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Mutations in the cytochrome P450-1B1 (Cyp1b1) gene is a common genetic
predisposition associated with various human glaucomas, most prominently in primary
congenital glaucoma (PCG). The role of Cyp1b1 in the eye is largely unknown, however,
its absence appears to drive the maldevelopment of anterior eye structures responsible
for aqueous fluid drainage in murine models. Nevertheless, vision loss in glaucoma
ultimately results from the structural and functional loss of retinal ganglion cells (RGCs).
Cyp1b1’s influence in the development and support of retinal ganglion cell structure and
function under normal conditions or during stress, such as elevated ocular pressure; the
most common risk factor in glaucoma, remains grossly unknown. Thus, to determine
the role of Cyp1b1 in normal retinal projection development we first assessed the
strucutrual integrity of RGCs in the retina, optic nerve, and superior colliculus in un-
manipulated (naïve) Cyp1b1-knockout (Cyp1b1−/−) mice. In addition, in a separate
cohort of Cyp1b1−/− and wildtype mice, we elevated and maintained intraocular
pressure (IOP) at glaucomatous levels for 5-weeks, after which we compared RGC
density, node of Ranvier morphology, and axonal transport between the genotypes.
Our results demonstrate that naïve Cyp1b1−/− mice develop an anatomically intact
retinal projection absent of overt glaucomatous pathology. Following pressure elevation,
Cyp1b1−/− accelerated degradation of axonal transport from the retina to the superior
colliculus and altered morphology of the nodes of Ranvier and adjacent paranodes in
the optic nerves. Together this data suggests the absence Cyp1b1 expression alone
is insufficient to drive murine glaucomatous pathology, however, may increase the
vulnerability of retinal axons to disease relevant elevations in IOP.

Keywords: glaucoma, retinal ganglion cell, microbead occlusion model, nodes of Ranvier, axonal transport
disruption
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INTRODUCTION

Glaucoma is a group of heterogeneous neuro-ophthalmologic
conditions that impair vision through the functional disruption
and eventual degeneration of retinal ganglion cells (RGCs), the
neuronal substrates responsible for eye-brain communication
(Davis et al., 2016; Quigley and Broman, 2006). Glaucoma is
most often attributed to the aging adult (Davis et al., 2016; Tham
et al., 2014), however, befalls pediatric and adolescent populations
(Kaur et al., 2011), thereby placing it in a unique group of
neurodegenerative conditions that afflict populations on both
ends of the lifespan.

Primary congenital glaucoma (PCG) is the most prevalent
form of pediatric glaucoma manifesting at birth or within 3 years
of age (Aponte et al., 2010). PCG is characterized most often
by elevated intraocular pressure (IOP), buphthalmos (enlarged
globe), and significant maldeveloped ocular drainage structures
(i.e., trabecular meshwork and iridocorneal angle) (Hoskins et al.,
1984; Libby et al., 2003). Much like other forms of glaucoma,
the etiology of PCG remains unknown but likely arises from an
orchestration of genetic and post-translational factors. PCG can
be difficult to diagnose and if not managed effectively will result in
progressive vision loss which can have critical ramifications on a
child’s overall development and long-term quality of life (Mandal
et al., 2004; Khitri et al., 2012).

Genetic mapping of PCG populations over the last decade
has identified recessive inheritance of several mutations in the
cytochrome P450-1B1 (Cyp1b1) gene on the GLC3A locus
(Sarfarazi et al., 1995; Akarsu et al., 1996) as a common
predisposition. This has led many to assert Cyp1b1 as a causative
gene for PCG. Interestingly, additional evidence suggests the
involvement of Cyp1b1 mutations in several other forms of
glaucoma including juvenile and adult primary open angle
glaucoma (POAG) (Vincent et al., 2002; Su et al., 2012). Cyp1b1 is
a membrane bound protein located in the endoplasmic reticulum
or the inner mitochondrial membrane of cells found in most parts
of the body (Stoilov et al., 2001; Bansal et al., 2014). Its general
somatic involvement is in both endogenous and exogenous
metabolism of xenobiotics and steroid synthesis (Murray et al.,
2001). The role of Cyp1b1 in the eye is not well understood,
however, its mRNA and protein expression in various ocular
tissues including the cornea, ciliary body, trabecular meshwork,
and the retina is evident (Muskhelishvili et al., 2001; Bejjani et al.,
2002; Doshi et al., 2006).

