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In mammals, visual performance and potential well 
being are determined by the different types of light exposure. 
Artificial light, whose properties differ from natural light, 
continues to increase in prevalence in our visual environ-
ment. Despite its advantages, narrow-band light sources 
pose potential hazards. A high proportion of high-energy 
short-wavelength (blue) visible light can potentially harm the 
visual system [1], causing retinal injury and visual dysfunc-
tion [2–5].

The impact of blue wavelengths on the visual system 
has gained research interest in recent years, especially due 
to the increased use of digital devices. Light-emitting diodes 
(LEDs) emit a high proportion of high-energy short-wave-
length light [2–4], with an emission peak at a blue wavelength 
(400–455 nm) [5–7]. Cumulative exposure to blue light has 
been associated with eye strain in humans [8,9]. Retinal light 
toxicity can present as photooxidative stress [10], photome-
chanical damage, or photochemical damage [11–13], even-
tually leading to the loss of photoreceptors [14–16], retinal 
pigmented epithelium (RPECs) cells [17,18], and retinal 
ganglion cells (RGCs). The activation of Müller cells and 
microglia is consistent with an inflammatory stress response 

[19], which is related to the excessive production of reactive 
oxygen species (ROS), reduced bioavailability of nitric oxide 
[6], and subsequent neuronal injury [20].

In addition to retinal injury [7], excessive blue light 
exposure can impact the non-image-forming functions of the 
visual system, including circadian entrainment [21–23]. In 
particular, light injury to intrinsically photosensitive retinal 
ganglion cells (ipRGCs) impacts the master clock, which 
is the suprachiasmatic nucleus (SCN) in the hypothalamus 
responsible for regulating non-image-forming functions 
[24,25]. Numerous studies have demonstrated the impact 
of LED exposure on a range of ipRGC targets in the brain 
[17]. However, fewer studies have compared the impact of 
chronic short- and long-wavelength LED exposure on visual 
cortex neurons. Hence, this study aimed to morphometrically 
analyze V1-L5PNs following prolonged exposure to LEDs of 
differing wavelengths.

METHODS

Ethical approval: This study received approval from the Insti-
tution Research Committee (IRC) and Institutional Animal 
Ethics Committee (IAEC; IAEC/02/2017), Manipal Academy 
of Higher Education, MAHE, Manipal. Following approval, 
24 healthy adult male Wistar rats were procured from the 
Central Animal Research Facility (CARF), MAHE, Manipal, 
and maintained under the guidance of the Committee for 
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the Purpose of Control and Supervision of Experiments on 
Animals (CPCSEA).

Laboratory and lighting setup:

Control animals—The control (NC, n=6) animals were 
maintained in the laboratory under normal room lighting 
conditions, which were provided by f luorescent lamps 
(Kfin Technologies Limited, TL5 Essential HE Super 80, 
Unit: Signify Innovations India Limited) placed at a 3.05 m 
distance from the animals, offering 250–300 lx. The light 
sources were turned off during the daytime to maintain the 
animals’ circadian rhythms.

Experimental animals—The animals were divided 
into three experimental groups (n=6 per group) and a control 
group (NC, n=6). The animals in the experimental groups 
were exposed to blue (BL, n=6), white (WL, n=6), and yellow 
(YL, n=6) LEDs. Throughout the experiment, the animals 
in the different exposure groups were kept on a 12:12 h 
light–dark cycle, with light exposure at night from 9:00 PM 
to 9:00 AM The light source used was a cumulative LED 
lighting system that provided an average illumination level 
of 400–500 lx.

The animals were housed in individual cages (length=100 
cm, width=70 cm, and height=50 cm). The spectral character-
istics of the LEDs measured using a spectrometer (Lighting 
Passport Pro, Taiwan) were as follows: blue (400–490 nm), 

white (380–780 nm), and yellow (400–780 nm) LEDs, as 
shown in Figure 1. The LEDs were fitted at a height of 50 cm 
from the cage floor, considering the rats’ anatomic eye posi-
tion. After being adapted to laboratory conditions for a week, 
the animals were exposed to LED light. The illumination 
levels were calculated vertically and horizontally and then 
averaged to ensure consistent and reliable results. The light 
output was measured from the bottom of the cage. Following 
90 days of exposure, the animals were sacrificed with a lethal 
dose of pentobarbital (i.p. 100 mg/kg) and xylazine (10 mg/
kg), and brain tissue was harvested and impregnated in 
freshly prepared Golgi–Cox solution.

