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ABSTRACT OF THE DISSERTATION 

 
Protective Outcome of Attenuation of Kv7 Channel Suppression 

in the Pathology of Seizures and Epileptogenesis 
 

By 
 

Derek Lane Greene 
 

Doctor of Philosophy in Pharmacology and Toxicology 
 

 University of California, Irvine, 2017 
 

Professor Naoto Hoshi, Chair 
 
 
 

The M-current is a non-inactivating voltage-gated potassium channel composed 

of homomeric and heteromeric assemblies of KCNQ/Kv7 subunits (KCNQ2-5). The M-

current exerts pronounced control over excitability during prolonged stimulus in 

neurons. The channel is transiently suppressed through pathways downstream of Gq-

coupled receptor activation, allowing for enhanced signaling within neural circuits. 

However, several mutations in this channel have been implicated in epilepsies and 

encephalopathies. We sought to understand the functional relevance of M-current 

suppression in the pathology of epilepsy. First we needed a pharmacological tool to 

selectively partition M-current contribution in seizures. To this end we identified the 

mechanism of inhibition for XE991, a popular M-current inhibitor that until know lacked 

sufficient characterization. XE991 was determined to be an activated-subunit inhibitor 

with slow binding. By using this compound the M-current could be selectively 

suppressed in neurons contributing to ictal activities, as XE991 would be highly 

efficacious on rapidly depolarizing neurons, while having minimal effect on silent or 
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sparsely firing neurons. Next, we identified an underlying mechanism for the widely 

used anticonvulsant, valproic acid. We determined that valproic acid acts as an inhibitor 

of palmitoylation, a posttranslational fatty acid modification. Specifically valproic acid 

prevented palmitoylation of a signaling scaffold protein within the Kv7 channel complex, 

AKAP79/150. As a result, valproic acid ablated M-current suppression from 

AKAP79/150-bound protein kinase C when stimulating Gq-coupled receptors, reducing 

neurotransmitter-induced hyperexcitability. In a kainate model of status epilepticus, the 

anticonvulsant action of valproic acid was transiently removed by M-current inhibition 

with XE991. Also, the M-current activator retigabine, which is not efficacious on 

neurotransmitter-suppressed channels, demonstrated anticonvulsive action even when 

administered after seizure induction if animals were pretreated with valproic acid. Using 

a transgenic mouse line carrying an alanine substitution of the key Kv7.2 

phosphorylation site we confirmed that a dominant mechanism for the anticonvulsive 

action of valproic acid is through M-current preservation. Furthermore, prevention of M-

current suppression after status epilepticus protected animals from the process of 

epileptogenesis. Our findings indicate that suppression of the M-current is involved in 

the pathology of epilepsy, and that interfering with channel suppression can robustly 

attenuate morbidities contributing to this neurological disorder. 
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Chapter One 

 

Modulation of Kv7 channels and excitability in the brain 

 

Introduction to Kv7/KCNQ channels 

Potassium channels, being the most diverse of all ion channels, underlie a robust 

number of functions that control excitability in neurons. They are responsible for such 

aspects as setting the resting membrane potential, reducing excitability as well as 

controlling the duration, shape and firing frequency of action potentials. Potassium 

channels are localized to all subcellular compartments critical for electrical conduction in 

neurons. Therefore, it is not surprising that many of these channels are gated by 

specific activators (such as membrane potential or neurotransmitters) and regulated by 

complex molecular pathways.  

Kv7 channels produce an outward potassium current with characteristics that 

make it distinctive from other voltage-gated potassium channels1,2. Specifically, Kv7 

channels expressed in neurons lack inactivation, have slow gating kinetics (an order of 

magnitude slower than other voltage-gated potassium channels at room temperature as 

well as physiological temperatures3,4) and are activated near resting membrane 

potential5,6. Kv7 subunits are widely expressed in the central as well as peripheral 

nervous system7,8, where its steady outwardly rectifying current functions as “brakes” for 

neurons receiving persistent excitatory input. A somewhat unique characteristic of the 

M-current was determined from the circumstances by which it was discovered. Namely, 
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upon activation of muscarinic acetylcholine receptors (M1 and M3), both of which being 

Gq-coupled receptors, there is subsequent robust suppression of the M-current, leading 

to a transient increase in excitability. This pathway will be of importance in chapters 3 

and 4. Suppression of the M-current has been shown to lower the action potential 

threshold, increase afterdepolarization and depolarize axonal resting potential2,9. Over 

the past several years it has been revealed that activation of numerous Gq/11-coupled 

receptors suppresses the channel10-12. 

Since the initial discovery of the M-current in bullfrog sympathetic ganglion 

neurons there have been numerous breakthroughs identifying neuronal types 

expressing the M-current as well as mediators of the channel9,13. However, it took nearly 

two decades to determine the molecular identity7. The lapse in time that was required to 

elucidate Kv7 as the underling subunits of the M-current was largely due to the lack of 

available tools capable of linking cloned channels to native M-current14. On the heels of 

this discovery numerous facets involved in the modulation of the Kv7 channel complex 

have also been uncovered. However, though the M-current has consistently been 

discussed as playing a pivotal role in neuroplasticity, due to its prominent expression 

throughout the brain and its pronounced suppression via neurotransmitters, only 

recently have we begun to understand how dynamic Kv7 channel modulation 

contributes to higher brain functions.  

Components of the Kv7 channel complex 

The M-current is conducted through a voltage-gated potassium channel 

comprised of tetrameric assemblies by members of Kv7 α subunit homomers or 

heteromers derived from KCNQ2-5 genes. Kv7.1 is the predominant subunit of the Kv7 
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family found in cardiomyocytes15,16 (Fig 1.1A). Kv7.1 channel generates the slowly 

activating delayed rectifier current (IKs) that contributes to the repolarization phase after 

action potential initiation. Kv7.1 channel is also expressed in the cochlea of the inner 

ear17, and vascular smooth muscles18. 

A wide variety of neurons in the CNS as well as peripheral neurons express 

Kv7.2, 7.3, and 7.5 subunits, which are considered to generate the neuronal M-

current1,2.  It is widely believed that heteromeric Kv7.2/3 or Kv7.3/5 channels are the 

dominant subunit composition (Fig 1.1B)1,2 since Kv7.3 has been shown to facilitate 

surface expression of other Kv7 subunits especially in Xenopus oocytes19 and 

immunohistochemical studies show co-localization of these subunits in many areas8,20. 

However, a recent study using conditional knock-out mice of KCNQ2 or 3 genes 

showed abolished M-current in Kv7.2 deficient neurons, but normal M-current in Kv7.3 

deficient neurons, which suggests that Kv7.2 homomeric channels can be fully 

functional without Kv7.3 subunit in CNS neurons21.  

Kv7.4 is a subtype selectively expressed in the auditory pathway including hair 

cells of the inner ear (Fig 1.1A)22-24. In addition to neurons, Kv7.4 and Kv7.5 are also 

expressed in various smooth muscle cells including within vascular cells18,25 as well as 

the gastrointestinal tract (Fig 1.1A)26,27. 

With the advent of discovering the molecular identity of the M-current many 

aspects of the Kv7 channel complex have been brought to light (Fig. 1.1C-E): protein-

protein and protein-lipid interactions, as well as channel phosphorylation7,8,28. 

Understanding the components of the Kv7 channel complex has provided the necessary 
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insight for understanding the requirements for basal channel function, its modulation, as 

well as the pathways involved in neurotransmitter-induced M-current suppression.  

Phosphatidylinositol-4,5-bisphosphate (PIP2) is an anionic phospholipid found on 

the intracellular leaflet of the plasma membrane. PIP2 is a co-factor for numerous ion 

channels and transporters29, including Kv7 channels, that alters channel function and 

often is obligatory for activation30-33. While it has been known that PIP2 interaction with 

Kv7 is mandatory for channel function34,35, more recently it was shown that PIP2 has 

multiple sites of interaction within the channel, with varying effects36. One such PIP2 

interaction modulates coupling the voltage-sensing to the pore-gating domain37-40. 

Functionally, PIP2 interaction within the voltage-sensing domain of the S4-S5 linker has 

been attributed to increasing open probability, thus voltage-conductance40. Another key 

interaction site lies within the proximal C-terminus of the Kv7.2 subunit that overlaps 

with the calmodulin (CaM) binding site, a key target for M-current suppression39,41,42. 

Notably, while depletion of PIP2 in Kv7.2 and Kv7.5 homomeric channels leads to 

profound current suppression, heteromeric assemblies incorporating the Kv7.3 subunit, 

have higher affinity to PIP2, thereby offering resistance to PIP2 turnover40. 

Both N and C termini of Kv7 subunits are located within the intracellular side and 

are rich with sites of protein-protein interaction. Within the amino terminus lies a 

consensus site for phosphorylation by protein kinase A, which in Xenopus oocytes has 

been shown to increase Kv7 currents19. Protein kinase CK2 and protein phosphatase 1 

(PP1) also tether to Kv7 subunits (Fig. 1.1C), and modulate the channel through the 

phosphorylation state of essential auxiliary unit CaM43. The Kv7 carboxyl terminus is 

relatively long compared to other potassium channels, containing numerous sites of 



5	

	

interaction42. Among these are the aforementioned sites for PIP2, CaM, A-kinase 

anchoring protein 5, (AKAP5, also known as AKAP79/150), as well as ankyrin G (Fig. 

1.1D). Interaction of the channel with many of these factors is highly modulated by 

neurotransmitters activating Gq/11–coupled receptors44,45.  

AKAPs are facilitators of second messenger signaling events that tether 

enzymes to target substrates at the plasma membrane, such as Kv7 channels (Fig. 

1.1C)28,46,47. This anchoring protein is located to the plasma membrane through PIP2 

binding and a dynamic post-translational fatty acid modification known as 

palmitoylation48, which will be covered in greater detail in chapter 3. AKAP5-bound 

Protein kinase C (PKC) is kept in proximity to neuronal Kv7 channels, which is important 

for the specificity of PKC-induced dissociation of CaM from Kv7.2 subunits8,28,46.  

CaM plays roles in the trafficking of Kv7 channels to the plasma membrane49,50, 

functions as the Ca2+ sensor, and promotes channel interaction with PIP2 (Fig 1.1C)44,51. 

CaM interacts with Kv7 subunits through two α helical regions (A and B) running 

antiparallel in the C-terminal tail. There has been controversy regarding whether 

calcium facilitates or reduces CaM binding to Kv752,53. A recent crystal structure study 

using Kv7.1 suggests that the story is not as simple as originally impicated54. The study 

showed that the calcium-free C-lobe of CaM interacts with helix A of Kv7 and the 

calcium-containing N-lobe of CaM interacts with helix B of Kv754. However, Kv7.2 has 

been shown to have higher affinity for CaM at helix B, regardless of [Ca2+]55, whereas 

the C-lobe of CaM has higher affinity to [Ca2+] and is dynamically bound to helix A in a 

calcium-dependent manner56. 
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Studies over the past several years identified an increasing number of accessory 

proteins for the Kv7.2 subunit (Fig. 1.1D). One of the earliest examples is ankyrin G, 

which is an underlying molecule for anchoring Kv7.2 at the axon initial segment as well 

as the Node of Ranvier57,58. The SNARE protein syntaxin 1A is a plasma membrane 

protein, which serves as a docking site for synaptic vesicles. Syntaxin 1A has been 

demonstrated to interact with both the cytoplasmic carboxyl and amino termini of Kv7.2 

subunit, which slows channel activation and decreases current amplitude (Fig. 

1.1D)59,60. Navβ1 was originally considered to be a beta subunit unique to voltage-gated 

sodium channels (Nav)61. More recently the promiscuity of this auxiliary protein was 

uncovered, first in its modulation of Kv462, and more recently Kv1 and Kv7 subfamilies63 

(Fig. 1.1D). Navβ1 slows Kv7.2 channel activation at depolarized potentials63. An 

interesting addition to the list of accessory proteins for the Kv7.2 subunit is β-site 

amyloid precursor protein cleaving enzyme 1 (BACE1), which was originally identified to 

produce neurotoxic β-amyloid64 and known to cleave Navβs and increase sodium 

currents65. Recently it was shown that physical interaction of BACE1, even with 

enzymatic inactive BACE1, can change gating kinetics and functional expression of Kv7 

channels with the notable exception of Kv7.3 homomeric channels66. However, effects 

through cleavage of Kv7.2-bound Navβ have not been characterized to date. 

Channel trafficking of Kv7 channels is another mechanism for regulating 

neuronal excitability (Fig. 1.1E). It has been noted that the majority of Kv7 channel 

subunits stay in cytoplasmic vesicles rather than being transported to the plasma 

membrane49. Detailed analyses of CaM-dependent regulation of Kv7 channel trafficking 

revealed that CaM regulates exit of Kv7 channels from ER49,50. In addition, our recent 
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proteomic study identified that tubulin dimer together with Collapsin response mediator 

protein-2 (CRMP-2) play a role in channel trafficking of Kv7.2 channels at post-Golgi 

vesicles (Fig. 1.1E)67.  

Integrated channel suppression 

Various neurotransmitters activating Gq-protein coupled receptors induce 

profound transient suppression of the M-current68-70. It has been demonstrated that 

stimulation by luteinizing hormone releasing hormone9, purinergic P2Y13, substance P71, 

5-HT2 serotonin72, as well as activation of M1/M3 muscarinic receptors5,73,74, 

metabotropic glutamate receptors75 , κ and δ opioid receptors 76, and AT1 angiotensin 

receptors77,78 all suppress the M-current. 

Gq/11 mediated pathway 

Perhaps most well characterized is M-current suppression subsequent to 

activation of Gq/11-coupled muscarinic acetylcholine receptors79,80. It is well 

documented that reduction in PIP2 leads to marked suppression of the M-current (Fig. 

1.2A)81-83. Also, PKC was one of the first modulators proposed for neurotransmitter-

induced M-current suppression84. This was for a time debated due to confounding and 

at times contradicting pharmacological data such as PKC inhibitors at times showing no 

interference with muscarinic suppression of the M-current12,85. These reports were 

reconciled once it was determined that AKAP-tethered PKC is protected from certain 

PKC inhibitors86,87. Indeed, a key PKC phosphorylation site on serine 559 of the mouse 

Kv7.2 subunit has been shown to induce inhibition equivalent to muscarinic suppression 

of the channel28,44,88. A phosphorylation deficient alanine substitution of this residue will 
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be described in Chapter 4. Consequently, depletion of PIP2 and activation of PKC occur 

downstream of Gq-coupled receptor activation.  

The Gq-protein mediated pathway occurs as follows: subsequent to activation of 

Gq/11-coupled receptors, such as the M1 muscarinic receptor, comes activation of 

phospholipase C (PLC) causing hydrolysis of PIP2 into diacylglycerol (DAG) and inositol 

triphosphate (IP3), leading to the activation of PKC. Activated PKC, tethered to the M-

channel complex through AKAP5, phosphorylates the C-terminus of the Kv7.2 subunit, 

which overlaps with the channel’s CaM binding site. Phosphorylation of the Kv7.2 

subunit dissociates CaM from the channel, which destabilizes its interaction with PIP2 

along with the concomitant reduction in PIP2 due to its hydrolysis. Together, these 

signaling pathways downstream of Gq/11 activation lead to an amplified response that 

synergistically suppresses the M-channel44. 

Calcium-CaM pathway 

Another well established pathway of M-current suppression is induced by 

increases in intracellular calcium sensed by channel-bound CaM (Fig. 1.2B)44,89,90. 

Bradykinin receptors have been demonstrated to use this pathway90. The physical 

interaction of calcium-free CaM bound to helix A of Kv7 subunits is integral to 

maintaining channel affinity to PIP2
44. Consequently, calcium-bound CaM decreases 

Kv7.2 channel efficacy for PIP2, thereby inhibiting the M-current44,90,91. On the other 

hand, a recent study showed that splicing variants of Kv7.4 are differentially modulated 

by CaM92. This mechanism may explain why bradykinin induced suppression of the M-

current is usually smaller than that by muscarinic agonists. 

Kv7 channel physiology 
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The voltage dependent characteristics of the M-current lend it to various roles 

associated with controlling excitability in the brain. Kv7 channels activate within 

subthreshold potentials, approximately at –60 mV. Additionally, unlike many other 

voltage-gated potassium channels, Kv7 does not inactivate, therefore, as long as the 

membrane remains depolarized Kv7 current will persist7. The outcome is the effective 

stabilization of the membrane potential throughout the duration that neurons receive 

subthreshold excitatory inputs93. Relatively slow activation kinetics indicate that Kv7 

channels do not appreciably alter single action potential amplitude or duration94; rather, 

the functional consequence of M-current is to clamp the membrane at more negative 

potentials, preventing repetitive action potential firing. Moreover, the persistent outward 

current functions to control numerous aspects of neuronal excitability as follows: 

Setting membrane potential 

Due to its activation at subthreshold potentials, Kv7 channels have been 

implicated in controlling the resting membrane potential (RMP) at the axon initial 

segment (AIS) and unmyelinated portions of the axons, the nodes of Ranvier as well as 

axon terminals. Examples have been shown in sympathetic, cortical and hippocampal 

neurons such as visceral sensory neurons and within the calyx of Held95-97.  M-current 

control of RMP is also a major determinant for increasing the recovery of inactivated 

channels (i.e. axonal Na+ and A-type K+ channels) at the nodes of Ranvier, allowing for 

consecutive action potential spiking4,97,98. Therefore, axonal Kv7 channels at nodes of 

Ranvier exert two contradicting functions: increasing the action potential threshold but 

also increasing excitability by promoting recovery of sodium channels from 

inactivation4,20. In addition, Kv7 channels are known to express at the axon terminal and 
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regulate synaptic release through regulating RMP97,99. Confusing is that inhibition of Kv7 

channel sometimes facilitates synaptic transmission such as in calyx of Held97 and 

hippocampal synaptosomes99, while suppressing synaptic transmission in Schaffer 

neurons100. These contradicting effects are assumed to be results of difference in 

inactivation of calcium channels and sodium channels99,100. On the other hand, post-

synaptic responses can be also affected by perisomatic Kv7 channels by changing 

integration of excitatory postsynaptic potentials at the AIS, dampening synaptic 

transmission of prolonged subthreshold stimulus101,102.  

Afterhyperpolarization 

As a consequence of continuous spiking, numerous types of neurons produce 

three types of an afterhyperpolarization (AHP) that contribute to refractory periods: fast 

AHP lasting 2-5 ms, medium AHP with durations ranging from 50-100 ms (mAHP), and 

a slow AHP lasting 0.1-2 s (sAHP).  

Medium AHP is produced through slowly activating and long-lasting outward K+ 

current that is composed in part by a component that requires Ca2+ influx103,104 and has 

been shown to control the time where neurons are refractory to further excitatory input. 

Channels contributing to the generation of mAHP are Kv7 channels as well as SK2 

calcium-activated potassium channels and HCN channels80,103,105. However, it has been 

reported that distinct channels are responsible for mAHP depending on membrane 

potentials and neuronal types104,106. 

Slow AHP is involved in neuronal plasticity and is implicated as a major 

component during learning and establishing memory within the hippocampus34,38. The 

identity of the potassium channel responsible for the slow AHP had proven elusive until 
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recently. While Kv7 has been suggested as a contributor of sAHP, as afferent 

cholinergic stimulation reduces effective sAHP amplitude107, one confounding factor 

discredited its involvement: the sAHP is active at membrane potentials more negative 

than M-current activity is typically observed. Activation of the sAHP is known to have a 

Ca2+ dependent component, and neuronal calcium sensor proteins such as hippocalcin 

have been implicated in the activation of potassium channels that constitute the 

sAHP108,109. A physiological consequence of hippocalcin activation is the downstream 

production of PIP2. In recent reports evidence was given for shifting Kv7 open 

probability to more negative potentials through increased interaction with PIP2
40,110. It 

has also been observed that BACE1 knockout mice have reduced sAHP. This provides 

further evidence since BACE1 has been shown to cause a leftward shift in Kv7 voltage 

activation, within the voltage range where sAHP is active66. 

