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Acetazolamide Challenge Changes Outer Retina
Bioenergy-Linked and Anatomical OCT Biomarkers
Depending on Mouse Strain
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Purrose. The purpose of this study was to test the hypothesis that optical coherence
tomography (OCT) bioenergy-linked and anatomical biomarkers are responsive to an
acetazolamide (ACZ) provocation.

MerHops. C57BL/6] mice (BGJ, a strain with relatively inefficient mitochondria) and
129S6/ev mice (S6, a strain with relatively efficient mitochondria) were given a single
IP injection of ACZ (carbonic anhydrase inhibitor) or vehicle. In each mouse, the Mito-
chondrial Configuration within Photoreceptors based on the profile shape Aspect Ratio
(MCP/AR) index was determined from the hyper-reflective band immediately posterior
to the external limiting membrane (ELM). In addition, we tested for ACZ-induced acid-
ification by measuring contraction of the external limiting membrane-retinal pigment
epithelium (ELM-RPE) thickness; the hyporeflective band (HB) signal intensity at the
photoreceptor tips was also examined. Finally, the nuclear layer thickness was measured.

Resurrs. In response to ACZ, MCP/AR was greater-than-vehicle in B6J mice and lower-
than-vehicle in S6 mice. ACZ-treated B6J and S6 mice both showed ELM-RPE contraction
compared to vehicle-treated mice, consistent with dehydration in response to subretinal
space acidification. The HB intensity at the photoreceptor tips and the outer nuclear layer
thickness (BGJ and S6), as well as the inner nuclear layer thickness of B6J mice, were all
lower than vehicle following ACZ.

Concrusions. Photoreceptor respiratory efficacy can be evaluated in vivo based on
distinct rod mitochondria responses to subretinal space acidification measured with
OCT biomarkers and an ACZ challenge, supporting and extending our previous find-
ings measured with light-dark conditions.

Keywords: photoreceptor, optical coherence tomography (OCT), biomarker, mitochon-
dria, energy, acidification
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R etinal pH is a major regulator of rod function and visual
performance.!'° For example, subretinal space hydra-
tion — and the distribution of components within the subreti-
nal space (e.g. interphotoreceptor binding protein [IRBP])
is controlled by pH.%!!12 Photoreceptors normally produce
substantial waste water acidified by CO, and lactate under
high energy demand conditions, such as maintaining the
dark current, and this acidified water is effectively removed
by upregulation of pH-sensitive co-transporters on the apical
retinal pigment epithelium (RPE).>'>"* Low outer retina
pH - such as that measured, for example, early in the course
of experimental diabetic retinopathy — is also expected to
modify mitochondria dynamics to maintain cell functioning
and survival based on cell culture studies.'>!® However, it is
unclear if this low pH — mitochondria configuration signaling
pathway occurs in photoreceptors in vivo. Addressing this
question will help in the development of therapies against
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prolonged acidification of the retina and its sight-threatening
consequences of retinal dysfunction, degeneration, and / or
neovascularization,'#17-20

We have discovered that the Mitochondria Configura-
tion within Photoreceptors can be measured by the profile
shape Aspect Ratio (MCP/AR) of the optical coherence
tomography (OCT) hyper-reflective band posterior to exter-
nal limiting membrane (ELM).?'?2 Confirmatory electron
microscopy and oxygen consumption rate measurements
support MCP/AR as a noninvasive index of mitochondria
activity/distribution in C57BL/6J mice.?!*? In addition, we
and others have shown the ELM - RPE thickness is sensitive
to reductions in pH. For example, normal, low pH conditions
(e.g. during dark-adaptation) upregulate co-transporters on
apical RPE that dehydrate the subretinal space causing
ELM-RPE contraction.®?3:2% Retinal acidification can also be
produced by a systemic injection of the carbonic anhydrase
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inhibitor acetazolamide (ACZ) and is also associated with a
reduced ELM-RPE thickness.?*?>2° Carbonic anhydrase facil-
itates the reversable hydration of carbon dioxide to carbonic
acid, which then dissociates to bicarbonate and hydrogen
ions thus helping to regulate intra- and extracellular pH. ACZ
is used to lower intraocular pressure and, in imaging studies,
provides a neurovascular reactivity challenge that is useful in
clinical neurology and ophthalmology.?’-?® It is unclear how
rod MCP/AR changes in response to ACZ-evoked reduction
in pH.

