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Abstract 

Background:  There is a need for new approaches to increase the knowledge of the membrane excitability of small 
nerve fibers both in healthy subjects, as well as during pathological conditions. Our research group has previously 
developed the perception threshold tracking technique to indirectly assess the membrane properties of peripheral 
small nerve fibers. In the current study, a new approach for studying membrane excitability by cooling small fibers, 
simultaneously with applying a slowly increasing electrical stimulation current, is evaluated. The first objective was to 
examine whether altered excitability during cooling could be detected by the perception threshold tracking tech-
nique. The second objective was to computationally model the underlying ionic current that could be responsible for 
cold induced alteration of small fiber excitability. The third objective was to evaluate whether computational model-
ling of cooling and electrical simulation can be used to generate hypotheses of ionic current changes in small fiber 
neuropathy.

Results:  The excitability of the small fibers was assessed by the perception threshold tracking technique for the two 
temperature conditions, 20 °C and 32 °C. A detailed multi-compartment model was developed, including the ionic 
currents: NaTTXs, NaTTXr, NaP, KDr, KM, KLeak, KA, and Na/K-ATPase. The perception thresholds for the two long duration 
pulses (50 and 100 ms) were reduced when the skin temperature was lowered from 32 to 20 °C (p < 0.001). However, 
no significant effects were observed for the shorter durations (1 ms, p = 0.116; 5 ms p = 0.079, rmANOVA, Sidak). The 
computational model predicted that the reduction in the perception thresholds related to long duration pulses may 
originate from a reduction of the KLeak channel and the Na/K-ATPase. For short durations, the effect cancels out due 
to a reduction of the transient TTX resistant sodium current (Nav1.8). Additionally, the result from the computational 
model indicated that cooling simultaneously with electrical stimulation, may increase the knowledge regarding 
pathological alterations of ionic currents.

Conclusion:  Cooling may alter the ionic current during electrical stimulation and thereby provide additional infor-
mation regarding membrane excitability of small fibers in healthy subjects and potentially also during pathological 
conditions.
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Background
In humans, the skin and deeper tissue is innervated by 
peripheral sensory neurons called nociceptors, which are 
responsible for detecting noxious stimuli and conveying 
nociceptive information to the central nervous system. 
During pathological conditions, nociceptors’ excitability 
can be increased, which can amplify sensations to nox-
ious stimuli, and thus cause a chronic pain condition 
[1, 2]. To study the excitability in nociceptors directly is 
technically challenging due to the small diameter of the 
fibers. Therefore, small area cathodes have been devel-
oped to study small fibers in isolation, with limited 
activation of the larger fibers [3–10] by generating high 
current density in epidermis where the small fibers ter-
minate, unlike the larger non-nociceptive fibers which 
terminate in dermis [11–16]. Non-invasive pin elec-
trodes, with small surface area cathodes, predominately 
activate the small-diameter Aδ fibers, however co-activa-
tion of C-fibers cannot be ruled out [5, 9]. In large fibers, 
excitability of the nerve fibers can be assessed by measur-
ing the compound action potential. For small fibers, the 
compound action potential is technically challenging to 
record. To overcome this problem, our research group 
has previously developed the perception threshold track-
ing (PTT) technique to indirectly assess the excitability of 
small fibers [10, 17].

Cooling the skin has mainly been used to study cool-
sensitive transduction channels such as the TRPM8. 
However, reduced temperature also affects the dynam-
ics of ionic currents that are not gated by cold tempera-
ture per se. In the current study, the influence of reduced 
temperature on nerve fiber excitability is investigated, 
with as little influence as possible from cool-sensitive 
transduction channels within sensory terminals. Instead, 
our focus is on the effect of cooling on other ionic cur-
rents in the peripheral part of small fibers by means of 
cutaneous electrical stimulation. Cutaneous electrical 
stimulation has an advantage over laser stimulation as it 
is easier to control and bypasses the sensory transduction 
within the sensory terminal and activates voltage-gated 
ion channels by changing the potential across the cell 
membrane. There is a wide range of subtypes of voltage-
gated ion channels expressed in small fibers and many of 
them have been identified as candidates for altering the 
membrane excitability in small fiber neuropathy [18–22]. 
Each subtype of voltage-gated ion channels has its unique 
dynamics and represents a different aspect of excit-
ability. In the Zimmerman et al. study [23] they showed 

that certain subtypes of transient sodium channels, TTX 
resistant (NaTTXr, Nav1.8) and TTX sensitive (NaTTXs, 
Nav1.7), were affected differently by cooling. Most volt-
age-gated ion channels are inactivated by cold tempera-
tures. Although, not the NaTTXr sodium channel which 
is resistant to cooling-induced inactivation, giving these 
channels a prominent role in the transduction of nocic-
eptive signals during cooling, since they are selectively 
expressed in nociceptors [23, 24].

Furthermore, altered axonal excitability during cooling 
has also been detected in threshold tracking experiments 
in large fibers, as well as in small dorsal root ganglia soma 
[25–28]. Different ionic currents have been proposed as 
candidates for causing such alterations, for instance the 
potassium leak channel   (KLeak), the Na/K-ATPase and 
the A-type potassium channel (KA) [25–28]. Both the two 
potassium channels, KA and KLeak are highly expressed 
in dorsal root ganglia soma [29, 30]. The KLeak channels, 
TREKs and TRESK may together generate over 95% of 
the background potassium current in dorsal root ganglia 
soma [31].

Despite the progress in recent years, there is still a need 
for new approaches to increase the knowledge of mem-
brane excitability of small fibers both in healthy subjects, 
as well as during pathological conditions. Therefore, new 
approaches such as cutaneous cooling could be used to 
study nerve fiber excitability simultaneously with apply-
ing an electrical stimulation current. The intention of 
cooling the skin was not to activate cool-sensitive trans-
duction channels but to alter the dynamics of other ionic 
currents, such as voltage-gated ion channels.

The first objective was to examine whether altered 
excitability during cooling could be detected by the PTT 
technique. The second objective was to computationally 
model the underlying ionic current that could be respon-
sible for cold induced alteration of small fiber excitability. 
The third objective was to evaluate whether computa-
tional modelling of cooling and electrical simulation can 
be used to generate hypothesis of ionic current changes 
in small fibers neuropathy.