Interspike interval 

High frequency bursts of action potentials lead to Kv7 channel activation. This 

gradually increases spike interval, which is also known as spike frequency 

adaptation80,111. Recently M-current was also shown to regulate the firing frequency of 

tonically firing neurons in rat entorhinal cortex layer II stellate cells112, as well as 

neurons of the retrotrapezoid nucleus113, which, during continuous current input, initially 

fire with short interspike intervals that quickly lead to refractory periods with minimal 

firing112. Furthermore, Kv7 current has also been shown to control the rate of firing in 

dopaminergic neurons of the ventral tegmental area94 and hippocampal neurons114. 

Thus, the M-current robustly controls the frequency at which neurons are able to fire 

while receiving continuous excitatory input115. 
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Theta-resonance 

Another physiological function of Kv7 channels, in conjunction with HCN 

channels, is facilitating the responsiveness to oscillating subthreshold membrane 

potential within theta frequencies  (2-7 Hz), which functions as a band pass filter116. This 

function has predominantly been characterized in pyramidal neurons in the 

hippocampus116,117. Interestingly, two distinct channel types with different ion species, 

gating kinetics, and subcellular localization (somatic Kv7 channels and dendritic HCN 

channels) produce a synergized function116,117. Theta resonance has been considered 

integral to inducing synchronous activity within the local circuit and shown to be a 

necessary component of neuroplasticity as well as learning and memory118-120. Network 

oscillations at the theta frequency have been shown to be important for hippocampal 

function, such as exploration121 and working memory such as navigation of mazes122,123. 

As such, disruption of M-channel activity, such as conditional knockout of Kv7.2 

subunits, reduces hippocampal theta resonance and consequently impairs animal 

performance in spatial memory tasks124. 

Transient neuronal hyperexcitability 

Suppression of Kv7 current leads to the transient removal of the channel’s 

physiological functions, leading to neural hyperexcitability (Fig. 1.3). Consequently, 

channel suppression allows for the accumulation of excitatory inputs that lead to burst 

firing or “complex-spikes”125. In addition, suppression of Kv7 channels leads to 

concomitant reduction in action potential threshold such as what is seen in dentate 

granule cells after stimulation by cholinergic fibers126. Thus, reduction in action potential 

threshold by Kv7 channel suppression makes action potential propagation more 
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permissive, where weaker stimuli can invoke neuronal spiking with higher probability, 

and increases the likelihood of spontaneous firing, which underlies burst firing in some 

neurons4. Alternatively, ablation of Kv7 current by conditional knockout produces a 

similar effect21. Furthermore, since the M-current is activated during high frequency 

firing, M-current suppression allows neurons to respond to high frequency inputs. 

Moreover, This bursting has been shown to be one component of memory coding after 

learning in subcortical regions14,127. Suppression of axonal M-current also increases the 

likelihood of the back-propagation of action potential spikes into the apical dendrites, 

which has been demonstrated to promote long-term potentiation101,128. 

Kv7 channel augmentation 

Just as there are multiple mediators of M-current suppression, so too are there 

mediators of M-channel preservation as well as enhancers of M-current activity. Early 

examples include neurotransmitters such as somatostatin129, corticostatin130 and 

dynorphin131. Since phosphorylation of certain residues of Kv7 channels are known to 

cause robust suppression it follows that some protein phosphatases preserve neuronal 

Kv7 channel activity. One example is Protein Phosphatase 2A, (PP2A), which was 

demonstrated to counteract channel inhibition via phosphorylation by Glycogen 

Synthase Kinase 3β, (GSK3β)132,133. While phosphorylation of Kv7 subunits is typically 

associated with channel suppression, phosphorylation of Kv7-bound CaM by protein 

kinase CK2 facilitates CaM interaction with the channel, increasing PIP2 efficacy and 

increasing channel amplitude while remaining sensitive to increases in intracellular Ca2+ 

43,134. Another signaling pathway known to augment the M-current (specifically, 

channels containing Kv7.2/4/5 subunits) is through the increase in an intracellular 
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reactive oxygen species (ROS)135,136. It has been shown that the oxidation of three 

cysteine residues lying within the S2-S3 linker increase the Po of Kv7 channels135. 

Another recently identified pathway for ROS induced augmentation is methylation of 

arginine residues of Kv7.2 subunit by arginine methyltransferase 1 (Prmt1), which 

promotes Kv7.2 interaction with PIP2
136.  This study also suggests that partial 

methylation of arginine residues in Kv7 channels is essential for maintaining basal M-

current136.  

Auxiliary units of potassium channels such as members of the KCNE family are 

common co-factors that associate with pore-forming subunits and alter channel activity, 

such as voltage dependence of activation137,138. Recently β-secretase BACE1 was 

revealed to associate with members of the Kv7 family in neurons (Fig. 1.1D). 

Interestingly, it is the physical interaction and not the enzymatic activity of BACE1 

protein that is responsible for the leftward shift in the voltage conductance of the M-

current. This leftward shift was accompanied by a change in Kv7 channel kinetics, 

accelerating activation as well as slowing channel deactivation66. While PIP2 is 

necessary for M-current function, it has also been revealed that increasing PIP2 levels 

caused Kv7 channels to open at deeper potentials, similar to the effect seen with 

BACE140,110. Interestingly, the combination of BACE1 interaction with the channel along 

with elevating PIP2 levels causes even greater leftward shift in channel activation40. 

These revelations bring credence to the growing consensus that Kv7 channels are a 

major part of the burst firing-activated outward current underlying sAHP, which is known 

to be active at membrane potentials lower than where the M-current has been thought 

to be active.  
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Another association with Kv7.4 subunits has recently been uncovered. Kv7 

channels in vascular smooth muscle are positively regulated by G-protein βγ subunits, 

enhancing the rate of Kv7 channel activation and shifting the voltage dependence of 

activation so that the channel is open at deeper potentials139. While it is important to 

note that this phenomenon has yet to be confirmed in CNS neurons, G-protein βγ 

subunits may prove to be an underlying factor responsible for enhancement of Kv7 

activity by as seen with G-protein coupled receptor activation by somatostatin129 and 

dynorphins131. 

Subcellular localization 

A key characteristic determining the roles of neuronal Kv7 channels lies in their 

subcellular localization. Kv7 channels are highly concentrated at the distal end of the 

AIS and nodes of Ranvier by the protein ankyrin-G. The AIS functions as the 

gatekeeper of action potential initiation by controlling the threshold at which excitatory 

presynaptic potentials transmit action potentials down the axon. Ankyrin G also 

functions to localize Kv7.2 and to a lesser extent Kv7.3 channels at unmyelinated 

regions of the axon, known as Nodes of Ranvier57,58,140. At these nodes, Kv7 channels 

(Kv7.2/7.3) co-cluster with voltage gated sodium channels and are thought to underlie 

the slow outward potassium current, stabilizing RMP4,98. In agreement with its axonal 

localization, selective suppression of axonal Kv7 channel increases spike 

afterdepolarization, facilitating action potential firing125. Interestingly, in a study where 

myelination of the axon was removed, Kv7 channels dispersed along the axon, which 

had the net effect of increasing neural excitability141. This was postulated to be through 
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stabilizing the RMP throughout the axon, thereby increasing the availability of Nav 

channels as previously described4,20. 

Kv7 channels have also been reported to be expressed in the perisomatic region 

outside the AIS57,142,143. Somatic function of the M-current is implicated in excitatory 

synaptic potential integration as well as counteracting afterdepolarization57,144,145. 

Perisomatic Kv7 channel has been shown to change the amplitude and shape of 

somatic EPSPs102. There is also accumulating evidence that Kv7 channels may be 

expressed at apical dendrites142,144,146. Due to their relative scarcity at this location, the 

function of Kv7 channels within dendrites is still controversial, though it has been 

proposed to contribute to conditions where there is dendritic hyperexcitability, as in the 

case of persistent excitatory presynaptic input144,146, however, further clarification of Kv7 

channel function outside the axon is still needed. 

Finally, Kv7.2 has been shown to localize to presynaptic terminals99. 

Augmentation of Kv7 channels at this location attenuates neurotransmitter release99 

whereas suppression of Kv7 current by Gq activation increases activation of voltage-

gated calcium channels leading to increased transmission147. 

Surface expression 

Under basal conditions, Kv7.2/3 channels have very low turnover rate throughout 

the axon148. However, surface expression of Kv7 channels is upregulated after neuronal 

stimulation149. Paradoxically, persistent excitation of neurons leads to pronounced 

internalization of Kv7 channel at the AIS, which is largely irreversible150. Li and 

colleagues demonstrated that persistent activation through glutamate induced a Ca2+ 

and PKC-dependent internalization of Kv7 channel. Similar irreversible suppression of 
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Kv7 channel was observed with cholinergic stimulation onto dentate granule cells, 

causing an increase in their intrinsic excitability126. It was revealed that cholinergic 

stimulation onto the AIS of dentate granule neurons leads to persistent activation of T-

type Ca2+ channels, causing robust M-current suppression that does not recover after 

washout. Conversely, deprivation of afferent axonal stimulus, as shown in neurons of 

the avian cochlear nucleus leads to pronounced increase in surface expression of Kv7.2 

channels and concomitant reduction of Kv1 channels at the AIS151. This reduces the 

fast activating Kv1 currents, thereby increasing excitability, while preserving axonal 

RMP by Kv7 channels.  

CaM tethered to Kv7 subunits is important for Kv7 channel exit from the 

endoplasmic reticulum and is necessary for basal surface expression of the channel at 

the plasma membrane49,55. Alternatively, a recent study uncovered a form of induced 

surface translocation subsequent to muscarinic suppression of the channel tested in a 

heterologous system in which Kv7 channels in post-Golgi vesicles were determined to 

be the predominant source of this form of over-recovery of the M-current, mediated 

through a CRMP-2 pathway67 (Fig. 1.1E). 

Pathology 

The genes encoding Kv7.2 and Kv7.3 have been shown to have numerous 

mutations that induce epilepsies and encephalopathies. The most common of these 

pathologies is known as benign familial neonatal seizures (BFNS), a form of autosomal 

dominant idiopathic epileptic syndrome. The generalized seizures induced by these 

mutations occur within the first days after birth and have a high likelihood of 

spontaneously receding within the first two months152-155. Mutations leading to epileptic 
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activity are predominantly autosomal dominant, inducing loss of channel function such 

as from missense, truncation, and non-native splice variants that reduce functional Kv7 

channel at the plasma membrane156,157. Many of these mutations lead to reduction in 

basal M-current and subsequent hyperexcitability158. This is also true in the cases of 

early onset epileptic encephalopathy, though usually with more severe channel 

suppression154. As of yet, encephalopathies have only been detected from missense 

mutations in KCNQ genes and tend to occur de novo154,159,160. One example is through 

an alternative substitution of a previously described select amino acid mutation, 

normally causing BFNS, instead leading to a severe form of encephalopathy. It was 

determined that the functional difference in this severe form of single amino acid 

mutation is derived from not only reduction of functional expression of Kv7 channels but 

also loss of localization of Kv7 channels to the AIS154. As a consequence for the 

growing literature on pathologies associated with Kv7 mutations there has been an 

effort to develop genetically engineered animals to recapitulate and understand the 

pathologies of the numerous implicated mutations and better understand underlying 

causes161,162 as well as the effectiveness of potential therapies163. One such mutation 

will be investigated in chapter 4. 

M-current activity is an important obstacle for seizure onset164,165. However, gain 

of function mutations in Kv7 channels have also been uncovered in patients suffering 

from epileptic encephalopathies166-168. One such mutation was found within the voltage-

sensing domain of Kv7.2 and Kv7.3 subunits, stabilizing the channel in the open 

conformation, reducing the voltage dependence of activation167. Interestingly, while 

these mutations decrease the intrinsic excitability in neurons where they are expressed, 
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there is a marked increase in network excitability within the CA1 of the hippocampus. 

This suggests the grave importance in Kv7 channel control of action potential 

propagation, particularly at its axonal localization. 

Conclusion 

The specific characteristics of Kv7 channels allow it to function as brakes against 

continuous neural activity. In regards to this dissertation, little is known of M-current 

modulation during seizures. Kv7 channels expressed in the cortex should provide a 

major deterrent from pathological hyperactivity in the brain. Though evidence suggests 

that the channel is suppressed during seizure. As we will demonstrate in chapter 3, the 

mechanism of a robust antiepileptic drug, valproic acid, functions through disruption of 

M-current suppression169. Additionally, retigabine-induced augmentation of the M-

current has been successful as an antiepileptic therapeutic170. Paradoxically, transient 

suppression of Kv7 channels is important for cognitive functions such as memory 

encoding, while complete removal of Kv7.2 increases susceptibility to seizures and 

leads to deficits in hippocampal-dependent spatial memory124 as well as fear memory in 

mice171. Therefore, it is paramount to increase our understanding of Kv7 channel 

modulation throughout the brain in order to effectively determine its role in relevant 

pathologies as well as develop new therapeutics.  
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Figure 1.1. Summary of Kv7 channel family and their binding proteins.  
 
A. Subtypes of Kv7 channel family and their expression pattern. B. Summary of subunit 
composition with Kv7.2. 7.3 and 7.5 subunits, which is widely observed in neurons. C. 
Schematic summary of signaling proteins that are tethered to Kv7.2 subunit. PP1, 
protein phosphatase 1. CK2, CK2 protein kinase. CaM, calmodulin. PKC, protein kinase 
C. PP2B, protein phosphatase 2B. PKC, protein kinase A. D. Schematic summary of 
accessory proteins for Kv7.2 subunit. Navnβ1, sodium channel β subunit 1. BACE1,β-
site amyloid precursor protein cleaving enzyme 1. E. Schematic summary of identified 
regulator proteins for Kv7.2 channel trafficking. CRMP2, collapsin response mediator 
protein 2. 
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Figure 1.2. Schematic summary of molecular configuration of Kv7 channel and its 
modulation modified from ref 29.  
 
A. Activation of Gq/11 coupled receptor induces depletion of PIP2 as well as activation 
of PKC, which phosphorylates Kv7 channel leading to dissociation of CaM and 
unstabilized PIP2 interaction. B. Increase in cytosolic calcium induces change in CaM 
conformation, and configuration between CaM and Kv7 channel, which leads to 
unstabilized PIP2 interaction. 
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Figure 1.3. Summary of physiological relevance of neuronal Kv7 channel and its 
modulation. 
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Chapter Two 

XE991 and Linopirdine are activated-subunit inhibitors of  

Kv7/KCNQ channels 

 

Introduction  

As detailed in chapter 1, Kv7/KCNQ channels regulate neuronal excitability1-3 

and activation of Gq-coupled receptors such as muscarinic acetylcholine receptors (m1 

and m3) suppresses the M-current and induces transient hyperexcitability in a wide 

range of neurons2. Accordingly, M-channel inhibitors were developed in hopes of 

ameliorating defective neuronal activity such as in Alzheimer’s dementia. Linopirdine is 

one such prototypical compound that was found to have a cognitive enhancing effect in 

an animal model4. However, linopirdine did not pass phase 3 clinical trials5. XE991 was 

developed as an improved compound with a similar chemical structure6. Although no 

clinical trials have been conducted for this compound, XE991 has increasingly been 

used in cell culture and animal experiments to investigate physiological7-9 and 

pathological roles10,11 of the M-current.  

It has been shown that KCNQ2 gene knockout is lethal12,13. However, 

administration of linopirdine is well tolerated in humans5,14, as well as animals for 

linopirdine and XE9914,6. In addition, even though XE991 is a highly potent inhibitor, it 

sometimes requires prolonged incubation to inhibit15, or may have no observed effect16. 
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These lines of evidence suggest that there are conditions where these Kv7 channel 

inhibitors are not efficacious.  

XE991 will be utilized in proceeding chapters in order to determine M-current 

contribution in seizure and epileptogenesis. Since there remains uncertainty on the 

proper use of XE991, as made apparent by inconsistencies in the literature, there is a 

need to further characterize its mode of inhibition. To this end we performed an 

electrophysiological study in a heterologous expression system using Chinese hamster 

ovary cells transiently expressing Kv7 channels. We determined the conditions where 

these compounds are efficacious, their mode of interaction and addressed the past 

inconsistencies regarding the washout of these compounds. The determined 

characteristics of XE991 and linopirdine should be pertinent for experimenters utilizing 

these compounds. 
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Experimental Procedures 

Reagents and Plasmids.  

Linopirdine (1,3-Dihydro-1-phenyl-3,3-bis(4-pyridinylmethyl)-2H-indol-2-one 

dihydrochloride), XE991 dihydrochloride (10,10-bis(4-Pyridinylmethyl)-9(10H)-

anthracenone dihydrochloride), and Exo1 were purchased from Tocris (Bristol, UK). 

Retigabine (Ethyl N-[2-amino-4-[(4-fluorophenyl)methylamino]phenyl]carbamate) was 

purchased from Alomone Labs (Jerusalem, Israel). Concanavalin A, was purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Mammalian expression plasmids containing 

rat Kv7.2, Kv7.317 and Kv7.2-mCit18 have been described. Kv7.2 mutation (R214D) was 

generated using QuickChange II XL site-directed mutagenesis (Agilent Technologies, 

San Diego, CA, USA), and was validated by DNA sequencing. 

Cell Culture.  

Chinese hamster ovary hm1 cells19 were cultured in α minimum essential media 

containing 5% fetal calf serum and 500 µg/ml G418 sulfate. Cells were maintained in a 

humidified incubator at 37 °C with 5% CO2. CHO cells were grown to 30% confluence 

on 35 mm plates before being transfected with 1 µg plasmid DNA and 4 µl LT1 reagent 

(Mirus Bio LLC, Madison, WI, USA).  

Pre-incubation Treatments.  

For pretreatment experiments using XE991, culture dishes were washed for 1 

minute with Q2 solution containing 144 mM NaCl, 5 mM KCl, 2 mM CaCl2, 0.5 mM 

MgCl2, 10 mM glucose, and 10 mM HEPES (pH 7.4), the solution was then replaced 

with distinct experimental solutions. For the treatment group with 10 mM KCl, NaCl was 

reduced to 139 mM to maintain osmolarity. 10 µM XE991 ± 10 µM retigabine were 
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incubated for 10 minutes at 37 °C, then thoroughly washed with constant perfusion of 

Q2 solution for 5 minutes before proceeding with whole cell patch clamp. For Exo1 

experiments, cells were pretreated with 100 µM Exo1 in Q2 solution at room 

temperature for 2 minutes prior to proceeding with experiments.  

Electrophysiology.  

All patch clamp recordings were performed at room temperature on isolated CHO 

cells using an Axon Multiclamp 700B patch clamp amplifier (Molecular Devices). Data 

were acquired using pClamp software (version 10; Molecular Devices). Signals for 

current traces with ≤1 second duration were sampled at 2 kHz and low pass-filtered at 1 

kHz. Current recordings between 1-15 seconds were sampled at 500 Hz and those 

longer than 15 seconds was sampled at 250 Hz. Whole cell patch clamp recordings on 

CHO hm1 cells has been described previously18. Briefly, cells were constantly perfused 

with the Q2 solution detailed above. Patch pipettes (3–4 MΩ) were filled with 

intracellular solution containing 135 mM potassium aspartate, 2 mM MgCl2, 3 mM 

EGTA, 1 mM CaCl2, 4 mM ATP, 0.1 mM GTP, 10 mM HEPES (pH 7.2). Successful 

patches that maintained Rs <6 MΩ were selected for experiments. Liquid junction 

potential is not corrected in this study. 

Live Cell Imaging.  

Protocol for TIRF-based assessment of surface transport of Kv7.2 channel has 

been described previously19. Briefly, one day after transfection cells were replated onto 

18 mm round cover-glasses. On the second day after transfection, cells were used for 

TIRF experiments. For recording, medium was replaced with Q2 solution. Fluorescence 

emission was acquired using an inverted microscope IX-81 (Olympus Tokyo, Tokyo, 
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Japan) with an ImageEM CCD camera (Hamamatsu Photonics, Hamamatsu, Shizuoka 

Japan) controlled by MetaMorph 7.6.3 (Molecular Devices, Sunnyvale, CA, USA). For 

excitation in TIRF experiments, a 515 nm diode-pumped solid-state laser (Cobolt, 

Stockholm, Sweden) with an acousto-optic tunable filter was used with a TIRF module 

(Olympus). Emission images were obtained through a dual-view module (Photometrics, 

Tucson, AZ, USA) with ET535/30m, ET480/40m emission filters and a T505lpxr dichroic 

mirror (Chroma Technology, Bellows Falls, VT, USA). 100 ms exposure time of images 

was taken every 10 seconds for time-lapse imaging measurements. 