Visual cortex Golgi impregnation technique: The Golgi–Cox 
fixative included potassium chromate (Spectrum Reagents 
and Chemicals Pvt. Ltd., Edayar, Kerala, India), mercury 
chloride (Medilise Chemicals, KRL/KNR/00087/2003, 
Azhikode Kannur, Kerala, India), and potassium dichromate 
(Spectrum Reagents and Chemicals Pvt. Ltd., Edayar,). The 
solution was replaced every five days until 21 days to maxi-
mize penetration and ensure uniform staining. At the end of 
the impregnation period, one hemisphere of the brain was 
fixed to a sledge microtome plate (Radical Scientific Equip-
ment, Pvt. Ltd., Ambala Cannt, Haryana, India) with one 
drop of quick fix glue (PELCO Pro CA44 Tissue Adhesive, 
Ted Pella Inc., Fisher Scientific Lab), and sections (150 μm) 
were acquired and transferred to tissue cassettes (Leica-LP-
C biopsy cassettes, Leica Biosystems, India Pvt, Ltd.) for 

Figure 1. Different animal groups and their respective light conditions. A, E: Control animals and room illumination. B, F: blue light; C, 
G: white LED; and D, H: yellow light. The x-axis shows the wavelength, and the y-axis shows the relative intensity of the transmitted light.
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immersion in 5% sodium carbonate solution (Sigma-Aldrich, 
Darmstadt, Germany) for 20 min. Following this, the tissue 
sections underwent dehydration in different concentrations 
of 70% (2 washes), 90% (2 washes), and 99.9% (3 washes) 
for a period of 10 min in each wash of ethyl alcohol (Ethanol, 
UN No.: 1170). As a final step, the tissue sections were made 
transparent with a wash in sulfur-free xylene (Spectrum, New 
Brunswick, NJ).

Tissue processing, dehydration, and mounting: The tissue 
processing and staining protocol was adapted from our 
previous similar experiment [26]. Neurons were selected 
carefully at the border of layer 4 to distinguish layer Va from 
layer Vb of the primary visual cortex (V1) due to the increase 
in cell density in layer 4. In contrast, the boundary between 
layers 5 and 4 is less precise [27]. A total of 864 neurons (NC: 
36*6=216, BL: 36*6=216, WL: 36*6=216, and YL: 36*6=216 
neurons) were selected from V1-L5PNs from each group. Two 
investigators manually traced dendrites from the coded slides 
and tabulated the pooled mean values for each group. The 
number of branching points and intersections in relation to 
the apical and basal dendrites of neurons was quantified using 
Sholl’s circle, starting with 20 μm concentric circles up to 
140 μm from the soma. We traced up to 140 μm concentric 
circles because in the V1-L5PNs, the dendritic arbors can 
extend up to 220 and 240 µm in Sholl’s analysis. There was 
an abrupt decrease in segment lengths and diameters for 
terminal arbor segments beyond 150 μm [28]. The mean of 
the acquired data was compared across all groups.

Statistical analysis: Statistical analysis was performed 
using R software (version 3.6.3) [29]. A two-way ANOVA 
(ANOVA) was used to compare the differences in visual 
cortex pyramidal neurons, and Tukey’s honest significant 
difference (HSD) post hoc test was used to determine differ-
ences between groups, if any.

