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INTRODUCTION
Chronic pain is one of the most costly health problem 
across the world [1]. Neuropathic pain is one of the lead-

ing causes of chronic pain, and it has been estimated to 
affect 7%–10% of the general population [2]. Gabapenti-
noids, antidepressants, and even potent opioids have been 
widely prescribed to treat neuropathic pain [3]. However, 
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Background: Neurokinin-1 (NK1) and calcitonin gene-related peptide (CGRP) play 
a vital role in pain pathogenesis, and these proteins’ antagonists have attracted at-
tention as promising pharmaceutical candidates. The authors investigated the anti-
nociceptive effect of co-administration of the CGRP antagonist and an NK1 antago-
nist on pain models compared to conventional single regimens.
Methods: C57Bl/6J mice underwent sciatic nerve ligation for the neuropathic pain 
model and were injected with 4% formalin into the hind paw for the inflammatory 
pain model. Each model was divided into four groups: vehicle, NK1 antagonist, 
CGRP antagonist, and combination treatment groups. The NK1 antagonist aprepi-
tant (BIBN4096, 1 mg/kg) or the CGRP antagonist olcegepant (MK-0869, 10 mg/
kg) was injected intraperitoneally. Mechanical allodynia, thermal hypersensitivity, 
and anxiety-related behaviors were assessed using the von Frey, hot plate, and 
elevated plus-maze tests. The flinching and licking responses were also evaluated 
after formalin injection.
Results: Co-administration of aprepitant and olcegepant more significantly allevi-
ated pain behaviors than administration of single agents or vehicle, increasing the 
mechanical threshold and improving the response latency. Anxiety-related behaviors 
were also markedly improved after dual treatment compared with either naive mice 
or the neuropathic pain model in the dual treatment group. Flinching frequency and 
licking response after formalin injection decreased significantly in the dual treat-
ment group. Isobolographic analysis showed a meaningful additive effect between 
the two compounds.
Conclusions: A combination pharmacological therapy comprised of multiple neu-
ropeptide antagonists could be a more effective therapeutic strategy for alleviating 
neuropathic or inflammatory pain.
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many patients do not achieve satisfactory pain relief with 
evidence-based treatments, such as traditional analgesics, 
or cannot tolerate these drugs because of their adverse 
effects [4]. Recent advances in the understanding of the 
chronic pain have spurred an increased interest in the role 
of neuropeptides [5]. Substance P (SP) and calcitonin gene-
related peptide (CGRP) are the most widely investigated 
neuropeptides with potential roles in nociception that 
provide therapeutic targets [6]. 

Neurokinin-1 (NK1) antagonists for pain therapy were 
largely based on the concept of interrupting neurotrans-
mission of SP from primary afferent nociceptors to central 
pain pathways in the spinal dorsal horn and more rostrally 
[7]. Recent studies of neuropathic pain models have dem-
onstrated that sustained activation of the NK1 receptor 
maintains pain hypersensitivity [6,8], and that NK1 recep-
tor antagonists inhibit SP-induced activation of spinal 
neurons and thus prevent pain transmission in preclinical 
studies [9]. Administration of NK1 receptor antagonists 
also demonstrated significant antinociceptive effects in 
the inflammatory pain model [10,11]. Similar to the SP-
NK1 receptor system, CGRP plays a role in transmission 
and modulation of pain signals [12]. Administration of a 
CGRP receptor antagonist has been reported to prevent 
the development and maintenance of allodynia/hyper-
algesia in rats suffering from neuropathic pain [13,14]. 
Recent studies show apparent antinociceptive effects by 
CGRP antagonists in inflammatory pain models [1,12].

