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Hyperpolarization-activated, cyclic nucleotide-gated (HCN) ion channels attenuate excitability in
hippocampal pyramidal neurons. Loss of HCN channel-mediated current (/,), particularly that
mediated by the HCN1 isoform, occurs with the development of epilepsy. Previously, we
showed that following pilocarpine-induced status epilepticus, there are two independent changes
in HCN function in dendrites: decreased 7, amplitude associated with a loss of HCN1 surface
expression, and a hyperpolarizing shift in voltage-dependence of activation (“gating”). The
hyperpolarizing shift in gating was attributed to decreased phosphorylation due to loss of p38
MAP kinase activity and increased calcineurin activity; however, the mechanisms controlling 7,
amplitude and HCN1 surface expression under epileptic or normal physiological conditions are

poorly understood. I sought to investigate phosphorylation as a mechanism regulating 7



amplitude and HCN1 surface expression (as it does HCN gating) in hippocampal principal
neurons under normal physiological conditions. I discovered that inhibition of either tyrosine
phosphatases or the serine/threonine phosphatases PP1 and PP2A decreased /, at maximal
activation in hippocampal CA1 pyramidal dendrites and pyramidal-like principal (PLP) neuron
somata from naive rats. Furthermore, I found that inhibition of PP1/PP2A decreased HCN1
surface expression, while tyrosine phosphatase inhibition did not. Protein kinase C (PKC)
activation reduced I, amplitude and HCNI1 surface expression, while PKC inhibition produced
the opposite effect. PP1/2A inhibition and PKC activation both increased the serine
phosphorylation state of the HCN1 protein. The effect of PKC activation on 7, was irreversible.
These results indicate that PKC bidirectionally modulates 7, amplitude and HCN1 surface

expression in hippocampal principal neurons.



TABLE OF CONTENTS

LSt OF FIUIES ..ottt ettt et et e e bt e st e et e e sabeesbeessaeenseesnseenseessseenseas il
Chapter 1. INtrOAUCTION ......oouviiiiiiiieie ettt ettt ettt e e et e e saaeesbeessaeenseesnseenseennne 1
Chapter 2. Materials and MethodS...........coouiiiiiiiiiiiiieeee e 9
2.1 SHCE PrEPATALION .....eeuvieiieeiiieeiieeteeeiie et e etteeteestteebeesteeebeesseeenseeseesaseenseesnseeseassseeseesnseans 9
2.2 Pilocarpine model of temporal 10be epilepsy .......cc.eevireiierieiiiieieeiieieeieeee e 9
2.3 EleCtrOPRYSIOIO@Y ...cevieeiiieiieeiteeiie ettt ettt et e e e 10
2.4 Surface biotINYlation ASSAY ......cccveeeuierieeriieeieeitierieerteeeeeeteesaeeseeesseeeseesareeseesnaeenseennns 11
2.5 IMMUNOPTECIPILATION ..eevevieniieeiiieiieeiieriie et eette et estteeteesateesbeessaeeseesseeenseessseesaessseenseennns 12
2.6 WESETN DLOTEING ....veeiieeiiieiieeieeeiie ettt ettt et st e e e saaeebaesaaeenseeenne 13
2.7 MASS SPECLIOMECIIY ..cuvvveeiiieeiiieeeitteette et ee ettt e ettt e st e e sabeeesabeeessseeensseeeaseesnsneesnseeesaneeenns 13
2.8 Statistical @VAIUATION. .....cccuiiiiriiiieiieritetee ettt 14
Chapter 3. RESULILS ....eeouiieiiecie ettt ettt et s b e et ee s st e ebaeeaaeenseessneensaesnseens 15
3.1 Tyrosine phosphorylation diminiShes Jh.........cccueerieriiiiriieriiieiieeie et 15
3.2 PP1/2A inhibition diminishes /, and HCN1 surface expression ............cccceeveerveennennnen. 17

3.3 Protein kinase C modulates /, and HCNI1 surface expression in hippocampal
TLEUTOIIS ..nvtenteeniteenteeeuteeteesateenbeeeaeeebeeeateenseeeabe e beeeaseebeeeate e beeeabeeabeesabeenbneeaneessseenseenareans 20
3.4 PKC modulation of I, amplitude is irreversible within one hour............cccoecveeeiennnnen. 22

3.5 PKC activity modulates HCN1 channel phosphorylation and HCN1

SUITACE EXPIESSION ..eevvvieniieeiieeiieeiieeteeeiteeteeseteettessteesseesateenseessseensaessseenseessseenseesnseenseennns 25

3.6 Identification of the PKC phosphosites on HCNT ..........cocciiiiiiiiiniiiiieeeeeeeee, 28
Chapter 4. DISCUSSION ...ecuviiiiiieiieiieeitieeteesieesteettesteesteessteeseessseesaessseesseessseeseessseanseessseenseessseans 31
4.1 Phosphorylation regulation of HCN channels...........ccccoceriininiiniininiieniineeiceeeeee, 31

4.2 Potential relevance to epileptogenesis. .......cevuieruierireiiieniieiieeieeiee ettt 35



Chapter 5. FULUIE DIT@CHIONS ......eeiiieiieiiieiie et etie et eieeete et e steebeesteesbeessaeeteesnseesseessseesaesssaans 37

5.1 HCN1 phosphosite determination ...........c.cecueerueerieerieeniieneeeniiesieeieesreeseesreeseessnessens 37
5.2 Mechanism of diminished HCN1 surface eXpression ........c.eecveeveerieenieenieenveenieenneennen. 39
5.3 Anti-epileptogenic effect in an in vivo model of TLE............cccocciiiiiiiiiiiiiieee, 40
Chapter 6. CONCIUSIONS .....eeiuiiiiieiiietie ettt ee ettt et e et e sae e teesbeesbeessaeensaessseenseessseesaessseans 42
RETETEICES ...ttt ettt ettt ettt ettt st sb et et e b e 43

il



Figure 1.
Figure 2.
Figure 3.
Figure 4.

Figure 5.

Figure 6.
Figure 7.

Figure 8.

Figure 9.
Figure 10.

Figure 11.

LIST OF FIGURES

General structure of HCN channelS .......ooovviiiiiiiiiiieieeeeeeeeeeeeeee,
HCN channels stabilize membrane potential............cccoccveevieniiieiieniiieiieeieeeeeee e

Progression to seizures in the rat pilocarpine model of TLE...........cccccoeeviiiiiinieennn.

I, decreases after either PP1/2A or Tyr phosphatase inhibition ............cccccceevveenneenne.

PP1/2A inhibition reduces HCN1 surface expression, but Tyr phosphatase
INHIDItION AOCS NOL.....eeuiiiiiiiieieeieeee ettt

Protein kinase C activity bidirectionally modulates Jh.........ccccevvveveeviniiniiniiniencnnne.
PKC modulation of i, iS irr€Versible........cceviiriiiiiiiiiiienieiececeecceee e

HCNI1 serine phosphorylation increases following both PKC activation and
PPI/2A INNIDItION ..ottt sttt st

PKC activity bidirectionally modulates HCN1 surface expression........c..cccceeeenueenee.
Serine/threonine phosphosite identification on HCNT .......c.cccocoeviiiiniininiiniincnne

Rat HCNI1 alignment with mouse HCNT........ccccooiiiiiiiiiniiineecccceeeen

il



ACKNOWLEDGMENTS

I would like to acknowledge and thank the Department of Physiology and Biophysics at the
University of Washington for their kind support and mentorship over the past six years. They

have provided a rich environment for me to begin my scientific career.

I thank my graduate advisor, Nicholas Poolos, for his guidance, patience and insight during my
graduate training. I will always be grateful to him for his mentorship during my time in graduate
school. I would also like to thank Sangwook Jung for the kind support that he offered as I

progressed through my research.

This work was supported by grants from the National Institutes of Health to N.P.P. (NS050229),
by Public Health Service National Research Service Award T32 GM07270 from NIGMS to
A.D.W., and by a Pre-Doctoral Research Training Fellowship from the Epilepsy Foundation of

America to A.D.W.

v



DEDICATION

For my family.



Chapter 1. INTRODUCTION

Epilepsy is a common neurological disorder characterized by spontaneous, recurrent seizures.
Broadly, the underlying causes of epilepsy can be divided into two groups: those caused by
genetic mutations, and those “acquired” forms caused by some other brain insult (e.g. trauma). In
both cases, the principal effect is a change in function and expression of ion channels, the class
of proteins controlling neuronal membrane potential. The change in ion channel function and
expression causes neuronal hyperexcitability, leading to hypersynchronous firing within a
network of neurons. This network activity can spread to other regions of the brain, leading to a
loss of consciousness and/or tonic/clonic muscle activity (McNamara 1999). Genetic forms of
epilepsy comprise about 30% of all epilepsies, and 25-30% have an identifiable and associated
brain insult. The remaining 40-45% of epilepsies are cryptogenic (Berkovic et al., 2006).

