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Evidence for sparse C-tactile afferent innervation of glabrous human hand skin
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1 Aix Marseille Univ, CNRS, LNC (Laboratoire de Neurosciences Cognitives — UMR 7291), Marseille, France
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C-tactile (CT) afferents were long-believed to be lacking in humans, but were subsequently shown to densely innervate the face and arm skin, and to a lesser
extent the leg. Their firing frequency to stroking touch at different velocities has been correlated with ratings of tactile pleasantness. CT afferents were thought to
be absent in human glabrous skin; however, tactile pleasantness can be perceived across the whole body, including glabrous hand skin. We used
microneurography to investigate mechanoreceptive afferents in the glabrous skin of the human hand, during median and radial nerve recordings. We describe CTs
found in the glabrous skin, with comparable characteristics to those in hairy arm skin, and detail recordings from three such afferents. CTs were infrequently
encountered in the glabrous skin and we estimate that the ratio of recorded CTs relative to myelinated mechanoreceptors (1:80) corresponds to an absolute
innervation density of around 7 times lower than in hairy skin. This sparse innervation sheds light on discrepancies between psychophysical findings of touch
perception on glabrous skin and hairy skin, although the role of these CT afferents in the glabrous skin remains subject to future work.

New & Noteworthy: Human touch is encoded by low-threshold mechanoreceptors, including myelinated AB afferents and unmyelinated C-tactile (CT) afferents. CTs
are abundant in hairy skin and are thought to code gentle, stroking touch that signals positive affective interactions. CTs have never been described in human
glabrous skin, yet we show evidence for their existence on the hand, albeit at relatively low density. Glabrous skin CTs may provide modulatory reinforcement of

gentle tactile interactions during touch using the hands.

Innocuous touch in humans is primarily conveyed by low-threshold
mechanoreceptive afferents, although the type and density differs across the
body. In the glabrous (hairless) skin of the hands and feet, four types of low-
threshold mechanoreceptive afferents are found in humans (Johansson and
Vallbo 1979a; Vallbo and Johansson 1984; Kennedy and Inglis 2002;
Strzalkowski et al. 2018). These mechanoreceptors transmit information
about conscious touch via fast-conducting, AR myelinated fibers and, in
human hairy skin covering the majority of the body, five types have been
described (Vallbo et al. 1995), as well as low-threshold, unmyelinated C-fiber
mechanoreceptive afferents, termed C-tactile (CT) afferents (Nordin 1990;
Vallbo et al. 1993, 1999). A wealth of studies have investigated the myelinated
mechanoreceptive afferents in glabrous hand skin (e.g. Hulliger et al. 1979;
Johansson and Vallbo 1979b, 1979a; Johansson et al. 1980; Westling and
Johansson 1987; Phillips et al. 1992; Birznieks et al. 2001; Johansson and
Birznieks 2004; Pruszynski and Johansson 2014), but none have reported
afferents resembling CTs.

Mechanoreceptive C-fiber afferents with high force activation
thresholds (C-nociceptors) have been documented in glabrous hand skin, yet
these have been difficult to find and not typically studied in
microneurography, as intense stimulation is required for their
activation/identification (Torebjérk and Ochoa 1990). However, C-nociceptors
in hairy skin are encountered frequently with standard identification
techniques (Nordin 1990; Vallbo et al. 1993, 1999; Watkins et al. 2017). This
begs the question of whether CTs exist in glabrous skin, but are less easily
found. Another reason why CTs may have remained elusive in glabrous hand
microneurography experiments is the high density of readily identifiable low-
threshold, myelinated, AB mechanoreceptive afferents, which have been the
focus of most studies (e.g. Hulliger et al. 1979; Johansson and Vallbo 1979b,
1979a; Johansson et al. 1980; Westling and Johansson 1987; Phillips et al.
1992; Birznieks et al. 2001; Johansson and Birznieks 2004; Pruszynski and
Johansson 2014). With the abundance of myelinated mechanoreceptive
afferents, one may ask whether CT afferents, which convey relatively subtle
tactile information (Olausson et al. 2002), could play a meaningful role in
glabrous skin.

