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Distinct sensitizing effects of the cAMP-PKA second
messenger cascade on rat dural mechanonociceptors

D. Levyand A. M. Strassman

Department of Anesthesia and Critical Care, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, MA, USA

Activation of the cAMP/protein kinase A (PKA) second messenger cascade has been implicated in
the induction of mechanical hyperalgesia by inflammatory mediators. We examined the role of this
cascade in mechanical sensitization of nociceptive neurons that innervate the meninges, a process
thought to be involved in the pathophysiology of headache syndromes such as migraine. Single unit
activity was recorded in the trigeminal ganglion from 40 mechanosensitive dural afferents
(conduction velocitity: 0.3—6.6 m s™') and nine mechanically insensitive dural afferents (MIAs)
(conduction velocitity: 0.3-2.8 m s™') while stimulating the dura with a servo force-controlled
stimulator or von Frey monofilaments, respectively. Local application to the dura of dibutyryl
adenosine 3’,5"-cyclic monophosphate (dbcAMP, 100 xm), a stable membrane-permeant cAMP
analogue, produced mechanical sensitization in the majority of mechanosensitive units (19/29,
66 %). Two distinct patterns of mechanical sensitization were observed. Thirty-eight per cent of the
units exhibited only a decrease in threshold (TH group), while 28 % showed only an increase in
suprathreshold responses (STH group). dbcAMP also induced mechanosensitivity in the majority
of MIA units (6/9, 67 %). dbcAMP-induced sensitization was blocked by the PKA inhibitors,
Rp-cAMP (1 mm) and H-89 (100 um). A mixture of inflammatory mediators induced both
components of sensitization in the majority of mechanosensitive units tested. However, in each
unit, PKA inhibitors blocked only one of the two effects (either TH or STH). Units that were
classified as TH or STH also differed in their baseline stimulus—response slopes, thresholds and
conduction velocities. These findings implicate the cAMP-PKA cascade in sensitization of dural
mechanonociceptors and suggest that this cascade may produce sensitization through at least two

different mechanisms operating in separate neuronal populations.
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Inflammation-induced sensitization of primary afferent
mechanonociceptive neurons is thought to be a major
contributor to states of pain hypersensitivity or mechanical
hyperalgesia (Schmelz et al. 1994; Andrew & Greenspan,
1999a; Levine & Reichling, 1999). Although the term
sensitization usually refers to a general increase in the level
of excitability, at least two distinct response components
have been reported following exposure of mechano-
nociceptors to an inflammatory milieu. Both mechano-
sensitive and mechanically insensitive (‘silent’) nociceptors
were shown to respond to previously ineffective stimulus
intensities, indicating decreased activation thresholds
(Martin et al. 1987; Schaible & Schmidt, 1988; White et al.
1990; Davis et al. 1993; Wang et al. 1996; Ahlgren et al.
1997). In addition, other reports have indicated augmented
responses to suprathreshold stimuli either concomitant
with threshold changes (Su & Gebhart, 1998; Halata et al.
1999) or without a noticeable change in threshold (Cooper
etal. 1991; Andrew & Greenspan, 1999a).

Behavioural studies have implicated the cAMP/protein
kinase A (PKA) second messenger cascade as one of the
mechanisms by which inflammatory mediators such as
prostaglandin E, (PGE,), serotonin (5-HT) and adenosine
produce mechanical hyperalgesia (Ferreira & Nakamura,
1979; Taiwo et al. 1989, 1992; Taiwo & Levine, 1991;
Ouseph et al. 1995; Aley & Levine, 1999; Cunha et al. 1999).
Two electrophysiology studies of cutaneous C fibres have
implicated the cAMP-PKA cascade in one component of
mechanical sensitization, namely decreased threshold.
Kress et al. (1996) showed that mechanical response
thresholds were lowered by cAMP analogues, while Wang
et al. (1996) showed that the threshold-lowering effects of
PGE, were blocked by cAMP/PKA inhibitors. Although
Wang et al. (1996) also found sensitizing effects of PGE, on
suprathreshold responses, subsequent studies from the
same laboratory found that PGE, primarily augmented
responses to stimulus intensities near the original response
threshold without affecting responses to more intense
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(suprathreshold) stimuli (Ahlgren et al. 1997; Chen et al.
1999). These studies, employing von Frey hairs, point to a
preferential involvement of cAMP/PKA in the threshold,
rather than in the suprathreshold component of mechanical
sensitization. By contrast, studies of sensitization to heat,
which is more amenable to quantification than mechanical
stimuli, implicated the cAMP—-PKA cascade in the supra-
threshold component of sensitization (Mizumura et al.
1993, 1996; Kress et al. 1996; Lynn & O’Shea, 1998). In
addition, the studies of mechanical sensitization cited
above were restricted to C fibres, leaving open the question
of whether different sensitization patterns occur in Ad
nociceptors. In the present study, using an in vivo preparation
of dural mechanonociceptors, we investigated whether
different components of mechanical sensitization can be
differentially modulated by activation of the cAMP-PKA
cascade and whether the pattern of sensitization differs
among different populations of neurons. We show that the
cAMP-PKA cascade is capable of inducing both components
of sensitization, namely reduced mechanical thresholds
and increased responses to suprathreshold stimuli, albeit
in distinct populations of neurons.

