
Neurobiology of Disease

Role of the Excitability Brake Potassium Current IKD in Cold
Allodynia Induced by Chronic Peripheral Nerve Injury
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Cold allodynia is a common symptom of neuropathic and inflammatory pain following peripheral nerve injury. The mechanisms under-
lying this disabling sensory alteration are not entirely understood. In primary somatosensory neurons, cold sensitivity is mainly deter-
mined by a functional counterbalance between cold-activated TRPM8 channels and Shaker-like Kv1.1–1.2 channels underlying the
excitability brake current IKD. Here we studied the role of IKD in damage-triggered painful hypersensitivity to innocuous cold. We found
that cold allodynia induced by chronic constriction injury (CCI) of the sciatic nerve in mice, was related to both an increase in the
proportion of cold-sensitive neurons (CSNs) in DRGs contributing to the sciatic nerve, and a decrease in their cold temperature threshold.
IKD density was reduced in high-threshold CSNs from CCI mice compared with sham animals, with no differences in cold-induced
TRPM8-dependent current density. The electrophysiological properties and neurochemical profile of CSNs revealed an increase of
nociceptive-like phenotype among neurons from CCI animals compared with sham mice. These results were validated using a mathe-
matical model of CSNs, including IKD and TRPM8, showing that a reduction in IKD current density shifts the thermal threshold to higher
temperatures and that the reduction of this current induces cold sensitivity in former cold-insensitive neurons expressing low levels of
TRPM8-like current. Together, our results suggest that cold allodynia is largely due to a functional downregulation of IKD in both
high-threshold CSNs and in a subpopulation of polymodal nociceptors expressing TRPM8, providing a general molecular and neural
mechanism for this sensory alteration.
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Introduction
Painful hypersensitivity to innocuous cold, or cold allodynia, is a
prevalent symptom of neuropathic and inflammatory pain in-

duced by peripheral nerve damage. Despite major advances in
our understanding of the mechanisms underlying the diverse
forms of cold-induced pain in response to axonal damage, in-
cluding cold allodynia, the molecular and neural bases of this
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Significance Statement

This paper unveils the critical role of the brake potassium current IKD in damage-triggered cold allodynia. Using a well-known
form of nerve injury and combining behavioral analysis, calcium imaging, patch clamping, and pharmacological tools, validated
by mathematical modeling, we determined that the functional expression of IKD is reduced in sensory neurons in response to
peripheral nerve damage. This downregulation not only enhances cold sensitivity of high-threshold cold thermoreceptors signal-
ing cold discomfort, but it also transforms a subpopulation of polymodal nociceptors signaling pain into neurons activated by
mild temperature drops. Our results suggest that cold allodynia is linked to a reduction of IKD in both high-threshold cold
thermoreceptors and nociceptors expressing TRPM8, providing a general model for this form of cold-induced pain.
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invalidating sensory alteration have not been entirely elucidated
(Yin et al., 2015). In trigeminal and DRG neurons, the concerted
operation of several transduction and voltage-gated ion channels
shape their net excitability in response to temperature changes
(Vriens et al., 2014; González et al., 2015). In low- and high-
threshold cold thermoreceptors, cold sensitivity is largely depen-
dent on the counterbalance between the functional expression of
TRPM8 channels, the main molecular entity responsible for the
cold-activated excitatory current (Icold) (McKemy et al., 2002;
Peier et al., 2002; Latorre et al., 2011; McCoy et al., 2011; Almaraz
et al., 2014; Madrid and Pertusa, 2014) and Shaker-like Kv1.1 and
Kv1.2 channels, the molecular counterpart underlying the inhib-
itory potassium current IKD (Viana et al., 2002; Madrid et al.,
2009; McKemy, 2013; González et al., 2015). In these cold-
sensitive neurons (CSNs), IKD current works as an excitability
brake, contributing to set their thermal threshold under physio-
logical conditions (Viana et al., 2002; Madrid et al., 2009). This
fast-activating slow-inactivating voltage-dependent K� current
dampens the effect of the cold-induced depolarizing TRPM8-
dependent current, shifting the temperature threshold of the
neuron to higher values (i.e., lower temperatures) and reducing
the net response of CSNs to temperature drops. IKD exerts its
action at membrane potentials subthreshold to the action poten-
tial firing (Storm, 1988; Viana et al., 2002), reducing the excit-
ability of the neuron and preventing an unspecific activation by
temperature reductions of normally cold-insensitive neurons of
other somatosensory modalities (Viana et al., 2002; Belmonte et
al., 2009; Madrid et al., 2009).

Changes in the functional expression pattern of voltage-gated
K� channels in response to axonal damage in murine models
have been reported (Rasband et al., 2001; Kim et al., 2002; Yang et
al., 2004; Cao et al., 2010; Duan et al., 2012; Zhao et al., 2013; Fan
et al., 2014; Calvo et al., 2016; Wang et al., 2016). Nevertheless,
despite the relevance of IKD current in cold sensitivity, the possi-
bility that axonal damage may induce a modification of the func-
tional expression of this current, thereby inducing exacerbated
responses to innocuous cold in CSNs, and the appearance of
mild-cold sensitivity in nociceptors in response to chronic nerve
injury still has not been explored, and its relative contribution to
this sensory alteration is still unknown.

Here we show that cold allodynia in response to peripheral nerve
damage by chronic constriction is linked to a reduction in the IKD

current in both high-threshold CSNs and in a subpopulation of no-
ciceptive neurons. These nociceptors, which are normally insensitive
to moderate cooling, became sensitive to mild cold temperatures by
the functional reduction of IKD. Although no major differences in
TRPM8-dependent currents were found, TRPM8 channels appear
to be critical to cold sensitivity of CSNs from both control and in-
jured animals because the specific TRPM8 blocker 1-phenylethyl-4-
(benzyloxy)-3-methoxybenzyl(2-aminoethyl) carbamate (PBMC)
suppressed cold-induced responses in both groups of neurons. Con-
sistent with these results, our mathematical model of CSNs shows
that a reduction in IKD density, as the one observed in injured mice,
shifts the thermal threshold to higher temperatures in neurons
where the cold-induced excitatory current depends on TRPM8-like
channels. Simulations using this model support the idea that this
brake potassium current is a critical factor to determine the broad
thermal threshold of CSNs. Moreover, in this model, the reduction
of IKD induces cold sensitivity in former cold-insensitive (nocicep-
tive) neurons expressing low levels of TRPM8-like current. Thus,
our results suggest that the transformation of high-threshold CSNs
and nociceptors into neurons sensitive to innocuous and mild cold
respectively, due to a reduction of IKD density induced by chronic

constriction injury in TRPM8-positive neurons, would be part of the
main neural and molecular mechanisms that underpin painful hy-
persensitivity to cold induced by this form of chronic nerve damage.

Materials and Methods
Animals. This study was performed using male young adult (P21-P40)
BALBC mice. Animals were housed maximum four per cage in a 12 h
light/dark cycle with food and water ad libitum and killed with CO2. All
experiments were conducted according to bioethical guidelines of the
Comisión Nacional de Investigación Científica y Tecnológica de Chile
(CONICYT) (reference number 018/241) and have been approved by
the Bioethical Committee of the University of Santiago de Chile (refer-
ence number 927/76).

Model of cold allodynia induced by axonal damage. We used peripheral
axonal injury by chronic constriction of the sciatic nerve as a model of
nerve damage manifesting cold allodynia in mice hindpaw (Bennett and
Xie, 1988). In brief, under ketamine and xylazine anesthesia, the right
sciatic nerve was exposed after an incision to the skin and the separation
of the heads of the biceps femoris muscle. At 5 mm (proximal) of the
peroneal-tibial bifurcation, two loose silk ligatures with 8-0 chromic gut
separated by 3 mm were tied around the exposed nerve, until an �80% of
its original diameter, and the incision was closed. For sham controls, the
sciatic nerve was exposed but not ligated.

Acetone evaporative cooling assay. Cold sensitivity was assessed with the
acetone evaporation assay. The sample size was calculated using a power
of 80% and an error (�) of 0.05%; assuming a change of three times in
nociceptive score, and an estimated SD of 0.4 and 0.6 in sham and CCI
group, the sample size was 6 animals per group. Mice were habituated to
the behavior room for a minimum of 3 h before testing and to the exper-
imental chambers for at least 20 min before testing. Experiments were
performed during the light period. The same investigators performed the
scoring in all of the behavioral tests, which were performed blind with
regard to the type of operation. For acetone-evoked evaporative cooling,
mice were placed in round plastic chambers on a metal mesh platform. A
drop (�20 �l) of acetone was applied to the plantar surface of the hind-
paws, and the number of the following nocifensive events were moni-
tored over the following 60 s and an arbitrary score was assigned to the
behavior: 0 indicated no response, 0.5 licking response, 1 flinching and
brushing of the hindpaw, 2 strong flinching, and 3 strong flinching,
licking, and paw guarding. Nocifensive responses were observed during
the first minute after acetone application and measurements were re-
peated 3 times with a 10 min interval to obtain a mean value. The events
for the contralateral paw measured under the same conditions were sub-
tracted from the ipsilateral one to give the final net acetone score. A value
of 0 indicates no difference between cold-evoked sensations of the ipsi-
lateral and contralateral hindpaws, whereas a positive value indicates
cold allodynia. Solutions, either drug or vehicle (saline solution) was
injected into the plantar surface of the hindpaw, in a volume of 5 �l using
a 30 gauge needle coupled to a Hamilton syringe. For the experiments
using 4-aminopyridine (4-AP), acetone test was performed 10 min after
injection of the drug or vehicle.