The physiological properties of CT afferents have provided the
basis for the ‘affective touch hypothesis’, postulating a role for CTs in social
bonding (Morrison et al. 2010; Olausson et al. 2010; McGlone et al. 2014). CT
afferents optimally encode gentle, stroking touch delivered around skin
temperature (Loken et al. 2009; Ackerley et al. 2014a), but relay this tactile
information to the brain with a relatively long delay, providing a second wave
of tactile information, after the first, rapid input from myelinated AB
mechanoreceptive afferents (Ackerley et al. 2013; Eriksson Hagberg et al.
2019). The firing frequency of CTs correlates with ratings of tactile
pleasantness to skin stroking between 0.3-30 cm/s (Léken et al. 2009;
Ackerley et al. 2014a), where both measures show inverted-U shaped curves.
Many psychophysical studies (see Croy et al. (2020) for a review) have
demonstrated that the pleasantness curve is consistently found at a group
level for stroking over the hairy arm skin. Psychophysical studies investigating
pleasant stroking on the glabrous skin of the hand have found a flatter
relationship in the palm than the arm, depending on the order of skin site
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stroked (Loken et al. 2011), or a relatively small difference between the hand
and other body sites (Ackerley et al. 2014b). Therefore, the psychophysical
evidence suggests that the relationship between pleasantness in the glabrous
skin and the typical CT-firing curve is somewhat weaker.

Although no studies have reported evidence for CT-like afferents in
human glabrous skin, a study by Nagi and Mahns (2013) proposed them to
exist through indirect evidence, with animal work supporting this possibility.
C-low-threshold mechanoreceptors (C-LTMs) are abundant in the hairy skin of
animals and share many similarities to CTs, such as their low force activation
threshold and unmyelinated axon (Abraira and Ginty 2013). Genetic mouse
studies have shown that C-LTMs potentially innervate glabrous skin (Seal et al.
2009; Lou et al. 2013) and a study by Djouhri (2016) physiologically-
characterized rare C-LTMs in rat glabrous skin (6% of afferent C-fibers found)
with a similar population reported in mice by Cain et al. (2001).

We make regular recordings from peripheral nerves that innervate
both human hairy and glabrous skin, and have experience identifying CT
afferents. Recordings in the superficial branch of the radial nerve identified a
CT afferent with a receptive field on the dorsal aspect of the proximal phalanx
of the third finger (Loken et al. 2007). Since we could not confirm this unit
location as strictly glabrous, we do not include it here, yet it led us to examine
potential CTs in glabrous skin during an experimental series that primarily
investigated myelinated AB mechanoreceptive afferents in the median nerve
using microneurography. We aimed to characterize mechanosensitive C-fibers
encountered in these recordings, to investigate their properties and
prevalence in human glabrous skin.

