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Abstract

Neuropathic pain (NP) is caused by a lesion or disease of the somatosensory system and is
characterized by abnormal hypersensitivity to stimuli and nociceptive responses to non-
noxious stimuli, affecting approximately 7–10% of the general population. However, current
first-line drugs like non-steroidal anti-inflammatory agents and opioids have limitations,
including dose-limiting side effects, dependence, and tolerability issues. Therefore,
developing new interventions for the management of NP is urgent. In this study, we
discovered that the high-frequency terahertz stimulation (HFTS) at approximate 36 THz
effectively alleviates NP symptoms in mice with spared nerve injury. Computational
simulation suggests that the frequency resonates with the carbonyl group in the filter region
of Kv1.2 channels, facilitating the translocation of potassium ions. In vivo and in vitro results
demonstrate that HFTS reduces the excitability of pyramidal neurons in the anterior
cingulate cortex through enhancing the voltage-gated K+ and also the leak K+ conductance.
This research presents a novel optical intervention strategy with terahertz waves for the
treatment of NP and holds promising application in other nervous system diseases.

Reviewed Preprint
v2 • August 13, 2024
Revised by authors

Reviewed Preprint
v1 • April 26, 2024

https://doi.org/10.7554/eLife.97444.2
https://en.wikipedia.org/wiki/Open_access
https://elifesciences.org/
https://elifesciences.org/reviewed-preprints/97444v1


Wenyu Peng et al., 2024 eLife. https://doi.org/10.7554/eLife.97444.2 2 of 27

eLife assessment

Peng et al. reported important findings that 36THz high-frequency terahertz
stimulation (HFTS) could suppress the activity of pyramidal neurons by enhancing the
conductance of voltage-gated potassium channels. The significance of the findings in
this paper is that chronic pain remains a significant medical problem, and there is a
need to find non-pharmacological interventions for treatment. The authors present
convincing evidence that high-frequency stimulation of the anterior cingulate cortex
can alter neuronal activity and improve sensory pain behaviors in mice.

https://doi.org/10.7554/eLife.97444.2.sa4

Introduction

Neuropathic pain (NP) refers to a debilitating chronic pain condition, which is often a
consequence of nerve injury or of the diseases such as cancer, diabetes mellitus, infection,
autoimmune disease, and trauma (1     , 2     ). The symptoms of NP include spontaneous pain,
hyperalgesia and mechanical allodynia. Unfortunately, NP is often resistant to currently available
drug treatments, including non-steroidal anti-inflammatory drugs and even opioids (3     ). More
evidences reveal that NP is not merely a symptom of a disease but rather an expression of
pathological operations of the nervous system (4     ). Therefore, developing new therapeutic
technology aimed at these underlying mechanisms for pain relief represents a considerable
challenge.

Compared with the limitations of chemical-based drugs research, physics-based treatment offers a
new concept and opportunity for intervening in NP. Optogenetics, as an interdisciplinary
approach, has demonstrated therapeutic potential in NP. However, the limitations of viral vector
delivery systems in humans are well-known (5     ). Recently, evidence has emerged suggesting that
high frequency terahertz (THz) photons directly resonate with molecules, thereby regulating
corresponding biological functions. For instance, our previous study demonstrated that a 34.88
THz wave resonates with Aβ protein, disrupting the process of fibril formation (6     ). Li et al.
discover that the band of 42.55 THz resonates with the stretching mode of either the –COO- or the –
C=O group significantly enhancing the Ca2+ conductance (7     ). Zhu et al. conclude that 48.2 THz
photons greatly increase the permeability of sodium channel by a factor of 33.6 through breaking
the hydrated hydrogen bonding network between the hydrosphere layer of the ions and the
carboxylate groups (8     ). Additionally, the frequency of 53.5 THz has been reported to enhance the
voltage-gated K+ currents, which modulate the startle response and associative learning (9     , 10     ).
These studies strongly prompt us the potential application of THz photons in the treatment of
neuropathic pain by targeting the ion channels (11     ).

The anterior cingulate cortex plays a crucial role in pain regulation (12     ). Our previous research
has demonstrated that nociceptive information resulting from nerve injury is transmitted to the
ACC (13     ). This region exhibits pre- and postsynaptic long-term plasticity (LTP), which contributes
to chronic pain and associated negative emotions (14     , 15     ). Furthermore, descending projection
pathways from the ACC enhance the neuronal activity of the spinal dorsal horn (SDH) and regulate
nociceptive sensory transmission (16     ). Brain-imaging and MRI studies also provide evidence of
hyperexcitability in the ACC during both acute and chronic pain (17     , 18     ). Specifically, the
activity of pyramidal cells in the ACC is directly correlated with the expression of chronic pain
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(19     , 20     ). Optogenetic excitation of ACC pyramidal cells induces pain, while their inhibition
leads to analgesia (21     ). Therefore, targeting the cortical regions of the ACC and inhibiting the
activity of ACC pyramidal neurons may hold promise as a strategy for treating NP (22     –25     ).

Neuronal excitability is influenced by various types of voltage-gated ion channels and among
them, voltage-dependent potassium (Kv) channels, as one of the important physiological
regulators of neuronal membrane potentials, has been proposed as potential target candidates for
pain therapy (26     –28     ). Zhao et al. have reported that enhancing Kv currents in injured dorsal
root ganglion (DRG) neurons alleviates neuropathic pain (29     ). Additionally, Fan et al. have
demonstrated that lumbar (L)5 spinal nerve ligation (SNL) leads to a time-dependent decrease in
Kv1.2-positive neurons in the ipsilateral L5 DRG. However, rescuing Kv1.2 expression in the
injured L5 DRG attenuates the development and persistence of pain hypersensitivity (30     ). These
findings highlight the potential of targeting Kv channels as a therapeutic approach for managing
pain.

In this study, we investigated the effects of high-frequency terahertz stimulation (HFTS) on the Kv
model. By analyzing the absorbance spectra of Kv1.2 channels, we observed a significant response
to photons with a frequency of approximately 36 THz. This frequency modulates the resonance of
the carbonyl group in the Kv1.2 structure, affecting the action potential waveform and frequency
as demonstrated through simulations. Subsequently, we conducted in vivo multi-channel
recordings and in vitro patch recordings to confirm the activation effect of HFTS on K+

conductance and its inhibition of neuronal activity in the ACC pyramidal cells. Importantly, the
application of HFTS resulted in a significant reduction in pain behavior in mice with spared nerve
injury (SNI).

Results

HFTS attenuates the generation of action
potential through molecular dynamics simulation
To identify a specific terahertz (THz) frequency capable of modulating a major subset of voltage-
gated potassium (Kv) channels, we developed an integrated model comprising both mouse Kv
channels (Protein Data Bank [PDB] ID: 3LUT) and Na+ channels (PDB ID: 3RVY) (Fig. 1a      and
Supplement Fig. S1). We conducted a comprehensive analysis of the spectral absorption
characteristics within the THz frequency range. Our results revealed a pronounced absorption
peak at approximately 36 THz for the potassium channel, which exhibited a considerable board
band compared to the absence of a corresponding peak for the sodium channel (Fig. 1a     ). This
indicates a preferential and resonant absorption of photons at the ∼36 THz frequency by the
potassium channel. We then tested the possible kinetic changes of Kv1.2, the typical and widely
distributed Kv channel in the central nervous system (31     ), following the absorption of these THz
photons. Our findings indicated a significant kinetic change in the -C=O groups of the channel
filter structure, as evidenced by an expansion of its van der Waals radius by approximately 0.5 Å
(Fig. 1b     ). Furthermore, during exposure to THz photons, the conductance of the potassium ion
channel exhibited an almost linear increase with the intensity of the THz field, while the
conductance of sodium ions remained largely unchanged (Fig. 1c     ). Interestingly, under
terahertz photonic influence, the cortical neurons model showed significantly decreased in
discharge (Fig. 1d     ). We performed a detailed waveform analysis of the action potentials,
including parameters such as full width at half maximum (FWHM) and firing frequency (Fig.
1e     ). Our observations revealed that the FWHM of action potentials in the THz-exposed group
decreased to 95% of the control group (Fig. 1f     , red column), and the firing frequency
experienced a reduction of approximately 70% after THz photon stimulation (Fig. 1f     , green
column). These results collectively suggest that THz photons primarily attenuate neuronal firing
activity by increasing potassium ion conductance, thereby modulating neuronal excitability.