Methods
The current study is a combination of an experimental 
study and computational modeling. In the experimen-
tal study, the change of perception threshold related to 
cooling the skin simultaneously with applying cutaneous 
electrical stimulation has been estimated. In the compu-
tational study, the results from the experimental study 
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were reproduced and the influence of different ionic sub-
types investigated.

Experimental study
Subjects
26 healthy human subjects (14 female and 12 male) were 
recruited to participate in an experimental study. Exclu-
sion criteria for the subjects were neurological diseases, 
injury to, or disease on, the volar forearms, chronic pain 
or influence of analgesic substances. One subject was 
excluded, due to a musculoskeletal disorder, resulting in 
a total of 25 participants (13 females and 12 males, with 
an average age of 22.7 ± 1.3 years). The experimental pro-
cedure was approved by the local ethics committee (Den 
Videnskabsetiske Komité, Region Nordjylland, approval 
number: N-20160076), and the study was conducted 
according to the Declaration of Helsinki. The subjects 
gave their written informed consent to the experimental 
procedure prior to participation in the study.

Experimental setup
The subjects were placed in a comfortable position 
in a chair, with the arm resting in front of them on a 
soft surface. The subjects were electrically stimulated 
through a custom-made planer array electrode (size: 
40 × 34 × 0.2  mm), see Fig.  1c. This electrode array 
consisted of three electrode areas (E1, E2 and E3). E2 
consisted of 12 small quadratic electrode sites (size: 
0.6 × 0.6  mm), which functioned as small area cath-
odes for the electrode. The electrode used the small area 
cathodes (E2) to activate the smaller nerve fibers. The 
conductive areas E1 and E3 (size: 5 × 24  mm) served as 
anodes.

The experimental setup can be seen in Fig.  1. The 
planer array electrode was placed on the volar forearm of 
the subject, approximately 5 cm distal to the cubital fossa. 
It was fastened with micropore tape to secure the elec-
trode from moving during the experiment. A 3 × 3  cm 
thermode (Pathway, Medoc Ltd., Ramat Yishai, IL) was 
placed on top of the electrode and fastened to the arm 
of the subject with a velcro band. In the opposite hand, 
the subjects held a custom-made response button (Sen-
sory Motor-Interaction, Aalborg University), which was 
used to indicate when they perceived the electrical stim-
ulation. The electrical stimuli were administered using a 
DS5 electrical stimulator (Digitimer Ltd., Welwyn Gar-
den City, UK), which was controlled by a computer with 
an implementation of LabVIEW (Aalborg University, 
Aalborg, Denmark). The computer and a data acquisition 
card (National Instruments, Austin, Texas) collected the 
responses from the subjects.

Pulse form and duration
The pulse form used was a bounded exponential cur-
rent increase, i.e. a current with an increasing form of 
exponential decay. This pulse form was recently shown 
to activate small nociceptive fibers more selectively than 
rectangular pulses [17]. The perception threshold was 
identified for four durations of this pulse form (1, 5, 50 
and 100 ms). The pulse form with a duration of 50 ms is 
illustrated in Fig. 2 and the mathematical expression for 
the pulse shape is shown in Eq.  1. A charge-balancing 
phase of half the stimulation amplitude was added to 
avoid risk of damages to the skin [32].

Equation 1, the equation for the stimulation current, I(t). 
IS is the stimulation current intensity, TS is the stimu-
lation duration, τ = TS/2 is the time constant, trailing 
phase: Ttr = TS * 1.4 and τtr = τ/6.6.

Perception threshold tracking technique
To estimate the perception threshold, the method of 
limits was used. Initially, an initiation point in the 
form of a sub-threshold current intensity was found by 

(1)I(t) =
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Fig. 1  The experimental setup and the computational model design. 
A computer (a) was used to control the pulses delivered by the 
Digitimer DS5 stimulator (b) which electrically stimulated through 
the custom-made planer array electrode (c), that was placed on 
the volar forearm of the subject. A thermode (d) from the Pathway 
system, used for controlling the temperature, was placed on top of 
the electrode (e). In the other hand the subject held a push button (f) 
which was used to indicate the perception threshold. Computational 
model design (g)
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trial and error. From the initiation point, the stimula-
tion intensity increased in steps of 5% at a frequency 
of 0.5  Hz. The stimulation was terminated when the 
subjects pressed the response button, indicating per-
ception of the stimuli. From this point, the stimu-
lation intensity was increased by another 10% and 
subsequently decreased in steps of 5% until the sub-
ject pressed the response button indicating that the 
stimuli were not perceived anymore. From this point, 
the stimulation intensity was further decreased by 10% 
and then increased again in steps of 5%, whereafter the 
subject pressed the response button once the stimuli 
were perceived again. This sequence was repeated three 
times. The estimated perception threshold of each 
duration for each subject was the mean of the three 
current intensities at which the subjects had indicated 
their perception and the three current intensities at 
which the subjective perception had dissipated.

Experimental protocol
The perception thresholds of the subjects were esti-
mated for all pulse durations in two sessions, each com-
posed of a different temperature setting. In one session, 
the thermode was set to a non-painful cold temperature 
of 20 °C and in the other session, the thermode was set 
to a neutral temperature of 32 °C to emulate typical arm 
skin temperature. The temperature was held constant 
on top of the electrode for 15 min before each session 
and during the stimulation period to achieve a stable 
temperature of the skin. The order of the two temper-
ature sessions, the arm onto which the temperature 
condition was applied, as well as the order of the pulse 
durations within each session were all randomized.

Data analysis
To obtain normality, the perception thresholds were 
log-transformed. In the result figure, the perception 
threshold data was back-transformed and is shown as 
between subject mean and standard error for each dura-
tion. A two-way repeated measure analysis of variance 
(rmANOVA) was performed with the perception thresh-
old as the dependent variable and duration (1-, 5-, 50-, 
and 100 ms) and temperature (20 °C cold and 32 °C neu-
tral) as independent within-subject variables (SPSS 25, 
IBM). The temperature of 32° was used as neutral tem-
perature since it is the typical arm skin temperature of 
the lower forearm. A post hoc test with Sidak correction 
were used for multiple comparisons. Before performing 
the rmANOVA, the normal distribution of the data was 
examined by examining the skewness and kurtosis. The 
distribution of the data skewed right, which promoted a 
log-transformation of the data in order to meet the crite-
ria for a rmANOVA.

