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Abstract

Because hyperpolarization-activated cyclic nucleotide-gated (HCN) ion channels modulate the 

excitability of cortical and hippocampal principal neurons, these channels play a key role in the 

hyperexcitability that occurs during the development of epilepsy after a brain insult, or 

epileptogenesis. In epileptic rats generated by pilocarpine-induced status epilepticus, HCN 

channel activity is downregulated by two main mechanisms: a hyperpolarizing shift in gating and a 

decrease in amplitude of the current mediated by HCN channels, Ih. Because these mechanisms 

are modulated by various phosphorylation signaling pathways, we hypothesized that 

phosphorylation changes occur at individual HCN channel amino acid residues (phosphosites) 

during epileptogenesis. We collected CA1 hippocampal tissue from male Sprague Dawley rats 

made epileptic by pilocarpine-induced status epilepticus, and age-matched naïve controls. We also 

included resected human brain tissue containing epileptogenic zones (EZs) where seizures arise 

for comparison to our chronically epileptic rats. After enrichment for HCN1 and HCN2 isoforms 

by immunoprecipitation and trypsin in-gel digestion, the samples were analyzed by mass 

spectrometry. We identified numerous phosphosites from HCN1 and HCN2 channels, representing 

a novel survey of phosphorylation sites within HCN channels. We found high levels of HCN 

channel phosphosite homology between humans and rats. We also identified a novel HCN1 

channel phosphosite S791, which underwent significantly increased phosphorylation during the 

chronic epilepsy stage. Heterologous expression of a phosphomimetic mutant, S791D, replicated a 
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hyperpolarizing shift in Ih gating seen in neurons from chronically epileptic rats. These results 

show that HCN1 channel phosphorylation is altered in epilepsy and may be of pathogenic 

importance.

Graphical Abstract

Introduction

Hyperpolarization-activated, cyclic nucleotide-gated (HCN) ion channels represent a unique 

family of voltage-gated channels both for their unusual biophysical properties and their 

effects on the excitability of pyramidal neurons within the cortex and hippocampus. Their 

biophysical properties have been a source of fascination and controversy for years, and their 

role in cortical and hippocampal excitability have made them an intriguing pharmacological 

target (Brennan et al., 2016; DiFrancesco et al., 2019; Santoro & Shah, 2020). Because they 

are localized to the distal dendrites of these neurons and are non-inactivated at resting 

potential, HCN channels produce a substantial resting conductance (Ih) that significantly 

diminishes summation of dendritic synaptic voltage transients and thus reduces pyramidal 

neuron excitability (Poolos et al., 2002; Poolos, 2012; Poolos & Johnston, 2012). 

Modulation of HCN channel voltage-dependent gating or dendritic expression thus can 

significantly affect pyramidal neuron excitability in cortex and hippocampus. Of the four 

isoforms of HCN channels, HCN1 comprises the majority of expression in these brain 

regions, with HCN2 comprising a minority of expression at about a 3:1 or 4:1 ratio of 

HCN1:HCN2. Also, HCN1 and HCN2 subunits can form functional HCN channels as 

tetramers of each isoform alone or as tetramers of mixed subunits (Santoro & Tibbs, 1999).

HCN channels have been implicated in human epilepsy and in animal models of epilepsy. 

Mutations of the HCN1 gene produce a severe early childhood epileptic encephalopathy 

consisting of frequent seizures, multifocal electroencephalogram (EEG) abnormalities, and 

developmental delay (Nava et al., 2014; Marini et al., 2018). A de novo loss-of-function 

HCN1 mutation that has been shown to increase neuronal excitability was also found in an 

epilepsy patient with generalized EEG abnormalities (Bonzanni et al., 2018). The HCN2 
gene has not been clearly implicated in human epilepsy although case reports suggest a link 

to less severe epilepsy syndromes (Tang et al., 2008; DiFrancesco et al., 2011; Li et al., 

2018). Genetic deletion of the Hcn1 gene in mice produces cortical hyperexcitability but not 

epilepsy (Nolan et al., 2004), while deletion of Hcn2 produces generalized, absence-like 
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interictal discharges on EEG recordings (Ludwig et al., 2003). In animal models of acquired 

epilepsy such as post-status epilepticus (SE)-induced or febrile seizure-induced epilepsy, 

HCN channel gating, membrane surface expression, and protein expression are dysregulated 

in different phases of epileptogenesis and in isoform-specific ways.

In the acute phase immediately following the acute insult (SE, for example), HCN1 surface 

expression and maximal Ih amplitude are reduced and stay reduced into the chronic phase of 

epilepsy when spontaneous seizures occur. This is accompanied several days after the insult 

by long-lasting transcriptional downregulation of HCN1 expression (Jung et al., 2011). 

HCN2 expression, however, is transiently downregulated in the acute phase but returns to 

normal in chronic epilepsy (Brewster et al., 2002; Jung et al., 2011). HCN channels also 

undergo a downregulation in voltage-dependent gating which develops as seizures begin in 

the post-SE model and progressively worsen with increased seizure frequency as the animal 

develops chronic epilepsy (Jung et al., 2007). Both these changes in HCN1 expression and 

gating seen in chronic epilepsy downregulate Ih and contribute to neuronal hyperexcitability.

We previously published evidence that these changes in HCN1 biophysical properties during 

epileptogenesis were phosphorylation dependent. HCN1 voltage-dependent gating is 

downregulated by inhibition of p38 mitogen-activated protein kinase (p38 MAPK), and 

expression of this kinase is reduced in chronic epilepsy (Poolos et al., 2006; Jung et al., 

2010). HCN1 channel surface membrane expression is acutely and irreversibly reduced by 

protein kinase C (PKC) activity following induction of epilepsy by SE (Williams et al., 

2015). These studies demonstrated the modulation of HCN1 channel activity by 

phosphorylation in ways that were consistent with changes in phosphorylation signaling 

observed during epileptogenesis, but did not demonstrate that HCN1 channels themselves 

underwent phosphorylation changes in epilepsy.

In the present study we sought evidence that HCN channels undergo changes in 

phosphorylation during epileptogenesis and that these changes in phosphorylation modulate 

HCN channel activation. Because there was little existing knowledge about which residues 

are phosphorylated on HCN channels, we comprehensively mapped HCN1 and HCN2 

channel phosphorylation sites (phosphosites) using mass spectrometry. We surveyed HCN 

channels in brain tissue from both naïve and epileptic animals, and in human brain tissue 

from medically refractory epilepsy patients. Our results demonstrate that HCN1 and HCN2 

channels each have numerous phosphorylation sites, but that only one site, HCN1-S791, 

shows a change (an increase) in phosphorylation in epilepsy. Expression of mutant HCN1 

channels in Xenopus oocytes replicating this phosphorylation change showed a 

downregulation of HCN1 channel gating, similar to that observed in native tissue from 

epileptic animals. In sum, this study demonstrates that changes in the phosphorylation of 

HCN1 channels may contribute to their loss of function in chronic epilepsy.

Experimental Procedures

Pilocarpine-induced status epilepticus (SE) in rats

Epileptic rats were generated using pilocarpine-induced SE as previously described (Jung et 

al., 2007). The University of Washington Institutional Animal Care and Use Committee 
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approved all animal procedures before experimentation. To induce experimental SE, 6-week-

old male Sprague Dawley rats (Charles River Laboratories, Wilmington, MA) were treated 

with scopolamine methylnitrate (1 mg/kg intraperitoneal [i.p]) 30 minutes before treating 

with pilocarpine hydrochloride (385 mg/kg i.p.). 60 minutes after observing convulsive SE, 

phenobarbital (PB 15 mg/kg i.p.) was administered every 30–45 minutes until observable 

seizures ceased. These rats, which become chronically epileptic after 3–4 weeks post-SE 

(Jung et al., 2007), were singly housed for 6–9 weeks before sacrifice. To generate 1 hr post-

SE rats, animals were sacrificed after one hour of SE instead of administrating PB. As 

controls for chronically epileptic rats, 6-week-old naïve rats were singly housed for the same 

6–9 week period. Naïve rats were sacrificed at 6 weeks old to serve as controls for the 1 hr 

post-SE rats. Rats were sacrificed with ketamine/xylazine (87/13 mg/kg i.p.), with the 

chronically epileptic animals and their age-matched controls exposed to 5% isoflurane 

beforehand. The procedure for brain slicing has been previously described (Williams et al., 

2015). The tissue from brain slicing was frozen and stored at −80 °C.