https://doi.org/10.7554/eLife.97444.2
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Fig. 1

Specific frequency THz photons resonate Kv channel and decrease the AP firing rate in cortical neurons through molecular
dynamics simulation. (a) Absorbance spectra of voltage-gated potassium/sodium ion channels and the bulk water. (b) The
dynamic attributes of the Kv1.2 filter structure in pre- and post-exposure to HFTS. Purple balls represent the K+, blue balls
represent the Cl-. (c) The alterations in potassium/sodium ion conductance consequent to the influence of HFTS. (d) Changes
of the firing rate of APs of cortical neuron models before and after HFTS. (e) The FWHM of an AP pre- and post HFTS. (f)
Changes in FWHM and firing frequency with or without HFTS. HFTS, high frequency terahertz stimulation. AP, action
potential. FWHM, Full Wide of Half Maximum.
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HFTS enhances voltage-gated K+ currents and

leak K+ currents of pyramidal neurons in the ACC
To investigate the impact of high-frequency terahertz stimulation (HFTS) on voltage-gated
potassium/sodium (Kv/Nav) channels, which play a crucial role in action potential generation and
waveform, we conducted whole-cell patch recording from layer-5 pyramidal neurons (PYRACC) in
acute slices of anterior cingulate cortex (ACC) in mice with spared nerve injury (SNI) (Fig. 2a     ).
Initially, we examined the Nav current by applying a series of test pulses (from −80 to −10 mV)
with a command voltage of −100 mV (20 ms) (Fig. 2b     ). Upon illumination with ∼36 THz photons
(0.3 ± 0.05 mW) for durations of 5, 10 and 20 minutes, we observed that HFTS had no significant
effect on the activation and inactivation curve slope, half-activation and half-inactivation voltage
and time constants (tau) for half-activation and half-inactivation voltage (Figs. 2c-f     ). These
findings indicate that HFTS does not affect Nav channel-mediated currents. Subsequently, we
investigated the influence of HFTS on Kv currents by applying a series of test pulses (100 ms)
ranging from −70 to +130 mV with a command voltage of −100 mV (Fig. 2g     ). Our results
demonstrated that the application of HFTS induced a significant increase in the amplitude of K+

currents (Table S1-1) and an enhanced slope of the current-voltage characteristic (I-V) curve (Figs.
2h-j     ), without affecting the half-activation voltage (Fig. 2k     ). Furthermore, to assess the
duration of neuronal effects induced by HFTS (15 minutes), we examined Kv currents at 5 minutes
and 20 minutes post-HFTS. It was observed that the Kv current were enhanced 20 minutes post-
HFTS (Fig. 2l     , Table S1-2). Simultaneously, we studied the effect of HFTS on KLeak currents by
applying a series of test pulses (400 ms) ranging from −120 to −30 mV followed with a command
voltage of −70 mV (Fig. 2m     ). Currents recorded at and above −65 mV membrane potential were
analyzed for potential KLeak currents (32     ). We found that HFTS also induced a significant
increase of KLeak currents at holding potential at −40 and −30 mV (Fig. 2n     ) (Table S1-3). These
experiments demonstrated that HFTS at approximately 36 THz not only influenced Kv currents
but also affected KLeak channel activity, resulting in an acceleration of potassium ion flow and an
increase in potassium conductance in PYRACC neurons. Importantly, these experimental findings
were consistent with the results obtained from molecular dynamics analysis.

HFTS reduces the spike frequency of pyramidal neurons in the ACC
We proceeded to investigate the impact of the specific resonant frequency of THz photons on the
excitability of PYRACC neurons in SNI and sham mice. Using whole-cell current-clamp recording,
we compared the input-output curves of evoked action potentials before and after HFTS. Our
findings revealed a significant increase in the spike frequency in SNI mice (Fig. 3a     ) (Table S2-1),
which was effectively rescued by the application of HFTS (Fig. 3b     ) (Table S2-2), but not by 465
nm blue light stimulation (BLS) (Fig. 3c     ) (Table S2-3). Furthermore, the spike frequency in sham
mice also decreased after the application of HFTS (Fig. 3d     ) (Tables S2-4). To further analyze the
properties of single action potentials, we induced them by applying a depolarizing current pulse
(30 ms) of an appropriate suprathreshold magnitude (Fig. 3e     ). In SNI mice, we observed a
decrease in the rheobase and an elevation in the resting membrane potential (RMP) compared to
those in sham mice. However, these alterations were reversed by the application of HFTS, while
BLS had no effects. Other parameters, such as voltage threshold, amplitude and half-width of the
action potentials, were not different between SNI or sham mice with and without HFTS (Figs. 3f-
k     ). Given that the spike firing, rheobase and RMP are closely related to low-threshold Kv
channels and KLeak channels (26     , 31     , 33     ), these results suggest that HFTS affects the activity of
PYRACC neurons through its specific impact on Kv and KLeak channels.

https://doi.org/10.7554/eLife.97444.2
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Fig. 2

HFTS enhances Kv and KLeak currents of pyramidal neurons in SNI mouse in vitro. (a) Anatomical location of ACC region in
mice and a recorded PYR neuron (biocytin-labeled, green). (b) Representative Nav currents without (orange) or with HFTS
(red) under the given step voltage protocol. (c) The activation and inactivation curves of Nav currents with and without HFTS.
(d-f) The corresponding slopes of the activation and inactivation curves (d), the comparison of the half-activation and
inactivation voltages (e) and the time constants (tau) of half-activation voltage/half-inactivation voltage (f). (g) Representative
Kv currents evoked by a series of step voltages (inset) without (orange) or with HFTS (red). (h) I-V plots constructed from the
values of traces shown in (g). (SNI vs. SNI + HFTS: F(1, 10) = 6.846, P < 0.0001, nSNI = 6, nSNI+HFTS = 6; Two-way ANOVA followed
by post hoc comparison using the Šídák’s multiple comparisons test). (i) The activation curves of the Kv currents with and
without HFTS. (j) The corresponding slopes of the activation curves (SNI vs. SNI + HFTS: t = 5.872, P = 0.0011, n = 7, unpaired t-
test. **, P < 0.01, ****, P < 0.0001). (k) the half-activation voltages of the activation curves. (l) Changes in the impact of Kv
current post-HFTS. (F(4, 15) = 4.19, P = 0.0178, n = 4; One-way ANOVA followed by post hoc comparison using the Šídák’s
multiple comparisons test). (m) Representative KLeak currents evoked by a series of step voltages (inset) without (orange) or
with HFTS (red). (n) I-V plots constructed from the values of traces shown in (m). (SNI vs. SNI + HFTS: F(1, 12) = 1.688, P =
0.2182, nSNI = 7, nSNI+HFTS = 7; Two-way ANOVA followed by post hoc comparison using the Šídák’s multiple comparisons test).

https://doi.org/10.7554/eLife.97444.2
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Fig. 3

