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ABSTRAC T ÖZ

Amaç: Bu çalışmada, sıçan siyatik sinirinde oluşturulan kronik 
konstriksiyon hasarı (CCI) sonucunda gelişen hiperaljezide muskarinik 
reseptörler ile ilişkili Z944 yanıtlar araştırıldı. 

Gereç ve Yöntemler: Toplam 72 erkek Wistar Albino sıçan 
(200-250 g) rastgele sekiz gruba ayrıldı. Salin intraperitoneal 
(i.p.) grubu dışındaki Wistar Albino sıçanlarda sağ siyatik sinire 
CCI uygulandı. Operasyondan iki hafta sonra, Salin, CCI + Salin, 
CCI + DMSO (i.p.), CCI + 1 mg/kg Atropin (i.p.), CCI + Z944 1, 3 
ve 10 mg/kg (i.p.) doz ve CCI + 1 mg/kg Atropin + 10 mg/kg 
Z944 gruplarında her iki pençeye basınç testi ve sıcak plaka 
testi uygulandı. Lokomotor aktivite testi, diğer testlerden önce 
gerçekleştirildi.

Bulgular: CCI + Salin grubunun sağ pençe basınç testi 
(p < 0.001) ve sıcak plaka testi (p = 0.032) sonuçlarının Salin grubu 
ile karşılaştırılması, CCI + Salin grubunda mekanik hiperaljezi ve 
termal hiperaljezi geliştiğini doğruladı. Salin ve diğer CCI gruplarının 
lokomotor aktiviteleri, CCI + 1 mg/kg Atropin grubuna kıyasla daha 
yüksekti (p = 0.017). CCI + Salin grubuyla karşılaştırıldığında, Z944 
doz gruplarında Z944'ün doza bağlı artan etkisi; sırasıyla sağ pençe 
basınç testinde (p = 0.472, p = 0.006, p < 0.001) ve sıcak plaka 
testinde (p = 0.001, p < 0.001, p < 0.001) olarak belirlendi. Ayrıca 
CCI + Salin grubu ile Z944 doz gruplarının sol pençe basınç testi 
sonuçları arasında istatistiksel olarak anlamlı bir fark bulunmadı 
(sırasıyla p= 0.995, p = 0.159, p = 0.110). Sağ pençe basıncı 
(p = 0.945), sol pençe basıncı (p = 0.763) ve sıcak plaka (p = 0.817) 
testi sonuçları açısından CCI + Salin grubu ile CCI + 1 mg/kg Atropin 
+ 10 mg/kg Z944 grupları arasında istatistiksel olarak anlamlı bir 
fark bulunmadı.

Sonuç: Z944’ün analjezik etkisinin nonselektif muskarinik reseptör 
antagonisti atropin tarafından azaltılması, Z944’ün analjezik 
aktivitesinin en azından kısmen muskarinik reseptör aracılı 
mekanizmalar üzerinden gerçekleşebileceğini düşündürmektedir.
Anahtar sözcükler: Nöropatik ağrı, siyatik sinir ligasyonu, T-tipi kalsiyum kanalları.

Background: This study aims to investigate the muscarinic 
receptor-associated Z944 responses on hyperalgesia resulting from 
chronic constriction injury (CCI) of the rat sciatic nerve.

Materials and Methods: A total of 72 male Wistar Albino rats 
(200-250 g) were randomly divided into eight groups. The right 
sciatic nerve CCI of Wistar Albino rats was performed except 
the Saline intraperitoneal (i.p.) group. Two weeks after the 
operations, pressure test of both paws and hot plate test were 
performed in the groups of Saline, CCI + Saline, CCI + DMSO (i.p.), 
CCI + 1 mg/kg Atropine (i.p), CCI + Z944 1, 3, 10 mg/kg (i.p) dose 
and CCI + 1 mg/kg Atropine + 10 mg/kg Z944. The locomotor 
activity test was performed before the tests.

