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Purpost. The authors’ laboratory has previously documented
formate-induced retinal toxicity in a rodent model of methanol
intoxication. These studies determined functional, bioener-
getic, and structural recovery of the retina after methanol
intoxication.

MEeTHODS. Rats were intoxicated with methanol, and retinal
function was assessed by electroretinography 72 hours after
the initial dose of methanol and after a 72-hour recovery pe-
riod. Retinal energy metabolites, glutathione (GSH) concentra-
tions, and histology were determined at the same time points.

ResuLts. Both rod-dominated and UV-cone-mediated electro-
retinogram responses were profoundly attenuated in methanol-
intoxicated rats. In rats allowed to recover from methanol
intoxication, there was significant, although incomplete, re-
covery of rod-dominated retinal function. However, there was
no demonstrable improvement in UV-cone-mediated re-
sponses. Retinal adenosine triphosphate (ATP), adenosine
diphosphate (ADP), and GSH concentrations were significantly
reduced after intoxication. Although retinal energy metabolites
returned to control values after the recovery period, retinal
GSH remained significantly depleted. Histopathologic changes
were apparent in the photoreceptors after methanol intoxica-
tion, with evidence of inner segment swelling and mitochon-
drial disruption. In animals allowed to recover from methanol
intoxication, there was no evidence of histopathology at the
light microscopic level; however, ultrastructural studies re-
vealed subtle photoreceptor mitochondrial alterations.

Concrusions. These findings support the hypothesis that for-
mate inhibits retinal mitochondrial function and increases ox-
idative stress. They also provide evidence for a differential
sensitivity of photoreceptors to the cytotoxic actions of formic
acid, with a partial recovery of rod-dominated responses and
no recovery of UV-cone-mediated responses. (Invest Opbthal-
mol Vis Sci. 2001;42:834 -841)

Methanol has been recognized as a human visual neuro-
toxin for more than a century, and the clinical features of
acute human methanol toxicity have been extensively docu-
mented.'~® Toxic exposure to methanol typically results in an
initial transient central nervous system depression, followed by
an asymptomatic latent period lasting 12 to 24 hours. This
latent period is then followed by the development of formic
acidemia, uncompensated metabolic acidosis, visual toxicity,
coma, and in extreme cases, death. Visual disturbances gener-
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ally develop between 18 and 48 hours after methanol ingestion
and range from mild photophobia and misty or blurred vision
to markedly reduced visual acuity and complete blindness.
Susceptibility among persons to the acute effects of methanol
is highly variable, and the minimum lethal dose is considered to
be between 300 mg/kg and 1 g/kg.* ¢ The minimum dose
causing permanent visual defects is unknown, although blind-
ness has been reported after ingestion of as little as 4 ml of
methanol.”®

Methanol toxicity is primarily attributable to its metabolite,
formic acid. Formic acid is the toxic metabolite responsible for
the metabolic acidosis and visual toxicity observed in human
methanol poisoning.>®° Formate has been hypothesized to
produce retinal and optic nerve toxicity by disrupting mito-
chondrial energy production.'®'! In vitro studies have shown
that formate inhibits the activity of cytochrome oxidase, the
terminal electron acceptor of the mitochondrial electron trans-
port chain involved in adenosine triphosphate (ATP) synthe-
sis.'*!? Inhibition occurs subsequent to the binding of formic
acid to the ferric heme iron in cytochrome oxidase, with
inhibition constants between 5 and 30 mM.'>'? Permanent
visual damage in methanol-intoxicated humans® and nonhu-
man primates'®'* has been associated with prolonged expo-
sures (usually longer than 24 hours) to blood formate concen-
trations in excess of 7 mM. However, very little information is
available on the potential for recovery of retinal function after
toxic exposure to methanol-derived formate.

Our laboratory has developed a rodent model of methanol
intoxication in which formate oxidation is selectively inhibited
by treatment with nitrous oxide (N,O). Subanesthetic concen-
trations of nitrous oxide inactivate the enzyme methionine
synthetase, reducing the production of tetrahydrofolate, a nec-
essary cofactor for formate oxidation.'#~'* This allows formate
to accumulate to toxic concentrations after methanol adminis-
tration.'*~'° In methanolintoxicated rats, formic acidemia,
metabolic acidosis, and visual toxicity develop, analogous to
the toxicity seen in methanol intoxicated humans. Previous
studies in our laboratory have established this rodent model of
methanol-induced visual toxicity and have documented abnor-
malities in the flash-evoked visual potential and electroretino-
gram (ERG).'®~"?

