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Abstract
Objective—To determine if loss of protein kinase Cγ (PKCγ) results in increased structural damage
to the retina by hyperbaric oxygen (HBO), a treatment used for several ocular disorders.

Methods—Six-week-old mice were exposed in vivo to 100% HBO 3 times a week for 8 weeks.
Eyes were dissected, fixed, embedded in Epon, sectioned, stained with toluidine blue O, and
examined by light microscopy.

Results—The thicknesses of the inner nuclear and ganglion cell layers were increased. Destruction
of the outer plexiform layer was observed in the retinas of the PKCγ-knockout mice relative to control
mice. Exposure to HBO caused significant degradation of the retina in knockout mice compared with
control mice. Damage to the outer segments of the photoreceptor layer and ganglion cell layer was
apparent in central retinas of HBO-treated knockout mice.

Conclusions—Protein kinase Cγ–knockout mice had increased retinal sensitivity to HBO. Results
demonstrate that PKCγ protects retinas from HBO damage.

Clinical Relevance—Care should be taken in treating patients with HBO, particularly if they have
a genetic disease, such as spinocerebellar ataxia type 14, a condition in which the PKCγ is mutated
and nonfunctional.

Gap junctions have been called both “good Samaritans” and “executioners,”1 terms that refer
to their ability to pass both necessary metabolites and apoptotic signals from cell to cell. It has
been suggested that this spread of cell death takes place through open gap junctions, a process
referred to as the bystander effect.1 The passage of apoptotic signals through gap junctions has
been linked to oxidative cell death in retinal ischemia.2,3 Retinal gap junction proteins, such
as connexin 43 (Cx43) and connexin 50 (Cx50), play important roles in retinal function, and
defects in the control of these gap junction proteins may cause retinal cell death.4-7 In retinal
and lens cells in culture, the gap junction proteins Cx43 and Cx50 are inhibited after
phosphorylation by protein kinase Cγ (PKCγ), a process that is controlled by the cell oxidative
state.8-10
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Protein kinase Cγ belongs to a class of serine/threonine protein kinases that consist of at least
11 isoforms.11-18 Previous studies of PKCγ-knockout mice have shown reduced pain
sensitivity and reduced protection against brain ischemia.19,20 However, no study has
previously shown the effect of loss of PKCγ on these knockout animals' retinas, a tissue with
known sensitivity to ischemia.

Spinocerebellar ataxias (SCAs) are heterogenous, autosomal dominant neurodegenerative
disorders that are clinically characterized by various symptoms, such as progressive ataxia of
gait and limbs, cerebral dysarthria, and abnormal eye movement.21 Currently, 28 genetic loci
have been linked to the clinical phenotype of SCA, and 14 causative genes have been identified.
21 Spinocerebellar ataxia type 14 (SCA14) is caused by mutations in the PKCγ gene,22 a
classic PKC isoform expressed primarily in the central nervous system, peripheral nerves,
retina, and lens. Spinocerebellar ataxia type 14 is a very slowly progressive ataxia that mostly
affects gait and limb coordination with age at onset as early as 3 years.22,23 Protein kinase
Cγ consists of C1 and C2 regulatory domains and C3 and C4 catalytic domains. The C1 domain
contains 2 tandem-repeat, cysteine-rich regions, C1Aand C1B. In families with SCA14, more
than 20 missense coding mutations have been identified in PKCγ. Although the SCA14
mutations occur throughout the PKCγ gene from the regulatory to catalytic domains and also
include a 6-pair inframe deletion (ΔK100-H101), most mutations occur in the C1B regulatory
domain.22-24

Humans with SCA14 have point or truncation mutations in PKCγ, resulting in a nonfunctional
enzyme.25 We have previously demonstrated that lens epithelial cells with PKCγ SCA14
mutants (H101Y, S119P, or G128D) lack PKCγ enzyme activity even when endogenous
PKCγ is present.26 Effects are observed on gap junction proteins Cx43 and Cx50, which are
both found in the retina.27,28 Protein kinase Cγ C1B mutants do not phosphorylate Cx43 or
Cx50; they cause increased Cx43 and Cx50 plaques; and disassembly does not occur after
hydrogen peroxide–stimulated activation of PKCγ.26 This dominant negative effect on
endogenous PKCγ has been linked to failure of control of gap junctions and causes cells to be
more susceptible to hydrogen peroxide–induced, caspase 3–dependent cell apoptosis.26