Cell culture. Pairs of sham and CCI mice were killed by CO2 inhalation.
Following decapitation, the L3-L5 DRGs ipsilateral to the nerve injury
were removed and incubated in an enzymatic mixture, including colla-
genase Type XI (650 UI/ml; C7657, Sigma-Aldrich) and dispase (5 UI/
ml; 17105-041 GIBCO, Thermo Fisher Scientific), in INC-mix solution
(in mM as follows: 155 NaCl, 1.5 K2HPO4, 10 HEPES, 5 glucose, pH 7.4),
during 40 min at 37°C. Sensory ganglia were mechanically dissociated
using a polished Pasteur pipette and neurons were plated on poly-L-
lysine-coated 6 mm #0 glass coverslips (Menzel-Gläser), maintained in
MEM (Earle’s salts, 111095080, GIBCO, Thermo Fisher Scientific) sup-
plemented with MEM-vit (11120052, GIBCO, Thermo Fisher Scientific,
10% FBS (SH30910.03, Hyclone, GE Healthcare), 200 �g/ml streptomy-
cin, 125 �g/ml penicillin (15140-122, GIBCO, Thermo Fisher Scientific),
and used 6 –12 h after plating for [Ca 2�]i imaging experiments and
electrophysiological recordings. Calcium imaging and patch-clamp ex-
periments were performed in both conditions (sham and CCI), 7 d after
surgery.
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Heterologous expression of TRPM8. HEK-293 cells (CRL-1573, RRID:
CVCL_0045) stably expressing mTRPM8 (HEK-293-TRPM8-myc cells)
were used to evaluate the blocking effect of PBMC (Pfizer) on TRPM8
channels. HEK-293-TRPM8-myc cells were cultured in DMEM contain-
ing 10% of FBS and antibiotics. Cells were trypsinized and replated on
poly-L-lysine-coated 6 mm #0 glass coverslips (Menzel-Gläser) 24 h be-
fore calcium imaging and patch-clamp experiments.

Ca2� imaging. For ratiometric calcium imaging experiments, DRG
neurons and HEK-293-TRPM8-myc cells were incubated with 5 �M

fura-2 AM (F1221, Thermo Fisher Scientific) dissolved in standard ex-
tracellular solution supplemented with 0.02% Pluronic (P6867, Thermo
Fisher Scientific) for 50 min at 37°C in darkness. Fluorescence measure-
ments were made with an inverted Nikon Ti microscope fitted with a
12-bit cooled ORCA C8484-03G02 CCD camera (Hamamatsu). Fura-2
was excited at 340 and 380 nm at 0.5 Hz with a Polychrome V monochro-
mator (Till Photonics), with exposure time no longer than 40 ms, and the
emitted fluorescence was filtered with a 510 nm long-pass filter. Cali-
brated ratios were displayed online with HCImage version 2 software
(Hamamatsu). Bath temperature (see below for details) was sampled
simultaneously using a BAT-12 microprobe thermometer (Physitemp
Instruments) connected to an IT-18 T-thermocouple, using Clampex 10
software (Molecular Devices), and digitized with an Axon Digidata
1440A AD converter (Molecular Devices).

Threshold temperature values for [Ca 2�]i elevation were estimated as
described by Madrid et al. (2009), by linearly interpolating the tempera-
ture at the midpoint between the last baseline point and the first point at
which a rise in [Ca 2�]i deviated by at least 4 times the SD of the baseline.
Intracellular [Ca 2�] increases observed in cultured CSNs are mainly due
to Ca 2� entry through voltage-gated Ca 2� channels, which are activated
during action potential firing. As have been previously shown, there is a
tight correlation between threshold temperature detected on the [Ca 2�]i

signal and the threshold of action potential firing detected in the cell-
attached mode (Viana et al., 2002; Madrid et al., 2006; González et al.,
2015). This noninvasive method allowed us to determine the thermal
threshold of several CSNs simultaneously. To quantify the percentage of
CSNs in both sets of mice, a solution containing elevated K� (30 mM

KCl) was perfused at the end of the protocol to determine the viability of
the neurons in the entire field; usually between 60% and 70% of the
neurons respond to this stimulus. Only cells showing a [Ca 2�]i increase
in response to a 30 mM elevation in extracellular K� were included in the
analysis.

Electrophysiology. Whole-cell voltage- or current-clamp recordings
were performed simultaneously with temperature recordings. The extra-
cellular standard solution for both sensory neurons and HEK-293 cells
contained the following (in mM): 140 NaCl, 3 KCl, 1.3 MgCl2, 2.4 CaCl2,
10 HEPES, 10 glucose (298 mOsm/kg, pH 7.4, adjusted with NaOH).
Standard patch-clamp pipettes (4 –5 M� resistance) were made with
GC150F-7.5 glass capillaries (Harvard Apparatus) and filled with intra-
cellular solution containing the following (in mM): 105 K gluconate, 35
KCl, 8.8 NaCl, 10 HEPES, 0.5 EGTA, 4 MgATP, 0.4 NaGTP (300 mOsm/
kg, pH 7.4, adjusted with KOH) (sensory neurons) and 140 CsCl, 0.6
MgCl2, 1 EGTA, and 10 HEPES, pH 7.4, adjusted with CsOH (276
mOsm/kg) (HEK-293 cells) (data not shown). Current and voltage sig-
nals were recorded using an Axopatch 200B (Molecular Devices). Stim-
ulus delivery and data acquisition were performed using pClamp 10
software (Molecular Devices). Before electrophysiological recordings,
the temperature threshold in response to cold stimuli was determined
using calcium imaging.

Temperature stimulation. Coverslip pieces with plated cells were placed
in a microchamber and were continuously perfused (�1 ml/min) with
solutions warmed at �34°C. The temperature was adjusted with a home-
made water-cooled computer-controlled Peltier device, with the outlet
close to the imaging field and controlled by a feedback device. Cold
sensitivity was investigated with �40 s duration ramp-like temperature
drops to 19°C from basal temperature of 34°C, applied in control solu-
tion and in the presence of different compounds.

Experimental protocols. The first step in the protocol was determining
the temperature response threshold to cold using the elevation in
[Ca 2�]i. Thereafter, 100 �M 4-AP or 500 nM �-DTx was applied extra-

cellularly, and the neurons were stimulated again with a cold ramp in the
presence of the drug. Stimuli of 100 �M menthol and 100 �M menthol
plus cold (agonists of TRPM8), 100 �M allyl isothiocyanate (AITC; ago-
nist of TRPA1), and 200 nM capsaicin (agonist of TRPV1) were also used,
to determine the expression of these thermo-TRP channels in CSNs. The
ability to respond to these stimuli was correlated with the thermal thresh-
old and the active and passive membrane properties (see below), to de-
termine whether these neurons correspond functionally to canonical
low- or high-threshold CSNs or to polymodal nociceptors.

For electrophysiological experiments, neurons were approached with
a patch pipette and after attaining the seal and the whole-cell configura-
tion they were recorded under current or voltage clamp. In current-
clamp mode, neurons were held at �60 mV, and a series of negative and
positive current steps of 500 ms duration (�i � 10 –100 pA depending on
input resistance) were delivered at a rate of 0.1 Hz to the cell to determine
resting membrane potential, input resistance, rheobase, spike duration,
inward rectification index, and firing pattern. Under voltage clamp, neu-
rons were initially held at �50 mV. A 500 ms hyperpolarizing pulse to
�120 mV was used to remove the inactivation of IKD (Viana et al., 2002;
Madrid et al., 2009) and to estimate Ih (Orio et al., 2009, 2012). The slow
outward current, measured 1 s after the return to �40 mV, was taken as
IKD (Madrid et al., 2009). Thereafter, cells were held at �60 mV and
cooled from 34 � 1°C to �20°C. The difference between holding current
at both temperatures was considered as the cold-sensitive current (Icold).
Maximal TRPM8-dependent current was taken as the inward current
enhanced by 100 �M menthol at 20°C (Icold�menthol), as in Madrid et al.
(2009).

To characterize IKD in DRG neurons in more detail, we used standard
activation and inactivation pulse protocols combined with pharmaco-
logical manipulation as previously described by Madrid et al. (2009). In
brief, the current–voltage (I–V) relationship for the total K� current was
determined from a series of depolarizing voltage steps (1.5 s duration)
between �80 and 60 mV, in 20 mV increments, delivered at a rate of 0.1
Hz, in the presence of 0.5 �M tetrodotoxin citrate (TTx). Pulses were
delivered from a holding potential of �50 mV following a prepulse of 500
ms to �120 mV. This protocol was repeated in the presence of 100 �M

4-AP. The inactivation protocol consisted of a fixed pulse to 0 mV (1.4 s)
preceded by a variable prepulse (0.5 s duration) between �120 and �10
mV, in 10 mV increments, delivered at a rate of 0.1 Hz.

Electrophysiological data analysis. The 4-AP-sensitive current (IKD) was
obtained by digital subtraction of the records at the same membrane
potentials before and after application of the blocker at 100 �M.
Conductance-voltage (G–V) curves were constructed from the I–V
curves of individual neurons by dividing the evoked current by the driv-
ing force, according to Equation 1 as follows:

G � I/	Vm � Vrev
 (1)

where Vm is the testing membrane potential and Vrev is the theoretical
reversal potential of the current determined from the Nernst equation for
K� ions.

Steady-state activation and inactivation data were fitted with a Boltz-
mann function as follows:

G � Gmax/	1 � exp�	V1/ 2 � V
�/s
 (2)

where G is the whole-cell conductance, Gmax is the fitted maximal con-
ductance, V1/2 is the potential for half-maximal activation, and s is the
slope factor. Data were then normalized to Gmax.

Data are reported as mean � SEM. Statistical significance ( p 
 0.05)
was assessed by Student’s t test or two-way ANOVA test for normally
distributed data; Fisher’s ( F) test was used to compare populations.

Mathematical model. We have used the model of a CSN, including
TRPM8 recently described (Olivares and Orio, 2015; Olivares et al.,
2015). After the addition of IKD, the equation for the membrane potential
is as follows:

Cm

dV

dt
� �Isd � Isr � Id � Ir � IM8 � IKD � Il � Iwn (3)
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where Cm is the membrane capacitance, Isd and Isr are the slow depolar-
izing and repolarizing currents, respectively, that create an intrinsic os-
cillation of membrane potential. Id and Ir are Hodgkin and Huxley-type
depolarizing and repolarizing currents for action potential firing, IM8 is
the cold-activated current depending on TRPM8, Il is an ohmic leakage
current, and Iwn is a noise term (Olivares et al., 2015). The brake potas-
sium current IKD is described by the following equation:

IKD � �	T
 gKDmKDhKD	Vm � EK
 (4)

being �(T) a function of temperature to adjust the conductance
(Q10 � 1.3), and gKD the maximal conductance density of 4-AP-sensitive
channels. mKD and hKD are variables for the fast activation and slow
inactivation, respectively, that depend on voltage according to Equation
2, with values for s and V1/2 close to those reported in Figure 5B. Vm is the
membrane potential, and EK is the reversal potential for potassium cur-
rents set to �90 mV. Activation time course of the conductance follows
the differential equation as follows:

dm

dt
� �	T


m�	V
 � m

	m	V

(5)

where �(T ) is a function of temperature to adjust the channel kinetics
(Q10 � 3) and m�( V) and 	m( V) are functions of voltage for the steady-
state activation level and the relaxation time constant, respectively. This
approach was also used to model the slow inactivation kinetics of the
4-AP-sensitive potassium current of primary somatosensory neurons.
m �(V ) and h �(V ) were described by the function (m, h) � � 1/(1 �
exp((V1/2 � V )/s)), with V1/2 � �12 mV, s � 12 mV for activation (m)
and V1/2 � �68 mV, s � �10 for inactivation (h). Values for 	 at differ-
ent potentials were obtained using symmetric bell-shaped functions of
voltage, namely, 	(m, h) � a � (b � (ek(v�c)/(1 � e 2k (v�c )))), where k �
0.12 and v is the membrane voltage, with a � 7 ms, b � 105, c � 12 mV
for 	m, and a � 5250 ms, b � 78750, c � 68 mV for 	h.

