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Sensory-selective nerve blockade is highly useful for pain management in clinical practice, but 
developing such blockers remains challenging. A major handicap is the lack of objective in vivo 
animal models to evaluate motor and sensory nerve conduction simultaneously. Due to anatomical 
structures, motor evoked potentials (MEPs) and/or somatosensory evoked potentials (SSEPs) may 
be used to assess nerve conduction. MEPs were elicited by stimulating motor cortex and recorded 
from contralateral hind limb. SSEPs were generated by stimulating sciatic nerve and recorded from 
contralateral sensory cortex. Amplitude/latency changes were recorded under various physiological 
conditions (e.g., anesthesia, durations, temperatures, and oxygen) and drug interventions for 
validation. Compared to sevoflurane, propofol minimally inhibited MEPs at sedative doses and 
was therefore used during recordings. Both hypothermia (34–36 °C) and hyperthermia (38–40 
°C) significantly suppressed MEP and SSEP amplitudes (P < 0.0001). Reduced oxygen saturation 
(SaO2) decreased MEP amplitudes (P < 0.0001), and the amplitudes were strongly correlated with 
SaO2 (R2 = 0.8284). For selective blockade validation, lidocaine suppressed both MEP and SSEP 
amplitudes below 20% of baseline (P < 0.0001), confirming non-selectivity. In contrast, QX-314/
capsaicin selectively suppressed SSEPs (P < 0.0001), while MEPs remained stable. This model is stable 
for evaluating selective nerve blockade in vivo for at least 60 min under controlled physiological 
conditions.
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Local anesthetics are widely used in clinical settings, are regionally injected, and have few systemic side effects1. 
However, currently used local anesthetics have no selectivity between sensory and motor nerve blockade 
(e.g., lidocaine and bupivacaine), which limits their application in postoperative pain management. The ideal 
postoperative analgesic is a sensory-selective nerve blocker that blocks pain transmission while maximizing 
the retention of motor function to facilitate early mobilization2. A previous study showed that excessive motor 
blockade not only prolongs postoperative recovery time but also increases the risk of motor-related complications, 
such as deep vein thrombosis and lung infections3. Therefore, the development of novel local anesthetics that 
exhibit effective analgesia while preserving motor function is urgently needed for clinical anesthesia4.

Currently, studies of local anesthetics primarily rely on neurobehavioral examinations. These studies mainly 
include assessing animal responses to thermal pain5 and mechanical pain6 to reflect the sensory nerve blockade 
effect, while methodologies such as Bioseb grip strength testing7 and the extensor postural thrust test8 are used 
to evaluate motor blockade. However, these behavioral methods are subjective and do not allow direct, precise, 
and quantitative analysis of nerve functions. The absence of an objective and reproducible in vivo model to 
simultaneously assess sensory and motor nerve conduction has limited the development of sensory-selective 
local analgesics. Thus, a standardized in vivo animal model is needed to evaluate sensory-motor selective 
blockade.

In clinical practice, motor-evoked potentials (MEPs) and somatosensory-evoked potentials (SSEPs) are widely 
used in neurosurgery, providing objective, quantitative, and real-time tools to evaluate neural conduction9,10. 
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This type of neurophysiological monitoring enables precise recording of neural pathway integrity, facilitating 
early detection of neuronal impairment during surgical procedures in the operating room. MEPs are used 
to assess descending motor pathways by stimulating the motor cortex and recording responses at peripheral 
muscles. In contrast, SSEPs are used to evaluate ascending sensory pathways by stimulating peripheral nerves 
and recording signals at the somatosensory cortex11–13. Given their distinct anatomical pathways, MEPs 
primarily reflect the conduction of descending motor fibers from the cortex to muscles, while SSEPs capture 
afferent sensory transmission from the periphery to the cortex. Theoretically, simultaneous MEP and SSEP 
recordings may enable functional dissection of motor and sensory pathways in vivo. Establishing an animal 
model integrating both MEPs and SSEPs thus may provide a reliable way to quantify sensory-motor selective 
nerve blockade in vivo.

In the present study, we developed an in vivo rat model that allows simultaneous and objective evaluation 
of sensory-motor blockade based on MEP and SSEP recordings. Specifically, the model was established by 
implanting stimulation and/or recording electrodes in the motor and sensory cortex, respectively. The influences 
of key physiological and pharmacological factors, including anesthesia, temperature, oxygenation, and recording 
duration, were evaluated. For model validation, we further tested the effects of lidocaine (a non-selective nerve 
blocker) and/or QX-314 combined with capsaicin (a sensory-selective combination). Overall, this model 
provides a robust experimental protocol for screening sensory-motor selective blockade.

