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Abstract
Patients receiving opioids for pain may experience decreased effectiveness of the drug and even
abnormal pain sensitivity – either hyperalgesia and/or allodynia. We hypothesize that peripheral
nociceptor hyperexcitability contributes to opioid-induced hyperalgesia and test this using an in
vitro mouse glabrous skin-nerve preparation. Mice were injected i.p. with escalating doses of
morphine (5, 8, 10, 15 mg/kg) or saline every 12 h for 48 h and sacrificed ~12 h following the last
injection. Receptive fields of nociceptors were tested for mechanical, heat, and cold sensitivity.
Activity was also measured during an initial 2 min period and during 5 min periods between
stimuli. Aberrant activity was common in fibers from morphine-treated mice but rare in
salinetreated mice. Resting background activity was elevated in C-fibers from morphinetreated
mice. Both C- and Aδ -fibers had afterdischarge in response to mechanical, heat and/or cold
stimulation of the skin as well as spontaneous, unevoked activity. Compared to saline, morphine
treatment increased the proportion of fibers displaying polymodal rather than mechanical-only
responses. A significant increase in Aδ-mechanoreceptive fibers responding to cold accounted for
most of this change. In agreement with this, morphine-treated mice showed increased sensitivity in
the cold tail flick test. In morphine-treated mice, aberrant activity and hyperexcitability of
nociceptors could contribute to increased pain sensitivity. Importantly, this activity is likely
driving central sensitization, a phenomenon contributing to abnormal sensory processing and
chronic pain. If similar changes occur in human patients, aberrant nociceptor activity is likely to
be interpreted as pain, and could contribute to opioid-induced hyperalgesia.

1. Introduction
Patients receiving opioids for pain management may experience abnormal pain sensitivity –
either hyperalgesia (increased pain from a stimulus that normally provokes pain) and/or
allodynia (pain due to a stimulus that does not normally provoke pain) [72]. Opioid-induced
hyperalgesia (OIH) is defined in animal studies as a decrease of pain threshold from baseline
after chronic administration of opioids. OIH has been reported in animal studies over the last
three decades [4]. For many years, the clinical community perceived OIH as a phenomenon
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of preclinical research and not relevant to the clinic [82]. In recent years, OIH has been
recognized as a real syndrome needing to be addressed in humans, though there is still no
well accepted definition of OIH in the clinic [82]. It is commonly identified by the decreased
analgesic effect of opioid drugs, or a rebound increase in pain sensitivity that develops over
a course of opioid treatment [4]. However, hyperalgesia also occurs with the development of
tolerance to opioids and as part of the withdrawal syndrome, and thus clinical OIH in the
absence of either tolerance or withdrawal has been difficult to establish. Increased pain over
the course of opioid treatment in the absence of withdrawal could likely reflect either the
development of tolerance (a desensitization process) or an elevation of pronociception (a
sensitization process), among other possibilities [7]. In a clinical setting, tolerance can be
treated by increasing the opioid dosage, thus reinstating pain relief. By contrast, if a patient
is experiencing OIH, increasing the opioid dose may worsen the patient's condition by
increasing sensitivity to pain. In addition, increasing the opioid dose without concomitant
pain relief can escalate physical dependence and increase the probability of abuse [27].
Thus, OIH is an important clinical issue; however, its underlying mechanisms are poorly
understood.

Several molecular mechanisms have been proposed to explain the development of OIH and
sensitization including: 1) sensitization of primary afferent neurons, 2) enhanced production
and release of excitatory neurotransmitters or suppressed reuptake of these transmitters, 3)
sensitization of second-order neurons, 4) neuroplastic changes in the rostroventral medulla
[20]. The contribution of primary afferent neurons is arguably the least studied mechanism
of OIH. A peripheral contribution is likely given that small diameter cutaneous primary
afferents innervating the rat paw express opioid receptors [21,78] and contain opioid
peptides [14]. Furthermore, a peripheral, antinociceptive action of opioids has been
confirmed in several studies. Peripherally applied opioid receptor agonists induce analgesia
[51,52], inhibit hyperalgesia [45], and decrease spontaneous activity of afferent fibers in
inflamed tissue [70,86] (however, see [54]). These peripheral effects are thought to be
mediated by opioid receptors on the nociceptors and can be eliminated by systemic
antagonist treatment. Systemic opioid actions can be blocked by peripherally acting
antagonists, further supporting a peripheral anti-nociceptive opioid action [81]. In contrast,
we hypothesize that aberrant signaling in nociceptors following high opioid dosing
contributes to OIH and test this hypothesis using an in vitro skin-nerve preparation and an in
vivo behavioral assay in opioid-treated mice.