Current pharmacological regimens used in pain clinics 
to treat neuropathic pain frequently include a combina-
tion of multiple agents, such as antidepressants, gabapen-
tin, analgesics, and antiepilepsy medications [15,16]. The 
use of numerous pharmacological treatment strategies in-
volving various medications can increase the success rate 
of neuropathic pain alleviation and minimize the adverse 
effects of each drug [15,16]. Agents that block neuropeptide 
receptors are promising analgesic drug candidates; thus, 
several studies on the effects of neuropeptide antagonists 
combined with other pain medicines have been con-
ducted [17–19]. For example, Michot et al. [18] reported that 
compared with the administration of each drug individu-
ally, the combination of naratriptan and a CGRP receptor 
antagonist more effectively alleviates neuropathic pain 
caused by chronic constriction injury to the infraorbital 
nerve in rats. However, few studies have investigated the 
pain-alleviating effect of the combination of two or more 
neuropeptide antagonists. 

Therefore, we investigated the anti-nociceptive effect of 
co-administration of the CGRP antagonist and an NK1 an-
tagonist to 1) naive mice, 2) neuropathic pain models, and 
3) inflammatory pain models, respectively.

MATERIALS AND METHODS
1. Animals

Adult male C57Bl/6J mice aged 8–9 weeks and weighing 
25–35 g were used for the mouse experiments. The animals 
were randomized into the naive mice group, neuropathic 
pain model group, and inflammatory pain models group. 
The mice were maintained on a regular 12-hour light/dark 
cycle and provided food [20]. All animal experiment pro-
tocols were approved by the Institutional Animal Care and 
Use Committee of the Salk Institute for Biological Studies 
and the Animal Experimentation Committee of Wonk-
wang University (no. 2020-3791). All efforts were made to 
minimize animal suffering and reduce the number of ani-
mals used.

2. Neuropathic pain model

Neuropathic pain models were induced by a modified 
unilateral loose sciatic nerve ligation procedure, as de-
scribed in a previous study [21]. This procedure induces 
incomplete nerve injury in the animals, as indicated by 
behavioral signs of allodynia [18]. In detail, the mice were 
anesthetized by inhalation of 3.5% isoflurane in O2 and 
anesthesia was maintained by inhalation of 1.5%–2% 
isoflurane in O2 throughout the surgery. The common 
sciatic nerve was exposed by blunt dissection at the mid-
thigh level. Chromic catgut (5-0) suture was loosely tied 
four times approximately 1 mm apart along a 5 mm piece 
of nerve separated from the surrounding tissues [21]. The 
skin and muscle were closed using silk sutures (4-0). After 
surgery, the chronic constriction injury model mice were 
allowed to recover from anesthesia on a warming pad in 
a postoperative chamber before returning to their home 
cages.

3. Pharmacological treatments

Mice were treated with the CGRP receptor antagonist 
olcegepant (BIBN4096, 1 mg/kg; MedChemExpress, Mon-
mouth Junction, NJ) or the NK1 receptor antagonist apre-
pitant (MK-0869, 10 mg/kg; MedChemExpress) [13,22]. 
Stock solutions were prepared in 5% dimethyl sulfoxide 
(DMSO) and administered intraperitoneally 10 once-daily 
doses over 2 weeks [23]. For combination treatment, the 
same dose (olcegepant 1 mg/kg and aprepitant 10 mg/
kg) was injected into the animal model as in single-drug 
treatment. The mice were divided into four groups: 1) the 
control group, which was given vehicle; 2) the olcegepant 
group; 3) the aprepitant group; and 4) the experimental 
group, which was given both olcegepant and aprepitant. 
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The drugs were first administered to the neuropathic pain 
when their responses were stabilized (approximately two 
weeks after the surgery). Mice showing postsurgical mo-
tor symptoms such as weakness or gait abnormalities were 
excluded from this study.

4. Behavioral test for pain evaluation

To determine the antinociceptive effects of the combina-
tion of the two neuropeptide antagonists, the von Frey test 
and hot plate test were performed. Formalin was injected 
into the right hind paw of the naive mice to investigate the 
ability of the dual treatment to relieve inflammatory pain. 
Anxiety-like behaviors associated with pain were ana-
lyzed using the Elevated Plus Maze (EPM) test. The naive 
and pain model mice were subjected to behavioral tests 
daily before and after the administration of the drugs, and 
they were subjected to tests 10 days postoperatively when 
hypersensitivity to mechanical and thermal stimulation 
had fully developed [18]. Behavioral pain evaluations for 
neuropathic pain models were started one hour after the 
drug injection and were tested in order, starting with the 
EPM, followed by the electronic von Frey test and hot plate 
test. The formalin test in naive mice was performed the 
next day after those tests were completed. All behavioral 
investigation was performed in an observer-blind manner.

