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Abstract

Ž .This study was designed to determine 1 whether chronic amitriptyline administration was effective in alleviating symptoms of
Ž .neuropathic pain in a rat model of spinal nerve injury, and 2 whether the effect of amitriptyline involved manipulation of endogenous

adenosine, by determining the effect of caffeine, a non-selective adenosine A and A receptor antagonist, on its actions. Nerve injury1 2

was produced by unilateral spinal nerve ligation of the fifth and sixth lumbar nerves distal to the dorsal root ganglion, and this resulted in
stimulus-evoked thermal hyperalgesia and static tactile mechanical allodynia. Animals received pre- and post-surgical intraperitoneal

Ž . Ž .doses of amitriptyline 10 mgrkg and caffeine 7.5 mgrkg , alone or in combination, and following surgery, were administered
Ž . Ž .amitriptyline 15–18 mgrkgrday and caffeine 6–8 mgrkgrday , alone or in combination, in the drinking water. Rats were tested for

thermal reaction latencies and static tactile thresholds at 7, 14 and 21 days following surgery. In the pawipsilateral to the nerve ligation,
chronic amitriptyline administration consistently decreased the thermal hyperalgesia produced by spinal nerve ligation over a 3-week
period, and this effect was blocked by concomitant caffeine administration at all time intervals. In the contralateral paw, thermal
withdrawal latencies were more variable, with the most reproducible finding being a reduction in thermal thresholds in the amitriptyline–
caffeine combination group. There was no effect by either drug or the drug combination on the static tactile allodynia produced by spinal
nerve ligation in theipsilateral paw. However, chronic amitriptyline administration induced a tactile hyperaesthesia in thecontralateral
paw at all time intervals, and this effect was exacerbated by concomitant chronic caffeine administration. The results of this study indicate
that chronic administration of amitriptyline is effective in alleviating thermal hyperalgesia, but not static tactile allodynia, in the hindpaw
ipsilateral to nerve injury, and the block of this effect by caffeine suggests that this effect is partially achieved through manipulation of
endogenous adenosine systems. Additionally, chronic amitriptyline administration induces contralateral hyperaesthetic responses that are
augmented by caffeine. Both the symptom-specific effect, and adenosine involvement in amitriptyline action may be important
considerations governing its use in neuropathic pain.q2001 Elsevier Science B.V. All rights reserved.

Keywords: Amitriptyline; Caffeine; Adenosine; Neuropathic pain; Chronic administration

1. Introduction

Antidepressants are widely used in the treatment of
Žneuropathic pain Onghena and Van Houdenhove, 1992;

.McQuay et al., 1996 . This condition involves changes at
various levels of the transmission of pain information
Ž .including peripheral nerves, spinal and supraspinal sites ,
and these contribute both to the development and mainte-

Žnance of the condition Coderre and Katz, 1997; Attal and
.Bouhassira, 1999; Baron, 2000 . The analgesic efficacy of

antidepressants occurs irrespective of mood altering effects
Ž .Sindrup, 1997; Eschalier et al., 1999 . When antidepres-
sants are administered systemically, their actions are ex-
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pressed at a number of sites. Initial studies focussed on
Žsupraspinal and spinal sites of action e.g. Spiegel et al.,

1983; Hwang and Wilcox, 1987; reviewed Eschalier et al.,
.1999 , but more recent studies have demonstrated an addi-

Žtional peripheral site of action for antidepressants Sawynok
.et al., 1999; Esser and Sawynok, 1999 .

One antidepressant commonly used in the treatment of
neuropathic pain is amitriptyline, an agent with multiple
actions, some of which are still incompletely understood
Ž .Sindrup, 1997; Eschalier et al., 1999 . While this multi-
plicity of action may afford amitriptyline its unique anal-
gesic effect in chronic pain, in that it simultaneously
interacts with a number of mechanisms that contribute to
the condition, it may also be a major dose-limiting factor

Ž .in its use MacFarlane et al., 1997 . In a previous study,
we demonstrated a thermal anti-hyperalgesic action of
acutely administered amitriptyline in the spinal nerve liga-
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tion model of neuropathic pain, and discussed the potential
Ž .mechanisms involved Esser and Sawynok, 1999 . These

actions include blocking reuptake of noradrenaline and
serotonin, acting as an antagonist at NMDA, histamine
receptors,a-adrenoceptors and muscarinic receptors, as
well as blocking various cation channels. There is also
evidence that suggests involvement of an adenosine com-

Ž .ponent in this action Esser and Sawynok, 2000 . While
these actions are important to the overall effect of ami-
triptyline in neuropathic pain, they have usually been
considered in the context of acute drug administration. It is
important to recognize the long-term effects of chronic
antidepressant treatment, since these agents produce a
number of actions that are uniquely expressed following
chronic administration paradigms, and many of these could
also influence the neuroplastic changes that occur with
neuropathic pain. These include downregulation ofb-
adrenoceptors and GABA receptors, upregulation ofa -B 1

adrenoceptors, decreased activity ofa -adrenoceptors and2

dopamine autoreceptors, alterations in 5-hydroxytrypta-
Ž . Žmine 5-HT mechanisms reviewed Blier and De Mon-

