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The ability to perceive thermal changes in the surrounding environment is critical for survival. However, sensing
temperature is not the only factor among the cutaneous sensations to contribute to thermoregulatory responses in
humans. Sensing skin wetness (i.e. hygrosensation) is also critical both for behavioral and autonomic adaptations.
Although much has been done to define the biophysical role of skin wetness in contributing to thermal homeostasis,
little is known on the neurophysiological mechanisms underpinning the ability to sense skin wetness. Humans are not
provided with skin humidity receptors (i.e., hygroreceptors) and psychophysical studies have identified potential
sensory cues (i.e. thermal and mechanosensory) which could contribute to sensing wetness. Recently, a
neurophysiological model of human wetness sensitivity has been developed. In helping clarifying the peripheral and
central neural mechanisms involved in sensing skin wetness, this model has provided evidence for the existence of a
specific human hygrosensation strategy, which is underpinned by perceptual learning via sensory experience.
Remarkably, this strategy seems to be shared by other hygroreceptor-lacking animals. However, questions remain on
whether these sensory mechanisms are underpinned by specific neuromolecular pathways in humans. Although the
first study on human wetness perception dates back to more than 100 years, it is surprising that the neurophysiological
bases of such an important sensory feature have only recently started to be unveiled. Hence, to provide an overview of
the current knowledge on human hygrosensation, along with potential directions for future research, this review will

examine the psychophysical and neurophysiological bases of human skin wetness perception.

Introduction

Since the seminal work of Pharo Gagge at the John B. Pierce
Foundation Laboratory,1 the measurement of skin wetness as a
biophysical variable has received great attention within the context
of thermal physiology, particularly for its role in the estimation of
the body’s heat balance under conditions of increased metabolic
heat production (e.g. resulting from exercising muscles), and
decreased gradient for heat loss to the environment (e.g., resulting
from high ambient temperatures).”> However, although much
has been done to define the biophysical role of skin wetness in
contributing to thermal homeostasis, surprisingly little is known
on the neurophysiological mechanisms underpinning humans’
ability to sense skin wetness, and on how the level of “physical”
wetness relates to the level of “perceived” skin wetness.

In contrast with insects, in which humidity receptors (i.e.,
hygroreceptors) sub-serving humidity detection (i.e. hygrosensa-
tion) have been identified and widely described,® humans’ largest
sensory organ, ie., the skin, seems not to be provided with
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specific receptors for the sensation of humidity and skin wetness.”
It has been proposed that, as human beings, we seem to “learn”
to perceive the wetness experienced when the skin is in contact
with a wet surface or when sweat is produced® through a complex
multisensory integration9 of thermal (i.e. heat transfer) and
mechanosensory (i.e., mechanical pressure and skin friction)
inputs generated by the interaction between skin, moisture and
(if donned) clothing.10 However, what remains unclear is how
thermal and mechanosensory (i.e. tactile) cues are integrated
peripherally as well as centrally by our nervous system to give rise
to the perception of skin wetness. In this respect, in a recent study
performed by our group,’" we have shown that humans could
sense and process the perception of skin wetness in a rationale
fashion, according to a specific sensory information processing
model, which is based on the multimodal integration of thermal
and mechanical inputs occurring at the skin’ surface when wet.

In helping develop a neurophysiological model for skin wet-
ness perception, these recent findings have provided novel behav-
ioral and neurophysiological evidence which could explain how
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humans sense wetness on their skin.'" However, they have also
opened up questions about the potential neuromolecular mecha-
nisms underpinning humans’ hygrosensation. Although the first
study on wetness perception to be reported dates back to more
than 100 years,'” it is surprising that the neurophysiological
bases of such an important human sensory feature have only
recently started to be unveiled. Hence, in order to provide an
overview of the current knowledge on human hygrosensation,
along with potential directions for future research, this review
will critically examine the psychophysical and neurophysiological
bases of humans’ ability to perceive skin wetness.

Increasing the knowledge on how humans perceive skin wet-
ness has both a fundamental, as well as an applied significance.
On the fundamental side, this could contribute to a better under-
standing of how the peripheral and central nervous systems inter-
act to generate complex somatic perceptions.'” On the applied
side, this knowledge could be useful for its potential clinical rele-
vance (i.e., development of diagnostic tests for patients with
somatosensory disorders, e.g. Multiple Sclerosis; replication of
this unique sensory characteristic in artificial skin and neuro-
prosthetics)M’15 as well as for its non-clinical (e.g., industrial)
implications (e.g., development of new strategies in clothing
design aiming to improve thermal and clothing comfort).'”

Skin Wetness as a Biophysical Variable

Before examining skin wetness as a perceptual variable, a brief
outline of the characteristics of skin wetness as a biophysical vari-
able will be presented. For a more detailed overview of the bio-
physical role of skin wetness within the context of the body’s
thermal balance the reader is referred to refs.””'

As a biophysical variable, skin wetness was first introduced by
Gagge' who recognized its critical role in the heat balance of the
body. Whether due to increases in metabolic heat production
(e.g., as a result of exercise) or exposure to hot environments, core
overheating is prevented, and heat balance maintained, by means
of sweating.” Evaporative heat loss trough sweating plays a critical
role in cooling the skin, thus maintaining a favorable core to skin
gradient for heat transport to the skin and subsequent losses from
the body to the environment."” Therefore, within environmental
conditions that allow full evaporation, the level of skin wetness
represents an important parameter to ensure the evaporative effi-
ciency of sweating.” As such, skin wetness is defined as the frac-
tion of the body covered by liquid at skin temperature (e.g.,
sweat), and it represents a biophysical measure of the degree of
wetness involved in the process of evaporation.' Skin wetness is
usually expressed as a decimal fraction, with 1 representing the
upper limit for a fully wet skin and 0.06 representing the minimal
value due to insensible perspiration through the skin.'®

As well as for its biophysical role in the body’s heat balance,
Gagge identified the importance of skin wetness in the context of
thermal comfort. The level of sweat-induced skin wetness had
indeed been shown to positively correlate with thermal discom-
fort (i.e. the greater the skin wetness the greater the thermal dis-
comfort), particularly during exposure to hot environments."”
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Since Gagge’ seminal work, the measurement of skin wetness
has therefore received great attention, particularly in the context
of predicting the body’s heat balance during conditions of
increased metabolic heat production and decreased gradient for
heat loss to the environment (e.g., resulting from high ambient
temperatures),” as well as in the context of predicting thermal®
and clothing comfort.'”?*'*% However, although much is known
on the biophysical role of skin wetness in contributing to thermal
homeostasis, our knowledge on the sensory integration behind
humans’ ability to sense wetness on their skin is still limited.

Skin Wetness as a Perceptual Variable

The ability to sense the thermal properties (e.g., temperature
and humidity) of the surrounding environment represents one
the most important attributes that any animal species, including
humans, requires to ensure survival.** For this reason, species
such as humans are provided with specific sensory systems (e.g.,
among which the somatosensory one) which, by transducing dis-
tinctive physical properties of external stimuli (e.g., temperature
and mechanical pressure) into biological signals (e.g., action
potential generated at afferent nerve endings), provide the living
organism with awareness of the characteristics of its surrounding
thermal environment.>> Ultimately, the ability to encode sensory
information (e.g., thermal and tactile) is used by humans to initi-
ate or adjust specific thermal behaviors (e.g., from adding or
removing clothing to migrating to more thermally comfortable
environments).”® These behaviors are aimed at maintaining
homeostasis, thermal comfort and ensuring survival.?’

Despite the critical role of thermosensitivity (i.e., the ability to
perceive thermal changes in the surrounding environment),*®
sensing temperature is not the only factor among the cutaneous
sensations to contribute to autonomic and behavioral thermoreg-
ulatory responses in humans. Sensing cutaneous wetness is also
critical both for behavioral and autonomic adaptations. Perceiv-
ing changes in both ambient humidity and skin wetness have
been shown to impact thermal comfort'® and thus the thermo-
regulatory behavior,”® both in healthy and clinical populations
(e.g., individuals suffering from rheumatic pain).”” From an
autonomic perspective, the degree of skin wetness influences
sweat gland function through a progressive suppression of the
sweat output (i.e. hidromeiosis) in the presence of wet skin.’
This reduction in sweat output occurs when the skin is fully satu-
rated with sweat and the evaporative efficiency of sweating is lim-
ited by fact that any additional sweat starts to drip off the skin
(instead of evaporating from it).>* This reduction in sweat output
in the presence of wet skin could contribute to limit the rate of
dehydration in conditions of reduced evaporative efficiency of
sweating. Apart for its role in thermoregulatory adaptations, sens-
ing wetness is also important for other regulatory and behavioral
mechanisms. For instance, decreases in ocular wetness seem to
initiate the lacrimation reflex in order to maintain a tear film to
protect the ocular surface.”" Also, tactile roughness and wetness
discrimination is critical for precision grip”> and object manipu-
lation™? (Fig. 1).
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Figure 1. Schematic representation of human behavioral and autonomic
adaptations underpinned by the ability to sense humidity and skin wet-
ness. With regards to behavioral responses, variations in ambient humid-
ity and fingertip moisture influence the degree of skin and fingertip
wetness; by sensing these changes, humans consciously adapt their ther-
mal behavior and precision grip. With regards to autonomic responses,
variations in sweat production and amount of teardrops influence the
degree of skin and ocular wetness; by sensing these changes, the body
adjust sweat glands’ output and lacrimation via reflex mechanisms.