Results
Sevoflurane suppresses MEP amplitude in a concentration-dependent manner
Screw electrodes were employed in the rat skull to elicit MEPs by applying electrical pulses to the motor 
cortex and recording from the contralateral tibialis anterior muscle (Fig. 1a). Similarly, SSEPs were induced by 
stimulating the sciatic nerve and recording from the contralateral sensory cortex (Fig. 1b). As the concentration 
of sevoflurane increased, the amplitude of MEPs gradually decreased. Representative MEP waveforms visually 
illustrate this concentration-dependent suppression (Fig. 1c). This decline became significant starting at about 
0.60% (P < 0.001 vs. baseline by two-way ANOVA, Fig.  1e). In contrast, the corresponding SSEP waveforms 
showed only subtle changes across the tested concentrations (Fig. 1d), with quantitative analysis confirming 
only a mild reduction at higher concentrations (Fig. 1f). The 50% and 95% inhibitory concentration (IC50 and 
IC95, respectively) for MEP suppression were 0.52% and 0.96%, both markedly lower than the minimum alveolar 
concentration (MAC) of sevoflurane for inducing the loss of righting reflex14 (~ 1.60%, Fig. 1g), indicating that 
motor pathways are more sensitive to sevoflurane than to general anesthetic depth.

Propofol attenuates MEP amplitude at doses higher than its sedative dose
Similarly, propofol reduced MEP amplitude in a dose-dependent manner (Fig.  2a), with a significant effect 
starting at 70  mg/kg/h (P < 0.01 vs. baseline by two-way ANOVA, Fig.  2c). The calculated IC50 and IC95 for 
MEPs were 73.5 and 116.0 mg/kg/h, respectively, which were approximately two to three times higher than the 
median effective dose (ED50) values that induced the loss of righting reflex15 (~ 40 mg/kg/h, Fig. 2e). In contrast, 
SSEP amplitudes showed only a mild reduction across the same dose range (Fig. 2b,d). Given its relatively mild 
suppression of MEPs and minimal impact on SSEPs, propofol was selected as the preferred anesthetic agent for 
subsequent experiments. It was given by intravenous injection (10 mg/kg) and then maintained by continuous 
infusion (10–40 mg/kg/h) based on anesthetic depth.

MEPs and SSEPs are stable for at least 60 min under controlled body temperature
To evaluate the temporal stability of our models, we recorded MEP and SSEP signals at baseline, 30 min, and 
60 min under stable anesthetic conditions while maintaining normothermia (36–38 °C) and continuous oxygen 
supplementation. Representative waveforms showed consistent appearances across these three time points 
for both MEPs (Fig. 3a) and SSEPs (Fig. 3c). Quantitative analysis further confirmed that, compared with the 
baseline, neither the amplitude nor latency of MEPs (Fig. 3b) or SSEPs (Fig. 3d) exhibited significant changes 
at 30 and 60 min (P > 0.05), indicating reliable and stable electrophysiological recording throughout the 60-min 
period.

The impact of body temperature (hypothermia: 34–36 °C; normothermia: 36–38 °C; hyperthermia: 38–40 
°C) on both MEP and SSEP recordings was then assessed. Representative waveforms showed notable changes 
in response to temperature alterations for MEPs (Fig. 3e) and SSEPs (Fig. 3h). Quantitative analyses revealed 
that both hypothermia and hyperthermia significantly reduced the amplitude of MEPs and SSEPs compared 
with those under normothermia (P < 0.0001 by one-way ANOVA; Fig. 3f,i). Furthermore, non-linear regression 
analysis revealed a strong and significant relationship between body temperature and the amplitudes of both 
MEPs (R2 = 0.8385, P < 0.0001; Fig. 3g) and SSEPs (R2 = 0.7352, P < 0.0001; Fig. 3j). Additionally, hypothermia 
caused a slight but significant prolongation of MEP and SSEP latencies compared with those under normothermia 
(P < 0.05 by one-way ANOVA; Fig. 3f,i), whereas hyperthermia did not significantly affect the latency (P > 0.05 by 
one-way ANOVA; Fig. 3f,i). Collectively, these results suggest that both hypothermia and hyperthermia impair 
MEP and SSEP signals. Maintaining normothermic conditions (36–38 °C) is therefore essential for stable and 
accurate electrophysiological recordings.

