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Abstract .  Adaptive changes in membrane physical prop- 
erties in response to changing environmental tempera- 
ture (e.g., increased fluidity at low growth temperatures) 
are well known in poikilotherms; however, the time- 
course of this response has received little attention. In 
this study the plasma membrane lipids of hepatocytes 
prepared from 20 ~ trout were analyzed for 
phospholipid class and molecular species composition 
and metabolism after the cells were exposed to 5 ~ for 
6 hours. Proportions of phosphatidylethanolamine and 
phosphatidylcholine were not altered by in vitro incuba- 
tion at either 5 or 20 ~ Molecular species analysis re- 
vealed that proportions of 18:1/20: 5-phosphatidylcholine 
were significantly lower in plasma membranes of 5 ~ 
incubated cells, while decreases in 16:0/20:4-phosphati- 
dylcholine, an unidentified phosphatidylcholine species, 
and 16:0/16:0-phosphatidylethanolamine as well as in- 
creases in 16:0/16:l-phosphatidylcholine bordered on 
significance. Exogenous radiolabeled molecular species 
of phosphatidylcholine (16:0/16:0-phosphatidylcholine 
and 16:0/18:1-phosphatidylcholine) were converted into 
other species at both temperatures, and the formation of 
some was influenced by incubation temperature. For ex- 
ample, cells exposed to 5 ~ convert significantly more 
16:0/16:0-phosphatidylcholine into 16:0/20:4-phosphati- 
dylcholine and 18:0/16:1-phosphatidylcholine and less 
into 18:l/18:1-phosphatidylcholine and 16:0/22:6-phos- 
phatidylcholine than cells incubated at 20 ~ In addi- 
tion, cells at 5 ~ metabolized 16:0/18:1-phosphatidyl- 
choline to a lesser extent than those at 20 ~ The profile 
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of conversion products indicates that deacylation/reacyl- 
ation, elongation and desaturation reactions all partici- 
pate in this early membrane restructuring. It is conclud- 
ed that the plasma membrane of trout hepatocytes is a 
highly dynamic structure characterized by continuous 
lipid restructuring/turnover which can be rapidly altered 
upon acute cold exposure to adjust membrane phospho- 
lipid molecular species composition to the prevailing 
thermal environment. 

Key words:  Temperature acclimation/adaptation - 
Membrane lipid metabolism - Deacylation/reacylation 
cycle - Lipid desaturation/elongation - Trout, Onco- 
rhynchus mykiss 

Introduct ion  

Many poikilotherms adjust the physical properties of 
their cellular membranes in response to a change in tem- 
perature in such a way as to retain a particular phase 
state or fluidity despite T a (Sinensky 1974). It is well 
known that membranes from cold-acclimated organisms 
are more fluid than membranes from warm-acclimated 
conspecifics; however, when measured at the acclima- 
tion temperature, fluidities of membranes from cold- and 
warm-acclimated individuals are frequently similar (Ha- 
zel and Williams 1990). The time-course of this HVA 
(Sinensky 1974) has received little attention. Recently, 
we have reported that after only 6 h of incubation at 
5 ~ plasma membranes isolated from hepatocytes of 
20 ~ trout exhibit increased membrane flu- 
idity (Williams and Hazel 1994). This increase in fluidi- 
ty is sufficient to compensate for approximately 50% of 
the cold-induced reduction in fluidity, and accounts for 
half of the compensation observed in these membranes 
in fully acclimated organisms (Hazel et al. 1992). 

Such adaptive alterations in membrane fluidity are 
most likely based on changes in membrane lipid compo- 
sition. Indeed, differences in membrane lipid COlnposi- 
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t ion be tween  cold-  and w a r m - a c c l i m a t e d  ind iv idua ls  are 
a ha l lmark  ( if  not  a def ini t ion)  of  t empera tu re  acc l ima-  
t ion (Hazel  and Wi l l i ams  1990), and there  is increas ing  
ev idence  that some  changes  in m e m b r a n e  phospho l ip id  
compos i t i on  occur  very ear ly  in the process  of  t empera-  
ture acc l imat ion .  Surpr is ingly,  perhaps ,  these ear ly  re- 
sponses  appear  to be  supplan ted  by  other  m e m b r a n e  al- 
terat ions as acc l imat ion  proceeds .  For  example ,  the 
weight  percen tage  of  PE in total  phospho l ip ids  of  20 ~ 
acc l ima ted  trout  gi l l  inc reased  d ramat i ca l ly  wi th in  24 h 
of  t ransfer  f rom 20 to 5 ~ but  re turned to near ly  pre-  
t ransfer  levels  after a month  at 5 ~ (Hazel  and Carpen-  
ter 1985). Similar ly ,  in p l a s m a  membranes  of  t rout  k id-  
ney the pe rcen tage  of  monoeno ic  molecu la r  species  
peaked  jus t  24 h after t ransfer  f rom 20 to 5 ~ (Hazel  
and Land rey  1988). In the ci l ia te  Tetrahymena grown at 
39 ~ c i l ia ry  m e m b r a n e  f lu idi ty  was comple t e ly  com-  
pensa ted  after 1 h at 15 ~ (Dickens  and T h o m p s o n  
1981; R a m e s h a  and T h o m p s o n  1982; Mar t in  and 
T h o m p s o n  1978) due to a redis t r ibut ion  o f  acyl  chains 
among  the phospho l ip ids  wi thout  any overal l  change  in 
m e m b r a n e  acyl  cha in  compos i t i on  (Dickens  and Thomp-  
son 1982; R a m e s h a  and T h o m p s o n  1983; Ramesha  et al. 
1982; R a m e s h a  and T h o m p s o n  1984). 