The majority of studies seeking to understand the role
of Cyp1b1 in the eye and its influence on the onset of
PCG have focused primarily on signaling pathways integral
in anterior eye structure development necessary for aqueous
humor drainage. Cyp1b1 is involved in the metabolism of
vitamin A (retinol) to the bioactive retinoic acid (RA). RA
serves as a signaling molecule during a number of developmental
and physiological processes, playing multiple roles during
embryonic ocular and retinal development (Molotkov et al.,
2006; Matt et al., 2008; Vasiliou and Gonzalez, 2008). Of the
few murine studies conducted, deletion of Cyp1b1 in vivo
yielded modest dysgenic anterior ocular drainage structures
(trabecular meshwork and ciliary body) resembling defects

seen in human PCG patients (Libby et al., 2003; Teixeira
et al., 2015). While understanding the role of Cyp1b1 in
anterior eye structure maldevelopment and causative signaling
mechanisms holds significant value in understanding the
onset and development of PCG; an avenue that remains
overlooked is the contribution of Cyp1b1 in the retina and
retinal projection dysfunction and degeneration underlying
glaucomatous pathophysiology.

Glaucoma including PCG, involves an increased sensitivity
of RGCs to changes in IOP. This increased sensitivity to
elevations in IOP alters the axons of the RGCs (axonopathy)
which encompass but are not limited to cytoskeletal alterations
(Wilson et al., 2016), synaptic hypertrophy (Smith et al., 2016),
aberrant morphology of axonal nodes of Ranvier (Smith et al.,
2018) and defects in axonal transport (Dengler-Crish et al.,
2014). The latter two appearing as the earliest pathological
manifestations preceding overt degeneration of RGC axons in
the optic nerve and somal loss in the retina (Smith et al.,
2016). These pre-degenerative axonopathies represent key factors
in the pathophysiological sequalae of glaucoma, which likely
drive or follow changes in RGC physiology that is equally
necessary for maintaining proper eye-brain communication
(Baltan et al., 2010; Risner et al., 2018; Smith et al., 2018). To
our knowledge no prior examination has been completed to
determine the integrity of the retinal projections in the absence of
Cyp1b1 under normal and stressed conditions (i.e., pathological
elevation in IOP).

To address this gap in understanding of the role of Cyp1b1 in
glaucoma, we compared the progression of RGC axonopathy in
Cyp1b1−/− and wildtype mice following pathological elevation
in IOP using the magnetic microbead occlusion model. We found
more pronounced RGC axonal transport deficits and abnormal
node of Ranvier morphometry in Cyp1b1−/− compared to
wildtypes subjects following 5-weeks IOP elevation. We propose
that the absence of Cyp1b1 expression alone is insufficient
to drive murine glaucomatous pathology, however, the lack
of its expression may increase the vulnerability of retinal
neurons to disease relevant mechanisms following pathological
elevations in IOP.

MATERIALS AND METHODS

Subjects
Adult mixed sex Cyp1b1−/− [129S6.129 × 1(B6)-
Cyp1b1TM1Gonz/Mmnc] mice were obtained from the Mutant
Mouse Resource and Research Center (MMRRC) at JAX (Jackson
Laboratories) and genotyped before experimentation to confirm
the transgene. These mice have a targeted mutation caused
by a disrupted coding sequence associated with exon three
of the Cyp1b1 gene. Age-matched 129S6.129 × 1(B6) mice
were used as wildtype controls (Buters et al., 1999; Libby et al.,
2003). Mice were maintained in the Comparative Medicine
Unit at Northeast Ohio Medical University on a 12-hour
light/dark cycle with standard rodent chow available ad libitum.
All experimental procedures were approved by the Northeast
Ohio Medical University Institutional Animal Care and Use
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Committee and conducted in accordance with the Guide for
Care and Use of Laboratory Animals published by the National
Institutes of Health.