Results: The results of right paw pressure test (p < 0.001) and 
hot plate test (p = 0.032) of CCI + Saline group, compared to the 
Saline group test results, confirmed the development of mechanical 
hyperalgesia and thermal hyperalgesia of the CCI + Saline group. 
The locomotor activities of Saline and other CCI groups were higher 
than the activity of CCI + 1 mg/kg Atropine group (p = 0.017). The 
dose-dependent increasing effect of Z944 in dose groups compared 
to the CCI + Saline group was determined, respectively, in the right 
paw pressure test (p = 0.472, p = 0.006, p < 0.001) and the hot plate 
test (p = 0.001, p < 0.001, p < 0.001). The left paw pressure test results 
of CCI + Saline group and Z944 dose groups were not statistically 
different (p = 0.995, p = 0.159, p = 0.110, respectively). Also, there 
were no statistically differences between the CCI + Saline and the 
CCI + 1 mg/kg Atropine + 10 mg/kg Z944 groups according to right 
paw pressure (p = 0.945), left paw pressure (p = 0.763), and hot plate 
(p = 0.817) tests results.

Conclusion: The attenuation of the analgesic effect of Z944 by 
the non-selective muscarinic receptor antagonist atropine suggests 
that the analgesic activity of Z944 may be mediated, at least in part, 
through muscarinic receptor-dependent mechanisms.
Keywords: Neuropathic pain, sciatic nerve ligation, T-type calcium channels.
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T-type voltage-gated calcium channels in the 
spinal cord are defined as one of the important targets 
for pain cure, as their abnormal activity is associated 
with pain.[1] The T-type or low voltage-activated 
subfamily has Cav3.1-Cav3.3 subtypes.[2] The 
decrease due to knockdown in Cav3.2 expression 
increases pain thresholds of mechanical and thermal 
in the neuropathic pain model and in pure rodents.[3] 
Neuropathic pain is a somatosensory nervous system 
dysfunction and is defined as chronic severe pain.[4,5] 
There are also studies reflecting the roles of Cav3.1 
and Cav3.3 subtypes during the pathophysiology 
of chronic pain.[6,7] Depending on the location of 
the injury, there are two types of neuropathic pain: 
central neuropathic pain and peripheral neuropathic 
pain.[1,5,8] Peripheral neuropathic pain is often seen in 
patients with persistent diabetes, sternotomy, cancer, 
lumbar disc syndrome, mastectomy, thoracotomy, 
herpes, and acquired immunodeficiency syndrome 
(AIDS).[9] The symptoms of neuropathic pain are 
allodynia (i.e., increased pain reaction to stimuli 
which do not usually trigger pain), dysesthesia 
(burning pain sensation), hyperalgesia (exaggerated 
response to noxious stimuli), and neuralgia 
(shooting/stabbing/electric shock-like pain).[10] T-type 
low-voltage-activated calcium channels are crucial 
for the subthreshold neuronal excitability control 
in pain processing areas in the dorsal horn of the 
spinal cord.[11] The superficial area of the dorsal 
horn in the spinal cord (lamina I and lamina II) 
plays a role in receiving painful stimuli from the 
periphery and transmitting them to the brain.[1] An 
experimental electrophysiological study performed 
by isolating the spinal cord demonstrated that Z944 
inhibited T-type voltage-gated channels and reduced 
the excitability in lamina I and lamina II dorsal 
horn neurons.[12] In addition, Cav3.1 and Cav3.2 have 
been identified as molecular targets of Z944 and are 
inhibited by this agent.[13,14]

A patch-clamp study demonstrated that 
the currents through T-type calcium channels 
are reduced by muscarinic receptor stimulation 
in granulosa cells.[15] The cholinergic system has 
a role in the modulation of pain in the dorsal 
horn of the spinal cord.[16] The stimulation of 
muscarinic receptors is also effective in relieving 
neuropathic pain.[17] The muscarinic acetylcholine 
receptors of the spinal cord are more densely 
located in the superficial dorsal horn in both rats 
and humans. Although muscarinic acetylcholine 
receptors have the analgesic effect through 
inhibition of glutamate release and activation of 
gamma-aminobutyric acid (GABA) transmission in 

the dorsal horn of the spinal cord,[18] there are 
also some studies that researched the complex 
mechanism between muscarinic receptors and T-type 
calcium channels.[19-22] In the present study, we, for 
the first time, aimed to investigate the possible effect 
related to muscarinic receptors in the activity of Z944 
acting through Cav3.1 and Cav3.2 Ca+2 channels in 
sciatic nerve-ligated rats.