Computational model
A computational axon model was developed in the simu-
lator environment NEURON ([33], version 7.6). In a pre-
vious study, a detailed multi-compartment model of a 
C-fiber with a large range of voltage-gated ion channels 
has been developed [34, 35]. In the current study, the 
C-fiber model was further developed to include a tem-
perature dependent KLeak channel.

Morphology and ionic currents
The model consists of a 5000 μm long unmyelinated fiber. 
Even though non-invasive pin electrodes preferentially 
activate thinly myelinated Aδ fibers, an unmyelinated 
axon model was developed because the Aδ fibers lose 
their myelin and become indistinguishable from C-fibers 
when they enter the epidermis [13]. The axon model is 
divided into two parts. The first part (500 μm) starts dis-
tally with a diameter of 0.5 μm which is linearly increased 
to 3.5 μm in the proximal end. The second part is a cylin-
der with a diameter of 3.5 μm connecting to the first part. 
The resting membrane potential was reduced to − 60 mV 
since the Aδ fibers’ resting potential is more hyperpolar-
ized than that of the C-fibers [36]. The parameters for the 
morphology are listed in Table 1.

The transient TTX sensitive current was denoted as 
NaTTXs and the transient TTX resistant sodium current 
as NaTTXr. The persistent sodium current is denoted 
NaP even though it is resistant to TTX. The six voltage-
gated ion channels, NaTTXr (Nav 1.8), NaTTXs (mainly Nav 
1.7), NaP (Nav 1.9), a delayed rectifier potassium chan-
nel (KDr),  KA and a slow potassium channel (KM), were 
implemented, all of which were adopted from the C-fiber 
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Fig. 2  The shape of a 50 ms bounded exponential pulse. For 
the three other pulses, the x-axis was scaled to 1, 5 and 100 ms 
respectively
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model [34]. In order to generate a delayed rectification of 
the action potential, the KDr channel’s voltage depend-
ency was shifted 15 mV towards hyperpolarization. Since 
the Na/K-ATPase is also highly temperature dependent, 
it was also implemented in the model. A KLeak chan-
nel has further been implemented with a temperature 
dependent maximal conductance. The conductance for 
the KLeak channel was linearly reduced from its original 
value to 10% when the temperature was decreased from 
32 to 20  °C [29]. The maximal conductance and model 
reference for the voltage-gated ion channels are listed in 
Table 2.

Extracellular field and temperature model
To resemble the cutaneous electrical stimulation, 
the extracellular field at the distal part of axon model 
was changed with the same shape as the current pulse 
applied through the electrode in the experimental 
study. Only the depolarizing part of the electrical pulse 
was used since there is no need to use a biphasic pulse 
to overcome the risk of damages to the skin in a compu-
tational model. For a section of 0.5 mm at the distal end 
of the axon model, the extracellular field was changed 
by the inbuilt function for an extracellular field in NEU-
RON. The effect of the skin on the propagation of the 

electrical field was omitted. The extracellular field was 
increased until the axon model generated an action 
potential which propagates to the end of the model. The 
activation threshold was defined as the smallest extra-
cellular field required to generate a propagating action 
potential.

For a section of 0.5 mm at the distal end of the axon 
model, the temperature was set to 20  °C. The tem-
perature was then linearly increased over 4  mm of 
the model to reach 32  °C at the proximal section (see 
Fig.  1g). The time constants for the gating parameters 
are strongly influenced by temperature changes, but 
the steady-state parameters are less affected. Therefore, 
temperature dependencies of the steady-state param-
eters were omitted, except for the slow inactivation 
of the NaTTXs current, since the slow inactivation gate 
is strongly influenced by temperature [23]. The slow 
inactivation gate of NaTTXs was linearly shifted 20 mv 
towards hyperpolarization when the temperature was 
changed from 32 to 20 °C [23].

The maximal conductance is affected by changes in 
passive diffusion, a Q10 of 1.4 was also applied to all 
the ionic currents [38]. The temperature was linearly 
reduced from 32 to 20 °C during 2 s. The voltage-gated 
ion channels time constant and the Na/K-ATPase cur-
rent temperature dependency were calculated by Eq. 2.

Equation  2: T1 = temperature 1, T2 = temperature 
2, I pump current, τ = time constant for the gating 
parameters.

Constraints of the computational model
The maximal conductances of the ionic currents were 
defined by the following constraints:

1.	 The axon model should display similar behavior for 
slowly increasing stimuli for both temperature condi-
tions as the experimental data.

2.	 If an action potential is generated it should propagate 
to the end of the axon model.

3.	 The NaTTXr current should generate the action 
potential [39].

4.	 The action potential should be higher than 0 mV.
5.	 If the Na/K-ATPase current is blocked (100%) the 

membrane potential should depolarize approxi-
mately 1.4–7 mV [25].

6.	 The KLeak channel should be the major potassium 
background current [31].

(2)

τT2 = τT1 ·
1

Q10
T2−T1

10

, for all the ion channels

IT2 = IT1 · Q10
T2−T1

10 , for the Na/K -ATPase

Table 1  Parameters of the morphology for the axon model

Morphology 
parameter

References

Diameter 0.5–3.5 μm

Capacitance 1 μF/cm2 [37]

Resting membrane potential − 60 mV [36]

Intra cellular resistance 130 Ωcm

Total model length 5000 μm

Table 2  The models of voltage-gated ion channel

Maximal 
conductance 
(S/cm2)

Q10 Model references

NaTTXr (Nav 1.8) 0.0623 2.5 [34]

Nap (Nav 1.9) 3.55 * 10−5 2.5 [34]

NaTTXs (mainly 
Nav 1.7)

0.0183 2.5 [34]

KDr 3.40 * 10−4 3.3 [34]

KM 1.05 * 10−6 3.3 [34]

KA 3.10 * 10−4 3.3 [34]

Na/K-ATPase 1.25 * 10−4 2.1 [34]