Although the ability to sense skin wetness plays an important
role in several behavioral and physiological functions, the knowl-
edge on this human sensory feature has remained scattered over
the past century. Furthermore, as until recently the majority of
the experimental studies investigating the perceptual bases of skin
wetness have almost exclusively endorsed psychophysical proce-
dures (which allow investigation of the relationship between
physical stimuli and the sensations and perceptions evoked),**
with little or no implementation of neurophysiological methods
(which allow investigation of the relationship between stimuli
and activity of the nervous system),”” assumptions and hypothe-
ses on the neural bases of such a complex sensory experience have
remained speculative. Nevertheless, based on psychophysical evi-
dence, hypotheses on the potential sensory mechanisms which
underpin human skin wetness perception have been proposed.
These have supported the recent development of neurophysiolog-
ical approaches, which, by drawing upon psychophysical evi-
dence, have started to unveil the potential neural bases of human
skin wetness perception. Hence, in order to provide the reader
with an overview of these different approaches and related fin-
ings, the following paragraphs will present the current evidence
emerging form psychophysical investigations, followed by recent
findings from neurophysiological studies.

Psychophysical Bases of Skin Wetness Perception

Investigating the psychophysical bases of human skin wetness
perception represents a challenge which has attracted the interest
of many scientists since the early days of the 20th century. To
our knowledge, the first scientist who has attempted to explain
the basis of this perception was Bentley,'* who in 1900, with his
famous “synthetic experiment,” tested the perception of dipping
a sheath-covered finger into warm, lukewarm and cold water in
blindfolded participants. The results indicated that, despite no
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actual contact with moisture occurred, the participants experi-
enced a clear perception of wetness, which was more pronounced
when the water was cold than when it was warm. When informed
about the characteristics of the experiment (i.e., no direct contact
with water), at first participants refused to believe that the finger
was not actually wet.'? Based on these early observations, Bentley
proposed a sensory-blending hypothesis which suggests the blend
of light pressure/touch and coldness as responsible for evoking
the perception of wetness (Fig. 2A).

In contrast with insects, in which humidity receptors sub-serv-
ing hygrosensation have been identified and widely described,**
human skin seems indeed not to be provided with specific
humidity receptors.” Therefore, as firstly observed by Bentley,
our perception of skin wetness could rely on the interaction of
other somatosensory sub-modalities.>® Bentley identified the role
of both touch and temperature sense as determinant in character-
izing this particular somatosensory experience.

Following this early work on the psychophysical bases of skin
wetness perception, a number of studies have investigated the
perception of skin wetness.®!%?%2337-43 By investigating the per-
ceptual responses to either skin’s contact with dry and wet stim-
uli, 223741 o1 (o the active production of sweat,'***% these
studies have provided psychophysical insights about the potential
mechanisms for which skin wetness is sensed in humans. How-
ever, most of these works have tackled the investigation of skin
wetness perception with an observational rather than a mechanis-
tic approach. The lack of a mechanistic approach to the problem
of skin wetness has therefore resulted in the same studies provid-
ing relatively limited conclusive evidence on which sensory sub-
modality (between mechanical and temperature sense) plays the
primary input in driving the perception of skin wetness, to what
extent these sub-modalities interact, and how their sensory inte-
gration relates to the potentially secondary sensory inputs (e.g.,
vision) which overall contribute to characterize wetness as a syn-
thetic perception (i.e. a perception that is not directly linked to
the activity of one specific sensory organ, but that results from
multimodal sensory integration).””

The following paragraphs review the main findings of the
above mentioned studies, with respect to investigating skin wet-
ness perception as a result of the contact with an external (dry or
wet) stimulus as well as during the production of sweat. Further-
more, an additional paragraph reviews the current knowledge on
regional differences in skin wetness perception across the body.

Psychophysical Approach: Contact with External
(dry or wet) Stimuli

Most of the literature investigating skin wetness perception as
a result of the contact with an external (dry or wet) stimulus has
focused on investigating the minimum amounts of wetness that
individuals are able to discriminate between (i.e., discrimination
of skin wetness) and whether individuals are able to characterize
the level of skin wetness they experience during skin-wet stimuli
contacts (i.e. magnitude estimation of skin wetness). The majority
of these studies have endorsed the use of Quantitative Sensory

Volume 2 Issue 1



Bentley’ s hypothesis (1900)

<— Fingertip

‘ Coldness || Light pressure ‘

| Skin wetness perception |

Rubber sheath

Cold water

Quantitative Sensory Testing with a
discrimination paradigm, have indi-
cated that individuals seem to readily
and accurately discriminate between
higher and lower wetness levels with
remarkable sensitivity.*’

During a discrimination experiment,
Sweeney & Branson®® showed that,
when cotton test fabrics (25 cm?) with
different water content were applied to
the upper back of 13 blindfolded

female participants, these discriminated

7N
®_

Evaporation

Skin cooling —>
—_— L

Thermoreceptors

=
L L/

i
vl

e
e

between moisture content with a dis-
crimination threshold of 1.6 pl.cm™?

against a reference stimulus of 3.6 plL
-2

Movement

Tactile stimulus cm

In line with this approach, Jeon

Mechanoreceptors
1 46

et al.*® applied 4 100 cm? specimens of
different types of fabric (i.e. cotton, reg-
ular polyester and 2 types of so-called
high-performance polyester) with a
range of moisture contents (1 to 21 pl

cm ?) to the right and left inner fore-

_|

Coldness I | Light pressure

arm of 10 blindfolded female partici-

[

I |
v

| Skin wetness perception |

pants (duration: 5 s). Test fabrics were
applied simultaneously with one of 2
reference fabrics (with amounts of water
of 5 and 15 pl.em™?) and participants

judged which stimulus caused greater

Figure 2. (A) Overview of Bentley's hypothesis12 on wetness perception (A). In his “synthetic experi-
ment,” Bentley'? tested the perception of dipping a sheath-covered finger into a liquid; the results
showed that the participants at first refused to believe that the finger was not actually wet. Based on
these early observations, Bentley proposed a sensory-blending hypothesis which suggests the blend
of light pressure/touch and coldness as responsible for evoking the perception of wetness.'? (B) Bio-
physical processes (i.e. variation in skin temperature and tactile interactions, with relative activations
of skin thermo- and mechanoreceptors) involved in sensing skin wetness. Psychophysical evidence
indicates that, in the absence of skin hygroreceptors, humans tend to associate the cold sensations
evoked by the drop in skin temperature occurring during the evaporation of moisture from the skin,
as a signal of the presence of moisture, and thus wetness, on the skin surface. Also, tactile inputs in
the form of light touch and pressure could represent an important source of sensory information for

wetness perception. This study found
average  discrimination  thresholds
which differed between the different
materials (higher for e.g. high-perfor-
mance polyester) in range of 1.9 to
2.6 pl.cm™? against the 5 pl.cm ™ ref-
erence stimulus, and from 3.6 to 5.4 pl
the 15 pl.em™?

against reference

stimulus.

sensing and discriminating skin wetness.

Similarly, in a study in which 6

Testing (i.e., a non-invasive sensory examination of somatosen-
sory modalities such as light touch, vibration, thermal and pain
sensation),* as the preferred methodology to assess human skin
wetness perception.

In the light of this, the following paragraphs present an over-
view of the most representative studies which have endorsed the
use of Quantitative Sensory Testing with discrimination or mag-
nitude estimation paradigms, to investigate skin wetness percep-
tion as a result of the contact with an external (wet or a dry)
stimulus.

Discrimination studies

The studies that have investigated skin wetness perception as a
result of the contact with an external (dry or wet) stimulus using
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males and 6 females (blindfolded) inter-
acted with 3 different types of wet
materials (i.e. 19.6 cm? thin and thick
viscose and cotton wool), in 2 ways of exploring (i.e. the samples
were either touched statically, flat on the table, in which case
only thermal cues were available; or they were touched dynami-
cally, picked up and manipulated, in which case both thermal
and mechanical cues were available), Bergmann Tiest et al®
found that discrimination thresholds ranged from ~25 to
~400 pl.cm™? according to the type of contact with the stimuli
(dynamic vs. static).

In summary, the above mentioned studies provided evidence
for the fact that individuals seem to readily discriminate between
levels of wetness which differ as little as of 0.04 ml (note: to give
the reader an idea of how sensitive such discriminatory perfor-
mance is, one could suggest that an individual would be able to
easily distinguish a 5 by 5 cm cotton handkerchief on which a
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very small drop of water has been applied from a similar, fully
dry, cotton handkerchief; see e.g., ref.*"). Furthermore, these
studies indicated that the noticeable difference in wetness levels
seems to increase (e.g., from 0.04 to 0.54 ml; see refs.2"4%) with
increasing magnitude of wetness (i.e., the wetter the stimuli, the
greater the difference in moisture content required to perceive
differences in the wetness level of the stimuli). However,
although these studies endorsed the use of Quantitative Sensory
Testing, by approaching the assessment of skin wetness percep-
tion with a discrimination paradigm (i.e. a forced choice between
2 wetness options, i.e., wetter or less wet), these have provided
limited evidence on the potential sensory mechanisms involved
in the subjects’ ability to sense and discriminate skin wetness. In
this respect, the studies that have approached the assessment of
skin wetness with a magnitude estimation paradigm have pro-
vided more detailed insights on the potential sensory inputs
underlying human’s ability to sense wetness on the skin. This, as
a result of a more accurate determination of the psychophysical
relationship between (1) the properties of the stimuli used; (2)
the changes in skin temperature and/or mechanical properties
produced by the simulation; (3) the resulting thermal and wet-
ness sensations.

Magnitude estimation studies: thermal sense
in the perception of skin wetness

The studies that have investigated what sensory inputs (e.g.,
thermal and tactile) contribute to skin wetness perception as a
result of the contact with an external (dry or wet) stimulus using
Quantitative Sensory Testing with a magnitude estimation para-
digm, have indicated that the thermal sense (and specifically cold
sensations) could be the key player in driving the perception of
skin wetness.>”*" In support of this hypothesis, it has been pro-
posed that, as we learn to perceive skin wetness, we tend to associ-
ate the cold sensations evoked by the drop in skin temperature
occurring during the evaporation of moisture from the skin, as a
signal of the presence of moisture, and thus wetness, on the skin
surface®’ (Fig. 2B).

