valve, Fairfield, NJ)
to activate GABAA-mediated currents in granule cells held at voltages between −100 to
−50 mV in 10-mV increments. EGABA values were obtained from linear regression fits to
the data at voltages near the observable reversal potential of Imuscimol. Tetrodotoxin (TTX,
400 nM, Tocris) was applied to block activity-dependent shifts in EGABA and bumetanide
(10 M, Tocris) to inhibit NKCC1, and VU0463271 to inhibit KCC2 (1 M,
AstraZeneca, Cambridge, UK). Voltages were corrected offline with a liquid junction
potential value of 3.8 mV. Recordings were performed with a Multiclamp 700B amplifier
and Clampex 10 acquisition software. Data were low-pass filtered at 10 kHz and
analyzed offline with Clampfit (Molecular Devices, Sunnyvale, CA).

56

3.2.7 Primary neuron culture
Primary cortical/hippocampal neurons were prepared and cultured as previously
described (Terunuma et al., 2010). Briefly, P0 KCC2FL mice were anesthetized on ice and
the brains removed. The brains were dissected in Hank’s buffered salt solution (HBSS,
Invitrogen) with 10 mM HEPES. The cortices and hippocampi were tripsinized and
triturated to dissociate the neurons. Cells were counted using a hemocytometer and plated
on poly-L-lysine-coated coverslips (for ICC and electrophysiology) or in 35 mm dishes
(for immunoblot) at a density of 1x105 or 4x105 cells respectively. At days in vitro (DIV)
18, cells were exposed to control or Cre AAV as described above at a concentration of
1x106 GC/mL. To determine effect on neuronal viability, GFP-positive cells were
counted at DIV 24.

3.2.8 Immunocytochemistry
Immunocytochemistry (ICC) was carried out according to (Nakamura et al., 2016).
Briefly, primary cultured neurons were washed with PBS, fixed in 4% PFA in PBS, and
permeabilized with 0.1% Triton X-100 in PBS. The cells were then blocked in a solution
containing 5% BSA and 5% goat serum. Primary and secondary antibodies (as described
above) were prepared at a dilution of 1:1000 in block solution and incubated with the
cells for 1 hour at room temperature in the dark. The cells were washed in PBS and
mounted using ProLong Gold.
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3.2.9 Immunoblotting
Immunoblotting was carried out as previously described (Varadarajan et al., 2012).
Briefly, proteins were isolated in RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 0.1%
SDS, 0.5% sodium deoxycholate and 1% Triton X-100, pH 7.4) and quantified using a
Bradford assay (Bio-Rad, Hercules, CA, USA). Samples were prepared in sample buffer
and 20 g of protein was loaded onto a 7% (for KCC2) or 10% (for -tubulin)
polyacrylamide gel. Proteins were separated by sodium dodecyl sulfate poly-acrylamide
gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membrane.
Membranes were blocked in 5% milk in tris-buffered saline 1% Tween-20 (TBS-T) and
incubated with primary antibodies anti-KCC2 C-terminus (1:1000 rabbit, Millipore 07432), anti-KCC2 N-terminus (1:1000 rabbit, LS-C135150, LifeSpan Biosciences, Seattle,
WA) or -tubulin (1:5000 mouse, Sigma-Aldrich) for 1 hour. The membranes were
washed and incubated for 1 hour at room temperature with HRP-conjugated secondary
antibodies (1:5000 – Jackson ImmunoResearch Laboratories, West Grove, PA, USA).
Protein bands were visualized with Pierce ECL (ThermoFisher) and imaged using a
ChemiDoc MP (Bio-Rad).

3.2.10 Culture Electrophysiology
Neurons were recorded at 33 °C in saline containing (in mM) 140 NaCl, 2.5 KCl, 2.5
MgCl2, 2.5 CaCl2, 10 HEPES, 11 glucose, pH 7.4 (NaOH). All solutions were applied
through a three-barrel microperfusion apparatus (700 m, Warner Instruments, Hampden,
CT), and conducted in the presence of tetrodotoxin (300 nM) and bumetanide (10 M) to
block voltage-dependent sodium channels and NKCC1, respectively. Cells infected with
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control- or Cre-containing virus were selected by epifluorescence for GFP expression.
Data were acquired using Clampex 10 software at an acquisition rate of 10 kHz with an
Axopatch 2B amplifier and digitized with a Digidata 1440 (Molecular Devices). To
detect endogenous Cl- levels, cells were perforated with gramicidin (50 mg/mL)
dissolved in an internal pipette containing (in mM) 140 KCl, 10 HEPES, pH 7.4 (KOH)
and a tip resistance of 3-4 MΩ. Following perforation to below a series resistance of 100
MΩ, EGABA values were found by application of muscimol (1 M) during positive-going
voltage ramps (20 mV/s).

3.2.11 Statistical analysis
Statistical analysis was performed with GraphPad 7 (San Diego, CA) and R. Unpaired
Student’s t-tests were used unless otherwise indicated. Data were expressed as mean ±
SEM, with significance set at  = 0.05.

3.3 Results
3.3.1 Deletion of KCC2 in cultured hippocampal neurons increases neuronal Cl- levels
and compromises GABAergic inhibition.
We have recently developed mice in which KCC2 expression can be inactivated via Crerecombinase mediated excision of exons 22-25 in the respective gene SCN12A5. The
deleted regions encodes the C-terminal amino acids 911-1096 (KCC2FL Fig 3.1A).
(Melón et al., 2017). These residues have been established to play an essential role in
transporter activity (Acton et al., 2012; Mercado et al., 2006).
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To assess the efficacy of this approach cultured neurons from the KCC2FL mice were
infected with adeno-associated viruses expressing fluorescent GFP and Cre recombinase
under the control of the CaMKII promoter (AAV9-CaMKII-eGFP-Cre; AAV-Cre) to
restrict expression of the respective transgene to principal neurons (Wang et al., 2013).
18-DIV hippocampal cultures prepared from KCC2FL homozygotes were infected with
AAV-Cre or a similar virus construct containing GFP (AAV9-CaMKII-eGFP; AAVGFP) and 3-6 days later detergent solubilized lysates were subjected to immunoblotting
with antibodies that recognize the C or N-terminus of KCC2. Consistent with
recombination, immunoreactivity of the C-terminal antibody, which recognizes epitopes
within 911-1096, was dramatically reduced in neurons infected with AAV-Cre but not
those infected with AAV-GFP. Parallel reductions in immunoreactivity were also seen
with an antibody that recognizes the N-terminus of KCC2 (Fig 3.1B).
Immunocytochemistry labeling confirmed the reduction of KCC2 (Fig 3.1C) Thus,
deletion of residues 911-1096 leads to reduced steady state accumulation of KCC2.