Groups, Sample Size, and Ages
Thirty-six mice were used for this study to create equivalent
groups of mice based on genotype, and experimental conditions.
For initial studies assessing Cyp1b1−/− optic projection
development a total combined cohort of twelve Cyp1b1−/−

(n = 6) and wildtype (n = 6) subjects were used. Each retina,
optic nerve, and corresponding contralateral superior colliculus
(SC) were analyzed as independent measures within each animal,
as glaucomatous pathophysiology is known to differentially affect
each eye and projection (Schlamp et al., 2006; Crish et al., 2010).
Therefore, from the total cohort of twelve subjects, a total of
24 (n = 12 per group) optic projections were collected and
analyzed. All tissues were collected in 4–6-month old subjects
across both genotypes.

For subsequent studies aimed at determining the impact
of Cyp1b1−/− in the optic projection under conditions of
ocular stress (i.e., induced ocular hypertension), an additional
cohort of twenty-four 8–10 month old Cyp1b1−/− (n = 12)
and wildtype (n = 12) subjects were utilized. Each retina,
optic nerve, and corresponding contralateral superior colliculus
were analyzed as separate, independent measures within each
animal. The left eye/projections across both genotype groups
underwent microbeads occlusion to induced ocular pressure
elevation constituting the “hypertensive” subgroup while the
right eye/projection remained un-elevated, “normotensive” to
serve as internal sham control.

Intraocular Pressure Elevation Induction
in Subjects
Intraocular pressure was raised to glaucomatous levels in our
Cyp1b1−/− and wildtype subjects using the microbead occlusion
method as described in Lambert et al. (2019) and Smith et al.
(2018) (Figure 2). Briefly, twelve Cyp1b1−/− mice and twelve
wildtype subjects were anesthetized using inhaled isoflurane
(3% to induce and 1.5% to maintain sedation) and secured in
a custom-made mount to reduce head and body movement
during procedure. Baseline IOP readings were taken using
a tonometer (TonoLab, Icare). Topical tropicamide (1%) was
applied to both eyes for pupillary dilation, and a glass pipette
(borosilicate glass capillaries 1.0/0.75 mm OD/ID pulled to
150-µm diameter; World Precision Instruments) attached to a
Micro4 MicroSyringe Pump Injection system (World Precision
Instruments) was used to deliver 1 µl (2.4 × 106 beads/ml)
of COMPEL magnetic microspheres (mean diameter 7.90 µm;
Bangs Laboratories Inc.) into the anterior chamber of the
left eye for each animal. After completion of injections, a
small neodymium magnet (Amazing Magnets) was used to
pull beads to the margin of the eye. Each animal received
a sham injection in the right eye with sterile saline used
in place of microspheres as a procedural control. Animals
were allowed to recover and IOP readings were recorded at
24- and 72-h and each week post injection for a 5-week

survival time. After 5-weeks of IOP elevation, subjects underwent
anterograde transport labeling procedures as detailed in section
“Anterograde Axonal Transport Labeling” before being sacrificed
following procedures detailed in section “Tissue Collection
and Preparation.”

Anterograde Axonal Transport Labeling
In order to assess the integrity of RGC anterograde axonal
transport mechanisms in our subjects, we used axonal transport
labeling techniques as we previously described (Dengler-Crish
et al., 2014; Smith et al., 2016). Anterograde transport labeling
was performed in all subjects across genotype and conditions.
Subjects were placed prone in a stereotaxic device (Stoelting,
Wood Dale, IL, United States) equipped with a nose cone that
delivered 2.5% isoflurane at 0.8 ml/min. Injections (1.5 µl) of
0.1% cholera toxin subunit B (CTB) conjugated to Alexa Fluor-
488 (Molecular Probes, C-34775) in sterile phosphate buffered
saline (PBS) were administered into the vitreal chamber of each
eye using a 33-ga needle attached to a 25 µl Hamilton syringe.

