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Abstract

The human body is an intricate system, where diverse and complex signaling among different organs
sustains physiological activities. The eye, as a primary organ for information acquisition, not only plays a
crucial role in visual perception but also, as increasing evidence suggests, exerts a broad influence on the
entire body through complex circuits upon receiving light signals which is called non-image-forming
vision. However, the extent and mechanisms of light’s impact on the body through the eyes remain
insufficiently explored. There is also a dearth of comprehensive reviews elucidating the intricate interplay
between light, the eye, and the systemic connections to the entire body. Herein, we propose the concept
of the light-eye-body axis to systematically encapsulate the extensive non-image-forming effects of light
signals received by the retina on the entire body. We reviewed the visual-neural structure basis of the
light-eye-body axis, summarized the mechanism by which the eyes regulate the whole body and the
current research status and challenges within the physiological and pathological processes involved in the
light-eye-body axis. Future research should aim to expand the influence of the light-eye-body axis and
explore its deeper mechanisms. Understanding and investigating the light-eye-body axis will contribute to
improving lighting conditions to optimize health and guide the establishment of phototherapy standards in

clinical practice.
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Background

The eye, as the primary organ for information
acquisition in the human body, serves as a bridge for
communicating the external world. Besides its
fundamental functions of visual information
acquisition and perception of day-night changes,
recent years have seen reports on the eye’s influence
on other bodily functions or disease progression in
non-image vision, which is an intriguing discovery
[1,2]. In previous research and focus, we understand
that the eye is a barometer of overall health, with
many systemic diseases affecting the eye and
presenting significant clinical manifestations [3,4].
However, reports on the eye’s impact on overall

bodily functions and specific regulatory mechanisms
are relatively scarce, which is crucial for the study of
organ interaction in the body.

In our bodies, not only do different organs
perform their respective duties, but there is also close
communication between organs, working together to
maintain homeostasis. These organ communication
networks play a vital role in the human body every
day. Clarifying the modes and mechanisms of
inter-organ communication will help understand the
mechanisms of local lesion development from a
holistic perspective. It is known that organs often
secrete various factors that circulate to another organ
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for dialogue, exerting corresponding biological
functions through these active factors and affecting
organ operation, such as the
hypothalamic-pituitary-thyroid axis. The eye, as a
relatively special organ in the body, has multiple
ocular barriers, making it a relatively independent
system. However, many small molecule proteins,
peptides, and factors can freely shuttle through the
blood-retinal barrier, thereby achieving information
exchange [5]. But compared to transmitting
information through the circulatory system, the eye,
due to its unique optical system and physiological
functions, is more likely to receive optical signal and
transmit neuron signal to achieve multi-organ
dialogue.

Based on this, how the eye regulates and affects
other organs and the physiological and pathological
changes of the body, answering these questions will
help us understand more comprehensively the key
link of the eye in the operation of the complex factory
of the body, and it is of great significance for the
systematic analysis of the occurrence and
development of other diseases. In this paper, we
propose the concept of the light-eye-body axis to
systematically encapsulate the extensive
non-image-forming effects of light signals received by
the retina on the entire body. This article will sort out
and summarize the frontier content in this area, and
discuss and look forward to the related uninvolved
fields, striving to provide possible development
directions and ideas for research in this field.

1. Photographic structure foundation of
the light-eye-body axis

Light, the genesis of all life, has been profoundly
influential throughout the evolution of our planet.
With the advent of industrial civilization, the impact
of artificial light on biological organisms has become
increasinggly significant [6]. Understanding how
organisms perceive light and how light signals
regulate organisms holds significant scientific and
practical value. For image-forming vision, light carries
information from the external world, which after
passing through the refractive system of the eye (such
as the lens and vitreous body), and is finally projected
onto the retina. Upon reaching the retina, light signals
are first received by the rod and cone cells, then
relayed to the first-level neurons, the bipolar cells, and
subsequently to the second-level neurons, the retinal
ganglion cells (RGCs) which are the sole neuronal
intermediaries that bridge the retina with the brain,
facilitating the transmission of visual information
from the ocular periphery to the central nervous
system. The axons of the ganglion cells converge to
form the optic nerve, which, after passing through the

lateral geniculate body of the third-level neurons,
forms the optic radiation projecting to the visual
cortex, thus forming vision. The aforementioned
retinal circuit forms the structural basis for the
image-forming vision. Non-image-forming vision and
image-forming vision utilize similar retinal circuits,
yet there are distinctions in the photoreceptor signals,
and the brain regions they regulate [7].

In the realm of non-image-forming vision, three
types of photoreceptor cells have been identified that
play a pivotal role in detecting light and initiating a
variety of physiological and behavioral responses.
These cells include the well-known rod and cone
photoreceptors, and an additional type known as the
intrinsically photosensitive retinal ganglion cells
(ipRGCs). Rod cells are extremely sensitive to light,
and even very weak light can activate them [8]. That's
why we can see clearly in dark environments. In
contrast, cone cells, while less sensitive to light, play a
crucial role in forming color vision. Rod and cone cells
are important photoreceptor cells, primarily forming
brightness, color, and visual effects. In addition to
these, there is another type of photoreceptor cell in the
retinal ganglion cells, discovered in 2002, named
ipRGCs. IpRGCs express the photopigment
melanopsin, endowing them with the ability to sense
light directly [9]. This unique feature distinguishes
ipRGCs from other photoreceptors, which are
primarily involved in image-forming vision. The
expression of melanopsin in ipRGCs is crucial for a
variety of light-sensitive functions that contribute to
the regulation of series of physiological processes
such as circadian rhythms, pupil constriction, and
even mood and cognitive processes [10]. Upon
discovery, they were named one of the “Top Ten
Scientific Breakthroughs” of 2002 by Science
magazine, underscoring their importance. Due to the
significant role of ipRGCs in the regulation of
light-eye-body axis, they have been the focus of
extensive research. In the forthcoming sections, a
detailed exploration of these cells will be presented.

1.1. IpRGCs

RGCs are the only neurons in the retina that
project to the brain and transmit retinal information
from the eye to the brain. To date, transcriptomics
studies have identified more than 40 subtypes of
RGCs [11]. Several major types contained
directionally selective ganglion cells which stand out
for their optimal response to stimuli moving in a
specific direction, exemplifying the retina's ability to
discern and convey directional motion to the brain
[12]; the alpha RGCs, as the primary conduits for
visual signals, are pivotal in the transmission of visual
information to the cerebral cortex, serving as the
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sentinels of sight [13]; the ]-RGCs, identifiable by their
expression of the junctional adhesion molecule B,
exhibit a unique selectivity for stimuli moving from
the soma to the dendritic direction, -effectively
detecting upward motion within the visual field [14].

IpRGCs differ from other RGCs, in addition to
receiving signal input from photoreceptor cells, they
can directly respond to light exposure by expressing
the photopigment melanopsin [15]. IpRGCs have a
high threshold of activation, prolonged response
latency, and a sluggish return to baseline. These
physiological traits endow ipRGCs with the capacity
to integrate light information over an extended period
of illumination, thereby functioning as effective
irradiance detectors [15]. Moreover, the single-photon
responses of melanopsin clearly demonstrate that this
photopigment is at least as sensitive as the classical
rod and cone photopigments [16]. Due to the presence
of their characteristic molecule, melanopsin, ipRGCs
possess the dual ability of receiving light signal input
from cone and rod cells and projecting to dozens of
brain areas, as well as the ability to respond directly to
light through melanopsin, thus serving as a critical
bridge in light-eye-body axis (Figure 1).

Since the discovery of melanopsin, research has
revealed six subtypes of melanopsin ganglion cells
(M1-M6), each with a unique set of morphology,
distribution, connections, physiology, projections,
and functions. These subtypes can mainly be
distinguished by morphological characteristics, the
level of dendritic stratification in the inner plexiform
layer (IPL) of the retina, and their dendritic size and

rods and cones

complexity. According to the morphology of the axon
terminals of bipolar cells and their distribution in the
inner plexiform layer, the IPL can be divided into OFF
sublayers and ON sublayers. When the light is
enhanced, ON layer bipolar cells show depolarization,
while OFF layer bipolar cells show hyperpolarization
[17]. The dendrites of M1 ipRGCs are distributed in
the OFF sublayer of the IPL, and among all ipRGC
subtypes, their soma is relatively small and has a
relatively small and simple dendritic structure [18].
As the first discovered type of melanopsin expressed
RGC, they showed strong melanopsin
immunoreactivity, and it is easy to stain them with
traditional melanopsin immunohistochemistry [19].
What is special is that there are two subgroups of M1
ipRGCs, which are mainly distinguished according to
whether they express the transcription factor Brn3b,
and the axons of these two subgroups also project to
different areas of the brain, thus they have different
functions [20]. At the same time, M2-M6 type ipRGCs
also express Brn3b. M2 ipRGCs have dendrites
stratified in the ON sublayer, compared to M1
ipRGCs, their soma is larger and has a more complex
dendritic structure [21]. M3 ipRGCs are similar to M2
cells in terms of soma size and dendritic tree size and
complexity, but M3 ipRGCs’ dendrites are distributed
in both the ON and OFF layers of the IPL [22,23].
Among all ipRGCs, M4 ipRGCs have the largest soma
and dendritic structure, distributed in the ON-IPL
sublayer, but their melanopsin expression is the
lowest [24,25]. The discovery of M5 ipRGCs is based
on a more sensitive Cre-based melanopsin detection
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Figure 1. Light signals entering the retina are transmitted to various brain regions by intrinsically photosensitive retinal ganglion cells (ipRGCs), exerting
extensive effects on the organism. Upon penetrating the eye, light is projected onto the retina, where it is captured by ipRGCs. These ipRGCs are categorized into six distinct
subtypes, each distinguishable by the size of their soma, the dendritic arborization within the retinal IPL, and their projection sites within the brain. Following the reception of light
signals, ipRGCs project to downstream brain areas such as the SCN, VLPO and IGL, thereby broadly modulating the organism’s physiological functions and pathological conditions.
ipPRGC:s: intrinsically photosensitive Retinal Ganglion Cells; IPL: inner plexiform layer; SCN: suprachiasmatic nucleus; VLPO: Ventrolateral Preoptic Nucleus; Suprachiasmatic
Nucleus; IGL: Intergeniculate Leaflet; SOPN: olivary pretectal nucleus shell; cOPN: olivary pretectal nucleus core; PPN: posterior pretectal nucleus; PHb: perihabenular nucleus;
VLGN: ventral lateral geniculate nucleus; VMH: ventromedial nucleus; pSON: perisupraoptic nucleus; dLGN: dorsal lateral geniculate nucleus; SC: superior colliculus; AH: anterior
hypothalamus; SPZ: subparaventricular zone; MA: medial amygdala nucleus; PAG: periaqueductal gray; BST: bed nucleus of the stria terminalis; LH: lateral hypothalamic area; LHb:
lateral habenula; PLi: posterior limitans; SON: supraoptic nucleus; CEA: central amygdala.
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system because the melanopsin immunoreactivity of
M5 ipRGCs is very low [24]. Distributed in the ON
sublayer, M5 ipRGCs cells have a relatively small
soma and highly branched dendritic structure [26].
M6 ipRGCs are the latest discovered type of ipRGCs,
and they have the smallest cell volume and the
densest dendritic structure, with an average of about
100 branches. Similar to M3 ipRGCs, they have
dendritic stratification in both the ON and OFF
sublayers of the IPL [27].

