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Methanol poisoning in man, a problem of con- probably acts by inhibiting the oxidation of

siderable toxicological interest, is characterized by methanol (Roe, 1946), indicate that a metabolite d

an initial stage depressionon of the central nervous methanol is probably responsible for the verve'
system, which is followed by metabolic acidosis and manifestations of poisoning. Further support fa
the specific toxic effect of the oxidation product(s)  this contention comes from the observation thec

of methanol on retinal cello which leads to visual formaldehyde is an extremely tent inhibitor d

degeneration. It has been claim respires ion and glycolysis in ox retina ; form*

the retinal ganglion cells and the rods and cones, exercises only weak respiratory inhibition, aid

with sparing of the is corn- methanol has no effect even at a concentration of

monly seen in human cases of methanol po'eonin 20nt (Leaf & Zatman, 1952; Potts & Jolu'em

Duke -Elder, 1954). However, very 1952). These observations on the relative maP
little information is available on the biochemical tulle of effects of methanol and its oxidat

im

aspects of this lesion. products on the metabolism of the retina in
It is generally accepted that formaldehyde is the have been corroborated by studies on the el

toxic agent in methanol poisoning. The long retinogram (Praglin, Spumey & Potts, ISSB

asymptomatic latent period of 8-36 hr. and the Potts & Johnson (1952) observed t7tat tbe esz)lm

beneficial effects of administered ethanol, which process most susceptible to formaldehyd
e inlubitj°P

a Part 3: Kim & Cooper (1961). 7 was anaerobic trlyoolysis and stated that

t Posbdootoral Fellow, Yale University School of specific site of inhibition is the retinal hexOhifl

Medicine.
Cooper d Marehesi (1959) found that forrnslde;

$ Senior Research Fellow of the U.B. Public Health  hyde inhibited aerobic glycolysisin O retind

Service. 11^ homogenates with glucose as the substrate,
^j1
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1. M. & Chapman,
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or

ealeathat formaldehyde caused a competitive
iobibition of this enzyme, this inhibition being

irversed by excess of glucose.
The present paper describes a detailed investiga-

Uon of the effect of formaldehyde on the metabolism
of the retina, to see whether this effect would
afford a biochemical mechanism to explain the

predispositi
on of the eye to injury in methanol

0oxieation.

MATERIALS AND METHODS

dlyreviatio». P, inorganic phosphate.
,yaiuiab. Pyridine nucleotides, eytochrome c and yeast

t okinase were purchased from Sigma Chemical Co. The
Ms,jum salt of ATP was obtained from Mann Research
Laboratories Inc., New York. Uniformly labelled [C]-
tlneose ([U.uC}glucose} was obtained from New England
iudear Corp. and ["P]phosphate from the Oak Ridge
National Laboratory. All other chemicals used were of
esgeet-grade purity.

Experimental procedures. Ox eyes were removed at the
abattoir immediately after the death of the animal, placed
a seabed ice and transported to the laboratory. The eye-
b:11 was opened by a circular incision along the ors
smsta, the vitreous humour squeezed out and the retina
petly lifted by means of a blunt forceps after its attach-

cent to the optic disk had been severed. App roximately
Haug. of retinal tissue was weighed in a torsion balance
and suspended in incubation media contained, in chilled

Warburg flasks. The flasks were then attached to the
manometers, transferred to a water bath at 37° and
thffeiential manometry was carried out by conventional
Kbmiques for a period of usually 1 hr. The time interval
from the death of the animal to commencement of the
incubation was not more than 3 hr. When ['"C]glueaee was
she substrate, the reaction was terminated by the addition
f O .2 ml. of 30% trichloroacetic acid, and shaking was
gntinued for a period of 30 min. to ensure complete
nborption of "CO, by the alkali in the centre well. Dry-
nnigbt determinations indicated that 100 mg. of whole
retina, wet weight, prepared as described, was equivalent

12 mg. dry wt.
The following procedure was developed for the isolation

'1 mitochondria from ox retina. Approximately 8-10g. of
shoal tissue was homogenized in 10 ml. of 0

.25 at-eaerose
a a Potter-Elvehjem homogenizer with a Teflon pestle.
The homogenate was diluted to about 100 ml. with 0