The critical role of cold sensations in influencing the percep-
tion of wetness has been observed by Yamakawa & Isaji47 during
a magnitude estimation experiment performed with 6 different
textiles in 3 wetness conditions and at 3 different temperatures.
In this study the authors found that subjects’ ratings in terms of
perceived wetness correlated to the initial cooling rates occurring
during the contact between the subjects’ fingers and the test fab-
rics: a greater initial temperature drop was linked to a greater sen-
sation of clamminess.

The key role of experiencing coldness in the ability to sense
skin wetness has also been proposed by Daanen,?” who measured
the temperature course of the skin (i.e. temperature’ s drop of 1
to 5°C with a 0.05 t0 0.2°C.s "' cooling rate) when this was wet-
ted with drops of water with volumes in a range of 10 to 100 pl.
The author suggested that the cold sensations experienced when
such skin cooling occurs can contribute to the perception of skin
wetness. Therefore, exposing the skin to a cold-dry stimulus pro-
ducing such skin cooling was hypothesized to be effective in
evoking an illusory perception of skin wetness.
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The fact that cold stimuli able to reproduce similar skin cool-
ing rates such as the ones occurring when the skin is physically
wet, could suffice in evoking the perception of skin wetness, has
been recently confirmed by Bergmann Tiest et al.,** who have
shown that, when haptically manipulating dry phase-change
materials which induced cool sensations, participants perceived
these as being wetter than non-treated dry fabrics.

In support of the role that thermal (cold) sensations play in
driving the perception of skin wetness, Niedermann and Rossi®®
have shown that blindfolded individuals could discriminate
between different drying states (i.e., 0, 5, 50, 95 and 100% dry)
of different fabrics (e.g., 260 cm” cotton and polyester samples)
applied to their inner forearm, only when the different drying
states (e.g., 0 and 100%) induced significantly different thermal
sensations [e.g. the 0% dry fabric (i.e. fully wet) was experienced
as significantly wetter than the 100% dry as the 0% dry fabric
induced significantly colder thermal sensations than the 100%
dry].

In line with the above, Ackerley et al.*' showed that 9
blindfolded females could readily discriminate between very
small amount of moisture (in the range of 1.6 pl.em™?)
applied with a tactile stimulator over different regions of the
body. Although in the mentioned study no recordings of
local skin temperature and thermal sensations were per-
formed, the authors hypothesized that participants distin-
guished the greater from the smaller levels of moisture due to
the greater evaporative cooling resulting from the residual
moisture on the skin, which induced colder thermal sensa-
tions and thus wetter perceptions.

The hypothesis of coldness alone being able to drive the per-
ception of skin wetness (regardless of skin’s contact with actual
moisture), was recently tested in one of our studies.*® In this
study, 6 cold-dry stimuli of different strength were applied in a
balanced order on the bare, left forearm of 9 blindfolded female
participant, while these were resting in a thermo-neutral environ-
ment. The exact temperatures of cold-dry stimuli were calculated
on an individual basis and consisted of a short contact (30 s)
with a cold surface set at 2, 5, 7, 10, 15 or 20°C below individu-
al’s forearm resting skin temperature. The cold-dry stimuli were
delivered by a thermal probe with a contact surface of 25 cm®
and a weight of 269 g. As a result, when the application of local
cold-dry stimuli on participants’ hairy skin produced a drop in
skin temperature ranging between 1.4 and 4.1°C with a cooling
rate of 0.14 to 0.41°C.s™ ', an illusion of skin wetness perception
was indeed evoked (note: 4.1°C was the highest value tested and
thus this is not necessarily the upper cooling limit for skin wet-
ness perception); whereas when cold-dry stimulations produced a
drop in skin temperature of 0.2 to 0.7°C with a cooling rate of
0.02 to 0.07°C.s™"', skin wetness perception was little evoked
and decreasing thermal sensations prevailed.

The hypothesis of skin wetness being a synthetic perception
was further confirmed by a sub-sequent study performed by our
group, in which the static application of a warm-wet stimulus
(i.e. 25 cm?), with a temperature above local skin temperature,
was shown not to be perceived as wet by blindfolded participants,
as no skin cooling, and thus no cold sensations, occurred.*’
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Finally, the most recent psychophysical evidence on the role of
the thermal sense in the perception of skin wetness during the
contact with an external stimulus has been provided by one of
our latest studies.'" In this study, 13 blindfolded male partici-
pants underwent a Quantitative Sensory Test, during which they
actively interacted with cold-wet (i.e., 25°C), neutral-wet (i.e.
30°C) and warm-wet (i.e., 35°C) stimuli characterized by the
same moisture content (i.e., 80 pl.em™?). The stimuli were
delivered by a thermal probe (i.e., 25 cm?) covered with a 100%
cotton fabric, which was fully wet and brought to the required
temperature before stimulation. The hairy skin of the ventral side
of the left forearm and the glabrous skin of the left index finger
pad were exposed to the static (i.e., only thermal cues available)
and dynamic contact (i.e. thermal and tactile cues available) with
the stimuli. As a result of the contact with the stimuli (and
although all the stimuli presented the same wetness levels), cold-
wet stimuli were perceived as significantly wetter than neutral
and warm ones, particularly during the static interaction. It is
therefore likely that participants relied primarily on thermal than
mechanical cues to discriminate their sensation, as limited
mechanosensory inputs (i.e., only in the form of static pressure)
were available during the static interaction with the stimuli. In
support of this hypothesis, during the subsequent dynamic inter-
action with the stimuli (when increased mechanosensory afferents
responding to skin friction, vibration and lateral stretching were
also available), wetness perception increased regardless of the
thermal inputs available. Interestingly, a trend was observed with
the extent of perceived wetness being higher on the hairy than on
the glabrous skin. Overall, these psychophysical results indicated
that participants relied primarily on their cold and tactile sensa-
tions to sense and characterize their perception of skin wetness."'

In summary, the studies that have investigated what sensory
inputs contribute to skin wetness perception with a magnitude
estimation approach, have provided more structured evidence on
the sensory inputs which could significantly contribute to drive
the perception of skin wetness during the contact with an external
(dry or wet) stimulus.

Overall, these results highlighted the synthetic nature of the
perception of skin wetness and indicated that it is not the contact
of the skin with moisture per se, but rather the integration of par-
ticular sensory inputs which could drive the perception of skin
wetness.*® In this respect, due to potential learning factors, ther-
mal (cold) sensations seems to play a primary role in driving the
perception of skin wetness. Finally, these studies have demon-
strated that, assessing the psychophysical processes involved in
the perception of skin wetness by using Quantitative Sensory
Testing with a magnitude estimation paradigm can provide reli-
able quantitative data about the basic sensory mechanisms under-
lying this complex somatosensory experience.

At this point however, although perceiving coldness is likely to
be determinant in humans’ ability to sense wetness in the absence
of skin hygroreceptors, studies by Gerrett et al.** and everyday
experience suggest that we are able to sense wetness even in the
absence of coldness (e.g., during exposure to warm-humid envi-
ronments or when in contact with warm water). In these particu-
lar conditions, the tactile and pressure related sensations (e.g.
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stickiness) resulting from the interaction between moisture and
skin could therefore play a critical role in the ability to sense
wetness.

Magnitude estimation studies: tactile sense in the perception
of skin wetness

With regards to the potential contribution of other somato-
sensory modalities to the perception of skin wetness during the
contact with an external (dry or wet) stimulus, the tactile sense
(sub-serving the central integration of mechanosensory inputs)
could represent an important source of sensory information for
sensing and discriminating skin wetness (Fig. 2B).

When the skin is exposed to external stimuli, surface’s textures
and properties (e.g., wetness or roughness) are usually discrimi-
nated based on the type and amount of mechanosensory inputs
resulting from the skin displacement as well as the rate of move-
ment of the stimuli across the skin.’® For example, when in con-
tact with fabrics, the level of skin wetness has been shown to
increase the amount of friction within the skin-clothing system, a
fact which in turn may alter the tactile sensations arising from
the skin’s mechanical contact with the fabric.”’ Gwosdow et al.”’
have observed that increases in physical skin wetness result in
increases in the frictional force required to pull a fabric across the
skin, with this being positively correlated with the level of subjec-
tive displeasure experienced. Increases in mechanical stimulation
of the skin (in the form of greater skin friction) resulting from
the interaction with wet materials could therefore contribute to
induce and/or increase the perception skin wetness.

In this respect, Bergmann Tiest et al.® have recently provided
evidence for the role of tactile inputs in the haptic perception of
wetness. In their study, the authors observed that, during the
interaction with wet materials (i.e. 19.6 cm” thin and thick vis-
cose and cotton wool), Weber fractions for wetness discrimina-
tion thresholds (i.e., psychophysical indicator of the just-
noticeable difference between 2 stimuli, which is proportional to
the magnitude of the stimuli)®> decreased significantly when
individuals were allowed dynamic as opposed to the static touch-
ing. This indicated that individuals’ skin wetness perception was
increased by a higher availability of tactile information, as occur-
ring during the dynamic exploration as opposed to the static con-
tact with the wet materials. The authors concluded that, when
thermal cues (e.g. thermal conductance of a wet material) provide
insufficient sensory inputs, individuals seem to use mechanical
cues (e.g., stickiness resulting from the adhesion of a wet material
to the skin) to aid them in the perception of wetness.

In line with the findings of Bergmann Tiest et al.8, our group
has recently demonstrated that, during the contact with cold-wet
(i.e. 25°C), neutral-wet (i.e. 30°C) and warm-wet (i.e. 35°C)
stimuli characterized by the same moisture content (i.e., 80 pl
cm™?), cold-wet stimuli were perceived as significantly wetter
than neutral and warm only during the static contact with the
stimuli (i.e. when limited mechanosensory afferents were avail-
able)), and that when the participants were allowed a dynamic
interaction with the stimuli (and tactile cues were therefore made
available), wetness perception increased regardless of the thermal
inputs available.'" These results support the hypothesis that
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tactile cues and mechanosensory afferents are essential in aiding
the perception of skin wetness.