1) Hot plate test

To evaluate the response to thermal pain, mice were placed 
in a cylinder-shaped transparent Plexiglas chamber (11 × 
11 × 15 cm) on a hot plate (54°C, PE34; IITC Life Science, 
Woodland Hills, CA) [20]. The latency to a pain response 
(shaking the hind paw, licking, or jumping) was measured 
manually.

2) Electronic von Frey test

To measure the mechanical thresholds of the mice, a Dy-
namic Plantar Aesthesiometer (37450; Ugo Basile, Gemo-
nio, Italy) was used. Mice were placed in a Plexiglas cham-
ber (10 × 10 × 13 cm) on a metal mesh floor and allowed to 
habituate for more than 30 minutes [20]. The maximum 
force of the system was set to 50 g at 20 seconds. A metal 
rod was placed beneath the hind paw and activated when 
the mice were immobile but awake [20]. The system auto-
matically measured the latency until and the force deliv-
ered when the mice withdrew their hind paw. The test was 
performed five times at 5–10 minutes intervals, and the 
average value was used.

3) Formalin test

To assess inflammatory pain responses, mice were first 
anesthetized by inhalation of 3.5% isoflurane in O2 and 10 
µL of 4% formalin (1.6% paraformaldehyde, 19210; Electron 
Microscopy Sciences, Hatfield, PA) was injected subcuta-
neously into right side of the hind paw [20]. The mice were 
then placed in a Plexiglas chamber (10 × 10 × 13 cm), be-
hind which was a mirror [20]. The pain-related behaviors 
were quantified by determining the incidence of sponta-
neous flinching of the injected paw or the cumulative time 
of licking the injected paw [6]. Nociceptive behaviors were 
measured every 5 minutes after the injection [24]. Data 
were recorded for the early acute phase (phase I) observed 
during 0–5 minutes after the injection and the late tonic 
phase (phase II) observed during 20–60 minutes after the 
injection [25].

4) EPM test

Since anxiety symptoms and chronic pain have been re-
ported to be closely related [26], the anxiolytic effects of 
combination treatment were investigated through the 
EPM test. The EPM apparatus consists of a plus-shaped 
maze elevated above the floor with two oppositely posi-
tioned closed arms, two oppositely positioned open arms, 
and a center area [27]. As subjects freely explore the maze, 
their behavior is recorded by means of a video camera 
mounted above the maze and analyzed using a video 
tracking system. The preference for being in the open 
arms over the closed arms (expressed as either as a per-
centage of entries and/or a percentage of time spent in the 
open arms) is calculated to measure anxiety-like behavior. 
To monitor the anxiety-like behaviors, a custom-built EPM 
with two transparent closed arms (77 × 7 × 30 cm) and two 
open arms (77 × 7 × 2 cm) was used [20]. This maze was 
elevated 70 cm above ground for all tests, and the behavior 
was video recorded for 10 minutes and tracked with video-
tracking software (EthoVision XT 12; Noldus, Wageningen, 
The Netherlands) [20]. 

5. Assessment for drug synergism

To examine the synergistic effects of combination treat-
ment using olcegepant and aprepitant, the isobolographic 
analysis generated from dose-response data from the indi-
vidual agents was performed [28]. Mice were divided into 
a vehicle group (DMSO; n = 6), an olcegepant group (2.5, 
5, 10 mg; n = 6), and an aprepitant (50, 100, 200 mg; n = 
6) group. After administering each agent, a formalin test 
was performed to observe the pain response, and the 50% 
effective dose (ED50) for each drug was calculated using 
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a dose-response curve. The pain inhibition effects (PIE) 
of the compounds were analyzed using the following for-
mula.

