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Steady-state and ti of 1.6 11,35, il (DPH) have been used to
compare the hydmarbun order of brain myelin membranes from a shallow water (plaice) and two deep-sea fish
species (Coryph and Co des armatus). At atmospheric pressure the deep sea fish displayed
lower steady-state animmpin llmn shallow water species although the of Py was
similar in all species. Ti allowed the ination of the rate of probe metion
from the amplitude of that motion. Anisotropy decays were analysed in terms of two corvelation times and a
constant (r,.). The r, and (P,) order parzmeter for all species increased with pressure, the graphs for deep-sea
species being translated to higher pressures relative to shallow-water species. The resulting pressure coefficients for
C. ardiaius was distinctly lesc than for che two shallower species. These time-resolved studies show that the
interspecific differences provide for simiiur order parameters in all three species when corrected to their respective
habitat conditions of and This indi that myelin order is highly conserved despite the
profound ordering effects of high hydrostatic pressure.

Introduction organisms should be highly ordered. It is now well

established that deep-sea fish display a variety of adap-

Hyd: greatly i the struc- tations to high hydrostatic pressures at the cellular and

tural propemes and functional characteristics of bio- molecular levei uf organization [4], including adjust-

logical tnembranes, yet this has not prevented the ments of the lipid composition and hydrocarbon order

of high p cold habitats (up to 10000 m of cellular membranes [5-7].

depth = ] kbar, 2-3°C) by deep-sea organisms, includ- In principle, there are two extreme forms of mem-

ing fish. In general increased pressure raises mem- brane adaptation for the ordering effects of hycrostatic

brane phase and enh the Firstly, the membranes of deep-sea organ-
order of hydrocarbon chains [1} in much the same way isms may show a reduced sensitivity

as cooling to the extent that 1000 atm and 2°C is with shallow-water species and, secondly, they may
equivalent in its ordering effects to approximately possess similar pressure sensitivities but a lower lipid
- 18°C at almosphem, pressures [2,3). Without any order compared to shallow-water specics. In both cases
y the b of deep- the differences between deep-sea and shallow-water
species would offset the direct ordering effects of pres-
sure though by rather different mechanisms,
Although previous studies have provnded evndence
in favcar of the p
. . from deep-sea fish species [5] the pressnre dependence
g,,,,,u > R‘,;C Envine and F Physiolosy R;“:,:;: of membrane order was not mawmd To rectify this
University of Liverpool, P.O. Box 147, Lierpool L69 3BX, UK. we have d ined the of fluo-

Abbreviation: DPH, 1,6-diphenyl-1,3,5-hexatriene.
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rescence anisotropy of the probe 1,6-diphenyl-1,3,5-
hexatriene (DPH) in myelin membranes from deep-sea
and surfaue~dwell ng fish species using both steady-state
and til hods. We have sel d for s!udy
two species from the genus Coryphenoides which in-
habit different depth ranges down to at least 4000 m
and cempared theia to plaice. The results indicate that

pipette, diluted with 3 vols. (v/v) lysing medium and
centrifuged at 15000 x ¢ for 30 min. The resulting
pellet was resuspended in approximately 0.4 nl lysing
medium and stored at —20°C for several days and
—80°C for up to 12 months. Myelin membranes from
plaice were prepared similarly but in the laboratory.

a simple translational adaptation occurs at d

Fl

depths but that in the deep-sea specles C. armatus

there is some evi of a red in

Myelin membrane preparations were diluted with 2

dependence The net effect is that hydrocnrbon order
is smllar in all three <pec|es when determined at their
cc of and hy-

dmstalic pressure.
Materials and Methods

Materials

Trans-1,6-diphenyl-1,3,5-hexatrienc (DPH) was pur-
chased from Aldrich Chemical Co. and was ‘Puriss’
grade. Tt was ined from BDH
Chemicals Ltd., Poole, Dorset and was a i

mM phosph buffer (pH 7.6, room temperature) to
give an absorbance of 0.1 at 500 nm. They were la-
belled by addition of 2 x1 DPH (2 mM in tetrahydofu-
ran) to 3 ml of membrane suspension (probe/lipid
ratio of 1:500) and incubated at room for
at least 20 min.