Tempera ture  acc l imat ion  thus appears  to advance  
th rough  a h ierarchy of  steps. Ea r ly  a l terat ions  const i tute  
emergency  measures  to con tend  with rap id  tempera ture  
changes  whi le  more  permanent ,  and perhaps  more  effec- 
tive, changes  are in t roduced  as the stress cont inues  (Ha- 
zel and Wi l l i ams  1990; Haze l  and Landrey  1988; Lynch  
and T h o m p s o n  1984). In order  to examine  the compos i -  
t ional  and metabo l i c  bas is  for  p rev ious ly  documen ted  
rap id  ad jus tments  in the f lu id i ty  o f  t rout  hepa tocy te  plas-  
m a  m e m b r a n e  (Wi l l i ams  and Haze l  1994), we examine  
p l a s m a  membrane  phospho l ip id  compos i t ion ,  and pat-  
terns o f  phospho l ip id  me tabo l i sm  in i so la ted  hepa tocy tes  
f rom 20 ~  fish dur ing b r i e f  in vi tro incuba-  
t ion at 20 and 5 ~ 

Materials and methods 

Materials. Phospholipase C (type I from C. perfringes, and type V 
from B. cereus), direct blue 15 (trypan blue), HEPES, MS-222, 
Percoll, 3,5-dinitrobenzoyl chloride, BSA, methylene blue, BHT, 
heparin (Na salt, grade I from porcine intestinal mucosa), TRIS 
and silica gel type G were from Sigma. Collagenase A was from 
Boehringer Mannheim. Lipid standards were from Sigma and Av- 
anti Polar Lipids Inc. (Alabaster, Ala., USA). Protein was assayed 
by the method of Smith et al. (1985) using a kit purchased from 
Pierce (Rockford, Ill., USA). All other chemicals were analytical 
reagent grade or better. Organic solvents were redistilled just be- 
fore use; chloroform was routinely washed, dried and redistilled 
before use (Kates 1972). HPLC-grade solvents were supplied 
from Fisher Scientific (Fair Lawn, N.J., USA) and J. T. Baker 
(Phillipsburg, N.J,, USA). 

L-o~-Dipalmitoyl, [dipalmitoyl- 1-14C] -phosphatidylcholine 
(16:0/16:0-PC, 114 Ci �9 mo1-1, see footnote b in Table 1 for an ex- 
planation of this terminology) and L-ot-l-palmitoyl-2-oleoyl, 
[oleoyl-l-14C]-phosphatidylcholine (16:0/18:1-PC, 58 Ci-mo1-1) 
were from New England Nuclear (Boston, Mass., USA). Radiola- 
beled phospholipids were routinely purified (to remove minor but 
significant quantities of radiolabel present in other MS) before 

cell labeling by preparative chromatography on a C18 reversed- 
phase column eluted with the solvent described by Patton et al. 
(1982). 

Animals. Rainbow trout (Oncorhynchus mykiss) were obtained 
from the Alcehsay National Fish Hatchery, Whiteriver, Ariz., 
USA, and were held in a 2300 1 cylindrical aquarium continuously 
supplied with fresh dechlorinated water. The total aquarium vol- 
ume was exchanged every 24 h and was maintained at 20 ~ un- 
der a 12:12 light:dark cycle. Fish were fed once daily with trout 
chow (Glencoe Mills). The lipid composition of this chow has 
been reported previously (Hazel 1979). All trout were maintained 
under these conditions for at least 1 month prior to the experi- 
ments. 

Hepatocyte isolation and incubation. Hepatocytes were isolated 
(Williams and Hazel 1994) from anesthetized (MS-222, 0.005%, 
pH 8.0 with NaHCO 3) 20 ~ fish (311.4+130.5 g). 
Livers were perfused through a cannula in the hepatic portal vein, 
first (3-5 min) using medium A (mmol - 1-1: glucose 10, HEPES 
20, NaC1 176, KC1 5.4, NaHCO 3 8.0, MgSO 4 8.1, KHzPO 4 4.4, 
NazHPO 4 3.5 including 36.2 USP units of heparin �9 m1-1, continu- 
ously gassed with 2% CO2/98% 02) followed by medium B 
(30-40 min, prepared as medium A, but including 0.4 mg collage- 
nase �9 m1-1 instead of heparin). The resulting disrupted liver was 
carefully removed from the fish and passed sequentially through 
250 and 74 gm nylon mesh. Hepatocytes were collected and 
washed by three centrifugations at 100 g for 5 min. Cell viability 
was determined by trypan blue exclusion and was always better 
than 98%. For metabolic studies, hepatocyte preparations from 
two fish were routinely pooled. 

Hepatocyte Labeling and Incubation. 10 gCi of 16:0/16:0-PC or 
16:0/18:1-PC in CHC13/CH3OH (2:1 v/v) were added to a glass 
tube and dried under a stream of N 2 before addition of 20 ml of 
medium C (medium A excluding heparin and containing 1 mmol�9 
1-1 CaCI 2 and 2% BSA). This mixture was sonicated for 5 min at 5 
~ in a bath-type sonicator resulting in the complete suspension of 
the radiolabels. Washed hepatocytes were resuspended in labeling 
medium at cell densities below 50• cells - m1-1 in silanized 25- 
ml Erlenmeyer flasks and incubated at 20 ~ for 1 h or 5 ~ for 6 
h (because of reduced phospholipid metabolism at 5 ~ this large 
disparity in incubation time was necessary to ensure comparable 
degrees of metabolism, i.e., product formation of the parent mo- 
lecular species; see Results). During incubation the hepatocytes 
were continuously shaken under prehumidified 98% 02/2% CO 2. 
For membrane compositional studies, ceils were incubated as de- 
scribed above but in the absence of radiolabel. 