Values for the free parameters are detailed in Table 3. The rest of the
equations and parameters of the model are as in (Olivares et al., 2015),
with the sole exception that we used 	r � 2 ms. The model was imple-
mented in Neuron simulation environment (RRID: SCR_005393) con-
trolled with Python scripts (RRID: SCR_008394) (Hines and Carnevale,
1997; Hines et al., 2009). Analysis of the simulations was performed in
Python with the libraries Numpy (RRID: SCR_008633), Scipy (RRID:
SCR_008058), and Matplotlib (RRID: SCR_008624).

Reagents and drugs. L-Menthol (266523), 4-AP (A78403), AITC
(377430), and capsaicin (M2028) were purchased from Sigma-Aldrich.
�-Dendrotoxin (�-DTx) and TTx were purchased from Alomone Labs.
PBMC was provided by Pfizer through its Compound Transfer Program
(to R.M.).

Results
Nocifensive behavior of injured mice in response to
innocuous cold stimulation is associated with an increase in
cold sensitivity in primary sensory neurons
Nocifensive responses to innocuous cold stimulation by acetone
evaporation in CCI animals appear 1 d after constrictive nerve
ligation (Fig. 1A); 92% (33 of 36) of the CCI mice showed noci-
ceptive responses to innocuous cold indicative of cold allodynia.
These responses reached a near maximal value by the third day
and remained stable at least 14 d after CCI (Fig. 1A). As it was
shown in a previous study, the pharmacological suppression of
IKD in nerve terminals of intact animal enhances cold-evoked
nocifensive behaviors (Madrid et al., 2009). Seven days after sur-
gery, local injection of the IKD blocker 4-AP into the hindpaw in
sham mice produced a significantly large acute nocifensive re-
sponse to acetone evaporation, compared with preinjection of
vehicle (Fig. 1B). In contrast, in CCI animals, acetone evapora-
tion evokes large nocifensive responses, which are only slightly
potentiated by IKD blockage (Fig. 1B). The sensitization induced
by 4-AP injected into the hindpaw suggests that a reduction of
IKD in intact animals can induce cold-evoked nocifensive behav-
iors, similar to those observed in response to cold in mice with
chronically injured nerves. Because CCI mice also appear to be
less sensitive to IKD blockage by 4-AP, we hypothesize that the
functional expression of the molecular target of this blocker
could be reduced in injured animals.

CCI induces both an increase in the population size of CSNs
and a shift of their cold threshold to higher temperatures
To compare cold sensitivity of primary sensory neurons from
CCI and sham mice, we used intracellular Ca 2� imaging in dis-

Figure 1. Nocifensive behavior of sham and injured mice in response to innocuous cold stimulation. A, Time course of the cold-evoked nocifensive behavior assessed by acetone response net score
in mice, evaluated at 0 (basal), 1, 3, 7, and 14 d after injury (see Materials and Methods). Red line and red dots represent CCI animals. Black line and dots represent sham operated mice; n � 6 for
each group. B, Bar graph of the nocifensive behavior after application of acetone to the plantar surface of the hindpaw in sham and CCI animals, before and after pharmacological suppression of IKD

by intraplantar injection of 10 mM 4-AP (n � 6). A, B, Intergroup analyses of nociceptive behavior net scores were performed by means of two-way ANOVA followed by the Bonferroni post hoc
multiple-comparisons test: **p 
 0.01; ***p 
 0.001. B, Intragroup analyses were assessed by means of paired t test: ##p 
 0.01; ###p 
 0.001.
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sociated L3-L5 DRG neurons during rapid temperature reduc-
tions. Similar to our findings in trigeminal ganglion neurons
(Madrid et al., 2009), cold sensitivity varies among individual
DRG neurons. Figure 2A shows a representative response to cold
stimulation of a CSN from a control mouse. In Figure 2B, we
represent the cumulative population of CSNs activated by lower-
ing temperature. At a temperature recruiting 50% of the CSNs in
sham-operated animals, nearly 75% are recruited following in-
jury. We found that the mean cold threshold of CSNs from the
sham group was 27.9 � 0.3°C (n � 135) (ranging from 20.0°C to
34.7°C), whereas the mean temperature threshold of cold re-
sponses of CSNs from injured animals was 29.9 � 0.3°C (n �
140) (ranging from 22.0°C to 35.1°C) (p 
 0.001, unpaired
t test), an average shift of 2.0°C to higher temperatures in the
injured animals compared with the sham group (Fig. 2C). The
amplitude of cold-evoked responses was also augmented in 15%,
with a mean value of 227 � 12 nM (n � 135) in control neurons
and 261 � 12 nM (n � 140) in CSNs from CCI animals (p �
0.040, t test) (Fig. 2D). Because [Ca 2�]i rises in response to cold

are mainly due to the activation of voltage-gated Ca 2� channels
during repetitive action potential firing in CSNs (Viana et al.,
2002; Madrid et al., 2006; González et al., 2015), this increment is
consistent with an increase in the maximal firing frequency in
response to cold in CSNs from CCI mice compared with sham
animals. In Figure 2E, we show the analysis of the sensitivity of the
entire population of primary sensory neurons studied by calcium
imaging. We found an increase in the percentage of CSNs in the
CCI group compared with sham animals (8.6%, n � 135 of 1571
control DRG neurons, vs 11.9%, n � 140 of 1174 CCI neurons;
p � 0.005, F test) (Fig. 2E, top, pie charts).

CSNs present a wide range of temperature sensitivities both in
vivo and in vitro and can be operationally classified as low-
threshold and high-threshold CSNs (Thut et al., 2003; Madrid et
al., 2009). We have considered low-threshold CSNs (LT-CSNs)
those neurons with a threshold temperature �26.5°C (Madrid et
al., 2009). In sham animals, LT-CSNs represented 68.9% of the
whole population of cold-sensitive primary sensory neurons
(mean threshold � 29.6 � 0.2°C). The rest of them (31.1%)

Figure 2. Altered cold sensitivity of primary sensory neurons in response to chronic nerve damage. A, Ratiometric [Ca 2�]i response to cooling (middle) in one representative low-threshold CSNs
from a sham animal, recorded simultaneously with the temperature of the bath (bottom). Top, Transmitted (a) and pseudocolor ratiometric [Ca 2�]i images of this neuron, that correspond with b
(control) and c (cold) points in the middle panel; the fluorescence images in b and c correspond with the time points marked in magenta. B, Percentage of active population recruited during a cooling
ramp in CSNs from sham versus CCI mice. C, Dot plot of temperature thresholds exhibited by CSNs from sham (n � 135) and CCI (n � 140) mice. Temperature thresholds were compared using a
two-tailed unpaired Student’s t test: ***p 
 0.001. D, Summary bar plot of the magnitude of the cold-induced responses in CSNs from sham (black bar) and CCI (red bar) animals. Intracellular
calcium increases in CSNs were compared using unpaired Student’s t test: *p � 0.040. All values in this figure that include error bars indicate mean � SEM. E, Pie plots showing the percentage of
the different populations of CSNs in sham and CCI condition. CINs are cold-insensitive neurons. **p � 0.005 (F test). ***p 
 0.001 (F test).
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correspond to the high-threshold CSNs (HT-CSNs), with a mean
temperature threshold of 24.1 � 0.3°C. In CCI animals, 85.7% of
CSNs correspond to low-threshold ones (mean threshold �
30.7 � 1.2°C), whereas the HT-CSNs were less frequent (14.3%;
mean threshold � 24.7 � 0.3°C) (p 
 0.001, F test) (Fig. 2E,
bottom pie charts).

Together, these results suggest that the peripheral mecha-
nisms of painful hypersensitivity to cold in CCI animals include
not only a higher temperature sensitivity of individual primary
sensory neurons, but also an increase in the population size of
CSNs in response to this form of axonal damage.

Reduced IKD is associated with lower temperature thresholds
observed in CSNs from CCI animals
Temperature threshold of cold-sensitive neurons is determined
to a large extent by the outward potassium current IKD, acting as

an excitability brake (Viana et al., 2002; Madrid et al., 2009). We
wondered whether changes in this current contribute to the
altered cold sensitivity observed in injured neurons. Using
intracellular calcium imaging, we studied the effect of the phar-
macological suppression of IKD on cold-evoked responses of
DRG neurons from control and CCI groups. To achieve this, we
evaluated the effect of 100 �M 4-AP and 500 nM �-DTx, two
known and well-characterized IKD blockers in CSNs (Viana et al.,
2002; Madrid et al., 2009) on the temperature threshold of their
cold-induced response. In Figure 3A, D, we show the effect of the
suppression of IKD by 4-AP on the cold-induced calcium rise of a
representative neuron from a sham animal and in a represen-
tative neuron from CCI group, respectively. Temperature
threshold of CSNs from control animals was shifted to higher
temperatures in 83.3% of the cells (20 of 24) in the presence of
4-AP (Fig. 3B,C). We have previously shown that this shift is fully