In addition to having different morphological
characteristics, different ipRGCs also have different
functions, which are mainly determined by their
projections to different areas of the brain. The
projections of M1 ipRGCs are the most extensive, with
many targets in the midbrain, thalamus, and
hypothalamus [20]. Brn3b negative M1 ipRGCs
mainly project to suprachiasmatic nucleus (SCN),
regulating circadian rhythm light induction. While
Brn3b positive M1 ipRGCs have a very wide range of
projections, they can project to non-imaging areas
such as lateral habenula (LHDb), perisupraoptic
nucleus (pSON) and ventromedial nucleus (VMH),
linking the regulation of emotions, body temperature
and eating with brain light-induced behavior [28,29].
M2 ipRGCs also project to multiple areas of the brain,
giving it the potential to function in both
image-forming (superior colliculus (SC) and dorsal
geniculate nucleus (dLGN) and non-image-forming
vision (SCN and olivary pretectal nucleus (OPN))
[24,30]. Due to the sparsity of M3 cells, it is currently
difficult to determine their axon targets in the brain
[23]. Although there is evidence that M3 ipRGCs may
project to SC, little is known about the function of this
type, which may be because this subtype has not been
widely studied [31]. M4-M6 cells are consistent in
function, their axons all project to visual-related brain
areas, such as dLGN and the SC [26,27,31].

1.2. Rods and cones

Are rod and cone photoreceptors implicated in
non-image-forming vision? There is evidence that
ipRGCs receive light signals transmitted from these
classic photoreceptors. This interaction significantly
broadens the dynamic range and spectral sensitivity
of the retinal input to ipRGCs [32]. Melanopsin, the
photopigment expressed in ipRGCs, exhibits peak
sensitivity to blue light around 480 nm [33], whereas
rods and cones offer a complementary sensitivity to
shorter, medium, and longer wavelengths, as well as
under low-light conditions [34]. Trichromatic
primates have three cone types - long (L), medium
(M) and short (S)-wavelength sensitive, enhancing the
spectral breadth of light input available for non-image
forming vision. In dim light, rods primarily detect

light, and the resultant light-induced responses can
activate ipRGCs [34].

The involvement of rod and cone photoreceptors
in non-image forming vision is further supported by
studies utilizing melanopsin knockout or rod/cone
knockout models, which have demonstrated the
collective contribution of all three photoreceptor types
to circadian photoentrainment [35]. Moreover, recent
research has indicated that rod and cone
photoreceptor  input can modulate ocular
development, thereby influencing myopia [36].

1.3. Bipolar cells

Bipolar cells serve as the conduit for signal
transmission from photoreceptor cells to ipRGCs,
playing a pivotal role in the light-eye-body axis. The
M1 cells, initially perceived as enigmatic, exhibit
sustained ON responses to light stimuli, yet they are
stratified in the OFF sublamina of the IPL, a seeming
contradiction to their functional classification [15,21].
Interestingly, M1 cells deviate from the traditional IPL
stratification, forming en passant synapses with ON
bipolar cells within the OFF sublamina, a structural
anomaly that challenges our understanding of retinal
organization [37]. In contrast, M2 cells, stratifying in
the ON sublamina of the IPL, respond to light onset
without relying on the ectopic synapses characteristic
of M1 cells [15]. Instead, they engage in a synaptic
triad with ON cone bipolar cells and inhibitory
monostratified amacrine cells, which are positioned in

the 54-5 plexus of the IPL [38]. M3 cells, similar to M2

in their stratification, predominantly rely on extrinsic
synaptic input from the ON cone pathway for their
light response. Although it is hypothesized that M3
cells, like M1, may form en passant synapses with ON
bipolar cells in the OFF sublamina, this connection has
not yet been conclusively demonstrated [37]. M4 and
M5 cells both receive input from ON cone bipolar cells
[39]. The bistratified M6 cells, despite their potential

to act as ON-OFF cells responding to both light onset

and offset, are primarily driven by extrinsic synaptic
input from the ON pathway, with an intrinsic
melanopsin response that is notably weak [27]. This
intricate interplay of cellular responses and synaptic
connections ~ within  the light-eye-body  axis
underscores the complexity of visual signal
processing and allowed for a wide range of regulatory
effects (Figure 1).

1.4. What’s next after photoreception

How did rod, cone and melanopsin
photoresponses integrate? Studies in rodents have
demonstrated that specific ablation of ipRGCs results
in a near-total loss of non-image forming responses,
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while image forming responses remain largely intact
[40]. This suggests that the photic signals initiated by
rods and cones for NIF responses are primarily
transmitted through ipRGCs, establishing these cells
as the principal nodal point for integrating the
photoresponses of all three photopigment systems.
Furthermore, due to their expression of melanopsin,
ipRGCs serve as the sole conduit for NIF responses.
However, as research deepened, the limitations
of this perspective have become apparent. Firstly, it
remains unclear whether the expression of
melanopsin in ipRGCs affects their role in mediating
rod/cone-initiated responses. For instance, does
melanopsin simply add to the outer retinal response,
or does it enhance the rod/cone-initiated response in
some way? Secondly, there are multiple subtypes
ipRGCs, with certain subtypes, such as the M4 type,
capable of projecting to brain areas related to image
formation, thus impacting visual perception.
Additionally, the photic signals initiated by rods and

light sensation through ipRGCs early in
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cones for NIF vision are not entirely transported by
ipRGCs; they «can also be carried by
non-photoreceptive RGCs [41]. Lastly, beyond neural
transmission, photoreceptor cells can also influence
the organism through paracrine or immune
pathways, which are often overlooked in many
studies.

Based on these discussions, we proposed the
concept of the "light-eye-body axis" to systematically
summarize the broad non-image forming effects of
light signals received by the retina on the entire body.
The following sections will provide a detailed
introduction to how the light-eye-body axis affects the
organism, its specific mechanisms, and applications
for improving health.

2. The role of light signals through the
eyes in regulating physiological changes
throughout the body
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Figure 2. The light-eye-body axis exerts a widespread impact on the organism’s physiological functions. The light-eye-body axis affects bodily functions through a
wide range of pathways. IpRGCs: intrinsically photosensitive Retinal Ganglion Cells; SON: supraoptic nucleus; PVN: paraventricular nucleus; SCN: suprachiasmatic nucleus;
vmPFC: ventromedial prefrontal cortex; PHb: perihabenular nucleus; CeA: central amygdala; vVLGN: ventral geniculate nucleus; IGL: intergeniculate leaflet; Re: reunion nucleus;
pSON: perisupraoptic nucleus; BAT: brown adipose tissue; VTA: ventral tegmental area; POA: preoptic area; a-MSH: alpha-melanocyte-stimulating hormone; PVT:

paraventricular nucleus of the thalamus.
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Numerous fundamental physiological functions
of the human body are regulated by light signals,
which was substantiated by extensive animal
experiments and clinical studies [42,43]. With the
deepening of research, the light-eye-body axis has
been identified as playing a pivotal role in this
regulatory mechanism (Figure 2). As the quest for
quality of life and the understanding of light quality
continue to ascend, elucidating the scope of influence
and the underlying pathways of the light-eye-body
axis becomes increasingly vital. In this section, we
delve into how light, through the light-eye-body axis,
exerts its influence on a multitude of physiological
functions across the body.

2.1. Circadian rhythm and sleep

In this industrialized society, artificial light at
night is ubiquitous and severely disrupts human
sleep. The impact of light on sleep is multifaceted,
indirectly through the light entrainment of circadian
rhythms and directly through acute mechanisms [44].
As awareness of the quality of light in daily life
increases, elucidating the impact of light on sleep and
the underlying neural circuit mechanisms is crucial
for human health and society. In this section, we will
explore the chronic effects of light through the eyes on
circadian rhythms and the acute effects on sleep.

Initially, it was widely believed that the
circadian center of the SCN was regulated by light
signals from the eyes, independent of rod and cone
photoreceptors [45]. These observations also
facilitated the discovery of ipRGCs, which are
themselves photosensitive and project to the SCN
[33]. Strong anatomical evidence also shows how
ipRGCs project to the brain and affect the circadian
center [46]. Although ipRGCs have been recognized
as the sole input to the SCN, it is evident that in
addition to ipRGCs, rods and cones play a crucial role
in regulating photic synchronization of circadian
rhythms. As the removal of the melanopsin gene
results in the disappearance of ipRGCs’ light
response, but the photic synchronization of circadian
rhythms is largely unaffected. And the triple
knockout of rod, cone, and ipRGC cells leads to the
disappearance of photic synchronization [47].
Considering the relatively insensitive
phototransduction of melanopsin in ipRGCs, which
cannot drive physiological responses at low light
intensities, the supplementation of rod and cone
photoreceptor signals is necessary for the integrity of
circadian photic synchronization [48].

The relative contribution of these three
photoreceptor cells to circadian photic induction has
been controversial. By studying the circadian
functions of rod cells, cone cells, and ipRGCs

separately, Altimus et al. found that rod
photoreceptors play a key role in circadian photic
induction at light intensities ranging from at least 0.1
lux to 10 lux. The knockout of rod cells in mice leads
to the disappearance of circadian photic
synchronization at scotopic light levels, indicating
that rod cells are necessary for circadian photic
synchronization at low light intensities and are
mediated by the rod-bipolar pathway. However, at
high light intensities and long durations of
illumination, it is mediated by the rod-cone pathway
and the intrinsic photosensitivity of ipRGCs [49].

Analyzing the above conclusions, we find that
the three photoreceptor cells are sufficient conditions
for activating circadian photic induction, but a key
question remains unresolved: is the photic signal for
circadian induction transmitted by ipRGCs or by
other types of RGCs? This question was answered by
the specific ablation of ipRGCs, as circadian photic
induction completely disappeared after ipRGCs [50].
Therefore, we can conclude that
melanopsin/rod/cone signals are the primary sources
of light signals regulating circadian photic induction
through the eyes, and ipRGCs play a dual important
role in both collecting light signals and serving as an
intermediate bridge because they can transmit these
light signals to the brain's SCN and produce
melanopsin.

Compared to the well-studied impact of light
mediated through the eyes on circadian rhythms, the
role of the eyes in acute light responses remains
largely a mystery. Although studies have shown that
light pulses induce sleep and dark pulses induce
wakefulness, and that pathways based on rod cells
and melanopsin are necessary for regulating the
impact of light and dark on sleep [43,51]. But the
specific pathways have only been reported in recent
years. For the wakefulness effect induced by dark
pulses, Professor Huang Zhili's group found in mice
that the acute dark-mediated wakefulness effect
completely disappeared after specific destruction of
SC GABAergic neurons or ventral tegmental area
(VTA) dopaminergic neurons, revealing that these
two types of neurons play an indispensable role in the
acute dark-mediated wakefulness effect. RGCs can
directly regulate the activity of SC GABAergic
neurons and form monosynaptic connections with
them, then GABAergic neurons in the SC directly
functionally dominate VIA dopaminergic neurons
through monosynaptic connections. Their findings
demonstrated that during the light phase, a sudden
dark pulse diminished the activity of GABAergic
neurons located in the SC. This reduction, in turn, led
to the disinhibition of VT A dopaminergic cells, which
are functionally connected to the SC GABAergic
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neurons. Their results revealed for the first time the
key role of the retinal-SC GABAergic-VTA
dopaminergic circuit in the acute dark-induced
wakefulness effect in mice [52]. For the sleep-inducing
effect of light pulses, Samer Hattar’s research team
found that activating ipRGCs projecting to the
preoptic area (POA) increases non-rapid eye
movement (NREM) sleep without affecting rapid eye
movement sleep. It is well known that the POA is
crucial for sleep regulation and is the main sleep
center [53]. This pathway inputs light signals to the
POA neuron subgroup that promotes
corticotropin-releasing hormone release, and these
POA neurons act by inhibiting tuberomammillary
(TMN), lateral hypothalamus (LH), VTA, and dorsal
raphe nucleus (DRN), which are regions that mainly
promote wakefulness [54,55]. In this study, they
discovered an ipRGCs-POA- TMN/LH/VTA/DRN
neural circuit that is both necessary and sufficient for
the acute impact of light on NREM sleep [56].

