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Featured Application: Quantitative optical coherence tomography (OCT) promises a noninvasive
method for longitudinal monitoring of postnatal retinal development.

Abstract: A better study of the postnatal retinal development is not only essential for the
in-depth understanding of the nature of the vision system but also may provide insights
for treatment developments of eye conditions, such as retinopathy of premature (ROP).
To date, quantitative analysis of postnatal retinal development is primarily limited to end-
point histological examination. This study is to validate in vivo optical coherence tomog-
raphy (OCT) for longitudinal monitoring of postnatal retinal development in developing
mouse eyes. Three-dimensional (3D) frame registration and super averaging were
adopted to investigate the fine structure of the retina. Interestingly, a hyporeflective layer
(HRL) between the nerve fiber layer (NFL) and inner plexiform layer (IPL) was observed
in developing eyes and gradually disappeared with aging. To interpret the observed reti-
nal layer kinetics, a model based on eyeball expansion, cell apoptosis, and retinal struc-
tural modification was proposed.
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1. Introduction

The mammalian retina continuously grows after birth, which is so-called postnatal
retinal development. Most of the cell differentiation, structure building, and synaptogen-
esis is complete at the time point of eye-opening [1]; while the retinal neurite circuit is still
under development after eye-opening [2-4]. For mice, the dendrites of retinal ganglion
cells (RGCs) ramify across the whole inner plexiform layer (IPL) at the time of birth and
refine into different stratifications during postnatal retinal development [5]. After eye-
opening, a light stimulation regulated RGCs dendritic lamination was observed. Around
40% bistratified RGC turned into monostratified [6,7]. With stratification refinement, the
density of both ribbons and conventional synapses in the IPL continuously increases after
eye-opening and reaches the peak level by around postnatal day (P) 21 [8]. However, the
receptive field center size of RGCs of the mouse at P28 reduced from the mouse at P17 (3
days after eye-opening) [9]. All these studies indicated that the postnatal retinal develop-
ment after the eye-opening is important to visual function. However, the study on devel-
oping mouse retinas is primarily limited to endpoint histological examination, which lim-
its dynamic observation of developing retinal architecture. Thus, in vivo imaging method
for longitudinal monitoring of postnatal retinal development is desirable.

This study is to validate optical coherence tomography (OCT) for longitudinal mon-
itoring of postnatal retinal development in developing mouse eyes. OCT has been widely
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used in ophthalmology clinics and research for its excellent depth-resolved capability [10].
For instance, the retinal thickness, as a reflection of total cell number and retinal structure
complexity, has been used as a biomarker for retina degeneration [11-13], and damage
recovery [14,15] studies. Retinal layer thickness abnormity has been also associated with
retinopathy of premature (ROP). Compared with the normally developed retina, for ROP,
the photoreceptor layer was thinner, and the inner nuclear layer (INL)was thicker [16]. As
a new OCT modality, OCT angiography has been used to monitor vascular changes in
normal developing and diseased animal models [17-19].

In this study, longitudinal OCT of developing mouse eye was conducted from the
eye-opening, i.e., P14, up to P56. Mouse models have been extensively used for the study
of normal retinal development and inherited retinal diseases [20,21]. Quantitative analysis
of individual retinal layers was analyzed and discussed. Three-dimensional (3D) frame
registration and super averaging [22-24] were adopted to investigate the fine structure of
the retina. Interestingly, a hyporeflective layer (HRL) between the nerve fiber layer (NFL)
and inner plexiform layer (IPL) was observed in developing eyes and gradually disap-
peared with aging. On the contrary, the IPL stratification structure was not clear at an
early age but gradually developed with aging. To interpret the observed retinal layer de-
velopment, a model based on eyeball expansion, cell apoptosis, and retinal structural
modification is discussed.