2. Methods
2.1. Animals and morphine treatment

All experiments were approved by the University Animal Care and Use Committee and met
the guidelines of both the National Institutes of Health's Guide for the Care and Use of the
Laboratory animals (Department of Health, Education, & Welfare publication no. 85-23,
revised 1985, USA) and the International Association for the Study of Pain (IASP) [95].
Steps were taken to reduce the number and any unnecessary discomfort of the animals. Male
wild-type C57BL6 mice (6–12 wk) from either Jackson Laboratories (Bar Harbor, ME) or
Harlan Laboratories (Houston, TX) were housed in the University of Texas Medical Branch
(UTMB) Animal Resource Center in a standard animal room with food and water ad libitum
under controlled conditions of humidity and temperature (21 ± 2°C) and maintained on a 12
h light/dark cycle. Fifty-six mice were used in electrophysiology experiments and 20 were
used in behavioral testing. Morphine sulfate from the UTMB hospital pharmacy was
dissolved in 0.9% isotonic saline at 1 mg/ml. Mice received four escalating doses of
morphine (5, 8, 10, and 15 mg/kg, intraperitoneal) or the same volume of saline,
administered at 12 h intervals as previously described [61]. Twelve hours after the last
injection, mice were sacrificed by CO2 inhalation.
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2.2. Skin-nerve preparation
The in vitro glabrous skin-nerve preparation used was a modification of the rat glabrous
skin-nerve prep used in our lab [34]. The glabrous skin from the ankle to the tips of the toes
was dissected from the hindpaw leaving a border of hairy skin along each margin. The tibial
nerve with the medial and lateral plantar branches (~3 cm free length) was dissected free
from the ankle joint and kept intact with the glabrous skin (Fig. 1). All muscle and tendon
tissue was carefully removed from the preparation under a dissecting microscope. The
preparation was placed corium side up in an organ bath and superfused at 15 ml/min, 32 °C,
with an oxygen-saturated, modified synthetic interstitial fluid solution (SIF, in mM: NaCl,
123; KCl, 3.5; MgSO4, 0.7; CaCl2, 2.0; Na gluconate, 9.5; NaH2PO4, 1.7; glucose, 5.5;
sucrose, 7.5; and HEPES, 10; pH 7.4 ± 0.05). The plantar nerves were moved into a separate
chamber containing a superficial layer of mineral oil and a bottom layer of SIF. On a
mirrored stage, the nerves were desheathed and teased apart under a dissecting microscope.
Small filaments from either the medial or the lateral plantar nerve were repeatedly split with
sharpened watchmaker forceps to obtain the smallest possible nerve bundle without
breakage.

2.3. Neurophysiological recording
Neural activity was recorded using gold wire electrodes and a DAM80 differential amplifier
(World Precision Instruments, Sarasota, FL). Action potentials were acquired and later
analyzed offline on a PC computer-controlled CED1401 interface and Spike2 spike sorting
software (CED Ltd., Cambridge, UK). Mechanically-sensitive fibers were identified initially
by probing the skin flap with a blunt glass rod. Only units responding to this noxious
stimulus were studied in detail. Nociceptors were further defined as highthreshold, slowly
adapting mechanoreceptors with a conduction velocity (CV) between 0.2 and 10 m/s. Non-
nociceptors were not studied. The CV of each unit was determined by monopolar electrical
stimulation (0.3 – 3.0 ms duration, 0.02 – 1.0 mA, train frequency 1 Hz) at the most
mechanosensitive site in the receptive field of each unit using a Teflon-coated steel electrode
with an uninsulated tip (2 MΩ) that was gently lowered into the receptive field. The CV was
determined from the latency of the action potential and the distance from the stimulation
electrode to the recording site (measured to the closest millimeter). The mean background
rate for each fiber population (Aδ and C) was determined by recording unit activity for 2
min immediately after a newly teased filament was placed on the recording electrode [34].

2.4. Analysis of aberrant activity
Aberrant activity was defined as a period of activity occurring in the absence of heat, cold or
mechanical stimulation. Aberrant activity events were defined as a group consisting of at
least 20 spikes that lasted at least 5 s and had interspike intervals less than 5 s [11]. These
events were categorized as either afterdischarge or spontaneous activity (SA).
Afterdischarge was defined as prolonged activity occurring either immediately after or
within 30 s of the end of a stimulus. SA occurred either before any stimulation of the unit or
began more than 30 s after the end of a stimulus and was thus considered unrelated to the
stimulation. Patterns of firing during afterdischarge and SA were further classified as either
regular, irregular or bursting based on the variability of interspike intervals. Irregular firing
patterns contained highly variable interspike intervals. Regular firing patterns were
identified from histograms of interspike intervals that were tightly grouped around the
average interspike interval and had a coefficient of variance (mean/standard deviation) of
the interspike interval of < 0.6. Burst events were analyzed using the “bursts” script in
Spike2. Bursts were defined by an initial interspike interval of less than 80 ms [37,42].
Offset of the burst occurred when the interspike interval was greater than 200 ms. Periods of
aberrant activity with at least 40% of the total number of spikes occurring within bursts were
categorized as bursting.
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2.5. Heat stimulation
After 2 min baseline recording, radiant heat was applied to the receptive field of each unit
(Figs. 1, 2A). The heat lamp (made in house) was placed beneath the recording chamber and
a temperature probe was placed on the epidermal side of the skin in the receptive field. The
light beam was focused through the translucent bottom of the chamber onto the epidermal
surface of the skin. A 10 s heat ramp was applied to each unit, starting from the bath
temperature of 32 °C and rising to 52 °C on the epidermal side (equivalent to 51 °C on the
corium side). A unit was considered heat sensitive if the discharge rate evoked by the heat
stimulation was greater than the background mean frequency of that unit measured 10 s
immediately preceding the heat stimulus (calculated by the Spike2 “Mean Frequency”
function). The temperature at which the first spike was elicited by the heat stimulus was
defined as heat threshold if there was no background activity. Units from MOR mice tended
to have more background firing; thus, the temperature at which the unit firing frequency
exceeded its background mean firing frequency was considered threshold. A 5 min recovery
period was allowed after this and all other stimulations to avoid sensitization of the units.