In summary, the impact of light on sleep can
play a complex role through three different pathways,
but whether the light signal is from rod/cone
photoreceptors or melanopsin, they all cannot bypass
the important mediator ipRGCs, which collect light
signals and project to downstream brain regions to
affect sleep. The three proven pathways are the
ipRGCs-SCN for circadian photic synchronization, the
ipRGCs-POA for the acute impact on NREM sleep,
and the RGCs-SC-VTA for the acute impact on
wakefulness. It is worth noting that in wild-type
animals, acute light exposure simultaneously affects
NREM and rapid eye movement (REM) sleep [57].
Although existing research has only proven that acute
light exposure can affect NREM through ipRGCs
without affecting REM, this may imply that there is
still an undiscovered ipRGCs pathway, independent
of the three discovered pathways, that has an acute
impact on REM sleep.

In this part, we need to pay attention to the fact
that the impact of circadian rhythms on overall health
and disease has received widespread attention and
reporting, but on the one hand, circadian rhythms are
induced by light through the eyes, and on the other
hand, in the subsequent content, we focus on the
direct regulation of the operation of the whole body
organ system by light through the eyes, rather than
the impact produced by circadian rhythms,
highlighting the important hub function of the eyes.

2.2. Glucose metabolism

On our planet, light is not only a vital source of
life but also one of the primary sources of vision, a
crucial sense for living organisms [58]. Moreover, the
ability of life forms to adjust their metabolic balance of

nutrients according to external environmental
conditions is an essential survival mechanism, with
metabolic disorders often leading to severe diseases.
Among these, glucose metabolism is a key component
for the normal functioning of life. Through the course
of survival and evolution, mammals have developed
a precise and complex regulatory network to
continuously monitor and dynamically control
glucose metabolism [59]. Public health surveys have
shown that artificial light at night significantly
increases the risk of metabolic diseases such as obesity
and diabetes [60]. Animal experiments also suggest
that altering light exposure to regulate circadian
rhythms can impact carbohydrate metabolism [61].
Thus, the question arises: does light, as one of the
most critical external environmental factors, directly
regulate  glucose metabolism? The involved
photoreceptive cells, neural circuits, and peripheral
target organs in this process remain unanswered.

Recent research has discovered that adjusting
light intensity alleviates glucose metabolism disorders
in mice with circadian rhythm disorders, suggesting
that light may directly regulate carbohydrate
metabolism [62]. The findings of Professor Xue Tian’s
team offer an exhilarating perspective, demonstrating
that light can drastically reduce glucose tolerance in
mice by activating ipRGCs that govern the supraoptic
nucleus (SON). Vasopressin neurons in the SON
project to the paraventricular nucleus and then to the
GABAergic neurons in the solitary tract nucleus,
blocking the [3-adrenergic signaling in brown
adipose tissue (BAT) and reducing adaptive
thermogenesis, leading to a decrease in GT [2].

Previous studies posited that light might
regulate glucose metabolism through the SCN, as
disruptions in the SCN'’s circadian rhythm center
affect metabolism, and ipRGCs can project to the
SCN, thereby governing circadian rhythms [29].
Professor Xue Tian’s team has corrected this
misconception, pointing out that light regulates
carbohydrate metabolism through the SON rather
than the SCN.

It is noteworthy that this work not only
systematically answers the biological mechanism
behind light regulation of blood sugar metabolism in
mouse models but also finds the same phenomenon in
human trials, indicating that light regulation of blood
sugar metabolism may be widespread among
mammals. Interestingly, in Professor Xue Tian’s
research model, blue light was most effective in
activating ipRGCs and thus inhibiting BAT
thermogenesis. This may explain why cool and warm
lights are not merely psychological effects but may
have a physiological basis. In our daily life,
short-wave light (blue light) feels cool, while
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long-wave light (red light) feels warm, hence their
definition as cool and warm lights [63]. The sensation
of coldness we experience under blue light
stimulation may be a genuine perception resulting
from suppressed fat thermogenesis. Therefore, this
light-regulated pathway of fat tissue activity may be
the physiological foundation for the psychological
perception of cool and warm lights.

In this industrial age, exposure to excessive
artificial light can significantly increase the metabolic
burden [64]. Although circadian rhythms cause lower
carbohydrate metabolism capacity at night compared
to daytime, the results indicate that light-induced
suppression of carbohydrate metabolism is
independent of circadian rhythm phases and further
impairs metabolism [2,65]. Thus, under conditions of
nighttime light exposure, human blood sugar
metabolism capacity is at its worst. These conclusions
also suggest that modern humans should pay
attention to the health of their light environment,
especially concerning nighttime light pollution.
Additionally, we should focus on the wavelength,
intensity, and duration of artificial light at night and
its impact on health.

2.3. Emotion and learning

In addition to its visual effects, light possesses a
range of potent biological impacts, including the
modulation of emotions and learning [66]. With the
acceleration of industrialization, the influence of
various electronic devices on the human body cannot
be overlooked. The impact of artificial lighting on
mental health is increasingly supported by evidence,
and elucidating the causative pathways, specifically
the mediating circuits, provides a solid theoretical
foundation for raising awareness and implementing
effective interventions.

The mediators of light's influence on emotion
and cognitive functions have been well-established:
ipRGCs [67]. Fernandez and colleagues revealed the
direct effects of light on learning and emotions
utilizing distinct ipRGCs circuits. ipRGCs projecting
to the SCN mediate light's impact on learning,
independent of the SCN's role in coordinating
peripheral biological clocks to drive circadian
rhythms [68]. On the other hand, light's modulation of
emotions does not rely on the SCN pathway but
rather on the previously underappreciated ipRGCs-
perihabenular nucleus (PHb) pathway. The PHb
integrates with emotional regulation centers within a
unique circuit, essential and sufficient for driving
light's influence on affective behaviors [42]. Their
findings reveled that PHb neurons send collateral
projections to ventromedial prefrontal cortex
(vinPFC), dorsal and ventral striatum. The vmPFC is a

cornerstone of mood regulation and has been
persistently associated with major depressive
disorders (MDD) through imaging studies of patients
and the utilization of animal models of mood
disorders [69,70]. Among the PHb's projections, the
dorsomedial striatum is a key target that is enmeshed
within a thalamo-frontocortical circuit, potentially
playing a role in the processing of affective-emotional
information. In patients with MDD, a reduction in the
volume of the caudate and putamen has been
documented [71]. Additionally, the ventral striatum,
and more specifically the nucleus accumbens (NAc),
represents another significant target of PHb neurons.
The NAc has been extensively implicated in the
modulation of mood and depression [72]. In
aggregate, their findings underscore the significance
of the PHb as a hitherto underappreciated thalamic
nucleus that is pivotal for mediating the impact of
light exposure on mood states. In addition, recent
research has illuminated a novel pathway through
where light can modulate emotions by influencing the
vmPFC via ipRGCs. Their findings suggest that light
profoundly impacts the neuronal morphology, gene
expression, network activity, and behavior of the
mouse vmPFC through ipRGCs. Mice with ablated
ipRGCs displayed impaired regulation of aversive
emotions, a consequence attributed to the damage in
the vinPFC [73]. These results provide fresh insights
into the neural basis required for light to influence
emotions and learning.

The aforementioned experimental results aptly
explain the effects of light on cognition and emotions.
Irregular light stimuli can lead to PHb-related
emotional changes, potentially due to increased PHb
neuronal activity, sustained induction of the
immediate early gene c-Fos by light, and disruptions
in clock gene rhythmicity [42]. These findings in mice
may suggest that humans exposed to irregular light
stimuli at night could experience similar neuronal
changes, negatively impacting emotions and learning.
Moreover, exposure to blue light-emitting LEDs has
been demonstrated to decrease the expression of
melanopsin and impair ipRGCs [74]. In animal
models, exposure to blue light LEDs resulted in
mitochondrial damage, reduced dendritic
arborization of ipRGCs, increased retinal GFAP
immunoreactivity, and apoptosis in the outer nuclear
layer of the retina [75]. Over the past few decades, a
significant trend has been the proliferation of artificial
blue light sources and a marked increase in human
exposure to blue light at night. The excessive
exposure to blue light disrupts physiological ipRGC
signaling, and aberrant ipRGC signals will lead to
impairment of the vinPFC, which has been implicated
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in numerous psychiatric disorders. Numerous studies
have reported cognitive declines in patients with
severe depression, possibly due to neuroanatomical
changes in these individuals [76,77]. Therefore, a
deeper understanding of the neural circuitry
underlying emotions and learning, as well as the
modulation patterns of light, holds promise for
developing new treatments for mneuropsychiatric
disorders.

Light regulates emotions through various
retinal-brain pathways. Anxiety is an adaptive
response present in many species, enhancing alertness
and vigilance against potential threats [78]. Increasing
evidence suggests that anxiety levels can be
significantly modulated by lighting conditions.
ipRGCs can also mediate prolonged anxiogenic
behaviors induced by short-term acute exposure to
intense light. Mice treated with a short (25-minute)
acute exposure to intense light exhibited anxiety-like
behaviors, observable for at least 20 minutes after
exposure cessation. Further experiments indicate that
this anxiety-like behavior is driven by increased
melanopsin-driven ipRGC input to the central
amygdala (CeA) and associated with upregulated
corticosterone system activity. This response enables
animals to maintain alertness for an extended period
when encountering potential threats associated with
high environmental lighting levels, thereby
minimizing risk and aiding survival [79].

However, some questions remain unresolved,
such as which subtype of ipRGC mediates the
anxiolytic effect? It is reasonable to speculate that the
M1 subtype of ipRGCs is key, as studies have found
that anxiety-like behaviors disappear following
selective ablation of ipRGCs using the immunotoxin
melanopsin-saporin (SAP), which primarily targets
M1 to M3 type ipRGCs [18,50,79]. Given that the loss
of melanopsin alone can eliminate the anxiolytic effect
of light, and studies suggest that M1 drives
melanopsin phototransduction while M2 and M3's
light responses are mainly mediated by rod/cone
input, there is reason to believe that the M1 subtype is
the key ipRGC subtype exerting the anxiolytic effect
[80]. Future work using genetic mouse models with
specific subtypes of ipRGCs eliminated or activated
will provide strong clues for ultimately resolving this
issue. In addition, the roles of other brain regions in
the anxiolytic effect should not be overlooked. Besides
the CeA, other brain areas such as the SCN, bed
nucleus of the stria terminalis, and ventral geniculate
nucleus (VLGN) that receive ipRGC projections play a
role in modulating anxiety emotions [30,81]. There are
also complex interactions between the CeA and other
brain regions [78,81]. How these brain areas
participate in the phenomenon of light-induced
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anxiety and their interactions await further
exploration and  validation through  more

sophisticated experiments in future research.

2.4. Brain development

In the intricate network of bodily connections,
the relationship between the eyes and the brain is
undeniably the most intimate. This connection allows
for direct information exchange via the optic nerve,
theoretically making the eyes the most influential
organ on the brain. An increasing body of evidence
suggests a close communication and mutual influence
between the eyes and the brain.

Visual perception in mammals originates from
the retina. During development, ipRGCs become
photosensitive cells earlier than rods and cones [82].
Recent research has discovered that light sensation
mediated by ipRGCs promotes the synapse formation
of various cortical and hippocampal pyramidal
neurons. This phenomenon relies on the activation of
ipRGCs and is mediated by the release of oxytocin
into the cerebrospinal fluid by the SON and
paraventricular nucleus (PVN). Further experiments
have confirmed the direct connection between
ipRGCs and oxytocin neurons in the SON, as well as
the mutual projections between oxytocin neurons in
the SON and PVN. Moreover, the lack of early cortical
synapse formation promoted by light and mediated
by ipRGCs impairs the learning ability of adult mice
[1].