KLeak 6.37 * 10−6 Not applicable Implemented 
in the current 
study
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Computational models of hyperexcitability
During several neuropathic conditions, the excitabil-
ity of small fibers is increased [1, 2] but the ionic cur-
rent generating the increased excitability is usually 
unknown. All three sodium channels included in the 
model, as well as the Na/K-ATPase, have been impli-
cated with neuropathy in diabetic patients [40–44]. To 
generate four pathological models of hyperexcitabil-
ity, the three sodium channels’ maximal conductances 
were increased, alternatively the Na/K-ATPase cur-
rent was reduced in the computational model. The four 
computational models of hyperexcitability were:

1.	 The maximal conductance of Na/K-ATPase was 
reduced to 0.

2.	 The maximal conductance of NaTTXr was increased 
30%.

3.	 The maximal conductance of NaTTXs was increased 
by a factor of 5.

4.	 The maximal conductance of NaTTXs was increased 
by a factor of 2.

The abnormal ionic current alteration was changed 
after the balancing of the ionic current which could 
thereby influence the resting membrane potentials. The 
ionic currents which are active at resting potential may 
thereby influence the excitability by altering the rest-
ing membrane potential, for instance the NaP and the 
Na/K-ATPase currents.

Results
Cooling reduced the perception threshold to small fiber 
stimulation in human
The PTT technique was used to assess the excitabil-
ity related to slowly increasing electrical stimulation, 
simultaneously with controlling the skin temperature to 
either a cold 20 °C or a neutral 32 °C temperature by a 
thermode. When analyzing the perception thresholds, 
main effects of temperature (F(1,24) = 18.57, p < 0.001) 
and duration (F(3,72) = 32.73, p < 0.001) were found, as 
well as a significant interaction between the stimulation 
duration and temperatures (F(3,72) = 3.75, p < 0.001). 
The interaction was analyzed by a post hoc compari-
son, which revealed a significant decrease in perception 
threshold when stimulating with long pulse durations 
(50 and 100  ms) at 20  °C, compared to stimulating at 
32  °C (p < 0.001) whereas for the shorter durations of 
the electrical stimuli, there was no significant reduc-
tion in perception threshold related to cooling (1  ms, 
p = 0.116; 5 ms p = 0.079, Sidak, Fig. 3).

Cooling increased the excitability in the computational 
model
To understand the excitability alteration occurring dur-
ing cooling of the skin, a detailed multi-compartment 
model of an unmyelinated fiber was developed. The 
temperature was set to 20  °C at the distal (cold) sec-
tion (0.5  mm) and linearly increased to 32°C along 
the axon model. The reduced temperature induced a 
11.3 mV depolarization of the resting membrane poten-
tial (see Fig.  4b). To further study how the excitability 
is altered due to reduced temperature, the extracellular 
field along the distal section was altered (see Fig.  5a). 
The extracellular alteration led to a depolarization 
which—provided it was large enough—generated an 
action potential (see Fig.  5b). The activation threshold 
was defined as the lowest extracellular field alteration 
required to generate an action potential propagating to 
the end of the axon model. When the temperature was 
set to 32 °C, a 50 ms alteration of the extracellular field 
with an amplitude of 26  mV was required to generate 
a propagating action potential. When the temperature 
was reduced, a 14 mV change of the extracellular field 
was enough to generate an action potential (see Fig. 5c). 
The axon model displayed a reduced activation thresh-
old for long durations of input and could thereby to a 
great extent reproduce the increased membrane excit-
ability during cooling that was assessed by the PTT 
technique experiment (see Figs. 3 and 5c). 
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Fig. 3  The effect of cooling the skin on the perception threshold. The 
experimental result of perception thresholds to electrical currents 
delivered to the skin with temperature regulated to 20 °C or 32 °C. 
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How subtypes of ionic currents are affected 
by temperature reduction
In Fig.  6, the action potential and the ionic current in 
the computational model are compared for the two 
temperature conditions  20  °C and 32  °C. Note the 
11.3  mV depolarization of the membrane when the 
temperature is reduced (Fig. 6a). The depolarization is 
mainly due to the reduction of the Na/K-ATPase and 
the KLeak current (see Fig.  6b). During cooling, all the 
ionic currents become slower, and the amplitudes are 
reduced (see Fig.  6). However, all amplitudes are not 
reduced equally for all currents, which in the compu-
tational model generated the increased excitability for 
the long durations of the stimulus.

To study the contribution to the altered excitability of 
different subtypes of ionic currents, only one ionic cur-
rent at a time was allowed to be influenced by the tem-
perature change (see Fig. 7). For instance, the light blue 
line in Fig.  7a represents a simulation when only the 
Na/K-ATPase dynamics were altered according to a 
temperature of 20 °C. All of the other ionic currents had 
their dynamics corresponding to a temperature of 32 °C. 
In Fig.  7b, the relative effect of the activation threshold 
is illustrated when an individual ionic current was influ-
enced by the reduced temperature. The Na/K-ATPase 

Fig. 4  Depolarization of the resting membrane potential by reduced 
temperature. a The axon model design. b The temperature along 
the axon model for the two temperature conditions. The red and 
blue lines represent the temperature conditions 32 °C and 20 °C 
respectively. c The steady state solution of the membrane potential 
along the axon model. Note the large depolarization occurring at the 
distal end of the axon model (x axis = 0)

Fig. 5  The experimental results could be reproduced in the computational model. a Extracellular field alteration potential at the distal end of the 
axon model. b The membrane potential at the distal end of the axon model induced when the alteration in extracellular field according to A was 
applied. c The activation threshold for different durations of the extracellular field alteration for the two temperature conditions. The activation 
threshold was defined as the extracellular field alteration required to generate and action potential propagating to the end of the axon model
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and KLeak currents generate a large reduction of the acti-
vation threshold for all input durations (approximately 
14% and 20% respectively). The NaTTXr generates a large 
increase in the activation threshold for the 1 ms and 5 ms 
durations (37% and 19% respectively). For the two longer 
durations (50  ms and 100  ms), the NaTTXr current only 
increases the activation threshold by approximately 10%. 
By combining the effect of cooling on the NaTTXr current 
with the Na/K-ATPase and the KLeak, the reduced percep-
tion threshold for long durations of the electrical input 
can be explained. Additionally, the KDr current may also 
contribute to the increase excitability to long durations of 
the electrical stimulation.

