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Abstract
Introduction: Increasing attention is being paid to the effects of organismic factors like age on pain sensitivity. However, very little
data exist on this topic using modern algesiometric assays and measures in laboratory rodents.
Objectives:We investigated the effect of age and duration of nerve injury on baselinemechanical thresholds, neuropathic allodynia,
and the antiallodynic and analgesic efficacy of 4 systemically administered analgesics: amitriptyline, diclofenac, morphine, and
pregabalin.
Methods:Mice of both sexes and 3 conditions were compared: Young-Young, in which baseline testing (von Frey thresholds), the
injury producing neuropathic pain (spared nerve injury [SNI]) and subsequent drug testing occurred while mice were young (8–10
weeks); Young-Old, in which mice received the nerve injury while young but were tested for drug efficacy over 10 months later; and
Old-Old, in which both the nerve injury and drug testing occurred at approximately 1 year of age.
Results: Old-Old mice were found to display higher baseline mechanical sensitivity than other groups. No group differences were
seen in SNI-induced allodynia in males; female Young-Old mice were found to display greatly reduced allodynia. With respect to
drug efficacy, no differences among conditions were observed for amitriptyline, diclofenac, or morphine. For pregabalin, however,
Young-Old mice displayed significantly reduced antiallodynia, and the drug was completely ineffective in Old-Old mice.
Conclusion: Novel findings include the apparent remission of SNI-induced allodynia in female mice 10 months after injury and
reduced pregabalin antiallodynic effects produced by both the passage of time after nerve injury and aging.
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1. Introduction

Spurred on by the desire to personalize the treatment of pain,
there has been a resurgence of interest in organismic
factors—those inherent to the organism experiencing pain,
including sex, genetic background, previous pain experience,
and age—that modulate pain perception and response to
analgesic manipulations. Of these, age has received the least
attention, likely due to practical barriers (ie, time and cost)
associated with its longitudinal study. Aging humans display

declines in all sensory modalities, including nociception,
although older adults paradoxically report more, and more
severe chronic pain, likely due to their increased susceptibility to
chronic diseases with pain as a symptom (eg, osteoarthritis).
Meta-analyses have demonstrated decreased sensitivity (ie,
increased thresholds) of aged adults to acute pain of multiple
modalities but also decreased tolerance.8 In preclinical experi-
ments in rodents, the effect of aging on pain sensitivity has
largely been studied with acute, thermal assays (see Ref. 7).
There is a paucity of evidence from more modern algesiometric
assays and measures (see Ref. 17). With respect to response to
analgesics, most of the available evidence in humans comes
from studies of postoperative analgesic consumption (cf. Ref.
14), and in laboratory animals from studies of morphine
inhibition of tail-flick or other reflexes (see Ref. 7). Thus, much
of the existing data on the modulatory role of age on pain are
mismatched to the clinical reality in terms of time (acute pain vs
the more clinically relevant chronic pain) and pain modality
(thermal vs the more clinically relevant mechanical pain). The
preclinical literature is further mismatched with respect to
subject age, with most experiments being performed on
adolescent/young adult rodents, and time elapsed since
the pain-causing injury, which is usually a mere days to weeks
(see Ref. 17).
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For the treatment of chronic neuropathic pain, even first-line
analgesic treatments have unimpressive numbers needed-to-
treat of 3 and above.4 By contrast, such treatments are highly
effective in preclinical experiments. For example, a recent
meta-analysis of all pregabalin experiments in rodents showed
an average analgesic response of 71% of the maximum
possible effect (such that the majority of animals demonstrated
a .50% decrease in pain),3 whereas clinically pregabalin has
a number needed-to-treat of 4.5 against neuropathic pain
(such that less than 25% of patients who would not have
responded to placebo would show a.50% decrease in pain).4

It has never been directly evaluated whether part of the reason
for this arguably poor translation lies with organismic factors
such as age or duration of injury before the analgesic is
administered. In this study, we assess the influence of both of
these factors on mechanical allodynia after nerve injury, and
the antiallodynic (and frank analgesic) effect of 4 common
analgesics: amitriptyline, diclofenac, morphine, and pregaba-
lin. To tease apart the effects of age vs injury duration, we
tested 3 groups of mice: one in which both the nerve injury to
produce pain and subsequent analgesic administration and
testing occurred in young animals, one in which both
procedures occurred in older animals, and one in which the
nerve injury occurred while young but the testing occurred
later.

