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Functional maturation of the visual cortex is induced by visual experiences during critical periods. Blind 
animals and humans exhibit improved auditory abilities after losing their vision. Here we investigated 
the response of the visual cortex to white noise stimuli during the progression of photoreceptor 
degeneration in a rat model of blindness (Royal College of Surgeons [RCS] (rdy/rdy) rats). Optical 
coherence tomography of RCS (+/+) rats with normal visual function revealed normal photoreceptor 
cells, whereas 3-month-old RCS (rdy/rdy) rats demonstrated photoreceptor cell degeneration. Visual 
cortex responses (VCRs) to a single flash stimulus were negligible in 3-month-old photoreceptor-
degenerated rats. However, VCRs with white noise stimuli were significantly increased in blind versus 
RCS rats (+/+). Slight changes in the intrinsic optical signals of the control rats were observed on the 
ventral side of the visual cortex. In contrast, responses were markedly increased throughout the visual 
cortex of RCS (rdy/rdy) rats. These results indicate that the visual cortex rapidly acquires auditory 
system function over the first 3 months of life and that the entire visual cortex, rather than just the 
portion close to the auditory cortex, responds to white noise.
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Brain plasticity refers to synaptic restructuring in which infrequently used synapses are degraded and frequently 
used synapses are enhanced. There is a critical but temporary period in which brain plasticity increases; thereafter, 
brain function is less likely to change1. In the visual system, as neural circuits develop during the critical period, 
visual acuity becomes comparable to that of adults and stereopsis becomes possible. If a child receives insufficient 
visual input during this critical period, the neural circuits do not develop, resulting in amblyopia2,3. Processing 
visual information in early childhood promotes the formation of synapses in the brain, while efficiently pruning 
unnecessary synapses enhances an individual’s ability to process visual information in the future4. Patients who 
lost sight during childhood and were treated with visual regeneration therapy in adulthood were reportedly able 
to perceive light but not visual information, whereas those who lost sight during adulthood and were treated 
later recovered their vision2,3. These findings indicate that visual experiences in childhood are important for the 
construction of visual information processing mechanisms and that the critical period is an important time for 
building brain function.

Functional magnetic resonance imaging (fMRI) of the brain recently demonstrated that patients who lose 
vision in childhood have a more activated visual cortex in response to sound than those with clear vision5; such 
changes in brain function have been attributed to brain plasticity. Early blindness is believed to cause expansion 
of the auditory cortex because the visual cortex no longer processes visual information. Piche et al.6 also reported 
that the primary visual cortex responded to auditory stimulation in a rat model of blindness, suggesting cross-
modal compensation in blind individuals. However, it is not fully understood which areas of the visual cortex 
represent the initial auditory response.
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We previously used intrinsic optical signal (IOS) imaging to visualise the responses in the visual cortex to 
light and sound stimulation7,8. IOS imaging is based on neurovascular coupling9 as follows: following neural cell 
excitation, the Ca2+ concentration in brain neurones increases, the vascular smooth muscle and endothelium 
relax, and the local cerebral blood volume around the excited region increases. Because haemoglobin strongly 
absorbs green light, the spatiotemporal activity of the local blood volume can be measured by irradiating the 
cerebral cortex with green light of a certain intensity and observing the scattered light. Thus, IOS imaging does 
not require special equipment, such as MRI, to investigate brain activity10,11.

Here we report audiovisual plasticity at the cortical level following blindness in Royal College of Surgeons 
(RCS) rats12,13. Electrophysiological studies revealed that the visual cortex underwent photoreceptor 
degeneration, which rapidly and significantly increased auditory responses compared to normal rats continued 
until 7 months of age. The entire visual cortex of blind rats responded to white-nose stimuli, whereas only the 
ventral side of the visual cortex responded in normal rats. Thus, here we demonstrated the local characteristics 
of the visual cortex in response to sound stimuli caused by brain plasticity following blindness.

Results
Photoreceptor degeneration
An optical coherence tomography (OCT) image of 3-month-old wild-type RCS (+/+) rats demonstrated a 
normal retinal architecture (Fig. 1A), whereas a loss of photoreceptor cells was observed in 3-month-old RCS 
rats (rdy/rdy) (Fig. 1B). The thickness of the retinal layer was significantly (p < 0.001) reduced in 3-month-old 
RCS rats (rdy/rdy) (Fig. 1C). Retinal function was assessed using scotopic electroretinography (ERG) recording. 
There were no detectable a- and b-waves in 3-month-old RCS (rdy/rdy) rats (Fig. 1D). The a-wave is an early 
negative wave (downward wave) of the ERG waveform that indicates the photoreceptor cell response to light 
stimuli. The b-wave is a positive wave (upward wave) produced by Müller and bipolar cells within the retina.