Plasma membrane purification procedure. After incubation at the 
test temperature, cells were thoroughly washed by three centrifu- 
gations (as above) in Medium D (Medium C free of BSA) and 
their plasma membranes isolated as described previously (Wil- 
liams and Hazel 1994). Control cells were sampled immediately 
after isolation from the fish. Hepatocytes were homogenized in 
three liver volumes (1 ml per g liver) of medium E (0.32 mmol �9 1-1 
sucrose, 20 mmol �9 1-1 TRIS, pH 7.45) until >85% were disrupted, 
and subsequently diluted with four liver volumes of medium F 
(0.25 mmol. 1-1 sucrose, 20 mmol. 1-1 TRIS, ph 7.45). A crude 
plasma membrane/mitochondrial preparation (Mr) was isolated by 
differential centrifugation (the supernatant over a 10-rain, 600-g 
pellet was centrifuged at 7000 g for 20 min (Williams and Hazel 
1994)). This pellet was resuspended in 0.5 liver volumes of medi- 
um F and 1-ml portions were layered onto 20 ml of a solution of 
0.25 mmol. 1-1 sucrose, 20 mmol. 1-1 TRIS (pH 7.45) and 18% 
(v/v) Percoll (Anonymous 1993). Following centrifugation for 18 
min at 33 000 g (50.2Ti rotor) on this density gradient medium the 
plasma membrane fragment (top of tube, mitochondria settled to 
the bottom), were collected and washed free of Percoll by centrif- 
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ugation for 2h at 185 000g (Anonymous 1993). The cleaned 
membranes were resuspended in 0.5 liver volumes of 20 mmol - 1 -r 
TRIS (pH 7.45) and stored at -80 ~ until lipid extraction. These 
plasma membranes have been shown to be enriched 116-fold over 
the cellular homogenate based on the activity of the plasma mem- 
brane marker enzyme 5"-nucleotidase (Williams and Hazel 1994). 

Lipid extraction and analysis. Total plasma membrane lipids were 
extracted using the method of Bligh and Dyer (1959) and subse- 
quently stored in CHC1JCH3OH (2:l, v/v) containing 0.01% 
(w/v) BHT under N 2 at -80 ~ until analysis. Phospholipid class- 
es were separated from each other and from neutral lipids by nor- 
mal-phase silica HPLC (10 mm IDx25 cm, 5 gm packing, Rainin 
Instruments, Woburn, Mass., USA) according to the method of 
Patton et al. (1982). Hexane/2-propanol (1:1 v:v, flow rate 2 ml �9 
min -1, detection 205 nm) was used to elute neutral lipids, and was 
followed by hexane/2-propanol/25 mmol-1-1 potassium phos- 
phate buffer (pH 7.0)/ethanol/acetic acid (356:490:62:100:0.6 v:v) 
previously filtered through 0.5-~tm Teflon filters (Nucleopore 
Corp., Pleasanton, Calif., USA). PC was eluted at a flow rate of 3 
ml. rain -1. Peak identities were verified by co-chromatography 
with authentic standards on both HPLC and TLC (Christie 1982). 
Since PC and PE together make up 80% of the total membrane 
phospholipid (Hazel 1979; Malak et al. 1989) further analysis fo- 
cused on these lipids. PE and PC fractions were collected from the 
column, taken to dryness in a rotary evaporator, dissolved in 
CHC1JCH3OH (2:1 v/v, 0.05% w/v BHT) and stored a t -80 ~ 

Quantification of MS was accomplished by first treating the 
lipids with phospholipid-specific phospholipase C to form diacyl- 
glycerols (Kito et al. 1985) and subsequently converting these into 
dinitrobenzoyl derivatives (Kito etal. 1985; Takamura etal. 
1986). Just prior to phospholipase C digestion, known quantities 
of distearoyl PE or PC (which are not normal constituents of these 
membranes) were added as internal standards. For PC, phospholi- 
pase C (type I) and a solution of 10 mmol �9 1-1 TRIS (pH 7.5), 30 
retool. 1-1 H3BO 3 and 0.6 mmol. 1-1 CaC12 was added to dried 
lipid. For PE, the reaction was performed in a similar medium 
containing 0.4 mmol �9 1-1 ZnC12 instead of CaC12 and the type V 
enzyme. Diacylglycerols were extracted with diethyl ether. 

Dinitrobenzoyl derivatives were formed by reaction with 3,5- 
dinitrobenzoyl chloride in pyridine (Kito et al. 1985; Takamura et 
al. 1986), taken up in hexane containing 0.05% BHT, gassed with 
N 2, and stored at -80 ~ Derivatives were dried, redissolved in 
75 gl acetonitrile and individual MS separated on a 4.6 mm 
I.D.x25 cm Microsorb C-18 HPLC column (5 pm packing, Rainin 
Instrument Co., Woburn, Mass., USA) eluted with acetonitrile/2- 
propanol (90:15 v:v, flow rate 1 ml. min-l; detection at 254 nm). 
Peak identities were confirmed by comparison of observed reten- 
tion times with those of authentic standards as well as to pub- 
lished retention times (Bell and Dick 1991) and also by gas chro- 
matography of methyl esters prepared by acid catalyzed transes- 
terification (Christie 1982) of the separated dinitrobenzoyl-diacyl- 
glycerols. 

Peak areas were determined with Chromatochart PC software 
(Interactive Microware, State College, Pa., USA) and converted to 
mass by comparison with the internal standard. Total PE and PC 
masses were calculated by summation of the MS masses. Deriva- 
tized MS from experiments using radiolabeled lipids were collect- 
ed from the column in scintillation vials and allowed to dry under 
a stream of air before determination of radioactivity using a Beck- 
man LS-7000 liquid scintillation counter. Quenched and un- 
quenched standards were used and all samples were corrected for 
quenching using the H# method of Horrocks (1976). 