Figure 3. Effect of the pharmacological suppression of IKD on thermal threshold of CSNs from sham and CCI mice. A, Ratiometric [Ca 2�]i response in a representative CSN from sham group during
two consecutive cooling stimuli in control solution and the presence of 100 �M 4-AP. In this neuron, the cold threshold was shifted to higher temperatures, from 26.6°C to 29.2°C (black arrowheads).
B, Summary of effect of 100 �M 4-AP on temperature threshold of cold-evoked responses in 24 CSNs from sham group. C, Mean values of the temperature threshold of CSNs in sham (black bar),
control � 4-AP (dashed black), CCI (red bar), and CCI in the presence of the inhibitor of IKD. The mean threshold of CCI CSNs was unaffected by the pharmacological suppression of IKD. D, Ratiometric
[Ca 2�]i response in a CSN from CCI group during two consecutive cooling ramps in control solution and in the presence of 100 �M 4-AP. In this neuron, the cold threshold was unaffected by the drug
(31.9°C vs 31.1°C, red arrowheads). E, Summary of the effect of 100 �M 4-AP on temperature threshold of cold-evoked responses in 25 CSNs from CCI mice. F, Mean values of the temperature
threshold of CSNs in control (black bar), control � �-DTx (dashed black bar), CCI (red bar), and CCI in the presence of the inhibitor of IKD (dashed red bar). The mean threshold of CCI CSNs was
unaffected by the suppression of IKD by this toxin. Temperature threshold shifts after treatment with 4-AP (C) or �-DTx (F ) were assessed using paired Student’s t test: ***p 
 0.001 and **p �
0.008, respectively. C, F, Temperature thresholds exhibited by CSNs from sham and CCI mice were compared using a Student’s t test: **p � 0.001; *p � 0.044. All values in this figure that include
error bars indicate mean � SEM.
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reversible (Madrid et al., 2009), suggesting that this effect would
not be related to alterations of the thermal threshold due to re-
petitive cold application (see below). In 1 of 24 CSNs depicted in
Figure 3B, 4-AP shifted the threshold of cold response to a lower
temperature. In control CSNs, mean cold threshold was 27.6 �
0.6°C (n � 24), and in the presence of the inhibitor of the brake
current the mean temperature threshold was shifted to a higher
value (30.0 � 0.5°C; p 
 0.001, paired t test) (Fig. 3C). Interest-
ingly, CSNs from CCI animals were less sensitive to the suppres-
sion of IKD by 4-AP (Fig. 3D,E). Thus, in 25 CSNs from CCI
group studied in the same conditions, the mean control tem-
perature threshold remained practically unaltered after 4-AP
(30.5 � 0.5 vs 29.9 � 0.6°C; p � 0.354, paired t test) (Fig. 3C,E).
In 5 of 25 CSNs, 4-AP shifted the threshold of cold responses to
higher temperatures (�T�1°C), and in six neurons the temper-
ature thresholds were shifted to lower values (�T��1°C). Very
similar results were obtained using �-DTx in a smaller popula-
tion of CSNs from both groups of animals (Fig. 3F).

The pharmacological suppression of IKD using 4-AP (or
�-DTx) not only causes a shift in the thermal threshold to higher
temperatures in CSNs but also induces cold sensitivity in neurons
from other somatosensory modalities expressing high levels of
IKD (Viana et al., 2002; Madrid et al., 2009). In HT-CSNs, this
reversible shift (mean cold threshold � 24.0 � 0.6°C in control
condition vs 27.3 � 0.3°C in 4-AP, p � 0.006, paired t test) is
accompanied by an increase in the firing frequency of the neuron
during the cold-induced response (Fig. 4). Figure 4A, B shows the
effect of 100 �M 4-AP on the thermal threshold and on the action
potential firing frequency of HT-CSNs from sham animals. In a

group of LT-CSNs studied in the same conditions, the thermal
threshold was virtually unaffected by the pharmacological
suppression of IKD (mean threshold � 31.4 � 0.6°C in control
condition vs 30.7 � 0.8°C in 4-AP; data not shown), consistent
with the low expression of the brake current in these neurons.
Figure 4C shows the appearance of cold-induced discharge in
a cold-insensitive neuron in response to IKD blockage by 4-AP,
and the quantification of this firing in nine transformed neu-
rons (Fig. 4D).

Together, these results are consistent with the hypothesis that
the increase in thermal sensitivity of CCI animals depends on a
reduction of the functional expression of a 4-AP- and �-DTx-
sensitive target, such as IKD, in response to axonal damage.

The mean IKD current density is reduced in CSNs from
CCI animals
CSNs from injured animals present a mean temperature thresh-
old of cold responses shifted �2°C to higher temperatures. This
difference is very similar to the temperature shift induced by
pharmacological suppression of IKD at control conditions (see
above). Moreover, a significantly large subgroup of CSNs from
CCI animals appears to be insensitive to 4-AP (and �-DTx), sug-
gesting that the brake IKD current could be diminished in these
cells in response to injury. To explore this possibility, we studied
the biophysical properties of IKD in CSNs in control conditions,
and then we determined the IKD current density in CSNs from
sham and CCI animals at physiologically relevant membrane po-
tentials. Using the whole-cell configuration of the patch-clamp
technique, and conventional activation and inactivation proto-

Figure 4. Reversible shift of thermal threshold induced by pharmacological suppression of IKD in primary sensory neurons. A, Simultaneous recording of membrane potential (top) and bath
temperature (bottom) during three consecutive cooling ramps in a cold-sensitive DRG neuron recorded in current-clamp mode (Ihold � 0 pA). Application of 100 �M 4-AP reversibly shifted the
temperature threshold and enhanced the firing of action potentials during the cooling ramp. B, Left, Response-threshold temperatures of five CSNs during cold applications in control solution, 100
�M 4-AP and after washing. Colors of the symbols represent each neuron studied using this protocol. Right, Bar plot of mean firing frequency during the cold-induced responses measured for the
neurons in B. C, Simultaneous recording of membrane potential (top) and bath temperature (bottom) during three consecutive cooling ramps in a cold-insensitive DRG neuron recorded in
current-clamp mode (Ihold � 0 pA). Note the reversible firing response induced by the pharmacological suppression of IKD by 4-AP during the cooling ramp. D, Left, Response-threshold temperatures
of nine cold-insensitive neurons during cold applications in control solution supplemented with 100 �M 4-AP. Colors of the symbols represent each CIN studied using this protocol. Right, Bar plot of
mean firing frequency during cold ramps measured for the neurons in D. B, D, Temperature threshold and firing frequencies were compared using paired Student’s t test: **p � 0.002 and
*p � 0.022, respectively. All values in this figure that include error bars indicate mean � SEM.
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cols in combination with pharmacological isolation of IKD using
4-AP (see Materials and Methods), we determined the biophysi-
cal properties of IKD in control CSNs. Figure 5A shows an
example of the IKD current obtained by digital subtraction of
whole-cell currents in the presence of 4-AP and in extracellular
control solution. In these neurons, we found that the voltage for
half-maximal activation (V1/2) of IKD averaged �12 � 2 mV, with
a slope factor of 12 � 1 mV (n � 5), while the V1/2 for steady-state
inactivation curve averaged �68 � 4 mV with a slope factor of
�10 � 2 mV (n � 5) (Fig. 5B). IKD current presented a significant
overlap in its activation and inactivation curves, giving rise to a
window current around the resting membrane potential (Fig.
5B). These properties are very similar to those described for IKD in
trigeminal CSNs (Viana et al., 2002; Madrid et al., 2009).

Next, we determined the mean current density of IKD at �40
mV in both groups, a membrane potential subthreshold to the
action potential firing in these neurons, and where the brake
current exerts its functional role. Figure 5C presents recordings of
two representative CSNs from the sham (Fig. 5C, left) and CCI
group (Fig. 5C, right). We found that mean IKD current density is
reduced in CSNs from CCI animals compared with control neu-
rons (3.9 � 0.5 pA/pF, n � 34, vs 2.5 � 0.3 pA/pF, n � 36, in
CSNs from CCI animals; p � 0.003, t test) (Fig. 5D). These results
suggest that a reduction of the IKD current density in injured
animals contributes to the increased cold sensitivity observed in
CSNs after nerve damage, explaining both the shift in thermal
threshold and its lower sensitivity to 4-AP and �-DTx.

Changes in the functional expression of TRPM8 channels are
not necessary for cold allodynia induced by chronic
peripheral nerve injury
TRPM8 channels are the main entity responsible for the excit-
atory current in response to cold in primary somatosensory neu-
rons (for review, see Babes et al., 2011; McCoy et al., 2011;
Almaraz et al., 2014; Madrid and Pertusa, 2014; González et al.,
2015). It has been suggested, with some controversy, that an in-
creased expression of TRPM8 could be linked to developing and
maintaining cold allodynia and hyperalgesia after peripheral
nerve damage (Katsura et al., 2006; Colburn et al., 2007; Freder-
ick et al., 2007; Xing et al., 2007; Namer et al., 2008; Caspani et al.,
2009; Staaf et al., 2009; Knowlton et al., 2010; Su et al., 2011). We
asked whether changes in the functional expression of TRPM8
influences the differences in temperature sensitivity observed
among CSNs from control and CCI mice. A direct determination
of functional TRPM8 channels was obtained using whole-cell
voltage-clamp recording at �60 mV, during stimulation with
cold (Icold) and a combination of cold plus 100 �M menthol
(Icold�menthol), to reach the maximal activation of TRPM8 chan-
nels (Malkia et al., 2007; Madrid et al., 2009), in CSNs from both
groups of mice (Fig. 5E). Notably, we found that ITRPM8 current
density in CSNs from CCI animals was, on average, indistin-
guishable to the one obtained in neurons from sham animals,
even showing a downward trend. Icold and Icold�menthol current
densities were �2.8 � 0.5 and �18.8 � 3.3 pA/pF, respectively,
in control condition (n � 26), versus �2.2 � 0.6 and �13.6 � 3.3

Figure 5. Biophysical properties of IKD and differential expression of IKD and ITRPM8 in CSNs from sham and CCI mice. A, 4-AP-sensitive currents (top), obtained from the digital subtraction of
whole-cell currents in control and 100 �M 4-AP with an activation protocol in a CSN from a sham animal. The voltage protocol is shown at the bottom. Note the slow inactivation at negative
membrane potentials. Dotted line indicates the 0 current level. B, Average activation (orange) and steady-state inactivation (blue) curves obtained from five control CSNs. Note the window current
around the resting membrane potential. C, Whole-cell current in a representative CSNs from sham (left) and CCI (right) mice during a bipolar voltage protocol. The holding potential was �50 mV,
and a hyperpolarizing pulse to�120 mV (see Materials and Methods) was applied before to reach the subthreshold membrane potential of�40 mV to reveal IKD. D, Mean IKD current density in sham
(n � 34) and CCI (n � 36) CSNs: p � 0.003 (t test). E, Simultaneous recording of membrane current (top) and bath temperature (bottom) during a long cooling step (20°C) combined with
application of menthol (100 �M) in a representative CSN from a sham animal. Dotted line indicates the 0 current level. F, Bar plot summarizing the mean Icold and Icold�menthol (ITRPM8) current density
(measured at the pick of both currents) in 26 CSNs from sham and 20 CSNs from CCI animals (Vhold � �50 mV): p � 0.477 and p � 0.267 (t test), respectively. G, Dot plot of IKD and Icold�menthol

current density in sham and CCI CSNs separated into HT- and LT-CSNs. The abscissa represents the thermal threshold, measured using [Ca 2�]i imaging. *p 
 0.05 (t test). **p 
 0.01 (t test). Same
as in C, IKD was measured at �40 mV 1 s after the return from a holding potential of �120 mV, in the presence of 0.5 �M TTx.
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pA/pF, respectively (n � 20), in CSNs from CCI animals (p �
0.477 and 0.267, t test) (Fig. 5F). A comparison of IKD and ITRPM8

(Icold�menthol) in HT- and LT-CSNs is shown in Figure 5G. The
differences in the IKD current density are only significant in
HT-CSNs.

