Nitric oxide selectively suppresses | currents mediated by HCN1 containing channels
Cornelia Kopp-Scheinpflug®, Beatrice M. Pigott® and lan D. Forsythe?

! Division of Neurobiology, Department Biology 11, Ludwig-Maximilians-University Munich, GroRhadernerstr. 2, 82152
Planegg-Martinsried, Germany.
? Department of Cell Physiology and Pharmacology, University of Leicester, Leicester. LE1 9HN UK.

Key Words: HCNL1, HCN2, neuronal nitric oxide synthase (nNOS), auditory brainstem, MNTB,
LSO, MSO, SPN

Corresponding author: lan D. Forsythe, Department of Cell Physiology & Pharmacology,
Medical Sciences Building, University of Leicester, LE1 9HN, UK
Telephone: +44 (0) 116 252 5580
Fax: +44 (0) 116 252 5616
E-mail: idf@le.ac.uk

Short title: NO suppresses HCN1

Figures: 8
Abgtract: 241 words
Introduction: 447 words
Discussion: 1697 words

Acknowledgements: This work was funded by the Medical Research Council (MRC,
MR/K005170/1) and Deutsche Forschungsgemeinschaft (DFG, KO2207/3-1). We are grateful to Matt
Nolan (Edinburgh University, UK) for sharing the HCN1 knockout mice with us and to Olga
Alexandrowa (Ludwig-Maximilians-University Munich, Germany) for sharing her expertise with cell
reconstruction.

Author contributions:
CKS conducted electrophysiological experiments and analysed data. BP performed
immunohistochemistry. CKS and IDF jointly conceived the project and wrote the manuscript.

Key Points:

e The superior olivary complex (SOC) exhibits a spectrum of HCN1 and HCN2 subunit
expression, which generate Iy currents with fast and slow Kinetics, respectively.

o Neuronal nitric oxide synthase (nNOS) was broadly distributed across the SOC.

o NO hyperpolarizes the half-activation voltage of HCN1-mediated currents and caused a
slowing of the Iy current Kinetics in the respective nuclei (MSO, LSO and SPN). This
signalling was independent of cGMP.

o NO also caused a depolarizing shift in the half-activation voltage of HCN2-mediated Iy
currents, increasing activation at resting potentials; this was cGMP-dependent.

e Thus NO-signalling suppressed fast HCN1-mediated currents and potentiated slow HCN2-
mediated currents, modulating the overall kinetics and magnitude of the endogenous Iy.



ABSTRACT

Hyperpolarization-activated non-specific cation permeable channels (HCN) mediate I currents
which are modulated by cGMP, cAMP and by nitric oxide (NO) signalling. Channel properties depend
upon subunit composition (HCN1-4 and accessory subunits) as demonstrated in expression systems,
however physiological relevance requires investigation in native neurons with intact intracellular
signalling. Here we use the superior olivary complex (SOC), which exhibits a distinctive pattern of
HCN1 and HCN2 expression, to investigate NO modulation of the respective Iy currents, and compare
properties in wild type and HCN1 knockout mice. The medial nucleus of the trapezoid body (MNTB)
expresses HCN2 subunits exclusively, and sends inhibitory projections to the medial and lateral
superior olives (MSO, LSO) and the superior paraolivary nucleus (SPN). In contrast to the MNTB,
these target nuclei possess an Iy with fast kinetics, and express HCN1 subunits. NO is generated in the
SOC following synaptic activity and here we show that NO selectively suppresses HCN1, while
enhancing |y mediated by HCN2 subunits. NO hyperpolarizes the half-activation of HCN1-mediated
currents and slows the Kinetics of native Iy currents in the MSO, LSO and SPN. This modulation was
independent of cGMP and absent in transgenic mice lacking HCNL1. Independently, NO signalling
depolarizes the half-activation of HCN2-mediated I currents in a cGMP-dependent manner. Thus NO
selectively suppresses fast HCN1-mediated Iy and facilitates a slow HCN2-mediated Iy, So generating
a spectrum of modulation, dependent on the local expression of HCN1 and/or HCN2 and the actions

of NO signalling.

INTRODUCTION

Hyperpolarization-activated cyclic nucleotide modulated channel (HCN) subunits are encoded by
the HCN1-4 gene family and form the molecular substrate of Iy currents that regulate resting
membrane potential and excitability in the brain and heart (Santoro et al., 1998; Robinson &
Siegelbaum, 2003; Wahl-Schott & Biel, 2009). Each HCN channel is formed by a tetrameric complex
of subunits with both homo- and heteromeric channels being suggested (Biel et al., 2009). All four
subunits are expressed in the brain, but studies show that they differ in activation kinetics (HCN1: fast,

HCNZ2: intermediate, HCN3&4: slow), voltage-dependent activation (half-activation voltages for
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HCN1: -70mV, HCN2: -95mV, HCN3: -85mV, HCN4: -100mV) and the depolarizing shift in
activation voltage mediated by cyclic nucleotide modulation (HCN2&4: most sensitive, HCN1&3:
less sensitive) (Robinson & Siegelbaum, 2003; Biel et al., 2009; Wahl-Schott & Biel, 2009; Shah,
2014). These findings are mainly based on research using cell expression systems, but there is
increasing evidence that site-specific accessory subunits, local kinase and/or phosphatase activity also
contribute to shaping the characteristics of Iy currents in native neurons (Santoro et al., 2009; Wahl-
Schott & Biel, 2009). It is therefore essential to study HCN kinetics and modulation in native neurons
with intact intracellular signalling.