Cooling may increase the understanding of abnormal ionic 
current during neuropathic conditions
In pathological conditions, ionic currents may become 
abnormal and the excitability of nerve fibers related to 
reduced temperature may be altered. Increased knowl-
edge of abnormal ionic currents in diabetic neuropathy 
patients may be obtained by comparing the perception 
thresholds, of different electrical stimulation, for dif-
ferent temperature conditions. To investigate this, four 
abnormal currents were implemented in the computa-
tional model: The NaTTXr, the NaTTXs, the NaP and the 
Na/K-ATPase currents. All four ionic currents have been 
implicated in diabetic neuropathy and been proposed 
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as candidates for generating the increased excitability 
detected in small fibers [40–44]. To generate four path-
ological models of hyperexcitability, the maximal con-
ductances of the three sodium channels were increased, 
alternatively the Na/K-ATPase current was reduced. All 
ionic current alterations generated a reduced activa-
tion threshold for the temperature condition  32  °C (see 
Fig.  8a). The temperature was reduced in the computa-
tional models of hyperexcitability and the activation 
thresholds were re-estimated (Fig.  8b). For the tem-
perature condition 20  °C, all models of hyperexcitability 
showed reduced activation thresholds compared to the 
control model. The relative change in activation threshold 
between the two temperature conditions for all models 
of hyperexcitability is illustrated in Fig. 8c. For instance, 
when the temperature was reduced in the model lacking 
the Na/K-ATPase current, the activation threshold was 
increased for the shortest pulse length (1  ms), whereas 
for the other three longer durations of the input (5  ms, 
50  ms and 100  ms), only a small reduction of the acti-
vation threshold was recorded (Fig.  8c, black line). An 
increase of the NaP current generated a similar behavior 
(Fig. 8, magenta line). Interestingly, the opposite behavior 
was displayed in the two models where the NaTTXr and 
the NaTTXs currents were increased i.e. cooling reduced 
the activation threshold more than during control condi-
tions. A possible interpretation of these findings is that, 
if the diabetic patient’s perception threshold is increased 
for short durations of the electrical stimulation during 

cooling, this might indicate either that the Na/K-ATPase 
and/or the NaP currents have been altered, but not the 
NaTTXr or the NaTTXs currents.

Discussion
The effect of cooling on small fiber membrane excitability
The study showed a reduced perception threshold when 
skin temperature was cooled from 32 to 20  °C for the 
50 ms and 100 ms pulse durations. However, no signifi-
cant effect was observed for the shorter pulse durations. 
The computational model indicated that depolariza-
tion occurred when the temperature was reduced. Both 
patch clamp experiment of small dorsal root ganglion 
somas, as well as threshold tracking of the compounded 
action potential of large nerve fibers in humans, support 
that a depolarization of the cell membrane occurs when 
the temperature is reduced [25–27]. This does not nec-
essarily imply increased excitability because the slowing 
of sodium channels may counteract the increased rest-
ing membrane potential as observed for the short pulse 
durations in our study (1 and 5  ms). Since 50  ms and 
100  ms stimuli are not in the range of normal receptor 
potential duration, the small fibers will rarely display 
increased excitability when the temperature is reduced 
under normal conditions. Although, long stimulation 
does not occur during normal fiber function, it can reveal 
knowledge regarding ionic currents which is amplified by 
slowly increasing currents, such as the NaP and the Na/K-
ATPase currents.
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Moreover, the mechanisms for generating the depo-
larization of the cell membrane during a reduced tem-
perature has not been identified. However, candidates 
have been proposed such the Na/K-ATPase, or the KLeak 
channels [25–27]. In threshold tracking experiment of 
the compound action potential in large fibers, the excit-
ability alteration due to temperature change has been 
studied [26, 27]. The excitability alterations induced by 
cooling in these studies were best explained by axonal 

depolarization due to the effect of temperature on Na/K-
ATPase activity. This is consistent with our results from 
the computational model, which predict that a general 
depolarization related to cooling is generated by the 
Na/K-ATPase and/or a temperature dependent KLeak 
channel, such as the TREK-1 [29]. The selective effect of 
cooling on long durations of the electrical stimuli may 
be due to increased time constants of the NaTTXr, which 
is selectively expressed in nociceptive fibers, where it 
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generates the action potential [39]. In large fibers, non-
nociceptors, the NaTTXs current is generating the action 
potential in nodes of Ranvier. Interestingly the NaTTXs 
current is more reduced during cooling than the NaTTXr 
current (see Fig.  4). Therefore, cooling of the skin may 
increase excitability of nociceptors selectively and there-
fore promote preferential activation of nociceptors by 
cutaneous electrodes.

The clinical relevance of the perception threshold tracking 
technique
Excitability of small fibers is usually studied through 
microneurography, which is technically challenging 
and time consuming due to the small fiber size. Our 
research group has developed the PTT technique, which 
is an inexpensive and non-invasive alternative method 
to indirectly assess the excitability of the cell membrane 
of both small and large fibers [10, 17]. In the current 
study, it was possible to detect the excitability change 
due to reduced temperature with the PTT technique and 
thereby increase the support for the usage of the PTT 
technique to assess the membrane excitability in nerve 
fibers. Moreover, the result from the computational 
study supports that cooling simultaneous with electri-
cal stimulation may increase the knowledge of abnormal 
ionic membrane currents occurring in neuropathic pain 
patients. For instance, animal models of diabetic neurop-
athy have shown that the Na/Ka-ATPase is impaired due 
to the altered metabolism occurring in this patient group 
[40, 43]. It would be interesting to evaluate whether the 
reduced perception threshold for long pulse durations 
due to cooling would be less reduced in this patient 
group compared to healthy participants as studied in the 
current study. If that would be the case, it would support 
the hypothesis of an impaired Na/K-ATPase current.

Electrical stimulation parameters and planer array 
electrode used in the experiment
The perception threshold to a slowly rising electrical 
pulse was measured for durations from 1 to 100 ms deliv-
ered through a planar array electrode. The pulse had an 
increasing form of bounded exponential current, which 
for long durations has been shown to elevate the percep-
tion threshold of large fibers but not for small fibers [17]. 
This most likely reflects accommodation of large fibers, 
which has been reported for identical electrical pulse 
shape [45] and linearly increasing pulses [46]. It should 
be noted that for standard rectangular pulses, large fib-
ers are recruited prior to small fibers [47] and therefore, 
the pulse shape applied in current study is considered 
more preferential towards the small fibers. The preferen-
tial activation of small fibers with the planar array elec-
trode has not been evaluated. However, similar small area 

cathodes have been used to activate small fibers prefer-
entially [5, 7, 9, 10, 17]. Additional support for the Pla-
nar array electrode preferential activation of small fibers 
is the lack of accommodation to slowly rising electrical 
pulses. The basis for the use of the Planar array electrode 
in the current study was its flat dimensions, which makes 
it possible to use a thermode to regulate the tempera-
ture, which is an essential part of this study. This feature 
separates it from currently available pin electrodes, as the 
dimensions of these electrodes do not allow for the ther-
mode to be placed on top of the electrode for cooling.

