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Matrine inhibits itching by lowering 
the activity of calcium channel
Xiao Geng1, Hao Shi1, Fan Ye1, Han Du2, Linnan Qian1, Leying Gu1, Guanyi Wu1, Chan Zhu1, 
Yan Yang1, Changming Wang1, Yuan Zhou1, Guang Yu  1, Qin Liu3, Xinzhong Dong  4,5, 
Lei Yu1 & Zongxiang Tang1

Sophorae Flavescentis Radix (SFR) is a medicinal herb with many functions that are involved in anti-
inflammation, antinociception, and anticancer. SFR is also used to treat a variety of itching diseases. 
Matrine (MT) is one of the main constituents in SFR and also has the effect of relieving itching, but the 
antipruritic mechanism is still unclear. Here, we investigated the effect of MT on anti-pruritus. In acute 
and chronic itch models, MT significantly inhibited the scratching behavior not only in acute itching 
induced by histamine (His), chloroquine (CQ) and compound 48/80 with a dose-depended manner, but 
also in the chronic pruritus models of atopic dermatitis (AD) and acetone-ether-water (AEW) in mice. 
Furthermore, MT could be detected in the blood after intraperitoneal injection (i.p.) and subcutaneous 
injection (s.c.). Finally, electrophysiological and calcium imaging results showed that MT inhibited the 
excitatory synaptic transmission from dorsal root ganglion (DRG) to the dorsal horn of the spinal cord 
by suppressing the presynaptic N-type calcium channel. Taken together, we believe that MT is a novel 
drug candidate in treating pruritus diseases, especially for histamine-independent and chronic pruritus, 
which might be attributed to inhibition of the presynaptic N-type calcium channel.

Itch, an unpleasant sensation that evokes a desire to scratch1, is one of the important physiological functions that 
humans and animals acquired during their long-term evolution. It includes acute and chronic itch; acute itch 
serves us well in guarding against environmental threats2; however, chronic pruritus is a burdensome illness that 
deeply impairs the life quality of millions every year3. Inflammatory factors, neuropathic injury, mental disorders 
and other diseases can cause different degrees of pruritus4–6. Lupus erythematosus, pityriasis lichenoides, psoria-
sis and atopic dermatitis (AD)-induced itching are associated with immune factors produced by the immune sys-
tem7–10. Postherpetic neuralgia (PHN), keloid scars, depression, anxiety, obsessive compulsive disorder, etc., are 
closely related to neuropathology and psychogenic pruritus11–14. Patients with end-stage chronic kidney disease, 
biliary cirrhosis and sclerosing cholangitis experience pruritus15,16. Recently, some new itch receptors have also 
been discovered. MrgprA3, MrgprC11 and MrgprD are expressed on the DRG neurons of the peripheral nervous 
system and feel the irritation of peripheral itching17–19. MrgprB2 is expressed only in mast cells and is involved 
in the formation of itch20. In the central nervous system, the gastrin-releasing peptide receptor (GRPR) plays an 
important role in mediating itch sensation21. These studies have led to a better understanding of the mechanisms 
of itch formation, but when we are faced with many patients who are suffering from itching and who feel helpless, 
new treatments and antipruritic drugs, including traditional Chinese herbal medicines, are becoming a strong 
desire and an urgent need. More and more researchers are also engaging in the field and trying to find more effec-
tive treatment methods and antipruritic drugs.

Sophorae Flavescentis Radix (SFR) has been used for treatment of viral hepatitis, cancer, enteritis, viral myo-
carditis, arrhythmia, and skin diseases in China, Japan and some European countries22–24. MT is a tetracycloquin-
olizindine alkaloid from SFR and is also its major component (chemical structure is shown in Fig. 1A)25,26. MT 
exhibits many biological activities and possesses a wide range of pharmacological effects. MT is associated with 
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antinociceptive effect on mechanical and cold stimuli in a mouse model of vincristine-induced neuropathic pain; 
the antinociceptive effect of MT is mediated mainly through activation of к opioid receptors and partially through 
µ opioid receptors27. Because the skeleton structure of the MT is completely different from those of conventional 
к opioid receptors agonists, such as ethylketocyclazocine and nalfurafine, the framework of MT has been a candi-
date for screening new analgesic drug that might not induce side effects such as dysphoria and psychotomimetic 
actions. A lead compound was identified by determining the essential structure required for the antinociceptive 
effects of MT28,29. Derivatives of this compound were synthesized with a variety of phenyl substituents and eval-
uated for their antinociceptive effects30.

Compared with these advances, studies on the anti-pruritus of SFR are relatively few. Because SFR has specific ther-
apeutic effects on pruritus and allergic symptoms with less side effects, it has become a very important candidate for 
some itch researchers to study on antipruritic drugs. SFR might alleviate allergic symptoms by inhibition of histamine 
signaling including mRNA levels of histamine H1 receptor (H1R) and histidine decarboxylase (HDC), H1R and HDC 
activities and histamine content31,32. When administrated orally at a dose of 200 mg/kg, SFR significantly inhibited ser-
otonin (5-HT)-induced itch behaviors and spontaneous scratching bouts of mice induced by an atopic dermatitis (AD) 
model; the inhibitory effect of SFR on 5-HT was a dose-dependent manner33.

These studies suggested that SFR and MT inhibited not only the histamine-dependent but also the 
histamine-independent-induced itch; however, the type and mechanism of SFR and MT anti-pruritus remained 
unclear. Therefore, in the present study, the antipruritic effects and underlying mechanisms of MT were investi-
gated at the behavioral, cellular and molecular levels. We demonstrated that MT could obviously inhibit different 
types of itching, including acute and chronic pruritus. Furthermore, the antipruritic effect of MT was achieved 
by inhibiting the N-type calcium channel on DRG neurons and blocking the synaptic transmission of DRG to 
the dorsal horn in the spinal cord. Our findings suggest that MT could be developed into a novel drug candidate 
in treating pruritus disorders, especially for some patients with chronic pruritus that are difficult to deal with.

