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Summary

1. The hyperpolarization induced cation selective current, Iy, is widely observed in
peripheral sensory neurons of the vagal and dorsal root ganglia but the peak magnitude as
well as the voltage and time dependent properties of this current vary widely across
afferent fiber type.

2. Through patch clamp study of isolated rat vagal ganglion neurons identified as
myelinated A-type afferents we establish a compendium of functional correlates between
changes in membrane potential and the dynamic discharge properties of these sensory
neurons as a result of the controlled recruitment of I}, using the current clamp technique.

3. Two robust observations in response to hyperpolarizing step currents: 1) upon initiation
of the negative step current there was a rapid hyperpolarization of membrane potential
followed by a depolarizing sag (DVS) toward a plateau in membrane potential as a result
of steady state recruitment of I}, and 2) upon termination of the negative step current
there was a rapid return to the pretest resting membrane potential that often led to
spontaneous action potential discharge. These data strongly correlated (r2 > 0.9) with a
broad compendium of dynamic discharge characteristics in these A-type VGN.

4. Inresponse to depolarizing step currents of increasing magnitude the discharge frequency
of the A-type VGN summarize reliably responded with increases in the rate of sustained
repetitive discharge. Upon termination of the depolarizing step current there was a post
excitatory membrane hyperpolarization with a magnitude that strongly correlated with
action potential discharge rate (r2 > 0.9).

5. Application of the selective HCN channel blockers 10 uM ZD7288 or 1.0 mM CsCl
abolished I}, and all of the aforementioned functional correlates in addition to reducing
the excitability of the A-type VGN to step depolarizing currents.
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As evidence is growing that the HCN channel current may represent a valid target for
pharmacological intervention such quantitative relationships could potentially help guide
the molecular or chemical modification of HCN channel gating properties to effect a
particular outcome in VGN discharge properties. Ideally, well beyond merely selective
blockade of a particular HCN channel subtype.

Hyperpolarization-activated current (Ip); HCN channel; neuronal excitability

Introduction

The hyperpolarization-activated current is an inward current carried by sodium and
potassium ions through hyperpolarization-activated cyclic nucleotide gated (HCN) channels.
(19;35) HCN channels open in a voltage dependent manner at hyperpolarized membrane
potentials producing a whole cell current with at least 2"d order voltage-dependent activation
characteristics with time constants ranging from a few hundred milliseconds to over one
second. HCN channels close upon depolarization and do not exhibit voltage- or time-
dependent inactivation. Four distinct subunits, HCN1-4, can give rise to a whole cell I}, ion
channel current that has been shown to contribute in setting resting membrane potential and
modulation of cell excitability but paradoxically can do so as either pro- or anti-excitatory
depending upon spatial and temporal expression of particular HCN channel subtypes as
observed in both the central and peripheral nervous systems.(1;3;7;25) The reasons for such
functional heterogeneity are not well understood but may be a consequence of differences in
kinetics of activation, deactivation and modulatory capacity of cAMP across all four channel
subtypes. HCN channel dysfunction has been shown to be associated with a variety of
clinical pathologies including cardiac dysrhythmias, ataxia, absence epilepsy and
neuropathic pain syndromes.(4;12;18;21;29) Recent cloning of HCN isoforms raises the
possibility for development of selective blockers or modulators of HCN channel function,
perhaps with a level of specificity that extends not only to channel subtype but also through
to a particular pathophysiology that may be associated with noted transformations in the
whole cell 1,.(12;25;29)

Recently, comprehensive electrophysiological and immunohistochemical studies have
consistently presented evidence that HCN1 channels make a significant contribution to the
whole cell Iy, in visceral neurons of the vagal ganglia (VGN) and somatic sensory neurons of
the DRG, especially in what are believed to be myelinated, A-type mechanosensitive
afferents.(7;17;22;31;34) A study by Doan et al. (2004) presented further evidence that
HCNZ1 was absent from unmyelinated C-type vagal afferent neurons and mechanosensitive
nerve terminals, and although HCN2 and HCN4 were present in receptor terminals of both
myelinated A-type and unmyelinated C-type fibers the immunoreactivity was somewhat less
apparent. Nevertheless, mRNA and optical evidence for protein expression in visceral and
somatic afferents have been reported for all four subtypes of HCN channels. Although there
appears to be general agreement concerning the expression of HCN1 in myelinated
afferents, there are conflicting observations concerning expression of HCN2, HCN3 and
HCN4 between myelinated and unmyelinated afferents and intriguing functional differences
between classes of somatic and visceral afferents.(7;17;22;31;33;34) It is generally accepted
that application of low concentrations of ZD7288 (1 — 10 uM), an antagonist of all four
HCN channel subtypes, hyperpolarizes resting membrane potential of both visceral and
somatic sensory neurons, albeit to a lesser extent in lightly myelinated and unmyelinated
afferents.(6;9;17;21) However, these reports and others in the literature differ in that
ZD7288 elevates the excitability of myelinated A-type visceral afferents but that excitability
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decreases with the loss of the I, current in somatic, large diameter myelinated A-type
afferents. The biophysical basis for such stark functional differences remains unknown.