.25m-
aaauee and centrifuged at 1200g for 10 min. in a Lourdes
rtfngerated centrifuge. The sedimented cell debris and
0106 were discarded and the supernatant solution was
centrifuged at 18 000g for 15 min. The sediment was
cubed twice by reauspension in 0.25u-sucrose and centri-

ng for farther periods of 10 min. each, the `fluffy' layer
1' mg discarded at the first washing. The resulting mito-
+haedrial pellet was found to stain supravitally with Janus
seen B. The mitochondria were then suspended in 0-25m-
oma so that 1 ml. of the suspension contained mito-
dandna from approximately 1 g. of retina. To each

ubnrg flask was added 0.5 ml. of this suspension.
3lefia. In respiratory studies with intact retina. Krebe-

^^

wJ
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Ringer phosphate medium of the following composition was
used, the gas phase being Ox: NaCI, 128 mm; KCI, 5 mss;
CaC1=, 3 mm; MgSO4 , 1 .3 mu; sodium orthophosphate-
HCl buffer (pH 7-4), 10 mm (with respect to phosphate). In
anaerobic experiments the same medium was used with
substitution of NaECO„ 24

.5 mm, for sodium phosphate
buffer; the gas phase was Ns+CO= (95:5, v fv). All concen-
trations are expressed as those which obtained in the
final mixture. The reaction volume was 3 ml,

For assays of retinal hexokinase activity each test tube
contained the following components in a final volume of
1 ml.: n-glucose, b mu; MgCl2 , 10 mm; ATP, 5 mm; tris-
HCI buffer (pH 7-45), 50 mm; 0.4 ml. of an ox-retinal
homogenate prepared according to Hoare & Kerly (1954).
Incubations were carried out in air at 30° and terminated
by the addition of 0 .5 ml. of 5% ZnSO4 and 0 .5 ml. of

0-8% NaOH.
In experiments on oxidative phosphorylation with mito-

chondrial preparations, each Warburg flask contained the
following basic medium in a final volume of 3 ml.: sodium
orthophosphate buffer (pH 7 .4), 20 mm; KF, 10 mm; ATP
(potassium salt), 1 mm; 3fgCls, 0 .7 mu; KCl, 33 mx; cyto-
chrome c, 13 µM; n-glucose, 20 mu; yeast hexokinase
7 . 1 units, assayed by the procedure of Crane & Qo1s (1955);
0.5 ml. of a suspension of retinal mitoobondria in 0

.25m-
sucrose. Incubation times and temperatures are given in
the legends of the Tables. To study the phosphorylation due
to oxidation of oytochrome c the medium composition. in
a final volume of 3 ml., was as follows: KH 5PO4- K5HPO4
buffer (pH 7 .4), 7 .5 mm; MgC12, 7-5 mw; cytochrome c,
25pm; sucrose, 025M; EDTA (sodium salt), 8-3 mat; ATP
(potassium salt), 1-7 mm; L-ascorbic acid (potassium Batt
prepared freshly before use), 10 mu; n-glucose, 20 mm;
hexokinase, 7-1 units; 0 .5 ml. of mitochondrial suspension
in 0.25M-sucrose.

Analytical determinations

Unless specified otherwise, all colorimetrie measuro-
ments were made with a Beckman model DU spectro-
photometer.

Glucose. Glucose was estimated in supernatant fluids
obtained after centrifuging by the Nelson (1944) modifica-
tion of the Somogyi method.

Protein. Protein was determined by the method of
Lowry, Rosebrough, Farr & Randall (1051).

Oxidative phosphorylation. After thermal equilibration,
1 ml. of 10% trichloroaoetic acid or 0

.2 ml. of 0.3M-glucose
containing 7 . 1 units of hexokinase were tipped into re-
plicates of the various Warburg flasks, Uptakes of 0„ were
recorded for the periods indicated in the Tables, the vessels
quickly removed and placed in crushed ice, and I ml. of
10% triebloroaeetic acid was added. After centrifuging.
phosphate determinations were made by the method of
Hake & Subbarow (1929) on suitable samples of the super.
natant fluid. The difference between the initial and final
concentrations of P is a measure of the P, esterified. With
ferrioyanide as the electron acceptor, the phosphate
determinations were carried out according to Copenhaver
& Lardy (1952), ferrioyanide being estimated by direct
colorimetry at 420 mp.

1IC aunties. In order to estimate the metabolic CO=, the
contents of the centre well of the Warburg flask were
quantitatively added to 0 . 13 m-mole of Na2CO3 and pre

-cipitated with excess of BaC1t . The BaCO„ after washing



Table 2.