MATERIALS AND METHODS
Animals

A total of 72 male Wistar Albino rats (200-250 g) 
were randomly divided into eight groups. The study 
was approved by the Ondokuz Mayıs University 
Animal Experiments Local Ethics Committee 
(Date: 31.05.2023, No: 2023/36). Animals were 
obtained from Ondokuz Mayıs University 
Experimental Animal Research Center. The rats 
were housed in 12 h of dark-light cycle at a 22 ± 2°C 
temperature and 60 ± 5% humidity environment with 
access to water and food.

Medicines and chemicals

Ulixacaltamide (Lixfrevo; Praxis Precision 
Medicines, MA, USA), with the development code 
Z944, is a novel experimental drug for treating 
essential tremor.[23] The drug, as a selective T-type 
calcium channel blocker, reduces abnormal cerebello 
thalamo cortical activity, which manifests clinically 
as tremors.[24] The drug critic Phase 3 was resulted 
in October 2025.[25] In April 2026 United States Food 
and Drug Administration (FDA) accepted a New Drug 
Application (NDA), and after reviewing the expected 
action date is in January 2027.[26]

Z944 (Sigma, SML2635) was injected 
intraperitoneally (i.p.) at doses of 1, 3 and 
10 mg/kg, 30 min before the tests.[27] 10% DMSO 
(C.ERBA 445103) and 90% carboxymethylcellulose 
(TCI C0603) (0.5% in saline) were used to dissolve 
Z944.[28] Also, DMSO was evaluated in a group.[12] A 
total of 1 mg/kg dose of atropine sulphate (TCI A0754) 
was injected i.p. 30 min before the agent.[29]

Chronic constriction injury

The rats were kept away from food for 12 h before 
the operation.[30] After induction of anesthesia 
with 80 mg/kg (i.p.) ketamine hydrochloride 
(Keta-Control®, Doğa İlaç, İstanbul, Türkiye), the 
hair on the mid-thigh and surrounding areas was 
shaved.[31] The sciatic nerve was exposed at the 
mid-level of the right hind leg, and blunt dissection 
was made via the biceps femoris. Proximal to the 
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sciatic nerve branch, approximately 7 mm of the 
nerve was released from the attached tissue. Four 
ligatures (4.0 silk) were tied limply around the nerve 
at approximately 1-mm intervals, which ultimately 
affects 4 to 5 mm of the sciatic nerve’s length. The 
target constriction level was to achieve reduction, 
but not complete obstruction of the superficial 
epineural vascular circulation.[30] Two rats died after 
the operations; two rats from the Saline group were 
transferred to the chronic constriction injury (CCI) 
groups.

Behavioral tests

As described in the literature, hyperalgesia caused 
by mechanical/thermal effects resulting from sciatic 
nerve constriction is more pronounced on Day 14 
compared to Day 7 after surgery.[32] The behavioral 
tests were performed 14 days after CCI.

Locomotor activity test

The locomotor activity cage apparatus 
(41 cm2-33 cm wall) (Ugo Basile, Biological Research 
Apparatus, VA, Italy) was used for investigating 
the effects of drugs on locomotor activity. Rats 
were observed individually in the activity cage.[33] 
The numerical data in the horizontal plane were 
automatically detected by the device for 5 min, and 
the data of each rat was recorded. The inner surfaces 
of the device were cleaned with 20% alcohol, and the 
alcohol was allowed to dry after each test.