Epilepsy is one of the most common neurological disorders in the United States, affecting
approximately one percent of the population (Chang and Lowenstein, 2003). However, there is a
lack of efficacious treatment options; about one-third of all epilepsies are refractory to treatment
(DeLorenzo et al., 2005). Epilepsy carries a heavy social stigma, and is commonly associated
with a diminished quality of life (Loring et al., 2004; Jacoby et al., 2005). In spite of the broad
scope of the effect of epilepsy on the population, there is still a lack of understanding as to the
underlying mechanisms leading to the development of epilepsy (epileptogenesis). A better
understanding of the precise physiological mechanisms of epileptogenesis could lead to the
development of more effective treatments and preventative measures.

The most common acquired form of epilepsy in adults is temporal lobe epilepsy (TLE),
with its origins arising from within the hippocampus (Gastaut et al., 2007). Damage to the

hippocampus can provoke changes in ion channel function, expression, and distribution, leading



to hyperexcitability of excitatory principal neurons. For example, downregulation of the A-type
potassium channel Kv4.2 contributes to hyperexcitability of CA1 pyramidal neurons (Bernard et
al., 2004). The effect of changes in function of other ion channel types on hippocampal neuron
has not yet been fully explored, although there are several other candidate ion channels with
expression localized within the hippocampus.

Hyperpolarization-activated, cyclic nucleotide-gated (HCN) channels are another class of
ion channel with a potential role in epileptogenesis. HCN channels are voltage-gated ion
channels that open in response to membrane hyperpolarization, and conduct an inward, mixed
cationic (Na'" and K) current (Craven and Zagotta, 2006). Four HCN channel isoforms have
been identified, each with its own unique properties: HCN1, which is the predominant isoform in
hippocampus and neocortex, and which demonstrates only very small changes in activation
kinetics and gating in response to cyclic nucleotide binding (Waigner et al., 2001); HCN2, the
predominant isoform in thalamus, undergoes a large depolarizing shift in gating and accelerated
activation time in response to cyclic nucleotide binding (Waigner et al., 2001); HCN3, expressed
at low levels throughout the central nervous system; and HCN4, which responsible for the
pacemaker activity within the sinoatrial and atrioventricular nodes within the heart (Robinson
and Siegelbaum, 2003). The different isoforms also have different kinetics: HCN1, for example,
has a time constant of activation on the order of tens of milliseconds, while slower HCN2
channels have a time constant of activation on the order of hundreds of milliseconds (Biel et al.,
2009).

A functional HCN channel is a tetramer, with each subunit containing six transmembrane
domains (Figure 1). Functional heteromers have been generated in heterologous expression

systems; these heteromers have mixed properties. There is conflicting evidence for functional



heteromers in in vivo epilepsy models. One group has reported HCN1/HCN2 heteromerization in
thalamocortical neurons in a developmental model of epilepsy; however, the biophysical
properties of 7, in this model are inconsistent with what would be expected from an
HCNI1/HCN2 heteromer (Brewster et al., 2005; Poolos 2006).

Structurally, HCN subunits are similar to those of voltage-gated potassium channels.
HCN subunits have cytoplasmic N- and C-termini, with a pore loop between S5 and S6. A
cyclic-nucleotide binding domain lies between S6 and the C-terminus. Every third residue with

transmembrane domain S4 is positively charged, allowing S4 to function as the “voltage sensor”.
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Figure 1. General structure of HCN channels. A functional channel is a tetramer (upper
right). A functional channel can be formed as either a heteromer or homomer of different
HCN channel isoforms. Each of the four subunits contains six transmembrane domains
(lower left), and cytosolic N- and C-termini. Transmembrane domain S4 functions as the
voltage sensor, with a pore loop between transmembrane domains S5 and S6. The cyclic

nucleotide-binding domain (CNBD) is between S6 and the C-terminus.



Membrane depolarization causes the voltage sensor to translocate towards the extracellular side
of the membrane, while membrane hyperpolarization buries the voltage sensor deeper inside the
membrane. This voltage sensor movement changes the protein conformation in such a way as to
cause the channel to open or close. In contrast to other voltage-gated ion channels, HCN
channels close in response to membrane depolarization, and open in response to membrane
hyperpolarization, in spite of the fact the voltage sensor has repeating positively-charged
residues (as do other types of voltage-gated ion channels). The mechanism by which membrane
hyperpolarization leads to channel opening has not yet been fully described.

In pyramidal neurons of the cortex and hippocampus, where the HCN1 isoform is
predominant, HCN1 channels are principally localized to the apical dendrites (for review, see
Biel et al., 2009, and Poolos 2012). HCN1 channels are non-inactivating and open at resting
potential, reducing input resistance and decreasing the time window over which temporal
summation can occur. The decreased temporal summation reduces action potential firing from
excitatory input to the dendrites, giving HCN1 channels inhibitory control over neuronal
excitability (Magee 1998, 1999) (Figure 2).

Diminished HCN channel-mediated current (/) is associated with the latent period
following a brain insult and preceding the onset of spontaneous seizures in several animal
models of epilepsy, particularly the post-status epilepticus (SE) models (Shah et al., 2004; Zhang
et al., 2006; Jung et al., 2007; Marcelin et al., 2009). The rat pilocarpine model is a particularly
robust post-SE model of temporal lobe epilepsy, in that it reliably produces seizures (Figure 3).
Pilocarpine is a muscarinic acetylcholine receptor agonist; intraperitoneal administration of
pilocarpine leads to excitatory neurotoxicity of neurons within the hippocampus and amygdala,

leading to the period of sustained seizure that characterizes SE. This neural insult eventually



leads to the spontaneous, recurrent seizures that characterize chronic epilepsy. Other models of
human temporal lobe epilepsy exist, such as kindling and kainate injections. However, each of
these has their own sets of problems, such as a high seizure remission rate (kainate) or

questionable relevance to human epilepsies (kindling) (Leite et al., 1990).
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Figure 2. HCN channels stabilize membrane potential against fluctuations in CA1
pyramidal neurons. HCN channels open in response to membrane hyperpolarization, and
conducts and inward, depolarizing current. A, Under naive conditions, channels open slowly
following the beginning of a sustained hyperpolarizing current injection (indicated by the
triangle). This channel opening causes the depolarizing “voltage sag”. Similarly, a
hyperpolarizing voltage sag is observed after a depolarizing current injection. HCN channels
briefly remain open after the end of the current injection (indicated by the circle), causing the
characteristic “tail” current. B, HCN channels are blocked by bath application of 3mM Cs".
Blockade of HCN channels abolishes the voltage sag and tail current and increases input
resistance. The increased input resistance causes a greater change in membrane potential in
response to current injections (pushing the membrane potential closer to action potential
firing in response to depolarizing current injection). C, Blockade of HCN channels, as with
the selective antagonist ZD7288, increases temporal summation of EPSPs by increasing input

resistance. Figures from Magee 1998, 1999.



Several recent lines of evidence have also indicated HCN1’s potential mechanistic role in
the development of epilepsy. HCN1 knockout mice demonstrate a dramatically reduced seizure
threshold, increased seizure severity, and increased seizure-related mortality as compared to
control (Santoro et al., 2010). Interestingly, these mice did not experience spontaneous seizures;
however, HCN2 knockout mice did experience spontaneous seizures (Ludwig et al., 2003).
Additionally, whole-exome sequencing of a set of humans with fever-sensitive intractable
epileptic encephalopathy identified six missense mutations in the 4cnl gene. These mutations
lead to a Dravet syndrome-like phenotype, characterized by intellectual disability, autistic-like
traits, and febrile seizures (Nava et al., 2014).

The precise mechanisms controlling HCN1 downregulation post-SE are only partially
understood. Following the induction of SE in the pilocarpine model of epilepsy, dendritic HCN
channels undergo two independent changes: a hyperpolarizing shift in the voltage-dependence of
activation (“gating”), and a decrease in /, amplitude at maximal activation (Poolos et al., 2006).
HCNI gating is phosphorylation-dependent: increased calcineurin (CaN, protein phosphatase
2B) and decreased p38 mitogen-activated protein kinase (MAPK) activity are associated with a
hyperpolarizing shift in HCN1 channel gating. However, neither p38 MAPK activity nor CaN
activity affects I, amplitude (Poolos et al., 2006; Jung et al., 2010).

The decrease in 7, amplitude immediately follows SE, is associated with the loss of
HCNI channel surface expression, and precedes any HCN1 transcriptional downregulation,
suggesting that the decline is due to post-translational modification (Jung et al., 2011;
McClelland et al., 2011). The mechanisms that control 7, amplitude and HCN1 channel surface
expression in neurons under either normal conditions or post-SE are poorly understood.

However, phosphorylation is an almost universal modulator of the surface membrane expression



of other ion channels, such as GABA, receptors (Terunuma et al., 2008; Goodkin et al., 2008),
AMPA receptors (Rakhade et al., 2008), and Kv4.2 channels (Kim et al., 2007; Lugo et al.,
2008), and therefore is a plausible mechanism. Notably, the membrane surface expression of the
closely-related channel HCN2 is inhibited by the receptor-like protein tyrosine phosphatase
alpha in HEK293 cells (Huang et al., 2008). It seems likely that the mechanisms controlling
HCNI channel surface expression are also dependent upon phosphorylation, but little is known
about phosphorylation regulation of HCN1 in pyramidal neurons under normal physiological
conditions.

