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SU M M A R Y  

Highly purified bovine rod outer segment membranes show loss of  structural 
integrity under an air atmosphere. Obvious ultra.structural changes are preceded by 
increases in absorbance below 400 nm. These changes are inhibited by Ar or Nz 
atmospheres and appear to be due primarily to oxidative damage to the polyunsatu- 
rated fatty acids of the membrane lipids. Loss of  polyunsaturated fatty acids, formation 
of  malonaldehyde and fluorescent products characteristic of  lipid oxidation accom- 
pany the spectral alterations. The elevated ultraviolet absorbance can largely be 
removed from the membranes by gentle extraction of  tae lipids using phospholipase 
C and hexane without changing the visible absorbance of  rhodopsin. 

We have found a large seasonal variation in the endogenous level of  ~-toco- 
pherot (vitamin E) in the bovine rod outer segment preparations. For  much of  the 
year we find that the rod outer segment membranes contain higher levels of  ~-toco- 
pherol than have been previously reported in biological membranes. Rod outer seg- 
ments which are low in endogenous tocopherol can be protected from oxygen damage 
by adding exogenous tocopherol. The rod outer segments are extremely susceptible 
to oxygen damage due to the unusually high content of  polyunsaturated fatty acids 
in the membrane lipids. The presence of  tocopherol inhibits oxygen damage but does 
not eliminate it. The tocopherol in the rod out,~r segments is consumed in air, thus 
complete protection from peroxidation in vitro requires an inert atmosphere as well 
as high levels of  tocopherol. 

This work suggests that  extensive precautions against oxidative degradation 
should also be employed in studies of other membrane systems where important  de- 
leterious effects of  oxygen may be less obvious. 

I N T R O D U C T I O N  

The peroxgdizability of unsaturated fatty acids is directly proportional to 
the number  of  double bonds [1, 2]. The rod outer segment membranes are unusually 
rich in polyunsaturated fatty acids. Nearly half of  the fatty acids contain six double 
bonds [3, 4]. Therefore, it is expected that the r,~d outer segment membranes would 
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be inherently susceptible to lipid oxidation. There have b ~ n  many studies of peroxi- 
dative damage to polyunsaturated fatty acids in model sy,.,tems [5-8] and in mem- 
branes [9-11]. Membrane structural integrity is lost upon [~roxidation [8, 9, 12, 13] 
and inhibition of membrane function has been reported [1!4]. Peroxidative damage 
is not limited to polyunsaturated fatty acids, but can also lead to destruction of amino 
acids [15, 16], ~nactivation of enzyrnes [9, 15] and depolynerization of mucopoly- 
sv ccharides [17]. 

Prodlzcts of polyunsaturated fatty acid peroxidation include conjugated dienes 
and trienes [5, 18], peroxides [19, 20], malondialdehyde [21] and fluorescent sub- 
stances [22, 23]. Intact polyunsaturated fatty acids have absorption maxima near 200 
nm while the conjugated dienes and t~'ien~:s absorb maximally near 230 and 270 nm, 
respectively [5]. Peroxidative damage has bce~ monitored by increases in the ultra- 
violet absorbance of dienes and malondialdehyde [24), the production of thiobar- 
bituric acid-reactive material [25], the development of fluorescent products [26] and 
oxygen consumption [27, 28]. 

The action of ~-tocopherol (vitamin E) as a membrane antioxidant and its 
dietary requirement have been well documented [25, 29-31 ]. Dilley and McConnell 
[32] have shown tha~ the bovine rod outer segment is rich in vitamin E. Over the past 
several years we have observed considerable seasonal variability in many of the prop- 
erties of purified bovine rod outer segments. In the course of trying to improve the 
reproducibility and stability of the membranes we have identified lipid peroxidation 
as a major source of variability of the membrane preparations. We have also explor~.~d 
the effects of variations of the endogenous level of vitamin E and have developed 
methods to curtail peroxidative damage to the rod outer segments. 

M A T E R I A L S  A N D  M E T H O D S  

Rod outer segment membrane purification procedure. Membranes were puri- 
fied from homogenates of bovine retinas according to the method of Raubach 
¢t al. [33]. When precautions against, oxidation were included in the preparation pro- 
cedure, the modifications were as follows: buffer solutions were boiled to reduce gas 
solubility and bubbled with Nz or Ar during cooling on ice. The retinas were dissected 
directly into 38 ~ sucrose (w/w) in phosphate buffer previously chilled on ice (0.5 
ml/retina). The retinas were either used immediately for the preparation or were 
stored frozen. If  they were to be stored, the retinas were covered with a blanket of 
argon, coven~d with Parafiim and a black plastic cap, wrapped in aluminum foil and 
stored at - -20  °C. The purified ~cmbranes  were stored at 2-6 mg rhodopsin/ml under 
an Ar atmosphere in a screw top polycaxbonate tube covered with Parafilm and a 
~lastic cap and stored on ice. The buffer used throughout these experiments was 68 
mM sodium phosphate (pH 7) unless otherwise specified. 

Variables that have been normalized to rhodopsin content include regenerable 
opsin unless otherwise indicated. The content of regenerable opsin was determined 
by addition of excess 1 l-eis-retinal in the dark [33]. Rod outer segment membranes 
were diluted with nine volumes of 3 % Ammonyx LO (Onyx ChemicaJ; ~Iersey City, 
N.j.),  phosphate buffer, 10 mM NH=OH prior to measuring spectra. 