MEP amplitude strongly correlates with blood oxygen saturation (SaO2), whereas SSEP are 
minimally affected
To assess the impact of oxygen supply, we compared MEPs and SSEPs between animals receiving continuous 
oxygen (100% O2) and room air (21% O2). The MEP amplitude was significantly reduced in the air group 
compared with that in the oxygen group (P < 0.0001 by unpaired t-test; Fig. 4a), with a strong positive correlation 
between SaO2 and MEP amplitude (Spearman r = 0.8233, P < 0.0001 by simple linear correlation; Fig.  4b), 
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which was further confirmed by a robust linear regression association (R2 = 0.8284, P < 0.0001 by simple linear 
regression; Fig. 4c). However, MEP latency remained unchanged (P > 0.05 by unpaired t-test; Fig. 4d), showing 
no significant correlation with SaO2 (Pearson r = 0.1458, P = 0.4966 by simple linear correlation; Fig. 4e) and 
a weak regression association (R2 = 0.02126, P = 0.4966 by simple linear regression; Fig. 4f). In contrast, for 
SSEPs, neither amplitude nor latency showed significant differences between the oxygen group and the air group 
(P > 0.05 by unpaired t-test; Fig. 4g,j), with no significant correlation or regression fit between SaO2 and SSEPs 

Fig. 1.  Effects of different concentrations of sevoflurane on MEP and SSEP in rats.  (a,b) Schematic diagrams 
illustrating the setup for MEP (a) and SSEP (b) recordings in rats. (c,d) Representative MEP and SSEP 
waveforms at baseline and after increasing concentrations of sevoflurane. (e) MEP amplitude significantly 
decreased in a dose-dependent manner starting at 0.6% sevoflurane, while latency remained unchanged (n = 6). 
(f) SSEP amplitude also decreased with increasing sevoflurane concentration, though less pronounced than 
MEP; latency gradually increased at higher doses (n = 6). (g) Dose-response curve of sevoflurane on MEP 
amplitude, showing IC50 = 0.52% and IC95 = 0.96%, both below the MAC for LORR ≈ 1.8%. (g) Representative 
MEP waveforms under different doses of propofol. Data are shown as mean ± SD. Statistical analysis: two-way 
ANOVA (e,f) and nonlinear regression (g); statistical significance: **P < 0.01, ****P < 0.0001 vs. baseline. IC50, 
50% inhibitory concentration; IC95, 95% inhibitory concentration; MAC, Minimum alveolar concentration; 
LORR, loss of righting reflex; ED50, median effective dose.
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(Fig. 4h,i,k,l). These findings suggest that oxygen supply plays a crucial role in maintaining MEP amplitude, 
while its effect on SSEP amplitude is weaker. Latency measurements for both MEPs and SSEPs appear to be less 
affected by oxygen availability.

Lidocaine non-selectively reduces both MEP and SSEP amplitudes
To investigate the effects of lidocaine on motor and sensory pathways in this model, we evaluated changes in 
MEPs and SSEPs following saline, 1% lidocaine, and 2% lidocaine injections. For MEPs, the amplitude was 
markedly suppressed after 1% and 2% lidocaine administration compared with that in the saline control 
(P < 0.0001 by one-way ANOVA; Fig. 5c,d), with unchanged latency (P > 0.05 by one-way ANOVA; Fig. 5c,d). 
For SSEPs, similarly, the amplitude exhibited a significant decline following lidocaine administration (P < 0.0001 
by one-way ANOVA; Fig. 5e,f). Additionally, the SSEP latency was prolonged in both the 1% and 2% groups, 
with a greater increase at the 2% concentration (Fig. 5e,f). A comparison of MEP and SSEP amplitude trends 
highlighted a parallel reduction in response to lidocaine, whereas the SSEP latency showed a mild increase at 
higher concentrations (Fig. 5g,h). These findings validated that lidocaine non-selectively blocks both motor and 
sensory pathways. The greater effect on SSEP latency suggests that sensory conduction is more susceptible than 
motor transmission to lidocaine-induced delay.

To assess the reversibility and safety of lidocaine-induced blockade, we monitored evoked potentials 
at 5-minute intervals following 2% lidocaine administration until both MEP and SSEP amplitudes returned 
to baseline. Both signals began to recover within 20–30  min and were fully restored by 50  min (Fig.  5i). 
Furthermore, hematoxylin-eosin (HE) staining of dorsal root ganglia (DRG) and sciatic nerves harvested after 
lidocaine injection showed no detectable pathological alterations compared with saline controls, including 
absence of edema, inflammatory infiltration, axonal swelling, or myelin disruption (Supplementary Fig. S1a–d). 
These findings demonstrate that high-dose 2% lidocaine does not cause structural nerve damage and allows 
complete functional recovery of evoked potentials in this model.