Experimental conditions were
Time, 1 hr. LA, Lactic acid.
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with water, was plated on tared planchets and counted in the oxidation products of methanol, such a
an automatic recording gas-flow counter (Nuclear-
Chicago). Corrections for self-absorption were applied

formaldehyde or formats. Accordingly, the effect
of

according to Calvin, Heidelberger, Reid, Tolbert &
methanol, formaldehyde, sodium formate 

Yankwich (1949). 1 &te formed from incubationio formats on the respiration of ox retinaI ) L `Clated1 .
with [ iucose was isolated by anion-exchange hrom o-c testedwere ested in the presence of up ^- C]glumer
graphy as follows. After incubation, 5 ml. of 95% ethanol (0.01 z[). Methyl formats was included in the*
was added to each flask to stop the reaction, and the con- studies, since Kendal & Ramanathan (1952) fo d
tents of the flask were homogenized and kept in the cold for that formaldehyde could be converted into Zvi
2 hr. before centrifuging. The supernatant fluid was quanti- formatibibemiaeetaLdhydrogenase mechan
tatively transferred to a column (1 .4 cm. x 12 cm.) of and speculated that the preferential fat Aotsbh
Dower I (formats), and the [11C]glnoose was removed by

ti•
•o this eater might result in its being the plpxiuwwashing the column with 50 ml. of water. The elution of

the organic acids was carried out with formic acid as
toxic agent. Results in Table 1 indicate that,

described by Busch, Hurlbert & Potter (1952). Fractions of among the compounds tested, formaldeh yde
4-5 ml. were collected and evaporated to dryness in vaceo the most powerful inhibitor of retinal metabolism,
in a desiccator over a mixture of NaOH and CaCI, (1:2). exerting a o inhibition of oxygen uptake at s
Lactate as identified by the colorimetric method of Barker concentration of 3 mar, whereas 200 mn-sodium
&Summereon(1941)emergedasasinglesharppeakbotween formats and 100mM-methyl formats caused 33
the eleventh and fourteenth fractions. The residue in the and 19 % inhibition of oxygen uptake respeetivek .
tubes was dissolved in 2 mL of 0 .06m-NaOH in 60% However, formaldehyde at a concentration range
ethanol, and suitable samples were plated and counted. of 1-2 mM - caused a 50 °/n anhibiticrn of 1(Q form."P studies. The ATP- '2P,-exchange reaction was studied
by the method of Nielsen & Lehninger (1955). For measure-

stion from [ i4C]glucose, whereas sodium formate

ment of radioactivity, a liquid scintillation counter
and methyl formate produced a similar tradem^

(Technicalechnical Measurements Corp.) was used. ofo inhibition only at concentrations of 200 and
All results quoted in this paper, unless otherwise stated, 50 inns, respectively. The relatively greater in•

are representative of at least four similar e:perimenta. 1u anon o 1100 forinatton as coin with
oxygen uptake would indicate that other

RESULT en ogeneous) are being preferentially oxidized,
ethanol, in concentrations as high as 2it

Effect of methanol and its metabolites on the depressed oxygen uptake by 23 % but had as
respiration of intact ox retina in vitro. As stated in effect on 14CO, formation from [140]glucose.
the introduction, most investigators agree that the Effect of formaldehyde on the glyaolyais of es
specific toxic action on the retina in methanol retina. The inhibitory effect exerted by formalde
poisoning is attributable to the localized effect of hyde on retinal respiration could have bees

Table 1. Effect of methanol, formaldehyde, sodium formate and methyl formats on oxygen uptake
and carbon dioxide production by ox retina

Experimental conditions were as described under Materials and Methods. Each flask contained 10 mx.
[II•="Cjglucose (specific activity, 8883 counts/min./µmole). Final volume of incubation, 3 ml. Temperatu re, 37`.
Time, I hr.

(L3 1'C]Glucose
converted Inhibition
into i'COx of 'CO2O

Conan. (hem-molesfmg. formation
Additions (mu) Qo= of dry tissue) (%)

Nil - 7.4 84.2 0
Methanol 1000 6 1 84.2 0

2000 5.7 88.9 0.9
Formaldehyde 0.5 7.2 24.9) 27.2

1 .0 6.7 17.7 49-2
2.0 5.7 I2.3 64.0
3.0 8.5 8.1 76.2
5.0 2 •4 5.4 84-2

Sodium formate 10 6.5 29.4 14.0
60 5.5 22.5 84.2

100 4.9 17-4 49.2
200 4.4 13.2 61.5

Methyl formats 5 7.3 28.8 15.8
20 7.0 25.2 26.4
50 6.0 14.1 58.8

100 5-9 8.0 87.7

Conen.