RESULTS

Light-induced neuronal reprogramming: Golgi-stained 
morphometric analysis suggested a paucity of distinct 
V1-L5PNs in the BL and WL exposure groups but not in the 
NC and YL groups at the end of the 90-day exposure period. 
The BL and WL groups demonstrated an altered dendritic 
morphology, resulting in fewer dendritic branching points 
from the soma, an effect evident in all light exposure groups 
(Figure 2). There was a significant difference p eg F18, F126; 
p < 0.001 in the apical branching points across all groups as 
a function of distance from the soma (Figure 3), according 
to the results of two-way ANOVA. However, there was a 
significant difference between the BL and WL groups p eg 
F18, F126; p < 0.001. The post hoc comparison of the main 

effects showed that all light exposure groups (BL, WL, and 
YL) had fewer apical branching points than the NC group.

The comparison of basal branching points revealed a 
significant difference between the NC and BL groups at the 
0–20 µm and 20–40 µm distances, and the branching points 
slowly declined from 40 to 140 µm in the BL group (Figure 
3B). Both the BL and WL groups showed fewer branching 
points (1.89 µm) at a distance of <60 µm from the soma, 
although a similar number of branching points was found 
from the soma. Two-way ANOVA revealed a significant 
difference between the light exposure groups (F18,126=2.07, 
p=0.012). Multiple comparisons of light exposure groups 
showed fewer basal branching points in the BL, WL, and YL 
groups compared to the NC group (p<0.001). However, there 
was a significant difference between the NC (p<0.05) and 
YL, BL, and WL (p<0.001) groups.

Regarding the number of apical dendritic intersections 
(Figure 3C), there was a significant difference across all the 
groups (F3,40=0.25, p<0.0001). Post hoc analysis revealed that 
the BL and WL (p<0.001) and YL (p<0.0001) groups demon-
strated significantly lower intersections (1.96 µm) compared 
to the NC group (5.89 µm).

DISCUSSION

Our main finding was alterations in the morphometry of 
L5PNs in the primary visual cortex, specifically decreased 
dendritic branching points and dendritic intersections in the 
BL and WL exposure groups. These outcomes are moderately 
associated with the stated hypothesis. Visual cortex activity 
relies on the robustness of RGCs [30]. Shang et al. showed 
that continuous exposure to white LEDs can lead to damage 
in RGCs [4,6,7], leading to retrograde damage in visual 
cortex neurons [31,32]. An alteration in the morphology of 
neurons in the visual cortex is consistent with a reduction in 
RGCs apoptotic caspase-3 immunostaining, as shown in our 
recently published article [6,26]. Alterations in V1-L5PNs’ 
basal dendritic branching points and intersections occur when 
the retina is bruised and injured, including as a result of isch-
emic retinal degeneration and glaucoma [33–38].

Damage to ganglion cell axons can lead to retrograde 
degenerative changes and apoptosis of RGCs, as well as the 
death of anterograde transport cells and Wallerian degenera-
tion, which in turn impact various sites of RGC termination 
in the brain [31]. Evidence suggests that deterioration of the 
retinal nerve fiber layer (RNFL) and RGCs is associated 
with degeneration, leading to the degrading of the visual 
processing [39,40], and eventually leading to trans-synaptic 
degeneration [40].
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Compared to classical photoreceptors, ipRGCs are most 
sensitive to a wavelength of approximately 482 nm [41]. 
Photoreceptors receive light from an external source and 
serve as neural signals. They stimulate the ipRGCs and send 
their projections to the SCN via the retinohypothalamic tract. 
Hence, damage to the RGCs as a result of blue and white 
LED exposure could have triggered morphometric alterations 
in the V1-L5PNs. Constant and cumulative light exposure 
damages RGCs [6,26], further damaging pyramidal neurons 
in the visual cortex [26] and hippocampal neurons (CA1 and 
CA3) [42].