QX314/capsaicin selectively decreases SSEP amplitudes but minimally suppresses MEPs over 
time
To assess the sensory-motor separation effect of QX-314 combined with capsaicin in vivo, we compared the 
changes in MEPs and SSEPs following perineural administration of saline, 10 mM QX-314/0.05% capsaicin, 

Fig. 2.  Effects of different concentrations of propofol on MEP and SSEP in rats.  (a,b) Representative MEP 
and SSEP waveforms at baseline and under different infusion doses of propofol. (c) Quantitative analysis of 
MEPs shows that amplitude was significantly reduced starting from 70 mg/kg/h, with no significant changes 
in latency (n = 6). (d) Quantitative analysis of SSEPs shows that both amplitude and latency remained stable 
under all tested propofol doses (n = 6). (e) Dose-response curve showing MEP inhibition by propofol, with 
IC50 = 73.5 mg/kg/h and IC95 = 116.0 mg/kg/h, both above the ED50 for LORR (≈ 40 mg/kg/h). Data are 
shown as mean ± SD. Statistical analysis: two-way ANOVA (c,d) and nonlinear regression (e); **P < 0.01, 
****P < 0.0001 vs. baseline. LORR, loss of righting reflex; ED50, median effective dose.
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and 20 mM QX-314/0.05% capsaicin. Because the onset time of QX-314 is slower than that of lidocaine, we 
measured signals at multiple time points (5, 10, 15, and 30 min) after administration.

We found both MEP amplitude and latency remained stable across all time points in all three groups, with 
no obvious changes compared with baseline, indicating that motor conduction was preserved (Fig. 6a–c, left). 
A quantitative comparison of the 30-minute time points further confirmed that the MEP amplitude and latency 
were not significantly different from those in saline (P > 0.05; Fig. 6d,f,g).

In contrast to MEPs, the SSEP amplitude showed a clear and time-dependent decrease in the 10 mM and 
20 mM QX-314/0.05% capsaicin groups, with suppression observed as early as 10 min and continuing through 
30 min (Fig. 6b,c, right). At 30 min, both the 10 mM and 20 mM groups showed significantly decreased SSEP 
amplitudes compared with those in the saline group (P < 0.0001; Fig. 6e,f), while the SSEP latency remained 
unchanged (P > 0.05; Fig. 6e,g).

To evaluate recovery of this sensory-selective block, we recorded evoked potentials every 5 min after injection. 
SSEP amplitude gradually recovered and fully returned to baseline levels by 50 min post-injection, while MEPs 
remained stable throughout (Fig. 6h). To confirm that high-dose 20 mM QX-314/capsaicin treatment did not 
cause nerve injury, we performed hematoxylin-eosin (HE) staining on DRGs and sciatic nerves 50 min after 
injection. No visible signs of tissue damage were observed, when compared with saline controls (Supplementary 
Fig. S1e–h).

Together, these results demonstrate that the QX-314/capsaicin combination produces a selective and 
reversible block of sensory conduction without impairing motor function or causing structural nerve damage. 
Our MEP/SSEP-based in vivo model is effective for identifying such a differential nerve blockade.

Discussion
This study successfully developed a novel rat model based on MEPs and SSEPs for in vivo evaluation of the 
selective nerve blockade effects of local anesthetics. Through a systematic exploration of how physiological 
parameters (e.g., anesthesia, recording duration, temperature, and oxygen supply conditions) influence 
MEPs and SSEPs, we identified key factors for optimizing model stability, namely maintaining a normal body 
temperature (36–38 °C) and continuous oxygenation and controlling the measurement time within 1 h.

To validate the reliability of the model, we used lidocaine as a negative control. The experimental results were 
highly consistent with its pharmacological characteristics, as lidocaine significantly inhibited both MEPs and 
SSEPs, confirming its non-selective blockade of sensory and motor nerves (Fig. 7). Subsequently, we used the 
model to evaluate a combination of the novel local anesthetic QX-314 and capsaicin. The choice of this positive 
control was based on previous research16–18, which demonstrated that this combination selectively blocks 
sensory nerves without affecting motor function. Mechanistically, QX-314 is a permanently charged quaternary 
derivative of lidocaine that cannot pass through cell membranes under physiological conditions19. However, 
when co-administered with capsaicin, a transient receptor potential vanilloid 1 (TRPV1) channel agonist, QX-
314 can selectively enter nociceptive neurons via TRPV1 activation and subsequently block sodium channels 
from the intracellular side16. Capsaicin itself does not possess local anesthetic properties but rather acts as a 
molecular gate for QX-314 entry16. Therefore, most studies use a fixed concentration of capsaicin (typically 
0.05%) while titrating QX-314 dosage to achieve selective sensory blockade. For example, prior studies have 
reported effective sensory blockade with 0.2% QX-314 + 0.05% capsaicin20, 0.5% QX-314 + 0.05% capsaicin21, 
and 1.0% QX-314 + 0.05% capsaicin22, all without inducing motor deficits. This strategy also minimizes the 
risk of peripheral neurotoxicity from high concentrations of capsaicin23–25. Based on this rationale, we adopted 
two different QX-314 concentrations (10 mM and 20 mM) with a fixed capsaicin dose (0.05%) in our model. 
Our results supported that QX-314/capsaicin suppressed SSEPs but had no significant effect on MEPs (Fig. 7), 
consistent with previous reports, thus thoroughly demonstrating the accuracy and reliability of this model in 
assessing the selective blockade. Together with the non-selective effects of lidocaine, which served as a negative 
control, these results strongly validated that our model can distinguish between sensory-selective and non-
selective local anesthetic agents in vivo.