Tocopherol assays. The tocopherol content of the membranes was determined 
quantitatively by two methods. The first we refer to as the rapid determination method 
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which is a modification of  the Hashim and Schuttringer [34] version of  the Emmerie- 
Engle p ro~dure .  Membranes containing approx. 100 nmol of  rhodopsin (assuming 
a molar extinction coefliciellt 5498 *m -- 4" 104) were used. Extracts were manipulated 
under dim red light during and subsequent to the addition of  FeCI3 and a,~-dipyridyl. 
Absorbance measurements were carried out within 5 min of  initiating the reaction. 
The second assay was according to the method of  Dilley and McConnell [32] using 
membranes containing about 200 nmol of rhodopsin. 

In initial experiments a qualitative tocopherol assay was used. A chloroform 
methanol (1 • 1, v:'v) extract of membranes which contained about 23 nmol rhodopsin 
was spotted on a silica gel G F  thin-layer chromatography plate at~d eluted with chlo- 
roform. A minimum of about 0.7 nmol tocopherol could be visualized as a pink spot 
[35]. 

Addition o f  exogenous tocopheroL [3H]Tocopherol (Amersham Searle) was 
added to a 0.06 M sorution of (:~)-~-toeopherol (Sigma) in ethanol (Gold Shield) to 
a final specific activity of  0.11 Ci/mol. An aliquot equivalent to 1 nmol ~-tocopherol 
per nmol of  rhodopsin was slowly added to a suspension of purified rod outer seg- 
ments while stirring. The ethanol concentration in the membrane suspension did not 
exceed 0.15 %. The suspension was stirred for 10 rain under argon and was layered 
over 30 ml of  26 % of sucrose (w/w) in a 40 ml cellulose nitrate tube and centrifuged 
at 26 000 rev./min in a Beckman SW 27 rotor for 45 rain to pellet the membranes. 
The supernatant was carefully removed, the membranes were. resuspended in buffer 
and centrifuged through sucrose a second time. Tocopherol incorporation was mea- 
sured by scintillation counting and by chemical analysis. Counting efliciencies were 
determined using internal standards. 

Oxygen challenging. Oxygen challenging and analysis of malondialdehyde 
using thiobarbituric acid were modifications of the methods of Dillaid and Tappel 
[26]. The rod outer segment suspensions contained about 4.5 rag rhodopsin/m! in 
phosphate buffer. Test tubes (12 ml) containing 2-3 ml of  the rod outer segment sus- 
pensions were tap :d  to Vortex mixers and slowly shaken in the dark while open to 
the air at room temperature (about 25 °C). Malondialdehyde concentrations are re- 
ported as absorbance at 532 nm per mg rhodopsin. 

Fatty acid analysis. The method of  Morrison and Smith [36] was used. A 
6 ft glass column of  10 ~/o SP-2330 on 100/120 Supelcoport (Supelco) was operated 
at 200 °C in an all glass Perkin-Elmer 3920 gas chromatograph with flame ionization 
detector. 

Phospholipase C treatment and lipid extraction. Purified rod outer segment 
samples were buffer washed once, water washed once and lyophilized. The lyophilized 
membranes were stored at --20 °C under an air atmosphere. Membranes were resus- 
pended at I mg rhodopsin/ml in phosphate buffer and treated with 0.2 mg/ml phos- 
pholipase C (Clostridium welchii, S-:grna) at 37 °C. Samples wexe withdrawn at indi- 
cated times and spe¢ -a measured on aliquots to determine the stability of the 500 nm 
absorption. The remainder of  each sample was water washed three times by centrif- 
ugation at 13 000 rev./min in a Sorvall HB-4 rotor, resusl~ended in water, and ali- 
quots removed for s p ~ t r a  and phosphate analysis. The remainder of  each sample 
was lyophiliz.~d and extracted three times in the dark with. ~:edistilled hexane using a 
teflon ball homogenizer. The hexane suspension was centrifuged after each extraction 
and the final pellet dried in vacuo. The pellet was resuspended in water in a conical 
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centrifuge tube by inserting a stainless steel spatula into the tube and vortexing. Spec- 
tra and phosphate were measured on aliquots of the final suspension in Aramonyx LO 
as in the other experiments. Phosphate analysis was carried out on each fraction after 
wet ashing in HCIO4 and HNO3 according to the method of Chen et al. [37]. 

Electron microscopy. Aliquots of memb;'~ne suspensions in phosphate butter 
were fixed in 2 ~/o glutaral(iehyde for 2 h, washed twice with phosphate buffer and post- 
fixed in 1% OsO4 for 2 h. The membranes were embedded in agar, washed five times 
with phosphate buffer, washed five times with glass distilled water, dehydrated in 
graded ethanol and embedded in Spurr's epoxy. Silver-grey sections were cut with 
glass knives, stained with uranyl acetate and lead citrate and photog;aphed with ~:n 
RCA EMU-3F  instrument at 50 kV. 

R E S U L T S  

The open circles in Fig. 1 show the 280 nm/A500 nm absorbance ratios of  rod 
outer segment membranes that we prepared from April 1973 to January 1974. Several 
preparations were done each month and each preparation was made by the same 
standard proce cture [33 ]. A pronounced seasonal variation is apparent from the higher 
values of the 2~;0 nm/3 500 nm absorbance ratio that were obtained for the preparations 
made from July 1973 to November 1973 as compared to those values obtained during 
the rest of the year. 