The BL and WL groups showed a significantly reduced 
neuron population of V1-L5PNs. Specifically, the YL group 
showed increased basal branching points and intersections 
compared to the BL and WL groups. This could have been 
due to excessive RGC damage as a result of blue and white 
LED exposure compared to yellow LED exposure [6,7]. 
V1-L5PNs are responsible for firing properties in the visual 

cortex region from the molecular to the multicellular layer 
[43–45]. Changes in V1-L5PNs’ dendritic branching points 
and intersections in BL and WL groups could potentially 
deprive the visual stimuli of different downstream targets, 
especially higher-order visual areas, inhibiting spatial 
and temporal information. Maximum retinal degeneration 
occurred at 450 nm within the blue wavelength, meaning that 
the blue wavelength might affect proto-oncogene expression 
in the paraventricular nucleus in the hypothalamus and the 
low expression level of c-Fos under the organic LED (OLED) 
condition [46]. Therefore, neurons projecting to V1 areas 
require higher selectivity in terms of visual features and func-
tions. In contrast, the loss of dendritic branches in the BL and 
WL groups might have altered neural circuits and chemical 
messenger interactions in the visual cortex area.

However, this study has a few limitations, such as a 
lack of functional measurements using an electroretinogram 
(ERG) and the failure to map retinal changes along with 

Figure 2. Golgi-stained V1-L5PNs. Golgi-stained V1-L5PNs obtained from four groups: control (A), blue light exposure (B, BL), white light 
exposure (C, WL), and yellow light exposure (D, YL). The images are accompanied by a 100 μm scale bar.
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cortical alterations to understand the impact of prolonged 
light exposure. In addition, due to technical constraints, 
we could not measure the degree of light absorption by the 
photoreceptor. This limitation prevented us from gaining a 
more comprehensive understanding of the photochemical 
and thermal damage associated with visual cortex neuronal 
pruning.

Conclusion: Prolonged and cumulative exposure to white 
and blue light causes apparent neuronal loss and pruning of 
neurons in the visual cortex of rodents, while this damage is 
minimal with yellow light exposure.

ACKNOWLEDGMENTS

This research was funded by the Science& Engineering 
Research Board (SERB; a statutory body of the Depart-
ment of Science & Technology, Government of India), grant 
number EMR/2017/004341. I want to thank Ms. Elizebeth 
Olive Akansha Manoj Kumar from the University of Houston 

College of Optometry, USA, for her laboratory assistance 
and manuscript proofreading. I want to express my gratitude 
to Professor Bang V Bui from the University of Melbourne, 
Australia, for providing valuable input in the data analysis, 
which has significantly contributed to our work's overall 
quality and accuracy.

REFERENCES

1. Touitou Y, Point S. Effects and mechanisms of action of light-
emitting diodes on the human retina and internal clock.  
Environ Res  2020; 190:109942[PMID: 32758719].

2. Grimm C, Wenzel A, Williams T, Rol P, Hafezi F, Remé C. 
Rhodopsin-mediated blue-light damage to the rat retina: 
effect of photoreversal of bleaching.  Invest Ophthalmol Vis 
Sci  2001; 42:497-505. [PMID: 11157889].

3. Vicente-Tejedor J, Marchena M, Ramírez L, García-Ayuso D, 
Gómez-Vicente V, Sánchez-Ramos C, de la Villa P, Germain 
F. Removal of the blue component of light significantly 

Figure 3. Four groups. Four groups (NC=control, BL=blue light exposure, WL=white light exposure, YL=yellow light exposure) and their 
corresponding number of apical and basal dendritic branching points, as well as apical and basal dendritic intersections at different distances 
from the cell soma. The error bar indicates the standard error of the mean. The p value for the interaction between group and distance (In) 
and the difference across the groups were derived from a two-way ANOVA.



72

Molecular Vision 2024; 30:67-73 <http://www.molvis.org/molvis/v30/67> © 2024 Molecular Vision 

decreases retinal damage after high intensity exposure.  
PLoS One  2018; 13:e0194218[PMID: 29543853].

4. van Norren D, Gorgels TGMF. The action spectrum of photo-
chemical damage to the retina: a review of monochromatic 
threshold data.  Photochem Photobiol  2011; 87:747-53. 
[PMID: 21410704].

5. Czepita D, Mojsa A, Ustianowska M, Czepita M, Lachowicz 
E. Reading, writing, working on a computer or watching 
television, and myopia.  Klin Oczna  2010; 112:293-5. [PMID: 
21469524].