2. Materials and Methods

2.1. Animal preparation

All animal care and experiments were conformed to the Association for Research in
Vision and Ophthalmology statement for the use of animals in ophthalmic and vision re-
search. All experiments were conducted following the protocols approved by the Animal
Care Committee at the University of Illinois Chicago (UIC). C57BL/6] mice were grouped
with P14, P17, P21, P28, P56. Each group contained 5 or 6 mice. The mice were housed in
the Biology Resource Lab of UIC with 14-hour light and 10-hour dark circulation. Before
OCT recording, the mice were anesthetized with a mixture of 100 mg/kg ketamine and
5mg/kg xylazine injected intraperitoneally. A heating pad was used to maintain body tem-
perature during image recording. The pupil was fully dilated with 0.5% tropicamide. A
cover glass, along with lubricant eye gel (GenTeal, Alcon Laboratories, Fort Worth, TX),
was placed on the cornea to prevent drying as well as to serve as a contact concave lens
to improve the image quality.
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Figure. 1. The diagram of the custom-designed optical coherence tomography (OCT) system. PC,
polarization controller.
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2.2. Imaging system setup

Custom-designed OCT has been used for in vivo imaging study of mouse retina
[25,26]. Figure 1 shows the schematic diagram of the system used for this study. A broad-
band (M-T-850-HP-I, Superlum, Cork, Ireland, A.epter = 850 nm, AL = 165 nm) superlu-
minescent diode (SLD) was used as the light source. A fiber coupler (TW850R5A2,
Thorlabs, USA; 75:25) divided the OCT light to the sample and reference arms. A custom-
designed spectrometer was constructed with a line CCD camera (OCTOPLUS, e2v,
Chelmsford, UK; 2048 pixels) and a transmission grating (Wasatch Photonics, West Lo-
gan, Utah; 1200 line/mm). The axial and lateral resolution of the system was theoretically
estimated at 1.4 and 3 pum, respectively. The pixel resolution is 1.2 um in both axial and
lateral dimensions.

2.3. Data acquisition and image processing

For the retinal layer thickness measurement, 3D raster scan volume data was taken
at the optic nerve head, nasal, dorsal, temporal, and ventral quadrants. For the retina layer
thickness time course change measurement, the B-scan in the center location of a dorsal
quadrant was measured. For the measurement of HRL thickness distribution, the retina
was divided into 8 parts. In each part, the center B-scan was selected and segmented for
HRL thickness measurement. For the retina inner layer structure analysis, the dorsal
quadrant was imaged with a field of view as 600 ym containing 500 A-scans and 500 B-
scans. 200 repetitive 3D volumes were collected with an A-scan rate of 80 kHz. The total
recording time was 13.5 min.

For image processing, the standard OCT image reconstruction and post-processing
procedure were applied. Briefly, the workflow was k-sampling, interferogram extraction,
apodization, fast Fourier transform (FFT), and image registration. Thereafter, the retinal
layer thickness was manually measured using MATLAB. For inner retinal structure anal-
ysis, frame registration was applied [24]. Briefly, each OCT volume was considered as a
rigid cubic, four degrees of freedom were registered to adjust the direction and location
of the OCT volumes. The procedure was as follows, first, the en face image of each OCT
volume was produced to get an image stack, then the stack was registered using a plugin
function in Image] named MultiStackReg. During the registration, the transformation ma-
trix was recorded. Second, the enface registration transformation matrix was applied to
all the data sets in MATLAB. Third, an image stack with the center B-scans of each volume
was extracted. The stack was then registered with MultiStackReg, and the transformation
matrix was recorded. Fourth, the B-scan registration transformation matrix was applied
to all the data sets as well. The 200 OCT volumes were averaged to get a clear OCT 3D
image [22,24].

