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Protein kinase C bidirectionally modulates /;, and
hyperpolarization-activated cyclic nucleotide-gated (HCN)
channel surface expression in hippocampal pyramidal
neurons
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Key points

e Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, particularly that of the
HCN1 isoform, are enriched in the distal dendrites of hippocampal CA1 pyramidal neurons;
these channels have physiological functions with respect to decreasing neuronal excitability.

e In the present study, we aimed to investigate phosphorylation as a mechanism controlling
I, amplitude and HCN1 surface expression in hippocampal principal neurons under normal
physiological conditions.

e Tyrosine phosphorylation decreased I;, amplitude at maximal activation (maximal I ), without
altering HCN1 surface expression, in two classes of hippocampal principal neurons. Inhibition
of serine/threonine protein phosphatases 1 and 2A decreased maximal I, and HCNI surface
expression in hippocampal principal neurons.

e Protein kinase C (PKC) activation irreversibly diminished I, and HCNI surface expression,
whereas PKC inhibition augmented I, and HCN1 surface expression. PKC activation increased
HCN1 channel phosphorylation.

e These results demonstrate the novel finding of a phosphorylation mechanism, dependent
on PKC activity, which bidirectionally modulates I, amplitude and HCN1channel surface
expression in hippocampal principal neurons under normal physiological conditions.

Abstract Hyperpolarization-activated, cyclic nucleotide-gated (HCN) ion channels attenuate
excitability in hippocampal pyramidal neurons. Loss of HCN channel-mediated current (I),
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 I, 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 as
a result of a loss of p38 mitogen-activated protein kinase activity and increased calcineurin
activity; however, the mechanisms controlling I, amplitude and HCN1 surface expression under
epileptic or normal physiological conditions are poorly understood. We aimed to investigate
phosphorylation as a mechanism regulating I, amplitude and HCN1 surface expression (i.e.
as is the case for HCN gating) in hippocampal principal neurons under normal physiological
conditions. We discovered that inhibition of either tyrosine phosphatases or the serine/threonine
protein phosphatases 1 and 2A decreased I, at maximal activation in hippocampal CAl
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pyramidal dendrites and pyramidal-like principal neuron somata from naive rats. Furthermore,
we found that inhibition of PP1/PP2A decreased HCNI1 surface expression, whereas tyrosine
phosphatase inhibition did not. Protein kinase C (PKC) activation reduced I, amplitude and
HCNI1 surface expression, whereas PKC inhibition produced the opposite effect. Inhibition of
protein phosphatases 1 and 2A and activation of PKC increased the serine phosphorylation state
of the HCN1 protein. The effect of PKC activation on I, was irreversible. These results indicate
that PKC bidirectionally modulates I, amplitude and HCN1 surface expression in hippocampal
principal neurons.
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Tyr, tyrosine.

Introduction

Hyperpolarization-activated, cyclic nucleotide-gated
(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). In pyramidal neurons of the
cortex and hippocampus, where the HCN1 isoform is
predominant, HCN1 channels are principally localized
to the apical dendrites (Biel et al. 2009; 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).

Diminished HCN channel-mediated current (I,) 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). However, the
precise mechanisms controlling HCN1 downregulation
post-SE are only partially understood. Our laboratory
has found that, 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 I, amplitude at maximal activation.
HCNI1 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 (Poolos et al. 2006; Jung et al. 2010). However,

neither p38 MAPK activity nor CaN activity affects I
amplitude.

The decrease in I, amplitude immediately follows SE,
is associated with the loss of HCN1 channel surface
expression, and precedes any HCNI transcriptional
downregulation, suggesting that the decline is a result
of post-translational modification (Jung et al. 2011;
McClelland et al. 2011). The mechanisms that control
I, 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 represents a potential mechanism. Notably,
membrane surface expression of the closely-related
channel HCN2 is inhibited by the receptor-like protein
tyrosine (Tyr) phosphatase o in HEK293 cells (Huang
et al. 2008). The mechanisms controlling HCN1
channel surface expression are probably also dependent
upon phosphorylation, although little is known about
phosphorylation regulation of HCNI1 in pyramidal
neurons under normal physiological conditions.