In the present study, I sought to investigate phosphorylation as a mechanism regulating 7,
amplitude at maximal activation (“maximal /,”’) and HCN1 channel surface expression in two
types of hippocampal principal neurons. Using pharmacological tools, I modulated the tyrosine
(Tyr) and serine/threonine (Ser/Thr) phosphorylation states of HCN1 in CA1 principal neurons
from rat hippocampal brain slices, and determined that tyrosine phosphorylation modulated
maximal /; alone, while serine/threonine phosphorylation modulated both maximal 7, and HCN1
surface expression. I then determined that the serine/threonine kinase protein kinase C (PKC)
bidirectionally modulated both maximal 7, and HCN1 surface expression. This study is a novel
demonstration of phosphorylation-dependent modulation of maximal /;, and HCN1 surface

expression in hippocampal CA1 principal neurons under normal physiological conditions.
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Figure 3. Progression to seizures in the rat pilocarpine model of epilepsy. 6 week-old

male Sprague-Dawley rats were injected with 385 mg/kg pilocarpine i.p. Pilocarpine is a
muscarninc acetylcholine receptor agonist, and causes excitatory neurotoxicity. The animals
enter into a period of persistent seizure activity called “status epilepticus” (SE). After one
hour, SE is aborted using phenobarbital. The seizure-free period that follows is termed
“epileptogenesis”; it is during this period that changes in ion channel expression and function
occur. These changes lead to the neuronal hyperexcitability and spontaneous, recurrent

seizures that characterize the chronic condition.



Chapter 2. MATERIALS AND METHODS
2.1 SLICE PREPARATION

Acute hippocampal slices were prepared from 6- to 7-week-old male Sprague-Dawley rats, in
accordance with the rules and regulations of the University of Washington Institutional Animal
Care and Use Committee. Rats were anesthetized by intraperitoneal injection of a mixture of
ketamine and xylazine, producing deep anaesthesia. Transcardial perfusion was carried out with
ice-cold cutting saline composed of (in mM): KCI, 2.5; NaH,POy4, 1.25; NaHCOs, 25; dextrose,
7; CaCly, 0.5; MgCl,, 7; choline chloride, 110; ascorbic acid, 1.3; sodium pyruvate, 3; bubbled
with 95% 0,-5% CO,. Rats were then decapitated and their brains removed. After removal, the
brains were hemisected along the longitudinal fissure. 400 pm-thick parasagittal slices from the
hippocampus were prepared using a Vibratome 1500 (The Vibratome Company; St. Louis, MO).
Hippocampal slices were held for 10 min at 34°C in a recording chamber containing external
recording solution composed of: NaCl, 125; KCl, 2.5; NaH,POs, 1.25; NaHCOs, 25; dextrose,
10; CaCl,, 2; MgCl,, 2; ascorbic acid, 1.3; sodium pyruvate, 3; bubbled with 95% 0,-5% COs.
Slices were then allowed to rest at room temperature for at least 60 min prior to recording.

2.2 PILOCARPINE MODEL OF TEMPORAL LOBE EPILEPSY

Pilocarpine hydrochloride (385 mg/kg i.p.) was used to induce SE in 6 week old male Sprague-
Dawley rats (Jung et al., 2007). After 1 hour in SE in animals studied at 1 day post-SE or later,
seizures were terminated using diazepam (12 mg/kg i.p., Hospira) delivered every 30 min, as
needed. Animals studied at 1 hour post-SE were sacrificed, without diazepam treatment, with
ketamine/xylazine terminal anaesthesia. Brain slices were used after 1 hour incubation at room

temperature.



2.3 ELECTROPHYSIOLOGY

Neurons were visualized using infrared differential-interference contrast imaging (IR-DIC) using
a Zeiss Axioskop (Oberkochen, Germany) fitted with an Olympus 60X objective (Tokyo, Japan).
PLP neurons were identified by their characteristic pyramidal morphology, large soma
(approximately twice or more the diameter of a CA1 pyramidal neuron), and somatic location in
the stratum radiatum. For a fuller description of the morphology of PLP neurons, see Bullis et al.,
2007. Pipette resistances for cell-attached recordings were between 4-7 MQ for somatic
recordings, and 12-15 MQ for dendritic recordings. Dendritic recordings were made at about 200
um from the soma of CA1 pyramidal neurons, by visual measurement. Cell-attached patch
recordings were made with an Axon instruments Axopatch 200B amplifier (Foster City, CA),
sampled at 2 KHz, and filtered at 500 Hz. All data were collected and analyzed with custom
software written for the Igor Pro analysis environment (Wavemetrics; Lake Oswego, OR). For
recording, slices were kept at 29-31°C and continuously bathed in external solution. Pipettes
were filled with a solution containing: KCI, 120; TEA-CI, 20; 4-aminopyridine, 5; HEPES, 10;
CaCly, 2; MgCl,, 1; BaCl,, 1. I measured 7, using cell-attached voltage-clamp recordings. I, was
elicited by 1500 msec voltage commands to a maximum of ~—150 mV. Maximal /;, amplitude
was measured at the end of the current trace elicited by this —150 mV command. /; activation
was quantified by measuring the amplitude of the tail current that followed each voltage
command, and normalizing it to the tail current amplitude at maximal activation (/ / Imax). Leak
subtraction was performed by acquiring current traces with voltage commands that provoked no
I, activation; 4x as many leak traces were collected as 7, traces, and these were averaged and
subtracted from each /, trace. Pipette capacitance was compensated at the amplifier to diminish

artifacts in the current traces. I, amplitudes are presented without correction for estimated patch

10



area; however, pipette tip diameter (~ 1 pum) was held constant. All supplies were purchased
from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. A recent paper has described
potential artifacts in cell-attached voltage clamp measurements under the conditions of very high
input resistance and very high current density (Williams and Wozny, 2011). I estimated the
maximum error in command potential at —150 mV to be ~1.7 mV, which would not impact the

findings shown here.
2.4 SURFACE BIOTINYLATION ASSAY

Surface membrane protein expression was measured using a biotinylation protocol (Jung et al.,
2011). I prepared hippocampal slices and incubated them for 45 min at 4°C in extracellular
recording solution containing 1 mg/ml sulfo-NHS-SS-biotin (Pierce; Rockford, IL) and then in
extracellular solution with 1 pM lysine to block all reactive sulfo-NHS-SS-biotin in excess. The
CA1 regions were microdissected on dry ice and homogenized in buffer containing following:
Tris-HCI, 50; EDTA, 5; PMSF, 1; sodium orthovandate, 1; NaCl, 50; EGTA, 10; sodium
pyrophosphate, 2; paranitrophenylphosphate (pNPP), 4; aprotonin, 4 pg/ml; leupeptin 20 pg/ml;
1% Triton X-100 (Roberson et al., 1999). The homogenates were centrifuged at 15,000 RPM for
15 min at 4°C, and the supernatant was harvested. After the measurement of protein
concentration with a BCA protocol and normalization of the inputs for total protein content, the
supernatant was incubated with NeutrAvidin Plus beads (Pierce) overnight at 4°C and then
washed three times with homogenization buffer. After centrifugation at 13,000 RPM for 5 min,
the supernatant was discarded and the beads resuspended in Laémmli buffer (with final
concentration of 4% SDS, 20 mM DTT), and boiled. Total protein and biotinylated surface
protein levels were analyzed using Western blotting. To quantify the changes in HCN1 surface

expression, I first quantified the ratio of HCN1 channel protein surface expression between drug-
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treated and control brain slices. I then quantified the total HCN1 channel (surface + intracellular)
protein expression as a ratio between drug-treated and control brain slices, normalized the
surface HCN1 expression ratio by the total HCN1 expression ratio, and reported this surface/total
ratio as the final result. The surface fraction was probed with a 3-actin antibody, and showed no
staining, confirming that the surface fraction was not contaminated with intracellular proteins.
Normal blot-to-blot variability in band intensities was controlled for by analyzing band
intensities for control and treated samples within the same gel. The total HCN1 expression was
not significantly changed by drug treatment in any sample. As an additional control for protein
loading, I quantified total -actin expression in GFX-treated slices, which was not significantly
different (105 + 7% control, n = 10), demonstrating that protein loading was not significantly
different between control and drug-treated samples.

