
Multidisciplinary Ophthalmic Imaging

Functional Changes Within the Rod Inner Segment
Ellipsoid in Wildtype Mice: An Optical Coherence
Tomography and Electron Microscopy Study

Bruce A. Berkowitz,1 Robert H. Podolsky,2 Karen Lins Childers,3 Tom Burgoyne,4

Giulia De Rossi,4 Haohua Qian,5 Robin Roberts,1 Ryan Katz,1 Rida Waseem,1 and
Cole Goodman1

1Department of Ophthalmology, Visual and Anatomical Sciences, Wayne State University School of Medicine, Detroit,
Michigan, United States
2Biostatistics and Study Methodology, Children’s National Hospital, Silver Spring, Maryland, United States
3Beaumont Research Institute, Beaumont Health, Royal Oak, Michigan, Unites States
4UCL Institute of Ophthalmology, University College London, London, United Kingdom
5Visual Function Core, National Eye Institute, National Institutes of Health, Bethesda, Maryland, Unites States

Correspondence: Bruce A.
Berkowitz, Wayne State University
School of Medicine, 540 E. Canfield,
Detroit, MI 48201, USA;
baberko@med.wayne.edu.

Received: February 9, 2022
Accepted: June 19, 2022
Published: July 11, 2022

Citation: Berkowitz BA, Podolsky
RH, Childers KL, et al. Functional
changes within the rod inner
segment ellipsoid in wildtype mice:
An optical coherence tomography
and electron microscopy study.
Invest Ophthalmol Vis
Sci. 2022;63(8):8.
https://doi.org/10.1167/iovs.63.8.8

PURPOSE. To test the hypothesis that changing energy needs alter mitochondria distribu-
tion within the rod inner segment ellipsoid.

METHODS. In mice with relatively smaller (C57BL/6J [B6J]) or greater (129S6/ev [S6]) retina
mitochondria maximum reserve capacity, the profile shape of the rod inner segment
ellipsoid zone (ISez) was measured with optical coherence tomography (OCT) under
higher (dark) or lower (light) energy demand conditions. ISez profile shape was charac-
terized using an unbiased ellipse descriptor (minor/major aspect ratio). Other bioenergy
indexes evaluated include the external limiting membrane–retinal pigment epithelium
(ELM-RPE) thickness and the magnitude of the signal intensity of a hyporeflective band
located between the photoreceptor tips and apical RPE. The spatial distribution of rod
ellipsoid mitochondria were also examined with electron microscopy.

RESULTS. In B6J mice, darkness produced a greater ISez aspect ratio, thinner ELM-RPE,
and a smaller hyporeflective band intensity than in light. In S6 mice, dark and light ISez
aspect ratio values were not different and were greater than in light-adapted B6J mice;
dark-adapted S6 mice showed smaller ELM-RPE thinning versus light, and negligible
hyporeflective band intensity in the light. In B6J mice, mitochondria number in light
increased in the distal inner segment ellipsoid and decreased proximally. In S6 mice,
mitochondria number in the inner segment ellipsoid were not different between light
and dark, and were greater than in B6J mice.

CONCLUSIONS. These data raise the possibility that rod mitochondria activity in mice can be
noninvasively evaluated based on the ISez profile shape, a new OCT index that comple-
ments OCT energy biomarkers measured outside of the ISez region.
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Dysfunction of mitochondria and their linked/down-
stream processes within the rod cell, collectively

referred to herein as the rod energy-landscape, are thought
to be a common pathogenic condition underlying visual
performance declines during physiological aging and in
sight-threatening neurodegenerative diseases.1–16 Yet few
translational imaging biomarkers can evaluate the trajectory
of early rod energy-landscape changes. The availability of
noninvasive imaging indexes is desirable to enable the trans-
lation of pro-survival treatments from experimental models
into patients helping to decrease the risk of sight-threatening
disease.