This study holds significant clinical relevance. According to a report from The Lancet in 201727, over 
300 million surgeries worldwide require anesthesia each year, with the vast majority relying on general anesthesia. 
However, postoperative pain management remains a serious challenge, as commonly used opioid medications 
and nonsteroidal anti-inflammatory drugs can cause various systemic side effects such as nausea, vomiting, 
and respiratory depression27. Development of local anesthetics that provide selective sensory blockade would 
not only provide effective postoperative pain control but also would preserve motor function, promoting early 
patient mobilization and reducing opioid consumption.

Compared with traditional behavioral assessment methods, this model offers significant advantages. MEPs 
and SSEPs can be used to directly record electrophysiological signals from nerve conduction, avoiding subjective 
biases in behavioral assessments28. Furthermore, this model has high sensitivity, allowing for the detection of 
subtle changes in nerve conduction that have not yet manifested as behavioral abnormalities. Unlike traditional 
methods that require animals to be awake and cooperative (such as thermal pain and mechanical pain tests), 
this model allows for recordings under full anesthesia, effectively avoiding interference from the experimental 
environment and the animal’s behavior6,8, significantly enhancing the reproducibility and reliability of the 
experiment.

Regarding model stability, previous studies have shown that various physiological factors, such as body 
temperature and hypoxia, can interfere with MEP and SSEP recordings29–31, ultimately affecting the accuracy 
and reliability of experimental results. Moreover, different anesthetic agents also modulate evoked potentials 
in a dose-dependent manner32–35. Therefore, when using MEP and SSEP models to screen local anesthetics, a 
comprehensive monitoring and regulation system is essential to minimize these confounding influences and 
ensure reproducible data.
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Based on this reason, we first investigated the impact of various anesthetic drugs on evoked potentials to 
identify a suitable anesthetic strategy. Our findings indicated that propofol can be used safely for continuous 
anesthesia during evoked potential recordings, provided that the infusion rate is carefully controlled (10–40 mg/
kg/h). Additionally, it is important to note that the evaluation window in this model is limited to 1 h, which is 
based on the potential accumulation effects of propofol. While the propofol infusion doses we chose (10–40 mg/
kg/h) are within the safe range, previous studies have shown that propofol significantly inhibits MEPs induced 
by single-pulse electrical stimulation36, and high doses (1  mg/kg/min) may also affect evoked potentials37. 
Therefore, we recommend limiting the evaluation time to 1 h to ensure the robustness of the model.

Subsequently, we examined MEPs and SSEPs under different physiological conditions to identify optimal 
recording parameters. Consistent with previous research, our results confirm that body temperature and 
oxygenation significantly affect evoked potentials. Regarding the impact of temperature on nerve conduction, 
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our findings differ somewhat from previous literature29. Previous reports suggest that extreme temperatures 
(> 42 °C or < 28 °C) significantly alter the latency and amplitude of MEPs and SSEPs, whereas our experiments 
did not reveal substantial changes in latency across our tested temperature ranges. This difference may stem from 
(1) our temperature settings being relatively mild and not reaching the threshold required to induce significant 
changes in latency; or (2) the use of 100% O2 throughout the experiment, which may have alleviated the negative 
effects of temperature on nerve conduction. Nevertheless, maintaining a constant body temperature remains a 
critical factor in ensuring the stability of the model.

In summary, we have successfully developed and validated a novel rat model based on MEPs and SSEPs for 
in vivo evaluation of the selective nerve blockade effects of local anesthetics. After optimizing physiological 
parameters, such as the anesthetic dosage, recording duration, temperature, and oxygen supply, this model 
demonstrated excellent robustness and reliability. It offers a valuable experimental platform for the development 
of new local anesthetics designed to achieve sensory-motor separation.

Materials and methods
Animals
All animal procedures were approved by the Animal Ethics Committee of West China Hospital, Sichuan 
University (Approval No. 20241101011), and were carried out in accordance with institutional guidelines for 
the care and use of laboratory animals. All methods were performed in accordance with the relevant guidelines 
and regulations. This study is reported in accordance with the ARRIVE guidelines (https://arriveguidelines.org).

Adult male Sprague-Dawley rats weighing approximately 250–300  g were purchased from Dossy 
Biotechnology Co., Ltd. (Chengdu, China). All rats were housed individually in polypropylene cages (50 cm 
× 20 cm × 15 cm) for 1 week of acclimatization before the formal experiments. The animals were maintained 
at room temperature (24 °C ± 2 °C), with relative humidity of 50–55% and a 12:12-h light/dark cycle, with 
free access to food and water. During all surgical electrode implantation procedures, rats were placed on a 
temperature-controlled blanket system, and their body temperature was maintained at 37 °C ± 0.5 °C using a 
rectal probe. Erythromycin ointment was applied to the rats’ eyes to prevent dryness.

