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Hypoxic–ischemic injury causes 
functional and structural 
neurovascular degeneration 
in the juvenile mouse retina
Ismail S. Zaitoun1,2*, Pawan K. Shahi2,3, Andrew Suscha1, Kore Chan1,2, 
Gillian J. McLellan1,2,4, Bikash R. Pattnaik1,2,3,6, Christine M. Sorenson2,3,6 & 
Nader Sheibani1,2,5,6

Ischemic stroke is a major cause of long-term disabilities, including vision loss. Neuronal and blood 
vessel maturation can affect the susceptibility of and outcome after ischemic stroke. Although we 
recently reported that exposure of neonatal mice to hypoxia–ischemia (HI) severely compromises the 
integrity of the retinal neurovasculature, it is not known whether juvenile mice are similarly impacted. 
Here we examined the effect of HI injury in juvenile mice on retinal structure and function, in particular 
the susceptibility of retinal neurons and blood vessels to HI damage. Our studies demonstrated that 
the retina suffered from functional and structural injuries, including reduced b-wave, thinning of the 
inner retinal layers, macroglial remodeling, and deterioration of the vasculature. The degeneration of 
the retinal vasculature associated with HI resulted in a significant decrease in the numbers of pericytes 
and endothelial cells as well as an increase in capillary loss. Taken together, these findings suggest a 
need for juveniles suffering from ischemic stroke to be monitored for changes in retinal functional and 
structural integrity. Thus, there is an emergent need for developing therapeutic approaches to prevent 
and reverse retinal neurovascular dysfunction with exposure to ischemic stroke.

Ischemic stroke is a significant cause of long-term disabilities and death as a result of permanent or transient 
disruption of the regular blood supply to the brain and/or retina1. Typically, ischemic stroke occurs in older 
individuals but can occur at a lower rate in the pediatric population (1 month to 18 years of age)2,3. The ischemic 
stroke incidence in the pediatric population is around 2 in 100,0004–8. Numerous risk factors contribute to the 
occurrence of childhood ischemic stroke with arteriopathies, the primary cause in children9,10. Arteriopathy 
is a group of vascular diseases including focal or transient cerebral arteriopathy11,12, craniocervical arterial 
dissection13–17, fibromuscular dysplasia18, Moyamoya disease19–21 and primary CNS angiitis22. Some non-arterio-
pathy congenital vascular syndromes such as Sturge–Weber23, incontinentia pigmenti24, and PHACE syndrome25 
are also associated with childhood ischemic stroke. Additionally, children with cardiac diseases26–29, inherited 
or acquired thrombophilia diseases30–37, sickle cell disease38,39, cancers40–42, inborn errors of metabolism (i.e., 
mitochondrial disorders and Fabry Disease)43,44, and autoimmune diseases (i.e., systemic vasculitis and systemic 
lupus erythematosus)45,46 have an increased incidence of ischemic stroke. Most of these risk factors are associated 
with ocular manifestations such as central retinal vein occlusion, hemorrhage, avascularity, or neovascularization.

Retina has the highest oxygen consumption rate per tissue volume as compared to other organs, including 
brain47–49. In neonates and adults, the retina is sensitive to ischemia/hypoxia conditions50,51. It is estimated that 
~ 60% of adults with acute stroke have visual impairments52. However, data regarding the prevalence of visual 
impairments after ischemic stroke in the pediatric population is lacking50. Although retinal ischemia and rep-
erfusion in adult mice damage both the retinal neurons and the vasculature53, there is a lack of evidence to the 
outcome of ischemia in younger juvenile mice. We recently reported the attenuation of retinal neurovascular 
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development in neonatal mice after exposure to hypoxic–ischemic (HI) conditions54. Here we determined the 
impact of HI on the retinal neurovascular integrity of 30-days old mice, equivalent to juvenile age in humans. 
We found that the functional and structural integrity of the neuroretina was impaired as well as retinal blood 
vessels degenerated after HI. Thus, HI has a profound impact on the juvenile mouse retina.

Materials and methods
Ethics statement and animals.  Experiments were performed in accordance with the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and 
Use Committee of the University of Wisconsin School of Medicine and Public Health. Studies were conducted in 
compliance with the ARRIVE guidelines. C57BL/6J mice were obtained from the Jackson Laboratory. Mice were 
allowed ad libitum access to standard rodent chow and water. The day of the birth was considered postnatal day 
zero (P0). Both male and female mice were used in this study. Animals from both sexes were randomly assigned 
to three independent cohorts. Single cell counting was conducted by an investigator blinded to the control and 
injured eye groups. Animals were euthanized using either inhalation of isoflurane or carbon dioxide.

HI induction in juvenile mice.  Hypoxia and ischemia were induced in postnatal day 30 (P30) C57BL/6J 
mice. P30 is considered a juvenile stage of mouse development, during which the vascular and the nervous 
systems are reaching maturity. The animals were anesthetized with isoflurane (Butler Schein Animal Health Sup-
ply, Reno, NV) (5% for induction, 2–3% for maintenance) in 30% oxygen mixed with nitrous oxide. The body 
temperature of the mice was maintained at 36 °C using a heated surgical table. Under a surgical microscope, a 
midline skin incision was made in the ventral neck, and the trachea was visualized through the muscle overlying 
it. The left common carotid artery was freed from the left common jugular vein and vagus nerve by blunt dis-
section, electrically cauterized and cut. In addition to the brain, the hypoxic–ischemic insults generated by this 
procedure apply to the eye as well; the ophthalmic artery is a branch from the common carotid artery. The inci-
sion was injected with 0.5% bupivacaine and closed with a single 6-0 silk suture. Animals were returned to their 
cages and monitored continuously for a 2 h recovery period. To induce unilateral ischemic injury, animals were 
then placed after 2 h of the left common artery occlusion in a hypoxia chamber (BioSpherix Ltd, Redfield, NY) 
equilibrated with 10% O2 and 90% N2 at 36 °C for 50 min. This is a well-characterized model of neonatal HI and 
results in reproducible brain injury ipsilateral to the electrocauterized and transected left common carotid artery. 
We have successfully used this model to study the effect of HI on the neurovascular retina in mouse neonates54.

Full‑field electroretinography.  Twenty-one P30 animals from three cohorts (N = 6, 7, and 8 animals) 
were subjected to electroretinography (ERG) recording 7 days following the HI procedure induction (P30D7) 
that was repeated on D14, D21, D45, and D65. The first time point (D7) was chosen because (1) the animals 
had to be transferred to a different animal facility for ERG recording after the induction of the HI procedure, 
(2) animals were allowed to recover from the HI procedure for transfer before ERG recording. Since the first 
ERG recoding was done at D7 (1 week after HI induction), we then decided to perform additional ERG recod-
ing weekly, twice (D14 and D21), followed by approximately triweekly, twice (D45 and D65). Collectively, these 
consecutive five-time points were chosen to help determine whether the visual functional integrity recovers or 
deteriorates with time after HI exposure. Mice were housed in a room with controlled temperature, humid-
ity, and light–dark cycle and were dark-adapted overnight before ERG recording. Under dim-red illumination, 
animals were anesthetized using an intraperitoneal injection of ketamine (80 mg/kg) and xylazine (16 mg/kg). 
For local anesthesia, a drop of 0.5% proparacaine hydrochloride was topically applied, and the pupil was dilated 
with an application of a drop of 1% tropicamide. While under anesthesia, animals were kept on a heating pad 
(37 °C) to prevent hypothermia. Corneal full-field flash ERG was recorded from mouse eyes using Espion system 
(Diagnosys LLC, MA) in accordance with the standards of International Society for Clinical Electrophysiology 
of Vision (ISCEV) (Doc Ophthalmol (2015) 130:1–12) adapted for mice. A drop of sterile 2.5% hypromellose 
ophthalmic solution (Goniovisc, HUB pharmaceuticals LLC, CA) was applied to the cornea of the dilated eyes to 
prevent desiccation and dehydration of the eye, and for electrical contact with the recording electrode. The refer-
ence needle electrode was inserted through the cheek, and the ground electrode was subcutaneously inserted 
near the base of the tail. ERG was recorded using Espion system colordome Ganzfeld for uniform illumination. 
Full-field ERG recording was achieved by exposing both eyes (left eye HI injured; right eye, control) simultane-
ously to increasing flash intensities (0.03–30 cd s/m2) for 400 ms. An interval 60 s was maintained between two 
different flash intensities. At lower flash intensities (0.03, 0.1, 0.3, 1 and 3 cd s/m2) 10 flashes were presented and 
averaged, with an interval of 4 s between the flashes and at higher flash intensities (10 and 30 cd m2), 4 flashes 
were presented and averaged, with an interval of 10 s between flashes.