Visual cortex responses by light or sound stimulation
Visual cortex responses (VCRs) with light stimuli, generally known as visually evoked potentials, were observed 
in normal RCS (+/+) rats (Fig.  2A) but not in 3-month-old photoreceptor-degenerated RCS (rdy/rdy) rats 
(Fig. 2B). VCRs to white-noise stimuli (all frequency components were equally contained) were recorded in 
3-month-old rats (Fig.  2C and D). Significant differences were observed in the N1–P1 amplitudes between 
normal and blind rats (Fig. 2E), and the largest response was observed in 4 month-old rats. These differences 
persisted up to 7 months of age (Fig. 2F).

IOS imaging of normal versus blind rats
The recording condition of the IOS imaging is shown in Fig. 3 A and B. The cortex surface image during the 
recordings is presented in Fig. 3C, corresponding to the visual cortex as shown by a photograph of a transcranial 
observation (Fig.  3D). IOS imaging with visual stimuli in RCS (+/+) rats (n = 3) demonstrated reflectance 
variability throughout the visual cortex (Fig. 3 E and F). In addition, RCS (+/+) rats elicited a local response in 
the right visual cortex (Fig. 3G) when RCS (+/+) rats were stimulated in the left eye only. On the other hand, 
RCS (rdy/rdy) rats (n = 4) showed no reflectance variability (Fig. 3H and I), and no response was also elicited 
in the right visual cortex when RCS (rdy/rdy) rats were stimulated in the left eye only (Fig. 3J). Both RCS (+/+) 
(Fig. 4A and B) and RCS (rdy/rdy) rats (Fig. 4C and D) showed an IOS corresponding to the sound stimulus; 
however, the RCS (rdy/rdy) rats showed a higher IOS than the RCS (+/+) rats.

Discussion
RCS rats are used as an animal model of recessively inherited photoreceptor degeneration by dysfunction of 
phagocytosis in the retinal pigment epithelium14 that results in a progressive postnatal loss of photoreceptor 
cells. Retinal development normally occurs in RCS rats; however, functional changes on ERG appear at 1 month 
of age15, and the loss of photoreceptor cells is complete by 3 months of age. Thus, RCS rats, which develop a 
normal visual system but gradually become blind, are a good model for investigating visual cortex plasticity.

The OCT (Fig. 1B) and ERG (Fig. 1D) results indicated that visual input from the eye to the visual cortex was 
expected to be ineffective in 3-month-old RCS (rdy/rdy) rats. Defects in sensory input are known to lead to the 
remodelling of neuronal architecture16,17.

Indeed, VCR amplitudes in response to sound but not light stimuli were larger in RCS (rdy/rdy) rats than 
in RCS (+/+) rats (Fig. 2C and D). Importantly, RCS (+/+) rats exhibited a general response to VCRs with 
light stimuli, whereas RCS rdy/rdy rats showed no response. These results indicate that RCS (rdy/rdy) rats had 
no neural input from light to the visual cortex. Nevertheless, VCRs to sound stimuli were significantly higher 
in RCS (rdy/rdy) rats than in RCS (+/+) rats. VCRs with sound stimuli were also recorded in RCS (+/+) rats 
because they are nocturnal animals and more dependent on their auditory and tactile senses than on their 
vision. Hirokawa et al. reported that the visual area in rats is involved in multisensory facilitation induced by a 
combination of auditory and visual stimuli18, which may have originally used the visual cortex to process the 
perception of the environment through sound18–20. In many animals including humans, the visual cortex can 
perform echolocation (bioacoustic technology used by organisms to detect the surrounding environment using 
sound waves and discern the position and shape of objects), during which hyperactivity of the visual cortex can 
be observed5,21,22.

