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PURPOSE. To test the hypothesis that rod energy biomarkers in light and dark are similar
in mice without functional rod transducin (Gnat1rd17).

METHODS. Gnat1rd17 and wildtype (WT) mice were studied in canonically low energy
demand (light) and high energy demand (dark) conditions. We measured rod inner
segment ellipsoid zone (ISez) profile shape, external limiting membrane–retinal pigment
epithelium (ELM-RPE) thickness, and magnitude of a hyporeflective band (HB) intensity
dip located between photoreceptor tips and apical RPE; antioxidants were given in a
subset of mice. Oxygen consumption rate (OCR) and visual performance indexes were
also measured.

RESULTS. The lower energy demand expected in light-adapted wildtype retinas was asso-
ciated with an elongated ISez, thicker ELM-RPE, and higher HB magnitude, and lower
OCR compared to high energy demand conditions in the dark. Gnat1rd17 mice showed a
wildtype-like ISez profile shape at 20 minutes of light that became rounder at 60 minutes;
at both times, ELM-RPE was smaller than wildtype values, and the HB magnitude was
unmeasurable. OCR was higher than in the dark. Light-adapted Gnat1rd17 mice biomark-
ers were unaffected by anti-oxidants. Gnat1rd17 mice showed modest outer nuclear layer
thinning and no reduction in visual performance indexes.

CONCLUSIONS. Light-stimulated changes in all biomarkers in WT mice are consistent with
the established light-induced decrease in net energy demand. In contrast, biomarker
changes in Gnat1rd17 mice raise the possibility that light increases net energy demand in
the absence of rod phototransduction.
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The GNAT1 gene encodes for the α subunit of trans-
ducin 1, a key component of rod photoreceptor cell

phototransduction.1,2 Mutations in GNAT1, such as Intron
4 deletion leading to Tyr150*, prevent G-protein activation
and cause rod photoreceptor degeneration in humans as
a form of retinitis pigmentosa, a condition reproduced in
mice with similar mutations (e.g., Gnat1rd17; see http://www.
informatics.jax.org/allele/MGI:3707708 for more details).1–9

We reasoned that because transducin 1 loss-of-function
prevents rod phototransduction, the rod energy demands
in light-adapted mice may resemble that in dark-adapted
mice. On the other hand, Gnat1rd17 mice exhibit a mild rod
photoreceptor degeneration.4,10–15 Rod mitochondria activ-

ity can chronically decrease or increase in rod degeneration
models with different mutations, and it is unclear how the
rod energy ecosystem changes in the Gnat1rd17 mice.15–21

Given the clinical relevance of Gnat1rd17 mice, we asked
whether there is biomarker evidence for rod mitochon-
dria under- or overperforming, conditions likely requiring
different treatment strategies to mitigate their rod degener-
ation.1–9

Currently, it is difficult to evaluate mitochondria activity
in vivo using conventional functional imaging modalities,
such as magnetic resonance imaging (MRI) or positron emis-
sion tomography.22–25 Optical coherence tomography (OCT)
offers a potential solution to this problem. For example,
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the profile shape of a hyperreflective band in the outer retina
(also called “band 2”) immediately posterior to the external
limiting membrane (ELM), a feature that is easily identified
with commercial clinical and animal OCT systems. Band 2
has been called the inner segment ellipsoid zone (ISez) in a
consensus clinical lexicon with a body of supporting litera-
ture.26–29 Our studies have found agreement between light-
dark mitochondria distribution within the inner segment
ellipsoid measured from electron microscopy and OCT in
wildtype mice with different mitochondria activity.23 Based
on these data, and the fact that mitochondria scatter light,
we interpret the ISez profile shape as a functional biomarker
of rod mitochondria spatial arrangements; for a possi-
ble alternative interpretation of band 2, see Discussion
(below). In addition, we also measure the thickness of
the ELM to the retinal pigment epithelium (RPE) region,
which decades of research have shown to be modulated by
mitochondrial-driven/pH-triggered/RPE-water removal from
the subretinal space; changes in ELM-RPE thickness have
been reported in animal models and in humans for both rods
and cones.23,24,30–54 A less understood index is the signal
magnitude of a hyporeflective band (HB) between the tips of
the photoreceptors and apical RPE. The HBmagnitude refers
to the absolute value of the peak reflectance amplitude from
baseline drawn between the photoreceptor tips and RPE
layer; the HB has arbitrary units as indicated on the y-axis
as “a.u.” The HB index shows energy-dependent changes
that are correlated with ELM-RPE changes in control mice
but does not seem to be triggered by pH changes.24 Agree-
ment between these OCT energy biomarkers and direct read-
outs of metabolic activity, including ATP levels, has been
found.24,30–34

In this study, we examined Gnat1rd17 mice at two months
of age, a time when there is little reported histologic
evidence for retinal degeneration in fixed tissue; at six
months of age and older, progressive histologic loss of
rod cells occurs.3,55 However, it is unclear whether there
is evidence in vivo for rod loss or dysfunction earlier
than six months. Here we use analytic OCT approaches to
test this notion. Cone-based visual performance was tested
by optokinetic tracking, which is also sensitive to outer
retina dysfunction.56–58 Although not studied herein, we note
that retinas without rod transducin 1 α-subunit (Gnat1−/−)
exhibit oxidative stress, a condition that can modify pH
and has been shown to induce ELM-RPE thinning in light-
adapted mice.31,59,60 In this study, we compared the three
OCT biomarkers in Gnat1rd17 mice given saline solution or
antioxidants (i.e., QUEnch-assiSTed [QUEST] OCT).60 Finally,
as an independent test of the OCT bioenergy biomarker
results, measurements of the O2 consumption rate (OCR)
were performed as a conventional reporter of the oxidative
biochemical activities in mitochondria that release energy
from fuels.

