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Microneurographic assessment of C-fibre function in aged
healthy subjects
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Physiological changes in the nervous system occur with ageing. Both a decline of function and a
decrease in the number of C-fibres in the skin have been reported for healthy aged subjects. With
the use of microneurographic recordings from single C-fibres in humans we have compared
the sensory and axonal properties of these neurones in young and aged healthy subjects. A
total of 146 C-fibres were recorded from the common peroneal nerve in young subjects (mean
age 24.7 years) and 230 C-fibres were recorded in aged subjects (mean age 56.2 years). In aged
subjects, changes were found in the composition of the C-fibre population and in sensory and
axonal properties. The relative incidence of afferent to efferent C-fibres was relatively constant
independent of the age of subjects. The ratio of mechano-responsive to mechano-insensitive
nociceptors was approximately 8 :2 in the young controls while in aged subjects it was 7: 3.
In aged subjects 13% of the fibres showed atypical discharge characteristics, while this was not
observed in young subjects. Spontaneous activity, sensitization and loss of sensory function
were found regularly. Changes in functions of the conductile membrane were also observed
in fibres from aged subjects. The degree of activity-dependent conduction velocity slowing in
response to high frequency stimulation (2 Hz) was more pronounced, while the normalization
of conduction velocity subsequent to high frequency stimulation was protracted. We found that
both sensitization and desensitization or degeneration of afferent C-fibres occur with age, but
are still rare compared to patients with neuropathy. The changes in the axonal properties of
C-fibres in aged subjects are compatible with hypoexcitability of the fibres. These findings are
important for the understanding and differential diagnoses regarding pathological processes
and normal ageing.
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The peripheral and central nervous systems change with
age. Functional and morphological studies of the peri-
pheral nervous system have shown decreased function
responses of C-fibres and a degeneration of C-fibre end-
ings in aged. Afferent C-fibres have functional deficits
as demonstrated by increased temperature thresholds in
psychophysical tests in healthy elderly compared with
young subjects (Claus et al. 1987; Rolke et al. 2006), and
diminished axon-reflex flare size (Helme & McKernan,
1986; Munce & Kenney, 2003; Namer et al. 2004). Efferent
sympathetic C-fibres also have a decreased function in
aged persons as shown by reduced quantitative sudomotor
axon reflexes (QSART-test) (Foster et al. 1976; Low et al.
1990, 1997).
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Some studies have also shown morphological changes
such as a degeneration of C-fibre endings resulting in a
lower intra-epidermal nerve fibre count in aged subjects
(McArthur et al. 1998). Even in sural nerve, biopsies reveal
a change of morphology of unmyelinated fibres (Kanda
et al. 1991) and a decrease in the absolute number of
C-fibres in healthy aged subjects (Jacobs & Love, 1985). In
some studies, however, no obvious morphological changes
were reported (Kanda ef al. 1991; Lauria ef al. 1999).

All these results have been obtained either by indirect
functional methods (QSART) or by morphological
analysis. Microneurography is the only method that
assesses directly the function of both afferent and
efferent C-fibres in awake human subjects. Until now the
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classification and understanding of function of C-fibres
with microneurography have mainly been based on studies
in young healthy subjects. However, patients with neuro-
pathy are often over 40 years of age and many of these
patients suffer from neuropathic pain. These patients have
changes of C-fibre function that can be observed in micro-
neurography recordings (Ochoa et al. 2005; Bostock et al.
2005; Orstavik et al. 2006), and also in non-invasive tests
(Low et al. 1983) and skin biopsies (McArthur et al. 1998).
To evaluate these pathological changes, it is important to
understand the physiological changes of C-fibre function
that occur as a result of ageing itself.

Methods

Subjects

Thirty four healthy subjects aged 21-67 years took part in
the microneurography experiments. According to their
anamnesis the subjects were free of any neurological
disease or symptoms. They did not use any medication
known to influence the nervous system.

All participants gave their written informed consent.
The study was approved by the local ethic committees
of the Universities of Erlangen, Oslo and Uppsala and
conformed with the declaration of Helsinki.