Brain tissue samples from human epilepsy patients

Brain tissue from 10 human patients undergoing resective surgery at the University of 

Washington Regional Epilepsy Center for refractory epilepsy was collected at the time of 

operation. We received a waiver of consent from the University of Washington Institutional 

Review Board, and no protected health information was disclosed. These brain tissues were 

either of extratemporal neocortical origin (eight patients) or hippocampal (two patients) 

which after scalp and/or intracranial EEG studies were determined to contain the 

epileptogenic zone (EZ) where seizures arose. Each collected sample was immediately cut 

into smaller pieces, placed in microcentrifuge tubes, flash-frozen in liquid nitrogen, and 

stored at −80 °C. One sample per patient was used for mass spectrometry analysis.

Immunoprecipitation (IP)

We used immunoprecipitation (IP) to enrich for HCN channels. Starting with either pooled 

microdissected rat hippocampal CA1 regions or frozen resected human brain tissue from 

epilepsy patients, samples were homogenized in the following buffer: 50 mM tris base, 50 

mM sodium chloride, 5 mM EDTA, 10 mM EGTA, 1 mM sodium orthovanadate, 2 mM 

sodium pyrophosphate, 4 ug/mL aprotinin, 4 mM para-nitrophenyl phosphate, 20 ug/mL 

leupeptin, 1 mM phenylmethylsulfonyl fluoride and 1% triton X-100 (Roberson et al., 

1999). The homogenate was centrifuged at 20,800 × g at 4 °C for 15 mins, and the 

supernatant was transferred to a separate tube. After adding either anti-HCN1 antibody (Ab) 

(Antibodies Inc., Davis, CA; catalog #75–110) or anti-HCN2 Ab (Cell Signaling 

Technology, Danvers, MA; catalog #14957S), homogenates were incubated with gentle 

agitation overnight at 4 °C. Protein A/G UltraLink Resin (Thermo Fisher Scientific, 

Waltham, MA) was added, and the samples were incubated with gentle agitation at 4 °C for 

4–6 hrs. After washing three times with homogenization buffer, we eluted with 1× Laemmli 

buffer with 5% sodium dodecyl sulfate and 25 mM dithiothreitol.

For HCN2 phosphosites in the human samples only, due to the limited amount of human 

tissue available, HCN2 was not enriched directly by the anti-HCN2 Ab (CST). Instead, 

because HCN2 subunits are known to colocalize with HCN1 subunits in the distal dendrites 

Concepcion et al. Page 4

Neuroscience. Author manuscript; available in PMC 2022 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of hippocampal pyramidal cells (Notomi & Shigemoto, 2004), we were able to pull down 

HCN2 molecules that were bound to the targeted HCN1 subunits when immunoprecipitating 

with the anti-HCN1 Ab (Antibodies Inc.). Because of this co-immunoprecipitation of HCN2 

molecules when targeting HCN1 proteins, we were able to identify spectra derived from 

HCN2 subunits and subsequently determine the HCN2 phosphosites and their 

phosphorylation levels within human brain tissues.

Western blotting

Western blotting was used to isolate HCN1 and HCN2 protein bands from the 

immunoprecipitated samples prepared above. Briefly, samples were run in a 4–15% 

polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA). Immunoprecipitation eluates as 

described in the previous section were incubated at 80 °C for 10 minutes and loaded in 4–

15% acrylamide gels (Bio-Rad Laboratories). After transferring proteins to a nitrocellulose 

membrane, the following primary Abs were used: anti-HCN1 (Antibodies Inc., #75–110) or 

anti-HCN2 (CST, #14957S). Analysis of signals from fluorescent secondary antibodies 

(anti-rabbit IgG-Dylight800 and the anti-mouse-IgG-Dylight680; Thermo Fisher Scientific) 

were achieved with the Odyssey CLx Imaging system (Li-Cor Biosciences, Lincoln, NE).

In-gel digestion

Post-electrophoresis, gels were treated with Coomassie R-250 blue stain (Thermo Fisher 

Scientific) and washed to visualize the 110–120 kDa band, which was excised out from the 

gel and further cut into pieces about 1–2 mm3. After a series of contractions and expansions 

with acetonitrile and ammonium bicarbonate, respectively; reduction by dithiothreitol 

(DTT); and alkylation by iodoacetamide, samples were subjected to trypsin digestion. 

Afterwards, the peptides were extracted from the gel by 50% acetonitrile/5% formic acid 

solution and concentrated by vacuum desiccation.

Mass spectrometry analysis

All samples were analyzed on an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher 

Scientific) equipped with a nanoACQUITY UPLC system (Waters, Milford, MA) and in-

house-developed nano spray ionization source. Samples were loaded from the autosampler 

onto a 100 μm ID IntegraFrit trap (New Objective, Littleton, MA) packed with ReproSil-Pur 

C18-AQ 120 Å 5 μm material (Dr. Maisch, Entringen, Germany) to a bed length of 3 cm at a 

flow rate of 2 μL/min. After loading and desalting for 10 min with 0.1% formic acid plus 2% 

acetonitrile (LCMS grade from Thermo Fisher Scientific), the trap was brought in-line with 

a pulled fused-silica capillary tip (75-μm i.d.) packed with 35 cm of ReproSil-Pur C18-AQ 

120 Å 5 μm (Dr. Maisch). Peptides were separated using a linear gradient, from 5–30% 

solvent B (LCMS grade 0.1 % formic acid in acetonitrile (Thermo Fisher Scientific)) in 90 

min at a flow rate of 300 nL/min. Peptides were detected using a data-dependent (DDA) 

method. Survey scans of peptide precursors were performed in the Orbitrap mass analyzer 

from 400 to 1600 m/z at 120K resolution (at 200 m/z) with a 7e5 ion count target and a 

maximum injection time of 50 ms. The instrument was set to run in top speed mode with 3 

sec cycle for the survey and the MS/MS scans. After a survey scan, tandem MS was 

performed on the most abundant precursors exhibiting a charge state from 2 to 5 of greater 

than 2e4 intensity by isolating them in the quadrupole with an isolation width of 1.6 m/z.

Concepcion et al. Page 5

Neuroscience. Author manuscript; available in PMC 2022 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Higher-energy collisional dissociation (HCD) fragmentation was applied with a normalized 

collision energy of 30 %. Resulting fragments were detected in the Orbitrap mass analyzer at 

30K resolution (at 200 m/z) with a 1e4 ion count target and a maximum injection time of 

100 ms. The dynamic exclusion was set to 30 sec with a 20 ppm mass tolerance around the 

precursor and its isotopes. Monoisotopic precursor selection was enabled.

Data analysis from mass spectrometry

The raw instrument acquisition files were converted to the mzXML format using the 

ReAdW converter (Pedrioli et al., 2004). The peptide identification tool Comet (Eng et al., 

2013) was used to search the mzXML files against a rat UniProt sequence database 

appended with sequences of common contaminants (UniProt Consortium, 2019). The 

relevant database search parameters include 20 ppm precursor tolerance, tryptic digest 

allowing two missed cleavages, variable modifications for oxidation of methionine and 

phosphorylation of serine, threonine, and tyrosine, static carbamidomethylation modification 

on cysteine, 0.02 fragment bin tolerance, and target-decoy search. The search results were 

further processed through the Trans-Proteomics Pipeline suite of tools for visualization and 

validation (Keller et al., 2005).

The following UniProt sequences were used to identify peptides: rat HCN1 – Q9JKB0 and 

F1LSH6; rat HCN2 – Q9JKA9; human HCN1 – O60741; and human HCN2 – Q9UL51. For 

the rat HCN1, Q9JKB0 and F1LSH6 are 98.6% homologous. Among the 13 differences, 10 

are gaps, and 3 are variant amino acid residues: (A) Q9JKB0-T736 : F1LSH6-P736; (B) 

Q9JKB0-H799 : F1LSH6-N791; and (C) Q9JKB0-V840 : F1LSH6-M832. Of these three 

differences, only the H799:N791 variant was present in the regions “covered” by our mass 

spectrometric experiments involving the Sprague-Dawley rats used in this investigation. 