Throughout the nervous system, synaptic activity can generate nitric oxide (NO). This messenger
molecule is involved in the regulation of synaptic transmission and neuronal function (Garthwaite,
2008; Steinert et al., 2008; Steinert et al., 2011; Hardingham et al., 2013) through binding of NO to its
receptor, guanylyl cyclase (sGC), and subsequent production of cGMP. NO-cGMP signalling could
regulate native HCN-mediated currents directly through changes in cGMP concentrations, or
indirectly through effects on cGMP-dependent protein kinases or phosphodiesterases. Cyclic
nucleotides (cAMP, cGMP) and NO modulate HCN channel activity in many brain areas (Pape &
Mager, 1992; Ingram & Williams, 1996; Garthwaite et al., 2006; Wilson & Garthwaite, 2010; Neitz et
al., 2011; Neitz et al., 2013). The medial nucleus of the trapezoid body (MNTB) expresses exclusively
HCN2 and sends inhibitory projections to the HCN1 expressing medial and lateral superior olives
(MSO, LS0O), and to the superior paraolivary nucleus (SPN) which expresses both HCN1 and HCN2
subunits. We seek to examine HCN subunit-specific roles in neuronal signalling by exploiting the
distinctive patterns of HCN1 and HCN2 expression across the superior olivary complex (SOC) (Koch
et al., 2004). The large amplitude of Iy currents (surpassing those of CAl neurons by 10-fold)
increases the reliability of observing modulatory effects, and use of HCN1-KO mice allowed
differentiation between NO modulation of HCN1 and HCN2 subunits.

The results show that NO suppresses HCNZ1-mediated 1y currents by a guanylyl cyclase
independent negative shift in the voltage-dependence of activation; and simultaneously facilitates
HCN2-dominated Iy currents by a GC-dependent positive shift in activation. For neurons that express
both HCN1 and HCNZ2, the net effect is to slow Iy Kinetics and increase the Iy contribution to resting
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conductances, thereby depolarizing the resting membrane potential and reducing the peak conductance

activated by hyperpolarization.

METHODS

Brain dice preparation. Experiments were carried out in accordance with the UK Animals
(Scientific Procedures) Act 1986 and as revised by European Directive 2010/63/EU. The HCN1-KO
mice (obtained from Edinburgh University) were backcrossed onto a CBA/Ca background. CBA/Ca
and HCN1-KO mice (P13-P21) of either sex that were Killed by decapitation and brainstem slices
containing the superior olivary complex were prepared. As described previously (Johnston et al.,
2008), transverse slices were cut in an ice-cold (< 4°C) low sodium artificial CSF, incubated at ~37°C
for 1 hour in normal aCSF, and then stored at room temperature (~20°C) in a continually recycling
slice-maintenance chamber until transferred to the slice rig at 37°C for recording. The normal aCSF
comprised (in mM): NaCl 125, KCI 2.5, NaHCO; 26, glucose 10, NaH,PO, 1.25, sodium pyruvate 2,
myo-inositol 3, CaCl, 2, MgCl, 1 and ascorbic acid 0.5; pH was 7.4 when continuously bubbled with
95% 0,/5% CO,. In the low sodium aCSF, NaCl was replaced by 250 mM sucrose and CaCl, and
MgCl, concentrations were 0.1 and 4 mM, respectively. All chemicals were obtained from Sigma,
unless otherwise noted.

Electrophysiology. A slice was transferred to a Peltier-controlled recording chamber (37+£1°C) on
the stage of a Nikon FN600 microscope (Nikon, Tokyo, Japan). Individual cells were visualized using
differential interference contrast (DIC) optics and 63x (0.9 NA) water immersion objectives. Whole-
cell patch-clamp recordings were made using a Multiclamp 700B amplifier (Molecular Devices,
Sunnyvale, CA, USA) and pClamp 10 software (Molecular Devices), sampling at 50 kHz and filtering
at 10 kHz. Patch pipettes were pulled from filamented borosilicate glass (GC150F-7.5, Harvard
Apparatus, Edenbridge, UK) using a 2-stage vertical puller (PC-10 Narishige, Tokyo, Japan) and filled
with a solution containing (mM): KGluconate 97.5, KCI 32.5, HEPES 40, EGTA 5, MgCl, 1,

Nagphosphocreatine 5, pH was adjusted to 7.2 with KOH. Final resistances were 3-4 MQ. Whole-cell



access resistances were <10 MQ and series resistances were routinely compensated by 70%. All
voltages were corrected for an 11mV liquid junction potential.

The amplitudes of the Iy currents were measured during a hyperpolarizing voltage command as the
difference between the instantaneous current and the sustained currents. Activation kinetics of I were
voltage-dependent, and fitted by a double exponential function, dominated by the fast component.
Activation in the HCN1-KO was much slower and was well fit by a single exponential function with
similar values to the slow time constant of the wild-type data. VVoltage-dependent half-activation was
determined by fitting a Boltzmann function to the plot of the conductance ratio (G/Gmax) vs. the
applied voltage.

Immunohistochemistry. Methods were adapted from Kopp-Scheinpflug et al. (2011). Briefly,
male or female adult mice (P30-60) wild-type or neuronal nitric oxide synthase knockout mice
(nNOS-KO, lacking exon 6) (Gyurko et al., 2002) on a CBA/Ca background, were decapitated and
their brainstems rapidly frozen in Lamb OCT embedding matrix (ThermoFisher Scientific, Waltham,
MA, USA). Transverse, 12 um-thick tissue sections were prepared on Menzel-Glaser Polysine slides
using a cryostat (Microm HM 560; both ThermoFisher Scientific). For HCN1 and HCN2 labelling,
sections were fixed in 4 % PFA diluted in PBS (25 min at 4 "C). Sections to be stained for nNOS were
exposed to 99.8 % methanol (10 min, -20 °C) instead of PFA since this procedure was found to yield
superior antibody specificity in separate experiments (unpublished data). Sections were then washed
for 5 min, 3 times in PBS containing 0.1 % triton X-100 (PBS-T) and blocked in PBS-T plus 1 % BSA
and 10 % normal goat serum (1 h at room temperature; serum concentrations were tripled for nNOS
staining; Vector Labs, Burlingame, CA, USA). Washes with PBS-T were repeated and the antibodies
for nNOS (1:1000; SC-648, Santa Cruz; Dallas, TX, USA), HCN1 (1:500; APC-056, Alomone,
Jerusalem, Israel) or HCN2 (1:1000; APC-030, Alomone) diluted in blocking solution, were applied
for 18-20 h at 4 °C in a humid environment. Control sections for the selectivity of the secondary
antibodies received blocking solution minus antisera. Sections were then washed for 10 min, 3 times
in PBS-T and incubated with Alexa Fluor 488 goat anti-rabbit 1gG (1:1000 in blocking solution; Life
Technologies, Carlsbad, CA, USA) for 1 h at room temperature in the dark. Washes were repeated and
sections were counterstained (DAPI, Vector Labs), mounted and photographed using a Leica DM2500
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fluorescence microscope (Leica, Wetzlar, Germany. Photographs are representative of data from at
least 2 sections from each of 3 animals. Experimental and control sections were prepared, stained and
photographed in parallel and while the experimenter was blinded to genotype. Control and
experimental photos were adjusted equally for brightness and contrast using Adobe Photoshop
(Adobe, Mountain View, CA, USA).