In the present study, we aimed to investigate
phosphorylation as a mechanism regulating I, amplitude
at maximal activation (maximal I;,) and HCN1 channel
surface expression in two types of hippocampal principal
neurons. Using pharmacological tools, we modulated
the Tyr and serine/threonine (Ser/Thr) phosphorylation
states of HCN1 in CAl principal neurons from rat
hippocampal brain slices and determined that Tyr
phosphorylation modulated maximal I, alone, whereas
Ser/Thr phosphorylation modulated both maximal I, and
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HCNI1 surface expression. We then determined that the
Ser/Thr kinase protein kinase C (PKC) bidirectionally
modulated both maximal I, and HCN1 surface expression.
The present study represents a novel demonstration
of phosphorylation-dependent modulation of maximal
I and HCNI surface expression in hippocampal CAl
principal neurons under normal physiological conditions.

Methods

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
anaesthetized by LP. injection of a mixture of ketamine
and xylazine, producing deep anaesthesia. Transcardial
perfusion was carried out with ice-cold cutting saline
comprising (in mm): 2.5 KCl, 1.25 NaH, POy, 25 NaHCOs,
7 dextrose, 0.5 CaCl,, 7 MgCl,, 110 choline chloride,
1.3 ascorbic acid and 3 sodium pyruvate; then bubb-
led with 95% 0,-5% CO,. Rats were then decapitated
and their brains removed. After removal, the brains were
hemisected along the longitudinal fissure. Parasagittal
slices (400 pm thick) from the hippocampus were
prepared using a Vibratome 1500 (The Vibratome
Company, St Louis, MO, USA). Hippocampal slices
were held for 10 min at 34°C in a recording chamber
containing external recording solution comprising
(in mM): 125 NaCl, 2.5 KCI, 1.25 NaH,POy,,
25 NaHCO:s, 10 dextrose, 2 CaCl,, 2 MgCl,, 1.3 ascorbic
acid and 3 sodium pyruvate; then bubbled with 95%
0,-5% CO,. Slices were then allowed to rest at room
temperature for at least 60 min prior to recording.

Electrophysiology

Neurons were visualized using infrared differential-
interference contrast imaging using a Axioskop micro-
scope (Zeiss, Oberkochen, Germany) fitted with a
60X objective (Olympus, Tokyo, Japan). Pyramidal-like
principal (PLP) neurons were identified by their
characteristic pyramidal morphology, large soma
(approximately twice or more the diameter of a CAl
pyramidal neuron) and somatic location in the stratum
radiatum. A fuller description of the morphology of
PLP neurons is provided by Bullis ef al. (2007). Pipette
resistances for cell-attached recordings were between
4-7 MQ for somatic recordings and 12-15 MQ for
dendritic recordings. Cell-attached patch recordings
were made with an Axopatch 200B amplifier (Axon
Instruments, Foster City, CA, USA), sampled at 2 KHz
and filtered at 500 Hz. All data were collected and analysed
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with custom software written for the Igor Pro analysis
environment (Wavemetrics, Lake Oswego, OR, USA). For
recording, slices were kept at 29-31°C and continuously
bathed in external solution. Pipettes were filled with a
solution comprising (in mm): 120 KCl, 20 TEA-CI, 5
4-aminopyridine, 10 Hepes, 2 CaCl,, 1 MgCl, and 1
BaCl,.We measured I, using cell-attached voltage-clamp
recordings. I, was elicited by 1500 ms voltage commands
to a maximum of ~150 mV. Maximal I, amplitude was
measured at the end of the current trace elicited by
this =150 mV command. I 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 (I/I,y). Leak
subtraction was performed by acquiring current traces
with voltage commands that provoked no I activation;
four times as many leak traces were collected as I
traces, and these were averaged and subtracted from
each I, trace. Pipette capacitance was compensated at the
amplifier to diminish artefacts in the current traces. I
amplitudes are presented without correction for estimated
patch area; however, pipette tip diameter (~1 um) was
held constant, and each investigator performed his own
control series to minimize the effects of differences in
pipette fabrication. All supplies were purchased from
Sigma-Aldrich (St Louis, MO, USA) unless otherwise
noted. A recent study has described potential artefacts
in cell-attached voltage-clamp measurements under the
conditions of very high input resistance and very high
current density (Williams and Wozny, 2011). We estimated
the maximum error in command potential at —150 mV to
be ~1.7 mV, which would not impact upon the findings
reported here.