Paw pressure test

A Randall-Selitto model analgesiometer 
(Model: 37215, Ugo Basile, VA, Italy) was used 
for the paw pressure test to evaluate mechanical 
hyperalgesia. The increasing pressure was applied 
via the equipment to the middle parts of both hind 
paws of the rats. The pressure level in grams (g) that 
caused withdrawal was recorded for each rat.[34]

Hot plate test

The hot plate test was performed via a metal 
platform with transparent walls (Model: 7280, 
Ugo Basile, VA, Italy) for determining thermal 
hyperalgesia. Rats were placed on a hot plate which 
was set at 54 ± 0.4°C. The reactions such as paw 
licking/jumping were observed. The reaction time in 
seconds (sec) was recorded for each rat.[33]

Statistical analysis

The PASS version 15.0.5 software (NCSs, LLC. 
Kaysville, Utah, USA) was used for sample size 
calculation. Accordingly, the minimum number of 
rats for the investigation was 72, when the power of 
the test 0.8588 and the alfa error is 0.05.[33]

Statistical analysis was performed using 
the IBM SPSS version 23.0 software (IBM Corp., 
Armonk, NY, USA). The descriptive data were 
presented in mean ± standard deviation (SD), 
median (25th-75th quartiles), or number and 
frequency, where applicable. The compliance of the 
measurements with normal distribution without 
distinguishing the groups was examined with 
the Shapiro-Wilks test. The Kruskal-Wallis test 
was used in the comparison of the eight groups 
and the groups causing significant differences 
were determined with the post-hoc Dunn test. 
The right and left paw pressure test results of 
each group were compared with the Wilcoxon 
signed-rank test. The median and quartiles of the 
groups were presented graphically with box plot. 
A p value of < 0.05 was considered statistically 
significant.

RESULTS
Effect of CCI on the development of hyperalgesia 

The CCI + Saline group withdrawal response 
was at a lower pressure (g) than that of the Saline 
group in the right paw pressure test (p < 0.001). 
The reaction of CCI + Saline group developed in a 
shorter time (sec) compared to the Saline group in 
the hot plate test (p = 0.032), (Figure 1, 2).

Locomotor activity test results

The mean locomotor activities of Saline, CCI + 
Saline, CCI + DMSO, CCI + 1 mg/kg Z944, CCI + 
3 mg/kg Z944, CCI + 10 mg/kg Z944, CCI + 1 mg/kg 
Atropine + 10 mg/kg Z944 groups were significantly 
higher than the mean activity of the CCI + 1 mg/kg 
Atropine group (p = 0.017) (Figure 3).

Right paw pressure test results

The pressure (g) that caused withdrawal response 
in the groups of Saline and CCI + 10 mg/kg Z944 
were significantly higher than all other groups in 
the right paw pressure test. These two groups were 
followed by the CCI + 3 mg/kg Z944 group, and 
the mean pressure (g) causing withdrawal reaction 
of this group was also significantly higher than the 
other groups (p < 0.001) (Figure 1).

Left paw pressure test results

The withdrawal responses of Saline, CCI + 
3 mg/kg Z944 and CCI + 10 mg/kg Z944 groups were 
for higher pressure than that of the CCI + 1 mg/kg 
Atropine group according to left paw pressure test 
results (p = 0.030) (Figure 1).
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Comparison of right and left paw pressure test 
results

There was no statistically significant difference 
between right and left paw pressure test results 
of the Saline group (p = 0.932). The right side 
mean pressure (g) that elicited withdrawal response 
was lower than left side mean pressure (g) causing 
withdrawal in the groups of CCI, including CCI + 

Saline (p = 0.008), CCI + DMSO (p = 0.008), CCI + 
1 mg/kg Atropine (p = 0.011), CCI + 1 mg/kg Z944 
(p = 0.008), CCI + 3 mg/kg Z944 (p = 0.008), CCI 
+ 10 mg/kg Z944 (p = 0.039) and CCI + 1 mg/kg 
Atropine + 10 mg/kg Z944 (p = 0.008) (Figure 1).