Statistics. Fractional data were arcsine transformed for statistical 
analyses (Sokal and Rohlf 1981) performed using ABstat (Ander- 
son Bell, Parker, Colo., USA), and the level of significance was 
based on the transformed data before reconversion into percentag- 
es as recommended (Sokal and Rohlf 1981). P values below 0.05 
were considered significant. 

Results 

Phospholipid analysis 

Hepatocytes  isolated f rom 20 ~ rainbow 
trout remained >98% viable (i.e., excluded trypan blue) 
after 6 h o f  in vitro incubation at both 5 and 20 ~ and 
previous data indicate that these cells remain metaboli-  
cally active throughout  the periods employed  here (Wil- 
liams and Hazel 1994; Hazel  1990; Sellner and Hazel  
1982). Lipid analysis o f  the isolated plasma membrane  
fraction revealed no statistically significant changes in 
the total PE [83.0+16.0 (mean_+_SE) gg  lipid per mg 
protein] and PC (901_+215.0 gg  lipid per mg protein) 
content between membranes  isolated f rom control cells, 
f rom cells maintained at the acclimation temperature of  
20 ~ for 6 h, and f rom cells maintained at 5 ~ for 6 h. 
The ratio o f  PE to PC (0.12+0.03), a more  sensitive indi- 
cator o f  PE/PC changes,  was also unaffected by cold ex- 
posure for this amount  o f  time. 

Phospholipid molecular species analysis 

The PE and PC fractions were further resolved into their 
individual MS by HPLC.  Thirty-five separate MS of  PC 
and 38 o f  PE were detected and quantified (Table 1), 
representing the first such analysis o f  these highly puri- 
fied membranes  (Williams and Hazel  1994). Consistent  
with observations made on similar membranes  (Hazel 
and Williams 1990), PC MS of  p lasma membrane  f rom 
trout hepatocytes  were dominated by  molecules  contain- 
ing 16:0 at the sn-1 posit ion while the PE pool was char- 
acterized by having 18:0 as the major  contributor in that 
position. Both  the PC and PE pools contained predomi-  
nantly long chain (18 -22  carbon) polyunsaturated acyl 
groups at the sn-2 position with 18:2, 20:4 and 22:6 par- 
ticularly abundant. 

In only a few'cases  (given in Table 2) were significant 
differences in the mole  percentage o f  MS observed be- 
tween the temperature treatments. Plasma membranes  
f rom 5 ~ cells contained significantly lower 
(by 47%, Table 2) proport ions of  18:1/20:5-PC com-  
pared to 20 ~ cells. Similarly, proport ions o f  
16:0/20:4-PC, as well as an unidentified MS of  PC and 
16:0/16:0-PE were also lower in cells incubated at 5 ~ 
though these differences only border on significance. In 
contrast, proport ions o f  16:0/16:1-PC increased. While 
these particular MS comprise  a relatively small propor-  
tion o f  the total membrane  phospholipid,  the percentage 
change between membranes  o f  5 ~ and 20 ~ 
ed cells is substantial (Table 2). 

Incorporation and metabolism of radiolabeled PCs 

Parallel experiments focused on changes in phospholipid 
metabol ism during cold exposure, particularly the me- 
tabolism of  saturated (i.e., monoene  precursor) and 
monoenoic  species o f  PC (the membrane  content of  
which was higher upon cold incubation, Table 2). When  
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Table 1. The molecular species composition of phosphatidylcho- 
line and phosphatidylethanolamine fromplasma membranes pre- 
pared from isolated hepatocytes of 20 ~ trout 

Combined l0 xlog 
chain RRT a 
length 

MS b Percent composition 

PC PE 

Table 2. Differences in PC molecular species composition of plas- 
ma membranes isolated from hepatocytes of 20 ~ 
trout incubated at 20 and 5 ~ 

MS a Mole% A% b P 

5 ~ 20 ~ 

32 1 . 3 6  14:0/18:0 n.d. c 0.76• a 
1 . 3 7  16:0/16:0 4.74-+1.00 1.60-+0.36 
1 . 0 7  16:0/16:1 0.67_+0.07 0.60+__0.20 

34 1.34 16:0/18:1 4.68-+0.90 0.90+0.14 
1 . 2 8  18:0/16:1 3.23-+0.57 10.47• 
1.10 16:0/18:2 13.23_+2.45 5.38+__0.83 
1 . 0 9  16:1/18:1 1.18• 0.86-+0.40 
0.97 16:1/18:2 2.92+0.85 4.87+2.45 

36 1.64 16:0/20:1 n.d. 0.63• 
1 . 6 7  18:0/18:1 2.27_+0.80 4.62-+0.12 
1.32 18:0/18:2 1.75+0.18 1.82-+0.21 
1 . 3 3  18:1/18:1 1.37-+0.34 n.d. 
1.20 16:0/20:2 5.24-+1.05 0.62+-0.10 
1 . 0 6  16:0/20:4 0.78+0.07 1.03+0.15 
0.93 16:0/20:5 5.18_+0.64 3.60-+0.38 
1 . 3 0  16:1/20:1 1.41-+0.46 1.47+_0.27 
0.86 16:1/20:4 3.61_+0.67 1.25+0.31 
0.83 18:2/18:3 1.51_+0.28 1.61-+0.10 
0.81 16:1/20:5 0.41• 2.16• 

38 1.12 16:0/22:4 1.85• 5.63_+1.03 
1 . 0 5  16:0/22:5 1.01+0.20 0.72-+0.17 
1.00 16:0/22:6 12.12• 5.43_+3.14 
0.82 16:1/22:6 2.43_+0.32 3.54• 
1 . 6 3  18:1/20:1 3.73---0.93 1.01-+0.23 
1.16 18:0/20:4 5.86-+0.18 11.94___0.89 
0.90 18:1/20:5 1.53• 1.06+_0.28 
0.89 18:2/20:4 0.52_+0.27 2.27+_0.24 
1 . 5 7  18:0/22:4 n.d. 0.71-+0.71 

40 1.14 18:0/22:5 2.00_+0.14 0.92• 
1 . 0 2  18:1/22:5 4.54_+0.93 1.35• 
0.96 18:1/22:6 2.44+1.26 1.02• 
1 . 1 8  20:1/20:4 1.24+0.09 n.d. 