Loss of visual input to the visual cortex due to photoreceptor degeneration in the retina reportedly enhances 
the auditory response in the visual cortex (Fig. 2D). Peak enhancement occurred at 4 months, which almost 
coincided with the onset of photoreceptor degeneration. After 4 months, the increased auditory response in the 
visual cortex declined, and significant enhancement was observed until 8 months of age (Fig. 2F). However, no 
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significant change was seen before 8 months, the end of the critical phase of the visual cortex. The mechanism 
by which an increased auditory response decreases is unclear; however, auditory sensitivity might transiently 
increase with the timing of blindness due to neuroplasticity, after which point the blind rats would gradually 
adapt to their environment using sound only, while their auditory enhancement would decrease. However, 
further studies are needed to confirm this hypothesis.

The results of IOS imaging indicated that the role of the visual cortex was replaced by auditory function after 
visual function loss and that the visual cortex became highly responsive to sound stimuli due to blindness. The 
heatmap of the visual stimuli of normal rats and audio stimuli of blind rats (Figs. 3E and 4D) showed that the 
high-response area was along the sagittal suture. These results strongly support the idea that the primary visual 
cortex provides an auditory function upon visual ability loss. Normal rats appeared to have synaesthesia of the 
visual and auditory senses as previously reported. Functional changes in the visual cortex were caused by a lack 
of visual ability due to early blindness23.

Fig. 1.  Comparisons of retinal structures and functions in Royal College of Surgeons (RCS) (+/+) and RCS 
(rdy/rdy) rats. Representative optical coherence tomography images of an RCS (+/+) rat (A) and an RCS (rdy/
rdy) rat (B) are shown. Comparison of whole retinal thickness (C). The data are presented as mean ± standard 
error (+/+: n = 4; rdy/rdy: n = 10; Student’s t-test, ***p < 0.001). Representative electroretinography waveforms 
were recorded at stimuli of 0.01, 3.0, and 10.0 cd/m² from an RCS (+/+) rat and an RCS (rdy/rdy) rat. (D). 
INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.

 

Scientific Reports |        (2024) 14:24740 3| https://doi.org/10.1038/s41598-024-76276-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 2.  Recordings of the visual cortex response (VCR) to light or white-noise stimuli. Typical waveforms of 
VCRs with light (A, B) or white-noise (C, D) stimuli in Royal College of Surgeons (RCS) (+/+) and RCS (rdy/
rdy) rats. Amplitudes (N1–P1) evoked from white-noise stimuli were significantly increased in the 3-month-
old photoreceptor-degenerated RCS (rdy/rdy) rats. The data are presented as mean ± standard error (+/+: 
n = 10; rdy/rdy: n = 10). The data were analysed using an unpaired t-test (***p < 0.001). (E,F) Changes in audio-
VCR amplitudes over time in RCS (+/+) and RCS (rdy/rdy) rats. The data are presented as mean ± standard 
error (+/+: n = 4; rdy/rdy: n = 10; Student’s t-test, *** p < 0.001). Representative electroretinography waveforms 
were recorded at 0.01, 3.0, and 10.0 cd/m² (D) stimuli.
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C-Fos staining is often used to assess responsive regions of the cortex. The expression of c-Fos, a marker of 
neural activity, in tinnitus-induced gerbils was confirmed in both the auditory and non-auditory regions of the 
brain24. Moreover, c-Fos is expressed in the amygdala25,26 in response to acute stress. It is difficult to determine 
whether c-Fos expression is induced by stress or as a response to stimuli. Therefore, the present study focused on 
IOS imaging. IOS imaging, based on blood volume, is a unique method for identifying local areas that respond 
to stimuli. We determined that the IOS were suitable for local responses because we stimulated only the left eye 
of normal and blind rats and demonstrated a local response in the right brain of normal rats versus no response 
in blind rats (Fig.  3E and H). The area in response to visual stimuli in RCS (+/+) rats (Fig.  3E) resembled 
that in response to sound stimuli in blind RCS (rdy/rdy) rats (Fig. 4D). These results also suggested that the 
echolocation used by the blind rats originated from the primary visual cortex.

The human primary visual cortex can be used for echolocation, as shown by fMRI studies, which 
demonstrated that auditory mapping in the primary visual cortex correlates with visual mapping in visually 
normal subjects, whereas no correlation was demonstrated in visually impaired individuals who are unable to 
perform echolocation27. The fact that auditory responses in the primary visual cortex were detected of blind and 
normal rats but the response area size and magnitude were larger from the former suggests that early blindness 
accelerates cross-modal plasticity. However, the mechanisms underlying accelerated plasticity in blind rats 
remain unclear.