To assess if the Cre-induced deficits in KCC2 expression impact chloride homeostasis,
we performed gramicidin perforated patch recordings on cultured neurons 4 days after
AAV infection. We measured EGABA by calculating the reversal potential of leaksubtracted muscimol (1 M; a GABAAR agonist) currents during positive-directed
voltage ramps. To isolate the role of KCC2 in setting EGABA, we performed these
recordings in the presence of the NKCC1 inhibitor bumetanide (10 M) and blocked
neuronal activity with TTX (500 nM) to prevent activity-dependent Cl− accumulation.
KCC2FL neurons infected with AAV-Cre had a positive shift in EGABA compared with
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those infected with AAV-GFP (Fig 3.1D-F; AAV-GFP = −104 ± 3 mV, n = 11, AAVCre = −86 ± 2 mV, p < 0·001, n = 15). Collectively these studies in culture suggest that
deletion of residues 911-1096 within KCC2 decreases KCC2 expression levels, and
elevated levels of intracellular Cl-.

Figure 3.1. Conditional inactivation of KCC2 in cultured neurons leads to elevated
intracellular Cl- levels. A. KCC2FL mice were generated with LoxP sites flanking exons
22-25. PCR products from mice showing discrimination between wild type, homozygous,
or heterozygous for KCC2FL gene. Upon Cre expression, LoxP recombination resulted in
deletion of the C-terminal portion of the transporter between residues Q911-Q1096. B.
Neuronal cultures from KCC2FL mice were treated with either control AAV9-CaMKIIeGFP (AAV-GFP) or AAV9-CaMKII-eGFP-Cre (AAV-Cre) and the lysates probed with
antibodies directed against N-terminal and C-terminal epitopes on KCC2. Both N- and Cterminal portions of the KCC2 protein were reduced in AAV-Cre treated cultures with
increasing durations after infection. C. The efficacy of Cre-mediated knockout was
confirmed using ICC on virus treated cultures using the C-terminal antibody. F.
Muscimol-activated currents (red trace) and membrane leak currents (black trace) were
recorded during voltage ramps in gramicidin perforated patch recordings. The voltage
ramp protocol is shown below the traces and is aligned temporally. E. Exemplar leaksubtracted muscimol-activated currents from AAV-GFP and AAV-Cre neurons. The
estimated EGABA value is where the traces cross the X-axis. F. Basal EGABA values were
shifted to more positive levels in Cre-positive cultured neurons compared to controls.
(***p < 0·001) Neuronal culture experiments were performed by Josh Smalley and Ross
Cardarelli. PCR performed by Thomas Ollerhead and Peter Andrew.
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3.3.2 Viral infection results in local deficits of KCC2 expression in the hippocampus of
KCC2FL mice.
To test the significance of our in vitro measurements, AAV-Cre or AAV-GFP were
bilaterally injected into the hippocampus of 6-8 wk old KCC2FL mice (Fig 3.2A). The
effects of viral infection on KCC2 expression levels was then examined 7-28 days after
injection using immunohistochemistry coupled with confocal microscopy.

GFP expression was evident in the hippocampus of KCC2FL mice injected with either
virus with robust endogenous fluorescence being seen in the CA1 and dentate gyrus (DG;
Fig 3.2A, B). 100X Z-stack images taken at 21 days post showed loss KCC2 in GFP
positive neurons, from mice infected with AAV-Cre (Fig 2C). In the AAV-Cre injected
mice, GFP positive neurons with deficits in KCC2 expression were found adjacent to
non-infected neurons which exhibited high levels of KCC2 staining. To provide
quantitative information on expression levels, KCC2 immunoreactivity was measured in
defined regions of interest (ROI) within CA1 and dentate gyrus (DG) of mice 7, 14, 21 or
28 days post virus. Steady state accumulation of KCC2 was observed significantly
reduced in both CA1 and DG in AAV-Cre compared with AAV-GFP using an antibody
recognizing an epitope within the C-terminus (Measured as percent of AAV-GFP
controls, CA1: 7-day: 99.4 ± 11.9% p = 0.9597, 14-day: 95.8 ± 9.7% p = 0.6827, 21-day:
28.6 ± 3.6% p < 0.0001, 28-day: 56.8 ± 0.7% p < 0.0001, AAV-Cre DG: 7-day: 99.3 ±
7.7% p = 0.933, 14-day: 53.4 ± 16.1% p = 0.044, 21-day: 40.6 ± 9.9% p = 0.0038, 28day: 47.8 ± 5.9% p = 0.0009). Thus, our viral strategy results in focal and specific deficits
in KCC2 expression levels within the hippocampus.
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Figure 3.2. Reducing KCC2 in vivo in subset of principal neurons in the
hippocampus. A. Adult KCC2FL male mice were injected bilaterally into the dorsal
hippocampus with either AAV9-CaMKII-eGFP-Cre (AAV-Cre) or AAV9-CaMKIIeGFP (AAV-GFP). Arrows mark site of injection. (Scale bar = 200 m). B.
Immunohistochemical labeling of KCC2 and GFP expression in the dorsal hippocampus
of mice 21 days after virus injection (Scale bar = 100 m). C. 100x image taken from
AAV-Cre mice at 21 days post injection, demonstrating GFP positive neurons in the CA1
principal cell layer and granule cells in the dentate gyrus with lack of KCC2 labeling
(white arrows, Scale bar = 10 m). D. Quantification of immunofluorescence in the CA1
and dentate gyrus demonstrated a significant decrease of KCC2 in AAV-Cre injected
mice (*p < 0.05, **p < 0.005, *** p < 0.0005 ).
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3.3.3 Reducing KCC2 expression in the hippocampus leads to elevations in neuronal Cllevels and deficits in GABAergic inhibition.
To assess the effects of reducing KCC2 expression on GABAAR signaling, we prepared
acute hippocampal slices from mice 14-17 days after virus infection. Perforated patch
clamp recordings were performed on dentate gyrus granule cells (DGGCs) which
exhibited GFP fluorescence. A puffer pipette containing muscimol (10 M) was placed in
the molecular layer to elicit GABAAR mediated currents (Fig 3.3A). The NKCC1
inhibitor bumetanide was applied to inhibit the contribution of NKCC1 and the voltagegated sodium channel inhibitor TTX to block activity dependent shifts in Cl−. Steady
state GABAAR-mediated currents were then measured at several holding potentials and
this data used to determine EGABA. DGGCs infected with AAV-Cre showed more positive
EGABA values compared to those infected with AAV-GFP (Fig 3.3B; AAV-GFP = -94 ± 3
mV, AAV-Cre = -59 ± 7 mV, p = 0.002, n=6). In I=0 recordings, 5 of 6 AAV-Cre
infected DGGCs exhibited depolarizing membrane potential responses to muscimol,
while only 1 of 6 AAV-GFP infected DGGCs showed a depolarizing response.
Subtracting VM from EGABA values showed that AAV-Cre infection flipped the GABAAR
driving force (DFGABA) from negative to positive values (Fig 3.3C; DFGABAAAV-GFP = 12 ± 4 mV, DFGABAAAV-Cre = 18 ± 10 mV, p = 0.021, n=6).