Statistics. Statistical analyses were performed with SigmaPlot/SigmaStat/™ (SPSS Science,
Chicago, IL). Individual data points represent the data collected from single neurons and bar graphs
mean values + standard error of the mean (S.E.M.). Values of n indicate the number of neurons, which
were from at least 3 different animals. Statistical comparisons between multiple different data sets
were made using one-way repeated measures analysis of variance (ANOVA). For data following non-
normal distributions, significance was assessed using the Kruskal-Wallis ANOVA on ranks test.
Differences between just two data sets in a classical before/after treatment were assessed by Students
t-test (normal distribution) or Mann-Whitney Rank Sum Test. Normality was evaluated by the
Shapiro-Wilk test. Differences were considered statistically significant when p<0.05 (***: p<0.001;

**: p<0.01; *: p<0.05).

RESULTS
M ouse SOC neuronsexpressHCN1, HCN2 and nNOS.

The SOC includes the medial nucleus trapezoid body (MNTB) and its target nuclei, the medial and
lateral superior olives (MSO and LSO) and the SPN. Immunohistochemistry for HCN1 and HCN2 in
the mouse SOC revealed a distinct distribution for each subunit that was consistent with the kinetics of
Iy measured in each nucleus and previous findings about the distribution of HCN1 and HCN2 in the
rat (Koch et al. 2004). HCN1 immunofluorescence (green in Fig. 1A) was intense in cell bodies and
fibres that were predominant in those nuclei with the fastest I, (MSO and LSO), moderate in SPN and
absent where Iy exhibits slow kinetics (MNTB). The specificity of this immunofluorescence for HCN1
was verified previously using HCN1 knockout tissue (Kopp-Scheinpflug et al. 2011). In contrast to the
HCN1 antibody, the HCN2 antibody, which generates comparable labelling in wild-type and HCN1
knockout tissue (Kopp-Scheinpflug et al. 2011) strongly stained MNTB neuron soma (Fig. 1B). The
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LSO and SPN were also immunopositive for HCN2, but unlike in the MNTB, HCNZ2 labelling in LSO
and SPN was concentrated in the neuropil (Figs. Bi and Bii)). No expression of HCN3 or HCN4 was
observed in SOC neurons, while some minor staining of HCN4 was observed in axonal tracts (data not
shown). Overall this is consistent with immunohistochemical localization in the rat (Koch et al., 2004;
Notomi & Shigemoto, 2004) and the focus of this paper on somatic currents mediated by HCN1 and

HCN2.

-Insert Figure 1 about here-

In neurons, NO is generated by nNOS and consistent with previous findings in hamster (Reuss et
al., 2000), gerbil and mouse (Yassin et al., 2014), immunofluorescence for NNOS was observed in
neuronal soma throughout the MNTB and SPN, as well as in fibres and neuropil throughout MNTB,
SPN, MSO and LSO (Fig. 2A). The specificity of the antibody staining for nNOS was validated here

by the absence of immunostaining in tissue from nNOS-KO mice (Fig. 2B).

-Insert Figure 2 about here-

NO modulatesionic conductancesin SOC neuronswithout changing the overall firing pattern.

MNTB neurons send inhibitory projections to the LSO, the MSO and the SPN. In the target neurons
this inhibition hyperpolarizes the membrane and activates 1. MNTB neurons are also known to
generate NO upon synaptic activity (Steinert et al., 2008). To investigate the effect of NO on Iy in
each nucleus, whole-cell patch-clamp recordings were obtained from neurons of the mouse SOC
before and during bath application of an NO-donor (SNP, 100uM). In response to 200ms depolarising
current injections (Fig. 3A, black traces) all SOC neurons responded with one or more action
potentials according to their established firing properties (Brew & Forsythe, 1995; Barnes-Davies et
al., 2004; Scott et al., 2005; Felix et al., 2011; Kopp-Scheinpflug et al., 2011). The response to
sustained outward current injections (200ms duration) shows a rapid initial hyperpolarization,
followed by the classic ‘sag’ in membrane potential that is indicative of the presence of Iy (Fig. 3A,
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blue traces). In contrast to the large sag observed in MSO and LSO neurons, in SPN neurons the sag
was more moderate and of slower time-course, while MNTB neurons exhibited the slowest and
smallest amplitude sag. The ratio between the peak hyperpolarisation and the membrane potential after
100ms (R1, Fig. 3A top left) and 200ms (R2, Fig. 3A top left) has been used to quantify the sag and
evaluate the contribution of HCN1- vs. HCN2-mediated currents to I (Nolan et al., 2007). A large
difference between R1 and R2 indicates a more slowly activating 1 conductance, such as those
dominated by HCN2 subunits. In contrast, when the membrane potential quickly relaxes back to more
depolarized values, it reflects Iy with more rapid kinetics as expected for the HCNZ1-dominated
currents of the MSO, LSO and the SPN. In agreement with our immunohistochemical evidence (Fig.
1), a between-group comparison of the HCN1 contribution based on AR2-R1 between the four nuclei
revealed that MSO (0.010 £0.002; n=9), LSO (0.013 +0.002; n=10) and SPN (0.019 +0.003; n=24) are
all significantly different (smaller) from MNTB (0.033 +0.002; n=15; p<0.001), but showed no
significant differences between each other (p=0.105; Fig. 3B)

An initial estimation of the degree to which HCN channels were affected by NO was achieved by
monitoring current-clamp changes in the voltage sag before (Fig. 3C, grey traces) and during NO
exposure (Fig. 3C, blue traces). Activation of nitrergic signalling reduced the magnitude and slowed
the time-course of the ‘sag’ in MSO, LSO and SPN neurons (Fig. 3C) but not in MNTB neurons.
Following NO exposure the R-ratios were now similar across all four nuclei (MSO: 0.021 +0.004,
n=5; LSO: 0.019 +0.004, n=5; SPN: 0.025 £0.005, n=9; MNTB: 0.028 +0.004, n=4; p=0.705; Fig. 3D)
implying NO-mediated suppression of a fast HCN1-mediated component in the MSO, LSO and SPN.