2. Materials and methods

2.1. Mice

Naı̈ve adult mice of both sexes were used, in approximately
equal numbers.18 Subjects were outbred CD-1 (ICR; Crl) mice
bred in our laboratory from breeders obtained from Charles
River Laboratories (St. Constant, QC). All mice were housed
with their same-sex littermates (2–4 animals per cage) in
standard shoebox cages, maintained in a temperature-
controlled (20 6 1˚C) environment (14:10 hours light/dark
cycle), and fed (Envigo Teklad 2920X, Lachine, QC, Canada)
and watered ad libitum. All experiments were approved by
a local animal care and use committee and conform to Canadian
Council on Animal Care guidelines.

2.2. Surgery

Spared nerve injury (SNI) was performed under isoflurane/oxygen
anesthesia as described previously,27 sparing the left sural
nerve. Anesthesia, surgery, and recovery were identical between
conditions. Postsurgical analgesia was provided using 20-mg/kg
carprofen to all mice.

2.3. Conditions

Mice were assigned to 1 of 3 age/duration conditions: Young-
Young, Young-Old, and Old-Old. Note that the use of the term
“Old” here is meant in a relative sense only; the “Old” mice used
here were middle-aged (see section 4.4 below). This assign-
ment was made randomly in the case of the first 2 conditions;
Old-Old mice were those who, although experimentally naı̈ve,
were already present in our vivarium at 18 weeks of age. In the
Young-Young condition, mice were tested for baseline me-
chanical thresholds at 7 to 8 weeks of age, received SNI surgery
within 2 to 3 days, and then were retested for SNI allodynia and
its reversal by analgesics 2 weeks later, at approximately 10
weeks of age. In the Young-Old condition, mice were treated

identically to the Young-Young group until SNI surgeries were
performed but were not retested for SNI allodynia and its
reversal by analgesics until 10 to 11 months had passed, at
approximately 13 months (�56 weeks) of age. In the Old-Old
condition, mice were tested for baseline mechanical thresholds
at 18 to 19 weeks of age, were retested for mechanical
thresholds at 11 to 12 months of age, received SNI surgery
within 2 to 3 days, and then were retested for SNI allodynia and
its reversal by analgesics 2 weeks later, at approximately 12.5
months (�54 weeks) of age. See Figure 1 for a timeline
describing these conditions. A difference between the Old-Old
and Young-Old groups would imply an effect of injury duration,
since drug testing was performed at a similar age. By contrast,
a difference between the Old-Old and Young-Young groups
would imply an effect of age, since in both cases drug testing
occurred 2 weeks after SNI.

2.4. Drugs

All mice received a systemic (subcutaneous) injection of 1 of 4
drugs immediately after post-SNI allodynia testing: amitripty-
line (15 mg/kg), diclofenac (25 mg/kg), morphine (10 mg/kg),
or pregabalin (30 mg/kg). Doses were chosen based on the
results of recent studies using these analgesics to reverse
SNI-induced allodynia in mice12,13,25 and confirmed by pilot
studies in young mice in our laboratory. Diclofenac was
used as a negative control. Mice were randomly assigned to
drug condition, and the experimenter was blinded to the
identity of the 4 drugs. Thresholds were tested at 30, 60, and
120 minutes after drug.

2.5. Behavioral testing

The up-down method of Dixon2 was used. Mice were placed
on a perforated metal floor (with 5-mm-diameter holes placed
7 mm apart) within small Plexiglas cubicles as described
above, and a set of 8 calibrated von Frey filaments (Stoelting
Touch Test Sensory Evaluator Kit #2–#9, Wood Dale, IL;
ranging from �0.015 to �1.3 g of force) was applied to the
lateral aspect (sural nerve innervation territory) of the plantar
surface of the hind paw until the fibers bowed, and then held
for 3 seconds. Withdrawal of the hind paw within the 3-second
period was counted as a positive response to the filament.
Reported measurements represent the withdrawal threshold
of the hind paw tested once (postdrug time points), or the
averaged thresholds of hind paws tested twice (after surgery)
or 3 times (baselines) in succession.

