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. FFECT OF METHANOL AND ITS METABOLITES ON RETINAL METABOLIsY*
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{Received 6 April 1961)
probably acts by inhibiting the oxidation of |

Methanol poisoning in man, a problem of con-
siderable toxicological interest, is characterized by
an initial stage of depression of the central nervous
system, which is followed by metabolic acidosis and
the specific toxic effect of the oxidation product{s)
of methanol on retinal cells which leads to visual
degeneration. It has been claim i

methanol (Roe, 1046), indicate that a metabolite o

methanol is probably responsible for the varioas §
manifestations of poisoning. Further support fr §
this contention comes from the observation thst :
formaldehyde is an extremely potent inhibitor & ¥

Tespiration_and glycolysis in ox relins; formate i

the retinal ganglion cells and the rods and cones,
with sparing of the optic xnerve and tract, is com-
monly seen in human cases of metha ojsonin,
‘{Fink, 1943; Duke-Elder, 1954), However, very
little information is available on the biochemical
aspecta of this lesion,

It is generally accepted that formaldehyde is the
toxic agent in methancl poisoning. The long
asymptomatic latent period of 8-36 hr. and the
beneficial effects of administered ethanol, which

* Part 3: Kini & Cooper (1961).
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exercies only weak respiratory inhibition, & §

rethanol has no effect even st a concentration o

20M (Leaf & Zatinan, 1952; Potte & Johnsoe, |
1952). These observations on the relative magn &
tude of effects of methanol and its oxfdﬂfm H
producta on the metabolism of the retina s ™ &

have been corroborated by studies on the sl

rotin {Praglin, Spurney & Potts, 185 §
Potts & Johneon ( obgeTv at-the enzym*

process most susceptible to formaldehyde ighibitx®
was anaerobic glycolysis and stated that

specific site of inhibition is the retinal hexokina® §

Cooper & Marchesi (1959) found thst formald

hyde _inhibited aerobic glycolysis in ox '
homogenatees with glucose as the substrate, ;

207-215 (1561,

1962

]

)

S
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«ith hexese diphosphate or glucose 6-phosphate as
abetrate. Direct e83ays of retinal hexokinase
mthat formaldehyde caused a competitive
phibition of this enzyme, this inhibition being
reversed by excess of glucoge,

The present paper describes a detailed investiga-
tinof the effect: of formaldehyde on the metabolism
of the retins, to see whether this effect would
afford a biochemical mechaniem to explain the
predisposition of the eye to injury in methanol
intoxication.

MATERIALS AND METHODS

Abbrevintion. P, inorganio phosphate.

Materigls. Pyridine nucleotides, sytockrome ¢ and yeast
bexokinase were purchased from Sigma Chemical Co. The
potsssium salé of ATP was obtained from Mann Research
Laboratories Inc., New York. Uniformly labellsd [*(})-
rlucoee ((U-4Clglucose} waa obtained from New England
Sudear Corp. and [®Pjphosphate from the Oak Ridge
National Laboratory. All other chemicals used were of
rageit-grade purity.

Ezperimenial procedures. Ox eyes were removed at the
shattoir immediately after the death of the animal, placed
o crushed ice and transported to the laboratory. The eye-
bafl was opened by & circular incision slong the ora
xmata, the vitreous humour squeezed out and the reting
ptly lifted by means of a blunt forceps after its attach.-
ment to the optic disk had been severed. Approximately
30 mg. of retinal tissue was weighed in a torsion balance
wd euspended in incubation media contained in chilled
Warburg flasks, The flasks were then attached to the
manometers, transferred to a water bath at 37° and
diferential manometry was carried ont by conventional
echnigues for a period of wsually 1 hr, The time interval
fom the death of the animal to commencement of the
meubation wae not more than 3 hr. When {14Clglucose was
the substrate, the reaction was terminated by the addition
A 02ml. of 309, trichloroacetic acid, and shaking was
wotinged for s period of 30 min, to ensure complete
torption of #CO, by the alkali in the centre well. Dry-
stight determinations indicated that 100 mg. of whole
wiins, wet weight, prepared aa described, was equivalent
12 mg. dry wt.

Tbe following procedure was developed for the isolation
“{ mitochondria from ox retins. Approximately 8-10 g. of
*tina} tissue was homogenized in 10 ml. of 0-25M-suerose
t 2 Potter-Elvehjom homogenizer with a Teflon pestle.
Tee homogenate was diluted to about 100 ml, with 6-25m-
wrose and contrifuged ab 1200g for 10 min. in o Lourdes