Data Analysis.  

The activation curves were obtained by non-linear regression to a Boltzmann 

equation, Y = 1-1/(1+exp((x-V1/2)/k)) where x is membrane potential, V1/2 is the half 

activation potential, and k is the slope factor unless stated otherwise in the text. All 

results are expressed as the mean ± s.e.m. Statistical significance of the results was 

assessed by non-parametric ANOVA (Kruskal-Wallis test) followed by Dunn’s multiple 

comparisons test or Mann-Whitney test. Two-sample comparison was determined by 

Student t-test with Welch's correction. All statistical tests were performed by a computer 

program Prism 6 (GraphPad, La Jolla, CA, USA). P < 0.05 is considered significant. 
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Results  

Inhibition of Kv7 channels by XE991 requires membrane depolarization. 

It has previously been reported that M-current inhibition by XE991 is voltage 

dependent and that under some conditions it does not inhibit the M-current16. We 

alternatively reasoned that these characteristics of XE991 are derived from state-

dependent inhibition rather than voltage-dependent inhibition since the activation 

threshold of Kv7 channel is very close to the resting membrane potential. 

Treatment with channel inhibitors in cultured dish is a common procedure for 

inhibiting ion channel activities. Indeed, previous studies incubated with XE991 to 

suppress the M-current prior to starting experiments20-23. We first confirmed whether 

incubating with XE991 at resting potential is efficacious at suppressing the M-current. 

This was assessed using Kv7.2 channels expressed in Chinese hamster ovary (CHO) 

cells. Kv7.2-transfected cells were first voltage-clamped to measure control Kv7.2 

current. The configuration was then switched to current clamp mode (I = 0 pA) to hold 

cells at resting membrane potential and 10 µM XE991 was applied for 1 minute. After a 

10 second wash, configuration was reverted back to voltage clamp mode and Kv7.2 

current was re-measured. As expected, this procedure did not show significant Kv7.2 

current inhibition (4.65 ± 1.42% inhibition, n = 8, Fig. 2.1A). These results indicate that 

treatment with XE991 to cells at resting membrane potential is not an effective method 

to inhibit Kv7.2 current. 

Voltage-dependence of XE991 inhibition is closely related to activation of Kv7 

channels rather than the membrane potential per se. 
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To further investigate determinants of XE991 potency, we compared the voltage 

range of Kv7.2 homomeric and Kv7.2/3 heteromeric channel activation to XE991-

mediated inhibition. Exposure to 10 µM XE991 for 25 seconds was ineffective when 

cells were held at -70 mV (Fig. 2.1B), while showing nearly complete inhibition when 

XE991 was administered at potentials more positive than -30 mV (Fig. 2.1C). XE991-

mediated inhibition of Kv7.2 or Kv7.2/3 channels showed voltage-dependence 

consistent with a previous report16 (Fig. 2.1D & E). Half-inhibition potentials were -51.6 ± 

0.0 mV for Kv7.2 channels, and -50.7 ± 0.9 mV for Kv7.2/3 channels. When XE991-

mediated inhibition is plotted against relative activation of Kv7.2 and Kv7.2/3 channels 

(Fig. 2.1F), it indicates that XE991 is only effective when cells are held at potentials 

where Kv7 channels are activated more than 1%.  

To further characterize activation-dependent inhibition of XE991, we 

pharmacologically induced a change in the activation voltage of Kv7 channels to more 

hyperpolarized potentials with retigabine and evaluated whether it changed the efficacy 

of XE991 (Fig. 2.2). 10 µM retigabine shifted the half-activation voltage of Kv7.2 to -47.0 

± 0.8, a -24 mV shift from the control (Fig. 2.2B). The half-inhibition potential of XE991 (-

75.2 ± 0.6 mV, n = 5) also shifted -24 mV from the control (Fig. 2.2B). Importantly, 

XE991 inhibited Kv7.2 current at a holding potential of -70 mV in the presence of 

retigabine (Fig. 2.2A), a potential at which XE991 did not inhibit Kv7.2 current in control 

(Fig. 2.1B). Furthermore, activation-inhibition plots show that the close relationship 

between inhibition by XE991 and Kv7.2 activation is maintained in the presence of 

retigabine (Fig. 2.2C).  
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An additional characterization of voltage-dependent inhibition by XE991 was 

assessed in a mutant Kv7.2 channel (R214D), which had a 26 mV right-shift in the 

activation potential compared to WT (half-activation potential 3.4 ± 14.0 mV, Fig. 2.3). 

Accordingly, the rightward shift in the voltage-dependence of activation coincided with 

an equivalent rightward shift (26 mV) in the half-inhibition potential (-26.3 ± 0.27 mV) 

(Fig. 2.3B). Relationships between inhibition by XE991 and channel activation was 

maintained in this condition (Fig. 2.3C). Interestingly, the voltage dependence of Kv7 

channel activation vs. inhibition by XE991 followed a linear function with a slope = 0.97 

± 0.03, when comparing wild-type, retigabine-treated and Kv7.2(R214D) channels (Fig 

2.3D), indicating that voltage-dependence of Kv7.2 channel activation and efficacy of 

XE991 are closely related. 

Kinetics of XE991 interaction with Kv7.2. 

We then tested the effect of membrane potential on the rate of interaction 

between Kv7.2 channel and XE991. To examine this, we measured the time course of 

current inhibition induced by XE991 at various potentials (Fig. 2.4). Cells were held at -

70 mV, a potential where XE991 was ineffective, followed by a 20 second depolarization 

to various test potentials with or without XE991 and then analyzed relative current. 

XE991 inhibited Kv7.2 currents with time constants that decreased with increasing 

depolarization (Fig. 2.4A–C). Since many state-dependent ion channel inhibitors such 

as open channel inhibitors alter gating kinetics24,25, we also measured the activation and 

deactivation kinetics of Kv7.2 channel in the presence of XE991. Neither activation nor 

deactivation time constants of Kv7.2 current were affected by 10 µM XE991 (Figure 2.5) 

as described previously24.  
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Kv7.2 current inhibition mediated by XE991 followed a single exponential decay 

(Fig. 2.4A & B) with some degree of voltage dependence (Fig. 2.4C). Single exponential 

decay suggests a single step reaction for XE991-mediated inhibition, which can be 

summarized as the reaction scheme 

           kon 

   Kv7.2 + XE991 ⇌ Kv7.2:XE991 

           koff 

where kon (M-1s-1) is the second-order association rate constant and koff (s-1) is the first-

order dissociation rate constant. Thus, this reaction can be described as 

t-1 = kon[XE991] +koff     (1) 

using the inhibition time constant (t) and concentration of XE991, [XE991], as 

described26,27. To determine these constants, we measured time course of current 

inhibition for wash-in and washout of XE991 at several concentrations (Fig. 2.4D & E). 

koff was measured directly from the rate of washout from a holding potential of 0 mV 

(Fig. 2.4E), which was extremely slow and apparently limited. kon was determined 

subsequently utilizing above reaction equation. If dissociation of XE991 is indeed limited 

then Kd values cannot be calculated. Therefore, the Kd value observed in a previous 

report28 needs to be amended, both because the slow association kinetics of the 

channel require several minutes to reach steady state at low concentrations and 

dissociation of the compound may be limited (Fig. 2.4D).  

Slow recovery of Kv7 current after washout of XE991 is predominantly due to 

channel trafficking.  
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There are conflicting reports regarding recovery of Kv7 currents from XE991 after 

washout. Some groups considered inhibition by XE991 to be reversible15,29,30, while 

others considered it irreversible23,31. Our washout experiments with XE991 showed no 

difference at the concentrations tested (Fig. 2.4E). To further analyze current recovery 

after washout, we treated CHO cells expressing Kv7.2 channels with 10 µM XE991 at 0 

mV for 25 seconds, and then held cells at holding potentials of either -70 or -30 mV 

during wash to assess the contribution of the activation states of Kv7.2 channels to 

dissociation (Fig. 2.6). Washout experiments revealed that current recovery observed 

during washout was voltage-independent, unlike the voltage-dependence of wash-in 

kinetics. Kv7.2 currents showed 20.2 ± 3.9% and 18.2 ± 2.9% recovery after 10 minute 

washout when held at -70 mV and -30 mV holding potential respectively (Fig. 2.6A & B). 

Control experiments without XE991 showed stable Kv7.2 current in our recording 

condition (Fig. 2.6B) as we reported previously18. Kv7.2 current recovery was best fit 

with a single exponential function (Fig. 2.6B), with recovery time constants of 16.6 ± 12 

minutes (-70 mV, n = 8), and 14.1 ± 0.1 minutes (-30 mV, n = 6) with estimated maximal 

recovery ~35% of control, further suggesting irreversible association of the compound. 

Similar slow and limited recovery after washout was also observed with Kv7.2/3 

heteromeric channels [33.4 ± 5.9% (n = 6) recovery at -70 mV, 37.8 ± 3.8% (n = 6) at -

30 mV after 10 minute wash].  

30% turnover of Kv7.2 channel in 10 minutes is comparable to surface transport 

of Kv7 subunit by constitutive exocytosis in CHO cells that we described previously19. 

To evaluate the contribution of Kv7.2 channel trafficking during washout, exocytosis was 

inhibited by 100 µM Exo1. We first confirmed the effects of 100 µM Exo1 on surface 
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transport of Kv7.2 channel by total internal reflection fluorescence (TIRF) 

measurements using monomeric citrine-tagged Kv7.2 channel, Kv7.2-mCit. TIRF 

selectively illuminates <100 nm from the cover glass, which can be used to monitor 

Kv7.2 surface transport at the bottom surface of cells as we described previously19. To 

assess Exo1 ability to suppress exocytosis, we inhibited constitutive endocytosis by 50 

µg/mL concanavalin A, which induced a gradual increase of TIRF signal of Kv7.2-mCit 

(Fig. 2.6C), reflecting constitutive exocytosis19. 2 minute pretreatment with 100 µM Exo1 

resulted in a 75 ± 5% reduction in concanavalin A-induced increase in TIRF signals of 

Kv7.2-mCit (Fig. 2.6C), confirming that the majority of exocytosis is inhibited in this 

condition. Using this condition, we examined whether Exo1 prevents recovery of Kv7.2 

current after XE991 washout. In the control condition, Kv7.2 current recovered 20.2 ± 

3.5% after 10 washout of XE991. When pretreated with Exo1, recovery was reduced to 

10.7 ± 1.2%, approximately half of control (Fig. 2.6D). We concluded that current 

recovery after washout of XE991 is mostly derived from new Kv7 channels surfaced to 

the plasma membrane rather than dissociation of XE991 from Kv7.2 channel. 

Linopirdine shares common features with XE991.  

Linopirdine is a prototypical M-channel inhibitor that was developed prior to 

XE991 and is considered to be structurally similar to XE9916. Therefore, we examined 

whether linopirdine has similar state-dependent inhibition. As summarized in Fig. 2.7, 30 

µM linopirdine showed voltage-dependent inhibition of Kv7.2 current with a half-

inhibition potential at -55.7 ± 0.4 mV (Fig. 2.7A & B), which is very close to that of 

XE991. Unlike XE991, linopirdine appreciably inhibited Kv7.2 current at -70 mV, 16 ± 

1.8% (n = 6) inhibition with 55-second incubation (Fig. 2.7A–C). Inhibition at -70 mV was 
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further facilitated by 10 µM retigabine to 81.4 ± 3.4% inhibition (n = 6, P < 0.0001). For 

an accurate comparison of linopirdine and XE991 at -70 mV we used the same 25 

second treatment that was used for XE991 in Fig. 2.1C. We confirmed that at -70 mV 30 

µM linopirdine inhibition of Kv7.2 current was significantly larger (8.1 ± 1.9%, P < 0.05, 

n=6) than 10 µM XE991 (-0.8 ± 2.1%, n = 9, Fig. 2.1B), which indicates that linopirdine 

is less strict for its voltage-dependent inhibition.  

The differences from XE991 became apparent in washout experiments. When 

linopirdine-treated CHO cells were washed at a holding potential of -70 mV, Kv7.2 

currents showed 24.2 ± 4% recovery after 10 minutes (n = 6) (Fig. 2.7D & E), 

comparable to that of XE991. However, when cells were held at -30 mV, Kv7.2 currents 

showed almost full recovery after 10 minute wash (93.4 ± 4.2%, n = 5, Fig. 6D & E). 

Similar recovery profile was observed with Kv7.2/3 heteromeric channels (Fig. 2.7F). 

These results suggest that the linopirdine binding site is reversibly accessible when 

Kv7.2 channel is held above the activation potential.  

We then assessed binding kinetics of linopirdine interaction. Following the same 

procedure as with XE991 in Fig. 2.4, we measured the time course of current inhibition 

induced by 30 µM linopirdine at various potentials (Fig. 2.8). Relative current during a 

20 second depolarization step was compared with or without linopirdine and wash-in tau 

was compared between potentials (Fig. 2.8A-C). As with XE991, rate of linopirdine 

inhibition was increased at more depolarized potentials (Fig. 2.8C). In contrast, washout 

experiments indicate that the degree of channel activation facilitates the rate of washout 

for linopirdine as expected from results shown in Fig. 6 (Fig. 2.8D & E, P = 0.014, n = 

5). 
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Quantitative model for XE991 and linopirdine.  

We have demonstrated that inhibition kinetics of XE991 and linopirdine were 

closely related with the activation state of Kv7.2 channel. A common mechanism of 

state-dependent ion channel inhibitors is open channel inhibition. Therefore, we first 

assessed this mechanism. If XE991 and linopirdine interact with the channel at the open 

state then wash-in and washout time constants should show close correlation with 

channel activation. Namely, if inhibitors indeed interact only with open channels, then 

the rate of association at the half-activation potential for Kv7.2 channel (-21 mV, Fig. 

2.9) should be nearly twice that of the rate constant at maximal activation. As equation 1 

predicts, time constants are proportional to the reciprocal of the rate constant. Thus, we 

plotted normalized wash-in time constants to reciprocals of the activation curve (Cha
-1, 

Fig. 2.9B). To our surprise, neither wash-in nor washout time constants overlapped with 

Cha
-1 (Fig. 2.9B & C). Instead, best-fits of relative time constants were close to one-

fourth power of the activation curve (Cha
1/4), which suggests binding interactions are 

related to activation of a single subunit (Fig. 2.9 B & C, orange traces, best-fit powers 

for wash-in were 0.19 ± 0.06 for linopirdine, 0.26 ± 0.03 for XE991, and 0.36 ± 0.006 for 

linopirdine washout). We excluded washout of XE991 from this analysis since it did not 

show voltage-dependence as described above. In order to focus on activation of a 

single subunit in a tetrameric channel, we re-fitted Kv7.2 activation results with the 

fourth power Boltzmann equation:  

         Y = (1+exp((V1/2-x)/k))-4              (2) 
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where x is the membrane potential, V1/2 is the half activation potential of a single 

subunit, and k is the slope factor. Best-fit curve is shown as purple curve in Fig. 2.9A 

(Suba
4), and red curve shows a derived activation curve for a single subunit (Suba). 

Predicted single subunit activation curves were also in good agreement with the 

interaction kinetics of XE991 and linopirdine (Fig. 2.9B & C, red curve). This analysis 

suggests that XE991 and linopirdine bind to an activated subunit rather than open 

channels. Indeed, when relationships between half-inhibition potentials of XE991 and 

half-activation potentials of Kv7.2 channel by retigabine and channel mutant 

Kv7.2(R214D), shown in Fig. 2.3D, were recalculated against half-activation potentials 

of a single subunit, paired V1/2 values were nearly identical (Figure 2.10). 
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Discussion 

It has been previously reported that efficacy of linopirdine and XE991 is voltage-

dependent16. We confirmed similar voltage-dependent inhibition by these inhibitors. On 

the other hand, we also found that altering voltage-dependency of Kv7.2 channels 

changed the half-inhibition potential of these inhibitors. Namely, shifts in half-inhibition 

potential corresponded with equivalent shifts in half-activation voltage by retigabine or 

Kv7.2(R214D), which suggests that such change in efficacy is derived from 

conformational changes of Kv7.2 channel subunits, rather than from voltage differences 

across the plasma membrane. Hence, our results suggest that these inhibitors detect 

state-changes of Kv7 channel subunits.  

The most common class of state-dependent ion channel inhibitor is open channel 

inhibitors. Therefore, we first suspected this mechanism. In fact, transient channel 

activation in the presence of inhibitors, as we demonstrated in Fig. 2.4 & 2.8, is a 

signature profile for open channel inhibition32. However, our interaction kinetics did not 

match with open channel inhibition (Fig. 2.9). Rather, it is well described by binding to a 

single activated subunit (Fig. 2.9B & C).  

If these inhibitors bind a single activated subunit, how many molecules can bind 

to each Kv7 channel? Since Kv channels are composed of four alpha subunits, each 

subunit may bind a single inhibitor molecule. However, our XE991 (Fig. 2.4E) and 

linopirdine (Fig. 2.7E & 2.8D) washout experiments showed a single exponential 

recovery, rather than a hyperbolic recovery reported for multiple inhibitor binding33,34. 

Therefore, our results are consistent with a single molecule binding to each Kv7.2 

channel.  
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Inhibition by binding an activated subunit also explains why these inhibitors have 

a half-inhibition potential for these inhibitors at approximately -50 mV, which is very 

close to the half-activation potential of a single subunit (Fig. 2.9 & 2.10). However, this 

model does not sufficiently explain why XE991 is ineffective at membrane potentials 

below -70 mV or why these two inhibitors have a very steep voltage-dependent efficacy 

around -50 mV (Fig. 2.1D & E). The slope of single subunit activation curve is much 

milder than that of the channel activation curve (Fig. 2.9A). Therefore, if binding to a 

single activated subunit is the only mechanism of inhibition, we should observe Kv7 

current inhibition at potentials as negative as -70 or -80 mV. One possible explanation 

for this mystery is that these inhibitors favor distinct active states. On the other hand, 

single channel recording have demonstrated that linopirdine inhibits both high and low 

conducting states of Kv7.2/3 channels35. Alternatively, since these inhibitors are 

molecules with one-axis symmetry, these inhibitors might have dual functions: one-side 

functions as a binding domain, and the other side functions as an open pore inhibitor. 

However, further structure-function analyses would be required to elucidate this 

mystery. 

Although, results from linopirdine mirror the majority of findings from XE991, we 

did identify differences in interaction characteristics, beyond their potencies. A key 

difference is that inhibition by linopirdine is reversible at depolarized potentials. Notably, 

linopirdine-treated Kv7.2 current could only recover when membrane potential was 

depolarized (Fig. 2.7 & 2.8). This, together with our findings from voltage-dependent 

wash-in kinetics, suggests that linopirdine can reversibly interact with Kv7.2 channel 

only when subunits are at the active conformation, but is trapped within Kv7.2 channels 
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when subunits are in the resting conformation after binding. On the other hand, results 

from our XE991 washout study were puzzling. Unlike linopirdine, we did not observe 

voltage-dependent recovery for this compound. Considering that 1) XE991 has slow 

binding compared to that of linopirdine, which is evident from wash-in experiments (Fig. 

2.4 vs. 2.8) and 2) since XE991 is a much more potent inhibitor than linopirdine, 

dissociation of XE991 would be considerably slower than that of linopirdine. It is likely 

that naïve channel translocation to the cell surface overwhelms slow recovery of Kv7 

channel from XE991 mediated inhibition. However, we cannot rule out the possibility 

that XE991 binding is irreversible.  