Together, these results show that the IKD current density is
strongly reduced in CSNs from the CCI group compared with
sham mice, with no significant differences in the mean excitatory
current dependent on TRPM8 channels in CSNs from both
groups of animals.

The proportion of cold-insensitive neurons transformed into
CSNs by suppression of IKD is reduced in CCI animals
It has been previously shown that pharmacological suppres-
sion of IKD induces cold sensitivity in a subpopulation of cold-
insensitive primary sensory neurons (Viana et al., 2002) and
peripheral axons (Roza et al., 2006). We reasoned that a re-
duction of the expression of the brake K� current in response
to axonal damage could imply a reduction in the incidence of
this functional phenotype. Thus, the increase in the percent-
age of CSNs in CCI group could be related to a recruitment of
cold-insensitive neurons (CINs) that became cold-sensitive
due to a reduction of the IKD expression. In control condi-
tions, we have found that 100 �M 4-AP induced the recruit-
ment of a subpopulation of CINs that were transformed into

cold-sensitive ones after pharmacological suppression of IKD

(Fig. 6). As in CSNs, the intracellular calcium rise in response
to cold in transformed neurons is the result of the action
potential firing of the neuron, in this case under the suppres-
sion of IKD by 4-AP (Figs. 4 A, C, 6 D, E). In Figure 6A, we show
a representative trace of [Ca 2�]i in a CIN that responded to
cold in the presence of 100 �M 4-AP. The mean amplitude of
cold-induced responses in transformed (recruited) neurons
was 148 � 11 nM versus �7 � 1 nM, measured as the peak of
the response during cold stimulation compared with the re-
sponse before the drug (n � 38) ( p 
 0.001, paired t test) (Fig.
6A, right, inset), with a mean thermal threshold of 24.0 �
0.5°C. In Figure 6B, we show the mean IKD current recorded in
23 recruited neurons, compared with the IKD measured in 21
CSNs recorded under the same conditions. 8.1% (38 of 471) of
CINs from sham animals were transformed into CSNs in the
presence of the IKD blocker (Fig. 6C). Notably, in the CCI
group, the application of 100 �M 4-AP only transformed 2.5%
(3 of 120) of CINs into cold-sensitive ones ( p � 0.042, F test)
(Fig. 6C). In CCI animals, the mean amplitude of cold-
induced responses of the recruited neurons in the presence of
4-AP was 194 � 23 nM, versus �18 � 23 nM previous to the
application of the blocker (n � 3), with a mean cold threshold
of 24.6 � 1.2°C (data not shown). Similar results were ob-
tained using 500 nM �-DTx as the IKD current blocker (data

Figure 6. Thermal modulation of cold-insensitive neurons by suppression of IKD. A, Time course of the [Ca 2�]i in a CIN from a sham animal transformed in CSN in response to the pharmacological
suppression of IKD by 4-AP. Inset, Histogram representing the mean value of the Ca 2� response of the population of recruited neurons from sham mice: ***p 
 0.001 (paired Student’s t test). B, IKD

current density in recruited (n � 23) and CSNs (n � 21), recorded in the same conditions: **p � 0.003 (unpaired Student’s t test). C, Stacked bar graph representing the percentage of CSNs, CINs,
and 4-AP-recruited neurons in sham and CCI conditions. Note the reduction of the population of 4-AP-recruited neurons in response to injury: *p � 0.042 (F test). D, E, Simultaneous recording of
membrane potential (top) and bath temperature (bottom) during two consecutive cooling ramps in two control cold-insensitive DRG neurons recorded under current-clamp (Ihold � 0 pA; Vrest�
�50 and �49 mV, respectively), transformed into cold-sensitive ones by pharmacological suppression of IKD by 4-AP. D, E, Insets, First action potential in both neurons in response to a depolarizing
current pulse at 34°C. Note the hump in the repolarizing phase in the action potential from the nociceptor-like neuron in D and its lower firing frequency compared with the cold thermoreceptor-like
neuron in E.
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not shown). Thus, the population of
CINs transformed into CSNs appears to
be strongly reduced in injured animals,
suggesting that the functional down-
regulation of IKD also affects the thermal
sensitivity of CINs that have the poten-
tial to respond to cold in the absence of
this brake current. These neurons would
become cold-sensitive in injured mice,
contributing to the nociceptive pheno-
type in response to axonal damage.

We have also studied electrophysiologi-
cal properties of recruited neurons in con-
trol animals, to shed light on its neural
phenotype, using whole-cell configuration
of the patch-clamp technique under cur-
rent-clamp condition. Canonical cold-ther-
moreceptor neurons fire short duration
action potentials (�1 ms at the half-
amplitude of the depolarizing phase)
(Reid et al., 2002; Viana et al., 2002; Ma-
drid et al., 2009). Nociceptors, on the
other hand, fire wide action potentials
often with an inflection (or hump) in the
falling phase (�2 ms at the half-amplitude)
(Fang et al., 2005). We asked whether
transformed neurons correspond to ca-
nonical CSNs with very low sensitivity to
cold, or to nociceptors transformed into
CSNs due to a functional reduction of IKD

expression. To clarify this, we first identi-
fied transformed neurons in control animals using calcium im-
aging, and then we determined the passive and active membrane
properties of these cells under current clamp. Two subpopula-
tions were distinguishable in terms of their electrophysiological
properties (Fig. 6D,E; Table 1); 80% (24 of 30) of the trans-
formed neurons (mean cold threshold 22.8 � 0.4°C, n � 24) fired
action potentials with a hump in the repolarizing phase (Fig. 6D,
inset). These neurons would correspond to nociceptive neurons
damped by the functional expression of IKD. The firing frequency
of current-induced action potentials at twice the rheobase in
nociceptor-like cells is nearly half of that observed in cold
thermoreceptor-like neurons (Fig. 6D,E; Table 1). The rest of the
neurons (6 of 30) (Fig. 6E) (mean cold threshold in calcium
imaging 25.4 � 1.4°C, n � 6) fired action potentials with the
shape of canonical cold thermoreceptor neurons (Fig. 6E, inset),
suggesting that these neurons correspond to damped cold ther-
moreceptors expressing high levels of IKD and low levels of cold-
sensitive excitatory current.

Thus, these results are consistent with the idea that IKD is
downregulated in primary sensory neurons from CCI animals,

and suggest that a subpopulation of nociceptive-like CINs trans-
formed into CSNs by reduction of IKD could be participating in
the development of cold allodynia in injured animals.

Nociceptive-like phenotype is more often found in CSNs from
CCI group compared with control neurons
If the change in cold sensitivity observed in allodynic animals
involves not only the participation of cold thermoreceptors with
an exacerbated cold sensitivity (i.e., HT-CSNs transformed in
LT-CSNs signaling cold discomfort), but also recruiting of poly-
modal nociceptors transformed into HT-CSNs due to a reduc-
tion of IKD, this should be reflected in the electrophysiological
properties of CSNs from CCI mice. To explore this possibility, we
studied the passive and active membrane properties of CSNs
from both groups, under current clamp conditions. We found
that 94.1% (32 of 34) CSNs form control animals fire action
potentials of short duration (�1 ms), with the canonical shape
and width of action potentials found in cold-thermoreceptor
neurons (Fig. 7A; Table 2). On the other hand, a subpopulation of
CSNs from CCI animals (29.7%, n � 11 of 37) fire wide action
potentials, with a hump in the repolarizing phase, and a mean

Figure 7. Electrophysiological properties of CSNs from sham and injured mice. A, B, Voltage responses to 500 ms hyperpolar-
izing and depolarizing current (Iext) pulses in two CSNs from injured mice, showing the phenotype of a canonical cold thermore-
ceptor (A) or broad action potentials similar to nociceptive neurons (B). Note the hump in the repolarizing phase and the lower
firing frequency in the nociceptor-like CSN; both characters are often found in CSNs from injured animals. Also note the rebound
firing of the neuron in A (orange trace). Insets, First action potential of neurons in A and B (black and blue arrowheads). C, Plot of
the firing frequency versus depolarizing current in neurons of both phenotypes in sham and CCI mice. Left, Cold thermoreceptor-
like (CT-like) neurons. Black circles represent control CT-like neurons (n � 20). Red circles represent CCI CT-like neurons (n � 7).
Right, Nociceptor-like (N-like) neurons. Black circles represent control N-like neurons (n � 2). Red circles represent CCI N-like
neurons (n � 8).

Table 1. Active and passive membrane properties of recruited neurons from control animalsa

Cold-insensitive
(recruited) neurons

Temperature
threshold (°C)

Temperature
threshold 4-AP (°C)

Resting
potential (mV)

Input
resistance (M�)

Rheobase
current (pA)

AP
duration (ms)

Inward rectification
index (%)

Firing frequency
at 2 � rheobase (Hz)

Cold thermoreceptor-like
(n � 6)

— 25.4 � 1.4 �50.0 � 5.0 308 � 99 130 � 29 0.54 � 0.10 45.2 � 3.8 46 � 7

Nociceptor-like
(n � 24)

— 22.8 � 0.4* �45.4 � 1.4 490 � 54 99 � 24 1.39 � 0.07*** 43.0 � 2.5 27 � 4**

aTemperature thresholds were determined in intact neurons by calcium imaging. AP, Action potential. Input resistance was measured from the slope of peak voltage response to a series of negative current steps. AP duration was measured
at half-amplitude. Inward rectification index was measured as 100 � (Vpeak � Vsteady-state )/Vpeak , during hyperpolarizing voltage responses that reached a voltage peak value ��120 mV. The number of spikes at 2 � rheobase current
were counted in a 500 ms period.