-Insert Figure 3 about here-

NO hyperpolarizes |y half-activation and slowsitskineticsto values observed in HCN1-K O.

In order to test the hypothesis that NO selectively supresses HCN1-mediated currents, we focused
on MSO neurones, which show a strong HCN1 contribution (Fig 3) and compared these data with I
measurements from HCN1-KO mice. Under voltage-clamp, control MSO Iy currents activated quickly
upon hyperpolarization to voltages only slightly negative to the resting membrane potential (Fig. 4A,
B). While maximum Iy conductance was significantly reduced in MSO neurons of HCN1-KO mice,
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application of the NO donor SNP caused no significant change in conductance (Gmax control: 21.6
+1.1nS, n=40; Gnax HCN1-KO: 7.65 £1.4nS, n=9; Gma NO: 17.6 £2.1nS, n=13; p<0.001; Fig. 4E).
We controlled for rundown over time, with recordings made over a 25 min time-course, that showed
no significant change in half-activation voltage.

-Insert Figure 4 about here-

The fast activation time-constant of Iy under control conditions is indicative of a strong
contribution of HCN1 subunits in the MSO, corroborating our immunohistochemical results (Fig. 1).
The suppression of this fast Iy by NO exposure suggests a mechanism specific for HCN1; and this
hypothesis was tested by comparing MSO |y V3, and tau between wild-type and HCN1 knockout
mice (Fig. 4 C-F). The positive half-activation voltage of control (WT) MSO Iy currents (Vy,: -83.5
+1.1mV, n=40) was shifted in the hyperpolarizing direction by deletion of HCN1 subunits in HCN1-
KO (Viz: -111.3 £3.3mV, n=9; p<0.001, Fig. 4C, D) or NO signalling in WT MSO neurons (Vy,: -
107.8 £3.9mV, n=13, Fig. 4C, D). The inward current that remained following NO application was
tested for its sensitivity to the Iy blocker ZD7288. A concentration of 20uM ZD7288 blocked 85.5
+5.1% (n=3) of the remaining current, confirming that although this current had slower kinetics, it was
an |y current. Together these results are consistent with the hypothesis that NO signalling suppresses
activation of an HCN1-mediated Iy current by inducing a leftward shift of the activation curve. The
absence (HCN1-KO) or reduction of HCN1 contribution (NO exposure) led to slower activation time
constants compared to wild-type MSO currents (twiid type: 19.1 £0.8ms, n=40; thcniko: 168.3 £14.4ms,
n=9; tno: 36.9 +4.4ms, n=13; p<0.001; Fig. 4F).

-Insert Figure 5 about here-

NO depolarizesactivation of HCN2-mediated currentsin a cGM P-dependent manner.

MNTB neurons are characterized by exclusive HCN2 expression (Fig. 1), consistent with the slow
sag in membrane potential during hyperpolarisation (Fig. 3). Voltage-clamp recordings of MNTB
neurons exhibited further characteristics of HCN2-like Iy currents, including slow activation kinetics
of 50.8 £2.8ms (n=25) and hyperpolarized half-activation voltages of -97.68+0.68mV (n=25; Fig. 6 B,
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C). The absence of HCN1 from MNTB neurons was reinforced by a comparison of Iy currents
between wild type and HCN1-KO MNTB neurons which revealed no significant differences in
activation voltage (Vipwiid type: -96.2 £1.2mV, N=25; VipHen ko: -97.3 4.6, n=6; p=0.991), activation
Kinetics (Twitd type: 50.8 +2.8ms, N=25; Theni ko: 60.6 £7.2ms, n=6; p=0.240) or overall conductance
(Guwitd type: 4.7 20.3nS, n=25; Grcni ko: 4.8 £.5nS, n=6; p=0.856; Fig. 6 C-F).

In contrast to the suppression of HCN1-mediated Iy currents in the MSO, NO caused a depolarising
shift in the activation voltage in the MNTB (V12 n0: -89.3 £0.9mV, n=6; p<0.05; Fig. 6 B, C, E) and
no change in the activation kinetics (tno: 61.3 £3.1ms, n=6; p=0.097; Fig. 6 A, F). This depolarizing
shift was mimicked by adding 1mM cGMP or cAMP to the intracellular patch solution (Vi cemp: -
88.0 £3.5mV, n=6; p=1.000; Vi camp: -82.6 +3.1mV, n=7; p=0.275; Fig. 6 G, H), suggesting

involvement of the classical NO/cGMP pathway.

-Insert Figure 6 about here-

NO suppresses HCN1-mediated |y despite co-expression of HCN2

The finding that NO hyperpolarized the Vi, of HCN1 channels (Fig. 4) but depolarized the Vy,, of
HCN2 currents (Fig. 6) prompted the question: how does NO modulate I currents in neurons that
express both HCN1 and HCN2 subunits? Neurons in the SPN and LSO express both HCN1 and HCN2
subunits (Fig. 1) and display significantly hyperpolarized resting membrane potentials in HCN1-KO
mice (SPNuwitd type: -54.2 £1.4mV, n=11; SPNucn1 knockout: -63.4 £1.1mV, n=11; p<0.001; LSOwiiq type: -
60.6 £1.5mV, n=16; LSOncni knockout: -70.0 £0.9mV, n=4; p=0.005), consistent with the idea that both
HCN1 and HCN2 channels contribute to Iy currents in these nuclei (Fig. 7). The half-activation
voltage for Iy was significantly more hyperpolarized in SPN neurons of HCN1 knockout mice
compared to wild type (Vijwild type: -87.9 £0.6mV, n=60; V1/s1cn1 kot -96.6 1.6, n=11; p<0.001; Fig. 7
A, B) and became comparable to that of MNTB neurons, suggesting that the remaining Iy current was
now dominated by HCN2. The NO donor, SNP, mimicked the effect of HCN1-KO (V12 no: -102.2
+2.7, n=12), suggesting that NO suppresses HCN1-mediated currents despite the co-expression of