These findings demonstrate that early-life light
enhances the level of oxytocin in the cerebrospinal
fluid to promote cortical synapse formation through
the ipRGCs-SON-PVN oxytocin neuronal circuit. This
research underscores the importance of early-life light
sensation for the development of learning abilities
and its long-term impact on adult learning
capabilities. Therefore, it is crucial for infants to be
exposed to an appropriate light environment to foster
their development.

2.5. Eye development

Sensory experience is pivotal in the development
and maturation of the visual system [83].
Traditionally, visual perception is mediated to the

visual system via photoreceptors—rods and
cones—which enable the system to utilize
environmental cues for its development [84].

However, the discovery of ipRGCs has illuminated
the substantial impact of non-image-forming sensory
experiences on visual system development and
beyond [85]. Indeed, ipRGCs mature prior to
conventional photoreceptors and conscious vision,
exerting a modulatory influence on retinal
development. For example, the light-dependent
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vascularization of the retina and the tunica vasculosa
lentis during the pre-eye-opening stage is
melanopsin-dependent, with these RGCs playing an
indirect role in sculpting the intraocular vascular
network through their interaction with the immature
vasculature. Beyond vascular development, ipRGCs
are implicated in the regulation of retinal neuron
number [86], the stratification of the ganglion cell
layer [87], the development of the retinal clock [88],
and the maturation of retinal waves [89]. These
findings suggest that light perception plays a
fundamental and extensive role in the development of
the retinal landscape before eye opening. Collectively,
these findings underscore the fundamental role of
light perception in shaping the retinal landscape
antecedent to eye opening.

In a recent study, the role of photoreceptors in
ocular development has been further elucidated,
revealing that ipRGCs facilitate the apoptosis of
Nrl-positive rod precursors localized to the inner
nuclear layer and inner neuroblastic layer [90]. This
process is light-dependent, with ipRGCs releasing
glutamate that is detected by the transiently expressed
glutamate receptor Grik3 on rod precursors. These
signaling molecules are capable of promoting rod
precursor cell death and modulating their numbers.
Furthermore, through histological and informatic
analysis of human fetal retinas during development, it
has been observed that the fundamental
characteristics of this developmental pathway are
conserved. These findings offer new insights into the
understanding of retinal development and adaptive
mechanisms, potentially informing therapeutic
strategies for retinal diseases. Additionally, the study
suggests that the regulation of the light-eye-body axis
is not limited to neural circuits; photoreceptors may
also directly secrete neurotransmitters after receiving
light signals, regulating downstream processes
through paracrine and immune pathways. This aspect
of research has not been previously emphasized, and
future studies could explore other regulatory
pathways of the light-eye-body axis, such as paracrine
and immune mechanisms.

2.6. Gut microbiota

The gut microbiota is widely regarded as a vital,
dynamic ecosystem within the human body, playing a
significant role in both health and disease [91]. The
composition and relative abundance of the gut
microbiota are influenced by various factors,
including genetics and diet. Even under normal
conditions, daily fluctuations in the relative
abundance of many types of gut microbiota are
observed [92]. While the physiological significance of
these daily changes remains unclear, their role in

disease states is becoming more evident. Studies have
found that dysbiosis of the gut microbiota can predict
the risk of type 2 diabetes, and in animal models of
Parkinson’s disease, an imbalance in the gut
microbiota precedes the onset of neuropathological
symptoms [93,94].

Recent research has revealed that external
light-dark cycles can influence the gut microbiota
through ipRGCs. The normal alternation of light and
dark is one of the primary drivers of the daily
variations in gut microbes, as the percentage of
oscillating gut microbiota significantly decreases
under constant darkness or dim light at night. In this
process, ipRGCs are crucial for the daily fluctuations
of the gut microbiota driven by signals from
melanopsin and rod and cone photoreceptor cells.
Compared to control mice, melanopsin gene knockout
mice exhibit a different diurnal pattern of gut
microbiota, although the overall percentage of change
is similar. This may be due to the partial
compensation of rod and/or cone cell signals for the
loss of melanopsin signals. In mice with ablated
ipRGCs, the daily fluctuations of the gut microbiota
are nearly absent. Unlike the daily variations, the
composition of the gut microbiota is directly
regulated by ipRGCs and melanopsin. The
composition of the gut microbiota changes
significantly under LD and dLAN conditions, and
both melanopsin gene knockout and ipRGCs ablation
can counteract these changes. Thus, activating
melanopsin  and/or  ipRGCs-mediated  light
information can influence the composition and
diversity of the gut microbiome. Interestingly,
ipRGCs drive the light-induced daily changes in gut
microbiota through the sympathetic nervous system,
while the composition of the gut microbiota is affected
by an ipRGCs sympathetic-independent unknown
pathway [95].

In summary, ipRGCs are an important mediator
for the regulation of the gut microbiota by light
exposure through the eyes. External light exposure
can modulate the composition and daily variations of
the gut microbiome via the melanopsin signal-ipRGCs
pathway, highlighting a novel aspect of the intricate
interplay between our environment and internal

physiology.
2.7. Hair generation

Human hair forms a protective barrier against
external harm, assists in maintaining body
temperature, and importantly, scalp hair serves a
significant aesthetic function, enhancing feelings of
happiness and social acceptance [96]. Human hair
originates from hair follicles (HF), which are complex,
tiny organs abundantly present in the dermis and
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subcutaneous tissue. They undergo repeated
regeneration cycles, including growth, regression, and
rest phases, making them one of the few organs that
undergo cyclical degeneration and regeneration
throughout life [97]. The growth of hair follicles is
primarily driven by hair follicle stem cells (HFSC),
thus the regulation of HFSC activity becomes key to
hair growth [98]. HFSC activity has been shown to be
regulated by intrinsic cellular signaling pathways as
well as signals from the local and systemic
environment [99,100].

As one of the many regulators of HFSC, light can
stimulate hair growth directly through skin
irradiation and indirectly through the eyes [97]. In
mice, short-wave blue light stimulation to the eyes can
significantly induce hair regeneration. In this process,
although rods and cones play a certain role, the
projection of M1 ipRGCs to the brain's SCN is
necessary. Upon receiving external light stimulation,
the human body can activate systemic sympathetic
activity in the skin to increase the release of
norepinephrine to promote HF regeneration through
the ipRGCs-suprachiasmatic nucleus-sympathetic
nerve circuit. For HFSC cells themselves, upon
receiving external light stimulation, the Hedgehog
signaling pathway is activated and is necessary for
eye light-induced HFSC activation and the initiation
of the growth phase [101].

The discovery of the indirect regulatory
mechanism of hair follicle growth by light through the
eyes is very meaningful. Although both are projected
by ipRGCs to the SCN, unlike the light
synchronization of circadian rhythms, this pathway
changes peripheral SC activity by activating the
sympathetic nervous system and has an immediate
effect, which can respond immediately to changes in
external light. This also shows the multifunctionality
of the ipRGCs-SCN pathway in regulating long-term
daily oscillating activities and acute light responses.
This also extends another question, since both
circadian rhythm light induction and acute light
activation of the sympathetic nerves are mediated by
the ipRGCs-SCN pathway, is it because the functions
of the two pathways are dominated by different
subgroups of ipRGCs? Answering this question can
be further improved by single-cell sequencing
technology and in situ targeted gene knockout
technology.

This discovery greatly expands the range of
human body functions affected by light through the
eyes. And in this, there are two questions worth
thinking about: In addition to HFSCs, SCs in other
tissues are also regulated by the autonomic nerves
[102]. So, are SCs in other tissues affected by the
ipRGCs-SCN-sympathetic nerve axis? And because

light-activated sympathetic nerves are not limited to
the skin, this pathway may also play a more
widespread role in coordinating systemic functional
responses that have not been discovered, which is also
worth studying [103].

2.8. Pigmentation

Skin pigmentation, modulated by light, is a
phenomenon that occurs in virtually all organisms. In
invertebrates or lower vertebrates, there are two
mechanisms of light-regulated skin pigmentation:
physiological pigmentation and morphological
pigmentation. Physiological pigmentation occurs
relatively quickly, involving changes in the
distribution of pigment granules in the cytoplasm of
pigment cells, which is significant for diurnal rhythm
changes or camouflage [104]. In contrast,
morphological pigmentation occurs more slowly,
requiring changes in the number or type of pigment
cells, typically occurring with seasonal changes [105].

For physiological pigmentation, it is often
assumed that it originates from the direct response of
melanin to light, as studies have shown that light
signals can indeed be recognized by cells and
converted into intracellular signals, triggering the
movement of melanin groups leading to pigmentation
[106]. However, there is also a “secondary color
response” in light-regulated physiological
pigmentation. Using the african clawed frog as a good
model for melanopsin research, researchers found
that light activation of melanopsin in ipRGCs
inhibited the expression of pro-opiomelanocortin and
alpha-melanocyte-stimulating hormone (a-MSH)
synthesis in the intermediate layer of the pituitary,
both of which can promote pigmentation [107]. As for
morphological pigmentation, although light can also
regulate morphological pigmentation through
ipRGCs, it seems that different circuits and molecular
mechanisms control physiological and morphological
skin pigmentation separately, and the visual pathway
of morphological pigmentation has not been clearly
elucidated [108].

In summary, the eye controls skin darkening
through two different pigmentation mechanisms,
both of which involve the regulation of inhibitory
synapses, as reduced eye activity will cause a certain
pigmentation response. Although the retinal circuit
controlling morphological skin pigmentation is not
clear, it is interesting that light-induced physiological
pigmentation always occurs simultaneously with
morphological pigmentation, suggesting that there
may be neuronal and/or endocrine connections
between these two different circuits [108]. However, it
must be acknowledged that their research was
conducted in African clawed frogs, and the
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neuroendocrine circuits in humans will be more
complex, so further research is needed to determine
whether this pathway is valid in humans.

2.9. Itch behavior

The survival of animals largely depends on
obtaining information from the external environment
through vision [109]. In addition to direct observation,
social animals can infer and adapt to the
ever-changing living environment by observing and
imitating the behavior of conspecifics, which can
predict potential dangers that are sometimes difficult
to detect [110]. Contagious itch behavior (CIB) is one
of them, which is an involuntary imitation behavior
formed during evolution, different from the social
imitation behavior acquired by learning [111].
Previous research has shown that during the
propagation of itching behavior in mice, the neuronal
activity in the SCN of the hypothalamus increases.
The ablation of gastrin-releasing peptide receptor
(GRPR) or GRPR neurons in the SCN eliminates
contagious scratching behavior, and the activation of
SCN GRP/GRPR neurons induces scratching
behavior, indicating that GRP-GRPR signal
transduction is necessary and sufficient for
transmitting contagious itch information in the SCN
[112]. Their research provides a molecular and neural
basis for contagious itch behavior in mice. Based on
their research, Gao and others have wonderfully
extended this pathway to both ends. Upstream of the
pathway, they proved that it is ipRGCs that play a
role in conveying contagious itch information.
Downstream of the pathway, they found that GRPR
neurons project to paraventricular nucleus of the
thalamus (PVT) to transmit itch information. This
indicates that the retina-ipRGCs-SCN-PVT pathway is
a non-classical subcortical visual pathway, which is
necessary and sufficient for mediating CIB in a
melanopsin-independent manner [113].