centrifuge. The sedimented oell debris and
*elti were discarded and the supernstant solution was
rattifuged at 18 000g for 15 min. The sediment was
wibed {wice by resuspension in {-25u-sucrose and centri-
+  fuing for further periods of 10 min. each, the ‘fluffy’ Iayer
i | g discarded at the first washing. The resulting mito-
) § tondrial pellet was found to stain supravitally with Janus
meen B, The mitochondria were then suspended in 0-25u-
sirosa 60 that 1 ml. of the suspension contained mito-
4odria from approximately 1g. of retina. To each
Wuburg fiask was added 0+5 ml. of this suspension.
HYedia. In respiratory studiea with intact retina, Krebs-
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Ringer phosphate medium of the following composition was
used, the gas phase being O,: NaCl, 128 my; KCl, 5 mm;
CaCl,, 83 mM; MgR0,, 1-3 mm; sodium orthophosphate-
HCl buffer (pH 7-4), 10 mu (with respect to phosphate}. In
anaerobic experiments the same medium was used with
subetitution of NaHCO,, 24-56 mm, for sodium phosphate
buffer; the gas phase waa N, +CO0, (96:5, v/v). All concen-
trations are expressed as those whioh 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.: p-glucose, & ma; MgCly, 10 my; ATP, 6 mw; tris-
HC) buffer (pH 7-45), 50 my; 0-4 ml. of an ox-retinal
homopenate prepared according to Hoare & Kerly (1954),
Incubations were carried out in air at 30° and terminated
by the sddition of 0-5 ml. of 659 ZnSO, and 0-5 ml. of
039, NaOH. -

In experiments on oxidative phosphorylation with mito-
chondrial preparations, each Warburg flask sontained the
following basic medinm in & fing] volume of 3 ml : sodium
ortbophosphate buffer (pH 7-4), 20 ma ; KF, 10 mm; ATP
(potaseium ealt), 1 mm; MgCly, 6-7 mar; KCl, 33 mMm; eyto.
chrome ¢, 13pM; D-glucose, 20 myM; yeast hexokinase
7'1 units, assayed by the procedure of Crane & Sols (1955);
0-6 ml. of & suspeneion of retinal mitoohondria in 0-25%.
sucrose. Incubation times and temperatures are given in
the logends of the Tables, To study the phosphorylation due
to oxidation of eytochrome ¢ the medium composition, in
a final volume of 3 ml,, was as foltows: KH, PO -K,HPO,
buffer (pH 7-4), 7-5 mm; MgCl,, 7-5 mm; cytochrome ¢,
25 pM; sucrose, (-26M; EDTA (sodium ealt), 3-3 my; ATP
(potasgium salt), 1-7 mM; L-ascorbic acid (potassium salt
prepared freshly before use), 10 m¥; p-glucose, 20 mm;
hexokinase, 71 units; 0-5 ml. of mitochondrial suspension
in 0-25 m-sucrose.

Analytical determinations

Unless specified otherwise, all colorimetric measure.
mente were made with a Beckman model DU epectro-
photometer.

Glucose. Glucose was estimated in superpatant fluids
obtained after centrifuging by the Nelson (1944) modifica-
tion of the S8omogyi method.

Protein. Protein was determined by the method of
Lowry, Rossbrough, Farr & Randall (1951).

Oxidative phosphorylation. After thermal equilibration,
1 ml. of 109 trichloroacstic acid or (-2 m). of 0-3 u-glucose
containing 7-1 units of hexokinase were tipped into re-
plicates of the various Warburg flaske. Uptakes of O, were
rocorded for the periods indicated in the Tables, the vessails
quickly removed and placed in orushed ico, and 1 ml. of
109, trichlorpacetic acid was added. After contrifuging,
phosphate determinations were made by the method of
Fiske & Subbarow (1928) on suitable samples of the super-
natant fluid. The difference between the initis) and final
concentrations of P is a. measure of the P, esterified. With
ferricyanide as the electron acceptor, the phosphate
determinations wore carried out according to Copenbaver
& Lardy (1952), ferrioyanide being estimated by direct
colorimetry at 420 mu.

M giudies. In order to estimate the metabolic COy, the
oontents of the centre well of the Warburg flask were
quantitatively added to 0-13 m-mole of Na,CO, and pre-
cipitated with excess of BaCly. The BaCO,, after washing
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with water, was plated on tared planchets and counted in  the oxidation products of methanol, gueh o ¥
an automatic recording gas-flow counter (Nuclesr- formaldehyde or formate. Accordingly, the effacg &
Ch.img?). Comotiqns for ) self-absorpt.ion. were applied “oF methanol, formaldehyde, sodium formste and
MMldll.Jg to Calvin, Heidelberger, Reid, ‘.!‘olbert._ & methyl formate on the respiration of gx o :
Yankwich (1949). [C]Lactate formed from incubation were ted in the p ce of [U.MC

with [1/Clglucose was isolated by anion-exchange chromato- 0-01 Methyl £ resence I _}81‘100& i
graphy aa follows. After incubation, 5 ml. of 85% ethanol (0-01M). Methyl formate was included in thex §
was added to each flask to stop the reaction, and the con.  Studies, since Kendal & Ramanathan (1952) foung
tente of the flask were homogenized and kept in the cold for that formaldehyde could be converted into methy)

