J Physiol 586.21 (2008) pp 5101-5118 5101

The differential expression of low-threshold KT currents
generates distinct firing patterns in different subtypes
of adult mouse trigeminal ganglion neurones

Luigi Catacuzzeno!, Bernard Fioretti!:2, Daniela Pietrobon? and Fabio Franciolini!

! Dipartimento di Biologia Cellulare e Ambientale, Universita’ di Perugia, Perugia, Italy
’Dipartimento di Scienze Biomediche Sperimentali, Universita’ di Padova, Padova, Italy

In adult mouse trigeminal ganglion (TG) neurones we identified three neuronal subpopulations,
defined in terms of their firing response to protracted depolarizations, namely MF neurones,
characterized by a multiple tonic firing; DMF neurones, characterized by a delay before the
beginning of repetitive firing; and SS neurones, characterized by a strongly adapting response.
The three subpopulations also differed in several other properties important for defining their
functional role in vivo, namely soma size, action potential (AP) shape and capsaicin sensitivity.
MF neurones had small soma, markedly long AP and mostly responded to capsaicin, properties
typical of a subgroup of C-type nociceptors. SS neurones had large soma, short AP duration
and were mostly capsaicin insensitive, suggesting that most of them have functions other than
nociception. DMF neurones were all capsaicin insensitive, had a small soma size and intermediate
AP duration, making them functionally distinct from both MF and SS neurones. We investigated
the ionic basis underlying the delay to the generation of the first AP of DMF neurones, and the
strong adaptation of SS neurones. We found that the expression of a fast-inactivating, 4-AP- and
CP-339,818-sensitive Kt current (I,) in DMF neurones plays a critical role in the generation
of the delay, whereas a DTX-sensitive K current (Iprx) selectively expressed in SS neurones
appeared to be determinant for their strong firing adaptation. A minimal theoretical model
of TG neuronal excitability confirmed that I, and Iprx have properties congruent with their
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suggested role.
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The trigeminal ganglion (TG) contains the cell bodies
of a functionally heterogeneous population of neurones
carrying a variety of sensory information originating
from the head. These include mechanosensitive neurones
originating from the muscles and joints, touch- and
temperature-responding neurones originating from the
skin, and nociceptive neurones originating from the face
and deep tissues. In accordance with their functional
heterogeneity, TG neurones have been found to differ
in a number of morphological, biochemical and electro-
physiological properties. It has been shown that some
of these properties such as capsaicin sensitivity and AP
duration (and to some extent soma size) associate with
neurones displaying specific in vivo sensory functions
(Lawson, 2002; Lazarov, 2002). The expression of the
capsaicin-sensitive vanilloid (TRPV1) receptor selectively
identifies a subpopulation of nociceptors (Caterina &
Julius, 2001; Lawson et al. 2008). Electrophysiological
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studies have reported that wide action potentials, often
characterized by an inflection during the repolarizing
phase, are more probably found in putative TG and DRG
nociceptors (Lawson, 2002; Connor et al. 2005).

The excitability and firing properties of TG neurones
are aspects of greatest interest as they are the major
determinants of the encoding capacity and transduction
properties of the neurone. Heterogeneous firing properties
have been reported in a number of studies on adult rat
and mouse TG neurones. In particular, APs of different
shape and duration have been described in TG neurones
in vitro (Liu et al. 2001; Cabanes et al. 2002), and
two different firing patterns in response to prolonged
depolarizing stimuli have been reported, one characterized
by a slowly adapting repetitive firing and the other by a
rapidly adapting firing consisting of a single AP (Cabanes
et al. 2002; Yoshida & Matsumoto, 2005; Yoshida et al.
2007). It remains unclear whether the different firing
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patterns are associated with other specific cell features
that may be important for defining the functional role
of the neurones. Therefore, the first aim of this study
was to identify the neuronal subpopulations present in
adult mouse TG neurones defined in terms of their firing
properties in response to long depolarizing pulses, and
to establish a correlation between the different firing
patterns and properties such as capsaicin sensitivity and
AP shape and duration that, together with cell size,
may distinguish between neurones belonging to different
functional classes.

The second aim of our study was to characterize the
ionic currents underlying some aspects of the different
firing patterns displayed by adult mouse TG neurones.
In fact, the ionic basis of the firing heterogeneity in TG
neurones remains largely unknown. A low-threshold K*
current having a high sensitivity to 4-AP has been found
in a subpopulation of cold-insensitive, neonatal mouse
TG neurones, and its activity has been proposed to limit
excitability during cold stimulation (Viana et al. 2002).
A dendrotoxin (DTX)-sensitive voltage-gated Kt current
has been shown to contribute to the rapid firing adaptation
(single AP) of a subpopulation of TTX-resistant adult
rat TG neurones of relatively small size (Yoshida &
Matsumoto, 2005). Studies on adult mouse TG neurones
are lacking, and one cannot extrapolate the findings
in rat TG neurones given the large biochemical and
functional differences reported for sensory neurones of
the two species (Woodbury et al. 2004; Price & Flores,
2007).

Here we show that adult mouse TG neurones can
be subdivided into three distinct subpopulations on the
basis of their firing response to protracted depolarizing
pulses: MF neurones showing multiple tonic firing, DMF
neurones characterized by repetitive firing with a long
delay, and rapidly adapting SS neurones with single AP
firing. We demonstrate a strong correlation between MF
firing, capsaicin sensitivity, small soma and long-duration
AP with typical shoulder, as well as a strong correlation
between DMF firing, capsaicin insensitivity, small soma
and intermediate-duration AP with shoulder; SS firing
was mostly found in capsaicin-insensitive neurones of
larger size characterized by shorter AP duration (both
with and without shoulder). We then investigated the
ionic basis underlying some of the features of DMF
and SS neurones, namely the delay to the first AP
and the marked adaptation, respectively. We found that
the selective expression of a fast-inactivating, 4-AP-
and CP-339,818-sensitive K* current in DMF neurones
participates in the generation of the delay to the
first AP that characterizes this neuronal subpopulation,
whereas a DTX-sensitive K™ current selectively expressed
in SS neurones appears to be determinant for the
strong firing adaptation, hallmark of this neuronal
subpopulation.
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Methods
Cell culture

TG neurones were cultured from 30- to 40-day-old
C57BL/6] mice using a previously described dissociation
procedure (Liu & Simon, 1996). The animals were
killed by cervical dislocation, following the Animal
Experimentation guidelines of the University of Perugia.
Trigeminal ganglia were dissected aseptically and collected
in a HBSS solution containing (mM): NaCl 130, KCl
5, KH,PO, 0.3, NaHCOs; 4, Na,HPO, 0.3 Hepes 10,
glucose 10, pH7.4 with NaOH. After about 30 min
the ganglia were diced into small pieces and incubated
for 40min at 37°C in 1mgml™' collagenase (Type
XI-s, Sigma) in HBSS. Individual cells were dissociated
by triturating the tissue through fire-polished glass
pipettes having a progressively smaller tip diameter.
The dissociated cells were then incubated for 10 min
at 37°C in 0.5mgml~' DNase I (type IV, Sigma), and
further dissociated using Pasteur pipettes. After washing
three times with DMEM medium (Gibco), the cells
were cultured in DMEM supplemented with 10% fetal
bovine serum, 100U ml™!' penicillin + 100 g ml~!
streptomycin, plated on poly D-lysine-coated 35 mm Petri
dishes, and cultured overnight at 37°C in a water-saturated
atmosphere with 5% CO,. Neurones were studied 12-24 h
after plating. Only neurones without processes were
used. Before electrophysiological recording, the cell body
size was measured as the mean of the vertical and
horizontal diameter using a micrometer eyepiece. All
experiments were carried out at room temperature (20—
25°C).