The overarching objective of this study is to establish functional correlates between the
magnitude and time course of the recruitment of the Iy, current and the dynamic discharge
properties of adult rat vagal ganglion neurons (VGN) that have been functionally classified
as myelinated A-type afferents. Using the patch clamp technique to apply a suite of current
clamp protocols we have made the following observations. First, there exists a strong
correlation (r2 > 0.9) between the peak magnitude and time course of the I, current and
several measures of VGN excitability in response to depolarizing step currents. Second,
following an epoch of repetitive discharge that is abruptly terminated upon completion of a
400 — 1000 msec current step there is a period of post excitatory membrane
hyperpolarization of a magnitude and time course that again strongly correlates (r2 > 0.9)
with the magnitude and time course of the Iy, current and the sustained rated of VGN
discharge. Third, following the termination of a hyperpolarizing current step there is a
rebound in membrane potential toward the starting resting membrane potential that results in
spontaneous action potential discharge of rapidity that strongly correlates (r2 > 0.9) with the
magnitude and time course of the Iy, current. All of these functional characteristics are
eliminated with the extracellular application of 10 uM ZD7288 or 1 mM CsCl in addition to
bringing about a marked diminution in VGN excitability to depolarizing step currents. In a
subset of experiments using female rats, we confirm that these functional correlates are also
present, albeit to a lesser extent, in a population of gender specific myelinated Ah-type vagal
afferents recently described by our group.(14;24) Collectively, these data provide the basis
for a comprehensive explanation of several unique roles for the Iy, current in effecting the
dynamic discharge characteristics of myelinated vagal afferents beyond that which can be
solely attributed to the well recognized contribution of I}, in setting resting membrane
potential.

Materials and Methods

Standard cellular electrophysiological methods were carried out using the patch clamp
technique to quantify the functional impact the HCN channel mediated Iy, current has upon
the repetitive discharge characteristics of isolated vagal afferent neurons (VGN). In all
recordings VGN were reliably identified as one of three distinct subtype of visceral afferent,
namely, myelinated A-type, myelinated Ah-type or unmyelinated C-type using previously
developed classification methods [12, 13].

Isolation of vagal afferent neurons

Adult male Sprague Dawley rats (n = 22, 200-300 g) were used in the preparation of
isolated VGN. The bilateral dissection of the vagal ganglia, enzymatic digestion, plating and
short term culture of the dispersed VGN have been described elsewhere [10, 11]. Briefly,
surgical dissection of the vagal ganglia was carried out under stereomicroscopy (x40). The
vagal ganglia was immediately placed in chilled support medium containing 90 ml DME-
F-12 medium (Sigma), 5 ml Fetal Bovine Serum (HyClone), 1.0 ml Penicillin-Streptomycin
(Invitrogen) and 100 puM of MITO + Serum Extender (BD Biosciences). Following the
addition of 10 units/ml of Papain (Sigma) the ganglia were incubated at 37 °C for 20 min.
The ganglia were then transferred to fresh support medium containing 1.0 mg/ml type Il
Collagenase and 2.5 mg/ml Dispase (Worthington Biochemical) and incubated at 37°C for
additional 30 min. A mechanical dispersion of the digested tissue was carried out using
polished Pasteur pipettes. The enzyme solution was replaced with fresh support medium.
The VGN were plated on to poly-D-lysine coated glass cover slips and incubated for at least
2 hours prior to electrophysiological study. In a subset of experiments VGN from female
Sprague Dawley rats (n = 7, ~200 g) were prepared in an identical manner. All animal use
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protocols were approved by the Institutional Animal Care and Use Committees of the
School of Medical Science, Harbin Medical University and Purdue School of Science,
IUPUL.

Electrophysiological solutions

For AP recordings, the intracellular solution consisted of (mM) 10 NaCl, 50 KCI, 50 K5SOy,
5.0 MgCly, and 10.0 HEPES with the pH adjusted to 7.25 using 1N KOH. Immediately prior
to filling the patch pipettes 2.0 MM Mg-ATP (Sigma) and 2.0 mM Na-GTP 2.0 mM (Sigma)
along with were added to the pipette solution along with 4.0 mM Bapta-Na and 0.25 mM
CaCl;, for a final buffered [Ca2*]; of 100 nM. The extracellular recording solution consisted
of (mM): 137 NaCl, 5.4 KCl, 1.0 MgCl,, 2.0 CaCly, 10 glucose, 10 N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) with pH adjusted to 7.30-7.35
using 1N NaOH. The osmolarity of the extracellular and intracellular solutions was adjusted
to 310 — 315 and 290 — 295, respectively, using D-Manitol (Sigma).

Drugs and Chemicals

A 100 puM of stock solution of the HCN channel antagonist ZD7288 (Tocris) was prepared
using extracellular recording solution which was diluted to 10 UM just prior to study. Bath
application of ZD7288 was carried out at a rate of ~1 ml/min for a period of at least 10 min
prior to test recording to ensure the full effectiveness of this agent. A 1 mM stock of CsCl
(Sigma) was also prepared and bath applied in a similar manner.

Electrophysiological techniques

Whole-cell patch recordings were carried out using the Axopatch 200B or MultiClamp
700A amplifier (Axon Instruments). Borosilicate glass pipettes (Sutter Instruments) were
pulled and polished down to 1.5 — 2.4 MQ as measured in action potential (AP) recording
solution (see below). Following the formation of a giga-ohm seal the pipette capacitance
was compensated. The total cell capacitance (30 — 40 pF) and electrode access resistance (3
-5 MQ) were also compensated and generally to within 60-80%. All patch experiments
were conducted at room temperatures (22—23 °C). Data traces were low pass filtered to 10
KHz and digitized at 50 KHz using pCLAMP 9.0 or 10.2 and the Digidata 1322A or 1440A
(Molecular Devices) operating on a PC platform.