The method of microneurography has been described
in detail elsewhere (Vallbo & Hagbarth, 1968; Torebjork
& Hallin, 1974; Schmelz et al. 1995). The recording
electrode was inserted into the common peroneal nerve
at the level of the fibular head. When the needle was
inserted into a fascicle containing C-fibres, the receptive
field of a single C-fibre was searched with transcutaneous
electrical stimulation. C-fibres were identified by their low
conduction velocity (< 2 ms™'), which was assessed from
the latency of an electrically evoked action potential after
a rest period of at least 2 min. A pair of thin stimulation
needles (0.2 mm diameter) was inserted into the receptive
field in a spot with low electrical threshold. Through these
needles the C-fibres were stimulated repetitively (0.25 Hz;
0.5ms, 1-30 mA) with a constant current stimulator
(Digitimer DS7, Digitimer Ltd, Welwyn Garden City, UK).

Following repetitive electrical stimulation at a fixed
frequency from the skin, action potentials of individual
C-fibres can be registered with the recording electrode at
stable conduction latencies. An increase in conduction
latency (‘marking’) is observed when the stimulation
frequency at the skin is increased or after the afferent
fibre has been additionally activated, e.g. by natural
stimuli (Torebjork & Hallin, 1974). Marking is due to
activity-dependent slowing of conduction in C-fibres, i.e.
conduction of an action potential renders the axonal
membrane of afferent C fibres less excitable for tens of
seconds and thus slows down conduction velocity of sub-
sequent action potentials (Schmelz et al. 1995).
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In this study, the marking technique was used to
assess the activity-dependent conduction velocity slowing
to repetitive electrical stimulation, the responsiveness to
mechanical and heat stimuli and to detect spontaneous
activity (Torebjork & Hallin, 1974).

Activity-dependent conduction velocity slowing

After a rest period of at least 2 min, an electrical protocol
was performed for each stimulation site at the foot; for
this, 20 electrical stimuli were applied intracutaneously
at 0.125 Hz, immediately followed by a second train of 20
pulsesat0.25 Hzand a third of 30 pulses at 0.5 Hz. Changes
in latency were calculated relative to the initial latency (i.e.
thatimmediately following the 120 srest period). After this
test, the stimulation frequency was set to 0.25 Hz for the
rest of the experiments. At the end of some experiments,
in which the recording conditions were still good, we
performed a second stimulation protocol which consisted
of a train of pulses at 2 Hz for 3 min (Serra et al. 1999),
which was applied after a new rest period of 2 min.

Afferent and efferent stimulation

To assess the mechanical responsiveness we stimulated the
skin with a stiff von Frey filament (750 mN) repetitively
all over an area around the stimulation site (10cm
in diameter), to include innervation territories of both
mechano-responsive and mechano-insensitive C-fibres
(Schmidt et al. 1997, 2002). With a halogen lamp,
feed-back controlled by a thermocouple attached to the
skin, we assessed the heat responsiveness by increasing
skin temperature from 32°C to 50°C at 0.25°Cs™!. The
subjects were instructed to switch off the heat lamp when
the heat became too painful.

Sympathetic fibres were identified by their marking
response to arousal stimuli, e.g. an unexpected loud
noise, mental stress, or during deep breath intake (Hallin
& Torebjork, 1970; Hagbarth et al. 1972). This was
performed after the step-wise electrical protocol and the
efficacy of these manoeuvers was controlled by recording
background activity of sympathetic burst discharges.

Classification of C-fibres

All C-fibres were classified according to their sensory
(mechanical) responsiveness and axonal properties
(activity-dependent slowing behaviour) in sympathetic,
mechano-responsive, mechano-insensitive fibres as
previously described (Serra et al. 1999, 2004; Orstavik et al.
2006). Fibres that did show a response to sympathetic
stimulation and no response to mechanical or heat
stimulation, and those that showed the typical pattern
of slowing for sympathetic C-fibres in the 3 min 2 Hz
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electrical stimulation protocol (Campero et al. 2004), were
classified as sympathetic fibres (symp). Fibres that did
not respond to mechanical stimulation (750 mN) and
showed a characteristic activity-dependent conduction
velocity slowing to repetitive electrical stimulation of
more than 5% were classified as mechano-insensitive
(CMi) (Orstavik et al. 2006). Fibres that did respond
to mechanical stimulation (750mN) and showed
an activity-dependent conduction velocity slowing to
repetitive electrical stimulation less than 5% were classified
as mechano-responsive (CM) (Orstavik et al. 2006).

Fibres that did not match these classification parameters
were defined as ‘atypical’.