The A500 nm is the change in absorbance observed upon exposure of a sample 
to a strong bleaching light and is a measure of  the rhodopsin content. The 280 nm 
;tbsorbance is ~ sum of absorbance contributions from rhodopsin and opsin as well 
as impurities and lipid oxidation products (as will be shown later). The contribution 
of any regenerable opsin to the 280 nm/A500 nm ratio can be determined by incuba- 
tion of  the membrane with 1 l-cis-retinal in the dark and measurement of  the resulting 
increase in AS00 nm. The solid circles in Fig. 1 show the regenerated 280 rim/AS00 nm 
ratios. These were found to be significantly higher in the summer, P ~< 0 .01% for 
the July 1973--September 1973 group relative to the Apr.;l 1973-June 1973, ]'~ovember 
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Fig. 1. Monthly average of the 280 nm/A 500 nm absorbancc ratios of bovine rod outer segment 
preparations. AAsoo denotes the difference in absorbance between the bleached and unbleached 
preparations at 500 nm. The open circles are the absorbanc© ratios prior to addition of ! I-c/s-retinal 
and the solid circles are the ratios after the regeneration of' opsin with excess I I-c/s-retinal. No 
precautions against oxidation were taken in these experiments. The er~ or bars represent ±S.D. from 
the m e a n .  
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T A B L E  i 

T H E  E F F E C T  O F  L I P I D  DEPLETIC)N O N  280 nm/A 500 n m  A,~ISORBANCE R A T I O S  O F  
R O D  O U T E R  S E G M E N T  M E M B R A N E S  

The  effects o f  phospho l ipase  C and  phospho l ipase  C c o m b i n e d  wi th  hcxane  ex t rac t ion  on  the  280 nmf  
~4 500 n m  absorbance  ratio,  and  the  mol  ra t io  o f  p h o s p h o r u s  to  r h o d o p s i n  in rod  ou te r  s egmen t  
membranes .  The  values are listed a~cording to the  l eng th  o f  incuba t ion  with phospho l ipase  C. 
The  A 500 n m  stabili ty exceeded  95 ~ af ter  enzyme  d iges t ion  a n d  90 ~ af ter  hexane  ext rac t ion  in all 
cases. A second  0.2 m g / m l  enzyme  add i t ion  was m a d e  af ter  the  2 h sample  wa~ removed ,  

T ime (h)  Phosphol ipase  C 

280 nm/A 500 n m  Phosphorus /  
r h o d o p s i n  

P h o s p h o l i p ~ e  C-l- he'¢ane 

280 nmlA 500 n m  P h o s p h o r u s /  
r h o d o p s i n  

O 15.2 90 ! 5.0 82 
1 12.6 43 8.9 40 
2 12.8 33 5.2 30 
6 9.3 12.5 4.6 11 

1973-January 1974 group.  Addit ional  protein impur i ty  bands  were not  detected in 
prepara t ions  of  rod outer  segment membranes  niade f rom tile s u m m e r  retinas using 
polyacrylamide gel electrophoresis in sodium dodecyl  sulfate. A l though  sodium do-  
decyl sulfate solutions of rod outer  segment membranes  were incubated in 1 %  //- 
mercaptoe thanol  to break disulfide bonds,  more of  the opsia  d id  appear  in dimer,  tri- 
mer  and  higher a~gregates in prepara t ions  with high ultraviolet/visible absorbance  
ratios (Nemes,  P. P. and  Dratz ,  E., unpubl ished) .  

Experiments  on lipid depletion f rom rod  outer  segment membranes  showed 
that  much  of  the 280 n m  absorb ing  material  could be removed f rom prepara t ions  tha t  
exhibited high 280 nm/ASO0 nm ratios wi thout  decrea~,ing the rhodops in  content .  
Fable I shows the results of  such an  experiment.  The  membranes  initially had  an  
exceedingly high ultraviolet  absorbance  (280 nm/A500 n m  ~ 15), which  could  be 
reduced significantly (280 nm/A500 n m  = 4.6) by removal  of  85 ~o of  the lipids. 
Unoxidized lipids have no  absorbance  in the 250-280 n m  region, while oxidized poly-  
unsa tura ted  fat ty acids do  [5, 18]. This suggests tha t  the high values of  ultraviolet  
absorbances  were due to lipid degradat ion products.  

The 280 nm/AS00 n m  rat io was found to increase with t ime in any  prepara t ion ,  
if  the membranes  v , e~  exposed to an  air  a tmosphere.  Fig. 2 shows a series of  absorp t ion  
spectra  as a f unc t i o ,  of  t ime in air. The spectra show no  loss of  500 nrn absorbance  
but  show significant absorbaace  increase th roughou t  the ultraviolet  region. The fl 
band  near  340 n m  becomes less distinct with air  exposure  because the min ima  near  
300 and  365 n m  are filled in. In control  samples ;,n which  oxygen was carefully ex- 
c luded by argon or ni t rogen bubbl ing of  the buflbr and  main tenance  of  an  Ar  at-  
mosphere ,  there is essentially no change in the spect rum over the same t ime period.  