Material and Methods
The data for the present work were collected in an experimental series
involving median nerve recordings from 42 healthy human participants (age
26 +6 years, 10 males), with the CT data reported from two participants in this
series (age 24 and 29 vyears, female and male, respectively). Another
participant (age 24, male) from a separate experimental series was also
included, where a CT was found in glabrous hand skin innervated by the radial
nerve. All participants gave written, informed consent and were paid for their
time. The study was approved by the local University of Gothenburg ethics
committee and performed in accordance with the Declaration of Helsinki.
Participants were seated comfortably in a dentist’s chair with their
arm supported by a vacuum cast. In median nerve recordings, afferents in the
palm and thumb were inaccessible for mechanical stimulation, due to the
position of the hand. Standard microneurography techniques (Vallbo and
Hagbarth 1968) were used to make recordings from the median and radial
nerves, 8 and 4 cm proximal to the cubital fold respectively, both localized by
electrical search procedures. Neural activity was recorded using high
impedance, insulated tungsten microelectrodes (FHC, Bowdoin, ME) and
sampled at either 16 kHz (using Spike2, CED, Cambridge, UK; median nerve) or
12.8 kHz (using Zoom/SC, University of Umed, Ume3, Sweden; radial nerve).
Once an intraneural location was reached, the experimenter
manually stroked the participant’s hand/fingers whilst making small
adjustments to the recording electrode to identify individual
mechanoreceptive afferents. Afferents with cutaneous receptive fields were
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classified as either myelinated AB or C-tactile (CT), in accordance with
standard criteria (Vallbo and Johansson 1984; Vallbo et al. 1999); muscle/joint
afferents were seen but not characterized. Sympathetic efferents (Macefield
and Wallin 1996; Macefield et al. 2002) were encountered in the present
recordings, and frequently responded to mechanical stimulation with a
substantial delay (akin to C-fiber relative delays), but across multiple
cutaneous regions, including the contralateral arm, and to generic arousal
stimuli (e.g. a loud noise) (Delius et al. 1972; Hagbarth et al. 1972), so these
responses were clearly distinct from afferent C-fibers.

The mechanical threshold (lowest force consistently producing
responses) was assessed at the most sensitive region of the receptive field
using calibrated monofilaments. In the case of C-fibers, a soft sable brush was
stroked across the receptive field to assess responses to a gentle mechanical
stimulus (Vallbo et al. 1999; Watkins et al. 2017). Brief suprathreshold
mechanical taps to the receptive field using a blunt (1.5 mm diameter) plastic
tip with force recording (3.2 kHz) were used to estimate conduction velocity
and a camera captured the timing of stimuli.

Results

Recordings were made from a total of three C-mechanoreceptive afferents
projecting to the glabrous skin of the hand with physiological properties
corresponding to CTs in three different participants, with receptive fields
shown in Figure 1A. In median nerve experiments, two CTs were encountered
with receptive fields in the glabrous skin of the fingers; at the radial side of
the middle finger with no visible hair follicles present on this phalanx (unit 1;
Fig. 1A) and at the base of the proximal phalanx of the index finger on the
palmar side (unit 2; Fig. 1A). An additional CT in the palm was identified in the
superficial cutaneous branch of the radial nerve and had its receptive field at
the base of the thenar eminence, on the palmar side, several centimeters
from any observable hair follicles (unit 3; Fig. 1A).

All CTs responded vigorously (>50 spikes.s?) to gentle mechanical
stimulation, with a substantial delay (Fig. 1B,C,D), and the two median nerve
CTs were calculated to have conduction velocities of 0.91 and 1.33 m.s based
on mechanical tap response latencies, which correlate strongly with
electrically-evoked latencies (Vallbo et al. 1999). All CT afferents had small,
spot-like receptive fields and mechanical thresholds of <2.5 mN (0.67 and
2.5mN for the median nerve CTs and 2.5mN for the radial nerve CT).
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Figure 1: Receptive field locations and response properties of glabrous skin C-tactile (CT) afferents. (A)
Schematic location of the center of CT receptive fields in the hand from median (unit 1 and 2) and radial
(unit 3) nerve recordings. (B) Responses of a CT in glabrous skin (unit 1) to brief receptive field taps. Three
subsequent, superimposed responses are aligned to the tap onset and consistent long-latency responses
were evoked. Response of the same glabrous CT to (C) a brush stroke over the receptive field and (D) 2.5
mN monofilament indentation; gray bars indicate stimulus timings, all timebases are the same as in (B).
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We estimated the relative density of CT afferents relative to AR
myelinated mechanoreceptive afferents by comparing the full number of
mechanoreceptive afferents found in the median nerve experimental series.
In 42 participants, we encountered 2 CTs and 161 AR mechanoreceptive
afferents with receptive fields in the fingers. This gave a ratio of 1:80 for CTs
to AB mechanoreceptive afferents.