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 and University of Washing-
ton Division of Laboratory Animal Resources Institutional
Animal and Care Use Committees (IACUC). For all stud-
ies, two-month-old wildtype and Gnat1rd17 C57BL/6J mice

(JAX:000664 and 008811, respectively; Jackson Laborato-
ries, Bar Harbor, ME, USA) were housed and maintained
in 12-hour:12-hour light/dark cycle laboratory lighting. At
Wayne State University mice were humanely euthanized by
an overdose of ketamine/xylazine followed by cervical dislo-
cation, per an IACUC-approved protocol. At the University of
Washington, mice for OCR measurements were euthanized
by awake cervical dislocation following an IACUC-approved
protocol.

Optokinetic Tracking

Using optokinetic tracking (OKT), two visual performance
index were evaluated from freely moving mice: spatial
frequency thresholds (SFT, “acuity,” in cycles/deg [c/d]) and
contrast sensitivity, measured at the peak of the nominal
curve [0.06 cycles/deg], inverse Michelson contrast [unitless])
(OptoMotry; CerebralMechanics, Inc., Alberta, Canada), an
established method.61–63 In our laboratory, acuity and peak
of contrast sensitivity for each mouse was measured over
a 30-minute time period; in our experience, mice tend to
be uncooperative in the afternoon, so OKT was performed
before noon. Given the similarity in OCT results between
male and female mice (Supplemental Figs. S2, S4), OKT
studies were limited to male wildtype and Gnat1rd17 mice.
Note that OKT has no spatial resolution, and its response
is strongly weighted toward those parts of the retina with
more cones. Although there is widespread distribution of
cones with M- and S-opsin (with modest heterogeneity), loss
of function of either, or both, would be expected to decrease
visual performance indices.64,65

OCT

Using a cross-sectional design, mice were first dark-adapted
overnight and then either room light-adapted for 20 minutes
or 60 minutes the following day before imaging, or dark-
adapted overnight and studied in the dark the following
day. The 60-minute time was chosen because it produces
a large ISez profile shape difference between light and dark
conditions in wildtype C57BL/6J mice (data not shown).23 To
compare to the 20-minute time point of the OCR experiment,
OCT studies were repeated at a 20-minute time point. As
noted below, at longer times, OCR studies of ex vivo retina
without RPE are expected to prevent rhodopsin regenera-
tion and not best represent in vivo conditions; although not
germane to the present study, we note that functional OCT
studies that occur on a time scale of seconds or shorter are
reported to measure small deformations in individual cone
photoreceptor cells because of isomerization of photopig-
ment and thus do not involve the RPE.66–68 Examinations
were performed before noon with an Envisu UHR2200 OCT
(Bioptigen) which has an axial resolution of 1.8 μm. Anes-
thesia with ketamine (100 mg/kg) and xylazine (6 mg/kg)
(Sigma-Aldrich, St. Louis, MO, USA), pupillary dilation (1%
atropine sulfate) was administered 15 minutes before OCT
examination, and corneal hydration (Systane Ultra) was
performed as described previously. Our acquisition param-
eters are radial volume scan, A-scans/B-scans = 1000 lines;
B-scans/volume = 1000 scans; Frames/B-scan = 1 frame.
B scan numbers 450 to 549 representing inferior-superior
central retina sampled out to 624 μm from the optic nerve
head, were extracted, and these 100 images were registered
and averaged using an R script (summarized in Fig. 1).56
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FIGURE 1. Image preparation pipeline. (A) A single inferior-superior central retina slice versus (B) 100 such slices extracted from the radial
scans, registered, and averaged demonstrating improved signal-to-noise. (C) Example of estimated laminar boundaries and optic nerve head
identification used as input to an R script that will produced a final (D) flattened and segmented image (alternating red and blue lines used
for clarity). Note only the information for regions between 350 and 624 μm were used for further analysis (non-analyzed regions blacked
out). RFNL/GCL, retinal nerve fiber layer/ganglion cell layer; IPL, inner plexiform layer; INL + OPL, inner nuclear layer + outer plexiform
layer.