These combined  results, led us to suspect tha t  the poorer  spectral  rat ios found 
in s u m m e r  prepara t ions  were due to increased lipid oxidat ion and  not  due  to mem-  
brane  or protein impurit ies.  We therefore began to use deoxygenated buffers in ou r  
prepara t ions  and  to  store membrane  samples under  A~" or N2 atmospheres .  Since 
sucrose has been reported to re tard lipid oxidation [38 ], the retinas were dissected 
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Fig. 2. A b s o r p t i o n  spect ra  o f  rod  ou te r  segment  m e m b r a n e s  d 'xring incuba t ion  unde r  an  a i r  t-tree- 
sphere.  M e m b r a n e s  were  incuba ted  in  p h o s p h a t e  buffer a t  a p p r c x .  30 °C. Samples  were w i thd rawn  a t  
va r ious  t imes a n d  d i lu ted  9 : 1 wi th  3 ~/o A m m o n y x  LO.  Tile spect ra  s h o w n  represen t  i ncuba t ion  
t imes  o f  0, 2, 4, 6, 12, a n d  18 h f rom the  lowest  to  h ighest  respectively.  R o d  ou te r  segment  m e m b r a n e s  
(1.3 m g  r h o d o p s i n / m l )  were p repa red  f rom re t inas  excised in H a y ,  1974. 
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FiE. 3. C o m p a r i s o n  o f t h e  m o n t h l y  average  o f  abso rbance  r a t i c s  or' bov ine  r o d  ou te r  segment  preparao 
d o n s  for  the  Summer  m o n t h s  o f  1973 a n d  1974. D u r i n g  19/3,  t he  p r e p a r a t i o n s  were doue  in  a i r  
w i t h o u t  p r ecau t i ons  aga ins t  ox ida t ion .  D u r i n g  1974 the  prep,  xa t ions  were  d o n e  us ing  buffers which  
h a d  been  deoxygena t ed  b y  bubblixtlg wi th  At'. O p e n  bars  are  t t  ;e ra t ios  p r io r  t o  the  a d d i t i o n  o f  1 l-c/s- 
re t ina l  a n d  the  s h a d e d  bars  are  the  ra t ios  af ter  the  a d d i t i o n  o f  (,xcess 1 l -c /s-re t inal .  T h e  n u m b e r  above  
each  b a r  deno tes  t he  n u m b e r  o f  p r epa ra t i ons  t h a t  were  d o n e  in each  m o n t h .  Regene ra t i on  da ta  was 
n o t  o b t a i n e d  d u r i n g  September ,  1974. 
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into a concen t ra t ed  sucrose solut ion.  In Fig. 3 the spectral  rat ios ob ta ined  dur ing  the 
late spr ing and  sunan]er of  1974 u~ing the deoxygena ted  condi t ions  are c o m p a r e d  wi th  
the rat ios of  the 1973 p repa ra t ions  done  in air. A m a r k e d  reduc t ion  in the unregenera;- .  
ed and  regenera ted  280 nm/A500 nm rat ios  was found  dur ing  the s u m m e r  m o n t h s  in 
me~,branes  p repared  under  inert  a tmospheres .  The  removal  of  oxygen is appa ren t l y  
not  perfect in thes :  p repa ra t ions  since a slight increase in the spectral  ra t ios  of  th, r 
July 1974 values c o m p a r e d  to the May and  June 1974 values are observed.  

The  lipid oxidat ion react ion is a free radical  chain  process.  The  po lyunsa tu -  
ra ted fatty acids of  the m e m b r a n e  lipids initially have all their  doub le  bonds  u n c o n -  
j uga t ed  and  isolated by single methylenes .  An early stage in the process  is double  b o n d  
migra t ion  and  the fo rmat ion  of  con juga ted  dienes,  which have a peak  a b s o r b a n c e  
near  235 nm and  which also abso rb  s t rongly  at 250 nm [5. 18]. The  increase in absor.- 
bance  at 250 nm will be used Io es t imate  the fo rnmt ion  of  dienes r a the r  than  the ab-  
so rbance  :at the 235 nm max imum.  The  a b s o r b a n c e  at 250 nm is near  a t r ough  
in the spec t rum of the rod  ou te r  segment  m e m b r a n e s  a n d  can be measured  at the same  
m e m b r a n e  concen t ra t ion  used for the 280 and  500 nm m e a s u r e m e n t ,  whereas  the: 
a b s o r b a n c e  at 235 nm is toc  high to measure  wi thou t  an  addi t iona l  di lut ion.  The' 
con juga t ed  dienes are p recursors  of  ma lond ia ldehyde  [39], as well as of  con juga ted  
tr ienes,  which abso rb  maximal ly  near  270 nm [5]. 