Connexin 43 is found in retinal glial cells, myelinated fiber regions of neural retinas, astrocytes,
and fibrae circulares musculi ciliaris.29,30 Connexin 50, another PKCγ target, is expressed in
retinal fibrae circulares musculi ciliaris, astrocytes, and filamentous processes sheathing the
photoreceptors.5-7,31,32 Connexin 50 also couples between A type horizontal cells.27 Protein
kinase C's are found in the bow region and cortex of the lens and in the cornea and retina.
33-37

Hyperbaric oxygen (HBO) also causes oxidative stress in the live mouse model and is thought
to deplete glutathione cells.38 It induces several physiological effects, such as increased blood
pressure and hyperoxia. The HBO model is a noninvasive technique that is widely used for
treatments of humans with stroke.39,40 It has also been used to ameliorate damage in the blood-
retinal barrier in diabetic retinopathy.41 There are also adverse effects associated with HBO
treatments, such as damage to ears, increased oxygen toxicity, and pulmonary barotraumas.
40 Our goal was to determine if loss of PKCγ in knockout mice increased sensitivity of the
retina to HBO stress, resulting in retinal cell damage.

Methods
Animals

Six-week-old control mice and 6-week-old PKCγ-knockout mice were purchased from Jackson
Laboratory (Bar Harbor, Massachusetts). Control and knockout mice were treated with
elevated pressure of 100% oxygen, 3 times per week for 8 weeks. The course of treatment was
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as follows: treatment 1, 2.5 atm for 1 hour; treatments 2 and 3, 2.5 atm for 2.5 hours; treatments
4 through 9, 2.5 atm for 3 hours; and treatments 10 through 24, 3.0 atm for 3 hours. The mice
were aged 14 weeks by the end of treatment. The mice tolerated the HBO treatments well.
Animals were euthanized according to approved protocols. All experiments conformed to the
Association for Research in Vision and Ophthalmology Statement for Use of Animals in
Ophthalmic and Vision Research and were performed under an institutionally approved animal
protocol.

Western Blot
Retinal tissues were collected within 5 minutes of euthanization in ×2 sample buffer (100mM
Tris hydrochloric acid, pH 6.8, 200mM dithiothreitol, 4% sodium dodecyl sulfate, 0.2%
bromphenol blue, 20% glycerol; 50 μL per retina). Proteins were separated by 12.5% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (40-μg retinal protein/lane) and underwent
Western blots using monoclonal mouse anti-PKCγ antibodies (1:1000) from Sigma-Aldrich
(St Louis, Missouri), mouse anti-Cx50 antisera (1:500) from Zymed (San Francisco,
California), and/or mouse anti–β-actin antibody from Sigma-Aldrich. Immunoreactive bands
were detected by chemiluminescence.

Light Microscopy
Eyes were dissected in 6- to 14-week-old mice, fixed in 2% paraformaldehyde, 2.5%
glutaraldehyde (Sigma-Aldrich), and 0.1M cacodylate (Electron Microscopy Sciences, Fort
Washington, Pennsylvania) then postfixed with osmium tetroxide (Electron Microscopy
Sciences). This was followed by dehydration with 70% alcohol for 12 hours, then with 100%
alcohol overnight and with 100% acetone for 12 hours then embedded in Epon LX112 (Electron
Microscopy Sciences). Sectioning was done using a Reichter-Jung Ultracut E Ultramicrotome
(Cambridge Instruments Inc, Buffalo, New York) at room temperature. Sections were taken
perpendicular to the optic nerve so that all of the layers of the retina could be observed. Eyes
were sectioned until the optic nerve was observed, so that the depth was consistent in all of the
sections. Thick sections (2-50 μm) were obtained using a diamond knife, then stained with 1%
(weight to volume) toluidine blue O (Electron Microscopy Sciences) and viewed using a Nikon
Eclipse E600 light microscope (Nikon Inc, Melville, New York) (×4-100 original
magnification). Exact locations were confirmed by low-magnification photographs (×4-100
original magnification) and analyzed using analySIS software (Soft Imaging System GmbH,
Munster, Germany). Statistical analyses were done using Origin 5.0 (Microcal Software Inc,
Northampton, Massachusetts).

