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Abstract

Tricyclic antidepressants (TCAs) are among the first line treatments clinically recommended
against neuropathic pain. However, the mechanism by which they alleviate pain is still unclear.
Pharmacological and genetic approaches evidenced a critical role of delta-opioid receptors
(DORYs) in the therapeutic action of chronic TCA treatment. It is however unclear whether mu-
opioid receptors (MORS) are also necessary to the pain-relieving action of TCAs. The lack of
highly selective MOR antagonists makes difficult to conclude based on pharmacological studies.
In the present work, we thus used a genetic approach and compared mutant mice lacking MORs
and their wild-type littermates. The neuropathy was induced by unilateral sciatic nerve cuffing.
The threshold for mechanical response was evaluated using von Frey filaments. MOR-deficient
mice displayed the same baseline for mechanical sensitivity as their wild-type littermates. After
sciatic nerve cuffing, both wild-type and MOR-deficient mice displayed an ipsilateral mechanical
allodynia. After about 10 days of treatment, nortriptyline suppressed this allodynia in both wild-
type and MOR-deficient mice. MORs are thus not critical for nortriptyline action against
neuropathic pain. An acute injection of the DOR antagonist naltrindole induced a relapse of
neuropathic allodynia in both wild-type and MOR-deficient mice, thus confirming the critical role
of DORs in nortriptyline action. Moreover, morphine induced an acute analgesia in control and in
neuropathic wild-type mice, but was without effect in MOR-deficient mice. While MORs are
crucial for morphine action, they are not critical for nortriptyline action. Our results highlight the
functional difference between DORs and MORs in mechanisms of pain relief.
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Neuropathic pain is a pain arising as a direct consequence of a lesion or disease affecting the
somatosensory system (Loeser and Treede, 2008). It is generally a chronic condition,
resistant to classical analgesics (Attal et al., 2006). As first line of treatment, the current
pharmacotherapy includes the use of inhibitors of the noradrenaline and serotonin reuptake
sites, such as tricyclic anti-depressant drugs (TCAs) (Attal et al., 2006; Dworkin et al., 2007;
Moulin et al., 2007). The clinical efficacy of TCAs against this neurological disorder is well-
documented (Moulin et al., 2007). These drugs are not acute analgesics but require a
sustained treatment to relieve neuropathic pain, which suggests the recruitment of a
secondary downstream mechanism and neuronal plasticity. This mechanism still remains to
be detailed, but an implication of the endogenous opioid system has been proposed
(Valverde et al., 1994; Gray et al., 1998; Marchand et al., 2003c; Mico et al., 2006;
Benbouzid et al., 2008a,b).

Some studies on the acute or sub-chronic action of antidepressant drugs showed that opioid
antagonists can block the antidepressant-induced analgesia (Reichenberg et al., 1985;
Valverde et al., 1994; Gray et al., 1998; Su and Gebhart, 1998; Schreiber et al., 1999, 2002;
Marchand et al., 2003c; Ortega-Alvaro et al., 2004; Mico et al., 2006; Benbouzid et al.,
2008a,b), suggesting the involvement of the opioid system. On the contrary, other studies
showed no effect of opioid antagonists on antidepressant drug action (Pick et al., 1992;
Fuchs et al., 1996; Ghelardini et al., 2000; Marchand et al., 2003a,b). However, most of
these studies did not address the consequences of a long-term TCA treatment, as used in
human patients, or did not specifically concern neuropathic pain condition. Moreover, the
lack of selectivity of some antagonists, such as naloxone, limited the possibility to identify
precisely the implicated receptors. Using a murine model of neuropathic pain that is
sensitive to long-term but not to acute antidepressant treatment (Benbouzid et al., 2008a,b,c;
Yalcin et al., 2009a,b), we recently showed that long-term nortriptyline alleviates
neuropathic allodynia by the downstream recruitment of the opioid system and more
particularly by the recruitment of delta-opioid receptors (DORs) (Benbouzid et al., 2008a,b).