Further psychophysical evidence in support of the potential
sensory interaction occurring between thermal and mechanical
cues in driving the perception of wetness was recently provided
by another study performed by our group.” Our experimental
design was based on the application of 6 cold-dry stimuli with
different temperatures and mechanical pressures, on the bare
upper and lower back of 8 blindfolded female participants. Six
cold-dry stimuli, resulting from combining 3 relative tempera-
tures (4, 8 and 15°C below the local skin temperature) and 2
mechanical pressures (7 and 10 kPa) were used in this study.
As a result of the application of the stimuli, cold-dry stimula-
tions inducing drops in skin temperature ranging between 0.6
and 4.0°C with skin cooling rates of 0.06 to 0.4°C.s™' were
shown to evoke artificial skin wetness perceptions, with colder
stimuli resulting in a higher frequency and magnitude of wet-
ness perception (note: 4°C was the highest value tested and
thus this is not necessarily the upper cooling limit for skin wet-
ness perception). However, it was observed that the application
of stimuli with a higher mechanical pressure on the skin
(10 vs. 7 kPa) reduced the frequency of times artificial wetness
perceptions were evoked. Although thermal stimuli applied
with higher and lower mechanical pressure resulted in similar
drops in skin temperature, higher pressure cold-dry stimuli
were indeed perceived as significantly less cold and less wet. As
attenuations in thermal sensation due to an increased mechani-
cal stimulation to the skin have been previously reported,” the
outcomes of this study further strengthened the role that the
level of coldness experienced plays in modulating the percep-
tion of skin wetness. Also, these findings provided evidence for
the fact that cutaneous tactile afferents (as stimulated by differ-
ent mechanical pressures applied to the skin) might influence
the way a complex perception such as skin wetness is experi-
enced.’” Indeed, the high levels of static pressures resulting
from the application of the cold-dry stimuli with a high pres-
sure (i.e. 10 kPa), might have generated “unfamiliar” sensations
which are not commonly associated to the way we learn to per-
ceive skin wetness (e.g. when sweating or immerging a body
part into a liquid, conditions which usually generate low levels
of mechanical pressure on the skin). These unfamiliar sensa-
tions could have eventually resulted in the high pressure stimuli
being perceived as less wet than the low pressure ones.

In summary, these psychophysical findings provided evi-
dence for the potential role of tactile and mechanical cues in
characterizing and modulating the perception of skin wetness
during the skin’s contact with external (dry or wet) stimuli.
Light touch, low levels of mechanical pressure and increase in
skin friction seem to induce an increase in the perception of
skin wetness. On the other side, higher levels of static pres-
sures (i.e. able to reduce cold sensitivity) and the related tac-
tile sensations, seem to reduce the perception of skin wetness
by generating pressure-related sensations which could be
potentally different to what is experienced in natural condi-
tions (e.g., when sweating or immerging a body part into a

liquid).
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Interestingly, this recent evidence (along with what has been
observed in psychophysical studies investigating the role of ther-
mal cues in the perception of wetness) appeared to be in line
with what initially proposed by Bentley'? on the interaction
between coldness and tactile sensations as a sensory mechanism
underpinning human perception of skin wetness (Fig. 2).

Psychophysical Approach: Sweat Production

As an alternative way to the contact with external (dry or wet)
stimuli, the active production of sweat represents a mechanisms
through which skin wetness can also be experienced. To our
knowledge, only few studies have investigated how the level of
physical skin wetness relates to the level of perceived skin wetness
under conditions of sweat-induced skin wetness.

Fukazawa and Havenith'® investigated thermal comfort sensi-
tivity in relation to locally manipulated skin wetness as resulting
from exercise-induced sweat production. Similarly, Gerrett
et al.*® investigated thermal comfort sensitivity in relation to
sweat-induced skin wetness, however in a non-manipulated con-
dition (natural sweat distribution across the torso during exer-
cise). Finally, Lee et al.*? investigated regional differences in
sweat-induced perceived skin wetness during rest and moderate
exercise in 25 and 32°C ambient temperature and 50% relative
humidity. Overall, the results of these studies indicated that the
level of perceived skin wetness strongly correlated with the level
of physical skin wetness (i.e., the higher the physical wetness, the
greater the perception of skin wetness) and that participants
could discriminate regional differences in their perceived
wetness.' 4243

Interestingly, in all these studies, skin temperature was always
observed to increase significantly during the exercise protocols, a
fact which indicated that participants were able to both sense and
regionally discriminate sweat-induced skin wetness, despite not
experiencing any cold sensations. It could be therefore suggested
that in those conditions, participants relied more on tactile (i.e.
stickiness of their clothing) than on thermal inputs (i.e., thermal
sensations) to characterize their wetness perception.

This hypothesis could be in line with what has been previously
shown for the skin’s contact with an external stimulus (i.e. man-
ual exploration of a wet material) by Bergmann Tiest et al.,® who
reported that, when thermal cues (e.g. thermal conductance of a
wet material) provide insufficient sensory inputs, individuals
seem to use mechanical cues (e.g., stickiness resulting from the
adhesion of a wet material to the skin) to aid them in the percep-
tion of wetness.

In line with the above, it could also be speculated that the
greater role that tactile inputs could have played in driving the
perception of skin wetness during the above mention studies,
could be the result of an increased skin’ sensitivity to tactile stim-
uli. When sweat is produced, the internal sweat production and
duct filling activates the cutaneous mechanoreceptors surround-
ing the sweat glands.’ * The increased activity of these mechanor-
eceptors could be responsible for the typical “tingling sensation”
which is often experienced at the onset of sweating. Ultimately,
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this sensation of a change in the skin hydration status could con-
tribute to an increased sensitivity to skin wetness perception at
the onset of sweating under warm skin temperatures. However,

10.42:43 the mechanical interac-

as in the above mentioned studies
tion at the skin as well as the skin hydration was neither manipu-
lated nor controlled [e.g. in Fukazawa and Havenith’ s study'’
only the type of garment’s fabrics used to manipulate skin wet-
ness levels was controlled in order to ensure similar tactile inputs
across the whole body], these cannot provide conclusive evidence
on the potential link between the thermal and mechanical
changes occurring locally at the skin’s surface when this was wet
(due to sweating) and the resulting sensory inputs used by the
participants to characterize their perception of skin wetness. Nev-
ertheless, as the mechanisms underpinning the perception of skin
wetness during the active production of sweat appear to be simi-
lar to the ones underpinning this perception during the contact
with a wet stimulus (i.e., integration of thermal and tactile sen-
sory cues), it is reasonable to hypothesize that under these condi-
tions, common sensory processes for the perception of skin
wetness could be shared. Further studies, specifically targeting
these mechanisms, are therefore warranted to confirm this
hypothesis.

Psychophysical Approach: Regional Differences

Due to the importance of skin wetness as a somatic percep-

tion, and due to the similarities with other bodily sensations (i.e.

6 . 58 .
>¢ and temperature sensmg575 ), whose regional

touch,” pain
differences have been widely characterized across the body, an

interest in investigating whether regional differences in skin wet-

ness perception  exist the body has recenty

d 10,42,43,59

across
flourishe

This interest in mapping the perception of skin wetness across
the body has been driven by older®®
recent’ 503 investigations which examined regional differences
in cutaneous thermal sensitivity. A body of literature is indeed

available, indicating that the distribution of thermal sensitivity

as well as more

varies significantly across the human body with different regions
showing different (i.e., higher/lower) sensitivity to cold and
warm stimuli.®? Behavioral adaptations (e.g., thermal protection
of sensitive organs)64 as well as anatomical (e.g., density of cuta-
neous thermoreceptors)®® and physiological factors (e.g., central
nervous integration processes)®” have been shown to be responsi-
ble for such regional differences in thermal sensitivity (for a more
detailed overview on the regional differences in thermosensitivity
the reader is referred to ref.?).

In this respect, appraising the role of cutaneous thermal sensi-
tivity in the perception of skin wetness has led to a number of
investigations attempting to examine whether regional differences
in wetness perception (as induced by both sweating and contact
with an external stimulus) exist across the body.

A further (and even more recent) area of interest has been the
one specifically focusing on investigating the potential differences
in wetness perception between glabrous (i.e. covering the palm of
the hands and sole of the feet) and hairy skin (covering the rest of
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the body). Due to specific morphological and physiological dif-
ferences between these types of skin, the question has arisen on
whether glabrous skin could be more sensitive to skin wetness
and vice versa.

In light of the above, the following paragraphs present a sum-
mary of the currently available psychophysical evidence on the
regional differences in wetness perception across hairy skin sites,
and between hairy and glabrous skin.

Hairy skin

The distribution of cutaneous sensitivity to cold (as well as to
warmth, see e.g., Gerrett et al.”®) has been repeatedly shown to
vary significantly across different hairy regions of the body®>*>®”
as well as within the same body region.”” For example, the torso
is suggested as among the most sensitive regions to cold.®**®¢”
Furthermore, the recent work of Ouzzahra et al.”” has provided
evidence for the presence of an uneven distribution of cold sensi-
tivity across the front and back torso. In this respect, in line with
the hypothesis that sensing skin wetness could be primarily
driven by the level of coldness experienced, it would be reason-
able to hypothesize that skin wetness perception could vary sig-
nificantly across the body. A number of studies have investigated
whether humans present regional differences in cutaneous wet-
ness perception. 10,4142

In a study in which thermal comfort sensitivity was investi-
gated in relation to locally manipulated skin wetness (as resulting
from exercise-induced sweat production), Fukazawa and Have-
nith'® found that the torso seems to have a lower sensitivity to
wetness than the limbs. Similar findings were also reported by
Gerrett et al.®® in a non-manipulated condition (natural sweat
distribution across the torso during exercise). Lee et al.*? showed
that when asked, individuals reported the torso (i.e., chest and
back) to be the region more often perceived as wet during rest
and moderate exercise in 25 and 32°C T,;, and 50% humidity.
Finally, Ackerley et al.*' have recently shown that when wet
stimuli with different moisture contents (range: 0.8-6.6 pl.
cm™?) were applied to different body regions, individuals were
able to differentiate between moisture levels, with a tendency of
the back as being among the most sensitive region to wetness.