Chemicals
QX-314 and lidocaine were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada). Capsaicin was 
purchased from Targetmol (T1062, Targetmol, Boston, MA, USA). For animal experiments, all drug solutions 
were prepared using ultrapure water from a Milli-Q integrated ultrapure water system (Merck Millipore, 
Darmstadt, Germany). Capsaicin was freshly prepared using a solvent consisting of 10% ethanol, 10% Tween 80, 
and 80% ultrapure water.

Electrode implantation
Following sevoflurane anesthesia (2.5% induction, 1.5–3% maintenance; O2: 0.5–1.0 L/min), rats were fixed in 
a stereotaxic frame. A midline scalp incision was made to expose the skull. Five skull holes were drilled using a 
1.2 mm dental drill, based on prior studies32,33,38–40 and refined by our preliminary experiments, to target both 
the motor and sensory cortices.

For MEP stimulation, two screw electrodes were implanted into the left motor cortex (1.5 mm anterior and 
2.5 mm lateral; 1.0 mm posterior and 1.5 mm lateral to Bregma). For SSEP recordings, two electrodes were 
placed in the left sensory cortex (1.0 mm posterior and 3.8 mm lateral; 2.5 mm posterior and 2.8 mm lateral to 
Bregma), and a reference electrode was placed 1.0 mm posterior and 3.0 mm lateral to Lambda.

All electrodes (1.4  mm diameter, 3.5  mm length) were inserted approximately 0.75  mm deep to lightly 
contact the dura without compression. Silver wires were welded to the bases, and dental cement was applied 
to fix the electrodes. After curing, the incision was sutured, and antibiotics were administered for 3 days. No 
complications were observed during the experiment. Post-mortem histology confirmed that no pathological 
changes such as hematomas or cortical compression were observed beneath the electrodes, indicating that this 
combined implantation method is both safe and reliable.

MEP recordings
Electrical pulses were delivered via a constant voltage stimulator connected to the skull electrodes using alligator 
clips. Signals were recorded using subcutaneous needle electrodes; the recording electrode was inserted into the 
right tibialis anterior muscle, the reference electrode was placed on the right hind paw, and the ground electrode 

Fig. 3.  Stability of MEP and SSEP recordings over time and under different body temperatures.  (a,b) 
Representative MEP waveforms and quantitative analysis showing stable amplitude and latency over a 
60-minute period (n = 6). (c,d) Representative SSEP waveforms and quantification also confirm stable 
signals up to 60 min (n = 6). (e,f) MEP waveforms and quantitative results under hypothermia (34–36 °C), 
normothermia (36–38 °C), and hyperthermia (38–40 °C). Hypothermia and hyperthermia both significantly 
reduced MEP amplitude, and latency was prolonged under hypothermia (n = 6). (g) Non-linear regression 
analysis reveals a strong relationship between body temperature and MEP amplitude (R2 = 0.8385, P < 0.0001). 
(h,i) Similar temperature effects were observed in SSEP: amplitude decreased significantly under hypo- and 
hyperthermia, while only hypothermia slightly increased latency (n = 6). (j) Non-linear regression analysis 
confirms a significant relationship between body temperature and SSEP amplitude (R2 = 0.7352, P < 0.0001). 
Data are shown as mean ± SD. Statistical analysis: two-way ANOVA (b,d) and one-way ANOVA (f,i), and non-
linear regression (g,j); statistical significance: ns = not significant, *P < 0.05, ****P < 0.0001.

◂
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Fig. 4.  Effects of oxygen supply conditions on MEP and SSEP amplitudes and latencies.  (a,d) Compared to 
100% oxygen, MEP amplitude was significantly reduced in rats breathing room air (21% O₂), while latency 
remained unchanged (n = 6). (b,c) MEP amplitude showed strong positive correlation with arterial oxygen 
saturation (SaO2, Spearman r = 0.8233, P < 0.0001), and linear regression confirmed a robust association (R2 
= 0.8284, P < 0.0001). (e,f) MEP latency showed no correlation with SaO2. (g,j) SSEP amplitude and latency 
were unaffected by oxygen levels (n = 6). (h,i,k,l) Although SSEP amplitude showed weak correlation with 
SaO2 (Pearson r = 0.3963, P = 0.0552), regression analysis revealed low explanatory power (R2 = 0.1570). Data 
are presented as mean ± SD. Statistical analysis: unpaired t-test (a,d,g,j), simple linear correlation (b,e,h,k) and 
regression (c,f,i,l); statistical significance: ns = not significant, ****P < 0.0001. SaO2, arterial oxygen saturation.
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Fig. 5.  Evaluation of lidocaine’s non-selective nerve blockade.  (a,b) Schematics showing administration of 
lidocaine and recording of MEP and SSEP after sciatic nerve exposure. (c,d) Representative MEP waveforms 
and quantitative analysis showing that both 1% and 2% lidocaine nearly abolished MEP amplitude, with no 
change in latency (n = 6). (e,f) SSEP amplitude was significantly reduced by lidocaine, with corresponding 
latency prolongation observed at higher concentrations (n = 6). (g,h) Combined plots illustrating that both 
sensory and motor pathways were equally suppressed by lidocaine, confirming its non-selective nerve 
blockade properties. (i) Recovery time course of MEP and SSEP amplitudes following perineural injection of 
2% lidocaine, showing that signals for both pathways returned to baseline levels within 50 min (n = 6). Data 
are shown as mean ± SD. Statistical analysis: one-way ANOVA (d,f) and two-way ANOVA (g,h,i); statistical 
significance: ns = not significant, *P < 0.05, ***P < 0.001, ****P < 0.0001. Lido, lidocaine.
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was inserted subcutaneously into the neck. Signals were amplified (10,000×), filtered (bandpass: 10–3000 Hz), 
and stored for subsequent analysis.

