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ABSTRACT

The traditional theory holds that the information transmission between nerve cells includes electrical and chemical transmission; however,
these known functional features do face some difficulties to explain the fast and efficient information processing and cognitive processes in
the brain due to the existing functional limitations of neuronal networks, such as the dendritic and axonal propagation delays as well as the
chemical synaptic transmission time delay that have been debated for a long time. We generated three kinds of ultraweak lasers, called as
simulated biophotons, with different spectra and intensities to implement intracellular stimulation in a single nerve cell of the hippocampal
areas in mouse brain slices combined with intracellular membrane potential recording and biophoton imaging techniques. We found that
the simulated biophoton stimulation can lead to transsynaptic biophotonic activities and transmission in the ipsilateral and contralateral
projection circuits in the hippocampus. The activity and transmission characteristics were related to the spectra and intensities of the
simulated biophotons but not to the levels of membrane potentials before stimulation. These findings present specific characteristics of
neural biophoton signal transmission, which may be involved in the mechanisms of processing, encoding, and storage of neural signals.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0128956

The information transmission between nerve cells includes elec-
trical and chemical transmission. Electrical transmission mainly medi-
ates the conduction of action potentials on axons and across electrical
synapses directly, whereas chemical transmission mediates synaptic
information transmission by means of the action mechanisms of
neurotransmitters and their receptors.1 However, these known struc-
tural and functional features fail to explain the fast and efficient infor-
mation processing and cognitive processes in the brain, in which some
have believed to be impossible due to the existing structural and
functional limitations of neuronal networks, such as the dendritic
and axonal propagation delays as well as the chemical synaptic trans-
mission time delay that have been debated for a long time.2–9

Although different assumptions including the communication-
through-coherence (CTC) hypothesis6–9 and the ephaptic coupling
hypothesis10,11 have been put forward to explain these problems; how-
ever, so far, there is no clear consensus. The latest studies have demon-
strated that biophotons, also called ultraweak photon emission (UPE),
may play a role in neural information transmission and processing,
which is different from the electrical transmission along the nerve
fibers and the chemical transmission across the chemical synapses,

and may involve photon quantum brain mechanism.12–15 Although
the theoretical analysis have also showed that the biophotonic trans-
mission along the nerve fibers is feasible, and the structural features of
nerve fibers, such as polar microtubule assembly, myelin sheath, and
the node of Ranvier, provide a basis for the biophotonic transmis-
sion;16–18 however, it is still unknown what are the characteristics of
biophotonic activities and transmission in the neural circuits.

We constructed a systemic technique (Fig. 1) by integrating intra-
cellular membrane potential recording, single nerve cell intracellular
ultraweak laser (simulated biophoton) stimulation, and biophoton
imaging technology. By setting the initial light intensity (voltage or
current dependence) of three lasers (red: 650 nm, green: 532 nm, and
blue: 405 nm) and using a combination of neutral density filters on an
optic attenuator, the ultraweak lasers at high, medium, and low inten-
sities were obtained and regarded as simulated biophotons. A laser
was used as a stimulus light source because biophotons have similar
laser characteristics.19 The low, medium, and high levels of simulated
biophotons radiated from the tip of the optic fiber within the micro-
glass tube were evaluated with the ultraweak biophoton imaging sys-
tem (UBIS), and the relative gray values (RGVs) were approximately
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900, 1800, and 3600, respectively [Figs. 2(A) and 2(B)], of which the
high intensity was approximately 12 times the average intensity
level of biophoton emissions in a mouse brain slice induced by 50mM
glutamate12 [Fig. 2(C) and Table S1] since biophoton intensity can be
considerably higher inside cells than outside.20 Two types of simulated
biophoton stimulation paradigms (paradigms I and II) in a single
nerve cell were carried out 5min after the collection of the membrane
potential signal (synchronous continuous imaging) [Figs. 2(D) and
2(E)]. Paradigm I was implemented with the stimulations at a high
intensity level of simulated green biophoton [Fig. 2(D)], while para-
digm II was used to stimulate the recording nerve cells with the simu-
lated red, green, and blue biophotons at the three different intensities
[Fig. 2(E)], but each recording nerve cell was only stimulated with one
of the three types of simulated biophotons. In this study, we carried
out intraneuronal simulated biophoton stimulation of single nerve
cells in mouse hippocampal slices21–24 (see the details in Material and
methods of the supplementary material) and observed transsynaptic
signal transmission in the intra- and extra-hippocampal projection
circuits.