To further analyze Cl- extrusion, we assessed the effects of the KCC2 inhibitor
VU0463271 (1M) on EGABA over a 15 min time course for DGGCs held at -70 mV
(Delpire et al., 2012; Sivakumaran et al., 2015). In DGGCs infected with AAV-GFP,
muscimol-activated currents became progressively smaller but were unaffected in those
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infected with AAV-Cre (Fig 3.3D). EGABA was then determined at 15 min of treatment
with VU0463271 infected neurons (AAV-GFP = -69 ± 5 mV, AAV-Cre = -57 ± 4 mV
n=5-6, p = 0.1025). EGABA was found as the difference between pre and post
VU0463271 EGABA values. This parameter exhibited a significant positive shift in AAVGFP compared to those infected with AAV-Cre (Fig 3.3E; AAV-GFP = 25 ± 6 mV,
AAV-Cre = 2 ± 4 mV, p = 0.010, n=5-6). Finally, there was no difference in resting
membrane potential between the two groups (AAV-GFP = -83 ± 5 mV; AAV-Cre = -82
± 8 mV, p = 0.914, n = 6). Thus, reducing KCC2 expression levels in the dentate gyrus
leads to increased neuronal Cl− accumulation and the appearance of depolarizing
GABAAR currents, hallmarks of compromised GABAergic inhibition.
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Figure 3.3 Conditional deletion of KCC2 in mature dentate granule cells results in a
shift in EGABA. Dentate granule cells were patched in acute coronal slices prepared from
KCC2FL mice injected with either AAV-Cre or AAV-GFP. A. Infected neurons were
identified by GFP fluorescence and targeted for gramicidin perforated patch recordings
(ML = molecular layer, GCL = granule cell layer, Hil = Hilus, Scale bar = 30 m). B.
Muscimol pulses were applied at different membrane holding potentials to determine
EGABA. AAV-Cre granule cells showed a positive shift in EGABA compared to those
infected with AAV-GFP. C. Muscimol (10 M, 500 ms) pulses established the direction
of GABAAR signaling while holding the cell in I=0. AAV-Cre granule cells showed a
positive shift in the driving force of GABAA mediated currents compared to AAV-GFP.
D. Slices were treated with the KCC2 inhibitor VU0463271 (1 M, 15 min) and the
amplitude of muscimol currents was measured periodically every 20s at holding potential
of -70 mV. Example traces from AAV-GFP and AAV-Cre dentate granule cells. E. The
difference between EGABA measurements obtained before and after the VU0463271 was
calculated. AAV-Cre granule cells displayed loss of EGABA sensitivity to VU0463271 (*p
< 0.05, **p < 0.005).
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3.3.4 KCC2FL mice infected with AAV-Cre develop spontaneous seizures.
To assess the significance of reducing KCC2 activity on the development of epilepsy,
KCC2FL mice were subject to continuous EEG/EMG and video recording for up to 21
days after injection of AAVs. 2-channel EEG recordings were processed using DClamp
Software, and generalized seizure events detected in recordings from AAV-Cre injected
group. These generalized seizures were characterized by increased EEG power and
behavioral tonic-clonic seizures (Fig 3.4A and Supplementary Videos 1 and 2). All mice
infected with AAV-Cre developed generalized seizures while no seizures were evident in
those infected with AAV-GFP (n=8 mice per treatment). The mean onset of generalized
seizures was 16.3 ± 3.0 days following injection of AAV-Cre (Fig 3.4C, n = 154
seizures). At 21-days post AAV-Cre injection, KCC2FL mice had a mean 2 ± 1
generalized seizures per day (Fig 3.4D). Seizure events had a mean duration of 54.4 ±
2.9 s (Fig 4E). Thus, focally reducing KCC2 expression in the hippocampus is sufficient
to induce spontaneous, generalized seizures.
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Fig 3.4. Reducing KCC2 in the adult hippocampus results in generalized seizure
activity. A. Continuous EEG/EMG paired video recordings were performed from
KCC2FL mice injected with either AAV-Cre or AAV-GFP into the dorsal hippocampus.
Example seizure from an AAV-Cre injected KCC2FL mouse along with wavelet
spectrogram demonstrating frequency power content of the signal. B. Zoomed traces of
seizure event shown in A. C. All AAV-Cre infected mice demonstrated generalized
seizures, while no seizures were observed in AAV-GFP mice (n = 8 each group). D.
Seizure frequency in AAV-Cre group in days post virus injection. E. The mean seizure
duration from AAV-Cre group was 54.4 ± 2.9 sec (n = 154 seizures).

3.3.5 KCC2FL mice infected with AAV-Cre develop gliosis and neuronal loss.
In addition to spontaneous seizures, mTLE is characterized by profound hippocampal
changes which include increased gliosis and decreased neuronal number (CalderonGarcidueñas et al., 2018; Wieser, 2004). Therefore, we assessed if reducing KCC2
activity in the hippocampus has any effects on these parameters. We first stained brain
sections from infected mice with antibodies against glial fibrillary acidic protein (GFAP),
the expression of which is dramatically increased in reactive astrocytes (Pekny and
Nilsson, 2005). Slices visualized using confocal microscopy and low power images
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revealed a dramatic increase in GFAP immunoreactivity in the hippocampus of mice
injected with AAV-Cre but not those with AAV-GFP (Fig 3.5A). To provide quantitative
information we compared GFAP immunoreactivity in CA1 or DG of mice 21 days after
infection. Increased GFAP staining was evident in the CA1 of mice infected with AAVCre relative to AAV-GFP (Fig 3.5C; AAV-GFP = 17750 ± 7192 GFAP+ pixels/mm2,
AAV-Cre = 149777 ± 40908 GFAP+ pixels/mm2, n = 3 mice, p = 0.0336). Similar
increase in GFAP levels were seen in the DG; (Fig 3.5D; AAV-GFP = 17728 ± 6962
GFAP+ pixels/mm2, n = 3 mice, AAV-Cre = 115547 ± 28819 GFAP+ pixels/mm2, n = 3
mice, p = 0.030).