Analyses of the data were carried out using Espion software (Diagnosys LLC, MA) and analyzed using Orig-
in2018b (OriginLab Corp., MA). For quantification, the a-wave amplitude was measured from baseline to the 
trough of the negative deflection of the response; the b-wave amplitude was measured from the negative trough 
to the maximum positive peak of the response. For the acquisition of c-wave, the eyes were stimulated with light 
flashes of 25 cd s/m2 intensity for 4 s. The amplitude of the c-wave was measured from the trough of the b-wave to 
the next positive peak. The stimulus–response exponential fit of the dark-adapted b-wave amplitude was derived 
using standard Naka–Rushton function:

R = Rmax

(

I
n
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)
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where R is the response amplitude at stimulus intensity (I), Rmax is the maximum response amplitude, K is the 
stimulus intensity (I) that produces a response amplitude that is half of Rmax , and n is proportional to the slope 
of the curve at the point where the contrast is taken to be K55. The Rmax , K, and n parameters were determined 
using commercial software OriginPro 2020 (OriginLab Corp., Northampton, MA).

The grading of retinal damage.  Exposure to HI conditions can result in mild, moderate, or severe 
injuries in human, rat, and mouse brain56–58 and mouse and rat retina54,59. While the inner retina (responsible 
for b-wave) is especially susceptible to various kinds of ischemic conditions, the outer retina (responsible for 
a-wave) is not as susceptible54,59. The ratio values of the b-wave/a-wave amplitudes (b/a ratio) from injured eyes 
were used to categorize retinal damage into mild, moderate, or severe groups. The b/a ratio above 2 is typically 
considered normal, which is the case with control eyes60. To categorize the HI injured eyes in this study into 
three groups, the following cutoff values of b/a wave ratio were used. HI exposed eyes with ratios above 1.75 were 
considered mildly injured, between 1.35–1.75 were considered moderately injured, and eyes with ratios below 
1.35 were considered severely injured.

Optical coherence tomography (OCT).  Acquisition.  OCT images of the retinal microarchitecture 
were obtained using the Spectralis HRA + OCT system (Heidelberg Engineering Inc., Heidelberg, Germany). 
Animals were anesthetized with xylazine (10 mg/kg, Akorn) and ketamine (100 mg/kg, Akorn, Lake Forest, IL). 
Pupils were dilated using 0.5% tropicamide (Akorn), and contact lens was used to prevent corneal dehydration. 
While anesthetized, animals were kept on a heating pad (37 °C) to prevent hypothermia. OCT volume scans 
(30° × 25° degrees with 61 individual b-scans, 120 µm distance between B-scans) were obtained, centered on the 
optic nerve head of each eye (left eye, HI injured; right eye, control) using the instrument’s automatic real-time 
tracking mode (ART) averaging ten frames per b-scan.

Segmentation.  Automated segmentation of the retina layers was performed using the manufacturer’s proprie-
tary Eye Explorer algorithm (Heidelberg Engineering Inc) with manual correction, as necessary. Targeted retinal 
layers were retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear 
layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), the external limiting membrane (ELM), 
inner segment and outer segment of the photoreceptors (IS/OS), retinal pigment epithelium (RPE), basement 
membrane (BM) and the choroid. (Fig. 2A). For the purposes of our studies, we recorded the average thicknesses 
of the following layers: whole retina, GCL, IPL, INL, OPL, ONL, and RPE.

Immunofluorescence staining of retinal wholemounts.  Immunofluorescence staining of retinal 
wholemounts was performed as we previously described with little modification54,61. Eyes were enucleated 
immediately post-mortem following euthanasia and fixed in 4% PFA for 10 min at room temperature, washed 
three times in PBS, and then transferred to methanol and kept at − 20 °C until stained. On the day of staining, 
eyes were rehydrated in PBS for 1 h on a rocker at room temperature. Retinas were dissected in PBS and then 
washed in PBS three times, 10 min each, and incubated in blocking solution (3% protease-free bovine serum 
albumin (BSA), and 0.3% Triton X-100 in PBS) for 1 h. Retinas were then incubated with rabbit anti-collagen 
IV (Millipore, AB756P) (1/500) and Guinea pig anti-GFAP (Synaptic Systems, 173004) (1/500) in the blocking 
solution at 4 °C overnight. Biotinylated Griffonia Simplicifolia Lectin I (GSL I) isolectin B4 (Vector Laborato-
ries, B-1205) (1/50) was also used to stain the vasculature in the blocking solution at 4 °C overnight. Following 
incubation, retinas were washed three times with PBS, 10 min each, incubated with fluorescently conjugated sec-
ondary antibody, diluted (1/500), for 5 h at room temperature (RT), washed four times with PBS, 30 min each, 
and mounted with inner retina uppermost on a slide with DAPI Fluoromount-G (Southern Biotech). Both sec-
ondary antibodies were obtained from Jackson ImmunoResearch Laboratories, including donkey anti-rabbit-
Cy3 (cat. No. 711-165-152), donkey anti-guinea pig-Alexa Fluor 488 (cat. No. 706-545-148). Streptavidin-Alexa 
Fluor 647 was obtained from ThermoFisher (ThermoFisher; cat. No. 016-600-084). Retinas were viewed by 
fluorescence microscopy, and images were captured in digital format using Nikon confocal microscope system 
A1+. Captured images were analyzed using NIS elements viewer (Nikon). Images from the right eye served as 
control for the left eye (HI injured eye).

Trypsin‑digested retinal vessel preparations.  Eyes enucleated immediately post-euthanasia with car-
bon dioxide were fixed in 4% PFA in 0.1 M PBS for a minimum of 1 week. The cornea and lens were removed, 
and the whole retina was obtained under the dissecting microscope and rinsed three times in PBS, twice in dis-
tilled water, and then washed in fresh distilled water overnight at room temperature. The next day, distilled water 
was aspirated, and the retinas incubated in 3% trypsin (Trypsin 1:250, Difco) prepared in pH 7.8 containing 
0.2 M NaF, 0.1 M maleic acid, 0.1 M Tris, at 37 °C overnight. The next morning, the whole retina was retrieved 
and was beaten by a thick hairbrush to loosen and separate away the nonvascular cells from the vasculature. 
Clean retinal blood vessels were then radially cut proximal to the optic nerve four times and then flat-mounted 
on glass slides for hematoxylin and periodic acid-Schiff (PAS) staining. Morphology of the nucleus was used 
to distinguish endothelial cells from pericytes. The endothelial cell nucleus is elongated or oval and positioned 
within the vessel wall along the axis of the capillary, while the pericyte nucleus is spherical, small but stain 
densely, and generally have a bulgy position on the capillary wall. The intact retinal wholemounts with high-
quality staining were coded and subsequently used for counting. One sampling image (0.273 mm2) was captured 
from the periphery of each of the four quadrants of the retina. Thus, the total area of 0.273 × 4 = 1.09 mm2 per 
retina was used for counting. Locations where the vasculature folded on itself on the slide were not used for 
counting. Only retinal capillaries, but not large blood vessels, were included in the cell counts. To determine 
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acellular capillaries, trypsin-digested retinal vessels were prepared as described above. Acellular capillaries were 
counted in the same field areas used to count the endothelial cells and the pericytes. Acellular capillaries were 
defined as collapsed capillary-sized tubes but without any nuclei along their length. After the cells and acellular 
capillaries were quantified, all four images were averaged to determine the mean number of cells and vascular 
density in the retina. Data from the right eye served as control to the HI injured left eye.

Statistical analysis.  Each experimental group (mild, moderate, and severe HI group) was compared to 
the control group using the Student’s unpaired t test (two-tailed). A p-value < 0.05 was considered significant, 
with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. For a single data point, mean ± standard deviation is 
reported for each condition. Statistics were calculated using GraphPad Prism version 8 (GraphPad Software, La 
Jolla, CA).

Results
Retinal function is impaired at variable levels in juvenile mice subjected to hypoxia–
ischemia.  Juvenile C57BL/6J mice, postnatal day 30 (P30), were exposed to hypoxia–ischemia conditions 
according to the Rice–Vannucci model57,62. The left, but not the right, common carotid artery was occluded and 
after 2 h the animals were exposed to hypoxic conditions (10% oxygen) for 50 min. The resulting injury was 
limited to the left eye. The right eye from these animals was used as control.