Electrophysiological recordings

Whole-cell, patch-clamp experiments under
voltage-clamp and current-clamp configuration were
performed with an EPC-10 amplifier (HEKA), using
borosilicate pipettes with a resistance of 3-5MSQ.
Seventy per cent of the access resistance was actively
compensated under voltage-clamp configuration. Only
recordings having a residual access resistance lower than
10 M2 were considered for further analysis. Current
and voltage traces were sampled at 25 kHz and low-pass
filtered at 3 kHz. Cell capacitance, membrane and access
resistance were measured in voltage-clamp configuration
at the beginning of the experiment (after about 2 min
from the achievement of the whole-cell configuration)
using the automatic compensation circuitry of the
EPC-10 amplifier, at a holding potential of —60 mV. In
experiments where the cell excitability was evaluated, after
measuring the passive cell parameters, we switched to
current-clamp mode and performed the following three
protocols: (i) continuous recording of 1 min duration
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with no applied currents, to allow electrical stabilization
of the cell at the resting membrane potential; (ii) series
of brief (1ms) depolarizing current pulses from the
resting potential, to evaluate the action potential shape;
(iii) series of long (500 ms) depolarizing current pulses
from the resting potential, to evaluate the multiple firing
properties. Only cells showing a stable resting membrane
potential during the application of the three protocols
were considered for further analysis. Current-clamp
experiments were performed using an intracellular
solution containing (mMm): KCI 135, CaCl, 1, MgCl,
2, EGTA-K 10, Hepes 10, NaATP 4, NaGTP 1, pH?7.2
with KOH, and an extracellular solution containing
(mmMm): NaCl 145, KCI 5, CaCl, 2, MgCl, 1, Hepes 10,
glucose 10, pH 7.4. In an earlier series of experiments,
an internal solution lacking Nat was used, consisting of
(mM): KCI 135, CaCl, 1, MgCl, 2, EGTA-K 10, Hepes
10, K,-ATP 5, pH 7.2 with KOH. Recordings obtained
with this solution were not used in the quantitative
analysis of the excitability parameters. Recordings of
K*-selective currents were performed using a low
potassium intracellular solution containing (mMm): KCl
40, choline chloride 95, CaCl, 1, MgCl, 2, EGTA-K 10,
Hepes 10, K,ATP 5, pH7.2 with KOH. The reduced
intracellular Kt allowed voltage-clamp recordings to
be obtained with an estimated maximal voltage error
lower than 10 mV. Following entry in the whole-cell
configuration, the neurone was perfused with a Na*-free,
low-Ca?* extracellular solution containing (mm): choline
chloride 152, KOH 2, CaCl, 0.03, Mg(OH), 3, Hepes 10,
glucose 10, pH 7.4 with HCL.

In this study cell sampling was performed at random,
and we recorded from neurones spanning the entire size
range. Indeed, the distributions of soma diameters of
the dissociated neurones used for electrophysiological
studies and of neurones from TG slices stained with
ematoxilin—eosin were largely overlapping (not shown).
A partial exception is represented by the recordings aimed
at investigation of Ipry; in this case, we preferentially
recorded from larger cells where the current of interest was
most likely to be present. However, we always included
in our sample neurones spanning the entire size range,
to verify the differential expression of each current in
neurones having different cell body size.

Materials

Capsaicin (Sigma) and CP-339,818 (Tocris Bioscience)
were dissolved in DMSO stock solutions at concentrations
of 1 mM and 10 mm, respectively. The final concentration
of DMSO in the perfusing solution was never greater
than 0.1%. We verified that this concentration
of DMSO did not have significant effects on TG
neurone excitability and K™ currents. 4-Aminopyridine
(4-AP, Sigma) tetraethylamonium (TEA, Sigma),
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dendrotoxin I (DTX-I, Alomone Laboratories),
Heteropodatoxin I (HpTx, Alomone Laboratories) were
dissolved in water as stock solutions at concentrations of
100 mm, 1 M, 100 M and 100 uM, respectively.

Data analysis

The time course of the current, as well as kinetic and
steady-state parameters, were fitted with the indicated
equations by using the Simplex algorithm incorporated
in Microcal Origin v. 4.1. The x* statistic was used
as an indicator of the quality of the fit (Dempster,
1993). Unless otherwise indicated, x> values for the fits
to the experimental data shown in the Results section
correspond to levels of significance probability lower than
0.05 (the degrees of freedom being given by nqp — 11,
where 7., is the number of experimental points used
in the fitting procedure, and 7, is the number of free
parameters). A comparison of the X* values was used
to ascertain the order of the Hodgkin—Huxley model
(N) chosen to describe I, and Iprx. The number of
exponential components necessary to fit the inactivation
time courses was determined by comparing the sums of
squares generated for the different fits, using the quantity
F= (S —S,) (n—ky)/(Sq kr), where S, S, kr and k, are,
respectively, the residual sum of squares, and number of
parameters for each consecutive model (i.e. f and g), and n
is the number of points in the dataset (see Dempster, 1993).
The higher-order model g was accepted if the quantity F
was higher than the value of the f-distribution with ks
and n-k, degrees of freedom for a level of significance
probability of 0.05.

Results are expressed as mean £ S.E.M. Statistical
differences between means were analysed using the
t test which does not assume equal variances. Where
appropriate the significance level of probability (P)
for the difference between mean values are given. In
multiple comparisons, the ¢ test was performed when the
one-way ANOVA analysis detected a significant difference
(P < 0.05).

Simulations

Simulations were performed with the XPPAUT software
(http://www.math.pitt.edu/~bard/xpp/xpp.html) using a
fourth-order Runge—Kutta algorithm with a time step (dt)
of 0.04 ms. Variable and parameter units in the following
equations are in the SI system. Voltage (V) was integrated
according to the equation

dv

E =

(iCOMM - iL - iDRK - iTTXR - iTTXS - iCa - iA - iDTX)
Cm ’
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where icomm 1S the command current, C, is the
cell electrical capacitance, set to 10 pF in the model
neurone, and iL, iDRKa iTTXRr iTsz, iA and iDTX are the
leakage, K*-selective DRK, Nat-selective TTX-resistant,
Nat-selective TTX-sensitive, fast transient K™ -selective,
and DTX-sensitive K*-selective currents, respectively.
i was described by the equation iy =107°(V + 0.025),
with parameters set to give, for the MF neurone model
not expressing iy and iprx, a membrane resistance
and resting membrane potential well within the range
experimentally observed in MF neurones. iprg and itrxg
were modelled according to our experimental results
obtained for these currents on small-diameter MF
neurones  (authors’  unpublished  observations).
Specifically, iprg was described by the equation

iprk = 24 % 10 mpri(V + 0.087)

where
drmpre _ (mMBrg — MpRK)
dt TDRK ’
- -1
M = (1 +e [(v+o.o12)/0.oos])
and

tork = [ (0.0064 + 0.009¢~7/001) ™!
+ (0.02 + 71‘6eV/0.005)*1 ]71’
and itrxr was described by the equation

irrxr = 1.8 X 1077 mpyg Arrxr (V — 0.068),

where
dmrrxr (m%"TXR — mTTXR)
de TITXR ’
mxe = (1+ ef[(V+O.025)/0.006])—1 ’
TTTXR = 00002 + 0~000856_[(V+0'03)/0.023]2’
dhrrxr _ (h%OTXR — hTTXR)
dt ThTTXR )
B = (14 [(V +0.04)/0.004]) ™"
and

Thyrxr = 0.0004 4 0.029¢~[(V+0.038)/0.018]*

itrxs and ic, were modelled as described in Herzog et al.
(2001) and Bertram & Behan (1999), respectively, with
the maximal Ca*t conductance set to 8 nS, a value in
accordance with the HVA current density found in mouse
TG neurones (Borgland ef al. 2001). Finally, iy and iprx
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were modelled based on the experimental results reported
in this paper. Specifically, iprx was described by the
equation

DT = mlijthTngTx(V—i- 0.087),
where

dmprx (mlojoTx - mDTX)

dt TDTX '

—[(V+0.064)/0.0086]) ~!
S = (1470 /00086l

’