2 hr. hefore centrifuging. The supernatant filuid was quanti- formateby & Eenm'ﬁ]-ﬁeﬁmmm“ .
tatively transferred to a column (14 em. x12om.) of and speculated that the preferential fat solpbitity 8
Dowes 1 (formate), and the [“Clglucoss was removed by '5FEhis ester might result in its being the provima) &

waghing the column with 50 ml. of water. The elution of toxic agent. Results in Table 1 indi 3
the organic acids was carried out with formic acid as —EEE BReT indicate thar, ¢

? : among the compounds tested, formaldehvde w §
i‘?:]beg:g f:ﬁﬁﬁgmfpf::&f tgzi;nf:f:'m:: the most powerful inhibitor of retinal metabolisz,
in a desiccator over a mixture of NaOH and CaCl, (1:2), ©Xerting & 607, iuion Of oxygen uptake at s
Lasctate oa identified by the colorimetric method of Barker COnCentration of 38 mm, whereas 200 ms.sodium
& Summerson (1041) emerged asa singlesharp peak between  formate and 100 mm-methyl formate caused 3
the eleventh and fourteenth fractions. The residue in the and 109 inhibition of oxygen uptake respectively, £
tubes was dissolved in 2mi. of 0-06M-NaOH in 609 However, formaldehyde at a concentration e
sthanol, and suitable samples were plated and connud: of 1-2 mm eaused & 50 % inhibition of MCO, form- §

**P, studies. The ATP-¥P.exchange reaction wasstudied  g4ToFrom [*C]glucose, whereas sodium formate

by the method of Nielsen & Lehninger (1955). For measure- prod imila . ]

ment of radicactivity, a liquid secintillation ocounter z;tdinxll:ie;l_?_rl fon:]ate + ucadt:at' T £ 2%6'"& ;

(Technical Measurements Corp.) was used, tilon on'y 8¢ concentrations of 300 an :

All results quoted in this paper, unless otherwise stated, .50 mM, respectively. The relatively greater in- ;

are representative of at least four similar experiments. & ibition of 14CO, formation as compared with

. oxygen uptake would indicate that other subsirates A

SUL {endogeneous) are being preferentially oxidized. §§

RE T8 ‘Methanol, in concentrations as high as 2u, &

Effect of methanol and its metabolites on the depressed oxygen uptake by 239 but had o Jf

reapiration of intact ox reting in vitro. As stated in  effect on MCO, formation from [MC]glucose. g
the introduction, most investigators agree that the Bffect of formaldehyde on the glycolysis of &

gpecific toxic action on the retina in methanol reting. The inhibitory effect exerted by formalde B

poisoning is attributable to the localized sffect of hyde on retinal respiration could have been 8

B

Table 1. Effect of methanol, formaldehyde, sodium formate and methyl formate on oxygen upiake
and carbon dioxide production by ox reting

Experimental conditions were as described under Materials and Methods. Each flask contsined 10 mx-
[U-*Clglucose (specific activity, 3333 counts/min./umole}, Final volume of inoubation, 3 ml. Temperature, 37°.

Time, 1 br.
[U-1C])Glucose
converted Inhibition
into ¥CO, of UCO,
Conen. {pm-moles/mg. formation

Additions (mxM) Qo, of dry tissue) {%)
Nil — T4 342 0
Methanol 1000 &1 84-2 0

2000 57 339 09

Formaldehyde 05 72 24-9 272

10 67 197 482

2.0 57 12:3 64-0

30 35 81 76-2

&0 24 64 84-2

Sodium formate 10 65 28-4 140

50 56 22-5 M2

100 48 174 492

200 44 132 815

Methyl formate 5 7-3 ) 2588 158

. 20 70 25-2 264

50 88 14:1 58-8

0 59 30 87-7
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Table 2. Effect of formaldehyde on glycolysis in ox retina

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

Aerobic
Anasrobic "Laotic anid K
- A \ formed
. Conen. - Inhibition (pmole/mg. of Stimulation
Additions (man4) Qi (%) dry tissue) e (%)
Nil —_ 234 0 0211 4-73
Formaldehyde 06 11-6 62 - _ —_
1-0 3-6 88 0-246 5-51 163
20 27 89 0259 5-80 227
50 1-7 83 0313 7-02 50-0
o mediated either through a direct inhibition of one Table 3. Effect of formaldehyde on retinal
gt more of the enzymes of the glycolytic pathway hexolkinase

or poasibly through a subsequent mtnbmon of the Experimental conditions wers 85 described under

cemplex of enzymes in the tricarbo " Materials and Methods. Temperature of incubation, 30°.
response of anaerobic and aerobic glyco]ysm of  Pime, 16 min.