Electroretinography (ERG) was used to assess the functional integrity of the retina in HI exposed juvenile 
mice. After HI exposure at P30, 21 mice from 3 cohorts were assessed by ERG on post-HI day 7 (D7) (P30D7), 
and at timed intervals thereafter, designated P30D14, P30D21, P30D45 and P30D65. ERG was performed on 
dark-adapted mice and eyes were subjected to light flashes of sequentially increasing intensities. Figure 1A shows 
representative ERG a- and b-waves generated using 10 cd s/m2 flashes, and the c-wave generated using 25 cd s/

Figure 1.   Abnormal dark-adapted electroretinogram (ERG) responses in juvenile mice after exposure to HI. 
(A) Representative ERG waveforms obtained from light flashes of 10 cd s/m2 (a- and b-waves, left panel) and 
25 cd s/m2 intensities (c-waves, right panel) representing a control (right) eye (black) and HI exposed (left) 
eyes with different waveform profiles. At 10 cd s/m2; some eyes were almost completely normal (green), some 
other eyes showed a slight reduction in b-wave amplitude (blue) and a third group of eyes showed a substantial 
reduction in both a- and b-wave amplitudes (red). The c-waves of the same representative HI exposed eyes as 
in left panel were unaffected. (B) Shows the average plot of b/a ratio of control eye group and the three groups 
(mild, moderate, or severe groups) of HI injured eyes. (C) Shows amplitude (µV) of a-waves and b-waves in 
response to a series of intensities of single light flashes in control eyes, and in eyes with mild, moderate, and 
severe P30D21 HI injuries. Solid line is the Naka Rushton exponential fit of the data as an intensity-response 
function. (D) Shows summary results for amplitudes of a-wave, b-wave and c-wave obtained from control 
eyes, and eyes with mild, moderate, and severe HI at P30D7, P30D14, P30D21, P30D45 and P30D65. Peak 
amplitudes were collected at flash intensity 10 cd s/m2 for a-wave and b-wave and 25 cd s/m2 for c-wave. (E) 
shows amplitude responses of the four major oscillatory potential (OP) peaks of control eyes, and from eyes 
with mild, moderate, and severe HI exposure. Data from 21 animals from three cohorts (N = 6, 7, 8 animals) 
were analyzed and presented as mean ± SD.
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m2 flash intensities and recorded over 4 s. Compared with the control eye response (black traces), either there 
was no reduction in a- or b-wave forms (green traces); moderate reduction in the b-wave only (blue traces), 
or substantial functional impairment with mild reduction in a-wave and substantial reduction in b-wave (red 
traces) observed in the HI exposed eyes. The c-wave appeared normal for all HI exposed eyes (Fig. 1A; right 
panel). The inner retina, responsible for the ERG b-wave, is especially susceptible to various kinds of ischemic 
conditions, while the outer retina, responsible for the ERG a-wave, is less susceptible to HI54,59. Thus, the ratio 
of b-wave/a-wave amplitudes (b/a ratio) from P30D21 injured eyes were used to categorize retinal damage into 
mild, moderate, or severe groups60. The b/a ratio above 2 is typically considered normal, which was the case 
with control eyes (Fig. 1B; black). To categorize the HI injured eyes in this study into three groups, the follow-
ing cutoff values of b/a wave ratio were used. HI exposed eyes with ratios above 1.75 were considered mildly 
injured (Fig. 1B; green), between 1.35–1.75 were considered moderately injured (Fig. 1B; blue), and eyes with 
ratios below 1.35 were considered severely injured (Fig. 1B; red). These differences in severity of injury are well 
documented responses of the central nervous system, including the retina and brain, in different individuals 
after HI exposure in both humans and preclinical Rice–Vannucci rodent model58,59,63,64.

The four main components of an ERG response from each eye were further analyzed. The peak amplitudes of 
the a-wave derived from photoreceptors, the b-wave derived from the inner nuclear layer; mainly bipolar cells, 
the oscillatory potentials, OP; potentially derived from the feedback pathways among ganglion cells, amacrine 
cells and bipolar cells, and the c-wave derived from retinal pigment epithelium (RPE). Figure 1C shows a-wave 
and b-wave amplitudes (µV) as a function of flash intensities in mild, moderate, and severe P30D21 HI injury. 
As compared to the control eyes, the a-wave amplitude (Fig. 1C; upper panels) remained unperturbed in eyes 
with mild (green curve) and moderate (blue curve) injury, while eyes with severe injury (red curve) showed 
reduced a-wave amplitudes only at higher flash intensities between 1 to 10 cd s/m2. For b-wave comparisons 
(Fig. 1C; lower panels), mildly injured eyes showed slightly reduced amplitudes (green curve). In contrast, eyes 
with moderate (blue curve) and severe (red curve) injuries showed significantly lower b-wave amplitudes.

To more comprehensively examine retinal function, we used Naka–Rushton equation fitting55. Utilizing 
different parameters, the Naka–Rushton equation quantifies selective changes in b-wave responses to a range 
of light intensities. Values of different Naka–Rushton equation parameters, Rmax, K, and n, are shown in Table 1. 
Rmax reflects both the cell number and the increment (μV/quanta) related to each b-wave generating cell. The 
HI injured eyes showed reduced Rmax values that correspond with the severity of the injury. K represent the 
sensitivity responses of the retina to flash stimulus; an increase in K value means a stronger flash stimulus is 
needed to generate b-wave of similar amplitude. K values of the mildly injured group exhibited slight enhance-
ment in sensitivity response as compared to their control eyes. In contrast, the moderately injured eyes showed 
a moderate reduction in sensitivity, and the severely injured eyes showed a dramatic reduction in light sensitiv-
ity as compared to their corresponding control eyes (Table 1). Together, results of the b-wave amplitude fitting 
to Naka–Rushton equation further confirmed our categorization, whereby the three HI injury groups showed 
distinct values for the different parameters of the Naka–Rushton equation.

Amplitudes of a-wave and b-wave collected at additional time points (P30D7, P30D14, P30D45, and P30D65) 
were similar to those obtained for P30D21 (Fig. 1D). C-wave amplitudes appeared to be less affected over time 
by HI conditions (Fig. 1D). Amplitude values for the four OPs were calculated and summarized in Fig. 1E. Both 
control eyes, and mild HI injury eyes had similar OP amplitudes (Fig. 1E; black vs. green plots). In contrast, the 
eyes with moderate (Fig. 1E; blue) and severe (Fig. 1E; red) injuries showed significantly reduced OP1, OP2, 
and OP3 amplitudes compared with control eyes. OP4 amplitude was not affected by HI injury relative to the 
control eyes, and all eyes with varying degrees of HI injury had similar OP4 amplitudes. Taken together, our ERG 
data demonstrated that exposure of the juvenile mice to HI conditions irreversibly compromised the functional 
integrity of retinal neurons, especially in the inner retina.

Retinal layers show thinning in juvenile mice subjected to hypoxia–ischemia.  To examine the 
effect of HI on the morphology of the retinal layers, we used optical coherence tomography (OCT) to image 
the eyes in vivo. OCT is widely used to diagnose many eye diseases, including various ischemic eye conditions, 
including diabetic retinopathy, glaucoma, and macular degeneration. Because ERG studies showed that the HI 
induced damage is irreversible, we reasoned that assessing the integrity of the retinal structure using OCT at 
a single time point is sufficient. Eleven additional P30 mice were subjected to HI conditions, and OCT was 
performed 90 days afterward (P30D90). The OCT images allowed for segmentation of eleven major layers of 

Table 1.   Naka–Rushton parameters (means ± SD) for dark-adapted b-wave amplitudes of P30D21 control and 
HI injured eyes. Rmax is the maximum response amplitude to a range of flash intensities (I)s given in cd s/m2. 
K is the stimulus intensity (I) that produces a response amplitude that is half of Rmax. n is proportional to the 
slope of the curve at the point where the contrast is taken to be K.

Naka–Rushton fit parameters b-wave

Mild
(N = 9)

Moderate
(N = 5)

Severe
(N = 7)

Control HI Control HI Control HI

Rmax (μV) 550.096 ± 65.6 485.52 ± 41.9 517.69 ± 43.2 385.62 ± 26.4 543.11 ± 104.6 250.78 ± 56.7

K (cd s/m2) 0.92 ± 0.48 0.76 ± 0.33 0.63 ± 0.33 0.8 ± 0.3 0.71 ± 0.62 1.23 ± 1.17

n 0.72 ± 0.31 0.93 ± 0.4 0.8 ± 0.34 1.08 ± 0.46 0.83 ± 0.70 0.86 ± 0.65
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the retina identifiable in hematoxylin and eosin (H&E) stained adult mouse retina (Fig. 2A). For the purposes 
of this study, full retinal thickness along with the thickness of ganglion cell layer (GCL), inner plexiform layer 
(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), and retinal pigment 
epithelium (RPE) layer were measured in scans acquired from retina superior to the optic nerve head of the 
right (control) and the left (injured) HI eyes of each animal. Animals with mild, moderate, and severe injuries 
were identified here based on whole retinal thickness. The mild HI group showed similar thickness to control 
eyes. In contrast, both the moderate and the severe HI groups demonstrated significantly different retinal thick-

Figure 2.   Retinal thinning with preservation of outer retinal layers in the juvenile mouse after exposure to 
HI conditions. (A) Original OCT image from control retina (left) with the horizontal black arrow on the 
superior side of the retina, pointing to the location of the cross-sectional OCT image (second from the left). 
The same cross-sectional OCT image was color-contrast modified and presented next to a photomicrograph of 
normal mouse retina. Eleven retinal layers were identified and marked besides the two images. (B) Automated 
segmentation was used to measure the full thickness of the retina along with GCL, IPL, INL, OPL, ONL and 
RPE layers using a proprietary software algorithm. The measurements were taken from scans acquired from 
the superior retina of right (control) and left (HI injured) eyes of 11 animals revealed evidence of significant 
retinal thinning with preservation of outer retinal layers in eyes with moderate and severe HI injury. Data 
presented as mean ± SD. *p < 0.05, ***p < 0.001, ****p < 0.0001. Scale bar = 100 μm. RNFL retinal nerve fiber 
layer, GCL ganglion cell layer, IPL inner plexiform layer, INL inner nuclear layer, OPL outer plexiform layer, 
ONL outer nuclear layer, ELM the external limiting membrane, IS/OS inner segment and outer segment of the 
photoreceptors, RPE retinal pigment epithelium, BM basement membrane; and the choroid.
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nesses from control eyes. The severe HI group displayed significant thickness differences in GCL, IPL, and INL. 
The OPL was significantly thinner in both moderate and severe HI groups, but not in the mild HI group. No 
significant differences between eyes and groups were observed in either the ONL or RPE thickness for the three 
HI groups (Fig. 2B).