METHODS

Surgeryand electrophysiological recording

Experiments were carried out on adult Sprague-Dawley male rats
(350-450 g). The experimental protocol was approved by the
institutional Animal Care and Use Committee of the Beth Israel
Deaconess Medical Center. Rats were anaesthetized with urethane
(2.0gkg™" 1p.; Sigma Chemicals, St Louis, MO, USA) and
throughout an experiment they were maintained under deep
anaesthesia with supplemental injections of urethane as needed to
maintain areflexia. At the end of the experiments, the animals
were killed with an intra-sinus bolus injection of 1 m KCL

The set-up for recording dural afferents has been described
previously (Strassman & Raymond, 1999). Briefly, the anaesthetized
rats were placed in a stereotaxic head-holder. A craniotomy was
used to expose the left transverse sinus and the dura was bathed
with a modified synthetic interstitial fluid (SIF, pH 7.2) comprising
135 mm NaCl, 5 mm KCl, 1 mm MgCl,, 5 mm CaCl,, 10 mm glucose
and 10 mm Hepes. Tungsten microelectrodes were advanced
through a second craniotomy into the left trigeminal ganglion.
Dural afferent neurons in the ganglion were identified by their
constant latency response to single shock stimulation of the dura
overlying the ipsilateral transverse sinus (0.5 ms pulse, 5 mA,
0.5 Hz). The shortest latency site was identified as described
previously (Strassman & Raymond, 1999). The response latency
at this site was used to calculate conduction velocity, based on a
conduction distance to the trigeminal ganglion of 12.5 mm.
Neurons were classified as either C units (CV < 1.5ms™") or Ad
units (CV > 1.5ms™'). Action potentials were processed with a
real-time waveform discriminator (SPS-8701, Signal Processing
Systems, Prospect, South Australia, Australia) and acquired for
on-line and off-line analysis with the Discovery data acquisition
program (DataWave Technologies, Longmont, CO, USA).

Mechanical stimulation
Mechanical receptive fields of dural afferents were identified
initially by stroking the dura with blunt forceps. The site of lowest

J. Physiol. 538.2

mechanical threshold was determined using a calibrated set of von
Frey (VF) monofilaments (0.03—6.9 gexerting 38-510 kPa, Stoelting,
Chicago, IL, USA). Units that did not respond to the 510 kPa
filament were deemed mechanically insensitive afferents (MIAs).
Greater forces were not tested as they are potentially injurious and
can induce subarachnoid and cortical bleeding.

For quantitative determination of mechanical stimulus-response
functions, graded stimuli were applied to the dural surface at the
lowest threshold site with a servo force-controlled mechanical
stimulator (Series 300B Dual Mode Servo System, Aurora
Scientific, Aurora, Ontario, Canada) (Khalsa et al. 1997). A flat-
ended cylindrical plastic probe was attached to the tip of the
stimulator arm. One of three probe diameters (0.5,0.8 or 1.1 mm)
was selected for each neuron, depending on the sensitivity of the
neuron. The smallest probe was used unless the baseline threshold
of the neuron was so low that responses were evoked even at the
minimum setting of the stimulator (2 mN). In such cases, to
deliver subthreshold stimuli, one of the larger probes was used
(resulting in lower stimulus pressures). Stimulus intensity is
reported in units of pressure or force per area (kPa, where 1 kPa
=1 mN mm?). Only one probe was used for each neuron. It
should be noted that indentation of a soft tissue produces tension
and shear, as well as compression, but that only the compressive
component of the stimulus was under experimental control in this
preparation (Khalsa et al. 1997).

Experimental protocols

Stimulus trials for testing mechanically sensitive units consisted of
four ‘ramp and hold’ stimuli (rise time 100 ms, stimulus width 2 s,
inter-stimulus interval 10 s), which included a subthreshold (S1),
threshold (S2) and two suprathreshold (S3, S4) stimuli, delivered
in ascending order (Fig. 1A). Stimuli that evoked one to two spikes
were considered as threshold (S2). S1 stimuli were set at 40-50 %
of S2 and usually did not evoke any response during baseline
testing. These values were used based on previous studies that
documented the range of threshold changes induced by PGE, and
5-HT (Martin et al. 1988; White et al. 1990; Kress et al. 1996; Wang
etal. 1996; Halata et al. 1999). S3 and S4 were usually 2 and 4 times
stronger than S2, respectively. Although many dural afferent units
are capable of firing more than 20 spikes s™' in response to strong
mechanical stimuli (Strassman et al. 1996; Bove & Moskowitz,
1997), we used S4 stimuli that evoked only 8-14 spikes s™'. Higher
pressure stimuli were not used in order to remain within the linear
part of the stimulus—response curve (Andrew & Greenspan,
19990b; Slugg et al. 2000). Stimulus trials were delivered repeatedly
ataconstant interval of either 2 or 4 min throughout the experiment.
The intertrial interval was not changed once baseline testing
started. A 10 s interval preceding S1 was used for measurement of
spontaneous activity.