Results
MT could inhibit acute and chronic pruritus. MT was a pyridine alkaloid compound; its molecular 
formula was shown in Fig. 1A. Histamine, chloroquine and compound 48/80 were used to induce acute itch 
in mice. Four doses of MT (30 mg/kg, 15 mg/kg, 6 mg/kg and 3 mg/kg) were designed by experiments to detect 
their inhibitory roles. The effects of MT on acute pruritus by subcutaneous injection of histamine, chloroquine 
and compound 48/80 are shown in Fig. 1B–D. After 30 min of MT treatment, the scratching behaviors induced 

Figure 1. MT could inhibit acute and chronic pruritus. (A) Chemical structure of MT. (B–D) Dose-
dependently inhibiting effects of MT (s.c.) on scratching bouts induced by 200 mM histamine, 8 mM 
chloroquine and 13 mM compound 48/80. (B) n = 5 in each group except n = 6 in 6 mg/kg MT group.  
(C) n = 7 in control and 30 mg/kg MT group and n = 5 in other group. (D) n = 5 in MT 3 mg/kg and 15 mg/kg  
group, n = 6 in other group. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, N.S., not significant. Tukey’s post-hoc analysis. 
(E) The time processing curves for the scratching behaviors of the animals treated with AEW (n = 18) and 
water (n = 5). The symptom of chronic itching was basically stable after the five days. *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, unpaired student’s t-test. (F) 30 mg/kg MT (s.c.) (n = 7) significantly decreased the scratching 
behaviors in the AEW chronic pruritus model on the 7th day compared to saline (n = 5) group. ***P ≤ 0.001, 
N.S., not significant, Tukey’s post-hoc analysis. (G) The time processing curves for the scratching behaviors of 
the animals treated with methods of AD model (n = 16) and olive oil (n = 8). The symptom of chronic itching 
was basically stable after nine days. **P ≤ 0.01, ***P ≤ 0.001, unpaired student’s t-test. (H) 30 mg/kg MT (s.c.) 
(n = 6) significantly decreased the scratching behaviors in the AD chronic pruritus model compared saline 
group (n = 5) on the 12th day. ***P ≤ 0.001, N.S., not significant, Tukey’s post-hoc analysis.
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by histamine (200 mM) were significantly decreased in a MT dose-dependent manner. The number of scratches 
reduced from 167.80 ± 13.56 (control, n = 5) to 37.60 ± 8.99 (30 mg/kg MT, n = 5, P < 0.001), 113.80 ± 16.84 
(15 mg/kg MT, n = 5, P < 0.05), respectively. However, when the dose of MT reduced to 6 mg/kg, it had no obvi-
ous inhibitory effect. If the dose of MT was further decreased to 3 mg/kg, the antipruritic effect disappeared. The 
number of scratches were 153.7 ± 18.63 (6 mg/kg MT, n = 6, P = 0.5697) and 168.0 ± 26.59 (3 mg/kg MT, n = 5, 
P = 0.9948), respectively (Fig. 1B).

MT could effectively inhibit the itching induced by chloroquine (CQ) (8 mM); the inhibitory effect of MT on 
chloroquine was stronger than that of histamine. The number of scratches in mice treated with different doses of 
MT reduced from 222.3 ± 10.64 (control, n = 7) to 6.857 ± 3.003 (30 mg/kg MT, n = 7, P < 0.001), 53.33 ± 21.54 
(15 mg/kg MT, n = 5, P < 0.001), and 79.00 ± 14.05 (6 mg/kg MT, n = 5, P < 0.001), respectively. And 3 mg/kg MT 
(257.3 ± 12.02, n = 5, P = 0.9170) had no effect on the scratching behaviors compared to control (Fig. 1C).

Compound 48/80 induced itch production by promoting histamine release and mast cell degranulation. 
The inhibitory effect of MT on compound 48/80-induced itching was similar to that of histamine. Compound 
48/80-induced scratching numbers under different doses of MT were reduced from 308.2 ± 18.58 (control, n = 6) to 
25.83 ± 10.06 (30 mg/kg MT, n = 6, P < 0.001), 174.6 ± 22.36 (15 mg/kg MT, n = 5, P < 0.01), respectively. 6 mg/kg  
MT (274.5 ± 22.97, n = 6, P = 0.2811) and 3 mg/kg MT (323.0 ± 21.84, n = 5, P = 0.6211) had no effect on the 
scratching behaviors compared to control (Fig. 1D).

AEW and AD models were employed in the MT test for chronic itching suppression. After two days of AEW 
treatment, the animals appeared to have obvious symptoms of scratching. With the prolonging of treatment time, 
the animals’ scratching behaviors further increased. Five days later, the number of scratches reached a maximum 
and in the next few days remained stable (Fig. 1E). Scratching behaviors on the 7th day in the AEW model could 
obviously be inhibited by 30 mg/kg MT (s.c.). The number of scratches significantly reduced from 100.4 ± 12.49 
(saline, n = 5) to 11.57 ± 8.15 (30 mg/kg MT, n = 7, P < 0.001). The control group (n = 6) compared with 30 mg/kg  
MT group (n = 7) were 83.83 ± 18.55 and 11.57 ± 8.15 (P < 0.01). However, the control group (n = 6) and the 
saline group (n = 5) were 83.83 ± 18.55 and 100.4 ± 12.49, with no significant difference (Fig. 1F).

A similar result also appeared on the AD model; the animal showed the pruritus syndrome in the process 
of AD modeling (Fig. 1G). Nine days later, the scratching behaviors reached the maximum and maintained a 
stable state. Then, MT was used for the detection of itch behaviors in the AD model; 30 mg/kg MT (s.c.) could 
significantly inhibit the pruritus behaviors of the AD model mice compared to the saline group on the 12th day 
(238.2 ± 42.24, n = 5 vs. 10.17 ± 6.95, n = 6, P < 0.001). The control group (n = 5) compared with 30 mg/kg MT 
group (n = 6) on the 12th day were 264.4 ± 41.39 and 10.17 ± 6.95 (P < 0.001). The control group (n = 5) and the 
saline group (n = 5) were 264.4 ± 41.39 and 238.2 ± 42.24 (P = 0.6695) (Fig. 1H). All results suggested that MT 
had an inhibition effect on chronic pruritus.