To address this problem, we have developed imaging
biomarkers that are sensitive to changes in the rod energy-
landscape during, for example, dark (higher energy demand)

and light (lower energy demand) adaptation.17–20 One exam-
ple of a mitochondria-linked process is a dark-evoked pH-
dependent thinning of the external limiting membrane-
retinal pigment epithelium (ELM-RPE) region compared to
that in light (more detail in discussion); this thinning is
measurable with microelectrodes + an extracellular tracer,
diffusion magnetic resonance imaging (MRI), and optical
coherence tomography (OCT).11,12,21–31 Oxidative stress can
also be detected by QUench-assiSTed (QUEST) OCT based
on the dark-light ELM-RPE thickness.32 More recently, we
showed that the magnitude of a hyporeflective band signal
intensity located between photoreceptor tip and apical RPE
layers is correlated with dark-light ELM-RPE changes in
wild-type mice but is pH independent; this hyporeflective
band is seen in humans, and work is ongoing to understand
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what this band represents.27,32–38 Dark-evoked thinning of
ELM-RPE and reduction in magnitude of the hyporeflective
band signal intensity observed between the photoreceptor
tips and apical RPE have been measured in humans.28,33

ELM-RPE thickness and magnitude of the hyporeflective
band signal intensity are indirect bioenergy indexes because
both are spatially removed from the rod inner segment
ellipsoid, a region that is ∼75% full of mitochondria.39–42

A more direct proxy of rod inner segment ellipsoid mito-
chondria and their activity is desirable. This seems possible
because a hyperreflective outer retina immediately poste-
rior to the ELM is readily identified and has been designated
with common consensus as the inner segment ellipsoid zone
(ISez).39,40,43–46 However, different OCT-based approaches
appear to come to a different anatomic interpretation regard-
ing this hyperreflective band with some evidence support-
ing the inner segment/outer segment boundary and some
the ellipsoid zone. Nonetheless, the OCT ISez band is
an accepted biomarker of photoreceptor health whose
absence, for example, is predictive of outer retina degen-
eration.39,40,43–46

To examine differences in the rod energy-landscape, we
examined C57BL/6J (B6J) versus 129S6/ev (S6) mice in light
and dark conditions. B6J mice show an 11% lower reti-
nal mitochondria efficiency than S6 mice.30,47 This strain
difference is based on oxygen consumption rate measure-
ments of freshly isolated retina.30 Whole retinal mitochon-
dria efficiency has a dominant contribution from rods, the
most numerous cell type in the mouse retina.29,30,33,48–51

Also, these two strains show light versus dark patterns
in vivo in R1 MRI (a proxy for free radical production)
in the ISez identified on OCT, outer retina water content
(measured with MRI), and in ELM-RPE thickness and magni-
tude of the hyporeflective band signal intensity.29,30,32,33

Furthermore, B6J and S6 mice show distinct patterns of
sodium iodate-induced rod oxidative stress (measured with
QUEST MRI), and severity of retinal degeneration follow-
ing sodium iodate.49 Intriguingly, B6J mice lack the mito-
chondria nicotinamide nucleotide transhydrogenase (Nnt)
gene, a mutation not reported for S6 mice.47 The absence
of Nnt in B6J mice is expected to decrease ATP synthesis
efficiency with perhaps a corresponding reduction in coordi-
nated regulation of energy-dependent processes.47 All avail-
able data support the notion that S6 mice have a relatively
higher mitochondria activity than B6J mice and better regu-
lation/coordination of associated events.29,30,32,33,49

In this study, we asked how light-scattering by mito-
chondria and their aggregates within the rod inner segment
ellipsoid, which have been reported to spatially rearrange
via fusion, fission, and translocation (key events involved
with addressing bioenergetic demand), alter the ISez profile
shape as measured by OCT.40,52–55 In addition, an electron
microscopy (EM) study was performed to determine how
the number of mitochondria within distal, mid, and proxi-
mal thirds of rod inner segment ellipsoid change under light
and dark conditions.

METHODS

All mice were treated in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals, the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic
and Vision Research, and with specific authorization by
the Wayne State University Division of Laboratory Animal
Resources Institutional Animal and Care Use Committee

(IACUC). For the OCT studies performed at Wayne State
University, 2 mo male and female C57BL/6J mice (B6J;
n = 5 dark/sex, n = 5 light/sex; Jackson Laboratories, Bar
Harbor, ME, USA), and male 129S6/ev mice (S6; n = 5 dark,
n = 5 light; Taconic Laboratories, Rensselaer, NY, USA) were
housed and maintained in 12-hour/12-hour light-dark cycle
laboratory lighting. After scanning, mice were humanely
euthanized by an overdose of ketamine/xylazine followed
by cervical dislocation, per our Wayne State University Insti-
tutional Animal and Care Use Committee–approved protocol.
Data were collected from the left eye.