Data analyses and statistics

Microneurography signals were amplified, processed
online and stored to disk using custom-written Spike2
software and a micro1401 DAC (CED, Cambridge UK).
Values are given as mean £ S.E.M. P values < 0.05 were
considered statistically significant. The time constants
were compared by Student’s ftests and for comparing
the ratio of CM/CMi between old and young subjects
the Fisher exact test was used. All other comparisons were
computed usingan ANOVA design and post hoc tests where
necessary (LSD, Scheffé).

Results
Subjects

The group of young healthy subjects consisted of 19
persons (6 female and 13 male) with a mean age of
24.7 years (£ 0.8 years) (total range 21-36). Fifteen sub-
jects (6 female and 9 male) with a mean age of 56.2 years
(£ 2.6 years) (total range 41-67) formed the group of aged
healthy subjects. Some subjects took part in more than one
experimental session.

Fibre classes

In the group of healthy young subjects, 146 fibres were
recorded. Four of these fibres could not be classified,
since they were lost before the characterization was
finished. Hence, the sample of classified fibres consisted
of 142 units: 83 fibres (58.5%) were characterized
as mechano-responsive (CM); 22 fibres (15.5%) were
characterized as mechano-insensitive (CMi); 37 fibres
(26.1%) were classified as sympathetic units due to their
responsiveness to sympathetic arousal stimulation and
their characteristic slowing pattern in the 3 min 2 Hz
stimulation.

In healthy aged subjects a total of 230 C-fibres could
be identified. Twenty eight of these fibres could not be
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classified for technical reasons. Hence, the total sample
of units used for classification consisted of 202 units:
80 (39.6%) were characterized as mechano-responsive
(CM) and 37 fibres (18.3%) as mechano-insensitive (CMi)
according to the parameters described in the Methods.
Sixty fibres were classified as sympathetic (symp) (29.7%).
The proportion of efferent to afferent fibres was not
changed by ageing (young: 26% symp and 74 afferent;
ageing: 30% symp and 70% afferent (P > 0.05 Fisher exact
test) (see Fig. 1).

Atypical fibres

In the group of aged subjects, 25 units (12.4%) could not
be classified according to the parameters described above.
They were classified as afferent and not efferent C-fibres
according to their sensory functions (e.g. mechanical or
heat responses) and according to the slowing pattern
to the 3min 2 Hz electrical stimulation. Such atypical
afferent C-fibres have been found previously in patients
with neuropathy or pain states and were then classified
as pathologic (Orstavik et al. 2006). Five of these fibres
(2.5%) showed spontaneous activity. Ten fibres (5%)
had the classical slowing pattern of mechano-insensitive
C-fibres, but did respond to mechanical stimulation.
These were regarded as sensitized mechano-insensitive
C-fibres (CMi-sens) assuming that the axonal excitability
patterns were more pertinent and durable for a nociceptor
class than its mechanical sensitivity (Orstavik et al.
2003, 2006). Four fibres (2%) did not respond to
mechanical stimulation, but had a slowing in the range
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Figure 1. Proportion of fibres in healthy aged (black) and
healthy young (light grey) subjects

In healthy young subjects all tested fibres could be classified as
mechano-sensitive (CM), mechano-insensitive (CMi) or efferent
sympathetic (symp) fibres, where the majority were CM fibres. In
healthy aged subjects, less normal CM fibres were found. Additionally,
abnormal fibre classes were observed: (1) mechano- and heat-
insensitive fibres with electrical properties of mechano-sensitive fibres
(CXi); (2) mechanically sensitized originally mechano-insensitive fibres
(CMi-sens); (3) spontaneously active fibres (C-spont); and (4) fibres
which showed several abnormalities and could not be classified into
classes (1)—(3) (CX).
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of mechano-responsive fibres far below 5% (CM). These
fibres were regarded as fibres that presumably have lost
their receptive endings and thus lost their ability to
transmit sensory stimuli (CXi).

Six fibres showed a mixed pattern of spontaneous
activity, sensitization and other distinctive features, so that
they could only be categorized as abnormal afferent fibres,
but could not be categorized further (X-fibres) (see Fig. 1).