2.5 IMMUNOPRECIPITATION

Tissue homogenates from CA1 hippocampal regions were prepared as for the surface
biotinylation protocol. Immunoprecipitation of HCN1 subunits from the supernatant was then
carried out: anti-HCN1 antibody (10 pg, Millipore; Billerica, MA) was incubated with the
supernatant at 4°C overnight. Protein A/G-agarose beads (Santa Cruz Biotechnology; Santa
Cruz, CA) were then added to the incubation mixture, incubated for an additional 3 hr, and
washed three times with homogenization buffer. After centrifugation at 13,000 RPM for 5 min,
the supernatant was discarded and the beads resuspended in Laémmli buffer (with final
concentration of 4% SDS, 20 mM DTT), and boiled. The HCN1 and phosphoserine protein
levels were analyzed using Western blotting, as below. The bands were compared to a standard
protein ladder; only the bands showing staining at the appropriate size were included in the

analysis.
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2.6 WESTERN BLOTTING

Samples from experimental and control groups were loaded and run on a 10% acrylamide gel
(Bio-Rad Laboratories; Redmond, WA), transferred to a nitrocellulose membrane, and incubated
with HCNI1 antibody (1:1000; Millipore) or phosphoserine antibody (1:1000; Millipore),
followed by incubation in anti-rabbit secondary antibody (1:1000; Life Technologies; Carlsbad,
CA) and visualized by enhanced chemiluminescence and film exposure. Three different protein
loading amounts were used in each condition so as to verify that signal detection was in the
linear range, as described previously (Jung et al., 2010).

2.7 MASS SPECTROMETRY

Tissue homogenates from CA1 hippocampal regions were prepared as for the
immunoprecipitation protocol. HCN1 protein was pulled down using an anti-HCN1 antibody and
protein A/G-agarose beads, as for immunoprecipitation. Following elution, the protein samples
were loaded and run on a 10% acrylamide gel, as for Western blotting. The gel was incubated in
Bio-Safe Coomassie G-250 stain (Bio-Rad; Hercules, CA) at room temperature for 4 hours, to
highlight the HCN1 band within the gel. The band was dissected out and digested according to a
standard in-gel trypsin digestion protocol. The peptide fragments were then analyzed by mass
spectrometry. Peptide digests were analyzed by nano LC-MS/MS using an nanoAcquity UHPLC
(Waters, Milford, MA) coupled online via nano electrospray ionization (UWPR nanospray
source, http://www.proteomicsresource.washington.edu/protocols05/nsisource.php) to an Q
Exactive mass spectrometer (Thermo Scientific, San Jose, CA). Peptides were loaded onto a 3
cm long, 100 pm i.d. by 360 pm o.d. precolumn (IntegraFrit, New Objective, Woburn, MA)
slurry-packed in-house with C18 particles (Magic C18AQ, 200 A, 5 u; Michrom Bioresources,

Inc., CA) and were separated and introduced into the mass spectrometer by reverse-phase
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chromatography using 75 pm i.d. by 360 um o.d. by 35 cm long fused silica capillary column
(Polymicro Technologies, Phoenix, AZ) slurry-packed in-house with C18 particles (Magic
CI18AQ, 100 A, 5 u; Michrom Bioresources, Inc., CA). Peptides were loaded onto the precolumn
for 10 min at 2pl/min flowrate with isocratic 2% mobile phase B (99.9% (v/v) acetonitrile
(ACN)/0.1% (v/v) FA, Fisher, Pittsburgh, PA) and 98% mobile phase A (99.9% (v/v)
water/0.1% (v/v) FA, Fisher, Pittsburgh, PA). Peptides were eluted from the column using a
gradient of 5% to 30% mobile phase B over 90 min at a constant flow rate of 300 nL/min
followed by a column wash consisting of 80% mobile phase B for an additional 10 min.

The Q Exactive mass spectrometer was configured to collect high resolution (R = 70,000 at m/z
200) full scan mass spectra (m/z 400-2000) at an automatic gain control target of 1.0E+6 and
maximum ion time of 100 ms. MS/MS events (R = 17,500) at an automatic gain control target of
5.0E+4, maximum ion time 50 ms and an underfill ratio of 1%) were triggered on the twenty
most abundant peptide molecular ions dynamically determined from the MS1 scan using a
relative higher-energy collisional dissociation (HCD) energy of 28%. A 30 sec dynamic
exclusion setting was used to minimize redundant selection of peptides. Unassigned, 1 plus and
>6 plus charged ions were excluded.

2.8 STATISTICAL EVALUATION

Statistical significance between data sets containing two independent groups was evaluated using
the unpaired Student’s ¢ test. All hypothesis testing was performed with o = 0.05. Statistical
analysis was conducted using either Igor Pro v4.09A or InStat v3.b (GraphPad; La Jolla, CA).
All data points are displayed as mean = SEM, and statistically significant differences are

indicated by asterisks.
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Chapter 3. RESULTS

3.1 TYROSINE PHOSPHORYLATION DIMINISHES [,

I began by studying the effects of broad-spectrum manipulation of phosphorylation on
hippocampal principal neurons from naive animals, as a starting point for understanding
modulation of maximal /.. To investigate tyrosine phosphorylation as a potential mechanism, I
began by performing cell-attached patch-clamp recordings at the somata of hippocampal
pyramidal-like principal (PLP) neurons, a subtype of pyramidal neuron with somata localized to
the stratum radiatum, and with a high somatic density of 7, (unlike other types of hippocampal
pyramidal neurons). 7, in PLP neurons shows similar high density, voltage-dependence of
activation, activation kinetics, and regulation by p38 MAPK that are similar to those for /, in the
dendrites of CA1 pyramidal neurons (Poolos et al., 2006; Bullis et al., 2007). The high somatic
density of I in PLP neurons, and large size of PLP somata compared to pyramidal dendrites,
make 7, measurements technically easier in the soma of PLP neurons than in pyramidal
dendrites; the similar 7, characteristics between the two cell types mean that the /;, measurements
in PLP neurons provide a useful adjunct to measurements of /; in pyramidal dendrites. I began
this study in PLP neurons, and confirmed key findings in CA1 pyramidal neurons. However, the
functional role of PLP neurons has not yet been determined, and I did not examine this further in
this study.

In PLP neurons, maximal /;, was significantly reduced to 45% of control following 30
minute treatment with 10 uM phenylarsine oxide (PAO), a general Tyr phosphatase inhibitor that
increases phosphorylation at Tyr residues (control: 31 +£2.4 pA, n =23; PAO: 14+ 3.4 pA,n=
10; p <0.01) (Figure 44). As measured at the half-maximal point (V1,,), I voltage-dependent

activation underwent a slight, but significant, hyperpolarizing shift in PLP neurons from PAO-
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treated brain slices (control: 98 £ 1.7 mV, n =23; PAO: -106 £ 1.8mV, n = 10; p < 0.05)

(Figure 4B).
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Figure 4. I, decreases after either PP1/PP2A inhibition or tyrosine phosphatase
inhibition. A, I amplitudes at maximal activation obtained at the somata of hippocampal
PLP neurons from phenylarsine oxide (PAO)-treated hippocampal slices were significantly
reduced compared to control (Ctrl). Representative current traces are shown at voltage
commands of ~ —150 mV. I, values shown as a percentage of control to facilitate comparison
among experiments. B, Voltage-dependent activation in PLP neurons was significantly
hyperpolarized following 30 min treatment with 10 uM phenylarsine oxide. C, /;, at maximal
activation in hippocampal PLP neurons was not significantly altered following 30 min
treatment with either 1 uM or 20 uM genistein. D, Voltage-dependent activation in PLP
neurons was not significantly altered following 30 min treatment with either 1 uM or 20 uM
genistein. E, I, amplitudes obtained in CA1 pyramidal neuronal dendrites from okadaic acid
(OA)- and PAO-treated hippocampal slices were significantly reduced compared to control.
F, Voltage-dependent activation of dendritic /, in OA- and PAO-treated hippocampal slices

was similar to control.
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I next asked if inhibition of Tyr phosphorylation would increase 7, in PLP neurons. I
applied the broad-spectrum kinase inhibitor genistein, an inhibitor of Tyr kinases, at one of two
doses (either 1 pM or 20 uM); (for specificity and potency of genistein for tyrosine kinase
inhibition, see O’Dell et al., 1991), to brain slices from naive animals for 30 minutes, and
measured the effect on 7, in PLP somata. Genistein did not have a significant effect at either dose
on maximal 7, (1 uM genistein: 27 = 4.6 pA, n=7; 20 uM genistein: 25 £ 6.9 pA, n = 5) (Figure
4C), or on voltage-dependent activation (1 uM genistein: =104 £2.9 mV, n=7; 20 uM
genistein: —106 + 4.5 mV, n = 5) (Figure 4D). These results could indicate that HCN channels
are at a very low basal phosphorylation state under normal conditions, and cannot undergo
significant further dephosphorylation.

I then asked whether 7, in hippocampal CA1 pyramidal apical dendrites was similarly
affected by modulation of Tyr phosphorylation, using cell-attached patch clamp recordings. I
found that dendritic 7, (at an average of 174 = 5 pm from the soma) was significantly reduced to
43% of control following 30 min treatment with 10 uM PAO (control: 42 + 4.6 pA, n = 13;
PAO: 18 £ 3.8 pA, n=10; p <0.01) (Figure 4E). Unlike in PLP neurons, /, voltage-dependent
activation was not significantly altered in pyramidal dendrites from PAO-treated brain slices
(control: -90 = 1.5 mV, n = 13; PAO: -93 = 1.2 mV, n = 10) (Figure 4F). These results show
that increased Tyr phosphorylation diminishes /7, amplitude in both hippocampal CA1 pyramidal
dendrites and PLP neurons, to a similar extent.