Three distinct experimental protocols were carried out in current clamp mode. First, each
cell was hyperpolarized using current magnitudes ranging from —80 to —120 pA for 400
msec to quantify the magnitude and time course of the hyperpolarization induced
depolarizing voltage sag (DVS) in membrane potential as a result of recruitment of the
inward conducting HCN channel currents. Second, a single somatic AP was elicited by
applying a brief (< 500 usec) suprathreshold current pulse through the patch electrode.
Third, depolarizing current steps (50 — 300 pA) ranging from 500 — 1000 msec were applied
through the patch electrode from a reference potential of ~—60 mV. This adjustment from
the cell’s intrinsic resting membrane potential was carried out to assess the capacity of the
cell under study for sustained, repetitive discharge starting from a consistent membrane
potential and therefore, presumably, a more consistent availability of voltage gated ion
channels.

Identification neuronal cell type

Enzymatic dispersion separates the cell body from its axon and thus afferent cell type can
not be classified according to a measure of fiber conduction velocity (CV). Using an intact
ganglion preparation that allows for measure of fiber CV, we recently developed a reliable
and robust methodology for classifying an isolated VGN as either a myelinated A-type,
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myelinated Ah-type or an unmyelinated C-type VGN.(15;16) Here, we demonstrated that
three measures of the AP wave form, i.e. the AP firing threshold (APFT), the AP upstroke
velocity measured at 50% peak-to-peak excursion (UV appsp) and the AP down stroke
velocity (DV appsg) uniquely clustered into three statistically distinct populations according
to whether a cell is a myelinated A- or Ah-type or an unmyelinated C-type VGN. Following
classification of cell type the electrophysiological traces and AP waveform measures were
further analyzed using Clampfit (Molecular Devices). Pooled statistics were calculated using
Excel (Microsoft) with measures expressed as mean + standard deviation (SD).
Comparisons across population samples were carried out using either a student's t-test or
ANOVA as indicated. Data populations exhibiting an overlap of 5% or less were considered
to be statistically different.

The average resting membrane potential (RMP) of all cells in this study was —64 + 5 mV (n
=75), over a range of —59 to —78 mV. 47 cells were classified as myelinated A-type, 6
classified as myelinated Ah-type and 22 classified as unmyelinated C-type with no statistical
difference noted in the RMP across the three populations of neuronal subtypes.

Hyperpolarizing currents evoke a depolarizing voltage sag in myelinated A-type VGN

In response to a single suprathreshold depolarizing current pulse all myelinated A-type VGN
(n = 47) exhibited narrow AP wave shapes (0.81 £+ 0.1 msec) with an UV appsg typically in
excess of 300 mV/msec (394 + 55 mV/msec). Although presenting relatively uniform wave
shape characteristics (Figs. 1A, 1D and 1G are but three examples) depolarizing current
steps of the same 150 pA magnitude and duration elicited markedly different rates of
sustained discharge of 31 Hz, 47 Hz and 109 Hz (Figs. 1B, 1E and 1H, respectively).
Interestingly, cells with elevated rates of discharge exhibited a prominent post excitatory
membrane hyperpolarization (PEMH) immediately upon termination of the current step
while myelinated VGN that were less excitable tended to have a very modest or entirely
absent PEMH (note A at the end of each of the traces in Figs. 1B, 1E and 1H). Application
of a —120 pA for 400 msec hyperpolarized the cell membrane and brought about a
depolarizing voltage sag (DVS) but with marked differences in peak magnitude and time
course of the DVS. As with the three example VGN presented here, those cells that were
less excitable exhibited a modest peak hyperpolarization and DVS (Figs. 1A, 1B and 1C).
As the excitability of the VGN tended to increase the same —120 pA revealed an ever
increasing peak hyperpolarization potential and a more prominent DVS (note e and rate of
the DVS toward a plateau potential across Figs. 1C, 1F and 11). Likewise, release of the
—120 pA hyperpolarizing current tended to bring about a more pronounced rebound
excitation as the membrane recovered toward resting membrane potential (note AP at the
end of the hyperpolarized traces in Figs. 1C, 1F and 11).

Correlation between myelinated A-type VGN discharge properties and DVS

For the three cells presented in Figure 1 there appeared to be a positive trend toward an
increased magnitude and time course of the PEMH, the peak hyperpolarization and the DVS
for those VGN exhibiting increased in response to step depolarizing currents. Here, a large
sample (n = 47) of VGN were investigated through a sequential application of the same
three testing protocols presented in Figure 1. From this data set six functionally distinct
electrophysiological measures of VGN membrane properties were carried out: 1) steady
state AP firing frequency (APFF) in response to a 1000 msec, 150 pA step depolarizing
current, 2) resting membrane potential (RMP) in the presence of 0 pA of electrode current,
3) AP firing threshold (APFT) measured as the membrane potential corresponding to a x10
change in the time derivative of membrane potential, 4) the maximum AP upstroke velocity
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(UVpmax) measured as the peak positive time derivative of membrane potential, 5) the
maximum AP down stroke velocity (DVyax) measured as the peak negative time derivative
of membrane potential and 6) the width of the AP measured at 50% of the peak-to-peak
amplitude (APDsgp). Each of these pooled measures was correlated with the peak magnitude
of membrane hyperpolarization leading to the depolarizing voltage sag (DVS) in response to
a 400 msec, —120 pA current step from RMP. Remarkably, each of these measures strongly
correlated with the magnitude and time course of the DVS (Fig. 2).