.tigny, 1995; Leonard, 1996 , downregulation of NMDA
Ž .receptors and mechanisms reviewed Skolnick, 1999 and

enhancement of cyclic AMP, protein kinase A, cyclic
AMP response element binding protein and brain-derived

Ž . Ž .neurotrophic factor BDNF reviewed Duman et al., 1997 .
A number of these actions are potentially relevant to
neuropathic pain mechanisms which involve multiple

Žchanges at central synapses reviewed Woolf and Doubell,
1994; Attal and Bouhassira, 1999; Woolf and Decosterd,

.1999 .
A number of animal studies have examined the acute

Žeffects of antidepressants in chronic pain models Escha-
.lier et al., 1999 , but a much more limited number have

looked at effects of chronic administration of antidepres-
Žsants in the treatment of chronic pain Ardid and Guilbaud,

.1992; Lang et al., 1996 . In the present study, we exam-
ined the effect of a non-invasive method of chronically

Žadministering amitriptyline by inclusion in the drinking
.water on two behavioral manifestations of neuropathic

Žpain using a rat model of spinal nerve injury Kim and
.Chung, 1992 . We also sought to determine whether the

action of chronic amitriptyline involved adenosine-based
mechanisms by using concomitant chronic administration
of caffeine, a non-selective adenosine A and A receptor1 2

antagonist, in the drinking water. Since both drugs are
administered chronically via the oral route in humans, drug
delivery using this method was considered to be of greatest
relevance to the human situation.

2. Methods

2.1. Animals

Experiments were conducted on male Sprague–Dawley
Ž .rats 100–120 g from Charles River, Quebec, Canada,

using procedures approved by the Dalhousie University
Committee on Laboratory Animals. Animals were housed
in pairs, maintained on a 12r12-h lightrdark cycle at
22"1 8C and given ad libitum access to food and water.

2.2. Spinal nerÕe ligation

Experiments were performed with adherence to the
guidelines of the IASP on animal experimentation in pain

Ž .research Zimmerman, 1983 , and were designed to limit
the number of animals used. Animals were rendered neuro-
pathic through unilateral tight ligation of the fifth and sixth

Ž .lumbar spinal nerves L5 and L6 , in accordance with the
Ž .technique of Kim and Chung 1992 . Animals were anaes-

thetized with 1.5–2.0% halothane. Rats were administered
Ž .Ringers lactate solution 5 ml; subcutaneous; s.c. , atropine

Ž . Ž0.6 mlrkg; intramuscular , penicillin Penlong; 1.0 mlr
. Ž .kg; s.c. and topical eye ointment Lacri-Lube; Allergen .

The surgical area was aseptically scrubbed with alcohol
and iodine, and a 3-cm dorsal incision was made using the
ischium as the midline. Using blunt dissection and partial
removal of the articular facet and the L4 transverse pro-
cess, the L5 and L6 spinal nerves were exposed under a
dissecting microscope. The nerves were then tightly ligated
with sterilized 6-0 silk. After ensuring hemostasis, the
wound was closed in layers with subcutaneous and cuta-

Ž .neous suturing 3.0 Novophil . Animals were then placed
in a heated area for surgical recovery and monitoring.
Following a 48-h recovery period, animals were again
housed in pairs, and standard environmental enrichments
added to the cages.

2.3. BehaÕioral assessment

All behavioral tests were conducted between 08:00 and
14:00. Following a recovery period of 7 days, animals
were moved from the Animal Care Center and acclimated
to the testing room for 40 min. After this initial period, the
animals were placed in the respective testing apparatus for
30–40 min or until exploratory behavior ceased. At 7, 14

Ž .and 21 days, thermal thresholds Section 2.3.1 and static
Ž .tactile thresholds Section 2.3.2 were determined. These

Žthresholds were obtained over a 2-day period one behav-
.ioral test per day to minimize the stress and potential

effects of repetitive testing.

2.3.1. Thermal withdrawal thresholds
To test for thermal withdrawal thresholds, a paw ther-

Ž .mal stimulator UARDG, Dept. of Anesthesiology, UCSD
was used to direct a focused beam of light at the paw
Ž .either ipsilateral or contralateral , and measure the latency

Ž .of response as described by Hargreaves et al. 1988 . Rats
Žwere placed in pairs in a clear Plexiglass box 22=19=25

.cm on top of a temperature maintained glass surface
Ž .30"0.1 8C . Groups of six animals were tested at a time.
A photoelectric light source was directed at each hind paw,
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in random order, and the threshold to withdrawal deter-
mined manually or automatically.

2.3.2. Static tactile thresholds
Following weighing and acclimatization to the testing

room, rats were placed in pairs in a clear plexiglass box
Ž .30=22=26 cm on an elevated wire mesh platform to
allow access to the ventral surface of the hind paws. Rats
were further acclimated to the testing chambers and the

Žstatic mechanical withdrawal threshold determined once
.every 30 min using Semmes–Weinstein monofilaments

Ž .Stoelting, Wood Dale, IL . The 50% withdrawal threshold
was determined using the Dixons up–down method
Ž .Chaplan et al., 1994 . Briefly, filaments were applied to
the ventral surface of the paw, starting with the 4.31

Ž .filament 2.04 g and the response noted. Following a
Žpositive response paw withdrawal, with characteristic pain

.behavior , a lower filament was then applied. Conversely,
Ž .a negative response no response to a filament would

mean application of a higher filament. This pattern of
application was repeated until a series of six responses was
obtained. The 50% withdrawal threshold was then deter-
mined from the tabular value for the pattern of six re-

Ž . Ž .sponses k , the final monofilament valueX, log units ,
and interpolated using the formula:

50% g thresholds 10w Xqk x r10,000Ž .
where is the mean difference between stimuli.