MT neither inhibited the activity nor affected the survival of DRG neurons. MT has been able 
to suppress acute and chronic pruritus. DRG is an important class of neurons that receive peripheral sensation 
including itch signal and send it to the spinal cord. We would like to detect whether the MT inhibited the activ-
ity of DRG, so we applied calcium imaging, and conducted cytotoxicity experiments. As shown in Fig. 2A–D, 
chloroquine (1 mM) and histamine (1 mM) evoked a remarkable Ca2+ influx in the DRG neurons. However, 
by pre-perfusion with 100 μM MT of the same neurons, the intensity of chloroquine and histamine-induced 
response did not change. The changes of reaction intensity were from 1 to 1.06 ± 0.092 (n = 25, P = 0.4598) in 
chloroquine (Fig. 2A,B) and from 1 to 0.9586 ± 0.0841 (n = 40, P = 0.6255) in histamine (Fig. 2C,D).

Furthermore, we explored the 3-(4,5)-dimethylthiahiazol(-z-y1)-3,5-di-phenytetrazoliumromide (MTT) 
assay to test the toxicity of the different MT concentrations in culture DRG neurons. As shown in Fig. 2E, MT 
did not affect the survival of DRG neurons, even at the concentration that reached 10 mM. However, in contrast 
to DRG neurons, the growth of HEK293 cells could be inhibited by MT and had dose-dependent properties 
(Fig. 2F). Although the IC50 of MT on growth of HEK293 cells was 141.37 μM, there was no statistically signif-
icant MTT optical density between 100 μM MT and the control group. Together, these results suggest that MT 
(100 μM) neither inhibited the activity nor affected the survival of DRG neurons.

Intraperitoneal injection of MT had the same anti-pruritus effect. Intraperitoneal injection 
of MT had a similar inhibitory effect on itching. Intraperitoneal injection of MT 30 mg/kg could significantly 
decrease the scratching behaviors induced by histamine (200 mM), chloroquine (8 mM) and compound 48/80 
(13 mM). The scratching numbers reduced from 96.00 ± 6.11 to 7.50 ± 4.03 (n = 3, P < 0.001) (histamine), from 
244.01 ± 11.55 to 38.00 ± 12.59 (n = 4, P < 0.001) (chloroquine) and from 475.23 ± 64.86 to 118.30 ± 33.10 (n = 4, 
P < 0.001) (compound 48/80) (Fig. 3A).

These results indicate that MT could act not only at the periphery, but also as a function of the center. Since 
MT is a compound that is easily soluble in water, it will quickly be able to get into the bloodstream. To make sure 
of the time MT was stuck in the blood, we measured the changes in blood concentrations of MT after 0.5, 1, 2, and 
4 hours. As shown in Fig. 3B, the concentrations in the blood after subcutaneous injection of 30 mg/kg MT were 
46.56 ± 5.56 µM (n = 3), 17.22 ± 2.57 µM (n = 3), 3.21 ± 0.46 µM (n = 3) and 0.33 ± 0.03 µM (n = 3) at 0.5, 1, 2, 
and 4 hours. As expected, intraperitoneal injection of MT 30 mg/kg could also enter the blood circulation, and the 
concentration-time curve was consistent with the subcutaneous injection. The blood concentrations of MT were 
32.79 ± 1.41 µM (n = 3), 9.99 ± 1.69 µM (n = 3), 2.94 ± 0.55 µM (n = 3) and 0.23 ± 0.03 µM (n = 3) at 0.5, 1, 2, and 
4 hours. The same effect of MT on relieving itching by neck subcutaneous injection and intraperitoneal injection 
indicated that MT might play a role in spinal cord segments through the circulation of blood.
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MT mainly inhibited N-type calcium channel on DRG neurons. MT neither affected the survival of 
DRG cells nor changed the Ca2+ influx of chloroquine and histamine-induced responses. Next, we asked whether 
the inhibition of MT altered the function of certain ion channels on DRG neurons. We examined different ion 
channels on DRG neurons and found that MT inhibited calcium-related ion channels.

As shown in Fig. 4A, the total Ca2+ currents were evoked by a train of depolarizing steps command voltage 
(Δ = 10 mV) from −70 to +50 mV with a duration of 300 ms. After 100 µM MT perfusion, the total Ca2+ cur-
rents significantly decreased (Fig. 4A,B). The peak current density of total Ca2+ currents were −80.23 ± −13.22 
vs. −32.56 ± −9.96 pA/pF (n = 5, P < 0.01) (Fig. 4C) before and after MT perfusion. MT-induced inhibition 
diminished after washout with extracellular solution, which suggested that the drug action was reversible. Next, 
we infused the DRG neurons with different concentrations of MT (3, 10, 30, 100 and 300 µM) and made the 
dose-Ca2+ currents curve (Fig. 4D). The half-maximal inhibitory concentration (IC50) of MT was 42.01 µM. We 

Figure 2. MT did not influence the Ca2+ influx evoked by chloroquine and histamine and survival of DRG 
neurons. (A) The representative trace displayed intracellular Ca2+ influx induced by 1 mM chloroquine, 
and 100 µM MT showed no effect to DRG neurons. MT did not influence the baseline too. (B) MT did not 
change the intensity of chloroquine-induced calcium influx in DRG neurons, n = 25 in each group. N.S., not 
significant, paired student’s t-test. (C) The representative trace displayed intracellular calcium flux induced by 
1 mM histamine, and 100 µM MT showed no effect on DRG neurons. (D) MT did not change the intensity of 
histamine-induced calcium influx in DRG neurons, n = 40 in each group. N.S., not significant, paired student’s 
t-test. (E) The MTT optical density of alive DRG neurons before (n = 5) and after being treated by pure DMSO 
(n = 3), 10 mM MT (n = 4), 1 mM MT (n = 4), 100 μM MT (n = 4) and 10 μM MT (n = 4). N.S., not significant. 
Tukey’s post-hoc analysis. (F) The dose-response curve of MT to inhibit the MTT optical density of alive 
HEK293 cells. n = 5 in each concentration. Group data presented by mean ± SEM.
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found that although we raised the concentration to 1 mM, the inhibitory effect of MT did not change significantly 
compared to 300 µM MT. It suggested that the MT Cmax was 300 µM, and that the 100 µM MT that we used was a 
suitable concentration. We also tested the effect of MT on the activation and inactivation of Ca2+ channels; how-
ever, the activation and inactivation curve of Ca2+ channels had no significant difference before and after 100 µM 

