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Terahertz (THz) waves, also known as T-rays,
encompass frequencies ranging from 0.1 to 10 THz
and possess unique properties that render them
applicable in  various biomedical domains,
particularly in neurobiology[”. Synaptic transmission,
the process through which signals propagate
between neurons at synapses, is pivotal for brain
function and information processing. Disruptions in
synaptic transmission can contribute to neurological
disorders such as Alzheimer’s disease, Parkinson’s
disease, and epilepsy. Hence, comprehending the
impact of THz waves on synaptic transmission holds
significance for fundamental neuroscientific research
and potential therapeutic interventions. This study
aims to explore a novel neuromodulation approach
for noninvasive regulation of neuronal function.

The cultivation of male Wistar rat primary
hippocampal neurons and the THz wave exposure
systems have been extensively described in the
literature®. Primary hippocampal neurons were
subjected to THz waves with a frequency of 2 THz
and a power of 3.5 uW, generated by a QS1-260-HP
source (frequency range of 0.114-2.349 THz), for 60
minutes. On the 7th day of culture, primary
hippocampal neurons were categorized into control
(C) and radiation (R) groups based on whether they
were exposed to THz waves. The R group underwent
a 60-minute exposure to 2 THz waves, while the C
group remained unexposed. Exposure to 2 THz
waves for 60 minutes led to a temperature elevation
of approximately 0.839 °C. The temperature rise in
the cell culture medium during THz wave exposure
was less than 1 °C (Supplementary Figure S1,
available in www.besjournal.com), suggesting that
nonthermal effects were predominantly
documented during THz wave exposure. The
arithmetic means of all results are presented in
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Supplementary Table S1 (available in www.besjournal.
com).

Total protein was extracted from primary
hippocampal neurons at 6 hours after exposure.
Western blotting was employed to assess the
protein content of primary hippocampal neurons,
following  previously established protocoIsB].
Western blotting results for presynaptic signaling
molecules in primary hippocampal neurons are
depicted in Figure 1A. In comparison to group C,
group R exhibited elevated levels of rSec6 (P < 0.05).
However, the levels of VAMP2, SNAP, and
Synaptophysin did not exhibit significant changes
(P > 0.05, Figure 1B). Western blot results for the
glutamate receptor subunits are illustrated in
Figure 1C, revealing significantly increased levels of
GluN2B and GIuA1 (P<0.05)inthe R group (Figure 1D).
The Western blot results for postsynaptic signaling
molecules are presented in Figure 1E. Comparative
analysis with the C group revealed a significant
increase in PSD95, nNOS, and CREB levels in the R
group (P < 0.05, P<0.05, P<0.01, Figure 1F). Studies
on synaptic plasticity are pivotal for understanding
learning, memory, development, and neurological
disorders™. Neuronal synaptic plasticity is influenced
by various processes, including presynaptic
neurotransmitter release, neurotransmitter-receptor
binding, and postsynaptic signal transduction. These
processes collectively determine the formation and
maintenance of synaptic plasticity. Following
exposure to THz waves, the expression of the
presynaptic  vesicle-related molecule rSEC6
increased. Moreover, the levels of the GIuN2B and
GluAl subunits of glutamate receptors increased,
alongside elevated levels of the postsynaptic
signaling molecules PSD95, nNOS, and CREB.
Therefore, THz waves enhance synaptic plasticity by
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promoting presynaptic vesicle synthesis and release,
strengthening postsynaptic signal transmission, and
increasing the number of postsynaptic glutamate
receptor subunits.

At 6 hours after THz exposure, 300 pL of primary
hippocampal neuronal medium was aspirated and
assayed for aspartate (Asp), glutamate (Glu), and
glycine (Gly) using High Performance Liquid
Chromatography (HPLC). Following 2 THz exposure,
neurotransmitter levels in the cell medium were
assessed via HPLC. The results depicted in Figure 2A
reveal elevated levels of glutamate in the R group
(P < 0.05), alongside a decrease in glycine levels
(P<0.05). Consequently, THzwaves appearto enhance
the release of the excitatory neurotransmitter
glutamate while concurrently reducing the release of

Neurotransmitters serve as crucial molecules in the
nervous system, facilitating signal transmission and
regulating communication between neurons. They
can be classified into excitatory and inhibitory
neurotransmitters, which exert excitatory and
inhibitory effects on postsynaptic membranes,
respectively[sl. After exposure to THz waves, there
was a noticeable increase in  excitatory
neurotransmitter glutamate levels, coupled with a
decrease in inhibitory neurotransmitter aspartate
levels in the primary hippocampal neuron culture
medium. This suggests that THz waves may influence
the function of primary hippocampal neurons by
modulating the levels of excitatory and inhibitory
neurotransmitters.