A deliberative from this study is that XE991 is often not efficacious for cells in 

physiological conditions, unless they are depolarized. Therefore, when designing 

experiments using these compounds additional manipulation would be necessary for 

effective inhibition by XE991 and linopirdine. For animal experiments, to inhibit Kv7 

channels in silent or scarcely firing neurons, co-administration of XE991 and retigabine 

would be effective even at resting membrane potential. For cultured neurons, holding at 

depolarized potentials while voltage clapped or co-administration of XE991 and 

retigabine or high potassium would effectively inhibit Kv7 current during experiments. In 

the proceeding chapters, the characteristics of XE991 will be important for selectively 

inhibiting rapidly spiking neurons that contribute to ictal activities during seizure without 

increasing excitability in other areas of the cortex. Indeed, activated subunit inhibition 

and slow binding kinetics of these inhibitors may explain why these compounds are well 

tolerated in animals7,8,10,11 without causing lethal seizures, as seen in KCNQ2 gene 

knockout mice12,13. This model of XE991 and linopirdine inhibition would preferentially 
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target highly active neurons, exaggerating their neuronal activities, which may underlie 

the cognitive enhancing action of these compounds.  
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Figure 2.1. XE991 inhibits homomeric Kv7.2 and heteromeric Kv7.2/3 channels 
only in conditions where the channel is activated.  
 
A. Representative current traces showing 10 µM XE991 did not inhibit Kv7.2 current 
when exposed at resting membrane potential. CHO cells were first voltage clamped at -
70 mV, given a test potential of 0 mV for 500 ms, followed by -60 mV for 500 ms, then 
current clamped (I = 0 pA) while perfusing 10 µM XE991 for 60 seconds, and then 
voltage clamped at -70 mV for another step depolarization. B. Voltage protocol and 
representative traces showing exposure to 10 µM XE991 at -70 mV for 25 seconds, 
indicated as black box, was ineffective on Kv7.2 current. Expanded traces show 200 ms 
test potential to 0 mV from indicated time points (1 and 2). C. Voltage protocol and 
representative traces showing 10 µM XE991 completely blocked Kv7.2 current when 
exposed to XE991 at 0 mV for 25 seconds, indicated as black box. Expanded current 
traces also shown. D. Summary graph showing voltage–XE991 inhibition relationships 
and activation curve for Kv7.2 homomeric channels. E. Voltage–XE991 inhibition 
relationships and activation curve for Kv7.2/3 heteromeric channels. F. Results shown 
in panels C and D re-plotted for relative inhibition by XE991 vs. relative activation of 
channels. Inhibition of XE991 is closely correlated with activation of Kv7 channels in a 
semi-log plot (Kv7.2: r = 0.94, Kv7.2/3: r = 0.90). Data shown as average values ± SEM. 
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Figure 2.2. Retigabine sensitized Kv7.2 to XE991 at more negative potentials.  
 
A. Voltage protocol and representative traces showing when cells were pretreated with 
10 µM retigabine, 25 second treatment with 10 µM XE991 (black box) inhibited Kv7.2 
current at a holding potential of -70 mV. B. Voltage–XE991 inhibition relationships and 
activation curve for Kv7.2 channels pretreated with 10 µM retigabine. C. Activation–
XE991 inhibition relationships for Kv7.2 channel from results shown in B. Error bars 
show SEM. 
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Figure 2.3. Kv7.2 mutant (R214D) shifted voltage dependence of activation and 
XE991 inhibition to more positive potentials.  
 
A. Voltage protocol and representative traces showing that 25 second treatment with 10 
µM XE991 (black box) inhibited WT Kv7.2 current at a holding potential of -40 mV while 
Kv7.2(R214D) mutant channel had minimal inhibition at same holding potential B. 
Voltage–XE991 inhibition relationships and activation curve for Kv7.2(R214D) channels. 
C. Activation–XE991 inhibition relationships for Kv7.2(R214D) channel from results 
shown in B. D. Pooled results for V1/2 inhibition and V1/2 activation potentials of Kv7.2, 
retigabine treated Kv7.2 and Kv7.2(R214D) channel. Slope of regression line is also 
shown. Error bars show SEM. 
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Figure 2.4. XE991 interaction kinetics with Kv7.2 channels and relationships to 
membrane potential.  
 
A. Voltage protocol and representative Kv7.2 current traces from 20 second test 
potential to -40 mV during absence, XE(–), and presence, XE(+), of 10 µM XE991 (red 
box). Note that in the presence of XE991, the initial activation phase of Kv7.2 current is 
unaffected. Relative Kv7.2 current ratio of XE(+)/XE(–) showing that current inhibition 
followed a single exponential decay (lower graph, red line) with the indicated time 
constant. B. Same as A with voltage step to 0 mV. C. Inhibition time constants of Kv7.2 
current from wash-in experiments at indicated holding potentials measured as shown in 
A and B. ** <0.01, non-parametric ANOVA (Kruskal-Wallis test) followed by Mann–
Whitney test, n = 6. D. Kv7.2 current inhibition time courses at lower doses of XE991 as 
indicated. XE991 was applied at T = 0. Cells were held at 0 mV and current was 
measured by 500 ms repolarizing potentials to -60 mV in 20 second intervals, n = 5-6. 
E. Current recovery by washout from indicated XE991 concentrations using same 
voltage protocol as in D. T = 0 indicates start of washout, n = 5-6. Error bars show SEM. 
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Figure 2.5. XE991 does not interfere with Kv7.2 channel kinetics.  
 
A. Representative paired traces for activation of Kv7.2 current with a step depolarization 
to 0 mV for 1 s, subsequent depolarization from same cell was measured in presence of 
10 µM XE991. B. Representative paired traces for tail currents of Kv7.2 current from a 1 
s step repolarization from 0 mV to -50 mV for 1 s, without and subsequently with 10 µM 
XE991. C. Pooled results for activation tau from single exponential line of best fit before 
and after XE991. D. Pooled results for deactivation tau from single exponential line of 
best fit before and after XE991 treatment. No significant difference. Red line represents 
best-fit single exponential function. Error bars show SEM. 
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Figure 2.6. Kv7.2 current recovery from XE991 washout is extremely slow.  
 
A. Representative Kv7.2 current traces showing control, 10 µM XE991 inhibited, and 
after 10 minute washout at indicated holding potentials. For washout at -30 mV, current 
was measured by 1-second test potential to -60 mV from a holding potential of -30 mV. 
For washout at -70 mV, cells were depolarized to 0 mV for 200 ms from a holding 
potential of -70 mV. B. Summary showing slow and limited recovery of Kv7.2 current 
after washout in cells held at -30 mV or -70 mV. C. TIRF experiments showing 100 µM 
Exo1 suppressed constitutive exocytosis of mCit tagged Kv7.2 (KCNQ2-mCit) by 50 
µg/mL concanavalin A (black box) applied at t = 2 minutes. D. 100 µM Exo1 suppressed 
recovery of Kv7.2 current from XE991 during 10-minute wash at a holding potential of -
70 mV. * < 0.05 Student's t-test with Welch's correction, n = 8. Data shown as average 
values ± SEM. 
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Figure 2.7. Linopirdine replicated most effects from XE991 inhibition.  
 
A. Voltage protocol and representative Kv7.2 current traces showing voltage-dependent 
inhibition of 30 µM linopirdine (black box). Right traces show expanded currents from 
indicated time points 1 and 2. B. Pooled results for voltage-inhibition relationships of 
linopirdine and activation curve for Kv7.2 channels as measured in A. C. Results shown 
in B re-plotted as relative activation against relative inhibition of Kv7.2 by linopirdine. 
Results of Kv7.2/3 are also included. D. Representative current traces showing Kv7.2 
current recovery after washout of 30 µM linopirdine from cells held at -30 mV or -70 mV. 
For -30 mV holding potential during washout, Kv7.2 currents were monitored by 1-
second step hyperpolarizations to -60 mV. For -70 mV holding potential, cells received a 
200-ms step depolarization to 0 mV. E. Summary showing almost full recovery of Kv7.2 
current when cells were washed at -30 mV, while showing slow and limited recovery at -
70 mV. F. Similar full recovery was observed with Kv7.2/3 heteromeric channels. Error 
bars show SEM. 
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Figure 2.8. Linopirdine interaction kinetics with Kv7.2 channels in relation to 
membrane potential.  
 
A. Voltage protocol and representative Kv7.2 current traces with a test potential to -40 
mV during absence, Lin(–), and presence, Lin(+), of 30 µM linopirdine (red box). 
Relative Kv7.2 current ratio Lin(+)/Lin(–) showing that current inhibition followed a single 
exponential decay with the indicated time constant (bottom graph, red line). B. Same as 
A with a test potential to 0 mV. C. Inhibition time constants of wash-in from Kv7.2 
current measured as shown in A and B. Like with XE991, time constants decreased with 
depolarizing potentials. ** <0.01, non-parametric ANOVA (Kruskal-Wallis test) followed 
by Mann–Whitney test, n = 5. D. Current recovery during washout after steady-state 
inhibition with 30 µM linopirdine at indicated holding potentials. T = 0 indicates 
beginning of washout. Current was determined from 500 ms repolarizing potentials to -
60 mV at 20 second intervals from indicated holding potentials. E. Current recovery time 
constants from experiments in D. ** <0.01, non-parametric ANOVA (Kruskal-Wallis test) 
followed by Mann–Whitney test, n = 5. Error bars show SEM. 
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Figure 2.9. XE991 and linopirdine interaction with Kv7.2 relates with activation of 
single subunit.  
 
A. Activation curve for Kv7.2 channel (blue curve, Cha), and one-quarter power of its 
Boltzmann function (orange curve, Cha

1/4). Activation curve for a single subunit (red 
curve, Suba) and its fourth power function (Suba

4) are also shown (see text for details). 
B. Relative inhibition time constants calculated from Fig. 4C (XE991, open circle) and 
Fig. 7C (linopirdine, orange circle) normalized to those from 0 mV plotted as a function 
of voltage. The reciprocal of the activation curves of Cha, Cha

1/4 and Suba shown in 
panel A are also shown. C. Relative recovery time constants calculated from 
experiments shown in Fig. 4 & 5B (XE991, open triangle) and Fig. 6E & 7E (linopirdine, 
orange triangle), overlaid with the reciprocal of the activation curves of Cha, Cha

 1/4 and 
Suba. Error bars show SEM. 
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Figure 2.10. Relationships between V1/2 of XE991 efficacy and single subunit 
activation.  
 
Pooled results from Fig. 3D reevaluated for single subunit activation. V1/2 of subunit 
activation showed almost complete match to that of XE efficacy in al three conditions. 
Best-fit linear regression equation is shown. Error bars show SEM. 
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Chapter Three 

 

M-current preservation contributes to anticonvulsant effects of 

valproic acid 

 

Introduction 

Valproic acid (VPA) is used to treat epilepsy and bipolar disorder1. VPA is known 

to have multiple pharmacological actions such as prolongation of sodium channel 

inactivation2, elevation of GABA content in the brain3 and inhibition of HDAC activity4. 

However, underlying mechanisms for the anticonvulsant effect of VPA are still unclear. 

The M-current is a low threshold non-inactivating voltage-gated potassium 

current widely expressed throughout the cortex5,6. Additionally, a recent study 

demonstrated that the Kv7.2/KCNQ2 is the dominant subunit in pyramidal neurons in 

the hippocampus7, a focal point in temporal lobe epilepsy (TLE)8,9. Various 

neurotransmitters that activate Gq-coupled receptors, suppress the M-current and 

induce neuronal hyperexcitability. Accordingly, loss-of-function mutations in KCNQ 

genes are known to cause epilepsy and encephalopathy5,10, and M-channel openers are 

used to treat epilepsy11,12.  

Intensive studies have been conducted to elucidate the molecular pathway 

mediating M-current suppression induced by neurotransmitters, especially by the 

muscarinic action of acetylcholine5,6,13,14. These studies revealed that multiple signaling 

pathways converge at the M-channel complex14-17, further detailed in chapter 1. Specific 
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to this chapter is the mechanism mediated by PKC phosphorylation of KCNQ2 subunit, 

which reduces PIP2 efficacy. Upon activation of m1 muscarinic receptor, PKC bound to 

the KCNQ2 subunit via A-kinase anchoring protein (AKAP79/150) phosphorylates the 

KCNQ2 subunit. Phosphorylation of KCNQ2 dissociates calmodulin, destabilizing 

KCNQ2-PIP2 interaction and leads to the shut down of M-channel activity17.  

AKAP79/150 (human AKAP79/rodent AKAP150) is a critical signaling scaffold 

protein for the M-channel, which tethers several signaling enzymes, facilitating local 

signaling events. AKAP79/150 is known to be important not only for the M-channel but 

also for glutamate receptors as well as other ion channels16,19,20. AKAP150 (Akap5) 

gene knock-out mice show impaired learning and resistance to pilocarpine-induced 

seizures21. In addition, recent studies have shown that palmitoylation of AKAP79/150 

plays essential roles in cellular signaling22,23. Palmitoylation is a reversible post-

translational modification, which predominantly adds palmitic acid to selective cysteine 

residues24. Palmitoylation is required for neural plasticity as it targets relevant proteins 

to lipid rafts, which often creates signaling hot spots25. Furthermore, changes in 

neuronal activities induce de-palmitoylation23,26. Therefore, palmitoylation is gaining 

greater attention due to its dynamic regulation during signaling events.  

We demonstrate that VPA treatment disrupted muscarinic acetylcholine receptor-

induced M-current suppression, preventing receptor-induced hyperexcitability in 

neurons. Consistently, pharmacological blockade of M-current with XE991 diminished 

the anticonvulsant effect of VPA, but not that of diazepam. We show that retigabine, an 

M-channel opener, had anticonvulsant effect only when administered before induction of 

seizure in control mice. However, in VPA treated mice, anticonvulsant effect of 
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retigabine was maintained even when administered after seizure induction. We 

determined that disruption of receptor-induced M-current suppression was caused by 

reduced palmitoylation of AKAP79/150 by VPA treatment. These findings suggest that 

M-current suppression plays a role in the pathology of seizures and that disruption of M-

current suppression is an integral part of the anticonvulsant mechanism of non-acute 

VPA treatment. 
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Experimental Procedures 

Antibodies.  

Antibodies used for quantitative immunoblots were as follows: Anti-V5 epitope 

monoclonal antibody (Catalog R960; Life technologies), anti-flag M2 antibody, HA 

monoclonal antibody, HA rabbit polyclonal antibody (Catalogs F3165, H3663, H6908, 

respectively; Sigma-Aldrich), PSD-95 (Catalog 041066; Millipore), flotillin-1, fyn, GRIP1, 

EAAT2 (Catalogs 041066, 610821, 611318, 611654, respectively; BD Transduction 

Laboratories), c-FOS (Catalog PC38; Calbiochem), mouse monoclonal AKAP150 

(Catlog sc-377055; Santa Cruz Biotechnology) and Cy3 labeled goat anti-rabbit 

secondary antibody (Catalog AP187C; Millipore). Rabbit polyclonal antibody for 

AKAP150 is a gift from Dr. John D. Scott (University of Washington, lot VO88) and has 

been described16,20,21,27. 

Expression plasmids.  

The following expression plasmids used in this study have been described: 

KCNQ2 and its mutants16,17, AKAP79 and AKAP15020, PKCβII(∆1-32)-V528 and 

cytCKAR28,29. The plasmid for CFP-PH was obtained from Dr. Tobias Meyer (Stanford 

University) via addgene. HA-m1 muscarinic acetylcholine receptor was obtained from 

Missouri S&T cDNA resource center. A myristoylation consensus sequence 

(MGQSLTT)30 was added to the N terminus of AKAP150 by PCR to generate Myr-

AKAP79(C36S/C129C) and Myr-AKAP150(C36S/C123S). All PCR derived constructs 

were verified by sequencing. 

Cell culture and VPA pretreatment.  
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HEK293A (Life Technologies) cells were grown in Dulbecco’s modified Eagle 

medium with 10% fetal bovine serum. CHO hm116 cells were grown in alpha modified 

Eagle medium with 5% fetal bovine serum and 500 µg/ml G418 sulfate. SCG neurons 

were isolated from 14 to 19 day-old rats and cultured as described previously16,17,20. Rat 

neonatal hippocampal culture was prepared as described20. VPA solution was prepared 

daily from powder and was added to the medium at 500 µM unless indicated otherwise. 

A half volume of cultured medium was exchanged daily with freshly prepared VPA, 

vigabatrin or phenytoin containing media, and maintained for 3 to 4 days before 

recordings. For CHO hm1 cells, overnight incubation was sufficient to see VPA effects. 

Immunoprecipitation.  

HEK293A cells cultured in 10 cm dishes were transiently transfected with LT1 

transfection reagent (Mirus) with various expression plasmids. Cells were harvested 48 

h after transfection and lysed in 500 µl HSE buffer (150 mM NaCl, 5 mM EDTA, 5 mM 

EGTA, 20 mM HEPES (pH 7.4), 1% Triton X-100 and complete protease inhibitor 

cocktail (Roche)). Supernatants were incubated with anti-flag antibody conjugated resin 

or antibody and protein G conjugated resin. Following overnight incubation at 4ºC, 

immunoprecipitates were washed in HSE buffer. Bound proteins were analyzed by 

SDS-PAGE and immunoblotting. 

Electrophysiological measurements and live cell imaging.  

Patch clamp recordings were performed at room temperature on isolated cells 

using an Axopatch 200B patch-clamp amplifier (Molecular Devices). Signals were 

sampled at 2 kHz, filtered at 1 kHz, and acquired using pClamp software (version 7, 

Molecular Devices). Whole-cell patch clamp technique was used for KCNQ2 current 
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recording17. Cells were perfused with a solution containing 144 mM NaCl, 5 mM KCl, 2 

mM CaCl2, 0.5 mM MgCl2, 10 mM glucose, and 10 mM HEPES (pH7.4). Patch pipettes 

(2-4 MΩ) were filled with intracellular solution containing 135 mM potassium aspartate, 

2 mM MgCl2, 3 mM EGTA, 1 mM CaCl2, 4 mM ATP, 0.1 mM GTP, and 10 mM, HEPES 

(pH 7.2). KCNQ2 channels were activated from a holding potential of –70 mV by two-

step test pulses to 0 mV followed by –60 mV with 500 ms duration for each step. 

KCNQ2 currents were measured at the end of the 0 mV step. For retigabine 

experiments, cells were held at –100 mV, jumped to –20 mV and then to –60 mV. For 

M-current in SCG as well as hippocampal neurons, perforated patch with amphotericin 

B was used as described16,20. Amplitudes of the M-currents were measured as 

deactivating currents during 500-ms test pulses to –60 mV from a holding potential of –

30 mV. For current clamp experiments, membrane potentials were adjusted to –70 mV. 

During application of 20 µM XE991, cells were held at –30 mV for 1 min, then returned 

to –70 mV. Live cell imaging was performed as described previously17. Three filter 

methods were used to measure FRET between KCNQ2 and calmodulin as described17. 

PKC activity measurement using cytCKAR was conducted as described28. 

Palmitoylation assay.  

ABE assay was performed following the protocol described by Wan et al.31 with 

minor modifications. Briefly, cell and brain lysate were prepared in the presence of 10 

mM N-ethylmaleimide (NEM) followed by denaturation with chloroform/methanol 

precipitation. Treated samples were further incubated overnight with 10 mM NEM. After 

extensive wash by chloroform/methanol precipitation, samples were subjected to 

hydroxylamine treatment. After each chloroform/methanol precipitation, protein pellets 
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were solubilized in aqueous buffers by sonication. After wash, HPDP-biotin (Pierce) was 

used for sulfhydryl biotinylation. Biotin exchanged samples were used for 

immunoprecipitation by mouse anti-AKAP150 antibody or affinity purification by 

NeutrAvidin resin (Pierce). Purified proteins were eluted by boiling in non-reducing SDS-

PAGE loading buffer for detection with HRP-conjugated neutravidin, or with dithiothreitol 

for detection with antibodies. 

Kainate-induced seizure.  