Additions ( mat)

Nil -
Formaldehyde 0.5

1.0
2.0
5.0
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Table 2. Effect of formaldehyde on glycolyeie in ox retina

Experimental conditions were as described under Materials and Methods. Temperature of incubation, 37°.
Time, 1 hr. LA. Lactic acid. Aerobic

Anaerobic Lactic acid
formed

Conch. Inhibition (µmolefmg. of stimulation
Additions (mu) Qyj (%) dry tissue) (%)

Nil — 23.9 0 0.211 4•73 0
Formaldehyde 0.5 11.5 52 — —

1 .
0 3.6 86 0.240 5.51 16.3

2 .0 2.7 89 0.259 5.50 22.7
5 .0 1.7 93 0.313 7.02 500

107

s ,.
mediated either through a direct inhibition of one
or more of the enzymes of the glyoolytio athwa
or possibly through a subsequent inhibition of the
em lex of enzymes in the tricarboxvlic acid cycle.
The response of anaerobic and aerobic glycolysis of
ox retina to various concentrations of formalde-
hyde was tested in order to evaluate the former
hypothesis. Lactic acid production during aerobic
glycolysis could not be measured by the colori-
metric method of Barker & Summerson (1941),
sines large and variable amounts of lactic acid
accumulated during the period between the
slaughter of the animal and the transport of the
eyes to the laboratory, and this acid could not be
moved effectively. In addition, formaldehyde, in
the concentrations employed, interfered in the
Barker-Summerson procedure. Hence [14C]laotic
acid, formed from [U-x'C]glucose during aerobic
glycolysis, was isolated by column chromato-
graphy on Dowex 1(formate), and the radioactivity
determined. Anaerobic glycolysis was measured
manometrically. The data shown in Table 2 reveal
that 0 .5 ms-formaldehvde depressed anaerobic

by over bU ° Whereas at a concenwa-
mM the inhibition was 85 % . Under
edditions, however. formaldehyde etimu-

Efeet of formaldehyde on retinal hexoNnase. The
studies of Cooper & Marchesi (1959) indicated that
formaldehyde inhibited aerobic glycolysis in
homogenates of ox retina and that this inhibition
was not observed when glucose 6-phosphate or
hexose diphosphate was substituted for glucose,
o
bservations which implied that formaldeh de
ix bited hexokinase. The activity o bexokinase
hreunai hommoogenates in the presence of formalde-
hyde was studied by estimating the uptake of
flucoee under the conditions described by Cooper
k Marchesi (1959). The results, illustrated in
Table 3, indicate that formaldehyde exercised a
Shgbt stimulation of retinal heaokineae. These
C
onflicting results are discussed below.

Effect of formaldehyde on respiration and phos-
1 ation in retinal mitochondria. The actions of

Table 3. Effect of formaldehyde on retinal
hexokinase

Experimental conditions were as described under
Materials and Methods. Temperature of incubation, 30°.
Time, 15 min.

Glucose
Conen. utilized

Additions (mss) (0molee)

Nil — 3.15
Formaldehyde 1 3.48

2 3.54
5 3.62

formaldehyde in inhibiting anaerobic glycolysis
and stimulating aerobic glycolysis in the intact
retina are reminiscent of the effect of 2,4-dinitro-
phenol and the barbiturates. The effect of formalde-
hyde was tested in a system consisting of ox retinal
mitochondria respiring with a-oxoglutarate, pyr-
uvate or suocinate as substrate (Table 4). In such
a system there was invariably a decrease in the
efficiency of coupled phosphorylation. With a-
oxoglutarate as substrate, 1 mM-formaldehyde
produced little inhibition in the P/O ratio, and
oxygen uptake was reduced by 50%. However,
with succinate as substrate, a similar degree of
inhibition of oxygen uptake was demonstrable
only at 2 mar-succinate, but phosphorvlation
totally abolished by 1 mar-formaldeh de. Similar
results were obtained during the complete oxid-
ation of pyruvate effected by the presence of a
`sparker' such as fumarate. As observed with
brain mitochondria (Weinhouse, 1955), retinal
mitochondria exhibited a requirement for DPN for
the efficient oxidation of pyruvate. With 1 m i.
formaldehyde, the inhibition of the P O ratio th
pyruvate was o4 . This disproportionately greater
inhibition by formaldehyde on the PLO values
obtained with pyruvate as compared with a-oxo-
glutarate could be attributed to the fact that
formaldehyde, like dinitro keno! does not affect
substrate-level o n (Hunter, 1951).
That formaldehyde affects the electron-transport
chain between fiavin and cytoohrome c is indicated