In all experimental protocols, baseline measurements of
spontaneous and mechanically evoked activity were obtained
prior to drug administration. Only units that exhibited consistent
responses at all stimulus intensities in at least 3—4 consecutive
baseline trials were tested further. These trials also served as
vehicle controls, because the receptive field was bathed in SIF,
which was the vehicle for all drugs except H-89 (see below). All
chemical agents were applied topically to the dura. Two agents
were tested for potential sensitizing effects, in separate neurons,
namely (1) dibutyryl adenosine 3’,5'-cyclic monophosphate
(dbcAMP, 100 um), a stable membrane-permeant analogue of
cAMP, and (2) a mixture (pH 7.2) of inflammatory mediators
(IM) containing PGE,, 5-HT, bradykinin (100 gm each) and
histamine (1 mm). Following baseline testing in SIF, a chemical
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agent was applied for 10-12 min, followed by a wash period with
SIF (Fig. 1B).

A separate experimental protocol was used for testing the ability of
PKA inhibitors to block the sensitizing effects of dbcAMP or IM.
The PKA inhibitors tested were adenosine 3,5"-cyclic mono-
phosphorothioate, 8-Bromo-Rp isomer (Rp-cAMPS, 1 mm) or
N-[2-(p-bromocinnamyl-amino)ethyl]-5-iso-quinolinesulfonamide
(H-89, 100 um). Figure 1C demonstrates the sequence of drug
applications in this protocol: (1) PKA inhibitor alone, (2) PKA
inhibitor in combination with dbcAMP, (3) dbcAMP alone and
(4) wash with SIF. An alternative protocol that involved attempting
to reverse sensitization by applying the PKA inhibitors after the
dbcAMP was not used, because dbcAMP-induced sensitization
had a relatively short duration in most units, even in the
continued presence of dbcAMP (see Fig. 1B). Therefore, it would
have been difficult to distinguish between the simple decay of
dbcAMP effects vs. true reversal of sensitization. A similar
protocol was used to test for blockade of IM effects by PKA
inhibitors. Since the IM effects were of longer duration, we tested
whether IM effects can be reversed by combined application of IM
and PKA inhibitors in some units.

VF filaments were used to test for the development of
mechanosensitivity in response to dbcAMP in neurons that were
initially classified as MIAs. The mechanical stimulator was not
used for this, because it cannot be quickly repositioned for
repeated testing of multiple sites, which is necessary when
searching for the emergence of mechanosensitivity in MIAs. MIAs
were selected for testing only if they responded to brief application
of 50 mm KCl, indicating the presence of endings in the exposed
dural area that were accessible to topically applied solutions
(Strassman et al. 1996). Mechanical sensitivity was tested every
2 min following drug application, first with the 510 kPa filament
and then (when units became responsive) with lower forces. For
testing MIAs, threshold was defined as the lowest VF stimulus
intensity that evoked a discharge in at least three of five
consecutive stimuli (10 s inter-stimulus interval). Only one unit
was tested in each animal.

Drugs

Bradykinin, PGE,, histamine, 5-HT, 4-AP, TEA (Sigma), dbcAMP
and Rp-cAMPS (Calbiochem, San Diego, CA, USA) were
dissolved in SIF. H-89 (Calbiochem) was first dissolved in DMSO
(1% in SIF) and further diluted in SIF (final DMSO concentration
not exceeding 0.2 %). In three neurons tested during prolonged
(30-60 min) exposure to 0.2% DMSO, no effects on
mechanosensitivity were observed.

Data analysis

The response to each mechanical stimulus was calculated by
subtracting the mean spontaneous firing rate from the mean firing
rate during the stimulus. The spontaneous firing rate for each trial
was calculated from the 10 sinterval preceding S1. The majority of
units had low (< 0.5 Hz) or no spontaneous firing. Units with
spontaneous activity (SA) greater than 1 Hz were not studied due
to the greater difficulty in detecting changes in threshold.