Furthermore, we only observed an asparagine (N) and never a histidine at this specific site 

(an example is displayed in Fig. 1D – the 4th to the last amino acid within the analyzed 

spectrum). Because Q9JKB0 is the “canonical” rat HCN1 sequence, we will refer to the 

Q9JKB0 sequence numbering in this study when discussing the rat HCN1 protein. However, 

as represented in Fig. 2A, at amino acid sequence #799, we have substituted the histidine for 

the empirically present asparagine.

Spectral counting and determination of phosphorylation levels

From the data acquisition described above, identification and levels of phosphorylation of 

HCN1 and HCN2 channel phosphosites were achieved by spectral counting (Fig. 1D). Only 

those spectra whose “expected value” were ≤ 0.01 were treated as valid observations. The 

level of phosphorylation for a specific phosphosite within a given sample was calculated by:

(# of spectra where the specific phosphosite is phosphorylated) / (# of spectra 

containing that phosphosite regardless of phosphorylation state) X 100%.

Molecular biology

A full-length mouse Hcn1 cDNA cloned into a Xenopus oocyte expression plasmid 

(pGH19) was obtained (gift from Dr. Bina Santoro, Columbia University). To minimize 

frequent recombination events presumably due to poly-glutamine repeats in the carboxyl 
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terminal of the channel subunit, this plasmid was propagated in a recA1-deficient bacterial 

strain (10-beta; New England Biolabs, Ipswich, MA). Site-directed mutagenesis of S791 was 

performed by standard overlap PCR with high-fidelity Taq Polymerase (Q5 Taq Polymerase; 

New England Biolabs), targeting a unique ~400 bp SexA1/XhoI cloning cassette with 

flanking primers. All WT and mutant clones were sequenced in entirety through their coding 

regions, using a commercial sequencing service (SimpleSeq; Eurofins Genomics, Louisville, 

KY). Large-scale plasmid preparations were generated with standard DNA purification kits 

(Maxiprep; QIAGEN, Redwood City, CA).

To generate capped cRNAs for Xenopus oocyte injections, plasmids were linearized with 

XhoI, for in vitro transcription by T7 RNA polymerase (mMessage mMachine T7 

Transcription Kit; Ambion/Invitrogen, Waltham, MA), following manufacturer’s 

instructions. Defolliculated Xenopus oocytes (Stage IV-V) were obtained commercially 

(Xenocyte, Dexter, MI). Individual oocytes were injected with ~50 nL of cRNA (0.2 

mg/mL) (Nanoject2, Drummond, Broomall, PA), and incubated in Barth’s solution (in mM: 

88 NaCl, 1.0 KCl, 0.4 CaCl2, 0.33 Ca(NO3)2, 0.8 MgSO4, 5.0 Tris-HCl, 2.4 NaHCO3, pH 

7.3, supplemented with 2.5 mM Na-Pyruvate, 100 U/mL Penicillin and 100 mg/mL 

Streptomycin) for 1–2 days at 19°C prior to recordings.

Electrophysiology

Two-electrode voltage clamp (TEVC) recordings were acquired on a TEVC workstation 

(TEV-700; Warner Instruments, Holliston, MA). Recording electrodes had resistances of 

0.2–0.5 Mohm filled with 3.0 M KCl. Recordings were obtained in ND96 (in mM: 93.5 

NaCl, 2.0 KCl, 1.8 CaCl2, 1.0 MgCl2, 5.0 HEPES, pH 7.5), at room temperature.

Oocytes were clamped at a holding potential of 0 mV. Current traces were evoked from a 

holding potential of 0 mV, cycled through a family of voltage steps from 10 mV to −120 mV 

(0.7 sec), returning to a 0 mV post-step, with a 10 sec inter-pulse interval to allow activated 

channels to fully equilibrate to the closed state. Conductance was measured by instantaneous 

tail currents at 0 mV, following activating hyperpolarizing voltage steps.

Oocytes were treated with the p38 MAPK inhibitor SB203780 (20 μM in ND96) (Tocris 

Bioscience, Minneapolis, MN) by soaking for ~20 min prior to recording.

Electrophysiology analysis

Uninjected oocytes exhibited an endogenous inward current activated by hyperpolarizing 

voltage steps negative to −90 mV (Supplemental Fig. S1), which varied in magnitude among 

batches of oocytes. Other investigators have reported similar induction of expression of 

endogenous ionic currents in oocytes injected with ion channel cDNA, including an 

inwardly-rectifying K+ current and a hyperpolarization-activated non-selective cation current 

(Tzounopoulos et al., 1995; Bauer et al., 1996; Weber, 1999). These endogenous inward 

currents complicate measurements of uncontaminated HCN1 currents at potentials negative 

to −90 mV. Therefore, derivations of conductance/voltage (G/V) plots, were performed in 

two steps similar to a procedure used by other investigators (Chen et al., 2001). Mean 

conductance values were first calculated for the voltage range 10 mV to −90 mV, then 
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normalized to G at −90 mV. These data points were fitted to a single Boltzmann function 

(Origin8.5; OriginLab, Northampton, MA):

G/G−90mV = ((A1 − A2)/(1 + e^((Vm − V1/2)/dx))) + A2

where: A1= maximal G/G−90mV

A2= minimal G/G−90mV

V1/2= voltage at half-maximal G/G−90mV

dx= slope factor

constraining only A2 to 0.

This procedure returned a fitted A1 value corresponding to an extrapolated Gmax, negative to 

−90 mV. This Gmax was used to normalize G/V plots a second time, and similarly refitted to 

single Boltzmann functions to allow normalized comparisons between WT and mutant 

HCN1 constructs.

Statistical analyses

Statistics are presented as means ± standard errors of mean (SEM). Because not all data sets 

were normally distributed, the Exact Two-Sample Fisher-Pitman Permutation test was used 

to determine the significance of results between the experimental and naïve groups. 

Additionally, because the same samples were used to investigate multiple phosphosites 

within a given HCN subunit, a Bonferroni correction factor was implemented to adjust the α 
for each HCN subunit (HCN1: α = 0.05/6; HCN2: α = 0.05/10). Graphically, data were 

presented as box plots.

Results

We previously reported that phosphorylation signaling modulates the biophysical properties 

of HCN channels. We showed that inhibition of p38 MAPK caused a hyperpolarizing shift in 

HCN channel voltage-dependent activation (or gating), and protein kinase C (PKC) 

activation caused a reduction of maximal amplitude of HCN channel-mediated current (Ih) 

as well as lowered surface expression of HCN channels (Poolos et al., 2006; Jung et al., 

2010; Williams et al., 2015). During epileptogenesis both hyperpolarizing shifts in HCN 

channel activation and loss of maximal current occur, resulting in loss of function of HCN 

channels. We therefore hypothesized that one or more phosphorylation sites (serines, 

threonines, and tyrosine residues where phosphorylation occurs), or phosphosites, in HCN1 

or HCN2 subunits undergo changes in phosphorylation level during epileptogenesis. 