The outcomes of these studies provided initial insights about
the hairy regions of the body which could be more sensitive to
skin wetness (e.g., limbs) and on which skin wetness might be
perceived to a larger extent (e.g. the torso). However, by only
measuring the physical wetness (whether due to sweat production
or to contact with a wet surface) these studies had provided lim-
ited evidence on the potential link between the thermal changes
occurring locally at the skin’s surface when this is wet (e.g., varia-
tion in local skin temperature) and how these are perceived in
terms of thermal sensations and perception of skin wetness.

In this respect, a recent study performed by our group (in
which local changes in skin temperature and related thermal sen-
sations have been linked to the perception of skin wetness),”” has
provided a detailed body map of cold-induced wetness percep-
tion across the human torso. In this study, 16 males underwent a
quantitative sensory test during which 12 regions of the front
and back of the torso were stimulated with a dry thermal probe
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with a temperature of 15°C below local skin temperature.
Despite being dry, this cold stimulus had been previously shown
to induce drops in skin temperature (and thus cold sensations)
able to induce an illusion of skin wetness’> and was therefore
considered appropriate to investigate the role of thermal cues in
driving the perception of skin wetness.

As a result of the same cold-dry stimulation, the skin cooling
response varied significantly by location with the lateral chest
showing the greatest cooling and the lower back the smallest.
Thermal sensations varied significantly by location and indepen-
dently from regional variations in skin cooling, with colder sensa-
tions reported on the lateral abdomen and lower back.
Interestingly, and similarly to what was observed for the distribu-
tion of cold sensitivity, the frequency of perceived skin wetness
was significantly greater on the lateral and lower back as opposed
to the medial chest (Fig. 3).

Opverall, these results confirmed the existence of regional differ-
5763 and indicated that

these differences could translate into significant and matching

ences in cutaneous thermosensitivity to cold

regional differences in cutaneous wetness perception across the
human torso.”” Hence, these findings supported the hypothesis
that the central integration of coldness could be critically involved
in the neural processes underpinning humans’ ability to sense wet-
ness, and that regional differences in cold sensitivity could result in
matching differences in wetness perception across the torso.

In summary, the evidence provided by the above mentioned
studies indicated that humans seem to regionally discriminate
their wetness perception, thus suggesting potential regional dif-
ferences in wetness sensitivity. These regional differences could
be underpinned by regional differences in thermal (particularly
cold) sensitivity, although the only evidence in support of this
hypothesis is provided by a study in which wetness perceptions
were induced by contact dry cooling. Hence, as regional differen-
ces in tactile sensitivity’®®® could also contribute to modulate
the perception of wetness across the body (particularly within the
context of sweat-induced skin wetness), further studies are war-
ranted to clarify the mechanism underlying the observed differen-
ces in regional sensitivity to skin wetness across hairy skin sites.

Hairy vs. Glabrous skin

With regards to the potential differences in skin wetness per-
ception between hairy and glabrous skin, limited psychophysical
evidence is currently available on whether wetness perception dif-
fers between these areas.

In a recent study, Ackerley et al.*’ found no differences
between the palm of the hand (i.e. glabrous skin) and the rest of
the body (i.e., hairy skin) in the ability to discriminate between
externally applied wet stimuli with different moisture contents
(range: 0.8-6.6 pl.cm™?). Both hairy and glabrous skin sites
were indeed observed to present the same level of skin wetness
sensitivity.

On the contrary, a recent study from our group has provided
preliminary evidence in support of potential differences between
hairy and glabrous skin sites in wetness perception.'" In this study,
13 blindfolded male participants underwent a Quantitative Sensory
Test, during which they actively interacted with cold-wet (i.e.
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25°C), neutral-wet (i.e. 30°C) and warm-wet (i.e. 35°C) stimuli
characterized by the same moisture content (i.e., 80 pl.cm™?). The
stimuli were delivered by a thermal probe (i.e. 25 cm?) covered
with a 100% cotton fabric, which was fully wet and brought to the
required temperature before stimulation. The hairy skin of the ven-
tral side of the left forearm and the glabrous skin of the left index
finger pad were exposed to the static (i.e., only thermal cues avail-
able) and dynamic contact (i.e. thermal and tactile cues available)
with the stimuli. As a result of the contact with the same stimuli, a
trend was observed with the extent of perceived wetness being
higher on the hairy than on the glabrous skin.

Anatomical and physiological differences between these types
of skin could explain the potential differences in the ability to
sense wetness across these skin sites. Indeed, hairy and glabrous
skin sites differ in terms of innervation and particularly in terms
of density of thermo- and mechano-sensory nerve fibers as well as
in their biophysical properties. For example, the hairy skin seems
to be more sensitive to thermal stimuli than the glabrous skin,
which on the contrary presents higher spatial acuity.®” From the
receptors point of view, this could be due to the fact that,
although both glabrous and hairy skin sites are innervated with
slowly adapting type I mechano-sensory afferents, also known as
Merkel cells (low threshold mechanoreceptors transmitting acute
spatial images of tactile stimuli with remarkably high spatial reso-
lution), glabrous skin presents a higher density of these special-
ized organs for tactile discrimination, a fact which could explain
the higher spatial acuity to mechanical stimuli of this type of
skin.”” From a biophysical point of view, the presence of a
thicker stratum corneum (i.e., the outermost layer of the skin) on
glabrous skin, resulting in a greater thermal insulation of this
type of skin, contributes to the reduced thermal conductance of
the finger pad”' and therefore to the lower thermosensitivity of
glabrous as opposed to hairy skin during short contact cooling
and/or heating. This, as a result of the longer time that is needed
for a given change in temperature of glabrous skin’ superficial
layers to penetrate to the underlying tissues (e.g. stracum granulo-
sum) where the thermoreceptors lay.

In this context, as thermal sensitivity seems to play the key role
in sensing wetness, it is reasonable to hypothesize that, despite a
larger content in highly spatially sensitive mechanoreceptive
afferents”® (which could potentially contribute to an increase in
the haptic perception of wetness), the lower thermal sensitivity of
the glabrous skin might translate in the palm of the hands being
generally less sensitive to wetness than the rest of the body.

Although the recent findings from our study seem supporting
the hypothesis for which the higher thermal sensitivity of hairy
skin might translate in this type of skin being generally more sen-
sitive to wetness,'" the limited number of studies specifically
comparing hairy and glabrous skin’ wetness perception highlights
the need for further experimental investigations.

Summary of Psychophysical Results
The evidence emerging form psychophysical investigations of

human hygrosensation have provided insights on the sensory
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Figure 3. Body maps showing the regional distribution of (A) local skin cooling (°C) caused by the
application (10 s) of a cold-dry stimulus previously shown to induce a perception of wetness (i.e. 15°C
lower than local skin temperature), (B) absolute mean votes for resulting thermal sensation, (C) and fre-
quency (%) of wetness perception. Regions showing greater skin cooling, colder sensations and more
frequent wetness perceptions are represented in darker colors. The rating scale used by the partici-
pants to score their absolute thermal is reported next to the respective body map. Two main tenden-
cies are shown. First, the regional differences in thermal and wetness sensation present a similar
pattern across the torso (e.g., as opposed to the chest, the lateral and lower back appears more sensi-
tive to cold and wetness). Second, these sensory patterns seem independent from the regional varia-
tions in skin cooling (i.e., regions which show greater skin cooling, such as the lateral chest, are not
necessarily the ones in which the stimulus was perceived as colder and more often wet). © [The Ameri-
can Physiological Society]. Permission to reuse must be obtained from the rightsholder.®?

mechanisms (i.e. integration of cutaneous temperature and tactile

resulting  from  actively  sweating
(Fig. 4). These psychophysical results
can be summarised as follow:

1. The first scientist who attempted to

explain the sensory basis of the per-
ception of skin wetness was Bent-
ley,'”> who in 1900 proposed a
sensory-blending hypothesis which
suggests the blend of pressure and
coldness as responsible for evoking
the perception of wetness. Since
Bentley’s study, a number of studies
have been performed to investigate
human perceptual responses to
either: a) skin’s contact with external
(dry or wet) stimuli; b) the active
production of sweat.

. It has been shown that humans seem

to readily discriminate between lev-
els of wetness which differ as little as
of 0.04 ml. However, the noticeable
difference in wetness levels seems to
increase with increasing magnitude
of wetness (i.e., the wetter the stim-
uli, the greater the difference in
moisture content required to per-
ceive differences in the wetness level
of the stimuli).

. Thermal (cold) sensory inputs have

been shown to play a primary role
in driving the perception of skin
wetness. Indeed, it has been pro-
posed that humans tend to associate
the cold sensations evoked by the
drop in skin temperature occurring
during the evaporation of moisture
from the skin, as a signal of the pres-
ence of moisture, and thus wetness,

on the skin surface (Fig. 4A).