A stimulus—response slope was calculated for each neuron by
performing a linear regression of the threshold and supra-
threshold responses (52-S4). Following drug application, the
firing of each unit was examined for both a decrease in mechanical
threshold (as shown by a response to the initially subthreshold S1
stimulus) and an increase in threshold/suprathreshold responses
(S2, S3, S4). Because the S1 stimulus was set at 40-50 % of the
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baseline threshold (S2), the appearance of an SI response
represents a threshold decrease of similar magnitude. Data are
expressed as means + s.E.M. Results were considered statistically
significantat P < 0.05.
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Figure 1. Mechanical stimulation and experimental
protocols

A, arepresentation of one experimental trial consisting of an
ascending series of four 2 s ‘ramp and hold’ mechanical stimuli
(S1-4) applied to the most sensitive spot of the receptive field with
inter-stimulus intervals of 10 s. The 10 s of recording prior to S1
was used to measure spontaneous activity. The number of action
potentials produced by each stimulus is given in parentheses. B, a
representative experiment showing the protocol for testing the
effect of dbcAMP on mechanical responsiveness. Baseline
responses in the presence of SIF were followed by 5 trials in which
dbcAMP (cAMP) was applied and another 5 trials of wash with SIF.
Note the short duration of dbcAMP action. C, a representative
experiment demonstrating the protocol for testing the effect of
PKA blockade. The PKA inhibitors Rp-cAMPS or H-89 were
applied first, followed by a mixture of dbcAMP and the inhibitor.
dbcAMP was applied next for 10 min and followed by a wash
period.
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RESULTS

Dural afferent population

Forty mechanosensitive and nine mechanically insensitive
dural afferent neurons were included in this study. The
mechanosensitive neurons included 14 Ad units
(CV = 1.6-6.6 ms ™', median = 2.3 m s ') and 26 C units
(CV=0.3-1.5ms ', median = 0.7 m s"). Thresholds were
in the range of 7.2-121.7 kPa (median = 17.1 kPa) for Ad
units and 2.7-85.3 kPa (median = 23.4 kPa) for C units.
The MIAs included one Ad unit (CV = 2.8 m s™') and eight
Cunits (CVrange = 0.3-1.0 ms ', mean = 0.7 £ 0.1 ms™").

dbcAMP induces two distinct patterns of
mechanical sensitization

The effect of dbcAMP on mechanosensitivity was
examined in 29 mechanosensitive dural afferent units.
Two to 4 min following local application of dbcAMP
(100 M), mechanical sensitization was evident in 66 %
(19/29) of the units (8/9 Ad and 11/20 C units). Two
distinct patterns of sensitization were observed (Fig. 2).
Thirty-eight per cent (11/29, 3 Ad and 8 C units) of the
units exhibited a decrease in threshold, identified as a
novel response to the previously subthreshold S1 stimulus,
usually with 1-3 action potentials (threshold group, TH;
Fig. 4A). Forty-five per cent (5/11) of those units also
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Figure 2. Subdivision of dbcAMP-treated units

dbcAMP-treated units were divided into three groups based on
whether they showed a decrease in threshold with no change in
suprathreshold responses (TH group, W), an increase in
suprathreshold responses with no change in threshold (STH
group, A), or no effect (non-affected, NA group, @). No neurons
showed both effects. Increases in suprathreshold responses are
plotted on the ordinate as the mean percentage change in the
response to the S3 and S4 stimuli. Decrease in threshold was
detected by the appearance of a novel response to the initially
subthreshold S1 stimulus. The absolute change in S1 response
(calculated in spikes s7') is plotted on the abscissa. As the S1
stimulus was set at about 50 % of the baseline threshold, the
appearance of an S1 response represents a threshold decrease of at
least 50 % (the minimum change that could be detected in this
stimulus protocol).
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exhibited increased responses (of 113 + 36 %) to the S2
stimulus. However, these units showed no increase in
response to the suprathreshold stimuli (Fig. 4C). Twenty-
nine per cent (8/29,5 Ad and 3 C units) of the units showed
a different pattern of sensitization. Specifically, in these
units (suprathreshold group, STH), only the S2, S3 and S4
responses were affected (Fig. 4D). Although responses
were significantly higher for all three stimuli (176 * 62 %,
119 £ 26 % and 50 £+ 7% for S2, S3 and S4 respectively),
the effect on S4 was the weakest (P <0.05, one-way
ANOVA with Dunnett’s post hoc test, S2—3 vs. S4). These
units, however, showed no decrease in threshold, because
they were still unresponsive to the S1 stimulus (Fig. 4B).
The remaining units (10/29, 1 Ad and 9 C units) were
unaffected (non-affected group, NA). The duration of
dbcAMP-induced sensitization in the TH and STH groups
was short and rarely exceeded 10 min, even in the
continued presence of dbcAMP (Fig. 1B). In most (24/29),
dbcAMP did not produce any activation or change in SA.
However, two Ad and three C units underwent mild
excitation, never exceeding 0.6 Hz (mean=0.3,
range = 0.2-0.6 Hz, data not shown).

