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The membrane order of iiver endoplasmlc reticulum (ER) membranes of 10°C - and 30°C-aedlmated carp has been 
compared using the flnoreseenee polarization technique ¢~ith DPH as probe. Membranes from cold-acclimated fish 
displayed lower polarizations than corresponding membranes from warm.acclimated fish, the difference compensating 
fus 34-50% of the direct effects of temperature upon polarization. The changes in dg-desaturase activity, and 
fluorescence polarization of DPH in ER membranes have been monitored as a function of time dining cold acclimation 
of 30°C-acdimated carp. Cooling was achieved in three stages over 48 h. Desaturase activity in both rough and smnoth 
ER showed a rapid increase in activity for the first three days followed by a decline on day 4 aml a second increase up to 
day 10. Polarization of DPH (measuged at 10oC) was rapidly reduced on cooling with no fm-tber ~ after day 4. The 
halftime for change in polarization and for the first desaturase induction were both approx. 2 days although large 
changes in polarization, were evident within ?A h after the onset of cooling. During the cooling phases the daily changes 
in DPH polarization were q, mntitatlvely ~-hted to increments in desaturase capacity. The second desaturase induction 
had no effect upon membrane structure, at least as indicated by the polarization technique. 

Introduction 

Poikilothesmic animals frequently experience large 
and rapid changes in body temperature which may 
cause major physiological problems. However, they axe 
not passive to these problems and, given time, respond 
by physiological, morphological and biochemical adjust- 
ments which offset or compensate for the temperature- 
induced disturbance [1], An important cellular response 
to altored temperature, which may underlie many com- 
peusatory responses, is the arjastment in the physical 
properti¢~ of the cellular membranes, a phenomenon 
termed 'homoeoviscous adaptation' [2]. 

A numhar of studies using the fluorescence polariza- 
tion technique have shown that, with few exceptions, 
the raembranes of enid-acclimated fish are considerably 
more disordered than those of warm-.ccSmated fish. 
The difference between acclimation groups is sufficient 
to eolnpeiis~t~ for between 30 and 75~ of the ordering 

Co~pondence: E. W,~ttke, Department of Zoophysiology, Univer- 
sity of Kiel, Olshausenst- 40, D-2300 Kid, F.R.G. 

effects of  cooling (reviewed in Refs. 3 and 4). Whilst 
these experiments indicate the extent of homoeoviscous 
adaptation they do not perndt any conclusions to be 
drawn regarding its time-course and its responsiveness 
to rapid temperature variations. Mo~over, the simple 
comparison of cold- and warm-acclimated fish provide 
minimal correlative evidence of a relationship of homo- 
enviscous adaptation with changes in membrane lipid 
composition, with modifications of lipid biosynthesis or 
with adaptations of membrane function. A more search- 
ing analysis of the relationship between these various 
aspects of membrane restructuring may be obtained by 
correlating the timc-cours¢ of changes immediately after 
temperarure shift. 

Cossins et al. [51 have determined the time-course of 
changes in DPH polarization in brain synaptosomes of 
goldfish during both cold- and warm-acclimation. The 
responses were virtually complete in 40 and I0 days, 
respectively, which corresponded reasonably well with 
the time-course of changes in lipid composition and in 
behavioural heat tolerance of the whole animal. It is 
clear that some aspects of membrane restructuring may 
occur rapidly upon temperature shift. Hazel and 



344 

Landrey [6.7] have recently determined the time-course 
during both warm- and cold-acclimation of changes in 
lipid composition of trout kidney microsomes, though 
without relating them to changes in membrane hydro- 
carbon order. They found that the different composi- 
tional adjustments varied widely in response times, with 
rapid adjustments in headgroup composition (8-24 h) 
and slower changes in the proportion of phosphatides 
containing polyunsaturated fatty acids (10-20 days). 