To examine possible effects on neuronal number, sections were stained with antibodies
against NeuN, a neuronal specific protein. The number of NeuN positive cells was then
determined in GFP positive ROIs within the CA1 and DG regions. 21 days after infection
there was a significant decrease in the number of NeuN positive cells in CA1 of mice
infected with AAV-Cre compared to AAV-GFP (Fig 3.6; AAV-GFP = 109 ± 4 cells/100
m2, AAV-Cre: 78 ± 6 cells/100 m2, p = 0.011, n=3 mice). In contrast, the number of
NeuN positive structures was comparable in the DG granule cell layer (Fig 3.6C; AAVGFP = 140 ± 4 cells/100 m2, AAV-Cre = 135 ± 11 cells/100 m2, p = 0.750, n = 3
mice).

To further explore the relationship between KCC2 activity and neuronal viability we
assessed the effects of reducing KCC2 expression in neuronal culture. To do so, cultured
neurons from KCC2FL mice were infected with AAV-Cre or AAV-GFP at 18 Div. The
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number of GFP positive cells was then compared 6 days later. The number of GFP
expressing neurons was significantly reduced in cultures infected with AAV-Cre
compared to AAV-GFP (Fig 3.7 AAV-GFP: 17 ± 1 neurons/frame, AAV-Cre: 8 ± 1
neurons/frame, p < 0.0001, n = 12 frames taken from 3 coverslips for each virus
treatment). Thus, KCC2 expression per-se appears to be a determinant of mature neuronal
viability in this reduced preparation.

Collectively these results suggest that in addition to precipitating spontaneous seizures,
decreasing KCC2 levels in the hippocampus leads to gliosis throughout the hippocampus
and neuronal loss in CA1. Moreover, our studies in neuronal culture suggest that
decreasing KCC2 is sufficient to decrease neuronal viability.
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Fig 3.5. Reducing KCC2 locally in hippocampus results in the development of
reactive astrogliosis. A. KCC2FL mice were injected with either AAV-Cre, or AAVGFP. Coronal slices prepared 21 days post-viral injection were labeled for GFAP, a
marker of reactive gliosis (Scale bar = 200 m). B. Image of the dorsal hippocampus of
KCC2FL mice infected with AAV-Cre, or AAV-GFP. Region of interest (dashed lines)
were drawn around complete CA1 or DG (Scale bar = 200 m) and images quantified
using binary threshold for GFAP. C. Expanded images from B (white boxes) of CA1
pyramidal layer. Mice infected with AAV-Cre, mice showed an increase in GFAPlabeled area and reactive astroglia. D. Expanded images from B (white boxes) of DG
granule cell layer. Mice infected with AAV-Cre, showed an increase in GFAP-labeled
area and reactive astroglia in GFP positive areas (*p < 0.05, Scale bar = 50 m).
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Fig 3.6. Reducing KCC2 locally in hippocampus results in neuronal loss in CA1. A.
KCC2FL mice were injected with either AAV-Cre or AAV-GFP. Coronal slices prepared
21 days post-viral injection were labeled for NeuN, a neuronal marker. Region of
interests of 100 m2 were drawn in area CA1 pyramidal layer or DG granule cell layer.
White boxes are magnified in B and C (Scale bar = 200 m). B. NeuN positive cells were
counted in GFP positive regions of CA1 pyramidal layer (Scale bar = 50 m). Arrows in
expanded images of NeuN labeling indicate sites of neuronal loss. There was a reduction
in NeuN positive cells within the CA1 pyramidal layer in AAV-Cre mice (*p < 0.05). C.
NeuN positive cells were counted in GFP-positive regions of DG granule cell layer. No
significant difference in cell count was observed.
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Fig 3.7. Reducing KCC2 decreases neuronal viability in vitro. A. Neuronal cultures
from KCC2FL mice were treated with either control AAV9-CaMKII-eGFP (GFP) or
AAV9-CaMKII-eGFP-Cre (Cre) at DIV 18 and GFP positive cells counted at DIV 24. B.
There was a cell-loss of GFP positive cells in AAV-Cre treated cultures (*p < 0.001).
Experiment performed by Josh Smalley.
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3.4 Discussion
The mechanisms that underlie the development of mesial temporal lobe epilepsy (mTLE)
are poorly understood. It is generally accepted that deficits in the efficacy of GABAergic
inhibition are of significance (Miles et al., 2012). Fast synaptic inhibition is critically
dependent upon neuronal hyperpolarization caused by Cl− influx, and accordingly deficits
in KCC2 are seen in humans and animal models of epilepsy. Here we have addressed if
focally reducing KCC2 in adult mouse hippocampus directly contributes to the
development of the underlying pathophysiology of mTLE. Using stereotaxic injection,
we locally infected the hippocampus of KCC2FL mice with AAV virus expressing Cre
under the control of the CaMKII promoter, facilitating specific recombination and
KCC2 deletion in pyramidal neurons (Wang et al., 2013). To validate our approach, we
first infected cultured hippocampal neurons from KCC2FL mice and showed through
immunoblotting that 18 DIV Cre-expressing neurons displayed gross decreases in the
expression levels of KCC2 compared to Cre-negative controls. In parallel, gramicidin
perforated patch experiments demonstrated that EGABA was positively shifted reflecting
increased Cl− accumulation. Our results suggest that deletion of the C-terminus of native
expressed KCC2 leads to its degradation, and parallel deficits in KCC2 activity.

To assess if our studies in culture translated to similar events in the brain, we introduced
AAVs into the hippocampus of 6-8-week-old KCC2FL mice using stereotaxic injection.
We then examined viral infection using immunofluorescence up to several weeks after
infection. GFP expression was evident within the hippocampus shortly after injection.
The expression levels of KCC2 were then compared between GFP-Cre and GFP-Cre74

negative control injected mice. Time dependent reductions in KCC2 expression were
only evident in GFP-Cre expressing mice and seen in both CA1 and the DG. In keeping
with these reductions in KCC2 expression, significant positive shifts in EGABA were
recorded in GFP-Cre but not GFP-Cre-negative DG cells 14-17 days post virus injection.
Furthermore, these EGABA shifts resulted in a switch from hyperpolarizing to depolarizing
GABAAR currents. The role that KCC2 activity plays in regulating neuronal Claccumulation in the brain has recently been questioned by a recent publication suggesting
that neuronal Cl- levels are determined by impermeant anions within the extracellular
matrix (Glykys et al., 2014). However, our results strongly suggest that KCC2 activity is
critical in setting EGABA and the efficacy of fast GABAergic inhibition in cultured
hippocampal neurons and in acute brain slices.