2.4. Chronic drug administration

As amitriptyline hydrochloride is subject to degradation
when in aqueous solution and exposed to light for periods

Ž .of 3 to 4 days Buckles and Walters, 1976 , drugs were
administered in opaque bottles and fresh solutions were
given every 48 h.

Five groups of animals were included in this study. One
Ž .group served as age matched non-ligation controls naıve .¨

Rats receiving spinal nerve ligation were divided into four
Ž .groups: no drug control , caffeine alone, amitriptyline

alone, and amitriptyline–caffeine combination. All drugs
were dissolved in water normally provided to animals in
the Animal Care Centre. Thirty minutes prior to the spinal
nerve ligation surgery, animals were injected with drug
Ž .i.p. based on their assigned treatment group of caffeine
Ž . Ž .7.5 mgrkg , amitriptyline 10 mgrkg , or a combination

Ž . Ž .of amitriptyline 10 mgrkg and caffeine 7.5 mgrkg .
Ž .Control rats were given a systemic injection i.p. of saline

in an equivalent volume to the drug treatment groups. The
animals then underwent spinal nerve ligation surgery. Fol-
lowing surgery, animals received a subsequent i.p. admin-
istration of drug based on the respective assignment group.
After an initial observation period, the animals were housed
individually for 48 h to allow for initial wound healing.
Animals were then paired back with their original cage-
mate in an enriched environment for the duration of the
experiment. The experimenter responsible for assessment

of thermal thresholds and static tactile mechanical thresh-
olds was blinded to the treatment groups.

2.4.1. Measurement of weight, fluid consumption and drug
concentration

Handling of animals was limited to the experimenters
during the study. Every 48-h, the animals were weighed
and fluid levels measured and changed. The dose of drug
consumed by each rat over the 48-h period was estimated
by determining the volume consumed, multiplying the
concentration of the drug in the water by the individual
volume of fluid, and dividing by the weight of the rat.

2.5. Data analysis

The raw values of withdrawal thresholds of the paws
Ž . Ž .for thermal s and tactile grams stimuli were recorded

and the values were expressed as mean"standard error of
Ž .the mean S.E.M. . Comparisons between groups for the

Žspecific measure ipsilateral or contralateral paw with-
.drawal thresholds were made using an analysis of vari-

Ž .ance ANOVA with Bonferroni’s method of post hoc
correction for thermal hyperalgesia and with Mann–Whit-
ney Rank Sum for allodynia.

3. Results

3.1. Weight gain, fluid consumption, and drug dosing

No statistical significance was observed between any of
the groups in terms of the average weight gain or fluid

Fig. 1. Histograms depicting the thermal withdrawal thresholds of the
Ž . Ž . Ž . Ž .ipsilateral ligated paw at 7 A , 14 B and 21 C days following

Ž .unilateral spinal nerve ligation SNL compared to a naıve group, and¨
effects of chronic drug administration on such thresholds. Naıve and¨
SNL-control groups had normal drinking water during the 21-day assess-
ment period. At each of the time points, the histograms depict the

ŽmeanqS.E.M. for each groupns4 for naıve,ns6 for control, ns8¨
Ž . Ž . Žfor caffeine caff , amitriptyline ami and amitriptylineqcaffeine amiq

.. acaff for this and each subsequent figure.P-0.05 compared to naıve;¨
)P-0.05 compared to SNL-control;t: P-0.05 compared to amitripty-
line.
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Fig. 2. Histograms depicting the thermal withdrawal thresholds of the
Ž . Ž . Ž . Ž .contralateral non-ligated paw at 7 A , 14 B and 21 C days following

Ž .unilateral spinal nerve ligation SNL compared to a naıve group, and¨
effects of chronic drug administration. See legend to Fig. 1 for further
details.aP-0.05 compared to naıve;)P-0.05 compared to SNL-con-¨
trol; t: P-0.05 compared to amitriptyline.

consumption at any of the time points. All groups gained
Ž .weight at approximately the same rate 5 grday . The

approximate dose of drug received by the respective groups
based on the weight, fluid consumption, and initial concen-
trations was 15–18 mgrkgrday of amitriptyline and 6–8
mgrkgrday of caffeine, irrespective of whether the drugs
were administered alone or in combination.

3.2. Thermal withdrawal thresholds

In the ipsilateral paw, the spinal nerve ligated group
had thermal paw withdrawal thresholds that were signifi-

cantly lower than those observed in naıve animals at all¨
Ž .time points indicated bya; Fig. 1A–C . Caffeine-treated

animals also had response thresholds significantly lower
than naıve animals at all time points, and these were no¨

Ž .different from the nerve-ligated groupa; Fig. 1A–C .
Amitriptyline-treated animals exhibited a lesser reduction
in ipsilateral paw response thresholds at all three time

Ž)points compared to the spinal nerve ligation group ; Fig.
.1A–C . The amitriptyline–caffeine combination group had

withdrawal thresholds that were lower than those of the
Ž .amitriptyline group at all time points t; Fig. 1A–C ,

indicating blockade of the action of amitriptyline through-
out this time course by the coadministration of caffeine.