Sensory properties

Fewer polymodal nociceptors with a mechanical response
were found in ageing subjects in comparison to young
subjects. The ratio of normal mechano-responsive fibres
to mechano-insensitive fibres (CM/CMi) was 68.4% CM
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Figure 2. Heat thresholds of mechano-responsive (CM),
mechano-insensitive (CMi) and sensitized CMi units (CMi-sens)
in young and aged subjects

A, heat thresholds are shown for the different fibre classes (CM, CMi,
CMi-sens; y-axis) in relation to the age of the subjects (x-axis) from
whom the respective fibres were recorded. There was no overall
correlation between age and heat threshold in fibre class. However,
the clear distinction between high heat thresholds of mechano-
insensitive (CMi) units and mechano-responsive (CM) units seen in
young subjects is blurred in aged mostly due to lowered thresholds of
CMi units. B, mean heat thresholds of young (light grey) and aged
(black) subjects. Values are given as mean =+ s.e.M. Asterisks indicate
significant difference (P < 0.05). In aged subjects, heat thresholds of
mechano-insensitive (CMi) fibres and sensitized CMi fibres (CMi-sens)
were significantly lower when compared to young subjects.
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to 31.6% CMi in aged subjects and 79% CM to 21%
CMi in young subjects (P = 0.0495 Fisher exact test) (see
Fig. 1).

The number of CM fibres, which did also respond to
heating up to 50°C, (CM(H)) was similar in young and
aged subjects. In young subjects 34 of the CM units were
tested for heat responsiveness (up to 50°C). Twenty five
of them were heat responsive (73.5%). In aged subjects
29 CM units were tested for heat responsiveness and 79%
were found responsive. Similarly the proportion of heat
responsive (CH) and unresponsive mechano-insensitive
fibres (CMiHi) was not different in young and aged sub-
jects (heat responsive in young: 4 of 7 tested, in aged 8 of
11 tested.

There was no overall significant correlation between
heat thresholds and age (Fig.2A). However, distinct
changes in heat responsiveness were found within the
different fibre classes in aged subjects. The significant
difference in heat thresholds between CM(H) and CMi
fibres found in young healthy subjects (41.8 £0.7°C
versus 47.7 £0.5°C, P =0.001, ANOVA post hoc LSD),
which had been encountered also in previous studies
(Weidner et al. 1999), was no longer present in aged
subjects (Fig. 2B). In aged subjects the heat thresholds of
CM(H) (42.7 £0.6°C) and CMi (43.9 & 1.5°C) were not
significantly different, since the heat thresholds of CMi in
aged (43.9°C) were significantly lower than in young sub-
jects (47.7°C) and therefore more in the range of CM(H)
fibres of young subjects (41.8°C) (P = 0.02, ANOVA post
hoc LSD). In addition, the mean heat threshold of CM(H)
fibres was slightly, but insignificantly, elevated in aged
(42.7°C) when compared to young subjects (41.8°C, n.s.).
(Fig. 2A and B).

The atypical fibres that were classified according to their
conductive properties as CMi fibres, but responding to
mechanical stimuli (CMi-sens), had significantly lower
heat thresholds than normal CMi fibres of young sub-
jects, (42.9+1.7°C; P=0.03; ANOVA post hoc LSD)
supporting the hypothesis that they were also sensitized to
heat (Fig. 2A and B).

The fibres that had no mechanical responsiveness
despite conductive properties typical for CM(H) fibres
(CXi) did not show any heat response to stimulation of up
to 50°C.

When comparing the mean heat threshold of all
heat-sensitive fibres, irrespective of their classification,
there was a very similar overall mean threshold in young
(42.6°C) and aged subjects (42.9°C).

Axonal properties

Conduction velocity. The conduction velocity was slower
in CMi units than in CM units in both the aged (CM
0.94+£0.02ms™'; CMi 0.64+0.04ms™') and young
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subject group (CM  0.97+0.01ms™'; CMi
0.77+0.04ms™') (for young subjects P <0.001;
for aged subjects P < 0.001; ANOVA post hoc LSD). There
were no significant differences in conduction velocities
of normal CM and CMi fibres between aged and young
healthy subjects (Fig. 3A).

Sensitized CMi units (CMi-sens) had conduction
velocities in the normal range of CMi units
(0.67 £0.06 ms~!). Their conduction velocities were
significantly different from the higher conduction
velocities of CM units (for young subjects P < 0.001; for
aged subjects P < 0.001; ANOVA post hoc LSD) (Fig. 3A
and B).

The desensitized CXi units had conduction velocities
(0.86 £0.1ms™!) in the range of CM fibres and were
significantly faster conducting than CMi fibres (for young
subjects P < 0.001; for aged subjects P =0.004; ANOVA
post hoc LSD) (Fig. 3A).