HFTS reduces the APs firing rate of pyramidal neurons in SNI and sham mice in vitro. (a-d) Representative traces (upper
panels) and line-charts (lower panels) showing the changes of evoked spikes of pyramidal neurons in different groups. (Sham
vs. SNI: F(1, 40) = 124.2, P < 0.001, nsham= 6, nSNI=6; SNI vs. SNI + HFTS: F(1, 40) = 23.13, P < 0.0001, nSNI=6, nSNI+HFTS=6; SNI vs.
SNI + BLS: F(1, 40) = 0.1401, P = 0.7101, nSNI = 6, nSNI+BLS = 6; Sham vs. Sham + HFTS: F(1, 40) = 87.29, P < 0.0001, nSham = 6,
nSham+HFTS = 6. Two-way ANOVA followed by post hoc comparison using the Šídák’s multiple comparisons test). (e)
Superimposed traces showing the single AP evoked by threshold current stimulation in different groups. (f) Phase plots of AP
traces in each groups. (g) Histograms showing the statistical comparison of rheobase in each group. (Sham vs. SNI: q = 8.456,
P < 0.0001, nsham = 12, nSNI = 19; SNI vs. SNI + HFTS: q = 5.264, P < 0.01, nSNI = 19, nSNI+HFTS = 6; Sham vs. Sham + HFTS: q =
4.098, P < 0.05, nSNI = 19, nSNI+HFTS = 6. one-way ANOVA followed by post hoc comparison using the Tukey’s multiple
comparisons test). (h) The RMP in each group (Sham vs. SNI: q = 4.887, P < 0.05, nsham = 12, nSNI = 19; SNI vs. SNI + HFTS: q =
4.29, P < 0.05, nSNI = 19, nSNI+HFTS= 6; Sham vs. Sham + HFTS: q = 1.261, P > 0.05, nSNI = 19, nSNI+HFTS = 6. one-way ANOVA
followed by post hoc comparison using the Tukey’s multiple comparisons test). (i-k) HFTS has no significant effect on the
threshold, amplitude and half-width of APs in pyramidal neurons.*, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001, ns, P
> 0.05. BLS, blue light stimulation.

https://doi.org/10.7554/eLife.97444.2
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HFTS decreases the excitability of
pyramidal neurons in the ACC in vivo
We then investigate the effect of HFTS on the activities of PYRACC in head-fixed awake SNI mice.
One-week prior to the illumination experiment, a 16-channel electrode was implanted into the
ACC (the detailed structure of this device shows in Fig. 4a     ). Then we applied THz photon
stimulation for 15 minutes and compared the neuronal activities before and after HFTS (Fig.
4b     ). Our findings revealed a significant decrease in the mean firing rate of ACC neurons after
HFTS application in both the sham and SNI groups (Figs. 4c and g     ). To further analyze the effect
of HFTS on the PYRACC, we classified them along with interneurons in the ACC (INTACC) based on
their firing rate, trough-to-peak duration and half width (Fig. 4d     ), as described in our previous
study (19     ). We assessed the internal-spiking interval (ISI) and waveform characteristics of the
isolated neurons in each channel to ensure that the pre- and post-HFTS units originated from the
same neuron (Fig. 4e     ). In the sham group, we observed that 63.4% of PYRACC neurons exhibited
a decrease in firing rate, 10.8% of PYRACC showed an increase, and 25.8% of PYRACC remained
unchanged (93 well-isolated PYRACC neurons were recognized out of 108 total recorded units). In
the SNI group, we found that 61.8% of PYRACC neurons exhibited decreased activity, 20.3% of
PYRACC showed increased activity, and 17.9% of PYRACC remained unchanged (123 well-isolated
PYR neurons were recognized out of 130 total recorded units) (Fig. 4f     ). Consistently, the
increased mean firing rate of PYRACC neurons in SNI mice was significantly inhibited by the
application of HFTS (Fig. 4h     ). The activity of INTACC also tended to decrease after HFTS (Fig.
4i     ). In contrast, blue light stimulation (BLS) has no effect on the mean firing rate on the PYRACC

and INTACC in both sham and SNI mice (Supplement Fig. S2). These results indicate that HFTS
reduces the spike firing of ACC neurons, whereas BLS does not have the same effect.

HFTS alleviates mechanical allodynia of SNI mice
Finally, we tested whether application of HFTS into the ACC induced analgesic effects. The SNI
surgery and optic fiber tube implantation into the ACC were performed one week before pain
behavioral tests, which included the mechanical pain threshold test and Catwalk analysis (Fig.
5a     ). We compared the paw withdrawal mechanical thresholds (PWMTs) before and after HFTS
(0.3 ± 0.05 mW at the tip of the optic fiber) application for 15 minutes and found that SNI
treatment significantly decreased the PWMTs compared to the sham group. However, after the
application of HFTS, the PWMTs significantly increased, even surpassing those in the sham group
in the first 30 minutes (Fig. 5b     ). The analgesic effect lasted for around 160 minutes with a 15-
minute application of HTFS and lasted for around 140 minutes with a 10-minute application of
HTFS, suggesting a correlation between the duration of analgesia and the intensity of stimulation
(Fig. 5c     ). In contrast, the PWMTs did not significantly change in the SNI group with the
application of 465 nm blue light.

Furthermore, we performed the Catwalk gait analysis (Figs. 5d-l     ), which provides exquisite and
reliable observations for evaluating the spontaneous pain behaviors (34     ). We focused on the
print intensity and print area related parameters of the left hind paw (ipsilateral side of the
injured nerve). We found that SNI treatment significantly altered the stand time, the stand index,
the max contact area, the mean print area, the mean intensity and the duty cycle (Figs. 5g-l     ).
This suggests that the SNI mice tend to avoid standing and walking on their injured hind paw due
to pain hyper-sensitivity. The application of HFTS but not BLS rescued most of the above
parameters, indicating HFTS’ strong analgesic effect.

https://doi.org/10.7554/eLife.97444.2
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Fig. 4

HFTS decreases the mean firing rate of pyramidal neurons in the ACC in both sham and SNI awake mice. (a) Schematic
diagram of the single-unit recording of the ACC using an in vivo multi-channel recording technique. (b) The timeline and the
stimulating pattern of HFTS on an awake mouse. (c) Example recording signals of ACC neurons before and after HFTS
application in sham and SNI groups, respectively. (d) ACC neurons are classified as pyramidal (PYR) cells and interneurons
(INT) using k-means cluster-separation algorithm based on their electrophysiological properties. (e) Histograms of the inter-
spike intervals (ISI) from the spikes of a PYR and an INT in pre- and post-HFTS recording period. Insets at the top right corner
show the waveforms of the detected single unit. (f) Pie charts summarize the changes in firing rate of PYR and INT in sham
and SNI groups. Pre vs. post HFTS, Wilcoxon rank-sum test. (g) The mean firing rate of all recorded neurons in sham and SNI
groups before and after HFTS. Sham group (P < 0.0001, n = 108, Wilcoxon matched-paired signed rank test), SNI group (P <
0.0001, n = 130, Wilcoxon matched-paired signed rank test), SNI pre-HFTS vs. Sham pre-HFTS (P = 0.0447, Mann-Whitney test).
(h) The mean firing rate of PYR neurons in sham and SNI groups before and after HFTS. Sham group (P < 0.0001, n = 93,
Wilcoxon matched-paired signed rank test), SNI group (P < 0.0001, n = 123, Wilcoxon matched-paired signed rank test), SNI
pre-HFTS vs. Sham pre-HFTS (P = 0.0274, Mann-Whitney test). (i) The mean firing rate of INT neurons in sham and SNI groups
before and after HFTS. Sham group (P = 0.0084, n = 15, Wilcoxon matched-paired signed rank test), SNI group (P = 0.0313, n =
7, Wilcoxon matched-paired signed rank test), SNI pre-HFTS vs. Sham pre-HFTS (P = 0.3322, Mann-Whitney test). *, P < 0.05,
**, P < 0.01, ****, P < 0.0001, ns, P > 0.05.