Computational modeling has suggested that reducing the efficacy of KCC2 mediated Cltransport in a subset of pyramidal neurons increases the probability of seizure-like events
(Buchin et al., 2016). To directly test this hypothesis in vivo, we performed continuous
paired EEG and video recordings on KCC2FL mice with induced focal deficits in KCC2
in the hippocampus. All mice infected with GFP-Cre developed spontaneous, generalized
seizures that recurred sporadically over the entire duration of our recordings. We
observed no seizures in mice infected with GFP-Cre-negative. Thus, our results suggest
that compromising KCC2 expression within subset of pyramidal neurons in the
hippocampus is sufficient to induce epilepsy. Consistent with our results, deficits in
KCC2 activity have been widely reported in convulsant-induced animal models of
epilepsy in rodents prior to the onset of generalized seizures (Barmashenko et al., 2011;

75

Pathak et al., 2007), and in brain tissue surgically removed from refractory mTLE
patients (Cohen and Navarro, 2002; Huberfeld et al., 2007; Muñoz et al., 2007; Palma et
al., 2006). Our results support that deficits in KCC2 activity within pyramidal neurons of
mature neuronal networks is a likely contributing factor to the initiation of epileptiform
activity.

Central to the progression and pathophysiology of mTLE is the observation of
hippocampal sclerosis (HS), which is reproduced in animal models (Borges et al., 2003;
Calderon-Garcidueñas et al., 2018; Do Nascimento et al., 2012) Thus, we assessed in
parallel with the appearance of spontaneous seizures if focal deletion of KCC2 in the
hippocampus leads to sclerosis. Significantly, the critical hallmarks of sclerosis—reduced
neuronal number and enhanced gliosis—were seen in the hippocampus of KCC2FL mice
expressing GFP-Cre but not GFP alone. It is interesting to note that deletion of KCC2
appeared to selectively induce neuronal loss in CA1 compared to the DG. Similar
preferential losses of CA1 neurons are seen in humans with mTLE (Thom et al., 2002),
but the underlying mechanisms of the increased susceptibility of this region to neuronal
loss remain to be explored. Consistent with our experiments in whole animals, Cremediated deletion of KCC2 was sufficient to reduce neuronal viability of cultured
KCC2FL neurons. These findings support a former study that showed that decreasing
KCC2 levels in mature neuronal culture using shRNA decreases neuronal
viability.(Pellegrino et al., 2011) Our results are the first experiment in vivo to show that
ablating KCC2 in subsets of neurons results in decreased neuronal viability.
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In summary, our results suggest that locally compromising KCC2 activity within the
hippocampus is sufficient to reproduce the core physiological and anatomical deficits
associated with mesial temporal lobe epilepsy with hippocampal sclerosis, including
spontaneous, recurring seizures, neuronal loss and gliosis. Thus, agents that potentiate
KCC2 activity may be useful in treating mTLE.
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Chapter 4. General Discussion
4.1 Summary of findings
I investigated the role of deficits in KCC2 mediated ion-transport in the susceptibility and
severity of seizure activity. Using multiple models of epileptiform activity on ex vivo
brain slices, I found that reducing KCC2 activity increases the severity of seizure-like
events (SLEs), through lengthening the clonic-like phase of after-discharges. Both
treatment with the KCC2 inhibitor VU0463271 on WT slices, or loss of function KCC2S940A mouse brain slices compared with controls, prolonged SLEs. These results
support that deficits in KCC2 expression observed in several neurological disorders,
including temporal lobe epilepsy, are a ‘pro-epileptic’ mechanism increasing seizure
severity.

Secondly, I have shown in vivo that reduction of KCC2 within the hippocampus of adult
mice is sufficient to induce seizures and pathology resembling mesial temporal lobe
epilepsy with hippocampal sclerosis. The KCC2FL mouse provides an improved tool to
investigate the physiological role of KCC2 in neuronal and network function. I confirmed
through gramicidin perforated patch recordings that KCC2 activity is responsible for
setting and maintaining EGABA in dentate gyrus granule cells. Reducing KCC2 in a subset
of CAMKII positive neurons in the hippocampus resulted in recurring tonic-clonic
generalized seizures. We confirmed that decreasing KCC2 in mature neurons in vitro
decreases cellular viability. These results support findings in (Pellegrino et al., 2011),
where they showed reducing KCC2 by shRNA in neuronal culture increases
susceptibility to NMDAR mediated excitotoxicity or oxidative stress. I found that
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reducing KCC2 in vivo in hippocampal area CA1 results in neuronal loss and reactive
astrogliosis, providing evidence that KCC2 reductions observed in the epileptic brain
may be a mechanism underlying hippocampal sclerosis. In summary, my findings
confirmed that KCC2 deficits play a critical role in the development and pathology of
temporal lobe epilepsy.