2
il

Tprx = 0.00125 + 0.00255¢[(V+0.07)/0.03]

dhprx (h%oTx - hDTX)
dt B ThDTX ’
-1
hoDOTX — (1 + e[(V+0.042)/0.026]) ,

and
Tprx = 0.0033 -+ 0.00339¢|(VF0.079)/0.0222]%,
is was described by the equation

iy = my(aiha + (1 — a;))haa)ga(V — Ex),

where
a4 = (1 + e[(v—o.01)/o.025])—1
dmA _ (mzo — mA)
dt - TA ’
me = (1 + e—[(v+0.059)/0.019])—1 ’
Ty = 0.0055 + 0.00225¢ " [(V+0.09/0.06"
dhia _ (h?f; - hlA)
dt o 'L'h]A ’
dth _ (hgx - hZA)
e 0128
-1
WS =SS = (1 + e[(v+o.os1)/o.01z7])
and

thyy = 0.0022 + 0.002¢ ™ (V+0-07)/0042F

gprx and ga were set either to zero (to model the multiple
firing response) or to values resulting in current densities
within the range of our experimental estimations (see
Fig. 3). Although the model shown in the Results section
considered an electrical capacitance of 10 pF, a value close
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to that observed for MF and DMF neurones, similar results
were also obtained when the membrane capacitance was
set to 35 pF (and all the conductances were appropriately
scaled), a value close to the mean capacitance of SS
neurones (data not shown).

Results
TG neurones show three distinct firing patterns

To assess the excitability properties of TG neurones, we
made current-clamp recordings from 287 neurones using
near-physiological ionic conditions. When 500-ms-long
depolarizing current pulses were applied, three
subpopulations of TG neurones were easily distinguished
on the basis of the evoked firing pattern (Fig. 1A). Fifty
four per cent (n=156) responded with a repetitive
firing (multiple-firing, MF, neurones), with 3.5 £ 0.3 APs
elicited during 500-ms-long depolarizing stimuli at 2x
the minimum stimulus amplitude needed to evoke an
active response (rheor; n=39; Fig. 1C). In 22% of the
neurones (n=63), the repetitive firing response was
preceded by a delay (delayed multiple-firing, DME,

A multiple-firing (MF)
neuron

80 my

" pMF
W O DMF
£
=100
'% *
=
*‘\'\ -
o L

Low-threshold K* currents and firing pattern of mouse TG neurones

delayed multiple-firing
(OMF) neuron

1 2 3
stimulus intensity (x rhecbase)
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neurones), during which a graded depolarization is clearly
visible. For a depolarizing stimulus to 2x the rheoy,
the mean delay to the first AP amounts to 64 & 10 ms
(n=25), a value more than 6times greater than that
observed in MF neurones (10.4 & 4.8 ms, n=39). This
delay tended to decrease in duration with higher injected
currents (Fig. 1B), and usually disappeared with injected
currents higher than 3 x the rheo; (data not shown). DMF
neurones also differed from MF neurones in firing
frequency (for an injected current of 2x the rheo; the
number of spikes elicited during the pulse amounted
to 5.440.5, n=25, a value significantly higher than
that found for MF neurones, P < 0.05; Fig.1C). The
remaining neurones (24%; n=68) showed a strongly
adapting response, and fired only a single action potential
(single-spiking, SS, neurones) regardless of the amount of
the current injected (tested with depolarizing currents of
at least 25 pA pF~'; Fig. 1A).

Quantitative analysis in neurones showing a stable
resting membrane potential throughout the recording
(39 ME 25 DMF and 19 SS neurones) revealed
that the three subpopulations also differed in other
passive and active electrophysiological properties (Fig. 2B

single-spiking (SS)
neuron

" MF p
© DMF "
o 1
<5
0
1 2 3

stimulus intensity (x rheobase)

Figure 1. Mouse TG neurones can be classified into three distinct populations displaying different firing

patterns

A, representative voltage responses recorded under current-clamp mode in response to 500 ms depolarizing pulses
from the three different TG neurone subpopulations. The depolarizing current stimulus was 2 times the rheobase
of the neurone under study. B and C, plots of the duration of the delay to the first action potential and the mean
number of evoked AP in 39 MF and 25 DMF neurones as a function of the stimulus amplitude. The stimulus
amplitude is expressed in units of the rheobase measured by applying 500-ms-long depolarizing pulses (rheoy).
Data were obtained from voltage responses to depolarizing pulses 500 ms long (cf. A). Asterisks indicate significant

differences between MF and DMF neurones (P < 0.05).
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and Table 1). All passive and active parameters analysed  between DMF and SS neurones. In particular, SS
were significantly different between MF and SS  neurones had more negative resting potentials, shorter
neurones and, with the exception of the rheobase  duration action potentials and smaller amplitude AHPs
measured using short (1 ms) depolarizing pulses (rheos), = than MF and DMF neurones (the latter having

A MF neuron DMF neuron S8 neurons
801 mv
40 uibm,-v—— mlll".-
0 |20 Wis I' 120 vis
-40 —
ams  eespresess el
sl 1
B short pulses
40T 401 (rheog)
< =
— o st 11
s T m
-50 £ =] long pulses
2 ¥ & (theo,)
= : o201 —
~E o n =
-60 z E I |_L‘
-70 0 0 ot -r—‘
$8E EFfE  Ef S $F P
C . D
* = 100
40 —= 0190 g caps 2 uM
£ g8 & 160 2 5
5301 by 3 o &g 60 _]1 nA
= &e FE
% & g . g 40 5,; % E T 40 s
E 20t Q
o) g 20 T 20
= g g d}o % @ gé EE
10 & & & & ° ° & &
= = &
¥ & P ¥ S =

Figure 2. Differences in AP shape, cell size and capsaicin responsiveness of the three TG neuronal
populations

A, voltage traces obtained in response to a 1-ms-long depolarizing current pulse in an MF neurone, a DMF
neurone and two SS neurones differing for the presence of a shoulder during the repolarizing phase of the
AP. Insets: time derivative of the corresponding voltage traces taken during the repolarizing phase of the action
potential. B, comparison of several electrophysiological parameters assessed in 39 MF, 25 DMF and 17 SS neurones
stimulated with the protocol shown in A: resting potential (Vg), AP repolarizing time (APgr), rheobase obtained
by stimulating with short (1 ms, rheos) and long (500 ms, rheoy) depolarizing currents, and voltage amplitude of
the after-hyperpolarization (AHP ). Data are given as mean =+ s.e.M., and significant differences (P < 0.05) are
marked by an asterisk. Two SS neurones, having an APgr value considerably larger than the remaining population
(7.1 and 8.8 ms), were discarded from the analysis (outliers according to the Grubb’s test). If these two neurones
were considered, the mean APgr of DMF and SS neurones resulted in being not significantly different (P > 0.05).
C, bar plots showing the soma diameter and electrical capacitance resulting from 156 MF, 63 DMF and 68
SS neurones. Filled squared symbol represent the mean = s.e.m. for the diameter and capacitance of the three
subpopulations. Asterisks indicate significant differences. D, bar plot showing the percentage of MF, DMF and SS
neurones that were found to respond with a detectable (> 10 pA) inward current (at —60 mV of applied potential)
following capsaicin (2 um) application to the external solution. Capsaicin was applied on 71 MF, 33 DMF and 25
SS neurones. Inset: typical current response of an MF neurone to bath application of 2 um capsaicin. The holding
potential was —60 mV.
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Table 1. AP parameters assessed on the three TG neuronal populations
Parameter MF neurones DMF neurones SS neurones P (MF P (MF P (DMF
Value £ s.e.m. (n) Value £ s.e.m. (n) Value £ s.e.m. (n) versus DMF) versus SS) versus SS)
Cm (pF) 10.1 + 0.5 (39) 10.6 + 0.4 (25) 39.3+5.8(17) 0.5 5.2~ 10 4.9e77
V: (mV) —47.8 £ 0.7 (39) —54.2 + 0.7 (25) —62.7 £0.8 (17) 2.5¢7 7.4V 3.4e°°
AP ampl (MV) 102.1 + 0.7 (39) 101.6 + 1.0 (25) 118 +2(17) 0.66 8e~ 12 7.6e~°
AP (ms) 6.1+ 0.6 (39) 3.2+0.2 (25) 2.1+0.2(17) 7.5 4 1.5¢4 S5e4
AHP,mpi (MV) 22.8 + 0.5 (39) 17.2 £ 0.6 (25) 10.6 £ 0.7 (17) 4.9¢ 10 8.9¢20 3.6e?
AHP 4y, (Ms) 33.4+2.8(39) 31.4+2.7 (25) 68.4+ 14.4 (17) 0.63 0.001 0.004
rq (Vs 157 + 9 (39) 153 + 9 (25) 538 + 46 (17) 0.75 4.5¢ 6 3e 12
re (Vs —48.0 + 3.3 (39) —62.7 £ 3.1 (25) —138 4+ 20 (17) 0.003 4.3e°8 7.2e73
reo (Vs —37.942.1(39) —38.8+ 1.9 (25) —71.1+8.9(14) 0.75 2.8e 76 5.4e>
t, (ms) 5.2 + 0.6 (39) 2.3+£0.1(25) 1.5+ 0.2 (14) 3.6e~* 7.6e % 0.004
rheos (pA pF~") 23.0 + 1.8 (39) 30.5+ 0.9 (25) 321+1.9(17) 0.002 0.004 0.4
rheo, (pA pF~1) 3.59 + 0.62 (39) 5.32 +£0.71 (25) 12.9+2.3(17) 0.077 5.6e 10 1.8e°
R; (GQ) 1.20 £ 0.06 (39) 0.80 + 0.04 (25) 0.36 + 0.05 (17) 1.6e> 1.8e " 4.2¢78