All recordings were performed in a Faraday cage to minimize electrical noise. The anesthetic depth was 
monitored by corneal and limb withdrawal reflexes to ensure stability. Electrical stimulation was applied using 
single pulses (0.6 ms, 0.1 Hz), with the intensity increased from 6 to 16 mV in 1 mV steps until the maximal MEP 
amplitude was reached. This threshold intensity was used for all subsequent trials. Each stimulation was repeated 
seven times, and signals were averaged for analysis.

After each pulse sequence, MEP signals were recorded for a 500 ms window, but only the initial 50 ms post-
stimulus was analyzed. A 500 ms recording was also obtained to assess any high-latency changes, although no 
such changes were observed; therefore, only the 50 ms portion of the MEP signal was analyzed. A notch filter 
was used to remove 50 Hz noise from the signal, and the overlapped waveform was averaged, with each average 
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containing seven signal scans. The MEP latency was defined as the time from the stimulus artifact to the first 
deflection peak, and the amplitude was assessed by measuring the peak-to-trough value of the largest phase of 
the MEP waveform.

SSEP recordings
A lateral skin incision was made on the right femur, and the sciatic nerve was exposed via blunt muscle separation. 
A hook electrode coated with mineral oil, to reduce noise, was placed under the nerve for stimulation. Recordings 
were obtained from screw electrodes implanted in the left sensory cortex. The amplifier was set to a bandpass 
range of 20 to 1000 Hz. The analysis time window was 100 ms, and each SSEP waveform was averaged over 100 
scans, meaning each signal represented the average of 100 repetitions. Recordings were conducted in a Faraday 
cage to reduce electrical noise. A notch filter was used to reduce power line interference.

Stimulation was delivered as single pulses (0.2 ms, 0.5 Hz) using constant current. The intensity was gradually 
increased from 3 to 8 mA until a visible twitch occurred, and the maximal SSEP amplitude was observed at the 
recording electrode. Stimuli were delivered at 2-second intervals to prevent signal decay. The minimal current 
required for the maximum amplitude was used for subsequent recordings. SSEP latency was defined as the time 
from stimulus onset to the first deflection peak, and the amplitude was measured from baseline to the peak.

Model condition screening
Anesthesia
Sedation was necessary for the rats during recording. Previous studies have shown that anesthetics/sedatives 
might be underlying interference factors in MEP and or SSEP recordings32–34,41,42. Therefore, selection of an 
appropriate anesthetic regimen is crucial to obtain reliable electrophysiological recordings. The present study 
aimed to identify the optimal anesthetic category and dosage for this model by investigating the dose effects 
of sevoflurane and propofol on MEPs and SSEPs. Specifically, MEPs and SSEPs were recorded before and after 
administering different sevoflurane concentrations and/or propofol doses (stabilized for 15–20  min at each 
dose/concentration). The percentage changes in amplitude and latency were calculated. The depth of anesthesia 
was assessed in real time by monitoring the corneal reflex and the limb withdrawal response to a painful 
stimulus, ensuring that an appropriate level of anesthesia was maintained while minimizing interference with 
the electrophysiological recordings.

Effects of physiological conditions on recording
Rats were randomly assigned to groups (n = 6 per group) to assess how critical physiological factors influence MEP 
and SSEP recordings. Specifically, we evaluated (1) recording stability at different durations (baseline, 30 min, 
and 60 min); (2) the effects of temperature conditions, including hypothermia (34–36 °C), normothermia (36–
38 °C), and hyperthermia (38–40 °C); and (3) the influence of oxygen supply conditions, comparing continuous 
oxygen supplementation (100% O2) with room air (21% O2).