In the contralateral paw, thermal threshold values were
more variable. However, the spinal nerve ligated group
had contralateral paw thermal withdrawal thresholds that
did not differ from those of the naıve group at any time¨

Ž .point Fig. 2A–C . The chronic caffeine group had thresh-
olds that were generally no different from those of the
naıve group, although at day 14 values were slightly¨

Ž .elevated a; Fig. 2B . Chronic amitriptyline-treated ani-
mals had lower thresholds compared to spinal nerve liga-

Ž) .tion controls at days 7 and 14 ; Fig. 2A,B . The ami-
triptyline–caffeine combination group had contralateral
paw withdrawal thresholds lower than those of the spinal

Ž) .nerve ligation group at all time points ; Fig. 2A–C , and
Ž .lower than the amitriptyline group at day 21t; Fig. 2C .

3.3. Static tactile withdrawal thresholds

In the ipsilateral paw, all experimental groups had
significantly lower static tactile withdrawal thresholds

Ž . Ž . Ž . Ž .Fig. 3. Histograms depicting the tactile withdrawal thresholds of the ipsilateral ligated paw at 7 A , 14 B and 21 C days following unilateral spinal
Ž . anerve ligation SNL compared to a naıve group, and effects of chronic drug administration. See legend to Fig. 1 for further details.P-0.05 compared to¨

naıve.¨
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Ž . Ž . Ž . Ž .Fig. 4. Histograms depicting the tactile withdrawal thresholds of the contralateral non-ligated paw at 7 A , 14 B and 21 C days following unilateral
Ž . aspinal nerve ligation SNL compared to a naıve group, and effects of chronic drug administration. See legend to Fig. 1 for further details.P-0.05¨

compared to naıve;)P-0.05 compared to SNL-control;t: P-0.05 compared to amitriptyline.¨

Ž .compared to naıve rats at all time pointsa; Fig. 3 , and¨
there were no statistically significant differences between
any of the experimental groups.

In the contralateral paw, the static tactile mechanical
withdrawal threshold for the spinal nerve ligation control

Žwas lower than that of the naıve group at day 14 onlya;¨
.Fig. 4B , and this reduction was quite modest. In the

chronic caffeine group, thresholds were significantly lower
Žthan those of the naıve group at days 14 and 21a; Fig.¨

.4B,C , and lower than the spinal nerve ligation group at
Ž) .day 21 ; Fig. 4C , and these changes were also modest.

The chronic amitriptyline group thresholds were signifi-
cantly lower than those of the spinal nerve ligation control

Ž) .group at all time points ; Fig. 4A–C , and this effect
was quite prominent at days 14 and 21. The ami-
triptyline–caffeine combination group thresholds also
were significantly lower than the spinal nerve ligation

Ž) .group at all time points ; Fig. 4A–C , and significantly
lower than those of the chronic amitriptyline group at days

Ž .7 and 14 t; Fig. 4A,B . These results indicate that chronic
amitriptyline produces a contralateral hyperesthesia follow-
ing spinal nerve injury, and that caffeine augments the
contralateral hyperaesthesia produced by amitriptyline.

4. Discussion

The purpose of this study was to determine whether
chronic administration of amitriptyline, by inclusion in the

drinking water, was effective in alleviating symptoms of
neuropathic pain in a rat model of spinal nerve injury, and
whether this effect could be altered by coadministration of

Ž .caffeine. The main findings are that 1 chronic administra-
tion of amitriptyline alleviates thermal hyperalgesia, but
not static tactile allodynia, in the ipsilateral paw following

Ž .spinal nerve ligation, 2 the effect of amitriptyline on
thermal hyperalgesia in the ipsilateral paw is blocked by

Ž .chronic administration of caffeine, 3 chronic administra-
tion of amitriptyline causes tactile hyperaesthesia in the

Ž .contralateral paw following spinal nerve ligation, and 4
amitriptyline-induced contralateral hyperesthesia is exacer-
bated by combination with caffeine. Given that responses
to thermal stimulation appear to result from peripheral and
central processing initially mediated via C-fibers, while

Žtactile allodynia arises from Ab- and Ad-fibres Woolf
.and Doubell, 1994; Field et al., 1999 , these results suggest

that amitriptyline may be more effective in alleviating
manifestations of nerve injury mediated by C- rather than
A-fibers. Chronic amitriptyline administration may actu-
ally cause an untoward effect on some aspects of tactile

Žphysiology following nerve injury cf. contralateral hyper-
.aesthesia . The present results also indicate that part of the

analgesic efficacy of chronic amitriptyline administration
following nerve injury involves endogenous adenosine.
The ability of caffeine to essentially abolish the beneficial
anti-hyperalgesic action of amitriptyline, while augmenting

Ža potential adverse consequence contralateral hyperaesthe-
.sia , suggests that some caution may need to be exercised
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in patients using amitriptyline for the treatment of neuro-
pathic pain who regularly consume caffeine from various
sources. This possibility needs to be verified in controlled
clinical trials.