Post excitatory membrane hyperpolarization correlates with discharge frequency in A-type

VGN

All myelinated A-type VGN exhibited PEMH upon termination of stimulus current induced
repetitive discharge (Fig. 1, A) albeit with differences in peak magnitude and time course of
recovery to RMP. In a subset of VGN identified as A-type (n = 6), three 400 msec
depolarizing step currents of 50, 100 and 150 pA were applied at an interval of 5 sec to
ensure complete recovery to the starting RMP and lessen the likelihood of cumulative
effects of repetitive discharge upon intracellular characteristics. As expected, increasing
current magnitudes brought about more elevated rates of repetitive discharge: 25.5 £16.2 Hz
@ 50 pA, 42.6 £21.3 @ 100 pA and 58.8 £ 26.1 Hz @ 150 pA (Fig. 3). Interestingly, the
average peak magnitude of the PEMH trended toward more negative potentials with
increasing stimulus current: —66.2 + 5.2 mV @ 50 pA, —71.4 £ 4.7 at 100 pA and —76.8 £
4.0 mV @ 150 pA (Fig. 3, note A upon termination of repetitive discharge). No statistically
significant differences in measures of dynamic discharge characteristics such as peak AP
height or peak of the afterhyperpolarization were observed. Therefore, the most apparent
impact of an increasing stimulus current magnitude upon VGN membrane dynamics may be
most comprehensively assessed by measure of repetitive discharge rate. In that regard the
peak PEMH was found to be strongly correlated with the steady state APFF (r2 = 0.979).

Rebound discharge as a function of the magnitude and time course of DVS in A-type VGN

Following the termination of the —120 pA hyperpolarizing current step all myelinated A-
type VGN tended to generate an AP as membrane potential rebounded toward the RMP
(Fig. 1C, 1F, 11). However, this occurred with markedly different trajectories toward AP
discharge. Therefore the hypothesis was put forth that the peak magnitude and time course
of the DVS may be influencing the rate of rebound discharge. A subset VGN were identified
as myelinated A-type (n = 6) based upon measures of AP wave shape characteristics with an
average APFF of 54.6 + 12.6 Hz in response to a 150 pA step current. Following
classification of the VGN as a myelinated A-type 400 msec hyperpolarizing current steps
from —70 to —120 pA in —10 pA increments were applied through the patch electrode at an
interval of one step each 5 sec. This extended test interval ensured the VGN recovered to the
initial RMP before the next hyperpolarizing current injection. As expected, more negative
step currents brought about an ever increasing magnitude of the peak hyperpolarization as
well as more negative membrane potentials at the end of the DVS (Fig. 4). Interestingly, in
the presence of nearly twice the hyperpolarizing current magnitude the membrane potential
along the plateau of the DV'S remained within a range of ~10 mV. Furthermore, the time
course of the DVS through to the plateau in membrane potential near the end of the pulse
was strongly correlated with the peak hyperpolarization; first order time constants of 83.2 +
22.4 msec @ —70 pA, 75.8 + 18.6 msec @ —80 pA, 70.5 = 17.1 msec @ —90 pA, 66.1 £
16.9 msec @ —100 pA, 49.8 + 13.7 msec @ —110 pA, and 43.8 £ 12.2 msec @ —120 pA
followed a linear trend line with an r2 value of 0.958. Upon release of the hyperpolarizing
current the membrane potential rebounded toward the starting RMP which often led to
spontaneous generation of one or more AP (Figs. 5A and 5B). Despite the relatively similar
plateau membrane potential the time delay between release of the hyperpolarizing current
and the measured APFT for spontaneous AP discharge shortened and the maximum
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derivative of membrane potential increased as the peak magnitude of the DVS increased
(Figs. 5C, 5D and Table 1). Alignment of these spontaneous AP according to the measured
time point of APFT revealed an inverse relationship between DVS magnitude and the
duration of the spontaneous AP.

Impact of ZD7288 and CsCl on DVS and excitability of A-type VGN

The magnitude and time course of the hyperpolarizing current induced DVS exhibited all the
functional hallmarks of a whole cell Iy, type current arising from membrane bound
hyperpolarization-activated, cyclic nucleotide-gated cation channels (HCN). Therefore, 10
UM of ZD7288 a selective antagonist of the HCN channel subtypes HCN1, HCN2 and
HCN4 was applied to a subset of VGN identified as myelinated A-type (n = 5). Control
protocols consisted of a 1000 msec, 150 pA current step from RMP to quantify the repetitive
discharge characteristics of the particular A-type VGN under study followed by a 400 msec,
—120 pA current step to quantify the magnitude and time course of the DVS. In response to
the 150 pA depolarizing current step the cells exhibited an average APFF of 55 + 22 Hz and
peak PEMH of —72.6 + 6.7 mV (Fig. 6A). In response to the —120 pA hyperpolarizing
current step the cells exhibited an average peak membrane hyperpolarization of 116 + 22
mV which brought about a DVS that plateaued to an average membrane potential of 85.2 £
5.8 mV. In all cells, termination of the 400 msec —120 pA pulse resulted in a rapid rebound
in membrane potential and generation of at least one spontaneous AP (Fig. 6B). These two
protocols were repeated following an ~10 min bath application of 10 uM ZD7288.
Application of this selective HCN channel antagonist significantly reduced membrane
potential from an average of —62.9 + 3.24 mV to —69.3 + 4.18 mV (p < 0.01). Application
of a small (10 — 50 pA) background depolarizing current returned the RMP of the cell to
near the —62 mV average (—64.0 + 3.6 mV). The same depolarizing current step failed to
elicit sustained repetitive discharge but rather irregular patterns of burst AP discharge which
dropped the average APFF over the 1000 msec current step down to 6.2 + 2.1 Hz. The
prominent PEMH was now effectively absent and thus following termination of the
depolarizing step current membrane potential fell to a membrane potential (—65.8 + 3.2 mV)
that was not statistically different from the pretest RMP following baseline adjustment. In
the presence of ZD7288 there was a significant increase in the peak hyperpolarization
potential from the control of 116 £ 22 mV down to 131 + 17 mV and the DVS was
completely abolished. Interestingly, even though the membrane potential was substantially
more hyperpolarized in the presence of ZD7288, release of the —120 pA current revealed a
markedly slower rebound toward the starting RMP and a complete lack of spontaneous AP
discharge (Fig. 6B). As low concentrations of extracellular cesium are known to have a
similar blocking effect upon these HCN channel subtypes, the same protocols were repeated
in a subset of myelinated A-type VGN (n = 5) but with the test recordings consisting of bath
application of 1 mM CsCI. Although there were modest differences between the
effectiveness of 10 uM ZD7288 and 1 mM CsCl in limiting cell excitability and the DVS
these did not rise to the level of statistical significance.

