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Phospholipids and fatty acids analyses were carried out on brush-border membranes isolated from trout 
intestine. Phosphatidylcholine (PC) is the principal phospholipid of these membranes. When animals are 
transferred from fresh water to sea water, the content of the 22:6(n - 3) fatty acid strongly increases at the 
level of phospholipids, mainly PC. Concomitantly, an ~mportant increase in the fluidity of the lipid core of the 
membrane was detected by steady-state fluorescence anisotropy. It is suggested that the molecular species of 
PC (especially rich in n - 3 fatty acids) may have an important part to play in marine organisms according to 
the osmoregulation problems met in these animals. 

Introduction 

Although much work has been done on the 
lipid composition and metabolism of fish [1,2] we 
have only a few reports concerning adaptive 
changes in sea water and fresh water such as those 
of phospholipid metabolism in eel or trout [3-6]. 
If some slight variations were observed in the 
relative phospholipid composition of salt trans- 
porting epithelia [3] the main changes were re- 
corded at the level of phosphate or polar headgroup 
renewal. Numerous studies on tl~e regulation of 
membrane lipid composition during temperature 
adaptation have focused the interest on the impor- 
tance of the fatty acyl chain [7,8]. Thus, it appears 
that alterations of membrane lipids to changes in 
environmental temperature are the main responses 
used by poikilothermic organisms to regulate 
membrane function through its fluidity and lipid- 
protein interactions. Similar biochemical adapta- 
tions occurring during osmoregulatory process 

were investigated only in the eel gills [6,9,10] and 
in various organs of the guppy [11]. Although 
some discrepancies appear between gills studies 
[9,10], these works suggest that the fatty acid moie- 
ties of membrane phospholipids might be con- 
cerned with homeoviscous adaptation during 
changes in environmental salinity. Since it is 
accepted that the permeability properties of mem- 
brane are in part determined by the phospholipid 
headgroup and the nature of the fatty acyl group 
[12], these lipid components were investigated at 
the level of the brush-border membrane of trout 
intestine. Previous results [13] have shown that 
modifications of the lipid composition of these 
membranes, including essential fatty acid, 
cholesterol and phosphatidylcholine contents, 
induced significant changes of their salt permeabil- 
ity. The observation of a modification in transport 
function observed at the brush-border level soon 
after the sea water transfer of trout [14] prompted 
us to investigate the lipid composition of intestinal 

0005-2736/84/$03.00 © 1984 Elsevier Science Publishers B.V. 



234 

apical membrane along this high salinity adapta- 
tion. 

Materials and Methods 

Experiments were conducted on rainbow trout 
(Salmo gairdneri R.) weighing 200-250 g, obtained 
from a local hatchery and maintained in outdoor 
tanks supplied with air saturated running fresh 
water (12-13°C). Fish were fed a 8% cod liver oil 
diet prepared according to a standardized formula 
[15] for one month (1% live weight per day) before 
their rapid transfer in sea water ( S =  32%0). 
Brush-border membranes were prepared according 
to a method already described [16] from the ante- 
rior intestine of trout sampled in fresh water and 
after one day, two days and seven days in sea 
water. These samples being a pool from six animals 
were investigated at each adaptation time for their 
phospholipid pattern and fatty acid composition 
and fluidity by fluorescence anisotropy determina- 
tion. The phospholipid content of membrane pre- 
parations was studied after extraction and two-di- 
mensional TLC according to methods already de- 
scribed [17,18]. Phospholipid spots were located 
with Dittmer's reagent [19] and the determination 
of lipid phosphorus was carried out with the 
Fiske-SubbaRow reagent slightly modified [20]. 
The purification of three phospholipid compo- 
nents (phosphatidyl-choline, -ethanolamine and a 
mixture of phosphatidyl-inositol and -serine) and 
their fatty acid analysis were run as described in a 
previous paper [16]. Cholesterol content was mea- 
sured by a colorimetric method [21] on the neutral 
lipid fractions. Protein was estimated by the Lowry 
procedure [22] on aliquots of membrane suspen- 
sions. Steady-state fluorescence anisotropy of 1,6- 
diphenylhexatriene (DPH) in brush-border mem- 
brane suspensions was determined on a SLM-8000 
SC spectrophotopolarimeter. The basic procedure 
used for labelling has been previously described 
[23]. Excitation and emission wavelengths were 
340 and 425 nm, respectively. A low turbidity of 
the sample, less than 0.1 absorbance unit at 340 
nm, corresponding to approximately 20 /~g/ml 
protein, precludes any correction for light scatter- 
ing [24]. In all experiments, the molar ratio phos- 
pholipids/diphenylhexatriene was about 300. 