For the transmission EM studies performed at the Univer-
sity College London, 2 mo male B6J or S6 mice were main-
tained in 12-hour/12-hour light-dark cycle laboratory light-
ing. The eyes used were from B6J mice killed by cervical
dislocation in accordance with Home Office (United King-
dom) guidance rules under project licenses 70/8101 and
30/3268. The eyes used from S6 mice were similarly obtained
and fixed at Wayne State University and then sent to Univer-
sity College London for analysis.

Optical Coherence Tomography

Using a cross-sectional design, two-month-old male and
female B6J, and male S6 mice, were either dark-adapted
overnight and room light-adapted (∼1200 lux) for one hour
the following day, or dark-adapted overnight and stud-
ied in the dark the following day. All groups were exam-
ined in the morning (i.e., before noon) using an Envisu
UHR2210 OCT (Bioptigen, Inc., Morrisville, NC, USA). Mice
were anesthetized only once with 100 mg/kg ketamine/6
mg/kg xylazine cocktail (Sigma-Aldrich, St. Louis, MO, USA).
One percent atropine sulfate was used to dilate the iris,
and Systane Ultra was used to lubricate the eyes. From
the central retina, we collected radial volume scan with
the following parameters: A-scans/B-scans = 1000 lines;
B-scans/volume = 1000 scans; Frames/B-scan = 1 frame.
One hundred images extracted from B scan numbers 450–
549 (representing inferior-superior retina) were registered
(in-house R script). Briefly, first-pass rigid body registration
with RNiftyReg (function in R) is used to rotate the image
and interpolate signal at each pixel. Next, non-rotational
rigid-body approaches (at the level of a given row or column
of pixels) are applied three times. The 100 images are
finally compared visually as a final step before averaging.
Inferior and superior retina (±350 to 624 μm from the
optic nerve head) were separately analyzed for ISez profile
shape (i.e., OCT intensity along the length of the ISez;
ImageJ macro’s [available upon request]).56 The intensity
values used to generate the ISez shape profile are obtained
from a log-based image (default in the Bioptigen system).
Using an empirically derived equation, we compared a small
subset of images before and after converting them from
log to linear values in a preliminary study.40 Similar shapes
and standard deviations were noted suggesting that ISez
profile shape differences noted in the results would be
detected with either output (data not shown). In brief, built-
in functions within ImageJ were used to characterize the
ISez profile shape after transformation into an equivalent
ellipse with the same area, orientation, and centroid.57 More
specifically, the second-order moment of the shape profile
allows us to compute an ellipse that has the same moment,
orientation, and centroid as the profile shape. From this
ellipse, a minor/major aspect ratio was calculated and used
as an unbiased outcome index that analytically character-
izes in a single value the ISez profile shape. The processing
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FIGURE 1. Illustration of the three functional OCT biomarkers studied. (A) The first biomarker is derived from the hyperreflective portion
of the inner segment called the ellipsoid zone (ISez, consensus nomenclature) shown on a representative OCT of the outer retina of a
B6J mouse.46 The ISez is densely packed with light-scattering mitochondria; if the mitochondria change distribution or shape in response
to various cellular energy needs, one expects the light-scattering pattern to change. The relatively hyporeflective myoid zone of the inner
segment (i.e., the “ISmz”) contains mostly ribosomes, endoplasmic reticulum, and Golgi bodies.39,53 Other OCT landmarks shown are the
ELM, outer segment (OS), and retinal pigment epithelium. From the B-scan we first extract the corresponding ISez profile. Mathematically,
the second moment of this profile is described as an ellipse of the same area, centroid, and orientation as the profile (smaller right) to
generate an output shape biomarker and minor/major aspect ratio; note here the light-dark ellipses have the same area scaling factor but
that factor is reduced from that of the profiles for illustrations purposes. No baseline subtraction was performed. (B) Example of mean ISez
profiles from light (n = 5) or dark (n = 5) male B6J mice illustrating the shape change on OCT (top row) and in corresponding ellipses
(bottom row). Statistical analyses of the ISez aspect ratio values are shown in Figure 2. (C) Two other OCT-based rod energy-landscape
biomarkers evaluated in this study are the ELM-RPE thickness (white vertical double-headed arrows) and magnitude of the hyporeflective
band signal intensity (red arrow); example images from B6J (top) and S6 (bottom) are shown. Compared to the smaller energy demand
condition of light, dark (higher energy condition) is associated with the ISez aspect ratio becoming rounder, the ELM-RPE region thinning,
and a reduction in the magnitude of the hyporeflective band signal intensity.33

flow steps for generating the ISez aspect ratio are outlined
in Figure 1A.