In this study, we test the hypothesis that an acute systemic
injection of ACZ in mice alters the MCP in vivo. Further, we
examine how baseline mitochondria efficacy modifies this
response by comparing the OCT biomarker responses to
ACZ in C57BL/6J (BG)) and 129S6/ev (S6) mice. B6J mice
lack the mitochondria nicotinamide nucleotide transhydro-
genase (Vnf) gene, a mutation not reported for S6 mice,
and thus B6J mice have less efficient mitochondria than S6
mice.? Specifically, compared to S6 mice, B6] mice show
an 11% lower mitochondria maximum reserve capacity (an
index of activity/efficacy of mitochondrial function in the
generation of ATP per unit of consumed oxygen),'?:30:31
larger light-dark changes in MCP/AR,*! greater light-dark
ELM-RPE thickness differences,'®?* larger posterior retina
hydration differences,'® and a higher production of free radi-
cals and greater susceptibility to neurodegeneration from
sodium iodate 3*-34

METHODS

All mice were treated in accordance with the National
Institutes of Health Guide for the Care and Use of Labo-
ratory Animals, the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research, and with specific autho-
rization by the Wayne State University Division of Labora-
tory Animal Resources Institutional Animal and Care Use
Committee (IACUC). For the OCT studies performed at
Wayne State University, 2 month old male C57BL/6J mice
(B6J; n = 10; Jackson Laboratories, Bar Harbor, ME, USA),
and male 129S6/ev mice (S6; n = 10; Taconic Laborato-
ries, 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 Institutional Animal and Care
Use Committee—approved protocol. Data in this study were
collected from the left eye to minimize potential left-right
eye differences between groups and to allow for compar-
isons with our previous results.

Acetazolamide Dosing

Dark-adapted mice were given intraperitoneal injections of
either 250 mg/kg ACZ (pH 9) or phosphate buffered saline
(vehicle, equal volume, pH 9) approximately 2 hours before
light adaptation. Mice were then examined by OCT either
1 (B6J and S6 mice) or 5 hours (BGJ mice only) after light
adaptation.

Optical Coherence Tomography

In this study, we used a cross-sectional design in which
anesthetized mice—100 mg/kg ketamine (Covetrus, Port-
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land, ME, USA) and 6 mg/kg xylazine (MWI Animal
Health, Boise, ID, USA)—were examined by OCT (Envisu
UHR2200; Bioptigen, Durham, NC, USA) in the morn-
ing (i.e. before noon). Mice were dark adapted overnight,
and the following day, room-light adapted for just 1 hour
or 5 hours (BGJ only) prior to imaging. To dilate the
iris, 1% atropine sulfate was used, and Systane Ultra
(Alcon, Geneva, Switzerland) was used to lubricate the
eyes.

From the central retina, we collected radial volume
scans with following parameters: A-scans/B-scans = 1000
lines; B-scans/volume = 1000 scans; and frames/B-scan
= 1 frame. To minimize the effects of noise, and boost
the signal, 100 images are registered and averaged before
being analyzed. These 100 images were extracted from B-
scan numbers 450 to 549 (representing inferior—superior
retina) were registered (in-house script for R; R Founda-
tion for Statistical Computing, Vienna, Austria). Briefly, first-
pass rigid body registration with RNiftyReg (function in R)
was 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) were applied three
times. The 100 images were visually compared as a final
step before averaging. A representative image of the outer
retina and a set of axial reflectance profiles are shown in
Figure 1.

Image Analysis

Laminar boundaries for segmentation were estimated with
a previously described machine learning model-based
computer program.!! Briefly, 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, respec-
tively. To improve the performance of the model, its predic-
tions were postprocessed by applying a shortest-path algo-
rithm. From the model-based estimates, segmentation was
then performed with an R script. The intensity values used
to generate the EZ reflectivity profile shape are measured
from a log-based image with a 16-bit depth (default in
the Bioptigen system). Previously, we compared images
before and after converting them from log to linear values
using a simple, empirically derived equation and noted that
EZ reflectivity profile shape differences would be detected
with either output; more detailed work in this area is
warranted.