42 1 . 1 5  20:1/22:5 0.51+0.51 n.d. 
1 . 5 9  24:1/20:5 n.d. 3.23-+0.28 

Unk e 1.17 2.13-+0.50 1.07-+0.20 
1.22 1.11+_0.23 2.78+_0.32 
1.24 1.28-+0.18 1.64_+0.31 
1.26 0.81-+0.21 1.01-+0.46 
1.29 0.70_+0.06 n.d. 
1.44 n.d. 2.34-+1.15 
1.49 n.d. 3.92• 
1.55 n.d. 3.62+_0.13 

a RRT, retention time relative to 16:0/22:6 
b M S ,  molecular species 
##:#/##:# terminology: the numbers before and after the first co- 
lon represent the number of carbon atoms and the number of dou- 
ble bonds, respectively, present in the acyl chain esterified to the 
sn-1 position of the glycerol backbone.The corresponding num- 
bers following the virgule refer to the acyl chain esterified to the 
sn-2 position 
c n.d., not detected 
d Data are means-+standard errors of three separate preparations 
e Unidentified molecular species 

incubated with med ium conta in ing radiolabeled 
16:0/16:0-PC or 16:0/18:1-PC, the cells took up 5% and 
11% of the phospholipids,  respectively, and incorporated 
them into their cellular membranes .  The distr ibution of 
radioactivity among the membrane  and cytosolic frac- 
t ions produced upon hepatocyte fract ionation (Fig. 1) re- 

PC molecular species 

16:0/16:1 0.94+_0.08 ~ 0.67_+0.07 +40.3 0.072 
16:0/20:4 0 .57-+0 .06  0.78_+0.07 -26.9 0.081 
18:1/20:5 0.81+0.21 1.53-+0.06 -47.0 0.047 
RRT 1.22 d 0 .54-+0.10 1.11-+0.23 -51.3 0.077 

PE molecular species 

16:0/16:0 0.75_+0.17 1.60-+0.36 -53.1 0.068 

a MS, molecular species 
b Percent change in cells incubated at 5 ~ versus those at 20 ~ 
calculated as [(value at 5 ~ at 20 ~ at 20 ~ x 
100, negative values indicate that 5 ~ cells contain less of a given 
species 
c Data are means-+standard errors of three separate preparations 
d Unidentified molecular species with a relative retention time of 
1.22 

60" 

40, 

c- 

O 

oE 20. 
"r- 
09 

'=- 0 

16:0/I 6:0 20~ 

~~ 

60 1 6 : 0 / 1 8 : 1  

I ~- 20 

Nu Mt Ms Cy PM 
Membrane Fraction 

Fig. 1. The distribution of radioactivity among the membrane and 
cytosolic fractions of rainbow trout hepatocytes. Upper panel: the 
distribution of exogenously added 16:0/16:0-PC. Lowerpaneh the 
distribution of exogenously added 16:0/18:1-PC. Cellular frac- 
tions: Nu, nuclear; Mt, plasma membrane/mitochondrial; Ms', mi- 
crosomal; Cy, cytosolic; PM, purified plasma membranes 

vealed that 16:0/16:0-PC was associated main ly  with the 
mixed p lasma membrane /mi tochondr ia l  fraction (Mt) 
while radioactivity from 16:0/18:1-PC appeared chiefly 
in the microsomal  fraction (Ms). The distr ibution of the 
added radiolabels among the cellular  membrane  frac- 
tions was unaffected by incubat ion  temperature.  For both 
labeled phospholipids,  considerable  radioactivi ty was as- 
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sociated with the purified plasma membrane fraction 
(Fig. 1, PM). 

Both labeled 16:0/16:0-PC and 16:0/18:1-PC were 
metabolized into products which were extracted from the 
isolated plasma membrane;  only background counts 
were obtained from the aqueous phase of the PM extrac- 
tion. The rate of  formation of these conversion products 
was such that the percentage of total radioactivity recov- 
ered as something other than the added molecular spe- 
cies (i.e., the total extent of  conversion) was equivalent 
in the membranes after 1 h of  incubation at 20 ~ or 
6 h  incubation at 5 ~ [16:0/16:0-PC: 9.4+1.5% of 
total radioactivity versus 10.1_+1.7%; 16:0/18:1-PC: 
13.7+0.7% versus 16.l_+1.8% (means_+SE), respectively]. 
Therefore, these incubation times were used for all met- 
abolic experiments. The total radioactivity recovered in 
the plasma membrane fraction of cells exposed to 20 and 
5 ~ was also not statistically different and represented 2 
�9 105-1.3 �9 106 cpm/membrane preparation. Generally, 
this membrane fraction contained 5 - 5 0 .  103 cpm of 
conversion products of  the added label which were 
present in MS exhibiting up to several thousand counts 
each. Because of variation in the absolute radioactivity 
of  different membrane preparations, results are presented 
as mole percentages of  total conversion products for the 
particular preparation. 