Comparative analysis of DVS, PEMH and rebound excitation in Ah-type and C-type VGN

Our lab has recently identified a unique subpopulation of myelinated vagal afferents that are
found far more frequently in female than male rats.(14) Termed Ah-type because of a
prominent hump during the repolarization phase of the AP we sought to determine if Ah-
type VGN also exhibited a hyperpolarizing induced current and whether it functioned in a
manner similar to that observed in A-type VGN. A small cohort of age matched female rats
were used for study of a sample of VGN identified as myelinated Ah-type (Fig. 7A, n = 6).
In response to 150 pA step depolarizing currents Ah-type VGN exhibited repetitive
discharge albeit at a previously confirmed reduced level of excitability but still sufficient to
elicit a prominent PEMH (Fig. 7B, as indicated by A). A —120 pA current step brought
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about a DVS that was not markedly different than that observed in A-type VGN which was
also followed by spontaneous generation of one or more AP (Fig. 7B). As with A-type
VGN, application of 10 uM of ZD7288 reduced the APFF, PEMH, DVS and generation of
spontaneous AP discharge following release of the hyperpolarizing current stimulus (data
not shown).

These same electrophysiological protocols were carried out using a population of VGN
identified as unmyelinated C-types (n = 22, Fig. 7C). As expected, C-type VGN were far
less responsive to step depolarizations with 19 cells producing a single AP, 2 cells exhibiting
a short AP burst and one with repetitive discharge of less than 5 Hz (Fig. 7D). None of the
C-type VGN exhibited an obvious hyperpolarization current-induced DVS. Likewise, none
of the other functional characteristics of the I, current seen in myelinated A- and Ah-type
VGN was observed in C-type VGN (Fig. 7D).

Discussion

This study has classified a broad range of functional correlates between the magnitude and
time course in the HCN channel mediated recruitment of I, and the dynamic discharge
properties of adult rat VGN identified as myelinated A-type afferents. In broad terms, those
A-type VGN with the most negative peak membrane potential and DVS in response to —120
pA step currents from an adjusted RMP of approximately —60 mV exhibited the highest
rates of discharge in response to 150 pA step currents from this same adjusted RMP (Figs. 1
and 2A). Likewise, DVS and excitability were strong indicators (r2 > 0.9) of several
functional characteristics such as the extent to which membrane potential hyperpolarized
(post-excitatory membrane hyperpolarization, PEMH) following termination of a 150 pA
step current (Fig. 3) and the likelihood of spontaneous AP discharge following termination
of hyperpolarizing step currents (Fig. 5). In the presence of 10 uM ZD7288 or 1 mM CsCl,
chemicals known to block the HCN channel ionic current, there was a significant
hyperpolarization in membrane potential and a complete abolishment of DVS, PEMH and
rebound excitation (Fig. 6). In a subset of experiments using female rats, we confirm that
these functional correlates are also present, albeit to a lesser extent, in a population of gender
specific myelinated Ah-type vagal afferents recently described by our group (Figs. 7A, 7B).
(14;24) Furthermore, these functional characteristics were essentially absent from VGN
identified as unmyelinated, C-type afferents (Figs. 7C, 7D).

Evidence that DVS, PEMH and rebound excitation result from an HCN channel mediated

current

There is considerable support in the literature concerning the selective blocking of I, by low
MM concentrations of ZD7288 and low mM concentrations of CsCl and that these chemicals
are antagonists for all four identified subtypes of the HCN channels that contribute to the Iy,
(34) For sensory neurons from the vagal and dorsal root ganglia there is considerable
agreement that 1) an inward Iy, current is active at RMP with application of ZD7288 or CsCl
resulting in membrane hyperpolarization and 2) for neurons identified as mechanosensory
myelinated A-type (either by AP characteristics, cell diameter, or ion channel expression)
the majority of the I}, is believed to be the result of HCN1 channel currents.
(6;7;9;21;22;33;34) Although our data lacks the resolution to conclusively identify an HCN1
channel current as the source of the ionic flux that brings about the DVS in response to
hyperpolarizing current steps, the similar effects of ZD7288 and CsCl upon membrane
potential and the DVS lead us to conclude that these biophysical characteristics result from
the Iy, present in VGN.(6;7)