The other two biomarkers evaluated (i.e., ELM-RPE thick-
ness and magnitude of the hyporeflective band signal inten-
sity, illustrated in Fig. 1C) were generated from in-house R
scripts that objectively extracted layer boundaries obtained
after searching the space provided by a hand-drawn esti-
mate (“seed boundaries”). The ELM and RPE are initially
identified by local signal maxima and the R script deter-
mines the ELM-RPE thickness by calculating the distance
from ELM to the basal side of the RPE at the level of
Bruch’s membrane.57–59 The magnitude of the hyporeflective
band signal intensity is calculated as previously described
by analyzing profile contours spanning the RPE and outer
segment tips: A straight line is drawn between the RPE and
the outer segment tip portions of the profile (intersecting
only one point on each side of hyporeflective band), and
the largest departure from that line is the magnitude of the
hyporeflective band signal intensity; the magnitude of this
signal “dip” is presented herein.29,33,60

Transmission Electron Microscopy

S6 (n = 3) or B6J (n = 3) mice were dark adapted overnight,
and S6 (n = 3) or B6J (n = 3) followed the normal light/dark
cycle (light). The following morning, in the dark, under red
light or after a one-hour light adaptation, mouse eyes were

removed and placed straight into fixative (2% paraformalde-
hyde/2% glutaraldehyde in 0.15 M cacodylate buffer) for
one hour at room temperature. After this time, eyes were
washed in 0.1M cacodylate buffer, the cornea was carefully
cut away, and the lens was removed before fixing for a
further hour at room temperature. All B6J mouse eyes were
prepared for transmission electron microscopy as follows.61

Eyes were incubated in undiluted UA-Zero (Agar) for two
hours after incubation with 1% osmium tetroxide/1% potas-
sium ferrocyanide to provide en bloc staining. All S6 eyes
were prepared using a similar method that included addi-
tional en bloc staining steps. The reason for the variation
in staining method was that these sample were originally
prepared with the aim to use them for 3D serial block face
scanning microscopy that requires high sample contrast.
This includes an additional osmium tetroxide step and
en bloc staining with thiocarbohydrazide solution, uranyl
acetate (instead of UA-zero) and lead citrate (https://ncmir.
ucsd.edu/sbem-protocol). This variation in sample staining
should not affect positioning of organelles as has been
shown in studies using correlative light electron microscopy,
where fluorescently labeled organelles remain in the same
position in EM samples prepared using the same high-
contrasted method.62,63 For all samples, ∼100 nm–thick
sections were cut and imaged using a JEOL 1400+ trans-
mission EM equipped with a Gatan Orius SC1000B charge-
coupled device camera. For each strain, 15 inner segments

https://ncmir.ucsd.edu/sbem-protocol
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were examined from dark-adapted (n = 3) and one-hour
light-adapted (n = 3) mice. Measurements of the mito-
chondria position within inner segments were performed in
ImageJ using a macro written to divide only the ISez into
three equal regions (distal, mid, and proximal).56

Statistical Analysis

Data are presented as mean and 95% confidence intervals.
A significance level of 0.05 was used for all tests. For each
mouse, we first averaged ELM-RPE thickness measured ±
350 to 624 μm from the optic nerve head. We used the
same modeling strategy for all outcomes (ISez aspect ratio
shape, ELM-RPE thickness, and magnitude of the hyporeflec-
tive band signal intensity). A linear mixed model was used
that included the fixed effects of light/dark, side (inferior
vs. superior), group (B6J male, B6J female, and S6 male),
all interactions, and a random intercept for mouse within
light versus dark (i.e., the light condition) and group. We
evaluated whether residual variances depended on light
condition or group using the Akaike and Schwarz Bayesian
information criteria (AIC and BIC). None of the outcomes
showed a decrease in either AIC or BIC greater than 10
leading us to assume the residual variance was constant
across both light condition and group. We used Kenward-
Roger degrees of freedom in testing all fixed effects for these

models. These models were fit using Proc Mixed in SAS/STAT
v15.1 (2016).