. Cold-dry stimuli able to reproduce

skin cooling rates similar to the ones
occurring when the skin is wet have
been suggested and proven effective
in evoking the perception of wetness
(Fig. 4B). Furthermore, warm stim-
uli (above skin temperature) have
been shown to suppress the percep-
tion of skin wetness when statically
applied to the skin. Hence, the role
of cold sensations per se has been
shown to be critical in driving the

perception of skin wetness.

inputs) which seems to underpin humans’ remarkable ability to 5. When thermal cues are however limited, individuals seems

sense and discriminate between moisture levels, both when these
are the result of a contact with a wet stimulus as well as when
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indeed to rely on tactile discrimination (e.g., stickiness) to
sense skin wetness (Fig. 4C). Psychophysical evidence has
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Figure 4. Summary of sensory mechanisms (i.e., integration of cutaneous temperature and tactile inputs) which seems to underpin humans ability to
sense and discriminate between moisture levels on the skin, both when these are the result of a contact with an external stimulus (A-C) as well as when

been provided on how thermal (cold) and tactile sensory
cues could be integrated to aid the discrimination of skin
wetness during the contact with an external (dry or wet)
stimulus.

6. Few studies have investigated how the level of physical skin
wetness relates to the level of perceived skin wetness under
conditions of sweat-induced whole-body skin wetness. It
appears that under conditions of sweat-induced skin wetness,
individuals could rely more on mechanical (i.e. stickiness and
changes in skin hydration) than on thermal inputs (i.e., ther-
mal sensations) to characterize their skin wetness perception
(Fig. 4D).

7. Regional variations in wetness perception across the body
have been shown and insights about the hairy regions of the
body on which skin wetness might be perceived to a larger
extent (e.g. the torso) have been provided. Specifically, wet-
ness perception seems to vary significantly across the torso,
with regions presenting higher cold sensitivity (i.e. lower
back) also showing higher wetness perception.

8. Only one study has demonstrated that hairy skin could be
more sensitive to skin wetness than glabrous skin (possibly
due to the higher thermal sensitivity of this type of skin).
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The wealth of information provided by the psychophysical
findings outlined above has contributed to identify the sensory
inputs (i.e., temperature and tactile) which are likely to contrib-
ute to the perception of skin wetness in the absence of specific
skin hygroreceptors. However, the identification of such sensory
cues has represented only the first step in the process of elucidat-
ing how peripheral (i.e. sensory receptors and nerve fibers) and
central nervous structures (i.e., cortical and sub-cortical areas
involved in somatosensation) interact in giving rise to the percep-
tion of skin wetness. As that, the neural mechanisms underlying
humans’ ability to sense warm, neutral and cold wetness on their
skin are still largely obscure.

In this respect, our group have recently attempted to elucidate
the peripheral neural mechanism of human wetness perception
by combining psychophysical and neurophysiological methods.'"
In doing so, this study has produced a neurophysiological model
of human cutaneous wetness sensitivity. The findings from this
recent study will be discussed in the following paragraph. As this
approach represents the first to our knowledge to have specifically
explored the peripheral neural mechanism of the perception of
skin wetness, in the absence of similar neurophysiological studies
in humans, the findings of this study will be compared with
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results from animal studies, in which the neuromolecular bases of
humidity sensation in other hygroreceptor-lacking organisms
have been recently elucidated.

Neurophysiological Bases of Skin Wetness
Perception

Psychophysical evidence on the mechanisms of human hygro-
sensation has indicated that cutaneous thermal and mechanosen-
sory inputs, in the form of coldness and light mechanical
pressure, represent the main peripheral drivers of the perception
of skin wetness. Hence, understanding the neurophysiology of
skin thermal and mechanosensory afferents is critical in order to
identify peripheral neural pathways which could underpin the
central processing of skin wetness perception, as operated by
higher order neural structures (e.g., cortical and sub-cortical
regions). In light of the above, and before examining the available
evidence on the neurophysiology of skin wetness perception, a
brief outline of the neural mechanisms underlying cutaneous
thermal and tactile sensitivity will be presented. For a more

detailed overview, the reader is referred to refs.”>%?

Neurophysiology of cutaneous thermal and tactile afferents

Human cutaneous thermal sensations are peripherally sub-
served by cold-sensitive, myelinated A8-nerve fibers (with con-
duction velocities ranging from 5-30 m.s~') and by cold- and
warm-sensitive, unmyelinated C-nerve fibers (conduction veloci-

ties ranging from 0.2-2 m.s1),0>72

transmitted through the
spino-thalamic tract and the dorsal-column medial lemniscal
pathway,”” and centrally integrated by the primary and secondary
somatosensory cortices as well as the insular cortex (a cortical
region involved in cold and warm temperatures sensation, as well
as pain and touch).”

Mpyelinated Ad-nerve fibers represent the vast majority of the
so-called “cold fibers.” At steady state temperatures cold fibers
have a characteristic stimulus response function which is bell-
shaped, with a maximal steady-state activity between 20 and
30°C and lower activity at lower and higher temperatures.®> At
maintained temperatures above 40°C or below 17°C, cold fibers
maintain a very low frequency discharge or become silent. Con-
duction velocities for these fast-responding fibers range from
5-30 m.s~ 7%, Characterized by small receptive fields, these
fibers primarily sub-serve conscious cold sensations.

C-nerve fibers (i.e. polymodal afferents responding to noci-
ceptive, warm, cool and light mechanical stimulation with con-
duction velocities ranging from 0.2-2 m.s” ), represent the vast
majority of the afferent warmth fibers.””> These fibers have ongo-
ing activity at static temperatures of 30°C or more. The function
of their discharge rate versus steady state stimulus temperature
follows a bell-shaped curve, with maximum discharge at
40-43°C and minimal activity at 50°C. Characterized by small
receptive fields, these fibers primarily sub-serve conscious warmth
sensations.®’

The recent discovery of the Transient Receptor Potential
(TRP) cation channels has opened to a better understanding of
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the molecular logic behind peripheral temperature sensation.”®
TRP(s) represent a family of cation channels, which are expressed
in the cell membrane of cutancous free nerve endings (such as
thermosensitive A- and C-type nerve fibers) and which are acti-
vated at specific temperature ranges. When activated, these chan-
nels induce an increase in the resting membrane potential of the
specific nerve ending with which they are associated, thus gener-
ating specific temperature-dependent afferent inputs.”” Cumula-
tively, these ion-channels cover a wide range of temperatures
(i.e., ~0 to ~50°C).”*

With regards to somatosensory nerve fibers with mechano-
sensitive properties, these lie in the dorsal root and trigeminal
ganglia of the spinal cord, from which they extend sensory affer-
ents to the skin. These are classified into 3 broad groups (i.e. C,
AR, and AS fibers) and end in the skin both in the form of free
nerve endings and with specific corpuscles (i.e., specialized
cells).”?

In general, weak, innocuous mechanical force applied to the skin
activates the so-called low-threshold mechanoreceptors, namely
Pacinian corpuscles, Meissner’s corpuscles, Merkel’s disks and Ruf-
fini endings. These mechanoreceptors are associated to Af§ nerve
fibers, present conduction velocities in the range of 16-100 m.s™",
and differ between each other in terms of the stimuli they respond
to as well as in terms of their receptive fields.”>”°

Pacinian and Meissner’s corpuscles respond to the initial and
final contact of a mechanical stimulus on the skin and are classi-
fied as rapidly adapting low-threshold mechanoreceptors,
whereas Merkel’s disks and Ruffini endings continue to fire dur-
ing a constant mechanical stimulus and are classified as slowly
adapting low-threshold mechanoreceptors. With regards to their
receptive fields, Meissner’s corpuscles and Merkel’s disks possess
small receptive fields, whereas Pacinian corpuscles and Ruffini
have large receptive fields.

Low-threshold mechanoreceptors encode and transmit cuta-
neous tactile inputs which are then centrally integrated by the
primary and secondary somatosensory cortices as well as the insu-
lar cortex and the posterior parietal cortex through the dorsal-col-
umn medial lemniscal pathway.”’

In recent years, numerous mechano-sensitive molecules
and cation channels have been identified, which could con-
tribute in gating and initiating mechanotransduction and
touch sensations in mammals.”” Candidate channels are
Degenerin/Epithelial sodium channels (DEG/ENaC), TRP
channels and 2-pore potassium (KCNK) channels. Transduc-
tion mechanisms for these cation channels could be stretch-
activated, when force in the lipid bilayer cell membrane
changes; alternatively, these channels could be tethered to the
cytoskeleton or extracellular matrix, and could be opened by
changes in the tension in the linkages between the channel
and the cytoskeleton; finally, the transduction channels could
be coupled to mechanically sensitive proteins through signal-
ing intermediates.®® However, as the molecular bases of tac-
tile and mechano sensations have only recently started to be
unveiled, and as the vast majority of the literature is based
on in vitro and/or in vivo animal studies, these hypotheses
still require further testing in humans.
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Neurophysiological approach

The psychophysical evidence examined so far indicated that
coldness and tactile sensations drive the perception of skin wet-
ness (Fig. 4) and that as humans we tend to consistently associate
coldness and light touch to the idea of a typical wet stimulus.
This sensory association is not entirely surprising, particularly
when considering that the sensory inputs associated to the physi-
cal experience of wetness are often generated by heat transfer in
the form of evaporative cooling,41 and mechanical pressure in the
form of friction and stickiness.®' As briefly outlined, this sensory
information is generally encoded by cutaneous cold-sensitive,
myelinated Ad-nerve fibers (with conduction velocities ranging
from 5-30 m.s~")"% and by cutaneous mechanosensory Af-nerve
fibers (with conduction velocities ranging from 16-100 m.
s7").”? Hence, it is reasonable to hypothesize that the central
integration of coldness and mechanosensation, as subserved by
peripheral myelinated A-nerve fibers, might be the primary neu-
ral process underpinning humans’ ability to sense wetness.