Results 

The phospholipid and cholesterol contents of 
the membrane preparations are reported in Table 
I. Since no significant variations were detected 
during sea water adaptation (from 1 to 7 days), 
only the one day sea water data are compared to 
the fresh water ones. It appears that the phos- 
pholipid and cholesterol contents are slightly but 
not significantly decreased one day after the trans- 
fer and their relative concentrations are not mod- 
ified. The phospholipid composition, expressed in 
per cent of total phospholipid, is reported in Table 
II and as for the Table I, data are restricted to 
fresh water and one day sea water groups. As 
previously described [16], the main phospholipids 
are phosphatidylcholine (PC) and phosphatidyl- 
ethanolamine (PE). It appears that sea water adap- 
tation does not modify the relative proportion of 
phospholipids in the brush border membrane. Ta- 
ble III details the fatty acid composition of phos- 
phatidylcholine, phosphatidylethanolamine and 
the mixed fraction phosphatidylserine (PS)+ 
phosphatidylinositol (PI). As the important varia- 
tions in the fatty acid composition of phospholi- 
pids were observed bteween membranes prepared 
from fresh water and one day sea water animals, 
only these data are presented. Moreover, the gross 
composition and the main lipid indexes are given 
for all the experimental groups in Table IV. The 
most notable finding in Table III is that one of the 
major saturated fatty acid (stearic acid, 18:0) is 
less abundant in PC and PE after one day in sea 

TABLE I 

INFLUENCE OF ACCLIMATION TO SEA WATER ON 
PHOSPHOLIPID AND CHOLESTEROL CONTENT OF 
TROUT INTESTINAL BRUSH-BORDER MEMBRANE 

Chol, cholesterol; PL, total phospholipids. Since no variations 
were detected during sea water (SW) adaptation only the one 
day data are given. Mean value + S.D. of three samples, each 
sample containing six membrane preparations. FW, fresh water. 

Parameters Acclimation medium 

FW SW (1 day) 

/Lg PL/mg protein 291 5:35 210 + 15 
/Lg Chol/mg protein 167 + 40 121 + 6 
/~mol Chol/pmol PL 1.22 + 0.41 1.17 + 0.11 



TABLE II 

INFLUENCE OF ACCLIMATION TO SEA WATER ON 
PHOSPHOLIPID DISTRIBUTION OF TROUT INTESTI- 
NAL BRUSH-BORDER MEMBRANE 

The results (including diacyl, alkyl and alkenyl form of the 
phospholipid classes) are given in weight per cent of phos- 
pholipid and are expressed as mean values±S.D, of three 
samples, each sample containing six membrane preparations. 
Since no variations were detected during sea water adaptation, 
only the one day data are given. PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PS, phosphatidylserine; PI, phos- 
phatidylinositol; SP, sphingomyelin; DPG: cardiolipin; LPC: 
lysophosphatidylcholine. Only traces of phosphatidic acid were 
detected. FW, fresh water; SW, sea water. 