6. Shang YM, Wang GS, Sliney DH, Yang CH, Lee LL. Light-
emitting-diode induced retinal damage and its wavelength 
dependency in vivo.  Int J Ophthalmol  2017; 10:191-202. 
[PMID: 28251076].

7. Behar-Cohen F, Martinsons C, Viénot F, Zissis G, Barlier-
Salsi A, Cesarini JP, Enouf O, Garcia M, Picaud S, Attia D. 
Light-emitting diodes (LED) for domestic lighting: any risks 
for the eye?  Prog Retin Eye Res  2011; 30:239-57. [PMID: 
21600300].

8. Contín MA, Arietti MM, Benedetto MM, Bussi C, Guido ME. 
Photoreceptor damage induced by low-intensity light: model 
of retinal degeneration in mammals.  Mol Vis  2013; 19:1614-
25. [PMID: 23901245].

9. Green A, Cohen-Zion M, Haim A, Dagan Y. Comparing the 
response to acute and chronic exposure to short wavelength 
lighting emitted from computer screens.  Chronobiol Int  
2018; 35:90-100. [PMID: 29111816].

10. Pawlak A, Rózanowska M, Zareba M, Lamb LE, Simon JD, 
Sarna T. Action spectra for the photoconsumption of oxygen 
by human ocular lipofuscin and lipofuscin extracts.  Arch 
Biochem Biophys  2002; 403:59-62. [PMID: 12061802].

11. Leung TW, Li RWH, Kee CS. Blue-light filtering spectacle 
lenses: Optical and clinical performances.  PLoS One  2017; 
12:e0169114[PMID: 28045969].

12. Ham WT Jr, Mueller HA, Sliney DH. Retinal sensitivity 
to damage from short wavelength light.  Nature  1976; 
260:153-5. [PMID: 815821].

13. Wu J, Seregard S, Algvere PV. Photochemical damage of 
the retina.  Surv Ophthalmol  2006; 51:461-81. [PMID: 
16950247].

14. Organisciak DT, Darrow RM, Barsalou L, Darrow RA, Kutty 
RK, Kutty G, Wiggert B. Light history and age-related 
changes in retinal light damage.  Invest Ophthalmol Vis Sci  
1998; 39:1107-16. [PMID: 9620069].

15. Natoli R, Jiao H, Barnett NL, Fernando N, Valter K, Provis 
JM, Rutar M. A model of progressive photo-oxidative degen-
eration and inflammation in the pigmented C57BL/6J mouse 
retina.  Exp Eye Res  2016; 147:114-27. [PMID: 27155143].

16. Jaadane I, Boulenguez P, Chahory S, Carré S, Savoldelli M, 
Jonet L, Behar-Cohen F, Martinsons C, Torriglia A. Retinal 
damage induced by commercial light emitting diodes (LEDs).  
Free Radic Biol Med  2015; 84:373-84. [PMID: 25863264].

17. Jaadane I, Villalpando Rodriguez GE, Boulenguez P, Chahory 
S, Carré S, Savoldelli M, Jonet L, Behar-Cohen F, Martinsons 

C, Torriglia A. Effects of white light-emitting diode (LED) 
exposure on retinal pigment epithelium in vivo.  J Cell Mol 
Med  2017; 21:3453-66. [PMID: 28661040].

18. Noell WK, Walker VS, Kang BS, Berman S. Retinal damage 
by light in rats.  Invest Ophthalmol  1966; 5:450-73. [PMID: 
5929286].

19. Ortín-Martínez A, Valiente-Soriano FJ, García-Ayuso D, 
Alarcón-Martínez L, Jiménez-López M, Bernal-Garro JM, 
Nieto-López L, Nadal-Nicolás FM, Villegas-Pérez MP, 
Wheeler LA, Vidal-Sanz M. A novel in vivo model of focal 
light emitting diode-induced cone-photoreceptor phototox-
icity: neuroprotection afforded by brimonidine, BDNF, PEDF 
or bFGF.  PLoS One  2014; 9:e113798[PMID: 25464513].