Their research reveals an unexpected function of
ipRGCs in mediating motion-based visual stimuli,
similar to classical RGCs, thereby significantly
expanding the function library of ipRGCs, from its
classical melanopsin-mediated non-image-forming
function to melanopsin-independent image-forming
function. At the same time, their research may help us
understand the origin of emotional contagion. CIB is
easily regarded as an instinctive action imitation
behavior, which is ubiquitous in lower vertebrates
and invertebrates [114]. At the same time, CIB is not
an emotional contagion, which is limited to familiar
individuals in mice [115]. Visually induced scratching
actions can be simulated by artificially stimulating
GRPR neurons in SCN, indicating that the cascading
neural circuit of itching is automatically activated in

this process, rather than the manifestation of more
cognitive/emotional abilities required for emotional
rendering [116]. Therefore, it is interesting to further
study whether the ipRGCs-SCN circuit can mediate
other types of social contagious behaviors, such as
yawning,.

2.10. Body temperature

A wealth of evidence, including animal and
clinical experiments, suggests that light can
significantly influence body temperature [117,118].
Notably, changes in body temperature are most
sensitive to stimuli from short-wavelength light [119].
Existing research indicates that melanopsin is most
sensitive to light at 480nm, leading us to hypothesize
that the regulation of body temperature by light is
mediated by ipRGCs [120]. Building on this, Rupp
and his colleagues discovered that the regulation of
body temperature and sleep by light share similar
characteristics, both involving indirect regulation
through circadian rhythm light synchronization and
direct acute regulation [44]. Their results suggest that
ipRGCs are the only retinal cells that acutely regulate
body temperature in response to light. Interestingly,
Brn3b (-) and Brn3b(+) ipRGCs play distinctly
different roles in this process. Brn3b(-) ipRGCs project
to the SCN to mediate the circadian rhythm light
synchronization of body temperature, while Brn3b(+)
ipRGCs project to other parts of the brain and are
necessary for the acute regulation of body
temperature. Their results further indicate that
Brn3b(+) ipRGCs mediate the acute effect of light on
body temperature through projections outside the
SCN, while Brn3b(-) ipRGCs mediate the circadian
rhythm light entrainment of body temperature
through  projections to the SCN and/or
intergeniculate leaflet (IGL).

The significance of this research lies in
demonstrating that the connection of ipRGCs to the
SCN to control circadian rhythm light synchronized
electrical activity does not control the direct effect of
light on body temperature. Instead, separate circuit
extending from ipRGCs to unknown parts of the brain
directly influences changes in body temperature.
Body temperature plays a crucial role in cognition and
alertness [121]. A better understanding of this
regulatory circuit could enable researchers to develop
methods to help emergency personnel or night shift
workers stay awake and alert at night, while
minimizing disruption to circadian rhythms.

2.11. Memory

As previously stated, changes in light exposure
can have profound effects on human physiological
functions. Memory, as one of the core components of
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cognitive neurobehavioral performance, is also
regulated by light. While it is obvious that
image-forming vision is central to memory formation,
recent research has found that non-image-forming
vision can also regulate various types of memory.
Memory can be broadly divided into declarative
memory (the ability to recall events or facts) and
non-declarative/procedural memory (the ability to
execute learned skills or activities) [122]. In rodents,
bright light has been shown to enhance fear and
spatial memory [123,124]. Animals raised under dim
and irregular light conditions show impaired spatial
memory [124]. There is a correlation between light
intensity and the downregulation of object and odor
recognition memory [125]. This section will discuss
how light regulates the formation of various types of
memory through the eyes.

In cognitive psychology and neuroscience,
spatial memory is a form of memory responsible for
recording and recalling the information needed to go
to a certain location, and recording the location of
objects or the location of events. There have been
many studies on the impact of light on spatial
memory. However, research on the neural
mechanisms of light affecting cognitive functions and
the role of the eye in this process is relatively scarce.
Research by Huang Xiaodan and others found that
long-term bright light therapy can promote spatial
memory through a binocular visual circuit related to
the reunion nucleus (Re) [41]. Specifically, they
proved that a subgroup of ON-type retinal ganglion
cells expressing SMI-32 can innervate CaMKIla
neurons in the vLGN and IGL of the thalamus, and
then activate the reunion nucleus Re to promote
spatial memory. And separately activating a part of
the RGCs subgroup projecting to vLGN/IGL, a part of
the vVLGN/IGL neurons projecting to Re, and Re
neurons are all effective. In summary, this study
found a new memory-related light information
transmission pathway, and the authors proved that
phototherapy information can enhance spatial
memory ability through the mediation of the
retina-vLGN/IGL-Re pathway [41].

Social recognition memory is crucial for the
survival of social species and is necessary for group
life, selective reproduction, pairing and dominance
hierarchy [126]. Recent research results show that
acute light exposure can impair social recognition
memory in mice. Specifically, bright light can transmit
signals to pSON through Mil-type ipRGCs and
activate GABA neurons in it, and inhibit oxytocin
neurons in SON [127]. Oxytocin plays a key role in
social recognition memory, existing research shows
that male mice lacking oxytocin show a decline in the
ability to recognize female mice [128]. Interestingly,

the above conclusions were obtained in the morning
experiment, but when the same experiment was
repeated at noon, whether or not bright light was
given, the mouse's social recognition memory was
close to zero. The difference between the morning and
noon experimental results suggests that the
excitability of SON neurons and the release of
oxytocin have circadian fluctuations that may have
some impact on the results [129]. Further research is
needed to explore the specific mechanism of SRM
reduction at noon.

A recent study explored how light affects
learned fear in mice. They wused a mature
measurement method to assess memory ability:
voice-induced fear conditioning. When a tone is
repeatedly presented and accompanied by a slight
electric shock, the subject will associate this tone with
the electric shock, and even if only the tone is heard
without the electric shock, a fear response will occur
[130]. In rodents, the response to fear is freezing
(completely stopping activities). This indicator is
stable and measurable, and can be used as an
indicator of mouse memory ability [130]. When the
researchers used light with a wavelength of 470nm to
stimulate mice lacking rod cells and cone cells or
melanopsin knockout mice, the results showed that in
the control group and melanopsin gene knockout
mice, the light applied during the acquisition and
recall process enhanced the freezing response, which
is a manifestation of the enhanced learning and
memory ability of the test mice. But there is no such
effect in mice lacking rod cells and cone cells,
indicating that this effect is driven by rod cells and
cone cells [123]. In a mouse experimental study,
researchers found that object recognition memory
does not require visual input, because even in the
absence of rod cells and cone cells, mice can still
successfully distinguish between novel and familiar
objects. But visual spatial memory (that is, memory of
where the object is) requires classical photoreceptors.
At the same time, their results show that under strong
light, the mouse's object recognition memory will be
disturbed, but this effect is completely eliminated in
mice lacking melanopsin, indicating that the effect of
strong light on recognition memory performance is
mediated by ipRGCs and rods and cones.

The above research results fully demonstrate the
impact of light on memory through the eyes.
However, memory is extremely complex, whether it is
declarative memory or non-declarative memory, it
involves a series of complex processes, including
acquisition, encoding, consolidation, maintenance
and retrieval, and they can be subdivided into
multiple types [131]. Current research only confirms
that some types of memory can be regulated by light
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signals received and transmitted by the retina, but in
fact the impact of light signals on various types of
memory has been widely studied. Blue light can
improve language memory performance during
memory consolidation, sunlight can increase the
synaptic release of glutamate and enhance the motor
learning and memory ability of mice, the
retinal-neural mechanism behind these phenomena is
worth exploring [132,133]. The functions of ipRGCs
and many brain areas are highly conserved between
mice and humans, so mice can be used as a suitable
animal model to explore the neural circuit of light
affecting memory [134]. The results obtained from
mouse experiments can also deepen our
understanding of the impact of light on various
memory mechanisms.

3. The role of light signals through the
eye in regulating disease throughout the
body

Beyond the role in regulating physiological
functions, recent studies increasingly revealed that
the light-eye-body axis also plays a crucial regulatory
role in various pathological processes such as myopia,
photophobia, and depression (Figure 3).

3.1. Photophobia

Photophobia is a sensory disturbance caused by
light, mainly manifested by migraine. The term
originates from two Greek words: "photo" meaning
"light" and "phobia" meaning 'fear," together
signifying a "fear of light." Patients may experience
photophobia due to various diseases, including
primary ocular conditions, central nervous system
disorders, and psychiatric illnesses [135]. Light, being
the primary stimulus for photophobia, implicates the
involvement of photoreceptors and the light
perception pathway in the pathophysiology of
photophobia. A clinical trial has revealed that intense
light stimulation can diminish the pain perception
thresholds of the trigeminal and cervical nerves
through the visual system, thereby precipitating
migraines. This finding suggests that the visual
pathway plays a significant role in modulating pain
signals associated with migraines, offering a novel
perspective on the interplay between light exposure
and headache disorders [136]. Recent evidence
increasingly suggests that melanopsin signaling
systems can mediate photophobia, and ipRGCs play a
significant role in the pathophysiology of
photophobia, independent of rods and cones [137].

nociceptive neuronal activation and dilation of ocular vessels:

photoreceptors in the retina activate the trigeminal caudal/cervical cord

@ junction region and the nucleus tractus solitarius
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headache exacerbated by exposure to light:

ipRGCs modulates the activity of dura-sensitive thalamocortical neurons
different colors of light have different effects on migraine headaches:
cone-thalamic neurons-cortex circuit

modulate the corneal radius of curvature:
rods/cones-driven signals of ipRGCs
modulate the axial length:
melanopsin-driven signals of ipPRGCs

morning bright light therapy for depress:
ipPRGCs-vLGN/IGL-LHDb circuit

light at night (LAN) induced depressive-like behaviors:
ipPRGCs-dpHb-NAc circuit

morning blue light exposure alleviate depress:
ipPRGCs-unknown circuit

antidepressant effect of blue light on Light-deprived rats:
ipRGCs-DRN/amygdala circuit

analgesic effect of green light:
cones-vLGN-DRN circuit

antinociceptive effects of bright light therapy:
retinal—vLGN/IGL—I/VIPAG circuit

red light induced pain:

retina-RVM circuit

Figure 3. The light-eye-body axis has a pervasive influence on the organism’s pathological states. The light-eye-body axis affects pathological states through a wide
range of pathways. [pRGC:s: intrinsically photosensitive Retinal Ganglion Cells; vVLGN: ventral geniculate nucleus; IGL: intergeniculate leaflet; LHb: lateral habenula; dpHb: dorsal
perihabenular nucleus; NAc: nucleus accumbens; DRN: dorsal raphe nucleus; IGL: intergeniculate leaflet; I/VIPAG: lateral/ventral lateral parts of the periaqueductal gray area.
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Among these evidence, two distinct neural
pathways have been clearly described, detailing how
ipRGCs transmit noxious light signals to the brain.
The team led by Okamoto explored the first pathway,
focusing on the role of the ophthalmic branch of the
trigeminal nerve in photophobia. They employed
quantitative Fos-like immunoreactivity to determine
the pattern of neuronal activity in the caudal
brainstem of anesthetized rats following intense light
stimulation of the retina. This demonstrated that
photoreceptors in the retina activate the trigeminal
caudal/cervical cord junction region and the nucleus
tractus solitarius, ultimately leading to nociceptive
neuronal activation and dilation of ocular vessels
[138]. However, their research did not extend to the
mechanisms of retinal light signal transduction in
migraines. Another study described the second
pathway of photophobia, utilizing single-unit
recording and neural tract tracing in rats to identify
the axons of dura-sensitive neurons in the posterior
thalamus, which project extensively to layers I-V of
the somatosensory, visual, and associative cortices,
with their activity being significantly modulated by
light. The perception of migraines is mediated by
noxious signals transmitted from the cranial dura
mater to the brain. Intriguingly, they discovered that
these dura-sensitive neurons in the posterior
thalamus are connected to the axons originating from
ipRGCs in the retina. They proposed that
photoregulation of migraine headache is exerted by
ipRGCs-dura-sensitive thalamocortical neurons [137].
Using diffusion MR tractography, Maleki and
colleagues also found similar conclusions in human
[139].