Phospholipid Acclimation medium 

FW SW (1 day) 

PC ~ .6±3.6  ~ .2±1 .4  
PE 22.5±1.3 23.7±0.4 
PS 9.1±1.6 8.2±1.1 
PI 6.3±0.4 7.4±0.5 
SP 4.5±0.5 5.7±0.7 
DPG 8.5±0.9 8.2±0.9 
LPC 3.0±1.0 2.4±0.3 
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w a t e r  whereas  the  r e l a t ive  a m o u n t  o f  d o c o s a h e -  

x a e n o i c  ac id  (22 : 6, n - 3) in b o t h  p h o s p h o l i p i d s  is 

h i g h e r  in  the  s a m e  e x p e r i m e n t a l  cond i t i ons ;  these  

changes  b e i n g  m a i n t a i n e d  d u r i n g  1, 2 o r  6 days  o f  

sea  wa te r  a d a p t a t i o n .  C o n s e q u e n t l y ,  this b a l a n c e  

b e t w e e n  the  two  fa t ty  ac ids  18 : 0 a n d  22 : 6 (n  - 3) 

is r e f l ec ted  in the  va lues  o f  the  u n s a t . / s a t ,  r a t io  

a n d  the  u n s a t u r a t i o n  i n d e x  ( d o u b l e  b o n d  n u m -  

b e r / s a t . )  w h i c h  are  lower  in P C  a n d  P E  of  m e m -  

b r a n e s  p r e p a r e d  f r o m  fresh  w a t e r  t rou t  as c o m -  

p a r e d  to m e m b r a n e s  f r o m  sea wa te r  t rou t  ( T a b l e  

IV). I t  c an  be  n o t i c e d  tha t  the  grea tes t  changes  in 

fa t ty  ac id  c o m p o s i t i o n  a re  o b s e r v e d  in  the  P C  

f r ac t ion  a n d  tha t  the  m i x e d  PI  + PS f r ac t ion  is 

o n l y  s l ight ly  m o d i f i e d  d u r i n g  sea w a t e r  a d a p t a -  

t ion.  

F l u o r e s c e n c e  an i so t rop ie s  r were  m e a s u r e d  a n d  

t h e n  ave raged  for  three  samples  o b t a i n e d  f r o m  

b o t h  fresh w a t e r  a n d  o n e  day  sea wa te r  an imals .  

T h e s e  m e a s u r e m e n t s  were  d o n e  at  seven  t e m p e r a -  

tures  b e t w e e n  5 a n d  35°C.  T h e  resul ts  were  ex- 

p ressed  as the  a n i s o t r o p y  p a r a m e t e r  ( ( r 0 / r )  - 1)-1 ,  

TABLE III 

INFLUENCE OF ACCLIMATION TO SEA WATER ON THE FATTY ACID COMPOSITION OF THE BRUSH-BORDER 
MEMBRANE OF TROUT INTESTINE 

Since no variatoins were detected during sea water adaptation, only the one day data are given. Mean value ± S.D. of three samples, 
each sample containing six membrane preparations. The significance of the difference between fresh water (FW) and sea water (SW) is 
indicated by ** (P < 0.01, Student's t-test). 