Because there had been no prior studies describing the phosphosites of HCN subunits, which 

assemble as multimers to form functional channels, we sought to map HCN1 and HCN2 

channel phosphosites using mass spectrometry in brain tissue from both human epilepsy 

patients and a rat model of temporal lobe epilepsy (TLE).
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The flowchart (Fig. 1A) displays the process of identifying phosphosites in both HCN1 and 

HCN2 channels in brain tissue from both rats and human patients. Two stages of 

epileptogenesis (and age-matched controls) were studied in the animal model: the acute 

stage when rats are continuously seizing for 1 hour after onset of pilocarpine-induced SE (1 

hr post-SE); and the chronically epileptic stage 6–9 weeks post-SE when spontaneous 

seizures average three/day (Jung et al., 2007). From each rat, hippocampal CA1 tissue was 

microdissected from rat brain slices and collected. Human brain tissue was obtained from 10 

patients undergoing resection for medically refractory epilepsy, consisting of hippocampal 

tissue (two patients) or extratemporal neocortical tissue (eight patients). Each sample was 

enriched for either HCN1 or HCN2 subunits by immunoprecipitating with an anti-HCN 

isoform-specific antibody, which was confirmed by western blotting (Fig. 1B). (As noted in 

Methods, human HCN2 was not directly targeted during immunoprecipitation because of 

the limited amount of human brain tissue available from each patient. Instead, HCN2 that 

co-immunoprecipitated with human HCN1 subunit was analyzed.) Both HCN channel 

isoforms migrated at approximately 110–120 kDa due to similar numbers of total amino 

acids (rat HCN1 – 910 amino acids (a.a.) and human HCN1 – 890 a.a.; rat HCN2 – 863 a.a. 

and human HCN2 – 889 a.a.). All immunoprecipitated samples underwent mass 

spectrometry, with a representative spectrum shown in Fig. 1C. These spectra were used for 

HCN phosphosite identifications. Mapping HCN1 and HCN2 phosphosites in both humans 

and rats enabled us to assess whether HCN channel phosphorylation is conserved across 

species. Lastly, from these spectra, we determined the phosphorylation level at a specific 

phosphosite within a sample by spectral counting. An example of spectral counting, HCN1-

S791 in a chronically epileptic rat, is shown in Fig. 1D. Phosphorylation level quantification 

via spectral counting with our rat model of TLE allowed us to uncover HCN 

phosphorylation changes related to epileptogenesis.

HCN1 phosphosites

Because HCN1 channels are the most abundant HCN channel in the hippocampus 

(Monteggia et al., 2000; Brewster et al., 2007) and most of the spontaneous seizures in an 

animal model of TLE originate in and around the hippocampus (Toyoda et al., 2013), we 

first focused on the HCN1 subunit. We successfully identified multiple phosphosites using 

mass spectrometry within HCN1 subunits in human epilepsy brain tissue and rat brain tissue 

from both the rat epilepsy model and age-matched controls (Table 1). We detected more 

phosphosites within the rat HCN1 subunit (14) than the human HCN1 subunit (10). Also, 

based on the Eukaryotic Phosphorylation Site Database (Lin et al., 2020) several of these 

HCN1 phosphosites have not been reported in either organism and, therefore, are novel: 7 in 

rats and 6 in humans. We found significant correspondence between human and rat HCN1 

phosphosite patterns. Of the 14 identified rat phosphosites listed in Table 1, one phosphosite 

(S69) had a human homolog incapable of being phosphorylated (G80). Of the remaining 13 

rat phosphosites, eight (62%) had a human homolog where phosphorylation was detected.

There were five rat HCN1 phosphosites with human homologs where phosphorylation was 

possible but not detected. The lack of phosphorylation in some of these human HCN1 

phosphosites possibly was due to a small number of samples. This supposition is supported 
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by the relatively low frequency of phosphorylation at these rat HCN1 phosphosite homologs 

in the context of a larger rat sample size (n = 42).

Conversely, we detected ten human HCN1 phosphosites. Of these ten verified human HCN1 

phosphosites, two of them (T646 and S872) did not have a homologous rat HCN1 

phosphosite where phosphorylation was possible. Of the remaining human phosphosites, we 

observed that all eight (100%) phosphosites had a corresponding phosphorylatable rat 

residue where phosphorylation was detected. Taken together, cross comparisons between 

human and rat HCN1 phosphosites revealed similar patterns.

We next looked for high-frequency HCN1 phosphosites, in which phosphorylation was 

detected in at least 50% of samples within a species. Six of the 14 rat phosphosites (43%) 

showed phosphorylation in at least 50% of rat samples (bold-faced in Table 1), while three 

of 15 human phosphosites (20%) showed phosphorylation in at least 50% of human samples 

(bold-faced in Table 1). We observed phosphorylation in every homolog of these high-

frequency phosphosites, except for the aforementioned rat HCN1-S69 phosphosite, where 

phosphorylation is impossible at the corresponding human site (G80). Therefore, we 

conclude that there is a conservation of high-frequency HCN1 phosphosites between 

humans and rats.

To further establish the similarity of HCN1 phosphosites between the two species, we 

performed an NCBI sequence BLAST between rat and human HCN1 proteins (Altschul et 

al., 1990). This comparison revealed robust sequence homology (91%), which explains the 

congruence of several structural features. Notably, all six transmembrane domains (S1-S6), 

the pore-forming regions, the cyclic nucleotide binding domains (CNBDs), and the SNL 

terminal tripeptide that is involved in the HCN1 channel’s interaction with the 

tetratricopeptide repeat-containing Rab8b interacting protein, TRIP8b, (Santoro et al., 2004; 

Santoro et al., 2009; Santoro et al., 2011) are aligned between the two homologous proteins 

(Fig. 2A). Moreover, comparison of regions covered by mass spectrometry showed similar 

coverage of the protein sequences (rat HCN1: 57.47%; human HCN1: 52.02%) and similar 

patterns (green highlights in Figs. 2A), with most of the covered regions known to be 

cytoplasmic/intracellular. These similar patterns can be directly attributed to the high 

homology between rat and human HCN1 subunits, including alignment of sections lacking 

arginines and lysines, the sites for trypsin digestion. These regions include rat sequences 

F132 – R184; I287 – K399; and M649 – K785, which contains a glutamine-rich region. This 

arrangement results in homologous segments being precluded from sequencing by mass 

spectrometry after the trypsin digestion, since peptides stemming from these regions are too 

large for mass spectrometry analyses. Most importantly, for HCN1 phosphosites that were 

observed to be phosphorylated by mass spectrometry (which are mapped out as oval-

enclosed amino acid residues within the sequences in Fig. 2A), interspecies alignment was 

displayed for the majority of the identified phosphosites. Every identified phosphosite in 

both rats and humans resided outside of the S1-S6 transmembrane domains and was 

clustered within the terminal regions, especially the C-terminal end (Fig. 2A). Although 

much of the transmembrane domains were not covered by our mass spectrometry due to 

distribution of the lysines and arginines necessary for trypsin digestion, it is somewhat 

expected that no phosphosites were identified in amino acid residues embedded within the 

Concepcion et al. Page 10

Neuroscience. Author manuscript; available in PMC 2022 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phospholipid bilayer. We also noted, however, that none of these phosphosites were 

localized in the CNBD, implying that none of the phosphosites directly affects the binding 

of cyclic nucleotides to the HCN1 channel.

The high degree of correspondence in HCN1 phosphosites between rats and humans 

supports the rationale of using the rat pilocarpine model of acquired epilepsy to study HCN1 

phosphorylation mapping and to detect changes in phosphorylation levels at specific 

phosphosites during epilepsy. (Because we could not obtain control human brain tissues, we 

were unable to identify epilepsy-induced phosphorylation changes in epilepsy patients.) We 

analyzed only high-frequency rat HCN1 phosphosites where phosphorylation was detected 

in at least 50% of total rat samples (Table 1). These high-frequency rat HCN1 phosphosites 

also are depicted in Fig. 2B, and their corresponding human phosphosites shown in Fig. 2C. 

We investigated potential HCN1 phosphorylation changes at two stages of epileptogenesis in 

our rat model: the acute stage (1 hr post-SE), and the chronic epilepsy stage (6–9 weeks 

post-SE). These two stages have distinctive characteristics: the acute stage represents the 

induction of epilepsy by a prolonged seizure, while the chronic stage is characterized by 

spontaneous seizures. Therefore, we hypothesized that the molecular mechanisms 

responsible for these two different stages of epileptogenesis may differ and may manifest 

themselves as different phosphorylation patterns within HCN1 channels.

As shown in Fig. 3, we determined the average phosphorylation level at each of the six high-

frequency rat phosphosites in each cohort. The phosphorylation level at a particular 

phosphosite in each sample was determined by spectral counting with the following 

calculation:

(# of spectra where the specific phosphosite is phosphorylated) / (# of spectra 

containing that phosphosite regardless of phosphorylation state) X 100%.