Homoeoviscous adaptation is thought to be primarily 
mediated by the alteration of membrane lipid composi- 
iion and this is dependent upon changes in the activity 
of lipid metabolising enzymes [2]. In fish, as with other 
vertebrates, the liver is the principal site of lipid 
metabolism [8], with acyl-CoA desaturases being pre- 
t{ominantly located in the liver endoplasmic reticnium 
[9J. $chiinke and Wodtke [10] have shown that during 
co!d acclimation of carp the activity of Ag-desaturase is 
rapidly and dramatically increased in a complex bi- 
phasic manner and the unsaturation indices of endo- 
plasmic reticuhim phospholipids were increased. This 
compositional response was due specifically to elevated 
proportmns of monoene fatty acids with no changes in 
(n - 6) or (n - 3) fatty acids. In that the incorporation 
of an olefinic bond into an otherwise saturated fatty 
acid produces larger changes in the hydrocarbon order 
and ge!-liquid crystalline transition temperature than 
addition of olefinic bonds to already unsaturated fatty 
acids [11,12], these findings suggest a rapid and effec- 
tive homoeoviscous restructuring in endoplasmic re- 
ticulum membranes of carp liver may be mediated 
through induction of the Ag-desaturase. 

in order to investigate this hypothesis we have de- 
termined the time-course of changes in DPH polariza- 
tion and of Ag-desaturase during the acclimation to cold 
of warm-acclimated carp. The results indicate that liver 
ER membranes rapidly become more disordered than 
those of warm-acclimated carp and that the time-course 
of changes in membrane order correlates closely with 
the early phase of the desaturase induction but does not 
mirror a second peak in d~a tu r a~  activity. Preliminary 
accounts of this work have been presented [13,14]. 

Materials and Methods 

Materials 
1,3-Diphenyl-l,3,5-hexatriene (DPH, "puriss' grade) 

was obtained from Aldrich Chemical Co. Stearoyl-CoA 
(S-5625) and bovine serum albumin (BSA, A-7030) were 
purchased from Sigma GmbH (Munich), and NADH 
(grade 1) from Boehringer (Mannheim). All other chem- 
icals were of the highest available grade. 

A nimals 
Carp (Cyprim~ carpia I.., 0.6-1,0 kg) were obtained 

from the Bundesforsehungsanstalt fiir Fischemi (D-2070 

Ahrensburg, F.R.G.) in late summer and kept in aerated 
tap water for several months at 21 5: 2°C.  Animals were 
acclimated to 30°C for approximately 50 days or to 
10°C for approximately 120 days, both with 12 h 
daylength and fed ad libitum with Ewes T52 food (38% 
crude protein, 127o ash, 8% fat and 3.570 fibre, fatty acid 
composition as reported in Ref. 10). For the time-course 
experiment, water temperature was reduced from 30°C 
to 10°C in three stages with a cooling rate of 1 C ° / h .  
At time zero temperature was reduced from 30 to 23°C, 
then at 24 h temperature was reduced from 22 to 14°C 
and at 48 h from 14 to 10°C. Animals were killed, 
membrane fractions prepared and desaturase activity 
determined during the months of February and March. 

Membrane fractionation 
Rough and smooth membranes from the endo- 

plasmic reticulum of carp liver were prepared as de- 
scribed previously [10]. Liver homogenates (30 ml con- 
taining 7.5 g liver in 250 mM sucrose, Teflon-glass 
homogeniser rotating at 503 rpm, 5 passes) were centri- 
fuged at 10000 × g for 30 rain. Aliquots (5 ml) of the 
supernatant were layered in 10 ml tubes over 2 ml 0,6 
M sucrose containing 15 mmol CsCI/1, which in turn 
was layered over 3 ml 1.3 M sucrose containing 15 
mmol CsCl/l .  Cantrifugation for 80 rain at 250000 × g 
(60000 rpm) was performed using a titanium rotor 
(Rotor 43~A4-125) in a MSE (Crawley, U.K.) Super- 
speed 65 Centrifuge. The pelleted rough membranes 
were resuspanded in 250 mM sucrose. The lower part of 
the upper sucrose layer was pelleted by eentrifugation at 
250000 x g for 40 rain and the pellet was resuspended 
to give the smooth membrane fraction. A portion of the 
suspension was reserved for desaturas¢ assay and 
aliquots [0.5 ltfl) of the remainder were immediately 
frozen and stored in liquid nitrogen. The purity of the 
rough and smooth fractions have been described previ- 
ously [101. 