20. Núñez-Álvarez C, Osborne NN. Blue light exacerbates and red 
light counteracts negative insults to retinal ganglion cells in 
situ and R28 cells in vitro.  Neurochem Int  2019; 125:187-96. 
[PMID: 30825600].

21. Ostrin LA, Abbott KS, Queener HM. Attenuation of short 
wavelengths alters sleep and the ipRGC pupil response.  
Ophthalmic Physiol Opt  2017; 37:440-50. [PMID: 28656675].

22. Turner PL, Van Someren EJW, Mainster MA. The role of 
environmental light in sleep and health: effects of ocular 
aging and cataract surgery.  Sleep Med Rev  2010; 14:269-80. 
[PMID: 20056462].

23. Wahnschaffe A, Haedel S, Rodenbeck A, Stoll C, Rudolph H, 
Kozakov R, Schoepp H, Kunz D. Out of the lab and into the 
bathroom: evening short-term exposure to conventional light 
suppresses melatonin and increases alertness perception.  Int 
J Mol Sci  2013; 14:2573-89. [PMID: 23358248].

24. Berson DM. Retinal Ganglion Cell Types and Their Central 
Projections. In: The Senses: A Comprehensive Reference. Vol 
1. Elsevier Inc.; 2008:491–519.

25. Bailes HJ, Lucas RJ. Human melanopsin forms a pigment 
maximally sensitive to blue light (λmax ≈ 479 nm) supporting 
activation of Gq/11 and Gi/o signalling cascades. Proceed-
ings of the Royal Society B: Biological Sciences. 2013;280.

26. Theruveethi N, Bui BV, Joshi MB, Valiathan M, Ganeshrao 
SB, Gopalakrishnan S, Kabekkodu SP, Bhat SS, Surendran S. 
Blue Light-Induced Retinal Neuronal Injury and Ameliora-
tion by Commercially Available Blue Light-Blocking Lenses.  
Life (Basel)  2022; 12:243-[PMID: 35207530].

27. Balaram P, Young NA, Kaas JH. Histological features of layers 
and sublayers in cortical visual areas V1 and V2 of chim-
panzees, macaque monkeys, and humans.  Eye Brain  2014; 
2014:Suppl 15-18. [PMID: 25788835].

28. Larkman AU. Dendritic morphology of pyramidal neurones of 
the visual cortex of the rat: I. Branching patterns.  J Comp 
Neurol  1991; 306:307-19. [PMID: 1711057].

29. R Core Development Team. R: a language and environment for 
statistical computing,3.2.1. Document freely available on the 
internet at: http://www r-project org. 2015.

30. Colleen L. Schneider, Emily K Prentiss, Ania Busza, Kelly 
Matmati, Nabil Matmati, Zoë R Williams, Bogachan Sahin, 
Bradford Z Mahon. Survival of retinal ganglion cells after 



73

Molecular Vision 2024; 30:67-73 <http://www.molvis.org/molvis/v30/67> © 2024 Molecular Vision 

damage to the occipital lobe in humans is activity dependent.  
Proc Biol Sci  2019; 286:20182733.

31. Vasalauskaite A, Morgan JE, Sengpiel F. Plasticity in Adult 
Mouse Visual Cortex Following Optic Nerve Injury.  Cereb 
Cortex  2019; 29:1767-77. [PMID: 30668659].

32. Theruveethi N, Bui BV, Joshi MB, Valiathan M, Ganeshrao 
SB, Gopalakrishnan S, Kabekkodu SP, Bhat SS, Surendran S. 
Blue Light-Induced Retinal Neuronal Injury and Ameliora-
tion by Commercially Available Blue Light-Blocking Lenses.  
Life (Basel)  2022; 12:243-.

33. Nevian T, Larkum ME, Polsky A, Schiller J. Properties of basal 
dendrites of layer 5 pyramidal neurons: a direct patch-clamp 
recording study.  Nat Neurosci  2007; 10:206-14. [PMID: 
17206140].