*p � 0.014; **p � 0.022; ***p 
 0.001; unpaired t test.
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duration of �1.8 ms, similar to those observed in conventional
C-type polymodal nociceptors (p � 0.013, F test) (Fig. 7B; Table
2). Figure 7C shows a plot of the action potential firing frequency
in response to external current in both populations of CSNs from
sham and CCI mice. These results support the idea that a sub-
population of nociceptive neurons has been recruited as CSNs in
injured mice, most probably due to the functional downregula-
tion of IKD in response to injury.

To further characterize CSNs in both conditions, we also stud-
ied the chemical sensitivity of these neurons using calcium imag-
ing. To this end, we explored the responsiveness of CSNs from
both groups of animals to activators of TRPM8 and two other
thermo-TRP channels considered as molecular markers of noci-
ceptive neurons: TRPA1 and TRPV1. The responses to the chem-
ical activator of TRPM8, menthol, included an increase in the
[Ca 2�]i at 34°C or a shift in the thermal threshold of the response

to cold toward higher temperatures. In
the case of TRPA1 and TRPV1, positive
responses were considered as an increase
in the [Ca 2�]i of the neuron at 34°C (Fig.
8A). We found that 87.2% of CSNs from
sham group (34 of 39) responded to the
application of menthol, and a positive re-
sponse was observed in 88.1% (37 of 42)
CSNs from CCI group (p � 0.442, F test)
(Fig. 8B). Although an upward trend was
observed, the percentage of CSNs re-
sponding to AITC in control (4 of 34) and
CCI CSNs (11 of 36) were similar (p �
0.081, F test) (Fig. 8B). On the other hand,
44.1% of CSNs (15 of 34) responded to
TRPV1 activator capsaicin in control
group, and in CSNs from CCI animals
70.9% of the tested neurons responded to
the vanilloid (22 of 31) (p � 0.045, F test)
(Fig. 8B), indicating a significant increase
in the sensitivity to this TRPV1 activator
among CSNs from CCI mice compared with
sham animals. The analysis of the �[Ca2�]i

in response to each chemical agonist re-
vealed no differences in the mean maximal
response to these thermo-TRP activators in
both conditions (Fig. 8C). The percentage of
capsaicin-induced responses in control
conditions is consistent with previous re-
ports of several laboratories, showing that
this vanilloid activates near to 50% of
CSNs (Reid et al., 2002; Viana et al., 2002;
Dhaka et al., 2008), or even more (Parra et

al., 2010; Yudin et al., 2016). Low functional coexpression of
TRPA1 channels in CSNs, revealed by AITC, is also in agreement
with previous reports (Story et al., 2003; Parra et al., 2010; Pogor-
zala et al., 2013).

Together, these results reveal an increase in the presence of
CSNs with an electrophysiological phenotype similar to nocice-
ptors signaling pain in injured animals, with no differences in the
response to the activators of thermo-TRP channels TRPM8 and
TRPA1 compared with the sham group. This would be accompa-
nied by an increase in the incidence of the response to the
TRPV1-activator capsaicin in CSNs from injured animals com-
pared with control mice. These results support the proposal that
a decrease in IKD current density in response to axonal damage
induces cold sensitivity in CINs of nociceptive routes, contribut-
ing to the allodynic phenotype in CCI mice.

Figure 8. Evaluation of the responses to chemical agonist of thermo-TRP channels of cold-sensitive neurons from sham and
injured mice. A, Protocol in calcium imaging used to evaluate the responses to cold, menthol (100 �M), cold plus menthol, AITC
(100 �M; TRPA1 agonist), and capsaicin (200 nM; TRPV1 agonist) in cold-sensitive neurons from sham and CCI animals. A, The CSN
corresponds to a LT control neuron, which is insensitive to AITC but sensitive to capsaicin. B, Pie plots summarizing the
percentage of menthol-, AITC-, and capsaicin-sensitive CSNs from sham and CCI animals. Menthol responses included an
increase in the [Ca 2�]i at 34°C or a shift (�1°C) in the cold threshold toward higher temperatures. C, Bar histograms
represent the maximal response to menthol at 34°C and/or cold plus menthol (left panel), AITC at 34°C (central panel), and
capsaicin at 34°C (right panel) in CSNs responding to these agonists, isolated from sham (black bars) and CCI animals (red
bars). *p � 0.045 (F test).

Table 2. Active and passive membrane properties of CSNs from control and injured animalsa

Cold-sensitive neurons
Temperature
threshold (°C)

Resting
potential (mV)

Input
resistance (M�)

Rheobase
current (pA)

AP duration
(ms)

Inward
rectification
index (%)

Firing
frequency at 2
rheobase (Hz)

Phenotype
incidence (%)

Control (n � 36) Cold thermoreceptor-like
(n � 34)

27.8 � 0.6 �46.0 � 1.3 536 � 42 67 � 7 1.01 � 0.04 51.4 � 1.7 58.9 � 4.5 94.4

Nociceptor-like (n � 2) 23.6 � 1.6 �45.0 � 0.0 392 � 90 68 � 3 1.55 � 0.15 57.9 � 0.7 27.0 � 5.0 5.6
Injured (n � 37) Cold thermoreceptor-like

(n � 26)
27.5 � 0.7 �45.8 � 2.0 394 � 34 58 � 5 0.91 � 0.04 55.0 � 2.0 67.8 � 7.0 70.3

Nociceptor-like (n � 11) 26.5 � 0.9 �44.3 � 2.1 494 � 62 75 � 7 1.75 � 0.20*** 53.1 � 3.4 28.9 � 5.9** 29.7*
aTemperature thresholds were determined in intact neurons by calcium imaging. AP, Action potential. Input resistance was measured from the slope of peak voltage response to a series of negative current steps. AP duration was measured
at half-amplitude. Inward rectification index was measured as 100 � (Vpeak � Vsteady-state )/Vpeak , during hyperpolarizing voltage responses that reached a voltage peak value ��120 mV. The number of spikes at 2 � rheobase current
were counted in a 500 ms period.

*p � 0.013 (F test). **p � 0.002; ***p 
 0.001; unpaired t test.
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TRPM8 has a key role in cold-induced responses in both
control and injured mice
We also wondered whether TRPM8 is the main responsible of
cold-induced responses in CSNs from CCI animals. To study
this, we have tested the TRPM8 antagonist PBMC on cold-
induced responses of primary sensory neurons from control and
allodynic animals. This compound has been described as a strong
antagonist of TRPM8 channels both in vitro and in vivo (Knowl-
ton et al., 2011; Gardiner et al., 2014). To determine an effective
concentration of this compound to fully block the TRPM8-
dependent response in these neurons, we first tested PBMC on
cold-induced responses of HEK293 stably transfected with
mTRPM8 channel using calcium imaging (Fig. 9A,B). At 1 �M,
the blocking effect was complete (Fig. 9A), with an IC50 value of
92 nM (Fig. 9B). In our hands, the suppression by PBMC of cold-
induced responses in these cells also appears to be dependent on
the resting temperature preceding the cold stimuli because
PBMC shows a higher inhibitory effect at lower basal tempera-
tures (data not shown). This could be related to the effect of
resting temperature on the thermal threshold and amplitude of
TRPM8-dependent currents observed in these systems (Fujita et
al., 2013). In any case, our results fully support the idea that
PBMC is a strong and reversible inhibitor of TRPM8-dependent
cold responses in heterologously expressed channels. The block-

ade of mTRPM8 by PBMC was also verified on cold-evoked
whole-cell currents in these cells (data not shown).

Unlike the [Ca 2�]i elevations observed in mTRPM8-HEK293
cells in response to temperature drops, cold-evoked [Ca 2�]i rises
in CSNs largely depend on the action potential firing in response
to the depolarizing receptor potential induced by TRPM8 activa-
tion (Viana et al., 2002; Madrid et al., 2006). To study the effect of
PBMC on cold-evoked responses, and to rule out the possibility
of an inhibitory effect of PBMC resulting from a nonspecific
effect on voltage-gated channels responsible for the spike gener-
ation, we used a combination of cold-induced and K�-induced
depolarization in control condition and in the presence of the
blocker. Using this strategy, we tested the inhibitory effect and the
specific nature of PBMC blockade on cold-induced activity in
CSNs from both control and injured mice neurons using calcium
imaging. In Figure 9C, we show the effect of saturating concen-
tration of PBMC (1 �M) on the [Ca 2�]i elevation evoked by two
consecutive cold stimuli, followed by two applications of elevated
extracellular K� (30 mM). Whereas cold-evoked responses were
almost fully suppressed by PBMC, the depolarization-evoked
[Ca 2�]i increases in response to high K� were well preserved.
Figure 9E (bar graph) summarizes the normalized results ob-
tained in cold-sensitive neurons from sham animals. In parallel
experiments using this protocol, we found similar results in

Figure 9. PBMC blocks TRPM8-mediated responses in TRPM8(�)-HEK293 cells and suppress generator potentials in CSNs from sham and injured mice. A, Ratiometric [Ca 2�]i response in a
TRPM8(�)-HEK 293 cell during three consecutive cooling ramps to 18°C, in control solution, in the presence of PBMC at 1 �M, and after 5 min washing this TRPM8 blocker. B, Percentage of inhibition
of cold-evoked calcium signals in TRPM8(�)-HEK293 cells by different concentrations of PBMC. Gray curve indicates the dose–response fit to the Hill equation, with an IC50 of 92.7 nM and a Hill
coefficient of 1.3 � 0.2 (n � 20 cells for each concentration). C, D, Representative simultaneous recordings of [Ca 2�]i (top) and bath temperature (bottom), during two consecutive cooling drops
from 34°C to 20°C, in a CSN isolated from DRG of a sham (C, black open circles) and an injured mouse (D, red open circles). PBMC at 1 �M produced a large reduction in the cold-evoked response, with
only minor effects on the response induced by a 30 mM elevation in extracellular K�. E, F, Normalized [Ca 2�]i responses to cold and to elevated K� in control extracellular solution (Cold and KCl),
in extracellular solution supplemented with 1 �M PBMC (Cold�PBMC), and with 30 mM KCl (KCl�PBMC) for both sham (C, black filled and stripped bars) and injured mice (D, red filled and stripped
bars) (n � 6 CSNs neurons for each condition. **p � 0.003 (paired t test). ***p 
 0.001 (paired t test).
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cold-sensitive neurons from allodynic animals (Fig. 9D,F).
These results suggest that the inhibitory effect of saturating con-
centrations of PBMC are selective to cold-induced depolarizing
currents in both populations on CSNs, with probably minimal
effects on the voltage-dependent currents underlying action po-
tential firing. Our results suggest that TRPM8 channels are criti-
cal components of the cold-activated excitatory machinery in
both normal and allodynic mice, and that the response of trans-
formed neurons in CCI animals most probably relies on this
thermo-TRP channel.