Steady-state DPH polarization measurements 
The polarization of DPH under steady illumination 

was measured on the analogue ' l-format fluorimeter 
described previously [15-17]. Cuvette contents were 
continuously mixed with a magnetic follower driven by 
an electromagnet (Rank Bros, Bottishain, Cambridge, 
LI.K.) positioned beneath the cuvette. The temperature 
of the cuvette contents were monitored by a linear 
thermistor to an accuracy of 4-0.1 C °. Cuvette temper- 
ature was maintained to within 0.1 C ° of the desired 
value using a Julabo (Seelbaeh, Germany) refrigerated 
thermocircniator. Polarization values were determined 
with samples equilibrated at eight temperatures between 
4 and 37°C. With some preparations the DPH values at 
exactly 10 and 30°C were obtained by interpolation 
from the nearest polarization/temperature values. 



Linearization of the early time-course of changes in 
polarization at 10°C were obtained by plotting t- 
(APr/Z~Po) -~ as a function of f where t is the time after 
onset of temperature decrease, AP~ is the mean polar- 
ization at 10°C of long-term warm-acclimated carp at 
day 0 minus the mean polarization of membranes at 
time t, and a P  0 is the mean polarization of long-term 
cold-acclimated carp minus the mean polarization of 
long-term warm-acclimated carp at day 0. 

Ag-Desaturase assay 
Cytochrome b 5 concentrations and ,~Y-desaturation 

were measured spectrophotometrically by monitoring 
NADH-induced reduction and stearoyl-CoA stimulated 
reoxidation of cytochrome b s in a Shimadzn (Kyoto, 
Japan) UV-300 spectrophotometer operated in the dual 
wavelength mode at 424 and 409 nm (c = 185 mmol  1 1 
cm ~). Freshly prepared membranes were used. The 
activity of the ,~%desaturase, v, was calculated from the 
stearoyl-CoA stimulated cytochrome b 5 reoxidation rate 
constant, k (mln ]), determined as described by Oshino 
and Sato [18] and Sehiinke and Wodtke If0], and from 
the cytoehrome bs concentration, c, (~tmoles (rag pro- 
tein) - t )  according to v = 0 . 5 . k .  c as previously de- 
scribed [14]. 

Protein assay 
Protein was determined by a modified Lowry proce- 

dure according to Wang and Smith [19] using BSA as 
standard. 

Results 

Fig. 1 compares the DPH polarization for mem- 
branes of long-term cold- and warm-acclimated carp 
over the temperature range 4-37°C.  DPH polarization 
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for rough ER was lower than for smooth ER. The 
semilog plots were linear over the entire temperature 
range. Regression analysis for rough ER from ind;,vid- 
ual carp yields slopes (A(Iog polarizat ion)/C ° )  of 
-0 .0083 + 0.0002 (30°C-acclimated, mean ± S.D., r ~ = 
0.997-1.000) and -0 .0086  + 0.0002 [10°C-acclimated) 
which are not significantly different ( P  > 0105)i ~ u i v -  
alent values for smooth ER ( -0 .0065  +_0.0003 and 
-0 .0073 + 0.0004 for 30°C - and 10°C-acclimated fish, 
respectively) were significantly different ( P  < 0.05). 