This calculation of phosphorylation levels is distinct from the prior calculation used in Table 

1 that determined ratios of samples containing a specific phosphorylated phosphosite: Table 

1 shows the number of samples within a species where we detected any phosphorylation at a 

specific phosphosite, while Fig. 3 shows the average ratio of individual spectra containing a 

specific phosphorylated phosphosite.

Except for N-terminally located T39, where the phosphorylation level consistently was over 

65% for both cohorts, the phosphorylation levels of rat HCN1 phosphosites typically were 

relatively low, i.e., ranging from 8% to 33% (Fig. 3). When comparing each phosphosite 

between the 1 hr post-SE rats to their age-matched controls, there were no statistically 

significant phosphorylation changes at any of the six phosphosites (Fig. 3A). However, in 

chronically epileptic rats (Fig. 3B), the novel phosphosite S791 showed a 74% increase in 

phosphorylation level compared to age-matched controls [33.05 ± 3.51% in chronics (n = 8), 

18.99 ± 2.65% in controls (n = 8); P = 0.0061] that was statistically significant after 

incorporating the Bonferroni correction factor for α (0.05/6 = 0.00833). This rat HCN1-

S791 residue (and its human homolog, HCN1-S770) is situated within the C-terminal region 

of the HCN1 channel. Although S791 is not within the regions where HCN1 directly 

interacts with filamin A or TRIP8b (Gravante et al., 2004; Santoro et al., 2011; Noam et al., 
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2014), increased phosphorylation at this novel rat HCN1-S791 site may alter HCN1 channel 

association with other proteins.

HCN2 phosphosites

Although less abundant than HCN1 in the CA1 hippocampal region in adult rats, HCN2 

does contribute to Ih (Bender et al., 2001; Brewster et al., 2007) and forms functional 

multimeric HCN channels with HCN1 (Much et al., 2003; Brewster et al., 2005). Therefore, 

we hypothesized that epilepsy also may induce phosphorylation changes in HCN2 channels. 

By employing the same experiments and techniques used in the HCN1 channel study, we 

sought to map out HCN2 phosphosites in both rats and human epilepsy patients.

We identified numerous phosphosites using mass spectrometry within HCN2 subunits in 

both rat and human brain tissues (Table 2). In these experiments, we directly enriched for 

HCN2 in rats but only indirectly via co-immunoprecipitation with HCN1 subunit in the 

human epilepsy patients. As with HCN1, we detected more phosphosites within the rat 

HCN2 subunit (16) than the human HCN2 subunit (14). However, based on the Eukaryotic 

Phosphorylation Site Database (Lin et al., 2020), only two novel HCN2 phosphosites, 

human S97 and rat T827, were detected. Further, both phosphosites had a low frequency of 

phosphorylation, and each lacked a homologous cross species phosphosite (Table 2).

We again focused on the correspondence between the HCN2 phosphosite patterns of the two 

species. Listed in Table 2, we identified 16 rat HCN2 phosphosites, 12 of which had a 

homologous human residue capable of being phosphorylated. Of these 12 rat phosphosites, 

11 corresponding human HCN2 phosphosites (92%) were detected. Only rat HCN2-S68, 

which had relatively rare phosphorylation (5%), was the lone example of where no 

phosphorylation occurred in its homologous human HCN2 residue, S81. As before, the 

absence of phosphorylation at human HCN2-S81 possibly is due to a small human sample 

size (n = 10).

Conversely, of the 14 identified human HCN2 phosphosites listed in Table 2, one 

phosphosite (the novel S97) had a rat homolog incapable of being phosphorylated (G77). Of 

the remaining 13 human phosphosites, 11 (85%) had a rat homolog where phosphorylation 

was detected. Thus, we detected a high level of conservation of phosphosites between 

human and rat HCN2 channels.

As in the HCN1 study, we focused on the high-frequency HCN2 phosphosites, in which 

phosphorylation was detected in at least 50% of samples within a species. Ten of the 16 rat 

phosphosites (63%) showed phosphorylation in at least 50% of rat samples (bold-faced in 

Table 2), while eight of 14 human phosphosites (57%) showed phosphorylation in at least 

50% of human samples (bold-faced in Table 1). We observed phosphorylation in both human 

and rat homologs of these high frequency phosphosites, except for the rat HCN2-Y766 

phosphosite (see above) and human A785 and A801 residues, in which phosphorylation is 

not possible. Therefore, we conclude that there is a conservation of high-frequency HCN2 

phosphosites between humans and rats.
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To further illustrate the similarity of HCN2 phosphosites between the two species, we 

performed an NCBI sequence BLAST (Altschul et al., 1990) between rat and human HCN2 

channel proteins. This comparison again revealed robust sequence homology (90%), which 

explains the congruence of several structural features. As with the HCN1 channels, all six 

transmembrane domains (S1-S6), the pore-forming region, the CNBD, and the C-terminal 

ending SNL tripeptide are aligned between the two homologous HCN2 proteins (Fig. 4A). 

Moreover, comparisons of regions covered by mass spectrometry showed somewhat similar 

coverage percentage of entire protein sequences (rat HCN2: 53.53%; human HCN2: 

63.78%) and similar patterns (green highlights in Figs. 4A), with most of these covered 

regions known to be cytoplasmic/intracellular. These similar patterns can be attributed to the 

high homology between rat and human HCN1 subunits. One notable exception to coverage 

similarity is the N-terminal region. The presence of R57 in human HCN2 (that has no 

equivalent in the rat HCN2 sequence) allowed for generation of tryptic peptides suitable for 

sequencing in this region of human HCN2. Conversely, the absence of this arginine within 

this region of the rat HCN2 N-terminus would make the resultant peptide too large for mass 

spectrometry analysis.

Most importantly, for HCN2 phosphosites that were observed to be phosphorylated by mass 

spectrometry (which are mapped out as oval-enclosed amino acid residues within the 

sequences in Fig. 4A), we observed interspecies alignment for the vast majority of the 

identified phosphosites. As with HCN1 phosphosites, every identified HCN2 phosphosite in 

both rats and humans resides outside of the S1-S6 transmembrane domains. Specifically, the 

HCN2 phosphosites mainly were clustered within the terminal regions, especially the C-

terminal end (Fig. 4A). Although most of the transmembrane domains were not covered by 

mass spectrometry, we again did not expect to identify phosphosites in these regions where 

amino acid residues are embedded within the phospholipid bilayer. We also noted that none 

of these phosphosites were resided within the CNBD, implying that none of the 

phosphosites sterically affects the binding of cyclic nucleotides to the HCN2 channel.

As with the HCN1 analysis, the high degree of correspondence in HCN2 phosphosites 

between rats and humans again corroborates using the rat pilocarpine model of acquired 

epilepsy to study HCN2 phosphorylation mapping and detect potential changes in 

phosphorylation levels at specific phosphosites during epilepsy. (As before, negative control 

human brain tissues were not available.) We analyzed only high-frequency rat HCN2 

phosphosites where phosphorylation was detected in at least 50% of total rat samples (Table 

2). These prevalent rat HCN2 phosphosites also are represented in Fig. 4B, and their 

homologous human phosphosites are shown in Fig. 4C. Because we detected the sole 

significant phosphorylation change in HCN1 channels in the chronic epilepsy stage (6–9 

weeks post-SE), we focused our investigation of HCN2 phosphorylation changes only at this 

stage.

As shown in Fig. 5, we determined the average phosphorylation level at each of the 10 rat 

phosphosites in each cohort by spectral counting. Rat HCN2 phosphosite S750, which is 

within the C-terminal region, was the only phosphosite where the phosphorylation level was 

greater than 50%, averaging 70.1% for all rats involved. The phosphorylation levels of the 

other rat HCN2 phosphosites typically were moderately low, i.e., ranging from 14% to 47% 
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(Fig. 5). Interestingly, when quantifying the overall phosphorylation level of high-frequency 

phosphosites in each rat (total # of phosphorylated phosphosites / total # of available 

phosphosites), the average was greater for these rat HCN2 phosphosites (39.26%) than for 

the high-frequency rat HCN1 phosphosites (23.65%). When comparing each phosphosite 

between the chronically epileptic rats to their age-matched controls, only one rat HCN2 

phosphosite, S834, showed increased phosphorylation [41.36 ± 7.29% in chronic epileptic 

rats (n = 11), 17.50 ± 6.12% in controls (n = 8); p = 0.024]. However, after incorporating the 

Bonferroni correction factor for α (0.05/10 = 0.005), the increased HCN2-S834 

phosphorylation was not statistically significant.