2.6. Cold stimulation
A small plastic hollow well was constructed from a 3 ml plastic syringe. The luer connector
was cut off leaving a 3 mm diameter opening. The body of the syringe (8 mm diameter) was
cut so the total length was 10 mm. This well was mounted on a micromanipulator and
lowered over the receptive field of each unit on the corium side (Figs. 1, 2B, C). A
temperature probe was placed on the epidermal side in the receptive field. To apply cold
stimulation, the SIF in the cylinder was gently pipetted out and a pellet of frozen SIF was
placed very gently into the cylinder, avoiding any mechanical stimulation of the unit. These
SIF pellets were made using a modified 1cc insulin syringe. The tip was cut off so that a 100
µl cylinder of frozen SIF could be pressed from the syringe and cut so that the shape and
size was consistent from trial to trial. The syringes were stored in the freezer until needed.
The frozen SIF pellets produced consistent cooling of the skin from 32 °C to 19 ± 1 °C in
the first 3 s. By 6 s the temperature was within the noxious cold range at 16 °C; by 30 s it
fell to about 9 °C. The temperature reached its nadir of about 7 °C by about 50 s,
maintaining at 7 °C for another 30 s (measured on the epidermal side). A unit was
considered cold-sensitive if the discharge rate evoked during cold stimulation was greater
than the background mean frequency for that unit measured 30 s immediately preceding the
cold stimulus [43]. To analyze temperature-dependent changes, we plotted the unit
responses (in 3 s bins) of a subset of randomly selected units with at least a 1Hz response to
cold stimulation.

2.7. Mechanical stimulation
A dual mode lever system (Aurora Scientific Inc., Ontario, Canada) was used to determine
the mechanical threshold of each unit. The system had a motor-driven stylus (0.7 mm
diameter) that delivered a force in the form of a continuous ascending ramp from 0 to 170
mN over 20 s. The stylus was placed on the corium side in the most sensitive region of the
receptive field of the unit (Figs. 1, 2D). A unit was considered mechanically sensitive if the
discharge rate evoked during stimulation was greater than the background mean frequency
for that fiber during the 20 s immediately preceding the mechanical stimulus. The force
eliciting the first spike upon activation of the ramp was considered threshold for that unit. A
suprathreshold square wave pulse (180 mN, 10 s) was also applied. Firing rate during this
stimulus was reported as the mechanical firing rate for that unit.
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2.8. Cold tail-flick behavioral test
Changes in cold sensitivity were measured with the cold water tail-flick test. Mice were
habituated for 4 days by placing them in cylindrical, plexiglass tubes with their tails exposed
at the rear of the tube. On day 1 of habituation, mice were placed in the tubes for 25 min. On
days 2–4, after 25 min in the tubes, the tails were immersed in room temperature water for 1
min to acclimate the tails to this sensation. On the following day, baseline tail flick latencies
were determined. Mice were placed in the tubes for 15 min, then their tails were immersed
for a maximum of 30 s in a mixture of equal parts water and ethanol cooled to −5 °C. The
end point of the test occurred when the mice flicked their tails out of the water or reached
the 30 s cut off. Each mouse was tested 3 times (5 min intervals), and the tail flick latencies
were averaged to obtain a baseline. Animals were then injected with saline or morphine
according to the protocol described above and retested ~12 h after the final morphine/saline
injection. Average tail flick latencies were obtained using the same paradigm as on baseline
days.

2.9. Statistical analyses
Data were expressed as means ± standard errors of means (SEM) and statistical analyses
were performed using Prism software (GraphPad Software Inc., La Jolla, CA). In the
electrophysiological studies, differences in discharge rates and thresholds were evaluated
with either a Mann-Whitney, one-way ANOVA, or two-way repeated measures ANOVA.
Differences in populations were evaluated with Fisher’s exact test or z-test. For behavior
studies, differences in populations were evaluated using the student’s t-test. P < 0.05 was
considered significant.

3. Results
3.1. Properties of fibers in the mouse skin-nerve preparation

The sciatic/tibial nerves (n = 6) from 3 naïve mice were used to measure conduction
velocities from compound action potentials to further classify units as either C- or Aδ-fibers.
Based on these measurements, the conduction velocity of C-fibers was estimated to be < 1.2
m/s and that of Aδ-fibers ≥ 1.2 m/s and < 10 m/s. This agrees with published literature using
the mouse glabrous skin-nerve preparation [8].

Nociceptors were identified as high-threshold, slowly adapting mechanoreceptors with a
conduction velocity (CV) between 0.2 and 10 m/s. Recordings were made from 126
nociceptors from 30 saline-treated (SAL) mice and 188 nociceptors from 26 morphine-
treated (MOR) mice. Scattergrams were constructed for the nociceptor CV’s from each
population and there was no difference in the mean CV between the two populations (SAL
fibers 2.7 ± 0.3 m/s, MOR fibers 2.9 ± 0.2 m/s; Mann-Whitney test; p = 0.26; Fig. 3A).
Units were then parsed based on CV and for the SAL group 60 were classified as C-fibers
(48%) and 66 as Aδ-fibers (52%). For the MOR group 72 were classified as C-fibers (38%)
and 116 Aδ-fibers (61%). These numbers were not significantly different (Fisher’s exact
test; p = 0.10). The mean CV for C-fibers from MOR mice (0.7 ± 0.02 m/s) was not
different from SAL mice (0.7 ± 0.03 m/s), nor was the distribution of the CVs different
between the two groups (Fig. 3B). As seen in C-fibers, MOR treatment did not change the
average CV of Aδ-fibers (4.0 ± 0.2 m/s MOR vs 3.6 ± 0.3 m/s SAL; p = 0.31), nor the
distribution of CVs in SAL vs MOR (Fig. 3C).

One important change in MOR mice was the prevalence of nociceptors. The median number
of nociceptive fibers in a MOR mouse, (7 per experiment) was significantly higher
compared to that in a SAL mouse (4 per experiment, Mann-Whitney test; p < 0.05).
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Specifically, the population of nociceptive Aδ-fibers was significantly larger (Mann-
Whitney test; p < 0.05).