In the present study, we used a genetic approach to evaluate whether mu-opioid receptors
(MORs) are also critical for the anti-allodynic action of long-term nortriptyline treatment.
Our results demonstrate that while MORs are crucial for morphine analgesic action, they are
not necessary for nortriptyline to alleviate neuropathic allodynia, which highlights the
specific role played by DORs.
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2. Materials and methods

2.1. Animals

2.2. Surgery

2.3. Drugs

The generation of mice lacking the MORs was previously described (Matthes et al., 1996),
and these mice were backcrossed in a C57BL/6J background for at least 10 generations.
Heterozygotes mice (MOR*/") were bred in our animal facilities and the experiments were
conducted on male MOR** and MOR ™" litter-mate mice from this breeding. They were
genotyped upon weaning and adult male mice weighing 25-30 g were used in the
experiments. The mice were group-housed three to four per cage and maintained under a 12-
h light/dark cycle (lights on at 6:00 AM) with food and water ad libitum. The animal
facilities are legally registered for animal experimentation under Animal House Agreement
B67-482-1. The scientists in charge of the experiments possess the French certificate
authorizing experimentation on living animals, delivered by the governmental veterinary
office. All procedures were performed in accordance with the guidelines for animal
experimentation of the International Association for the Study of pain (IASP) and the
European Communities Council Directive 86/6609/EEC.

The neuropathy was induced by cuffing the main branch of the right sciatic nerve (Mosconi
and Kruger, 1996; Pitcher et al., 1999; Benbouzid et al., 2008c). Surgeries were done under
ketamine/ xylazine anesthesia (ketamine: 17 mg/mL, xylazine: 2.5 mg/mL, intraperitoneal
[IP], 4 mL/kg) (Centravet, Taden, France). The common branch of the right sciatic nerve
was exposed and a 2-mm section of split PE-20 polyethylene tubing (Harvard Apparatus,
Les Ulis, France) was placed around it (Cuff group) (Benbouzid et al., 2008a,b,c; Yalcin et
al., 2009a,b). The shaved skin was closed using suture. Sham-operated mice underwent the
same surgical procedure described above without implantation of the Cuff (Sham group).

The nortriptyline treatment began 15 days after the neuropathy was induced, and the
treatment lasted at least 20 days (Benbouzid et al., 2008a,b,c; Yalcin et al., 2009a,b). During
the treatment, the mice received two injections per day (morning and evening) of
nortriptyline (5 mg/kg) (Sigma—Aldrich, St. Quentin Fallavier, France). The drug was
dissolved in 0.9% NaCl solution that was also used for control injections. Both nortriptyline
and NaCl solution were administered IP in a volume of 5 mL/kg. The injection of
naltrindole hydrochloride (5 mg/kg; subcutaneously [SC]) (Sigma—Aldrich, St. Quentin
Fallavier, France) was done 35 days after surgery, i.e., after 21 days of antidepressant
treatment. On saline-treated animals, morphine (10 mg/kg, SC; Sigma—Aldrich, France) was
acutely injected on day 40 post-surgery.

2.4. Nociceptive test

After sciatic nerve cuffing, mice display a heat thermal hyperalgesia lasting only 3 weeks
while the mechanical allodynia remains stable over 2 months (Benbouzid et al., 2008a,b,c;
Yalcin et al., 2009a,b). The present work thus focused on mechanical allodynia. The
mechanical allodynia was determined using von Frey hairs and results were expressed in
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grams. Mice were placed in clear Plexiglas boxes (7 cm x 9 cm x 7 cm) on an elevated mesh
screen. Calibrated von Frey microfilaments (Bioseb, France; also available from Stoelting,
USA) were applied to the plantar surface of each hindpaw in a series of ascending forces up
to the mechanical threshold. The filaments used in the studies were: 0.16, 0.4, 0.6, 1, 1.4, 2,
4, 6, 8, 10 and 15 grams. The highest ones were only necessary for mice under deep
morphine analgesia, and morphine analgesia testing stopped at 15 g even if no response was
observed. During the procedure, the filaments were tested five times per paw in ascending
series until the paw withdrawal threshold was reached. This threshold was defined as the
lowest of two consecutive filaments for which we observed three or more withdrawals out of
the five trials (Benbouzid et al., 2008a,b,c; Yalcin et al., 2009a,b). To study the antiallodynic
effect of nortriptyline treatment, we tested the mice in the morning before nortriptyline drug
injection, as previously described (Benbouzid et al., 2008a,b,c; Yalcin et al., 2009a,b). The
effect of acute drug injections (saline, naltrindole or morphine) was evaluated before (pre-
test) and 30 min after (post-test) the considered drug injection.