Tissue Collection and Preparation
All subjects were sacrificed via an overdose of Beuthanasia-
D (300 mg/kg, i.p.) and transcardially perfused with PBS
followed by 4% paraformaldehyde (PFA). Retinas, optic
nerves, and brains were dissected and submerged into
4% PFA for an additional post-fixation step. Post-fixation
time was dependent on the tissue type. Retinas underwent
30-min post-fixation, whereas optic nerves and brains
were post-fixed overnight. After post-fixation, tissues were
cryoprotected in 20% sucrose/PBS overnight. Using a freezing
sliding microtome, 50 µm-thick coronal serial sections
through the rostral-caudal extent of the superior colliculus,
and 15 µm-thick longitudinal optic nerve sections were
collected. Retina were dissected from the eye and prepared as
flattened whole-mounts.

Examining the Structural Integrity of the
Retinal Projections
In order to assess whether any anatomical differences exist
regarding RGCs in the retinal-brain projections of the
Cyp1b1−/− mouse, we used immunohistochemistry to label all
components of the RGCs including somas in the retina, nodes
of Ranvier in the optic nerve, and the distal projection axons
and terminals in the superior colliculus. Retina, optic nerve, and
brain tissues were incubated at 37◦C for 1 h in a blocking solution
containing 5% normal donkey serum and 0.1% Triton-X 100
in PBS, followed by overnight incubation at room temperature
in a primary antibody solution containing 3% serum, 0.1%
Triton. Primary antibodies used were: Brn3a (mouse 1:500; Santa
Cruz Biotenchonology) to label the retinal ganglion cell nuclei,
Caspr (mouse 1:500; Millipore) for axon paranode junctions,
Nav1.6 (rabbit 1:500; Alamone) for axonal sodium channels at
the nodes of Ranvier, ERRβ (rabbit 1:500; Sigma-Aldrich) for
terminating retinal ganglion cell axons, Vglut2 (guinea pig 1:500;
Synaptic Systems) for the synaptic terminals in the superior
colliculus. After primary antibody incubations, tissues were
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washed, and then incubated at room temperature for 2 h in
CF-Dye conjugated (488, 594, and 647 dyes) secondary antibody
solution (Biotium) at a dilution of 1:200 in 1% serum/0.1%
Triton/PBS. Following the final washes, tissues were mounted
onto slides and coverslipped with ProLong Glass mounting
media (Thermo Fisher).

Microscopy
All images were collected on a Zeiss Axio Imager M2
equipped with a digital high-resolution camera (Hamamatsu
Flash4.0 V3 Digital CMOS; Japan), motorized Z and X–Y
stage and an Apotome. Two structured illumination systems
using 20×/0.8, 63×/1.4, and 150×/1.35 NA Plan-Apochromat
objectives (Zeiss, Jena, Germany); all ran from the Zen operating
software equipped with deconvolution and extended-depth-
of-field modules. For retina imagining, multi-frame z-stacked
acquisition was used to create a montage image composite of
the entire retinal surface (Simons et al., 2021). For the optic
nerve, optical sections (0.3 µm) through longitudinal sections
were collected using the Apotome 2. Images were collected at two
distinct regions at the center length of each nerve (Smith et al.,
2018). For the superior colliculus, every third section of the serial
right superior colliculus section was imaged.

Image Analysis
All analysis detailed in the section was conducted by multiple
participants that were blinded to the genotype and condition
from which the tissue was derived as slides were de-identified and
assignment of an arbitrary numerical sequence was used to allow
for minimal identification across subjects and study groups.

To determine the density of the RGC somas in the retina of
Cyp1b1−/− compared to wildtype controls we used ImagePro
(Media Cybernetics; Rockville, MD, United States) software
to count and calculate Brn3a-labeled RGCs in the retina.
Densities (cells/mm2) were derived by dividing the total number
of Brn3a-positive RGCs counted in each retina by the total
area of that retina.