There are three distinguishing features of the DVS that results in response to hyperpolarizing
step currents from RMP: 1) the peak negative response in membrane voltage, 2) the
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asymptotic transition to a more depolarized plateau in membrane potential and 3) the time
course of the transition between these two features (Figs. 1, 4 and Table 1). Our data clearly
showed a strong correlation (r2 > 0.9) between the peak negative response of the DVS and a
broad range in functional characteristics of VGN identified as myelinated A-type (Fig. 2).
This is not, however, an indication that the peak magnitude of Iy, as would be revealed under
conditions of voltage clamp, also correlates with these same functional characteristics. Our
comprehensive examination of cell excitability and AP characteristics suggests a
coordination in the functional expression of other voltage gated ion channel subtypes and the
functional role of I}, in bringing about, for example, PEMH and rebound excitation. As the
peak response of the DVS trended toward more negative membrane potentials, the AP
waveforms from corresponding A-type VGN exhibited a more negative APFT, a more
positive UV ax, @ more negative DV ax and a more narrow AP waveform as measured at
the APDs5g (Fig. 2). A previous mathematical model of A-type VGN discharge demonstrated
that such a trend in AP characteristics could arise from a coordinated increase in the TTX-
sensitive Na* and the 4-AP sensitive K* currents, which would also bring about an elevated
maximum discharge rate.(27;28) While Iy, can be reasonably assumed to bring about DVS,
the broad array of dynamic discharge characteristics of myelinated A-type VGN is most
likely the result of a coordinated expression of the HCN channel subtype(s) responsible for
I and the balance of voltage gated ion channels present in these cells.(26)

Peak and plateau response of the DVS in response to hyperpolarizing
currents of varying magnitude—An increase in the peak negative response of the DVS
could be interpreted as an indication the cell has a the same or even a smaller magnitude of
I. Evidence for this can be found in the correlation between RMP and peak DVS (Fig. 2B)
which is suggestive of an increased resistance of the cell membrane with decreasing RMP
potentially as the result of a smaller net I,. As neuronal input resistance increases RMP
generally trends toward the reversal potential for K* ions (Ex) which is about —87 mV in
our preparations. Therefore, the combination of a smaller I, and increased input resistance
could explain the more negative response of the peak DVS in A-type VGN with a more
negative RMP (Fig. 2B, r2 = 0.98). This observation is consistent with the IV plot of
averaged (n = 5) peak DVS and plateau membrane potential across hyperpolarizing current
steps from —120 to —70 pA where the averaged peak DVS varied by nearly 50 mV but the
plateau potential differed by just under 10 mV (Fig. 4). This suggests that while there may
be considerable variability in the activation time constant for Iy, in similar sized cells, as A-
type VGN often are, the steady state magnitude of the Iy, current does not vary by more than
approximately 50% over the range of plateau voltages brought about by the hyperpolarizing
step current injections (i.e —85 to —78 mV). These conclusions regarding time constant of
activation and steady state magnitude of I}, are consistent with the voltage clamp data of
Doan and Kunze (1999). This voltage clamp study presented evidence in A-type VGN of
considerable variability in activation time constants and a steady state magnitude for I, that
changed by less than a factor of two over a corresponding range of membrane potentials, i.e.
those typically encountered during the plateau phase of the DVS.

Rebound excitation and the role of the steady state I;, current—Release of the
hyperpolarizing step current applied to A-type VGN is often followed by the spontaneous
generation of one or more AP as the membrane potential returns toward the pretest RMP
(Fig. 1G, 1H, 1I). The primary action of Iy is to resist membrane hyperpolarization. This has
been shown to occur through an influx of Na* ions should membrane potential be more
positive than Ey or a combination of Na* and K* ions should membrane potential be more
negative than Ex.(8) As a result, upon release of the hyperpolarizing current step there
remains a net inward current which actively drives the membrane potential back toward the
RMP. The greater the magnitude of I}, at the end of the hyperpolarizing current step the more

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 10

rapid will be the rate of change in membrane potential toward the pretest RMP and the more
likely a spontaneous AP will be generated. This rebound excitation is akin to the well
described phenomenon of "anode break excitation.” Here, the hyperpolarized membrane
potential reduces the percentage of voltage gated Na* channels in inactivated states. Return
of membrane potential toward the RMP can then bring about a regenerative inward Na*
current on account of the now greater availability of voltage gated Na* channels. Depending
upon the rate of return of membrane potential to the RMP this regenerative inward Na*
current may continue to grow through to spontaneous AP discharge. For A-type VGN
neurons with a prominent Iy, the larger the magnitude of this inward current at the end of the
hyperpolarizing current step the faster will be the rate of return to the pretest RMP along
with an increased likelihood for rebound excitation. Our data support this interpretation
along at least three lines of evidence (Fig. 5 and Table 1). First, as the hyperpolarizing step
current magnitude increases from —70 to —120 pA, termination of the step lessens the time
to the first spontaneous AP and brings about a steady reduction in the APFT (Figs. 5A and
5B). This is consistent with an increasing magnitude of Iy, at the end of the more negative
step currents and more negative plateau potentials for the DVS (Fig. 4, o) bringing about a
more rapid return toward the pretest RMP. The concomitant reduction in the APFT (Table 1)
is a direct consequence of an elevated availability of voltage gate Na* channels. Second, the
earlier spontaneous discharge occurs from the time of release of the hyperpolarizing current
step the greater is the UV ax, peak amplitude and DV ax of the AP waveform. Again, all
biophysical dynamics consistent with an increase in the availability of voltage gate Na*
channels. Third, upon application of the HCN channel blockers ZD7288 and CsClI the DVS
is completely abolished (Fig. 6B and 6D) with a peak negative membrane potential is not
much different from the plateau potential at the end of the hyperpolarizing current step. The
implication being that with the loss of the DVS there is a considerably more negative
membrane potential at the end of the hyperpolarizing current step and very likely an even
larger percentage increase in the availability of voltage gated Na* channels. However, upon
release of the hyperpolarizing current step the HCN channel antagonists have eliminated the
inward Iy, and the membrane potential passively returns to the pretest membrane potential.
The time course for this passive return, as opposed to the accelerated return to RMP in the
presence of Iy, is long enough that a sufficient percentage of once available voltage gated
Na* channels have time to transition to inactivated states without necessarily passing
through an open ion conducting sate.(2) As a result, the percentage of voltage gate Na*
channels available to sustain a regenerative inward Na* current are insufficient for continued
membrane depolarization through to spontaneous AP discharge (Fig. 6B and 6D).