Perceptual learning and somatosensory decision making could
contribute to explain why the brain processes sensory informa-
tion about the perception of wetness in such fashion.®> As the
skin seems not to be provided with hygroreceptors,” it is reason-
able to hypothesize that the perception of skin wetness is shaped
by sensory experience (i.e. we learn to associate the sensations
experienced when in contact with moisture to the actual percep-
tion of skin wetness). In this respect, the primary and secondary
somatosensory cortices (cortical regions involved in integration
somatosensory inputs among which cutaneous thermal and tac-
tile), the insular cortex (a cortical region involved in cold and
warm temperature sensation)”” as well as the posterior parietal
lobe (a cortical region concerned with integrating the different
somatic sensory modalities necessary for perception)’ could be
involved in generating a neural representation of a “typical wet
stimulus.” This could be based on the multimodal transforma-
tion (i.e., information from one sensory sub-modality can be
transformed into a map or reference frame defined by another
sub-modality) of the somatosensory inputs generated when the
skin is physically wet.*?

The hypothesis that the central integration of cutaneous ther-
mal and tactile A-type nerve afferents represents a specific proc-
essing mechanisms which has developed in humans to sense
wetness in the absence of skin hygroreceptors, has been tested by
our group.'' In one of our recent studies we hypothesized that
artificially dampening cutaneous cold and mechano sensitivity,
by selectively reducing the activity of A-nerve fibers, would trans-
late in significantly impairing the ability to perceive skin wetness.

In order to do so, we first characterized participants’ wetness
perception with psychophysical methods. Thirteen blindfolded
male participants underwent a Quantitative Sensory Test, during
which the left forearm and the left index finger pad were exposed
(i.e. statically and dynamically) to cold-wet (i.e., 25°C), neutral-
wet (i.e. 30°C) and warm-wet (i.e., 35°C) stimuli characterized
by the same moisture content (i.e. 80 pl.em™?). As a result of
the contact with stimuli (and as expected based on previous psy-
chophysical evidence), cold-wet stimuli were perceived as signifi-
cantly wetter than neutral and warm ones, particularly during the
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static interaction (i.e., when only low-threshold mechanorecep-
tors responded to the static pressure of the stimulus against the
skin). Also, during a subsequent dynamic interaction with the
additional
responding to skin friction, vibration and lateral stretching were
engaged by the dynamic stimulation), wetness perception

stimuli  (when low-threshold mechanoreceptors

increased regardless of the thermal inputs available.

At this point, having confirmed the role that cutaneous ther-
mal (i.e. cold sensitive) and tactile (i.e., mechanosensory afferents
responding to skin friction, vibration and lateral stretching) A-
type nerve afferents played in participants’ ability to sense wet-
ness, we tested wetness perception in the same participants, after
having selectively reduced the activity of their cutaneous cold-
and mechanosensitive A-nerve fibers. This was accomplished by
adopting a neurophysiological method based on a modified local
compression-ischemia protocol. This method has been previously
shown to induce a dissociated reduction in A-fibers afferent activ-
ity5485
myelinated A-fibers before C-fibers (i.e. primarily sub-serving

as the compression ischemia impacts transmission in

conscious warmth and pain sensitivity) are affected.®® Compres-
sion-ischemia was induced by inflating a sphygmomanometer
cuff on the upper arm of blindfolded participants to a suprasys-
tolic pressure (i.e., 140 mmHg) for a maximum duration of
25 min.

As soon as the selective reduction in A-fibers afferent activity
was observed effective in reducing cutaneous cold and mechano
(i.e. light brush) sensitivity, the same participants performed the
same Quantitative Sensory Test as performed under normal A-
nerve fibers function (i.e., interaction with cold-wet, neutral-wet
and warm-wet stimuli characterized by the same moisture
content).

As a result (and when compared to the wetness perceptions
recorded under normal A-nerve fibers function), a significant
reduction in the ability to sense wetness was observed in all par-
ticipants, both on hairy and glabrous skin sites. Hence, it was
concluded that the central integration of conscious coldness and
mechanosensation, as sub-served by peripheral myelinated A-
nerve fibers, could be the primary neural process underpinning
humans’ ability to sense wetness."

Based on the findings of this recent mixed approach (i.e. psy-
chophysical and neurophysiological), a neurophysiological model
of skin wetness perception was developed, in order to explain
how wetness can be sensed in humans. This model is based on
the hypothesis that the brain infers about the perception of wet-
ness in rationale fashion,®” and that the integration of cold and
tactile sensory inputs represents the main processing pathway for
sensing wetness (Fig. 5).

According to this model, thermal and mechanosensory inputs
could be differently weighted in relation to the nature of stimula-
tion (i.e., dry or wet; cold, warm or neutral; static or dynamic) to
aid in the perception of wetness. For instance, in the presence of
warm-wetness, tactile and mechanical inputs (e.g. skin friction
and stickiness) will be more important than thermal, due to the
absence of the specific thermal component (i.e. coldness) which
has been shown to play a key role in contributing to the sensory
pathway for wetness (Fig. 5 C and D). On the contrary, within
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Figure 5. Neurophysiological model of cutaneous wetness sensitivity as developed by Filingeri et al. Mechano AB, cold A8 and warm C sensitive nerve
fibers and their projections from the skin, through peripheral nerve, spinal cord (via the dorsal-column medial lemniscal pathway and the spinothalamic
tract), thalamus and somatosensory cerebral cortex (including the primary and secondary somatosensory cortex cortices Sl and SlI, the insular cortex and
the posterior parietal lobe) are shown. (A and B) Show the neural model of wetness sensitivity (consisting of A and AR afferents) under normal and
under selective reduction in the activity of A-nerve fibers respectively. (C, E and G) Show the pathways for wetness sensitivity during static contact with
warm, neutral and cold moisture. (D, F and H) Show the pathways for wetness sensitivity during dynamic contact with moisture. © [The American Physi-
ological Society]. Permission to reuse must be obtained from the rightsholder."

conditions of cold-wetness, thermal (cold) inputs will initially
prevail in driving the perception of wetness (i.e., during static
contact with moisture, when only mechanosensory afferent
responding to static pressure are excited by the stimulus), while
additional mechanical inputs (e.g., responding to skin friction,
vibration and lateral stretching) will further facilitate wetness dis-
crimination in case these are also available (i.e. during dynamic
contact with moisture) (Fig. 5 G and H).

The peripheral neural mechanisms for sensing wetness pro-
posed in this model agree with previous psychophysical literature.

www.tandfonline.com

For instance, and as previously mentioned, Bergmann Tiest
et al.® have recently provided psychophysical evidence about the
fact that when thermal cues (e.g. thermal conductance of a wet
material) provided insufficient sensory inputs, individuals used
mechanical cues (e.g., stickiness resulting from the adhesion of a
wet material to the skin) to aid them in the perception of wetness
during the haptic exploration of a wet material. In this particular
case (and in line with the model proposed) the absence of specific
cold sensations during the contact with wet materials could lead
to a need for more tactile inputs (e.g. skin friction and stickiness)
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in order to compensate for the lack of one of the specific sensory
afferent (i.e., coldness) necessary to process skin wetness at a cen-
tral level.

In line with the above, the model presented could also provide
insights on why, within conditions of active sweating, individuals
are able to perceive skin wetness despite no drops in skin temper-
ature are often observed and no cold sensations are usually
reported.'”*** Indeed, it could be proposed that under these
conditions individuals could rely more on tactile (i.e. interactions
skin-sweat-clothing) than on thermal inputs to sense wetness.
Finally, this neural model agrees with psychophysical evidence
on the primary role of cold sensation in driving the perception of
skin wetness. Indeed, cold-dry stimuli have been shown to induce
an illusion of skin wetness when the same induce cold sensations
similar to the ones experienced when actual moisture evaporates
from the skin. This simple but powerful illusion highlights the
fact that the brain seems to rely on specific sensory inputs to give
rise to the perception of wetness, and that this perception
presents a synthetic nature: in the presence of the specific thermal
and tactile sensory inputs, wetness will be sensed regardless of
whether the inputs are produced by actual contact with moisture
or by dry stimuli."'

A potential explanation for the synthetic nature of skin wet-
ness is given by the fact that the brain could process this percep-
tion in a rationale fashion, according to the Bayesian concept of
perceptual inference.*® According to this framework, sensory sys-
tems (such as the somatosensory one) acquire sensory knowledge
of the environment and use this sensory experience to infer about
the properties of specific stimuli.*” As the sensory inputs received
from the surrounding environment are generally multimodal
(i.e., involving different sensory cues), noisy and ambiguous, per-
ceptual systems are thought to perform on-line tasks aiming to
predict the underlying causes for a sensory observation in a fash-
ion which is considered as near optimal.*” In this context,
humans have been shown to integrate the different sensory cues
associated with an external stimulus and to infer the most proba-
ble multimodal perception, by taking into account the reliability
and variability of each sensory cue involved in the perceptual pro-
cess.””?" Skin wetness seems to be one of such perceptual experi-
ences, for which the brain infers according to a specific sensory
information processing model,!! which could take into account
the reliability of the sensory information provided by each sen-
sory modality (i.e. thermal and tactile) in order to determine
whether wetness is / is not present and thus experienced."

At what level of the neuroaxis such sensory integration occurs
and what structures are involved in the processing of thermal and
tactile somatosensory inputs coded by neuronal populations?

From a neuroanatomical point of view, it could be proposed
that such perceptual inference could be operated at a cortical
level. The primary sensory cortex as well as the insular cortex has
been shown to integrate initial tactile and thermo-sensory infor-
mation which are subsequently transferred to nearby uni-modal
association areas and ultimately elaborated by multimodal associ-
ation areas (such as prefrontal, parietotemporal and limbic corti-
ces) in the context of perception and decision making.”?%*"*
Multimodal association areas are important for the brain to
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construct an internal representation of the sensory stimulus to be
used for successive behavior-oriented use.” It could be therefore
speculated that the neural processes underpinning the Bayesian
model for the perception of wetness proposed'' could be ulti-
mately elaborated at a cortical level.