For in vivo administration of VPA, adult C57BL/6 mice of both sexes (3-5 months 

old, Jackson lab) were administered (i.p.) either freshly prepared sodium valproate (250 

mg/kg, VPA) or physiological saline solution twice daily for 4 days unless stated 

otherwise. For kainate-induced seizure experiments, 30 mg/kg kainate (s.c.) was 

injected 6 hours after the last VPA administration. One hour after kainate administration, 

mice were injected either with 2 mg/kg XE991 (i.p.) in Dulbecco’s phosphate-buffered 

saline (DPBS), or DPBS alone. Mice were video-taped for the subsequent 4 hours after 

kainate injection, and behavior was scored by treatment-blind observers every 10 min 

according to a modified Racine scale with the following criteria: 1) immobility; 2) rigidity; 

3) automatisms with scratching, head bobbing and circling; 4) intermittent rearing and 

falling; 5) continuous rearing and falling; 6) tonic-clonic whole body convulsions and 

rapid jumping. Animals that died during the experiments were assigned stage 6 

thereafter. 

c-FOS immunohistochemistry.  

1 h after injection of kainate (30 mg/kg), mice were deeply anesthetized with 

isoflurane and perfused with 4% paraformaldehyde in PBS (pH 7.4). Brains were then 
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removed and post-fixed in 4% paraformaldehyde in PBS (pH 7.4) overnight at 4˚C. 

Brains were sectioned into coronal slices (30 µm) using a vibratome (Leica, VT-1200). 

Free-floating sections were washed with PBS in 24-well dishes and then incubated with 

PBS containing 0.3% hydrogen peroxide and 10% methanol for 10 min. After 3 washes 

with PBS, sections were incubated with a blocking buffer containing 0.5% Triton X-100 

and 1% normal goat serum in PBS. Sections were then incubated with primary antibody 

mixture containing rabbit-anti c-FOS antibody (1:1000 dilution) in the blocking solution 

for 48 h at 4˚C. After 2 washes with PBS followed by 2 washes with Tris-buffered saline 

(TBS), sections were incubated with Cy3-conjugated anti-rabbit secondary antibody in 

TBS containing 0.5% Triton X-100 and 1% normal goat serum for 2 h at room 

temperature. After wash, sections were mounted onto glass slides using 

VECTASHIELD with DAPI (Vector Laboratories). Immunofluorescent images were 

acquired using a fluorescent light microscope (Leica, DM4000B) equipped with a CCD 

camera (Optronics MicroFire, OPTMIF). Areas around the dentate gyrus, CA1 and CA3 

were selected and the average fluorescence intensity within each corresponding region 

of interest from DAPI and c-FOS staining images was quantified by observers blind to 

treatments using MetaMorph (Molecular devices). Nucleus-free regions in the stratum 

oriens were used as a background for DAPI and c-FOS staining. 

Data analysis.  

Data are presented as mean + SEM. Statistical analyses were performed using 

GraphPad Prism. For comparing two groups, either unpaired or paired t tests were used 

with Welch’s correction. For experiments with more than three groups, one-way ANOVA 

or Kruskal-Wallis test were used as follows. If variances were the same among groups, 
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as evaluated by Bartlett’s test and Brown–Forsythe test, one-way ANOVA followed by 

Dunnett’s multiple comparisons test was used. If variances were different among 

samples, Kruskal-Wallis test followed by Dunn’s multiple comparisons test was used. 

When same cells received multiple treatments, repeated-measures one-way ANOVA 

followed by Turkey’s multiple comparisons test was used. P values of less than 0.05 

were considered significant. 

Study approval. All animal experiments are approved by the Institutional Animal Care 

and Use Committee at the University of California, Irvine. 
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Results 

Valproic acid prevents muscarinic agonist induced neuronal hyperexcitability by 

disrupting M-current suppression.  

VPA has been used to treat epilepsy and bipolar disorder for several decades32. 

Accumulating genomic analyses indicate that these two neurological disorders are also 

linked with KCNQ gene mutations5,33. The similarity between the two motivated us to 

investigate whether VPA affects M-channel regulation.  

Rat superior cervical ganglion (SCG) neurons were used in the initial assessment 

of VPA effects on the M-current since M-current regulation has been extensively 

characterized in this neuronal type, and neurons in the central nervous system are 

known to use the same regulatory mechanism6,34. SCG neurons were pretreated with 

500 µM VPA for three days and M-current response to a muscarinic agonist, 0.1 µM 

oxotremorine-M (oxo-M) was measured. VPA treated neurons showed reduced 

muscarinic suppression of the M-current (Figure 3.1A). In contrast, pretreatment with a 

structurally similar short-chain fatty acid, valeric acid (500 µM), did not affect muscarinic 

suppression of the M-current (Figure 3.1B). In addition, other anti-epileptic compounds, 

100 µM vigabatrin or 100 µM phenytoin did not change muscarinic suppression of the 

M-current (Figure 3.1B).  

We next tested whether VPA also affects M-current mediated neuronal 

excitability in central neurons using hippocampal neurons. Cultured rat hippocampal 

neurons were pretreated with 500 µM VPA or 500 µM valeric acid for three days. 

Current clamp recording was used to measure neuronal excitability of these neurons. In 

control non-treated neurons, 50-pA current injections for 500 ms evoked action potential 
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firing (Figure 3.1C top row). Application of 1 µM oxo-M increased neuronal firing in 

control hippocampal neurons (Figure 3.1C). This oxo-M-induced hyperexcitability was 

apparent below 150 pA current injections in our conditions (Figure 3.1D). Similar 

hyperexcitability could be reproduced by the application of an M-channel inhibitor, 

XE991 (Figure 3.1, C and F).  

In VPA treated neurons, we observed normal input-excitation relationships in the 

quiescent condition (Figure 3.1, C and E). However, oxo-M application did not increase 

neuronal excitability, as would be expected from attenuated muscarinic M-current 

suppression (Figure 3.1, C and E). The application of XE991 to VPA treated neurons 

induced hyperexcitation similar to that in VPA untreated neurons (Figure 3.1, C and F). 

On the other hand, valeric acid treated neurons did not show any difference from non-

treated hippocampal neurons in basal excitability, oxo-M induced or XE991-induced 

hyperexcitability (Figure 3.1F). These results suggest that VPA treatment disrupted 

muscarinic suppression of the M-current and prevented receptor-induced 

hyperexcitability. 

Preserved M-current contributes to anticonvulsant effects of VPA.  

To test whether disruption of M-current suppression contributes to anticonvulsant 

effects of VPA, we evaluated the anticonvulsant effect of VPA in kainate-induced 

seizure model. In wild-type C57BL/6 mice, 30 mg/kg kainate induced seizures, which 

usually lead to generalized convulsions (stage 6, Figure 3.2, A and B) and often to 

mortality (7/9 mice). VPA treatment (250 mg/kg x 2/day x 3.5 days) diminished the 

severity to stage 3 (Figure 3.2, A and B) and prevented mortality (0/7 mice, P = 0.0032. 

Fisher’s exact test).  
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Our in vitro experiments suggest that VPA counteracts receptor-induced M-

current suppression. Therefore, we reasoned that XE991, an activated-subunit inhibitor 

of the M-channel, should diminish anticonvulsant effects of VPA. XE991 is a unique 

channel blocker that does not effectively inhibit the M-channel at membrane potentials 

below –65 mV, which is close to the resting membrane potential of neurons. Hence, it 

should have minimal effect on neurons showing sparse firing. Indeed, administration of 

XE991 (2 mg/kg) did not affect basic motor behaviors in mice (data not shown). 

However, this dose of XE991 transiently exacerbated kainate-induced seizure in VPA 

treated mice reaching stage 5 seizures (Figure 3.2C).  In contrast, 2 mg/kg XE991 did 

not affect either the anticonvulsant effect of diazepam (Figure 3.2D) or stage 3 seizures 

in VPA non-treated mice induced by reduced kainate (25 mg/kg, Figure 3.2E). These 

results suggest that VPA shows anticonvulsant effect through preservation of the M-

current. Inversely, since control kainate-induced seizures and diazepam treated 

seizures were not affected by XE991, these results also suggest that M-current is 

suppressed during seizures.  

One caveat of above experiments is a possibility that observed effects of XE991 

were derived from off-target inhibition of other potassium channels such as Kv4 

channels that are partially inhibited by XE991 at high concentrations36. To specifically 

test whether M-current is involved in seizure pathology and VPA action, we performed a 

second set of experiments using retigabine as a probe, which does not affect Kv4 

channels37. Retigabine is a recently approved anti-epileptic drug that opens the M-

channel by shifting activation voltage close to the resting membrane potential37. 

Additionally, retigabine has been demonstrated to be ineffective at opening M-channels 
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under receptor-induced suppression37. We first tested whether VPA treatment 

modulates the pharmacological action of retigabine in vitro using transiently expressed 

KCNQ2 channels in Chinese hamster ovary cells stably expressing human m1 

muscarinic receptor, CHO hm1 cells38. Homomeric KCNQ2 current was augmented by 

5 µM retigabine when applied alone, but when applied together with 10 µM oxo-M, 

KCNQ2 current was decreased as reported37 (Figure 3.3, A and B). In contrast, in 500 

µM VPA treated CHO hm1 cells, KCNQ2 currents showed augmentation by retigabine 

even in the presence of 10 µM oxo-M (Figure 3.3, A and B). Similar results were 

obtained from KCNQ2/3 heteromeric channels (Figure 3.3C), which are considered to 

be a common form of the endogenous M-channels. Retigabine application augmented 

KCNQ2/3 current. However, the current amplitude was reduced when applied together 

with oxo-M. Notably, KCNQ2/3 currents from VPA treated cells showed augmentation 

by retigabine even in the presence of oxo-M. These results were consistent with our 

observation that VPA treatment preserves KCNQ current when m1 muscarinic receptor 

is activated. We then examined anticonvulsant effects of retigabine in kainate-induced 

seizures in mice. When retigabine was administered 5 min before application of kainate, 

it showed anticonvulsant effect on kainate-induced seizures as expected (Figure 3.3D). 

However, it did not show any anticonvulsant effect when applied 20 min after kainate 

injection (Figure 3.3D), which suggests retigabine-sensitive M-channels are reduced 

after induction of seizures.  

To test whether VPA modulates retigabine efficacy, we used an increased 

kainate dose (35 mg/kg), which induced stage 6 seizures in VPA-treated mice (5/6 

mice) (Figure 3.3E). Retigabine administration 5 min before kainate injection reduced 
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seizure severity similarly as observed in VPA non-treated mice. Importantly, retigabine 

administration 20 min after kainate also reduced severity of seizures in VPA treated 

mice (Figure 3.3E). These results further support that the anticonvulsant effect of VPA 

involves preservation of M-current during seizures. 

Pharmacological modulation of behavioral seizure severity in the above 

experiments may merely reflect changes at the motor cortex without altering 

generalized seizure activity in other brain regions. Therefore, we evaluated 

accumulative neural hyperactivity in the brain during kainate-induced seizures by 

quantifying c-fos expression in the hippocampus, a primary target brain region for 

administered kainate39. We observed strong expression of c-FOS in the CA1 region and 

the dentate gyrus of the hippocampus 60 min after kainate injection, which would 

correspond to neuronal activity during status epilepticus in control mice as reported 

previously  (Figure 3.4)40,41. Kainate-induced c-FOS expression was reduced in VPA 

treated mice. However, when XE991 was administered to VPA treated mice, c-FOS 

expression showed equivalent induction as compared to control (Figure 3.4). These 

results suggest that neuronal activity in the hippocampus correlates with behavioral 

seizures in our experimental conditions. 

VPA interfered with the PKC mediated pathway of muscarinic suppression of 

KCNQ2 current.  

Since VPA effects could be reconstituted in CHO hm1 cells expressing 

homomeric KCNQ2 channels (Figure 3.3, A and B), we used this heterologous 

expression system to further characterize the molecular process that is disrupted by 

VPA treatment. Overnight treatment with 500 µM VPA reduced muscarinic suppression 
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of KCNQ2 current (Figure 3.5A) similar to the effects observed in SCG neurons. Dose 

response experiments showed that VPA disrupted muscarinic suppression of KCNQ2 

current with EC50 of 213 + 9 µM (n = 7) (Figure 3.5B). Importantly, short exposure (5 

min) to 500 µM VPA did not alter muscarinic suppression of KCNQ2 current (Figure 

3.5C). In addition, pretreatment with lithium chloride (1 mM) or HDAC inhibitors (1 mM 

sodium butyrate or 2 µM SAHA) did not affect muscarinic suppression of the KCNQ2 

current [relative currents with oxo-M were, 26.3 + 4.6% control (Figure 3.5C, n = 8), 

23.5 + 5.6% lithium (n = 6), 33.9 + 2.7% SAHA (n = 9), 27.0 + 5.8% butyrate (n = 9), P > 

0.05, respectively].  

We have previously demonstrated that PKC mediated KCNQ2 subunit 

phosphorylation of serine 541 is important for suppression of the M-current17. Therefore, 

we tested a mutant channel that lacks the phosphorylation acceptor residue, an alanine 

substitution of serine 541 in the KCNQ2 subunit, KCNQ2(S541A). As we reported 

previously17, KCNQ2(S541A) exhibited smaller responses to oxo-M compared to the 

wild-type KCNQ2 current (Figure 3.5C). Importantly, VPA treatment did not further 

modify oxo-M responses of KCNQ2(S541A) current (Figure 3.5C), which suggests that 

the KCNQ2(S541A) mutation occluded VPA effects.  

Since PKC mediated phosphorylation of KCNQ2(S541) triggers calmodulin 

(CaM) dissociation from KCNQ2 channel17, we measured KCNQ2-CaM dissociation by 

total internal reflection fluorescence FRET analysis (TIRF-FRET) using KCNQ2-

mCitrine (KCNQ2-mCit) and calmodulin-mCerulean (CaM-mCer). Basal FRET efficiency 

showed positive FRET signals between KCNQ2-mCit and CaM-mCer, indicating 

association of these proteins as we previously reported17. These basal FRET 
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efficiencies were not altered by VPA treatment [0.18 + 0.02 (n = 28) for VPA non-treated 

cells, 0.16 + 0.01 (n = 34) for VPA treated cells, P = 0.327, t test]. Application of oxo-M 

reduced FRET signal in control cells, which corresponds to dissociation of CaM as 

described17 (Figure 3.5D). However, VPA treatment abolished oxo-M induced decrease 

in FRET efficiency (Figure 3.5D). These results support the hypothesis that VPA 

treatment disrupts PKC dependent KCNQ2 regulation.  

Next we asked whether this effect was due to the general inhibition of PKC 

activation or focal inhibition within the KCNQ2 channel complex. To address this 

question, we measured oxo-M induced cellular PKC activity using a cytosolic version of 

FRET based PKC kinase activity reporter, cytCKAR29. Cellular PKC activity induced by 

muscarinic agonist was not altered by VPA treatment (Figure 3.5E), suggesting that 

interference of PKC signaling occurred only within the KCNQ2 channel complex. 

Another key pathway of muscarinic suppression of the M-current is through PIP2 

depletion. Therefore, we examined whether VPA treatment altered PIP2 depletion after 

muscarinic stimulation using CFP-PH, a CFP fusion protein with the PH domain of 

PLCδ42. In control CHO hm1 cells, PIP2 depletion, triggered by 3 µM oxo-M, induced 

translocation of CFP-PH into the cytoplasm (Figure 3.5F). VPA treatment did not evoke 

any changes in oxo-M induced translocation of CFP-PH (Figure 3.5F). These results 

suggest that VPA selectively disrupted local PKC mediated phosphorylation of the 

KCNQ2 channel without interfering with global PKC activation or phosphatidylinositol 

turnover. 

VPA inhibited palmitoylation of AKAP150 and other neuronal proteins.  



95	

	

AKAP79/150 anchors PKC to the KCNQ2 subunit and is critical for PKC 

mediated KCNQ2(S541) phosphorylation16,20. Therefore, we next focused on 

AKAP79/150 dependent mechanisms. We first suspected that VPA decreased 

AKAP150 expression since similar disruption of PKC mediated KCNQ2 phosphorylation 

was observed in AKAP150 deficient cells20,21. However, VPA treatment did not change 

AKAP150 protein expression or protein interaction profiles of AKAP150 binding proteins 

(Figure 3.6).  

Accumulating evidence suggests that palmitoylation of AKAP150 is important for 

AKAP150 mediated signaling22,23. Therefore, we measured palmitoylation of AKAP150 

by acyl-biotin exchange (ABE) analyses31 in cultured hippocampal neurons. This 

technique uses hydroxylamine (NH2OH) treatment to cleave palmitic acid from 

palmitoylated cysteine residues, followed by biotin labeling of newly exposed cysteine 

thiols. Therefore, biotin labeling of hydroxylamine treated samples indicates specific 

detection of palmitoylation. We observed that 1 mM VPA treatment reduced 

palmitoylation of AKAP150 (Figure 3.7A, P = 0.038, n = 3, paired t test). Interestingly, 

VPA treatment did not drastically alter the overall palmitoylation patterns in hippocampal 

neuron lysates (Figure 3.7B), suggesting some degree of selectivity for VPA sensitive 

palmitoylation. 

We next examined the effects of in vivo administration of VPA on AKAP150 

palmitoylation. After administering VPA (i.p., 250 mg/kg/day x 3.5 days) to mice, 

cerebrums were collected and used for ABE analyses combined with immunoblots. 

Consistent with our results from cultured neurons, VPA treatment reduced 

palmitoylation of AKAP150 (Figure 3.7C). We also found that VPA suppressed 



96	

	

palmitoylation of PSD95, Flotillin-1, Fyn and GRIP, but not EAAT2, confirming some 

degree of selectivity for VPA sensitive palmitoylation (Figure 3.7C). 

Palmitoylation of AKAP150 is required for muscarinic regulation of the M-current.  

 One remaining question was whether palmitoylation of AKAP79/150 is involved 

in muscarinic suppression of the M-current. We addressed this question by using 

AKAP150 silenced SCG neurons. Endogenous AKAP150 was silenced in rat SCG 

neurons using a silencing plasmid, pSAKAP150i20. In these AKAP150 silenced neurons, 

various versions of the human orthologue, AKAP79, which are resistant to rat AKAP150 

RNAi, were expressed to examine whether they can restore AKAP79/150 signaling. 

AKAP150 silenced SCG neurons showed attenuated muscarinic responses as we 

reported previously20 (Figure 3.8). The muscarinic response was rescued by expression 

of wild-type AKAP79, as expected (Figure 3.8). Two cysteine residues in AKAP79, C36 

and C129, have been identified as the palmitoylation sites22,23. Expression of the double 

serine-substituted mutant for the palmitoylation sites, AKAP79(C36S/C129S), could not 

restore the oxo-M response of KCNQ2 current (Figure 3.8, A and B).  

It has been shown that myristoylation can mimic constitutive palmitoylation30. 

Therefore, a myristoylation consensus site was added to the N-terminus of 

AKAP79(C36S/C129S), Myr-AKAP79(C36S/C129S). Expression of Myr-

AKAP79(C36S/C129S) restored muscarinic suppression of the M-current (Figure 3.8B). 

These results confirmed that palmitoylation of AKAP150 is critical for AKAP150 

mediated regulation of KCNQ2 channel. 

AKAP150 mutants carrying a myristoylation site were resistant to VPA treatment.  
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 Since distinct enzymes regulate myristoylation and palmitoylation, we wondered 

if the myristoylated AKAP150-restored M-channel pathway becomes resistant to VPA 

treatment. To test this, we overexpressed rat Myr-AKAP150(C36S/C123S), which 

corresponds to human Myr-AKAP79(C36S/C129S), in SCG neurons, then treated 

neurons with 2 mM VPA for three days and tested for muscarinic responses to 1 µM 

oxo-M (Figure 3.9). In control experiments with overexpression of wild-type AKAP150, 

VPA pretreatment attenuated the muscarinic response of the M-current as expected 

(Figure 3.9A). In contrast, muscarinic responses in Myr-AKAP150(C36S/C123S) 

expressing SCG neurons became insensitive to 2 mM VPA (Figure 3.9, B and C). 

These results further support that VPA disrupts receptor-induced M-current suppression 

by interfering with palmitoylation of AKAP150. 
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Discussion 

In the present study, we report that disruption of M-current suppression during 

seizure contributes to the non-acute anticonvulsant action of VPA. Conversely, we 

report that M-current suppression is involved in the pathophysiology of seizures. VPA 

has been demonstrated to have many pharmacological effects. However, some known 

effects require high concentrations of VPA. Therefore, it is important to evaluate effects 

at the concentration of VPA that is within the therapeutic range in human (28–700 µM)1. 