Effect of DMSO on hyperalgesia
There were no statistically significant differences 

according to the right paw pressure test (p = 0.889) 
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and the hot plate test (p = 0.817) between the groups 
of CCI + Saline and CCI + DMSO (Figures 1 and 2).

Effect of Atropine on hyperalgesia 

The right paw pressure test results of CCI + 
Saline and CCI + 1 mg/kg Atropine groups were 
not statistically different (p = 0.350). The CCI + 
1 mg/kg Atropine group had a longer duration (sec) 
for reaction than the CCI + Saline group in the hot 
plate test (p = 0.026) (Figure 1 and 2).

Effect of Z944 on hyperalgesia

The results of CCI + Saline and CCI + 
1 mg/kg Z944 groups were not statistically different 
according to the right paw pressure test (p = 0.472). 
The withdrawal response of CCI + 3 mg/kg Z944 
and CCI + 10 mg/kg Z944 groups were for higher 
pressure (g) than that of the CCI + Saline group 
in right paw pressure test (p = 0.006, p < 0.001, 
respectively) (Figure 1).

The CCI + 1 mg/kg Z944, CCI + 3 mg/kg Z944 
and CCI + 10 mg/kg Z944 groups had longer duration 
(sec) for reaction than the CCI + Saline group in 
the hot plate test (p = 0.001, p < 0.001, p < 0.001, 
respectively) (Figure 2).

Effect of 1 mg/kg Atropine + 10 mg/kg Z944 on 
hyperalgesia 

The results of CCI + Saline and CCI + 
1 mg/kg Atropine + 10 mg/kg Z944 groups were 
not statistically different according to the right 
paw pressure test (p = 0.945) and the hot plate test 
(p = 0.817) (Figures 1 and 2).

DISCUSSION
In the present study, we investigated the possible 

effect related to muscarinic receptors in the activity 
of Z944 acting through Cav3.1 and Cav3.2 Ca+2 
channels in sciatic nerve-ligated rats. Our study 
results showed that the analgesic effect of Z944 
was suppressed by atropine in sciatic nerve-ligated 
rats. This finding suggests that the analgesic 
effect achieved through the inhibition of T-type 
voltage-gated calcium channels in neuropathic pain 
may involve a mechanism associated with muscarinic 
receptors.

Chronic constriction injury is a mononeuropathy 
model which was created by the operations aiming 
loosely constriction of the common sciatic nerve 
in rats. Mechanical and thermal hyperalgesia 
induced by this model in rats provide advantages for 
investigating the pathophysiological mechanisms 
of neuropathic pain in humans.[30] The pain-related 
changes of this study on Day 14 after surgery were 
compatible with the previously reported studies 
with sciatic nerve-ligated rats.[8,32] The withdrawal 
response of the CCI + Saline group was at a lower 
pressure (g) than that of the Saline group indicating 
mechanical hyperalgesia in the CCI + Saline group. 
The lower reaction time (sec) of the CCI + Saline 
group compared to the Saline group in the hot plate 
test demonstrated thermal hyperalgesia of the CCI + 
Saline group. The presence of four ligaments around 
the sciatic nerve on the right side probably led to an 
exaggerated response to painful stimuli.
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Locomotor activity of the CCI + 1 mg/kg 
Atropine group decreased compared to the other 
groups, including the Z944 dose groups. A 
study of Weldon et al.[35] showed a statistically 
significant reduction in the running response of 
Sprague-Dawley rats with atropine (1 mg/kg, i.p). 
Although, Z944 has a high affinity for T-type 
voltage-gated calcium channels, Z944 has no effect 
on high-voltage-activated calcium channels/sodium 
channels at the dose that blocks T-type voltage-gated 
calcium channels, and Z944 does not cause motor 
deficit/sedation in behavioral tests in the dose 
range of 1 to 10 mg/kg (i.p.).[12,36]