The aforementioned studies firstly reveal the
retinal mechanisms of photophobia: it is mediated by
ipRGCs and influences photophobic behavior by
modulating  the  activity of  dura-sensitive
thalamocortical neurons [137]. This also explains why
patients who retain non-image-forming vision yet are
blind still exhibit symptoms of photophobia, while
those who have lost the optic nerve or eyes do not
[139].

Previous research has highlighted the integral
role of ipRGCs in the pathogenesis of photophobia
migraine, with ipRGCs exhibiting heightened
sensitivity to blue light. Clinical evidence has
consistently pointed towards the exacerbating effects
of short-wavelength (blue) light on migraines, and the
mitigation of symptoms through the use of devices
that block blue light, such as sunglasses, has
reinforced the notion that blue light might be the
primary cause of photophobia migraine [140].
However, this concept has been derived from blind
migraine  patients lacking cone and rod

photoreceptors, potentially overlooking the influence
of other photoreceptive cells [141] In fact, the impact
of different colors of light on migraines can be varied
and even contradictory. Psychophysical assessments
conducted on patients with normal vision have
revealed that the likelihood of green light
exacerbating migraines is significantly lower than that
of white, blue, amber, or red light. Through
electroretinography and visual evoked potential
recording in patients, and multi-unit recording of
dura- and light-sensitive thalamic neurons in rats, it
has been discovered that the photophobic response to
colors and migraines may originate from cone-driven
retinal pathways and be relayed through
light-sensitive trigeminovascular thalamic neurons to
the cortex. This finding elucidates why green light has
the weakest migraine '"effect," as it activates the
cone-mediated retinal pathways the least. Green,
white, and blue lights can induce migraines through
this pathway, while red light, which does not activate
thalamic neurons, and amber light, which has not
been further investigated by the group, may trigger
migraines through cone-unknown pathways. This
study underscores the differential effects of various
colors of light on migraines, with a particular focus on
the pivotal role of cone cells [142]. Green light is the
least likely to aggravate migraines and, at low
intensities, may even serve a therapeutic role by
reducing headache intensity. The soothing effects of
green light may involve complex psychobiological

mechanisms [143]. Indeed, green light possesses

inherent analgesic properties, the mechanisms of
which will be elaborated in subsequent sections.

3.2. Depression

Phototherapy, a non-pharmacological
intervention based on circadian rhythms, has been
proven effective and safe for various depressive
disorders, yet the underlying mechanisms continue to
perplex researchers globally [144,145]. Conversely,
studies have reported that nocturnal light exposure
may increase the risk of depressive symptoms
[146,147]. The contradictory effects of light exposure
across various circadian phases suggest that the
timing of light exposure may be a critical factorl.

Morning bright light therapy (BLT) has been
established as a safe and effective treatment for
depression  [144].  Phototherapy  exerts its
antidepressant effects through photosensitive neural
circuits, with the retinal-vLGN/IGL-LHb pathway
being one of the neural routes for BLT's
antidepressant action. Specifically, BLT activates
GABAergic neurons in the vLGN/IGL governed by
M4-type ipRGCs, then inhibiting aberrant firing of
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CaMKlla neurons in the LHb, thereby alleviating
depressive-like behaviors in mice [148]. In addition,
morning blue light exposure can significantly
alleviate depressive symptoms through ipRGCs,
exhibiting a profound antidepressant effect [149].
Extended exposure to blue light for 12 hours during
the day has been demonstrated to possess a
pronounced antidepressant effect on the depressive
phenotype in rats subjected to light deprivation. This
therapeutic effect may be attributed to activating the
serotonergic system of DRN and brain-derived
neurotrophic factor signaling pathway in the
amygdala [150]. The impact of phototherapy on
hormones may also contribute to its antidepressant
mechanism. Melatonin, a hormone that regulates
circadian rhythms and promotes sleep, produced and
secreted by the pineal gland, is modulated by
phototherapy. Activation of ipRGCs inhibits pineal
function, reducing melatonin synthesis and release
during the day, thus restoring the biological clock to
homeostasis [151].

However, it is crucial to emphasize that while
morning bright light can improve depressive
symptoms, nocturnal light exposure can have adverse
effects. Kai An’s team found that light at night (LAN)
induced depressive-like behaviors in mice without
disturbing circadian rhythms. This effect was
mediated by a neural pathway from ipRGC to the
dorsal perihabenular nucleus (dpHb) and then to the
NAc. Notably, the dpHb, controlled by circadian
rhythms, is more excitable at night than during the

day. This suggests that the ipRGCs—dpHb—NAc

pathway preferentially transmits light signals at
night, mediating LAN-induced depressive-like
behaviors [152].

Phototherapy is a low-cost and effective
treatment modality for various diseases. Numerous
studies have validated its efficacy for patients with
different types of depression, yet many mysteries
remain regarding the mechanisms by which
phototherapy produces its effects [145]. The LHb, a
highly conserved part of the epithalamus across
species, is implicated in the increase of depressive-like
behaviors when activated, while its inhibition
improves depressive symptoms [153]. Huang and
colleagues revealed that the mechanism of
phototherapy involves intense light suppressing LHb
activity via the M4-type ipRGCs directly governing
the vLGN/IGL-LHb pathway, exerting an
antidepressant effect [152]. The increased risk of
depression associated with nocturnal light exposure is

due to the dpHb within the ipRGCs—dpHb—NAc

thus
than

pathway being more excitable at night,
preferentially responding to LAN rather

daylight, regulating NAc activity, a brain region
highly associated with depression, and consequently
inducing depressive-like behaviors. Therefore, the
increased risk of depression when light occurs during
the “wrong” phase of the circadian cycle is well
explained.

Nighttime light pollution has become
increasingly severe, with over 80% of the global
population suffering from significant nocturnal light
pollution [154]. Beyond lighting devices, the
proliferation of smart devices such as smartphones,
tablets, and computers has also become a source of
LAN. In An and colleagues’ experiments, the light
source used to stimulate ipRGCs and induce
depression was environmental blue light at 473nm,
indirectly validating the value of electronic device eye
protection modes (reducing screen blue light). Future
research could explore the effects of light of different
wavelengths on depression. In this industrial age, we
must be vigilant about the harm caused by nighttime
light pollution.

Many mood disorders, including Seasonal
Affective Disorder, Major Depressive Disorder
(MDD), and bipolar disorder, are intimately linked to
abnormal sleep and circadian rhythms [145].
Environmental disruptions to normal sleep/wake
patterns, light-dark changes, and seasonal variations
can trigger these disorders, while sleep/wake pattern
abnormalities are also one of the clinical diagnostic
criteria for mood disorders. Evidence suggests that
treatments targeting circadian rhythms (such as acute
sleep deprivation, BLT, and phase advance of sleep)
can successfully treat depression [155]. Clinical
evidence indicates that morning BLT, alone or in
combination with fluoxetine for 8 weeks, is
well-tolerated and effectively reduces depressive
symptoms in patients with MDD, as demonstrated by
changes in the Montgomery-Asberg Depression
Rating Scale scores [155]. One potential mechanism
for BLT’s antidepressant effect on MDD is the
ipRGCs-vLGN/IGL-LHb pathway proposed by
Huang and others. From our previous discussion, we
know that the ipRGCs-SCN axis is crucial for
controlling the biological clock. Thus, leveraging the
key node of ipRGCs in phototherapy to cure
depression while also positively influencing the
biological clock may be a direction for future
consideration in phototherapy.

3.3. Pain

Light therapy has been reported to have
unexpected effects on various diseases. It is widely
used clinically for a range of conditions, including
depression, dementia, and circadian rhythm disorders
[156-158]. Regarding pain, phototherapy has been
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shown to produce different effects depending on the
intensity, wavelength, and pathway of the light
exposure. For instance, green light exposure has been
proven effective in alleviating pain in conditions such
as migraines and fibromyalgia [159,160]. Bright light
can treat chronic back pain, while low-intensity light
can relieve pain caused by a range of musculoskeletal
diseases and neuropathic pain resulting from sciatic
nerve damage [161-163]. Another study found that
white, blue, amber, and red light exacerbated
migraines to a greater extent in patients with episodic
migraines [164]. Clearly, light plays a crucial role in
inducing pain and analgesia, making it necessary to
study its specific mechanisms and the role of the eye
in this process.

Rajesh and colleagues have elucidated an
injury-free model of functional pain in rats through
exposure to red light [165]. In their study, rats were
subjected to red light-emitting diodes (RLEDs) with
an intensity of 50 lux, for 8 hours daily over a period
of 5 days, which resulted in thermal hyperalgesia and
mechanical allodynia. The intriguing aspect of this
research is that when rats were equipped with contact
lenses used to block light, the aforementioned effects
were  abolished, thereby  highlighting  the
indispensable role of the visual system in mediating
such nociceptive responses. Furthermore, their
findings underscore the necessity of activation of
downstream pathway in the rostral ventromedial
medulla (RVM) in sustaining the thermal
hyperalgesia and mechanical allodynia induced by
RLED exposure. It is well-documented that neurons
within the RVM project to the spinal or medullary
dorsal horns, where they can either directly or
indirectly modulate nociceptive transmission [166].
By microinjection of bicuculline, a GABA-A receptor
antagonist, to suppress the activity of the RVM, the
thermal hyperalgesia and mechanical allodynia
effects induced by RLED were mitigated. This
suggests that the modulation of RVM activity is a
pivotal factor in the manifestation of pain behaviors
elicited by red light exposure [165]. While a plethora
of studies have suggested analgesic effects of red
light, the aforementioned research presents a
contrasting viewpoint. This discrepancy may arise
from the longer wavelength of red light, allowing it to
penetrate the skin and exert its analgesic effects
independently of the visual system, directly acting
upon peripheral skin tissues [167]. Given the dualistic
effects of red light, with central mechanisms
exacerbating pain and peripheral mechanisms
alleviating it, it is prudent to consider minimizing
intraocular exposure to red light in the formulation of
future phototherapy standards. This approach will
ensure a balanced therapeutic intervention that

maximizes the beneficial analgesic effects while
mitigating any potential adverse effects on pain
perception.

Studies have confirmed that the eyes indeed
participate in the analgesic effect of green light, as the
original analgesic effect of green light disappeared
after mice were fitted with opaque glasses [168].
Another study showed that green light-emitting
diodes alleviate neuropathic pain by activating
glutamatergic neurons in the vLGN, while RLEDs
promote pain using GABAergic neurons in the vLGN.
However, the study did not investigate the role of the
retina in this process [169]. The research that truly
demonstrates the bridging role of the eye in
light-mediated pain/analgesia comes from Professor
Hu's team. They proved that under strong light
exposure, RGCs in the mouse retina directly project to
GABAergic neurons in the vLGN/IGL, which in turn
directly project to inhibit the activity of GABAergic
neurons in the lateral and ventral lateral parts of the
periaqueductal gray area (I/vIPAG), thereby
regulating pain-related brain regions such as the locus
coeruleus (LC) and the RVM. Specific activation of the
vLGN/IGL —1/vIPAG pathway can increase the pain
threshold in wild-type mice and significantly improve
pain symptoms in mice with inflammatory and
pathological pain models. This study elucidates the
key role of the retinal—vLGN/IGL-1/vIPAG
pathway in mediating strong light analgesia [170].
Interestingly, a recent study found that cone cells can
also independently dominate the analgesic effect of
green light. In a mouse arthritis model, the analgesic
effect of green light was not affected by the ablation of
ipRGCs, while the ablation of cone cell photoreceptors
completely inhibited the analgesic effect and rod
ablation only partially reduced pain relief. Their
findings indicate that cone-dominated retinal inputs
mediated green light analgesia through the
vLGN-DRN pathway and suggest that this signaling
pathway could explain the analgesia effect of green
light therapy in clinic [171].