I
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Table 4. Effect of forma d.ehyde on oxidaave phosphorylaeion in retinae mitochondria

Experimental conditions were as described under Materials and Methods. Temperature of incubation, 25.
Time, 30 min.

Concn. of Oxygen Phosphate Fe(CN)`
=-

formaldehyde uptake esterified utilized
Substrate (mm) (pg.atoms) ( anoles) (Fmolea) P/O P/2 Fe(CXJ,►

Sodium a-oxoglutarate 0 12•I 82-7 - 2.7
(10 mm) 0.5 9.3 25.1 - 2.7

1-0 6.1 14.0 - 2.29
2

.
0 3 •4 1.2 - 0.35

5 . 0 1.8 -0.5 - 0
Sodium p^Tuvate (10 mm) + 0 8.1 15.5 - 1-95 -
DPN (0 .67 mm)+ 0.5 7•l 11.9 - 1.70 -
potassium fumarate 1.0 5.1 3.9 - 0.77 -

(0.67 mm) 2-0 2-8 -0.3 - 0 -
5 .0 -2.2 -0.6 - 0 -

Potassium succinate 0 12.2 23.4 - 1.92 -
(10 mm) 0.5 10.0 0.8 - 0.98 -

1
.
0 6.2 2.1 - 0.34 -

2 .
0 4-0 	0-2 - 0.05 -

0 - 22-6 13.3 - 085
0

.
5 - 8-5 8.4 - 0.50

1
.
0 - 3.1 6.4 - 0.24

Table 5. Effect of formaldehyde on oxidative phoaphoryiation by retinal mitochondria
oxidizing cytochrome c

Experimental conditions were as described under Materials and Methods. Each flask contained 0 .5 of mito•
ehondrial suspension (8.3 mg. of protein) in 0.25^t-sucrose. Temperature of incubation, 25°. Time, 1 hr.

Inhibition
Oxygen Phosphate of electron

Conen. uptake esterified transport
Additions (mm) ( µg.atoms) (1jmoles) P/O (°o)

Nil - 3.49 2.33 0.67 0
Formaldehyde 0-5 3-12 1-25 0.40 1015 _

1.0 2.37 0-95 0.40 32.0
2 .0 1.00 0.45 0.46 71.5

by its uncoupling action with succinate as sub-
strate and potassium ferricyanide as electron
acceptor. Potassium ferricyanide is known to
accept electrons at the level of cytochrome c
(Estabrook, 1957).

The effect of formaldehyde on pboephorylation
coupled to the oxidation of ferrocytochrome c was
then tested in the presence of aecorbate as the
reducing agent. The method of Jacobs & Sanadi
(1960) was used, since the procedure of Lehninger,
u] Hassan & Sudduth (1954), when employed for
retinal mitochondria, resulted in a total loss of the
capacity for phosphorylation. Table 5 shows that
when mitochondria were suspended in 0. 25u-
sucroae, 40-50% inhibitions of both the oxygen
uptake and phosphorylation efficiency occurred at
concentrations of formaldehyde ranging from 0-S
to 2 m&. It is evident that formaldehyde inhibits
both the electron transport and phosphorylation
in the span of the electron-transport chain between
ferrooytochrome c and oxygen.

As noted in Table 4, the phosphorylation associ-
ated with suocinate oxidation was markedly in-
hibited by 0.5 mm-formaldehyde, although oxygen

Table 6. Effect of formaldehyde on the mitochondria)
oxidation of auccinate

The components of the medium were: KGl. 25 mr
MgCli , 10 mu; cytochrome c, 0

.067 mm; potassium sup

ornate, 10 mm; sodium orthophosphate buffer, p5 7.4.
20 mu; EDTA (sodium salt), 1 mm; 0

. 5 ml. of mitornac

drial suspension (8
.7 mg. of protein). Final volume. 3 m!