Once segmented, inferior and superior retinas (350-624
pm from the optic nerve head on the inferior and superior
sides) were each analyzed; starting at 350 pm ensured that
our data were analyzed away from the optic nerve head,
where the outer retina is relatively uniform in all OCT data.
We measured the ELM-RPE thickness from in-house R scripts
that objectively extracted layer boundaries obtained after
searching the space provided by a machine-learning esti-
mates (“seed boundaries”) as above. The ELM and RPE are
initially identified by local signal maxima and the R script
determine the ELM-RPE thickness by calculating the distance
from ELM to the basal side of the RPE at the level of Bruch’s
membrane.>>~7

The magnitude of the relative HB signal intensity is calcu-
lated, as previously described, by analyzing profile contours
spanning the reflectance peak of the RPE and outer segment
tips. A straight line is drawn between the RPE and the outer
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Figure 1. Summary of qualitative changes in representative OCT data from vehicle or ACZ-treated 1 hour light-adapted (A) B6J and
(B) S6 mice. Example OCTs of the outer retina are shown on the left side of each panel; within this panel vehicle treated mice on the left
side of the green arrow and ACZ treated mice are on the right side. ELM, external limiting membrane; region from which the mitochondrial
configuration within photoreceptors (MCP; pink) is measured; RPE, retinal pigment epithelium; HB intensity (red arrow and lines). On the
right side of each panel, representative reflectivity (or signal intensity) profile, also known as the A-line (green arrow) are shown; these
A-line profiles are scaled the same; no y-axis is shown because units are arbitrary. No signal intensity normalization was performed. Note
HB is not measurable /clearly defined in S6 mice; that is the reflectance dip seen just anteriorly to the RPE band at the photoreceptor tips

in (A) is not well defined in (B).3

segment tip portions of the profile (intersecting only one
point on each side of the HB) and the largest departure from
that line is the magnitude of the relative HB signal inten-
sity; the magnitude of this decrease in reflectivity/intensity
is presented herein ?*3%:3

Our analysis generated the following outputs: (1) a
spreadsheet of distances from the optic nerve head and layer
thickness, and (2) a spreadsheet containing the HB magni-
tude. The output image had the basal aspect of the RPE held
in a fixed position without stretching the image; this non-
stretched image was used to generate the A-line reflectivity
profiles shown in Figure 1.

We analyzed MCP/AR using an unbiased approach in
which MATLAB code (MathWorks, Natick, MA, USA) deter-
mines the baseline for hyper-reflective band immediately
posterior to the ELM. The profile shape descriptor for
this reflectivity profile was generated using the Fit Ellipse
command in Image]J. In the results window, the value under
the column marked “round” is the minor-to-major aspect
ratio for the fitted ellipse, termed herein as MCP/AR; this
process is described at https://imagej.nih.gov/ij/source/ij/
process/EllipseFitter.java and more formally in the litera-
ture.* It remains to be determined if the ellipse aspect ratio,
a commonly used shape descriptor; is an optimal shape
description for these types of studies, nonetheless it remains
useful 212241 In addition, our experience to date is that
MCP/AR is not a function of ELM-RPE thickness, an impres-
sion supported by the data in this report (see below). Any
potential bias in MCP/AR due to noise was not considered.

Statistical Analyses

Data are presented as mean and 95% confidence intervals,
and we used P < 0.05 for all analyses. We used linear
mixed models with the Kenward-Roger method for calcu-
lating degrees of freedom in SAS version 9.4 (SAS Software,
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Cary, NC, USA) to analyze all measurements. We first aver-
aged all values for all variables across depth/distance sepa-
rately for each side (inferior/superior). We analyzed B6J and
S6 mice separately. For B6J mice, we used a linear mixed
model that included the fixed effects of treatment (ACZ
versus vehicle), time of light adaptation, side, and all inter-
actions, whereas we used only treatment, side, and the treat-
ment by side interaction for S6 mice. All models included a
random intercept for subject within group (treatment/time
combination for BGJ or treatment for S6). Using these initial
models, we first evaluated the highest order interactions,
removing any interactions that were not significant to arrive
at a final model.

REesuLTs
OCT Energy Biomarkers

As summarized in Figures 1 and 2, MCP/AR was greater
in B6J mice (regardless of duration of light adaptation) but
smaller in S6 mice in response to an ACZ provocation. Both
strains, however, showed a contracted ELM-RPE after ACZ. In
addition, the HB intensity becomes smaller following ACZ in
B6J mice; it is hard to discern a similar HB region-of-interest
just anteriorly to the RPE band in S6 mice, as noted previ-
ously.?