Results
Pkcγ in Retinas of Knockout Mice

Western blot analysis was performed to confirm a lack of PKCγ protein in the retinas of
PKCγ-knockout mice. Figure 1 illustrates that 6-week-old knockout mice have no detectable
PKCγ in the retina. Western blots did not demonstrate any change in Cx50 protein, used as a
control, in the retinas of knockout mice compared with those in control mice, indicating that
normal levels of possible PKCγ targets remain intact in the knockout mice (Figure 1). As this
is a well-studied knockout model, we did not examine additional protein levels. Extensive
analysis in the brain has already established validity of this model.42,43

Structural Changes in Retinas of Knockout Mice at 6 Weeks of Age
All eyes were sectioned perpendicular to the optic nerve, so that we were able to view all 7
retinal layers. To keep all eyes at equal sectioning depth, we sectioned them until the optic
nerve was visible (Figure 2). The widths of all the layers were determined to be 250 μm (central)
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and 1100 μm (peripheral) from the optic nerve. Average thicknesses for control and knockout
retinas were measured using analySIS software (Figure 3 and Figure 4). It is apparent that
differences in thickness and structural integrity are present when comparing control and
knockout mice (even without HBO treatment), especially in the central retina 250 μm from the
optic nerve (Figure 3, Figure 4, and Figure 5).

We observed that the average thicknesses of the ganglion cell layer in the knockout mice were
consistently greater by about 25%. The inner nuclear layer in some retinas (Figures 2 and 3)
were about 30% thicker, which was due to the formation of vacuoles (empty space) between
the cells (shown circled, Figures 2 and 5). These increases in thickness, when values were
averaged among many retinas, were not significant, though vacuoles appeared in all inner
nuclear layers in the retinas of knockout mice. The total number of nuclei in the outer nuclear
layer was reduced by about 20% in the central retinas of knockout vs control mice (Figure 5
and the Table). The vacuoles that were observed in PKCγ-knockout retinas (Figure 2, Figure
5, and Figure 6) were responsible for the increase in thickness and reduction of total nuclei in
the inner nuclear layer, outer nuclear layer, and ganglion cell layer (Figure 4 and the Table).

The greatest damage was observed in the outer plexiform layer. This layer was completely
undefined; therefore, when measuring thicknesses, we combined the outer plexiform layer with
the inner nuclear layer. The outer plexiform layer had extreme vacuoles and lacked any kind
of organization or structure (Figures 2 and 5). The outer plexiform layer of control retinas
appeared normal (Figure 2).

The outer nuclear layer of the knockout retinas had 9 to 10 layers of nuclei vs 10 to 11 layers
of nuclei in the control mice. This was not reflected in the thickness measurements, probably
because of increased space (due to formation of vacuoles, resulting in overall reduction of
nuclei per unit area) (Table). The photoreceptor layers and the inner plexiform layers were
comparable in the control and knockout mouse retinas.

Sensitivity to Hbo Damage in Knockout Mice
After HBO treatments, the thickness and structural differences between control and knockout
retinas were more apparent. In Figure 5 we show the results of treating 6-week-old mice with
HBO (100%), 3 times a week for 8 weeks (see the “Methods” section). Light microscopy in
all retinal layers in the central area of the retina near the optic nerve demonstrated the most
prevalent damage (Figures 3 and 5). As shown, the reduction of all layers was extensive in the
PKCγ-knockout mice, whereas damage was much less severe in control mice. In particular, a
severe loss of outer segments in the photoreceptor layers was observed. The average thickness
was reduced by more than 50% (Figures 3 and 5) in knockout retinas after HBO treatment vs
a 25% decrease in the control retina. In addition to reduction of thickness, the integrity of the
outer segment seemed completely collapsed (Figure 5). Vacuoles were observed between the
inner and outer segments, and outer segment fibers had no apparent direction in knockout
retinas compared with control fibers, which were organized in a very tight manner. Figure 5
demonstrates the extreme increase of structural damage to the outer segments of knockout
retina compared with control retina after HBO treatment.