3.2. Morphine treatment increases background firing, afterdischarge and spontaneous
activity (SA) in nociceptors

The mean background activity of all fibers during the first 2 min after a newly-teased
filament was placed on the recording electrode was significantly higher in C-fibers from
MOR compared to SAL mice (0.19 ± 0.04 vs. 0.04 ± 0.008 imp/s, respectively, Mann-
Whitney test; p < 0.005, Fig. 4A). Aδ-fibers did not show this difference (0.02 ± 0.006 MOR
vs. 0.01 ± 0.005 SAL, p = 0.39). In addition to the generally higher background firing of C-
fibers, fibers from MOR mice showed episodes of aberrant activity throughout the recording
sessions, which included afterdischarge and SA. Forty-one fibers (21.3%) from 18/26 MOR
mice displayed such activity compared to only 3 fibers (2.3%) from 3/30 SAL mice
(Fisher’s exact test; p < 0.0001). The 41 MOR fibers included both C- (n=22/72; 30.6%) and
Aδ-fibers (n=19/116; 16.4%), a proportion that was not significantly different (z-test; p =
0.49).

In MOR mice, 23 fibers (14 C- and 9 Aδ-fibers, Table 1) continued to respond after a
stimulus was terminated or they displayed activity within 30 s after the termination of a
stimulus. Either occurrence was judged to be induced by, or related to, the stimulus and
categorized as afterdischarge. (This 30 s time frame was based on the histogram in Fig. 4B,
which shows the propensity of aberrant events to begin within 30 s poststimulus, with an
obvious break in activity between 30 and 60 s post-stimulus). These afterdischarge events
were not triggered by a particular modality but could be observed after any stimulus
(mechanical, heat, cold; Figs. 5A and B, 6A), could have a variable duration, with events
lasting anywhere from 2 to 12 min (Figs. 5A and B, Table 1), have a mean frequency that
was roughly one half of the rate evoked by the prior stimulus (Fig. 6B) and a peak firing rate
that was no different from that evoked by the stimulus (Fig. 6C). Some MOR fibers had
multiple afterdischarge events during a recording session (Fig. 5B). Afterdischarge was
observed in only 2 C-fibers from SAL mice (Figs. 4B, 6A, Table 1).

Twenty six fibers (15 C and 11 Aδ) had aberrant SA that was unrelated to any stimulus
(occurred at least 60 s after the end of a stimulus; Fig. 4B, Table 1). As with afterdischarge,
some fibers had SA events multiple times during a recording session and the duration could
be over 6 min (Table 1). There was no pattern to the generation of an SA event as one could
occur at any time during the recording session: during the first interval prior to any
stimulation (17 fibers) or in a timeframe ≥ 60 s following heat (13 fibers), cold (3 fibers) or
mechanical (7 fibers) stimulation (Fig. 5C). Furthermore, the occurrence of SA was not
related to fiber type (C- or Aδ-fiber; z-test; p = 0.56) or fiber responsiveness (heat, cold or
mechanical). Only one C-fiber from SAL mice showed SA (Fig. 4B).

The firing pattern during an afterdischarge or SA event could be characterized as irregular,
regular, or bursting based on the interspike interval [91]. A fiber could demonstrate one or
more firing patterns at different points during the recording. Five fibers had periods of both
irregular and regular firing, and one fiber had periods of irregular firing and bursting.
Irregular firing patterns were the most common, characterized by slow, irregular activity
with an average discharge rate of 0.9 ± 0.07 imp/s (Fig. 7A, Table 2). Fifteen C-fibers and
12 Aδ-fibers displayed this type of firing pattern. Aberrant activity occurring with a regular
firing pattern (2.3 ± 0.3 imp/s; Fig. 7B, Table 2) was observed mainly during afterdischarge
events in 10 fibers (5 C- and 5 Aδ-fibers) but only seen once during SA. An occasional burst
could be seen interspersed with irregular and regular firing patterns. Six C-fibers and 3 Aδ-
fibers showed aberrant activity containing more than 40% of the spikes in bursts (Fig. 7C).
The overall firing rate for fibers during these events was 3.3 ± 0.9 imp/s and on average,
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more than 70% of the spike activity occurred in bursts. The intraburst firing rate averaged
31.6 ± 8.2 imp/s (range 9.1 – 111.0 imp/s). There were no significant differences in the
proportions of C- vs. Aδ-fibers in any of these categories (z-tests; p > 0.05). The 3 fibers
from SAL mice showing SA all had an irregular firing pattern (0.7 ± 0.06 imp/s).

3.3. Morphine treatment increased the proportion of polymodal fibers concomitantly
decreasing unimodal fibers

Typical responses of afferent fibers to stimuli are shown in Fig. 2. All fibers studied were
mechano-sensitive since we used mechanical probing with a blunt glass rod to find units in
the skin flap. Fibers that did not respond to either heating to 51°C or cooling to 7°C were
classified as C- or Aδ-mechanical units (CM or AδM). Fibers that responded to heat stimuli
were classified as C- or Aδ-mechano-heat units (CMH or AδMH) and those that responded
to cold stimuli were classified as C- or Aδ-mechano-cold units (CMC or AδMC). Fibers that
responded to both heat and cold were classified as C- or Aδ-mechano-heat-cold units
(CMHC or AδMHC). A small population of fibers (n = 3 saline, 15 morphine) did not
respond to cooling, but responded as the skin rewarmed (Fig. 2C). The warming response
occurred in fibers that were (n = 5) and were not (n = 10) heat responsive. The population
with this warming response was significantly larger in the MOR compared to SAL mice
(Fisher’s exact test; p < 0.05).

In SAL mice, 26.7% (16/60) of the C-fiber population was unimodal; i.e., they responded
only to mechanical stimulation (Fig. 8A, Table 3). In MOR mice, this percentage was
significantly decreased to 9.7% (7/72, Fisher’s exact test; p < 0.05,), with corresponding
increases in the percentages of polymodal CMH-, CMHC- and CMC-fibers; though
individually, the increase in each category was not significant. Unimodal Aδ-fibers from
SAL mice comprised 86.4% of the fiber population with the fibers responding to mechanical
only. In MOR mice, this dropped to 60.3%, (Fisher’s exact test; p < 0.001, Fig. 8A, Table
3), with a corresponding increase in polymodal fibers, rising from 13.6% to almost 40%.
This change was due entirely to an increase in the population of AδMC’s, which increased
from 4.5% to 29.3% (Fisher’s exact test; p < 0.0001, Table 3).