Slowing. According to our classification parameters, the
activity-dependent conduction velocity slowing in the
electrical stimulation protocol with increasing stimulation
pulse frequencies (0.125Hz, 0.25Hz and 0.5Hz) was
significantly larger in CMi units than in CM units in both
aged and young subjects. Sensitized CMi fibres (CMi-sens)
showed slowing in the range of normal CMi units (Fig. 3).
The slowing of sympathetic fibres ranged between the
slowing of CM and CMi units similarly in young and
aged subjects.

Generally, when stimulating with higher frequencies
(2Hz 3 min) the amount of slowing showed a tendency
to be more pronounced in aged subjects. The CM
units of aged subjects showed significantly more
slowing (28.2£5.9%) than the CM fibres in young
subjects (23.1 £6.7%) (ttest; P=0.02). In the CMi
fibre class the differences were not that pronounced
(CMi: aged 38.1 &= 8%, young 35 £ 8.8%) (Fig. 4A). The
normalization of conduction velocity during 0.25Hz
stimulation after 2Hz stimulation was significantly
different in the two subject groups. Both CM and CMi in
aged had significantly longer time constants of restoration
(t test; CM: aged 72.5 £ 4.1s, young 52 £ 2.1's, P < 0.001;
CMi: aged 1854+ 31.3s, young 86.2 £+ 15.3s, P=0.04)
(see Fig. 4B).

Desensitized CM units (CXi) that were found only in
the elderly had a total slowing in the range of normal
CM fibres (Fig.3). However, the slowing to different
stimulation frequencies differed from that of normal
CM fibres. To low stimulation frequencies (0.125Hz
and 0.25Hz) the slowing was slightly enhanced but
still in the range of normal CM fibres (0.125Hz:
CM: 0.22£0.02%; CXi: 0.4+0.1%) (0.25Hz: CM:
0.46 & 0.04%; CXi: 0.57 £ 0.2%) (Fig. 5). For 0.5 Hz the
slowing was significantly less in CXi fibres than in
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Figure 3. Axonal properties of the different C-fibre classes in
young and aged subjects

A, slowing to the electrical stimulation protocol from different fibre
classes (CM, CMi, CMi-sens, CXi) plotted versus conduction velocities.
In the upper panel, in young healthy subjects, the two normal fibre
classes of mechano-responsive (CM) and mechano-insensitive (CMi)
are divided into two clusters by the 5% slowing line. CM units slow
less and CMi units more than 5% of their unconditioned latency (after
2 min without stimulation). Two CM units showed more than 5%
slowing and 1 CMi less than 5% slowing. These 3 units were classified
according to additional classifying properties as conduction velocity,
slowing during 0.125 Hz stimulation and electrical thresholds. CMi
units tend to have slower conduction velocities than CM units. In the
lower panel, in aged subjects, in addition to the above described fibre
classes of CM and CMi units, fibres with the classical electrical
properties of CMi were found, which showed mechanical
responsiveness (CMi-sens: black triangles). Also fibres with properties
of CM without any mechanical or heat responsiveness were observed
(CXi: grey triangles). CMi-sens had conduction velocities in the range
of normal CMi fibres and CXi units had conduction velocities in the
range of normal CM units. B, slowing in the different fibre classes in
young (light grey) and aged (black) healthy subjects. Values are given
as mean = s.e.M. Asterisks indicate significant difference (P < 0.05). In
both young and old subjects, normal CMi fibres slow significantly
more than normal CM fibres. CXi fibres differ significantly from normal
CMi fibres and CMi-sens differ significantly from normal CM fibres.
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\ Figure 4. Activity-dependent conduction
velocity slowing in different fibres classes
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fibre class of desensitized fibres (CXi) are
plotted against time (s) for aged (left panel) and
young (right panel) subjects. The normal CM
units of aged subjects showed significantly
more slowing than the CM fibres in young
subjects (t test: P = 0.02). In the CMi fibre class
the differences were not that pronounced. B,
the restoration of conduction velocity of CM
(left panel) and CMi (right panel) during

0.25 Hz stimulation after 2 Hz stimulation was
significantly different in the two subject groups
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CM fibres (0.5 Hz: CM: 1.6 £ 0.04%; CXi: 0.8 +0.2%)
(ANOVA post hoc LSD P = 0.046) (Fig. 5). The 2 Hz 3 min
protocol showed that to higher stimulation frequencies the
slowing was decreased even more in the CXi fibres (Fig. 4).
Thus, increasing the stimulation frequency led to a bigger
difference in the amount of slowing between CXi and CM
units.