2.6. Data transformation

For purposes of presenting baseline mechanical thresholds,
data from both the left and right hind paw were averaged. In all
other cases, data from the left (ipsilateral) and right (contra-
lateral) hind paw are considered separately. Percentage of
maximum possible allodynia (% allodynia) of the ipsilateral hind
paw was calculated as % allodynia 5 [(baseline threshold -
post-SNI threshold)/baseline threshold] 3 100] 3 100. Drug
antiallodynic (% antiallodynia) effect in the ipsilateral hind paw
was calculated with respect to the threshold difference
between the initial baseline threshold and the post-SNI (but
pre-drug) threshold, and by considering the area under drug-
treated threshold x time curve using the trapezoidal method.
Thus, for a mouse to display 100% antiallodynia, it would need
to revert from its post-SNI threshold to its most recent baseline
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threshold at all postdrug time points. % Antiallodynia scores
exceeding 100% were possible (with no theoretical ceiling),
and so they would not unduly influence the statistical analysis
scores .150% (n 5 4 in Young-Young, n 5 2 in Young-Old, n
5 5 in Old-Old) were set at 150%. To assess changes on the
contralateral hind paw, the area under the drug-treated
threshold 3 time curve (AUC) was calculated, using the
post-SNI/predrug threshold as the floor.

2.7. Statistical analysis

Power analyses were not conducted because we had no way to
anticipate effect sizes in this experiment, and instead were based
on pilot data from youngmice. Baseline threshold, % allodynia, %
antiallodynia, and AUCdatawere analyzed by analysis of variance
(ANOVA) followed by Tukey’s post hoc test as appropriate. A
criterion a5 0.05was used in all cases. Mice were excluded from
further analyses if they displayed baseline thresholds ,0.30 g (n
5 7), % allodynia scores,70% (n5 6), or % antiallodynia or AUC
scores .3 standardized residuals from the condition/drug mean
(n 5 4). Outliers were found in all condition/drug groups in
approximately equal numbers.

3. Results

3.1. Baseline sensitivity

Mice of all 3 conditions were tested for baseline von Frey
withdrawal thresholds when they entered the study. In the case
of the Young-Young and Young-Old groups, this was at 8
weeks of age. Mice in the Old-Old group, using a convenience
sample in an attempt to reduce the overall duration of data
collection, entered the study later, at 18 weeks of age. Mice in
the (middle-aged) Old-Old group were retested for baseline
thresholds at �12 months of age, immediately before surgery.

Note that a second baseline measurement was not possible for
the Young-Old group, since they had received SNI surgery
already and were thus no longer at baseline. As shown in
Figure 2, the Old-Old group displayed significantly lower
baseline thresholds than the other groups (condition: F2,95 5
9.2, P , 0.001). However, in this group, thresholds were not
significantly altered when mice were retested at 12 months of
age (repeated measures: F1,34 5 3.3, P 5 0.08). Mouse sex
displayed no significant main effect on baseline thresholds (F1,92
5 0.01, P5 0.91) nor did it interact with condition (F2,925 1.0, P
5 0.37). Also not interacting with condition was drug (F3,86 5
1.0, P 5 0.40), suggesting that mice were appropriately
randomized to drug groups.

3.2. Spared nerve injury allodynia and sex differences

An ANOVA performed on % allodynia data unexpectedly
revealed a highly significant interaction between condition and
sex (F2,123 5 23.0, P , 0.001). As shown in Figure 3, this was
due to the absence of significant allodynia in female Young-Old
mice, suggestive of the loss of SNI allodynia over time in
females. Thus, since in female Young-Old mice there was no
allodynia for drugs to reverse, only male Young-Old mice were
treated with analgesics. Because this dramatically reduced the
effective sample size of this condition, a separate cohort of male
Young-Old mice was tested subsequently, and their data were
added to all subsequent analyses.

3.3. Drug antiallodynia

Mechanical thresholds at all time points for all condition/drug
combinations are shown in Figure 4. As can be seen, reversal of
SNI allodynia at postdrug time points was seen on the ipsilateral
hind paw in most graphs, and frank analgesic effects on the

Figure 1. Timeline of procedures in Young-Young (A), Young-Old (B), and Old-Old (C) conditions. Note that time axes are in months. BL, baseline von Frey
threshold measurement(s); Drug, measurement of SNI allodynia and its reversal by one of 4 drugs; SNI, spared nerve injury surgery.
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contralateral hind pawwere seen in somegraphs.When analyzed
as % antiallodynia as described in section 2.6, a significant
condition 3 drug interaction was evinced (F6,80 5 3.6, P 5

0.003). We then performed one-way ANOVAs for each drug
separately. As shown in Figure 5A, no significant effects of
condition were observed for amitriptyline (F2,19 5 2.1, P5 0.15),
diclofenac (F2,23 5 0.5, P5 0.60), or morphine (F2,21 5 0.4, P5
0.68). By contrast, a highly significant effect of condition was
observed for pregabalin (F2,23 5 12.1, P , 0.001). Pregabalin
was highly effective in reversing SNI allodynia in Young-Young
mice and significantly less so in Young-Old mice. Old-Old mice
were, in turn, significantly less sensitive to pregabalin inhibition of
SNI allodynia than were Young-Old mice. This effect of age and/
or injury duration was seen in both male and female mice
(condition3 sex in Young-Young vs Old-Old mice: F1,145 0.2, P
5 0.64).