Surface biotinylation assay

Surface membrane protein expression was measured using
a biotinylation protocol (Jung et al. 2011).We 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, USA) and then
in extracellular solution with 1 uMm lysine to block all
reactive sulfo-NHS-SS-biotin in excess. The CA1 regions
were microdissected on dry ice and homogenized in buffer
comprising (in mm): 50 Tris-HCI, 5 EDTA, 1 PMSE,
1 sodium orthovandate, 50 NaCl, 10 EGTA, 2 sodium
pyrophosphate and 4 paranitrophenylphosphate; as well
as 4 ug ml~! aprotonin, 20 ug ml~! leupeptin and 1%
Triton X-100 (Roberson et al. 1999). The homogenates
were centrifuged at 16,900 x g for 15 min at 4°C, and
the supernatant was harvested. After measurement of
protein concentration with a BCA assay protocol and
normalization of the inputs for total protein content, the
supernatant was incubated with NeutrAvidin Plus beads
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(Pierce) overnight at 4°C and then washed three times with
homogenization buffer. After centrifugation at 16,900 x
g for 5 min, the supernatant was discarded and the beads
resuspended in Laémmli buffer (final concentration of
4% SDS, 20 mM dithiothreitol) and boiled. Total protein
and biotinylated surface protein levels were analysed using
western blotting. To quantify the changes in HCN1 surface
expression, we first quantified the ratio of HCN1 channel
protein surface expression between drug-treated and
control brain slices. We then quantified the total HCN1
channel (surface + intracellular) protein expression as
the ratio between drug-treated and control brain slices,
normalized the surface HCN1 expression ratio by the total
HCNI expression ratio, and reported this surface/total
ratio as the final result. Normal blot-to-blot variability
in band intensities was controlled for by analyzing band
intensities for control and treated samples within the
same gel. Total HCNI1 expression was not significantly
changed by drug treatment in any sample. As an
additional control for protein loading, we quantified total
B-actin expression in GF109203X (bisindolylmaleimide I;
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.

Immunoprecipitation

Tissue homogenates from CA1l hippocampal regions
were prepared as described for the surface biotinylation
protocol. Immunoprecipitation of HCN1 subunits from
the supernatant was then carried out: anti-HCN1 anti-
body (10 wng) (Millipore, Billerica, MA, USA) was
incubated with the supernatant at 4°C overnight. Protein
A/G-agarose beads (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) were then added to the incubation
mixture, incubated for an additional 3 h, and washed three
times with homogenization buffer. After centrifugation
at 16,900 x g for 5 min, the supernatant was discarded
and the beads resuspended in Laémmli buffer (with final
concentration of 4% SDS, 20 mM dithiothreitol) and
boiled. HCN1 and phosphoserine protein levels were
analysed using western blotting.

Western blotting

Samples from experimental and control groups were
loaded and run on a 10% acrylamide gel (Bio-Rad
Laboratories, Redmond, WA, USA), transferred to a
nitrocellulose membrane and incubated with HCN1
antibody (dilution 1:1000; Millipore) or phosphoserine
antibody (dilution 1:1000; Millipore), followed by
incubation in anti-rabbit secondary antibody (1:1000; Life
Technologies, Carlsbad, CA, USA), and then visualized by
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enhanced chemiluminescence and film exposure. Three
different protein loading amounts were used in each
condition to confirm that signal detection was in the linear
range, as reported previously (Jung et al. 2010).

Statistical analysis

Statistical significance between data sets containing two
independent groups was evaluated using an unpaired
Student’s ¢ test. All hypothesis testing was performed with
a = 0.05. Statistical analysis was conducted using either
Igor Pro, version 4.09A (WaveMetrics, Inc., Portland, OR,
USA) or InStat, version 3.b (GraphPad, LaJolla, CA, USA).
All data points are displayed as the mean = SEM and
statistically significant differences are indicated.