One Ad (2.8 ms') and eight C units (CV range 0.3-1 m s/,
mean 0.6 m s™') that were initially characterized as MIAs
were tested for sensitization with dbcAMP. Four minutes
following drug application, most of these units (6/9)
developed mechanosensitivity, as shown by their
responsiveness to the 510 kPa VF filament (Fig. 3). Continued
exposure to dbcAMP typically produced further lowering
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Figure 3. dbcAMP-induced sensitization of mechanically
insensitive dural afferents (MIAs) is PKA dependent

Time course of changes in von Frey threshold is plotted during
dbcAMP application in the presence and absence of the PKA
inhibitors (mean + s.e.M of 6 units). Application of the PKA
inhibitors, Rp-cAMPS (1 mm, n = 3) or H-89 (100 pm, 1 = 3), in
combination with dbcAMP (100 pm, n = 8) did not affect any of
the MIA units tested, whereas dbcAMP alone induced
mechanosensitivity in 6/9 units. This sensitization was partially
reversed by a subsequent wash with SIF. NR, no response.
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of thresholds to as low as 177 kPa. Although thresholds
increased after removal of the dbcAMP, units generally
could still be activated with the 510 kPa VF filament up to
1 hlater.

dbcAMP produces mechanical sensitization via
activation of PKA

To determine whether dbcAMP produces mechanical
sensitization through activation of PKA, we tested whether
its sensitizing effects could be blocked by two selective
PKA inhibitors, Rp-cAMPS and H-89. In 16 of the
neurons that were tested for sensitization with dbcAMP
(see above), the dbcAMP was first applied in the presence
of either Rp-cAMPS (1 = 9) or H-89 (n = 7) and the effect
was then compared with that produced subsequently by
dbcAMP alone (Fig. 1C). When applied in the presence of
the PKA inhibitors, dbcAMP had no significant effect on
either threshold or suprathreshold responses (Fig. 4).
Subsequent application of dbcAMP alone produced
sensitization in 11 units (5 Ad and 6 C units). As described
above, dbcAMP-induced sensitization was expressed in
individual units as either a reduction in threshold (n = 7)
or an increase in suprathreshold responses (1 = 4), but not
both. Similarly, MIA units did not develop mechano-
sensitivity when tested with dbcAMP in the presence of
Rp-cAMPS (n=3) or H-89 (n=3). Subsequent
application of dbcAMP alone, however, induced the
development of mechanosensitivity in 6/9 MIA units (e.g.
Fig. 3).
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Inflammatory mediators produce mechanical
sensitization that is partially dependent on PKA
activation

The effects of dbcAMP were compared to those of IM. The
IM mixture included agents that are thought to promote
nociceptor sensitization through activation not only of the
cAMP-PKA cascade but also of other second messenger
pathways. The IM produced sensitization in 82 % (14/17)
of the units tested (4/7 Ad and 10/10 C units). In contrast
to the pattern of sensitization induced by dbcAMP, the
majority of the IM-sensitized units (10/14) were sensitized
to all stimuli (S1-4), and therefore exhibited both a
decrease in threshold and an increase in suprathreshold
responses. No units showed an exclusive sensitization to
S1, but four units showed an increase only in their
suprathreshold response (S2—4 or S3—4). In contrast to the
transient nature of dbcAMP-induced sensitization, IM
produced a sustained sensitization that was usually
maintained throughout the application period (data not
shown). The IM also produced significant excitation or
increased SA in most (13/15) units (mean = 0.9 Hz,
range = 0.2-1.4 Hz). The increases in SA might have
obscured the changes in S1 in some units.

Thirteen of the units that were sensitized by IM were also
tested for the effect of a PKA inhibitor, either Rp-cAMPS
(n=7) or H-89 (n = 6), applied in combination with IM,
to determine whether IM-induced sensitization was PKA
dependent. In eight units, the IM was applied first,
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Figure 4. Effect of PKA inhibitors (PKAI) on mechanical sensitization induced by dbcAMP

In TH units (A and C), the decrease in threshold (A) was blocked by PKAI. This group did not display any
suprathreshold changes (C). In STH units (B and D), PKAI blocked the increases in suprathreshold
responses. Threshold changes were not observed in this group (B). *P < 0.01, Mann-Whitney U test.
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followed by IM plus inhibitor, while five units were tested
with the protocol described above for dbcAMP, in which
the IM—inhibitor combination was applied first, followed
by IM alone. Since results obtained with these two
protocols were similar, they are described together. The
PKA inhibitor produced suppression of IM-induced
sensitization in 10 of the 13 units tested, but in each unit
the sensitization was only partially blocked. In six units,
the decrease in threshold was blocked while the increase in
suprathreshold response remained (Fig. 5; TH group). In
four units, the increase in suprathreshold response was
blocked, while the decrease in threshold was still present
(Fig. 5; STH group). These results indicate that there are
two groups of neurons that exhibit an involvement of PKA
in either the threshold or suprathreshold component of
sensitization. These two groups appear to correspond to
the TH and STH groups that were defined based on their
pattern of dbcAMP-induced sensitization.