Fatty acid PC PE PS + PI 

FW SW FW SW FW SW 

16:0 29.1±1.5 31.5±0.4 25.3±0.2 23.6±1.3 23.0±2.0 26.2±4.0 
18:0 22.4±0.3 11.9±1.3"* 24.5±5.1 16.3±1.5 34.6±5.1 28.9±1.3 
20:0 2.5±0.1 1.0±0.2"* 2.2±0.7 1.5±0.2 3.0±1.2 2.9±0.6 
22:0 3.0±0.8 1.3±0.4 2.7±0.7 1.6±0.3 3.7±0.5 2.7±0.2 
~ : 0  1.3±0.2 0.9±0.3 1.2±0.2 1.1±0.2 1.4±0.2 1.8±0.2 
16 :1 (n -9 )  1.8±0.2 1.8±0.1 2.3±0.1 1.3±0.1 3.0±0.1 1.9±0.5 
18 :1 (n -9 )  9.0±0.8 7.0±0.1 7.4±2.8 6.0±0.4 7.8±2.2 5.9±1.6 
2 0 : 1 ( n - 9 )  1.3±0.1 1.3±0.1 2.4±0.5 2.9±0.2 - 0.9±0.5 
18 :2 (n -6 )  0.8±0.3 0.7±0.1 1.6±0.8 1.0±0.3 1.0±0.1 0.7±0.4 
~ : 3 ( n - 6 )  - 0.6±0.1 - - 2.0±0.6 4.6±0.6 
~ : ~ n - 6 )  5.5±1.8 4.4±2.2 2.9±1.3 4.2±1.6 3.0±0.2 4.4±1.7 
22 :5 (n -6 )  1.3±0.2 - 2.1±0.8 2.0±1.2 0.9±0.1 1.5±0.4 
18 :3 (n -3 )  2.1±0.1 - 0.8±0.1 0.8±0.4 2.1±0.8 2.1±0.4 
20 :3 (n -3 )  1.6±0.1 - 0.5±0.1 0.5~0.3 1.1±0.2 2.0±0.6 
2 0 : ~ n - 3 )  2.1±0.2 3.3±0.1 2.1±1.0 1.3±0.2 - - 
~ : 5 ( n - 3 )  - 0.7±0.4 1.2±0.2 1.2±0.3 2.3±0.2 - 
22 :5 (n -3 )  - 0.7±0.1 1.1±0.3 - - - 
2 2 : ~ n - 3 )  10.6±0.9 28.0±3.6** 12.1±1.3 ~ .4±3 .1"*  5.8±0.2 8.9±2.4 
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TABLE IV 

INFLUENCE OF ACCLIMATION TO SEA WATER ON THE PARAMETERS OF THE FATTY ACYL CHAIN OF BRUSH- 
BORDER PHOSPHOLIPID FROM TROUT INTESTINE 

These parameters are calculated from Table III. d.b./sat. = double bonds per 100 moles of fatty acid/per cent saturated fatty acid. 
Since no variations were detected during sea water adaptation, only the one day data are given. Mean value :1: S.D. of three samples, 
each sample containing six membrane preparations. The significance of the difference between the adaptation media is indicated by * 
or ** when P < 0.05 or P < 0.01, respectively (Student's t-test). FW, fresh water; SW, sea water. 

Acclimation Total Total Total Unsat./ d.b./ 
medium sat. n - 6 n - 3 Sat. Sat. 

PC FW 58.3±0.8 8.3±2.3 17.7±1.9 0.71±0.02 2.36±0.07 
SW ~.3±1.8"  6.0±2.3 33.4±3.7* 1.16±0.09"* 4.94±0.53** 

PE FW 55.8±6.6 7.7±3.0 18.6±1.7 0.81±0.21 2.67±0.58 
SW ~.3±0.9 9.0±2.6 28.6±2.8* 1.26±0.05 4.90±0.26* 

PS+PI FW 65.8±2.5 8.1±1.2 12.4±0.1 0.52±0.05 1.58±0.15 
SW 62.5±3.9 13.2±0.5" 13.5±2.6 0.61±0.10 2.04±0.36 

where r 0, the maximal  l imit ing an i so t ropy  of  the 
probe ,  was taken as 0.362 [23]. This an i so t ropy  
pa rame te r  varies di rect ly  with the ro ta t iona l  re- 
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Fig. 1. The temperature dependence (Van't Hoff plots) of t h e  

anisotropy parameter ( ( r o / r ) - l )  -1 of DPH embedded in 
brush border membranes: upper curve (A), fresh water sample; 
l o w e r  curve (e), one day sea water sample. Mean value + S.D. 
of three samples, each sample containing six membrane p r e -  

p a r a t i o n s .  Asterisks denote significant differences between f r e s h  

water and sea water samples (P < 0.05). 