Figure 3. Antipruritic effect and detection in blood of MT intraperitoneal injection. (A) Like subcutaneous 
injection, intraperitoneal injection of 30 mg/kg MT also significantly decreased the scratching behavior 
induced by 200 mM histamine, 8 mM chloroquine and 13 mM compound 48/80, n = 4 in each group. 
***P ≤ 0.001, unpaired student’s t-test. (B) Average plasma concentration-time relationships curves of MT after 
intraperitoneal or subcutaneous injection of 30 mg/kg MT, n = 3 in each time point. Group data presented by 
mean ± SEM.

Figure 4. MT inhibited Ca2+ currents in DRG neurons. (A) MT attenuated the whole cell Ca2+ currents evoked 
by a step depolarization in DRG neurons and the effect could be washed out. (B) Average whole cell Ca2+ 
current density-voltage relationships curves of tested DRG neurons under 100 µM MT perfusion and washed 
out (n = 5). (C) The peak current density in MT perfusion and washout states. n = 5 in each group. *P ≤ 0.05, 
**P ≤ 0.01. Tukey’s post-hoc analysis. (D) Dose-response curve of MT for peak Ca2+ current, n = 5 in each 
point. (E) Activation curve of whole cell calcium channels before and after 100 µM MT perfusion, n = 5 in each 
group. (F) Inactivation curve of whole cell calcium channels before and after 100 µM MT perfusion, n = 5 in 
each group. Group data presented by mean ± SEM.
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MT perfusion. The V1/2 act and V1/2 inact were −21.57 mV vs. −21.60 mV and −19.01 mV vs. −17.8 mV before and 
after 100 µM MT perfusion, respectively (Fig. 4E,F).

Since the voltage-gated Ca2+ channels were divided into two categories, low-voltage-activated (LVA) and 
high-voltage-activated (HVA), we wanted to know which type of calcium channels the MT worked on. The results 
indicated that the application of 100 µM MT in bath solution strongly inhibited HVA Ica but not LVA Ica (Fig. 5A). 
Current-time curves also showed that the HVA Ica current was decreased with MT addition; after MT perfusion, 
it recovered gradually (Fig. 5B). The HVA Ica reduced from 1.644 ± 0.362 to 0.743 ± 0.216 nA (n = 10, P < 0.001) 
(Fig. 5C). Then, we determined which subtype of HVA channel was modulated by MT. We treated neurons with 
antagonist to N-type (ω-conotoxin GVIA, 1 µM, n = 11) or L-type (nimodipine, 2 µM, n = 12) channel, and then 
added MT to the same neuron. We found that N-type or L-type blockers alone could partly block the inhibition 
effect of MT on HVA Ica current; however, the two blockers together totally blocked the effect of MT (Fig. 5D–F). 
These findings suggested that MT inhibited both N-type and L-type channels in mouse DRG neurons. In addi-
tion, compared to N-type blocker alone, the inhibition effect of N-type blocker and MT was not very significant: 
the inhibitory rates were 44.25 ± 5.09% and 50.90 ± 5.09% (n = 12, P < 0.05), respectively. By contrast, the inhib-
itory rates of L-type blocker alone and MT were 21.10 ± 3.92% and 42.76 ± 6.08% (n = 11, P < 0.001); there were 
very significant statistical differences (Fig. 5F). These results suggest that the inhibitory effect of MT on HVA Ica 
current is mainly by inhibiting the N-type calcium channel.

The inhibitory effect of MT was on the presynaptic membrane rather than on the postsynaptic 
membrane in lamina II neurons. N-type calcium channel played a vital role in excitatory synaptic trans-
mission, and MT mainly inhibited the N-type calcium channel in mouse DRG neurons. We naturally thought 
that MT might be involved in the transmission of peripheral signals to the center. To obtain data support, we 
completed electrophysiological experiments on superficial neurons in the dorsal horn of the spinal cord slices.

In lamina II of the spinal cord slices, the baseline frequency of spontaneous excitatory postsynaptic cur-
rent (sEPSCs) was 3.51 ± 0.87 Hz in seven recorded neurons. When using 100 µM MT to incubate the spi-
nal cord slices, the frequency of sEPSCs obviously decreased from 3.51 ± 0.87 Hz to 1.01 ± 0.42 Hz (n = 5, 
P < 0.001) (Fig. 6B,C and E), but the amplitudes of sEPSCs in these neurons had no significant effects and were 

Figure 5. MT inhibited HVA Ca2+ currents of N-type and L-type calcium channel. (A) The protocol of 
stimulus and traces of LVA ICa (−80 to −40 mV, 20 ms) and HVA ICa (−60 to 10 mV, 20 ms). Inward current 
traces were evoked by depolarization during bath application of MT and washed out. (B) Current-time curves 
of MT to inhibit the HVA ICa. (C) Histogram of HVA ICa current intensity during application and washout of 
MT, n = 10 in each group. **P ≤ 0.01, ***P ≤ 0.001, Tukey’s post-hoc analysis. (D) Stimulation protocols for 
inducing calcium channels and current traces under blockers of N-type (GVIA, 1 µM), L-type (nimodipine, 
2 µM) and N-type + L-type. On the same neurons to run the protocol, the inhibitory effect of 100 µM MT (red 
line) was also detected and compared with the inhibitory effect of other calcium channels blockers. (E) The 
current-time curve relationships of three substances (MT, GVIA and nimodipine) to inhibit HVA ICa. (F) The 
inhibition percentage of N-type blockers (n = 12), L-type blockers (n = 11) and N- and L-type blockers together 
(n = 14) with and without MT perfusion to inhibit HVA Ica current. MT could inhibit the action of N-type and 
L-type calcium channels, but the inhibitory effect of MT on N-type was stronger than that of L-type. *P ≤ 0.05, 
***P ≤ 0.001, N.S., not significant, paired student’s t-test. Group data presented by mean ± SEM.
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−77.83 ± 14.51 mV and −71.53 ± 15.62 mV (n = 5, P = 0.316, paired t-test) (Fig. 6B,D and F). These results sug-
gest that MT inhibits the presynaptic release of glutamate rather than postsynaptic glutamate action.