Temperature-induced changes in MS metabolism 

After the appropriate incubation period at each tempera- 
ture the distribution of  radioactivity among the newly 
synthesized conversion products of  PC in isolated plas- 

ma membranes was compared between cells held at 20 
and 5 ~ Regardless of  incubation temperature or radio- 
labeled precursor molecule, all conversion products were 
found to be other MS of PC; no radioactivity was found 
in any of the other phospholipid classes. Also regardless 
of  temperature, both of  the precursor species of  PC, al- 
though converted into many different MS (with the ra- 
dioactivity associated with most of  these species repre- 
senting less than 2% of the total radioactivity recovered 
as conversion products), were metabolized into a few 
dominant MS. The conversion into some of these prod- 
ucts was independent of  incubation temperature, while 
for others incubation temperature had a definite impact 
on species formation (Table 3). Table 3 includes those 
MS (i.e., conversion products) which represented more 
than 2% of the total conversion product at either temper- 
ature or whose formation was significantly influenced by 
incubation temperature. 

At both test temperatures, radioactivity initially incor- 
porated as 16:0/16:0-PC was converted mainly into 
18:1/18:1-PC, and to a substantial degree into 16:0/18:1- 
PC, 16:0/22:6-PC and 18:1/20:1-PC. Small percentages 
of  radioactivity were also found in 18:0/16:1-PC, 
18:0/20:4-PC and 16:0/20:4-PC. Conversion of 16:0/16:0- 
PC into 18:1/18:1-PC, 18:0/16:1-PC, 16:0/22:6-PC and 
16:0/20:4-PC was dependent on incubation temperature 
(Table 3): recovery of radiolabel in 18:1/18:1-PC was 
significantly lower in cold- compared to warm-incubated 
cells, whereas conversion into the other MS was higher. 

16:0/18:1-PC was converted into eight other MS of 
PC at both temperatures (Table 3). Radioactivity origi- 
nating from 16:0/18:1 -PC appeared mostly in 18:1 / l 8:1- 

Table 3. Distribution of radioactivity among molecular species of PC formed from the indicated source molecule in the plasma mem- 
branes of trout hepatocytes during incubation at 20 ~ (1 h) or 5 ~ (6 h) 

Source n a MS b % of total non-substrate counts mean_+SE e 
formed (mean_+SE) d 

Mol% of c 5 ~ 20 ~ P 
total PC 

16:0/16:0 
n = 5  

16:0/18:1 
n = 4  

34 16:0/18:1 5.6 14.4_+9.8 6.7+3.5 ns f 10.6-+2.7 
18:0/16:1 2.7 5.9+2.5 1.0_+0.4 <0.05 - 

36 16:0/20:4 0.8 0.2_+0.2 0.1-+0.1 <0.10 ..- 
18:1/18:1 0.8 24.6_+11.1 33.6_+9.9 <0.05 ... 

38 16:0/22:6 17.6 9.7-+2.6 10.3_+4.8 <0.10 ... 
18:0/20:4 6.1 20.0_+17.1 3.2_+1.3 ns 11.6_+5.9 
18:1/20:1 2.7 17.5_+7.8 20.7_+4.2 ns 19.1_+1.1 

34 16:0/18:2 11.9 4.3_+0.5 5.0_+0.3 ns 4.6_+0.2 
16:1/18:1 1.4 3.1-+0.6 7.3_+0.5 <0.10 --- 
16:1/18:2 3.9 6.5_+0.8 10.0_+1.6 ns 8.2_+1.2 

36 16:1/20:1 0.1 11. l_+2.7 7.2-+1.2 ns 9.2-+1.4 
18:0/18:1 1.4 6.3_+0.7 11.7_+0.7 <0.05 ... 
18:1/18:1 0.8 11.3_+1.2 15.4_+0.4 ns 13.4_+1.4 

38 18:1/20:1 2.7 1.3_+0.1 2.2_+0.2 <0.10 -.. 
18:1/20:2 3.4 8.9-+0.7 7.5_+0.4 ns 8.2_+0.5 

a n, Total number of carbons in the acyl chains of the phospholipid 
b MS, molecular species 
c of 20 ~ trout 
a The difference between the sum of the listed species and 100% reflects the conversion of the source molecules into numerous other MS, 
each contributing less than 2% of the total 
e The means of values not significantly different from each other 
f ns, Not significant 
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+ + Source 
PC 16:0 / 1 6 : 0  16 :0 /18 :1  + 

Molecular 
Species / , i-  

16:0/22:6 t * 

18:1/20:1 

16:0/20:4 * 

18:1/18:1 i * *  

18:0/18:1 

16:1/18:1 

18:0/16:1 * * ~  

16:0/18:1 * ' ~ ~  

-50 0 50 100 500 -50 0 50 100 

Percent Difference (cold minus warm) 

Fig. 2. The temperature dependent difference in the metabolism of 
the identified molecular species upon incorporation of the source 
molecule into the plasma membranes of rainbow trout. The posi- 
tive signs indicate the radiolabeled acyl group; asterisks indicate 
level of significance of difference from 0: *, P<0.1; **, P<0.05 

PC, 16:1/20:1-PC, 16:1/18:2-PC, 18:0/18:1-PC and 
18:1/20:2-PC. All significant temperature-dependent 
conversions of this species were lower in the cold-incu- 
bated cells and included the formation of 18:0/18:1-PC, 
16:1/18:1-PC, and 18:1/20:1-PC. 

Relative specific radioactivities were also calculated 
(radioactivity of MS per mol% of MS; calculated as 
count per area); no significant differences were observed 
between temperature groups in the experiments using ra- 
diolabeled 16:0/16:0-PC. However, in the experiments 
using 16:0/18:1-PC, the specific activity of 18:0/18:1-PC 
decreased significantly from 6.7_+1.0 (mean_+SE) at 20 
~ to 3.6_+1.0 at 5 ~ and that of 18:1/20:1-PC de- 
creased from 1.3_+0.2 at 20 ~ to 0.5_+0.3 (means_+SE) at 
5 ~ though for the latter species the difference only 
bordered on significance (P<0.1). 