HCNZ2 in the same neurons (Fig. 7A, B). The absence (HCN1-KO) or reduction of HCN1 contribution
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(NO exposure) both led to slower activation time constants of SPN Iy currents (ty:: 30.7 £1.6ms,
N=60; thcniko: 134.3 £11.7ms, n=11; tno: 48.2 £5.4ms, n=12; p<0.001; Fig. 7D). In SPN neurons
from HCN1-KO mice the HCN conductance was significantly reduced, while NO-exposure shifted the
activation voltage without significantly changing the conductance (Gwiid type: 23.2 £1.2nS, Nn=60; Gnent
ko: 10.7 £2.6nS, n=11; Gno: 17.4 £2.3nS, n=12; p<0.001; Fig. 7C). The same pattern of results was
observed for LSO I currents (Fig. 7 E-H).

-Insert Figure 7 about here-

Our data suggest that NO modulation of HCN2 channels is mediated via activation of NO-targeted
guanylyl cyclase followed by generation of cGMP (Fig. 6). To test whether HCN1 was also modulated
by the NO/cGMP pathway, ODQ (1uM) was used to block the NO receptor in the experiments prior to
and during NO application. ODQ did not prevent the hyperpolarization of the half-activation of
HCN1-mediated Iy currents in the MSO (V12 opomo: -93.3 £4.3, n=7; Fig. 8 C) or of HCN1/HCN2
mixed currents in the SPN (V12 opgmo: -91.6 +2.7, n=7; Fig. 8 A, B, D), suggesting that NO was
acting by a cGMP-independent mechanism. This finding was corroborated by the observation that
raising intracellular cGMP could not mimic the NO-induced hyperpolarized shift in the activation of
HCN1-dominated Iy currents (Fig. 8 C, D).

-Insert Figure 8 about here-

NO hyperpolarized the resting membrane potential (RMP), consistent with a HCN1-mediated Iy
contribution to the RMP of the SPN, MSO and LSO, but did not effect the RMP of MNTB neurons
(Fig. 9A). The current threshold for AP generation was significantly lower in the MSO (but was
unchanged elsewhere, Fig. 9B). Action potential firing at threshold in response to depolarizing current
injection was unchanged, but rebound firing following hyperpolarizing current steps was reduced in
the SPN (Fig. 9D) during NO perfusion.

We conclude that NO exerts subunit-specific modulation of HCN1 and HCN2 channels by acting
through ¢cGMP -independent and -dependent mechanisms respectively, thereby providing a graded
modulation of I, to slow membrane time-constants and hence increased temporal integration.
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Insert Figure9 around here -

DISCUSSION

We have exploited the differences in endogenous expression between nuclei of the SOC to examine
the subunit-specific signalling modulation of native I currents by NO. HCN1 and HCN2 subunits are
expressed widely in the central nervous system (Shah, 2014; He et al., 2014). HCNL is highly
expressed in specific neuron types in cortex, cerebellum, hippocampus and brainstem (Moosmang et
al., 1999; Koch et al., 2004) and HCN1-dominated currents have fast kinetics, are active at resting
membrane potentials and often found in fast-spiking interneurons. In contrast, HCN2-mediated Iy
currents activate more slowly and at more negative voltages (Santoro et al., 2000; Aponte et al., 2006;
Wahl-Schott & Biel, 2009) so contributing less to resting conductances. Here we argue that the
presence of HCN1 subunits provides an opportunity for activity-dependent suppression of Iy currents
via NO signalling. In contrast, the slower HCN2-dominated Iy currents are enhanced by NO.
Downstream of NO, HCN1-mediated currents are suppressed in a cGMP-independent manner while

HCN2-mediated currents are enhanced via the NO-receptive guanylyl cyclase/cGMP pathway.

M odulation of HCN1

A major function of HCN1 channels is to increase membrane conductance and thereby accelerate
or control the membrane time constant in a localised region of a neuron (Pape & McCormick, 1989;
Maccaferri & McBain, 1996; Gasparini & DiFrancesco, 1997; Kopp-Scheinpflug et al., 2011). HCN1
channels are abundantly expressed in hippocampal and cortical pyramidal neuron dendrites where they
serve to dampen excitability around threshold and modulate the propagation and integration of
synaptic potentials, especially those originating from remote sites (Magee, 1998). In cerebellar
Purkinje neurons conditional deletion of HCN1 decreased Iy currents and slowed the recovery of the
membrane potential following IPSP trains, without changing EPSP kinetics (Rinaldi et al., 2013). This
is consistent with a role for HCNL1 in regulating integration at hyperpolarized potentials, be that
mediated by IPSPs or by hyperpolarising after-potentials (AHP). If HCNL1 is suppressed (e.g. by NO),
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the balance between IPSP and EPSP integration would favour inhibition, which switches from phasic
to tonic and the recovery of the membrane potential after an action potential would be prolonged. This
could contribute to mechanisms of anaesthetics such as propofol, isoflurane and halothane which have
been reported to suppress HCN1-containing channels (Chen et al., 2005a; Chen et al., 2005b; Chen et
al., 2009).

The modulation of HCN1 by NO observed here, was independent of the classic NO/cGMP
pathway. Other mechanisms for regulation of HCN1 could involve channel auxiliary subunits, such as
Trip8b, which regulates the trafficking of HCN1 channels (Santoro et al., 2009) and acts to
hyperpolarize the channel’s half-activation voltage. Trip8b reduces the depolarizing effect of cAMP
on ly activation, consistent with the modest effects of cCAMP seen here in the MSO, LSO and SPN
neurons (Santoro et al., 2009; Hu et al., 2013). Trip8b possesses several potential serine/threonine
phosphorylation sites (Santoro et al., 2009) where protein kinase C (PKC) has the potential to
phosphorylate and suggests interaction of PKC and NO signalling via s-nitrosylation (Gopalakrishna

et al., 1993) which would be independent of cGMP.