To elucidate the presynaptic inhibitory effect of MT on the spinal dorsal horn, we recorded evoked excitatory 
postsynaptic current (eEPSCs) after high-intensity paired-pulse stimulation (150–500 µA, 0.1 ms, 400 ms apart, 3 
tests/min) applied at the dorsal root. We used paired-pulse stimulation to calculate the paired-pulse ratio (PPR; 
2nd eEPSC amplitude/1st eEPSC amplitude). The change in PPR was used to assess whether the inhibition of post-
synaptic response by a drug might involve a decrease in presynaptic release of excitatory neurotransmitters. We 
observed that there was a statistically significant decrease of first eEPSC amplitude after MT perfusion (Fig. 7A,B). 
Also, the application of MT significantly increased the paired-pulse ratio from 0.49 ± 0.13 to 0.77 ± 0.06 (n = 6, 
P < 0.01) in responsive cells (Fig. 7C), in accordance with the results of sEPSC that MT inhibited the presynaptic 
release of glutamate. Moreover, to eliminate the postsynaptic effect of MT on glutamatergic EPSC, we tested 
whether MT would change current responses elicited by exogenous application of glutamate (1 mM). MT caused 
no change (n = 5, 86.56 ± 0.06% of control, P = 0.067) in amplitude of inward current induced by glutamate 
(Fig. 7D,E). This also suggests that the action of MT is a presynaptic rather than a postsynaptic mechanism.

Figure 6. MT inhibited the frequency instead of amplitude of glutamatergic sEPSCs in lamina II neurons. (A) 
Patterns of electrode recording and stimulation sites were shown on spinal cord slice. The recording electrode 
was located on the substantia gelatinosa (SG, lamina II) neuron, and the stimulating electrode was located in 
the dorsal root of the spinal cord. (B) Spontaneous inward currents were recorded and the inhibitory effect of 
100 μM MT on the substantia gelatinosa (SG, lamina II) neurons was shown. (C,D) Cumulative plots showed 
changes in the frequency and amplitude of glutamatergic sEPSCs after 100 μM MT perfusion in lamina II 
neurons. (E,F) The perfusion of MT reduced the firing frequency (n = 7) of the lamina II neurons, but did not 
change the amplitude (n = 5) of sEPSCs. ***P ≤ 0.001, N.S., not significant, paired student’s t-test. Group data 
presented by mean ± SEM.



www.nature.com/scientificreports/

8SciEntific RepoRTS |  (2018) 8:11328  | DOI:10.1038/s41598-018-28661-x

Discussion
Pruritus is a very uncomfortable feeling that leads to the desire or reflex to scratch. Approximately one-tenth of 
the population suffers from this symptom, and this rate is even higher among old people1. It seriously affects the 
quality of life of patients. However, causes of pruritus are complex, which makes it difficult to cure. In the clinic, 
anti-histamines are the most commonly used antipruritic drugs, but the scope of treatment is very limited. Until 
now, the vast majority of histamine-independent and chronic pruritus has had no effective drug or therapy treat-
ments, and it becomes a worldwide problem34,35. MT has already been used to treat some diseases such as hepa-
titis, enteritis, and atopic dermatitis in clinics in China36. Because the medicinal qualities of anti-inflammation 
and immunity-regulation, intramuscular or intravenous injection of MT can also alleviate and cure chronic HBV, 
eczema and contact dermatitis, which are usually accompanied by itching symptoms37,38.

In the present study, we described a role for MT in antipruritic effects. First, subcutaneous injection of MT 
could inhibit the scratching behaviors not only induced by histamine, chloroquine and compound 48/80 with a 
dose-dependent manner, but also in chronic pruritus models of AD and AEW. Second, intraperitoneal injection of MT 

Figure 7. MT inhibited the evoked synaptic responses in lamina II neurons, but the inward currents induced by 
exogenous glutamic acid were not affected. (A) The response traces of evoked excitatory postsynaptic currents 
(eEPSCs) to high-intensity, paired-pulse stimulation (500 µA, 0.1 ms, 400 ms interval) and application of 100 µM 
MT to lamina II neurons. The black and red lines indicated the response of the control and the 100 µM MT 
administration. (B) MT obviously decreased the eEPSC amplitude (n = 6). **P ≤ 0.01, paired student’s t-test. 
(C) MT significantly increased the paired-pulse ratio (PPR; 2nd eEPSC amplitude/1st eEPSC amplitude) (n = 6). 
**P ≤ 0.01, paired student’s t-test. (D) Whole-cell currents evoked by exogenous application of glutamate and 
100 µM MT perfusion. (E) MT did not affect exogenous glutamate induced inward currents (n = 5). N.S., not 
significant, paired student’s t-test. Group data presented by mean ± SEM.
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also had the same antipruritic effect as subcutaneous injection of MT. MT could be detected in the blood after the two 
injection methods. This suggested that MT might get into the spinal cord via blood circulation. Finally, electrophysio-
logical experiments demonstrated that MT inhibited the excitatory synaptic transmission from DRG to the dorsal horn 
of the spinal cord by suppressing presynaptic N-type calcium channel, instead of by direct inhibition of DRG neuronal 
activity. These results provided strong evidence that MT had great potential value in the treatment of pruritus.

In consideration of so many kinds of pruritus that MT could inhibit, we speculated that the mechanism of 
the antipruritic effect of MT might be involved in the inhibition of production or transmission of itch signals. 
However, our calcium imaging results showed that MT itself did not directly act on the DRG neurons. Moreover, 
MT did not influence histamine or chloroquine-induced calcium influx in DRG neurons. These results suggested 
that MT could not directly inhibit the ligand-induced calcium influx of soma of DRG neurons to relieve itching.