The effect of temperature upon the conversion of ra- 
diolabeled MS of PC into metabolites can be expressed 
most clearly in terms of the percent change in conver- 
sion product formation found in the plasma membranes 
of 5 versus 20 ~ hepatocytes (Fig. 2). It is 
noteworthy that the percent conversion of 16:0/16:0-PC 
into monoenoic species increases dramatically at 5 ~ 
while all significantly temperature-dependant conver- 
sions 16:0/18:1-PC decrease at low temperature. 

Discussion 

It is well established that after a sufficient period in the 
cold, selected membranes of 20 ~ rainbow 
trout possess increased proportions of PE, elevated 
PE/PC ratios and altered MS compositions of both PE 
and PC (Hazel and Williams 1990; Hazel 1979; Hazel 
and Zerba 1986). These findings suggest that the change 
in plasma membrane fluidity previously observed after a 
6-h exposure to 5 ~ in hepatocytes of 20 ~ 

trout (Williams and Hazel 1994) may have its basis in al- 
terations in membrane lipid composition. For this rea- 
son, we examined alterations in phospholipid and MS 
composition in addition to the metabolism of exoge- 
nously added phospholipids in the plasma membrane of 
hepatocytes from 20 ~ trout during this 
brief period of cold exposure. 

Although changes in phospholipid head group com- 
position are common in thermally-acclimating organ- 
isms, they cannot explain the fluidity adjustments evi- 
dent in trout hepatocyte plasma membranes after 6 h of 
exposure to 5 ~ since no changes in PE or PC content 
were observed. However, regardless of the incorporation 
temperature, exogenous PC was incorporated into the 
cell's various membranes (Fig. 1) and subsequently con- 
verted to a variety of other MS then found in the plasma 
membrane. Though the specific cellular location of these 
conversion reactions was not determined, they clearly in- 
fluence the composition of purified plasma membrane. 
Three of the conversion products of 16:0/16:0-PC, 
namely 16:0/18:1-PC, 18:0/20:4-PC and 16:0/22:6-PC 
are among the most abundant MS of PC in these mem- 
branes [Table 1; Hazel and Zerba (1986); Hazel et al. 
(1992)]. Thus, when incorporated into trout hepatocytes, 
16:0/16:0-PC, which itself constitutes 4.7% of the total 
plasma membrane PC, is rapidly converted into species 
which together make up 32 mol% of the total PC. Simi- 
larly, radioactivity derived from 16:0/18:1-PC appeared 
as 18:1/18:1-PC, 16:1/20:1-PC, 16:1/18:2-PC and 
18:1/20:2-PC. Thus, at both 20 and 5 ~ 10-30% of the 
radioactivity originating from 16:0/16:0-PC and 
16:0/18:1-PC is converted into plasma membrane-asso- 
ciated 18:1/18:1-PC. This is remarkable in view of the 
fact that 18:1/18:1-PC makes up only 1.4% of the total 
plasma membrane PC composition. 

The influence of temperature on phospholipid conver- 
sion product formation may be of particular significance 
to the overall process of temperature acclimation. In 5 
~ cells, 16:0/16:0-PC was converted only in- 
to products more unsaturated than itself, with the forma- 
tion of monounsaturated species being particularly large 
(Fig. 2). In addition, cells incubated at 5 ~ convert sig- 
nificantly less 16:0/18:1 into other species. Thus, cold 
exposed cells tend to replace saturated species of PC 
with monounsaturated MS which are then retained with- 
out much subsequent modification. This cold-induced 
acyl chain remodeling could constitute an effective re- 
structuring strategy. Monoenoic species have lower melt- 
ing points than the corresponding saturated species and 
the increase in fluidity gained by introducing the ,,first" 
double bond is maximal, i.e., subsequent double bonds 
increase fluidity to a lesser extent (Coolbear et al. 1983). 
In addition, double bond placement in the center (as op- 
posed to the termini) of the acyl chain (i.e., as in 18:1) is 
maximally effective in increasing membrane fluidity 
(Barton and Gunstone 1975). Thus, the increased con- 
version of 16:0/16:0-PC into 16:0/18:1-PC in cold-ex- 
posed cells can be rationalized based on HVA. However, 
according to HVA theory, some of the observed mem- 
brane modifications are paradoxical. For example, the 
conversion of 16:0/16:0-PC into the more unsaturated 
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18:1/18:1-PC and 16:0/22:6-PC actually decreases sig- 
nificantly in the cold, as does the conversion of 
16:0/18:1-PC into 16:1/18:1-PC and 18:1/20:1-PC. Fur- 
thermore, one of the most conspicuous changes known 
to occur in these membranes upon long-term tempera- 
ture acclimation is a rise in the content of 16:0/22:6-PC 
(Hazel and Williams 1990; Hazel and Zerba 1986). 
However, after 6 h  of exposure to 5 ~ the total 
16:0/22:6-PC content of these membranes is unchanged 
and the conversion of 16:0/16:0-PC into this species is 
reduced. Combined, these data support the idea that the 
initial membrane restructuring in response to tempera- 
ture change is not necessarily the same as that observed 
in fully acclimated organisms. 