We obtained 164 effective data from the hippocampal slices, of
which 93 and 71 data were from the simulated biophoton stimulation
paradigms I (Table S2) and II (Table S3), respectively. Through data
analysis, it was found that, under the condition of paradigm I, the pro-
portion of obvious biophotonic activity and transmission in both the
ipsilateral and contralateral hippocampus (both side) caused by simu-
lated biophoton stimulation in a single nerve cell of the hippocampus
and other areas was 45.16% (42/93) [Figs. S1(a)–S1(C) and Table S2],
while the proportion of ipsilateral biophotonic activity and

transmission was 50.54% (47/93) [Figs. S1(d)–S1(f) and Table S2].
There were also 16 recorded cells that were deviated from the hippo-
campus (17.2%, 16/93) and located in the dorsal thalamus and cortex
[Fig. S1(g) and Table S2]. We also found that a small proportion of
nerve cells (4.3%, 4/93) whose membrane potentials could be recorded
showed only minor or no ipsilateral or contralateral biophotonic activ-
ity and transmission in the projection areas of the hippocampus after
simulated biophoton stimulation [Fig. S1(h) and Table S2].

Table S2 shows the detailed distribution areas and the intensity
of biophotonic activities after stimulation of a single nerve cell in the
dentate gyrus (DG), CA3 and CA1 areas, and other areas deviated
from the hippocampus. The main activity areas after stimulation of a
single nerve cell in DG area were the ipsilateral CA3, CA2, CA1, and
dorsal thalamus (lateral geniculate nucleus), and partially the contra-
lateral hippocampal areas [Figs. S1(a) and S1(d)]. While the biopho-
tonic activities and transmission were observed in the ipsilateral CA1,
the thalamus, and even the hypothalamus after stimulation of a single
nerve cell in the CA3 area [Fig. S1(b)]. In addition, some cells resulted
in biophotonic activities and transmission in the ipsilateral sensory
and motor cortexes [Figs. S1(b) and S1(e)]. For the stimulation of a
single nerve cell in the CA1 area, the main areas of biophotonic activ-
ity and transmission were noticed in the bilateral or unilateral
DG, CA1, thalamus, and retrosplenial agranular/granular cortex
(RSA/RSG) [Figs. S1(c) and S1(f)]. The biophotonic activities and
transmission after stimulation of a single nerve cell in the dorsal part
of thalamus were mainly observed in the ventral part of thalamus, the
ipsilateral hippocampal areas, the dorsal part of hypothalamus, and
the primary somatosensory cortex [Fig. S1(g)].

FIG. 1. Technological diagram of mem-
brane potential recording, simulated bio-
photon stimulation, and biophoton imaging
in single nerve cells. (a) Schematic dia-
gram of integration devices, including the
ultraweak biophoton imaging system
(UBIS), the simulated biophoton genera-
tor, and the brain slice perfusion chamber.
1—EMCCD; 2—the holder of the micro-
manipulator for the micro-glass tube con-
taining the electrode and the single
multimode optic fiber; 4—copper bar; 5—
current and voltage clamp amplifier; 6—
digital converter; 7—micromanipulator;
8—micromanipulator controller; 9—laser
light source, optic attenuator, and neutral
density filters (dimmers); 10—perfusion
bottle; 11—micropump; 12—gas bottle;
13—circulating water cooler; and 14—
dark box. (b) The improved part of the
micro-glass tube probe and the simulated
biophoton generator, ensuring that the
recording electrode and optic fiber for
ultraweak light stimulation can easily be
placed into the micro-glass tube.
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Under the condition of paradigm I, we analyzed the dynamic
change in the biophotonic activity and transmission in the bilateral or
unilateral hippocampus induced by simulated biophoton stimulation
of a single nerve cell. For the bilateral biophotonic activity and

transmission, the target areas of the ipsilateral and contralateral projec-
tion circuits in the hippocampal area showed a certain range of bio-
photonic activities that reached a maximum amplitude immediately
and then maintained a relatively stable level [Fig. 3(A)]. After stopping