Temperature of incubation, 37°. Time, 40 min.

Pretreatment Concn. of Oxygen
medium for formaldehyde uptake Inhibition

mitochondria (mm) ( moles) (%)

Sucrose (0
.
25x) 0 10.7 0

0
.5 14.9 104

1
.
0 14.7 12.0

2
.
0 11.5 31.1

water 0 17.0 0

0
.
5 15.4 a4

1
.
0 14.9 14.4

2 .0 10.7 37'1

uptake was decreased only slightly. This relati`T
lack of effect of formaldehyde on succinate oxid-
ation in a phoephorylating system was further
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retinal mitochondria, under conditions of maximal
of succinate oxidation, as described by

( wkins, Judah & Rees (1959). Table 6 shows that
( aldehyde, at a concentration that totally
abolished phoaphorylation (1 mm), had little effect
on the euccinoxidase of both intact mitochondria
end of mitochondria treated with water at 0

0 for
So m m. Thus it is clear that formaldehyde, wh ile
uihibiti both sites of phosphorylation involved in
the oxidation of succinate, exerts little effect on
she electron transport.

Action of nald yde on the adenosine triphoe.
ose_[t"P)phosphate•e change reaction and the dini-

tro$ew!-stimulated adenosine triphosphataae. After
u had been established that formaldehyde had
little effect on the oxidation of suecinate in retinal
mitochondria, the effect of formaldehyde on the
;TP•-fP,-exchange reaction and on the dinitro-
phenol-stimulated adenosine triphosphataee was
examined. These reactions were found by Cooper &
Lehninger (1957) to be functionally related to
coupled phoephorylation and both reactions pre-
eunably represent a reversal of the coupled phos-
phorylation reaction. Table 7 shows that formalde-
byde, at 1 met, exerted only a 7% inhibition of the
ATP 31P, exchange, whereas at 2 m the inhibition
ass 26 %•

Table 8 demonstrates the effects of formalde-
hyde, at concentrations ranging from 0 .6 to 2 mac,
-rn the dinitrophenol-stimulated adenosine tri-
phosphatase. Formaldehyde, in increasing-concen-
uations, caused an inhibition of the adenosine
triphosphatase induced by dinitrophenol; in the
ebeence of dinitrophenol, the . adenosine-triphos-

activity was stimulated by formaldehyde.
The relative lack of effect of formaldehyde on the

ATP-33P,-exchange reaction and the dinitro-
phenol-induced adenosine triphosphatase sug.
rested that formaldehyde interfered with a factor

with phosphorylation inhibition of which would
to a lowering of both respiration and phos-

phorylation in a phosphorylating system, but not
in a non-phosphorylating one.

Effect of formaldehyde on respiration of retinal
mitodwttdria controlled by adenoeene diphosphate or
Inorganic phosphate. The concentrations of both P,
sod ADP are important regulatory factors in
controlling the rate of oxidative metabolism of
trues (Chance & Williams, 1956). The results in
Table 9 demonstrate that, whereas formaldehyde
had little effect on the oxygen uptake of retinal
m
itochondria respiring in a medium deficient in

ADP, it greatly reduced the stimulation of respira
-tion brought about on addition of dinitrophenol.

y & Wellman (1952) have shown that this
tieeased respiration is due to the fact that dinitro-
phenol makes the svetem independent

Additional experiments (Table 10) carried out in a
system lacking in P, showed that formaldehyde
lowered the respiration, the degree of inhibition's
not being altered even after addition of dinitro-

Table 7. Efeet of foi naldehyde on the adenosine
triphoophaio-[31P]phoaphate exchange in retinal mito-
chondria

The components of the medium were: KCl, 25 mu;
MgCl, 6 mat; sodium orthophosphate buffer, pH 7.4,
5 mm; ATP (sodium salt), 2.5 mat; "P, equivalent to
247000 counts/min,; 0 .5 ml. of mitochondria) suspension
(5 .8 mg. of protein) in 0 .25m-sucrose. Final volume, 2 ml.
Temperature of incubation, 19

0
. Time, 20 min.