In this study, we found that chronic amitriptyline ad-
Ž .ministration 15–18 mgrkgrday alleviated the thermal

hyperalgesia that normally occurs in the ipsilateral paw
following spinal nerve ligation. This effect was observed
over the complete 21-day observation period, and no wan-
ing of effect was observed throughout this interval. Acute
administration of amitriptyline had previously been shown
to produce a thermal anti-hyperalgesic action in this model
Ž .Esser and Sawynok, 1999 . Thermal thresholds following

Žnerve injury are mediated by C-fibres Shir and Seltzer,
.1990; Field et al., 1999; Ossipov et al., 1999 . Mechanisms

potentially involved in the relief of thermal hyperalgesia
by acutely administered amitriptyline are considered else-
where, and include block of the uptake of noradrenaline
and 5-HT, block of NMDA receptors, interactions with
endogenous opioid systems and block of histamine, cholin-

Žergic or serotonergic receptors or cation channels Esser
.and Sawynok, 1999 . Chronic administration of antidepres-

sants downregulatesb-adrenoceptors, GABA and 5-HTB 2A

receptors, decreases functional activity of 5-HT , 5-HT ,1A 2A

a -adrenoceptors and dopamine autoreceptors, upregulates2

a -adrenoceptors, modulates NMDA receptors, and upreg-1

ulates intracellular signalling involving the cyclic AMP
Žcascade and BDNF reviewed Blier and De Montigny,

.1995; Leonard, 1996; Duman et al., 1997; Skolnick, 1999 .
Many of these chronic actions may potentially modify
systems that are involved in pain processing following
nerve injury. However, it is difficult to ascertain a specific
contribution of such actions to the relief of neuropathic
symptoms when the effects of chronic amitriptyline admin-
istration are qualitatively the same as the effect of acute
amitriptyline administration.

In contrast to hyperalgesia, chronic amitriptyline did not
have any effect on the nerve injury-induced reduction in

Ž .static tactile thresholds allodynia in the ipsilateral paw. It
did, however, produce a reduced tactile threshold in the
contralateral paw following nerve injury. The hyperesthetic
response to tactile stimulation in the contralateral hindpaw
was significant at day 7, and was even more pronounced at
days 14 and 21. This response had previously been noted

Žfollowing acute administration of amitriptyline Esser and
.Sawynok, 1999 . There was also some contralateral hyper-

sensitivity to the thermal stimulus at days 7 and 14 with
amitriptyline, which had not been observed following acute
administration. While this was statistically significant, con-
tralateral thermal thresholds were in general more variable
than other responses. It is important to note that the
response to tactile stimulation in the contralateral paw is
qualitatively different from that seen in the ipsilateral paw,
in that the response involved a brisk withdrawal from the
stimulus without the secondary behavioural responses as-

Žsociated with allodynia biting, licking and guarding of the

.paw . Static tactile mechanical allodynia following spinal
nerve ligation is mediated by Ad-fibres, while dynamic

Žmechanical allodynia is mediated by Ab-fibres Field et
.al., 1999; Ossipov et al., 1999 . Peripheral nerve injury is

recognized to produce changes that affect the contralateral,
non-lesioned side, and these are thought to be mediated by

Žthe actions of various growth factors Koltzenburg et al.,
.1999 . The more prominent expression of the hyperaesthe-

sia at later time intervals would be consistent with chronic
Žamitriptyline administration enhancing BDNF Duman et

.al., 1997 , which then contributes to the contralateral
response, as BDNF can contribute to hypersensitivity re-

Ž .sponses Mannion et al., 1999 . Whether there is a direct
clinical correlate to this observation following chronic
amitriptyline administration in humans would need to be
determined by the use of quantitative sensory testing which
discriminates between static and dynamic mechanical allo-

Ž .dynia Ochoa and Yarnitsky, 1993 in a condition involv-
ing a clear unilateral nerve injury.

A significant observation from the present study is that
chronic administration of caffeine can change the expres-
sion of the effects of chronic amitriptyline following spinal
nerve ligation, with differing effects on thermal hyperalge-
sia versus tactile allodynia, and in the ipsilateral versus
contralateral paws. Thus, caffeine blocks the beneficial
effect of amitriptyline on thermal hyperalgesia in the ipsi-
lateral paw, and this block is relatively complete at all time
intervals. There was no intrinsic effect of caffeine on
thermal hyperalgesia at any time interval. Caffeine block
of the ipsilateral thermal antihyperalgesic action of ami-
triptyline was observed previously when both drugs were

Ž .administered acutely Esser and Sawynok, 2000 . In the
contralateral paw, caffeine combination with amitriptyline
augmented the contralateral tactile hyperaesthesia at 7 and
14 days. At 21 days, caffeine itself had a slight effect on
static tactile thresholds, and facilitated the contralateral
thermal hyperresponsiveness produced by amitriptyline.
The ability of chronic caffeine to attenuate some actions of

Ž .amitriptyline ipsilateral thermal hyperalgesia but to aug-
Ž .ment others contralateral tactile hyperaesthesia at the

same time suggests that the amitriptyline–caffeine interac-
tion is based on pharmacodynamic rather than pharmacoki-
netic mechanisms.