3.4. Drug contralateral analgesia

When analyzed through AUC as described in section 2.6,
a significant main effect of condition (F2,80 5 3.4, P 5 0.04) and
drug was observed (F3,80 5 4.8, P5 0.006), but we observed no
significant interaction between the two (F6,80 5 1.2, P 5 0.32).
Figure 5B shows contralateral AUC data broken down by drug;
the Young-Young . Young-Old $ Old-Old pattern can also be
seen for pregabalin.

4. Discussion

This study finds evidence for aging effects on mechanical
thresholds and the efficacy of pregabalin (but not amitriptyline,
diclofenac, or morphine) against SNI-induced mechanical allo-
dynia. We also observe an extremely robust sex difference in SNI
allodynia displayed by male and female mice 10 months after
surgery.

4.1. Baseline mechanical thresholds

As shown in Figure 2, the Old-Old group displayed signif-
icantly decreased baseline mechanical thresholds (ie, in-
creased sensitivity) compared with other groups. It is rather
difficult to characterize this as an effect of “aging,” since the
difference was apparent at 18 weeks of age (compared with 8
weeks of age in the Young-Young and Young-Old conditions),
and did not become statistically greater (P 5 0.08) when Old-
Old mice were retested at 12 months of age. Thus, it is more
likely a cohort effect.22 The pattern detected here has been
shown previously, with Ruiz-Medina et al.23 observing signif-
icantly decreased von Frey thresholds in 12- to 16-week-old
CD-1 mice compared with 31-day-old mice, with no further
decreases in 12- to 13-month-old mice. However, other
experiments comparing von Frey thresholds across similarly
aged mice have reported no differences16 or reduced
sensitivity with increasing age.24 Most experiments have used
inbred C57BL/6 mice, rather than the outbred CD-1 mice used
here. In the same manner as sex differences in pain and pain
inhibition have been shown to interact thoroughly with genetic
background,10,20 aging effects almost certainly do as well. For
example, one study comparing 6- and 26-month-old rats
showed that although young Brown Norway rats displayed
lower von Frey thresholds than older ones, the pattern was
reversed in Fischer 344 rats.1

4.2. Spared nerve injury–induced allodynia

Figure 3 robustly illustrates that female mice of the Young-Old
group no longer display appreciable mechanical allodynia 10 to

Figure 2. Baseline mechanical thresholds (all drug groups combined) of
Young-Young (n5 34), Young-Old (n5 25), and Old-Old (n5 33) conditions.
Old-Old mice were tested both while “young,” at 18 weeks (wks.) of age, and
again at 12months (mo.) of age. Bars represent mean6 SEM 50%withdrawal
threshold (g) to the application of von Frey filaments; both hind paws are
averaged. ***P, 0.001 (by ANOVA followed by Tukey’s post hoc test; ns, not
significantly different (by repeated-measures ANOVA). ANOVA, analysis of
variance.

Figure 3. Female mice in the Young-Old condition (ie, .10 months after SNI)
do not display significant SNI allodynia. Bars represent mean 6 SEM %
allodynia (see section 2.6); n 5 14 to 28 mice/condition/sex. ***P , 0.001
compared to all other groups. A one-sample t test of Young-Old female
mice compared with a reference value of zero was not significant (t27 5 1.6,
P 5 0.11). SNI, spared nerve injury.
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11 months after SNI, whereas mechanical allodynia in males of
this group is no different than in the Young-Young and Old-Old
conditions. In other words, mechanical allodynia in a large subset
of female mice resolves by 10 to 11 months after SNI but persists
in male mice. That such a dramatic sex difference has never
before been reported is due to both the overwhelming (and
continuing) reliance on male rodents as research subjects in
preclinical pain experiments19 and the paucity of experiments
testing mice of either sex for pain at long time points after injury.
We were able to identify less than 15 articles in which mechanical
allodynia after a neuropathic injury (mostly SNI) was tested at any
time point later than 3 months after surgery; in only 3 of these
were female rodents used. Shepherd et al.26 observed unabated
mechanical allodynia in female C57BL/6 mice at 120 days after
surgery. Swartjes et al.28 observed maximal allodynia in female
Sprague–Dawley rats at 140 days after SNI. Hubbard et al.9 ob-
served SNI allodynia in female Sprague–Dawley rats at 19-week
point after injury, although visual inspection (see Fig. 3A in
Hubbard et al.) suggests that remission may have been in the
process of occurring. Together, these observations suggest that
SNI allodynia remission in females occurs after 4 to 5months after
nerve injury. Whether a similar sex difference in neuropathic pain
duration occurs in humans is unknown and likely to remain so.
Althoughwomen aremore susceptible to developing neuropathic
pain (cf. Ref. 19), to establish the average duration of chronic pain
in humans would require the ability to distinguish between
spontaneous remission of disease and successful response to
treatment.