Experience-dependent synaptic modifications in the striate cortex are reportedly disrupted by an N-methyl-
d-aspartate (NMDA) receptor antagonist infusion28,29. Further studies using an NMDA receptor antagonist 
might be useful for elucidating the mechanism underlying plasticity, and IOS imaging would contribute to the 
identification of areas of plasticity.

Methods
Animals
All rats were housed under conditions of cyclic light (on at 8:00 a.m., 5 lx; off at 8:00 p.m., 0 lx) at 23 ± 1 °C. The 
rats had free access to water. All of the animal experiments were performed in accordance with the Association 
for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research, 
the Guidelines of the Iwate University Animal Experimentation Committee on Animals in Research, and the 
ARRIVE guidelines (https://arriveguidelines.org). RCS (rdy/rdy, n = 10) and wild-type RCS (+/+, n = 4) rats 
were obtained from CLEA Japan Inc. (Tokyo, Japan)12,30,31. Wild-type RCS rats with a normal retinal architecture 
and function were used as controls.

OCT imaging
OCT imaging was performed as previously described32. Briefly, the rats were anaesthetised with an intramuscular 
injection of ketamine (75 mg/kg) and medetomidine (0.5 mg/kg), and their pupils were dilated with tropicamide 
(Midrin-P, Santen Co., Ltd., Osaka, Japan). Each eye was anesthetized using oxybuprocaine (Santen Co., Ltd., 
Osaka, Japan) and covered with a contact lens. Images of the rat retina (1.1-mm long including the optic disc) 
were acquired using the line scan mode on an OCT imaging device equipped with a specially ordered lens (RS-
3000; NIDEK Co., Ltd., Aichi, Japan).

ERG and VCR recordings
ERG and VCR recordings were made using a PuREC system (Mayo, Inazawa, Japan) as previously described 
with slight modifications. For the ERG recordings, the rats were dark-adapted overnight. Under ketamine-
medetomidine anaesthesia, their pupils were dilated with 0.5% tropicamide and 0.5% phenylephrine 
hydrochloride. A small contact lens with an electrode was mounted on the cornea and a reference electrode was 
placed in the oral cavity. Photic stimuli were generated using white light-emitting diodes (LEDs). The photic 
stimuli were applied for 5 ms. The high- and low-pass filters were set at 1 kHz and 0.5 Hz, respectively.

For VCRs of light or auditory stimulation, recording electrodes (stainless screws) were embedded epidurally 
on each side (6.8 mm behind the bregma, 3 mm lateral to the midline), and a reference electrode (a stainless screw) 
was embedded epidurally on the midline at 11.8 mm behind the bregma at least 7 days before the experiments. 
The VCRs were recorded by setting the high- and low-pass filters to 50 Hz and 0.05 Hz, respectively. Light or 
sound stimuli were applied at a frequency of 1 Hz for 10 ms. Each VCR was consecutively recorded 200 times, 
and response waveforms were averaged for each measurement.

VCRs induced by light stimulation are generally referred to as visually evoked potentials. The rat eyes were 
subjected to photic stimuli using blue LEDs (468 nm, 80.7 µW/mm2). In the sound stimuli experiments, white 
noise (70 dB, 0.02–4 kHz) produced by a speaker (0.5 W, 8 Ω; Uxcell, Japan) was used for the auditory stimulation.

IOS imaging
Preparation of rats: Surgery was performed on the rats 1–3 weeks before the IOS imaging. Under isoflurane 
anaesthesia, the skull was partially exposed by removal of part of the rat’s scalp and thinly shaved such that the 
surface of the brain could be observed transcranially, and a cover glass was glued over the thinly shaved area 
with clear dental cement (Sum Medical Co., Shiga, Japan). The area corresponding to the visual cortex was 
visualised transcranially. A head-fixation plate was glued to the skull to painlessly fix the head to the holding 
box. The surgical area was the visual cortex (V1). We targeted V1 for the IOS recordings so the surgery was 
performed 4 mm behind the bregma, 3 mm ahead of the lambda, and 6 mm left or right of the sagittal suture. 
Postoperatively, all rats were raised individually, and no health hazards or behavioural changes due to the surgery 
were observed.
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Recording conditions
A light-emitting diode (525 nm ± 10 nm; Prizmatix Ltd., Holon, Israel) was transcranially projected onto the 
cerebral cortex of the rat in a dark room, and the scattered light reflected from the surface of the cerebral cortex 
while the rat was watching moving stripes presented on the display (LCD-MF277XDB; I-O Date Device Inc., 
Ishikawa, Japan) or auditory white noise was recorded. Screen brightness for visual stimuli was 300 cd/m2. In this 
experiment, we focused on changes in the total volume of blood in the visual cortex. We used green light because 
the haemoglobin absorption of green light was high, and oxygenated and deoxygenated blood samples were not 
measured separately33. Surface images of the visual cortex during stimulation were captured using FlyCapture 2 
software (FLIR Systems, Inc., Wilsonville, OR). A fluorescence microscope (housing, custom, N & N; objective 
lens, XLFLUOR4X/340; NA = 0.28; Olympus, Inc., Tokyo, Japan) equipped with a cooled charge-coupled device 
camera (ORCA-R2; Hamamatsu Photonics K.K., Shizuoka, Japan) was used to acquire the images.