Bright light therapy can have beneficial effects
on various human functions, including pain, mood,
and cognition [172,173]. In this section, we discuss the
mechanisms of bright light’s analgesic effects based
on existing research evidence. Combining the
description of the positive effects of bright light on
depression in the previous section, we can see that
they share a similar mechanism. Both are achieved
through the RGCs-vLGN/IGL pathway, with the
difference being the activation of different
downstream brain regions. These conclusions may
indicate that bright light can activate some protective
mechanisms in the human body, with the core
pathway being the RGCs-vLGN/IGL pathway.
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Future research can focus on the relationship between
other effects of bright light therapy and this pathway.

The analgesic effects of different colors of light,
including green, blue, red, and near-infrared, have
been proven by research [167,174].
Longer-wavelength light (such as red light:
625-740nm) has high tissue penetration and can
provide analgesia through skin irradiation [175].
Green light, with its shorter wavelength, does not
seem to provide systemic analgesic effects through the
skin. In a mouse experiment, researchers found that
the analgesic effect of green light required the
involvement of the visual system [168]. All the above
evidence indicates that the analgesic mechanism of
green light differs from that of other colors of light
and may be mediated by the eyes. The study by Tang
etal. proved that the analgesic effect of green light
depends on the rods-RGCs-vLGN-DRN pathway. The
significance of this mechanism discovery lies in the
identification of an analgesic pathway independent of
ipRGCs, where green light is projected to the vLGN
through rods via “conventional” (non-photosensitive)
ganglion cells, and enkephalinergic neurons in the
VLGN then project to the DRN to mediate green light.
However, their conclusions do have limitations. The
melanopsin-SAP they used preferentially ablates
M1-M3 type ipRGCs, while M4 to M6 type ipRGCs
are essentially not ablated [18,22]. Previous research
reported that ipRGCs responsible for strong light
damage perception are mostly M4 type [176].
Therefore, it is necessary to use more effective
techniques to ablate all subtypes of ipRGCs to
strengthen their conclusions. Green, as a natural color,
can alleviate physiological and psychological pain
[177]. Psychological research suggests that “green”
represents positive information related to happiness
[178]. Given the many benefits of green light to the
human body, and the relative economy and safety of
green light analgesia methods, it is necessary to
deeply explore the potential mechanisms of green
light analgesia.

3.4. Eye disease

3.4.1. Retinal disease

Light, especially blue light, can cause damage to
photoreceptors which is associated with some eye
diseases [74]. IpRGCs are reduced in number and
impaired in function in patients with glaucoma and
diabetic retinopathy [179-181]. It is evident that blue
light activates apoptosis in ipRGCs, which may
contribute to the onset or exacerbation of glaucoma
[182]. Previous studies have reported a higher
prevalence of anxiety, depression and sleep
disturbances in patients with glaucoma, yet the

precise mechanisms underlying this phenomenon
remain elusive [183]. Given the established
association of ipRGCs with these functions, we
hypothesize that the increased prevalence of sleep
disorders, anxiety and depression in glaucoma
patients may be attributed to glaucoma-induced
damage to ipRGCs, resulting in dysregulation of the
corresponding non-image-forming functionalities.

3.4.2. Myopia

At the same time, light can also indirectly affect
certain eye diseases through photoreceptors, such as
myopia. Myopia is the most common ocular disorder
worldwide, with its disease burden escalating. It is
estimated that by 2050, nearly five billion individuals
will be affected by myopia, with 900 million suffering
from high myopia [184]. Research into the
mechanisms of myopia lays the foundation for
establishing effective prevention and control
strategies, addressing a significant need in human
society. Among the myriad studies on myopia
mechanisms, Professor Xiongli Yang's team has
blazed a trail by exploring the role of ipRGCs in the
onset and progression of myopia [36].

Myopia is a pathological refractive condition of
the eye, caused by abnormal growth of ocular media
and/ or refractive power, resulting in the formation of
a visual image in front of the retina, leading to blurred
vision [185]. The research by Professor Yang's team
indicates that selective destruction or specific
activation of ipRGCs in developing mice leads to
significant myopic or hyperopic refractive shifts,
respectively. Further experiments revealed that
melanopsin signals within ipRGCs, along with
rod/cone signals, respectively modulate ocular
development by influencing axial length (AL) and
corneal curvature radius (CRC). Given the
contribution of ipRGCs to axial development, it is
reasonable to predict that myopia may be regulated
by signals mediated by ipRGCs. Notably, subsequent
experiments found that in a form-deprivation myopia
mouse model, the expression levels of melanopsin in
the eye's ipRGCs and the amplitude of their light
response were upregulated. Knocking out melanopsin
or rearing mice in an environment devoid of 480 nm
wavelength light (the peak excitation wavelength for
melanopsin) resulted in downregulation of
melanopsin activation, significantly reducing the
effects of form-deprivation induced myopia,
highlighting the substantial impact of ipRGCs on the
development of myopia [185].

This work elucidates for the first time the pivotal
role of ipRGCs in ocular development and the
formation of myopia, offering novel insights for
intervening in the onset and progression of myopia.
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This can be achieved by employing light with a
carefully designed spectral composition that
primarily activates rods and cones while avoiding
melanopsin activation or using melanopsin inhibitors,
thereby slowing the progression of myopia and/or
reducing its severity [185]. However, the study did
not clarify how melanopsin and rod/cone signals
(both propagated via ipRGCs) differentially affect AL
and CRC. Two potential avenues for further
investigation are the complex structural-functional
interactions between ipRGCs and dopaminergic
amacrine cells, as well as the profound interplay
between ocular circadian rhythms and retinal
vasculature in influencing ocular
development/myopia [186,187].

4. Applications of light-eye-body axis for
improving health

The conception of light-eye-body axis provided a
comprehensive framework for understanding the
intricate effects of light on human physiology,
behavior, and pathogenesis. It unveiled the potential
for light to serve as a non-invasive modulator of
biological functions, thereby presenting novel
avenues for enhancing life quality. It beckons a
convergence of expertise across disciplines that have
traditionally operated in silos: vision science,
neuroscience, architectural lighting. The integration of
these fields opens up a plethora of opportunities to
harness light's therapeutic potential, with direct
bearings on health and disease management. The
light-eye-body axis thus stands at the forefront of a
new interdisciplinary = paradigm,  promising
significant advancements in how we approach human
well-being and the treatment of various conditions.

4.1. Diagnostic procedures for the melanopsin
system

Abundant research evidence suggests that
disruptions in melanopsin signaling may underlie
several human diseases, including sleep disorders,
seasonal affective disorders, and depression [137].
Reliable and straightforward methods to quantify
melanopsin function are essential for determining
whether the melanopsin system influences these
pathological states. However, almost all current
retinal diagnostic procedures measure the structure
and function of retinal outer rod and cone
photoreceptors, neglecting the assessment of ipRGC
function. A promising approach is the analysis of
pupillary light reflexes. Three types of photoreceptor
cells contribute to the pupillary light reflexes, but
melanopsin-dependent pupillary responses are
sensitive to short-wavelength light and are slow and
sustained. Studies have confirmed that a

10/20-second light stimulation protocol can relatively
independently detect ipRGC function in humans and
rhesus monkeys [188,189]. In summary, the
assessment of ipRGC function will be the starting
point for further distinguishing between patients with
complete loss of NIF and IF vision and those who
have only lost IF vision. This classification will help
determine whether normal ipRGC function in some
blind patients is more beneficial for maintaining a
better quality of life than in patients without light
perception.

4.2. Pharmacological intervention

The unique properties of melanopsin and the
rod/cone phototransduction pathways encouraged
the idea of manipulating signal traffic via ipRGCs to
manage human diseases that depend on lighting
conditions. However, the focus of intervention
remains unclear. The ideal strategy would be to
modulate downstream signaling components in
melanopsin or ipRGCs without affecting the rod/cone
signaling system. Compounds that activate or inhibit
light flux through ipRGCs should mimic
pharmacological light or darkness and have potential
applications. For instance, agonists would mimic light
and provide a novel pharmaceutical intervention to
elevate mood, while antagonists would mimic
darkness and prevent light from inhibiting melatonin,
thereby improving sleep.

4.3. Light management

The populace in industrialized nations is
increasingly subjected to extended periods of artificial
lighting, often well into the night. Moreover, the
majority of hospitals and caregiving facilities
maintain a state of perpetual illumination. While
daylight-simulating light during daytime hours may
offer benefits, nocturnal light exposure can disrupt
circadian rhythms and associated physiological
processes. This realization is prompting lighting
manufacturers and architects to embrace dynamic
lighting solutions for workplaces, caregiving
environments, and residential settings.

Advances in our understanding of the
light-eye-body axis now present opportunities to
adjust lighting to promote optimal physical and
mental health and performance. A newly developed,
international standard provides a way of quantifying
the influence of light on the intrinsically
photosensitive, =~ melanopsin-expressing,  retinal
neurons that mediate these effects which provides
recommendations for lighting, based on an expert
scientific consensus and expressed in an easily
measured quantity (melanopic equivalent daylight
illuminance (melaponic EDI)) defined within this
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standard [190]. Throughout the daytime, the
recommended minimum melanopic EDI is 250 lux at
the eye measured in the vertical plane at
approximately 1.2 m height. During the evening,
starting at least 3 hours before bedtime, the
recommended maximum melanopic EDI is 10 lux.
The sleep environment should be as dark as possible.
The recommended maximum ambient melanopic EDI
is 1 lux.

Despite the potential to harness melanopsin
function for human health improvements, significant
challenges persist. ~Although melanopsin is
retina-expressed and thus a subject of vision science,
the primary consequences of disrupted melanopsin
signaling are likely to manifest in sleep disturbances,
mood disorders, and metabolic effects, which extend
beyond the realm of vision science. This complexity

calls for a nuanced approach that transcends
traditional boundaries, engaging with disciplines
such as chronobiology and endocrinology, to fully
appreciate the implications of melanopsin signaling
on human health and disease.

4.4. Light therapy

Clinical evidence supports the beneficial effects
of light therapy for a variety of conditions, including
depression, cognitive dysfunction, chronic pain, and
sleep disorders [191]. However, the unclear
mechanisms of action have posed challenges for the
clinical application of light therapy. Research of the
light-eye-body axis can provide a deeper
understanding of the mechanisms behind the
therapeutic effects of light therapy.