To assess the Ca’* content in various subcellular

the inhibitory neurotransmitter glycine. structures of primary hippocampal neurons, we
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Figure 1. Expression of Synaptic plasticity-related molecules in primary hippocampal neurons after 2 THz
exposure. (A) The Western blot of presynaptic signaling molecules after exposure to 2 THz. (B) Western
blot quantitative analysis of presynaptic signaling molecules. (C) The Western blot of glutamate receptor
subunits after exposure to 2 THz. (D) Western blot quantitative analysis of glutamate receptor subunits.
(E) The Western blot of postsynaptic signaling molecules after exposure to 2 THz. (F) Western blot
guantitative analysis of postsynaptic signaling molecules. THz, terahertz; C, control group; R, radiation
group. Compared to the C group, 'P<0.05 P<0.01,  P<0.001.
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measured the relative intensity of cytoplasmic,
endoplasmic reticulum, and mitochondrial Ca** levels
using a GENMED Calcium lon Fluorescence
Quantification Kit (GENMED, USA). As show depicted
in Figure 2B, compared to the C group, the
cytoplasmic  Ca’*  concentration  significantly
decreased in the R group (P < 0.05). Conversely, the
concentrations of Ca”* in the endoplasmic reticulum
(P < 0.05) and mitochondria (P < 0.01) increased,
indicating that THz waves prompted the transfer of
Ca’ from the cytoplasm to these organelles. In
neuronal cells, Ca?* concentration plays a pivotal role
in maintaining normal neural signal transmission and
cellular functions®™. The concentration of Ca’ in
neuronal cytoplasm is closely associated with
neuronal excitability and synaptic transmission. The
endoplasmic reticulum is responsible for protein
synthesis and folding within cells. Alterations in Ca?*
concentration could influence the folding status of
proteins in the endoplasmic reticulum, thereby
impacting intracellular protein synthesis.
Mitochondria serve as energy production centers
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within cells, and their Ca** concentration can affect
mitochondrial respiratory chain activity, thereby
influencing cellular energy supply”'sl, In this study,
exposure to THz waves significantly increased the
concentrations of Ca’* in the endoplasmic reticulum
and mitochondria of primary hippocampal neurons,
while cytoplasmic Ca?* concentrations exhibited a
decreasing trend. Therefore, THz waves can enhance
cellular energy metabolism by facilitating the
transfer of Ca’* from the cytoplasm to the
endoplasmic reticulum and mitochondria of primary
hippocampal neurons.

Primary hippocampal neuronal calcium currents
were recorded using whole-cell patch-clamp
techniques. The |-V curves of voltage-gated calcium
channels in these neurons are presented in
Figure 2C. Compared to the C group, the current
density of voltage-gated calcium channels showed
significantly higher absolute values at membrane
potentials of -10 and 0 mV in the R group (P < 0.05).
Neuronal electrical activity is essential for
information transmission in the nervous system and
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Figure 2. Changes in neurotransmitter, calcium ion, and voltage-gated calcium channel activity in primary
hippocampal neurons following exposure to 2 THz. (A) Neurotransmitter changes after exposure to 2 THz.
(B) Calcium ion alterations after exposure to 2 THz. (C) Changes in voltage-gated calcium channel activity
after exposure to 2 THz. THz, terahertz; C, control group; R, radiation group. Compared to the C group, P

<0.05, "P<0.01.
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plays a crucial role in physiological processes such as
perception, learning, memory, and motor control.
Research suggests that THz waves may influence
neuronal electrical activity by altering the electric
field and membrane potential of neurons, leading to
changes in neuronal electrophysiological properties,
including membrane potential and firing frequency
of action potentials. Some researchers found that
exposing rat hippocampal brain slices to THz waves
with a frequency of 0.138 THz and a power of 2 mW
increased the slope of excitatory postsynaptic
potentials during exposure, enhancing synaptic
plasticity in the Schaeffer-CA1 region. They also
observed that exposure to 0.138 THz promoted
neurite outgrowth and increased dendritic spine
densitylg]. Mathematical models simulating the
dynamics of K* and Na' channels have shown that
carbonyl groups (-C=0) in the functional domain of
K" channels can resonate and absorb photon energy
from THz waves, thereby increasing K’
permeability” . Calcium currents in neurons are
critical for the generation and propagation of action
potentials, playing a primary role in action potential
generation, postsynaptic signal transduction, and
long-term potentiation. In this study, whole-cell
patch-clamp recordings were used to record calcium
currents. The results indicated that THz waves
enhanced the activity of voltage-gated calcium
channels, as evidenced by an absolute increase in
current density, suggesting increased excitability of
primary hippocampal neurons. These findings are
consistent with previous studies reporting the
impact of THz waves on neuronal electrical activity.
However, the regulatory effects and mechanisms of
THz waves on neuronal electrical activity under
different conditions may vary and require further
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exploration.

In summary, primary hippocampal neurons
exhibited enhanced synaptic transmission following
exposure, as depicted in Figure 3. At the synaptic
level, THz waves enhance presynaptic vesicular
transport, leading to increased release of excitatory
neurotransmitters and the overexpression of
glutamate receptor subunits and proteins involved in
postsynaptic signal transduction pathways. These
effects contribute to the enhancement of synaptic
plasticity in primary hippocampal neurons. At the
neuronal level, THz waves augment protein synthesis
and metabolic activity in primary hippocampal
neurons by increasing the levels of calcium ions in
the endoplasmic reticulum and mitochondria,
thereby boosting neuronal excitability. Additionally,
exposure to THz waves resulted in elevated calcium
currents. The observed electrophysiological
enhancements align with changes in synaptic
plasticity, indicating a positive modulation of
synaptic transmission in primary hippocampal
neurons by THz waves.

This study offers new insights into the
mechanisms by which THz waves affect the nervous
system, potentially opening new treatment avenues
for neurodegenerative diseases like Alzheimer’s and
Parkinson’s. However, it is crucial to highlight that
while the findings suggesting the potential of THz
waves in this context, more thorough research is
needed. This should include investigating potential
risks and safety concerns before considering
practical applications.
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Figure 3. Schematic representation of THz waves enhancing synaptic transmission in primary
hippocampal neurons. THz, terahertz; Glu, glutamate; Gly, andglycine.
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