The doses of 3 mg/kg and 10 mg/kg of Z944 had 
a dose-dependent increasing analgesic effect in the 
right paw pressure test of the sciatic nerve-ligated 
rats. The study of Antunes et al.[37] demonstrated 
that Z944 inhibited mechanical hypersensitivity 
when given systemically to mice with a neuropathic 
pain model produced by partial sciatic nerve injury. 
The Cav3.1 subtype has an important role for 
analgesic effect in persistent neuropathic pain, 
despite the current medical treatments,[38] and 
the Cav3.2 subtype has also been shown to be 
selectively upregulated in dorsal root ganglion 
peripheral sensory neurons and in the spinal dorsal 
horn in chronic pain rodent models.[39-41] T-type 
current density increases in small sensory neurons 
originating from L4-5 dorsal root ganglia ipsilateral 
to sciatic nerve injury in rats.[42] The upregulation 
of T-type channels following sciatic nerve injury 
has been found to cause hyperexcitability of small 
dorsal root ganglion cells and thus hyperalgesia in 
animal models of neuropathic pain resulting from 
mechanical nerve injury.[11] During the development 
of neuropathic pain, probably the upregulation of 
T-type channels in spinal dorsal horn and dorsal 
root ganglion cells ipsilateral to the CCI, may have 
caused the dose-dependent effect of Z944 in the 
right paw pressure test.

The fact that lack of analgesic effect of the 
CCI + 1 mg/kg Atropine + 10 mg/kg Z944 group 
compared to the CCI + Saline group in the right 
paw pressure test suggests the role of muscarinic 
receptors in the mechanism of action of Z944. In 
previous different experimental studies, atropine 
was used to evaluate the role of muscarinic receptors 
in the analgesic activity of the tested agent.[29,43] 
Atropine has also been reported to reverse the effect 
of gabapentin on mechanical hypersensitivity after 
CCI.[44] The neurons of the superficial dorsal horn 
(lamina II, substantia gelatinosa) receive sensory 

information from nociceptive primary afferent 
nerves. Glutamate is released from the terminals of 
primary afferent nerves.[45] The muscarinic receptors 
are G protein-coupled metabotropic receptors and 
they are divided into two main subtypes: excitatory 
(M1, M3, and M5) and inhibitory (M2 and M4).[46] The 
synapse between primary afferents and second-order 
sensory neurons in the dorsal horn is the first 
transmission for the regulation of sensory input. The 
inhibition of glutamate release from primary afferents 
is associated with the analgesic effects of Gi/o-coupled 
M2, M4 muscarinic receptors.[47,48] The muscarinic 
receptor activation, which provides presynaptic 
inhibition of the synaptic input to lamina II neurons, 
is critical. The muscarinic receptor activation can 
also excite lamina II GABAergic interneurons and 
increase local GABA release,[49] and not only the 
stimulation of M2, M4 muscarinic receptors but also 
M3 muscarinic receptors play a role in presynaptic 
GABA release and in GABA-B receptor-mediated 
analgesia in the spinal cord.[49,50]

In the present study, according to the paw 
pressure test of left side without CCI, 1 mg/kg 
Atropine caused a withdrawal response for lower 
pressure (g) than that of the 3 mg/kg, 10 mg/kg 
dose groups of Z944 and the Saline group. Atropine 
is a competitive antagonist of muscarinic 
receptors.[51] The inhibition of muscarinic 
receptors causes nociceptive hypersensitivity.[52] 
Meanwhile,  low-voltage-activated (near resting 
membrane potential) T-type voltage-gated calcium 
channels are important in the generation of 
neuronal excitability[19] due to their subthreshold 
excitability and action potential firing properties 
in physiological (nociceptive) and pathological 
(neuropathic) pain.[11] However, the left paw pressure 
test results of CCI + Saline and the dose groups of 
Z944 were not different. The withdrawal responses 
of all CCI groups were for lower pressure (g) in the 
right paw pressure test than that of the left paw 
pressure test. This right-left paw pressure test result 
difference was not present in the non-operated 
Saline group. These results also support the probable 
development of T-type voltage-gated channel 
upregulation in spinal dorsal horn and dorsal root 
ganglion cells ipsilateral to CCI.