3.2 PP1/2A INHIBITION DIMINISHES /;; AND HCN1 SURFACE EXPRESSION

Previously, we showed that activation of the serine/threonine protein phosphatase 2B (PP2B,
calcineurin) downregulated HCN channel gating without affecting maximal /;, (Jung et al., 2010).

I next considered the other two Ser/Thr phosphatase families, PP1 and PP2A, as potential
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mechanisms modulating 7, amplitude. To investigate this possibility, I bathed hippocampal slices
for 30 min in 50 nM okadaic acid (OA), an inhibitor of both PP1 and PP2A, and performed cell-
attached patch-clamp recordings in the dendrites of hippocampal CA1 pyramidal neurons (at 162
+ 3 um from the soma). 50 nM OA significantly reduced maximal 7, to 57% of control (OA: 24
+ 2.5 pA, n=10; p <0.01) (Figure 4E), without a significant change in /, voltage-dependent
activation (control: =90 £ 1.4 mV, n = 13; OA: -94 + 1.5 mV, n = 10) (Figure 4F), thus
demonstrating that /;, is reduced by both Tyr and Ser/Thr phosphorylation-dependent
mechanisms.

In a previous study, we demonstrated that the loss of 7, amplitude in CA1 pyramidal
neuron dendrites at one hour post-SE was accompanied by a similar decrease in HCN1 channel
surface expression; however, the mechanisms leading to this diminished surface expression are
unclear (Jung et al., 2011). In light of the discovery that increased Tyr phosphorylation leads to
decreased maximal 7y, I next asked if Tyr phosphatase inhibition diminishes 7, by reducing
HCNI1 channel neuronal surface expression, as determined by a surface biotinylation assay (see
Methods). To validate the surface biotinylation assay, I first sought to replicate the prior finding
that PKC activation increases GABA 4 a4 subunit surface expression in hippocampal tissue
(Abramian et al., 2010). Using this assay, PKC activation by 60 min bath application of 10 uM
phorbol 12,13-diacetate (PDA), an activator of PKC, produced a significant increase in GABA
a4 subunit surface expression (total expression: 66 += 10% of control; surface expression: 156 +
27% of control; ratio surface/total: 237 £+ 15% total; n = 3; p < 0.05) (Figure 54), consistent with
the previously published 294 + 91% increase. I probed both surface and total fractions with a [3-
actin antibody to confirm that the surface fraction was not contaminated with cytoplasmic

proteins; no -actin staining was observed in the surface fraction (Figure 54).
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Figure 5. PP1/PP2A inhibition reduces HCN1 channel surface expression, but tyrosine
phosphatase inhibition does not. A, GABA4 a4 subunit surface expression in hippocampal
CAL area was significantly increased following 60 min treatment with 10 pM PDA.
Representative Western blots of surface and total GABAA a4 subunit protein levels are
shown in each condition. B-actin protein expression is found only in the total homogenate,
and not in the surface fraction, as determined by surface biotinylation assay. The absence of
actin staining confirms that the surface fraction is not contaminated with cytoplasmic
proteins. B, Surface expression of HCN1 channel protein from CA1 hippocampal tissue
homogenates was unchanged in phenylarsine oxide (PAO)-treated tissue, as compared to
control. Representative Western blots of surface and total HCN1 protein are shown. C,
Surface HCN1 channel protein expression was decreased in okadaic acid (OA)-treated

hippocampal slices.
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I then used the surface biotinylation assay to measure HCN1 surface expression. HCN1
surface expression in tissue from CA1 hippocampus treated with 10 uM PAO for 60 min was
unchanged (total expression: 96 + 5% of control; surface expression: 97 + 6% of control;
surface/total: 102 + 5% total; n = 5) (Figure 5B). These results demonstrate that increased Tyr
phosphorylation does not diminish 7, by reducing HCN1 surface expression; rather, Tyr
phosphorylation may diminish 7, by reducing HCN1 single-channel conductance, either as a
direct effect or via other signaling intermediaries.

To reveal whether the effect of PP1/2A inhibition on 7, was due to changes in HCN1
surface expression, I similarly performed a surface biotinylation assay. In contrast to the lack of
effect of increased Tyr phosphorylation on HCN1 channel surface expression, 50 nM OA
treatment for 60 min significantly diminished HCN1 surface expression in hippocampal CA1
tissue (total expression: 108 + 10% of control; surface expression: 77 £ 16% of control; ratio
surface/total: 70 + 9% total; n = 5; p < 0.05) (Figure 5C). These results show that increased

Ser/Thr phosphorylation contributes to diminished 7, by decreasing HCN1 surface expression.

3.3 PROTEIN KINASE C MODULATES /; AND HCN1 SURFACE EXPRESSION IN
HipPOCAMPAL NEURONS

I next turned to identification of a specific Ser/Thr kinase responsible for modulating 7, and
HCNI1 surface expression in hippocampal neurons. I considered protein kinase C (PKC) a prime
candidate: previous studies have identified PKC as a mechanism directly regulating the function
of Kv4.2 channels and GABA, receptors in hippocampal neurons (Hoffman and Johnston, 1998;
Poisbeau et al., 1999). A few studies have also demonstrated that PKC acts as a mediator of other
modulators of 7, such as neurotensin, diacylglycerol kinase, phospholipase C, and orexin A

(Cathala and Paupardin-Tritsch, 1997; Fogle et al., 2007; Carr et al., 2007; Li et al., 2010).
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To test the hypothesis that PKC modulates /, in hippocampal neurons, I bathed
hippocampal slices for 30 min in 10 uM PDA, and performed cell-attached patch-clamp
recordings in PLP somata and the dendrites of hippocampal CA1 pyramidal neurons (at 171 + 6
um from the soma). PDA is an analogue of diacylglycerol, which is necessary for activation of
PKC. PDA significantly reduced maximal 7, in PLP somata to 57% of control (control: 36 + 2.3
pA,n=43; PDA: 20+ 1.7 pA, n="7; p <0.01) (Figure 64); I, voltage-dependent gating
underwent a hyperpolarizing shift (control: 98 £ 1.7 mV, n =23; PDA: -108 £+ 4.4 mV,n="7;p
< 0.05) (Figure 6B). I also investigated whether application of 1 uM GF109203X
(Bisindolylmaleimide I; GFX), a PKC inhibitor (Hama et al., 2004), would increase 7, in PLP
somata. There was no significant change in maximal /;, following 30 min application of 1 uM
GFX; however, maximal /;, was significantly increased following 60 min incubation to 158% of
control (30 min GFX: 35 £ 6.1 pA, n=8; 60 min GFX: 57+ 9.5 pA, n =10, p <0.01) (Figure
64). No significant change in gating was observed following 1 uM GFX incubation for either 30
min (not shown) or 60 min (Figure 6B) (control: —95 + 1.6 mV, n = 43; 30 min GFX: —-103 + 3.3
mV, n = 8; 60 min GFX: —98 £ 3.6 mV, n = 10). These results show that PKC activity can
bidirectionally modulate /;, amplitude in hippocampal principal neurons; however, the effect of
PKC inhibition on /; develops more slowly than that of PKC activation.

I then confirmed that PDA significantly reduced maximal 7, in hippocampal CA1
pyramidal dendrites, as it did in PLP neurons, to 43% of control (control: 42 + 4.6 pA, n = 13;
PDA: 18 £2.9 pA, n="17; p <0.01) (Figure 6C); however, the hyperpolarizing shift in V', was

not observed in pyramidal dendrites (control: —90 = 1.5 mV, n=13; PDA: -92 £3.6 mV,n=7)
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(Figure 6D). Notably, the magnitude of change in /; from PKC activation is similar to that from
inhibition of the Ser/Thr phosphatases PP1/2A with OA. Thus, PKC activation significantly

reduces /;, amplitude in both PLP somata and hippocampal CA1 pyramidal dendrites.
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Figure 6. Protein kinase C activity bidirectionally modulates /. A, Maximal /;, in PLP
neurons was significantly reduced following 30 min treatment with 10 uM PDA. 7, was
significantly increased following 60 min treatment with 1 uM of the PKC inhibitor
GF109203X. Representative current traces are shown at voltage commands of ~ —150 mV.
B, Voltage-dependent activation in PLP neurons was significantly hyperpolarized following
treatment with PDA, but not following treatment with GF109203X. C, Maximal 7, obtained
at CA1 pyramidal neuronal dendrites from PDA-treated hippocampal slices was significantly
reduced compared to control. D, Voltage-dependent activation of dendritic 7, in PDA-treated

hippocampal slices was similar to control.