https://doi.org/10.7554/eLife.97444.2
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Fig. 5

HFTS alleviates neuropathic pain of SNI mice through pain behavior tests. (a) Schematic of the establishment of NP model,
the application of HFTS in ACC region and the following behavior tests including Von Frey test and Catwalk analysis. (b) HFTS
increases the paw withdrawal mechanical thresholds (PWMTs) compared to the SNI model (F(18, 140) = 12.65. P < 0.0001. Sham
vs. SNI: P < 0.0001; SNI vs. SNI + HFTS: P < 0.0001; n = 6 in each group. Two-way ANOVA repeated measures followed by post
hoc comparison using the Šídák’s multiple comparisons test). (c) Duration of the analgesic effect with HFTS for 10 mins and
15 mins. (d) The print view of a mouse. (e) The feet view of the left front (LF), left hind (LH), right front (RF) and right hind
(RH) in the groups of sham, SNI, SNI + HFTS and SNI + BLS, respectively. (f) The step sequence of a sham mouse who passing
through the glass pane, the red line represents the maximum intensity of each foot, the color box represents the mean
intensity of the corresponding print during walking. (g) HFTS increases the LH stand time of SNI mice (sham vs. SNI: P <
0.0001; SNI vs. SNI + HFTS: P < 0.01). (h) HFTS increases the LH stand index of SNI mice (sham vs. SNI: P < 0.001; SNI vs. SNI +
HFTS: P < 0.05). (i) HFTS increases the LH max contact area of SNI mice (sham vs. SNI: P < 0.0001; SNI vs. SNI + HFTS: P < 0.05).
(j) HFTS increases the LH mean print area of SNI mice (sham vs. SNI: P < 0.0001; SNI vs. SNI + HFTS: P < 0.05; SNI vs. SNI + BLS:
P < 0.05). (k) HFTS increases the LH mean intensity of SNI mice (sham vs. SNI: P < 0.05; SNI vs. SNI + HFTS: P < 0.05). (l) HFTS
have no significant for the pain behavior parameter of the duty cycle. *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001.
One-way ANOVA (f-k) followed by post hoc comparison using the Tukey’s multiple comparisons test. nSham = 38, nSNI = 35,
nSNI+HFTS= 34, nSNI+BLS = 9.

https://doi.org/10.7554/eLife.97444.2
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Discussion

In the present study, we provide evidence that high frequency terahertz photons alleviate
neuropathic pain in the SNI mice by decreasing the excitability of pyramidal neurons in the ACC.
The mechanism underlying this effect is that HFTS increases voltage-gated potassium ion
conductance through resonance with the carbonyl group in the potassium channel filter region
(Fig. 6     ). Unlike optogenetic technology, HFTS can directly regulate the conformation of ion
channel without delivering a transgene that encodes a light-response protein. It exhibits frequency
selectivity and dependence to channel structure. This research suggests that HFTS has potential to
serve as a novel optical technology for the treatment of NP pathology.

Neuropathic pain is closely associated with nociceptor excitability in the ACC (18     , 35     -37     ), with
ion channels playing a fundamental role in determining neuronal excitability, particularly in the
hyperexcitability of pyramidal neurons (11     ). Excitatory Nav channels, responsible for initiating
and depolarizing the action potential, can be targeted by inhibitors to effectively decrease or
eliminate electrical excitability. These inhibitors are commonly used in neurology as antiepileptic
drugs. On the other hand, inhibitory K channels, responsible for repolarization, contribute to the
initiation of action potentials in diverse ways (33     ). Enhancing K conductivity could have a
similar effect to Nav channel blockers. For instance, retigabine, an activator for Kv7, has recently
been approved as a first-in-class antiepileptic drug (38     , 39     ). Among the 12 subfamilies of Kv
channels (Kv1-12), Kv1.2 is the most prevalent in neuronal membranes(40     ) and has been
reported to be significant associated with neuropathic pain (30     , 41     , 42     ). Although the
response frequency of Kv1.2 at ∼53 THz (10     ) or ∼34 THz (43     ) and the corresponding
modulation function have been verified due to the broad absorption band, this study highlights
the significant resonance of Kv1.2 filter structure with photons at 36 THz. By optically stimulating
ACC neurons with the frequency of ∼36 THz, we observed a significant reduction in the firing rate
of pyramidal neurons’ action potentials in SNI mice, accompanied by a notable enhancement of K+

conductance. This confirms the effect of THz photons on Kv channels, including Kv1.2. However,
to consolidate this conclusion, a more specific pharmacological experiment is necessary. For
example, applying a blocking peptide to eliminate the Kv1.2 current and then testing whether this
blocks the effects of HTFS would be a valuable test to perform in the future. Moreover, the
application of HFTS resulted in significant changes in the rheobase and RMP of pyramidal cells,
suggesting that HFTS may also affect the two-pore K+ channels (31     ). We thus tested the effect of
HTFS on the Kleak current and confirmed this hypothesis. Additionally, it has been reported that
basal excitability is influenced by the opening of low-threshold Kv1.2 channels, which filter out
small depolarizations and thus control the number of triggered APs (40     ). However, we cannot
exclude the possibility that THz photons affect other K channel functions, but further research is
required to confirm this in the future.

During our research, we focus on studying of pyramidal neurons in the ACC (44     ). It has been
reported that the firing rate of glutamatergic pyramidal cells, rather than inhibitory interneurons,
increases in the ACC after chronic pain, suggesting an imbalance of excitatory/inhibitory (E/I) ratio
(19     , 35     ). In the local circuits of the ACC, inhibitory neurons release GABA and inhibit the
activities of pyramidal cells. Different studies by Kang et al.(45     ) and Joseph Cichon et al.(46     )
have reported that specific activation of interneurons in the ACC or in the somatosensory cortex
reduces pyramidal neuron hyperactivity and alleviate mechanical allodynia. Thus, the application
of THz may induce complicated results through affecting the Kv channels distributed on both
pyramidal cells and interneurons. However, as shown in our in vivo recording data (Fig. 4i     ),
although THz illumination slightly decreased the activity of interneurons, which could potentially
lead to an enhanced activity of local pyramidal cells, the direct and significant decrease in
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Fig. 6

Schematic diagram shows the mechanism of HFTS in alleviating neuropathic pain. Left panel shows the group with BLS and
the right panel shows the group with HFTS.
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pyramidal cell activity caused by the illumination would overcome this disinhibitory effect,
ultimately resulting in a net decrease in pyramidal cell activity. The behavioral analgesic effect
caused by THz illumination also confirmed this conclusion.

There are several limitations in this study that should be acknowledged. Firstly, we did not
investigate the thermal effect of HFTS on the Kv channel. Previous research has demonstrated the
non-thermal, long-distance stimulation of high-frequency terahertz stimulation on neuronal
activity (10     ). Nevertheless, the specific interaction between ∼36 THz and Kv channels in terms of
thermal effects remains unexplored. Additionally, in this study, we used blue light as a
comparison, and found no significant changes in potassium current and the excitability of
pyramidal cells. This finding suggests the specificity of the terahertz frequency and supports the
existence of non-thermal effects. Another limitation of our research is the use of an optic fiber to
deliver the HFTS into the ACC region. This invasive approach may pose challenges for potential
noninvasive applications. However, we believe that with the advancement of terahertz
enhancement techniques, such as the use of metasurfaces or nanomaterials (47     , 48     ), high-
frequency terahertz waves show promising potential for broad applications in regulating diverse
brain diseases, such as episodic ataxia (38     , 49     ), benign familial neonatal convulsions (50     ),
Alzheimer’s disease (51     ), and others.