Results
Tyr phosphorylation diminishes I,

We 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 I,. To
investigate Tyr phosphorylation as a potential mechanism,
we began by performing cell-attached patch-clamp
recordings at the somata of hippocampal PLP neurons,
a subtype of pyramidal neuron with somata localized to
the stratum radiatum, and with a high somatic density
of I (unlike other types of hippocampal pyramidal
neurons). I in PLP neurons demonstrates high density
and voltage-dependence of activation, as well as activation
kinetics and regulation by p38 MAPK that are similar to
those for I in the dendrites of CAl 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 I}, measurements
technically easier in the soma of PLP neurons than in
pyramidal dendrites; the similar I, characteristics between
the two cell types mean that the I, measurements in PLP
neurons provide a useful adjunct to measurements of I, in
pyramidal dendrites. We began the present 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 we did not examine this
further in the present study.

In PLP neurons, maximal I, was significantly reduced
to 45% of control after 30 min of 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) (Fig. 1A). As measured at the half-maximal point
(Vi2), I voltage-dependent activation underwent a slight,
but significant, hyperpolarizing shift in PLP neurons from

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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PAO-treated brain slices (control: 98 4+ 1.7 mV, n = 23;
PAO: -106 & 1.8 mV, n= 10; P < 0.05) (Fig. 1B).

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

We next investigated whether I, in hippocampal CA1
pyramidal apical dendrites was similarly affected by
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Figure 1. I, decreases after either PP1/PP2A inhibition or Tyr phosphatase inhibition

A, |, amplitudes at maximal activation obtained at the somata of hippocampal PLP neurons from PAO-treated
hippocampal slices were significantly reduced compared to control (Ctrl). Representative current traces are shown at
voltage commands of approximately —150 mV. /, values shown as a percentage of control to facilitate comparison
among experiments. B, voltage-dependent activation in PLP neurons was significantly hyperpolarized after 30 min
of treatment with 10 um phenylarsine oxide. C, /, at maximal activation in hippocampal PLP neurons was not
significantly altered after 30 min of treatment with either 1 M or 20 uM genistein. D, voltage-dependent activation
in PLP neurons was not significantly altered after 30 min of treatment with either 1 um or 20 um genistein.
E, I, amplitudes obtained in CA1 pyramidal neuronal dendrites from 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.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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modulation of Tyr phosphorylation using cell-attached
patch clamp recordings. We found that dendritic I
(at an average of 174 £ 5 um from the soma) was
significantly reduced to 43% of control after 30 min
of treatment with 10 uM PAO (control: 42 + 4.6 pA,
n = 13; PAO: 18 &+ 3.8 pA, n = 10; P < 0.01) (Fig. 1E).
Unlike in PLP neurons, I, 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) (Fig. 1F). These results
show that increased Tyr phosphorylation diminishes I
amplitude in both hippocampal CA1 pyramidal dendrites
and PLP neurons to a similar extent.

PP1/2A inhibition diminishes /;, and HCN1 surface
expression

Previously, we showed that activation of the Ser/Thr
protein phosphatase 2B (PP2B; CaN) downregulated
HCN channel gating without affecting maximal I
(Jung et al. 2010). We next considered the other
two Ser/Thr phosphatase families, PP1 and PP2A, as
potential mechanisms modulating I, amplitude. To
investigate this possibility, we 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
CAl pyramidal neurons (at 162 + 3 pum from the
soma). A concentration of 50 nm OA significantly reduced
maximal I, to 57% of control (OA: 24 £ 2.5 pA, n = 10;
P < 0.01) (Fig. 1E), without a significant change in I
voltage-dependent activation (control: -90 £ 1.4 mV,
n = 13; OA: =94 + 1.5 mV, n = 10) (Fig. 1F), thus
demonstrating that I, is reduced by both Tyr and Ser/Thr
phosphorylation-dependent mechanisms.