4.2 The role of KCC2 activity in setting and maintaining neuronal EGABA
The role of chloride transporters in setting and maintaining neuronal chloride gradients
has recently been questioned. Glyks and colleagues reported that intracellular and
extracellular immobile anions set [Cl−i and that transporters KCC2 and NKCC1 play a
minor role (Glykys et al., 2014). Using the KCC2Fl mouse and viral-delivered Crerecombinase, I directly tested the hypothesis that KCC2 activity sets and maintains [Cl−]i
and EGABA in mature dentate granule cell neurons. Deletion of KCC2 was sufficient to
positively shift EGABA in dentate gyrus granule neurons. Furthermore, I treated control
dentate granule cells with the KCC2 inhibitor VU0463271 and showed a positive shift in
neuronal EGABA. These results support that KCC2 activity is necessary for the setting and
maintenance of [Cl−i in mature neurons and refute the minimized role of KCC2 on
setting ECl proposed in (Glykys et al., 2014)
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4.3 Complications in interpreting studies overexpressing truncated KCC2
constructs
In Kelley et al., 2018, we demonstrated that genetic removal of exons 22-25 of KCC2, a
region coding for amino acids Q911-Q1096 in the C-terminal domain, is sufficient to
result in decreased total endogenous KCC2 protein, as observed by antibodies that
recognize epitopes in the N- and C-terminal domains. This result suggests that
endogenous KCC2 without the C-terminus is not stable at the plasmalemma. This result
complicates interpretation of numerous studies relying on overexpression of truncated
KCC2 constructs (Table 4.1). Many studies describing ion-transport independent
functions of KCC2 have relied on overexpression of truncated KCC2 constructs. This
includes the hypothesis that KCC2 protein plays a role in the structure and maintenance
of dendritic spines, excitatory synapses, and AMPAR localization during health and
disease. Our results suggest that deletion of the C-terminus of native expressed KCC2
leads to its degradation, complicating interpretation of these studies overexpressing
KCC2 truncated constructs. The original KCC2 truncation strategy first used in Li et al.,
2007 to demonstrate an ion-transport independent effect of KCC2 on the formation and
morphology of dendritic spines was based upon a study overexpressing truncated KCC1
constructs in Xenopus oocytes, not neurons (Casula et al., 2001). A possible role of
KCC2 affecting the structure and maintenance of dendritic spines further becomes
questionable as knockout of endogenous KCC2 in mature cerebellar Purkinje or granule
neurons in vivo result in no changes to dendritic morphology (Seja et al., 2012).
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Table 4.1: Studies using overexpression of truncated KCC2 constructs
Study (Title and author)

Overexpressed truncation and system

Results

A Dominant Negative Mutant of
the KCC1 K-Cl Cotransporter
(Casula et al., 2001)

KCC1 N and C terminal deletion constructs in
oocytes (critical study used as experimental
support for truncation overexpression
strategy)
N-terminal deletion construct in
cultured KCC2-/- neurons. C-terminal
construct in cultured WT neurons

N-terminal deletion construct
abolished transport function with
continued polypeptide accumulation
and surface expression
N-terminal deletion abolished
transport function but rescued
normal dendritic morphology and
excitatory synapses in KCC2-/neurons. C-terminal domain
disrupted dendritic spine formation
in WT neurons.
Interneurons expressed N-terminal
deletion but showed no response to
muscimol on stopping motility.

KCC2 Interacts with the
Dendritic Cytoskeleton to
Promote Spine Development
(Li et al., 2007)

KCC2 Expression Promotes the
Termination of Cortical
Interneuron Migration in a
Voltage-Sensitive CalciumDependent Manner (Bortone
and Polleux, 2009)
Premature expression of KCC2
in embryonic mice perturbs
neural development by an ion
transport-independent
mechanism (Horn et al., 2010)
The neuronal K-Cl
cotransporter KCC2 influences
postsynaptic AMPA receptor
content and lateral diffusion in
dendritic spines
(Gauvain et al., 2011)
An Ion Transport-Independent
Role for the Cation-Chloride
Cotransporter KCC2 in
Dendritic Spinogenesis In Vivo
(Fiumelli et al., 2013)
Activity-dependent regulation
of the K/Cl transporter KCC2
membrane diffusion, clustering,
and function in hippocampal
neurons. (Chamma et al., 2013)
Chloride transporter KCC2dependent neuroprotection
depends on the N-terminal
protein domain
(Winkelmann et al., 2015)
KCC2 Gates Activity-Driven
AMPA Receptor Traffic through
Cofilin Phosphorylation
(Chevy et al., 2015)
A Novel View on the Role of
Intracellular Tails in Surface
Delivery of the PotassiumChloride Cotransporter KCC2
(Friedel et al., 2017)

N-terminal deletion construct in interneurons
treated with KCC2-shRNA in dissociated
cortical cultures of embryonic mouse brain

N-terminal deletion construct in mouse
embyros in vivo.

Mice died at embryonic day 13.5
and showed underdeveloped brain
and spinal cord.

C-terminal construct in WT neurons

Similar EGABA to WT.. No change in
dendritic spines, decreased mEPSC
amplitude, no change in mEPSC
frequency or rise time. Reduced
clustering of GluR1 receptors.

In utero electroporation of N-terminal deletion
or C-terminal constructs into precursors of
layer 2/3 pyramidal neurons in WT mice

N-terminal deletion and C-terminal
domain constructs increased
dendritic spine density examined up
to postnatal day 90.

C-terminal domain construct along with
KCC2-Flag in WT neuronal culture

Increased diffusion and reduced
clustering of KCC2-Flag. No
change in EGABA.

N and C-terminal deletion constructs and N
and C-terminal constructs in WT neuronal
culture exposed to neurotoxic conditions

C-terminal domain deletion and Nterminal domain constructs rescued
neuronal survival. N-terminal
deletion and C-terminal constructs
showed no effects on survival
Increased expression of F-actin in
dendritic spines

C-terminal construct in WT neuronal culture

N and C-terminal deletion constructs in WT
neuronal culture, HEK293 or N2A cells.
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N-terminal deletion reduced KCC2
delivery to cell membrane. Cterminal deletion was delivered to
cell membrane