At low doses, caffeine acts primarily by antagonism at
adenosine receptors, while at higher doses, it exerts addi-
tional pharmacological actions such as inhibition of phos-

Ž .phodiesterase Fredholm, 1995 . The doses of caffeine
used in this study are quite modest, and it is likely that an
amitriptyline–adenosine interaction accounts for much, but
perhaps not all, of the effects of caffeine. Previous studies
had reported that acute administration of methylxanthines
could block the acute analgesic actions of antidepressants

Žgiven systemically in nociceptive Pareek et al., 1994;
. Ž .Sierralta et al., 1995 , inflammatory Sawynok et al., 1999

Ž .and neuropathic Esser and Sawynok, 2000 pain models.
Antidepressants inhibit the uptake of adenosine in neuronal
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Ž .preparations Phillis and Wu, 1982 , and enhance the
ability of adenosine to inhibit neuronal activity in the

Ž .cortex Stone and Taylor, 1979; Phillis, 1984 and hip-
Ž .pocampus Zahorodna and Bijak, 1999 . A recent study

has demonstrated that amitriptyline can increase the pe-
ripheral availability of adenosine following spinal nerve

Ž .injury Liu et al., 2000 . Collectively, these observations
indicate that antidepressants in general, and amitriptyline
in particular, can enhance the availability andror activity
of adenosine. Adenosine has been shown to alleviate mani-
festations of neuropathic pain in a number of preclinical

Žnerve injury models Sjolund et al., 1996; Lee and Yaksh,¨
.1996; Cui et al., 1997 , as well as in clinical studies

Ž .reviewed Segerdahl and Sollevi, 1998 , such that the
enhanced availabilityraction of adenosine could well be a
significant component of the beneficial effect of amitripty-
line in neuropathic pain. Chronic administration of caffeine
can produce additional effects such as upregulation of
adenosine A , 5-HT, cholinergic and GABA receptors,1 A

downregulation ofa-adrenoceptors and alterations in Ca2q

Ž .channel function Shi et al., 1993 . While these actions
could potentially contribute to amitriptyline–caffeine inter-
actions when these agents are given chronically, the ami-
triptylineradenosine analgesia hypothesis appears likely,
since the amitriptyline–caffeine interaction occurs both
acutely and chronically.

Despite the attractiveness of the above hypothesis, there
are some elements to the interpretation that are puzzling.
Thus, exogenous or endogenous adenosine is effective in
alleviating static mechanical allodynia in nerve injury
models, in particular the spinal nerve ligation model used

Žin this study Lee and Yaksh, 1996; Lavand’homme and
.Eisenach, 1999 , yet amitriptyline does not alleviate this

particular manifestation in this or a previous study using
Žan acute administration paradigm Esser and Sawynok,

.1999 . The ability of caffeine to augment the facilitatory
effect of amitriptyline on contralateral tactile thresholds
also appears to run counter to this interpretation. However,
it should be noted that in some experiments, spinal applica-
tion of adenosine analogs can facilitate responses evoked
by Ad fibres, while at the same time suppressing C-fibre

Ž .activity Reeve and Dickenson, 1995 , suggesting that the
actions of adenosine on mechanisms involved in chronic
pain may be more complex than is currently appreciated.
Both amitriptyline and caffeine have multiple components
to their actions, especially following chronic administra-
tion, and it appears that these are still incompletely under-
stood.

From a clinical standpoint, while the results of this
study extend those of previous studies demonstrating a
symptom-related effect of amitriptyline on stimulus-evoked
pain following peripheral nerve injury, they are even more
relevant in that they involve the non-invasive chronic oral
administration of amitriptyline which parallels the human
situation. The finding that chronic amitriptyline appears to
be effective in alleviating pain symptoms mediated through

Ž .C-fibres thermal hyperalgesia , while it is not effective in
alleviating neuropathic pain mediated through Ad fibres
Ž .static mechanical allodynia , is in line with the hypothesis
that different types of neuropathic pain symptoms may be

Žmediated by different mechanisms Woolf and Decosterd,
.1999; Field et al., 1999; Baron, 2000 . A differential

symptom-related effect of chronic amitriptyline may help
to explain why the degree of pain relief that occurs with
amitriptyline in treating neuropathic pain is only partial
Ž .MacFarlane et al., 1997 . Thus, patients presenting with

Žpredominant symptoms mediated by C-fibres e.g., hyper-
.algesia may be the ones most likely to receive benefit

from amitriptyline. However, since patients more often
Žpresent with a composite of symptoms e.g., hyperalgesia,

.allodynia and spontaneous pain involving different mech-
anisms, the effect of amitriptyline may appear only partial
if symptoms mediated by non C-fibre mechanisms are
prominent. This study also provides further evidence that
the thermal antihyperalgesic effect of amitriptyline may be
due to manipulation of endogenous adenosine. The antago-
nist effect of caffeine may be clinically relevant, as it may
also contribute to the limited effectiveness of amitriptyline
in neuropathic pain, since caffeine is widely consumed
from various sources. The mean daily consumption rate of
caffeine can vary widely between countries, but can reach

Ž .300–400 mgrday equivalent to 4–7 mgrkgrday
Ž .Fredholm et al., 1999 . While there needs to be caution in
the direct extrapolation of caffeine dosages from rodents to
humans due to species and kinetic differences, the possibil-
ity that chronic caffeine intake limits the benefit derived
from amitriptyline in neuropathic pain merits consideration
in clinical trials. Finally, there remains a possibility that
chronic caffeine intake could actually exacerbate some

Žaspects of amitriptyline actions cf. contralateral hyperaes-
.thesia , and this might contribute further to limiting the

benefit derived from amitriptyline.