The parameters considered are: Cm, membrane capacitance V., resting membrane potential; APy, AP amplitude; APy, AP
repolarizing time; AHP,y,, amplitude of the after-hyperpolarization; AHPy,,, duration of the after-hyperpolarization at half
amplitude; rq, maximal rate of depolarization; rq, first maximal rate of repolarization; rr, second maximal rate of repolarization; ¢
time between the two maximal rate of repolarization; rheos, minimum injected current (of 1 ms duration) that triggers an AP; rheo,
minimum injected current (of 500 ms duration) that triggers an AP; R;, input resistance, assessed in voltage-clamp mode by applying
repolarizing pulses from —60 to —80 mV. The last three columns report the significance level assessed by a t test performed on MF
versus DMF, MF versus SS, and DMF versus SS neurones. P values lower than 0.05 are in bold.

intermediate values between those of MF and SS neuro-
nes; Table 1). As shown in Fig. 2A, while most MF and
DMEF neurones displayed a characteristic shoulder during
the repolarizing phase of the action potential (evident as a
double minimum in the voltage rate of repolarization; see
inset to Fig. 2A), SS neurones could be clearly divided into
two subpopulations differing for the presence (16/19) or
absence (3/19) of the shoulder.

We then verified whether the three neuronal
subpopulations differed in other parameters that could
give clues to their functional properties. As shown in
Fig. 2C, MF and DMF neurones had similar small cell
diameter (17.7+0.2 um, n=156 and 17.1 0.3 um,
n==63) and capacitance (10.7 +0.4pF, n=156 and
10.3+0.3pF, n=63), while SS neurones had a
significantly higher soma size, with mean diameter and
capacitance of 27.2 0.7 um and 34.3 + 2.2 pF (n =68,
P < 0.05), respectively. We then assessed whether the three
neuronal subpopulations responded to the TRPV1 agonist
capsaicin since this response identifies a subpopulation
of sensory neurones carrying nociceptive information
(Caterina & Julius, 2001). As shown in the plot of Fig. 2D,
we found that the majority of MF neurones tested (59
out of 71) were capsaicin responsive, while none of the
DMEF neurones tested (33) and only few (4 out of 25) SS
neurones were able to respond to capsaicin with a
detectable (> 10pA) inward current. Taken together,
these data show that the three neuronal subpopulations
identified on the basis of the evoked firing pattern strongly
correlate with distinct markers of sensory function.

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

lonic basis of the heterogeneity in the evoked
firing response

To understand the ionic basis of the different firing
patterns found in the three neuronal subpopulations,
we looked for differences in the ionic currents recorded
under physiological conditions. In recordings from 141
cells, we first identified the neurone as MF, DMF or SS by
looking at its firing response under current-clamp mode;
then we went to voltage-clamp to record the macroscopic
currents evoked by depolarizing voltage pulses. As shown
in Fig. 3, a striking difference could easily be discerned in
the amount and kinetics of the outward currents evoked
by small depolarizing pulses. The large majority of MF
neurones (89/95) responded to a —40 mV depolarizing
step with a low amplitude, slowly activating outward
current; in contrast, DMF neurones always responded
with a prominent fast transient outward current (24/24),
and SS neurones responded with a sustained outward
current that activated much faster and had a much higher
amplitude than that of MF neurones (22/22). To this
general rule, we found only few exceptions, consisting
of a small number of MF neurones (6/95) displaying a
significant fast transient outward current similar to that
found in DMF neurones. Figure 3B shows a quantitative
estimate of the peak and sustained current amplitude, and
the activation kinetics of the outward current performed
on a subgroup of these recordings selected for having
a maximal voltage error due to series resistance lower
than 10 mV.
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The fast-inactivating, low threshold outward current of
DMF neurones. The consistent observation of a fast
transient outward current in DMF neurones suggested
that the presence of A-type Kv currents (I,) could be
mainly responsible for the initial delay in spike onset
characterizing their firing, as found in other types of
neurones (Kanold & Manis, 1999, 2005; Shibata et al. 2000;
Vydyanathan et al. 2005).

Indeed, recordings with intra- and extracellular
solutions chosen to isolate K™ currents (see Methods),
revealed in a subpopulation of neurones a fast-inactivating
transient Kt current, having properties similar to those
described for I, in other sensory neurones (Gold
et al. 1996; Winkelman et al. 2005). I, was isolated
from the remaining sustained current as the difference
between currents evoked following two different pre-pulse
potentials (—40mV and —110mV; Fig.4A). The Ix
current displayed partially overlapping activation and
inactivation curves (Fig.4B), giving rise to a small but
significant window current near the resting membrane
potential of DMF neurones (cf. with Table 1). Application
ofastandard two-pulse protocol with a variable inter-pulse
at —100mV for studying recovery from inactivation
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Figure 3. The three TG neuronal populations differ for the
functional expression of low-threshold outward currents

A, typical current responses obtained from the three TG neuronal
populations by applying a depolarizing pulse to —40 mV preceded by
a 1.5 s conditioning step to —110 mV. Note the different scale bar for
the SS neurone, and for the MF and DMF neurones. B, mean sustained
and transient current densities, and time of half-maximal activation
obtained for 37 MF neurones, 18 DMF neurones and 12 SS neurones,
using current responses similar to that shown in A. Asterisks indicate
significant differences.
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(inset to Fig.4C) revealed that the major component
of the I, (>90%) recovered from inactivation with
fast kinetics (=41 ms), while the remaining portion
did it more slowly (t =899 ms; Fig.4C). In agreement
with the conclusion that the I, characterized in Fig. 4
accounts for the fast transient outward current almost
selectively observed in DMF neurones under physiological
conditions, I , was selectively observed in a subpopulation
of small sized TG neurones (Fig.4D, left), having a
mean capacitance of 11.9 £+ 1.4 pF (n=29), a value not
significantly different from the mean capacitance found
for DMF neurones (10.6 £ 0.3 pF, n=63; P > 0.05). In
addition I strongly correlated with the unresponsiveness
to capsaicin (Fig.4D, right), as is the case for DMF
neurones (see Fig. 2).