Development of astrogliosis in the retinas of juvenile mice subjected to hypoxia–
ischemia.  Astrocytes reside in the retinal GCL and nerve fiber layer. They interact with the retinal ganglion 
cells and blood vessels in the layer65. Müller cells span the retina from inner to outer limiting membranes with 
cell bodies that reside in the inner nuclear layer of the retina. Both astrocytes and Müller cells are referred to as 
macroglia or glial cells of the retina. Glial cells play crucial roles in homeostasis and function of neurons and 
blood vessels66. Under ischemic conditions in the central nervous system, glial cells become reactive. Cardinal 
feature of glial reactivity are the upregulation of glial fibrillary acidic protein (GFAP) and changes in the mor-
phology of glial somas and processes67,68. To study the reactivity of the glial cells in the retina, GFAP expres-
sion was examined in immunolabeled wholemount retinas from control (right eye) and HI injured (left eyes), 
P30D65 animals. Representative images from the superior periphery of a control retina, and retinas with mild, 
moderate, and severe HI injury are shown in Fig. 3. Astrocytes in the control retina displayed a stellate shape 
with distinct soma and thin cytoplasmic processes, with a morphology typical of normal retinal astrocytes. The 
astrocytes in the control retina tended to touch each other but without any bundling or forming scars. Further-
more, no detectable GFAP expression was observed in Müller cells. With mild HI, retinal astrocyte morphol-
ogy grossly appeared similar to their control counterparts. However, Müller cells at the retinal periphery edge 
showed reactivity, as GFAP expression was detectable in their trunks and end-feet; the trunk normally extends 
throughout the inner retina until the end-feet reach the ganglion cell/nerve fiber layer and inner limiting mem-
brane (Fig. 3). In the moderately and severely affected retinas, astrocytes showed features typical of reactivity. 
They lost their stellate shape; cytoplasmic processes became thicker and tended to bridge together with processes 
from other cells and formed scars at the retinal periphery (Fig. 3). Furthermore, Müller cells appeared reactive 
with enhanced GFAP expression.

HI exposure results in retinal vascular degeneration in juvenile mice.  To investigate the effect of 
HI on the integrity of blood vessels in the retina of juvenile mice, wholemount retinas from control (right eye), 

Figure 3.   Glial activation in juvenile mouse retina after exposure to HI. Representative images were taken 
from the periphery of the superior retina of control (right eye), mild, moderate, and severe HI injured (left) 
eyes (P30D60). Wholemounts were stained for GFAP and Col IV; GFAP is an intermediate filament protein 
expressed in astrocytes and activated Müller cells. Control retina showed normal astrocyte morphology: stellate-
shaped, thin cytoplasmic processes, limited processes intermingling and no scar formation. Astrocytes in mild 
HI retina were like those in the control retina. Müller cells, however, show some reactivity as shown by sand-like 
GFAP staining. Astrocytes in moderate and severe HI retinas are reactive, especially at the periphery edge of the 
retina. Retinas from at least four mice per group were examined. Scale bar, 50 µm.
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mild, moderate, and severe HI (left eyes) of P30D65 mice were immunolabelled with anti-collagen IV antibody 
and stained for isolectin B4. Collagen IV is expressed in basement membrane of blood vessels regardless of 
whether the vessel is perfused (live vascular cells) or not (loss of vascular cells). Isolectin B4 labels perfused 
blood vessels with viable vascular cells. Representative images of blood vessels in the superior retinas of control 
and HI injured eyes are shown in Fig. 4. Retinas from control eyes displayed normal vascular structure. The 
blood vessels in mildly HI injured retinas had a similar vascular structure to those in the control eyes. In con-
trast, retinas of both moderately and severely HI injured eyes showed a significant vascular degeneration, espe-
cially at the periphery. This damage resulted in fewer blood vessels with viable vascular cells (co-labeled for col-
lagen IV and isolectin B4) and an abundance of acellular capillaries (staining only with anti-collagen IV) (Fig. 4).

To quantify the effects of HI on retinal vasculature integrity and endothelial cell and pericyte numbers, 
trypsin digests were prepared from retinas of control eyes and eyes with mild, moderate, and severe P30D9 
HI injury (Fig. 5). Grossly, unlike retinas from animals with mild HI injury, retinas with moderate and severe 
HI injury in P30D9 animals had lower vascular density as compared with retinas from the control eyes. The 
numbers of pericytes, endothelial cells, and acellular capillaries and the pericyte/endothelial (PC/EC) ratios 
were quantified (summarized in Fig. 5). The number of pericytes was significantly lower in animals with severe 
HI. The number of endothelial cells was lower in both the moderately and severely HI injured retinas. Pericyte/
endothelial cell (PC/EC) ratios were significantly higher in mild and moderate injury HI groups because EC 
numbers were reduced more than the PC numbers in these two groups when compared with the control group. 
PC/EC ratio was not different in the severe HI group because both the EC and PC equally decreased in this 
group when compared with the control group. The number of degenerated capillaries was significantly higher in 
all three HI groups as compared to the control group. Thus, HI caused retinal vascular degeneration in juvenile 
mice, which varied in magnitude and was consistent with the severity of the retinal injury as determined by the 
reduced retinal function.

Discussion
Here we determined that HI in juvenile mice disrupts retinal neurovascular integrity and function. Our data 
demonstrated interindividual variability in retinal injury after exposure to HI. This is in line with previous reports 
that demonstrated exposure to HI conditions resulted in various levels of injuries (mild, moderate and severe) 
in different individuals including human, rat and mouse neonatal retinas54,59,63,69,70 and brains56–58,64. The exact 
reasons for these interindividual variabilities in HI-induced injuries are not completely understood. Age may 
play a role as the magnitude of severe and moderate forms of the retinal vascular injury after exposure to HI 
are more in neonatal mice54 as compared to juvenile mice (this report). Hemodynamic variations may affect the 

Figure 4.   Vascular degeneration in juvenile mouse retina after exposure to HI. Representative images from 
the periphery of the superior retinas of control (right), mild, moderate, and severe HI injured (left) eyes from 
P30D60 mice. Retinal vasculature was labelled with Griffonia simplicifolia isolectin B4 (IB4, cyan) and anti-
collagen IV antibody (Col IV, red). Vascular damage is obvious in images representing the moderate and severe 
HI groups. Retinas from at least four mice per group were examined. Scale bar, 50 µm.
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severity of HI-induced injury71 as different retinas have unique vascular structures. Sex of the animal may also 
contribute to the severity of injury of the retina as in the brain after exposure to HI conditions72,73. Although 
this was not directly addressed here, the impact of sex on the severity of retinal injury deserves a more careful 
evaluation and is a subject of future investigation.

Figure 5.   Vascular degeneration in juvenile mouse retina after exposure to HI as shown by trypsin digest 
preparations. Representative images were captured from the peripheral retinal vasculature of control (right), 
mild, moderate, and severe HI injured (left) eyes from P30D9 mice. The endothelial cells nuclei reside within 
the vessel wall along the capillary wall (white arrow); Nuclei of pericytes generally land on the outside of the 
capillary wall (black arrow). Number of pericytes, endothelial cells, the pericyte/endothelial (PC/EC) ratios, 
and the acellular capillaries (red arrow) are summarized. Data from 5 control eyes, 3 mildly injured eyes, 3 
moderately injured eyes and 2 severely injured eyes were analyzed and presented herein. Data presented as 
mean ± SD. Preparations were imaged using the Aperio slide scanner and × 20 objective was used.
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We noted retinal macroglia reactivity and retinal capillary degeneration in moderate and severe HI groups, 
especially in the peripheral retina. Functional and structural studies using ERG and OCT analysis in vivo dem-
onstrated preservation of the outer retinal structure and function including the a-wave, which reflects the activity 
of photoreceptors74. The c-wave, which derives from RPE cells75 and depends on photoreceptors integrity was 
normal in all animals76. Together, these results suggest that HI does not affect photoreceptor and RPE physiology, 
or their interactions, in juvenile mice. The OCT results corroborated these findings, as both the OPL and RPE lay-
ers were preserved in all examined animals. These studies will further benefit by carefully evaluating the expres-
sion and localization of synaptic markers like PSD95, Gephyrin, Ctbp2, mGluR6 and VGlut1 in future studies.