For both rough and smooth ER fractions the mem- 
branes from cold-acclimated fish displayed lower DPH 
polarization than membranes of warm.aeclimated fish. 
indicating a more disordered membrane interior. The 
extent of the difference between acclimation groups can 
he characterist,5 by the 'homoeoviseous efficacy' (Ref. 
20. HE) though its calculation depends upon the two 
curves being parallel. Because for smooth ER the graphs 
for the two acclimation groups were not quite parallel, a 
different approach is required to c,xlculate a value de- 
tern'fining the extent to which the direct ordering effects 
of cooling on 30°C-acclimated membranes was offset 
by the acclimation-dependent decrease in order. This 
value refers specifically to the adaptive change in order 
which occurs during cold-acclimation and to distinguish 
this quantity from H E  it has been termed 'homo-  
eoviscous response" (~HR) ;  it was calculated according 
to 

gHR = IO0-A (log P) . (AT)-I I -A ( l~  P)/COI - i 
where A(IOg P )  is the difference in log polarization 
observed at 10°C for the 30°C- and 10°C-ER mem- 
branes, A T  is the change in acclimation temperature in 
°C, and A(log P ) / C  ° is the slope of the linear regres- 
sion of log P against temperature for the 10°C- 
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s m i t h  ER. Calculate i halftimes for the change in polarization were 2.16 and 1.92 days for rough ~ad smooth ER. respectively. 

acc l imated  m e m b r a n e .  Values of  % H R  o b t a i n e d  b y  this  
calcula t ion were 33.9% for  r o u g h  a n d  49.8% for  s m o o t h  

ER .  
Fig. 2 shows  the  c h a n g e  w i t h  t i m e  of  D P H  polar iza-  

t ion  a t  10°C (solid symbols)  d u r i n g  co ld -acc l ima t ion  o f  
30~C-accl imated carp.  O p e n  symbol s  s h o w  the  po la r iza -  
t ion  values a t  the  wa te r  t empera tu re s  exper i enced  b y  t he  

an imals .  F o r  b o t h  m e m b r a n e  f rac t ions  t he re  was  a r ap id  
decrease  in  p o l a r i z a t i o n  w h i c h  b e c a m e  s table  b e t w e e n  4 
a n d  10 days  b u t  w h i c h  increased  o n l y  s l ight ly  thereaf te r .  
T h e  a p p a r e n t  ha l f - t ime  o f  the  r e sponse  was  ca lcu la ted  
as descr ibed  in  M e t h o ~ s  a n d  in  the  l egend  to  Fig.  2 t o  
give values o f  1.92 days  for  s m o o t h  E R  a n d  2.16 fo r  
r o u g h  ER ,  N o  s ign i f ican t  changes  were  observed  in  the  
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temperature dependence of polarisation in membranes 
prepared during the full time course of cold-acclimation 
(data not shown). 

Fig. 3 shows the changes in activity at 30°C of the 
A%desaturase in the same ER membrane preparations 
during cold-acclimation. Values were determined at 
30°C, since, at least with membranes low in specific 
activity, the precision of the enzyme assay is better at 
30°C as compared with 10°C. Activity in warm- 
acclimated specimens was very low but rapidly in- 
creased over the first 3 days followed by an equally 
rapid fall to day 4. This was followed by a second 
increase to day 10. Long-time cold-acclimated carp (120 
days) showed only slightly greater activities than those 
recorded in long-time warm-acclimated -~rp and both 
were much smal!er than those recorded during the 10 
days after transfer from warm to the cold. 

Discussion 

z~%Desaturase activity was very low in warm- 
acclimated carp and was only slightly ffeater for cold- 
acclimated animals. Schiinke and Wodtke [10] have 
previously shown pronounced fluctuations in desaturase 
activity during ihe first 10 days after transfer of warm- 
acclimated animals to 1.0°C, with a biphasic time-course 
in rough ER and a uaiphasic induction in smooth ER. 
In both fractions the early phase was especially rapid, 
peaking at the 3rd day. In the present study, a similar 
time-course of induction was observed, except that the 
smooth ER also displayed a biphasie induction with a 
pronounced initial peak. In both smooth and rough ER 
the initial increase peaked at day 3 and declined at day 
4. The halftime of increase for this initial peak was 
approx. 2 days for both smooth and rough ER. 