Incorporation of
Conen. '=Pt into ATP Inhibition

Additions (mu) (counts/min.) (%)
Nil - 6800 0

Formaldehyde 0.5 8180 2
1 .0 5865 7
2 .0 4640 26

Table 8, Effect of formaldehyde and dinitrophenol
on the adenosine triphosphatase of mitochondria

The components of the medium were: KC l, 27 .5 mat;
MgCl2 , I0 mu; ATP (sodium salt), 5 mx; trio-HCI buffer,
pH 7 .4, 50 mu; 0.5 ml. of mitochondrial suspension
(2.8 mg. of protein) in 0 •25u-sucrose. Final volume, 2 ml.
Temperature of incubation, 25°. Time, 20 min.

Concn,of Pt
formaldehyde liberated

Additions (mat) ( anoles)
Nil 0 1 •66

0 .5 1.82
1-0 1.92

2 .0 2.20
Dinitrophenol (0.05 mm) 0 2 •87

0.5 2.32
1 .0 2.28
2 .0 2.30

Table 9. Effect of formaldehyde on mitochondriai
respiration in an adenosine diphosphate-deficient
system

The components of the medium were the same as
described for oxidative phosphorylation under Materials
and Methods with the following exceptions: glucose and
hexokinase were omitted; potassium succinate, 10 mm;
0.5 ml. of mitochondria) suspension (3 .5 mg. of protein) in
0.25m-sucrose. Final volume, 3 ml. Temperature of
incubation, 87'. Time, 30 min.

Conan. of Oxygen
formaldehyde uptake Inhibition

Additions (mm) (^sg.atoms) (%)
Nil 0 6.7 0

0
.5 6.6 1.5

1 .0 5.4 20
Dinitrophenol 0 13.4 0

(0-05 mm) 0.6 9-2 31
1 .0 8.9 49

M1

a



oxygen
uptake Inhibition

Additions (pg.atoms) (%)

Nil 9-6 0

Formaldehyde (0
.
5 met) 9.1

(1
.
0mm) 7.S

(2
.
0 mm) 7.2

Dinitrophenol (0
.
05 mm)

Dinitrophenol (0
.
05 mm) +

formaldehyde (0•S mM)
Dinitrophenol (0

.
05 mv) +

formaldehyde (1
.
0 met)

Dinitrophenol (0
.
05 mat) +

formaldehyde (2
.
0 met)

illl:^
102

8
19
25
0

14

l+!'

9.8

9.0

17

24
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Table 10. Effect of formaldehyde on mitochondria)
resptradion sn a Phosphate-deficient system

The components of the medium were: KCI, 25 mx;
UgCls, 6 . 7 mat; ATP (sodium salt), 1 .7 mat; cytochrome c,
0

.
013 mm; sodium orthophosphate buf

f
er, pH 7

.4, 1
.
7 mm;

trla-HA buffer, pH 7
.
4, 50 met: 0.

5 ml. of mitochondria)
suspension. Temperature of incubation, 37°. Time, 20 min.

phenol, which enhanced respiration in this system.
These data support the premise that formaldehyde
acts upon an energ

y -coupling urocesswhich is in
functional equilibrium with the electron-transport
chain, and that it acts at
corporation of P{ in this process and before the site
of inhibition by dinitrophenol.

DISCUSSION

In agreement with the earlier work of Leaf &
Zatman (1952) and Potts & Johnson (1952), we
have observed that, among the oxidation products
of methanol, formaldehyde was by far the most
toxic to retinal metabolism. We also believe that

__ formaldehyde is the proximal toxic agent in the
ocular toxicity seen in methanol poisoning.

In confirmation of the observation of Potts &
/' p f,'$ ohnson (1952), we found that formaldehyde is a

tent inhibitor of anaerobic glycolysis in whole

tion of aerobic glycolysis. In the intact retina,
these strikingly different effects of formaldehyde on
anaerobic and aerobic glycolysis may be a reflexion
of a change in a regulatory mechanism or pace-
maker in these two situations. Thus under
anaerobic conditions hexokinase may be rate.
limiting, and glyoolyeis would be subject to inhibi-
tion by formaldehyde, whereas in an aerobic
medium hexokinase may not be a pacemaker. In
fact, the stimulation of aerobic glycolysie by
formaldehyde may be interpreted as a release of
ADP by the uncoupling action of formaldehyde and
a subsequent stimulation of triose phosphate
debydrogenase, the other glycolytic pacemaker
(Krebs, 1956).