PEMH and the role of the steady state I, current with increasing neuronal
discharge frequency—In myelinated A-type VGN the rate of APFF increases with
increasing magnitude of step depolarizing currents. Immediately upon termination of the
positive step current membrane potential rapidly hyperpolarizes several millivolts below
baseline before recovering to the pretest RMP (Figs. 1D, 1E and 1F, A). These data seemed
to indicate that increasing firing rates may bring about a more pronounced post excitatory
membrane hyperpolarization (PEMH). This hypothesis was substantiated in a subset of A-
type VGN (n = 6) where the termination of step depolarizing currents of increasing
magnitude brought about a PEMH that strongly correlated with the APFF (r2 = 0.979, Fig.
3). Although application of Iy, antagonists ZD7288 and CsCl eliminated the PEMH, these
chemicals also eliminated sustained repetitive discharge in these cells (Fig. 6, note A). To
more conclusively associate the PEMH with the I}, repetitive discharge would have to be
induced in these cells either by a sustained high frequency burst of narrow (< 100 psec)
current pulses or repeated nerve stimulation using an intact nerve ganglion preparation.(15)

As |, is known to contribute to RMP in A-type VGN, a PEMH implies that immediately
following a period of sustained high frequency discharge the membrane hyperpolarization
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may be a result of a net reduction of I, at the pretest RMP. There are at least three plausible
biophysical explanations for this interpretation. First, a leftward shift in the voltage
dependent activation curve, i.e. a more negative Vg 5 would mean a smaller Iy, magnitude at
the pretest RMP. It has been shown that a reduction in basal levels of cAMP can lead to a
negative shift in the Vg 5 of I, by several millivolts.(5) Although additional ATP is available
in the intracellular solution it may be that the sustained, elevated level of activity has
transiently reduced the availability of this second messenger that is known to be intimately
associated with numerous intracellular signal transduction pathways. Second, it has recently
been shown that intracellular Mg*2 can function as a voltage-dependent blocker of HCN
channels by binding to a site inside the channel pore.(20;32) These voltage clamp
experiments of Lyashchenko and Tibbs (2008) and Vemana et al. (2008) suggest that such a
mechanism may function to block outward HCN currents at elevated potentials and that the
time constant for onset of Mg*2 block is on the order of 10's — 100's of microseconds, well
within the time course of A-type VGN AP. The rate of Mg*2 unblock of the HCN channels
is less clear, particularly over physiological range of membrane voltages encountered during
the initial and later phases of the AP afterhyperpolarization. This would suggest that the
combination of 5 mM MgCl, in the intracellular solution and the regular increases in
membrane potential over the course of sustained discharge leads to an intracellular Mg*2
block of the HCN channels underlying the Iy, current that requires several milliseconds to
unblock following termination of repetitive discharge. While long in comparison to the onset
time constant for Mg+2 block, the value is well within the range of time constants associated
with the unblock of NMDA receptors which can range well beyond several hundred
milliseconds.(11) Finally, there is an extensive literature describing a component of
membrane hyperpolarization following sustained repetitive discharge that is the result of a
transient deactivation of HCN channel currents and not the more widely assumed Ca*2-
activated K* currents (see(23) for discussion). While evident in olfactory, hippocampal and
cholinergic interneurons such a biophysical explanation remains to be further investigated
for sensory neurons of the vagal and dorsal root ganglia.

Contradictions with other studies of I, in VGN

There is considerable consistency in the visceral and somatic sensory neuron literature that
HCNZ1 channels are prominently expressed in myelinated A-type afferents and that the
resultant Iy, which may be comprised of other HCN channel subtypes, is critically important
in balancing the net transmembrane current toward a final RMP.(6;7;9;21;22;33;34) In the
DRG literature, application of the HCN channel blockers ZD7288 and CsCl consistently
reduces the excitability of myelinated A-type neurons to step depolarizing currents much in
the same manner as observed in our experiments (Fig. 6).(9;30) Indeed, there are numerous
reports from the somatic literature demonstrating that ZD7288 or HCN1 knockout can
lessen mechanical allodynia and neuropathic ectopic discharge of myelinated A-type
afferents.(10;13;34) In contrast, there are reports from the visceral sensory neuron literature
that blockade of HCN channel currents with ZD7288 or CsCl increases the excitability of
myelinated A-type VGN.(7;17) Such observations are contrary to our own data from A-type
VGN and that from the general somatic sensory neuron literature. The reasons for such
differences may be methodological and remain to be resolved.