With regard to the differences between acclimation 
groups in membrane order it is clear that both ER 
fractions of carp liver displays sizeable homocoviscous 
responses. The smooth ER  showed somewhat greater 
responses (as indicated by %HR) than rough ER. These 
adaptive adjustments are similar to those recorded in a 
wide variety of membrane types from fish tissues, rang- 
ing from brain synaptic membranes [21] to the baso- 
lateral membranes of intestinal mucosa [17]. 

in  a previous study the time-course of  homo- 
eoviscous adaptation in goldfish brain membranes dur- 
ing oold-acclimation was found to be relatively slow, 
with a halftime of approx. 20-30 days [5]. By contrast, 
half-time of 4.3 days was reported for the shift of the 
discontinuities in the Arrhertias plots of a hepatic mitc.- 
ehoodrial membrane-bound enzyme during cold- 
acclimation of carp, a response which has been tenta- 
tively attributed to a lipid adaptation [22]. In the pre- 
sent studies the changes in liver ER membranes during 
cold-acclimation were even more rapid, with hai ldmes 
of approxio;ately 2 days in both rough and smooth ER. 
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The differences betw~..~Ji the :~peed of response of the 
mitochondrial and ER membranes in the two studies 
may be due to difference~ between the two studies in 
the temperatures experienced during the early phases of 
the cold transfer procedure. The average temperature 
over the initial 2 days after cold transfer in the present 
study was approximately 18.5°C (23 and 14°C) whilst 
the average temperature over the initial 4 days in the 
mitcchondrial study was 11.5°C [22 I. The responses 
recorded in ER membranes therefore occurred at sig- 
nificantly higher temperatures than for mitochondrial 
membranes and given the expected high temperature 
dependence o, ~ the biochemical reactions wffich underlie 
these responses (Ql0 of 2-3)  it is perhaps not surprising 
that they occurred more rapidly. 

It is worth emphasizing at tltis point that the ap- 
parent halftimes estimated from the present experi- 
ments are not true halftimes for a simple one-step 
change in temperature. In order to prevent undue cold- 
shock to the carp, the overall 20°C decrease in water 
temperature was imposed as a series of three cooling 
episodes at intervals of 24 h. If the membrane responses 
were rapid (i.e, < 24 h) then successive cooling episodes 
would l~ad to successiv~ homoeovizcous responses and 
to an arte[actually long halftime for the adaptive re- 
sponse. It is clear from the time-course graphs that a 
particularly large change in polarization was evident 
within 24 b of the onset of the first temperature shift 
and only 17 h after it was complete. 

Some idea of the extent of this short-term response 
can be gained by the comparison of %HR over the first 
24 h (Table I) with that calculated for long-term 
acclimated c~, 9- Thus following the onset and comple- 
tion of the first cooling episode of 7°C particularly large 
%HR values were recorded in both smooth and rough 
ER, values which exceeded, by a large margin, the 
corresponding values for long-term acclimated carp. 
The values for the second day indicate reduced %HR, 
though this was for a particularly large drop in water 
temperature (9 C*) .  For  the third day the %HR was 
increased to values which were similar to those of 
long-term acclimated carp, though this was for a small 
reduction il, temperature. These high values of %HR 
recorded over the short-temt indicate that homo- 
eoviscous adaptation occurs rapidly. A more precise 
idea of the true speed of homoeoviseoos responses in 
carp fiver must await more detailed time-course studies, 
hut  it is clear that the actual halftime is considerably 
less than 24 h. 