Fast-inactivating, A-type currents can be produced by
members of the Shaker (Kv1.4), Shaw (Kv3.3 and Kv3.4),
and Shal (Kv4.1, 4.2 and 4.3) subfamilies of Kv channels.
Since the currents sustained by these subunits differ
markedly in their pharmacological properties (Gutman
et al. 2005), to gain clues on the subunit composition
of the I, expressed in DMF TG neurones we tested its
sensitivity to different drugs. I, was effectively inhibited
by millimolar concentrations of the classical I, blocker
4-AP (Fig.5A and B), that also significantly inhibited
the transient outward current evoked in DMF neurones
under physiological conditions (# =3, data not shown).
I, was instead insensitive to 1 mm TEA, a selective blocker
of transient currents sustained by Kv3 subunits (Coetzee
et al. 1999; Pérez-Garcia et al. 2004), and 100 nM DTX-I,
a selective blocker of Kv1.1, Kv1.2 and Kv1.6, that blocks a
slowly inactivating low-threshold K* current in a variety
of neurones (Harvey & Robertson, 2004; Fig. 5A and B).
We also verified the sensitivity of I to the Kv4-specific
inhibitor heteropodatoxin (HpTx; Sanguinetti et al. 1997;
Zarayskiy et al. 2005) and to CP-339,818, an effective
inhibitor of Kv1.4 channels (Nguyen et al. 1996). HpTx
at 500 nM was totally ineffective in blocking this current
(Fig. 5A and B), while a significant inhibition could
be achieved using 1 and 3 um CP-339,818. However,
CP-339,818 also partially blocked a sustained K current
component (see Fig. 5A), suggesting that its action is not
fully selective for I,.

Since the Iy described above has properties congruent
with the generation of a delay to the first action potential
(Kanold & Manis, 1999), we looked at the effects of the
I, blockers 4-AP and CP-339,818 on the delay of DMF
neurones. As shown in Fig. 6, bath application of 1 mMm
4-AP, which inhibits about 40% of the I, (see Fig.5),
completely suppressed the delay to the first action
potential, indicating a critical role of I 5 in setting the firing
pattern of DMF neurones. In addition to eliminating the
delay, 4-AP also induced a marked increase in the duration
of the AP, and a significant membrane depolarization as
well as an increase in spike frequency (Fig. 6B). Similarly

© 2008 The Authors. Journal compilation © 2008 The Physiological Society
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we found that 3 um CP-339,818 was able to drastically
reduce the delay to the first AP (Fig. 6A and B). CP-339,818
also depolarized the resting membrane potential, but to a
lesser extent than 4-AP (Fig. 6A and B). In contrast to what
we observed with 4-AP, CP-339,818 did not increase the
AP duration and did not change spike frequency (Fig. 6A
and B).

To test for the contribution of the 4-AP and
CP-339,818-induced membrane depolarization to the
removal of the delay to the first AP (as a consequence
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of an increased steady-state inactivation of I,), in three
neurones we imposed a negative holding current to reset
the resting membrane potential to the value observed
before the pharmacological treatment that eliminated the
delay. In two of the three neurones tested with 1 mMm
4-AP we observed the reappearance of a delay which,
however, had a duration about half that observed in
control conditions, and completely disappeared upon bath
application of 3 mm 4-AP (data not shown). In none of
the three neurones tested with CP-339,818 did the same
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A, current traces obtained from a small TG neurone expressing a prominent /5, in response to depolarizing pulses
from —120 to 420 mV in 20 mV steps. The depolarizing stimuli were preceded by a 1.5 s conditioning prepulse
to either —110 mV (upper panel) or —40 mV (middle panel). The current traces at the bottom panel represent a
point-by-point subtraction of the current traces obtained with the two different conditioning prepulses. B, plot
showing the mean steady-state activation (n = 7) and inactivation (n = 6) of the /4. Steady-state activation data
were assessed from the peak conductance of /4, isolated as shown in A. Steady-state inactivation was assessed
from the peak current obtained at +20 mV after conditioning the neurone at varying membrane potentials for
1.5s, as shown for a typical experiment in the inset. Activation and inactivation data points were fitted with a
third power Boltzmann and Boltzmann relationships, respectively (continuous curves), giving V1, of —59.9 and
—80.9mV, and k of 19.1 and —12.7 mV, respectively. C, plot of the mean fractional recovery of the /5 versus
the duration of the conditioning pulse, assessed from four TG neurones by applying the experimental protocol
shown. The continuous line represents the best fit of the experimental data with the relationship: % recovery = a1
(1—e Uy 4+ (1 —ay)(1 —e ¥72) witha; =92, 1 =41 msand t;, = 899 ms. Inset: current traces obtained by
applying two depolarizing pulses to +20 mV separated by a conditioning pulse to —100 mV of variable duration.
D, left: plots of membrane capacitance of cells expressing or not expressing a detectable transient K* current
(greater than 10 pA pF~" at —40 mV) with an inactivation kinetics compatible with the /5 shown in A. Open
symbols represent individual TG neurones (n = 80), and closed symbols represent mean cell capacitances, that
were found to differ significantly between neurones expressing and not expressing /a. Right: plot of the /a density
in cells found to be capsaicin sensitive or capsaicin insensitive. Open symbols represent individual TG neurones
(n = 32), and filled symbols represent mean current densities, that were found to differ significantly between
capsaicin-sensitive or capsaicin-insensitive neurones. Asterisks indicate significant differences.
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manoeuver induce the reappearance of a significant delay
(data not shown; see higher fractional block of I, by 3 um
CP-339,818 with respect to that obtained with 1 mm 4-AP
in Fig. 5). Although not fully specific for I,, the ability of
both 4-AP and CP-339,818 to eliminate the delay to the
first AP is consistent with the conclusion that this current
plays a key role in determining the delayed firing typical
of DMF neurones.

The low-threshold outward current of SS neurones. The
selective expression of a low-threshold fast-activating
sustained outward current in SS neurones (see Fig.3)
suggested the hypothesis that the presence of DTX-I-
sensitive low-threshold Kv currents (Iprx) could be
mainly responsible for the strongly adapting behaviour
of this TG subpopulation, as shown in rat TG neuro-
nes and other types of neurones (Glazebrook et al.
2002; Mo et al. 2002; Dodson et al. 2002; Barnes-Davies
et al. 2004; Yoshida & Matsumoto, 2005). To test
this hypothesis, we investigated the biophysical and
pharmacological properties of the low-threshold K*
current that was selectively detected in large TG neuro-
nes (Fig.7C), probably representing SS neurones (see
Figs2 and 3). In these neurones, a fast-activating K*
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Figure 5. Pharmacological properties of /a

A, current traces showing the effect of 0.1, 1 and 3 mm 4-AP, 500 nm
HpTx and 1 and 3 um CP-339,818 on the current evoked by applying
depolarizing pulses to +20 mV preceded by a 1.5 s conditioning pulse
to —110 mV. B, bar plot showing the mean percentage inhibition of
the transient component of the outward current (peak minus sustained
current) following application of 0.1 mm (n =6), 1 mm (n =5) and