Layers were segmented by first estimating boundaries,
either manually or from a machine learning model-based
computer program. The machine learning model was a U-net
convolutional neural network trained using the “dice loss”
function and the Adam optimizer (learning rate = 0.001),
with 665 previously labeled images for training and 166
and 356 images for validation and testing, respectively.69 To
improve the model’s performance, its predictions were post-
processed by applying a shortest-path algorithm.70 From
either the manually drawn or model-based estimates, the
segmentation estimates were then processed with another R
script to segment the image and extract the output indexes
described below. In a representative example, we entered
the same OCT data after either manual or model-based
boundary estimates into the R script; the output for all
three biomarkers were nearly identical showing support for
use of either estimate (Supplemental Fig. S1). A represen-
tative image and set of axial reflectance profiles are shown
in Figure 2. The intensity values used to generate the ISez
shape profile are measured from a log-based image with a
16-bit depth (default in the Bioptigen system); our prelimi-
nary analysis suggested that both scales generate, for exam-
ple, similar ISez profile shapes and standard deviations.23

Inferior and superior retina (350 to 624 μm from the optic
nerve head on the inferior and superior sides) were each
analyzed; starting at 350 μm ensured that our data were
analyzed away from the optic nerve head, where the outer
retina is relatively uniform in all OCT data (Fig. 1). After
estimating the boundaries, we run an in-house–generated R
script that generates several key outputs: (1) a spreadsheet
of distances from the optic nerve head and layer thickness,
(2) an “RAS” (short for registered and stretched) image that
has been spatially normalized (stretched) to align layers. The
R code uses fiduciary points to do this. The program assigns
12 points from −30 μm to 0 μm from the choroid to the

RPE (inclusive of lower value and upper, all others are inclu-
sive of upper value only, so the next line starts one step
beyond RPE, and lands on ELM); assigns 38 points to the
RPE-ELM span; assigns 36 points to the ELM–outer nuclear
layer (ONL)/outer plexiform layer (OPL span; assigns 36
points to the ONL/OPL − INL + inner plexiform layer (IPL)
span; assigns 50 points to the INL + IPL − RNFL/GCL span;
assigns 18 points to the RNFL/GCL − retina/vitreous border
span; and assigns 10 points from the retina/vitreous border
to 30 μm into the vitreous. Together, there are 200 points
that slightly over-represent the outer retina span the region
of interest. (3) An R output that generates a spreadsheet
containing the HB magnitude. An additional output image
that was not stretched, referred herein as an NS image, is
also generated in which only the basal aspect of the RPE is
aligned without stretching the image; this image is used to
generate the transretinal A-line profiles shown in the figures.

The advantage of using the RAS format is that the ISez is
positioned in the same place for each image; in preliminary
studies in wildtype mice, agreement was found between
RAS-based ISez profile shape and those calculated from NS
images; it is possible that in models with a large extent of
rod loss, the ISez aspect ratio using RAS and NS images will
be somewhat different (not shown). To generate the ISez
profile shape, the RAS image is resized to a width of 100
pixels and a height of 259 pixels using a bilinear interpo-
lation; signal intensity is also set to a fixed value (ImageJ
macro). A fixed size region-of-interest is then positioned to
span 350 to 624 μm from the optic nerve head on the infe-
rior or superior sides using two separate ImageJ macros
(Fig. 1). These steps are performed to take advantage of
a built-in function within ImageJ (“Plot lanes”) for draw-
ing profiles. Next, a baseline is hand drawn and the wand
feature used to define the ISez region of interest. The shape
of this ISez is then summarized using the “Fit Ellipse” option.
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FIGURE 2. Comparative OCT B-scans and corresponding A-line profiles from both strains under light/dark conditions. (A) Representative
OCT of inferior outer retina for light-dark wildtype and Gnat1rd17 mice. Green arrow: direction of A-line profiles in B). (B) Average superior
A-line profiles from images shown in A) for 60 minute light-adapted wildtype (n = 5 per condition; top) and a Gnat1rd17 (n = 5 per
condition; bottom) mice; zoomed-in region of the dark wildtype data is shown in the black box to illustrate the smaller HB magnitude.
The ISez (pink), ELM-RPE (blue), and HB (red) indexes are shown. The light-adapted Gnat1rd17 mouse has a visably rounder ISez, thinning
of its ELM-RPE region, and no discernable HB signal compared to the light-adapted wildtype mouse; together these biomarkers raise the
possibility of a higher energy demand condition in Gnat1rd17 rod mitochondria; other interpretations are possible (see Discussion). No
upsampling/zero-filling is used for the A-line profiles.

In the results window, the value under the column marked
“round” is the minor/major aspect ratio for the fitted ellipse.
The ISez profile shape (i.e., OCT signal magnitude along the
length of the ISez [illustrated in Fig. 2B] was extracted using
ImageJ macros).71 The magnitude values used to generate
the ISez shape profile are from the Bioptigen system.23 The
ISez profile shape was converted into an ellipse with the
same area and its minor/major aspect ratio determined; this
process is described here https://imagej.nih.gov/ij/source/
ij/process/EllipseFitter.java and more formally in the liter-
ature.72 In this study, we chose to use the best-fit ellipse
aspect ratio, a commonly used shape descriptor; whether it
is an optimal shape description for the ISez profile shape is
not yet clear.72

As summarized in Figure 2, two other biomarkers (i.e.,
ELM-RPE thickness and magnitude of the HB signal inten-
sity; described in detail elsewhere and summarized in
Fig. 2B) were generated from in-house R scripts, as previ-
ously described.25,73–75 A straight line is drawn between the
RPE and the outer segment tip portions of the profile (inter-
secting only one point on each side of HB) and the largest
departure from that line is the magnitude of the HB signal
magnitude (i.e., the absolute value of the signal intensity dip
from baseline; see Fig. 2); more work is needed to determine
whether other approaches for calculating the HB magnitude
provide any additional benefits.13,24,32

QUEST OCT was performed as follows. Methylene blue
was given IP 24 hours before OCT and is an alternate
electron transporter that effectively suppresses generation
of superoxide; α-lipoic acid was given one hour before

OCT as a potent free radical neutralizer; both are approved
by the Food and Drug Administration and have been
shown to be useful in several QUEST studies.14,60,76–79

Please note that freeware R scripts and ImageJ macros for
all of the above procedures are provided as Supplemen-
tal Material 2 (available here https://github.com/baberko/
Supplemental-material-2).