Visual stimuli
Striped patterns as the visual stimuli were placed around the rat at 240° horizontal (120° left, 120° right) and 
85.5° of elevation (27.3° downward, 57.2° upward) from the liquid crystal display. The stimulus conditions were 
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Fig. 3.  Intrinsic optical signal imaging of the visual cortex from visual stimuli. Experimental diagram (A). 
Four displays for producing visual stimuli were placed around the rat, and a speaker for auditory stimuli was 
set at each ear. The rat was fixed in a holding box, and a camera acquiring images of the surface of the visual 
cortex was placed above its head. A view of the visual stimulus experiment (B). Example of cortex surface 
image used in this experiment (C). The white-dashed line shows the sagittal suture. This area is 6–9 mm 
behind the bregma and 6 mm left or right from the sagittal suture. A photograph of a transcranial observation 
of the visual cortex after surgery (D). Visual stimulation formed sine-waved stripes presented on four displays 
covering the entire field of view. Averaged waveform (red line) calculated from all trials (grey lines) stimulating 
a full field of view in a Royal College of Surgery (RCS) (+/+) rat and an RCS (rdy/rdy) rat are shown in (E) and 
(H), respectively. In (E) and (H), the vertical and horizontal axes indicate the changes in green-reflected light 
and the time course, respectively. The black arrow indicates the visual stimulus. Typical response area map of 
the visual cortex stimulating a full field of view in an RCS (+/+) rat (F) and an RCS (rdy/rdy) rat (I). Typical 
response area map of the visual cortex stimulating only the left eye in an RCS (+/+) rat (G) and an RCS (rdy/
rdy) rat (J). The black-dashed lines in the heatmap (F, H, I, and J) indicate the sagittal suture in each image. All 
data analyses were performed using Python. X and Y mean coordinates of the pixel (1 pixel = 0.04 mm). The 
vertical axis of (F) and (G) and the units of the coloured bars in (I) and (J) are %. The heatmaps were made of 
reflectance changes from a visual cortex during stimulation.

◂

Fig. 4.  Intrinsic optical signal imaging of the visual cortex from white noise stimuli. Averaged waveform (red 
line) calculated from all trials (grey lines) stimulating white noise in a Royal College of Surgery (RCS) (+/+) 
rat (A) and an RCS (rdy/rdy) rat (C). Typical response area map of the visual cortex stimulated by white noise 
in an RCS (+/+) rat (B) and an RCS (rdy/rdy) rat (D). The black arrow in (B) shows the responsive region. 
The dashed black lines in the heatmap shown in (B) and (D) represent the sagittal suture in each image. The 
vertical axis shown in (A) and (C) and the units of the coloured bar shown (B) and (D) are %.

 

Scientific Reports |        (2024) 14:24740 7| https://doi.org/10.1038/s41598-024-76276-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


random stripes in the left and right directions at a spatial frequency of 0.0625–0.5 cycles/degree and a rotation 
speed of 0.75–96 rpm, respectively. The stimulus cycle was repeated 96 times.

Auditory stimuli
White noise excluding 60–20,000 Hz (no frequency response) at an intensity of 70 dB for 6 s with a stimulus 
interval of 6 s was used as the auditory stimulus. The stimulus cycle was repeated 100 times. All heat maps were 
created using the average reflectance of the stimuli.

Statistical analysis
The statistical analyses were performed using GraphPad Prism 4 software (GraphPad, San Diego, CA, USA). The 
statistical methods used were an unpaired t-test and Dunnett’s multiple comparison test.

Data availability
The datasets used and/or analysed in the current study are available from the corresponding author upon rea-
sonable request.
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