3 mMm (n = 4) 4-AP, 100 nm DTX-I (n = 2), 1 mMm TEA (n = 2), 500 nm
HpTx (n=5), and 1 (n =5) and 3 um (n = 4) CP-339,818.
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current with an activation threshold as low as —60 mV
could be blocked by the Kv1.1, Kv1.2 and Kv1.6 selective
inhibitor DTX-I (100 nm), leaving unaltered an under-
lying slowly activating, high-threshold current (Fig. 7A).
The DTX-sensitive current (Iprx), isolated by subtraction
of the current traces in control conditions and in the
presence of DTX-I (Fig.7A, third panel), showed a
strongly voltage-dependent inactivation rate (in contrast
to the inactivation properties of I,; see Fig.4). The
marked voltage-dependent inactivation of this current is
consistent with and explains the sustained time course
of the outward current at —40 mV in large-diameter SS
neurones recorded under physiological conditions (see
Fig.3). The mean DTX-sensitive current density at
—40 mV was 30.8 £ 5.4 pApF~! (n=20).
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Figure 6. I/, inhibition by 4-AP and CP-339,818 eliminates the
characteristic delay observed in DMF neurones
A, voltage responses to a depolarizing pulse (corresponding to the
rheobase of the cells before drug application) recorded from two DMF
neurones under control conditions and following bath application of
1 mm 4-AP or 3 um CP-339,818. B, bar plots showing the effect of
1 mm 4-AP (n = 6) and 3 uMm CP-339,818 (n = 4) on the mean first AP
latency, duration of the AP at 0 mV, resting membrane potential, and
firing frequency assessed from DMF neurones subject to the
experimental protocol illustrated in A. Asterisks indicate a significant
difference between values obtained under control conditions and in
presence of 4-AP or CP-339,818 (t test, P < 0.05).
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The DTX-sensitive current resulting from expressed
Kvl subunits is effectively inhibited by relatively low
concentrations of 4-AP (Coetzee et al. 1999). Accordingly,
we found that in large-diameter TG neurones, 100 M and
1 mM 4-AP had an inhibitory effect resembling that found
for DTX-I (Fig. 7D and E). The mean fractional block
observed at —20 mV following application of 1 mMm 4-AP
was 0.48 = 0.05 (n=5), a value not significantly different
from that observed for DTX-I (0.50 & 0.06; n=7). In
addition, the normalized I-V relationships for the DTX-
and 4-AP-sensitive currents were not appreciably different
in the range —100 to —10 mV (data not shown). Finally,
notice that the current remaining in the presence of
DTX-I (Fig.7A, middle panel), which activated with
much slower kinetics, and at much higher voltages
(activation threshold, ca —40mV; Fig.7B) resembled
the high-threshold K* current found in small-size,
Iy-negative (thus MF) neurones (see inset in Fig. 7C).

Low-threshold K* currents and firing pattern of mouse TG neurones
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To clarify whether the functional expression of
Iprx in SS neurones is responsible for their strongly
adapting firing, we looked at the effects of DTX-I
on the firing response. DTX-I strongly modified the
depolarization-evoked firing pattern of SS neurones,
inducing a multiple-firing similar to that found in
MF neurones (Fig. 8A). In addition, DTX-I depolarized
the resting membrane potential (Fig. 8B) and increased
slightly the duration of the action potential, although
this effect did not reach statistical significance (data not
shown). Similar findings were observed in SS neurones
upon application of 1 mm 4-AP (data not shown).

Model results

Our experiments indicate that the selective expression of
I, and Iprx in distinct subpopulations of TG neurones
plays a major role in the observed diversity in
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Figure 7. Properties of the low voltage threshold K* current expressed in SS neurones

A, current traces obtained from a large-diameter TG neurone in control conditions (upper panel) and after addition
of 100 nm DTX-I (middle panel). The bottom current traces were obtained as point-by-point subtraction of the
current traces in presence of DTX-I from those recorded under control conditions. Voltage-gated currents were
evoked using a low-CaZt, choline-based extracellular solution (see Methods), and by applying voltage steps
from —120 mV to —10 mV, in 10 mV increments, from a holding potential of —70 mV. B, mean, normalized -V
relationships obtained from 7 large-diameter TG neurones, in control conditions (CJ), and in presence of 100 nm
DTX-I (0). The experiments used to make these plots were carried out under the same conditions described for A.
C, plots of membrane capacitance of cells expressing or not expressing a detectable DTX-sensitive current (greater

than 5 pA pF~! at —40 mV).

0, individual TG neurones (n = 30), and B, mean cell capacitances, that were found

to differ significantly between neurones expressing and not expressing DTX-sensitive currents. The traces on the
right are from a small TG neurone not expressing DTX-sensitive currents. D, current traces evoked by stepping
the membrane potential from —70 mV to —20 mV in a large-diameter TG neurone in control conditions and in
presence of 100 um 4-AP. E, mean /-V relationships obtained from 5 large-diameter TG neurones under control
conditions (OJ), in presence of 100 um (0) and 1 mm (A) 4-AP.
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the firing pattern, with the I, being mainly responsible for
the delayed multiple-firing response of DMF neurones,
and the Iprx for the strong firing adaptation of SS
neurones. To further strengthen this conclusion, we built
a mathematical model of TG neurones, and looked
at the role of Iy and Iprx in the simulated firing
response. To this end we studied in detail the kinetic
properties of I, and Iprx, and modelled them with
Hodgkin—Huxley (HH) equations (Fig.9). Specifically,
the activation and inactivation kinetics of I, were
satisfactorily described with a #m’h HH model (Fig. 9A
and B), where inactivation could be well described
by a single exponential component up to —40 mV of
applied potential. For higher depolarizations, a second,
much slower inactivation time constant was needed,
whose relative amplitude tended to increase at higher
membrane potentials (Fig. 9B). The kinetic behaviour of
Iprx could instead be described with a m*h HH model,
incorporating a strongly voltage-dependent inactivation
time constant (Fig. 9C and D). To assess the activation and
inactivation parameters of Iprx, we fitted the steady-state
I-V relationship for the DTX-sensitive current, assessed
from experiments similar to that shown in Fig. 74,
with a m*h HH model. The resulting activation and
inactivation Vi, values were —64mV and —4mV,
respectively (data not shown). The mathematical model
of TG neurone excitability also incorporated K*, Na*
and Ca®* conductances typically present in TG neurones,
whose properties were taken either from the literature or
from our unpublished results (see Methods). The validity
of the kinetic description of these currents was verified
by looking at their passive and active properties resulting
from the model, which we always found to fall within the
range experimentally found in TG neurones.

We found a good match between the response observed
in DMF neurones and that produced by the DMF neurone
model built by including I, but not Iprx. A clear delay
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to the generation of the first AP was in fact present in
the model response (Fig. 10A), and shown to be caused
by the transient activation of I, at the beginning of the
depolarizing pulse (Fig. 10B). The SS neurone model, built
by including I prx but not I 4, showed that the neurone was
able to fire only one AP in response to depolarizing pulses,
as experimentally found for SS neurones (Fig.10C).
Figure 10D shows that in response to a depolarizing
pulse, the Na't current activates much faster than Iprx,
thus allowing the generation of an AP. Subsequent APs
are instead prevented by the repolarizing force provided
by the now active Iprx. Again, in accordance with the
experimental data, we found that removing Iprx from
the SS neurone model or reducing by one half the I,
maximal conductance in the DMF neurone model resulted
in a multiple firing response typical of that found in MF
neurones, together with a sensible membrane
depolarization, as found in our pharmacological
experiments. The DMF neurone model was also able
to predict the reappearance of the delay following the
injection of a hyperpolarizing continuous current able to
restore the resting membrane potential observed under
control conditions (full g4), and its removal after further
reducing the I, maximal conductance (data not shown),
again in accordance with our experimental data.

Discussion

Three subpopulations of mouse TG neurones with
different firing patterns and functional markers

In this electrophysiological study on isolated adult
mouse TG neurones we have identified three distinct
neuronal subpopulations on the basis of their firing
response to prolonged depolarizing currents: MF
neurones, characterized by a multiple tonic firing;
SS neurones, characterized by a strongly adapting
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Figure 8. The DTX-sensitive current modulates the excitability of SS neurones

A, voltage traces recorded from an SS neurone in response to a depolarizing current step in control conditions
(left) and in presence of 100 nm DTX-I (right). B, plots of the mean resting membrane potential and mean number
of action potentials evoked by a 500 ms depolarizing current step at about 1.5x the rheobase of the cells before
drug application, under control conditions and following application of 100 nm DTX-I (n = 4).
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response consisting of only one AP; and DMF neurones,
characterized by a delay before the beginning of repetitive
firing. Notably, the DMF subpopulation had not been
previously described in TG neurones. Furthermore, we
have established a strong correlation between the three
distinct firing patterns and other cell features such as
capsaicin sensitivity, AP shape and duration that together
with cell size may distinguish between neurones belonging
to different functional classes.