ox retina to various concentrations of formalde- Glucose
lyde was tested in order to evaluate the former » Conen. utilized
hypothesis. Lactic acid production during aerobie Additions (mm) {pmoles)
glycolysia could not be measured by the colori- Nil — 315
metric method of Barker & Summerson (1941), Formaldehyde 1 348
ginco large and variable amounts of lactic acid g gg‘;

sccamulated during the period beiween the
daughter of the animal and the transport of the
eves to the laboratory, and this acid could notbe formaldehyde in inhibiting anaerobic glycolysis
removed effectively. In addition, formaldehyde,' and stimulating serobic glycolysis in the intact
the concentrations employed, interfered in the retina are reminiseent of the effect of 2,4-dinitro-

Barker-Summerson procedure. Hence [MCllactic phenol and the barbiturates. The effect of formalde-

ecid, formed from [U-“Clglucose during aerobic hyde was tested in a system consisting of ox retinal

gycolysis, was isolated by column chromato- mitochondria respiring with «-oxoglutarate, pyr-
graphy on Dowex 1 {formate), and the radioactivity uvate or succinate as substrate (Table 4). In asuch
determined. Anaerobic glycolysis was measured a system there was invariably a decrease in the
manometrically. The data shown in Table 2 reveal efficiency of coupled phosphorylation. With a-
st 0-5 mum-formaldehyds depressed anaerobic oxoglutarate as substrate, 1 mM-formaldehyde
glycolysis by over B0 %, whereas at & concenirg- produced little inhibition in the P/O ratio, and
“Hon of Lma the inhibition wes 85%,. Under oxygen uptake was reduced by 509%. However,
wrobic conditions, however, formaldehyde stimu-  with succinate as substrate, a similar degree of
hted glvcolysis. inhibition of oxygen uptake was demonstrable
Effect of formaldehyde on retinal hexokinase. The only at 2 mm-succinate, but phosphorylation was

sudies of Cooper & Marchesi (1959) indicated that _totally abolished by 1 mu-formaldehyde. Similar
formaldehyde inhibited aerobic glycolysis in results were obtained during the complete oxid-
homogenates of ox retina and that this inhibition ation of pyruvete effected by the presence of a
wag not ohserved when glucose 6.phosphate or ‘eparker’ such ae fumarate. As observed with
hexoss diphosphate was substituted for glucose, brain mitochondria (Weinhouse, 1085), retinal
obeervations which_jmplied that formaldehyde mitochondria exhibited a requirement for DPN for
irhibited hexokinase. The activity of hexokinase the efficient oxidation of pyruvate. With 1 mum-
omogenates in the presence of formalde- formaldehyde, the inhibition of the P/O ratio with

byde was studied by estimating the uptake of Ppyruvate was 60%. This disproportionately greater
glwoose under the conditions deecribed by Coopor inhibition by formaldehyde on the P/O values
& Marchesi (1059). The resuite, illustrated in obtained with pyruvate as compared with a-oxo-
Table 3, indicate that formaldehyde exercised s glutarate could be attributed to the fact that

an_of_mhnal_hexnkmm Theee formaldehyde, like dinitrophenol, does not affect
wnflicting results are discussed below. substrate-level phosphorylation {(Hunter, 1951).

Effect of formaldehyde on respiration and phos- That formaldehyde affects the electron-transport
ion in retinal mitochondria, The actions of chain between flavin and cytochrome ¢ is indicated
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Table 4. Effect of formaldehyde on oxidative phosphorylation tn retinal mitochondria
Experimental conditions were as described under Materiale and Methods. Temperature of incubation, 25°,

Time, 30 min. .
Concn. of Oxygen
formaldehyde  uptake
Substrate {ma1) {pg.atoms)

Sodium «-oxoglutarate 0 121
{10 m) 05 93
1-0 61
2:0 34
50 18

Sodium pyruvate (10 mx) + 0 81
DPN (0-67 ma)+ 05 71
potassium fumarate 10 51
(0-67 mm) 2-0 2.8
50 -22
Potassium succinate 0 12.2
{10 mas) 05 10-0
1-0 6-2
2-0 40

0 —_

06 _

10 _

Phosphate Fe(CN),>
esterified utilized
(pmoles) (upmoles) P/0 P/2 Fe(CX)*
82-7 _ 27 -
25-1 _ 27 -_
14-0 - 2-29 -
12 - 0-36 -
-08 — 0 -
18-5 —_ 1-95 —
119 — 1-70 -
3.9 — 097 -
-03 —_ 0 —
-0-6 _ 0 -
23-4 - 1-92 -
0-8 — 0-98 —
21 — 0-34 -
0-2 —_ 005 -
22-6 133 —_ 0-85
85 84 _ 0-50
31 64 - 02¢

Table 6. Effect of formaldehyde on oxidative phosphorylation by retinal mitochondria
oxidizing cytochrome c

Experimental conditions were as deseribed under Materials and Methods. Each flask contained 0-5 of mito.
chondrial suspension (8-3 mg. of protein) in 0-26M-sucrose. Temperature of incubation, 25°. Tiwme, 1 br,

Inhibition

Oxygen Phosphate of electron

Concn. uptake eaterified transport
Additiona (mm) {pg.atoms) {pmoles) F/0 %)