To assess the integrity of axonal transport, and intactness
of distal RGC axons in naïve, normotensive and hypertensive
Cyp1b1−/− mice, we quantified CTB, ERRβ, and Vglut2 signal
density in multiple slices of the superior colliculus using a
custom-written macro for NIH ImageJ. We set background
intensity for each superior colliculus section by selecting a region
of non-retinorecipient (i.e., periaqueductal gray) for comparison
with the retinorecipient superior colliculus. We selected only the
retinorecipient layers of the superior colliculus and binned pixels
running from medial to lateral superior colliculus. The number
of pixels within bins with CTB, ERRβ, or Vglut2 signal brighter
than background was divided by the total number of pixels in
the bin to provide a signal density for each serial section. The
signal density from each serial superior colliculus section was
averaged for each animal and compared across all genotypes
and manipulation.

Node and paranode lengths, were derived from raw image
z-stacks analyzed with the Zen 2 software analysis module as
previously described (Smith et al., 2018). Node of Ranvier length
was defined as the minimum distance separating adjacent Caspr

terminal ends with the paranode length defined as the distance
across a single unilateral Caspr signal determined from z-stacks
of nodes that were linearly oriented to the imaging plane.

Statistical Analysis
Statistical data analysis was performed using IBM SPSS 26
Software. Raw data were screened for outliers, normalcy, and
homogeneity of variance. We used two-way factorial analyses of
variance (ANOVA) to determine differences in the magnitude
of transport and structural label in the superior colliculus and
retina between genotypes. Only CTB label was analyzed across
subjects between genotypes in microbead occlusion experiments.
Average node and paranode lengths were compared between
genotype/microbead occlusions groups using factorial ANOVA
models with Bonferroni’s corrected pairwise comparisons to
elucidate subgroup differences. Microbead occlusions IOP data
were analyzed using an omnibus mixed model within subjects
(ANOVA) to determine whether IOP changed in each eye
after model induction as a function of bead implantation
(hypertensive) or control saline injection (normotensive).

RESULTS

CYP1B1−/− Develop Structurally Intact
Visual Projections
As summarized in Figure 1, we did not find any major differences
in the structural integrity of RGC at the level of the retina, optic
nerve, or superior colliculus in naïve Cyp1b1−/− mice compared
to wildtype subjects. Using tonometry to record IOPs in both
left and right eyes in Cyp1b1−/− mice aging from postnatal day
16 (P16) to 12-months there was no significant difference in
IOP between the left and right eyes across all ages (Figure 1A;
F1,28 = 0.18, p > 0.1). Qualitatively, recorded IOPs from
Cyp1b1−/− mice at all examined ages did not extend outside
of physiological ranges of 10–15 mmHg as reported in mice
of similar genetic background with normal ocular phenotypes
(Savinova et al., 2001).

In comparing RGC densities across flat-mount naïve
Cyp1b1−/− and wildtype retina, no statistical difference was
observed in retinal Brn3a cell density (Figure 1B, upper panel)
between the two genotypes (Figure 1B; F1,22 = 0.23, p > 0.1).
Using the optic nerves to compare node of Ranvier and paranode
lengths (Figure 1C, upper image) across naïve wildtype and
Cyp1b1−/− subjects yielded no significant differences in node
(Figure 1C, lower left; F1,388 = 0.36, p > 0.1) or paranode length
(Figure 1C, lower right; F1,388 = 0.46, p > 0.1). Cyp1b1−/−