Material and methods

Animals
Male adult (8–10 weeks) C57BL/6 were used for all experiments. Mice were housed on a 12 h light–
dark cycle with food and water freely available. The living conditions were carefully controlled,
with temperatures maintained at 22-26℃ and humidity at 40%. All animal procedures in the
present experiments were in accordance with protocols approved by the Animal Care Committee
of the Fourth Military Medical University. All efforts were made to minimize animal suffering and
the number of animals used.

Neuropathic Pain Model
We used spared nerve injury (SNI) model to establish neuropathic pain. The detailed process has
been described in our previous study (19     ). In brief, mice were generally anaesthetized by 2%
isoflurane. Three terminal branches of the left sciatic nerve were exposed by making a direct
incision in the skin and a section of the biceps femoris muscle in the left thigh. The tibial nerve
and the common peroneal nerve were ligated using 6-0 silk sutures and then sectioned distal to
the ligation. After ligating and cutting the nerves, they were carefully put back into their original
positions, and the muscle and skin were sutured in two layers. For the sham mice, animals only
received an operation that exposed the branches of the left sciatic nerve but without any nerve
injury. Following a week accommodation period, pain behaviors were assessed using the von Frey
filament test and CatWalk gait analysis to confirm the successful establishment of the NP model.

Molecular Dynamics Simulation
The simulation was conducted to gain a deeper understanding of the interaction between
terahertz photons and ion channels. A composite model of mouse eukaryotic voltage-gated K+

channels (PDB ID: 3LUT) and eukaryotic Na+ channels (PDB ID: 3RVY) was built using the Charmm-
GUI website. The model consisted of intact proteins, phospholipid bilayers, and saline solution
(with a concentration of 0.15 M). Kinetic calculations were performed using GROMACS 5.1.2
software. The CHARMM 36 force field and periodic boundary conditions were applied to the
proteins. Electrostatic interactions were handled using the connected element algorithm Ewald.
During the simulation, the Rattle algorithm was used to constrain key lengths. The motion
equation was solved using the Velocity-Verlet algorithm with a time step of 2 fs. Initially, the
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simulation was carried out at a room temperature of 303.5 K to observe the ion transport process
within the channels at the molecular level. Subsequently, conductivity values (gNa, gK) for
potassium and sodium ions and their corresponding absorption spectrum were calculated. To
investigate the effect of ion transport under the influence of terahertz radiation, time-varying
electric fields of THz radiation were added to the system. In the interaction of terahertz radiation
with biological systems, electrical components play a crucial role. The electric field was used to
simulate terahertz radiation, and its formula is as follows:

Where A represents the terahertz radiation intensity, u and phi represent the polarization
direction and phase of the radiated photon, which set to (0, 0, 1) and 0, respectively. The terahertz
radiation frequency v is related to the angular frequency ω by the equation:

The cortical neuron Hodgkin-Huxley (H-H) model links the microscopic level of ion channels to the
macroscopic level of currents and action potentials. The model consists of two distinct
components: a rapid inward current carried by sodium ions and a slower activating outward
current carried by potassium ions. These currents result from independent permeability
mechanisms for Na+ and K+, where the conductance changes over time and membrane potential.
Consequently, the model can replicate and explain a wide range of phenomena, including the
shape and propagation of action potentials, the sharp threshold, refractory period, anode-break
excitation, accommodation, and subthreshold oscillations. Minor adjustments in key conductance
and stimulus current parameters enable the model to describe various action potential
phenomena (52     ). The formula shows as follows:

Where v, m, h and n represent the membrane voltage, probability of opening or closing of
potassium-sodium ion channel. VNa, VK and VL are the sodium ion reverse potential, potassium ion
reverse potential and resting membrane potential, respectively. gNa, gKare the maximum
conductivity of sodium and potassium ion, respectively. C is membrane capacitive reactance with
0.75 uF/cm2, the Gstim is the stimulation by an external current.

High Frequency Terahertz and Blue Light Stimulation
For high frequency of terahertz stimulation (HFTS), we used a quantum cascade laser with a
center frequency of 35.93±0.1 THz. The laser beam was coupled into a coupler, supported by the
Innovation Laboratory of Terahertz Biophysics. We then connected the coupler to a Polycrystalline
fiber (PIR) infrared fiber (Art photonics) with a core composition of AgCl/Br. This fiber has
excellent transmittance in the range of 3-18 μm, with a core refractive index of 2.15 and an
effective numerical aperture (NA) of 0.35 ± 0.05. At the distal end of the fiber, we left
approximately 3-4 cm of bare fiber to allow for the insertion of a hollow tube with an inner
diameter of 650 μm. This tube was pre-implanted into the ACC region of the SNI and sham group
mice brain (53     ). The duration of HFTS was 15 minutes, with a pulse width of 2 μs, a repetition
frequency of 10 kHz, and a duty cycle of 40%. The average output power at the tip of the fiber,
measured by a MIR detector (NOVA II-3A, Israel), was 0.3 ± 0.05 mW. For comparison purposes, we
also used a blue laser to stimulate the same brain region for 15 minutes, with a frequency of 1 Hz
and an average output power of 10 mW.
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In Vitro Patch Clamp Recording
The experimental procedures were based on our previous reports (54     ). Briefly, mice were
anesthetized and then decapitated to sacrifice. Brain slices (300 μm thick) containing the ACC were
cut on a vibrating microtome (Leica VT 1200s, Heidelberger, Nussloch, Germany) at 0−4°C in
oxygenated (95% O2 and 5% CO2) artificial cerebrospinal fluid (ACSF) consisting of (in mM) 124
NaCl, 25 NaHCO3, 2.5 KCl, 1 NaH2PO4, 2 CaCl2, 1 MgSO4 and 10 glucose. Slices were then
transferred to a room temperature-submerged recovery chamber containing oxygenated ACSF
and incubated for at least one hour before patch clamp recording. The neurons were then
visualized under a microscope with infrared differential interference contrast or fluorescent
optics video microscopy (BX51W1, Olympus, Tokyo, Japan). The recording pipettes (3-5 MΩ) were
filled with a solution composed of (in mM) 124 K-gluconate, 5 NaCl, 1 MgCl2, 0.2 EGTA, 2 MgATP, 0.1
Na3GTP, 10 HEPES and 10 phosphocreatine disodium (adjusted to pH 7.2 with KOH, 290 mOsmol).
Biocytin (0.2%) were added into pippette solution for verifying neurons and visualized through
biocytin-avidin reaction. To examine the properties of voltage-gated K+ currents, tetrodotoxin
(TTX, 1 μM) and CdCl2 (100 μM) were added into the ACSF. BaCl2 (4 mM) were applicated for
recording KLeak currents, since barium blocks most KLeak channel subtypes. To examine voltage-
gated Na+ current, 3 mM 4-AP and 0.1 mM CdCl2 were added into the ACSF. Electrical signals were
filtered at 1 kHz by a Multiclamp 700B amplifier (Molecular Devices, USA), and digitized by an
Axon DigiData 1550A converter with a sampling frequency of 10 kHz. Data analyses were
performed with the Clampfit 10.02.