The number of mitochondria within a region for the
electron microscopy data was analyzed using a general-
ized linear mixed model that included the fixed effects
of light condition, strain (B6J vs. S6), region and the
light condition/strain/region interaction, and random inter-
cepts for mouse within light condition/strain, image within
mouse/light condition/strain, and inner segment ellipsoid
within image/mouse/light condition/strain. The model used
a log link and the Poisson distribution. The log of the mito-
chondrial width within strain was analyzed using a linear
mixed model that included the fixed effects of light condi-
tion, strain and the light condition/strain interaction, random
intercepts for mouse within light condition/strain, and image
within mouse/light condition/strain. For all models, higher-
order interactions were evaluated first and removed if
not significant until all interactions included in the model
were either significant or removed from the model. Linear
contrasts were used to compare groups.

RESULTS

Rod ISez Aspect Ratio

A representative example from light- or dark-adapted B6J
mice illustrates the visibly apparent change in rod ISez

FIGURE 2. Higher energy demands in the dark are associated with a greater (i.e., rounder) ISez aspect ratio and lower energy demands in
the light with a smaller (i.e., more elliptical) ISez aspect ratio in B6J versus S6 mice. Summary of (A) B6J and (B) S6 ISez for light versus
dark male mice on the superior retina (inferior results are shown in Supplementary Figure S1). Comparisons of B6J and S6 ISez for (C) light
and (D) dark mice. All groups n = 5, mean ± 95% confidence interval. Black horizontal bar: P < 0.05.
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FIGURE 3. Greater energy demands in the dark are associated with
a thinner ELM-RPE compared to that in the light. Summary of (A)
B6J and B) S6 ELM-RPE thickness for light versus dark male mice
on the superior retina (inferior results are shown in Supplementary
Figure S2). All groups n = 5, mean ± 95% confidence interval. Black
horizontal bar: P < 0.05.

FIGURE 4. Greater energy demands in the dark are associated with
a smaller magnitude of the hyporeflective band signal intensity than
in the light.17–20 Summary of (A) magnitude of the hyporeflective
band signal intensity for light versus dark in male B6J mice on the
superior retina (inferior results are shown in Supplementary Figure
S3). All groups n = 5, mean ± 95% confidence interval. Black hori-
zontal bar: P < 0.05. (B) No measurable magnitude of the hypore-
flective band signal intensity was noted for S6 mice, consistent with
a higher mitochondria efficiency in this strain versus that in B6J
mice.30

profile shape and corresponding ellipses (Fig. 1B). Analyt-
ically, the difference in ISez aspect ratio is significant (P
< 0.05) in light and dark male B6J mice on the superior
(Fig. 2) and inferior (Supplementary Fig. S1) retina; similar
results were also found in female B6J mice (Supplementary
Fig. S1). In contrast, male S6 mice show neither inferior nor
superior rod ISez aspect ratio light versus dark differences
(Fig. 2). In light-adapted male B6J and S6 mice, the ISez
aspect ratio were different on superior and inferior sides (P
< 0.05); however, in dark-adapted mice, a strain difference
(P < 0.05) was found on the superior side (Fig. 2), but not
the inferior side (Supplementary Fig. S1).

Rod ELM-RPE Thickness and Magnitude of the
Hyporeflective Band Signal Intensity

As expected, dark-adapted male B6J mice showed significant
(P < 0.05) thinning of superior and inferior central ELM-RPE
(Fig. 3, previously confirmed with microstructure measure-
ments such as histology and diffusion MRI.22,27,64,65), and a
smaller magnitude of the hyporeflective band signal inten-
sity (Fig. 4) compared to that than in the light; similar
results were also found in female B6J mice (Supplemen-
tary Fig. S2).21 Although male S6 mice showed light versus
dark thinning of the ELM-RPE, the extent of thinning was, as

expected, significantly less than that for B6J mice (Fig. 3).30

In male S6 mice, no discernable “dip” from baseline (a
straight line drawn between the RPE and the outer segment
tip portions of the profile) was measured so the magnitude
of the hyporeflective band signal intensity was considered
undetectable, a result that agreed with prior data collected
from male S6 mice.29,33 For completeness, we present the
thicknesses of the other retinal layers between light and dark
conditions (Supplementary Figs. S4 and S5).