OCT Laminar Biomarkers

As summarized in Figure 3, ACZ reduced ONL thickness in
B6J and S6 mice after 1 hour of light adaptation. In addi-
tion, the inner nuclear layer (INL) + outer plexiform layer
(OPL) layer contracted following ACZ in B6J after either 1 or
5 hours of light adaptation but not in S6 mice after 1 hour
of light adaptation. Neither strain demonstrated a change in
the IPL with ACZ.
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Ficure 2. Summary of quantitative changes in energy biomarkers from vehicle or ACZ-treated light-adapted (A) B6J and (B) S6 mice. Same
graph conventions as in Figure 1 are used. Black horizontal line indicates P < 0.05 (two-tailed, linear mixed-model analysis; mean + 95%
confidence interval [CI]). Individual data points represent the measured value for each mouse. Note HB is not measurable/clearly defined
in S6 mice (see Fig. 1).23 No differences between inferior and superior retina were noted and average side results are shown.

DISCUSSION

In this study, MCP/AR was shown to be sensitive to an ACZ
challenge. Further, the two mouse strains examined seem
to use distinct approaches to preserve their function and
survival during ACZ-induced acidification. B6J mice, a strain
with mitochondrial redox abnormalities, increases its energy
output — and acidifies the subretinal space — while maintain-
ing the dark current accompanied by a change in mitochon-
drial distribution that increases MCP/AR. The MCP/AR also
increases in B6J mice after the ACZ provocation (see Fig. 1);
this was observed after 1 hour or 5 hours of ACZ (thus,
we focused on the 1 hour time point for the S6 mice).?!%°
On the other hand, S6 mice, a strain with more efficient
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mitochondria than in B6J mice, did not previously show
changes in mitochondrial distribution with increases in rod
energy output in the dark and its related acidification of the
subretinal space. However, S6 mice following ACZ show a
lower-than-vehicle MCP/AR, a response not seen in light-
dark conditions where MCP/AR remained constant, perhaps
as a consequence of the relatively lower pH produced by
ACZ than with dark.?''?>% The ACZ-evoked decrease in
MCP/AR in S6 mice suggests a more elongated distribution
of mitochondria within the ellipsoid than in B6J mice.?! The
underlying mechanism is unclear at present but we note that
low pH conditions cause mitochondria in neurons to elon-
gate.!® If this happens in rods of S6 mice, elongation could
contribute to an apparent change in mitochondria distribu-
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Figure 3. Summary of quantitative changes in layer thickness biomarkers from vehicle or ACZ-treated light-adapted (A) B6J and (B) S6
mice. Same graph conventions as in Figure 1 are used, in addition INL 4+ OPL, the combined thickness of the inner nuclear layer and outer
plexiform layer; IPL, inner plexiform layer. Black horizontal line indicates P < 0.05 (two-tailed, linear mixed-model analysis; mean + 95%
confidence interval [CI]). Individual data points represent the measured value for each mouse. No differences between inferior and superior

retina were noted and average side results are shown.

tion indicated by a lower MCP/AR. More studies are needed
to test these notions.

Nonetheless, we note that ACZ-evoked ELM-RPE contrac-
tion, the expected consequence of low pH upregulation of
apical RPE water removal co-transporters.>%2 Subretinal
space contraction by ACZ had been first observed noninva-
sively with diffusion MRI in B6J mice.?* Here, we present
evidence that S6 mice also exhibit a significant ELM-RPE
contraction in response to ACZ. In addition, we note that
ELM-RPE and MCP/AR appear to be independent indices
since both strains show ELM-RPE thinning in response
to ACZ but different strain-dependent MCP/AR responses.
Together, ELM-RPE contraction supports the notion that
ACZ-induced acidification, but this thinning of the ELM-
RPE did not seem to contribute to the ACZ-evoked changes
observed in MCP/AR.
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In this study, we also show ACZ caused a reduction in HB
intensity, a correlate with ELM-RPE thickness.?® This result
is in apparent conflict from our earlier OCT study which
suggested that the HB intensity was insensitive to ACZ.>%3%
We speculate that the different outcomes result from the
different experimental designs of the two studies — longi-
tudinal in the earlier study and cross-sectional in this study.
In the longitudinal design, baseline scans for each mouse
were obtained in light-dark conditions and, after a 3-day rest,
were scanned again in light-dark conditions after receiving
ACZ.*® Thus, the same mouse was handled, anesthetized,
and recovered more times than with the present cross-
sectional design. It is unclear if more procedures/handling
in the longitudinal design led to greater physiologic and/or
metabolic stress than in the cross-sectional design and
whether this additional stress may have contributed to lack
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of an ACZ-induced changes in the HB intensity. More work is
needed to test this hypothesis. It is also possible that higher
signal-to-noise images used in the present study compared
to the earlier study facilitated observation of the HB changes
with ACZ. In any event, the present results may provide an
explanation for why the HB band is much smaller in S6 mice:
they have more efficient and active mitochondria producing
a lower pH - thus a smaller HB intensity — than B6J mice.'
Another possibility, that the smaller HB band in S6 mice may
be a result of insufficient resolution, is ruled out because the
OCT axial resolution is the same for B6J and S6 mice, and
these two strains have retina’s with similar laminar thick-
nesses (see Supplementary Material here?!). In support of
the notion that S6 mice have a lower subretinal space pH,
we note that the ELM-RPE region is more contracted in light-
adapted S6 mice than in B6J mice.!043