Steady-state amsolmpy was delermmed on the T-
format i ly [6). Ani: Py
versus temperature scans for DPH were repeated and

ducible, giving ani values within +0.005.
leued supplies of deep-sea material prevented dupli-
calf' measurements bemg made. Measurements were

reagent grade.

Animals
Deep-sea fish were obtained in September 1985
during a cruise on R.R.S. Chall to the Py

at p to 1 kbar with the high
pressure vessel described prevmusly [6]. Sampies werc
sealed in a cylindrical quartz cuvette and separated
from the pressure-transmitting fluid, ethanol, by a sili-
con diaphragm. The temperature of the vessel was

Sea Bight off southwestern ireland (approx. SO°N,
13°W). Two species were sclected; Coryphenoides ru-
pestris and C. armatus. They were trawled using a
semi-balloon otter trawl at 900 m and 4000 m, respec-
tively. Plaice ( Pleuronectes platessa) were obtained in
the North Sea and kept in a scawater aquarium at 9°C
for several weeks.
Preparation of brain
Membranes from deep-sea fish were prepared on
board ship frem fish immediately upon landing. Brains
of several specimens were dissected out, freed of ad-
hering fatty material and homogenized in 2 ml of
|ce-cold |solat|on medium (320 mM sucrose, 2 mM
ic acid, 30 mM imidazole (pH
7.4) at room temperature) using a glass-teffon ho-
mogeniser. The homogenate was centrifuged at 1000 X
g for 10 min. The supernatant was removed and cen-
trifuged at 15000 x g for 30 min in a Centra 3R-S
refrigerated centrifuge (Damon-1EC0). The peiict was
ded in lysing (10 mM imidazole, 1
mM ethylenediaminetetraacetic acid (pH 7.4)) using a
close fitting glass-glass homogeniser (Kontes ‘A’ pestle)
and recentrifuged at 15000 X g for 30 min. The result-
ing pellet was resuspended in 4 ml lysing medium and
tayered on a cushion of 3 ml 0.8 M sucrose, 10 mM
imidazole (pH 7.4) and centrifuged at 15000 X g for 60
min. Brain myelin fraction was collected at the inter-
face of the lysing and sucrose solutions using a Pasteur

lled to :};0 1 C by pumping water from a .lulabo
refri d It through ct drill
in the stecl walls of the vessel. The sample temperature
was mdxreclly monitored by a Imear thermlstor or
ther d into the wall
of the pressure vessel. Correction for strain bire-
fringence of the three quartz windows under pressure
was made using the fluorescein technigue [8]. As the
correction factor was wavelength- dependem it was nec-
essary to ine it at the excil gth used
for DPH (360 nm).
Ti

were per-
formed using the high up.,nure port (HA12) of the
synchrotron radiation source at S.E.R.C. Daresbury
Laboratoiv, Warrington, U.K., working in single bunch
mode at 3NMHz. The single photon-counting apparatus
was an L-format ﬂuonmeter with a Philips XP 2020Q

as d and a i TAC-
based timing system. The same pressure vessel was
mounted and aligned in the usual way. Corrections for
strain birefringence of the two quartz windows of the
L-format were made using the method of Paladini [9]
as modified for anisotropy by Jones, G.R.. Fluorescein
was used at an excitation wavelength of 360 nm. For
anisotropy measurements the parallel and perpendicu-
lar of the fl decay were col-
lected alternately into two 1024-channel memory banks
of a multichannel analyser by rotating the analyser
polarizer every 10G s over 10 periods. The total fluores-
cence decay was measured by combining the parallel




and dicul of the fl

emission for each time interval on the muluchannel
i was calculated g the

difference between the parallel and perpendlculzr

components by the total fluorescence. Computer pro-

grammes to fit different models to the anisotropy decay

and fluorescence decay curves were provided by Dares-

bury Laboratory. The anisotropy decay data werc char-

acterized by non-linear least squares analysis of the

following equations;

(1) A sum of exponentials

r(,) = ):bi el—1/e)
i

where @; are the rotational correlation times. The sum
of the pr { terms (b;) rep the emis-
sion anisotropy at time zero.