3.4 PKC MODULATION OF /;; AMPLITUDE IS IRREVERSIBLE WITHIN ONE HOUR

I then sought to confirm that the action of PDA on 7, amplitude was dependent on PKC

activation. I bathed hippocampal slices in 1 uM GFX for 30 min, and then in both 1 uM GFX

22



and 10 uM PDA for 30 min, and then measured /; at the soma of PLP neurons using cell-attached
patch clamp electrophysiology (diagrammed in Figure 74). Following this treatment, maximal 7,
was significantly increased to 141% of control, similar to that seen with 60 minute GFX
application alone (control: 36 + 2.3 pA, n = 43; GFX pre-treated: 51 £ 9.0 mV, n = 6; p <0.05)
(Figure 7B). This demonstrates that GFX blocks the action of PDA, suggesting that the action of
PDA depends on PKC activation. No significant change in gating was observed (control: —95 +
1.6 mV, n =43; GFX pre-treated: —93 £ 6.3 mV, n = 6) (Figure 7C).

Finally, I sought to determine if the PDA-induced decrease in maximal /, is reversible
within one hour. I bathed hippocampal slices in 10 uM PDA for 30 min (to induce the
previously-observed decrease in /), then in 1 uM GFX for 60 min, and then measured 7 at the
soma of PLP neurons (diagrammed in Figure 7D). Surprisingly, I found that that the PKC
inhibitor did not reverse the PKC activator-induced decrease in maximal /,, (control: 36 + 2.3 pA,
n =43; PDA pre-treated: 20 + 2.6 mV, n = 6; p < 0.05) (Figure 7E). In contrast to treatment with
PDA alone (see Figure 6B), no significant change in gating was here observed (control: —95 +
1.6 mV, n =43; PDA pre-treated: -89 + 4.5 mV, n = 6) (Figure 7F), suggesting that the GFX
treatment at least partially reversed the PDA-induced hyperpolarizing shift in V', in PLP

neurons.
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Figure 7. PKC modulation of /, is irreversible. A, Paradigm for the GF109203X pre-
treatment experiment. Hippocampal slices were treated for 30 min with 1 uM GF109203X,
followed by 30 minute treatment with both 1 pM GF109203X and 10 uM PDA. B, Maximal
Iy, in PLP neurons was significantly increased in the GF109203X pre-treatment experiment.
C, No significant change in gating was observed in the GF109203X pre-treatment condition.
D, Paradigm for the PDA pre-treatment experiment. Hippocampal slices were treated for 30
min with 10 uM PDA, followed by 60 minute treatment with 1 pM GF109203X. E, Maximal
Iy, in PLP neurons remained significantly decreased in the PDA pre-treatment experiment. F,

No significant change in gating was observed in the PDA pre-treatment condition.
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3.5 PKC AcCTIVITY MODULATES HCN1 CHANNEL PHOSPHORYLATION AND
HCN1 SURFACE EXPRESSION

In order to confirm that PKC activation affected the phosphorylation state of HCN1, I probed
immunoprecipitated HCN1 protein with a pan-phosphoserine antibody. These experiments
confirmed that 60 min treatment with 10 uM PDA significantly increased the Ser
phosphorylation state of HCN1 (total HCN1: 112 + 7% of control; pSer: 153 + 8% of control, p
< 0.05; pSer/HCNI1: 138 &+ 9% of control, p < 0.05; n =5) (Figure 84). As a positive control for
the sensitivity of the phosphoserine antibody, I confirmed that 60 min treatment with 50 nM OA
also significantly increased the Ser phosphorylation state of HCN1 (total HCN1: 111 &+ 13% of
control; pSer: 175 £ 15% of control, p < 0.05; pSer/HCN1: 165 + 19% of control, p <0.05; n =
5) (Figure 8B). These results demonstrate that inhibition of PP1/2A or activation of PKC
decreased I, in hippocampal principal neurons, and were associated with increased Ser

phosphorylation of HCN1.
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Figure 8. HCNI serine phosphorylation increases following both PKC activation
and PP1/2A inhibition. A, Serine phosphorylation of HCN1 channel subunits was
increased in PDA-treated hippocampal slices. Representative Western blots of p-Ser
and HCN1 protein levels are shown in each condition after immunoprecipitation with

anti-HCN1 antibody. B, Serine phosphorylation of HCN1 channel subunits was

increased in OA-treated hippocampal slices.

Finally, I sought to uncover if the PKC activation-induced decrease in /, amplitude was

IP: Anti-HCN1

IP: Anti-HCN1

Ctrl PDA

pSer = L.-... *

L G Gm—
Ctrl OA

pSer . L —

HCONT s SR

correlated with decreased HCN1 channel surface expression. I found that HCN1 channel surface

expression in hippocampal CA1 tissue was diminished by PKC activation with 10 puM PDA. As

measured by the previously-described surface biotinylation assay, while the HCN1 total protein

expression was unchanged (108 + 8% of control); PDA decreased the HCN1 surface expression

(57 = 8% of control, p < 0.01), and HCN1 surface expression was significantly reduced when

normalized to total HCN1 protein expression (55 £ 11% total, p < 0.05) (Figure 94). This
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decrease in surface/total expression was comparable in magnitude to the decrease in 7, amplitude

following PKC activation.
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Figure 9. PKC activity bidirectionally modulates HCN1 surface expression. A, HCN1

channel surface expression in hippocampal CA1 area was significantly reduced following 60

min treatment with 10 uM PDA. Representative Western blots of surface and total HCN1

protein levels are shown in each condition. B, HCN1 channel surface expression in

hippocampal CA1 area was significantly increased following 60 min treatment with 1 uM

GF109203X. Representative Western blots of surface and total HCN1 protein levels are

shown in each condition.

Conversely, I found that PKC inhibition increases HCN1 surface expression. HCN1 surface

expression was significantly increased following 60 min bath application of 1 pM GFX to

hippocampal CA1 tissue (total expression: 97 + 8.2% control; surface expression: 114 + 7.0%

control; surface/total: 122 + 9.8 % total; n = 10; p < 0.05) (Figure 9B). These results demonstrate

that PKC activity bidirectionally modulates HCN1 surface expression in hippocampal CA1

neurons, as is the case with 7, amplitude.
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3.6 IDENTIFICATION OF THE PKC PHOSPHOSITES ON HCN|1

Identification of the PKC phosphosites within the HCN1 protein would help determine the
specific mechanism by which PKC activity modulates HCN1 surface expression. To begin, |
prepared CA1 hippocampal tissue from 6 week-old naive Sprague-Dawley rats according to the
co-immunoprecipitation protocol (see Methods). The purified HCN1 protein was then prepared
for mass spectrometry: purified protein was run out on a gel and stained with Coomassie blue, to
identify the HCN1 band. The bands were then cut out, and the HCN1 peptide fragments were
eluted by an in-gel trypsin digestion protocol.

The initial mass spectrometry experiments in naive animals (» = 12) identified two
serine/threonine phosphorylation sites near the N-terminus: Thr39 and Ser69 (Figure 104). The
sites identified in the naive condition are probably basally phosphorylated, enabling their
identification without any pharmacological modification. I then asked if PKC activation would
reveal additional phosphosites, reasoning that there could be PKC phosphosites that are not
basally phosphorylated (and, therefore, difficult to detect in naive conditions). I generated
hippocampal slices from 6 week-old naive Sprague-Dawley rats, and treated the slices for one
hour with 10 uM PDA to activate PKC. I then prepared the tissue for mass spectrometry analysis
in an identical fashion to the naive tissue. With the PKC activator-treated tissue (n = 1), I
confirmed the previous identification of Thr39 and Ser69, and identified five additional
phosphosites: Ser53, Ser588, Ser867, Ser868, and Ser891 (Figure 10B).

To confirm the phosphosites identified with PKC activation, I then sought to repeat the
mass spectrometry experiments using hippocampal CA1 tissue from rats at one hour post-SE.
PKC activity is increased post-SE in several models of epilepsy, including the pilocarpine model

(Tang et al., 2004). Mass spectrometry using hippocampal CA1 tissue harvested from rats at one
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hour post-SE (n = 4) confirmed the identification of three of the phosphosites identified with
PKC activation: Thr39, Ser867, and Ser868 (Figure 10C). No novel sites were identified at one
hour post-SE; however, there may be additional phosphosites in regions of HCN1 that were

uncovered in these initial experiments.
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Figure 10. Serine/threonine phosphosite identification on HCN1. Transmembrane domains
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A, Control conditions. Protein coverage is indicated by the red shaded background (497/910,

54.6%); phosphosites are indicated by a black box. B, 60 min treatment with 10 uM PDA
(PKC activator). Protein coverage is indicated by the yellow shaded background (328/910,

36.0%); phosphosites are indicated by a black box. C, One hour post-SE. Protein coverage is
indicated by the blue shaded background (272/910, 29.9%); phosphosites are indicated by a

black box.
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Chapter 4. DISCUSSION

Despite the importance of HCN1 channels in regulating neuronal excitability in cortex
and hippocampus, there has been little prior understanding of how maximal /, amplitude and
HCNI surface expression are dynamically modulated in neurons. Previous studies have shown
that /;, gating is phosphorylation-dependent. In the present study, I sought evidence for
phosphorylation modulation of maximal /;, and HCN1 channel surface expression in
hippocampal principal neurons. Here, I showed that Tyr phosphorylation modulated 7, amplitude
in hippocampal CA1 pyramidal dendrites and PLP neurons, without altering HCN1 surface
expression; that PKC modulated both maximal /;, and HCN1 surface expression in hippocampal
CAL1 pyramidal dendrites and PLP neurons; that the PKC-induced change in 7, was irreversible;
and that both PP1/2A and PKC directly modulated the Ser phosphorylation state of HCN1. This
study is the first to demonstrate a phosphorylation-dependent mechanism regulating 7, amplitude
and HCN1 surface expression in pyramidal neurons.