PIE (%) = 

1 

 

PIE (%) = (1 −  ������ �� ��������� �� ��� ���������� �� ���������� �����
������ �� ��������� �� ��� ������� ����� )  ×  100 

1 

 

PIE (%) = (1 −  ������ �� ��������� �� ��� ���������� �� ���������� �����
������ �� ��������� �� ��� ������� ����� )  ×  100 

Then, olcegepant and aprepitant of the dose corre-
sponding to the ED50, 50% of the ED50, and 25% of the 
ED50 were administered in the inflammatory pain model. 
The isobologram was analyzed using CompuSyn software 
(ComboSyn Inc., Paramus, NJ) to investigate the interac-
tion of the two drugs.

6. Statistics 

Time-response data were presented during the observa-
tion periods for analyzing the behavioral results. Para-
metric assumptions were evaluated for all variables using 
histograms, descriptive statistics, and the Shapiro–Wilk 
test for normality. After that, a one-way analysis of vari-
ance (ANOVA) with Tukey correction was performed for 
multiple comparisons between groups. A P value less than 
0.05 was considered statistically significant. All of the data 
were statistically analyzed using IBM SPSS 22.0 software 
(IBM Co., Armonk, NY).

RESULTS
1. Effects of dual neuropeptide treatment on the 

mechanical threshold

Fifty-six C57BL/6J mice and 56 neuropathic pain model 
mice were used for this study. Naive mice and neuropathic 
pain models consist of four groups (vehicle, aprepitant, 
olcegepant, and combination treatment). Thus, 14 mice 
were used for each group. Significant mechanical allodyn-
ia developed by day five after sciatic nerve ligation in the 
experimental group, with mechanism allodynia reaching 
a plateau on day 10 and being maintained until the end of 
the study. We defined the mice whose mechanical thresh-
old measured by the von Frey test was reduced to less than 
0.4 g on the postoperative 10th day after the chronic con-
striction injury to the neuropathic pain model. These mice 
were used to investigate the therapeutic effect of neuro-
peptide antagonists. The mean mechanical threshold of 
the participating neuropathic pain model was 0.34 ± 0.02 
g (n = 56) before the beginning of the behavioral tests, and 
the naive mice showed 1.22 ± 0.06 g (n = 56).

ANOVA indicated significant effects in the different 
treatment groups. More specifically, post hoc analysis re-
vealed that compared with the mice in the other groups, 
naive mice in the dual treatment group showed a signifi-
cant increase in the mechanical threshold seven days 
after administration (F2,32 = 21.24, P = 0.048) and that this 
response was sustained until the 15th day (F2,32 = 32.13, P = 
0.036) compared to the other groups (Fig. 1A). 

When aprepitant and olcegepant were co-administered 
to the neuropathic pain model, the resulting increase 
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in the mechanical threshold was much higher. It lasted 
longer than that induced after treatment with either com-
pound alone (Fig. 1B). There were significant differences 
in the mechanical threshold between the groups 3 days 
after administrating aprepitant or olcegepant (F2,32 = 44.36, 
P = 0.001), and these significant differences were sustained 
throughout the evaluation period. DMSO-treated mice did 
not show any significant change in the mechanical thresh-
old.

2. Effects of combination treatment on thermal 
hypersensitivity 

There was no significant change in thermal hypersensitiv-
ity in the naive mice after administrating aprepitant, ol-

cegeant, or both agents (F2,32 = 36.234, P = 0.236) (Fig. 2A). 
However, compared with the mice in the other groups, the 
neuropathic pain model showed a significantly increased 
response latency from the 3rd day of administration (F2,32 = 
29.126, P = 0.018). This increase lasted until the last day of 
the experiment (Fig. 2B). On the other hand, a significant 
increase in the thermal sensitivity was not observed after 
the single or vehicle treatments.