The clinical features of methanol intoxication are remark-
ably similar to those of Leber’s hereditary optic neuropathy,
nutritional amblyopia, and the recent Cuban epidemic of optic
neuropathy. In each case, there is evidence that a common
pathophysiological mechanism involving mitochondrial dys-
function contributes to the retinal and optic nerve dysfunction
characteristic of the disease.?**' We hypothesize that the ret-
inal pathophysiology of methanol intoxication is a conse-
quence of formate-induced mitochondrial dysfunction. In this
study, we examined the effect of methanol intoxication on
retinal function and retinal energy metabolism and assessed the
potential for recovery of retinal function after intoxication. Our
findings indicate that formate accumulation after methanol
intoxication inhibited retinal energy metabolism, increased ox-
idative stress in the retina, and profoundly attenuated retinal
function. These studies also provide evidence for a complete
recovery of retinal energy metabolites and a partial recovery of
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retinal glutathione (GSH) and retinal function in animals al-
lowed to recover for 72 hours from methanol intoxication.
Furthermore, our results are indicative of a differential sensi-
tivity of photoreceptors to the cytotoxic actions of formic acid
with a partial recovery of rod-dominated responses and no
recovery of UV-cone-mediated responses.

METHODS

Materials

Methanol (high-performance liquid chromatography [HPLC] grade)
was obtained from Sigma (St. Louis, MO). Thiobutabarbital (Inactin)
was purchased from Research Biochemicals (Natick, MA), atropine
sulfate from AmVet (Fort Collins, CO), hydroxypropyl methylcellulose
(2.5%) drops from Iolab (Claremont, CA), and atropine sulfate ophthal-
mic solution drops from Phoenix (St. Joseph, MO). All other chemicals
were reagent grade or better.

Animals

Adult (250-350 g) male Long-Evans rats (Harlan Sprague-Dawley,
Madison, WI) were used throughout the experiments. Animals were
supplied food and water ad libitum and maintained on a 12-hour
light- dark schedule in a temperature- and humidity-controlled envi-
ronment. All animal experiments were performed in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Methanol Intoxication Protocol

Rats were placed in a thermostatically controlled plexiglas chamber
(22 X 55 X 22 cm; maintained at 22-23°C) and exposed to a mixture
of N,0/0, (1:1; flow rate, 2 1/min) for 4 hours before the administra-
tion of methanol or saline. N,O/O, exposure was continued for 72
hours after the initial dose of methanol. Two treatment protocols were
used. In the first protocol (intoxication), rats were intoxicated with
methanol (25% wt/vol in saline, 4 g/kg, intraperitoneally, followed by
2-g/kg supplemental doses at 24 and 48 hours) in the presence of
N,0/0, for 72 hours. At 72 hours, ERG analysis was performed,
animals were killed, and retinal tissue was prepared for biochemical
and histologic analysis. In the second protocol (recovery), rats were
intoxicated with methanol (same dosage regimen as above) for 72
hours in the presence of N,0O/O, and allowed to recover from meth-
anol intoxication for an additional 72 hours in the absence of N,0/O,.
At 144 hours, ERG analysis was performed, animals were killed, and
retinal tissue was prepared for biochemical and histologic analysis.
Controls for these experiments included groups of rats treated with
saline and exposed to N,O/O, (nitrous oxide-control), rats treated with
methanol, but not exposed to N,O/O, (methanol-control), and un-
treated rats (untreated-control). Formate concentrations were deter-
mined from tail vein blood samples by fluorometric analysis as previ-
ously described.'”'®

ERG Procedures and Analyses

ERG experiments were performed as previously described.'® The light-
stimulation apparatus consisted of a three-beam optical system.** All
three beams were derived from tungsten-halide lamps (50 W, 12 V),
and beam intensity was controlled by using neutral-density step filters.
Each of the beams contained a high-speed, computer-driven shutter
(Uniblitz; Vincent Associates, Rochester, NY). One beam had a wave-
length computer controlled by a tunable band-pass filter (Varispec;
Cambridge Research Instruments, Wilmington, DE; half-energy pass-
band, 7 nm). The second beam was used with a short-pass UV filter
(half pass, 380 nm) in experiments designed to isolate UV-cones. The
third beam was used as a chromatic adapting light to suppress re-
sponses from rods and M-cones in the UV-cone isolation experiments.
For this purpose, a glass long-wavelength pass filter (half pass, 590 nm)
was used. The three beams were optically superimposed and focused
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on the lens to illuminate a 70° patch of retina in Maxwellian view. Light
calibrations were made with a silicon photodiode (PIN 10 DF; United
Detector Technology, Hawthorne, CA).