M odulation of HCN2

I currents with slow kinetics, such as in MNTB or in neurons of the deep cerebellar nucleus
(DCN), activate at rather negative voltages and are modulated by cAMP, indicative of HCN2 (Banks
et al., 1993; Chen et al., 2005b). HCN2 channels are also sensitive to cGMP, raising the potential for
their modulation by an NO/guanylyl cyclase-coupled mechanism (Wilson & Garthwaite, 2010). ATP
is typically included in patch solutions, which as suggested by Wilson and Garthwaite (2010) could
inhibit NO-activated guanylyl cyclase activity (Roy et al., 2008). We did not add ATP to the
intracellular patch pipette solution and we could observe NO/cGMP mediated modulation of the
HCN2 dominated Iy in MNTB neurons. Consistent with this result, cGMP-dependent depolarization of
Iy activation was reversed when the NO-cGMP pathway was disrupted in guanylyl cyclase (NO
receptor) knockout mice, resulting in more negative activation voltages (Neitz et al., 2011; Neitz et al.,

2013).
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Functional Consequences of |y modulation
NO is generated in neurones by nNOS upon glutamatergic synaptic transmission (Garthwaite, 2008;
Steinert et al., 2008; Steinert et al., 2011; Hardingham et al., 2013). We have shown that NO
signalling can activate or suppress Iy currents by cGMP-dependent or -independent mechanisms
contingent on the channel subunit composition: HCN1-mediated currents are suppressed by NO, while
HCN2-mediated currents are enhanced by NO. cGMP-independent mechanisms of Iy modulation have
been observed previously in hypoglossal motoneurons (Wenker et al., 2012).

nNOS is associated with postsynaptic densities (Brenman et al., 1996) and is widely distributed in
the brain, as are HCN1 and HCN2 subunits (Notomi & Shigemoto, 2004). The localisation of HCN1
and HCN2 to somatic, dendritic or even axonal and synaptic compartments is highly controlled (Cuttle
et al., 2001; Huang et al., 2012; Shah, 2014; Huang & Trussell, 2014) and the ability of I to increase
or decrease neuronal excitability strongly depends on their subcellular location. At dendritic locations,
where nNOS resides, local Iy currents regulate the membrane time constant and thereby control
temporal summation, while somatic Iy depolarizes the resting membrane potential and determines
threshold for action potential firing (Magee, 1999; Poolos, 2010; Shah, 2014). Dendritic Iy stabilizes
the integrative properties of the neurons to ensure an input/output function that is independent from
the cells’ previous firing activity (Nolan et al., 2003). However, activity-dependent firing is important
to establish different forms of plasticity. Iy tunes this equilibrium: activation renders the neuron less
dependent on firing history while suppression enables plasticity; such that for example, the loss of
dendritic Iy currents in hippocampal CAL neurons or cerebellar Purkinje neurons causes enhanced
stability of place fields (Giocomo et al., 2011; Hussaini et al., 2011). Suppression of Iy currents, as
occurs during prolonged synaptic stimulation, will produce a net hyperpolarization that can reduce
dendritic filtering, remove location-dependent variability in temporal integration and thereby enhance
synchronization of firing across neuronal populations (Magee, 1999, 2000). Facilitation of spatial
learning and memory via suppression of HCN1 (Nolan et al., 2004) has not been linked to a
physiological signalling cascade, but the results reported here suggest the hypothesis that NO-

mediated suppression of HCN1 could fulfil this role.
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Differential role of HCN1 versus HCN2 in the auditory nuclei

In auditory brainstem neurons Iy currents are many fold larger in amplitude than elsewhere in
the brain (Golding et al., 1999; Koch & Grothe, 2003; Leao et al., 2006; Felix et al., 2011; Kopp-
Scheinpflug et al., 2011) and are often paired with low-voltage activated potassium currents (Ix.)
which mediate an opposing outward current (Cao & Oertel, 2011; Khurana et al., 2011; Golding &
Oertel, 2012; Khurana et al., 2012). These two conductances are active at resting membrane
potentials, serving to lower input resistances and regulate the threshold and firing patterns of many
auditory brainstem neurons. Their action also generates very fast membrane time-constants which
limit temporal summation and favour coincidence detection.

In the brainstem of WT CBA/Ca mice neurons possess |y currents with distinct kinetics (fast
and slow). HCN1-KO mice lack a fast kinetic component and the remaining Iy has slow Kinetics
similar to Iy currents mediated by HCN2 subunits. NO has distinct modulatory actions on these
two Iy kinetic components: the first is independent of modulation by cGMP, shifting the fast
HCNL1 activation to the left (so it is less effectively activated). The second is a cGMP-dependent
rightward shift in the activation kinetics of the slow HCN2 dominated Iy. Together these
observations are consistent with the hypothesis that native HCN1 channels are homomeric. The Iy
current remaining in the HCN1 knockout is consistent with the kinetics of an HCN2 current
(perhaps including HCN4 subunits) and suggests the hypothesis that the dual expression and
independent differential modulation of HCN1- versus HCN2-containing channels then allows
switching between two distinct kinetic forms of the Iy current (fast and slow) rather than formation

of heteromeric assemblies with intermediate properties.

If unopposed by Ik, In will depolarize the membrane potential and deactivate. In contrast,
suppression of I currents will produce a net hyperpolarization pushing the membrane potential
further from action potential threshold (Liu et al., 2014). Indeed blockade of Iy in auditory
neurons causes a reduction in excitability in vivo (Shaikh & Finlayson, 2003). In the mammalian
auditory system moderate firing rates are able to drive nNOS-positive neurons in the MNTB
sufficiently to generate NO, suggesting that NO signalling is active during normal physiology with
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increasing importance at more intense stimuli (Steinert et al., 2008; Steinert et al., 2011). In the
MNTB, low acoustic background conditions (corresponding to low NO levels) will only activate
Iy and Ik, during or following an action potential. As the background activity increases, temporal
summation will be limited, to ensure typical single action potential responses and entrainment to
high stimulus frequencies. Increasing synaptic activity will initiate NO signalling in HCN2-
dominated MNTB neurons leading to enhanced I currents at resting membrane voltages (see Fig.
6). The Iy-induced depolarisation will recruit Iy, at rest so that together the two conductances will
decrease the duration of synaptic potentials and guarantee that only large, fast EPSPs will evoke
action potentials. NO signalling also shifts the set of potassium conductances available to MNTB
neurons from domination by Kv3 to Kv2 channels (Steinert et al., 2011). Kv2.2 currents activate
at lower voltages and together with the increased Iy ensure faithful entrainment to high stimulus
frequencies especially during periods of high acoustic input (Tong et al., 2013).