Taking the HCN1 and HCN2 studies together, of the frequently observed phosphorylated rat 

HCN phosphosites (six in HCN1 and 10 in HCN2), only the novel rat HCN1-S791 

phosphosite underwent a significant increase in phosphorylation levels, and only in the 

condition of chronic epilepsy.

Functional effects of S791 phosphorylation

The functional consequences of HCN1 phosphorylation at S791 on channel gating properties 

was examined by heterologous expression in Xenopus oocytes. To mimic constitutive S791 

phosphorylation, the phosphomimetic mutation S791D was introduced by site-directed 

mutagenesis, along with the phosphoablative mutation S791A. The phosphomimetic 

mutation S791D replaces serine with the charged amino acid aspartate to mimic the 

biophysical effect of the addition of a charged phosphate group to the serine residue. The 

phosphoablative mutation S791A replaces serine with the hydrophobic uncharged alanine to 

simulate the absence of phosphorylation. All three HCN1 constructs (WT, S791D, S791A) 

were expressed in Xenopus oocytes, and currents were measured by two-electrode voltage 

clamp (TEVC) recordings. All three constructs expressed slowly gating inward currents 

activated by hyperpolarization, typical of HCN channels (Fig. 6C, 6D). At command 

potentials hyperpolarized to −90 mV, activation of contaminating endogenous inward 

currents was seen (described in Experimental Procedures and shown in Supplemental Fig. 

S1). We therefore generated conductance/voltage (G/V) plots based on tail current 

measurements by fitting data points obtained only from +10 mV to −90 mV. These G/V 

curves revealed a voltage of half-maximal activation (V1/2) for WT channels of −72.0 mV. 

V1/2 for S791D was shifted to −75.9 mV, indicating a modest but significant hyperpolarizing 

shift in the voltage-dependent activation of HCN1 channels when S791 is phosphorylated 

(G/Gmax at V= −70 mV, WT: 0.480 ± 0.021, n=20; S791D: 0.422 ± 0.017, n=22, p<0.05; 

Fig. 6A). Consistent with the low level of constitutive phosphorylation of S791 measured 

under naïve conditions in rat hippocampal tissue (~20%, Fig. 3B), the phosphoablative 

mutation S791A did not produce a significant change in HCN1 voltage-dependent 

activation, with V1/2 = −70.7 mV (G/Gmax at V= −70 mV: 0.491 ± 0.015, n=12, p>0.05). 

Together, these results show that phosphorylation of HCN1 channels at S791D produces a 

hyperpolarized shift in channel activation, similarly to what is seen in HCN channels from 

native hippocampal tissue taken from epileptic animals.

Phosphorylation of HCN1 channels by p38 MAPK has been shown to activate HCN 

channels by shifting their voltage-dependent activation towards depolarized potentials; 

Concepcion et al. Page 14

Neuroscience. Author manuscript; available in PMC 2022 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conversely, application of p38 MAPK inhibitors shifts HCN channel activation in a 

hyperpolarized direction (Poolos et al., 2006). We sought to validate that HCN1 channels 

expressed in Xenopus oocytes retained the modulation by p38 MAPK that is exhibited in 

native hippocampal tissue. The p38 MAPK-specific inhibitor SB203780 (20 μM) was 

applied to oocytes for 20 mins prior to obtaining voltage-clamp recordings. As expected, 

inhibition of p38 MAPK shifted the voltage-dependent activation of WT HCN1 channels in 

a hyperpolarized direction relative to untreated WT controls (V1/2= −77.6 mV; G/Gmax at 

V= −70 mV: 0.388 ± 0.023, n=6, p<0.05). This validates that that HCN1 channels expressed 

in Xenopus oocytes can be modulated by phosphorylation and serves as a comparator for the 

change in V1/2 seen with the S791D mutation.

Discussion

Significant progress has been made in understanding the modulation of HCN channel 

biophysical properties by phosphorylation signaling pathways and in establishing an 

association between induced changes in HCN channel properties in epilepsy and 

dysregulation of phosphorylation signaling. Previous studies have demonstrated that several 

phosphorylation signaling pathways (p38 MAPK, calcineurin, and PKC) modulate HCN 

channel expression and function, and that epilepsy is known to induce changes in these 

phosphorylation pathways (Poolos et al., 2006; Jung et al., 2010; Williams et al., 2015). In 

this study we sought to identify for the first time the phosphosites within HCN channels; to 

detect any HCN channel phosphorylation changes associated with epilepsy; and to 

investigate if such epilepsy-related phosphorylation changes modulate HCN channel activity. 

Here, we focused on the two most abundant HCN channels in the brain, HCN1 and HCN2 

(Biel et al., 2009). By mass spectrometry we detected in both human and rat brain 

homogenates numerous HCN1 and HCN2 phosphosites, some of which are novel. Most 

importantly, we identified epilepsy-associated increased phosphorylation at one of these 

novel phosphosites (HCN1-S791) in chronically epileptic rats. When expressing a 

phosphomimetic mutant that is analogous to constitutively phosphorylated S791 (rat HCN1-

S791D) in Xenopus oocytes, we observed a hyperpolarizing shift in HCN1 channel voltage-

dependent activation, similar to that seen in our rat model of acquired epilepsy (Jung et al., 

2007; Jung et al., 2010). These findings represent the first survey of HCN channel 

phosphosites and also a demonstration that an epilepsy-induced phosphorylation change 

modulates HCN1 channel activity.

Although phosphorylation databases such as the Eukaryotic Phosphorylation Site Database 

catalog HCN1 and HCN2 phosphosites for both rats and humans (Lin et al., 2020), most of 

these listings derive from high-throughput shotgun phosphoproteomic data where HCN 

channels were not purified (Dammer et al., 2015; Nirujogi et al., 2015). In contrast, our 

investigation is the first to specifically enrich for HCN1 and HCN2 channels and identify 

their phosphosites via mass spectrometry. This mass spectrometry approach, which is similar 

to an earlier study that identified acute phosphorylation changes in the sodium channel 

Nav1.2 after kainic acid-induced seizures (Baek et al., 2014), yielded numerous 

phosphosites within HCN1 and HCN2 channels from both humans and rats. By mapping out 

identified HCN phosphosites, we found a high degree of cross-species similarity in 

phosphosites. This demonstrates that upstream phosphorylation signaling is largely 
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conserved between rats and humans and suggests that a phosphorylation change seen in a rat 

model of epilepsy may occur in humans as well.

In this study we identified significantly increased phosphorylation at a specific HCN1 

phosphosite, S791, in chronically epileptic rats compared to age-matched naïves. Supporting 

the relevance of this finding to epilepsy was that the phosphomimetic mutant S791D, when 

heterologously expressed in Xenopus oocytes, produced hyperpolarized change in Ih gating 

just as was seen in the chronic epilepsy phase of an animal model of temporal lobe epilepsy 

(Poolos et al., 2006; Jung et al., 2007; Jung et al., 2010). The magnitude of the expressed 

S791D mutant channel gating change seen (~4 mV) was smaller than that seen in native 

hippocampal tissue from chronically epileptic animals (~12 mV) reflecting either the 

possibility that modulation of other phosphorylation sites not sampled in our mass 

spectrometry analysis may contribute, or that other mechanisms modulating HCN channel 

biophysical properties are not preserved in the Xenopus expression system. Supporting this 

latter idea are the results of p38 MAPK inhibition of heterologously expressed WT HCN 

channels. p38 MAPK inhibition produced an ~6 mV hyperpolarized shift in expressed 

HCN1 channels, validating that the gating of expressed HCN channels can be modulated by 

phosphorylation in a similar fashion as is seen in native hippocampal neurons (Poolos et al., 

2006). However, the much larger magnitude of the hyperpolarized gating change seen with 

p38 MAPK inhibition in native tissue (~25 mV) suggests that other factors in native neurons 

influence the effects of phosphorylation on HCN channels that are not present in 

heterologous expression by Xenopus oocytes. Thus our electrophysiology results and their 

relevance to HCN1 biophysical changes seen in animal models or human epilepsy should be 

interpreted with caution.