(2) A sum of exponentials plus an r, term

K1) =ra+ b, e-1/%)
i

where 1,

the residual at times

long d to the fl lifetime of the
prabe.

The computer program was based on a Marquardt

ion of the linear, lcast-sqy fit [10),

having first luted the i 1 indi-

vidually to the sum and difference term. Syachrotron
radiation allows the instrumental response to be
recorded at the same gth as the fl

emission, thus reducing the ‘colour’ effects or transit
time artefacts of the photomultiplier tube. Goodness of
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where b; was the pre-exponential factor and ¢, was the
rotational correlation time. For all cases r, was calcu-
lated from:

ra=b+r,

after ion of the pi ial factor repre-
senting the scattered light component.

Due to the strictly limited amount and unique na-
ture of material available from deep-sea fish specnes,

were only ible on one

from cach species. Problems with the thermal equili-
bration of the pressure vessel meant that time-resolved
measnrements for C armatus were performed at 80 +
0.1°C instead of 4.0 + 0.1°C used for other species. The
limiting anisotropy (r,) at 8°C was corrected to 4°C by
reference to the effects of !empera!ure ‘upon steady-
state anisotropy. Pi di ! that
the pressure coefficient at 8 and 4°C was identical so
the percentage change in r, determired at atmo-
spheric pressure was used.

Typical experimental errors can be gauged from
replicate analyses of goldfish brain synaptic membrane
at 15°C which were analysed according to the two
correlaiion time plus 7, model used for the marine
species. Mean + S.D. for b, was 0.063 + 0.005 (n = 4),
whilst the corresponding values for ¢; was 0.79 + 0.292
ns, b, was 0.066 + 0.010, ¢, was 3.964 + 0.292 and r,.
was 0.205 + 0.003. Chi-squared values were in the range
1.017-1.040.

Graphs have been drawn using a commercial graph-
ics package. The lines in Figs. 1 and 3 represent
computer generated fits using polynomial or linear

fit was d by a reduced chi d (x?) of close
to unity and totally random residuals using dard
methods [11]. The inability to remove all scattered light
during the high p ited in a Results

short-lived, scattered-light component. This was ex-
tracted from the data by including in the curve-fitting
analysis a short componen: of fixed correlation nme

Fig. 1 shows the effects of hydrostatic pressure upon
steady-state anisotropy of DPH in myelin membranes
at 4°C. Ani in from C. was

{approximately 0.01 ns) but floating pi P
factor. In this way the calculated r, was found to be
relatively constant at 0.322 + 0.010 (median + range).
The second rank order parameter, \Pz) from elec-
tron spin fesonance measurements is related to r,
from timg [12,13] by

re/ry= (P;)z

where r, is the anisotropy before any rotation has
taken place (¢ = 0). The diffusion coefficient (D ,) was
calculated according to Ameloot ..t al. 114] by an exten-
sion of the simpler model-ind; of
Lipari and Szabo {15]

1 b
D. 6ry ; &;

substantially lower than those from C. rupestris which
in turn  was lower than thosc of plalce memlmm Thls

is withap of
DPH amso(mpy wnh depth of capture [6] All species
showed linear d upon pres-

sure with a regression coefficient of between 0.025 +
0.002 and 0.036 + 0.002 amsotropy units per kbar
(mean + S.E.). Values obtained during di

were similar (data not shown) to those obtained during
compression indicating that the effects of pressure
were entirely reversible.