In particular, we have shown that MF firing strongly
correlates with capsaicin sensitivity, small soma and
long-duration AP with typical shoulder. The strong
association of some of these properties with nociceptive
function (Lépez de Armentia et al. 2000; Caterina &
Julius, 2001; Lawson, 2002) supports the conclusion that
capsaicin-sensitive MF neurones are C-type trigeminal

Low-threshold K* currents and firing pattern of mouse TG neurones
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nociceptors. The multiple firing excitability is certainly
well suited to sustain the slowly adapting response seen in
most C-type trigeminal nociceptors (Strassman et al. 1996;
Levy & Strassman, 2002). DMF firing strongly correlates
with capsaicin insensitivity, small soma and intermediate
duration AP with typical shoulder. The functional role
of DMF neurones remains uncertain. A nociceptive role
also for these neurones is not to be excluded, in the light
of several reports on capsaicin-insensitive nociceptors
(Caterina et al. 1999; Nagy & Rang, 1999; Petruska
et al. 2000; Magerl et al. 2001). On the other hand,
low-threshold trigeminal mechanoreceptors with C-type
conduction velocity have been described (Shea & Perl,
1985; Nordin, 1990). The functional significance of the
delay typical of DMF neurones (due to I, currents
preventing the AP response at the beginning of the
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Figure 9. Kinetic properties of /5 and Iprx
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A, inset: /5 current traces obtained as described in Fig. 4, with superimposed the best fit with the relationship:
Ipn = lmax (1 — e /733 (@127 4 (1 — a;) e=¥/72) (in grey). The plot represents the mean 7 ;—voltage relationship
assessed from 4 neurones by applying the fitting procedure described in the inset. The continuous line represents

the fit of the experimental data with the relationship: 4 =Py + P, exp(—((V

— P3)/P4)?), with Py = 0.55 ms,

P, =2.25ms, P3 = —90 mV and P4 = 60 mV. B, plot of the mean inactivation time constants as a function of
voltage, assessed from 4 neurones by applying the fitting procedure described in the inset of A. The continuous

line superimposed to the tj; data is the best fit with the relationship: tj; =Py + P, exp(—((V

— P3)/Pa)?),

with Py =22 ms, P, =20ms, P3 = —-70mV and P4 =42 mV. Inset: plot of the a; parameter versus voltage,
assessed with the fitting procedure described in the inset of A. The continuous line represents the best fit
with the relationship: a; = 1/(1 + exp((V — V1/2)/<)), with V1/2 =10mV and kK =25 mV. C, plot of the mean z,
versus voltage, assessed from 5 neurones with the fitting procedure of the DTX-sensitive current as described
in the inset. The continuous curve represents the best fit of the experimental data with the relationship:
74 =Py 4+ Py exp(—((V — P3)/P4)?), with Py =1.25ms, P, =2.55ms, P3 =—70mV and P4 =30mV. Inset:
current trace family of DTX-sensitive currents obtained as described in Fig. 7A, with superimposed (in grey)
the best fit with the relationship: Iptx = Imax (1 — e~t/73)2 e=t/7i_ D plot of the mean t; versus voltage, assessed
from 5 neurones with the fitting procedure of the DTX-sensitive current as described in C. The continuous curve

represents the best fit of the experimental data with the relationship: j =Py + P exp(—((V

- P3)/P4)2), with

P1 =33 ms, Pz =339 ms, P3 =—-75mV and P4 =22.2mV.
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stimulation) could be to avoid firing following short or
low-intensity stimuli. Their excitability could, however,
be enhanced under inflammatory conditions, that have
been shown to significantly reduce the I, expressed
in rat TG neurones (Harriot et al. 2006; Takeda et al.
2006, 2008). SS neurones differed significantly from the
other two subpopulations in their larger soma size, that
suggests a higher degree of myelination and conduction
velocity compared to MF and DMF neurones (Lazarov,
2002). Most SS neurones were capsaicin insensitive and
showed short AP duration, suggesting sensory functions
other than nociception. However, a small fraction of
these neurones were capsaicin responsive, and may thus
represent nociceptors. Indeed, large-diameter trigeminal
nociceptors (de Felipe & Belmonte, 1999; Ichikawa &
Sugimoto, 2003) as well as nociceptive trigeminal sensory
neurones displaying a strongly adapting response (Levy
& Strassman, 2002; Takeda et al. 2006) have been
described.

Distinct neuronal subpopulations have been previously
identified in adult mouse TG neurones, based on the
presence (type II neurones) or absence (type I neurones)
of the Low Voltage Activated (LVA) Ca** (T-type) current

A g,=60nS, gyry =0
mv

40
0

-40
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(Borgland ef al. 2001). Notable in this context, type II
neurones, besides expressing T-type Ca*" current, also
displayed a relatively small soma size, and insensitivity to
capsaicin, suggesting that they might identify with our
DMF neurones. In accordance with this interpretation, our
unpublished observations indicate the selective expression
of an LVA Ca** current in DMF neurones. MF and SS
neurones, on the other hand, appear to correspond to
type I neurones, having comparable capsaicin
responsiveness and more widely distributed soma
size.

lonic basis underlying the distinct firing pattern
of TG neurones

We then investigated the ionic basis underlying the
peculiar features of the firing of DMF and SS neurones,
namely the delay to the generation of the first AP and the
strong adaptation.

Preferential expression of I, and /Iprx in DMF and SS
neurones, respectively. Several lines of evidence indicate
that a 4-AP- and CP-339,818-sensitive, fast transient I is
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40 { Vi |
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-40
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Figure 10. Modelling the role of /o and Iprx in setting the firing pattern of TG neurones

A, simulated voltage responses to a +60 pA depolarizing current pulse. The model contained an /5 with the
properties experimentally found in this study, plus additional currents described in Methods. The simulation shows
that the model is able to reproduce the delayed firing response typical of DMF neurones, and that reducing the /a
maximal conductance from 60 to 30 nS results in the disappearance of the delay, accompanied by a depolarization
and increase in firing frequency. B, time course of the /5 activity Expressed in terms of open probability (Pa) and the
TTX-R Na*t current activity (Pna) during the same response shown to the left of A. C, simulated voltage responses
to a +200 pA depolarizing current pulse. The model contained the /ptx with the properties experimentally found
in this paper, plus additional currents described in Methods (the same used for the DMF neurone model of A
and B). The simulation shows that the model is capable of reproducing the single-spiking response typical of SS
neurones, and removing the /prx results in a depolarization and appearance of a multiple firing response. D, time
course of the Iprx activity (Pprx) and the TTX-R Na™ current activity (Pna) during the same response shown in C,

left.
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preferentially expressed in DMF neurones. First, under
near-physiological conditions an outward current with
the biophysical and pharmacological properties of the I,
(i.e. fast inactivation, low activation voltage threshold,
4-AP sensitivity) is expressed in all DMF neurones,
while it is only rarely found in the other two neuronal
subpopulations. Second, under conditions that isolate K*
currents, the I, is selectively found in a subpopulation of
neurones characterized by a cell body size and capsaicin
sensitivity similar to that found for DMF neurones.
Similarly, several lines of evidence indicate that Iprx
is preferentially expressed in SS neurones. First, under
near-physiological conditions an outward current with
kinetic and steady-state activation properties compatible
with the presence of Iprx is only found in SS neurones.
Second, under conditions that isolate K™ currents,
high densities of Iprx were selectively found in a
subpopulation of neurones with cell body sizes selectively
possessed by SS neurones. The findings discussed
below support the conclusion that I, participates in
the generation of the delay to the first AP that
characterizes DMF neurones, whereas Iprx appears to be
determinant for the strong firing adaptation typical of SS
neurones.