FIG. 2. Simulated biophoton assessment and stimulation paradigm. (a) Photon acquisition images obtained from three color ultraweak lasers (simulated biophotons). The fig-
ures from left to right are positioning photographs, and red, green, and blue imaging images, respectively; (b) evaluation of the intensities (RGVs) of the red, green, and blue
simulated biophotons at low, medium, and high levels of stimulation; (c) imaging biophotonic activities after the application of 50 mM glutamate in a mouse coronal brain slice
[c(1)–c(3)] and the dynamic change in biophotonic activities demonstrated by relative gray values [c(right panel)] during the initiation and maintenance periods; (d) Simulated
green biophoton stimulation paradigm (paradigm I) at the high grade of stimulation; and (e) the simulated biophoton stimulation paradigm (paradigm II) for different intensities
of red, green, and blue (from top to bottom). The exposure time is 1 s/frame.
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FIG. 3. Characteristic changes in biophotonic activities in bilateral and unilateral hippocampal circuits after paradigm I-stimulated biophoton stimulation. (A) The characteristic
changes in biophotonic activities and transmission in bilateral hippocampal circuits in a representative of the brain slice, showing a regular photo (numeral 0) and five imaging
images [A(a)]. The start, maintenance, stop, and restart of stimulations as well as the move of the stimulation from the intracellular to the extracellular sites were indicated by
the numbers 1–5. The edge of the brain slice is marked by a large irregular red circle in the regular slice photo (numeral 0) and the two small red ones indicate the ROI for
quantitative evaluation of the intensities of biophotonic activities in the ipsilateral and contralateral hippocampus, and the same was applied to the other five photon imaging
images [A(a)]. An enlarged image corresponding to an image in A(a) [number 2, the same case as in Fig. S1(A)], and the red arrow indicates the tip of the micro-glass tube
inserted into a nerve cell [A(b)]. The changes in the membrane potential of 42 nerve cells recorded before simulated biophoton stimulation [A(c)]. The average change curves
of RGVs in ipsilateral (black line) and contralateral (green line) target areas of the hippocampus (n ¼ 42) and the numerals 1–5 correspond to the five photon imaging images
in A(d). The comparison of the difference (RGVs) in the ipsilateral (black line) and contralateral (green line) target areas of the hippocampus between the first (5–55 min) and
second stimulation (61–85 min) [A(e)]; (B) characteristic changes in the biophtonic activities and transmission in unilateral hippocampal circuits. The information for all figures
is almost the same as in (A) with the exception of the number of nerve cells tested (n ¼ 47); (C) characteristic changes in the intensities of biophtonic activities in the ipsilateral
and contralateral hippocampal areas in four nerve cells with minor or no obvious biophotonic activities. The information for all figures is almost the same as in (A) with the
exception of the number of nerve cells tested (n ¼ 4). Data show mean 6 s.e.m. ��P < 0.01, ���P < 0.001.
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the stimulation at 55min, the biophotonic activities decreased rapidly
close to the background level, and the decline process did not show a
phenomenon of exponential attenuation, such as an induced lumines-
cence [Fig. 3(A)]. The response characteristics caused by repeat stimu-
lation beginning at 60min were consistent with those during the first
stimulation [Fig. 3(A)], and the average amplitude of increase was not
significantly different between the first and second stimulations [Fig.
3(A), P > 0.05, n¼ 42]. When the simulated biophoton stimulation
was maintained, but the tip of the micro-glass tube was removed from
the recording cell at 85min, the biophotonic activities in the neural
circuits showed a rapid decline, and then maintained a very low level
of emissions [Fig. 3(A)]. In addition, the intensity of biophotonic activ-
ities in the target area of the ipsilateral hippocampus was significantly
higher than that in the target area of the contralateral hippocampus
[Fig. 3(A), P< 0.001, n¼ 42].