B CM of aged subjects
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Figure 5. Activity-dependent conduction velocity slowing in
normal (CM) and desensitized mechano-responsive fibres (CXi)
of aged subjects to different frequencies of electrical
stimulation

Values are given as mean =+ s.t.M. Asterisk indicates significant
difference (P < 0.5). The slowing in CXi fibres (light grey) increases
with increasing stimulation strength much less than in normal
mechano-responsive fibres (black). The difference between normal CM
and CXi gets more pronounced with higher stimulation frequencies:
CXi slow significantly less than CM at a stimulation rate of 0.5 Hz.

4';20 4éO 54';0
time (s)

of aged (black) and young subjects (light grey).
The time constants of normalization were
significantly longer in aged subjects.

Discussion

Although people at an age of 56 years are not ‘old’
by contemporary standards, almost all previous micro-
neurography studies have been performed on subjects in
their mid-twenties. Functional changes that might occur
in unmyelinated axons in this long time span cannot be
studied in any feasible animal model. A knowledge of
the effects associated with ‘normal’ ageing is, however,
important for the understanding of the pathology of
neuropathies that typically have a higher incidence with
age. It is further important for the understanding of
normal ageing processes.

Distinct changes in the C-fibre population and also
changes of sensory and axonal properties of individual
C-fibres were found in healthy aged subjects. The ratio of
CM to CMi fibre types was shifted in favour of the CMi
units. At the level of individual C-units the heat thresholds
of mechano-insensitive CMi fibres were lower. In addition,
changes in axonal properties were observed in aged
subjects, mainly in C-units with inconspicuous sensory
functions, such as a more pronounced activity-dependent
conduction velocity slowing.

Further, ‘atypical fibres’ were encountered, which have
previously been regarded as ‘pathological’ in patients
with neuropathic pain (e.g. spontaneously active and/or
sensitized units). This is remarkable since the aged sub-
jects included in this study did not show any symptoms of
neuropathy or neuropathic pain.
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Fibre classes

Our study confirms the previously reported ratio of
CM and CMi fibres of 8:2 in young healthy subjects
(Schmidt et al. 1995). In a previous microneurographic
study on patients suffering from painful diabetic neuro-
pathy, this ratio was fundamentally changed and reversed
to 3:7 (Orstavik et al. 2006). In the same study, the
aged controls had a ratio of 6.9:3.1, which is rather
similar to the results of the present study. This confirms
the trend of a change in the C-fibre population with
ageing towards a higher incidence of CMi fibres relative
to CM. Microneurographic experiments can only reveal
changes in the ratio of fibre classes but do not provide
information on the absolute number of C-fibres in a
peripheral nerve. Some histological studies suggest that
the intra-epidermal nerve fibre count and thin fibre
density in the distal peripheral nerve decreases with ageing
(Jacobs & Love, 1985; Verdu et al. 2000), while other
studies do not support this hypothesis or find only minor
changes in subjects older than 75 years (Kanda et al. 1991;
Lauria et al. 1999). However, functional measurements
of thin nerve fibres such as QST (quantitative sensory
testing), axon reflex flare measurements and QSART
(quantitative sudomotor axon reflex test) show elevated
thermal thresholds (Claus et al. 1987; Rolke et al. 2006),
decreased flare size (Helme & McKernan, 1986; Minson
et al. 2002; Munce & Kenney, 2003; Namer et al. 2004)
and reduced peripheral sweating (Low et al. 1983)
in aged populations. Together these findings support
the hypothesis that afferent and efferent C-fibres are
reduced in number in aged nerves. Mechano-insensitive
afferent C-units (CMi) seem to be less affected by this
loss.