The ionic basis of the delay in DMF neurones. Three
major lines of evidence indicate that the I, is mainly
responsible for the characteristic delay preceding the first
AP typical of DMF neurones. First, all DMF neurones
express a considerable amount of this current. Second,
blocking I, even partially with 4-AP or CP-339,818 greatly
shortened this delay (see Fig. 6). Third, a mathematical
model of DMF neurones indicates that the I, found
in these neurones has properties congruent with the
generation of the delay. The model also provides a detailed
picture of the mechanism underlying this response:
at the resting membrane potential of DMF neurones
(~—54mV), a significant fraction of I, is available
for activation, and a portion is already activated due
to the significant overlap between its activation and
inactivation voltage relationships (window current; see
Fig. 4). Following a depolarizing current step, this current
would counteract the ensuing membrane depolarization,
delaying the attainment of the voltage threshold for AP
generation. At the more depolarized membrane potential
established during the delay, the I, undergoes a slow
inactivation, thus allowing the membrane potential to
reach the firing threshold. We finally mention that fast
transient Kv currents with biophysical properties similar
to those we found in TG neurones have been shown to
generate such a delay in many neuronal preparations,
including the functionally similar dorsal root ganglion
neurones (Kanold & Manis, 1999, 2005; Shibata et al. 2000;
Vydyanathan et al. 2005). However, our finding of a small
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fraction of MF neurones expressing I, suggests that by
itself this current may not be sufficient to cause a delayed
firing response.

Currents with kinetic and steady-state activation and
inactivation properties resembling those we found for
I, have been previously reported in a number of DRG
and TG neuronal preparations. Of the six voltage-gated
K* currents found in adult rat DRG neurones (Gold
et al. 1996), our I, has properties similar to the
so-called I 5, with respect to both kinetics and steady-state
activation and inactivation voltage range (Gold et al.
1996; Winkelman et al. 2005). A similar fast-inactivating
K* current has also been previously described in
subpopulations of rat and mouse TG neurones (Viana
et al. 2002; Liu & Simon, 2003). Interestingly, in
both TG and DRG neurones of the rat a prominent
I, has been found in capsaicin-sensitive neurones
(Gold et al. 1996; Liu & Simon, 2003), a result that
contrasts with our finding of a selective expression
of this current in capsaicin-unresponsive mouse TG
neurones. The different findings are probably due to
species differences (mouse versus rat). These results
are in line with recent studies showing biochemical
and functional differences between mouse and rat
sensory neurones (Woodbury et al. 2004; Price & Flores,
2007).

Fast-inactivating, A-type currents can be potentially
produced by members of the Shaker (Kv1.4), Shaw (Kv3.3
and Kv3.4) and Shal (Kv4.1, 4.2, and 4.3) subfamilies of
Kv channels. Association of Kvl channels with certain
B subunits can also originate fast-inactivating currents
(Stephens et al. 1996). The finding that our I, is not
appreciably inhibited by DTX-], selective blocker of Kv1.1,
Kv1.2 and Kv1.6 channels, by TEA, known to fully block
Kv3 subunits (Coetzee et al. 1999; Pérez-Garcia et al. 2004),
and by HpTx, a Kv4 channel-selective toxin (Sanguinetti
et al. 1997), suggests Kvl.4 channels as a possible
molecular counterpart of this current. Accordingly, we
found that CP-339,818, known to selectively block Kv1.4
over the other transient Kt channels (Nguyen et al. 1996),
effectively blocks the I,. Recovery from inactivation,
another important feature to distinguish A-type currents
produced by Kv1.4 (recovery rate, T & 2—4 s) from the Kv4
(recovery rate, T~ 100 ms; Coetzee et al. 1999), would
lead to a different conclusion. The finding that most
of the I, recovers from inactivation with fast kinetics
(=41 ms; see Fig.4) would in fact exclude that I, is
sustained by homomeric Kv1.4 channels, although it needs
to be considered that the large number of pore-forming
and accessory subunits that can concur in making up
Kv channels may markedly change the biophysical and
pharmacological properties of native Kv currents (Song,
2002). Further work is needed to identify conclusively
the molecular nature of the Iy expressed in mouse TG
neurones.
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The ionic basis of the strong firing adaptation in SS
neurones. Our data further show that the single-spiking
response typical of SS neurones is mainly due to the
expression of a DTX-sensitive, low-threshold K™ current.
This current was indeed found to be selectively expressed
in a subpopulation of TG neurones characterized by
a large soma size, as is the case for SS neurones. In
addition, both DTX and 4-AP, blockers of I'nrx, were able
to transform the single-spiking response of SS neurones
in multiple firing. Finally, the modelling of SS neurones
indicates that the low-threshold activation of I pryx is able to
prevent the multiple firing response. Similarly to what we
found in TG neurones, DTX-sensitive currents prevent
multiple firing responses in a number of neuronal
preparations (Mo et al. 2002; Doodson et al. 2002;
Glazebrook et al. 2002; Barnes-Davies et al. 2004). This
current is indeed well suited for this role, given its
particularly low voltage threshold for activation and its
sustained nature at relatively low membrane potentials.
Our mathematical model indicates that, following a
depolarizing current pulse, the neurone can fire an
AP, provided that the time elapsed has not been
sufficiently long to fully activate Iprx. The generation
of subsequent APs will instead be prevented by the
strong repolarizing force provided by the now active
Iprx.

As for the molecular counterpart of the Ipry, a strong
indication comes from the finding that this current
is effectively inhibited by DTX-I, a selective inhibitor
of three members of the Kvl subfamily, Kvl.1, Kvl1.2
and Kvl.6 channels (Robertson et al. 1996). Our data
also show that Iprx is fully non-inactivating only for
relatively low membrane potentials. Although Kvl.1,
Kv1.2 and Kvl1.6 currents are all fully non-inactivating
at any voltage, a strongly voltage-dependent inactivation
similar to that found for Iprx can be obtained when
these channel subunits are co-expressed with certain
B subunits, such as Kvpl (Stephens et al. 1996).
It is thus possible that large-diameter TG neurones
express one or more of these auxiliary subunits. In
accordance with our data, immunohistochemical studies
in both rat DRG and TG neurones indicate that
Kvl.l and Kv1.2 channels are preferentially expressed
in medium-to-large-diameter sensory neurones (Rasband
et al. 2001; Ichikawa & Sugimoto, 2003). Likewise several
electrophysiological studies in mouse and rat DRG
neurones have found low-threshold DTX-sensitive
currents selectively expressed in large neurones
(Pearce & Duchen, 1994; Matteson & Blaustein,
1997; Everill et al 1998). DTX-sensitive currents
with a more depolarized activation threshold have,
however, been reported in small-diameter rat TG and
DRG neurones (Beekwilder et al. 2003; Yoshida &
Matsumoto, 2005; Gruss et al. 2006; Chi & Nicol,
2007).
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Conclusion

In this electrophysiological study on adult mouse TG
neurones, we have established a strong correlation between
three neuronal subpopulations defined in terms of their
firing pattern and several cell properties such as capsaicin
sensitivity, AP shape and duration that together with
cell size may help assign putative functional roles to
the TG neurone subtypes. We have further shown that
certain firing properties, namely the delay typical of DMF
neurones and the strong adaptation of the SS neurones,
are mainly determined by the differential expression
of low-threshold voltage-gated K currents: the I,
and the dendrotoxin-sensitive current, respectively. The
present study, carried out on adult mouse TG
neurones, gains further relevance as it represents the back-
ground for investigations in transgenic mice aimed at
understanding the pathophysiological role of trigeminal
sensory encoding. Particularly interesting in this respect is
the investigation of possible alterations of TG neurone
function in knockin mice carrying familial hemiplegic
migraine mutations (van den Maagdenberg et al. 2004),
given the key role played by activation of trigeminal
meningeal nociceptors in initiation of migraine pain
(Pietrobon & Striessnig, 2003).
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