In the case of only ipsilateral biophotonic activities and transmis-
sion after simulated biophoton stimulation, the biophotonic activities
increased rapidly after the first stimulation but took a relatively long
time to reach the maximum amplitude and then remained stable [Fig.
3(B)]. In addition, the biophotonic activity pattern was consistent with
that of the bilateral activities after stopping and repeating the stimula-
tion at 55min and 60min, respectively, or moving the stimulation
from the intracellular to the extracellular sites at 85min [Fig. 3(B)].
We also compared the intensities of the biophotonic activities in four
nerve cells without obvious ipsilateral or contralateral biophotonic
activities after simulated biophoton stimulation and found that the
intensities were very weak although there was a statistical difference
between the stimulated side and the non- stimulated side [Fig. 3(C)].
In addition, the similar dynamic changes in biophotonic activities and
transmission in bilateral and unilateral hippocampus were noticed if
the analysis was emphasized on the stimulation of a single nerve cell in
the DG area (Fig. S2).

We further explored the effects of the change in the simulated
biophoton intensities and spectra on the biophotonic activities and
transmission under the condition of paradigm II (Table S3).
There was no significant difference in the membrane potential levels
including the instantaneous membrane potential (IMP) and the
average membrane potential (AMP) under the different stimulations
[Fig. 4(A)]. We found that with the increase in simulated biophoton
stimulation intensities, the biophotonic activities, and transmission
were also increased in the hippocampal neural circuits [Fig. 4(B)]. The
intensities of the ipsilateral biophotonic activities caused by the simu-
lated red and green biophoton stimulations at the low and medium
levels of intensities were not different, but their effects were more obvi-
ous than those caused by the simulated blue biophoton stimulation
[Figs. 4(C) and 4(D)]. In addition, the effect of the simulated red bio-
photon stimulation at a high intensity was more obvious than that of
the simulated blue and green biophoton stimulations [Fig. 4(C)], and
the activity area was relatively wider [Fig. 4(B)]. Under medium and
high stimulation intensities, the intensities and area of biophotonic
activities in the contralateral area of the hippocampus caused by simu-
lated red biophoton stimulation were more evident than those caused
by simulated green and blue biophoton stimulation [Figs. 4(C)
and 4(D)].

We also analyzed the relationship between the membrane poten-
tial state of nerve cells and the biophotonic activity and transmission
pattern in the hippocampal neural circuits caused by simulated green

biophoton stimulations under the condition of paradigm I. It was
found that the distribution range of AMP was almost same no mat-
ter the biophotonic activities and transmission occurred in the
bilateral (-2 and -80mV) or unilateral (-3 and -80mV) hippocam-
pal neural circuits (Fig. S3 and Table S2). In addition, there was no
correlation between the intensities of biophotonic activities and
AMPs (Fig. S4).

In this study, we demonstrated that simulated biophoton stimu-
lation in single nerve cells could lead to transsynaptic biophotonic
activities and transmission in hippocampal neural circuits, which
could support our previous indirect experimental observations 12,14,15

and other theoretical model speculations.16–18 Additionally, the tech-
nology developed in this study may provide an important method for
further exploring the relationship between biophotons and brain func-
tions, for example, whether an in vivo simulated biophoton stimula-
tion simulation in a single cell in a specific brain region of animal
could control the specific functional activities, such as limb movement.

The characteristics of biophotonic activities and transmission in
the hippocampal neural circuit caused by simulated biophoton stimu-
lation in a single nerve cell are highly consistent with the anatomical
projection circuits of the hippocampal areas;21–24 however, simulated
biophoton stimulation of a single nerve cell could induce activities in a
relatively wide range of neural networks, suggesting that biophotonic
activities and transmission in neural circuits may reflect a highly coop-
erative transsynaptic network mechanism. However, whether such a
mechanism involves the principle of a “photon quantum brain” pro-
posed previously needs to be further verified.13,14 For example, how
the traditional principles of entanglement, coherence, and superposi-
tion in quantum mechanics could work in biophotonic activities and
transmission in neural circuits needs to be further verified.