However, evidence provided by studies investigating the inter-
play of sub-modalities (e.g., populations of different mechano-
sensory afferents mediating shape, texture, motion, stretch and
vibration perceptions) in cutaneous tactile sensibility to object
manipulations, indicate that tactile cues from different mechano-
receptor classes could be combined already in different sub-corti-
cal rely nuclei (e.g. cuneate nucleus and ventroposterior lateral
nucleus of the thalamus) before reaching the somatosensory cor-
tex for further processing.”?

Hence, it cannot be excluded that convergence of different
skin wetness-induced thermo- and mechanosensory inputs could
already occur at a sub-cortical level and that such integration
could influence further processing by higher order cortical areas.

Nevertheless, regardless of whether such perceptual integra-
tion occurs primarily at a sub-cortical or cortical level, what
emerges from recent studies'' is that convergence of somatosen-
sory inputs is clearly and critically important for the brain to infer
about the perception of wetness.

This is particularly highlighted by the fact that, although cold
and mechanical inputs can individually evoke the perception of
wetness, *®>? their dynamic combinations result in an even more
powerful estimate of the perception of wetness.'' In support of
this observation is that evidence from Bayesian perceptual infer-
ence indicates that the combination of 2 or more sensory cues
(i.e., cue combination or multisensory integration) in sensory
estimation often results in more accurate percepts than would be
available from either cue alone.®®

In summary, drawing upon psychophysical evidence, novel
neurophysiological evidence for the peripheral sensory mecha-
nisms underpinning human skin wetness perception has been
recently provided. Based on the above, potential central inte-
gration mechanisms have been hypothesized, which could
contribute to explain how the brain processes such a complex
sensory experience. However, as the neural bases of skin wet-
ness perception have only recently started to be unveiled, fur-
ther studies are needed, in order to explore the questions
opened by the development of this sensory model for human
skin wetness perception. In this respect, while it is hoped
that these investigations will shortly contribute to broaden
and deepen our understanding of the neural mechanisms
underpinning human hygrosensation, the findings of a recent
study on the neuromolecular bases of humidity detection in
an animal lacking hygroreceptors (i.e. the free-living round-
worm Caenorhabditis elegans)”® could already support the
general sensory mechanisms proposed for human hygrosensa-
tion.'"?”> Hence, in order to provide the reader with compar-
ative evidence on the mechanisms used for humidity
detection by other hygroreceptor-lacking living organisms,
due to their relevance in the context of human hygrosensa-
tion, a brief overview of these recent findings will be
presented.
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Human and animal hygrosensation

In their recent work, Russell et al.”* have provided the first
neuromolecular evidence for the existence of a specific hygrosen-
sation strategy in an animal lacking hygroreceptors (i.e., the free-
living roundworm Caenorhabditis elegans). The Caenorhabditis
elegans was hypothesized to be sensitive to humidity due to its
small volume and hydrostatic skeleton, a fact which makes it vul-
nerable to desiccation and over-hydration, and therefore poten-
tially attracted by particular humidity levels deemed optimal for
survival.

To determine whether this animal could migrate to a pre-
ferred level of ambient humidity, Russell et al.”* designed a spe-
cific hygrotaxis assay which allowed testing of the directed
response of a motile organism to moisture. The hygrotaxis assay
was performed both with non-mutant and mutant worms lacking
specific genes expressed on different sensory neurons (e.g., among
which the ones required for olfaction, osmosensation, tempera-
ture- and mechano-sensation) in order to identify the neuromo-
bases of the sensory pathways used by these
hygroreceptor-lacking worms to detect humidity.

Russell et al.’s results” indicated that the specific genes, cat-
ion channels and sensory neurons which underpin Caenorhabdi-

lecular

tis elegans’ ability to sense mechanical- and temperature-related
stimuli, were functionally essential for this organism’s ability to
sense humidity. Indeed, when deprived of both temperature acti-
vated TRP cation channels and mechanically activated DEG/
ENaC cation channels (which have been identified as molecular
transducers of mammalian and non-mammalian temperature-"®
and mechano-sensitivity”” respectively), the hygro-receptor lack-
ing Caenorhabditis elegans showed an impaired ability to detect
humidity.”* Tt was concluded that the ability to sense humidity
of this hygroreceptor-lacking organism could rely upon the cen-
tral integration of sensory cues generated by changes in the
mechanical (i.e. skin hydration) and thermal properties (i.e., skin
temperature) of the worm’ skin when this is exposed to different
humidity levels.

Remarkably, these proposed mechanisms of multimodal
sensory integration of mechanical and thermal inputs, which
underpin Caenorhabditis elegans’ hygrosensation strategy, are
in line with the neurophysiological mechanisms proposed for
human hygrosensation (i.e. integration of thermal and tactile
inputs occurring at the skin’ surface when wet), thus indicat-
ing that potentially universal mechanisms of mechano- and
temperature-related sensory transduction could underpin the
hygrosensation strategy of hygroreceptor-lacking organisms,
among which humans.'"®> However, further research is war-
ranted, as numerous questions still remain unanswered, par-
ticularly with regards to the neuromolecular bases of human
hygrosensation. Indeed, our understanding of the molecular
bases of peripheral temperature and mechano-transduction in
humans has only recently started to be uncovered (for an
extensive review see ref.”®) and whether temperature gated
and mechanically activated cation channels (similar to the
ones observed in the Caenorhabditis elegans) could also be
functionally essential for human hygrosensation, remains a
matter of speculation.
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Figure 6. Conceptual model of human hygrosensation. The model com-
prises biophysical (i.e., thermal and tactile inputs induced by the pres-
ence of moisture on the skin), neurophysiological (i.e., central integration
of afferents inputs from thermo-sensitive TRP cation channels and nerve
fibers and mechano-sensitive DEG/ENaC cation channels and nerve
fibers) and psychophysiological mechanisms (i.e., perceptual inference
operated by cortical and sub-cortical somatosensory and association
areas) which allow humidity and wetness detection in humans. The skin’s
contact with moisture generates thermal and tactile inputs which are
peripherally integrated by specific nervous structures. These inputs
evoke thermal and tactile sensations which, in the absence of specific
hygroreceptors, are associated to the perception of skin wetness.
Repeated exposures to these stimuli (i.e., sensory experience) contribute
to generate a neural representation of a typical wet stimulus via learning
mechanisms. At this point, only if the learnt combination of stimuli (i.e.,
coldness and stickiness), as coded by the specific neural afferents (i.e., A-
nerve fibers) is presented, wetness will be sensed. In the occurrence of
physical wetness on the skin, the bottom-up processes (i.e., combination
of thermal and mechanical sensory afferents) as well as the top-down
ones (i.e., inference of the potential perception based on the neural
representation of a typical wet stimulus) might therefore interact in giv-
ing rise (or not) to the perception of wetness.

Conclusions and Future Directions

In conclusion, although the ability to sense skin wetness repre-
sents an important human sensory feature (both for autonomic
and behavioral adaptations), the neural mechanisms which
underpin this common sensory experience have only recently
started to be unveiled. Historically, psychophysical studies have
provided consistent evidence and directions for identifying the
sensory inputs underpinning this cutaneous perception for which
we are not provided with specific sensory organs, i.e., hygrorecep-
tors. The findings of these studies have highlighted the key role
played by cutaneous thermal (cold) and tactile afferents in our
ability to sense wetness, both when this results from the contact
with external wet stimuli as well as when actively sweating. More
recently, the psychophysical evidence has been used to develop a
neurophysiological approach to the study of human wetness per-
ception. By investigating the problem of how human sense skin
wetness with neurophysiological methods, evidence has been pro-
vided in support of the existence of specific sensory processing
mechanisms for human wetness perception, which have been
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confirmed to be based on the central integration of cutaneous
thermal (cold) and tactile sensory inputs. This central integration
seems to rely upon specific neural pathways, whose disruption
has been shown to affect the ability to sense wetness in humans.
It could therefore be proposed that, in the absence of specific
skin hygroreceptors, humans have developed a specific hygrosen-
sation strategy through biophysical (i.e. thermal and mechanical
changes induced by the presence of moisture on the skin), neuro-
physiological (i.e., central integration of afferents inputs from
thermo- and mechano-sensitive cation channels and nerve fibers)
and psychophysiological mechanisms (i.e. perceptual inference
operated by cortical and sub-cortical somatosensory and associa-
tion areas) which are learned and shaped by sensory experience
(Fig. 6). Remarkably, this hygrosensation strategy (i.c., multi-
modal integration of thermal and tactile sensory inputs occurring
at the skin when wet) seems to be shared by other hygroreceptor-
lacking animal species (e.g. Caenorhabditis elegans), a fact which
indicates that potentially universal mechanisms of mechano- and
temperature-related sensory transduction could exist and could
be shared across a wide range of species, including humans. How-
ever, the neural bases of skin wetness perception have only
recently started to be unveiled and still little is known on the
peripheral and central neural mechanisms which allows humans
to sense wetness on their skin. Furthermore, as our understanding
of the molecular bases of peripheral temperature and mechano-
transduction in humans is still limited, the neuromolecular
mechanisms for which skin wetness is transduced (e.g., involve-
ment of temperature gated TRP channels and mechanically acti-
vated DEG/ENaC

investigations should therefore deal with the question of whether

channels) remain obscure. Future
pharmacological manipulation of these temperature and mechan-
ical activated channels could influence the ability to sense humid-
ity and wetness in humans.

Understanding the molecular mechanisms of human hygro-
sensation and wetness perception could be used to develop spe-
cific treatment strategies targeting rescue and/or amelioration of
sensory function in pathological conditions such as Multiple
Sclerosis and polyneuropathies, conditions which are character-
ized by altered somatosensory function (e.g. symptoms such as
spontaneous sensations of cold wetness are often experienced
across the body by individuals suffering from these conditions).
The fact that such an approach has already been used in other
research areas (e.g., development of specific analgesic drugs tar-
geting temperature sensitive TRP channels involved in the devel-
opment of acute and chronic pain)’® represents a promising

avenue for future research aiming to elucidate the molecular
mechanisms of human hygrosensation.
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