In a previous study, we demonstrated that the loss of
I, amplitude in CA1 pyramidal neuron dendrites at 1 h
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 I, we
next investigated whether Tyr phosphatase inhibition
diminishes I, by reducing HCN1 channel neuronal surface
expression, as determined by a surface biotinylation
assay (see Methods). To validate our surface biotinylation
assay, we first aimed to replicate the previous finding
that PKC activation increases GABA, a4 subunit surface
expression in hippocampal tissue (Abramian et al. 2010).
Using our assay, PKC activation by 60 min of bath
application of 10 uM phorbol 12,13-diacetate (PDA)
produced a significant increase in GABA, o4 sub-
unit surface expression (total expression: 66 + 10%
of control; surface expression: 156 £ 27% of control;
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ratio surface/total: 237 £ 15% total; n = 3; P < 0.05)
(Fig. 2A), consistent with the previously reported increase
0f 294 & 91%. We probed both surface and total fractions
with a B-actin antibody to confirm that the surface
fraction was not contaminated with cytoplasmic proteins.
No B-actin staining was observed in the surface fraction
(Fig. 2A).

We then used our surface biotinylation assay to measure
HCNI 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) (Fig. 2B). These results
demonstrate that increased Tyr phosphorylation does not
diminish I, by reducing HCN1 surface expression; instead,
Tyr phosphorylation may diminish I, by reducing HCN1
single-channel conductance, either as a direct effect or via
other signalling intermediaries.

To confirm whether the effect of PP1/2A inhibition on
I, was a result of changes in HCN1 surface expression,
we similarly performed a surface biotinylation assay.
By contrast to the lack of effect of increased Tyr
phosphorylation on HCN1 channel surface expression,
OA treatment (50 nm) for 60 min significantly diminished
HCNI1 surface expression in hippocampal CAl tissue
(total expression: 108 £ 10% of control; surface
expression: 77 £ 16% of control; ratio surface/total:
70 £ 9% total; n = 5; P < 0.05) (Fig. 2C). These results
show that increased Ser/Thr phosphorylation contributes
to diminished I, by decreasing HCN1 surface expression.

PKC modulates /;, and HCN1 surface expression in
hippocampal neurons

We next turned to the identification of a specific Ser/Thr
kinase responsible for modulating I, and HCN1 surface
expression in hippocampal neurons. We considered PKC
as 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 I,, such as neuro-
tensin, diacylglycerol kinase, phospholipase C and orexin
A (Cathala and Paupardin-Tritsch, 1997; Fogle et al. 2007;
Carr et al. 2007; Li et al. 2010).

To test the hypothesis that PKC modulates I, in
hippocampal neurons, we bathed hippocampal slices for
30 min in 10 uM PDA, an activator of PKC, and performed
cell-attached patch-clamp recordings in PLP somata and
the dendrites of hippocampal CA1 pyramidal neurons (at
171 £ 6 pum from the soma). PDA significantly reduced
maximal I, in PLP somata to 57% of control (control:
36 £ 2.3 pA, n=43;PDA: 20+ 1.7pA, n="7; P < 0.01)

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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(Fig. 3A); I voltage-dependent gating underwent a hyper- ~ somata. There was no significant change in maximal I
polarizing shift (control: -98 £ 1.7 mV, n = 23; PDA: after 30 min of application of 1 uM GFX; however, maximal
-108 £ 44 mV, n = 7; P < 0.05) (Fig. 3B). We also I, was significantly increased after 60 min of incubation
investigated whether application of 1 uM GFX, a PKC  to 158% of control (30 min GFX: 35 £ 6.1 pA, n = 8;
inhibitor (Hama et al. 2004), would increase I, in PLP 60 min GFX: 57 £ 9.5 pA, n= 10, P < 0.01) (Fig. 3A). No
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Figure 2. PP1/PP2A inhibition reduces HCN1 channel surface expression but Tyr phosphatase inhibition
does not

A, GABAA a4 subunit surface expression in the hippocampal CA1 area was significantly increased after 60 min of
treatment with 10 M PDA. Representative western blots of surface and total GABA 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 PAO-treated tissue compared to control. Representative
western blots of surface and total HCN1 protein are shown. C, surface HCN1 channel protein expression was
decreased in OA-treated hippocampal slices.
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significant change in gating was observed after incubation
in 1 uM GFX for either 30 min (not shown) or 60 min
(Fig. 3B) (control: —95 + 1.6 mV, n = 43; 30 min GFX:
—103 +3.3mV, n=8;60 min GFX: -98 £ 3.6 mV, n=10).
These results show that PKC activity can bidirectionally
modulate I, amplitude in hippocampal principal neurons;
however, the effect of PKC inhibition on I, develops more
slowly than that of PKC activation.