3. Effects of combination treatment on formalin-
induced inflammatory pain

Phase I began immediately after injection and peaked 
during the 5 minutes after a 10–15 minutes quiescent pe-
riod. Phase II followed and lasted about 60 minutes. Dur-
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ing phase I, the total number of formalin-induced flinches 
was not significantly different among groups (P = 0.623) 
(Fig. 3A). However, during phase II, significantly less 
flinching was observed in the dual treatment group. The 
mice coadministered aprepitant and olcegepant showed 
significantly less flinching frequency than those with single 
agent or vehicle administration from 30 minutes (F2,32 = 
19.235, P = 0.024) after formalin injection until the end of 
the experiment. Licking behaviors showed a similar pro-
file to flinching. The cumulative time of the phase I licking 
response of the naive mice was not significantly different 
among the groups (Fig. 3B). However, the cumulative lick-
ing time was significantly shorter in phase II in the dual 
treatment group than in the other groups, from 25 minutes 
to 50 minutes post-injection (F2,32 = 17.058, P = 0.020).

4. Effect of co-administration on anxiety-like behavior

The neuropathic pain model spent less time in the open 
arms (F2,32 = 15.204, P = 0.001) and more time in the closed 

arms (F2,32 = 19.112, P = 0.001) of the EPM test setup than 
the naive mice, regardless of treatment groups. In the na-
ive mice, the coadministration of aprepitant and olcege-
pant markedly increased the time spent in the open arms 
(F2,32 = 13.621, P = 0.036, Fig. 4A) while decreasing the time 
spent in the closed arms (F2,32 = 10.128, P = 0.048, Fig. 4B). 
The neuropathic pain model in the dual treatment group 
also stayed significantly longer in the open arms (F2,32 = 
13.246, P = 0.005) and spent a shorter time in the closed 
arm than the mice with a single drug or vehicle injection 
(F2,32 = 12.194, P = 0.016). After injecting a single agent, ei-
ther aprepitant or olcegepant, the time the naive mice or 
neuropathic pain model remained in the open or closed 
arms was not significantly different. The total arm entries 
in the EPM tests were comparable among the investigated 
groups of mice, indicating that regular locomotor activity 
is maintained after aprepitant or olcegepant injection (Fig. 
4C). Both naive mice and neuropathic pain models treated 
with vehicles did not show any significant anxiolytic ef-
fects.
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5. Analysis of the synergistic effect of the drugs

The dose-response effect of each compound and combina-
tion treatment were shown in Fig. 5. The ED50 obtained by 
the dose-response curve was 5.8 mg (4.6–7.1) in olcegepant 
and 104.3 mg (94.4–114.5) in aprepitant. In addition, the 
ED50 of combination treatment measured by the dose-
response curve was 2.5 mg (2.1–2.9) in olcegepant and 46.6 
mg (41.6–51.6) in aprepitant. Since the experimental value 
of the ED50 of combination treatment was located lower-
left than the theoretical ED50, isobologram showed a 
meaningful additive effect between the two drugs (Fig. 6).

DISCUSSION
In this study, combination treatment with aprepitant and 
olcegepant had better mitigated neuropathic and inflam-
matory pain than a single neuropeptide antagonist. In ad-
dition to exerting an antinociceptive effect, the combina-
tion of the drugs reduced anxiety due to pain greater than 
administration of a single drug. These findings suggest 
that combination treatment strategies comprising mul-
tiple neuropeptide antagonists are required to alleviate 
neuropathic and inflammatory pain effectively.

Dual treatment with the NK1 receptor antagonist aprepi-
tant and the CGRP receptor antagonist olcegepant reduced 
pain sensitivity in either neuropathic pain model or naive 
mice. There were no significant changes in pain behavior 
indicators evaluated by the von Frey test or hot plate test in 
the group where single drug was administered. Although 
agents that block neuropeptide receptors have been 
identified as promising analgesic drug candidates based 

on studies in animal models, they have failed in several 
clinical trials [29–31]. It is unclear why the trials failed, 
but multiple neuropeptides which generate and transmit 
neuropathic pain might be a crucial cause of these fail-
ures [6,32,33]. Our results are similar to those of previous 
studies showing that the combination of neuropeptide 
antagonists and traditional pain killers such as opioids or 
nonsteroidal anti-inflammatory drugs has a better antino-
ciceptive effect than treatment with a single drug [17,18]. 
In particular, it is necessary to consider combination drug 
strategies to treat neuropathic pain since this condition is 
caused by various complex mechanisms involving diverse 
neuropeptides.