Fig. 4 showc ma lond ia idehyde  concen t r a t ions  as a f ,  nc t ion o f t ime  plot ted  toge ther  
wi th  the 250 nm/280  nm a n d  280 nm/A500 n m  spectral  ra t ios  of  m e m b r a n e s  exposed  to 
air  at r oom t empera tu re  in the dark .  T h e  increase in ma lond ia ldehyde  level upon  a~r 
exposure  correla tes  most  closely to a concomitar~t rise in the 250 rim/280 n m  spectral  
ratio. Ma in t enance  of  an Ar a t m o s p h e r e  suppresses  the spectral  changes  as shown  in 
Fig. 4 as well as ma lond ia ldehyde  fo rma t ion  (not  shown) .  I ron has  been repor ted  to 
bz a potent  cata lyst  for lipid perox ida t ion  react ions  [38, 40]. Fig. 4 shows the  accele- 
ra t ing ,effect of  i ron addi t ion  on the pe rox ida t ion  of  the membranes .  T h e  280 nm/  
A500 nro abso rbance  rat io initially lags beh ind  tha t  of  the 250 rim/280 nm,  even after  
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Fig. 4 . . ~ - -  ~ ,  m a l o n d i a l d e h y d e  ( M D A )  concen t ra t ions  per  m g  r h o d o p s i n  ( R h o ) ;  O - - O ,  250 n m /  
280 n m  abso rbance  rat ios ,  arLd • - -  O ,  280 nm/A 500 r~m abso rbanc¢  rat ios  for  r o d  ou te r  segment  
m e m b r a n e s  as a func t ion  o f  t ime in air. Samples  were. i ncuba t ed  at  25 °C in the dark .  A b s o r b a n c e  
rat ios  for  samples  held in A r  for 48 h at  4 °C are  also shown.  T h e  acce le ra t ing  effect o f  50/LM Fe 2 * 
is i l lustrated.  T h e  plus i ron da ta  poin ts  s h o w n  were f r o m  a fresh sample  tha t  was i ncuba t ed  with i ron  
for 3 h. R o d  ou te r  segment  m e m b r a n e s  (4.5 mg r h o d o p s i n / m l )  were  o 0 t a i n e d  f rom rotinas e x c i s e d  
duri~ng J anua ry ,  1975. 
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the a d d i t i o n  o f  i ron.  "['he 280 n m / A 5 0 0  n m  rises m o r e  r ap id ly  at  la ter  t imes.  E thy lene  
d i a m i n e  t e t r aace t i c  ac id  ( E D T A ) ,  a p o t e n t  p o l y v a l e n t  meta l  ion che la to r ,  has been 
r e p o r t e d  t o  i n h i b i t  n o n - e n z y m a t i c  l ip id  p e r c x i d a t i o n  in  o t h e r  s y s t e m s  L~40, 41] .  We 
have  f o u n d  tha t  the  a d d i t i o n  o f  E D T A  s t ron  ~ly inhib i t s  the  f o r m a t i o n  o f  m a l o n d i a l -  
d e h y d e  a n d  the  increases  in u l t r av io le t  absorbav,  ce in rod  ou t e r  s egmen t  m e m b r a n e  
suspens ions .  

T h e  a p p e a r a n c e  o f  the  r od  o u t e r  s egmen t  m e m b r a n e s  in th in  sect ions ,  as 
v i sua l ized  by  electrort  m i c r o s c o p y ,  is d ras t i ca l ly  a l t e red  by e x p o s u r e  to air ,  as s h o w n  
in Fig.  5. The  r o d  o u t e r  s egmen t  prepare. t ier :  used in this p a r t i c u l a r  e x p e r i m e n t  was  
typ ica l  o f  t hose  wh ich  are  h ighly  shea red  d a r i n g  pur i f i ca t ion ,  a n d  cons is t s  o f  s h o r t  
s t acks  o f  d i sk  m e m b r a n e s  (Fig.  5a). M e m b r a n e s  : na in t a ined  in an A r  a t m o s p h e r e  
s h o w  no a p p a r e n t  s t r u c t u r a l  d e g r a d a t i c n  (Fig.  5b) ,  while  e x p o s u r e  to a i r  for  24 h at  
r o o m  t e m p e r a t u r e  causes  subs t an t i a l  d e s t r t c t i o n  o f  m e m b r a n e  s t r u c t u r e  (:Zig. 5c). 

Fig. 5. The effects of oxidation on rod outer segment membrane morphology. Electron micrographs 
of thin sections e l  glutaraldehyde-osmium-fixed ntembrane pellets alter exposure to the following 
.:onditions: a, zero time sample; b, after 48 h storave at 4 °C under Ar atmosphere; ¢, after exposure 
to air for 24 h at 25 °C; and d, after 3 h incubatioa with 50~M Fe z+ in 140 mM NaCI and 10 mM 
N-2-hyOroxyethylpiperazine-N'-2.ethanesulfonic a,.*id buffer (pH 7). The samples are identical to 
those in Fig. 4. l'he calibration b~r in A is 1/am. 
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Iron addition, which produced the large increments of the spectral ratios shown in 
Fig. 4, resulted in complete disruption of the disk membrane morphology (Fig. 5d) 
~ith extensiwe formation of small vesicles. Membrane samples were withdrawn for 
fixation from the same material that was used to measure the malondialdehyde and 
spectral ratios shown in Fig. 4. The extensively oxidized membranes  consistently 
appear  to be less osmiophyllic than  the control  membranes  or those main ta ined  
under  an Ar  atmosphere.  

The regenerabili ty of  rhodops in  is decreased under  peroxi:£izing condit ions even 
though  the visible absorpt ion  of  rh~dopsin was not  observed to decrease. The re- 
generabili ty of opsin is reduced f~,)m above 90 ~ in control  samples (ni trogen 
storage,  4 °C for 11 days)  to 30 % i rL peroxidized samples (air storage,  4 °C for 11 
days). Bleached membranes  stored ruder ni t rogen have the same regenerabil i ty as 
unbleached membranes .  Peroxidizin$: condit ions also lead to the loss of  free sulfhy- 
dryl groups of rhodopsin  (Vandenbelg ,  C., Schwartz,  S. m~d Dratz ,  E., unpublished) .  