The outer nuclear layer, which contains the nuclei of photoreceptor cells, decreased
significantly in thickness in knockout mice after HBO treatment. The thickness of the outer
nuclear layer decreased by 45% in the HBO-treated knockout mice (Figure 3) compared with
no decrease in control retinas. The number of layers of nuclei also decreased in the HBO-treated
knockout mice from 8-9 to 4-5 layers. This was not observed in control retinas.

Ganglion cell layers were also damaged in the knockout retinas even after HBO treatment.
Figure 5 shows many vacuoles in the ganglion cell layer, resulting in an increase in thickness
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of this layer. The total number of nuclei decreased (Table), indicating that the increase in
thickness was due to formation of vacuoles and not to the extra nuclei. The HBO-treated
knockout ganglion cell layer had the same thickness, but the number of nuclei was reduced
significantly. Ganglion cell layers from HBO-treated knockout mice had 11 valid nuclei, while
the untreated knockout mice had 17 per 100 μm of ganglion cell layer.

Figure 6 demonstrates that the structural effects on peripheral retina were not as significant as
on the central retina. The thickness of outer segments of photoreceptor layers was reduced to
a lesser extent and there were not significant differences between the knockout and control
mice in other layers. This fact indicates that the knockout mice are much more sensitive to
HBO damage in the central retina than in the peripheral retina.

Comment
Results from this study clearly demonstrate that retinas from PKCγ-knockout mice are more
sensitive to damage from HBO treatments. Previous findings suggest that PKCγ is required
for protection of the brain from ischemic stress damage.19 The PKCγ-knockout model is more
sensitive to pain and has changes in long-term potentiation, increased alcohol consumption,
enhanced opioid response, and decreased memory.42,43 Protein kinase Cγ is involved in brain
ischemic responses and it may serve a similar role in retinas in cell regulation and
developmental signaling.

Protein kinase Cγ is an important enzyme in signal-transduction pathways. One of its functions
is to regulate gap junction signaling.8-10,16 Thus, by knocking out PKCγ, the signal
transduction pathway and gap junction control may be disrupted in the retina. Gap junctions,
like those assembled from Cx50 or Cx43, though still present in the knockout mice (Figure 1),
may be dependent on PKCγ for closure in response to oxidative stress (ie, the bystander effect).
Gap junctions are observed throughout the retina and provide electrical coupling between
retinal cells.28,44-47

Besides gap junctions, there are several other targets of PKCγ that are involved in neural
protection and transmission of synaptic signals. Ionotropic glutamate receptors, which play a
role in signal transduction in the brain and are involved in learning and memory formation, are
regulated by phosphorylation. Protein kinase Cγ has been shown to phosphorylate the GluR4
ser-482 α-amino-3-hydroxy-5-methyl-4-isoxazole propionate–type glutamate receptor.48
Calmodulin-binding RC3 (neurogranin) is phosphorylated through the activation of the
postsynaptic glutamate receptor by PKCγ.49 Protein kinase Cγ has also been shown to be
associated with N-methyl-D-aspartate receptor–associated signal transduction, which is
specifically associated with diacylglycerol levels.50 The exact biochemical effects in PKCγ-
knockout mice are yet to be identified. In this study, we explore its overall structural effect on
the retina from the knockout-mouse model and determine that retinas show increased damage
after HBO treatments. This could be partly due to uncontrolled gap junctions.

The bystander effect occurs when an adjacent cell delivers a cellular apoptotic signal, such as
high Ca+2, to an adjacent cell through an open gap junction, causing spread of the death signal.
51,52 The process is well documented in brain injury caused by ischemia, in which the
expansion of the ischemic infarct results from transfer of apoptotic signal molecules through
gap junctions of astrocytes and other cells.1-4 It is apparent that proper control of gap junctions
is required for retinal cell survival and the identification of the gap junctions. Their control
mechanisms provide a challenge for future work.