34. Larkum ME, Zhu JJ, Sakmann B. A new cellular mechanism 
for coupling inputs arriving at different cortical layers.  
Nature  1999; 398:338-41. [PMID: 10192334].

35. Xing D, Ringach DL, Shapley R, Hawken MJ. Correlation of 
local and global orientation and spatial frequency tuning in 
macaque V1.  J Physiol  2004; 557:923-33. [PMID: 15090603].

36. Paik SB, Ringach DL. Retinal origin of orientation maps 
in visual cortex.  Nat Neurosci  2011; 14:919-25. [PMID: 
21623365].

37. Davis BM, Crawley L, Pahlitzsch M, Javaid F, Cordeiro MF. 
Glaucoma: the retina and beyond.  Acta Neuropathol  2016; 
132:807-26. [PMID: 27544758].

38. Crawford MLJ, Harwerth RS, Smith EL 3rd, Mills S, Ewing B. 
Experimental glaucoma in primates: changes in cytochrome 
oxidase blobs in V1 cortex.  Invest Ophthalmol Vis Sci  2001; 
42:358-64. [PMID: 11157867].

39. Balk LJ, Steenwijk MD, Tewarie P, Daams M, Killestein J, 
Wattjes MP, Vrenken H, Barkhof F, Polman CH, Uitde-
haag BM, Petzold A. Bidirectional trans-synaptic axonal 

degeneration in the visual pathway in multiple sclerosis.  
J Neurol Neurosurg Psychiatry  2015; 86:419-24. [PMID: 
24973342].

40. Gabilondo I, Martínez-Lapiscina EH, Martínez-Heras E, 
Fraga-Pumar E, Llufriu S, Ortiz S, Bullich S, Sepulveda M, 
Falcon C, Berenguer J, Saiz A, Sanchez-Dalmau B, Villo-
slada P. Trans-synaptic axonal degeneration in the visual 
pathway in multiple sclerosis.  Ann Neurol  2014; 75:98-107. 
[PMID: 24114885].

41. Ziólkowska N, Chmielewska-Krzesinska M, Vyniarska A, 
Sienkiewicz W. Exposure to Blue Light Reduces Mela-
nopsin Expression in Intrinsically Photoreceptive Retinal 
Ganglion Cells and Damages the Inner Retina in Rats.  Invest 
Ophthalmol Vis Sci  2022; 63:26-[PMID: 35060997].

42. Akansha EO, Bui BV, Ganeshrao SB, Bakthavatchalam P, 
Gopalakrishnan S, Mattam S, Poojary RR, Jathanna JS, Jose 
J, Theruveethi NN. Blue-Light-Blocking Lenses Amelio-
rate Structural Alterations in the Rodent Hippocampus.  
Int J Environ Res Public Health  2022; 19:12922-[PMID: 
36232222].

43. Larkum ME, Zhu JJ, Sakmann B. Dendritic mechanisms 
underlying the coupling of the dendritic with the axonal 
action potential initiation zone of adult rat layer 5 pyramidal 
neurons.  J Physiol  2001; 533:447-66. [PMID: 11389204].

44. Shai AS, Anastassiou CA, Larkum ME, Koch C. Physiology of 
layer 5 pyramidal neurons in mouse primary visual cortex: 
coincidence detection through bursting.  PLoS Comput Biol  
2015; 11:e1004090[PMID: 25768881].

45. Hubel DH, Wiesel TN, LeVay S. Plasticity of ocular dominance 
columns in monkey striate cortex.  Philos Trans R Soc Lond 
B Biol Sci  1977; 278:377-409. [PMID: 19791].

46. Yokoyama M, Chang H, Anzai H, Kato M. Effects of Different 
Light Sources on Neural Activity of the Paraventricular 
Nucleus in the Hypothalamus.  Medicina (Kaunas)  2019; 
55:732-[PMID: 31717519].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 20 February 2024. This reflects all typographical corrections and errata to the 
article through that date. Details of any changes may be found in the online version of the article.