ERG recordings were differentially amplified and computer aver-
aged. The amplified signal was processed through a two-stage active
narrow band-pass filter, the half voltage of which was 0.2 times the
center frequency. To ensure that any transients in the response that
occur at the onset of the stimulus pulses were not included in the
average, the initiation of signal averaging was delayed by a preset
number of stimulus cycles (typically a minimum of 20). The resultant
ERG is a noise-free, single-cycle, sinusoidal waveform. The averaged
responses were measured (peak-to-trough amplitude) from a calibrated
digital oscilloscope display.**

Before ERG analysis, ophthalmoscopic examination confirmed that
all eyes were free of lenticular opacities or other gross anomalies. Rats
were anesthetized with thiobutabarbital sodium (100 mg/kg, intraperi-
toneally), positioned in a stereotaxic apparatus (David Kopf, Tujunga,
CA), and placed on a heating pad to maintain core body temperature
at 37°C. Atropine sulfate (0.05 mg/kg, subcutaneously) was adminis-
tered to inhibit respiratory tract secretions. The pupil of the eye to be
tested was dilated by topical application of 1% atropine sulfate. Meth-
ylcellulose was topically applied as a lubricant and to enhance electri-
cal conduction. A circular, silver wire recording electrode was posi-
tioned on the cornea, a reference electrode was placed above the eye,
and a ground electrode was placed on the tongue. Recordings were
obtained under ambient light conditions from cool white fluorescent
room lights approximately 100 candelas [cd]/m? at the rat’s eye.
Flickering stimuli (light-dark ratio, 0.25:0.75) were presented. Re-
sponses to 60 successive flashes were averaged for each stimulus
condition. At each test wavelength, a minimum of four stimulus inten-
sities, spaced at intervals of 0.3 log units, were presented. The stimulus
intensity yielding a 5-uV criterion response was determined by extrap-
olating between the two intensity points that bracketed the 5-uV
response for each animal. All sensitivity measures were made in trip-
licate. After ERG analysis, anesthetized rats were killed by decapitation,
and retinal tissue was prepared for histologic and biochemical analysis.
One retina from each animal was prepared for histology, and the other
retina was prepared for analysis of retinal energy metabolites and GSH
concentrations.

Two experimental protocols were used to evaluate retinal function.
(1) The 15-Hz/510-nm ERG response: ERGs were recorded in response
to a 15-Hz flickering light at a wavelength of 510 nm over a 3-log-unit
range of light intensity. For these studies the unattenuated stimulus
(log relative retinal illumination [LRRI], 0) had an irradiance of 25 uW
distributed over the 70° patch of illuminated retina. This can be
calculated to produce retinal illumination equivalent to approximately
10* scotopic trolands (scot td). These recording conditions disadvan-
tage rods; however, because at least 97% of rat photoreceptors are rods
and ERGs are recorded at luminance intensities ranging from 10" to 10%
scot td, it is likely that the responses to the 15-Hz/510-nm light are
drawn from both rods and medium-wavelength cones (M-cones).**>~2>
(2) 25-Hz/UV ERG response: Cone responses were elicited by a 25-Hz
flickering UV light (380-nm cutoff) in the presence of an intense
chromatic adapting light (445 wW), which eliminated responses me-
diated by rods and M-cones.?® Recording conditions were the same as
those used by Jacobs et al.?® (except that the intensity of the chromatic
adapting light was lower in our studies). In Jacobs et al.,2® complete
spectral sensitivity functions were measured in the rat, and it was
demonstrated that UV-cone responses are separated from rod and
M-cone responses. The 25-Hz/UV ERG responses were recorded over a
1-log-unit range of light intensity. For these studies, the unattenuated
stimulus (LRRI, 0) had an irradiance of 12.5 uW distributed over the
70° patch of illuminated retina. By equating the effectiveness of this
light to the 510-nm stimulus, we estimate that the unattenuated light
produced the equivalent of 10*> scot td in the rat eye.
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Determination of Retinal Energy Metabolites

Retinas were rapidly dissected and frozen in liquid nitrogen. Frozen
retinas were extracted in 2.5% trichloroacetic acid (TCA), the suspen-
sion centrifuged, and the supernatant neutralized with 1.0 M Tris base.
Protein concentrations in the pellet were determined using a modifi-
cation of the dye-binding method of Bradford.>” The neutralized su-
pernatant was assayed for ATP, adenosine diphosphate (ADP), and
adenosine monophosphate (AMP) by the high-performance liquid
chromatography (HPLC) method of Bernocchi et al.,”® using a system
(1090L; Hewlett Packard, Palo Alto, CA) with a diode array detector
and a 3-um reversed-phase column (15 cm X 4.6 mm; Supelcosil LC-18;
Supelco, Bellefonte, PA). Peak identities were confirmed by compari-
son of the peak retention time and peak spectral characteristics of
samples with those of known standards. Quantitative measurements
were made on the basis of the injection of standard solutions in known
concentrations. Metabolite concentrations are expressed per milligram
of protein.

Determination of Retinal GSH Concentrations

Retinas were rapidly dissected and frozen in liquid nitrogen. Frozen
retinas were extracted in 2.5% TCA, the suspension centrifuged, and
the supernatant assayed for GSH. Protein concentrations in the pellet
were determined using a modification of the dye-binding method of
Bradford.?” GSH was assayed by the fluorometric method of Morkrasch
and Teschke,* using o-phthalaldehyde. Fluorescence was measured at
an excitation wavelength of 345 nm and an emission wavelength of
425 nm. GSH concentrations are expressed per milligram of protein.