We then confirmed that PDA significantly reduced
maximal I, in hippocampal CAl 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 = 7;
P < 0.01) (Fig. 3C); however, the hyperpolarizing shift
in V7, was not observed in pyramidal dendrites (control:
—-90 £+ 1.5 mV, n = 13; PDA: -92 &+ 3.6 mV, n = 7)
(Fig. 3D). Notably, the magnitude of change in I, from
PKC activation is similar to that with inhibition of
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the Ser/Thr phosphatases PP1/2A with OA. Thus, PKC
activation significantly reduces I, amplitude in both PLP
somata and hippocampal CA1 pyramidal dendrites.

PKC modulation of I, amplitude is irreversible

We then aimed to confirm that the action of PDA on
I, amplitude was dependent on PKC activation. We
bathed hippocampal slices in 1 um GFX for 30 min, and
then in both 1 uM GFX and 10 uM PDA for 30 min,
and measured I, at the soma of PLP neurons using
cell-attached patch clamp electrophysiology (Fig. 4A).
Subsequent to this treatment, maximal ;, was significantly
increased to 141% of control, similar to that seen with
60 min of GFX application alone (control: 36 + 2.3 pA,
n = 43; GFX pre-treated: 51 4+ 9.0 mV, n = 6; P < 0.05)
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Figure 3. PKC activity bidirectionally modulates I,
A, maximal I in PLP neurons was significantly reduced
significantly increased after 60 min of treatment with 1

after 30 min of treatment with 10 um PDA. /, was
um of the PKC inhibitor GF109203X. Representative

current traces are shown at voltage commands of approximately —150 mV. B, voltage-dependent activation in
PLP neurons was significantly hyperpolarized after treatment with PDA but not after treatment with GF109203X.
C, maximal /, obtained at CA1 pyramidal neuronal dendrites from PDA-treated hippocampal slices was significantly
reduced compared to control. D, voltage-dependent activation of dendritic /;, in PDA-treated hippocampal slices

was similar to control.
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(Fig. 4B). 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) (Fig. 40).

Finally, we aimed to determine whether the PDA-
induced decrease in maximal I, is reversible. We bathed

neurons (Fig. 4D). Unexpectedly, we found that that the
PKC inhibitor did not reverse the PKC activator-induced
decrease in maximal I, (control: 36 &= 2.3 pA, n=43; PDA
pre-treated: 20 £ 2.6 mV, n = 6; P < 0.05) (Fig. 4E).
By contrast to treatment with PDA alone (Fig. 3B),
no significant change in gating was observed (control:

PKC modulates /, and HCN1 surface expression in pyramidal neurons

hippocampal slices in 10 um PDA for 30 min (to induce
the previously-observed decrease in I,), then in 1 um
GFX for 60 min, and measured I, at the soma of PLP

in Vi, in PLP neurons.
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Figure 4. PKC modulation of I, 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 um GF109203X and 10 um PDA. B, Maximal /,

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 um GF109203X. E, Maximal /,, 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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PKC activity modulates HCN1 channel
phosphorylation and HCN1 surface expression

To confirm that PKC activation affected the phospho-
rylation state of HCN1, we probed immunoprecipitated
HCNI1 protein with a pan-phosphoserine antibody.
These experiments confirmed that 60 min of treatment
with 10 um PDA significantly increased the Ser
phosphorylation (pSer) state of HCN1 (total HCNI:
112 & 7% of control; pSer: 153 & 8% of control, P < 0.05;
pSer/HCN1: 138 £ 9% of control, P < 0.05; n = 5)
(Fig. 5A). As a positive control for the sensitivity of the
phosphoserine antibody, we confirmed that 60 min of
treatment with 50 nm OA also significantly increased the
pSer 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) (Fig. 5B).
These results demonstrate that inhibition of PP1/2A or
activation of PKC decreased I, in hippocampal principal
neurons, which was associated with increased pSer of
HCNI.
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Finally, we aimed to determine whether the PKC
activation-induced decrease in I, amplitude was correlated
with decreased HCN1 channel surface expression.
We found that HCN1 channel surface expression
in hippocampal CAl tissue was diminished by PKC
activation with 10 pum PDA. As measured by the
previously-described surface biotinylation assay, although
the HCN1 total protein expression was unchanged
(108 £ 8% of control); PDA decreased 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) (Fig. 6A). This decrease in surface/total
expression was comparable in magnitude to the decrease
in I, amplitude following PKC activation.