Nil — 349 233 0-87 0

Formaldebyde 05 312 1-25 0-40 10-53
1-0 237 0-96 040 3240
20 1-00 045 045 713

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

The effect of formaldehyde on phosphorylation
coupled to the oxidation of ferrocytochrome ¢ was
then tested in the presence of ascorbate as the
reducing agent. The method of Jacobs & Sanadi
(1960) was used, since the procedure of Lehninger,
ul Hassan & Sudduth (1954), when employed for
retinal mitochondria, resuited in & total loss of the
capacity for phosphorylation. Table 5 shows that
when mitochondria were suspended in 0-25M-
sucrose, 40-509%, inhibitione of both the oxygen
uptake and phosphorylation efficiency cocurred at
concentrations of formaldeshyde ranging from 0-5
to 2mu., It is evident that formaldehyde inhibite
both the electron transport and phosphorylation
in the span of the electron-transport chain between
ferrocytochrome ¢ and oxygen.

An noted in Table 4, the phosphorylation associ-
ated with succinate oxidation was markedly in-
hibited by 0-5 mm-formaldehyde, although oxygen

Table 6. Effect of formaldehyde on the mitochondria
oxidation of succinale

The components of the medium were: KCL 2% my
MgCl,, 10 mu; cytochrome ¢, (-067 my; potassium e
cinate, 10 mm; sodium orthophosphate buffer, pH 74
20 mym; EDTA (sodium salt), 1 mm; 0-5 ml. of mitochos-
driel suspension (87 mg. of protein). Final volume, 3m!
Temperature of incubation, 37°, Time, 40 min.

Pretreatment Conen. of 0

Xygen .
medium for formaldehyde uptake  Inbibition
mitochondria (mm} (moles) (%)

Sucrose (0-25m) 0 167 0
0-h 149 108
140 147 120
2:0 11-5 3l
Water 0 17-0 0
05 15-4 o
1-0 14-9 124
20 10-7 3%
uptake was decreased only slightly. This relatict

lack of effect of formaldehyde on succinate oxid:
ation in a phosphorylating eystem was.ftlﬂb:
substantiated by studies on the succinoxidase
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retinal mitochondria, under conditions of maximal
mies of succinate oxidation, as described by
pawking, Judah & Rees (1969). Table 6 shows that
fomaldehyde, et & concentration that totally
gholished phosphorylation (1 mm), had little effect
on the suceinoxidase of both intact mitochondria
and of mitochondria treated with water at 0° for
4omin. Thus it is clear that formaldshyde, while
hibiting both sites of phosphorylation involved in
e oxidstion of succinate, exerts little effect on
the electron transport.

thon 0] yde on the adenosine triphos-
date-{"Pphosphate-cxchange reaction and the dini-
trophenol-stimulated adenosine triphosphatase. After
9 i had been eatablished that formaldehyde had
litle affect on the oxidation of succinate in retinal
mitochondria, the effect of formaldehyde on the
ATP-%Pexchange reaction and on the dinitro-
phenol-stimulated adenosine triphosphatase was
esamined. These reactions were found by Cooper &
lebninger (1957) to be functicnally related to
coupled phosphorylation and both reactions pre-
§ smably represent o reversal of the coupled phos-
pherylation reaction. Table 7 shows that formalde-
hyde, at 1 ma1, exerted only a 7 9 inhibition of the
ATP-%1P, exchange, whereas at 2 mM the inhibition
was 26 %,

Table 8 demonstrates the effects of formalde-
g byde, at concentrations ranging from 0-6 to 2 mm,
§ m the dinitrophenol-stimulated adenosine tri-
8 rhosphatase. Formaldehyde, in inereasing concen-
ustions, caused an inhibition of the adenosine

mphosphatase induced by dinitrophenol; in the
B sheence of dinitrophenol, the adenosine-triphos-
vhatase activity was stimulated by formaldehyde.

The relative lack of efiect of formaldehyde on the
4 ATP-P,.exchange reaction and the dinitro-
b phonol-induced adenosine triphosphatase sug-
eested that formaldehyde interfered with a factor
dﬁ-ereleted_w_m.mp_thman
with phosphorylation, jnhibition of which would
#ad to & lowering of both respiration and phos-
§ thorylation in & phosphorylating eystem, but not
§ i & non-phosphorylating one.