In the current study, there was no significant 
difference between the results of CCI + Saline 
and CCI + 1 mg/kg Atropine groups according to 
the right paw pressure test. However, the CCI + 
1 mg/kg Atropine group had a longer duration (sec) 
for reaction compared to the CCI + Saline group 
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in the hot plate test. In a previous study, atropine 
(1 mg/kg, i.p.) was also found to reverse the effects 
of some antinociceptive agents in mice in the hot 
plate test, but had no effect on the latent period 
alone.[53] The locomotor activity decrease in the 
CCI + 1 mg/kg Atropine group may have caused 
a delay in more complex reactions such as paw 
licking/jumping in the hot plate test, compared to 
the withdrawal response in the paw pressure test, 
mimicking the analgesic effect.

The dose-dependent increasing analgesic effect 
of Z944 was detected for 1 mg/kg, 3 mg/kg and 
10 mg/kg via the hot plate test of sciatic nerve-ligated 
rats, according to the results of the current study. 
Systemically administered Z944 is known to 
inhibit thermal hyperalgesia in rats with sciatic 
CCI.[54] The knockout and knockdown studies[55,56] 
showed the role of T-type voltage-gated channels 
(particularly Cav3.2) in the dorsal root ganglion 
in amplifying nociceptive signals originating from 
the periphery and in the development of central 
sensitization in the dorsal horn.[21] Although it 
has not yet been elucidated which Cav3.2 subtype 
is involved in this mechanism, the activity of 
this channel is critical to the neuronal circuits 
underlying chronic pain.[57] The doses of 1 mg/kg, 
3 mg/kg, 10 mg/kg of Z944 has been reported to 
have a dose-dependent manner increasing effect 
in preventing mechanical allodynia, which was 
three days after intraplantar injection of Freund’s 
adjuvant for creating inf lammatory pain in 
rats.[12] Also, Z944 was an effective analgesic in 
a dose-dependent manner at doses of 1 mg/kg, 
3 mg/kg, and 10 mg/kg in acetic acid writhing test 
of mice.[27]

The muscarinic signaling has a critical 
importance in neuropathic pain.[46] The endogenous 
acetylcholine, originating from cholinergic 
interneurons in the dorsal horn, is an important 
modulator of sensory transmission, particularly at 
the spinal level where nociceptive stimuli enter the 
central nervous system.[58] Xanomeline, a highly 
selective agonist of M1 muscarinic receptors, did 
not produce an analgesic effect[59] may be due to 
the fact that M1 muscarinic receptor activation had 
no/moderate stimulatory effect on Cav3.1 and Cav3.2 
T-type calcium channels in rats and humans.[19] 
Based on the literature,[19] there was a possibility that 
blockade of M1 muscarinic receptors with atropine in 
sciatic nerve-ligated rats would not alter the analgesic 
effect of Z944 mediated by Cav3.1 and Cav3.2 T-type 
calcium channels, or might even enhance it. However, 

no analgesic effect was detected in the CCI + 1 mg/kg 
Atropine + 10 mg/kg Z944 group during behavioral 
tests.