Validation of selective nerve blockade
Selective nerve blockade was validated using local anesthetics/analgesics with well-known selectivity profiles. 
Specifically, lidocaine (1% and 2%) was used as a non-selective local anesthetic that blocks both sensory and 
motor conduction, and QX-314 combined with capsaicin (10 mM QX-314/0.05% capsaicin and 20 mM QX-
314/0.05% capsaicin) was used as a sensory-selective agent20,22,43.

A surgical exposure method was employed to precisely deliver anesthetics to the rat sciatic nerve44. Briefly, 
the sciatic nerve was exposed through a small incision between the femoral greater trochanter and the ischial 
tuberosity, followed by gentle muscle separation. Then, a micro-syringe containing 100 µL of anesthetic solution 
was used to directly administer the contents onto the nerve surface. This method localized the anesthetic to the 
vicinity of the exposed nerve. Notably, nerve stimulation for SSEPs was applied at the distal end of the nerve 
near the drug administration site, ensuring that the local anesthetic acted between the stimulation point and 
the central recording electrodes (Fig. 5a,b). This arrangement enabled clear differentiation of whether sensory 
or motor conduction pathways were blocked by the anesthetic intervention. By simultaneously recording MEPs 
and SSEPs, this design clearly distinguished sensory-selective blockade from non-selective nerve blockade.

Fig. 6.  Evaluation of selective nerve blockade by QX-314/capsaicin.  (a) Saline treatment showed no change 
in MEP or SSEP amplitude and latency over 30 min (n = 6). (b) Application of 10 mM QX-314 with 0.05% 
capsaicin suppressed SSEP amplitude progressively over time, with no significant changes in MEP (n = 6). (c) 
Increasing the QX-314 concentration to 20 mM further reduced SSEP amplitude, still without affecting MEP 
(n = 6). (d) Summary of 30 min time point showing no difference in MEP amplitude or latency across groups. 
(e) At 30 min, both 10 mM and 20 mM QX-314/capsaicin significantly reduced SSEP amplitude, while latency 
was mildly prolonged. (f,g) Comparative plots show the selective suppression of SSEP by QX-314/ capsaicin, 
confirming its sensory-selective nerve blockade effect. (h) Recovery time course following perineural injection 
of 20 mM QX-314/0.05% capsaicin, showing SSEP amplitude returning to baseline within 50 min while 
MEP amplitude remained stable throughout (n = 6). Data are shown as mean ± SD. Statistical analysis: two-
way ANOVA (a,b,c,f,g) and one-way ANOVA (d,e); statistical significance: ns = not significant, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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Fig. 7.  Differential blockade of motor and sensory pathways.  This figure shows a schematic of two different 
pathways. The motor (red) pathway travels from the cortex, down the spinal cord, and out to the muscles. 
The sensory (blue) pathway runs from the periphery, through the spinal cord, and up to the sensory cortex. 
Lidocaine blocks both pathways, inhibiting MEPs and SSEPs, showing its non-selective blockade effect. In 
contrast, QX-314/capsaicin selectively blocks the sensory pathway, suppressing SSEPs but sparing MEPs. This 
model helps distinguish between selective and non-selective blockade of motor and sensory nerves by different 
local anesthetics.
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Assessment of neurotoxicity and recovery after nerve blockade
To evaluate the potential neurotoxicity of high-dose local anesthetics and to confirm the reversibility of nerve 
blockade, we assessed both electrophysiological recovery and histological changes following administration 
of 2% lidocaine and 20 mM QX-314/0.05% capsaicin. After the complete suppression of MEPs and/or SSEPs, 
signals were continuously recorded every 5 min until the evoked potentials fully recovered, in order to monitor 
functional recovery. Rats were then euthanized immediately, and the ipsilateral sciatic nerve and L4–L6 dorsal 
root ganglia (DRGs) from the drug-treated side were harvested. Tissues were fixed in 4% paraformaldehyde, 
embedded in paraffin, and cut into 5 μm-thick sections. Hematoxylin-eosin (HE) staining was performed to 
evaluate histological integrity, including assessment of inflammatory cell infiltration and axonal integrity.

Data collection and analysis
The latencies and amplitudes of MEPs and SSEPs under different physiological conditions and drug interventions 
were recorded, and the percentage changes in amplitude and latency were calculated. Statistical analysis was 
performed using GraphPad Prism 10.4.1 (San Diego, California, USA). The Shapiro–Wilk test was used to verify 
the normality assumption of the data, and continuous data are presented as the mean ± standard deviation. Paired 
t-tests were used for group comparisons, and one-way or two-way ANOVA was used for multiple comparisons 
to analyze the effects of recording duration, temperature, oxygen conditions, and drugs on MEPs and SSEPs. 
Differences were considered significant when the P-value was less than 0.05.

Data availability
Data will be made available from the corresponding author on request.
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