Histopathologic Analysis

Retinal tissue was prepared for histology as previously described.'®'?
Briefly, eyes were enucleated, hemisected, and immersed in fixative
(2.67% glutaraldehyde in 0.1 M phosphate buffer at 4°C [pH 7.3]) for
72 hours, then transferred to 4% sucrose. The anterior segment and
vitreous were removed and full-thickness pieces of eye wall were
dissected from the posterior pole, including the optic nerve. Tissues
were postfixed in phosphate-buffered 2% osmium tetroxide (OsO,),
dehydrated in a graded ethanol series, and embedded in epoxy resin.
Thick sections (1 wm) for light microscopy were stained with toluidine
blue; thin sections for electron microscopy were stained with uranyl
acetate-lead citrate."®'?

Statistical Analysis

All values are expressed as means * SEM. A one-way analysis of
variance (ANOVA) with Bonferroni’s test was used to determine sig-
nificant differences among groups for blood formate concentrations,
energy metabolites, and GSH concentrations. For ERG studies, a one-
way ANOVA with repeated measures was performed, followed by
Scheffé’s F procedure. In all cases, the minimum level of significance
was taken as P < 0.05.

RESULTS

Accumulation of Formic Acid

In the present studies, methanol was administered to N,O/O,-
exposed rats at an initial dose of 4 g/kg, followed by supple-
mental doses of 2 g/kg at 24 and 48 hours. This treatment
protocol has been shown to produce a state of prolonged
formic acidemia with formate concentrations between 7 and
10 mM for 40 hours in methanol-intoxicated rats, resulting in
visual dysfunction.'®~'? Moreover, similar concentrations of
blood formate over similar periods have been shown to pro-
duce ocular toxicity experimentally in monkeys and have been
associated with visual toxicity in human methanol intoxica-
tion.>® As shown in Figure 1, blood formate concentrations
increased linearly in both the intoxicated and recovery groups
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FIGUuRe 1. Effect of methanol intoxication and recovery on blood

formate concentrations. Rats were exposed to a mixture of N,O/O,
(1:1) 4 hours before the administration of methanol and for 72 hours
after the initial dose of methanol. Methanol was administered at a dose
of 4 g/kg at the zero time point, followed by 2 g/kg at 24 and 48 hours.
In the recovery group, the N,0O/0O, exposure was discontinued at the
72-hour time point, and animals were allowed to recover for an addi-
tional 72 hours. Blood formate concentrations were determined before
methanol administration and at 24-hour intervals after methanol admin-
istration for 72 hours. In the recovery animals, blood formate concen-
trations were also determined 72 hours after the N,O/O, exposure was
discontinued at 144 hours after the initial dose of methanol. Shown are
the mean values * SEM from five to six rats in each experimental
group. Formate concentrations did not differ between the intoxicated
and recovery group over the 72-hour intoxication period (ANOVA with
Bonferroni’s test; P < 0.05). Blood formate concentrations measured in
N,O-control and methanol-control rats were not significantly different
from blood formate concentrations measured in untreated-control rats
(data not shown).

of animals during the initial 72 hours of intoxication. In the
intoxicated group, formate concentrations increased from en-
dogenous concentrations of 0.6 = 0.3 (mean *+ SEM) to 7.8 =
0.1 mM by 72 hours. In animals allowed to recover after
intoxication, there was a similar increase in blood formate
concentrations during the initial 72-hour intoxication period
from endogenous concentrations of 0.5 + 0.3 to 7.0 = 0.4 mM.
Formate concentrations did not differ between the intoxicated
and recovery groups at any sampling point during the 72-hour
intoxication period. After the 72-hour recovery period (in the
absence of N,0/0, and methanol), blood formate declined to
endogenous concentrations in the recovery group of animals.

15-Hz/510-nm ERG Response

We have previously reported that a 15-Hz/510-nm light pro-
duced a robust and reproducible ERG response in our rodent
model.'® As stated in the Methods section, these recording
conditions disadvantage rods; however, because at least 97% of
rat photoreceptors are rods and ERGs are recorded at lumi-
nance intensities ranging from 10" to 10 scot td, it is likely that
the responses to the 15-Hz/510-nm light were drawn from both
rods and M-cones.*>~*>*° Moreover, it is likely that ERG re-
sponses recorded at the lower luminance intensities (<10?
scot td) reflect responses with a robust rod component,
whereas, those responses recorded at the higher luminance
intensities (=10 scot td) may be dominated by the activity of
M-cones. We base this interpretation on flicker photometry
studies in the gerbil, which show a shift from rods to cones at
10° scot td.*?
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FIGURE 2. Effect of methanol intoxication and recovery on 15-Hz/
510-nm ERG responses. Flicker ERG analyses were performed at 72
hours after the initial dose of methanol and 144 hours after the initial
dose of methanol, after a 72-hour recovery. Shown are the mean
values = SEM from five to six rats in each treatment group. *Significant
differences from values obtained in control rats; fsignificant differ-
ences from values obtained in intoxicated rats (repeated measures
ANOVA with Scheffé’s F test; P < 0.05). 15-Hz/510-nm luminance-
response relationships measured in N,O-control and methanol-control
rats were not significantly different from 15-Hz/510-nm luminance-
response relationships measured in untreated-control rats (data not
shown).