The identity of upstream signaling pathways responsible for increased phosphorylation of 

S791 in chronic epilepsy is unknown. In our prior work examining phosphorylation changes 

in an animal model of epilepsy, we found downregulation of p38 MAPK signaling—which 

is not consistent with increased S791 phosphorylation seen here (Jung et al., 2010). In 

another study we found acute, one hour post-SE changes in HCN channel surface expression 

putatively attributed to PKC activation (Williams et al., 2015). However, our mass 

spectrometry analysis failed to demonstrate any acute changes in HCN1 phosphorylation in 

the acute phase post-SE. Prior use of a prediction algorithm to identify putative HCN1 or 

HCN2 phosphorylation sites, while predicting phosphorylation of HCN1 by p38 MAPK (at 

T778, in a region not covered by our mass spectrometry analysis), did not identify S791 as 

residing in a consensus sequence phosphorylated by protein kinases (Poolos et al., 2006). 

Thus, the kinase or kinases responsible for phosphorylation of S791 remain unclear.

Recent studies have mapped out HCN1 channel mutations found in human epilepsy patients 

(Nava et al., 2014; Bonzanni et al., 2018; Marini et al., 2018). Their general consensus is 

that mutations affecting the pore-forming structures, including the transmembrane domains, 

are associated with severe forms of epilepsy, while the mutations located in the N- and C- 

terminals of the proteins are linked with milder phenotypes of the disease. Interestingly, 

none of the human mutations are located in the last 120 amino acids of the C-terminus, the 

region of highest clustering of phosphosites for both the rat and human HCN1 channel. In 

our study, the lone phosphosite that demonstrated increased phosphorylation in our rat 
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model of epilepsy, HCN1-S791, is within the C-terminal. Because this phosphorylation 

change was detected within the chronic stage of epilepsy and not in the acute stage one hour 

post-SE, we conclude that this increased phosphorylation does not play a role in the 

initiation of the epileptic state. However, because numerous studies have shown that 

downregulation of HCN channels yields hyperexcitability in pyramidal neurons, and our 

phosphomimetic experiments show that increased phosphorylation at S791 downregulates 

HCN1 channel activity by inducing a hyperpolarizing shift in gating, we hypothesize that 

elevated phosphorylation at HCN1-S791 likely increases the excitability of pyramidal 

neurons and contributes to the maintenance of epilepsy in the chronic stage.

Despite the greater number of phosphosites and a greater degree of overall phosphorylation 

in HCN2 channels compared to HCN1 channels, no significant HCN2 phosphorylation 

changes were detected in our rat model of epilepsy. This may be consistent with prior 

studies that found only transient changes in mRNA or protein expression of HCN2 channels 

following induction of epilepsy which were not observed in chronically epileptic animals 

(Brewster et al., 2002; Jung et al., 2007).

Another limitation was the lack of human control tissue as a comparator for that from our 

human epilepsy patients. We believe that this is a difficult problem to solve: human autopsy 

tissue generally does not adequately preserve phosphorylation state so is not a useful 

comparator (Matsuo et al., 1994; Li et al., 2003; Wang et al., 2015); human epilepsy 

resection tissue taken at a distance from the most active seizure onset zone in extratemporal 

resection, while a useful comparator for changes produced by a spectrum of epileptic 

activity, cannot truly said to be from seizure-free brain (Beaumont et al., 2012). Because of 

the absence of these controls, we could not investigate any phosphorylation changes in 

human HCN channels that are associated with epilepsy. However, the high level of HCN1 

phosphosite conservation between humans and rats, and the fact that we observed a high 

frequency of phosphorylation at S791 in both rat and at its human homolog S770, is 

suggestive that modulation of S770 may be occurring in human epilepsy as well. 

Interestingly, in both human epilepsy patient samples where the resected tissue originated 

from the hippocampal region, phosphorylation at S770 was detected.

Although most study of HCN channelopathy-related epilepsy has focused on HCN1 and 

HCN2 channels, recent data have also implicated HCN4 channels in the development of 

epilepsy (Rivolta et al., 2020). Loss-of-function mutations in HCN4 have been shown to 

underlie a benign form of generalized infantile epilepsy in one family (Campostrini et al., 

2018) as well as contributing to seizures in cases of genetic generalized epilepsy (Becker et 

al., 2017). Additionally, ectopic HCN4 expression driven by hyperactive mechanistic target 

of rapamycin (mTOR) pathway in pyramidal neurons caused epilepsy in mice (Hsieh et al., 

2020). However, given that HCN4 expression mainly in the thalamus in adults and in the 

cerebral cortex occurs only in infancy (Poolos, 2012; Santoro & Shah, 2020; Rivolta et al., 

2020), this study, involving the hippocampal CA1 region in adult rats and either cortical or 

hippocampal tissues in adult human epilepsy patients, did not analyze phosphorylation 

within HCN4 channels.
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This study joins prior work identifying changes in ion channel phosphorylation at the 

individual phosphosite level that may be important in the pathogenesis of epilepsy. Kv2.1 

was demonstrated to be phosphorylated in a graded fashion and activity-dependent fashion, 

with dephosphorylation causing a downregulation of Kv2.1 function (Park et al., 2006). 

Nav1.2 is highly phosphorylated on multiple phosphosites, and induced seizures caused net 

dephosphorylation of these channels, along with a reciprocal methylation of other amino 

acid residues (Baek et al., 2014). KCNQ2/KCNQ3, an ion channel mutated in genetic forms 

of human epilepsy, is regulated by phosphorylation, with specific phosphosites involved in 

either tetramerization or channel inhibition (Surti et al., 2005).

Furthermore, of direct relevance to HCN channels, phosphorylation of TRIP8b (which 

regulates HCN channel trafficking and gating) was shown to augment its binding to HCN 

channels, and loss of TRIP8b phosphorylation at a single serine residue in experimental 

epilepsy diminished HCN channel expression (Foote et al., 2019). These studies all 

demonstrated that seizure- or activity-induced modulation of phosphorylation at even 

individual phosphosites can have a significant effect on ion channel biophysical properties. 

Because phosphorylation signaling—particularly when increased in a disease state—is 

potentially targetable by specific kinase inhibitors, further understanding of changes in 

phosphorylation signaling in epilepsy may lead to future therapeutic interventions. Perhaps 

such future novel therapeutic approaches may lead to treatments for the refractory fraction 

that makes up as much as one-third of all epilepsy patients (Kalilani et al., 2018).
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Figure 1. 
Identification of HCN1 and HCN2 phosphosites. (A) Flowchart of methods used for 

identifying phosphosites within HCN1 and HCN2. (B) Western blot demonstrating 

successful immunoprecipitation of HCN1 and HCN2. Black arrowheads indicate HCN 

bands. HCN1 from rat and human brain tissues and rat brain HCN2 migrate approximately 

between 110–120 kDa. Open arrowheads indicate artifacts from the HCN enrichment 

process, where the heavy- and light-chain IgGs (HC-IgG, LC-IgG) originating from the 

antibodies used in IP co-elute with the proteins of interest. (C) Sample spectra from mass 

spectrometry. The peak containing phosphorylated S791 (y12+) is marked by the red 

asterisk. (D) Example of spectral counting. The list consists of all spectra derived from 

peptides containing S791 from a single homogenate sample. Spectra that do not meet the 

threshold (“expect” value ≤ 0.01) are not included in the count and are labeled with a “#”. 