3.4. Morphine changed nociceptor responses to cold stimulation
Since only a few Aδ-fibers were responsive to cold in SAL mice, we combined C-and Aδ-
fibers for analysis of cold responses. For nociceptors responsive to cold stimulation, there
was no difference between the groups in firing rate (2.1 ± 0.2 imp/s MOR vs 2.7 ± 0.4 imp/s
SAL; p = 0.053; Fig. 9B).

The threshold of activation to a cold stimulus was significantly lower (colder) in fibers from
MOR mice (15.6 ± 0.8 °C) compared to SAL mice (21.2 ± 1.0 °C; p < 0.001; Fig. 9A).
Since 2 populations of cold-receptive neurons have been identified in DRG culture
experiments [5], we further subdivided the cold responsive fibers into those whose threshold
fell into the range considered to be moderate cooling (17–26 °C) and noxious cold (<17 °C).
These cool and cold sensations are thought to be mediated by TRPM8 and TRPA1,
respectively [25]. There was no difference in the threshold of fibers activated by moderate
cooling (22.3 ± 0.7 °C MOR vs. 21.5 ± 0.7 °C SAL; Fig. 9C) or in the firing rate of these
fibers (3.5 ± 0.7 imp/s MOR vs. 3.3 ± 0.8 imp/s SAL; Fig. 9D). However, nociceptors
activated in the noxious cold range from MOR mice had a significantly colder threshold
(11.5 ± 0.4 °C) compared to fibers from SAL mice (13.6 ± 0.8 °C; p < 0.05; Fig. 9E). The
firing rate was not different (1.5 ± 0.2 imp/s MOR vs 2.2 ± 0.5 imp/s SAL; p = 0.20; Fig.
9F).
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For the cold sensitive C-fibers from SAL mice, there were 10 with thresholds in the
moderate cooling range (17 – 26 °C), and 9 in the noxious cold range (< 17 °C). For MOR
mice, there were 14 with thresholds in the moderate cooling range and 17 in the noxious
cold range (Fig. 8B). Furthermore, the increase in the population of AδMC fibers was almost
entirely in those fibers with thresholds in the noxious cold range. In the 4 cold-responsive
Aδ-fibers from SAL mice where we obtained threshold data, 1 fiber was in the moderate
cooling range and 3 in the noxious cold range. In MOR mice, there were 3 fibers with
thresholds in the moderate cooling range and 27 in the noxious cold range (Fig. 8B).

In a subset of randomly selected units, cold responses were analyzed in more detail. At the
onset of the cold stimulus, discharge rate rose sharply, remained elevated for 9 to 12 s and
then began to adapt even as the temperature continued to fall (Fig. 10). For MOR mice, units
with ongoing activity immediately preceding the cold stimulus had significantly higher
temperature-dependent discharge rates compared to MOR units without ongoing activity
(Figs. 10C, D). Furthermore, the responses were significantly heightened at 0 to 9 s and 12
to 15 s after initiation of the cold stimulus (Figs. 10C, D; two-way repeated measures
ANOVA, df(1,19); p < 0.05). For SAL mice, there was also a significant temperature-
dependent increase in discharge rate in response to cold stimulation and this type of
response occurred in the presence or absence of ongoing activity (Figs. 10A, B).

3.5. Morphine did not change nociceptor responses to mechanical or heat stimulation
The threshold for C-fiber activation to mechanical stimulation in MOR mice (61.6 ± 4.5
mN) was not different from SAL mice (56.3 ± 5.1 mN; p = 0.44; Fig. 11A). Morphine
treatment did not change the firing rate of C-fibers to suprathreshold mechanical stimulation
(5.9 ± 0.8 imp/s MOR vs 6.1 ± 0.8 imp/s SAL; p = 0.87; Fig. 11B). The threshold for Aδ-
fiber activation to a mechanical stimulus in MOR mice (70.3 ± 4.0 mN) was similar to that
seen in SAL mice (65.7 ± 4.7 mN; p = 0.47; Fig. 11A). The firing rates to suprathreshold
mechanical stimulation did not change in MOR mice (6.5 ± 0.5 m/s) vs. SAL mice (6.8 ±
0.7 m/s; p = 0.76; Fig. 11B). Only a few Aδ-fibers were responsive to heat. For that reason,
we combined C- and Aδ-fibers for analysis of heat responses. There was no difference in
heat threshold for nociceptors comparing MOR mice (40.1 ± 0.5 °C) to SAL mice (40.8 ±
0.7 °C; Fig. 11C) and the difference in firing rate between MOR (4.9 ± 0.6 imp/s) and SAL
(3.7 ± 0.5 imp/s) was not significant (p = 0.19; Fig. 11D).

3.6. Morphine changed behavioral responses to cold stimulation
To determine if the robust increase in Aδ-fibers sensitive to cold was functionally relevant,
the cold water (−5 °C) tail flick latency test was performed on a separate group of MOR and
SAL mice (n = 20; 10/group). Pre-drug tail flick latencies (21.3 ± 2.2 s) were obtained and
the animals retested ~12 h after the final morphine injection. The MOR mice displayed a
marked cold sensitivity with the tail flick latencies shortened to 17.6 ± 2.8 s compared to
24.1 ± 2.3 s in SAL mice. When expressed as percentage of baseline, MOR mice showed a
34.4 ± 15.6% decrease in tail flick latency compared to a 8.1% increase in the SAL mice
(student’s t-test; p < 0.05, Fig. 12).