This hypothesis is further supported by our finding of
fibres that did not react to mechanical or heat stimulation,
but had activity-dependent slowing of conduction velocity
(slowing) in the range of mechano-responsive CM fibres.
In a previous study these CXi fibres were abundant in
patients with diabetic neuropathy and were interpreted to
be fibres with degenerated endings (Orstavik et al. 2006).
Thus, a changed CM/CMi ratio and the finding of some
CXi fibres in aged subjects would be consistent with a
preferential degeneration of mechano-responsive C-fibre
endings. Thus, mechano-responsive C-fibres seem to be
more prone to degeneration than mechano-insensitive
C-fibres. Assuming that CM fibres could be more
superficially located in the epidermis than the CMi
fibres, the constant pressure to regenerate within the
changing epidermal layer may make them more vulnerable
to age-related changes. Alternatively, CM and CMi
degenerate equally, but increased local availability of Nerve
growth factor (NGF) promotes the regeneration mainly of
CMi fibres.
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Age-related changes in receptive properties

The heat thresholds of mechano-responsive C-fibres have
been found to be around 41-42°C in young adults
(Weidner et al. 1999). Using comparable heat ramp
stimuli, heat pain thresholds assessed psychophysically
in humans are around 42-44°C (Tillman et al. 1995;
Lautenbacher et al. 2005; Rolke et al. 2006). Assuming
that it is not the first action potential that leads
to a sensation of heat pain but that a certain
frequency of action potentials is required to evoke a
sensation of heat pain, it is likely that the class of
mechano-responsive C-fibres (i.e. CMH units) is crucial
in the determination of the psychophysically assessed
heat pain threshold (Van Hees & Gybels, 1981; Tillman
et al. 1995). In contrast, individual mechano-insensitive
fibres (CMi units) in young subjects usually have high
heat thresholds (~46-48°C) clearly above the human
heat pain threshold (Weidner et al. 1999). The current
study shows a relative loss of mechano-responsive fibres
with age and slightly elevated heat thresholds in the
remaining normal CMHs. A decrease in the number
of CMH units coupled with an increase in their heat
thresholds might result in an increase of heat pain
threshold assessed psychophysiologically. However, the
psychophysically assessed temperature thresholds do
not change dramatically in people between 40 and
60 years (Lautenbacher et al. 2005; Rolke et al. 2006).
Interestingly, the mechano-insensitive C-fibres (CMi) in
aged subjects had significantly lower heat thresholds
than those in younger subjects. As a consequence, the
mean heat threshold of the whole population of heat
responsive C-fibres was only very slightly elevated in
aged subjects (42.9°C) when compared to young subjects
(42.6°C). Thus, it could be assumed that heat-sensitized
mechano-insensitive fibres with low heat thresholds
compensate for lost or desensitized CMH units resulting
in unchanged heat pain thresholds in aged subjects.

However, in healthy young subjects a lowering of
thresholds of CMi units is related to hyperalgesia and
inflammatory pain (Schmelz et al. 1994, 2003) and one
may ask why older people do not suffer from heat hyper-
algesia. In this context, one possibility is that very slow
plastic changes in the course of ageing prevent central
sensitization processes.

Possible mechanisms of degeneration
and sensitization

The above reported changed ratio of CM to CMi and the
occurrence of CXi fibres point towards a degeneration
of C-fibres in aged as discussed above. Surprisingly, not
only degeneration was seen in healthy aged subjects but
also both sensitized and spontaneously active C-fibres
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were found regularly in healthy aged, but not in young
subjects. The percentage of those ‘pathological’ fibres in
healthy aged subjects was clearly lower than that of patients
with diabetic neuropathy (13% versus 50%) (Orstavik
et al. 2006) and the aged subjects in this study did not
suffer from pain or hyperalgesia. Indeed, there could be a
connection between degeneration and sensitization. Not
much is known about the general changes in NGF level
in human skin of young and aged people. However, the
general level of NGF in the skin may not be the crucial
factor in respect to degeneration and sensitization, but
the amount of NGF which is available for each fibre.
Degenerated endings of nerve fibres do not take up the
NGF provided, e.g. by keratinocytes. This may result
in a relative surplus of NGF in the epidermis in case
of age-dependent reduction of epidermal fibre density
(Umapathi et al. 2006).

NGF is known to cause (via changed gene expression)
mechanical and heat hyperalgesia (Lewin et al. 1993;
Davis et al. 1993, 1997), lowered heat thresholds and
spontaneous activity in C-fibres (Stucky et al. 1999).
In aged subjects the surplus of NGF caused by the
degeneration of mechano-responsive C-fibres could cause
lowered heat thresholds in CMi, sensitize CMi to
mechanical stimuli and evoke spontaneous activity. In
patients with diabetic neuropathy much more desensitized
CXi fibres were observed and at the same time more
sensitized and spontaneously active fibres (Orstavik ef al.
2006). Perhaps there is a balance of degeneration and
sensitization preserving normal function in healthy aged,
but resulting in neuropathy and pain when the altered and
degenerating fibres together with the sensitized surviving
units exceed a threshold. Indeed, it has been assumed that
a higher incidence of C-fibre degeneration as concluded
from elevated heat pain thresholds in diabetic patients
correlates with more pain (Kramer et al. 2004).