4.4 The effects of deficits in KCC2 transport on seizure duration
Depolarizing GABAergic signaling and reduced KCC2 protein levels occur in tissue
surgically removed from refractory temporal lobe epilepsy patients (Cohen and Navarro,
2002; Huberfeld et al., 2007; Muñoz et al., 2007; Palma et al., 2006). However, it
remains elusive if reduced KCC2 transport effects the severity of seizure activity.
Seizures involve dynamic changes in ion concentrations, including a rise in extracellular
potassium and in increase of intracellular chloride (Raimondo et al., 2015). KCC2 ion
transport activity has been proposed to increase seizure severity through increasing
potassium efflux during activity-dependent chloride shifts of the seizure event (González
et al., 2018; Gutschmidt et al., 1999; Haglund and Hochman, 2005; Hamidi and Avoli,
2015; Miles et al., 2012; Viitanen et al., 2010). Several of these initial experiments were
demonstrated through use of the loop diuretic furosemide, a KCC2 inhibitor that at
similar concentrations also inhibits NKCC1, complicating interpretation of results.
(Hochman, 2012; Russell, 2000). Therefore, more specific pharmacological tools were
needed to assess the role of KCC2 during the seizure event. A breakthrough came in the
discovery of more specific KCC2 inhibitors such as VU0463271 (Delpire et al., 2012;
Sivakumaran et al., 2015). Using VU0463271 in brain slice models of epileptiform
activity, I found that reducing KCC2 transport increases seizure-like event duration
through promotion of the clonic-like phase of after-discharges. These results are
supported by slices from the KCC2-S940A mouse, which showed increased length of
seizure-like events in 0-Mg2+ ACSF. My results support the hypothesis that KCC2 ion
transport activity is seizure limiting, and that reduction of KCC2 in epilepsy and other
CNS disorders drives increased seizure severity.
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My findings provide experimental evidence that KCC2 activity within a neuronal
network is a critical determinant of seizure duration, implicating neuronal chloride levels
as a factor in seizure termination. Computational modeling studies suggested that
reducing KCC2 activity and increasing [Cl-]i in principal neurons increases seizure
duration (Buchin et al., 2016; Krishnan and Bazhenov, 2011). Most focal seizures follow
a highly stereotyped pattern of synchronized activity before termination (Jirsa et al.,
2014; Zubler et al., 2014), and the clonic phase of after-discharges shows the highest
neuronal synchrony of the seizure event (Jiruska et al., 2013). Evidence suggests that
excitatory GABAAR signaling onto hippocampal pyramidal neurons by parvalbumin
positive interneurons promotes this synchrony of firing, reliant on neuronal chloride loads
within the pyramidal neuron population. (Ellender et al., 2014; Fujiwara-Tsukamoto et
al., 2003). My results support this hypothesis that KCC2 mediated ion transport in mature
neuronal circuits is a key mechanism of seizure termination. It may be that active KCC2
transport reduces the excitatory GABAAR signaling drive onto pyramidal neurons in late
stages of the seizure event through limiting increased [Cl-]i, desynchronizing the network
sufficiently for termination. However, this hypothesis needs to be further tested.

There is little known about how levels of KCC2 activity in neuronal subpopulations and
effects on network dynamics. In the hippocampus, KCC2 shows higher levels of
expression in parvalbumin positive interneurons then in pyramidal neurons (Gulyás et al.,
2001). In Chapter 2, I showed that the complete inhibition of KCC2 in the brain slice
during models of epileptiform activity results in the development of status-epilepticus
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activity. However this non-terminating activity did not onset immediately after the first
SLE, even though slices were incubated in the KCC2 inhibitor prior to experiment to
ensure full inhibition of the transporter. It is important to note that inhibition of KCC2
does not guarantee a chloride load, unless chloride channel activity is included onto the
neuron. Due differences in size, chloride-permeable gap-junctions, GABAAR and KCC2
expression levels, parvalbumin positive interneurons may load with chloride at different
rates then pyramidal neurons. The delay to emergence of a non-terminating seizure
phenotype could be due to these underlying differences in chloride homeostasis between
neuronal subpopulations. Depolarizing or excitatory GABAAR signaling onto
parvalbumin positive interneurons due to elevated internal chloride levels may drive a
positive feedback circuit promoting clonic-afterdischarges. As interneurons have been
demonstrated as drivers of seizure activity (Ellender et al., 2014; Fujiwara-Tsukamoto et
al., 2010), further work is needed to understand how elevated chloride levels affects their
function.

The reduced levels of KCC2 observed in human epilepsies and related co-morbidities
such as traumatic brain injury (Jin et al., 2005) demonstrate the need for integrating a
degree of reduced KCC2 activity and increased [Cl-]i in animal models and studies of
network seizure dynamics (Jirsa et al., 2014). My results support targeting the increase
of KCC2 ion-transport activity as a therapy in status epilepticus (Silayeva et al., 2015)
and to decrease seizure severity in neuronal networks. The combination of tools outlined
used in this thesis, including VU0463271, the KCC2- S940A and KCC2FL transgenic
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mouse strains will be useful tools to further understand how deficits in KCC2 transport
effect susceptibility and severity of seizure activity.

4.5 On the contribution of hippocampal KCC2 deficits to epileptogenesis
In rodent models of temporal lobe epilepsy, KCC2 is reduced in the hippocampus
immediately following status epilepticus insult and continuing through the latent period
(Barmashenko et al., 2011; Pathak et al., 2007). I found that reducing KCC2 in subsets
of neurons in the adult hippocampus is sufficient to precipitate the seizure phenotype and
hippocampal sclerosis pathology resembling temporal lobe epilepsy. My results provide
evidence that reduced hippocampal KCC2 drives epileptogenesis. However, the
contribution of reduced KCC2 to potentially driving pathology in the hippocampus
during the latent period remain unknown. How do reductions in KCC2 and elevated
neuronal [Cl-]i result in epilepsy?

The latent period was originally regarded as a silent period (Penfield 1961, Curia et al.,
2008), yet during this phase of epileptogenesis, the hippocampus is far from silent.
Pathological high frequency oscillations (pHFOs) recorded in the hippocampal local field
potential begin to occur in the days immediately after status epilepticus insult in rodent
models of temporal lobe epilepsy (Bragin et al., 2004). pHFOs are field oscillations in
the range of 200 – 1000 Hz emerging from hypersynchronous spiking of pyramidal
neurons (Engel et al., 2009). The network components underlying pHFOs occurrence are
believed to be the same circuits representing epileptic focal regions susceptible to chronic
seizures (Jefferys et al., 2012). In the kainate acid mouse model of TLE, pHFOs are
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evident 4 days after SE induction and increase in duration through the latent period,
including in the dentate gyrus where HFOs are rarely observed in normal physiology
(Jones et al., 2015). There is a tight relationship between the observation of pHFOs and
onset and severity of seizure events (Lévesque et al., 2011). In patients with temporal
lobe epilepsy there is a strong association between the occurrence of pHFOs and
hippocampal atrophy observed by MRI (Staba et al., 2007). Therefore it maybe that the
neuronal circuits underlying discrete pHFOs may continue to develop and become
seizure focus regions. Knowing the mechanisms of pHFO development can shed light on
potential anti-epileptogenic treatments.

The exact mechanisms of pHFO generation are not known, though deficits in KCC2 and
depolarizing GABAAR signaling have been suggested to play a role (Menendez de la
Prida and Trevelyan, 2011). The onset of pHFOs during epileptogenesis in rodent models
of temporal lobe epilepsy temporally correlates well with observed loss of KCC2.
However, we do not fully understand how a positive shift in EGABA in subsets of
pyramidal neurons affects voltage extracellularly recorded in the LFP. A positive shift in
EGABA may reduce action potential threshold, increasing synchronous spiking probability
(Sørensen et al., 2017). Or depolarizing GABAAR signaling occurring with
glutamatergic signaling may contribute to drive the pHFO. Increased of pyramidal
neurons by halorhodopsin can elicit network activity resembling pHFOs in ex vivo mouse
brain slices (Alfonsa et al., 2015). Reduced KCC2 in hippocampal pyramidal neurons
during epileptogenesis may facilitate pHFO occurrence through similar increases in [Cl-]i
and positive shifts in EGABA. This hypothesis could be directly tested in vivo in future
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studies through the same protocols in Kelley et al., 2018 using depth electrodes to record
hippocampal local field potentials in KCC2FL mice injected with AAV-Cre. Interestingly
this model may permit observation of the pHFO occurrence through to the development
of a seizure susceptible neuronal network without the status epilepticus insult of existing
chemoconvulsant models of temporal lobe epilepsy.