Dual pharmacological treatment with aprepitant and 
olcegepant had more significant anxiolytic effects in both 
neuropathic pain model and naive mice than treatment 
with a single agent, as evaluated by the EPM test. Anxiety 
is reported in up to 45% of patients with chronic pain [34], 
and the relationship between pain and anxiety has been 
widely studied in clinical and preclinical studies [35–38]. 
High levels of SP and its NK1 receptor have also been de-
tected throughout the whole rat brain, including areas 
related to anxiety [39]. Several studies have assessed the 
anti-anxiety effect of NK1 antagonists in animal models 
[40,41]. For example, Borbély et al. [41] reported that a high 
dose of the NK1 antagonist CP99994 significantly attenu-
ates anxiety-like behavior in Tac1-/- mice. Similar to SP, 
CGRP contributes to anxiety responses caused by pain. An 
increase in CGRP levels induces anxiety-like behaviors in 
animal models, and administration of the CGRP antago-
nist CGRP8–37 or BIBN4096BS significantly attenuates 
these behaviors in C57BL/6 mice [42,43]. Our findings are 
consistent with those of previous studies, and dual therapy 
may be more effective in relieving comorbidities caused by 
pain, such as anxiety.

Intraperitoneal injection of both aprepitant and olce-
gepant more effectively attenuated formalin-induced 
nociceptive behaviors in phase II than administration of a 
single agent. The reason that the mice, after formalin in-
jection, showed anti-nociceptive behavior in phase II only 
was assumed to be due to the different mechanisms of the 
two phases. The response in phase I is caused by the direct 
activation of thin centrifugal nerve fibers (Aδ and C fibers) 
distributed in the damaged tissue, and peripheral and 
central sensitization resulting from an inflammatory re-
sponse caused by repetitive stimulation of C fibers induces 
the phase II response [44,45]. The previous studies report-
ed that the neuropeptide antagonists such as NK1 or CGRP 
eliminated latent sensitization induced by inflammation 
or nerve injury [5,8]. Latent sensitization of the dorsal horn 
is known as a crucial component of the chronic pain cir-
cuitry on the supraspinal level in rodents [8]. Allodynia in-
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duced by stress in rats was improved after blocking latent 
sensitization by administrating NK1 antagonist to block 
latent sensitization [46]. The latent sensitization showed 
that the chronic pain state is radically different from re-
gular pain transmission. Our results suggested that co-
administration of neuropeptide antagonists could be more 
effectively used for alleviating chronic or affective pain in 
clinical practice.

There are several limitations to this study. We injected 
aprepitant and olcegepant into the mice at the doses rec-
ommended by the pharmaceutical companies. Antinoci-
ceptive medicines, including neuropeptide antagonists, 
generally exert a dose-dependent effect in alleviating 
pain. Additional experiments are required to determine 
the optimal dosage of these neuropeptide antagonists. 
We observed changes in pain and anxiety-like behavior 
after dual neuropeptide antagonist therapy. However, the 
regulation of NK1 and CGRP receptor activity and changes 
in neuronal activity in tissues were not evaluated. Further 
studies are required to overcome the limitations of this 
study.

In summary, combination treatment with multiple neu-
ropeptide antagonists exerted better therapeutic effects 
than the conventional single-agent regimen in the pain 
model. More marked amelioration of anxiety-like behav-
iors comorbid with pain was observed simultaneously 
after treatment with aprepitant and olcegepant. A combi-
nation pharmacological therapy comprising multiple neu-
ropeptide antagonists could be a more effective therapeu-
tic strategy for alleviating neuropathic or inflammatory 
pain.
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