Conversely, we found that PKC inhibition increases
HCN1 surface expression. HCN1 surface expression was
significantly increased after 60 min of bath application of
1 uM GEX 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) (Fig. 6B).

Ctrl PDA

f
pSer = L e Y

IP: Anti-HCN1

HON1 (e (—

Ctrl OA

pSer - Wi

IP: Anti-HCN1
HCN1 epesssug  ohannssimm

Figure 5. HCN1 Ser phosphorylation increases following both PKC activation and PP1/2A inhibition

A, Ser phosphorylation of HCN1 channel subunits was increased in PDA-treated hippocampal slices. Representative
western blots of pSer and HCN1 protein levels are shown in each condition after immunoprecipitation with
anti-HCN1 antibody. B, Ser phosphorylation of HCN1 channel subunits was increased in OA-treated hippocampal

slices.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society



J Physiol 593.13

These results demonstrate that PKC activity bidirectionally
modulates HCNI1 surface expression in hippocampal CA1
neurons, as is the case with I, amplitude.

Discussion

Despite the importance of HCN1 channels in regulating
neuronal excitability in the cortex and hippocampus,
there is little understanding of how maximal I, amplitude
and HCNT1 surface expression are dynamically modulated
in neurons. Our previous studies have shown that I
gating is phosphorylation-dependent. In the present
study, we aimed to uncover evidence for phosphorylation
modulation of maximal I, and HCN1 channel surface
expression in hippocampal principal neurons. Here,
we showed (i) that Tyr phosphorylation modulated I
amplitude in hippocampal CAl pyramidal dendrites
and PLP neurons, without altering HCNI1 surface
expression; (ii) that PKC modulated both maximal I
and HCNI1 surface expression in hippocampal CAl
pyramidal dendrites and PLP neurons; (iii) that the
PKC-induced change in I, was irreversible; and (iv) that
both PP1/2A and PKC directly modulated the pSer state
of HCNI1. The present study is the first to demonstrate
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a phosphorylation-dependent mechanism regulating I
amplitude and HCN1 surface expression in pyramidal
neurons.

Phosphorylation regulation of HCN channels

In previous studies, the effects of Tyr phosphorylation
upon I, current and gating are mixed and depend upon
the HCN channel isoform (HCN1-4) and cell type (i.e.
neurons, or a heterologous system such as HEK293) Our
results are consistent with the previous finding that Tyr
kinase B activation through binding of brain-derived
neurotrophic factor reduced I, amplitude in respiratory
neurons within the pre-Botzinger complex, where HCN1
is the predominant isoform (Thoby-Brisson et al. 2003).
Our finding that neuronal I 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
I, following Tyr phosphatase inhibition remains unclear;
however, our finding that Tyr phosphatase inhibition
did not alter HCNI1 surface expression may suggest a
decrease in single-channel conductance. Additionally, Tyr
phosphatase inhibition may have a myriad of downstream

Ctrl PDA
Surface | sl '
Anti-HCN1
Toa QN  (—
Ctrl GFX
Surface b £
Anti-HCN1

Total ‘

Figure 6. PKC activity bidirectionally modulates HCN1 surface expression

A, HCN1 channel surface expression in the hippocampal CA1 area was significantly reduced after 60 min of
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 after
60 min of treatment with 1 M GF109203X. Representative western blots of surface and total HCN1 protein levels

are shown in each condition.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society



2790

effects on signalling and accessory proteins that, in turn,
mediate the effects on I;, conductance; one (or more) of
these accessory proteins or pathways could be an inter-
mediary for the decrease in .