Effect of formaldehyde on respiration of retinal
nitochondria controlled by adenosine diphosphate or
| norganic phosphate. The concentrations of both P,
sad ADP are important regulatory facters in
toatrolling the rate of oxidative metabolism of
tissues (Chance & Williams, 1956). The results in
Teble 9 demonstrate that, whereas formaidshyde
had little effect on the oxygen uptake of retinal
mitochondria respiring in & medium deficient in
ADP, it greatly reduced the stimulation of respira-
tion brought about on sddition of dinitrophenol.
Lardy & Wellman (1952) have shown that this
inereased reapiration is due to the fact that dinitro-
henol makes the system independent o
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Additional expemments (Table 10} carried out in a
systern lacking in P, showed that formaldehyde
lowered the respiration, the degree of inhibition’s
not being altered even after addition of dinitra-

Table 7. Effect of formaldehyde on the adenomm
tﬁphaa_?hate—[”P]phoepMm exchange in retinal mito-
chondria

The components of the medium were: KCl, 25 mm;
MgCl;, 6mm; sodium orthophosphete buffer, pH 7-4,
S mu; ATF (sodium salt), 25 mm; P, equivalent to
247 000 counts/min,; 0-5 ml. of mitochondrial suspension
(58 mg. of protein) in 0-26M-sucrose. Final volume, 2 ml.
Temperature of incubation, 19°. Time, 20 min.

Incorporation of

. Conen. 2P, into ATP  Inhibition
Additions (mar) {counta/min.) (%)
Nil —_ 8300 0
Formaldehyde 0-5 8180 2
i-0 5865 7
2:0 4640 26

Table 8. Effect of formaldehyde and dindtrophenol
on the adenocsine triphosphatase of mitochondria

The components of the medium were: KCl, 27-5 m»1;
MgCl,, 10 mu; ATP (sodinm ealt), 8 mm; tris-HCI buffer,
PE 74, 50mM; 0-5ml of mitochondrial suspension
(2-8 my. of protein) in 0-25M-sucrose. Final volume, 2 ml.
Temperature of incubation, 25°. Time, 20 min.

Concn, of P,
formaldehyde liberated
Additions (mM} {pemoles)
Nil (1] 1-66
0-5 1-82
1-0 1-92
2-0 2-2¢
Dinitrophenol (0-05 mu) 1] 2-87
05 232
1-0 2:28
20 230

Table 9. Eﬁm of fermaldehyde on mitochondrial

respiration in an adenosine daplwaphate-deﬁcwm
system

The components of the mediem were the same as
described for oxidative phosphorylation under Materials
snd Mathods with the following exceptions: glucose and
hexokinase were omitted; potassium succinate, 10 mm;
0:5 ml. of mitochondrial suspension (3:5 mg. of protein) in
0-26m-sucrose. Final volume, 3 ml. Temperature of
incubation, 37°. Time, 830 min.

Conen. of Oxygen

formaldehyde  uptake Inhibition

Additions {mm) {pg.atoms) (%)
Nil 1] 67 0

0-5 66 15
10 54 20
Dinitrophenol 0 134 0
(0-05 mm) 0-6 9-2 a1
10 69 49
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Table 10. Effect of formaldehyde on mitochondrial
regpiration in o phosphate-deficient sysiem

The components of the medium were: KCl, 25 mu;
MgCl,, 8-7 mm; ATP (sodivm aalt), 1-7 mu; cytochrome ¢,
0-013 my; sodium orthophosphate buffer, pH 7-4, 1-7 mx;
trie-HC1 buffer, pH 7-4, 50 mm; 0-6 ml. of mitochondrial
suspension, Temperature of incubation, 37°. Time, 20 min.

. Oxygen -
uptake Inhibition
Additions (ug.atoms) (%)
Nil -6 o
Formaldehyde (0-5 mm) 91 B
(10 mn1) 78 19 W
(2:0 mm) 7-2 26
Dinitrophenol (0-05 mm) 11-8 0
Dinitrophenol (0-05 M) + 102 14
formaldehyde (0-5 mm)
Dinitrophenol {0-05 ma) + 98 17
formaldehyde (1-0 mm}
Dinitrophenol (0-05 mM} + o0 24

formaldehyde (2-0 mm)

phenol, which enhanced respiration in this system.
These date support the premise that formaldehyde
acte upon_an_energy-coupli ich is in
functional equilibrium with the electron-tranaport
chain, and that it acts s} p_point before the in-
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
formeldehyde is the proximal toxic agent in the
ocular toxicity seen in methanol poisoning.

In confirmation of the observation of Potis &
Johnson (1952), we found that formaldehyde is a
potent inhibitor of anaerobic glycolysis_in whole

refinaa; in addition, it also bringa about & stimula-
tion of aerobic glycolysis. In the intact retina,

these eirikingly different effects of formaldehyde on
anaerobic and aerobic glycolysis may be a reflexion
of a change in & regulatory mechanism or pace-
maker in these two situations. Thus under
anaerobic conditions hexokinase may be rate-
limiting, and glycolysis would be subject to inhibi-
tion by formaldehyde, whereas in an saercbic
medium hexokinase may not be & pacemaker. In
fact, the stimulation of acrobic glycolysis by
formaldehyde may be interpreted as a release of
ADP by the uncoupling action of formaldehyde and
a subssquent stimulation of tricse phosphate
dehydrogenase, the other glycolytic pacemaker
{Krebs, 1956).