Tocopherol  has been repor ted  to be a potent  membrane  lipid ant ioxidant  
[29: 30]. Dilley and  McConnel l  [32] have repor ted  large amounts  of tocopherol  in 
rod outer  segments.  We therefo= ~ looked for variat ions in tocopherol  content  in the 
membranes.  Preparat ions  made dur ing  January  1974 revealed bright  p ink  spots t ha t  
co-chromatographed  with authent ic  ~-tocopherol.  In March  1974 we began to 
use the method  of  Dilley and  M,.'Connell [32] to assay for g-tocopherol  and  found 
levels comparable  to their  results. F r o m  June  1974 to October  1974 we were uable to  
find any  tocopherol  in the membranes  by qualitative or  quanti ta t ive analysis. The  
assays used worked  well on autht'!ntic tocopherol .  When  tocopherol  was absent ,  the  
rapid determinat ion  spectrophot¢~metric me thod  showed net  oxidative equivalents  

TABLE II 

TOCOPHEROL CONTENT IN ROD OUTER SEGMENT MEMBRANES 
Comparison o~" the endogenous tocopherol per ms rhodopsin from winter rod outer segment prep- 
arations, as measured in our laboratory, to the tocopherol levels in rod outer segments reported by 
Dilley and McConnell [32]. The results of the incorporation of ©xogenous tocopherol to rod outer 
segment membranes with undetectable initial endogenous tocopherol levels are included. 

nmol tocopherol/ 
ms rhodopsin 

reel rhodopsin/ 
mol tocopherol 

Endogenous levels 
Present study 

Rapid determination method • 1.8 
Dilley and McConnell method b 0.5 

Published results 
Diltey and McConnell c 0.7 

Exogenous incorporation e 1.6 

14 
50 

36 
16 

• Average of 3 November, 1974 preparations by the rapid determination method. Preparation 
done under Ar atmosphere. 

b March 1974 preparation assayed by Dilley and McConnell's method, mg rhodopsin does not 
include regenerable opsin. Preparation done under air atmosphere. 

c The results have not been corrected for percent tocopherol recovery; ms rhodopsin does not 
include regenerab~ opsin. 

d Incorporation into summer retinas devoid of endogenous tocopherol as assayed by the rapid 
delermina~on method. 
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ra ther  than  reducing equivalents  in the organic extracts. In this test, agents which 
reduce Fe 3+ to Fe z+ and  which  me soluble in heptane/e thanol  are measured.  In 
some of the heptane/e thanol  extra~'.,; where no net  reducing equivalen{s are detected 
it was often observed tha t  the ext~ract:; oxidized a trace of Fe z+ present in the reagents 
so tha t  the sample  has a lower absorbance  than  the blank.  In November  1974 we 
again began to detect reducing equivalents  in large concentra t ions  in the organic 
extracts of the membranes .  Subsequent  tests showed similar high levels of  tocopherol  
th roughou t  the winter  months  or" 1975. 

Since m e m b r a n e  preparat ions  with no detectable tocopherol  have higher ul- 
traviolet  to visible spectral ratios and  appear  to be undergoing lipid peroxidat ion,  
exogenous tocopherol  sapplementa t ion  was used. Table  II shows the results of  addi-  
t ion of tocopherol  to membranes  treat originally had  undetectable  levels, together  
with our  ana!ysis of  endogenous  levels in winter  p repara t ions  and  the values repor ted  
by Dilley zmd McConnel l  [32]. Nearly  equivalent  levels of  tocopherol  incorpora t ion  
were found  bo th  by the rapid  de terminat ion  method  for organic-soluble reducing equiv-  
alents and  by measurement  of  incorp3ra ted  tocopherol  radioactivity.  This indicates 
tha t  incorporatecl tocopherol  was not  signi,~cantly oxidized under  these condit ions.  
Fur thermore ,  the values obta ined by exogenous addi t ion to summer  retinas,  originally 
devoid of tocopherol ,  are very close ~o the average of three values we obta ined  for 
the endogenous  level of  winter  retir~as pr¢.pared under  oxygen-free condit ions.  

Addi t ion of  exogenous tocopherol  inhibits lipid oxidat ion and  the increases in 
ultraviolet absorbance.  The extent  of inhibi t ion is quite variable.  We have not  fol- 
lowed the dose response of the inhibi t ion of  oxidat ion by tocopherol  in detail.  The  com-  
plex kinetics of  l ipid oxidat ion (an autocat~dytic free radical chain react ion)  implies 
tha t  the oxidat ion rate would  be expected to be dependent  on the oxidative history o f  
the sample (in vivo a n d  in vi tro)  as well as the tocopherol  concentra t ion.  

Fig. 6 shows that  endogenous  tccophero l  is consumed  in our  rod  outer  segment 
prepara t ions  in air. The  rise in the spectral  ratios wi th  t ime,  which occurs in the pres- 

R.O i ~ i 50 .o 

E "' 

c c 

o o ~. 
0 6 I.~, 18 2~ 

T i m e  ( h )  

Fig.  6. E n d o g e n o u s  t o c o p h e r o l  (Toe)  levels of  r o d  ou ' -7  segmert t  m e m b r a n e s  as a func t ion  o f  t ime  
u n d e r  a i r  a t m o s p h e r e .  T o c o p h e r o l  levels ~ - -  Z, are  p lo t ted  t oge the r  wi th  the  pe rcen t  increase  o f  the  
O -- O ,  250 n m / 2 8 0  n m  a n d  • --  • ,  280 nm//I 500 n m  a b s o r b a n c e  ra t ios  o f  mernbravtes i ncuba t ed  
a t  25 °C in the  da rk .  M e m b r a n e s  (4.5 m g  r h c d o p s i n  ( R h o ) / m l )  were  o b t a i n e d  f r o m  ret inus  excised 
du r ing  N o v e m b e r ,  1974. 
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ence of  substantial tocopherol (1.6 nmol tocopherol/mg rhodopsin initially) shows 
that  lipid peroxidation ".'s not  completely inhibited by rather high endogenous levels 
of  tocopherol.  Numerous other qualitative observations show a much fi~ster lipid 
oxidation rate at lower tocopherol levels. 