Mathematical modeling of CSNs shows that IKD is a critical
element to the tuning of thermal threshold in primary
somatosensory neurons
To further support the hypothesis that changes in the functional
expression of IKD detected in the soma of DRG neurons can un-
derlie the changes in their cold detection thresholds, we used
computer simulations of a conductance-based model of cold
thermoreceptors. In this model, sensitivity to temperature drops
is due to a depolarizing cold- and voltage-dependent current
(TRPM8-like), which generates large changes in the firing rate of
the cold thermoreceptor (Olivares and Orio, 2015; Olivares et al.,
2015). A calcium-dependent desensitization causes this response
to be transient, and this property has been included in the model.
Steady temperatures are coded as a change in the discharge pat-
terns (Olivares and Orio, 2015; Olivares et al., 2015). We have
introduced into this model a current resembling the IKD recorded
in CSNs, and obtained several sets of parameters that reproduced
a satisfactory dynamic and static response to temperature drops
(Table 3). Then, we systematically varied the IKD and ITRPM8 con-
ductance densities and determined the basal firing rates, temper-
ature response thresholds, and maximum firing rates. Figure 10
shows sample responses to a cooling stimulus with different
parameter combinations. Voltage-clamp simulation of the IKD

current inserted into the model is shown in Figure 10A. A
response resembling a canonical low-threshold CSN is ob-
tained with a high gTRPM8 and a low gKD density (Fig. 10B, a).
An intermediate density of TRPM8 conductance yields a high-
threshold CS neuron (Fig. 10C, b1), which upon reduction of
gKD drastically reduces its temperature threshold (Fig. 10C,
b2). Finally, with a very low gTRPM8 density and high gKD

density (Fig. 10D, c1), the model resembles a cold-insensitive
(CI) neuron. However, upon reduction of gKD (Fig. 10D, c2),
the model neuron becomes responsive to temperature reduc-
tions into the mild-cold range.

To show a more complete picture, Figure 11A shows the de-
tailed results of a systematic exploration of the parameter space
for these two conductances, whereas Figure 11B shows a sum-
mary of their behavior with the different high/low density com-
bination. Regardless of the parameter sets of the model (two
samples of five explored are shown in Fig. 11A), we see that the
gTRPM8/gKD ratio defines the temperature detection threshold
and the maximum firing rate during cooling. However, gKD ap-

pears to have a greater effect on the threshold than gTRPM8; we
thus predict that a reduction of Kv1.1–1.2 channels can produce
more recruited CSNs than an increase of TRPM8 channels. Thus,
thermal thresholds of the models are fully correlated to TRPM8-
like and Kv1.1–1.2-like conductance densities, in agreement with
functional studies in CSNs. LT-CSNs model, with the character-
istic features of both the dynamic and static response of CSNs
activated by innocuous cold, are correlated to high TRPM8 and
low Kv1.1–1.2 conductance levels. Conversely, high detection
thresholds and firing properties of HT-CSNs and recruitable
neurons are associated with high Kv1.1–1.2 and low TRPM8 con-
ductance densities.

A representation of our results regarding thermal sensitivity of
primary sensory neurons before and after peripheral injury is
shown in Figure 12.

Discussion
Several ion channels have been proposed as important elements
in the development of painful hypersensitivity to cold in different
models of axonal damage, including cold-activated thermo-TRP
channels TRPM8 and TRPA1, voltage-gated and background
K� channels, voltage-gated Na� channels, and HCN channels,
among others (for review, see Abrahamsen et al., 2008; Patapou-
tian et al., 2009; Takeda et al., 2011; Emery et al., 2012; Du and
Gamper, 2013; Tsantoulas and McMahon, 2014; Yin et al., 2015).
Regarding K� channels, its functional downregulation could not
only increase the membrane excitability but also maintain this
exacerbated state for long periods of time. In the case of the Kv1
channels underlying IKD, it has been also proposed that Kv1.1 also
acts as a critical brake in both mechanical and pain sensitivity
(Hao et al., 2013), and that Kv1.1 knock-out mice display cold-
induced discharges in myelinated motor fibers (Zhou et al.,
1998). Peripheral nerve damage induces the downregulation of
Kv1.2 through the nerve injury-induced promotion of Kv1.2 an-
tisense RNA expression (Zhao et al., 2013; Fan et al., 2014; Li et
al., 2015), and the overexpression of Kv1.2 can revert the nocice-
ptive phenotype (Fan et al., 2014). It has also been shown that the
expression of Kv1.1 and Kv1.2 is markedly decreased in neuro-
mas of myelinated axons following injury (Calvo et al., 2016) and
that 4-AP induces an enhancement of thermal sensitivity in
mechanosensitive neuromas (Roza et al., 2006). Because hetero-
multimeric Kv1.1–1.2 channels are the most probable molecular
counterparts of the brake current IKD in CSNs (Madrid et al.,
2009), our rationale included the idea that injury-induced down-
regulation of these Kv1 channels could produce a similar effect on
painful cold sensitivity than selective inhibition of IKD. Accord-
ingly, we found that CCI of the sciatic nerve induces an important
reduction of the IKD current density in both HT-CSNs and in
nociceptive neurons that became sensitive to innocuous and mild
cold after nerve injury, respectively.

In our model, both HT-CSNs signaling cold discomfort and a
subgroup of nociceptors are transformed into LT-CSNs and HT-
CSNs, respectively, after nerve damage, providing a molecular

Table 3. Values for the free parameters of the model

Parameter set gKD (mS/cm 2) gTRPM8 (mS/cm 2) gsd (mS/cm 2) gsr (mS/cm 2) gd (mS/cm 2) gr (mS/cm 2) gl (mS/cm 2) 	Ca (ms) tdV (ms) pCa � 10 3 
Vmin (mV) 
Vmax (mV)

1 0.220 3.40 0.345 0.195 4.30 4.67 0.310 950 27,500 5.00 �144 245
2 0.240 2.56 0.343 0.207 4.05 4.72 0.292 1150 29,100 6.30 �212 210
3 0.220 4.00 0.348 0.205 4.31 4.60 0.290 1000 39,000 9.95 �190 230
4 0.220 3.20 0.306 0.193 3.15 4.51 0.282 850 26,000 6.50 �190 220
5 0.225 2.50 0.351 0.209 4.98 4.77 0.300 970 27,900 5.22 �145 256

Sets of parameters that satisfactorily reproduce the response to cold of cold-thermoreceptors. The rest of parameters of the model and their meanings are given in Olivares et al. (2015).
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and neural mechanism to explain the damage-gated painful hy-
persensitivity to cold. Because PBMC blocks cold-induced re-
sponses in DRG neurons from both damage and sham mice, and
that systemic application of this blocker reduces cold allodynia

(Knowlton et al., 2011), it is reasonable to think that in this
model of nerve injury, TRPM8(�) cold thermoreceptors and
TRPM8(�) nociceptors shift their thermal sensitivity to higher
temperatures due to the reduction of this brake current, contrib-

Figure 10. Mathematical model of CSNs with different densities of IKD and ITRPM8. A, Left, Voltage-clamp simulation of the IKD current inserted into the model. Voltage protocol is shown at the
bottom. The maximum density (gKD) is 0.1 mS/cm 2. Middle, Activation (m�) and inactivation (h�) curves. Right, Activation time constants at different voltages were obtained with the equation
described in Materials and Methods. B–D, Firing rate (left) and voltage trace (right) of model CSNs with different densities of IKD current and ITRPM8 in response to the cooling stimulus depicted at
the bottom. The Kv1.1–1.2 and TRPM8 maximum conductance configurations are indicated at the left (Kv1.1–1.2) and top (TRPM8) in mS/cm 2. Note the shift of the thermal threshold to higher
temperatures induced by a reduction of IKD density (C) and the response to cold induced in a cold-insensitive neuron when IKD density is reduced, even with a very low density of ITRPM8 (D).
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uting to the painful phenotype. HT-CSNs correspond to neurons
signaling unpleasant cold discomfort (Mauderli et al., 2003). No-
ciceptive fibers that respond to mild cold in injured animals
would correspond to polymodal nociceptors eliciting burning
cold pain (Simone and Kajander, 1997). A relatively high expres-
sion of TTx-resistant Na� channels, most likely Nav1.8, allows
HT-CSNs and polymodal nociceptors to sustain cold-induced
responses at lower temperatures than canonical cold thermore-
ceptors (Zimmermann et al., 2007). Because the expression of
Nav1.8 channels decreases in several forms of neuropathic pain
(Waxman et al., 1999), a compensatory reduction of a brake cur-
rent, such as IKD, could also contribute to expedite cold-induced
firing in these neurons.

Developing cold hypersensitivity induced by CCI is strongly
reduced in TRPM8�/� animals (Colburn et al., 2007), and an
increase in the expression of TRPM8 has been linked to the de-
velopment and maintenance of cold hypersensitivity in response
to axonal damage (Frederick et al., 2007; Xing et al., 2007; Knowl-
ton et al., 2011, 2013; Su et al., 2011). Using CCI in rats, Xing et al.
(2007) found that peripheral damage resulted in a significant
increase in the percentage of menthol- and cold-sensitive-
neurons, and an enhancement in the responsiveness of these neu-
rons to both menthol and cold. On the other hand, Caspani et al.