We were able to demonstrate that VPA in this concentration range prevented 

muscarinic receptor-induced suppression of the M-current, as well as M-current 

dependent hyperexcitability in primary neurons.  

Previously, we showed that AKAP79/150 is important for receptor-induced 

suppression of the M-current16,20. In the present study, we demonstrate that 

palmitoylation of AKAP79/150 is critical for M-current regulation and that VPA disrupts 

AKAP79/150 mediated M-current regulation by interfering with palmitoylation of 

AKAP79/150. Palmitoylation of AKAP79/150 has been shown to stabilize its membrane 

localization22, which may be required during the rearrangement of the multiprotein 

KCNQ2 channel complex that occurs during muscarinic suppression of the M-current17. 

We also demonstrate that VPA suppressed palmitoylation of a minor fraction of 

neuronal proteins including several synaptic proteins. Interestingly, kainate-induced 

seizures have been demonstrated to increase palmitoylation of PSD-95, SNAP25, as 

well as AKAP150, which promotes synaptic potentiation23. Therefore, in addition to VPA 

effects on the M-channel, inhibited palmitoylation of synaptic proteins may also 

contribute to the anticonvulsant action of VPA. Palmitoylation is mediated by palmitoyl 
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acyltransferases, which consist of over 20 subtypes of DHHC (Asp-His-His-Cys) 

proteins25. GRIP1b has been shown to be palmitoylated by DHHC5 and DHHC8, while 

Fyn is palmitoylated by other DHHC enzymes30. VPA suppressed palmitoylation of 

GRIP1 and Fyn to a similar degree, which indicates that VPA affects multiple DHHC 

subtypes. Therefore, VPA should be considered a palmitoyl acyltransferase inhibitor 

with moderate selectivity.  

Although KCNQ subunit mutations have been linked to epilepsy, modulation of 

the wild-type M-channel has never been implicated in the pathophysiology of seizures. 

Our results suggest that M-current is suppressed during seizures. As described in 

chapter 2, XE991 is an activated-subunit inhibitor that is becomes efficacious when the 

membrane potential is depolarized above –65 mV. Therefore, M-channels become 

sensitive to XE991 only when neurons are depolarized by neuronal activities such as 

high frequency firing. Indeed, we showed that XE991 aggravated kainate-induced 

seizures in VPA treated mice. In contrast, XE991 administration did not show any 

effects in control kainate-induced seizures. This would be the case if the M-current were 

already suppressed by seizure activity in affected regions leaving few M-channels to be 

inhibited. Further support came from retigabine experiments. Retigabine has been 

shown to activate M-channels by shifting the activation voltage below the resting 

membrane potential range. However, retigabine-activated M-current can undergo 

receptor-induced suppression and is not efficacious in neurons already suppressed by 

neurotransmitters37. Our experiments confirmed that retigabine could augment KCNQ2 

or KCNQ2/3 currents when applied without a muscarinic agonist but when applied 

together with a muscarinic agonist, muscarinic suppression overwhelmed retigabine-
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induced augmentation. However, when cells were pretreated with VPA, retigabine could 

augment KCNQ2 and KCNQ2/3 currents even in the presence of muscarinic agonist. In 

addition, efficacy of retigabine in kainate-induced seizures also supports this view. In 

non-treated mice, retigabine could suppress kainate-induced seizures only when 

applied before induction of seizures. In contrast, in VPA treated mice, retigabine did not 

lose efficacy even when administered after seizure induction. These results suggest that 

administration of retigabine to VPA treated patients would be a powerful procedure to 

cease status epilepticus. However, since M-current suppression has also been 

implicated in cognitive function, careful evaluation of long-term effects of this 

combination therapy would need to be performed. Together, these results suggest that 

M-current is suppressed during seizures and that VPA treatment preserves M-current 

by disrupting its receptor-induced suppression.  

One scenario for M-current suppression during seizure is that seizures provoke 

excess neurotransmitter release that activates Gq-coupled receptors thereby 

suppressing the M-current. Such seizure-induced M-current suppression increases the 

excitability of relevant neurons, which, in turn, facilitates propagation of ictal activities. 

Indeed, microdialysis studies have shown that several neurotransmitters are elevated 

during seizures including acetylcholine43,44, serotonin43,45, noradrenaline45,46 and 

glutamate47,48. In addition, corresponding Gq-coupled receptors for these transmitters 

have been identified in hippocampal neurons: m1 acetylcholine receptor49,50, serotonin 

5-HT2 receptor51, α1 adrenergic receptor51 and group 1 metabotropic glutamate 

receptor52. However, noradrenaline and serotonin are considered to have 
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anticonvulsant actions through distinct receptors53,54. Further studies are required to 

identify responsible neurotransmitters that suppress the M-current during seizures. 

It has been reported that some VPA metabolites, which are primarily generated 

in the liver55, have more potent anticonvulsant action56. In our case, anti-hyperexcitation 

effects were reproduced in cultured cells. Therefore, we believe that VPA is the primary 

compound for the inhibition of palmitoylation in our conditions. However, we do not rule 

out the possibility that active VPA metabolites could be more potent palmitoylation 

inhibitors. 

In summary, M-current suppression contributes to the pathophysiology of 

seizures and preserved M-current during seizures is involved in the anticonvulsant 

effect of VPA, which is mediated by interfering with palmitoylation of AKAP79/150. 

These findings would provide novel insights and biochemical targets for developing 

better antiepileptic treatments. 
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Figure 3.1. VPA attenuated muscarinic suppression of the M-current and 
prevented oxo-M induced hyperexcitability in cultured SCG and hippocampal 
neurons.  
 
A. Representative voltage-clamp current traces from SCG neurons (top) and pooled 
results (bottom) showing M-current suppression by 0.1 µM oxo-M and its disruption by 
500 µM VPA pretreatment. Amplitudes of the M-currents are normalized to those at t = 
0. Black box indicates presence of 0.1 µM oxo-M. B. Summary of muscarinic 
suppression of the M-current at t = 1 min including results shown in A. Muscarinic 
suppression is attenuated by 500 µM VPA but not by 500 µM valeric acid, 100 µM 
vigabatrin or 100 µM phenytoin. ** < 0.01, Kruskal-Wallis one-way ANOVA followed by 
Dunn’s multiple comparisons test. C. Current clamp traces showing action potential 
firing in response to 50-pA current injection. Traces from VPA non-treated (top), 500 µM 
VPA treated (middle), and 500 µM valeric acid treated (bottom) hippocampal neurons 
are shown. Control (left), presence of 1 µM oxo-M (middle), or presence of 20 µM 
XE991 (right). D, E. Input-excitation relationships from hippocampal neurons before 
(open circle) and after application of oxo-M (filled circle) from non-treated neurons (D) or 
500 µM VPA treated neurons (E). F. Summary of neural firing by 50-pA current injection 
shown in C-E. * < 0.05, ** < 0.01, *** < 0.001, NS: not significant, repeated measures 
one-way ANOVA followed by Turkey’s multiple comparisons test. Error bars show SEM. 
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Figure 3.2. XE991 transiently removed anticonvulsant effect of VPA in kainate-
induced seizure in mice.  
 
A. Pretreatment with VPA decreased seizure stages of kainate-induced seizure (KA, 30 
mg/kg, t=0) in adult mice. B. Distribution of highest seizure stages reached in 
experiments shown in A, C, and D. ** < 0.01, *** < 0.001, Kruskal-Wallis one-way 
ANOVA followed by Dunn’s multiple comparisons test. C. Administration of XE991 (2 
mg/kg) transiently removed anticonvulsant effects of VPA. D. Anticonvulsant effect of 
diazepam (DZ, 5 mg/kg) was not affected by XE991 (2 mg/kg). E. 2 mg/kg XE991 did 
not affect stage 3 seizure induced by 25 mg/kg kainate in VPA non-treated mice. Arrows 
show time points for injection of indicated compounds. KA is injected at t = 0. Error bars 
show SEM. 
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Figure 3.3. VPA protected retigabine-induced augmentation of KCNQ currents in 
the presence of oxo-M as well as anticonvulsant effects with post-seizure 
administration of retigabine.  
 
A. Representative current traces showing 5 µM retigabine (RTG)-induced augmentation 
of KCNQ2 currents (top) and its modulation by oxo-M (bottom). In VPA non-treated 
CHO hm1 cells (left), 10 µM oxo-M + 5 µM retigabine induced current suppression (left). 
In contrast, in VPA treated cells, retigabine augmented KCNQ2 current even in the 
presence of 10 µM oxo-M (right). B. Summary of experiments shown in A for 
homomeric KCNQ2 channel. C. Retigabine and oxo-M showed similar effects in 
heterologous KCNQ2/3 channels. Currents were normalized to the current before 
applying drugs. **<0.01, ***<0.001, unpaired t test. D. Retigabine (10 mg/kg) showed 
anticonvulsant effects only when applied prior (t = –5 min) to KA injection (30 mg/kg, t = 
0).  Lower panel shows seizure stages at t = 2h. E. Increased KA (35 mg/kg) was used 
to induce stage 6 seizures in VPA treated mice. In these VPA treated mice, retigabine 
showed anticonvulsant effect even when applied after the induction of seizures. Lower 
panel shows seizure stages at t = 2h. Kruskal-Wallis one-way ANOVA followed by 
Dunn’s multiple comparisons test. Error bars show SEM. 
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Figure 3.4. Induction of c-FOS expression in the hippocampus corresponded with 
behavioral seizures.  
 
A. DAPI staining and c-FOS immunofluorescence staining in the hippocampus. Scale 
bar shows 1 mm. B. Histogram summarizing quantification of kainate-induced c-FOS 
expression. Reduced induction of c-FOS expression in the hippocampus was observed 
in VPA treated mice. Restored induction of c-FOS was observed in VPA treated mice 
co-administrated with XE991 (2 mg/kg) and KA (30 mg/kg). Fluorescent intensities from 
corresponding regions of DAPI and c-FOS images were quantified and used to evaluate 
c-FOS expression relative to DAPI signals. * < 0.05, ** < 0,01 *** < 0.001, Kruskal-
Wallis one-way ANOVA followed by Dunn’s multiple comparisons test. Error bars show 
SEM. 
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Figure 3.5. VPA disrupted PKC mediated KCNQ2 regulation.  
 
A) KCNQ2 current traces showing that 500 µM VPA treatment attenuated 1 µM oxo-M 
induced current suppression in KCNQ2 channels. B) Dose response curve for VPA and 
oxo-M induced KCNQ2 current suppression. C) Relative KCNQ2 currents 1 min after 
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oxo-M application. 18 h treatment with 500 µM VPA reduced muscarinic suppression. 5 
min incubation with 500 µM VPA did not attenuate oxo-M response. KCNQ2(S541A) 
channels were more resistant to oxo-M. Notably, 18 h treatment with 500 µM VPA had 
no effects. Amplitudes of currents are relative to those before oxo-M application.  ** < 
0.01, Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple comparisons test. D) 
TIRF-FRET analysis between KCNQ2-mCitrine (mCit) and CaM-mCerulean (mCer). 
Application of oxo-M decreased FRET signal corresponding to dissociation of CaM from 
KCNQ2 channel in control (open circle). VPA treatment prevented CaM dissociation 
(filled circle). Black box indicates presence of 3 µM oxo-M. E) Oxo-M induced PKC 
activity measured by FRET based PKC probe, cytCKAR. VPA did not have any effects. 
Black box indicates presence of 3 µM oxo-M. F) PIP2 depletion measured by CFP-PH 
and EPI/TIRF microscope. 3 µM oxo-M induced translocation of CFP-PH. Inset shows 
fluorescent images for epi fluorescence (EPI) and TIRF channel before (control) and 
after oxo-M (oxo) application. Scale bar shows 10 µm. Error bars indicate SEM. 
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Figure 3.6. VPA treatment did not change AKAP150 protein expression or 
AKAP150 protein interaction. 
 
A. Schematic diagram showing the KCNQ2 channel complex. B. Immunoblots showing 
equal protein expression between control and VPA treated cultured neurons. Tubulin 
blotting confirmed equal loading. C. Co-immunoprecipitation of AKAP150 with KCNQ2-
flag from transiently transfected HEK293 cells. The histogram summarizes 
quantification from 4 independent experiments. VPA did not disturb KCNQ2-AKAP150 
interaction. D. Co-immunoprecipitation of V5 tagged PKCβII(∆1-32) with AKAP150 from 
transiently transfected HEK293 cells. The histogram summarizes 3 independent 
experiments. VPA did not disturb AKAP150- PKCβII interaction. E. Co- 
immunoprecipitation of KCNQ2-flag with HA-tagged m1 muscarinic receptors from 
transiently transfected HEK293 cells. The histogram summarizes 3 independent 
experiments. Error bars show SEM. 
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Figure 3.7. VPA selectively reduced palmitoylation of AKAP150 and several 
neuronal proteins.  
 
A. Palmitoylation of AKAP150 was evaluated using cultured hippocampal neurons. After 
ABE labeling, AKAP150 protein was purified by immunoprecipitation using monoclonal 
anti-AKAP150 antibody. Palmitoylation was detected by NeutrAvidin-HRP (upper 
panel). Middle panel shows equal recovery of AKAP150 among treatments assessed by 
immunoblots using rabbit anti-AKAP150 antibody. Bottom histogram shows summary of 
three independent experiments. Palmitoylation of AKAP150 was reduced in VPA treated 
neurons. Requirement of hydroxylamine, NH2OH, for biotinylation verified selective 
labeling of palmitoylation. * < 0.05, paired t test to control. B. VPA treatment had 
minimal effect on overall palmitoylation in cultured hippocampal neuronal lysates. C. 
ABE labeling was performed on mouse brain extracts followed by purification of labeled 
proteins by NeutrAvidin-beads. Palmitoylation of indicated neural proteins was 
assessed by immunobloting. VPA reduced palmitoylation of several but not all neuronal 
proteins. * < 0.05, ** < 0.01, paired t test to control. Error bars show SEM. 
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Figure 3.8. Lipid modification of AKAP150 is required for muscarinic suppression 
of the M-current.  
 
A. Representative current traces showing muscarinic response of the M-current in 
AKAP150 silenced rat SCG neurons. Silencing of endogenous AKAP150 attenuated 1 
µM oxo-M induced suppression of the M-current. Co-expression of wild-type AKAP79, 
AK79(wt), but not palmitoylation deficient AKAP79(C36S/C129S), AK79(C36S/C129S), 
rescued oxo-M induced suppression of the M-current. B. Summary of the ability of 
AKAP79 mutants to restore muscarinic M-current suppression in AKAP150 silenced 
neurons. Open bars indicate P < 0.001 from AKAP150-silenced control evaluated by 
one-way ANOVA followed by Dunnett’s multiple comparisons test. 
AKAP79(C36S/C129S) did not restore AKAP150 mediated muscarinic signaling. 
Attachment of a myristoylation site to AKAP79(C36S/C129S) restored signaling. Error 
bars show SEM. 
 

  



111	

	

 
 
Figure 3.9. M-current suppression became resistant to VPA treatment when a 
myristoylated AKAP150 mutant was overexpressed in SCG neurons.  
 
A. Current traces (top) and pooled results (bottom) showing oxo-M responses of the M-
current in rat SCG neurons overexpressing wild-type AKAP150. 2 mM VPA treatment 
attenuated responses to 1 µM oxo-M. Black box indicates presence of oxo-M. B. 
Current traces (top) and pooled results (bottom) showing oxo-M responses of the M-
current from SCG neurons overexpressing the myristoylation site-attached 
AKAP150(C36S/C123S), Myr-AK(dC/S). 2 mM VPA treatment did not affect muscarinic 
response in Myr-AK(dC/S) overexpressed neurons. C. Histogram summarizing results 
shown in A and B. ** < 0.01, NS: not significant, unpaired t test with Welch’s correction. 
Error bars show SEM.   
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Chapter Four 

 

Role of M-current suppression in seizures  

and the process of epileptogenesis 

 

Introduction 

Cognitive and motor functions are dependent on neural circuits communicating 

with precise spatial and temporal resolution. On the other hand, epilepsy abruptly and 

sporadically disrupts normal cognitive functions with excessive synchronous activity in 

cerebral neurons1. Presently, epilepsy is among the more debilitating pathologies that 

affects nearly 1% of the population and can develop at all stages of life2. Numerous 

conditions are described under the broad heading of epilepsy, developing from either 

genetic or acquired sources3. Epileptic conditions are diagnosed by their distinctive 

behavioral characteristics, electrographic activity, affected molecular mechanisms and 

focal points4,5. To date, numerous therapeutics have been developed to treat seizures, 

however, the underlying mechanisms that contribute to this pathology are still a topic of 

heated debate, and many forms of epilepsy remain resistant to available therapeutics. 

Of the known mechanisms linked to epilepsy, channelopathies predominate, with 

the majority being derived from mutations in potassium channels. Notably, over 30 

mutations in Kv7 channels have been reported to be associated with or the cause of 

epilepsy and encephalopathies6-8.  These mutations have been reported to cause 

development of epilepsy through the reduction of M-current surface expression, 
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changing voltage dependence of channel activity or altering subcellular localization7,9,10. 

However, rare mutations that augment M-current activity also increase the susceptibility 

to seizure induction11,12. This suggests that basal M-current activity plays an important 

role in prevention of pathological hyperexcitability and that a delicate balance must be 

maintained to ensure normal function in the brain. We hypothesized that 

hyperexcitability within the cortex during seizures induces the release of 

neurotransmitters that in turn suppress the M-current. 

In a previous work, our lab identified a PKC phosphorylation site on the Kv7.2 

subunit that is key for channel suppression through Gq-coupled receptor activation13,14, 

further detailed in chapter 1. Thus, we developed a transgenic mouse line with an 

alanine substitution for this residue, KCNQ2(S559A), that maintains normal M-current 

activity while being resistant to neurotransmitter-induced suppression. In chapter 3 we 

gave evidence that the M-current is normally suppressed during seizures15, and that 

one of the mechanisms for the anticonvulsive action of valproic acid is the consequence 

of interfering with Kv7.2 phosphorylation by PKC, thereby preventing channel 

suppression. Here, we investigated the pathological role of M-current suppression in 

seizures and epileptogenesis. Using kainic acid model of chemically induced status 

epilepticus we confirmed our proposed mechanism for the anticonvulsant action of 

valproic acid and provide further evidence that the M-current is normally suppressed 

during ictal activities. We also utilize a pilocarpine model of temporal lobe epilepsy16 to 

determine if there is prolonged suppression of the M-current after status epilepticus and 

whether channel suppression plays a role in the process of epileptogenesis. 
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Experimental Procedures 

Generation of KCNQ2(S559A) mice.  

Generation of the targeting vector was performed at BAC Recombineering Core, 

Duke Comprehensive Cancer Center (Duke University). An alanine mutation of serine 

residue 559 of the kcnq2 gene (transcript variant 1) was introduced to the vector 

KCNQ2(S559A). Homologous recombination of the targeting vector was performed 

using a C57BL/6NTac derived ES cell line (JM8.N4) from the UC Irvine Transgenic 

Mouse Facility. Successful recombination was confirmed by Southern blots and the 

embryonic stem cell clone with the strongest karyotyping signal was used to generate 

chimeric mice. The offspring of these chimeras were screened for germline transmission 

by genomic PCR (Fig. 4.1A). This floxed Kv7.2(S559A) mouse line, 

Q2E13(S559A)/neo, was then crossed with C57BL/6 background Cre mice that express 

Cre in oocytes, C57BL/6-Tg (Zp3-cre)93Knw/j, to generate global knock-in mice. 

Excision of the neo cassette was confirmed by genomic PCR. Mice were continually 

backcrossed with C57BL/6J mice. 

Electrophysiological measurement of hippocampal neurons. 

Mouse neonatal hippocampal culture was prepared as described17. For 

measurement of the M-current in hippocampal neurons, perforated patch with 

amphotericin B was used as described13,17. Briefly, amplitudes of the M-currents were 

measured as deactivating currents during 500-ms test pulses to –60 mV from a holding 

potential of –30 mV. For XE991 experiments, application of 20 µM XE991 was given 

while cells were held at –30 mV for 1 min, then returned to –70 mV. 