M. M, KINI AND J. R. COOPER

ation _mechanism and does not inhibit direct¥ )

1962 a
nfirm the resulte of Poy, g
{1855) or of Cooper & Marchesi (1959) on the inhib,
tion of hexckinagse by formaldehyde. A possib
explanation might be that hexockinase is in (),
particulate fraction of the retina (J. R. Cooper,
unpublished observations) and the kineties of thi
enzyme and, ultimately, of glycolysis, might br §
highly variable depending on the preparation o J
the homogenate.

In considering both anaerobic glycolysis in the
intact retine and oxidative phosphorylation the
dominant feature of the effect of formaldehvde on
retinal metaboliam appears to be its ability. w
decrease the synthesis of ATP. Although formalde.
“hyde uncoupled the phosphorylation sccompanying
the oxidation by retinal mitochondria of DPX.
linked intermediates in the tricarboxylic acid eyele,
the phosphate esterifications coupled to the oxid. !
ation of succinate or ferrocytochrome ¢ seemed tobe |
the most sensitive. However, our resulta do not
exclude the possibility that phosphorylatian
eoupled to the step DPN to flavin might also be
sensitive to formaldehyde. Lehninger ef al. (1854, §
noted that phosphorylation coupled to the oxid- §
ation of ferrocytochrome ¢ by oxygen was compare-
tively more sensitive to uncoupling agenta than
were the other sites. In our experiments, although §
the degree of inhibition of the phosphorylation §
coupled to the oxidation of succinate appearsd to §
be greater than that of the oxidation of ferrocyto- §
chrome ¢, formaldehyde is a potent inhibitor of }
both the phogpho: ions associated with electron
‘transport when flavin is oxidized. o k
chrome ¢ by o '

Further offects of formaldehyde on the incorpare-
tion of P, into ADP to form ATP during electron
transport {Lehninger, 1960) may be summarized
as follows: (1)} with succinate as the substrate.
formaldehyde lowers P/O ratios, but has littk B
effect on oxygen uptake in either a phosphorylatnc §
or & non-phosphorylating system; (2) the ATP- ¥
82P,.exchange reaction ia not significantly affected: §
{3) formaldehyde has little effect: on the low aden: K
osine triphosphatase of fresh retinal mitochondria.
but inhibita the enhanced adenosine-triphosphata
activity seen upon addition of dinitrophenol: §
(4) in & aystem in which respiration is controlled b §
the availability of ADP, formaldehyde hes litt'k

'oet; however, it lowers the stimulstion of repi-
FHion ocourring in this system in the presece o B
dinitrophenol; (8} formaldehyde decreases reépr
ation in a system deficient in P, the percentage of
respiratory inhibition being the same even upon t
addition of dinitrophenol. {

Formaldehyde therefore acts primarily on some ¥
component of the intimately coupled phos phorsl. §

the olectron-transport chain, the latter bedf X
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aly o secondary effect. The work of Bermheim
{1951) on the action of formaldehyde on rat-
fiver homogenates indicated that it affected sue-
gnoyidase, but not eytochrome oxidase; however,
she concentrations of the toxic agent that he
loved were considerably higher (8-2 mm) than
w"gu%ﬁ in our experiments. The results of
Léhninger (1960) suggest, by direet studies on
ADP-ATP exchange and the ATP-*P; exchange,
d kst dinitrophenol csuses & removal of the hypo-
B thetical high-energy phosphorylated intormediate.
(ur results suggest that formaldehyde and dinitro-
ghenol act at different sites and indicate the
Y presence of at least two intermediates in the
1 maclions occwrring during phosphorylation. The
g tigle site of action of formaldehyde that would
swoeount for our experimental findings is reaction
(% in the scheme of oxidative phosphorylation
formuiated by Slater & Hillsmann (19859):

AnI+X 2X~I+A

This equation involves the transfer of energy
watsined in the energy-rich compound A~1I,
4 fomed during electron transfer between AH, and
3 B the twe adjacent members of s phosphorylative
il step in the respiratory chain, to & second hypo-
thetical intermediate X, giving X ~1. Respiration
§ #1 be maintained only if the two hypothetical
wtermediates, X and I, are continuously regener-
A sed. This is effected by P, and ADP leading to the
{ synthesia of ATP,
& Whatever the definitive site of inhibition of
R tmaldehyde on retinal metabolism may be,
{ fonmaldehyde i & potent inhibitor of the synthesie
of ATP in isolated mitochondria; as & result of
il “Hat appears to be & secondary effect, the cellular
in depresged, In support of these con-
tiusions, we have observed that formaldehyds at
jl tmeentrations that reduced phosphorylation in
i milochondria also markedly lowered the incor-
4 wration of ¥P; into the phospholipids of the
j mlect reting, an ATP-dependent process (Kini,
§ Eirg & Cooper, 1861). The relevant question is,
3 we thess results, obiained #n vitro, consonant
vith the morphological organization of the retina
¥ wd do they clarify the mechanimm involved in

N the pathogenesis of methanol poisoning? Electron

eroseopy of rods in the retine (8jostrand, 1953;
DeRobertis, 1066) has shown a dense .
W ftion _of slender long mitochondria, the sp-