PKA-induced threshold and suprathreshold

changes occur in distinct neuronal populations

We further examined whether the two distinct patterns of
dbcAMP/PKA-mediated sensitization (represented by the
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Figure 5. Effect of PKA inhibitors (PKAI) on mechanical
sensitization induced by a mixture of inflammatory
mediators (IM)

IM (n = 10) produced both decreases in threshold (A) and
increases in suprathreshold responses (B). In TH units (n = 6),
only decreases in threshold were blocked by PKAI. Conversely, in
STH units (n = 4), only suprathreshold changes were affected.

*P < 0.01, Mann-Whitney U test.
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TH and STH groups) were associated with neuronal
populations that could be distinguished on the basis of
other properties, such as conduction velocity, baseline
stimulus—response slope, baseline mechanical thresholds
or baseline SA. Slopes have been used as indicators of
coding and adaptive properties in previous studies of
cutaneous mechanonociceptors (Garell et al. 1996;
Andrew & Greenspan, 1999b; Slugg et al. 2000). Figure 6
shows the baseline stimulus—response plots for units that
were classified based on the pattern of dbcAMP-induced
sensitization or the pattern of PKA-mediated inhibition
(see Figs 4 and 5). The STH group had significantly higher
slopes, lower thresholds and faster conduction velocities
than the TH group (P < 0.05 for all, Mann-Whitney U test;
Fig. 7). Baseline SA was not statistically different between
the two groups (data not shown).
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Figure 6. Baseline stimulus-response plots of all dbcAMP
and PKAI-affected IM-treated units

Units were subdivided based on the pattern of sensitization
induced by dbcAMP (see text), or the pattern of inhibition induced
by PKA inhibitors during IM-induced sensitization. TH, threshold
affected; STH, suprathreshold affected; NA, not affected.
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DISCUSSION

Previous studies, carried out with von Frey hair
stimulation, found evidence of a threshold-lowering effect
of the cAMP-PKA cascade on mechanonociceptive
cutaneous C fibres (Kress ef al. 1996; Wang et al. 1996). In
the present study, we used a force servo-controlled
mechanical stimulator to examine sensitization in Ad and
C dural mechanonociceptors and found evidence that the
cAMP-PKA cascade can produce both components of
mechanical sensitization, namely decreased thresholds
and increased suprathreshold responses. However, these
two components were induced by dbcAMP in separate
groups of neurons, which we have termed the TH and STH
groups. Thus, each dbcAMP-sensitized neuron exhibited
one or the other sensitization component, but not both.
The two groups of neurons that were defined by their
pattern of sensitization could also be distinguished on the
basis of other neuronal properties. Specifically, the STH
group had significantly steeper stimulus—response slopes,
lower thresholds and faster conduction velocities than the
TH group. It is noteworthy that the STH group is
composed predominantly of Ad fibres, which might
account for the absence of suprathreshold sensitization
effects in previous studies that were restricted to C fibres
(Ahlgren et al. 1997; Chen et al. 1999). Our observations
provide evidence that threshold and suprathreshold
sensitivities can be modulated independently and suggest
that there may be differences in the cellular mechanisms
that underlie mechanical sensitization among different
functional subtypes within the nociceptor population.

Selective effects on either the threshold or suprathreshold
components of the stimulus—response curve have been
observed in other studies of nociceptor sensitization. For
example, a selective sensitizing action of cAMP on supra-
threshold responses to heat stimulation, with no change in
heat threshold, was found in cutaneous nociceptors (Kress
et al. 1996), while a selective effect of inflammation on
suprathreshold responses to mechanical stimulation, with
little or no change in mechanical thresholds, was described
for cutaneous and mucosal nociceptors (Cooper et al.
1991; Andrew & Greenspan, 1999a). However, little is
known about the possible mechanisms by which threshold
and suprathreshold response properties might be modulated
independently.