Both ERG and OCT studies supported inner retinal damage in animals subjected to HI. Both moderate and 
severe HI groups displayed a reduced ERG b-wave amplitude and a shift in light sensitivity. The ERG b-wave 
response mainly reflects the electrical activity of bipolar cells77, an activity that initiates at its dendrites in the 
OPL. In addition, pharmacological and genetic mouse studies showed that horizontal cells78 and the third-order 
neurons, amacrine cells, and ganglion cells79–81 contribute to the b-wave response. Therefore, a loss in amplitude 
and reduction of light sensitivity indicates degeneration of inner retina cells. Three of the four ERG oscillatory 
potentials were also attenuated in moderate and severe HI groups. Oscillatory potentials reflect the inhibitory 
feedback activity among amacrine cells, bipolar cells, and ganglion cells82. The intermediate OP responses which 
we found to be severely reduced following HI insult in mice, are generated by action-potential-independent 
interactions between third-order neurons in the ON pathway of the rabbit retina83. Thus, exposure to HI leads 
to the impaired neuronal activity of all neurons in the inner retina. This is supported by the OCT data, which 
showed a significant reduction in the overall thickness of the whole retina, and specifically the OPL, in moderate 
and severe HI groups. The OPL layer harbors synapses between photoreceptors and the bipolar cell second-order 
retinal neurons.

The amplitude of b-wave can be significantly reduced under severe or even subtle ischemic conditions in 
humans and mice as a result of blocking the central retinal artery84–86. The amplitudes of OPs are responsive 
to even subtle retinal ischemia when other ERG components remain unchanged, as recognized in diabetic 
retinopathy87–89. Furthermore, several mouse knockouts for genes critical for normal vascular development and 
homeostasis in the retina (e.g., frizzled-4, and Lrp5) result in compromised b-wave and OP amplitudes90,91. Our 
findings are consistent with these reports that further underscore the sensitivity of retinal neurons, specifically 
those in the inner retina to ischemia. Neuronal degeneration following HI is postulated to result from glutamate 
excitotoxicity, free oxygen radical accumulation, inflammation, and disruption of the blood-retinal barrier51.

Here we observed chronic macroglia activation in the retinas of mice with moderate and severe HI injury. 
Astrogliosis is noted under ischemic conditions in the central nervous system, including the retina. Prolonged 
astrogliosis can compromise blood-retinal barrier integrity, which in turn contributes to neurodegeneration92,93. 
Thus, the reactivity of both astrocytes and Müller cells may contribute to the neurovascular degeneration in 
retinas with HI injury.

In conclusion, this report demonstrates that both neurons and blood vessels in the inner retina of juvenile 
mice are susceptible to damage by HI. As in the case of ischemic stroke in the pediatric population, our studies 
showed that the severity of the injury resulting from HI varied among individual mice. Our data suggest that 
ischemic stroke in pediatric patients (children from 29 days to 18 years old) is very likely to cause retinal dam-
age in addition to brain damage, and therefore warrants clinical follow up to identify and manage potentially 
debilitating ocular pathology.

Received: 24 December 2020; Accepted: 4 May 2021

References
	 1.	 Raju, T. N., Nelson, K. B., Ferriero, D. & Lynch, J. K. Ischemic perinatal stroke: Summary of a workshop sponsored by the National 

Institute of Child Health and Human Development and the National Institute of Neurological Disorders and Stroke. Pediatrics 
120, 609–616. https://​doi.​org/​10.​1542/​peds.​2007-​0336 (2007).

	 2.	 Kirton, A. & deVeber, G. Paediatric stroke: Pressing issues and promising directions. Lancet Neurol. 14, 92–102. https://​doi.​org/​
10.​1016/​s1474-​4422(14)​70227-3 (2015).

	 3.	 Kirton, A. & Deveber, G. Life after perinatal stroke. Stroke 44, 3265–3271. https://​doi.​org/​10.​1161/​strok​eaha.​113.​000739 (2013).
	 4.	 Schoenberg, B. S., Mellinger, J. F. & Schoenberg, D. G. Cerebrovascular disease in infants and children: A study of incidence, clinical 

features, and survival. Neurology 28, 763–768. https://​doi.​org/​10.​1212/​wnl.​28.8.​763 (1978).
	 5.	 deVeber, G. Stroke and the child’s brain: An overview of epidemiology, syndromes and risk factors. Curr. Opin. Neurol. 15, 133–138. 

https://​doi.​org/​10.​1097/​00019​052-​20020​4000-​00002 (2002).
	 6.	 Lynch, J. K., Hirtz, D. G., DeVeber, G. & Nelson, K. B. Report of the National Institute of Neurological Disorders and Stroke 

workshop on perinatal and childhood stroke. Pediatrics 109, 116–123. https://​doi.​org/​10.​1542/​peds.​109.1.​116 (2002).
	 7.	 Broderick, J., Talbot, G. T., Prenger, E., Leach, A. & Brott, T. Stroke in children within a major metropolitan area: The surprising 

importance of intracerebral hemorrhage. J. Child Neurol. 8, 250–255. https://​doi.​org/​10.​1177/​08830​73893​00800​308 (1993).
	 8.	 Giroud, M. et al. Stroke in children under 16 years of age. Clinical and etiological difference with adults. Acta Neurol. Scand. 96, 

401–406. https://​doi.​org/​10.​1111/j.​1600-​0404.​1997.​tb003​06.x (1997).
	 9.	 Ganesan, V., Prengler, M., McShane, M. A., Wade, A. M. & Kirkham, F. J. Investigation of risk factors in children with arterial 

ischemic stroke. Ann. Neurol. 53, 167–173. https://​doi.​org/​10.​1002/​ana.​10423 (2003).
	10.	 Wintermark, M. et al. Arteriopathy diagnosis in childhood arterial ischemic stroke: Results of the vascular effects of infection in 

pediatric stroke study. Stroke 45, 3597–3605. https://​doi.​org/​10.​1161/​strok​eaha.​114.​007404 (2014).
	11.	 Bernard, T. J. et al. Towards a consensus-based classification of childhood arterial ischemic stroke. Stroke 43, 371–377. https://​doi.​

org/​10.​1161/​strok​eaha.​111.​624585 (2012).
	12.	 Chabrier, S. et al. Transient cerebral arteriopathy: A disorder recognized by serial angiograms in children with stroke. J. Child 

Neurol. 13, 27–32. https://​doi.​org/​10.​1177/​08830​73898​01300​105 (1998).
	13.	 Dlamini, N. et al. Intracranial dissection mimicking transient cerebral arteriopathy in childhood arterial ischemic stroke. J. Child 

Neurol. 26, 1203–1206. https://​doi.​org/​10.​1177/​08830​73811​408904 (2011).

https://doi.org/10.1542/peds.2007-0336
https://doi.org/10.1016/s1474-4422(14)70227-3
https://doi.org/10.1016/s1474-4422(14)70227-3
https://doi.org/10.1161/strokeaha.113.000739
https://doi.org/10.1212/wnl.28.8.763
https://doi.org/10.1097/00019052-200204000-00002
https://doi.org/10.1542/peds.109.1.116
https://doi.org/10.1177/088307389300800308
https://doi.org/10.1111/j.1600-0404.1997.tb00306.x
https://doi.org/10.1002/ana.10423
https://doi.org/10.1161/strokeaha.114.007404
https://doi.org/10.1161/strokeaha.111.624585
https://doi.org/10.1161/strokeaha.111.624585
https://doi.org/10.1177/088307389801300105
https://doi.org/10.1177/0883073811408904


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12670  | https://doi.org/10.1038/s41598-021-90447-5

www.nature.com/scientificreports/

	14.	 Tan, M. A. et al. Low detection rate of craniocervical arterial dissection in children using time-of-flight magnetic resonance angi-
ography: Causes and strategies to improve diagnosis. J. Child Neurol. 24, 1250–1257. https://​doi.​org/​10.​1177/​08830​73809​333539 
(2009).

	15.	 Stence, N. V., Fenton, L. Z., Goldenberg, N. A., Armstrong-Wells, J. & Bernard, T. J. Craniocervical arterial dissection in children: 
Diagnosis and treatment. Curr. Treat. Options Neurol. 13, 636–648. https://​doi.​org/​10.​1007/​s11940-​011-​0149-2 (2011).

	16.	 Fullerton, H. J., Johnston, S. C. & Smith, W. S. Arterial dissection and stroke in children. Neurology 57, 1155–1160. https://​doi.​
org/​10.​1212/​wnl.​57.7.​1155 (2001).

	17.	 Rafay, M. F. et al. Craniocervical arterial dissection in children: Clinical and radiographic presentation and outcome. J. Child. 
Neurol. 21, 8–16. https://​doi.​org/​10.​1177/​08830​73806​02100​10101 (2006).

	18.	 Kirton, A. et al. Fibromuscular dysplasia and childhood stroke. Brain 136, 1846–1856. https://​doi.​org/​10.​1093/​brain/​awt111 (2013).
	19.	 Suzuki, J. & Takaku, A. Cerebrovascular, “moyamoya” disease. Disease showing abnormal net-like vessels in base of brain. Arch. 