Kainate-induced seizures. 
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For seizure experiments C57BL/6 and KCNQ2(S559A) transgenic mice of both 

sexes (3-5 months old) were used. For kainate-induced seizure experiments, kainate 

(s.c.) was injected at the indicated dose. One hour after kainate administration, mice 

were injected either with 2 mg/kg XE991 (i.p.) in Dulbecco’s phosphate-buffered saline 

(DPBS), or DPBS alone. For VPA experiments, adult mice were administered (i.p.) 

either freshly prepared sodium valproate (250 mg/kg, VPA) or physiological saline 

solution twice daily for 3.5 days. Kainate treatment started 6 hours after the final VPA 

administration. Mice were video-taped for the subsequent 4 hours after kainate 

injection, and behavior was scored by treatment and genotype blind observers every 10 

minutes according to a previously described15 modified Racine scale with the following 

criteria: 1) immobility; 2) rigidity; 3) automatisms with scratching, head bobbing and 

circling; 4) intermittent rearing and falling; 5) continuous rearing and falling; 6) tonic-

clonic whole body convulsions and rapid jumping. All mice that died during the 

experiments were assigned stage 6 thereafter. 

Pilocarpine-induced seizures. 

C57BL/6 and KCNQ2(S559A) transgenic mice of both sexes (2-3 months old) 

were used. For pilocarpine-induced seizure experiments, methyl scopolamine (1 mg/kg 

i.p.) was administered 10 minutes before injecting pilocarpine (289 mg/kg i.p.). 30 

minutes after pilocarpine administration, mice were injected either with 2 mg/kg XE991 

(i.p.) in Dulbecco’s phosphate-buffered saline (DPBS), or DPBS alone. Mice were 

video-taped for the subsequent 2 hours after pilocarpine injection, and behavior was 

scored by treatment-blind observers every 10 min according to a modified Racine scale 

with the following criteria: 1) immobility and facial twitching; 2) head bobbing, Straub tail, 
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“wet dog shakes”; 3) unilateral forelimb myoclonus; 4) bilateral forelimb myoclonus, 

rearing; 5) total loss of balance, generalized convulsions. Animals that died during the 

experiments were assigned stage 5 thereafter. For seizure survival experiments, mice 

were administered diazepam (5 mg/kg i.p.) to terminate seizures and were given 5% 

glucose infusions until body weight stabilized. 

Spontaneous recurrent seizures 

Pilocarpine-experienced wild-type and Q2KI mice that underwent status 

epilepticus were selected to observe for development of spontaneous ictal activity. 

Status epilepticus was determined by behavioral seizures that reach stage 5 within the 

two-hour observation period with at least two additional incidences of stage 4 - 5 

seizures. Two weeks following status epilepticus animals were observed for 3 hours/day 

for the proceeding 3 weeks by a treatment and genotype blind observer. Animals that 

underwent > stage 4 seizure were recorded and the frequency of ictal activity was 

evaluated. 

Antibodies.  

Antibodies used for immunohistochemistry are as follows: c-fos (Cat No. PC38; 

Calbiochem), GAD67 (Cat. No. MAR5406; EMD Millipore), ZnT3 (Cat. No. 197002; 

Synaptic Systems), Cy3 labeled goat anti-rabbit secondary antibody (Cat. No. AP187C; 

Millipore), and Alexa Fluor 568 goat anti-mouse secondary antibody (Cat. No. A11004; 

Invitrogen. 

Immunohistochemistry.  

Immunohistochemistry protocol was followed as previously described15. 1 h after 

injection of kainate/pilocarpine, mice were deeply anesthetized with isoflurane before 
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being transcardially perfused with iced cold 4% paraformaldehyde in PBS (pH 7.4). 

Brains were then removed and post-fixed in 4% paraformaldehyde in PBS (pH 7.4) 

overnight at 4˚C. Brains were sectioned into coronal slices (30 µm) using a vibratome 

(Leica, VT-1200). Free-floating sections were washed with PBS in 24-well dishes and 

then incubated with PBS containing 0.3% hydrogen peroxide and 10% methanol for 10 

min. After 3 washes with PBS, sections were incubated with a blocking buffer containing 

0.5% Triton X-100 and 1% normal goat serum in PBS. Sections were then incubated 

with primary antibody mixture containing: rabbit anti-c-FOS antibody (1:1000 dilution) or 

rabbit anti-ZnT3 antibody (1:1000 dilution) or mouse anti-GAD67 antibody (1:5000 

dilution) in the blocking solution for 48 h at 4˚C. After 2 washes with PBS followed by 2 

washes with Tris-buffered saline (TBS), sections were incubated with a 1:500 dilution of 

Cy3-conjugated anti-rabbit secondary antibody (c-fos and ZnT3) or Alexa Fluor 568 anti 

mouse secondary antibody (GAD67) in TBS containing 0.5% Triton X-100 and 1% 

normal goat serum for 2 h at room temperature. After wash, sections were mounted 

onto glass slides using VECTASHIELD with DAPI (Vector Laboratories). 

Immunofluorescent images were acquired using a fluorescent light microscope (Leica, 

DM4000B) equipped with a CCD camera (Optronics MicroFire, OPTMIF). Areas around 

the dentate gyrus, CA1 and CA3 were selected and the average fluorescence intensity 

within each corresponding region of interest from DAPI and c-FOS staining images was 

quantified by observers blind to treatments using MetaMorph (Molecular devices). 

Nucleus-free regions in the stratum oriens were used as a background for 

immunofluorescent staining.  

Fluoro jade C staining. 
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Fixed coronal brain slices were incubated with PBS in 24-well dishes for 4 

washes of 5 minutes before being mounted onto gelatin-coated slides. Slides were then 

dried at 50˚C for 30 minutes before being immersed for 5 minutes in a basic alcohol 

solution (0.5% NaOH, 80% EtOH). Slides were then washed with 70% EtOH for 2 

minutes followed by a 2 minute wash with deionized water. Tissue was counterstained 

with a 0.06% solution of KMnO4 for 10 minutes and then washed twice with deionized 

water for 2 minutes. Degenerating neurons were selectively labeled by incubating with 

0.0001% Fluoro jade C (Cat. No. 1FJC; Histo-Chem Inc.) dissolved in 0.1% acetic acid 

for 20 minutes. Slides were then washed four times in deionized water for 1 minute, 

dried at 50˚C for 10 minutes before clearing in xylene for 4 minutes and mounting with 

DPX mounting medium. Immunofluorescent images were acquired using a fluorescent 

light microscope (Leica, DM4000B) equipped with a CCD camera (Optronics MicroFire, 

OPTMIF). Fluorescent neurons were then counted within the areas of the dentate gyrus, 

CA1 and CA3. 
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Results 

Generation of KCNQ2(S559A) mice. 

The KCNQ2(S559A) targeting vector was used for homologous recombination in 

C57BL/6 embryonic stem cells (Figure 4.1A). Recombination was confirmed by 

Southern blots and embryonic stem cells with successful recombination were used to 

generate chimeras using C57BL/6 mouse lines. Germline transmission was determined 

using genomic PCR with primers flanking the loxP sites. KCNQ2(S559A)/neo mice were 

crossed with mice that express Cre in oocytes, C57BL/6-Tg (Zp3-cre)93Knw/j, to 

generate global knock-in mice, which were used in the proceeding experiments. 

Characterization of M-current in KCNQ2(S559A) mice. 

Our lab previously confirmed that KCNQ2(S559A) knock-in (Q2KI) mice  behave 

same as wild-type littermates, with normal growth and no differences in gross brain 

morphology (unpublished results). Macroscopic currents from cultured hippocampal 

neurons revealed that Q2KI mice have normal M-current densities (Figure 4.1B). 

Importantly, suppression of the M-current through muscarinic stimulation with 

oxotremorine-M was greatly attenuated in Q2KI mice (Figure 4.1B & C). However, the 

M-current could still be suppressed directly with the Kv7 specific inhibitor XE991. These 

data indicate that we have developed a mouse line with normal M-current activity that is 

resistant to suppression from Gq-coupled receptor activation. 

M-current is suppressed during seizure but preserved in KCNQ2(S559A) mice.  

We have previously demonstrated that the anticonvulsive action of valproic acid 

(VPA) is owed in part to preserved M-current15. This alternatively suggests that the M-

current is normally suppressed as a consequence of seizure activity. If suppression of 
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the M-current contributes to the propagation of ictal activities then our Q2KI mice should 

have an anticonvulsant phenotype. For confirmation, a kainate model of induced status 

epilepticus was used. Kainic acid (30 mg/kg s.c.) induced generalized convulsions in 

wild-type mice (stage 6, Fig 4.2A & B) that typically ended in mortality (8/11). Q2KI mice 

showed reduced seizure severity as well as duration (Figure 4.2B & C) with no 

incidence of mortality. To confirm that the anticonvulsive effect is M-current specific, 

mice were treated with XE991 (2 mg/kg i.p.) 60 minutes after administering kainic acid. 

As expected, XE991 transiently exacerbated seizure severity in Q2KI mice to levels 

equivalent with wild-type (Figure 4.2).  

As described in chapter 3, we hypothesized that the anticonvulsant action of VPA 

is through interfering with the phosphorylation of serine residue 559 in the Kv7.2 

subunit. Since Q2KI mice lack this phosphorylation acceptor, VPA should provide no 

additional anticonvulsive action in Q2KI mice if our hypothesis is correct. To test this, we 

utilized the same experimental condition of sub-chronic valproic acid in Q2KI mice (250 

mg/kg VPA × 2/day × 3.5 days)15. If other proposed mechanisms for valproic acid 

contribute to its action then treatment of Q2KI mice with VPA should provide stronger 

anticonvulsive action. Since Q2KI mice are resistant to kainate seizure an elevated 

dose of kainic acid (34 mg/kg s.c.) was used to increase seizure severity throughout the 

period of observation, however no differences were detected, as expected (Figure 4.3). 

A control group of Q2KI mice were treated with diazepam (5 mg/kg i.p.) 20 minutes after 

kainate, which transiently reduced seizure severity (Figure 4.3C). These results suggest 

that VPA provided no additional protection in Q2KI mice, confirming that a key 
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mechanism underlying valproic acid’s chronic anticonvulsive effect is through 

interference of phosphorylation of Kv7.2 S559 residue. 

When using global knock-in animals, compensation or developmental changes 

due to expression of mutant channel is a potential issue, which may underlie the 

anticonvulsive phenotype. To exclude this possibility, we examined the effect of 

transient removal of the M-current in Q2KI mice by XE991 (Figure 4.3). Treatment with 

XE991 coincided with transient removal of the anticonvulsant phenotype in Q2KI mice, 

suggesting that it is through a M-current specific mechanism. We previously 

demonstrated in wild-type mice that treatment with retigabine before seizure induction is 

protective, however, treatment during ictal activity was not efficacious since retigabine 

cannot open suppressed M-current (chapter 3). Therefore as an additional confirmation, 

we tested whether the Kv7 channel opener retigabine augments the protective 

phenotype of Q2KI mice after induction of seizure. We used an elevated dose of kainic 

acid (35 mg/kg s.c.) that induced generalized convulsions in the majority of Q2KI mice 

(4/5 mice, Figure 4.4A & B). If Q2KI mice indeed retain M-current throughout the 

duration of the seizure, the anticonvulsant effect of retigabine should be effective 

regardless of when retigabine is administered. As expected, treatment of Q2KI mice 

with retigabine (10 mg/kg i.p.) reduced seizure severity and duration when administered 

either before or during seizures (Figure 4.4). 

M-current suppression in a pilocarpine model of temporal lobe epilepsy. 

In order to investigate the role of M-current suppression in the pathology of 

epileptogenesis we developed a model of temporal lobe epilepsy using our Q2KI mice. 

One caveat of using mice with a C57BL/6 background is their innate resistance to 
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spontaneously recurring seizures when induced with kainic acid18,19. However, it has 

been shown that pilocarpine can generate spontaneous recurrent seizures (SRS) in 

C57BL/6 mice20. To this end, we assayed seizure severity of wild-type and Q2KI mice 

using pilocarpine. Pilocarpine is an agonist for the M1 muscarinic receptor that elevates 

glutamate levels and destabilizes excitatory and inhibitory transmission inducing 

generalized convulsions20. 

To confirm the protective phenotype of Q2KI mice, wild-type and Q2KI mice were 

compared using a separate Racine scale (stages 1-5) established specifically for the 

distinct characteristics of pilocarpine-induced seizures.  Mice were first pretreated with 

methyl scopolamine (1 mg/kg i.p.) to block peripheral side effects of pilocarpine. 

Approximately 10 minutes later mice were treated with pilocarpine (289 mg/kg i.p.). A 

subset of Q2KI mice also treated with XE991 (2 mg/kg i.p., t = 30 min) to determine M-

current contribution to anticonvulsive phenotype (Figure 4.5A). Wild-type mice 

developed limbic seizures typically within the first 60 minutes with intermittent bouts of 

generalized convulsions (stage 5), the majority developing status epilepticus (7/9 mice). 

Q2KI mice showed reduced seizure severity with no occurrence of status epilepticus. 

However XE991-treated Q2KI mice (2 mg/kg i.p., t = 30 min) developed the same 

seizure severity as wild-type mice (Figure 4.5B & C). 

The Pilocarpine model of acquired epilepsy has been shown to be an effective 

tool for determining mechanisms involved in temporal lobe epilepsy21. In order to 

effectively determine the role of M-current suppression during the process of 

epileptogenesis, wild-type and Q2KI mice must first undergo equivalent status 

epilepticus (SE). To this end animals were given the same condition described above 
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with both groups receiving XE991 to effectively suppress the M-current for the duration 

of the seizure. Wild-type and Q2KI mice demonstrated equivalent seizure severity 

throughout the time course of pilocarpine-induced seizure, with no differences in 

occurrence of status epilepticus22-24 (P = 0.078, Fisher exact test) or mortality (P = 

0.178, Fisher exact test). Put together, these results suggest that this condition provides 

equivalent status epilepticus between genotypes. For termination of seizures animals 

were administered a positive allosteric modulator of GABAA receptors25 (5 mg/kg i.p.) 

120 minutes after pilocarpine treatment. Animals that reached stage 5 with at least two 

additional occurrences of > stage 4 during the observation period were considered to 

have undergone status epilepticus22-24 and were further analyzed for development of 

epileptogenesis. 

Pilocarpine-induced c-fos expression corresponded with seizure severity. 

  Behavioral observations may not accurately describe seizure severity, and 

instead may merely indicate hyperactivity in the motor cortex. We have previously 

shown that induction of c-fos is well correlated with accumulative neural activity during 

seizures15,26-28. Therefore, we quantified c-fos expression in the hippocampus, a focal 

point of pilocarpine-induced seizures26,29. Brains were collected 1 hour after termination 

of pilocarpine-induced seizure. Strong expression of c-fos was observed in the dentate 

gyrus, CA3 and CA1 of pilocarpine-treated wild-type mice, corresponding to 

hyperactivity within the hippocampus during seizure (Figure 4.6). Pilocarpine-induced c-

fos expression was greatly reduced in Q2KI mice in all areas of the hippocampus. 

Importantly, XE991 did not alter c-fos expression in wild-type mice, but elevated 

expression of c-fos to wild-type levels in Q2KI mice (Figure 4.6B-D). Taken together 
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with scored behavioral seizures, these results suggest that co-treatment of pilocarpine 

and XE991 is sufficient to produce equivalent seizure in both genotypes. Accordingly, 

this treatment was then used to investigate the role of M-current suppression in the 

period of time following status epilepticus.  

Spontaneous recurrent seizures and comorbidities of epileptogenesis. 

Epileptogenesis after status epilepticus involves multiple changes within the 

cortex. In the first days following the initial insult neurodegeneration can be observed in 

the hippocampus22-24. There is typically a latent period where no ictal activity is 

observed, which develops into spontaneous recurrent seizures whose frequency 

plateaus within the first month after the initial insult21. At the time when SRS is observed 

development of new synaptic connections30  and loss of inhibitory interneurons31,32  

become apparent.  

As explained, neurodegeneration and apoptosis are common consequences of 

status epilepticus observable within the first days following the initial induced seizure22-

24. Using our established model of pilocarpine-induced temporal lobe epilepsy, the 

aforementioned comorbidities of epileptogenesis were investigated. We investigated the 

degree of neurodegeneration 3 days after inducing status epilepticus using fluoro jade C 

(FJC) as a selective marker of neurodegeneration33. SE-experienced wild-type animals 

showed FJC staining in the dentate gyrus, CA3 and CA1 regions, being most 

pronounced in the CA1 region (Figure 4.7A & D). However, in SE-experienced Q2KI 

mice FJC labeling was sparse in all areas of the hippocampus  (Figure 4.7A lower, B-

D). These data suggest that even when M-current is inhibited during the initial induction 

of SE, recovery of M-current after metabolism of XE991 reduced neurodegeneration. 
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Another cohort of animals that underwent pilocarpine+XE991 induced status 

epilepticus was analyzed for development of spontaneous recurrent seizures (SRS). It 

is known that there is a latent period after the initial insult where no behavioral 

pathology is observed that proceeds to development of SRS, typically lasting 2 weeks 

after SE21. Therefore, two weeks following status epilepticus, wild-type and Q2KI mice 

were recorded 3 hours/day for three weeks and any occurrences of stage 4-5 seizures 

were noted. All wild-type mice developed SRS (11/11 mice) with a frequency of 

occurrence at 0.127 + 0.001 seizures/hour (Figure 4.8), a rate that is in agreement with 

other studies of pilocarpine-induced SRS in C57BL/6 mice34,35. As would be expected 

from reduced neurodegeneration, we observed near-absence of observable seizures in 

Q2KI mice (1/10 mice) as well as a near null rate of occurrence at 0.0022 + 0.0022 

seizures/hour (Figure 4.8). 

Seven weeks after pilocarpine-induced seizure, hippocampi from all animals 

were collected and assayed by immunohistochemistry. It has been reported that there is 

a high correlation between the presence of SRS and synaptogenesis30,36. This “mossy 

fiber sprouting” of axonal processes is largely specific to the inner molecular layer of the 

dentate gyrus24,37 and can be visualized by upregulation of the zinc transporter, 

ZnT338,39. In good agreement with the literature, wild-type mice showed elevated levels 

of ZnT3 compared to no treatment control. In contrast, ZnT3 expression in Q2KI mice 

remained unchanged (Figure 4.9). These results suggest that disruption of 

neurotransmitter-induced suppression of the M-current prevents epileptogenesis after 

SE insult. 
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Prolonged pathological excitability is suspected to cause neurodegeneration of 

inhibitory interneurons after seizure, which may not become evident for several weeks 

proceeding the initial trauma31,32. Therefore, to further assess consequences of M-

current suppression after status epilepticus the loss of GABAergic interneurons was 

measured. GABAergic interneurons function in diverse ways including timing of firing 

and silencing of neural circuits throughout the brain40,41. Disinhibition within the cortex 

via the loss of GABAergic interneurons is thought to contribute to the exacerbation of 

excitatory neural activity, creating a permissive environment for seizure propagation42,43. 