Ex Vivo OCR Measurements

OCR rate measurements with isolated retina are a conven-
tional assay for evaluating retinal metabolic activity.15,33,80–83

OCR is thus helpful as a discovery/companion assay but
naturally comes with limitations for applicability to the in
vivo situation (see Discussion). Female mice seven to 11
weeks old were dark-adapted overnight. All procedures
were carried out in the complete absence of visible light
using night vision goggles and infrared illumination. The
mice were euthanized by awake cervical dislocation. Intact
retinas were isolated from each euthanized mouse imme-
diately. The retinas were incubated in Krebs-Ringer bicar-
bonate buffer (KRB) supplemented with 5 mM glucose and
pre-equilibrated at 37°C and 5% CO2. We used a custom-
built perifusion flow-culture system to measure OCR.82 Reti-
nas had Cytopore beads (Amersham Biosciences, Piscatawy,
NJ, USA) and porous frits above and below them in
chambers that were perifused with KRB supplemented
with 5 mM glucose, 1× Antibiotic-Antimycotic (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), and 1
mg/mL bovine serum albumin. KRB was equilibrated to

https://imagej.nih.gov/ij/source/ij/process/EllipseFitter.java
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a gas mixture of 21% O2, 5% CO2, and 74% N2 using
an artificial lung. Tissue was equilibrated in the system
90 minutes before acquiring OCR data. Outflow media
flowed past a thin layer of O2-sensitive polymerized Pt(II)
Meso-tetra(pentafluorophenyl)porphine dye (PtT975; Fron-
tier Scientific, Logan, UT, USA) painted on the inner glass
wall of the chamber. A 405 nm light pulse stimulated the
dye to emit a phosphorescent signal detected at 650 nm.
The light source was isolated from the chamber so that it
could not stimulate the retina. The decay lifetime of the dye
depends on O2 tension. We determined OCR from the flow
rate along with the quantitative relationship between dye
phosphorescent decay and O2 concentration.84 There were
4 whole retinas in each chamber (a single replicate) with
a flow rate of 80 to 85 uL/min; 290 lux was measured at
the surface of the sample chamber. The zero OCR base-
line for calibration was determined by adding 3 mM KCN
to inhibit complex IV activity. This value was subtracted to
eliminate any residual non-mitochondrial O2 consumption.
Finally, fractional OCR is calculated by dividing individual
OCR values over time by the average value of the baseline
before the start of the experimental conditions so that the
baseline is equal to 1 and all other values are a fraction of the
baseline. Given the similarity in OCT results between male
and female mice (Supplemental Figs. S2, S4), OCR studies
were limited herein to female wildtype and Gnat1rd17 mice.

Statistical Analysis

Data are presented as mean and 95% confidence intervals.
All outcomes (OKT, ISez aspect ratio, hyporeflective band
magnitude, OCT layer thickness, and fractional OCR) had
repeated measures for each mouse. As such, we used mixed
models to analyze all outcomes using the Kenward-Roger
method for calculating degrees of freedom in either PROC
MIXED or PROC GLIMMIX of SAS/STAT software. We used
linear contrasts for all comparisons based on the final model.
A significance level of 0.05 was used for most tests, with
interactions being tested using a significance level of 0.10
because of these tests having less power. 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. Overall,
within-mouse variation in these profiles is small relative to
the between-mouse variation in profiles. Hence, we elect to
analyze averages.

For OKT, SFT and contrast sensitivity were analyzed simi-
larly, but assuming different data distributions. We assumed
that SFT was normally distributed, and we used a gamma-
link in a generalized linear mixed model for contrast sensi-
tivity. For both measurements, the initial model included the
fixed effects of strain (WT and Gnat1rd17), rotation (CW and
CCW), a strain by rotation interaction, and a random inter-
cept for mouse nested within strain. The models were fit
using PROC GLIMMIX.

We used the same modeling strategy for ISez aspect
ratio shape, OCT retinal layer thickness, and magnitude
of hyporeflective band magnitude. Before fitting the OCT
models, we first averaged thickness measured 350 to 624
μm from the optic nerve head on either side for each
mouse within each layer (ELM-RPE, ONL, INL + OPL, IPL,
and RNFL). For 60-minute light-adapted mice, the models
included the fixed effects of light condition (light vs. dark),
side (inferior vs. superior), strain (WT vs. Gnat1rd17), sex
(male vs. female), all interactions, and a random intercept

for mouse within light condition, strain, and sex. Because
only male mice were included in the 20-minute light-adapted
study, the models included the fixed effects of light condi-
tion, side, strain, all interactions, and a random intercept
for mouse within light condition and strain. We evaluated
whether residual variances depended on light condition,
strain, or sex (if applicable) 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 light condition, strain, and sex. We used
Tukey’s honestly significant difference to adjust for multiple
comparisons among all strain/light condition groups. The
models were fit using PROC MIXED.