The fluorescence lifetimes for DPH in myelin mem-
branes were determined from the deczy of the fluores-
cence intensity (data not shown). The decay curves for
plaice and C. rupestris were collected at 4°C and be-
cause of instrumental difficulties those for C. armatus
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Fig. 1. The effects of hydrostatic pressure upon the s

anisotropy of DPH in brain myclin membranes from plai

rupestris and C. armatus. Values were determined at 4°C. Curves for

plaice have been repeated and found to be reproducible within 0.005
anisotropy units.

were collected at 8°C. The decays for most species
were best fitted by a tri-exponential decay law. with the
exception of plaice where a bi-exponential decay law
was found to be ads The short of the
tripl ial fit was probably due to d
light, which b of the relatively arge
vesicles and fragments proved pasticularly difficult to
remove. The weighted mean lifetime showed a mono-
tonic d with i g P
The til p of the decay was
analysed using a number of different mathematical
models as described in Materials and Methods. The
reduced chi-squared test and analysis of residuals (Ta-
ble I and Fig. 2, respectively) indicated that, after
ing the d light the data was
equally well described by the bi-exponential decay law
plus a constant (r,) and by the tri-exponential decay

o

TABLE }

Ce ison of the
models

decay

Standard deviation

Fig. 2. (a) A typical anisotropy decay curve fitted using a double-ex-
ponential plus r, decay faw for DPH in brain myelin membranes of
plaice at atmospheric pressure and 4°C. The assciated standard
deviation of residuals for dnl:rcnl morlels lo the decay data are
shown below: (b) d (c) d plus r,.

iaw. For the purposes of comparing the decays of
different species the former model was used (Table 1)
because: (1) It contained one less variable. (2) The
third of the tri ial decay was in-
variably 25-30-times greater than the fluorescence life-
time of the probe used and practically indistinguishable
from an infinite tcrm.

Curve fitting with the bi-exponential decay plus r,
led to calculated values of r, which ranged from 0.312
to 0. 342 with a median of 0 327 with no obvious rela-

hip with p or b species (data not

shown).

Sfor DFH in brain myelin membranes from plaice abtaned using differemt mazhematical

Mode! | was a double-exponential decay plus an 7,, Model 2 was a single-exponential decay plus r,, Model 3 was a double-exponential and
Model 4 was a triple-exponential decay. &,. ¢, and ¢; were rolational correlation times and b, b, and by were the corresponding
pre-exponential constants. For simplicity, curves were fitted from MCA channels after the carly scattered component had decayed.

Pressure Model X by @ by ¢ by L) x
(kbar)

0.001 1 107 007 176 0.049 12.82 0.224
0.001 2 1.53 0110 199 0.244
0.001 3 Lis 0.097 130 0.26 183

0.001 4 108 0.24 0.02 0.080 250 0.25 278

0200 1 L19 002 LI5 0.045 802 0.274
0500 2 1.28 0.060 599 0.275
0.800 3 131 0.065 1.50 0299 314

0.800 4 1.24 0.82 002 0.050 281 029 363
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Fig. 3. The effects of hydrostatic pressure upon (a) the rotational diffusion coefficiert (D |, ), (b) r, and (c) the order parameter { P, for DPH in

brain myelin membranes from plaice and C. rupestris at

C and from C. armaties at 8°C. In (b) and (c) the estimated position ..f the curves at $°C

is also shown, the values being corrected for the small temperature differeace as described in the Methods.

The rotational correlation times showed no consis-
tent interspecific differences (data not shown). Fig. 3(a)
shows the dcpcndence of the diffusion coefficient upon

with i g P! lting in a pro-
gressive decrease in diffusion coefficient. For pressures
up to 0.6 kbar the diffusion coefficients were greatest
in membrancs from C. armatus and least in mem-
branes from plaice indicating an interspecific differ-
ence which ded to their depth
ranges. At higher pressures there was no difference
between species.