In the mouse MSO, HCN1-dominated | is large, fast activating and active at rest during low
activity conditions when there is presumably little NO signalling and thus comparable with the
ventral, high-frequency region of the MSO in gerbils (Baumann et al., 2013). The slower time-
course Iy observed in the dorsal part of the gerbil MSO (Baumann et al., 2013) seems at least in
part to be carried by HCN4 subunits (Khurana et al., 2012) but HCN4 was not detected in cell
bodies of the mouse MSO (unpublished observations). Increasing sound stimulation will trigger
NO-signalling in the MSO, LSO and SPN and suppress HCN1-mediated Iy, and this would
decrease temporal precision (Khurana et al., 2012). On the other hand, an activity-dependent loss
of HCN1 would enhance plasticity as suggested in the hippocampus and entorhinal cortex (Nolan
et al., 2004; Giocomo et al., 2011; Hussaini et al., 2011). Overall, increased neuronal firing
activity augments the contribution of NO-signalling, which suppresses HCN1-mediated currents
and enhances HCN2-mediated currents. With HCN1 current activation shifted to the far left, a
depolarizing (rightward) shift of HCN2 currents would cause greater activation at resting
membrane potentials and shift overall I, kinetics from fast to slow. In contrast, reduced acoustic

input would cause a rapid decline of NO signalling (Steinert et al., 2011) corroborating findings
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that long-term acoustic deprivation (and hence minimal NO signalling) caused an enhancement of
HCN1-dominated currents and suppressed HCN2 currents (Hassfurth et al., 2009).

We conclude that NO modulation in the auditory brainstem suppresses the contribution from
HCN1-dominated channels and enhances that from HCN2-containing channels. This favors
activation of Iy currents with slow kinetics and a more negative voltage-activation. The differential
expression of HCN1 (MSO, SPN & LSO) and HCN2 (MNTB, SPN) between the nuclei of the
superior olivary complex allows for a spectrum of Iy Kinetics (fast to slow) that on activation of
NO signalling become dominated by slow kinetics; this phenomenon may underlie activity-

dependent control of Iy signalling in many areas of the brain.

FIGURE LEGENDS

Figure 1. Expresson of HCN1l and HCN2 within the mouse SOC. A) Intense
immunofluorescence for HCN1 (green) was predominant in cell bodies and fibres in the MSO and
LSO, sparse in the SPN and absent in the MNTB, where immunofluorescence was of background
level. Micrographs taken at high magnification show immunopositive cell soma in the LSO (Aj), MSO
(A;) and SPN (A;;) but MNTB principle neurons showed little or no specific labelling (Ay; HCN1 =
green; different sections to A). B) HCN2 immunofluorescence (green) was most intense in cell bodies
and fibres in the MNTB and SPN, weaker in the LSO and comparable to background in the MSO. B..
iv) High magnification images show the presence of immunopositive cell soma in the LSO (B;), SPN
(Biii) and MNTB (Bjy) but not MSO (Bj;; green = HCNZ2; different sections to B). Asterisks (*) in By
mark principal cell bodies. C) Control sections for the specificity of the secondary antibody (primary
antibodies omitted) showed little non-specific staining (green). Dashed line surrounds MNTB. A, B
and C are composites of 2 photographs. Tissue sections shown in A-A;, were adjacent to those shown
in B-B;,. Cell nuclei were counterstained with DAPI (blue). Scale bar in A =150 uM for A, Band C
and 25 uM for Ai-iv and Bi-iv.

Figure 2. nNOS immunostaining predominates in the MNTB and SPN. A)

Immunofluorescence for nNOS (green) in tissue from a wild type (WT) mouse was apparent in cell
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soma, fibers (arrows) and neuropil throughout the MNTB, SPN, MSO and LSO. B) Identical staining
procedures applied to tissue from a nNOS knockout (KO) showed little or no staining (green), thereby
validating the specificity of the immunofluorescence for nNOS in the WT. Inset: secondary antibody
control (no primary antibody was used). Image shows MNTB in a knockout section and is
representative of the entire SOC. A and B are merged composites of two images to show the full
lateral extent of the SOC. Nuclei were counterstained with DAPI (blue). Scale bar = 150 pM applies
to both panels and inset.

Figure 3: NO reduces membrane potential sag in MSO, LSO and SPN neurons, but not
MNTB neurons. A) Positive current injections depolarized the membrane to AP firing thresholds
(MSO: +400pA, LSO: +500pA, SPN: +50pA, MNTB: +250pA). Negative current injections
hyperpolarized the membrane to about -100mV (MSO: -600pA, LSO: -800pA, SPN: -600pA, MNTB:
-250pA). The sag in membrane potential is indicative of I activation. The ratio between the peak
hyperpolarization and the membrane potential after 100ms (R1) and after 200ms (R2) was used to
evaluate the contribution of HCN1 vs. HCN2 channel subunits. Insets show example neuronal
morphology with scale bars of 20um. B) Large differences between R1 and R2 indicate dominance of
slow-activating HCN2 subunits, while smaller differences indicate a strong influence of fast activating
HCNZ1 subunits. The median delta (R2-R1) value of the MNTB is statistically significant from the
other three nuclei (p<0.001; Kruskal-Wallis one-way ANOVA on Ranks). C) Application of an NO
donor (100uM SNP) reduced the contribution of HCNL1 to the restoration of the membrane potential in
all nuclei but the MNTB. D) Following NO application, there were no significant differences between
the four nuclei (p=0.705; one-way ANOVA). Summary data are mean + .S.E.M.; n-numbers are
indicated by individual data points and the numbers in the bars. Insets: examples of neurons recorded
and filled with Lucifer yellow.