The mechanism(s) responsible for phospholipid re- 
structuring can be inferred from examination of the 
products formed (Table 3). Species containing unaltered 
acyl chains (16:0 or 18:1) were abundant in the conver- 
sion products of both PCs, indicating the involvement of 
the deacylation/reacylation (D/R) pathway (i.e., 
16:0/22:6-PC can only be formed from 16:0/16:0-PC by 
removing one 16:0 chain and replacing it with 22:6). It 
is perhaps not surprising that all of the radiolabelled 
conversion products were derivatives of PC since PC is 
present in a higher proportion than other phospholipids 
in this membrane and in general is thought to turn over 
more rapidly than PE. However, it is interesting that this 
finding is also entirely consistent with a recently pro- 
posed mechanism of phospholipase A 2 that involves 
head group recognition (Scott et al. 1990). Since the pre- 
cursor molecules were labeled in the acyl groups, the in- 
volvement of D/R enzymes would likely result in the 
loss of some label and the observed extent of remodeling 
may represent only a fraction of the total. Similar rapid, 
and apparently continuous, phospholipid restructuring 
via the D/R pathway has been observed in rat hepa- 
tocytes, and although individual phospholipid MS turned 
over at vastly different rates, some turned over as rapidly 
as 15% �9 h -1 (Schmid et al. 1991). Phospholipid turn- 
over/restructuring may thus be extensive in the plasma 
membrane of trout hepatocytes and this organelle may 
represent a dynamic structure that can respond rapidly to 
temperature stress and other stimuli. In fact, the D/R 
pathway has been implicated in the preferential removal 
at low temperature of saturated acyl chains from PC 
(Neas and Hazel 1984), which is consistent with the ex- 
tensive conversion of 16:0/16:0-PC at low temperature 
observed in the present experiments. Thus, in poikilo- 
therms one function of this pathway may be to vary lipid 
composition in an adaptive fashion during the early stag- 
es of temperature acclimation. 

Other conversion products, however, can not be ex- 
plained by D/R reactions alone. For example, the recov- 
ery of relatively large amounts of radioactivity derived 
from 16:0/16:0-PC in 18:1/18:1-PC and 18:l/20:1-PC 
and in 16:1/20:1 and 16:0/18:2-PC derived from 
16:0/18:1-PC implicates the involvement of desaturation 
and elongation pathways. Although activity of the A9 
desaturase (involved in the formation of 18:1 and 20:1 
from 16:0) rises dramatically almost immediately upon 
cold exposure of carp (Scht~nke and Wodtke 1983), this 

activity required 3 or more days to increase significantly 
in trout liver. The observation of desaturation products in 
6 h in trout hepatocyte plasma membrane suggests that 
the observed reactions may be occurring in situ in the 
plasma membrane, possibly utilizing intact 16:0/16:0-PC 
as a substrate (Kates and Paradis 1973). In situ modifica- 
tion of membrane lipids has been shown to occur in re- 
sponse to T a change in Candida (Kates and Paradis 
1973) and in the ciliate Tetrahymena (Ramesha and 
Thompson 1984; Ramesha and Thompson 1983). Desat- 
uration and elongation events appear to play significant 
roles in the initial stages of temperature acclimation. 

The metabolic conversions observed resulted in sig- 
nificant differences in radioactivities of species present 
in the plasma membrane in only small quantities and did 
not significantly alter the overall proportion of any indi- 
vidual species, even though such changes are known to 
occur with prolonged cold exposure. In fact, although 
the proportion of radioactivity derived from 16:0/16:0- 
PC recovered in 16:0/20:4-PC was elevated at 5 com- 
pared to 20 ~ (Table 3), the overall mole% of this MS 
actually declined (Table 2). These data indicate that met- 
abolic measurements are more sensitive to early adapta- 
tional responses than determination of composition. 
Also, since only a few MS form the majority of mem- 
brane phospholipid mass, each of the remaining large 
number of MS consequently comprise a proportionally 
small percentage of the total. Small changes in overall 
membrane phospholipid content can represent relatively 
large changes in the proportions of these minor species. 

Whether changes in MS metabolism and composition 
of the magnitude found in this study can account for the 
rapid fluidization of hepatocyte plasma membranes 
(Williams and Hazel 1994) or for findings like those 
showing large changes in membrane fluidity in the ab- 
sence of any change in the overall membrane acyl chain 
composition (Bly and Clem 1988) is not known and de- 
serves further study. The potential significance of small 
changes in phospholipid architecture is indicated by the 
observation that the formation of 16:0/18:1-PC by sub- 
stituting 18:1 for 16:0 at the sn-2 position of 16:0/16:0- 
PC, as occurred in trout hepatocytes exposed to 5 ~ 
more so than in cells at 20 ~ reduces the gel-to-liquid 
crystalline phase transition temperature by 50 ~ (Hazel 
and Williams 1990). In addition, even very subtle modi- 
fications of phospholipid MS can have surprising ef- 
fects; for example, bilayers composed of an equal mix- 
ture of 18:0/18:0-PC and 18:1/18:1-PC exhibit a phase 
transition temperature that is 20 ~ different from bilay- 
ers composed solely of 18:0/18:1-PC (Lynch and 
Thompson 1984). 

In the light of an absence of large-scale changes in 
MS composition, it is important to point out that mecha- 
nisms other than, or in addition to, alterations in mem- 
brane phospholipid MS might be responsible for the pre- 
viously observed compensation of membrane fluidity 
(Dey et al. 1993). For instance, modification of mem- 
brane cholesterol content may be involved. Although 
cholesterol levels in trout liver plasma membranes do 
change with long-term temperature acclimation (Robert- 
son and Hazel 1993), the time-course of cholesterol re- 
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moval  f rom these membranes  at low temperature is un- 
known. 

In conclusion,  we have observed significant modifica-  
tions in acyl chain metabol ism which involve deacyla- 
tion, reacylation, desaturation and elongation reactions 
in the plasma membrane  of  trout hepatocytes during rel- 
atively brief  cold exposure. The rapidity o f  apparently 
adaptive metabolic adjustments may reflect a relatively 
high basal rate of  membrane  turnover/restructuring. The 
significance o f  substantial changes in the proportions of  
minor  MS to fluidity and functional modificat ion o f  bio- 
logical membranes  remains to be established. 
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