The influence of cool‑sensitive transduction channels 
on the results
In the current study, the influence of reduced tempera-
ture on nerve fiber excitability is investigated, with as 
little influence as possible from cool-sensitive transduc-
tion channels within sensory terminals. Instead, our 
focus is on the effect of cooling on other ionic currents 
in the peripheral part of small fibers by using electrical 
stimulation as test stimulus. The recorded alterations of 
perception thresholds to the electrical pulses in the cur-
rent study are dependent on the duration of the electrical 
input. It is therefore reasonable to assume that the elec-
trical stimulation, rather than the reduced temperature, 
mainly activated the fibers.

Cutaneous electrical stimulation alters the mem-
brane potential without activation of sensory transduc-
tion within sensory terminals. Nociceptive Aδ fibers 
are mainly activated during transcutaneous electrical 
stimulation with small cathode electrodes [5, 9, 17]. 
Cold sensation has to the authors’ knowledge not been 
reported in studies using this type of cutaneous elec-
trical stimulation [3, 8, 17]. Small cathode electrodes 
generate a high current density in epidermis where the 
small fibers terminate [11–16]. Therefore, the nerve fib-
ers’ proximity to the cathodes and the shape of the elec-
trical pulse will influence whether the fiber will become 
activated by the stimulus or not. The small influence on 
the perception threshold from cold sensing fibers can 
be explained by the fact that only a small proportion 
of the fibers express the cool-sensitive transduction 
channels.

By reducing the temperature to 20  °C, cold sensitive 
non-noxious fibers will indeed become activated and 
cool-sensitive transduction channels could produce a 
significant depolarization, which could influence the 
perception threshold. The question is whether the popu-
lation of cold non-noxious Aδ fibers is sufficient to influ-
ence the perception threshold. A recent study by Luiz 
et  al. [48], showed that non-nociceptive cold-activated 
small fibers do not express NaTTXr (Nav1.8). Since 93% 
of the Aδ fibers due express NaTTXr (Nav1.8) in the DRG 
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somas of rats [49], this leads to the conclusion that less 
then 7% of the Aδ fibers are non-nociceptive cold sensing 
fibers. Therefore, only a small part of the depolarization 
predicted by the computational model could originate 
from cold sensing nerves.

Limitations
The perception threshold was used as an indirect meas-
urement of the excitability of the cell membrane. To 
avoid sensitizing the central nervous system low fre-
quency and intensity was used in the current study since 
high frequency and intensity has been used to induce 
long term potentiation-like sensitization of the central 
nervous system [7]. Other central nervous system effects 
such as expectation and attention are probably the same 
for the different durations of the electrical stimuli. The 
repeated low intensity pulses might have caused habitu-
ation as observed in a recent study [50]. Therefore, to 
overcome this limitation, the order of pulse durations 
was randomized, as well as the two temperature condi-
tions. Habituation also occurs to the cold stimulus, but is 
likely limited due to relatively high temperature applied 
in the current study [51].

One of the limitations of the computational model is 
that the axon model has a reduced morphology, which 
may affect the validity of the model results. Furthermore, 
the computational model did not include the influence of 
the electrical properties of the skin.

Conclusion
The study showed that cooling of the skin decreased the 
perception threshold particularly for the long duration 
of slowly increasing pulses. The results of the compu-
tational model predicted that the perception threshold 
reduction originated from a reduction of the KLeak, the 
Na/K-ATPase and the NaTTXr current. Cooling may 
alter the ionic current during electrical stimulation and 
thereby provide additional information regarding mem-
brane excitability of small fibers. The PTT technique 
could detect the excitability alteration occurring during 
reduced temperature and may have the ability to become 
a diagnostic tool for neuropathy.

Abbreviations
PTT: perception threshold tracking; NaTTXs: TTX sensitive sodium channel 
(mainly Nav1.7); NaTTXr: TTX resistant sodium channel (Nav1.8); NaP: persistent 
sodium channel (Nav1.9); KA: fast transient potassium channel; KDr: delayed 
rectifier potassium channel; KM: slow potassium channel; KLeak: leak potassium 
channel.

Acknowledgements
Center for Neuroplasticity and Pain (CNAP) is supported by the Danish 
National Research Foundation (DNRF121).

Authors’ contributions
Conceptualization of the study was done by JT, RH and CMD. Ethical approval 
was obtained by RH. All data were collected and analyzed by CKJ, CWN, MVO, 
MJP and RH. The computational was developed by JT. The manuscript draft 
was written by JT, RH, CKJ, CWN, MVO and MJP. All authors helped to revise 
the manuscript. All authors read and approved the final manuscript.

Funding
Center for Neuroplasticity and Pain (CNAP) is supported by the Danish 
National Research Foundation (DNRF121).

Availability of data and materials
The datasets used and analyzed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
The experimental procedure was approved by the local ethics commit-
tee (Den Videnskabsetiske Komité, Region Nordjylland, approval number: 
N-20160076), and the study was conducted according to the Declaration of 
Helsinki. The subjects gave their written informed consent to the experimental 
procedure prior to participation in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 24 April 2019   Accepted: 22 August 2019

References
	1.	 Serra J, Solà R, Aleu J, Quiles C, Navarro X, Bostock H. Double and triple 

spikes in C nociceptors in neuropathic pain states: an additional periph-
eral mechanism of hyperalgesia. Pain. 2011;152:343–53.

	2.	 Serra J, Bostock H, Solà R, Aleu J, García E, Cokic B, Navarro X, Quiles C. 
Microneurographic identification of spontaneous activity in C-nocicep-
tors in neuropathic pain states in humans and rats. Pain. 2012;153:42–55.