Unexpectedly, we found that the simulated biophoton stimula-
tion of some nerve cells with relatively small membrane potential
could also lead to obvious biophotonic activities and transmission,
suggesting that the biophotonic activity and transmission induced by
the simulated biophoton stimulation in a single nerve cell may have
no relationship with its membrane potential state. It has been tradi-
tionally believed that the generation and conduction of action poten-
tials are directly related to the membrane potential; however, previous
studies demonstrated that it is very sparse or silent for most of the neu-
rons in the hippocampus, neocortex, and cerebellum under the appro-
priate behavioral conditions.25–27

Interestingly, in this study, we found that the patterns of biopho-
tonic activities and transmission in the hippocampal neural circuit
caused by different simulated biophoton stimulations were related to
their spectra and intensities. Under the same intensity, red light stimu-
lation resulted in stronger and wider effects of activities and transmis-
sion than green and blue light stimulation. It is unknown whether
such effects are related to the biological characteristics of the targeted
nerve cells. Our previous research found that the biophotons emitted
from brain slices of various species induced by glutamate presented
spectral redshift from low to high species, and the red laser wavelength
(650nm) used in this study was similar to the average wavelength of
the biophoton (647nm) in mouse brain slices induced by glutamate.28

In addition, blue light stimulation could not effectively induce biopho-
tonic activity and transmission in the contralateral neural circuit of the
mouse hippocampus. These findings suggest that simulated red bio-
photons may be more conducive to transmission and are more

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 203701 (2022); doi: 10.1063/5.0128956 121, 203701-5

VC Author(s) 2022

https://scitation.org/journal/apl


suitable and effective for the processing of neural information in
mouse neural circuits than simulated blue biophotons.

In conclusion, our research results show that simulated biopho-
ton stimulation in single nerve cells in mouse hippocampal slices could
lead to transsynaptic biophotonic activities, which not only opens a
perspective for clarifying the information transmission and processing
mechanism of the brain but also provides ideas for the development of

quantum computing and artificial intelligence because non-delayed
propagation of information in neural circuits could be realized via bio-
photons through quantum effects of entanglement, coherence, and
superposition.

See the supplementary material for the complete electronic struc-
ture of detailed methods and supplementary figures and tables.

FIG. 4. Characteristic changes in biophotonic activities related to the intensities and spectra of the simulated biophotons. (A) The change curve of each nerve cell membrane
potential in 10 s recorded from 24, 24, and 23 cells for the red [A(a)], green [A(b)], and blue [A(c)] simulated biophoton stimulation and biophoton imaging, respectively. There
was no significant difference in the AMP levels under the different stimulations [A(d)]; (B) Three representative brain slices (regular photo, number 0) and their photon imaging
images after intracellular red, green, and blue simulated biophoton stimulation (paradigm II) in the DG area of the hippocampus (irregular red circle). Images (numbers 1–3)
are the merged images of 1–20, 21–40, and 41–60 min, respectively, showing the biophotonic activities at the low, medium, and high levels of stimulation and presenting more
obvious biophotonic activities not only in intensities but also in the width after red simulated biophoton stimulation than after green and blue simulated biophoton stimulation;
(C) and (D) The dynamic change in biophotonic activities in the contralateral [C(a)] and ipsilateral [D(a)] hippocampus after low (1–20 min), medium (21–40 min), and high
(41–60 min) levels of red (red line), green (green line), and blue (blue line) simulated biophoton stimulation. Statistical analysis of biophotonic activities in the contralateral
[C(b)] and ipsilateral [D(b)] hippocampus between the different colors at the three intensities. n ¼ 24, 24, and 23 for red, green, and blue, respectively. Data show mean
6 s.e.m. �P < 0.05, ��P < 0.01, and ���P < 0.001.
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