The effects of methanol intoxication and recovery on the
15-Hz/510-nm ERG responses are shown in Figure 2. In the
control group, 15-Hz/510-nm ERG amplitude increased linearly
over the 3-log-unit range of retinal illumination intensities,
achieving a maximal amplitude of 57.1 = 3.1 wV at maximal
retinal illumination (O LRRI, equivalent to 10% scot td). A
consistent 5-uV criterion threshold response was obtained in
control animals at —2.7 * 0.1 LRRI. We observed a decrease in
retinal responsiveness and attenuation of maximal ERG ampli-
tude in both the intoxicated and the recovery groups in com-
parison with untreated control animals. In intoxicated animals,
ERG responses were at or below the 5-uV threshold response
over the entire range of luminance intensities, indicative of a
severe deficit in retinal function. In animals allowed to recover
from intoxication for 72 hours, the 5-uV threshold response
was not different from the control group; however, the ERG
intensity response curve was significantly attenuated at all light
intensities of more than —2.1 LRRI, and the maximal response
to light stimulation was reduced to 33.9 = 5.4 uV. These data
are indicative of a partial recovery of this component of retinal
function.

25-Hz/UV ERG Response

The function of UV-sensitive cones was examined by recording
the retinal response to a 25-Hz flickering UV light (380-nm
cutoff) in the presence of an intense chromatic adapting light.
These conditions have been shown to isolate the UV-cone
response in the rat retina.?® The effects of methanol intoxica-
tion and recovery on 25-Hz/UV ERG responses are shown in
Figure 3. In the control group, 25-Hz/UV ERG amplitude in-
creased from a minimal value of 1.9 = 0.4 uV to a maximal
value of 19.6 = 1.2 pV over the log unit range of retinal
illumination used in these studies. A consistent 5-uV threshold
criterion response was obtained in control animals at —0.4 =
0.1 LRRI. In intoxicated animals, the 25-Hz/UV ERG responses
over the entire range of luminance intensities were at or below
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the 5-uV threshold response. These findings are indicative of a
severe deficit of cone-mediated retinal function similar to the
deficit observed in the 15-Hz/510-nm response. In contrast to
the partial recovery observed in the 15-Hz/510-nm ERG re-
sponse, the 25-Hz/UV ERG response remained fully attenuated
in animals allowed to recover from methanol intoxication,
indicating that UV-cone-mediated function does not recover
after methanol intoxication.

Retinal Energy Metabolites

Methanol intoxication has been hypothesized to disrupt retinal
mitochondrial energy production, secondary to formate in-
duced inhibition of mitochondrial cytochrome oxidase activi-
ty.©1%!! To assess the effect of formate on retinal energy
metabolism in vivo, we measured concentrations of energy
metabolites (ATP, ADP, and AMP) in the retinas of control,
intoxicated, and recovery groups of rats (Fig. 4). In untreated
control animals, concentrations of ATP, ADP, and AMP were
5.1 = 0.6 nanomoles/mg protein, 12.5 = 1.2 nanomoles/mg
protein, and 23.7 * 3.4 nanomoles/mg protein, respectively.
After intoxication, there was a significant decrease in ATP
(1.2 £ 0.2 nanomoles/mg protein) and ADP (6.2 = 0.5 nano-
moles/mg protein), and a corresponding increase in AMP
(37.2 £ 4.0 nanomoles/mg protein). In animals allowed to
recover from intoxication, retinal energy metabolite concen-
trations were not significantly different from energy metabolite
concentrations measured in the retinas of control animals,
consistent with a restoration of mitochondrial bioenergetics.

Retinal GSH Concentrations

GSH plays a central role in the antioxidant defenses of the
cell.>* 3> Inhibition of mitochondrial function has been shown
to increase oxidative stress and deplete tissue GSH.>*™>> As an
index of formate-induced oxidative stress after methanol intox-

25
—*— Control Group
20 ——o— Intoxicated Group 1
5:: ~--g--_ Recovery Group
S 15
2
';Ed.
101
<
&5: *
w 57 N
0 T r T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Log Relative Retinal Illumination