As Kv7 channels are expressed in both excitatory and inhibitory interneurons44, M-

current suppression during the process of epileptogenesis may contribute to prolonged 

excitotoxicity that reduces survival in these neurons. Loss of inhibitory interneurons was 

detected by immunolabeling cells expressing glutamic acid decarboxylase (GAD67) 7 

weeks after pilocarpine-induced seizure. In non-treated mice, strong signal of GAD67-

positive neurons was seen in the dentate gyrus, CA3 and CA1 region of the 

hippocampus. SE-experienced wild-type mice showed reduction in all areas of the 

hippocampus. In contrast SE-experienced Q2KI mice showed no difference in GAD67 

fluorescence compared to non-treated control (Figure 4.10).  
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Discussion 

Despite the numerous Kv7 mutations known to cause epilepsy, the contribution 

of Kv7 channel suppression to the generation and propagation of seizures and 

epileptogenesis had not been elucidated. Our KCNQ2(S559A) knock-in mice 

demonstrated removal of the majority of M-current suppression from Gq-coupled 

receptor activation while preserving basal channel. Ablation of M-current suppression 

provided and important tool for investigating the pathological consequences of Kv7 

channel transitions between the activated and suppressed states. We used this mouse 

line to investigate the behavioral, cellular and molecular outcomes of M-current 

suppression during and after ictal activity, utilizing two methods of induced status 

epilepticus. Kainic acid induced seizures directly activate ionotropic kainate receptors, 

especially within the hippocampus, and give a comparable model for pathological neural 

hyperexcitability seen in generalized seizures45. Alternatively, excitotoxic damage 

induced by pilocarpine-induced status epilepticus has been shown to produce 

numerous comorbidities associated with acquired epilepsy, including neuronal loss, 

synaptogenesis and development of spontaneous seizures21.  

Our Q2KI mice demonstrated a protective phenotype against chemoconvulsants. 

When using transgenic animals there is always a possibility of phenotypes occurring 

through off target effects during development. However, two major results support that 

the observed anticonvulsive phenotype is M-current specific: 1) the protective 

phenotype was transiently removed from Q2KI mice when treated with the M-current 

specific inhibitor XE991 (Figures 4.2 & 4.5), which in chapter 2 was demonstrated to 

selectively target activated channels, and 2) M-current activity could be augmented by 
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retigabine in Q2KI mice even when treated 20 minutes after induction of seizure (Figure 

4.4). In chapter 3 we demonstrated that seizures in wild-type mice could not be 

attenuated by retigabine when treated after seizures manifested. Here, we were able to 

confirm that the anticonvulsive action of valproic acid is through preservation of the M-

current (Figure 4.3). This is evident as VPA treatment showed no additional benefit 

compared to VPA-untreated Q2KI mice. Thus, we concluded that the M-current is not 

suppressed in Q2KI mice during seizure, which alternatively confirmed our hypothesis in 

chapter 3 that wild-type M-current is suppressed during seizures. We believe that 

pathological M-current suppression is a consequence of the abnormal and excessive 

release of neurotransmitters that activate Gq-coupled receptors, which in turn suppress 

the M-current. As explained in chapter 3, microdialysis studies in the hippocampus after 

seizure have revealed elevated levels of numerous neurotransmitters such as 

acetylcholine, glutamate and dopamine that activate Gq-coupled receptors remained 

elevated even after seizure activity subsided46-49. 

We also investigated the role of M-current suppression during the latent period 

after status epilepticus where epileptogenesis occurs. We found that even when the M-

current is pharmacologically suppressed during seizure insult, Q2KI mice have a 

drastically reduced incidence of acquired epilepsy in the weeks following (Figure 4.8). 

This suggests that wild-type M-current remains suppressed even after ictal activities 

subside. Little is known about seizure-induced changes in Kv7 channel activity or 

expression. However, sustained elevation in the levels of neurotransmitters due to 

synchronous ictal activity could account for prolonged M-current suppression. In a 

recent study, persistent elevation of glutamate lead to pronounced internalization of the 
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M-current through a PKC-dependent pathway50. If the target of this PKC pathway of Kv7 

channel internalization involves phosphorylation of S559 of the Kv7.2 subunit, then the 

absence of epileptogenesis in Q2KI mice may be due to lack of M-current internalization 

after SE. Alternatively, it was reported that cholinergic fiber stimulation onto 

hippocampal granule neurons induce pronounced suppression of axonal Kv7 channels, 

which was largely irreversible51. In this condition, seizure activity may over-stimulate 

these cholinergic fibers and induce suppression of the M-current, lasting long after ictal 

activities subside.  

Numerous comorbidities accompany acquired epilepsy. Previous studies have 

suggested that epileptogenesis occurs through a series of processes which occur 

during the latent period between the initial insult and development of spontaneous 

recurrent seizures22,23. Even though wild-type and Q2KI mice experienced equivalent 

status epilepticus, Q2KI mice showed drastic reductions in all morbidities assayed 

(Figure 4.7-10). Q2KI mice recover M-current activity as XE991 is metabolized. As 

discussed above, there is evidence to suggest that wild-type Kv7 channels would have 

sustained suppression after seizures subside. That Q2KI mice were protected from 

epileptogenesis suggest that, at least in this model of acquired epilepsy, prolonged and 

pronounced suppression of the M-current occurs after the initial episode of status 

epilepticus and is required for the process of epileptogenesis. 

In summary, the M-current is an important deterrent to pathological neural 

hyperexcitability52,53. Namely, synchronous hyperactivity at the focal point of seizure 

induction leads to release of excessive neurotransmitters into the surrounding area, 

many of which activate Gq-coupled receptors. In relevant neurons, activating Gq-
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coupled receptors leads to activation of AKAP5 anchored PKC, which in turn 

phosphorylates and suppresses the M-current. Finally, suppression of the M-current 

promotes hyperexcitability and further release of neurotransmitters that propagate ictal 

activities throughout the brain. We demonstrated that preserving the M-current after 

status epilepticus is sufficient to drastically reduce numerous mechanisms involved in 

epileptogenesis. A remaining question is whether preservation of the M-current after 

establishment of epilepsy is capable of reducing the frequency and severity of ictal 

activities. The therapeutic potential of this pathway has yet to be fully explored. 
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Figure 4.1. Generation of global KCNQ2(S559A) knock-in mice and 
characterization of M-current suppression. 
 
A. Illustration showing alanine substitution of serine 541 on exon 13 of KCNQ2 gene. 
Genomic Southern blots confirmed presence of the Neo cassette with KCNQ2(S559A) 
mutation in floxed heterozygous knock-in mutants. Gel electrophoresis confirms 
genotypes of wild-type, floxed, and Cre cleaved global heterozygous and homozygous 
KCNQ2(S559A) mice. B. Current traces recorded from cultured hippocampal neurons. 
KCNQ2(S559A) neurons show attenuated response to oxo-M treatment compared to 
wildtype. C. Pooled results of current suppression induced by 0.3 µM oxo-M. **P < 0.01 
using unpaired t test with Welch’s correction. Error bars show SEM. 
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Figure 4.2. XE991 transiently removed anticonvulsive phenotype of Q2KI mice in 
kainate-induced seizure. 
 
A. Time course of seizure severity during kainate-induced seizure (30 mg/kg KA, t = 0). 
Knock-in mice have protective phenotype that is transiently removed when treated with 
M-current-specific inhibitor XE991 (XE 2mg/kg, t = 60 minutes). B. Distribution of 
highest seizure stage reached throughout observation period, knock-in mice show lower 
seizure severity, removed when M-current is suppressed by XE991. ***P < 0.001 and 
****P < 0.0001 using Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple 
comparisons test. C. Distribution of the sum of seizure scores from each 10-minute 
observation, knock-in mice show lower total seizure severity, which is removed when 
treated with XE991. ****P < 0.0001 and *P < 0.05 using Kruskal-Wallis one-way ANOVA 
followed by Dunn’s multiple comparisons test. Error bars show SEM. 
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Figure 4.3. Interference of M-current suppression occludes anticonvulsant effect 
of valproic acid. 
 
A. Time course of seizure severity during kainate-induced seizure (34 mg/kg KA, t = 0). 
Sub-chronic treatment with valproic acid showed no additional effect. Treatment with 
diazepam (5 mg/kg DZ, t = 20 minutes) transiently reduced seizure severity. B. 
Distribution of highest seizure stage reached throughout observation period. No 
difference between groups using Kruskal-Wallis one-way ANOVA. C. Distribution of the 
sum of seizure scores from each 10-minute observation. No difference between groups 
using Kruskal-Wallis one-way ANOVA. Error bars show SEM. 
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Figure 4.4. Interference of M-current suppression protected retigabine 
augmentation of the M-current after seizure induction. 
 
A. Time course of seizure severity during first 2 hours of kainate-induced seizure (35 
mg/kg KA, t = 0). Treatment with retigabine (10 mg/kg RTG) both 5 minutes prior to and 
20 minutes after induction of seizures reduced seizure activity. B. Distribution of highest 
seizure stage reached throughout observation period, RTG treatment showed lower 
seizure severity in both dose times. *P < 0.05 and **P < 0.01 using Kruskal-Wallis one-
way ANOVA followed by Dunn’s multiple comparisons test. C. Distribution of the sum of 
seizure scores from each 10-minute observation, RTG-treated knock-in mice show 
lower total seizure severity. *P < 0.05 using Kruskal-Wallis one-way ANOVA followed by 
Dunn’s multiple comparisons test. Error bars show SEM. 
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Figure 4.5. Interference of M-current suppression is protective against 
pilocarpine-induced seizure. 
 
A. Time course of seizure severity during pilocarpine-induced seizure (289 mg/kg Pilo, t 
= 0). Treatment with M-current-specific inhibitor XE991 (XE 2mg/kg, t = 30 minutes) 
removed protective phenotype. B. Distribution of highest seizure stage reached 
throughout observation period, knock-in mice show lower seizure severity, removed 
when M-current is suppressed by XE991. **P < 0.01 using Kruskal-Wallis one-way 
ANOVA followed by Dunn’s multiple comparisons test. C. Distribution of the sum of 
seizure scores from each 10-minute observation, knock-in mice show lower total seizure 
severity, which is removed when treated with XE991. *P < 0.05 and **P < 0.01 using 
Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple comparisons test. Error 
bars show SEM. 
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Figure 4.6. Cumulative neural activity shown by c-fos induction corresponded 
with behavioral seizures. 
 
A. DAPI staining and immunofluorescence staining of c-fos in the hippocampus. Scale 
bar shows 1 mm. Equivalent induction of c-fos seen in wt and KCNQ2(S559A) mice 
when co-administered XE991 (B-D). B. Distribution of pilocarpine-induced c-fos 
expression in the dentate gyrus. Low c-fos expression in non-treated mice. Low c-fos 
induction was observed in KCNQ2(S559A) mice, which was restored when co-
administered XE991. C. Same as B in the CA3 region. D. Same as B in the CA1 region. 
**P < 0.01 using Kruskal-Wallis one-way ANOVA then each group was compared to WT 
XE using Mann Whitney test. Error bars show SEM. 
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Figure 4.7. Neurodegeneration prevented when M-current preserved after status 
epilepticus. 
 
A. Staining of neurodegeneration in the hippocampus by Fluoro Jade C. Scale bar 
shows 1 mm. CA1 region magnified in red box. FJC elevated in wild-type mice but 
minimal in KCNQ2(S559A) mice. B. Distribution of pilocarpine-induced FJC staining in 
the dentate gyrus. FJC staining observed in wild-type mice, but not in KCNQ2(S559A) 
or non-treated controls. C. Same as B in the CA3 region. D. Same as B in the CA1 
region. *P < 0.05 and **P < 0.01 using Kruskal-Wallis one-way ANOVA followed by 
Dunn’s multiple comparisons test. Error bars show SEM. 
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Figure 4.8. Reduced frequency of spontaneous recurrent seizures when M-current 
preserved after status epilepticus. 
 
Mice observed 3 hours/day from week 2-5 after status epilepticus to observe 
occurrence of spontaneous seizures. KCNQ2(S559A) mice showed drastic reduction of 
observable seizures throughout the period of observation. ****P < 0.0001 using Kruskal-
Wallis one-way ANOVA followed by Dunn’s multiple comparisons test. Error bars show 
SEM. 
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Figure 4.9. Attenuation of synaptogenesis in the granule cell layer of the dentate 
gyrus when M-current preserved after status epilepticus. 
 
A. Immunofluorescence staining of ZnT3 in the dentate gyrus of the hippocampus 6 
weeks after pilocarpine-induced seizure. Scale bar shows 0.1 mm. Granule cell layer 
magnified in red inset. B. Distribution of ZnT3 in the granule layer of the dentate gyrus. 
ZnT3 fluorescence in the granule cell layer was elevated in wild-type mice but not in 
KCNQ2(S559A). **P < 0.01 and ****P < 0.0001 using Kruskal-Wallis one-way ANOVA 
followed by Dunn’s multiple comparisons test. Error bars show SEM. 
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Figure 4.10. Loss of inhibitory interneurons reduced when M-current preserved 
after status epilepticus. 
 
A. DAPI staining and Immunofluorescence staining of GAD67 in the hippocampus 6 
weeks after pilocarpine-induced seizure. CA1 and DG magnified in red insets. Scale bar 
shows 1 mm. B. Distribution of GAD67 in the dentate gyrus. GAD67 fluorescence 
reduced in wild-type mice but not in KCNQ2(S559A) mice. C. Same as B in the CA3 
region. D. Same as B in the CA1 region. *P < 0.05, **P < 0.01 and ***P < 0.001 using 
Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple comparisons test. Error 
bars show SEM. 
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Chapter Five 

Summary and Conclusions 

Investigations continue to uncover new mechanisms responsible for controlling 

activity within the cortex as well as enrich our understanding of debilitating pathologies 

that plague the brain. Despite all our efforts, there is still much work to be done. I 

endeavored to increase our knowledge, emphasizing on the pathological roles of the M-

current. In this dissertation, I characterized the mechanism of inhibition for XE991 and 

linopirdine, two commonly used M-current blockers, identified a molecular mechanism 

underlying the anticonvulsive effect of valproic acid and utilized a novel transgenic 

mouse line to determine the role of M-current suppression during seizure and 

epileptogenesis.  

Mechanism of inhibition and use of pharmacological compounds 

 Insufficient characterization of pharmacological compounds can confound results 

leading to poor interpretation. Conversely, robust understanding of pharmacological 

compounds can provide a greater degree of manipulation during experiments. M-

channel inhibitors, especially XE991, are increasingly being used in animal 

experiments. However, lack of information concerning this compound has lead to 

conflicting reports regarding its effectiveness to inhibit as well as what tissues express 

functional Kv7 channels, which motivated me to characterize this inhibitor. 

Characterization of the mechanism of inhibition of XE991 and linopirdine were covered 

in chapter 2. Both inhibitors were not efficacious around the resting membrane potential 
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of cells in physiological conditions. Furthermore, inhibition of Kv7.2 and Kv7.2/3 

channels by XE991 was closely related with its activation threshold, indicating the need 

to manipulate tissue in order to have effective inhibition. When voltage dependence of 

activation was left-shifted by retigabine or right-shifted by the mutation, Kv7.2(R214D), 

the shift in half activation voltage proportionally coincided with the half-effective potential 

for XE991 inhibition. Inhibition kinetics during XE991 wash-in were facilitated at 

depolarized potentials. Ten-minute washout resulted in partial recovery, most of which 

was attributed to surface transport of Kv7.2 channels. Linopirdine also exhibited similar 

features with the notable difference that it could be washed out if cells were held at 

potentials above the activation range of Kv7.2 channels.  

Binding and dissociation kinetics of both XE991 and linopirdine were far less 

sensitive to voltage than what would be predicted when modeling for open channel 

binding. Instead, they were well explained by binding to a single activated subunit. We 

demonstrated that XE991 and linopirdine are activated-subunit inhibitors rather than 

voltage-dependent inhibitors of Kv7/KCNQ channels. We conclude that XE991 and 

linopirdine are activated-subunit inhibitors. The characteristics of XE991 were taken into 

account when this M-channel inhibitor was used in our models of status epilepticus.  

Seizures occur due to excessive synchronous activity that perpetuates itself 

throughout the cortex. To understand the role of M-current inhibition in epilepsy, XE991 

allowed for the selective inhibition of Kv7 channels in neurons contributing to ictal 

activities while having minimal effect in silent or sparsely spiking neurons. 

Pathway underlying anticonvulsant action of valproic acid 



159	

	

 Valproic acid has been widely used to treat epilepsy for decades. Accordingly, 

numerous studies have proposed mechanisms responsible for its mechanism of action. 

Unfortunately, the majority of reports used doses of valproic acid many fold higher than 

the therapeutic concentration, typically focusing on pathways affected by acute use. As 

such, this compound has remained poorly understood. In chapter 3 we demonstrate that 

the anticonvulsant effects of non-acute valproic acid treatment involve interfering with 

the process of M-current suppression during seizures.  

Suppression of the M-current induces hyperexcitability in a wide variety of 

neurons downstream of Gq-coupled receptor activation, including the m1 muscarinic 

acetylcholine receptor. We demonstrated that valproic acid treatment disrupts 

muscarinic suppression of the M-current and prevents resultant agonist-induced 

neuronal hyperexcitability. We also identify the mechanism. Namely, that valproic acid 

treatment interferes with M-channel signaling by inhibiting palmitoylation of a signaling 

scaffold protein within the M-channel complex, AKAP79/150.  

In a kainate model of induced status epilepticus, administration of a dose XE991 

that did not affect seizure severity in control mice transiently eliminated anticonvulsant 

effects of valproic acid. Retigabine, an M-channel opener that is not effective on 

receptor-suppressed M-channels, showed anticonvulsant effects only when 

administered before seizure induction in control mice. In contrast, in valproic acid 

treated mice, retigabine showed anticonvulsant effects even when administered after 

induction of seizures. That valproic acid was able to further augment the anticonvulsant 

activity of retigabine suggests that combinational treatment with these two compounds 

would provide powerful suppression of neural hyperactivity, even if administered during 
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a seizure episode. Taken together, these results suggest that receptor-induced M-

current suppression plays a role in the pathophysiology of seizures and that 

preservation of the M-current during seizures is an effective therapeutic strategy. 

Role of M-current suppression in pathology of epilepsy 

A major drawback of using valproic acid to investigate the contribution of M-

current suppression in seizures is the fact that the compound has been reported to 

affect a multitude of pathways. In order to circumvent this issue we generated a 

transgenic mouse line using an alanine substitution for the target of AKAP79/150-

anchored PKC on serine residue 559 of the KCNQ2/Kv7.2 subunit, KCNQ2(S559A). 

This mutation allowed us to develop a mouse line that removed the majority of M-

current suppression from Gq-coupled receptor activation. In chapter 4 these mice were 

used to investigate the role of pathological M-current suppression during seizure and 

epileptogenesis. 

As we expected, KCNQ2(S559A) knock-in (Q2KI) mice were resistant to 

pharmacologically-induced seizures compared to wild-type C57BL/6 mice. Moreover, 

valproic acid treatment was occluded by the anticonvulsive phenotype in Q2KI mice. If 

other pathways affected by valproic acid are major contributors to its therapeutic effect it 

is reasonable to assume that VPA-treated Q2KI mice would have a cumulative effect 

resulting in less severe seizures than VPA non-treated. This provided further evidence 

that a key mechanism underlying the effectiveness of valproic acid is indeed through 

preservation of the M-current. Indeed, XE991 and retigabine experiments confirmed that 

the anticonvulsive phenotype was derived from the selective mutation of the PKC 

phosphorylation site in Q2KI mice, and not from compensatory changes that may occur 
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during development in transgenic animals. We can conclude from these results the wild-

type M-current is suppressed during seizures. 

In order to investigate whether prolonged suppression of the M-current after 

initial status epilepticus contributes to epileptogenesis we utilized a pilocarpine model of 

temporal lobe epilepsy. In order to ensure equivalent severity of seizure between 

genotypes it was necessary to pharmacologically suppress the M-current with XE991 in 

conjunction with inducing seizures with pilocarpine. If the M-current normally recovers 

after status epilepticus then it would be expected that both genotypes would undergo 

the same degree of epileptogenesis. While wild-type mice progressed to develop 

spontaneous recurrent seizures (SRS), observed episodes were almost nonexistent in 

Q2KI mice. It is possible that the absence of SRS in Q2KI mice may not be an indication 

of the absence of ictal activities but instead possibly due to the anticonvulsive 

phenotype of Q2KI mice attenuating seizure severity below what is observable. In future 

experiments electroencephalogram (EEG) recordings will be utilized to detect ictal 

activity directly from the cortex. However, the lack of common morbidities that normally 

occur alongside and contribute to epileptogenesis provide strong evidence that 

preservation of the M-current after status epilepticus is sufficient to attenuate the 

development of epilepsy. It will be interesting to see where investigations into the 

pathological consequences of the transition of the channel to the activated and 

suppressed states progress. 

 

 