Spectra that contain phosphorylated S791 are labeled with a “p” with the encircled “p” 

denoting the specific spectrum displayed in (C). A red asterisk denotes phosphorylated S791 

within the sequences shown in the “PEPTIDE” column.
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Figure 2. 
Comparison of rat and human HCN1 phosphosites. (A) Amino acid sequences of rat and 

human HCN1 are juxtaposed. Green highlights show regions of each HCN sequence that 

were observed by mass spectrometry. Ovals indicate detected phosphosites; red labels 

indicate novel phosphosites; bold labels indicate phosphosites observed in ≥ 50% of either 

species’ samples. Structural features of HCN channels are denoted: the intracellular N-

terminal region, the six transmembrane domains (S1-S6), the pore-forming region, and an 

extensive intracellular C-terminal region incorporating the cyclic nucleotide binding domain 
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(CNBD). (B) Representation of the rat HCN1 channel showing phosphosites that were 

phosphorylated in at least 50% of rat samples (with red labeling denoting novel 

phosphosites). (C) Representation of the human HCN1 channel showing phosphosites that 

are homologous to the prevalent rat phosphosites shown in (B). Novel phosphosites are 

labeled in red.
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Figure 3. 
HCN1 phosphorylation levels in epileptic vs naïve conditions in rats. Shown are the 

phosphorylation levels at six HCN1 phosphosites (where phosphorylation was detected in ≥ 

50% of rat samples) between the chronic epilepsy group and their age-matched naïve group 

at two stages of epileptogenesis: acute (1 hour post-SE) and chronic (6–9 weeks post-SE). 

The limits of each box show the 25th and 75th percentiles of the data values; the median is 

depicted as the line within the box; and the whiskers show the 95th and 5th percentiles. (A) 
No phosphorylation changes were observed in 1 hr post-SE rats compared to age-matched 
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naïve animals. (B) In chronic epileptic rats, S791 showed a significantly increased 

phosphorylation level compared to age-matched naïve animals, indicated by (**).

Concepcion et al. Page 27

Neuroscience. Author manuscript; available in PMC 2022 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Comparison of rat and human HCN2 phosphosites. (A) Amino acid sequences of rat and 

human HCN2 are juxtaposed. Green highlights show regions of each HCN sequence that 

were observed by mass spectrometry. Ovals indicate detected phosphosites; red labels 

indicate novel phosphosites; bold labels indicate phosphosites observed in ≥ 50% of either 

species’ samples. Structural features of HCN channels are denoted: the intracellular N-

terminal region, the six transmembrane domains (S1-S6), and an extensive intracellular C-

terminal region incorporating the pore-forming region and the cyclic nucleotide binding 
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domain (CNBD). (B) Representation of the rat HCN2 channel showing phosphosites that 

were phosphorylated in at least 50% of rat samples (with red labeling denoting novel 

phosphosites). (C) Representation of the human HCN2 channel showing phosphosites that 

are homologous to the prevalent rat phosphosites shown in (B).
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Figure 5. 
HCN2 phosphorylation levels in epilepsy vs naïve conditions in rat. Shown are the 

phosphorylation levels of ten HCN2 phosphosites (where phosphorylation was detected in ≥ 

50% of rat samples) between chronically epileptic rats (6–9 weeks post-SE) versus age-

matched naïve animals. The limits of each box show the 25th and 75th percentiles of the data 

values; the median is depicted as the line within the box; and the whiskers show the 95th and 

5th percentiles. No significant phosphorylation changes were observed between chronically 

epileptic and naïve animals.
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Figure 6. 
Phosphomimetic mutation of S791 (S791D) negatively shifts HCN1 voltage-dependent 

activation. (A) Conductance/voltage (G/V) plots of WT HCN1, HCN1 with phosphomimetic 

mutation S791D, and HCN1 with phosphoablative mutation S791A are shown. 

Phosphomimetic mutation at S791 (S791D) produces an ~4 mV hyperpolarizing shift in 

HCN1 voltage-dependent activation, while ablation of phosphorylation with S791A 

mutation produces HCN1 activation that resembles WT. (B) Oocytes pretreated with the p38 

MAPK inhibitor SB203780 (20 μM) exhibit negatively shifted voltage-dependent activation 

compared to WT. (C) Example WT HCN1 currents evoked by voltage steps from 10 mV to 

−120 mV, with tail currents measured at 0 mV. (D) Example HCN1-S791D currents evoked 

by identical voltage steps.
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Table 1.

Sample-based frequency of phosphorylation at HCN1 phosphosites in rat and human brain tissues.

HCN1 phosphosites

HCN1 phosphosite 
(rat - Q9JKB0)

ratio (%) of samples found 
phosphorylated (rat, n = 42)

HCN1 phosphosite 
(human - O60741)

ratio (%) of samples found 
phosphorylated (human, n = 

10)

species in which 
previously 
reported

T39 42/42 (100.0%) T41 8/10 (80.0%) rat/human

S53 5/42 (11.9%) S56 (0%)

S69 40/42 (95.2%) #(G80) # rat

T88 2/42 (4.8%) T99 (0%) human

S105 17/42 (40.5) S116 (0%) human

T461 9/42 (21.4%) T472 (0%)

Y502 6/42 (14.3%) Y513 1/10 (10.0%) human

S588 6/42 (14.3%) S599 (0%)

#(A635) # T646 1/10 (10.0%)

S791 38/42 (90.5%) S770 5/10 (50.0%)

T792 33/42 (78.6%) T771 3/10 (30.0%)

S867 42/42 (100.0%) S846 5/10 (50.0%) rat/human

S868 7/42 (16.7%) S847 1/10 (10.0%) rat/human

S891 30/42 (71.4%) S871 3/10 (30.0%)

#(P892) # S872 4/10 (40.0%)

S893 3/42 (7.1%) S873 4/10 (40.0%)

Analogous HCN1 phosphosites between rat and human are displayed on the same line. (#) indicates corresponding amino acid residues where 
phosphorylation is not possible. Shown for each phosphosite is the ratio (%) of all samples analyzed where phosphorylation was detected, with 
boldface lettering indicating phosphorylation that occurred in at least 50% of samples within a species. Known HCN1 phosphosites in rats and 
humans are reported in the Eukaryotic Phosphorylation Site Database (Lin et al., 2020). Novel HCN1 phosphosites in which phosphorylation was 
detected by mass spectrometry are labeled in red.
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Table 2.

Sample-based frequency of phosphorylation at HCN2 phosphosites in rat and human brain tissues.

HCN2 phosphosites

HCN2 phosphosite 
(rat - Q9JKA9)

ratio (%) of samples found 
phosphorylated (rat n = 19)

HCN2 phosphosite 
(human - Q9UL51)

ratio (%) of samples found 
phosphorylated (human, n = 

10)

species in which 
previously reported

S67 3/19 (15.8%) S80 3/10 (30.0%) rat/human

S68 1/19 (5.3%) S81 (0%) rat/human

T70 (0%) T87 2/10 (20.0%) rat/human

#(G77) # S97 1/10 (10.0%)

S90 18/19 (94.7%) S110 4/10 (40.0%) rat

S109 3/19 (15.8%) S132 4/10 (40.0%) human

S119 19/19 (100%) S146 8/10 (80.0%) rat/human

S743 18/19 (94.7%) S771 6/10 (60.0%) rat/human

S750 19/19 (100%) S779 7/10 (70.0%) rat/human

S756 19/19 (100%) #(A785) # rat

S757 19/19 (100%) S786 6/10 (60.0%) rat/human

S764 9/19 (47.4%) S793 8/10 (80.0%) rat/human

Y766 (0%) Y795 6/10 (60.0%) rat/human

S771 13/19 (68.4%) #(A801) # rat

T827 1/19 (5.3%) #(A853) #

S834 15/19 (79.0%) S860 3/10 (30.0%) rat/human

S840 15/19 (79.0%) S866 6/10 (60.0%) rat/human

S842 19/19 (100%) S868 8/10 (80.0%) rat/human

S847 9/19 (47.4%) #(G873) # rat

Analogous HCN2 phosphosites between rat and human are displayed on the same line. (#) indicates analogous amino acid residues where 
phosphorylation is not possible. Shown for each phosphosite is the ratio (%) of all samples analyzed where phosphorylation was detected, with 
boldface lettering indicating phosphorylation that occurred in at least 50% of samples within a species. Known HCN2 phosphosites in rat and 
humans are reported in the Eukaryotic Phosphorylation Site Database (Lin et al., 2020). Novel HCN2 phosphosites in which phosphorylation was 
detected by mass spectrometry are labeled in red.
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