FIGURE 3. Effect of methanol intoxication and recovery on 25-Hz/UV
ERG responses. ERG analyses were performed at 72 and 144 hours
after the initial dose of methanol, after a 72-hour recovery. UV-cone-
sensitive ERGs were recorded from the same animals in which 15-Hz/
510-nm ERG responses were recorded. Shown are mean values = SEM
from five to six rats in each treatment group. *Significant differences
from values obtained in control rats; tsignificant differences from
values obtained in intoxicated rats (repeated measures ANOVA with
Scheffé’s F test; P < 0.05). UV-cone-mediated luminance-response
relationships measured in N,O-control and methanol-control rats were
not significantly different from UV-cone-mediated luminance-re-
sponse relationships measured in untreated-control rats (data not
shown).
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FIGURE 4. Effect of methanol intoxication and recovery on retinal
energy metabolites. ATP, ADP, and AMP concentrations were mea-
sured in retinas of rats 72 and 144 hours after the initial dose of
methanol, after a 72-hour recovery. Data are expressed as the mean
values = SEM from five to six rats in each treatment group. *Significant
differences from values obtained in control rats (ANOVA with Bonfer-
roni’s test; P < 0.05). Retinal energy metabolite concentrations mea-
sured in N,O-control and methanol-control rats were not significantly
different from energy metabolite concentrations measured in untreated-
control rats (data not shown).

ication and recovery, we measured GSH concentrations in the
retinas of control, intoxicated, and recovery groups of rats (Fig.
5). In the control group, retinal GSH concentrations were
29.4 £ 2.0 nanomoles/mg protein. After intoxication, retinal
GSH concentrations were significantly reduced to 12.7 = 3.4
nanomoles/mg protein. After recovery, GSH concentrations
were 22.3 = 2.0 nanomoles/mg—-significantly higher than the
intoxicated group, but also significantly lower than control,
which suggests that oxidative stress may play an important role
in methanol intoxication.

Retinal Histology and Photoreceptor
Ultrastructure

The effects of formate after methanol intoxication on retinal
histology and ultrastructure were assessed by light and elec-
tron microscopy after intoxication and recovery. Figure 6 illus-
trates outer retinal morphology in representative control (Fig.
6A), intoxicated (Fig. 6B), and recovery (Fig. 6C) retinas. Ret-
inas prepared from control animals had ordered photoreceptor
inner segments with no evidence of vacuolization or swelling.
The outer nuclear layer of the control retina was compact, with
round and well-defined nuclei. In contrast, retinas prepared
from rats intoxicated for 72 hours showed evidence of retinal
edema, swelling of photoreceptor inner segments, and mor-
phologic changes in photoreceptor nuclei. Retinal edema was
evidenced by the spacing between the photoreceptor inner
segments and the spacing of the nuclei in the outer nuclear
layer. Photoreceptor inner segments were profoundly swollen
and enlarged. Changes in the appearance of photoreceptor
nuclei were also apparent in intoxicated rats. Nuclei appeared
somewhat enlarged with irregularly stained chromatin. The
chromatin staining pattern in photoreceptor nuclei in intoxi-
cated animals ranged from tightly compact to dispersed and
fragmented. In animals allowed to recover from methanol
intoxication, retinal morphology was similar to control, with
the only histologic alteration being an increased spacing be-
tween nuclei in the outer nuclear layer.

The retinas of control, intoxicated, and recovery rats were
also examined by electron microscopy. We focused our ultra-
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structural observations on the mitochondria of the inner seg-
ments of the photoreceptors, because formate is known to act
as a mitochondrial toxin, and the inner segments of the photo-
receptors contain the highest density of mitochondria in the
retina. Figure 7 illustrates the inner segment region in represen-
tative control (Fig. 7A), intoxicated (Fig. 7B), and recovery (Fig.
70) retinas. Mitochondria in the photoreceptor inner segments of
control animals exhibited normal morphology with well-defined
cristae. The most obvious ultrastructural change observed in the
outer retina of methanol-intoxicated rats was the swelling and
disruption of photoreceptor mitochondria. In rats intoxicated for
72 hours, numerous photoreceptor mitochondria were pro-
foundly swollen, with severely disrupted cristae. In intoxicated
animals, there was swelling and disruption of photoreceptor mi-
tochondria to various degrees within the retina and within the
individual cells. Some mitochondria were swollen and contained
expanded cristae, and other mitochondria were disrupted and
showed no evidence of cristae. Photoreceptor mitochondria in
animals allowed to recover from methanol intoxication showed
less evidence of disruption than photoreceptor mitochondria in
intoxicated animals. In recovery animals, photoreceptor mito-
chondrial morphology ranged from normal with well-defined cris-
tae to rounded with expanded cristae.