It is evident from this work and from the recent 
compositional analyses by Hazel and Landrey [6,7] and 
Carey and Hazel [23] that, in particular membrane-types, 
the processes which contribute to membrane resZructur- 
ing may occur with unsuspected speed. Moreover, the 
rapid responses in the cold must be appre~ated within 
the context of a large reduction in the rates of biochem- 
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TABLE 1 

~t, art-term homoeot,is¢o~ts responses, incremen~ m desaturase activities and desarurase-normaltzed homoeoviseo~ responses 
during cold-aociiam:ioa of 30°C~acclimated carp 

in rough and smooth ER 

Membrane Experimental Membrane responses 
traction conditions Homocovisr:ous Daily increment 

Time Final response (SgHR) ~ in desaturase aeti~dty 
(days) temp. (%) actual h fractional ~ 

(°C) (nmol min I 
(rag protein)- I I 

Homceoviscous 
response (~HR L 
normaliTed ¢ 
(%) 

rough ER 1st 23 60.9 0.077 1.00 60.9 
2nd la 20.0 0.077 1.00 20.0 
3rd l0 33.7 0.195 2.53 13.3 

smooth ER l~t 23 92.5 0.125 2.21 41.9 
2nd 14 24.2 0.194 3.43 7.06 
3rd 10 57.0 1.013 17.9 3.19 

a Hom~oviscous respond. ~gHR was calculated from the values of DPH polarization, P. at lO°C using the equation: ~bHR = 100.~(Iog P). 
(AT)-L[-A(IogP) /C°]  -l,  where A(Iog P) is the change in log poIarization during a 24 h interval of acclimation, dT is the change in 
acclimation temperature over the same interval and A(log P)/C ° is the slope of the linear regression of log P against temperature determined 
experimentally mr the EK membr~  in question. Means of the slopes obtained at dirf~ent times during the aeclimati~ ~gime were not 
significantly different to those of S0°C-accllmaled fish (data not ~hown). 
Desalurase activity. "Actual' values are the increments of desaturase specific activity (measured at 30°C) over successive 24 h intervals after the 
onset of cold-acclimation ('actual A(de~aturas¢)'). 'Fractional" valu¢* were calculated aceoeding to: Fractional Lt(de~turase)= actual atde- 
saturase). F.laetual zl(desaturuse) rough l~R for first 24 h period]-x, where F = l (rough ER) or 1.36 (smooth ER) accounts for the differences lit 
lipid-lO-proleln ratios in carp ER-membranes (Schanke and Wodtke. unpublished data), 

c Normalized homoeoviseot;s responses. %HR was normalized for variations in daily changes in desathrase activity according to Normalized 
%HR = ~HR.[fractionol A(d~aturn*e)] -1. 

ical processes caused by the sudden reduction in tem- 
perature. Thus, at least in this specific respect, cellular 
biochemistry is responsive to changes in temperature 
which occur over 24 h and therefore may show re- 
sponses to diurnal temperature variations. In some 
animals membrane responses may be even more rapid. 

Perhaps the most interesting question is how closely 
the time-course of changes in DPH polarization corre- 
late with the time-course for induction of the ~9-de- 
saturase activity since this may provide evidence of a 
causal lhak between the two. The rapid changes in D P H  
polarization during the first three days correspond with 
corresponding increases in desaturase activity, the ap- 
parent halftimes for the changes being approx. 2 days in 
each ease. However, there was no further change in 
polarization between day 4 and 10 during the second 
peak of desaturase activity and there was only a small 
increase in polarization between day 10 and the long 
term cold-acclimated carp. This strongly suggests that 
only the first, rapid induction of desaturase is linked to 
any change in membrane physical structure, the second 
desaturase induction having no effect detectable by the 
fluorescence polarization techniqne. 

The large changes in DPH polarization during the 
first 24 h were associated with comparatively small 
increments in desaturase activity. By contrast, the large 
increase in desaturase activity on day 3 was associated 
with a comparatively small change in DPH polarization. 
This suggests that the changes in homocovisenus re- 

spouse in ER membranes and its relationship to de- 
saturase activity is influenced not only by the de- 
saturase capacity but also by reductions in temperature. 
In order to estimate the effect of temperature alone 
upon %HR we have corrected the daily %HR values for 
the corresponding changes in desaturase activity to pro- 
vide a 'normalized' 5[HR. This reflects the effect of a 
constant increment of desaturase activity upon %HR at 
the different tcmtperature on days 1-3. The calculation 
also takes into account the reasonable expectation that 
%HR reflects changes in the lipid moiety of the mem- 
branes and that membrane lipid-protein ratio is 1.36-fold 
greater in smooth ER compared to rough ER (Sehiinke 
and Wodtke, unpublished data) so that normalized ~ H R  
for the two membrane fractions can lie compared. 