4. Discussion
This study demonstrates for the first time, changes in nociceptor activity and sensitivity
resulting from repeated systemic MOR treatment. The aberrant activity observed in
cutaneous nociceptors in MOR but not SAL mice includes elevated background firing
activity in C-fibers at “rest”, afterdischarge and SA in both C- and Aδ-fibers. MOR
treatment increases the proportion of fibers displaying polymodal responses compared to
that with mechanical-only responses. This change in proportion is related to a significant
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increase in the percentage of cold sensitive Aδ-fibers, which results in functional
consequences since behavioral testing demonstrates that MOR mice develop cold sensitivity.

4.1. Morphine produces aberrant activity in nociceptors
MOR treatment is associated with aberrant activity in C and Aδ nociceptors, consisting of
afterdischarge and SA. Both types of aberrant activity include irregular, regular, or bursting
patterns. Irregular is most commonly seen by us and reported by others in sensory neurons
[3,84,91]. There are many reports of SA in primary afferents in various animal pain models
including peripheral neuropathy [2,30,41,46,77,79,93], inflammation [30,35,36,49,53,90],
skin incision [8,92], and spinal cord injury [9,15]. However, reports of afterdischarge in
primary afferents are rare and have been related to mechanical stimulation [50,85] or step
depolarization [67]. Nociceptors in MOR mice show afterdischarge in response to all
modalities tested (mechanical, heat and cold). As shown in animal studies, increased firing
frequency is related to increased release of amino acids, neuropeptides and/or neurotrophins,
agents that can produce/amplify pain signals. For example, peripheral glutamate increases
following nerve activity [28,48] and activates nociceptors [16,35,36]. C-fiber activity can
increase substance P (SP) release in the periphery [1], and this elevation produces
nociceptive behaviors [17] and sensitization of afferents [39]. Importantly, knock out of the
preprotachykinin A gene encoding for SP reduces mechanical allodynia that develops in
MOR mice [71]. Brainderived neurotrophic factor (BDNF) is released during bursting
activity [56], and can induce cold allodynia [24] and contribute to mechanical allodynia
[64,94], two sensory abnormalities demonstrated in the MOR mice [12].

We hypothesize that this aberrant afferent activity is one mechanism underlying pain
behaviors in MOR mice and OIH in patients. Human microneurography studies show that
nociceptor discharge rates ≥ 0.4 ± 1.0 imp/s can be perceived as painful [73,83]. The
average discharge rate we observe in irregular firing in MOR mice is 0.9 ± 0.07 imp/s, and
for regular and bursting patterns, rates are far higher (≥ 2.3 imp/s). Microneurography in
neuropathic pain patients reveals afterdischarge and spontaneous ectopic discharges [13],
firing patterns we observe in nociceptors in MOR mice. During spontaneous discharge of C-
fibers, patients experience spontaneous pain. A reduction in C-mechanoreceptor thresholds
and repetitive discharge in humans is associated with experiences of hyperalgesia/allodynia
[65]. Hence, it is highly likely that the aberrant activity we observe in C and Aδ nociceptors
contributes to the pain state in MOR mice.

Chronic opioid administration causes hyperexitability at the level of the DRG. In vitro
cultures of hybrid neuroblastoma - DRG cells and explant DRG cultures show that chronic
opioid exposure results in supersensitivity manifest as a prolongation of the action potential
duration [26,89]. In DRGs from mice chronically implanted with morphine pellets,
enhanced neuronal excitability is demonstrated by an increase in the number of action
potentials at 2X the rheobase current [69]. Regardless of these MOR-induced changes, DRG
cells bodies are clearly not the source of activity we observe since afferents are disconnected
from the DRG cell bodies in our in vitro skin-nerve preparation, Thus, an opioid-induced
neuroplasticity has occurred in the sensory neurons that is readily detected in the peripheral
fibers and maintained in vitro.

Aberrant activity is also found in the spinal cord after chronic morphine. Compared to saline
controls, dorsal horn neurons show dose-dependent increases in responses to Aδ- and C-
fiber input driven either electrically or by natural mechanical stimulation in the periphery
[80]. Wind-up, an intrinsic spinal event mediated via postsynaptic mechanisms, is not seen.
The lack of wind-up supports the idea that alterations in nociceptive fibers can be a driving
force for opioid-induced sensory abnormalities. One caveat is that peripheral nociceptors do
not show any change in mechanical threshold or in discharge rate to a suprathreshold
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mechanical stimulus, but mechanical allodynia is reported in mice using this same morphine
treatment paradigm [6,12]. This suggests that changes in mechanical sensitivity are related
either to input from non-nociceptors (were not recorded from) or to central changes as
described above (i.e. central sensitization) [55,58,87,88].

4.2. Silent nociceptors may contribute to OIH
Another intriguing finding in this study is that nociceptors are more prevalent in MOR
compared to SAL mice. We propose that this increase in fibers in MOR mice is due to
activation of previously silent nociceptors. Silent nociceptors or mechanically insensitive
afferents (MIAs) have been directly observed in a feline arthritis model where units that
were previously silent began to show activity in response to mechanical stimulation after
inflammation [75]. It has been reported that MIAs constitute a special class of fibers that
require tissue damage/inflammation for excitement [18,75]. The fact that nociceptive fibers
are significantly easier to find with a mechanical search stimulus in MOR mice suggests that
MIAs are no longer insensitive following chronic MOR treatment. This is reflected in the
change in the number of fibers that become mech-only sensitive and mech-cold sensitive in
MOR vs SAL mice (Table 3). Since MIA’s are a large percentage of the population of
cutaneous nociceptors (20 – 50% [60]), their activation would greatly amplify the total
nociceptive input transmitted to the CNS. The apparent activation of silent nociceptors by
morphine in the absence of injury or inflammation could send a false injury signal to the
CNS and thus contribute to the generation of OIH.