(2009) found that CCI of the sciatic nerve in mice result in cold
allodynia with a reduction of the TRPM8 and TRPA1 transcripts.
We did not find changes in the functional expression level of
TRPM8 in response to this form of chronic damage. Neverthe-
less, we found that cold responses in CSNs from both control and
injured animals are strongly affected by the blockage of TRPM8
using PBMC. These results are consistent with the observation
that cold allodynia is largely reduced by systemic blockage of
TRPM8 using PBMC, and by conditional ablation of TRPM8(�)
neurons in mice (Knowlton et al., 2011, 2013). Moreover, it has
been suggested that the development of cold pain induced by
inflammation, nerve injury, and chemotherapy is mainly medi-
ated by a subpopulation of TRPM8(�) neurons expressing the
neurotrophic factor receptor GFR�3 (Lippoldt et al., 2013, 2016).
These results suggest that this sensory alteration requires the ac-
tivation of TRPM8-expressing sensory neurons connected to no-
ciceptive pathways, observations that are in line with our results.

After spinal nerve ligation, the expression of TRPM8 and
TRPA1 is reduced in injured ganglia (Katsura et al., 2006), and
pharmacological inhibition of TRPA1 reverses cold-induced hy-
peralgesia caused by inflammation and peripheral nerve damage
(Obata et al., 2005). On the other hand, Frederick et al. (2007)
found slight increases in TRPA1, TRPV2, and TRPM8 mRNAs

Figure 11. Systematic exploration of gKD and gTRPM8 parameters. A, Basal firing (Hz), thermal threshold (°C), and maximum firing rate (Hz) at different densities of gTRPM8 and gKD. Top
and bottom rows represent parameter sets 1 and 2, respectively, from Figure 10 and Table 3. The points indicated as a, b1, b2, c1, and c2 are the parameter combinations used in Figure
10. Black represents complete absence of action potentials. B, Average thermal threshold and maximum firing rate of the model with the gKD and gTRPM8 combinations that were used
in Figure 10. These data are the mean value of five combinations of the remaining free parameters of the model (Fig. 10; Table 3). p values were obtained using a t test for related samples.
***p 
 0.001 in both cases.
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following unilateral sciatic nerve chronic constriction. Interest-
ingly, in humans, hypersensitivity to cold after cold-induced pe-
ripheral damage does not seem to be related to an altered
presence of TRPM8 or TRPA1 channels (Namer et al., 2008). In
the same line, we did not see significant changes in the responses
to the TRPM8-activator menthol to the TRPA1-activator AITC
in CSNs from injured mice compared with sham animals, sug-
gesting that changes in the functional expression of these chan-
nels are not necessarily involved in cold allodynia induced by CCI
of the sciatic nerve.

TREK-1, TREK-2, and TRAAK channels have also been linked
to neuropathic cold-induced pain (Noël et al., 2009; Descoeur et
al., 2011). Recently, Morenilla-Palao et al. (2014) have shown
that the background K� channel TASK-3 is highly expressed in
TRPM8(�) neurons. Notably, the pharmacological blockage of
this channel reduces thermal threshold of TRPM8(�) CSNs, and
mice lacking TASK-3 display hypersensitivity to cold (Morenilla-
Palao et al., 2014). Whether this channel contributes to cold al-
lodynia following injury is still unknown. On the other hand,
McNaughton and his group (Emery et al., 2011) have demonstrated
that selective deletion of the HCN2 channel from nociceptive neu-
rons abolishes diverse forms of neuropathic pain, reinforcing the
idea that nociceptive afferents are also critically modulated by the
activity of HCN channels. Among Nav channels, Nav 1.7 and Nav
1.8 are important for cold allodynia in CCI models of neuropathic
pain (Minett et al., 2014), and Nav1.6 plays a role in ciguatoxin- and
oxaliplatin-induced cold hypersensitivity (Sittl et al., 2012; Zimmer-
mann et al., 2013). These studies, to name a few, show the real intri-
cacy of the phenomenon behind sensing cold as pain in response to
nerve damage (Lolignier et al., 2016).

We have delimited our approach to a well-known form of
neural injury by chronic constriction of the sciatic nerve in mice,

and we have studied the variations of cold sensitivity, IKD and Icold

density 7 d after surgery. We do not discard any other important
variations in molecular entities other than those we explored or
under these conditions. Nevertheless, it is clear that 4-AP and
�-DTx sensitivity is reduced in CSNs from injured animals, an
observation in line with the idea that their molecular targets are
functionally suppressed in a large proportion of CSNs from allo-
dynic mice. Interestingly, intraplantar injection of 4-AP (and
�-DTx) (Madrid et al., 2009) induces cold allodynia, and painful
hypersensitivity to cold induced by CCI remains poorly altered
after intraplantar pharmacological suppression of IKD. Consis-
tent with the reduction of IKD density in response to axonal dam-
age, the subpopulation of nociceptive-like recruitable neurons is
reduced in injured mice, a population that we suggest will be-
come part of the CSN population in CCI animals. Interestingly,
capsaicin sensitivity is increased in CSNs from injured animals,
an observation in line with the idea of nociceptive-like neurons
being part of the cold-responding neurons population after in-
jury. TRPV1-dependent responses in control conditions are con-
sistent with results of several laboratories showing activation of
near to 50% of CSNs by capsaicin (Reid et al., 2002; Viana et al.,
2002; Dhaka et al., 2008), or even higher (Parra et al., 2010; Yudin
et al., 2016).

Finally, here we have also provided the first comprehensive
mathematical model of CSNs, including the brake current IKD.
Making use of this, we also show that neuropathic painful hyper-
sensitivity to cold can be largely explained as a consequence of a
reduction in the functional expression of a brake potassium cur-
rent with the biophysical properties of IKD. Thus, any decrease in
the IKD/ITRPM8 ratio is enough to transform a cold nociceptor-like
model neuron into a cold thermoreceptor-like one, and a high-
threshold thermoreceptor into a low-threshold one. Moreover,

Figure 12. Hypothetical model of cold detection mechanisms and thermal sensitivity of primary sensory neurons in sham and CCI conditions. Left, Schematic representation of cold detection
mechanisms in primary sensory neurons under physiological conditions. Boxes in nerve endings represent the ion channels that are involved in the detection of cold stimuli by the functional subtypes
of peripheral sensory neurons. The temperature ranges in which these nerve endings would be excited by cold are shown by the colored thermometers at left of each box. These neurons may have
excitatory (�) or inhibitory (�) (indirect) actions on higher-order neurons of central sensory pathways, leading ultimately to distinct cold and cold-induced pain sensations. The size of labels reflects
the relative density of these channels in the different subclasses of neurons. Right, Schematic representation of these mechanisms in injured mice, emphasizing the functional variations in response
to peripheral nerve damage. The relative change of the size of the labels reflects the expected changes in functional expression levels for the different ion channels after injury. After axonal damage,
the reduction in the functional expression of IKD would recruit polymodal nociceptors normally activated by noxious cold temperatures inducing pain that will respond to mild cold temperatures in
CCI animals (red arrows indicate this transition). HT-CSNs will respond to innocuous cold temperatures signaling cold discomfort, represented by the cyan neuron (cyan arrows indicate this
transition). LT-CSNs expressing low levels of IKD would remain unaffected. Thus, after injury, the reduction in the functional expression of IKD increases the cold sensitivity of HT-CSNs signaling cold
discomfort and recruits nociceptors normally activated by extremely cold temperatures that cause pain.
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this model revealed that very low densities of TRPM8 current are
enough to generate cold-induced responses in neurons express-
ing low levels of IKD. Interestingly, thermal threshold is more
influenced by IKD current density than by the density of TRPM8
current, in strong coincidence with our experimental findings.
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(2013) Kv1.1 channels act as mechanical brake in the senses of touch and
pain. Neuron 77:899 –914. CrossRef Medline

Hines ML, Carnevale NT (1997) The NEURON simulation environment.
Neural Comput 9:1179 –1209. CrossRef Medline

Hines ML, Davison AP, Muller E (2009) NEURON and Python. Front Neu-
roinform 3:1. CrossRef Medline

Katsura H, Obata K, Mizushima T, Yamanaka H, Kobayashi K, Dai Y, Fu-
kuoka T, Tokunaga A, Sakagami M, Noguchi K (2006) Antisense knock
down of TRPA1, but not TRPM8, alleviates cold hyperalgesia after spinal
nerve ligation in rats. Exp Neurol 200:112–123. CrossRef Medline

Kim DS, Choi JO, Rim HD, Cho HJ (2002) Downregulation of voltage-
gated potassium channel alpha gene expression in dorsal root ganglia
following chronic constriction injury of the rat sciatic nerve. Brain Res
Mol Brain Res 105:146 –152. CrossRef Medline

Knowlton WM, Bifolck-Fisher A, Bautista DM, McKemy DD (2010)
TRPM8, but not TRPA1, is required for neural and behavioral responses
to acute noxious cold temperatures and cold-mimetics in vivo. Pain 150:
340 –350. CrossRef Medline

Knowlton WM, Daniels RL, Palkar R, McCoy DD, McKemy DD (2011)
Pharmacological blockade of TRPM8 ion channels alters cold and cold
pain responses in mice. PLoS One 6:e25894. CrossRef Medline

Knowlton WM, Palkar R, Lippoldt EK, McCoy DD, Baluch F, Chen J, McK-
emy DD (2013) A sensory-labeled line for cold: TRPM8-expressing
sensory neurons define the cellular basis for cold, cold pain, and cooling-
mediated analgesia. J Neurosci 33:2837–2848. CrossRef Medline

Latorre R, Brauchi S, Madrid R, Orio P (2011) A cool channel in cold trans-
duction. Physiology (Bethesda) 26:273–285. CrossRef Medline

Li Z, Gu X, Sun L, Wu S, Liang L, Cao J, Lutz BM, Bekker A, Zhang W, Tao YX
(2015) Dorsal root ganglion myeloid zinc finger protein 1 contributes to
neuropathic pain after peripheral nerve trauma. Pain 156:711–721.
CrossRef Medline

Lippoldt EK, Elmes RR, McCoy DD, Knowlton WM, McKemy DD (2013)
Artemin, a glial cell line-derived neurotrophic factor family member,
induces TRPM8-dependent cold pain. J Neurosci 33:12543–12552.
CrossRef Medline

Lippoldt EK, Ongun S, Kusaka GK, McKemy DD (2016) Inflammatory and
neuropathic cold allodynia are selectively mediated by the neurotrophic
factor receptor GFRalpha3. Proc Natl Acad Sci U S A 113:4506 – 4511.
CrossRef Medline

Lolignier S, Gkika D, Andersson D, Leipold E, Vetter I, Viana F, Noël J,
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