Neurol. 20, 288–299. https://​doi.​org/​10.​1001/​archn​eur.​1969.​00480​09007​6012 (1969).
	20.	 Bang, O. Y., Fujimura, M. & Kim, S. K. The pathophysiology of Moyamoya disease: An update. J. Stroke 18, 12–20. https://​doi.​org/​

10.​5853/​jos.​2015.​01760 (2016).
	21.	 Fujimura, M. et al. Genetics and biomarkers of Moyamoya disease: Significance of RNF213 as a susceptibility gene. J. Stroke 16, 

65–72. https://​doi.​org/​10.​5853/​jos.​2014.​16.2.​65 (2014).
	22.	 Dabas, A. & Yadav, S. Primary angiitis of the central nervous system: A rare and reversible cause of childhood stroke. J. Pediatr. 

Neurosci. 11, 338–340. https://​doi.​org/​10.​4103/​1817-​1745.​199473 (2016).
	23.	 Bay, M. J., Kossoff, E. H., Lehmann, C. U., Zabel, T. A. & Comi, A. M. Survey of aspirin use in Sturge–Weber syndrome. J. Child 

Neurol. 26, 692–702. https://​doi.​org/​10.​1177/​08830​73810​388646 (2011).
	24.	 Meuwissen, M. E. & Mancini, G. M. Neurological findings in incontinentia pigmenti; A review. Eur. J. Med. Genet. 55, 323–331. 

https://​doi.​org/​10.​1016/j.​ejmg.​2012.​04.​007 (2012).
	25.	 Siegel, D. H. et al. Stroke in children with posterior fossa brain malformations, hemangiomas, arterial anomalies, coarctation of the 

aorta and cardiac defects, and eye abnormalities (PHACE) syndrome: A systematic review of the literature. Stroke 43, 1672–1674. 
https://​doi.​org/​10.​1161/​strok​eaha.​112.​650952 (2012).

	26.	 Hoffman, J. L. et al. Failure to impact prevalence of arterial ischemic stroke in pediatric cardiac patients over three decades. Con-
genit. Heart Dis. 6, 211–218. https://​doi.​org/​10.​1111/j.​1747-​0803.​2011.​00510.x (2011).

	27.	 Fox, C. K., Sidney, S. & Fullerton, H. J. Community-based case–control study of childhood stroke risk associated with congenital 
heart disease. Stroke 46, 336–340. https://​doi.​org/​10.​1161/​strok​eaha.​114.​007218 (2015).

	28.	 Dowling, M. M. et al. International Paediatric Stroke Study: Stroke associated with cardiac disorders. Int J Stroke 8(Suppl A100), 
39–44. https://​doi.​org/​10.​1111/j.​1747-​4949.​2012.​00925.x (2013).

	29.	 Benedik, M. P., Zaletel, M., Meglic, N. P. & Podnar, T. A right-to-left shunt in children with arterial ischaemic stroke. Arch. Dis. 
Child 96, 461–467. https://​doi.​org/​10.​1136/​adc.​2010.​203992 (2011).

	30.	 deVeber, G. et al. Prothrombotic disorders in infants and children with cerebral thromboembolism. Arch. Neurol. 55, 1539–1543. 
https://​doi.​org/​10.​1001/​archn​eur.​55.​12.​1539 (1998).

	31.	 Duran, R., Biner, B., Demir, M., Celtik, C. & Karasalihoglu, S. Factor V Leiden mutation and other thrombophilia markers in 
childhood ischemic stroke. Clin. Appl. Thromb. Hemost. 11, 83–88. https://​doi.​org/​10.​1177/​10760​29605​01100​110 (2005).

	32.	 Hankey, G. J. et al. Inherited thrombophilia in ischemic stroke and its pathogenic subtypes. Stroke 32, 1793–1799. https://​doi.​org/​
10.​1161/​01.​str.​32.8.​1793 (2001).

	33.	 Haywood, S., Liesner, R., Pindora, S. & Ganesan, V. Thrombophilia and first arterial ischaemic stroke: A systematic review. Arch. 
Dis. Child 90, 402–405. https://​doi.​org/​10.​1136/​adc.​2004.​049163 (2005).

	34.	 Kenet, G. et al. Factor V Leiden and antiphospholipid antibodies are significant risk factors for ischemic stroke in children. Stroke 
31, 1283–1288. https://​doi.​org/​10.​1161/​01.​str.​31.6.​1283 (2000).

	35.	 Nowak-Gottl, U. et al. Lipoprotein (a) and genetic polymorphisms of clotting factor V, prothrombin, and methylenetetrahydrofolate 
reductase are risk factors of spontaneous ischemic stroke in childhood. Blood 94, 3678–3682 (1999).

	36.	 Strater, R. et al. Genetic risk factors of thrombophilia in ischaemic childhood stroke of cardiac origin. A prospective ESPED survey. 
Eur. J. Pediatr. 158(Suppl 3), S122–S125. https://​doi.​org/​10.​1007/​pl000​14336 (1999).

	37.	 Kenet, G. et al. Impact of thrombophilia on risk of arterial ischemic stroke or cerebral sinovenous thrombosis in neonates and 
children: A systematic review and meta-analysis of observational studies. Circulation 121, 1838–1847. https://​doi.​org/​10.​1161/​
circu​latio​naha.​109.​913673 (2010).

	38.	 Earley, C. J. et al. Stroke in children and sickle-cell disease: Baltimore-Washington Cooperative Young Stroke Study. Neurology 51, 
169–176. https://​doi.​org/​10.​1212/​wnl.​51.1.​169 (1998).

	39.	 Ohene-Frempong, K. et al. Cerebrovascular accidents in sickle cell disease: Rates and risk factors. Blood 91, 288–294 (1998).
	40.	 Mueller, S. et al. Radiation, atherosclerotic risk factors, and stroke risk in survivors of pediatric cancer: A report from the Child-

hood Cancer Survivor Study. Int. J. Radiat. Oncol. Biol. Phys. 86, 649–655. https://​doi.​org/​10.​1016/j.​ijrobp.​2013.​03.​034 (2013).
	41.	 Noje, C., Cohen, K. & Jordan, L. C. Hemorrhagic and ischemic stroke in children with cancer. Pediatr. Neurol. 49, 237–242. https://​

doi.​org/​10.​1016/j.​pedia​trneu​rol.​2013.​04.​009 (2013).
	42.	 Packer, R. J., Rorke, L. B., Lange, B. J., Siegel, K. R. & Evans, A. E. Cerebrovascular accidents in children with cancer. Pediatrics 76, 

194–201 (1985).
	43.	 Lorenzoni, P. J., Werneck, L. C., Kay, C. S., Silvado, C. E. & Scola, R. H. When should MELAS (Mitochondrial myopathy, Encepha-

lopathy, Lactic Acidosis, and Stroke-like episodes) be the diagnosis?. Arq. Neuropsiquiatr. 73, 959–967. https://​doi.​org/​10.​1590/​
0004-​282x2​01501​54 (2015).

	44.	 Kolodny, E. et al. Cerebrovascular involvement in Fabry disease: Current status of knowledge. Stroke 46, 302–313. https://​doi.​org/​
10.​1161/​strok​eaha.​114.​006283 (2015).

	45.	 Kohrman, M. H. & Huttenlocher, P. R. Takayasu arteritis: A treatable cause of stroke in infancy. Pediatr. Neurol. 2, 154–158. https://​
doi.​org/​10.​1016/​0887-​8994(86)​90007-x (1986).

	46.	 Muscal, E. & Brey, R. L. Antiphospholipid syndrome and the brain in pediatric and adult patients. Lupus 19, 406–411. https://​doi.​
org/​10.​1177/​09612​03309​360808 (2010).

	47.	 Noell, W. & Graymore, C. Biochemistry of the Retina Supplement of Experimental Eye Research (Academic Press, 1965).
	48.	 Anderson, B. Jr. & Saltzman, H. A. Retinal oxygen utilization measured by hyperbaric blackout. Arch. Ophthalmol. 72, 792–795. 

https://​doi.​org/​10.​1001/​archo​pht.​1964.​00970​02079​4009 (1964).
	49.	 Ames, A. 3rd. Energy requirements of CNS cells as related to their function and to their vulnerability to ischemia: A commentary 

based on studies on retina. Can. J. Physiol. Pharmacol. 70(Suppl), S158–S164. https://​doi.​org/​10.​1139/​y92-​257 (1992).
	50.	 Crawford, L. B. & Golomb, M. R. Childhood stroke and vision: A review of the literature. Pediatr. Neurol. 81, 6–13. https://​doi.​

org/​10.​1016/j.​pedia​trneu​rol.​2017.​11.​007 (2018).
	51.	 Kaur, C., Foulds, W. S. & Ling, E. A. Hypoxia–ischemia and retinal ganglion cell damage. Clin. Ophthalmol. 2, 879–889. https://​

doi.​org/​10.​2147/​opth.​s3361 (2008).
	52.	 Hepworth, L. R. et al. Post-stroke visual impairment: A systematic literature review of types and recovery of visual conditions. 