Table l shows that despite the fluctuating absolute 
~oHg over the first 3 days, the normalized %HR de- 
clined progressively with time and with reducing tem- 
perature. Fig. 4a shows this as Arrhenius plots of the 
normalized %HR which for both ElK fractions was 
impressively linear. It is clear that normalized ~gHR 
increases with increasing temperature and extrapolation 
of the Arrhenius plots to higher temperatures produces 
a perfect homoeoviseous response (i.e., log normalized 
%HR = 2) at 27.5°C for both ER fractions. The ap- 
parent activation ¢mergies indicate a strong temperature 
dependence of normalized %HR. For rough tnR this was 
equivalent to a Qto (10-30°C) of ~tA'L /t�-Degaturase 
activity, by contrast, exhibits a Qio of 1.43 over the 
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sequence of sampling inte~als (days) after the start of cold-acclimation. In (a) the linear regression for rough ER was y=-4.31x'~lli.34 
(r z= 0.997) and for smooth ER was y = -7.23x + 26.03 (r 2= 0.9991. The Arrhenius activation energies eal~laled from these regressions are 

shown next Io each graph. 

same temperature interval [10]. This disparity indicates 
that homoeoviscous adaptation and A%desaturase activ- 
ity are not directly coupled, but are linked, both, kineti- 
tally by de- and reacylating activities, and at the sub- 
strate level by the desaturation of the aeyl-CoA pool. 

The linearity of the Arrhenius plots in Fig. 4a sug- 
gests that homoeoviscous response was rapid and largely 
completed within the isothermal phase of each of the 
first three days. If there were any significant homo- 
eoviscous respouses occuring after this time the 
Arrhenins graph would be expected to curve upwards 
with decreasing temperature. In contrast to the linear 
plots, Fig. 4b shows distinctl;,- non-linear Arrhenius 
plots for the absolute %HR due to an enhanced re- 
sponse on day 3, "1this is clearly brought about by the 
massive induction of desaturase activity after coohng of 
carp m lO°C during day 3. 

Wodtke [13] has shown a rapid decrease in the pro* 
portion of saturated fatty acids of ER membranes im- 
mediately following cold exposure. The time-course of 
the changes in saturation in rough ER correlated well 
with the biphasie induction of desahirase in that a rapid 
decrease in saturation occurred between day 0 and day 
3 with little further change up to day 7. This was 
followed by a second large decrease in unsaturatlon 
between day 7 and day 10. This, however, was transient 
in that the saturation of ER membranes from long-time 
acclimated carp was simila~ to that observed af, er the 
first phase of desaturatinn. Thus whilst ,'he sf :end 
phase of desaturafion was associated with a transient 
shift in the composition of phosphofipid acyl groups 
[13] we show here that it was not associated with any 
effect upon DPH polarization, i t  is suggested, therefore, 

that the second phase of desaturation as elicited under 
isothermal conditions is not associated with homo- 
eoviscous adaptation per se but with some other mem- 
brane restructuring, the nature or significance of which 
is not clear. 

One possibility is that the second phase of desatura- 
tion is necessary to offset other compositional changes 
which occur during cold-acclimation. Although the 
membrane cholesterol-to-phospholipid ratio is generally 
lower in long term cold-acclimated carp [13,24-26], it 
might peak transiently around day 10 as a consequence 
of the substantially elevmed capacity for hepatic 
cholesterol synthesis in cold-acclimated carp [27]. Since 
elevated membrane cholesterol increases membrane 
order [2g,29L the second phase of desaturation might 
effectively 'titrate' the cholesterol effect, giving no 
change in DPH polarization. 
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