4.1 PHOSPHORYLATION REGULATION OF HCN CHANNELS

In prior studies, the effects of Tyr phosphorylation upon /7, current and gating are mixed,
and depend upon the HCN channel isoform (HCN1-4) and the cell type (i.e., neurons, or
heterologous system such as HEK293). These results are consistent with a previous finding that
Tyrosine kinase B (TrkB) activation through binding of brain-derived neurotrophic factor
(BDNF) reduced /7, amplitude in respiratory neurons within the pre-Botzinger complex, where
HCNI is the predominant isoform (Thoby-Brisson et al., 2003). The finding that neuronal 7, is
unchanged following Tyr kinase inhibition by genistein is also consistent with a similar finding
using HCN1 expressed in Xenopus oocytes (Yu et al., 2004). The reason for the decrease in

maximal /; following Tyr phosphatase inhibition remains unclear; however, the finding that Tyr
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phosphatase inhibition did not alter HCN1 surface expression could suggest a decrease in single-
channel conductance. Additionally, Tyr phosphatase inhibition may have a myriad of
downstream effects on signaling and accessory proteins that may, in turn, mediate effects on 7,
conductance; one (or more) of these accessory proteins or pathways could be an intermediary for
the decrease in /.

These results build upon previous studies about PKC regulation of 7, in heterologous
expression systems. In one prior study, application of 4f3-phorbol 12-myristate,13-acetate
(4BpPMA), an activator of PKC (Goel et al., 2007), to excised inside-out patches from HCN1-
transfected Xenopus oocytes reduced maximal 7, by ~ 80%, and caused a +20 mV shift in
voltage-dependence of activation (Fogle et al., 2007). Recently, another study found that bath
application of 4BPMA decreased maximal 7, by ~30-40% in both HEK293 and N1E-115
transfected with either rat or human HCN1, as measured by inside-out cell-excised patch clamp
electrophysiology (Reetz and Strauss, 2013). Both groups speculated that the decrease in
maximal /;, was primarily due to a reduction in the number of surface-expressed HCN1 channels.
These results successfully replicate the reduction in /7, following PKC activation, and
demonstrate for the first time that this loss of 7, results from diminished HCN1 surface
expression. This study also demonstrates the novel finding that this effect is bidirectional in
hippocampal CA1 principal neurons; that is, while PKC activation decreases 7, and HCN1
surface expression, PKC inhibition increases 7, and HCN1 surface expression. Furthermore,
these results show that activation of PKC increases the Ser phosphorylation state of HCNI1.

Although the changes in 7, and HCN1 surface expression induced by PKC activation are
quantitatively similar, the surface biotinylation data include HCN1 channel protein from the

entire CA1 area, and not just from hippocampal pyramidal dendrites. The CA1 area could
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provide additional sources of HCNI1 protein, such as from presynaptic terminals or interneurons,
which these electrophysiology experiments did not assess. However, elegant electron microscopy
experiments have demonstrated that HCN1 channel protein expression is significantly enriched
in the distal dendrites (as compared to proximal dendrites) and in dendritic shafts (as compared
to dendritic spines) of pyramidal neurons and far outweighs that from presynaptic terminals
(Lorincz et al., 2002). This is because HCN1 channels are expressed throughout the dendritic
shafts of pyramidal neurons, and not just at synaptic terminals. This is also supported by
immunohistochemistry for HCN1 in the hippocampus, which shows an HCN1 channel density
gradient throughout stratum radiatum and lacunosum moleculare that reflects the subcellular
gradient in pyramidal neurons (Lorincz et al., 2002). Thus it appears that the changes in HCN1
surface expression described by the surface biotinylation assay are primarily dendritic in origin.
Unexpectedly, the results demonstrate that the effects of PKC phosphorylation of HCN1
are acutely irreversible—that is, one hour treatment with GFX does not reverse the PDA-induced
decrease in maximal /. There are several potential mechanisms that could cause this
irreversibility; for example, phosphorylation could cause a conformational change in HCN1
rendering the phosphosite inaccessible. Alternatively, phosphorylation could trigger
internalization and compartmentalization of HCN1. In either case, phosphorylation could affect
I, and HCNI surface expression by altering HCN1 co-assembly with one or more trafficking
proteins, such as TRIP8b or filamin A (Santoro et al., 2004; Gravante et al., 2004). TRIPS8b, for
example, has at least nine N-terminal splice variants; some of these promote HCN1 surface
expression, while others diminish HCN1 surface expression (Lewis et al., 2009; Santoro et al.,
2009). PKC could diminish 7, and HCN1 surface expression in hippocampal pyramidal neurons

by altering co-assembly of HCN1 and one of these TRIP8b splice variants. Identification of the
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PKC phosphosites within the HCN1 protein would help determine the specific mechanism by
which PKC activity modulates HCN1 surface expression.

Previous work had identified one phosphosite within rat HCN1, Thr39 (Craft et al.,
2008), as well as two conserved sites within mouse HCN1, Ser69 and Ser588 (Huttlin et al.,
2010). The mass spectrometry experiments conducted in this study confirmed these sites, and
identified four more: Ser53, Ser867, Ser868, and Ser 891. Three of these phosphosites (Thr39,
Ser53, Ser69) are in the N-terminal region, which contains a domain believed to be responsible
for subunit co-assembly (Tran et al., 2002). The other four (Ser588, Ser867, Ser868, Ser891) are
near the end of the C-terminal end, near potential binding sites with TRIP8b (Santoro et al.,
2011). Importantly, two of these C-terminus phosphosites, Ser867 and Ser868, were identified in
both the PKC-activated and post-SE conditions. These two phosphosites would be the two
leading candidates controlling PKC activation-induced downregulation of HCN1 surface
expression post-SE.

Four of these seven identified phosphosites were also predicted as potential
phosphorylation sites by one of the online prediction algorithms. The algorithm KinasePhos
predicts Thr39 and Ser868 as potential phosphosites, while the algorithm ScanSite predicts
Ser588 and Ser867 as potential phosphosites (Wong et al., 2007; Obenauer et al., 2003). These
sites recognize specific amino acid motifs within the protein, and predict likely phosphosites and
their associated kinases. These tools are somewhat limited in their utility by their high false
positive rates (10/12 predicted phosphosites with ScanSite, 83% false positives; 15/17 predicted
phosphosites with KinasePhos, 88% false positives). However, they serve as a quick and easy

way to highlight potential phosphosites within large proteins, such as HCN1.
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The binding sites of the trafficking proteins filamin A and TRIP8b have been previously
investigated. The filamin A binding site on HCNI is on residues 694 to 715 (Gravante et al.,
2004). TRIP8b has two binding sites on HCN1: the final SNL tripeptide, and another region
within the cyclic nucleotide binding domain (deBerg et al., 2015; Bankston et al., 2012; Santoro
et al., 2011). None of the four C-terminal phosphosites in HCN1 identified in this study lie
within any of these regions; however, the phosphosites may lie in close spatial proximity to one
(or more) of the binding sites of these trafficking proteins. Our experiments are still ongoing; we
do not yet have full coverage of the HCN1 protein for the purposes of mass spectrometry (see
Figure 10). In future experiments, we plan to continue to analyze hippocampal CA1 tissue from

rats at one hour post-SE.

4.2 POTENTIAL RELEVANCE TO EPILEPTOGENESIS

Our discovery of a phosphorylation mechanism controlling maximal /, and HCN1 surface
expression in pyramidal neurons has potential implications as a mechanism in epileptogenesis. In
a previous study, we demonstrated that maximal 7, and HCN1 surface expression are decreased
in the hippocampal CA1 area at one hour post-SE in the rat pilocarpine model of temporal lobe
epilepsy; however, the mechanisms controlling these changes were unclear (Jung et al., 2011).
These results provide a potential mechanism for this downregulation, and are consistent with the
discovery of increased hippocampal PKC activity in rodent models of epilepsy (Grabauskas et
al., 2006). It remains to be seen if increased PKC activity in the hippocampal CA1 area post-SE
is responsible for the contribution of diminished HCN1 expression and function to
epileptogenesis. These results are the first demonstration of a phosphorylation-induced change in

I, amplitude and HCNI1 surface expression in pyramidal neurons, and present a potential
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mechanism regulating diminished HCN1 function and expression both under normal conditions

and post-SE in the rat pilocarpine model of temporal lobe epilepsy.
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Chapter 5. FUTURE DIRECTIONS

This study demonstrates that protein kinase C regulates the expression and function of HCN1
channels in CA1 pyramidal neurons. This finding is relevant to the study of epileptogenesis, in
that it presents a potential mechanism in the post-SE downregulation of HCN1 surface
expression and /7, density that leads to neuronal hyperexcitability. However, there remain several
outstanding questions to fully resolve the physiological pathway that links PKC-mediated
changes in HCN1 to epileptogenesis. These questions would need to be resolved in order to
determine if the PKC-HCN1 pathway is a potential therapeutic target for epilepsy.