Discussion

The present report is the first study, to our knowledge, to identify afferent C-
fibers with low mechanical thresholds in human glabrous skin. These were
classed as CT afferents, based on the similarity to those found in hairy skin (cf.
Nordin 1990; Vallbo et al. 1999; Watkins et al. 2017). A wealth of previous
studies in glabrous skin (recordings made at the same median nerve location
as the present study, e.g. Hulliger et al. 1979; Johansson and Vallbo 19793,
1979b; Johansson et al. 1980; Westling and Johansson 1987; Phillips et al.
1992; Birznieks et al. 2001; Johansson and Birznieks 2004; Oddo et al. 2011)
have not reported this population of afferents. A plausible explanation for this
discrepancy is that these afferents are rare and their responses can resemble
sympathetic efferent C-fiber responses to arousal from mechanical
stimulation (Hagbarth et al. 1972). Additionally, a detailed knowledge of the
physiological properties of CT afferents, only documented in humans around
20 years ago, makes it easier to differentiate and identify these afferents
when recording. Thus, it is possible these afferents were encountered during
recordings previously, but were not the main aim of the research and
therefore overlooked.

The median nerve mainly projects to the volar glabrous hand skin,
but it also innervates the distal dorsal fingers (representing 5% of the median
innervation at the wrist (Johansson and Vallbo 1979a)) and the lateral aspects
of the fingers, which are transitional skin. Out of the two median nerve CT
units identified presently, one was clearly on volar glabrous skin (unit 2) and
the other was on lateral glabrous finger skin, but distant from any hair follicles
(unit 1). The cutaneous innervation of the radial nerve is predominantly to the
hairy dorsum hand skin, but the location of the unit identified here suggests
this was located in one of the glabrous skin fascicles innervating the thenar
eminence (Campero et al. 2005). Therefore, all CTs presented in the current
work likely originated from glabrous skin innervating fascicles. Further work
using alternative identification techniques and at different recording sites (e.g.
upper arm/wrist, glabrous skin of the feet), may address the CT innervation
pattern and how it relates to that of AB mechanoreceptive afferents
(Johansson and Vallbo 1979a), which may help in elucidating the functions of
these different afferents.

The physiological properties of our glabrous CTs correspond well to
CTs in hairy skin (low mechanical thresholds, spot like receptive fields,
vigorous responses to gentle mechanical stimulation; Nordin 1990; Vallbo et
al. 1999; Wessberg et al. 2003; Watkins et al. 2017). The response
characteristics of CTs in the present study differentiated them from even the
lowest threshold C-nociceptive afferents in hairy skin (Nordin 1990; Vallbo et
al. 1999; Watkins et al. 2017). As C-nociceptive afferents in glabrous skin have
substantially higher mechanical thresholds (Torebjork and Ochoa 1990), these
would be readily separable from the low-threshold C-fibers described in the
present study.

We presently had an occurrence ratio of 1:80 for CTs to myelinated
AB mechanoreceptive afferents in the glabrous skin of the index, middle, and
ring fingers. Vallbo et al. (1993) found that CTs were frequently encountered
in the forearm, constituting ~40% of the units sampled, although Edin (2001)
found an incidence of ~10% in the thigh skin. We have attempted to estimate
the relative density of CTs in the glabrous skin compared to hairy skin, which
has proportionally fewer myelinated AB mechanoreceptive afferents
(McGlone et al. 2014). Tactile acuity, which relates to myelinated AB
mechanoreceptor innervation density, is approximately 10 times higher on
the fingers than the arm, suggesting a 10 fold innervation density difference
(Weinstein  1968; Vallbo and Johansson 1984). Estimates from
microneurography recordings indicate slowly-adapting type | innervation
density is 8 times higher in the fingers than the arm, corresponding to 11
times higher for all myelinated AR mechanoreceptors when correcting for the
slightly different proportions in each region (Johansson and Vallbo 1979a;
Vallbo et al. 1995). Therefore, taking into account the relative difference in
innervation density of the myelinated AB mechanoreceptive afferents
between the fingers and the arm, the relative frequency of CT afferent
recordings in the glabrous hand vs. hairy arm skin (1:80 vs 1:1) still suggests a
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lower density of CT afferent innervation of the glabrous skin than CT
innervation of hairy skin, by a factor of ~7.