3. Results
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Figure. 2. Longitudinal OCT monitoring of developing retina. (A) Representative en face image of
the dorsal quadrant of the mouse retina. The red line indicates the location for B-scan analysis. (B)
Representative OCT B-scans of mouse retina from P14 to P56. The red arrows indicate the location
of a hyporeflective layer (HRL). The green, purple, yellow two-head arrows indicate the thickness
of INL, ONL, and ELM to RPE layers. (C) Line profiles of the image B-scans in B. The red arrows
indicate the location of HRL. (D) Layer thickness changes of inner retina layers (D1), outer retina
layers (D2), whole retina (D3). (E) The thickness distribution of HRL over time. The radius of the
retina area is 1 mm. NFL, nerve fiber layer; HRL, hyporeflective layer; IPL, inner plexiform layer;
INL, inner nuclear layer; ONL, outer nuclear layer; ELM, external limiting membrane; EZ, ellipsoid
zone; 1Z, interdigitation zone; RPE, retinal pigment epithelium; BM, Bruce membrane; Ch, choroid.
In (D), each group was composed of 5-6 mice, and the error bars indicate the standard deviation.

Table 1. Quantitative thickness analysis of individual retinal layer changes with aging

NFL HRL IPL INL ONL ELM-RPE Inner retina Outer retina Whole retina
Age

(um) (um) (um) (um) (um) (um) (um) (um) (um)
P14 12.6+1.7 109+1.1 453 +1.9 51.5+1.5 77.4+£0.3 409+0.7 120.3+25 1183+ 0.9 238.5+23
P17 109+1.8 8+23 46.4+2.4 46.2 +3.6 75.6+£2.2 454+3.1 111.5+6.2 121+3 2325+8
P21 89+24 4.7+15 46.1+3.5 41.1+3.2 72.7+25 486 +2.7 100.9+4.4 121.3+1.9 222.1+4.4
P28 89+13 1.7+0.5 459+1.8 34+1.4 67.3+2.9 5442 90.6 £3.1 121.7+3.2 212.3+6.2

P56 9.1+05 1+06 46.9+2.7 336+1 67+1.1 555+1.4 90.5+2.2 1226+1.9 213.1+£3.2
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Figure 2 shows longitudinal OCT monitoring of developing retina, and the mean and
standard deviation of layer thickness are summarized in Table 1. After eye-opening, the
retinal layer thickness kept changing until P28. Figure 2A shows the en face image of the
dorsal quadrant, which indicates the location of the B-scans in Figure 2B. Figure 2B shows
the representative B-scans used for layer thickness measurement. The red arrows indicate
an HRL which was unambiguously observed between P14 and P17, and gradually disap-
peared until P28. The green, purple, and orange two head arrows represent the thick-
nesses of the INL, outer nuclear layer (ONL), external limiting membrane (ELM) to retinal
pigment epithelium (RPE). Figure 2C shows the reflectance profiles of the B-scans in Fig-
ure 2B, and the red arrows indicate the location of the HRL between NFL and IPL. Figure
2D shows the distribution of HRL thickness over the whole retina. The result shows that
HRL existed all over the retina at P14 to P21, with the center region slightly thicker than
the peripheral region. Figure 2E shows the layer thickness change with ages from P14 to
P56. The inner retina layer thickness change is shown in Figure 2E1. The NFL thickness
decreased from P14 to P21 and then remained the same. The HRL thickness kept decreas-
ing after eye-opening and disappeared at about P28. The IPL thickness did not change
significantly between P14 to P56 days. The INL thickness kept decreasing after eye-open-
ing until P28. Figure 2E2 shows layer thickness change in the outer retina. The ONL thick-
ness kept decreasing until P28. On the contrary, the ELM-RPE thickness kept increasing
until P28. Figure 2E3 shows the thickness change of the inner retina, outer retina, and the
whole retina. The thickness of the inner retina and the whole retina kept decreasing until
P28. On the contrary, the thickness of the outer retina slightly increased after the eye-
opening.

Figure 3. Comparative 3D OCT volumetric analysis of P17 (A) and P56 (B) mouse retinas.
(A1, B1) Representative B-scans. The purple arrows in A1l indicate individual RGCs. (A2,
B2) the enlarged view of the purple dash square in Al and B1. The orange arrows in B2
indicate the stratification of IPL. (A3 to A5 and B3 to B5) are the en face images of NFL,
GCL, and IPL, which corresponds to the location of the blue, green, and orange arrows in
Al and B1. The red arrows in A4 and B4 indicate the individual RGCs.