Voltage-gated calcium channels (VGCC) are expressed in most excitable cells, playing an important role in 
neuronal excitability and neurotransmitter release39–42. It is well recognized that all VGCC subtypes are found 
expressed throughout the DRG and the spinal cord, with a prominent expression of N-type VGCC, which are 
essential for cellular signaling and are key participants in peripheral sensitization43,44. Inhibition of N-type chan-
nels, such as N-type antagonist MVIIA and Phα1β, is a mechanism for inhibiting neurotransmitter release and 
spinal itch signal transmission45. Our findings showed that MT inhibited the HVA Ica, and that the inhibition of 
MT could be prevented by pretreatment with a blocker of N-type. The influence of MT on the N-type channels 
demonstrated that MT might attenuate excitatory neurotransmission in the superficial dorsal horn cells that 
received input from the DRG. Accordingly, bath application of MT to spinal cord slices decreased the frequency 
instead of the amplitude of sEPSC. Furthermore, MT also inhibited the eEPSC and increased the PPR in these 
superficial dorsal horn cells, which suggested that it might involve a decrease in excitatory neurotransmitter 
release from central terminals of DRG neurons. Also, MT did not block the inward current induced by glutamic 
acid that was exogenously added. All together, these findings pointed to a presynaptic instead of postsynaptic 
mechanism of MT to the inhibition of neurotransmitter release and spinal itch transmission.

It is well known that N-type channel in DRG neurons is important for cellular signaling and is a key participant 
in peripheral sensitization that leads to exaggerated pain46,47. It is not difficult to think of the inhibition of MT on 
the N-type channels of DRG suggesting that MT may have an analgesic effect. Indeed, in both chronic constriction 
injury and chemically induced neuropathic pain models, MT at the dose of 30 mg/kg (i.p.) increased the paw with-
drawal threshold, paw withdrawal latency, and the counts of paw withdrawal compared to the control groups48,49. 
In addition, MT attenuated the expression of inflammatory and oxidative stress factors in these neuropathic pain 
models48. Our results showed that MT could achieve significant antipruritic effect by inhibiting N-type channel, 
after half an hour intraperitoneal or subcutaneous injection of MT. It seemed that the analgesic effect and antipru-
ritic effect of MT were not accomplished by the same mechanism. Previous studies found that pretreatment with a 
kappa-opioid receptor (KOR) antagonist attenuated but did not completely block the MT-induced antinociceptive 
effect in the mouse tail-flick and warm-plate test27,50,51. However, another report showed that the antinociceptive 
effect of MT was attenuated by muscarinic receptor antagonist atropine and pirenzepine but not by naloxone, 
which was a peripherally acting opioid receptor. And MT had no affinity for mu-, kappa- or delta-opioid recep-
tors52. These results suggested that even KOR could block the effect of MT, but there were still other mechanisms 
for the analgesic effect. Actually, neuropathic pain has been linked with a rise in neuronal calcium levels followed 
by enhancement of the oxidative stress markers (free radicals) and inflammatory cytokines, etc.53,54. This sug-
gested that the inhibitory effect of MT on neuropathic pain might also be mediated by the calcium channels.

The N-type calcium channel antagonist, MVIIA, was approved to be used clinically as a spinally delivered 
analgesic to control untreatable pain; it was also found to have a significant antipruritic effect45. But drugs such 
as MVIIA only work when they are administered by intrathecal injection. Compared to subcutaneous injection, 
intrathecal injection is less convenient and increases the risk of infection, internal bleeding, and spinal cord 
injury55,56. Our results showed that MT could be absorbed into the blood circulation by intraperitoneal and sub-
cutaneous injection and sent into the spinal cord. A more convenient route of administration suggested that MT 
had more advantages as an antipruritic drug. In addition, 30 mg/kg MT of intraperitoneal injection did not alter 
the rotarod performance time or spontaneous locomotor activity compared to the control group48,49. Therefore, 
MT did not have an apparent effect on motor function. Moreover, the results of the MTT test indicated that even 
high concentrations of MT (up to 10 mM) had no influence on the survival of neurons. Considering the extensive 
clinical applications of MT in various diseases such as hepatitis57, all these results suggested that MT could be a 
powerful potential anti-pruritus drug without obvious side effects.

Taken together, to our knowledge, we demonstrated for the first time that inhibition of presynaptic N-type cal-
cium channel was an important mechanism underlying the antipruritic effect of MT. Given the present results and the 
long history of safe application of SFR in anti-pruritus, we believe that our results provide a promising opportunity 
for developing new drugs in treating pruritus diseases, especially for histamine-independent and chronic pruritus.

Experimental procedures
Animals. C57BL/6 male mice (8–10 weeks) were used for behavioral testing (Experimental Animal Center, 
Nanjing University of Chinese Medicine, Nanjing, China). The study was performed in accordance with rele-
vant guidelines and regulations of the Institutional Animal Care and Use Committee of the Nanjing University of 
Chinese Medicine. All experimental protocols were approved by the International Association for the Study of Pain.

AEW and AD treatment. Mice were housed in a temperature-controlled animal room (22 ± 2 °C) under 
a 12-h light/dark cycle, with free access to food and water. They were acclimated to the testing environment for 
30 min before the initiation of behavioral tests. And the animal behaviors were analyzed by investigators who 
were blind to genotype and animal treatment condition.
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To experimentally induce dry skin, we treated the nape of the neck of mice with acetone-ether-water (AEW), 
as reported previously58. Animals were shaved at the nape of the neck in the first three days before starting treat-
ment. A mixture of acetone and diethylether (1:1) was applied to the shaved area for 15 s, followed immediately 
by distilled water for 30 s. The control group just used cotton wetted by water for 45 s instead. The animals were 
treated twice daily.

For AD model, animals were shaved at the nape of the neck and abdomen fur, 150 μL 0.5% DNFB dissolved 
in an acetone: olive oil mixture (4:1) was applied into the abdomen for sensitization (day −4). From day 0 to day 
11, 0.2% DNFB dissolved in an acetone: olive oil mixture (4:1) (model group) and olive oil (control group) were 
applied to challenge the shaved area of neck (50 μL) and three times a week.