In general, potential targets for the actions of sensitizing
agents on primary afferent nociceptors include both
sensory transduction elements and voltage-gated ion
channels that are involved in action potential generation.
Sensitizing actions on the transducer for noxious heat,
VR1, have been described (Tominaga et al. 1998;
Premkumar & Ahern, 2000), but the identity of the
transducer(s) for mechanical nociception has not yet been
established and no sensitizing actions that are specifically
targeted to the transduction process of mechanical
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nociception have been identified. However, sensitizing
actions on voltage-gated ion channels, which would be
expected to affect all sensory modalities, have been
described, including several actions that are mediated by
the cAMP-PKA cascade. Based on studies in dissociated
dorsal root and nodose ganglion cells, the cAMP-PKA
cascade has been implicated in mediating at least three of
the modulatory actions of PGE, on voltage-gated ion
channels that could contribute to increased excitability in
nociceptors. These are (1) enhancement of the TTX-
resistant Na* current that is expressed exclusively in a
subpopulation of small diameter sensory neurons with
nociceptor characteristics (England et al. 1996; Gold et al.
1998), (2) suppression of the sustained (delayed rectifier)
outward K" current that is thought to modulate the firing
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Figure 7. Comparison of the three groups (TH, STH and
NA) on scatterplots of baseline stimulus-response slopes
(A), baseline mechanical threshold (B) and conduction
velocity (C)

All 3 parameters were significantly different between the TH and
STH groups (see Results). Horizontal lines depict the mean within
agroup.
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threshold (England et al. 1996; Evans et al. 1999) and (3)
enhancement of I, the hyperpolarization-activated cation
current that is thought to facilitate repetitive firing
(Ingram & Williams, 1996).

Are there any known cellular mechanisms that could
account for the differential effects of cAMP on the TH and
STH groups in the present study? In particular, are there
any known mechanisms of sensitization that could result
in a selective action on either the threshold or
suprathreshold components of the stimulus-response
curve? There are membrane currents that are thought to
regulate the capacity for repetitive firing without affecting
firing threshold. Although the issue has not been examined
directly, modulation of such currents might be expected to
exert a selective effect on the suprathreshold portion of the
stimulus—response curve without changing the response
threshold. Two examples of such currents are I, which is
thought to enhance repetitive firing, and the transiently
activated outward K' current, I, which is thought to
suppress repetitive firing and, thus, enhance spike
adaptation (Stansfeld et al 1986; Rudy, 1988). I, is
positively coupled to adenylate cyclase in a variety of cell
types. Thus, cells with a large I, might be expected to
exhibit a high baseline capacity for repetitive discharge, as
well as a further enhancement of this capacity in response
to cAMP-PKA cascade activation. These features could be
viewed as consistent with the high baseline slopes (which
require higher discharge rates) and the suprathreshold
sensitization pattern of the STH neurons. By contrast, I,
was not markedly affected by PGE, (Nicol et al. 1997),
which is an activator of the cAMP—PKA cascade. Cells with
a large I, might be expected to exhibit a low capacity for
repetitive firing, which would not be strongly influenced
by cAMP-PKA cascade activation. These features would
be consistent with the low baseline slope and absence of
suprathreshold sensitization found in the TH neurons.

Such an explanation for the difference in TH and STH
properties would require that I, and I, be segregated into
distinct neuronal populations. Such segregation was
described recently. Under a classification system for
nociceptive dorsal root ganglion cells based on current
signatures, Type 2 neurons exhibit a large I, with no I,
whereas Type 4 neurons exhibit a large I, with no I,
(Scroggs et al. 1994; Petruska et al. 2000). Furthermore,
these two classes of cell exhibit a size difference that is
consistent with the difference in conduction velocity
between TH and STH neurons. Specifically, Type 2
neurons are small (25-32 ym), which is consistent with a
predominantly unmyelinated cell population, whereas
Type 4 neurons are medium-sized (33—40 gm), which is
indicative of a population with somewhat more rapid
conduction. Although the TH and STH populations did
not show a strict segregation by fibre class (Ad vs. C fibres),
they nevertheless exhibited a significant difference in
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conduction velocity that paralleled the size difference of
Type 2 and 4 neurons. Therefore, both the current signature
and the size differences between Type 2 and 4 neurons are
suggestive of a possible congruence with the TH and STH
populations of the present study.

Another difference between the two cell types that could
influence sensitization patterns is the presence of TTX-
resistant Na® currents in Type 2, but not in Type 4,
neurons (Cardenas et al. 1997). The cAMP—PKA cascade
lowers the activation threshold of the TTX-resistant Na*
current (England ef al. 1996; Gold et al. 1998), which
might result in a decrease in the response thresholds of
Type 2 neurons. Such an action might account for the
decrease in threshold that is observed in TH, but not STH,
neurons, with any concomitant increases in the supra-
threshold responses of TH neurons being blocked by the
excessively large I,.

In addition to possible differences in voltage-gated
currents, differences in mechanotransduction might also
contribute to the different patterns of sensitization
exhibited by TH and STH neurons. In a study that bypassed
the transduction process by injecting current into dorsal
root ganglion cells, Gold et al. (1996) found that PGE,
evoked an increase in suprathreshold responses that
occurred either alone or together with a decrease in
threshold, but almost never found an effect on threshold
alone. This observation suggests indirectly that modulation
of the mechanotransduction process might be of
particular importance for producing selective sensitizing
effects on threshold alone. More direct investigation of
possible modulatory effects on mechanotransduction in
nociceptors is limited by the lack of information on the
mechanosensitive membrane elements. A putative mechano-
sensory Na* channel, BNaCl-a, has been identified. This
channel is expressed exclusively in dorsal root ganglion
cells and is selectively transported to peripheral terminals
of mechanosensory neurons (Garcia-Anoveros et al.
2001). However, the neuronal distribution of this channel
appears to be more indicative of a role in the transduction
of non-noxious, rather than noxious, mechanical stimuli.