Figure 3 shows a comparative volumetric analysis of the inner retina of a P17 mouse
(Figure 3A) and a P56 mouse. After frame registration and super averaging, the detailed
structure was disclosed. In the OCT B-scan of the P17 mouse (Figure 3Al), individual
RGCs were observed in the HRL. The stratification of the IPL of the P17 mouse was not
clear; however, it was clearer for the P56 mouse (Figure 3A2 and B2). The nerve fibers of
P17 and P56 were clearly observed (Figure 3A3 and B3). The RGCs were observed in the
en face images (Figure 3A4 and B4). For the P17 mouse, the RGCs were located in the
HRL, thus, the individual RGCs were clearly observed. For the P56 mouse, the RGCs were
closely packed with NFL and IPL, and the contour of RGCs was not clear.
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4. Discussion

In summary, longitudinal OCT of postnatal retinal development has been demon-
strated in mice from P14 to P56. Quantitative OCT analysis revealed distinct outer and
inner retinal layer changes, corresponding to eye development. An HRL between the NFL
and IPL was observed in developing eyes and gradually disappeared with aging. The fine
structure development of inner retina layers was analyzed via frame registration and su-
per averaging.

Three possible factors could contribute to the retina thickness change after the eye-
opening. First, the eyeball diameter increase [27], causing a general thinning effect, affect-
ing all the retinal layers. Second, cell death during retina development [28], also causes a
thinning effect, affecting a few layers. Third, the retinal structure modification [29], caus-
ing a thinning or a thickening effect, affecting a few layers. The thickness change of an
individual retinal layer can be the combination of all these three effects. As the eyeball
expansion affects all retinal layers, the other two factors will be discussed in detail below.

The NFL thickness decreased from P14 to P21 days and become stable after P21 days
(Figure 2D1). The change could be explained by the combination of eyeball expansion and
retinal structure modification. The RGC population remains stable during the develop-
ment after eye-opening, therefore, the total number of the axon is stable [28,30]. However,
right after eye-opening until postnatal 3 weeks, there is a maximum rate of nerve fiber
growth and myelination [31]. It has been reported that, during this period, the number of
myelinated nerve fibers, as well as the nerve fiber diameter increase [32], which is consid-
ered to be dependent on the environment light stimulation [33]. The never fiber modifica-
tion causes NFL thickness increase.

The IPL thickness remained stable (Figure 2D1) from P14 to P56 days. The observa-
tion could be explained by the combination of eyeball expansion, cell death, and retinal
structure modification. IPL is composed of the dendrite and synapse connections between
RGCs, bipolar cells, and amacrine cells. After eye-opening, the population of bipolar cells
keeps decreasing until P19 days, and the population of amacrine cells also slightly de-
creases [28]. The apoptosis of these cells causes IPL thickness to decrease. However, dur-
ing postnatal development, the dendritic field size of RGCs keeps increasing until 3 weeks
after birth [5]. The density of both ribbons and conventional synapses in the IPL continu-
ously increases after eye-opening and reaches the peak level by around the age of P21 [8].
This dendritic refinement causes IPL to thicken.

The INL thickness decreased after eye-opening (Figure 2D1) until P28 days. The
change could be explained by eyeball expansion and cell death. INL is composed of nuclei
of bipolar cells, horizontal cells, and amacrine cells. The layer thickness is only related to
the population of the cells. After eye-opening, the population of the horizontal cell re-
mained stable, the population of amacrine cells show a slight decrease, and the population
of bipolar cells shows a decrease until P19 [28]. The apoptosis of bipolar cells and amacrine
cells causes INL thinning.