In healthy aged people the amount of changes in
C-fibre function in the direction of hypo- or hyper-
function are obviously below the threshold to cause
symptoms of hypo- or hyperalgesia or spontaneous
pain. However, the age-related changes may render the
C-fibre population more vulnerable to disease processes
leading to neuropathies and could worsen their symptoms.
Obviously neuropathies, e.g. post herpetic neuralgia or
diabetic neuropathy, become much more frequent with
age (Johnson et al. 2007). Vincristin therapy causes more
severe neuropathy in aged than in young patients (personal
communication of E. Jorum, Department of Neuro-
physiology, Rikshospitalet Oslo).

Axonal properties

Conduction velocity in C-fibres was normal in aged sub-
jects whereas lower conduction velocity of myelinated
fibres is found regularly in aged people (Bouche et al.
1993; Verdu et al. 2000). A-fibres are probably more
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prone to changes in conduction velocity due to their
vulnerable myelin sheath, as seen in mice (Robertson et al.
1993).0n the other hand, we observed clear changes in
activity-dependent slowing of afferent C-fibre conduction
in aged subjects. Predominantly, the mechano-responsive
C-fibres (CM units) of aged subjects showed more slowing
to high frequency stimulation (3 min 2 Hz). This shows
again that CM fibres are more prone to changes under
stressful conditions. The fibres of aged also showed
longer time constants for the normalization of conduction
velocity after high frequency stimulation.

The mechanism of activity-dependent conduction
velocity slowing is not fully understood. It has been
suggested that conduction velocity in unmyelinated axons
is predominantly a function of sodium channel availability
(De Col et al. 2008). If this were the case, then age-related
expression of different sodium channel subtypes (Wang
et al. 2006) could contribute to the changes in slowing
profiles observed between young and older subjects.
Previously sodium—potassium pump activity had been
deemed casual for activity-related conduction velocity
slowing; however, pump blockade such as that during
ouabain treatment or substrate reduction increases the
amount of slowing (De Col et al. 2008). In the course of
ageing, metabolic changes resulting in reduced ATP supply
might lead to decreased sodium—potassium pump activity
(Verdu et al. 2000), perhaps resulting from an altered lipid
microenvironment (Tanaka & Ando, 1990). Indeed in aged
mice, sodium—potassium pump activity is reduced in the
sciatic nerve and dorsal root (Robertson et al. 1993). In
our study the most likely mechanism responsible for the
observed increase in slowing in axons in older subjects
is reduced sodium—potassium pump activity. A decreased
basal level of pump activity would result in a relatively
depolarized membrane potential and a higher proportion
of inactivated sodium channels. This would account
for hypoexcitability of fibres to sensory stimuli. Since
membrane potential affects sodium channel inactivation,
the magnitude of hyperpolarizing current attributable
to Na®™,K*-ATPase activity acts to counter inactivation
and thereby limit axonal conduction velocity slowing.
Accordingly, a progressive reduction in pump activity with
ageing is consistent with the observed exacerbation of
slowing and protracted recovery from slowing in aged
subjects. However, membrane mechanisms underlying
the observed activity-dependent slowing of conduction
velocity and those underlying axonal hypoexcitability may
not be identical. Thus, the relation of activity-dependent
slowing and modulation of axonal excitability awaits
further studies.

Conclusions

In this study we found signs of degeneration as well as
signs of C-fibre sensitization and spontaneous activity
in healthy aged subjects compared to young sub-
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jects. In addition activity-dependent conduction velocity
slowing was enhanced in the unmyelinated axons in aged
subjects. We interpret the lowering of the heat thresholds
in mechano-insensitive C-units and the appearance
of spontaneously active fibres as discrete signs of
compensatory processes. It is of major importance to
quantify these age-dependent changes in order to separate
them from neuropathy-related processes: the number of
pathologically changed C-fibres was much lower than that
found in patients with neuropathy and their occurrence
therefore does not pose a major problem for our subjects.
However, as sensitization and desensitization phenomena
already are present, this might make aged people more
vulnerable to additional noxious events affecting the
peripheral nervous system such as neurotrophic viruses,
metabolic changes or chemotherapy (e.g. vincristin).
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