These results build upon previous studies concerning
the PKC regulation of I, in heterologous expression
systems. In one study, application of 4p8-phorbol
12-myristate,13-acetate, an activator of PKC (Goel
et al. 2007), to excised inside—out patches from
HCNI1-transfected Xenopus oocytes reduced maximal
I, by ~80%, and caused a 420 mV shift in
voltage-dependence of activation (Fogle et al. 2007).
Recently, another study found that bath application of
4B-phorbol 12-myristate,13-acetate decreased maximal
I, by ~30-40% in both HEK293 and NI1E-115 trans-
fected with either rat or human HCNI, as measured
by inside—out cell-excised patch clamp electrophysiology
(Reetz and Strauss, 2013). Both studies speculated that
the decrease in maximal I, was primarily the result of
a reduction in the number of surface-expressed HCN1
channels. Our results successfully replicate the reduction
in I, following PKC activation, and demonstrate for the
first time that this loss of I, results from diminished HCN1
surface expression. The present study also demonstrates
the novel finding that this effect is bidirectional in
hippocampal CA1 principal neurons; although PKC
activation decreases I, and HCNI1 surface expression,
PKC inhibition increases I, and HCN1 surface expression.
Furthermore, our results show that activation of PKC
increases the pSer state of HCN1.

Although the changes in I, and HCNI surface
expression induced by PKC activation are quantitatively
similar, our surface biotinylation data include HCN1
channel protein from the entire CAl area, and not just
from hippocampal pyramidal dendrites. The CAl area
could provide additional sources of HCN1 protein, such
as from presynaptic terminals or interneurons, which
were not assessed in our electrophysiology experiments.
However, elegant electron microscopy experiments have
demonstrated that HCN1 channel protein expression is
significantly enriched in the distal dendrites (compared to
proximal dendrites) and in dendritic shafts (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 immuno-
histochemistry for HCN1 in the hippocampus, which
shows a HCN1 channel density gradient throughout the
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 our surface biotinylation
assay are primarily dendritic in origin.
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Unexpectedly, our results demonstrate that the effects
of PKC phosphorylation of HCN1 are acutely irreversible,
in that 1 h of treatment with GFX does not reverse
the PDA-induced decrease in maximal I,. There are
several potential mechanisms that could cause this
irreversibility; for example, phosphorylation could cause
a conformational change in HCNI rendering the
phosphosite inaccessible. Alternatively, phosphorylation
could trigger internalization and compartmentalization
of HCNI. In either case, phosphorylation could affect
I, and HCN1 surface expression by altering HCNI
co-assembly with one or more trafficking proteins,
such as tetratricopeptide repeat-containing Rab8b inter-
acting protein (TRIP8b) or filamin A (Santoro et al.
2004; Gravante et al. 2004). TRIP8b, for example,
has at least nine N-terminal splice variants; some of
these promote HCN1 surface expression, whereas others
diminish HCN1 surface expression (Lewis et al. 2009;
Santoro et al. 2009). PKC could diminish I, and HCN1
surface expression in hippocampal pyramidal neurons
by altering the co-assembly of HCNI and one of
these TRIP8b splice variants. The identification of the
PKC phosphosites within the HCN1 protein would
help determine the specific mechanism by which PKC
activity modulates HCN1 surface expression. However,
phosphosite identification is beyond the scope of the pre-
sent study, although we do plan to investigate this question
in the near future.

Potential relevance to epileptogenesis

Our discovery of a phosphorylation mechanism contro-
lling maximal I, and HCNI1 surface expression in
pyramidal neurons has potential implications as a
mechanism in epileptogenesis. In a previous study,
we demonstrated that maximal I, and HCNI1 surface
expression are decreased in the hippocampal CAl
area at 1 h post-SE in the rat pilocarpine model
of temporal lobe epilepsy; however, the mechanisms
controlling these changes were unclear (Jung et al
2011). Our 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 clarified whether increased PKC activity
in the hippocampal CA1l area post-SE is responsible
for the contribution of diminished HCN1 expression
and function to epileptogenesis. Our results are the first
demonstration of a phosphorylation-induced change in
I, amplitude and HCN1 surface expression in pyramidal
neurons, and present a potential mechanism regulating
diminished HCNI1 function and expression both under
normal conditions and post-SE in the rat pilocarpine
model of temporal lobe epilepsy.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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