Fractional OCR was measured over time resulting in an
OCR profile. We used restricted cubic splines to model
and compare mouse-specific profiles between strains. This
method fits separate cubic regressions within a set number
of “windows” with the boundaries of the windows deter-
mined by knot locations, and the lines in adjacent windows
constrained to be continuous across windows. The number
of windows with a relationship between outcome and time
(i.e., knots) was initially evaluated separately for each strain
(WT and Gnat1rd17) using AIC and BIC to identify the
model with the fewest knots needed to model each strain.
Random coefficients for the intercept and time-specific coef-
ficients (cubic spline coefficients) with mouse nested within
strain were also evaluated using AIC and BIC. We used an
unstructured covariance matrix for the random coefficients
to account for associations in spline coefficients because of
subject-specific profiles. The model used 10 knots, included
the fixed effects of strain, time-specific values for the cubic
splines, two-way interactions among strain and the spline
coefficients, and random coefficients for the intercept, time
and the first knot coefficient. The models were fit using
PROC MIXED.

RESULTS

OKT Evaluation

As expected, Gnat1rd17 mice did not have diminished acuity
or contrast sensitivity under photopic illumination condi-

FIGURE 3. Summary of visual performance in controls (WT) and
Gnat1rd17 (rd17) mice. Greater-than-normal (A) acuity and (B)
contrast sensitivity are noted in Gnat1rd17 mice (n = 5 WT, n =
5 Gnat1rd17). Black horizontal line: P < 0.05; mean ± 95% CI. n =
5 WT, n = 5 Gnat1rd17.
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FIGURE 4. Summary of 20 minutes (left column) versus 60 minutes (right column) light (white), and dark (black) changes in bioenergy
OCT biomarkers from WT and Gnat1rd17 mice (rd17). Note that only superior side for males is shown; inferior male results, and inferior
and superior female results were all similar (see supplemental material for full data set). Black horizontal line: P < 0.05; mean ± 95% CI,
n = 5 WT, n = 5 Gnat1rd17 per time point.

tions compared to age- and strain-matched controls (Fig. 3),
consistent with the expected intact cone function. However,
Gnat1rd17 mice exhibited modest and significant, greater-
than-normal visual performance indexes.

Rod OCT Bioenergy Biomarkers

Next, we noninvasively investigated outer retina biomark-
ers in light and dark-adapted wildtype and Gnat1rd17 mice.

Our previous studies indicate that these correlate to retina
energetic status in wildtype mice.23–25

OCT ISez Profile Shape. We reported previously that
the ISez profile shape measured from OCT data mirrors
the distribution of mitochondria within the IS ellipsoid.23

In 20- or 60-minute light-adapted wildtype controls, a more
elliptical ISez aspect ratio in low-energy demand conditions
was found, compared to the rounder ISez aspect ratio in
high-energy demand conditions (i.e., dark) (Figs. 4A, 4B;
Supplemental Fig. S2). Gnat1rd17 mice at 20 minutes of light
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FIGURE 5. Summary of light ± saline or antioxidants (AO) did not
change bioenergy OCT biomarkers of Gnat1rd17 mice. Note, that
inferior and superior values were not significantly different; thus
average side results are shown (see supplemental material for full
data set); n = 5 Gnat1rd17 mice + saline; n = 5 Gnat1rd17 mice +
AO.

produced a similar ISez profile shape pattern to that in
light-adapted controls (Fig. 4A). However, at 60 minutes
of light, Gnat1rd17 mice produced an opposite light-dark
profile shape pattern (Fig. 4B). This light-dark difference was
largely due to Gnat1rd17 mice having a rounder ISez aspect
ratio than controls in the light (Figs. 4A and B). It is possible
that as rods die, the energy needs of the cell will decrease
in tandem. In this case, the ratio of ISez to ONL thickness
would remain the same. However, after dividing the ISez
by ONL thickness for each mouse to normalize to different
ONL layer thicknesses, we still observed a rounder ISez in
Gnat1rd17 mice than wildtypes in the light (data not shown),
suggesting that rod loss per se in the Gnat1rd17 mice did not
account for the ISez difference. Nonetheless, the onset of
retinal degeneration preceded the time point of the exper-
iments, so it cannot be definitely concluded that a rounder
ISez in Gnat1rd17 mice is due solely to Gnat1 loss-of-function.
To investigate these changes in profile shape and to explore
their relationships to energy demand and production, we
examined two additional OCT bioenergy indexes for physi-

ologic consequences of this presumptive change in rod mito-
chondria distribution in Gnat1rd17 mice.

Rod ELM-RPE Thickness and Magnitude of
the HB Signal Intensity. In 20- and 60-minute light-
adapted WT controls, ELM-RPE is thicker than in the dark
(Figs. 4C, 4D, Supplemental Fig. S2). However, in Gnat1rd17

mice, no light-dark difference was measured at either time
point (Figs. 4C, 4D). This lack of a difference was largely due
to Gnat1rd17 mice having a thinner ELM-RPE than controls in
the light (Figs. 4C, 4D); only at the 60-minute time point
was a modest reduction in ELM-RPE thickness noted in dark
(Figs. 4C, 4D).

In 20- or 60-minute light-adapted WT controls, HB magni-
tude was greater than in the dark (Figs. 4E, 4F, Supplemen-
tal Fig. S2). The HB magnitude in Gnat1rd17 mice was about
zero, as shown in Figure 2, in the 20- and 60-minute light
and in the dark.