In Vivo Multi-Channel Recording
Before the SNI operation, we implanted an electrode into the right ACC as in our previous reports
(19     ), following stereotaxic coordinates: 1.1 mm anterior to the bregma, 0.3 mm lateral to the
midline and 1.8 mm vertical to the skull surface. The electrodes were secured to the exposed skull
using the dental adhesive resin cement Super-bond C&B (Japan)(53     ). This electrode consisted of
16-channel wire electrodes and included a hollow tube. During the optical stimulation, we
employed multi-channel recording technology by Neurolego system (Nanjing Greathink Medical
Technology, Nanjing, China). Subsequently, single-unit spike sorting was performed using the
MClust-v4.4 toolbox in MATLAB software (MathWorks, USA). In the ACC region, the two main cell
types are pyramidal neurons and interneuron cells, which are gamma-aminobutyric acid (GABA)
neurons. Pyramidal neurons were primarily classified based on a trough-to-peak duration above
430 us, indicating long-duration action potentials. Interneuron cells, on the other hand, were
identified based on a duration time below 430 μs (55     ).

Behavioral Assays Mechanical allodynia
Briefly, the paw withdrawal mechanical threshold (PWMT) was evaluated by using von Frey
filaments (Stoelting, Kiel, WI, USA) as reported in our previous works (54     ). Mice were habituated
to the testing environment for 3 days before baseline testing and then placed under inverted
plastic boxes (7 × 7 × 10 cm) on an elevated mesh floor and allowed to habituate for 30 min before
threshold testing. A logarithmic series of 8 calibrated Semmes-Weinstein monofilaments (von Frey
hairs; Stoelting, Kiel, WI, USA) (0.008, 0.02, 0.04, 0.16, 0.4, 0.6, 1, 1.4, and 2 g) with various bending
forces (0.078, 0.196, 0.392, 1.568, 3.92, 5.88, 9.8, 13.72, and 19.6 mN) was applied to the plantar
surface of the hind paw until the mice withdrew from the stimulus. Positive responses included
licking, biting, and sudden withdrawal of the hind paws. A von Frey filament was applied 5 times
(3 seconds for each stimulus) to each tested area. The minimum bending force of the von Frey
filament able to evoke 3 occurrences of the paw withdrawal reflex was considered the paw
withdrawal threshold. All tests were performed in a blinded manner.
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CatWalk gait analysis
Gait analysis was conducted using the CatWalk XT system (Noldus, the Netherlands) to measure
pain-related parameters. The experimental setup involved placing the mouse on a glass platform
with open ends, allowing the mouse to walk voluntarily. Simultaneously, a high-speed camera
positioned underneath the platform captured images of each step, which were then transmitted to
the analysis software (version 10.6, CatWalk XT, Noldus) for further processing. In this study, eight
parameters were identified to assess dynamic behaviors relevant to neuropathic pain: (1     )
Stand: this parameter represents the duration (in seconds) of a paw touching the glass plate; (2     )
Stand index: it describes the speed at which the paw moves away from the glass plate; (3     ) Max
contact area: it describes the maximum contact area of the paw or leg with the glass plate; (4     )
Mean print area: it represents the average area of the paw print during locomotion; (5     ) Mean
intensity: this parameter denotes the average intensity value of the running stage; (6     ) Duty cycle
This parameter denotes the average intensity value of the running stage.

Statistical Analysis
GraphPad Prism 5 (Graph Pad Software, Inc.) was used for the statistical analyses and graphing.
Statistical significance was assessed by unpaired t-test, paired t-test, one-way and two-way ANOVA
followed by post hoc comparison, Wilcoxon matched-paired signed rank test and Mann-Whitney
test. All data in the experiment are expressed in mean ± S.E.M. Statistical significance was
indicated as *, P < 0.05, **, P < 0.01, ***, P < 0.001 and ****, P < 0.0001.
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In this manuscript, by using simulation, in vitro and in vivo electrophysiology, and behavioral
tests, Peng et al. nicely showed a new approach for the treatment of neuropathic pain in
mice. They found that terahertz (THz) waves increased Kv conductance and decreased the
frequency of action potentials in pyramidal neurons in the ACC region. Behaviorally,
terahertz (THz) waves alleviated neuropathic pain in the mouse model. Overall, this is an
interesting study. The experimental design is clear, the data is presented well, and the paper
is well-written.

I have a few suggestions.
(1) The authors provide strong theoretical and experimental evidence for the impact of
voltage-gated potassium channels by terahertz wave frequency. However, the modulation of
action potential also relies on non-voltage-dependent ion channels. For example, I noticed
that the RMP was affected by THz application (Fig. 3F) as well. As the RMP is largely regulated
by the leak potassium channels (Tandem-pore potassium channels), I would suggest testing
whether terahertz wave photons have also any impact on the Kleak channels as well.

(2) The activation curves of the Kv currents in Fig. 2h seem to be not well-fitted. I would
suggest testing a higher voltage (>100 mV) to collect more data to achieve a better fitting.

49.

50.

51.

52.

53.

54.

55.
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(3) In the part of behavior tests, the pain threshold increased after THz application and lasted
within 60 mins. I suggest conducting prolonged tests to determine the end of the analgesic
effect of terahertz waves.

(4) Regarding in vivo electrophysiological recordings, the post-HFTS recordings were
acquired from a time window of up to 20 min. It seems that the HFTS effect lasted for
minutes, but this was not tested in vitro where they looked at potassium currents. This long-
lasting effect of HFTS is interesting. Can the authors discuss it and its possible mechanisms, or
test it in slice electrophysiological experiments?

(5) How did the authors arrange the fiber for HFTS delivery and the electrode for in vivo
multi-channel recordings? Providing a schematic illustration in Fig. 4 would be useful.

(6) Language is largely OK, but some grammar errors should be corrected.

The authors have completely addressed my concerns. I have no further comments.

https://doi.org/10.7554/eLife.97444.2.sa3

Reviewer #2 (Public Review):

Summary:

In this manuscript, Peng et al., reported that 36THz high-frequency terahertz stimulation
(HFTS) can suppress the activity of pyramidal neurons through enhancing the conductance of
voltage-gated potassium channel. The authors also demonstrated the effectiveness of using
36THz HFTS for treating neuropathic pain.

Strengths:

The manuscript is well written and the conclusions are supported by robust results. This
study highlighted the potential of using 36THz HFTS for neuromodulation.

Weaknesses:

More characterization of HFTS is needed, so the readers can have a better assessment of the
potential usage of HFTS in their own applications.

https://doi.org/10.7554/eLife.97444.2.sa2

Reviewer #3 (Public Review):

My summary of the manuscript remains the same and is as follows:

This manuscript by Peng et al. presents intriguing data indicating that high-frequency
terahertz stimulation (HFTS) of the anterior cingulate cortex (ACC) can alleviate neuropathic
pain behaviors in mice. Specifically, the investigators report that terahertz (THz) frequency
stimulation widens the selectivity filter of potassium channels thereby increasing potassium
conductance leading to a reduction in the excitability of cortical neurons. In voltage clamp
recordings from layer 5 ACC pyramidal neurons in acute brain slice, Peng et al. show that
HFTS enhances K current while showing minimal effects on Na current. Current clamp
recording analyses show that the spared nerve injury model of neuropathic pain decreases
the current threshold for action potential (AP) generation and increases evoked AP frequency
in layer 5 ACC pyramidal neurons, which is consistent with previous studies. Data are
presented showing that ex-vivo treatment with HFTS in slice reduces these SNI-induced
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changes to excitability in layer 5 ACC pyramidal neurons. The authors also confirm that HFTS
reduces excitability of layer 5 ACC pyramidal neurons via in vivo multi-channel recordings
from SNI mice. Lastly, the authors show that HFTS is effective at reducing mechanical
allodynia in SNI using both the von Frey and Catwalk analyses. Overall, there is considerable
enthusiasm for the findings presented in this manuscript given the need for non-
pharmacological treatments for pain in the clinical setting.

https://doi.org/10.7554/eLife.97444.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Reviewer #1 (Public Review):

In this manuscript, by using simulation, in vitro and in vivo electrophysiology, and
behavioral tests, Peng et al. nicely showed a new approach for the treatment of
neuropathic pain in mice. They found that terahertz (THz) waves increased Kv
conductance and decreased the frequency of action potentials in pyramidal neurons in
the ACC region. Behaviorally, terahertz (THz) waves alleviated neuropathic pain in the
mouse model. Overall, this is an interesting study. The experimental design is clear, the
data is presented well, and the paper is well-written. I have a few suggestions.