Table II shows that  the endogenous tocopherol levels reported by Dilley and 
McConnell  [32] are close but somewhat higher than the value we obtained by using 
their tocopherol analytical procedures under air atmosphere. Dilley and McConnell 's  
[32] prepalaL~,ons were apparently not done under inert atmosphere. The most im- 
por tant  difference between their results and ours may well have been the use of  reti- 
nas obtained from animals with a different tocophero! status. 

We have found that  peroxidation does not  seem to be mediated by bacterial 
contaminatio~i, since it is not  inhibited by 0.02 ~/~ penicillin (1667 units/rag) and 
0.02 % streptomycin. Peroxidation is apparently not mediated by an enzymatic 
process, since it is not inhirvited by boiling the membranes. 

The methods used to assay lipid oxidation are convenient and sensitive but  
indirect. Therefore, direct analysis of  the fatty acid composition by gas-liquid chro- 
matography was used as corroboration.  Oxidation that  produced an absorbance of  
5.7/mg protein in the malondialdehyde assay reduced the docosahexaeneoic acid from 
42 to 11 ~/o and the total unsaturated fatty acids from 63 to 27 ~/o in the recoverable 
sample material. 

D I S C U S S I O N  

We have observed a striking seasonal variation in the apparent purity of 
bovine rod outer segment membranes prepared in an air atmosphere as evidenced by 
high ultraviolet to visible absorption ratios. This variation can be largely eliminated 
by carefully deoxygenating the solutions used in the preparations. These seasonal 
variations seem to be correlated with the endogenous levels of  vitamin E in the rod 
outer segment r, lembranes. Preparations made in summer, even under inert atmo- 
sphere, appear to be devoid of  vitamin E. Vitamin E is rapidly consumed under air 
atmosphe~-e, even in membranes that initially have high levels of  endogenous vitamin 
E. Air atmospheres cause the rapid oxidation of  membrane lipids as evidenced by 
malondialdehyde formation, inhibition of  this process by EDTA~ acceleration by the 
addition of iron and loss of  polyunsaturated fatty acids. 

The oxidized lipids form products which absorb in the ultraviolet. The 280 nm/ 
A 500 nm and the 250 nm/A 500 nm absorbance ratios of  rod outer segment m~:mbrane 
preparations are elevated as a result of  oxidative damage. The absolute values of  these 
ratios depend on the fraction of rhodopsin bleached. The 250 nm/280 nm absorbance 
ratio which is independent of bleaching is a useful routine measure of  the early stages 
o f  oxidation, since, initially, the 280 nm absorbance rises much more slowly than the 
250 nm absorbance. Much of  the elevated ultraviolet absorbance can be removed, 
even in heavily oxidized rod outer segment membranes, by lipid depletion without 
removal of rhodopsin. Large amounts  of  lipofuscin-like fluorescent products charac- 
teristic of  lipid oxidation [26] arise during exposure of  rod outer segment membranes 
to air (Huffaker, T. and Dratz, E., unpublished). 

DeGrip  et al. [42] also reported that  280 nm/3500 nm ratios in bovine rod 
outer segment preparations were higher in the summer compared to winter pr,~para- 
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t ions.  They were able to account  for this elevation by the presence of higher levels 
of  regenerable opsin in their summer  preparat ions-  Measuremen t  of  and  correct ion 
for regenerable opsin was not  sufficient to account  Cor the elevated 280 nm/zt500 nrn 
absorb;~nce ratios in our  summer  prepara~ ions made  in air. However ,  we find that  dur ing  
the summer  it is possible to mainta in  rat ios which a~'e nearly as low as those in winter  
prepara t ions  by the use of inert  a tmospheres .  

Fresh cow's  mi lk  develops an oxidized, rancid flavor dur ing  the summer  [43] 
on the. west coast  of  the Uni ted States. The oxidized flavor is due to oxidat ion of the 
phosphol[pids  of  the milk fat globule membranes  [44]. The oxidized flavor can be 
el iminated in the milk by suppleme, ntir, g the animals '  diets with ~-ocopherol or  by 
add~_ng exogenous tocopherol  to the mi lk  [45]. The cattle on the west coast  eat dry 
feed in the s u m m e r  which is v~ly low in vi tamin E, whereas in winr.er they eat green 
feed which is high in the vitamir:. The di.'t'erence between our  observat ions  and  those 
of  Bont ing 's  g roup  in Hol land  is p resumably  due to differences in dietary tocopherol  
between the cattle in the Nethel  [ands and  the cattle in California.  Lipid  oxidat ion,  
if present  in their  preparat ions ,  is apparent ly  not as regular  or  as severe a p h e n o m e n o n  
as in ours. It  is clear that  incr¢:ased ten¢.ency for membrane  lipid oxidat ion is asso- 
ciated with low levels of  anfioxidants  in animal  diets [29, 46]. The 9rob lem we have 
observed with bovine retinas is not  expected to be restricted to th~s material .  Lipid 
oxidat ion can be a dominan t  exper imemal  variable in membrane  studies if  it is not  
moni to red  and  controlled.  