Low glabrous skin CT innervation density may help explain some of
the psychophysical observations and discrepancies of sensations in glabrous
vs. hairy skin. The relationship between CT firing frequency and perceived
pleasantness is not a direct “labeled line” , as the perception of pleasantness
is a consequence not only of bottom-up neural signals, but also of central
processing (Loken et al. 2009), with influence from previous experience,
situational context, and expectations, as well as co-processing with input from
other sensory channels. For example, there is high inter-individual variability
in the pleasantness curve (Croy et al. 2020), which is subject to change under
different conditions (e.g. touch at different temperatures, Ackerley et al.
(2014a), multisensory interactions with odor, Croy et al. (2014)). Likewise,
stroking over the glabrous palm skin is pleasant, although the quadratic
bending of the psychophysical response curve is weaker than on hairy skin
(Loken et al. 2011; Ackerley et al. 2014b). Furthermore, AB mechanoreceptive
afferents are vital for the conscious perception of touch, while CTs likely do
not convey conscious tactile sensations (rare neuronopathy patients who lack
myelinated afferents do not consciously feel touch, Olausson et al. (2002))
and patients with reduced C-fiber innervation rate pleasant tactile sensations
similar to neurotypical participants, albeit at a lower magnitude (Morrison et
al. 2011). This indicates important roles for both CT and myelinated AP
mechanoreceptive afferents in signaling innocuous touch and that both likely
contribute to pleasantness (Eriksson Hagberg et al. 2019).

A clear limitation of our study is the low number of CTs
encountered; hence, the calculations of comparative innervation density are
approximate. It also remains to be seen if these afferents share other
properties of CTs in hairy skin, such as velocity tuning (Loken et al. 2009;
Ackerley et al. 2014a) and electrically-defined axonal properties (Watkins et
al. 2017), as physiological differences are seen between glabrous and hairy
skin C-nociceptors (Torebjork and Ochoa 1990). For future studies of CTs in
glabrous skin, standard single unit microneurography techniques are unlikely
to be successful, due to the very low yield. However, if complemented with
electrical classification techniques (Serra et al. 1999; Watkins et al. 2017;
Ackerley and Watkins 2018), these afferents may be identifiable in population
recordings to allow further study. This may facilitate additional experiments
on these glabrous CT afferents assessing their innervation pattern and
differentiation of functional properties, particularly with respect to the
glabrous skin C-nociceptors using thermal/chemical stimulation (e.g. Schmelz
et al., 2003) and electrical stimulation (Watkins et al. 2017).

The glabrous skin of the hand serves a very different function to
that of our hairy skin, as it is used for tactile exploration, surface/object
identification, and complex motor tasks, whereas the hairy skin is more
involved in the reception of touch (McGlone et al. 2007; Ackerley and
Kavounoudias 2015). One may ask, what is the functional role of CTs in
glabrous skin? Glabrous skin CTs may provide an sub-conscious modulatory
reinforcement of gentle touch signals from the conscious, discriminative fast-
input from myelinated mechanoreceptors, and Nagi and Mahns (2013)
postulated that CTs existed in glabrous hand skin and could mediate
mechanical allodynia, potentially playing a protective role after tissue injury.
The lower density of CT afferents in glabrous skin may mean their activity
influences tactile perception less than in hairy skin, which is consistent with
psychophysical findings. The present work provides evidence for the existence
of CTs in glabrous hand skin, but their functional role is yet to be uncovered.
Knowledge of their existence and their comparatively low density will allow
future studies to address this.
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