DIscussIoN

We report the nature of the functional, biochemical, and struc-
tural changes produced in the retina after methanol intoxica-
tion and recovery. Several important findings are reported in
this study. We provide in vivo evidence of a significant alter-
ation in retinal energy metabolism, which supports previous in
vitro studies showing that formate is a mitochondrial tox-
in.'*!3-36-3% These data also indicate that formate-induced mi-
tochondrial dysfunction produced GSH depletion and in-
creased oxidative stress. In addition, we describe the nature of
the recovery of retinal function after methanol intoxication.
We provide evidence for partial recovery of retinal function in
rod-dominated pathways, but no recovery of UV-cone-medi-
ated responses. These findings are indicative of a differential
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FIGURE 5. Effect of methanol intoxication and recovery on retinal
GSH concentrations. GSH concentrations were measured in retinas of
rats 72 and 144 hours, after a 72-hour recovery. Data are expressed as
the mean values * SEM from five to six rats in each treatment group.
*Significant differences from values obtained in control rats; tsignifi-
cant differences from values obtained in intoxicated animals (ANOVA
with Bonferroni’s test; P < 0.05). GSH concentrations measured in
N,O-control and methanol-control rats were not significantly different
from GSH concentrations measured in untreated-control rats (data not
shown).
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FIGURE 6. Effect of methanol in-
toxication and recovery on retinal
histology. Outer retinal morphol-
ogy in representative untreated-
control (A), intoxicated (B), and re-
covery (C) rats. Sections were
taken from the posterior pole of the
retina within two disc diameters of
the optic nerve in any direction.
(A) rpe, retinal pigment epitheli-
um; os, photoreceptor outer seg-
ments; is, photoreceptor inner seg-
ments; onl, outer nuclear layer; opl,
outer plexiform layer; ipl, inner
plexiform layer. (B) Arrowbhbeads:
Enlargement and swelling of the
photoreceptor inner segments;
short arrows: fragmented appear-
ance of photoreceptor nuclei; long
arrow: retinal edema, as evidenced
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by increased spacing between the

nuclei in the outer nuclear layer. (C) Arrows: Increased spacing between the nuclei in the outer nuclear layer. No histopathologic changes
were apparent at the light microscopic level in the N,O-control or methanol-control groups (data not shown). Toluidine blue; magnification,

X450.

sensitivity of photoreceptors to the cytotoxic actions of formic
acid.

Formic acid has been hypothesized to produce ocular tox-
icity by a disruption of mitochondrial energy production in the
retina and optic nerve.'®'"3%4° In vitro studies in our labora-
tory and by other investigators have shown that formate inhib-
its cytochrome oxidase, the terminal electron acceptor of the
mitochondrial electron transport chain involved in ATP synthe-
sis.'* 33738 Inhibition occurs subsequent to the binding of
formic acid with the ferric heme iron of cytochrome oxidase,
and the apparent inhibition constant is between 5 to 30
mM.'*"? Blood formate concentrations in methanolintoxi-
cated rats in the present study fall within this range, as do
blood formate concentrations in methanol-poisoned humans
and monkeys.>*'® Moreover, retinal and vitreous humor for-
mate concentrations closely parallel blood formate concentra-
tions.'®'” Additional in vitro studies in isolated mitochondria
and cultured neuronal cells have shown that formate inhibits
mitochondrial ATP synthesis and decreases cellular ATP con-
tent.*>>® The present studies provide evidence that formate
inhibits mitochondrial energy metabolism in vivo. These stud-
ies document formate-induced depletion of retinal ATP and
ADP and a corresponding increase in retinal AMP after meth-
anol intoxication. After recovery, energy metabolites returned
to control concentrations, providing evidence of bioenergetic
recovery. These findings strongly support the hypothesis that
formate inhibits retinal mitochondrial energy metabolism and

FIGURE 7. Effect of methanol intox-
ication and recovery on photorecep-
tor ultrastructure. Electron micro-
graphs of the rod inner segment
region in representative control (A),
intoxicated (B), and recovery (C)
rats. Abnormal mitochondrial mor-
phology was present in photorecep-
tor inner segments. Arrowbhbeads:
Swollen mitochondria with expanded
cristae; arrows: completely disrupted
mitochondria with no evidence of
cristae. Photoreceptor mitochondria
from N,O-control or methanol-con-
trol rats exhibited normal morphol-
ogy with well-defined cristae (data
not shown). Magnification, X5000

oxidative phosphorylation in methanol intoxication and are
consistent with the documented actions of formate in isolated
mitochondria.'* 338

The vertebrate retina has several features that render it
vulnerable to damage from reactive oxygen species, including
abundant mitochondria and a high percentage of polyunsatu-
rated fatty acids in photoreceptor membranes that are suscep-
tible to lipid peroxidation.>**> Because of its constant expo-
sure to irradiation and high metabolic activity, the retina has a
great need for antioxidant protection.>*>> Reduced GSH is one
of the most abundant intracellular thiols in the central nervous
system and acts as a major cellular antioxidant by supporting
GSH peroxidase-dependent reduction of hydrogen peroxide
and organic peroxides.*' > GSH is normally present in high
concentration in the retina and has been shown to play a key
role in antioxidant defenses in the retina.>*>> Studies have
shown that retinal GSH may be depleted during periods of
oxidative stress.>**> In the present studies, we observed a
significant reduction in retinal GSH concentrations after meth-
anol intoxication. Moreover, in contrast to our findings with
energy metabolites, GSH concentrations did not return to con-
trol concentrations after recovery. We hypothesize that the
observed depletion of retinal GSH is a consequence of formate-
induced mitochondrial inhibition. Depletion of GSH by for-
mate could result directly from formate-induced peroxidative
stress, because inhibition of mitochondrial electron transport
has been shown to profoundly increase the production of
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reactive oxygen species including superoxide and hydrogen
peroxide.®'> Alternatively, GSH depletion could occur as a
consequence of formate-induced ATP depletion, because GSH
synthesis is ATP dependent.?' "33 In support of the latter mech-
anism, studies in cultured hepatocytes have shown that inhi-
bition of cellular energy metabolism and ATP synthesis by
mitochondrial poisons lead to a rapid decline in GSH content
that precedes cell death by several hours.?'