node and paranode lengths adhered to expected ranges for
mice of equivalent age (Stahon et al., 2016). Although not
quantified, sodium channels (Figure 1C, upper image; red)
appeared present and normally distributed within the nodes.
Lastly, to determine anterograde transport integrity and distal
RGC axon/synaptic connectivity to/in the superior colliculus
within Cyp1b1−/− subjects; CTB, Vglut2, and Errβ label were
independently compared across subjects. No differences were
observed in the percent area fraction of CTB, Vglut2, and Errβ
label in the superior colliculus of naïve Cyp1b1−/− subjects
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FIGURE 1 | Cyp1b1−/− develop structurally intact visual projections. (A) Cyp1b1−/− ocular pressure readings across the lifespan (P16 to 12-mo, n = 6) maintained
within normal physiological range in both eyes. (B) Retinal ganglion cell density in naïve wildtype vs. Cyp1b1−/− mice. High magnification retinal whole-mount
images immunostained for Brn3a, a marker for RGC nuclei. Naïve Cyp1b1−/− (red; n = 12) RGC densities do not differ from naïve wildtype retina (yellow; n = 12).
(C) Cyp1b1−/− nodes of Ranvier appear absent of major morphometric changes in the node (Nav1.6, red; n = 200) and paranode (Caspr, green; n = 200). (D) A
50 µm coronal cross section through the superior colliculus of a Cyp1b1−/− mouse that received an intravitreal injection of cholera toxin-B conjugated –alexafluor
488 (CTB488, green) and immunostained for VGlut2 (red, RGC synapses) and estrogen related receptor-β (magenta, RGC axon + axon terminals). Graph depicts
superior colliculus label density (labeled area/total area) for each marker. No differences in label density were present between Cyp1b1−/− and wildtype (n = 24).
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FIGURE 2 | Microbead occlusion model. (A) Example image of procedure being performed. Left shows saline injected eye, right shows glass pipette insertion into
anterior chamber of subject delivering a solution containing 8 µm magnetic microbeads. (B) Intraocular pressure (IOP) readings from Cyp1b1−/− subjects (orange
lines) and wildtype (black lines) following injection of microbeads (hypertensive and solid circles) or saline (normotensive and open circles) over 5 weeks (n = 24).

compared to wildtypes (Figure 1D; CTB; F1,22 = 1.23, p > 0.1),
Vglut2; F1,22 = 1.34, p > 0.1), and ERRβ, F1,22 = 1.23, p > 0.1).

CYP1B1−/− Accelerates Axonopathy in
the Rretinal Projection Following Ocular
Pressure Elevation
A single unilateral injection of magnetic microbeads (Figure 2A)
significantly elevated IOP in both Cyp1b1−/− and wildtype
eyes by 38% for 5-weeks compared to the corresponding
saline injected (normotensive) eyes (Figure 2B, F3,26 = 1.70,
p > 0.1). Cyp1b1−/− IOPs in the injected eye (hypertensive)
(Figure 2B, solid circle- orange) was not significantly different
from hypertensive wildtype eyes (Figure 2B, solid circle-black;
F1,26 = 1.70, p > 0.1).

As summarized in Figure 3, we observed significant
differences in the structural integrity of RGCs at the level of
the retina, optic nerve, and superior colliculus following ocular

hypertension in Cyp1b1−/− and wildtype subjects. In the retina,
following ocular hypertension, hypertensive Cyp1b1−/− and
hypertensive wildtype subjects exhibited substantial reductions
(75 and 60%, respectively) in Brn3a density compared to saline
injected controls (Figures 3A,B; F3,44 = 101.1, p < 0.01).
However, hypertensive Cyp1b1−/− retina did not exhibit any
difference in Brn3a destiny compared to hypertensive wildtype
retina (Figures 3A,B; F3,44 = 3.08, p = 0.09).

In the optic nerve, significant alterations in node and paranode
lengths were observed (Figure 3C). Hypertensive Cyp1b1−/−

optic nerve nodes of Ranvier were 27% longer compared to nodes
within the hypertensive wildtype optic nerve (Figure 3D left;
F1,446 = 226.76, p < 0.05) and the contralateral normotensive
Cyp1b1−/− optic nerve (F1,446 = 203.23, p< 0.05). Hypertensive
Cyp1b1−/− paranode lengths were 21% shorter in comparison to
hypertensive wildtype (Figure 3D right; F1,446 = 207.94, p< 0.05)
and normotensive Cyp1b1−/− optic nerves (F1,446 = 220.65,
p < 0.05). Although not directly quantified, qualitatively, sodium
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FIGURE 3 | Cyp1b1−/− accelerates axonopathy in the retinal projections
following ocular pressure elevation. (A) Brn3a immunofluorescence in
normotensive and hypertensive flat mount retina from wildtype and
Cyp1b1−/− subjects (scale bar = 50 µm). (B) Hypertensive Cyp1b1−/− (solid
magenta) and wildtype (dashed magenta) retina demonstrate a significant
reduction in Brn3a density compared to normotensive wildtype (solid yellow)
and Cyp1b1−/− (dashed yellow) retina. Hypertensive Cyp1b1−/−