	3.	 Bromm B, Meier W. The intracutaneous stimulus—a new pain model for 
algesimetric studies. Methods Find Exp Clin Pharmacol. 1984;6:405–10.

	4.	 Nilsson HJ, Schouenborg J. Differential inhibitory effect on human nocic-
eptive skin senses induced by local stimulation of thin cutaneous fibers. 
Pain. 1999;80:103–12.

	5.	 Kaube H, Katsarava Z, Käufer T, Diener CH, Ellrich J. A new method to 
increase nociception specificity of the human blink reflex. Clin Neuro-
physiol. 2000;111:413–6.

	6.	 Inui K, Tran DT, Hoshiyama M, Kakigi R. Preferential stimulation of Aδ fib-
ers by intra-epidermal needle electrode in humans. Pain. 2002;96:247–52.

	7.	 Klein T, Magerl W, Hopf HC, Sandkuhler J, Treede RD. Perceptual correlates 
of nociceptive long-term potentiation and long-term depression in 
humans. J Neurosci. 2004;24:964–71.

	8.	 Otsuru N, Inui K, Yamashiro K, Miyazaki T, Ohsawa I, Takeshima Y, Kakigi R. 
Selective stimulation of C fibers by an intra-epidermal needle electrode 
in humans. Open Pain J. 2009;2:53–6.

	9.	 Lelic D, Mørch CD, Hennings K, Andersen OK, Drewes A. Differences in 
perception and brain activation following stimulation by large versus 
small area cutaneous surface electrodes. Eur J Pain. 2012;16:827–37.

	10.	 Hennings K, Frahm K, Petrini L, Andersen OK, Arendt-Niels L, Mørch DC. 
Membrane properties in small cutaneous nerve fibers in humans. Muscle 
Nerve. 2017;55:195–201.

	11.	 Hilliges M, Wang L, Johansson O. Ultrastructural evidence for nerve 
fibers within all vital layers of the human epidermis. J Invest Dermatol. 
1995;104:134–7.

	12.	 Ebenezer G, McArthur J, Thomas D, Murinson B, Hauer P, Polydefkis M, 
Griffin J. Denervation of skin in neuropathies: the sequence of axonal and 
Schwann cell changes in skin biopsies. Brain. 2007;130:2703–14.

	13.	 Provitera V, Nolano M, Pagano A, Caporaso G, Stancanelli A, Santoro L. 
Myelinated nerve endings in human skin. Muscle Nerve. 2007;35:767–75.



Page 13 of 13Hugosdottir et al. BMC Neurosci           (2019) 20:47 

	14.	 Mørch DC, Hennings K, Andersen OK. Estimating nerve excitation thresh-
olds to cutaneous electrical stimulation by finite element modeling 
combined with a stochastic branching nerve fiber model. Med Biol Eng 
Comput. 2011;49:385–95.

	15.	 Inui K, Kakigi K. Pain perception in humans: use of intraepidermal electri-
cal stimulation. J Neurol Neurosurg Psychiatry. 2012;83:551–6.

	16.	 Myers IM, Peltier AC, Li J. Evaluating dermal myelinated nerve fibers in 
skin biopsy. Muscle Nerve. 2013;47:10–1.

	17.	 Hugosdottir R, Mørch DC, Andersen KO, Helgason T, Arendt-Nielsen L. 
Evaluating the ability of non-rectangular electrical pulse forms to prefer-
entially activate nociceptive fibers by comparing perception thresholds. 
Scand J Pain. 2017;16:175.

	18.	 Lawson K. Potassium channels as targets for the management of pain. 
Cent Nerv Syst Agents Med Chem. 2006;6:119–28.

	19.	 Dib-Hajj S, Black CJ, Waxman S. NaV1.9: a sodium channel linked to 
human pain. Nat Rev Neurosci. 2015;16:511–9.

	20.	 Hoeijmakers J, Faber CG, Merkies I, Waxman S. Painful peripheral neuropa-
thy and sodium channel mutations. Neurosci Lett. 2015;596:51–9.

	21.	 Han C, Huang J, Waxman S. Sodium channel Nav1.8: emerging links to 
human disease. Neurology. 2016;86:473–83.

	22.	 Tsantoulas C, Laínez S, Wong S, Mehta I, Vilar B, McNaughton PA. 
Hyperpolarization-activated cyclic nucleotide-gated 2 (HCN2) ion chan-
nels drive pain in mouse models of diabetic neuropathy. Sci Transl Med. 
2017;9:eaam6072.

	23.	 Zimmermann K, Leffler A, Babes A, Cendan CM, Carr RW, Kobayashi J, Nau 
C, Wood JN, Reeh PW. Sensory neuron sodium channel Nav1.8 is essential 
for pain at low temperatures. Nature. 2007;447:856–9.

	24.	 Akopian A, Sivilotti L, Wood JN. A tetrodotoxin-resistant voltage-gated 
sodium channel expressed by sensory neurons. Nature. 1996;379:257–62.

	25.	 Reid G, Flonta M. Cold transduction by inhibition of a background 
potassium conductance in rat primary sensory neurones. Neurosci Lett. 
2001;2001(297):171–4.

	26.	 Kiernan C, Cikurel MK, Bostock H. Effects of temperature on the excitabil-
ity properties of human motor axons. Brain. 2001;124:816–25.

	27.	 Franssen H, Gebbink T, Wokke J, van den Berg L, van Schelven L. Is 
cold paresis related to axonal depolarization? J Peripher Nerv Syst. 
2010;15:227–37.

	28.	 Sarria I, Ling J, Gu JG. Thermal sensitivity of voltage-gated Na+ channels 
and A-type K+ channels contributes to somatosensory neuron excitabil-
ity at cooling temperatures. J Neurochem. 2012;122:1145–54.

	29.	 Maingret F, Lauritzen I, Patel A, Heurteaux C, Reyes R, Lesage F, Lazdunski 
M, Honoré E. TREK-1 is a heat-activated background K(+) channel. EMBO 
J. 2000;19:2483–91.

	30.	 Na Phuket TR, Covarrubias ML. Kv4 channels underlie the subthreshold-
operating A-type K-current in nociceptive dorsal root ganglion neurons. 
Front Mol Neurosci. 2009;3:2.