Conclusions

In myelinated A-type VGN there exists a prominent inward hyperpolarization induced
current, Iy, that has previously been shown to play an important role in establishing the
RMP.(6) Here, we have focused upon identifying a broad spectrum of functional correlates
to AP discharge with the presence of I, and in particular the magnitude and time course of
the DVS resulting from activation of I, with hyperpolarizing step currents. Release of these
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hyperpolarizing currents often leads to spontaneous AP discharge the dynamic character of
which is strongly dependent upon the magnitude of the transmembrane Iy, current present at
the end of the current step. These data provide important foundational information
concerning the natural expression of the Iy, current in myelinated A-type VGN and the
dynamic discharge characteristics of these cells. As evidence is growing that the HCN
channel current may represent a valid target for pharmacological intervention such
quantitative relationships could potentially help guide the molecular or chemical
modification of HCN channel gating properties to effect a particular outcome in VGN
discharge properties. Ideally, well beyond merely selective blockade of a particular HCN
channel subtype.
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Figure 1. Myelinated A-type vagal neurons express varying levels of cell excitability and
hyperpolarization-induced depolarizing voltage sag

Three distinct examples from a population (n = 47) of myelinated A-type vagal neuron
(VGN) implicating that increased cell excitability generally presents with an increased
magnitude and time course of hyperpolarization-induced depolarization voltage sag (DVS).
A) Single action potential (AP, black trace) evoked by a brief current pulse along with the
corresponding dv/dt (blue trace). B) Sustained repetitive AP discharge in response to a 1000
msec, 150 pA current step. Immediately upon termination of the step a period of post
excitatory membrane hyperpolarization was observed (PEMH, A). C) In response to a 400
msec, —120 pA current pulse membrane potential reached a peak hyperpolarization (e)
followed by a depolarizing voltage sag (DVS). Immediately upon termination of the
hyperpolarizing step current the trajectory of membrane potential back toward the RMP
often elicited an AP. Protocols were the same for the two other example VGN (D - F and G
— H) but with a clear trend toward an increased excitability revealing a more prominent
magnitude and time course of the PEMH, peak hyperpolarization and DVS.
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Figure 2. Depolarizing voltage sag (DVS) and the excitability characteristics of A-type VGN
Six functionally distinct measures of membrane excitability from VVGN identified as

myelinated A-type (n = 47) were correlated with the peak magnitude of the DVS elicited in
response to a —120 pA current step. A) AP firing frequency (APFF), B) resting membrane
potential (RMP), C) AP firing threshold (APFT), D) maximum AP upstroke velocity
(UVmax), E) maximum AP down stroke velocity (DVpyax), and F) AP duration (APDsgp).
Each measure was acquired from each of the A-type VGN under study. The square of the
Pearson product moment correlation coefficient (r2) and linear trend lines were generated
using Excel.
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Figure 3. Discharge frequency and post excitatory membrane hyperpolarization in A-type VGN
In a subset of myelinated A-type VGN (n = 6) repetitive AP discharge was elicited by three
successive 400 msec depolarizing step currents of A) 50 pA, B) 100 pA and C) 150 pA. The
peak magnitude and time course of the post excitatory membrane hyperpolarization (PEMH,
note A upon termination of the step current) tended to increase along with increased
discharge rates at higher stimulus currents. The peak PEMH was found to be strongly
correlated with the steady state APFF (r2 = 0.979).
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Figure 4. Current-voltage profile of the DVS in A-type VGN

In a subset of myelinated A-type VGN (n = 6) the peak (e) and plateau (o) membrane
potentials were measured in response to 400 msec hyperpolarizing current steps from RMP
and presented as an average current-voltage plot (IV). Despite substantial membrane
hyperpolarization near the start of the current pulse, the DVS plateaued to membrane
potentials within a range of ~10 mV.
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Figure 5. Magnitude of DVS impacts the trajectory of rebound membrane depolarization

In a subset of myelinated A-type VGN (n = 6) A) 400 msec hyperpolarizing current steps of
—70 to —120 pA in magnitude from RMP brought about an ever increasing magnitude and
time course of DVS. B) Upon release of the hyperpolarizing current membrane potential
rebounded toward the starting RMP which often led to spontaneous generation of one or
more AP. C) The peak magnitude of the AP time derivative was inversely related to the time
delay between release of the hyperpolarizing current and the measured APFT for
spontaneous AP discharge. D) Registration of the spontaneous AP according to the time of
APFT. See Table 1 for comparison of measures of AP wave shape as a function of DVS
magnitude and time course.
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Figure 6. Impact of ZD7288 and CsCl on DVS and excitability of A-type VGN

In a subset of A-type VGN (n =5), A) a 1000 msec, 150 pA step current under control
conditions consistently elicited sustained repetitive discharge. Following bath application of
10 uM ZD7288 cell excitability was substantially reduced, often presenting as irregular,
shirt duration AP bursts. B) Prior to application of the HCN channel antagonist a 400 msec,
—120 pA step current brought about a characteristic DVS response along with generation of
spontaneous AP(s) upon release of the hyperpolarizing current step. Consistent with loss of
the HCN channel current these characteristics were abolished in the presence of 10 uM
ZD7288. These same protocols were repeated in a subset of A-type VGN (n = 5) but with 1
mM CsClI substituted as the HCN channel antagonist (C and D) and comparable effects
were observed.
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Figure 7. Contrasting dynamics of DVS, PEMH and rebound excitation in Ah- and C-type VGN
A) In a small cohort of female rats a subset of VGN were identified as myelinated Ah-type
(n =5). B) These cells exhibited all the functional characteristics of an Iy, current as observed
in myelinated A-type VGN in particular a prominent DVS, PEMH and spontaneous
discharge following release of a hyperpolarizing current step. C and D) In contrast, VGN
identified as C-type (n = 22) were far less excitable and exhibited none of the functional
characteristics of an Iy, current.
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