(1) The authors provide strong theoretical and experimental evidence for the impact of
voltage-gated potassium channels by terahertz wave frequency. However, the
modulation of action potential also relies on non-voltage-dependent ion channels. For
example, I noticed that the RMP was affected by THz application (Figure 3F) as well. As
the RMP is largely regulated by the leak potassium channels (Tandem-pore potassium
channels), I would suggest testing whether terahertz wave photons have also any impact
on the Kleak channels as well.

Thank you for your positive comment and for providing us with this valuable suggestion.
After testing the leak K+ current with and without HFTS on the SNI model, we observed a
notable increase in the leak K+ current with HFTS when the holding potential surpassed -40
mV (please see the revised Figs. 2m and n). This finding prompted us to delve deeper into the
shifts in the resting membrane potential (RMP). The data, along with statistical analysis, are
detailed in Tables S1-3.

(2) The activation curves of the Kv currents in Figure 2h seem to be not well-fitted. I would
suggest testing a higher voltage (>100 mV) to collect more data to achieve a better
fitting.

Thanks for your advice. We repeated the experiment while maintaining the voltage of
patched neurons at a higher level (>100 mV) to collect ample data for better fitting. The
outcomes are illustrated in the revised Figs. 2g-j. Clearly, the data reveals a significant
increase in K+ conductance in the HFTS group as compared to the SNI group. We have
integrated these discoveries into the revised manuscript, replacing the earlier results.

(3) In the part of behavior tests, the pain threshold increased after THz application and
lasted within 60 mins. I suggest conducting prolonged tests to determine the end of the
analgesic effect of terahertz waves.

Thank you for your insightful comment. We echo your curiosity about the duration of the
HFTS effect. In the process of revising our work, we conducted a comparative analysis of the

https://doi.org/10.7554/eLife.97444.2
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analgesic duration resulting from 10-minute and 15-minute applications of HFTS. The
findings are visualized in the revised Fig. 5c. Our observations indicate that after 160
minutes, the PWMT value for the 15-minute HFTS group decreased to a level comparable to
that of the SNI group. Meanwhile, the analgesic effects persisted for 140 minutes in the case
of the 10-minute HFTS application. These results imply a direct correlation between the
duration of HFTS application and the duration of analgesia.

(4) Regarding in vivo electrophysiological recordings, the post-HFTS recordings were
acquired from a time window of up to 20 min. It seems that the HFTS effect lasted for
minutes, but this was not tested in vitro where they looked at potassium currents. This
long-lasting effect of HFTS is interesting. Can the authors discuss it and its possible
mechanisms, or test it in slice electrophysiological experiments?

Thank you for your comment. Based on the results from in vivo electrophysiological
recordings, it was observed that the effect of HFTS can endure for a minimum of 20 minutes,
and this duration was even more extended in behavioral assessments. Taking your advice, we
employed slice electrophysiological recording for further testing. Following a 15-minute
application of HFTS, we evaluated the K+ current at 5 and 20 minutes after incubation. Our
observations clearly indicated a substantial and lasting increase in K+ current, with the effect
persisting for at least 20 minutes (refer to Fig. 2l). This provides confirmation of the long-
lasting influence of HFTS. The relevant data and statistical analysis are documented in Table
S1-2.

(5) How did the authors arrange the fiber for HFTS delivery and the electrode for in vivo
multi-channel recordings? Providing a schematic illustration in Figure 4 would be useful.

Thank you for your comment. To enhance the reader's understanding of the HFTS delivery
device during multi-channel recording, we have included a schematic illustration in Fig. 4a in
the revised manuscript. The top portion of Fig. 4a depicts a quantum cascade laser (QCL) with
a center frequency located at approximately 36 THz. This laser is then connected to the
recording electrode via a PIR fiber. The left section illustrates the detailed structure of the
recording electrode.

(6) Some grammatical errors should be corrected.

Thank you for your thorough review. We have carefully checked and corrected grammar
errors we found throughout the entire text to ensure that readers can better comprehend the
content of the article.

Reviewer #2 (Public Review):

In this manuscript, Peng et al., reported that 36 THz high-frequency terahertz stimulation
(HFTS) can suppress the activity of pyramidal neurons by enhancing the conductance of
voltage-gated potassium channel. The authors also demonstrated the effectiveness of
using 36THz HFTS for treating neuropathic pain.

Strengths:

The manuscript is well written and the conclusions are supported by robust results. This
study highlighted the potential of using 36 THz HFTS for neuromodulation.

Weaknesses:

More characterization of HFTS is needed, so the readers can have a better assessment of
the potential usage of HFTS in their own applications.

https://doi.org/10.7554/eLife.97444.2
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Thank you for your suggestion. We have created schematic diagrams illustrating the HFTS
delivery (Fig. 4a and Fig. 5a in the revised manuscript). Fig. 4a presents the structure
designed for in vivo multi-channel recording. Fig. 5a shows the structure used in behavior
test, the recording electrode is replaced by a metal hollow tube, allowing the PIR fiber to pass
through the tube and target the ACC region of the mice.

(1) It would be very helpful to estimate the volume of tissue that can be influenced by
HFTS. It is not clear how 15 mins HFTS was chosen for this functional study. Does a longer
time have a stronger effect? A better characterization of the relationship between the
stimulus duration of HFTS and its beneficial effects would be very useful.

Thank you for your feedback. The degree of tissue influence is directly related to the size of
the spot emerging from the fiber outlet. In our experiment, we used a PIR fiber with a 630 nm
inner core diameter to propagate high-frequency THz waves. This core features a refractive
index of 2.15 and has an effective numerical aperture (NA) of 0.35 ± 0.05.

Our decision to apply HFTS for 15 minutes in the behavioral study was primarily based on
observations from in vivo multi-channel recordings. Specifically, we noticed a considerable
reduction in the average firing rate of PYR cells after 15 minutes of HFTS exposure. To further
investigate the correlation between the duration of HFTS stimulation and its effects, we
conducted a comparative study using a 10-minute HFTS session. The results, depicted in
revised Fig. 5c, reveal that the PWMT value decreased to the level seen in the SNI group after
approximately 160 minutes following 15 minutes of HFTS, and after about 140 minutes with
10 minutes of HFTS. This suggests a direct relationship between the length of HFTS
application and its beneficial outcomes.

(2) How long does the behavioral effect last after 15 minutes of HFTS? Figure 5b only
presents the behavioral effect for one hour, but the pain level is still effectively reduced at
this time point. The behavioral measurement should last until pain sensitization drops
back to pre-stim level.

Thank you for your feedback. Similar question is also mentioned by reviewer 1. As depicted
in Fig. 5c, it was observed that the analgesic effects lasted for 140-160 min with 10-15 minutes
application of HFTS. Based on these findings, we can conclude that in the SNI model,
targeting the ACC brain region with HFTS for a duration of 10-15 minutes results in an
analgesic effect that lasts for roughly 140-160 minutes. This provides valuable insights into
the potential clinical applications and duration of relief that can be achieved through HFTS
treatment.