Table 1. Summary of studies on the effects and mechanisms of light on migraine, depression and pain

Color  Subjects  Illumination Intensity =~ Symptom Effect ~ Mechanism of Action Study
time
White Human 2 seconds 50-20,000 Migraine 1 Visual system-Trigeminal and Influence of intense light stimulation on trigeminal and
(390~7 Ix cervical pain perception thresholds cervical pain perception thresholds
60nm) decreased

Rat 30min 2,000 Ix Migraine 1 Retina-trigeminal caudal/ cervical Bright light produces Fos-positive neurons in caudal

cord+nucleus tractus solitarius trigeminal brainstem

Rat 10 sec 50,0001x  Migraine 1 IpRGCs-dura-sensitive A neural mechanism for exacerbation of headache by light

thalamocortical neurons

Mouse 2h 3,000 1x Excitatory ! Retinal-vLGN/IGL-1/vIPAG A visual circuit related to the periaqueductal gray area for
effect of the antinociceptive effects of bright light treatment
pain-related
stimuli

Human 3 min 1-100 Migraine 1 Cone-thalamic neurons-cortex Migraine photophobia originating in cone-driven retinal

cd/m2 pathways
Blue Human 3 min 1-100 Migraine 1 Cone-thalamic neurons-cortex Migraine photophobia originating in cone-driven retinal
(450~5 cd/m2 pathways
00nm;
) Rat 12h 201x Depression ! IpRGC-DRN/amygdala Antidepressant Effect of Blue Light on Depressive
Phenotype in Light-Deprived Male Rats

Rat 10 min 1300 Ix Depression ! IpRGCs-unknown pathway Blue but not red light stimulation in the dark has

antidepressant effect in behavioral despair

Mouse 2 h 400 Ix Depression 1 IpRGCs-dpHb-NAc A circadian rhythm-gated subcortical pathway for

nighttime-light-induced depressive-like behaviors in mice

Mouse 2h 3,000 Lux Depression ! M4 ipRGCs-vLGN/IGL-LHb A Visual Circuit Related to Habenula Underlies the

Antidepressive Effects of Light Therapy
Green Human 3 min 1-100 Migraine ! Cone-unkonwn pathway Migraine photophobia originating in cone-driven retinal
(500~5 ed/m2 pathways
65nm)

Mouse 8h 10 1x Thermal 1 Cone-vLGN-DRN Green light analgesia in mice is mediated by visual
hyperalgesia activation of enkephalinergic neurons in the ventrolateral
and mechanical geniculate nucleus
allodynia

Rat 8h 4 lux Chronic pain ! Visual system-Descending pain Long-lasting antinociceptive effects of green light in acute

inhibitory pathways from the RVM;  and chronic pain in rats

Increased spinal cord expression of

enkephalins
Amber Human 3 min 1-100 Migraine 1 Cone-thalamic neurons-cortex Migraine photophobia originating in cone-driven retinal
590nm ed/m2 pathways
Red Human 3 min 1-100 Migraine 1 Cone-unkonwn pathway Migraine photophobia originating in cone-driven retinal
(625~7 ed/m2 pathways
40nm)

Rat 8 hr 50 Ix Thermal 1 Visual system-RVM Development and Characterization of An Injury-free
hyperalgesia Model of Functional Pain in Rats by Exposure to Red
and mechanical Light
allodynia
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Summarizing the aforementioned studies, we
find that the effects of light therapy are associated
with the wavelength, intensity, and duration of light
exposure (Table. 1). For instance, strong light
exposure during the day has antidepressant effects,
while irregular light exposure at night may increase
depression.  Establishing new paradigms for
phototherapy is crucial, as it can effectively activate
specific visual pathways based on their unique
photoresponses. This is essential for developing novel
treatment strategies targeting the visual system to
improve light therapy.

5. Conclusion and prospects

In this review, we pioneer a comprehensive
discussion on the light-eye-body axis, a system where
light, through the eyes and downstream neural
pathways, regulates the entire body. The process of
light signal transduction is primarily mediated by
ipRGCs. We revisit the history of research from the
discovery of ipRGCs, exploring their classification
and functions, to their projections to various brain
regions. Moreover, we analyze how light can
influence a multitude of normal physiological
functions and diseases in humans, as well as the
mechanisms involved. Compared to other organs, the
eye, with its immune privilege, constitutes a relatively
independent system. However, its unique structure
makes it the primary site for light perception and
signal transduction. Traditional views held that there
were two types of photoreceptors: rods and cones,
responsible for image vision formation. The discovery
of ipRGCs disrupted this balance and sparked a series
of studies. ipRGCs not only receive input signals from
rods and cones but can also detect light through
melanopsin, a special protein they express, and
project light signals to different brain areas, triggering
various physiological effects. This structural basis is
why ipRGCs are primarily responsible for
non-image-forming vision. Existing research has
demonstrated that under the influence of light signals,
the eyes can control circadian rhythms and sleep,
glucose metabolism, body temperature, mood, and
cognition through various neural pathways. Light can
also impact the human body under pathological
conditions, including the development of myopia and
photophobia. Utilizing the beneficial aspects of light,
phototherapy has made significant progress in
treating depression and pain. And we have observed
that the light-eye-body axis plays a pivotal role in
phototherapy for pain relief and the mitigation of
depressive symptoms.

As discussed above, light exerts diverse and
even contrasting effects on bodily functions through
the eye, which are potentially influenced by the

presence or absence of light, the timing of light
exposure, the wavelength of light, the intensity of
illumination, the duration of light exposure, the
predominant photosensitive cells, the types of ipRGCs
involved in pathway, and the diverse downstream
neural pathways of ipRGCs (Table 1, Figure 4). For
instance, light pulses induce sleep while dark pulses
induce wakefulness. This exemplifies how existence
or absence of light can significantly influence our
sleep-wake behaver. Furthermore, morning bright
light therapy can treat depression, whereas abnormal
nighttime light exposure may lead to depression, due
to the difference in light timing. The varying
wavelengths of light also yield distinct effects: in light
therapy for analgesia, green light, with its low tissue
penetration, relieves pain only through the eye-nerve
pathway. In contrast, red light, owing to its longer
wavelength, can penetrate tissue directly for
analgesia. Bright white light, encompassing all
wavelengths of the visible spectrum, is also used for
pain treatment, suggesting that its analgesic effect
may be the result of numerous distinct wavelengths.
Given the differing photosensitivity of various
photoreceptive cells, they exhibit varying priorities
under different lighting conditions. In the regulation
of light entrainment of circadian rhythms, rod cells
mediate circadian synchronization under low light
intensities through the rod-bipolar pathway.
However, under high light intensities and prolonged
exposure, it is mediated by the rod-cone pathway and
the inherent photosensitivity of ipRGCs, highlighting
the impact of light intensity, exposure duration, and
the predominant photosensitive cells in the
light-eye-body axis. In the regulation of body
temperature via the light-eye-body axis, Brn3b(-)
ipRGCs project to the SCN, mediating circadian
temperature synchronization, while Brn3b(+) ipRGCs
project to other unknown brain regions, which are
essential for acute temperature regulation. Their
findings indicates that different types of ipRGCs
involved in regulation also influence the effects of the
light-eye-body axis. In conjunction with the positive
effects of bright light therapy on depression and pain,
it is evident that they are achieved through the
activation of the retina-vLGN/IGL pathway by
intense light. The activation of different downstream
brain regions manifests different antidepressant and
analgesic  effects, demonstrating that diverse
downstream neural pathways also influence the
regulatory role of the light-eye-body axis on bodily
functions. Overall, the light-eye-body axis exerts
influence on various aspects of the body through
distinct pathways, necessitating further exploration
for its profound significance.
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Figure 4. Factors influencing the regulation of the light-eye-body axis. SC: superior colliculus; VTA: ventral tegmental area; vVLGN: ventral geniculate nucleus; IGL:
intergeniculate leaflet; LHb: lateral habenula; dpHb: dorsal perihabenular nucleus; NAc: nucleus accumbens; I/VIPAG: lateral/ventral lateral parts of the periaqueductal gray area;
RVM: rostral ventromedial medulla; LC: locus coeruleus; DRN: dorsal raphe nucleus; SCN: suprachiasmatic nucleus; IPRGCs: intrinsically photosensitive Retinal Ganglion Cells;

RVM: rostral ventromedial medulla.

Looking ahead, we should value the concept of
the light-eye-body axis and integrate it into scientific
research, clinical practice, and daily life. First, for
unexplored phototherapeutic ~mechanisms and
physiological or pathological changes closely linked
to light's influence, eye and particularly the ipRGCs
within it may play a potential role. Second, for studies
demonstrated that light regulated body through the
eyes where specific pathways are yet to be discovered.
The ipRGC pathways summarized in this review,
combined with the functions of corresponding brain
regions, could help identify possible directions. Third,

deeper investigation into the light-eye-body axis and
its controlling neural pathways 1is essential.
Understanding the differences and connections will
aid in managing the body's varied responses to
different light stimuli. In previous discussions, we
found that for intense light therapy, the
ipRGC-vLGN/IGL  pathway is shared for
anti-depression and analgesia, differing only in
downstream brain region projections, suggesting that
intense light can activate protective mechanisms in
humans, thus avoiding survival threats. Fourth, in
clinical treatment, light therapy has been proven safe
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and effective for various diseases and is a
cost-effective  treatment method. A  deeper
understanding of the light-eye-body axis, as one of the
key mechanisms of light therapy, will better guide the
standardization and development of light therapy.
Fifth, comprehending the light-eye-body axis concept
can explain various phenomena in life and better
protect our bodies. For example, the warm or cool
tones of light may be due to different wavelengths of
light stimulating brown adipose tissue's heat
production through ipRGCs; nighttime light exposure
significantly increases the risk of depression, and
maintaining darkness in the bedroom at night can
reduce the risk of depression [192]. Sixthly, it is
imperative to broaden our perspective beyond the
acknowledged significance of neural pathways in the
light-eye-body axis. The role of direct secretions from
the eyes to the organism warrants equal attention.
Recent studies suggest that retinal oxidative stress
may  influence the secretion of soluble
macromolecules from the retina, potentially
triggering chronic circadian rhythm disruptions and a
systemic reduction in antioxidant defenses. This, in
turn, could lead to oxidative stress in the liver [193].
Seventh, as an integral component of the central
nervous system, the retina shares numerous
similarities with the brain in terms of neural signal
transmission and processing. The retina offers unique
advantages as research subject due to its relatively
simple cellular structure and well-defined layers,
providing a window into the complex behaviors and
diseases of the brain. The disruption of ipRGCs is
observed in a multitude of neurodegenerative
diseases, such as Alzheimer's disease [194],
Parkinson's disease [195], Huntington's disease [196],
glaucoma [197], and diabetes [198] which suggests
that ipRGCs, as key molecules in the retinal
photoreceptive axis, may serve as a valuable
biomarker for the early detection of these conditions.

Despite the vigorous ongoing research and
notable achievements in the light-eye-body axis field,
we must still focus on its shortcomings. First, many
studies report flaws in ipRGC ablation techniques.
When using SAP to ablate ipRGCs, it preferentially
targets M1 to M3 types, leaving M4 to M6 types
largely intact [22]. Future work should employ more
effective techniques to thoroughly ablate all ipRGC
subtypes. Secondly, we should also pay attention to
the non-image-forming visual effects of rod/cone
photoreceptor light signal inputs. A review of the
literature reveals that while most light-eye-body
axis-related studies focus on ipRGCs. But it is cones
rather than ipRGCs that play a key role in the
mechanism of green light analgesia [171]. Thirdly,
although the mouse model is widely used due to its

conservation with humans in ipRGC and many visual
pathways, its limitations must be acknowledged.
Humans are diurnal while mice are nocturnal; light
exposure during the day or night increases human
alertness, but for mice, nighttime light induces sleep,
likely due to differences in the light signal neural
pathways between diurnal and nocturnal animals
[56]. Additionally, mice are less suitable for higher
cognitive function experiments. Utilizing the
advantages and understanding the limitations of the
mouse model will enable targeted exploration in
future experiments. Fourthly, the majority of current
research findings do not universally apply to group
phenomena. For instance, there is a noticeable lack of
studies on the impact of gender differences in animal
experiments. In human research, the focus is often on
younger, healthier participants with higher levels of
education. However, there is less research on older
populations and individuals with cognitive
impairments. Studying these groups is crucial for the
development and improvement of light therapy [131].
Fifthly, few researchers have ventured into the
exploration of the direct inter-organ communication
through the light-eye-body axis via immune system
and cytokines within the humoral circulation [199].
This approach is a more straightforward and efficient
method compared to the intricate neural pathways
that are often the subject of study [200]. Lastly, we
should value the concept of the light-eye-body axis

and conduct in-depth research to more
comprehensively assess its role and value.
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