Acknowledgements

This work was supported by the Medical Research
Council of Canada. M.J.E. was the recipient of a MRC
Doctoral Research Award through the course of the study.
The authors thank Allison Reid for editorial contributions
to the manuscript.

References

Ardid, D., Guilbaud, G., 1992. Antinociceptive effects of acute and
AchronicB injections of tricyclic antidepressant drugs in a new model
of mononeuropathy in rats. Pain 49, 279–287.

Attal, N., Bouhassira, D., 1999. Mechanisms of pain in peripheral
neuropathy. Acta Neurol. Scand. Suppl. 173, 12–24.

Baron, R., 2000. Peripheral neuropathic pain: from mechanisms to symp-
toms. Clin. J. Pain 16, S12–S20.



( )M.J. Esser et al.rEuropean Journal of Pharmacology 430 2001 211–218218

Blier, P., De Montigny, C., 1995. Current advances and trends in the
treatment of depression. Trends Pharmacol. Sci. 15, 220–226.

Buckles, J., Walters, V., 1976. The stability of amitriptyline hydrochlo-
ride in aqueous solution. J. Clin. Pharm. 1, 107–112.

Chaplan, S.R., Cach, T.F.W., Pogrel, J.M., Chung, J.M., Yaksh, T.L.,
1994. Quantitative assessment of allodynia in the rat paw. J. Neurosci.
Methods 53, 55–63.

Coderre, T.J., Katz, J., 1997. Peripheral and central hyperexcitability:
differential signs and symptoms in persistent pain. Behav. Brain Sci.
20, 404–419.

Cui, J.-C., Sollevi, A., Linderoth, B., Meyerson, B.A., 1997. Adenosine
receptor activation suppresses tactile hypersensitivity and potentiates
spinal cord stimulation in mononeuropathic rats. Neurosci. Lett. 223,
173–176.

Duman, R.S., Heninger, G.R., Nestler, E.J., 1997. A molecular and
cellular theory of depression. Arch. Gen. Psychiatry 54, 597–606.

Eschalier, A., Ardid, D., Dubray, C., 1999. Tricyclic and other antide-
Ž .pressants as analgesics. In: Sawynok, J., Cowan, A. Eds. , Novel

Aspects of Pain Management: Opioids and Beyond. Wiley-Liss, New
York, pp. 303–319.

Esser, M.J., Sawynok, J., 1999. Acute amitriptyline in a rat model of
neuropathic pain: differential symptom and route effects. Pain 80,
643–653.

Esser, M.J., Sawynok, J., 2000. Caffeine blockade of the thermal antihy-
peralgesic effect of acute amitriptyline in a rat model of neuropathic
pain. Eur. J. Pharmacol. 399, 131–139.

Field, M.J., Bramwell, S., Hughes, J., Singh, L., 1999. Detection of static
and dynamic components of mechanical allodynia in rat models of
neuropathic pain: are they signalled by distinct primary sensory
neurones? Pain 83, 303–311.

Fredholm, B.R., 1995. Adenosine, adenosine receptors and the actions of
caffeine. Pharmacol. Toxicol. 76, 93–101.

Fredholm, B.B., Batig, K., Holmen, J., Nehlig, A., Zhartau, E.E., 1999.¨ ´
Actions of caffeine in the brain with special reference to factors that
contribute to its widespread use. Pharmacol. Rev. 51, 83–133.

Hargreaves, K., Dubner, R., Brown, F., Flores, C., Jores, J., 1988. A new
and sensitive method for measuring thermal nociception in cutaneous
hyperalgesia. Pain 32, 77–88.

Hwang, A.S., Wilcox, G.L., 1987. Analgesic properties of intrathecally
administered heterocyclic antidepressants. Pain 28, 343–355.

Kim, S.H., Chung, J.M., 1992. An experimental model for peripheral
neuropathy produced by segmental spinal nerve ligation in the rat.
Pain 50, 355–363.

Koltzenburg, M., Wall, P.D., McMahon, S.B., 1999. Does the right side
know what the left side is doing? Trends Neurol. Sci. 22, 122–127.

Lang, E., Hord, A.H., Denson, D., 1996. Venlafaxine hydrochloride
Ž .Effexore relieves thermal hyperalgesia in rats with an experimental
mononeuropathy. Pain 68, 151–155.

Lavand’homme, P.M., Eisenach, J.C., 1999. Exogenous and endogenous
adenosine enhance the spinal antiallodynic effects of morphine in a
rat model of neuropathic pain. Pain 80, 31–36.

Lee, Y.W., Yaksh, T.L., 1996. Pharmacology of the spinal adenosine
receptor which mediates the antiallodynic action of intrathecal adeno-
sine agonists. J. Pharmacol. Exp. Ther. 27, 1642–1648.

Leonard, B.E., 1996. New approaches to the treatment of depression. J.
Clin. Psychiatry 57, 26–33.

Liu, X.J., White, T.D., Sawynok, J., 2000. Amitriptyline increases local
adenosine levels in the rat formalin model and a neuropathic pain
state. FASEB J. 14, A1318.