In male mice (and female mice of Young-Young vs Old-Old
groups), there was no effect of age or injury duration on

mechanical allodynia induced by SNI. Only a small number of
studies have compared neuropathic mechanical allodynia in
rodents of different ages; the 2 studies performed in mice
observed no differences between young (2–4 months) and aging
(12–24 month) animals.15,23

4.3. Analgesic efficacy

Our observations suggest that both duration of injury (Old-Old
vs Young-Old) and aging itself (Old-Old vs Young-Young)
affect pregabalin’s antiallodynic efficacy, such that the drug
becomes less effective as time passes from the injury and in
older mice. No other significant differences were observed for
either the antiallodynic or frank analgesic (contralateral hind
paw) effects of any drug, although clear trends towards
a potentiation of amitriptyline’s effects at long time points after
injury and decreases in morphine and pregabalin contralateral
analgesia in Young-Old and Old-Old groups were seen. The
pregabalin observations are, to the best of our knowledge,
a novel finding. Perhaps the most relevant published finding to
the current experiment is the report by Kimura et al.11

regarding changes in gabapentin efficacy over time after nerve
injury in rats. They demonstrated that the peak of gabapentin’s
effectiveness in reversing spinal nerve ligation-induced me-
chanical sensitivities on the Randall–Selitto test was at 1 to 2
weeks after surgery, with significant reductions observed
starting at 4 weeks after surgery and no differences from saline
by 8 weeks after surgery. A similar diminution of efficacy was
observed after intrathecal injection of clonidine. The mecha-
nism underlying the decreasing analgesic efficacy was related

Figure 4.Mechanical thresholds of all condition-drug groups at all experimental time points. Symbols represent mean6 SEM 50%withdrawal thresholds (g); n5
6 to 9 mice/condition/drug. BL, baseline; Pre-SNI, second baseline measurement at 11 to 12 months in Old-Old mice only; Post-SNI, predrug assessment of
mechanical allodynia; SNI, spared nerve injury.
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to downregulation over time of glutamate transporter-1 (GLT-1) in
the locus coeruleus and thus reduced spinal noradrenergic
inhibition.11 It is unclear whether such a mechanism has direct
relevance to the present observations because the 2 studies
differed in their subjects (mice vs rats), drug (pregabalin vs
gabapentin), injury (SNI vs spinal nerve ligation), and, most
importantly, time after nerve injury (10 months vs 10 weeks).

4.4. Limitations and conclusions

The major limitation of the present work concerns the use of only
a single dose of each drug. Ideally, full dose–response relation-
ships would have been examined. The doses of amitriptyline,
morphine, and pregabalin chosen were clearly appropriate;
however, as both floor and ceiling effects were successfully
avoided. The lack of efficacy of diclofenac against neuropathic
mechanical allodynia was entirely consistent with the existing
literature. Another limitation concerns the age of the “old” mice
considered in this experiment. Given the mouse’s life span of 2 to
3 years, the 12- to 14-month time point considered in this study
corresponds only to middle age in humans, not old age.5 This
decision was made on purpose because susceptibility to many

forms of chronic pain may peak in middle age.6 Also complicating
any generalizing to humans is the fact that the most common and
important symptom of chronic pain in humans is spontaneous
(ongoing) pain, not the static mechanical allodynia measured
here.21

Despite these limitations, these observations suggest that
a review of the clinical efficacy of pregabalin over the life span, and
as a function of time since the precipitating injury, may be useful.
We are unaware of any extant study that has performed this
directly. More generally, we suggest that as the population ages,
more attention ought to be paid to organismic issues of time and
age despite the relatively high cost of such investigations.
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Figure 5.Drug effects on the ipsilateral (A, antiallodynia) and contralateral (B, analgesia) hind paws in all conditions. Bars representmean6SEM%antiallodynia (A)
or AUC (B); see section 2.6. *P , 0.05 as indicated. AUC, area under the drug-treated threshold 3 time curve.
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