Behavioral test. For the chronic itch test, scratching behaviors in model mice with AEW or AD were sur-
veyed for 30 min after molding treatment. On the 7th day or 12th day of treatment, we adopted subcutaneous injec-
tion of MT (30 mg/kg, 50 μL, dissolved in saline) or saline at the treated area. Then the scratching behaviors were 
observed for another 30 min. A bout of scratching was defined as a continuous scratching movement with a hind 
paw directed at the treated site or drug injection site. The bouts were obtained from the number of subtractions 
after injection.

For an acute experimental test, different concentrations of MT (3, 6, 15, 30 mg/kg) were treated with the nape 
of the neck by subcutaneous injection or intraperitoneal injection for 30 min. Then, the histamine (200 mM), 
chloroquine (8 mM), or compound 48/80 (13 mM) was injected into the same area of the neck and the scratching 
behaviors were observed for another 30 min.

Culture of dissociated DRG neurons. DRG neurons were collected in ice cold DH10 medium (90% 
DMEM/F-12, 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, Gibco). Dissociated DRG neurons were 
then digested for 30 min at 37 °C in a protease solution (5 mg/mL dispase, 1 mg/mL collagenase type I in HBSS 
without Ca2+ or Mg2+, Gibco). After digestion, DRGs were triturated to free neurons and then neurons were 
collected by centrifugation (1000 rpm, 5 min). Cells were plated on the coverslips with poly-D-lysine (0.5 mg/mL,  
Sigma, Aldrich, USA) and laminin (10 mg/mL, Sigma, Aldrich, USA) coated, and 1‰ neuron growth factor 
(NGF, dissolved in DH10) was added into the media. All these cells were incubated at 37 °C, 5% CO2 for 16–18 h 
before the calcium imaging experiment.

Whole-cell voltage-clamp recordings from DRG neurons. DRG neurons were identified by inverted 
microscopy (ZEISS, Axio Oberver D1, Germany). Coverslips were transferred into a chamber with the extra-
cellular solution. Whole-cell current clamp and voltage-clamp recording experiments were performed at room 
temperature (23–25 °C) using a Multi-clamp 700B amplifier and Digital 1440 with pClamp10 software (Molecular 
Devices, USA).

Signals were sampled at 20 kHz and filtered at 2 kHz. The patch pipettes were pulled from borosilicate glass 
capillaries using a P-97 micropipette puller (Sutter Instrument) and had a resistance of 3–5 MΩ for patch-clamp 
recordings. The series resistance was routinely compensated at 60–80%. The resting membrane potential was 
recorded for each neuron under the current-clamp mode after stabilization (within 3 min). Neurons whose seal 
resistance were below 1 GΩ after breaking the cell membrane and whole-cell recording formation were excluded 
from analysis. The liquid junction potential was 8 mV and corrected. A single intact action potential was induced 
by a series of depolarizing current steps, each of 2 ms duration, increments of 50 pA through the recording elec-
trode. The internal solution contained the following (in mM): KCl 135, MgATP 3, Na2ATP 0.5, CaCl2 1, EGTA 2, 
glucose 5, with pH adjusted to 7.38 using KOH, and osmolarity adjusted to 300 mOsm with sucrose. The external 
solution contained the following (in mM): NaCl 140, KCl 4, CaCl2 2, MgCl2 2, HEPES 10, glucose 5, with pH 
adjusted to 7.4 using NaOH, and osmolarity adjusted to 310 mOsm with sucrose.

For voltage-gated calcium (Cav) current recording, the intracellular pipette solution contained (in mM): 
CsCl 135, CaCl2 1, MgCl2 2, MgATP 1.5, Na2GTP 0.3, EGTA 11, HEPES 10, with pH of 7.3 and osmolarity of 
310 mOsm. The total calcium currents were evoked in response to depolarization steps to different testing poten-
tials from −70 mV to +50 mV in 10 mV increments with a duration of 300 ms, preceded by a 500 ms prepulse of 
−90 mV. LVA Ica was evoked at −40 mV (20 ms) from a holding potential of −80 mV, and HVA Ica was evoked at 
10 mV (20 ms) from a holding potential of −60 mV or −80 mV, repeated every 20 s. We used neurons with HVA 
Ica (10 mV)/Ica (−40 mV) > 1 for drug testing to limit the potential contamination of small HVA currents from 
residual LVA currents. The voltage dependence of current activation was obtained by depolarizing from −80 mV 
to +30 mV in 10 mV increments with a duration of 80 ms, preceded by a 100 ms prepulse of −70 mV, and esti-
mated using a modified Boltzmann function to fit normalized I-V data: G/Gmax = 1/(1 + exp ((V1/2 act − Vm)/κ)), 
where G is conductance, Vm is the test potential, V1/2 act is the mid-point of activation, and κ is the slope factor. 
Steady-state inactivation relationships (or availability curves) were obtained by depolarizing to −10 mV for 50 ms 
after a prepulse of 500 ms depolarizing steps from −80 mV to +20 mV in 10 mV increments and estimated by 
fitting averaged data to a standard Boltzmann function: I/Imax = 1 + exp ((Vm − V1/2 inact)/κ), where Imax is the max-
imal current recorded at −30 mV, V1/2 inact is the midpoint of steady-state inactivation, and κ is the slope.