(3) Although the manuscript only tested in ACC, it will also be useful to demonstrate the
neural modulation effect on other brain regions. Would 36THz HFTS also robustly
modulate activities in other brain regions? Or are different frequencies needed for
different brain regions?

Thank you for your comment. We hypothesize that light waves at a frequency of
approximately 36 THz effectively modulate neuronal activities in various brain regions,
primarily due to their impact on K channels. Additionally, we speculate that the application of
THz waves at different frequencies may influence other channels, such as Na and Ca
channels, potentially facilitating or inhibiting neuronal activities. We believe this is a
fascinating and significant area of research to explore in the future.

Reviewer #3 (Public Review):

Summary:
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This manuscript by Peng et al. presents intriguing data indicating that high-frequency
terahertz stimulation (HFTS) of the anterior cingulate cortex (ACC) can alleviate
neuropathic pain behaviors in mice. Specifically, the investigators report that terahertz
(THz) frequency stimulation widens the selectivity filter of potassium channels thereby
increasing potassium conductance and leading to a reduction in the excitability of
cortical neurons. In voltage clamp recordings from layer 5 ACC pyramidal neurons in
acute brain slice, Peng et al. show that HFTS enhances K current while showing minimal
effects on Na current. Current clamp recording analyses show that the spared nerve
injury model of neuropathic pain decreases the current threshold for action potential
(AP) generation and increases evoked AP frequency in layer 5 ACC pyramidal neurons,
which is consistent with previous studies. Data are presented showing that ex-vivo
treatment with HFTS in slice reduces these SNI-induced changes to excitability in layer 5
ACC pyramidal neurons. The authors also confirm that HFTS reduces the excitability of
layer 5 ACC pyramidal neurons via in vivo multi-channel recordings from SNI mice.
Lastly, the authors show that HFTS is effective at reducing mechanical allodynia in SNI
using both the von Frey and Catwalk analyses. Overall, there is considerable enthusiasm
for the findings presented in this manuscript given the need for non-pharmacological
treatments for pain in the clinical setting.

Strengths:

The authors use a multifaceted approach that includes modeling, ex-vivo and in-vivo
electrophysiological recordings, and behavioral analyses. Interpretation of the findings is
consistent with the data presented. This preclinical work in mice provides new insight
into the potential use of directed high-frequency stimulation to the cortex as a primary
or adjunctive treatment for chronic pain.

Weaknesses:

There are a few concerns noted that if addressed, would significantly increase
enthusiasm for the study.

(1) The left Na current trace for SNI + HFTS in Figure 2B looks to have a significant series
resistance error. Time constants (tau) for the rate of activation and inactivation for Na
currents would be informative.

Thank you for your feedback. We have carefully considered your comments and made
several adjustments in the revised Figs. 2b-f to improve clarity and accuracy. Firstly, we have
conducted a comparison of the time constants (tau) between the SNI group and the SNI+HFTS
group. These time constants represent the latency of Na current activation or inactivation
relative to the half-activated/inactivated voltage. Our analysis reveals that there is no
statistically significant difference in tau between the two groups for both activation and
deactivation curves. Secondly, we have updated the sample traces in Fig. 2b of the revised
manuscript. These new traces illustrate that tau does not significantly differ between the SNI
and SNI+HFTS groups, providing a visual representation of our findings. We believe that
these modifications strengthen the presentation of our study's details and results, making the
data more accessible and understandable for readers.

(2) It is unclear why an unpaired t-test was performed for paired data in Figure 2. Also,
statistical methods and values for non-significant data should be presented.

Thank you for your comment. I think you mean the results in Fig. 3. We agree with you that
we should use one-way ANOVA to analyze the data since there are more than 2 groups for
comparison. We thus re-analyzed the data by using one-way ANOVA in Figs. 3g-k, and have
included detailed statistical methods and P values in the revised manuscript.
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(3) It would seem logical to perform HFTS on ACC-Pyr neurons in acute slices from sham
mice (i.e. Figure 3 scenario). These experiments would be informative given the data
presented in Figure 4.

Thank you for your valuable advice. During the revision process, we performed HFTS on
ACC-PYR neurons in acute slices obtained from sham mice. The findings from this experiment
have been integrated into the updated Fig. 3, where the sham group is represented by the
green line and histogram (the revised Fig. 3 in the manuscript). It is noteworthy that a
significant decrease in spike frequency was observed in the sham mice following HFTS.

(4) As the data are presented in Figure 4g, it does not seem as if SNI significantly
increased the mean firing rate for ACC-Pyr neurons, which is observed in the slice. The
data were analyzed using a paired t-test within each group (sham and SNI), but there is
no indication that statistical comparisons across groups were performed. If the
argument is that HFTS can restore normal activity of ACC-Pyr neurons following SNI, this
is a bit concerning if no significant increase in ACC-Pyr activity is observed in in-vivo
recordings from SNI mice.

Thank you for highlighting the inaccuracies in the analysis. After reviewing the data, we re-
analyzed it using alternative statistical methods. In the revised version, since the data did not
follow a normal distribution, we employed Wilcoxon matched-paired signed rank tests within
the sham and SNI groups, and Mann-Whitney tests between the sham and SNI groups.

Upon comparing the statistical outcomes across the groups, we found that the mean firing
rate of 130 ACC neurons in SNI mice was significantly higher compared to that of 108 ACC
neurons in sham mice (P = 0.0447, Mann-Whitney test). Notably, the mean firing rate of ACC-
PYR exhibited a more pronounced increase with a P value of 0.0274 in SNI pre-HFTS versus
sham pre-HFTS, while the mean firing rate of ACC-INT did not display a significant change
across the groups. These findings align with the observations we made in the slice,
reinforcing the validity of our results.

(5) The authors indicate that the effects of HFTS are due to changes in Kv1.2. However,
they do not directly test this. A blocking peptide or dendrotoxin could be used in voltage
clamp recordings to eliminate Kv1.2 current and then test if this eliminates the effects of
HFTS. If K current is completely blocked in VC recordings then the authors can claim that
currents they are recording are Kv1.1 or 1.2.

Thank you for your kind suggestion. In our research, we employed the Kv1.2 structure as a
model to determine the response frequency of terahertz waves. Through both in vitro and in
vivo experiments, we were able to demonstrate that the frequency of approximately 36 THz
affects the Kv channel and its corresponding spike frequency. Upon analyzing the action
potential waveform, we observed a notable variance in the resting membrane potential
(RMP). This RMP is predominantly controlled by leak potassium channels, specifically the
Tandem-pore potassium channels. In accordance with the recommendation of reviewer 1, we
have addressed this particular aspect of our experimentation in the revised manuscript.

We agree that we should use blocking peptides or dendrotoxin to eliminate Kv1.2 current.
However, we meet problems in purchasing and delivery of the drugs. We thus added some
explanation in the Discussion part to emphasize the value for this pharmacological
experiment and can further confirm this in the future works.

(6) The ACC is implicated in modulating the aversive aspect of pain. It would be
interesting to know whether HFTS could induce conditioned place preference in SNI mice
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via negative reinforcement (i.e. alleviation of spontaneous pain due to the injury). This
would strengthen the clinical relevance of using HFTS in treating pain.

Thank you for this valuable advice. We share your intrigue regarding this experiment, and
we fully recognize the importance and potential of further exploring this area. At present,
however, our equipment and platform limitations prevent us from conducting the necessary
tests. However, we remain committed to pursuing relevant research opportunities in the
future.

https://doi.org/10.7554/eLife.97444.2.sa0
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