The sensitizing effects of dbcAMP on mechanosensitive
dural afferents that we observed in the present study were
of relatively short duration. While the current study is the
only one to document the time course of cAMP-mediated
actions on mechanonociceptors, Lopshire & Nicol (1997,
1998) observed a similarly brief time course for PGE,-
induced sensitization of the capsaicin response in dorsal
root ganglion cells. These studies also showed that the
rapid recovery from sensitization was mediated by
activation of the nitric oxide (NO)—cyclic GMP pathway.
Although behavioural studies have revealed that the effects
of cAMP-PKA cascade activation on mechanical hyper-
algesia are longer lasting (Taiwo et al. 1989), the time
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course of these effects might not necessarily be strictly
correlated with the sensitization of mechanonociceptors.
For example, there is considerable evidence that changes in
central excitability also contribute to mechanical hyper-
algesia. It is also intriguing to note that the dural MIA
neurons in our study were sensitized by dbcAMP for a much
longer period than the mechanosensitive neurons. This
raises the possibility that cAMP/PKA-induced mechanical
hyperalgesia may largely be due to sensitization of MIA
neurons and, only to a lesser extent, of mechanosensitive
neurons.

In contrast to the pattern of sensitization produced by
dbcAMP, the IM mixture produced both a decrease in
threshold and increased suprathreshold responses in most
sensitized neurons. The more complete pattern of
sensitization produced by IM compared to cAMP/PKA
might be explained by the combined activation of other
second messenger cascades in addition to PKA. Of the
agents in the IM mixture, PGE, and 5-HT are thought to
activate PKA (Taiwo et al. 1989, 1992; Cunha et al. 1999).
However, the sensitizing effects of PGE, are also probably
mediated through local formation of NO (Aley et al. 1998).
In addition, bradykinin probably activates PKC (Burgess
et al. 1989; Cesare & McNaughton, 1996) and both
bradykinin and histamine can stimulate the release of NO
(Clough, 1999). Activation by IM of both PKA and non-
PKA-dependant mechanisms is consistent with our
finding that in each IM-sensitized neuron, only one of the
two sensitization components was blocked by the PKA
inhibitor. In addition, this finding suggests that the non-
PKA-dependant mechanisms alone (operating in the
presence of the PKA inhibitors) are capable of producing
only one of the two components of sensitization. Therefore,
it appears that neither the PKA nor the non-PKA
mechanisms alone are sufficient to produce both components
of sensitization. Our results raise the possibility that the
combined activation of PKA- and other second messengers
may be necessary to produce a leftward shift of the
stimulus—response function throughout its entire range. A
possible cellular correlate of this is the finding that
combined activation of both PKA and PKC is required for
maximal enhancement of the TTX-resistant sodium
current in dorsal root ganglion cells (Gold et al. 1998).

In the present study, the induction of spontaneous activity
was a prominent feature of sensitization induced by IM,
but not dbcAMP, and was not blocked by PKA inhibitors.
This is consistent with some previous reports that
spontaneous activity is increased by activation of PKC, but
not PKA (Leng ef al. 1996). Activation of PKC can cause
heat sensitization (Cesare & McNaughton, 1996; Leng et
al. 1996; Cesare et al. 1999), which could result in
spontaneous discharge if the response threshold to heating
is decreased to a level below the tissue temperature (Reeh
& Petho, 2000).
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Cyclic AMP/PKA-mediated sensitization of mechano-
nociceptors, as well as recruitment of afferents that
initially were mechanically insensitive, could contribute to
the threshold and suprathreshold components of
mechanical hyperalgesia. Sensitization of dural afferents,
in particular, has been postulated to play a role in headache
syndromes, such as migraine (Wolff, 1963; Strassman et al.
1996). At present, the most effective anti-migraine agents
are the triptans, which are potent agonists at 5-HT
receptors. Activation of these receptors has been foundina
variety of cell types to lower intracellular cAMP levels
through the inhibition of adenylate cyclase, which is
distinct from the 5-HT,-mediated activation of adenylate
cyclase (Hen, 1992). Our findings in the present study of
the role of cAMP in dural afferent sensitization suggest
that inhibition of adenylate cyclase in the mechano-
sensitive endings of dural afferents is a potential mechanism
for the therapeutic action of triptans in migraine.
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