2.5. Analyses

3. Results

Data are expressed as mean + SEM. Statistical analyses were performed using multifactor
analysis of variance (ANOVA). The surgery procedure (Sham or Cuff) and the treatments
(saline vs. drug injections) were taken as between-group factors. When needed, the time of
measurement (either time course or preinjection vs. postinjection data) was taken as a
within-subject factor. The Duncan test was used for post hoc comparisons. The significance
level was set at p < 0.05.

3.1. Mechanical sensitivity

MOR-deficient mice displayed the same baseline for mechanical sensitivity as their wild-
type littermates (Fig. 1A and B). The Sham surgery did not affect the paw withdrawal
thresholds, while the Cuff-implanted mice displayed an ipsilateral mechanical allodynia
which was present both in wild-type mice and in MOR-deficient mice (Surgery x Time
interaction, MOR** Fg 1g9 = 20.2, p < 0.0001, MOR ™~ Fg 138 = 7.86, p < 0.0001; post hoc:
Cuff < Sham at p < 0.0001 on days 2 to 15) (Fig. 1B). No difference was observed in
allodynia intensity depending on the presence or absence of the MORs (Genotype effect,
F6,180 =0.9, p>0.48).

3.2. Nortriptyline effect

Two weeks after the Cuff insertion, we started the treatments with either nortriptyline (5
mg/kg) or the control saline solution (0.9% NacCl). The mice received two injections per day
and were tested in the morning before drug injection, as previously described (Benbouzid et
al., 2008a,b; Yalcin et al., 2009a). We previously reported that such treatment has no acute
antalgic effect whereas it suppressed the neuropathic allodynia after 10 to 12 days of
treatment (Benbouzid et al., 2008a,b; Yalcin et al., 2009a). Similarly, the nortriptyline
treatment alleviated the Cuff-induced allodynia in wild-type mice after about 10 days of
treatment (Surgery x Treatment x Time interaction, Fg 555 = 6.14, p < 0.0001; post hoc:
(CuffNor = Sham) > CuffSal at p < 0.01 on days 24 to 35) (Fig. 2A). The same antiallodynic
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effect was also present in MOR-deficient mice (Fg 189 = 4.71, p < 0.0001; post hoc: (Cuff-
Nor = Sham) > CuffSal at p < 0.05 on days 24 to 35) (Fig. 2B). In both cases, nortriptyline
suppressed the Cuff-induced allodynia without affecting the mice with Sham surgery.

3.3. Naltrindole effect

We tested the consequences of an acute injection with the DOR antagonist naltrindole (5
mg/kg) in the MOR-deficient and wild-type mice. After 3 weeks of treatment with
nortriptyline or saline, the acute injection of naltrindole totally suppressed the benefit of
nortriptyline treatment (MOR**: F1 55 = 60.45, p < 0.05; MOR™": Fy ; = 19.47, p < 0.05)
(Fig. 3A and B). Within 30 min following the DOR antagonist injection, we observed a
relapse of allodynia. This effect was present both in MOR-deficient mice and in wild-type
mice. We also controlled that naltrindole per se had no effect in mice with Sham surgery, or
in neuropathic mice treated with saline.

3.4. Morphine effect

The acute injection of morphine (10 mg/kg) induced an acute analgesia both in Sham-
operated and in Cuff-implanted wild-type mice. (Left paw: Fq 7, = 142.5, p < 0.0001, right
paw: F1 22 = 319.1, p < 0.0001.) (Data not shown.) The same dose of morphine had however
no effect in MOR-deficient mice, whether or not neuropathic (Data not shown).

4. Discussion

In the present work, we studied the impact of MORs on a chronic nortriptyline treatment in a
murine model of neuropathic pain. We demonstrated that MORSs are not necessary for the
anti-allodynic action of nortriptyline while they are critical for the anal-gesic action of
morphine. Moreover, we showed that a DOR antagonist suppressed the antiallodynic action
of nortriptyline in a MOR-independent way.