4.3. Morphine treatment induces hypersensitivity to cold
Increased cold sensitivity is reported in other rodent models including inflammation and
neuropathic pain [10,19,33,43,44]; however, this is the first report in morphine-treated
rodents. The increased proportion of cold sensitive Aδ-fibers correlates well with the
increased cold sensitivity observed in the MOR mice. In contrast, the same morphine
paradigm does not produce increased sensitivity in a variety of heat tests [6,12].

In studies spanning 5 decades, cold hypersensitivity is consistently the most robust sensory
abnormality related to OIH in addicts and volunteers taking opioids
[22,23,31,32,38,40,59,66,76]. Reports of hypersensitivity to heat, mechanical or electrical
stimulation is equivocal or absent. It is suggested that the specific sensitivity to cold pain in
addicts is not a physiological symptom but a psychological one [20,68]. Our data suggests a
physiological basis due to robust temperature-dependent differences in nociceptor sensitivity
to cold, increases in the population of cold-sensitive Aδ-fibers (AδMC), and behavioral
evidence that MOR mice are more sensitive to cold. Additionally, the increase in AδMC
responsive fibers is primarily in the population responsive to noxious cold (< 17 °C). This
would presumably decrease the ability to tolerate colder temperatures. Paradoxically, we
find that AδMC nociceptors begin to fire at colder temperatures (higher threshold) in MOR
compared to SAL mice. In some human studies, addicts do not report cold pain until lower
temperatures are reached [57,66]. These results correlate more closely with our results
showing a colder threshold in nociceptors. Studies universally show that pain tolerance is
reduced in opioid-using groups. Lowered tolerance could occur because once the
temperature is low enough to activate the AδMCs, more are available to be recruited in
MOR mice, possibly decreasing tolerance to cold. Noxious cold sensation (< 17 °C) is
thought to be mediated at least partially by TRPA1 [25]. Upregulation of TRPA1 parallels
the development of cold allodynia in nerve injured rats and is alleviated by TRPA1 anti-
sense RNA [47,63]. Thus, it is possible MOR treatment up-regulates TRPA1 mRNA.

Reports suggest that TREK-1 and TRAAK K+ channels work in tandem with excitatory
thermo-TRP channels, setting temperature threshold, range and intensity of nociceptor
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excitation [29,62]. On the other hand, cold temperatures (<15 °C) inhibit A-type K+
currents. These currents function as ‘brakes’ to counteract membrane depolarization [74],
reducing nociceptor hyperexcitability. Thus, if noxious cold inhibits these currents, this
could facilitate action potential firing with little or no involvement of TRPA1 activity.
Therefore, contributions of K+ channels cannot be ruled out in the interpretation of our
results.