Additional studies are under way to determine the mecha-
nism of formate-induced GSH depletion. Because of the critical
involvement of GSH in cellular defense mechanisms, depletion
of intracellular GSH under conditions of mitochondrial impair-
ment may augment the susceptibility of the retina to oxidative
stress. Thus, formate-induced mitochondrial inhibition may not
only increase the production of reactive oxygen species, but
may also predispose the retina to increased oxidative stress
through a perturbation of GSH status. A similar mechanism of
tissue injury has been proposed to lead to neuronal degenera-
tion in Parkinson’s disease.>’

The morphologic changes in the present study are also
consistent with formate-induced inhibition of photoreceptor
energy metabolism, GSH depletion, and increased oxidative
stress. The most profound ultrastructural alterations observed
in methanol-intoxicated rats were mitochondrial swelling and
disruption in the inner segments of the photoreceptor cells.
Similar mitochondrial changes have been associated with the
production of GSH deficiency after inhibition of GSH synthesis
with buthionine sulfoximine.?> GSH plays a major role in the
maintenance of mitochondrial function.®'>®> Reduction in cy-
tosolic and mitochondrial GSH has been shown to increase
mitochondrial susceptibility to oxidative stress, disrupt mito-
chondrial structure and function, and promote cytotoxici-
ty.>*?* In addition, mitochondrial disruption has also been
reported in the retinas of patients with mitochondrial diseases
that inhibit electron transport®~#* and in certain forms of
light-induced retinal degeneration in which inactivation of cy-
tochrome oxidase is postulated to play a role in the dis-
ease #4146

The present studies confirm and extend our previous inves-
tigations that showed that rod- and cone-mediated ERG re-
sponses were profoundly attenuated in rats intoxicated with
methanol for 72 hours.'* We also observed a differential recov-
ery of retinal function after methanol intoxication. In rats
allowed to recover for 72 hours from methanol intoxication,
there was a significant, although incomplete recovery of the
15-Hz/510-nm ERG response. In contrast, there was no evi-
dence of recovery of UV-cone-mediated function. The rat ret-
ina contains three types of photoreceptors, rods, M-cones, and
UV-cones.?*72° Rods comprise approximately 97% of rat pho-
toreceptors.?*~2¢  Although our recording conditions can
clearly discriminate UV-cone function, the 15-Hz/510-nm ERG
measurements cannot discriminate between rod and M-cone
function. In the absence of a definitive assessment of M-cone
function, it is unknown whether the observed sensitivity to the
cytotoxic actions of formate is specific for UV-cones or reflects
a general property of cones. However, it is clear that UV-cone
responses are more severely affected after methanol intoxica-
tion than rod and M-cone responses.

Previous studies have shown that rod-dominated retinal
responses are affected earlier in the course of intoxication and
at lower formate concentrations than the UV-cone-mediated
responses. Taken together, these data suggest that although
UV-cones may be resistant to the initial cytotoxic actions of
formate,'® once poisoned, they do not recover, or their recov-
ery is delayed. These findings have important implications. In
cases of human methanol intoxication, the most common out-
come is loss of central, but not peripheral, vision. This has
been attributed to the loss of central fibers in the optic

I0VS, March 2001, Vol. 42, No. 3

nerve.'®!! However, the present findings raise the possibility
that the loss of central vision may also involve the loss of cone
function, because the density of cones is greatest in the central
retina. One potential explanation for the initial resistance and
subsequent vulnerability of UV-cone photoreceptors to the
toxic actions of formate may be the greater numbers of mito-
chondria present in cones in comparison with rods.*” We have
previously postulated that cones have a greater metabolic re-
serve, allowing them to continue to function for a longer
period in the presence of a metabolic toxin, to explain the
delayed attenuation of UV-cone function relative to rod-domi-
nated function.'® It is also likely that prolonged metabolic
inhibition in cells containing many mitochondria could gener-
ate excessive amounts of reactive oxygen species, overwhelm-
ing antioxidant protection systems and resulting in cell death.*®
Of importance, because decrements in retinal energy produc-
tion and oxidative stress have been postulated to be involved in
the pathogenesis of numerous retinal diseases including age-
related macular degeneration and diabetic retinopathy, studies
of formate-induced retinal dysfunction may provide valuable
insight into the pathogenesis of other acquired and genetic
retinal disorders.
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