Protein kinase Cγ is a member of the classic PKC family and has both a C1, diacylglycerol-
binding domain and a C2, calcium-binding domain.20 Unlike other classic PKCs, PKCγ can
be activated directly by an oxidative signal without elevated calcium.8 The C1 domain of
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PKCγ is exposed and becomes oxidized upon exposure of cells to hydrogen peroxide.12 This
causes PKCγ enzyme activation, phosphorylation of Cx43 and Cx50, and inhibition of these
gap junctions.8 Protein kinase Cγ is found in the retinas of normal but not knockout mice
(Figure 1). Thus, normal control of Cx43 and/or Cx50 gap junctions in response to stress would
not occur. This would be reflected in enhanced damage to retinas in these mice.

A similar condition is observed in mutants of PKCγ, which mimic mutations found in humans
with SCA14. When these mutations are overexpressed in neural mouse hippocampal (HT22)
cells, gap junctions are no longer controlled, the mutation causes inactivation of the endogenous
and normal PKC, and there is increased apoptosis and endoplasmic reticulum stress.25 Because
HBO is sometimes used to treat a number of conditions, it may be critical to know if PKCγ is
normal in certain patients.

We have chosen HBO as a stress signal because it is noninvasive and unlike other treatments
does not require anesthesia, which activates PKC.53 This treatment has been extensively
studied in cells in culture and lens models in which cataracts occur.38 In Figure 5, we
demonstrate that retinas from the knockout mice have reduction in all retinal layers and a severe
loss of outer segments and retinal ganglion cells. Significant structural damage in the knockout
retinas was observed in the outer plexiform, ganglion cell, and inner nuclear layers, while other
layers had less damage after HBO treatment.

In our study, we noticed that the effects of HBO on knockout mice were more apparent in the
central retina. The retina is a highly specialized tissue that integrates the light signal into the
neural signal. In humans, this explains why some diseases affect different regions
preferentially, as in age-related macular degeneration and diabetic retinopathy.54,55

After HBO, we observed a more prevalent loss of photoreceptor outer segments, which was
greater in the central region of the retina. Loss of outer segments plays an important role in
age-related macular degeneration pathophysiology.56 Human age-related macular
degeneration provides a good example of how different areas of the retina contain different
structures and may show various responses to stress.

Retinopathy of prematurity, a vasoproliferative disease, is a potentially blinding disorder of
premature infants.57 The retinopathy of prematurity model is known to cause vessel leakage.
The PKCγ-knockout model has no such phenotype.

Glutathione peroxidase 3 catalyzes the reduction of hydrogen peroxide and protects cells
against oxidative damage.38 The peripheral retina contains larger amounts of glutathione
peroxidase 3 than the central retina, which could explain why depletion of glutathione by HBO
affected the central retina more than the peripheral retina.58 The central retina is also more
abundant in neuronal axons, ganglion cells, and neuron filaments.58

At present, little is known of the specific function of individual gap junctions in the retina.
Earlier studies have shown that gap junctions are located between the rod bipolar cells and AII
type amacrine cells.59 Rod bipolar cells do not make direct connections with ganglion cells.
Neural signals first pass to AII type amacrine cells and AII type cells make synapses with the
ganglion cells. In a connexin 36 knockout model, there was no AII/AII or AII/bipolar coupling,
which demonstrated that the presence of connexin 36 was essential for normal coupling in rods.
60