Fig. 3(b) shows the effects of pressure upon r,.
Because the data for C. armatus was collected at 8°C it
was necessary for the proper comparison of species to
estimate the position of the curve for C. armatus at
4°C (see Methods). The r, term increased in the order

which DPH polarization in myelin membrane fractions
was significantly correlated with depll! of capture [5).
This 1 is important b indi that
the membrane preparations used in Ille present study
were typical of their respective s»ecies. Moreover, the
interspecific differences were exactly that expected
from a straightforward compens:.iory difference be-
tween species. The 5|m|Iar pressurc dependencks of
steady-state  anisot ward
translational difference between membran:s of the
deep-sea species and those of plaice. The shift of the
curves along the pressure axis was more than sufficient
to provide similar anisotropies for each species over
their respective ambient pressure ranges.

Adjustment of membranes to altered temperature
during thermal acclimation is also achieved ty a trans-

C < C. rupestris < piaice. C showed a lational shift of the curve relating DPH anisotropy to
linear i in r, with i By con- p as d to a change in temperature
trast, C. rupestris and plaice showed inctly curvilin- d The itude of the adj has
ear graphs with pressure exerting a greater effect over been ch d by the ‘h efficacy’ [16},
the lower p: range. The calculated values for the which is the extent to wluch lemperalure-mdwed dis-
order parameter, { P,), are illustrated in Fig. 3(c) again b is offset by ad: of order. It

with a curve representing C. armatus at 4°C. As before
C. armatus showed a linear incrcase with increasing
pressure whilst the slopes for the other species were
curvilinear. By comparing the curves for each species
at 4°C it is clear that the position of the curve for C.
armatus was shifted to lower (P,) values relative to C.
rupestris. Similarly, the curve for C. rupestris was shifted
to lower {P,) values compared to plaice.

Discussion

The companson of myelin membranes from differ-
ent specles using steady-stat di that

is simply calculated by measuring the dlfference in °C
of the of the p
temperature curves on the temperature axis and ex-
pressing this as a fraction of the difference in adapta-
tion temperatures. A value of unity indicates that the
curves differed by the same temperature interval as the
dnfference in body temperatures, resulting in identical
at their

The same procedure can be adopted with respect to
pressure in the case cf steady-state anisotropy because
of the apparently simple translation of the curves.
Thus, the curve relating anisciropy to pressure for C.

of C. were more disordered than
C. rupestris and these were more disordered than plaice.
These interspecific differences and the actual aniso~
tropies are entirely consistent with a previous study in

wpestris was shifted by approx. 0.21 kbar with respect
to plaice. C. rupestris normally occurs over a depth
range of 400-2000 m in the Mo'th Atlantic (Merrett,
N., personal communication) so that the difference in
the position of the anisotropy/pressure curves was
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sufficient to provide an identical anisotropy for C.
rupestris at its maximal depth as that found in plaice at
pressures characteristic of the surface layers. Homeo-
viscous efficacy in this case is unity or 100%. The curve
for C. crmatus was shifted by more than 0.6 kbar with
respect to plaice. . armatus occurs at depths

and C. armatus was due to a change in the pressure-
dependence of order as well as a change in the extent
of hydrocarbon chain order. This implics, firstly, that
that variation in lipid composition of these two species
is qualitatively different to the variation between plaice

2200-4800 m (Merrett, N., ion) so

and C. rupestris and, dly, that ibility is

that the difference was somcwhal grealer than thm
required to provide identical
cous cfficacy was equal |o or grea(er than 100%.

In to steady-st. py, measuring the
time dependence of emission anisotropy provides a
direct means of distinguishung between the orienta-
tional order and ratc of rotational motion of probe
[14,17). We have found no clear or consistent interspe-
cific difference in the rotational correl~*" un times which
relates to their different environmental pressures. The
interspecific difference in rotational diffusion coeffi-
cient shown in Fig. 3 originates from the relative con-
tributions of r, and the prc-exponential terms to ry,
rather then from a dlrccl effect of rotational ra(e

r of the

duced in the deep. species relative to the two
shallower species.