4.4 Conclusion
This MOR paradigm results in significant changes in nociceptor function including: 1)
increased background activity in C-fibers, 2) afterdischarge following mechanical, heat or
cold stimulation, 3) SA in C- and Aδ-fibers; 4) an increased prevalence of AδMC’s
suggesting either a change in phenotype in the Aδ population (AδM becoming AδMC) or
recruitment of MIAs that have cold thresholds in the noxious range (<17 °C), thus
recruitment of mechanically- and cold-insensitive afferents (MCIAs). The latter has
functional consequences, producing an increased sensitivity to cold in a behavioral assay. It
is possible that morphine treatment leads to subthreshold membrane potential oscillations in
nociceptors [3,67] that can give rise to all/any of the aberrant activity we describe. Similar
changes in nociceptor activity and nociceptor phenotype in patients on long term or high
dose opioids could be interpreted as painful and are likely to be mechanisms underlying
OIH.
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Figure 1.
Schematic drawing of the mouse skin-nerve preparation. Heat (radiant), cold (ice), and
mechanical (lever system) stimulation is applied sequentially to the skin with 5 min rest
periods in between each stimulus. At the end of the recording period, electrical stimulation
of the receptive field is used to obtain a latency to calculate conduction velocity.
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Figure 2.
Examples of standard stimuli and unit responses. For all panels, upper trace shows
stimulation parameters, middle trace shows data filtered for the unit of interest using
Spike2’s template matching for spike sorting, and bottom trace shows raw data for that unit.
A) Heat: A radiant heat source delivers a 10 s heat stimulus, which starts at 32 °C and
increases to 51 °C. B) Cold: Starting from 32 °C, a uniform ice pellet (cylinder-shaped)
cools the skin to 7 °C. C) Warming: The stimulus is the same as in C, but the unit does not
start firing until the skin begins to warm up from the minimum 7 °C temperature. D)
Mechanical: A computer driven ramp stimulus determines mechanical threshold, ascending
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from 0 to 170 mN over 20 s. A square wave stimulus measures activity to a suprathreshold
stimulus of 180 mN applied for 10 s.
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Figure 3.
Morphine treatment does not affect conduction velocity (CV) of nociceptors. A) Scatter
plots of the CV of all fibers recorded in SAL and MOR mice (lines represent mean ± SEM).
The mean CV’s (SAL fibers = 2.7 ± 0.3 m/s, MOR fibers = 2.9 ± 0.2 m/s) were not
significantly different (Mann Whitney test; p > 0.05). Morphine treatment does not change
the distribution of CV of nociceptors (B,C). Conduction velocities of C- and Aδ-fibers were
determined in naïve mice by measuring compound action potentials in the sciatic/tibial
nerves (n = 3).
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Figure 4.
Morphine treatment significantly increased resting background activity and afterdischarge.
A) Prior to any stimulation, C- and Aδ-fiber activity was collected during the first 2 min of
the recording session. The mean discharge rate for C-fibers from MOR mice was
significantly higher compared to SAL mice (unpaired t-test with Welsh’s correction for
unequal variances; *p < 0.001). There was no difference in Aδ-fiber activity between
groups. B) Afterdischarge: Activity that began within 30 s of the end of a stimulus was
considered related to that stimulus and termed afterdischarge. This time frame was based on
the fact that when post-stimulus activity did occur, it was often continuous with the evoked
response and/or began within 30 s post-stimulus. Notably, there was a period of silence that
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occurred between 30 – 60 s post-stimulus, further demarcating the afterdischarge from other
spontaneous activity events. Open boxes representing aberrant activity in SAL mice sit on
top of the bars for MOR mice.
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Figure 5.
Examples of aberrant activity patterns seen in fibers from MOR mice. A) Sustained
afterdischarge following cessation of a stimulus. This CMC unit responds normally to the
mechanical ramp stimulus, but it continues to discharge after the end of the square-wave
mechanical pulse. B) Another example of afterdischarge. This AδMC unit responds
normally to the square-wave mechanical pulse, but it continues to discharge after the end of
two mechanical ramp stimuli. C) Un-evoked firing between stimuli. An AδM unit exhibits
an event of spontaneous activity during the background recording interval. The unit displays
another prolonged event of SA that is unrelated to the preceding heat stimulus.
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Figure 6.
Characteristics of afterdischarge in MOR mice. A) Fibers could demonstrate afterdischarge
in relation to one or more stimulus modalities, i.e. following mechanical only (Post-mech) or
following mechanical and cold (Post-mech + cold). B) The firing rate during afterdischarge,
while robust, was significantly less than that occurring during the stimulus (one-way
ANOVA; *p< 0.05). C) The peak firing rate during afterdischarge was equal to that
occurring during stimulation.
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Figure 7.
Spontaneous activity in fibers from MOR mice was characterized as irregular, regular or
bursting based on inter-spike interval histograms. A) Example of an irregular firing pattern
with a firing rate of 1.7 imp/s. The top trace shows the filtered unit, the bottom trace shows
the raw data. B) Example from an episode of regular firing. The top trace shows the filtered
unit; the bottom trace shows the raw data. Overall the unit has a regular firing pattern with a
mean rate of 3.9 imp/s. C) Predominately burst-like firing. Locations of burst activity as
identified by Spike2 are marked by black rectangles in the top trace. The middle trace shows
the filtered unit, the bottom trace shows the raw data. This unit shows sparse overall firing
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(0.6 imp/s) with 84.4% of the spikes falling within bursts with an intraburst rate of 28.8 imp/
s.
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Figure 8.
A) Morphine treatment significantly decreases the number of unimodal fibers (mechanical
only) in both the C (Fisher’s exact test; *p < 0.05) and Aδ population (Fisher’s exact test; *p
< 0.001). For polymodal C-fibers, the CMH, CMHC and CMC populations expanded
approximately equally. For Aδ-fibers, the increase in polymodal fibers was entirely due to
an increase in AδMC-fibers (Fisher’s exact test; †p < 0.0001, comparing MOR vs SAL). B)
For C-fibers, there was a similar increase in units responding at cool vs cold temperature
ranges. The increase in cold sensitive C-fibers was divided between those with thresholds in
the moderate cooling range and the noxious cold range. For Aδ-fibers, the increase in cold
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sensitive fibers was almost entirely in the population with thresholds in the noxious cold
range (< 17°C).
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Figure 9.
Response characteristics of nociceptors to cold stimulation. Because few Aδ-fibers are
normally sensitive to cold, C- and Aδ-fibers are pooled for this analysis. A) Fibers from
MOR mice show a significantly colder threshold to activation compared to SAL mice
(student’s t-test; *p < 0.001). B) The firing rate of nociceptors to cold stimulation does not
change in MOR mice. C–F) Units were further divided into those responding to moderate
cooling (threshold between 26 and 17°C) and noxious cold (threshold < 17 °C). There was
no difference between MOR and SAL mice in threshold (C) or firing rate (D) of fibers in the
moderate cooling range. For noxious cold, the threshold was significantly lower (colder)
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comparing MOR to SAL mice (E, student’s t-test; *p < 0.05), but there was no change in the
firing rate (F).
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Figure 10.
Peristimulus histograms demonstrating temperature-dependent cold repsonses. Graphs show
the number of spikes in 3 s bins. Units were separated into those with and without ongoing
activity prior to cold stimulation. SAL units with (B, n = 11) or without (A, n =11) ongoing
activity showed significant temperature-dependent cold responses as did MOR units with
ongoing activity (D, n = 17). In contrast, MOR units without ongoing activity (C, n = 13)
showed an increase in discharge rate, but the activity was not temperature-dependent. Cold
stimulation produced firing rates that were significantly elevated from time 0–9 s and 12–15
s in MOR units with ongoing activity, compared to MOR units without ongoing activity. E)
Typical trace showing the decrease in temperature once the SIF pellet was placed in the
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well. (Two-way repeated measures ANOVA with post-hoc Bonferroni multiple
comparisons; *p < 0.05.)
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Figure 11.
Morphine treatment did not change response characteristics of nociceptors to mechanical or
heat stimulation. Mechanical threshold (A) and firing rate (B) did not change significantly in
C- or Aδ-fibers in MOR compared to SAL mice (one-way ANOVA; p > 0.05). Heat
threshold (C) and firing rate (D) did not change significantly in C- or Aδ-fibers in MOR
compared to SAL mice (t-test; p > 0.05).
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Figure 12.
Compared to SAL mice, MOR mice were more sensitive in the cold tail flick test, having a
shorter latency to remove their tail from the cold water. Data are expressed as a percentage
of baseline (t-test; *p < 0.05).
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