[ ellipsoids, in the inmer rod segments.
Ifhough the role played by ATP in the transmis-
¥t of the visual impulse is unimown, the close
Wpographical arrangement between the centres
omeerned with visual excitation and the mito.
diudria in the rods and cones suggest that ATP or
s of the high-energy intermediates involved in
ths phosphorylating mechanism may be intimately

connected with the energy involved in this process.
Iuterference by formaldehyde ultimately would
cause & degeneration of the retinal cells concerned
with vision and thus would lead to blindness.
Hubbard & Wald (1851) showed that the formation
of rhodopsin from opsin and vitamin A, alechol
proceeds maximally only when the system is
coupled with & succinoxidase preparation from
ox heart which oxidized DPNH to DPN+,
Histechemical analysis of both human and
rabbit veting (Kuwabara & Cogan, 1960) showed
that maximal tetrazolium reduction by substrates
mich 88 pyruvate, a-oxoglutarate or succinate
eould be shown in the ellipsoids of rods and cones,
whereaa these activities were characteristically
absent in the ganglion and neuronal layers of the
retina, which, instead, exhibitéd the ‘lactate—
DPN’ type of activity. This might be expected on
the basis of the studies of Sjostrand (1953) and
DeRobertis (1856} on the distribution of mito-
chondria in the retine. Hubbard & Wald (10561)
rated that retinene reductase in the
rods and cones is probably identical wi iyer
alcohol dehydrogenase. Since alcohol dehydro-

genase is the physiological mechaniem catalysing
the enzymic oxidation of methanol to formalde-
hyde (Kini & Cooper, 1861), it might be inferred
that the production of the toxic agent actually
takes place in situ, The retina 880 contens &
epecific formaldehyde dehydrogenase that cata-
lyges the further oxidetion of the toxic agent to
formie acid (Kinoshite & Masurat, 1968).

The fatal dose of methanol in man is about 65 g.
(Hunter & Lowry, 1966), although Duke-Elder
(1954) quotes a case in which blindness %;ngd
after the ingestion of onmmm_t%
Methanol, like ethanol, is known to me
distributed uniformly in the body (Yant & Schrenk,
1937). Asguming that water represents 70 9, of the
body weight, ingestion of 65 g. of methanol by a
70 kg. wan would result in & concentration in the

body fiuids of 0-042m. Thus the amount of formalde-

hyde employed in our experiments appears to be
pharmacologically reasonable. The action of
formaldehyde in reducing oxidative phosphoryl-
ation may be just an extension of the findings of
Beer & Quastel {1858) on the inhibitory effect of
aliphatic aldehydes such as acetaldehyde on brain

mitochondrial regpiration. However, it was found
that_scetaldehyde (up to & mm) inhibited neither
the respiration nor the efficiency of coupled phos-
_phorylation in ox retinel mitochiondria (M. M. Kini,
unpublished obeervations), an observation in
agresment with the work of Wallienstein &
Weinhouse (1053) with_liver mitochondria. Thue
the toxic effect of formaldehyde on retinal meta-
bolism seems to be a fairly specific one. If we
accepé the eriteria laid down by Welch & Bueding
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(1946), our data on the ability of formaldehyde to
interfere with certain enzymic steps in the orderly
flow of energy make it reasonable to assume that a
similar mechanism may be operating in vive, Such
a biochemical mechanism is not in conflict with
curtent information on the histochemiatry and
electron microscopy of the visual cell.

SUMMARY

1. Formaldehyde, as compared with sodium
formate, methyl formate or methanol, was found
to be & potent inhibitor, at low concentrations, of
the respiration of ox retine #n vitro. Formaldehyde
depressed__anaerobie glyecolysis and enhanced
aerobic glycolysis.

2. In an actively phosphorylating system of
retinal mitochondria, the efficiency of phosphate
eaterification, with succinate as substrate, was
more sensitive to inhibition by formaldehyde than
was the oxidation of diphosphopyridine nucleotide-
- linked intermediates in the tricarboxylic acid cycle.
Ragpiratory inhibition subsequently occurred on
increasing the concentration of formaldehyde.

3. Anglysis of the site of action of formaldehyde
on the various intermediate reactions occurring
during eaterification of inorganic phosphete during
electron transport indicated that formaldehyde
had little effect on the adenosine triphosphate—
*Plphosphate exchange and respiration in a
system deficient in adenosine diphosphate. How-
ever, it decreased respiration in a systern rate-
limited by the availability of inorganic phosphate
and inhibited the adencsine-triphosphatase activaty
induced by the addition of dinitrophendl. These
results indicated that formaldehyde affected coupled
phosphorylation rather than electron transport.

4. A formulation of the probable locus of action
of formaldehyde on retinal metabolism in vitro is
presented. The possibility thet such & mechanism
may be involved in the pathogenesis of methanol
poisoning is considered in terms of the histopath-
ology and electron microscopy of the retina.
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