Whole-cell voltage-clamp recordings from spinal cord slices. To prepare spinal cord slices, we first 
performed a laminectomy in adult (4-week-old) C57BL/6 mice that were deeply anesthetized with CO2, then 
the lumbosacral segment of the spinal cord was rapidly removed and placed in ice-cold, low-sodium Krebs solu-
tion (in mM: NaCl 95, KCl 2.5, NaHCO3 26, NaH2PO4-2H2O 1.25, MgCl2 6, CaCl2 1.5, glucose 25, sucrose 50, 
saturated with 95% O2/5% CO2). The tissue was trimmed and mounted on a tissue slicer (Vibratome VT1200, 
Leica Biosystems, Buffalo Grove, IL). Transverse slices (400 µm) with attached dorsal roots were prepared and 
incubated in normal Krebs solution (in mM: NaCl 125, KCl 2.5, NaHCO3 26, NaH2PO4-2H2O 1.25, MgCl2 1, 
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CaCl2 2, glucose 25, saturated with 95% O2/5% CO2). The slices recovered at 34 °C for 40 min and then at room 
temperature for an additional hour before being used for experimental recordings. For electrophysiology record-
ing, slices were transferred to a low-volume recording chamber, which was perfused with normal Krebs solution 
at a rate of 2 mL/min and bubbled with a continuous flow of 95% O2/5% CO2. Whole-cell patch-clamp recording 
of lamina II cells was carried out under oblique illumination with an Olympus fixed-stage microscope system 
(FV1200, Olympus, Japan). Data were acquired by a Multi-clamp 700B amplifier and Digital 1550 with pClamp10 
software (Molecular Devices, USA). We fabricated thin-walled glass pipettes (Sutter Instruments, Sarasota, FL) 
that had a resistance of 3–6 MΩ and were filled with internal solution (in mM): K-gluconate 120, KCl 20, MgCl2 2,  
EGTA 0.5, Na2ATP 2, Na2GTP 0.5 and HEPES 20. To minimize inhibitory postsynaptic current contamination 
of EPSC recording, all recordings were made in the presence of SR95531 (10 μM) and strychnine (5 μM) in the 
external solution, to block GABAA and Glycine receptor, respectively. A seal resistance of at least 1 GΩ and an 
access resistance of 20–35 MΩ were considered acceptable. Spontaneous EPSCs (sEPSCs) were recorded at a 
holding potential of −70 mV. For evoked EPSC (eEPSC), we delivered paired-pulse test stimulation to the dorsal 
root entry zone consisting of two synaptic volleys (150–500 µA, 0.1 ms) 400 ms apart at a frequency of 0.05 Hz. To 
study membrane currents elicited by exogenous transmitters, L-glutamate was applied from glass pipettes to the 
soma of the recorded neuron by short (10 s) pressure pulses.

Calcium imaging. For calcium imaging experiments, the cells were loaded with Fura-2-acetomethoxyl ester 
(molecular Probes, Eugene, OR, USA) in HBSS solution for 30 min in the dark at room temperature. After wash-
ing 3 times, the glass coverslips were placed into a chamber and perfused with normal solution (in mM): NaCl 
140, KCl 5, HEPES 10, CaCl2 2, MgCl2 2, glucose 10 and pH 7.4 with NaOH to adjust. A high-speed, continuously 
scanning, monochromatic light source (Polychrome V, Till Photonics, Gräfeling, Germany) was used for excita-
tion at 340 and 380 nm, enabling us to detect changes in intracellular free calcium concentration.

MTT assay. To investigate the effect of MT on the survival of cells, cell viability of DRG neurons or HEK293 
cultured were tested by the MTT assay. Cells at a density of 5 × 103 cells/well were seeded into each well in black 
well 96-well plates (Sigma, Aldrich, USA). After being cultured for 24 hours, cells were incubated by MT at 0.01, 
0.1, 1 and 10 mM concentrations or pure DMSO. After another 24 hours, 10 µL tetrazolium bromide, 3-(4,5-dim
ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 1 mg/ml) (Sigma, Aldrich, USA) was added and cells 
were cultured at 37 °C for 4 hours. And then the medium was removed and DMSO (100 µL) was added. The 
optical density as the parameter of cell viability was measured at 570 nm with a microplate reader (Multiskan EX, 
Thermo, Ventana, Finland).

HPLC-MS/MS assay. Twelve C57BL/6 mice were divided into two groups: One group of animals was shaved 
at the nape of the neck and the MT 30 mg/kg was injected by subcutaneous injection; the other group was injected 
MT 30 mg/kg with intraperitoneal injection manner. Blood samples were collected from mandibular vein at 0.5, 
1, 2 and 4 hours after MT treatment. Then, the samples were centrifuged at 3000 rpm for 5 min and the plasma was 
isolated. The plasma samples (10 μL) were added to the acetonitrile solution (200 μL) containing 10 ng/mL dex-
amethasone and the mixture (1 μL) was prepared for HPLC-MS/MS test. The following modular HPLC-MS/MS 
system was used: Agilent 1200 HPLC-MS/MS instrument (Agilent, USA). The analytical column (2.1 × 150 mm, 
2.5 µm) was packed with Kromasil C18 (2.5 µm). The mobile phase was composed of acetonitrile and water 
(50:50). The flow rate was 0.6 mL/min and the temperature was 40 °C. The mass spectrometry conditions were 
electrospray ionization with multi-channel response monitor manner. The test gas pressure: atomized gas 50 psi, 
heating auxiliary gas 50 psi, curtain gas 35 psi, collision gas 25 psi. Cluster voltage was 80 V, collision voltage was 
10 V and collision pool outlet voltage was 17.5 V. Before blood MT concentration test, standard control plasma 
samples at 1, 2, 10, 30, 100, 300, 1000, 2700 and 3000 ng/mL were prepared by adding to the blank plasma with 
atorvastatin. The control sample was tested with HPLC-MS/MS as mentioned above and we could get a standard 
ion peak-concentration curve. Then, through comparing ion peak of MT plasma and standard plasma, the MT 
plasma concentration could be achieved.

Data analysis. Electrophysiological data were analyzed and fitted using Clampfit (Axon Instruments, Foster 
City, CA) and Origin Pro 8 (Origin Lab, USA) software. All data were analyzed by ANOVA or two-tailed stu-
dent’s t-test, and expressed as means ± standard errors of the means (SEM). The statistical significance was set at 
P < 0.05.

Significance
Chronic pruritus is a disease that is often refractory to the current available medications and seriously com-
promises the life quality of patients. As a traditional Chinese medicine, Sophorae Flavescentis Radix (SFR) has 
been widely used in treatment of chronic pruritus. To further develop and rationally use SFR in the treatment of 
pruritus patients, the antipruritic mechanism of MT, we studied a major active component of SFR. We found that 
MT had an anti-pruritus effect similar to SFR in the mouse models of acute and chronic pruritus. It was further 
proved that the anti-pruritus effect of MT was by inhibiting the presynaptic N-type calcium channel. These find-
ings would provide an important reference and guidance for the clinical application of MT.
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