QUESTOCT. Outer retinal oxidative stress has not been
documented in Gnat1rd17 mice but has been shown in Gnat1
knockout mice.31,59,60 To check for an impact of poten-
tial oxidative stress on our OCT biomarkers in the present
study, we examined Gnat1rd17 mice given either saline or
anti-oxidants (i.e., methylene blue and α-lipoic acid) that
have been shown to robustly reduce excessive production of
reactive oxygen species in other models.14,60,76–79 Oxidative
stress can impact at least one of the parameters measured
in this study, light-dark ELM-RPE thickness difference.31,59,60

At the time of largest changes in OCT biomarkers (i.e.,
60-minute), the ISez profile shape and ELM-RPE thickness
in light-adapted male Gnat1rd17 mice were unresponsive to
antioxidant treatment (Fig. 5, Supplemental Fig. S3) suggest-
ing the absence of oxidative stress.60

Retinal Laminar Thickness. Gnat1rd17 mice showed
modest and significant thinning localized to the ONL; the
thickness of INL+OPL layers were greater than normal and
was unremarkable in the other layers (Fig. 6, Supplemental
Fig. S4).

OCR. To independently test our interpretation of the
OCT biomarkers, that in the light Gnat1rd17 mice increase
rather than decrease mitochondrial activity, OCR was
performed. There was no significant difference in base-
line OCR in darkness between retinas from dark-adapted
control and Gnat1rd17 mice (1.20 nmol O2 per minute per

FIGURE 6. Summary of retinal layer changes between male controls (WT, n = 5) and Gnat1rd17 (rd17, n = 5) mice; results between sides,
20-minute and 60-minute light, and between light and dark, were similar and only average sides at 60-minute light are shown for clarity
(see supplemental material for full data set). Compared to controls, Gnat1rd17 showed laminar thinning for ONL but not INL + OPL. Black
horizontal line: P < 0.05; mean ± 95% CI.
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FIGURE 7. Summary of fractional OCR under dark (negative times) and light (positive times) for WT (thin gray bar = mean; 95% CI shown)
and Gnat1rd17 (thick black bar = mean) mice. Dotted horizontal line at 1 presented for reference. Statistical test results shown in bottom
right: Horizontal lines: P < 0.05; mean ± 95% CI. Gnat1rd17 �= 1; gray solid barWT �= 1; dashed line Gnat1rd17 �= WT; n = 4 at each condition
for WT and Gnat1rd17 mice.

retina ± 0.17 SEM for four control retinas and 1.02 nmol
O2 per minute per retina ± 0.23 SEM for 4 Gnat1rd17 reti-
nas). As expected, exposure of dark-adapted retinas from
WT control mice to constant illumination consistently slows
OCR (Fig. 7). However, exposure of dark-adapted retinas
from Gnat1rd17 mice to constant illumination produced a
modest and significant increase in OCR above dark-levels.

DISCUSSION

The OCT and OCR biomarker data in this study raise the
possibility that rod mitochondrial activity is greater in light-
adapted loss-of-function of transducin 1 mice (a model that
mirrors some forms of retinitis pigmentosa in humans) than
in the dark.1–9 A limitation of all noninvasive bioenergy
biomarkers, including the results herein, is that rod mito-
chondria are not being isolated and directly interrogated
by anatomical, physiological, or genetic approaches. On the
other hand, such ex vivo methods are not useful in patients,
and it is unclear how to translate results from bench-to-
bedside. To address this need to translate ex vivo results in
vivo, studies in wildtype mice have developed and applied
noninvasive OCT energy biomarkers that are sensitive to
changes in mitochondria activity.23–25

In this study, we begin to test the usefulness of these
biomarkers in Gnat1rd17 mice, which lack rod phototrans-
duction and model a form of human retinitis pigmentosa.1–9

At 60 minutes of light, Gnat1rd17 mice show a rounder ISez,
together with a thinner ELM-RPE and unmeasurable HB
magnitude compared to wildtype mice, a totality of change
suggesting that Gnat1rd17 rod mitochondria have altered

their distribution to increase energy demand.23 The lack of
an elevated ISez aspect ratio at 20 minutes of light together
with ELM-RPE thinning and lack of HB signal is not incon-
sistent with the notion of mitochondria overperformance,
but it is somewhat ambiguous (see below). One alterna-
tive way that mitochondria can change energy output with-
out spatial rearrangements is by changing the expression
pattern of OPA1 on the inner mitochondria membrane, a
major regulator of mitochondrial homeostasis and cristae
remodeling; this change would not be discernable with OCT
and is a hypothesis that needs to be formally tested.85,86 It
is also possible that modest mitochondria spatial changes
occurred at 20 minutes that were below our detection sensi-
tivity. We thus did an OCR “tie-breaker” experiment. The
OCR results supported a greater-than-dark energy perfor-
mance in the light from retina’s of Gnat1rd17 mice consis-
tent with the ELM-RPE and HB biomarkers at the 20-min
time point. Together, the above biomarker results raise the
possibility that Gnat1rd17 rod mitochondria can increase their
oxidation of fuels (suggested by the change in OCR) with-
out undergoing re-distribution at the 20-minute time point.
In addition, light-adapted Gnat1rd17 mice had a faster rate
of fuel oxidation compared to that in the dark per OCR,
and greater-than-wildtype biomarkers changes except for
the ELM-RPE biomarker, which likely is being influenced
by a lack of phototransduction triggered pH-changes in the
subretinal space volume.25