4.6 The differing effects of KCC2 loss on neuronal viability
I observed differing levels of neuronal loss within the hippocampus of KCC2FL mice
injected with AAV-Cre. Neuronal loss was observed in the infected CA1 pyramidal layer,
but not the infected dentate gyrus granule cell layer mice 21-days after AAV-Cre
injections. As pathology examinations were performed at the 21-day timepoint, it is
unknown if differences in neuronal viability would persist further as the mice continue in
chronic epilepsy. However, my observations indicate that reduced KCC2, at least
initially, increases the vulnerability to cell loss of CA1 pyramidal neurons as opposed to
dentate gyrus granule neurons. We also confirmed that reduced KCC2 in the reduced
system of neuronal culture drives neuron loss, supporting previous findings in Pellegrino
et al., 2011. Further work is needed to determine precise mechanisms of neuronal death
in neurons with reduced KCC2.

Interestingly, compared with other regions of the hippocampus, the CA1 region appears
uniquely susceptible to neuronal loss in multiple neurological diseases and disorders.
These include temporal lobe epilepsy with hippocampal sclerosis (Thom et al., 2002),
Alzheimer’s disease (Apostolova et al., 2006; Price et al., 2001), multiple sclerosis
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(Sicotte et al., 2008), major depressive disorder (Cole et al., 2010), ischemia (Medvedeva
et al., 2017) and cognitive decline associated with aging (Mueller et al., 2010). As KCC2
deficits are found in many of these conditions (Kaila et al., 2014a), a loss of KCC2 and
subsequent positive shift in EGABA may play a common role in increasing the
vulnerability of subsets of CA1 pyramidal neurons. This hypothesis requires further
investigation. In Kelley et al., 2018, we provide the first experimental evidence in vivo
that reducing endogenous KCC2 in the adult CA1 compromises neuronal viability.
Further work is needed to provide a mechanistic understanding of how KCC2 deficits
affect the viability of different neuronal populations. My results support that increasing
KCC2 may be a useful therapeutic strategy for neuroprotection in epilepsy and other
neurological disorders.

4.7 Targeting KCC2-mediated ion transport: a true anti-epileptogenic therapy

Many anti-epileptic drugs (AEDs) are currently available in the clinic (Löscher and
Schmidt, 2011). However, temporal lobe epilepsy remains one of the most refractory
forms of epilepsy, with about 60% of patients not gaining complete seizure control with
AED treatment (Wieser, 2004). The precise mechanisms why increased
pharmacoresistance is observed in temporal lobe epilepsy is unknown (Engel, 1996;
Simonato et al., 2014). The continuous failures of AEDs may stem from the strategy of
treating the seizures, and not the underlying development of the disorder. A new
generation of therapies is needed that targets pathways involved in epileptogenesis and
therefore prevents the development of epilepsy all together (Löscher and Brandt, 2010).
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However, for these therapies to be developed, further understanding is needed on the key
molecular players in epileptogenesis.

I show that KCC2 deficits in hippocampal pyramidal neurons during epileptogenesis
likely play a critical role in the development of epilepsy. Increasing KCC2 activity
during epileptogenesis may prevent the development of epilepsy along with providing a
neuroprotective effect to vulnerable neurons, such as pyramidal neurons in hippocampal
area CA1. There is evidence that targeting neuronal chloride transport mechanisms
during epileptogenesis may be an efficacious treatment option, as mice treated via
osmotic minipump intracerebrally with the NKCC1 inhibitor bumetanide in the
immediate days following pilocarpine status epilepticus show reduced seizure burden and
pathology (Kourdougli et al., 2017).

Increasing KCC2 activity pharmacologically has historically been a challenge as no
allosteric potentiators of solute transporters exist (Delpire and Weaver, 2016). Other
strategies that can enhance KCC2 expression and activity through secondary mechanisms
need to be considered. KCC2 contains several phosphorylation sites that can regulate its
surface expression and transport activity (Moore et al., 2017). The compound NEthylmaleimide (NEM) enhances KCC2 transport activity through increasing
phosphorylation of KCC2 residue S940 and decreasing phosphorylation of T1007. NEM
also reduces with-no-lysine-kinase (WNK) phosphorylation of Ste20-related
proline/alanine rich kinase (SPAK), which directly dephosphorylates T1007 (Conway et
al., 2017). However, NEM shows low specificity for KCC2 and is an irreversible

89

inhibitor of all cysteine peptidases, limiting its therapeutic use. Propofol infusion after
ischemia injury has been demonstrated to increase KCC2 surface expression and S940
phosphorylation through PKMζ, a hippocampal expressed isoform of PKC (Yang et al.,
2018). The molecular mechanism by which phosphorylation changes ion-transport
capacity is unknown. However, treatments targeting pathways and mechanisms
modulating KCC2 surface expression and activity appear to be a potentially useful
strategy and should be further investigated in rodent models of epileptogenesis.

4.8 Conclusions
The research outlined in this dissertation demonstrated that compromised KCC2
mediated ion transport plays a critical role in the development and severity of temporal
lobe epilepsy. I confirmed that KCC2 mediated chloride transport sets and maintains the
reversal potential of GABAAR mediated anion flux (EGABA). Deficits in KCC2 mediated
ion transport increase the severity of seizure events through promoting the clonic-phase
of afterdischarges. Therefore, KCC2 transport activity pays a key role in seizure
termination mechanisms. I then showed that reducing KCC2 in vivo in subsets of
CAMKII neurons in the adult hippocampus is sufficient to induce spontaneous,
recurring seizures and hippocampal sclerosis pathology resembling temporal lobe
epilepsy. My results support that the loss of KCC2 observed in brain tissue removed from
refractory human temporal lobe epilepsy patients and in animal models of epileptogenesis
is a critical factor in the development of epilepsy. Thus, increasing KCC2 activity may
be a useful therapeutic strategy for temporal lobe epilepsy.
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