Ophthalmol. Res. 5, 1–43 (2016).
	53.	 Zheng, L., Gong, B., Hatala, D. A. & Kern, T. S. Retinal ischemia and reperfusion causes capillary degeneration: Similarities to 

diabetes. Investig. Ophthalmol. Vis. Sci. 48, 361–367. https://​doi.​org/​10.​1167/​iovs.​06-​0510 (2007).

https://doi.org/10.1177/0883073809333539
https://doi.org/10.1007/s11940-011-0149-2
https://doi.org/10.1212/wnl.57.7.1155
https://doi.org/10.1212/wnl.57.7.1155
https://doi.org/10.1177/08830738060210010101
https://doi.org/10.1093/brain/awt111
https://doi.org/10.1001/archneur.1969.00480090076012
https://doi.org/10.5853/jos.2015.01760
https://doi.org/10.5853/jos.2015.01760
https://doi.org/10.5853/jos.2014.16.2.65
https://doi.org/10.4103/1817-1745.199473
https://doi.org/10.1177/0883073810388646
https://doi.org/10.1016/j.ejmg.2012.04.007
https://doi.org/10.1161/strokeaha.112.650952
https://doi.org/10.1111/j.1747-0803.2011.00510.x
https://doi.org/10.1161/strokeaha.114.007218
https://doi.org/10.1111/j.1747-4949.2012.00925.x
https://doi.org/10.1136/adc.2010.203992
https://doi.org/10.1001/archneur.55.12.1539
https://doi.org/10.1177/107602960501100110
https://doi.org/10.1161/01.str.32.8.1793
https://doi.org/10.1161/01.str.32.8.1793
https://doi.org/10.1136/adc.2004.049163
https://doi.org/10.1161/01.str.31.6.1283
https://doi.org/10.1007/pl00014336
https://doi.org/10.1161/circulationaha.109.913673
https://doi.org/10.1161/circulationaha.109.913673
https://doi.org/10.1212/wnl.51.1.169
https://doi.org/10.1016/j.ijrobp.2013.03.034
https://doi.org/10.1016/j.pediatrneurol.2013.04.009
https://doi.org/10.1016/j.pediatrneurol.2013.04.009
https://doi.org/10.1590/0004-282x20150154
https://doi.org/10.1590/0004-282x20150154
https://doi.org/10.1161/strokeaha.114.006283
https://doi.org/10.1161/strokeaha.114.006283
https://doi.org/10.1016/0887-8994(86)90007-x
https://doi.org/10.1016/0887-8994(86)90007-x
https://doi.org/10.1177/0961203309360808
https://doi.org/10.1177/0961203309360808
https://doi.org/10.1001/archopht.1964.00970020794009
https://doi.org/10.1139/y92-257
https://doi.org/10.1016/j.pediatrneurol.2017.11.007
https://doi.org/10.1016/j.pediatrneurol.2017.11.007
https://doi.org/10.2147/opth.s3361
https://doi.org/10.2147/opth.s3361
https://doi.org/10.1167/iovs.06-0510


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:12670  | https://doi.org/10.1038/s41598-021-90447-5

www.nature.com/scientificreports/

	54.	 Zaitoun, I. S. et al. Attenuation of retinal vascular development in neonatal mice subjected to hypoxic–ischemic encephalopathy. 
Sci. Rep. 8, 9166. https://​doi.​org/​10.​1038/​s41598-​018-​27525-8 (2018).

	55.	 Massof, R. W. et al. Properties of electroretinographic intensity-response functions in retinitis pigmentosa. Doc. Ophthalmol. 57, 
279–296. https://​doi.​org/​10.​1007/​bf001​43087 (1984).

	56.	 Nair, J. & Kumar, V. H. S. Current and emerging therapies in the management of hypoxic ischemic encephalopathy in neonates. 
Children (Basel) https://​doi.​org/​10.​3390/​child​ren50​70099 (2018).

	57.	 Rice, J. E. 3rd., Vannucci, R. C. & Brierley, J. B. The influence of immaturity on hypoxic–ischemic brain damage in the rat. Ann. 
Neurol. 9, 131–141. https://​doi.​org/​10.​1002/​ana.​41009​0206 (1981).

	58.	 Cengiz, P. et al. Chronic neurological deficits in mice after perinatal hypoxia and ischemia correlate with hemispheric tissue loss 
and white matter injury detected by MRI. Dev. Neurosci. 33, 270–279. https://​doi.​org/​10.​1159/​00032​8430 (2011).

	59.	 Jung, S., Polosa, A., Lachapelle, P. & Wintermark, P. Visual impairments following term neonatal encephalopathy: Do retinal 
impairments also play a role?. Investig. Ophthalmol. Vis. Sci. 56, 5182–5193. https://​doi.​org/​10.​1167/​iovs.​15-​16407 (2015).

	60.	 Audo, I., Robson, A. G., Holder, G. E. & Moore, A. T. The negative ERG: Clinical phenotypes and disease mechanisms of inner 
retinal dysfunction. Surv. Ophthalmol. 53, 16–40. https://​doi.​org/​10.​1016/j.​survo​phthal.​2007.​10.​010 (2008).

	61.	 Zaitoun, I. S. et al. Bcl-2 expression in pericytes and astrocytes impacts vascular development and homeostasis. Sci. Rep. 9, 
9700–9700. https://​doi.​org/​10.​1038/​s41598-​019-​45915-4 (2019).

	62.	 Vannucci, R. C. & Vannucci, S. J. A model of perinatal hypoxic–ischemic brain damage. Ann. N. Y. Acad. Sci. 835, 234–249. https://​
doi.​org/​10.​1111/j.​1749-​6632.​1997.​tb486​34.x (1997).

	63.	 Mangalesh, S. et al. Subclinical retinal versus brain findings in infants with hypoxic ischemic encephalopathy. Graefes Arch. Clin. 
Exp. Ophthalmol. 258, 2039–2049. https://​doi.​org/​10.​1007/​s00417-​020-​04738-0 (2020).

	64.	 Ferriero, D. M. & Miller, S. P. Imaging selective vulnerability in the developing nervous system. J. Anat. 217, 429–435. https://​doi.​
org/​10.​1111/j.​1469-​7580.​2010.​01226.x (2010).

	65.	 O’Sullivan, M. L. et al. Astrocytes follow ganglion cell axons to establish an angiogenic template during retinal development. Glia 
65, 1697–1716. https://​doi.​org/​10.​1002/​glia.​23189 (2017).

	66.	 Vecino, E., Rodriguez, F. D., Ruzafa, N., Pereiro, X. & Sharma, S. C. Glia–neuron interactions in the mammalian retina. Prog. Retin. 
Eye Res. 51, 1–40. https://​doi.​org/​10.​1016/j.​prete​yeres.​2015.​06.​003 (2016).

	67.	 Jing, R. et al. Synemin is expressed in reactive astrocytes in neurotrauma and interacts differentially with vimentin and GFAP 
intermediate filament networks. J. Cell Sci. 120, 1267–1277. https://​doi.​org/​10.​1242/​jcs.​03423 (2007).

	68.	 Pekny, M. & Nilsson, M. Astrocyte activation and reactive gliosis. Glia 50, 427–434. https://​doi.​org/​10.​1002/​glia.​20207 (2005).
	69.	 Tran-Viet, D. et al. Handheld spectral domain optical coherence tomography imaging through the undilated pupil in infants born 

preterm or with hypoxic injury or hydrocephalus. Retina 38, 1588–1594. https://​doi.​org/​10.​1097/​IAE.​00000​00000​001735 (2018).
	70.	 Akin, M. A., Sahin, O., Cansever, M., Sirakaya, E. & Robertson, N. J. Early retinal findings following cooling in neonatal encepha-

lopathy. Neuropediatrics 50, 15–21. https://​doi.​org/​10.​1055/s-​0038-​16694​25 (2019).
	71.	 Charriaut-Marlangue, C., Bonnin, P., Leger, P. L. & Renolleau, S. Brief update on hemodynamic responses in animal models of 

neonatal stroke and hypoxia–ischemia. Exp. Neurol. 248, 316–320. https://​doi.​org/​10.​1016/j.​expne​urol.​2013.​06.​022 (2013).
	72.	 Vannucci, S. J. & Hurn, P. D. Gender differences in pediatric stroke: Is elevated testosterone a risk factor for boys?. Ann. Neurol. 

66, 713–714. https://​doi.​org/​10.​1002/​ana.​21925 (2009).
	73.	 Hill, C. A. & Fitch, R. H. Sex differences in mechanisms and outcome of neonatal hypoxia–ischemia in rodent models: Implications 

for sex-specific neuroprotection in clinical neonatal practice. Neurol. Res. Int. 2012, 867531. https://​doi.​org/​10.​1155/​2012/​867531 
(2012).