Other potential limitations include the inclusion of male
and female mice only for the OCT arm of this study (Supple-
mental Figs. S2, S4); only males were examined by OKT and
only females were examined by OCR. However, we found no
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impact of sex on the strain-dependent light-dark differences
in OCT data; more work is needed to fully address a role of
sex in the other arms of the study. Another possible concern
is that evidence for an alternative interpretation of band 2
has been proposed based on data collected using a differ-
ent type of OCT involving adaptive optics; this alternative
interpretation seems at odds with data collected using stan-
dard OCT and is a topic of controversy.87–89 However, at this
point, the relevance of this potential alternative interpreta-
tion for understanding band 2 measured from OCT data not
collected with adaptive optics is unclear. An additional inter-
pretation concern is that outer segment disc shedding can
alter outer retina reflectance and begins soon after overnight
dark adaptation; the impact of this shedding on our OCT
biomarkers requires further investigation.90

Clinically, the intensity of OCT ISez band at its maximum
value measured from patients is an accepted biomarker of
photoreceptor health whose relative reflectance is linked
with outer retina neurodegenerative disease severity and
degeneration.26,28,87,91–94 On the other hand, the relevance
of a single value of ISez intensity measured with OCT in
relation to mitochondria is unclear, and comparing single
intensity measurement between subjects remain challenging
in practice because of issues such as a lack of a consensus
method for performing intensity normalization.26,28,87,91–94

Intriguingly, Gnat1rd17 mice do not show evidence for an
HB signal in light or dark (e.g., Fig. 2C). This appears consis-
tent with greater mitochondria activity since a small HB indi-
cates a higher energy condition in different wildtype mouse
strains (e.g., Fig. 2B).24 On the other hand, the absence of rod
transducin may influence the refractive index of the outer
segment making it hard to discern the photoreceptor tips.52

A third possibility is that loss of the transducin α subunit
function somehow modifies the HB magnitude unrelated to
energy production. Unfortunately, at present, the underlying
mechanism that produces a prominent HB is unclear and
further investigations are required.

Conventional imaging (e.g., positron emission tomog-
raphy and magnetic resonance imaging) biomarkers are
limited by low spatial resolution and indirect evaluation
of mitochondria bioenergetics. We have been investigat-
ing whether information about mitochondrial activity is
encoded in high spatial resolution OCT data. Three rod
bioenergetic biomarkers have been identified. The first
describes the mitochondria distribution within the rod
inner segment ellipsoid as measured by the ISez profile
shape. How mitochondria are spatially distributed often
determines their ability to respond to a cell’s energy
requirements.95,96 The second is a proxy for mitochondrial-
driven/pH-triggered/RPE-water removal from the subretinal
space (ELM-RPE) thickness. Summarizing studies performed
by several groups using a variety of methods between
1992 and 2017, during dark-adaptation, show rod cGMP
accumulates in the outer segment, and this event main-
tains persistently open cyclic nucleotide-gated channels, an
event that depolarizes the rod membrane and increases ion
pumping/mitochondrial energy use compared to light adap-
tation.23,24,30–54,97–104 Increased metabolic demand in the
dark also stimulates production of more lactate, CO2 and
waste water, each of 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.25 A third correlate is the HB located between
the photoreceptor tips and apical RPE that appears to be
pH-independent and associated to thickness of the ELM-

RPE region in wildtype mice.24,25,30–34,105 So far, agreement
between these three OCT energy biomarkers and conven-
tional assays of mitochondria activity have been found in
wildtype mice.

The 2-month Gnat1rd17 mice were on a C57BL/6J back-
ground and showed OCT evidence for modest rod atrophy
which was not found in an earlier histologic study in mice on
a ICR background (Fig. 6).3,55 In addition, this difference may
arise from differences in retinal layer thicknesses measured
with both fixed tissue and in vivo, and the unbiased nature
of the OCT analysis. In any event, the extent of rod death
noted in the present study is not associated with declines
in contrast sensitivity and acuity under photopic illumina-
tion conditions, consistent with results from other studies in
different experimental models.106–108 More work is needed to
determine if the rod loss noted herein proceeds or predicts
the increased rod ISez aspect ratio in vivo.

Somewhat confusingly, a previous study referred to a rod
and cone Tα double mutant mouse as an “rd17” mouse.109

However, the mouse strain described in that report appears
to have had mutations in both the rod and cone transducin
genes. That strain resembles the IRD1 strain and not the
Gnat1rd17 mouse sold currently by Jackson Laboratories that
we used in our study. Our OKT measurements show that the
Gnat1rd17 strain we used does not have impaired cone func-
tion (Fig. 3).4,55,109–111 Our OKT results are in line with the
reported similarity between Gnat1rd17 mice and IRD2 mice
that contain nontruncated protein product rod transducin α

subunit.55,110,111

Rods have the potential to contribute to the regu-
lation of daytime visual performance, such as contrast
sensitivity, by at least three possible mechanisms.57,58,77,112