l axa t ion  t ime of  the f luorophore ,  and  hence is 
re la ted  inversely to the ' l i p id  f lu idi ty '  (the term 
l ip id  f lu idi ty  be ing  used to express the relat ive 
mot iona l  f reedom of  the l ipid molecule)  [25]. The  
accuracy  on  ~ is A ~ =  +0.001,  resul t ing in 
A ( l n [ ( r o / ~  ) - 1] -1 )  = +0.015.  By consider ing the 
t empera tu re  dependence  shown on Fig. 1, the one 
day  sea water  samples  exhibi t  f rom 15 up to 35°C 
a s ignif icant  increase  of  l ipid f lu idi ty  c o m p a r e d  to 
fresh water  samples;  for example ,  at 15°C and  
35°C the mean  value for the an i so t ropy  pa rame te r  
decreases  b y  6% and  14%, respectively.  

D i s c u s s i o n  

I t  is well  known  that  sea water  fish possess  
a b u n d a n t  amoun t s  of  highly unsa tu ra ted  long 
chain  fat ty  acids [26]. Recent ly ,  it  was es tabl ished 
that  ( n -  3) series of  polyenic  acids  are essential  
d ie ta ry  factors  in t rout  [1] bu t  the  molecular  func- 
t ions of  these cons t i tuents  at the m e m b r a n e  level 
are  unclear.  I t  m a y  be  specula ted  that  the high 
f luidi ty  confer red  b y  the ( n -  3) fa t ty  acids  as 
re la ted  to the one  of  (n - 6) fa t ty  acids  cont r ibu tes  
to the homeoviscous  regula t ion  of  cel lular  mem-  
b rane  [27]. These  mechanisms  might  be  reasonab ly  
cons idered  as p lay ing  an  impor t an t  role  in the 
cont ro l  of  their  pe rmeab i l i ty  to e lectrolytes  a n d / o r  
non  electrolytes.  

In  this study,  the pr inc ipa l  phospho l ip id  of  
t rout  intes t inal  b rush -bo rde r  m e m b r a n e  is repre-  



sented by PC. Similar results showing an im- 
portant content of PC (about 30 to 40% of total 
phospholipids) have been performed in tortoise 
and rat intestinal membranes [28,29]. It must also 
be pointed out that the most important change of 
the 22 : 6(n - 3) content during sea water adapta- 
tion occurs at the level of PC. A similar situation 
where PC metabolism is mainly checked by the 
degree of the environmental salinity has been re- 
lated in various tissues of fishes [3,4]. Conse- 
quently, the PC molecule appears to be especially 
implicated in marine animals during the 
osmoregulation problems. Besides, the judicious 
observation that the presence of (n - 3) fatty acids 
in the diet reduced mortality in trout grown in sea 
water suggests a membrane function [30] of these 
components. The abundance of (n - 3) fatty acids 
in the phosphatides of salt-secreting epithelia from 
marine fish species [31] and crab gills [32] also 
suggests that these fatty acids may have a specific 
role in membrane structure of these tissues. As a 
conclusion, these findings, together with the pre- 
sent results, demonstrate that the content of (n - 3) 
fatty acids (especially 20 : 5, n - 3 and 22 : 6, n - 3) 
appears to be implicated in the osmoregulation 
mechanism of marine animals. Nevertheless, the 
functions and essentiality of the (n - 3) acyl groups 
remain to be learned in these aquatic organisms. 