Lipid oxidat ion in air  a tmospheres  can by quite rapid  in vitro even in rod  outer  
segment membranes  with high levels of endogenous  vi tamin E. The  vi tamin E is 
consumed  in air  a tmospheres  and  peroxidat ion occurs at  an easily measurable  rate  
a t  r oom temperature .  We have not  measured  the tempera, .ure coefficient of  the reac- 
t ion with care. Peroxidat ion is slowed at 4 °C a n d  accelerated at 37 °C, bu t  the tem- 
pera ture  coefficient does not  appear  to be unusual ly  large. Boiling the p repara t ions  
does not  inhibi t  peroxidat ion of  the rod  outer  segment lipids so it is not  an  enzymat ic  
process, lqon-cnzymati¢  lipid pcroxida t ion  of  membranes  is k n o w n  to be strongly 
catalyzed by iron impuri t ies  [40] and  is e.,.sentially s topped  by the addi t ion of  E D T A  
[40, 41]. E D T A  may not  be a generally useful membrane  ant ioxidant ,  because it 
complexes C a  z+ and  Mg 2+ which are p robab ly  needed for membrar :e  stability. Phos-  
pha te  also acts as a weak  ant ioxidant  p resumably  by weakly complexing iron ions [38]. 

The m e m b r a n e  structure is strikingly damaged  by substant ial  peroxidat ion  as 
sccn by the loss o f  disk membraI~e morphology  in the electron microscope.  Since a 
funct ional  assay for the rod  outer  segmeat  disk membrane  is not  yet available,  we 
canno t  assess the impor tance  of  inhibi t ing pcroxidat ion for the maintenance  of  rod 
outer  segment  disk m e m b r a n e  funct ion.  ~/¢'illiams et al. [47] have repor ted  that  the 
rate of  the metaxhodopsin  I to meta rhodops in  II react ion is affected by exposure  to 
air. We  have found  tha t  opsin loses its abifity to combine  wi th  retinal to  regenerate 
rhodops in  with increased lipid pcroxidat~on, bu t  this p robably  cannot  be regarded 
as a measure  of  a p r imary  funct ional  les:::on in the disk membrmle .  

Lipid  peroxida t ion  has damag ing  effects on  m e m b r a n e  integ~-ity [8, 9, 12, 13] 
and  funct ion [14] in other  systems, and  inhibits enzyme activity [9, !tS]. Peroxidative 
damage  is no t  l imited to m e m b r a n e  lipids, bu t  can also lead to mucopolysacchar ide  
depolymer iza t ion  [17], and  axaino acid destruction, especial)y histidiae,  tyrosine. 
lysine [15] and  cysteine [16]. It  seems plausible  tha t  l ipid peroxidat ion  is an i m p o r t a m  
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variable in studies of disk membrane function and should be controlled. Most studies 
of  disk membrane function have been carried out on frog pn~parations made from 
animals sold by commercial suppliers. The nutritional state and general health of  
commercial frogs is often very poor  [48 ]. Bownds andco-workers [49 ] have gone to some 
length to improve the nutritional state of  the frogs they used to study the rod outer 
segment membranes. It is likely that  extensive precautions against lipid peroxidation 
in vitro is also important  to maintain intact membranes. The lack of an assay for disk 
membrane function in vitro is a major difficulty in the study of  the functional mecha- 
nisms of rhodopsin and rod outer segments. 

The retina must be heavily supplied with oxygen in vivo because of  its un- 
usually rapid rate of  oxidative metabolism [50]. The, electrical response ~ of the photo- 
receptor is highly susceptible to anoxia [51, 52] and glucose deprivation [53]. Fur- 
thermore, the photoreceptors sometimes function in very high light levels, which ap- 
proach photon fluxes of  101 o above threshold sensitivity. Visible light can be a po- 
tentiator of  oxidation in the presence of  suitable pigments [54]. It has been reported 
that light absorbed by rhodopsin sensitizes lipid oxidation in purified frog rod outer 
segments [55]. Lipids throughout  the turkey eye are oxidized in visible light in vivo 
and the oxidation is potentiated by dietary iron [56]. 

Vitamin E appears to be the major first line of  defense against lipid peroxida- 
tion [57]. Vitamin E is able to retard lipid peroxidation by quenching free radical 
chain initiators. It seems highly likely, but  has not yet been proven that  vitamin E 
is an important antioxidant in rod outer segments in vivo. We have shown that  vita- 
min E is rapidly consumed in rod outer  segment preparations in air in vitro. There- 
fore, it seems probable tha t  there must be other potent protective mechanisms 
against peroxidation in vivo in addition to vitamin E. We are in the process of  study- 
ing such mechanisms. Enzyme activities such as superoxide dismutasv [59] and glu- 
tathione peroxidase [57, 60] have been implicated in the protection against lipid 
pvroxidation of  other tissues. Superoxide dismutase has been reported to occur in 
high concentrations in rod outer segments [61 ] and catalase has been reported in the 
pigment epithelium [58] 

Retinal photoreceptor membranes are damaged by surprisingly low levels of  
light in vivo in a variety o f  experimental animals [62-66]. The photoreceptors in vivo 
ar.~ also highly sensitive to  degeneration caused by elevated oxygen levels for brief 
periods [51, 52, 67]. It may be *.hat the protective mechanisms against lipid oxidation 
arc relatively easy to overload. Some types o f  retinal degeneration in animals and 
humans might therefore be expected to be due to deficiencies in the natural protective 
mechanisms against peroxidative damage. It has recently been reported that  vitamin E 
deficiency leads to the degeneration of  the macular region of  the retina (the fovea 
and surrounding area) as seen in two species of  monkeys [68]. 

The deleterious effects of  lipid oxidation on membrane struc~ure [8, 9, 28, 38, 
69, 70] and function [14] have been reported. However, precautions against lipid 
oxidation do not seem to be widespread [71] in studies of  biological membranes. 
Lipid peroxidation may be an important  uncontrolled variable in many areas of cell 
biology and membrane biochemistry. 
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