	31.	 Dawon K, Donghee K. TREK-2 (K2P10.1) and TRESK (K2P18.1) are major 
background K channels in dorsal root ganglion neurons. Am J Physiol Cell 
Physiol. 2006;138:146–291.

	32.	 Gwilliam JC, Horch K. A charge-balanced pulse generator for nerve stimu-
lation applications. J Neurosci Methods. 2008;168:146–50.

	33.	 Hines LM, Carnevale NT. NEURON simulator environment. Neural Com-
put. 1997;9:1179–209.

	34.	 Tigerholm J, Petersson M, Obreja O, Lampert A, Carr R, Schmelz M, Fran-
sén E. Modeling activity-dependent changes of axonal spike conduction 
in primary afferent C-nociceptors. J Neurophysiol. 2014;111:1721–35.

	35.	 Tigerholm J, Petersson ME, Obreja O, Eberhardt OE, Namer B, Weidner BC, 
Lampert A, Carr RW, Schmelz M, Fransén E. C-fiber recovery cycle super-
normality depends on ion concentration and ion channel permeability. 
Biophys J. 2015;108:1057–71.

	36.	 Fang X, McMullan S, Lawson S, Djouhri L. Electrophysiological differ-
ences between nociceptive and non-nociceptive dorsal root ganglion 
neurones in the rat in vivo. J Physiol. 2005;565:927–43.

	37.	 Amir R, Devor M. Electrical excitability of the soma of sensory neurons is 
required for spike invasion of the soma, but not for through-conduction. 
Biophys J. 2003;84:2181–91.

	38.	 Howells J, Czesnik TL, Burke DD. Excitability and the safety margin in 
human axons during hyperthermia. J Physiol. 2013;591:3063–80.

	39.	 Blair N, Bean BP. Roles of tetrodotoxin (TTX)-sensitive Na+ current, 
TTX-resistant Na+ current, and Ca2+ current in the action potentials of 
nociceptive sensory neurons. J Neurosci. 2002;22:10277–90.

	40.	 Greene DA, Lattimer SA. Impaired energy utilization and Na-K-ATPase in 
diabetic peripheral nerve. Am J Physiol. 1984;246:311–8.

	41.	 Misawa S, Sakurai K, Shibuya K, Isose S, Kanai K, Ogino J, Ishikawa K, Kuwa-
bara S. Neuropathic pain is associated with increased nodal persistent 
Na(+) currents in human diabetic neuropathy. J Peripher Nerv Syst. 
2009;14:279–84.

	42.	 Bierhaus A, Fleming T, Stoyanov S, Leffler A, Babes A, Neacsu C, Sauer SK, 
Eberhardt M, Schnölzer M, Lasitschka F, Neuhuber WL, Kichko T, Konrade 
I, Elvert R, Mier W, Pirags V, Lukic IK, Morcos M, Dehmer T, Rabbani N, 
Thornalley PJ, Edelstein D, Nau C, Forbes J, Humpert PM, Schwaninger 
M, Ziegler D, Stern DM, Cooper EM, Haberkorn U, Brownlee M, Reeh PW, 
Nawroth P. Methylglyoxal modification of Nav1.8 facilitates nociceptive 
neuron firing and causes hyperalgesia in diabetic neuropathy. Nat Med. 
2012;18:926–33.

	43.	 Campero M, Ezquer M, Ezquer F. Nerve excitability and structural changes 
in myelinated axons from diabetic mice. Exp Clin Endocrinol Diabetes. 
2015;123:485–91.

	44.	 Blesneac I, Themistocleous AC, Fratter C, Conrad LJ, Ramirez JD, Cox 
JJ, Tesfaye S, Shillo PR, Rice ASC, Tucker SJ, Bennet DLH. Rare NaV1.7 
variants associated with painful diabetic peripheral neuropathy. Pain. 
2018;159:469–80.

	45.	 Kugelberg E. Accommodation in human nerves. Acta Physiol Scand. 
1944;8:1–115.

	46.	 Hennings K, Arendt-Nielsen L, Andersen OK. Orderly activation of human 
motor neurons using electrical ramp prepulses. Clin Neurophysiol. 
2005;116:597–604.

	47.	 Grill WM, Mortimer J. Stimulus waveforms for selective neural stimulation. 
IEEE Eng Med Biol Mag. 1995;14:375–85.

	48.	 Luiz AP, MacDonald DI, Santana-Varela S, Millet Q, Sikandar S, Wood JN, 
Emery EC. Cold sensing by NaV1.8-positive and NaV1.8-negative sensory 
neurons. Proc Natl Acad Sci USA. 2019;116:3811–6.

	49.	 Djouhri L, Fang X, Okuse K, Wood JN, Berry CM, Lawson SN. The TTX-
resistant sodium channel Nav1.8 (SNS/PN3): expression and correlation 
with membrane properties in rat nociceptive primary afferent neurons. J 
Physiol. 2003;550:739–52.

	50.	 den van Berg B, Buitenweg JR. Analysis of nociceptive evoked potentials 
during multi-stimulus experiments using linear mixed models. In: 40th 
annual international conference of the IEEE engineering in medicine and 
biology society. 2018;3048–51.

	51.	 Tipton J, Golden MS, Higenbottam FC, Mekjavic B, Eglin IC. Temperature 
dependence of habituation of the initial responses to cold-water immer-
sion. Eur J Appl Physiol Occup Physiol. 1998;78:253–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Altered excitability of small cutaneous nerve fibers during cooling assessed with the perception threshold tracking technique
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Experimental study
	Subjects
	Experimental setup
	Pulse form and duration
	Perception threshold tracking technique
	Experimental protocol
	Data analysis

	Computational model
	Morphology and ionic currents
	Extracellular field and temperature model
	Constraints of the computational model
	Computational models of hyperexcitability


	Results
	Cooling reduced the perception threshold to small fiber stimulation in human
	Cooling increased the excitability in the computational model
	How subtypes of ionic currents are affected by temperature reduction
	Cooling may increase the understanding of abnormal ionic current during neuropathic conditions

	Discussion
	The effect of cooling on small fiber membrane excitability
	The clinical relevance of the perception threshold tracking technique
	Electrical stimulation parameters and planer array electrode used in the experiment
	The influence of cool-sensitive transduction channels on the results
	Limitations

	Conclusion
	Acknowledgements
	References