Figure 4: NO dows the activation time-constant and hyperpolarizes the half-activation
voltage of HCN1-dominated currents. A) Control: fast Iy currents in an MSO cell evoked by step
commands from a holding potential of -61mV to -131mV (voltage protocol plotted below). Following
application of an NO donor (100uM SNP) I currents evoked over the same voltage range were slower
to activate (grey traces). Inset: superimposed traces from control (black trace) and following NO
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exposure (grey trace) show the slowed Iy activation kinetics. B) The voltage dependent activation
curve for the cell shown in A was plotted as G/Gmax and fitted to a Boltzmann equation. C) Mean
activation curves were plotted from individual cells and fitted to a Boltzmann equation for WT
controls (black squares), HCN1 knockout (HCN1X®; white squares) and WT following NO exposure
(grey circles). D) Voltage-dependent half-activation was shifted towards more hyperpolarizing values
in HCN1*® mice and following NO-exposure. E) In the HCN1X® the HCN conductance was
significantly reduced, while NO-exposure shifted the activation voltage without changing the
maximum conductance. F) The absence (HCN1¥°) or reduction of HCN1 contribution (NO condition)
lead to slower activation time constants of MSO currents. Average data are shown as mean £ S.E.M.,
Values of n are indicated by individual data points and by the number in each bar. ***; p<0.001, **:
p<0.01, *, p<0.05. Significance was assessed by one-way ANOVA or Kruskal-Wallis one-way
ANOVA on ranks.

Figure 5. No significant changes in amplitude or half-activation voltage of HCN1 currents
over 20min. A) Consecutively recorded fast Iy currents in an MSO cell evoked by step commands
from a holding potential of -61mV to -131mV. Lower inset shows the instantaneous current (li.) and
the onset of the Iy current. B) Mean data showing the amplitudes of the instantaneous current (lins), the
sustained current (ls.) and the difference current (Iy). C) Activation curves were plotted for the
neuron shown in A) and fitted to a Boltzmann equation (see methods). D) Mean data for voltage-
dependent half-activation for control recordings and recordings from the same cell 20min later. The
range between the dotted lines in D represents the mean + S.D. of the control Vy; Iy in 40 MSO
neurons.

Figure 6: NO depolarizes the half-activation voltage of sow HCN2 channels in a cGMP
dependent manner. A) Slow Iy currents in an MNTB neuron evoked by step commands. NO
exposure (grey traces) did not change activation kinetics. B) Voltage-dependent activation was
depolarized during NO exposure in MNTB neurons. C) Mean activation curves were plotted from
individual cells and fitted to a Boltzmann equation for WT controls (black squares), HCN1 knockout
(HCN1¥°; white squares) and WT following NO exposure (100pM SNP; grey circles). D) Mean
voltage-dependent activation was more depolarized following NO exposure, but no difference was
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found between half-activation voltages of WT and HCN1*° mice. E+F) Conductance and activation

kinetics were not altered by HCN1<°

or NO-exposure. G) Mean activation curves for control (black
squares), increased intracellular cGMP (1mM; white circles) and increased cAMP (1mM; grey
circles). H) Increased intracellular cGMP or cAMP mimicked NO-mediated depolarization of half-
activation voltages for HCN2 currents. Dotted lines indicate the mean £ S.D. of Vy, during NO
application. Average data shown as mean + S.E.M. N-numbers are indicated by individual data points
and by the number in each bar. ***: p<0.001, **: p<0.01, *, p<0.05. Significance was assessed by
one-way ANOVA or Kruskal-Wallis one-way ANOVA on Ranks.

Figure 7: NO suppresses HCN1-mediated current in neurons expressing both HCN1 and
HCN2 subunits. A) Mean Iy activation curves obtained in the SPN were plotted from individual cells
and fitted to a Boltzmann equation for WT controls (black squares), HCN1 knockout (HCN1X?; white
squares) and WT following NO exposure (100uM SNP ; grey circles). B) Voltage-dependent half-
activation was hyperpolarized in HCN1X® mice and following NO-exposure in the SPN. C) In
HCN1© SPN, the HCN conductance was significantly reduced while NO-exposure did not change the
maximum conductance. D) The absence (HCN1¥°®) or reduction of HCN1 (NO) led to slower
activation time constants of SPN Iy currents. E-H) Same design and pattern of results as in A-D but
for Iy currents in the LSO. Average data shown as mean = S.E.M. N-numbers are indicated by
individual data points and by the number in each bar. ***: p<0.001, **. p<0.01, *, p<0.05.
Significance was assessed by one-way ANOVA or Kruskal-Wallis one-way ANOVA on Ranks.

Figure 8: Modulation of HCN1 is cGM P-independent. A) Fast I currents in an SPN cell evoked
by step commands from a holding potential of -61mV to -131mV (the voltage protocol is plotted
below). Traces were recorded in control (black), in the presence of ODQ alone (1uM, grey, the
guanylyl cyclase antagonist) and the red traces were recorded in the presence of ODQ and a NO donor
(100uM SNP). B) Activation curves were plotted for the neuron shown in A and fitted to a Boltzmann
function (see methods) for control (black, square) ODQ alone (grey triangle) and with the NO-donor
SNP (red circles). C, D) Average data for voltage-dependent half-activation with increased

intracellular cGMP (1mM; grey bars), in the presence of ODQ alone (1uM; black bars) and with NO
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(100uM SNP; red bars) for cells in the MSO (C) and in the SPN (D). The range between the dotted

lines in C and D represents the mean + S.D. of the control Vi, in the respective nuclei.

Figure 9: Differential expresson of HCN subunits between the SOC nuclel underlies
differential actions of NO in regulating the RMP and AP threshold. A) Bar graph of mean (+
S.E.M.) and individual data points for RMP measured under current clamp in the SPN, MSO, LSO
and MNTB in control (filled symbols) and following NO application (open symbols). Only the MNTB
showed no significant change. B) Current threshold for triggering an AP was measured as the positive
current required to be injected to fire the first AP and was significantly reduced in MSO neurons
following NO application. C) The number of APs evoked per trial at the current threshold was not
altered following NO application. D) In the SPN, rebound AP firing (inset) triggered on repolarization,
following a hyperpolarizing current injection, was reduced following NO application as indicated by

the box. ***: p<0.001, **: p<0.01, *, p<0.05. Significance was assessed by Students t-test.
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