Protein kinase Cγ phosphorylates gap junction proteins, which results in disassembly of gap
junction plaques and therefore in decreases in gap junction activity. We have shown that the
presence of PKCγ is essential for normal functioning and organization of the retina, and we
speculate that some of the causes of the HBO stress damage are the loss of control by PKCγ
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on gap junction activity and disassembly in response to stress. Because PKCγ is vital to stress
protection in the retina, care should be given when treating patients with HBO. Screening for
SCA14, for example, could prevent HBO-induced damage to the retina. In conclusion, these
data demonstrate that PKCγ-knockout mice are more sensitive to retinal damage due to HBO
than control mice, particularly in the central retina.
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Figure 1.
Western blots of whole retinal tissue. Whole retina from 6-week-old control or protein kinase
Cγ– (PKCγ-) knockout (KOγ) mice were loaded in sample buffer at 40-μg protein per lane. A,
Immunoblots using mouse anti-PKCγ antisera at 1:1000, mouse anti–connexin 50 (Cx50) at
1:500, and mouse anti–β-actin at 1:20 000. β-Actin is used as an internal loading control. B,
The average pixel values of Cx50 and PKCγ in control and KOγ mice. Error bars indicate
standard deviation.
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Figure 2.
Structural analyses of retinas in 6-week-old control and protein kinase Cγ–knockout (KOγ)
mice by light microscopy. A and B, The whole retina and optic nerve at ×4 original
magnification. C and D, All the layers of the retina at ×40 original magnification. E and F, The
inner nuclear layer (INL) and outer plexiform layer (OPL) at ×100 original magnification. All
sections are approximately 250 μm from the optic nerve. IPL indicates inner plexiform layer;
IS, inner segments; ONL, outer nuclear layer; OS, outer segments. Vacuoles are circled.

Yevseyenkov et al. Page 12

Arch Ophthalmol. Author manuscript; available in PMC 2009 June 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Thickness of central retinal layers in control and protein kinase Cγ–knockout (KOγ) mice. In
knockout mice, the inner nuclear layer (INL) includes the outer plexiform layer, as the border
is undefined. GCL indicates ganglion cell layer; HBO, hyperbaric oxygen; IS, inner segments;
ONL, outer nuclear layer; OS, outer segments. Error bars indicate standard error of the mean.
*Statistically significant, P≤.05.
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Figure 4.
Thickness of peripheral retinal layers in control and protein kinase Cγ–knockout (KOγ) mice.
GCL indicates ganglion cell layer; HBO, hyperbaric oxygen; IS, inner segments; ONL, outer
nuclear layer; OS, outer segments. Error bars indicate standard error of the mean. *Statistically
significant, P≤.05.

Yevseyenkov et al. Page 14

Arch Ophthalmol. Author manuscript; available in PMC 2009 June 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Structure of mouse retinas (aged 14 weeks) before and after hyperbaric oxygen (HBO)
treatment. Sections of fixed retina, about 250 μm away from the optic nerve, are shown. GCL
indicates ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner
segments; KOγ, protein kinase Cγ knockout; ONL, outer nuclear layer, OPL, outer plexiform
layer; OS, outer segments.
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Figure 6.
Structure of mouse retina (aged 14 weeks) before and after hyperbaric oxygen (HBO)
treatment. Sections of fixed retina, about 1100 μm away from the optic nerve, are shown. GCL
indicates ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner
segments; KOγ, protein kinase Cγ knockout; ONL, outer nuclear layer; OS, outer segments.
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Table
Nuclei in the INL, ONL, and GCL of Control and PKCγ-Knockout Mice

Nuclei/1000 μm2, Mean (SEM)

Mice INL ONL GCL

Central Retina, 250 μm From the Optic Nerve

Control 20 (0.58) 59 (2.1) 13 (1.5)

HBO-treated control 21 (0.75) 50.5 (3.6) 9 (0.75)

PKCγ knockout 15 (1.2) 45.2 (5.1) 7.5 (0.5)

HBO-treated PKCγ knockout 18 (1.5) 32.2 (6.2) 6.5 (0.55)

Peripheral Retina, 1100 μm From the Optic Nerve

Control 19 (1.2) 47.5 (1.8) 11 (1.1)

HBO-treated control 19.5 (1.4) 47.5 (3.1) 10 (1)

PKCγ knockout 15 (0.75) 42.2 (2.8) 8 (0.5)

HBO-treated PKCγ knockout 16 (1) 43.8 (3.6) 7 (0.75)

Abbreviations: GCL, ganglion cell layer; HBO, hyperbaric oxygen; INL, inner nuclear layer; ONL, outer nuclear layer; PKCγ, protein kinase Cγ; SEM,
standard error of the mean.
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