	74.	 Creel, D. J. The electrooculogram. Handb. Clin. Neurol. 160, 495–499. https://​doi.​org/​10.​1016/​b978-0-​444-​64032-1.​00033-3 (2019).
	75.	 Marmor, M. & Hock, P. A practical method for c-wave recording in man. Tech. Clin. Electrophysiol. Vis. 31, 67 (1982).
	76.	 Oakley, B. 2nd. Potassium and the photoreceptor-dependent pigment epithelial hyperpolarization. J. Gen. Physiol. 70, 405–425 

(1977).
	77.	 Lei, B. & Perlman, I. The contributions of voltage- and time-dependent potassium conductances to the electroretinogram in rab-

bits. Vis. Neurosci. 16, 743–754. https://​doi.​org/​10.​1017/​s0952​52389​91641​37 (1999).
	78.	 Sonntag, S. et al. Ablation of retinal horizontal cells from adult mice leads to rod degeneration and remodeling in the outer retina. 

J. Neurosci. 32, 10713–10724. https://​doi.​org/​10.​1523/​jneur​osci.​0442-​12.​2012 (2012).
	79.	 Dong, C. J. & Hare, W. A. Contribution to the kinetics and amplitude of the electroretinogram b-wave by third-order retinal 

neurons in the rabbit retina. Vis. Res. 40, 579–589. https://​doi.​org/​10.​1016/​s0042-​6989(99)​00203-5 (2000).
	80.	 Dong, C. J. & Hare, W. A. GABAc feedback pathway modulates the amplitude and kinetics of ERG b-wave in a mammalian retina 

in vivo. Vis. Res. 42, 1081–1087. https://​doi.​org/​10.​1016/​s0042-​6989(02)​00032-9 (2002).
	81.	 Dong, C. J. & Hare, W. A. Temporal modulation of scotopic visual signals by A17 amacrine cells in mammalian retina in vivo. J. 

Neurophysiol. 89, 2159–2166. https://​doi.​org/​10.​1152/​jn.​01008.​2002 (2003).
	82.	 Wachtmeister, L. Oscillatory potentials in the retina: What do they reveal. Prog. Retin. Eye Res. 17, 485–521. https://​doi.​org/​10.​

1016/​s1350-​9462(98)​00006-8 (1998).
	83.	 Dong, C. J., Agey, P. & Hare, W. A. Origins of the electroretinogram oscillatory potentials in the rabbit retina. Vis. Neurosci. 21, 

533–543. https://​doi.​org/​10.​1017/​s0952​52380​42140​43 (2004).
	84.	 Nilsson, S. E. Human retinal vascular obstructions. A quantitative correlation of angiographic and electroretinographic findings. 

Acta Ophthalmol. (Copenh.) 49, 111–133 (1971).
	85.	 Noell, W. K. The origin of the electroretinogram. Am. J. Ophthalmol. 38, 78–90. https://​doi.​org/​10.​1016/​0002-​9394(54)​90012-4 

(1954).
	86.	 Brown, K. T. & Watanabe, K. Isolation and identification of a receptor potential from the pure cone fovea of the monkey retina. 

Nature 193, 958. https://​doi.​org/​10.​1038/​19395​8a0 (1962).
	87.	 Hancock, H. A. & Kraft, T. W. Oscillatory potential analysis and ERGs of normal and diabetic rats. Investig. Ophthalmol. Vis. Sci. 

45, 1002–1008. https://​doi.​org/​10.​1167/​iovs.​03-​1080 (2004).
	88.	 Bresnick, G. H. & Palta, M. Temporal aspects of the electroretinogram in diabetic retinopathy. Arch. Ophthalmol. 105, 660–664. 

https://​doi.​org/​10.​1001/​archo​pht.​1987.​01060​05007​8042 (1987).
	89.	 Asi, H. & Perlman, I. Relationships between the electroretinogram a-wave, b-wave and oscillatory potentials and their application 

to clinical diagnosis. Doc. Ophthalmol. 79, 125–139. https://​doi.​org/​10.​1007/​bf001​56572 (1992).
	90.	 Ye, X. et al. Norrin, frizzled-4, and Lrp5 signaling in endothelial cells controls a genetic program for retinal vascularization. Cell 

139, 285–298. https://​doi.​org/​10.​1016/j.​cell.​2009.​07.​047 (2009).
	91.	 Xia, C. H., Yablonka-Reuveni, Z. & Gong, X. LRP5 is required for vascular development in deeper layers of the retina. PLoS ONE 

5, e11676. https://​doi.​org/​10.​1371/​journ​al.​pone.​00116​76 (2010).
	92.	 Bringmann, A. et al. Muller cells in the healthy and diseased retina. Prog. Retin. Eye Res. 25, 397–424. https://​doi.​org/​10.​1016/j.​

prete​yeres.​2006.​05.​003 (2006).
	93.	 Coorey, N. J., Shen, W., Chung, S. H., Zhu, L. & Gillies, M. C. The role of glia in retinal vascular disease. Clin. Exp. Optom. 95, 

266–281. https://​doi.​org/​10.​1111/j.​1444-​0938.​2012.​00741.x (2012).

https://doi.org/10.1038/s41598-018-27525-8
https://doi.org/10.1007/bf00143087
https://doi.org/10.3390/children5070099
https://doi.org/10.1002/ana.410090206
https://doi.org/10.1159/000328430
https://doi.org/10.1167/iovs.15-16407
https://doi.org/10.1016/j.survophthal.2007.10.010
https://doi.org/10.1038/s41598-019-45915-4
https://doi.org/10.1111/j.1749-6632.1997.tb48634.x
https://doi.org/10.1111/j.1749-6632.1997.tb48634.x
https://doi.org/10.1007/s00417-020-04738-0
https://doi.org/10.1111/j.1469-7580.2010.01226.x
https://doi.org/10.1111/j.1469-7580.2010.01226.x
https://doi.org/10.1002/glia.23189
https://doi.org/10.1016/j.preteyeres.2015.06.003
https://doi.org/10.1242/jcs.03423
https://doi.org/10.1002/glia.20207
https://doi.org/10.1097/IAE.0000000000001735
https://doi.org/10.1055/s-0038-1669425
https://doi.org/10.1016/j.expneurol.2013.06.022
https://doi.org/10.1002/ana.21925
https://doi.org/10.1155/2012/867531
https://doi.org/10.1016/b978-0-444-64032-1.00033-3
https://doi.org/10.1017/s0952523899164137
https://doi.org/10.1523/jneurosci.0442-12.2012
https://doi.org/10.1016/s0042-6989(99)00203-5
https://doi.org/10.1016/s0042-6989(02)00032-9
https://doi.org/10.1152/jn.01008.2002
https://doi.org/10.1016/s1350-9462(98)00006-8
https://doi.org/10.1016/s1350-9462(98)00006-8
https://doi.org/10.1017/s0952523804214043
https://doi.org/10.1016/0002-9394(54)90012-4
https://doi.org/10.1038/193958a0
https://doi.org/10.1167/iovs.03-1080
https://doi.org/10.1001/archopht.1987.01060050078042
https://doi.org/10.1007/bf00156572
https://doi.org/10.1016/j.cell.2009.07.047
https://doi.org/10.1371/journal.pone.0011676
https://doi.org/10.1016/j.preteyeres.2006.05.003
https://doi.org/10.1016/j.preteyeres.2006.05.003
https://doi.org/10.1111/j.1444-0938.2012.00741.x


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:12670  | https://doi.org/10.1038/s41598-021-90447-5

www.nature.com/scientificreports/

Acknowledgements
This work was supported in part by an unrestricted award from Research to Prevent Blindness to the Depart-
ment of Ophthalmology and Visual Sciences; the Retina Research Foundation; NIH grants P30 EY016665, P30 
CA014520, S10 OD018221 and EY026078. NS is a recipient of RPB Stein Innovation Award. BRP is supported 
by EY024995 and M.D. Matthews Professorship by Retina Research Foundation. CMS is supported by EY030076 
and RRF/Daniel M. Albert Chair.

Author contributions
Designed experiments: I.S.Z., B.R.P., C.M.S. and N.S. Conducted experiments: I.S.Z., P.K.S., A.S., and K.C. 
Analyzed and interpreted data: I.S.Z., P.K.S., B.R.P., C.M.S., and N.S. Wrote the article: I.S.Z. and N.S. Proofed/
revised article: I.S.Z., P.K.S., K.C., G.J.M., B.R.P., C.M.S., and N.S.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to I.S.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hypoxic–ischemic injury causes functional and structural neurovascular degeneration in the juvenile mouse retina
	Materials and methods
	Ethics statement and animals. 
	HI induction in juvenile mice. 
	Full-field electroretinography. 
	The grading of retinal damage. 
	Optical coherence tomography (OCT). 
	Acquisition. 
	Segmentation. 

	Immunofluorescence staining of retinal wholemounts. 
	Trypsin-digested retinal vessel preparations. 
	Statistical analysis. 

	Results
	Retinal function is impaired at variable levels in juvenile mice subjected to hypoxia–ischemia. 
	Retinal layers show thinning in juvenile mice subjected to hypoxia–ischemia. 
	Development of astrogliosis in the retinas of juvenile mice subjected to hypoxia–ischemia. 
	HI exposure results in retinal vascular degeneration in juvenile mice. 

	Discussion
	References
	Acknowledgements