Neuropathic pain is associated with epigenetic 
mechanisms that cause permanent changes in gene 
expression of the primary sensory neurons.[60] The 
peripheral nerve injury causes upregulation of M2 
muscarinic receptors in primary sensory afferent 
neurons, and that M2 muscarinic receptors are 
upregulated in small and medium-sized dorsal root 
ganglion neurons and their undamaged ipsilateral 
neighbors after nerve injury by axotomy, but not 
in contralateral dorsal root ganglion neurons 
compared to normals.[61] However, another study 
showed that the nerve damage was found to reduce 
M2 muscarinic receptor (Chrm2) gene expression 
in the dorsal root ganglion and the M2 muscarinic 
receptor encoded by this gene, and consequently, the 
analgesic efficacy.[60] It has also been reported that 
excessive down-regulation of systems, including 
M2 muscarinic receptors or defective upregulation 
associated with compensatory mechanisms may 
contribute to the continuation of neuropathic 
pain.[62] Although T-type calcium currents 
did not change after acetylcholine application 
to cells which were transfected with M2/M4 
receptors,[20] according to the study of Zhang et 
al.,[22] alpha-cobratoxin-activated M4 muscarinic 
receptors had the inhibiting effect of T-type calcium 
channel currents in mice dorsal root ganglion 
neurons. The statistically significant difference 
between right paw pressure and hot plate test 
results of the CCI + 10 mg/kg Z944 and the CCI + 
1 mg/kg Atropine + 10 mg/kg Z944 groups revealed 
muscarinic activity in the effect of Z944, which 
may be related to M4 muscarinic receptor activity. 
However, further studies are needed to confirm the 
results.

T-type calcium channel activity was elevated 
by cells transfected with M3 receptors, according 
to a patch clamp study.[20] It has also been shown 
that M3 muscarinic receptors do not mediate 
antinociception at the spinal level in Sprague-
Dawley rats.[59] However, another study revealed 
that the activation of M3 muscarinic receptors 
in mice dorsal root ganglion neurons strongly 
inhibited T-type calcium channel currents and 
also mechanical, thermal and inf lammatory 
nociception via behavioral tests. The aforementioned 
experimental study showed that the analgesic effect 
of cobratoxin was blocked by atropine or the M3 
selective antagonist 4-DAMP.[21] In the current study, 
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the test results obtained by blocking muscarinic 
receptor activity in the CCI + 1 mg/kg Atropine + 
10 mg/kg Z944 group suggest that M3 muscarinic 
receptors may play a role in the mechanism of 
Z944 and this suggestion also requires further 
investigation.

The activation of M5 muscarinic receptors 
expressed in primary afferent neuron terminals 
potentiates primary afferent input, while increased 
glutamate release from spinal interneurons leads 
to indirect inhibition of primary afferent input 
via glutamate receptors. However, this excitatory 
potentiation effect of the M5 receptor was detected 
in M2 and M4 knockout mice.[47] Furthermore, 
no hybridization signal was detected for mRNAs 
expression of M1 and M5 muscarinic receptor 
subtypes in rat dorsal root ganglion via an in situ 
hybridization study.[63]

Nonetheless, there are some limitations to 
this study that should be acknowledged. First, the 
relationship between T-type voltage-gated calcium 
channels and muscarinic receptors in neuropathic 
pain involves complex cellular mechanisms 
and remains an area of active research, despite 
accumulating evidence in the literature. Second, the 
present study, using Z944—a novel experimental 
drug that inhibits the Cav3.1 and Cav3.2 subtypes of 
T-type voltage-gated calcium channels—investigates 
the behavioral consequences of this interaction.

In conclusion, our study results showed that 
Z944 had a dose-dependent increasing effect on 
mechanical hyperalgesia and thermal hyperalgesia of 
sciatic nerve-ligated rats. However, Z944 was not an 
effective analgesic on the non-sciatic nerve-ligated 
sides of rats. The right withdrawal responses of 
all CCI groups were also at lower pressure (g) 
than the left withdrawal responses of non-operated 
paws. This difference was not present in the 
non-operated Saline group. The analgesic effect of 
Z944 on sciatic nerve-ligated rats was inhibited by 
the non-specific muscarinic receptor competitive 
antagonist, atropine. Taken together, these results 
indicate that muscarinic activity is an contributing 
factor of Z944 analgesic effect on hyperalgesia of 
sciatic nerve-ligated rats. Building on the existing 
literature, the novel findings of the present study 
may provide a basis for further investigation of the 
underlying mechanisms involved. Future studies 
employing selective muscarinic antagonists, together 
with epigenetic approaches, may help elucidate the 
mechanisms underlying the observed effects.
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