The similar baseline for mechanical sensitivity between MOR-deficient mice and their wild-
type littermates is in agreement with previous reports concerning nociceptive response in
these mice (Matthes et al., 1996; Fuchs et al., 1999; Kieffer and Gaveriaux-Ruff, 2002).
MORs are thus not critical to set-up the thresholds for mechanical sensitivity in
unchallenged situations. After induction of the neuropathy, the intensity of allodynia was
also similar between MOR-deficient mice and their wild-type littermates. These results
suggested that MORs do not play a critical role in the physiological control of neuropathic
allodynia in our model. Conversely, a bilateral increase in MOR-deficient mice mechanical
allodynia as compared to wild-type mice has been observed in a more drastic model of
neuropathy, a variant of the spared nerve injury with L5 spinal nerve ligation and section
(Mansikka et al., 2004). Our results are however in agreement with pharmacological data
showing that systemic administration of naloxone, a broad-spectrum opioid receptor
antagonist, did not influence mechanical allodynia (von Frey test) or thermal hyperalgesia
(tail flick test) in other models of neuropathic pain such as the L5/L6 ligature or ischemic
spinal cord injury (Hao et al., 1998; Wei et al., 1998; McGaraughty et al., 2005).

After chronic treatment with the TCA nortriptyline, the mice recovered from their
neuropathic allodynia. As expected we observed this recovery in wild-type mice, but it was
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also present in MOR-deficient mice and the delay for therapeutic onset was unaffected by
the presence of absence of MORs. These results show that MORSs are not necessary for
nortriptyline to exert its antiallodynic action. This contrasts with previous data on DORs.
Indeed, the DOR antagonist naltrindole has been shown to acutely block the antiallodynic
effect of chronic nortriptyline treatment (Benbouzid et al., 2008a,b) and this TCA is totally
ineffective in DOR-deficient mice (Benbouzid et al., 2008a,b). Thus, present data suggest a
striking difference between DOR and MOR implication in nortriptyline action against
neuropathic pain. To strengthen this finding, we tested the effect of DOR antagonist
naltrindole in the MOR-deficient and wild-type mice and showed that it blocked in both
cases the anti-allodynic action of nortriptyline. It confirmed that chronic nortriptyline
treatment alleviates neuropathic allodynia by recruiting an opioid tone acting on DORs.
While DOR implication in this neuropathic pain treatment is critical, the implication of
DORs in chronic pain processing is more subtle. In the sciatic nerve cuffing model, we
previously observed no alteration of neuropathic allodynia after naltrindole administration or
in DOR-deficient mice (Benbouzid et al., 2008a,b). A mild increase in mechanical allodynia
and heat hyperalgesia and a more pronounced increase in cold allodynia were however
observed after tight ligation of the sciatic nerve in DOR-deficient mice (Nadal et al., 2006).
A delayed recovery from mechanical allodynia and heat hyperalgesia is also present in
DOR-deficient mice with inflammation due to intraplantar complete Freund's adjuvant
administration (Gaveriaux-Ruff et al., 2008). These results suggest a mild physiological
modulation of pain response by endogenous DOR activity, but a stronger involvement of
these receptors in the pharmacological control of pain. Interestingly, recent studies revealed
that a DOR agonist can display an antihyperalgesic and antiallodynic effectiveness in a
neuropathic pain model, which suggests that DORs could be potential therapeutic targets for
neuropathic pain management (Holdridge and Cahill, 2007; Kabli and Cahill, 2007).

Even if MORs are not critical for the action of nortriptyline against neuropathic pain, they
have been implicated in the action of opiates against pain. In MOR-deficient mice, morphine
analgesia was thus abolished (Matthes et al., 1996; Sora et al., 1997, 1999; Fuchs et al.,
1999; Schuller et al., 1999; Qiu et al., 2000) or strongly reduced (Loh et al., 1998) in models
of thermal (Matthes et al., 1996; Sora et al., 1997; Loh et al., 1998; Schuller et al., 1999),
mechanical (Fuchs et al., 1999), chemical (Sora et al., 1999), and inflammatory (Qiu et al.,
2000) pain. In our model of neuropathic pain, the acute injection of morphine induced an
acute analgesia both in Sham-operated and in Cuff-implanted wild-type mice, but it had no
effect in MOR-deficient mice. These findings confirmed in a pathological condition, such as
neuropathic pain, that morphine analgesia is mediated through MORs.