Similar to INL, the ONL thickness also decreased after eye-opening (Figure 2D2) un-
til p28 days. The change could be explained by eyeball expansion, and cell death. ONL is
composed of the nuclei of retinal photoreceptors. The population of photoreceptors keeps
decreasing until P24 days [28], which could cause ONL thinning.

The ELM-RPE thickness increased after eye-opening (Figure 2D2) until P28 days.
ELM to RPE layer is composed of photoreceptor inner segment, outer segment, and RPE
layers. The change could be explained by the combination of eyeball expansion, cell death,
and photoreceptor inner and outer segment elongation. The population of photoreceptors
keeps decreasing until P24 days, which could cause this layer thinning. However, the pho-
toreceptor inner segmentation and outer segmentation both expand significantly [29],
which causes this layer to thicken.

To the best of our knowledge, the HRL between NFL and IPL in the OCT B-scans of
mouse retina was not reported before. For human OCT images, the hyporeflective layer
between NFL and IPL is the ganglion cell layer (GCL). However, for mouse retina, most
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studies considered that the RGCs are buried in NFL or IPL. As the intensity of RGCs is
much weaker than axons, dendrites, and synapses in NFL and IPL, they are hard to iden-
tify in the OCT image [24]. Therefore, for mouse retina segmentation, some people con-
sider the RGCs are included in NFL and call it NFL-GCL complex [34-37]; some people
consider the RGCs are included in IPL and call it GCL-IPL layer [38,39]; some people
simply use NFL or GCL to denote the layer that above IPL [40,41]. From the en face image
(Figure 3A3 & 4B3) at the location of HRL, we could see individual RGC somas. By com-
paring en face images of P17 and P56 mice, we can see that the RGCs of P17 were “cleaner”
and the RGCs of P56 are collocated with nerve fibers and neuron dendrites and synapses.
Considering the IPL and nerve fiber refinement after the eye-opening, we speculate that
this hyporeflective band between GCL and IPL is RGCs. The actual mechanism of the HRL
vanishing is not well understood. We have two hypotheses. First, during the refinement
of the IPL, the RGCs are well surrounded by the neuron dendrites of bipolar cells, ama-
crine cells, and RGCs, and thus to reduce the difference of light property in neigboring
regions. The other hypothesis is that, during the refinement of the nerve fiber, the RGCs
are well packed into the NFL layer, and thus reducing the difference of light property in
neighboring regions. In either way, the HRL of RGCs will vanish because of buried in
other hyperreflective tissues. An immunofluorescent study could help to test these hy-
potheses. This immunofluorescent study will not only help to explain the vanishing of
HRL but also help to identify the correlation between the retinal OCT image and the ana-
tomic correlate.

The observation of the morphological change of retinal inner layers, such as NFL and
IPL, during the retinal postnatal development, is consistent with the observation of IPL
modification after eye-opening [8], RGC dendritic refinement [4-6], and nerve fiber
growth [32]. The fine structure is hard to observe with OCT, however, with super averag-
ing processing after frame registration, the nerve fibers, individual RGCs, and stratifica-
tion of IPL could be observed [22-24]. In a previous study, the whole frame registration
was executed all by Image]. A few hours are needed to finish the frame registration of 150
OCT volumes which contain 512 A-scans times 512 B-scans in each volume. In our ap-
proach, the registration information is computed by Image], however, the volume image
data transformation is executed by MATLAB. Due to the good performance of 3D matrix
computation capability and the parallel computing, the total time coasted by frame regis-
tration was within 30 min for 200 volumes which contain 500 A-scans times 500 B-scans
in each.

5. Conclusion

In vivo OCT provides a feasible solution for longitudinal monitoring of postnatal ret-
inal development. Quantitative OCT analysis revealed distinct outer and inner retinal
layer changes, corresponding to eye development. An HRL between the NFL and IPL was
observed in developing eyes and gradually disappeared with aging. The fine structure
development of the inner retina was analyzed via frame registration and super averaging.
These approaches can be powerful tool for retina development and ROP studies.
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