demonstrate no greater loss in Brn3a density compared to hypertensive
wildtype retina. (C) Longitudinal optic nerve sections immunolabeled for
Nav1.6 (red) and Caspr (green) to visualize nodes of Ranvier and adjacent
paranode in normotensive and hypertensive Cyp1b1−/− and wildtype optic
nerves. Brackets indicate node and paranode length in microns. (D) Node
lengths increased (left) while paranode lengths decreased (right) in
hypertensive (yellow) Cyp1b1−/− optic nerves following 5-week elevation in
IOP compared to normotensive (magenta) nerves corresponding to the saline
injected eye in the same animal. Nodes and paranode lengths associated with
the hypertensive wildtype optic nerves were comparable to wildtype naïve
(orange line; indicates average) and normotensive Cyp1b1−/− (magenta)
lengths. (E) Epifluorescent images contrasting CTB label in unilateral coronal
sections through the superior colliculus of hypertensive Cyp1b1−/− and

(Continued)

FIGURE 3 | Continued
wildtype subjects. Superior colliculi corresponding to hypertensive eyes
(yellow) in both Cyp1b1−/− and wildtype subjects demonstrate significant
deficits in axonal transport evidenced by reduced CTB labels compared to
colliculi corresponding to the saline injected normotensive eye (magenta).
Collicular CTB drop-out was more pronounced in Cyp1b1−/− subjects
compared to wildtypes following equivalent period of IOP elevation. Asterisk
denotes statistical significance (p < 0.01).

channel density across axons and distribution within the node
appeared consistent across groups and conditions.

Lastly, we compared the progression of anterograde
transport deficits in the superior colliculus of Cyp1b1−/−

and wildtype mice following induced ocular hypertension
(Figure 3E). Following the 5-weeks period of IOP elevation,
the superior colliculus of both Cyp1b1−/− and wildtype
subjects demonstrated 45% (F1,22 = 299.57, p < 0.01) and
20% (F1,22 = 104.54, p < 0.01) depletion of CTB coverage,
respectively. However, most interestingly, Cyp1b1−/−

demonstrated a 33% greater depletion in CTB transport in
the superior colliculus compared to hypertensive wildtype
subjects (F1,22 = 106.47, p < 0.01). Colliculi corresponding
to the saline injected normotensive eyes in both subjects
revealed >95% CTB coverage with statistical difference reflected
across genotypes.

DISCUSSION

Axonopathy is one of the earliest hallmarks of neurodegeneration
in glaucoma which encompasses degradation of active transport
from the retina to the colliculus, and alterations in node of
Ranvier morphology, both of which occur before outright axon
degeneration in the optic nerve and soma loss in the retina
(Dengler-Crish et al., 2014; Smith et al., 2016; Smith et al., 2018).
In the current study, we showed evidence that absence of Cyp1b1
alone is insufficient to drive glaucomatous-like axonopathy and
RGC neurodegeneration in the mouse visual system. This finding
was not surprising given that these animals do not develop
abnormal elevations in IOP over their lifespan. This seems to
align with previous studies that also did not report abnormal
IOPs in these mice, and provide evidence suggesting that the
abnormal development in anterior eye structures is restricted to
only modest focal points across these drainage structures and
therefore are not substantial enough to alter the aqueous fluid
drainage (Libby et al., 2003).