MacFarlane, B.V., Wright, A., O’Callaghan, J., Benson, H.A.E., 1997.
Chronic neuropathic pain and its control by drugs. Pharmacol. Ther.
75, 1–19.

Mannion, R.J., Costigan, M., Decostered, I., Amaya, F., Ma, Q.P.,
Holstege, J.C., Ji, R.R., Acheson, A., Lindsay, R.M., Wilkinson,
G.A., Woolf, C.J., 1999. Neurotrophins: peripherally and centrally
acting modulators of tactile stimulus-induced inflammatory pain hy-
persensitivity. Proc. Natl. Acad. Sci. U. S. A. 96, 9385–9390.

McQuay, H.L., Tramer, M., Nye, B.A., Carroll, D., Wiffen, P.J., Moore,
R.A., 1996. A systematic review of antidepressants in neuropathic
pain. Pain 68, 217–227.

Ochoa, J.L., Yarnitsky, D., 1993. Mechanical hyperalgesias in neuro-
pathic pain patients: dynamic and static subtypes. Ann. Neurol. 33,
465–472.

Onghena, P., Van Houdenhove, B., 1992. Antidepressant-induced analge-
sia in chronic non-malignant pain: a meta-analysis of 39 placebo-con-
trolled studies. Pain 49, 205–216.

Ossipov, M.H., Bian, D., Malan, T.P., Lai, J., Porreca, F., 1999. Lack of
involvement of capsaicin-sensitive primary afferents in nerve-ligation
injury induced tactile allodynia in rats. Pain 79, 127–133.

Pareek, S.S., Chopde, C.T., Thakur Desai, P.A., 1994. Adenosine en-
hances analgesic effect of tricyclic antidepressants. Indian J. Pharma-
col. 26, 159–161.

Phillis, J.W., 1984. Potentiation of the action of adenosine on cerebral
cortical neurones by the tricyclic antidepressants. Br. J. Pharmacol.
83, 567–575.

Phillis, J.W., Wu, P.H., 1982. The effect of various centrally active drugs
on adenosine uptake by the central nervous system. Comp. Biochem.
Physiol., C: Comp. Pharmacol. 72, 179–187.

Reeve, A.J., Dickenson, A.H., 1995. The roles of spinal adenosine
receptors in the control of acute and more persistent nociceptive
responses of dorsal horn neurones in the anesthetized rat. Br. J.
Pharmacol. 116, 2221–2228.

Sawynok, J., Reid, A., Esser, M.J., 1999. Peripheral antinociceptive
action of amitriptyline in the rat formalin test: involvement of adeno-
sine. Pain 80, 45–55.

Segerdahl, M., Sollevi, A., 1998. Adenosine and pain relief: a clinical
overview. Drug Dev. Res. 45, 151–158.

Shi, D., Nikodijevic, O., Jacobson, K.A., Daly, J.W., 1993. Chronic
caffeine alters the density of adenosine, adrenergic, cholinergic,
GABA, and serotonin receptors and calcium channels in mouse brain.
Cell Mol. Neurobiol. 13, 247–261.

Shir, Y., Seltzer, Z., 1990. A-fibres mediate thermal hyperalgesia in a
new model of causalgia-form pain disorders in rats. Neurosci. Lett.
115, 62–67.

Sierralta, F., Pinardi, G., Mendez, M., Miranda, H.F., 1995. Interaction of
opioids with antidepressant-induced antinociception. Psychopharma-
cology 122, 374–378.

Sindrup, S.H., 1997. Antidepressants as analgesics. In: Yaksh, T.L.,
Maze, M., Lynch, C., Bieguyck, J.F., Zampol, W.M., Saidman, L.J.
Ž .Eds. , Anesthesia: Biologic Foundations. Lippincott-Raven, Philadel-
phia, pp. 987–997.

Sjolund, K-F., Sollevi, A., Segerdahl, M., Hansson, P., Lundberg, T.,¨
1996. Intrathecal and systemicR -phenylisopropyl-adenosine reduces
scratching behaviour in a rat mononeuropathy model. NeuroReport 7,
1856–1860.

Skolnick, P., 1999. Antidepressants for the new millennium. Eur. J.
Pharmacol. 375, 31–40.

Spiegel, K., Kalb, R., Pasternak, G., 1983. Analgesic activity of tricyclic
antidepressants. Ann. Neurol. 13, 1462–1465.

Stone, T.W., Taylor, D.A., 1979. Antidepressant drugs potentiate sup-
pression by adenosine of neuronal firing in rat cerebral cortex.
Neurosci. Lett. 11, 93–97.

Woolf, C.J., Decosterd, I., 1999. Implications of recent advances in the
understanding of pain pathophysiology for the assessment of pain in
patients. Pain Suppl. 6, S141–S149.

Woolf, C.J., Doubell, T.P., 1994. The pathophysiology of chronic pain-
increased sensitivity to low threshold Ab-fibre inputs. Curr. Opin.
Neurobiol. 4, 525–534.

Zahorodna, A., Bijak, M., 1999. Imipramine-induced increase in the
inhibitory effect of adenosine receptor activation in the hippocampus.
Pol. J. Pharmacol. 51, 423–428.

Zimmerman, M., 1983. Ethical guidelines for investigations of experi-
mental pain in conscious animals. Pain 16, 109–111.