5.1 HCN1 PHOSPHOSITE DETERMINATION

The early mass spectrometry experiments have identified seven potential PKC phosphosites
within HCN1. Three of these (Thr39, Ser53, Ser69) are located within the cytoplasmic N-
terminal domain, and four (Ser588, Ser867, Ser868, Ser891) are located with the cytoplasmic C-
terminal domain. Phosphorylation of any, or all, of these domains could be responsible for
triggering the trafficking event that causes the downregulation of HCN1 surface expression.
Phosphosite identification could be explored using site-directed mutagenesis of HCN1, by
mutating of each of the seven relevant residues and determining if PKC phosphorylation still
diminishes HCN1 surface expression.

The site-directed mutagenesis work would be best done in mice, due to the present
difficulty in doing such genetic work in rats. Fortunately, there is a very high degree of
homology between mouse and rat HCN1; all but 13 of the 910 residues are conserved (including
all of the potential phosphosites) (Figure 11). The initial discovery of PKC regulation of HCN1

surface expression would have to be re-confirmed in mouse tissue, as a control. Then, using viral
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transfections in HCN1 knockout mice, a set of animals would be developed where each
respective phosphosite is mutated to an alanine (with the wild-type as a control). The surface

biotinylation assay would then be repeated with PKC activator-treated tissue from the control

and each mutant. If PKC activation failed to diminish surface expression of HCN1 in any of the

mutants, /,, density following PKC activation would be assessed in that mutant by

electrophysiology.
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Figure 11. Rat HCN1 (Q9JKBO) alignment with mouse HCN1 (O88704). Most residues

are conserved, including all seven potential phosphosites (indicated).

This proposed experiment supposes that the relevant phosphorylation event takes place on HCN1

itself. One potential outcome of this study is that none of the mutated phosphosites will lead to

altered HCN1 channel surface expression in response to PKC activation. However, the important
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phosphorylation event may, instead, occur on one of the associated trafficking proteins (see
Discussion). In that case, it will be necessary to investigate potential phosphosites on filamin A

and TRIP8b, the two known trafficking proteins.
5.2 MECHANISM OF DIMINISHED HCN1 SURFACE EXPRESSION

Previous studies of ion channel trafficking have identified two basic mechanisms by which post-
translational modifications can decrease surface expression: impaired trafficking to the surface
membrane, and increased retrieval from the surface membrane for proteasomal degradation (i.e.,
by receptor-mediated endocytosis) (Goldstein et al., 1979; Song and Huganir, 2002; Jentsch et
al., 2004). This study has not identified the mechanism by which PKC-induced phosphorylation
diminishes HCN1 surface expression; potentially, either impaired trafficking or increased
retrieval could be responsible. If the mechanism responsible for this decrease could be identified,
its inhibition or reversal could prevent the neuronal hyperexcitability caused by the loss of 7.

The “increased retrieval” mechanism could be investigated using electrophysiology and
pharmacological tools, such as the dynamin inhibitor dynasore (Lee at al., 2010; Macia et al.,
2006). Hippocampeal slices from naive rats would be incubated in dynasore for 30 minutes, and
then incubated in PDA for 30 minutes. /, density in CA1 pyramidal dendrites would then be
assessed using cell-attached patch clamp. Unchanged 7, following dynasore and PDA treatment
would implicate receptor-mediated endocytosis as the mechanism responsible for the PKC-
induced decrease in HCN1 surface expression. In this case, a surface biotinylation assay could
then be used to assess the effect of dynamin inhibition on HCN1 surface expression.

If dynasore does not prevent the PKC-induced decrease in /;,, the next potential
mechanism to investigate would be impaired co-assembly of HCN1 with one of its trafficking

proteins. Investigation of this possibility would require a co-immunoprecipitation assay to
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measure interactions between HCN1 and TRIP8b or filamin A. First, using tissue from naive
animals, HCN1 would be pulled down using an HCN1 antibody and probed using either an anti-
TRIP8b or anti-filamin A antibody. Then, the co-immunoprecipitation experiment would be
repeated using tissue treated with the PKC activator and with tissue from animals at one hour
post-SE. If PKC activation impairs HCN1 co-assembly with either of these two trafficking
proteins, the co-IP assay will show decreased co-localization of HCN1 with TRIP8b or filamin A
in the PKC-activated and one hour post-SE conditions.

5.3 ANTI-EPILEPTOGENIC EFFECT IN AN /N VivO MODEL OF TLE

This study demonstrated that pre-treatment with a PKC inhibitor prevented a PKC activation-
induced decrease in 7, density. As a decrease in 7, density is associated with neuronal
hyperexcitability, it would be interesting to determine if treatment with a PKC inhibitor would
prevent the onset of spontaneous, recurrent seizures in a chronic model of temporal lobe
epilepsy. The pharmacokinetic properties of the PKC inhibitor used in the present study are
unknown; therefore, the drug would have to be delivered directly into the brain by ICV
cannulation. After recovery, the rats in this study would undergo SE induction by i.p. pilocarpine
injection.

One potential complicating factor may be the effect of PKC inhibition on SE itself. The
post-SE changes in HCN1 are well documented, but HCN1 may play an as-yet undetermined
role in SE. There are certainly other ion channels that play a role in the development and
maintenance of SE; for example, pilocarpine acts on muscarinic acetylcholine receptors (Jope et
al., 1986). PKC inhibition might potentially ameliorate SE by preventing pilocarpine-induced
changes in these other ion channel types. If PKC inhibition significantly impedes the onset of

SE, then a larger dose of pilocarpine may be needed to induce status. If PKC inhibition

40



completely prevents SE in the in vivo pilocarpine model, then an in vitro model of temporal lobe
epilepsy, such as described in Jung et al., 2011, might be used.

If SE is successfully induced, the next experiment is to test if the PKC inhibitor pre-
treatment prevents the changes in HCN1 function and expression starting at one hour post-SE.
Previously, our lab has shown that: HCN1 surface expression and /, density are decreased at one
hour post-SE, that this decrease persists at least for one month, that total HCN1 protein
expression is not decreased until 24 hours post-SE, and that HCN1 gene transcription is not
decreased until one week post-SE (Jung et al., 2011). The in vitro PKC inhibitor pre-treatment
described in Figure 7 suggests that PKC inhibitor pre-treatment might also prevent 7,
downregulation in vivo. HCN1 surface expression, total protein expression, gene transcription,
and 7, density measurements will all be repeated with hippocampal CA1 tissue from rats pre-
treated with the PKC inhibitor. Compensatory up-regulation of another pathway could
potentially prevent the PKC inhibitor pre-treatment from reversing the post-SE downregulation
in I, and HCN1 expression; in this case, we will investigate other likely pathways (e.g. PKA).

The effects of PKC inhibitor pre-treatment in vivo on seizures would then be assessed in
post-SE rats. The rats would be monitored by video-EEG recordings for standard epilepsy
metrics: time to first seizure, seizure frequency, and seizure severity (as measured by the Racine
scale). These results would be compared against those from untreated post-SE rats. If the PKC
inhibitor prevents neuronal hyperexcitability, the rats in this study should demonstrate increased
time to first spontaneous seizure, decreased seizure frequency, and decreased seizure severity.
The effect would not be attributable solely to downregulation of HCN1, as misregulation of
many other ion channel types has been implicated in the development of epilepsy. Determination

of the responsible ion channel subtypes would require further study.
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Chapter 6. CONCLUSIONS

Previously, we have demonstrated that 7, density and HCN1 surface expression are
downregulated starting at one hour post-SE, leading to neuronal hyperexcitability, in an in vivo
model of temporal lobe epilepsy. This study demonstrates, for the first time, a post-translational
mechanism regulating 7, density and HCN1 surface expression in CA1 hippocampal principal
neurons. Here, I show that PKC bidirectionally and irreversibly modulates 7, and HCN1 surface
expression, although the precise mechanism by which this modulation occurs is still not fully
explained. This study also identifies several PKC phosphosites within HCN1 that may control
HCNI surface expression. This study helps to explain how neuronal hyperexcitability arises
during the latent epileptogenic phase in temporal lobe epilepsy, and presents a potential new

anti-epileptogenic therapeutic target.
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