Our most interesting finding is that after a 5-weeks period
of an equivalent pathological elevation in IOP, deficits in
anterograde transport to the colliculus were more severe
in Cyp1b1−/− mice than in age-matched wildtype mice.
Additionally, IOP elevation altered node of Ranvier morphology,
where node gap lengths were longer and paranode lengths
were shorter in Cyp1b1−/− hypertensive optic nerves compared
to equivalently stressed wildtype subjects. This observation is
further intriguing given that alterations in node of Ranvier
morphology are not typically reported following IOP elevation
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induced by microbead occlusion, but rather in naturally
occurring animal models such as the DBA2/J mouse (Smith et al.,
2018). It is important to note that despite the nuanced alterations
in node/paranode morphology and the exacerbated transport
loss, Cyp1b1−/− subjects did not demonstrate any greater
difference in RGC somal loss in the retina compared to wildtypes
following ocular hypertension. Given that RGC degeneration in
glaucoma occurs in a retrograde fashion occurring first in the
distal axon and dying back toward cell bodies at varied rates,
timing is critical. Our data represent a single time point following
elevation whereby the percent change in RGC densities would
have to be analyzed across multiple earlier and later time points
to elucidate effects on RGC apoptosis in the retina. In any case,
clinical manifestation and treatment strategies are not wholly left
to preventing RGC loss and these exacerbated deficits in axonal
transport and node of Ranvier alterations stand to have immense
impact on RGC function.

In terms of possible mechanisms, our findings lack the
support of additional literature therefore, much is left to
speculation until further studies are conducted. Nevertheless,
we assert that interesting linkages can be made across our
findings by focusing on the bioactive metabolites produced by
Cyp1b1. As mentioned, Cyp1b1 participates in the conversion
of retinol to retinoic acid (RA) and metabolism of unbound
arachidonic acid (AA) (Choudhary et al., 2004). Several studies
have proposed various beneficial effects of RA in central
nervous system injury noting RAs ability to downregulate pro-
inflammatory cytokines such as IL-1β and TNFα in order
to alter macrophage and microglial activation and reactive
oxygen species production (Choi et al., 2005; Dheen et al.,
2005; Xu and Drew, 2006; De La Rosa-Reyes et al., 2019)
and in mediating RGC survival following optic nerve injury
(Duprey-Díaz et al., 2016). RA has been shown to be released
from NG2 cells in the central nervous system (Mey et al.,
2005). NG2 cells play an intimate supporting role at the
node of Ranvier where their processes are shown to insert
(Serwanski et al., 2017) in order to serve as sensors to
communicate changes in neuron environment in times of
stress/injury (Wu et al., 2008). While it is not understood,
we can speculate that RA release from NG2 cells at the node
may provide additional support to mediate anti-inflammatory
processes following injury or stress (Palenski et al., 2013). In
the absence of Cyp1b1, diminished RA levels may lead to
increased neuroinflammation (Falero-Perez et al., 2019) at the
node altering their morphology in response to stress placed on
axons following IOP elevation.

In addition, arachidonic acid (AA), a fatty acid that
is released from cell membrane phospholipids following
mechanical stimulation or hypoxia is partly metabolized
by Cyp1B1. AA concentrations have been described in the
retina, optic nerve, and brain and may play a role in other
axonopathies/neurodegenerative disorders such as Alzheimer’s
disease which share several similarities to glaucoma (Conquet
et al., 1975; Corcoran et al., 2004). AA has been shown
to influence synaptic functions by acting as a retrograde
messenger stimulating opening Kv channels (Angelova and
Müller, 2009). Given that Cyp1b1 appears localized within

the inner plexiform layer of the retina, it would in theory
allow for maintained high concentration of AA levels at
the bipolar-RGC synapse. This may alter RGC activity in
Cyp1b1−/− projections whereby increased levels of AA could
alter RGC excitability through retrograde synaptic signaling
through inhibited sodium/potassium currents and synaptic
transmission (Fraser et al., 1993). Additionally, AA has been
described to be involved in tau hyperphosphorylation (King et al.,
2000). AA activates several kinases, including protein kinase
α, which directly contribute to increased tau phosphorylation
levels (Kochs et al., 1993). Tau hyperphosphorylation is
evident in the glaucomatous optic nerve and can disrupt
axonal transport mechanisms (Wilson et al., 2016). It
is possible that absence of Cyp1b1 exacerbates axonal
transport deficits through increasing intra-axonal RGC tau
hyperphosphorylation.

CONCLUSION

Absence of Cyp1b1 alone is not sufficient to alter visual function
but does increase RGC susceptibility to axonopathy following
pressure elevation. Thus, Cyp1b1 may contribute to the ability of
RGCs to respond to stress or injury through internal or external
signaling mechanisms mediated through bioactive metabolites.
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