We could o nfirm the results of Potst
(1955) or of Cooper & Mea ehesi (1959) on the inhi
tion of hexokinase by formaldehyde. A pommbi
explanation might be that hexokinaae is in t&
particulate fraction of the retina (J. R. Cooper,
unpublished observations) and the kinetics of tip
enzyme and, ultimately, of glycolysia, might l
highly variable depending on the preparation Of
the homogenate.

In considering both anaerobic glycolysis in thr
intact retina and oxidative phosphorylation tie
dominant feature of the effect of formaldeh yde on
retinal metabolism appears to be its abil(1}_ to
decrease the synthesis of ATP. Although formalde•
hyde uncoupled the phosphorylation accompany -
the oxidation by retinal mitochondria of DP\•
linked intermediates in the tricarboxylic acid cycle.
the phosphate eateriflcationa coupled to the oxid•
ation of eueeinate or ferrocytochrome c seemed to lie

the most sensitive. However, our results do not
exclude the possibility that phosphorylatim
coupled to the step DPN to flavin might also be
sensitive to formaldehyde. Lehninger et at. (1954±
noted that phosphorylation coupled to the oxid-
ation of ferroeytochrome c by oxygen was compara-
tively more sensitive to uncoupling agents than
were the other sites. In our experiments, although
the degree of inhibition of the phosphorylation
coupled to the oxidation of suecinate appeared to
be greater than that of the oxidation of ferrocyto-
chrome c, formaldehyde is a potent inhibitor of

both the phosphorvlations associated with electron
transport when flavin is ox zedth mughferracyto•
chrome c by o

Further effects of formaldehyde on the incorpora-
tion of P into ADP to form ATP during electron
transport (Lebninger, 1960) may be summarized
as follows: (1) with suoeinate as the substrate•
formaldehyde lowers P/O ratios, but has little
effect on oxygen uptake in either a phosphor4latinF
or a non-pboephorylating system; (2) the ATP
51P4-exchange reaction is not significantly affected:
(3)formaldehyde has little effect on the low odes'
osine triphosphatase of fresh retinal mitochondria
but inhibits the enhanced adenosine-triphospha1
activity seen upon addition of dinitrophenol
(4) in a system in which respiration is controlled bz
the availability of ADP formaldehyde has little

sot; however, it lowers the stimulation of reaps-
att^" on occurring in this system in the presence d
dinitrophenol; (5) formaldehyde decreases tespIr
ation in a system deficient in Pi , the pereental^ d
respiratory inhibition being the same even upon tb"
addition of dinitrophenol.

Formaldehyde therefore acts riman^'• ly on aa1DC

stion mechanism and does not inhibit aua^•.
the electron-transport chain, the latter being

only a secondary effect. The w
(1951) on the action of forme
liver homogenates indicated the

cinoxida
se, but not cytoohrome

the concentrations of the toxi

empl
o

y
ed were considerably Iiig

those used in our experiments
Lehninger (1960) suggest, by
ADP-ATP exchange and the A7
that dinitrophenol causes a rem
thetical high-energy phosphoryli
Our results suggest that formaldi
phenol act at different sites
presence of at least two inte
reactions occurring during pho:
single site of action of formaid'
account for our experimental fi
(2) in the scheme of oxidative
formulated by Slater & Hulamat

A . I+X =X^I
This equation involves the tr
contained in the energy-rich

formed during electron transfer
B the two adjacent members of
step in the respiratory chain, t'
thetical intermediate X, giving 1
will be maintained only if the
intermediates, X and I, are cony
arid. This is effected by P, and A
synthesis of ATP.

Whatever the definitive site
formaldehyde on retinal mete
formaldehyde is a potent inhibit.
of ATP in isolated mitoehondr
what appears to be a secondary
respiration is depressed. In sup,
elusions, we have observed that
concentrations that reduced p'
mitochondria also markedly to
poration of 3$P^ into the pho
intact retina, an ATP-depends
King & Cooper, 1961). The reli
ere these results, obtained in
with the morphological organixr
and do they clarify the macho
the pathogenesis of methanol po
microscopy of rods in the retinoD

eRobertis, 1956) has shown
gation of slender long mitoc
called ellipsoids, in the inns
Although the role played by AT
lion of the visual impulse is wto

pographical arrangement betconcerned with visual exeitati<c
bondria in the rods and cones at.

one of the high-energy intermei
the phosphorylating mechanism