Since it is shown in the present work that sea 
water transfer caused an important increase in 
22 : 6 (n - 3) in the brush border membrane with a 
concomitant decrease in saturated fatty acids, the 
influence of the dietary source on the membrane 
composition cannot be solely considered. Indeed, 
in our experiments, trout were fed the same pel- 
leted food before and during sea water adaptation. 
Similar results concerning the increased propor- 
tion of 22 : 6 (n - 3) in phospholipid of the diges- 
tive tract of the guppy in sea water adaptation 
have been recently reported [11]. In this species, it 
was observed a balance between (n - 3) and (n - 
6) fatty acids of intestinal PC and PE, but this can 
originate from the complex composition of the live 
food used in that study. It cannot be stated from 
our results that there is a firmly change in essential 
fatty acids requirement of trout according to the 
salinity of their environment. Metabolic studies of 
the bioconversion of precursors (18 : 2, n - 6, and 
18 : 3, n - 3) in various tissues would be necessary 
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to solve the important problem of the complex 
relationship between membrane lipid composition 
and osmotic regulation. 

Nevertheless, our results clearly show that the 
increase in 22 :6  ( n -  3) content associated with 
the decrease in the proportion of saturated fatty 
acids is concomitant with the increase of mem- 
brane fluidity. It must be pointed out that these 
fluidity changes are observed in the absence of any 
variations at the level of cholesterol content and 
phospholipid polar headgroups. Then, the increase 
of membrane fluidity can be correlated only with 
the increase of the lipid unsaturation which is 
known to be a critical parameter monitoring the 
dynamic properties of the hydrocarbon chains of 
membranal lipid core [33] as well as its permeabil- 
ity properties [34]. 

The decrease in NaCI permeability previously 
observed at the enterocyte apical border soon after 
the transfer of trout from fresh water to sea water 
[14] may reflect either a direct effect of the high 
content of docosahexaenoic acid on ion permeabil- 
ity or an indirect effect on ion pumping efficiency 
at the basal membrane level. This precise point 
deserved further investigations on the apical per- 
meability of the enterocyte using brush border 
membrane vesicles. If the observed increase in the 
brush border membrane fluidity can be assigned 
to the high 22 : 6 (n - 3) level, other lipid metabo- 
lites may be also involved and further work would 
be needed to assess a precise role for prostaglan- 
dins and hydroxy fatty acid derivatives of the 
( n -  6) and ( n -  3) series which may be synthe- 
sized in intestinal epithelium [35]. The rapidity of 
the observed alterations of the lipid phase is likely 
to be correlated with a change in the substrate 
selectivity or affinity of key enzymes such as 
choline or ethanolamine phosphotransferase which 
may be the main control of the distribution of 
22 :6  ( n -  3) in animal cells [30]. It would be 
valuable then to find out what controls these en- 
zymes themselves. A modification in the activity of 
phospholipase and transacylase reactions under 
the influence of a change in the luminal salt con- 
tent cannot be excluded. During sea water adapta- 
tion, Mg 2÷ and Ca 2÷ reach high concentrations 
[36] due to the limited permeability of the intesti- 
nal epithelium towards these divalent cations ab- 
sorbed with drunk water. Thus, it can be pos- 
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tu la ted  that  a r ap id  increase  in  M g  2+ a n d  Ca  2+ 

n e a r  the ex te rna l  l ip id  layer  of  the b r u s h - b o r d e r  

m e m b r a n e  wou ld  be  ab le  to al ter  several  key steps 

of  the l ip id  me tabo l i sm.  Studies  of  t rou t  i n t e s t ine  

u n d e r  con t ro l l ed  l u m i n a l  p e r fu s i o n  wo u l d  be  of  
va lue  to e x a m i n e  the m e c h a n i s m  of  the  m e m b r a n e  

l ip id  m o d i f i c a t i o n  which  we have  s h o wn  to be  

p re sen t  soon  af ter  the  f reshwater -sea  water  t r ans -  

fer. The  s tudies  o n  the  t ime  course  changes  of  fa t ty  
ac id  up t ake  d u r i n g  the  early a d a p t a t i o n  process  
w o u l d  help to c lear  the  i m p o r t a n t  p r o b l e m  of  the  

m e m b r a n e  h o m e o v i s c o u s  a d a p t a t i o n  re la ted  wi th  
a l t e ra t ion  of  i on  t r an s p o r t  proper t ies .  
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