Electron Microscopy Evaluation of Rod Inner
Segment Ellipsoid Mitochondria Numbers

A difference in rod inner segment ellipsoid mitochondria
distribution was detected between B6J mice that had been
dark-adapted and those exposed to one hour of light (Fig. 5).
Dark-adapted mice had a significantly greater number of
mitochondria within the distal IS, whereas one hour of light
exposure led to more mitochondria in the proximal IS. In
contrast, S6 mice did not show a difference in distal, mid,
and proximal inner segment ellipsoid mitochondria numbers
between dark and light conditions (Fig. 5). Furthermore, in
distal and proximal inner segment ellipsoid, there are more
mitochondria in S6 than in B6J mice in light and dark (Fig. 5).
The width of inner segment ellipsoid mitochondria was also
compared from dark and light B6J and S6 mice; no strain
difference in the ratio of dark to light values was found
(B6J, 1.022 [0.929–1.124]; S6, 0.988 [0.898–1.086]; mean [95%
lower confidence interval (LCI)–95% upper confidence inter-
val (UCI)]).

DISCUSSION

In this study, dark-light changes in the OCT rod ISez profile
shape (as measured by the aspect ratio) are reported for
the first time. Our data indicate a change in shape of the
ISez that was correlated with rod energy demand. First, the
higher energy configuration expected for dark-adapted B6J
mice showed a greater ISez aspect ratio whereas the lower
energy configuration of the light-adapted B6J mice showed
a smaller ISez AR.18–20,66 Second, the different ISez aspect
ratio for light-adapted B6J and S6 mice mirrored the reported
strain-dependent differences in mitochondrial activity
and injury vulnerability detailed in several publications
(Fig. 3).29,30,32,33,49 As a consequence of the higher ISez
aspect ratio in light-adapted S6 mice, no dark-light changes
in ISez aspect ratio were found. Third, S6 rod inner segment
ellipsoid contained more mitochondria than that in B6J mice,
as measured by EM, a finding that was reflected in the
OCT ISez aspect ratio (Figs. 2 and 5). In this initial study,
only male S6 mice were studied because no evidence was
noted for a sex difference in the functional ISez aspect
ratio response in B6J mice. In this study, we introduce the
aspect ratio as a useful approach for characterizing func-
tional changes in the ISez profile shape; more work is
needed to determine whether the aspect ratio is an optimal
shape descriptor of the ISez profile.

The spatial distribution of mitochondria is linked to its
ability to meet a cells energy needs although it may not be
the only factor.67,68 For example, factors such as the number
of mitochondria–plasma membrane contacts between adja-
cent photoreceptor cells likely also contribute to this
goal.69 To help interpret the B6J versus S6 differences in
functional ISez aspect ratio response in terms of rod bioen-
ergetics, we evaluated two other energy-dependent OCT
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FIGURE 5. B6J versus S6 mice rod inner segment ellipsoid mitochondria distribution and number measured by EM. (A) Electron microscopy
images of representative rod inner segment ellipsoid (yellow) and mitochondria (purple) in one-hour light versus dark B6J (left two panels)
versus S6 (right two panels) mice. The distal inner segment ellipsoid is identified by the presence of outer segments (OS). (B) Quantification
of mitochondrial number within each third region-of-interest within the inner segment ellipsoid in light versus dark (top row) and between
B6J (black bars) and S6 (blue bars) mice for each light condition (bottom row). Horizontal black line: P < 0.05, 95% confidence interval
measured from light (n = 3/strain), dark (n = 3/strain), 15 inner segment ellipsoid/mouse/strain.

biomarkers in the outer retina, namely the ELM-RPE thick-
ness and magnitude of the hyporeflective band signal inten-
sity between the photoreceptor tips and apical RPE.21,33 In
the dark the ELM-RPE is thinner than in the light.20,24–26

The signaling pathway regulating this physiology is well
established.22,23,30,64,70,71 Briefly, with dark-adaptation, rod
cGMP accumulates in the outer segment to maintain persis-
tently open cyclic nucleotide-gated channels, an event that
depolarizes the rod membrane and increases ion pump-
ing/mitochondrial energy use for the dark current compared
to light-adaptation.22–28 Increased mitochondrial activity in
the dark also produces more lactate, CO2, and waste water,
which acidifies the subretinal space and triggers an increase
in apical RPE co-transporter–based water removal with
concomitant shrinkage of the ELM-RPE region.21 Our other
biomarker, the magnitude of the hyporeflective band signal
intensity, also decreases in the dark compared to the light
and is correlated with ELM-RPE changes, but unlike the ELM-
RPE, the magnitude of the hyporeflective band signal inten-
sity was pH independent.33