Rods can modify cone function via rod-cone connexin
36 gap junctions.113–117 Furthermore, rods alone trigger
light-stimulated release of dopamine, a neurotransmitter
involved in controlling cone-based vision.57,118,119 In addi-
tion, a major regulator of the volume of the subreti-
nal space is the rods as shown by the changes in the
ELM-RPE thickness in WT mice (Fig. 4). The subretinal
space volume is linked with redistribution of key factors
involved in proper rod and cone function, such as the inter-
photoreceptor binding protein.30,31,34,57,97,101,112,116,118,120–122

Indeed, underperforming rod mitochondria alone can lead
to impaired contrast sensitivity.57,77 Thus it is intriguing that
the biomarker evidence for rod mitochondria hyperactivity
in Gnat1rd17 mice was associated with enhanced contrast
sensitivity. Also, visual acuity measured by OKT has a large
inner retina contribution.57 The mitochondria activity in the
inner retina of Gnat1rd17 mice is unclear at present. Also,
it is unclear why INL + OPL region is thicker in Gnat1rd17

mice and how this thicker region might have contributed to
their greater-than-wildtype acuity; more work is needed to
examine these questions.

The effect of constant illumination on consumption of
O2 by isolated Gnat1rd17 retinas is transient with OCR being
higher in light than in dark for the first 25 minutes (Fig.
7) and then gradually returning to a dark level. For the
following reasons, we consider that OCR during the first
25 minutes of light to best represent events in vivo. In
the OCR experiment light stimulates consumption of ATP
to phosphorylate rhodopsin. Although rhodopsin is readily
phosphorylated and dephosphorylated in vivo, it cannot be
dephosphorylated in isolated retinas.123,124 Also, the isolated
retina used in the OCR studies do not contain RPE, and
so 11-cis-retinal cannot be regenerated for rods. Thus we
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reason that after illumination begins, the available pool of
rhodopsin eventually becomes phosphorylated and all the
11-cis-retinal reduced, so ATP synthesis that initially was
required to support rhodopsin phosphorylation declines ex
vivo. Unfortunately, to our knowledge, there have not been
any direct measurements of the time course of rhodopsin
phosphorylation under the conditions of the experiment
in Figure 7. However, quantification of rhodopsin phospho-
rylation in mouse retinas ex vivo shows that a bright flash
stimulus instantaneously bleaches 40% of the rhodopsin and
that minutes pass before phosphorylation is complete (Fig. 1
in reference 125). Because the light-stimulus for the exper-
iment in Figure 7 was continuous and much lower inten-
sity (∼50% bleach per minute), we speculate that the rate
of bleaching would have been relatively slower than after
that bright flash. More work is needed to test this hypoth-
esis. Nonetheless, these considerations raise the possibility
that phosphorylation in the ex vivo preparation would have
gone to completion within 25 minutes after the onset of illu-
mination and that the energy consumption would return to
the rate that it was in darkness. This is consistent with our
observation that OCR returns to the dark level in Gnat1rd17

retinas.
Figure 7 also shows the changes in OCR in isolated wild-

type retinas. Unlike rd17 mice which lack G-protein signal-
ing in rods, in wildtype mice phototransduction (and its
absence in the dark) dominant the overall changes in energy
demands in the retina. Light initially stimulates phototrans-
duction and the closure of cyclic GMP-gated ion channels.
The slower influx of Na+ and Ca2+ diminishes the demand
for ATP hydrolysis to pump those ions out of the cell. When
opsin in wildtype retinas becomes completely phosphory-
lated in response to photoactivation and when there is no
11-cis retinal to regenerate it to rhodopsin, the phosphory-
lated opsin will bind arrestin and become ineffective, but
not 100% quenched, in its ability to stimulate transducin
(which cannot happen in Gnat1rd17 mice).126 Under these
conditions, much less hydrolysis of cyclic GMP takes place,
and guanylyl cyclase will resynthesize cyclic GMP, raising the
steady-state cyclic GMP concentration and reopening some
of the cGMP-gated channels in the rod outer segments. That
will cause an increase in Na+ influx, which will increase
energy demand by requiring a corresponding pumping of
Na+ out of the cell by the Na/K ATPase. This increase in ATP
demand (and O2 consumption) should offset the decrease in
ATP demand that is associated with the decrease usage of
ATP for rhodopsin phosphorylation. Overall, there is a very
large change in energy between light and dark that relies on
transducin in wildtype retinas. The absence of that change
in the Gnat1rd17 retina reveals the impact of other energy
consuming processes.

In summary, the present OCT and OCR biomarker data
together raise the possibility, for the first time, of greater rod
mitochondria activity during illumination in Gnat1rd17 retinas
than in the dark, an abnormal physiology that occurred with
modest rod loss in vivo.4 Light-adapted Gnat1rd17 mice cones
were functional, and the impression from all biomarker
data is of a higher-than-normal energy demand in rods that
appeared sustained via distinct mitochondrial mechanisms.
It seems likely that the present biomarker evidence for
rod mitochondria overperformance may involve the “dark”
current and an additional demand for energy linked to
ongoing rhodopsin phosphorylation and visual cycle activ-
ity. More work is needed to determine whether rod mito-
chondria activity and atrophy of rods in Gnat1rd17 retinas
are causally linked. Nonetheless, the present data raise the

possibility of using OCT to test new therapeutic approaches
that could influence mitochondria activity early in the course
of inherited rod degeneration due to loss of function in trans-
ducin 1 and likely other mutations.39–42,44–51
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