Our study highlights a clear-cut functional difference between DORs and MORs in
mechanisms of pain relief by nortriptyline. In other situations, a differential influence of
these receptors in the processing of nociceptive information can also be experimentally
observed. Indeed, the expression of both receptors is segregated in the dorsal root ganglia,
and their manipulation by intrathecal delivery of agonists revealed that local DORs and
MORs preferentially influence mechanical and heat processing respectively (Scherrer et al.,
2009). This dichotomy in mechanical and heat nociceptive controls by opioid receptors is
however not present when considering the whole organism or a pathological situation. DOR
agonists can for example relieve both heat hyperalgesia and mechanical allodynia in an
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inflammatory situation (Gaveriaux-Ruff et al., 2008; Pradhan et al., 2009), and DOR-
deficient mice can display changes in both mechanical and heat responses after tight ligation
of the sciatic nerve (Nadal et al., 2006). Reciprocally, MOR-deficient mice can display
changes in mechanical allodynia after spared nerve injury (Mansikka et al., 2004), and a
MOR agonist can affect mechanical allodynia after spare nerve ligation (Guan et al., 2008).

While MORs are mediating the acute analgesic effect of the opiate morphine in a
neuropathic pain condition, they are not necessary for the effect of chronic antidepressant
drug treatment. On the contrary, DORs appear to be critical for nortriptyline relief of
neuropathic allodynia. These opioid receptors are however not primary targets of the
antidepressant drugs. Future research will thus be needed to understand the precise
anatomical and molecular links between the primary action of nortriptyline on the aminergic
system and the secondary recruitment of the endogenous opioid system.
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Fig. 1.

Consequence of Cuff implantation in wild-type and in MOR-deficient mice. Adult male
mice underwent surgery for unilateral Cuff implantation around the main branch of the right
sciatic nerve. Sham animals underwent the same surgical procedure without Cuff
implantation. The mechanical allodynia was tested using the von Frey hairs. (A) The Cuff
implantation did not affect the mechanical threshold of paw contralateral to Cuff
implantation (left paw). (B) However it induced an ipsilateral (right paw) allodynia in both
wild-type (n = 14) and MOR-deficient (n = 15) mice. Data are expressed as mean + SEM.
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Fig. 2.

Ngrtriptyline treatment of neuropathic allodynia. Two weeks after Cuff implantation, the
daily treatment with nortriptyline (5 mg/kg, i.p. twice a day) or its saline control (0.9 %
NaCl) started and was maintained for 3 weeks. The hindpaw mechanical threshold was
tested before the morning drug injection, using von Frey filaments. (A) In wild-type mice
the treatments did not affect the mechanical threshold of the contralateral paw, but chronic
nortriptyline suppressed the ipsilateral Cuff-induced allodynia. (B) Similar results were
observed in MOR-deficient mice. Data are expressed in mean + SEM. (n = 5-10 for the
different Sham groups, n = 7-8 for the different Cuff groups).
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Fig. 3.

Effect of the DOR antagonist naltrindole. After 3 weeks of treatment with either
nortriptyline or saline, the mice received an acute injection of saline (s.c.) and of the DOR
antagonist naltrindole (5 mg/kg, s.c.). The nociceptive mechanical threshold was tested
before (0 min) and 30 min after these acute injections. (A) While acute saline injection did
not affect the paw withdrawal threshold, the naltrindole injection induced a relapse of the
allodynia in neuropathic wild-type mice treated by nortriptyline. No effect of naltrindole was
observed in Sham mice or in saline-treated neuropathic mice. (B) Similar results were
obtained in MOR-deficient mice. Data are expressed in mean £ SEM. (n = 5-10 for the
different Sham groups, n = 7-8 for the different Cuff groups).
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