One unexpected finding in this study is that ACZ evoked
thinning of the outer nuclear layer in both B6J and S6 mice,
and of the inner nuclear layer only in B6J mice (see Fig. 3).
Because ONL thinning was seen in 1 hour of light adapted
but not 5 hours in light adapted BGJ mice, it seems unlikely
that this thinning represents degeneration and we instead
focused on changes in hydration. One potential mecha-
nism involves aquaporin-1, a water channel that contributes
to jonic and osmotic balance that is expressed in both
nuclear layers.** However, contradictory evidence in the
literature provides an unclear picture of whether ACZ can
inhibit aquaporin-1 activity.*>**® Alternatively, ACZ-sensitive
carbonic anhydrase is present in Mueller cells — glia that play
an important role in water removal of the nuclear layers.?’
For these reasons, we suspect that nuclear layer thinning
is due to increased water removal from the nuclear layers
and not overt degeneration; ACZ is an approved drug that is
considered safe.?”#4 Further investigations will be useful
in clarifying the role of Mueller cells — which contribute to
nuclear layer hydration - in the ACZ-sensitive nuclear layer
thinning.>

We note limitations of the present work. First, ACZ
responses were studied in male mice only and studies in
female mice are needed. In addition, more work is needed
to test whether the strain-dependent MCP/AR changes in
response to ACZ have the predicted consequences such as
being pro-survival and/or are associated with changes in
outer retina oxygen consumption rates. However, measuring
the outer retina oxygen consumption rate in mice is techni-
cally challenging. It has been reported only once in a single
paper by a single group in 2006 in vivo with oxygen elec-
trodes; ACZ provocation was not part of that study.”! Further,
most oxygen consumption rate (OCR) measurements to-
date, including in a previous paper of ours, have been
performed on excised whole retina, a method that does not
separate out inner from outer retina OCR, a likely compli-
cation of any interpretation of how ACZ specifically impacts
the avascular outer retina OCR.1%3%3! We note that although
ACZ evokes an increase in cerebral and choroidal flow, most
studies conclude that the cerebral metabolic rate of oxygen
metabolism is unchanged by ACZ.>?>> These results ques-
tion the link between increased blood flow and increased
oxygen consumption rates. Finally, we note that any poten-
tial bias in MCP/AR due to noise requires further investi-
gation. Noise-bias has been discussed in the limit of a very
weak OCT signal to account for any small meaningful signal
contribution sitting on top of a comparatively large noise
floor.>* Thus, it is possible a reduced MCP/AR becomes
susceptible to a noise-bias. Our statistical analyses did not
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find evidence that a noise-bias was a concern in this study
because the effects of noise are encoded into the variance of
each measurement and considered statistically using linear-
mixed modeling; it can be also be appreciated that the vari-
ance in the MCP/AR values in S6 mice following ACZ (the
smallest MCP/AR in this study) are not visibly greater than in
any of the other groups. Nonetheless, more work is needed
to test for, and possibly correct, a noise-bias contribution.

In summary, evidence provided by this study suggests
a noninvasive test of photoreceptor mitochondria perfor-
mance by combining OCT with an ACZ challenge. This
approach may provide novel information about rod mito-
chondria injury, a mechanism which commonly contributes
prodromally to sight threatening retinopathies that involve
subretinal space acidification, such as diabetic retinopa-
thy.1#:22:55-5 1t has been unclear how to translate results
from ex vivo studies to the clinic given the diversity in
patient genetics and mitochondria pathophysiology. An OCT
+ ACZ challenge may allow personalized evaluation and
treatment response of rod mitochondria dysfunction in
patients.
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