The most important aspect of the time-resolved
analysis is the extent to which it supports the conclu-
sions from steady-state analyses regarding the magni-
tude of the adaptive differences between species. Be-
causc of the the curvilinear form of the relnuonshlp
r, and p |l is not ible to

efflcacy, in that individual
may migrate vertically through the water column it is
not possible to define a single depth to which they have
become adapted. It is clear from the valucs of (P,)
order parameter that therc were substantial differ-
ences between species and that, as with the steady-state
comparison, these differences correlated with the depth

h

g the
diffusion cocff icient, a previous time-resolved study
showed that the rotational rate and wobbling diffusion
cocfficient d from differential pok d phase
measurements showed at high temperatures a decrease
with increasing hydrostatic pressure. but at low temper-
atures a surprising increase with i

range inhabited by each species. The curves relalmg
{P,} order to were displaced with
respect to each other with the result that the mem-
branes of each species displayed broadly similar values
of {(P,) order over their

pressure ranges Thus, despne the diffcrent pressures

[3.18]. By contrast lhc experiments dcscrlbed here
showed a in the ional diffu-
sion coefficient with increasing pressurc in all three
species both at high and low temperatures. It is worth
pointing out that the present mcasurements were di-
rectly taken from the anisotropy decay using a model-
independent method whilst the earlier phase methods
used a model which may bc defi cnent
Whilst the of sicady-stat

d by each species the fact that the second
rank order parameters for DPH were similar suggests
again that the myelin membranes possess similar physi-

cal propertics at their conditions.
The ti ived analysis indi clearly that it is

those structural ch istics of the t inte-

rior which infl the litude of DPH wobbli

motion, rather than its reorientational rate, that arc
altered to take account of the increased pressure. As

anisotropy was similar in all three species, thc time
resolved analysns prov:des evidence of a difference in

C. and the two
shalluwcr specics. The (P,) order parameter for C.
armatus showed a lincar and shallow increase with
pressure whilst for C. rupestris and plaice the relation-
ship was steeper and curvilinear. The pressure depen-
dence for C. rupestris and plaice over the range 1-200
bar was approximately twice that for C. amiaius al-
though over the higher range of pressures (400-1000
bar) it was similar to that observed for C. armctus over
the entire range of pressures. This suggests that the
difference between the membranes of plaice and C.
rupestris was caused by a simple translation of the
curves relating membranc order to pressure and what-
ever the differences in bioche:uical composition which
underlie their different physical properties they do not
significantly alter compressibility. On the other hand
the difference b the b of C.

with i studies relating the characteristics of
DPH motion to the local structurc of the membrane
hydrocarbon interior {14,17,19), lhns is taken to be
id of an adj to the or ional order of
the hydrocarbon chains of the membrane interior by
means pri of an adj in lipid
[6). In this specific respect the time-resolved analysis
fully confirms and extends the steady-state analysis.
Another way of illustrating the adaptive nature of
the interspecific differences in order is to calculate the
values for (,) at identical conditions of temperature
and pressure as well as at the respective ambient

. conditions for cach specics (Table II). At 4°C and

atmospheric pressure the values of (P,) of the three
marine spccws vaned from 0.794 to 0.829 whilst at
their ditions of and
pressure (l’z) for the deep-sea species (08!1 0.813)
was almost ldentlcal to that of plaice (0.807). This
again provi that ad of these two

deep species to their high pressure habitat involved



TABLE 1

Comparison of the arder paramcters for DPH in brain myelin mem-
branes of deep-sea and shallow-water species at tiseir respective ambient
temperatures and pressures

Values of r, illustrated in Fig. 3(b), were corrected to the conditions
of temperature and pressure specified in the Table as described in
the Methods. { P,) values were then calculated fiom these corrected
values of r,.
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from N.E.R.C. t0 A.G.M. and from S.E.R.C. to A.R.C.
and G.R.J.
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