In B6J mice, in the dark/light, we found a larger/smaller
ISez aspect ratio, respectively, together with associated
thinner/thicker ELM-RPE and smaller/larger magnitude of
the hyporeflective band signal intensity. When our three
biomarker results are considered together, they are consis-
tent with a higher energy state in the dark and a lower
energy state in the light. In contrast, the retina of S6 mice,
which are reported to operate at a higher mitochondria effi-
cacy relative to that in B6J mice, showed rod ISez aspect
ratio’s that were similarly high in dark and light, with a
smaller ELM-RPE thickness difference.29,33,48–50,72 These data
underscore the usefulness of measuring the ISez aspect
ratio together with ELM-RPE thickness and magnitude of
the hyporeflective band signal intensity in wildtype mice

for evaluating the rod energy-landscape. Further testing of
the usefulness of our three biomarkers in disease models in
ongoing.

Here, we also began to test whether changes in rod ISez
aspect ratio reflect the spatial distribution of the rod inner
segment ellipsoid mitochondria, which can scatter light and
act as a source of OCT reflectivity.52,55 First-time evidence
was found that the number of mitochondria within different
thirds of the rod inner segment ellipsoid change as a func-
tion of dark-light conditions in B6J but not S6 mice (Fig. 5).
These data suggest movement of mitochondria toward the
distal inner segment ellipsoid under high energy demand
conditions in B6J mice as a potential compensatory mecha-
nism for its less efficient mitochondria compared to that in
S6 mice.29,30,32,33,49 Intriguingly, the greater number of rod
inner segment ellipsoid mitochondria in S6 versus B6J mice
is in-line with the higher OCT ISez aspect ratio values in
light-adapted S6 versus B6J mice (Fig. 2). Further studies are
warranted into rod mitochondria dynamics within the inner
segment ellipsoid and their link to the OCT ISez aspect ratio
because impairment in mitochondria spatial rearrangements
are believed to play a pathogenic role in the development
of neurodegenerative diseases of rod photoreceptors.73–76

In future studies, the addition of other in vivo biomark-
ers may further clarify how well the inner segment ellip-
soid mitochondria are performing.18,30,77 For example, it
is possible to evaluate mitochondria activity based on a
proxy for the production of free radicals from rod mitochon-
dria in this region.78 Free radicals are inherently paramag-
netic, and their production can be monitored by measuring
the MRI spin-lattice relaxation rate (R1 [=1/T1]) from the
ISez (calibrated against OCT) in vivo during dark and light
conditions.50,79 R1 MRI can also map rod ISez mitochon-
dria oxidative stress, an important component of the energy-
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landscape, by comparing localized R1 values obtained
before and after administration of antioxidants (i.e., a QUEST
protocol) in dark versus light conditions.48,80 Also, evaluat-
ing ex vivo biomarkers, such as oxygen consumption rate,
can provide further insight into the health of the rod mito-
chondria.18,30,77

In summary, this study identifies, for the first time,
energy-dependent changes in the ISez shape profile and
inner segment ellipsoid mitochondria distribution noted on
EM. These results support future studies of the OCT-based
rod ISez aspect ratio as a novel biomarker of mitochon-
dria correlated to its activity (e.g., its dynamics and oxygen
consumption rate). We anticipate that the shape of the ISez
may also be a useful proxy of the cone energy-landscape,
in, for example, the human fovea. This might be possible
because in zebrafish, the cone inner segment ellipsoid shows
a change in the spatial distribution of mitochondria with
dark-light conditions.81 Also, in humans, cone mitochon-
dria can shrink, as well as translocate, during age-related
macular degeneration, a disease suggested to have an impor-
tant contribution from mitochondria.55,82 In any event, more
work is also needed on the image analysis-side (e.g., deriv-
ing ISez shape profiles from log vs. linear-based images, and
whether normalization is needed), as well as on the physiol-
ogy side (e.g., whether ISez changes with time of day, anes-
thesia, length of light exposure, aging, disease, and treat-
ment).29,30,32,33,49 The results of this study raise the possibil-
ity of future application of rod ISez profile shape to evalu-
ate inner segment ellipsoid mitochondria activity in vivo in
mitochondria-based diseases of the retina, such as diabetic
retinopathy, as well as in primary mitochondria morbidities,
such as Alzheimer’s disease.82,83
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